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The pollution of the soil and water due to accidental/anthropogenic release of complex 

hydrocarbons has been a serious environmental problem all over the world.  Current 

study focused on preparation of biochar from fruit and vegetable waste and sewage 

sludge and its application for bioremediation of diesel polluted soil. Biochar prepared 

was physio chemically characterized by pH, CEC, FTIR, SEM, EDX, XRD, surface area 

and pore analysis, proximate analysis, elemental analysis, nutrient analysis and 

thermogravimetric analysis. Study was conducted at pilot scale. Both types of biochar 

was applied in diesel polluted soil in a pot experiment in combination with cow dung to 

evaluate their relative efficacy in bioremediation. Two set ups were run in parallel. In one 

set up amendments were applied on naturally contaminated soils while in second setup 

artificially contaminated soil was used. The diesel degradation was estimated by standard 

curve, FTIR and Gas chromatography.  Physicochemical parameters like pH, EC, total 

carbon, total nitrogen, phosphorous, potassium in soil were analyzed during treatment.  

Microbiological analysis was performed by CFU count and dehydrogenase activity. Soil 

microbial diversity was analyzed by Illumina 16S RNA sequencing. Analytical 

characterization of biochar depicted its crystalline nature with presence of carbon 

nanotubes and circular pores. Both types of biochar were aromatic, nutrient rich and 

thermostable materials. Higher percentage yield and ash content was obtained for sludge 

biochar while high fraction of fixed carbon was recorded in fruit/vegetable waste biochar. 

Fruit/vegetable waste biochar exhibited larger BET surface area of 52.50m2/g as 

compared to sludge biochar having surface area of 46.85m2/g. Results of diesel 

bioremediation studies showed that soil amended with biochar not only increased the soil 

pH, EC, nutrients and carbon content but also promoted the degradation of hydrocarbons. 

In Set up 1 diesel oil degradation efficiency recorded was up to 72.27±0.50% for 

fruit/vegetable waste biochar and 75.63±0.351% for sludge biochar. Highest removal 

efficiency was for SDN treatment with 82.86±0.60% following VDN treatment with 

removal capacity of 78.51±0.38%. In Set up 2 having artificially contaminated soil 

removal efficiency was recorded higher in both VDA and SDA with 76.23±0.42% and 

73.24±0.21% while in treatments VA and SA it was 65.28±0.44% and 68.89±0.63% 

respectively. Highest microbial count and dehydrogenase activity was recorded in 

treatments having sludge biochar along with cow dung in both Set up 1 and in Set up 2. 
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Microbial study of SDN treatment showing highest bioremediation efficiency indicated 

the presence of 27 different phyla with predominance of Proteobacteria and 

Actinobacteria contributing 29% and 19% to total bacterial community. Biochar 

amendment into soil to degrade hydrocarbons is very important consideration for 

research purposes and land applications as well. Another study was conducted with 

application of biochar for soil fertility and crop productivity purposes. In modern 

agriculture practices, application of biochar for improving soil fertility, plant growth and 

agriculture output is gaining great deal of attention. Both fruit/vegetable waste biochar 

and sludge biochar were applied separately and in combination to analyze their effect on 

wheat growth. Results proved that wheat growth and biomass production was highest at 

0.5% concentration of biochar mixture while highest microbial count was observed with 

1% sludge biochar. Promising wheat growth and shift in relative abundance of microbial 

community could be resulted from improvement in soil parameters such EC, total 

nitrogen and carbon along with phosphorous and potassium content. Our results conclude 

that the biochar amendment in soil at optimum level improve soil properties and 

stimulate soil microflora which in turn improves the agricultural performance of soil. 

 

 



 
 
 
 

Chapter No.1 

Introduction  
 



                                                                                                                                                             Introduction 

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils  - 1 - 

 

Petroleum hydrocarbons are life line for industrial sector in any part of world acting as a 

raw material in petrochemical industries and refineries for making different products like 

fuel, synthetic polymers and petrochemicals (Varjani et al., 2015). Petroleum is a 

complex of mixture of hydrocarbons and many other organic components. Structurally, 

the hydrocarbons are classified as alkanes, cycloalkanes, and aromatics. These 

compounds are related to the family of neurotoxic and carcinogenic organic contaminants 

(Das and Chandran, 2011). Nitrogen, sulphur, phosphorous and oxygen, are also present 

among other elements constituting less than 3%. There are also trace constituents, 

comprising less than 1% (v/v), including heavy metals such as vanadium and nickel.  

(Varjani and Upasani, 2013). 

Hydrocarbon release due to anthropogenic activities is one of the major causes of water 

and soil pollution (Holliger et al., 1997). Accidental spills occurs from point of oil-well 

drilling  to refining, transportation and marketing in industry, which contribute towards 

petroleum addition in environment (Gallego et al., 2001) posing a serious risk to different 

life forms on earth (Souza et al., 2014). Industrial and municipal discharges and natural 

seeps also cause hydrocarbon pollution of the environment. Oil spilled into environment 

seeps down deep into soil until an impervious horizon is met (Olutayo, 2007). 

According to an estimate, worldwide crude oil seepage is 600,000 metric tons per year 

(Kvenvolden and Cooper, 2003; Das and Chandran, 2011). About 80% of lands are 

contaminated by petroleum derived products of which 80% of oil pollution occurs as a 

result of spillage (Odu, 1977). Only in European countries number of sites contaminated 

with petroleum hydrocarbons is about 2.5 million. Petroleum contamination in soil is 

common problem in Europe (Palinkas et al., 1993). In only single incident of oil Tanker 

Tasman Spirit spillage which was transporting Iranian light crude oil to Pakistan refinery 

limited PRL Karachi, 67,535 tons of oil was accidentally released into environment due 

to which 16km of coastline was polluted (Janjua, 2006). Consequently, pollution caused 

by hydrocarbons is one of the most common problem in the environment. 

Complex chemical structure, toxicity, molecular recalcitrance and water insolubility 

makes petroleum hydrocarbons inaccessible to microorganisms which results in their 

increased persistence in the environments (Bamforth and Singleton, 2005). Petroleum 

hydrocarbons are majorly composed of paraffins, alkenes and PAHs. Polycyclic 
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Aromatic Hydrocarbons (PAH) are fused ring aromatic structures, very recalcitrant and 

have a high affinity for soil particles. Their accumulation in soils make them more 

difficult to eliminate mainly because of their hydrophobic nature which gives them high 

persistence in the environment (Juhasz and Naidu, 2000). Binding of PAH‘s with other 

contaminants can prolong their persistence in environments as this association reduces 

the oxygen level needed by microbes for transformation, while anaerobic transformation 

of PAH‘s is limited (Bamforth and Singleton, 2005).  

Hydrocarbon contamination effects water content in soil. Hydrophobic oil coats soil 

particles, and by blocking soil pores cause reduction in water and air permeability 

(Khamehchiyan et al., 2007), thereby reducing soil water content. Hydrocarbon 

contamination also caused increase in pH of soil (Jia et al., 2009; Wang et al., 2010). 

This can be due to aggravation of salinization, and accumulation of exchangeable base 

(such as Ca2+, Na+) and a reduction in exchangeable acidity (Njoku et al., 2009; 

Agbogidi et al., 2007). High pH in turns maximized the phosphorus solubility which 

results in lower available phosphorous concentration in soil (Wang et al., 2013). 

Petroleum hydrocarbons also contribute towards total organic carbon of soil, increases 

the carbon concentration, which imbalances the nutrients equilibrium in soil (Wang et al., 

2009; 2010). Oil spills in soil also blocks the process of nitrification at the step of 

conversion of ammonium-N to nitrate-N (Odu, 1987). Among fuel oils, diesel was found 

as a more powerful inhibitor of the nitrification process than petrol. (Kucharski et al., 

2010)  

Oxygen content of soil also get depleted after hydrocarbon addition in soil. Increased 

demand for oxygen by soil microorganisms causes reduction in the oxygen content in 

soil. This in turn creates anaerobic or reducing environments in soil which results in 

increased solubility of manganese and iron in hydrocarbon contaminated soil. These 

conditions lead to destruction of aggregates and increases the fine particulate matter 

content, which, in turn, cause water repellency of clay deposits in soil (Brakorenko, and 

Korotchenko, 2016).  

On any land ecosystem, hydrocarbon contamination first effects its vegetation cover. 

Hydrocarbons block the micro pores in soil and inhibit the flow of air and water through 

soil necessary for roots growth and microbial processes in soil. This ultimately leads to 
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inhibition of photosynthesis and microbial growth in soil (Wang et al., 2013). In soil 

ecosystem hydrocarbons also inhibit enzyme activity. Such soils do have high numbers of 

heterotrophic bacteria, but they had the lowest phosphatase and dehydrogenase activities 

(Alrumman et al., 2015; Kaczyńska, et al., 2015).  

Contamination of petroleum and its derivatives in environment is harmful for different 

life forms including humans also so it is essential to counter these pollution problems 

(Ron and Rosenberg, 2014; Varjani and Srivastava, 2015). Remediation of hydrocarbon 

pollution is a major concern in environmental management  (Varjani & Upasani, 2016). It 

is necessary to first understand properties of hydrocarbons, environmental concern, 

nature of hydrocarbons in the environment, mechanisms of degradation and factors 

controlling its rate to understand the scope and methodologies of remediation (Varjani et 

al., 2014). 

Different technologies are common in use for soil remediation including various in-situ 

methodologies. These include various technologies such as volatilization, leaching, 

vitrification, passive remediation, thermal treatment, asphalt incorporation, solidification 

etc., but many of these techniques are not broadly opted because of various limitations 

and cost-ineffectiveness (Sparks, 1993). 

Other physio-chemical techniques applied for this purpose are dilution, sorption, and 

abiotic transformations, etc (Chandra et al., 2013). But these technologies have limited 

effectiveness and are expensive. Commonly, chemical methods are also used for 

remediation of hydrocarbon contaminated sites. Different chemical oxidants such as 

hydrogen peroxide are used for this purpose but it can lead to incomplete degradation of 

targeted contaminants and also have negative effects on soil properties and soil 

microbiota.  

Other than physical and chemical techniques, phytoremediation is an emerging, effective 

and inexpensive biological technique for hydrocarbon remediation. Phytoremediation is 

the use of plants to eliminate or detoxify any harmful contaminant into harmless product  

(Merkl, 2005). Salt marsh plants have ability to adsorb hydrocarbons from oil-

contaminated sites and increase the hydrocarbon content of the aerial part of plants (Lytle 

and Lytle, 1987). Plants that are effective in the remediation of oil polluted soil include 

black poplar, willows, miscanthus grass, Spartina sp, Juncus roemeriannus and 
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Dioscorea sp (Lytle and Lytle, 1987; Hardman and Brain, 1977). Though 

phytoremediation is effective for reduction of oil concentration in soil but it is very slow 

process and another disadvantage is competition of plants with bacteria for available 

nitrogen and phosphorus (Vega-Jarquin et al., 2001). 

Scientists are trying to develop a cost effective remediation technique with minimal 

damage to the environment. In contrast to above mentioned technologies microbial 

remediation of oil contaminated soils yield faster results and is much efficient, economic 

and versatile (Bartha, 1986). It is ecofriendly and extensively used method for the 

treatment of petroleum hydrocarbons present in aquatic and terrestrial environments 

(Abbasian et al., 2015).  Bioremediation is the use of microorganisms to degrade or 

detoxify the specific pollutant. Advantages associated with this technique is minimal 

exposure of the on-site workers to the contaminant; longtime protection of public health; 

cost effective and less time consumption. (Bartha, 1986). It is an evolving technique for 

the remediation and removal of many environmental pollutants including the petroleum 

hydrocarbons (Ahsan et al., 2011). 

Bioremediation functions principally on biodegradation, which may refer to 

mineralization of organic pollutants into water, carbon dioxide, and inorganic compounds 

(Das & Chandran, 2011). Biodegradation is an efficient, economic, versatile and 

environmentally sound technique which exploits microbial ability to degrade organic 

contaminants depending on the factors, including the creation of optimal conditions to 

stimulate biodegradation capacity, the types of hydrocarbons present in the contaminated 

matrix, and the bioavailability of contaminants to microorganisms (Margesin et al., 2003) 

along with the molecular composition of pollutants. The effectiveness of bioremediation 

is a function of the microbial population, its enrichment and maintenance in environment. 

In many cases indigenous microflora present in soil and water is capable of degrading 

hydrocarbon contaminants. Microbial biodegradation of hydrocarbon contaminants 

operates with the phenomena of enzymatic catalytic activities of microbes to enhance the 

speed of contaminant degradation (Varjani & Upasani, 2016). 

Bacteria, yeast, and fungi plays major role in biodegradation of hydrocarbons in 

environment. The reported capacity of soil fungi for biodegradation was up to 82%, for 
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soil bacteria while it was up to 50%, and 100% for marine bacteria (Das, and Chandran, 

2011).  

Hydrocarbons can be metabolized by consortium or individual strains of microorganisms 

that belong to either different or same genera. But, individual cultures have been 

demonstrated to be less potential than consortium for complete degradation of 

hydrocarbons. It is because of wide enzymatic abilities of consortium for complete 

mineralization of complex hydrocarbons like crude oil, diesel oil in marine environments, 

fresh water and soil ecosystems (Varjani et al., 2015). 

Bio augmentation and/or bio stimulation, are the most common techniques practiced for 

bioremediation of accidental petroleum spills and polluted sites. However, there are also 

many limiting factors in application of these techniques like strain selection, microbial 

ecology, type of contaminant etc (Tyagi et al., 2011).  Other factors affecting 

bioremediation process is presence of microorganisms with proper metabolic capabilities 

and growth factors like substrate and nutrient availability, temperature, pH, salinity, 

nutrient and oxygen availability (Hashemi et al., 2016). 

Recently use of biochar as a tool to remediate contaminated soils has gained much 

attention. Biochar is gaining importance in literature, due to its ability to store carbon, 

mitigation of climate change and enhanced productivity of soil. The use biochar for soil 

amendment started about 2,500 years ago in tropics in Amazonian forest, South America. 

Those dark soils called Terra Peta were highly fertile, had higher levels of microbial 

activity, enhanced nutrient availability and showed three times faster growth of crops due 

to biochar even after thousands of years of its implementation. (Duku et al., 2011; 

Ogbonnaya, and Semple, 2013; Martinsen, et al., 2015). 

Biochar is stable, recalcitrant organic carbon structure prepared by the pyrolysis of wide 

variety of biomass including wood, algal blooms, manure, sewage sludge, kitchen waste, 

and agricultural waste at high temperatures generally between 300°C and 1000°C in the 

absence of oxygen (Zhu et al., 2016; Verheijen et al., 2010; Ogbonnaya, and Semple, 

2013). 

As pyrolysis temperature increases, ash content, alkalinity, carbon content, and stability 

increases but biochar yield, hydrogen, nitrogen, sulfur and oxygen content decreases. The 

biochar production temperature determines the chemical structure, elemental composition 



                                                                                                                                                             Introduction 

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils  - 6 - 

 

and stability of biochar (Tripathi et al., 2016). Biochar is a highly stable structure rich in 

carbon, recalcitrant and porous with large specified surface area.  It has been used for 

different purposes such as soil amendment, mitigation of climate change, greenhouse gas 

reduction, promoting plant growth, develop resistance against pathogens and recovery of 

contaminated areas (Chen et al., 2016; Devens, et al., 2018). 

Biochar acts as a potential source of nutrients and energy for microbes. It also provides 

shelter to microbes, effects water holding capacity and maintains oxygen and pH in soil. 

That is why increased microbial biomass, microbial diversity, enzyme activity and 

metabolic processes have been observed in biochar amended soils (Lehmann et al., 2011; 

Verheijen et al., 2010; Anyika et al., 2015). 

Biochar increases sequestration of organic contaminants thus its application effects 

overall sorption ability of soil, influence toxicity and transport along with fate of 

contaminants present in soil. Biochar generally has up to 10 to 1000 time’s higher 

sorption affinities towards organic compounds (Hammond, 2014). In addition biochar 

modifies the soil physicochemical properties for greater stimulation of microbes. It also 

adsorb microbes on its surface. It increases concentration of organic contaminants close 

to the colonizing microbial cells thus create conditions which maximizes the contact of 

microorganisms to contaminants and therefore enhance the biodegradation of these 

compounds.  

Biochar addition to soil has proved beneficial and effective globally. Almost any type of 

carbonaceous biomass can be pyrolyzed into biochar. Making biochar from waste 

biomass under thermal pyrolysis, is more financial and environmentally feasible with 

positive effect in remediation. (Roberts et al., 2009). Biochar is considered as one of the 

most helpful tool to accelerate the process of bioremediation as it enhance the sorptive 

capabilities of soils, inhibit the mobility of pollutants and influence fate and behavior of 

contaminants in soil (Reichenberg et al., 2010).  

Biochar research is majorly directed towards agricultural applications across the world. 

Findings regarding role of biochar for removal of pollutants including both organic and 

inorganic ones is limited with fewer studies focusing on the effect of biochar on 

hydrocarbons removal and degradation in contaminated soils. A number of studies 
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reported promising effect of biochar on different soil properties however findings 

regarding hydrocarbons removal from soil and in turn effect on soil aspects are limited. 

In addition limited studies focused on effect of substrate selected for making biochar on 

its role in soil for contaminant removal and degradation. This reflects lack of knowledge 

regarding mechanisms by which specific biochars can improve physical, chemical, and 

biological soil properties. This give rise to several interrelated questions regarding 

potential for biochar applications for bioremediation of hydrocarbon contaminated soils. 

What type of substrate can be used for biochar production with effect on biochar 

characteristics? Can generated biochar remove hydrocarbons i.e., diesel oil from soil? 

Which feedstocks are most suitable for diesel oil degradation? Whether bioaugmentation 

or biostimulation enhances biochar efficiency? What effects will biochar have on 

physiochemical properties of soil along with soil microbial community? Finding the 

answers of these questions are necessary to understand the biochar potential for diesel oil 

degradation in soil. 
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Aims and objectives 

The aim of this study was to apply the effective and environment friendly scheme for the 

bioremediation of hydrocarbons in diesel contaminated soil by enhancing soil fertility. 

Following were the current study objectives, 

 Production of biochar by thermal transformation of organic waste by pyrolysis. 

 Physiochemical characterization of biochar  

 Evaluation of biochar impact on degradation of hydrocarbons present in diesel oil 

in a pilot scale study (pot experiment). 

 Analyzing biochar effects on soil microbial diversity 

 Estimating biochar effect on soil fertility by analyzing its effect on wheat growth 
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One of the major causes of hydrocarbon pollution in environment particularly in soil is 

due to anthropogenic activities. It includes leakage from storage containers, refueling of 

vehicles, wrecks of oil tankers carrying oil and improper disposal when cleaning tanks. 

Improper management practices results oil spillage into environment which damages not 

only terrestrial but aquatic ecosystems. It also cause soil destruction problems side by 

side affecting the soil fertility as well  (Albuquerque et al., 2017). Diesel is obtained by 

fractional distillation of crude oil. It is a major energy source and its extensive usage has 

increased the risks of its spills in the environment causing pollution in the industrialized 

world (Ameen et al., 2016). It is generally a complex mixture of hydrocarbons, mostly 

the various components include aromatic hydrocarbons, saturated alicyclic hydrocarbons 

and paraffin (Atlas, 1992) which are extremely toxic to many life forms, including 

human. Diesel oil is more toxic to environment as compared to crude oil as it start 

accumulating in food chains at various levels disrupting many biochemical or 

physiological processes of organisms; causing carcinogenesis, mutagenesis, and 

impairment in reproductive capability, along with hemorrhages in exposed population. 

(Ameen et al., 2016) 

Worldwide annual production of petroleum is above 2 billion tons (Singh and Lin, 2010) 

of which almost 1.7 to 8.8 million metric tons of oil is released into the world’s water and 

soil environments every year (Abu and Dike 2008). 90 % of oil spillage is directly linked 

to human actions with about 30 % of the spilled oil entering into freshwater ecosystems. 

Depending on the site location, the level of oil contamination in the soil may be as high 

as 10% (Singh and Lin, 2010). A number of incidents are reported for diesel oil spills in 

world, for example above one ton of diesel oil was released in Gelugor, Penang from a 

1,000 kw-mobile generator unit (Ayaz, and Gothalwal, 2016). In northern Canada 

between 1971 and 2014, approximately 7,000,000 L of diesel oil was spilled only in 

Nunavut (Karppinen, 2018). In Arabian Gulf alone, from which more than 50% of 

production globally comes, during 1995 to 1999 a total volume of 2.2 x 107 liters of oil 

were spilled while during 2000 to 2003 about 1.7 x 106 liters of oil were spilled into 

environment (Poonian, 2003). 

Petroleum derivative products are extremely toxic and persistent thus posing risk to 

environment including not only land but also marine habitat. The presence of 
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considerable amount of petroleum products in soil leads to reduction in soil permeability, 

creation of reducing environment in soil, destruction of soil structure, and reduction in 

level of oxygen, phosphorus and nitrogen contents. This cause negative impacts on soil 

fertility and soil microbes. Hydrocarbon contamination in soil also inhibits the 

development and growth of plants. The intake of water and mineral salts from substrate is 

made difficult by these compounds which also disturb the metabolic processes. It results 

in chlorophyll and nutrients deficiency, and plants effected grow with deformed roots, 

shoots, flowers and leaves. The hydrocarbon contamination in soil also effects humans as 

it finally enters the body through food chain which has detrimental effects on human 

health (Yin et al., 2011). 

Number of environmental disasters are reported due to natural reasons or human factors 

that highlighted the impact of such things on human health and also point out the limited 

ability and challenges confronted in finding a lasting solution for pollution problems. 

Scientists are trying to develop an effective remediation technique which causes 

minimum damage to the environment. Bioremediation of contaminated sites is a feasible 

option as conventional physico-chemical methods for remediation are technically as well 

as economically challenging 

Bioremediation of petroleum hydrocarbons from environment by using oleophilic 

microorganisms is ecofriendly and economic process. Microbial bioremediation is 

extensively used method for the treatment of petroleum hydrocarbon pollution in both 

aquatic and terrestrial environments  (Abbasian et al., 2015). Hydrocarbons can be 

metabolized by consortium or individual strains of microorganisms belonging to either 

different or same genera. But, individual cultures have been demonstrated to be less 

potential than consortium for complete degradation of hydrocarbons (Varjani et al., 

2015). 

Countless scientific review articles have discussed different factors that have an effect on 

the rate of oil biodegradation.  These factors include the presence of microorganisms with 

proper metabolic capability and availability of growth factors like substrate, nutrients, 

temperature, pH, salinity and oxygen (Atlas and Bartha, 1992). 
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Biochar as an emerging tool 

Currently the challenge is to develop a strategy that will not only help to reduce 

contaminants and pollutants from a particular environment but also help to improve and 

enhance soil fertility. In recent years the use of biochar as a soil amendment has been the 

subject of increasing attention.  

Biochar is a stable recalcitrant aromatic carbon compound produced in oxygen depleted 

environment by thermal alteration of any kind of biomass including waste material like 

municipal waste, sewage sludge, manure, agriculture and garden waste etc (Zhao et al., 

2017). With increasing development the waste material production has also been 

increased. Growing population has led to an increase in growth of agribusiness to meet 

demand for food (Santos et al., 2015). Large quantities of lignocellulosic biomass are 

produced on yearly basis in the process of cultivation to consumption of agricultural 

products. This generated biomass has different applications such as biosorbent, and 

substrate for biofuels, various enzymes and metabolites producer (Pathak et al., 2017). 

Only in Malaysia above 2 million tons of agriculture waste is produced.  One of the most 

beneficial way to handle such waste is its pyrolysis to biochar (Wang et al., 2012). 

Also the sharp rise in world population, leads to increase in the number of households 

which are connected to sewers. This caused steady increase in sewage sludge volume 

produced by wastewater treatment process. Sewage sludge is biomass resulted as 

byproduct of wastewater treatment. According to an estimate only in China in excess of 

25 million ton of sewage sludge has been annually produced. In the EU the sewage 

sludge with a dry weight of 10.13 million tons is produced annually (Agrafioti et al., 

2013). It is necessary to treat sewage sludge with means which are economically and 

environmentally sustainable. Utilization of sludge in agriculture sector has positive 

impacts on crop productivity but the subsequent environmental contamination due to 

sludge like concomitant toxins, especially heavy metals limits their extensive 

applications. Recently attention has been given to biochar resulting from sewage sludge 

due to its prospective for sludge treatment and soil amelioration (Yuan et al., 2015). 
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A standard definition of bio char by the international bio char initiative (IBI) is “a solid 

material produced form thermochemical conversion of biomass in oxygen-deprived 

environment (Initiative, 2012).  

Biochar is a form of charcoal but it is different form the later in context that biochar is 

produced in controlled conditions. As compared to charcoal biochar has much less total 

carbon but it has a higher mineral content, containing minerals such as Calcium (Ca), 

Potassium (K), Phosphorus (P) and Nitrogen (N) (Hammond, 2014). Main difference 

between the two also lies at their end usage. The bio char is useful for environmental 

management and carbon sequestration while the charcoal is source of charred organic 

matter meant for energy production and fuel (Roberts et al., 2009). The characteristics of 

biochar is function of the material and temperature conditions at which it was produced. 

The biochar can have various properties depending on a wide range of feedstock, 

temperature, residence times and heating rates used for their production. Biochar 

incorporation into soil alters soil physiochemical properties depending on physical and 

chemical properties of biochar (Hammond, 2014). 

The biochar production via pyrolysis of biomass can be done either in a designed reactor 

through gasification or carbonization at different pyrolysis temperatures and retention 

times depending on the proposed use of the end product. There is an extensive range of 

feedstocks including wood, manure, rice husk, sewage sludge, municipal waste that can 

be used for biochar production (Maiti et al., 2006). Verheijen et al. (2009) critically 

described different types of biomass and the production procedures for making biochar. 

During pyrolysis procedure three changes happens. First is mass loss in terms of volatiles 

and gases, second is chemical transformations and third one is structural alterations. 

These changes happen depending on the period of heating, moisture content of feed 

stock, type of feed stock and temperature of treatment (Sohi et al., 2009). Three 

byproducts are formed during the process; bio oil, biochar and syngas (Karagöz et al., 

2005). Syngas and bio-oil produced are utilized as biofuel in transportation, heat and 

electricity production while the bio char serve variety of applications such as improving 

productivity of soil, storage of carbon, mitigation of climate change and soil remediation. 

(Ogbonnaya, and Semple, 2013). Due to having high content of calcium, potassium, 

phosphorous and many other beneficial micronutrients, biochar gained from pyrolysis 
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process can be utilized as a soil amendment that promotes fertility of soil and has the 

ability to sequester carbon within the soil (Jeffery et al., 2011). 

Biochar can store carbon through carbon negative process for a long time, thus it can play 

a vital role in reducing the concentration of carbon dioxide from atmosphere (Lehmann et 

al., 2006). In addition to carbon dioxide it can also reduce the emission of two other 

potent greenhouse gases such as methane (CH4) and nitrous oxide (N2O) from soil. Due 

to high porosity biochar traps these gases within its pores. In this way biochar can 

contribute to reduce the risk of global warming. Applications of biochar have been 

proved to increase soil productivity by increasing the pH of acidic soils, improving water 

holding capacity, reduction in nutrient leaching or by adsorbing natural organic matter 

and cations (Elzobair, 2013). 

Biochar structure and characteristics 

Biochar consists of recalcitrant carbon structures in form of aromatic rings as well as 

labile carbon in form of aliphatic and oxidized structures (Lehmann, 2007). It has large 

surface area due to highly porous structure which has benefit of providing refuge for 

beneficial microflora present in soil, and influences the adsorption of important cations 

and anions present in soil (Atkinson et al., 2010).  

Depending on the feedstock the biochar mainly consists of cellulosic material having 

porous arrangements with the pore diameter of approximately 1 𝜇m. Micropores of 

biochar attributes it the characteristics of water-holding capacity and adsorption capacity 

of pollutants from soil and water (Gao et al., 2013). According a study done by (Shareef 

and Zhao, 2016) the SEM micrographs of cotton straw and potato straw biochar produced 

at various pyrolytic temperatures showed a miscellaneous honey-comb like arrangements 

because of the tube-like structures arising from the cellular structure of plant. The 

maximum surface area of biochar is also a result of finely-developed pores. 

Physiochemical properties of biochar such as high charge density along with specific 

chemical structure, play a part in nutrient retention and developing resistance to microbial 

degradation as compared to other organic matter present in soil (Atkinson et al., 2010). 

High pyrolysis temperature induced a conversion of O-alkyl to aryl and O-aryl furan-like 

structures of carbon, which are chemically very active (Baldock and Smernik, 2002). 
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Biochar is also composed of micro and macro-nutrients inherited from the parent 

biomass. The pyrolysis causes carbonization of lignin with reduction of hydrogen and 

oxygen with release of volatile organic compounds and carbon dioxide. The higher 

temperature also induce polymerization and results in production of aliphatic and 

aromatic high molecular weight compounds with several functional groups chiefly on the 

pores and outer most surface of the graphene sheets (van Zwieten et al., 2009). Some of 

these functional groups act as electron donating agents, while others act as electron 

accepting agents, resulting the formation of coexisting areas on biochar surface with 

properties ranging from acidic to basic and from hydrophilic to hydrophobic (Amonette 

and Joseph 2009; Verheijen et al., 2010). Biochar can be used as a C sequestration tool as 

the carbon in biochar is arranged in form of aromatic ring which is resistant to 

degradation when incorporated in soil (Amonette and Joseph 2009). However, biochar 

composition varies by feedstock nature and pyrolysis conditions (Downie et al., 2009). 

Carbon contents in biochar can range between 172 g kg-1 and 905 g kg-1. While nitrogen 

content ranges from 1.8 g kg-1 to 56.4g kg-1, total P from 2.7g kg-1 to 480g kg-1 and total 

potassium (K) from 1.0g kg-1 to 58g kg-1 (Chan et al., 2007; Lehmann et al. 2002, Lima 

and Marshall 2005). Other elements are also present in biochar in various concentrations 

such as Oxygen, Hydrogen, Nitrogen, Sulphur, Phosphorus, basic cations, and heavy 

metals (Preston and Schmidt, 2006). The surface of biochar contains various O and H 

containing functional groups and free radicals also (Bourke et al., 2007).  

Biochar pH depends on type of feedstock and pyrolysis conditions and it varies within 

range of 4 and 12 (Lehmann 2007). Generally, biochar is acidic at low pyrolysis 

temperatures (< 400° C), while alkaline at high pyrolysis temperatures. Biochar has 

heterogeneous composition, containing both stable and labile contents including fixed 

Carbon, volatiles in form of liquid or gases, mineral content (ash) and moisture (Sohi et 

al., 2009: Antal and Gronli, 2003)  

Effect of substrate on biochar properties 

Feedstock material chiefly determines the characteristic features of biochar. The chemical 

and structural features of biochar like porosity, surface area and adsorption capabilities 

are related to the both chemical and physical properties of feedstock. Biochar derived 



Chapter 2                                                                                                                                          Review of literature                

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils Page - 15 - 

 

from woody feedstocks are more resistant having carbon contents of up to 80%, and has 

higher surface area. Biochars produced from biomass such as crop residues, manures and 

seaweed have high mineral contents, are generally finer, less robust and ash-rich 

(Demirbas, 2004). Biochar made from plants residues having large diameter cells is rich 

with macropores (Steinweg et al., 2013) which enhance the ability of biochar to adsorb 

large molecules such as phenolic compounds. Average pore size of sawdust biochar is 

2.23nm and sludge biochar has average pore size of about 3.37nm.  

Biochar produced from same group of feedstock share similar characters as compared to 

that made from feedstock having different origin. Biochar production for a potential 

application requires focused selection of substrate and optimization of pyrolysis 

condition. To attain biochar with desired characters origin feedstock material and its 

physiochemical properties is an important consideration. Different biochars from 

different source of biomass feedstock have different physiochemical properties (Ippolito 

et al., 2012) 

Tag et al. (2016) studied the influence of feedstock type and pyrolysis temperature on the 

characteristics of biochar. Four different types of biomasses were utilized for this purpose 

including vine pruning, poultry litter, orange peels and seaweed. The pyrolysis 

temperature of 350◦C was found as threshold in production of biochar. The percentage of 

stable carbon in biochar made at 500◦C and 600◦C was above 98%. Increase in pyrolysis 

temperatures cause less availability of nutrients present in biochar to plants. Seaweed and 

poultry litter biochar were found to have highest carbon exchange capacity and electrical 

conductivity values.  

Zhang et al. (2017) studied the effect of temperature and feedstock on biochar 

characteristics. He made biochar form four types of feedstocks that were pine, oak, 

peanut shell and sugarcane at different temperatures, and characterized them. They found 

that ash, K, Fe, N, Mn, EC, Na, P, EC, Ca, Mg and Na were influenced by feedstock 

type. O, H, C, fixed matter, volatile matter and pH was significantly determined by 

pyrolysis temperature and was found considerably higher in wood derived biochar. Ash, 

manganese, potassium, iron, nitrogen, phosphorous and electrical conductivity were 

recorded higher in sugarcane derived biochar and peanut shell biochar. Ca, Na and Mg 

were recorded higher in peanut shell biochar but low in sugarcane biochar. 
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Zhang et al. (2018) studied biochar production at 550 oC from rice husk and applied it for 

chlorobenzene degradation. Characterization of biochar indicated the formation of poorly 

ordered graphene stacks embedded in amorphous phases on biochar along with the 

presence of hydroquinone-quinone moieties on biochar. In addition hydroxyl radicals 

were also found due to the reduction of oxygen, which held responsible for 

chlorobenzene biodegradation. 

Yuan et al. (2011) analyzed the forms of alkalis formed in biochar made from canola, 

soyabean straws, peanut shells and corn at various temperatures i.e., 300, 500 and 700 C. 

As temperature increased pH of the chars increased. They found that alkaline nature of 

biochar was majorly due to carbonates produced at higher temperatures; with the 

functional groups for example –COO_ (–COOH) and –O_ (–OH) responsible for the 

negative charges and alkaline nature of the biochar, especially for those made at the 

lower temperature.  

High temperature chars, those made in between 500-700 oC are well carbonized and have 

low oxygen content (<10%), a comparatively high surface area (>300 m2/g), and little 

organic matter (<3%). In comparison low temperature biochar have low surface area 

(<200 m2/g surface area), 40-50% organic carbon, and >20% oxygen. Biochar samples 

had array of acidity/basicity due to different polar groups present on surface (Chun et al., 

2004). 

Suárez-Hernández, and Barrera-Zapata, (2017) studied biochar properties made from 

Eucalyptus grandis (BC-EG), Acacia magnium (BC-AM) and Gmelina arborea (BC-GA) 

at 700°C. Biochar derived from BC-EG had the highest surface area (50.0 m2/g), whereas 

the made from BC-GA showed the lowest surface area (2.0 m2/g). All biochar samples 

were grouped as mesoporous. They also reported decomposition of cellulose and 

hemicellulose but occurrence of other minerals like Na, K and Ca. Shaaban et al., 2014 

also reported the same findings. 

Evans et al. (2017) used poultry liter to produced biochar at pyrolysis temperature of 400 

oC for 2 hours and found that total phosphorus, potassium, calcium, magnesium, sulfur, 

chloride, copper, iron, manganese, molybdenum, sodium, zinc and water extractable 

nitrate, P, K, Ca, Mg, sulfate, boron, Cl, Cu, Fe, Mo, Na, and Zn were present in higher 

quantity than biochar which was made by using the same process but with mixed hard 
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wood species, Miscanthus capensis, Gossypium hirsutum, Panicum virgatum, Oryza 

sativa, and Pinus sp. shavings feedstocks. pH of the biochar was in the range of 4.6 for 

pine shaving biochar to 9.3 for miscanthus biochar. 

Biochar made from of wood-based feedstocks are more coarse resistant having upto 80% 

carbon contents (Winsley, 2007).  Feedstocks having high lignin content give highest 

biochar yield with low contents (< 1% by weight) of ash due to stability of lignin to 

degradation by thermal treatment. Pyrolysis of biomass having high mineral contents 

such as grass, grain husks and straw residues of crops give biochar with high proportions 

of ash (Demirbas, 2004) with upto 24% or even 41% ash by weight. During pyrolysis it 

also happened that loss of carbon, hydrogen, and oxygen cause concentration of mineral 

content in biochar. van Zwieten et al., 2007 reported unusually high levels of silica in rice 

husk derived biochar and high contents of calcium carbonate (CaCO3) in pulp and paper 

sludge biochar. Thus selection of substrate would be the critical step which in turn would 

determine the physical and chemical characteristics of resulting biochar with its overall 

feasibility as a soil amendment. Both advantages and disadvantages are associated with 

all kinds of feedstocks, but the use of an effective local feedstock source which is cost 

effective and aid in recycling waste materials is ideal. 

Effect of temperature on biochar properties 

Pyrolysis temperature is another important parameter in controlling the physiochemical 

properties of biochar. Biochar produced below 350oC is generally nutrient rich (Gundale 

& Deluca, 2006) those produced at higher temperature have excellent adsorption ability 

because the aromaticity and carbon content increases but the polarity, oxygen and 

hydrogen content decreases with temperature with gradual increase in volume of micro 

pores. (Chen et al., 2008) surface area and hydrophobicity which attribute it 

characteristics for removal of organic contaminants. (Ahmad et al., 2014). Biochar 

produced at high temperatures (>550°C) generally have high surface areas (> 400 m2 g-1) 

(Elzobair, 2013), and resistant to degradation.  

In another study apple tree branches were pyrolysed at four different temperatures of 300, 

400, 500 and 600 oC, respectively. Increase in temperature resulted decrease in O–H and 
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C–H bonding which leads to the enhancement of dehydration reaction (Claoston et al., 

2014) along with reduction in the polar functional groups as observed by Zhou et al. 

(2016) 

Depending on pyrolysis temperature biochar concentrates varying quantities of labile C. 

This liable C content would in turn affect CO2 and N2O emissions from biochar-amended 

soils (Zheng et al.,  2012). For agriculture utilization low temperature biochar is preferred 

while high temperature biochar is suitable for contaminant adsorption purposes. High 

temperature biochar is less reactive in soils than lower temperature generated biochar, 

which cast positive impact on soil fertility (Steinbeiss et al., 2009). According to Gaskin 

et al. (2008) pyrolysis of feedstock at 500 ˚C cause concentration of essential plant 

nutrients; namely P, K, Ca, and Mg etc. thus biochar produced with main purpose of 

enhancing soil fertility needs to be specifically pyrolysed under moist conditions and at 

low temperatures (Novak et al., 2009). Zhou et al., 2009 stated that instead of residence 

time pyrolytic temperatures play a more important role to define quality of biochar made 

from carbonization of pine wood. High temperature yields less biochar but with 

concentration of carbon (Daud et al., 2001; Demirbas, 2004).  

Cao and Harris, (2010) studied effect of pyrolysis temperature on physiochemical 

properties of biochar made from dairy-manure. Results showed that as pyrolytic 

temperature increased surface area of biochar also increased with ash content, and pH but 

yield decreased. Quantity of mineral elements for instance Ca, Mg, and P were found 

greater in resulting biochar, but concentrations of carbon and nitrogen decreased with 

increasing temperature because of combustion and volatilization. 

Yuan et al. (2015) studied the effect pyrolysis temperature on production of biochar and 

its characteristics for agricultural purposes. Increasing temperature in range of 300 to 700 

oC cause decrease in biochar yield but development of its pore structure. Biochar made at 

lower temperature was acidic while at 700 oC, it was alkaline in nature. In biochar made 

at high temperature concentration of nutrients other than nitrogen increased along with 

fewer dissolved salts. Results from DTPA acid extraction showed that pyrolysis process 

decreased the bioavailability of trace heavy metals and lower their leaching toxicity in the 

biochars as compared to the sewage sludge. 



Chapter 2                                                                                                                                          Review of literature                

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils Page - 19 - 

 

In another study done by Agrafioti et al. (2013) sludge was pyrolyzed to check the effect 

of three factors i.e. pyrolysis temperature, residence time and biomass chemical 

impregnation on biochar production. Key factor found was pyrolysis temperature. 

Highest biochar yield was obtained at 300 oC. Sludge biochar was found save in context 

of potential release of heavy metals as compared to raw sewage sludge. It was also found 

that biochar is more efficient in eliminating cations than anions from aqueous solutions. 

Mendez et al. (2012) also found decreased solubility and bioavailability of heavy metals 

including Cu, Ni, Zn, Cd and Pb in a Mediterranean agricultural soils having biochar 

amendment comparing with those amended with raw sewage sludge.  

Keeping in view of the effect of temperature on structural, morphological and sorption 

properties of biochar it would be crucial to select such a pyrolysis temperature which 

make the resulting biochar suitable as soil amendment and effective for contaminant 

removal from soil. 

Following table summarizes biochar characteristics as function of its substrate and 

production temperature. 

Table 2.1: Biochar characteristics as function of its substrate and production 

temperature. 

Biochar Pyrolysis 

Temp oC  

pH Surface 

area m2/g  

C% N% O% Reference 

Wheat straw 

powder 

400  427 58.1 0.99 35.84 Li et al., 2014 

600  537 67.72 0.94 26.19 

800  652 80.08 1.13 13.23 

300  5.963 63.938 0.677 41.609 Kong et al., 2018. 

500  33.464 88.100 1.830 14.537 

Woodchips 800  928 288 4  Bushnaf et al., 2011. 

250  0.67    Zhang et al., 2016. 

400  0.84    

700  380.20    

Saw dust 300  4.783 51.589 0.784 29.237 Kong et al., 2018. 

500  28.458 81.294 1.562 29.337 

Tea waste 

biochar 

300 6.25 2.28 63.54 68.07 73.63 Mayakaduwa et al., 2016. 

500 7.17 1.57 4.50 4.40 3.39 
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700 10.21 342.22 27.09 24.12 7.68 

Apple Tree 

Branches 

biochar 

300 

 

7.48 2.39 62.20 1.69 24.21 Zhao et al., 2017 

400 11.5 7.00 71.13 1.94 15.05 

500 11.62 37.24 74.88 1.77 10.41 

600 10.60 108.59 80.01 1.28 6.59 

Wood Sawdust 

biochar 

350 6.1 2.567  

 

40.88  5.12 45.65 Chowdhury et al., 2016.  

450 6.4 45.78  52.99  2.01 38.99 

550 6.8 221.0  75.99  0.55 22.44 

 

Effect of biochar on soil physiochemical properties  

Effect on soil surface area and bulk density 

The influence of biochar on soil physicochemical properties relies on many factors, 

including feedstock type used for making biochar, pyrolysis temperature, application rate, 

and environmental conditions. One of the physical parameter of soil is its surface area 

which in turn controls vital parameters of soil like water holding capacity, and nutrient 

leaching, aeration, and microbial activity (Van Zwieten et al., 2009) Biochar addition in 

soil enhance its surface area which in turn improves soil agronomic properties. The 

biochar having large surface area offers space for formation of complexes with cations 

and anions, present in soil on surface which enhances the nutrient retention capability of 

soil. According to a study biochar addition can increase surface area of soil up to 4.8 

folds (Liang et al., 2006).  Physical and biological interactions among biochar and soil 

mixture along with microorganisms is also responsible for enhancing surface area could 

of amended soils with passage of time but in this case limited data is available to 

understand the processes. In addition to soil surface area another factor effected by 

biochar incorporation in soil is bulk density of soil which decreases by biochar addition 

(Chen et al., 2011). Decrease in bulk density of soil upon biochar addition is one of the 

indicators of improvement of soil structure. This results in increase in total porosity of 

soil which improves aggregation and aeration in soil.  
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Effect on GHGs emission from soil 

Main greenhouse gases found in the environment are carbon dioxide, methane, and 

nitrous oxide. Most common sources of greenhouse gases are fossil fuel combustion, 

cement production, industrial procedures, and agronomic practices including drainage of 

wetlands, plowing, land use conversion, rice paddy fields, fertilizers, livestock and 

wetlands (Yao et al., 2012).  

Biochar addition enhances the sequestration of atmospheric carbon dioxide into soil 

through a C-negative process which reduces emission of greenhouse gases compared 

with its feedstock. Biochar is composed single and ring aromatic C structures, with high 

surface area and surface charge density (Lehmann, 2007). Single-ringed aromatic and 

aliphatic C in biochar mineralize more rapidly as compared to condensed aromatic C 

(Lehmann, 2007). Biochar can be alternative to renewable energy as it is carbon negative 

that is why it serve as a long-term sink for terrestrial carbon. As biochar undergoes 

degradation over a long period of time, it causes slow release of carbon dioxide into the 

atmosphere and thus reduces carbon dioxide emissions. Because biochar works on carbon 

negative phenomena in soil, it would bypass carbon from contributing towards climate 

change, and thus help in mitigating global warming. Thus biochar application in 

agricultural soils is an effective way of sequestering carbon and is a new emerging 

management option that may merit high value C credits (Steinbeiss et. al., 2009) 

Discharge of greenhouse gases from biochar-amended soils is determined by various 

factors including feedstock types, pyrolysis conditions, climatic factors, and 

physiochemical properties of soil (Jones et al., 2011). In some cases, biochar amendment 

may primarily augment emission of CO2 which Jones et al. (2011) argued is negligible 

comparing the carbon stored in the biochar itself and thus should not under estimate the 

long term carbon sequestration capacity of biochar. Zhang et al. (2012) reported a field 

trial in paddy soil by applying wheat straw biochar made at 350 and 550 °C with 

enhancement in methane emission by 31% and 49% while reduction in N2O emission by 

50 and 70%. While Singh et al., 2010 reported preliminary N2O increase due to greater 

labile content of nitrogen present in biochar and microbial activity which ultimately 

reduced with passage of time. Yanai et al. (2007) also studied that clay loam soil 
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amendment with  biochar made from municipal waste at 700 oC caused reduction in N2O 

emissions by 89% when soil was wetted up to 78% water-filled pore space. 

In some cases an initial increase in CO2 and CH4 emissions has been observed in biochar 

amended soils due to both by biotic and abiotic processes (Jones et al., 2011). Liu et al. 

(2011) reported 51 and 91% reduction in methane and carbon dioxide emissions 

respectively, in paddy soils when incorporated with biochar pyrolysed from bamboo and 

rice straw at 600 °C.  Similarly in a long-term field study, mango tree derived biochar 

amendment caused reduction in CH4 emission from a tropical acid savanna soil in the 

eastern Colombian Plains (Rondon et al., 2006). 

Effect on water holding capacity of soil 

Soil water holding capacity is dependent on the mineral and organic components present 

in soil (Glaser et al., 2002). Water holding capacity of soil is higher in presence of higher 

levels of organic matter. Water retention capacity of terra peta soils was 18% higher than 

in adjacent soils, due to the higher biochar content in these soils. Greater stability, 

extensive network of aromatic carbons and porous structure of biochar offers long term 

potential for water holding capacity in soil (Sohi et al., 2010). This effect is more 

prominent in sandy soils as compared to than in neutral or in medium-textured soils. 

(Gaskin et al., 2008) also reported improved water holding capacity in coarse-textured or 

sandy soils caused by increased surface area of biochar compared to coarse-textured soils 

without biochar amendment. Fewer data is available on the effects of biochar on plant-

available water. In sandy soils, plant-available water increased by 16% to 270% with 

biochar addition ranging from 0.5-5% (Abel et al., 2013). 

Effect on thermal properties of soil 

Soil thermal properties influence microbial biomass, enzyme activity, nutrient cycling, 

and soil water content. Biochar was found to have a moderating effect on soil 

temperature which results from decreased reflectance and thermal conductivity (Zhang et 

al., 2013). Soil albedo decreased by increasing biochar application rates, which can be up 

to 80% in biochar-amended soils comparing to a control (Zhang et al., 2017). Decrease in 

soil albedo results in increase in soil temperature which cause increase in soil respiration. 

Soil surface temperature can be increased up to 4 °C in soils having biochar (Jiang et al., 

2015). 
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Effect on pH of soil 

Biochar has the ability to maintain soil pH stable within the favorable range of 5-6.4. 

(Leahy and Colwell, 1990). Biochar usually has a neutral to alkaline pH due to presence 

of some alkaline materials; though, acidic biochar has also been reported. Various factors 

such as feedstock type and the thermochemical processes also have effect on pH of 

biochar which can be below 4 or above 12 (Shi et al., 2017; Yao et al., 2017). Higher 

pyrolytic temperature (>400°C) is reported to produce biochars with high pH (Novak et 

al., 2009). Effects of pH changes induced by biochar largely depend on the initial soil pH 

(Novak et al., 2009). Liu and Zhang (2012) and Ippolito et al. (2016) reported decrease in 

pH of calcareous soils upon application of biochar due to chemical and microbial 

oxidation of biochar causing production of acidic functional groups and enhancement of 

soil CEC (Cheng et al., 2006; Peng et al., 2011). Soil pH also increases upon addition of 

biochar as cations present in biochar reacts with the Al3+ ions or by displacing it from the 

exchange sites of clay or soil organic matter (Sparks, 2003). As is clear from literature 

that biochar holds certain pH and its addition in soil can increase, decrease, or maintain 

soil pH, so biochars must be matched carefully with soil to optimize bioremediation. 

Effect on Cation exchange capacity of soil 

CEC is directly related to water-soluble ions present in biochar and soil. It affects soil 

microbial community, physiochemical properties of soil, plant growth and ultimately soil 

nutrients cycling (Gul et al., 2015; Wang et al., 2015).  Biochar has capacity to enhance 

the CEC of soil (Lehmann et al., 2003) as the cation exchange capacity of biochar was 

constantly higher comparing to that of the whole soil, minerals, or organic content (Sohi 

et al., 2010). CEC of soil increases due to carboxylate groups present on biochar surfaces 

and carboxylate groups of organic acids adsorbed by the biochar (Novak et al., 2009). 

Soil exchange capacities may increase over short time during aging due to generation of 

oxygenated surface functional groups by surface oxidation process on biochar surface 

(Liang et al., 2006).    

Effect of biochar on C/N ratio 

Any organic substrate can release inorganic nitrogen depending upon its C/N ratio. 

Biochar is a nitrogen depleted material having a distinctively high C/N ratio. Depending 

on feedstock and pyrolysis conditions carbon content in biochar ranges from 1-80%. 
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After biochar application in soil, its high C/N ratio may often lead to nitrogen 

immobilization (Kloss et al., 2012) due to adsorption. It also reduced the potential for 

NH3 volatilization. Soil amended with biochar can enhance soil inorganic nitrogen 

transformations either by accelerating net N mineralization, nitrification (Song et al., 

2012), or denitrification by electron transformation to soil denitrifying microbes (Song et 

al., 2014). However biochar has the capacity to catalyze the reduction of N2O to N2; 

thereby reducing its emission to the atmosphere suggesting that denitrification process 

could be directly or indirectly effected by biochar addition (Stevenson and Cole, 1999). 

Effect on phosphorous availability in soil 

The availability and adsorption of phosphorus is highly dependent on pH of soil with 

available forms most common between pH of 4 to 8.5 (Atkinson et al., 2010). Biochar 

addition lead to decreased concentration of phosphorous in leachate due to retaining of o-

PO43- through ligand exchange reactions involving oxygen-containing functional groups 

on the surface of biochar, o-PO43- adsorption by oxides and hydroxides of Fe and Al, 

and by mechanisms of adsorption and precipitation by Ca, Mg-phosphates. Biochar 

additions in soils also cast positive influence on phosphate solubilizing bacteria (PSB), 

whose activities increase soil phosphorous (Lehmann et al., 2007).  

Biochar effect on other nutrients  

Biochar additions may or may not play role in contribution of other nutrients to the soil 

depending on substrate, but it has the ability to act as a driver for nutrient retention and 

transformation in the soil when added with fertilizer suggesting that biochar can enhance 

efficiency of fertilizer. Biochar addition in soil also enhanced other exchangeable nutrient 

ions such as Mg, P, Ca, Na and K. The reactive surface of biochar is negatively charged 

which allows it to electrostatically bound with positively charged cations and make it 

available for exchange with plant roots (Verheijen et al., 2010). Many studies 

investigated biochar‘s influence on nutrient transformations which depends upon the ion 

of concern in soil and the physiochemical characteristics of biochar obtained from the 

feedstock. Biochar feedstock also effects the availability of macronutrients and metal 

ions, when incorporated into the soil (Atkinson et al., 2010). As Lehmann et al., 2003 

reported significantly higher content of P, Ca, Mn, and Zn in Amazon basin soils than a 
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nearby Ferrasol, along with reduction in nutrient leaching, and higher plant uptake of 

phosphorous, potassium, calcium, zinc, and copper (Lehmann et al., 2003). 

Effect on soil microorganisms 

Soil due to its extremely high levels of heterogeneity, dynamism and complexity in 

nature presents an ideal habitat for organisms, containing many different niches and 

micro ecosystems. On the micro scale, soil is sometimes an aquatic habitat, as micro 

pores in soil are mostly filled with water, owing to the existence of high water tension. 

This thing in return supports microbial growth as microorganisms require water for 

mobility as well as to perform life functions. In water depleted conditions many soil 

organisms and microorganisms enter a state of cryptobiosis, in which they enter into a 

protective cyst stopping all of their metabolic functioning. Biochar amendment cause 

water retention in soil, which positively influence soil microbial activity, increases in soil 

functions and the ecosystem services. Porous nature of biochar, provide increased levels 

of refugia to microorganisms in pores in which larger organisms cannot get a chance to 

enter to consume them. There might be some restrictions on growth of microorganisms 

within these micro pores due to relying on process of diffusion of necessary nutrients and 

gases, demonstrating that microorganisms utilizing these niches would not be reliant on 

biochar as energy source. Another possible mechanism for increased microbial activity is 

increased water holding capacity of soil secondary to biochar amendment (Hammond et 

al., 2014). 

 Rillig & Thies, (2012) reported many positive effects of biochar on soil microbial flora. 

Biochar act as a habitat for fungi and bacteria where they can protect themselves from 

predators. Increased microbial biomass and microbial diversity have been observed in 

Terra Preta soils rich in biochar as compared to surrounding area. Biochar contains 

metabolically available volatile and labile compounds which significantly cause 

alteration in soil microbial activity and resulting in benefits in form of bioremediation 

(Smith et al., 2010; Kolton et al., 2011). Biochar amendments in soils also enhanced 

enzyme activity and microbial population which affect the biogeochemical procedures in 

soils (Lehmann et al., 2011). Warnock et al. (2007) reported positive effects of biochar 

on the ectomycorrhizal (EM) fungi and AM categories of mycorrhizal fungi. 
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Some extracellular enzymes produced by microorganisms necessary for nutrient cycling 

in soil are short-lived. Biochar has ability to absorb a range of inorganic and organic 

molecules that protect these short lived enzymes from destroying (Jin, 2010). But exact 

or promising biochar effects on these enzymes is not clearly understood. It might act as 

source of organic and inorganic nutrients for microflora and act as a shelter for them. The 

size of biochar pores is round about 5 micrometer in diameter, too small for predators like 

protozoans, nematodes and mites (Rutigliano et al., 2014). 

Biochar in soils affect the diversity, abundance, and distribution of soil microbial 

communities through greater microbial biomass and higher metabolic efficiency (Dil et 

al., 2014; Zheng et al., 2016) due to changes in physical, chemical, and biological soil 

properties induced by biochar additions. In some studies it was reported that biochar 

amendments caused shift in bacterial population towards gram negative bacteria 

(Watzinger et al., 2014), enhanced bacterial 16S rRNA genes and decreased fungal 18S 

rRNA genes (Chen et al., 2013), and shifted dominant phylotypes (Han et al., 2017). 

Biochar also effects intra- and interspecific communication of microorganisms by 

sorption of signaling molecules e.g., N-acetyl homoserine lactone. This sorption is 

dependent on pyrolysis temperature which influences biochar adsorption capacity. High 

temperature generated biochar due to having large surface area adsorb signaling 

molecules and interrupt in cell to cell communication than low temperature generated 

char. In addition biochar can modify plant microbe interaction in rhizosphere and effect 

competition between soil beneficial microflora and plant pathogens (Zhu et al., 2017). 

Biochar additions can have neutral or negative effects on the soil microflora due to toxic 

effects of the biochar incorporated (Lyu et al., 2016), inability to access tightly sorbed 

substrates or pore sizes that are too large or too small (Quilliam et al., 2013). However 

uptil now mechanisms and effects of biochar on microbial flora, soil composition and 

enzymatic activity is varied and not well understood. 

 

Biochar effect on hydrocarbon remediation 

The process of bioremediation has been proved very successful for remediation of the oil 

contaminated sites. Biochar is considered as one of the most helpful tool to accelerate the 
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process as it enhance the sorptive capabilities of soils, inhibit the mobility and influence 

fate and behavior of contaminants in soil (Reichenberg et al., 2010). It also reduces the 

chance of contaminant exposure to soil biota. Hence, it is assumed that biochar 

deaccelerates and disrupt linkages of pollutants that may be a cause of pollution to 

biological systems and eventually to the life on planet. Following figure depicts the 

proposed process of contaminant removal from soil by biochar. 

 

Fig 2.1: Proposed mechanism of PAHs removal from soil by biochar 

 

Electrostatic attraction, polar and non-polar organic attraction to the carbonized phase of 

biochar, and partitioning to the non-carbonized phase of biochar are forces involved in 

the interactions of biochar with organic contaminants. Degradation of any organic 

contaminant through biochar involves the general phenomenon of sorption. Sorption has 

two modes: linear absorption or partition (Chun et al., 2004; Zhou et al., 2010) and non-

linear adsorption (Cornelissen et al., 2005). These two types of sorption were used earlier 
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as an idea to describe how an organic contaminant sorbs to organic matter however it can 

be applicable to biochar due to its carbonized and non-carbonized fractions (Chen et al., 

2008). Thu one of the factor that play role in remediation through biochar is its 

adsorption capacity which gives it advantage to decrease the availability and liability of 

contaminants in the soil (Lu et al., 2015), that leads to the reduction in phytotoxicity 

(Butnan et al., 2015). Beesley et al. (2010) reported that biochar addition decrease the 

movement of potential toxic pollutants while enhance the bioavailability of macro 

elements. The impact of biochar on hydrocarbon contaminated soils highly depends upon 

the type of biochar, doses, time of use (method of preparation, initial substrate), and 

quality of soil (Domene et al., 2015). Production temperature of biochar also affects the 

fractions of biochar like low temperature for biomass pyrolysis is favourable for 

increasing non-carbonized part of biochar. Thus, biochar produced at low pyrolysis 

temperature supports non-linear absorption while increased temperature conditions for 

biochar production favour adsorption in which organic contaminant gets trapped into 

biochar’s internal surface (Chun et al., 2004). Marchal et al. (2013) reported that 

pyrolysis condition and type of feedstock determine the capacity of biochar to adsorb 

hydrocarbons, recalcitrant organic pollutant (PAHs, PCBs, etc.), dyes, chlorinated 

compounds, and pesticides.  Structure of contaminant also plays role in determining the 

sorption to biochar. Aromatic structure containing compounds having benzene ring are 

polar and get attach covalently to the polar surface of biochar. Thus the sorption of poly-

aromatic hydrocarbons through biochar is highly dependent upon its aromaticity (Chen et 

al., 2008). Cornelissen et al. (2005) explained three mechanisms for PAHs sorption. 

Firstly by π–π interactions between PAHs, benzene rings and biochar. Secondly due to 

entrapment of hydrocarbons in nano-pores of biochar and thirdly adsorption capacity of 

biochar at both low and high aqueous PAH concentrations.  

Manure and wood derived biochar has sorption capacity to adsorb organic contaminants 

due to 𝜋-electrons linkages on biochar and by pore-filling mechanism. Plant residue 

based biochar has been studied for removal of contaminants. Chen et al. (2008) reported 

that pine-needle based biochar has found to be effective in eradicating nitrobenzene, 

naphthalene and m-dinitrobenzene from water. Similarly bamboo based biochar has been 

proved to enhance the bioavailability and leachability of pentachlorophenol in biochar 
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amended agricultural soil. Biochar derived from bamboo, Brazilian pepper wood, hickory 

wood, bamboo and sugarcane bagasse were reported effective in reducing 

sulfamethoxazole from soil and water (Yao et al., 2012). Song et al. (2012) studied that 

biochar derived from wheat straw enhanced the bioavailability of hexachlorobenzene in 

the soil.  Biochar made from rice husk at 550 oC was found effective for chlorobenzene 

degradation (Zhang et al., 2018). Biochar produced from pine wood gasification was 

reported to be better in removal of toluene from water as compared to activated carbon 

(Silvani et al., 2017). 

When an organic pollutant occupies the internal surface of biochar, it becomes non-

bioavailable and becomes easily available to microbial cells when absorbed to non-

carbonized part of bio-char (Cornelissen et al., 2005). Thus, sorption of organic pollutant 

to biochar is responsible for making it non-bioavailable to microorganisms (Huang et al., 

2003). Although the process of non-polar organic contaminant e.g. poly aromatic 

hydrocarbons PAHs to biochar is still unclear (Cornelissen et al., 2005) but examination 

through microscope and positive relationship between surface area and sorption co-

efficient have been revealed as an evidence that adsorption occurs inside the surface of 

biochar. A hypothesis also justifies π–π interactions between pi (free) electrons in 

aromatic rings of hydrophobic organic pollutant and pi electrons of aromatic horizontal 

surfaces of biochar (Zhu et al., 2005, Huang and Chen, 2010). As biochar derived from 

different feedstocks have varied capacity to adsorb and remove pollutants from soil. 

Therefore it is necessary to analyze biochar sorption capacity before its application in 

hydrocarbon contaminated soils.   

Practically, biochar facilitated microbial degradation for mitigation of organic 

contaminants in soil has been suggested as a more influential strategy. (Chen and Ding, 

2012; Garcia-Delgado et al., 2015). Immobilized microbial technique (IMT) involving 

biochar as carrier of PAH-degrading bacteria is a convincing approach in reducing the 

degree of polyaromatic hydrocarbons contamination in soil (Galitskaya et al., 2016), 

however, the mechanisms proposed here for reduction of organic contaminant in soil 

involve the persistent free radicals that allow biochar to act both as catalyst and electron 

shuttle between microorganisms and contaminants (Kappler et al., 2014; Yu et al., 2015). 
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Naming biochar as an electron carrier among microbial cells and contaminants has been 

justified (Yu et al., 2015). It has been studied that when biochar accepts electron from 

Geobacter sulfurreducens, it acts both as electron acceptor, and electron donor for the 

other microbial cell to promote its metabolism (Kappler et al., 2014; Yu et al., 2015). 

Biochar is efficient for removal of pentachlorophenol (PCP) by Geobacter sulfurreducens 

because it promotes the process of degradation which otherwise is difficult for Geobacter 

sulfurreducens to do alone. This was attributed to biochar that promotes the electron 

transfer between microorganisms and pentachlorophenol. (Yu et al., 2015). The 

production temperature of biochar also governs its electron transfer potential, because 

biochar contains many constituents for example phenolic groups measured by electron-

donating capability (EDC) and quinonyl groups with electron-accepting capability (EAC) 

(Yang et al., 2015) reported to form at low and high temperatures, respectively (Klupfel 

et al., 2014). 

Redox reactions in biochar have been proposed to be associated with organic portions 

having water-soluble property and dissolved organic matter (DOM) particularly phenol. 

Electron transfer between surfaces of microorganisms, biochar and contaminants is 

supported through adsorption that enhances contaminant degradation and requires more 

evaluation (Graber et al., 2014). Direct interspecific electron transfer between 

microorganisms (DIET) and extracellular electron transfer among microorganisms and 

contaminants is increased by alteration in redox reactions of biochar ultimately resulting 

in degradation of contaminants for example PCP.  

Besides redox active moieties (RAM), electrical conductivity (EC) of biochar also 

influences biochar action as carrying electrons between microbial cells and contaminants 

and the mechanism suggested for this is pi-pi electron interaction inside biochar i.e 

graphite C sheet having increased value of EC (Yu et al., 2015). 

A very common proposed mechanism in degradation of pollutant is persistent free 

radicals activation, PFR made during biochar production. (Fang et al., 2014, 2015,). 

Biochar undergoes oxidation with the passage of time that results in formation of 

phenolic and acidic groups that are redox active and their reactions with metals form PFR 

that favors biochar to play role in oxidation-reduction and in degradation of organic 
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pollutants. (Fang et al., 2014; Graber et al., 2014). Following table summarizes the 

capacity of biochar made from various substrates in degradation of organic pollutants. 

Table 2.2: Biochar ability for pollutant removal derived from various substrates   

Biochar  Pollutant  Degradation 

capacity of 

pollutant (%)  

References 

Green garden waste 

biochar 

Total petroleum hydrocarbons 

(TPH) 

>60% Hussain et al., 

2018.  

Wheat straw 

biochar 

3 ringed Polyaromatic 

hydrocarbons(PAHs) 

69.95% Kong et al., 2018.  

Wheat straw 

biochar 

PAHS 95.8-98.6% Li et al., 2014.  

Woodchips  biochar n-alkane, PAHs(Naphthalene 

and pyrene) mixture 

78.9% Zhang et al., 2016.  

Pig manure biochar Carbaryl  78.6% Ren et al., 2016. 

Rice straw biochar Total petroleum hydrocarbons 

(TPH) 

84.8% Qin et al., 2013. 

 

(Huang and Chen, 2010) reported naphthalene sorption by straw ash biochar while (Zhu, 

et al., 2005) investigated sorption capability of wood based biochar over non-polar 

hydrocarbons, like 1,4-xylene, cyclohexane, 1,3,5- triethylbenzene, and 1,2,3,5-

tetramethylbenzene. Research suggested importance of pore size in biochar which helps 

in blockage of high molecular weight aromatic compounds and removal of oxygen-

functional groups as well. Wheat straw biochar was found to be effective in removal of 

phenanthrene and benzopyren from contaminated soils (Cao et al., 2016). So the thermal 

conversion of organic waste into biochar has been proved very effective and beneficial to 

eliminate contaminants from soil (Glover, 2009), and favorable land applications. 

Biochar amendment to polycyclic aromatic hydrocarbons contaminated soils is 

environmental friendly and cheaper as compared to other organic materials. This leads to 

the countless studies based upon biochar in which biochar binds and enhances the 
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microbial degradation of pollutants present in the soils. Little attention has been paid 

towards biochar application in order to degrade the hydrocarbons along with its impact 

on soil microbial diversity. Diesel oil is a mixture of complex hydrocarbons so its 

degradation is a complex process highly depending on soil properties and physiochemical 

conditions. Hydrocarbons degradation rates are expected to be variable between 

locations, conditions and time span of contamination. But biochar has great potential to 

degrade hydrocarbons through different steps such as sorption, volatilization and 

biodegradation. The degradation process is further complicated by the varied nature of 

biochars and amendments incorporated in soil along with biochar. 

Thermal conversion of organic waste into biochar has been proved very effective and 

beneficial to eliminate contaminants from soil (Glover, 2009). Biochar amendment to 

hydrocarbons contaminated soils is environmental friendly and cheaper as compared to 

other organic materials. This leads to the countless studies based upon biochar in which 

biochar binds and enhances the microbial degradation of pollutants present in the soils. 

High temperature chars are preferred for carbon sequestration while to control soil borne 

pathogens low temperature biochar is suitable. For the purpose of soil remediation and 

contaminant degradation, biochar made at moderate temperature with relatively higher 

adsorption capacity and electron transfer capability would be the best option. 
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Introduction  

Biochar is the carbon-rich substrate obtained when biomass, is pyrolysed in absence of 

oxygen and at generally temperature range of 280-700°C (Gaskin et al., 2008). The 

concept of biochar to use it as a soil amendment started about 2,500 years ago in the area 

named ‘Amazon Basin’’, in South America. The soil in that area called Terra Preta 

("black earth"), was highly fertile due to biochar even after thousands of years after its 

implementation. (Duku et al., 2011). Different type of raw materials like animal manure, 

agricultural waste, sludge waste and crop waste, can be pyrolyzed to produce biochar in 

the absence of oxygen (Zhu et al., 2016). Pyrolysis cause thermal transformation of 

constituent functional groups into more stable structures containing benzene groups 

leading to more recalcitrance associated with biochar structure. Other factors that control 

the properties of biochar involve uniform heating at specified temperature ranges, 

residence time in the reactor; product temperature in the reactor; biomass and heat 

transfer rate; biomass decomposition temperature, pressure (e.g., hydrostatic and 

mechanical); and gaseous environment (Gaskin et al.,2008) 

Biochar has versatile applications because of their distinctive physiochemical properties 

e.g., high surface area, porosities, surface functional groups, and sorption capacities. The 

properties and function of biochar majorly depends upon the production condition and 

feedstock material (Bird et al., 2011). The pyrolysis temperature highly affects the 

chemical structure, elemental composition and stability of biochar (Tripathi et al., 2016). 

As pyrolysis temperature increases, ash content, pH, total content of carbon, and carbon 

stability increases but biochar yield, total content of hydrogen, volatile matter, nitrogen, 

sulfur and oxygen decreases. Highest biochar yield was reported by pyrolyzing wood 

feedstock at 500˚C due to its high lignin content as compared to higher and lower 

pyrolysis temperatures (Fushimi et al., 2003). 

Other than temperature the characteristics of biochar are highly influenced by feedstock 

material.  Lignocellulosic residues of different sorts, including woody biomass, wheat, 

rice straw, corn cob, and sugar beet tailings have been used to synthesize biochar 
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(Chowdhury et al., 2016). Different types of feedstocks have variable carbon and lignin 

content which causes variation in the yield of biochar from any kind of biomass. Xie et 

al. (2015) reported the highest yield from woody biomass. Biochar which is produced 

from same group of feedstock has similar characteristics as compared to biochar 

produced from different groups of feedstock. The chemical and structural features of 

biochar like porosity, surface area and adsorption capabilities are related to the both 

chemical and physical properties of feedstock. Biochar made from of wood-based 

feedstocks are more resistant, have carbon contents of up to 80%, and higher surface area 

(Winsley, 2007). Feedstocks having high lignin content give highest biochar yield with 

low content of ash while biochar produced from biomass with high mineral contents such 

as crop residues (e.g. rye, maize), manures and seaweed are mostly finer, less robust and 

ash-rich (Demirbas, 2004). Ash rich biochar are suitable for agriculture purposes as they 

aid enhancing soil fertility and crop growth. While biochar made from woody residues 

are effective for adsorption purposes. Biochar made from plants residues having large 

diameter cells is rich with macropores (Steinweg et al., 2013) which enhance the ability 

of biochar to adsorb large molecules such as phenolic compounds on its surface.  

Biochar generation from lignocellulosic (agricultural residues, fruit/vegetable waste) and 

non-lignocellulosic biomass (e.g., sewage sludge, manure, etc) would be the best way to 

handle such waste. Both types of wastes are related with severe challenges for value-

added disposal and utilization, because of their complex nature and various components. 

Increased development and growing population has led to increased waste production. 

Lignocellulosic biomass has been generated in large proportions during the process of 

cultivation, harvesting, processing, and consumption of agricultural products. Global 

food waste generation is predicted to rise up to 44% by 2025 (Adhikari et al., 2006). 

While Hall et al. (2009) reported that food waste has already increased by approximately 

50% since 1974. Since food waste will never be totally removed, its conversion to a 

beneficial product would cause reduction of environmental damage and offer other 

benefits. One of the most beneficial way to handle such waste is its pyrolysis to biochar 

(Wang et al., 2012). Similarly rise in population and the increasing number of households 

which are connected to sewers have caused a gradual increase in sewage sludge volume 
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which is byproduct of wastewater treatment. In the EU only the sewage sludge 

production on dry weight basis is 10.13 million tons per anum (Agrafioti et al., 2013).  

Utilization of sludge in agriculture sector has positive impacts but the subsequent 

environmental contamination like concomitant toxins and heavy metals limits their 

extensive applications. Once applied, the heavy metals start accumulating in the topsoil 

and can remain there for long time. Many heavy metals such as zinc and cadmium are 

toxic and can halt the metabolic processes which are vital for a healthy soil. Converting 

sewage sludge into biochar is gaining attention now a days because of its potential for 

sludge treatment and soil amelioration (Yuan et al., 2015).  

Specific application of biochar highly depends on its physicochemical properties, which 

varies depending on the process used for generating it, i.e., pyrolysis temperature and 

biomass feedstocks. Therefore, understanding the chemical and physical properties of the 

biochar is crucial to find its most suitable applications. As management of the increasing 

volume of sewage sludge and fruit/vegetable waste has been one of the prime 

environmental issues, there was need to examine a productive use of fruit/vegetable 

waste and sewage sludge which could limit issues associated with these feedstocks due to 

their production in large quantities and their subsequent effect on environment.  

Few studies have been conducted on generation of biochar from both lignocellulosic and 

non-lignocellulosic waste for bioremediation purposes. While talking about biochar 

production from fruit/vegetable waste limited data is available. Pyrolysis of feedstock at 

specified temperature determines its characteristic nature that’s why selection of pyrolytic 

temperature should be in the range that make biochar suitable for purpose of soil 

amendment.  In addition characterization of biochar will depicts a better picture regarding 

its physical, chemical, and structural properties. 

The objectives of this study were generation and characterization of biochar from two 

feedstocks of varying nature, both of which are commonly available wastes because the 

accessibility of locally available feedstocks in large quantities is an important 

consideration for biochar production. Furthermore biochar characterization by different 

analytical techniques to understand physiochemical characteristics of produced biochar 

for its further potential applications. 
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 It is hypothesized that biochar production at 550 oC will result in the product that will be 

crystalline, porous, thermostable and nutrient safe to be used for bioremediation 

purposes. 

Material and methods 

Production of Biochar 

Two types of substrate were selected for biochar production i.e., fruit and vegetable 

waste, and sewage sludge. Fruit and vegetable waste was collected from cafeterias and 

food huts in Quaid-i-Azam University, Islamabad whereas sewage sludge was collected 

from wastewater treatment plant located in sector I-9, Islamabad.  

 

 

Fig 3.1: Fruit/vegetable waste 
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Fig 3.2: Sewage sludge 

 

The samples were air dried for a week and transferred in muffle furnace set at 5500C for 

2 hours. Biochar made was grinded and sieved to less than 0.25 mm 

The biochar yield was calculated by following formula. 

Yield (%) =             mass of biochar (g)        *100% 

                            Oven dry mass of feedstock (g) 

 

Characterization of Biochar  

pH 

The pH of the biochar was estimated following the method described by Novak et al. 

(2009). Biochar weighing 2 g was mixed with 40 mL of deionized water and kept in 

shaker for 30 min. The sample was allowed to settle for 15 min and pH was recorded via 

Sartorius pH meter (Ino Lab pH 7110). 

Cation exchange capacity 

The cation exchange capacity of biochar was estimated by NH4+ replacement method 

(Yuan et al., 2011). 0.2g of samples were washed with deionized waster almost 5 times. 

Then sample was washed with 20 mL of 1 mol.L-1 five times with Na–acetate having pH 
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7. After that biochar samples were leached five times with 20 mL of ethanol to remove 

the excessive Na+. Then samples were washed with 20 mL of 1 mol.L-1NH4- acetate 

having pH for 7 five times to displace  the Na+ present on the exchangeable sites of the 

biochar and the cation exchange capacity of the biochar was measured from the sodium 

cations displaced by NH4+. 

Fourier transform infrared spectroscopy  

Samples were analyzed by FTIR spectroscopy to check the different functional groups of 

biochar. It is an analytical technique used to identify organic, polymeric, and, in some 

cases, inorganic materials. The FTIR analysis method uses infrared light to scan test 

samples and observe chemical properties. Each sample for FTIR analysis was prepared 

by grinding and mixing 1 mg of the biochar with 200 mg of IR-grade KBr, and then 

sample was pressed into a pellet using a hydraulic press. Pellet sample was analyzed by 

Perkin Elmer FTIR spectrophotometer. An absorbance spectrum was collected in the 

range of 400-4000 cm-1 (Binti et al., 2015). 

X-Ray diffraction spectroscopy 

Identification of crystallographic structure in the biochars produced was done by X-ray 

diffraction analysis using a Shimadzou XRD-6000 Diffractometer. The diffractometer 

was run at 40 Kv and 30 mA. Data was collected over the 2θ range from 5 to 80° using 

Cu Kα 0.154nm radiation with a scan speed of 8° per minute (Binti et al., 2015). 

Identification of phase peaks was accomplished by comparing the observed XRD patterns 

to standards referring from literature.  

 

Scanning electron microscopy and Energy dispersive X-ray 

spectroscopy  

Surface morphology of biochar was studied using a thermionic Scanning electron 

microscope JSM 5910 lv (Jeol SEM) Japan with an acceleration of 30 kV and a 

resolution of 1 nm to establish macro-pore shape. 

In addition, X-ray energy dispersive spectroscopy was performed on biochar samples for 

the analysis of mineral elements using EDX system (INCA200/ Oxford instruments, 

U.K) (Shafie et al., 2012). 
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Proximate analysis 

The volatile matter and ash contents were calculated using the American Society for 

Testing and Materials (ASTM) D5142 method (ASTM International).  

Moisture:  

Biochar produced was placed in dry oven at 150 °C for 2-3 hours. The crucible was kept 

uncapped during this process. The moisture was determined as: 

                 Moisture, % = [(A-B)/A] ×100 

Where A= weight of biochar in grams, B= weight of biochar after drying at 105°C. 

Volatile matter: 

The biochar sample was then placed in muffle furnace at 950°C for 7 minutes with the 

capped crucible and the volatile matter was determined as follows: 

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

Where C= weight of biochar after drying at 950°C. 

Ash content: 

The uncapped crucible containing sample was then placed in muffle furnace at 750 °C for 

6 hours to determine ash. The following formula was applied to calculate ash: 

                                  Ash %= D/B×100 

Where D= the residue left. 

 

Fixed carbon: 

The fixed carbon was calculated as: 

Fixed carbon = 100 - (Ash% + Volatile matter %) 

 

Elemental composition 

The most common analysis and one that is critical to characterizations of biochar is the 

measurement of carbon, hydrogen and nitrogen content, also known as elemental or CHN 

analysis. In this technique, a sample is combusted at very high temperatures with excess 

oxygen and the produced carbon, hydrogen and nitrogen species (CO2, H2O and nitric 

oxide, NO, respectively) are trapped and quantified. The elemental composition of 

fruit/vegetable waste and sludge biochar was determined using an elemental analyzer 
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(Thermo Fisher Scientific Inc., MA, USA). Results from this analysis were reported in 

terms of percent weight of a dry sample. 

 

Nutrient analysis 

Nutrient content (Fe, Cu, Cr, Pb, Cd, Ca, Na and Mg) in biochar samples was estimated 

by atomic absorption spectroscopy by wet acid digestion method using concentrated 

HNO3 + 30% H2O2) (Cantrell, et al 2012). One gram of powdered sample was weighed 

and heated in a furnace at 500 oC for 8 hours. After cooling HNO3 was added and heated 

at 120oC until evaporation of all liquid. On complete evaporation 1 ml of HNO3 and 4ml 

of H2O2 was added and heated at 120oC until evaporation. On drying, 1.43 ml of 

HNO3 and 18.57 ml of distilled water was added to make final volume of 20ml and 

filtered. The elemental content in the digestion solution was calculated using a Varian 

AA240FS Fast Sequential Atomic Absorption Spectrometer.  

 

Surface area and pore analysis 

The surface area and pore analysis of biochars was done using a NOVA 2200e Analyser 

(Quantachrome Instruments, USA) with liquid nitrogen having temperature of 77 K. The 

specific surface area of a powder was determined by physical adsorption of a gas on the 

surface of the solid and by calculating the amount of adsorbate gas corresponding to a 

monomolecular layer on the surface. The volume of Nitrogen gas adsorbed to the surface 

of the particles was measured at the boiling point of nitrogen. The amount of adsorbed 

gas was correlated to the total surface area of the particles including pores in the surface. 

Total pore volume was calculated with liquid volume of N2 at relative pressure of 0.98. 

The Brunauer–Emmett–Teller (BET) surface area, pore surface area, pore radius and pore 

volume, of the produced biochars at 550oC were calculated using the multipoint BET 

equation and BJH pore size distribution adsorption data. 
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Thermogravimetric analysis 

The thermal stability of the biochars was measured by thermogravimetric analysis (TGA) 

(STA449F3, NETZSCH, Freistaat Bayern, Germany). 5 mg of biochar sample was 

weighed into a crucible, and was subjected to a thermogravimetric analysis in a nitrogen 

having flow rate of 50 mL.min -1 at a heating rate of 10oC min-1, from 50oC to 1000oC 

(Liu and Han, 2015). 
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Results 

 

 

Fig 3.3: Biochar made at 550oC 

3.3.1. Characterization of Biochar  

pH and Cation exchange capacity 

The pH recorded for fruit and vegetable waste biochar and sewage sludge biochar was 

11.7 and 9.5 respectively. Cation exchange capacity of fruit/vegetable waste biochar was 

8.7 and of sewage sludge biochar was 10.2 meq/100gm respectively. 

 

Table 3.1: pH and CEC of fruit/vegetable waste and sewage sludge biochar 

Biochar pH CEC 

Fruit/vegetable waste biochar 11.7 8.7 

Sewage sludge biochar 9.5 10.2 

 

Fourier transform infrared spectroscopy 

Fruit/vegetable waste biochar 

In fruit/vegetable waste biochar the peaks above 400 to 554 cm-1 were subjected to C-H 

out-of-plane bending. At 1047 cm-1 represent C-O-C stretching of esters, ethyl or phenyl 

group. Aromatic C=C stretching is represented by peak at 1463 cm-1. At 861 cm-1 out-of-
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plane deformation due to aromatic groups was observed. At 1375 cm-1 CH3 vibrating 

stretch of deformation was detected while at 2900 cm-1 aliphatic C- stretch was detected. 

 

Fig 3.4: FTIR Analysis of fruit and vegetable waste Biochar 

 

 

Sludge biochar 

In sludge biochar the peaks in the fingerprint region of 500 to 600 cm-1 were assigned to 

C-H out-of-plane bending. Peaks at 778 and 874 cm-1 represent aromatic stretch of 

benzene rings and C–H bending. Peak at 1012 cm-1 indicate presence of C-O-C stretching 

of esters, or phenyl group. Peak at 1423 cm-1 represent C=C stretching of benzene ring 

derivatives (Chowdhury et al., 2016) 
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Fig 3.5: FTIR Analysis of sewage sludge Biochar 

 

X-Ray diffraction spectroscopy 

XRD profiles of fruit and vegetable waste biochar and sludge biochar are shown in 

Figure 3.6 and 3.7. Characteristic sharp peaks in fruit and vegetable waste biochar and 

sludge biochar represent their crystalline nature and changes in the structure of the 

biomass by pyrolysis. Thermal decomposition of fruit and vegetable waste biomass 

caused structural changes converting it into graphitic and crystalline form with peak at 

28.5° representing presence of carbon nanotubes and quartz at 26.5° and 42.5°. XRD 

pattern for sludge biochar also showed peak at 26.8° representing carbon nanotubes, 

chaoite peaks at 29.5° and 39.5°, silicate minerals at 28°, and magnesite at 21.02° 
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Fig 3.6: The XRD image of fruit and vegetable waste biochar 

 

Fig 3.7: The XRD image of sludge biochar 

Scanning electron microscopy   

The scanning electron microscopic (SEM) analysis of the fruit/vegetable waste biochar 

depicted a porous and skeletal structure portion of which had hard and brittle appearance 

because of the thermal decomposition of components. It was like a molded skeleton with 
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uneven surface structure and many hollow channels. Cracks and ruptures are visible on 

biochar particles formed during the pyrolysis process (Figure 3.8).  

 The SEM images of sewage sludge biochar showed very coarse and heterogeneous 

surfaces with particles of significantly irregular forms and sizes. (Figure 3.9). 

Furthermore microstructure of both samples of biochar was tightly compact and defined 

with pores on surface suggesting that both biochar samples had a porous structure which 

is likely to provide a high internal surface area, adsorption capacity and suitable habitat 

for microbes such as bacteria and arbuscular mycorrhizal fungi. 

 

 

Figure 3.8: SEM micrographs of fruit and vegetable waste biochar 

 

 

Figure 3.9: SEM micrographs of sludge biochar 
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Energy dispersive X-Ray spectroscopy 

Energy dispersive X-Ray (EDX) image of fruit/vegetable waste biochar showed the 

presence of C, O, Na, Mg, Si, P, S, Cl, K and Ca. highest quantity of element found was 

carbon indicating the concentration of carbon as result of pyrolysis. Presence of other 

elements confirmed the presence of mineral components like quartz as was also indicated 

in XRD results. 

 

Fig 3.10: EDX image of fruit and vegetable waste biochar. 

 

EDX image of sludge waste biochar showed the presence of C, O, Na, Mg, Al, Si, P, S, 

K, Ca, Ti and Fe. As compared to fruit/vegetable biochar sludge biochar contains less 

quantity of carbon but high content of oxygen and other elements in considerable 

quantities confirming presence of other minerals i.e., magnesite, quartz and silicate etc. 
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Fig 3.11: EDX image of sewage sludge biochar 

 

Proximate analysis 

Proximate analysis of biochar including yield, ash, volatiles, and fixed carbon content is 

given in Table (3.2). Higher % yield and ash content was obtained in sludge biochar, 

while high content of fixed carbon was recorded in fruit and vegetable waste biochar. 

Fixed carbon represents the content of recalcitrant carbon present in biochar.  

Table 3.2: Proximate analysis of fruit/vegetable waste and sewage sludge biochar. 

Biochar Moisture Yield% Ash% Volatiles% Fixed carbon% 

Fruit/vegetable 

waste biochar 

2.02±0.45 26.46±0.63 7.65±0.35  28.85±0.18  63.22±0.33 

Sludge biochar 1.8±0.65 

 

54.89±0.46 59.93±0.15 17.6±0.32 

 

21.98±0.28 

 

 

Elemental composition 

The elemental composition of the biochar samples investigated is given in Table 3.3. 

Carbon content in Vg calculated was 70.1% while oxygen content was 17.1%. Hydrogen 

content was 1.94 %. While in Sl biochar carbon content was 26.95% while oxygen and 

hydrogen content was 8.1 and 1.12% respectively. O/C and H/C contents of both biochar 

samples are also given in following table. 



Chapter 3                                                                                                                               

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils  - 49 - 

 

Table 3.3: Elemental analysis of fruit/vegetable waste and sewage sludge biochar. 

Biochar C% H% N% S% O% O/C H/C 

Fruit/vegetable 

waste biochar 

70.1  1.94  2.93 0.28 17.1    0.18 0.32 

Sludge biochar 26.95 1.12 3.41 0.47 8.1 0.22 0.48 

Key: C=Carbon, H=Hydrogen, N=Nitrogen, S=Sulfur, O=Oxygen, O/C= Molar ratio of 

oxygen and carbon, H/C=Molar ratio of hydrogen and carbon 

 

Nutrients analysis 

Table (3.4) presents nutrients content (Fe, Cu, Cr, Pb, Cd, Ca, Na and Mg) in both 

biochar samples as determined by atomic absorption spectroscopy. Unit of measurement 

was ppm. 

Table 3.4: Nutrient analysis of fruit/vegetable waste and sewage sludge biochar 

Biochar  Fe Cu Cr Pb Cd Mg Ca Na 

Fruit/vegetable 

waste biochar 

0.893 0.031 0.524 0.27 0.316 7.7859 28.846 6.9964 

Sludge biochar 0.532 0.393 0.984 0.66 0.305 10.2823 50.467 4.7362 

Key: Fe = Iron, Cu = Copper, Cr = Chromium, Pd = Lead, Cd = Cadmium, Mg = 

Magnesium, Ca = Calcium, Na = Sodium 

 

Surface area analysis 

Surface area analysis revealed that both fruit/vegetable waste and sewage sludge biochar 

were micro-mesoporous materials that have similar type N2 adsorption isotherms due to 

having similar type of pore structures. From N2 adsorption isotherms, adsorption capacity 

for fruit and vegetable waste biochar was 44.1 cm3/g and for sludge biochar it was 60.7 

cm3/g.  Pore size values ranged from 14.5-27.7Å for vegetable waste biochar and 14.8-

27.5Å for sludge biochar. 
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Fig 3.12: N2 adsorption isotherms of fruit/vegetable waste biochar 

  

 

 

Fig 3.13: N2 adsorption isotherms of sewage sludge biochar 
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Table 3.5: Surface structure of fruit/vegetable waste and sewage sludge biochar 

                                Surface structure   

Biochar BET Surface 

area (m2/g) 

Pore volume  

cc/g                         

Pore radius Å 

F/V biochar 52.506 0.068 27.785 

SL biochar 46.855 0.038 19.307 
 

 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of the both biochar samples was performed to 

analyze their thermal stability. Both samples showed a similar thermal degradation curve. 

During the process slight weight loss occurred from 350oC which become rapid from 450 

to 550oC. After slight stability, gradual loss in weight was observed from 600oC to 

750oC. From 600–700 °C, decomposition for both biochar samples become finished and 

the curves became stable. This stability was more in fruit/vegetable waste biochar as 

compared to sludge biochar.  Weight loss was 14.65% for sludge biochar while for 

fruit/vegetable waste biochar it was around 18.98% respectively. 

 

Fig 3.14: TGA curve of fruit/vegetable waste biochar 
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Fig 3.15: TGA curve of sewage sludge biochar 

 

Discussion 

pH of biochar varies with variation in temperature of biochar production. Biochar 

produced in this study were alkaline as high pH was commonly observed for thermally 

produced biochar (Wu et al., 2012). High pH values can be as a result of concentration of 

basic cations or it may be attributed to higher ash content, carbonates and alkalis in high 

temperature pyrolysed biochar (Melo et al., 2013; Yuan et al., 2011). CEC is an 

important characteristic of biochar indicating the biochar capability to adsorb cation of 

nutrients (Tag et al., 2016). In current study CEC of both biochar were 8.7 and 10.2 

meq/100gm of soil as was observed in earlier study (Phuong et al., 2015). CEC value of 

sludge biochar was similar to the results found by Figueredo et al. (2017).  Such low 

values of CEC may be attributed to the reduction of functional groups present on surface 

of biochar and oxidation of aromatic carbon at high temperature (Zornoza et al., 2016). 

These values were still higher than those identified by Song and Guo, (2012) in peanut 

shells and pine bark biochar made at 500 °C, having values of 4.5 and 6.0 cmolc kg-1, 

respectively. 
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Due to high temperature pyrolysis FTIR spectra of both biochar samples was simple. This 

can attributed to the disintegration and decomposition of various functional groups at 

high temperature. In Vg biochar the peaks above 400 to 554 cm-1 were assigned to C-H 

out-of-plane bending. At 1047 cm-1 represent C-O-C stretching of esters, ethyl, or phenyl 

group. In particular, biochar experienced high aromatic C=C stretching (1463 cm-1) due 

to presence of lignin component in substrate (Cantrell et al., 2012). Out-of-plane 

deformation by aromatic C–H groups was observed at 861 cm-1 (Ahmad et al., 2012). At 

1375 cm-1 CH3 vibrating stretch of deformation was detected. At 2900 cm-1 aliphatic C- 

stretch was detected but at very low intensity which can be due to the dehydration 

reaction in biomass (Chen et al., 2012), suggesting a decrease in the polar functional 

groups due to high pyrolysis temperature (Zhou et al., 2016). Different types of oxygen-

containing functional groups, initially existed in the substrate, disappeared after 

pyrolysis, instigating aromatization of carbon inside the biochar structure (Yang and Lua, 

2003). 

In sludge biochar the peaks in the range of 500 to 600 cm-1 were due to the presence of C-

H out-of-plane bending.  Peaks at 778 and 874 cm-1 represented aromatic stretch of 

benzene rings which could be attributed to the presence of Pyridine (pyridine ring 

vibration and C–H deformation) (Das et al., 2009) and C–H bending (aromatic C–H out-

of-plane deformation) (Ahmad et al., 2012). Presence of pyridine structures in sludge 

biochar could be due to presence of protein components in sewage sludge as already 

found by Tian et al. (2013). They studied the N conversions during the sewage sludge 

microwave pyrolysis, and investigated the N distributions in biochar. They reported that 

increase in temperature from 500 to 800 °C, increased the heterocyclic-N (pyrrole-N and 

pyridine-N) contents in biochar from 4.6 % to 14 %. Peak at 1012 cm-1 indicated presence 

of C-O-C stretching of esters, ethyl, or phenyl group. Peak at 1423 cm-1 represented C=C 

ring stretching of benzene derivatives as found in earlier studies (Chowdhury et al., 

2016). There was no peak found above 2000 cm-1 as this region corresponds to aliphatic 

C-H stretching vibrations. Absence of any peak in this region indicated that labile 

aliphatic compounds had been removed from sludge biochar during pyrolysis process. 

According to literature, compounds detected in XRD spectra of biochar had crystalline 

structure and were also reported in different types of biochar made from variety of 
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feedstocks (Zhao & Nartey, 2014). (Mopoung, 2011; Binti et al., 2015) also supported 

these findings. High temperature applied on both sewage sludge and fruit/vegetable waste 

caused degradation of cellulose and lignin components present in samples, this causes 

other elements and minerals fractions embodied inside the biochar to get exposed and 

detected by the instrument. The peaks in the range of 20° to 30° generally appeared due 

to the presence of microcrystalline structure of cellulose made in biochar (Parshetti et al., 

2013) as cellulose is main component of fruit and vegetable waste and in addition sewage 

sludge also contains almost 20% of cellulose based on suspended solids (Honda et al., 

2002). In addition quartz and silicate detected in sludge biochar were also found in earlier 

studies (Zuo et al., 2017). 

The SEM analysis of both biochar samples depicted a porous and granular structure with 

irregular surfaces and cracks on biochar particles formed during the pyrolysis process. 

Generally fruit vegetable waste contains high volatile matter but low lignin content which 

affects the pore formation in biochar as proposed by Lehmann et al. (2011). With the 

increase in temperature, volatile matter present in substrate gradually vaporized, causing 

hollow pores and crack formation in biochar particles. Around 550°C, fluid components 

present in biomass start losing resulting in degradation and cracking in the structure of 

biochar particles leading to the development of irregular structure of biochar, thus 

decreasing the uniformity and development of heterogeneity in biochar porous structure. 

According to a study the biochar formed at high pyrolysis temperature was more hard and 

brittle. The development of honey comb like structures with cylindrical pores was in 

quite agreement to study done by Claoston et al. (2014). The surface morphology of 

sludge biochar was extremely rich. Moreover, structure of sludge biochar was porous 

with elongated forms showing resemblance to honeycombs, fluffy sponges, balls, or 

simply small formless structures (Zielińska et al., 2015).  

EDX analysis of both fruit/vegetable waste biochar and sludge biochar confirmed 

presence of many mineral elements in addition to C, H, N, and O but EDX technique is 

generally less precise and accurate for quantifying elements having atomic number less 

than 11 e.g., C, O, and N and at the submicron scale has limited sensitivity (Laskin and 

Cowin, 2001). EDX of fruit/vegetable biochar suggested presence of calcium, potassium 

chlorine and sodium mineral contents as was also observed by Mary et al. (2016). 
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Presence of Al, Cd, Si and Ca in sludge biochar were in quite agreement to study done by 

(Zama et al., 2018). In addition to above mentioned elements, in sewage sludge biochar 

titanium was also found, which is commonly used as a tanning agent for leather. Kim et 

al. (2012) also reported presence of titanium in sewage sludge. 

According to proximate analysis sludge biochar yield was 54.89±0.46% with 1.8±0.65% 

moisture retained in biochar. Ash content was 59.93±0.15% with 21.98±0.28% fixed 

carbon content. High pyrolysis temperature caused decrease in the content of volatile 

matter, similar to biochar yield, with high fixed carbon content. This could be due to the 

reason that with the increase in temperature volatile fractions get cracked and converted 

into low molecular weight fractions including liquids and gases instead of biochar 

(Ronsse et al., 2013; Zhang et al., 2015). This further enhanced the biochar stability for 

the loss of volatile fractions (Zornoza et al., 2016). Fruit/vegetable waste biochar had 

yield of 26.46±0.63% with 2.02% moisture. Ash content was 7.65%±0.35 with 28.85% 

±0.18 volatile fraction and 63.22±0.33% fixed carbon content. Low yield of fruit and 

vegetable waste biochar was due to disintegration of cellulose and lignin components 

caused by dehydration of hydroxyl groups at high temperatures (Zhang et al., 2015; 

Intani et al., 2016). High ash content was found in sludge biochar due to presence of 

inorganic compounds like potassium, phosphorous, calcium and magnesium in sewage 

sludge which get accumulated after volatilization of C, O, and H similar to the study done 

by Hossain et al. (2011).  Yield of sewage sludge biochar was greater than fruit/vegetable 

waste biochar. This difference could be attributed to the presence of high mineral fraction 

in sewage sludge, as was also observed by its high ash content and low C content. Similar 

results were reported with yield of 35% for biochar derived from eucalyptus (Garcia-

Perez et al., 2008) and 58% for biochar derived from sewage sludge at 500 ºC (Hossain et 

al., 2011). Sewage sludge pyrolysis resulted into a product having amorphous carbon 

matrix, which was due to the transformation of the organic matter present in sewage 

sludge into volatile fractions and gases during temperature processing (Figueredo et al., 

2017). 

While estimating elemental content, carbon content was recorded higher in both biochar. 

High carbon concentration in fruit/vegetable waste biochar was due to higher degree of 

polymerization, causing more condensed forms of carbon structure leading to the higher 
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resistance of biochar to biodegradation (Domingues et al., 2017). Pyrolysis caused loss of 

oxygenated groups and increase in carbon content in biochar. In this study carbon content 

was not much higher in sewage sludge biochar as was also observed already by 

Figueredo et al. (2017). Carbon content in sewage sludge biochar can range from 15.24 

to 33.18% of C as was mentioned by Lu et al. (2013). The reduced content of the 

hydrogen and oxygen in both biochar was attributed to the cleavage of weak bonds 

present inside the biochar matrix during pyrolysis (Demirbas, 2004). The molar 

hydrogen/carbon and oxygen/carbon ratios were calculated to estimate the extent of 

aromaticity and carbonization inside the biochar matrix (Krull et al., 2009) and predict its 

stability in environment. These values should not increase 0.7 and 0.4 for H/C and O/C 

(Demirbas, 2004). Comparing fruit/vegetable waste biochar and sewage sludge biochar 

the H/C and O/C ratios were calculated lower for fruit/vegetable waste biochar than 

sludge biochar but values of both biochar samples were within range. This can be 

attributed to increased rate of dehydration, decarboxylation, and decarbonylation of the 

biomass at high pyrolysis temperature (Tang and Bacon 1964; Kim et al., 2011) which 

resulted in more recalcitrant carbon graphitic structures inside biochar matrix (Melo et 

al., 2013). Pyrolysis caused increase of carbonization and loss of functional groups 

containing O and H, which resulted in the lower H/C and O/C ratios. This caused 

development of more aromatic and less hydrophilic portions on biochar surface 

(Keiluweit et al., 2010; Chen et al., 2012).  The H/C ratio of the sludge biochar sample 

was also below 0.7, showing that they were stable and thermos chemically transformed 

materials having a greater proportion of fused aromatic ring structures.  

Surface area and pore analysis was conducted to understand surface structure of biochar. 

It was observed that fruit/vegetable biochar had Brunauer Emmett Teller (BET) surface 

area of 52.506 m2/g, while that of sludge biochar was 46.855 m2/g. Both types of biochar 

were micro-mesoporous in nature that have similar pore structures, as calculated by the 

N2 adsorption/desorption isotherms that belong to type IV, hysteresis loops type H4 

based on physical adsorption as was also studied by Zielińska et al. (2015). Adsorption 

capacity of both fruit/vegetable and sludge biochar calculated from N2 isotherm was 

44.1cm3/g and 60.7cm3/g respectively. This was due to the temperature of 550 °C, which 

enabled the release of volatile fractions and gases, resulting into creation of cracks and 
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pores which finally contributed to a large surface area. Pyrolysis temperature, reactor, 

time, flow rate, and other parameters chiefly influence the specific surface area of 

biochar. Zuo et al., 2017 reported 28.2 m2/g BET surface area of sewage sludge biochar 

made at 550oC while (Zhang, et al., 2015) reported 20.1 m2/g BET surface area of 

biochar made at 500oC for 2 hour. Claoston et al. (2014) reported that the biochar 

obtained from empty fruit bunch at 500°C for 2 hours had BET surface area of 

15.42m2/g, respectively. High pyrolysis temperature cause the removal of volatile 

fractions from biomass resulting in increased micropore volume and large surface area 

(Ahmad et al., 2012).While in another study the BET surface areas of rice husk biochar 

and elm biochar generated at 500°C for four hours were 12.2 m2/g and 84.3 m2/g, 

respectively (Wang et al. 2013). A drastic increase in surface area was reported for wood 

biochar obtained from apple tree branches at 500oC initially having BET surface of 

37.24m2/g which enhanced to 108.59 m2/g due to increment of 100oC temperature. Based 

on Brewer et al., 2009 research, the highest surface area of biochar was 50.2 m2/g that 

was produced from a slow pyrolysis process of switch grass as a feedstock. Therefore, 

these vegetable waste and sludge biochar were found to be much better in terms of 

surface area. 

In addition to carbon and nitrogen, other major constituents of biochar are Ca, Mg, Na, 

and high concentrations of these nutrients were found in both biochar samples. In 

comparison, fruit/vegetable waste biochar had lowest concentration of elements than 

sewage sludge biochar. Only Na and Fe were found higher in fruit/vegetable waste 

biochar. Lu et al. (2013) reported that the biochar produced from sewage sludge showed 

high concentrations of Cu, Zn, Cr, and Ni. While Song and Guo, (2012) found levels of 

trace elements in sludge derived biochar well below the levels of investigation (<0.5 mg 

kg-1). The concentrations of heavy metals in both biochar obtained in the present study 

were much below the threshold levels established by Conama Resolution 375 for 

agricultural use, as mentioned by (Figueredo et al., 2017) which makes these biochars 

safe for application to the soil for bioremediation purposes in relation to the elements Cu, 

Cr, Cd, and Pb.  

Thermogravimetric analysis (TGA) of the both types of biochar was performed to better 

understand their thermal stability. Both biochar samples showed a more or less similar 
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thermal degradation profile with the weight loss proportionally increasing with 

temperature. During the process slight weight loss occurred from 350oC which become 

rapid from 450oC to 550oC which could be due to oxidation of carbon in the flowing air 

(Prakongkep et al., 2013). As biochar had already gone through a temperature treatment 

of pyrolysis process, so in thermal analysis the tested biochar samples showed thermal 

stability up till their production temperature or slightly below their pyrolysis temperature. 

After slight stability gradual loss in weight was observed from 600oC to 750oC. The 

weight loss of both biochar samples was observed over a wider temperature range which 

can be attributed to the disintegration and decomposition of organic materials present in 

biochar (Zhao et al., 2017). Above 600–700 °C, decomposition of the biochar became 

finished and the curve became stable as was also observed by Chowdhury et al. (2016). 

This stability was more in fruit/vegetable waste biochar as compared to sludge biochar.  

Weight loss was 14.65% for sludge biochar. Mass losses of vegetable waste biochar 

made at 550oC was around (18.98%) respectively. Over all sludge biochar was more 

thermostable, with only 14.65% weight loss (85.34% retained in the residue). It was due 

to its high ash yield or inorganic, mineral fraction as was mentioned by Leng et al. 

(2015). The degradation features of the prepared biochar showed that they exhibited 

higher thermal stability. High temperature pyrolysis resulted in biochar with forms of 

carbon that were thermally more stable. Such kind of results were also reported earlier by 

Azargohar et al. (2014) for biochar derived from saw dust. Dehydrogenation and 

aromatization of biochar caused mass loss at high pyrolysis temperature with subsequent 

decomposition of inorganic elements present in char (Chowdhury et al., 2016). 

 

Conclusion 

The conversion of sewage sludge and fruit/vegetable waste into biochar offers a best 

solution for minimizing waste volume and producing potentially valuable product. 

Biochar produced from both feedstocks of varying nature were crystalline, porous, 

nutrient safe and thermos chemically more stable forms of carbon which can be useful in 

mitigation of climate change. Biochar generated from both feedstocks had also 

considerably large BET surface areas which make them suitable for adsorption studies. 
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Though both chars vary in their composition and nutrient properties but both are alkaline 

in nature and safe to be applied for bioremediation studies as highly porous structure with 

nutrients content make them more feasible to be applied for bioremediation and 

biodegradation purposes. 
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Introduction  

Petroleum and its products are being utilized extensively due to increase in urbanization 

and mechanization of agriculture (Ekpo and Nya, 2012). Widespread hydrocarbon 

contamination can result from infrastructure failure, human error, or natural hazards. This 

is of concern on both local and global scales as hydrocarbon contamination pose a serious 

threat to land and aquatic ecosystems e.g., 2 ×107 m3 soil area was contaminated with 6 

×107 barrels of oil, ultimately three hundred and twenty lakes were formed across the 

desert in Kuwait during Gulf War (Trindade et al., 2005). According to an estimate, 

worldwide crude oil seepage is 600,000 metric tons per year (Kvenvolden & Cooper, 

2003). Petroleum hydrocarbons is mixture of complex compounds consist of both 

aliphatic and aromatic hydrocarbons. Generally aromatic hydrocarbons are composed of 

polyaromatic hydrocarbons which are relatively stable and recalcitrant in soils.  

Soil parameters are negatively affected due to oil contamination (Wyszkowski and 

Ziolkowska, 2008; Klamerus-Iwan et al 2015). Petroleum pollutants percolate through 

the soil, damage the soil structure and reduce soil permeability to nutrients and water. 

This in turn reduces soil fertility and productivity. Mineral components and organic 

matter present in soil get adsorbed to complex aromatic hydrocarbons and become 

unavailable in soil for further metabolic processes. The most widely used petroleum 

products are gasoline and diesel oil (Jiang et al., 2016). Diesel oil curtails protective 

function, disturbs metabolic activity, influences chemical features of soil, negatively 

affects plant production and decreases fertility (Gong et al., 1997). Oil contamination 

also has deleterious effect on human and ecology. Biochemical or physiological activities 

of many organisms are interrupted due to bioaccumulation of crude oil in food chains that 

may lead to genetic mutations, carcinogenesis of some organs, hemorrhage in the 

subjected population and disability in the reproductive capacity (Onwurah et al., 2007). 

Enhanced oil recovery and remediation of hydrocarbon pollutants are the major concerns 

of petroleum industry (Varjani & Upasani, 2016). Different technologies including 

mechanical, chemical techniques have been in use for soil remediation comprises 

mechanical burying, evaporation, dispersion, and washing (Chandra et al., 2013) but 

these technologies have limited efficacy and are not cost effective along with negative 
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effects on soil properties and soil microbiota in addition to incomplete degradation of 

targeted contaminants. Other than physical and chemical techniques, phytoremediation is 

an emerging and effective technique for oil remediation from soil but has disadvantage of 

being slow process along with plant competition with soil microflora for nutrients and 

minerals present in soil. 

In contrast to above mentioned technologies bioremediation technology is considered as 

cost-effective and noninvasive (April et al., 1999). It is a rising method for the 

degradation and removal of different environmental pollutants including petroleum 

derived products (Ahsan et al., 2011). 

It is defined as the microorganism’s ability to remove or detoxify the specific pollutant 

and functions principally on biodegradation, which can be refer to mineralization of 

organic pollutants into water, carbon dioxide, and inorganic compounds. This leads to the 

complete transformation of complex organic impurities to simple organic compounds by 

the help of microorganisms (Das & Chandran, 2011).  Microbial biodegradation of 

petroleum hydrocarbon contaminants works with the catalytic activities of microbial 

enzymes to increase the proportion of contaminant degradation (Varjani & Upasani, 

2016). It is ecofriendly, economic and extensively used method for the treatment of 

petroleum hydrocarbon contamination (Abbasian et al., 2015). In the absence of 

indigenous microorganisms bioaugmentation is an ideal option (Marquez-rocha et al., 

2001). Similarly oil spillage results in a rapid increase in hydrocarbons, resulting lesser 

nutrients in the ecosystem to sustain microbial growth (Bragg et al., 1994) hence 

biostimulation to relieve this limitation is one tool to enhance bioremediation. However, 

there are also many limiting factors in application of these techniques like strain 

selection, microbial ecology, type of contaminant etc (Tyagi, et al 2011). The abilities of 

native microorganisms to degrade oil at laboratory (Lawson et al., 2012) and field scale 

(Bragg et al., 1994) has been documented in many published articles. However, these 

abilities are reduced to a large extent when unfavorable conditions prevailed in soil 

(Bragg et al., 1994). Therefore, it is mandatory to facilitate microbial degradation by 

modifying soil conditions. 

It has become a challenge to develop a strategy that enhance soil fertility and reduce 

contaminants from environment. In recent years use of biochar as a tool to remediate 
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contaminated soils is gaining attention. The properties and function of biochar majorly 

depends upon the production conditions and feedstock material (Bird, 2011). Different 

raw materials like animal manure, agricultural waste, sewage sludge and crop waste, can 

be pyrolyzed to produce biochar (Zhu et al., 2016).  

Biochar is particularly effective at the adsorption of organic contaminants such as 

aromatic compounds, polychlorinated biphenyls, pesticides, and petroleum hydrocarbons 

(Jiang et al., 2016).  It is considered as one of the most helpful tool to accelerate the 

process of bioremediation as it enhance the sorptive capabilities of soils, inhibit the 

mobility of pollutants and influence fate and behavior of contaminants in soil 

(Reichenberg et al., 2010). It also reduces the chance of contaminant exposure to soil 

biota. The impact of biochar on hydrocarbon contaminated soils highly depends upon the 

type of biochar, doses, time of use (method of preparation, initial substrate), and quality 

of soil (Domene et al., 2015).  

Majority of studies related to biochar application rate deal with agriculture sector 

covering crop growth and soil properties. Very limited data is available evaluating the 

effect of biochar application rate on hydrocarbons degradation. Bushnaf et al., 2011 

reported that biochar applied at rate of 2% (w/w) in a laboratory incubated soil caused 

degradation of hydrocarbons more readily as compared to control. Biochar applied at rate 

of 5% v/v promoted TPH degradation in petroleum hydrocarbon contaminated soils 

(Hussain et al., 2018).  

Another important factor is pyrolysis temperature for biochar production. It determines 

biochar adsorption capacity for pollutants. Biochars made at temperatures ranging from 

450–600 °C tend to have lower biochar mass recovery, higher surface area, and increased 

ash content (Karpinen) thus suitable for bioremediation studies. Hussain et al., 2018 

applied biochar made from green garden waste at 500 oC for degradation of petroleum 

hydrocarbons. Bielská et al. (2017) studied pyrene removal from soil by biochar made at 

550 oC. Similarly Zhang et al. (2018) reported that biochar made from rice husk at 550 oC 

was found effective for chlorobenzene degradation. 

Use of biostimulation and bioaugmentation technique to enhance biodegradation capacity 

of biochar is reported literature. Few articles reported use of chemical fertilizers along 

with biochar to enhance bioremediation capacity in hydrocarbon contaminated soils 
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(Hammond et al 2014). Hussain et al. (2018) reported use of green waste i.e., compost 

along with biochar to enhance biodegradation capacity of biochar (Hussain et al., 2018). 

Karppinen et al. (2018) utilized both urea and compost along with biochar for petroleum 

polluted soils. Limited data is available regarding application of animal manure along 

with biochar in hydrocarbon contaminated soils. Animal manure has high nitrogen and 

phosphorus content which are known as most important nutrients needed by hydrocarbon 

utilizing bacteria to carry out effective and efficient activities of biodegradation of 

xenobiotics in the soil environment. Bahadure et al. (2013) use cow dung alone for 

bioremediation of petroleum hydrocarbons.  In another study cow dung amendment 

showed bioremediation efficiency up to 23% for diesel contaminated soil. Hence use of 

cow dung along with biochar can be proved beneficial as it acts as both bioaugmentation 

and biostimulation agent.     

Few studies have been conducted on biochar-amended, diesel oil contaminated soils 

therefore effectiveness of biochar as a soil amendment and the mechanisms responsible 

for diesel oil remediation are not well understood. The objectives of this study were to 

analyze fruit/vegetable waste biochar and sewage sludge biochar for their adsorption 

kinetics for diesel oil and if they can play role in diesel oil contaminated soil in a pilot 

scale study. In addition to check if certain biochar plus fertilizer increases diesel oil 

degradation. In case of bioremediation link this degradation to measurable soil 

physiochemical and microbial responses in form of enzymatic activity and microbial 

community.  

I hypothesize that biochar addition as soil amendment alone and along with fertilizer has 

the potential to increase diesel oil remediation due to its excellent sorption capabilities 

and making soil environment favorable for bioremediation process by supplying nutrients 

and stimulating microbial activity. 

 

Material and methods 

Study was conducted on pilot scale in pots for 180 days. Two setups were run in parallel 

with each other. In one setup experiment was run on naturally diesel contaminated soils 

while in second setup experiment was conducted on artificially contaminated soil. 
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Naturally contaminated soil was collected from Railway washing lines Loco-shed 

Rawalpindi, Pakistan. Soil collection was done at depth of 0-20 cm. Debris, grass, stones, 

and unwanted particles were removed from soil. For artificial contamination, clean soil 

without any petroleum contamination was collected Quaid-i-Azam University, 

Islamabad, Pakistan. Soil was contaminated with diesel oil at rate of 3.5% w/w as 

naturally contaminated soil selected for study was contaminated with same level of diesel 

oil and similar percentage of contamination was also mentioned by Hussain et al. (2018). 

For the greenhouse experiment, soil was air-dried at room temperature for 15 days, then 

sterilized and grounded to particle size of 2 mm.   

 

Pot Experiment 

To investigate biochar impact on hydrocarbon remediation, treatment was conducted in 

plastic pots. Five pots were prepared for each setup. Both set ups were run in parallel to 

each other under same conditions. Biochar addition in pots was at rate of 5% while a 

control was run without any biochar amendment. The application dose of biochar 

corresponds to doses applied in other remediation studies with biochar in already 

published literature (Beesley et al., 2016; Bielská et al., 2017; 2018, Zhang et al., 2016).  

Along with biochar 1% cow dung was used in addition as biostimulating and 

bioaugmenting agent. The amended pots were kept under moisture content of 15%; wt:wt 

basis. Soil treatments were incubated at ambient temperature under a shade and samples 

were withdrawn at an interval of 30 days for the determination of quantity of diesel oil 

degraded, hydrocarbon utilizing bacterial population and total heterotrophic bacterial 

count. All treatments were run in duplicates. 
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Fig 4: Experimental set ups 

 

Table 4.1: Treatment plan for the experiment 

 

 

 

 

 

Setups Substrate Soil samples 

 

Setup 1 

 

Naturally contaminated 

soil 

1.Control (CN) 

2.Fruit/vegetable waste biochar (VN) 

3.Fruit/vegetable waste biochar + cow dung (VDN) 

4.Sewage sludge biochar (SN) 

5.Sewage sludge biochar + cow dung (SDN) 

 

 

Setup 2 

 

Artificially 

contaminated soil 

1.Control (CA) 

2.Fruit/vegetable waste biochar (VA) 

3.Fruit/vegetable waste biochar + cow dung (VDA) 

4.Sewage sludge biochar (SA) 

5.Sewage sludge biochar + cow dung (SDA) 
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Physicochemical characterization of soil 

Physicochemical characterization of soil of both setups was performed to analyze its 

nutrient contents. Soil was mixed thoroughly in water (1g soil in 2ml water). Mixture was 

allowed to settle down for 30 minutes. Soil pH and Electrical conductivity was measured 

by pH meter (Ino Lab pH 7110) and EC meter (SM 301 Milwaukee), respectively. 

Chemical analysis of soil samples for organic carbon, N, P, and K was undertaken at Soil 

& Water Testing Laboratory for Research, Rawalpindi using standard soil testing 

methods (Pansu and Gautheyrou, 2007). 

 

Adsorption kinetics of biochar 

Preparation of Water Soluble Fractions (WSFs) of diesel oil 

Water soluble fractions of diesel oil were prepared following the procedure of Afolabi et 

al. (1985). 500ml of diesel oil was mixed with 1500ml of water and the solution was 

stirred using orbital shaker for 24hrs at room temperature. After shaking mixture was 

allowed to stand for 3 hours to obtain clear interphase between oil and water. The oil was 

decanted and the mixture was then shifted into a separating funnel and allowed to stand 

overnight. Pure and clear WSF obtained at the lower part of the funnel was siphoned into 

capped bottles to make the stock solution (100% WSF). According to a previous study, 

saturated solution of diesel oil collected was found to have concentration of 193 mg L-1 

of diesel oil in water (Zhang and Zeng, 2007).  

The kinetics of the adsorption of diesel oil by biochar was tested using a batch 

equilibrium method, as described in the referenced studies (Jiang et al., 2016). The 

adsorption kinetics was studied by carrying out an experiment with constant temperature 

of 25 ± 0.5oC, biochar amount (0.2 g), and early diesel oil mixture (50 mL). Batch 

experiment of the adsorption kinetics was performed using 100-mL plastic screw capped 

bottles which were kept in an incubator shaker. An aliquot of each reactor was withdrawn 

after specific time intervals (0, 0.5, 1, 2, 4, 24, 48, 72 h). The sample mixture was 

centrifuged at 4000 rpm for a 10mins, which leads to separation of solid and liquid 

phases. Finally UV spectrophotometer was used to detect diesel concentration in sample 
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at 257nm wavelength (Zhang and Zeng, 2007). All experiments were carried out in 

duplicates. 

Hydrocarbon extraction and analysis 

Extraction of diesel oil 

Determination of diesel content in soil after every 30 days was carried out by solvent 

extraction method described by Siddique et al. (2006). 1g soil per sample was taken from 

each pot in glass vials and oven dried for 24-48 hours at 105 °C. Then 20 ml 

dichloromethane was added in each soil sample. Glass vials were tightly capped and 

placed in Irmeco GmbH shaker at 120 cycles per minute for 3 hours. After 3 hours each 

solvent oil mixture was centrifuged at 9000 rpm for 10 mins to separate solid liquid 

phases. Supernatant was filtered by using Whatman No. 4 filter paper. Extraction 

procedure was repeated twice for each soil sample to ensure complete extraction of 

hydrocarbons from soil and to achieve maximum recovery efficiency.  In the end all three 

extracts for each sample was pooled up and transferred in test tubes. 

Quantification of diesel oil by standard curve 

A standard curve of absorbance against varying concentrations of diesel oil (from 

100ppm to 400000ppm) in dichloromethane was drawn after taking readings from 

Analytik Jena SPECORD 200 PLUS spectrophotometer at 520nm (Hammond, 2014). 

The oil concentrations in treated samples were estimated from the standard curve. 

Residual oil was quantified by intercept and the slope of the straight line graph and 

analyzed by FTIR and GC/ MS.  

Fourier transform infrared spectroscopy 

FTIR analysis was performed to observe the reduction in hydrocarbon content in soil. It 

is an analytical technique used to identify organic, polymeric, and, in some cases, 

inorganic materials. Extraction solvent was completely removed by evaporation to 

dryness under a nitrogen stream at room temperature. Each sample for FTIR analysis was 

prepared by mixing sample with IR-grade KBr, and then sample was pressed into a pellet 
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using a hydraulic press. Pellet samples were analyzed by Perkin Elmer FTIR 

spectrometer. An absorbance spectrum (400-4000 cm-1) was collected in the range of 

(400-4000 cm-1) as decribed by Sharma et al. (2014).  

Gas chromatography-Mass spectrometry 

The extracts obtained by solvent extraction method were cleaned up by applying column 

procedure (Siddique et al., 2006). A silica gel column was prepared for each sample 

using 10 g of (100-200 mesh) chromatographic silica gel (activated at 110 °C for 24 h). 

Column was rinsed with 20 ml hexane. After conditioning the column with hexane, the 

extracts were loaded on the top of the silica gel column. The column was eluted with 

additional solvent to ensure collection of all compounds of interest. Solvent extracts were 

evaporated to dryness under nitrogen stream, redissolved in 2 ml of dichloromethane and 

analyzed by GCMS Shimadzu japan, QP/5050 with DB-5 chromatographic column 

(Hussain et al., 2018). The temperature was increased in a constant pattern programmed 

from 50°C to 270°C at the rate of 10°C and then sustained for 22 min. Helium was used 

as a carrier gas at 0.9 ml min-1 with interface temperature of 280°C with injection volume 

of 1ul. The MS, with selection of full scan mode, was scanned from 50 to 550 amu at 0.9 

scan s-1. Pure diesel oil was run as a standard. Chromatograms generated were interpreted 

by comparing them from library NIST 147. LIB in similarity search result. 

Microbiological analysis 

Dehydrogenase Activity 

Soil microbial activity was estimated by assaying dehydrogenase activity. Dehydrogenase 

activity was determined by monitoring the rate of reduction of 2, 3, 5-

triphenyltetrazolium chloride (INT) as a substrate (Margesin et al., 2003). 1 gram of 

moist soil sample from each treatment was weighed in test tubes, mixed with 1.5 mL of 1 

M TRIS buffer (pH 7.0), and 2 mL of aqueous INT solution (1g INT powder in 100ml 

water). Test tubes were then tightly closed by screw caps, shaken well and incubated at 

40oC for 2 hours. After incubation, 10ml extracting solution of N/N dimethyl 

formamide/ethanol (1:1) was mixed in each sample. Sample mixtures were placed in dark 
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for 1 hour and shaken vibrantly for 2 or 3 times during incubation after which each 

sample solution was filtered. After filtration, extracting solution was measured by 

Analytik Jena SPECORD 200 PLUS spectrophotometer at wavelength of 464 nm. The 

control was run with autoclaved soil and was processed as rest of the samples. The 

activity was measured by calculating the amount of INTF produced per hour by 

deducting the value of control. 

Dehydrogenase activity was measured using following formula for each sample reading: 

  Dehydrogenase activity (μg INTF/g dry soil/48 h) = ([INTFs] – [INTFc])  

 

Heterotrophic bacterial count  

The bacterial count was enumerated using the serial dilution and plate count method on 

nutrient agar. 1 gram of soil from each pot was weighed. Serial dilutions of each soil 

sample were prepared up to 10-7 concentrations. These dilutions were spread on nutrient 

agar plates which were incubated at 37°C for 24 hrs. Growth on plates was counted by 

colony counter and CFU was calculated by applying formula  

CFU/g   = colony number × dilution factor/inoculum size 

 

Hydrocarbon utilizing bacterial count  

The hydrocarbon utilizing bacterial count was estimated using the modified mineral salts 

agar medium and modified vapour phase transfer technique of Okpokwasili and 

Amancuhkwu (1988). Modified media was prepared having composition as 10 g NaCl, 

0.42 g MgSO4.7H2O, 0.29 g KCl, 0.53 g KH2PO4, 0.42 g NH4NO3, and 15 g agar in 1 

litre distilled water with pH adjusted to 6.8. According to modified vapour transfer 

technique 0.5 mL of diesel (carbon source) was spread on the medium. Diesel oil was 

allowed to set and diffuse into the agar medium for almost 1 hour. After that 1 ml of each 

serial dilutions prepared as above were spread on the medium and plates were incubated 

at 27oC for 3 to 5 days. The number of colonies formed were calculated by the CFU 

formula to estimate the hydrocarbon utilizing bacterial population.  
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Identification of microbial community (Illumina 16S RNA sequencing) 

DNA extraction 

DNA was extracted in duplicate from treatment showing highest oil degradation using 

CTAB/SDS method. DNA concentration and quality was evaluated using a NanodropTM 

1000 Spectrophotometer (Nanodrop, Wilmington, DE, USA). The obtained DNA was 

stored at -20°C until further processing. Stored DNA was sent to Novogene for Illumina 

16S RNA sequencing of bacterial community. 

Amplicon Generation 

16S rRNA genes of distinct regions (16SV4/16SV3/16SV3-V4/16SV4-V5) were 

amplified used specific primers (16S V4: 515F-806R) with the barcode. All PCR 

reactions were run with Phusion® High-Fidelity PCR Master Mix (New England 

Biolabs). 

Quantification and qualification of PCR products 

Almost equal quantity of 1X loading buffer was mixed with PCR products and 2% 

agarose gel electrophoresis was run for detection. Sample having bright and clear band 

between 400-450bp was selected for further proceedings. 

PCR Products Mixing and Purification 

PCR product was mixed in equidensity ratios. PCR product was then purified with 

Qiagen Gel Extraction Kit (Qiagen, Germany).The libraries generated with NEBNext® 

UltraTM DNA Library Prep Kit for Illumina and quantified via Qubit and Q-PCR, were 

analysed by Illumina platform. 

Statistical analysis 

SPSS and Microsoft Excel software were used for statistical analysis of data. Analysis of 

variance (ANOVA) was applied to all the variables and parameters. The means were 
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separated by the least significant study, considering all data collected at significant level 

of p< 0.05 throughout the study. 

Results  

Adsorption kinetics of biochar 

Batch adsorption kinetic test was conducted to analyze the adsorption capacity of biochar 

and time required by biochar to reach at equilibrium state, after which no variation in 

adsorption capacity was observed. The kinetic curves obtained for both fruit/vegetable 

waste biochar (Vg) and sludge biochar (Sl) are shown in following figures (4.1, 4.2). The 

removal curve for Vg is single, smooth and continuous leading to saturation. For Vg and 

Sl biochar contact time of 24 hours was enough to reach equilibrium. The time required 

for the diesel oil solution system to attain equilibrium state was in conformity with a 

previous study done by Yuan et al. (2010).  Higher adsorption capacity was recorded for 

Vg biochar that was 22.72 mg/g while for Sl biochar it was 18.72mg/g. 

 

Fig 4.1: Diesel adsorption kinetics onto fruit/vegetable waste biochar 
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Fig 4.2: Diesel adsorption kinetics onto sewage sludge biochar 

 

Adsorption kinetics models were applied to data to get information about the order of the 

reaction along with its rate constants. The pseudo 1st order and pseudo 2nd order kinetic 

models were applied to study the adsorption of diesel on Vg (fuit/vegetable waste) and Sl 

(sewage sludge) biochar. 

 

Pseudo first order kinetics 

Pseudo 1st order model relies on the hypothesis that rate of adsorption of adsorbate on 

any adsorbent is proportional to the number of active sites present on adsorbent. The 

pseudo first order kinetic model was applied in the present study by applying the 

following mathematical equation; 

log(qe- qt) = log qe-k1 t/2.303 

where, qe and qt are the amounts of adsorbate on adsorbent at equilibrium state at time t 

while k1 is the pseudo 1st order rate constant. According to eqn, log (qe - qt) was plotted 

against time t. k1 and qe values were determined from the slope and intercept. 
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Fig 4.3: Pseudo first order kinetics on fruit/vegetable waste biochar 

 

 

Fig 4.4: Pseudo first order kinetics on sewage sludge biochar 

 

Pseudo second order kinetics 

Pseudo 2nd order kinetics depends on the phenomena of chemisorption during the course 

of adsorption process at equilibrium state. It is represented by the following equation. 

t/qt = 1/k2qe2 + t/qe  
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where, k2 represents the rate constant of pseudo second order reaction. Graphs of pseudo 

second order adsorption kinetics were plotted by taking t/qt on y-axis as a function of 

time.  

  

 

Fig 4.5: Pseudo second order kinetics on fruit/vegetable waste biochar 

 

 

 

Fig 4.6: Pseudo second order kinetics on sewage sludge biochar 
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Table 4.2 shows parameters calculated from the slope and intercept of straight line graph. 

R2 values for the straight line graphs of both types of biochar for pseudo second order 

reaction were found to be 0.99 which is very near to 1 as compared to those calculated in 

pseudo first order reaction. qe values calculated from pseudo 2nd order equation were 

23.14mg g-1 and 18.83 mg g-1 for Vg and Sl biochar, respectively. These values were 

very close to the experimentally calculated values which were 22.72 mg g-1 and 18.24 mg 

g-1 for Vg and Sl biochar respectively. This suggested that both biochar follow second 

order kinetics in their adsorption patterns. 

 

Table 4.2: Parameters of Pseudo first order and second order equation 

Biochar  qe (mgg-1) Pseudo 1st order 

equation 

Pseudo 2nd order 

equation 

k (h-1) R2 k (h-1) R2 

Fruit/vegetable 

waste 

22.72 0.08406 0.99 0.0234 0.9984 

Sewage Sludge  18.24 0.08429 0.9264 0.0249 0.9975 

 

 

The linear trend of pseudo second order plots and good resemblance of the qe values 

calculated from pseudo second order kinetics with those of experimentally observed 

suggested that the interaction between diesel and biochar was obeyed by pseudo second 

order kinetics. 

 

Soil physiochemical analysis 

Soil parameters like EC, pH, TN, P, K, OM and TOC were determined. Highest pH was 

observed for treatments having only Vg biochar or in combination with cow dung. 

Highest EC value was found in SN treatment. Same was trend with other parameters. 

Highest TN% was recorded in SDN with 0.1625% while VDN was at second number 

with 0.16%. Available phosphorus was high in both VDN and SDN with 115 and 118 

mg/kg. Similarly organic matter and TOC were both recorded higher in treatments having 

cow dung in addition to biochar. 
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Table 4.3: Physicochemical characterization of soil from Set up 1 (naturally polluted 

soil) 

Time 

 

Treatment EC 

dsm-1  

pH TN% P  

mgkg-1  

K 

mgkg-1 

OM 

(%) 

TOC 

(%) 

0 day Soil at 0 day 3.28 

±0.01 

6.87 

±0.02 

0.125 

±0.98 

15.49 

±0.45 

54.2 

±0.72 

0.80± 

0.31 

0.465 

±0.03 

 

At 90 

days 

Control 2.15± 

0.02 

6.40± 

0.65 

0.04775± 

0.35 

17.43± 

0.71 

52±0.72 0.955± 

0.03 

0.552± 

0.98 

VN 1.94± 

0.51 

6.58± 

0.45 

0.0825± 

0.02 

32± 0.35 55±0.98 1.65± 

0.35 

0.959± 

0.03 

SN 2.48± 

0.35 

6.91± 

0.03 

0.0945±0.9 39± 0.45 62± 0.03 1.89  ± 

0.28                                        

1.098± 

0.72 

VDN 4.42± 

0.28 

7.05± 

0.08 

0.0925± 

0.35 

52±0.72 71±0.02 1.85 1.075± 

0.98 

SDN 4.17± 

0.98 

7.12± 

0.45 

0.1055± 

0.08 

59± 0.35 76 ± 0.45 2.11± 

0.72 

1.226± 

0.02 

 

 

At 

180 

days 

Control  2.15 

±0.02 

6.40± 

0.03 

0.04 

±0.02 

25.21 

±0.62 

53.4 

±0.76 

1.50 

±0.98 

0.870± 

0.07 

VN 3.21 

±0.08 

7.10 

± 0.15 

0.1395 

±0.1 

85± 0.04 71.21± 

0.09 

2.79± 

0.76 

1.622± 

0.45 

SN 3.08± 

0.09 

6.6± 

0.71 

0.1575 

±0.32 

112± 

0.31 

73.56± 

0.42 

3.15± 

0.12 

1.83±0.08 

VDN 3.15 

±0.01 

7.20 ± 

0.02 

0.16 ±0.03 115   

±0.06 

80.78 

±0.04 

3.20 

±0.21 

1.860± 

0.38 

SDN 3.03± 

0.03 

7.45± 

0.75 

0.1625 

±0.08 

118 

±0.78 

84.91 

±0.96 

3.25 

±0.72 

1.889± 

0.04 

Key: E=Electrical conductivity, TN=Total nitrogen, P=Available phosphorous, 

K=Potassium, OM=Organic matter, TOC=Total organic carbon 

In artificially contaminated soil highest pH was observed for treatments having Sludge 

biochar with cow dung. Highest EC value was found in VDA treatment. Same was trend 

with other parameters. Highest TN% was recorded in SDA followed by VDA. Available 

phosphorus was high in both VDA and SDA with 113 and 117 mg/kg. Similarly organic 
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matter and TOC were both recorded higher in treatments having cow dung in addition to 

biochar. 

Table 4.4: Physicochemical characterization of soil from Set up 2 (artificially 

polluted soil) 

Time Treatment EC  

dsm-1 

pH TN (%) P 

(mgkg-1) 

K 

(mgkg-1) 

OM 

(%) 

TOC 

(%) 

0 day Soil at 0 

day 

0.91± 

0.09 

6.21± 

0.32 

0.078± 

0.42 

15.4± 

0.44 

32.5±1.52 1.56± 

0.42 

0.90± 

0.75 

 

At 90 

days 

Control 1.28± 

0.05 

6.14± 

0.02 

0.073± 

0.32 

16.8± 

0.76 

37.5±0.87 1.46± 

0.01 

0.84±  

0.06 

VA 1.86± 

0.06 

6.97± 

0.36 

0.105± 

0.44 

69.2± 

0.07 

61.8±1.34 2.10± 

0.32 

1.22± 

1.02 

SA 1.91± 

0.02 

6.85± 

0.03 

0.1175± 

0.34 

76.9± 

0.69 

69.3±1.53 2.35± 

0.09 

1.366± 

0.71 

VDA 2.97± 

0.06 

7.04± 

0.48 

0.14± 

0.09 

85.4± 

0.09 

76.4±1.15 2.80± 

0.44 

1.62± 

0.32 

SDA 3.05± 

0.16 

7.01± 

0.54 

0.1525± 

0.04 

97.6± 

0.04 

79.6±1.76 3.05± 

0.42 

1.77± 

0.38 

At 180 

days 

Control5  1.43± 

0.06 

6.57± 

0.38 

0.0625± 

0.65 

20.1± 

0.75 

41.8±1.18 1.25± 

0.75 

0.726± 

0.02 

VA 2.61± 

0.07 

6.40± 0.12± 

0.05 

71.6± 

0.08 

71.8±1.54 2.40± 1.39±0.42 

SA 2.95± 

0.17 

6.54± 0.125± 

0.06 

82.0± 

0.42 

79.7±1.40 2.50± 

1.10 

1.45± 

0.38 

VDA 3.60± 

0.06 

7.06± 

0.12 

0.1525± 

0.07 

113.8± 

0.08 

82.0±0.95 3.05± 

0.03 

1.77±0.01 

SDA 3.51± 

0.08 

7.05± 

0.06 

0.1575± 

0.01 

117± 

0.06 

87.51±0.07 3.15± 

0.01 

1.83±0.02 

Key: E=Electrical conductivity, TN=Total nitrogen, P=Available phosphorous, 

K=Potassium, OM=Organic matter, TOC=Total organic carbon 
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Hydrocarbon quantification 

Standard curve 

Percent removal efficiency of biochar in diesel contaminated soils was estimated via 

standard curve made by dissolving known concentrations of diesel oil in dichloromethane 

from 100 ppm to 40000 ppm and taking their absorbance on UV spectrophotometer. R2 

value obtained was 0.998, which was very close to one. Concentration of diesel oil in 

treated samples was calculated from slope of standard curve. 

 

 

Fig 4.7: Standard curve for different diesel oil concentrations 

 

Setup 1 (Naturally contaminated soil) 

Initially diesel quantity in naturally contaminated soil was 2.914g/100g of soil at the start 

of experiment. After treatment final quantity of diesel oil left in control was 

1.866±0.025g while in VN and SN treatments it was 0.808±0.04g and 0.71±0.035g 

respectively. In VDN and SDN treatments final quantity of diesel was 0.626±0.013g and 

0.486±0.043g respectively. 
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Fig 4.8: Residual diesel oil in different soil amendments of Set up 1. C=control, 

VN=Treatment with fruit and vegetable waste biochar, SN= Treatment with sewage 

sludge biochar, VDN=Treatment with fruit and vegetable waste biochar + cow 

dung, SDN= Treatment with sewage sludge biochar + cow dung 

 

For naturally contaminated soils control showed least degradation with only 

35.96±1.15% removal of diesel oil from soil. For biochar treatments capacity to remove 

diesel oil from soil was 72.27±0.96% for fruit/vegetable waste biochar and 75.63±0.77% 

for sludge biochar. Highest removal efficiency was for SDA treatment with removal 

percentage of 82.86±1.13% following VDA treatment with removal capacity of 

78.51±0.49%. Diesel oil removal was significantly higher (p<0.05) in treatments than 

control. Significant difference was observed (p>0.05) between both biochar treatments. 

Also difference was significantly higher (p<0.05) for biochar treatments with cow dung 

as compared to simple biochar. 
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Fig 4.9: Removal percentage of diesel oil influenced by different soil amendments in 

Set up 1. C=control, VN=Treatment with fruit and vegetable waste biochar, SN= 

Treatment with sewage sludge biochar, VDN=Treatment with fruit and vegetable 

waste biochar + cow dung, SDN= Treatment with sewage sludge biochar + cow dung 

 

Setup 2 (Artificially contaminated soil) 

In artificially contaminated soil diesel quantity was 2.914g/100g of soil at the start of 

experiment. After treatment final quantity of oil left in control was 1.933g±0.026 while in 

VA and SA treatments it was 1.011±0.043g and 0.906±0.050g respectively. In VDA and 

SDA treatments final quantity of diesel oil was 0.78±0.014g and 0.692±0.0063g 

respectively. 
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Fig 4.10: Residual diesel oil in different soil amendments of Set up 2. CA=control, 

VA=Treatment with fruit and vegetable waste biochar, SA= Treatment with sewage 

sludge biochar, VDA=Treatment with fruit and vegetable waste biochar + cow 

dung, SDA= Treatment with sewage sludge biochar + cow dung 

 

For artificially contaminated soils highest removal efficiency was for SDA treatment with 

removal percentage of 76.23±0.42% following VDA treatment with removal capacity of 

73.24±0.21%. As far as only biochar treatments were concerned the capacity of both 

biochar to remove diesel hydrocarbons from soil was 65.28±0.44% for fruit/vegetable 

waste biochar and 68.89±0.63% for sludge biochar. This indicates that sludge biochar 

was slightly more efficient to remove hydrocarbons as compared to fruit/vegetable waste 

biochar. Control showed least degradation with only 33.65±1.15% removal of 

hydrocarbons from soil. Diesel oil removal was significantly higher (p<0.05) in 

treatments than control. Difference was significantly higher (p<0.05) for biochar 

treatments with cow dung as compared to only biochar treatments. 
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Fig 4.11: Removal percentage of diesel oil influenced by different soil amendments 

in Set up 2. CA=control, VA=Treatment with fruit and vegetable waste biochar, 

SA= Treatment with sewage sludge biochar, VDA=Treatment with fruit and 

vegetable waste biochar + cow dung, SDA= Treatment with sewage sludge biochar + 

cow dung 

 

Fourier transform infrared spectroscopy 

FTIR was performed to analyze diesel oil degradation in different soil organic 

amendments at the end of degradation study. FTIR spectrum of diesel oil extracted from 

contaminated soil at 0 day was compared with other samples. Peaks observed overall the 

treatments were 3656-3665cm-1 representing OH functional group, 2854-2980cm-1 for 

CH stretch, 1707-10cm-1 for RCOOH/ RCOOR stretching, 1601-02cm-1 for C=C 

vibration, 1455-1562cm-1 for CH stretch, 1376-81 cm-1  for CH3 vibrating stretch, 1249-

86cm-1 showing C-O stretch of ethers, 1184cm-1 for Amines, 1153-62cm-1 for C-O stretch 

of ethers, 1072-80cm-1 for pri-alcohol, RCOOH/ RCOOR stretching, 955-70cm-1  

representing Alkene bending, 814-15cm-1 for o, p, substituted benzene, 742-53cm-1 for o, 

m, p -substituted benzene, 722-24cm-1 representing Long chain aliphatic, 580-61cm-1  

representing alkyl halides. 
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Set up 1 (Naturally contaminated soil) 

FTIR of diesel oil extracted from naturally contaminated (NC) soil at 0 day 

FTIR result of diesel oil extracted from naturally contaminated soils at 0 day (NC) 

showed peaks at 2954, 2921 and 2852cm-1 showing C-H stretch of aromatic and aliphatic 

compounds with peaks at 1459cm-1 showing aliphatic stretch and at 742cm-1 representing 

aromatic ring peak of benzene. 

 

Fig 4.12: FTIR spectra of diesel oil extracted from naturally contaminated Soil at 0 

day 
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FTIR of diesel oil extracted from control (CN) 

CN spectra showed retaining of characteristics peaks of diesel oil till the end of treatment 

studies. At 1376cm-1, CH deformation and CH3 symmetric deformation aliphatic stretch 

is present. Characteristic bands at 2854cm-1, 2923cm-1 revealed a CH stretch in aromatic 

and aliphatic compounds. At 1458cm-1 indicated aliphatic stretch while at 742cm-1 

represented aromatic ring peak of benzene. 

 

 

Fig 4.13: FTIR spectra of diesel oil extracted from Control (CN) 
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FTIR of diesel oil extracted from soil amended with fruit/vegetable waste biochar 

(VN) 

VN spectra showed peaks at 2855cm-1 indicating C-H bonding stretch, at 1455cm-1 

representing primary alcohols, at 1706 cm-1 representing ketonic group and also O-H 

stretch of carboxylic acids. While peaks at 1376cm-1 and 1286cm-1 represent CH3 

vibrating stretch, at 815cm-1 indicate disubtituted benzene, and in finger print region of 

587cm-1, 559cm-1, 546cm-1, 531cm-1 and 523cm-1 indicate presence of alkyl halides.  

 

 

 

 

Fig 4.14: FTIR spectra of diesel oil extracted from treatment VN (fruit/vegetable 

waste biochar) 
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FTIR of diesel oil extracted from soil amended with sludge biochar (SN) 

In SN spectra peaks at 2855cm-1 and 2922cm-1 represented C-H stretch, at 1705cm-1 

represents presence of O-H stretch of carboxylic acids. Peak at 1456cm-1 indicate primary 

alcohol, while at 730cm-1 showed presence of benzene ring stretch. Peak above 515cm-1 

showed presence of alkyl halides. 
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Fig 4.15: FTIR spectra of diesel oil extracted from treatment SN (sludge biochar) 
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FTIR of diesel oil extracted from soil amended with fruit/vegetable waste biochar 

along with cow dung (VDN) 

In spectra of VDN peaks at 2922cm-1, 2952cm-1 and 2854cm-1 represented C-H stretch. 

At 1708cm-1 O-H stretch of carboxylic acids was present while at 1457cm-1 primary 

alcohols and at 1376cm-1 (C=O) carbonyl stretch was present. Peak at 1156 showed 

presence of ethers. At 751cm-1 aromatic stretch and above 500cm-1 alkyl halides were 

present. 

 

 

Fig 4.16: FTIR spectra of diesel oil extracted from treatment VDN (fruit/vegetable 

waste biochar + cow dung) 
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FTIR of diesel oil extracted from soil amended with sludge biochar along with cow 

dung (SDN) 

In SDN spectra peaks at 2953cm-1, 2922cm-1 and 2855cm-1 represented C-H vibrating 

stretch of hydrocarbons indicating presence of aldehydes. At 1707cm-1 broad O-H stretch 

of carboxylic acids was present with chances of the presence of ketones at 1705- 1735cm-

1 frequency bands. At 1455 cm-1 primary alcohols were present. Peak at 1376cm-1 

indicated C-H methyl stretching while peaks at 1250cm-1, 1162cm-1 represented C-O 

stretch of ethers. Peaks at 814cm-1, 752cm-1 showed presence of aromatic stretch of 

benzene ring.  

 

Fig 4.17: FTIR spectra of diesel oil extracted from treatment SDN (sludge biochar + 

cow dung) 
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Set up 2 (Artificially contaminated soil) 

FTIR of diesel oil extracted from artificially contaminated soil (AC) at 0 day   

Spectra of diesel oil extracted from soil (AC) revealed characteristic peaks of diesel oil 

including 2921, 2853, 2954cm-1 revealing a CH stretch of aromatic and aliphatic 

compounds. At 1377cm-1 and 1458cm-1, CH deformation and CH3 symmetric 

deformation of aliphatic stretch was present. Peak at 742cm-1 represented presence of 

aromatic stretch of benzene ring. 
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Fig 4.18: FTIR spectra of diesel oil extracted from artificially contaminated soil at 0 

day 
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FTIR of diesel oil extracted from control (CA)  

CA spectra showed retaining of characteristics peaks of diesel oil till the end of treatment 

studies. Peak at 742cm-1 represented presence of aromatic stretch of benzene ring. As 

aromatic ring peaks are always present at 730-890cm-1. At 1376cm-1 and 1458cm-1, CH 

deformation and CH3 symmetric deformation aliphatic stretch was present. Characteristic 

bands at 2854cm-1, 2923cm-1 revealed a CH stretch in aromatic and aliphatic compounds. 
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Fig 4.19: FTIR spectra of diesel oil extracted from Control (CA) 
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FTIR of diesel oil extracted from soil amended with fruit/vegetable waste biochar 

(VA) 

In VA spectra peaks at 2952cm-1, 2922cm-1, 2853cm-1 represented C-H vibrating stretch 

showing presence of aromatic and aliphatic functional groups. At 1707 C=O carbonyl 

stretch while at 1456cm-1 aromatic ring stretch was present. Peak at 1376cm-1 represented 

CH3 vibrating stretch of deformation while at 1184cm-1 C-O vibrating stretch of ethers 

was present. Peaks at 970cm-1 showed C-O stretch of ethers and at 752cm-1 and 599cm-1 

showed presence of aromatic rings of benzene and Alkyl halides. 
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Fig 4.20: FTIR spectra of diesel oil extracted from treatment VA (fruit/vegetable 

waste biochar) 
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FTIR of diesel oil extracted from soil amended with sludge biochar (SA) 

SA spectra showed peaks at 2952cm-1, 2922cm-1 and 2853cm-1 of C-H stretching 

representing aldehydes as they normally shows C-H stretch at about 2800cm-1 or above. 

Peaks at 1710cm-1 represented C=C adsorption, at 1457cm-1 primary alcohols, at 1376cm-

1 C=O carbonyl stretch and at 1080cm-1 showed presence of alcohols. At 722cm-1 

appearance of peak indicated presence of aliphatic hydrocarbon having long chain. 

 

 

Fig 4.21: FTIR spectra of diesel oil extracted from treatment SA (sludge biochar) 
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FTIR of diesel oil extracted from soil amended with fruit/vegetable waste biochar 

along with cow dung (VDA) 

In VDA results, peaks at 2953cm-1, 2922cm-1 and 2854cm-1 showed presence of C-H 

bond stretch, while at 1708 cm-1 showed C=C adsorption. Peaks near 1376cm-1 and 

1249cm-1 indicated C=O carbonyl stretch and at 720cm-1 represented presence of long 

chain aliphatic hydrocarbon vibration as aromatic ring peaks are always present between 

730-890cm-1. Peak at the region of 966 represent C-O stretch of ethers while peaks in the 

fingerprint region represented presence of alkyl halides. 
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Fig 4.22: FTIR spectra of diesel oil extracted from treatment VDA (fruit/vegetable 

waste biochar + cow dung) 
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FTIR of diesel oil extracted from soil amended with sludge biochar along with cow 

dung (SDA) 

In FTIR spectra of SDA, degradation was evident from shift in peaks with appearance of 

new peaks. Peak at 3656cm-1 was due to OH and NH vibrations representing alcohols and 

amines. Peaks at 2980cm-1and 2889cm-1 showed CH stretching representing presence of 

aldehydes and hydrocarbons. Peak at 1462cm-1 represented COO group indicating 

carboxylic acids. Peak at 1381cm-1 indicated CH3 deformation while peaks at 1251cm-1, 

1153cm-1, 1072cm-1 and 955cm-1 represented presence of C-O stretch of ethers. 

 

Fig 4.23: FTIR spectra of diesel oil extracted from treatment SDA (sludge biochar + 

cow dung) 
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GC-MS analysis 

 Set up 1(Naturally contaminated soil) 

GC-MS spectra of pure diesel oil was run to compare with that of other soil organic 

amendments and to analyze the change in composition before and after treatment. GC 

spectra of diesel oil revealed characteristic peaks containing both straight chain aliphatic 

hydrocarbons along with aromatic carbon structures. It showed presence of C7-C29 

carbon compounds. Peaks represented presence of long straight chain alkanes including 

pentatriacontane, tetratriacontane, eicosane, tritetracontane, heneicosane, octacosane, 

undecane, nonane, and cyclic compounds including Xylene, with branched chain 

structures including 3, 5-dimethyl heptane. Control (CN) spectra showed least 

degradation of diesel oil with retention of peaks showing presence of C12-C29 carbon 

compounds including pentatriacontane, tetratriacontane, tetrateracontane, heneicosane, 

octadecane, hexadecane, and eicosane with some ringed structures. 

Peaks observed in spectra of treatment having naturally contaminated soil with only fruit 

vegetable waste biochar represented straight chain C14, C15, C17, C22 compounds. 

Carbon structures detected were docosene, heptadecane, tetradecane, and pentadecane. 

Other than traditional carbon compounds found in diesel oil were present degradation 

products or precursors of metabolic pathways including acetic acid, phenyl methyl ester, 

and ortho/para substituted benzene structures etc. 

Analysis of soil amended with sludge biochar, results showed removal of long and 

branched chain structures with retention of C13, C20, and C22 carbon structures 

including tridecane, eicosane, and docosene. Appearance of new peaks was observed 

representing methylethyl phenol, acetic acid and cycloheptatrine. These substituted 

structures showed degradation of diesel oil with removal of characteristic carbon 

compounds and appearance of new peaks and new compounds including amines, alcohols 

which were byproducts of degradation pathways. 

VDN results showed retention of C15, C16 and C22 carbon compounds including 

pentadecane, hexadecane, and octadecanone. Appearance of new peaks represented 

formation of N-bezylaminoacid, chloroacetic acid, phenylmethyl ester and silane 

indicating degradation of complex structures with formation of new compounds, some of 



Chapter 4             

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils  - 96 - 

 

which were substituted ringed structures and some were products of degradation 

pathway. Similarly analysis of SDN shows the removal of almost all long chain n-C 

compounds with only presence of C17 and C21 straight chain carbon structures identified 

as heptadecane and heneicosane.  

 

 
 

Fig 4.24: GC-MS of diesel oil 
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Fig 4.25: GC-MS of diesel oil extracted from Control (CN) 

 

 
Fig 4.26: GC-MS of diesel oil extracted from treatment VN (fruit/vegetable waste 

biochar) 
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Fig 4.27: GC-MS of diesel oil extracted from treatment SN (sludge biochar) 

 

 

 

 
 

Fig 4.28: GC-MS of diesel oil extracted from treatment VDN (fruit/vegetable waste 

biochar + cow dung) 
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Fig 4.29: GC-MS of diesel oil extracted from treatment SDN (sludge biochar + cow 

dung) 

 

Set up 2 (Artificially contaminated soil)  

GC-MS spectra of control (CA) of artificially contaminated soil showed less degradation 

of diesel oil with retention of peaks showing presence of C10-C29 carbon compounds 

including pentadecane, tetradecane, tetrateracontane, heneicosane, octadecane, 

hexadecane, and eicosane with some ringed structures. It also included some peaks 

representing pristine and phytane structures. 

Peaks observed in spectra of treatment having artificially contaminated soil with only 

fruit vegetable waste biochar represented straight chain C14, C18, C19, C20, C27 carbon 

compounds. Carbon structures detected were tetradecane, eicosene, octadecane, and 

heptacosane. Other than traditional carbon compounds found in diesel oil were present 

degradation products or precursors of metabolic pathways including acetic acid 

phenylmethyl ester, ortho and para substituted benzene structures and heptanamine etc. 

Similarly analysis of SA also showed removal of long chain n-C compounds with only 

presence of C18, C19, C20, and C29 straight chain carbon structures identified as 

octadecane, Pristane, eicosane and nonacosane with presence of esters. 

FDA results showed retention of C15, C17, C20 and C22 carbon compounds including 

trimethyl dodecane, heptadecane, eicosene, and docosene. Appearance of new peaks 
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represented formation of isopropyl myristate and phenylmethyl ester indicating 

degradation of complex structures with formation of new compounds, some of which 

were substituted ringed structures.  

Analysis of SDA showed retention of C16, C18 and C27 carbon structures including 

hexadecane, octadecane and heptacosane. Appearance of new peaks was observed 

representing phenylmethyl ester and acetic acid.  

 

 

Fig 4.30: GC-MS of diesel oil extracted from Control (CA) 

 

 

 

Fig 4.31: GC-MS of diesel oil extracted from treatment VA (fruit/vegetable biochar) 
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Fig 4.32: GC-MS of diesel oil extracted from treatment SA (sludge biochar) 

 

 

Fig 4.33: GC-MS of diesel oil extracted from treatment VDA (fruit/vegetable waste 

biochar + cow dung) 
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Fig 4.34: GC-MS of diesel oil extracted from treatment SDA (sludge biochar + cow 

dung) 

Microbiological analysis 

In microbiological analysis of treatments heterotrophic and hydrocarbon utilizing 

bacterial count were estimated for both naturally polluted and artificially polluted soils.  

Set up 1 (Naturally contaminated soil)  

Heterotrophic bacterial count  

In naturally contaminated soils highest heterotrophic microbial count was calculated in 

both VDN and SDN with CFU count of 8.1x 106±0.23 and 7.9x 106±0.21 respectively. 

Initial CFU count was 4.1x104±0.003 which reached up to 7.6x105±0.20 for control. In 

VN highest CFU was 6.3x106±0.1 and 6.7 x106±0.02 for SN treatment. Highest values of 

CFU in the treatments were observed at different times of study. In SDN maximum CFU 

count was recorded earlier as compared to other amendments while in VDN highest CFU 

count was observed at 120th day after amendment.  

Hydrocarbon utilizing bacterial count (HUB) 

In start, in naturally contaminated soils initial hydrocarbon utilizing bacterial count 

(HUB) was 4.2x104±0.001 which with passage of time reached up to 8.7x105±0.07 for 
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control. While in treatments initially HUB count increased to its maximum value with a 

gradual decline at the end of experiment. Highest CFU of hydrocarbon utilizing bacteria 

recorded in VN was 5.9x106±0.28 and in SN was 6.69x106±0.007. In VDN and SDN 

HUB count was 7.99x106±0.07 and 8.66x106±0.16 respectively. Overall a significant 

difference (p<0.05) was found between control and amendments. In VDN and SDN 

treatment, CFU peaks were significantly higher (p<0.05) than only biochar treatments. 

Anyhow peaks of VN and SN treatments were significantly higher (p<0.05) as compared 

to control.  

 

 

 

Fig 4.35: Growth profiles of total heterotrophic bacterial population in Set up 1 

(naturally contaminated soil) 
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Fig 4.36: Growth profiles of total hydrocarbon degrading bacterial population in Set 

up 1 (Naturally contaminated soil) 

 

Set up 2 (Artificially contaminated soil) 

Heterotrophic bacterial count 

For heterotrophic bacterial count in artificially contaminated soil, CFU was calculated for 

each treatment. At 0 day CFU value was 1.2x105 ±0.03 which reduces to 5.1x104 ± 0.01 

in control and then increases with passage of time up to 9.6 x105 ±0.12 at the end. In 

addition to control a trend of lowering down of CFU values at the 30th day was observed 

in all amendments for heterotrophic bacterial count. In VA maximum CFU was 6.9x106 

±0.28 which declines to 3.6x106 ±0.21 at the end. In SA treatment maximum value was 

7.8x106± 0.21 while for VDA and SDA treatments maximum CFU calculated was 

8.23x106 ±0.21 and 8.98x106 ±0.28 respectively. 

Hydrocarbon utilizing bacterial count 

 In start in artificially contaminated soils initial hydrocarbon utilizing bacterial count was 

7x103 ±0.03 which in control increased slowly to 7.8 x104±0.23. In VA initial values was 

7.5 x103 ±0.03 which lowers to 5x103± 0.03and then rises again to its maximum value of 

7.9x105±0.28 at 120 days. After achieving its maximum capacity it declines to 

4.6x105±0.21 at the end of treatment studies. In SA treatment maximum CFU was 
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8.8x105±0.21 which decline to 5.9x105±0.28 at the end. In VDA treatment highest CFU 

value was 9.23x105±0.21 while in SDA it was 9.98x105±0.33. Overall a significant 

difference (p<0.05) was recorded between control and amendments. Peaks of VA and SA 

treatments were significantly higher (p<0.05) as compared to control. Peaks of VDA and 

SDA were significantly higher (p<0.05) than VA and SA treatments.  

 

 

Fig 4.37: Growth profiles of total heterotrophic bacterial population in Set up 2 

(artificially contaminated soil) 
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Fig 4.38: Growth profiles of total hydrocarbon degrading bacterial population in Set 

up 2 (artificially contaminated soil) 

 

Dehydrogenase Activity in Set up 1 (Naturally contaminated soil)  

In control dehydrogenase activity was 1.16± 0.05μg in first month and increased day by 

day. In second, third, fourth and fifth month dehydrogenase activity value was 1.72± 

0.04μg, 2.41±0.4μg, 2.71± 0.36μg and 3.03±0.97μg respectively. The final value of DHA 

activity increased up to 3.11±0.21μg. In treatment VN having fruit/vegetable waste 

biochar DHA value was 1.98±0.04μg in first month. In second, third and fourth month 

DHA values were 3.55±0.07μg, 5.91±0.07μg respectively. The highest DHA value was 

9.16±0.04μg which then decreased up to 8.08±0.04μg and 6.83±0.05μg respectively. 

In soil sample having sludge biochar DHA value increased rapidly. In first, second, third 

and fourth month DHA value was 2.01±0.07μg, 3.81±0.14μg, 6.23±0.22μg. The highest 

DHA value was 9.97±0.24μg which then decreases up to 8.63±0.43μg and 7.19±0.13μg 

respectively. Soil samples having biochar and cow dung (VDN) DHA values were higher 

as compared to samples having only biochar. In first month DHA value was 2.05±0.02μg 

and in second, third and fourth month 4.49±0.21μg and 6.98± 0.5μg respectively. Highest 
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DHA value recorded in this treatment was 10.55±0.41μg and decreases up to 6.62± 

0.04μg. In fifth pot having sludge biochar and cow dung combination overall DHA 

values were highest as compared to other pots. It was 2.15±0.06μg, 4.85±0.19μg, 

9.49±0.4μg and 11.81±0.24μg in first, second, third, and fourth month respectively which 

decreased to 8.01±0.43μg in the end of study. The dehydrogenase activity (enzyme 

quantity in μg) was significantly higher (p<0.05) in treatment having sludge biochar with 

cow dung compared to other soil amendments. Both biochar treatments VA and SA also 

showed significantly higher enzyme activity (p<0.05), compared to control. 

 

 

Fig 4.39: Dehydrogenase Activity in Set up 1 (naturally contaminated soil) 

 

Dehydrogenase Activity in Set up 2 (artificially contaminated soil)  

In control dehydrogenase activity was 1.17± 0.028μg in first month and increased day by 

day. In second, third, fourth and fifth month dehydrogenase activity value was 1.87± 

0.26μg, 1.98±0.33μg, 2.13± 0.24μg and 2.41±0.24μg respectively. The final value of 

dehydrogenase activity increased up to 3.06±0.14μg. In treatment VA having 

fruit/vegetable waste biochar, dehydrogenase value was 2.01±0.12μg in first month. In 

second and third month DHA value was 3.11±0.55μg and 4.67±0.141μg respectively. 
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The highest DHA value was 8.91±0.15μg and then decreased up to 6.38±0.26μg in the 

end. 

In soil having sludge biochar in first, second, third and fourth month DHA value was 

1.98±0.113μg, 3.55±0.14μg, and 5.91±0.50μg. The highest DHA value was 8.12±0.29μg 

which then decreases up to 6.83±0.52μg. Treatment having biochar and cow dung (VDA) 

DHA values were higher as compared to treatments having only biochar. In first month 

DHA value was 2.05±0.09μg and in second and third 3.87±0.06μg and 6.23± 0.16μg 

respectively. The high DHA value in this sample is 8.99±0.21μg and decreases up to 

7.72±0.32μg. In treatment having sludge biochar in combination with cow dung DHA 

value was highest as compared to other pots. It was 2.17±0.014μg, 4.55±0.18μg, 

7.49±0.21μg, 9.81±0.24μg, 9.23±0.17μg, and 8.01±0.33μg in first, second, third, fourth, 

fifth and sixth month respectively. Overall dehydrogenase activity was significantly 

higher (p<0.05) in treatment having sludge biochar with cow dung rather than other soil 

treatments. This difference was significantly higher (p<0.05) between treatments and 

control. 

 

Fig 4.40: Dehydrogenase Activity in Set up 2 (artificially contaminated soil) 
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Illumina 16S RNA sequencing 

SDN treatment showed highest efficiency for diesel oil degradation. 16S RNA 

sequencing was done of SDN soil to analyze microbial diversity. Microbial community 

composition of the treatment sample was estimated by relative abundances at the phylum 

level and 27 different phyla were identified. Proteobacteria accounted for 39% of 

bacterial community. After Proteobacteria, Actinobacteria is the most abundant phyla 

with 19% share in bacterial community. Saccharibacteria counts 13% following 

Acidobacteria, Gemmatimonadetes, Chloroflexi, Bacteroidetes, Thermomicrobia, 

Planctomycetes and Firmicutes with other unclassified species. A more detailed analysis 

of Proteobacteria phylum at class level indicated that Alphaproteobacteria were found 

higher contributing to 79 % of total Proteobacteria and 31% of total bacterial community 

following with Gammaproteobactria with 19 % of Proteobacteria and 7 % of total 

bacterial community. Following graphs, Korona display and taxonomy tree shows the 

distribution of the dominant bacterial phyla at various taxonomic levels. High quality 

sequences clustered into operational taxonomic units (OTUs; 97% similarity), 

represented 453 independent species which belonged to 177 genera, 131 families, 85 

orders, 59 classes, and 27 phyla. 
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a) Phylum                                                                 b) Class 
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Figure 4.41: Predominant bacterial relative abundance at different taxonomic levels 

in SDN 
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KRONA display 

 

Following is the KRONA display of the analysis result of species annotation. Circles 

originating from inside out represent different taxonomic ranks, and the area of each 

sector indicates respective proportion of different OTU annotation results. Centre is the 

root of the graph from which bacterial diversity roots out into different taxonomic ranks.  

 

Fig 4.42: KRONA display of bacterial diversity in SDN 
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Taxonomy Tree 

Taxonomy tree was constructed via R&D software by selecting specific species which 

showed high relative abundance. Taxonomy tree of the sample is given below. 

 

Fig 4.43: Taxonomy tree of the species showing high relative abundance in 

treatment SDN 
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Discussion 

Physiochemical properties such as pH, EC, organic matter (carbon, nitrogen), potassium 

and phosphorus of each treatment were determined. pH of soil samples increased from 

6.40 to 7.45. The general increment in soil pH through the duration of treatment was due 

to biochar liming effect. Because of high processing temperature generated biochar 

contained large quantities of carbonates and oxides. Such kind of results were reported by 

Glaser et al. (2002) and Lehmann and Rondon, (2006), suggesting that biochar can act as 

a liming agent, as it can enhance soil pH. Depending on the biomass used for making 

biochar, alkaline oxides or carbonates were formed of basic cations such as Ca, K, Mg, 

and silicon (Si) during the pyrolysis process. According to Novak et al. (2009), biochar 

release these oxides and carbonates into the environment. These oxides and carbonates 

react with the H+ and monomeric almunium species present in soil and increase the soil 

pH.   

There was significant increase in soil total organic carbon, at the end of the experiment 

for biochar amendments. The increase in the soil organic carbon could be attributed to the 

presence and degradation of the diesel oil, as it was also made up of hydrocarbons 

(Hammond, 2014). Also according to Lehmann, (2007), during the thermal 

transformation of biomass to biochar, almost 50 percent of the carbon originally present 

in biomass retained within the biochar, which offers substantial opportunity for creating a 

sink of carbon. Hence the increased organic carbon could also come from the biochar.  

It is well-known that soil contaminated with petroleum hydrocarbons undergoes changes 

in physico-chemical properties that affect carbon and essential nutrients (NPK) 

availability hence limiting microbes which are main players of biodegradation (Wang et 

al., 2011; Wang et al., 2012). In the current study, effect of different soil treatments on 

various soil parameters and hydrocarbon removal was investigated. NPK concentrations 

showed significant increase in soil having biochar amendment. The higher availability of 

NPK leads to enhanced bioremediation of hydrocarbons. It also inserted positive effect 

on the growth of soil microflora that was formerly inhibited due to the presence of 

hydrocarbon contamination as was also observed by Nwaichi et al. (2015). Diesel 

contamination in soil caused reduction in the content of nitrates and phosphates as 
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compared to uncontaminated soil (Yousaf et al., 2011). Biochar addition in soil lead to 

increased soil fertility by improving the water holding capacity of soil, minimizing 

nutrient leaching and enhancing soil porosity and increased aeration (Macci et al., 2015), 

creating environmental conditions suitable for enhancing microbial population and 

degradation of petroleum hydrocarbons in soil.  

An increase was observed for oil degradation in all biochar treatments which can be 

attributed to adsorption capacity of biochar for hydrocarbons due to its large surface area 

(Cornelissen et al., 2005) and enhancement of oil utilizing bacterial population due to 

effective soil environment.  A number of studies suggested that biochar can reduce the 

bioavailability of polycyclic aromatic hydrocarbons (PAHs) in soil and sediments 

(Cornelissen et al., 2006; Rhodes et al., 2008). The bioremediation efficiency of any 

amendment is a function of the microbial population and its enrichment and maintenance 

in the environment Okoh, (2003).  According to Okoh, (2003) one of the important factor 

in the degradation of hydrocarbons is adequate bacterial biomass. Biochar has been used 

in bioremediation of variety of contaminants including both organic and inorganic 

pollutants in soil. The mechanism for removal of organic contaminants is increased 

sorption by phenomena of adsorption, partition and sequestration (Beesley et al., 2010). 

Moreover, biochar can alter microbial community structure. This remediation process of 

hydrocarbons by biochar has been reported extensively due to sorption of recalcitrant 

molecules (Bushnaf et al., 2011; Zhang et al., 2013; Cao et al., 2016). Biochar has been 

used as a stimulating agent and also carrier for microbes in remediation studies (Costa et 

al., 2014; Zhang et al., 2016). In a previous study biostimulation treatment of petroleum-

contaminated soil by adding biochar increased the abundance of several bacterial classes, 

contributing to the effective biodegradation of aromatic fractions (Qin et al., 2013). It is a 

reported fact that hydrocarbon contaminated soils are nutrient deficient and have low 

quantity of organic matter. Addition of biochar increased soil quality and enhance 

microbial activity and growth which in turn degrade petroleum hydrocarbons and use 

diesel oil for their source of carbon and energy. 

The addition of cow dung along with biochar led to positive synergetic effect by 

enhancing nutrients availability, water holding capacity and improving pore structure of 

soil due to porous nature of biochar.  The treatments amended with biochar only, showed 
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positive trends in hydrocarbon removal and soil physiochemical parameters, but co-

amendment of biochar and cow dung showed markedly higher efficiency in terms of 

hydrocarbon removal. The addition of biochar enhanced soil physiochemical parameters 

but did not show drastic enhancement in soil nutrients content which may be due to low 

biodegradability of biochar in comparison with cow dung, resulting in low availability of 

nutrients from biochar. Though, biochar improved soil porosity and pH, but there was 

lower efficiency due to little nutrient availability (Warnock et al., 2007). Alternatively 

cow dung statistically resulted in increased soil organic matter and total organic carbon 

that consecutively resulted in higher degradation. The cow dung also act as 

bioaugmenting agent as the presence of microbial inoculum in the organic additives 

enhanced the release of macronutrients including nitrogen, phosphorous and potassium 

(Bonanomi et al., 2017; Sasek et al., 2003; Ren et al., 2017). This resulted in higher 

bioavailability of nutrients in cow dung amended treatments as compared to treatments 

having only biochar. The cow dung treatment foster the growth indigenous microbial 

community, as cow dung adds on organic carbon, and gradually released nutrients on 

degradation. Additionally, cow dung amendment to soil along with biochar resulted in 

increased soil nutrients availability, biological and enzymatic activity. The use of organic 

nutrients for instance chicken droppings, periwinkle shells and cow dung for the 

bioremediation of hydrocarbon polluted soils was also reported in Nigeria (Dike et al., 

2012). The higher counts of microbial population might also due to the fact that biochar 

addition along with cow dung had ability of neutralizing the toxic effects of diesel oil on 

the microflora by rapidly improving soil physicochemical properties and soil aeration 

status hence providing adequate oxygen needed by the microbial community (Agamuthu, 

and Fauziah, 2013). Results in current study represented the same scenario as depicted in 

literature (Scelza et al., 2007; Zhang et al., 2012; Bastida et al., 2016) supporting the fact 

that these amendments have an important role in modifying micro-environments in soil 

that afterwards resulted into higher degradation.  

Removal of diesel oil was analyzed by gravimetric method, FTIR and GCMS. Over all 

percentage removal efficiency of organic amendments was higher in set up 1 as 

compared to set up 2. It can be attributed to presence of indigenous microflora in 

naturally contaminated soils in set up 1. Similar results were also reported by Bahadure et 
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al. (2013). Higher percentage removal was observed for sludge biochar having cow dung 

in combination as compared to other treatments. Lowest removal among biochar 

treatments was recorded for vegetable waste biochar treatment, but in this case removal 

was still significantly higher as compared to control as was also observed by (Hussain et 

al., 2018).  

Chemical analysis of hydrocarbon degradation by FTIR was performed to observe the 

shift in peaks and cleavage of different functional groups present in diesel oil. For this 

purpose comparison of FTIR spectra was made to check the difference in peaks and 

degradation in each treatment. For example, 0 day oil showed different aromatic 

hydrocarbons, alkanes, and C=C, CH3, C-H stretch at 2852, 2921, 1377, 1009, 874 and 

712  frequency range. CA spectra showed retaining of characteristics peaks of diesel 

oil till the end of treatment studies. CH deformation and CH3 symmetric deformation 

aliphatic stretch which are characteristics of diesel oil were present in control. Frequency 

bands at 2923-2858  indicated the presence of aromatic and aliphatic hydrocarbon 

compounds that was clear sign of hydrocarbon presence (Coates, 2000). 

VA spectra showed appearance of new peaks at 1707cm-1 indicating carbonyl stretch of 

ketones while at 1456cm-1 aromatic ring stretch is present. Appearance of new peak at 

1184 represent C-O vibrating stretch of ethers, which is degradation product of metabolic 

activity. At 752 and 599cm-1 aromatic ring of benzene and alkyl halides were present 

indicating degradation process in soil. The formation of new peaks (alkyl halides) is a 

clear indication of hydrocarbon degradation. In SA spectra also peaks representing 

presence of aldehydes, primary alcohols, carbonyl stretch and aliphatic hydrocarbons 

having long chain supports the fact that C=C aromatic bonds were broken and get 

converted into aliphatic C=C stretch (Murugan and Mohideen, 2016). 

In VDA results, appearance of new peak at 1708cm-1 showed C=C adsorption. Peaks near 

1376 and 1249cm-1 indicate C=O carbonyl stretch and at 720 represent presence of long 

chain aliphatic hydrocarbon vibration as aromatic ring peaks are always present between 

730-890cm-1. This suggests that due to degradation process C=C aromatic structures has 

been replaced by aliphatic carbon. SDA treatment gave highest efficiency as compared to 

others as was evident from shift in peaks with appearance of new peaks. Peak at 3656cm-1 
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was due to NH vibrations representing alcohols and amines which are the degradation 

products of metabolic cycle (Coates, 2000).  Appearance of peaks representing 

aldehydes, carboxylic acids and presence of stretch representing ethers are evidences of 

diesel degradation. 

CN spectra retain characteristic peaks of diesel oil showing C-H stretch. At 1456cm-1 

appearance of primary alcohol peak and peak at 587cm-1 representing alkyl halides were 

present indicating towards degradation in control also but not at high rate as alkyl halides 

are very earlier products of degradation process. 

VN spectra showed degradation by appearance of peaks representing primary alcohols, 

ketonic group and O-H stretch of carboxylic acids. While peaks in finger print region 

indicated presence of alkyl halides. Similarly SN spectra showed degradation of diesel oil 

by appearance of peaks representing alcohols, carboxylic acids and alkyl halides in FTIR 

spectra. 

Similar kind of peaks were observed in spectra of VDN treatment showing presence of 

O-H stretch of carboxylic acids, primary alcohols, C=O carbonyl stretch and alkyl halides 

are present with removal of characteristic peaks of diesel oil. In SDN spectra C-H 

vibrating stretch of hydrocarbons was present indicating aldehydes and broad O-H stretch 

of carboxylic acids with chances of the presence of ketones from 1705- 1735cm-1 

frequency bands. Presence of ketones and alcohols is a strong indication of degradation 

of aromatic and aliphatic alkanes in the process of bioremediation (Sharma et al., 2014). 

Similar kind of degradation results were also found by Patil et al. (2012) and Sharma et 

al. (2014) showing appearance of characteristic bands at 3421.83, 3410.26, 2931.61- 

2673.43, 2281.87, 1753.35, 1606.76, 1456.30, 1373.36, 1292.32, 1184.33, 875.71, 

740.84  which indicated presence of phenol, amines, alkanes, carboxylic acids, 

esters or aromatic rings. 

Degradation of long chain alkane hydrocarbons by biochar treatments was confirmed by 

GCMS. The gas chromatogram obtained from treatment clearly indicated the decrease of 

diesel hydrocarbons. With passage of time biofilm develops in soil which contain 

consortia of bacterial and fungal genera most of which can assimilate C2-C4 gaseous 

alkanes, but cannot grow on methane (Ashraf et al., 1994), while  several bacterial 

species can grow on alkanes larger than C20. Such bacterial species generally constitute 
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of alkane hydroxylases which are active on C10-C20 carbon compounds. Those microbes 

which can oxidize alkanes larger than C20 contain different category of enzymes e.g. 

Acinetobacter sp. can grow on C13-C44 alkanes, because it contains a soluble alkane 

hydroxylase which is Cu2+ dependent (Caldwell et al., 2008). Similarly Pseudomonas 

aeruginosa CM 323 can utilize toluene and ethylbenzene but could not grow on benzene 

and xylene (Cavalca, 2000). These results suggested that different fractions of 

hydrocarbons have different degrees of degradability; for example, the aliphatic and the 

aromatics components of hydrocarbons readily get degraded as compared to resins and 

asphaltenes (Atlas and Bartha, 1994). Addition of cow dung enhances the treatment 

efficiency with rapid increase in bacterial population which could be attributed to the fact 

that cow dung is acting as both nutrient and microbe carrier that is combine 

biostimulating and bioaugmenting agent as was studied by Bahadure et al. (2013). 

Agamuthu et al. (2013) also reported higher hydrocarbon utilizing bacterial counts in soil 

amended with cow dung as it served both as a biostimulating and bioaugmenting agent in 

the soil. Biochar addition improves soil microhabitats for microbial community and 

addition of cow dung made bioavailability of more nitrates and phosphates into the soil 

creating conditions ideal for microflora to flourish and degrade hydrocarbons present in 

soil.  

As far as hydrocarbon utilizing bacteria and total heterotrophic bacteria were concerned, 

both types of bacteria showed a gradual increase in number. Initially hydrocarbon 

utilizing bacterial count and total heterotrophic bacterial count increased till fourth month 

but towards the end of studies both followed a declining pattern. An increase in 

hydrocarbon utilizing bacterial count was also reported by Lawson et al. (2012) 

suggesting that introduction of petroleum hydrocarbons into the soil enhances microbial 

biomass. After increase in hydrocarbon utilizing bacterial count, a decline was observed 

in all treatments as was also observed by Lawson et al. (2012).  Rittman, (1992) 

presented the cause of this reduction that the microbes that consume oil are part of the 

local food web; which are consumed by other microbes that in turn, get preyed by larger 

predators. Also when oil which was serving as substrate for hydrocarbon utilizing 

bacteria declines in soil the oil-degrading microbial community, due to less bioavailabilty 

of substrate, stop dividing and eventually return to pre-spill abundance. The increase in 
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CFU in the control till the end of studies could be attributed to availability of substantial 

amount of oil serving as substrate for microflora present in soil (Hammond, 2014). 

Dehydrogenase activity was recorded for each treatment. Soil samples having biochar, 

revealed high dehydrogenase activity compared to control. Treatments having cow dung 

in addition to biochar showed higher dehydrogenase activity as compared to treatments 

having only biochar as amendment. Many factors contributed towards increase in 

dehydrogenase activity. It was linked to contaminant concentration in soil. It increased as 

the hydrocarbon contamination decreased over time during the course of bioremediation 

(Sharma et al., 2014). Dehydrogenase activity was also to some extent dependent on pH 

of soils (Kaczyńska et al., 2015). According to literature, at pH 6.6-7.5 maximum 

dehydrogenase activity was detected (Kumar et al., 2013). Dehydrogenase activity is 

related also to microbial count in soil which was recorded higher in SDN among all 

treatments. Rillig & Thies, (2012) reported many positive effects of biochar on soil 

microbial community. Biochar act as a habitat for fungi and bacteria where they can 

protect themselves from predators. Biochar in soils also affect the diversity, abundance, 

and distribution of soil microbial communities (Dil et al., 2014; Zheng et al., 2016). 

Molecular analysis of microbial community structure in soil involved in bioremediation 

was important to identify microbial species that help in improved bioremediation rates, 

which can be further used to develop new strategies. Proteobacteria and Actinobacteria 

were the phyla predominately found, also reported previously in petroleum contaminated 

soils (Shahi et al., 2016a, b; Sutton et al., 2013). Bacteria belonging to G + group e.g., 

Bacillus sp. were also found in molecular analysis which were found effective in a 

previous study for removal of recalcitrant polyaromatic hydrocarbons (Marzan et al., 

2017). The PLFA analysis found the predominance of Gram-negative bacteria (e.g., 

Alphaproteobacteria, Gammaproteobacteria and Bacteroidia) in bioremediation study of 

hydrocarbon contaminated soils (Mair et al. 2013). These three phyla play effective role 

in hydrocarbon degradation. Alphaproteobacteria cannot grow on straight chain 

hydrocarbons but effective in removal of polyaromatic hydrocarbons while 

Gammaproteobacteria has role in degradation of straight chain alkanes. Members 

belonging to Proteobacteria, such as Pseudomonas spp. are effective alkane and aromatic 

hydrocarbon degraders (Qin et al., 2013). Similarly Actinobacteria contains cytochrome 
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P450 alkane hydroxylase due to which it has advantage of diesel degradation at later 

stages of bioremediation (Sharma et al., 2014) 

Conclusion 

Current study suggested that thermal transformation of organic waste into biochar is a 

novel and potential approach towards waste management and contaminant degradation 

depending upon feedstock and pyrolysis conditions. Biochar has biosorption and 

adsorption capabilities due to high porosity and large BET surface area which make it a 

potential candidate for removal of hydrocarbons from soil. Biochar acts as a nutrients and 

energy source to soil microbiota which in turn play role in bioremediation. Application of 

biochar along with cow dung shows excellent potential to be used as an ecologically safe 

option for bioremediation of the nutritionally deficient and contaminated soils. 
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Introduction 

Increasing sensitivity towards the environmental protection and sustainability has 

gathered significant interest in natural products and processes. In particular, the emerging 

scientifically verified data supports the fact that Biochar can improve soil productivity, 

stimulates plant growth and improve environmental quality by countering synthetic 

agrochemicals and pollutants effect. In agricultural based countries like Pakistan, most of 

the population has been associated with agri business. According to reports around 60% 

of the population relies on agriculture with a 21 % contribution towards Gross Domestic 

Product (GDP) (Memon et al., 2015). The agriculture sector of Pakistan has been facing 

serious issue of soil fertility. Soil fertility is a qualitative assessment of overall soil 

productivity, nutrient status and beneficial soil microflora.   

Soil can be described as organic or inorganic material present on the surface of the earth 

that helps in plant growth. (Bolt et al., 1978). Crops yield depends upon the soil physical 

and chemical properties i.e., pH, soil bulk density, water holding capacity, nutrients 

availability etc (Juma, 1993). The limited understanding regarding these factors is 

responsible for the continuous decline in the soil productivity. Many factors contribute 

towards decrease in soil fertility including erosion, nutrients leaching, physical 

degradation, poor soil management and when the quantity of crop harvest is more than 

the nutrients supplied to the soil. The loss of nutrients or organic matter mostly happens 

through continuous crop cutting, burning and regular tillage (Bauer et al., 1994).   

To reclaim soil productivity various strategies have been adopted like use of chemical 

fertilizers but they also have disadvantages. One of the biggest issues with chemical 

fertilizers is that they are not cost effective and cause land pollution and ground water 

contamination.  Agriculture sector needs such system which is ecofriendly and would 

help in promoting and maintaining biological processes, like use of fertilizer, mixed 

cropping, animal manure, green manure, pesticides and mechanical cultivation. These 

practices aid in enhancing the organic matter and nutrients content in soil (Izaurralde et 

al., 2002).  

Natural organic matter has the ability to hold those components in soil that have a 

positive charge. The organic matter in the soil comprises of natural material and humus. 
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Organic matter enhances soil structure by providing better leaching, aeration and 

increasing water holding capacity of soils. The utilization of animal fertilizer and manure 

maintain the level of natural matter in the soil. Synthetic compost can be expected to 

rapidly supply the harvest with required nutrients (Magdoff, and van Es 2009). 

Along with compost, bio-char is an emerging tool in this respect as history has witnessed 

the increased fertility of terra peta soils due to biochar. Biochar is commonly derived 

from various feedstock materials and is created from thermal breakdown of natural 

material under a restricted supply of oxygen and at temperatures ranging from 250-

800oC. A wide variety of materials can be used as biomass feedstock for biochar 

(including wood, crop residues, sewage sludge, municipal waste, manures etc), the 

suitability of each feedstock for any application is dependent on a number of chemical, 

physical, environmental, as well as economic and logistical factors. Pyrolysis conditions 

and feedstock composition largely determines the physico-chemical properties of 

resulting biochar including its composition, surface chemistry, particle and pore size 

distribution which in turn, determine the suitability of biochar for any application, as well 

as define its behavior, transport and fate in the environment (Shaaban et al., 2013).  

Biochar has become a promising technique with great potential for soil amelioration due 

to its positive influence on soil parameters including increasing soil cation exchange 

capacity, reducing aluminium toxicity, either increase or decrease soil pH depending on 

properties of the biochar and the soil, enhancing water holding capacity, nutrient 

retention and increasing crop yields (Ogawa and Okimori, 2010). 

Bio-char's effect on soil physical properties then have a quick influence on plant 

development (Bruun et al., 2011). Production of biochar under various pyrolysis 

conditions impacted soil physical and mixture properties in various ways (Brewer et al., 

2012). Mostly biochars are alkaline and serve as liming agents in soil potentially 

neutralizing the acidic effect of ammonium fertilizers and the loss of basic cations due to 

repeated harvesting of crop residues. Making biochar from sewage sludge and fruit and 

vegetable waste for soil amelioration purpose is important because of their nutrient 

properties and generation in large quantities. Pyrolysis is an innovative way to handle 

both wastes, which transform them into biochar and use for soil amendment purposes. 

Bio-char when joined into soils is of essential significance in deciding the ecological 
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advantages for two reasons: firstly, it decides to what extent carbon in bio-char will stay 

sequestered in soil; and second, it decides to what extent bio-char can enhance soil 

quality (Warnock et al., 2007). 

The existence and size allocation of pores in bio-char gives a reasonable natural 

surroundings to numerous microorganisms by shielding them from predation and 

parching and by fulfilling huge numbers of their assorted carbon (C),energy and mineral 

supplement needs (Saito and Muramoto, 2002). Bio-char amendment in soil alters the soil 

microbial community and its composition. It provides niches for microorganisms to 

reside and survive in harsh environments (Liang et al., 2010; Grossman et al., 2010). 

These progressions influence microbial structures and nutrient cycling that in some way 

influences the plant development (Warnock et al., 2007). High temperature chars (700-

900oC) do not effectively support microbial growth as compared to low temperature 

biochar (Zhu et al., 2017). Other variables which effect the movement of soil 

microorganisms include soil type, bio-char application rate, increased soil nutrient 

accessibility, adsorption of toxic compound and enhanced soil water and pH status 

(Lehmann et al., 2011).  

Bio-char application on plant growth, soil properties and environmental containments has 

driven a significant measure of research. Bio-char has been considered an important 

agricultural fertilizer as it raises agricultural efficiency by increase agriculture’s resilience 

to the effect of change in atmosphere and decrease in greenhouse gas emission (Lehmann 

et al., 2006). In present era such strategies should be developed which can produce cost 

effective bio-char. Bio-char examination for farming point of view is much new. For that 

reason, significant data is still required for a scientifically based and safe utilization of 

biochar as a soil amendment.  

The objectives of this study were to evaluate the growth of wheat plants in response to 

the application of different concentrations of biochar and to check its effect on soil 

fertility in terms of soil physiochemical properties and soil microbiota. Biochar was 

applied alone and in combination to analyze its synergistic effects.  

I hypothesize that biochar amendment in soil effects plant growth because it would create 

conditions in soil that will be favorable for plant growth and microbial proliferation thus 

enhancing overall soil productivity. 
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Materials and Methods 

Soil collection 

Soil collection was done at depth of 0-20 cm from garden area of Quaid I Azam 

University Islamabad, Pakistan. Soil samples were taken at 0-20 cm depth by wearing 

gloves after that debris, grass, stones, un wanted particles were removed from the soil 

samples and stored in sterile polythene bags. Soil was oven dried at 900C for 2 hours. 

Then soil samples were properly labelled and stored at 4oc  

Production of Biochar 

For the production of biochar organic waste having (potato, onion, mango, apple, 

pomegranate peels) and sewage sludge was collected and then air dried. After drying 

separately the waste was shifted in crucibles and transferred in a muffle furnace. The 

temperature of the furnace was set at 5500C for 2 hours. 

Pot Experiment 

Pot experiment was conducted to study the effect of bio-char on the wheat growth. For 

that purpose weight of soil and bio char was measured and three sets were prepared. 

Numbers were given to all sets as Set 1, Set 2, Set 3 (Table 5.1). Each treatment was run 

in duplicate. In first set fruit and vegetable waste biochar was added, in second set sludge 

biochar was added, in fourth set mixture of both of biochar (sludge + fruit/vegetable 

waste) were added. In each set biochar was added with two different rates (0.5% and 1%) 

and 0% (set without biochar) was considered as control. Biochar concentration was 

selected by analyzing the application dose of biochar in already published literature (Luo 

et al., 2017; Egamberdieva et al., 2016; Salim et al., 2016). 

To check the effect of biochar on crop growth, wheat was selected. 3-4 seeds of wheat 

seed were sowed in each pot. Pots were kept at ambient temperature at random positions 

in green house and watered on daily basis. The pots were randomly rotated after every 

second day for the duration of the trial. It was done to ensure that each pot receives 

sunlight and other environmental stimuli at their maximum level throughout the study 

and reduces the impact of limitations of plant growth trial in the absence of any statistical 

design. Wheat was sowed during October-December and harvested during March-April. 

Treatment plan for the experiment is given in the table. 
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Table 5.1: Treatment plan for the experiment 

 

 

Characterization of Biochar  

pH  

The pH of both biochar (organic waste, sludge, and mixture of both) was determined. 1g 

of each bio-char feedstock and bio-char was added in 5ml distilled water. Suspension was 

mixed well with the help of magnetic stirrer, and then filtered. This filtered suspension 

was used for detection of pH as described by Pandian et al. (2016) 

Scanning electron microscopy 

Surface morphology was examined in high vacuum (10-6 torr) using a thermionic 

scanning electron microscope JSM 5910 lv (Jeol SEM) Japan kV and a resolution of 1 

nm to establish macro-pore shape and relative frequency (Shafie et al., 2012). 

Fourier transform infrared spectroscopy 

Samples were analyzed by FTIR spectroscopy to check the different functional groups of 

biochar. This analytical technique is commonly used to identify organic, polymeric, and, 

in some cases, inorganic materials. Each sample for FTIR analysis was prepared by 

grinding and mixing 1 mg of the biochar with 200 mg of IR-grade KBr, and then sample 

was pressed into a pellet using a hydraulic press. Pellet sample was analyzed by Perkin 

Elmer FTIR spectrophotometer. An absorbance spectrum was collected in the range of 

400-4000 cm-1 (Binti et al., 2015). 

Crops Substrate Soil samples Sets 

 

Wheat  

 

Fruit/vegetable waste 

bio-char 

 

 

S, S0, S0.5%, S1% 

S= Soil at first day 

 

Set 1 

 

Wheat  

 

Sludge bio-char 

 

S, S0, S0.5%, S1% 

 

Set 2  

Wheat Sludge+ fruit/vegetable 

waste bio-char 

S, S0, S0.5%, S1%  

Set 3 
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Physicochemical characterization of soil 

Physicochemical characterization of soil was performed before sowing and after 

harvesting. Soil was mixed thoroughly in water (1g soil in 2ml water). Mixture was 

allowed to settle down for 30 minutes. Soil pH and Electrical conductivity was measured. 

Chemical analysis of soil samples for C, N, P, and K was undertaken at Soil & Water 

Testing Laboratory for Research, Rawalpindi by standard soil testing methods (Pansu and 

Gautheyrou, 2007). 

 

Biochar effect on plant growth and soil microflora 

To check the effect of biochar on plant growth plant morphological parameters including 

root, shoot, and leaf length were measured. At the end of growing season plants were 

rooted out from soil, plant height was measured after harvest from the stem base to the tip 

of the tallest leaf, and their dry biomass was calculated (Carter et al., 2013).  

Microbial analysis 

The bacterial count was enumerated using the serial dilution and plate count method with 

nutrient agar as the growth medium. 1 gram of soil from each pot was weighed. Serial 

dilutions of soil samples were prepared up to 10-7 concentrations. These dilutions were 

spread on nutrient agar plates which were incubated at 37°C for 24 hrs. Growth on plates 

was counted by colony counter and CFU was calculated by applying formula  

CFU/g   = colony number × dilution factor/inoculum size 

 

Results  

Characterization of Biochar 

pH 

The pH recorded for fruit and vegetable waste biochar and sludge biochar was 11.2 and 

9.1 respectively.  

Scanning electron microscopy 

The SEM analysis of the sludge biochar depicted a porous heterogeneous structure with 

cracks and cavities on surface of biochar particles (Figure 1a). The SEM images of fruit 
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and vegetable waste biochar showed discontinuous elliptical and circular pores 10-50 μm 

in diameter spaced between longitudinal sheets of pyrolyzed structure.  

 

 

  

 

 

 

 

 

 

 

Figure 5.1: SEM micrographs of sludge biochar. 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.2: SEM micrographs of fruit and vegetable waste biochar 

 

Chemical analysis of fruit and vegetable waste biochar by Fourier transform 

infrared spectroscopy 

Peaks at 2162 cm-1 region confirm presence of C=C stretching of alkenes and stretch of 

alkyl C-H chains. At 1377cm-1 CH3 deformation was visible while peak at 1047 cm-1 

represent C-O-C stretching of esters, ethyl or phenyl group due to thermal degradation of 
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cellulose, hemicellulose, and lignin groups present in the starting substrate. Peak at 868 

cm-1 represented C–H bending (aromatic C–H out-of-plane deformation) in biochar. At 

finger preint region appearance of peaks represented C-H bending and presence of alkyl 

halides. (Chowdhury et al., 2016; Jindo et al., 2014; Zhao et al., 2014).   

 

Figure 5.3:  FTIR Analysis of fruit and vegetable waste Biochar 

 

Chemical analysis of sludge biochar by Fourier transform infrared spectroscopy 

Analysis of sludge biochar examined by FTIR showed peaks like those mentioned by 

Kazemipour et al. (2008) and Köseoğlu et al. (2015). Peak at 1419 cm-1 represent C=C 

stretching of benzene ring derivatives.  Peak at 1007cm-1 indicated the C-O-C stretching 

of esters, ethyl, or phenyl group while at 874cm-1 represented C–H bending (aromatic C–

H out-of-plane deformation) as observed by Chowdhury et al. (2016). Presence of peaks 

in the fingerprint region of 500 to 600 cm-1 were assigned to C-H out-of-plane bending 

(Chowdhury et al., 2016). 
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.  
 

                      Figure 5.4:  FTIR Analysis of sludge Biochar 

 

 

Biochar effect on soil physiochemical properties  

The initial physicochemical properties of soil samples at 0 day were also measured; soil 

had pH 6.5, EC 80 us/cm, 0.238% of total carbon, 0.0205% of total nitrogen, 7.3 mg kg-1 

available phosphorus, and 90 mg kg-1 total potassium (Table 5.2). 

 

Table 5.2: Physicochemical analysis of soil samples before any amendment 

 

Physiochemical parameters of soil showed a gradual shift with addition of biochar. In soil 

with 1% mixture of biochar highest pH was recorded of 9.1 with lowest pH in control 

sample and in soil with 0.5% fruit and vegetable waste biochar. EC values also increased 

Soil 

physiochemical 

parameters 

pH EC 

us/cm 

TC% TN% P mg kg-1 K mg kg-1 

Soil at 0 day 6.5 `80 0.238 0.0205 7.3 90 
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with biochar addition. At 1% concentration of biochar mixture in soil, highest EC of 185 

us/cm was detected. In 1% fruit and vegetable waste bio-char highest TC of 0.459% was 

observed in soil. Furthermore highest TN of 0.0315% was examined at 0.5% mixture of 

biochar. Phosphorous concentration was high in mixture of bio char at 0.5% 

concentration i.e., 11.7 mg/kg. Lowest 8 mg/kg P was reported in soil with no 

amendment of biochar. Highest potassium concentration recorded was 220 mg/kg, 

observed at 1% mixture of bio-char. 

Table 5.3: Effect of Biochar on physiochemical properties of soil 

Soil 

physiochemical 

parameters at 

time of 

harvesting 

 Fruit and 

vegetable waste 

biochar 

Sludge biochar Mixture (fruit and 

vegetable waste 

+sludge biochar) 

S0 

control 

S 

0.5% 

S 1% S 0.5% S 1% S 0.5% S 1% 

pH 7.5 7.4 7.5 7.6 8.2 8.1 9.8 

EC uS/cm 80 110 150 145 175 170 185 

TC% 0.202 0.279 0.459 0.325 0.281 0.335 0.371 

TN% 0.0205 0.0185 0.0305 0.0285 0.0245 0.0315 0.0275 

P mg kg-1 8 8.5 11 10.8 11.3 11.7 8.4 

K mg kg-1 90 120 160 170 190 185 220 

 

Biochar effect on soil microbiology and wheat growth 

Soil microbiology 

CFU was counted for soil at first day of experiment and it was recorded as 

0.54 106±0.02. As time passed the bacterial population was increased. After harvesting, 

the population of bacteria was 0.84 106±0.02, 1.12 106±0.08 and 1.23 106±0.04 at 0 

%, 0.5%, and 1% fruit and vegetable waste biochar concentration respectively. In soil 

with sludge biochar at 0%, 0.5%, and 1% concentration bacterial count was ranging 

0.91±0.04, 1.42±0.038, and 1.59 106±0.02 respectively. In soil having mixture of 

biochar at 0, 0.5% and 1 % concentration, CFU recorded was 1.53±0.05, 2.01±0.028, and 

1.68 106± 0.05 respectively.  
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Figure 5.5: Effect of biochar (FVB=Fruit and vegetable waste biochar, SB= Sludge 

biochar, FVB+SB= Mixture (fruit and vegetable waste +sludge biochar)) on soil 

microbiology.  

 

Wheat growth 

The lengths of root, shoot and leaf were measured to understand the effect of sewage 

sludge and fruit/vegetable waste biochar on wheat growth. Both biochar showed better 

wheat growth at 0.5% concentration however best growth with 16.6±1.15cm plant height 

was observed in soil having 0.5% mixture of bio-char as amendment. Similarly in context 

of biomass, it was also high in case of 0.5% concentration of biochar mixture. At the end 

of the experiment highest wheat biomass recorded in 0.5% biochar mixture amendment 

was 1.87±0.07g. While in case of other amendments maximum value of biomass 

recorded was 0.99±0.07g in fruit/vegetable waste biochar and 1.3±0.06g in sewage 

sludge biochar set ups. At 1% concentration of biochar a suppression in growth was 

observed in all amendments.  
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Figure 5.6: Effect of biochar (FVB=Fruit and vegetable waste biochar, SB=Sludge 

biochar, FVB+SB= Mixture (fruit and vegetable waste biochar +sludge biochar)) on 

wheat height.  

 

 

Figure 5.7: Effect of biochar (FVB=Fruit and vegetable waste biochar, SB=Sludge 

biochar, FVB+SB= Mixture (fruit and vegetable waste biochar +sludge biochar)) on 

wheat dry biomass (g) 
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Discussion  

Both biochars in this study were alkaline as high pH was commonly observed for 

thermally produced biochar (Wu et al., 2012). High pH values of biochar effect the 

availability of nutrients present in soil (Binti et al., 2015). In SEM analysis 

microstructure of both samples of biochar was found to be tightly compact and packed 

with characteristic macro pores prominent on surface suggesting that both biochar 

samples had a porous structure quite similar to that observed by (Shaaban et al., 2013). 

Findings on FTIR analysis of both biochars seem quite similar to those observed by Jindo 

et al. (2014) and Yang et al. (2010) indicating an increased degree of carbonization that 

was accelerated due to temperature, which caused breakage of weak bonds present 

leading to loss in hydrogen and oxygen content (Demirbas 2004). 

As far as soil physiochemical parameters were concerned, at the end of study, results 

showed noticeable variations in the soil physicochemical properties by addition of 

biochar. These changes are mainly attributed to nutrients present in biochar. Biochar 

amendments influenced soil structure, nutrient cycling (Steiner et al., 2008), and also 

affect the plant growth (Warnock et al., 2007).  Biochar amendment enhanced soil 

physicochemical properties, improved the porosity and water holding capacity of soil and 

decrease the bulk density (Ogawa and Okimori, 2010). In current study a positive effect 

on the physicochemical properties of soil, microbial population and plant growth was 

observed by adding bio-char (fruit/vegetable waste, sludge and mixture of both) with 

different rates in soil planted with wheat. 

Soil pH is an important parameter that has a direct nexus with nutrient supply and salinity 

status of soil (Pietikäinen et al., 2000). Increase in pH of soil amended with biochar was 

due to the fact that biochar behavior is liming in soil which increases soil pH. (Binti et 

al., 2015). Shifts in EC values rest on both the type of soil and biochar added. Increase in 

amount of biochar added caused increase in soil EC values as also observed by Pandian 

et al. (2016).  

Another important parameter is soil organic matter which affect the soil physicochemical 

properties. It is an essential source of soil nutrients and water holding capacity thus paly 
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important role in controlling microbial activities in the soil (Ekwue, 1990). In 1% Fruit 

and vegetable waste biochar highest TC of 0.459% was recorded. As the amount of 

biochar increases the carbon content also increases, it also helps in carbon storage in soil 

(Demisie et al., 2014; Zee et al., 2017; Lehmann, et al., 2006). Many other factors are 

present in environment which also played role in controlling the soil organic matter like 

weather, temperature, drainage, moisture, rainfall, and also soil surface. 

Highest total nitrogen was examined in soil planted with wheat at 0.5% concentration of 

biochar mixture. Soil nitrogen depends upon many factors in addition to the biochar 

concentration. In some cases as the amount of biochar increased it also increased the 

amount of nitrogen in soil (Zee et al., 2017) but some studies reported decline in N 

concentration with increase in biochar concentration (Rajkovich et al., 2012). Lowest TN 

was reported in soil at 0.5% fruit and vegetable waste bio-char. Streubel et al.,(2011) 

reported that different factors like leaching, volatilization or erosion are also responsible 

in decreasing the nitrogen content in soil. 

Phosphorous concentration was high in mixture of bio char at 0.5% concentration. 

Schmidt et al. (2000) explained that amount of phosphorous was increased as the 

concentration of biochar was increased. However this can be related to soil pH as 

phosphorous is present in available forms at high pH within the range of 4-8.5 

(Hammond, 2014). Potassium level was 220 mg/kg when examined in soil amended with 

1% mixture of biochar. Increase in potassium level can be attributed to potentially high 

amount of replaceable potassium present in biochar (Chan et al., 2007).  

In the present study a positive shift in CFU content of soil was also noticed. Biochar may 

give suitable pore space for the colonization of soil microbes. Biochar’s micro pores 

protect soil microbes particularly bacteria from grazing by larger organisms, because of 

the micro size (0.15-1 μm) biochar could assume a vital part in enhancing the soil as a 

microbial habitat. Highest CFU of 2.01 106 was observed with 0.5% biochar mixture. 

Previously Deenik, et al. (2010) explained that fresh bio-char addition in soil increased 

the microbial population. Ameloot et al. (2013) suggested that the liming behavior of 

biochar is an essential factor in the enhancement of soil microbial community. Dempster 

et al. (2012) reported that amount of biochar increased beyond certain limit, caused 

reduction in the microbial population because the toxicity level increased in the soil. 
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Increase in pH due to higher concentrations of biochar is also a significant factor which 

potentially reduced microbial count as bacteria likely to increase in biomass at pH values 

around 7 (Lehmann et al., 2011). 

Our results showed that addition of biochar in soil increased plant growth and biomass. It 

is reported that biochar alteration in soil enhance the soil fertility and water retention 

capacity (Marris, 2006; Chan et al., 2007; Ogawa and Okimori, 2010). Fruit and 

vegetable waste biochar and sludge biochar both gave more or less similar results in 

terms of plant growth nonetheless best wheat growth was observed in soil when 0.5% 

mixture of biochar (fruit and vegetable waste + sludge) was added. Biochar is nutrient 

rich substrate and when applied in soil it helps the plant growth (Gaskin et al., 2008; 

Salim, 2016; Sohi et al., 2010). As long as biomass is concerned it was also highest at 

0.5% concentration of biochar mixture. Shortest height of wheat crop was observed in 

control. Similarly fruit and vegetable waste biochar at 1 % concentration gave shorter 

height of wheat plant suggesting that higher concentration of biochar in soil can suppress 

wheat growth. In some studies it was observed that if the biochar concentration increased 

it decline plant development due to many factors including increased salinity of soil or 

nitrogen immobilization (Rajkovich et al., 2012; Luo et al., 2017). Other factors like 

environment, soil condition, water availability and soil type also affect the crop growth 

(Van Zwieten et al., 2010; Haefele et al., 2011). 

Conclusion  

Current study suggested that addition of biochar had a promising effect on plant growth 

as well as impact on improving the soil fertility however mixture of both biochars 

showed enhanced impact on the soil fertility and plant growth. It can be accredited to the 

synergistic effect of both type of biochar when applied in combination. Biochar had much 

influence on soil physiochemical parameters, which in turn effects plant growth. Biochar 

caused significant increase in soil pH, electrical conductivity, it enhances soil microflora 

and has given good results at concentration of 0.5%. Above that concentration it has 

suppressed the growth of wheat. 
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CONCLUSION 

The overall goal of these studies was to make biochar and evaluate its potential as a soil 

amendment to enhance diesel oil degradation.  Feedstock selected for biochar production 

was fruit/vegetable waste and sewage sludge. Converting fruit and vegetable waste and 

sewage sludge into biochar is one of the most efficient way to handle such waste. Such 

kind of waste if directly dumped in soil can serve the purpose of soil amendment but has 

also draw backs with it. Dumping fruit and vegetable waste into soil can cause the 

problem of GHGs emission into environment. Similarly sludge contains heavy metals and 

pathogens which can create contamination issues in soil. Biochar production is one of the 

ecofriendly way to tackle waste as it not only aids in recycling of waste but provides 

beneficial byproducts having potential for soil amelioration and enhancing soil fertility. 

As per first objective pyrolysis of waste at 550 C temperature caused thermal 

transformation of organic waste into biochar. Second objective of physiochemical 

characterization of biochar was successfully achieved by analytical techniques predicting 

that biochar made from both feedstocks was alkaline and crystalline in nature. FTIR 

predicted carbon rich structure of biochar with reduction in aliphatic content and 

enhancement in aromaticity. SEM analysis indicated the porous nature of biochar 

supported by N2 adsorption isotherms indicating that both type of biochar were meso-

microporous structures with large surface area. Biochar made from sewage sludge was 

found to be more thermostable as compared to fruit vegetable waste biochar however 

TGA showed that both were thermostable materials. In a batch adsorption kinetic test 

fruit/vegetable waste biochar showed higher adsorptive capacity for diesel oil which can 

be attributed to its larger surface area as compared to sludge biochar.  

To achieve third objective biochar when applied in a pilot scale study to check its 

bioremediation efficiency revealed that sludge biochar was found more effective as 

compared to fruit/vegetable waste biochar in bioremediation studies for diesel oil. It can 

be attributed to its nutrient enriched nature. Addition of cow dung along with in 

bioremediation study further enhanced the efficiency of treatment.  

Biochar application for bioremediation purposes has deciphered its potential for soil 

amelioration. It also casted positive impact on soil microflora in terms of enhanced 
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dehydrogenase activity and increase in microbial count. Molecular analysis indicated 

presence of 27 different phyla as a result of treatment with the predominance of 

Proteobacteria and Actinobacteria. 

According to fifth objective biochar application for agriculture purposes reflected its 

positive role in promoting plant growth and enhancing soil fertility. Mixture of both 

biochar when applied showed enhanced growth of wheat owing to the synergistic effect 

of both biochars. Biochar amendment in soil at optimum concentration proved to be 

beneficial as it improved soil properties and stimulate soil microflora which in turn 

improves the agricultural performance of soil. 
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Future prospects 

Recently application of biochar to manage soil problems is gaining significant attention 

because it offers environmental and economical friendly solutions. Previous studies and 

researches focused on limited biochar applications. Biochar must be considered from 

commercial and economic point of view due to its cost effectiveness and countless 

capabilities. Biochar technology is multifaceted having broad future prospects, some of 

them are listed below: 

 Field scale application of biochar to check its effect on hydrocarbon remediation 

as majority of studies were done in laboratory or greenhouse environments, with 

some cases addressing the potential application of biochar for bioremediation 

purposes at field scale in realistic environments.  

 Utilization of other potential substrates for biochar production i.e., tea waste, algal 

blooms, manure, cow dung etc. Biochar is an efficient a waste management 

solution, as it effectively utilizes end-of-life biomass in order to avoid emissions from 

its decomposition. 

 Biochar has rich amount of carbon so commercially activated carbon can be 

replaced by biochar. Macroporosity of biochar can avoids clogging and the 

blocking of smaller micropores thereby can result in higher overall adsorption 

capacities.   

 Bacterial strains can be inoculated to the contaminated site to observe the 

interaction of microbiota and biochar and degradation rate of contaminants can be 

enhanced further. 

 Biochar can be used in the bioremediation of many other contaminants such as 

heavy metals, paints, pesticides and hydrocarbons as biochar has diverse 

potentials to reduce the availability of pollutants i.e., heavy metals, pesticides etc. 

 Application of biochar in waste water treatment is a potential aspect to be 

analyzed. Biochar can act as bioadsorbent and biofilter for removal of pollutants 

during wastewater treatment. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/adsorbent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/waste-water-treatment
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 Biochar usage as an antidote as feeding biochar to cows has the potential to 

reduce costs for the farmer in terms of improving soil properties, and pasture 

health 

 Estimating the role of biochar against plant pathogens and to understand the 

relationships between chemical and physical characteristics of biochar and plant 

pathogens to estimate biochar quality characteristics that can predict its 

suppressive capability. 
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Table 1: Diesel adsorption kinetics on fruit/vegetable waste and sludge 

biochar 

Time  (hrs) Fruit/vegetable 

waste biochar 

Sludge biochar 

0 0 

 

0 

1 7.25 3.325 

2 10.84525 9.471475 

24 20.087 17.47148 

48 22.427 17.918 

72 22.72575 18.24 

 

Table 2: Diesel adsorption kinetics following first order and second 

order kinetics on fruit/vegetable waste and sludge biochar 

 First order kinetics (log(qe-qt)) Second order kinetics (t/qt) 

Time  (hrs) Fruit/vegetable 

waste biochar 

Sludge biochar Fruit/vegetable 

waste biochar 

Sludge 

biochar 

0 1.35 1.26 
0 

0 

1 1.89 1.173 
0.137 

0.3 

2 
1.074 0.942 0.184 

0.211 

24 
0.421 -0.113 1.195 

1.37 

48 
-0.522 -0.481 2.14 

2.67 

72 
-0.716 -0.671 3.169 

3.94 
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Table 3: Standard curve of diesel oil made at different concentrations 

Concentration (ppm) Absorbance  

100 
0.6381 

150 
0.883 

200 
1.1686 

500 
1.9544 

1000 
2.2689 

2000 
3.5372 

3000 
4.8618 

4000 
5.2741 

10000 
11.5371 

20000 
22.1562 

30000 
34.556 

40000 
42.7176 
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Table 4: Residual diesel oil in different soil amendments of Set up 1 

Treatment  Residual diesel oil 

in soil g/g 

CN 1.866± 0.289 

VN 0.808±0.502 

SN 0.71±0.353 

VDN 0.626±0.381 

SDN 0.499±0.601 

 

Table 5: Residual diesel oil in different soil amendments of Set up 2 

Treatment Residual diesel oil 

in soil g/g 

CA 1.933±0.026 

VA 1.011±0.043 

SA 0.906±0.050 

VDA 0.715±0.0388 

SDA 0.692±0.0063 
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Table 6: Removal percentage of diesel oil influenced by different soil 

amendments in Set up 1 

Time (days) CN VN SN VDN SDN 

0 0 0 0 0 0 

30 5.43±0.214 5.46±0.423 5.32±0.121 5.72±0.282 5.98±0.565 

60 13.88±0.162 14.65±0.701 14.76±0.327 16.87±0.492 19.23±0.373 

90 21.17±0.528 40.34±0.424 45.43±0.353 44.87±0.699 46.2±0.701 

120 27.34±0.981 49.21±0.656 57.26±0.643 59.76±1.41 62.92±0.636 

150 33.65±1.322 64.28±1.21 69.89±0.494 74.43±0.494 78.23±0.301 

180 35.96±1.05 72.27±1.03 75.63±0.801 78.51±0.521 82.86±1.16 

 

Table 7: Removal percentage of diesel oil influenced by different soil 

amendments in Set up 2 

Time (days) CA VA SA VDA SDA 

0 0 0 0 0 0 

30 4.43±0.304 4.86±0.424 5.32±0.141 4.72±0.282 5.98±0.568 

60 13.88±0.162 14.65±0.707 14.76±0.424 16.87±0.496 19.23±0.326 

90 21.17±0.586 40.34±0.424 49.43±0.356 44.87±1.060 46.2±0.781 

120 27.34±1.322 49.21±0.71 57.26±0.491 59.76±1.41 62.92±0.462 

150 30.15±1.51 58.35±0.41 65.98±0.636 71.32±0.421 72.11±0.212 

180 33.65±1.152 65.28±0.96 68.89±0.777 75.43±0.475 76.23±1.13 
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Table 8: Growth profiles of total heterotrophic bacterial population in 

Set up 1 

 

Table 9: Growth profiles of hydrocarbon degrading bacterial 

population in Set up 1  

Time (days) CN VN SN VDN SDN 

0 0.042±0.0014 0.047±0.002 0.048±0.008 0.047±0.002 0.045±0.321 

30 0.073±0.075 1.45±0.035 1.63±0.021 1.98±0.0565 2.01±0.007 

60 0.081±0.055 2.9±0.282 3.9±0.141 3.2±0.141 4.1±0.141 

90 0.65±0.183 4.7±0.424 5.1±0.212 6.7±0.141 5.9±0.141 

120 0.83±0.219 5.9±0.282 6.69±0.007 7.99±0.077 8.66±0.169 

150 0.78±0.021 5.18±0.0565 5.83±0.190 4.5±0.212 4.3±0.140 

180 0.87±0.077 3.59±0.212 5.02±0.155 3.97±0.353 3.5±0.353 

 

 

 

 

 

 

Time (days) CN VN SN VDN SDN 

0 0.04±0.003 0.05±0.002 0.06±0.008 0.05±0.002 0.5±0.321 

30 0.18±0.07 1.4±0.035 1.6±0.021 1.9±0.056 2.1±0.070 

60 0.16±0.05 3.5±0.424 3.9±0.042 3.2±0.282 4.1±0.141 

90 0.39±0.183 5.3±0.424 5.1±0.056 6.7±0.049 7.9±0.212 

120 0.52±0.219 6.3±0.106 6.7±0.021 8.1±0.233 5.9±0.212 

150 0.75±0.021 5.1±0.127 6.1±0.190 4.8±0.212 4.3±0.14 

180 0.76±0.205 4.5±0.212 4.3±0.077 2.6±0.212 3.1±0.14 
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Table 10: Growth profiles of total heterotrophic bacterial population in 

Set up 2 

Time (days) CA VA SA VDA SDA 

0 0.12±0.03 0.13±0.03 0.141±0.045 0.127±0.04 0.124±0.049 

30 0.051±0.01 0.063±0.04 0.076±0.048 0.056±0.014 0.026±0.042 

60 0.07±0.01 2.7±0.14 2.9±0.212 2.78±0.353 4.3±0.141 

90 0.089±0.39 4.1±0.21 6.4±0.424 6.4±0.16 6.9±0.353 

120 0.8±0.07 6.9±0.28 7.8±0.212 8.23±0.212 8.98±0.28 

150 0.91±0.08 6.1±0.212 6.3±0.12 7.5±0.424 7.9±0.353 

180 0.96±0.12 3.6±0.212 4.9±0.28 6.1±0.141 7.1±0.141 

 

Table 11: Growth profiles of total hydrocarbon degrading bacterial 

population in Set up 2 

Time (days) CA VA SA VDA SDA 

0 0.07±0.03 0.075±0.03 0.076±0.04 0.06±0.04 0.06±0.049 

30 0.067±0.011 0.005±0.04 0.076±0.04 0.066±0.01 0.086±0.042 

60 0.051±0.01 2.7±0.14 2.9±0.21 3.78±0.353 5.3±0.141 

90 0.65±0.39 4.4±0.21 5.4±0.42 6.4±0.16 7.9±0.353 

120 0.69±0.07 7.9±0.28 8.8±0.21 9.23±0.21 9.98±0.282 

150 0.791±0.08 6.1±0.21 8.3±0.12 8.5±0.424 8.9±0.353 

180 0.789±0.12 4.6±0.21 5.9±0.28 7.1±0.141 8.1±0.141 

 

 

 

 

 



Appendix 

 

Production and characterization of biochar from organic waste and its application 
for bioremediation in diesel contaminated soils  - 183 - 
 

Table 12: Dehydrogenase Activity in Set up 1 

Time (days)  CN VN SN VDN SDN 

30 1.16±0.37 1.98±0.04 2.01±0.07 2.05±0.02 2.15±0.06 

60 1.72±0.44 3.55±0.28 3.81±0.14 4.49±0.21 4.85±0.19 

90 2.41±0.49 5.91±0.35 6.23±0.22 6.98±0.53 9.49±0.20 

120 2.71±0.36 9.16±0.43 9.97±0.43 10.55±0.13 11.81±0.41 

150 3.03±0.26 8.08±0.37 8.63±0.24 8.72±0.41 9.01±0.31 

180 3.11±0.21 6.83±0.33 7.19±0.13 6.62±0.04 8.01±0.24 

 

Table 13: Dehydrogenase Activity in Set up 2 

Time (days) CA VA SA VDA SDA 

30 1.17±0.02 2.01±0.12 1.98±0.11 2.05±0.09 2.17±0.014 

60 1.87±0.26 3.11±0.55 3.55±0.14 3.87±0.06 4.55±0.18 

90 1.98±0.33 4.67±0.141 5.91±0.50 6.23±0.16 7.49±0.21 

120 2.13±0.24 8.91±0.155 8.12±0.29 8.99±0.21 9.81±0.24 

150 2.41±0.24 7.59±0.12 7.92±0.13 8.45±0.22 9.23±0.17 

180 3.06±0.14 6.38±0.26 6.83±0.52 7.72±0.32 8.01±0.33 

 

 

Table 14: Effect of biochar on soil microbiology (CFU/g(106))  

Concentrations of 

biochar 

Fruit/vegetable 

waste biochar 

(FVB) 

Sludge biochar 

(SB) 

Mixture of 

fruit/vegetable & 

sludge biochar 

S  0.54±0.02 0.54±0.02 0.54±0.02 

S 0 0.84±0.02 0.91±0.04 1.53±0.05 

S 0.5% 1.12±0.08 1.42±0.038 2.01±0.028 

S  1% 1.23±0.04 1.59±0.02 1.68±0.05 
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Table 15: Effect of biochar on wheat height (cm) 

Concentrations of 

biochar 

Fruit/vegetable 

waste biochar 

Sludge biochar Mixture of 

fruit/vegetable & 

sludge biochar 

S 0 7.1±0.76 7.1±0.76 7.1±0.76 

S 0.5% 10.3±0.57 14.4±0.52 16.6±1.15 

S 1% 7.3±0.57 10.3±0.57 13.9±0.67 

 

 

Table 16: Effect of biochar on dry biomass of wheat (g) 

Concentrations of 

biochar  

Fruit/vegetable 

waste biochar 

Sludge biochar Mixture of 

fruit/vegetable & 

sludge biochar 

S 0 0.6±0.03 0.6±0.03 0.6±0.03 

S 0.5% 0.99±0.07 1.3±0.06 1.87±0.07 

S 1% 0.9±0.03 1.05±0.04 1.55±0.03 
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Fig: Mass Spectra of different compounds identified in GC-MS of diesel oil and 

treated samples. 
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Abstract

In modern agricultural practices, applying biochar to improve soil fertility, plant growth and 
agricultural output is gaining a great deal of attention. Our current study highlights the preparation 
of biochar from fruit and vegetable waste and nutshell waste and its application as biofertilizer.  
The prepared biochar from both resources was characterized via Fourier transform infrared spectroscopy 
(FTIR), x-ray diffraction (XRD), and scanning electron microscopy (SEM). Both types of biochar and 
their mixture were tested in a short-term lab-scale pot experiment at two different rates (0.5%, 1% 
w/w) in order to evaluate their relative efficacy in soil fertility and wheat yield. Soil parameters like 
pH, electrical conductivity, total carbon, total nitrogen, phosphorous, and potassium were analysed 
before and after plant growth by standard procedures. At the end of the experiment plant growth and 
dry biomass was calculated. Analytical characterization of biochar depicts its crystalline nature with 
the presence of carbon nanotubes and circular pores. Wheat growth effects varied with biochar type, 
but overall positive growth results were observed for both biochar and their mixture. Results proved that 
wheat growth and biomass production was highest with maximum concentration of biochar mixture, 
while the highest microbial count was observed with 1% nutshell biochar. Promising wheat growth and 
a shift in relative abundance of the microbial community could have resulted from improvement in soil 
parameters such as highest soil EC of 190 us/cm. Phosphorous and potassium concentrations of 12 mg/kg 
and 210 mg/kg were observed at 1% mixture of biochar. In 1% fruit and vegetable waste biochar highest 
TC of 0.459% was observed in soil. Furthermore, the highest TN of 0.0325% was examined at 0.5% 
mixture of biochar. Our results conclude that the biochar amendment in soil at optimum level improves 
soil physiochemical properties and enhances soil microflora, which in turn cast a positive influence on 
soil productivity and crop growth.
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Introduction

Increasing sensitivity towards environmental 
protection and sustainability has gathered significant 
interest in natural products and processes. In particular, 
the emerging scientifically verified data supports the fact 
that biochar can improve soil productivity, stimulates 
plant growth and improves environmental quality by 
countering synthetic agrochemical and pollutant effects. 
In agriculture-based countries like Pakistan, most of 
the population has been associated with agribusiness. 
According to reports, around 60% of the population 
relies on agriculture, with a 21% contribution toward 
gross domestic product (GDP) [1]. The agriculture sector 
of Pakistan has been facing serious issues regarding soil 
fertility. The principle reasons for continual decrease 
in soil quality include loss of top soil layers, nutrient 
mining, physical degradation, poor soil management 
and pollution [2-3].

To reclaim soil, various strategies have been adopted 
like the use of chemical fertilizers, but they also have 
disadvantages. One of the biggest issues with chemical 
fertilizers is that they are not cost-effective and cause 
land pollution and groundwater contamination. The 
agriculture sector need such systems that are eco-
friendly and help promote and maintain biological 
processes, like the use of organic fertilizer, mixed 
cropping, animal manure, and green manure. The 
application of animal fertilizer and manure maintains 
the level of natural matter in soil. Synthetic compost 
can be expected to rapidly supply the soil with required 
nutrients [4].

Along with compost, biochar is an emerging tool in 
this respect as history has witnessed increased fertility 
of terra peta soils due to biochar. Biochar is commonly 
derived with various feedstock materials and is created 
from the thermal breakdown of natural material under a 
restricted supply of oxygen. Production of biochar under 
various pyrolysis conditions effects soil physiochemical 
properties, which may then have a quick influence on 
plant development [5]. Biochar amendment into soils 
is of essential significance in deciding the ecological 
advantages of biochar as it decides to what extent carbon 
in biochar will be retained in soil, thus enhancing soil 
quality [6].

Biochar addition alters the microbial community 
present in soil as well as its composition [7-8]. The 
existence of pores in biochar gives a reasonable 
habitat to soil microorganisms by shielding them and 
by fulfilling their carbon and mineral requirements 
[9]. These progressions influence microbial structures 
and nutrient cycling that in some way influences plant 
development [6].

The application of biochar for plant growth, soil 
physiochemical properties and the microbial community 
has driven a significant impact on agriculture practices. 
Biochar has been considered an important alternative 
fertilizer as it improves agriculture outputs by managing 
the effect of environmental changes and on the other 

side decreases greenhouse gas emissions [10]. In the 
present era, strategies are being employed that can 
produce cost-effective biochar. However, there is a need 
to improve understanding regarding biochar influence 
on the agriculture properties of soil – in particular its 
effect on plant growth and soil microbiota. The present 
study was attempted to produce, characterize and apply 
biochar in agricultural soil in order to understand its 
effect on wheat growth and soil microbiota.

Materials and Methods

Soil Collection

Soil collection was done at a depth of 0-20 cm 
from the garden area of Quaid I Azam University 
in Islamabad, Pakistan. Debris, grass, stones, and 
unwanted particles were removed from the soil. 

Biochar Production

Fruit and vegetable waste like mango, apple, 
pomegranate, orange peels and nut shell waste (peanut, 
almond, and walnut shells) were collected from university 
cafeterias and food huts. The samples were air dried and 
transferred to a muffle furnace set at 550ºC for 2 hours.

Pot Experiment

To investigate biochar impact on wheat growth, 
treatment was conducted in plastic pots. Three sets of 
pots (set 1, set 2, and set 3) were prepared. In the first 
set fruit and vegetable waste biochar was added, in the 
second set nut shell biochar was added, in the third set 
a mixture of both types of biochar (nut shell + fruit and 
vegetable waste) was added. Biochar addition in pots 
was with two varying rates (0.5% and 1%) while the 
control was with 0% biochar. 3-4 seeds of wheat were 
sown in each pot (Table 1).

Characterization of Biochar 

pH was determined in 1:5 biochar-to-water ratio 
as described by Pandian et al., 2016 [11]. Surface 
morphology of biochar was observed using a JSM 
5910 lv thermionic scanning electron microscope 
(Jeol SEM, Japan) to establish macro-pore shape [12]. 
X-ray diffraction was performed on the biochar using 
a Shimadzou XRD-6000 Diffractometer. 3 g of each 
char were granulated for powder diffraction using 
Cu Kα 0.154 nm radiation (40 kV, 30 mA) from 5° to 
80° (2θ) with scan rate of 8°/min [13]. Samples were 
analysed by FTIR spectroscopy to check the different 
functional groups of biochar. A 5-mg powdered sample 
of biochar was analysed by a Tensor 27 (Bruker)  
FTIR spectrophotometer. An absorbance spectrum  
(600-4000 cm-1) was collected with 4 cm-1 resolution 
[13].
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Physicochemical Characterization of Soil

Physicochemical characterization of soil was 
performed before sowing and after harvesting. Soil 
was mixed thoroughly in water (1 g soil in 2 ml water). 
Mixture was allowed to settle down for 30 minutes. 
Soil pH and Electrical conductivity was measured. 
Chemical analysis of soil samples for C, N, P, and K was 
undertaken at the Soil and Water Testing Laboratory for 
Research, Rawalpindi by standard soil testing methods 
[14].

Biochar Effect on Plant Growth 
and Soil Microflora

To check the effect of biochar on plant growth, 
plant morphological parameters including plant height 
and weight were measured. Plant height was calculated 
starting from stem base to the tip of the tallest leaf, and 
their dry biomass was calculated [15].

For microbial analysis soil samples were taken from 
rhizosphere of plants grown in pots. Serial dilutions of 
soil samples were prepared at up to 10-7 concentrations. 
These dilutions were spread on nutrient agar plates 
which were incubated at 37ºC for 24 hrs. Growth on 
plates was enumerated by colony counter and CFU was 
calculated by applying formula 

CFU/g = colony number × dilution factor/inoculum size

Results and Discussion

Characterization of Biochar

pH

The pH recorded for fruit and vegetable waste 
biochar and nutshell biochar was 8.8 and 9.4 respectively. 
Biochar produced in this study were alkaline, as high 
pH is commonly observed for thermally produced 
biochar [16].

SEM Analysis

The SEM analysis of the nut shell biochar depicted 
a porous structure with cracks on the surface of biochar 
particles (Fig. 1a). The SEM images of fruit and 
vegetable waste biochar showed discontinuous elliptical 
and circular pores 10-50 μm in diameter spaced between 

longitudinal sheets of pyrolyzed structure (Fig. 1b). 
Furthermore, microstructure of both samples of biochar 
was tightly compact and packed with characteristic 
macro pores prominent on the surface, suggesting 
that both biochar samples had a porous structure quite 
similar to that observed in previous studies [17].

XRD Analysis

XRD profiles of fruit and vegetable waste 
biochar and nutshell biochar are shown in Fig. 2(a-b). 
Characteristic sharp peaks in fruit and vegetable waste 
biochar and nutshell biochar represent their crystalline 
nature and changes in the structure of the biomass by 
pyrolysis. Thermal decomposition of fruit and vegetable 
waste biomass caused structural changes, converting  

Table 1. Treatment plan for the experiment.

Crops Substrate Soil samples Sets

Wheat Fruit and vegetable biochar S, S0, S0.5%, S1%
S= Soil at first day Set 1

Wheat Nut shell biochar S, S0, S0.5%, S1% Set 2 

Wheat Nut shell +  Fruit and vegetable waste biochar S, S0, S0.5%, S1% Set 3

Fig. 1. SEM micrographs of a) nutshell biochar, b) fruit and 
vegetable waste biochar.
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it into graphitic and crystalline form with peak at 28.5°, 
representing a presence of carbon nanotubes and quartz 
at 42.5°. The XRD pattern for nutshell biochar also 
showed peak at 26.8°, representing carbon nanotubes, 
chaoite peaks at 29.5° and 39.5°, silicate minerals at 28°, 
and magnesite at 21.02° [13-18].

Chemical Analysis of Fruit and Vegetable Waste 
Biochar by FTIR

Peaks at 3276.03 and 3010.16 cm-1 region confirm 
the presence of oxygen-containing H-bonded O–H 

functional groups from alcohols, phenols, and organic 
acids; 2925.04, 2854.26 and 241.98 cm-1 for stretch of 
alkyl C-H chains; aromatic and olefinic C=C vibrations, 
C=O in amide (I), ketone, and quinone groups at 
1861.51 and 1707.99 and cm-1; 1577.35, 1475.56 cm-1 

for carboxylic acid groups; O-H stretch for phenolic 
compounds at 1280.2, 1224.23 cm-1; bands at 1119.52, 
1046,66 and 880.07, 829.30, 759.99, 732.47, 646.67 and 
625.48 cm-1 of  chlorinated aromatics in biochar. These 
finding on FTIR seem quite similar to those observed 
by Jindo et al. [19], indicating an increase in the degree 
of carbonization that was accelerated due to high 

Fig. 2. a) XRD pattern of fruit and vegetable waste biochar; b) XRD pattern of nutshell biochar.

Table 2. Physicochemical analysis of soil samples before any amendment.

Soil physiochemical parameters pH EC
us/cm TC% TN% P mg kg-1 K mg kg-1

Soil at 0 day 6.5 `80 0.238 0.0205 7.3 90
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temperature, which caused breakage of weak bonds 
present in biochar structure leading to loss in hydrogen 
and oxygen content [20].

Chemical Analysis of Nutshell Biochar by FTIR

Analysis of nutshell biochar examined by FTIR 
showed that peak at 3741/cm was in correspondence 
to the double bonds vibrations of C and N atoms in 

benzene ring, whereas 3591/cm, 3498/cm and 3324/cm 
peaks corresponded to the O-H group vibrations. Peaks 
appear like those mentioned by Kazemipour et al. [21] 
and Köseoğlu [22]. The peaks at 2926/cm and 2856/cm 
represent the C-H stretching vibration in the aromatic 
ring. Both 1744/cm and 1021/cm peaks indicated 
the C=C stretching vibration and CH3 vibration, 
respectively, as observed by Yang et al. [23].

Fig. 3. a) FTIR analysis of fruit and vegetable waste biochar; b) FTIR analysis of nutshell biochar.

Soil physiochemical 
parameters at time of 

harvesting
S0 control

Fruit and vegetable waste 
biochar Nut shell biochar Mixture (fruit and vegetable 

waste +nutshell biochar)

S 0.5% S 1% S 0.5% S 1% S 0.5% S 1%

pH 7.5 7.4 7.5 7.8 8 8.5 8.8

EC uS/cm 80 110 150 150 170 180 190

TC% 0.202 0.279 0.459 0.319 0.261 0.315 0.383

TN% 0.0205 0.0185 0.0305 0.0275 0.0225 0.0325 0.028

P mg kg-1 8 8.5 11 10.4 11.5 9.1 12

K mg kg-1 90 120 160 180 200 180 210

Table 3. Effect of biochar on physiochemical properties of soil.
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Biochar Effect on Soil Physiochemical 
Properties 

The initial physicochemical properties of soil 
samples at 0 day were also measured; soil had pH 
6.5, EC 80 us/cm, 0.238% of total carbon, 0.0205% of 
total nitrogen, 7.3 mg kg-1 available phosphorus, and 
90 mg kg-1 total potassium.

At the end of the study, results showed noticeable 
variations in the soil physicochemical properties by the 
addition of biochar. These changes are mainly attributed 
to nutrients present in biochar. It is possible that biochar 
incorporation into soil enhance soil physicochemical 
properties, decrease the bulk density, and improve the 
soil texture, water holding capacity and air circulation 
[6-24-25].

Soil pH is an important parameter that has a direct 
nexus with nutrient supply and salinity status of soil 
[26]. Highest pH of 8.8 was observed in soil amended 
with 1% mixture of biochar. It has been reported 
previously that in soil, biochar behaviour is liming, 
which increases soil pH. [13]. Shifts in EC values rest 
on both the type of soil and biochar added. At 1% 
concentration of biochar mixture in soil the highest EC 
190 us/cm was detected. The increase in the amount of 
biochar added caused an increase in soil EC values as 
also observed by Pandian et al. [11]. 

Another parameter is organic matter, which affects 
the soil physicochemical properties and microbial 
activities in the soil [27]. In 1% Fruit and vegetable waste 
biochar the highest total carbon of 0.459% was recorded. 
As the amount of biochar increases, the carbon content 
also increases, which also helps in carbon storage in soil 
[10-28-29]. The highest total nitrogen of 0.0725% was 
examined in soil at 0.5% mixture of biochar. Our study 
explained that soil nitrogen directly depends on biochar 
concentration. As the amount of biochar increased it 
also increased the amount of nitrogen in soil. The lowest 
0.0185% total nitrogen was reported in soil at 0.5% 
biochar (fruit and vegetable waste). Different factors like 
leaching, volatilization or erosion are also responsible 
for decreasing the nitrogen [30].

Phosphorous concentration was high in both 
nutshell biochar and the mixture of bio char at 1% 
concentration, i.e., 11.5 and 12 mg/kg. Schmidt et al. 
[31] explained that the amount of phosphorous increased 
as the concentration of biochar increased. The lowest 
concentration of phosphorous (8 mg/kg) was reported 
in soil with no amendment of biochar. Potassium level 
was 210 mg/kg when examined in soil amended with 
1% mixture of biochar. Potassium level was increased 
because a high amount of replaceable potassium was 
present in biochar [32]. 

Biochar Effect on Soil Microbiology 
and Wheat Growth

Soil Microbiology

CFU was counted for soil on the first day of the 
experiment and it was recorded as 0.54106. As time 
passed, the bacterial population increased. After 
harvesting, the population of bacteria was 0.84106, 
1.12106, and 1.23106 at 0 %, 0.5%, and 1% fruit and 
vegetable waste biochar concentration respectively. 
In soil with nut shell biochar at 0%, 0.5%, and 1% 
concentrations, bacterial count ranged from 0.91 and 

Fig. 4. a) effect of biochar (FVB = fruit and vegetable waste 
biochar, NB = nutshell biochar, FVB + NB = mixture (fruit 
and vegetable waste +nutshell biochar)) on soil microbiology;  
b) Effect of biochar (FVB = fruit and vegetable waste biochar, 
NB = nutshell biochar, FVB + NB = mixture (fruit and vegetable 
waste biochar +nutshell biochar)) on wheat height (cm);  
c) Effect of biochar (FVB = fruit and vegetable waste biochar, 
NB = nutshell biochar, FVB + NB =  mixture (fruit and vegetable 
waste biochar +nutshell biochar)) on wheat dry biomass (g).
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1.32, to 1.54106 respectively. In soil having a mixture 
of biochar at 0, 0.5% and 1 % concentrations, recorded 
CFU was 1.53, 1.91, and 1.78106 respectively. Biochar 
may give suitable pore space for the colonisation of soil 
microbes. Biochar’s micro pores protect soil microbes 
– particularly bacteria – from grazing because of the 
minor size (0.15-1 μm), which could assume a vital role 
in enhancing the soil as a microbial habitat. The highest 
CFU of 1.91106 was observed with 1% biochar mixture. 
Previous studies explained that adding biochar in soil 
caused an increase in microbial population due to the 
liming behaviour of biochar [33-34]. Previous studies 
reported that the amount of biochar increased beyond 
a certain limit, causing a reduction in the microbial 
population because the toxicity level increased in the 
soil [35]. 

Wheat Growth

The lengths of roots, shoots and leaves were 
measured to understand the effect of nutshell waste 
and fruit vegetable waste biochar on wheat growth.  
It is reported that biochar alteration in soil enhances 
the soil fertility and water retention capacity [24, 32, 
36]. Fruit and vegetable waste biochar and nut shell  
biochar both gave more or less similar results in 
terms of plant growth; nonetheless, best wheat growth 
was observed in soil when a 0.5% mixture of biochar  
(fruit and vegetable waste + nutshell) was added. 
Biochar is a nutrient-rich substrate that when applied in 
the soil aids plant growth [37-39]. As long as biomass 
is concerned, it was almost equal at 0.5% and 1 % 
concentrations of biochar mixture. The shortest height 
of wheat crop was observed in control. Similarly, fruit 
and vegetable waste biochar at 1 % concentration gave 
shorter height of wheat plant, suggesting that a higher 
concentration of biochar in soil can suppress wheat 
growth. In some studies we observed that if the biochar 
concentration increased it decreased plant development 
[40]. Other factors like environment, soil condition, 
water availability and land types also affect crop growth 
[41-42].

Conclusions 

The current study suggests that the addition of 
biochar had a promising effect on plant growth as well 
as an impact on improving soil fertility. However, a 
mixture of both biochars showed enhanced impact on 
soil fertility and plant growth, which can be accredited 
to the synergistic effect of both types of biochar when 
applied in combination. Biochar had much influence on 
soil physiochemical parameters, which in turn effects 
plant growth. Biochar caused a significant increase 
in soil pH and electrical conductivity, enhanced soil 
microflora and gave good results at a concentration of 
0.5%. Above that concentration it suppressed the growth 
of wheat.
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