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PREFACE 

The aim of the present study is to mitigate accumulation of PTEs concentrations in 

industrial wastewater irrigated agricultural soil of Gadoon Amazai with the help of 

remarkable type(s) and dose(s) of biochar(s). To achieve the aim, various objectives 

were planned such as (i) To analyze industrial wastewater, its adjacent ground water 

and soil for physicochemical parameters and PTEs concentrations (ii) To identify 

uptake of PTEs concentrations by different parts of wheat plant (iii) To assess health 

risks associated with the contaminated soil and wheat plant (iv) To treat the 

contaminated soil with biochars for proper remediation of PTEs concentrations and (v) 

To evaluate the efficacy of biochars on PTEs immobilization and decreasing health 

risks.  These objectives were achieved in different steps which are compiled as chapters 

in this report.  

Chapter I describe general background and information about soil contamination from 

various anthropogenic activities and focuses industrial wastewater as major pollution 

source. The chapter includes information about the use of industrial wastewater for 

irrigation purpose worldwide, Pakistan, district Swabi and Gadoon Amazai especially 

and its impacts on soil, crops and human health. A sound knowledge about solution of 

the problem in the form of “biochar” is also available. Moreover, objectives, 

justification and significance of the study are also discussed.  

Chapter II describes the study area related to location, climate, agriculture, health, 

education, population, industries and trade and flora and fauna.  

Chapter III highlights the research work carried out worldwide related to wastewater 

pollution, impacts of wastewater on soil and plants and eco-friendly solution to the soil 

and plants contamination in the form of biochar.  

Chapter IV consists of a detail methodology adopted for the study. A detail of water 

chemistry, soil chemistry, biochars preparation, characterization and application and 

plants (wheat) chemistry is focused here.    
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Chapter V provides detail interpretation of results of water, soil, biochars and wheat 

crop is available in this chapter. These results are evaluated through comparison with 

international standards, statistical techniques and health risk assessment modules for 

highlighting the impacts of wastewater irrigation on soil, wheat crops and human 

health. The efficacy of biochars application as mitigation measure is also studied here.   

Five research articles have been formulated from this chapter, in which two have been 

published, entitled (i) “Effect of Biochars on Bioaccumulation and Human Health Risks 

of Potentially Toxic Elements in Wheat (Triticum Aestivum L.) Cultivated on 

Industrially Contaminated Soil.” J. Environ. Pollut. 2020, 260, 113887. 

https://doi.org/10.1016/j.envpol.2019.113887 and (ii) “Geochemical investigation and 

health risk assessment of potentially toxic elements in industrial wastewater irrigated 

soil: A geostatistical approach”. J. Biodiversity and environmental sciences 12(6), 124-

138. http://www.innspub.net/jbes/geochemical-investigation-health-risk-assessment-

potential-toxic-elements-industrial-wastewater-irrigated-soil-geostatistical-approach-

2/, and three are under review in various international journals. These three research 

articles are entitled (i) “Comparative study of potential health risks via consumption of 

wheat (Triticum aestivum L.) cultivated on industrial wastewater irrigated soil”, (ii) 

“Influence of pyrolysis temperature on characteristics and PTEs adsorptive 

performance of biochars” and (iii) Effects of different biochars on geochemical 

properties and immobilization of potentially toxic elements in soil - A geostatistical and 

health risk assessment approach.  

Chapter VI concludes the findings of the research work and recommends optimum 

and eco-friendly mitigation measure(s) and solution(s) to the alarming problems. A 

future perspective research idea is also suggested in this chapter.   

 

 

 

 

 

https://doi.org/10.1016/j.envpol.2019.113887
http://www.innspub.net/jbes/geochemical-investigation-health-risk-assessment-potential-toxic-elements-industrial-wastewater-irrigated-soil-geostatistical-approach-2/
http://www.innspub.net/jbes/geochemical-investigation-health-risk-assessment-potential-toxic-elements-industrial-wastewater-irrigated-soil-geostatistical-approach-2/
http://www.innspub.net/jbes/geochemical-investigation-health-risk-assessment-potential-toxic-elements-industrial-wastewater-irrigated-soil-geostatistical-approach-2/


xi 

 

 

ABSTRACT 

The present study was conducted to degrade accumulation of potentially toxic elements 

(PTEs) such as arsenic, cadmium, cobalt, chromium, cupper, manganese, nickel, lead  

and zinc concentration in adjacent industrial wastewater irrigated agricultural soil of 

Gadoon Amazai industrial estate (GAIE) with the help of remarkable type(s) and 

dose(s) of biochars (BCs). For this purpose, water and soil of Gadoon GAIE and 

adjacent area were studied. The industrial wastewater (target) and groundwater 

(reference) were collected for one year on monthly basis. Soil samples were collected 

from the agricultural fields irrigated with the industrial wastewater and groundwater. 

Both the water and soil samples were analysed for various physicochemical parameters 

and PTEs concentrations. Three type of BCs were pyrolyzed from green waste 

(Cynodon dactylon) at highest temperature of treatment (HTT) of 400 ºC, 600 ºC and 

800 ºC and henceforth the BCs were named as 400BC, 600BC and 800BC, respective 

to HTT. The BCs were applied to the industrial wastewater irrigated soil at 2% and 5% 

rate (by weight) in a controlled condition and wheat crops were cultivated on it. After 

cultivation, impacts of the applied BCs on soil and wheat crops were studied. The 

results were evaluated through various statistical techniques like geoaccumulation 

index (Igeo), contamination factor (CF), pollution load index (PLI), enrichment factor 

(EF), ecological risk index (Er), bioaccumulation factor (BAF), translocation factor 

(TF) and metal pollution index (MPI). Furthermore, health risk assessment (HRA) 

models like average daily dose (ADD), lifetime average daily dose (LADD), non-

carcinogenic health risks that as hazard risk index (HRI) and hazard index (HI) and 

carcinogenic health risks that is carcinogenic risk assessment (CRA) were assessed for 

the residents of the study area.  

The physicochemical results of the industrial wastewater revealed that the water has 

acidic pH and its total dissolved solids, total suspended solids, chemical oxygen 

demand, biological oxygen demand and oil and grease concentration were exceeded the 

maximum permissible limits (MPL) of Pakistan environmental  protection agency (Pak-

EPA, 2000). Similarly, PTEs (As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn) concentration 
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were also found above the MPL of (Pak-EPA, 2000) which has made the water unfit 

for irrigation purpose.  

The industrial wastewater irrigated soil geochemical results revealed that pH of the soil 

is acidic due to acidic industrial wastewater discharge in to the soil. The PTEs 

concentrations were also above the MPL of different international standards (Bohn, 

2001; Environment Protection Authority Australia, 2012; European environment 

agency, 2007; Ministry of ecology and environment China, 2014; Ministry of the 

Environment Canada, 2009; USEPA, 2002; VROM, 2000). The geostatistical results of 

Igeo, CF, PLI and EF revealed that accumulation intensity of PTEs were high and the Er 

(especially of Cd, As, Co and Pb) was at significant levels, which pose potential 

ecological risks to soil health. The HRI results revealed that HRIing in children is the 

main source of non-carcinogenic risk and can cause significant health risks. This HRIing 

for children contributes to 77.5% of the total HI. While CRA was found in the 

acceptable range. 

The analytical results of the wastewater cultivated wheat crops indicated that 

wastewater irrigation has negatively affected the germination rate, growth and yield of 

wheat crop. Moreover, excessive PTEs concentrations in roots, shoots, leaves and 

grains of wheat crop were found. Especially in grains, the Fe, Zn, Cr, Ni, Pb and Cd 

concentration were above their MPL of different international standards which showed 

free mobility of PTEs from soil to different parts of wheat grains. For human health 

risks, the ADDing of Cd, Pb, Cu and Mn (adults and children) and As and Ni (children) 

were found above the reference dose limit. Similarly, HRIing of Cd, Pb, Cu and Mn 

(adults and children) and As, Ni and Zn (children) were found in toxicity level, thus 

causing risks to human health.  

The physicochemical impacts of the applied BCs on the industrial wastewater irrigated 

soil showed that the acidic soil was changed to alkaline nature. A tremendous increase 

in soil physicochemical parameters was observed, such as pH (27-38%), water holding 

capacity with 20-45%, cation exchange capacity with 10-35%, dissolved organic 

carbon with 27-45%, carbon with 76-85%, nitrogen with 55-62%, phosphorus with 29-

47%, sulphur with 79-84% and potassium with 15-45%. Furthermore, PTEs 

concentrations has significantly (p ≤ 0.05) decreased such as, Cd (88%), Pb (87%), Cr 
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(78%), Ni (76%), Cu (69%), Mn (65%), Fe (64%), As (63%), Co (46%) and Zn (21%). 

The geostatistical risks of Igeo, CF, PLI, EF and Er were decreased from 12-92%, 12-

88%, 76-93%, 30-76% and 11-85% respectively for all PTEs. The health risks were 

decreased by 52-93% (carcinogenic) and 12-93% (non-carcinogenic) and found in the 

safe limit after the BCs treatments. Among the BCs and application rate, 800BC and 

5% application rate have comparatively more optimum results for remediation of soil 

contamination than all other BCs and 2% application rate, respectively.  

This impacts of BCs application on wheat crops showed that bioaccumulation of all the 

PTEs (except Fe and Zn) were significantly (p ≤ 0.05) decreased in roots (48-95%), 

shoots (38-91%), leaves (30-91%) and grains (38-93%) as compared to the industrial 

wastewater harvested wheat crops. Conversely, growth and yield of the wheat crop was 

enhanced up to 6-18%, 18-38%, 17-46%, 13-45%, 15-42%, 22-55% and 34-57% for 

germination rate, shoot length, shoot biomass, spike length, spike biomass, grain 

biomass and root biomass respectively. The HRIing was significantly (p ≤ 0.05) 

decreased (31-93%) and was found in the safe limit (except Mn and Cu) after the BCs 

application. Among the BCs and application rate, 800BC and 5% application has 

comparatively more optimum results in control of wheat crop toxicity than all other 

BCs and 2% application respectively.  

Based on this study, the wastewater has changed the agricultural soil to toxicity level 

that causes significant threats to wheat crops and poses health risks in humans. So the 

BCs (especially 800BC with 5% application rate) should be applied for treatment of the 

contaminated soil, which will improve the soil quality and growth and yield of wheat 

crop, immobilize PTEs in soil, reduce PTEs bioaccumulation in wheat crops and will 

decrease human health risks caused by both the contaminated soil and wheat crop. 

Furthermore, wastewater irrigation should be strongly discouraged and community 

should be aware of the potential ecological risks associated with the wastewater 

irrigation. 
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CHAPTER I 

INTRODUCTION 

1.1 The issue 

Rapid industrialization, urbanization and improper planning of the environment are not 

the main causes of the shortage of irrigation water and discharge of wastewater. Water 

bodies and soil all over the world is being polluted through natural and anthropogenic 

activities. These activities includes atmospheric deposition, organic matter of plants and 

animals, surface runoff, discharge of industrial waste, sewage effluent,  agrochemicals 

and treatment work’s wastes are the major sources of pollution of  water bodies (Long 

et al., 2013). Wastewater has been used as a nonconventional resources from past few 

decades to handle the problem of water shortage in irrigation sector (Jaramillo and 

Restrepo, 2017). Long-term wastewater irrigation is causing accumulation of 

potentially toxic elements (PTEs) in soil (Gupta et al., 2012). The PTEs changes 

solubility of ions, remains persistent in soil and becomes available to plants, thus 

causing food chain contamination (Alia, 2012) and human health problems 

(Muhammad and Nafees, 2018).  

Among these contamination sources, industrial sector is considered as one of the main 

source of PTEs contamination (Bing et al., 2011). The wastewater of most industries 

have considerable concentration of PTEs, which are not limited to arsenic (As), 

cadmium (Cd), cobalt (Co), chromium (Cr), cupper (Cu), manganese (Mn), nickel (Ni), 

lead (Pb) and zinc (Zn) (Gao et al., 2015; Sharif et al., 2016). Long-term and continuous 

intake (ingestion, inhalation and dermal contact) of PTEs have adverse physiological 

and clinical health impacts (Augustsson et al., 2015; Liu et al., 2013), such as 

postmenopausal breast cancer (Itoh et al., 2014), skeletal damage, high blood pressure 

and diabetes (Satarug and Moore, 2004) could relate to As toxicity, renal dysfunction 

could attribute to Cd (Horiguchi et al., 2013), excessive red blood cells production, 

polycythemia, thyroid and coronary artery problems may be linked to Co (Goyer and 

Golub, 2003), neurologic involvement, liver diseases, headache United States 

environmental protection agency  (USEPA, 2000) and lungs cancer could relate to Cr 

toxicity (Park et al., 2004), neurotoxic problems, Alzheimer’s diseases (Dieter et al., 
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2005) and liver diseases (USEPA, 2000) caused by Cu, Manganism diseases and 

neurotoxic problems could relate to Mn (Dieter et al., 2005), cancer (stomach and 

lungs), kidney damage, nerve damage, abdominal pain, anemia, memory deterioration 

and behavior disturbance could attribute to Pb (Järup, 2003; Steenland and Boffetta, 

2000), and cardiac arrhythmia, sideroblastic anemia, gastric disturbances, neurologic 

involvement, liver diseases and headache may be linked with Zn (Saper and Rash, 2009; 

USEPA, 2000). However climatic condition, atmospheric deposition, nature of soil, life 

span of the plant, rate of wastewater irrigation, concentration of PTEs, specific chemical 

form and metal binding state are the factors affecting accumulation and transfer of PTEs 

into human health (Muchuweti et al., 2006).  

Wastewater irrigation is a prevalent practice in many parts of the world (Edouard Ifon 

et al., 2019; WHO, 2006). According to an estimate, in 50 countries of the world, 20 

million hectares soil is irrigated with untreated wastewater (Qishlaqi et al., 2008). 

Irrigation with wastewater introduce a huge amount of organic and inorganic pollutants 

to the irrigated agricultural soil  (Xu et al., 2010) which leads to change in 

physicochemical properties and finally degrade the quality of soil (Chen et al., 2004). 

For examples, it affects buffer capacity, CEC and leaching of macro and micro nutrients 

of the soil (Rusan et al., 2007) and also increases salinity of soil due to addition of salt 

contents (Mohammad and Mazahreh, 2003). Wastewater has excessive contents of 

ammonium concentration which provides H+ on nitrification (Mohammad and 

Mazahreh, 2003) and alters soil pH from alkaline to acidic nature upon irrigation ( 

Manoj and Padhy, 2014). Such low pH (acidic) of soil is also responsible for 

bioavailability of PTEs and dissolution and precipitation of minerals (Allain et al., 

2001), because the solubility of PTEs increases in low pH which enhance the 

competition of free ions and lowers the adsorption of PTEs on soil particles (Tudoreanu 

and Phillips, 2004). Other studies (Speir et al., 2003) has related soil pH with solubility 

and mobility of PTEs in soil.   

The translocation and bioaccumulation of PTEs to crops can be influenced by pH of the 

soil and concentration of C, O, N, H and PTEs, (Ahmad and Goni, 2010; Chang et al., 

2014), chemical form and oxidation state of PTEs (Roy and Mcdonald, 2015) and CEC 

of soil (Khan et al., 2015). Low pH (acidic) increase the translocation and 

bioavailability of PTEs to crops (Wang et al., 2013). Excessive accumulation of PTEs 
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in soil interrupt the essential biochemical processes, disturb ecosystem balance (Yousaf 

et al., 2018), accelerate the crops uptake rate (70%) (Nabulo et al., 2010) and increase 

translocation and bioaccumulation of PTEs in crops (Nagajyoti et al., 2010). Soil 

organics and CEC have limited the translocation and bioavailability of PTEs to crops 

(Ding et al., 2013). The bioaccumulation of PTEs in crops poses potential risks to its 

health, yield and food quality (Nagajyoti et al., 2010). According to Tasrina and 

Rowshon (2015) roots are the severely sensitive parts than other parts of plants because 

it comes in contact first with PTEs and are get accumulated in excessive quantities 

(Gramss and Voigt, 2016). The PTEs accumulation in roots is toxic, causing roots 

necrosis, decreases nutrients uptake (Geckil et al., 2002), biomass (35-42%) and length 

(16-22%) (Alia et al., 2015). The accumulation of PTEs in roots showed positive 

correlation with translocation into shoots, leaves and grains concentration (Karak and 

Bhattacharyya, 2010). Several studies results indicate the higher translocation rate of 

PTEs from roots to shoot (Gramss and Voigt, 2016) and leaves (Karak and 

Bhattacharyya, 2010) and higher bioaccumulation in grains (Gramss and Voigt, 2016). 

The translocation and accumulation of PTEs into crops upper parts cause toxicity and 

decrease in the length and biomass of shoots and leaves (Alia et al., 2015). Moreover, 

PTEs has  phytotoxicity characteristics  that leads to decrease in germination rate and 

yield of crops (Mohamed et al., 2017).  

PTEs are accumulated in soil due to its persistent behavior of bioavailability and 

biodegradability (Wei et al., 2015) and pose human health risks due to direct (ingestion 

and inhalation) and indirect (dermal) exposure (Mohmand et al., 2015). Among these, 

ingestion is the major exposure pathway as compared to inhalation and dermal contact 

(Du et al., 2013) which mainly takes place via food and drink intake (Shabbaj et al., 

2018). Similarly,  the intake of PTEs bioaccumulated food has been considered as the 

predominant pathway (more than 90%) to human exposure (Khan et al., 2013). The 

intake of the contaminated soil and plants causes severe health problems in animals and 

human and eventually leads food chain contamination (Zhao et al., 2010).  

The intensity of PTEs accumulation and its ecological risks can be investigated by 

various statistical tools such as geoaccumulation index (Igeo) (Fagbote and Olanipekun, 

2010), contamination factor (CF) (Harikumar et al., 2009), pollution load index (PLI) 

(Tomlinson et al., 1980; Q. Yang et al., 2011), enrichment factor (EF) (Sinex and Helz, 
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1981; Sutherland, 2000)  and ecological risk index (Er) (Hakanson, 1980; Wei and 

Yang, 2010) in soil and bioaccumulation factor (BAF) (Farahat and Linderholm, 2015), 

translocation factor (TF) (Galal and Shehata, 2015) and metal pollution index (MPI) 

(Singh et al., 2010a) in plants. Similarly, a variety of public health measures have been 

adopted so far to identify carcinogenic and non-carcinogenic human health risks 

through health risk assessment (HRA) tools caused by soil (Mohmand et al., 2015) and 

plants contamination (Jaishankar et al., 2014).  

In Pakistan surface water is not enough to meet the demands of farmers for irrigation 

that is why farmers use wastewater as an alternative sources of irrigation (Idress et al., 

2006). Furthermore, the lack of proper treatment and disposal of industrial waste 

significantly increased soil contamination of the country (Abbas et al., 2007). 

Contaminated soil with PTEs is now an alarming issue of Pakistan. Previous studies 

reported excessive presence of PTEs in the humans bodies of Pakistanis (Kadir et al., 

2008) and some studies have been conducted on PTEs contamination and its sources 

identification (Abbas et al., 2007).  

District Swabi’s environment has enormously suffered by industrialization, 

transportation, unplanned growth of the city, poor regulatory framework and 

overpopulation. Some of the important industries in Swabi are aluminum, metallurgy, 

chemicals, chipboard, dairy and foods, glass, iron and steel, paper mill, petro chemicals, 

pharmaceuticals, plastic, PVC pipes, soap, soft drink, tanneries, textile and wire (Table 

1.1). Among these factors industries is the main contributing factor in Swabi overall 

pollution and especially soil pollution (Muhammad and Nafees 2018). 

The GAIE works since 1987 and releases a huge amount (290 Ls-1) of wastewater 

without proper treatment. The released wastewater is used since last three decades for 

irrigation purpose of adjacent agriculture fields due to scarcity of water in the area 

(Hussain, 2014). The wastewater is enriched with PTEs and get accumulated in the soil 

and dietary plants and crops and subsequently enter to human bodies directly (ingestion, 

inhalation and dermal contact) and indirectly (plants and food chain) (Hussain et al., 

2015).  
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Recently, many studies have been conducted on determination of pollution load in 

industrial wastewater of GAIE (Nasrullah et al., 2006), investigation of PTEs in soil of 

GAIE (Amin et al., 2014) and HRA of PTEs for the soil of GAIE (Hussain et al., 2015) 

but not a single study has been conducted on treatment of the long term industrially 

contaminated soil. So the present research was planned to systematically study the 

industrial wastewater, its impacts on the agricultural soil and cultivated wheat crops 

and treat the contaminated soil with different biochars (BCs) for potential remediation 

of PTEs. In addition, impacts of the applied BCs on minimizing human health risks 

were studied.  

Table 1.1 Major industries of Gadoon Amazai industrial estate, Swabi.  

Industry Release of PTEs in waste Reference 

Chemicals Cu, Zn, Pb, Cr, Cd, Ni, As, Mn  Gao et al., 2015 

Ghee and Oil Ni Khan et al., 2007 

Iron and Steel Zn, Pb, Cd, Cr, Fe, Cu, Mn, Ni Yuan et al., 2013  

Metallurgy  Fe, Mn, Zn, Cu, Pb, Cd, Ni, Cr Trimbacher and Weiss, 2004 

Paper Mill Cu, Zn, Cr, Cd, Fe, Pb, Ni Devi et al., 2011 

Petrochemicals As, Cd, Cr, Mn, Pb, Cu Nadal et al., 2007 

Pharmaceutical Fe, Zn, Mn, Cu, Pb, As, Cr, Cd Sharif et al., 2016 

Plastic As, Cd, Cr, Cu, Zn, Pb  Tang et al., 2016 

Soap Mn, Cu, Zn, Pb, Cd Odoi and Armah, 2011 

Textile Fe, Cu, Zn, Cr, Mn, Pb, Ni Jadhav et al., 2011 

1.2 Common amelioration methods for contaminated soils 

There are two types soil remediation methods usually practiced. In-situ, in which 

excavation and transport of contamination soil is not required, and ex-situ, which 

require excavation and transport of the soil. Often, in-situ remediation methods are 

preferred due to no additional costs of disposal, transformation and excavation. While 

careful investigation and monitoring of certain environmental conditions such as soil 

permeability, leaching, soil depth and surrounding weather are the limitations of in-situ 

methods (Olexsey and Parker, 2007).  
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1.2.1 In-situ amelioration methods 

i. Surface capping 

In surface capping, the contaminated soil is covered with a water proof layer. Surface 

of the soil acts as a barrier to flowing flow and blowing wind. Surface capping, is carried 

out for heavily contaminated soil, having Igeo > 3 (Ohio EPA, 2000). 

This technique is not actually a remediation method, because PTEs reduction or 

removal is not carried out in the soil. This method, also change the soil environmental 

function, as it can be used for agronomic purpose. Seasonal fluctuation and depth of 

ground water near to the site badly affect the method suitability. The cost of this method 

range from $20-90 m-2 area. Mostly, the surface caped soil is used for sports fields 

(NJDEP, 2014).  

ii. Encapsulation 

Encapsulation is a parallel method to surface capping. In encapsulation, the 

contaminated soil is isolated from all sides through low permeability caps consists of 

barrier floors and underground barrier floors. This method is suitable for soils 

contaminated with polychlorinated aromatic hydrocarbons (PAHs), asbestos and 

petroleum hydrocarbons (Meuser, 2013).  

The challenging part of encapsulation method is the construction of impermeable 

vertical wall toward underground side. For which, various types of structures have been 

designed such as injection walls, sheet pile walls, thin walls and petroleum 

hydrocarbons (Bradl et al., 2005). Likewise encapsulation, this method is applicable for 

small scale and highly contaminated areas (Meuser, 2013).  

iii. Electrokinetic extraction   

The removal of PTEs from polluted soil through electrical adsorption is called 

electrokinetic extraction. In this method, electrodes of direct current with low density 

are inserted in the contaminated site, by which cations and anions of the soil are 
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migrated to the cathode and anode respectively, and the accumulated PTEs are removed 

by ion exchange, precipitation and electro plating (FRTR, 2013).  

This method is mostly applicable for fine-grained, partially saturated, low permeable 

and low electrically conductive soils having PTEs, polar organics and anionic pollutants 

(Reddy, 2013). However, success of the electrokinetic extraction method greatly 

dependent on the soil pH, type of soil, organic contents and amount of PTEs present 

(Figueroa et al., 2016). 

iv. Soil flushing  

The removal of contaminants from soil through an extraction fluid is called soil 

flushing. The fluid is infiltrated or injected into the soil. This method is commonly 

practiced for removal of organic pollutants (Liu et al., 2018).  Among different agent, 

EDTA is the most effective chelating agent for soil flushing. The extracted fluid might 

be reused, recovered or disposed of, depends on the quality of the fluid (Jiang et al., 

2011).   

The soil flushing is quiet costly and challenging to install transferring channels and 

collection wells. Besides, this method has no effective results for soil having organic 

matters, high CEC and high buffering capacity (Wang et al., 2009).    

v.  Bioremediation 

Remediation of contaminated soil by microorganisms is called bioremediation.  Like 

soil flushing, this method is also commonly practiced for removal of organic 

contaminants.  The applied microorganisms works as biosorptive substance (upon cell 

surface), detoxify PTEs by transformation of valence, volatilization and extracellular 

chemical precipitation (Garbisu and Alkorta, 2003). 

Bioremediation alone does not work for removal of PTEs from contaminated soil. 

Usually other remediation methods (phytoextraction and soil flushing) are practiced 

after the bioremiated soil. Moreover, no project of PTEs remediation from soil has been 

reported for bioremediation in united states and other develpoed countries (Diels et al., 

1999).  
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vi. Phytoremediation 

Growing of green plants on contaminated soils is called phytoremediation. This method 

is further elaborated into phytostabilization or phytoimmobilization (stabilize or 

immobilize PTEs in the soil) and phytoextraction and phytovolatilization (removal of 

PTEs from soil by plants). Phytoremediation, is mostly suitable method for large and 

extremely contaminated soil. This method improves the soil physical, chemical and 

biological aspects of soil. Phytoremediation is simple, widely accepted, easily 

practiced, aesthetically preferable and operationally economical (Chaney and 

Baklanov, 2017; Mahmood et al., 2015).  

Phytoremediation is closely related to certain environmental factors, such as type of 

contaminant (PTE, number and speciation), type of amendment applied (rate, method 

and type), type of plant species (growth and removal capacity) and soil properties (pH, 

texture, organic matters, CEC and fertility) and geography (Vamerali et al., 2010). 

Moreover, phytoremediation cannot show fruitful results for extremely contaminated 

soils (Chaney and Baklanov, 2017).  

vii. Chemical immobilization 

In this method, the contaminants are converted to stabilized or immobilized form 

(precipitated or/and adsorbed) by the application of a chemical agent in to the 

contaminated soil, thus reduces its bioavailability to plants, microorganisms and water 

(Tajudin et al., 2016). The contaminants immobilization carried out by various means 

such as organic matter  (biochar, activated carbon, compost, manure peat and starch), 

clay and iron containing agents (zeolite, vermiculite, silica gel, red mud, green sand and 

bauxite), alkali agents (calcium hydroxide and fly ash), phosphates (apatite, ammonium 

phosphate and bone meal) and carbonates (lime) (A. Ali et al., 2017; Bolan et al., 2014; 

Farrell and Jones, 2010; He et al., 2013; Seshadri et al., 2017).  These agents decrease 

the bioavailability of contaminants by various physicochemical processes such as 

surface adsorption, complexation and precipitation (Castaldi et al., 2005). 
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Regular monitoring and evaluation is needed for the chemically immobilized soils, as 

the total PTEs ramined in the soil. Moreveor,  well mixing of the applied amendment 

with the soil is another limitation of this method.  

1.2.2 Ex-situ amelioration methods 

i. Land filling 

In Landfilling the contaminated soil is simply removed, transported and disposed in to 

a secure landfill site. The landfill site is structured with leachate collection and recovery 

channels, impermeable liners, dike enclosures and groundwater sampling well. This 

technique is especially practiced for hazardous substances. Landfill method was 

commonly practiced before 1990. Extensive distance from residential areas should be 

maintained for safety (FRTR, 2013).  

ii. Soil washing 

The removal of contaminants from soil by washing with chemicals is called soil 

washing. It is a mixed method of both physical and chemical activity. In this method, 

soil is excavated, crushed and screened for removal of coarse materials. Then, the 

selected chemical is thoroughly mixed with the screened soil and sieved to separate fine 

silt and clay (< 0.05 mm) from sand and gravel > 0.05 mm). The coarse fraction is 

returned to original site due to low contamination. The silt and clay particles are settled, 

rinsed and returned to original site. Certain equipment like trommels, hydrocarbons, 

screens and centrifuges are require for soil washing method. For cost reduction, experts 

prefer to process the contaminated soil in the field (FRTR, 2013).  

iii. Solidification 

In solidification, the contaminated soil is excavated, screened to remove coarse fraction 

(> 5 cm). Then a binding substance is mixed with the screened contents to form a solid 

structure that enclose the pollutants. When a binding substance is used then the method 

is called micro encapsulation and when a stabilizing substance is used then called ex-

situ stabilization (FRTR, 2013). 
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iv. Vitrification 

In vitrification, the contaminated soil is heated at high temperature (> 1500 ºC) and 

converted to a glass like solid. Due to high heat, the soil organics burns and the 

inorganics becomes molten solid upon cooling. The final glass like molten structure is 

chemically inert, durable and resistant to leaching. The process require huge amount of 

energy, does not support agronomics and applicable to only high organic and high 

moisture contents soils (Meuser, 2013). 

1.3 Biochar-A potential solution 

1.3.1 Introduction 

The origin of BC is linked to the early Amerindian inhabitants in the Amazon area 

(Terra Preta de Indio), where slash and burn char method was practiced for getting dark 

earth soil (Lehmann and Joseph, 2009). The BC is a porous carbon rich solid product 

obtained by thermochemical conversion of organic biomass in an oxygen limited  

environment at low temperature (IBI, 2017; Lehmann and Joseph, 2009), that 

sustainably sequester carbon in environment (Shackley et al., 2012), improve soil 

quality and avoid harm to environment and human health (Verheijen et al., 2010).  

The physicochemical properties and efficacy of BC are affected by feedstock types, 

residence time, temperature, transfer rate, soil type, metal type, charring techniques and 

the amount of BC applied to soil (Cantrell et al., 2012; Debela et al., 2012; Hossain et 

al., 2011). Highest temperature of treatment (HTT) is one of the significant parameter 

in the BC production, because it greatly influence the contaminants immobilization 

capacity of BC  (Méndez et al., 2013) The specific type of contaminant such as polar 

and non-polar and ionic and non-ionic also impacts sorption properties of the BC 

(Ahmad et al., 2014).  Generally the pH of BC remains alkaline but the HTT and 

feedstock type have influence on it (Chan et al., 2007). In a nutshell, BC pyrolyzed 

from different feedstock at different HTT and pyrolysis conditions have different 

physicochemical properties and all BC cannot significantly immobilize contaminants. 

Therefore, large scale application of BC to soil or water should be carefully handled.    
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1.3.2 Biochar for environmental management 

BC is emerging as an ameliorant to immobilize PTEs in the environment (water, soil 

and plants), achieve agronomic benefits and ensure food safety and security (Ahmad et 

al., 2014).  That is why scientists pay special attention to its unseen properties and 

benefits. The purpose of BC application to soil falls into four major categories. 

i. Restoration of degraded soil 

The BC works as soil conditioner due to presence of high carbon contents, improves 

the physical, chemical and biological properties of soil. The BC application increases 

soil pH (from acidic to alkaline nature) because of the maximum adsorptive property 

of PTEs on BC surface due to reduction of acid functional groups in BC with increased 

HTT (Kołodyńska et al., 2012). Soil WHC is related to hydrophobicity and surface area 

of BC and the improved soil structure following BC application (Verheijen et al., 2010). 

The WHC of soil can be enhanced (18%) with BC application (Glaser et al., 2002). 

Moreover, it increases moisture contents in soil and decreases its bulk density (Al-

Wabel et al., (2015). The CEC of acidic soil can be improved with BC application (De 

Luca et al., 2009). Increase in dissolved organic carbon (DOC) concentration has also 

reported with BC application which could be correlated with decreased PTEs 

availability through complexes formation and direct adsorption on BC surface (Zheng 

et al., 2013). The significant immobilization of PTEs could be the (i) change in pH 

(from acidic to alkaline) of soil due to application of alkaline pH BC, because at alkaline 

pH PTEs transform into precipitation of low solubility (Tan et al., 2014), (ii) adsorption 

on BC surface due to reduction of acid functional groups in BC with increased HTT 

(Kołodyńska et al., 2012) and (iii) increased DOC concentration as it motivates stable 

complexes formation and adsorption of PTEs on BC surface (Zheng et al., 2013). Karer 

et al., (2018) has reported significant reduction of Cd, Pb and Zn by 75%, 86% and 

92% respectively with application of 1% BC prepared from popular wood chips at 550 

ºC. Ibrahim et al., (2017) has pointed out immobilization of As (28%), Cd (56%), Cr 

(32%), Ni (23%), Pb (31%) and Zn (52%) by Peanut shell BC (pyrolyzed at 550 ºC for 

6 h) after 1 week of flood irrigation. Park et al., (2011) concluded that chicken manured 

BC could dramatically immobilize Cd and Pb up to 88% and 94% respectively and 

green waste BC resulted 31%, 23% and 73% decrease in Cd, Cu and Pb concentration 
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in naturally contaminated soil. Houben et al., (2014) significantly reduced PTEs (As, 

Cd, Pb and Zn) in soil by application of Miscanthus straw BC. The BC pyrolyzed from 

other feedstocks have also shown significant reduction in PTE concentration (Ahmad 

et al., 2012).  

ii. Agriculture productivity 

The BC application significantly increases seed germination rate, plant growth and 

yield (Glaser et al., 2002). This significantly increased germination rate, growth and 

yield in BC applied soils, could be linked with increased pH, WHC, CEC, DOC,  carbon 

(C),  nitrogen (N), Phosphorus (P), Sulphur (S), Potassium (K) and decreased PTEs in 

soil (Schulz and Glaser, 2012; Vaccari et al., 2011). The BC application with  fertilizer 

(organic or inorganic) enhance crop productivity and yield (Abbas et al., 2017; 

Mohamed et al., 2017). Microbial population and its activities can be improved with 

BC (Lehmann et al., 2011; Verheijen et al., 2010).  

iii. Pollution management 

The BC play an important role in waste management originates by plants and animals. 

The conversion of waste (residues of crops and plants, animals waste, sewage sludge 

and industrial waste)  to BC is not only a resource (energy production) but also helpful 

in pollution reduction (Barrow, 2012; Cantrell et al., 2012; B. Chen et al., 2011; Hanley 

et al., 2012). Moreover, HTT also kills harmful microbes during BC production, thus 

reduce toxicity to human, animals and plants health (Lehmann and Joseph, 2009). 

However, leaching properties should be carefully studied before application of PTEs 

enriched BC to soil and water (Lu et al., 2012).  

iv. Climate change mitigation 

The BC play an important role in carbon sequestration due to the long term stability of 

BC in soil (Kuzyakov et al., 2008; Singh et al., 2012), which greatly helps in climate 

change mitigation (Lehmann et al., 2008). The carbon stability in soil depends on the 

intermediate and labile carbon components of BC and can be increased from 90 to 1600 

years (Singh et al., 2012). Moreover, reduction in N2O and CH4 from soil has been 

studied (Van et al., 2009). Additionally, the bioenergy produced during the pyrolysis 



13 

 

process offsets fossil energy consumption, and half of the C fixed in biomass during 

photosynthesis is retained. Some studies (Woolf et al., 2010) reported that at least 12% 

of current CO2 emission can be offset by BC production. Another milestone in BC 

world is the bioenergy production (especially in fast pyrolysis) during pyrolysis which 

not only secure fossil energy resources but emit low CO2 to atmosphere (Bolan et al., 

2013). 

1.4 Justification and the research gap 

The existing research work conducted on BCs and its application has lack of systematic 

way to deeply study a single feedstock, concentrate on the role of different HTT on the 

BCs characteristics and evaluate the consequent effects of various application rates to 

soil, because on the basis of feedstock type, specific HTT and application rate we can 

decide the potential benefits of BC for soil restoration, agronomic outputs and climate 

change mitigation. This gap is present in the way BCs pyrolyzed from different 

feedstocks but at various HTT and different pyrolysis procedures for each type 

feedstock. This reveals a lack in comparison of results, repeating procedures and most 

importantly to use which type of feedstock type, pyrolysis procedure and HTT. For 

examples, Waqas et al., (2015) has used same HTT for four different feedstocks. Femi 

and Armando, (2012) has used different HTT for each three different feedstocks. 

Ibrahim et al., (2016) does not give information about application rate of BCs prepared 

from two different feedstocks at same HTT. Beesley et al., (2010) and Major et al., 

(2013) lacks information of feedstock type and selected HTT for BC production. 

Similarly Taghizadeh-Toosi et al., (2011) lacks the HTT information for BC. A more 

confusing, when traditional methods are used for BC pyrolysis (Schulz et al., 2013) or 

when no information about feedstock, HTT and production procedure is available 

(Saxena et al., 2013).  

To fill the gap, this study aimed to systematically study and document a single feedstock 

source (Green waste) with various HTT (400 ºC, 600 ºC and 800 ºC) and application 

rate (2% and 5%), because HTT and application rate are the two utmost significant 

factors that affect BC properties and immobilization of PTEs in soil respectively. In 

addition, to assess the impact of the pyrolyzed BC on minimization of health risks 

(using unique multidisciplinary approaches) caused by the contaminated soil and wheat 
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crop. Furthermore, improvements in growth and yield of wheat crop in multiple soils 

(2% and 5% BCs treated with 400BC, 600BC and 800BC) were assessed.  Cynodon 

dactylon (Green waste) was selected as feedstock due to easy accessibility, excessive 

amount, low cost and eco-friendly. 

1.5 Aim and objectives 

1.5.1 Aim 

The study aims to degrade accumulation of PTEs concentrations in adjacent agricultural 

soil of GAIE with the help of remarkable type(s) and dose(s) of BCs.  

1.5.2 Objectives 

 To analyze industrial wastewater, its adjacent ground water and soil for 

physicochemical parameters and PTEs concentrations. 

 To identify uptake of PTEs concentrations by different parts of wheat plant. 

 To assess health risk(s) associated with the contaminated soil and wheat plant.   

 To treat the contaminated soil with BCs for proper remediation of PTEs 

concentrations. 

 To evaluate the efficacy of BCs on PTEs immobilization and decreasing health 

risk(s).   

1.6 Hypotheses 

 PTEs concentrations may be high in soil irrigated with industrial wastewater in 

comparison of soil irrigated with ground water. 

 BCs prepared from same feedstock but various HTT may have different 

physicochemical properties.   

 BCs addition to soil may alter physicochemical properties of soil.  
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 Crops cultivated on BCs treated soil may have less PTEs concentrations than 

untreated soil. 

1.7 Significance of the study 

This comprehensive study will investigate different PTEs in industrial wastewater, 

adjacent wastewater irrigated soil and wheat crop in the study area and will high light 

potential health risk(s) caused by the contaminated soil and crops cultivated on it. 

Besides this it will be a baseline for remediation of PTEs from contaminated soil 

through BCs which may help in future for protection and conservation of soil and will 

be helpful for decision makers and planners to recommend BCs technology for 

treatment of other contaminated soils. Furthermore on the basis of sound knowledge it 

will create awareness regarding industrial pollution, its potential health risk(s) and 

possible mitigation measure. 
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CHAPTER II 

STUDY AREA 

2.1 Location 

Gadoon Amazai industrial estate (GAIE) is situated in Swabi district of Khyber 

Pakhtunkhwa (KP) province, Pakistan. It is situated at 3305ꞌ20ꞌꞌ N and 72032ꞌ45ꞌꞌ E at 

an altitude of 328 m above the sea level. The industrial estate is bordered by Baisak in 

the north, Topi in the south, Gandaf in the east and Maini in the west. The GAIE was 

established in 1987 with the total area of 1119 acres and presently, it has 310 operational 

industrial units dealing with aluminum, metallurgy, chemicals, chipboards, oil and 

ghee, glass, iron and steel, marble, petrochemicals, pharmaceuticals, plastics, pipes, 

soaps, soft drinks, tanneries, textile, and wires (Muhammad and Nafees, 2018).  

2.2 Industries and trade 

Swabi district is one of the industrialized districts of KP due to the existence of GAIE. 

The products of the GAIE industries are used inside the country as well as exported to 

some other foreign countries and play a great role in the country economy. But 

unfortunately, the industrial units release a huge amount of wastewater (without any 

proper treatment) to nearby areas. These wastewater are primarily used for irrigation of 

adjacent agriculturally productive fields due to limited supply of irrigation water 

(Hussain, 2014; Hussain et al., 2015).  

2.3 Climate 

The climate of Swabi district is sub-humid (600-1200mm rainfall) and semi-arid (400-

600mm rainfall) type, where the amount of rainfall is important but not sufficient to 

cover the water needs of the crops. The overall average annual rain fall of Swabi is 550 

mm (Hussain, 2014). The annual average temperature is 27 °C with a hot summer (42 

°C) and cold winter (10 °C) (Hussain et al., 1993).  

2.4 Agriculture 

It is no doubt agriculture play a vital role in development of a community. The entire 

area of Swabi district is 67808 acre, of which 2471 acre of GAIE adjacent area is 
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irrigated with the industrial wastewater. In the district, more than 50% area is under 

agriculture practices. A small portion of the agriculture land is maintained by advance 

machineries and fertilizers as well as advance irrigation system. But on other hand in 

low laying area of industrial estate, the people use industrial wastewater for irrigation 

while in far up area   agriculture is solely dependent on rain and somewhere on ground 

water. In Swabi district two cropping season (Hareef, and Rabi) along with a number 

of minor crops, such as barley; gram, millets, peas, mustered, sugarcane, rice, 

vegetables and fruits are enjoyed (Hussain, 2014).  

2.5 Health 

Health sector of Swabi district is normal like some other districts of KP. There are 184 

health units in Swabi. A local organization (FALAH) has reported 3.1 fertility rate and 

25/1000 birth rate (Hussain, 2014). 

2.6 Education 

District Swabi has a lower literacy rate of 36% compared to district Haripur (53.7%) and 

Abbottabad (56.6%). Moreover, male population is more educated (69%) than female 

population (31%) in urban area while in rural area it decreases to 10% in male and 5.6% 

in female (Pakistan Bureau of Statistics, 2018).  

2.7 Population 

Swabi district has a total population of 1,624,616, of which 36,000 population living in 

GAIE and its surrounding area. Most of the people (83%) of Swabi are living in rural 

areas while a little part (17%) of the whole population is living in urban areas. The 

population of Swabi is growing alarmingly with a growth rate of 2.96% which is more 

than the growth rate of KP (2.81%) and Pakistan (2.69%), reported by Pakistan Bureau 

of Statistics, (2018).  
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CHAPTER III 

LITERATURE REVIEW 

3.1 Wastewater 

Sharif et al., (2016) studied PTEs and organic pollutant in pharmaceutical wastewater. 

PTEs and organic pollutants were determined in the wastewater samples. Moreover, they 

investigated mutagenicity and genotoxicity of the pharmaceutical wastewater and 

declared that pharmaceutical wastewater is composite of various toxicants that cause 

genotoxicity ad mutagenicity.  Concentration of As, Cd, Cr and Pb were found above 

the permissible limits of Pak-EPA and World health organization (WHO). The results 

reveal that PTEs and organic pollutants have genotoxic and mutagenic effect on exposed 

living organisms. They declared that pharmaceutical industries are among the leading 

pollution industries in industrial sector.   

Zaheer et al., (2016) conducted a detailed study of wastewater of ghee industries of 

Islamabad Pakistan. Samples were collected from the wastewater of the industries and 

analyzed for major elements Ca, Mg, Cl-, SO4
-, oil and degrease, chemical oxygen 

demand (COD), biological oxygen demand (BOD5), total suspended solids (TSS), total 

dissolved solids (TDS), pH and temperature. The results were above the permissible 

limits of EPA. They declare fatal threat to nearby aquatic life reported that the 

wastewater of ghee industries was not suitable for irrigation purposes. They 

recommended. Monitoring of the whole process and installation of treatment plant. 

Amin et al., (2014) worked on the effect of industrial effluents with irrigation water in 

Hayatabad district Peshawar and Gadoon Amazai, district Swabi. For this purposes 

wastewater samples of industrial estates of Gadoon Amazai, Swabi and Hayatabad 

Peshawar were analyzed physicochemical parameters. The results of PTEs were in the 

order of Fe > Pb > Cu > Mn > Co> Zn > Cr > Ni. They felt risk to aquatic bodies and 

human health and recommends continuous monitoring and proper management of the 

industrial effluents before discharge to irrigation water.  

Gouafo and Yerima, (2013) carried out a significant study on breweries and soap 

industries. They determined eco-toxicity level in soap and breweries industries and 
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analysed physicochemical parameters and PTEs concentrations (pH, turbidity, EC, 

COD, BOD, NH4, No3, Cd, Cu, Cr, Zn, Al and Fe) in the wastewater samples collected 

from soap and brewery industries. The results indicate that the soap industry is the most 

polluting industry as compared to brewery industry. To reduce the pollution they 

recommended recycling process, installation of treatment plant. Moreover pollution 

surcharge on most polluting industries is also recommended.   

Azizullah et al., (2011) worked on wastewater of GAIE, Swabi, Pakistan. They 

collected 30 wastewater sample and determined Ecotoxicological effects.  For this 

purposes various fresh water flagellates (Euglena gracilis) were tested for swimming 

velocity, motility, cell shape and size, gravy tactic orientation and photosynthetic 

efficiency. Additionally, collected samples were analyzed for pH, EC, turbidity, TDS, 

TSS, and DO. These parameters were within the permissible limits of Pak-EPA. 

Conversely, the water has negative effects on the routine activities of flagellates 

(Euglena gracilis) as its cell shape and gravy tactic behavior is affects negatively even 

at low concentration of pollution. They concluded that water should be thoroughly 

monitored for bioassessment and Euglena gracilis should be used as standard because 

it is very sensitive to toxicity.  

Rehman et al., (2008) conducted a detailed study on PTEs pollution assessment of 

Peshawar, Gujranwala and Haripur of Pakistan and its impacts on surface water. They 

concluded that industrial sector of Pakistan is a potential source of water pollution. 

Various toxic metals (As, Zn, Cu, Fe and Pb) were determined. The results reveals that 

Pb and As concentrations are is at significant level in all the collected samples. They 

reported that the wastewater is used for irrigation purposes from last five decades, as a 

result the contaminant enters to food crop and leads to food chain contamination and 

health hazards.    

Rai and Tripathi, (2008) carried out an extensive study on PTEs concentrations in 

industrial wastewater, and its impacts on soil and vegetables in Lota, India. Samples of 

wastewater, soil and vegetables were collected on monthly basis during the two seasons 

(summer and winter). The collected samples were analyzed for EC, pH, nitrates and 

PTEs (Cd, Cr, Cu, Zn, and Pb) concentrations. The results reveal that soil becomes 

polluted by irrigation of contaminated water and these contaminants are transferred to 
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vegetables. The authors declared that vegetables accumulate the PTEs at significant 

level and hence causes risks to food chain and human health.   

Adeyeye et al., (2007) worked on metal concentration in pharmaceutical industry. The 

results revealed that major and trace metals (Na, K, Mg, Ca, Cd, Cr, As, Mn, Al, Ti, 

Sn, Cu and Zn) are found in the liquid effluents, soil sediments and plants at significant 

level. The F test values 67% metals are significantly correlated at 0.05 level. He has 

declared the soil sediments as a reservoir for the metals and plants leaves as a significant 

bioaccumulation part in the plant body.  

3.1.1 Brief summary 

The findings of the above studies stated that physicochemical parameters and PTEs 

concentration of the industrial wastewater were above the permissible limits of Pak-

EPA and is unfit for irrigation purpose and can cause potential ecological risks to soil 

and plants. Therefore, the industrial wastewater should be treated before release.  

3.2 Soil and plants 

Asghar et al., (2015) study on industrial effluents and its impact on chemical 

composition of the soil in village Dingi, district Haripur Pakistan. They studied soil 

fertility and yield and the contributing factors of pollution load. The result revealed that 

soil is contaminated due to the untreated wastewater irrigation or discharge. The 

wastewater of nearby Hattar industrial estate, Haripur is mixed with the natural streams 

and agriculture soil of the area and contaminates it. The analytical results were above 

the permissible limits of European committee commission (ECC) and world wide fund 

(WWF) and negatively affecting soil quality. The agriculture soil was declared unfit for 

agriculture purposes due to health risks. Proper monitoring and management of the soil 

is recommended for reducing possible health risks.   

Cherfi et al., (2015) determined HRA of PTEs in vegetable of urban wastewater in 

Algeria. In the study urban wastewater treatment plant of Boumerdes city was assessed 

for irrigation purposes of vegetable. Vegetables species (potato, tomato and cucumber) 

were irrigated with the treated water and then analyzed for PTEs concentrations. PTEs 

concentrations were ranged from 0.9-6.2, 1.8-12.5, 0.5-0.6 and 2.5-3.0 mg kg-1 for Cr, 
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Pb, Zn and Cu respectively. The results were compared with the same species collected 

from Algerian markets. It was investigated that vegetables cultivated on treated water 

have less concentration of the PTEs in comparison of that collected from Algerian 

markets. The evaluated results indicated that treated water has reduced average daily 

dose (ADD) and hazard risk index (HRI) up to 85% for all PTEs. The study concludes 

that vegetables cultivated with the treated water are safe in comparison of vegetable 

available in different Algerian markets. They recommended treatment of industrial 

wastewater before release into environment.  

Li et al., (2015) conducted a detailed study on determination and translocation of PTEs 

to vegetables and its health risk assessment in south China. In the study PTEs were 

determined in soil, air settled particle and vegetables in adjacent waste incinerator area 

(target) and 20 km away from the waste incinerator area (controlled).The results 

revealed that vegetables (both root and aerial parts) have lower concentration of PTEs 

(Cd, Pb, Cu, Ni and Cr) than in soil. It is indicated that PTEs are bio-accumulated in 

soil more comparatively to vegetables and settled air particles. Furthermore, HRI of 

PTEs in soil resulted non-carcinogenic risks especially in children and declared soil as 

the significant exposure pathway in term of non-dietary intake.   

Gul et al., (2014) conducted a detailed study on PTEs concentrations in the agricultural 

soil of district Mardan, Pakistan. They collected soil samples and analyzed for 

physicochemical parameters (pH and EC), major elements (Ca, K, Mg, Na and Mg) and    

Na, K, Ca, Mg, Fe, Mn) and PTEs (As, Pb, Cd, Cu, Ni, Fe, Mn and Zn). The increasing 

order of cations were Na > Ca > Fe > K > Mg > Mn and PTEs were Zn > Cr > Ni > Cu 

> Pb > As > Cd. Geostatistical analysis (CF and PLI) results categorized the soil from 

low to high polluted degree due to PTEs accumulation.  

Yadav et al., (2013) investigated PTEs concentrations in soil and vegetables cultivated 

in Allahabad Uttar Pradesh, India. They collected soil and vegetables samples from 

adjacent area irrigated with Naini Allahabad industrial estate wastewater and analyzed 

for Zn, Cu, Pb, Ni, Cd and Fe concentrations.  The PTEs were in the order of Fe > Zn 

> Cd > Pb > Ni > Cu and Fe > Ni > Zn > Cu > Cd > Pb in wastewater and soil samples 

respectively. The concentration of all the PTEs (except Cd and Fe) in wastewater was 

below the MPL of Food and agriculture organization (FAO)/WHO (2007). The PTEs 
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are accumulated in soil and its translocation to upper parts was quiet significant. They 

concluded that vegetables cultivated on wastewater irrigated soil are unfit for 

consumption and may pose significant health risks.  

Jadoon et al., (2013) investigated the effects of wastewater irrigation on different 

vegetables cultivated in the adjacent area of Faisalabad, Pakistan. The study area is 

known for tanneries, paper, oil and ghee and textile industries in Pakistan. Wastewater 

of these industries was discharged directly into adjacent streams without treatment and 

is used for irrigation due to scarcity of irrigation water.  In this study detrimental effects 

of the industrial wastewater on ground and surface water and cultivated vegetables were 

investigated. The results revealed that reduced growth and germination rates of 

vegetables are recorded due to wastewater irrigation. . Textile industries effluents 

resulted in deceased root and shoot biomass.  Overall results indicated that effluents of 

these industries are rich in PTEs (Pb, As, Cu, Cd, Zn, Cr and Ni) concentration and 

irrigation with these effluents is a major source of PTEs accumulation in irrigated 

vegetables. It is concluded that seed germination, root growth, yield, and nutrients 

availability are severely inhibited due to the effects of PTEs concentrations in the study 

area.  

Jolly et al., (2013) determined concentration of PTEs in wastewater irrigated soil and 

its transfer to vegetables and its associated HRA through food chain contamination. For 

this purposes agriculture soil and irrigated vegetable samples were analyzed and PTEs 

concentrations were investigated. The results states that As, Ba, Cd, Co, Cr, Cu, Fe, 

Mn, Mo, Ni, Sc, Sr, V and Zn concentrations in soil samples  were higher than the 

WHO guidelines while Pb, Ti and Al concentrations were below the WHO guidelines. 

The TF and HRI were calculated for the contaminated soil cultivated vegetables. HRI 

was in the order of Cd > Mn > Zn, Pb> Cu > Fe > Ni > V > Co > Cr. Although the 

dietary intake of PTEs was in safe limit but some PTEs HRI was found in toxic level 

and can cause health risks.   

Wang et al., (2012) studied PTEs concentrations and its effects on soil properties and 

transfer to wheat crop in Yangtze River delta region of China. For this purpose 126 

samples of soil and crops were collected and analyzed for Zn, Mn, Fe, Cd, Ca, Mg, N, 

P, K, S, TOC and pH. The results were statistically analysed and evaluated that 19.8% 
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soil samples and 14.3% wheat samples exceeds Cd permissible limits of China. The Cd 

concentration both in soil and wheat samples were affected by pH, Ca, Mg, S, P, Fe and 

carbonates availability. It was concluded that soil K, P, Mn, Mg, Ca and pH limited 

transfer of Cd from soil to wheat crop while soil TOC, Fe, Zn, N and S enhanced the 

uptake rate of wheat crops.  

Gartaula and Gautam, (2012) evaluated industrial effluents and its impacts on wheat 

crop in Kathmandu, Nepal. For this purpose five industries including textile, carbide, 

wires, oil and chemicals were selected whose effluents were used for irrigation 

purposes. Each industrial effluents were analyzed for different physicochemical 

parameters i.e. pH, T, EC, TDS, TSS, Cl, NH3, F, SO3, Do, BOD, COD and oil and 

grease and PTEs concentrations i.e. Pb, Cd, Ni, Cr, As, Fe and Mn. These PTEs results 

did not comply with the national standards. Similarly, other parameters were also found 

objectionable for aquatic and terrestrial lives. In the wheat crops accumulated PTEs 

were Ni, Zn, Cd and Pb exceeding the permissible limits.  It is concluded that the 

industrial wastewater contaminate adjacent river and inland surface area. The author 

recommends that industrial effluents are unfit for irrigation purposes.  

Opaluma et al., (2012) determined PTEs concentrations in soil, plants leaves and crops 

cultivated around industrial waste dumping sites in Lafia Metropolis, Nasarawa state 

Nigeria. Soil samples were collected from two adjacent sites (A and B) to the dump 

sites. The collected samples were investigated for different PTEs (As, Pb, Cd, Zn, Fe, 

Ni, Co and Cu) through Flame Atomic Absorption Spectrophotometer (FAAS) (Perkin 

Elmer 700) and the results were shown in mg kg-1. In site A, PTEs concentrations were 

0.38, 0.49, 0.31, 0.63, 0.91, 0.58, 0.48 and 0.66 for Zn, Pb, Ni, Fe, Cu, Co, Cd and As 

respectively. While in site B these concentrations were 0.40, 0.53, 0.42, 0.64, 0.82, 

0.63, 0.84 and 0.55 for Zn, Pb, Ni, Fe, Cu, Co, Cd and As respectively. Plants and crops 

leaves showed significant concentration of PTEs i.e. Fe (0.32) and Co (0.33) in roselle 

leaves, As (0.37) and Cu (0.71) in groundnut, As (0.28) and Cu (0.48) in maize grains, 

Co (0.32) and As (0.36) in spinach leaves and Co (0.32) and Cu (0.36) in okro. The 

result indicates that site A and B have greater amount of PTEs in comparison of control 

sites that shows transfer of PTEs to agriculture lands through runoff and leaching 

processes. The authors recommend proper monitoring to reduce possible risk to the 

inhabitants in nearby future.   
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Kumar and Srikantaswamy, (2012) worked on PTEs pollution assessment in industrial 

area and its impacts on adjacent soil of Mysore, Karnataka, India which is the second 

largest industrially growing city in Karnataka state. Due to fast industrialization water, 

soil and air pollution is increasing day by day. In this study they have determined PTEs 

in adjacent soil of industrial zone. The results indicated that PTEs concentrations in the 

collected sample are near to their maximum level. Ni concentration was 10-18.1 mg kg-

1, Zn 66.5-121.7 mg kg-1, Cr 6.6-22.1 mg kg-1, Cu 6.8-20.3 mg kg-1 and Fe 2.5-6.7 mg 

kg-1. The authors consider it toxicity risk to food chain due to plants and vegetables 

uptake and percolation in ground water. Precautionary measurements are recommended 

for a safe and healthy future.  

Khan et al., (2013) studied PTEs contamination by various anthropogenic activities and 

its impacts on living organisms. The metals get entry through ingestion, inhalation, 

absorption etc and are accumulated in living bodies. The metals become more harmful 

when their accumulation rate is more than their discharge rate. Different anthropogenic 

activities such as mining, burning of fossil fuel, agriculture fertilizers and industrial 

waste are the major sources of PTEs in metropolitan cities. Water resources become 

polluted with these anthropogenic activities. When the polluted water is used for 

irrigation the soil and plants gets contamination and finally causes risks to human 

health.  

Ramesh and Yogananda, Murthy, (2012) assessed PTEs concentrations in wastewater, 

soil and green leafy vegetables. They collected samples randomly from five stations (1, 

2, 3, 4 and 5).  The samples were analyzed for Mn, Cd, Cr, Pb, Zn and Cu through 

FAAS (Perkin Elmer 700). The results reveal that the concentrations of PTEs were high 

in wastewater and soil samples comparatively than the MPL of India. Wastewater 

parameters values of DO, TDS, CE and pH were also above the irrigation standards. 

Two species in leafy vegetables i.e. palak (Beta vulgaris) and coriander (Coriandrum 

sativum) showed significant concentration of PTEs Palak showed accumulation of Mn, 

Cr, Pb, Zn and Cu in all the five stations samples especially in station 1, 2 and 5 showed 

excess concentration above the permissible limits of FAO/WHO . Similarly coriander 

leaves showed Mn, Zn and Cu accumulation in all the five stations samples. In all the 

five stations Pb concentration was 28.4-149.5 and 54.69-75.5 ppm in palak and 

Coriander respectively. In station 2 Cd was 0.81 ppm and 1.5 ppm in station 4. Cr was 
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found in station 1, 2 and 3 only. In Palak its maximum concentration was 70.8 ppm and 

127.8 in coriander exceeding the permissible limits of FAO/WHO. They declared that 

the PTEs contamination may be linked with industrial discharge and over use of 

pesticides. They suggested proper examination of food commodities for ensuring food 

safety and security.    

Hani and Pazira, (2011) assessed PTEs for source apportionment in agriculture soil of 

southern Tehran, Iran. The collected soil samples (106) were analyzed for Cd, Pb, Ni, 

Cr, Zn, Co and Cu concentrations. The results were evaluated through GIS and 

geostatistics for spatial distribution. Cd was related with industrial source and 

agriculture run off. Cu, Pb and Zn were due to anthropogenic sources. Ni, Co and Cr 

input source was pedogenic factors. PTEs concentrations probability higher than the 

threshold level was determined through disjunctive kriging while ordinary kriging was 

used for mapping of PTEs spatial pattering. It is concluded that Zn, Ni, Cu and Cd 

exhibit pollution risks which were related to industrial waste, urban waste and 

agriculture runoff. Management strategies for PTEs pollution remediation are 

recommended in the study.  

Singh et al., (2010) evaluated HRA of PTEs in vegetables of wastewater irrigated area 

of Varanasi, India. For this purpose wastewater, soil and vegetables samples were 

collected and analyzed for Zn, Pb, Ni, Cu, Cr and Cd concentrations. Significant 

concentration of Cd, Cu, Ni, Cr and Pb were found in wastewater. Similarly these PTEs 

concentrations were found in soil at significant level due to last 20 years continuous 

wastewater irrigation. Among these PTEs, Ni, Pb and Cd in vegetables were above the 

permissible limits. The overall results show potential health risk to the underserved 

community due to significant accumulation of Ni, Pb and Cd in vegetables. The authors 

recommend that industrial wastewater is unfit for irrigation purposes. Regular 

monitoring and effective treatment of sewage for reduction of PTEs accumulation and 

possible health risks. 

Huang et al., (2008) conducted a detailed study on accumulation of PTEs in wheat 

grains and assessed potential health risks in Kunshan, China.  They determined Hg, Pb, 

Cr, As, Cu, Zn, Cd and Ni in various samples of soil and wheat crops. The results of 

the PTEs were in the order of Zn > Cr > Ni > Pb > Cu > As > Hg > Cd. In soil samples 
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Cd, Zn, Ni, Cr and Hg were found in excess amount than the Chinese standards. In 

addition, Cd, Zn and Pb were above the permissible limits in wheat samples. Although 

HRI was within the safe interval but the health risk was significant for the children and 

adults of rural areas. Maximum potential health risk was due to As, Cu, Cd and Pb while 

minimum was due to Cr. Special attention is recommended for the potential added risks 

caused to the inhabitants (children and adults) of the country through consumption of 

wheat.  

Nan et al., (2000) studied PTEs concentrations and its impact on soil properties and 

wheat crops cultivated on contaminated soil of Baiyin city, China.  The soil and wheat 

crop samples were analysed for PTEs (Zn, Cu, Cu, Pb and Cd) and other important 

parameters (Phosphorous, and pH). The results were evaluated for regression and linear 

correlation. The content of the selected PTEs increase total soil content but enhance the 

accumulation of Cd in grain. While the contents of Zn decreases the accumulation of 

Pb in grain. The correlation increases through other soil properties for Cd and Pb. The 

soil pH and available P in soil show an impact on the uptake of Cd to grains.  

3.2.1 Brief summary 

The reviewed research articles conclude that wastewater irrigation is the main source 

of PTEs enrichment in soil and plants. These PTEs causes potential ecological risks to 

soil and plant health and finally pose different non-carcinogenic health risks in human. 

3.3 Biochar- A potential solution 

Paz-Ferreiro et al., (2014) have discussed the identified mechanisms of interaction of 

biochar and PTEs.  Among these mechanisms, the valuable features are, (i) large 

surface area of biochars, which helps in excessive surface sorption of PTEs on the BC 

surface. As various complexes are formed between PTEs and the functional groups 

available in BCs, (ii) by the exchange of different cations (Ca+2 and Mg+2, K+, Na+ and 

S) of BC with available PTEs in soil, or due to physical adsorption, (ii) availability of 

oxygen functional groups, which are recognized for stability of PTEs on the amended 

BC surface, (iii) comparatively high pore size/diameter of BC, as the PTEs are 

entrapped inside these pores, (iv) high amount of sulphate, phosphates and carbonates 

found in the ash, that precipitate PTEs with these compounds, (v) Alkaline nature of 
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BC, because the alkaline BC increase the soil pH and the PTEs propitiate more in 

alkaline soil, (vi) altering redox potential of PTEs ( Cr+6 to Cr+3) and (vii) soil type, 

having excessive number of cations.  

Al-Wabel et al., (2015) applied BC to soil for reducing PTEs mobilization in soil and 

translocation to maize plants. The BC were applied to mining effected soil with 5%, 

3%, 1% and 0% w/w rate and two moisture level of 100% and 75% field capacity. The 

BC effects on soil moisture contents, bulk density, EC, pH and immobilization of PTEs 

(Pb, Cu, Cd, Zn, Mn and Fe) were investigated. The results evaluated that a significant 

increase in moisture contents and decrease in bulk density of soil was carried out. PTEs 

immobilization in the form of significant reduction in AB-DTPA or NH4Ac 

concentration was also recorded. Growth in shoot dry biomass of the maize plants was 

133-266% at 100% field capacity and 54-102% at 75% field capacity. Furthermore, 

significant decrease in PTEs concentrations (except Fe at 75% field capacity) was also 

recorded. The decrease in PTEs at 100 and 75% field capacities were 47.2 and 53.2% 

for Cd, 29.5 and 60.4% for Cu, 21.2 and 28.0% for Zn and 60.5 and 51.3% for Mn 

respectively. The authors have recommended BC for reduction of phytotoxicity through 

PTEs immobilization and soil improvement.  

Ali et al., (2015) studied BC as a novel tool to enhance soil fertility and wheat 

productivity under wheat-maize-wheat cropping pattern. To achieve objectives of the 

study, two year consecutive field experiments were carried out to assess interactive 

behaviors of BC with farm manure and fertilizers.  The evaluated results stated that BC 

application at a rate of 25 t ha-1 resulted increase in soil major contents i.e. K, P and C 

were significantly increased at a rate of 18.41%, 61.39% and 54.02% respectively. 

Similarly increase in grains phosphorous uptake was 19.67%, biological yield was 

15.36%, grain yield was 9.96%, thousand grains weight was 3.73%, grains spike-1 was 

5.61% and spikes-2 was 6.64%. Farmyard manure at a rate of 10 t ha-1 showed likewise 

increase result of BC but only in K, P, C and grains yield.  Similarly mineral nitrogen 

application at a rate of 120 t ha-1 showed only yield components and grains yield but no 

effect on K, P and C contents. The authors concluded that BC alone or in combination 

with farmyard manure and mineral nitrogen enhanced soil quality and yield components 

and grains yield of wheat-maize cropping method.  
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Fryda and Visser, (2015) studied the effectiveness of gasification and slow pyrolysis in 

preparation of a BC for soil improvement. The authors states that agro-residue and 

waste is not yet broadly used for BC preparation although these residue can be easily 

pyrolyzed at low temperature and slow pyrolysis. In this study, slow pyrolysis at 400 

ºC (low temperature) and 600-750 ºC (gasification) was practiced for BC preparation 

and energy generation form greenhouse waste and woody residues. Physical and 

chemical properties including surface area, BC quality and energy provision of the 

prepared BC were compared. The results concluded the feedstock type, pH, surface 

area, ash composition and elemental composition are the characteristics features that 

influence BC properties. Higher pyrolysis process yielded low BC production and 

coltar contents but higher ash contents, pH and surface area. Conversely, slow pyrolysis 

condition produced smaller surface area but higher yields and polyaromantic 

hydrocarbons.    

Tan et al., (2014) investigated the effect of pyrolysis temperature on BC adsorptive 

properties for PTEs. For this purpose, municipal sewage sludge was biophysically dried 

and pyrolyzed at 500-900 ºC. It was investigated that increase in temperature caused 

increase in pore size of the prepared BC and ash contents while surface functional group 

elements decreased. Furthermore, the produced BC was converted into alkaline nature. 

For PTEs adsorption batch experiment was practiced. Pyrolysis temperature of 800 ºC 

and 900 ºC improved the removal capacity of the BC for PTEs (Cd) adsorption than 

commercially available activated carbon. Pyrolysis temperature of 900 ºC was 

recommended as optimum temperature during the batch experiment.  

Rehrah et al., (2014) studied preparation of BC from agricultural by-products for 

improvement of soil quality. In this study BC were prepared at various temperature and 

residence time from different by-products i.e. switch grass (Panicum virgatum), CG, 

PS and PC. The prepared BC was analyzed for elemental composition, EC, SC (surface 

charge), SA, pH, ash and yield. Feedstocks were pyrolyzed at 750 ºC, 500 ºC and 300 

ºC with a residence time of (24, 16 and 8 h), (12, 8 and 4 h) and (3, 2 and 1 h) 

respectively. Higher BC resulted in higher ash contents, pH and SA while lower SC 

and BC recovery. Among the eight prepared BC highest SA (276 m2g-1) was of the 

switch grass BC followed by PC BC having SA 185 m2g-1. PS and SC BC (350 ºC) had 

highest values of 3.16 mmol H+ eqg-1 C. All the seven prepared BC showed lowest ash 
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contents (<10%) except the CG (≤34%). All these soil quality related properties of BC 

showed that various desirous quality BC can be prepared through selected pyrolysis 

conditions and feedstocks. 

Zhang et al., (2013) has focused immobilization of PTEs and organic pollutants in 

contaminated soils with application of BC. According to authors, soil contamination 

with PTEs and organic pollutants has become an alarming issue for the current 

generation. To overcome the matter considerable efforts have been practiced. Among 

all BC is the reliable way for solution of the matter. BC has nano-pores and large surface 

area. It adsorbs PTEs and organic pollutants on its surface through various physio-

chemical reactions and reduces bioavailability and leachability of it. Due to alkaline 

nature of BC soil pH increases and thus stabilization of PTEs occurs. The author 

concluded that although BC is innovative technology for PTEs immobilization and 

organic pollution reduction but further research is needed to identify sustainable and 

safe application methodologies for BC.  

Berek and Hue, (2013) conducted a comprehensive study on improving soil 

productivity through BC application. The study is based on surface functional groups, 

porous nature, pyrolysis temperature and other basic properties that make BC beneficial 

for soil application. The authors had tried to investigate these properties during the 

study period and prepared six types of wood derived BC. The BC were applied to acid 

soil of Hawaiian at a rate of 2% and 4% separately or in combination of lime with 2 

cmol/kg and Desmodium intortum plants were cultivated in green house (twice) to test 

the BC efficacy.  The obtained results indicated that soil CEC for Al was reduced, 

increased soil pH and nutrients uptake by the plants improved significantly (depended 

on feedstock type). Four of the total (six) BC showed efficient results in term of plants 

growth and productivity. It is concluded that BC made of she oak (Casuarina 

junghuhniana), leucaena (Leucaena leucocephala), lac tree (Schleichera oleosa) and 

Hilo mixed wood at 2% and 4% separate and in combination with lime can be used as 

soil application for plants growth, productivity and Al+ amelioration. 

Tang et al., (2013) investigated characteristics and application of BC for   remediation 

of contaminated soils. The below important characteristics were evaluated here i.e. 

feedstock type and pyrolysis temperature, mechanism of interaction (s), precipitation 
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rate of PTE (s) and application rate (s). Higher the Temperature rate higher will be the 

BC surface area and carbonized fraction and vice versa. The authors states that BC has 

liable results in crops growth and improvements in soil properties. Furthermore, it can 

enhance crops resistance for diseases. The authors described that the mechanism 

(electrostatic interaction), surface area of BC, precipitation rate of HM (s) and 

sequestration (for organic contaminants) are the basic characteristics that can easily 

investigate remediation frequency of contaminant (s) from soil. However, BC 

application badly affect pesticides efficacy which counterpart crops resistant to 

diseases. The authors recommended further research projects to declare BC applications 

for PTEs remediation in contaminated soils.  

Nigussie et al., (2012) has studied soil properties and translocation of Cr into lettuces 

plant in the light of BC application. The authors have highlighted threats to 

environmental management due to recent industrialization and have tried a novelty 

study on treatment of Cr contaminated soil and plants through BC application. For this 

purpose BC were prepared from maize stalk and applied at 0, 5 and 10 t/ha rates to 0, 

10 and 20 ppm Cr contaminated soil. The results revealed that significant results 

(P<0.01) were obtained in term of increase in CEC, Phosphorous (P), nitrogen, organic 

carbon (OC), EC and pH. Furthermore, K, P and N significant uptake (P<0.01) by the 

plant was recorded with the BC application. A potential reduction in Cr concentration 

was also recorded in 20 ppm soil (Cr enriched soil) due to BC application. The authors 

recommended BC technology for treatment of Cr contaminated soil, enrichment in 

basic nutrients (P, K and N) in soil and plants and improvement in soil fertility.  

Jeffery et al., (2011) reviewed the effects of BC application in soil and crop productivity 

through statistical meta-analysis. Crop productivity in term of biomass and production 

was studied. The results were statistically evaluated and showed significant increase in 

crops productivity (10% and above overall). Meta-analysis mean results showed 

cumulative effectiveness up to 38%. While segregated effectiveness was 13% on 

medium texture soil, 10% in coarse soil, 13% in neutral pH soil and 14% in acidic soil.  

Significant positive results of 100 t ha-1 of BC application were obtained i.e. 39%. 

Poultry litter derived BC showed most efficient result (28%) regrading crop 

productivity. Conversely, bio-solids (feedstock only) showed negative effect (̶ 28%). 

However, other related information i.e. environmental conditions, extensive time 
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period and auxiliary data are also required for 100% efficient results as these results are 

of only two years. The study recommended longer time studies period and strategically 

planned efforts to declare BC management factors and application mechanisms for 

better yield and productivity.  

Trakal and Komárek, (2014) studied BC application to PTEs contaminated soil through 

multi element sorption experiment. The study evaluated sorption behavior of BC into 

Zn, Pb, Cu and Cd contaminated soil. Variety of BC and application rates was practiced 

to express novelty of the experiment.  Sorption behaviors of the PTEs (both single and 

multiple PTEs solutions) were investigated through batch experiment. The results 

revealed that the main Zn (main contaminant of the study) was easily desorbed in the 

availability of Pb and Cu and less desorbed to Cd level. This desorption rate was 

significantly reduce after BC application and finally it is proved that competition effect 

greatly affected sorption behavior of PTEs in single and multi-metals solutions. 

Furthermore, 1% and 2% application rates (w/w) have no significant effect on 

desorption. The authors recommend further study on application rates for PTEs 

immobilization in acidic soils.   

Uchimiya et al., (2010) studied immobilization of PTEs and release of nutrients through 

BC application. In this study both sequestration of PTEs (Ni, Cd and Cu) and release 

of essential nutrient (Sulphur) is focused. Steam activated carbons and boiler litter 

derived BC was prepared under various degree of carbonization either with or without 

availability of soil organics. Activated carbons through H2SO4 under different oxidation 

degrees were applied for determination of aging. The obtained results revealed that OM 

with high carboxyl contents and high organic fractions of BC can easily mobilized Cu 

in alkaline soil. Boiler litter derived BC prepared at 350 ºC (low HTT) showed 

significant immobilization efficacy in PTEs concentrations as compared to H2SO4 

activated carbons of Pecan shells. Similarly Sulphur was released (in soluble form) with 

the boiler derived BC while no effect by the pecan derived BC. 

Waqas et al., (2014) has studied effects of BC on PTEs immobilization and 

improvements in growth and yield of plants. They have applied BC to contaminated 

soil at 5% and 10% ratio. Their results states that 10% application significantly (p ≤ 

0.05) reduced the phytoavailability of PTEs in plants and suppressed (p ≤ 0.01) ADD, 
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HRI and carcinogenic risk assessment (CRA) in humans. They recommended that BC 

could be a useful soil application for PTEs immobilization and decreasing health risks.     

Nawab et al., (2018) has used BC, peat moss and farmyard manure for minimization of 

human health risks caused by the contaminated soil due to ingestion of PTEs. They 

have applied the application on different ratio (1%, 2% and 5%) for degradation of 

bioaccumulation in plants and reduction in human health risks. The results states that 

5% applications of all the application have significantly (p ≤ 0.001) reduced the PTEs 

bioavailability and increased biomass and yield of plants compared to control. 

Furthermore, ADD and HRI in both adults and children were also significantly (p ≤ 

0.001) decreased with the 5% application as compared to 1% and 2% ratio. They 

concluded that BC treatment at 5% application showed most efficient results in PTEs 

immobilization and reduction in health risks and improvements in yield and growth of 

plants as compared to the other organic application. They recommended BC for 

reduction of PTEs bioaccumulation and its associated health risks and improvements in 

growth and yield of plants.  

Yousaf et al., (2017) has studied comparative effects of BC and conventional organics 

application on reduction of health risks of PTEs caused by consumption of wheat 

cultivated on industrially contaminated soil. Their results states that BC has 

significantly (P ≤ 0.05) reduced the bioavailability and translocation of PTEs than 

conventional organic application in wheat plant. Moreover, hazard indices were 

significantly (P ≤ 0.05) reduced with BC application comparatively to conventional 

organic application. Furthermore, CRA was above the MPL in all the conventional 

organic application while BC has suppressed it to tolerable limit. The authors have 

recommended dietary diversification as alternative mitigation measure for 

minimization of health risks.   

3.3.1 Brief summary 

The reviewed literature regarding application different biochars for immobilization of 

PTEs in plants and crops have showed meaningful findings in term of decreasing the 

bioavailability of PTEs in soil, reducing enrichment of PTEs in edible parts of plants 
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and significantly decreasing health risks in human. Moreover, the BCs application has 

noteworthy results for agronomic values of crops. 
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CHAPTER IV 

MATERIALS AND METHODS 

4.1 Preliminary survey and samples collection 

Preliminary survey of GAIE and the adjacent area was conducted to specify sampling 

points for the wastewater (target), groundwater (reference), wastewater irrigated soil 

(target) and groundwater irrigated soil (reference). Latitude and longitude of each 

sampling point was determined with the help of global positioning system. 

The wastewater samples were collected from industrial wastewater which is using for 

irrigation purpose in the study area (Fig. 4.1). Samples were collected on monthly basis 

throughout the year. At each point, the samples were collected for every hour for the 

duration of six hours consecutively, subsequently all samples of the day were mixed 

together to get a composite sample. The groundwater samples were collected from 

groundwater sources of adjacent area. Groundwater samples were collected on monthly 

basis (one time only) throughout the year (Muhammad et al., 2018). Two types of 

samples were collected from each wastewater and groundwater sampling point. One 

sample was acidified with 0.5% (v/v) HNO3 and used for PTEs determination, while 

the other non-acidified sample was used for analysis of physicochemical parameters. 

All the samples were collected in dried polyethylene bottles that had previously been 

rinsed with detergents and deionized water (DI water). The collected samples were 

labelled, sealed and preserved (APHA, 1989; Heredia and Fernández, 2009).   

The soil samples (target and reference) were collected from 0-20 cm depth by auger 

from agriculture fields irrigated with the wastewater and groundwater respectively (Fig. 

4.1). Briefly, two and five samples were collected from less than one acre and more 

than one acre agriculture fields respectively and thoroughly mixed to become one 

composite sample (Nergus, 2002).  All the collected samples were stored in Kraft paper, 

sealed and labelled (Q. Yang et al., 2011). 
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Fig. 4.1 Water and soil sampling map of GAIE and adjacent area. 

4.2 Analytical procedures  

4.2.1 Water analysis 

The water samples were analysed for different physicochemical parameters through 

various stnadards methods such as flow rate by float method (Herschy, 2008), 

temperature by Thermometer (EA 722AA-100), pH by pH meter (Seven2GoTM), EC 

by conductivity meter (CONSORT C931), turbidity by turbidity meter 

(JENWAY6035), TSS and TDS by gravimetric method, alkalinity, hardness and 

chloride by titration method, COD by open reflux method, BOD by Iodometric method, 

DO by DO meter (METTLER TOLEDO InLab® OptiOx-5m), Sulphate by UV-

spectrometer and grease and oil by hexane extraction gravimetric method (APHA, 

1989; Peavy et al., 1985). The Flame Atomic Absorption Spectrophotometer (Perkin 

Elmer 700) was used for determination of major elements (Ca, Mg, Na and K) and 

PTEs (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn), while As was determined through 

mercury hydride system following standard working procedures.   
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4.2.2 Soil analaysis 

i. pH 

The collected soil and DI water were mixed with 1:5 ratio and measured pH with pH 

meter (Seven2GoTM) (Kalra, 1995).  

ii. Water holding capacity  

The WHC for soil samples was determined using a slightly modified version of the 

British standard method BS 7755-4.4.3:1997 (British Standards Institution., 1997). A 

plastic cylinder 50 mm long and 60 mm wide was perforated, covered with filter paper 

on base side and weighted. The cylinder was kept in water bath after partial filling with 

the soil sample. After complete seeping of water into the pores and submerge, the soil 

was soaked for 3 h. Then removed, kept overnight in wet fine quartz sand draining tray 

and weighted. After complete free draining the soil was separated from the cylinder, 

dried (105 °C) and weighted.   

WHC (%) =
ms − mt − md

md
× 100 

Where, ms is the mass of cylinder, filter paper and saturated soil, mt is mass of filter 

paper and cylinder and md is the mass of dried soil.   

iii. Texture 

For soil texture measurement pipette method was adopted. A mixture of 20 g soil, 5 mL 

sodium hexa-metaphosphate (NaPO3)n and small amount of DI water was prepared and 

shacked for 5 minutes, poured in graduated cylinder and diluted up to 500 ml and 

mixed. After 48 seconds of took an aliquot from top 10 cm and marked as 10 cm pipette. 

The aliquot was transferred to pre-weighted china dish. After 40 minutes another 

aliquot was taken from upper 5 cm and transferred to pre-weighted china dish. Both the 

aliquots were placed in oven to dry at 105°C over night. After overnight dryness second 

reading was recorded. The difference in weight was used for measurement of the mass 

of silt and clay through following formula (Klute, 1986).  
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Clay% =
mass of clay × 20 × 100%

mass of soil
 

Silt% =
(mass of silt + clay) − mass of clay × 20 × 100%

mass of soil
 

Sand% = 100 − (Silt% + Clay%) 

iv. Cation exchange capacity 

The CEC of soil is the “sum of all cations in meq/100 g dry soil”. The recorded values 

(in mg kg-1) for each cation were converted to meq/100 g dry soil, using conversion 

methods (Esposito, 2013).  

1 mg kg−1 of cation =
0.1 mg cation

100 g soil
×

1 meq. cation × valence of cation 

Eq. weight of cation
 

v. Dissolved organic carbon 

The DOC concentration in soil was measured by Ibrahim et al., (2017). Briefly, 40 mL 

of 0.5 M K2SO4 solution was added to 4 g soil and shaken for 1 h at 200 rpm and 

centrifuged. The supernatant was filtered through 0.45 µm filter and analyzed for DOC 

by TOC analyzer (TOC-VCPH, Shimadzu, Japan).  

vi. Carbon, nitrogen and sulphur  

The total concentration of C, N and S was determined by PerkinElmer 2400 series II 

CHNS/O Elemental Analyzer following the standard working procedures.  

vii. Major elements and potentially toxic elements determination  

The collected soil samples were air dried, sieved, homogenized, pulverized (200 mesh 

size), dried (110 °C for 2 h) and cooled in desiccator (Yang et al., 2011). The major 

elements (K, P, Ca, Na and Mg) and the PTEs (As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and 

Zn) concentration microwave assisted acid digestion of siliceous and organically based 

matrices method 3052 (ASTM, 1996). Briefly, 0.5 g from each of the prepared samples 

was taken in Teflon beaker and 3 mL hydrofluoric acid and 9 mL concentrated nitric 

acid (65%) were added. The samples were heated at 180 ± 5 ºC for 15 min in microwave 
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system. After cooling, the vessel contents were filtered, diluted and analysed for the 

major elements and PTEs concentrations through Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES), PerkinElmer Optima 8300 ICP-OES following 

standard working procedures. 

4.2.3 Preparation, characterization and application of biochars 

i. Preparation of biochars  

Naturally grown green waste (Cynodon dactylon) was pyrolyzed at HTT of 400, 600 

and 800 ºC at 10 ºC increase per minute and 20 min residence time under slow pyrolysis 

process in horizontal fixed-bed (at an internal diameter of 5.5 cm, 100 cm long) reactor 

under 100 L min-1 N2 gas atmosphere and cooled down to 50 ºC while keeping the 

continuous flow of N2. The obtained solid (biochar) was ground to 40 mesh size, passed 

through 0.45 mm sieve and henceforth named as 400BC, 600BC and 800BC. Where 

BC stands for biochar and the numerical numbers represent the HTT at which BCs were 

pyrolyzed.  

ii. Physicochemical analysis of biochars 

 pH  

The pH of BCs was determined by using BCs: DI water ratio of 1:5 or 1:10 and shaking 

for 1 h (Enders and Lehmann, 2017) or 1:20 and shacking for 90 min (Aslam et al., 

2017) on a mechanical shaker and measured by pH meter (Seven2GoTM).  

 Water holding capacity  

The WHC was determined according to Nguyen and Lehmann (2009) method. Briefly, 

19 g white sigma sand (Sigma Aldrich No. 274739, -50 +70 mesh) was ignited at 500 

°C for 24 h and mixed with 1 g BC. What no. 1 filter was weighted, kept the mixture 

of sand and BC in it using funnel and saturated with DI water. After the free draining, 

the saturated mixture was dried at 105 °C for 24 h and weighted.  A filter paper was 

also saturated with DI water to use as blank.  

WHC% =
ms−md − mw

md
× 100 
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Where, ms is the mass of DI water saturated filter paper and BC-sand mixture, md is 

mass of dried filter paper and BC-sand mixture and mw is the mass of wet filter paper.  

 Cation exchange capacity 

The CEC of BC is the “sum of all cations in meq/100 g dry BC”. The recorded values 

(in mg kg-1) for each cation were converted to meq/100 g dry BC, using conversion 

methods (Esposito, 2013).  

1 mg kg−1 of cation =
0.1 mg cation

100 g biochar
×

1 meq. cation × valence of cation 

Eq. weight of cation
 

 Dissolved organic carbon 

For DOC determination, a mixture of 1.0 g BCs and 20 mL (0.01 M CaCl
2
 solution) 

was prepared and shaken overnight. The completely homogenized mixture was 

centrifuged for 10 min at 10,000 rpm. The supernatants were filtered (0.22 µm) and 

measured with a Shimadzu TOC-V CSH analyzer (Cabrera et al., 2011).  

 Elemental analysis 

Powdered dried samples were analysed for C%, H%, N% and S% using CHNS Perkin-

Elmer 2400 Series II CHNS/O analyzer (Perkin-Elmer, Shelton, CT). The O% was 

determined by calculation method of (Aslam et al., 2017).  

O% =  100% − (C% + H% + N% + S + Ash%) 

 Major elements and potentially toxic elements concentration  

For determination of total major elements (Ca, Mg, Na, K and P) and PTEs (As, Cd, 

Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn) concentration in BCs samples, microwave assisted 

acid digestion of siliceous and organically based matrices method 3052 (ASTM, 1996) 

was followed. Briefly, 0.5 g of the prepared samples was taken in Teflon beaker and 9 

mL concentrated nitric acid (65%) and 1 mL hydrogen peroxide was added. The 

samples were heated at 180 ± 5 ºC for 15 min in microwave system. After cooling 

down, the vessel contents were filtered, diluted with DI water to 50 mL and analyzed 
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the concentrations of the major elements and PTEs through ICP-OES following 

standard working procedures. 

iii. Structural analysis of biochars 

 Micromorphology, surface characters and energy dispersive X-ray (EDX) 

analysis 

Approximately 10 mg of each BC was dispersed in 20 mL DI water by sonication for 

30 min and picked up onto a carbon coated coper grid. After dryness, the 

micromorphology was observed by scanning electronic microscope (Hitachi, Japan). 

Surface area and pore size/volume were determined through Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) methods, respectively using surface area 

analyzer “NOVA2200e Quantachrome, USA” through nitrogen adsorption/desorption 

at 77.4 K. The BCs samples were degassed in vacuum condition (180 °C for 24 h) prior 

to analysis as stated by (Tan et al., 2014). Moreover, the EDX was determined by a 

super ultra-thin window X-ray analyzer (Silicon drift detector, Quantax, Bruker) on 20 

kV voltage at the highest possible resolution for maximum percentage measurement of 

the elements (Purakayastha et al., 2015).  

 X-ray diffraction (XRD) analysis 

The mineralogical composition of the BCs was determined by X-ray diffraction (XRD) 

analysis. A Bruker 2D phaser system (D5005, Bruker Germany) equipped with a 

Lynxeye detector was used for obtaining the XRD diffractogram from 5-50º 2θ at a 

scan rate of 40s per 0.05º 2θ step size. The BCs diffractograms were identified by 

comparing the 2θ values to ICDD-PDF software Diffrac Eva and also compared to the 

standards files of joint committee on powder diffraction for identification of the 

minerals (Kim et al., 2013; Srinivasan et al., 2015). 

 Fourier transformed infra-red spectroscopy (FTIR)  

The BCs samples were prepared by mixing of 1.0 mg each BC with 200 mg KBr (FTIR 

reagent) and make pellets (7×13 mm) using hydraulic press at a pressure of 10 tons/cm2 

for 2 min. The pellets were then scanned in the absorbance range of 400 to 4000 cm-1 

using GX spectrometer (Perkin Elmer USA) (Tan et al., 2014).  
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 Raman spectroscopy 

The BCs samples were analyzed by A Renishaw inVia Raman microscope (514 nm 

laser diode) using 4 cm-1 spectral resolution with a 10% laser power and 15 min 

acquisition time. The Raman spectra were fitted in the range of 400-3500 cm-1 by 

WiRE Raman software (version 3.6) (Mohanty et al., 2013).  

 X-ray photoelectron spectroscopy (XPS) analysis 

The XPS analysis of the BCs was obtained using an achromatic X-ray radiation (1253.6 

eV) by an axis-165 (Kratos analytical Inc. Manchester, UK). The curves of C1s and 

O1s were fitted by CasaXPS software, version 2.3.19 (Casa software Ltd. Teignmouth, 

UK). For C1s and O1s, the binding energy of 284.5 eV and 531.0 eV were used as a 

reference charge, respectively (Suliman et al., 2016).  

 Thermal stability 

The thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) 

analyses were measured from 25 to 1000 ºC at a heating rate of 10 ºC min-1 and 

continous flow of nitrogen (20 mL min-1) using TGA/DTG 1 STAR® system (Mettler 

Toledo, Switzerland) (Tan et al., 2014).  

iv. Application of biochars to the contaminated soil  

A pot (18 cm diameter and 25 cm height) experiment was conducted under greenhouse 

conditions. About 5 kg of the industrially wastewater contaminated and PTEs enriched 

soil was added to pots. Each pot was treated separately with the 400BC, 600BC and 

800BC at a ratio of 2% and 5%, so that six treatments were made, that is 400BC2, 

400BC5, 600BC2, 600BC5, 800BC2 and 800BC5. The digit 2 and 5 in the treatments 

show percent application (w/w) of the BCs, 400, 600 and 800 shows HTT on which the 

BCs were pyrolyzed. One pot was kept as control (without BCs addition). Three 

replicates of each pot were made for accuracy of the experiment. The soil samples were 

homogenized in their pots by electric shakers for 24 h. Chemical fertilizers (
1

2
 of N with 

full dosage of P and K as the basal dose: 0.22 g N pot-1, 0.36 g P pot-1 and 0.17 g K pot-
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1 respectively) was applied with soil and mixed. Remaining 
1

2
 was applied in 2 steps that 

is 
1

4
 at first irrigation and 

1

4
 during milking stage (Yousaf et al., 2017b).  

4.2.4 Wheat cultivation  

From wheat seeds (RCA seed-2016), 30 uniform shape seeds were soaked in H2O2 

solution (30%) for 15 min, then incubated at approx. 28 oC overnight in deionized water 

with availability of air, and finally germinated in 50 g soil collected from each pot on 

November 22, 2016. All the petri dishes were randomly kept in environmental chamber 

at 25 °C in dark conditions. After five days, the completely germinated seeds with 2 

mm long emergence of radicle were counted, and length of the wheat shoot for each 

seedling was measured for germination test. The germinated seeds were transferred to 

the parental pots and grown. Subsequently, four uniform plants per pot were left when 

each seedling have 3-4 leaves. The pot were irrigated with double deionized water till 

harvesting (April 25, 2017).For reduction of potential biasness, the pots were 

randomized at specific intervals for uniform light distribution (Mohamed et al., 2017; 

Yousaf et al., 2018).  

i. Harvesting and growth and yield measurement of wheat crop 

At maturity, the wheat crops were harvested at 2 cm above the soil surface, measured 

for agronomic parameters (growth and yield) such as shoot length, shoot biomass, spike 

length, spike biomass, grains biomass and root biomass per pot, packed. Root were 

carefully collected by digging the around area and collecting to its maximum length to 

minimize the error as possible. All the samples were washed with double DI water to 

remove undesirable materials, cut in to separate parts of root, shoot, leaves and seeds, 

sealed and shifted to laboratory for further analysis.  

ii. Preparation of wheat crop samples 

For PTEs concentrations and major elements determination, each sample was oven 

dried for 2-3 days at 60 °C. After complete dryness, each sample was ground into 

powder form through grinder (Galal, 2016) and digested through microwave assisted 

acid digestion of siliceous and organically based matrices 3052 method (ASTM, 1996), 
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discussed in the heading “major elements and PTEs concentrations” in section ii of 

4.2.3. 

4.2.5 Soil analysis after biochars application 

Subsoil samples were collected from the pots and analyzed for physicochemical 

parameters (pH, WHC, CEC, DOC, C, N, and S) according to the analytical procedures 

adopted under section 4.2.2. For determination of total P and major elements (Ca, Mg, 

Na and K), the microwave assisted acid digestion of siliceous and organically based 

matrices method 3052 (ASTM, 1996) was followed. While for available concentration 

of the PTEs (As, Cd, Cr, Co, Cu, Fe, Mn, Ni, Pb and Zn), the soil samples were 

extracted using ethylenediaminetetraacetic acid disodium salt (EDTA-Na2) method 

(Ibrahim et al., 2017). Briefly, 10 g of dried soil was taken in propylene tube and a total 

20 mL triethanolamine (0.1 M), CaCl2 (0.01 M) and M EDTA-Na2 (0.05 M) was added. 

The tubes were first shack (3 h at 180 rpm) to form a composite mixture and centrifuged 

at 10,000 rpm for 10 min. The supernatant were collected, filtered (0.22 µm) and 

analyzed thorough ICP-OES following standard working procedures.  

4.3 Statistical analysis 

4.3.1 Statistical analysis of soil 

Various statistical tools such as Igeo (Fagbote and Olanipekun, 2010), CF (Harikumar et 

al., 2009), PLI (Tomlinson et al., 1980; Q. Yang et al., 2011) and EF (Sinex and Helz, 

1981; Sutherland, 2000) are used to identify the accumulation intensity and Er 

(Hakanson, 1980; Wei and Yang, 2010) is used for identification of potential ecological 

risk to soil health, has been formulated as Eq. 1, 2, 3, 4 and 5 respectively for the PTEs 

affected soil.  

Igeo  =  log2  [
Cn 

1.5 × Bn
]        (Eq. 1) 

CF =
Cn

Bn
          (Eq. 2) 

PLI = (CF1 × CF2 × CF2 … … )1/n      (Eq. 3) 
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EF =  
(

Cn

Cm
)

(
B𝑛

Cx
)

⁄         (Eq. 4) 

Er = Tr × CF          (Eq. 5) 

Where Cn is the PTE(s) concentration in target samples, Bn in reference sample, CF is 

contamination factor, Cm is rare concentration in target samples, 𝐶𝑥 is rare 

concentration in reference sample, and Tr is toxic response factor values of PTEs for 

As=10, Cd=30, Cd=30, Co=Cu=Ni=Pb=5, Cr=2 and Fe=Mn=Zn=1 determined by 

Hakanson, (1980). Furthermore, different categories based on the accumulation 

intensity for Igeo, CF, PLI and EF and ecological risk for Er are discussed in Table 4.1. 
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Table 4.1 Soil quality indices and their classification.  

Index Degree Intensity level Reference 

Igeo Igeo ≤ 0 No accumulation Fagbote and Olanipekun, 2010 

Ali et al., 2017 

Aiman et al., 2016 

  

  

  

  

0 > Igeo ≤ 1 Slightly accumulation 

1 > Igeo ≤ 2 Moderate accumulation 

2 > Igeo ≤ 3 Moderate to heavily accumulation 

3 > Igeo ≤ 4 Heavily accumulation 

4 > Igeo ≤ 5 Heavily to extreme accumulation 

Igeo > 5 Extreme accumulation 

CF CF ≤ 1 Low CF Harikumar et al., 2009  

Hakanson, 1980 

Lu et al., 2010 

  

1 > CF ≤ 3 Moderate CF 

3 > CF ≤ 6 Considerable CF 

CF > 6 Very high CF 

PLI 

  

  

PLI ≤ 0 Perfection Tomlinson et al., 1980 

 Yang et al., 2011 

  

PLI ≥ 1 Baseline pollution 

PLI > 1 Progressive deterioration 

EF 1 ≥ EF ≤ 2 Low enrichment Sutherland, 2000 

Sinex and Helz, 1981 

  

  

  

2 > EF ≤ 5 Moderate enrichment 

5 > EF ≤ 20 Significant enrichment 

20 > EF ≤ 40 Very high enrichment 

EF > 40 Extremely high enrichment 

Er Er ≤ 30 Low risk Wei and Yang, 2010 

Hakanson, 1980 

  

  

  

30 > Er ≤ 60 Moderate risk 

60 > Er ≤ 120 Considerable risk 

120 > Er ≤ 240 High risk 

Er > 240 Significantly high risk 

4.3.2 Statistical analysis of wheat crop  

The BAF (Eq. 6) is the bioaccumulation factor which is the ratio of concentration of 

PTEs in soil to concentration in plants (Farahat and Linderholm, 2015), TF (Eq. 7) is 

translocation factor that is the index used for determination of relative translocation of 

a metal from root to shoot of the plant (Galal and Shehata, 2015) and MPI (Eq. 8) is the 
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metal pollution index which is a precise method for monitoring of PTEs accumulative 

pollution monitoring in the edible part(s) of a plant, calculated as “the n-root from the 

n-Cf” (Singh et al., 2010a).  

BAF =
Croot

Csoil
         (Eq. 6) 

TF =
Cshoot

Croot
         (Eq. 7) 

MPI (mg kg−1) = (Cf1 × Cf2 × Cf3 . . . . . . Cfn) 1
n⁄     (Eq. 8) 

Where Croot, Csoil, Cshoot, and Cf are the PTEs concentrations in root, soil, shoot and 

grains respectively.  

4.4 Health risk assessment 

4.4.1 Health risk assessment of soil 

For both carcinogenic and non-carcinogenic health risks, all the inhabitants (adults and 

children) of a particular area are considered for PTEs exposure. Non-carcinogenic 

health risk i.e. HRI, is calculated for three possible exposure ways i.e. ingestion, 

inhalation and dermal contact, while carcinogenic risk i.e. CRA, is calculated for 

ingestion route only (Chen et al., 2013). The ADD and LADD values for both adults 

and children were calculated using exposure factors handbook (USEPA, 1997) and 

USEPA technical report (USEPA, 1996) respectively through following equations (Eq. 

9-12) while HRI, CRA and HI were calculated using the adopted equations (Eq. 13-15) 

of  Chen et al., (2012) and USEPA, (1989). 

ADDing = CSoil  ×  
IngR × CF × EF × ED

BW × AT
      (Eq. 9) 

ADDinh = CSoil  ×  
InhR × EF × ED

PEF × BW × AT
      (Eq. 10) 

ADDderm = CSoil  ×  
SA × CF × AF × ABF × EF × ED

BW × AT
    (Eq. 11) 

LADD = CSoil  ×  
CR × EF × ED

PEF × BW × AT
      (Eq. 12) 
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HRI = ADD
RfD⁄         (Eq. 13) 

CRA = LADD ×  SF        (Eq. 14) 

HI = ∑ HRIi         (Eq. 15) 

Where ADDing (Eq. 9) is the average daily dose exposure via ingestion, ADDinh (Eq. 

10) via inhalation and ADDderm (Eq. 11) via dermal contact calculated for non-

carcinogenic risk. LADD (Eq. 12) is the lifetime average daily dose exposure to PTEs 

(mg kg-1 day-1) for carcinogenic risk. HRI (Eq. 13) is non-carcinogenic hazard risk 

index and RfD is the reference dose defined as “the maximum permissible risk(s) to 

human population by conserving a sensitive group during a life time” (Wei et al., 2015). 

The HRI will be considered as significant non-carcinogenic risk when its value is > 1 

(USEPA, 1986). The CRA (Eq. 14) is carcinogenic risk which is the probability of an 

individual developing any type of cancer from lifetime exposure to carcinogenic 

hazard(s) (Zheng et al., 2010). The CRA value between 1x10-6 and 1x10-4 is acceptable 

while > 1x10-4 is considered as significant cancer risk. SF is slope factor defined as “the 

upper bound cancer risk from a life time exposure to a PTE” by (USEPA, 1996, 2011a). 

The HI (Eq. 15) is hazard index defined as “the sum of individual non-carcinogenic risk 

values of each PTE” (Mohmand et al., 2015). HI > 1 will be considered as significant 

non-carcinogenic risk (USEPA, 1997, 2011a). Furthermore, detail of the other terms 

used in Eq. 9-15 is discussed in Table 4.2. 
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Table 4.2 Input parameters for health risk assessment of soil.  

Factor Description 
Value 

Unit Reference  
Adults Children 

Csoil Concentration of PTE - - mg kg-1 This study 

IngR Ingestion rate of soil 100 200 mg day-1 USEPA, 2011 

CF Conversion factor 1 × 10ˉ6 1 × 10ˉ6 mg day-1 Li et al., 2017 

EF Exposure frequency 365 365 days year-1 Shabbaj et al., 2018 

ED Exposure duration 24 6 years USEPA, 2011 

BW Body weight 72 32.7 kg Shabbaj et al., 2018 

AT Average time 365 × ED 365 × ED days USEPA, 1989 

InhR Inhalation rate of soil 12.8 7.63 m3 day-1 Li et al., 2017 

PEF Particular emission factor 1.36 × 109 1.36 × 109 m3 kg-1 USEPA, 2011 

SA Surface skin of skin exposed 4350 1600 cm2 Zheng et al., 2010 

AF Adherence factor of skin 0.7 0.2 mg cm-2 USEPA, 2011 

ABF Adsorption factor of derm 0.001 0.001 - USEPA, 2011 

CR Contact frequency 100 200 mg day-1 USEPA, 2011 

4.4.2 Health risk assessment of wheat crop 

ADD in Eq. 16 is the daily exposure via consumption of wheat grains (Cui et al., 2005) 

and HRI (Eq. 17) is the non-carcinogenic hazard risk index caused due to consumption 

of the wheat grains (Yousaf et al., 2018).  

ADD =
Cmetal × Dfi 

BW
        (Eq. 16) 

HRI =
ADD

RfD
         (Eq. 17) 

Where Cmetal, Dfi, BW, ADD and RfD are the concentration of PTEs in wheat grain, 

approximate daily intake of wheat grains, body weight, average daily dose and 

reference dose respectively. The Dfi of wheat grains is 0.345 and 0.232 kg person-1day-

1 for adults and children respectively and BW is 72 kg for adults and 32.7 kg for children 

(Nawab et al., 2018a). The RfD is the reference dose defined as “the maximum 

permissible risks to human population by conserving a sensitive group during a lifetime 
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(Wei et al., 2015). HRI > 1 is considered as significant  non-carcinogenic health risk 

(Muhammad and Nafees, 2018; USEPA, 2011b). 

4.5 Quality control and data analysis 

For accuracy and precision of data, each sample was analyzed thrice and mean was 

calculated. After each 10 samples the ICP-OES was calibrated for standardization (R2 

0.99). Furthermore, the data was statistically analyzed through Statistix 10 (Analytical 

software, TN, USA), Origin version 2018 (Origin Lab) was used for graph plotting and 

significance difference was assessed by LSD test.  
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CHAPTER V 

RESULTS AND DISCUSSION 

5.1 Wastewater chemistry 

5.1.1 Physicochemical analytical results 

Table 5.1 summarizes the descriptive statistics data (mean ± SD) of physicochemical 

parameters for the annual (November 2016 to October 2017) industrial wastewater 

(target) samples and adjacent groundwater (reference) samples in GAIE. While, the 

descriptive statistics data for monthly (November 2016 to October 2017) industrial 

wastewater and groundwater are available in Annexure 1 and 2, respectively. A total of 

34 and 26 samples were collected each month that makes grand total of 408 and 312 

for the whole year from the industrial wastewater and groundwater, respectively. In 

industrial wastewater and groundwater samples, temperature ranged from 31 to 45 °C 

(mean 36.2 °C) and 18 to 25 °C (mean 22.0 °C), respectively. A slight increase in 

temperature of the target water samples was recorded which greatly affected removal 

efficiency of PTEs and availability of nutrients (Khan et al., 2017). The pH ranged from 

4.72 to 7.18 (mean 5.76) and 6.18 to 7.93 (mean 7.13) for industrial wastewater and 

groundwater samples, respectively. It was indicated that the wastewater samples have 

acidic pH and exceeded the MPL set by Pakistan environmental protection agency 

(Pak-EPA, 2000). Acidic pH does not facilitate biodegradation of organic pollutants 

(Zaheer et al., 2016). However, the pH controls solubility of metals in waterbodies, and 

the solubility of metals normally increases as the pH decreases (WHO, 2008). 

Therefore, this low pH wastewater might alter the soil pH upon irrigation, and thus 

increase PTE concentrations in soil and ultimately increase potential toxicity to human 

health. Moreover, it decreases nutrients availability in soil and significantly affect 

plants growth and yield (Esposito, 2013). In addition, the low pH water is unfit for 

irrigation, as the irrigation water pH should range from 6.5-8.5 (Liu and Liptak, 1999). 

The EC and total soluble salts (TDS) are directly proportional to each other (Liu and 

Liptak, 1999). The TSS and TDS results of wastewater were ranged from 369 to 793 

(mean 581 mg L-1) and 2380 to 5450 (mean 3690 mg L-1), which exceeded their MPL 

(200 mg L-1) and (3500 mg L-1) of (Pak-EPA, 2000), respectively. Water exceeding the 
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MPL of EC, TDS and TSS is injurious for soil health and plant growth (Sial, 2004). 

The COD and BOD5 of wastewater ranged from 231 to 398 (311 mg L-1) and 340 to 

578 (mean 452 mg L-1), which exceeded their MPL (Pak-EPA, 2000) of 150 and 80 mg 

L-1, respectively. Industrial wastewater with high COD and BOD5 deplete oxygen level 

of the host (stream) and exert additional COD and BOD5 load on soil upon irrigation. 

Moreover, the microbes reduce the nitrate into nitrite and/or ammonia, sulphate into 

sulphide and ferric into ferrous at low oxygen concentration and significantly decreases 

soil fertility, and plant growth and yield (Robson and Neal, 1997). Grease and oil results 

were between 200 and 352 (mean 271 mg L-1) in industrial wastewater samples. The 

grease and oil levels of the wastewater exceeded the MPL of (Pak-EPA, 2000) as shown 

in Table 5.1. 
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Table 5.1 Physicochemical analysis of industrial wastewater and groundwater samples of GAIE. 

Parameters 
Wastewater {(n=408)=(34 × 12)} Pak-EPA Groundwater {(n=312)=(26 × 12)} Pak-EPA  

Min Max Mean 2000 Min Max Mean 2008 

Flow rate (L s-1) 280 295 289 ± 2 NA NA NA NA NA 

Temperature (°C) 31 45 36.2 ± 2 40 18 25 22.0 ± 2 NA 

pH 4.7 7.2 5.8 ± 0.4 6.0-9.0 6.2 7.9 7.1 ± 0.3 6.5-8.4 

EC (mS cm-1) 3.4 5.5 4.5 ± 0.7 NA 0.3 0.6 0.45 ± 0.1 NA 

Turbidity (NTU) 60 112 81.6 ± 12 NA 0 0 0 ± 0 < 5 

TSS (mg L-1) 369 793 581 ± 89 200 1.0 2.1 1.5 ± 0.2 NA 

TDS (mg L-1) 2380 5450 3690 ± 570 3500 290 665 443 ± 69 < 999 

Alkalinity (mg L-1) NA NA NA NA 95 176 130 ± 20 NA 

Hardness (mg L-1) 229 395 312 ± 48 NA 89 154 120 ± 18 < 500 

Chloride (mg L-1) 477 793 638 ± 98 1000 17 28 22.4 ± 3 250 

COD (mg L-1) 231 398 311 ± 48 150 NA NA NA NA 

BOD5 (mg L-1) 340 578 452 ± 69 80 NA NA NA NA 

DO (mg L-1) NA NA NA NA 5 9 6.9 ± 1.1 NA 

Sulphate (mg L-1) 54 105 78 ± 12 600 5 10 7.1 ± 1 NA 

Grease and oil (mg L-1) 200 352 271 ± 42 10 ND ND ND NA 

Ca (mg L-1) 164 279 221 ± 34 NA 20 35 27 ± 4 NA 

Mg (mg L-1) 153 273 211 ± 32 NA 15 28 21 ± 1 NA 

Na (mg L-1) 113 204 157 ± 24 NA 11 19 15 ± 1 NA 

K (mg L-1) 12 46 27 ± 4 NA 2 8 4.5 ± 0.1 NA 

n: no. of samples, 34 & 26: no. of samples month-1, 12: no. of months, NA: not available, ND: not detectable
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5.1.2 Assessment of potentially toxic elements concentration  

Table 5.2 summarizes the descriptive statistics data (mean ± SD) of PTEs 

concentrations for the annual (November 2016 to October 2017) industrial wastewater 

samples and adjacent groundwater samples in GAIE. While the descriptive statistics 

data of PTE concentrations for monthly (November 2016 to October 2017) wastewater 

and groundwater samples are available in Annexure 1 and 2 respectively. The Cd 

concentration ranged from 0.09 to 0.26 mg L-1 (mean 0.18 mg L-1) in industrial 

wastewater and exceeded the MPL of Pak-EPA (0.1 mg L-1). The Cr concentration 

ranged from 0.76 to 1.5 mg L-1 (mean 1.08 mg L-1) and exceeded the MPL of Pak-EPA 

(1.0 mg L-1). The Cu concentration ranged from 0.87 to 1.7 mg L-1 (mean 1.27 mg L-1) 

and exceeded the MPL of Pak-EPA (1.0 mg L-1). It was found that Fe has the highest 

concentration among all the PTEs with a range of 8.8 to 18.4 mg L-1 (mean 13.4 mg L-

1). The Fe concentration exceeded the MPL of Pak-EPA (8.0 mg L-1). The Mn 

concentration ranged from 1.4 to 2.6 mg L-1 (mean 1.98 mg L-1) in industrial wastewater 

and exceeded the MPL of Pak-EPA (1.5 mg L-1). The Ni concentration ranged from 

0.81 to 1.6 mg L-1 (mean 1.16 mg L-1) and exceeded the MPL of Pak-EPA (1.0 mg L-

1). The Pb concentration ranged from 0.68 to 1.5 mg L-1 (mean 1.03 mg L-1) in industrial 

wastewater samples. The Pb concentration exceeded the MPL of Pak-EPA (0.5 mg L-

1). The Zn concentration ranged from 4.8 to 8.0 mg L-1 (mean 6.45 mg L-1) and exceeded 

the MPL of Pak-EPA (5.0 mg L-1). The PTEs in industrial wastewater were found in 

the decreasing order of Fe > Zn > Mn > Cu > Ni > Cr > Pb > Co > Cd > As with mean 

concentration of 13.40 > 6.45 > 1.98 > 1.27 > 1.16 > 1.08 > 1.03 > 0.62 > 0.18 > 0.08 

mg L-1. The overall results shows that all the PTEs were found above their MPL 

promulgated by Pak-EPA except As and Co. Water with such excess concentration of 

PTEs is strongly discouraged for irrigation purposes and plants cultivation (Sial, 2004). 

Furthermore, irrigation with such type of water not only contaminates the soil and crops 

(plants) cultivated on it, but also seriously affect human health during irrigation period. 

Study revealed that long-term and continuous intake of PTEs has adverse physiological 

and clinical health impacts (Augustsson et al., 2015; Liu et al., 2013) such as 

cardiovascular and neurological disorders and infertility (IARC, 2004), respiratory,  

dermal, gastrointestinal, renal, reproductive and immunological disorderness and 

mutagenic and genotoxic effects (Kapaj et al., 2006; Lin et al., 2013).  
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The As causes  postmenopausal breast cancer (Itoh et al., 2014), diabetes, high blood 

pressure, skeletal damage (Satarug and Moore, 2004), Cd  causes renal dysfunction 

(Horiguchi et al., 2013), Co causes excessive red blood cells production, polycythemia, 

thyroid and coronary artery problems (Goyer and Golub, 2003), Cr causes neurologic 

involvement, liver diseases, headache (USEPA, 2000) and lungs cancer (Park et al., 

2004), Cu causes neurotoxic problems, Alzheimer’s diseases (Dieter et al., 2005) and 

liver diseases (USEPA, 2000), Mn causes Manganism diseases and neurotoxic 

problems (Dieter et al., 2005), Pb causes cancer (stomach and lungs), kidney damage, 

nerve damage, abdominal pain, anemia, memory deterioration and behavior disturbance 

(Järup, 2003; Steenland and Boffetta, 2000), and Zn causes cardiac arrhythmia, 

sideroblastic anemia, gastric disturbances, neurologic involvement, liver diseases and 

headache (Salgueiro et al., 2000; USEPA, 2000).   

Table 5.2 Concentration (mg L-1) of PTEs in industrial wastewater and groundwater 

samples of GAIE. 

PTEs 

Wastewater 

{(n=408)=(34 × 12)} 

Pak-

EPA 

Groundwater 

{(n=312)=(26 ×12)} 

Pak-

EPA 

Min Max Mean 2012 Min Max Mean 2012 

As  0.03 0.18 0.08 ± 0.01 1.0 ND ND ND ≤ 0.05 

Cd  0.09 0.26 0.18 ± 0.03 0.1 ND 0.001 0.001 ± 0 0.01 

Co  0.41 0.89 0.62 ± 0.1 NA ND ND ND NA 

Cr 0.76 1.5 1.08 ± 0.2 1.0 0.001 0.002 0.002 ± 0 ≤ 0.05 

Cu  0.87 1.7 1.27 ± 0.2 1.0 0.004 0.008 0.006 ± 0 2.0 

Fe  8.8 18.4 13.4 ± 2 8.0 0.11 0.23 0.166 ± 0.03 NA 

Mn  1.4 2.6 1.98 ± 0.3 1.5 0.004 0.008 0.006 ± 0.001 ≤ 0.5 

Ni  0.81 1.6 1.16 ± 0.2 1.0 ND ND ND ≤ 0.02 

Pb  0.68 1.5 1.03 ± 0.2 0.5 0.001 0.001 0.001 ± 0 ≤ 0.05 

Zn  4.8 8.0 6.45 ± 1 5.0 0.003 0.005 0.004 ± 0.001 5.0 

n: no. of samples, 34 & 26: no. of samples month-1, 12: no. of months, ND: not 

detectable, NA: not available 
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5.2 Soil chemistry 

5.2.1 Geochemical analysis 

Table 5.3 and 5.4 summarizes physicochemical parameters and PTEs concentrations 

results of industrial wastewater irrigated (target) soil and ground water irrigated 

(reference) soil respectively. The pH value ranged from 5.1 to 6.9 (mean 5.88) and 7.1 

to 7.6 (7.21) in target and reference soil samples respectively, indicating slightly acidic 

nature of the target soil while neutral nature in the reference soil. The acidic nature of 

target soil has been related to acidic industrial wastewater discharge into the soil (Manoj 

and Padhy, 2014). Soil texture was silt loam (sand 36.5%, 54.0% and 9.5%) of target 

and reference soil samples. The N concentration ranged from 0.08 to 0.26% (mean 

0.17%) and 0.11 to 0.31% (mean 0.26%) in target and reference soil samples 

respectively. The P ranged from 225 to 333 mg kg-1 (mean 262 mg kg-1) and 343 to 456 

mg kg-1 (mean 393 mg kg-1) in target and reference soil samples respectively. Similarly 

P concentration also increases with long term irrigation of wastewater (Hernández-

Bonilla et al., 2016).  

Table 5.3 Geochemical analysis of target and reference soil of GAIE.  

Parameters  
Target soil   (n=32)  Reference soil   (n=21) 

Min Max Mean Min Max Mean 

pH (CaCl2) 5.1 6.9 5.88 ± 1.4 7.1 7.6 7.21 ± 0.1 

WHC (%) 35 57 45.6 ± 8 22 54 37.6 ± 7 

CEC (cmol kg-1) 2.1 20.3 10.0 ± 2 1.3 14.3 7.624 ± 1 

DOC (mg kg-1) 5.5 14.8 9.26 ± 2 11.8 19.3 15.8 ± 2 

C (%) 0.85 2.6 1.92 ± 0.5 0.43 1.02 0.74 ± 0.1 

N (%) 0.08 0.26 0.17 ± 0.06 0.11 0.31 0.26 ± 0.05 

S (%) 0.10 0.23 0.16 ± 0.03 0.08 0.27 0.21 ± 0.03 

P (mg kg-1) 225 333 262 ± 36 343 456 393 ± 14 

Ca (mg kg-1) 294 2848 1521 ± 278 188 2274 1268 ± 93 

Mg (mg kg-1) 193 1864 843 ± 79 96 1182 683 ± 73 

Na (mg kg-1) 82 916 329 ± 32 38 484 119 ± 24 

K (mg kg-1) 105 894 515 ± 39 83 639 383 ± 68 

n: no. of samples
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The PTEs concentrations (mean ± SD) in all the target soil samples were found 

significantly higher (p ≤ 0.05) than the reference soil samples. Among the PTEs, Fe 

was found with highest concentration (mean 5201 mg kg-1) while As concentration was 

lowest (mean 8.5 mg kg-1) in target soil samples. The decreasing order of PTEs was Fe 

> Mn > Zn > Cu > Cr > Pb > Ni > Co > Cd > As with a mean concentration of 5201 > 

3398 > 1952 > 312 > 295 > 275 > 175 > 72.5 > 17.6 > 8.5 (mg kg-1). The results showed 

that concentration of PTEs were higher from their MPL of different international 

standards. Hu et al., (2013) has also been reported excessive concentration of As, Cd, 

Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb and Zn in soil that had been undergone three decades 

of intense industrialization. In the target soil, PTEs accumulation in soil is positively 

correlated to industrial wastewater irrigation which makes the soil acidic (Jamali et al., 

2007). Low pH (acidic) soil is also responsible for availability of PTEs involved in 

adsorption, dissolution and precipitation of minerals and controls soil reaction with 

PTEs (Allain et al., 2001). This study results are consistent with the findings of Naz, 

(2011) who reported PTEs in industrial wastewater irrigated soil of Hayatabad 

Industrial estate, Peshawar. Previously, PTEs accumulation in wastewater irrigated soil 

has been reported by (Jan et al., 2010). Furthermore, accumulation, potential toxicity 

and mobility of PTEs in soil are get adsorbed by solid fraction (Surita et al., 2007) and 

are mainly dependent on soil pH, saturation of specific site(s) of adsorbent, morphology 

of adsorbent and crystallinity of adsorbent (Sharma et al., 2007). Moreover, the long 

term accumulation of these PTEs in soil is not only responsible for plants, animals and 

human food chain toxicity (Adakole and Abolude, 2009) but also interrupt the essential 

biochemical processes and thus disturb the ecosystem balance (Yousaf et al., 2018). 
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Table 5.4 Concentration (mg kg-1) of PTEs in target and reference soil of GAIE.  

PTEs  
Target soil (n=32)  Reference soil (n=21) Australia Bohn Canada China UK USEPA VROM 

Min Max Mean Min Max Mean 2012 2001 2009 2014 2007 2002 2000 

As 2.2 16.6 8.5 ± 1.4 0.21 2.9 1.3 ± 0.1 20 NA 20 20-40 3.1 0.11 29 

Cd 1.9 43 17.6 ± 2.8 0.68 3.3 1.80 ± 0.4 3 0.06 3 0.4 2 1 1 

Co 13 143 72.5 ± 8.6 1.1 20 6.23 ± 1.6 50 NA NA 13 NA NA 9 

Cr 95 565 295 ± 37 3.9 111 43.8 ± 5.7 50 20 250 250 8 11 100 

Cu 15 784 312 ± 32 4.9 129 52.6 ± 12.6 100 20 150 200 57 270 36 

Fe 650 6873 5201 ± 328 128 764 366 ± 48 NA 40350 NA 3 NA 80 NA 

Mn 994 7352 3398 ± 231 162 664 231 ± 37 500 774 NA 0.07 NA NA NA 

Ni 25 249 175 ± 14 7.4 68 24.5 ± 3.8 60 40 100 60 230 72 35 

Pb 68 614 275 ± 22 5.0 93 38.7 ± 3.1 300 10 200 80 50 200 85 

Zn 671 4082 1952 ± 142 21 185 86 ± 16 200 50 500 300 221 1100 140 

 n: no. of samples, NA: not available
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5.2.2 Geostatistical analysis 

Fig. 5.1 summarizes geostatistical analytical results for Er, CF, Igeo and EF. While the 

degrees of accumulation intensity and ecological risks to soil health are correlated in 

Table 5.5. For Er, the PTEs results are evaluated under Hakanson, (1980) and Wei and 

Yang, (2010) classification (Table 4.1). Among all the PTEs, Er value of Cd lies in the 

high risk degree, As falls in considerable risk and Co and Pb are in moderate risk while 

the remaining PTEs (Cu, Ni, Fe, Zn, Cr and Mn) lies in low risk category. The Cd, As, 

Co and Pb pose significant ecological risks to soil health and should be eliminated from 

the soil while the other low risk PTEs may go up to moderate risk and harm the soil if 

the wastewater irrigation practices continued. Moreover, the overall decreasing order 

of Er was Cd > As > Co > Pb > Cu > Ni > Fe > Zn > Cr > Mn with mean values of 

189.7 > 65.5 > 44.1 > 35.5 > 29.7 > 25.5 > 14.2 > 7.4 > 7.1 > 6.4 (Fig. 5.1). Manoj and 

Padhy (2014) and Hu et al., (2013) has also reported sediments Er from moderate to 

high risk degrees and found Cd in high risk category that is consistent with our findings. 

Furthermore, the significant ecological risks of Cd, As, Co and Pb may be linked to its 

excessive enrichment characteristic and higher toxic response factor (Manoj and Padhy, 

2014).  
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Fig. 5.1 Geoaccumulation index, contamination factor, enrichment factor and ecological risk index of PTEs contaminated soil. 
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For geoaccumulation index, the PTEs are evaluated according to the classification of 

Aiman et al., (2016), Ali et al., (2017) and Wei et al., (2015) (Table 4.1). Among all 

the PTEs, Fe showed maximum Igeo value lies in moderate to heavily pollution, Cd, As, 

Co, Pb, Cu, Ni, Zn and Mn found in moderate accumulation and Cr in slightly 

accumulation degree.  The Igeo values of the PTEs (except Cr) reveal that high 

geoaccumulation occurs due to wastewater irrigation which makes the ecological risk 

to be more significant. The Igeo values were found in order of Fe > Co > Zn > Pb > As 

> Mn > Cd > Cu > Ni > Cr with mean values of 2.8 > 1.87 > 1.49 > 1.43 > 1.32 > 1.28 

> 1.26 > 1.19 > 1.02 > 0.71 (Fig. 5.1). Nkansah et al., (2017) has also found Fe with 

most significant Igeo value in soil. Furthermore, Wei and Yang, (2010) has notified Cd, 

Cu, Pb and Zn significant geoaccumulation in soil of China. In contamination factor, 

Cd, As, Co, Pb, Fe, Zn, and Mn lies in the category of very high CF while Cu, Ni and 

Cr in considerable CF according to the guidelines of Hakanson, (1980) and Lu et al., 

(2010) given in Table 4.1. The CF values also states significant accumulation intensity 

of PTEs in the soil. The CF decreasing order was Fe > Co > Zn > Pb > As > Mn > Cd 

> Cu > Ni > Cr and its mean values were 14.2 > 8.81 > 7.42 > 7.10 > 6.55 > 6.40 > 6.30 

> 5.94 >5.09 > 3.53 (Fig. 5.1). Nkansah et al., (2017) has found Fe in very strong 

contamination degree which is consistent to our findings. The PLI value for all the PTEs 

was found in the progressive deterioration degree (PLI > 1) of pollution according to 

Tomlinson et al., (1980) categorization (Table 4.1) which further strengthens the results 

of CF. Higher PLI value indicates severe intensity of PTEs enrichment in soil (Manoj 

and Padhy, 2014). For EF, the PTEs are evaluated according to the classification of 

Sinex and Helz, (1981) and Sutherland, (2000) Table 4.1. Among all the PTEs, Cd and 

Fe lies in the moderate enrichment category while the other (As, Co, Pb, Cu, Ni, Zn, Cr 

and Mn) falls in low enrichment degree. The EF value of PTEs were found in the order 

of Fe > Cd > Cu > Ni > Mn > Zn > Co > As > Pb > Cr with a mean value of 2.79 > 2.24 

> 1.98 > 1.50 > 1.04 > 0.90 > 0.79 > 0.62 > 0.52 > 0.14 (Fig. 5.1). Furthermore, similar 

results of Er, Igeo, CF, PLI and EF are previously reported due to industrial wastewater 

irrigation (Hussain et al., 2015) and other anthropogenic activities (Shabbaj et al., 

2018).  
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Table 5.5 Correlation of PTEs accumulation risk indices and ecological risk index for 

the soil of GAIE.    

PTEs Igeo CF PLI EF Er 

Cd Moderate accum Very high CF 

P
ro
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Moderate E High risk 

As Moderate accum Very high CF Low E Considerable risk 

Co Moderate accum Very high CF Low E Moderate risk 

Pb Moderate accum Very high CF Low E Moderate risk 

Cu Moderate accum Considerable CF Low E Low risk 

Ni Moderate accum Considerable CF Low E Low risk 

Fe Moderate to heavily  accum Very high CF Moderate E Low risk 

Zn Moderate accum Very high CF Low E Low risk 

Cr Slightly accum Considerable CF Low E Low risk 

Mn Moderate accum Very high CF Low E Low risk 

accum: accumulation, E: enrichment, CF: contamination factor 

5.2.3 Health risk assessment 

i. Average daily dose and lifetime average daily dose 

Table 5.6 summarizes all the three exposure ways (ADDing, ADDinh and ADDderm) and 

LADD data for adults and children. In adults, ADDing with a maximum value of 

7.22×10-3 for Fe and minimum value of 1.18×10-5 for As and found below the RfD level 

or all the PTEs. Similarly, in children maximum value (6.93×10-2) was found for Fe 

while minimum (1.14×10-4) for As. Among all PTEs, Cr and Pb ADDing in children 

were found above their RfD levels which may cause significant non-carcinogenic risk 

in children, while the other PTEs ADDing was below their RfD values. For ADDinh 

maximum values of 6.80×10-7 and 1.95×10-6 were found for Fe and minimum values 

of 1.11×10-9 and 3.19×10-9 for As in adults and children respectively. The ADDinh 

values in both adults and children were below their RfD levels. The ADDderm was found 

maximum (2.20×10-4) for Fe and minimum (3.60×10-7) for As in adults while in 

children its was maximum (1.11×10-4) for Fe and minimum (1.82×10-7) for As. The 

ADDinh (adults and children) values were also found below their RfD values. The 

ADDing, ADDinh and ADDderm values were found in the decreasing order of Fe > Mn > 

Zn > Cu > Cr > Pb > Ni > Co > Cd > As for both adults and children. The LADD 
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maximum values of 3.02×10-7 and 2.90×10-6 were calculated for Cr and minimum 

values of 8.70×10-5 and 8.35×10-8 were calculated for As both in adults and children 

respectively. The LADD was in the decreasing order of Cr > Pb > Ni > Co > Cd > As 

for both adults and children of the study area. 
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Table 5.6 Average daily dose and lifetime average daily dose results for adults and children of GAIE.   

PTEs ADDing ADDinh ADDderm LADD 

Adults Children RfD Adults Children RfD Adults Children RfD Adults Children 

Cr 4.10×10-4 3.94×10-3 3.00×10-3 3.86×10-8 1.11×10-7 2.86×10-5 1.25×10-5 6.30×10-6 5.00×10-5 3.02×10-7 2.90×10-6 

Pb 3.82×10-4 3.67×10-3 3.50×10-3 3.60×10-8 1.03×10-7 3.52×10-2 1.16×10-5 5.87×10-6 5.25×10-4 2.81×10-7 2.70×10-6 

Mn 4.72×10-3 4.53×10-2 4.70×10-2 4.44×10-7 1.27×10-6 1.43×10-5 1.44×10-4 7.25×10-5 1.84×10-3  NA NA  

As 1.18×10-5 1.14×10-4 3.00×10-4 1.11×10-9 3.19×10-9 3.00×10-4 3.6×10-7 1.82×10-7 1.20×10-4 8.7×10-9 8.4×10-8 

Cd 2.45×10-5 2.35×10-4 1.00×10-3 2.30×10-9 6.59×10-9 1.00×10-3 7.45×10-7 3.76×10-7 1.00×10-5 1.80×10-8 1.73×10-7 

Zn 2.71×10-3 2.60×10-2 3.00×10-1 2.55×10-7 7.30×10-7 3.00×10-1 8.25×10-5 4.16×10-5 6.00×10-2  NA  NA 

Cu 4.33×10-4 4.16×10-3 4.00×10-2 4.08×10-8 1.17×10-7 4.02×10-2 1.32×10-5 6.66×10-6 1.20×10-2  NA NA  

Ni 2.44×10-4 2.34×10-3 2.00×10-2 2.29×10-8 6.56×10-8 2.06×10-2 7.42×10-6 3.74×10-6 5.40×10-3 1.8×10-7 1.7×10-6 

Co 1.01×10-4 9.67×10-4 2.00×10-2 9.48×10-9 2.71×10-8 5.71×10-6 3.07×10-6 1.55×10-6 1.60×10-2 7.4×10-8 7.1×10-7 

Fe 7.22×10-3 6.93×10-2 8.40×100 6.799×10-7 1.95×10-6 2.20×10-4 2.20×10-4 1.11×10-4 7.00×10-2  NA NA  

ADD: average daily dose; ing: ingestion; inh; inhalation; derm: dermal contact; RfD: reference dose; NA: not applicable
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ii. Non-carcinogenic (HRI) and carcinogenic (CRA) health risks 

Table 5.7 summarizes non-carcinogenic and carcinogenic health risks and hazard index 

for adults and children of the study area. For analysis of non-carcinogenic health risk, 

HRI in all the exposure ways was calculated both in adults and children. In adults, 

HRIing with a maximum value of 1.37×10-1 and 1.31×100 was found for Cr and 

minimum of 8.60×10-4 and 8.26×10-3 for Fe both in adults and children respectively. 

HRIing values were found in the order of Cr > Pb > Mn > As > Cd > Ni > Cu > Zn > Co 

> Fe for both adults and children. For HRIinh, maximum values of 3.11×10-2 and 

8.89×10-2 were found for Mn while minimum of 8.50×10-7 and 2.43×10-6 for Zn in 

adults and children respectively. The decreasing order of HRIinh was Mn > Fe > Co > 

Cr > Pb > As > Cd > Ni > Cu >Zn in both adults and children. HRIderm was 2.50×10-1 

and 1.26×10-1 at maximum for Cr and 1.92×10-4 and 9.67×10-5 at minimum for Co both 

in adults and children. HRIderm decreasing order was Cr > Mn > Cd > Pb > Fe > As > 

Zn > Ni > Cu > Co and was found same for both adults and children. The HI for HRIing 

was 4.40×10-1 and 4.30×100 for adults and children respectively. The HRIinh was 

3.72×10-2 for adults and 1.06×10-1 for children. Similarly, HRIderm was 4.35×10-1 and 

2.19×10-1 for both adults and children respectively. For carcinogenic health risk CRA 

was calculated for both adults and children of the study area. CRA with a maximum 

value of 7.25×10-7 and 6.96×10-6 was found for Co and minimum of 2.39×10-9 and 

2.29×10-8 was found for Pb both in adults and children respectively. The CRA values 

were in the order of Co > Cr > Ni > Cd > As > Pb for both adults and children (Table 

5.7). 

Regarding non-carcinogenic health risks for all the PTEs Cr (1.31×100) and Pb 

(1.05×100) separately exceeded the significant level (> 1) for HRIing in children. 

Similarly, HRIing children group in HI contributed up to 4.30×100 and exceeded the 

significant level of > 1. These exceeded levels of Cr, Pb and HRIing (children) pose 

significant threat to children of the study area (USEPA, 2011a). Furthermore, the HRIing 

for children contributed up to 77.50% of the total HI (Table 5.7). Second and third most 

contributed groups to HI were HRIing and HRIderm of adults which have contribution 

part of 8.08% and 7.84% respectively. The combine non-carcinogenic risk among the 

three exposure ways was in the pattern of HRIing > HRIderm > HRIinh. Similarly it was 
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HRIing > HRIderm > HRIinh for adults and children group separately. These results 

revealed that ingestion is the main source of potential non-carcinogenic risk for both 

children and adults as shown in Table 5.7. Similar results have been reported by (M. U. 

Ali et al., 2017; Mohmand et al., 2015; Shabbaj et al., 2018; Wei et al., 2015). HRIderm 

contributed 7.84% and 3.95% which shows no significance comparatively. But it is 

noteworthy, that this group may lead to significant level in nearby future as stated by 

(Mohmand et al., 2015). Furthermore, special attention should be paid to the children 

of HRIing group, indicating that these children are vulnerable and would face potential 

significant health risks via the contaminated soil of GAIE. Studies with similar results 

have been reported by (Mohmand et al., 2015). Carcinogenic health risk were found in 

the acceptable range (< 1×10-4) for all the PTEs and pose no carcinogenic health risk to 

the adults and children of the study area. 
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Table 5.7 Non-carcinogenic risk, carcinogenic risk and hazard index for adults and children of GAIE.  

PTEs 

Non-carcinogenic risk Carcinogenic risk 

HRIing HRIinh HRIderm CRA 

Adults Children Adults Children Adults Children Adults Children 

Cr 1.37×10-1 1.31×100 1.36×10-3 3.88×10-3 2.50×10-1 1.26×10-1 1.51×10-7 1.45×10-6 

Pb 1.09×10-1 1.05×100 1.02×10-5 2.91×10-5 2.22×10-2 1.12×10-2 2.39×10-9 2.29×10-8 

Mn 1.00×10-1 9.64×10-1 3.11×10-2 8.89×10-2 7.81×10-2 3.94×10-2 NA NA 

As 3.94×10-2 3.79×10-1 3.71×10-6 1.06×10-5 3.00×10-3 1.51×10-3 1.31×10-8 1.25×10-7 

Cd 2.45×10-2 2.35×10-1 2.30×10-6 6.59×10-6 7.45×10-2 3.76×10-2 1.13×10-7 1.09×10-6 

Ni 1.22×10-2 1.17×10-1 1.11×10-6 3.19×10-6 1.37×10-23 6.93×10-4 1.506×10-7 1.445×10-6 

Cu 1.08×10-2 1.04×10-1 1.01×10-6 2.90×10-6 1.10×10-3 5.55×10-4 NA NA 

Co 5.04×10-3 4.83×10-2 1.66×10-3 4.75×10-3 1.92×10-4 9.67×10-5 7.258×10-7 6.968×10-6 

Zn 9.04×10-3 8.67×10-2 8.50×10-7 2.43×10-6 1.38×10-2 6.94×10-4 NA NA  

Fe 8.60×10-4 8.26×10-3 3.09×10-3 8.84×10-3 3.14×10-3 1.59×10-3 NA NA 

HI 4.48×10-1 4.30×100 3.72×10-2 1.06×10-1 4.35×10-1 2.19×10-1 NA NA 

Contribution% 8.08% 77.50% 0.67% 1.92% 7.84% 3.95%     

NA: not applicable
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5.3 Properties of biochars 

5.3.1 Physicochemical properties of biochars 

The basic properties of the BCs i.e. pH, CEC, WHC, surface area, pore volume, pore 

size, yield percentage and ash content are different from each other, depending upon 

the HTT (table 5.8). All the three types of BCs were alkaline in nature having pH of 

9.06, 10.34 and 11.88 for 400BC, 600BC and 800BC, respectively. Among the three 

BCs 800BC kept strong basic pH of 11.88. During pyrolysis metal oxides and minerals 

remains in BCs thus it turns into alkaline nature (Tan et al., 2014). Méndez et al., (2013) 

has reported that high pH is positively correlated with HTT, due to the release of alkali 

salts from the pyrolytic structure (Chen et al., 2011) and decrease of acidic surface 

functional groups due to the loss of oxygen (Filippis et al., 2013). The alkaline pH of 

BCs contributes in immobilization of PTEs, because PTEs could transform into 

precipitation of low solubility in soil, thus only complexes formation may not be the 

actual mechanism of PTEs adsorption (Kistler et al., 1987). As a result, the alkaline pH 

of BCs confirms the safety of soil from the diffusion of PTEs. The CEC of the pyrolyzed 

BCs were 46.97, 113.61 and 196.25 for 400, 600 and 800 ºC HTT, respectively. It was 

indicated that the CEC significantly (p ≤ 0.05) increased with the increase of HTT, 

which may be correlated with the replacement of alkali and alkaline earth metals (Ca, 

Mg, Na and K) by other cations, as these metals are significantly released in ash 

contents and induces vacant places for other cations (Méndez et al., 2013; Tan et al., 

2014). The DOC concentrations were 19.58, 22.28 and 25.94 at 400, 600 and 800 ºC 

HTT, respectively, which increased with the increase of HTT.  Cheng et al., (2016) has 

also reported similar DOC of 19.81 and 14.40 for BCs produced from peanut shell and 

sewage sludge respectively. The C and P concentrations (72.78% and 2924 mg kg-1 

respectively) were found significantly (p ≤ 0.05) higher in the BCs pyrolysed at higher 

HTT (800 ºC) than lower HTT (400 ºC). The high contents of C and P in BCs play an 

important role in soil agronomic properties (Mohanty et al., 2013). This study results 

complies with the findings of Aslam et al., (2017) for C and Tan et al., (2014) for P. 

The concentration of N, S, H and O were lost rapidly as volatile matter (VM) with the 

increase of HTT, and decreased from 1.88, 1.93, 3.56 and 14.05 (at 400 ºC) to 1.22, 

1.19, 1.98 and 7.23 (at 800 ºC), respectively, while the C remains fix as fixed carbon 
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(FC). As a result, the atomic ratio decreased, amorphous carbon increased, surface 

functional groups lost and micro structures developed enormously, which can be 

observed from the results of EDX, FTIR, Raman and XPS spectra’s (Fig. 5.3, 5.5, 5.6 

and 5.7), respectively. Similar findings has been reported by Tan et al., (2014). The 

H/C and O/C ratios represent the aromaticity and carbonation properties of BCs 

respectively (Mohanty et al., 2013; Zhao and Nartey, 2014). Compared with 400 ºC, 

the molar O/C and H/C ratios were decreased from 0.27 to 0.10 and 0.07 to 0.03 at 

maximum HTT (800 ºC). The decrease in O/C and H/C ratios also illustrated that the 

significant loss of oxygen and aliphatic hydrogen leads to dehydrogenative 

polymerization and dehydartive polycondensation processes during pyrolysis of BCs 

(Filippis et al., 2013). Moreover, the molar H/C of the BCs as a carbonization degree 

is always lower than 0.5, indicated that strong carbonization and high aromaticity, thus 

shows resistance to decomposition of the BCs (Yuan et al., 2013). The concentrations 

of major elements were increased with the increase of HTT. Compared with the  400 

ºC, the increase in Ca, Mg, Na and K concentrations were increased from 5637 to 11683 

mg kg-1 (51.75%), from 2434 to 4424 mg kg-1 (44.98%), from 228 to 472 mg kg-1 

(51.69%) and from 8135 to 13816 mg kg-1 (41.11%) at maximum HTT (800 ºC), 

respectively.  These results of increase in major elements concentration are consistent 

with the findings of Aslam et al., (2017). Similarly, the concentrations of PTEs were 

also increased with the increase of HTT, but the increase and concentration of PTEs in 

BCs are very low. Moreover, the alkaline nature of the BCs could limit the PTEs 

leaching to soil and thus not cause any toxicity (Hu et al., 2013). He et al., (2010) and 

Tan et al., (2014) has also declared PTEs in safe limit with such concentrations in BCs. 

Furthermore, the yield, moisture and VM of BCs production reduced while ash contents 

increased with the increase of HTT. The gasification of VM at high HTT leads to an 

increase in FC contents (Yang and Sheng, 2012). Whereas, FC is considered as a 

measure for evaluating the recalcitrance and stability property of BCs (Mašek et al., 

2013; Zhao et al., 2013). Moreover, BCs with low VM contents are more suitable for 

agronomic use, because of its role in microbial activity and nitrification (Deenik et al., 

2009). Similar findings has been reported from a number of studies such as Méndez et 

al., (2013) and Yuan et al., (2013).   
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Table 5.8 Physicochemical properties of biochars pyrolyzed at HTT of 400 ºC, 600 ºC and 800 ºC. 

Parameter 400BC 600BC 800BC Parameter 400BC 600BC 800BC 

pH 9.1 ± 0.2 10.3 ± 0.2 11.9 ± 0.2 VM (%) 28.7 ± 0.1 20.9 ± 0.1 13.7 ± 0.1 

WHC (%) 42.8 ± 0.7 48.7 ± 0.8 56.3 ± 0.9 FC (%) 53.0 ± 0.1 61.3 ± 0.1 67.8 ± 0.1 

Surface area (m2 g-1) 17.3 ± 0.3 36.5 ± 0.6 48.8 ± 0.8 P (mg kg-1) 2030 ± 46 2440 ± 53 2920 ± 68 

Pore volume (cm3 g-1) 0.041 ± 0.001 0.052 ± 0.001 0.089 ± 0.001 Ca (mg kg-1) 5640 ± 120 8640 ± 190 11680 ± 221 

Pore diameter (nm) 3.735 ± 0.05 3.759 ± 0.06 3.778 ± 0.08 Mg (mg kg-1) 2430 ± 53 3630 ± 72 4420 ± 88 

CEC (cmol kg-1) 51.2 ± 1.7 71.4 ± 1.8 94.8 ± 1.8 Na (mg kg-1) 228 ± 5.7 363 ± 8.5 472 ± 11.6 

DOC (mg kg-1) 19.6 ± 0.3 22.3 ± 0.4 25.9 ± 0.4 K (mg kg-1) 8130 ± 190 10270 ± 220 13820 ± 260 

C (%) 56.6 ± 0.9 65.3 ± 1.1 72.8 ± 1.2 As (mg kg-1) 0.02 ± 0.001 0.03 ± 0.001 0.03 ± 0.001 

H (%) 3.56 ± 0.06 2.78 ± 0.05 1.98 ± 0.03 Cd (mg kg-1) 0.03 ± 0.001 0.04 ± 0.002 0.04 ± 0.002 

N (%) 1.88 ± 0.03 1.62 ± 0.03 1.22 ± 0.02 Co (mg kg-1) 0.02 ± 0.001 0.02 ± 0.001 0.03 ± 0.002 

S (%) 1.93 ± 0.03 1.67 ± 0.03 1.19 ± 0.02 Cr (mg kg-1) 0.05 ± 0.004 0.07 ± 0.005 0.08 ± 0.005 

O (%) 14.1 ± 0.23 10.6 ± 0.17 7.23 ± 0.12 Cu (mg kg-1) 0.31 ± 0.01 0.34 ± 0.01 0.36 ± 0.01 

O/C 0.25 ± 0.004 0.16 ± 0.003 0.10 ± 0.002 Fe (mg kg-1) 43.5 ± 3.2 68.8 ± 4.1 89.5 ± 5.6 

H/C 0.06 ± 0.001 0.04 ± 0.001 0.03 ± 0.001 Mn (mg kg-1) 0.73 ± 0.06 0.86 ± 0.07 0.93 ± 0.08 

Yield (%) 38.3 ± 1.06 34.3 ± 1.00 32.6 ± 0.93 Ni (mg kg-1) 0.04 ± 0.001 0.05 ± 0.001 0.06 ± 0.001 

Moisture (%) 1.36 ± 0.06 1.33 ± 0.04 1.29 ± 0.03 Pb (mg kg-1) 0.08 ± 0.01 0.13 ± 0.03 0.18 ± 0.04 

Ash (%) 13.2 ± 0.13 17.8 ± 0.18 22.5 ± 0.26 Zn (mg kg-1) 4.27 ± 0.70 6.16 ± 0.96 7.94 ± 1.30 
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5.3.2 Structural analysis of biochars 

i. Micromorphology, surface characters and EDX analysis 

The surface area, pore volume and pore size increased enormously with the increase of 

HTT from 400 ºC to 800 ºC as shown in Fig. 5.2, which is further supported by the 

SEM images (Fig. 5.3). Similar findings has been reported by other studies such as 

Méndez et al., (2013), Tan et al., (2014) and Yuan et al., (2011). The nitrogen 

adsorption also significantly (p ≤ 0.05) increased with increase of HTT. The nitrogen 

adsorption-desorption isotherms of the BCs corresponds to type IV isotherm of IPUAC 

classification (Pavan and Andrew, 2019; Sing et al., 1985), which shows that the BCs 

have (i) mesoporous structure (2-50 nm), (ii) narrow necks and wide bodies (ink bottle 

pores) and (iii) capillary condensation will occur in the mesopores of BCs (Tan et al., 

2014). The pore size curves of BCs showed that the pores distributions in all the BCs 

are similar at the peak position whereas all the pores structure are uniform and 

channelized (Fig. 5.2, inside). The current study results of mesopores formation are 

consistent with Rio et al., (2005).  

 

Fig. 5.2 Nitrogen adsorption-desorption isotherms and pore size distribution curves 

(inside) of biochars. 
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The EDX spectra provide quantitative and qualitative analysis of the pyrolyzed BCs  

(Purakayastha et al., 2015). The EXD spectra (Fig. 5.3) showed an increase in the 

intensity of C from 62.77% to 74.14%, N from 1.25% to 2.19%, K from 4.63% to 5.21% 

and Ca from 2.97% to 3.45%, while a decrease in the intensity of O from 22.91% to 

11.99% and S from 2.44% to 1.47% in the result of HTT 400 ºC and 800 ºC 

respectively, which supports the results of CHNS and ICP-OES. Similar findings with 

increase of HTT has been reported by Sahota et al., (2018) for C, O and S intensities in 

the BCs prepared from green (leaf) waste.  

 

Fig. 5.3 SEM images (up) and EDX spectra (down) of 400BC, 600BC and 800BC.  

ii. XRD analysis  

The XRD patterns are shown in Fig. 5.4, shows the intensities of the diffracted beams 

(Bragg’s law) or crystalline phases on the BCs surface. All the spectra’s (except 40 

degree) intensities are sharp and a comparatively broad peak at 40 degree, indicate 

crystalline structure and carbon rich phase, respectively in the BCs (Srinivasan et al., 

2015). Moreover, all the BCs showed no peak in 15-20 region of 2θ, which confirm the 

complete decomposition of cellulose (Regmi et al., 2012). The identified peaks belongs 

to sylvite (KCl) or apatite (Ca5(PO4)3(Cl,F,OH), sulphate (SO4), whewellite 

(CaC2O4.H2O), calcite (CaCO3), pericalse (MgO) and quartz (SiO2) at the 2θ region of 
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28.00, 32.01, 37.02, 40.00, 43.04 and 48.02, respectively (Fig. 5.4). Mohanty et al., 

(2013) has also reported these peaks (compounds) for the BCs prepared from timothy 

grasses.  

Fig. 5.4 XRD analysis spectra of 400BC, 600BC and 800BC.  

iii. FTIR analysis  

The FTIR spectra (Fig. 5.5) shows that a number of functional groups are present on 

the surface of the BCs, which play an important role in the immobilization of PTEs by 

the complexes formation (Ahmad et al., 2014; Lee et al., 2010). The peaks in the 400-

1500 cm-1 (finger print region) exist at 466.73, 619.09, 783.03, 1105.11, 1193.12 and 

1434.91 and 2500-4000 cm-1 exist at 2558.71, 2852.46, 2919.96, 2962.39 and 3425.27 

cm-1 shows the availability of single bond compounds while the peaks from 1500-2000 

cm-1 (1647.06 and 1872.71 cm-1) indicates the presence of C=O double bond stretching 

(carbonyl group) (Darban et al., 2016; Mohanty et al., 2013; Zhao and Nartey, 2014). 
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The peaks in various regions were attributed to different compounds from different  

components of the feedstock, such as from 400-800 cm-1 attributed to C-H bond of 

aromatic hydrogen from lignin compound, 1100-1200 cm-1  attributed to C-O stretching 

from cellulose compounds and C-C stretching from alkenes function, 1300-1500 

attributed to C-H, O-H and C-O stretch form hemicellulose bonds, cellulose bonds and 

alcohol group, respectively, 1500-2000 cm-1 indicates the presence of C=O stretching 

from the aromatic structure of hemicellulose and 2500-4000 attributed to alcohol 

compound or hydrogen bonded OH stretching from cellulose, hemicellulose and lignin 

components (Regmi et al., 2012; Suryanto et al., 2014). Furthermore, the surface 

functional groups were decreased with the increase of HTT from 400 ºC to 800 ºC, 

which justify the results of CHNS for N, H and O (functional groups elements) and O/C 

and H/C ratio (table 5.8). This study results of decreasing functional groups with 

increase of HTT complies with the findings of Tan et al., (2014).    

Fig. 5.5 FTIR analysis spectra of 400BC, 600BC and 800BC.  
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iv. Raman analysis  

Raman spectroscopy is used to predict the crystalline and amorphous nature (structure 

evolution) of the pyrolyzed BCs due to its sensitivity to both the structures (Mohanty 

et al., 2013). The spectra from 500 to 3000 cm-1 resulted various types of bands during 

the curve fitting (Fig. 5.6).  The spectra of the BCs produced three peaks at 1344.99 

cm-1, 1579.36 cm-1 and 2699.16 cm-1 commonly called as “D”, “G” and “2D” bands. 

The “D” band at 1344.99 cm-1 indicated the disordered (defect) region of carbon for 

methyl groups (C-C vibration), the “G” band at 1579.36 cm-1 is the graphitic region for 

the in-pane vibrations of sp2-bonded graphitic carbon structure of aromatic carbon 

(C=C) and the “2D” band at and 2699.16 cm-1 is actually the second order of the “D” 

band (one half of the 2D band), which also represent the methyl groups (C-C vibration) 

(Smith et al., 2016; Tuinstra and Koenig, 1970). The band area of “G” peaks was less 

than “D” peaks in all the BCs, which shows semicircle breathing of aromatic rings with 

the loss of O-containing functional groups in BCs (Mohanty et al., 2013). Furthermore, 

the “D”, “G” and “2D” peaks in the Raman spectra of all the BCs reflects impacts of 

HTT. For instance, the intensity at 1344.99 cm-1, 1579.36 cm-1 and 2699.16 cm-1 peaks 

increases in the order of 800BC > 600BC > 400BC by 400 ºC, 600 ºC and 800 ºC (Fig. 

5.6), which justify the CHNS results of C contents given in table 5.8. Moreover, the 

“2D” peak was lower than “D” peak in all the BCs due to the transition of non-

crystalline graphite to Sp2-amorphous carbon structure (Jerng et al., 2011). Similar 

findings with increase of HTT has been reported by Guizani et al., (2017).  
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Fig. 5.6 Raman analysis spectra of 400BC, 600BC and 800BC.  

v. XPS analysis 

The XPS surface quantitative spectroscopic technique results of the BCs are presented 

in Fig. 5.7. The C1s peaks were measured on 284.90 (eV) and 288.00 (eV), while the 

Os1 peak was on 533.00 (eV). The C1s peak of the BCs were deconvoluted into main 

peaks and attributed to aliphatic carbon i.e. C-C (alkanes) and C=C (alkenes) at 284.90 

(eV) and aromatic carbon i.e. C=C (graphene) at 288.00 (eV). While the O1s peak was 

convoluted into a single peak at 533.00 (eV), which is attributed to C=O (O-containing 

functional groups) (Moulder et al., 1992; Srinivasan et al., 2015). It can be observed 

from the spectra of C1s that all the BCs are rich in C and its intensities remained high, 

while the O1s intensity decreased low, which could be attributed to the increase in 

carbonization HTT from 400 ºC to 800 ºC, which complies with the findings of 

(Srinivasan et al., 2015). Furthermore, the XPS results could be positive correlated to 
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the EDX, Raman and CHNS results of all the BCs, which also showed C as a dominant 

element and O in decreasing order relative to the increased HTT.  

Fig. 5.7 XPS analysis spectra of C1s (A) and O1s (B) of 400BC, 600BC and 800BC.  

vi. Thermal stability 

The TGA and DTG curves of the BCs show that distinctive weight loss starts from 300 

ºC and leads to 900 ºC. The TGA curves were in the thermal stability order of 

400BC<600BC<800BC from 200-900 ºC (Fig. 5.8, A), confirms the more stabilize 

nature of 800BC than 600BC and 400BC. The DTG curves (Fig. 5.8, B) indicates the 

loss of mass rate from 100-1000 ºC with in a time interval of 10-100 min. Maximum 

mass loss was recorded at 450 ºC, 750 ºC and 950 ºC for 400BC, 600BC and 800BC 

respectively. The maximum weight loss of the BCs was in the order of 400BC > 600BC 

> 800BC, shows the more availability of functional groups on 400BC surface than 

600BC and 800BC and as a result supports the FTIR spectra (Fig. 5.5) of the BCs. 

Similar findings of TGA and DTG with increase of HTT has reported by Tan et al., 

(2014).    
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Fig. 5.8 TGA (A) and DTG (B) analysis spectra of 400BC, 600BC and 800BC. 

5.4 Impacts of biochars application on contaminated soil 

5.4.1 Impacts on geochemical properties and PTEs concentrations  

 The geochemical results (mean ± SD) indicated that soil irrigated with industrial 

wastewater (control) has negative impacts on pH, EC, WHC, C, N, S, CEC, 

macroelements and PTEs concentrations. In contrast, the BCs treated soil showed 

significant positive impacts on the geochemical properties (Table 5.9). In the control, 

pH of the soil was acidic in nature which was significantly (p ≤ 0.05) increased up to 

38%, 36%, 33%, 31%, 29% and 27% by 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 

and 400BC2, respectively. This significant increase in pH may be linked with the 

maximum adsorption of PTEs on BCs surface from soil and addition of alkaline BCs 

to soil, in which the reduction of acidic functional groups increases with the increased 

HTT (Kołodyńska et al., 2012). The increase in pH of acidic soil with 5% (w/w) 

treatments of beech wood derived BCs were also reported by Vaccari et al., (2011) and 

Schulz and Glaser (2012). Similarly, the WHC was increased up to 45% with 800BC5, 

40% with 600BC5, 34% with 400BC5, 27% with 800BC2, 22% with 600BC2 and 20% 

with 400BC2 treatments. The increase in WHC helped to enhance agronomic properties 

of soil (Asai et al., 2009) and also resisted soil free draining (Atkinson et al., 2010).  
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These results are consistent with Atkinson et al., (2010) who has improved soil WHC 

with different woody plants derived BCs treatments. The CEC of the amended soil 

increased up to 35%, 32%, 27%, 18%, 13 % and 10% after the application of 800BC5, 

600BC5, 400BC5, 800BC2, 600BC2 and 400BC2, respectively.  Similar findings were 

reported by Yamato et al., (2006), Atkinson et al., (2010) and Sukartono et al., (2011) 

who reported 40%, 26%, and 13% increase in CEC of acidic soils with Acacia mangium 

(flowering tree), woody plants and coconut shell derived BCs respectively. The increase 

in CEC might be result of the BCs feedstock type, HTT and application rate (Makarfi, 

2014).  The DOC was significantly (p ≤ 0.05) increased up to 45% with 800BC5, 43% 

with 600BC5, 42% with 400BC5, 33% with 800BC2, 29% with 600BC2 and 27% with 

400BC2 treatments. The increase in DOC could be correlated to a decrease 

concentration of available PTEs, which are reduced through complexes formation and 

direct adsorption on the BCs surface (Zheng et al., 2013, 2012). Similarly increase in 

DOC along with PTEs immobilization after application of corn stalks and sewage 

sludge derived BCs was reported by Luo et al., (2014) and Kookana et al., (2011) 

respectively. The concentration of C was also increased significantly (p ≤ 0.05), i.e. 

85%, 84%, 84%, 78%, 77% and 76% after applying 800BC5, 600BC5, 400BC5, 

800BC2, 600BC2 and 400BC2 respectively, which  could be linked with the extensive 

C concentration in the pyrolyzed BCs (Makarfi, 2014). The higher concentration of C 

in soil (provided by BCs) promotes C concentration in plants, and thus improve their 

biomass (Ibrahim et al., 2017) which is also reported by Hossain et al., (2010) and Yu 

et al., (2009). Soil nutrients such as N, P, K and S concentrations were efficiently 

increased with the BCs treatments. Cumulative increases of 55-62%, 29-47%, 15-45% 

and 79-84% were recorded for N, P, K and S concentrations respectively in the BCs 

applied soils. The increase in nutrients play an important role in plants growth (Chintala 

et al., 2014; Parvage et al., 2013).. Previous studies such as Khan et al., (2015) and 

Zheng et al., (2012) also reported significant increase in soil nutrients with sewage 

sludge and rice waste derived BCs application respectively. The accumulative 

improvements in geochemical properties were found in the decreasing order of 800BC5 

> 600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2, which indicated the efficacy of 
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higher HTT pyrolyzed BC (800BC) and 5% application rate than lower HTT pyrolyzed 

BC (400BC) and 2% application rate respectively.  

It was observed that the BCs application played an important role in decrease of PTEs 

concentrations in the soil. The recorded decrease in PTEs concentrations were 88%, 

82%, 76%, 66%, 62% and 58% for Cd, 87%, 81%, 77%, 67%, 62% and 57% for Pb, 

78%, 70%, 66%, 56%, 51% and 46% for Cr, 76%, 68%, 64%, 54%, 47 % and 41% for 

Ni, 69%, 62%, 57%, 46%, 39% and 33% for Cu, 65%, 60%, 57%, 55%, 52% and 47% 

for Mn, 64%, 60%, 58%, 38%, 34% and 28% for Fe, 63%, 55%, 51%, 43%, 38% and 

34% for As, 46%, 39%, 34%, 26%, 22% and 21% for Co and 21%, 19%, 18%, 16%, 

14% and 12% for Zn by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 

treatments respectively (Table 5.9). The immobilization of PTEs was found in the order 

of Cd > Pb > Cr > Ni > Cu > Mn > As > Co > Fe > Zn. The significant immobilization 

of PTEs could be the result of  (i) change in soil pH (from acidic to alkaline) due to 

application of alkaline nature BCs, because in alkaline pH, PTEs transform into 

precipitation of low solubility in soil (Tan et al., 2014), (ii) adsorption of PTEs on BCs 

surface due to reduction of acid functional groups in BCs with increased HTT 

(Kołodyńska et al., 2012) and (iii) increase in DOC of soil, as it motivates stable 

complexes formation and adsorption of PTEs on BCs surface (Zheng et al., 2013, 2012). 

Among the treatments, 800BC5 was more effective in immobilization of PTEs than 

600BC5 and 400BC5, as the 800BC were more alkaline and having high DOC contents 

than 600BC and 400BC. Karer et al., (2018) reported significant reduction of Zn, Pb 

and Cd by 92, 86 and 75% respectively with application of 1% BC prepared from 

popular wood chips. Ibrahim et al., (2017) has pointed out immobilization of Cd (56%), 

Zn (52%), Cr (32%), Pb (31%), As (28%) and Ni (23%) by Peanut shell BC after 1 

week of flood irrigation. Park et al., (2011) concluded that chicken manured BC could 

dramatically immobilize Pb and Cd up to 94 and 88% respectively. Houben et al., 

(2013) observed significant reduction of PTEs (As, Cd, Pb and Zn) availability in soil 

amended with Miscanthus straw BC. Treatments of BC derived from other feedstock 

(oak wood) also showed significant reduction in PTEs concentrations (Ahmad et al., 

2012). Furthermore, the overall decrease of PTEs concentrations in soil were found in 
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the decreasing order of 800BC5 > 600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2. 

These results indicated the (i) high availability of free PTEs in control soil and 

significant immobilization of PTEs in the BCs applied soils and (ii) the efficacy of 

higher HTT pyrolyzed BC (800BC) with 5% application rate than lower HTT pyrolyzed 

BC (400BC) and 2% application rate respectively.
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Table 5.9 Impacts of biochars application on geochemical properties and available PTEs concentrations in soil. 

Parameter Control 400BC2 600BC2 800BC2 400BC5 600BC5 800BC5 

pH (CaCl2) 5.88 ± 0.1 8.01 ± 0.1 8.32 ± 0.1 8.48 ± 0.1 8.76 ± 0.2 9.13 ± 0.2 9.56 ± 0.2 

WHC (%) 45.6 ± 1 56.8 ± 1 58.7 ± 1 62.6 ± 1 68.9 ± 2 75.8 ± 2 82.4 ± 2 

CEC (cmol kg-1) 10.0 ± 0.2 11.1 ± 0.2 11.5 ± 0.2 12.2 ± 0.2 13.7 ± 0.2 14.6 ± 0.2 15.4 ± 0.2 

DOC (mg kg-1) 9.26 ± 0.1 12.7  ± 0.2 13.1 ± 0.2 13.8 ± 0.2 15.7 ± 0.3 16.4 ± 0.3 16.9 ± 0.2 

C (%) 1.92 ± 0.3 7.92 ± 0.5 8.23 ± 0.5 8.67 ± 0.6 11.94 ± 0.6 12.23 ± 0.7 12.63 ± 0.7 

N (%) 0.17 ± 0.03 0.38 ± 0.05 0.33 ± 0.07 0.27 ± 0.04 0.56 ± 0.06 0.52 ± 0.08 0.45 ± 0.06 

S (%) 0.16 ± 0.01 0.78 ± 0.01 0.64 ± 0.01 0.56 ± 0.01 1.24 ± 0.01 1.09 ± 0.01 0.97 ± 0.01 

P (mg kg-1) 262 ± 4 370 ± 5 392 ± 6 410 ± 6 453 ± 8 478 ± 8 496 ± 8 

Ca (mg kg-1) 1521 ± 25 1720 ± 22 1790 ± 23 1870 ± 23 2010 ± 27 2160 ± 26 2270 ± 26 

Mg (mg kg-1) 843 ± 14 902 ± 12 928 ± 14 974 ± 14 1120 ± 13 1190 ± 14 1250 ± 16 

Na (mg kg-1) 329 ± 5 358 ± 6 371 ± 5 397 ± 6 463 ± 7 487 ± 7 502 ± 8 

K (mg kg-1) 515 ± 8 605 ± 8 638 ± 8 681 ± 7 794 ± 8 857 ± 9 931 ± 9 

As (mg kg-1) 5.1 ± 0.1 3.3 ± 0.1 3.1 ± 0.1 2.9 ± 0.1 2.5 ± 0.1 2.3 ± 0.1 1.9 ± 0.1 

Cd (mg kg-1) 10.5 ± 0.2 4.4 ± 0.1 4.0 ± 0.1 3.5 ± 0.1 2.5 ± 0.1 1.9 ± 0.1 1.2 ± 0.1 

Co (mg kg-1) 44.0 ± 0.3 34.8 ± 0.3 34.1 ± 0.3 32.6 ± 0.2 29.0 ± 0.3 26.8 ± 0.3 23.9 ± 0.4 

Cr (mg kg-1) 176 ± 3 95 ± 2 86 ± 2 77 ± 2 59 ± 1 53 ± 1 38 ± 1 

Cu (mg kg-1) 180 ± 3 120 ± 3 110 ± 3 97 ± 2 78 ± 2 69 ± 2 56 ± 2 

Fe (mg kg-1) 3150 ± 52 2270 ± 61 2090  ± 43 1940 ± 41 1320 ± 36 1260 ± 34 1130 ± 31 

Mn (mg kg-1) 2050 ± 34 1080 ± 18 985 ± 16 932 ± 16 883 ± 15 819 ± 14 714 ± 12 

Ni (mg kg-1) 103 ± 2 61 ± 1 54 ± 1 47 ± 1 37 ± 1 33 ± 1 24 ± 1 

Pb (mg kg-1) 166 ± 3 71 ± 2 63 ± 2 55 ± 1 38 ± 1 32 ± 1 22 ± 1 

Zn (mg kg-1) 1180 ± 19 1040 ± 28 1020 ± 27 991 ± 26 969 ± 26 958 ± 25 934 ± 25  
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5.4.2 Impacts on geostatistical parameters 

i. Geoaccumulation index 

The results of geoaccumulation index states that BCs have drastically decreased its 

intensity in the BCs amended soils than control soil samples (Fig. 5.9). The Igeo of Fe 

was decreased 64% by 800BC5, 60% by 600BC5, 58% by 400BC5, 52% by 800BC2, 

50% by 600BC2 and 28% by 400BC2, and its accumulation degree of moderate to 

heavily pollution was decreased to moderate pollution (Table 4.1) by the BCs 

application. In control soil, the Igeo of Co, Pb, As, Mn, Cd, Cu and Ni were found in 

moderate pollution degree which were decreased by 67%, 63%, 60%, 55%, 53% and 

52% for Co, 92%, 87%, 86%, 80%, 77% and 74% for Pb, 78%, 73%, 71%, 66%, 63% 

and 61% for As, 78%, 74%, 73%, 71%, 70% and 68% for Mn, 93%, 89%, 86%, 80%, 

77% and 75% for Cd, 82%, 78%, 75%, 69%, 66% and 63% for Cu and 86%, 81%, 79%, 

73%, 69% and 65% for Ni by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 

400BC2 treatments respectively, and reduced to slightly pollution degree of Fagbote 

and Olanipekun, (2010), Ali et al., (2017) and Aiman et al., (2016) shown in Table 4.1. 

Furthermore, the slightly pollution (lowest degree) of Cr cannot be decreased further, 

though its Igeo was decreased up to 87%, 82%, 80%, 74%, 71% and 68% by 800BC5, 

600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 respectively. While the Igeo of Zn 

was not decreased significantly (12-21%) and remained in the same accumulation level 

(moderate pollution) in both control and the BCs applied soils.  
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Fig. 5.9 Decrease in geoaccumulation index of contaminated soil with biochars 

application. 

ii. Contamination factor 

In the control soil, the intensities of contamination factor were in the highest degrees of 

very high CF and considerable CF level, which were dramatically decreased by the BCs 

treatments. The CF of Fe was decreased 61%, 58%, 56%, 50%, 48% and 27%, Co 64%, 

60%, 58%, 53%, 51% and 50%, Pb 88%, 84%, 83%, 77%, 74% and 71%, As 75%, 

70%, 68%, 63%, 61% and 59%, Mn 75%, 70%, 67%, 71%, 68% and 65%, Cd 89%, 

85%, 83%, 77%, 74% and 72%, Cu 79%, 75%, 72%, 66%, 63% and 60%, Ni 83%, 

78%, 76%, 70%, 66% and 62%, Zn 20%, 18%, 17%, 15%, 13% and 12% and Cr 84%, 

79%, 77%, 71%, 68% and 65% by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 

and 400BC2 respectively (Fig. 5.10). In control soil, the CF degree (Table 4.1) of Fe 

was in the degree of very high CF, which was decreased to considerable CF degree by 

the 800BC5, 600BC5 and 400BC5, while no decrease (in contamination degree)  was 

found for 800BC2, 600BC2 and 400BC2. The CF of Zn was also found in very high 

CF category, which was decreased to considerable CF by 800BC5 only, while no 

change in contamination degree was recorded for the other BCs treatments (600BC5, 

400BC5, 800BC2, 600BC2 and 400BC2). The CF of Co was in the category of very 
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high CF, which was decreased to moderate CF by 800BC5 only and considerable CF 

by the other treatments (600BC5, 400BC5, 800BC2, 600BC2 and 400BC2). The CF of 

Pb and Cd were found in the very high CF level, which were decreased to low CF by 

800BC5, 600BC5 and 400BC5 and moderate CF by 800BC2, 600BC2 and 400BC2. 

The CF of As and Mn were in very high CF category, which were decreased to moderate 

CF by all the treatments (800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2). 

The CF of Cu was found in considerable CF level, which was limited to moderate CF 

level by all the treatments. The CF of Ni was in considerable CF level, which was 

decreased to low CF by 800BC5 and 600BC5 and moderate CF by the other treatments 

(400BC5, 800BC2, 600BC2 and 400BC2). The CF of Cr was decreased from 

considerable CF to low CF by the 800BC5, 600BC5, 400BC5 and 800BC2 and 

considerable CF by 600BC2 and 400BC2 treatments.  

Fig. 5.10 Decrease in contamination factor of contaminated soil with biochars 

application. 

iii. Pollution load index  

Fig. 5.11 summarizes PLI results of PTEs in the control soil and BCs applied soil 

samples. In control site, PLI was the category of progressive deterioration according to 
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the classification of Tomlinson et al., (1980) (Table 4.1). Although a significant percent 

decrease of 98%, 96%, 92%, 84%, 81% and 77%  was recorded for  800BC5, 600BC5, 

400BC5, 800BC2, 600BC2 and 400BC2 application respectively but it was still 

remained in the progressive deterioration category. The overall PLI in percent decrease 

in the PLI was found in the order of 800BC5 > 600BC5 > 400BC5 > 800BC2 > 600BC2 

> 400BC2 (Fig. 5.11).  

 

Fig. 5.11 Decrease in pollution load index of contaminated soil with biochars 

application. 

iv. Enrichment factor 

The enrichment factor results of PTEs in the control soil and the BCs amended soils are 

summarized in Fig. 5.12. In the control soil, the EF of Fe and Cd were in moderate 

enrichment level (Table 4.1), which were decreased 70%, 67%, 63%, 43%, 41% and 
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37% and 72%, 67%, 62%, 43%, 40% and 38% by the 800BC5, 600BC5, 400BC5, 

800BC2, 600BC2 and 400BC2 respectively, and decreased to low enrichment level. 

While EF of the remaining PTEs (Cu, Ni, Mn, Zn, Co, As, Pb and Cr) were in the lowest 

degree of low enrichment which cannot be decreased further, although their EF 

intensities were significantly (p ≤ 0.05) decreased i.e. Cu 33-71%, Ni 39-75%, Mn 30-

76%, Zn 41-72%, Co 40-79%, As 30-76%, Pb 30-76% and Cr 30-76% with the BCs 

treatments.  

 

Fig. 5.12 Decrease in enrichment factor of contaminated soil with biochars application. 

v. Ecological risk index 

The results of ecological risks to soil health (Er) indicate significant (p ≤ 0.05) reduction 

in its intensity after the BCs treatments (Fig. 5.13). Among the Er degrees of the PTEs 

(Table 4.1), Cd was found in the high risk degree, which was decreased 86, 82, 79, 74, 

71 and 69% by 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 

respectively. The treatment of 800BC5, 600BC5 and 400BC5 decreased it to low risk 

degree, while 800BC2, 600BC2 and 400BC2 to moderate risk degree. The Er of As was 

in the considerable risk, Co and Pb in moderate risk, which were also decreased 

significantly (p ≤ 0.05) i.e. As 72%, 67%, 65%, 61%, 58% and 56%, Co 62%, 58%, 
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55%, 51%, 49% and 48% and Pb 85%, 80%, 79%, 74%, 71% and 68% by 800BC5, 

600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 respectively and become reduced to 

low risk degree by all the six treatments. Furthermore, Er of the remaining PTEs (Cu, 

Ni, Fe, Zn, Cr and Mn) were in the low risk (lowest category), which cannot be 

decreased further, although their Er intensities were also decreased significantly (p ≤ 

0.05), such as 75%, 72%, 69%, 63%, 61% and 58% for Cu, 79%, 75%, 73%, 67%, 63% 

and 60% for Ni, 59%, 55%, 53%, 48%, 46% and 26% for Fe, 19%, 17%, 17%, 15%, 

13% and 11% for Zn, 80%, 75%, 74%, 68%, 65% and 63% for Cr and 72%, 68%, 67%, 

65%, 64% and 63% for Mn by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 

400BC2 treatments respectively.  

 

Fig. 5.13 Decrease in ecological risk index of contaminated soil with biochars 

application. 

The accumulative results of geoaccumulation index, enrichment factor, contamination 

factor and ecological risk index of all the PTEs are markedly decreased for the BCs 

treated soils as compared to the untreated soil. The decrease in the geostatistical risks 

shows that the enrichment/accumulation intensity of the PTEs has been reduced in the 

BCs applied soil, which ultimately reduced the geostatistical and potential ecological 

risks of soil health (caused by the PTEs) and ensured safety to soil health. Conversely, 
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in the untreated (industrially wastewater irrigated) soil, the PTEs concentrations were 

comparatively more, which have significantly magnified the geostatistical and potential 

ecological risks to soil health. Furthermore, among the BCs, BC pyrolyzed at higher 

HTT (800BC) have comparatively more optimum properties than lower HTT pyrolyzed 

BC (400BC), so as a result showed more efficacy in decreasing (i) PTEs concentrations 

in soil and (ii) intensity of geostatistical risks to soil health. The decrease in 

geostatistical risks were in the order of 800BC5 > 600BC5 > 400BC5 > 800BC2 > 

600BC2 > 400BC2, which also indicate that 5% application rate of the BCs have 

comparatively more optimum results than 2% application rate. In a nutshell, among the 

six treatments, 800BC5 have the highest results while 400BC2 have the lowest results 

in reducing geostatistical risks to soil health.  

5.4.3 Impacts on carcinogenic and non-carcinogenic health risks 

i. Average daily dose and lifetime average daily dose 

Annexure 7 summarizes decrease in soil ADDing, ADDinh, ADDderm and LADD data for 

adults and children with BCs application. In control site, ADDing for Cr and Pb was 

found above their RfD values which was decreased up to 68% and 74% as a result of 

BCs application. While the other PTEs were found below their RfD values in ADDing, 

ADDinh, ADDderm and LADD values, calculated both for adults and children of the study 

area. Although As, Cd, Co, Cu, Fe, Mn, Ni and Zn were below their RfD values but 

still these ADDing, ADDinh and ADDderm were decreased up of 61%, 75%, 52%, 63%, 

28%, 68%, 65% and 12% by BCs application. Percent decrease in ADDing, ADDinh and 

ADDderm was found in the order of 75% > 74% > 68% > 68% > 65% > 63% > 61% > 

52% > 28% > 12% for Cd > Pb > Cr > Mn > Ni > Cu > As > Co > Fe > Zn in both 

adults and children. While LADD percent decrease was in the order of 75% > 74% > 

68% > 65% > 61% for Cd > Pb > Cr > Ni > As both in adults and children.   

ii. Non-carcinogenic health risks via ingestion (HRIing), inhalation (HRIinh) and 

dermal contact (HRIderm) 
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Fig. 5.14, 5.15 and 5.16 summarizes results of adults and children HRIing, HRIinh and 

HRIderm respectively, calculated fort the industrial wastewater irrigated and the BCs 

treated soils, while percent decrease in HRIing, HRIinh and HRIderm is shown in Fig. 5.19 

for both adults and children. The overall results revealed that the control soil has highest 

HRIing, HRIinh and HRIderm (especially for children) for all the PTEs, which shows free 

availability of PTEs in the soil. While conversely, the BCs amended soils have 

comparatively lower values of HRIing, HRIinh and HRIderm for all PTEs, which indicate 

the efficacy of the BCs on immobilization of PTEs in BCs treated soils. For HRIing, 

among all the PTEs in control soil, Cr has maximum values of 1.37×10-1 and 1.31×100, 

while Fe has the lowest values of 8.60×10-4 and 8.26×10-3 for adults and children 

respectively. Moreover the overall HRIing of the PTEs (both adults and children) was in 

the order of Cr > Pb > Mn > As > Cd > Ni > Cu > Zn > Co > Fe. Among HRIing of the 

PTEs, only Cr and Pb were found above the toxicity limit (HRI > 1) in children only, 

while the other PTEs (Mn, As, Cd, Ni, Cu, Zn, Co and Fe) HRIing values were in the 

safe level (HRI < 1) for both adults and children as shown in Fig. 5.14. For HRIinh in 

control soil, among all the PTEs Mn was found with the highest HRIinh of 3.11×10-2 

and 8.89×10-2, while Zn with the lowest HRIinh of 8.50×10-7 and 2.43×10-6 for adults 

and children respectively. In control soil, the HRIinh values of all the PTEs (both adults 

and children) were found in the safe level (HRI < 1) with the decreasing order of Mn > 

Fe > Co > Cr > Pb > As > Cd > Ni > Cu > Zn (Fig. 5.15). For HRIing, among all the 

PTEs in control soil, Cr has maximum values of 2.50×10-1 and 1.26×10-1, while Co has 

the lowest values of 1.92×10-4 and 9.67×10-5 for adults and children respectively. 

Likewise the HRIinh, the HRIderm values of all the PTEs for both adults and children 

were also found in the safe level (HRI < 1). Furthermore, the HRIderm of the PTEs was 

found the order of Cr > Mn > Cd > Pb > Fe > As > Zn > Ni > Cu > Co for both adults 

and children (Fig. 5.16).  

After the BCs application, the HRIing, HRIinh and HRIderm risks of the PTEs were 

significantly (p ≤ 0.05) decreased by all the treatments (800BC5, 600BC5, 400BC5, 

800BC2, 600BC2 and 400BC2), and the HRIing of the Cr and Pb (in children) were 

reduced to safe level (HRI < 1). Although, the HRIing, HRIinh and HRIderm of all the PTEs 
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(Cr, Cd, Mn, As, Cd, Ni, Cu, Zn, Co and Fe) except (Cr and Cd in children HRIing), 

were in the safe limit (HRI < 1), but these risks were still decreased significantly (p ≤ 

0.05) by the BCs treatments and ensured extra safety as compared to the control site 

risks. Furthermore, the significant decrease in the HRIing, HRIinh and HRIderm risks were 

found 93%, 89%, 86%, 80%, 77% and 75% for Cd, 92%, 87%, 86%, 80%, 77% and 

74% for Pb,  87%, 82%, 74%, 71% and 68% for Cr, 86%, 81%, 79%, 73%, 69% and 

65% for Ni, 82%, 78%, 75%, 69%, 66% and 63% for Cu, 78%, 74%,73%, 71%, 70% 

and 68% for Mn, 78%, 73%, 71%, 66%, 63% and 61% for As, 67%, 63%, 60%, 55%, 

53% and 52% for Co, 64%, 60%, 58%, 52%, 50% and 28% for Fe and 21%, 19%, 18%, 

16%, 14 % and 14% for Zn by application of 800BC5, 600BC5, 400BC5, 800BC2, 

600BC2 and 400BC2 respectively.  

Moreover, the decrease in the overall adults and children HRIing, HRIinh and HRIderm of 

the PTEs after the BCs application was found in the decreasing order of 800BC5 > 

600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2 (Fig. 5.14, 5.15 and 5.16).The 

accumulative results revealed that higher HTT pyrolyzed BC and 5% application have 

comparatively lower HRIing, HRIinh and HRIderm results than lower HTT pyrolyzed BC 

and 2% application. Moreover, the highest HTT (800 ºC) and 5% application rate 

pyrolyzed BC (i.e.800BC5) showed the most optimum results in the decrease of HRIing, 

HRIinh and HRIderm in both adults and children than the other BCs and application rate. 

In a nutshell, the industrially wastewater irrigated soil can cause potential health risks 

while the BCs applied soil significantly decrease these risks, thus ensures health safety 

of adults and children.  
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Fig. 5.14 Decrease in hazard risk index (ingestion) of adults (a) and children (b) of 

contaminated soil with biochars. 
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Fig. 5.15 Decrease in hazard risk index (inhalation) of adults (a) and children (b) of 

contaminated soil with biochars. 
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Fig. 5.16 Decrease in hazard risk index (derm) of adults (a) and children (b) of 

contaminated soil with biochars. 

iii. Non-carcinogenic health risks via hazard index (HI) 

Fig. 5.17 summarizes results of hazard index (HI) calculated for the industrial 

wastewater irrigated and the BCs treated soil, while percent decrease in HI is shown in 

Fig. 5.19 for both adults and children. Similarly to HRIing, HRIinh and HRIderm results, 

the overall HI results of the BCs treated soils are significantly (p ≤ 0.05)  lower than 

the control soil which indicate the efficacy of the BCs on immobilization of PTEs in 

BCs treated soils. In the control soil, the HI of HRIing was 0.45 and 4.30 which was 

decreased to 0.07 and 0.69 in adults and children respectively by the 800BC5 

amendment. The overall percent decrease in the adults and children HI of HRIing was 



 

 

94 

 

 

in the order of 84 > 79 > 77 > 74 > 71 > 68 for 800BC5, 600BC5, 400BC5, 800BC2, 

600BC2 and 400BC2 amendments respectively as shown in Fig. 5.17 (a). Similarly, the 

HI of HRIinh was decreased significantly (p ≤ 0.05) up to 77% by 800BC5, 72% by 

600BC5, 71% by 400BC5, 69% by 800BC2, 68% by 600BC2 and 64% by 400BC2 

amendments in both adults and children as shown in Fig. 5.17 (b). Likewise, the HI of 

HRIderm was significantly (p ≤ 0.05) decreased up to 86%, 81%, 79%, 75%, 72% and 

69% by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 amendments 

respectively as shown in Fig. 5.17 (c). Furthermore, the overall HI for HRIing, HRIinh 

and HRIderm was found in the decreasing order of 800BC5 > 600BC5 > 400BC5 > 

800BC2 > 600BC2 > 400BC2. 
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Fig. 5.17 Decrease in adults and children hazard indices via ingestion (a), inhalation (b) and dermal contact (c) of contaminated soil with biochars. 
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iv. Carcinogenic health risks via carcinogenic risk assessment (CRA) 

Fig. 5.18 summarizes CRA results of adults and children of the BCs amended soils and 

control soil, while percent decrease in CRA is shown in Fig. 5.19 for both adults and 

children. The overall results revealed that the control soil has high CRA (especially for 

children) for all the PTEs, which shows free availability of PTEs in the soil. While 

conversely, the BCs amended soils have comparatively lower values of CRA for all the 

PTEs, which indicate the efficacy of the BCs on immobilization of the PTEs in BCs 

treated soils. Furthermore, the CRA results of all the PTEs (Co, Cr, Ni, Cd, As and Pb) 

were found in the acceptable range, therefore posing no potential carcinogenic health 

risk to adults or children, but still the carcinogenic risks of these PTEs were 

significantly (p ≤ 0.05) decreased by all the BCs treatments. In control, the CRA of Co 

was found the highest among all the PTEs, which was decreased 67%by 800BC5, 

63%by 600BC5, 60% by 400BC5, 55%by 800BC2, 53%by 600BC2 and 52%by 

400BC2 amendments in both adults and children. Similarly, the CRA of Cr was 

decreased 87%, 82%, 80%, 74%, 71% and 68%, Ni was 86%, 81%, 79%, 73%, 69% 

and 65%, Cd was 93%, 89%, 86%, 80%, 77% and 75%, As was 78%, 73%, 71%, 66%, 

63% and 61% and Pb was 92%, 87%, 86%, 80%, 77% and 74% by the 800BC5, 

600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 amendments respectively in both 

adults and children. Furthermore, the overall decrease in the adults and children CRA 

of the PTEs after the BCs application was found in the decreasing order of 800BC5 > 

600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2 (Fig. 5.18). The accumulative 

results revealed that higher HTT pyrolyzed BC and 5% application have comparatively 

lower CRA results than lower HTT pyrolyzed BC and 2% application. Moreover, the 

highest HTT (800 ºC) and 5% application rate pyrolyzed BC (i.e. 800BC5) showed the 

most optimum results in the decrease of CRA in both adults (Fig. 5.18, a) and children 

(Fig. 5.18, b) than the other BCs and application rate.  
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Fig. 5.18 Decrease in carcinogenic risk assessment of adults (a) and children (b) of 

contaminated soil with biochars. 
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Fig. 5.19 Percent decrease in carcinogenic and non-carcinogenic health risks of 

contaminated soil with biochars. 

5.5 Wheat crop chemistry and impacts of biochars application 

5.5.1 Impacts of biochars on agronomic properties of wheat crop 

Table 5.10 summarizes the agronomic importance of the BCs on germination rate, 

growth and yield of wheat crop. The results (mean ± SD) indicated that soil irrigated 

with industrial wastewater (control) had negatively affected the germination rate, 

growth and yield of wheat crop. Conversely, the BCs treated soil showed significant 

positive effects on germination rate, growth and yield parameters. The germination rate 

of control soil was 81.1%, while the BC treated soil with 800BC5 was 98.8% (highest 

germination rate). Percent increase in germination rate were 18.0% for 800BC5, 16.8% 
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for 600BC5, 15.2% for 400BC5, 10.8% for 800BC2, 8.7% for 600BC2 and 6.2% for 

400BC2. Shoots length was increased up to 38.2%, as compared to control soil. The 

percentage increases in shoots length were 38.2%, 35. 5%, 29.9%, 24.8%, 22.3% and 

17.7% by 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2, respectively. 

Compared to control soil, the shoots biomass was increased up to 45.8% by 800BC5, 

39.4% by 600BC5, 31.6% by 400BC5, 25.8% by 800BC2, 21.2% by 600BC2 and 

17.1% by 400BC2, respectively. Spikes length was increased to 45.3%, 34.4%, 25.8%, 

17.7%, 15.2% and 12.6% by 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 

400BC2, respectively compared to control soil. The spikes biomass was increased up 

to 41.5% by 800BC5, 33.2% by 600BC5, 29.6% by 400BC5, 28.2% by 800BC2, 22.9% 

by 600BC2 and 15.3% by 400BC2, respectively compared to control soil. Compared to 

control soil grains biomass was increased up to 55.5%, 48.7%, 43.1%, 37.8%, 33.5% 

and 22.5% by 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2, 

respectively. Roots biomass was increased up to 55.7% by 800BC5, 51.7% by 600BC5, 

48.3% by 400BC5, 46.2% by 800BC2, 41.3% by 600BC2 and 34.5% by 400BC2, 

respectively as compared to control soil. The overall results revealed that highest HTT 

and 5% application rate produced highest germination rate, growth and yield. 

Furthermore, germination rate, growth and yield parameters were in the decreasing 

order of 800BC5 > 600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2 as shown in 

Table 5.10. The decreased germination rate, growth and yield in the control soil might 

be the result of increased phytotoxicity of PTEs (Geckil et al., 2002; Mohamed et al., 

2017). While the comparatively significant (p ≤ 0.05) increase in germination rate, 

growth and yield in BCs amended soils, could be linked with increased pH, WHC, CEC, 

DOC, C, N, P, S, K levels and decreased the concentrations of PTEs in soil (Akhtar et 

al., 2015; Makarfi, 2014; Vaccari et al., 2011). The current findings are consistent with 

a number of previous studies, such as Mohamed et al. (2017), who reported 32% 

increase in growth and 60% increase in yield of wheat crop after applying switchgrass 

derived BCs. Furthermore, Akhtar et al. (2015) found 14.2% increase in germination 

rate, 8.6% in shoot length, 22.3% in shoot biomass, 10.2% in spike length and 37.8% 

in grains yield of wheat crop using commercially available BC.
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Table 5.10 Impacts of biochars application on agronomic properties of wheat crop. 

Parameter Control 400BC2 600BC2 800BC2 400BC5 600BC5 800BC5 

Germination rate (%) 81.14 ± 1.33 86.38 ± 1.42 88.73 ± 1.46 90.83 ± 1.49 95.48 ± 1.57 97.38 ± 1.60 98.84 ± 1.63 

Shoot length (cm plant-1) 45.37 ± 0.75 55.12 ± 0.91 58.35 ± 0.96 60.35 ± 0.99 64.73 ± 1.06 70.37 ± 1.16 73.38 ± 1.21 

Shoot biomass (g pot-1) 10.15 ± 0.17 12.25 ± 0.20 12.88 ± 0.21 13.68 ± 0.22 14.83 ± 0.24 16.76 ± 0.28 18.73 ± 0.31 

Spike length (cm plant-1) 8.67 ± 0.14 9.92 ± 0.16 10.23 ± 0.17 10.54 ± 0.17 11.68 ± 0.19 13.28 ± 0.22 15.85 ± 0.26 

Spike biomass (g pot-1) 2.83 ± 0.05 3.34 ± 0.05 3.67 ± 0.06 3.94 ± 0.07 4.02 ± 0.07 4.24 ± 0.07 4.84 ± 0.08 

Grains biomass (g pot-1) 8.35 ± 0.14 10.77 ± 0.18 12.56 ± 0.21 13.43 ± 0.22 14.67 ± 0.24 16.28 ± 0.27 18.77 ± 0.31 

Root biomass (g pot-1) 2.13 ± 0.04 3.25 ± 0.05 3.63 ± 0.06 3.96 ± 0.07 4.12 ± 0.07 4.41 ± 0.07 4.94± 0.08 



 

 

101 

 

 

5.5.2 Impacts of biochars on bioaccumulation and translocation of PTEs into 

wheat plant 

For example, in roots the concentration of Cu was decreased 65-84%, Cr 78-95%, Pb 

75-94% , Ni 67-87%, Fe 30-43%, Zn 11-22%, Mn 48-63%, Cd 76-91%, As 66-82% 

and Co 51-68% as shown in Fig. 5.20 (a). Similarly in shoots, Cu, Cr, Pb, Ni, Fe, Zn, 

Mn, Cd, As and Co concentrations were decreased 47-62%, 66-85%, 75-91%, 58-78%, 

25-38%, 13-25%, 38-54%, 72-89%, 50-68% and Co 43-58% as shown in Fig. 5.20 (b). 

Likewise in leaves, the concentration of Cu was decreased 57-73%, Cr 70-88%, Pb 72-

91%, Ni 53-71%, Fe 30-46%, Zn 17-29%, Mn 26-41%, Cd 69-86%, As 65-81% and 

Co 48-64% as shown in Fig. 5.20 (c). In grains, all of the PTEs (except Mn, Cu, Co and 

As) were exceeding the maximum permissible limits (MPLs) set by Joint FAO/WHO, 

(2007, 2001a, 2001b). The concentration of Fe, Zn, Mn, Cu, Cr, Ni, Pb, Co, Cd and As 

were significantly (p ≤ 0.05) decreased (except Zn) by 38-51%, 30-36%, 38-48%, 53-

68%, 78-93%, 61-76%, 78-93%, 55-67%, 77-92% and 60-73% respectively and found 

below their MPLs values (Fig. 5.21) after application of the BCs. 

Roots are severely sensitive than other parts of plants because it comes first in contact 

with PTEs. The PTEs bioaccumulation in roots depends on the concentration of PTEs, 

plant species, plants parts, and soil properties (Tasrina and Rowshon, 2015). Similarly, 

shoots and leaves bioaccumulate more PTEs than grains, indicates exclusively 

distribution and translocation of PTEs into wheat tissues. The bioaccumulation of PTEs 

in roots showed positive correlation with the concentration in shoots, leaves and grains 

which is also reported by Karak and Bhattacharyya (2010). Gramss and Voigt (2016) 

have found Cd, Cu, Fe, Mn, Ni and Zn up to 96%, 63%, 24%, 45%, 73% and 97% 

higher in roots, 98%, 68%, 23%, 63%, 16% and 92% higher in shoots and 93%, 20%, 

33%, 10%, 80% and 78% higher in grains, respectively of wheat cultivated on 

contaminated soil than non-contaminate soil. Farahat et al. (2017) has also found PTEs 

(Cd, Fe, Mn, Pb and Zn), 15-47 times higher in wheat grains cultivated on contaminated 

soil than non-contaminated soil. Other studies (Bose and Bhattacharyya, 2008; Jamali 
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et al., 2009) have reported dominant bioaccumulation of PTEs in wheat grains 

cultivated on contaminated soil. 

The PTEs bioaccumulation in roots, shoots and leaves causing toxicity in term of 

growth, biomass and nutrients uptake (Geckil et al., 2002; Kuhar and Gorensek, 2000; 

Kukier and Chaney, 2004). Alia et al. (2015) have also reported phytotoxicity of PTEs 

and reported 35-42% and 25-47% decrease in roots and shoots biomass and 16-22% 

and 13-21% decrease in roots and shoots length. Chandra et al. (2009) have also 

reported PTEs (Cd, Cr, Cu, Fe, Ni, Mn and Zn) in wheat grains higher than FAO/WHO 

MPLs and strongly condemned wastewater irrigated wheat crops for consumption of  

human and animals due to its severe health problems. 

The decreased concentration of PTEs in roots, shoots, leaves and grains cultivated on 

BCs treated soil showed that the BCs has significantly (p ≤ 0.05) immobilized the PTEs 

in soil, thus reduced its bioaccumulation and translocation to wheat plant. The BC 

reduces bioaccumulation of PTEs in roots due to (i) formation of soluble PTEs-DOC 

complexes, which cannot diffuse into the tissues of plants (Vithanage et al., 2017), (ii) 

change in soil pH (from acidic to alkaline), because at alkaline pH PTEs transform into 

precipitation of low solubility (Bian et al., 2016; Tan et al., 2014), (ii) adsorption of 

PTEs on BC surface due to reduction of acid functional groups (Kołodyńska et al., 

2012), and (iii) increased DOC concentration of soil as it motivates stable complexes 

formation and adsorption of PTEs on BC surface (Zheng et al., 2013, 2012). The BC 

application decreased translocation of PTEs from roots to shoots, leaves and grains and 

reduced its phytotoxicity because it enhanced microbes growth in soil, which adsorbed 

PTEs and stored them in different cell parts or bound it by microbial metabolism as a 

result of precipitation and crystallization (Lahori et al., 2017). Decrease in PTEs 

bioaccumulation and translocation to upper parts of plant with BCs application has 

reported by various studies, such as Akhtar et al. (2015) have reduced PTEs up to 53% 

by 5% application of commercially available BCs. Li et al. (2016) have reported a 

decrease of PTEs up to 12.2%, 15.6% and 18.5% in roots, shoots and grains, 

respectively, after applying of wheat straw derived BCs. Furthermore, Zhu et al. (2015) 
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have also reported significant decrease in PTEs (Cd, Cr, Cu, Ni, Pb and Zn) 

bioaccumulation in roots, shoots, leaves and grains with application of wheat, corn, rice 

and sorghum straws derived BCs. Other study (Rizwan et al., 2018) stated that 5% 

application of rice straw derived BCs has reduced PTEs (61%) in shoots. Abbas et al. 

(2017) and Younis et al. (2016) has stated that 5% application of rice straw and cotton 

stalk derived BCs respectively,  increased photosynthesis and leaf chlorophyll contents 

and reduced oxidative stress due to PTEs reduction. Qiao et al. (2018) has reduced PTEs 

up to 61-93% in grains with 5% oil palm fibers derived BCs application due to reduction 

of the phytoavailability of PTEs in the amended soil (Beesley et al., 2013; Vithanage et 

al., 2017). Rizwan et al. (2018) have stated that 5% application of rice straw derived 

BCs significantly reduced PTEs in grains. Similarly, Abbas et al. (2018) have reduced 

PTEs up to 55% in grains with rice straw derived BCs. Furthermore, the overall 

concentrations of PTEs in the roots, shoots, leaves and grains were found in the 

decreasing order of 800BC5 > 600BC5 > 400BC5 > 800BC2 > 600BC2 > 400BC2, 

which indicates (i) the efficacy of higher HTT pyrolyzed BC and 5% application rate 

than lower HTT pyrolyzed BC and 2% application rate and (ii) free mobility of PTEs 

in the control soil and potential toxicity to wheat plant.        

 

 

 

 

 

 

 

 



 

 

104 

 

 

Fig. 5.20 Decrease in PTEs bioaccumulation in roots (a), shoots (b) and leaves (c) with biochars application.
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Fig. 5.21 Decrease in PTEs bioaccumulation in grains with biochars application. 

aJoint FAO/WHO, 2001a; bJoint FAO/WHO, 2001b; cJoint FAO/WHO, 2007. 
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5.5.3 Impacts of biochars on wheat crop statistics 

The BAF and TF results reveal that bioaccumulation and translocation of the PTEs to 

wheat plant has significantly (p ≤ 0.05) decreased in the BCs treated soil as compared 

to control soil wheat plant (Fig. 5.22). For example, the BAF of Cu was decreased 65-

84%, Cd 76-91%, Pb 75-94%, Cr 78-95%, As 66-82%, Fe 28-43%, Ni 67-87%, Zn 11-

22%, Co 51-68% and Mn 48-63% as shown in Fig. 5.22 (a). Similarly, the TF of Fe 

was decreased 25-38%, Zn 13-25%, Cd 72-89%, Co 43-58%, Mn 38-54%, As 50-68%, 

Cu 47-62%, Cr 66-85%, Pb 75-91% and Ni 58-78% as shown in Fig. 5.22 (b). The BAF 

and TF results in the control soil were found in the decreasing order of Cu > Cd > Pb > 

Cr > As > Fe > Ni > Zn > Co > Mn and Fe > Zn > Cd > Co > Mn > As > Cu > Cr > Pb 

> Ni, respectively. Moreover, the overall BAF and TF results in decrease of  PTEs 

concentrations after the BCs application was is in the order of   800BC5 > 600BC5 > 

400BC5 > 800BC2 > 600BC2 > 400BC2, which indicates that higher HTT pyrolyzed 

BC and 5% application rate are more efficient than lower HTT pyrolyzed BC and 2% 

application.  

The BAF and TF results might help to evaluate the incorporation of PTEs by wheat 

crop. Higher the BAF or TF quotient (BAF or TF > 1) greater will be potential of wheat 

crop in PTEs bioaccumulation and translocation, respectively and lower the BAF 

quotient (BAF or TF < 1) represent stabilization of PTEs in soil and low translocation 

of PTEs to upper parts of plants (Cui et al., 2004; Farahat et al., 2017) . Furthermore, 

plants having BAF > 1 can be used either for phyto-extraction (Christou et al., 2017), 

which declare that wheat crop cannot be used for phyto-extraction of PTEs as the BAF 

is lower than 1. The TF quotient is comparatively more than the BAF quotient, which 

clarifies that the roots have low phyto-stabilization potential of PTEs thus increases 

phytotoxicity to upper parts of wheat plant. This study results are consistent with 

Chandra et al. (2009) who has found BAF < 1 and discouraged use of wheat plant for 

hyper bioaccumulation of PTEs. Conversely, Farahat et al. (2017) have reported more 

BAF values for PTEs (Cd, Cr, Co, Fe and Ni) than the present study results in wheat 

cultivated on wastewater irrigated soil. Furthermore, BAF less than 1 for Cr, Co, Cu 
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and Fe in wheat has been reported by Khan et al. (2017) and for Cd, Cu, Ni and Zn by 

Ran et al. (2016). Similarly, the TF results of the present study are lower than Khanum 

et al. (2017) and Opaluwa et al. (2012) who declared that continuous consumption of 

such TF level species may lead to bioaccumulation of PTEs and causes health 

complications, and are higher than Tasrina and Rowshon (2015).  Furthermore, Yousaf 

et al. (2016b) have studied effects of Eucalyptus wood derived BC and traditional 

organics amendments (farm manure, poultry manure, compost, press mud and sewage 

sludge) on reduction in TF of PTEs in wheat plant. Their findings indicate that BC 

application has significantly (p ≤ 0.05) lowered the TF quotient compared to the organic 

amendments, because of high carbon contents availability in the BC (Roth et al., 2012; 

Uchimiya et al., 2011). 

 

Fig. 5.22 Decrease in bioaccumulation factor (a) and transfer factor (b) of wheat crop 

with biochars.  

The metal pollution index of control grains was 9817.19, which was reduced to 6.69 by 

800BC5 application. Significant (p ≤ 0.05) decrease in MPI was in the order of 99.9%, 

99.8%, 99.7%, 99.5%, 99.3% and 99.0% by the 800BC5, 600BC5, 400BC5, 800BC2, 

600BC2 and 400BC2 application, respectively (Fig. 5.23). High MPI shows more 

bioaccumulation of PTEs concentrations in wheat grains and hence pose more human 
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health risks than lower MPI of wheat grains. The overall results revealed that higher 

HTT pyrolyzed BC and 5% application have comparatively lower MPI results than 

lower HTT pyrolyzed BC and 2% application. Moreover, all the three BCs with both 

2% and 5% application showed significant (p ≤ 0.05) reduction in MPI than control 

site. This indicates that control soil tends to bioaccumulate more PTEs in edible parts 

(grains) than BCs amended soil.  

 

Fig 5.23 Decrease in metal pollution index of wheat grains with biochars. 

5.5.4 Impacts of biochars on health risk assessment of wheat grains 

i. Impacts on average daily dose (ADDing) of wheat grains 

Table 5.11 summarizes ADDing of PTEs in the control and BCs applied soil. The overall 

results revealed that control soil has highest ADDing for all the PTEs which ultimately 

cause significant health risks. While conversely, the BCs applied soils have 

comparatively lower ADDing for all PTES which indicates low health risks. This 

decrease in ADDing and health risks shows the efficacy of BCs on immobilization of 

PTEs in wheat grains. . In the control samples, the ADDing of Pb and Cd in the control 

samples were above their RfD levels in both adults and children. All the treatments of 

BCs showed significant (p ≤ 0.05) decrease (78-93% and 77-92% respectively) in both 
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adults and children and lowered it below the RfD levels. The ADDing of Zn, Ni and As 

were exceeded their RfD limits in children, while the ADDing of adults were below the 

RfD levels. All the treatments (except 400BC, 600BC2 and 800BC2 for Zn only) 

significantly (p ≤ 0.05) decreased the children ADDing, i.e. 30-36%, 61-76% and 60-

73%, and lowered it below the RfD limits. The ADDing of Cu and Mn were above their 

RfD limits in both adults and children. Only the ADDing of Cu in adults was decreased 

below the RfD level by all the treatments, while no treatment decreased the Cu ADDing 

of in children, nor the Mn ADDing in both adults and children below their RfD limits, 

although a decrease of 53-68% and 38-48% was recorded for Cu and Mn respectively. 

Among all the PTEs, the ADDing of Co, Cr and Fe were below their RfD levels for both 

adults and children, but still these were decreased 55-67% for Co, 78-93 for Cr and 38-

51% for Fe with the BCs treatments (Table 5.11). The ADDing in control samples was 

found in the decreasing order of Fe > Zn > Mn > Cu > Cr > Ni > Pb > Co > Cd > As 

for both adults and children. Furthermore, the overall decrease in the ADDing with BCs 

application for all PTEs was found in the order of   800BC5 > 600BC5 > 400BC5 > 

800BC2 > 600BC2 > 400BC2. Moreover, PTEs having ADD > 1 might pose significant 

human health risks (Khan et al., 2009). Chary et al., (2008) have found higher ADDing 

of Cu, Cr, Co, Cu, Ni, Pb and Zn, which were greater than our results and declared these 

PTEs are translocated into plants and become a direct entry to human bodies. While 

Farahat et al. (2017) and Khan et al. (2017) have reported lower ADDing for Cd, Co, 

Cr, Cu, Fe, Mn, Ni, and Zn and  Cd, Cr, Cu, Ni, Pb and Zn in wheat respectively than 

the present study results. Furthermore, present study results regarding decrease in 

ADDing are consistent with Nawab et al. (2018b) who reported significant reduction of 

73, 36, 64, 74, 69 and 37% in As, Cd, Cr, Ni, Pb and Zn respectively (both adults and 

children) with BC and declared that BC (1, 2 and 5%) decreased ADDing of all the PTEs 

below their RfD level. They concluded that 5% application rate significantly (p ≤ 0.01) 

reduced the ADDing as compared to 1% and 2% application and further stated that BC 

have more optimum results than other organic amendments (farmyard manure and peat 

moss). Moreover, Yousaf et al. (2018) have also significantly (p ≤ 0.01) decreased 

ADDing of Cd (48%), Cr (38%), Ni (37%) and Pb (56%) with application of pinewood 
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saw dust derived BC (2%) in wheat cultivated on industrially contaminated soil. Other 

studies (e.g. Khan et al., 2014) have found ADDing of control above than RfD limit and 

reduced it significantly (p ≤ 0.01) i.e. As (68%), Cd (42%), Co (55%), Cu (55%), Mn 

(29%), Pb (38%) and Zn (22%) after applying of sewage sludge derived BC.  

Table 5.11 Decrease in average daily dose (ingestion) of wheat grains with biochars 

application. 

PTEs Group Control 400BC2 600BC2 800BC2 400BC5 600BC5 800BC5 RfD 

Pb 
A 1.22×10-2 2.68×10-3 2.31×10-3 1.83×10-3 1.58×10-3 1.33×10-3 8.52×10-4 

4.00×10-3 
C 1.80×10-2 3.96×10-3 3.42×10-3 2.70×10-3 2.34×10-3 1.98×10-3 1.26×10-3 

Cd 
A 2.94×10-3 6.76×10-4 5.88×10-4 5.00×10-4 3.82×10-4 2.94×10-4 2.35×10-4 

1.00×10-3 
C 4.35×10-3 1.00×10-3 8.71×10-4 7.40×10-4 5.66×10-4 4.35×10-4 3.48×10-4 

Zn 
A 2.96×10-1 2.07×10-1 2.04×10-1 2.04×10-1 2.01×10-1 1.98×10-1 1.89×10-1 

3.00×10-1 
C 4.37×10-1 3.06×10-1 3.02×10-1 3.02×10-1 2.97×10-1 2.93×10-1 2.80×10-1 

Ni 
A 1.71×10-2 6.64×10-3 6.13×10-3 5.45×10-3 4.77×10-3 4.59×10-3 4.08×10-3 

2.00×10-2 
C 2.52×10-2 9.83×10-3 9.08×10-3 8.07×10-3 7.06×10-3 6.80×10-3 6.05×10-3 

As 
A 2.56×10-4 1.02×10-4 9.74×10-5 8.90×10-5 7.95×10-5 7.43×10-5 6.92×10-5 

3.00×10-4 
C 3.79×10-4 1.52×10-4 1.44×10-4 1.32×10-4 1.17×10-4 1.10×10-4 1.02×10-4 

Cu 
A 8.74×10-2 4.11×10-2 3.93×10-2 3.67×10-2 3.24×10-2 3.06×0-2 2.80×10-2 

4.00×10-2 
C 1.29×10-1 6.08×10-2 5.83×10-2 5.43×10-2 4.79×10-2 4.53×10-2 4.14×10-2 

Mn 
A 1.26×10-1 7.79×10-2 7.67×10-2 7.29×10-2 6.79×10-2 6.66×10-2 6.53×10-2 

4.70×10-2 
C 1.86×10-1 1.15×10-1 1.13×10-1 1.12×10-1 1.00×10-1 9.86×10-2 9.68×10-2 

Co 
A 1.10×10-2 4.95×10-3 4.73×10-3 4.40×10-3 3.96×10-3 3.85×10-3 3.63×10-3 

2.00×10-2 
C 1.63×10-2 7.33×10-3 7.01×10-3 6.52×10-3  5.85×10-3 5.70×10-3 5.37×10-3 

Cr 
A 4.65×10-2 1.02×10-2 9.30×10-3 7.90×10-3 5.58×10-3 4.65×10-3 3.25×10-3 

1.5 
C 6.88×10-2 1.51×10-2 1.38×10-2 1.17×10-2 8.26×10-3 6.88×10-3 4.82×10-3 

Fe 
A 2.36 1.47 1.42 1.37 1.3 1.23 1.16 

8.4 
C 3.5 2.17 2.1 2.03 1.92 1.82 1.71 

A: adults, C: children, RfD: reference dose 
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ii. Impacts on hazard risk index (HRIing) of wheat grains 

Fig. 5.24 summarize adults and children HRIing results calculated for consumption of 

wheat grains cultivated on the BCs treated soil and industrial wastewater irrigated soil. 

While percent decrease in HRIing of adults and children is shown in Fig. 5.25 of both 

adults and children. The overall results revealed that wheat (grains) cultivated on 

control soil has highest HRIing (especially for adults) results for all the PTEs which 

shows free mobility of PTEs from soil to grains. While conversely, the BCs amended 

soils have comparatively lower values of HRIing in adults for all PTEs which indicate 

the efficacy of the BCs on immobilization of PTEs in BCs treated soil. In the control 

samples, the HRIing of Pb, Cd, Mn and Cu in both adults and children, and Zn, As and 

Ni in children only were found in the toxicity level (HRIing > 1). All the treatments of 

BCs significantly (p ≤ 0.05) decreased the HRIing in both adults and children (except 

for Mn in both adults and children and Cu in children only) and reduced to the safe 

level (HRIing < 1). In the case of Cu in adults, only 400BC2 did not work efficiently and 

similarly of Zn in children, 400BC2, 600BC2 and 800BC2 did not decrease the HRIing 

to the safe level, while the treatments reduced the their toxicity. Besides this, the HRIing 

of Zn, As, Ni, Co, Fe and Cr in adults and Co, Fe and Cr in children were below the 

toxicity level (causing no significant health risk), but these were still decreased 

dramatically with the BCs application. The recorded decrease in the HRIing was 93%, 

89%, 87%, 85%, 81% and 78% for Pb, 92%, 90%, 87%, 83%, 80% and 77% for Cd, 

48%, 47%, 46%, 42%, 39% and 38% for Mn, 68%, 65%, 63%, 58%, 55% and 53% for 

Cu, 36%, 33%, 32%, 31%, 31% and 30% for Zn, 73%, 71%, 69%, 65%, 62% and 60% 

for As, 76%, 73%, 72%, 68%, 64% and 61% for Ni, 67%, 65%, 64%, 60%, 57% and 

55% for Co, 51%, 48%, 45%, 42%, 40% and 38% for Fe and 93%, 90%, 88%, 83%, 

80% and 78% for Cr by the 800BC5, 600BC5, 400BC5, 800BC2, 600BC2 and 400BC2 

respectively in both adults and children. The control samples HRIing of both adults and 

children was found in the decreasing order of Pb > Cd > Mn > Cu > Zn > As > Ni > Co 

> Fe > Cr. Furthermore, the decrease in the overall HRIing of the PTEs after the BCs 

application was found in the decreasing order of   800BC5 > 600BC5 > 400BC5 > 

800BC2 > 600BC2 > 400BC2 in both adults and children. The overall results revealed 
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that higher HTT pyrolyzed BC and 5% application have comparatively lower HRIing 

results than lower HTT pyrolyzed BC and 2% application. Moreover, the highest HTT 

(800 ºC) and 5% application rate pyrolyzed BC (i.e. 800BC5) showed the most 

optimum results in the decrease of HRIing in both adults and children than the other BCs 

and application rate. In a nutshell, wheat cultivated on wastewater irrigated soil causes 

significant health risks while BCs application diminishes it and ensures food-safety-

security throughout food chain. The results of the present  study are consistent with 

Khan et al. (2014), who has  found HRIing for As, Cd, Cu, Mn, Pb and Zn > 1 in 

contaminated  soil and reported high toxicity,  and Khan et al., (2016) who found HRIing 

for Cd, Cr and Ni > 1 in wheat  and declared health risk for the residents of the study 

area. Chary et al. (2008) and Khan et al. (2017) have also found higher HRI for Cr and 

Zn and Cd and Zn and lower HRIing for Co, Cu, Ni and Pb and Co, Cr, Cu, Fe, Mn and 

Ni, respectively than this study results and declared that intake with such HRIing values 

induce health risks and reported skin diseases attributed especially to Cr, Pb and Zn. 

Other studies (Farahat et al., 2017;  Bermudez et al., 2011) had found lower HRIing than 

the present  study  for Cd, Cr, Cu, Ni, Pb and Zn and Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb 

and Zn, respectively in wheat cultivated on wastewater irrigated soil and in the vicinity 

of an industrial estate. Furthermore, this study most results in decrease of HRIing are 

consistent with Yousaf et al. (2018), who reported significant (p ≤ 0.01) reduction in 

HRIing of Cd (77%), Cr (73%), Ni (68%) and Pb (78%) in wheat crops treated with 2% 

application of pinewood saw dust derived BC. They have recommended BC application 

to industrial wastewater irrigated soil for (i) alleviation of health risks associated with 

consumption of PTEs contaminated wheat and (ii) ensuring food safety and security. 

Similarly, Nawab et al. (2018b) has decreased HRIing of As, Cd, Cr, NI, Pb and Zn up 

to 73%, 36%, 64%, 74%, 69% and 38% with 5% application of BC (provided by 

institute of urban environment, Chinese academy of sciences, China). They 

conclusively stated that 5% application of BC has significantly (p ≤ 0.05) decreased 

HRIing than 1% and 2% application and declared that BC are more efficient than other 

organic amendments (i.e. farmyard manure and peat moss) in reduction of HRIing (both 

in adults and children). Other studies (e.g. Khan et al., 2014) have also significantly (p 
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≤ 0.05) reduced As (67%), Cd (68%), Cu (29%), Mn (39%), Pb (38%), Zn (22%) after 

applying of sewage sludge derived BC.  

Fig 5.24 Decrease in hazard risk index (ingestion) of adults (a) and children (b) of wheat 

grains with biochars. 
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Fig. 5.25 Percent decrease in hazard risk index (ingestion) of wheat grains with 

biochars. 
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion  

The industrial estate (comprised of various types of industrial units), works since 1987 

and release a huge amount of wastewater without proper treatment. The released 

wastewater is used for irrigation purpose of adjacent agriculture fields due to scarcity 

of irrigation water and lack of awareness in the inhabitants.  

The physicochemical results of the industrial wastewater revealed that the wastewater 

has an acidic pH and its TDS, TSS, COD, BOD5 and oil and grease concentration 

exceeds the MPL of Pak-EPA, (2000). Similarly, the PTEs concentrations were above 

the MPL of Pak-EPA, (2000) Therefore, use of the wastewater is unfit for irrigation.  

The geochemical results indicated that the wastewater irrigation has changed the soil 

pH to acidic form. The PTEs concentrations were also above the MPL of different 

international standards. The geostatistical results of Igeo, CF, PLI and EF revealed that 

accumulation intensity of PTEs is high and the Er (especially of Cd, As, Co and Pb) is 

at significant levels, which pose potential ecological risks to soil health. The HRI results 

revealed that HRIing in children is the main source of non-carcinogenic risk and can 

cause significant human health risks.  

The analytical results of the wastewater cultivated wheat crops indicated that 

wastewater irrigation has negative effects on germination rate, growth and yield of 

wheat crop. Moreover, accumulation of excessive PTEs concentrations in roots, shoots, 

leaves and grains of wheat crop were found. Especially in grains, the Fe, Zn, Cr, Ni, Pb 

and Cd concentration were above their MPL of different international standards, which 

showed free mobility of PTEs from soil to different parts of wheat grains. For human 

health risks, the HRIing of Cd, Pb, Cu and Mn (adults and children) and As, Ni and Zn 

(children) were found in toxicity level, thus can cause risks to human health.  
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Three types of BCs were pyrolyzed at 400 ºC, 600 ºC and 800 ºC from green waste 

through slow pyrolysis process. Significant changes in fundamental characteristics of 

BCs were found with increase of HTT. In physical parameters, the structure became 

more porous, surface area, pore size, pore volume, and ash contents were increased with 

the increase of HTT. In chemical properties, the surface functional groups lost and O/C 

and H/C ratio became low, while CEC, DOC, P and K concentration were increased 

with increase of HTT.  

The physicochemical impacts of the BCs on the soil showed that the acidic soil has 

changed to alkaline form and a significant increase in pH, WHC, CEC, DOC, C, N, P, 

S and K was recorded. Furthermore, the PTEs concentrations were significantly (p ≤ 

0.05) decreased, that is, Cd (88%), Pb (87%), Cr (78%), Ni (76%), Cu (69%), Mn 

(65%), Fe (64%), As (63%), Co (46%) and Zn (21%). The geostatistical risks and 

human health risks were also decreased significantly. 

The BCs application  significantly (p ≤ 0.05) decreased all the PTEs (except Fe and Zn) 

in roots (48-95%), shoots (38-91%), leaves (30-91%) and grains (38-93%) of wheat 

crops as compared to the industrial wastewater cultivated wheat crops. The growth and 

yield were also improved. Hazard risk indices were significantly (p ≤ 0.05) decreased 

(31-93%) and existed in the safe limit (except Mn and Cu) after the BCs application. 

Among the BCs and application rate, 800BC at a rate of 5% application has 

comparatively more optimum results for reducing toxicity of wheat crop. 

6.2 Recommendations 

The industrial wastewater is unfit for irrigation of agriculture crops and causing 

potential health risks to soil and crops, so (i) industrial wastewater irrigation should be 

strongly discouraged for the agricultural soil, (ii) the surrounding groundwater from the 

reference area should be used for irrigation purpose instead of the wastewater irrigation 

and (iii) the community people should be aware of the possible ecological risks 

associated with the wastewater irrigation.  
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Based on this study, biochar (especially 800BC with 5% application rate) should be 

applied for treatment of the contaminated soil. The BCs application will improve the 

soil quality, immobilize PTEs in the soil and will reduce the bioaccumulation of PTEs 

in wheat crop, which ultimately decrease the dietary exposure to PTEs and mitigate 

potential human health risks caused by the consumption of wheat crop.  

6.3 Future perspectives 

Although the laboratory reported results are encouraging, but field studies are needed 

to explore the potential impacts of BCs on soil, crops and human health risks. The field 

level application of the BCs will help in identification of actual budget, acceptance rate 

of public and field based findings of reduction in the bioavailability of PTEs in soil and 

wheat plant, which ultimately ensure wheat crop safety and security. Besides this, 

impacts of “biochars aging” on soil properties and PTEs immobilization should be 

identified to add it on interval basis (if required).  
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Annexure 1 Monthly (mean) data of physicochemical parameters and PTEs concentrations in industrial wastewater samples of GAIE. 

Parameter Nov-16 Dec-16 Jan-17 Feb-17 Mar-17 Apr-17 May-17 Jun-17 Jul-17 Aug-17 Sep-17 Oct-17 

Flow rate (L s-1)  289.00 286.00 285.00 287.00 288.00 289.00 290.00 290.00 290.00 290.00 289.00 290.00 

Temperature (°C) 33.84 30.64 30.54 33.64 36.38 37.66 40.73 44.78 42.74 40.51 37.63 35.85 

pH 5.92 6.35 6.40 5.87 5.73 5.51 5.56 5.32 5.38 5.52 5.75 5.82 

EC (mS cm-1) 3.50 3.67 3.77 3.91 4.11 4.64 5.20 5.39 5.35 5.10 4.82 4.28 

Turbidity (NTU) 63.82 66.86 68.73 71.22 75.02 84.58 94.75 98.28 97.60 92.95 87.93 78.08 

TSS (mg L-1) 453.87 475.48 488.78 506.49 533.56 601.51 673.88 698.96 694.10 661.05 625.32 555.28 

TDS (mg L-1) 2882.12 3019.37 3103.83 3216.28 3388.15 3819.68 4279.24 4438.47 4407.62 4197.73 3970.83 3526.09 

Hardness (mg L-1) 244.44 256.07 263.24 272.78 287.35 323.95 362.93 376.43 373.81 356.01 336.77 299.05 

Chloride (mg L-1) 499.05 522.81 537.43 556.91 586.66 661.39 740.96 768.53 763.19 726.85 687.56 610.55 

COD (mg L-1) 243.41 255.00 262.13 271.63 286.15 322.59 361.40 374.85 372.24 354.52 335.36 297.80 

BOD5 (mg L-1) 353.61 370.45 380.81 394.61 415.69 468.64 525.02 544.56 540.77 515.02 487.18 432.62 

Sulphate (mg L-1) 61.60 64.53 66.34 68.74 72.41 81.64 91.46 94.86 94.20 89.71 84.87 75.36 

Grease and oil (mg L-1) 211.96 222.05 228.27 236.54 249.18 280.91 314.71 326.42 324.15 308.72 292.03 259.32 

Ca (mg L-1) 172.99 181.23 186.30 193.05 203.37 229.27 256.85 266.41 264.56 251.96 238.34 211.65 

Mg (mg L-1) 165.20 173.07 177.91 184.36 194.21 218.94 245.28 254.41 252.64 240.61 227.60 202.11 
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Na (mg L-1) 122.94 128.79 132.39 137.19 144.52 162.93 182.53 189.32 188.00 179.05 169.37 150.40 

K (mg L-1) 21.18 22.19 22.81 23.64 24.90 28.07 31.45 32.62 32.39 30.85 29.18 25.91 

As (mg L-1) 0.06 0.07 0.07 0.07 0.08 0.09 0.10 0.10 0.10 0.09 0.09 0.08 

Cd (mg L-1) 0.14 0.15 0.15 0.16 0.17 0.19 0.21 0.22 0.22 0.21 0.20 0.17 

Co (mg L-1) 0.49 0.51 0.52 0.54 0.57 0.65 0.72 0.75 0.74 0.71 0.67 0.60 

Cr (mg L-1) 0.84 0.88 0.91 0.94 0.99 1.12 1.25 1.30 1.29 1.23 1.16 1.03 

Cu (mg L-1) 0.99 1.04 1.07 1.11 1.17 1.32 1.48 1.53 1.52 1.45 1.37 1.22 

Fe (mg L-1) 10.47 10.97 11.28 11.69 12.31 13.88 15.55 16.13 16.02 15.26 14.43 12.81 

Mn (mg L-1) 1.55 1.62 1.66 1.72 1.82 2.05 2.29 2.38 2.36 2.25 2.13 1.89 

Ni (mg L-1) 0.91 0.95 0.98 1.01 1.07 1.20 1.35 1.40 1.39 1.32 1.25 1.11 

Pb (mg L-1) 0.81 0.84 0.87 0.90 0.95 1.07 1.20 1.24 1.23 1.17 1.11 0.99 

Zn (mg L-1) 5.04 5.28 5.43 5.62 5.92 6.68 7.48 7.76 7.71 7.34 6.94 6.16 

 

 

 

 



 

 

164 

 

 

Annexure 2 Monthly (mean) data of physicochemical parameters and PTEs concentrations in groundwater samples of GAIE. 

Parameter Nov-16 Dec-16 Jan-17 Feb-17 Mar-17 Apr-17 May-17 Jun-17 Jul-17 Aug-17 Sep-17 Oct-17 

Flow rate (L s-1)  NA NA NA NA NA NA NA NA NA NA NA NA 

Temperature (°C) 20.69 19.28 18.36 20.43 21.74 22.52 24.48 26.87 25.62 24.98 22.22 20.44 

pH 7.27 7.51 7.63 7.53 7.44 7.17 6.85 6.55 6.73 6.87 6.98 7.08 

EC (mS cm-1) 0.35 0.36 0.37 0.39 0.41 0.46 0.52 0.54 0.54 0.51 0.48 0.43 

Turbidity (NTU) ND ND ND ND ND ND ND ND ND ND ND ND 

TSS (mg L-1) 1.15 1.21 1.24 1.29 1.36 1.53 1.73 1.79 1.78 1.68 1.60 1.42 

TDS (mg L-1) 345.67 362.13 372.26 385.75 406.36 458.91 516.83 536.06 532.33 502.20 479.58 425.87 

Alkalinity (mg L1) 101.34 106.17 109.14 113.09 119.14 134.54 151.52 157.16 156.07 147.23 140.60 124.85 

Hardness (mg L-1) 93.79 98.25 101.00 104.66 110.25 124.51 140.22 145.44 144.43 136.25 130.12 115.54 

Chloride (mg L-1) 17.46 18.29 18.80 19.48 20.52 23.17 26.10 27.07 26.88 25.36 24.22 21.51 

DO (mg L-1) 5.43 5.69 5.85 6.06 6.38 7.21 8.12 8.42 8.36 7.89 7.53 6.69 

Sulphate (mg L-1) 5.55 5.81 5.97 6.19 6.52 7.36 8.29 8.60 8.54 8.06 7.69 6.83 

Grease and oil (mg L-1) ND ND ND ND ND ND ND ND ND ND ND ND 

Ca (mg L-1) 21.18 22.18 22.81 23.63 24.89 28.11 31.66 32.84 32.61 30.77 29.38 26.09 

Mg (mg L-1) 16.48 17.27 17.75 18.39 19.38 21.88 24.64 25.56 25.38 23.95 22.87 20.31 
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Na (mg L-1) 11.50 12.05 12.39 12.84 13.52 15.27 17.20 17.84 17.72 16.71 15.96 14.17 

K (mg L-1) 3.49 3.65 3.76 3.89 4.10 4.63 5.22 5.41 5.37 5.07 4.84 4.30 

As (mg L-1) ND ND ND ND ND ND ND ND ND ND ND ND 

Cd (mg L-1) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Co (mg L-1) ND ND ND ND ND ND ND ND ND ND ND ND 

Cr (mg L-1) 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

Cu (mg L-1) 0.005 0.005 0.005 0.005 0.005 0.006 0.007 0.007 0.007 0.007 0.006 0.006 

Fe (mg L-1) 0.129 0.135 0.139 0.144 0.152 0.171 0.193 0.200 0.199 0.187 0.179 0.159 

Mn (mg L-1) 0.005 0.005 0.005 0.005 0.005 0.006 0.007 0.007 0.007 0.007 0.006 0.006 

Ni (mg L-1) ND ND ND ND ND ND ND ND ND ND ND ND 

Pb (mg L-1) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Zn (mg L-1) 0.003 0.003 0.003 0.004 0.004 0.004 0.005 0.005 0.005 0.005 0.004 0.004 

NA: not available; ND: not detectable. 
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Annexure 3 Geochemical analysis of target soil samples of GAIE. 

Target 

samples 

pH WHC CEC DOC C N P S Ca Mg Na K 

CaCl2 % cmol kg-1 mg kg-1 % % mg kg-1 % mg kg-1 mg kg-1 mg kg-1 mg kg-1 

Target  1 8.94 55.57 22.31 11.28 2.33 0.21 323.06 0.21 1856.89 1038.52 404.14 627.36 

Target  2 7.47 46.43 18.64 9.42 1.94 0.18 269.93 0.18 1551.48 867.71 337.67 524.18 

Target  3 12.55 78.06 31.34 15.84 3.27 0.30 453.77 0.30 2608.20 1458.72 567.65 881.20 

Target  4 9.00 55.94 22.46 11.35 2.34 0.21 325.19 0.21 1869.11 1045.36 406.80 631.49 

Target  5 14.35 89.21 35.82 18.10 3.73 0.34 518.60 0.34 2980.80 1667.11 648.75 1007.09 

Target  6 11.75 73.08 29.35 14.83 3.06 0.28 424.87 0.28 2442.06 1365.80 531.49 825.07 

Target  7 7.76 48.26 19.38 9.79 2.02 0.18 280.55 0.18 1612.56 901.88 350.96 544.82 

Target  8 5.88 36.56 14.68 7.42 1.53 0.14 212.54 0.14 1221.64 683.24 265.88 412.74 

Target  9 7.23 44.97 18.06 9.13 1.88 0.17 261.42 0.17 1502.62 840.39 327.03 507.67 

Target  10 8.11 50.45 20.26 10.24 2.11 0.19 293.31 0.19 1685.86 942.87 366.91 569.58 

Target  11 7.88 48.99 19.67 9.94 2.05 0.19 284.80 0.19 1637.00 915.54 356.28 553.07 

Target  12 7.76 48.26 19.38 9.79 2.02 0.18 280.55 0.18 1612.56 901.88 350.96 544.82 

Target  13 6.12 38.02 15.27 7.72 1.59 0.15 221.04 0.15 1270.51 710.57 276.52 429.25 

Target  14 7.23 44.97 18.06 9.13 1.88 0.17 261.42 0.17 1502.62 840.39 327.03 507.67 

Target  15 6.59 40.95 16.44 8.31 1.71 0.16 238.04 0.16 1368.24 765.23 297.79 462.27 
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Target  16 6.23 38.75 15.56 7.87 1.62 0.15 225.29 0.15 1294.94 724.23 281.83 437.50 

Target  17 8.94 55.57 22.31 11.28 2.33 0.21 323.06 0.21 1856.89 1038.52 404.14 627.36 

Target  18 7.17 44.60 17.91 9.05 1.87 0.17 259.30 0.17 1490.40 833.55 324.37 503.54 

Target  19 9.58 59.59 23.93 12.09 2.49 0.23 346.44 0.23 1991.27 1113.68 433.38 672.77 

Target  20 8.35 51.92 20.85 10.54 2.17 0.20 301.81 0.20 1734.73 970.20 377.55 586.09 

Target  21 7.11 44.24 17.76 8.98 1.85 0.17 257.17 0.17 1478.18 826.72 321.71 499.42 

Target  22 7.35 45.70 18.35 9.28 1.91 0.18 265.68 0.18 1527.05 854.05 332.35 515.93 

Target  23 8.29 51.55 20.70 10.46 2.16 0.20 299.68 0.20 1722.51 963.37 374.89 581.96 

Target  24 7.11 44.24 17.76 8.98 1.85 0.17 257.17 0.17 1478.18 826.72 321.71 499.42 

Target  25 8.70 54.11 21.73 10.98 2.26 0.21 314.56 0.21 1808.03 1011.20 393.50 610.86 

Target  26 7.76 48.26 19.38 9.79 2.02 0.18 280.55 0.18 1612.56 901.88 350.96 544.82 

Target  27 6.00 37.29 14.97 7.57 1.56 0.14 216.79 0.14 1246.07 696.90 271.20 420.99 

Target  28 3.30 20.54 8.25 4.17 0.86 0.08 119.40 0.08 686.31 383.84 149.37 231.88 

Target  29 5.82 36.20 14.53 7.35 1.51 0.14 210.44 0.14 1209.54 676.48 263.25 408.65 

Target  30 1.93 12.03 4.83 2.44 0.50 0.05 69.92 0.05 401.87 224.76 87.46 135.78 

Target  31 2.01 12.52 5.03 2.54 0.52 0.05 72.79 0.05 418.37 233.99 91.05 141.35 

Target  32 1.98 12.31 4.94 2.50 0.52 0.05 71.56 0.05 411.33 230.05 89.52 138.97 
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Min 5.08 34.63 13.74 5.52 0.85 0.08 225.47 0.10 293.84 192.78 82.37 105.39 

Max 6.94 56.83 23.92 14.84 2.63 0.26 332.84 0.23 2848.34 1863.90 916.39 893.56 

Mean 5.88 45.56 18.68 9.26 1.92 0.17 262.54 0.16 1521.64 843.24 328.88 515.18 

SD 1.40 8.18 3.39 2.14 0.38 0.03 36.12 0.03 278.38 78.82 32.48 39.40 
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Annexure 4 Concentrations of PTEs in target soil samples of GAIE. 

Target 

samples 

As Cd Co Cr Cu Fe Mn Ni Pb Zn 

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 

Target  1 10.31 21.31 86.14 351.06 377.14 6233.85 3948.90 205.96 326.90 2206.51 

Target  2 8.62 17.81 71.97 293.32 315.11 5208.55 3299.41 172.08 273.14 1843.60 

Target  3 14.49 32.67 132.04 538.14 578.12 9555.84 6053.25 315.71 501.11 3382.34 

Target  4 10.38 21.45 86.71 353.37 379.62 6274.87 3974.88 207.31 329.05 2221.02 

Target  5 16.56 28.18 113.91 464.24 498.72 8243.45 5221.91 272.35 432.29 2917.82 

Target  6 13.56 28.03 113.28 461.70 495.99 8198.34 5193.33 270.86 429.92 2901.85 

Target  7 8.96 18.51 74.80 304.87 327.52 5413.61 3429.31 178.86 283.89 1916.18 

Target  8 6.79 14.02 56.67 230.96 248.12 4101.22 2597.96 135.50 215.07 1451.65 

Target  9 8.35 17.24 69.70 284.08 305.19 5044.50 3195.49 166.66 264.53 1785.53 

Target  10 9.36 19.35 78.20 318.73 342.40 5659.68 3585.19 186.99 296.79 2003.28 

Target  11 9.09 18.79 75.94 309.49 332.48 5495.63 3481.27 181.57 288.19 1945.21 

Target  12 8.96 18.51 74.80 304.87 327.52 5413.61 3429.31 178.86 283.89 1916.18 

Target  13 7.06 14.58 58.94 240.20 258.04 4265.27 2701.88 140.92 223.67 1509.72 

Target  14 8.35 17.24 69.70 284.08 305.19 5044.50 3195.49 166.66 264.53 1785.53 

Target  15 7.60 15.70 63.47 258.68 277.89 4593.37 2909.72 151.76 240.88 1625.85 
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Target  16 7.19 14.86 60.07 244.82 263.01 4347.29 2753.84 143.63 227.97 1538.75 

Target  17 10.31 21.31 86.14 351.06 377.14 6233.85 3948.90 205.96 326.90 2206.51 

Target  18 8.28 17.10 69.14 281.77 302.71 5003.49 3169.51 165.31 262.38 1771.01 

Target  19 11.06 22.85 92.37 376.47 404.43 6684.99 4234.68 220.86 350.56 2366.19 

Target  20 9.64 19.91 80.47 327.97 352.33 5823.73 3689.11 192.41 305.40 2061.34 

Target  21 8.21 16.96 68.57 279.47 300.22 4962.48 3143.54 163.95 260.23 1756.50 

Target  22 8.48 17.53 70.84 288.70 310.15 5126.53 3247.45 169.37 268.84 1814.56 

Target  23 9.57 19.77 79.90 325.66 349.85 5782.72 3663.13 191.05 303.25 2046.83 

Target  24 8.21 16.96 68.57 279.47 300.22 4962.48 3143.54 163.95 260.23 1756.50 

Target  25 10.04 20.75 83.87 341.83 367.22 6069.81 3844.99 200.54 318.30 2148.44 

Target  26 8.96 18.51 74.80 304.87 327.52 5413.61 3429.31 178.86 283.89 1916.18 

Target  27 6.92 14.30 57.80 235.58 253.08 4183.24 2649.92 138.21 219.37 1480.68 

Target  28 3.81 7.88 31.84 129.75 139.39 2304.06 1459.53 76.12 120.82 815.53 

Target  29 6.72 13.88 56.11 228.68 245.66 4060.61 2572.24 134.16 212.94 1437.28 

Target  30 2.23 1.92 7.77 31.68 34.04 562.59 356.38 18.59 29.50 199.13 

Target  31 2.32 4.80 19.41 79.10 84.97 1404.53 889.71 46.40 73.65 497.14 

Target  32 2.28 4.72 19.08 77.77 83.54 1380.88 874.74 45.62 72.41 488.77 
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Min 2.23 1.92 12.65 94.87 14.55 649.87 994.15 24.93 67.50 670.63 

Max 16.56 42.70 143.27 565.40 784.15 6873.25 7352.25 248.60 613.55 4081.56 

Mean 8.52 17.61 72.52 295.53 312.12 5201.23 3398.00 175.50 275.06 1951.65 

SD 1.42 2.80 8.64 37.05 32.55 328.25 231.30 14.85 22.57 142.06 
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Annexure 5 Geochemical analysis of reference soil samples of GAIE. 

Reference 

samples 

pH WHC CEC DOC C N P S Ca Mg Na K 

CaCl2 % cmol kg-1 mg kg-1 % % mg kg-1 % mg kg-1 mg kg-1 mg kg-1 mg kg-1 

Ref. 1 7.43 54.17 25.62 18.99 1.00 0.30 436.54 0.26 1825.84 1097.34 436.98 622.36 

Ref. 2 7.43 53.04 26.68 19.14 1.01 0.29 447.50 0.25 2038.51 1143.51 466.07 632.84 

Ref. 3 7.50 54.37 27.73 19.25 1.02 0.31 456.38 0.27 2273.90 1182.40 483.92 639.49 

Ref. 4 7.13 38.35 14.48 15.83 0.85 0.24 382.39 0.23 1672.44 814.00 113.27 459.70 

Ref. 5 7.21 36.63 15.67 15.78 0.72 0.28 395.75 0.23 1267.00 656.67 98.54 348.26 

Ref. 6 7.21 35.05 12.97 15.41 0.86 0.23 417.77 0.23 1558.41 758.50 153.50 428.36 

Ref. 7 7.20 32.10 13.90 16.41 0.65 0.27 371.58 0.22 1317.68 741.34 112.88 362.19 

Ref. 8 7.38 36.03 26.35 17.67 0.98 0.30 443.24 0.27 1619.04 990.67 421.56 590.05 

Ref. 9 7.13 34.83 14.01 14.73 0.66 0.28 419.50 0.19 1343.02 753.67 115.05 369.16 

Ref. 10 7.34 32.01 25.05 18.41 0.96 0.29 424.97 0.26 1499.14 893.67 398.13 574.53 

Ref. 11 7.01 35.79 13.09 14.73 0.79 0.23 394.69 0.21 1583.75 670.84 115.68 435.33 

Ref. 12 7.17 35.65 15.99 16.25 0.75 0.27 358.01 0.20 1786.47 869.50 103.04 491.05 

Ref. 13 7.23 26.32 15.86 15.09 0.67 0.15 368.86 0.15 433.07 146.17 56.33 121.39 

Ref. 14 7.17 34.21 18.39 13.35 0.67 0.28 385.71 0.22 1875.16 792.67 123.64 515.42 
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Ref. 15 7.25 37.35 14.48 16.83 0.55 0.24 362.39 0.23 1672.44 784.00 93.27 459.70 

Ref. 16 7.15 24.36 14.78 13.10 0.63 0.17 354.67 0.10 392.34 129.00 63.71 105.23 

Ref. 17 7.05 22.58 13.19 14.87 0.49 0.14 348.33 0.09 211.80 104.44 50.98 95.65 

Ref. 18 7.14 36.27 13.61 15.62 0.57 0.27 391.83 0.22 1224.46 710.56 87.47 344.81 

Ref. 19 7.00 21.75 12.17 11.82 0.43 0.11 342.63 0.08 188.38 95.52 38.29 83.39 

Ref. 20 7.17 32.54 14.94 13.40 0.53 0.19 395.53 0.19 433.90 511.19 47.17 219.27 

Ref. 21 7.13 27.33 13.91 15.31 0.48 0.23 363.25 0.20 426.60 507.63 54.55 202.26 

Min 7.00 21.75 12.17 11.82 0.43 0.11 342.63 0.08 188.38 95.52 38.29 83.39 

Max 7.50 54.37 27.73 19.25 1.02 0.31 456.38 0.27 2273.89 1182.35 483.92 639.49 

Mean 7.21 37.63 15.67 15.78 0.74 0.26 392.75 0.21 1267.00 682.67 119.54 383.26 

SD 0.08 6.56 2.34 1.08 0.14 0.05 14.35 0.03 93.47 72.89 24.36 68.34 
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Annexure 6 Concentration of PTEs in reference soil samples of GAIE. 

Reference 

samples 

As Cd Co Cr Cu Fe Mn Ni Pb Zn 

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 

Ref. 1 2.63 3.15 18.57 105.51 106.88 705.51 583.11 56.14 78.77 168.74 

Ref. 2 2.77 3.18 15.63 102.90 119.41 758.83 619.26 62.36 88.12 179.52 

Ref. 3 2.85 3.25 19.63 110.63 128.63 763.73 663.73 68.42 92.78 184.83 

Ref. 4 1.31 1.94 6.44 40.54 53.37 338.99 204.07 19.65 35.83 76.12 

Ref. 5 1.06 1.62 5.64 39.81 52.55 312.57 210.20 22.46 34.72 78.12 

Ref. 6 1.27 1.95 5.94 38.96 54.64 309.06 188.70 20.63 32.70 92.09 

Ref. 7 1.12 1.87 5.86 33.40 44.66 345.87 213.81 22.36 30.11 81.24 

Ref. 8 2.50 2.82 16.32 96.58 98.86 672.48 541.03 46.16 68.88 157.49 

Ref. 9 1.12 1.67 4.98 32.19 45.71 302.52 197.11 23.81 33.80 67.81 

Ref. 10 2.36 2.93 14.01 93.52 84.63 672.25 482.59 43.89 59.30 152.93 

Ref. 11 1.15 1.72 6.05 39.76 55.69 315.71 199.00 20.08 33.40 71.65 

Ref. 12 1.26 1.87 4.95 46.13 54.10 342.92 192.43 24.67 38.95 65.15 

Ref. 13 0.94 1.36 4.82 18.17 17.59 202.41 187.39 12.18 12.01 24.52 

Ref. 14 1.03 1.74 6.35 41.91 57.78 322.20 208.50 19.24 34.38 86.62 
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Ref. 15 1.25 1.14 5.84 28.54 59.37 338.99 184.07 19.65 35.83 83.12 

Ref. 16 0.78 1.07 2.75 12.60 13.60 139.22 168.51 12.91 15.41 31.68 

Ref. 17 0.35 0.91 3.17 7.36 9.52 156.84 170.90 8.62 9.50 23.89 

Ref. 18 1.15 1.36 4.58 29.41 42.03 289.28 191.07 12.24 28.37 71.35 

Ref. 19 0.21 0.68 1.13 3.85 4.85 128.00 161.70 7.36 4.97 21.35 

Ref. 20 0.40 0.76 1.93 13.63 38.00 133.89 163.70 15.69 24.89 76.75 

Ref. 21 0.39 0.85 1.87 7.40 23.69 157.98 168.46 17.56 21.33 55.60 

Min 0.21 0.68 1.13 3.85 4.85 128.00 161.70 7.36 4.97 21.35 

Max 2.85 3.25 19.63 110.63 128.63 763.73 663.73 68.42 92.78 184.83 

Mean 1.30 1.80 6.23 43.81 52.55 366.57 231.20 24.46 38.72 86.12 

SD 0.10 0.43 1.56 5.74 12.64 48.37 37.74 3.84 3.13 16.23 
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Annexure 7 Decrease in soil average daily dose via ingestion, inhalation and dermal contact and lifetime average daily dose of contaminated soil 

with biochars. 

PTEs Control 400BC2 600BC2 800BC2 400BC5 600BC5 800BC5 RfD 

Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children 

Average daily dose via ingestion (ADDing) 

As 1.18×10-5 1.14×10-4 4.62×10-6 4.43×10-5 4.38×10-6 4.20×10-5 4.02×10-6 3.86×10-5 3.44×10-6 3.30×10-5 3.20×10-6 3.08×10-5 2.60×10-6 2.50×10-5 3.00×10-4 

Cd 2.45×10-5 2.35×10-4 6.12×10-6 5.87×10-5 5.63×10-6 5.40×10-5 4.89×10-6 4.70×10-5 3.42×10-6 3.29×10-5 2.69×10-6 2.58×10-5 1.71×10-6 1.64×10-5 1.00×10-3 

Co 1.01×10-4 9.67×10-4 4.83×10-5 4.64×10-4 4.73×10-5 4.54×10-4 4.53×10-5 4.35×10-4 4.03×10-5 3.87×10-4 3.73×10-5 3.58×10-4 3.32×10-5 3.19×10-4 2.00×10-2 

Cr 4.10×10-4 3.94×10-3 1.31×10-4 1.26×10-3 1.19×10-4 1.14×10-3 1.07×10-4 1.02×10-3 8.21×10-5 7.88×10-4 7.39×10-5 7.09×10-4 5.34×10-5 5.12×10-4 3.00×10-3 

Cu 4.33×10-4 4.16×10-3 1.60×10-4 1.54×10-3 1.47×10-4 1.41×10-3 1.34×10-4 1.29×10-3 1.08×10-4 1.04×10-3 9.54×10-5 9.16×10-4 7.80×10-5 7.49×10-4 4.00×10-2 

Fe 7.22×10-3 6.93×10-2 5.20×10-3 4.99×10-2 3.61×10-3 3.47×10-2 3.47×10-3 3.33×10-2 3.03×10-3 2.91×10-2 2.89×10-3 2.77×10-2 2.60×10-3 2.50×10-2 8.40E+00 

Mn 4.72×10-3 4.53×10-2 1.51×10-3 1.45×10-2 1.37×10-3 1.31×10-2 1.23×10-3 1.18×10-2 1.42×10-3 1.36×10-2 1.27×10-3 1.22×10-2 1.04×10-3 9.97×10-3 4.70×10-2 

Ni 2.44×10-4 2.34×10-3 8.53×10-5 8.19×10-4 7.56×10-5 7.25×10-4 6.58×10-5 6.32×10-4 5.12×10-5 4.91×10-4 4.63×10-5 4.45×10-4 3.41×10-5 3.28×10-4 2.00×10-2 

Pb 3.82×10-4 3.67×10-3 9.93×10-5 9.54×10-4 8.79×10-5 8.44×10-4 7.64×10-5 7.34×10-4 5.35×10-5 5.13×10-4 4.97×10-5 4.77×10-4 3.06×10-5 2.93×10-4 3.50×10-3 

Zn 2.71×10-3 2.60×10-2 2.39×10-3 2.29×10-2 2.33×10-3 2.24×10-2 2.28×10-3 2.19×10-2 2.22×10-3 2.13×10-2 2.20×10-3 2.11×10-2 2.14×10-3 2.06×10-2 3.00×10-1 

Average daily dose via inhalation (ADDinh) 

As 1.11×10-9 3.19×10-9 4.35E-10 1.24×10-9 4.12E-10 1.18×10-9 3.78E-10 1.08×10-9 3.24E-10 9.26E-10 3.02E-10 8.63E-10 2.45E-10 7.01E-10 3.00×10-4 

Cd 2.30×10-9 6.59×10-9 5.76E-10 1.65×10-9 5.30E-10 1.52×10-9 4.60E-10 1.32×10-9 3.22E-10 9.22E-10 2.53E-10 7.25E-10 1.61E-10 4.61E-10 1.00×10-3 

Co 9.48×10-9 2.71×10-8 4.55×10-9 1.30×10-8 4.46×10-9 1.27×10-8 4.27×10-9 1.22×10-8 3.79×10-9 1.08×10-8 3.51×10-9 1.00×10-8 3.13×10-9 8.95×10-9 5.71×10-6 

Cr 3.86×10-8 1.11×10-7 1.24×10-8 3.54×10-8 1.12×10-8 3.21×10-8 1.00×10-8 2.87×10-8 7.73×10-9 2.21×10-8 6.95×10-9 1.99×10-8 5.02×10-9 1.44×10-8 2.86×10-5 
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Cu 4.08×10-8 1.17×10-7 1.51×10-8 4.32×10-8 1.39×10-8 3.97×10-8 1.26×10-8 3.62×10-8 1.02×10-8 2.92×10-8 8.98×10-9 2.57×10-8 7.34×10-9 2.10×10-8 4.02×10-2 

Fe 6.80×10-7 1.95×10-6 4.90×10-7 1.40×10-6 3.40×10-7 9.73×10-7 3.26×10-7 9.34×10-7 2.86×10-7 8.17×10-7 2.72×10-7 7.78×10-7 2.45×10-7 7.00×10-7 2.20×10-4 

Mn 4.44×10-7 1.27×10-6 1.42×10-7 4.07×10-7 1.29×10-7 3.69×10-7 1.15×10-7 3.30×10-7 1.33×10-7 3.81×10-7 1.20×10-7 3.43×10-7 9.77×10-8 2.80×10-7 1.43×10-5 

Ni 2.29×10-8 6.56×10-8 8.03×10-9 2.30×10-8 7.11×10-9 2.03×10-8 6.19×10-9 1.77×10-8 4.82×10-9 1.38×10-8 4.36×10-9 1.25×10-8 3.21×10-9 9.19×10-9 2.06×10-2 

Pb 3.60×10-8 1.03×10-7 9.35×10-9 2.67×10-8 8.27×10-9 2.37×10-8 7.19×10-9 2.06×10-8 5.03×10-9 1.44×10-8 4.67×10-9 1.34×10-8 2.88×10-9 8.23×10-9 3.52×10-3 

Zn 2.55×10-7 7.30×10-7 2.25×10-7 6.42×10-7 2.19×10-7 6.28×10-7 2.14×10-7 6.13×10-7 2.09×10-7 5.99×10-7 2.07×10-7 5.91×10-7 2.02×10-7 5.77×10-7 3.00×10-1 

Average daily dose via dermal contact (ADDderm) 

As 3.60×10-7 1.82×10-7 1.41×10-7 7.09×10-8 1.33×10-7 6.72×10-8 1.22×10-7 6.18×10-8 1.05×10-7 5.28×10-8 9.75×10-8 4.92×10-8 7.93×10-8 4.00×10-8 1.20×10-4 

Cd 7.45×10-7 3.76×10-7 1.86×10-7 9.39×10-8 1.71×10-7 8.64×10-8 1.49×10-7 7.52×10-8 1.04×10-7 5.26×10-8 8.19×10-8 4.13×10-8 5.21×10-8 2.63×10-8 1.00×10-5 

Co 3.07×10-6 1.55×10-6 1.47×10-6 7.43×10-7 1.44×10-6 7.27×10-7 1.38×10-6 6.96×10-7 1.23×10-6 6.19×10-7 1.13×10-6 5.72×10-7 1.01×10-6 5.11×10-7 1.60×10-2 

Cr 1.25×10-5 6.30×10-6 4.00×10-6 2.02×10-6 3.62×10-6 1.83×10-6 3.25×10-6 1.64×10-6 2.50×10-6 1.26×10-6 2.25×10-6 1.13×10-6 1.62×10-6 8.20×10-7 5.00×10-5 

Cu 1.32×10-5 6.66×10-6 4.88×10-6 2.46×10-6 4.49×10-6 2.26×10-6 4.09×10-6 2.06×10-6 3.30×10-6 1.66×10-6 2.90×10-6 1.46×10-6 2.38×10-6 1.20×10-6 1.20×10-2 

Fe 2.20×10-4 1.11×10-4 1.58×10-4 7.99×10-5 1.10×10-4 5.55×10-5 1.06×10-4 5.33×10-5 9.24×10-5 4.66×10-5 8.80×10-5 4.44×10-5 7.92×10-5 3.99×10-5 7.00×10-2 

Mn 1.44×10-4 7.25×10-5 4.60×10-5 2.32×10-5 4.17×10-5 2.10×10-5 3.74×10-5 1.88×10-5 4.31×10-5 2.17×10-5 3.88×10-5 1.96×10-5 3.16×10-5 1.59×10-5 1.84×10-3 

Ni 7.42×10-6 3.74×10-6 2.60×10-6 1.31×10-6 2.30×10-6 1.16×10-6 2.00×10-6 1.01×10-6 1.56×10-6 7.86×10-7 1.41×10-6 7.11×10-7 1.04×10-6 5.24×10-7 5.40×10-3 

Pb 1.16×10-5 5.87×10-6 3.02×10-6 1.53×10-6 2.68×10-6 1.35×10-6 2.33×10-6 1.17×10-6 1.63×10-6 8.22×10-7 1.51×10-6 7.63×10-7 9.31×10-7 4.69×10-7 5.25×10-4 

Zn 8.25×10-5 4.16×10-5 7.26×10-5 3.66×10-5 7.10×10-5 3.58×10-5 6.93×10-5 3.50×10-5 6.77×10-5 3.41×10-5 6.69×10-5 3.37×10-5 6.52×10-5 3.29×10-5 6.00×10-2 

Lifetime average daily dose (LADD) 

As 8.70×10-9 8.35×10-8 3.40×10-9 3.26×10-8 3.22×10-9 3.09×10-8 2.96×10-9 2.84×10-8 2.53×10-9 2.43×10-8 2.36×10-9 2.26×10-8 1.91×10-9 1.84×10-8 1.5 

Cd 1.80×10-8 1.73×10-7 4.50×10-9 4.32×10-8 4.14×10-9 3.97×10-8 3.60×10-9 3.45×10-8 2.52×10-9 2.42×10-8 1.98×10-9 1.90×10-8 1.26×10-9 1.21×10-8 6.3 
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Co 7.41×10-8 7.11×10-7 3.55×10-8 3.41×10-7 3.48×10-8 3.34×10-7 3.33×10-8 3.20×10-7 2.96×10-8 2.84×10-7 2.74×10-8 2.63×10-7 2.44×10-8 2.35×10-7 9.8 

Cr 3.02×10-7 2.90×10-6 9.66×10-8 9.27×10-7 8.75×10-8 8.40×10-7 7.85×10-8 7.53×10-7 6.04×10-8 5.79×10-7 5.43×10-8 5.22×10-7 3.92×10-8 3.77×10-7 0.5 

Ni 1.79×10-7 1.72×10-6 6.27×10-8 6.02×10-7 5.56×10-8 5.33×10-7 4.84×10-8 4.65×10-7 3.76×10-8 3.61×10-7 3.41×10-8 3.27×10-7 2.51×10-8 2.41×10-7 0.84 

Pb 2.81×10-7 2.70×10-6 7.30×10-8 7.01×10-7 6.46×10-8 6.20×10-7 5.62×10-8 5.39×10-7 3.93×10-8 3.78×10-7 3.65×10-8 3.51×10-7 2.25×10-8 2.16×10-7 0.0085 

 


