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ABSTRACT 

Fresh water scarcity has attracted farming communities to utilize wastewater for 

irrigation. Municipal wastewater (MW) enriched with diverse contaminants 

including heavy metals is still preferred due to higher concentration of plant 

nutrients, continuous availability and low cost. Vegetables irrigated with such 

water usually contain high contents of heavy metals, which are considered harmful 

for consumers. Treated wastewater application for irrigation of vegetables can be 

an effective strategy to minimize health risks associated with the consumption of 

contaminated vegetables. Present study was conducted at Pir Mehr Ali Shah, Arid 

Agriculture University, Rawalpindi Pakistan with two cultivars of spinach and 

lettuce. Municipal wastewater was collected following standard procedures from 

Nullah Lei, Gawalmandi, Rawalpindi, Pakistan and it was treated with two types of 

trickling filters (TFs) i.e. (1) BT using biological (rice husk, corn cob and wheat 

straw) and (2) PT using physical (sand, medium, fine and very fine gravel) 

substrates. Physico-chemical characteristics of all irrigation treatments and soils 

were determined with (MF, PTF, BTF, TWF and GF) and without NPK 

supplementation (MW, PT, BT, TW and GW). Leafy vegetables i.e. lettuce [leaf 

(L1), ice-berg (L2)] and spinach [desi palak (S1), lahori palak (S2)] were analyzed 

for metal accumulation in roots and leaves, plant growth/productivity and 

biochemical parameters in all treatments. Physico-chemical parameters (pH, NO3
1--

N, COD, PO4
3-) and five heavy metals (Ni, Mn, Cu, Co and Cd) exceeded 

irrigation standards in MW whereas the rest of the six parameters and seven metals 

were within allowable limits. Physico-chemical parameters of correspondingly 

irrigated soils were within safer limits of soil standards except two metals (Cu and 
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Cd) which were above safer limits due to wastewater irrigation. Among studied 

vegetables higher metal accumulation was recorded in S1 (Pb, Co, Zn) and S2 roots 

(Ni, Cu, Cr) in MW and MF treatments respectively compared to control 

treatments. Higher accumulation in leaves was found in S1 (Pb, Mn, Cr) and S2 

(Ni, Zn, Fe, Cu, Co, Cd) in MW and MF respectively. Bioconcentration factor 

(BCF) for all metals was recorded higher in all vegetables roots in MW whereas S1 

(MW) and S2 (MF) leaves in respective treatments. Significant human health risk is 

speculated on ingesting heavy metal hyperaccumulating S1 and S2 in MW and MF 

treatments respectively. The BT treated water showed remarkable reduction in all 

physico-chemical parameters, particularly heavy metals compared to PT and values 

of studied parameters closely matched with TW. All studied soil parameters in PT, 

PTF, BT, BTF, TW and TWF were found within safe limits due to irrigation with 

treated water. Root and leaf metal accumulation was again recorded higher for S1 

and S2 in PT and PTF treatments compared to BT, BTF, TWF and TW revealing 

better wastewater treatment efficiency in trickling filter containing biological 

substrates. Similarly BCF for metals and health risks in adults and children were 

only found in spinach in PT and PTF treatments while no risk was found in BT and 

TW treatments. Lettuce was found less metal hyperaccumulating compared to 

spinach. In this study, fertigative efficacy of municipal wastewater (MW) was 

recorded but at the cost of human health risk and risk pattern was; S2>S1>L1>L2. 



1 

Chapter 1 

INTRODUCTION 

Untreated wastewater use has become progressively significant for 

irrigation since long mainly due to scarcity of fresh water (Akoto et al., 2015). In 

many arid and semi-arid areas of the world, adequate supply of fresh surface water 

is only available during the rainy season thus wastewater is preferred choice for 

agriculture in such regions (Prabu, 2009). A significant limitation restricting the 

use of ground-water is related with its access and cost effectiveness (Cofie and 

Drechsel, 2007). In agriculture, wastewater application is attaining popularity due 

to uninterrupted supply, source of plant nutrients, low cost, easy availability and 

increased plant yield (Van Herk, 2012). About 80-90 percent of water supplied for 

domestic, commercial and industrial use is returned back to water bodies as 

wastewater making them risky for agricultural use (Pereira et al., 2011). In urban 

and peri-urban agriculture untreated waste water usage has gained attention 

irrespective of environmental and human health risks related to its use (Urbano et 

al., 2017). 

Wastewater is considered as the water that has been badly affected in 

quality by human activities. It can be classified into municipal and industrial 

wastewater. Municipal wastewater is a mixture of black-water (toilet water) and 

grey-water (kitchen, washing and bathing) whereas industrial wastewater is 

generally more complex and toxic in nature (Hamaiedeh and Bino, 2010). Urban 

runoff often accompanies municipal or industrial wastewater in wastewater streams 

locally termed as Nullahs (Qadir et al., 2008; Nazeer et al., 2016). Irrigation with 

untreated wastewater is a very common practice in various developing countries 
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throughout the world (Lente et al., 2014). Farmers in Asia (Pakistan, China, 

Bangladesh and India) and Africa (Kenya, Ethiopia, Ghana, and Morocco) choose 

untreated wastewater because it has no cost and is also full of plant nutrients 

(Qureshi et al., 2016).  

Global annual production of wastewater is nearly about 1500 billion m3 and 

twenty million hectares of agricultural land is irrigated with this untreated 

wastewater (Kachenko and Singh, 2006). Most of the world's irrigation (about one 

third) of important crops is done through untreated wastewater (Qadir et al., 2007). 

Wastewater irrigated areas are in major proportion in Asia compared to Africa 

(Dike and Odunze, 2016). Wastewater irrigation poses both positive and negative 

effects on environment with potential health risks (Urbano et al., 2015). 

Wastewater irrigated soils contain higher levels of organic nitrogen, organic matter 

and macronutrients responsible for soil fertility and higher productivity with 

reference to plant growth and yield (Singh and Agrawal, 2012). Reuse of 

wastewater can only be valuable to the agricultural environment if utilized with 

appropriate planning-cum-management and thus would result in less contamination 

of agro-environments (WHO, 2006). In Pakistan, 50 to 60 main cities are using 

wastewater for irrigation purposes but due to uncontrolled practice cost and 

benefits of wastewater application are still not clear (Khalil, 2011). Rapid 

industrialization and population pressure are two major threats which have created 

water shortage at global level and Pakistan is included in one of the most water 

stressed countries (Ali et al., 2013a; Farid et al., 2014). Annual water availability 

per capita has radically reduced by 75-80 percent during last 50 years in Pakistan 

(Yasmeen et al., 2014). Water shortage has been main attraction for farmer’s 
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communities to use wastewater in spite of risks associated with this irrigation type 

(Ali and Ashraf, 2011). Wastewater is a combination of organic compounds, heavy 

metals, inorganic materials, microbes and other dissolved solids (Saucedo et al., 

2006). Harmful chemicals and microbial content prove to be potential risk for 

humans and plants from wastewater irrigation (Luo et al., 2011). The most 

pronounced effects of municipal and industrial wastewater on agricultural soils are 

related to toxic heavy metal accumulation. Long-term irrigation with untreated 

wastewater continues to accumulate heavy metals in the top layers of agricultural 

soils (Rodriguez et al., 2008).  

Soils serve as sink for all kinds of materials including metals and transport 

them to underground water table, plants, animals and finally to humans (Murtaza et 

al., 2010). Continuous built up of higher heavy metal loads in soils with favorable 

uptake conditions lead to assimilation in plants however intermittent fresh water 

irrigations to the same soils can reduce contamination of both soils and plants 

(Singh and Agrawal, 2012). Consumption of wastewater irrigated crops and 

vegetables serve as a source of toxic metals and other hazardous pollutants which 

are transferred to animals and humans through contaminated food chains (Castro et 

al., 2009). Microbial and pathogenic exposure through wastewater irrigation is a 

major cause of water borne diseases and a constant risk to human health. Human 

populations are facing diverse health problems due to wastewater exposure or 

wastewater irrigation at global and regional levels (Ensink et al., 2004). Pakistan is 

one of the important agricultural countries of the world and agriculture is the prop 

of country’s economy. Nearly 70 percent of population is involved in this 

profession (Sattar et al., 2013). According to an estimate 26 percent of total land is 
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being irrigated with untreated wastewater originating from different sources, for 

crop production and vegetable cultivation occupied only 2 percent of the total 

cultivable land (Pedrero et al., 2010). In Pakistan annual availability of fresh water 

is about 180,000-185,000 million m3 and agriculture is the main consumer (96 % of 

this fresh water). Industrial and domestic sector consume remaining 4 % (Pakistan 

Economic survey 2009-2010). Pakistan is approximately generating 4369 million 

m3 wastewater per annum comprising from municipal (3060 million m3) and 

industrial (1309 million m3) divisions respectively (Pakistan water sector strategy, 

2002). Major proportion of this generated wastewater is being used for irrigating 

vegetables in the country. In urban and sub-urban zones 60-80 percent consumed 

vegetables are produced with wastewater irrigation (Qureshi et al., 2016).  

Treated wastewater can be used as an alternate source of irrigation water in 

regions facing problems of water scarcity. At present it can be a striking choice for 

irrigation if treatment methods are safe and more effective hence its scope will not 

be restricted only to landscaping purposes and non-edible crops (Qureshi et al., 

2016). Wastewater application can be improved by adopting proper treatment 

methods and management strategies (Cherfi et al., 2015). Several wastewater 

treatment methods are currently in practice and are categorized as 1- Physical 

treatment methods which include aeration, filtration, sedimentation and screening. 

2- Chemical methods comprised of ion exchange, ozonation, chlorination and 

coagulation while 3- Biological methods include septic tanks, lagoons, oxidation 

ponds and trickling filters (Ali et al., 2013a). Biological treatment methods are 

considered better than physical and chemical processes due to their treatment 

efficiency, economic costs and environment friendly systems (Lekang and Kleppe, 
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2000; Lin et al., 2002; Singh et al., 2006). Most of the physical and chemical 

wastewater treatment methods are not readily adopted due to high energy demand, 

wide expenses, laborious nature and extensive pollution load on environment 

(Bhatnagar and Sillanpaa, 2010).  

Trickling filter is an engineered system consisted of biotic and abiotic 

substrates for treatment of municipal and industrial wastewater (Lesikar and 

Persyn, 2000). Biofilms are clusters of microbial colonies established on these 

substrates which effectively remove a variety of contaminants i.e. heavy metals 

from wastewater by partitioning, concentration and immobilization (Singh et al., 

2006). Sand filters and gravel beds in trickling filter systems can lead to effective 

reduction of physico-chemical constituents and heavy metals from municipal 

wastewater (Kallo, 2001; Achak et al., 2009). Sediments and total dissolved solids 

even very small in size can be actively trapped in top and bottom layers of gravel 

media in trickling filters (Hatt et al., 2007; Tijani, 2009; Hamaiedeh and Bino, 

2010). Adsorption is one of the methods commonly employed in treatment 

methods and effectively removes heavy metals from wastewater either of municipal 

or industrial origin. Plant based adsorbents are generally considered good for being 

abundant, inexpensive, least processing, better adsorption ability, easy handling/ 

access and quick renewal (Ngah and Hanafiah, 2008). Rice husk is an agri-waste 

product and inexpensive adsorption substrate which can be used in wastewater 

treatment techniques with effective removal of heavy metals and other 

contaminants (Ahmaruzzaman and Gupta, 2011). Corn cob is another excellent 

adsorbent in wastewater treatment methods which can actively removes a number 

of toxic heavy metals even when used without any prior modification (Igwe and 
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Abia, 2007). Untreated wheat straw is also an important agricultural waste which 

has greater adsorption capacity in removing hazardous heavy metals i.e. cadmium 

(Cd), chromium (Cr) and lead (Pb) in wastewater treatment systems (Mahmood-ul-

Hassan et al., 2015).  

Fertilizer application (both organic and inorganic) is considered an effective 

remedy for heavy metal reduction in soils and in growing plants when treated 

wastewater is used for irrigations (Knox et al., 2000; Brown et al., 2003; Melamed 

et al., 2003). NPK fertilizers application can reduce the bioavailability of heavy 

metals to the plants and also support plant metabolism. Inorganic alteration of soil 

can also change form of metals which results in bioavailability reduction (Sun et 

al., 2007; Singh et al., 2010). Some heavy metals are essential and required by the 

plants for normal functioning but only in trace quantities (Akoto et al., 2015). Bare 

minimum concentration of some crucial heavy metals boost up plant metabolic 

activities but as concentration increases to a certain limit plants start showing 

toxicity symptoms due to disturbed metabolism. As a consequence plant growth, 

yield and quality are badly affected (Younis et al., 2015). Usually wastewater 

application most often results in addition of heavy metals that surpass the limits of 

irrigation standards established by national and international environmental 

agencies which leads to phytotoxicity (Toze, 2006). Vegetables are integral part of 

our diet and their role in daily life cannot be neglected. Daily intake of vegetables 

is 134 g in Pakistan that is too low than the recommended level 200 g per day 

(GOP., 2010). The dietary sources of heavy metals comprises of contaminated 

vegetables, fruits and drinking water (Khan et al., 2010). Vegetables being rich 

source of vitamins, proteins, vital nutrients and metals are considered compulsory 
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to maintain good health (Koudela and Petrikova, 2008). Vegetables especially leafy 

vegetables are more prone to heavy metal accumulation (Zhou et al., 2000; Van 

Herk, 2012). Various studies showed elevated heavy metal levels and their 

bioconcentration in spinach, lettuce and other leafy vegetables in contrast to root 

and fruit vegetables (Khurana and Singh, 2012; Dike and Odunze, 2016; Tack, 

2017). Bioconcentration of heavy metals depends on heavy metal contents in soils, 

irrigating water, atmospheric deposition, climatic conditions, soil nature and types 

of vegetables grown. Bioconcentration of heavy metals is also correlated with the 

degree of maturity of plants cultivated on contaminated soils (Jan et al., 2010). 

Serious human health issues are related with consumption of heavy metal 

contaminated crops and vegetables which include cardiovascular disorders, 

retardation in growth and development, gastrointestinal problems, skeletal 

deformities, declined immunological responses, behavioral abnormalities, renal and 

liver disabilities (Arora et al., 2008; Sharma et al., 2010; Abbasi et al., 2013). 

Major restriction in using untreated or treated wastewater is the toxicity risk 

of heavy metals to human health. The degree of toxicity depends on the heavy 

metal content of soil and their bioconcentration in plants. Long term application 

results in buildup of heavy metals in soils and higher plant BCF values even when 

concentration of heavy metals are too low in treated wastewater (Castro et al., 

2009). 

A detailed knowledge of such problems is a pre-requisite in using untreated 

sewage or treated water (low quality waters) in irrigation. Before suggesting 

wastewater or treated wastewater reuse in irrigating vegetables in response to the 

stated problems, information on wastewater usage history, methods of treatment, 
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contaminants (heavy metals), removal efficiency and health risk related to the 

consumption of contaminated vegetables are necessary. 

Present study is designed to investigate important physico-chemical and 

heavy metal constituents of untreated and treated municipal wastewater. This study 

will help in identification of underlying changes in untreated and treated municipal 

wastewater quality that can affect/harm soil quality and leafy vegetables production 

with following salient objectives; 

1. Determine fertigation efficacy of municipal wastewater in production of leafy 

vegetables. 

2. Investigate treatment of municipal wastewater through trickling filters and its 

fertigative potential in leafy vegetables production. 

3. Determine heavy metal bioconcentration in vegetables and corresponding human 

health risk assessments.  
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Chapter 2 

REVIEW OF LITERATURE 

2.1 WATER SCARCITY 

Water scarcity is arising as a critical issue on global scale. Decrease in 

available consumable fresh water resources has become a pressing concern since 

last few decades (Tiwari et al., 2011). In developed, developing and 

underdeveloped countries, water crisis is going to become the most serious and 

alarming matter which can lead to disastrous conflicts (Wang et al., 2012). Major 

reasons of water shortage include rapidly growing population, industrialization, 

inefficient water supply systems, unwise management of available fresh water 

resources, climate change, degradation of ecological reservoirs, increased 

agricultural irrigation requirements, per capita increased water utilization and 

ineffective wastewater treatment (Urbano et al., 2017). 

 Water shortage issues have become more critical in arid and semi-arid areas 

of the world. According to an estimate by International Water Management 

Institute (IWMI) 1.8 billion people will face a critical problem of water shortage by 

2025 (IWMI., 2000). Asgari and Cornelis, (2015) stated that North Africa and 

Middle East are the areas with acute shortage of water. Behbahaninia and 

Mirbagheri, (2008) also reported that in South Asia, Africa and Middle East this 

issue is prevalent due to low water availability and high population load in these 

areas. Crop production is seriously stressed in dry regions throughout the world. In 

Pakistan, water scarcity is a crucial problem especially in arid and semi-arid areas 

of the country. Ali et al. (2013a) reported that Pakistan is included in one of the 

most water scarce countries of the world. The main reasons of water scarcity are 
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unwise water resource management, lack of knowledge about advanced means of 

irrigation and lower supplies of water. In Pakistan irrigation is mainly carried 

through canal water as well as by ground-water (Valipour et al., 2015). In some dry 

areas main irrigation source is only rain water. As canal water is currently reduced 

therefore irrigation dependence is shifted towards ground-water (Raja et al., 2015). 

Ground-water irrigation has its own limitation being costly due to uneasy access 

and declining quality i.e. high electrical conductivity and sodium absorption ratio. 

In close vicinity of some industrial zones, this ground-water is even contaminated 

with heavy metals and other toxic chemicals as a result of leaching phenomenon in 

these areas (Murtaza et al., 2008).  

2.2 WASTEWATER IRRIGATION 

Water scarcity tends the farmers to shift from fresh water irrigation to 

wastewater irrigation and reuse of wastewater is preferred as a good option to raise 

existing water availabilities (Bichai et al., 2012). According to Shuval (1990) first 

sewage farms with wastewater irrigation were established in Melbourne, Australia 

in 1897 but now a days wastewater irrigation is a common practice for agricultural 

purposes. Urbanization and industrialization not only improved living standards but 

it has also resulted in environmental pollution. To avoid pollution in current 

scenario is difficult and costly but recycling of waste materials can be considered 

one of the best options to minimize pollution load on biosphere (Friedel et al., 

2000). Wastewater disposal can be accomplished by applying this water for crop 

production. Application of wastewater to agricultural soils can increase the 

metabolic activities of soil microbes, improve physical characteristics and 

supplement soils with essential nutrients i.e. phosphorus and nitrogen resulting in 
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increased soil fertility (Meli et al., 2002). According to Castro et al. (2013) 

wastewater irrigation in Spain is adopted due to unequal distribution of water 

resources and differences in supply and demands in different regions of the country 

thus wastewater became a valuable water resource in Spain. 

In Saudi Arabia, fresh water scarcity tends farmers to use municipal or 

industrial wastewater for crop production (Almeelbi et al., 2014). Reuse of 

wastewater for agricultural purpose solve the disposal problem on one hand and 

water shortage for irrigation is also managed on the other hand (Mani and Kumar, 

2014). India being over populated country is also facing serious problem of fresh 

water scarcity. Generation of large volumes of wastewater is observed due to rapid 

industrialization and expanding population so wastewater disposal has emerged as 

another important issue (Chandra et al., 2010). Due to these alarming conditions 

wastewater is considered as valued resource and frequently used in urban and peri-

urban agricultural setups (Singh et al., 2010). 

 Ma et al. (2015) reported that central, north east and north west parts of 

China are industrial (coal mining) areas but famous for grain crop production as 

well. According to an estimate coal and crop producing overlapped areas constitute 

40 percent of country’s cultivable land. In these areas mining wastewater is 

frequently used as an alternate of fresh water due to its easy availability (Hu et al., 

2014). Mining wastewater has adverse impacts on crop and human health but this is 

the only suitable option for irrigation in such water scarce regions (Xiaohou et al., 

2008). 

Wastewater production is approximately 2 million m³ per day in Tehran, 

capital city of Iran. Wastewater irrigated land is about 100,000 ha and vegetables 
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are mostly produced using this wastewater (Heidarpour et al., 2007). Vegetables 

accumulate more heavy metals compared to other crops so this wastewater 

irrigation results in food chain contamination. Due to severity of issue, treatment of 

wastewater is considered to be the only solution to this problem (Behbahaninia and 

Mirbagheri, 2008). 

2.3 WASTEWATER IRRIGATION IN PAKISTAN 

In Pakistan water availability is also stressed due to industrialization and 

over population since last three decades. Untreated water discharge into water 

bodies without any treatment results in polluted rivers, reduced biodiversity, water 

borne diseases and lower productivity (Iqbal and Shah, 2011). Water scarcity will 

become more severe in near future due to high agricultural demands of fresh water. 

This issue can be resolved only by adopting some operative attempts which revolve 

around monetary deliberations (Rehman et al., 2012). Wastewater use for irrigation 

reflects the real image of water fresh scarcity of in Pakistan. The contamination of 

vegetables and crops is exclusive outcome of wastewater irrigation (Qadir et al., 

2000). Wastewater no doubt increases the yield and productivity but on the other 

hand it is the main source of heavy metals in soils and subsequently in vegetables 

and other crops (Mapanda et al., 2005). Most of urban and peri-urban zones in 

Lahore district, capital city of province Punjab, Pakistan are exhibiting wastewater 

irrigation as a common exercise. Lahore is considered one of the most populated 

cities in Pakistan (Hamid et al., 2016). Moreover several types of industries are 

located within and outskirts of this city which generate voluminous amounts of 

wastewater. Industrial and municipal wastewater laden with toxic heavy metals and 

other hazardous compounds which are discharged into nearby drains passing 
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through the main city (Bashir et al., 2014). All of these drains finally empty in river 

Ravi. Commercial vegetable cultivation along these waste carrying drains is done 

with this untreated wastewater. Due to irrigation with such polluted water 

vegetables become contaminated with heavy metals which create potential health 

risks for local public depending on the vegetable types (Mahmood and Malik, 

2014). Serious health issues and disorders are prevalent in population consuming 

contaminated foods in these areas (Singh et al., 2004; Ali et al., 2015). Besides 

Lahore, Karachi, Faisalabad, Multan, Sialkot, Kasur, Quetta, Gujranwala and 

Sukkur are other important cities in Pakistan where wastewater irrigation is 

commonly observed. These cities are also among the most populated areas of 

Pakistan and generate municipal and industrial wastes in substantial amounts 

(Amin et al., 2013). 

Rawalpindi is also one of the most populated city of Pakistan with 1.6 

million population and wastewater generated amounts to 40, 91, 09 m3 per year. A 

very little percentage of this wastewater is treated by Water and Sanitation Agency 

(WASA) while rest of the effluent is directly drained into Nullah Lei without any 

prior treatment (Nazeer et al., 2016). Nullah Lei also receives thousand tons of 

garbage and solid waste on daily basis. Islamabad the capital of Pakistan situated 

adjacent to Rawalpindi also drains its municipal wastewater through various 

tributaries into Nullah Lei without any treatment system (Azizullah et al., 2011). 

Many toxic metals like lead, chromium, cadmium, copper, nickel, cobalt and 

mercury etc. are added in this wastewater due to complicated and diverse urban 

setups of twin cities. Due to shortage of freshwater in this agro ecological zone 

vegetables are mostly cultivated by using this wastewater (Nazeer et al., 2016). 
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The only entrance of heavy metals into food chain is through consumption 

of contaminated vegetables and drinking of polluted water in adjacent areas of 

Nullah Lei (Iram et al., 2013). Pakistan is an agricultural country and its irrigation 

water claim is higher compared to non-agricultural countries. Relatively better 

quality fresh water is reserved for domestic purposes whilst low quality municipal 

water as well as polluted industrial wastewater is frequently used in irrigation in 

arid and semi-arid regions of country (Saini et al., 2015). Untreated wastewater 

from Nullah Lei and other major wastewater carrying channels empty into riverine 

ecosystems of Pakistan without any prior treatment which further degrade the 

quality of riverine/ canal waters used for irrigation. 

2.4 BENEFITS AND TOXICITY 

Local farmers not only prefer this wastewater as alternative source of fresh 

water but also due to its ability to substitute fertilizers. Rich organic content and 

macronutrients available in wastewater make it suitable for lavish growth of crops 

and vegetables (Qadir et al., 2008). Irrigation with wastewater is feasible and 

economical owing to its high nutrient contents and lower fertilizer input (Murtaza 

et al., 2010). This wastewater is plenty and readily available as surface water to 

farmers and its usage avoids drilling and pumping costs required for ground-water 

when other sources of surface water are not available. Water requirements for 

irrigation purposes are immense because abundant supplies are needed for crop 

cultivation. Overall Major proportion of plants is made up of water so water 

necessities of plants cannot be denied. Some plants need greater volumes during 

initial stages of their cultivation like rice paddy whereas others may require 

constant volumes upto maturity (Hanif et al., 2006).  
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Leafy vegetables exhibit large surface area of leaves and higher 

transpiration rate, which is a function of surface area. Greater transpiration rate 

results in higher absorption and transportation of wastewater to vegetables leaves 

accompanying heavy metals. Hence with transportation of large volume of 

wastewater to photosynthetic sites (leaves), significant accretion of heavy metals is 

also witnessed which is often higher than other crops. According to an estimate 20-

25 percent cost of crop production was reduced by applying wastewater for 

irrigation (Raja et al., 2015). Besides benefits of wastewater irrigation, long term 

wastewater usage deteriorates soil structure, fertility and quality leading to decline 

in crop quality and production. Wastewater not only contains nutrients and organic 

substances necessary for plant growth it also a source of inorganic contaminants i.e. 

heavy metals (Chung et al., 2011). Most of the heavy metals are generally taken up 

by plants and accumulate in different plant parts with wastewater irrigation. To 

certain levels some of these metals boost plant metabolism but beyond threshold 

limits hinder plant metabolic activities and accumulate into edible plant parts 

without degradation or transformation (Arora et al., 2008). Wastewater irrigation is 

one of the main reasons for soil contamination with organic and inorganic 

substances and their availability depends on the soil characteristics such as pH, 

redox conditions, amount/ type of contaminants present, soil texture etc. (Zulfqar et 

al., 2012).  

2.5 IMPACTS ON CROPS AND VEGETABLES 

Heavy metal contents above safer limits (as set by irrigation standards) in 

wastewater make it toxic and hazardous. Continuous application of wastewater or 

treated water results in heavy metal accretion in soils and plant edible parts which 
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becomes pressing concern for human health (Jagtap et al., 2010; Kelepertzis, 

2014). Plants when irrigated with polluted water accumulate considerable 

quantities of metals. According to Wei and Yang, (2010) contents of Pb, Ni, Cr, 

Cd, Zn, Cu and Hg were higher in soil than contextual values of these metals in 

some of the cities of China. Yang et al. (2006) reported that rice grains were 

contaminated with Cd due to constant irrigation of rice fields in Guangdong 

(China) with untreated wastewater of mining origin. Perveen et al. (2012) reported 

heavy metals accumulation in edible and non-edible parts of vegetables. Higher 

accumulation was found in leaves of vegetables compared to fruits and other parts 

(Sawidis et al., 2001). Several factors are responsible for accumulation and 

bioconcentration of heavy metals in vegetables/unit dry mass i.e. frequency of 

wastewater applied, capability of assimilation, metal load in wastewater and 

transfer factor from soils to plant parts (Muchuweti et al., 2006). Order of heavy 

metal accumulation in different plant parts is as follows; green leaves > fruits > 

grains (Rehman et al., 2012). 

2.6 HEALTH RISK ASSOCIATED WITH CONSUMPTION OF 

CONTAMINATED VEGETABLES 

Wastewater application for irrigation of vegetables and crops is the major 

source of microbial as well as heavy metal contamination (Assadian et al., 2005). 

Chemical risks associated with the use of municipal wastewater are via direct 

contact, consumption of contaminated vegetables and crops and drinking of 

polluted water (Steward, 2006; Chiou, 2008). The possible health risks in using raw 

wastewater for irrigation purposes depends on types of microbes, organic and 

heavy metal contents contained in wastewater. Health risk also depends on climatic 
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and soil conditions of area under wastewater irrigation. The occurrence of 

microbial pathogens in raw wastewater depends upon the sanitation conditions of 

the community, time of year, frequency of infection and wastewater consumption 

by individuals in that area (Gerba and Rose, 2003; WHO., 2006).  

Accumulation of heavy metals in different plant parts especially in edible 

parts is the major health risk for consumers i.e. animals and humans (Khan et al., 

2010). Consumption of heavy metal contaminated vegetables results in health risk 

for adults as well as for children. Many health problems and a number of serious 

disorders are outcome of dietary metal intake. The main dietary sources of metals 

are consumption of contaminated food like vegetables and crops etc. (Pedrero et 

al., 2010). 

Amongst all existing crop types green leafy vegetables are more prone to 

microbial and heavy metal contamination so their cultivation particularly needs 

good quality irrigation water (Martinez et al., 2006). Major source of 

contaminating leafy vegetables is untreated wastewater (Rai and Tripathi, 2008). 

Consumption of heavy metal contaminated vegetables pose greater human health 

risk due to the heavy metals ability to accumulate in tissues of living organisms and 

interfere with biological functions. Continued intake of metal contaminated 

vegetables can result in chronic bioaccumulation of heavy metals in liver and 

kidney, adversely affecting metabolic activities leading to kidney failure, bone 

disorders and mental illnesses (Jarup and Akesson, 2009).  

 Heavy metals cannot be degraded further therefore classified as permanent 

contaminants which biomagnify in food chain and become threatening to all trophic 

levels until the food chain terminates. Initial risk related with wastewater irrigation 
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is the onset of water borne ailments due to microbial exposure. Farmers are at 

special risk due to direct contact with hookworms, bacteria and amoebas etc. 

present in wastewater and suffer with specific diseases associated with these 

pathogens (Farid et al., 2014). Microbial pathogens in raw wastewater arise from 

the human excreta, blood, sputum and from other diverse urban biotic operations. 

Wastewater irrigation without any doubt is the main source of metal contamination 

however little effort is made in this regard to explore heavy metal accumulation in 

leafy vegetables, soils and associated human health risks (Akoto et al., 2015). 

Health risks through consumption of contaminated vegetables can be minimized by 

adopting treated wastewater for vegetables irrigation.  

2.7 AGRICULTURAL AND ABIOTIC SUBSTRATES IN TRICKLING 

FILTERS FOR WASTEWATER TREATMENTS 

Various wastewater treatment techniques are in practice either applied 

individually like physical, chemical and biological or in any combination 

(Wisniewski, 2007). In contrast to physical and chemical methods, biological 

methods are preferred and considered as better treatment methods due to low cost, 

easy access and environment friendly (Shalaby et al., 2008). Different abiotic 

substrates including sand filters, gravel bed, activated carbon, silica and zeolites are 

commonly applied in wastewater treatment systems (San Miguel et al., 2006). 

Among the biological methods most natural and common treatment systems are 

trickling filters.  

Trickling filters are equipped with biotic and abiotic substrates which 

effectively involve in wastewater treatment (Gupta et al., 2010).The most important 

method is the adsorption of contaminants through several abiotic and biotic 
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substrates used in a treatment system. Single trickling filters are used for small 

residential and domestic level treatment method techniques while double or 

complex trickling filters are arranged on larger scale where many TFs are installed 

in parallel series. Use of agricultural wastes for wastewater treatment is gaining 

worldwide attention at present. Agricultural wastes can be used either raw or 

chemically modified forms including rice husk, wheat straw, corn cob, coir pith and 

peels of different fruits and vegetables (Bhatnagar and Sillanpaa, 2010). Adsorption 

technology through agricultural wastes has certain advantages over other methods 

being economical, simple and easy to handle, moreover it is also an efficient 

treatment method with minimum ill effects in treated wastewater (Mahvi et al., 

2004). 

 According to Barakat, (2011) there are three steps in pollutant removal by 

agricultural waste; a) transfer of pollutants from wastewater to the surface of the 

substrates, b) adsorption of pollutants by the substrate, c) transport of pollutants 

through the sorbent. The effectiveness of treatment method depends on the type of 

agricultural waste selected, form or nature in which it is utilized and surface area of 

the substrate particles. High surface area enhances the adsorption capacity and 

ensures higher treatment efficiency of a treatment system (Kurniawan et al., 2006).  

 Ahmaruzzaman and Gupta, (2011) utilized rice husk in raw form and found 

effective removal of various heavy metals from wastewater in their experiment. 

Igwe and Abia, (2007) reported that corncob without prior treatment can be used as 

good adsorbent which effectively removes heavy metals from raw municipal 

wastewater and also improves some of the physico-chemical characteristics of 

treated water like COD, turbidity, total dissolved solids, nitrates and phosphates. 
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Mahmood-ul-Hassan et al. (2015) found that wheat straw when used in raw form 

for wastewater treatment without any chemical modification effectively removes 

toxic heavy metals such as Cd, Cr and Pb. 

2.8 TREATED WASTEWATER APPLICATION 

Treated wastewater from sewage treatment systems are widely used all over 

the world for crop production, floriculture, ornamental fountains and for landscape 

irrigation. According to Miller, (2006) daily treated wastewater reuse in USA is 

approximately 9.8×106 m3 which constitutes 7-8 percent of total wastewater 

produced. Wastewater reuse in irrigation is also considered beneficial because it 

provides an efficient and environment friendly method for disposal of treated 

wastes (Ternes et al., 2007). Reuse of raw municipal wastewater in irrigation 

remained in debates for many years and most of the researchers are convinced 

about its reuse only after proper treatment (Ali et al., 2013a). Wastewater’s nutrient 

contents, its positive effects on soil fertility and plant productivity cannot be 

preferred at the cost of potential health risks associated with heavy metals 

contained in untreated wastewater (Xu et al., 2010). 

 In Esfahan (Iran) significant proportion of vegetable and fruit production is 

based on irrigation with treated wastewater as a common practice. Treated 

wastewater is better in quality than raw wastewater and poses lesser hazards to 

plants and environment (Asgari and Cornelis, 2015). Another recommendation 

proposed by Urbano et al. (2017) is the use of treated wastewater for cultivation of 

short cycled plants such as lettuce. In this study authors concluded that reuse of 

treated wastewater in irrigation solved water scarcity problem during dry and 

desiccated periods. Soils were supplemented with nutrients which resulted in 
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increased growth and productivity soil structure was not damaged. Moreover 

lettuce plants did not show any metal toxicity symptoms or microbial 

contaminations however results would not be same after long term irrigation with 

treated wastewater. Water resources are inadequate in Taiwan with total annual and 

agricultural demand of 19.5 and 12.4 Bm3 respectively. To meet the increasing 

water demands i.e. 20 Bm3 by year 2021 reuse of treated wastewater from 

wastewater treatment plants is proposed (Chiou, 2008). In addition to available 

water resources treated wastewater would be more suitable and easily available for 

landscape and crop irrigation (Chiou, 2008). 

2.9 TREATED WASTEWATER APPLICATION IN PAKISTAN 

Agriculture is the economic backbone of Pakistan and the largest consumer 

of fresh water resources (Sattar et al., 2013). Agriculture consumes 96% whereas 

industrial and domestic sector use 2 percent of this available fresh water (Pakistan 

Economic survey 2009-2010). Pakistan generates wastewater at the rate of 4369 

Mm3 from both industrial and municipal sectors (Pakistan water sector strategy, 

2002) and wastewater irrigated land is about 32,500 ha (Ensink et al., 2004; 

Pedrero et al., 2010) which is approximately 26 percent of the total agriculture land 

of the country.  

Pakistan is facing environmental pollution and water scarcity issues as two 

great menaces of the country. Fresh water availability is drastically decreasing with 

an estimate of per capita reduction of 5600 m3 to 1000 m3 (WB-SCEA., 2006). 

Pakistan since creation is suffering from water shortage problem which is 

continuously increasing with the passage of time due to mismanagement of water 

resources. Nearly 90 percent water resources are contaminated and not suitable for 
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human consumption (PCRWR., 2005). Sanitation problems are severe due to 

improper disposal of municipal and industrial wastewaters which badly affect 

human health (Amahmid et al., 2002). According to another estimate by Farooq et 

al. (2008) only 56 percent peoples have access to safe and clean drinking water in 

Pakistan. To solve the disposal issues of wastewater and ensure sanitation a model 

wastewater treatment facility is established at National Agricultural Research 

Center (NARC) Islamabad, Pakistan. Results regarding heavy metal contents and 

other physico-chemical characteristics of treated water are found satisfactory 

therefore this treated water is employed for irrigation of different crops i.e. wheat, 

vegetables and herbs (Farid et al., 2014). 

 In Pakistan popular conventional method of irrigation is flood irrigation 

which has only 40-45 percent working efficiency. To combat water scarcity at 

present treated wastewater utilization is utmost need coupled with the high 

efficiency irrigation methods both of which are the basic need of the country. Upto 

90% irrigation efficiency can be achieved by adopting efficient irrigation methods. 

Such systems are costly in terms of installation but they can solve the water 

scarcity problem in the country if used with treated wastewater (Ali et al., 2013a). 

Utilization of treated water in irrigation is rarely practiced in Pakistan. 

Untreated wastewater discharge from municipal and industrial sectors, its 

utilization in irrigation and associated environmental perils are well documented in 

Pakistan (Ali et al., 2013b). Adoption of simple and doable trickling filter methods 

at the urban or peri-urban agricultural setups for wastewater treatment prior to 

irrigation can surely minimize human and environmental health risks (Farooq et al., 

2008). Operational capacities of trickling filters can be enhanced to obtain 
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maximum removal of metal contaminants and flow of scientific inputs to farmers 

from researchers can be ensured through agricultural extension departments. Per 

capita income (1629 US dollars) in Pakistan is low compared to developed 

countries (Sattar et al., 2013). To meet dietary/nutrition demands Pakistani 

population heavily relies on vegetables and pulses compared to meat. As leafy 

vegetables are particularly more sensitive to wastewater borne pathogens and trace 

metal contaminants therefore their cultivation with treated water from trickling 

filters will not only be highly advantageous from public and environmental health 

perspective but also with respect to safe disposal of wastewater and combating 

national fresh water shortage (Pedrero et al., 2010). 
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Chapter 3 

MATERIALS AND METHODS 

3.1 CHARACTERIZATION OF EXPERIMENTAL SITE 

Present experiments were conducted at wire house of Department of 

Botany, Pir Mehar Ali Shah Arid Agriculture University, Rawalpindi (PMAS 

UAAR), Pakistan. Experiments were carried out during November 2013 and 

February 2014. Same experiments were repeated in next season during months of 

November 2014 and February 2015 and average of two year results is reported in 

this thesis. Rawalpindi (33°36′N 73°03 E latitude and 33.6°N 73.05°E longitude) is 

located in the Pothohar Plateau of Punjab and included in humid sub-tropical 

region. It experiences an annual rainfall of 1249 mm and annual mean temperature 

is 21.3 ºC. Temperature reaches to its maximum in June while January is 

considered the coldest month of the year. 

3.2 PLANT MATERIAL, CULTIVATION PRACTICES AND 

 EXPERIMENTAL DESIGN 

Two leafy vegetables Lactuca sativa (lettuce) and Spinacea oleracea 

(Spinach) each with two cultivars were selected (Table 3.1). Both vegetables were 

selected due to (a) rich nutritional value and commonly used in daily food of this 

region (b) most commonly grown in waste water irrigated areas (c) quick built up 

of unwanted metals in them creating public and environmental health risks (Arora 

et al., 2008; Khan et al., 2010; Pandey et al., 2012). Lettuce is used in the raw salad 

form while Spinach is cooked either individually or mixed with other vegetables 

and different meat types. Seeds of four varieties were obtained from Plant Genetic 

Resources Institute, National Agricultural Research Centre, Islamabad, Pakistan. 
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Before sowing seeds of both vegetables were surface sterilized. For this 

purpose 5% sodium hypochlorite (NaClO) solution was used in which seeds were 

immersed for 10 minutes. After sterilization seeds were rinsed with double distilled 

water for 3-4 times. Healthy and sterilized seeds were sown as 5 seeds per pot. 

Prior to application of treatments, all pots were irrigated with tap water for two 

weeks. 

Plastic pots having 35 cm diameter and 25 cm vertical height were selected. 

A bottom hole was provided to remove extra water (Pandey et al., 2009). Each pot 

was filled with 8 kg loamy soil obtained from nearby agricultural fields with no 

wastewater irrigation history and rain/tube well water was the only irrigation source 

when available (Muhairi et al., 2015). Soil debris (extra soil materials) was 

removed and soil was sieved through 2 mm sieve to get uniform soil particle size 

(Augustsson et al., 2015). Soil was divided into two halves. Recommended dosage 

of NPK fertilizer (urea, di-ammonium phosphate, potassium sulphate) was mixed 

with half portion of soil before pot filling in the ratio of 2.1:2:1. All pots were 

cleaned with dilute nitric acid and doubled distilled water before soil filling. Total 

120 plastic pots were used in these experiments and 24 pots were used for each 

irrigation treatment. Among the 24 pots 12 pots were filled with loamy soil only 

while 12 pots were filled with soil supplemented with NPK fertilizer. Pots were 

sheltered with plastic sheet when required to protect from rain and arranged in 

completely randomized design with three replications. When plants reached to 4-6 

leaves stage they were thinned to 3 plants per pot. Mature plants were harvested at 

best edible stage prior to onset of inflorescence. Plants were carefully harvested and 

packed in airtight polyethylene bags and shifted to lab for further analyses. 
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3.3 DESIGN OF TRICKLING FILTERS AND IRRIGATION 

 TREATMENTS  

After two weeks different irrigation treatments were applied to plants to 

evaluate the fertigative efficacy of municipal wastewater (Table 3.2). For irrigation 

treatments municipal wastewater was collected from Nullah Lei, Gawalmandi 

(33°36′29′′N 73°03′33′′E) Rawalpindi. The main source of contamination of this 

Nullah is household sewage originating from urban settlements of twin cities i.e. 

Rawalpindi and Islamabad (Nazeer et al., 2016; Iram et al., 2013). Collected 

wastewater was carried in large sized gallons to wire house of department of 

Botany, PMAS UAAR. This wastewater (MW) was treated through trickling filters 

established outside the wire house to ensure easy handling of irrigation water. 

Before treatment of raw municipal wastewater it was pretreated (settlement) to 

avoid suspension and subsequent choking problem. One of the trickling filter (TF) 

drum (capacity; 200 US gallons) was filled with thoroughly washed alternating 

layers of sand (<2 mm), very fine gravel (2-4 mm), fine gravel (6-10 mm), and 

medium sized gravel (12-16 mm). A tap was installed at the bottom of this filter. 

One large water container was placed above this filter to serve as reservoir of 

wastewater. A plastic pipe was used to connect these two water containers. 

Trickling filter drum (TF) was filled with mentioned substrates. A mesh was placed 

at the bottom as well as one is placed on the top of the substrates to avoid the 

choking problems in trickling filter gallon. This treated water was labelled as PT 

while same water when used in NPK irrigating supplemented soils was labelled as 

PTF. This trickling filter with abiotic substrates was installed one month before 

plantation for establishment of biofilms and proper treatment of municipal 
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wastewater. On the same method another trickling filter was established with 

biological waste materials in which chopped wheat straw, ground corn cob and rice 

husk were used as substrates for collected municipal wastewater treatment. These 

biotic substrates were washed thrice, dried and filled in bilayer form in the TF. This 

treated water was labelled as BT and when used in irrigation of NPK supplemented 

soils it was labelled as BTF. Municipal wastewater was poured through PT and BT 

at the same time to obtain both kinds of treated water. 

Available volume in both TF’s below water distributor was occupied by 

biotic and abiotic substrates respectively (Fig 3.1 and 3.2). Hydraulic retention time 

(HRT) was optimized in both TF’s (PT 6 days; BT 3.9 days) to attain maximum 

wastewater treatment efficiency for its subsequent utilization in irrigation 

treatments (Merino-Solís et al., 2015). The HRT was defined as time taken by 

water to saturate the substrates in both TFs and emerge as treated water from the 

outlet valve. Reservoir drum was continuously refilled with collected municipal 

wastewater to produce both types of treated water to meet irrigation demands of 

growing plants. The biological substrates were replaced after every three weeks to 

ensure proper treatment as well as to avoid degradation of biological waste 

materials and choking problems. The treated water of identified best trickling filter 

treatment (i.e. PT or BT) based on determined physico-chemical characteristics was 

collected and diluted (fifty percent) with available ground water (control) to 

produce another irrigation treatment simply termed treated water (TW) and with 

NPK supplementation it was labelled as TWF. After collection, the municipal 

wastewater (MW) was immediately transported to the wire house of the 

Department of Botany, PMAS UAAR for treatment through trickling filters. 
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Table 3.1. Description of plant material used in current study 

Vegetables Family 
English 

Name 

Local 

Name 
Variety 

Spinacea oleracea L. Amaranthaceae Spinach Palak 
Cv. Desi palak (S1) 

Cv. Lahori palak (S2) 

Lactuca sativa L. Asteraceae    Lettuce Salaad 
Cv. Leaf lettuce (L1) 

Cv. Ice berg (L2) 
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 Table 3.2. Irrigation treatments applied and their symbols 

S. No. Treatments applied Symbols 

1 Municipal wastewater   MW 

2 Trickling filter with physical substrates   PT 

3 Trickling filter with biological substrates   BT 

4 Treated water   TW 

5 Ground water    GW 

6 Municipal wastewater + NPK   MF 

7 Trickling filter with physical substrates + NPK   PTF 

8 Trickling filter with biological substrates + NPK                  BTF 

9 Treated water + NPK   TWF 

10 Ground water + NPK   GF 
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Figure 3.1. Trickling filter (TF) containing biological waste materials used for 
municipal wastewater treatment. A (MW reservoir drum), B (untreated MW), 
C (valve to control wastewater flow to TF), D (drum containing filter media), 
E (chopped wheat straw), F (Ground corn cob), G (rice husk), H (stand), 
I (outlet valve), J (treated water), K (water distributer) 
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 Figure 3.2. Trickling filter (TF) containing physical materials used for municipal   
wastewater treatment. A (MW reservoir drum), B (untreated MW), C (valve to 
control wastewater flow to TF), D (water distributer), E (drum containing filter 
media), F (sand), G (medium sized gravel), H (fine gravel), I (very fine gravel), J 
(stand), K (outlet valve), L (treated water) 
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The GW was ground water taken from nearby tap available at wire house of 

Department of Botany, PMAS UAAR and it served as control while GF was 

ground water with NPK supplementation in soil. Raw municipal wastewater was 

abbreviated as MW and in NPK supplemented soils, it was termed as MF. 

3.4 ANALYTICAL METHODOLOGY 

3.4.1 Analyses of Water 

For analytical purposes water samples were collected in plastic bottles 

washed with metal free soap, dipped in 20 % HNO3 overnight, finally washed 

thrice with double distilled water. From all irrigation sources (MW, PT, BT, TW 

and GW) water samples were collected for physico-chemical characterization and 

heavy metal analyses. Wastewater samples for heavy metal analyses were 

preserved with HNO3 until analyses. Municipal wastewater was collected in plastic 

bottles by Grab method from the depth of 20 cm. Portable meters were used for the 

measurements of pH, EC and total dissolved solids (TDS) (Lutron, WA-2015) of 

water samples on the spot. These sample bottles were placed in the container 

having ice when shifting to the lab to reduce the changes in water chemistry. After 

shifting to lab water samples were refrigerated at 4 ºC until further analyses. 

Analytical grade chemicals and reagents were used for chemical characterization of 

water samples. Treated wastewater was also analyzed with the same methods.  

3.4.1.1 Nitrate-nitrogen (NO3-N) 

Wastewater samples were analyzed for Nitrate-nitrogen (NO3-N) by using 

phenol-disulphonic acid method. For this purpose 25 ml water sample was filtered 

and placed on hot plate when it was about to dry then added 0.5 ml phenol 

disulphonic acid, 2 ml KOH (12 N) and 25 ml distilled water. Residues were mixed 
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by softly shaking. Spectrophotometer (CE-2021) was used to determine the NO3-N 

at 410 nm. At the same time distilled water was also run as a blank.      

3.4.1.2 Chlorides (Cl1 -)  

Silver nitrate titrimetric method was used for chloride contents 

measurements. Standard solution of silver nitrate was used to titrate against 50 ml 

of wastewater sample and as an indicator potassium chromate was used. Following 

expression was used to measure Cl1- in mg/L; 

Cl1- (mg/l) = 1000
5.353 ×

××
sampleofvolume

NAgNOofvolume  

Where, N = Normality of AgNO3 

3.4.1.3 Total hardness 

Amount of dissolved magnesium and calcium in wastewater was 

determined as total hardness and expressed in mg/L CaCO3 (APHA., 2012) 

determined by the equation 

 Total hardness (mg/L) = (Ca×2.497) + (Mg×4.118)  

3.4.1.4 Chemical oxygen demand (COD) 

 Reactor digestion method was used to measure COD of wastewater 

samples. COD vial was filled with 2 ml wastewater, tightly capped, gently shaken 

and put in COD reactor. Reactor was preheated for 2 hours at 150 ºC. Vials were 

removed after specified time and put in test tube stand. They were allowed to cool 

at 60 ºC and gently mixed the contents then allowed to cool at room temperature.  

At 620 nm COD in mg/L was measured with the help of spectrophotometer.  

3.4.1.5 Alkalinity 

 Acid base titrimetric method was applied to determine carbonate and 
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bicarbonate alkalinity. Exactly 50 ml of wastewater sample was titrated against 

sulfuric acid (0.02 N). Indicators for this titration were phenolphthalein and methyl 

orange. Alkalinity of municipal wastewater was measured by the following 

expressions; 

Phenolphthalein alkalinity (mg/l) = 1000×
sampleofvoulme

Atitrantofvolume  

Total alkalinity (mg/l) = 1000×
sampleofvolume

Btitrantofvolume  

Where, Titrant A = volume of titrant used using phenolphthalein as indicator. 

Titrant B = total volume of titrant used. 

3.4.1.6 Sulphate (SO4
2-) 

Spectrophotometric determination for sulphate contents was carried out 

through barium chloride method. Conical flask was filled with 50 ml wastewater 

sample followed by the addition of 0.15 grams of barium chloride and 10 ml each 

of NaCl-HCl and glycerol-ethanol solutions. Mixture was shaken very well and 

sulphate was measured at 420 nm. Distilled water was used as blank.  

 3.4.1.7 Phosphate (PO4
3-) 

Phosphate (PO4
3-) in wastewater was measured through ammonium 

molybdate method. Filtered 25 ml wastewater sample was poured into conical 

flask. Exactly 1 ml ammonium molybdate along with 3 drops of stannous chloride 

were added to the flask. It was allowed to stand for 10 minutes until blue color 

appeared in the flask. At 690 nm SRP contents were measured on 

spectrophotometer. Blank was deionized water.    

3.4.1.8 Determination of wastewater metals and nutrients 
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Standard methods (APHA., 2005) were adopted for determination of trace 

elements and macro nutrients concentrations in municipal wastewater samples. 

Beakers and flasks were thoroughly washed with distilled water followed by HNO3 

to minimize chances of all sort of contaminations. 50 ml wastewater samples were 

poured in beakers. 10 ml of HNO3 was added to each beaker. To avoid splashing of 

the liquid some glass beads were also added to the beaker and covered with glass 

lid. Samples were boiled on hot plate (80 ºC) until they turned into transparent, 

clear solutions. If solution remained unclear then acid was added and boiled again 

to obtain transparent solution. Finally, content of the beaker was shifted to 100 ml 

flask. Samples were filtered through Whatman filter paper No.42 after digestion 

and volume was raised up to 50 ml. Metal concentration was determined on atomic 

absorption spectrophotometer (Perkin Elmer AAnalyst-800). Standard solutions 

were made from certified metal solutions. Standard reference materials were used 

to ensure the accuracy of the procedure. Heavy metals and nutrients were 

accurately determined within the range of 90-105 %. Blanks were prepared and run 

using same distilled water and acids.   

3.4.2 Sampling and Soil Analyses 

Soil physicochemical analyses were performed after completion of 

experiments. Soil samples (n=3) within the same treatment and similarly from all 

pots were thoroughly mixed and a combined soil sample per cultivar was collected 

for further analyses. Crushed and air dried soil was passed through 2 mm sieve to 

obtain smooth and comparatively equal sized soil particles.  

3.4.2.1 Soil pH, EC and TDS  

Soil (10 g) was mixed in 100 ml distilled water to make a soil suspension. 
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Soil suspension was vigorously shaken and a combined meter (Lutron, WA-2015) 

was used to determine soil pH, total dissolved solids and electrical conductivity.  

3.4.2.2 Soil texture analysis 

Soil texture was determined through hydrometer technique (Estefan et al., 

2014). Forty g soil sample was mixed with 60 ml dispersing solution (40 g sodium 

hexametaphosphate and 10 g Na2CO3 dissolved in 1 L deionized water) in 600 ml 

beaker. This mixture was left for 24 hours. 200 ml distilled water was added to the 

beaker and shook vigorously for about 2-4 minutes. It was allowed to stand for a 

minute and then shifted to graduated cylinder (1 L). Volume was raised with 

distilled water and first reading was taken by inserting hydrometer in the cylinder. 

Mixed the contents again and left undisturbed for 4 hours. Then second reading 

was taken by hydrometer. Soil sample solution was sieved through 50 µm sieve and 

sand % age was determined. 50 ml beaker was weighed and sand from the sieve 

poured in this beaker. It was allowed to dry in oven at 105 ºC. This beaker was 

weighed again with dried sand. 60 ml dispersing solution diluted to 1L was used for 

blank. Sand %, silt % and clay % were determined by using the following 

equations; 

Silt + Clay (%w/w) = (Reading1 - Blank) ×
)(

100
gramsweightsampleSoil

 

Clay (%w/w) = (Reading2 - Blank) ×
)(

100
gramsweightsampleSoil

 

Silt (%w/w) = [Silt + Clay (%w/w)] - [Clay (%w/w)] 

Sand (%w/w) = Sand Weight (grams) × 
 )(

100
gramsweightsampleSoil
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Sand weight (grams) = [Beaker + Sand (grams)] - [Beaker (grams)] 

3.4.2.3 Soil alkalinity 

 Acid base titrimetric method was used for determination of soil alkalinity. 

Soil suspension was made in the ratio of 1:10 (soil: water) by using distilled water 

as solvent. Indicators for this titration were phenolphthalein and methyl orange. 

Alkalinity was measured in the filtrate and converted to mg/gram by using 

following expression;  

Alkalinity (mg/g) =

)100(

)(

10

)/(

contentsmoistureSoilweightsampleSoil

mLvolumesuspensionSoilLmgalkalinityfiltrateSoil

−
×  

3.4.2.4 Soil chlorides 

 Titration method was employed for soil chloride determination. Silver 

nitrate solution was used to titrate against soil suspension (1:10, soil: water) sample 

using potassium chromate as an indicator. Chloride contents were measured in the 

filtrate and converted to mg/gram by using following expression;  

Chlorides (mg/g) =

)100(

)(

10

)/(

contentsmoistureSoilweightsampleSoil

mLvolumesuspensionSoilLmgchloridesfiltrateSoil

−
×  

3.4.2.5 Soil organic matter (OM)  

Soil samples were employed to Walkley-Black method (Walkley, 1947) for 

organic matter determination in soil. In a beaker 1 g soil sample was taken and then 

added 10 ml of potassium dichromate (1 N) and 20 ml conc. H2SO4. Contents of 

beaker were mixed well and left uninterrupted. After half an hour 10 ml conc. 

phosphoric acid and 200 ml distilled water was poured into the beaker. Few drops 

of diphenylamine were added and mixed the contents vigorously. Afterwards this 



38 
 

 
 

mixture was titrated against ferrous ammonium sulphate unless violet blue color 

turned into green. Blank reading was also taken following the same method. 

Organic matter calculations were as follows; 

Organic Matter (%) = 
)(

69.0O.7H FeSO N ][  24

gramsweightsampleSoil
VV sampleblank ××−

 

3.4.2.6 Soil phosphorus 

Soil phosphorus was determined through AB-DTPA method (Soltanpour 

and Schwab, 1977). Ten g soil sample was put in a conical flask then added to it 20 

ml extraction solution (1 M ammonium bicarbonate and 0.005 M diethylene 

triamine pentaacetic acid adjusted to pH 7.6 with ammonium hydroxide). It was 

shaken for 10-15 minutes and then filtered to make soil extract. One ml of soil 

extract was dissolved in 10 ml distilled water. To this solution 2.5 ml color 

developing reagent (5 g sulfanilamide and 0.25 g N-(1-naphthyl)-ethylene diamine 

dihydro chloride in 300 ml deionized water, after the addition of 50 ml H3PO4 the 

volume was made up to 500 ml with distilled water) was added, stirred it well and 

left for half an hour. Absorbance was recorded at 880 nm on spectrophotometer. 

Blank was also run by repeating the same procedure.  

3.4.2.7 Soil nitrogen (N) 

Soil nitrogen was determined by taking 1 ml soil extract, 2 ml hydrazine 

sulphate and 3 ml CuSO4 solution in a beaker. 3 ml Sodium hydroxide (0.3 N) was 

added to this solution before heating in water bath. Temperature of water bath was 

maintained at 38 ºC. After 15-20 minutes it was taken out from water bath and 2.5 

ml color developing reagent (as mentioned in soil phosphorus) was mixed before 

recording the absorbance at 540 nm. Blank was also run on the same methodology.  
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3.4.2.8 Soil metal analyses 

Allen et al. (1986) method was used for heavy metals and nutrient detection 

in soil samples. One g soil sample was mixed with three acids in a ratio of 5:1:1 

(HNO3, H2SO4 and HClO4). To digest this mixture it was placed on hot plate at 

80 ºC until it became transparent. If still it was not clear then more acid solution 

was added to make it completely transparent. Digested sample was filtered through 

filter paper. Beaker was rinsed with distilled water to remove all the residues from 

the beaker. Digested sample volume was raised up to 50 ml with distilled water. 

These soil digests were used to detect metal concentration on Atomic absorption 

spectrophotometer (Perkin Elmer A-Analyst 800). Standard solutions were made 

from certified metal solutions. Standard reference materials were used to ensure the 

accuracy of the procedure which was well within the acceptable range of 90-105 %. 

Blanks were prepared and run using same distilled water and acids. 

3.4.3 Sampling of Plants and Analyses   

Plants were sampled for determination of biochemical analyses, growth, 

productivity parameters and metal detection. Plant harvesting was done well before 

the onset of inflorescence at the best edible stage with intact roots, packed in air 

tight plastic bags and shifted to lab for further analyses.    

3.4.3.1 Productivity parameters 

Plants were analyzed for productivity and growth parameters. Fresh weight 

of plants was measured on digital balance before washing. Plants were washed with 

tap water to remove soil and dried with filter paper. Root length and shoot length 

were measured with the help of scale. Leaf number per plant was counted. Leaf 

area for each plant was measured by using leaf area meter. Plants were oven dried 
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at 60 ºC for 24 hours and dry weight was determined. 

3.4.3.2 Biochemical and physiological parameters  

Intact plants were analyzed for biochemical parameters including soluble 

sugars, protein and proline content, total chlorophyll, carotenoids, MSI, SOD, POD 

and CAT. 

3.4.3.3 Plant soluble sugars 

Soluble sugars were determined by adopting phenol sulfuric acid method 

(Dubois et al., 1956). 0.5 gram fresh leaf was taken in a test tube along with 10 ml 

of 80 % ethanol. Test tubes were heated (80 ºC) in a water bath for an hour. 0.5 ml 

of this extract was taken in another test tube, 18 % phenol (1 ml) was added and 

incubated at room temperature. At the end 2.5 ml sulfuric acid was added, 

rigorously mixed and absorbance was recorded at 490 nm. Determination of sugar 

concentration was carried out with the help of standard glucose curve. 

3.4.3.4 Plant proline 

Proline content was determined by the method of Bates et al. (1973). 0.5 

gram fresh leaf was taken in test tube with 10 ml of 3 % sulfosalicylic acid. It was 

filtered with filter paper and filtrate (2 ml) was taken in a test tube with 2 ml acid 

ninhydrin reagent followed by the addition of glacial acetic acid. Test tubes were 

placed in water bath (100 ºC) for one hour. After wards reaction was stopped by 

placing them in ice. 4 ml toluene was added to this reaction mixture, contents were 

shaken well and absorbance was recorded at 520 nm on spectrophotometer. 

Standard curve was used for estimation of proline concentration in unknown 

samples.  

3.4.3.5 Plant chlorophyll and carotenoids 
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Estimation of chlorophyll and carotenoids was done through a method 

described by Hiscox and Israelstam, (1979). According to this method 0.5 gram 

fresh leaf sample was heated (65 ºC) in a test tube with 10 ml dimethyl sulfoxide 

(DMSO) for an hour. This extract was used for determination of chlorophyll and 

carotenoids. Absorbance for chlorophyll a and chlorophyll b was recorded at 645 

nm and 663 nm respectively. A method described by Lichtenthaler and Wellburn, 

(1983) was adopted for carotenoid estimation in which absorbance was recorded at 

470 nm. 

3.4.3.6 Membrane stability index (MSI %) 

Membrane stability index was determined through the method described by 

Premchandra et al. (1990) and modified by Sairam, (1994). 0.1 gram leaf discs 

were prepared and washed with distilled water. These discs were heated (40 ºC) in 

test tubes with 10 ml distilled water for half an hour and electrical conductivity 

(EC1) was measured with EC meter. After that these test tubes were boiled (100 ºC) 

for 10 minutes in a water bath and again EC (EC2) was measured with EC meter 

(Lutron, WA-2015).  

MSI was calculated as follows; 

                        Membrane stability index % = 



 − )

2
1(1

EC
EC

× 100 

3.4.3.7 Plant proteins 

Bradford method (1976) was employed for estimation of plant proteins. 0.5 

gram fresh leaf was ground in 10 ml sodium phosphate buffer (Monobasic sodium 

phosphate (16 ml) and dibasic sodium phosphate (84 ml) was mixed together to 

obtain the desired pH= 7.5). 0.5 ml of this extract was mixed with 0.5 ml of 

distilled water and then added 3 ml of 5 times diluted bio rad dye (Coomassie 
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Briliant blue G-250 (GBB-250)= 100 mg; dissolved in 50 ml of 95 % ethanol; then 

added 100 ml of 85 % phosphoric acid (H3PO4); diluted to 200 ml with distilled 

water and kept at 4 ºC). 

It was thoroughly mixed and absorbance was recorded at 595 nm. Proteins 

were determined with the help of standard curve of bovine serum albumin (BSA).  

3.4.3.8 Assays for antioxidant enzymes 

Fresh leaf (0.5 gram) was crushed in 5 ml sodium phosphate buffer (50 

mM) (Monobasic sodium phosphate (16 ml) and dibasic sodium phosphate (84 ml) 

was mixed together to obtain the desired pH= 7.5) in an ice bath. It was spun in a 

centrifuge (13000 rpm) for 30 minutes (4 ºC). Supernatant of this extract was used 

to determine the superoxide dismutase, peroxidase and catalase activities. 

3.4.3.8.1 Superoxide dismutase (SOD) 

The main principal through which SOD activity was determined is the 

inhibition of photochemical reduction of nitro blue tetrazolium (NBT) (Beauchamp 

and Fridovich, 1971; Giannopolistis and Ries, 1977). 0.1 ml supernatant was taken 

in a test tube with 3 ml SOD buffer and 0.1 ml riboflavin (0.002 mM). It was 

allowed to react under the illumination of fluorescent lamps (40 W) for about 8 min 

until the blue formazan was visible due to reduction of NBT. Another set of same 

test tubes was kept in dark and it served as blank. Absorbance was recorded at 560 

nm. One unit of SOD activity was defined as the amount of enzyme, which 

prevented the NBT reduction by 50 %. The activity of SOD was expressed as units 

/mg. protein. 

3.4.3.8.2 Peroxidase (POD) 

Method reported by Vetter et al. (1958) and Gorin and Heidema, (1976) 
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was employed to determine POD activity. 0.1 ml enzyme extract was taken in a test 

tube and 1.35 ml 100 mM MES buffer (pH 5.5), 0.05 % H2O2 and 0.1 % ρ-

phenylenediamine was added to it. For 3 minutes changes in absorbance were noted 

at 485 nm on spectrophotometer and activity was expressed as units / 

min.mg.proteins.  

3.4.3.8.3 Catalase (CAT) 

Catalase activity was measured by the method reported by Aebi, (1984) in 

which H2O2 elimination was measured. 0.1 ml enzyme extract was taken in a test 

tube with 50 mM phosphate buffer and 10 mM H2O2. The decrease in absorbance 

was noted for 2 minutes at 240 nm. CAT was expressed as units / min.mg.proteins. 

3.4.3.9 Plant metal analysis 

To determine heavy metals and nutrients in plant samples method reported 

by Allen et al. (1986) was adopted. Plant leaves and roots were washed with tap 

water and then with distilled water. These samples were oven dried (70 ºC) for two 

days to eliminate their moisture content and to obtain consistent weight. Dried 

samples were ground with the help of pestle and mortar and kept in plastic bags. 

Digestion of the plant samples was done following the method adopted for soil 

metal analysis. 

These plant digests were used to detect metal and nutrient concentrations on 

atomic absorption spectrophotometer (Perkin Elmer AAnalyst-800). Standard 

solutions were made from certified metal solutions. Standard reference materials 

were used to ensure the accuracy of the procedure and found well within the 

acceptable range of 90-105 %. Blanks were prepared and run using same distilled 

water and acids.   
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3.5 BIOCONCENTRATION FACTOR (BCF) 

Bioconcentration factor is the ratio of metal concentration in plant part to 

the metal concentration in soil.   

  Bioconcentration factor =
soil

plant

C
C

 

Where Cplant = metal concentration in plant tissue i.e. leaves and roots; Csoil 

= metal concentration in soil.  

In the present study two different BCF were calculated separately. One BCF 

was calculated to determine metal accumulation in leaves while another BCF was 

calculated to determine metal accumulation in roots. For this purpose two different 

expressions were used to calculate BCF. Both these BCF values were used to 

compare in which part of vegetables higher concentration of metals were 

accumulated. 

3.6 HEALTH RISK ASSESSMENT (HRA) 

Plant metals are the major risk to human health. Average daily intake of 

metal through vegetable consumption in mg/kg/day was calculated using following 

expression; (Mahmood and Malik, 2014; Khan et al., 2010; Si et al., 2015). 

                   Daily Intake of Metal (DIM) =
BW

DICC metalfactor ××  

Where M = heavy metal concentration in vegetables in mg/kg, BW = 

average adult (73 kg) and children (32.7 kg) body weight in Pakistan, DI = average 

daily intake of vegetables. Average daily intake of an average Pakistani citizen was 

determined for adults (spinach 0.185 and lettuce 0.08 kg/day) and children (spinach 

0.150 and lettuce 0.06 kg/day). Health risk index (HRI) for each metal (USEPA., 
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2012; Khan et al., 2010; Si et al., 2015) was calculated by the following 

expression; 

 Health Risk Index (HRI) =
RfD
DIM

 

Where RfD = oral reference dose values for Cr (1.5), Ni (0.02), Fe (0.30), Cu 

(0.04), Pb (0.004), Cd (0.001), Co (0.0003), Mn (0.14) and Zn (0.30) in mg/kg/day 

respectively (USEPA IRIS., 2006; Cao et al., 2010).  

Total potential chronic risk for combined/multiple metals (Hazard Index HI) 

was calculated using following equation; (Liu et al., 2011; Si et al., 2015) 

 Hazard Index (HI) = Σ HRI= HRINi+HRICu+ HRIPb+….. +HRIn 

Where; HI = aggregate Hazard Index for multiple metals; HRINi, HRICu, 

HRIPb represented by the health risk index values for individual metals. If HRI or 

HI value exceeds unity then adults and children face a potential health risk.  

3.7 STATISTICAL ANALYSES  

 Experimental data was subjected to two-way analysis of variance 

(ANOVA) followed by mean separation using DMRT on the software SPSS ver. 

16.0 (SPSS Inc., Chicago, IL, USA). 
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Chapter 4 

RESULTS AND DISCUSSION  

4.1 COMPARISON OF GROUND AND MUNICIPAL WASTEWATER 

4.1.1 Characterization of Ground and Municipal Wastewater 

Ground water (GW) chemistry was compared with municipal wastewater (MW) 

and presented in the Table 4.1. In GW, parameters including pH (7.33), TDS 

(296.16 mg/L) and EC (0.47 mS/cm) were within the permissible limits and 

suitable for irrigation while in MW these parameters were considerably higher 

(pH=8.49, TDS=1205.09 mg/L, EC=1.71 mS/cm) and close to permissible 

irrigation standards (Ayers and Westcot, 1985). High pH, TDS and EC values were 

due to high salt content present in wastewater (Khurana and Singh, 2012). Mean 

concentration of nitrate nitrogen was 1.16 mg/L in ground water but it exceeded 

threshold limit in MW (30.29 mg/L). Municipal wastewater contained higher 

carbonates and bicarbonates as indicated by the total hardness (683.71 mg/L) of 

MW that was much higher than GW (198.81 mg/L). Elevated chlorides (379.84 

mg/L) and alkalinity (508.93 mg/L) contents recorded in MW were also an 

indication of presence of soluble salts in the municipal wastewater (Ali et al., 

2013b). Higher concentrations of COD in MW were recorded (303.81 mg/L) which 

was nearly twice the value of permissible limit (Alberta Environment, 2004). 

Domestic wastewater contains high levels of COD due to presence of abundant 

oxidizable materials (Urbano et al., 2017). Sulfates (40.29 mg/L) and phosphates 

(0.25 mg/L) were within the appropriate range in GW recommended for agriculture 

against the elevated values reflected in MW as 93.39 mg/L and 3.57 mg/L 

respectively. The key causes of sulfates and phosphates in MW are frequently used 



47 
 

 
 

household detergents, drain cleansers and animal wastes (Korostynska et al., 2012).  

All the analyzed heavy metals and macro nutrients were well within the 

acceptable range of irrigation in GW (Rowe and Abdel-Magid, 1995). Three metals 

including Pb, Co and Cd were not detected in GW. Appreciable GW quality for 

irrigation was due to negligible concentrations of heavy metals and suitable range 

of physico-chemical parameters. Concentrations of five metals including Cr (0.07 

mg/L), Na (41.50 mg/L), Ca (126.60 mg/L), Fe (0.92 mg/L) and Mg (42.36 mg/L) 

were in accordance with irrigation standards in MW while Ni (0.31 mg/L), Mn 

(0.48 mg/L), Co (0.08 mg/L) and Cu (0.38 mg/L) occurred with slightly higher 

concentrations. Four metals i.e. Pb (0.84 mg/L), Cd (0.07 mg/L), Zn (0.59 mg/L) 

and K (19.50 mg/L) were found with very much higher concentrations in MW. 

Higher concentrations of heavy metals in MW reflected potential risk for 

agricultural use and consumers. The MW is also considered as a stern threat for 

regional agro-ecologies. According to Pedrero et al. (2010) municipal wastewater 

could only be used after appropriate treatment methods for irrigation.   

4.1.2 Characterization of Irrigated Soils 

In present study, irrigation with ground water insignificantly altered the soil 

chemistry. All the physico-chemical parameters and analyzed metals of soil were 

very much within the permissible limits however municipal wastewater application 

disturbed the soil characteristics to promising extent and resulted in heavy metal 

accumulation (Table 4.2). Mean values of soil pH were within permissible range in 

GW treated soils (7.37±0.38) and GF treated soils (7.55±0.35) but it slightly tended 

to alkaline in MW treated soils (7.97±0.26) and MF treated soils (8.15±0.12). Our 

results showed elevated pH levels with addition of NPK fertilizers. Same results 
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were reported by Sterrett et al. (1996). Wastewater application greatly increases 

soil pH values due to addition of basic ions to soils (Khurana and Singh, 2012; 

Akoto et al., 2015). Soil pH is one of the most important physico-chemical 

parameters and greatly influences the uptake and translocation of heavy metals by 

the plants. Castro et al. (2009) described less uptake of metal by plant roots in 

higher levels of soil pH. It was in accordance with our findings where fewer 

uptakes were reported due to higher pH values. The lowest concentration of TDS 

among all four treatments was recorded in GW treated soils (216.05±6.55 mg/kg) 

and highest value was in MW treated soils (870.68±25.93 mg/kg). Plant metal 

availability and uptake is greatly influenced by soil conductivity (Nayek et al., 

2010). EC values in all four soil types (GW=0.33±0.03 mS/cm, GF=0.34±0.02 

mS/cm, MW=1.36±0.04 mS/cm, MF=1.33±0.03 mS/cm) were very well within the 

permissible standard limits (Alloway, 2013).  

Considerable differences were reported in soil alkalinity between GW and 

MW irrigated soils whereas little differences occurred when fertilizers added to 

GW and MW treated soils GW = 362.37±21.05 mg/kg & GF = 384.57±7.49 mg/kg 

and MW = 551.74±57.32 mg/kg and MF = 612.48±127.98 mg/kg. Same trend was 

observed for soil chlorides (GW = 146.35±13.41 mg/kg, GF = 179.04±16.79 

mg/kg) and (MW = 345.95±22.36 mg/kg, MF = 334.23±17.09 mg/kg). Organic 

matter showed elevated levels when irrigated with municipal wastewater and 

recorded values for all treatments were GW = 1.94±0.1 %, GF = 1.88±0.16 %, MW 

= 3.58±0.78 % and MF = 3.82±0.54 %. It is also suggested that organic matter 

improves soil structure, soil fertility and in turn increases crop yield (Xu et al., 

2010). Soil phosphorus and nitrate nitrogen contents were found higher in 
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wastewater irrigated soil types as compared to ground water though elevated levels 

of both these nutrients were also attributable to application of NPK fertilizers in the 

soils. Minimum value of phosphorus in GW treated soils was 8.87±0.65 mg/Kg 

while maximum value was in MF treated soils i.e. 13.6±0.5 mg/kg, similarly  

lowest value of nitrate-nitrogen was 2.4±0.06 mg/kg in GW treated soils and 

highest was recorded in MF treated soils (26.64±1.75 mg/kg). Phosphorus and 

nitrate nitrogen levels were within the permissible standards range in four 

treatments (Pedrero and Alarcon, 2009).  

Negligible differences in heavy metal accumulations were noticed among 

both the treatments of ground water (GW, GF) and municipal wastewater (MW, 

MF) irrigated soils. Ni, Pb, Co, Cd and Na concentrations were found 

approximately two folds in MW irrigated soils in comparison with GW irrigated 

soils. Concentrations of Ni (GW 9.18±1.24 mg/kg, MW 18.93±0.81 mg/kg), Pb 

(GW 12.43±0.7224 mg/kg, MW 24.52±1.21 mg/kg), Co (GW 2.15±0.31 mg/kg, 

MW 4.42±0.17 mg/kg), Cd (GW 0.04±0.01 mg/kg, MW 1.31±0.18 mg/kg) and Na 

(GW 383.59±23.61 mg/kg, MW 793.77±33.05 mg/kg) in ground water irrigated 

soils in comparison with municipal wastewater irrigated soils. Concentrations of 

five metals Zn, Mn, Cu, Cr and Mg were reported slightly higher in MW irrigated 

soils against ground water irrigated soils. Comparison of these five metals in MW 

(Zn = 59.77±2.22 mg/kg, Mn = 272.59±11.56 mg/kg, Cu = 25.64±1.18 mg/kg, Cr = 

31.27±2.09 mg/kg and Mg = 8057.89±533.41 mg/kg) with their concentrations in 

GW (Zn = 48.42±3.21 mg/kg, Mn = 237.88±10.29 mg/kg, Cu = 18.4±1.3 mg/kg, 

Cr = 25.22±2.18 mg/kg and Mg = 7462.09±540.62 mg/kg) were found 

respectively. Remaining three nutrients Fe, Ca and K showed considerable 
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difference in their values among MW treated soils (Fe = 10067.5±721.08 mg/kg, 

Ca = 12260.75±627.05 mg/kg and K = 3303.27±165.52 mg/kg) compared with GW 

irrigated soils (Fe = 7190.85±681.72 mg/kg, Ca = 8193.96±624.08 mg/kg and K = 

2632.25±224.06 mg/kg.  

All the tested heavy metals and macronutrients were well within the suitable 

limits (Alloway, 2013) except Cu and Mg which exceeded the irrigation soil 

standards. We used virgin soil without wastewater irrigation history in our study 

and wastewater application was done once for single crop season so lower built up 

of metals was noticed in our results. Long term wastewater application causes an 

elevated built up heavy metals in soils (Rattan et al., 2005). Greater heavy metal 

accumulation was observed when ground water irrigated soils were compared 

against wastewater irrigated soils. 

Remarkable increased levels of heavy metals were reported in wastewater 

irrigated soils (Gupta and Mitra, 2002). Accumulation of heavy metals in 

wastewater irrigated soils is the result of reaction of metals with the negative 

particles of the soils (Khurana and Singh, 2012).  

4.1.3 Heavy Metal Accretion and Distribution in Leafy Vegetables 

Table 4.3 represented the heavy metal accumulation in roots of leafy 

vegetables from four irrigation treatments and their interactions evaluated in terms 

of analysis of variance. Heavy metals i.e. Ni and Cr significantly varied between 

cultivars (p<0.01) and four irrigation treatments (p<0.001) with non-significant 

interactions (p>0.05). Root accumulation of both metals significantly varied 

between two species (interspecific differences) with no variation recorded within 

cultivars of each species (intraspecific differences). Considerable Ni (4.82 mg/kg) 
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and Cr (4.73 mg/kg) concentrations were observed in S2 roots irrigated with MF 

whereas lowest levels of Ni (0.12) and Cr (0.28) in mg/kg were recorded in 

L1×GW and S1×GW respectively. Order of mean metal accumulation (Ni and Cr) 

in roots among all four treatments was as follows MF > MW > GF > GW. Both 

NPK applied treatments (MF and GF) showed higher contents of Ni as compared to 

MW and GW (without NPK) treatments and this slight higher concentration of Ni 

in roots might be due to high Ni levels in MF and GF treated soils. NPK fertilizers 

add considerable amounts of Ni and Cr to soils but still comparatively little plant 

uptake of Ni was due to high pH levels of MF treated soils otherwise in acidic soils 

Ni exceeds the permissible safer limits (Carbonell et al., 2011). Availability of Ni 

in soil depends on acidic pH and if rapidly taken up by plant becomes toxic in 

greater concentrations. Plant growth inhibition and less productivity are the major 

outcomes of phytotoxicity of Ni (Matraszek et al., 2016). Roots served as a barrier 

for Cr and Ni so that metal uptake and translocation were lower in leaves 

(Carbonell et al., 2011). Nutrient uptake and translocation is greatly influenced by 

the presence of Ni. Mineral accumulation is variable in different plants when Ni 

treatment is applied (Sreekanth et al., 2013). 

Nickel showed significant variation (p<0.001) in leaf accumulation with 

non-significantly varying treatments and their interactions but Cr significantly 

varied (p<0.001) between cultivars, treatments and their interactions (Table 4.4). 

Mean highest concentration of Ni (3.96 mg/kg) and Cr (2.91 mg/kg) was recorded 

in L2×MW and S1×MF whereas lowest mean concentration of Ni (0.03 mg/kg) and 

Cr (0.13 mg/kg) was found in L2 and L1 in GW treatment. Ni is required for 

nitrogen metabolic pathways, absorption of iron, seed germination, enzyme 
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functioning and various other biochemical functions (Ahmad and Ashraf, 2012; 

Poonkothai and Vijayavathi, 2012) but very low concentration in plants (0.5 

mg/kg) is required. This permissible limit of Ni was maintained in GW irrigated 

leaves but higher levels in our study in MW were might be due to threshold levels 

of Ni in MW treated soils.    

Chromium is included in non-essential elements with no evident biological 

role in plant metabolism. Chromium is found in higher concentrations in roots as 

compared to leaves and it might be due to binding with ligands so it cannot readily 

move from roots to shoots and leaves (Sinha et al., 2005a, b). Plants can therefore 

limit the movement of heavy metals to aerial parts (Gupta and Sinha, 2006). 

Elevated levels of Cr are fatal due to interference with metabolic activities in cells 

(Costa, 1997). Cr tolerance developed by plants is represented by greater activity of 

antioxidant enzymes especially SOD and POD (Dong et al., 2007).  

Zinc root concentration did not significantly vary between cultivars but 

showed significant difference between treatments and their interactions (p<0.001). 

Higher concentrations of Zn were found in roots of S1 in MF irrigation (78.93 

mg/kg) and it may be possible due to higher value of Zn in soils with MF treatment. 

S2 root (18.52 mg/kg) in GW accumulated lowest concentration of Zn. Auda et al. 

(2011) described that some specific heavy metals like Zn are absorbed by the plants 

through metabolic mechanisms. ANOVA results indicated highly significant 

(p<0.001) effect of cultivars, treatments and their interactions on accumulation of 

Zn metal in leaves of spinach and lettuce (Table 4.4). Higher accumulation of Zn 

(94.01 mg/kg) in S2 leaves in MW irrigation and minimum (19 mg/kg) was 

measured in L1×GF. According to Sinha et al. (2007) green leafy vegetables like 
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spinach required Zn from 16-95 mg/kg and Zn being an essential element is more 

accumulated in leaves as compared to roots. This result was same with our study 

where leaf metal concentration was 94 mg/kg and more Zn metal was accumulated 

in leaves as compared to roots.  

Lead and Mn root accumulation showed significant variations (p<0.001) for 

plant cultivars and irrigation treatments whilst their interactions were non-

significant (p>0.05) and significant (p<0.001) on Pb and Mn root accumulation 

respectively. Inter specific variations were significant with non-significant intra 

specific differences regarding Pb and Mn accretion in roots. S1 roots irrigated with 

MW and MF accumulated higher content of Pb (2.88 mg/kg) and Mn (52.9 mg/kg) 

but lowest were recorded in roots of S2 with GW treatment (Pb 0.03 and Mn 5.32 

in mg/kg). Pb is a heavy metal which has no specific biological role in plants but 

gained attention as potent pollutant in wastewater. Its uptake in plants is from soil 

and from air as well. It is readily absorbed by plant roots but its translocations to 

upper parts are very slow and it is possibly due to casparian strips (endodermis) 

which acts as barrier (Sharma and Dubey, 2005).   

Highly significant variations were recorded between cultivars, treatments 

and their interactions on Pb and Mn leaf accretion. Order of Pb and Mn 

accumulation in leaves was as follows MW>MF>GF>GW. Mn (54.2 mg/kg) and 

Pb (2.86 mg/kg) were accumulated in higher concentrations in leaves of S1 in MW 

treatment whilst their lowest contents (Mn, 3.34 mg/kg and Pb, 0.01 mg/kg) were 

recorded in leaves of L1 in GW and GF respectively. Mn is essential for 

development and normal growth of the plant.  

Uptake and absorption of Mn increase with acidic pH and high content of 
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organic matter in soil. Mn plays vital role in photosynthesis, fat biosynthesis, 

formation of carotenes and ascorbic acid where it acts as co-factor for various 

enzymes. Mn readily translocated within the plants and not binds to the ligands in 

roots so higher concentrations are found in leaves rather than roots (Ducic and 

Polle, 2005). This result corresponds with our higher Mn accumulation in leaves in 

comparison with roots. 

Highly significant differences (p<0.001) were observed for irrigation 

treatments, plant cultivars and their interaction on root accumulation of Cu and Fe. 

Cu (15.21 mg/kg) concentration was higher in S2 roots in MF but lowest were 

found in S1 (Cu 3.21 mg/kg) in GW treatment. Highest and lowest Fe root 

accumulation was in S1 (378.24 mg/kg) in MW and L1 (42.23 mg/kg) in GF 

irrigation treatments. ANOVA results indicated highly significant (p<0.001) effect 

of cultivars, treatments and their interactions on both metal accumulation in leaves. 

Higher accumulation of Fe (348.51) and Cu (12.85) in mg/kg was recorded in 

S2×MW. Minimum metal contents of Fe (23.96), and Cu (2.33) in mg/kg were 

measured in L2×GW and L1×GW respectively. Order of Cu and Fe accumulation 

in leaves of vegetables along four treatments was as MW>MF>GF>GW.  

Copper is one of the important essential elements required by the plants for 

certain metabolic activities. It is an integral part of electron transport proteins 

involved in photosynthesis and respiration. Cu also has essential role in enzyme 

activity and serves as co-factor. It is required by the plants for transcription 

proteins, metabolism of cell walls and oxidative phosphorylation (Pilon-smits et al., 

2009). Uptake of copper through plant roots depends upon its form and it is 

accepted that roots absorb this metal mostly in dissociated form. Most of the copper 
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present in green parts of the plant is bound with plastocyanin and protein 

synthesizing machinery but its content greatly varies in reproductive organs 

(Kabata pendias, 2010). Cu becomes highly toxic when elevated levels of Cu are 

present in soil solutions. Inactivation and disruption of protein structure is main 

phytotoxic effect of Cu (Yruela, 2009).  

Iron is very essential for plant growth and maintenance. Fe is most abundant 

metal in the soil but its availability is restricted. In soils with high pH, Fe is 

oxidized and not available to plants but in acidic pH it is in free ionic form and 

easily taken up by plant roots. Its concentration in plant edible parts directly 

influences human health. Fe uptake is directly related to soil characteristics and its 

availability in soil solutions but translocation of Fe is interfered by the presence of 

other metal ions. High Cd content decreases the uptake and translocation of Fe 

(Morrissey and Guerinot, 2009). An excess quantity of iron in soil is major reason 

of iron uptake in plants and in turn irons toxicity. Fe toxicity is mostly attributed to 

acidic soil pH. Various elements are responsible for variations in iron phytotoxicity 

symptoms. Toxicity symptoms are not specific in plants but necrosis and Fe 

chlorosis are most obvious among all. 

The root accretion pattern of two trace metals Co and Cd was similar where 

effect of irrigation treatments was highly significant (p<0.001). The effect of 

cultivars on root accumulation and their interaction with irrigation treatments was 

found to be non-significant (p>0.05). Higher Co (1.82 mg/kg) content was 

measured in S1 roots with MF while lowest Co concentration was accumulated in 

S2 (0.09 mg/kg) in GW. Elevated Cd content was recorded in S2 root (0.93 mg/kg) 

in MW though it was not detected in all four cultivars in GW irrigation. Highly 
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Significant differences (p<0.001) were observed for irrigation treatments, plant 

cultivars and their interaction on leaf accumulation of Co but in case of Cd 

variations were significant (p<0.001) for treatments with non-significant (p>0.05) 

cultivars and interactions. Higher Co (1.27) and Cd (0.71) in mg/kg were recorded 

in S2×MW and L2×MW though minimum Co (0.06 mg/kg) was measured in 

L1×GF. Cd was not detected in leafy vegetables irrigated with GW and GF. Order 

of mean metal accumulation (Co and Cd) in roots among all four treatments was as 

follows MF>MW>GF>GW.   

Cobalt in soil is readily available to plants and controlled by soil 

characteristics and plant abilities. Active transport is the key method of cobalt 

intake from plant roots but its transport from roots to leaves is restricted. Cobalt is 

present in plants in very low concentration (0.1-10 mg/kg) but still considered as 

essential microelement for plants. Co accumulation varies in different plant species. 

It also serves as cofactor of various enzymes involved in respiration and other 

metabolic activities. Presence of cobalt significantly affects the uptake and 

movement of other nutrients. El-Sheekh et al. (2003) reported that iron absorption 

and translocation was decreased in the presence of high Co content. Co poses a 

serious threat and damage plant cell wall and membranes adversely. Plant produces 

reactive oxygen species to defend against harmful effects of heavy metals. The 

main goal of this defense mechanism is to activate antioxidant enzymes. Most 

visible phytotoxic symptoms of Co are chlorosis especially interveinal chlorosis, 

dead leaf margins, inhibited mitosis and damage of chromosomes (Jaleel, 2008).  

Cadmium is reported as non-essential element without any known function 

in plants. Cadmium influences absorption of other nutrients K, Ca and Mg and 
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water balance as well. Uptake of Cd is increased in acidic soil pH, high clay 

content of soil and fertilization. Cd is mostly found to disturb protein metabolism in 

most kinds of plants. Pinto et al. (2004) described it as highly toxic heavy metal 

which affects the plant development and metabolism. Cd phytotoxicity involves 

chlorosis, disturbance of photosynthesis, CO2 fixation and respiration. Present 

study revealed that heavy metal concentration is more in wastewater irrigated 

vegetables as compared to ground water irrigated vegetables. These findings are 

same with the results reported by Khan et al. (2010) and Jan et al. (2010).  

Calcium and Mg followed same trend of root accumulation in which 

variations were significant (p<0.001) for plant cultivars and treatments with non-

significant (p>0.05) interactions. Inter specific variations were significant with 

non-significant intra specific differences regarding Ca and Mg accretion in roots. 

Highest (Ca 20426 and Mg 7816.60 in mg/kg) were recorded in L1×MF and 

L2×MF while lowest (Ca 13525 mg/kg, Mg 2307.20 mg/kg) contents were in 

S2×GW roots respectively. The effect of cultivars, treatments and their interaction 

was found to be non-significant (p>0.05) on leaf accumulation of Ca and Mg. 

Order of mean metal accumulation of Ca and Mg in leaves among all four 

treatments was as follows MF>MW>GF>GW. 

Magnesium is characterized as secondary plant nutrient along with Ca. It 

has vital importance for photosynthesis as it occupies central position in 

chlorophyll molecule. It is also required for protein and carbohydrate metabolism, 

energy transfer and maintenance of electrolytes in plants. Due to its mobility Mg is 

rapidly transported to younger tissues from older ones.  

Calcium plays a vital role in cell division, cell elongation and enzyme 
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regulation. It is also constituent in the formation of cell wall and cell membranes 

(Roy et al., 2006). Calcium has very important role in root development and Ca 

deficient soils are responsible for poor root development in plants. Transport of 

other mineral nutrients is chiefly regulated by Ca.   

Potassium accumulation significantly varied (p<0.001) between cultivars 

with non-significant effect of treatments and their interactions (p>0.05). S1 root in 

MF treatment showed higher K content (19080 mg/kg) and lowest was shown by 

L1 root in GF (10066 mg/kg). Na root accretion was found to be non-significant 

(p>0.05) for cultivars, treatments and their interaction. Order of mean metal 

accumulation (Na and K) in roots among all four treatments was as follows 

MF>MW>GF>GW. Na and K significantly varied at (p<0.01) and (p<0.05) 

respectively between cultivars with non-significant effect of treatments and 

interactions. Elevated levels of Na (1055.5 mg/kg) and K (24968 mg/kg) were 

observed in S1 leaves in MF and MW treatment whereas lowest mean 

concentration of both these metals were found in L2 leaves in GF (Na  487.8 and K 

17319 in mg/kg). 

Potassium is classified as primary essential element. It is most abundant 

macronutrient that is absorbed maximum by the plant when present in soil 

solutions. It is involved in enzyme regulation, protein and carbohydrate metabolism 

and internal homeostasis of plants. An important role played by K is regulation of 

opening and closing of stomata through potassium ion flux. Na is recognized as 

beneficial element for plant growth and development. It is responsible for enzyme 

activation, various growth responses and plant metabolic activities. One important 

function attributed to sodium is replacement of K functions in plant especially 
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controlling of stomatal opening and closing (Roy et al., 2006). Mg, K, Ca and Na 

are essential nutrients so these are necessary for normal plant growth. Deficiency of 

these nutrients causes a serious problem for plant development.  

Higher content of nutrients (Mg, K, and Na) and essential elements (Zn and 

Mn) are recorded in leaves of spinach and lettuce whereas minimum levels of toxic 

non-essential metals (Pb, Cd and Cr) are found in roots. This is in collaboration 

with Sinha et al. (2007). Spinach plants cultivated in wastewater gathered more 

heavy metal content as compare to lettuce. Same results were reported by Farid, 

(2003) and Rattan et al. (2005). Authors described that spinach leaves accumulated 

more heavy metals (Cu, Zn, Mn, Fe and Co) as compare to other vegetables.  

Application of NPK fertilizer with wastewater enhances the supply of K, N 

and P to the soil which increases uptake of macro nutrients such as Mg, Ca and K 

by plant roots (Cogliastro et al., 2001; Wilden et al., 2001; Singh et al., 2010). In 

present study heavy metal uptake by plant roots is reduced in the presence of higher 

concentrations of macronutrients e.g. K, Ca and Mg. Similar findings were reported 

by Voigt et al. (2006) where fewer uptakes of Cd and Cu in Lactuca sativa were 

experienced in elevated levels of Ca in soil solutions. Same results were described 

by Vulkan et al. (2004) who suggested the blockage of active sites with Ca and Mg 

results in reduced absorption of Cu from roots.  

It is clear from the above results that macronutrients compete with heavy 

metals for active sites in root epidermal membranes so in elevated concentrations 

of macronutrients heavy metal uptake reduced. It is also supported by Thakali et al. 

(2006a) and Luo et al. (2008) results. This reduction is also dependent upon soil pH 

which slightly higher in these experimental results and responsible to limit the 
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availability of heavy metals to plant roots.  

4.1.4 Effects on Biochemical Parameters 

In our results photosynthetic pigments i.e. total chlorophyll (Chlorophyll a 

and chlorophyll b) and carotenoids showed highly significant (p<0.001) variations 

in plant cultivars and treatments whereas their interactions were non-significant 

(p>0.05) for total chlorophyll and significant (p<0.01) for carotenoids (Figure 4.1, 

4.2). Highest values of total chlorophyll (1.89 mg/g) and carotenoids (0.62 mg/g) 

were recorded in S1 leaves in GF treatment. Following trend for chlorophyll and 

carotenoids synthesis was noticed in four treatments GF>GW>MW>MF. Higher 

chlorophyll and carotenoids in GF treatment depends upon availability of nutrients 

supplied by NPK fertilizer which boost up plant growth (Khan et al., 2011). Here 

GF is supplemented with NPK fertilizers which serve as a source of nutrients. 

Overall plant growth and photosynthetic pigments increased when plant absorbed 

nutrients in greater concentration (Balkhair et al., 2013). Kaushik et al. (2005) 

described that higher chlorophyll levels in plants might be due to available 

nutrients present in soil solutions. In this study nutrients are provided to plants 

through NPK fertilizers which results in synthesis of photosynthetic pigments in 

greater concentrations.  

 Photosynthetic pigments decrease when different abiotic stresses are 

experienced by plants (Ahmad et al., 2007). Heavy metals in wastewater pose an 

inhibitory effect on photosynthetic pigments so a remarkable decrease in 

photosynthetic pigments (total chlorophyll 0.74 mg/g and carotenoids 0.18 mg/g) 

was noticed in L1 leaves under municipal wastewater irrigation. Cho and Park, 

(2000) illustrated that decrease in chlorophyll concentration with wastewater 
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irrigation caused reticence of chlorophyll synthesis. Same results of chlorophyll 

and carotenoids inhibition were found by Kumar et al. (2012). Parida et al. (2003) 

described that heavy metals produced antagonistic effect with uptake and transport 

of some essential elements such as Mn, Cu and Zn. According to Gautam and 

Pandey, (2008) these essential metals are required by the plants for biosynthesis of 

molecules like chlorophyll and carotenoids so heavy metal higher content in 

wastewater reduced their uptake and results in reduction of photosynthetic 

pigments. Singh et al. (2012) and Pandey and Tripathi, (2011) regarded chlorophyll 

inhibition as phytotoxic symptom of heavy metal load in municipal wastewater. 

Wang et al. (2011) also documented same findings that heavy metals in wastewater 

caused inhibition in chlorophyll synthesis.  

Membrane injury and damage can be used to evaluate the overall plant 

growth and its health. Degree of membrane damage is measured by membrane 

stability index.  In present study effect of cultivars, treatments and their interactions 

on membrane stability index was highly significant (p<0.001; Figure 4.3). 

Maximum value of MSI (89.88%) was calculated in lettuce leaf grown in GF 

treatment and the lowest value (54.16%) was measured in spinach (S1) irrigated 

with municipal wastewater. Our results indicated that heavy metals badly damaged 

the cell membranes of both leafy vegetables (spinach and lettuce). The order of 

membrane damage in this study was as follows MW<MF<GW<GF. Mean values 

of MSI in all the four treatments are (55.99 %) < (69.19 %) < (81.05 %) < (83.93 

%). This result was in accordance with Hashem et al. (2013) who reported that 

heavy metals had harmful effects on cell membranes and most damaged 

membranes were of those plants grown in wastewater.   
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Our results showed higher concentration (3.93 mg/g) of total soluble sugars 

in leaves of both lettuce cultivars in GF treatment though the lowest content (1.75 

mg/g) was measured in spinach leaves irrigated with municipal wastewater (Figure 

4.4). Accumulation of sugars in vegetables leaves varied significantly (p<0.001) 

among different treatments, cultivars (p<0.01) and their interactions (p<0.01). 

GF>GW>MW>MF was the order of average soluble sugars contents among four 

treatments. According to Dong et al. (2006) soluble sugars can be used as an 

indicator to measure the intensity of abiotic stresses. Heavy metal load in 

wastewater decreases the total soluble sugars in plant leaves because toxic heavy 

metals altered the sugar accumulation pattern in green plants (Kumar et al., 2012). 

Singh et al. (2007) reports were in accordance with our present results where 

lowest sugars were recorded in municipal wastewater irrigated plants that contained 

maximum levels of heavy metals. Manivasagaperumal et al. (2011) suggested that 

decrease in sugar content with increased levels of Zn might be due to its effect on 

carbohydrates catabolism in plants. Total soluble sugars increase with increasing 

concentrations of heavy metals but even low contents of Cd metal are responsible 

for lowering soluble sugars contents (Monalisa et al., 2015). At lower 

concentrations of heavy metals sugar accumulation increases but decreases at 

greater concentrations of heavy metals. Jaleel et al. (2009) findings corroborated 

with our results in which municipal wastewater irrigated plants accumulated low 

sugar content. Song et al. (2012) proposed that Pb is one of the major toxic heavy 

metal responsible for low accumulation of total soluble sugars in plant leaves. 

Kanwal et al. (2015) found that with increasing concentrations of Cd sugar 

accumulation decreased.  
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Effect of cultivars, treatments and their interactions was highly significant 

(p<0.001) on protein accumulation in leaves of spinach and lettuce (Figure 4.5). 

Mean proteins concentrations were represented following order 

GF>GW>MW>MF. Higher protein level (31.93 mg/g) was measured in spinach 

(S2) leaves in GF treatment and lowest protein level (15.58 mg/g) was in lettuce 

(L2) in municipal wastewater irrigation. Wang et al. (2011) suggested a negative 

correlation between total protein and metal content in leaves. Heavy metals 

inhibited protein accumulation due to their toxic effect on protein metabolism. 

Monalisa et al. (2015) reported that little metal concentration in leaves did not 

cause decline in protein accretion but greater metal content caused a prominent 

decline. This suggestion is in accordance with present study. Chen et al. (2001) and 

Singh et al. (2007) reported that protein content in leaves declined with increasing 

levels of toxic heavy metals although no remarkable decline in proteins was found 

at lower levels of these metals in soil solutions. Kumar et al. (2012) proposed that 

in excess of metal concentration, protein sulfhydryl group was bound with metals 

because of similarity in structures and normal formation of proteins disrupted. 

Pinto et al. (2003) evident that high Pb concentration damaged protein structures by 

attack of lipid peroxidation intermediates hence resulted in less protein content in 

leaves of green plants.   

The effect of cultivars and treatment was highly significant (p<0.001) on 

proline content in leafy vegetables while effect of their interaction was non-

significant (p>0.05; Figure 4.6). Trend of mean proline contents between four 

irrigation treatments was found as MW>MF>GW>GF. Higher proline content 

(0.83 mg/g) was estimated in S2 leaves with municipal wastewater irrigation but 
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lowest (0.22 mg/g) was estimated in lettuce leaves (L1 and L2) with ground water 

irrigation treatment. Stressed environmental factors induce accumulation of certain 

metabolites like proline. The degree to which proline is accumulated directly 

proportional to the intensity of heavy metal content. Smeekens, (2000) argued that 

heavy metal stress forces plant to gather considerable amount of osmoprotectants. 

In this way plants show osmotic adjustment and thrive in stressed conditions. 

Lamhamdi et al. (2013) suggested similar results where higher proline content was 

accumulated under heavy metal stress. Our study agreed with similar findings of 

higher proline accumulation in spinach plant irrigated with wastewater as compared 

to ground water irrigation. Kumar et al. (2012) found greater proline concentrations 

in Zn and Cu treated plants as compared to control treatments. Similar metals were 

found higher in S2 leaves in this study.  

The effect of treatments were highly significant (p<0.001) on activities of 

studied antioxidant enzymes (Figure 4.7, 4.8 and 4.9). Except SOD; POD and CAT 

significantly varied (p<0.001) between four cultivars. The effect of interactions of 

cultivars and treatment was highly significant (p<0.001) on SOD level, non-

significant (p>0.05) on POD level and significant (p<0.05) on CAT level. The 

order of antioxidant activities in our results for SOD and POD were 

MW>MF>GW>GF whereas for CAT activity order of treatments was as follow 

MF>MW>GW>GF. In our results all three enzymes (SOD 9.77 units/mg.protein, 

POD 2.36 units/min.mg.protein and CAT 2.74 units/min.mg.protein) showed their 

greater activity in S1 leaves with municipal wastewater irrigation. In ground water 

with NPK fertilizers lower levels of SOD (1.78 units/mg.protein) were recorded in 

S1 leaves while lower levels of POD (0.21 units/min.mg.protein) and CAT (0.42 
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units/min.mg.protein) were observed in L1×GF. 

Heavy metals such as Cr and Pb produce an oxidative stress in  plants 

which results in damage cells due to reactive oxygen species (ROS) (Khan, 2007). 

Superoxidases, peroxidases and catalases constitute plant defense system and their 

activity is enhanced in stressed environments (Khan and Patra, 2007). Similar 

results were found in this study where antioxidant activities enhanced in heavy 

metal stress originating from wastewater irrigation. Naaz and Pandey, (2010) 

reported elevated antioxidant activities in lettuce plants in response to higher 

concentrations of Pb and Cr. A considerable increase in activities of all three 

antioxidant enzymes with wastewater irrigation in this study is well corroborated 

with results of Hashem et al. (2013). Contents of heavy metals in wastewater are 

directly proportional to the degree of increase in antioxidant activities and reflect 

plant stress response can be detected by measuring activity of antioxidant enzymes 

(Macfarlane and Burchett, 2001; Israr et al., 2011). Similarly increase in 

antioxidant enzymes activity on treatment with wastewater was reported by Cho 

and Park, (2000). In our results spinach showed higher antioxidant activity which is 

responsible for survival of spinach in wastewater environment otherwise this may 

not be able to thrive in stress conditions.   

4.1.5 Effects on Growth Parameters 

Plant health and vigor can be measured by its growth and productivity 

parameters. The effect of cultivars, treatments and their interaction was highly 

significant (p<0.001) on leaf area of spinach and lettuce (Table 4.5). Maximum leaf 

area of L1 (126.2 cm) and L2 (142.21 cm) among four treatments was recorded in 

GF and it decreased 29.43 % (L1) and 23.07 % (L2) in MW. Both cultivars of 
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spinach S1 (102.35 cm) and S2 (122.54 cm) also showed their maximum leaf area 

in GF while decrease of 20.54 % (S1) in MF and 77.10 % (S2) in MW was 

recorded. Maximum leaf number was counted in L1 (15.97) and L2 (15.3) in GF 

treatment and their number reduced to 46.96 % (L1) and 59.93 % (L2) in MW 

treatment. Higher leaf number (S1 37.63) was counted in MW which reduced to 

12.30 % in GF. Leaf number was counted for S2 and it was 43.13 in GW which 

reduced (33.22 %) in MW treatment. This decrease in leaf area and leaf number 

was associated with heavy metal accumulation in leaves of leafy vegetables 

(Pandey, 2006).  

Our results indicated that better growth in terms of increased numbers of 

leaves per plant and leaf area is correlated with availability of nutrients which are 

supplied with addition of NPK fertilizers. In GF treatment we found remarkable 

increase of leaf area and leaf number per plant both in spinach and lettuce cultivars 

as compared to municipal wastewater treatment. NPK application to ground water 

prompts the uptake of nutrients by the plants. Greater nutrient availability provided 

with irrigation treatments resulted in enhanced leaf area (Chandra et al., 2009). 

Increased leaf area and greater numbers of leaves per plant with the supply of 

nutrients was also reported by Kaushik et al. (2005) and Singh and Bhati, (2004). 

Healthier and improved growth of vegetables is allied with greater supply of 

essential elements which results in maximum leaf number per plant, greater leaf 

area and elevated photosynthetic activity (Alizade et al., 2001).  

Shoot and root length are important indicators of overall plant growth. In 

our results, shoot length variations were highly significant (p<0.001) for plant 

cultivars and irrigation treatments but their interaction was non-significant 
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(p>0.05). Root length significantly (p<0.001) varied between treatments but the 

effect of cultivars and their interaction was non-significant (p>0.05). The order of 

mean shoot length of selected leafy vegetables in four treatments was as follows 

GF>GW>MF>MW with mean values of 42.92>40.48>40.08>30.66.  

This indicated that highest mean shoot length was measured in GF 

treatment while lowest was measured in MW treatment. Maximum shoot length of 

L1 (24.93 cm) and L2 (25.6 cm) decreased 40.23% and 52.22% in MW 

respectively. Maximum shoot length of S1 (61.17 cm) and S2 (63.77 cm) was 

measured in MF and GF treatments. Both cultivars of spinach showed a decrease of 

(S1 21.64 % and S2 25.40 %) in MW treatment. The order of root length 

measurement in four treatments was as GF>MF>GW>MW with mean values of 

14.80>14.57>11.59>10.98 respectively. L1 root length was maximum (15.73 cm) 

in GF but represented a reduction of 5.43 % in GW treatment. L2 root length was 

highest (14.77 cm) in MF and decreased 19.90 % in GW. Maximum root length of 

S1 (16.97 cm) and S2 (14.2 cm) was measured in GF and MF respectively. Both 

spinach cultivars showed a reduction of 50.32 % and 29.78 % in MW treatment.  

This decrease of shoot and root length in MW of our study is associated with 

contents of heavy metals in municipal wastewater. Similar findings of reduced 

shoot and root lengths were reported by Jaleel et al. (2009). Sinha et al. (2007) 

declared that plant shoot followed a specific trend of reduction in wastewater 

irrigation but no specified trend was exhibited by roots as found above. Our results 

are consistent with Sinha et al. (2007) findings because in this study root lengths of 

L1 and L2 were lowest in GW instead of MW. The root and shoot length reduction 

was attributed to heavy metal content in municipal wastewater and their 
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accumulation in roots as well as in leaves of plants (Pandey, 2006). Maximum 

shoot length of spinach and lettuce in GF and MF treatment suggested presence of 

available nutrients in these treatments. NPK in GF and MF not only provided 

primary metabolites but are also responsible for higher uptake of other essential 

elements thus overall growth of plants enhanced.  

The effect of cultivars was highly significant (p<0.001) on fresh weight and 

significant (p<0.01) on dry weight of leafy vegetables. The effect of treatment was 

significant (p<0.01) on fresh weight while non-significant (p>0.05) on dry weight. 

The effect of interaction of treatments and cultivars on fresh and dry weights was 

non-significant (p>0.05). Maximum fresh weight of L1 (107.7 g) and L2 (88.7 g) 

was measured in GF and MF treatment which showed reduction by 55.16 % and 

3.42 % in MW respectively. S1 maximum fresh weight (104.82 g) was recorded in 

MF that was reduced in GW (36.38 %). S2 maximum weight (56.9 g) was 

measured in GW and reduction of 44.21 % was experienced in MW irrigation 

treatment. 

The average trend of fresh weights among four treatments were as follows 

GF>MF>GW>MW and mean values were 84.11>73.69>59.41>58.88 respectively. 

Similar order was found in dry weight reduction but the decrease was non-

significant in all four treatments. Decrease of 30 % in fresh weight was measured in 

municipal wastewater treatment. This considerable fresh weight reduction in MW 

was due to heavy metal accumulation in leaves and roots of leafy vegetables. 

Recently some researchers have shown that plant growth inhibition was positively 

correlated with high content of heavy metal accumulation which interfered with 

metabolic mechanisms (Hashem et al., 2013; Argese et al., 2001). Yang et al. 
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(2011) and Zong et al. (2007) also reported similar reduction of fresh and dry 

weights in Brassica campestris and Apium graveolens. Our results indicated 

maximum fresh and dry weights in GF and MF treatments which were attributable 

to application of NPK fertilizers. Qasim et al. (2001) reported maximum fresh and 

dry weights in NPK applied soils. According to Singh and Agrawal, (2008) NPK 

application is beneficial for soil fertility as it supplied mineral nutrients hence 

resulted in better growth of plants.   

4.1.6 Bioconcentration of Heavy Metals in Roots and Leaves 

Bioconcentration factors (BCF) of roots and leaves are presented in Table 

4.6. BCF values can be used to determine accumulation of trace metals in food 

chain that prove a potent risk for human health. In this study BCF of Zn showed 

maximum value for both roots and leaves in all treatments. Maximum BCF of Zn in 

roots was found in S1 (1.26) in MW, similarly in leaves maximum BCF of Zn was 

recorded in S2×MW (1.57) suggesting that it readily transported from roots to 

leaves in S2 while immobilization of Zn occurred in S1 roots (Bose and 

Bhattacharya, 2008). The order of BCF in leaves is given here 

Zn>Cd>Cu>Co>Ni>Mn>Pb>Cr>Fe. Plant can be categorized as accumulator 

(BCF>1), excluder (BCF<1) or hyperaccumulator (BCF is ≥1) depending on the 

BCF ratios. In our study spinach is considered as accumulator for Zn as BCF value 

of Zn is above 1.  

Wang et al. (2009) described Zn as an essential element therefore often its 

higher concentrations are recorded in plants; however in greater concentrations it 

becomes toxic for plant metabolism. Khan et al. (2008) described that Zn is easily 

transferred from roots to aerial plant parts in leafy vegetables (spinach and lettuce) 
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while Cr faces internal restrictions, which is in agreement with our results. BCF 

values for Zn are also consistent with Mahmood and Malik, (2013), Liu et al. 

(2005) and Nayek et al. (2010). Next to Zn highest BCF was calculated for Cd in 

roots (0.45-0.71) and leaves (0.21-0.54). Similar BCF values for Cd were also 

reported by Yu et al. (2006), Pandey et al. (2012) and Xu et al. (2015).   

Our results showed minimum BCF value of Fe (roots, 0.005-0.041 and 

leaves, 0.003-0.038) in all four treatments, which may be due to high contents of 

iron in our soils. Ali et al. (2013b) argued that BCF values fluctuate due to plant 

species involved, soil physico-chemical characteristics and metal composition. All 

treatments in present study showed a specific BCF trend for all heavy metals in 

roots and leaves. Highest heavy metal BCF values were recorded in the order of 

MW>MF>GF>GW. Municipal wastewater (MW and MF) is source of heavy 

metals so higher BCF values were measured in these treatments. Higher uptake of 

metals by the plants depends upon availability of nutrients, application of 

fertilizers, soil characteristics genetic potential for uptake and climatic factors 

therefore different BCF values were observed in different treatments (Ahmad and 

Goni, 2010; Singh et al., 2010). In contrast to others plants, leafy vegetables are 

considered to accumulate more heavy metals which depend upon their higher rates 

of transpiration due to large surface areas of leaves and maximum numbers of 

leaves per plant (Lato et al., 2012).  

In present investigation higher BCF values were calculated for heavy metals 

in roots and leaves of spinach as compared to lettuce in four different treatments. 

This is in correlation with Puschenreiter et al. (2005) who reported higher BCF 

values in leaves of spinach than pea and carrot. This difference in BCF values of 
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vegetables was due to differential metal absorption capacity of vegetables (Adamo 

et al., 2014).  

It was inferred from results that individual plant species showed different 

BCF values in different irrigation treatments but within a treatment both species 

and their cultivars showed BCF values in close range. BCF values of S1 and S2 

leaves considerably varied in four treatments but little difference were found 

between S1 and S2 in each treatment i.e. BCF of Pb in MF, (S1 = 0.108 and S2 = 

0.105), MW (S1= 0.117 and S2 = 0.113), GF (S1 = 0.005 and S2 = 0.004) and GW 

(S1= 0.004 and S2 = 0.004). This observation was consistent with Franca et al. 

(2017) who reported variation in lettuce Ni BCF values for two sites and attributed 

differences to soil composition and metal availability. In our results, all BCF values 

were in permissible limits except Zn, which we attribute to 3 reasons i.e. (1) short 

life cycle of leafy vegetables (3-4 months), (2) Usage of control soil with no 

wastewater irrigation history; therefore in spite of wastewater irrigation no 

alarmingly higher heavy metal built up was observed and (3) Only long term 

irrigation of municipal wastewater can result in considerable enrichment of heavy 

metals in soils, thus higher BCF values and potential risk for human health via 

consumption of these contaminated vegetables may rise.    

4.1.7 Health Risk to Adults and Children 

Table 4.7 showed health risk index (HRI) and hazard index (HI) in adults 

and children. All the HRI values of 9 selected metals were <1 in adults but Co 

showed HRI>1 in spinach leaves in MW and MF treatment for children. HRI 

values in adults were recorded as Ni (0-0.041), Pb (0-0.154), Zn (0.006-0.067), Mn 

(0.002-0.083), Fe (0.003-0.107), Cu (0.005-0.069), Cr (0), Co (0.020-0.908), Cd (0-
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0.004) similarly HRI values of selected heavy metals in children were Ni (0-0.075), 

Pb (0.001-0.279), Zn (0.010-0.122), Mn (0.004-0.151), Fe (0.005-0.194), Cu 

(0.009-0.125), Cr (0-0.001), Co (0.034-1.643), Cd (0-0.007). HI values in spinach 

cultivars were >1 in MW and MF treatment for adults while <1 in GW and GW 

treatments. Lettuce cultivars showed HI<1 in all four treatments in adults. For 

children, lettuce showed HI<1 in different irrigation treatments and spinach in GW 

and GF. Spinach cultivated with wastewater (MW and MF) represented HI>1 in 

children. Our findings of HRI and HI in spinach are in agreement with Mahmood 

and Malik, (2013) who described that spinach is unsafe for human consumption 

when cultivated in municipal wastewater (MW) where it becomes toxic and proves 

to be a risk for human health. 

Higher HRI and HI in spinach corresponded to greater accumulation of 

heavy metals in its leaves when grown with wastewater treatments. Ronaq et al. 

(2005) stated that due to accumulation of toxic heavy metals its consumption 

becomes a potential non carcinogenic risk for humans. Elevated levels of Cu, Cr, 

Pb, Fe and Zn in spinach leaves cultivated in wastewater made it toxic for 

consumption both by adults and children. Our findings are in agreement with Khan 

et al. (2008) who described that higher Cu contents were recorded in spinach leaves 

grown with wastewater as compared to control. Heavy metals discharged along 

with municipal wastewater are readily absorbed by spinach which then exhibits 

serious ecotoxic effects on irrigation (Arora et al., 2008). Our results also indicated 

lowest HRI levels for Cr and Cd, possibly due to insignificant accumulation in 

vegetables leaves. Another supporting factor for their low values was minimum 

levels of CDI (chronic daily intake) for these metals. 
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HRI and HI for all the metals were greater for children compared to adults 

which is well consistent with Khan et al. (2008). Khan et al. (2010) also reported 

higher health risk in children compared to adults from consumption of vegetables 

irrigated with wastewater. Jan et al. (2010) and Pandey et al. (2012) reported that 

wastewater irrigation for one crop cycle with no previous wastewater irrigation 

history did not show considerable toxicity in terms of HRI and HI to human health 

but continuous and long term irrigation can do so. Such disturbed soils can result in 

higher availability of heavy metals to plants and pose risk to humans. Hu et al. 

(2014) documented that different plant species and their genotypic variants vary in 

their capacities to accumulate heavy metals. Abbasi et al. (2013) proposed a 

solution to this issue that health risk can be minimized through selection of suitable 

plant species for such contaminated cultivation sites. 

Our findings suggest that spinach cultivation in such receiving sites is not 

appropriate; while lettuce appeared to be a low accumulator than spinach. Anyhow 

lettuce and spinach, both being leafy vegetables, cannot be used for cultivation in 

agro-ecologies receiving raw municipal wastewater beyond one crop cycle. If 

continued, both vegetables will harbor indefinite health risk for adults/children, 

which in present study were only witnessed in spinach cultivars. The permissible 

limit set by FAO/WHO., (1984) for consumption of metals in vegetables are given 

as (Cu 3.00), (Cd 0.21), (Cr 0.02), (Zn 27.4), (Ni 1.63), (Fe 20.0), (Mn 2.00) and 

(Pb 0.43) in mg/kg (Chandra et al., 2009). Mean metal (Co, Pb, Ni, Zn and Cd) 

levels below while some (Fe, Mn and Cr) were found higher than limits defined by 

FAO/WHO., (1984) for human consumption. 

Similarly, mean Cu levels for lettuce cultivars were below whereas higher 



74 
 

 
 

in spinach cultivars. Though Fe, Mn, Cr and Cu mean levels were found higher, 

their corresponding HRI’s for adults and children were effectively lower. In 

addition, their contributions to HI were quite lower in both age groups due to low 

oral reference doses defined by USEPA IRIS for these metals. Fe, Mn and Cu are 

also essential nutrients for plant metabolism, therefore often found in higher 

quantities even in control soils (Chandra et al., 2009). Soil-to-plant transfer aspects 

are frequently used to assess metal uptake ability of plants and it is one of the 

crucial mechanisms of human exposure to metals through food chain. In order to 

examine the health risk related with wastewater-contaminated soils, it is important 

to evaluate the transfer of metals from soil to plants (Khan et al., 2008). 

One of the most significant and responsible pathways of human exposure to 

heavy metals is food chain (Jan et al., 2010). Special consideration has been 

compensated to safeguard nontoxic levels of heavy metals in food to create 

thresholds of heavy metals concentrations in soil as well as in plants specially green 

leafy vegetables (Sun et al., 2007). The existing environmental eminence standard 

for environmental evaluation and management does not reflect the features such as 

specific crop, phytoavailability and relevant human health risk of heavy metals. 

However, uptake and transfer of heavy metals through vegetables are affected by 

the concentration of heavy metals in irrigated soils, physical and chemical 

properties of soils, different types of vegetables and varying species (Xu et al., 

2015; Yang et al., 2011). Accumulation of heavy metals in vegetables through 

wastewater application is global issue now and should be solved with greater 

concern at all levels. 
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Table 4.1. Characteristics of ground water as control (GW) and municipal wastewater 

      (MW) used for lettuce and spinach irrigation. 

 Control Municipal  
Parameters Mean SD Min Max Mean SD Min Max Irrigation  

Standards 
pH1 7.33 0.23 6.96 7.74 8.49 0.32 7.95 9.10 6.5-8.4* 

TDS 296.16 83.77 178.92 472.86 1205.09 139.87 920.00 1360.00 2000* 

EC 
(mS/cm) 0.47 0.16 0.26 0.74 1.71 0.26 1.36 2.02 3* 

Nitrate- 
nitrogen 1.16 0.41 0.00 1.57 30.29 3.12 25.00 34.23 10* 

Chlorides 43.50 9.09 28.47 56.70 379.84 10.79 361.27 396.38 1065* 

Total 
hardness 198.81 47.67 94.23 311.11 683.71 9.60 667.47 697.39 - 

COD 3.58 0.79 2.00 5.00 303.81 13.22 283.86 326.00 150** 

Alkalinity 232.50 31.15 174.00 275.00 508.93 33.36 456.00 571.33 613.1* 

Sulphate 40.29 9.05 25.64 55.42 93.39 4.62 87.16 101.37 960* 

Phosphate 0.25 0.11 0.04 0.39 3.57 0.36 3.14 3.98 2* 

Ni 0.019 0.01 0.01 0.03 0.31 0.12 0.11 0.47 0.2*** 

Pb ND ND ND ND 0.84 0.30 0.09 1.09 5*** 

Zn 0.045 0.01 0.03 0.06 0.59 0.11 0.46 0.77 2*** 

Mn 0.034 0.01 0.02 0.05 0.48 0.15 0.16 0.65 0.2*** 

Fe 0.183 0.06 0.11 0.32 0.92 0.49 0.21 1.43 5*** 

Cu 0.046 0.01 0.02 0.06 0.38 0.16 0.23 0.64 0.2*** 

Cr 0.024 0.00 0.02 0.03 0.07 0.01 0.05 0.10 0.1*** 

Co ND ND ND ND 0.08 0.03 0.02 0.13 0.05*** 

Cd ND ND 0.00 0.00 0.07 0.02 0.04 0.09 0.01*** 

Na 17.81 3.74 12.37 23.24 41.50 5.28 35.77 51.88 919.6* 

Ca 37.48 2.71 33.16 41.78 126.60 7.10 116.75 138.36 400.8* 

K 1.68 0.28 1.18 2.09 19.50 4.26 13.60 26.83 2* 

Mg 24.70 2.62 18.36 27.35 42.36 7.05 26.54 51.50 60.8* 

 
* Ayers and Westcot, 1985; **Alberta Environment, 2000; *** Rowe and Abdel-Magid, 1995;  
1 pH is dimensionless; All units are in mg/L except where mentioned; ND not detected 
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Table 4.2. Physico-chemical characteristics and metal content of soil (mean±SD) in the present study. 

Parameters GW GF MW MF Permissible Soil Standards 
pH1 7.37±0.38 7.55±0.35 7.97±0.26 8.15±0.12 6.6-8.4* 

TDS 216.05±6.55 220.26±12.03 870.68±25.93 856.11±22.74 - 
EC (mS/cm) 0.33±0.03 0.34±0.02 1.36±0.04 1.33±0.03 4** 

Alkalinity 362.37±21.05 384.57±7.49 551.74±57.32 612.48±127.98 - 
Chlorides 146.35±13.41 179.04±16.79 345.95±22.36 334.23±17.09 3000* 

Organic Matter (%) 1.94±0.1 1.88±0.16 3.58±0.78 3.82±0.54 >0.86** 

Phosphorus 8.87±0.65 10.08±1.11 11.88±1.23 13.6±0.5 >7** 

Nitrate Nitrogen 2.4±0.06 3.85±0.12 24.08±0.99 26.64±1.75 1000* 

Ni 10.03±1.05 9.18±1.24 18.93±0.81 19.46±0.47 20** 

Pb 12.84±0.52 12.43±0.72 24.52±1.21 23.94±1.54 32** 

Zn 48.42±3.21 42.73±2.54 59.77±2.22 63.44±5.58 64** 

Mn 233.37±12.57 237.88±10.29 287.64±12.98 272.59±11.56 437** 

Fe 8224.86±852.92 7190.85±681.72 9123.75±777.77 10067.5±721.08 38000** 

Cu 18.4±1.3 17.41±1.26 29.4±2.58 25.64±1.18 13-24** 

Cr 25.22±2.18 24.92±1.21 31.27±2.09 32.44±1.8 54** 

Co 2.15±0.31 1.81±0.34 4.42±0.17 4.68±0.31 7.9** 

Cd ND 0.04±0.01 1.31±0.18 1.4±0.31 0.06-1.1** 

Na 383.59±23.61 301.63±12.44 848.19±48.61 793.77±33.05 6300** 

Ca 8193.96±624.08 8725.65±588.05 11874.5±847.42 12260.75±627.05 13700** 

K 2632.25±224.06 2791.41±255.54 3233.88±112.96 3303.27±165.52 8300** 

Mg 7462.09±540.62 6781.4±591.63 8606.51±657.84 8057.89±533.41 5000** 

 
*Pedrero and Alarcon, 2009; **Alloway, 2013; 1 pH is dimensionless; All units are in mg/Kg except where mentioned; ND not detected; GW= 
ground water; GF= ground water with NPK fertilizer; MW= municipal wastewater; MF= municipal waste water with NPK fertilizer 
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Table 4.3. Heavy metal and macronutrients (mg/kg) accumulation in lettuce and spinach roots grown in different irrigation  

     treatments. 

  Treat
ments Ni-R Pb-R Zn-R Mn-R Fe-R Cu-R Cr-R Co-R Cd-R Na-R Ca-R K-R Mg-R 

Leafy V
egetables 

(LV
) 

L1 1.93ab 0.95b 49.8ab 22.84b 113.06c 6b 1.98bc 0.66b 0.39a 389.75b 18206a 10948b 6373.6a 

L2 1.51b 0.89b 51.59a 21.29b 116.98c 6.68b 1.65c 0.79ab 0.42a 436.39ab 18104a 11932b 6412.5a 

S1 2.12a 1.58a 50.44ab 28.23a 214.24a 8.67a 2.08ab 0.92a 0.34a 555.23a 16349b 17608a 4315.8b 

S2 2.35a 1.52a 47.18b 25.76a 195.87b 9.36a 2.37a 0.85ab 0.44a 502.46ab 15947b 11747b 3418.8b 

Treatm
ents (T) 

MF 4.06a 2.12a 67.18b 44.18a 251.65b 11.79a 4.01a 1.48a 0.79a 561.19a 18685a 14379a 6361.5a 

MW 3.47b 2.25a 73.11a 39.68b 276.17a 11.61a 3.41b 1.39a 0.78a 482.08ab 17865a 12947a 5982.5a 

GF 0.21c 0.49b 29.98c 7.42c 56.76c 3.84b 0.35c 0.18b 0.02b 433.95b 16351b 12577a 4073.9b 

GW 0.17c 0.08c 28.73c 6.84c 55.57c 3.47b 0.31c 0.18b 0b 406.62b 15705b 12332a 4102.8b 

Interactions  (LV
*T) 

L1MF 3.96abc 1.65b 55.89c 36.22de 172.73c 8.76b 3.89bcd 1.17de 0.74a 462.31abc 20426a 12219cd 7656.2a 

L2MF 3.25cd 1.54b 59.33c 37.72cd 177.4c 9.1b 3.35cd 1.23cde 0.87a 495.97abc 18510abc 12791cd 7816.6a 

S1MF 4.22ab 2.67a 78.93a 52.9a 345.38ab 14.08a 4.06abc 1.82a 0.73a 689.30a 17420bcde 19080a 5402.9abc 

S2MF 4.82a 2.61a 74.58ab 49.88a 311.09b 15.21a 4.73a 1.71ab 0.82a 597.17ab 18385abc 13424bcd 4570.2bcd 

L1MW 3.45bc 1.74b 68.05b 41.18bcd 191.27c 8.32b 3.25de 1.06e 0.81a 418.31bc 18241bc 10806d 7108.7ab 

L2MW 2.48d 1.59b 75.73a 31.9e 199.52c 9.67b 2.59e 1.37bcde 0.79a 442.65abc 19198ab 11044d 7173.6a 

S1MW 3.8bc 2.88a 75.75a 44.3b 378.24a 13.59a 3.66bcd 1.61abc 0.59a 551.74abc 16602cde 17753ab 5298.4abc 

S2MW 4.16abc 2.78a 72.94ab 41.34bc 335.64b 14.88a 4.13ab 1.54abcd 0.93a 515.60abc 17420bcde 12184cd 4349.5cd 

L1GF 0.18e 0.27cd 36.05d 6.87f 42.23d 3.54c 0.41f 0.21f BDL 334.21c 17263bcde 10066d 5245.2abc 

L2GF 0.19e 0.31cd 34.75d 8.19f 48.34d 4.12c 0.35f 0.31f 0.02b 392.77bc 17745bcd 11822cd 5278.1abc 

S1GF 0.25e 0.72c 26.46e 8.1f 65.4d 3.79c 0.31f 0.13f 0.03b 523.47abc 15938def 17392ab 3324.0cd 

S2GF 0.22e 0.65cd 22.68ef 6.51f 71.06d 3.92c 0.33f 0.09f 0.03b 485.35abc 14457fg 11029d 2448.2d 

L1GW 0.12e 0.13cd 39.23d 7.08f 46.02d 3.38c 0.37f 0.21f BDL 344.19c 16894cde 10699d 5484.3abc 

L2GW 0.14e 0.14cd 36.55d 7.38f 42.64d 3.85c 0.31f 0.27f BDL 414.17bc 16962cde 12070cd 5381.6abc 

S1GW 0.23e 0.04d 20.62ef 7.61f 67.93d 3.21c 0.28f 0.14f BDL 456.40abc 15438efg 16207abc 3238.0cd 

S2GW 0.21e 0.03d 18.52f 5.32f 65.7d 3.44c 0.3f 0.09f BDL 411.71bc 13525g 10350d 2307.2d 
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Source  of 
V

ariation 

LV ** *** NS *** *** *** ** NS NS NS *** *** *** 

T *** *** *** *** *** *** *** *** *** NS *** NS ** 

LV*T NS NS *** *** *** *** NS NS NS NS NS NS NS 

 
NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; Means in the same column with same letter are 
not significantly different from each other; BDL Below detection limit; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; GW= ground 
water; GF= ground water with NPK fertilizer; MW= municipal wastewater; MF= municipal waste water with NPK fertilizer 
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Table 4.4. Heavy metal and macronutrients (mg/kg) accumulation in lettuce and spinach leaves grown in different irrigation  

      treatments. 

  

Treatment Ni-L Pb-L Zn-L Mn-L Fe-L Cu-L Cr-L Co-L Cd-L Na-L Ca-L K-L Mg-L Leafy 
V

egetables 
(LV

) 

L1 1.66a 0.79b 36.77c 17.71b 87.84c 3.8d 0.73b 0.46b 0.32a 575.6b 14437a 18904b 4103.2a 
L2 1.92a 0.78b 34.7c 16.21c 88.66c 4.39c 0.7b 0.43b 0.33a 513.33b 15748a 17732b 4128.6a 

S1 1.69a 1.39a 53.95b 28.91a 178.73b 8.29b 1.38a 0.63a 0.26a 984.75a 16538a 22415a 5428.5a 
S2 1.86a 1.35a 56.42a 28.53a 196.06a 8.75a 1.41a 0.67a 0.31a 888.66a 16154a 20948ab 5671.3a Treatm

ents (T) 

MF 3.57a 2.02b 69.36a 38.47b 226.42b 8.97a 2.03a 1.03a 0.595a 811.35a 16984a 20325a 5810.9a 
MW 3.47a 2.2a 68.83a 41.2a 248.12a 8.99a 1.86b 1a 0.613a 758.12a 16553a 21258a 5569.1ab 

GF 0.04b 0.04c 21.62b 6.01c 40.18c 3.59b 0.17c 0.09b 0.003b 709.24a 14761a 19013a 3990.7b 
GW 0.04b 0.04c 22.02b 5.68c 36.56c 3.68b 0.16c 0.08b 0b 683.64a 14578a 19403a 3960.8b  Interactions  (LV

*T) 

L1MF 3.62abc 1.51c 59.51c 30.12e 135.87e 5.51de 1.22de 0.89c 0.65ab 652.3abcd 15294ab 20053ab 4952.3ab 
L2MF 3.65abc 1.48c 53.65d 29.72e 138.48e 5.83cd 1.19e 0.82cd 0.63ab 576.2abcd 16909ab 18116b 5084.1ab 

S1MF 3.51abc 2.58ab 81.9b 47c 306.26c 12.37ab 2.91a 1.21ab 0.57abc 1055.5a 18853a 22116ab 6434.0ab 
S2MF 3.49abc 2.53b 82.38b 47.07c 325.09b 12.18b 2.81a 1.19ab 0.54bc 961.4abcd 16880ab 21017ab 6773.2a 

L1MW 2.92c 1.63c 47.96e 33.62d 157.78d 4.97ef 1.41d 0.82cd 0.62ab 535.1bcd 15940ab 18622ab 5033.5ab 
L2MW 3.96a 1.57c 41.43f 25.93f 163.07d 6.27c 1.3de 0.76d 0.71a 501.6d 17276ab 17637b 4904.9ab 

S1MW 3.16bc 2.86a 91.94a 54.2a 323.10b 11.89b 2.25c 1.14b 0.44c 991.5abc 17087ab 24968a 6227.4ab 
S2MW 3.84ab 2.76ab 94.01a 51.05b 348.51a 12.85a 2.47b 1.27a 0.69ab 1004.3ab 15908ab 23805ab 6110.7ab 

L1GF 0.05d 0.01d 19j 3.79i 32.52hij 2.42h 0.15f 0.06e BDL 598.1abcd 13091b 18070b 3105.2b 
L2GF 0.04d 0.04d 24.64gh 4.9hi 29.14ij 2.82h 0.16f 0.08e BDL 487.8d 14635ab 17319b 3363.2b 

S1GF 0.04d 0.06d 19.18ij 7.17gh 41.08ghi 4.29g 0.18f 0.09e BDL 931.1abcd 15230ab 20759ab 4524.3ab 
S2GF 0.05d 0.05d 23.65ghi 8.17g 57.99f 4.84fg 0.19f 0.11e BDL 819.9abcd 16089ab 19904ab 4970.3ab 

L1GW 0.04d 0.02d 20.6hij 3.34i 25.17j 2.33h 0.13f 0.07e BDL 516.8cd 13423b 18872ab 3321.9b 
L2GW 0.03d 0.03d 19.06j 4.29i 23.96j 2.65h 0.15f 0.08e BDL 487.8d 14170ab 17855b 3162.1b 

S1GW 0.04d 0.05d 22.78hij 7.28gh 44.46fgh 4.63fg 0.17f 0.09e BDL 961.0abcd 14982ab 21818ab 4528.2ab 
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 S2GW 0.05d 0.05d 25.63g 7.82g 52.66fg 5.13ef 0.18f 0.1e BDL 769.0abcd 15739ab 19067ab 4830.9ab Source  of 
V

ariation 

LV NS *** *** *** *** *** *** *** NS ** NS * NS 

T *** *** *** *** *** *** *** *** *** NS NS NS NS 

LV*T NS *** *** *** *** *** *** *** NS NS NS NS NS 
 
NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; Means in the same column with same letter are 
not significantly different from each other; BDL below detection limit; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; GW= ground water; 
GF= ground water with NPK fertilizer; MW= municipal wastewater; MF= municipal waste water with NPK fertilizer 
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Table 4.5. Analysis of variance showing mean values of leaf area, leaf number, shoot  

     and root length, fresh and dry weight. 

Treatments 
 Leaf 
Area  Leaf 

No/plant 

Shoot 
Length 

Root 
Length 

Fresh 
Weight 

Dry 
Weight 

(cm) (cm) (cm) (g) (g) 
Leafy Vegetables       

L1 101.23b 11.44c 20.83c 13.35a 65.45b 26.94ab 
L2 126.37a 10.27c 19.17c 13.36a 87.27a 30.43a 
S1 84.47c 35.48b 55.39b 13.10a 81.52a 37.83a 
S2 62.3d 38.73a 58.75a 12.14a 41.86c 16.09b 

Treatments       
MF 86.95b 25.5a 40.08a 14.57a 73.69ab 28.78a 
MW 79.01b 19.26b 30.66b 10.98b 58.88b 23.31a 
GF 123.32a 26.23a 42.92a 14.80a 84.11a 33.86a 
GW 85.09b 24.94a 40.48a 11.59b 59.41b 25.35a 

Interactions       
L1MF 96.54de 11.33efg 19.17fg 14.2abc 55.58def 17.76bcd 
L2MF 125.54ab 11efg 18.33g 14.77abc 88.7ab 34.92abcd 
S1MF 81.32ef 37.33bc 61.17ab 15.13abc 104.82a 44.94a 
S2MF 44.39gh 42.33ab 61.67ab 14.2abc 45.66ef 17.49bcd 
L1MW 89.05de 8.47gh 14.9gh 13.17bcd 48.29ef 24.47abcd 
L2MW 109.39bcd 6.13h 12.23h 12.37bcd 85.66abcd 23.29abcd 
S1MW 89.53de 37.63bc 47.93d 8.43e 69.83bcde 34.3abcd 
S2MW 28.06h 28.8d 47.57d 9.97de 31.74f 11.19d 
L1GF 126.2ab 15.97e 24.93ef 15.73ab 107.7a 45.23a 
L2GF 142.21a 15.3ef 25.6e 14.47abc 87.1abc 37.12abc 
S1GF 102.35cde 33cd 57.4bc 16.97a 84.74abcd 39.63ab 
S2GF 122.54abc 40.67ab 63.77a 12.03cd 56.9cdef 13.44cd 
L1GW 93.15de 12ef 24.33ef 10.3de 50.22ef 20.3bcd 
L2GW 128.33ab 10.67fg 20.53efg 11.83cd 87.61ab 26.39abcd 
S1GW 64.66fg 33.97c 55.07c 11.87cd 66.68bcde 32.46abcd 
S2GW 54.2g 43.13a 62ab 12.37bcd 33.12f 22.23abcd 

Source Of 
Variation       

Leafy Vegetables *** *** *** NS *** ** 
Treatments *** *** *** *** ** NS 
Interactions *** *** NS NS NS NS 

NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; 
Means in the same column with same letter are not significantly different from each other; BDL below 
detection limit; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; GW=ground water; 
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GF=ground water with NPK fertilizer; MW=municipal wastewater; MF=municipal wastewater with 
NPK fertilizer 
Table 4.6. Bioconcentration factor (BCF) values of 9 metals in leaves and roots of  

      spinach and lettuce grown under different irrigation treatments. 

Leaf Ni Pb Zn Mn Fe Cu Cr Co Cd 
L1MF 0.186 0.063 0.938 0.110 0.013 0.215 0.037 0.190 0.461 
L2MF 0.188 0.062 0.846 0.109 0.014 0.227 0.037 0.174 0.446 
S1MF 0.180 0.108 1.291 0.172 0.030 0.482 0.090 0.258 0.407 
S2MF 0.179 0.105 1.299 0.173 0.032 0.475 0.086 0.255 0.386 
L1MW 0.154 0.066 0.802 0.117 0.017 0.169 0.045 0.185 0.469 
L2MW 0.209 0.064 0.693 0.090 0.018 0.213 0.041 0.172 0.542 
S1MW 0.167 0.117 1.538 0.188 0.035 0.404 0.072 0.257 0.336 
S2MW 0.202 0.113 1.573 0.177 0.038 0.437 0.079 0.286 0.523 
L1GF 0.006 0.001 0.445 0.016 0.005 0.138 0.006 0.036 ND 
L2GF 0.004 0.003 0.577 0.021 0.004 0.162 0.007 0.047 ND 
S1GF 0.004 0.005 0.449 0.030 0.006 0.246 0.007 0.050 0.212 
S2GF 0.005 0.004 0.553 0.034 0.008 0.278 0.008 0.062 ND 
L1GW 0.004 0.001 0.425 0.014 0.003 0.126 0.005 0.032 ND 
L2GW 0.003 0.002 0.394 0.018 0.003 0.144 0.006 0.036 ND 
S1GW 0.004 0.004 0.470 0.031 0.005 0.251 0.007 0.043 ND 
S2GW 0.005 0.004 0.529 0.034 0.006 0.279 0.007 0.046 ND 
Root          L1MF 0.203 0.069 0.881 0.133 0.017 0.342 0.120 0.249 0.527 

L2MF 0.167 0.064 0.935 0.138 0.018 0.355 0.103 0.263 0.615 
S1MF 0.217 0.111 1.244 0.194 0.034 0.549 0.125 0.388 0.518 
S2MF 0.248 0.109 1.176 0.183 0.031 0.593 0.146 0.363 0.587 
L1MW 0.182 0.071 1.138 0.143 0.021 0.283 0.104 0.239 0.618 
L2MW 0.131 0.065 1.267 0.111 0.022 0.329 0.083 0.309 0.600 
S1MW 0.201 0.117 1.267 0.154 0.041 0.462 0.117 0.365 0.450 
S2MW 0.220 0.113 1.220 0.144 0.037 0.506 0.132 0.347 0.708 
L1GF 0.019 0.022 0.844 0.029 0.006 0.203 0.017 0.115 ND 
L2GF 0.021 0.025 0.813 0.034 0.007 0.236 0.014 0.171 0.538 
S1GF 0.027 0.058 0.619 0.034 0.009 0.218 0.013 0.072 0.719 
S2GF 0.024 0.052 0.531 0.027 0.010 0.225 0.013 0.049 0.619 
L1GW 0.012 0.010 0.810 0.030 0.006 0.183 0.015 0.098 ND 
L2GW 0.013 0.011 0.755 0.032 0.005 0.209 0.012 0.124 ND 
S1GW 0.023 0.003 0.426 0.033 0.008 0.174 0.011 0.064 ND 
S2GW 0.021 0.002 0.382 0.023 0.008 0.187 0.012 0.041 ND 
 
L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; ND not detected; GW= ground water; GF= 
ground water with NPK fertilizer; MW= municipal wastewater; MF= municipal waste water with NPK 
fertilizer 
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Table 4.7. Health risk index (HRI) values of selected metals and calculated HI values 

     in adults and children based on daily consumption of vegetables. 

Adults Ni  Pb  Zn  Mn  Fe  Cu  Cr  Co  Cd  HI 
L1MF 0.017 0.035 0.018 0.02 0.018 0.013 0.0001 0.276 0.002 0.4 
L2MF 0.017 0.034 0.017 0.02 0.018 0.014 0.0001 0.253 0.001 0.37 
S1MF 0.038 0.139 0.059 0.072 0.094 0.067 0.0004 0.868 0.003 1.34 
S2MF 0.038 0.136 0.059 0.072 0.1 0.066 0.0004 0.856 0.003 1.33 
L1MW 0.014 0.038 0.015 0.022 0.021 0.012 0.0001 0.254 0.001 0.38 
L2MW 0.018 0.036 0.013 0.017 0.022 0.015 0.0001 0.236 0.002 0.36 
S1MW 0.034 0.154 0.066 0.083 0.099 0.064 0.0003 0.814 0.002 1.32 
S2MW 0.041 0.149 0.067 0.079 0.107 0.069 0.0004 0.908 0.004 1.42 
L1GF 0.0000 0.0003 0.006 0.003 0.004 0.006 0 0.02 0 0.04 
L2GF 0.0000 0.001 0.008 0.003 0.004 0.007 0 0.026 0 0.05 
S1GF 0.0004 0.003 0.014 0.011 0.013 0.023 0 0.065 0.0001 0.13 
S2GF 0.001 0.003 0.017 0.013 0.018 0.026 0 0.08 0.0001 0.16 
L1GW 0.0002 0.0004 0.006 0.002 0.003 0.005 0 0.021 0 0.04 
L2GW 0.0002 0.001 0.006 0.003 0.003 0.006 0 0.024 0 0.04 
S1GW 0.0004 0.003 0.016 0.011 0.014 0.025 0 0.067 0 0.14 
S2GW 0.001 0.003 0.018 0.012 0.016 0.028 0 0.071 0 0.15 

Children           
L1MF 0.028 0.059 0.031 0.034 0.03 0.021 0.0001 0.463 0.003 0.67 
L2MF 0.028 0.058 0.028 0.033 0.031 0.023 0.0001 0.424 0.002 0.63 
S1MF 0.068 0.251 0.106 0.131 0.171 0.121 0.001 1.571 0.006 2.43 
S2MF 0.068 0.246 0.107 0.131 0.181 0.119 0.001 1.55 0.005 2.41 
L1MW 0.023 0.064 0.025 0.037 0.035 0.019 0.0001 0.425 0.002 0.63 
L2MW 0.031 0.061 0.022 0.029 0.036 0.024 0.0001 0.395 0.003 0.6 
S1MW 0.062 0.279 0.119 0.151 0.18 0.116 0.001 1.474 0.004 2.39 
S2MW 0.075 0.269 0.122 0.142 0.194 0.125 0.001 1.643 0.007 2.58 
L1GF 0.0004 0.001 0.01 0.004 0.007 0.009 0 0.034 0 0.07 
L2GF 0.0003 0.002 0.013 0.005 0.006 0.011 0 0.044 0.0001 0.08 
S1GF 0.001 0.006 0.025 0.02 0.023 0.042 0 0.117 0.0002 0.23 
S2GF 0.001 0.005 0.031 0.023 0.032 0.047 0.0001 0.145 0.0001 0.28 
L1GW 0.0003 0.001 0.011 0.004 0.006 0.009 0 0.035 0 0.07 
L2GW 0.0003 0.001 0.01 0.005 0.005 0.01 0 0.04 0 0.07 
S1GW 0.001 0.005 0.03 0.02 0.025 0.045 0 0.12 0 0.25 
S2GW 0.001 0.005 0.033 0.022 0.029 0.05 0 0.129 0 0.27 
 
HRI = health risk index; HI= hazard index; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; 
GW= ground water; GF= ground water with NPK fertilizer; MW= municipal wastewater; MF= 
municipal waste water with NPK fertilizer 
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Fig 4.1. Changes in total chlorophyll contents of leafy vegetables, where GW=ground 

 water, GF=ground water with NPK fertilizer, MW=municipal wastewater, 
MF= municipal wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; 
S1=Desi Palak; S2=Lahori Palak. Mean values sharing same letters are not 
significantly different from each other at p<0.05 
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Fig 4.2. Changes in carotenoid contents of leafy vegetables, where GW = ground 

water, GF=ground water with NPK fertilizer, MW=municipal wastewater, 
MF= municipal wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; 
S1=Desi Palak; S2=Lahori Palak. Mean values sharing same letters are not 
significantly different from each other at p<0.05 

 
 
 

                                                          

 
 
 
 
 
    



86 
 

 
 

fg
fgh

a ab
gh

gh

a ab

d
cd

abc
bcd

h ef

cd de

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00

100.00

M
SI

 (%
)

Treatments

L1 L2 S1 S2

MF                               MW                              GF                                GW

 
 
 
 
 
 

 
Fig 4.3. Changes in MSI % of leafy vegetables, where GW=ground water, GF=ground 

water with NPK fertilizer, MW=municipal wastewater, MF=municipal 
wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; S1=Desi Palak; 
S2=Lahori Palak. Mean values sharing same letters are not significantly 
different from each other at p<0.05 

 

 

 

 

  



87 
 

 
 

fg
ef

a
bcd

fg

e

a

d

gh
fg

bcd
ab

h
fg

abc cd

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

Su
ga

rs
 (m

g/
g)

Treatments

L1

L2

S1

S2

MF                                  MW GF                                   GW                  

 
 
 
 
 
                                                                           
 

 
Fig 4.4. Changes in sugar levels of leafy vegetables, where GW=ground water, GF= 

Ground water with NPK fertilizer, MW=municipal wastewater, MF=municipal 
wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; S1=Desi Palak; 
S2=Lahori Palak. Mean values sharing same letters are not significantly 
different from each other at p<0.05 
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Fig 4.5. Changes in protein contents of leafy vegetables, where GW=ground water,  
GF=ground water with NPK fertilizer, MW=municipal wastewater, 
MF=municipal wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; 
S1=Desi Palak; S2=Lahori Palak. Mean values sharing same letters are not 
significantly different from each other at p<0.05 
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Fig 4.6. Changes in proline contents of leafy vegetables, where GW=ground water, 

 GF=ground water with NPK fertilizer, MW=municipal wastewater, 
MF=municipal wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; 
S1=Desi Palak; S2=Lahori Palak. Mean values sharing same letters are not 
significantly different from each other at p<0.05 
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Fig 4.7. Changes in SOD contents of leafy vegetables, where GW=ground water, GF=  
Ground water with NPK fertilizer, MW=municipal wastewater, MF=municipal 
wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; S1=Desi Palak; 
S2=Lahori Palak. Mean values sharing same letters are not significantly 
different from each other at p<0.05 
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Fig 4.8. Changes in POD contents of leafy vegetables, where GW=ground water, GF=  
ground water with NPK fertilizer, MW=municipal wastewater, MF=municipal 
wastewater with NPK fertilizer, L1=Leaf; L2=Ice berg; S1=Desi Palak; 
S2=Lahori Palak. Mean values sharing same letters are not significantly 
different from each other at p<0.05 
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Fig 4.9. Changes in CAT contents of leafy vegetables, where GW=ground water, GF 
 =ground water with NPK fertilizer, MW=municipal wastewater, 
MF=municipal waste water with NPK fertilizer, L1=Leaf; L2=Ice berg; 
S1=Desi Palak; S2=Lahori Palak. Mean values sharing same letters are not 
significantly different from each other at p<0.05 
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4.2 COMPARATIVE  EFFICIENCY  OF  TREATED  WASTEWATERS  IN 

      LEAFY VEGETABLE PRODUCTION 

4.2.1 Characterization of Treated Water and Treatment Efficiency of BT and    

        PT 

Comparison of physico-chemical parameters of municipal wastewater and 

treated water through two different trickling filters is presented in Table 4.8. This 

table showed considerable reduction in analyzed parameters of treated water 

through trickling filter containing physical substrates (PT) and even more 

remarkable reduction in treated water through trickling filter with biological 

substrates (BT). pH value (8.49) of MW was decreased by 4.63 % in PT (8.1) while 

it was reduced by 11.91 % in BT (pH 7.48). Adsorption of heavy metals on the 

surface of biological waste materials (adsorbents) released protons (H+) into the 

treated water. Higher the H+ ions in the treated water lower the pH of the BT was 

recorded (Iqbal et al., 2009).  

Degradation of agricultural wastes in BT were another reason for pH 

reduction whereas reduction in pH value might be due to the denitrification process 

taking place in established biofilms (Rehman et al., 2012). Reduced pH values also 

corroborated with reduction in alkalinity (PT 16.62 % and BT 50.24 %). Alkalinity 

is the measure of carbonates and bicarbonates (both with negative charge) in 

wastewater which were adsorbed on the surface of positively charged agricultural 

waste substrates. These agricultural waste substrates (rice husk, corn cob and wheat 

straw) serve as anion exchangers and efficiently remove divalent anions from 

wastewater resulting in decreased pH in treated water (Katal et al., 2012). EC and 

TDS were reduced by 8.11 and 14.62 % in PT while this reduction was 63.7 and 
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68.42 % in BT respectively. Amount of TDS in PT and BT was decreased due to 

adsorption efficiency of porous materials filled as substrates in both trickling filters 

(Rehman et al., 2012). EC values are directly related with the amount of TDS 

(soluble salts) in water; that is why reduction in TDS is accompanied with 

reduction in EC (Garcia-Mesa et al., 2010). 

Removal of nitrate nitrogen (NO3-N) from wastewater is based on the 

process of denitrification which is the conversion of nitrates (NO3) and nitrites 

(NO2) into molecular nitrogen (N2) by the activity of denitrifying bacteria. In our 

results, 60.25 % reduction of nitrate nitrogen in PT was due to such denitrification 

process carried out in established biofilms on gravel bed in PT. This removal 

percentage of nitrate nitrogen by gravel as filter media was consistent with Akratos 

and Tsihrintzis, (2007) who reported 54.8-66.8 % reduction in nitrate nitrogen in 

treated waste water by using fine and medium sized gravel for treatment. Nitrogen 

removal was also reported by Diels et al. (2003) based on the mechanism of 

biofilms establishment on sand filter media.  

The most accepted process of nitrate removal from wastewater is 

denitrification (Rivett et al., 2008; Coyne, 2008) and precipitation. Nitrate nitrogen 

was reduced by 86.15 % in BT. According to Schipper et al. (2010) nitrate removal 

efficiency can be enhanced by using wheat straw and corn cob as treatment 

substrates in trickling filters. Similar reductions of nitrate nitrogen (NO3-N) were 

found by Lim et al. (2010) when he used modified and unmodified or raw rice husk 

for domestic wastewater treatment. Katal et al. (2012) described rice husk as anion 

exchanger and showed 93 % removal of (NO3-N) in treated wastewater.  
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Chlorides (Cl1-) and total hardness of wastewater was decreased in PT by 

28.49 and 20.39 % respectively while in BT this reduction was 76.59 and 59.30 % 

respectively. Chlorides were also adsorbed on the porous media due to negative 

charge on it. Our results showed decrease in chemical oxygen demand (COD) in 

PT (64.79 %) and BT (81.42 %). Biodegradation of organic matter and oxidizable 

chemical species are mainly responsible for lower levels of COD in treated water 

(Rehman et al., 2012).  

Akratos and Tsihrintzis, (2007) achieved 60-80 % COD removal by using 

fine and medium sized gravel in wastewater treatment system. Lv et al. (2009) 

reported 73.5 % reduction in COD levels by using rice husk in treatment filter 

system; similarly, Lim et al. (2010) described 90 % reduction with rice husk 

application. Sulfates (SO4
2-) showed percent reduction by 13.57 in PT and 47.65 in 

BT respectively. Cao et al. (2011) described raw rice straw as potent anion 

exchanger for wastewater treatment and demonstrated efficient (SO4
2-) removal.  In 

present study phosphates (PO4
3-) were reduced by 48.52 % in PT whilst 58.32 % in 

BT.  

Akratos and Tsihrintzis, (2007) described adsorption and precipitation of 

phosphorus on porous media and its subsequent removal from wastewater which to 

a greater extent was dependent on size and type of porous media. Similar reduction 

in phosphates was reported by Vohla et al. (2011). Authors pointed out the use of 

gravel and sand in purification of wastewater and discussed the precipitation and 

adsorption as key mechanisms for phosphorus removal. In present study heavy 

metals like Ni (27.98 %), Pb (44.54 %) and Zn (32.57 %) were found to be less in 

PT in comparison with MW. Municipal waste contained higher heavy metals 
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concentrations which are very toxic for agro-ecosystems. Treatment media such as 

gravel and sand filter was found very effective in removal of heavy metals. Diels et 

al. (2003) reported up to 90 % removal in Ni and Zn content when treated with 

sand filter media. Aziz et al. (2004) stated percent drop in Ni (73), Pb (78) and Zn 

(70) by using gravel as filtration media.  Meng and Korfiatis, (2005) reported that 

sand filters are helpful in removing heavy metals i.e. Pb and Zn because they 

enhanced precipitation in contrast to other filter media. Ni and Zn were reduced by 

79.47 % and 60.52 % respectively in BT while Pb was not detected (ND) in this 

treated water.  

Rice husk is very effective in adsorption of heavy metals due to its cell wall 

nature (Igwe and Abia, 2007). Naiya et al. (2003) showed approximately 95 % 

drop in Pb concentration in treated wastewater by utilizing rice husk as filter 

substrate in trickling filters. Rice husk is very effective adsorbent for Pb and Zn due 

to its amorphous surface (Mohan and Sreelakshmi, 2008; El-Shafey, 2010). 

Similarly Ni removal by corn cob was also reported by Sud et al. (2008). Three 

heavy metals Mn, Fe and Cu were reduced by 64.48 %, 27.29 % and 30.47 % 

respectively in PT. Hatt et al. (2007) demonstrated that gravel is an effective filter 

media for heavy metal removal from contaminated water. Authors showed Cu 

reduction (72 %) by employing gravel filtration and attributed this reduction by 

settling and mechanical filtration mechanism.  

Similarly Aziz et al. (2004) reported 75 % reduction in Cu concentration 

when subjected wastewater was passed through gravel medium based trickling 

filter. Sand filters can efficiently remove Fe and Mn from the wastewater due to 

precipitation and establishment of micro biofilms on the surface of the sand 
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particles. Pacini et al. (2005) successfully demonstrated removal of Fe and Mn up 

to 95 % and 88 % through slow and rapid sand filtration mechanisms.  

Tekerlekopoulou and Vayenas, (2007) reported similar reduction in Fe and 

Mn concentrations by using gravel filter media. According to their view, size and 

surface area of gravel is very important in wastewater treatment procedure. They 

also demonstrated that support media is responsible for uptake of heavy metals by 

microorganisms. In our results, BT treatment showed reduction in Mn (88.36 %), 

Fe (75.02 %) and Cu (72.61 %). Mohan and Sreelakshmi, (2008) described 

reduction of Cu and Mn when rice husk was used in trickling filter as media 

possibly through chemisorption mechanism. Rice husk whether used in modified or 

unmodified form proved to be operative adsorbent in removing Fe, Mn and Cu due 

to presence of OH groups on its surface. This negatively charged OH group has 

strong affinity for cations present in wastewater and binding of oppositely charged 

ions resulted in treatment of water (Daifullah et al., 2003). Wu et al. (2003) 

mentioned effectiveness of wheat straw in Cu removal due to its cellulosic nature 

while Vaughan et al. (2001) described Cu can be efficiently removed when small 

sized corn cob is used in biological trickling filters. 

In this study, PT exhibited fair reduction in Cr, Co and Cd by 18.14 %, 

59.61 % and 56.17 % respectively. According to Baig et al. (2003) sand had the 

capacity to remove 90-100 % Cr from wastewater, which according to authors 

might be due to strong attraction of Cr for sand particles. They also concluded that 

sand filters could remove Cr efficiently even when it is in higher concentration in 

wastewater. Meng and Korfiatis, (2005) proposed co-precipitation and filtration 

process for Cr removal when subjected to sand filters. Gravel filter media showed 
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ability to remove both Cd and Cr by 72 % in treated water (Aziz et al., 2004). Diels 

et al. (2003) supported sand filter media as effective removal agents for Co 

reduction (95 %). Percent reductions of heavy metals i.e. Cr (46.98 %), Co (73.42 

%) and Cd (ND) was found respectively in BT. Low cost agricultural wastes can be 

used for removal of heavy metals which otherwise themselves become 

environmental concern (Igwe and Abia., 2007). Igwe and Abia, (2007) proposed 

corn cob for heavy metal removal and showed a remarkable decrease  in Cd content 

by treating wastewater with chemically modified and raw corn cob. Heavy metal 

removal efficiency and adsorption capacity of corn cob can be increased by 

choosing the appropriate size and method of chemical modification (Vaughan et 

al., 2001). Dang et al. (2009) reported effectiveness of wheat straw in heavy metal 

removal particularly Cd and Cu. Krishnani et al. (2008) found that rice husk can 

actively remove Cr, Cd and Co from contaminated wastewater. Agrafioti et al. 

(2014) argued that Cr removal efficiency of rice husk can be increased by its 

modifications during treatment procedures.  

In current study, studied macronutrients showed reduction in PT by the 

values mentioned here as Na (17.17 %), Ca (21.89 %), K (55.69 %) and Mg (5.7 

%) but the results regarding macronutrient concentrations in BT were contrary to 

the heavy metals removal. In BT, an increase in macronutrient concentrations i.e. 

Ca (3.5 %), Mg (7.4 %) and K (12.5 %) in treated water were observed as 

compared to MW while Na decreased by 7.39 %.  

Possible explanation of this behavior is ion exchange mechanism in which 

adsorption of heavy metals on biological substrates (agricultural waste materials) is 

responsible for release of some cations (Ca, Mg and K) from the adsorbents into the 
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treated waters. Iqbal et al. (2009) found ion exchange (release) of Ca, Mg and K 

with (adsorption of) Cd and Pb using agricultural wastes as filtering agents in 

treatment experiment. Reddad et al. (2009) also reported exchange of divalent 

heavy metals (Cd, Zn, Pb, Cu and Ni) on to the adsorbent surface with Ca++. 

According to Krishnani et al. (2008) rice husk has sufficiently higher levels of Ca, 

Mg and Na for possible ion exchange with the heavy metals which are then 

adsorbed on the surface of rice husk in wastewater treatment procedures. The TW 

was also analyzed for physico-chemical characteristics prior to irrigation of leafy 

vegetables cultivars in current research duration. All recorded physico-chemical 

parameters in TW were found within the permissible limits of irrigation standards 

(Table 4.8). Also compared to PT and BT, the TW was relatively more apt with 

respect to irrigation criteria. The values of pH, EC and TDS in TW were 7.37, 0.54 

mS/cm and 329.12 mg/L respectively. The levels of other physico-chemical 

parameters i.e. nitrate nitrogen (1.73), total hardness (241.79), chlorides (47.61), 

COD (42.77), alkalinity (244.76), sulfates (52.43) and phosphates (1.27) in mg/L 

were found respectively. Three heavy metals Pb, Co and Cd were not detected in 

TW. Concentrations of remaining six heavy metals and four macro nutrients in TW 

in this research duration were i.e. Ni (0.072), Zn (0.1), Mn (0.044), Fe (0.197), Cu 

(0.052), Cr (0.019), Na (22.85), Ca (64.55), K (3.61) and Mg (31.96) in mg/L 

respectively. 

4.2.2 Characterization of Irrigated Soils with Treated Wastewaters 

Physico-chemical features, heavy metal content of soils irrigated with PT, 

BT and TW treatments is presented in Table 4.9. Among irrigation treatments, 

higher pH value was found in PT irrigated soils (7.61) and least was recorded in 
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TWF irrigated soils (7.38). Similar pH range (7.62-7.64) was reported by Akoto et 

al. (2015) in wastewater irrigated soils compared with ground water irrigated soils. 

Zeng et al. (2011) described pH as one of the most important physico chemical 

parameter for heavy metal accumulation in soil and bioavailability to plants. In this 

study, soils pH values were well within permissible limits of irrigation standards 

(6.6-8.4) (Pedrero and Alarcon, 2009). A slight reduction in soil pH was observed 

corresponding to irrigation water pH used in present experiments. This may be due 

to soil buffering capacity and its ability to conform to the pH changes of incoming 

water (Ali et al., 2013b; Ali et al., 2015). However soil pH remained slightly higher 

than pH of treated wastewater used for irrigation (Xu et al., 2010).  

The order of pH reduction in all treated water irrigated soils was as follows 

PT>PTF>BT>BTF>TW>TWF. Higher values of EC (1.19 mS/cm) and TDS 

(767.42 mg/kg) were measured in PTF irrigated soils while lowest were recorded in 

TW irrigated soils (EC 0.37 mS/ cm, TDS 237.15 mg/kg). Reduction in EC and 

TDS values in treated wastewater irrigated soils was also reported by Nayek et al. 

(2010). Reduction in EC and TDS of treated wastewater irrigated soils was 

probably due to the leaching of salts in deeper layers of soil profile. Due to strong 

positive correlation between EC and TDS (Ali et al., 2013b) their order of 

reduction was same i.e. PTF>PT>BTF>BT>TWF>TW. Relatively higher values of 

soil EC and TDS indicated higher input of soluble salts in respective soils and vice 

versa from irrigating waste water. The transition from higher to lower EC and TDS 

in irrigated soils depicted quality of both treated irrigating wastewater and recipient 

soils. 

Maximum values of alkalinity (523.81 mg/kg) and chlorides (318.64 
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mg/kg) were recorded in PTF irrigated soils and the lowest were found in TW 

irrigated soils (alkalinity, 391.36 mg/kg; chlorides, 163.51mg/kg). Treated 

wastewater contained lower concentrations of CO3
-2, HCO3

-1 (alkalinity) and 

chlorides due to their removal by different kinds of substrates used in treatment 

procedures hence resulting in insignificant accumulation in respective soils. 

Organic matter was reported in maximum levels (4.01 %) in PTF irrigated soils 

while minimum (2.78 %) was found in BT irrigated soils. Manas et al. (2009) and 

Nayek et al. (2010) found mean organic matter 4.21 % and (2.3 %) in treated 

wastewater irrigated soils respectively.  

Compared to ground water, treated and municipal wastewater generally 

increases the soil organic matter due to presence of higher organic loads. Organic 

matter is considered beneficial to neutralize the ill effects of salinity and is also 

responsible for binding heavy metals restricting their translocation to plants (Xu et 

al., 2010). Highest phosphorus concentration (12.03 mg/kg) was determined in PTF 

irrigated soils following BTF (10.92 mg/kg) and TWF (10.25 mg/kg) irrigated soils 

whilst lowest was found in TW (9.14 mg/kg) irrigated soils. Nitrate nitrogen (17.22 

mg/kg) was found highest in PTF irrigated soils while lowest (3.78 mg/kg) was 

determined in TW irrigated soils. Both the values of phosphorus and nitrate 

nitrogen were under permissible range of irrigation standards in soils from all 

treatments. Xu et al. (2010) argued that treated wastewater serves as a recognized 

source of nitrogen and phosphorus, however long term (15-20 years) irrigation with 

reclaimed wastewater, can potentially increase these nutrients to toxic levels. 

Highest levels of Ni, Cu and Cr (15.24, 24.67 and 28.95 in mg/kg) were 

found in PT irrigated soils while lowest of these three trace metals were found in 
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TWF irrigated soils (Ni 9.98, Cu 19.44 and Cr 23.49 in mg/kg). Highest value of 

Pb (17.08 mg/kg) was recorded in PTF and lowest (12.47 mg/kg) was found in BT 

irrigated soils. Zn (58.48 mg/kg) and Cd (0.84 mg/kg) maximum concentrations 

were recorded in PTF irrigated soils but the minimum were in TW irrigated soils 

where Cd was not detected. PT irrigated soils contained highest Mn content 

(268.57 mg/kg) while TW contained minimum (241.86 mg/kg). Highest Fe 

(8837.66 mg/kg) and Co (3.38 mg/kg) levels were also determined in PTF irrigated 

soils but lowest Fe (7985.39 mg/kg) in BTF and Co (2.06 mg/kg) in TWF irrigated 

soils was recorded. Overall heavy metal content showed following pattern of 

accumulation in soils i.e. PTF>PT>BTF>BT>TW>TWF. In current study, heavy 

metals though accumulated in soils on irrigation with treated wastewater but did 

not surpass the irrigation soil standards (Table 4.9). This was consistent with the 

findings of Ma et al. (2015). Another factor effectively bringing these heavy metal 

levels under soil standards limits was their continuous absorption by growing plants 

(Ma et al., 2015). 

 Macro nutrients Na (766.6 mg/kg), K (3280.68 mg/kg) and Ca (12179.31 

mg/kg) showed maximum values in BT irrigated soils while lowest levels were 

measured in BTF irrigated soils (Na 753.64; K 3246.39 and Ca 11892.23 in mg/kg) 

only Mg showed opposite trend i.e. highest 8962.27 mg/kg in BTF and lowest 

8884.96 mg/kg in BT irrigated soils. These nutrients were recorded in permissible 

limits (Ayers and Westcot, 1985) except for Mg which exceeded the standard soil 

limits. Macro-nutrients are generally not classified as hazardous metals and are 

taken up by plants in higher quantities (Ali et al., 2015). Higher concentrations of 

Na and K in soils were due to treated wastewater irrigation (Asgari et al., 2015). 
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Normally these elements constitute plant structure and perform regulatory functions 

in plant metabolic machinery. They are only harmful and pose deleterious effects 

on plants in remarkably higher concentrations, plants otherwise can cope with them 

when absorbed in relatively higher concentrations (Roy et al., 2006). 

4.2.3 Heavy Metal Accretion and Distribution in Leafy Vegetables Irrigated 

with Treated Wastewaters 

Heavy metal accretion in roots of leafy vegetables demonstrating effects of 

irrigation treatments and their interactions are presented in Table 4.10. Similarly 

ANOVA table for heavy metal accumulation in leaves is reported in Table 4.11. 

Root accumulation of two heavy metals Ni and Pb showed significant variations 

(p<0.001) between cultivars with non-significant interactions (p>0.05). Lead 

accumulation in roots varied significantly among irrigation treatments but Ni 

showed non-significant variations.  

Highest Ni (3.98 mg/kg) and Pb (1.96 mg/kg) concentrations were recorded 

in S2 roots irrigated with PTF while lowest contents of Ni (0.64 mg/kg) and Pb 

(0.21 mg/kg) were found in roots of S2 (TW) and L2 (BTF) respectively. The order 

of Ni and Pb accumulation in roots in all irrigation treatments was same i.e. 

PTF>PT>BTF>BT>TWF>TW. Asgari et al. (2015) described that treated 

wastewater irrigation is one of the major cause of heavy metal accumulation in 

plants compared with ground water irrigation. However this accumulation is far 

less when plants are irrigated with raw municipal wastewater only (Ali et al., 

2013b). Li et al. (2012) described that heavy metals like Ni and Pb can be 

transferred from soil to roots of leafy vegetables from treated wastewater which is 

consistent with our findings. The effect of treatments and cultivars was highly 
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significant (p<0.001) on leaf Ni accumulation with significant (p<0.01) interaction. 

Highest Ni level (3.23 mg/kg) was estimated in leaves of S2 irrigated with PTF in 

contrast to lowest value (0.43 mg/kg) in S2 irrigated with TW. Pb accumulation in 

leaves of selected leafy vegetables showed highly significant variations (p<0.001) 

among treatments, cultivars and their interactions. Highest and lowest mean Pb 

values in leaves were recorded as 1.79 and 0.071 in S2 (PTF) and L1 (TWF) in 

mg/kg respectively.  

Pandey et al. (2012) indicated highest levels of Ni and Pb in spinach leaves 

in contrast to fruits and seeds of other vegetables irrigated with treated wastewater. 

Meng and Korfiatis, (2005) devised a wastewater filtration method to remove 

heavy metals from polluted drinking water and wastewater. They reported 

considerable removal of Pb and other heavy metals by using sand filters in their 

method. Rough or porous surface of filter media was found very effective in 

removal of heavy metals. Aziz et al. (2004) described gravel as an efficient filter 

media for heavy metal elimination from wastewater and demonstrated up to 65 % 

reduction in heavy metals when gravel alone was used without any other filter 

media. Authors reported reduction of Ni (44-73 %) and Pb (42-78 %) by using 

gravels for municipal wastewater treatment. Ni and Pb showed higher accumulation 

in roots compared to respective concentrations in leaves of both leafy vegetables. 

Ni and Pb can be removed by using corn cob and rice husk respectively 

(Kurniawan et al., 2006; Naiya et al., 2009). 

Highly significant (p<0.001) variations were shown by Fe and Mn in roots 

among treatments, cultivars and their interactions. S2 roots accumulated highest 

levels (303.11 mg/kg) of Fe when irrigated with PTF while lowest value (50.94 
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mg/kg) was determined in TW irrigated roots of L2. Highest (35.64 mg/kg) and 

lowest (5.3 mg/kg) levels of Mn were recorded in roots of S1 (PT) and L1 (TWF) 

respectively. Trend of Fe and Mn accumulation in roots of leafy vegetables was 

PTF>PT>BT>BTF>TW>TWF except for Mn where highest accumulation was 

found in PT followed by PTF. 

Iron and Mn were found in lower concentrations in roots although their 

levels were quite higher in soils irrigated with different treatments. These metals 

due to easy formation of insoluble compounds with organic matter at alkaline pH 

were retained in soil and hence not available to roots of lettuce and spinach 

cultivars. This finding was consistent with Manas et al. (2009). In this study, gravel 

and sand combination was used for removal of heavy metals. Similar combination 

was used by Pacini et al. (2005) and reported an efficient removal of Mn and Fe. 

Tekerlekopoulou and Vayenas, (2007) used small sized and medium sized gravel to 

increase the surface area of filter medium.  

Treated wastewater through this medium showed substantial reduction in Fe 

and Mn content which also corroborated with our results. Effect of treatment, 

cultivars and their interactions was highly significant (p<0.001) on Fe and Mn 

accumulation in leaves of studied leafy vegetables. Highest Fe concentration 

(294.78 mg/kg) was found in S1 leaves irrigated with PTF whilst lowest levels (31 

mg/kg) were found in TW irrigated L2 leaves. Highest (39.33 mg/kg) and lowest 

(5.87 mg/kg) values of Mn were reported in leaves of S1 (PT) and L2 (TWF) 

respectively. Fe leaf accumulation pattern in all treatments was i.e. 

PTF>PT>BTF>BT>TW>TWF but the Mn accumulation trend was slightly 

different from Fe, PTF>PT>BT>BTF>TWF>TW. Chockalingam and 
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Subramanian, (2005) found 90 % reduction in Fe content by adsorption mechanism 

with rice husk. Mn and Fe accumulation was found higher in leaves as compared to 

roots in cultivars of both leafy vegetables. Nayek et al. (2010) also described higher 

Mn and Fe concentrations in leaves compared to roots and explained this finding as 

higher mobility of both metals to aerial parts due to their essential role in 

biochemical and metabolic functions.  

ANOVA results showed highly significant (p<0.001) variations for 

treatments and cultivars in root accumulation of Cu and Zn. Interaction was 

significant (p<0.01) for Cu accumulation and non-significant (p>0.05) for Zn 

accumulation in roots of examined vegetables. Highest contents of Zn (64.3 mg/kg) 

and Cu (11.5 mg/kg) were determined in S2 and S1 roots irrigated with PTF but 

lowest levels were found in roots of S1 (Zn, 24.08 mg/kg) and L1 (Cu, 3.69 mg/kg) 

irrigated with TW. Zn and Cu accumulation in roots was found in the order i.e. 

PTF>PT>BTF>BT>TWF>TW with slight variation in Cu where BT>BTF. 

Similarly significant differences in Zn and Cu root accumulation among treatments 

were reported by Manas et al. (2009) in lettuce.  

Chopra and Pathak, (2012) compared Zn and Cu accumulation in edible and 

non-edible parts of leafy vegetables grown with wastewater and treated wastewater. 

Authors reported lower root and leaf accumulation of Zn and Cu in leafy vegetables 

when grown with treated wastewater compared to raw wastewater. This finding 

corroborated with our results. Aziz et al. (2004) described considerable reduction in 

Cu and Zn and attributed this reduction to rough surface and increased surface area 

of gravel employed as filter media for wastewater treatment. Zn and Cu leaf 

accumulation varied significantly (p<0.001) between treatments, cultivars and their 
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interactions. Highest Zn (76.35 mg/kg) and Cu (9.87 mg/kg) accumulation was 

determined in leaves of S1 irrigated with PTF but lowest concentrations were 

estimated in L1 leaves when irrigated with TW (Zn 21.31 mg/kg, Cu 2.53 mg/kg).  

Pattern of leaf accumulation in all six treatments was 

PTF>PT>BTF>BT>TWF>TW. Higher Zn contents of vegetable leaves than roots 

were due to its physiological importance and utilization in various biochemical 

functions of leaves being micro nutrients (Nayek et al., 2010). Higher Cu contents 

were found in roots compared to leaves. Gharbi et al. (2005) explained that Cu 

besides its micronutrient nature is toxic at elevated levels to aerial plant parts and 

heterotrophs; therefore its fairly high levels were retained in roots. Chockalingam 

and Subramanian, (2005) documented rice husk as an adsorbent for removal of Zn 

and Cu. They confirmed this adsorption on rice husk by desorption of these metal 

ions from rice husk surface. Ma et al. (2015) also reported that Zn and Cu higher 

soil concentration higher absorption by plant roots which is consistent with present 

study.  

Chromium accumulation in roots showed significant (p<0.001) variations 

among treatments, cultivars (p<0.01) with non-significant interactions (p>0.05). 

Highest Cr content (3.64 mg/kg) was accumulated in roots of S2 irrigated with PTF 

but lowest (0.3 mg/kg) accrued in roots of S2 when irrigated with TW. Variations 

in Cr leaf accumulation were also highly significant (p<0.001) among treatments 

and cultivars with non-significant interactions (p>0.05). Highest (1.83 mg/kg) and 

lowest Cr (0.2 mg/kg) levels were found in leaves of S1 (PT) and S2 (TW) 

respectively. Our results revealed higher Cr accumulation in roots as compared to 

leaves. Cr, a recognized toxic metal was probably immobilized in roots and not 
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easily translocated to leaves to avoid health risk in edible parts (Manas et al., 

2009). Availability and uptake of heavy metals like Cr is greatly influenced by pH 

and is considerably reduced in higher soil pH (Chen et al., 2010). Similar pattern of 

Cr accumulation in both leaves and roots of leafy vegetables was observed i.e. PTF 

>PT>BTF>BT>TWF>TW.  

Baig et al. (2003) used sand filters for effective removal of Cr from 

wastewater. They described that Cr can be reduced by sand filters at alkaline pH 

even if present in elevated concentrations in wastewater. Authors also documented 

that reduction of Cr can be enhanced with increased column depth of sand filters. 

Saturated Cr sand of the filter can be safely disposed of as construction material 

which may prevent any further environmental damage (Baig et al., 2003). Aziz et 

al. (2004) reported 47-72 % reduction in Cr levels by using gravel for municipal 

wastewater treatment. The reduction was due to metal precipitation on the rough 

surface of gravel and was considerably high.  

Chromium is included in toxic heavy metals which should be removed from 

wastewater on prime basis (Ali et al., 2013a, b). Many agricultural waste products 

are effective in Cr removal when used in treatment procedures. Sud et al. (2008) 

reported effective removal of Cr with corn cob and rice husk up to 90 %. Rice husk 

contained lignin and cellulosic compounds thus proved to be very effective in 

removing Cr from municipal wastewater (Agrafioti et al., 2014; Barakat, 2011). 

Effect of treatments on Cd and Co accumulation in roots of leafy vegetables 

was highly significant (p<0.001) with non-significant (p>0.05) effects of cultivars 

and their interactions. Elevated levels of Cd (0.73 mg/kg) were recorded in roots of 

S2 irrigated with PTF but Cd was not detected in all four cultivars with TW. 
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Maximum Co (1.23 mg/kg) concentration was estimated in roots of S1 when 

irrigated with PTF and minimum (0.1 mg/kg) was calculated in S2 (TWF) 

respectively. Order of Co and Cd accumulation in all six treatments was as follows 

PTF>PT>BTF>BT>TWF>TW with slight variations for Cd root accretion i.e. 

TW>TWF. Both metals showed greater accumulation in roots in contrast to leaves. 

This observation was similar with the findings of Manas et al. (2009). Gravel alone 

as filter media is sufficient for removal of Cd (43-72 %) reported by Aziz et al. 

(2004).  

Same authors also reported remarkable decrease of another divalent metal 

ions i.e. Co in their experiment. Diels et al. (2003) described formation of biofilms 

on surface of sand filters which exhibit the process of biosorption and bio-

precipitation leading to substantial Co reduction between 80-90 %. To ensure 

proper filtration mechanism sand layers were often disturbed/removed after specific 

time intervals in sand filters. Mudhoo et al. (2012) described Cd as non-essential 

toxic heavy metal that should be removed before application of treated water for 

irrigation purpose. They found pretreated rice husk as very effective for Cd 

removal that is similar to our experimental approach. Cd and Co leaf accumulation 

varied significantly (p<0.001) between treatment, cultivars and their interactions 

however effect of cultivars on Cd accumulation was found significant at p<0.01. 

Maximum Cd (0.55 mg/kg) and Co (0.92 mg/kg) contents were recorded in S2 

leaves irrigated with PTF.  

Minimum Co concentration (0.04 mg/kg) was measured in leaves of L1 

with TWF irrigation treatment while Cd levels were not detected in leaves of all 

four cultivars irrigated with TW. Order of Co and Cd accumulation in leaves in all 
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six treatments was as follows; PTF>PT>BTF>BT>TWF>TW with opposite trend 

for Cd i.e. TW>TWF.  

Rice husk is insoluble in water, chemically stable and possess granular 

structure, therefore it can be preferred for wastewater treatment techniques 

compared to other substrates (Ngah and Hanafiah, 2008). Krishnani et al. (2008) 

used rice husk in the preparation of a bio-matrix and achieved adsorption capacity 

of Cd (0.149 mmol/g) and Co (0.162 mmol/g) in their experiment. Rice husk is 

beneficial filtering substrate when used either for single or mixed metal solution. 

Authors reported effectiveness of rice husk for sorption of eight trace metal ions, 

which is in close agreement with our study where almost all trace metals were 

reduced from wastewater except macronutrients. Dang et al. (2009) evaluated 

adsorption capacity of wheat straw and found it 3.6 times higher than dead plants 

used for wastewater treatment methods. Around 80 % removal efficiency for Cd 

was obtained and reported by Sud et al. (2008) by using rice husk in its natural 

form. Similar findings of Cd removal were reported by Vaughan et al. (2001) by 

using modified and unmodified corn cobs for wastewater treatment.  

 In present study, Na and K root accumulation showed highly significant 

variations (p<0.001) among cultivars but differences between treatments and their 

interactions were non-significant (p>0.05). Highest Na (486.11 mg/kg) and K 

(17238 mg/kg) levels were recorded in roots of S1 with PTF treatment. Minimum 

Na and K accumulation was recorded in L1 (TW) and S2 (TWF) respectively. The 

pattern of Na accumulation in all six treatments was PTF>PT>BTF>BT>TWF>TW 

and for K i.e. PTF>PT>BT>BTF>TW>TWF. Similar results were obtained by 

Manas et al. (2009) where higher levels of Na and K in lettuce were found but 
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differences were not significant between treatments. Physical and mechanical 

filtration mechanisms are very effective and useful for macronutrients removal 

from wastewater (Battilani et al., 2009). The effects of treatments, cultivars and 

their interactions on Na leaf accumulation were highly significant (p<0.001). 

Highest (982.8 mg/kg) and lowest (465.52 mg/kg) Na contents were determined in 

leaves of S1 and L2 irrigated with PTF and TW respectively. The pattern of 

accumulation of Na in leaves of leafy vegetables in all treatments was found as 

PTF>PT>BTF>BT>TWF>TW. K accumulation in leaves showed highly 

significant (p<0.001) variations among cultivars with significant (p<0.01) 

treatments and non-significant interactions (p>0.05). Highest (21998 mg/kg) and 

lowest (17037 mg/kg) K concentrations were found in S2 (PTF) and L2 (TWF) 

respectively. Following trend was observed for K leaf accretion in all six treatments 

PTF>PT>BT>BTF>TW>TWF.  

 Calcium accumulation showed highly significant (p<0.001) variations in 

roots of leafy vegetables among cultivars with significant treatments (p<0.05) and 

non-significant interactions. Highest (18686 mg/kg) and lowest (14614 mg/kg) 

accumulation of Ca was observed in roots of L2 (PTF) and S2 (BTF) respectively. 

The effect of Mg accumulation in roots was highly significant (p<0.001) for 

cultivars, treatments and their interactions. Highest (7138 mg/kg) and lowest (2514 

mg/kg) Mg contents in roots were found in L2 (PT) and S2 (TW) respectively. This 

trend PTF>PT>BT>BTF>TW>TWF was followed by Ca root accumulation, 

whereas for Mg i.e. PT>PTF>BT>BTF>TWF>TW. Reduction of Ca, Mg and K 

was recorded in treated water of TW and PT (Aziz et al., 2008) but increase was 

found in BT (Iqbal et al., 2009). These differences in macronutrient concentrations 
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were not reflected in the root and leaf accumulation of leafy vegetables (municipal 

wastewater and ground water treated plants; Table 4.3 and 4.4). Adsorption of Zn, 

Cu and Ni ions on rice husk caused release of Ca, Mg and Na ions (Vaughan et al., 

2001; Krishnani et al., 2008). Highly significant (p<0.001) variations were found 

in Mg leaf accumulation between treatments, cultivars and their interactions 

however effect of Ca leaf accumulation was significant (p<0.001) among cultivars 

with non-significant (p>0.05) treatments and their interactions. Highest 

concentrations of Ca (16871 mg/kg) and Mg (5820.6 mg/kg) were recorded in S1 

and S2 leaves with PTF irrigation respectively. Lowest Ca (13634 mg/kg) and Mg 

(3223.3 mg/kg) levels were estimated in L1 and L2 irrigated with TW respectively. 

The pattern of Ca and Mg accumulation in leaves of leafy vegetables was found as 

PTF>PT>BT>BTF>TWF>TW and PT>PTF>BTF>BT>TWF>TW respectively. 

Overall order of accumulation of studied macronutrients in this study was i.e. Ca> 

K>Mg>Na. 

According to Chen et al. (2015) long term irrigation with wastewater or 

treated wastewater is the major cause of accumulation of toxic heavy metals in the 

soil and plants but all studied metals were under permissible limits of irrigation and 

soil quality standards in this study. The treated water i.e. PT, BT and TW did not 

substantially increase hazardous heavy metals in studied soils however long term 

irrigation with treated wastewater need strict monitoring of soil metal 

concentrations and subsequent plant uptake to avoid human health risks (Xu et al., 

2010). It is recommended after concluding our results that treated wastewater can 

be effectively used for irrigation in arid and semi-arid areas to compensate for fresh 

water shortage. 
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4.2.4 Effect of Treated Wastewaters Irrigation on Biochemical Parameters 

Highly significant (p<0.001) variations were recorded in total chlorophyll 

and carotenoid contents among treatments and cultivars [(total chlorophyll 

significant at (p<0.01) with non-significant interactions (p>0.05)]. Highest value of 

total chlorophyll (1.87 mg/g) was recorded in S2 leaves irrigated with TWF 

whereas highest carotenoid (0.55 mg/g) content was measured in S1 (TWF; Figure 

4.10, 4.11). Lowest levels of total chlorophyll (0.89 mg/g) and carotenoids (0.22 

mg/g) were estimated in L2 and L1 leaves respectively irrigated with PT treatment. 

Following trend was observed for chlorophyll and carotenoids occurrence in leafy 

vegetables TWF>TW>BT>BTF>PT>PTF except BTF>BT for carotenoids. 

Photosynthetic pigments (chlorophyll and carotenoids) increased in treated 

wastewater due to appreciably lower heavy metal content which could not hamper 

synthesis and functioning of photosynthetic pigments (Naaz and Pandey, 2010). 

Naaz and Pandey, (2010) also argued that relatively higher heavy metal 

concentrations in wastewater pose inhibitory effects on uptake and translocation of 

micronutrients i.e. Zn, Mn, Fe and Cu from soils which in turn affect the 

biosynthesis of photosynthetic pigments. This was observed in PT treatment where 

relatively high accumulation of heavy metals was found in leafy vegetables due to 

less efficiency of PT trickling filter in contrast to BT and TW.  

Pandey et al. (2012) suggested that heavy metal accumulation owing to 

wastewater irrigation interferes with the metabolic machinery of plants.  PT treated 

water though contained nitrogen and organic matter contents, did not allow plants 

to synthesize photosynthetic pigments in higher levels due to presence of heavy 

metals. Vassilev et al. (2007) and Hashem et al. (2013) also reported reduction in 
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photosynthetic pigments due to heavy metals while working on lettuce. Direct 

inhibition of enzymatic activity due to interfering heavy metals resulted in reduce 

synthesis of chlorophyll and carotenoid contents (Chandra et al., 2009; Nayek et 

al., 2010). According to Naz et al. (2016) elevated levels of chlorophyll and 

carotenoids are synthesized due to higher nitrogen and organic matter contents 

present in the treated water that is well in accordance with our study. Wastewater 

even after treatment serves as a potential source of nutrients, which enhance the 

photosynthetic activity by increasing biosynthesis of pigments in leaves (Chandra 

et al., 2009). This happened in BT and TW treatments. 

 Membrane stability index (MSI) showed highly significant (p<0.001) 

variations between cultivars and treatments with non-significant (p>0.05) 

interactions (Figure 4.12). Highest (83.55 %) value of MSI was measured in L2 

irrigated with TWF but the lowest (59.65 %) value was estimated in L2 irrigated 

with PT. Membrane injury among all six treatments followed this trend in present 

study i.e.   TWF>TW>BTF>PTF>BT>PT with the % values of 80.04 % >77.21 % 

>74.67 % >70.8 % >70.01 % >63.8 %. Membrane damage can be evaluated by 

measuring the MSI and is a direct consequence of heavy metal toxicity (Ali et al., 

2008). TWF treatment showed minimum damage to membranes due to 

comparatively lesser metal accumulation in plants. Higher the values of MSI 

indicated the more stable membranes (absence of heavy metal stress) and vice 

versa. In our results, lowest MSI values in PT reflected heavy metals adverse 

effects on membrane integrity. Hashem et al. (2013) highlighted the pronounced 

effect of heavy metals on membrane stability due to wastewater irrigation. Similar 

membrane damage due to heavy metal accumulation was reported by Kumar et al. 
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(2012) and Jaleel et al. (2013). 

 Highly significant (p<0.001) variations were shown by sugars between 

cultivars and treatments with non-significant (p>0.05) interactions (Figure 4.13). 

Highest sugar levels (4.19 mg/g) were recorded in leaves of L1 irrigated with BTF 

while lowest (2.35 mg/g) were found in S2 (PT). The trend of sugars accumulation 

in all treatments was as follows i.e. BTF>BT>TWF>TW>PT>PTF. Abiotic 

stresses like wastewater irrigation loaded with heavy metals influence a number of 

plant responses. Total soluble sugar is considered one of the important indicators 

towards such environmental stresses (Cao et al., 2011). Song et al. (2012) 

described that at low metal concentration soluble sugar content increases but as 

metal concentration increases in plants, sugar content drops. This trend explained 

our results regarding sugar accumulation in studied vegetables across six 

treatments. In our findings total sugar level was found low at low metal exposure in 

TW but at moderate metal concentration it reached to its maximum levels in BTF. 

Minimum sugar contents in PT were due to relatively higher accumulation of heavy 

metals in plants irrigated with this treatment. According to Kumar et al. (2012) 

elevated levels of heavy metals in plants disturbed the carbohydrate metabolism by 

affecting the enzymes involved hence reducing sugar contents. Similar results were 

presented by Singh et al. (2007) which highlighted the adverse effect of Cu on 

sugar accumulation at higher concentrations. Mithofer et al. (2004) and Azmat et 

al. (2009) described the same pattern of total sugar accumulation at varying 

concentrations of Co and Pb respectively.  

 Protein contents in leaves of selected vegetables also differed significantly 

(p<0.001) among cultivars and treatments with non-significant (p>0.05) 
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interactions (Figure 4.14). S2 leaves irrigated with BTF showed higher (33.29 

mg/g) levels of proteins but the lowest (18.12 mg/g) were estimated in L1 (PTF). 

BTF>TWF>BT>TW>PT>PTF was the occurrence trend followed by proteins in all 

treatments in this study. Higher accumulation of proteins was recorded in 

vegetables irrigated with treated wastewater compared to ground water. Similar 

results were reported by Saini et al. (2015) by analyzing the effect of treated 

wastewater irrigation on spinach. Increase in proteins at low metal concentration 

and decrease at high levels was also reported by Sinha et al. (2007) and Olteanu et 

al. (2011).  

Thus effect of heavy metal stress due to wastewater irrigation appears to 

pose a biphasic influence on protein contents. At low metal concentration protein 

content increased but decreased at elevated metal concentrations (Lamhamdi et al., 

2013). The increase in protein content due to heavy metal accumulation was 

attributed to production of various stress proteins to combat toxic metal effects 

(Chandra et al., 2009; Nayek et al., 2010). As the heavy metal stress increases it 

results in reduction of protein contents in leafy vegetables (Alia et al., 2015). 

Weihong et al. (2009) reported that elevated heavy metal stress in irrigating 

wastewater caused increase in protease activity leading to reduction in protein 

contents.  

 Proline content in leaves of leafy vegetables showed highly significant 

(p<0.001) variations among treatments, cultivars and their interactions (Figure 

4.15). Elevated (0.69 mg/g) level of proline was calculated in L2 leaves irrigated 

with PT but the lowermost (0.21 mg/g) was found in S2 (TW). The trend of proline 

occurrence in examined treatments was i.e. PT>PTF>BTF>BT>TWF>TW. Proline 
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is considered as osmo-protectant and valuable environmental indicator of stress 

including heavy metals (Nayek et al., 2010). In this study higher levels of proline 

were observed in PT treatment and lowest in TW. TW treated plants showed 

minimum metal accumulation thus proline accumulation was at bare minimum 

level. Similar findings were presented by Sinha et al. (2007). Strong positive 

correlation of proline accumulation with higher metal content was reported by Li et 

al. (2013) and Radic et al. (2010) which is consistent with our results. Stress 

imposed by heavy metal accumulation stimulates osmotic adjustment i.e. proline 

accumulation to increase plant tolerance (Nayek et al., 2010). Singh et al. (2012) 

suggested that higher levels of toxic heavy metal damage membrane structure 

affect membrane permeability, creates homeostatic disequilibrium leading to excess 

proline synthesis to undo these stresses. Similarly higher proline levels in response 

to heavy metal exposure were pointed out by Chandra et al. (2009) and Song et al. 

(2012). Proline protects plants by the process of osmoregulation and prevents 

denaturation of enzymes increasing plant resistance to heavy metal stresses (Zengin 

and Kirbag, 2007; Kumar et al., 2012). 

 Antioxidant enzymes (SOD, POD and CAT) showed highly significant 

(p<0.001) variations among treatments, cultivars and their interactions in both 

leafy vegetables (Figure 4.16, 4.17 and 4.18). Greater activity of enzymes (SOD 

7.35 units/mg.protein, POD 1.64 units/min.mg.protein and CAT 2.63 

units/min.mg.protein) was recorded in S1 leaves with PT treatment. Lower SOD 

activity (2.32 units/mg.protein) was observed in leaves of S1 with TWF while 

minimum activity of POD (0.43 units/min.mg.protein) and Catalase (0.84 

units/min.mg.protein) was estimated in L1 (TWF). Among treatments highest to 
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lowest SOD activity followed the trend PT>PTF>BTF>BT>TW>TWF while the 

trend for POD and CAT activity was PT>PTF>BT>BTF>TW>TWF. Antioxidant 

enzymes can be considered as first line of defense in plants (Gill and Tuteja, 2010). 

Olteanu et al. (2013) described antioxidant enzymes as biomarkers of stress that 

enhance their activity to increase plant resistance in stressed conditions especially 

heavy metal stresses. In our results an increase in activity of all three antioxidant 

enzymes was observed in PT treated plants probably due to comparative higher 

trace metal contents among all treated water used for irrigation. This was closely 

associated with the findings of Hashem et al. (2013) who reported an increase in 

enzymatic activity (SOD, POD and CAT) in lettuce on irrigation with wastewater. 

PT treatment due to presence of toxic heavy metals posed abiotic stress to the green 

leafy vegetables while TW and TWF treated vegetables were without such adverse 

effects. According to Kachout et al. (2009) significant increase in antioxidant 

activity is directly proportional to the level of accumulated heavy metals so the 

stress can be detected by measuring the activity of these enzymes. Lamhamdi et al. 

(2010) found increased activity of antioxidant enzymes due to Pb stress in spinach 

leaves and roots. They also reported that spinach has more efficient defense system 

than wheat. Induction of antioxidant enzyme activity due to heavy metal stresses 

was also reported by Li et al. (2013); Olteanu et al. (2011) and Nayek et al. (2010). 

4.2.5 Effect of Treated Wastewaters Irrigation on Growth Parameters 

ANOVA results for productivity and growth parameters of two leafy 

vegetables are represented in Table 4.12. Leaf area and leaf number per plant 

showed highly significant (p<0.001) variations in treatments, cultivars and their 

interactions, but the interaction of leaf number was only significant at p<0.05. 
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Highest value of leaf area of L1 (121.1 cm) and L2 (138.77 cm) was measured in 

TWF treatment, but when irrigated with PT reduction in leaf area was calculated in 

both cultivars of lettuce (L1, 29.82 %; L2, 21.91 %). 

 Maximum leaf area of S1 (96.79 cm) and S2 (103.63 cm) was calculated in 

TWF irrigated plants while S1 (22.28 %) and S2 (51.99 %) showed a reduction 

with TW and PT treatments respectively. The trend of leaf area values in all six 

irrigation treatments was i.e. TWF>BTF>PTF>TW>BT>PT. Maximum leaf count 

of L1 (15.63) and L2 (14.65) was recorded in TWF and BTF irrigation treatments 

respectively. Fewer leaf numbers were counted in both cultivars in PT treatment 

and showed a reduction by 40.75 % (L1) and 23.21 % (L2). Leaf number was 

maximum for S1 (30.05) and S2 (44.15) when irrigated with BT but reduced in 

both cultivars by 9.54 % (S1) and 16.78 % (S2) in PT treatment. In this research 

leaf area and leaf number/plant were calculated with maximum values in both leafy 

vegetables when grown with TWF and BTF treatments.  

The trend of leaf number in all six irrigation treatments was i.e. 

BTF>TWF>BT>TW>PTF>PT. TWF and BTF due to presence of NPK fertilizers 

became a rich source of nutrients and minerals that were essential for plant survival 

and growth. Similarly increase in leaf area of leafy vegetables when grown in 

combination of organic and inorganic fertilizers or NPK alone was reported by 

Singh et al. (2010). Better plant growth conditions can be achieved through soil 

fertility when fertilizers are sustainably applied to soils (Hati et al., 2007). BT and 

TW treatments showed heavy metals in considerably lower quantities and 

application of NPK fertilizers (TWF and BTF) further reduced the phytoavailability 

of metals to the plants (Singh et al., 2010). Reduction of leaf area and leaf number 
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in PT treatment was due to relatively higher heavy metal load in this treatment 

(Table 5.5). This aspect corroborated with the findings of Matraszek et al. (2016). 

Auda et al. (2011) also reported decrease in leaf area in the presence of heavy 

metal stresses. In this study, maximum leaf number in BTF was due to adequate 

nutrient supply with NPK fertilization. These nutrients were responsible for vigor 

and better growth of lettuce (Castro et al., 2009). Metal reduction in BTF was due 

to effective filtration efficiency of biological substrates which produced almost 

TWF alike results. 

 Shoot length and root length significantly (p<0.001) varied among 

treatments and cultivars with significant (p<0.05) interaction for shoot length and 

non-significant (p>0.05) for root length. Maximum values of shoot length (L1, 

26.56 cm and L2, 26.83 cm) and root length (L1, 14.76 cm and L2, 15.66 cm) were 

measured in TWF treatment. Both parameters were reduced in PT treatment by % 

i.e. L1 (shoot length, 26.96 and root length, 26.49) and L2 (shoot length, 34.14 and 

root length, 22.09).  Shoot length of S1 (59.32 cm) and S2 (66.19 cm) was recorded 

highest in BT and TWF respectively but the maximum root length was found in 

TWF only (S1 15.81 and S2 14.31 in cm). The two studied parameters showed 

reduction in PT (S1 shoot length 18.8 % and root length 37.76 %) and S2 (shoot 

length 13.55 % and root length 36.41 %). The trend of highest to lowest values for 

both these parameters in all irrigation treatments was i.e. 

TWF>BTF>TW>BT>PTF>PT. Sinha et al. (2007) also reported significant shoot 

length but non-significant root length differences in their experiment on Beta 

vulgaris (palak). In present study PT though was treated water still enabled plants 

to accumulate heavy metals relatively greater than BT and TW. Due to the heavy 
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metal accumulation in plants grown in this treatment reduction in vegetables shoot 

and root length were recorded. Irrigation with heavy metal contaminated water 

poses toxic effects on plant growth especially shoot and root length of plants are 

inhibited in adverse exposure conditions (Singh et al., 2009; Singh and Agrawal, 

2012).  

Lamhamdi et al. (2010) also attributed inhibition of shoot and root length in 

spinach to the influence of toxic heavy metal i.e. Pb. Naaz and Pandey, (2010) 

studied toxic effects of Cu, Ni, Zn and Cr on lettuce and concluded that 

antagonistic effect of these metals was responsible for stunted shoot and root 

growth of lettuce. Plants require adequate biochemical functioning of K and Ca for 

cell division and elongation but toxic heavy metals like Co, Ni and Pb interfere 

with the metabolism of these two macronutrients inhibiting shoot and root growth 

even if macronutrients are present in plants in adequate quantities (Jaleel et al., 

2008). This observation was consistent with our results where heavy metals 

restricted plant growth in PT and PTF though macronutrients were present in 

adequate concentrations. Pb and Cd individually or in combination pose most 

adverse effects on spinach shoot and root growth (Naz et al., 2015). Maximum 

shoot and root growth in TWF and BTF were attributable to less metal 

concentrations and high macronutrient content in plants in present results (Hati et 

al., 2007). 

 The effect of treatments, cultivars and their interactions were highly 

significant on fresh weight (F.W) and dry weight (D.W) of leafy vegetables. 

Maximum fresh and dry weights of L1 (F.W, 96.56 g; D.W, 44.01 g) and L2 (F.W, 

88.58 g; D.W, 36.94 g) was measured in TWF. Reduction levels of L1 (F.W, 45.93 
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%; D.W, 50.51 %) and L2 (F.W, 9.67 %; D.W, 24.26 %) were estimated in PT. S1 

(F.W, 98.62 g; D.W, 42.88 g) and S2 (F.W, 49.65 g; D.W, 21.37 g) showed their 

maximum fresh and dry weights in TWF irrigated plants. Both cultivars exhibited 

% reduction of F.W, 34.35 % & D.W, 30.5 % in S1 and F.W, 35.05 % & D.W, 

45.34 % in S2. The trend of highest to lowest values for both these parameters in 

all irrigation treatments was as follows i.e. TWF>BTF>BT>TW>PTF>PT with 

slight change in fresh weight was PTF>TW.  

In current results, reduction of fresh and dry weight in PT was possibly due 

to disturbances in macronutrient metabolism in response to heavy metal 

accumulation (Akinci et al., 2010). Similar reduction in fresh and dry weight owing 

to heavy metal stress was observed by Lamhamdi et al. (2013) and Kosobrukhov et 

al. (2004) in spinach and plantago respectively. Auda et al. (2011) described 

significant reduction in dry weight of spinach plant due to toxic effects of Zn 

contaminated water. In a similar study by Hashem et al. (2013) % reduction in 

growth parameters was found to be correlated to the degree of heavy metal 

accumulation in lettuce plants. Similar decrease in plant growth and productivity 

parameters (fresh and dry weight) was described by Kachout et al. (2009).  Azmat 

et al. (2009) demonstrated Pb inhibitory effects on fresh and dry weight of leaves 

were due to limited water uptake which resulted in loss of plant biomass. Growth 

characteristics were found maximum in BTF and TWF treatments because of 

higher wastewater treatment efficiency recorded in both treatments. Another factor 

that contributed to enhanced growth of leafy vegetables in both of these treatments 

was the nutrients availability and further supplementation with NPK fertilizers 

(Singh and Agrawal, 2008). 
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In current experiments more adverse effects of heavy metals were found on 

spinach as compared to lettuce. This was in close accordance with Lamhamdi et al. 

(2013) and Auda et al. (2011). Treated wastewater application in irrigation proved 

useful as it served as an important source of nutrients (N and P). Its usage can also 

be an effective strategy to minimize fertilizer inputs to agricultural soils without 

compromising soil fertility and improved plant growth (Cirelli et al., 2012; Blum et 

al., 2012; Marinho et al., 2013). Besides N and P, treated wastewater is also a rich 

source of Na, B, Cu, Zn, Fe, Ca, K and Cl compared to fresh water as long as their 

concentrations do not surpass irrigation standards (Urbano et al., 2017).  

4.2.6 Bioconcentration Values in Leafy Vegetables Irrigated with Treated 

Wastewaters  

Bioconcentration factor (BCF) values of heavy metals in roots and leaves of 

lettuce and spinach cultivars are presented in Table 4.13 and 4.14. Bioconcentration 

factor for Cd was recorded highest in both lettuce and spinach roots and highest 

BCF for Zn was found in leaves of both leafy vegetables. Highest BCF value for 

Cd in roots was calculated in S2 (2.50) and in L2 (1.53) in BT treatments. Similarly 

highest BCF values for Zn were recorded in leaves of S2 (1.3) and L2 (0.88) in 

PTF treatment. However BT treated S2 leaves showed a highest BCF value (1.33) 

for Cd. Singh et al. (2010) and Pandey et al. (2012) reported highest BCF values 

for Zn and Cd in their experiments. Highest heavy metal BCF values for spinach 

and lettuce in comparison with other leafy vegetables were reported by Khan et al. 

(2010) which is in accordance with BCF values in current experiments.  

BCF values in roots of both leafy vegetables were higher in contrast to BCF 

values in leaves (edible parts). Also heavy metal accumulation in roots was 
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observed higher than in leaves (Table 4.10, 4.11). Vegetables exhibited some 

internal transport restriction due to which metals accumulated in roots became 

immobilized and were not translocated to shoots and other aerial parts of the plants 

(Bose and Bhattacharya, 2008). The order of BCF values in leaves was i.e. 

Zn>Cd>Cu>Ni>Co>Mn>Pb>Cr>Fe but the order in roots was i.e. 

Cd>Zn>Cu>Co>Ni>Mn>Pb>Cr>Fe. Cd is non-essential toxic metal and showed 

more accumulation in roots also reflected by its BCF while Zn showed greater 

accumulation and BCF values in leaves (Nayek et al., 2010). Highest BCF value 

for Cd in spinach leaves closely corresponded with the results of Khan et al. 

(2008). BCF values are indicators of plant efficiency for metal absorption when 

they are grown in variable metal concentration mediums (Rattan et al., 2005). In 

our results highest BCF values in PTF treatment corresponded to higher heavy 

metal availability in treated water and corresponding soils which then tend to 

accumulate in plants. Green leafy vegetables are more efficient for uptake and 

accumulation of toxic metals in their roots and aerial parts when grown in metal 

contaminated soils (Mapanda et al., 2007; Wu et al., 2012) 

Cadmium highest BCF value in BT treatment was unusual and relied on 

two factors i.e. 1- heavy metal levels in the soil and 2- plant’s absorption capacity. 

Plants are able to absorb available heavy metals in favorable soil conditions. An 

increase in soil heavy metal levels at this point will increase metal absorption by 

plants and BCF values will eventually increase. BCF values will continue to rise 

against steadily increasing soil heavy metal contents due to continuing metal 

absorption and sooner a stage will come when any further increase in the soil heavy 

metal concentration will have no effect on plant accumulation. Thus on further 
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increase in soil heavy metal contents, BCF value will start declining as plants are 

unable to absorb beyond their absorption capacity. Therefore Wang et al. (2008) 

had described that very high heavy metal levels in soils result in lower BCF values 

and vice versa. BT treated soils showed low Cd concentration as compared to PT 

treated soils and plants in this treatment absorbed Cd up to their absorption capacity 

or physiological tolerance, both these factors i.e. higher uptake of Cd with low soil 

Cd levels resulted in highest BCF value in this treatment compared to others. Next 

to Cd, highest BCF was calculated for Zn in roots. Plants can be categorized as 

accumulators (BCF>1), excluders (BCF<1) or hyperaccumulators (BCF≥1) 

depending on the BCF ratios. Spinach according to this criterion was considered as 

accumulator for Zn and Cd as BCF values for both these metals were above 1 in 

present investigation. Same results for Zn and Cd hyper accumulation were 

recorded by Liu et al. (2005), Yu et al. (2006), Nayek et al. (2010) and Xu et al. 

(2015). 

Lowest values of BCF were estimated for Fe followed by Cr and Pb in 

leaves and roots of leafy vegetables. Fe BCF values were in accordance with Ali et 

al. (2013a, b) while Cr and Pb lowest values corroborated with Nayek et al. (2010). 

Lower Fe BCF values can be explained on the basis of very high total Fe levels in 

soil and its very low accumulation in roots and leaves. According to Rattan et al. 

(2005) only a fraction of total metal content present in soil is available to plants for 

uptake therefore resultant BCF values are often much smaller when soil total metal 

values are used in BCF equation. In current endeavor, BCF values were recorded 

higher in spinach roots and leaves compared to lettuce. Puschenreiter et al. (2005) 

also reported spinach potential of higher metal accumulation and elevated BCF 
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values than lettuce.  

All treatments in this study showed variations with respect to BCF values 

for nine heavy metals. Highest to lowest BCF values were recorded in the 

following order in six treatments i.e. PTF>PT>BTF>BT>TWF>TW. Highest BCF 

values in PTF and PT were due to higher accumulation of heavy metals in soil and 

plants of these treatments. Ahmad and Goni, (2010) described that high BCF values 

of heavy metals were strongly affected by soil properties, application of NPK, 

climatic conditions and phytoavailability of macronutrients. TWF and TW treated 

plants represented lowest BCF values due to insignificant metal content and Cd 

was not even detected in TW treated soils.   

Our results indicated that BCF values for all heavy metals were less than 1 

except for Zn and Cd. Though both leafy vegetables are considered heavy metal 

accumulators but their BCF values were mostly in permissible limits. We can 

attribute this low BCF to; 1) irrigation with treated wastewater, 2) short life cycle 

of vegetables selected and 3) no previous history of wastewater irrigation. Long 

term irrigation with treated wastewaters needs strict vigilance and regular 

monitoring of treated water irrigated soils and corresponding crops to avoid heavy 

metal accumulation in plants and increased BCF values which may cause potential 

human and environmental health risks.  

4.2.7 Health Risk in Adults and Children Through Consumption of Treated 

Wastewaters Irrigated Vegetables  

Health risk for children and adults was assessed in this study. Calculated 

hazard index (HI) and health risk index (HRI) values are presented in Table 4.15 

and 4.16. HRI values for all examined heavy metals were below 1 in adults and 
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children except for Co (1.2) in children that was greater than 1 in S2 (PTF). 

Calculated HRI values of 9 metals in adults were i.e. Ni (0.004-0.035), Pb (0.002-

0.096), Zn (0.007-0.055), Mn (0.004-0.061), Fe (0.004-0.091), Cu (0.006-0.053), 

Cr (0.00), Co (0.014-0.663) and Cd (0.00-0.003).  

The order of HRI values for 9 metals in adults was 

Co>Pb>Zn>Fe>Cu>Mn>Ni>Cd>Cr. The HRI values of metals were used to 

determine HI value in adults. Highest HI value in adults was measured in S2 (1.04) 

irrigated with PTF while lowest was in L2 (0.05) in TWF treatment. HI values were 

found in following order in all six treatments PTF>PT>BTF>BT>TW>TWF. 

Higher HI values were found in spinach as compared to lettuce which reflected 

higher heavy metal accumulation potential of spinach. Sharma et al. (2016) also 

found highest HI in spinach as compared to other examined vegetables. Similarly 

higher Co HRI (>1) was reported by Sharma et al. (2016) in spinach for children. 

Co is essential component of various enzymes and also required in vital metabolic 

processes but higher levels prove to be toxic for plant and human health (Simonsen 

et al., 2012). Next to Co, highest HRI was calculated for Pb in S2 (PTF) in present 

study. Highest Pb HRI in spinach was also described by Singh et al. (2010). 

 For children, HRI values range across vegetables was i.e. Ni (0.007-0.063), 

Pb (0.003-0.175), Zn (0.011-0.099), Mn (0.007-0.11), Fe (0.007-0.164), Cu (0.010-

0.096), Cr (0.00-0.001), Co (0.023-1.2) and Cd (0.00-0.005). The order of HRI 

values for 9 metals in children was Co>Pb>Fe>Zn>Cu>Mn>Ni>Cd>Cr. Highest 

HI value in children was found in S2 (1.88) irrigated with PTF treatment. HI>1 was 

also recorded in S1×PTF (1.69), S1×PT (1.16) and S2×PT (1.58). Lowest value of 

HI was estimated in L1 (0.08) when irrigated with TWF. HI values were found in 
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following order in all six treatments PTF>PT>BTF>BT>TW>TWF in children. 

Our results indicated higher HI values in children than in adults which corroborated 

with Sultana et al. (2014). Authors concluded that children were at greater risk than 

adults by ingestion of Pb, Fe, Zn and Mn contaminated vegetables. Similarly higher 

HI values for children than adults were reported by Khan et al. (2008), Khan et al. 

(2010) and Li et al. (2015). Lowest Cd and Cr HRI in this study were due to lower 

uptake and accumulation of these metals in vegetables as indicated in Table 4.10 

and 4.11. These HRI values suggested that adults and children were not at high risk 

with respect to Cd and Cr toxicity which otherwise would have caused major non 

carcinogenic health risk in both adults and children.  

 Among six treatments higher values of HRI and HI were determined in PT 

and PTF. Principal reason for this finding was relatively higher heavy metal load in 

these treatments. Elevated metal accumulation in edible leaves of PT and PTF 

treated vegetables was major cause of higher HRI and HI values. Jan et al. (2010) 

demonstrated that leafy vegetables like spinach when grown in metal loaded soils 

showed higher HI values (>1). Similar results were obtained by Wang et al. (2012). 

Chary et al. (2008) found that leafy vegetables due to large surface area and high 

transpiration rates absorbed elevated quantities of water accompanied with higher 

levels of toxic heavy metals in their edible parts leading to significant health risk. 

Adults and children were not found at substantial risk from Cd, Cr and Ni but 

potent risk was considered due to Co, Pb, Fe and Zn. Higher accumulation of 

metals in spinach compared to lettuce and its cultivation in metal stressed area can 

prove hazardous from human health perspective. According to Abbasi et al. (2013) 

selection of suitable plant in such polluted areas will help to minimize health risk 
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associated with consumption of contaminated plants i.e. spinach. Long term 

irrigation with treated wastewater is another contributing factor to elevate metal 

levels in plants. Appropriate water treatment methods and safe irrigation strategies 

can help to avoid heavy metal contamination of leafy vegetables and associated 

health risks in arid and semi-arid areas facing water scarcity problems.  
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Table 4.8. Characteristics of treated wastewaters i.e. PT, BT and TW along with % reduction values in these treatments  

     compared to MW. 

Parameters 
MW   PT % 

Redu
ction 
In PT 

 BT % 
Reducti

on In 
BT 

TW Irrigatio
n 
Standar
ds 

Mean±SD Mean±SD Min-Max Mean±SD Min-Max Mean±SD Min-Max 

pH 8.49±0.32 8.1±0.2 7.77-8.36 4.63 7.48±0.23 7.17-7.81 11.91 7.37±0.04 7.3-7.42 6.5-8.4* 

TDS 1205.09±139.8
7 1028.86±3.32 1023.95-

1033.36 14.62 380.54±11.59 362.92-
398.64 68.42 329.12±3.49 323.66-334.67 2000* 

EC (mS/cm) 1.71±0.26 1.57±0.04 1.49-1.62 8.11 0.62±0.07 0.51-0.71 63.70 0.54±0 0.53-0.54 3* 

NO3
1-N 30.29±3.12 12.04±1.63 9.36-14.37 60.25 4.19±0.1 4.02-4.34 86.15 1.73±0.09 1.61-1.88 10* 

Cl1-  379.84±10.79 271.64±3.99 265.27-278.52 28.49 88.91±3.41 83.67-93.86 76.59 47.61±2.84 44.57-52.38 1065* 

Total 
Hardness 683.71±9.6 544.28±4.58 535.24-549.66 20.39 278.27±4.45 271.49-

285.26 59.30 241.79±2.18 238.44-244.82 - 

COD 303.81±13.22 106.97±3.34 102.54-112.35 64.79 56.45±2.68 52.45-60.28 81.42 42.77±2.95 36.89-45.65 150** 

Alkalinity  508.93±33.36 424.33±2.83 419.28-428.02 16.62 253.27±7.9 243.39-
267.53 50.24 244.76±3.84 239.47-250.57 613.1* 

SO4
2-  93.39±4.62 80.72±2.12 77.26-83.53 13.57 48.89±2.79 45.25-53.57 47.65 52.43±2.27 48.37-55.67 960* 

PO4
3-  3.57±0.36 1.84±0 1.83-1.85 48.52 1.49±0.03 1.45-1.52 58.32 1.27±0.02 1.24-1.3 2* 

Ni  0.31±0.12 0.221±0.004 0.216-0.228 27.98 0.063±0.004 0.058-0.071 79.47 0.072±0.003 0.067-0.077 0.2*** 

Pb  0.84±0.3 0.469±0.007 0.459-0.478 44.54 nd nd nd nd nd 5*** 

Zn  0.59±0.11 0.395±0.016 0.372-0.415 32.57 0.231±0.003 0.226-0.235 60.52 0.1±0.005 0.092-0.106 2*** 

Mn  0.48±0.15 0.17±0.003 0.166-0.175 64.48 0.056±0.003 0.051-0.061 88.36 0.044±0.003 0.039-0.049 0.2*** 

Fe  0.92±0.49 0.67±0.022 0.635-0.699 27.29 0.23±0.009 0.217-0.243 75.02 0.197±0.003 0.194-0.203 5*** 

Cu  0.38±0.16 0.263±0.006 0.256-0.271 30.47 0.104±0.005 0.096-0.112 72.61 0.052±0.003 0.048-0.057 0.2*** 

Cr  0.07±0.01 0.06±0.003 0.057-0.065 18.14 0.039±0.002 0.036-0.042 46.98 0.019±0.003 0.015-0.023 0.1*** 

Co  0.08±0.03 0.031±0.002 0.027-0.034 59.61 0.02±0.003 0.016-0.024 73.42 nd nd 0.05*** 

Cd  0.07±0.02 0.03±0.002 0.028-0.033 56.17 nd nd nd nd nd 0.01*** 

Na 41.5±5.28 34.37±2.18 30.78-37.55 17.17 38.43±2.71 34.37-42.26 7.39 22.85±2.48 19.33-25.67 919.6* 
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Ca 126.6±7.1 98.89±2.28 96.4-102.58 21.89 131.22±3.57 124.14-
136.25 3.5 64.55±2.48 61.56-68.78 400.8* 

K  19.5±4.26 8.64±1.13 7.27-10.38 55.69 22.31±1.37 20.24-23.98 12.5 3.61±0.24 3.27-3.97 2* 

Mg 42.36±7.05 39.95±2.05 36.92-42.54 5.70 45.77±2.33 42.69-48.93 7.4 31.96±1.92 28.65-34.24 60.8* 

 
* Ayers and Westcot, 1985; **Alberta Environment, 2000; *** Rowe and Abdel-Magid, 1995, 1 pH is dimensionless; All units are in mg/L except where 
mentioned; ND not detected, PT= Treated water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, MW= municipal 
wastewater 
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Table 4.9. Physico-chemical characteristics and metal content of soil (mean±SD) irrigated with treated water. 

Treatments PT TW BT PTF TWF BTF 
Soil 

Standards 

pH 7.61±0.32 7.41±0.24 7.49±0.82 7.56±0.3 7.38±0.16 7.43±0.72 6.6-8.4* 

TDS 629.63±35.57 237.15±12.54 295.83±17.82 767.42±41.78 258.46±53.89 309.28±17.71 - 

EC 

(mS/cm) 
0.98±0.2 0.37±0.07 0.46±0.04 1.19±0.06 0.4±0.07 0.48±0.39 4** 

Alkalinity  487.24±14.74 391.36±18.17 431.82±44.88 523.81±43.83 419.45±16.06 468.93±9.99 - 

Chlorides 283.56±13.98 163.51±4.92 203.77±10.37 318.64±17.92 196.27±17.33 249.4±17.33 3000* 

Organic 

Matter 
3.64±1.5 2.85±1.06 2.78±1.37 4.01±1.98 2.93±1.03 2.97±1.29 >0.86** 

Phosphorus 9.88±2.86 9.14±1.99 9.36±1.79 12.03±2.53 10.25±2.7 10.92±2.79 >7** 

NO3
1-N 14.36±1.97 3.78±1.42 5.48±2.11 17.22±3.34 4.94±1.8 8.19±3.1 1000* 

Ni  15.24±3.81 10.84±2.15 10.53±3.72 14.99±3.35 9.98±2.85 10.11±1.96 20** 

Pb  16.33±2.41 13.74±2.92 12.47±2.42 17.08±2.81 12.89±2.23 12.58±4.06 32** 

Zn  54.61±5.52 49.57±5.23 51.17±4.67 58.48±5.53 52.39±4.65 53.24±4.41 64** 

Mn  268.57±5.62 241.86±5.34 253.68±9.73 265.49±13.73 246.21±5.67 259.13±47.77 437** 

Fe  8627.95±388.22 8315.26±195.44 8386.14±350.34 8837.66±474.66 7985.39±523 7968.42±380.13 38000** 

Cu  24.67±3.86 20.54±1.95 21.82±4.02 22.09±2.88 19.44±2.91 19.77±2.47 13-24** 

Cr  28.95±3.65 24.32±3.48 26.67±2.32 27.84±6.57 23.49±3.61 25.16±5.74 54** 

Co  3.15±0.16 2.11±0.11 2.55±0.15 3.38±0.76 2.06±0.2 2.61±0.16 7.9** 
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Cd  0.77±0.06 nd 0.1±0.03 0.84±0.07 0.06±0.03 0.18±0.05 0.06-1.1** 

Na  518.78±11.89   392.63±6.11   766.6±37.6 507.27±10.92   396.88±5.92   753.64±15.13 6300** 

Ca  9241.33±572.33 8956.86±282.13 12179.31±421.96 9325.19±498.26 8822.45±622.15 11892.23±386.69 13700** 

K  2978.11±792.22 2689.46±243.37 3280.68±298.87 3025.57±266.08 2516.74±387.69 3246.39±455.04 8300** 

Mg  8017.38±383.89 7513.67±530.75 8884.96±695.45 7835.63±330.61 7644.54±544.82 8962.27±232.76 5000** 

* Pedrero and Alarcon, 2009;** Alloway, 2013; 1 pH is dimensionless; All units are in mg/Kg except where mentioned; ND not detected, PT= Treated water 
with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with physical substrates+ fertilizers, BTF= 
Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers  
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Table 4.10. Heavy metal and macronutrients (mg/kg) accumulation in lettuce and spinach roots grown in different irrigation  

       treatments. 

 Treatments Ni-R Pb-R Zn-R Mn-R Fe-R Cu-R Cr-R Co-R Cd-R Na-R Ca-R K-R Mg-R LEA
FY

 
V

EG
ETA

B
LES (LV

) 

L1 1.51a 0.51b 48.24a 15.53c 75.88c 4.74b 1.66a 0.45a 0.24a 366.51c 17354b 10844c 6393a 
L2 1.61a 0.63b 45.46ab 17.13b 79.89c 5.25b 1.18b 0.436a 0.27a 427.03b 17980a  12266b 6225.5b 
S1 1.72a 1.02a 39.75c 23.77a 131.41b 7.42a 1.74a 0.559a 0.23a 467.9a 16003c 16534a 3660.2c 
S2 1.75a 1.18a 42.36bc 15.77bc 165.2a 6.91a 1.62a 0.521a 0.33a 432.84ab 15512c 10792c 3219.5d 

 PT 2.48a 1.28a 51.79b 28.22a 180.67b 8.02a 2.81a 0.802a 0.55a 442.16a 17089ab  12890a 5391.6a TR
EA

TM
EN

TS (T) 

TW 1.01b 0.65b 30.39e 9.63c 68.62d 4.14c 0.55d 0.198b 0d 405.84a 16413bc  12367a 4240.5e 
BT 1.03b 0.55b 37.82d 17.33b 84.46c 5.66b 0.96bc 0.428b 0.16bc 418.19a 16785abc  12689a 4670.8c 
PTF 2.88a 1.5a 62.42a 27.55a 200.33a 8.62a 3.04a 0.908a 0.64a 442.87a 17379a  13070a 5327.7a 
TWF 1.33b 0.48b 35.65de 8.31c 66.08d 4.42c 0.67cd 0.178b 0.05cd 409.73a 16397bc  12141a 4462.4d 

 BTF 1.15b 0.58b 45.64c 17.26b 78.41c 5.63b 1.29b 0.434b 0.23b 422.63a 16212c  12498a 5154.4b 
 L1PT  2.16bcde 0.96cdef 53bcd 24.73cd 101.2g 6.54bcd 2.99ab 0.686abcd 0.5abcd 391.04bcde 17529abcde 11058bc 6715.5cd 
 L2PT  1.91cdefg 1.06cde 51.27cde 24.71cd 115.32f 5.65bcde 2.09c 0.633abcd 0.6abc 435.56abcd 18117ab 12357b 7138a 
 S1PT  2.82bc 1.3bcd 49.41def 35.64a 218.2d 10.58a 2.98ab 0.952abc 0.44bcde 483.64a 16237efghijk 16924a 4035.1i 
 S2PT  3.05ab 1.81ab 53.47bcd 27.79bc 287.97b 9.3a 3.17a 0.936abc 0.65ab 458.4ab 16473cdefghi 11219bc 3678j IN

TER
A

C
TIO

N
S (LV

*T) 

L1TW 1.14efgh 0.37ghi 40.46fghi 11.38ghi 51.08n 3.69e 0.81ef 0.228cd 0g 345.74e 16961bcdefgh 10673bc 5717.3g 
L2TW 1.15efgh 0.51fghi 32.35hij 10.09ghi 50.94n 4.58bcde 0.4ef 0.278cd 0g 421.98abcde 17825abcd 12178b 5399h 
S1TW 1.13efgh 0.95cdef 24.08j 9.4ghi 74.62jkl 4.25de 0.68ef 0.172d 0g 450.3abc 15995fghijkl 16151a 3331.8k 
S2TW 0.64h 0.77efgh 24.65j 7.65ij 97.83gh 4.02e 0.3f 0.114d 0g 405.33abcde 14871jkl 10466bc 2514n 
L1 BTF 1.2defgh 0.23i 48def 15.49ef 62.19lmn 4.01e 1.13de 0.433bcd 0.16efg 363.59cde 17151bcdefg 10916bc 6741.1bc 
L2BTF 1.29defgh 0.21i 46.2def 15.4ef 65.03lm 5.26bcde 0.98ef 0.416cd 0.18efg 429.1abcde 17757abcd 12206b 7012.8ab 
S1BTF 1.02gh 0.85cdefg 41.1efghi 26.54bcd 89.68ghi 6.57bc 1.89cd 0.452bcd 0.25defg 467.39ab 15328ijkl 16243a 3657.9j 
S2BTF 1.08fgh 1.02cdef 47.26def 11.61gh 96.75gh 6.69b 1.15de 0.434bcd 0.31cdef 430.46abcde 14614l 10627bc 3205.7kl 
L1PTF 2.23bcd 1.03cdef 61.08abc 23.25d 121.44ef 5.81bcde 3.05ab 0.702abcd 0.64ab 388.94bcde 17679abcde 11197bc 6570.4cde 
L2PTF 2.13bcdef 1.38bc 63.24ab 25.54bcd 129.69e 6.5bcd 2.35bc 0.543abcd 0.65ab 432.09abcde 18686a 12452b 6401.9ef 
S1PTF 3.18ab 1.62ab 61.05abc 32.73a 247.1c 11.5a 3.1ab 1.23a 0.54abcd 486.11a 16364defghij 17238a 4166.5i 
S2PTF 3.98a 1.96a 64.3a 28.68b 303.11a 10.67a 3.64a 1.157ab 0.73a 464.36ab 16787bcdefghi 11394bc 4172.2i 
L1TWF 1.18defgh 0.23i 42.79defgh 5.3j 55.38mn 3.84e 1.03ef 0.201d 0.04fg 350.68de 17361abcdefg 10436bc 6193.6f 
L2TWF 1.98cdefg 0.38ghi 38.76fghi 9.67ghi 56.36mn 4.34cde 0.43ef 0.256cd 0.05fg 416abcde 17564abcde 12092bc 5576gh 
S1TWF 1.2defgh 0.6efghi 30.63ij 10.06ghi 72.39kl 5.11bcde 0.75ef 0.155d 0.05fg 458.84ab 15897ghijkl 15979a 3281.4k 
S2TWF 0.96gh 0.7efghi 30.41ij 8.2hij 80.18ijk 4.4bcde 0.48ef 0.1d 0.06fg 413.42abcde 14765kl 10059c 2798.6mn 

 L1BT 1.18defgh 0.28hi 44.12defg 13.03fg 64.02lmn 4.56bcde 0.98ef 0.452bcd 0.11fg 359.08de 17445abcdef 10786bc 6420.3def 
 L2BT 1.18defgh 0.25hi 40.9efghi 17.36e 61.99lmn 5.17bcde 0.83ef 0.487bcd 0.15fg 427.46abcde 17935abc 12313b 5825.6g 
 S1BT 1.01gh 0.82defg 32.22hij 28.24bc 86.49hij 6.51bcd 1.05ef 0.39cd 0.12fg 461.13ab 16198efghijk 16669a 3488.8jk 

  



135 
 

               
 S2BT 0.77h 0.86cdefg 34.04ghij 10.67ghi 125.36ef 6.4bcd 0.97ef 0.382cd 0.25defg 425.08abcde 15561hijkl 10990bc 2948.7lm 

SO
U

R
C

E O
F 

V
A

R
IA

TIO
N

 

LV *** *** *** *** *** *** ** NS NS *** *** *** *** 
T NS *** ** *** *** *** *** *** *** NS * NS *** 
LV*T NS NS NS *** *** * NS NS NS NS NS NS *** 

 
NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; Means in the same column with same letter are not significantly different from 
each other; BDL Below detection limit, L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; PT= Treated water with physical substrates, BT= Treated water with biological 
substrates, TW= Treated water, PTF= Treated water with physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ 
fertilizers 
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Table 4.11. Heavy metal and macronutrients (mg/kg) accumulation in lettuce and spinach leaves grown in different irrigation  

        treatments. 

 Treatments Ni-L Pb-L Zn-L Mn-L Fe-L Cu-L Cr-L Co-L Cd-L Na-L Ca-L K-L Mg-L 

LEA
FY

 
V

EG
ETA

B
LES (LV

) 

L1 1.26b 0.48c 37.22b 11.78c 61.64c 3.05b 0.56c 0.29b 0.16bc 557.95c 14253c 18925c 4235.2c 
L2 2.12a 0.51c 35.94b 12.02c 55.51c 3.46b 0.67bc 0.22c 0.2a 495.01d 15041bc 17689d 3943.5d 
S1 1.36b 0.68b 47.81a 23.83a 98.36b 6.76a 0.97a 0.32b 0.14c 958.81a 15855ab 21619a 4828.9b 
S2 1.45b 0.85a 47.21a 18.78b 144.13a 6.75a 0.78b 0.38a 0.19ab 823.63b 16364a 19738b 5316.8a 

 PT 2.33b 1.18b 54.52b 26.09a 139.32b 6.32a 1.21b 0.54b 0.35b 726.96b 15963ab 19801ab 4975a TREA
TM

EN
TS (T)  

TW 0.89d 0.43c 22.79f 8.33c 52.04d 3.94b 0.26e 0.1d 0d 671.81e 14866c 19258bc 4036.1e 
BT 1cd 0.29d 36.13d 15.46b 66.4c 4.48b 0.53cd 0.19c 0.08c 688.76d 15267abc 19626ab 4563.2c 
PTF 2.73a 1.37a 62.1a 26.09a 169.45a 6.74a 1.47a 0.66a 0.48a 761.87a 16030a 20003a 4878.4ab 
TWF 1.23c 0.13e 31.68e 9.04c 47.9d 4.08b 0.32de 0.09d 0.02d 692.54d 15016bc 18804c 4218.6d 

 BTF 1.11cd 0.36cd 45.07c 14.63b 64.36c 4.47b 0.67c 0.23c 0.11c 711.15c 15126abc 19466ab 4815.1b 

 L1PT  1.77cd 1.11bc 46.71defg 18.14de 78.02fg 3.65ghi 0.98bcd 0.52c 0.35c 542.5k 14707cdefg 19217def 4678.1ghi 

 L2PT  2.61ab 0.98cd 44.42efgh 17.58e 82.53efg 3.97fgh 0.95bcd 0.4de 0.43b 493.53no 15811abcdef 17916ghi 4533.7hijk 

 S1PT  2.31bc 1.03c 64.69bc 39.33a 138.56d 9.33ab 1.83a 0.5cd 0.26de 973.22ab 16749ab 21920a 5144.6d 

 S2PT  2.62ab 1.62a 62.24c 29.3c 258.2b 8.35b 1.06bc 0.75b 0.38bc 898.6e 16586abcd 20153cd 5543.5b 

IN
TERA

CTIO
N

S (LV
*T) 

L1TW 0.95ef 0.25ijkl 21.31m 7.53jk 38.48mn 2.53i 0.3g 0.09ij 0j 519.28lm 13634g 18614fgh 3509.7o 
L2TW 1.35de 0.42ghi 24.24klm 6.56jk 31n 3.06hi 0.21g 0.08ij 0j 465.52p 14731cdefg 17622hi 3223.3p 
S1TW 0.84ef 0.77de 23.17lm 8.49ijk 57.33jkl 4.96def 0.35efg 0.13hij 0j 953.78bc 15365abcdefg 21559ab 4498.6ijk 
S2TW 0.43f 0.29hijk 22.41lm 10.73ghi 81.38efg 5.22cde 0.2g 0.1hij 0j 748.65h 16332abcd 19237def 4912.7ef 
L1BT 0.99ef 0.21ijkl 35.92ij 9.02hij 60.55ijk 3.12ghi 0.33fg 0.25fg 0.03ij 533.19kl 14279efg 18896efg 4371.8jk 
L2BT 1.71cd 0.09kl 29.85jkl 12.91fg 40.31mn 3.23ghi 0.63cdefg 0.28fg 0.1ghi 474.33op 14675cdefg 17855ghi 3982.2mn 
S1BT 0.68f 0.36ghij 37.12hij 26.8c 71.65ghij 5.63cd 0.59defg 0.14hi 0.07ghij 958.92bc 15666abcdef 21870a 4721.4fgh 
S2BT 0.61f 0.48gh 41.6fghi 13.12fg 93.08ef 5.95cd 0.56defg 0.1hij 0.13fg 788.58g 16448abcd 19882cde 5177.5cd 
L1PTF 1.86cd 1.13bc 49.29def 17.82e 92.88ef 3.39ghi 1.08bc 0.56c 0.52a 607.52i 14661defg 19364def 4128.4lm 
L2PTF 3.05a 1.29b 51.74de 17.78e 94.83e 4.23efg 1.16b 0.31ef 0.54a 534kl 15927abcde 17964ghi 4334.4kl 
S1PTF 2.76ab 1.27b 76.35a 35.61b 195.31c 9.87a 1.83a 0.85ab 0.33cd 982.8a 16871a 21998a 5230.3cd 
S2PTF 3.23a 1.79a 71.07ab 33.15b 294.78a 9.46ab 1.81a 0.92a 0.55a 923.16d 16660abc 20687bc 5820.6a 
L1TWF 1ef 0.07l 29.48jklm 6.74jk 43.34lmn 2.74i 0.31fg 0.04j 0.01j 568.4j 13899fg 18535fgh 3865.9n 
L2TWF 2.14bc 0.17jkl 29.44jklm 5.87k 35.68mn 2.9hi 0.3g 0.07ij 0.01j 490.23o 14315efg 17037i 3387.2op 
S1TWF 0.96ef 0.12kl 32.06jk 11.63fgh 50.45klm 5.34cde 0.43efg 0.12hij 0.03ij 939.94cd 15289abcdefg 20715bc 4563.2hij 
S2TWF 0.83ef 0.17jkl 35.71ij 11.91fgh 62.14hijk 5.32cde 0.25g 0.11hij 0.02ij 771.6g 15962abcde 18928efg 5058.2de 

 L1BTF 1.03ef 0.09kl 40.61ghi 11.46fghi 56.61jkl 2.87hi 0.39efg 0.27fg 0.07ghij 576.79j 14336efg 18923efg 4651ghi 

 L2BTF 1.84cd 0.08l 35.91ij 11.44ghi 48.74klm 3.38ghi 0.75bcdef 0.2gh 0.12fgh 512.45mn 14786bcdefg 17743hi 4405.9jk 

 S1BTF 0.63f 0.55fg 53.52d 21.16d 76.9gh 5.45cd 0.75bcdef 0.19gh 0.19ef 944.2c 15188abcdefg 21655ab 4815.2fg 
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 S2BTF 0.96ef 0.72ef 50.25de 14.46f 75.19ghi 6.19c 0.78bcde 0.27fg 0.05hij 811.18f 16196abcde 19543def 5388.1bc SO
U

RC
E O

F 
V

A
RIA

TIO
N

 

LV *** *** *** *** *** *** *** *** ** *** *** *** *** 
T *** *** *** *** *** *** *** *** *** *** NS ** *** 

LV*T * *** ** *** *** *** NS *** *** *** NS NS *** 
 
NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; Means in the same column with same letter are not significantly different from 
each other; BDL Below detection limit, L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; PT= Treated water with physical substrates, BT= Treated water with biological 
substrates, TW= Treated water, PTF= Treated water with physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ 
fertilizers 
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Table 4.12. Analysis of variance showing mean values of leaf area, leaf number, shoot  

        and root length, fresh and dry weight. 

Treatments 
 

 Leaf Area  Leaf 
No/plant 

 

Shoot 
Length Root Length Fresh 

Weight Dry Weight 

(cm) (cm) (cm) (g)     (g) 
L1 99.57b 12.23c 22.06c 12.84b 68.66c 29.54c 
L2 124.31a 12.31c 22.49c 13.93a 85.68a 33.26b 
S1 85.23c 34.45b 55.66b 12.97ab 81.21b 36.21a 
S2 73.12d 40.86a 62.69a 12.09b 39.38d 15.6d 

TREATMENTS             
PT 80.47e 22.12d 35.43d 10.5d 57.3c 22.81c 

TW 90.65d 25.14bc 41.76b 13.11bc 63.16b 26.26b 
BT 88.31d 25.39bc 41.1b 12.62c 65.01b 26.91b 

PTF 94.9c 24.02c 39.17c 12.24c 63.7b 25.26bc 
TWF 115.07a 26.08ab 44.28a 15.14a 83.35a 36.3a 
BTF 103.94b 27.01a 42.61ab 14.15ab 79.88a 34.39a 

INTERACTIONS             
L1PT 84.99jk 9.26j 18.67lm 10.85ghi 52.21jk 21.78i 
L2PT 108.37de 9.86ij 17.67m 12.2cdefgh 80.01efg 27.98gh 
S1PT 78.77l 32.61e 48.17g 9.84hi 64.74hi 29.8fg 
S2PT 49.75o 36.74bcd 57.22de 9.1i 32.25m 11.68k 

L1TW 91.43hi 12.42ghi 24.19hij 12.8bcdefg 57.98ij 22.87hi 
L2TW 127.02bc 11.25hij 21.34jkl 13.79abcdef 86.67cde 34.8def 
S1TW 75.2l 33.67de 56.67ef 12.56cdefg 70.37gh 32.27efg 
S2TW 68.94m 43.24a 64.84ab 13.26abcdefg 37.6lm 15.09jk 
L1BT 97.37gh 11hij 21.83jkl 11.28efghi 55.03ij 22.11i 
L2BT 113.49d 12.18ghij 22.9ijk 14.1abcd 87.98bcde 35.66de 
S1BT 80.8kl 35.26cde 59.32cde 13.9abcde 82.05def 37.41bcde 
S2BT 61.56n 43.13a 60.35cd 11.2fghi 34.97m 12.44k 

L1PTF 98.5fg 11.88ghij 20.1klm 13.46abcdefg 59.12ij 23.94hi 
L2PTF 126.31bc 11.37hij 20.44klm 12.5cdefgh 82.72def 28.25gh 
S1PTF 87.43ij 34.56de 53.57f 11.28efghi 76.12fg 34.44ef 
S2PTF 67.36mn 38.26bc 62.55bc 11.73defghi 36.84lm 14.41jk 

L1TWF 121.1c 15.63f 25.56hi 14.76abc 96.56ab 44.01a 
L2TWF 138.77a 14.54fg 26.83h 15.66a 88.58bcde 36.94cde 
S1TWF 96.76gh 34.54de 58.55de 15.81a 98.62a 42.88ab 
S2TWF 103.63ef 39.63b 66.19a 14.31abcd 49.65jk 21.37i 
L1BTF 104.03ef 13.21fgh 22jkl 13.9abcde 91.08abcd 42.56abc 
L2BTF 131.88b 14.65fg 25.76hi 15.35ab 88.14bcde 35.95de 
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S1BTF 92.39hi 36.05cd 57.67de 14.43abc 95.34abc 40.45abcd 
S2BTF 87.47ij 44.15a 65.01ab 12.93bcdefg 44.95kl 18.59ij 

SOURCE OF VARIATION           
LEAFY VEGETABLES *** *** *** *** *** *** 

TREATMENTS *** *** *** ** *** *** 
INTERACTIONS *** * * NS *** *** 

 
NS Not significant; * Significant at p<0.05; ** Significant at p<0.01; *** Significant at p<0.001; 
Means in the same column with same letter are not significantly different from each other; BDL Below 
detection limit, L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; PT= Treated water with 
physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated 
water with physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, 
TWF= Treated water+ fertilizers 
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Table 4.13. Bioconcentration factor (BCF) values of 9 metals in roots of spinach and  

        lettuce grown under different irrigation treatments. 

 
Root Cd Co Cr Cu Fe Mn Ni Pb Zn 

L1PTF 0.76 0.21 0.11 0.26 0.01 0.09 0.15 0.06 1.04 
L2PTF 0.77 0.16 0.08 0.29 0.01 0.1 0.14 0.08 1.08 
S1PTF 0.64 0.36 0.11 0.52 0.03 0.12 0.21 0.09 1.04 
S2PTF 0.87 0.34 0.13 0.48 0.03 0.11 0.27 0.11 1.1 
L1PT  0.65 0.22 0.1 0.26 0.01 0.09 0.14 0.06 0.97 
L2PT  0.77 0.2 0.07 0.23 0.01 0.09 0.13 0.06 0.94 
S1PT  0.57 0.3 0.1 0.43 0.03 0.13 0.18 0.08 0.9 
S2PT  0.85 0.3 0.11 0.38 0.03 0.1 0.2 0.11 0.98 

L1BTF 0.87 0.17 0.04 0.2 0.01 0.06 0.12 0.02 0.9 
L2BTF 1.02 0.16 0.04 0.27 0.01 0.06 0.13 0.02 0.87 
S1BTF 1.39 0.17 0.08 0.33 0.01 0.1 0.1 0.07 0.77 
S2BTF 1.72 0.17 0.05 0.34 0.01 0.04 0.11 0.08 0.89 
L1BT 1.11 0.18 0.04 0.21 0.01 0.05 0.11 0.02 0.86 
L2BT 1.53 0.19 0.03 0.24 0.01 0.07 0.11 0.02 0.8 
S1BT 1.21 0.15 0.04 0.3 0.01 0.11 0.1 0.07 0.63 
S2BT 2.5 0.15 0.04 0.29 0.01 0.04 0.07 0.07 0.67 

L1TWF 0.62 0.1 0.04 0.2 0.01 0.02 0.12 0.02 0.82 
L2TWF 0.77 0.12 0.02 0.22 0.01 0.04 0.2 0.03 0.74 
S1TWF 0.88 0.08 0.03 0.26 0.01 0.04 0.12 0.05 0.58 
S2TWF 0.92 0.05 0.02 0.23 0.01 0.03 0.1 0.05 0.58 
L1TW 0 0.11 0.03 0.18 0.01 0.05 0.11 0.03 0.82 
L2TW 0 0.13 0.02 0.22 0.01 0.04 0.11 0.04 0.65 
S1TW 0 0.08 0.03 0.21 0.01 0.04 0.1 0.07 0.49 
S2TW 0 0.05 0.01 0.2 0.01 0.03 0.06 0.06 0.5 

 
L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; PT= Treated water with physical 
substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated 
water with physical substrates+ fertilizers, BTF= Treated water with biological substrates+ 
fertilizers, TWF= Treated water+ fertilizers 
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Table 4.14. Bioconcentration factor (BCF) values of 9 metals in leaves of spinach  

        and lettuce grown under different irrigation treatments. 

Leaf Cd Co Cr Cu Fe Mn Ni Pb Zn 
L1PTF 0.62 0.17 0.04 0.15 0.01 0.07 0.12 0.07 0.84 
L2PTF 0.64 0.09 0.04 0.19 0.01 0.07 0.2 0.08 0.88 
S1PTF 0.39 0.25 0.07 0.45 0.02 0.13 0.18 0.07 1.3 
S2PTF 0.65 0.27 0.06 0.43 0.03 0.12 0.22 0.1 1.22 
L1PT  0.45 0.16 0.03 0.15 0.01 0.07 0.12 0.07 0.86 
L2PT  0.56 0.13 0.03 0.16 0.01 0.07 0.17 0.06 0.81 
S1PT  0.33 0.16 0.06 0.38 0.02 0.15 0.15 0.06 1.18 
S2PT  0.49 0.24 0.04 0.34 0.03 0.11 0.17 0.1 1.14 

L1BTF 0.4 0.1 0.02 0.14 0.01 0.04 0.1 0.01 0.76 
L2BTF 0.64 0.08 0.03 0.17 0.01 0.04 0.18 0.01 0.67 
S1BTF 1.03 0.07 0.03 0.28 0.01 0.08 0.06 0.04 1.01 
S2BTF 0.28 0.1 0.03 0.31 0.01 0.06 0.09 0.06 0.94 
L1BT 0.29 0.1 0.01 0.14 0.01 0.04 0.09 0.02 0.7 
L2BT 0.95 0.11 0.02 0.15 0 0.05 0.16 0.01 0.58 
S1BT 0.7 0.06 0.02 0.26 0.01 0.11 0.06 0.03 0.73 
S2BT 1.33 0.04 0.02 0.27 0.01 0.05 0.06 0.04 0.81 

L1TWF 0.18 0.02 0.01 0.14 0.01 0.03 0.1 0.01 0.56 
L2TWF 0.15 0.03 0.01 0.15 0 0.02 0.21 0.01 0.56 
S1TWF 0.47 0.06 0.02 0.27 0.01 0.05 0.1 0.01 0.61 
S2TWF 0.4 0.05 0.01 0.27 0.01 0.05 0.08 0.01 0.68 
L1TW 0 0.04 0.01 0.12 0 0.03 0.09 0.02 0.43 
L2TW 0 0.04 0.01 0.15 0 0.03 0.12 0.03 0.49 
S1TW 0 0.06 0.01 0.24 0.01 0.04 0.08 0.06 0.47 
S2TW 0 0.05 0.01 0.25 0.01 0.04 0.04 0.02 0.45 

 

L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak; PT= Treated water with physical substrates, 
BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with physical 
substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated 
water+ fertilizers 
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Table 4.15. Health risk index (HRI) values of selected metals and calculated HI values  

        in adults based on daily consumption of vegetables. 

Adults Ni  Pb  Zn  Mn  Fe  Cu  Cr  Co  Cd  HI 
Adult  

L1PT 0.0082 0.026 0.015 0.012 0.01 0.009 0.0001 0.16 0.0008 0.24 
L2PT 0.0121 0.023 0.014 0.012 0.011 0.009 0.0001 0.125 0.001 0.21 
S1PT 0.0249 0.055 0.046 0.061 0.043 0.05 0.0003 0.357 0.0014 0.64 
S2PT 0.0282 0.087 0.045 0.045 0.079 0.045 0.0002 0.541 0.0021 0.87 
L1TW 0.0044 0.006 0.007 0.005 0.005 0.006 0 0.029 0 0.06 
L2TW 0.0063 0.01 0.008 0.004 0.004 0.007 0 0.025 0 0.06 
S1TW 0.0091 0.042 0.017 0.013 0.018 0.027 0.0001 0.093 0 0.22 
S2TW 0.0046 0.016 0.016 0.017 0.025 0.028 0 0.073 0 0.18 
L1BT 0.0046 0.005 0.011 0.006 0.008 0.007 0 0.078 0.0001 0.12 
L2BT 0.008 0.002 0.009 0.009 0.005 0.008 0 0.086 0.0002 0.13 
S1BT 0.0073 0.019 0.027 0.041 0.022 0.03 0.0001 0.102 0.0004 0.25 
S2BT 0.0066 0.026 0.03 0.02 0.029 0.032 0.0001 0.073 0.0007 0.22 

L1PTF 0.0087 0.026 0.015 0.012 0.012 0.008 0.0001 0.174 0.0012 0.26 
L2PTF 0.0142 0.03 0.016 0.012 0.013 0.01 0.0001 0.097 0.0013 0.19 
S1PTF 0.0297 0.068 0.055 0.055 0.06 0.053 0.0003 0.61 0.0018 0.93 
S2PTF 0.0348 0.096 0.051 0.051 0.091 0.051 0.0003 0.663 0.0029 1.04 
L1TWF 0.0047 0.002 0.009 0.004 0.006 0.006 0 0.014 0 0.05 
L2TWF 0.01 0.004 0.009 0.004 0.005 0.007 0 0.022 0 0.06 
S1TWF 0.0103 0.006 0.023 0.018 0.016 0.029 0.0001 0.087 0.0002 0.19 
S2TWF 0.009 0.009 0.026 0.018 0.019 0.029 0 0.075 0.0001 0.19 
L1BTF 0.0048 0.002 0.013 0.008 0.008 0.007 0 0.083 0.0002 0.12 
L2BTF 0.0086 0.002 0.011 0.008 0.006 0.008 0 0.061 0.0003 0.1 
S1BTF 0.0067 0.03 0.038 0.033 0.024 0.029 0.0001 0.139 0.001 0.3 
S2BTF 0.0103 0.039 0.036 0.022 0.023 0.033 0.0001 0.191 0.0008 0.36 

 
HRI= health risk index; HI hazard index; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak;  
PT = Treated water with physical substrates, BT= Treated water with biological substrates, TW= 
Treated water, PTF= Treated water with physical substrates+ fertilizers, BTF= Treated water with 
biological substrates+ fertilizers, TWF= Treated water+ fertilizers 
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Table 4.16. Health risk index (HRI) values of selected metals and calculated HI values  

        in children based on daily consumption of vegetables. 

Children Ni  Pb  Zn  Mn  Fe  Cu  Cr  Co  Cd  HI 
Children  

L1PT 0.0138 0.043 0.024 0.02 0.017 0.014 0.0001 0.268 0.0013 0.4 
L2PT 0.0203 0.038 0.023 0.02 0.018 0.015 0.0001 0.21 0.0017 0.35 
S1PT 0.0451 0.1 0.084 0.11 0.077 0.091 0.0005 0.646 0.0025 1.16 
S2PT 0.051 0.158 0.081 0.082 0.144 0.081 0.0003 0.979 0.0037 1.58 
L1TW 0.0074 0.01 0.011 0.008 0.009 0.01 0 0.048 0 0.1 
L2TW 0.0105 0.016 0.013 0.007 0.007 0.012 0 0.042 0 0.11 
S1TW 0.0164 0.075 0.03 0.024 0.032 0.048 0.0001 0.169 0 0.39 
S2TW 0.0083 0.028 0.029 0.03 0.045 0.051 0.0001 0.131 0 0.32 
L1BT 0.0077 0.008 0.019 0.01 0.013 0.012 0 0.13 0.0001 0.2 
L2BT 0.0133 0.004 0.016 0.014 0.009 0.013 0.0001 0.144 0.0004 0.21 
S1BT 0.0132 0.035 0.048 0.075 0.04 0.055 0.0002 0.184 0.0007 0.45 
S2BT 0.0119 0.047 0.054 0.037 0.052 0.058 0.0001 0.133 0.0013 0.39 
L1PTF 0.0145 0.044 0.026 0.02 0.021 0.013 0.0001 0.291 0.002 0.43 
L2PTF 0.0238 0.05 0.027 0.02 0.021 0.016 0.0001 0.162 0.0021 0.32 
S1PTF 0.0538 0.124 0.099 0.099 0.109 0.096 0.0005 1.103 0.0032 1.69 
S2PTF 0.063 0.175 0.092 0.092 0.164 0.092 0.0005 1.2 0.0053 1.88 
L1TWF 0.0078 0.003 0.015 0.008 0.01 0.011 0 0.023 0 0.08 
L2TWF 0.0167 0.007 0.015 0.007 0.008 0.011 0 0.037 0 0.1 
S1TWF 0.0187 0.012 0.042 0.032 0.028 0.052 0.0001 0.157 0.0003 0.34 
S2TWF 0.0162 0.017 0.046 0.033 0.035 0.052 0.0001 0.136 0.0002 0.34 
L1BTF 0.008 0.003 0.021 0.013 0.013 0.011 0 0.138 0.0003 0.21 
L2BTF 0.0143 0.003 0.019 0.013 0.011 0.013 0.0001 0.102 0.0005 0.18 
S1BTF 0.0122 0.054 0.069 0.059 0.043 0.053 0.0002 0.251 0.0018 0.54 
S2BTF 0.0187 0.07 0.065 0.04 0.042 0.06 0.0002 0.346 0.0015 0.64 

 
HRI = health risk index; HI hazard index; L1=Leaf; L2=Ice berg; S1=Desi Palak; S2=Lahori Palak;  
PT= Treated water with physical substrates, BT= Treated water with biological substrates, TW= 
Treated water, PTF= Treated water with physical substrates+ fertilizers, BTF= Treated water with 
biological substrates+ fertilizers, TWF= Treated water+ fertilizers 
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  Figure 4.10.   Changes in total chlorophyll contents of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= 

Treated water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water 
with physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, 
Mean values sharing same letters are not significantly different from each other at p<0.05  
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    Figure 4.11.  Changes in carotenoid contents of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated  

water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05  
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   Figure 4.12.   Changes in MSI % of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated water with  

physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with physical 
substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean values 
sharing same letters are not significantly different from each other at p<0.05  
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   Figure 4.13.   Changes in Sugar levels of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated water  
with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with physical 
substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean values 
sharing same letters are not significantly different from each other at p<0.05 
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  Figure 4.14.   Changes in protein content of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT = Treated  
water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05 
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   Figure 4.15.   Changes in proline content of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated 

water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05 
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  Figure 4.16.    Changes in SOD content of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated 
water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05 
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   Figure 4.17.    Changes in POD content of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2= Lahori Palak; PT= Treated 
water with physical substrates, BT= Treated water with biological substrates, TW = Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05 
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  Figure 4.18.    Changes in CAT content of leafy vegetables, where L1= Leaf; L2= Ice berg; S1= Desi Palak; S2 = Lahori Palak; PT = Treated 

 water with physical substrates, BT= Treated water with biological substrates, TW= Treated water, PTF= Treated water with 
physical substrates+ fertilizers, BTF= Treated water with biological substrates+ fertilizers, TWF= Treated water+ fertilizers, Mean 
values sharing same letters are not significantly different from each other at p<0.05 
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SUMMARY 

In present study, experiments were conducted to evaluate fertigation 

efficacy of municipal wastewater (MW) for leafy vegetables. The MW is 

considered a stern threat for regional and global agro-ecologies due to water 

scarcity problems. Higher concentrations of heavy metals in the raw MW and 

corresponding soils reflected potential risk for its use in vegetable production and 

consumers. Municipal wastewater needs appropriate treatment prior to irrigation to 

avoid heavy metal toxicity. Relatively higher accretion of heavy metals was 

recorded in roots of studied leafy vegetables compared to their leaves which are 

edible parts. Application of NPK fertilizers in wastewater treatments enhanced the 

nutrients supply (i.e. K, N and P) to soils which ultimately increased plant uptake 

of macro nutrients such as Mg, Ca and K. Macronutrients compete with heavy 

metals for active sites in root epidermal membranes therefore in elevated 

concentrations of macronutrients, heavy metal uptake by plant is reduced. Similarly 

in present study heavy metal uptake by plant roots is reduced in the presence of 

higher concentrations of macronutrients e.g. K, Ca and Mg. Relatively high soil pH 

recorded was also responsible for limiting the availability of heavy metals to plant 

roots. Among trickling filters, biological trickling filter (BT) was found to be more 

efficient and effective compared to physical trickling filter (PT). Its treatment 

procedure was cost effective due to utilization of cheap agricultural substrates. The 

TW was recorded relatively more apt for irrigation of leafy vegetable cultivars than 

PT and BT. Though, all types of treated water i.e. PT, BT and TW contained lower 

heavy metal levels and also did not increase their levels in corresponding irrigated 

soils. Long term irrigation with treated wastewater however needs strict monitoring 
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of soil metal concentrations and subsequent plant uptake to avoid human health 

risks. In current experiments more adverse effects of wastewater borne heavy 

metals were found on spinach as compared to lettuce. Metal accumulation was 

found higher in roots and leaves of spinach compared to lettuce. Spinach has larger 

plant body, relatively large leaf size and thus has higher water requirements due to 

elevated evapotranspiration rate followed by increased uptake of metal laden 

wastewater. Based on these facts it can be concluded that lettuce is less hyper 

accumulative as compared to spinach. Spinach showed higher antioxidant activity, 

which enabled spinach to survive in wastewater environment inspite of higher 

heavy metal accumulation; otherwise it would have not thrived in such stress 

conditions. Inter-specific differences were more significant compared to intra-

specific differences. Our results indicated maximum fresh and dry weights in GF 

and MF treatments which were attributable to application of NPK fertilizers but 

such effects were not very significant when treated wastewater was applied with 

NPK fertilizations. Results indicated that BCF values for all heavy metals were less 

than 1 except for Zn and Cd. Though both leafy vegetables are considered heavy 

metal accumulators their BCF values were mostly in permissible limits.  

This low BCF was attributed to; 1- irrigation with treated wastewater, 2-

short life cycle of vegetables selected, 3- no previous history of wastewater 

irrigation. Long term irrigation with treated wastewater requires strict vigilance and 

regular monitoring of treated water irrigated soils and corresponding crops to avoid 

heavy metal accumulation in plants and increased BCF values that may cause 

potential human and environmental health risks. Adults and children were not 

found at substantial risk from Cd, Cr and Ni but potent risk was found due to Co, 
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Pb, Fe and Zn. Higher accumulation of metals in spinach compared to lettuce and 

its cultivation in metal stressed areas can prove hazardous from human health 

perspective. Selection of suitable plants in such polluted areas will help to 

minimize health risks associated with consumption of contaminated plants i.e. 

spinach. Long term irrigation with treated wastewater is another contributing factor 

to elevate metal levels in plants. Appropriate water treatment methods and safe 

irrigation strategies can help to avoid heavy metal contamination of leafy 

vegetables and associated health risks in arid and semi-arid areas facing water 

scarcity problems. 
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