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Abstract 

Increasing food demand due to growing population has led to increase in irrigation water 

requirement. Since agriculture is the largest freshwater consumer, alternate sources of irrigation 

water, such as wastewater, could help alleviate the fresh water demand. However, wastewater 

contains contaminants such as heavy metals which could be taken up by food crops or could 

contaminate groundwater. Therefore, there is an urgent need to develop simple and cost-effective 

techniques to reduce contaminant mobility in soil and their translocation to crops. This study was 

conducted to determine the effect of polyacrylamide superabsorbent polymer (SAP) and SAP-

plantain peel biochar mix soil amendments, on the mobility and uptake of heavy metals (Cd, Cr, 

Cu, Fe, Pb, Zn) by potato (Solanum tuberosum L.) and spinach (Spinacia oleracea L.) plants 

irrigated with synthetic wastewater, as well as on plant growth. Crops were grown in lysimeters 

(1.00 m long x 0.45 m I.D.), packed with sandy soil and arranged in a complete randomized design 

with these treatments. A non-amended control and a freshwater irrigation treatment were used for 

comparison. In the first year, SAP was mixed in the soil layer spanning from 0.15 to 0.25 m below 

the surface (1% w/w) to prevent its photodegradation, while biochar (SAP-biochar mix treatment) 

was mixed in top 0.10 m of soil (1% w/w). Based on the first year’s results, it was decided to mix 

SAP in top 0.10 m of soil layer at the same rate, along with biochar, for the second year. Potatoes 

were grown in the first year. In second year, two separate experiments were conducted growing 

potato and spinach crops. Gasified plantain peel biochar (GBC) was used for potatoes, whereas 

pyrolyzed plantain peel biochar (PBC) was used for spinach. Soil samples from the surface and 

depths 0.10, 0.30 and 0.60 m were collected for heavy metal analysis. Yield and plant health 

parameters were also recorded. Upon harvest, heavy metal content in different plant parts was 

determined. 

For the first year, SAP+GBC treatment retained higher amounts of Cd and Zn in topsoil 

(p<0.05). Both the treatments reduced Cd uptake in potato tubers (p<0.05), whereas SAP+GBC 

treatment also reduced Cu and Zn uptake (p<0.05). Acrylamide monomers were not detected in 

potato tuber flesh and peel samples for all the treatments. For second year, SAP-amended soil 

retained higher amounts of Cd, Cu, Fe and Zn (p<0.05), whereas SAP+GBC retained higher 

amounts of Cd, Cr and Fe (p<0.05) in topsoil, as compared to control. Both the treatments 

noticeably reduced uptake of Cd (p<0.10), Cr and Zn (p<0.05) by the tubers; SAP+GBC treatment 



xiv 
 

also led to reduced Pb uptake (p<0.05). Higher metal concentrations were observed in tuber peels 

than in flesh. For spinach, SAP-treated soil retained higher amounts of Cr (p<0.10), Cu (p<0.05) 

and Fe (p<0.10) in topsoil, as compared to control. Both treatments exhibited potential to avoid 

increased uptake of Cr and Cu by the leaves, and SAP+PBC also avoided increased uptake of Cd 

in the leaves. 

Potato tuber yield was found to be the lowest in SAP+GBC for both the years, but there 

were no significant differences in yield among other treatments. Higher spinach yield was 

observed in SAP+PBC as compared to other treatments (p<0.05). No significant differences were 

found amongst treatments for photosynthetic activity, stomatal conductance, transpiration rate, 

leaf temperature, NDVI, and root structure development for spinach plants as well as NDVI and 

leaf temperature for potatoes. Treatments SAP+GBC and SAP+PBC led to higher pH and CEC 

for surface soil as compared to control (p<0.05). All the treatments exhibited increased soil water 

retention as compared to control, which was also confirmed by a water retention characteristic 

experiment. In conclusion, SAP and SAP-plantain peel biochar amendments can reduce heavy 

metal mobility in soil and uptake by food crops, and thus promote safe use of wastewater in 

agriculture. 
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Résumé 

L'augmentation de la demande alimentaire liée à la croissance démographique entraîne une hausse 

des besoins en eau d'irrigation. L’agriculture étant le plus grand consommateur d’eau douce, des 

sources alternatives d’eaux d’irrigation, tel les eaux usées, pourrait contribuer à alléger la demande 

en eau douce. Cependant, les eaux usées contiennent des contaminants, tels les métaux lourds, qui 

pourraient être assimilés par les cultures alimentaires ou contaminer les eaux souterraines. Il existe 

donc un besoin urgent de développer des techniques simples et rentables permettant de réduire la 

mobilité des contaminants dans le sol et leur assimilation par les cultures. La présente étude fut 

menée afin de déterminer l’effet d’amendements du sol avec un polymère superabsorbant à base 

de polyacrylamide (SAP), seul ou en combinaison avec du biocharbon de pelures de plantain, sur 

la mobilité dans le sol et l’assimilation de métaux lourds (Cd, Cr, Cu, Fe, Pb, Zn) par des cultures 

de pommes de terre (Solanum tuberosum L.) ou d’épinards (Spinacia oleracea L.), irrigués avec 

des eaux usées artificielles. La croissance et le rendement de ces cultures, cultivés dans des 

lysimètres (hauteur 1.00 m × diamètre interne 0.45 m) remplis d’un sol sablonneux fut étudié. 

Quatre traitements furent disposés en un protocole complètement aléatoire: Un témoin sans 

amendements, un témoin irrigué avec de l’eau douce, puis deux traitements irrigués avec des eaux 

usées, avec amendement du sol avec du SAP ou du SAP et biocharbon. Afin d’en prévenir la 

photodegradation le SAP fut initialement (An 1) mélangé avec la couche de sol entre 0.15 et 0.25 

m sous la surface (1% w/w), tandis que le biocharbon (traitement SAP-biocharbon) fut mélangé 

au 0.10 m du sol arable (1% w/w). Vu les résultats de l’An 1, en l’An 2, le SAP et le biocharbon 

furent mélangés dans le 0.10 m de sol en surface (chacun à 1% w/w). En l’An 1 des pommes de 

terre furent cultivés, tandis qu’en l’An 2, deux expériences distinctes furent réalisées : une avec 

des pommes de terre, l’autre avec des épinards. Du biocharbon de pelures de plantain obtenu par 

gazéification servit pour les pommes de terre (GBC), tandis que du biocharbon de pelures de 

plantain obtenu par pyrolyse servit pour les épinards. Des échantillons de sol provenant de la 

surface et de profondeurs de 0.10, 0.30 and 0.60 m furent recueillis pour une analyse des métaux 

lourds. Le rendement et l’état de santé des plantes furent aussi notés. Suivant la récolte la teneur 

en métaux lourds de différentes parties des cultures furent déterminés. 

En l’An 1, le traitement SAP+GBC retint des niveaux plus élevés de Cd et de Zn dans le 

sol arable que les autres traitements et témoins (p<0.05). Chacun des amendements réduisit 
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(p<0.05) l’assimilation de Cd par les tubercules de pomme de terre, mais le traitement SAP+GBC 

réduisit (p<0.05) aussi l’assimilation du Cu et du Zn. Pour tous les traitements, ni la chair ni les 

pelures de pomme de terre ne révélèrent la présence de monomères d’acrylamide. En l’An 2, 

comparé au témoin non-amendé, les sols ayant reçu un amendement de SAP retinrent des quantités 

plus élevées de Cd, Cu, Fe et Zn (p<0.05), tandis que le traitement SAP+GBC retint des quantités 

plus élevés Cd, Cr et Fe (p<0.05) dans la couche arable. Chacun des amendements réduit 

l’assimilation de Cd (p<0.10), Cr and Zn (p<0.05) par les tubercules, tandis que l’amendement 

SAP+GBC réduisit également l’assimilation du Pb (p<0.05). Des concentrations plus élevées de 

métaux lourds furent notés dans les pelures que dans la chair. Pour les épinards, le sol amendé de 

SAP retint plus de Cr (p<0.10), Cu (p<0.05) and Fe (p<0.10) dans la couche arable que les 

traitements témoins. Les deux traitements amendés démontrèrent un potentiel à réduire 

l’assimilation de Cr et Cu par les feuilles, et l’amendement SAP+PBC évita également 

l’assimilation de Cd par les feuilles. 

Chaque année le plus faible rendement de pommes de terre (masse des tubercules) fut noté 

pour l’amendement SAP+GBC, tandis qu’aucune différence n’exista parmi les autres traitements. 

Par contraste, le rendement des épinards fut plus élevé (p<0.05) sous l’amendement SAP+PBC, 

par rapport aux autres traitements. L’activité photosynthétique, la conductance stomatique, le taux 

de transpiration, la température du feuillage, le NDVI, et le développement racinaire des plants 

d’épinards, ainsi que le NDVI et la température du feuillage des plants de pomme de terre ne 

montrèrent aucune différence significative entre traitements. Les amendements SAP+GBC et 

SAP+PBC menèrent à un pH et CEC de la couche arable plus élevé (p<0.05) par rapport aux 

témoins. Par rapport aux témoins, tous les amendements augmentèrent la rétention d'eau par le sol, 

ce qui fut confirmé en caractérisant le pouvoir de rétention d’eau des sols amendés. En conclusion, 

les amendements SAP and SAP-biocharbon de pelures de plantain peuvent réduire la mobilité des 

métaux lourds dans le sol et leur assimilation par les cultures alimentaires, permettant une 

utilisation agricole sécuritaire des eaux usées.  
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Chapter 1: Introduction 

1.1 General Introduction 

The current world population is 7.3 billion and it is estimated to rise to 9.7 billion by the year 2050 

(DeSA UN, 2015). This increase in population will cause increase in global food demand leading 

to an increased use of agricultural resources for food production. Increase in food demand caused 

by growing population will require increased freshwater supply for agriculture, stressing the 

existing freshwater resources. Freshwater is a very valuable resource, and it constitutes about 0.8% 

of the total water present on earth, neglecting the ice caps, glaciers and permanent snow (Gleick, 

1993). It is estimated that by year 2025, two-thirds of the world’s population may face water stress, 

and more than a billion people would face absolute water scarcity (WWF, 2016; Seckler et al., 

1999). Even in the present times, about 80 countries in the world are experiencing water shortages, 

and about 2 billion people do not have access to clean water (Alois, 2007). 

 Since agriculture is the largest freshwater consumer, use of alternate sources of irrigation 

water, such as untreated wastewater, would help conserve freshwater resources in a cost-effective 

way. Use of wastewater for irrigation is proposed and highly encouraged by many researchers to 

tackle the problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 2000; 

Mohammad and Mazareh, 2003; Al-Salem, 1996). Apart from being an inexpensive alternative 

for irrigation in countries experiencing economic water stress (Rusan et al., 2007; Qadir et al., 

2010), wastewater is also a source of many nutrients and organic matter required by soil to 

maintain its fertility (Weber et al., 1996). Due to increased wastewater production around the 

world, safe wastewater disposal in environment is also a major concern. As a common practice, 

wastewater is discharged openly into water bodies, leading to pollution especially in developing 

countries (Qadir et al., 2010). The use of wastewater for irrigation could thus tackle the problem. 

 However, contaminants present in untreated wastewater can pose problems related to 

human and animal health as well as the environmental issues (Qadir et al., 2007; Verlichhi et al., 

2012; Rivera-Jaimes et al., 2017).  Government agencies and farmers in many developing 

countries are not fully aware of the harmful impacts of wastewater contaminants on environment 

when it is used for irrigation (Qadir et al., 2010). Depending on the source, wastewater may contain 

a wide variety of contaminants, and heavy metals are one of the most common contaminants found 
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in wastewater. Heavy metals are not easily degraded in the environment (Kirpichtchikova et al., 

2006) and can be introduced in the environment from a variety of sources, such as industrial 

emissions, mining, disposal of wastes containing high quantities of heavy metals, sewage sludge 

and animal wastes, fertilizer application, pesticide application, wastewater irrigation and 

petrochemical spillages (Khan et al., 2008; Zhang et al., 2010). Most common heavy metal 

contaminants are lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), 

mercury (Hg) and nickel (Ni) (Evanko and Dzombak, 1997). Wastewater irrigation may not only 

lead to accumulation of metals in soil, but also can result in excessive uptake of the contaminants 

by crops, affecting food quality, safety, and consequently human health (Muchuweti et al., 2001). 

Food chain contamination is one of the major pathways by which heavy metals enter human body 

(Khan et al., 2008). Persistent intake of heavy metal contaminated food by humans, may result in 

harmful impacts, symptoms of which may only be apparent after several years of exposure 

(Bahemuka and Mubofu, 1999; Ikeda et al., 2000). Intake of excessive amounts of metals have 

also been associated with reduced immune function, growth retardation, upper gastrointestinal 

cancer, disabilities related to malnutrition, and impaired psycho-social faculties (Iyengar and Nair, 

2000; Türkdoğan et al., 2003). 

 Thus, there is a need to address the problem of heavy metal uptake in food crops, irrigated 

with wastewater, and their mobility in soil-water system. Hydrogels or super absorbent polymers 

(SAP) are network of loosely crosslinked polymer chains which are highly hydrophilic in nature 

and can absorb and retain water or aqueous solutions up to hundreds of times their own weight 

(Buchholz and Graham, 1998; Skouri et al., 1995; Zohuriaan-Mehr and Kabiri, 2008). Use of SAPs 

in soil as a water conservation technique has shown significant effects on crop yield. However, 

due to presence of high density of ionic and metal chelating groups, hydrogels can also be used to 

immobilize heavy metals in soil and thus reduce their bioavailability (Torres and Varennes, 1998; 

Varennes and Torres, 1999; Varennes and Queda, 2005; Yi et al., 2008). On the other hand, biochar 

can also be used as a soil amendment to stabilize heavy metals and thus reduce their uptake by 

crops (Lu et al., 2012; Al-Wabel et al., 2015; Park et al., 2011). Biochar is defined as a product of 

pyrolysis, carbonization and gasification of biomass (ANSI/ASABE, 2011). Biochar amendment 

to soil has been shown to increase crop yield and improve soil properties (Sohi et al., 2010; 

Lehmann et al., 2003; Glaser et al., 2001). Biochar can be produced from biomass feedstock which 

would otherwise be categorized as waste, such as from plantain peel, rice straw, rice husk, wheat 
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straw, corn stover, corn cobs, barley straw, switchgrass, etc. In this study, polyacrylamide super 

absorbent polymers (SAP) and SAP-plantain peel biochar mix as soil amendments are proposed 

as a technique to reduce heavy metal mobility in soil and their uptake by plants grown with 

wastewater irrigation. 

1.2 Study Objectives 

The overall objectives of this study were to understand the fate and transport of heavy metals in 

sandy soils and to tackle the problem of heavy metal uptake by wastewater irrigated crops through 

incorporation of SAP and SAP-plantain peel biochar mix as soil amendments. The specific 

research objectives of the study were as follows: 

• To assess the heavy metal sorption and desorption potential of SAP and SAP-plantain peel 

biochar mix as soil amendments for a sandy soil; 

• To study the effect of SAP and SAP-plantain peel biochar mix soil amendments on heavy 

metal (Cd, Cr, Cu, Fe, Pb and Zn) mobility in a wastewater-irrigated sandy soil; 

• To evaluate the role of SAP and SAP-plantain peel biochar mix soil amendments in heavy 

metal (Cd, Cr, Cu, Fe, Pb and Zn) uptake by wastewater-irrigated potatoes grown on a 

sandy soil; and 

• To evaluate the role of SAP and SAP-plantain peel biochar mix soil amendments in heavy 

metal (Cd, Cr, Cu, Fe, Pb and Zn) uptake by wastewater-irrigated spinach grown on a sandy 

soil. 

1.3 Thesis Outline 

This thesis adheres to the guidelines set my McGill University’s Department of Graduate and 

Postdoctoral Studies and follows a ‘manuscript’ format. The thesis contains eight chapters which 

follow the title page, table of contents, abstract (in English and French languages), 

acknowledgements, dedication and author contribution sections. The first chapter briefly 

introduces the proposed study and presents the research objectives, whereas the second chapter 

provides a review of relevant literature. Chapters 3 and 4 present the study on the effect of SAP 

and SAP-plantain peel biochar soil amendments in a sandy soil on heavy metal immobilization 

and uptake by wastewater irrigated potato and spinach plants respectively. Chapter 5 presents the 

study performed to understand the impact of the abovementioned soil amendments on heavy metal 
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mobility and uptake by potato plants grown on already contaminated sandy soil for a second 

consecutive year. Chapter 6 explores the effect of the soil amendments on yield and growth 

parameters of wastewater irrigated potato and spinach plants grown on sandy soil across two years. 

Chapter 7 presents general conclusions and summary of the studies performed, whereas chapter 8 

presents the contributions to knowledge and future recommendations for work related to the 

subject.   
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Chapter 2: Literature Review 

2.1 Global Freshwater Crisis Overview 

The availability of freshwater resources plays a pivotal role in the development of human 

civilization and would also continue to do so in the future. The current world human population is 

7.3 billion and it is estimated to rise to 9.7 billion by the year 2050 (DeSA UN, 2015). This increase 

in population would cause an increase in global food demand leading to increased use of 

agricultural resources for food production. For instance, intensive adoption of rice – wheat 

cropping in Punjab region of north-western India led to over exploitation of groundwater resources 

resulting in lowering of water table (Dhiman et al., 2011; Dhiman et al., 2015). Seckler et al. (1999) 

emphasize the urgent need to tackle the problem of declining water resources in this region.   

Freshwater is a very valuable resource and it constitutes about 0.8% of the total water 

present on earth, if the ice caps, glaciers and permanent snow are neglected (Gleick, 1993), of 

which agriculture is the prime user. Apart from agriculture, a large amount of freshwater is used 

in the industrial sector, and also required for drinking, basic sanitation and hygiene purposes which 

would lead to additional stress on present resources due to increasing population.  It is estimated 

that by the year 2025, two-thirds of the world’s population may face water stress (WWF, 2016) 

and more than a billion people would face absolute water scarcity by 2025 (Seckler et al., 1999). 

Even today, about 80 countries in the world are experiencing water shortages and about 2 billion 

people do not have access to clean water (Alois, 2007). 

2.2 Wastewater Irrigation 

It is also known that agriculture is the largest consumer of freshwater (figure 2.1). About 70% of 

the total available freshwater is withdrawn for agricultural purposes (FAO, 2016; UNESCO, 2016; 

Koehler, 2008). Therefore, effective and efficient freshwater use for agriculture is necessary for 

the conservation of the valuable resource. 

The use of wastewater for irrigation is proposed and highly encouraged by many 

researchers to tackle the problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 

2000; Mohammad and Mazareh, 2003; Al-Salem, 1996). Apart from being a cheaper alternative 

for irrigation in countries experiencing water stress (Rusan et al., 2007; Qadir et al., 2010), 

wastewater is also a source of many nutrients and organic matter required by soil to maintain its 

fertility (Weber et al., 1996). In many developing countries, urban and peri-urban farmers have no 
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other choice than to use wastewater for irrigation due to physical and economical water shortage 

(Qadir et al., 2010). Wastewater is also intentionally used for irrigation as it is a source of nutrients 

to the plants and in some regions of the world it is cheaper than other water sources (Keraita et al., 

2003; Scott et al., 2010).  

 

Figure 2.1 Global freshwater withdrawal by sector (FAO, 2016) 

With growing urban population especially in developing nations, more and more 

freshwater is being diverted for industrial and commercial use owing to higher demand. This in 

turn leads to increase in wastewater generation (Lazarova and Bahri, 2004; Asano et al., 2007).  

Due to increased wastewater production around the world, safe wastewater disposal in 

environment is also of major concern. As a common practice, wastewater is discharged openly 

into water bodies leading to pollution especially in developing countries (Qadir et al., 2010). Due 

to lack of financial and technical resources, many developing countries face challenges in setting 

up wastewater collection and treatment plants (IWMI, 2006; WHO, 2006). Thus, it is important to 

devise interim low-cost short-term solutions to deal with the problem. 

2.3 Heavy Metals in Wastewater 

Despite the advantages of using wastewater for irrigation, the practice has its limitations. 

Contaminants present in untreated wastewater is a known threat to human and animal health, as 

well as the environment (Qadir et al., 2007; Wuana and Okieimen, 2011).  Government agencies 

and farmers in many developing countries are not fully aware of the harmful impacts of wastewater 

contaminants, especially heavy metals, on the environment when it is used for irrigation (Qadir et 
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al., 2010). Heavy metals can be introduced to environment from a variety of sources such as 

industrial emissions, mining, disposal of wastes containing high quantities of heavy metals, sewage 

sludge and animal wastes, fertilizer application, pesticide application, petrochemical spillages and 

wastewater irrigation (Khan et al., 2008; Zhang et al., 2010). Most of the municipal wastewater 

treatment plants around the world, especially in developing countries, are designed to primarily 

remove nutrients, and not heavy metals (Brown et al., 1973; Busetti et al., 2005). Removal of 

heavy metals from the effluents at biological wastewater treatment plants is considered as a side-

benefit of the organic matter removal process; however, due to increased heavy metal loading in 

the environment, treated wastewater may also have high metal content (Karvelas et al., 2003; 

Teijon et al., 2010). Most common heavy metal contaminants in wastewater are lead (Pb), 

chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), mercury (Hg) and nickel (Ni) 

(Evanko and Dzombak, 1997). Unlike organic compounds, heavy metals are relatively less prone 

to microbial and chemical degradation (Kirpichtchikova et al., 2006) which allows the 

contaminants to maintain their concentrations in the environment for a long time. 

2.3.1 Harmful Effects 

Heavy metal contamination poses a serious threat to environment, human and animal health due 

to its toxicity, food chain accumulation and persistence in nature. Metals are generally essential 

for many living organisms but the presence of some heavy metals in excess amounts in 

environment could seriously affect animal as well as human health. Excess amounts of metals in 

humans, for example, can be deposited in internal organs and lead to serious ill-effects (Gavrilescu, 

2004). Toxic metal ions could cause life threatening illnesses including irreversible damage to vital 

body systems (Malik, 2004). Wastewater irrigation may not only lead to accumulation of metals 

in soil, but also can result in excessive uptake of the contaminants by crops affecting food quality, 

safety and thus human health (Muchuweti et al., 2001). Heavy metal uptake by crops depends on 

the plant species as well (Rattan et al., 2005). Food chain contamination is one of the major 

pathways by which heavy metals can enter human body (Khan et al., 2008). Persistent intake of 

food contaminated with heavy metals in humans may result in harmful impacts, symptoms of 

which may only be apparent after several years of exposure (Bahemuka and Mubofu, 1999; Ikeda 

et al., 2000). Intake of excessive amounts of metals has also been associated with reduced immune 

function, growth retardation, upper gastrointestinal cancer, disabilities related to malnutrition and 

impaired psycho-social faculties (Iyengar and Nair, 2000; Türkdoğan et al., 2003). 
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Some of the important factors that determine health risk to humans when vegetables grown on 

contaminated soils are consumed are (G. F. Antonious and Kochhar, 2009; Sharma et al., 2008): 

• The concentration of heavy metals in edible parts of vegetable crop and amount of 

vegetables consumed per person per day 

• Washed vs. unwashed vegetable consumption (heavy metals can be deposited from the 

atmosphere as well) 

• Toxicity of the heavy metal in vegetables (Cd and Pb are of great concern) 

• Value of health risk index. The health risk index is calculated as 

(Vegetable consumption rate X mean heavy metal concentration in vegetable) / safe heavy 

metal intake limit). Value of risk index should preferably be less than one. 

2.3.2 Environmental Occurrence 

Release of heavy metals in the environment due to human activities has been increasing 

persistently because of intensive industrial operations and technological development around the 

globe (Gavrilescu et al., 2004). Effluents from mining and metal processing industries are major 

sources of heavy metal contamination in environment (Moore and Ramamoorthy, 1984). Most of 

the heavy metals found in wastewater are due to anthropogenic activities such as industrial 

processes (e.g. mining, electroplating, etc.) and urban inputs (Sun and Shi, 1998; Karvelas et al., 

2003; Gavrilescu, 2004). Urban runoff to WWTPs, sewage water as well as surface and 

groundwater bodies may include heavy metals from household effluents, business effluents (e.g. 

car washes, electroplating industries, metal works, hosiery industries, etc.) and traffic related 

emissions (Karvelas et al., 2003; Sorme and Lagerkvist, 2002; Gagnon and Saulnier, 2003). Based 

on data collected by Xanthopoulos and Hahn (1993), concentration of heavy metals Pb, Cd, Zn, 

Cu and Ni in street runoff (Karlsruhe/Waldstadt region) was found to be 311, 6.4, 603, 108 and 57 

µg/L respectively. Heavy metal release into the environment also occurs because of activities like 

weathering and flaking of paints, incineration of pharmaceutical products, batteries and 

electroplated goods as well use and decomposition of tires (Turner, 1990).  

Rawat et al. (2003) estimated heavy metal concentrations in wastewaters and bed residues 

from open storm water drains around seven major industrial regions in New Delhi, India for years 

1997-98.  Samples were also collected downstream from a major river in India (Yamuna River). 

Average concentration range for Fe, Mn, Cu, Zn, Ni, Cr, Co, Cd and Pb were found to be 0.99-
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212.00, 0.30-39.00, 0.15-20.00, 0.12-5.30, 0.60-11.00, 0.11-53.00, 0.36-0.55, 0.08-0.20 and 0.30-

0.66 mg/L respectively;  the same heavy metal mean concentrations in bed residues were found to 

be within the ranges of 29.00-84.06, 0.54-1.23, 0.06-8.13, 0.08-4.01, 0.03-1.58, 0.07-3.28, 0.02-

0.05, 0.02-0.07 and 0.01-0.29 g/kg respectively. In the same study, mean concentrations of heavy 

metals (Fe, Mn, Cu, Zn, Ni, Cr, Co, Cd and Pb) in waters of River Yamuna downstream (Okhla 

region) were found to be 0.99, 0.32, 0.15, 0.12, 1.06, 0.11, 0.22, 0.20 and 0.36 mg/L respectively. 

Whereas, mean concentrations of the same heavy metals in bed sediment of the river at the same 

location where water was sampled, were found to be 29000, 540, 56, 76, 25, 68, 16, 23 and 12 

mg/kg respectively. 

2.3.3 Environmental Fate 

Hydrogen ion concentration or pH can be considered as the most important factor in determining 

adsorption of metal ions on organic as well as inorganic surfaces (Nelson et al., 1981). This is 

because in acidic environment (low pH), metals exist as free ionic cations whereas at alkaline pH 

levels, these cations form insoluble oxides or hydroxides (Gadd and Griffiths, 1977). Availability 

and toxicity of heavy metal ions can also be affected by the presence of other ions in the 

environment. In the environment, heavy metals can be found as dissolved in water as well as in 

particulate matter form. Karvelas et al. (2003) investigated the distribution of heavy metals in the 

solid and aqueous phase in wastewater collected from a wastewater treatment plant (WWTP). The 

authors indicated that the phase distribution of metals in wastewater depends on the pH of the 

wastewater, as well as water solubilities of different chemical forms of the metal. Previous studies 

on phase distribution of heavy metals in sewage sludge have indicated that carbonate-bound, 

water-soluble and exchangeable fractions are major carriers of Ni and Zn, iron/manganese oxides 

and hydroxides are major carriers of Pb, Zn and Ni, sulphides and organic matter are significant 

carriers of Cr and Cu, and sludge particles are known to be bound to Fe and Pb heavy metals 

(Angelidis and Gibbs, 1989; Ščančar et al., 2000). In their study, Karvelas et al. (2003) found that 

most of the Ni and Mn were present in dissolved phase (80%-93% and 65%-85% of the total metal 

respectively) whereas Cu, Cr, Pb, Cd and Zn were mainly found in particulate phase (75%-95%). 

Lead heavy metal exhibited highest association with particulate matter (>95%) whereas iron 

exhibited moderate association with the same (58%-75%). The pH of the wastewater ranged from 

seven to nine in their study. The presence of microbes also affects the fate of heavy metals in 

environment. Microorganisms can uptake heavy metals from their environment thus reducing their 
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toxicity. They can do so via adsorption of metals onto microbial cell surface or via cellular uptake 

for metabolic purpose (Gadd and Griffiths, 1977).  

2.4 Super Absorbent Polymers (SAPs) 

Super absorbent polymers (SAPs) are a network of loosely crosslinked polymer chains which are 

highly hydrophilic in nature and can absorb and retain water or aqueous solutions up to hundreds 

of times their own weight (Buchholz and Graham, 1998; Skouri et al., 1995; Zohuriaan-Mehr and 

Kabiri, 2008). They are also sometimes referred to as ‘hydrogels’.  Common SAPs are sugar like 

white or light yellow colored hygroscopic material. When the term “superabsorbent” is used 

without specifying the type of polymer, it refers to the most common anionic forms of polymer of 

acrylic acid (AA) or acrylamide (AM) (Zohuriaan-Mehr and Kabiri, 2008). These polymers are 

mostly used in hygienic and agricultural practices but have also been used in construction, food 

and electronics industries (Korpe et al., 2009). Polyacrylamide and polyacrylate are widely used 

super absorbent polymers in agricultural applications (Bai, et al., 2010). 

The first water absorbent polymer was synthesized in 1938 via thermal polymerization of 

acrylic acid and divinylbenzene (Buchholz and Graham, 1998). The first generation of high water-

holding capacity hydrogels were developed in the 1950s (Dayal et al., 1999), whereas first 

commercial SAP (hydrolyzed starch-graft-polyacrylonitrile or HSPAN) was synthesized at 

National Regional Laboratory of US Department of Agriculture (Buchholz and Peppas, 1994). 

Figure 2.2 shows mechanism of SAP (anionic) swelling (Zohuriaan-Mehr and Kabiri, 2008). The 

negatively charged groups on polymeric chain in SAP attract the water molecule via H-bonding. 

As the water attaches onto the polymeric chain, it swells and is enlarged as compared to collapsed 

chain configuration in dry state. 

Modified hydrogels also have the potential to be used in designing water disinfection 

systems. Zeng et al. (2015), in their experiment with silver-reduced graphene oxide (Ag/rGO) 

hydrogel, synthesized via a facile hydrothermal reaction, showed that the polymer can be 

effectively used in disinfecting drinking water by inactivating Escherichia coli (E. coli) bacteria. 

Certain pharmaceuticals, such as antibiotics, can also be introduced to the environment through 

animal wastes, land application or leakage from storage structures (Kolpin et al., 2002). Presence 

of antibiotics in environment can lead to pathogenic microbes that are resistant to drugs and 

medicines (Chopra and Robert, 2001; Capone et al., 1996). More recently, it has also been shown 
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that graphene-hydrogel adsorbent materials can be used in removing antibiotic contaminants such 

as Ciprofloxacin from aqueous solutions (Ma et al., 2015). Eco-friendly hydrogels, such as 

graphene oxide-chitosan hydrogels can also be used in developing column filtration/water 

purification systems to remove various cationic and anionic contaminants, including dyes and 

heavy metals, from water (Chen et al., 2013). Cellulose-based hydrogels have also been used in 

separating oil-water emulsions and thus can prove to be useful, especially in petroleum industries, 

in scenarios involving oil spills as well as separating trace amounts of water from crude oil 

(Rohrbach et al., 2014). 

 

Figure 2.2 A schematic representation of SAP swelling  

(adapted from Zohuriaan-Mehr and Kabiri, 2008). 

2.4.1 Classification 

Based on the presence of an electrical charge in cross linked polymeric chains, SAPs can be 

classified in four different types (Zohuriaan-Mehr and Kabiri, 2008): 

• Non-ionic 

• Ionic (anionic or cationic)  

• Amphoteric electrolyte, containing both acidic and basic group 

• Zwitterionic, containing both anionic and cationic groups in each structural repeating unit.  

Most of the commercial SAPs are anionic in nature (Zohuriaan-Mehr and Kabiri, 2008). Most 

of the common SAPs are also categorized based on their chemical structure or monomeric unit as 

follows (Zohuriaan-Mehr and Kabiri, 2008; Po, 1994): 
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• Polyacrylamides (PAM) or cross linked polyacrylates 

• Hydrolyzed cellulose-polyacrylonitrile (PAN) or starch-PAN graft copolymers 

• Maleic anhydride cross linked copolymers 

SAPs can be either natural or synthetic, however, to improve properties of natural absorbents 

such as polysaccharides and polypeptides, some synthetic chemicals are often added (Zohuriaan-

Mehr and Kabiri, 2008). 

2.4.2 Agricultural Uses 

The presence of liquid water in soil is very important for quality of plants and crops as it ensures 

uptake of nutrients. Use of SAPs as a soil amendment could help conserve water especially in 

sandy soils where they can act like tiny reservoirs of water and can hold water for plant use (Bakass 

et al., 2002). Apart from water conservation, SAPs also reduce irrigation frequency, soil 

compaction, soil erosion and water runoff as well as it helps improve soil aeration and microbial 

growth (El-Rehim et al., 2004). SAPs have also been used in agriculture as controlled release 

devices for nutrients. SAPs hold the nutrients tightly and can delay their dissolution while the plant 

gains more time to slowly uptake them improving their growth and quality (Liu et al., 2007; 

Bowman et al., 1990; Wu et al., 2008; Wu and Liu, 2008). However, Most of the SAPs used in 

agriculture are of anionic type and thus their swelling capacity reduces with presence of 

multivalent ions/salts present.  

Abedi-Koupai and Asadkazemi (2006) investigated the effect of SAP incorporation on time 

taken to reach a permanent wilting point (PWP) of an ornamental plant, Cupressus arizonica under 

reduced irrigation situation. Treatments with 6 g/kg of SAP took 22 days to reach PWP as 

compared to control which took 12 days to reach same point. Anionic polyacrylamide (PAM) SAP 

is known to reduce soil erosion, enhance filtration and improve runoff water quality due to its 

stabilizing and flocculating properties. PAM is known to decrease sediment, total phosphorus, N-

dissolved reactive phosphorus, chemical oxygen demand, pesticides, weed seeds and micro-

organisms in runoff water (Sojka et al., 2010). In field studies, Sojka et al. (2010) showed that 

PAM was able to reduce sediments in runoff by 94% (average of 80%-99%) from furrow irrigation 

systems. Also, it is known to increase infiltration in fine textured soils by 15%-50% as compared 

to control. 
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2.4.3 Environmental Fate and Safety 

Although SAPs are mostly prepared using toxic monomers, the process of polymerization for 

SAPs is irreversible, and therefore SAPs are considered to be non-toxic polymerization products 

(Buccholz and Graham, 1998; Doelker et al., 1990; Andrade, 1976; Po, 1994; Buccholz and 

Peppas, 1994). Also, SAPs such as cross-linked acrylamide and potassium acrylate copolymer are 

labelled as “Safe and Non-Toxic Materials” in MSDS sheets of the manufacturers (Zohuriaan-

Mehr and Kabiri, 2008). In a study conducted by researchers at University of California (LA, USA) 

(Wallace et al., 1986), no toxic species were found to have been remained in soil after several years 

of SAP use. Moreover, the Agriculture Ministry of France has approved use of SAP in soil to be 

safe (APV 8410030). Published studies on toxicity of acrylate-based SAP consider these materials 

to be environmentally compatible (McGrath et al., 1993; Haselbach et al., 2000a; Haselbach et al., 

2000b; Hamilton et al., 1995; Garay-Jimenez et al., 2008; Suresh et al., 2008).  

Basanta et al. (2002) in their study showed that polyacrylate polymer had no adverse effect 

on microbial community in forest soils. In a separate experiment (Johnson, 1985), conducted to 

study degradation of polyacrylamide hydrogel in sandy soil for an extended period, no acrylamide 

monomers were detected in degradation products. It has been shown that in a natural environment, 

polyacrylamide-based hydrogels are not likely to degrade into toxic acrylamide, even in the 

presence of sunlight and chemicals such as pesticides (Ver Vers, 1999). Sojka et al. (2007) have 

reported that acrylamide monomer can be released when polyacrylamide is subjected to radiation 

below 300 nm. However, most of the UV radiation around this wavelength is absorbed by the 

atmospheric ozone layer and thus does not reach earth’s surface (Diffey, 1991). Also, the half-life 

of acrylamide in agricultural soils in 18-45 hours (Lande et al., 1979), and since the toxic monomer 

is easily degraded and metabolized by micro-organisms, it is highly unlikely that it will 

bioaccumulate in the human food chain (Metcalf et al., 1973; Neely et al., 1974). Wallace et al. 

(1986) indicated that given the rates at which polyacrylamide hydrogels are used in agricultural 

applications, concentration of resulting toxic monomers from the hydrogels in soil will be 

negligible. The authors also mentioned that because of a very short half-life of acrylamide, the 

toxic monomer would quickly decompose to form propionamide and propionic acid; propionamide 

would eventually hydrolyze to form propionic acid, which is a harmless compound, often used in 

the food industry. The final degradation products from acrylamide would be ammonia, carbon-

dioxide and water (Wallace et al., 1986). 
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However, in a study performed by Weston et al. (2009), it was established that use of 

anionic polyacrylamide in agriculture may contribute to aquatic toxicity, depending on the 

formulation of the conditioner used. The authors indicated that it was not polyacrylamide itself 

that caused toxicity, but other co-ingredients, such as surfactants and emulsifiers, used in certain 

formulations. To tackle the issue of synthetic SAPs biocompatibility, biodegradability and toxicity, 

researchers have also performed studies on SAPs based on biomaterials such as proteins, starch, 

cellulose and chitosan (Chang et al., 2010; Wu et al., 2012; Shi et al., 2014; Guilherme et al., 2015; 

Duquette and Dumont, 2018; Ni et al., 2018).  

For acrylamide-based polymers, biological hydrolysis of amide into NH3 may take place 

without damaging the carbon chain, depending on the soil microflora (Kay-Shoemake et al., 1998). 

The carbon chain of the polyacrylates can be degraded by microorganisms (Kawai, 1995) such as 

whit-rot fungi (Mai et al., 2004; Sutherland et al., 1997). White-rot fungi are known to be 

responsible for the degradation process of polyacrylate polymer and polyacrylate/polyacrylamide 

copolymer via solubilization and mineralization (Sutherland et al., 1997). The degradation rate of 

acrylate-based polymer hydrogel in municipal compost was investigated by 129 using radioactive 

labelling method. Under aerobic conditions, degradation rate was estimated to be 5.9% after 500 

days.  

2.4.4 Heavy Metal Removal 

Hydrophilic crosslinked polymers which are able to absorb and retail large volumes of water, can 

also be used in water purification and separation processes (Finch, 1987). Modified 

polyacrylamide hydrogels are also commercially used in the purification of wastewater and metal 

extraction (Wu et al., 1991; Warshawsky, 1988). Porous structure and high water-content of 

superabsorbent polymers allows the solute to diffuse through the polymer’s structure (Bell and 

Peppas, 1995). Hydrogels possess ionic functional groups (Yi et al., 2008) which may allow them 

to trap contaminants such as heavy metals. Also, because of high density of metal chelating groups 

present in superabsorbent polymers, these materials are well suited to bind heavy metals present 

in soil and reduce their bioavailability (Torres and Varennes, 1998; Varennes and Torres, 1999; 

Varennes and Queda, 2005).  

Kasgoz et al. (2003) conducted an experiment with modified polyacrylamide-based hydrogels 

to determine the metal ion removal capacities. Types of polymers used were crosslinked 
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polyacrylamide polymers, aminomethylated polyacrylamide superabsorbents (obtained from 

crosslinked polyacrylamide polymers via Mannich reaction) and superabsorbent polymers which 

are anionic derivatives of polyacrylamides (obtained via sulfomethylation reaction). Crosslinked 

polyacrylamide polymers were found to have Cu(II) ion removal capacities of 0.027 and 0.024 

mmol/g respectively (pH=5.5). Owing to its higher amine value (AV) and equilibrium degree of 

swelling (EDS), aminomethylated polyacrylamide SAPs exhibited a higher copper ion removal 

capacity of 2.76 mmol/g at pH 5.5. However, the polymer product of sulfomethylation reactions 

had a high copper ion removal capacity of 4.07 mmol/g due to high basic group content (BGC) 

and high EDS. Polymer products of the same reaction also exhibited high metal removal capacities 

for Cd (0.62 mmol/g) and Pb (1.53 mmol/g) as well. Overall, superabsorbent polymers had higher 

metal adsorption capacities at higher pH of 4.5, than at pH of 3.0, as expected. This is because pH 

of the medium greatly affects the complex formation of heavy metal ion by a chelating ligand 

(Denizli et al., 1997). For instance, polymer products of Mannich reaction exhibited higher Cu ion 

removal capacity at pH of 4.5 than what it showed at pH of 3.0. This was attributed to interaction 

of the metal ions with unprotonated amine groups via chelation (Denizli et al., 2000). Adsorption 

rates were also determined in the same study. It was established that the process of adsorption was 

very fast in the first five minutes as equilibrium was approached. The adsorption process was slow 

after this period and saturation were reached within 20 minutes approximately for all metal ions. 

High initial rate of adsorption suggested that adsorption occurred mainly on the polymer surface.  

Dhiman et al. (2015) in their experiment showed that polyacrylamide super absorbent polymer 

was able to reduce Cd concentration by 76.0% and 76.2% for the Cd-Pb cocktail and only Cd 

solution, respectively. Concentrations of Cd and Pb ions in the solutions were 5 ppm and 16 ppm 

respectively. In another study, adsorption capacities of prepared polyvinylpyrrolidone (PVP) and 

acrylic acid (AAc) copolymer (chelating hydrogel) superabsorbent were studied for Fe(III), Mn(II) 

and Cu(II) (Ali et al., 2003). Maximum adsorption of metal ions using the prepared polymer SAP 

for Fe, Cu and Mn ions was found to be 36.0, 23.0 and 14.0 mg/g respectively. Hydrogels 

(amidoximated hydrogel) also have the potential to separate trace amounts of uranium from water 

(Hazer and Kartal, 2010).  

None of the previously conducted studies investigated the efficacy of SAPs in soil and their 

potential as a heavy metal sorbent in complex plant-soil-water environment, especially when the 
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heavy metals are present along with other organic and inorganic contaminants including other 

heavy metals. Also, effect of SAP soil amendment on uptake of heavy metals by food crops 

irrigated with wastewater needs to be studied, which led us to use polyacrylamide SAPs as soil 

amendment in the research presented in this thesis. 

2.5 Biochar 

Biochar is defined as a product of pyrolysis, carbonization and gasification of biomass 

(ANSI/ASABE, 2011). Thermal decomposition of biomass (plant or animal derived) in partial or 

total absence of oxygen would lead to production of CO2, combustible gases (H2, CO, CH4), 

volatile oils, tar as well as a carbon rich residue known as biochar (Sohi et al., 2010). Biochar 

consists of organic aromatic carbon which is generally more stable than carbon found in parent 

biomass, i.e. carbon in biochar cannot be readily converted into CO2 even under favorable 

conditions such as those found in the soil environment (Sohi et al., 2010).  

2.5.1 Agricultural Uses 

Biochar is speculated to be deliberately used as far back in time as around 9000 ybp in the central 

Amazon region of terra preta to increase soil fertility (Sohi et al., 2010; Glaser et al., 2001). There 

is also evidence of historical use of charred products for increased soil fertility at other locations 

around the world, such as, Ecuador, Peru, Liberia of West Africa and savanna of South Africa 

(Lehmann et al., 2003). Biochar is known to improve crop yields. Several studies on impacts of 

charcoal addition in soils on different crop species, conducted in early 1980s and 1990s have been 

reviewed by Glaser et al. (2001).  

Zhang et al. (2012) reported an increase in rice productivity, soil pH, soil organic carbon and 

total N in soils amended with wheat straw biochar. In a four-year study, Major et al. (2010) 

reported 28%, 30% and 140% increase in Maize crop yield for second, third and fourth year after 

wood biochar application (20 t/ha) as compared to control in Colombian savanna region. Micro 

nutrients such as Ca and Mg also exhibited increased availability (by 77%-320%) in biochar 

amended plots (under different application rates of 8 and 20 t/ha). In the same study, soil pH was 

also found to increase in plots amended with biochar. Improved fertilizer use efficiency is also 

reported to be the major reason for increased crop yields (Steiner et al., 2008). Biochar also 

contains ash, which may contain trace elements like phosphorus and potassium, which could have 

a short-term impact on crop growth (Lehmann, 2007; Steiner et al., 2007). Biochar also has the 

potential to increase water holding capacity of sandy soils, mainly due to its macro-porous nature 
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which in turn is dependent on the cellular structure of the parent feedstock (Sohi et al., 2010). The 

effect may be neutral in medium textured soils and even can be negative in clay. Gaskin et al. 

(2007) showed that with addition of pine chip pellet biochar in loamy sand field soils at a rate of 

88 t/ha, volumetric water content was almost doubled as compared to control at a potential of 0.10 

MPa.   

In a study, Park et al. (2011) applied chicken manure derived biochar (pyrolysis at 550°C, 

ground to <250µm) at 1% (w/w) rate in metal contaminated soil (Cd, Cu and Pb), and found that 

plant (Indian Mustard – Brassica juncea) dry biomass increased by 353% and 572% for shoot and 

root respectively). Al-Waleb et al. (2015) showed that addition of Concarpus biochar in metal 

contaminated soils (at different application rates of 0.0, 1.0, 3.0 and 5.0% w/w) increased shoot 

dry weight of maize plants (Zea mays) by 54.5-102% at 75% of field capacity and by 133-266% 

at 100% field capacity. The increase in dry biomass in plants could be attributed to the reduction 

of phytotoxicity of heavy metals due to biochar amendment.  

2.5.2 Removal of Heavy Metals 

Stabilization of heavy metals in soils amended with biochar could be possible because of several 

mechanisms explained by Lu et al., 2012. One of the reasons for metal stabilization can potentially 

be heavy metal exchange with Ca, Mg or other cations associated with biochar. Surface 

complexation of heavy metals in soil with various functional groups on biochar could be another 

possible mechanism. Physical adsorption and surface precipitation of heavy metals onto various 

available sites on biochar surface could be another probable mechanism of heavy metal 

stabilization. 

In a study, application of Concarpus biochar in heavy metal contaminated soil (Fe, Mn, Zn, 

Cd. Cu and Pb) from a mining area led to an increase in metal immobilization, as well as reduced 

the metal uptake by maize plants (Zea mays) (Al-Wabel et al., 2015). The maximum reduction in 

heavy metal uptake by plant shoot, due to addition of the biochar in the soil was found out to be 

60.5%, 28.0%, 60.0% and 53.2% for Mn, Zn, Cu and Cd, respectively (Soltanpour and Schwab, 

1977). Park et al. (2011) in their experiment with chicken manure and green waste-derived biochar 

showed that applications of the biochar at a rate of 1% (by weight) significantly reduced NH4NO3 

extractable Cd, Pb and Cu concentrations in the soils due to immobilization of metals. 
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2.6 Heavy Metal Uptake by Plants 

Several studies indicate that food crops grown on contaminated soils accumulate heavy metals in 

their tissues (Liu, Zhao, Ouyang, Söderlund, and Liu, 2005; Muchuweti et al., 2006; Nabulo, 

Young, and Black, 2010; Sharma, Agrawal, and Marshall, 2007). For instance, it was shown that 

vegetables grown on sewage sludge amended land at selected locations in Zimbabwe, posed a 

health risk for humans (Muchuweti et al., 2006; Tandi, Nyamangara, and Bangira, 2004). Not all 

heavy metals are harmful to the plant. Some heavy metals such as Fe, Mn, Cu, Mo, Ni, Co and Zn 

are nutrients for the plants and are essential for proper plant growth (Casado-Vela et al., 2007; 

Fitter and Hay, 2012). However, some of the heavy metals, such as Zn, can be toxic at high levels 

and can be harmful if ingested through contaminated food, especially for people with Zn allergy. 

Excessive intake of Zn can also cause Zn poisoning in humans (Sharma, Agrawal, and Marshall, 

2008). 

2.6.1 Adverse Effects on Plants 

Uptake of certain heavy metals can induce deficiency of some nutrients in plants. For instance, 

manganese uptake from contaminated soils (sewage applied to soils) can cause iron deficiency in 

plants (Somers and Shive, 1942). Some other heavy metals even at lower concentrations can 

induce chlorosis (Hewitt, 1953). Heavy metals affect plant growth adversely because of their 

toxicity. They can induce biochemical and/or physiological alterations in plants which can cause 

membrane damage, alteration of enzyme activities and inhibition of root growth. These effects can 

further cause deficiency of essential nutrients, inhibition of photosynthesis, etc. (Barceló and 

Poschenrieder, 1990). Metal toxicity also inhibits cell expansion and water conductivity. Thus, 

metal toxicity can prevent an adequate amount of water reaching different parts of the plants. This 

happens primarily because of cross-linking of pectin carboxyl groups in the wall by high 

concentrations of metals such as Cd and Al (Klimashevskii and Dedov, 1975; Matsumoto, 

Hirasawa, Torikai, and Takahashi, 1976). 

2.6.2 Uptake and Distribution Mechanism 

All plants can uptake and distribute metal ions of essential nutrients through their cell membranes 

(Fitter and Hay, 2012). Nutrients are taken up as ions in the aqueous phase. Movement of water 

occurs through the xylem due to the transpiration process. Nutrients can thus reach shoots and 

leaves. However, ions need specific proteins to be present in order to cross cell membranes. Thus, 

some ions are accumulated in roots, some are excluded, some move through cells because of 
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specific proteins and some move in intercellular spaces. Root-soil interface also plays an important 

role in nutrient uptake. As the root tips elongate, root caps are pushed into the soil, where they 

form good soil-root interface due to secretions produced by the roots. Fibrous/hair like root 

structure leads to the maximization of area available for uptake of nutrients. Also, fungi such as 

mycorrhizal fungi can greatly increase soil root contact area. Nutrients become available as roots 

grow out of depletion zones and into new rich zones (interception). Nutrients in aqueous phase 

entering roots travel through cell cytoplasm and into vascular tissue. Movement of nutrients 

through plasmodesmata (cells of root epidermis linked to adjacent cells by plasmodesmata) is 

called symplastic transport, whereas movement through walls of root cells can also take place, and 

this is known as apoplastic transport. Metal ions can travel through root cell wall region until 

endodermis where they have to cross plasma membrane to enter cell symplasm. Water and metal 

ions may also enter cells via plasma membrane. The endodermis layer forms near root vascular 

tissue, and cells of the endodermis layer form a water impermeable barrier. Thus, metal ions can 

travel to vascular tissue through symplastic transport and not apoplastic transport (through walls 

of root cells). This allows for selectivity and filtration of ions. Metal ions can reach all parts of the 

plants as they are in aqueous solution. Metals can travel through the vascular portion of stem to 

shoots and leaves through xylem tubules. These can branch again to form leaf veins/fine tubules. 

As water evaporates from leaf surface, mineral ions can come out of these tubes into the leaf. The 

metals (in aqueous solution) permeate the leaf wall spaces from where cells can extract water as 

well as minerals. Areas of the plant undergoing rapid growth, such as fruits and tubers do not have 

high transpiration rate and thus xylem flow is low. Nutrients and metal ions reach these parts 

mainly through transport in phloem. Not all ions are phloem mobile. Ions can flow from xylem to 

phloem via transfer cell that lies between the two paths (Lack and Evans, 2005). 

2.6.3 Effect of pH and Plant Type on Plant Metal Uptake 

Transport and plant uptake of heavy metals depends on their concentration in soil and soil pH 

among various other factors. Low soil pH generally is associated with toxicity of metal ions; at 

low pH, high levels of metals like Al and Fe become soluble and can be toxic for the plant. Low 

pH is generally associated with the release of metal ions into solution (Fitter and Hay, 2012). At 

high pH, usually, metal ions form hydroxides and precipitate, and thus are less bioavailable to the 

plants. Usually, heavy metals are taken up by the food crop through the root system, however, in 

case of underground crops like potato, heavy metals can also be translocated from soil into potato 
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tubers through diffusion as the tubers are in direct contact of contaminated soil (Angelova et al., 

2010). On the other hand, some leafy vegetables like spinach are known to uptake heavy metals in 

excessive amounts (Ghosh et al., 2012). Thus, heavy metal uptake in underground crops, such as 

potato would vary from that in aboveground crops like spinach. 

2.6.4 Potatoes 

Like tomato, eggplant and pepper, potato (Solanum tuberosum) also belong to Solanaceae plant 

family and is the third most important food crop (Visser et al., 2009). Potatoes are also the most 

important non-grain food crop (Potato Genome Sequencing Consortium, 2011) in the world. More 

than half (~51%) of the world potato production in the year 2007 (325.30 million tons) was 

produced in developing countries such as India and China (FAO, 2008). Russet Burbank variety 

of potatoes was used for the study presented in this thesis (Chapters 3 and 5) as it is widely grown 

in North-America and is used fast food industries because of its excellent baking and processing 

qualities (Potato Association of America, 2016). To the best of authors’ knowledge, information 

on heavy metal uptake by potatoes irrigated using wastewater in hydrogel-amended soil is not 

available in literature and thus needs to be investigated. 

2.6.5 Spinach 

Spinach (Spinacia oleracea L.), is an edible plant that belongs to Amaranthaceae family and is a 

leafy cool season vegetable that is native to central and southwestern Asia (Morelock et al., 2008; 

Suresh et al., 2015). Spinach is a good source of vitamin A, folate, vitamin C, calcium, iron 

phosphorous, sodium and potassium (Morelock et al., 2008, Suresh et al., 2015). It is also rich in 

antioxidants and has one of the highest ORAC (oxygen radical absorbance capacity) values in 

vegetables (Prior, 2003). China leads spinach production in the world, and in the year 2017, China 

accounted for approximately 92% of 27.90 million tonnes of world production. (FAOSTAT, 

2019). Spinach is well known to uptake and accumulate heavy metals from contaminated soils, 

and it is classified as a hyper-accumulator of metals (Ghosh et al., 2012). Spinach was selected for 

the study presented in this thesis (Chapter 4) since information on the uptake of heavy metals by 

spinach plants irrigated with synthetic wastewater in the presence of hydrogel-based amendments 

was not found in the literature. 

2.7 Adsorbent Sorption Capacity 

The sorption capacities of sorbents can be evaluated by developing ‘sorption isotherms’. It is 

important to know the equilibrium distribution of contaminants (chemical of interest ‘i’) between 
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aqueous phase and the solid sorbent. We would like to know how the sorbate concentration on the 

solid (Cis) would depend on the chemical’s concentration in the solution (Ciw). The relationship 

between these two concentrations describes the sorption isotherm. (Schwarzenbach, Gschwend, 

and Imboden, 2005). 

The sorption capacity can be estimated by fitting experimental data to an empirical 

relationship; Freundlich isotherm (equation given below): 

𝐶𝑖𝑠 = 𝐾𝑖𝐹 . 𝐶𝑖𝑤
𝑛     (1) 

Where, Cis is the concentration of the chemical i on solid phase (mg g-1), 

 Ciw is the concentration of chemical i in the aqueous phase (mg L-1), 

KiF is the Freundlich constant (capacity factor), 

n is Freundlich exponent. 

Cis can be determined using equation 2: 

𝐶𝑖𝑠 =
(𝐶𝑜−𝐶𝑓).𝑉

𝑀
    (2) 

Where, Co is the original/initial concentration of ‘i’ in solution (mg L-1), 

 Cf is the final concentration of chemical i in the aqueous phase (mg L-1), 

V is the volume of aqueous solution (L), 

M is the mass of the sorbent material (g). 

The units of Freundlich constant depend on the value of Freundlich constant (n). When 

n=1, Cis varies linearly with Ciw (figure 2.4a), when n<1, the Cis vs Ciw graph is concave downwards 

(figure 2.4b and c) and when n>1, the graph is convex upwards (figure 2.4d). n=1 is an ideal 

condition, where the solute concentration in solution increases, sorption increases proportionally. 

In other words, if n=1, partition of the compound of interest is independent of the solution 

concentration (Desta, 2013; Komkiene and Baltrenaite, 2016). However, in case of sorbents such 

as biochar and SAP, as the concentration of solute in solution increases, Cis increases initially, 

showing sorption, and then starts to flatten out (figure 2.4b and c). This is because the binding sites 

in sorbents become saturated with increasing Ciw (Schwarzenbach et al., 2005). Figure 2.4c depicts 

an extreme case when compound concentration in solution is so high that all sorption sites are 

saturated and no further sorption occurs. 
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Figure 2.3 Cis (y axis) vs Ciw (x axis) curves showing different situations; Freundlich exponent, n=1 

(a), n<1 (b and c), n>1 (d) (adapted from Schwarzenbach et al., 2005). 

By using logarithmic values, Freundlich isotherm (equation 1) can be transformed to a 

linear form (equation 3), where the slope of the equation and antilog of the intercept term denote 

the Freundlich parameters n and KiF. The coefficient of determinantion (R2) value fairly close to 1 

exhibits a good fit. Freundlich K and n determines the curvature and steepness of the isotherm 

respectively (Low, Lee, and Liew, 2000). Goldberg et al. (2005) suggested that sorption is a 

favorable process for values of n between 0.1 to 1 (or n between 1 to 10, if 1/n is used as exponent 

which is used in many studies). Freundlich K and n are also approximate indicators of sorption 

capaity and sorption intensity respectively (Komkiene and Baltrenaite, 2016; Hamdaoui and 

Naffrechoux, 2007).  

log 𝐶𝑖𝑠 = 𝑛. 𝑙𝑜𝑔𝐶𝑖𝑤 + 𝑙𝑜𝑔𝐾𝑖𝐹  (3) 

Langmuir isotherm can be developed from the sorption data to ascertain the maximum 

sorption capacity, Cis-max. Langmuir isotherms are ideally used in situations where Cis increases 

with Ciw upto a certain point and then Cis does not change even if Ciw is increased. This is because 

all the binding sites are considered to be saturated and no more compound is sorbed (figure 2.4c). 

The langmuir model is given by equation 4 (Schwarzenbach et al., 2005). 

𝐶𝑖𝑠 =
𝐶𝑖𝑠−𝑚𝑎𝑥 .  𝐾𝑖𝐿 .  𝐶𝑖𝑤

1+ 𝐾𝑖𝐿 .  𝐶𝑖𝑤
   (4) 

Where, KiL is Langmuir constant.  

 Langmuir model can be fitted by plotting 1/Cis vs 1/Ciw. A linear regression equation 

‘y=mx+c’ can then be fitted. Upon solving for slope and intercept, Cis-max and KiL values are 

obtained (equation 5). Cis-max (mg g-1) gives the maximum sorption capacity of sorbent material. 

The coefficient of determinantion (R2) value should be fairly close to 1 for a good fit.  
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1

𝐶𝑖𝑠
= (

1

𝐶𝑖𝑠−𝑚𝑎𝑥 .𝐾𝑖𝐿
)

1

𝐶𝑖𝑤
+

1

𝐶𝑖𝑠−𝑚𝑎𝑥
 (5) 

2.8 Knowledge Gap 

Several investigations have been carried out to understand the fate and transport of heavy metals 

in soil. Studies have been performed to investigate the uptake of heavy metals by plants grown in 

contaminated soils. Studies have also been performed to understand the effect of SAP or hydrogel 

soil amendment on plant health and growth parameters. However, there is lack of knowledge 

regarding the fate of heavy metals in scenarios where untreated wastewater is used for irrigation 

in sandy soils, treated with polyacrylamide hydrogel-based amendments. To the best of the 

authors’ knowledge, uptake of metals by plants grown on such soils, irrigated with wastewater 

containing heavy metals along with many other commonly found organic contaminants (steroidal 

sex hormones, antibiotics, pharmaceuticals, plastics and surfactant), nutrients and mineral sources, 

has not been studied, and thus needs thorough investigations. Therefore, a research investigation 

was proposed to understand the role of polyacrylamide SAP amendment (alone and with plantain 

peel biochar mix) to mitigate adverse effects of heavy metals, and to understand heavy metal 

transport and translocation to plants in order to develop techniques capable of promoting safe use 

of wastewater for irrigation. 
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Connecting Text to Chapter 3 

Wastewater is used to irrigate crops in many parts of the world, and a large percentage (10% 

approx.) of irrigated surface area worldwide receives wastewater irrigation inadvertently. With a 

growing population, and consequent increase in urbanization and industrialization, more 

contaminants are being discharged into the environment which can potentially reach wastewater 

streams. These contaminants, including heavy metals can be taken up by food crops and end up in 

human food chain. Heavy metal ingestion can cause a variety of health issues in humans. It is 

known that polyacrylamide hydrogels or super absorbent polymers are used in agricultural 

applications and can also be potentially used as an adsorbent material for heavy metals. Biochar is 

also used for a variety of purposes in agriculture and it has been proven in several studies, that 

biochar can help immobilize heavy metals in soil. Plantain peel feedstock, which is considered as 

a waste-product in many parts of the world, can be converted into biochar through an inexpensive 

gasification/pyrolysis process and it can be used as a soil amendment to reduce heavy metal 

mobility. Chapter 3 provides insights into the role of polyacrylamide super absorbent polymer 

(SAP) and SAP-plantain peel biochar mix as soil amendments to reduce mobility and uptake of 

heavy metals by synthetic wastewater irrigated potato plants grown on sandy soil. 

The following manuscript (Chapter 3) has been submitted to the Transactions of the 

American Society of Agricultural and Biological Engineers (ASABE) and is currently in press. 

The chapter follows the format of the accepted manuscript, which has been co-authored by Prof. 

Shiv Prasher (academic research supervisor), Dr. Eman ElSayed (Postdoctoral Fellow at McGill 

University’s Bioresource Engineering Department at the time conducting research), Dr. 

Christopher Nzediegwu (Postdoctoral Fellow at University of Alberta’s Department of Renewable 

Resources). Mr. Ali Mawof (PhD scholar at McGill University’s Bioresource Engineering 

Department) and Dr. Ramanbhai Patel (Research Associate at McGill University’s Bioresource 

Engineering Department). Studies and references cited are presented at the end under the 

‘References’ section. 
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Chapter 3: Use of Polyacrylamide Superabsorbent Polymers and Plantain 

Peel Biochar to Reduce Heavy Metal Mobility and Uptake by Wastewater 

Irrigated Potato Plants 

3.1 Abstract 

Increase in food demand, caused by a growing population, requires an increased supply of 

freshwater for agriculture, thereby amplifying stresses on freshwater resources. Use of alternate 

sources of irrigation water, such as wastewater, could help conserve the planet’s precious resource. 

However, wastewater may contain contaminants like heavy metals (e.g., Cd, Cr, Cu, Fe, Pb and 

Zn) which could be taken up by plants and thereby enter animal and human food chains, leading 

to serious health and environmental issues. The ability of polyacrylamide super absorbent polymer 

(SAP) and a mixture of SAP and gasified plantain peel biochar (SAP+GBC) soil amendments to 

reduce heavy metal mobility in soil and deter their uptake by potato (Solanum tuberosum L.) plants 

irrigated with heavy-metal-bearing wastewater was tested. The experiment was carried out in 

lysimeters (1.0 m x 0.45 m I.D.) packed with sandy soil (1.35 Mg m-3). The SAP was incorporated 

into the soil to a depth of 0.15-0.25 m from the surface, whereas GBC was mixed into the top 0.10 

m of the soil at an application rate of 1% w/w. Potatoes were irrigated with laboratory-prepared 

synthetic wastewater as per crop water requirements. Composite soil samples were obtained for 

different depths (surface, 0.10, 0.30 and 0.60 m below the soil surface) for heavy metal analysis, 

two days after each irrigation event. Leachate from a drainage pipe was also collected for heavy 

metal analysis. Potato plants were harvested, and root, shoot, leaf, tuber flesh and tuber peel 

samples were subjected to heavy metal analysis. The samples were extracted using standard 

procedures and analyzed on ICP-OES and ICP-MS equipment. Tuber flesh and peels were also 

sampled and tested for acrylamide content using LC-MS/MS. The SAP+GBC treatment 

significantly (p ≤ 0.05) reduced Cd, Cu and Zn uptake into potato tuber flesh tissue, as well as Cd 

uptake into tuber peels. The SAP treatment was also able to significantly (p ≤ 0.05) reduce Cd 

uptake in the tuber. The SAP+GBC treatment retained significantly (p ≤ 0.05) greater Cd and Zn 

in topsoil. Acrylamide monomers were not detected in potato tuber flesh and peel samples for all 

the treatments. Therefore, SAP and GBC incorporations in soils have the potential to reduce heavy 

metal leaching and uptake by plants. 
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3.2 Introduction 

The current world population is 7.3 billion, and it is estimated to rise to 9.7 billion by the year 

2050 (UN-DESA, 2015). Consequently, food production will have to be increased to feed the 

growing population. The world’s freshwater resources are already under stress (WWF, 2016; 

Seckler et al., 1999). About 80 countries in the world are experiencing water shortages, and around 

2 billion people do not have access to clean water (Alois, 2007). Therefore, an acute fresh water 

shortage can be expected in the near future. Since the agricultural sector is the largest freshwater 

consumer (FAO, 2016; UNESCO, 2016; Koehler, 2008), use of alternate sources for irrigation 

water, such as untreated wastewater, could supplement the freshwater demand in a cost-effective 

way. Use of wastewater for irrigation has been proposed and encouraged by many researchers to 

tackle the problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 2000; 

Mohammad and Mazareh, 2003). Apart from being an inexpensive alternative for irrigation in 

many developing countries experiencing water stress (Rusan et al., 2007; Qadir et al., 2010), 

wastewater is also a source of many nutrients as well as organic matter required to maintain soil 

fertility (Weber et al., 1996). On the other hand, with increased wastewater production around the 

world due to increased industrialisation and urbanisation, its safe disposal is also a major concern. 

Discharging untreated wastewater into water bodies and then using it for irrigation, a common 

practice in developing countries, is leading to the contamination of agricultural soils (Qadir et al., 

2010). While using wastewater for irrigation serves the dual purpose of tackling the issue of its 

disposal and effectively supplying the rising water demand for food production, it can also 

contaminate agricultural soils. 

Wastewater contains many contaminants, including heavy metals and organic compounds 

(Lester, 1987; Kurniawan et al., 2006; Khan et al., 2008; Ahluwalia and Goyal, 2007), which are 

harmful to human and animal health (Qadir et al., 2007). The most common heavy metal 

contaminants are lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), 

mercury (Hg) and nickel (Ni) (Evanko and Dzombak, 1997). Unlike organic compounds, heavy 

metals are not prone to microbial or chemical degradation. Accordingly, increasing heavy metal 

contamination in soils is a serious environmental problem since soils are a major accumulator of 

heavy metals released through anthropogenic activities (Kirpichtchikova et al., 2006). Wastewater 

irrigation may not only lead to accumulation of heavy metals in soil but may also result in an 

excessive uptake of these contaminants by crops, thereby affecting food quality and human health 
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(Muchuweti et al., 2006). Food chain contamination is one of the major pathways by which heavy 

metals can enter the human body (Khan et al., 2008). Persistent intake of food contaminated with 

heavy metals may result in harmful impacts in humans, symptoms of which may only be witnessed 

after several years of exposure (Bahemuka and Mubofu, 1999; Ikeda et al., 2000). The intake of 

excessive amounts of heavy metals has been associated with weakened immune systems, growth 

retardation, upper gastrointestinal cancer, disabilities related to malnutrition and impaired psycho-

social faculties (Iyengar and Nair, 2000; Türkdoğan et al., 2003). Heavy metals are also known to 

be phytotoxic to food crops [e.g., barley (Hordeum vulgare L.), soybean (Glycine max (L.) Merr.) 

and wheat (Triticum æstivum L.)] and may lead to reduced yields if present at higher concentrations 

(Page et al., 1972; Collins et al., 1976; Haghiri, 1973). Thus, it is imperative to both reduce heavy 

metal mobility in soil arising from wastewater irrigation and their uptake by food crops by adopting 

innovative and cost-effective ecofriendly techniques. 

Superabsorbent polymers (SAPs), sometimes referred to as ‘hydrogels’, are highly 

hydrophilic networks of loosely crosslinked polymer chains, which can absorb and retain up to 

hundreds of times their own weight of water or aqueous solutions (Buchholz 1997; Skouri et al., 

1995; Zohuriaan-Mehr and Kabiri, 2008). Mostly used in hygienic products, construction, food 

and electronic industries, these polymers have recently been used in agricultural practices for better 

water management (Korpe et al., 2009). Polyacrylamide and polyacrylate based polymers are the 

most widely used types of superabsorbent polymers in agricultural applications (Bai, et al., 2010). 

Studies on toxicity of acrylate based superabsorbent polymers have found these materials to be 

safe for the environment (McGrath et al., 1993; Haselbach et al., 2000a; Haselbach et al., 2000b; 

Hamilton et al., 1995; Garay-Jimenez et al., 2008). Hydrogels possess ionic functional groups (Yi 

et al., 2008) which may allow them to trap contaminants such as heavy metals (Dhiman et al., 

2015); modified polyacrylamide-based hydrogels are also commercially used in the purification 

of wastewater and metal extraction (Wu et al., 1991; Warshawsky, 1988). Because of the high 

density of metal chelating groups present in some superabsorbent polymers, these materials are 

well suited to stabilising heavy metals in soil and reducing their bioavailability (Torres and 

Varennes, 1998; Varennes and Torres, 1999; Varennes and Queda, 2005). Superabsorbent 

polymers being hydrophilic and containing carboxylic functional groups, can bind heavy metals 

and therefore reduce the heavy metal uptake by plants (Huettermann et al., 2009).  
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Biochar is a product of pyrolysis, carbonisation and gasification of biomass 

(ANSI/ASABE, 2011). Thermal decomposition of biomass (plant or animal derived), in partial or 

total absence of oxygen, produces a carbon rich residue known as biochar (Sohi et al., 2010). 

Biochar production can also be treated as a value addition process as biomass feedstocks of little 

or no commercial value can be utilised. Biochar can be produced from residues of different crops 

such as barley (Hordeum vulgare L.) straw, rice (Oryza sativa L.) husk, cotton (Gossypium 

hirsutum L.) stalks, sugarcane (Saccharum officinarum L.) bagasse and plantain (Musa × 

paradisiaca L.) peels. Plantain is an important staple food in many tropical regions around the 

world and its peel accounts for about 40% of the fruit by weight (Tchango et al., 1999; Rubatzky 

and Yamaguchi, 1997). Plantain peel, which is otherwise considered a waste, could be used for 

sustainable biochar production. Biochar soil amendment is known to improve crop yields. Several 

studies conducted in the early 1980s and 1990s demonstrating the positive impacts of charcoal 

amendments on soils bearing different crop species have been reviewed by Glaser et al. (2001).  

Zhang et al. (2012) reported increase in rice productivity, soil pH, soil organic carbon and total N 

in soils amended with wheat straw biochar. Biochar also has the potential to increase the water 

holding capacity of sandy soils, mainly due to its macro-porous nature, which, in turn, is dependent 

on the cellular structure of the parent feedstock (Sohi et al., 2010). In addition to improving soil 

properties and increasing yield, several mechanisms could lead to the stabilisation of heavy metals 

in soils amended with biochar (Lu et al., 2012) through: (i) exchange of heavy metals with Ca, Mg 

or other cations associated with biochar, (ii) surface complexation of heavy metals in soil with 

various functional groups on biochar, and (iii) physical adsorption and surface precipitation of 

heavy metals onto various sites available on the surface of biochar. Amendment of contaminated 

soils with biochar is known to increase metal immobilisation as well as reduced plant uptake (Al-

Wabel et al., 2015; Soltanpour and Schwab, 1977; Park et al., 2011). Generally, soils are good 

accumulators of heavy metals and application of biochar in the topsoil leads to further 

immobilisation of heavy metals. Due to their high specific surface area, pore structure and presence 

of functional groups, biochars are known to be effective in the adsorption of heavy metals (Liu 

and Zhang, 2009; Park et al., 2011). In soil, adsorption of metal cations on silicate minerals (Swift 

and McLaren, 1991), Fe, Al and Mn oxides (Schwertmann and Taylor, 1989) and humic matter 

(Stevenson and Fitch, 1986) can occur via nonspecific interactions (cation exchange) or more 

specific adsorption due to surface complexation (Msaky and Cavlet, 1990). Biochars could boost 
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intrinsic sorption capacity of soils towards organic and inorganic contaminants such as heavy 

metals (Uchimiya et al., 2011), with the pH of the biochar playing an important role.  

Considering the importance of wastewater irrigation due to scarcity of freshwater 

resources, the associated risk of heavy metal uptake by plants, and the unique characteristics of 

SAP and biochar, it appears that simple, innovative and cost-effective techniques could be 

developed for safe use of wastewater in agriculture by incorporating biochar and SAP in soil. 

Therefore, this study was conducted to quantify the effect of polyacrylamide SAP and plantain 

peel biochar incorporation in soil on the mobility of commonly found heavy metals (Cd, Cr, Cu, 

Fe, Pb and Zn) in untreated wastewater and their uptake by potato plants grown on sandy soil 

irrigated with laboratory prepared synthetic wastewater. 

3.3 Methods and Materials 

3.3.1 Characterisation of SAP and Biochar  

A commercial cross-linked copolymer of potassium acrylate and acrylamide superabsorbent 

polymer, SUPER-AB-A200, was used in this study and was supplied by a Canadian environmental 

solutions company, Iramont Inc. The swelling ratio of the hydrogel was determined 

gravimetrically.  Dry SAP (0.1 g) was kept in 200 mL of double deionised water for 24 hours. The 

swollen hydrogel was then taken out of water and blotting paper was used to wipe off excess water 

before weighing it again. Swelling ratio was determined by dividing the weight of swollen gel by 

that of dry SAP. Physical and chemical properties of the SAP are given in table 3.1. The MSDS 

sheet for the product indicates the material to be non-toxic and no hazardous decomposition 

products are formed upon use (Iramont, 2016). 

Table 3.1 Physical and chemical properties of SUPERAB-A200 SAP. 

CAS # 
Appearance 

[a] 

Specific 

gravity 
[a] 

pH 
[a] 

Solubility 
[a] 

Particle size 

distribution 

(mm) [a] 

Storage 

life 

(years) [a] 

Life in 

soil 

(years) [a] 

Toxicity 
[a] 

Swelling 

Ratio 

31212

-13-2 

White 

granular 
1.2 6-7 

Insoluble 

in aqueous 

solution 

2-5: 61% 

1-2: 20% 

<1: 19% 

>7 >5 
Non-

toxic 
200 

[a] Adapted from the manufacturer’s website (Iramont, 2016). 

To add value to the waste, plantain peel biochar was produced from dried plantain peels. 

Green plantain fruit was purchased from Sami Fruits, Lasalle, QC, Canada. Fruits were peeled 

using standard kitchen knives and peels were dried in an isothermal oven for 48 hours (Lindberg 

Blue, Thermo Scientific, USA) at temperatures between 75°C and 80°C. Dried peel biomass was 
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stored at room temperature. Biochar was produced in a gasifier (built at the Macdonald Campus 

Technical Service Building of McGill University, Sainte-Anne-de-Bellevue, Quebec, Canada) 

operating in a temperature range of 450°C to 500°C over a residence time of 20-25 min. The 

biochar was thoroughly mixed and stored in sealed plastic bags. Proximate and ultimate analysis 

of the biochar was performed at the CanmetENERGY Characterisation Laboratory (ISO 

9001:2008 certified), Ottawa, ON, Canada. Hot nitric acid extraction method was used to 

determine heavy metal content in the biochar (Stephan et al., 2008). Biochar samples were also 

sent to the Materials Characterisation Laboratory at Department of Mining and Materials 

Engineering, McGill University, Montreal, Canada for Brunauer-Emmet-Teller (BET) surface 

area determination. Properties of the biochar are given in table 3.2. 

Table 3.2 Physiochemical properties of gasified plantain peel biochar. 

Parameter Observed Value (wt %) Method 

Proximate Analysis 

Moisture Content a 9.88 ASTM D7582 

Ash Content a 77.45 ASTM D7582 

Volatile Content 18.09 ISO 562 

Fixed Carbon 4.46 ASTM D7582 

Ultimate Analysis 

Carbon 18.10 ASTM D5373 

Hydrogen 0.48 ASTM D5373 

Nitrogen 0.60 ASTM D5373 

Total Sulfur <0.05 ASTM D4239 

Oxygen 3.37 By Difference 

 Specific Surface Area  

BET surface area (m2 g-1) 1.9460 
Lab 

Characterisation 

      Heavy Metal Analysis 

Heavy Metal 
Observed content  

(mg kg-1) (mean ± stdev) 

Allowable limit b 

(mg kg-1) 

Cd n.d. 1.50 

Cu 7.11 ± 0.98 100.00 

Cr 1.67 ± 0.17 90.00 

Fe 669.12 ± 86.35 n.a. 

Pb 0.04 ± 0.00 150.00 

Zn 35.65 ± 1.39 400.00 
[a] Estimated using a thermogravimetric analyzer (TGA). 
[b] Based on European Biochar Certificate (EBC) guidelines (EBC, 2012).  

Values are estimated on a dry weight basis. 

n.d.- not detected, n.a.- not available. 
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3.3.2 Experimental Setup 

The experiment was carried out in field lysimeters at Macdonald Campus of McGill University, 

Ste. Anne de Bellevue, QC, Canada. The lysimeters (0.45 m internal diameter × 1.0 m height) 

were filled with sandy soil (St. Amable complex) up to a height of 0.05 m from the top edge (figure 

3.1). Physical and chemical properties of the soil used are given in table 3.3.  A perforated pipe 

was installed at the bottom of each lysimeter for leachate collection (i.e., 0.95 m depth of soil).  At 

each of three different depths viz. 0.10, 0.30 and 0.60 m from the soil surface, four equidistant 

holes (10 mm dia.) were drilled radially through the lysimeter wall for soil sample collection.  

 
Figure 3.1 Schematic diagram of a lysimeter. 

Three treatments (SAP, SAP+GBC and a non-amended control), replicated thrice, were 

randomly allocated to nine lysimeters. For the SAP treatment, SAP was mixed into the soil layer 

spanning 0.15 m to 0.25 m below the soil surface, at a rate of SAP:soil of 1% (w/w). In the 

SAP+GBC treatment, beyond the SAP application detailed above, biochar was mixed into the top 

0.10 m of soil [biochar:soil 1% (w/w)]. The SAP was incorporated below the soil surface to prevent 

its photo-degradation. The lysimeter wall was tapped with a rubber mallet to prevent the formation 

of preferential flow paths along the lysimeter wall. A waterproof tent was set up above the 

lysimeters to prevent rainwater entry, allowing only a known volume of irrigation water to be used 

on a predetermined schedule. All lysimeters were brought to field capacity two days before 
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planting. Russet Burbank potato tubers were obtained from Global Agri. Services Inc. (New 

Brunswick, Canada). A single tuber was planted in the center of each lysimeter at a depth of 0.10 

m, with sprouts facing upward (Thompson-Morgan, 2015). Every alternate day 540 mL tap water 

was applied (1.70 mm day-1) to establish plants before irrigating with wastewater started.  

Table 3.3 Physical and chemical properties of lysimeter soil. 

Type a Sandy 

Sand (%) a 92.20 

Silt (%) a 4.30 

pH a 5.50 

Dry Bulk density (Mg m-3) a 1.35 

Organic matter (%) a 2.40±0.15 

Saturated Hydraulic conductivity (m day-1) a 1.67±0.45 

Zero point of charge (ZPC) a 3.40 

N (mg kg-1) b 4.57±0.46 

P (mg kg-1) b 215.30±40.43 

K (mg kg-1) b 107.33±13.13 

Ca (mg kg-1) b 912.44±79.70 

Mg (mg kg-1) b 103.27±7.29 

Al (mg kg-1) b 1164.14±12.40 
a Adapted from a previous study conducted with soil from same source 

(ElSayed et al., 2013). 
b NO3-N was determined using KCl method (Carter and Gregorich, 2008), 

while P, K, Ca, Mg, and Al were determined using Mehlich III extraction 

procedure (Mehlich, 1984). 

A post-planting pre-emergence spray of the broadleaf and grass weed herbicide, SENCOR 

480F (Bayer CropScience, ai: metribuzin, 480 g L-1), was applied at the recommended rate (850 

mL mixed in 100L ha-1) for weed control in lysimeters (Hutchison, 2012). The soil was analyzed 

for available nutrients using Mehlich III method (table 3.3). Fertilisers were applied at the locally 

recommended rate of 314 kg N ha-1 and 280 kg K ha-1; in each lysimeter, 7.4 g Muriate of potash 

(0-0-60) was applied at the surface in a single application on the day of planting, while 23.8 g of 

ammonium sulphate (21-0-0) was applied in three splits (2:1:1), on the day of planting, the 33rd 

day after planting and the 43rd day after planting, respectively. 

3.3.3 Preparation of Synthetic Wastewater 

To maintain the desired concentration of heavy metals in wastewater, synthetic wastewater was 

used to irrigate the potato plants. The recipe used to prepare the wastewater is given in table 3.4; 

to simulate a worst-case scenario, the highest concentrations in wastewater reported in the 

literature were used (Nopens et al., 2001; Aboulhassan et al., 2006; Li et al., 2008; Huang et al., 
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2009; Ahmed et al., 2011; Sim et al., 2011; Singh et al., 2014). All the analytical chemicals and 

standards for preparation of synthetic wastewater were procured from Sigma-Aldrich (St. Louis, 

MO, USA) and Fisher Scientific (Waltham, MA, USA). Tap water used for preparing the irrigation 

cocktail was stored in a container for one day prior to its use to remove possible chlorine content. 

The solutions of all ingredients (prepared in the laboratory) were thoroughly mixed in the required 

proportions, using a 200 L container to reach a final volume of 120 L of synthetic wastewater. 

Table 3.4 Recipe for the preparation of synthetic wastewater for irrigation. 

Ingredient Category Concentration (mg L-1) Reference 

Basic Wastewater Constituents 

Ammonium Chloride 

Nitrogen Source 

12.75 
Nopens et al. 

(2001) 
Peptone 17.41 

Urea 91.74 

Sodium Acetate 

Carbon Source 

79.37 

Nopens et al. 

(2001) 

Milk Powder 116.19 

Soy Oil 29.02 

Starch 122 

Yeast Extract 52.24 

Magnesium Phosphate Phosphorus 

Source 

29.02 Nopens et al. 

(2001) Potassium Phosphate 23.4 

Calcium Chloride 

Minerals 

60 
Nopens et al. 

(2001) 
Magnesium Chloride 40 

Sodium Bicarbonate 100 

Wastewater Contaminants 

Cr 

Heavy Metals 

2 

Ahmad et al. 

(2011) 

Cd 5 

Pb 16 

Fe 120 

Zn 3 

Cu 8 

Estrone 
Female Steroidal 

Sex Hormones 

0.05 (8.15 x 10-3) a 
Sim et al. (2011) 

17β-Estradiol 0.02 (0.634 x 10-3) a 

Progesterone 0.02 (0.90 x 10-3) a Huang et al. (2009) 

Oxytetracycline 
Pharmaceuticals 

19.5 Li et al. (2008) 

Ibuprofen 0.0264 Singh et al. (2014) 

Alkylphenyl 

polyethoxylate as Triton 

X-100 

Surfactant 0.03 
Aboulhassan et al. 

(2006) 

BPA 

Bisphenols 

0.05 
Based on LOD of 

instrument 
BPF 0.05 

BPS 0.05 
a Values in parentheses are the reported values whereas amount used in wastewater recipe. 

depends on limit of detection (LOD) of the instrument 
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3.3.4 Irrigation Scheduling 

The first wastewater irrigation was applied after the emergence of potatoes, on the 33rd day after 

planting. Subsequent irrigations were applied at ten-day intervals. Based on the potato crop water 

requirement of 635 mm (FAO, 2015; King and Stark, 2008), the amount of water provided to the 

plants before the start of wastewater irrigation (1.70 mm day-1 for 32 days) and lysimeter surface 

area (0.16 m2), wastewater application rate for each of the eight irrigation events was calculated to 

be 11.5 L per lysimeter. 

3.3.5 Soil and Leachate Sampling 

Soil samples were collected through sampling ports two days after irrigation; two days were 

allowed for the soil to reach field capacity (θfc) and establish equilibrium between contaminants 

and amended soils. A composite soil sample was prepared for each depth of each lysimeter by 

taking equal amounts of soil from the four equidistant holes at the given depth. For surface soil 

sampling, soil samples were collected randomly from four locations at the soil surface. Samples 

were sealed in plastic bags, labelled and stored securely in a freezer (-20°C) until further analysis. 

During irrigation events, leachate was collected in a 1L amber colored glass bottles, attached to 

the outlet of drainage pipe of each lysimeter. Once the bottle was filled, it was replaced with 

another bottle; leachate was collected until flow stopped. The total volume of leachate from each 

lysimeter was measured, thoroughly mixed, and a 2 L subsample was collected. The samples were 

transported to the laboratory and extracted immediately for heavy metal analysis. 

3.3.6 pH Measurement 

Surface soil samples were collected from each lysimeter two days after the sixth irrigation for pH 

measurements. The pH of the soil samples was estimated as per guidelines outlined by Rayment 

and Higginson (1992), using an electrode pH meter (Accumet pH meter model AB15, Fisher 

Scientific, USA). For pH measurement of biochar, 1:30 w/v biochar:water solution was shaken for 

four hours on a vibratory shaker (Innova 2100 Platform Shaker, Eppendorf/New Brunswick 

Scientific Inc., NJ, USA), and pH of the supernatant was measured following the guidelines 

outlined by Zhang et al. (2015). 

3.3.7 Heavy Metal Extraction and Quantification for Soil and Leachate Samples 

Soil samples were extracted for heavy metals based on the method outlined by Stephan et al. 

(2008). Air-dried soil samples (0.16 g) were mixed with 2 mL trace metal grade nitric acid in 15 

mL glass tubes and kept undisturbed for 24 h under a fume hood. Samples were then digested in a 
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block digester (Isotemp Dry Bath Incubator, Fisher Scientific, USA) at 120°C for 5 hours. Extracts 

were then diluted using double deionised water to make a 50 mL volume and were then quantified 

using inductively coupled plasma optical emission spectrometry (ICP-OES) equipment (Vista-

MPX CCD Simultaneous, Varian, CA, USA). Leachate samples were analyzed using the method 

outlined by Jung (2001). A volume of 200 mL of collected leachate sample was filtered through a 

90 mm dia. (0.75 µm pore size) glass filter paper followed by a 47 mm dia. (0.45 µm pore size) 

glass filter paper via vacuum filtration. The apparatus was rinsed with deionised water after every 

filtration to prevent cross contamination. Concentrated nitric acid (trace metal grade) was added 

to the filtrate (1% v/v). About 40 mL of each of the filtered samples were stored in the refrigerator 

(4°C) in 50 mL plastic tubes for further analysis on ICP-OES equipment. 

3.3.8 Heavy Metal and Acrylamide Extraction and Quantification for Plant Tissue Samples 

The crop was harvested at maturity (117 days after planting). Aboveground biomass was cut with 

a standard steel knife. Roots and tubers were carefully harvested from the soil using a hand trowel. 

Potato tubers were washed with deionised water to remove soil and were peeled with a standard 

steel kitchen knife. Peel and flesh of the tubers were sampled separately for heavy metal analysis. 

Plant root, stem and leaves were sampled separately. Samples were cut in lengths of about 0.01 m 

using a knife and a chopping board. Sampling was performed on the day of harvest. Sampled plant 

parts were oven-dried at a temperature of 60°C for 48 hrs. The dried samples were then crushed 

with mortar and pestle and then ground with a coffee grinder. Care was taken to wash the 

equipment used between samples to prevent cross contamination. Samples were then digested 

using an acid block digestion method (Stephan et al., 2008). Quantification of the samples was 

carried out using inductively coupled plasma mass spectrometry (ICP-MS) equipment (ICP820-

MS Varian, CA, USA) in the Bioresource Engineering laboratory, Macdonald Campus of McGill 

University, Canada. 

Acrylamide content determination in plant tissue was only performed for the edible parts 

of the plant. Fresh potato tuber flesh and peel samples were cut, put in 50 mL Falcon tubes and 

immediately frozen using liquid nitrogen. Frozen samples were then stored in a -80°C freezer, then 

dried using a freeze dryer (BETA 2-8 LSC Plus, Christ, Germany) for 48 h.  Freeze dried samples 

were then ground to powder using mortar and pestle. Samples were extracted for acrylamide 

determination using the method outlined by the U.S. Food and Drug Administration (2003) and 

were quantified at the Centre Régional de Spectrométrie de Masse laboratory, Université de 
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Montréal, Canada; a quantum triple quadrupole liquid chromatography–mass spectrometry (LC-

MS; Thermo Fisher Scientific) system equipped with a YMC-Pack ODS-A column (100 × 4.6 

mm, 3 µm, Waters) was used for the analysis. 

3.3.9 Data Analysis 

Data for heavy metal concentrations in soil were analyzed using a repeated measures (in time and 

space) statistical model to determine if the concentrations differed between treatments across time 

and varying depths. A one-way analysis of variance procedure was employed to test differences 

between mean heavy metal concentrations in different potato plant parts.  Statistical tests were 

performed using JMP 13 (2017) statistical analysis and graphing software by SAS (JMP, SAS 

Institute Inc., Cary, NC). 

3.4 Results 

3.4.1 pH and Acrylamide Content 

Measured values of pH of surface soil samples collected two days after the sixth irrigation showed 

no significant differences in pH between SAP and control treatments (table 3.5); however, pH was 

significantly higher under the SAP+GBC treatment than the control (p ≤ 0.05). This can be 

attributed to the alkalinity of the biochar (biochar pH = 10.27 ± 0.06) used in the study. Biochars 

are generally alkaline in nature and their pH depends on the feedstock (Gaskin et al., 2008). Ash 

in biochar is mainly composed of inorganic minerals (Uchimiya et al., 2010; Mohan et al., 2014) 

and hydrolysis of salts of these minerals leads to an increase in pH of the soil (Tryon 1948; Gaskin 

et al., 2008). Similar results were reported by Uchimiya et al. (2010), where, an increase in soil 

pH was observed after loading the soil with biochar produced from broiler litter manure. 

Acrylamide monomers were not detected in potato tuber flesh or peel samples for SAP and 

SAP+GBC treatments. The finding was similar to that of Suresh et al. (2018), who did not find 

acrylamide monomers in cherry tomatoes grown in soil amended with polyacrylamide 

superabsorbent polymer (0.1% and 0.5% w/w).  

Table 3.5 pH values of the soil samples taken two days after sixth irrigation event for all treatments. 

Treatment pH 

SAP 5.07 ± 0.29 ab 

SAP+GBC 5.43 ± 0.21 a 

Control 4.93 ± 0.38 b 

Soil without amendment with fresh water application 5.40 ± 0.10 ab 

Values with different letters down the column are significantly different from 

each other (α=0.05). 
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3.4.2 Heavy Metals in Soil 

3.4.2.1 Cadmium 

For the three treatments, the concentration of Cd ([Cd]) gradually increased with each additional 

irrigation event, while across all irrigation events the [Cd] was significantly (p ≤ 0.05) greater in 

the SAP+GBC treatment than either the SAP or control treatments (figure 3.2). In all the 

treatments, [Cd] in the soil prior to the first wastewater irrigation was below the limit of detection 

(LOD) of 15.6 mg kg-1. For the control, the mean [Cd] increased to 42.0, 49.1, 54.7, 71.9 and 65.1 

mg kg-1 after the second, third, fourth, fifth and eighth irrigation, respectively; indicating that the 

sandy soil used in the experiment could hold roughly 65 mg kg-1 of Cd, when present with other 

heavy metals and contaminants at varying concentrations. This concurs with the findings of Elliott 

et al. (1986) who found maximum Cd sorption (competitive sorption: Cd, Cu, Pb and Zn; pH 6.0-

6.5) in soils low in organic matter, ranging from about 56.20 to 67.44 mg kg-1. Thus, further 

loading the soil with Cd through wastewater application would result in leaching of Cd to a deeper 

soil profile. For SAP, the mean [Cd] showed an increasing but non-significant (p > 0.05) trend, 

rising to 40.5, 46.4, 60.9, 60.0 and 52.0 mg kg-1, respectively, after the same sequence of 

irrigations.  

 

Figure 3.2 Mean concentrations of cadmium in surface soil samples after successive irrigations. 

Overall there were no significant differences (p > 0.05) between the [Cd] in control and SAP 

treatments for all irrigation events.  For both SAP and control treatments, cadmium was not 
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detected immediately after the first irrigation. Based on Cd loading through irrigation and soil’s 

Cd holding properties, theoretically, the depth of travel of the heavy metal after first irrigation 

would be around 4 mm for SAP and control treatments. In surface irrigation, a large quantity of 

water floods the surface in a short time. Therefore, water would move instantly to some depth 

beyond 4 mm, and heavy metals might not be adsorbed to the soil up to its holding capacity, 

resulting in a distribution of the heavy metal below its detection limit in topsoil after the first 

irrigation. The same effect was not seen for the SAP+GBC treatment, as biochar present in the 

topsoil would have held the heavy metal with a greater affinity, compared to the other two 

treatments. 

The mean [Cd] in surface soil samples from the SAP+GBC treatment after the same sequence 

of irrigation events were 22.9, 55.8, 89.5, 115.9, 133.3, and 124.7 mg kg-1 respectively, indicating 

a gradual but significant (p ≤ 0.05) increase in [Cd] with the application of wastewater irrigation. 

However, after the eighth irrigation there was a non-significant decrease in [Cd] compared to that 

after the fifth irrigation (p > 0.05). A similar but non-significant trend was also observed for the 

control and SAP treatments. Heavy metal concentrations after the second irrigation were 

significantly less than after the fifth and eighth irrigation (p ≤ 0.05), showing a significant 

accumulation of the heavy metal with subsequent irrigations. From figure 3.2 it is evident that soil 

from the SAP+GBC treatment may hold up to about 125 mg Cd kg-1. The heavy metal was not 

detected at deeper soil depths or in the leachate (LOD = 50 ppb). 

3.4.2.2 Chromium 

The concentration of Cr ([Cr]) increased with each irrigation event in all treatments, indicating its 

accumulation over time; however, it was not detected in background soil samples taken before the 

first wastewater irrigation (LOD = 15.6 mg kg-1) (figure 3.3). Mean [Cr] in surface soil samples 

over the same sequence of irrigation events as for Cd, were 35.7, 51.1, 60.7, 78.5 and 81.9 mg 

kg-1, respectively. The [Cr] after the fifth and eighth irrigations were significantly greater than 

those after the second irrigation (p ≤ 0.05). However, [Cr] was not significantly different amongst 

treatments (p > 0.05). This suggests that the soil used in this study could hold Cr up to 

approximately 80 mg kg-1. This is in accordance with the findings of Mapanda et al. (2005) who 

observed [Cr] in topsoil (87% sand, 1% organic matter and pH: 5.4 – 7.0) of a vegetable production 

site in Crowborough (Zimbabwe) receiving treated effluent from a sewage treatment plant as 

irrigation water since 1975, to range between 48 – 100 mg kg-1. 
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Figure 3.3 Mean concentrations of chromium in surface soil samples after successive irrigations. 

Although chromium was added through wastewater irrigation, after the first irrigation 

event it was not detected in surface soil samples of any of the treatments. Theoretically, based on 

soil properties, Cr loading and lysimeter dimensions, Cr would move up to a depth of about 1.3 

mm after the first irrigation, though in practice this depth would exceed 1.3 mm under surface 

irrigation. Moreover, the surface soil samples were collected from the top 10 mm in depth, which 

would mix soil from the depth where Cr had not yet reached, or which had very low [Cr], lowering 

the heavy metal concentration below its detection limit. This could explain why Cr was not 

detected at the soil surface after the first irrigation for any treatment. Moreover, there was no effect 

of either SAP or SAP+GBC amendment on the concentration of Cr in the topsoil layer. For all 

individual events, surface soil Cr concentrations for both amendment treatments were not 

significantly different (p > 0.05) from those of the control. However, numerically, compared to the 

other two treatments, [Cr] values were consistently higher in the SAP+GBC treatment after the 

fourth (65.7 mg kg-1), fifth (78.7 mg kg-1) and eighth (101.2 mg kg-1) irrigation events. These 

higher [Cr] could be indicative of the presence of biochar in the topsoil.  At no time was Cr detected 

at other soil depths or in the leachate (LOD = 50 ppb), indicating the soil’s high affinity for Cr. 

3.4.2.3 Copper 

Copper was not detected in background soil samples (LOD = 15.6 mg kg-1). Copper concentrations 

([Cu]) in surface soils after the first irrigation event were significantly higher (p ≤ 0.05) under the 

SAP+GBC treatment (44.9 mg kg-1) than under the SAP treatment (27.3 mg kg-1) (figure 3.4). This 

could be attributed to the presence of biochar in topsoil. In the control, the [Cu] after the second, 
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third, fourth, fifth and eighth irrigation events were 127.2, 152.8, 186.0, 231.7 and 331.9 mg kg-1, 

respectively. The [Cu] in SAP and SAP+GBC treatments were not significantly different (p > 0.05) 

from those of the control from the second irrigation onwards, though, numerically, [Cu] was 

greater under the SAP+GBC treatment than the SAP or control treatments after the third (179.4 

mg kg-1), fourth (209.9 mg kg-1), fifth (271.2 mg kg-1) and eighth (341.4 mg kg-1) irrigations, 

possibly due to the presence of biochar in topsoil. Overall, treatments did not have a significant 

effect on [Cu] in topsoil of the lysimeters; however, the increase in [Cu] with irrigation in all the 

treatments was significant (p<0.05; figure 3.4). For all treatments, copper was found only in the 

surface soil, and not at subsequent soil depths or in the leachate (LOD = 50 ppb). 

 
Figure 3.4 Mean concentrations of copper in surface soil samples after successive irrigations. 

3.4.2.4 Iron 

A plot of mean Fe concentrations ([Fe]) in surface, 0.10 m and 0.30 m depth soil samples (figure 

3.5), shows that for all the treatments the background [Fe] in surface and 0.10 m depth samples 

was slightly higher than that after the first irrigation. This could possibly be the result of 

redistribution of Fe due to the disturbance caused while mixing of amendments and planting potato 

tubers. The [Fe] in surface soil between the first and eighth irrigation event ranged from 7785 to 

12020 mg kg-1, 7998 to 11369 mg kg-1 and 7589 to 12567 mg kg-1 in the control, SAP and 

SAP+GBC treatments, respectively. There was no significant effect of the SAP+GBC treatment 

on [Fe] when compared to the control, indicating that biochar addition in the surface soil did not 

increase the soil’s sorption capacity for Fe. As expected, we observed no effect of the SAP 

treatment on [Fe] in surface soil as SAP was applied at 0.15 – 0.25 m below the surface.  
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Figure 3.5 Mean concentrations of iron in soil samples from the surface, 0.10 and 0.30 m 

depths after successive irrigations. 
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There was a significant increase in [Fe] with application of successive irrigations in all the 

three treatments (p ≤ 0.05) as Fe was added through wastewater application (figure 3.5). Across 

irrigation events, the concentration at a depth of 0.10 m was significantly lower than that at the 

surface (p ≤ 0.05). This was expected as the surface soil would have adsorbed Fe, but some amount 

would have leached up to 0.10 m in depth as well. At a depth of 0.10 m, the [Fe] ranged from 

6628.6 to 8583.5 mg kg-1, 6310.8 to 7755.9 mg kg-1 and 6479.2 to 7985.9 mg kg-1 in the control, 

SAP and SAP+GBC treatments, respectively.  

The [Fe] after the third, fourth, fifth and eighth irrigation events were significantly greater 

than they were after first and second irrigations (p ≤ 0.05).  The increase in [Fe] with the 

application of wastewater was also observed at a depth of 0.10 m, similar to the trend observed at 

the soil surface. At a depth of 0.30 m, there were no significant differences in [Fe] amongst 

treatments. Although, [Fe] at a depth of 0.30 m was significantly greater than at a depth of 0.10 m 

(p ≤ 0.05), it did not increase over time (figure 3.5). This indicates that a minimal amount of Fe 

leaching from the surface and the first depth would have reached a depth of 0.30 m in the soil. 

Despite Fe being mobile in the liquid phase, it was not detected below 0.30 m depth and, in the 

leachate, (LOD= 50 ppb) collected from the drainage pipe at the bottom of the lysimeter. This 

observation corroborates the inference that Fe from wastewater would not have leached below 

0.30 m in depth.  As the SAP was applied at a depth of 0.15-0.25 m, its impact, if any, on sorption 

of Fe, would be reflected in the [Fe] under the SAP treatment being significantly different than 

that in the remaining treatments. However, no such differences were recorded; therefore, it is likely 

that application of SAP at a depth of 0.15-0.25 m might not have affected the mobility of Fe in 

soil. 

3.4.2.5 Lead 

Lead was neither detected at a depth of 0.30 m or in leachate throughout the experiment (LOD=50 

ppb), nor in background soil samples from either the surface or at a depth of 0.10 m. Under the 

control treatment, the lead concentration [Pb] increased from 82.0 mg kg-1 after the first irrigation 

event to 572.5 mg kg-1 after the eighth irrigation event (figure 3.6). The corresponding changes in 

[Pb] under the SAP and SAP+GBC treatments were 111.0 to 477.1 mg kg-1 and 150.9 to 695.6 mg 

kg-1, respectively. Clearly, in all cases there was a significant buildup of Pb over time (p ≤ 0.05). 

At a depth of 0.10 m Pb was detected after the start of wastewater irrigations; however, the 

concentrations were within 60.6 mg kg-1 for all the treatments. Irrigation with contaminated water 
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apparently led to trace amount of Pb reaching a depth of 0.10 m; however, the quantity was 

significantly lower than that accumulated at the surface (p ≤ 0.05). There was no significant effect 

of either of the treatments on the concentrations at either depth. 

 

 

Figure 3. 6 Mean concentrations of lead in surface and 0.10 m depth soil samples after successive 

irrigations. 

3.4.2.6 Zinc 

The background level of Zn in the surface soil of non-amended control was relatively low (28.1 

mg kg-1). As in the control, Zn was not detected after the first irrigation (figure 3.7), it appears that 

the heavy metal was redistributed in the soil profile due to mixing in of the amendments or/and 

planting of the tubers. Under the SAP treatment also, the background Zn concentration ([Zn]) was 

relatively low (23.5 mg kg-1), but gradually increased after subsequent irrigations, reaching 54.1 
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and 50.0 mg kg-1 in control and SAP treatments respectively, after the eighth irrigation event. No 

background Zn was detected in the soil for SAP+GBC treatment. A gradual increase in [Zn] with 

subsequent irrigations was also observed for the SAP+GBC treatment: the [Zn] increased from 

40.2 mg kg-1 after the first irrigation event to 100.9 mg kg-1 after the eighth irrigation event (figure 

3.7). There was a significant Zn buildup due to irrigation over time (p ≤ 0.05) in this treatment as 

well. There were no differences between [Zn] in soils from control and SAP treatments. However, 

the [Zn] in surface soil from the SAP+GBC treatment was significantly higher than that of the 

control and SAP treatments, throughout the experiment (p ≤ 0.05; figure 3.7). 

 

 
Figure 3.7 Mean concentrations of zinc in surface and 0.10 m depth soil samples after successive 

irrigations (Zn was not detected for first three irrigation events at 0.10 m depth below the surface). 
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At a depth of 0.10 m, Zn was neither detected in background soil samples, nor in the 

samples collected after the first, second and third irrigations.  However, after the fourth, fifth and 

eighth irrigation events, Zn was detected at low concentrations (19.3 to 26.1 mg kg-1) in all 

treatments; there were no significant differences (p > 0.05) among the treatments. This indicates 

that Zn would move slowly downward in soil, reaching a depth of about 0.10 m. The lack of 

increase in [Zn] after either the fifth or eighth irrigation events, as compared to after the fourth 

irrigation event indicates that Zn would have moved to a limited depth beyond 0.10 m. 

Nevertheless, the [Zn] at a depth of 0.10 m were significantly lower than those at the surface for 

all treatments (p ≤ 0.05). Zn was not detected in leachate for any irrigation event (LOD = 50 ppb). 

3.4.3 Heavy Metals in Plant Tissue 

Table 3.6 provides the concentrations of different heavy metals in potato plant root, tuber flesh, 

tuber peels, shoots and leaves. Concentrations of all the heavy metals were significantly higher in 

roots than in tuber peel, tuber flesh, shoot or leaves (p ≤ 0.05). The concentrations of heavy metals 

in peel were significantly greater than in the tuber flesh (p ≤ 0.05).  Root, peel, flesh and leaf 

samples from plants grown on SAP+GBC amended soils had significantly lower [Cd] compared 

to matching samples collected from the non-amended control soil.  

The SAP treatment significantly reduced Cd uptake in potato flesh, peel and leaf samples 

as compared to control (p ≤ 0.05). The [Cd] concentration in potato flesh from the SAP+GBC 

treatment was 0.58 mg kg-1, which was relatively closer to the permissible limit of 0.1 mg kg-1 

defined by the CODEX standard for contaminants and toxins in food (CODEX STAN 193-1995), 

as compared to the other treatments. However, the concentration in potato flesh from the non-

amended control was 2.89 mg kg-1, which is significantly higher than that of either SAP+GBC or 

SAP treatments (p ≤ 0.05). It may be noted that [Cd] was quite high (5 mg L-1) in the synthetic 

wastewater. The [Cd] in potato peels from the SAP+GBC treatment was 3.42 mg kg-1, some 17-

fold lower than that measured in the control (59.53 mg kg-1). The [Cd] in leaves and shoots of 

plants grown under the SAP+GBC treatment were the lowest among all treatments, indicating that 

the SAP+GBC treatment could reduce uptake of Cd by potatoes. 
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Table 3.6 Heavy metal uptake in different parts of potato plants in different treatments. 

Heavy 

Metal 
Treatment 

Concentration in different plant parts (mg kg-1) 

Root Flesh Peel Shoot Leaf 

Cd 

SAP+GBC 61.73 ± 11.54b 0.58 ± 0.06b 3.42 ± 0.84b 10.89 ± 1.57a 2.75 ± 0.10c 

SAP 167.11 ± 23.42a 1.35 ± 0.50b 13.29 ± 8.59b 16.84 ± 2.2a 4.39 ± 0.40b 

CONTROL 225.68 ± 31.25a 2.89 ± 0.40a 59.53 ± 7.24a 16.18 ± 3.61a 6.28 ± 0.57a 

Cr 

SAP+GBC 11.20 ± 1.83a 0.10 ± 0.02a 1.76 ± 0.30a 1.42 ± 0.33a 1.32 ± 0.23a 

SAP 4.43 ± 0.20b 0.06 ± 0.02a 1.61 ± 0.51a 1.37 ± 0.29a 1.42 ± 0.16a 

CONTROL 8.31 ± 2.44ab 0.06 ± 0.05a 1.92 ± 0.31a 1.73 ± 0.69a 1.98 ± 0.46a 

Cu 

SAP+GBC 65.59 ± 13.27a 4.73 ± 0.68b 16.06 ± 2.06b 4.81 ± 0.89b 7.30 ± 0.96b 

SAP 24.74 ± 5.18a 7.34 ± 1.61ab 17.60 ± 3.98b 4.78 ± 1.41b 9.56 ± 1.74ab 

CONTROL 56.65 ± 19.40a 9.76 ± 1.18a 32.09 ± 1.08a 9.66 ± 0.06a 13.86 ± 0.98a 

Fe 

SAP+GBC 1014.16 ± 124.88a 16.10 ± 0.99a 253.73 ± 50.26a 90.24 ± 19.16a 332.35 ± 24.81a 

SAP 1088.26 ± 110.45a 19.82 ± 2.73a 307.69 ± 71.19a 84.62 ± 12.71a 350.63 ± 43.03a 

CONTROL 1431.67 ± 176.43a 20.62 ± 1.71a 381.68 ± 41.83a 93.89 ± 32.24a 389.91 ± 35.30a 

Pb 

SAP+GBC 91.83 ± 17.65a 0.03 ± 0.01a 6.58 ± 2.00a 8.30 ± 2.41a 4.22 ± 1.25a 

SAP 34.12 ± 4.96b 0.03 ± 0.04a 8.75 ± 4.19a 7.07 ± 2.52a 4.85 ± 1.39a 

CONTROL 70.77 ± 20.98ab 0.05 ± 0.02a 17.66 ± 4.81a 9.69 ± 4.14a 3.34 ± 0.51a 

Zn 

SAP+GBC 67.83 ± 10.57b 18.12 ± 0.96b 34.92 ± 3.07a 52.72 ± 8.51a 17.86 ± 1.49a 

SAP 288.92 ± 27.00a 22.46 ± 2.55ab 116.24 ± 43.51a 71.09 ± 8.89a 17.35 ± 0.31a 

CONTROL 379.79 ± 101.27a 25.26 ± 2.19a 117.19 ± 8.52a 102.00 ± 22.77a 19.34 ± 0.49a 

Different superscript letters for each heavy metal and plant part indicate significant differences amongst 

treatments (α=0.05). 

It appears that, compared to the control, neither SAP nor SAP+GBC had any positive 

impact on reducing Cr, Fe or Pb uptake by any portion of the potato plant. While the quantity of 

Cr in potato flesh samples for all treatments was within the maximum permissible limit of 0.5 mg 

kg-1 (NHFPC, 2012), peel samples contained Cr in amounts exceeding this limit. This could be 

attributed to the high levels of the heavy metal present in the wastewater (2 mg L-1). In the case of 

Fe, numerically, the concentrations were lowest in all the plant parts sampled from the SAP+GBC 

treatment, except shoots (non-edible part). Iron, a micronutrient, can be found in concentrations 

ranging from 9.8 to 29.1 mg kg-1 in conventionally grown Canadian potato tubers (Warman and 

Havard, 1998). Concentrations of Fe in tuber flesh samples were within this range for all the 

treatments. While the [Pb] in potato tuber flesh was also within the maximum permissible limit of 

0.1 mg kg-1 (peeled potatoes) (CODEX STAN 193-1995), the [Pb] in potato peels was above the 
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specified limit of 0.2 mg kg-1 (NHFPC, 2012). This may be attributed to its higher concentration 

(16 mg L-1) in synthetic wastewater.  

The SAP+GBC treatment significantly reduced Cu uptake by tuber flesh, peel, leaf and 

shoots as compared to the non-amended control (p ≤ 0.05), whereas the SAP treatment resulted in 

a significant reduction of Cu uptake by peel and plant shoots as compared to the control (p ≤ 0.05). 

Although not significantly different, the [Cu] in flesh and plant leaf samples from the SAP 

treatment were numerically lower than those of the control; more experiments are needed to draw 

inferences on the effect of SAP on Cu uptake by potato plants. The [Cu] in sampled plant parts 

from SAP and SAP+GBC treatments were not significantly different from one other (p > 0.05). In 

the case of surface soil samples, no significant difference of treatments was found in terms of Cu 

retention for either treatment. Biochar did not have any effect on retaining Cu at the soil surface 

soil (figure 3.4), while the effect of SAP could not be seen by analyzing surface soil samples as it 

was added 0.15 – 0.25 m below the surface. This indicates an effect of SAP alone in reducing Cu 

uptake by potato plants, as SAP was applied at a depth accessed by roots. Thus, both SAP and 

SAP+GBC were effective in reducing Cu uptake by potatoes. As a micronutrient, [Cu] in potato 

tubers can vary from 2.0 to 6.4 mg kg-1 in conventionally grown Canadian potato tubers (Warman 

and Havard, 1998). The mean [Cu] in tuber flesh grown in SAP+GBC amended soils (4.73 mg 

kg-1) was within this range, whereas the [Cu] in tubers from the SAP (7.34 mg kg-1) and control 

(9.76 mg kg-1) treatments were higher than this range. Comparing the effect of soil type on the 

uptake of Cu by potatoes, Moore et al. (2013) found that Cu uptake by plants grown in sandy soil 

was greater than in those grown on a silt loam soil. Our results showed a relatively high uptake of 

Cu, which could be due to the sandy soil filling the lysimeters. Sandy soils are suspected of not 

binding Cu strongly and better promoting its translocation to plants when compared to silty or clay 

soils. 

The SAP+GBC treatment significantly reduced Zn uptake by tuber flesh and plant roots as 

compared to the control (p ≤ 0.05), although the effect was not evident in tuber peel, shoot or 

leaves. However, it may be noted that the [Zn] in tuber peel, shoot and leaves grown under the 

SAP+GBC treatment was numerically less than that of potatoes grown in non-amended soil. Under 

the SAP amended treatment, the [Zn] in all parts of the plant was less than that under the control 

treatment; however, the difference was not significant (p > 0.05). Zn is a micronutrient present in 
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potato tubers in amounts ranging from 0.6 to 17.3 mg kg-1 (Warman and Havard, 1998). The [Zn] 

in the flesh of tubers grown on SAP+GBC amended soil (18.1 mg kg-1) was comparable to this 

range. However, [Zn] in tubers grown in the control (25.3 mg kg-1) and SAP amended soils tubers 

(22.5 mg kg-1) were on the higher side.  

3.5 Discussion 

A general trend of accumulation in the topsoil with subsequent wastewater irrigations was 

observed for all heavy metals tested. Since heavy metals are both non-biodegradable and non-

thermo-degradable, they are persistent in nature and tend to accumulate to toxic levels in soils 

(Bohn et al., 1985; Sharma et al., 2007). The levels of Cd, Cr and Cu were quantified in the topsoil 

layer across irrigation events. However, these metals were not detected in soil samples from a 

depth of 0.10 m, indicating their complete sorption in the topsoil layer for all treatments including 

the control. However, Fe, Pb and Zn were found in both surface soils and at a depth of 0.10 m. 

Presence of more than one heavy metal cation in a soil water system results in their competitive 

sorption (onto soil or any other sorbent material), favoring certain cations over others (Echeverria 

et al., 1998; Elliot et al., 1986; Gomes et al., 2001). Different mechanisms of competitive 

adsorption have been proposed to be at play: (i) preferential adsorption of hydrolyzed metal 

products and induced cation hydrolysis on the surface of hydroxides vs. unhydrolyzed products 

(James et al., 1975; Schwertmann and Taylor, 1989), (ii) adsorption based on the electronegativity 

of the cation (Hsu, 1989), or (iii) tendency of the cation to form a covalent bond based on its ionic 

radius (Sposito, 2008). McBride (1994) ordered metal cations according to their sorption 

preference based on electronegativity: Cu > Pb > Cd > Zn. Sposito (2008) ordered the cations 

according to their potential to form strong complexes by forming covalent bonds: Pb > Cd > Cu > 

Zn. The latter order concurred with the results of the present experiment, where Zn, along with Fe 

and Pb were found to leach to depth of 0.10 m, whereas Cd, Cu and Cr were not detected in soil at 

this depth.  However, the Pb and Fe could have reached the 0.10 m depth because of their high 

concentration in wastewater (16 mg L 1and 120 mg L 1, respectively) as compared to other heavy 

metals.  

Due to the range of depths at which the polymer was applied (0.15 – 0.25 m below the 

surface), heavy metal concentrations at the surface and at a depth of 0.10 m under the SAP 

treatment were not significantly different from those under control conditions. However, due to 

biochar’s ability to bind metal cations (McBride, 1994; Sposito, 2008), the SAP+GBC treatment 
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significantly retained Cd and Zn in the topsoil layer as compared to the control treatment. Biochar 

pH can also play an important role in the immobilisation of heavy metals in soil-water-plant 

systems. In a study on the effect of broiler litter derived biochar on immobilisation of heavy metal 

ions (Cu, Cd, Ni and Pb), Uchimiya et al. (2010) showed that an increase in pH due to the addition 

of biochar in soil increased the immobilisation of Ni and Cd. The immobilisation of metal ions 

was attributed to various mechanisms, including the formation of metal hydroxide, carbonate or 

phosphate precipitates resulting from an increase in pH. Soil solution pH affects metal ion 

speciation as well as surface charge density of carbonaceous material such as biochar (Sanchez-

Polo and Rivera-Utrilla, 2002). Thus, pH has a direct effect on mobility of heavy metal ions in 

soil-water systems (Uchimiya et al., 2010). The plantain peel biochar used in this study was found 

to be strongly alkaline (pH = 10.27 ± 0.06) and its use as an amendment may have increased the 

immobilisation of heavy metals under the SAP+GBC treatment compared to the control. 

The depth of travel for a heavy metal in soil would increase with the application of an 

additional quantity of the metal. Considering soil’s Cd holding capacity to be 65 mg kg-1 (figure 

3.2), the experimental soil’s properties, Cd loading and lysimeter dimensions, it may be estimated 

that Cd could move to a depth of about 33 mm after the eighth irrigation. This suggests that Cd 

would not be detected at a depth of 0.10 m or at any further depths, which was reflected by the 

present observations. Similarly, considering Cd retention in the SAP+GBC amended soil to be 125 

mg kg-1 (figure 3.2), the estimated depth of travel for Cd would be 17 mm by the end of the 

experiment. This depth is approximately half the depth to which Cd would have moved in soil 

without biochar. Different forms of Cr (chromate, bichromate and dichromate ions) are not 

strongly sorbed by soil under alkaline or slightly acidic conditions (Wittbrodt and Palmer, 1995). 

Potential adsorption sites in soil are also reduced in the presence of other ions (Banks et al., 2006). 

Based on the soil’s Cr holding capacity being roughly 80 mg kg-1 (figure 3.3), the depth of travel 

after the eighth irrigation would be about 10.7 mm under the control treatment. A similar depth of 

travel could be estimated for the SAP treatment as well (10.7 mm). Given the maximum topsoil 

layer [Cr] under the SAP+GBC treatment (101.2 mg kg-1), the depth to which Cr could 

theoretically have travelled was estimated to be about 8.5 mm, which is slightly less than its depth 

of travel under other treatments. This may explain why this heavy metal was not detected at a 

depth of 0.10 m. In the case of Cu, considering the final topsoil layer concentration to be 331.9 mg 

kg-1 (figure 3.4), the approximate depth of travel after eight irrigations was calculated to be around 
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10.3 mm for the control treatment. Similar depths of travel were calculated for the SAP (12.8 mm) 

and SAP+GBC treatments (10.0 mm), as the [Cu] under all treatments did not differ significantly.  

Although Pb was detected at depth of 0.10 m, the concentration was below the maximum 

allowable limit of 70 mg kg-1 (for agricultural soils) specified by the Canadian soil quality 

guidelines for the protection of human and environmental health (CCME, 1999). Most of the Pb 

was held in the top 0.10 m of soil and could not be detected at a depth of 0.30 m below the surface 

or in the leachate from any of the irrigation events. Generally, Pb is considered to be relatively 

immobile in soil (USEPA, 2005) as it can form complexes with clay minerals and organic matter. 

In this study however, Pb was found to leach to a depth of 0.10 m in the soil profile. This can be 

attributed to the presence of a lower amount of material capable of binding lead (clay, organic 

matter, etc.) in sandy soil (NRCC, 1978). Also, complex rhizosphere chemistry as a result of 

interaction between soil, water, heavy metals and plant roots (USEPA, 2005) can potentially have 

contributed to the transport of Pb to a depth of 0.10 m. Conventionally, plants are known to 

decrease heavy metal leaching through processes such as the adsorption of the contaminant on root 

surfaces, its uptake by the plant itself and its microbial immobilisation in the root zone. However, 

in the rhizosphere, organic acids can be exuded by plant roots, leading to the decomposition of 

organic matter, and microbial activity can solubilise heavy metals, thereby increasing their 

leaching potential (USEPA, 2008). Due to change in behavior of lead adsorption induced by the 

presence of the amendments (SAP, SAP+GBC) used in the study, the mobility of Pb may have 

been increased in comparison to that under the non-amended control. This may explain why this 

heavy metal was detected at a depth of 0.10 m in SAP and SAP+GBC soil samples for days 33 

and 73 but was not detected for the control samples (figure 3.6). Due to the presence of biochar in 

the topsoil layers, the SAP+GBC treatment retained a significantly greater amount of Zn in surface 

soil as compared to the SAP and control treatments (figure 3.7). The [Zn] did not increase with 

time at the 0.10 m soil depth, as Zn accumulated in the topsoil layer.  

In concurrence with other studies (Dunbar et al., 2003; Moore et al., 2013), concentration 

of all the heavy metals was greater in roots than in other plant parts (table 3.5). Although potato 

plant roots are not consumed as food, heavy metals in the root could translocate to different parts 

of the plants, including the tubers. Moreover, it was found that heavy metal concentrations in peels 

of potato tuber were higher than in tuber flesh. Davies and Crews (1983) in their study on Pb and 
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Cd content in potato peel and flesh also found greater amounts of these heavy metals to be present 

in peels as compared to flesh. Reduced uptake of Cd into different parts of plants grown in SAP 

and SAP+GBC amended soils as compared to the non-amended control (table 3.5) can be 

attributed to the ability of SAP and biochar to retain this heavy metal. figure 3.2 shows that, due 

to the presence of biochar, the SAP+GBC treatment retained significantly greater levels of Cd in 

the soil’s surface layer than under the control treatment. Park et al. (2011) showed that soil 

amendment with chicken manure or green waste biochars led to immobilisation of Cd, which led 

to a significant reduction in its uptake by Indian mustard [Brassica juncea (L.) Czern.]. The SAP 

treatment did not have a significant effect on [Cd] in the topsoil layer but did influence uptake into 

plant parts (tuber flesh, peel and leaf) due to the application depth of the polymer (0.15 – 0.25 m 

below surface), where the plant roots had access. Although [Cd] in plant roots did not differ 

significantly (p > 0.05) between the control and SAP treatments, numerically they were 26% lower 

in the SAP treatment (167.11 mg kg-1) compared to the control (225.68 mg kg-1). In general, mean 

Cd uptake into potato plant parts was least under the SAP+GBC treatment, followed by the SAP 

treatment and then the control. This can be due to the combined effect of SAP and biochar. 

Reduced uptake of Zn in root and flesh samples grown on SAP+GBC amended soils as 

compared to the control (table 3.5) can be again be attributed to the biochar’s ability to hold onto 

the heavy metal. This is evident in figure 3.7, where the SAP+GBC treatment’s ability to retain 

significantly higher levels of Zn as compared to the control can be seen. Compared to the control, 

the SAP treatment was able to significantly reduce Cu uptake into potato peel samples. However, 

neither amendment treatment was able to significantly (p > 0.05) reduce Cr, Fe and Pb uptake by 

different plant parts as compared to the control. This is in accordance with the fact that these 

amendments also did not have any effect on the concentration of these heavy metals in soil (figures 

3.3, 3.5 and 3.6). Acrylamide monomers were not detected in potato tuber flesh or peel samples 

for the SAP and SAP+GBC treatments. 

3.6 Conclusions 

A general trend of accumulation of all heavy metals in the topsoil was observed for all treatments. 

Heavy metals, Cd, Cr and Cu, were not detected in soil samples taken from depths of 0.10 m or 

below, but Fe, Pb and Zn were detected at a depth of 0.10 m due to preferential sorption by the 

amended soil. Of these, Fe was detected in samples from 0.30 m below the surface, likely due to 

its inherent presence in soil and its higher concentration in synthetic wastewater. For all treatments, 
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the concentrations of Fe, Pb and Zn were significantly lower at a depth of 0.10 m than at the surface 

of the soil. Heavy metals were not detected in the leachate collected after any of the irrigations. 

There was no effect of SAP on the concentration of heavy metals in surface soil, or on the 

concentration of Fe, Pb or Zn at a depth of 0.10 m, as this amendment was incorporated in a soil 

layer, 0.15-0.25 m below the surface. However, due to biochar application in the top 0.10 m of 

soil, the SAP+GBC treatment retained significantly greater amounts of Cd and Zn in topsoil layer 

when compared to the non-amended control.  

The SAP+GBC treatment significantly reduced Cd, Cu and Zn uptake in potato tuber flesh 

as well as Cd uptake in tuber peel as compared to the control. The SAP treatment significantly 

reduced Cd uptake into the edible parts of the plant (potato tuber flesh and peel) as well as Cu 

uptake into potato peel as compared to the non-amended control. Both these amendments were 

ineffective in reducing Cr, Fe and Pb uptake in any plant parts. Potato plant roots had significantly 

higher metal concentrations than any other parts of the plant for all the heavy metals, irrespective 

of treatments. Generally, the concentrations of heavy metals in tuber peel were significantly higher 

than those in the tuber flesh. It is therefore suggested that potatoes irrigated with wastewater should 

be peeled before consumption. Acrylamide monomer was not detected in any edible parts of the 

potato plant for any of the amendment treatments. Thus, potatoes grown in soil amended with SAP 

may be safe for consumption.  

In this experiment SAP was incorporated in soil in a soil layer 0.15 – 0.25 m below the 

surface to prevent photo-degradation of the polymer. More experiments are needed to study the 

effect of SAP amendment depth on heavy metal immobilisation. Furthermore, in the present study 

1% biochar was mixed into the topsoil; however, it is likely that addition of a higher proportion of 

biochar might further immobilise heavy metals and reduce their uptake by potatoes. Therefore, 

more experiments are needed to determine the effect of biochar quantity on heavy metal uptake by 

potatoes. Biochar produced from different feedstocks at different temperatures could also be tested 

to identify the most effective biochar and develop environment friendly, inexpensive and simple 

techniques to improve immobilisation of heavy metals from wastewater. 
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Connecting Text to Chapter 4 

In the previous chapter, role of polyacrylamide super absorbent polymer (SAP) and SAP-plantain 

peel biochar on heavy metal mobility and uptake by potato tubers was discussed. Potato tubers 

grow below the ground and are in direct contact with heavy metal contaminated soil, which is why 

potato plants were chosen for the study. However, in Chapter 4, it was decided to test the 

amendments efficacy on heavy metal uptake by an aboveground crop under similar circumstances 

(grown on sandy soil and wastewater irrigated). Therefore, spinach was chosen as the food crop 

for the study. Spinach is known to hyper-accumulate heavy metals, which makes it an ideal 

candidate for the study. Also, unlike the previous study, hydrogel amendments were mixed in top 

0.10 m of the soil profile to ensure that it can contribute towards metal immobilization. Pyrolyzed 

plantain peel biochar (PBC) was utilized, instead of gasified plantain peel biochar (GBC) used in 

chapter 3, for SAP-biochar mix amendment. In line with the previous chapter, chapter 4 explains 

the role of SAP and SAP+PBC soil amendments on the mobility of some common heavy metals 

in soil profile as well as their uptake by wastewater irrigated spinach plants grown on sandy soil.  

This chapter will soon be sent for publication in a refereed journal. The manuscript will be 

co-authored by Prof. Shiv Prasher (academic research supervisor), Dr. Eman ElSayed 

(Postdoctoral Fellow at McGill University’s Bioresource Engineering Department at the time 

conducting research), Dr. Christopher Nzediegwu (Postdoctoral Fellow at University of Alberta’s 

Department of Renewable Resources). Mr. Ali Mawof (PhD scholar at McGill University’s 

Bioresource Engineering Department) and Dr. Ramanbhai Patel (Research Associate at McGill 

University’s Bioresource Engineering Department). The original draft has been modified to 

maintain consistency with the format of this thesis, in accordance with McGill University’s thesis 

guidelines. Studies and references cited are presented at the end under the ‘References’ section. 
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Chapter 4: Effect of Hydrogel Based Soil Amendments on Heavy Metal 

Uptake by Spinach Grown with Wastewater Irrigation 

4.1 Abstract 

Untreated wastewater contains contaminants such as heavy metals, which can be taken up by food 

crops irrigated with wastewater and can potentially cause a variety of serious health ailments in 

humans. Use of polyacrylamide super absorbent polymers (SAP treatment) and SAP-pyrolyzed 

plantain peel biochar mix (SAP+PBC treatment) as soil amendments, is proposed to reduce heavy 

metal mobility in soil and uptake by wastewater irrigated spinach (Spinacia oleracea L.) plants. 

Sorption test was carried out to establish ability of the treatments to bind heavy metals (Cd, Cr, 

Cu, Fe, Pb and Zn). The experiment was conducted in field lysimeters packed with sandy soil. 

SAP was mixed in top 0.10 m of soil at the rate of 1% (w/w) for both the treatments, whereas the 

biochar was also mixed at the same rate in top 0.10 m of soil for treatment SAP+PBC; non-

amended control (wastewater irrigated), along with freshwater irrigated non-amended lysimeters 

were also included in the study. Synthetic wastewater was used for irrigating spinach plants, for a 

total of four times at an interval of ten days. After each irrigation event, composite soil samples 

were obtained at different depths for heavy metal analysis. Spinach leaves were harvested twice, 

and during second and the final harvest, samples from plant root and stem were also collected for 

heavy metal analysis. Soil samples collected at the end of the experiment were subjected to pH 

and CEC analysis. Sorption test results showed that both the treatments acted as better sorbents for 

Cd, Cu and Zn heavy metals, compared to control. Treatment SAP+PBC exhibited significantly 

(p<0.05) higher pH and CEC for surface soil as compared to control. At the end of the experiment, 

compared to control, SAP treated soil was able to retain significantly higher amounts of Cr 

(p<0.10), Cu (p<0.05) and Fe (p<0.10) metals, whereas no significant differences were observed 

between SAP+PBC and control. Both the treatments were able to significantly (p<0.05) reduce Cu 

uptake in plant stem, as compared to control. SAP+PBC treatment was able to prevent a significant 

increase in uptake of Cd by the leaves from the second harvest due to wastewater irrigation. 

Concentrations of Cr and Cu in spinach leaves from second harvest were found to be significantly 

(p<0.05) higher in control treatment, as compared to FW treatment; the concentrations of these 

metals for SAP+PBC and SAP treatments were similar to FW treatment, highlighting the ability 

of the amendments to reduce the uptake of contaminants by spinach plants irrigated with 

wastewater. 
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4.2 Introduction 

Agriculture is the largest consumer of freshwater with about 70% of the total available freshwater 

withdrawn for agricultural purposes (FAO, 2016; UNESCO, 2016; Koehler, 2008). Therefore, 

minimizing freshwater use for agriculture is necessary to alleviate stress from water reserves. Use 

of wastewater for irrigation is proposed and highly encouraged by many researchers to tackle the 

problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 2000; Mohammad and 

Mazareh, 2003; Al-Salem, 1996). In many developing countries, urban and peri-urban farmers 

have no other choice than to use wastewater for irrigation due to water scarcity and economical 

constrains (Qadir et al., 2010). Despite the advantages of using wastewater for irrigation, the 

practice has its limitations. Contaminants present in untreated wastewater, such as heavy metals, 

can harm human and animal health, as well as the environment (Qadir et al., 2007; Gupta et al., 

2008).  Heavy metals, being more persistent in nature as compared to other contaminants, can 

leach to shallow groundwater reserves and may lead to drinking water contamination for humans 

and animals (Alloway, 1990; Santona et al., 2006; Hashim et al., 2011; Al-Subu et al., 2003). 

Wastewater irrigation can also result in excessive uptake of heavy metals by crops, 

affecting food quality and safety of human health (Muchuweti et al., 2006; Wang et al., 2005). 

Food chain contamination is one of the major pathways by which heavy metals can enter human 

body (Khan et al., 2008). Persistent intake of food and water, contaminated with heavy metals in 

humans, may result in harmful impacts, symptoms of which may only be apparent after several 

years of exposure (Bahemuka and Mubofu, 1999; Ikeda et al., 2000). Intake of excessive amounts 

of metals has also been associated with reduced immune function, growth retardation, upper 

gastrointestinal cancer, disabilities related to malnutrition and impaired psycho-social faculties 

(Iyengar and Nair, 2000; Türkdoğan et al., 2003). Thus, there is a need to develop a cost-effective 

and low-tech solution to reduce heavy metal mobility in soils subjected to wastewater irrigation, 

as well as reduce their uptake by plants grown on such soils. 

SAPs are networks of loosely crosslinked polymer chains which are highly hydrophilic in 

nature and can absorb and retain water or aqueous solutions up to hundreds of times their own 

weight (Buchholz and Graham, 1998; Skouri et al., 1995; Zohuriaan-Mehr and Kabiri, 2008). 

Therefore, SAPs are used in agricultural applications, especially for irrigation water conservation 

(Bai, et al., 2010). Due to presence of high density of metal chelating groups in superabsorbent 

polymers, these materials are well-suited to stabilize heavy metals in soil and reduce their 
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bioavailability (Torres and Varennes, 1998; Varennes and Torres, 1999; Varennes and Queda, 

2005). Published studies on toxicity of acrylate-based superabsorbent polymers consider these 

materials to be environmentally compatible (McGrath et al., 1993; Haselbach et al., 2000a; 

Haselbach et al., 2000b; Hamilton et al., 1995; Garay-Jimenez et al., 2008). In two separate studies 

including growing potatoes and cherry tomatoes using polyacrylamide SAP amendment (1% and 

0.1-0.5% w/w respectively), no acrylamide content was observed to be taken up by the plants 

(Dhiman et al., 2019; Suresh et al., 2018). SAP can be applied in granular (dry) or emulsified liquid 

(gel) form (Trenkel et al., 1996). Generally granular form such as polyacrylamide SAP is preferred 

for agricultural use as its handling is easy. 

Biochar is a product of pyrolysis, carbonization and gasification of biomass 

(ANSI/ASABE, 2011). Biochar is widely used in agriculture and it has potential to increase crop 

yields (Zhang et al., 2012; Major et al., 2010; Steiner et al., 2008; Park et al., 2011) as well as 

improve soil properties (Sohi et al., 2010; Gaskin et al., 2007; Lehmann 2007). A large quantity 

of by-products of food processing industries is wasted. Plantain is a staple food for many countries 

in Asia, South America and Africa; plantain peels are considered as a waste from the fruit and can 

lead to disposal problems in the environment (Ogunjobi and Lajide, 2013), especially in 

developing countries like Nigeria which is one of the largest plantain producers in the world (FAO, 

2004). Converting the peels to biochar for remediation purposes can be considered as adding value 

to waste. Plantain peel biochar amended soils have the potential to stabilize heavy metals and make 

them less bio-available (Lu et al., 2012; Nzediegwu et al., 2019).  

Although SAPs and biochar have shown their usefulness in agriculture and pollution 

control, information on the effect of combination of these promising amendments on heavy metal 

uptake by wastewater irrigated spinach plants is not known. Use of hydrogels or super absorbent 

polymers (SAP) and SAP-biochar mixture as soil amendment may lead to reduced heavy metal 

mobility and uptake by plants grown with wastewater irrigation (Dhiman et al., 2019). Therefore, 

this study was carried out to determine the effect of polyacrylamide SAP and SAP mixed with 

plantain peel biochar soil amendments on the mobility of common wastewater borne heavy metals 

(Cd, Cr, Cu, Fe, Pb and Zn) in soil, as well as their uptake by spinach plants, irrigated with 

laboratory prepared synthetic wastewater. A similar study was conducted in the previous year by 

Dhiman et al. (2019) using potato plants which is a tuber crop. Irrigation of vegetables with 
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wastewater is a very common practice in developing countries like India (Arora et al., 2008). 

Presently, several crops, such as potatoes, spinach, cauliflower, carrot and fenugreek are 

inadvertently irrigated using wastewater around the world (Dhiman et al., 2019; Arora et al., 2008). 

Even though spinach is known to bioaccumulate contaminants such as heavy metals from the soil 

(Romer and Keller, 2001; Intawongse and Dean, 2006; Mattina et al., 2003), it is irrigated with 

wastewater. Thus, it is necessary to determine the impact of wastewater irrigation on this food crop 

and to develop methods to minimize the ill-effects. To the best of the author’s knowledge, study 

on evaluating the effects of SAP and SAP-biochar mix soil amendments on heavy metal mobility 

and uptake by synthetic-wastewater irrigated spinach plants has not been reported previously. 

4.3 Materials and Methods 

4.3.1 Soil Amendments 

Super absorbent polymer (SAP) used in the present study is a cross-linked copolymer of potassium 

acrylate and acrylamide (commercial name: SUPERAB A200) in granular form and was procured 

from a Canadian environmental solutions company, Iramont Inc. General physical and chemical 

properties of the used SAP hydrogel are provided elsewhere (Dhiman et al., 2019). Pyrolyzed 

plantain peel biochar (PBC) was prepared from oven-dried plantain peels, using a pyrolyzer unit 

built at the Macdonald Campus Technical Service Building of McGill University in Sainte-Anne-

de-Bellevue, Quebec, Canada. Plantain fruits were procured from Sami Fruits, Lasalle, Quebec, 

Canada and were peeled using standard kitchen knives. The peels were oven-dried at temperatures 

ranging from 75°C to 80°C for 48 hours. Dried peels were subjected to a temperature of about 

460°C with a residence time of 10 min in the pyrolyzer unit to obtain PBC. Proximate and ultimate 

analysis of biochar was performed at the CanmetENERGY Characterisation Laboratory (ISO 

9001:2008 certified), Ottawa, ON, Canada. Biochar samples were sent to the Materials 

Characterisation Laboratory at Department of Mining and Materials Engineering, McGill 

University, Montreal, Canada for Brunauer-Emmet-Teller (BET) surface area determination. For 

pH measurement of biochar, 1:30 w/v biochar:water solution was shaken for four hours on the 

vibratory shaker and pH of the supernatant was measured following the guidelines outlined by 

Zhang et al. (2015). Properties of the biochar used are provided in table 4.1. 
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Table 4.1 Physiochemical properties of pyrolyzed plantain peel biochar (PBC). 

Parameter Observed Value (wt %) Method 
Proximate Analysis 

Moisture Content* 5.68 ASTM D7582 
Ash Content* 27.97 ASTM D7582 

Volatile Content 31.32 ISO 562 
Fixed Carbon 40.71 ASTM D7582 

Ultimate Analysis 

Carbon 57.40 ASTM D5373 
Hydrogen 3.18 ASTM D5373 
Nitrogen 2.16 ASTM D5373 

Total Sulfur <0.05 ASTM D4239 
Oxygen 9.32 By Difference 

pH 

pH (mean ± stdev) 10.6 ± 0.10  Lab 

Characterization Specific Surface Area 

BET Surface Area (m2g-1) 0.7560 Lab 

Characterization Heavy Metal Analysis 

Heavy Metal 

Observed content  

(mg kg-1)  

(mean ± stdev) 

Allowable 

limitΦ  

(mg kg-1) 

Cd 0.08 ± 0.01 1.50 
Cu 11.68 ± 0.05 100.00 
Cr 1.11 ± 0.15 90.00 
Fe 649.01 ± 58.81 n.a. 
Pb 0.04 ± 0.01 150.00 
Zn 573.58 ± 33.69 400.00 

* Estimated using thermogravimetric analyzer (TGA). 
Φ Based on European Biochar Certificate (EBC) guidelines (EBC, 2012). 
All measurements are made on a dry weight basis; n.a. - not available. 

4.3.2 Sorption experiment 

Sorption and desorption tests were conducted in laboratory to ascertain if SAP and SAP- pyrolyzed 

biochar amendments can act as effective adsorbents in soil. Treatments used were SAP+PBC, 

SAP, and soil (control). Treatment samples were prepared by mixing the amendments in the soil 

at the rate of 1% (w/w). Five concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 mM) of multi-metal solutions 

(Cd, Cr, Cu, Fe, Pb and Zn) were prepared using deionized water and analytical chemicals 

procured from either Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, 

USA). Two grams of sample for each treatment was mixed with 30 mL of prepared solution for 

each concentration in 50 mL plastic centrifuge tubes (in triplicate) using a vortex shaker (MS2 

Minishaker, IKA, China). The tubes were shaken for 24 hours on a vibratory shaker (Innova 2100 

Platform Shaker, Eppendorf/New Brunswick Scientific Inc., NJ, USA) at room temperature to 

reach equilibrium. Next, the samples were subjected to centrifugation at 3500 rpm for 10 min 

(Sorvall Legent T, Thermo Scientific, MA, USA). Supernatant collected after filtration (0.45 µm 

pore size) was analyzed for heavy metal concentration using inductively coupled plasma 
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employing optical emission spectrometry (ICP-OES) equipment (Vista-MPX CCD Simultaneous, 

Varian, CA, USA) to determine sorption. Electrode pH meter (Accumet pH meter model AB15, 

Fisher Scientific, USA) was used to estimate pH of the supernatant. For desorption, 30 mL of 

deionized water was mixed with the used adsorbent, collected from sorption experiment, in 50 mL 

plastic centrifuge tubes. Process of mixing, shaking, collecting supernatant and analyzing it on ICP 

equipment was repeated to determine the percentage of adsorbed metals released back into the 

solution. 

Sorption behaviour of the treatments was evaluated by fitting the data using Langmuir 

(Langmuir, 1916) and Freundlich (Freundlich, 1906) adsorption isotherm models.  The isotherm 

models provide a numerical relationship between the sorbate concentration on the solid (Cis) and 

the chemical’s concentration in the solution (Ciw). Equation 1 represents the Freundlich isotherm 

model (Schwarzenbach et al., 2005). 

𝐶𝑖𝑠 = 𝐾𝑖𝐹 . 𝐶𝑖𝑤
1/𝑛

    (1) 

Where, Cis is the concentration of the chemical i on solid phase (mg g-1), 

 Ciw is the concentration of chemical i in the aqueous phase (mg L-1), 

KiF is the Freundlich constant (capacity factor; its units depend on exponent n) 

1/n is Freundlich exponent. 

Cis can be determined using equation 2: 

𝐶𝑖𝑠 =
(𝐶𝑜−𝐶𝑓).𝑉

𝑀
     (2) 

Where, Co is the original/initial concentration of ‘i’ in solution (mg L-1), 

 Cf is the final concentration of chemical i in the aqueous phase (mg L-1), 

V is the volume of aqueous solution (L), 

M is the mass of the sorbent material (g). 

Logarithm form of equation 1 was used to fit the experimental data in linear form (equation 

3) to estimate n and Kif from the slope and intercept values of the best fit line respectively. 

log 𝐶𝑖𝑠 = 1/𝑛. 𝑙𝑜𝑔𝐶𝑖𝑤 + 𝑙𝑜𝑔𝐾𝑖𝐹  (3) 

Langmuir adsorption isotherm model (equation 4) was used to determine the maximum 

sorption capacity of a sorbent(Cis-max; mg g-1) (Schwarzenbach et al., 2005). 

𝐶𝑖𝑠 =
𝐶𝑖𝑠−𝑚𝑎𝑥 .  𝐾𝑖𝐿 .  𝐶𝑖𝑤

1+ 𝐾𝑖𝐿 .  𝐶𝑖𝑤
    (4) 
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Where, KiL is Langmuir constant. Data was fitted linearly using the Langmuir model, by 

plotting 1/Cis vs. 1/Ciw (equation 5) and estimating KiL and Cis-max from slope and intercept of the 

best fit line, respectively. 

1

𝐶𝑖𝑠
= (

1

𝐶𝑖𝑠−𝑚𝑎𝑥 .𝐾𝑖𝐿
)

1

𝐶𝑖𝑤
+

1

𝐶𝑖𝑠−𝑚𝑎𝑥
   (5) 

4.3.3 Field study 

The study was carried out in field lysimeters situated at Macdonald Campus of McGill University 

in Ste. Anne de Bellevue, QC, Canada. Lysimeter used in this study was a hollow cylinder (1.00 

m long x 0.45 m I.D.) made of from PVC material, and filled with sandy soil up to 0.05 m below 

the top edge. Four equidistant holes (10 mm dia.) were drilled at three different heights viz. 0.10, 

0.30 and 0.60 m from the soil surface to facilitate soil sampling along the depth of the column. An 

outlet was provided at the bottom to collect leachate. Lysimeters were arranged in completely 

randomized design (in triplicate) with three wastewater irrigated treatments (SAP+PBC, SAP and 

a non-amended control), as well as a non-amended fresh water irrigation treatment. SAP was 

mixed in top 0.10 m of soil at the rate of 1% (w/w) in SAP and SAP+PBC treatment assigned 

lysimeters, whereas PBC was mixed in top 0.10 m of soil at the same rate in SAP+PBC treatment 

assigned lysimeters.  

The lysimeters were brought to field capacity one day before planting. Spinach plants were 

obtained from a local farmer’s market (Jean Talon Farmer’s Market, Montreal, Canada) and were 

transplanted (three plants per lysimeter). Fertilizers (ammonium sulfate and potassium sulfate) 

were applied at locally recommended rates (CRAAQ, 2013). Ammonium sulfate (21-0-0) was 

applied in lysimeter soil at the rate of 120 kg N ha-1 (9.00 g per lysimeter) in two equal splits, on 

the day of planting and on the day of first wastewater irrigation (22nd day after planting), whereas, 

5.0 g of potassium sulfate (0-0-60) was applied at the rate of 163 kg K ha-1 on the day of planting. 

Based on the available nutrient content analysis of the lysimeter soil samples, it was established 

that phosphorus fertilization was not required. Every third day, 400 mL (2.5 mm day-1) of 

freshwater was applied to each of the lysimeters for establishment until commencement of 

irrigation. Spinach plants were subjected to first irrigation on the 22nd day after transplantation. 

According to treatments, the lysimeters were irrigated with laboratory prepared synthetic 

wastewater or fresh water, four times at an interval of ten days at the rate of 4.00 L (~25 mm) per 

lysimeter per irrigation based on the crop water requirement for spinach (Sanders, 2001). Synthetic 
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wastewater was used to maintain control over the level of contaminants being introduced to the 

lysimeters. Highest concentrations of some commonly found wastewater contaminants, as reported 

in literature, were used in preparation of synthetic wastewater, recipe for which is provided 

elsewhere (Dhiman et al., 2019).  

Background soil samples from the surface were also taken for all treatments on the day of 

transplantation. Composite soil samples were collected two days after each irrigation, from the 

surface and the four sampling holes at each depth; two days were allowed for the soil to reach field 

capacity and establish equilibrium between contaminants and amended soils. Samples were sealed 

in plastic bags, labelled and stored securely in a freezer (-20°C) until further analysis. Leachate 

samples were not collected for this study as heavy metals were not detected in leachate samples 

collected for every irrigation event, in a similar study conducted during the previous year (Dhiman 

et al., 2019). Spinach plants were harvested twice; for the first harvest, leaves were picked on 42nd 

day after transplanting and second whole plant harvest was done on 64th day after transplanting. 

Root samples were also collected on the day of second harvest. All the plant tissues were separated, 

and samples were stored in airtight plastic bags, and stored securely in a freezer (-20°C) until 

further analysis.  

4.3.4 Sample extraction and quantification  

Laboratory electrode pH meter was used to estimate pH of soil samples collected from the surface, 

two days after the last irrigation event (4th), following the soil survey method guidelines outlined 

by Rayment and Higginson (1992). Soil samples, which were taken from the surface and 0.10 m 

depth, after the 4th irrigation event, were analyzed for estimation of cation exchange capacity 

(CEC) and percent base saturation (BS%) according to the BaCl2 method outlined by Hendershot 

et al. (1993). 

Hot nitric acid extraction method was used to determine heavy metal content in soil 

samples (Stephan et al., 2008) collected from the surface, two days after irrigation events. The 

glassware used for the study were washed using a laboratory grade detergent, soaked in 4% HNO3 

solution for 24 hours, rinsed using double deionized water and air-dried before use. Surface soil 

samples for irrigation events 1, 3 and 4 were extracted to determine heavy metal accumulation in 

topsoil due to wastewater irrigation. Soil samples collected from 0.10 m depth, two days after the 

last irrigation event, were also extracted for heavy metal analysis to check if the metals had leached 
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down to this depth. The quality control samples (samples with known amount of heavy metals) 

were also extracted to establish reproducibility and reliability. For the analysis of heavy metals in 

the plant parts (leaf, stem and roots) the samples were oven-dried at a temperature of 60°C for 48 

hrs, crushed with mortar and pestle and ground with a coffee grinder. The equipment was washed 

between samples to prevent cross contamination. Samples were then digested using an acid block 

digestion method (Stephan et al., 2008). The ICP-OES and ICP-MS (ICP820-MS Varian, CA, 

USA) equipment were employed for quantification of heavy metal content in extracted soil and 

plant tissue samples, respectively. Experimental blanks were also run in parallel with the test 

samples. Recovery percentage for all heavy metals was found to be more than 80% after extracting 

and testing the quality control samples. The method followed is described by Dhiman et al. (2019). 

4.3.5 Data analysis and quality assurance 

Sorption data were analyzed using Matlab R2018b (2018) computer software. Freundlich and 

Langmuir adsorption models were fitted on equilibrium sorption data using this software.  Least 

square means difference statistical technique, using Student’s t-test, was used for pairwise 

comparison of means for cation exchange capacity, percent base saturation, pH of solutions 

prepared for sorption analysis and pH of the soil samples for different treatments. Lysimeter soil 

heavy metal concentration data for different metals and irrigation events were analyzed using a 

repeated measures statistical model. The metal concentration was assigned as response variable, 

treatment and time were assigned as fixed effects, whereas lysimeter was assigned as subject and 

was nested within treatment. Statistical tests were performed using JMP 13 (2017) statistical 

analysis and graphing software by SAS (JMP, SAS Institute Inc., Cary, NC). 

4.4 Results and Discussion 

4.4.1 Sorption Experiment 

Freundlich constant (Kif) and exponent (n) are given in table 4.2. Freundlich constant and exponent 

determine the curvature and steepness of the isotherm (Low et al., 2000), and are approximate 

indicators of sorption capacity and sorption intensity, respectively (Komkiene and Baltrenaite, 

2016). Goldberg et al. (2005) suggested that sorption is a favorable process for values of n between 

0.1 to 1 (or n between 1 to 10, since 1/n is used as an exponent). It is evident from table 4.2 that 

sorption exponent (n) for all metals are close to one for all treatments, signifying sorption varying 

linearly with solution concentration for the range of concentrations used.  Percentage of Cd metal 

in solution, removed by treatments SAP+PBC, SAP and control, decreased as the concentrations 
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increase from 0.1 to 0.5 mM (figure 4.1). This is also reflected by the Freundlich exponent values 

for the treatments SAP+PBC and SAP in table 4.2 (n>1). For Cd, SAP+PBC treatment performed 

slightly better than treatment SAP, sorbing more than 95.61-99.19% of the metal from the solution, 

whereas treatment SAP sorbed 70.49-92.57% of the metal from solutions across all concentrations 

(figure 4.1). However, both the treatments performed better compared to control, which was only 

able to sorb 7.21-45.05% of the metal from the solution (figure 4.1). Less than 0.5% of the mass 

sorbed was found to be desorbed during the desorption study for both the treatments; however, 

mass desorbed for control was found to vary from 0.99 to 14.54% of the desorbed amount, as the 

initial concentration of the solution varied from 0.1 to 0.5 mM respectively (figure 4.1). Similar 

adsorption and desorption trends were observed for Zn metal across treatments (table 4.2; figure 

4.1).  

Sorption percentage increased with increasing concentrations of Cr, Fe and Pb heavy 

metals for both the treatments, which is in line with the value of Freundlich exponent being less 

than one in table 4.2 (figure 4.1). In the case of Cr, control adsorbed 97.26-99.16% of the metal 

from solution and desorbed only 0.88-12.72% of the sorbed metal. The corresponding values for 

SAP+PBC were 82.30-98.93% and 3.39-31.12%, and for SAP were 73.33-96.24% and 2.59-

34.93%, respectively; these values show that sorption decreased, and desorption increased due to 

SAP and biochar addition. This can be attributed to preferential sorption of different cations by the 

sorbent material, which depends on the properties and amounts of ions present in a multi-ion 

solution, pH, temperature and properties of the sorbent material (Echeverria et al., 1998; Elliot et 

al., 1986; Gomes et al., 2001).
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SAP+PBC SAP Control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Sorption and desorption of heavy metal ions at different concentrations by treatments SAP+PBC, SAP and control (cont’d). 
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SAP+PBC SAP Control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Sorption and desorption of heavy metal ions at different concentrations by treatments SAP+PBC, SAP and control. 
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Table 4.2 Summary of Freundlich isotherm constants for adsorption of heavy metal ions on soil 

amended with SAP+PBC and SAP. 

 

Units for Freundlich constant (Kif) is (mg g-1)(L mg-1)1/n. Freundlich exponent n is dimensionless. 

 

 

Figure 4.2 pH of multi-metal sorption solution at different concentrations for treatments 

SAP+PBC, SAP and control. 
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initial concentration of the multi-metal solution increases, more amount of metal cations is 

adsorbed on the sorbent neutralizing the negative charge present at the surface. This promotes 

sorption of anionic form of Cr, leading to increased sorption and reduced desorption (Anah and 

Astrini, 2017). 

With increasing concentration of Fe in solution, proportions of Fe adsorbed by SAP+PBC 

and SAP treatments were found to increase in general; however, this trend was not observed for 

control. Treatment SAP+PBC was able to adsorb 52.46% and 96.89% of Fe from the 0.1 and 0.5 

mM solutions, respectively, whereas for SAP, this range was observed to be 48.99% to 84.76%. 

In case of control, the percentage of Fe adsorbed by the non-amended soil decreased from 99.10% 

to 38.22% as concentration of the multi-metal solution increased from 0.1 to 0.5 mM. For SAP 

and SAP+PBC treatments, increase in sorption of Fe(II), with increasing solution concentration, 

can be attributed to the presence of acrylamide-based SAP in both treatments. Similar results were 

observed by Chauhan et al. (2008), who found that the percent adsorption of Fe(II) by acrylamide 

hydrogel increased with increase in ionic strength of the metal in solution.  In case of control, the 

percentage of Fe adsorbed decreased with increasing initial solution concentration, which reflects 

decreasing availability of binding sites for the metal ion in the non-amended soil. For SAP+PBC, 

SAP and soil, desorption varied from 4.10%-21.39%, 0.93%-3.49% and 0.33%-6.52% of the 

amount of adsorbed metal, respectively, across solutions at different initial concentrations. Since 

desorption was found to be low in SAP and control, biochar may be the reason for relatively higher 

desorption of Fe in SAP+PBC treatment. One possible reason for the same could be high Fe 

content of the biochar (649.01 ± 58.81 mg kg-1; table 4.1). All the treatments, including control, 

worked well with respect to Pb sorption, as more than 90% of the metal was sorbed and less than 

2% of that was desorbed across all initial solution concentrations (figure 4.1). In case of Cu, both 

the treatments performed better than control. SAP+PBC and SAP treatments adsorbed 89.07%-

98.01% and 86.61%-90.96% of the metal, respectively, whereas the non-amended soil was able to 

adsorb 45.46%-85.36% (figure 4.1). Again, this was due to the presence of the polymer and biochar 

in the treatments which provided extra binding sites for the metal, causing increased adsorption. 

As expected, a trend of decreasing adsorption percentage with increasing solution concentration 

was observed for control. Less than 3% of the adsorbed metal was desorbed in all the treatments, 

including control. Overall, treatments SAP+PBC and SAP performed better than the control with 

respect to sorption of Cd, Cu, Fe and Zn heavy metals. In case of Pb, all the treatments including 
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control worked well, which can be attributed to its high potential to form strong complexes 

(Sposito, 2008). For Cr, control worked better than the treatments due to low pH of the sorption 

solution.  

4.4.2 Lysimeter Soil pH and CEC 

Soil pH has a direct effect on the mobility of heavy metal ions in soil-water systems. In a study it 

was shown that an increase in pH due to the addition of broiler litter derived biochar in soil 

increased the immobilisation of heavy metals Ni and Cd (Uchimiya et al., 2010). The 

immobilisation of metal ions was attributed to various mechanisms, including the formation of 

metal hydroxide, carbonate or phosphate precipitates resulting from an increase in pH. Soil 

solution pH affects metal ion speciation as well as surface charge density of carbonaceous material 

such as biochar (Sanchez-Polo and Rivera-Utrilla, 2002). Soil pH values for samples, collected 

from surface and 0.10 m depth two days after the fourth irrigation, are provided in table 4.3. At 

the surface, SAP+PBC treatment exhibited significantly higher pH value than that in control, 

whereas no significant difference was observed between SAP and control. Also, there was no 

significant difference between surface soil pH of SAP, control and FW treatments. This can be 

attributed to alkaline nature of the biochar (10.6 ± 0.10; table 4.1) used in SAP+PBC treatment. 

At 0.10 m depth, because of the application depth of amendments (top 0.10 m), no significant 

differences between soil pH was observed for all treatments. 

Table 4.3 Soil pH for samples collected from surface and 0.10 m depth after last irrigation event. 

Treatment Depth pH 

SAP+PBC 

surface 

5.30±0.78a 

SAP 4.73±0.12ab 

Control 4.27±0.55b 

FW 5.10±0.10ab 

SAP+PBC 

0.10 m 

6.10±0.53a 

SAP 5.33±1.16a 

Control 5.57±0.25a 

FW 5.67±0.15a 

Values with different letters down the column 

are significantly different from each other 

(α=0.05) for each depth. 

Cation exchange capacity (CEC) values are used to estimate heavy metal adsorption 

capability of soils (McBride et al., 1981). Plant heavy metal uptake is usually inversely related to 

CEC of the soil, as it reflects the capacity of soil to adsorb metal ions (John et al., 1972; Hinesly 
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et al., 1982; Haghiri 1974; Liphadzi et al., 2005). This is because soils with low CEC have fewer 

binding sites to adsorb heavy metals, thus making them more available to plants compared to soils 

with higher CEC (Fergusson, 1990). CEC was estimated for soil samples collected two days after 

last irrigation from the surface and 0.10 m depth. Results for estimated values of CEC for the soil 

samples and pH of the CEC solutions (pHCEC) are presented in table 4.4. CEC of surface soil for 

SAP+PBC treatment was significantly higher than that of control; however no significant 

difference was found between surface soil CEC values for SAP and control. Increase in CEC on 

surface of SAP+PBC treatment can be attributed to incorporation of biochar on top 0.10 m of soil 

(Liang et al., 2006). No significant differences were found between CEC of soil at 0.10 m depth 

of lysimeter for all treatments. 

Table 4.4 Cation exchange capacity, base saturation and pHCEC of soil samples collected after last 

irrigation event from surface and 0.10 m depth. 

Treatment Depth CEC (cmol(+) kg-1) pHCEC 

SAP+BC 

surface 

10.71±0.18a 4.73±0.47a 

SAP 5.85±0.03ab 4.53±0.31a 

Control 5.68±2.05b 4.27±0.12a 

SAP+BC 

0.10 m 

9.90±2.47a 5.03±0.24a 

SAP 10.34±5.43a 5.00±0.64a 

Control 5.97±0.06a 4.80±0.28a 

Values with different letters down the column are significantly 

different from each other (α=0.05) for each depth. 

4.4.3 Heavy metals in soil 

Concentration of heavy metals in surface soil samples ([heavy metal]) collected for all treatments 

and irrigation events are given in figure 4.3. All the heavy metals (Cd, Cr, Cu, Fe, Pb and Zn) were 

found in the samples collected from the surface during the experiment due to wastewater irrigation. 

Figure 4.4 represents [Fe] found in 0.10 m soil samples for all treatments. Except Fe, no heavy 

metal was detected in soil samples collected from 0.10 m depth for all treatments.  

In case of Cd, a trend of accumulation can be observed, as [Cd] increases with subsequent 

irrigations (figure 4.3a). The heavy metal concentration for irrigation 3 and 4 were found to be 

significantly higher than that of background and event 1. Also, [Cd] was not detected in 

background samples, but was found in the two amended treatments after first irrigation, which led 

to the term ‘event’ have an overall significant effect in the repeated measures analysis (table 4.5). 

For all treatments, [Cd] was below the detection limit of 15.6 mg kg-1 for background surface soil 

samples. The concentration gradually increased with the application of wastewater irrigation. For 
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the first irrigation, although [Cd] was below the detection limit in case of control, for SAP+PBC 

and SAP treatments it was found to be 22.45 and 16.91 mg kg-1, respectively. It is likely that Cd 

would have distributed to a greater soil depth in the absence of amendments (in control). 

Theoretically, based on heavy metal input, the soil bulk density, LOD (15.6 mg kg-1), and 

dimensions of the lysimeter, Cd can potentially travel through top 0.60 m of the soil profile without 

being detected, which is a very small distance. It is quite probable that after first irrigation, no 

heavy metal was detected in topsoil, since the heavy metal may have redistributed itself in topsoil 

below detection limit. Similar observation was also made by Dhiman et al. (2019), who conducted 

a similar lysimeter study with potato plants.  For control, [Cd] increased to 24.13 and 33.61 mg 

kg-1 after 3rd and 4th irrigations, respectively. The corresponding concentrations for SAP+PBC 

were 37.44 and 32.84 mg kg-1, and for SAP were 44.71 and 44.15 mg kg-1 respectively. Thus, the 

concentration significantly increased with subsequent wastewater irrigations, as confirmed from 

repeated measures analysis (table 4.5). 

After 1st irrigation, the concentration of Cd was significantly higher for both SAP+PBC 

and SAP, as compared to control (p<0.05; figure 4.3a). The higher accumulation could be 

attributed to the presence of soil amendments; sorption study corroborates this assertion. There 

was no significant difference between the [Cd] for SAP+PBC and SAP. A similar trend was 

observed after 3rd irrigation (figure 4.3a). However, the concentration was relatively higher for 

SAP and SAP+PBC, as compared to control (p<0.05 and p<0.10 respectively). After 4th irrigation, 

the concentration continued to increase in control, but not in the amended treatments. This could 

be due to the heavy metal’s competition with other metal ions for sorption sites, as well as 

saturation of the amended soil with Cd after third irrigation. The results hint at the SAP+PBC and 

SAP treatment’s ability to quickly capture Cd from the start (event 1) as compared to control, 

where the heavy metal concentration increased relatively gradually. Consequently, no significant 

differences between [Cd] for the treatments were observed for event 4. 

Average background concentration for Cr in surface soil for all the treatments was similar 

and ranged from 17.28 (SAP) to 18.27 mg kg-1(control) (figure 4.3b). Trend of accumulation of 

the heavy metal was observed in case of control, where [Cr] increased from 18.27 to 20.12 mg kg-

1 after first irrigation, and to 29.71 mg kg-1 after four irrigations. Similar trend was also observed 

for SAP treatment where [Cr] increased from background concentration of 17.28 mg kg-1 to 24.83 
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and 37.14 mg kg-1 after one and four irrigations, respectively. However, this trend was not 

observed for SAP+PBC treatment, for which [Cr] increased from 18.20 to 35.43 mg kg-1 after first 

irrigation but did not significantly change after subsequent irrigations. It can be said that SAP+PBC 

treated soil got saturated with the heavy metal after first irrigation because of the biochar’s ability 

to quickly bind the heavy metal as compared to other treatments.  Consequently, after the first 

irrigation, [Cr] was significantly (p<0.05) higher in SAP+PBC, as compared to other two 

treatments. After first irrigation, mean [Cr] in SAP treated soil was found to be higher than that of 

control, but the difference was not statistically significant. However, with subsequent irrigations, 

SAP treated soil exhibited noticeably higher [Cr] than control, after third and fourth irrigations 

(p<0.10). After third and fourth irrigations, mean [Cr] in SAP+PBC was numerically higher than 

that of control, but the difference was not statistically significant, possibly because of accumulation 

of the metal in control with wastewater irrigations and saturation of SAP+PBC amended soil after 

first irrigation, as mentioned earlier. No significant difference was observed between [Cr] for SAP 

and SAP+PBC treatments after third and fourth irrigations, which is in accordance with the 

findings of the sorption test. 

In case of Cu metal, background concentration was found to be 8.38 mg kg-1 for SAP+PBC 

treatment and the metal was not detected for other two treatments (figure 4.3c). With subsequent 

irrigations, Cu was found to accumulate in topsoil, which is also in accordance with the results of 

repeated measures analysis (table 4.5). After first irrigation, [Cu] for SAP+PBC (44.60 mg kg-1) 

was found to be significantly (p<0.05) higher than that of SAP (25.44 mg kg-1) and control (20.22 

mg kg-1); however, this difference was not observed after third and fourth irrigations. This again 

reflects biochar’s ability to rapidly bind the metal.  No significant difference was observed in [Cu] 

between SAP and control treatments after first irrigation. Also, no significant differences were 

observed between all treatments after third irrigation. With further loading however, [Cu] in SAP 

significantly increased (p<0.05), compared to control, after four irrigations, whereas no significant 

difference was observed between SAP+PBC and SAP treatments. It is interesting to note that no 

significant difference was observed between SAP+PBC and control, in terms of [Cr] and [Cu], 

after fourth irrigation, whereas, SAP exhibited significantly higher concentration of the metals, 

compared to control. This is contrary to what is expected; addition of an extra sorbent material, 

biochar, along with SAP would increase metal retention in soil compared to SAP alone and control. 

This may be explained by binding of sorption sites in polymer by water soluble salts (Bowman et 
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al., 1990; Horkay et al., 2000) originating from the ash content (27.97%; table 4.1) of biochar 

(Vassilev et al., 2013), thus reducing their availability towards heavy metals within the complex 

soil-water-plant environment. This can offset the added benefit of addition of biochar as a sorbent 

material.

 

E1, E2, E3 and E4 corresponds to irrigation events; soil samples were collected two days after each 

irrigation event. Different letters above the error bars indicate significant difference in concentrations 

for a given event (α=0.05). 

Figure 4.3 Surface soil concentrations of heavy metals (a) Cd, (b) Cr, (c) Cu, (d) Fe, (e) Pb and (f) 

Zn, for all treatments and all irrigation events including the background. 
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Table 4.5 Summary of fixed effects for soil heavy metal concentration from repeated measures 

analysis. 

Fixed effects 
Heavy Metal 

Cd Cr Cu Fe Pb Zn 

Treatment * * - - * - 

Event * * * * * * 

Treatment x 

Event 
- * - * - * 

* Denotes statistically significant effects (p<0.05) 

- Denotes no significant effect (p≥0.05). 

Mean background [Fe] in surface soil were found to be greater than that after first 

wastewater irrigation for all treatments (figure 4.3d). This observation corroborates with a similar 

study performed by Dhiman et al. (2019), where reduction of [Fe] after first wastewater irrigation 

was attributed to redistribution of the metal due to disturbance in the soil caused by planting. No 

significant differences were observed between [Fe] values for all treatments and after first 

irrigation. However, mean [Fe] values were found to be numerically higher in SAP+PBC (9601 

mg kg-1) and SAP (9797 mg kg-1) treatments, as compared to control (9595 mg kg-1); this 

difference increased with subsequent irrigations (3rd and 4th). SAP treatment exhibited 

considerably higher [Fe] than control, after third and fourth irrigations (p<0.10). Even though no 

significant differences were observed between [Fe] in SAP+PBC and SAP treatments after third 

and fourth irrigations, [Fe] in the former treatment was also not significantly different than that in 

control. This can again be attributed to the binding of sorption sites in hydrogel by water soluble 

minerals in biochar ash, offsetting the overall sorption capacity in a complex soil-water-plant 

system, as observed in case of Cr and Cu metals. No significant difference was observed between 

[Fe] after fourth irrigation, in all the treatments at 0.10 m depth (figure 4.4). However, mean [Fe] 

in control (8992 mg kg-1) was found to be numerically higher than that in the SAP+PBC (8551 mg 

kg-1) and SAP (8532 mg kg-1) treatments (figure 4.4), which is in accordance with the observed 

concentration of the metal in surface soil (figure 4.3d); since mean [Fe] at surface for control was 

found to be numerically lower than that of the other two treatments for all irrigation events, the 

metal must have leached down and caused an increase in [Fe] at 0.10 m depth.  
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Different letters above the error bars indicate significant difference in concentrations for a given event 

(α=0.05). 

Figure 4.4 Iron concentrations in soil samples collected from 0.10 m depth, after last 

irrigation event, for all treatments. 

Lead heavy metal was not detected in background surface soil samples for all treatments 

(figure 4.3e). However, with subsequent irrigations, the concentration of the metal in surface soils 

increased for all treatments, which is in accordance with the results of repeated measures analysis 

(table 4.5); the term ‘event’ had a significant effect (p<0.05) on response (metal concentration). 

Mean [Pb] in SAP+PBC after first, third and fourth irrigation events was observed as 71.51, 103.68 

and 91.32 mg kg-1 respectively. Corresponding [Pb] for SAP treatment were found to be 48.43, 

113.72 and 120.31 mg kg-1 respectively, and for control, these values were observed to be 29.18, 

42.82 and 126.69 mg kg-1 respectively. In case of SAP+PBC and SAP treatments, considerable 

increases in [Pb] was observed after first and third irrigations (relative to previous events), whereas 

for control, a significant increase in [Pb] was also observed after fourth irrigation in addition to 

first and third events. No significant change in [Pb] was observed for the two treatments after 

fourth irrigation, as compared to the concentration observed after third irrigation event. This hints 

at ability of the amendments to bind and retain Pb metal relatively quickly, compared to control. 

After first irrigation, [Pb] in SAP+PBC treatment was significantly higher (p<0.05) than that of 

SAP treatment and control. Also, after first irrigation, [Pb] in SAP treatment was noticeably higher 

than that in control (p<0.10). After third irrigation, difference between [Pb] in SAP+PBC and SAP 

treatments was reduced and was not statistically different from each other, but [Pb] in SAP and 

SAP+PBC treatments were still considerably higher than that in control (p<0.05 and p<0.10 
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respectively). With further loading via wastewater irrigation, [Pb] increased for control and no 

significant differences were observed between all treatments.  

In case of Zn, mean background concentrations in surface soil were found to be 22.28, 

10.83 and 16.93 mg kg-1 for SAP+PBC, SAP and control, respectively; these were not significantly 

different from each other. No significant differences in [Zn] were observed between treatments for 

all events, which exhibits the ineffectiveness of the amendments in retaining the metal at topsoil 

compared to control. A gradual increase in [Zn] was observed with each irrigation for SAP and 

control; however, a small decrease was noticed for control after last irrigation, which could hint at 

leaching of the metal to further depth in the soil profile. For SAP+PBC amended soil, [Zn] 

increased from 22.28 mg kg-1 at background to 44.75 mg kg-1 after first irrigation and did not 

significantly change with subsequent irrigations. This also hints at biochar’s ability to rapidly 

adsorb the metal after first irrigation. Despite this, the effect of biochar could not be established 

conclusively, because the differences in [Zn] between SAP+PBC and both SAP or control were 

not significant after first irrigation. In general, concentrations of the heavy metals in topsoil for 

this study was less than what was observed in a similar study conducted with potato plants the 

previous year (Dhiman et al., 2019). This can be due to several reasons. In the present study, the 

plants were only subjected to four wastewater irrigations at the rate of 4.00 L per irrigation, leading 

to input of lesser amounts of heavy metals to soil, as compared to eight irrigations at the rate of 

11.50 L per irrigation in the previous study. 

4.4.4 Heavy metals in plant tissue 

Heavy metal concentration values in different parts of spinach plants for all treatments as well as 

for plants grown using freshwater are presented in table 4.6. Roots are crucial plant parts that come 

into direct contact with contaminants and regulate various physiological processes including 

transport of heavy metals to other parts of the plant (Nedelkoska and Doran, 2000). Thus, it is 

important to study metal concentrations in plant roots. Concentrations of heavy metals Cd, Cr, Cu, 

Fe, Pb and Zn in the roots of plants grown with freshwater (FW) were observed to be 0.81, 0.56, 

8.63, 198.39, 0.98 and 49.27 mg kg-1 respectively. These values are comparable to the results of a 

different study, where the concentrations of Cu, Pb and Zn in roots of spinach plants grown in 

uncontaminated soil, were found to be 21.2, 0.7 and 67.2 mg kg-1 respectively (Intawongse and 

Dean, 2006). In separate studies, Cd and Cr contents in roots of spinach plants grown on 

uncontaminated soil was found to vary from 0.95 to 1.33 mg kg-1 (Chunilall et al., 2003) and 0.86 
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to 2.64 mg kg-1 (Srikanth and Reddy, 1991) respectively, which is also comparable to the results 

of this study.  

Table 4.6 Concentration of heavy metals (mg kg-1) in different parts of spinach plants. 

Plant Part 
Heavy 

Metal 

Treatment 

SAP+BC SAP WW FW 

Leaf -

Harvest 1 

Cd 17.75±13.78a 5.05±1.46ab 6.21±0.12ab 1.34±0.11b 

Cr 7.68±6.68a 2.36±2.02a 1.35±1.12a 2.50±2.35a 

Cu 21.99±15.08a 9.13±2.95a 12.05±3.62a 9.05±1.48a 

Fe 1674.51±17.81a 417.73±440.88ab 285.36±121.87b 1043.26±1110.92ab 

Pb 46.41±46.54a 12.24±10.08a 2.61±1.19a 1.85±1.31a 

Zn 110.01±10.08a 112.39±69.87a 133.36±42.13a 79.91±13.91a 

Leaf -

Harvest 2 

Cd 12.50±5.02ab 21.84±15.45a 19.96±8.80a 1.80±0.30b 

Cr 3.85±4.24ab 3.01±0.13ab 7.00±3.03a 1.46±0.69b 

Cu 21.96±11.65ab 18.82±0.32ab 33.89±11.97a 14.17±1.08b 

Fe 381.03±170.23a 715.96±362.37a 798.58±266.05a 322.80±61.20a 

Pb 29.31±35.42a 20.20±0.18a 51.80±33.18a 2.28±0.70a 

Zn 83.73±6.92a 89.45±55.11a 116.55±25.48a 103.39±61.55a 

Root 

Cd 12.57±12.54a 10.21±3.62a 7.85±0.86a 0.81±0.57a 

Cr 2.68±2.26a 3.07±2.89a 2.45±0.89a 0.56±0.02a 

Cu 14.97±0.29ab 18.64±5.87a 20.76±3.82a 8.63±0.74b 

Fe 285.60±153.92a 337.46±2.99a 343.02±197.63a 198.39±52.95a 

Pb 12.24±11.47ab 5.42±0.53ab 14.68±3.45a 0.98±0.30b 

Zn 85.91±38.49a 34.53±1.48ab 29.79±3.76b 49.27±37.17ab 

Stem  

Cd 8.23±0.58a 8.84±2.75a 9.42±0.08a 1.81±0.07b 

Cr 2.20±0.06a 1.09±0.89ab 1.84±0.56a 0.58±0.05b 

Cu 7.10±2.16b 6.82±1.61bc 10.85±0.42a 4.26±0.13c 

Fe 148.01±4.10b 138.80±14.92b 211.13±42.63a 77.14±8.49c 

Pb 5.83±6.00ab 5.23±5.46ab 12.06±0.12a 0.38±0.09b 

Zn 108.97±55.79a 80.19±42.47a 83.72±18.50a 82.96±23.50a 

Different superscript letters for each heavy metal and plant part indicate significant differences 

amongst treatments (α=0.05). 

No significant difference was observed in concentrations of Cd, Cr and Fe in spinach roots 

of plants grown using wastewater as compared to plants grown using freshwater (FW). Also, 

concentrations of these metals in roots of plants from all the wastewater irrigated treatments were 

similar. This could be due to minimal addition of heavy metals in soil due to four wastewater 

irrigations. However, based on the sorption test results, it may be stated that after further loading 

the soil with metals via wastewater irrigation, especially in case of Cd, SAP+PBC and SAP 

treatments may exhibit reduction in plant uptake as compared to control (figure 4.1). In case of Cu 
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and Pb, concentrations of both the metals were numerically lower in the plant roots from 

SAP+PBC and SAP treatments as compared to control, but the differences were not significant 

statistically. Root concentrations of Cu and Pb in SAP+PBC treatment were not found to be 

significantly different from concentrations of the metals in FW treatment. Also, Pb concentration 

in SAP treatment was not significantly different from that of FW treatment. On the other hand, 

control treatment exhibited significantly (p<0.05) higher concentrations of Cu and Pb in plant roots 

compared to FW treatment. Thus, it could be argued that SAP+PBC soil amendment prevented 

increase in uptake of Pb and Cu, whereas SAP amendment prevented increased uptake of Pb by 

the plant roots. The finding also corroborates with the result of the sorption test where it was 

observed that SAP+PBC and SAP treatment adsorbed greater amount of Cu and Pb (figure 4.1). 

No significant differences in root content of Zn were observed between the wastewater irrigated 

treatments and FW. 

Concentrations of Cd and Fe were significantly (p<0.05) higher in stems of the plants 

grown with wastewater irrigation as compared to FW treatment (table 4.6). Amounts of these 

metals in roots of the plant were not significantly different, which signifies higher translocation of 

the metals from roots to other parts of the plant grown under wastewater irrigation.  Amount of Zn 

heavy metal in the stem was similar in all the treatments (including FW), which is also in 

accordance with Zn content in soil (figure 4.3) and roots of the plant. No significant differences 

were observed between SAP and FW treatments for Cr and Cu contents of plant stem, whereas 

concentrations of these metals were found to be higher (p<0.05) in SAP+PBC and control 

treatments as compared to FW treatment. This shows that addition of SAP in soil prevented 

increased uptake of Cr and Cu in stem of spinach plant from wastewater irrigated soil; sorption 

test (figure 4.1) substantiates the effect of SAP. Concentration of Pb in plant stem for control was 

significantly higher (p<0.05) than that of FW treatment; however, the metal concentrations in 

SAP+PBC and SAP were similar to that of FW. This shows the potential of both the amendments 

in reducing Pb uptake by spinach plants grown on wastewater irrigated soil. 

Amounts of heavy metals in edible parts of spinach (leaves) are of utmost importance as 

these parts can introduce contaminants to the human body and can cause wide range of health 

problems. Permissible levels of Cd, Cr, Cu, Pb and Zn for leafy vegetables such as spinach are 

0.20, 0.50, 40.00, 0.30 and 60.00 mg kg-1 respectively (CODEX, 1984 and 1995; NHFPC, 2012). 
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Concentrations of Cd, Cr, Pb and Zn in leaves of spinach plants grown with freshwater irrigation, 

from both the harvests exceeded the permissible limits (table 4.6), which is of concern. It is 

possible that FW treatment plants picked up the metals form the soil in which they were grown. 

The concentrations of Cr and Zn in soil before start of the experiment were in the range of 17.28-

18.27 mg kg-1 10.83-22.28 mg kg-1 respectively (figures 4.3b and 4.3f), whereas Cd and Pb metals 

were not detected in the soil (figures 4.3a and 4.3e). Even though Cd and Pb were not detected, 

they could be present in the soil below their detection limit (15.60 mg kg-1) and can be taken up 

by the plants. Similar results have been observed in other studies. For instance, concentration of 

Pb and Zn in leaves of spinach plant grown with freshwater irrigation on uncontaminated soils was 

found to be 3.12 mg kg-1 (Chunilall et al., 2003) and 70.20 mg kg-1 (Intawongse and Dean, 2006) 

respectively, which is also above the recommended levels. Levels of Cu in leaves were found to 

be below the permissible limit for all the treatments including FW treatment. Iron is also 

considered a micronutrient, and spinach is a good source of Fe for human consumption. Fe in 

second spinach harvest from FW was observed 322.80 mg kg-1; this was comparable to the 

concentration in the range of 200-250 mg kg-1 reported by Arora et al. (2008) for spinach grown 

with freshwater.   

 In leaf samples from the first harvest, no significant differences were observed in 

concentrations of heavy metals Cr, Cu, Pb and Zn among all the treatments including FW 

treatment. Similar observation was made in case of Fe, Pb and Zn metal content in leaves from the 

second harvest. No significant differences were observed between Cd concentration in leaves from 

first harvest for SAP+PBC, SAP and control treatments; however, treatment SAP+PBC exhibited 

significantly (p<0.05) higher Cd concentration as compared to FW treatment. For second harvest, 

Cd concentration in spinach leaves from plants grown on SAP+PBC amended soil was not 

significantly different than that of FW treatment. Whereas, SAP treatment and control exhibited 

higher (p<0.05) Cd levels in leaves, as compared to FW treatment. This could be due to activation 

of biochar in soil with time; activation transforms biochar into an efficient adsorbent, which can 

reduce plant uptake of contaminants such as heavy metals. Fresh biochar added to the soil is 

thermodynamically unstable initially (Macias and Arbestain, 2010), and complex processes like 

redox reactions, hydration, hydrolysis, carbonation and decarbonation weather the biochar and 

alter its properties over time (Joseph et al., 2010) as well as lead the deprotonated organic acids to 

form complexes with metals present in the soil (Violante and Gianfreda, 2000). The concentrations 
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of all heavy metals in leaves from SAP+PBC treatment was numerically lower in second harvest 

as compared to the first, which corroborates activation of biochar with time. All the treatments 

under wastewater irrigation had Fe content which, for the first harvest, was not significantly 

different from that of the FW treatment; however, SAP+PBC treatment exhibited significantly 

higher concentration of the metal than control, which may be because of Fe content of the biochar 

itself (649.01 mg kg-1; table 4.1); this is in accordance with the findings of the sorption test. 

Concentrations of Cr and Cu in spinach leaves from second harvest were found to be significantly 

(p<0.05) higher in control as compared to FW; however, concentrations of these metals for 

SAP+PBC and SAP were not found to differ significantly than FW. This again shows ability of 

the amendments to limit the uptake of heavy metals by wastewater irrigated spinach plants. 

4.5 Conclusions 

Sorption test indicated that SAP+PBC and SAP treated soils were better sorbents for Cd, Cu and 

Zn, as compared to non-amended control. On the other hand, control showed higher sorption of Cr 

than SAP+PBC and SAP. With increasing ionic strength of the multi-metal solution, both 

treatments were found to adsorb increasing proportions of Fe, whereas the opposite trend was 

observed for control. At higher Fe concentrations, although both SAP+PBC and SAP treatments 

showed higher sorption than control, desorption was the least in case of SAP.  

Due to biochar's alkalinity and ability to facilitate cation exchange in soil, SAP+PBC 

treatment exhibited significantly higher (p<0.05) pH and CEC for surface soil, as compared to 

control, at the end of the experiment. Owing to application depth of the amendments, no substantial 

differences were observed between treatments at 0.10 m depth. Treatments, SAP+PBC and SAP, 

were able to quickly capture Cd and Pb heavy metals from the start (event 1), as compared to 

control, where the heavy metal concentration increased relatively gradually with subsequent 

irrigations. Due to presence of biochar, SAP+PBC treatments exhibited higher (p<0.05) 

concentrations of Cr and Cu metals after first irrigation, as compared to the other two treatments. 

After the first irrigation, SAP treatment also exhibited higher Pb concentration, as compared to 

control (p<0.10). However, the differences decreased with subsequent irrigations and, at the end 

of the experiment, only SAP was able to retain higher amounts of Cr (p<0.10) and Cu (p<0.05) in 

topsoil, as compared to control. At the end of the experiment, surface Pb concentration was found 

to be similar for all treatments. No significant differences were observed for topsoil Zn 

concentration between all treatments and for all events. Except Fe, none of the heavy metals were 
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detected at 0.10 m depth below the surface. No significant differences were observed between 

treatments for Fe concentration in soil at 0.10 m depth. After third and fourth irrigations, surface 

soil Fe concentrations were considerably higher in SAP treatment, as compared to control 

(p<0.10). At the end of the experiment, no significant differences were observed between surface 

heavy metal concentrations for SAP+PBC treatment and control for all metals, possibly because 

of binding of sorption sites in polymer by water soluble salts originating from the ash content of 

biochar, thus reducing their availability for heavy metals and offsetting overall sorption capacity 

of SAP+PBC treated soil in a complex soil-water-plant system. 

No significant increase was observed in concentrations of Cd, Cr and Fe in spinach roots 

from plants grown using wastewater, as compared to plants grown using freshwater (FW). Despite 

higher Cu and Pb concentration in soil, SAP+PBC did not allow its increased uptake by plant roots, 

as compared to control; treatment SAP also prevented increased uptake of Pb in roots, as compared 

to control. Addition of SAP in soil also prevented increased uptake of Cr in the stem of spinach 

plant due to irrigation with contaminated wastewater, as compared to control. For SAP+PBC and 

SAP treatments, the Cu concentration in plant stem was found to be significantly (p<0.05) less 

than that of control. Concentration of Pb in plant stem was found to be similar for SAP+PBC, SAP 

and FW treatments; however, it was found to be significantly higher in control (p<0.05), as 

compared to FW treatment. This highlights the potential of the amendments to avoid Pb uptake by 

wastewater irrigated spinach plants. 

Levels of Cu in spinach leaves were found to be below the permissible limit for all the 

treatments. In leaf samples from first harvest, no significant differences in concentrations of heavy 

metals Cr, Cu, Pb and Zn were observed among all the treatments including FW treatment. The 

same was observed for Fe, Pb and Zn metals for second harvest. The concentrations of all heavy 

metals in leaves from SAP+PBC treatment were numerically lower in second harvest, as compared 

to the first, possibly due to activation of biochar in soil with time. Also, SAP+PBC treatment was 

able to avoid increased uptake of Cd in leaves from the second harvest due to wastewater irrigation, 

as compared to control. Concentrations of Cr and Cu in spinach leaves from second harvest were 

found to be significantly (p<0.05) higher in control treatment, as compared to FW treatment; 

however, the concentrations in SAP+PBC and SAP treatments were similar to those in FW 
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treatment. Thus, the study highlighted the ability of the amendments to reduce Cr and Cu uptake, 

in addition to Pb, by spinach plants grown using wastewater irrigation. 
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Connecting Text to Chapter 5 

In chapter 3, role of polyacrylamide super absorbent polymer (SAP) and SAP-plantain peel biochar 

soil amendment on heavy metal mobility in soil and uptake by wastewater irrigated potato tubers 

grown on sandy soil, was investigated. However, hydrogel amendments were mixed at a depth of 

0.15-0.25 m below the soil surface to protect the polymer against photodegradation. As a result, 

SAP’s effect on heavy metal immobilization was not witnessed because none of the metals, except 

iron, were detected below 0.10 m depth for all treatments, including control. Therefore, in the 

study presented in chapter 5, used SAP was removed from the lysimeters and fresh SAP was mixed 

in top 0.10 m of the soil profile for both amendments (SAP and SAP+GBC); whereas, no new 

biochar was added for the planned study. The soil was already contaminated from the previous 

year’s study which was performed on the same lysimeters. Chapter 5 provides an insight into the 

role of SAP and SAP+GBC soil amendments on heavy metal immobilization and uptake by 

wastewater irrigated potato plants grown on contaminated sandy soil. 

This chapter will soon be sent for publication in a refereed journal. The manuscript will be 

co-authored by Prof. Shiv Prasher (academic research supervisor), Dr. Eman ElSayed 

(Postdoctoral Fellow at McGill University’s Bioresource Engineering Department at the time 

conducting research), Dr. Christopher Nzediegwu (Postdoctoral Fellow at University of Alberta’s 

Department of Renewable Resources). Mr. Ali Mawof (PhD scholar at McGill University’s 

Bioresource Engineering Department) and Dr. Ramanbhai Patel (Research Associate at McGill 

University’s Bioresource Engineering Department). The original draft has been modified to 

maintain consistency with format of this thesis, in accordance with McGill University’s thesis 

guidelines. Studies and references cited are presented at the end under the ‘References’ section. 

  



84 
 

Chapter 5: Heavy Metal Uptake by Wastewater Irrigated Potato Plants 

Grown on Contaminated Soil Amended with Hydrogel and Biochar 

5.1 Abstract 

Heavy metal uptake by food crops and its potential for groundwater contamination are of major 

concern in areas where untreated wastewater is used for irrigation. To minimize heavy metal 

uptake by wastewater irrigated food crops and to minimize its transport to deeper soil layers, use 

of polyacrylamide super absorbent polymer (SAP) and SAP-gasified plantain peel biochar mix 

(SAP+GBC) as soil amendments is proposed in this study. Sorption test was conducted to 

determine ability of the treatments to adsorb heavy metals (Cd, Cr, Cu, Fe, Pb and Zn). The field 

experiment was conducted by growing synthetic wastewater irrigated potato plants (Solanum 

tuberosum L.) in lysimeters packed with sandy soil. Lysimeters employed in this study were used 

in performing a similar study during the previous year, and thus were contaminated with heavy 

metals. For SAP+GBC treatment, GBC was mixed in the top 0.10 m of soil [biochar:soil 1% 

(w/w)] during the previous year’s experiment, whereas SAP was mixed in soil layer spanning from 

0.15-0.25 m below the surface for both the amended treatments. For the present study, SAP used 

in the previous year’s experiment was carefully replaced with fresh SAP, that was mixed in the 

top 0.10 m of soil at the rate of 1% (w/w). Irrigation was carried eight times, at an interval of 10 

days, based on the crop water requirement. Non-amended freshwater irrigated lysimeters were also 

included in the study for comparison. After every irrigation, soil samples were collected from 

different depths for heavy metal analysis. Upon maturity, potato tubers, plant root, stem, leaf, tuber 

flesh and tuber peel tissues were sampled separately for heavy metal analysis. Soil samples, 

collected at the end of the experiment, were also subjected to pH and CEC analysis. Sorption test 

results suggest that the treatments performed well in sorbing heavy metals. Addition of SAP+GBC 

amendment in soil led to noticeable (p<0.10) increase in surface soil pH, as well as in CEC of soil 

at surface and at 0.10 m depth (p<0.05). Compared to control, treatment SAP+GBC was able to 

retain significantly higher amount of Cd, Cr and Fe in topsoil (p<0.05), whereas, SAP treatment 

retained significantly higher amount of Cd, Cu, Fe and Zn in topsoil (p<0.05). SAP treatment 

performed better than SAP+GBC in case of Cu, Fe and Zn heavy metals. Higher levels of metals 

were found in potato peels, as compared to tuber flesh tissue, for all the treatments. Both the 

treatments were able to significantly reduce Cd uptake in tuber flesh and peel tissue, as compared 

to control (p<0.10). SAP+GBC treatment was also able to significantly (p<0.05) reduce Cr uptake 
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in tuber flesh tissue, whereas both the treatments significantly (p<0.05) reduced Cr concentration 

in tuber peels, as compared to control. 

5.2 Introduction 

Agricultural practices utilize 70% of the total water withdrawn from freshwater resources (FAO, 

2016; UNESCO, 2016; Koehler, 2008), which makes it the largest consumer of freshwater. Use 

of wastewater for irrigation can thus help in minimizing freshwater use for agriculture. Use of 

wastewater for irrigation is proposed and highly encouraged by many researchers to tackle the 

problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 2000; Mohammad and 

Mazareh, 2003; Al-Salem, 1996). Apart from being a cheaper alternative for irrigation in countries 

experiencing water stress (Rusan et al., 2007; Qadir et al., 2010), wastewater is also a source of 

many nutrients and organic matter required by soil to maintain its fertility (Weber et al., 1996). 

Wastewater is also intentionally used for irrigation as it is a source of nutrients to the plants and, 

in some regions of the world, it is cheaper than other water sources (Keraita et al., 2003; Scott et 

al., 2010). Wastewater irrigation is practiced on about 10% of the total irrigated surface area 

worldwide (Jiminez, 2006). With growing urban population, especially in developing nations, 

more and more freshwater is being diverted for industrial and commercial use, owing to higher 

demand. This, in turn, leads to increase in wastewater generation (Lazarova and Bahri, 2004; 

Asano et al., 2007).  Due to increased wastewater production around the world, safe wastewater 

disposal in environment is also of major concern. As a common practice, wastewater is discharged 

openly into water bodies, leading to pollution especially in developing countries (Qadir et al., 

2010). Due to lack of financial and technical resources, many developing countries might face 

challenges in setting up wastewater collection and treatment systems in the near future (IWMI, 

2006; WHO, 2006). Use of untreated wastewater for agriculture can thus contribute towards 

preserving our freshwater reserves as well as tackle the problem of wastewater disposal. 

However, contaminants present in untreated wastewater can harm human as well as the 

environment (Qadir et al., 2007).  Depending on the source, wastewater may contain a wide variety 

of contaminants, ranging from organic contaminants such as antibiotics, sex hormones (Kolpin et 

al., 2002) and pesticides (Fernandez et al., 2001), to inorganic contaminants such as heavy metals 

(Khan et al., 2008). Heavy metals are not prone to microbial or chemical degradation, which makes 

them accumulate in soil and contaminate groundwaters (Kirpichtchikova et al., 2006). Wastewater 

irrigation may not only lead to accumulation of metals in soil, but also can result in excessive 
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uptake of the contaminants by crops, affecting food quality, safety and thus human health 

(Muchuweti et al., 2006; Dhiman et al., 2019). Food chain contamination is one of the major 

pathways by which heavy metals can enter human body (Khan et al., 2008). Heavy metals can also 

leach to shallow groundwater reserves and may lead to drinking water contamination for humans 

and animals (Alloway, 1990; Santona et al., 2006; Hashim et al., 2011; Al-Subu et al., 2003). 

Human consumption of food and water, contaminated with heavy metals, may result in harmful 

impacts, symptoms of which may only be apparent after several years of exposure (Bahemuka and 

Mubofu, 1999; Ikeda et al., 2000). Intake of heavy metals have also been associated with reduced 

immune function, growth retardation, upper gastrointestinal cancer, disabilities related to 

malnutrition, and impaired psycho-social faculties (Iyengar and Nair, 2000; Türkdoğan et al., 

2003). Therefore, it is required to develop a cost-effective solution which can reduce heavy metal 

mobility in soil as well as their uptake by crops utilizing wastewater for irrigation. 

In previous studies it was shown that amending soils with hydrogels or super absorbent 

polymers (SAP) and SAP-biochar mixture can reduce heavy metal mobility and uptake by potatoes 

grown with wastewater irrigation (Dhiman et al., 2019). Hydrogels or SAPs are network of loosely 

crosslinked hydrophilic polymer chains which can absorb and retain aqueous solutions, up to 

hundreds of times their own weight (Buchholz and Graham, 1998; Skouri et al., 1995; Zohuriaan-

Mehr and Kabiri, 2008), and thus they are used in agriculture for water conservation. Most 

commonly-used hydrogels in agriculture are polyacrylamide and polyacrylate SAPs (Bai et al., 

2010), and due to high density of metal chelating groups, these SAPs are well-suited to stabilize 

heavy metals in soil and reduce their bioavailability (Torres and Varennes, 1998; Varennes and 

Torres, 1999; Varennes and Queda, 2005). Published studies on toxicity of acrylate-based 

superabsorbent polymers consider these materials to be environmentally compatible (McGrath et 

al., 1993; Haselbach et al., 2000a; Haselbach et al., 2000b; Hamilton et al., 1995; Garay-Jimenez 

et al., 2008). In two separate studies, including growing potatoes (Dhiman et al., 2019) and cherry 

tomatoes (Suresh et al., 2018) on polyacrylamide SAP-amended soils (1% and 0.1-0.5% w/w 

respectively), no acrylamide content was observed in edible parts of the plants. Biochar is also 

widely used in agriculture, as it has potential to increase crop yields (Zhang et al., 2012; Major et 

al., 2010; Steiner et al., 2008; Park et al., 2011) as well as improve soil properties (Sohi et al., 

2010; Gaskin et al., 2007; Lehmann 2007). Biochar is defined as a product of pyrolysis, 

carbonization and gasification of biomass (ANSI/ASABE, 2011). It has been shown that biochar 
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amended soils also have the potential to stabilize heavy metals and reduce their bioavailability for 

plants (Lu et al., 2012; Nzediegwu et al., 2019). 

This study was carried out to study the effect of amending soil with SAP and SAP-gasified 

plantain peel biochar mix (SAP+GBC) on mobility of heavy metals (Cd, Cr, Cu, Fe, Pb and Zn) 

and their uptake by wastewater irrigated potato plants, grown in a contaminated soil (from previous 

year’s experiment). In previous experiment (Dhiman et al., 2019), SAP was applied at a depth of 

0.15-0.25 m below the surface for both the treatments (SAP and SAP+GBC). In this study, potato 

plants were grown in soils, contaminated from previous year’s wastewater irrigation, and with 

hydrogel applied in top 0.10 m of soil. Hydrogel used in this study was polyacrylamide SAP, since 

it is one of the most commonly used SAPs in agricultural applications (Zohuriaan-Mehr and 

Kabiri, 2008; Bai et al., 2010). Biochar used in this study was produced from plantain peels, which 

are considered a waste and can lead to disposal problems in the environment (Ogunjobi and Lajide, 

2013), especially in developing countries like Nigeria which is one of the largest plantain 

producers in the world (FAO, 2004). Plantain is a staple food in many Asian, African and South 

American countries, and converting plantain peels to biochar can be seen as a value-addition 

process. Potatoes were chosen for this study as they are the third most important food crop (Visser 

et al., 2009) and the most important, as well as a widely consumed non-grain food crop (PGSC, 

2011). Investigation on the effectiveness of SAP and SAP-biochar mix as soil amendments for 

controlling the heavy metal mobility and uptake by potatoes from wastewater irrigated 

contaminated soil is important.   

5.3 Materials and Methods 

5.3.1 Adsorbent material 

A cross-linked copolymer of potassium acrylate and acrylamide (commercial name: SUPERAB 

A200) hydrogel/SAP, used in this study was procured from a Canadian environmental solutions 

company, Iramont Inc. Biochar used in this study was produced via gasification of oven-dried 

plantain peels using a gasifier unit (built at Macdonald Campus Technical Service Building of 

McGill University, Sainte-Anne-de-Bellevue, Quebec, Canada). The production process of 

gasified plantain peel biochar (GBC) as well as physiochemical properties of SAP and biochar 

used in this study are provided elsewhere (Dhiman et al., 2019).  
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5.3.2 Sorption experiment 

Laboratory sorption and desorption tests were carried out to find out if SAP and SAP-gasified 

biochar amendments used in this study can improve soil’s heavy metal retention properties. 

Samples for treatments, SAP+GBC, SAP and soil (control), were prepared in by mixing the 

amendments in soil at the rate of 1% (w/w). Details of the laboratory experiment are provided 

elsewhere (Dhiman et al., 2019). In summary, five different concentration solutions (0.1, 0.2, 0.3, 

0.4 and 0.5 mM) of multi-metal solutions (Cd, Cr, Cu, Fe, Pb and Zn) were used along with two 

grams of each sample (SAP+GBC, SAP and control) in triplicate. Samples were introduced to 30 

mL of each solution in centrifuge tubes and were shaken for 24 hours at room temperature, before 

collecting the supernatant for heavy metal analysis on inductive coupled plasma employing optical 

emission spectrometry (ICP-OES) equipment (Vista-MPX CCD Simultaneous, Varian, CA, 

USA).  Electrode pH meter (Accumet pH meter model AB15, Fisher Scientific, USA) was used to 

estimate pH of the supernatant. For desorption, 30 mL of deionized water was mixed with the used 

adsorbent collected from sorption experiment in centrifuge tubes. Process of mixing, shaking, 

collecting supernatant and analyzing it on ICP equipment was repeated to determine the percentage 

of adsorbed metals desorbed in solution. Sorption behaviour of the treatments was evaluated by 

fitting the data using Langmuir (Langmuir, 1916) and Freundlich (Freundlich, 1906) adsorption 

isotherm models.   

5.3.3 Field study 

The study was carried out in field-lysimeters situated at Macdonald Campus of McGill University 

in Ste. Anne de Bellevue, QC, Canada. Lysimeter used in this study was a hollow cylinder (1.00 m 

long x 0.45 m I.D.) made of from PVC material, and filled with sandy soil. It had four equidistant 

holes (10 mm dia.), each at three different heights viz. 0.10, 0.30 and 0.60 m from the soil surface, 

to facilitate soil sampling along the depth of the column. An outlet was provided at the bottom to 

collect leachate. This field study was extension of the experiment conducted during the previous 

year using the same lysimeters (Dhiman et al., 2019). In the first year, SAP was mixed into the 

lysimeter soil layer spanning 0.15 m to 0.25 m below the soil surface at a rate of 1% (w/w) for 

SAP and SAP+GBC treatments. For the SAP+GBC treatment, GBC was mixed into the top 0.10 

m of soil [biochar:soil 1% (w/w)]. SAP was incorporated below the soil surface to prevent its 

photo-degradation. Treatments were randomly assigned to lysimeters, replicated thrice. Potato 

plants were grown in the designated lysimeters for the first year and irrigated with laboratory-
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prepared synthetic wastewater. For comparison purpose, three lysimeters were randomly chosen 

to grow potato plants using freshwater (FW) on non-amended soil. A post-planting pre-emergence 

spray of the broadleaf and grass weed herbicide, SENCOR 480F (Bayer CropScience, ai: 

metribuzin, 480 g L-1), was applied at the recommended rate (850 mL mixed in 100L ha-1) for 

weed control in lysimeters (Hutchison, 2012). Fertilizers (muriate of potash and ammonium 

sulphate) were applied at recommended rates (Stark et al., 2004). The field study was conducted 

under a water proof tent to prevent entry of any rainwater, allowing only a known volume of 

irrigation water to be used at a predetermined schedule.  

The objective of the first-year study was to determine the effect of treatments on heavy 

metal mobility in soil and it’s uptake by wastewater irrigated potato plants. No heavy metal except 

Fe was detected below 0.10 m depth of the soil profile after eight wastewater irrigations (11.5 L 

per lysimeter, per irrigation event). Thus, effect of hydrogel/SAP amendment on mobility of heavy 

metals in soil could not be ascertained. Therefore, in the present study, fresh SAP was mixed in 

the top 0.10 m of soil at the rate of 1% (w/w), for SAP and SAP+GBC treatments, one day before 

planting potato tubers. To prevent influence of the left-over SAP, soil from 0.15-0.25 m depth was 

carefully replaced with fresh soil (from same source) in all lysimeters. The 12 randomly assigned 

lysimeters, which were used for the previous year’s study (for treatments SAP+GBC, SAP, control 

and FW; in triplicate), were used with same assignment of treatments for this study as well. All 

lysimeters were brought to field capacity, one day before planting. Russet Burbank potato tubers 

were obtained from Global Agri. Services Inc. (New Brunswick, Canada). A single tuber was 

planted in the center of each lysimeter at a depth of 0.10 m, with sprouts facing upward 

(Thompson-Morgan, 2015). Fertilizers were applied at the same rate as in the first-year study; in 

each lysimeter, 7.4 g Muriate of potash (0-0-60) was applied at the surface in a single application 

on the day of planting, while 23.8 g of ammonium sulphate (21-0-0) was applied in three splits 

(2:1:1), on the day of planting, the 52nd day after planting and the 62nd day after planting, 

respectively. Before commencing wastewater irrigation, 225 mL fresh water was applied to each 

plant, every second day, starting from 14th day after planting.  

Laboratory prepared synthetic wastewater was used for irrigation of potato plants to 

maintain the desired concentration of heavy metals in water. Highest concentrations of some 

commonly found contaminants in wastewater, as reported in literature, were used to prepare the 
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irrigation water. Wastewater recipe and details of its preparation are provided elsewhere (Dhiman 

et al., 2019). First wastewater irrigation was applied on 42nd day after planting, and a total of eight 

wastewater irrigations were applied at the rate of 11.5 L per lysimeter per irrigation event (~72 

mm) at ten-day intervals, based on the crop water requirement (FAO, 2015; King and Stark, 2008). 

Composite soil samples were collected from the four sampling holes at each depth along the 

lysimeter column as well as the surface, two days after 1st, 3rd, 6th and 8th irrigation; two days were 

allowed for the soil to reach field capacity and establish equilibrium between contaminants and 

amended soils. Background soil samples from the surface were also taken for all treatments, one 

day before planting potato tubers. Samples were sealed in plastic bags, labelled and stored securely 

in a freezer (-20°C) until further analysis. Leachate samples were not collected for this study as 

heavy metals were not detected in leachate samples collected for every irrigation event, in the 

study conducted during the previous year (Dhiman et al., 2019). The crop was harvested at maturity 

(119th day after planting). Aboveground biomass was cut with a standard steel knife. Roots and 

tubers were carefully harvested from the soil using a hand trowel. Potato tubers were washed with 

deionised water to remove soil and were peeled with a standard steel kitchen knife. Peel and flesh 

of the tubers were sampled separately for heavy metal analysis. Plant root, stem and leaves were 

sampled separately. Samples were cut in lengths of about 0.01 m, using a knife and a chopping 

board. Sampling was performed on the day of harvest. Samples were securely sealed in plastic 

bags and stored in freezer (-20°C). 

5.3.4 Sample extraction and quantification 

Lysimeter soil samples collected from surface and 0.10 m depth, two days after last irrigation 

(eighth); they were analyzed for cation exchange capacity (CEC), base saturation (BS%) and pH, 

as per standard guidelines (Hendershot et al., 1993; Rayment and Higginson, 1992). Cation 

Exchange Capacity is a measure of soil particles’ ability to adsorb and retain positively charged 

ions (cations), such as plant nutrients and heavy metals, due to the presence of negative charges 

on its surface (Brady and Weil, 2008). It is calculated as the sum of all major cations, expressed in 

cmol(+) kg-1 (amount of exchangeable positive charge per unit mass of soil). Percent base 

saturation (B.S. %) is calculated as ratio of the sum of basic cations (Ca, Mg, Na, K; cmol(+) kg-

1) and CEC, expressed as a percentage (Hendershot et al., 1993). Soil samples, collected from the 

surface for background and two days after first, third, sixth and eighth irrigation events, were 

analyzed for heavy metal content. Soil samples, collected from 0.10 m depth, on last day of soil 
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sampling, were also extracted for heavy metal analysis to check if metals had leached down after 

two seasons of growing potatoes, irrigated with heavy metal contaminated wastewater. Hot nitric 

acid extraction method was used to extract soil samples (Stephan et al., 2008) and ICP-OES 

equipment was employed for quantification of heavy metal content in the extracted samples. The 

method has been described in detail by Dhiman et al. (2019). Plant tissue samples (tuber flesh, 

tuber peel, root, stem, leaf) for treatments, SAP+GBC, SAP and control, were oven-dried at a 

temperature of 60°C for 48 hrs and were crushed with mortar and pestle before grinding them with 

a standard kitchen coffee grinder. Care was taken to wash the equipment used, between samples, 

to prevent cross-contamination. Prepared samples were then digested using the acid block 

digestion method, outlined by Stephan et al. (2008). Quantification of the samples was carried out 

using inductively coupled plasma mass spectrometry (ICP-MS) equipment (ICP820-MS Varian, 

CA, USA). Samples of edible parts (tuber flesh and tuber peel) of the plants grown with freshwater 

(FW treatment) were also digested and extracted for comparison of heavy metal content.   

5.3.5 Data analysis and quality assurance 

Matlab R2018b (2018) computer software was employed in the analysis of sorption data.  

Freundlich and Langmuir adsorption models were fitted on equilibrium sorption data using the 

software.  Least square means difference statistical technique, using Student’s t-test, was used for 

pairwise comparison of means of different treatments for cation exchange capacity, percent base 

saturation, pH of solutions prepared for sorption analysis and pH of the soil samples. For heavy 

metal analysis in soil, a repeated measures statistical model was used; metal concentration was 

assigned as the response variable, treatment and time (irrigation events) were assigned as fixed 

effects, whereas lysimeter was assigned as subject and was nested within treatment. All the 

statistical tests were performed using JMP 13 (2017) statistical analysis and graphing software by 

SAS (JMP, SAS Institute Inc., Cary, NC). All laboratory and field experiments were replicated 

thrice and quality control samples (samples with a known amount of heavy metals) as well as 

experimental blanks were run in parallel with the test samples using ICP equipment to establish 

reproducibility and reliability. Mean recovery percentage values, established by analyzing quality 

control samples, were found to be above 80% for all metals. All glassware in this study underwent 

standard cleaning procedure before use; they were washed using a laboratory grade detergent, 

soaked in 4% HNO3 solution for 24 hours, rinsed using double deionized water and air-dried. 
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5.4 Results and Discussion 

Langmuir (Langmuir, 1916) and Freundlich (Freundlich, 1906) adsorption isotherm models were 

used to fit sorption equilibrium data collected for all treatments and metals; however, the data was 

only able to successfully fit on Freundlich model for SAP and SAP+GBC treatments. Because of 

presence of the polymer and biochar, the treatments contributed a variety of surfaces towards 

adsorption. It is also known that the Langmuir model assumes a monolayer of adsorbate molecules 

surrounding a homogeneous solid surface (Hanaor et al., 2014), which may explain why the data 

did fit the model. Equilibrium sorption data for only SAP+GBC and SAP treatments fitted the 

Freundlich isotherm model, and not for the non-amended control. Freundlich model is more 

suitable in explaining adsorption involving heterogeneous surfaces and a multilayer adsorption 

process (McKay, 1995) as it considers non-uniform distribution of adsorption energies spread 

across heterogeneous adsorbent surface; as the stronger adsorption sites are filled with adsorbates 

first, adsorption energies reduce leading towards equilibrium (Foo and Hameed, 2010). 

5.4.1 Sorption experiment 

Estimated values of Freundlich constant and Freundlich exponent for treatments 

SAP+GBC and SAP, for all heavy metals, are provided in table 5.1. Coefficient of determination 

(R2) values, calculated during model fitting, exceeded 0.99 for all treatments and metals. Figure 

5.2 depicts the pH of the sorption solution for all the treatments at different solution concentrations. 

It was observed that in SAP+GBC and SAP treatments, adsorption of Cd, Cu, Fe and Zn heavy 

metals was higher than those in the control (figure 5.1). 
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Figure 5.1 Sorption and desorption of heavy metal ions at different concentrations by treatments SAP+GBC, SAP and control (cont’d). 
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Figure 5.1 Sorption and desorption of heavy metal ions at different concentrations by treatments SAP+GBC, SAP and control.
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Table 5.1 Summary of Freundlich isotherm constants for adsorption of heavy metal ions on soil 

amended with SAP+GBC and SAP. 

Treatment 
Cd Cr Cu Fe Pb Zn 

Kif 1/n Kif 1/n Kif 1/n Kif 1/n Kif 1/n Kif 1/n 

SAP+GBC 0.01587 1.04069 0.00665 0.82062 0.01257 0.98152 0.00310 0.66879 0.01053 0.92890 0.01745 1.11856 

SAP 0.02140 1.20134 0.00854 0.85610 0.01372 1.01252 0.00367 0.72464 0.01295 0.97298 0.03200 1.64557 

Unit for Freundlich constant (Kif) is (mg g-1)(L mg-1)1/n. Freundlich exponent 1/n is dimensionless. 

 

 

Figure 5.2 pH of multi-metal sorption solution at different concentrations for treatments 

SAP+PBC, SAP and control. 
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70.49-92.57% and 50.32-94.81% of the respective metals from the solution across the given range 

of concentrations. Also, SAP+GBC treatment desorbed 0.10-0.46% and 0.23-0.81% of adsorbed 

Cd and Zn, respectively, whereas SAP treatment desorbed 0.13-0.48% and 0.70-2.43% of the 

adsorbed metals, respectively, across the range of different solution concentrations. Non-amended 

control treatment exhibited higher desorption rates, as compared to the two treatments, for Cd 

(0.99-14.54%) and Zn (1.48-19.15%) heavy metals, especially at higher solution concentrations. 

It can be stated that presence of high density of sorption sites in SAP+GBC and SAP treatments 

led to better sorption properties of the treatments, as compared to control, in case of Cd and Zn 

heavy metals. 

 Value of Freundlich exponent (1/n) for Cr, Fe and Pb is less than one for SAP+GBC and 

SAP treatments (table 5.1), which shows increase in the proportion of the metal being sorbed with 

increasing solution concentrations. In case of Cr, the non-amended soil (control) performed the 

best, as it sorbed 97.26-99.16% and desorbed only 0.88-12.72% of the metal, across all 

concentrations. SAP+GBC treatment sorbed 58.72-96.86% and desorbed 4.16-30.86% of the 

metal, whereas the SAP treatment was able to remove 73.33-96.24% of the metal from the solution 

and desorbed 2.59-34.93%, across the range of concentrations.  

Several factors affect sorption of metal ions from a multi-metal solution, viz. preferential 

sorption of different cations by the sorbent material depending on the properties and amounts of 

ions present in a multi-ion solution, temperature, pH and properties of the sorbent material 

(Echeverria et al., 1998; Elliot et al., 1986; Gomes et al., 2001). Non-amended control exhibited 

the lowest range of pH values (3.93-4.80) for different solution concentrations (figure 5.2), which 

may explain better performance of control in sorbing Cr metal, as compared to other treatments. 

Cr (VI) exists as negatively charged hydrogen chromate ion (HCrO4
-) at pH range of 0-6, and, 

within this pH range, protonation at the adsorbent surface can impart a positive charge, leading to 

electrostatic interaction between the anion and the sorbent material (Shaikh and Kumar, 2017). 

Above pH 6.0, theoretically, abundance of negatively charged hydrogen chromate ion in solution 

is reduced (Butler, 1964) which can lead to reduced sorption. Griffin et al. (1977) showed that 

sorption of Cr(VI) on clay minerals reduced, as pH of the solution increased from 1.0 to 9.0, which 

is reflected by the fact that lowest sorption was shown by SAP+GBC treatment, as it exhibited 

highest pH range (6.3-8.03) out of the three treatments (figure 5.2). The proportion of Cr metal 
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being sorbed by the sorbents increased, whereas desorption decreased, with increasing solution 

concentrations (figure 5.1). This can be attributed to the abundance of other metals in the solution. 

It is known that Cr(VI) adsorption by soil is proportional to Fe and Al content in the soil system 

which can impart greater amounts of positive charges to the soil surface, leading to increased 

sorption of the metal (Choppala et al., 2010). As the multi-metal solution concentration increased, 

Fe concentration also increased from 0.1 to 0.5 mM, which may explain better Cr sorption and 

lower desorption at higher concentrations. As the initial concentration of the multi-metal solution 

increases, more amount of metal cations is adsorbed on the sorbent, neutralizing the negative 

charge present at the surface. This reduces hindrance to sorption of anionic form of Cr, leading to 

increased sorption and reduced desorption (Anah and Astrini, 2017). 

Treatment SAP+GBC sorbed 43.65% of Fe(II) from 0.1 mM solution, and with increase in 

concentration, Fe sorption increased to 99.82% for 0.5 mM concentration solution (figure 5.1). A 

similar trend was observed for the SAP treatment, which adsorbed 48.99%-88.18% of the metal 

from multi-metal solutions of varying concentrations. In case of non-amended control, however, 

an opposite trend was observed; 99.10% Fe was sorbed from 0.1 mM concentration solution and 

as the concentration increased, the proportion of metal sorbed by soil decreased to 38.22% for 0.5 

mM solution. In a different study, it was found that proportion of Fe(II), adsorbed by acrylamide 

hydrogel, increased with increase in ionic strength of the metal in solution (Chauhan et al., 2008). 

However, in the case of control, percentage of Fe adsorbed also decreased because of decreasing 

availability of binding sites with increasing concentrations. Desorption of Fe varied from 2.00%-

28.63%, 0.93%-3.49% and 0.33%-6.52% for SAP+GBC, SAP and control treatments, 

respectively. Higher desorption was observed in the SAP+GBC treatment, which may be attributed 

to high Fe content of the biochar (669.12 ± 86.35 mg kg-1; table 3.2 in Dhiman et al., 2019). In 

case of Cu, SAP+GBC and SAP treatments performed better than control, possibly because of 

extra binding sites at the adsorbent material surface, imparted by presence of hydrogel and biochar. 

Sorption percentage for Cu varied from 87.93% to 90.38%, 86.61% to 90.96% and 45.46% to 

85.36% for SAP+GBC, SAP and control treatments. Similar to the results observed for Fe metal, 

with increasing solution concentration, adsorption percentage for Cu was found to decrease in case 

of the non-amended soil. Desorption percentage (Cu) was below 2% for all treatments and across 

all concentrations. In case of Pb, performance of all the treatments, including control, was 

comparable. Treatments SAP+GBC, SAP and control sorbed 88.30% to 99.96%, 94.44% to 
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98.99% and 93.00% to 99.03% of Pb, respectively, from the tested solution concentrations, 

whereas less than 4% desorption was observed. All the treatments exhibited similar performance 

in the case of Pb, while the control worked better than both the treatments in case of Cr, due to 

variation in the pH of the adsorbent-solution mixture. Similar sorption test results were also 

obtained when SAP+PBC (pyrolyzed plantain peel biochar) was used instead of SAP+GBC 

(Chapter 4). 

5.4.2 Soil pH and CEC 

Soil pH is an important factor that affects heavy metal mobility in soil-water systems (Uchimiya 

et al., 2010).  Various pH dependant mechanisms that lead to immobilization of metal ions are 

suggested by Sanchez-Polo and Rivera-Utrilla (2002), namely, formation of metal hydroxide, 

carbonate and phosphate precipitates as well as interactions between changing surface charge 

densities of adsorbent material and metal ion species. Soil pH values for samples, collected after 

eighth irrigation event, from the surface and 0.10 m depth, are presented in table 5.2. Compared to 

SAP and control, treatments, SAP+GBC exhibited the highest surface soil pH (p<0.10). This could 

be explained by alkalinity of the biochar used in this study (pH = 10.27 ± 0.06; Dhiman et al., 

2019). No significant differences were observed at 0.10 m depth. 

Table 5.2 Soil pH for samples collected from surface and 0.10 m depth after the last irrigation 

event. 

Treatment Depth pH 

SAP+GBC 

surface 

5.10±0.20ab 

SAP 4.17±0.15c 

Control 4.57±0.59bc 

FW 5.23±0.06a 

SAP+GBC 

0.10 m 

5.13±0.25a 

SAP 4.87±0.32a 

Control 4.80±0.44a 

FW 5.33±0.21a 

Values with different letters down the column 

are significantly different from each other 

(α=0.05) for each depth. 

Cation exchange capacity (CEC) of the soil has been considered as an important factor 

governing heavy metal immobilization in soil (McBride et al., 1981), as it reflects the capacity of 

soil to adsorb metal ions, thus reducing plant metal uptake (John et al., 1972; Hinesly et al., 1982; 

Haghiri 1974; Liphadzi et al., 2005). It is known that soils with lower CEC have fewer binding 

sites to immobilize heavy metals, making them available for the plant uptake (Fergusson, 1990). 
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Observed values for CEC and pH of the CEC solutions (pHCEC) for soil samples, collected from 

the surface and 0.10 m depth, two days after the eighth irrigation event, are presented in table 5.3. 

Treatment SAP+GBC exhibited significantly higher (p<0.05) soil CEC at surface and 0.10 m 

depth, as compared to control, whereas no significant differences were observed between SAP and 

control treatments for both sampling depths. It can be stated that incorporation of biochar led to an 

increase in CEC of the soil (Liang et al., 2006) in the SAP+GBC treatment, as compared to the 

other treatments.  

Table 5.3 Cation exchange capacity, base saturation and pHCEC of soil samples collected after the 

last irrigation event from surface and 0.10 m depth. 

Treatment Depth CEC (cmol(+) kg-1) pHCEC 

SAP+GBC 

surface 

3.63±0.43a 4.13±0.12a 

SAP 2.92±0.69ab 4.33±0.12a 

Control 2.40±0.16b 4.40±0.08a 

SAP+GBC 

0.10 m 

5.66±0.68a 4.27±0.05a 

SAP 3.69±0.10b 4.13±0.05b 

Control 2.82±0.09b 3.90±0.00c 

Values with different letters down the column are 

significantly different from each other (α=0.05) 

for each depth. 

5.4.3 Heavy metals in soil 

Concentrations of all the heavy metals ([heavy metal]) in soil samples, collected from the surface 

and from 0.10 m depth, for SAP+GBC, SAP and control treatments are given in figures 5.3 and 

5.4, respectively. Except for Fe, no other heavy metal was detected at 0.30 m depth below the 

surface, which is in accordance with the study conducted in the previous year (Dhiman et al., 

2019). Summary of the fixed effects for soil heavy metal concentrations from repeated measures 

analysis is provided in table 5.4. Heavy metal accumulation trend was observed in the case of Cd, 

as [Cd] increased with subsequent irrigation events, up to event 3 (figure 5.3a). Consequently, the 

fixed effect, ‘event’, was found to be significant (p<0.05; table 5.4). Treatment was also found to 

have a significant effect in the overall statistical model, as SAP+GBC and SAP treatments 

exhibited significantly higher (p<0.05) [Cd] than control in the surface soil layer across all events. 

Significantly higher [Cd] was observed (p<0.05) in control (23.90 mg kg-1) for the background 

surface soil samples, as compared to SAP+GBC (14.26 mg kg-1), but no significant difference was 

observed between control and SAP (17.33 mg kg-1) treatments. After the first irrigation however, 

SAP+GBC treatment retained significantly higher (p<0.05) amount of the heavy metal (98.89 mg 

kg-1) in topsoil, compared to control (41.44 mg kg-1). SAP treatment also retained higher amount 
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of Cd in topsoil (64.83 mg kg-1), as compared to control, but statistically the difference was not 

significant.  

 

E1, E3, E6 and E8 corresponds to irrigation events; soil samples were collected two days after each irrigation event. 

Different letters above the error bars indicate significant difference in concentrations for a given event (α=0.05). 

Figure 5.3 Surface soil concentrations of heavy metals (a) Cd, (b) Cr, (c) Cu, (d) Fe, (e) Pb and (f) 

Zn, for all treatments and all irrigation events, including the background. 

Cadmium metal concentration seemed to stabilize in all treatments after the third irrigation, 

as it varied from 127.78-151.49 mg kg-1, 159.96-165.83 mg kg-1 and 52.97-55.85 mg kg-1 for 

SAP+GBC, SAP and control treatments, respectively. After the third irrigation, both SAP 
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treatments retained higher amounts of the metal, as compared to control (p<0.10). SAP treatment 

retained a significantly higher amount of Cd, as compared to control, after sixth irrigation event 

(p<0.05), whereas SAP+GBC also indicated higher [Cd], as compared to control (p<0.10). At the 

end of the experiment, both SAP treatments retained significantly higher (p<0.05) amounts of Cd 

as compared to control. This can be attributed to the presence of sorbent materials (hydrogel and 

biochar) in the soil, which led to an increase in soil CEC, as compared to control (table 5.3). The 

heavy metal was not detected (LOD=15.6 mg kg-1) at 0.10 m depth below the surface in both SAP 

treatments (figure 5.4), as most of the metal would have adsorbed/retained by the topsoil. At the 

end of the experiment, SAP+GBC and SAP treatments retained 141.23% and 213.06% more Cd 

in the topsoil, respectively, as compared to control. The results for Cd are in accordance with a 

similar study, conducted with spinach plants (Chapter 4). 

Background [Cr] in topsoil for all the treatments ranged from 23.29 to 27.57 mg kg-1 and 

did not differ significantly. A trend of accumulation of the metal in surface soil was observed in 

case of control and SAP treatments, where [Cr] gradually increased with subsequent irrigation 

events, from 27.57 and 23.88 mg kg-1
, before the start of the experiment, to 91.22 and 83.11 mg 

kg-1, respectively, after the last irrigation event (figure 5.3b). The findings are in accordance with 

the repeated measures analysis results (table 5.4). However, this trend was not observed in case of 

SAP+GBC treatment, possibly because of biochar’s ability to rapidly bind the metal after the first 

irrigation itself and getting saturated. As a result, no significant increase in surface soil [Cr] was 

observed after third, sixth and eighth irrigations. Consequently, the interaction term in the repeated 

measures statistical model was found to be significant (p<0.05; table 5.4), i.e., effect of treatment 

(SAP+GBC) varied significantly with irrigation events. After first and third irrigations, [Cr] in the 

topsoil of SAP+GBC treatments was found to be noticeably greater (p<0.05 and p<0.10 

respectively) than that in control. As [Cr] accumulated gradually in SAP and control treatments 

with subsequent irrigations, no significant difference was observed between any of the treatments 

after the sixth irrigation event. Owing to the presence of biochar, at the end of the experiment (after 

eighth irrigation), [Cr] in the surface soil of SAP+GBC treatment was found to be significantly 

greater (p<0.05) than that of SAP and control treatments. However, Cr was detected in soil at 0.10 

m depth for both SAP+GBC (19.25 mg kg-1) and control (18.70 mg kg-1) treatments (figure 5.4), 

but it was not detected for treatment SAP. A possible reason could be that while preparing the 

lysimeters before commencing wastewater irrigation, the metal could be redistributed below the 
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detection limit (15.6 mg kg-1) while removing SAP amended soil from the previous year and 

mixing new hydrogel in the topsoil. 

In case of Cu, a trend of metal accumulating in topsoil with wastewater irrigations was 

observed for all the treatments, which is also evident from the fact that the term ‘event’ was found 

to be statistically significant in the repeated measures analysis model (p<0.05; table 5.4). 

Background [Cu] for topsoil ranged from 30.34 to 62.15 mg kg-1 for all the treatments; control was 

found to have highest mean [Cu] in topsoil, as compared to the other two treatments (p<0.05) 

(figure 5.3c). No significant differences were observed between surface soil [Cu] for the treatments 

after first irrigation event; however, after third irrigation, SAP+GBC exhibited significantly higher 

(p<0.05) amount of Cu in the surface soil (265.58 mg kg-1), as compared to control (156.34 mg 

kg-1). As discussed before, this can be attributed to presence of additional sorption sites in the 

amended soil, imparted by the hydrogel and biochar. After third irrigation, although [Cu] for SAP 

(199.96 mg kg-1) was higher than that in control, the difference was not significant. With 

subsequent irrigations, surface soil [Cu] in control (280.31 mg kg-1) and SAP (380.68 mg kg-1) 

treatments, after the sixth irrigation, increased substantially, as compared to a small increase in 

[Cu] observed for the SAP+GBC treatment (275.85 mg kg-1); no significant differences were 

observed among all the treatments after the sixth irrigation. At the end of the experiment, SAP 

treated soil exhibited significantly higher (p<0.05) [Cu] at the surface (385.13 mg kg-1) compared 

to control (281.47 mg kg-1), which can be attributed to polymer’s ability to bind heavy metals 

(based on sorption test results). No significant difference was observed between SAP+GBC 

(352.01 mg kg-1) and control, as well as between SAP+GBC and SAP, which is in accordance with 

the sorption test results. Copper metal was not detected at 0.10 m depth in all the treatments (figure 

5.4). 

Iron metal was found to accumulate in topsoil with subsequent irrigations for all the 

treatments (figure 5.3d), which led to the term ‘event’ having a significant effect (p<0.05) on 

topsoil [Fe] in the repeated measures statistical model (table 5.4). By the end of the eighth 

irrigation, [Fe] in surface soil increased by 23.70%, 37.33% and 15.56% for SAP+GBC, SAP and 

control treatments, respectively (figure 5.3d). No significant differences were observed among 

surface soil [Fe] for all treatments until the third irrigation event. Treatment SAP exhibited 

significantly higher [Fe], as compared to control (p<0.05), after sixth and eighth irrigations.  
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Treatment SAP+GBC also indicated higher [Fe] in surface soil, as compared to control, after sixth 

and eighth irrigations (p<0.10). It can be said that after eight irrigations, both the treatments 

performed better, as compared to control, with SAP performing slightly better than the SAP+GBC 

treatment. Consequently, at 0.10 m depth, control exhibited significantly higher (p<0.05) [Fe] in 

soil (10990 mg kg-1), as compared to SAP+GBC (9596 mg kg-1) and SAP (9604 mg kg-1) 

treatments (figure 5.4). A similar trend was also observed in the case of Pb, as it accumulated in 

topsoil with subsequent irrigations (table 5.4; figure 5.3). Background [Pb] was found to be 

significantly higher in control (131.33 mg kg-1), as compared to SAP+GBC (70.98 mg kg-1) and 

SAP (64.87 mg kg-1) treatments (figure 5.3e). After first irrigation, no significant difference in 

topsoil [Pb] was observed between SAP and control treatments. The SAP+GBC treatment also 

exhibited considerably higher (85.69%) [Pb], as compared to control (p<0.10). This can be 

attributed to the presence of biochar, which rapidly sorbed the heavy metal after the first irrigation. 

No significant [Pb] increase was observed in topsoil for SAP+GBC treatment with further 

irrigations. As the topsoil for other treatments received more Pb through wastewater irrigations, 

this difference was diminished, and as a result, no significant differences were observed between 

any of the treatments after third, sixth and eighth irrigations. At the 0.10 m depth, Pb was not 

detected (LOD=15.6 mg kg-1) for SAP+GBC and SAP treatments, whereas [Pb] in the control 

treatment was found to be 62.98 mg kg-1. 

No significant increase in [Zn] was observed with subsequent irrigations in the case of 

control, as it only varied within 14% of background concentration (46.79 mg kg-1). Metal 

accumulation was observed in the other two treatments; [Zn] increased from 38.72 (background) 

to 79.29 mg kg-1 and from 43.78 to 97.84 mg kg-1, after eight irrigations, for SAP+GBC and SAP 

treatments, respectively (figure 5.3f). No significant differences were observed amongst treatments 

for surface soil [Zn] at background, as well as after first and third irrigations. However, with further 

irrigations, SAP treatment exhibited significantly greater [Zn], as compared to control (211.86% 

higher; p<0.05). After the sixth irrigation, mean [Zn] for SAP+GBC treatment was also found to 

be greater than that in control (53.19 mg kg-1) by 71.03%, but statistically the difference was not 

significant. A similar trend was also observed at the end of the experiment (after the eighth 

irrigation). It may be noted that the SAP treatment showed slightly higher metal content than 

SAP+GBC treatment for Cu, Fe, and Zn, which could be attributed to the high ash content of 

biochar (77.45% d.b.; table 3.2 of Dhiman et al., 2019). A possible explanation could be that 
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polymer’s sorption sites were occupied by soluble salts (Bowman et al., 1990; Horkay et al., 2000), 

originating from high ash content of the biochar (Vassilev et al., 2013), thus reducing their 

availability for interacting with heavy metals, which can offset the added benefit of addition of 

biochar as an extra sorbent material.   

Table 5.4 Summary of fixed effects for surface soil heavy metal concentration from repeated 

measures analysis. 

Fixed effects 
Heavy Metal 

Cd Cr Cu Fe Pb Zn 

Treatment * - - - - * 

Event * * * * * * 

Treatment X 

Event 
* * - - - - 

* Denotes statistically significant effects (p<0.05) 

- Denotes no significant effect (p≥0.05). 

 

Different letters above the error bars indicate significant difference in concentrations for a 

given event (α=0.05). 

Figure 5.4 Heavy metal concentrations in soil samples collected from 0.10 m depth after the last 

irrigation event, for all treatments. 

5.4.4 Heavy metals in plant tissue 

Observed heavy metal concentrations in edible and non-edible parts of the plants are provided in 

table 5.5 for all treatments. In case of edible plant parts (potato tuber flesh and peel), concentration 

of all metals for plants grown on FW treatment is also provided. Plant roots come in direct contact 

with contaminants in soil, and they also regulate physiological processes that are involved in 

transport of heavy metals to other plant parts (Nedelkoska and Doran, 2000). Therefore, it is 

important to study concentrations of various metals in plant roots. In accordance with other studies 

(Dunbar et al., 2003; Moore et al., 2013; Dhiman et al., 2019), it was found that concentrations of 

all the heavy metals were significantly higher in roots than in other parts of the plants (p<0.05) for 

1

10

100

1000

10000

100000

Cd Cr Cu Fe Pb Zn

C
o
n

ce
n

tr
a
ti

o
n

 (
m

g
 k

g
-1

)

Heavy Metal

SAP+GBC SAP Control
ab b

aaa
aa



105 
 

all metals and in all treatments. None of the amendments was able to reduce the uptake of heavy 

metals by plant roots, as compared to wastewater irrigated control.  

In case of freshwater irrigated (FW) potato flesh tissue, the concentrations of metals Cd, 

Cr, Cu, Fe, Pb and Zn were found to be 0.07, 0.05, 2.15, 26.92, 0.04 and 7.16 mg kg-1, respectively, 

whereas, for tuber peels, they were found to be 0.25, 0.30, 5.51, 100.26, 0.26 and 15.31 mg kg-1, 

respectively. Concentrations of Cd and Cu were found to be comparable to the range of values 

observed for potato tubers from 16 different cultivars, grown with freshwater in a different study 

(Ozturk et al., 2011). However, concentration of Fe, Pb and Zn in tuber flesh tissue (for FW 

treatment) in the present study was found to be below the range of values observed by Ozturk et 

al. (2011). This can be due to the fact that, in the cited study, heavy metal analysis was performed 

on whole tubers including peel, and not peel and tuber flesh tissue separately. In the present study, 

peels of potato tubers from FW treatment were found to have significantly higher metal 

concentrations for all the metals, as compared to flesh tissue samples. 

Similar to the observation in the case of FW treatment, peels of potato tubers grown using 

wastewater (SAP+GBC, SAP and WW treatments) exhibited significantly higher metal 

concentrations as compared to tuber flesh samples, for all metals (p<0.05). This is in accordance 

with previous studies (Davies and Crews, 1983; Dhiman et al., 2019) where it was determined that 

heavy metal content in potato peels was generally higher than that of tuber flesh tissue. As 

expected, concentrations of Cd in tuber flesh and peel tissue for wastewater irrigated treatments 

were found to be significantly higher (p<0.05) than that of plants grown with freshwater irrigation 

(FW). However, both SAP+GBC and SAP treatments exhibited lower [Cd] in tuber flesh and peel 

samples, as compared to control(p<0.10), which is in accordance with sorption test (figure 5.1) 

and soil Cd concentration results (figure 5.3a).  Concentrations of Cd in tubers from wastewater 

irrigated treatments were higher than the permissible limit of 0.1 mg kg-1 (for food products), 

suggested by CODEX standard for contaminants and toxins in food (CODEX STAN 193-1995). 

Both the treatments (SAP and SAP+GBC) reduced Cd uptake in plant leaf as compared to control 

(p<0.05), but no significant differences were observed in case of stem tissue of plants grown on 

different treatments.  
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Table 5.5 Concentration of heavy metals (mg kg-1) in different parts of potato plants grown in 

different treatments. 

Plant 

Part  
Treatment 

Heavy Metal 

Cd Cr Cu Fe Pb Zn 

Flesh 

FW 0.07±0.01b 0.05±0.00a 2.15±0.01a 26.92±0.66a 0.04±0.00c 7.16±0.13b 

SAP+GBC 1.54±0.63a 0.02±0.02a 1.61±0.37a 15.86±0.16c 0.05±0.01b 8.65±1.54b 

SAP 1.98±0.36a 0.07±0.05a 2.92±0.91a 25.11±0.78a 0.08±0.00a 8.30±0.01b 

WW 2.63±0.46a 0.06±0.01a 2.72±1.41a 21.21±0.88b 0.09±0.00a 15.28±2.72a 

Peel 

FW 0.25±0.04b 0.30±0.05b 5.51±0.51b 100.26±4.66a 0.26±0.01b 15.31±1.98b 

SAP+GBC 23.89±16.43a 0.33±0.02b 9.41±5.21ab 80.03±17.26a 1.64±0.18b 31.75±13.93ab 

SAP 20.75±0.67a 0.40±0.11b 6.89±0.40ab 117.58±15.14a 2.61±0.53ab 33.85±7.91ab 

WW 43.87±4.54a 0.62±0.01a 18.69±7.02a 124.41±2.82a 4.99±1.69a 43.07±10.59a 

Leaf 

SAP+GBC 14.85±2.10b 0.47±0.01a 6.67±3.44a 176.24±40.68a 2.20±0.19a 10.95±1.99a 

SAP 8.21±3.50b 0.89±0.01a 6.36±1.18a 285.32±8.09a 4.87±0.27a 13.68±1.63a 

WW 28.74±0.70a 1.09±0.53a 10.93±0.73a 228.46±78.50a 5.70±3.42a 13.08±1.07a 

Stem 

SAP+GBC 37.61±1.57a 0.20±0.06a 1.00±1.03a 19.20±2.87a 2.04±1.79a 82.35±17.92a 

SAP 68.29±27.22a 1.30±0.89a 5.85±4.36a 89.36±49.70a 10.73±8.39a 151.45±43.40a 

WW 69.88±15.75a 0.39±0.13a 7.26±6.13a 45.95±7.51a 2.84±0.64a 121.60±14.53a 

Root 

SAP+GBC 266.50±131.29a 16.63±7.80a 138.71±86.93a 1808.11±858.99a 197.30±106.91a 320.31±102.49a 

SAP 285.34±63.30a 12.41±0.34a 114.22±52.46a 1453.75±888.31a 152.72±53.11a 351.73±60.64a 

WW 366.50±109.62a 5.04±0.16a 114.91±3.29a 988.75±3.20a 162.48±55.16a 332.06±26.49a 

Values with different letters down the column (for different treatments) are significantly different from each 

other at ⍺=0.05 for the specified plant part and heavy metal. 

 

No significant differences were observed between Cr uptake by potato tuber flesh tissue 

samples from all the treatments, including FW. However, both treatments (SAP+GBC and SAP) 

significantly reduced Cr uptake in tuber peel tissue, as compared to control (p<0.05). It is  to be 

noted that [Cr] in tuber flesh tissue was found to be within the permissible limit of 0.5 mg kg-1 for 

all treatments (NHFPC, 2012), whereas for tuber peel tissue, [Cr] was found to lie within this limit 

for FW, SAP+GBC and SAP treatments only, not for control; this highlights the ability of the 

amendments to reduce Cr uptake in potato peels. This observation was not in line with the findings 

of the sorption test which showed that non-amended soil worked best in case of Cr adsorption, as 

compared to the two other treatments (figure 5.1). Generally, Cr(VI) adsorption on soil decreases 

as the pH increases within the range of 1.0 to 9.0 (Griffin et al., 1977). In the field, when plants 

are also grown on soils subjected to heavy metal contamination, organic acids exuded by plant 

roots can also affect pH around the roots where uptake of metal takes place (USEPA, 2008). The 
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complex relationship between plant, soil and amendments, along with the fact that many other 

ingredients were present in the wastewater, apart from heavy metals (unlike sorption test 

solutions), may have led to reduced Cr uptake by potato tuber flesh and peels, as compared to the 

control. Concentrations of the metal in plant leaf and stem tissues were found to be similar for all 

treatments. 

No significant difference was observed between Cu uptake in tuber flesh tissue for all 

treatments, including FW. In the case of potato tuber peel tissue, Cu uptake was not significantly 

higher in both the treatments, as compared to the FW treatment, but it was significantly higher in 

the control than that in the FW treatment (p<0.05).  Also, both SAP+GBC and SAP treatments 

exhibited lower [Cu] in plant leaf, as compared to control (p<0.10). This is in accordance with 

findings of the sorption test, where it was observed that SAP+GBC and SAP treatments performed 

better in sorbing the metal, as compared to non-amended control (figure 5.1). It is suspected that 

sandy soils are not able to bind Cu strongly and thus can lead to translocation of the metal to plants 

grown on such soils (Moore et al., 2013). These observations hint at the amendments’ potential to 

reduce Cu uptake by wastewater irrigated potato plants grown on sandy soils.  

Mean iron content in potato tuber flesh samples was found to vary between 15.86 to 26.92 

mg kg-1 for all the treatments, which is within the range of Fe found in conventionally grown 

Canadian potato tubers (9.80 to 29.10; Warman and Harvard, 1998). In all the other parts of the 

plant, no significant difference was observed for [Fe] in all the treatments. 

In case of Pb, the concentration of the metal in potato tuber flesh for plants, grown with 

wastewater irrigation, was found to be significantly higher than that of FW treatment (p<0.05); 

however, [Pb] values were found to be within the permissible limit of 0.1 mg kg-1 for peeled potato 

tubers (CODEX STAN 193-1995). Concentration of Pb in peel tissue for FW treatment was found 

to be very close to the permissible limit of 0.2 mg kg-1 (NHFPC, 2012), whereas for wastewater 

irrigated treatments, [Pb] was significantly higher than this limit. This may be attributed to high 

Pb concentration in the synthetic wastewater (16 mg L-1). SAP+GBC significantly reduced uptake 

of Pb in potato tuber flesh and peel tissue, as compared to control (p<0.05). The SAP amendment 

in soil was able to prevent significant increase in the uptake of the metal by potato peel tissue, and 

maintained it to a level comparable to that of the FW treatment. No significant effect of the 

treatments was observed for [Pb] in stem and leaf tissue samples of the plants.  
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Zinc is a micronutrient present in potato tubers and generally its concentration ranges from 

0.6 to 17.3 mg kg-1 (Warman and Havard, 1998). In the current study, concentration of the metal 

was found to be within this range for all the treatments in case of tuber flesh tissue but not for peel 

tissue samples; mean [Zn] in tuber flesh samples from control treatment, however, was found to 

be on the higher side (15.28 mg kg-1). Both SAP+GBC and SAP treatments significantly reduced 

Zn uptake in potato tuber flesh tissue, as compared to control (p<0.05). Also, both these treatments 

prevented increased Zn uptake in tuber peel tissue due to wastewater irrigation; unlike the amount 

observed for control, the concentrations were similar to that of the FW treatment. No significant 

differences in Zn uptake by leaf and stem tissues of plants were observed amongst all wastewater 

irrigated treatments.  

5.5 Conclusions 

Owing to the presence of high density of sorption sites in SAP+GBC and SAP treatments, the 

sorption test suggested that the two treatments adsorbed higher quantity of Cd, Cu, Fe and Zn, as 

compared to control, across different tested concentrations. Less than 0.5% and 2.50% of the 

adsorbed metals, Cd and Zn, respectively, were desorbed by these treatments; these rates were 

lower than the desorption rates observed for the non-amended control. The two treatments also 

adsorbed higher amount of Fe and Cu, as compared to control, however, SAP+GBC treatment 

exhibited higher desorption (2.00-28.63%) of adsorbed Fe, as compared to SAP and control 

treatments, possibly due to high Fe content of the biochar (669.12 ± 86.35 mg kg-1) and the higher 

adsorbed Fe amount. In the case of Cu, less than 2% of the adsorbed metal was found to desorb 

for all treatments and across all concentrations. SAP+GBC and SAP treatments desorbed less than 

35% of the adsorbed Cr, whereas control desorbed less than 13% of the metal. Non-amended 

control performed better than the other two treatments, in terms of Cr adsorption, because of low 

adsorbent-solution mixture pH. For Pb, the performance of all the treatments, including control, 

was comparable, and less than 4% desorption was observed for all the treatments; this indicated 

that the amendments were not effective in improving binding of Pb heavy metal. 

 Due to alkalinity of biochar (pH = 10.27 ± 0.06), addition of SAP+GBC amendment in soil 

led to increase (p<0.10) in surface soil pH, as compared to SAP and control treatments, whereas 

no significant differences were observed at 0.10 m depth. Also, SAP+GBC treatment significantly 

increased soil CEC at the surface and at 0.10 m depth as compared to SAP and control (p<0.05). 

All metals were found to accumulate in topsoil with subsequent irrigations. Overall, the SAP+GBC 
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treatment retained significantly higher amount of Cd, Cr and Fe in topsoil, as compared to control 

(p<0.05). The SAP amendment in soil also retained significantly higher amount of Cd, Cu, Fe and 

Zn in topsoil, as compared to control (p<0.05) at the end of the experiment. Because of the presence 

of biochar, SAP+GBC amended soil quickly bound and retained Cr and Pb in topsoil, as compared 

to other two treatments after first irrigation; with further irrigations, changes in concentration of 

these heavy metals were not significant. Compared to control, SAP was ineffective in holding on 

to Cr heavy metal in topsoil, whereas neither of the two types of amendments were effective in 

retaining Pb in topsoil. After eight irrigations, the SAP+GBC treatment did not exhibit an increased 

topsoil [Zn], as compared to control. Concentration of Cu, Fe and Zn heavy metals in soil were 

higher in SAP than in SAP+GBC treatment. Thus, using SAP as a soil amendment would be better 

than SAP+GBC when these heavy metals are present in the wastewater to be used for irrigation. 

 It was found that peel tissue of potato tubers generally showed significantly higher levels 

of heavy metals, as compared to tuber flesh. Both SAP+GBC and SAP treatments significantly 

reduced Cd uptake in tuber flesh and peel tissue, as compared to control (p<0.10). Also, both the 

treatments significantly reduced Cd uptake in leaf tissue of plants, as compared to control (p<0.05). 

Treatment SAP+GBC also significantly reduced Cr uptake in tuber peel tissue, as compared to 

control (p<0.05). No significant differences were observed in Cr uptake by tuber flesh among all 

treatments (including FW) which indicated that amendments may not be effective in reducing Cr 

uptake by tubers. However, tuber flesh tissue [Cr] for all treatments was within the permissible 

limits (0.5 mg kg-1) for potatoes. No significant differences were observed between tuber flesh 

[Cu] for all treatments, including the FW treatment, which showed that Cu uptake may not be 

dependent on its concentration in sandy soil within a certain limit. However, both the treatments 

prevented significant increase in Cu uptake by tuber peel tissue, as seen in the case of control, 

when compared to FW treatment. [Cu] in plant leaf tissue was found to be considerably low in 

SAP+GBC and SAP treatments, as compared to control (p<0.10). Mean Fe content in tuber flesh 

samples was found to be comparable to the range of Fe content found in conventionally grown 

Canadian potato tubers (15.86 to 26.92 mg kg-1). In case of Pb, concentration of the metal in tuber 

flesh for all treatments was found to be within the permissible limit of 0.1 mg kg-1. SAP+GBC 

treatment significantly reduced Pb uptake in tuber flesh and peel tissue, as compared to control 

(p<0.05). The SAP amendment in soil prevented significant increase in Pb uptake by potato peel 

tissue, as [Pb] for SAP was similar to that of the FW treatment. Both SAP+GBC and SAP 
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treatments significantly reduced Zn uptake in tuber flesh tissue, compared to control (p<0.05). 

Also, both these treatments were able to prevent significant increase in Zn uptake by tuber peel 

tissue, since concentrations of the metal in peel tissue for these two treatments were similar to that 

of the FW treatment; In control, however, [Zn] was found to be significantly higher compared to 

FW. Concentrations of all heavy metals in plant stem and root tissues were not found to differ 

significantly amongst treatments. The concentrations of all the heavy metals were significantly 

higher in roots than in other parts of the plants (p<0.05) for all the metals and treatments. The 

present study indicates that the amendments have the potential to reduce Cd, Cu, Pb and Zn uptake 

by wastewater irrigated potato tubers grown on sandy soil.  
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Connecting Text to Chapter 6 

Studies presented in chapters 3, 4 and 5 investigates the role of SAP-based soil amendments on 

heavy metal immobilization and plant uptake. Chapter 6 provides an insight into the effect of these 

amendments on plant health, growth and yield when wastewater is utilized for irrigation. Plant 

growth parameters and yield observations across two years for wastewater irrigated potato, and for 

one year in case of wastewater irrigated spinach grown on sandy soil, are presented in chapter 6. 

This chapter will soon be sent for publication in a refereed journal. The manuscript will be 

co-authored by Prof. Shiv Prasher (academic research supervisor), Dr. Eman ElSayed 

(Postdoctoral Fellow at McGill University’s Bioresource Engineering Department at the time 

conducting research), Dr. Christopher Nzediegwu (Postdoctoral Fellow at University of Alberta’s 

Department of Renewable Resources). Mr. Ali Mawof (PhD scholar at McGill University’s 

Bioresource Engineering Department) and Dr. Ramanbhai Patel (Research Associate at McGill 

University’s Bioresource Engineering Department). The original draft has been modified to 

maintain consistency with the format of this thesis, in accordance with McGill University’s thesis 

guidelines. Studies and references cited are presented at the end under the ‘References’ section. 
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Chapter 6: Effect of Hydrogel and Biochar Soil Amendments on Yield and 

Growth of Wastewater Irrigated Plants 

6.1 Abstract 

Global human population is expected to rise to 9.7 billion by the year 2050, leading to a significant 

increase in food demand. Increased irrigation water requirement for enhancing food production 

will place additional pressure on our already stressed freshwater (FW) resources. Since agriculture 

is the largest freshwater consumer in the world, alternate sources of irrigation water, such as 

untreated wastewater, would help in the conservation of planet’s precious resource in a cost-

effective manner. However, wastewater contains contaminants which can adversely affect plant 

growth and health. The aim of this study was to determine the effect of super absorbent polymer 

(SAP), alone and mixed with two types of biochars, SAP-gasified plantain peel biochar (GBC) 

and pyrolyzed plantain peel biochar (PBC), on yield and growth of wastewater (WW) irrigated 

potatoes (Solanum tuberosum L.) and spinach (Spinacia oleracea L.) plants. In 2015 and 2016, 

potato plants were grown in lysimeters (1.00 m long x 0.45 m dia.) packed with sandy soil in a 

complete randomized design (three replicates) with treatments: SAP+WW, SAP+GBC+WW, WW 

(no amendment, wastewater irrigated) and FW (no amendment, freshwater irrigated). The 

amendments were incorporated in soil at the rate of 1% (w/w). In 2016, spinach plants were grown 

in the lysimeters, following a similar design of experiment, however, PBC was used instead of 

GBC. Plants were irrigated with laboratory prepared synthetic wastewater, and were harvested at 

maturity. Observations on yield and plant health parameters, viz. photosynthetic activity, stomatal 

conductance, normalized difference vegetative index (NDVI), relative chlorophyll content index 

(RCCI), leaf temperature, root surface area, root volume, average root thickness and root length 

density were recorded. Potato tuber yield was the lowest in SAP+GBC+WW treatments during 

both the years, whereas no significant differences were found in yields amongst other treatments. 

On the other hand, spinach yield in SAP+PBC+WW treatment was found to be significantly higher 

than that in other treatments (p<0.05). No significant differences in photosynthetic activity, 

stomatal conductance, transpiration rate, leaf temperature, NDVI and root structure development 

for spinach plants as well as leaf temperature and NDVI values for potato plants were found due 

to treatments. Results showed that wastewater could potentially be used for irrigating potatoes and 

spinach plants in sandy soils, without any reduction in yield; however, tuber yield may be 

decreased due to GBC amendment. 
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6.2 Introduction 

Currently, about 80 countries in the world are experiencing water shortages and about 2 billion 

people do not have access to clean water (Alois, 2007). Since agriculture is the largest freshwater 

consumer (FAO, 2016; UNESCO, 2016; Koehler, 2008), exploitation of alternate sources of 

irrigation water such as untreated wastewater could partly compensate for the increased freshwater 

demand. Use of wastewater for irrigation has been proposed and highly encouraged by researchers 

to tackle the problem of freshwater scarcity (Rusan et al., 2007; Al-Rashed and Sherif, 2000; 

Mohammad and Mazareh, 2003; Al Salem, 1996). Apart from being a cost-effective alternative 

for irrigation in countries experiencing economic water stress (Rusan et al., 2007; Qadir et al., 

2010), wastewater is also a source of many nutrients required by soil to maintain its fertility (Weber 

et al., 1996). However, contaminants present in untreated wastewater can be harmful to humans 

and the environment (Qadir et al., 2007).  Depending on the source, wastewater may contain a 

wide variety of contaminants such as steroidal sex hormones, pharmaceuticals, plastics and heavy 

metals. Wastewater contaminants, such as heavy metals, are known to adversely affect health and 

growth of food crops [e.g., barley (Hordeum vulgare L.), soybean (Glycine max (L.) Merr.) and 

wheat (Triticum æstivum L.)], and may lead to reduced yields if present at higher concentrations 

in the soil-water system (Zhang and Yang, 1994; Page et al., 1972; Collins et al., 1976; Haghiri, 

1973). Thus, it is necessary to develop an effective technique to promote safe use of wastewater 

for agriculture, without compromising on plant health and crop yield.  

Addition of amendments like super absorbent polymers (SAPs) and biochar have been 

associated with better plant growth and yield. SAPs or hydrogels are hydrophilic networks of 

loosely crosslinked polymeric chains which can absorb and retain water or aqueous solutions up 

to hundreds of times their own weight (Buchholz and Graham, 1998; Skouri et al., 1995; 

Zohuriaan-Mehr and Kabiri, 2008). These polymers have been used in hygienic products, 

construction, food and electronics industries, and more recently in agriculture for efficient use of 

water resources (Korpe et al., 2009). Polyacrylamide and polyacrylate polymers are some 

commonly used SAPs in agricultural applications (Bai, et al., 2010). Hydrogel incorporation in 

soil can potentially lead to improved plant health and yield (Baasiri et al., 1986; Gu et al., 1996; 

El-Sayed et al., 1991; Suresh et al., 2018) through improvement of certain soil properties such as 

increased soil-water holding capacity and improved soil structure leading to reduction in soil 

penetration resistance (John et al., 2005; Busscher et al., 2009). Biochar is defined as a product of 



114 
 

pyrolysis, carbonization and gasification of biomass (ANSI/ASABE, 2011). Biochar soil 

amendment is known to have a positive impact on soil physio-chemical properties, fertilizer and 

water use efficiencies as well as crop yield (Glaser et al., 2001; Zhang et al., 2012; Major et al., 

2010; Steiner et al., 2008). SAPs and biochar soil amendments are also known to adsorb some of 

the commonly found contaminants in wastewater such as hormones, pharmaceuticals and heavy 

metals, thus making them unavailable for the plants to uptake and leading to improved crop yields 

even in contaminated soils (Park et al., 2011; Al-Wabel et al., 2015; Samrah et al., 2010; Torres 

and Varennes, 1998; Varennes and Torres, 1999; Varennes and Queda, 2005; Dhiman et al., 2019). 

Wastewater could potentially have a negative impact on plant health, growth and yield. To 

the best of the authors’ knowledge, information on the effects amending the soil with SAP and a 

mixture of SAP and biochar, on growth, health and yield of synthetic-wastewater irrigated plants 

is not available. Therefore, this study was conducted to determine the effect of incorporating 

polyacrylamide SAP and SAP-plantain peel biochar mixture in the soil, on plant health, growth 

and yield parameters for potatoes and spinach grown across two years (2015 and 2016) using 

synthetic wastewater.  

6.3 Materials and Methods 

6.3.1 Study Area 

 

Figure 6.1 Schematic diagram of lysimeter (taken from Dhiman et al., 2019). 

The study was carried out in a field-lysimeters situated at Macdonald Campus of McGill University 

in Ste. Anne de Bellevue, QC, Canada. Lysimeter used in this study was a hollow cylinder (1.00 
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m long x 0.45 m I.D.) made of from PVC material, and filled with sandy soil (soil from Ste-Amable 

complex, QC, Canada) levelled at 0.05 m from the top (figure 6.1). The lysimeter had four 

equidistant holes (10 mm dia.), each at three different heights viz. 0.10, 0.30 and 0.60 m from the 

soil surface. The holes are drilled to provide for soil sampling sites along the depth of the column. 

An outlet was provided at the bottom to collect the leachate. Values for physical and chemical 

characteristics of the soil are provided in table 6.1.  

Table 6.1 Physio-chemical properties of lysimeter soil (taken from Dhiman et al., 2019). 

Type a Sandy 

Sand (%) a 92.20 

Silt (%) a 4.30 

pH a 5.50 

Dry Bulk density (Mg m-3) a 1.35 

Organic matter (%) a 2.40±0.15 

Saturated Hydraulic conductivity (m day-1) a 1.67±0.45 

Zero point of charge (ZPC) a 3.40 

N (mg kg-1) n.a. 

P (mg kg-1) 215.30±40.43 

K (mg kg-1) 107.33±13.13 

Ca (mg kg-1) 912.44±79.70 

Mg (mg kg-1) 103.27±7.29 

Al (mg kg-1) 1164.14±12.40 

Nutrients P, K, Ca, Mg and Al were determined using Mehlich III 

extraction procedure (Mehlich, 1984). n.a.- not available. 
a Adapted from a previous study conducted with soil from same 

source (ElSayed et al., 2013). 

6.3.2 Soil Amendments 

Super absorbent polymer (SAP) used in our study was a cross-linked copolymer of potassium 

acrylate and acrylamide (commercial name: SUPERAB A200). It was procured from a Canadian 

environmental solutions company, Iramont Inc. General physical and chemical properties of the 

used SAP hydrogel are given in table 6.2.  

Table 6.2 Physical and Chemical properties of SAP SUPERAB A200 (from Dhiman et al., 2019). 

CAS # 
Appearance 
[a] 

Specific 
gravity 
[a] 

pH 
[a] 

Solubility 
[a] 

Particle size 
distribution 
(mm) [a] 

Storage life 
(years) [a] 

Life in 
soil 
(years) [a] 

Toxicity 
[a] 

Swelling 
Ratio 

31212-
13-2 

White 
granular 

1.2 6-7 
Insoluble in 
aqueous 
solution 

2-5: 61% 
1-2: 20% 
<1: 19% 

>7 >5 Non-toxic 200 

[a] Adapted from manufacturer’s website (Iramont, 2016). 

For the first-year (2015), plantain peel biochar (GBC) was prepared from oven-dried 

plantain peels using a gasifier unit (built at Macdonald Campus Technical Service Building of 
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McGill University, Sainte-Anne-de-Bellevue, Quebec, Canada). Plantain was procured from Sami 

Fruits, Lasalle, Quebec, Canada (for both years), and were peeled using standard kitchen knives. 

The peels were dried in a conventional oven at temperatures ranging from 75°C to 80°C. Biochar 

production was carried out at temperatures, varying from 450°C to 500°C, with a residence time 

of 20-25 min. Due to low yield of biochar obtained using gasification process, a pyrolyzer unit 

fabricated at Macdonald Campus’s Mechanical Workshop was used for the second year (2016) to 

produce pyrolyzed plantain peel biochar (PBC). Proximate and ultimate analysis of biochar was 

performed at the CanmetENERGY Characterisation Laboratory (ISO 9001:2008 certified), 

Ottawa, ON, Canada. Biochar samples were sent to the Materials Characterisation Laboratory at 

Department of Mining and Materials Engineering, McGill University, Montreal, Canada for 

Brunauer-Emmet-Teller (BET) surface area determination. Properties of the two types of biochar 

used are provided in table 6.3.  

Table 6.3 Physiochemical properties of gasified and pyrolyzed plantain peel biochar. 

Parameter Observed Value (wt %) Method 

  GBC PBC   

Proximate Analysis 

Moisture Content* 9.88 5.68 ASTM D7582 

Ash Content* 77.45 27.97 ASTM D7582 

Volatile Content 18.09 31.32 ISO 562 

Fixed Carbon 4.46 40.71 ASTM D7582 

Ultimate Analysis 

Carbon 18.10 57.40 ASTM D5373 

Hydrogen 0.48 3.18 ASTM D5373 

Nitrogen 0.60 2.16 ASTM D5373 

Total Sulfur <0.05 <0.05 ASTM D4239 

Oxygen 3.37 9.32 By Difference 

Specific Surface Area 

BET Surface Area 

(m2g-1) 
1.9460 0.7560 

Lab 

Characterization 

* Estimated using thermogravimetric analyzer (TGA). All measurements are made 

on dry weight basis. 

 

6.3.3 Design of Experiments 

The design of experiments for both the years is presented in table 6.4. For year 2015, SAP was 

mixed into the lysimeter soil layer spanning 0.15 m to 0.25 m below the soil surface, at a rate of 

1% (w/w) for SAP and SAP+GBC treatments. For SAP+GBC treatment, GBC was mixed into the 

top 0.10 m of soil [biochar:soil 1% (w/w)]. The SAP was incorporated below the soil surface to 
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prevent its photo-degradation. The field study was conducted under a water proof tent to prevent 

the entry of any rainwater, allowing only a known volume of irrigation water to be used at a 

predetermined schedule. All lysimeters were brought to field capacity, two days before planting. 

Potato plants were grown in the designated lysimeters for the first year. Russet Burbank potato 

tubers were obtained from Global Agri. Services Inc. (New Brunswick, Canada). Potato tuber was 

planted in the center of each lysimeter at a depth of 0.10 m, with sprouts facing upward 

(Thompson-Morgan, 2015). Every alternate day, about 500 mL of tap water was applied to 

establish plants before irrigating with wastewater started. A pre-emergence spray of the broadleaf 

and grass weed herbicide, SENCOR 480F (Bayer CropScience, ai: metribuzin, 480 g L-1), was 

applied at the recommended rate (850 mL mixed in 100L ha-1) for weed control in lysimeters 

(Hutchison, 2012). Fertilizers (ammonium sulfate and muriate of potash) were applied at locally 

recommended rates in each lysimeter. Plants in the three lysimeters under SAP+GBC+WW 

treatment did not emerge and therefore the three potato seedlings were replaced (transplanted) by 

reserve potato plants which were grown in other lysimeters (with soil from the same source) in the 

field on 27th day after initial planting. Seeds for the reserve potato plants were also planted at the 

same time as other plants in the experiment and were given the same treatment until the start of 

wastewater irrigation. It was suspected that non-emergence was caused due to crusting and 

hardening of the topsoil layer because of biochar addition. It was expected that breaking of crust 

while replanting would not adversely affect the plant. The first wastewater irrigation (11.5 L per 

lysimeter) was applied 33 days after planting (post-emergence). Subsequent eight irrigations of the 

same volume were applied at ten-day intervals. Crop was harvested on maturity.  

For the year 2016, 12 new lysimeters were randomly assigned to different treatments for 

spinach crop (table 6.4). SAP was mixed in top 0.10 m of the lysimeter soil at the rate of 1% w/w 

for treatments SAP and SAP+PBC, whereas PBC was also mixed in top 0.10 m of the soil profile 

at the same rate, for SAP+PBC treatment. Spinach plants were obtained from a local farmers 

market (Jean Talon Farmer’s Market, Montreal, Canada) and were transplanted (three plants per 

lysimeter) in the lysimeters which were brought to field capacity a day before planting. Fertilizers 

(ammonium sulfate and muriate of potash) were applied at locally recommended rates. Every third 

day, about 400 mL of freshwater was applied to each of the lysimeters for sustenance, before 

commencing wastewater irrigation. Spinach plants were subjected to first wastewater irrigation 

(4.0 L) on the 22nd day after transplantation. In total, lysimeters were irrigated four times at an 
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interval of ten days between subsequent irrigations. For potato plants, the 12 lysimeters that were 

used in year 2015, were used again for the year 2016 (with same assignment of treatments). 

However, fresh SAP was mixed in the top 0.10 m of soil at the rate of 1% (w/w), for SAP and 

SAP+GBC treatments. Soil from 0.15-0.25 m depth was replaced with fresh soil (from the same 

source) in all lysimeters to replace used SAP from year 2015. This was done to study the effect of 

SAP incorporation in topsoil on the movement of contaminants found in wastewater, which was 

an objective of a different study (Chapter 5). Potato planting, irrigation and harvesting activities 

were performed in same way as in the previous year. However, first wastewater irrigation was 

performed on 42nd day after planting; a total of eight irrigations were performed with ten-day 

intervals. No herbicide was used for either crop in year 2016. 

Table 6.4 Design of experiments for years 2015 and 2016. 

Year Crop Treatments a 
Assignment of 

Treatments 
Replicates Number of lysimeters 

2015 Potato 

SAP+WW 
Completely 
randomized 

3 12 
SAP+GBC+WW 

WW 
FW 

2016 

Potato 

SAP+WW 
Completely 
randomized 

3 12 
SAP+GBC+WW 

WW 
FW 

Spinach 

SAP+WW 
Completely 
randomized 

3 12 
SAP+PBC+WW 

WW 
FW 

a SAP+WW – hydrogel amendment, wastewater irrigation 

SAP+GBC+WW – hydrogel and gasified plantain peel biochar amendment, wastewater irrigation 

SAP+PBC+WW - hydrogel and pyrolyzed plantain peel biochar amendment, wastewater irrigation 

WW – non-amended control, wastewater irrigation;  

FW – non-amended control, freshwater irrigation. 

6.3.4 Synthetic Wastewater 

Wastewater used for irrigation during both the years was prepared in laboratory to maintain control 

over the level of contaminants being introduced. Highest concentrations of some commonly found 

wastewater contaminants, as reported in literature, were used in preparation of the synthetic 

wastewater (table 6.5). All the chemicals used for preparation were procured from either Sigma-

Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA). Regular tap water was 

stored in a container for one day to remove possible chlorine content and then used for the 

preparation of wastewater. 



119 
 

Table 6.5 Laboratory prepared synthetic wastewater recipe (taken from Dhiman et al., 2019). 

Ingredient Category Concentration (mg L-1) Reference 

Basic Wastewater Constituents 

Ammonium Chloride 

Nitrogen Source 

12.75 

Nopens et al. (2001) Peptone 17.41 

Urea 91.74 

Sodium Acetate 

Carbon Source 

79.37 

Nopens et al. (2001) 

Milk Powder 116.19 

Soy Oil 29.02 

Starch 122 

Yeast Extract 52.24 

Magnesium Phosphate Phosphorus 

Source 

29.02 
Nopens et al. (2001) 

Potassium Phosphate 23.4 

Calcium Chloride 

Minerals 

60 

Nopens et al. (2001) Magnesium Chloride 40 

Sodium Bicarbonate 100 

Wastewater Contaminants 

Cr 

Heavy Metals 

2 

Ahmad et al. (2011) 

Cd 5 

Pb 16 

Fe 120 

Zn 3 

Cu 8 

Estrone Female 

Steroidal Sex 

Hormones 

0.05 (8.15 x 10-3) a 
Sim et al. (2011) 

17β-Estradiol 0.02 (0.634 x 10-3) a 

Progesterone 0.02 (0.90 x 10-3) a Huang et al. (2009) 

Oxytetracycline as 

OXYVet Pharmaceuticals 
19.5 Li et al. (2008) 

Ibuprofen 0.0264 Singh et al. (2014) 

Alkylphenyl 

polyethoxylate as 

Triton X-100 

 0.03 
Aboulhassan et al. 

(2006) 

BPA 

Bisphenols 

0.05 
Based on LOD of 

instrument 
BPF 0.05 

BPS 0.05 
a Values in parentheses are the reported values whereas amount used in wastewater recipe 

depends on limit of detection (LOD) of the instrument. 

6.3.5 Plant Yield and Physiological Parameters 

Normalized difference vegetation index (NDVI) was measured using an active crop canopy sensor; 

Crop Circle ACS-430 (Holland Scientific Inc., Nebraska, USA) for potato and spinach plants 

grown in the year 2016. NDVI measurements were made after first wastewater irrigation (weeks 
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3-8 and weeks 7-12 after planting for spinach and potato plants, respectively; 2-3 times per week) 

for plants grown in 2016. Relative chlorophyll content index (RCCI) for spinach and potato plants 

was estimated (non-destructive method) using a chlorophyll meter; SPAD-502 Plus (Konica 

Minolta, Europe) (Ling et al., 2011). For year 2015 potato plants, RCCI was estimated only for 

weeks 12, 13 and 14 after planting (four times per week), whereas for year 2016 crops, RCCI was 

measured before, on and after wastewater irrigation events. Similar trend was also followed while 

measuring leaf temperature using an infrared thermometer for potato and spinach plants grown in 

year 2016. Photosynthetic activity, stomatal conductance and transpiration rates for spinach plants 

were also estimated, one day before each wastewater irrigation, using Li-cor 6400 (LI-COR, 

Nebraska, USA) instrument. On maturity, potato tubers were harvested, weighed and stored 

securely (117th and 120th day after planting for years 2015 and 2016, respectively). For spinach 

plants, two harvests were performed. Leaves were picked on 42nd day after transplanting. Second 

and final harvest was made on 64th day after transplanting; leaves were weighed and stored 

securely. Aboveground biomass weight and root weight was measured for all the plants. For 

spinach, root from one of the three plants per lysimeter was randomly chosen for estimating root 

surface area, length density, volume and average diameter using WinRHIZO 2007 root analyzer 

(Regent Instruments, QC, Canada) software and scanner. 

6.3.6 Soil Moisture Content 

To understand the effect of the soil amendments on soil moisture content, three additional 

lysimeter (mimicking the treatments SAP, SAP+GBC and non-amended control) were set up in 

the year 2015. Potato plants were grown using freshwater on these lysimeters and Moisturepoint 

time domain reflectometer (TDR) equipment/probes (Environmental Sensors Inc., Canada) were 

installed to estimate moisture content at depths 0-0.15, 0.15-0.30 and 0.30-0.45 m. Moisture 

content readings were recorded for weeks 4-10, with three to four observations made per week. In 

2016, water retention curves for soil-amendment mixtures were developed for 0, 0.10, 0.33, 0.50 

and 1.00 bar pressures using a pressure plate apparatus (Soilmoisture Equipment Corp., CA, USA), 

based on the methodology outlined by Tuller et al. (2004). Soil samples from the field were 

procured and mixed with SAP and SAP+PBC amendments at the rates used for spinach plants (1% 

w/w). In addition, PBC alone was mixed in soil at the same rate, and the resultant sample was also 

analyzed for comparison with other two treatments and the non-amended control. Based on the 
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bulk density of the soil, samples were packed in PVC retainer rings and saturated before use. Water 

loss was determined gravimetrically, and the analysis was conducted in three replicates. 

6.3.7 Data Analysis 

Photosynthetic activity, stomatal conductance and transpiration rate data from Li-cor 6400 

equipment and NDVI data from Crop Circle ACS-430 equipment were extracted using shell script 

programming (PowerShell, 2018) and Matlab R2018b (2018) computer software. Data for plant 

physiological parameters (photosynthetic activity, stomatal conductance, transpiration rate, NDVI, 

RCCI and leaf temperature) were analyzed using a repeated measures statistical model. The plant 

physiological parameter was assigned as response variable, treatment and time were assigned as 

fixed effects, whereas lysimeter was assigned as subject and was nested within treatment. Data 

pertaining to plant yield and harvest parameters (yield, root weight, aboveground biomass weight 

and total biomass weight), volumetric moisture content, soil water retention curve and root analysis 

were subjected to least square means difference pairwise comparisons, using Student’s t-test. 

Statistical tests were performed using JMP 13 (2017), a statistical analysis and graphing software 

by SAS (JMP, SAS Institute Inc., Cary, NC). Summary of the collected data for different crops is 

provided in table 6.6.  

Table 6.6 Summary of field data collected for different crops. 

Type Field parameter 
Crop 

Potato 2015 Potato 2016 Spinach 2016 

Soil moisture 
content 

TDR volumetric 
moisture content 

✓   

Plant 
physiological 
parameters 

RCCI ✓ ✓ ✓ 

Photosynthetic 
activity 

  ✓ 

Stomatal 
conductance 

  ✓ 

Transpiration rate   ✓ 

Leaf temperature  ✓ ✓ 

NDVI  ✓ ✓ 

Root structure 
analysis 

  ✓ 

Harvest 
parameters 

Yield ✓ ✓ ✓ 

Root weight ✓ ✓ ✓ 

Aboveground 
biomass weight 

✓ ✓ ✓ 

Total biomass 
weight 

✓ ✓ ✓ 

 
Root Structure 

Analysis 
  ✓ 
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6.4 Results and Discussion 

6.4.1 Soil Moisture Content 

 

Different letters above the error bars indicate significant differences in mean moisture content amongst treatments 

for a given week (α=0.05). 

Figure 6.5 Volumetric moisture content for different treatments and lysimeter soil sections at 

depths (a) 0-0.15 m, (b) 0.15-0.30 and (c) 0.30-0.45 m measured using time-domain reflectometry 

(TDR). 
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The TDR moisture content, recorded during year 2015 experiment, is shown in Fig. 6.2. It is 

apparent from Fig. 6.2a that surface moisture content in SAP+GBC amended lysimeter were 

numerically higher than the non-amended lysimeter until 8 weeks, although statistically not 

different. It is evident that SAP application at 0.15-0.25 m depth of the soil led to significantly 

higher retention of water in treatments SAP and SAP+GBC, as compared to the non-amended 

control, for the 0.15-0.30 m depth (figure 6.2b). This observation was expected because of SAP’s 

ability to absorb large amounts of water, leading to increased soil-water retention (Lu et al., 2003). 

At 0.15-0.30 m depth, moisture content across all the weeks for SAP+GBC treatment was found 

to be lower than that of SAP treatment but still significantly higher than control. This can be 

attributed to the high ash content of GBC (77.45 %; table 6.3). Biomass ash is mostly composed 

of mineral content, containing water soluble salts (Vassilev et al., 2013), which may lead to 

decreased absorption of water by SAP (Bowman and Evans, 1991; Horkay et al., 2000; Bowman 

et al., 1990). Also, for weeks 8-10, significantly higher moisture content was found in 0.30-0.45 

m soil depth for treatment SAP+GBC, as compared to SAP treatment (figure 6.2c), which may 

account for the water that was not absorbed by the SAP at its application depth. From figure 6.2a, 

it is evident that moisture content values in 0-0.15 m soil layer for SAP+GBC treatment was found 

to be numerically higher than that of SAP treatment for most of the weeks (weeks 4, 6, 7, and 8, 

respectively), but the difference was not always statistically significant. Biochar addition can 

potentially lead to increase in soil water content (Karhu et al., 2011; Basso et al., 2013). Yu et al. 

(2013) in their study showed that average water holding capacity in loamy sand soil increased 

linearly from 16±0.7% to 32.3±1.4% when yellow pine scrap biochar soil amendment rate was 

increased from 0% to 10% (w/w), respectively. However, in the present study, the change in 

average soil water holding capacity was small, which increased from 16.0% to 16.8%, with 1% 

biochar soil amendment. This could explain why surface moisture content of SAP+GBC treatment 

was, at times, not significantly different than that of the other two treatments since biochar 

application rate used in present study was also 1% (w/w). 
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Figure 6.3 Water retention curves for treatments SAP, SAP+PBC, PBC (all mixed at 1% w/w with 

soil) and control. 

In the water retention experiment, at saturation as well as at potentials 0.1, 0.33, 0.5 and 1 

bar, water content in SAP+PBC and SAP treatments were significantly higher than that of PBC 

treatment and non-amended control (figure 6.3). Although, numerically, water content in 

SAP+PBC treatment was higher than that of SAP treatment at all matric potentials, they were not 

statistically different. This can again be explained by the small amount of biochar application rate, 

as discussed above. Similarly, PBC water content was numerically higher than that of non-

amended control at all pressure values, the difference was significant only at saturation and 0.1 bar 

potential. 

6.4.2 Plant Yield and Physiological Parameters  

For potato crop grown in year 2015, tuber yields for treatments SAP+WW (0.78±0.27 kg 

plant−1), WW (0.69±0.16 kg plant−1) and FW (0.83±0.38 kg plant−1) were statistically not different 

from each other. Similar observation was made for 2016 potato crop, where tuber yields for 

SAP+WW (0.51±0.07 kg plant−1), SAP+GBC+WW (0.17±0.07 kg plant−1) and WW (0.24±0.05 

kg plant−1) treatments were not significantly different than that of FW (0.26±0.17) (table 6.7). In 

case of spinach, yields for treatments SAP+WW (57.25±16.07 g plant−1) and WW (41.48±22.20 g 

plant−1) were not significantly different than that of FW (28.11±16.58 g plant−1). These results 
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indicate that wastewater can potentially be used for irrigating potato and spinach plants without 

compromising on yield.  

Table 6.7 Yield and plant growth parameters for potatoes grown in years 2015 and 2016 for 

different treatments. 

Year Treatment 

Parameter 

Tuber 

yield  

(kg plant-1) 

Tuber yield 

(metric ton 

ha-1) 

Root 

weight  

(kg plant-1) 

Above 

ground 

biomass  

(kg plant-1) 

Total 

biomass 

weight  

(kg plant-1) 

2015 

SAP+WW 0.78±0.27ab 39.89±6.39ab 0.06±0.01a 1.27±0.23a 2.11±0.48a 

SAP+GBC+WW 0.32±0.13b 16.38±3.12b 0.05±0.01a 0.98±0.35a 1.36±0.37b 

WW 0.69±0.16ab 35.14±3.85ab 0.05±0.01a 0.98±0.19a 1.72±0.06ab 

FW 0.83±0.38a 42.10±9.05a 0.05±0.01a 0.85±0.11a 1.73±0.48ab 

2016 

SAP+WW 0.51±0.07a 25.72±3.58a 0.06±0.00a 0.66±0.27a 1.37±0.07a 

SAP+GBC+WW 0.17±0.07b 8.40±3.60b 0.04±0.02ab 0.72±0.55a 0.60±0.23b 

WW 0.24±0.05ab 11.97±2.35ab 0.02±0.01bc 0.25±0.09a 0.48±0.14b 

FW 0.26±0.17ab 12.99±8.67ab 0.02±0.01c 0.28±0.14a 0.55±0.32b 

Values with different letters down the column are significantly different from each other (α=0.05).  

Table 6.8 Yield and plant growth parameters for spinach grown in year 2016 for different 

treatments. 

Treatment 

Parameter 

Total biomass 

weight  

(g plant-1) 

Root weight 

(g plant-1) 

Aboveground biomass 

weight  

(g plant-1) 

SAP+WW 58.70±16.45b 1.45±0.49ab 57.25±16.07b 

SAP+PBC+WW 158.03±79.35a 2.78±1.49a 155.25±77.88a 

WW 42.58±22.78b 1.11±0.59b 41.48±22.20b 

FW 29.10±17.10b 0.99±0.54b 28.11±16.58b 

Values with different letters down the column are significantly different from each other (α=0.05). 

Average per hectare potato production in Canada for years 2002-2011 was within the range 

of 27.5 to 31.7 tonnes (STATCAN, 2011), which is lower compared to the potato (2015) yields 

for SAP+WW, WW and FW treatments. However, yields for 2016 potato crop were low, as 

compared to 2015 crop, for all treatments. This could be due to differences in weather conditions. 

Treatment SAP+GBC+WW (2015 potato) exhibited lowest tuber yield which can be attributed to 

either transplant shock to the plants and/or high ash content of the biochar. Due to non-emergence, 

all the plants for this treatment were replaced. Plant roots are susceptible to injury during 

transplanting, causing a disturbance in water uptake and transpiration balance which may lead to 
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water stress (Mountain and McKeen, 1965; Li et al., 2016). Transplant injury in rice, for example, 

can also lead to disturbance in various plant metabolic processes (Sasaki and Gotoh, 1999). Lower 

tuber yield in 2015 and 2016 crops for SAP+GBC+WW treatment can also be attributed to the 

biochar’s high pH (10.27) and high ash content (77.45%), which is higher than most of the biochars 

(Singh et al., 2010). In a study by Smider and Singh (2014), it was concluded that, while soil 

application of high ash biochar is expected to have a positive effect on plant growth and yield due 

to its high nutrient content and pH, it can have a phytotoxic effect on plants grown in poorly 

buffered soils such as sandy soils. It was shown that green waste biochar application to sandy soil, 

at rates of 0.5% and 1.5% (w/w), caused a significant reduction in shoot dry matter and yield for 

corn plants. This was a direct result of high ash content (56.2%) and high pH (12.1) of the biochar, 

leading to OH- toxicity and high osmotic potential due to presence of excess soluble salts. Soil 

used in the present study was classified as sandy soil (table 6.1).  

No significant difference was observed in terms of root weight for potato plants grown in 

year 2015 (table 6.7). However, in year 2016, fresh root weights for SAP+WW and 

SAP+GBC+WW treatments were found to be significantly different than that of WW and FW 

respectively. This can be attributed to the fact that SAP was applied at top 0.10 m soil layer in year 

2016, compared to its application at soil layer 0.15-0.25 m below the surface in year 2015. Highest 

root density for Russet Burbank potato pants is reported to be in top 0.10 m and 0.10-0.20 m of 

soil profile (Lesczynski and Tanner, 1976). Therefore, in year 2016, SAP was applied in high root 

density zone, compared to year 2015, where only half of the applied SAP (application depth of 

0.15-0.25 m) was present in this zone. It is known that hydrogel polymer application in soil can 

lead to better plant root development (Hütterman et al., 1999; Orikiriza et al., 2009; Dehgan et al., 

1994, Suresh et al., 2018). No significant difference was observed between aboveground biomass 

for all treatments for both 2015 and 2016 potato plants (table 6.7). 

In case of spinach, yield for SAP+PBC+WW treatment (155.25±77.88 g plant-1) was 

significantly higher than all other treatments (table 6.8). Similar trend was also observed for fresh 

root weight; the weight was significantly higher in SAP+PBC+WW treatment (2.78 g plant-1), as 

compared to WW (1.11 g plant-1) and FW (0.99 g plant-1) treatments. However, no significant 

difference was observed between SAP+WW and SAP+PBC+WW treatments. Improved yields in 

spinach plants can be attributed to PBC incorporation in soil. Depending on the soil type, biochar 
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incorporation can lead to addition and/or increased availability of certain nutrients, improved 

aeration and improved soil water holding capacity (Lehmann and Rondon, 2006; FFTC, 2001). In 

previous field and pot studies, biochar incorporation in soil has shown an increase in spinach yield 

(Milla et al., 2013; Zhang et al., 2011).  

Table 6.9 Summary of Fixed effects for plant physiological parameters from repeated measures 

analysis. 

Fixed 
effects 

Potato 
2015 

Potato 2016 Spinach 2016 

RCCI RCCI 
Leaf  

temperature 
NDVI RCCI 

Photosynthetic  
activity 

Stomatal 
conductance 

Transpiration 
rate 

Leaf 
temperature 

NDVI 

Treatment * * - - * - - - - - 

Time * * * - * * * * * * 

Treatment 
x Time 

- * - - - - - * - - 

* Denotes statistically significant effects (p<0.05) 

- Denotes no significant effect (p≥0.05). 

SPAD readings have been shown to be positively correlated to the nitrogen content of 

leaves, as well as photosynthetic and transpiration rates (Piekkielek and Fox, 1992). Effects of 

both, treatment and time, were significant on RCCI readings for all the crops (table 6.9). 

Significant effect of time on RCCI readings as well as on other physiological parameters, such as 

photosynthetic activity, stomatal conductance and transpiration rate, can be expected as values for 

these parameters change with time (Sestak, 1963; Piekkielek and Fox, 1992). In case of 2015 

potato crop, mean RCCI value for plants grown in SAP+WW treatment was significantly higher 

than that of WW and FW treatments for all three weeks, and for weeks 12 and 14 respectively 

(figure 6.4b). SAP+GBC+WW treatment had significantly lower RCCI values than that of 

SAP+WW treatment. This can be explained by the transplantation shock that the plants grown in 

SAP+GBC+WW treatment had to withstand. However, higher chlorophyll content in SAP+WW 

treatment plants did not translate into higher tuber yields. This can be because of high aboveground 

biomass weight in SAP+WW treatment plants (table 6.7) as it indicates low dry matter 

distribution/allocation for the tubers (Balamani and Poovaiah, 1985). 
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Different letters above the error bars indicate significant differences in mean RCCI amongst treatments for a given 

event/week (α=0.05). 

Figure 6.4 Relative chlorophyll content index (RCCI) for different treatments for potatoes grown in 

(a) 2016 and (b) 2015, and (c) spinach grown in 2016. 

For potatoes grown in 2016, RCCI values for WW treatment were found to be significantly 

lower than that of the SAP+WW treatment for several events (1st-1, 2nd+1, 3rd-5, 3rd-1, 5th-1 

and 6th-1; events are coded as nth irrigation ± no. of days), but for most of the events, no 

significant difference amongst treatments was observed (figure 6.4a). Consequently, effect of 

treatment x time interaction on RCCI was found to be significant (table 6.9), implying that the 

effect of treatment on chlorophyll content is not constant across time. In the overall statistical 

model, SAP+GBC+WW treatment’s mean RCCI value (39.42) was significantly higher than that 

of FW treatment (38.31), which, in turn, was significantly higher than WW treatment’s RCCI 

reading (37.04). Mean RCCI value for SAP+WW treatment plants was found to be the highest 

numerically (40.10) but was not significantly different than any of the other treatments. Thus, it 
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can be stated that SAP+GBC amendment has the potential to maintain increased nitrogen content 

in wastewater irrigated potato plants. 

Treatment was also found to have a significant effect on SPAD readings for spinach crop 

(table 6.9), with WW treatment plants having highest overall mean RCCI value (48.75) which was 

significantly higher than that of SAP+WW (45.26) and SAP+PBC+WW (42.16) treatments. There 

was no significant difference between WW and FW treatments (47.88), as well as between FW 

and SAP+WW treatments. Despite statistically significant differences amongst treatments, 

numerical differences between them were small, and thus the differences have little practical 

importance. In a previous study (Liu et al., 2006), large differences between SPAD readings for 

spinach plants were observed based on nitrogen fertilizer application rates, with plants receiving 

greater amounts of N, exhibiting eight times higher SPAD values compared to the treatment 

receiving no N application. However, in this study, equal amounts of N fertilizer were applied to 

all treatments, which could explain smaller differences among SPAD readings between treatments.  

Treatments were not found to have a statistically significant effect on photosynthetic 

activity, stomatal conductance and transpiration rate for spinach plants (table 6.9). Stomatal 

conductance and transpiration rate decreased significantly after the first irrigation (figure 6.5b and 

6.5c). Mean stomatal conductance and transpiration rate values for all treatments were within the 

range of 0.226 to 0.354 mol H2O m−2s−1 and 3.74 to 4.91 mmol H2O m−2s−1, respectively, on the 

day before first wastewater irrigation. On the day before second wastewater irrigation, the values 

dropped within the ranges of 0.074-0.109 mol H2O m−2s−1 and 1.587-2.135 mmol H2O m−2s−1 for 

stomatal conductance and transpiration rates, respectively. Also, maximum photosynthetic activity 

value was found to be 14.05 µmol CO2 m−2s−1 (SAP+PBC+WW treatment, on the day before 3rd 

irrigation; figure 6.5a). Contrary to the observations made in the present study, Giri et al. (2016) 

in their study showed that photosynthetic activity (estimated using Li-cor 6400 equipment) in 

spinach plants grown under ambient conditions, 25 days after transplanting can be around 60 µmol 

CO2 m−2s−1. This difference could be because of a fungal infection/wilt, since leaves turned 

yellowish prematurely for most plants.  
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Different letters above the error bars indicate significant differences in means amongst treatments for a 

given event (α=0.05). 

Figure 6.5 Spinach (a) photosynthetic activity, (b) stomatal conductance and (c) transpiration rate 

values measured one day before irrigations for different treatments. 
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It is known that a higher leaf temperature is concurrent with lower photosynthetic rate, 

transpiration rate and ultimately productivity in a plant (Eller, 1977; Brown and Escombe, 1905). 

Non-availability of sufficient amount of water or water-stress in plants can lead to decreased 

transpiration rate which can cause elevated leaf temperature (Wiegand and Namken, 1966). In the 

present study, treatments did not have any significant effect on leaf temperatures for both potato 

and spinach plants grown in 2016 (table 6.9). As expected, leaf temperature varied proportionally 

with the ambient temperature (figure 6.6). 

 

Figure 6.6 Leaf temperature for (a) potato and (b) spinach plants grown in 2016. 
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Different letters above the error bars indicate significant differences in mean NDVI amongst treatments for a 

given week (α=0.05). 

Figure 6.7 Normalized difference vegetative index (NDVI) for different treatments for (a) potato 

and (b) spinach plants grown in 2016. 

NDVI value for plants correspond to different wavelengths of light reflected by the leaves, 

and this spectral index is widely used for assessing plant health, growth, yield, stresses, and 
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treatments on NDVI was observed for both potato and spinach plants grown in 2016 (table 6.9). 

However, week 10 onwards, numerically the NDVI values for treatments SAP+WW and 

SAP+GBC+WW for potatoes were found to be greater than that of non-amended WW and FW 

treatments (figure 6.7a). Similar observation was made for spinach plants for treatments SAP+WW 

and |SAP+PBC+WW treatments, week 7 onwards.  

6.4.3 Root Structure Analysis 

 

Different letters above the error bars indicate significant differences amongst treatments (α=0.05). 

Root surface area, root volume, thickness and length density are important root characteristics that 

represent root growth and structure and can also affect plant health (Kerk and Sussex, 2012; 

Gamalero et al., 2002; Gunawardena et al., 2001; Aljuaifari et al., 2018). No significant difference 

was found for these parameters among different treatments for spinach plants (figure 6.8). Since 

Figure 6.8 (a) Root surface area, (b) volume, (c) length density and (d) average diameter for spinach 

2016 crop. 
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nutrients (fertilizer) and water were applied at recommended rates, it might be possible that the 

differences due to treatment effects on root growth were not conclusive.  

6.5 Conclusions 

Through the findings of this study, it was concluded that wastewater could potentially be used for 

irrigating potato and spinach crop without any adverse effect on yield. However, use of biochar 

with high ash content and high pH can lower tuber yield for wastewater-irrigated potato plants 

grown in sandy soils. It was found that, pyrolyzed biochar (PBC) incorporation in soil lead to 

significantly higher spinach yield in SAP+PBC+WW treatment compared to other treatments. The 

study also highlighted the effect of SAP and SAP-biochar mix on soil water retention. SAP 

application led to higher water retention in soil. However, if SAP and biochar mixture is applied 

to the soil, higher percentage of ash in biochar leads to reduced water absorption by SAP because 

of water-soluble salts present in biochar ash. 

 Apart from yield, effect of treatments on plant growth parameters was also studied. RCCI 

values for SAP+WW treatment in potato plants (2015) was found to be significantly higher than 

WW and FW treatments. However, because of transplantation shock, RCCI values for 

SAP+GBC+WW treatment was lower than that of SAP+WW treatment in year 2015. For year 

2016 potato plants, mean RCCI value was found to be significantly higher in SAP+GBC+WW 

treatment compared to WW and FW treatments. No significant differences were found amongst 

treatments for photosynthetic activity, stomatal conductance, transpiration rate, leaf temperature, 

NDVI and root structure development for spinach plants as well as leaf temperature and NDVI 

values for potato plants (2016). For future studies it is recommended that, the beneficial effects of 

SAP and SAP biochar mix amendments could potentially be further explored by inducing water 

stress to the plants through limiting watering frequency and rate of fertilizer application. 
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Chapter 7: Summary and Conclusions 

7.1 Summary 

Water has played a pivotal role in the development of human civilization and it will continue to 

do so in the future. There has been an increase in demand of freshwater due to increasing human 

population. The global human population is projected to reach 9.6 billion by the year 2050 and 

this would also lead to further increase in demand for freshwater for urbanization, industrialization 

and agriculture. Thus, there is a need to increase our water use efficiency to meet the increasing 

water demand in the future. Agriculture is the biggest consumer of freshwater, as it utilizes 

approximately 70% of the drawn freshwater. Therefore, using wastewater from urban and 

industrial settings for irrigation is encouraged and even practiced in some parts of the world. 

However, wastewater is known to be a source of contaminants such as heavy metals, which can 

be taken up by food crops or leach down to water table and harm human health. In order to address 

the issue of heavy metal uptake in edible parts of wastewater irrigated plants, use of 

polyacrylamide super absorbent polymer (SAP) and SAP-plantain peel biochar mix as soil 

amendments was investigated. Various field and laboratory studies were also carried out to test 

the effectiveness of these amendments. 

7.2 Conclusions 

7.2.1 Sorption Test 

Findings of laboratory sorption test are summarised below: 

• Owing to the presence of high density of sorption sites in SAP, SAP+GBC and SAP+PBC 

amended soils, results of the sorption test suggest that the three treatments performed 

better in sorbing Cd, Cu, Fe and Zn, as compared to control across different 

concentrations used. Less than 0.5% and 2.50% of the adsorbed metals, Cd and Zn 

respectively, were desorbed by the treatments, which was lower than the desorption rates 

observed for non-amended control.  

• The treatments also performed better in sorbing Fe and Cu, as compared to control. 

However, SAP+GBC and SAP+PBC treatments exhibited higher desorption (2.00-

28.63% and 4.10-21.39%, respectively) of the adsorbed Fe metal, as compared to SAP 

and control treatments, possibly due to high Fe content of the biochar (669.12 ± 86.35 mg 
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kg-1 and 649.01 ± 58.81 mg kg-1 for GBC and PBC, respectively). For Cu, less than 2% 

of the adsorbed metal was found to desorb for all treatment and across all concentrations.  

• Non-amended control performed better than other treatments for Cr adsorption because 

of low adsorbent-solution mixture pH, exhibited by control. Treatments desorbed less 

than 35% of the adsorbed metal, whereas the control desorbed less than 13% of Cr.  

• In the case of Pb, performance of all the treatments, including control, was comparable 

and less than 4% desorption was observed for all treatments. 

7.2.2 Soil pH and CEC 

Due to alkalinity of biochar and its ability to facilitate cation exchange, treatment of soil with 

SAP+GBC and SAP+PBC amendments led to noticeable increase in surface soil pH (p<0.10 and 

p<0.05, respectively) and cation exchange capacity (CEC), as compared to SAP and control 

treatments (p<0.05). SAP treatment had no significant effect on soil pH and CEC, as compared to 

control.  

7.2.3 First Year Field Study with Potatoes 

• All heavy metals were found to accumulate in soil with subsequent irrigations. 

• None of the heavy metals were detected in soil below 0.30 m of the surface as well as in 

the leachate for all treatments. Cd, Cr, and Cu were also not detected at 0.10 m below the 

surface for all treatments, including control. Also, except Fe, no other metal was detected 

at soil samples taken from 0.30 m depth below the surface. 

• For metals which were detected at 0.10 m depth below soil surface (Fe, Pb and Zn), 

concentrations at surface were significantly higher than at 0.10 m depth for all treatments. 

• Because of SAP application at depth of 0.15-0.25 m below the surface, no significant 

differences were observed in metal concentrations between SAP and control treatments at 

surface and at depth of 0.10 m. However, due to biochar application in the top 0.10 m of 

soil, the SAP+GBC treatment retained significantly greater amounts of Cd and Zn in 

topsoil layer, compared to the non-amended control (p<0.05). 

• Plant roots exhibited significantly higher concentrations of metals in general, as compared 

to other parts (p<0.05), irrespective of the treatment. Also, higher amounts of metals were 

accumulated in tuber peels as compared to tuber flesh tissue in all treatments. 
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•  SAP treatment significantly reduced Cd uptake into the edible parts of the plant (potato 

tuber flesh and peel) as well as Cu uptake into potato peel as compared to the non-amended 

control (p<0.05). 

• SAP+GBC treatment significantly reduced Cd, Cu and Zn uptake in potato tuber flesh as 

well as Cd uptake in tuber peel as compared to the control (p<0.05). 

• Acrylamide monomer was not detected in any edible parts of potatoes for any of the SAP 

amended treatments. 

7.2.4 Second Year Field Study with Potato                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

• All heavy metals were found to accumulate in soil with subsequent irrigations. 

• SAP treatment of soil led to significantly higher concentration of Cd, Cu, Fe and Zn metals 

in topsoil at the end of the experiment, as compared to control (p<0.05). 

• Compared to control, SAP+GBC treatment was also able to retain significantly higher 

amounts of Cd, Cr and Fe in topsoil (p<0.05) at the end of the experiment (after 8 

wastewater irrigations). 

• Compared to control, treatments SAP and SAP+GBC were ineffective in sorbing 

significantly higher amounts of Cr and Zn, respectively. Also, both treatments were not 

able to retain higher amounts of Pb, as compared to control, after eight irrigation events. 

Overall, SAP treatment performed better than SAP+GBC treatment in retaining Cu, Fe and 

Zn in topsoil.  

• Similar to the findings of the previous year, plant roots exhibited significantly higher 

concentrations of metals in general, as compared to other parts (p<0.05). Higher amounts 

of metals were accumulated in tuber peels, as compared to tuber flesh tissue, for all 

treatments. 

• Both SAP+GBC and SAP treatments were able to considerably reduce Cd uptake in tuber 

flesh and peel tissue, as compared to control (p<0.10). 

• SAP+GBC treatment was also able to significantly reduce Cr and Pb uptake in tuber flesh 

and peel tissue, as compared to control (p<0.05). No significant differences were observed 

for Cr uptake in tuber flesh tissue for all treatments, including the FW treatment. However, 

Cr concentration in tuber flesh was found to be within permissible limits (0.5 mg kg-1) for 

all treatments.  SAP and SAP+GBC treatments were able to significantly reduce Cr 

concentration in tuber peels to lie within the permissible limit as compared to control 
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(p<0.05). The SAP amendment in soil was able to prevent significant increase in the uptake 

of Pb by potato peel tissue and maintained it to a level comparable to that of the FW 

treatment. 

• SAP+GBC and SAP treatments were able to significantly reduce Zn uptake in tuber flesh 

tissue, compared to control (p<0.05). Also, both these treatments were able to prevent 

increased Zn uptake in tuber peel tissue and maintained the concentration of the metal 

similar to that found for FW treatment. 

• Copper concentrations in tuber peel tissue for SAP+GBC and SAP treatments were 

comparable to that in FW treatment; whereas, wastewater control exhibited significantly 

higher metal concentration as compared to FW treatment (p<0.05), highlighting the 

amendments’ potential to prevent increased Cu uptake by wastewater irrigated potato 

plants. 

• Mean Fe and Pb content in tuber flesh tissue samples was found to lie within the 

permissible limits for all treatments. 

• Both SAP and biochar applications are done in the topsoil, just below the soil surface, 

therefore, they could persist and continue to remain effective for a good number of years. 

7.2.5 Field Study with Spinach 

• SAP treatment was able to retain considerably higher amounts of Cr (p<0.10) and Cu 

(p<0.05) in topsoil, as compared to control, at the end of the experiment.  

• Except Fe, no other metal was detected at 0.10 m depth below the soil surface. No 

significant differences were observed between treatments for Fe concentration in soil at 

0.10 m depth. 

• After the last irrigation event, no significant differences were observed between topsoil 

metal concentration in SAP+PBC and SAP treatments, as well as between SAP+PBC and 

control, for all metals. This may be attributed to binding of sorption sites in the polymer 

by water soluble salts, originating from the ash content of biochar, thus reducing their 

availability for binding heavy metals and offsetting overall sorption capacity of SAP+PBC 

treated soil in a complex soil-water-plant system. 

• SAP amended soil was able to retain significantly higher amount of Fe in topsoil, as 

compared to control, at the end of the experiment. 
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• SAP treatment was able to avoid the increased uptake of Cr in stems of spinach plant due 

to irrigation with contaminated wastewater, when compared to control. As compared to 

control, SAP and SAP+PBC treatments were able to significantly reduce Cu uptake by 

plant stem (p<0.05). Since Pb concentrations in the plant stem tissue for both the treatments 

were found to be similar to that in FW treatment; however, control exhibited significantly 

higher plant stem Pb concentration as compared to FW (p<0.05). This highlights the ability 

of the amendments in preventing increased Pb uptake by the plants 

• Copper metal was found to be within permissible limits in spinach leaves for all treatments, 

including control. 

• In leaf samples from first harvest, no significant differences were observed between 

concentrations of heavy metals Cr, Cu, Pb and Zn for all the treatments, including the FW 

treatment. Same observation was also made for second harvest leaves in case of Fe, Pb and 

Zn metals. 

• Mean concentrations of all heavy metals in leaves from SAP+PBC treatment was 

numerically lower in the second harvest, compared to the first, possibly because of 

stabilization and activation of biochar in soil with time. Also, SAP+PBC treatment was 

able to avoid increased uptake of Cd in leaves from the second harvest due to wastewater 

irrigation, as compared to control. 

• SAP+PBC treatment exhibited significantly higher concentration of Fe than control 

(p<0.05) for leaves collected during the first harvest, which may be because of the Fe 

content of the biochar itself (649.01 mg kg-1). 

• Concentrations of Cr and Cu in spinach leaves from the second harvest were found to be 

significantly higher in the control treatment, as compared to the FW treatment (p<0.05); 

however, concentrations of these metals for SAP+PBC and SAP treatments were not found 

to differ significantly than the FW treatment, highlighting the ability of the amendments to 

avoid increased uptake of contaminants by spinach plants irrigated with wastewater. 

7.2.6 Field Study – Plant Yield and Growth Parameters 

• Amending the soil with SAP led to higher soil water retention as compared to control; 

however, because of water-soluble salts present in biochar, SAP+GBC treatment exhibited 

reduced soil water retention as compared to SAP treatment.  



140 
 

• Amending the soil with high ash content and high pH biochar can potentially reduce potato 

tuber yield in plants grown on sandy soils. 

• Pyrolyzed biochar (PBC) incorporation in soil led to significantly higher spinach yield in 

SAP+PBC treatment, as compared to other treatments. 

• Relative chlorophyll content index (RCCI) in the first-year potato plants, grown on SAP 

amended soil, was found to be significantly higher than that of control and FW treatment. 

Potentially due to transplantation shock, the observed RCCI values for SAP+GBC 

treatment was found to be lower than that of the SAP treatment. However, for second-year 

potato plants, RCCI values of plants grown on SAP+GBC amended soil were found to be 

significantly higher, as compared to control and FW treatment (p<0.05).  

• No significant differences were found amongst treatments for photosynthetic activity, 

stomatal conductance, transpiration rate, leaf temperature, NDVI and root structure 

development for spinach plants as well as leaf temperature and NDVI values for potato 

plants. 

• Wastewater could potentially be used for irrigating potato and spinach crop without any 

adverse effect on yield. 

7.3 Future Recommendations 

This study provides an insight into the role of biochar and polyacrylamide super absorbent 

polymer-based soil amendments on heavy metal immobilization in soil and reduced uptake in 

wastewater irrigated food crops grown on sandy soils. However, more studies are required to 

broaden the horizon of understanding about the role and effects of hydrogel-based soil 

amendments in agricultural fields receiving wastewater irrigation, as well as to address the 

limitations of the present study. The following suggestions are recommended to design future 

studies: 

1. Unlike organic compounds, heavy metals are relatively less prone to microbial and chemical 

degradation. Therefore, irrigating agricultural fields with wastewater for prolonged periods 

may lead to significant build up of metals in hydrogel and biochar amended soils, and 

consequently, render the land unfit for food production. A study to determine the ‘effective’ 

time period for the soil amendments, in combination with the use of phytoremediation (with 

non-edible crops) to remove accumulated metals from the soil, should be carried out. The 
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frequency of employing phytoremediation techniques should also be ascertained, as metals 

may leach down and contaminate groundwater reserves, once the soil becomes saturated 

with heavy metals due to prolonged wastewater irrigation. 

2. Use of sewage sludge derived biochar in contaminant mobility and plant uptake studies 

(similar to those presented in this thesis) should be undertaken, since this feedstock is 

readily available in developing countries, where wastewater irrigation can lead to serious 

environmental issues. 

3. Effects of different kinds of hydrogel and biochar soil amendments on soil microbiome in 

the rhizosphere should be studied. 

4. Effect of hydrogel-based soil amendments on reducing uptake of commonly found 

wastewater contaminants other than heavy metals (such as pharmaceuticals, sex hormones, 

pesticides, plastics and antibiotics) should be studied. 

5. This study can be modified to investigate role of SAP-based soil amendments on heavy 

metal mobility in soil and uptake by wastewater irrigated food crops under varying water 

stress levels. 

6. Similar studies can also be performed on other soil types for different crops, to assess the 

efficacy of SAP-based amendments and construct recommendations based on soil and crop 

type. These studies should be performed for a minimum of two seasons to account for 

variability in weather conditions. 

7. Hydrogels synthesized using natural products (such as cellulose) can also be used in similar 

future studies, which will alleviate concerns regarding safe use of synthesized 

superabsorbent polymers. 

8. Varying application rates of hydrogel-based amendments should be investigated to identify 

the most optimum rate to use.  

9. Cost-benefit analysis of using hydrogel-based soil amendments on a large scale should also 

be performed. Findings from such a study would be useful in drafting government policies, 

such as providing subsidies to low-income farmers to adopt this technology.   
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Chapter 8: Contributions to Knowledge 

To the best of the author’s knowledge, no study has yet been performed to investigate the effect 

of polyacrylamide super absorbent polymer (SAP)/hydrogel and SAP-plantain peel biochar mix 

as soil amendments for remediation of heavy metals which are introduced through untreated 

wastewater irrigation, and which co-exist in wastewater along with other contaminants such as 

antibiotics, steroidal sex hormones, bisphenol plastics, pharmaceuticals as well as other heavy 

metals. It was shown that polyacrylamide SAP and biochar amendments could be used in parts of 

the world, inadvertently utilizing untreated wastewater for irrigation, in order to mitigate the 

effects of heavy metal uptake by food crops. The study led to the following contributions to 

knowledge: 

1. Use of polyacrylamide SAP and SAP-plantain peel biochar soil amendments can not only 

lead to reduced uptake of heavy metals by wastewater irrigated crops (both underground 

and aboveground) grown on sandy soils, but also reduce heavy metal mobility in the soil. 

Amending topsoil with SAP alone exhibited greater heavy metal retention. Sorption-

desorption tests performed in laboratory also confirmed that SAP and SAP-plantain peel 

biochar amendments could immobilize co-existing heavy metals present in wastewater. 

Once adsorbed, it is quite likely that the heavy metals will not desorb in appreciable 

amounts. 

2. Wastewater irrigated potatoes may have higher concentrations of heavy metals in tuber 

peels, as compared to tuber flesh, even when they are grown on hydrogel and biochar 

amended soils. Therefore, when the source of irrigation water is unknown, it is advisable 

to peel off the potatoes before consumption. 

3. Acrylamide monomers were not detected in potato tubers grown using polyacrylamide-

based hydrogel soil amendments. Therefore, it appears to be safe to use acrylamide-based 

hydrogels in agriculture. 

4. SAP-biochar soil amendment can increase soil water retention in sandy soils. 

  



143 
 

References 

Abedi-Koupai, J., & Asadkazemi, J. (2006). Effects of a hydrophilic polymer on the field 

performance of an ornamental plant (Cupressus arizonica) under reduced irrigation 

regimes. Iranian Polymer Journal, 15(9), 715.  

Aboulhassan, M., Souabi, S., Yaacoubi, A., & Baudu, M. (2006). Removal of surfactant from 

industrial wastewaters by coagulation flocculation process. International Journal of 

Environmental Science & Technology, 3(4), 327-332.  

Ahluwalia, S. S., & Goyal, D. (2007). Microbial and plant derived biomass for removal of heavy 

metals from wastewater. Bioresource Technology, 98(12), 2243-2257.  

Ahmad, A., Ghufran, R., & Zularisam, A. (2011). Phytosequestration of metals in selected plants 

growing on a contaminated Okhla industrial areas, Okhla, New Delhi, India. Water, Air, & 

Soil Pollution, 217(1-4), 255-266.  

Al Salem, S. S. (1996). Environmental considerations for wastewater reuse in agriculture. Water 

Science and Technology, 33(10), 345-353.  

Ali, A. E.-H., Shawky, H., El Rehim, H. A., & Hegazy, E. (2003). Synthesis and characterization 

of PVP/AAc copolymer hydrogel and its applications in the removal of heavy metals from 

aqueous solution. European Polymer Journal, 39(12), 2337-2344.  

Aljuaifari, W. A. R., Al-fadhal, F. A., Kadum, H., & Hadi, W. H. (2018). Study physiology of roots 

growth for soybean by WinRhizo pro-software with Vam3 genes. Paper presented at the 

International Conference on Promotion of Scientific & Regional Cooperation on Food and 

Agricultural Sciences, Mashhad, Iran.  

Alloway, B. (1990). Soil processes and the behaviour of metals. Heavy metals in soils., 7-28.  

Alois, P. (2007). Global water crisis overview. Arlington Institute.  

Al-Rashed, M. F., & Sherif, M. M. (2000). Water resources in the GCC countries: an overview. 

Water resources management, 14(1), 59-75.  

Al-Subu, M. M., Haddad, M., Mizyed, N., & Mizyed, I. (2003). Impacts of irrigation with water 

containing heavy metals on soil and groundwater–a simulation study. Water, air, and soil 

pollution, 146(1-4), 141-152.  

Al-Wabel, M. I., Usman, A. R., El-Naggar, A. H., Aly, A. A., Ibrahim, H. M., Elmaghraby, S., & 

Al-Omran, A. (2015). Conocarpus biochar as a soil amendment for reducing heavy metal 

availability and uptake by maize plants. Saudi journal of biological sciences, 22(4), 503-

511.  

Anah, L., & Astrini, N. (2017). Influence of pH on Cr (VI) ions removal from aqueous solutions 

using carboxymethyl cellulose-based hydrogel as adsorbent. Paper presented at the IOP 

Conference Series: Earth and Environmental Science. 

Andrade, J. D. (1976). Hydrogels for medical and related applications: American Chemical 

Society. 



144 
 

Angelidis, M., & Gibbs, R. (1989). Chemistry of metals in anaerobically treated sludges. Water 

Research, 23(1), 29-33.  

Angelova, V., Ivanova, R., Pevicharova, G., & Ivanov, K. (2010). Effect of organic amendments 

on heavy metals uptake by potato plants. Paper presented at the 19th World congress of 

soil science, soil solutions for a changing world. 

ANSI/ASABE. (2011). Terminology and Definitions for Biomass Production, Harvesting and 

Collection, Storage, Processing, Conversion and Utilization. In. 

Antonious, G. F., & Kochhar, T. S. (2009). Mobility of Heavy Metals from Soil into Hot Pepper 

Fruits: A Field Study. Bulletin of Environmental Contamination and Toxicology, 82(1), 59-

63. doi:10.1007/s00128-008-9512-8 

Aparicio, N., Villegas, D., Casadesus, J., Araus, J. L., & Royo, C. (2000). Spectral vegetation 

indices as nondestructive tools for determining durum wheat yield. Agronomy Journal, 

92(1), 83-91.  

Arora, M., Kiran, B., Rani, S., Rani, A., Kaur, B., & Mittal, N. (2008). Heavy metal accumulation 

in vegetables irrigated with water from different sources. Food Chemistry, 111(4), 811-

815. doi:https://doi.org/10.1016/j.foodchem.2008.04.049 

ASABE-Standards. (2011). S593.1: Terminology and Definitions for Biomass Production, 

Harvesting and Collection, Storage, Processing, Conversion and Utilization. In. St. Joseph, 

MI: ASABE. 

Asano, T., Burton, F., Leverenz, H., Tsuchihashi, R., & Tchobanoglous, G. (2007). Water reuse. 

McGrawHill, New York, USA.  

Asrar, G., Fuchs, M., Kanemasu, E., & Hatfield, J. (1984). Estimating Absorbed Photosynthetic 

Radiation and Leaf Area Index from Spectral Reflectance in Wheat 1. Agronomy Journal, 

76(2), 300-306.  

ASTM-D4239. (2014). Standard Test Method for Sulfur in the Analysis Sample of Coal and Coke 

Using High-Temperature Tube Furnace Combustion. In. West Conshohocken, PA: ASTM 

International. 

ASTM-D5373. (2016). Standard Test Methods for Determination of Carbon, Hydrogen and 

Nitrogen in Analysis Samples of Coal and Carbon in Analysis Samples of Coal and Coke. 

In. West Conshohocken, PA: ASTM International. 

ASTM-D7582. (2015). Standard Test Methods for Proximate Analysis of Coal and Coke by Macro 

Thermogravimetric Analysis. In. West Conshohocken, PA: ASTM International. 

Awan, M. A., Qazi, I. A., & Khalid, I. (2003). Removal of heavy metals through adsorption using 

sand. Journal of Environmental Sciences, 15(3), 413-416.  

Baasiri, M., Ryan, J., Mucheik, M., & Harik, S. (1986). Soil application of a hydrophilic 

conditioner in relation to moisture, irrigation frequency and crop growth. Communications 

in Soil Science and Plant Analysis, 17(6), 573-589.  

Bahemuka, T., & Mubofu, E. (1999). Heavy metals in edible green vegetables grown along the 



145 
 

sites of the Sinza and Msimbazi rivers in Dar es Salaam, Tanzania. Food Chemistry, 66(1), 

63-66.  

Bai, W., Zhang, H., Liu, B., Wu, Y., & Song, J. (2010). Effects of super‐absorbent polymers on 

the physical and chemical properties of soil following different wetting and drying cycles. 

Soil Use and Management, 26(3), 253-260.  

Bakass, M., Mokhlisse, A., & Lallemant, M. (2002). Absorption and desorption of liquid water by 

a superabsorbent polymer: Effect of polymer in the drying of the soil and the quality of 

certain plants. Journal of applied polymer science, 83(2), 234-243.  

Balamani, V., & Poovaiah, B. (1985). Retardation of shoot growth and promotion of tuber growth 

of potato plants by paclobutrazol. American Potato Journal, 62(7), 363-369.  

Banks, M., Schwab, A., & Henderson, C. (2006). Leaching and reduction of chromium in soil as 

affected by soil organic content and plants. Chemosphere, 62(2), 255-264.  

Barceló, J., & Poschenrieder, C. (1990). Plant water relations as affected by heavy metal stress: a 

review. Journal of Plant Nutrition, 13(1), 1-37.  

Basanta, M., Díaz-Raviña, M., González-Prieto, S., & Carballas, T. (2002). Biochemical properties 

of forest soils as affected by a fire retardant. Biology and fertility of soils, 36(5), 377-383.  

Basso, A. S., Miguez, F. E., Laird, D. A., Horton, R., & Westgate, M. (2013). Assessing potential 

of biochar for increasing water‐holding capacity of sandy soils. Gcb Bioenergy, 5(2), 132-

143.  

Bell, C., & Peppas, N. (1995). Biomedical membranes from hydrogels and interpolymer 

complexes. In Biopolymers II (pp. 125-175): Springer. 

Bohn, H., McNeal, B., & O’Connor, A. (1985). Soil Chemistry: Wiley, New York. 

Bowman, D. C., & Evans, R. Y. (1991). Calcium inhibition of polyacrylamide gel hydration is 

partially reversible by potassium. HortScience, 26(8), 1063-1065.  

Bowman, D. C., Evans, R. Y., & Paul, J. (1990). Fertilizer salts reduce hydration of polyacrylamide 

gels and affect physical properties of gel-amended container media. Journal of the 

American Society for Horticultural Science, 115(3), 382-386.  

Brady, N. C., & Weil, R. R. (2008). The nature and properties of soils (14th ed. Vol. 360): Pearson 

Prentice Hall Upper Saddle River, NJ, USA. 

Brown, H., Hensley, C., McKinney, G., & Robinson, J. (1973). Efficiency of heavy metals removal 

in municipal sewage treatment plants. Environmental letters, 5(2), 103-114.  

Brown, H. T., & Escombe, F. (1905). Researches on some of the physiological processes of green 

leaves, with special reference to the interchange of energy between the leaf and its 

surroundings. Proc. R. Soc. Lond. B, 76(507), 29-111.  

Buchholz, F. L., & Graham, A. (1998). Absorbency and superabsorbency. Modern superabsorbent 

polymer technology, Buchholz, FL and Graham, AT editors, Wiley-VCH, New York, NY.  

Buchholz, F. L., & Peppas, N. A. (1994). Superabsorbent polymers: science and technology: 



146 
 

American Chemical Society. 

Busetti, F., Badoer, S., Cuomo, M., Rubino, B., & Traverso, P. (2005). Occurrence and removal 

of potentially toxic metals and heavy metals in the wastewater treatment plant of Fusina 

(Venice, Italy). Industrial & Engineering Chemistry Research, 44(24), 9264-9272.  

Busscher, W., Bjorneberg, D., & Sojka, R. (2009). Field application of PAM as an amendment in 

deep-tilled US southeastern coastal plain soils. Soil and Tillage Research, 104(2), 215-220.  

Butler, J. N. (1964). Ionic equilibrium: a mathematical approach (Vol. 10): Addison-Wesley 

Reading, MA. 

Capone, D. G., Weston, D. P., Miller, V., & Shoemaker, C. (1996). Antibacterial residues in 

marine sediments and invertebrates following chemotherapy in aquaculture. Aquaculture, 

145(1), 55-75. 

Carter, M. R., & Gregorich, E. G. (2008). Soil Sampling and Methods of Analysis (2nd ed.). Boca 

Raton, FL: CRC press.  

Casado-Vela, J., Sellés, S., Díaz-Crespo, C., Navarro-Pedreño, J., Mataix-Beneyto, J., & Gómez, 

I. (2007). Effect of composted sewage sludge application to soil on sweet pepper crop 

(Capsicum annuum var. annuum) grown under two exploitation regimes. Waste 

Management, 27(11), 1509-1518.  

CCME. (1999). Canadian Soil Quality Guidelines for the Protection of Environmental and Human 

Health: Lead (Pb). In (pp. 10): Canadian Council of Ministers of the Environment (CCME). 

Chang, C., Duan, B., Cai, J., & Zhang, L. (2010). Superabsorbent hydrogels based on cellulose for 

smart swelling and controllable delivery. European Polymer Journal, 46(1), 92-100.  

Chauhan, G. S., Chauhan, S., Kumar, S., & Kumari, A. (2008). A study in the adsorption of Fe2+ 

and NO3-on pine needles based hydrogels. Bioresource Technology, 99(14), 6464-6470.  

Chen, Y., Chen, L., Bai, H., & Li, L. (2013). Graphene oxide–chitosan composite hydrogels as 

broad-spectrum adsorbents for water purification. Journal of Materials Chemistry A, 1(6), 

1992-2001.  

Choppala, G., Bolan, N., Mallavarapu, M., & Chen, Z. (2010). Sorption and mobility of chromium 

species in a range of soil types. Paper presented at the Proceedings of the 19th World 

Congress of Soil Science: Soil solutions for a changing world, Brisbane, Australia, 1-6 

August 2010. Symposium 3.5. 1 Heavy metal contaminated soils. 

Chopra, I., & Roberts, M. (2001). Tetracycline antibiotics: mode of action, applications, molecular 

biology, and epidemiology of bacterial resistance. Microbiology and molecular biology 

reviews, 65(2), 232-260.  

Chunilall, V., Kindness, A., & Jonnalagadda, S. (2004). Heavy metal uptake by spinach leaves 

grown on contaminated soils with lead, mercury, cadmium, and nickel. Journal of 

Environmental Science and Health, Part B, 39(3), 473-481.  

CODEX. (1984). Contaminants-Joint FAO/WHO Food Standards Program, Codex Alimentarius, 

Vol. XVII, 1st ed. In. 



147 
 

CODEX. (1995). CODEX General Standard for Contaminants and Toxins in Food and Feed: 

STAN 193-1995. In (pp. 44): Food and Agriculture Organization (FAO) of the United 

Nations (UN). 

Collins, F., Cunningham, L., & Hutchinson, T. (1976). Physiological and biochemical aspects of 

cadmium toxicity in soybean. II. Toxicity, bioaccumulation and subcellular fractionation 

of cadmium in soybean plants grown at subchronic to acute cadmium levels. Paper 

presented at the 10. Annual Conference on Trace Substances in Environmental Health, 

Columbia, Missouri (USA), 8-10 Jun 1976. 

CRAAQ. (2013). Guide de référence en fertilisation. In (pp. 479). Quebec, Canada: Centre de 

référence en agriculture et agroalimentaire du Québec. 

Davies, B. E., & Crews, H. M. (1983). The contribution of heavy metals in potato peel to dietary 

intake. Science of the Total Environment, 30, 261-264. doi:https://doi.org/10.1016/0048-

9697(83)90018-9 

Dayal, U., Mehta, S. K., Choudhary, M. S., & JAIN, R. C. (1999). Synthesis of acrylic 

superabsorbents.  

Dehgan, B., Yeager, T., & Almira, F. (1994). Photinia and Podocarpus growth response to a 

hydrophilic polymer-amended medium. HortScience, 29(6), 641-644.  

Denizli, A., Özkan, G., & Arica, M. Y. (2000). Preparation and characterization of magnetic 

polymethylmethacrylate microbeads carrying ethylene diamine for removal of Cu (II), Cd 

(II), Pb (II), and Hg (II) from aqueous solutions. Journal of applied polymer science, 78(1), 

81-89.  

Denizli, A., Tanyolac, D., Salih, B., Aydinlar, E., Özdural, A., & Piskin, E. (1997). Adsorption of 

heavy-metal ions on Cibacron Blue F3GA-immobilized microporous polyvinylbutyral-

based affinity membranes. Journal of membrane Science, 137(1), 1-8.  

DeSA-UN. (2015). World population prospects: the 2015 revision. Retrieved from 

https://esa.un.org/unpd/wpp/publications/files/key_findings_wpp_2015.pdf 

Desta, M. B. (2013). Batch sorption experiments: Langmuir and Freundlich isotherm studies for 

the adsorption of textile metal ions onto teff straw (Eragrostis tef) agricultural waste. 

Journal of thermodynamics, 2013.  

Dhiman, J., Kaushal, M., & Garg, S. (2011). Well spacing in central Indian Punjab: A case study. 

Journal of Crop Improvement, 25(2), 151-160.  

Dhiman, J., Prasher, S. O., Mannan, A., ElSayed, E., & Nzediegwu, C. (2015). Use of super 

absorbent polymers (Hydrogels) to promote safe use of wastewater in agriculture. Paper 

presented at the Proceedings of 22ndCanadian Hydrotechnical Conference on Water for 

Sustainable D evelopment: Coping with Climate and Environmental Changes. 

Dhiman, J., Prasher, S. O., ElSayed, E., Patel, R., Nzediegwu, C., & Mawof, A. (2019). Use of 

Polyacrylamide Superabsorbent Polymers and Plantain Peel Biochar to Reduce Heavy 

Metal Mobility and Uptake by Wastewater Irrigated Potato Plants. Transactions of the 

ASABE (In Press). doi:https://doi.org/10.13031/trans.13195  



148 
 

Diffey, B. (1991). Solar ultraviolet radiation effects on biological systems. Physics in medicine & 

biology, 36(3), 299. 

Doelker, E., Brannon-Peppas, L., & Harland, R. (1990). Swelling behavior of water-soluble 

cellulose derivatives. Absorbent Polymer Technology, Amsterdam, 125-146.  

Dunbar, K. R., McLaughlin, M. J., & Reid, R. J. (2003). The uptake and partitioning of cadmium 

in two cultivars of potato (Solanum tuberosum L.). Journal of Experimental Botany, 

54(381), 349-354. doi:10.1093/jxb/erg016 

Duquette, D., & Dumont, M. J. (2018). Influence of Chain Structures of Starch on Water 

Absorption and Copper Binding of Starch‐Graft‐Itaconic Acid Hydrogels. Starch‐Stärke, 

70(7-8), 1700271.  

EBC. (2012). European Biochar Certificate–Guidelines for a Sustainable Production of Biochar. 

In. Arbaz, Switzerland: European Biochar Foundation. 

Echeverría, J. C., Morera, M. T., Mazkiarán, C., & Garrido, J. J. (1998). Competitive sorption of 

heavy metal by soils. Isotherms and fractional factorial experiments. Environmental 

pollution, 101(2), 275-284. doi:http://dx.doi.org/10.1016/S0269-7491(98)00038-4 

Eller, B. M. (1977). Road dust induced increase of leaf temperature. Environmental Pollution 

(1970), 13(2), 99-107. doi:https://doi.org/10.1016/0013-9327(77)90094-5 

Elliott, H., Liberati, M., & Huang, C. (1986). Competitive adsorption of heavy metals by soils. 

Journal of environmental quality, 15(3), 214-219.  

El‐Rehim, H., Hegazy, E. S. A., & El‐Mohdy, H. (2004). Radiation synthesis of hydrogels to 

enhance sandy soils water retention and increase plant performance. Journal of applied 

polymer science, 93(3), 1360-1371.  

ElSayed, E. M., Prasher, S. O., & Patel, R. M. (2013). Effect of nonionic surfactant Brij 35 on the 

fate and transport of oxytetracycline antibiotic in soil. Journal of Environmental 

Management, 116, 125-134. doi:http://dx.doi.org/10.1016/j.jenvman.2012.11.034 

El-Sayed, H., Kirkwood, R., & Graham, N. (1991). The effects of a hydrogel polymer on the 

growth of certain horticultural crops under saline conditions. Journal of Experimental 

Botany, 42(7), 891-899.  

Evanko, C. R., & Dzombak, D. A. (1997). Remediation of metals-contaminated soils and 

groundwater: Ground-water remediation technologies analysis center. 

FAO. (2004) FAO Statistical Yearbook, 2004 Vol. 1. In. Rome, Italy. 

FAO. (2008). Potato world: Production and Consumption - International Year of the Potato 2008. 

Retrieved from http://www.fao.org/potato-2008/en/world/ 

FAO. (2015). FAO - Water Development and Management Unit. Retrieved from 

http://www.fao.org/nr/water/cropinfo_potato.html 

FAO. (2016). AQUASTAT - FAO's Information System on Water and Agriculture. Retrieved 

from http://www.fao.org/nr/water/aquastat/water_use/index.stm#maps 



149 
 

FAOSTAT. (2019). Food and Agriculture Organization of The United Nations - Statistics. 

Production quantities of Spinach by country. Retrieved from 

http://www.fao.org/faostat/en/#data/QC/visualize 

Fergusson, J. E. (1990). The Heavy Elements: Chemistry, Environmental Impact and Health 

Effects (1st ed.). Oxford, England: Pergamon Press. 

Fernández-Alba, A. R., Guil, L. H., López, G. D. a., & Chisti, Y. (2001). Toxicity of pesticides in 

wastewater: a comparative assessment of rapid bioassays. Analytica Chimica Acta, 426(2), 

289-301.  

Finch, C. A. (1987). Hydrophilic polymers. In R. W. Dyson (Ed.), Specialty Polymers (pp. 65-82). 

Boston, MA: Springer US. 

Fitter, A. H., & Hay, R. K. (2012). Environmental physiology of plants: Academic press. 

Foo, K. Y., & Hameed, B. H. (2010). Insights into the modeling of adsorption isotherm systems. 

Chemical engineering journal, 156(1), 2-10.  

Freundlich, H. (1906). Over the adsorption in solution. J. Phys. Chem, 57(385471), 1100-1107.  

Gadd, G. M., & Griffiths, A. J. (1977). Microorganisms and heavy metal toxicity. Microbial 

Ecology, 4(4), 303-317.  

Gagnon, C., & Saulnier, I. (2003). Distribution and fate of metals in the dispersion plume of a 

major municipal effluent. Environmental pollution, 124(1), 47-55.  

Gamalero, E., Martinotti, M., Trotta, A., Lemanceau, P., & Berta, G. (2002). Morphogenetic 

modifications induced by Pseudomonas fluorescens A6RI and Glomus mosseae BEG12 in 

the root system of tomato differ according to plant growth conditions. New phytologist, 

155(2), 293-300.  

Garay-Jimenez, J. C., Young, A., Gergeres, D., Greenhalgh, K., & Turos, E. (2008). Methods for 

purifying and detoxifying sodium dodecyl sulfate–stabilized polyacrylate nanoparticles. 

Nanomedicine: Nanotechnology, Biology and Medicine, 4(2), 98-105.  

Gaskin, J., Steiner, C., Harris, K., Das, K., & Bibens, B. (2008). Effect of low-temperature 

pyrolysis conditions on biochar for agricultural use. Trans. Asabe, 51(6), 2061-2069.  

Gaskin, J. W., Speir, A., Morris, L., Ogden, L., Harris, K., Lee, D., & Das, K. (2007). Potential 

for pyrolysis char to affect soil moisture and nutrient status of a loamy sand soil.  

Gavrilescu, M. (2004). Removal of heavy metals from the environment by biosorption. 

Engineering in Life Sciences, 4(3), 219-232.  

George, B., Pillai, V. N. R., & Mathew, B. (1999). Effect of the nature of the crosslinking agent 

on the metal-ion complexation characteristics of 4 mol % DVB- and NNMBA-crosslinked 

polyacrylamide-supported glycines. Journal of applied polymer science, 74(14), 3432-

3444. doi:10.1002/(SICI)1097-4628(19991227)74:14<3432::AID-APP18>3.0.CO;2-9 

Ghosh, A. K., Bhatt, M., & Agrawal, H. (2012). Effect of long-term application of treated sewage 

water on heavy metal accumulation in vegetables grown in Northern India. Environmental 

monitoring and assessment, 184(2), 1025-1036.  



150 
 

Giri, A., Armstrong, B., & Rajashekar, C. B. (2016). Elevated carbon dioxide level suppresses 

nutritional quality of lettuce and spinach. American Journal of Plant Sciences, 7(01), 246.  

Glaser, B., Haumaier, L., Guggenberger, G., & Zech, W. (2001). The'Terra Preta'phenomenon: a 

model for sustainable agriculture in the humid tropics. Naturwissenschaften, 88(1), 37-41.  

Gleick, P. H. (1993). Water in crisis: a guide to the world's fresh water resources: Oxford 

University Press, Inc. 

Goebel, M.-O., Bachmann, J., Woche, S. K., & Fischer, W. R. (2005). Soil wettability, aggregate 

stability, and the decomposition of soil organic matter. Geoderma, 128(1-2), 80-93.  

Goldberg, S., Tabatabai, M., Sparks, D., Al-Amoodi, L., & Dick, W. (2005). Equations and models 

describing adsorption processes in soils. Soil Science Society of America Book Series, 8, 

489.  

Gomes, P. C., Fontes, M. P., da Silva, A. G., de S Mendonça, E., & Netto, A. R. (2001). Selectivity 

sequence and competitive adsorption of heavy metals by Brazilian soils. Soil Science 

Society of America Journal, 65(4), 1115-1121.  

Griffin, R., Au, A. K., & Frost, R. (1977). Effect of pH on adsorption of chromium from landfill‐

leachate by clay minerals. Journal of Environmental Science & Health Part A, 12(8), 431-

449.  

Gu, S., Guak, S., Fuchigami, L. H., & Shin, C. H. (1996). Effects of Short-term Water Stress, 

Hydrophilic Polymer Amendment, and Antitranspirant on Stomatal Status, Transpiration, 

Water Loss, and Growth inBetter Boy'Tomato Plants. HortScience, 31(4), 647-648.  

Guilherme, M. R., Aouada, F. A., Fajardo, A. R., Martins, A. F., Paulino, A. T., Davi, M. F., . . . 

Muniz, E. C. (2015). Superabsorbent hydrogels based on polysaccharides for application 

in agriculture as soil conditioner and nutrient carrier: A review. European Polymer 

Journal, 72, 365-385.  

Gunawardena, U., Zhao, X., & Hawes, M. C. (2001). Roots: Contribution to the rhizosphere. eLS.  

Gupta, N., Khan, D., & Santra, S. (2008). An assessment of heavy metal contamination in 

vegetables grown in wastewater-irrigated areas of Titagarh, West Bengal, India. Bulletin 

of Environmental Contamination and Toxicology, 80(2), 115-118.  

Haghiri, F. (1973). Cadmium uptake by plants. Journal of environmental quality, 2(1), 93-95.  

Haghiri, F. (1974). Plant Uptake of Cadmium as Influenced by Cation Exchange Capacity, Organic 

Matter, Zinc, and Soil Temperature 1. Journal of environmental quality, 3(2), 180-183.  

Hamdaoui, O., & Naffrechoux, E. (2007). Modeling of adsorption isotherms of phenol and 

chlorophenols onto granular activated carbon: Part I. Two-parameter models and equations 

allowing determination of thermodynamic parameters. Journal of Hazardous Materials, 

147(1-2), 381-394.  

Hamilton, J. D., Reinert, K. H., & McLaughlin, J. E. (1995). Aquatic risk assessment of acrylates 

and methacrylates in household consumer products reaching municipal wastewater 

treatment plants. Environmental technology, 16(8), 715-727.  



151 
 

Hanaor, D. A., Ghadiri, M., Chrzanowski, W., & Gan, Y. (2014). Scalable surface area 

characterization by electrokinetic analysis of complex anion adsorption. Langmuir, 30(50), 

15143-15152.  

Haselbach, J., Berner, T., Wright, H., & Dunlap, E. (2000a). Single-dose oral toxicity study of a 

cross-linked sodium polyacrylate/polyvinyl alcohol copolymer in chickens (Gallus 

domesticus). Regulatory Toxicology and Pharmacology, 32(3), 332-336.  

Haselbach, J., Hey, S., & Berner, T. (2000b). Short-term oral toxicity study of FAVOR PAC in 

rats. Regulatory Toxicology and Pharmacology, 32(3), 310-316.  

Hashim, M. A., Mukhopadhyay, S., Sahu, J. N., & Sengupta, B. (2011). Remediation technologies 

for heavy metal contaminated groundwater. Journal of Environmental Management, 

92(10), 2355-2388. doi:https://doi.org/10.1016/j.jenvman.2011.06.009 

Hazer, O., & Kartal, Ş. (2010). Use of amidoximated hydrogel for removal and recovery of U (VI) 

ion from water samples. Talanta, 82(5), 1974-1979.  

Hendershot, W., Lalande, H., & Duquette, M. (1993). Ion exchange and exchangeable cations. In 

M. R. Carter (Ed.), Soil sampling and methods of analysis (pp. 167-176): CRC Press. 

Hewitt, E. (1953). Metal Interrelationships in Plant Nutrition: I. EFFECTS OF SOME METAL 

TOXICITIES ON SUGAR BEET, TOMATO, OAT, POTATO, AND MARROWSTEM 

KALE GROWN IN SAND CULTURE. Journal of Experimental Botany, 4(1), 59-64.  

Hinesly, T., Redborg, K., Ziegler, E., & Alexander, J. (1982). Effect of Soil Cation Exchange 

Capacity on the Uptake of Cadmium by Corn 1. Soil Science Society of America Journal, 

46(3), 490-497.  

Horkay, F., Tasaki, I., & Basser, P. J. (2000). Osmotic swelling of polyacrylate hydrogels in 

physiological salt solutions. Biomacromolecules, 1(1), 84-90.  

Hsu, P. H. (1989). Aluminium oxides and oxyhydroxides. In J. B. Dixon & S. B. Weed (Eds.), 

Minerals in Soil Environment (pp. 331-378). Madison, WI. 

Huang, X., Lin, J., Yuan, D., & Hu, R. (2009). Determination of steroid sex hormones in 

wastewater by stir bar sorptive extraction based on poly (vinylpyridine-ethylene 

dimethacrylate) monolithic material and liquid chromatographic analysis. Journal of 

Chromatography A, 1216(16), 3508-3511.  

Huettermann, A., Orikiriza, L. J., & Agaba, H. (2009). Application of superabsorbent polymers 

for improving the ecological chemistry of degraded or polluted lands. CLEAN–Soil, Air, 

Water, 37(7), 517-526.  

Hutchison, P. (2012). Weed Control and Potato Crop Safety with Metribuzin. In U. o. I. Extension 

(Ed.). 

Hüttermann, A., Zommorodi, M., & Reise, K. (1999). Addition of hydrogels to soil for prolonging 

the survival of Pinus halepensis seedlings subjected to drought. Soil and Tillage Research, 

50(3), 295-304. doi:https://doi.org/10.1016/S0167-1987(99)00023-9 

Ikeda, M., Zhang, Z.-W., Shimbo, S., Watanabe, T., Nakatsuka, H., Moon, C.-S., . . . Higashikawa, 



152 
 

K. (2000). Urban population exposure to lead and cadmium in east and south-east Asia. 

Science of the Total Environment, 249(1), 373-384.  

Intawongse, M., & Dean, J. R. (2006). Uptake of heavy metals by vegetable plants grown on 

contaminated soil and their bioavailability in the human gastrointestinal tract. Food 

additives and contaminants, 23(1), 36-48.  

Iramont, I. (2016). Material Safety Data Sheet - Super AB A200. Retrieved from 

http://en.iramont.ca/resources/MSDS+for+SuperAB+A200+EN+Final.pdf 

ISO-562. (2010). Hard Coal and Coke. Determination of Volatile Matter. In. Geneva, Switzerland: 

ISO: International Standards Organization. 

IWMI. (2006). Recycling realities: managing health risks to make wastewater an asset. Water 

Policy Briefing.  IWMI, Colombo, Sri Lanka(17).  

Iyengar, G. V., & Nair, P. P. (2000). Global outlook on nutrition and the environment: meeting the 

challenges of the next millennium. Science of the Total Environment, 249(1), 331-346.  

James, R. O., Stiglich, P., & Healy, T. (1975). Analysis of models of adsorption of metal ions at 

oxide/water interfaces. Faraday Discussions of the Chemical Society, 59, 142-156.  

Jiménez, B. (2006). Irrigation in developing countries using wastewater. International Review for 

Environmental Strategies, 6(2), 229-250.  

JMP. (2017). Statistical Analysis and Graphing Software (Version 13). Cary, NC: SAS Institute 

Inc.  

John, B., Yamashita, T., Ludwig, B., & Flessa, H. (2005). Storage of organic carbon in aggregate 

and density fractions of silty soils under different types of land use. Geoderma, 128(1-2), 

63-79.  

John, M. K., VanLaerhoven, C. J., & Chuah, H. H. (1972). Factors affecting plant uptake and 

phytotoxicity of cadmium added to soils. Environmental science & technology, 6(12), 

1005-1009.  

Johnson, M. (1985). Degradation of water-absorbing polymers used as soil ameliorants. Arab Gulf 

journal of scientific research.  

Joseph, S., Camps-Arbestain, M., Lin, Y., Munroe, P., Chia, C., Hook, J., . . . Singh, B. (2010). 

An investigation into the reactions of biochar in soil. Soil Research, 48(7), 501-515.  

Jung, M. C. (2001). Heavy metal contamination of soils and waters in and around the Imcheon 

Au–Ag mine, Korea. Applied Geochemistry, 16(11–12), 1369-1375. 

doi:http://dx.doi.org/10.1016/S0883-2927(01)00040-3 

Karhu, K., Mattila, T., Bergström, I., & Regina, K. (2011). Biochar addition to agricultural soil 

increased CH4 uptake and water holding capacity–Results from a short-term pilot field 

study. Agriculture, Ecosystems & Environment, 140(1-2), 309-313.  

Karvelas, M., Katsoyiannis, A., & Samara, C. (2003). Occurrence and fate of heavy metals in the 

wastewater treatment process. Chemosphere, 53(10), 1201-1210.  



153 
 

Kaşgöz, H., Durmuş, A., & Kaşgöz, A. (2008). Enhanced swelling and adsorption properties of 

AAm‐AMPSNa/clay hydrogel nanocomposites for heavy metal ion removal. Polymers for 

Advanced Technologies, 19(3), 213-220.  

Kaşgöz, H., Özgümüş, S., & Orbay, M. (2003). Modified polyacrylamide hydrogels and their 

application in removal of heavy metal ions. Polymer, 44(6), 1785-1793.  

Kawai, F. (1995). Proposed mechanism for microbial degradation of polyacrylate. Journal of 

Macromolecular Science, Part A: Pure and Applied Chemistry, 32(4), 835-838.  

Kay-Shoemake, J. L., Watwood, M. E., Lentz, R. D., & Sojka, R. E. (1998). Polyacrylamide as an 

organic nitrogen source for soil microorganisms with potential effects on inorganic soil 

nitrogen in agricultural soil. Soil biology and biochemistry, 30(8), 1045-1052.  

Keraita, B., Drechsel, P., & Amoah, P. (2003). Influence of urban wastewater on stream water 

quality and agriculture in and around Kumasi, Ghana. Environment and Urbanization, 

15(2), 171-178.  

Kerk, N. M., & Sussex, I. M. (2012). Roots and Root Systems. In eLS: John Wiley & Sons Ltd. 

Khan, S., Cao, Q., Zheng, Y., Huang, Y., & Zhu, Y. (2008). Health risks of heavy metals in 

contaminated soils and food crops irrigated with wastewater in Beijing, China. 

Environmental pollution, 152(3), 686-692.  

Kim, Y., Glenn, D. M., Park, J., Ngugi, H. K., & Lehman, B. L. (2010). Hyperspectral image 

analysis for plant stress detection. Paper presented at the 2010 Pittsburgh, Pennsylvania, 

June 20-June 23, 2010. 

King, B., & Stark, J. (2008). Potato Irrigation Management. Retrieved from  

Kirpichtchikova, T. A., Manceau, A., Spadini, L., Panfili, F., Marcus, M. A., & Jacquet, T. (2006). 

Speciation and solubility of heavy metals in contaminated soil using X-ray 

microfluorescence, EXAFS spectroscopy, chemical extraction, and thermodynamic 

modeling. Geochimica et Cosmochimica Acta, 70(9), 2163-2190. 

doi:http://dx.doi.org/10.1016/j.gca.2006.02.006 

Koehler, A. (2008). Water use in LCA: managing the planet’s freshwater resources. The 

International Journal of Life Cycle Assessment, 13(6), 451-455.  

Kolpin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg, S. D., Barber, L. B., & 

Buxton, H. T. (2002). Pharmaceuticals, hormones, and other organic wastewater 

contaminants in US streams, 1999-2000: A national reconnaissance. Environmental 

science & technology, 36(6), 1202-1211.  

Komkiene, J., & Baltrenaite, E. (2016). Biochar as adsorbent for removal of heavy metal ions 

[Cadmium (II), Copper (II), Lead (II), Zinc (II)] from aqueous phase. International Journal 

of Environmental Science and Technology, 13(2), 471-482.  

Korpe, S., Erdoğan, B., Bayram, G., Ozgen, S., Uludag, Y., & Bicak, N. (2009). Crosslinked 

DADMAC polymers as cationic super absorbents. Reactive and Functional Polymers, 

69(9), 660-665.  



154 
 

Kurniawan, T. A., Chan, G. Y., Lo, W.-H., & Babel, S. (2006). Physico–chemical treatment 

techniques for wastewater laden with heavy metals. Chemical engineering journal, 118(1), 

83-98.  

Lack, A., & Evans, D. (2001). BIOS Instant Notes in Plant Biology: Garland Science. 

Lande, S. S., Bosch, S. J., & Howard, P. H. (1979). Degradation and Leaching of Acrylamide in 

Soil 1. Journal of environmental quality, 8(1), 133-137.  

Langmuir, I. (1916). The constitution and fundamental properties of solids and liquids. Part I. 

Solids. Journal of the American chemical society, 38(11), 2221-2295.  

Lazarova, V., & Bahri, A. (2004). Water reuse for irrigation: agriculture, landscapes, and turf 

grass: CRC Press. 

Lehmann, J. (2007). A handful of carbon. Nature, 447(7141), 143-144.  

Lehmann, J., Kern, D., German, L., Mccann, J., Martins, G. C., & Moreira, A. (2003). Soil Fertility 

and Production Potential. In J. Lehmann, D. C. Kern, B. Glaser, & W. I. Wodos (Eds.), 

Amazonian Dark Earths: Origin Properties Management (pp. 105-124). Dordrecht: 

Springer Netherlands. 

Lehmann, J., & Rondon, M. (2006). Bio-char soil management on highly weathered soils in the 

humid tropics. Biological approaches to sustainable soil systems, 113(517), e530.  

Lesczynski, D. B., & Tanner, C. B. (1976). Seasonal variation of root distribution of irrigated, 

field-grown Russet Burbank potato. American Potato Journal, 53(2), 69-78. 

doi:10.1007/bf02852656 

Lester, J. N. (1987). Heavy metals in wastewater and sludge treatment processes.  

Li, D., Yang, M., Hu, J., Ren, L., Zhang, Y., & Li, K. (2008). Determination and fate of 

oxytetracycline and related compounds in oxytetracycline production wastewater and the 

receiving river. Environmental Toxicology and Chemistry, 27(1), 80-86.  

Li, X., Zhong, Q., Li, Y., Li, G., Ding, Y., Wang, S., . . . Chen, L. (2016). Triacontanol reduces 

transplanting shock in machine-transplanted rice by improving the growth and antioxidant 

systems. Frontiers in plant science, 7, 872.  

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'neill, B., . . . Petersen, J. 

(2006). Black carbon increases cation exchange capacity in soils. Soil Science Society of 

America Journal, 70(5), 1719-1730.  

Ling, Q., Huang, W., & Jarvis, P. (2011). Use of a SPAD-502 meter to measure leaf chlorophyll 

concentration in Arabidopsis thaliana. Photosynthesis research, 107(2), 209-214.  

Liphadzi, M., Kirkham, M., & Musil, C. (2005). Phytoremediation of soil contaminated with heavy 

metals: a technology for rehabilitation of the environment. South African Journal of 

Botany, 71(1), 24-37.  

Liu, M., Liang, R., Zhan, F., Liu, Z., & Niu, A. (2007). Preparation of superabsorbent slow release 

nitrogen fertilizer by inverse suspension polymerization. Polymer international, 56(6), 

729-737.  



155 
 

Liu, W.-h., Zhao, J.-z., Ouyang, Z.-y., Söderlund, L., & Liu, G.-h. (2005). Impacts of sewage 

irrigation on heavy metal distribution and contamination in Beijing, China. Environment 

international, 31(6), 805-812.  

Liu, Y.-J., Tong, Y.-P., Zhu, Y.-G., Ding, H., & Smith, F. A. (2006). Leaf Chlorophyll Readings 

as an Indicator for Spinach Yield and Nutritional Quality with Different Nitrogen Fertilizer 

Applications. Journal of Plant Nutrition, 29(7), 1207-1217. 

doi:10.1080/01904160600767401 

Liu, Z., & Zhang, F.-S. (2009). Removal of lead from water using biochars prepared from 

hydrothermal liquefaction of biomass. Journal of Hazardous Materials, 167(1-3), 933-939.  

Low, K., Lee, C., & Liew, S. (2000). Sorption of cadmium and lead from aqueous solutions by 

spent grain. Process Biochemistry, 36(1-2), 59-64.  

Lu, H., Zhang, W., Yang, Y., Huang, X., Wang, S., & Qiu, R. (2012). Relative distribution of Pb 

2+ sorption mechanisms by sludge-derived biochar. Water Research, 46(3), 854-862.  

Lu, S., Duan, M., & Lin, S. (2003). Synthesis of superabsorbent starch‐graft‐poly (potassium 

acrylate‐co‐acrylamide) and its properties. Journal of applied polymer science, 88(6), 

1536-1542.  

Ma, J., Yang, M., Yu, F., & Zheng, J. (2015). Water-enhanced removal of ciprofloxacin from water 

by porous graphene hydrogel. Scientific reports, 5, 13578.  

Macías, F., & Arbestain, M. C. (2010). Soil carbon sequestration in a changing global 

environment. Mitigation and Adaptation Strategies for Global Change, 15(6), 511-529.  

Mai, C., Schormann, W., Majcherczyk, A., & Hüttermann, A. (2004). Degradation of acrylic 

copolymers by white-rot fungi. Applied microbiology and biotechnology, 65(4), 479-487.  

Major, J., Rondon, M., Molina, D., Riha, S. J., & Lehmann, J. (2010). Maize yield and nutrition 

during 4 years after biochar application to a Colombian savanna oxisol. Plant and soil, 

333(1-2), 117-128.  

Malik, A. (2004). Metal bioremediation through growing cells. Environment international, 30(2), 

261-278.  

Mapanda, F., Mangwayana, E. N., Nyamangara, J., & Giller, K. (2005). The effect of long-term 

irrigation using wastewater on heavy metal contents of soils under vegetables in Harare, 

Zimbabwe. Agriculture, Ecosystems & Environment, 107(2-3), 151-165.  

Matlab. (2018). Matlab and Statistical Toolbox Release 2018b (Version R2018b). MA, USA: The 

MathWorks Inc.  

Matsumoto, H., Hirasawa, E., Torikai, H., & Takahashi, E. (1976). Localization of absorbed 

aluminium in pea root and its binding to nucleic acids. Plant and cell physiology, 17(1), 

127-137.  

Mattina, M. I., Lannucci-Berger, W., Musante, C., & White, J. C. (2003). Concurrent plant uptake 

of heavy metals and persistent organic pollutants from soil. Environmental pollution, 

124(3), 375-378.  



156 
 

McBride, M. (1994). Environmental chemistry of soils. Oxford Univ. Press, New York.  

McBride, M., Tyler, L., & Hovde, D. (1981). Cadmium Adsorption by Soils and Uptake by Plants 

as Affected by Soil Chemical Properties 1. Soil Science Society of America Journal, 45(4), 

739-744.  

McGrath, J. J., Purkiss, L., Christian, M., Proctor, N., & McGrath, W. (1993). Teratology study of 

a cross-linked polyacrylate superabsorbent polymer. International Journal of Toxicology, 

12(2), 127-137.  

McKay, G. (1995). Use of Adsorbents for the Removal of Pollutants from Wastewater: Taylor & 

Francis. 

Mehlich, A. (1984). Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant. 

Communications in Soil Science & Plant Analysis, 15(12), 1409-1416.  

Metcalf, R., Lu, P., & Kapoor, I. (1973). Environmental Distribution and Metabolic Fate of Key 

Industrial Pollutants and Pesticides in a Model Ecosystem. Illinois University. Water 

Resources Center. Urbana, 111.  

Mohammad, M. J., & Mazahreh, N. (2003). Changes in soil fertility parameters in response to 

irrigation of forage crops with secondary treated wastewater. Communications in Soil 

Science and Plant Analysis, 34(9-10), 1281-1294.  

Mohan, D., Sarswat, A., Ok, Y. S., & Pittman Jr, C. U. (2014). Organic and inorganic contaminants 

removal from water with biochar, a renewable, low cost and sustainable adsorbent – A 

critical review. Bioresource Technology, 160, 191-202. 

doi:http://dx.doi.org/10.1016/j.biortech.2014.01.120 

Moore, A., Satterwhite, M., & Ippolito, J. (2013). Soil Copper Thresholds for Potato Production. 

Paper presented at the Western Nutrient Management Conference, Reno, NV, USA. 

Moore, J. W., & Ramamoorthy, S. (1984). Nickel. In Heavy Metals in Natural Waters (pp. 161-

181): Springer. 

Morelock, T., Correll, J., Prohens, J., & Nuez, F. (2008). Spinach breeding. Prohens J Nuez F, eds. 

Vegetables I. New York: Springer, 183-212.  

Mountain, W., & McKeen, C. (1965). Effects of transplant injury and nematodes on incidence of 

Verticillium wilt of eggplant. Canadian Journal of Botany, 43(6), 619-624.  

Msaky, J., & Calvet, R. (1990). Adsorption behavior of copper and zinc in soils: influence of pH 

on adsorption characteristics. Soil science, 150(2), 513-522.  

Muchuweti, M., Birkett, J., Chinyanga, E., Zvauya, R., Scrimshaw, M. D., & Lester, J. (2006). 

Heavy metal content of vegetables irrigated with mixtures of wastewater and sewage 

sludge in Zimbabwe: implications for human health. Agriculture, Ecosystems & 

Environment, 112(1), 41-48.  

Nabulo, G., Young, S., & Black, C. (2010). Assessing risk to human health from tropical leafy 

vegetables grown on contaminated urban soils. Science of the Total Environment, 408(22), 

5338-5351.  



157 
 

Nedelkoska, T., & Doran, P. (2000). Characteristics of heavy metal uptake by plant species with 

potential for phytoremediation and phytomining. Minerals engineering, 13(5), 549-561.  

Neely, W. B., Branson, D. R., & Blau, G. E. (1974). Partition coefficient to measure 

bioconcentration potential of organic chemicals in fish. Environmental science & 

technology, 8(13), 1113-1115.  

Nelson, P. O., Chung, A. K., & Hudson, M. C. (1981). Factors affecting the fate of heavy metals 

in the activated sludge process. Journal (Water Pollution Control Federation), 1323-1333.  

NHFPC. (2012). China Food Safety National Standard for Maximum Levels of Contaminants in 

Foods, Standard# GB 2762-2012. In. China: National Health and Family Planning of 

People's Republic of China (NHFPC). 

Ni, N., Zhang, D., & Dumont, M.-J. (2018). Synthesis and characterization of zein-based 

superabsorbent hydrogels and their potential as heavy metal ion chelators. Polymer 

Bulletin, 75(1), 31-45.  

Nilsson, H. (1995). Remote sensing and image analysis in plant pathology. Annual review of 

phytopathology, 33(1), 489-528.  

Nopens, I., Capalozza, C., & Vanrolleghem, P. A. (2001). Stability analysis of a synthetic 

municipal wastewater. Department of Applied Mathematics Biometrics and Process 

Control, University of Gent, Belgium.  

NRCC. (1978). Inorganic lead. Effects of Lead in Canadian Environment. Retrieved from  

Nzediegwu, C., Prasher, S., Elsayed, E., Dhiman, J., Mawof, A., & Patel, R. (2019). Effect of 

biochar on heavy metal accumulation in potatoes from wastewater irrigation. Journal of 

Environmental Management, 232, 153-164.  

Ogunjobi, J. K., & Lajide, L. (2013). The Potential of Cocoa Pods and Plantain Peels as Renewable 

Sources in Nigeria. International Journal of Green Energy.  

Orikiriza, L. J., Agaba, H., Tweheyo, M., Eilu, G., Kabasa, J. D., & Hüttermann, A. (2009). 

Amending Soils with Hydrogels Increases the Biomass of Nine Tree Species under Non‐

water Stress Conditions. CLEAN–Soil, Air, Water, 37(8), 615-620.  

Öztürk, E., Atsan, E., Polat, T., & Kara, K. (2011). Variation in heavy metal concentrations of 

potato (Solanum tuberosum L.) cultivars. J Anim Plant Sci, 21(2), 235-239.  

Page, A., Bingham, F., & Nelson, C. (1972). Cadmium absorption and growth of various plant 

species as influenced by solution cadmium concentration. Journal of environmental 

quality, 1(3), 288-291.  

Park, J. H., Choppala, G. K., Bolan, N. S., Chung, J. W., & Chuasavathi, T. (2011). Biochar 

reduces the bioavailability and phytotoxicity of heavy metals. Plant and soil, 348(1-2), 

439-451.  

PGSC. (2011). Genome sequence and analysis of the tuber crop potato. Potato Genome 

Sequencing Consortium. Nature, 475, 189. doi:10.1038/nature10158 

https://www.nature.com/articles/nature10158#supplementary-information 



158 
 

Piekkielek, W., & Fox, R. (1992). Use of a chlorophyll meter to predict sidedress nitrogen. 

Agronomy Journal, 84(1), 59-65.  

Po, R. (1994). Water-absorbent polymers: a patent survey. Journal of Macromolecular Science, 

Part C: Polymer Reviews, 34(4), 607-662.  

PowerShell. (2018). Windows PowerShell (Version 5.1.17134.407) [Shell script porgramming 

software]: Microsoft Corporation.  

Prior, R. (2003). Spinach as a source of antioxidant phytochemicals with potential health effects. 

Paper presented at the National Spinach Conference, Fayetteville, AR. USA, November. 

Qadir, M., Sharma, B. R., Bruggeman, A., Choukr-Allah, R., & Karajeh, F. (2007). Non-

conventional water resources and opportunities for water augmentation to achieve food 

security in water scarce countries. Agricultural Water Management, 87(1), 2-22.  

Qadir, M., Wichelns, D., Raschid-Sally, L., McCornick, P. G., Drechsel, P., Bahri, A., & Minhas, 

P. (2010). The challenges of wastewater irrigation in developing countries. Agricultural 

Water Management, 97(4), 561-568.  

Rattan, R., Datta, S., Chhonkar, P., Suribabu, K., & Singh, A. (2005). Long-term impact of 

irrigation with sewage effluents on heavy metal content in soils, crops and groundwater—

a case study. Agriculture, Ecosystems & Environment, 109(3), 310-322.  

Rawat, M., Moturi, M. C. Z., & Subramanian, V. (2003). Inventory compilation and distribution 

of heavy metals in wastewater from small-scale industrial areas of Delhi, India. Journal of 

Environmental Monitoring, 5(6), 906-912.  

Rayment, G., & Higginson, F. R. (1992). Australian laboratory handbook of soil and water 

chemical methods: Inkata Press Pty Ltd. 

Rivera-Jaimes, J. A., Postigo, C., Melgoza-Alemán, R. M., Aceña, J., Barceló, D., & de Alda, M. 

L. (2018). Study of pharmaceuticals in surface and wastewater from Cuernavaca, Morelos, 

Mexico: occurrence and environmental risk assessment. Science of the Total Environment, 

613, 1263-1274.  

Rohrbach, K., Li, Y., Zhu, H., Liu, Z., Dai, J., Andreasen, J., & Hu, L. (2014). A cellulose based 

hydrophilic, oleophobic hydrated filter for water/oil separation. Chemical 

Communications, 50(87), 13296-13299.  

Römer, W., & Keller, H. (2001). Exudation of organic acids by spinach and the mobilization of 

Cu, Zn and Cd in soil. In Plant Nutrition (pp. 556-557): Springer. 

Rubatzky, V. E., & Yamaguchi, M. (1997). Plantain, Starchy Banana, Breadfruit, and Jackfruit. In 

World Vegetables (pp. 253-276): Springer. 

Rusan, M. J. M., Hinnawi, S., & Rousan, L. (2007). Long term effect of wastewater irrigation of 

forage crops on soil and plant quality parameters. Desalination, 215(1), 143-152.  

Sanchez-Polo, M., & Rivera-Utrilla, J. (2002). Adsorbent− adsorbate interactions in the adsorption 

of Cd (II) and Hg (II) on ozonized activated carbons. Environmental science & technology, 

36(17), 3850-3854.  



159 
 

Sanders, D. (2001). Spinach. Horticulture Information Leaflets. North Carolina State Extension 

Publications. Retrieved from https://content.ces.ncsu.edu/spinach 

Santona, L., Castaldi, P., & Melis, P. (2006). Evaluation of the interaction mechanisms between 

red muds and heavy metals. Journal of Hazardous Materials, 136(2), 324-329.  

Sarmah, A. K., Srinivasan, P., Smernik, R. J., Manley-Harris, M., Antal, M. J., Downie, A., & van 

Zwieten, L. (2010). Retention capacity of biochar-amended New Zealand dairy farm soil 

for an estrogenic steroid hormone and its primary metabolite. Soil Research, 48(7), 648-

658.  

Sasaki, R., & Gotoh, K. (1999). Characteristics of rooting and early growth of transplanted rice 

nursling seedlings with several plant ages in leaf number. Japanese Journal of Crop 

Science, 68(2), 194-198.  

Ščančar, J., Milačič, R., Stražar, M., & Burica, O. (2000). Total metal concentrations and 

partitioning of Cd, Cr, Cu, Fe, Ni and Zn in sewage sludge. Science of the Total 

Environment, 250(1-3), 9-19.  

Schwarzenbach, R., Gschwend, P., & Imboden, D. (2005). Chemical transformations I: hydrolysis 

and reactions involving other nucleophilic species. Environmental Organic Chemistry, 

489-554.  

Schwertmann, U., & Taylor, R. M. (1989). Iron oxides. Minerals in soil 

environments(mineralsinsoile), 379-438.  

Scott, C. A., Drechsel, P., Raschid-Sally, L., Bahri, A., Mara, D., Redwood, M., & Jiménez, B. 

(2010). Wastewater irrigation and health: challenges and outlook for mitigating risks in 

low-income countries. Wastewater irrigation and health: Assessing and mitigating risk in 

low-income countries, 381-394.  

Seckler, D., Barker, R., & Amarasinghe, U. (1999). Water scarcity in the twenty-first century. 

International Journal of Water Resources Development, 15(1-2), 29-42.  

ŠEsták, Z. (1963). Changes in the chlorophyll content as related to photosynthetic activity and age 

of leaves. Photochemistry and Photobiology, 2(2), 101-110.  

Shaikh, S. H., & Kumar, S. A. (2017). Polyhydroxamic acid functionalized sorbent for effective 

removal of chromium from ground water and chromic acid cleaning bath. Chemical 

engineering journal, 326, 318-328.  

Sharma, R. K., Agrawal, M., & Marshall, F. (2007). Heavy metal contamination of soil and 

vegetables in suburban areas of Varanasi, India. Ecotoxicology and Environmental Safety, 

66(2), 258-266. doi:http://dx.doi.org/10.1016/j.ecoenv.2005.11.007 

Sharma, R. K., Agrawal, M., & Marshall, F. M. (2008). Heavy metal (Cu, Zn, Cd and Pb) 

contamination of vegetables in urban India: A case study in Varanasi. Environmental 

pollution, 154(2), 254-263. doi:https://doi.org/10.1016/j.envpol.2007.10.010 

Shi, W., Dumont, M.-J., & Ly, E. B. (2014). Synthesis and properties of canola protein-based 

superabsorbent hydrogels. European Polymer Journal, 54, 172-180.  



160 
 

Sim, W.-J., Lee, J.-W., Shin, S.-K., Song, K.-B., & Oh, J.-E. (2011). Assessment of fates of 

estrogens in wastewater and sludge from various types of wastewater treatment plants. 

Chemosphere, 82(10), 1448-1453.  

Singh, B., Singh, B. P., & Cowie, A. L. (2010). Characterisation and evaluation of biochars for 

their application as a soil amendment. Soil Research, 48(7), 516-525.  

Singh, K. P., Rai, P., Singh, A. K., Verma, P., & Gupta, S. (2014). Occurrence of pharmaceuticals 

in urban wastewater of north Indian cities and risk assessment. Environmental monitoring 

and assessment, 186(10), 6663-6682.  

Skouri, R., Schosseler, F., Munch, J. P., & Candau, S. J. (1995). Swelling and Elastic Properties 

of Polyelectrolyte Gels. Macromolecules, 28(1), 197-210. doi:10.1021/ma00105a026 

Smider, B., & Singh, B. (2014). Agronomic performance of a high ash biochar in two contrasting 

soils. Agriculture, Ecosystems & Environment, 191, 99-107.  

Sohi, S., Krull, E., Lopez-Capel, E., & Bol, R. (2010). A review of biochar and its use and function 

in soil. Advances in Agronomy, 105, 47-82.  

Sojka, R., Bjorneberg, D., Entry, J., Lentz, R., & Orts, W. (2007). Polyacrylamide in agriculture 

and environmental land management. Advances in Agronomy, 92, 75-162.  

Soltanpour, P. a., & Schwab, A. (1977). A new soil test for simultaneous extraction of macro‐and 

micro‐nutrients in alkaline soils 1. Communications in Soil Science & Plant Analysis, 8(3), 

195-207.  

Somers, I., & Shive, J. (1942). The iron-manganese relation in plant metabolism. Plant physiology, 

17(4), 582.  

Sörme, L., & Lagerkvist, R. (2002). Sources of heavy metals in urban wastewater in Stockholm. 

Science of the Total Environment, 298(1), 131-145.  

Sposito, G. (2008). The chemistry of soils: Oxford university press. 

Stark, J. C., Westermann, D. T., & Hopkins, B. (2004). Nutrient management guidelines for Russet 

Burbank potatoes: University of Idaho, College of Agricultural and Life Sciences. 

STATCAN. (2011). Canadian Potato Production - Service Bulletin by Statistics Canada (Cat. no. 

22-008-X). Retrieved from https://www150.statcan.gc.ca/n1/pub/22-008-x/22-008-

x2011002-eng.pdf 

Steiner, C., Glaser, B., Geraldes Teixeira, W., Lehmann, J., Blum, W. E., & Zech, W. (2008). 

Nitrogen retention and plant uptake on a highly weathered central Amazonian Ferralsol 

amended with compost and charcoal. Journal of Plant Nutrition and Soil Science, 171(6), 

893-899.  

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de Macêdo, J. L. V., Blum, W. E., & Zech, 

W. (2007). Long term effects of manure, charcoal and mineral fertilization on crop 

production and fertility on a highly weathered Central Amazonian upland soil. Plant and 

soil, 291(1-2), 275-290.  

Stephan, C. H., Courchesne, F., Hendershot, W. H., McGrath, S. P., Chaudri, A. M., Sappin-



161 
 

Didier, V., & Sauvé, S. (2008). Speciation of zinc in contaminated soils. Environmental 

pollution, 155(2), 208-216.  

Stevenson, F., & Fitch, A. (1986). Chemistry of complexation of metal ions with soil solution 

organics. Interactions of soil minerals with natural organics and 

microbes(interactionsofs), 29-58.  

Sun, G., & Shi, W. (1998). Sunflower stalks as adsorbents for the removal of metal ions from 

wastewater. Industrial & Engineering Chemistry Research, 37(4), 1324-1328.  

Suresh, D., Nethravathi, P., Nagabhushana, H., & Sharma, S. (2015). Spinach assisted green 

reduction of graphene oxide and its antioxidant and dye absorption properties. Ceramics 

International, 41(3), 4810-4813.  

Suresh, R., Prasher, S. O., Patel, R. M., Qi, Z., Elsayed, E., Schwinghamer, T., & Ehsan, A. M. 

(2018). Super Absorbent Polymer and Irrigation Regime Effects on Growth and Water Use 

Efficiency of Container-Grown Cherry Tomatoes. Transactions of the ASABE, 61(2), 523-

531. doi:https://doi.org/10.13031/trans.12285  

Sutherland, G. R., Haselbach, J., & Aust, S. D. (1997). Biodegradation of crosslinked acrylic 

polymers by a white-rot fungus. Environmental Science and Pollution Research, 4(1), 16-

20.  

Swift, R., & McLaren, R. (1991). Micronutrient adsorption by soils and soil colloids. In 

Interactions at the Soil Colloid—Soil Solution Interface (pp. 257-292): Springer. 

Tandi, N., Nyamangara, J., & Bangira, C. (2004). Environmental and potential health effects of 

growing leafy vegetables on soil irrigated using sewage sludge and effluent: a case of Zn 

and Cu. Journal of Environmental Science and Health, Part B, 39(3), 461-471.  

Tchango-Tchango, J., Bikoi, A., Achard, R., Escalant, J., & Ngalani, J. (1999). Banana plantain 

post-harvest operations. AGSI/FAO, Mejia, D., Lewis, B., Bothe, C.(Eds.) Compendium on 

post-harvest operations.  

Teijon, G., Candela, L., Tamoh, K., Molina-Díaz, A., & Fernández-Alba, A. (2010). Occurrence 

of emerging contaminants, priority substances (2008/105/CE) and heavy metals in treated 

wastewater and groundwater at Depurbaix facility (Barcelona, Spain). Science of the Total 

Environment, 408(17), 3584-3595.  

Thompson-Morgan. (2015). How to Grow Potatoes in Ground. Retrieved from 

http://www.thompson-morgan.com/how-to-grow-potatoes-in-the-ground 

Torres, M., & Varennes, A. d. (1998). Remediation of a sandy soil artificially contaminated with 

copper using a polyacrylate polymer. Soil Use and Management, 14(2), 106-110.  

Trenkel, J., Burton, D., & Shock, C. (1996). PAM and/or Low Rates of Straw Furrow Mulching 

to Reduce Soil Erosion and Increase Water Infiltration in a Furrow Irrigated Field, 1995 

Trial. OSU, Malheur Experiment Station Special Report, 964, 167-175.  

Tryon, E. H. (1948). Effect of charcoal on certain physical, chemical, and biological properties of 

forest soils. Ecological Monographs, 18(1), 81-115.  



162 
 

Tuller, M., Or, D., & Hillel, D. (2004). Retention of water in soil and the soil water characteristic 

curve. Encyclopedia of Soils in the Environment, 4, 278-289.  

Türkdoğan, M. K., Kilicel, F., Kara, K., Tuncer, I., & Uygan, I. (2003). Heavy metals in soil, 

vegetables and fruits in the endemic upper gastrointestinal cancer region of Turkey. 

Environmental toxicology and pharmacology, 13(3), 175-179.  

Turner, B. (1990). II, Clark, WC, Kates, RW, Richards, JF, Mathews, JT and Meyer, WB. The 

Earth as Transformed by Human Action: Global and Regional Changes in the Biosphere 

over the Past 300 Years.  

U.N. (2015). UN News Center. Retrieved from 

http://www.un.org/apps/news/story.asp?NewsID=45165#.U0IGEUco4eg 

Uchimiya, M., Lima, I. M., Thomas Klasson, K., Chang, S., Wartelle, L. H., & Rodgers, J. E. 

(2010). Immobilization of heavy metal ions (CuII, CdII, NiII, and PbII) by broiler litter-

derived biochars in water and soil. Journal of Agricultural and Food Chemistry, 58(9), 

5538-5544.  

Uchimiya, M., Wartelle, L. H., Klasson, K. T., Fortier, C. A., Lima, I. M. J. J. o. a., & chemistry, 

f. (2011). Influence of pyrolysis temperature on biochar property and function as a heavy 

metal sorbent in soil. 59(6), 2501-2510.  

UNESCO. (2016). Water | United Nations Educational, Scientific and Cultural Organization. 

Retrieved from http://www.unesco.org/new/en/natural-sciences/environment/water/ 

USEPA. (2005). Ecological Soil Screening Levels for Lead (OSWER Directive 9285.7-70). 

Retrieved from Washington, DC, USA: https://www.epa.gov/sites/production/files/2015-

09/documents/eco-ssl_lead.pdf 

USEPA. (2008). Fate and Transport of Heavy Metals and Radionuclides in Soil: The Impacts of 

Vegetation. Retrieved from 

https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=57443 

USFDA. (2003). Detection and quantitation of acrylamide in foods. In. Silver Spring, MD, USA: 

U.S. Food and Drug Administration. 

Varela Milla, O., Rivera, E. B., Huang, W.-J., Chien, C., & Wang, Y.-M. (2013). Agronomic 

properties and characterization of rice husk and wood biochars and their effect on the 

growth of water spinach in a field test. Journal of soil science and plant nutrition, 13(2), 

251-266.  

Varennes, A. d., & Queda, C. (2005). Application of an insoluble polyacrylate polymer to copper‐

contaminated soil enhances plant growth and soil quality. Soil Use and Management, 21(4), 

410-414.  

Varennes, A. d., & Torres, M. (1999). Remediation of a long‐term copper‐contaminated soil using 

a polyacrylate polymer. Soil Use and Management, 15(4), 230-232.  

Vassilev, S. V., Baxter, D., Andersen, L. K., & Vassileva, C. G. (2013). An overview of the 

composition and application of biomass ash. Part 1. Phase–mineral and chemical 

composition and classification. Fuel, 105, 40-76.  



163 
 

Ver Vers, L. M. (1999). Determination of acrylamide monomer in polyacrylamide degradation 

studies by high-performance liquid chromatography. Journal of chromatographic science, 

37(12), 486-494.  

Verlicchi, P., Al Aukidy, M., & Zambello, E. (2012). Occurrence of pharmaceutical compounds 

in urban wastewater: removal, mass load and environmental risk after a secondary 

treatment—a review. Science of the Total Environment, 429, 123-155.  

Violante, A., & Gianfreda, L. (2000). Role of biomolecules in the formation and reactivity toward 

nutrients and organics of variable charge minerals and organomineral complexes in soil 

environments. Soil biochemistry, 10, 207-270.  

Visser, R. G., Bachem, C. W., de Boer, J. M., Bryan, G. J., Chakrabati, S. K., Feingold, S., . . . 

Jacobs, J. M. (2009). Sequencing the potato genome: outline and first results to come from 

the elucidation of the sequence of the world’s third most important food crop. American 

Journal of Potato Research, 86(6), 417-429.  

Wallace, A., Wallace, G., & Abouzamzam, A. (1986). EFFECTS OF EXCESS LEVELS OF A 

POLYMER AS A SOIL CONDITIONER ON YIELDS AND MINERAL NUTRITION 

OF PLANTS. Soil science, 141(5), 377-380.  

Wang, X., Sato, T., Xing, B., & Tao, S. (2005). Health risks of heavy metals to the general public 

in Tianjin, China via consumption of vegetables and fish. Science of the Total Environment, 

350(1-3), 28-37.  

Warman, P. R., & Havard, K. A. (1998). Yield, vitamin and mineral contents of organically and 

conventionally grown potatoes and sweet corn. Agriculture, Ecosystems & Environment, 

68(3), 207-216. doi:https://doi.org/10.1016/S0167-8809(97)00102-3 

Warshawsky, A. (1988). Polymeric ligands in hydrometallurgy. In D. C. Sherrington & P. Hodge 

(Eds.), Synthesis and separations using functional polymers (pp. 325): Wiley. 

Weber, B., Avnimelech, Y., & Juanico, M. (1996). Salt enrichment of municipal sewage: new 

prevention approaches in Israel. Environmental management, 20(4), 487-495.  

WHO. (2006). Guidelines for the Safe Use of Wastewater, Excreta and Greywater: Policy and 

regulatory aspects (Vol. 1): World Health Organization. 

Wiegand, C., & Namken, L. (1966). Influences of Plant Moisture Stress, Solar Radiation, and Air 

Temperature on Cotton Leaf Temperature 1. Agronomy Journal, 58(6), 582-586.  

Wittbrodt, P. R., & Palmer, C. D. (1995). Reduction of Cr (VI) in the presence of excess soil fulvic 

acid. Environmental science & technology, 29(1), 255-263.  

Wu, F., Zhang, Y., Liu, L., & Yao, J. (2012). Synthesis and characterization of a novel cellulose-

g-poly (acrylic acid-co-acrylamide) superabsorbent composite based on flax yarn waste. 

Carbohydrate Polymers, 87(4), 2519-2525.  

Wu, L., & Liu, M. (2008). Preparation and characterization of cellulose acetate‐coated compound 

fertilizer with controlled‐release and water‐retention. Polymers for Advanced 

Technologies, 19(7), 785-792.  



164 
 

Wu, L., Liu, M., & Liang, R. (2008). Preparation and properties of a double-coated slow-release 

NPK compound fertilizer with superabsorbent and water-retention. Bioresource 

Technology, 99(3), 547-554.  

Wu, X. Y., Hunkeler, D., Hamielec, A. E., Pelton, R. H., & Woods, D. R. (1991). Molecular weight 

characterization of poly(acrylamide-co-sodium acrylate). I. Viscometry. Journal of applied 

polymer science, 42(7), 2081-2093. doi:10.1002/app.1991.070420736 

Wuana, R. A., & Okieimen, F. E. (2011). Heavy metals in contaminated soils: a review of sources, 

chemistry, risks and best available strategies for remediation. ISRN Ecology, 2011.  

WWF. (2016). Water Scarcity | Threats | WWF. Retrieved from 

http://www.worldwildlife.org/threats/water-scarcity 

Xanthopoulos, C., & Hahn, H. (1993). Anthropogenic Pollutant Wash-Off from Street Surfaces. 

Paper presented at the Sixth International Conference of Urban Storm Drainage. 

Yi, J.-Z., & Zhang, L.-M. (2008). Removal of methylene blue dye from aqueous solution by 

adsorption onto sodium humate/polyacrylamide/clay hybrid hydrogels. Bioresource 

Technology, 99(7), 2182-2186.  

Yu, O.-Y., Raichle, B., & Sink, S. (2013). Impact of biochar on the water holding capacity of 

loamy sand soil. International Journal of Energy and Environmental Engineering, 4(1), 

44.  

Zeng, X., McCarthy, D. T., Deletic, A., & Zhang, X. (2015). Silver/reduced graphene oxide 

hydrogel as novel bactericidal filter for point‐of‐use water disinfection. Advanced 

Functional Materials, 25(27), 4344-4351.  

Zhang, A., Bian, R., Pan, G., Cui, L., Hussain, Q., Li, L., . . . Han, X. (2012). Effects of biochar 

amendment on soil quality, crop yield and greenhouse gas emission in a Chinese rice 

paddy: a field study of 2 consecutive rice growing cycles. Field Crops Research, 127, 153-

160.  

Zhang, J., Lü, F., Zhang, H., Shao, L., Chen, D., & He, P. (2015). Multiscale visualization of the 

structural and characteristic changes of sewage sludge biochar oriented towards potential 

agronomic and environmental implication. Scientific reports, 5, 9406.  

Zhang, M.-K., Liu, Z.-Y., & Wang, H. (2010). Use of single extraction methods to predict 

bioavailability of heavy metals in polluted soils to rice. Communications in Soil Science 

and Plant Analysis, 41(7), 820-831.  

Zhang, W.-j., Li, Z.-f., Zhang, Q.-z., Du, Z.-l., Ma, M.-y., & Wang, Y.-d. (2011). Impacts of 

biochar and nitrogen fertilizer on spinach yield and tissue nitrate content from a pot 

experiment. Journal of Agro-Environment Science, 10, 7.  

Zhang, Y., & Yang, X. (1994). The toxic effects of cadmium on cell division and chromosomal 

morphology of Hordeum vulgare. Mutation Research/Environmental Mutagenesis and 

Related Subjects, 312(2), 121-126.  

Zohuriaan-Mehr, M. J., & Kabiri, K. (2008). Superabsorbent polymer materials: a review. Iranian 

Polymer Journal, 17(6), 451. 


