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ABSTRACT 

 

Mathematical model for heavy metal phytotoxicity 

and accumulation in phytoremediation using 

Helianthus annuus L. 

 

Zhao Xin 

Department of Civil and Environmental Engineering 

The Graduate School 

Seoul National University 

 

Ecological rehabilitation of the contaminated soils in the industrial, agricultural, 

and urban territories is a great challenge in recent decades due to anthropogenic 

activities. Heavy metal contamination of the land surface and groundwater is a 

serious environmental problem that limits crop production and bioaccumulates in the 

food chain, threatening human health. Phytoremediation is an in situ technology 

employed by plants to remediate sites contaminated with toxic metals and hazardous 

organics in a cost effective and environmental friendly method. Since 
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phytoremediation involves growing plants in a contaminated matrix, various types 

of plants have been evaluated. Among the various types of plants, sunflowers 

(Helianthus annuus L.) have been commonly used in numerous phytoremediation 

studies due to their high tolerance to heavy metals and their ability to use the seeds 

as raw materials for biodiesel production. However, no mathematical model has 

quantitatively described the relative effect of the concentrations of heavy metals (in 

the aqueous phase or in soils) on the sunflower seeds early growth. In addition, there 

is no simple mathematical model to estimate the heavy metal accumulation in 

sunflower from contaminated soils.  

The main objective of this study was to assess effectiveness of sunflowers in 

accumulating heavy metals (i.e., Cd, Ni, Pb, and Zn) from contaminated soils. The 

objectives of this study were as follows: (1) to investigate the effects of heavy metal 

phytotoxicity on sunflower seeds in the aqueous phase and soil using SVI model; (2) 

to estimate the heavy metal accumulation in sunflower from contaminated soils by 

introducing sigmoid model.  

In order to quantitatively describe the relative effect of the concentrations of 

heavy metals (i.e., Cd, Ni, Pb, and Zn) on the germination and seedling growth of 

plants, seed germination tests were conducted using sunflower seeds treated with 

various heavy metals, and a mathematical model to estimate the seedling vigor index 

(SVI) was proposed. From the results of germination tests, a decrease in the seed 

germination percentage with an increase in the heavy metal concentration was 

observed, and the inhibitions of seedling growth were clearly detectable above 

certain critical concentrations (e.g., 50 mg-Cd/l, 50 mg-Ni/l, 100 mg-Zn/l, and 1,000 

mg-Pb/l). According to both the IC50 and a1 values, the resulting order of 



iii 
 

phytotoxicity of heavy metals on sunflower seed germination was Cd > Ni > Zn > 

Pb. The SVI estimation model developed in this study significantly explained the 

relationship between the heavy metal concentration and the SVI values. Thus, SVI 

values for a certain plant can be, a priori, obtained, with the heavy metal 

concentrations in the aqueous phase without performing the germination tests. 

Phytoremediation are mainly applied in soil rather than aqueous phase. 

Therefore, it is crucial to determine the heavy metal phytotoxicity in soils. Three 

case studies were performed independently where sunflower seeds were tested in 

loam, sandy loam, and silt loam to determine SVI model. The effect of increasing 

concentrations of heavy metals (i.e., Cd, Ni, Pb, and Zn) on the germination and 

seedling growth of sunflower seeds was examined. Linear function well described 

the relationship between rates of seed germination, length of shoot and root with 

logCHM in soil. The logarithm transformation SVI model was proposed and shown to 

give acceptable estimation of heavy metal phytotoxicity on plants seedling growth 

in different soil texture.  

A mathematical approach was developed and investigated to describe the 

contaminant movement from soil to plants. Pot experiments were carried out with 

sunflowers and target heavy metals, i.e., Cd, Ni, Pb, and Zn. The results presented 

has showed the heavy metal concentrations in sunflower increased rapidly during the 

establishment stage and followed by no statistically significant difference (p > 0.05) 

observed on heavy metal concentrations in sunflower after 30th day. Statistical 

analysis revealed that heavy metal accumulation in plants is dependent on the 

biomass production but there was no significant difference between contaminated 

soils and control soils. Sigmoid function, a common model to describe the plant 
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growth could fit the data of plant biomass well (R2 > 0.94). The masses of heavy 

metal uptake by sunflower were estimated on the basis of sigmoid function of 

biomass, the estimated results were in basic agreement with the experimental data in 

this study. 

Heavy metal phytotoxicity and performance of phytoremediation to remediate 

contaminated sites can be determined with SVI model and sigmoid model, 

respectively. Although the coefficients of SVI estimation model and sigmoid model 

vary from different species of plants, the empirical estimation models derived from 

theoretical background can be utilized for other species of plants. 

 

Keywords: Heavy metal, Phytoremediation, Phytotoxicity, Sigmoid model, 

Sunflower, SVI model 

Student Number: 2011-31299 
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Chapter 1.  

INTRODUCTION 
 

1.1 Background 

 

Heavy metal contaminated soil is a serious concern in most countries. 

Ecological rehabilitation of the contaminated soils in the industrial, agricultural, and 

urban territories (Fig. 1.1) is a great challenge in recent decades due to anthropogenic 

activities (Wang et al., 2014; Mahar et al., 2015; Nian et al., 2015; Xiao et al., 2015). 

Heavy metal contamination of the land surface and groundwater is a serious 

environmental problem that limits crop production and it bioaccumulates in the food 

chain, threatening human health (Zhang et al., 2012).  

 

Figure 1. 1 Major sources of heavy metals in soil (Mahar et al., 2016). 
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The most highly developed remediation methods for metal-contaminated 

soils are physical or chemical, such as soil washing, excavation and reburial 

(Vamerali et al., 2010). Phytoremediation is a cheap solar driven technology which 

uses plants to take up metals. (Salt et al., 1998). Phytoremediation techniques are 

developing great interest because the method became an alternative to the 

conventional energy intensive, instrument, and chemical-based expensive 

restoration technologies of vast polluted areas of land and water (Azadpour & 

Matthews, 1996; Garbisu et al., 2002; Vassilev et al., 2004; Padmavathiamma & Li, 

2007; Lone et al., 2008) and thus decontaminating the polluted environment by 

improving the utility, even of the marginal lands (Meagher, 2000). 

Since phytoremediation involves growing plants in a contaminated matrix, 

various types of plants have been evaluated. For example, many fast-growing plants 

with the ability to tolerate and accumulate metals have been investigated, including 

rapeseed (Brassica napus L.), Indian mustard (B. juncea), tumbleweed (Salsola kali 

L.) and so on (Kumar et al., 1995; De La Rosa et al., 2007). Among the various types 

of plants, sunflowers (Helianthus annuus L.) have been commonly used in numerous 

phytoremediation studies due to their high tolerance to heavy metals and their ability 

to use the seeds as raw materials for biodiesel production (Schmidt, 2003; Tang et 

al., 2003; Bastianoni et al., 2008). However, no mathematical model was developed  

to quantitatively describe the relative effect of the concentrations of heavy metals (in 

the aqueous phase or in soils) on the sunflower seeds early growth. In addition, there 

was no simple model to estimate the heavy metal accumulation in sunflower from 

contaminated soils. 
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This study determined the effects of the heavy metal concentrations in the 

aqueous phase (or in soils) on sunflower seeds early growth. Mathematical models 

were developed to estimate the seedling vigor index (SVI) values of sunflower seeds 

in the aqueous phase and in soils, respectively. In order to study the heavy metal 

accumulation in plants, sunflowers were grown in pots. The masses of heavy metal 

uptake by sunflower were estimated on the basis of sigmoid function of biomass, the 

estimation results were in basic agreement with the experimental data. 

 

1.2 Objective and Scope 

 

The main objective of this study was to assess the effectivity of sunflower 

in accumulating heavy metals (i.e., Cd, Ni, Pb, and Zn) from contaminated soils. The 

specific objectives of this study were as follows: 

(1) To investigate the effect of heavy metal phytotoxicity on sunflower 

seeds early growth in the aqueous phase 

(2) To investigate the effect of heavy metal concentration on sunflower 

seedling growth in different types of soil 

(3) To estimate the heavy metal accumulation in sunflower from 

contaminated soils 
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1.3 Organization of Dissertation 

 

This dissertation is composed of six chapters. Chapter 1 contains 

background and objectives of this study. Chapter 2 provides the literature review. 

Chapter 3 demonstrated the effects of heavy metal phytotoxicity on sunflower seeds 

early growth in the aqueous phase. Chapter 4 described the relationships between 

seedling vigor index of sunflower seeds and heavy metal concentration in different 

types of soil. Chapter 5 is about the estimation of heavy metal accumulation in 

sunflower from contaminated soils. The overall conclusions of this dissertation are 

summarized in chapter 6. Figure 1.2 is the scheme of this study. 
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Figure 1. 2 Schematic diagram of dissertation structure 
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Chapter 2.  

LITERATURE REVIEW 
 

2.1 Heavy metal phytotoxicity on plants1 

 

2.1.1 Cadmium effects on plants 

The regulatory limit of cadmium (Cd) in agricultural soil is 100 mg/kg soil 

(Salt et al., 1995).  It is wildly, recognized that plants grown in soil contaminated 

with high levels of Cd negatively affects plant growth and development in terms of 

chlorosis, growth inhibition, browning of root tips and finally death (Di Toppi & 

Gabbrielli, 1999; Wojcik & Tukiendorf, 2004; Guo et al., 2008). Fig. 2.1 shows the 

Root elongation of control and Cd-tread Arabidopsis thaliana plants over the time 

frame of 14 days.  

                                                      
1 Significant portions of this part were extracted and rearranged from 

Nagajyoti et al., 2010, “Heavy metals, occurrence and toxicity for plants: a 

review”, Environmental Chemistry Letters, 8, 199-216. 
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Figure 2. 1 Root elongation of control and Cd-tread Arabidopsis thaliana plants 

(Wojcik & Tukiendorf, 2004). 

 

In general, Cd has been shown to interfere with the uptake, transport and use of 

several elements (i.e., Ca, Mg, P, and K) and water by plants (Das et al., 1997). 

Absorption of nitrate and its transport from roots to shoots is reduced, by inhibiting 

the nitrate reductase activity in the shoots (Hernandez et al., 1996). Inhibition of the 

nitrate reductase activity was also found in plants of Silene cucubalus (Mathys, 1975). 

During Cd treatments, studies shown that nitrogen fixation and primary ammonia 

assimilation decreased in nodules of soybean plants (Balestrasse et al., 2003). 

Plasma membrane permeability affected by metal toxicity causes a reduction in 

water content; specifically, Cd has been reported to interact with the water balance 

(Costa & Morel, 1994). Furthermore, Cadmium treatments have been found to 

decrease ATPase activity of the plasma membrane fraction of wheat and sunflower 
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roots (Fodor et al., 1995). Cadmium also alters function of membranes by causing 

peroxidative damages via reactive oxygen species (ROS) formation and inhibition 

of chloroplast metabolism by suppressing chlorophyll biosynthesis and function of 

photochemical reaction centers (De Filippis & Ziegler, 1993). 

 

2.1.2 Lead effects on plants 

Lead (Pb) is one of the ubiquitously distributed toxic elements that can be 

easily absorbed and has no role in the process of cell metabolism.  It exerts adverse 

effect on morphology, growth and photosynthetic processes of plants which was 

supported by the study on inhibition seed germination of Spartiana alterniflora 

(Mrozek & Funicelli, 1982), Pinus helipensis (Nakos, 1979). Like other heavy 

metals, lead has the ability to inhibit germination by interfering with the activity of 

wide range of enzymes of different metabolic pathways. Inhibition of early seedling 

growth was reported in soya bean (Huang et al., 1974), rice (Mukherji & Maitra, 

1976), maize (Miller et al., 1975), barley (Stiborová et al., 1987), tomato, egg-plant 

(Khan & Khan, 1983) and certain legumes (Sudhakar et al., 1992). Similarly, lead 

also inhibited root and stem elongation and leaf expansion in Allium species 

(Gruenhage & Jaeger, 1985), barley (Juwarkar & Sinde, 1986) and Raphanus sativas. 

Inhibition exerted by lead on root elongation is due to inhibition of cell division in 

root tip and is dependent upon concentration of lead and ionic composition and pH 

of the medium (Godbold & Hüttermann, 1986). Concentration-dependent inhibition 

of root growth has been reported in Sesamum indicum (Kumar & Singh, 1993) (see 

Table 2.1).  
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Table 2. 1 Length of root and shoot of Sesamum seedling 5 days after planting, as 

affected by Pb2+ supply (Kumar & Singh, 1993). 

Pb2+ (mM) Root length (cm) Shoot length (cm) 

0.0 4.6 ± 0.33 4.2 ± 0.23 

0.04 2.3 ± 0.08 2.3 ± 0.18 

0.53 1.5 ± 0.29 2.1 ± 0.28 

1.90 0.7 ± 0.09 1.7 ± 0.36 

 

At high level lead in soil induces abnormal morphology in many plant 

species and finally lead to cell death (Sharma & Dubey, 2005). For example, lead 

induces proliferation effects on the repair process of vascular plants (Kaji et al., 

1995). It has been reported that lead administrated to potted sugar beet plants at rates 

of 100–200 ppm resulted in chlorosis and growth reduction (Hewilt, 1953). Similar 

results were obtained by some other studies showed significant reduction in growth 

of lettuce and carrot roots at low amounts of lead (0.005 ppm) (Barker, 1972). The 

growth development and  biomass production were negatively affected by increasing 

level of lead concentrations due to the effects on metabolic plant processes (Assche 

& Clijsters, 1990). The process of photosynthesis is reduced by exposing to Pb ions, 

resulting in partial chloroplast ultrastructure, restrained synthesis of chlorophyll, 

plastoquinone and carotenoids, obstructed electron transport, inhibited activities of 

Calvin cycle enzymes (Sinha et al., 1988), and deficiency of CO2 resulting in 

stomatal closure (Stiborová et al., 1987). 
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2.1.3 Nickel effects on plants 

Nickel (Ni) is an essential metal crucial for plant metabolism and is present 

in natural soils at trace concentrations except in ultramafic or serpentinic soils. 

However, Ni2+ toxicity has become a particular concern in certain areas due to  

industrial use such as mining works, emission of smelters, burning of coal and oil, 

sewage, phosphate fertilizers and pesticides (Gimeno-García et al., 1996). Ni2+ 

concentration in polluted soil may range from 20- to 30- fold (200–26,000 mg/kg) 

higher than the overall range (10–1,000 mg/kg) found in natural soil (Izosimova, 

2005). Excess of Ni2+ in soil has been reported to cause various physiological 

alterations and diverse toxicity symptoms such as chlorosis and necrosis in different 

plant species (Zornoza et al., 1999; Pandey & Sharma, 2002; Rahman et al., 2005). 

Plants grown in high Ni2+-accumulated soil showed impairment of nutrient balance 

due to nickel induced metabolic disorders that act on the structure and enzyme 

activities of cell membranes(Gonnelli et al., 2001).Earlier studies reported that Ni2+ 

alters the phospholipid composition of plasma membrane in Oryza sativa shoots 

along with changes in the ATPase activity. Thus, causing changes in ion balance in 

the cytoplasm (Pandolfini et al., 1992). Other symptoms observed in Ni2+-treated 

plants were alteration of water relation in plants. High uptake of Ni2+ restrict the 

movement of water from roots to the upper part of dicot and monocot plant species. 

Thus, progression of nickel toxicity in plants can be indicated by the amount of water 

uptake by plants (Pandey & Sharma, 2002; Gajewska et al., 2006). 
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2.1.4 Zinc effects on plants 

Zinc (Zn) is an essential micronutrient that is essential for metabolic 

processes of plants (Cakmak & Marschner, 1993) and has a long biological half-life. 

Phytotoxicity occurs when concentration of Zn and Cd exceeds as nutrient required 

for plant growth. It was indicated by decrease in growth and development, 

metabolism and an induction of oxidative damage in various plant species such as 

Phaseolus vulgaris (Cakmak & Marschner, 1993) and Brassica juncea (Prasad et al., 

1999). Cd and Zn have reported to play an important role to alter catalytic efficiency 

of enzymes in Phaseolus vulgaris (Van Assche et al., 1988; Somashekaraiah et al., 

1992) and pea plants (Romero‐Puertas et al., 2004). Zn concentrations in the range 

of 150–300 mg/kg have been measured in polluted soils (de Vries et al., 2007; Warne 

et al., 2008). Zinc could be strongly phytotoxic. High levels of Zn in soil inhibit 

various metabolic functions in plants, resulting in retarded growth and growth 

inhibition. Zinc toxicity in plants limited the growth of both root and shoot (Choi et 

al., 1996; Ebbs & Kochian, 1997; Fontes & Cox, 1998). The most significant 

phytotoxicity symptoms is chlorosis in the younger leaves, which can extend to older 

leaves after being exposed to Zn for a prolonged period due to iron (Fe) deficiency 

as hydrated Zn2+ and Fe2+ ions have similar radii. Similarly, it was reported that 

increased level of Zn in soil give rise to translocation of Mn to tops which results in 

chlorosis as they hinder Fe utilization in the leaves for chlorophyll synthesis (Ebbs & 

Kochian, 1997). Furthermore, the appearance of a purplish-red color in leaves is also 

another typical example of Zn toxicity which is ascribed to phosphorus (P) 

deficiency (Lee et al., 1996).  
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2.2 Heavy metal accumulation potential of plant 

 

2.2.1 Cadmium accumulation in plant 

Cadmium contamination is a major concern paricularly in soils containing 

waste materials from zince mines, sludge-amended soils and in soils fertilised with 

cadmium rich fertilizers. Anthropogenic activities has increased Zn fraction 

transported from roots to shoot and accumulated to a relatively high concentration, 

with levels greater than 620 mg-Cd/kg dry matter (DM) reported in wheat grain 

(Mitchell et al., 2000). Cd has high soil bioavaibility and high soil mobility 

compared to the other havy metals. Depeding on the concentration, the process of 

Cd uptake by plant roots can be either active or passive, depending on temperature, 

pH, salinity, organic matter content and nutrient concentrations in the soil (Cataldo 

et al., 1983). The capacity for Cd uptake and accumulation varies greatly among 

plant species and organs of the same plant. Generaly, metal concentrations are 

normally higher in roots compared to shoots (Kabata-Pendias, 2010). However, Cd 

is mainly allocated in the leaves of plant species. Since leafy vegetables, such as 

lettuces, endives and similar horticultural crops have a relatively high potential for 

Cd uptake and translocation they are considered Cd accumulators (Pagano et al., 

2008). Similar research on Cd accumulation was done by growing sunflower 

(Helianthus annuus L.) in sandy loam brown forest soil treated with 0,1 or 10mg/kg 

of Cd (Zengin & Munzuroglu, 2006).  

Cd was found to accumulate prevalently in roots, shoot and leaves. Despite 

short interaction time, elevated concentrations of Cd (0.78 mg/kg, 1.34 mg/kg, or 
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3.02 mg/kg depending on Cd‐dose) were detected in just emerged generative organs 

(heads) of young sunflower plants (Simon, 1998). 

 

2.2.2 Lead accumulation in plants 

The main source of lead entering an ecosystem is from industrial sites, from 

leaded fuels, old lead plumbing pipes, or even old orchard sites in production where 

lead arsenate is used. Lead is not biodegradable and highly immobile (Huang et al., 

1997). It accumulates in the upper 8 inches of the soil causing a long term 

contamination (Sekara et al., 2005). Heavy metals distribution is due to the 

mobilization of protective mechanism of plants, which inhibits the transport to other 

plant organs. Thus, the level of lead in plants decrease in the following order: roots > 

shoots > leaves > fruits > seeds (Sharma & Dubey, 2005). Lead moves in a radial 

manner across the cortex and accumulates near the endodermis. The root endodermis 

acts as a limiting factor restricting Pb transport from the root to shoot. since some of 

the Pb moves up through vascular tissues and diffuses to surrounding tisues. Thus, 

resulting in higher concentration in roots compared to shoots (Jones et al., 1973). 

Similar results was reported when rice (Oryza sativa L.) seedlings were raised in 

sand cultures containing 500µM and 1000µM  Pb(NO3)2 for 10 to 20 day, root 

growth was reduced by 22 to 42% and shoot growth by 25%. Localization of 

absorbed Pb was also reported 1.7 to 3.3 times higher in root compared to shoot 

(Sharma & Dubey, 2005). Some research have indicated that Brassica juncea, 

commonly referred as Indian Mustard have been referred as an effective species in 

lead remediation due to its great biomass production by accumulating 95% of lead 
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in it roots (Bennett et al., 2003). Biomass production and intensity heavy metal 

accumulation is important characteristic for phytoremidiation (Blaylock et al., 1999).  

 

2.2.3 Nickel accumulation in plants 

Studies has shown about 400 species in 40 families accumulate Ni. Despite 

wide diversity, our understanding on the mechanism involved in Ni accumulation is 

still limited and mostly focused on temperate herbaceous Brassicaceae (Jaffré et al., 

2013). Ni accumulating plants are reported endemic to soils derived from ultramafic 

rocks (DAVIE & BENSON, 1997). Plant species with Ni concentration exceeding 

1000µg/g DW (0.1%) in any above ground tissue can be referred as nickel 

hyperaccumulator (Bhatia et al., 2004). Nickel is preferentially localized in the leaf 

epidermal cells of Alyssum lesbiacum and Thlaspi goesingense Halacsy and can be 

recognized based on concentration of metal in leaf dry matter (Küpper et al., 2001). 

This suggest the existence of detoxification system for heavy metal within the plant 

(Rauser, 1995). Ni concentrations between 44 and 211 µmol/g leaf dry biomass were 

found in field grown with T. goesingense on ultramafic soils. Similary, the value was 

similar with previous research at a range of 85 to 256 µmol/g. (Reeves and Brooks, 

1983).  Compared to other non-accumulating species, T. goesingense was also found 

to grow in area with higher rhizophere Ni concentration (Kramer et al., 1997). 

Accumulation of Ni on ultramafic soils could be characterized by the ability to 

mobilize soil-bound Ni in the rhizophere, the ability to transport Ni from soil solution 

to shoot, and tolerance towards high levels of Ni in plant tissues and soil solution 

(Bani et al., 2013). The New Caledonian tree Sebertia acuminata can grow as tall as 
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10m contain approximately 26% nickel, on a dry weight basis containing 0.17% Ni 

in woody tissue and 1.2% in the dry leaf matter (Terry & Banuelos, 1999). 

 

2.2.4 Zinc accumulation in plants 

Zn are common environmental pollutants that binds to soil particles for a 

long period of time resulting in accumulation of toxic concentrations in soil. Many 

researches have been conducted to determine the plant species effective in 

accumulating Zn. One of the popular Zn hyperaccumulator species is Thlaspi 

caerulescens (Whiting et al., 2001). Besides that, Brassica juncea (Ebbs & Kochian, 

1998) and a few willow species (Vandecasteele et al., 2004) were also reported to 

have high potential for the phytoremediation of Zn. Thlaspi caerulescens was 

reported to bioaccumulate Zn in its shoots to > 10,000 µg g-1 shoot dry weight. 

Moreover, when growing on uncontaminated soils or soils contaminated with < 

400µg g-1 it can accumulate zinc to high concentration (Whiting et al., 2001). The 

ability to uptake and accumulate large amounts of zinc without toxic effects make 

this plant an effective phytoremediator. Studies have shown that Zn treatments 

resulted in highest accumulation in root, followed by stems and lowest in leaves. At 

low concentration (100mg/L), there was no significant changes in dry weight since 

Zn acts as a growth promoting micronutrient at low concentration. This suggested 

that Brassica juncea has high uptake ability for Zn (Kumar et al., 1995). However, 

at higher concentration significant changes in morphological characters such as dry 

weight and plant height was observed (Sridhar et al., 2005). Furthermore, Zn 

accumulation also results in structural changes in leaves, stem and roots (Van 
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Steveninck et al., 1987). Similar result was also reported in previous research where 

R. ulmifolius presented Zn levels in the roots ranging from 142 to 563 mg/kg, in the 

stems from 35 to 110 mg/kg and in the leaves from 45 to 91 mg/kg (Marques et al., 

2007). 
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Chapter 3.  

EFFECT OF HEAVY METALS PHYTOTOXICITY ON 
SEED EARLY GROWTH IN THE AQUEOUS PHASE 

 

3.1 Introduction 

 

Phytoremediation is an emerging cost-effective and environmentally sound 

alternative to conventional remediation technologies through the efficient use of 

plants to remove or immobilize environmental contaminates in complex matrices 

(soil, water or sediments) (Lombi et al., 2001; Pulford & Watson, 2003; Ali et al., 

2013). Since phytoremediation involves growing plants in a contaminated matrix, 

various types of plants have been evaluated. For example, many fast-growing plants 

for their ability to tolerate and accumulate metals have been investigated, including 

rapeseed (Brassica napus L.), Indian mustard (B. juncea), tumbleweed (Salsola kali 

L.) and so on (Kumar et al., 1995; De La Rosa et al., 2007). Among the various types 

of plants, sunflowers (Helianthus annuus L.) have been commonly used in numerous 

phytoremediation studies due to their high tolerance to heavy metals and their ability 

to use the seeds as raw materials for biodiesel production (Schmidt, 2003; Tang et 

al., 2003; Bastianoni et al., 2008).  

The phytoremediation of heavy metals and metalloids such as cadmium (Cd), 

chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni) and zinc (Zn) in 

various environment has been reported (Lasat, 2002), and the phytotoxicity of 

various heavy metals on different plant species has been investigated (Munzuroglu 

& Geckil, 2002; Clabeaux et al., 2011). Based on previous studies, the variation in 
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phytotoxicity of various heavy metals is mainly attributed to the differences in both 

the inherent toxicity of the various trace metals and the tolerances among plant 

species (Kopittke et al., 2010). 

In order to identify the appropriate plant seeds that can remove or 

immobilize heavy metals in different matrices, the phytotoxicity of heavy metals on 

plant seeds has been investigated by monitoring both the inhibition of seed 

germination and the retardation of plant growth (Wong & Bradshaw, 1982; Wang & 

Keturi, 1990). As yet, the most widely used acute phytotoxicity tests are both seed 

germination test (a direct exposure method) and the root elongation test (Kapustka 

& Reporter, 1993). 

According to previous studies (Lin et al., 2003; Groppa et al., 2008; Lee et 

al., 2013; Kötschau et al., 2014), the germination of seeds was found to be greatly 

affected by both the type and concentration of heavy metals (Chakravarty & 

Srivastava, 1992), and the lengths of both root and shoot were reduced with an 

increase in the target heavy metal concentrations (Jadia & Fulekar, 2008). Since the 

effective concentrations of heavy metals for a certain degree of inhibition are 

different, variously-reduced seed germination rates and differently-inhibited growth 

of root and shoot with increasing concentrations have been observed. 

Recently, the seedling vigor index (SVI) has been used as a phytotoxicity 

index to evaluate the effect of heavy metal on seedling growth (Srivastava & Thakur, 

2006; Kabir et al., 2008). Seedling vigor is a measure of the extent of damage that 

accumulates as viability declines, and the damage accumulates in seeds until the 

seeds are unable to germinate and eventually die (Copeland & McDonald, 2012). 
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Numerous studies have been done to investigate the effects of various species and 

concentrations of heavy metals on the early growth of seedlings. Nonetheless, no 

mathematical model to quantitatively describe the relative effect of the 

concentrations of heavy metals on germination and seedling growth of plants has 

been developed.  

In this chapter, a mathematical model to estimate SVI values is proposed to 

quantitatively describe the relative effect of the concentrations of heavy metals on 

the germination and seedling growth of plants. The specific objectives of this study 

were to compare the effects of heavy metals (i.e., Cd, Pb, Zn, and Ni) with different 

concentrations on seed germination of sunflower, and to develop a mathematical 

model to estimate the SVI values using the heavy metal concentrations. 

 

3.2 Materials and Methods 

 

3.2.1 Sunflower seeds (Helianthus annuus. L.) 

Sunflower was selected as a hyperaccumulator plant in this study because 

sunflower can accumulate some heavy metals from the soil (Boonyapookana et al., 

2005; January et al., 2008). Sunflower seeds were obtained from a commercial 

market because the species and cultivar are frequently and widely cultivated in the 

Republic of Korea. 
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3.2.2 Heavy metal solutions 

Heavy metals [i.e., Cd (II), Ni (II), Pb (II), and Zn (II)] evaluated in this 

study were obtained from the salts of CdCl2·2H2O; NiCl2·6H2O; PbCl2; and ZnCl2, 

respectively, and purchased from Sigma-Aldrich Co., USA and DaeJung Chemicals 

& Metals Co., Ltd., Republic of Korea.  

Since this study focused on the effects of heavy metals on the early growth 

of sunflower seeds, no other elements were added to eliminate others effects when 

using the heavy metal solutions. The concentrations of the heavy metals used in this 

study were determined based on a previous study (Zhao et al., 2013), reporting that 

the concentration ranges of Cd (II), Ni (II), Pb (II), and Zn (II) in which seeds can 

germinate are significantly different. Deionized water was selected as the control 

(pH = 7.14) test. The heavy metal concentrations of the solutions were decided from 

previous studies and ranged up to 500 mg/l for Cd and Ni, 3,000 mg/l for Pb, and 

900 mg/l for Zn, respectively. The average pH values of Cd, Ni, Pb, and Zn solution 

were 5.31 ± 0.19, 5.69 ± 0.09, 4.76 ± 0.23, and 6.58 ± 0.12, respectively. 

 

3.2.3 Germination and growth tests for sunflower seed 

The phytotoxicity of the target heavy metals were evaluated using the seed 

germination test described by the Environment Protection Agency (EPA, OPPTS 

850.4200, 1996a). For each seed germination test, 15 sunflower seeds were exposed 

to heavy metal solutions with different concentrations and placed in a multi spin 

shaker (VS-8480MX4, Vision Scientific Co., Ltd., Republic of Korea) under dark 

condition at 25 ± 1 ºC. The detailed experimental methods are presented in Table 3.1. 
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After seven days, the seed germination percentage and the lengths of both root and 

shoot were measured. All the values are presented as the average values ± standard 

deviation (SD) obtained from at least three replicates. The heavy metal 

concentrations in the sunflower tissues were not analyzed because the growth 

amounts of sunflower tissues were too small for analyses.  

 

Table 3. 1 Experimental design of the seed germination tests 

 Germination test 

Test species Sunflower (Helianthus annuus L.) 

Pretreatment 10% sodium hypochlorite solution for 10 min. 

Temperature 25 ± 1℃ 

Light quality Dark 

Test vessel 
Whatman No. 42 filter paper over 185×30 mm 

(D×H) Culture dish  

Test solution/soil 20 ml/vessel 

Specimens 15 seeds/vessel 

Replicates 3 

Water control and dilution 

water 
Deionized water 

Test duration 7 days 

Germination decision criteria Growth of 5 mm or more from primary root  
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3.2.4 Statistics analysis 

The IBM SPSS statistics (Version 21.0) analysis program was used for the 

statistical analyses. The data were analyzed with one-way analysis of variance 

(ANOVA) to determine the effect of the treatments, and Duncan’s multiple range 

test was applied to test the statistical significance of the differences in the averages 

of the treatments. Linear regression analysis was also performed among the heavy 

metal concentrations, seed germination percentages, and elongations of the roots and 

shoots.  

 

3.2.5 SVI estimation model development 

A germination test determines the maximum germination potential, or viability, 

of a seed and can be used to estimate the seed vigor, which is the extent of damage 

to a seed. Both mean root and shoot length were calculated after the seedling length 

was measured, and seed germination percentage is the percentage ratio of the number 

of germinated seeds to initial fifteen test seeds. The model presented here is based 

on the seedling vigor index (Abdul-Baki & Anderson, 1973) and calculated as 

follows: 

Seedling vigor index (SVI) = [Mean root length (Lr) + Mean shoot length 

(Ls)] × Percentage of seed germination (GP)     (3.1) 

where GP is the seed germination percentage (%), Lr is the root length (L), 

and, Ls is the shoot length (L).  

When the heavy metal concentration increased to certain levels (i.e., 1.008-

9.968 μg-Cd/l, 4.968-9.936 μg-Pb/l and 19.89-159.05 μg-Zn/l), the growth of A. 
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paniculata was enhanced, and no toxicity symptoms were observed (Tang et al., 

2009). However, above the critical levels of heavy metals, the linear correlation 

between the inhibitory rate of the root and shoot elongation versus tested heavy metal 

concentrations has been well described (Wang & Zhou, 2005). Based on these linear 

correlations between the inhibitory rate of the root and shoot elongation versus heavy 

metal concentrations above the certain critical levels, the germination percentage, 

root length, and shoot length can be expressed as follows: 

𝐺𝐺𝐺𝐺 = 𝐺𝐺𝐺𝐺0 − 𝑎𝑎1𝐶𝐶      (3.2) 

𝐿𝐿𝑟𝑟 = 𝐿𝐿𝑟𝑟,0 − 𝑎𝑎2𝐶𝐶      (3.3) 

𝐿𝐿𝑠𝑠 = 𝐿𝐿𝑠𝑠,0 − 𝑎𝑎3𝐶𝐶      (3.4) 

where GP0 is the initial seed germination percentage (%), Lr,0 is the initial 

root length (L), Ls,o is the initial shoot length (L), C is the heavy metal concentration 

(M/L3), and a1, a2, and a3 are the fitting coefficients. 

Equations (3.2), (3.3) and (3.4) can be combined in equation (3.1) giving the 

following: 

𝑆𝑆𝑆𝑆𝑆𝑆 = (𝑎𝑎2 + 𝑎𝑎3)𝑎𝑎1𝐶𝐶2 − ��𝐿𝐿𝑟𝑟,0 + 𝐿𝐿𝑠𝑠,0�𝑎𝑎1 + (𝑎𝑎2 + 𝑎𝑎3)𝐺𝐺𝐺𝐺0�𝐶𝐶 + (𝐿𝐿𝑟𝑟,0 +

𝐿𝐿𝑠𝑠,0)𝐺𝐺𝐺𝐺0        (3.5) 

Equation (3.5) is the quadratic function theoretically derived in this study. 

Based on the nature of the quadratic function, for the range of heavy metal 

concentrations in this study, the necessary conditions for the model was established 

as follows: 
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(𝐿𝐿𝑟𝑟,0 + 𝐿𝐿𝑠𝑠,0)𝐺𝐺𝐺𝐺0 ≤
��𝐿𝐿𝑟𝑟,0+𝐿𝐿𝑠𝑠,0�𝑎𝑎1+(𝑎𝑎2+𝑎𝑎3)𝐺𝐺𝐺𝐺0�

2

4(𝑎𝑎2+𝑎𝑎3)𝑎𝑎1
.   (3.6) 

According to the nature of the quadratic function, the coefficient '(a2+a3)a1' 

should be positive, which means that the SVI value decreases as the concentration 

of the heavy metals increases. When the absolute value of '(a2+a3)a1' is higher, the 

SVI value decreases faster, and the phytotoxicity of the heavy metal is greater. 

 

3.3 Results and Discussions 

 

3.3.1 Effects of heavy metal concentrations on seed germination percentage 

Germination started three days after the germination tests, and germination 

percentages of the sunflower seeds in both the control and heavy metal treatments 

were monitored seven days after the germination tests. The effects of Cd, Ni, Pb, and 

Zn in various aqueous concentrations on the germination percentage of sunflower 

seeds are presented in Table 3.2, and a decrease in the seed germination percentage 

with an increase in the heavy metal concentration was observed. Similar results have 

been reported in previous studies on Albizia lebbeck and Oryza sativa L. with Cd, 

Pb, and Hg in aqueous solutions (Mishra & Choudhuri, 1999; Farooqi et al., 2009).  

The low concentrations of Cd (i.e., 50 mg/l), Ni (i.e., 50 and 100 mg/l), and 

Zn (i.e., 50, 100 and 300 mg/l) evaluated in this study had no impact on the 

germination percentage compared to the control group. However, the sunflower 

seeds did not germinate at concentrations above 500 mg-Cd/l, 500 mg-Ni/l, 3,000 

mg-Pb/l, and 900 mg-Zn/l. Similar to this study, the inhibition of germination of 
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sunflower seeds at higher concentrations of Cd and Ni has been reported (Khan & 

Moheman, 2006).  
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Table 3. 2 Effects of heavy metal concentrations on the seed germination of sunflower seeds 

Cd Ni Pb Zn 

Dose 

(mg/l) 

Germination 

percentage 

(%) 

Dose 

(mg/l) 

Germination 

percentage 

(%) 

Dose 

(mg/l) 

Germination 

percentage 

(%) 

Dose 

(mg/l) 

Germination 

percentage 

(%) 

0  75.56 ± 0.18*a** 0  75.56 ± 10.18a 0  75.56 ± 10.18a 0  75.56 ± 10.18a 

50  57.78 ± 7.70ab 50  57.78 ± 16.78a 1,000  51.11 ± 20.37b 50  62.22 ± 7.70ab 

100  48.89 ± 16.78bc 100  66.67 ± 13.33a 1,500  44.44 ± 7.70b 100  75.56 ± 10.18a 

150  33.33 ± 11.55c 200  37.78 ± 3.85b 2,500  2.22 ± 3.85c 300  64.44 ± 7.70ab 

300  11.11 ± 13.88d 300  13.33 ± 6.67c 3,000  0.00 ± 0.00c 500  53.33 ± 13.33b 

500  0.00 ± 0.00d 500  0.00 ± 0.00c    900  0.00 ± 0.00c 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3). 
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As summarized in Table 3.3, a linear regression between the heavy metal 

concentrations and germination percentages was obtained with R2 values greater 

than 0.86. Based on this linear regression, the IC50 (half of the maximal inhibitory 

concentration) values of Cd, Ni, Pb, and Zn on sunflower seeds were estimated as 

100.07 mg-Cd/l, 139.78 mg-Ni/l, 1033.14 mg-Pb/l, and 376.03 mg-Zn/l, respectively. 

The coefficient a1 of GP for Cd, Ni, Pb, and Zn were also estimated as 0.146, 0.157, 

0.027, and 0.767, respectively. According to both the IC50 and a1 values, the resulting 

order of toxicity for the heavy metals on sunflower seed germination was Cd > Ni > 

Zn > Pb.  

Table 3. 3 Correlations between heavy metal concentrations and germination 

percentage, root length, and shoot length. (C: heavy metal concentrations in solutions) 

Heavy 

metal 
Linear equation R2 IC50

* (mg/l) 

Cd 

GP = -0.1458C + 64.6902 0.9091 

 102.21 Lr = -0.0051C + 2.1161 0.4351 

Ls = -0.0094C + 4.8945 0.9514 

Ni 

GP = -0.1570C + 71.9451 0.9249 

 139.78 Lr = -0.0057C + 2.4436 0.5807 

Ls = -0.0090C + 4.4347 0.9819 

Pb 

GP = -0.0270C + 77.8947 0.9693 

1033.14 Lr = -0.0013C + 3.5482 0.9318 

Ls = -0.0016C + 5.5148 0.7199 

Zn 

GP = -0.0767C + 78.8412 0.8683 

 376.03 Lr = -0.0046C + 3.5911 0.8737 

Ls = -0.0051C + 4.6603 0.9083 
*: Half of the maximal inhibitory concentration, which was estimated with the GP 

linear function. 
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3.3.2 Effects of heavy metal concentrations on seedling growth 

Heavy metal treatments inhibited both seed germination and the elongation 

of the root and shoot. Fig. 3.1 shows the effects of the Zn concentrations on the 

length of the roots and shoots of the sunflowers. Regression analysis between the 

root length and Zn concentrations, as well as the shoot length and Zn concentrations 

showed a robust linear correlation with R2 > 0.87. Similar results were also observed 

in the germination tests with the Cd, Pb, and Ni solutions (see Table 3.3). As 

summarized in Tables 3.4 and 3.5, the lengths of both the root and shoot significantly 

decreased with the treatments of Cd, Ni, Pb, and Zn compared to the control group. 

Especially, the inhibitions were clearly detectable above certain critical 

concentrations (e.g., 50 mg-Cd/l, 50 mg-Ni/l, 100 mg-Zn/l, and 1,000 mg-Pb/l).  

 

Figure 3. 1 Effects of the Zn concentrations on the sunflower seedling growth.  
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Table 3. 4 Effects of heavy metal concentrations on the root length of sunflower seedlings 

Cd Ni Pb Zn 

Dose 

(mg/l) 

Root length 

(cm) 

Dose 

(mg/l) 

Root length 

(cm) 

Dose 

(mg/l) 

Root length 

(cm) 

Dose 

(mg/l) 

Root length 

(cm) 

0  4.03 ± 0.50*a** 0  4.03 ± 0.50a 0  4.03 ± 0.50a 0  4.03 ± 0.50a 

50  0.75 ± 0.11b 50  1.28 ± 0.19b 1,000  1.71 ± 0.42b 50  4.03 ± 0.89a 

100  0.92 ± 0.08b 100  1.18 ± 0.12b 1,500  1.37 ± 0.13b 100  2.61 ± 1.20b 

150  0.86 ± 0.19b 200  0.94 ± 0.12bc 2,500  0.23 ± 0.40c 300  1.67 ± 0.31bc 

300  0.54 ± 0.47b 300  0.63 ± 0.06c 3,000  0.00 ± 0.00c 500  0.77 ± 0.13cd 

500  0.00 ± 0.00c 500  0.00 ± 0.00d    900  0.00 ± 0.00d 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3). 
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Table 3. 5 Effects of heavy metal concentrations on the shoot length of sunflower seedlings 

Cd Ni Pb Zn 

Dose 

(mg/l) 

Shoot length 

(cm) 

Dose 

(mg/l) 

Shoot length 

(cm) 

Dose 

(mg/l) 

Shoot length 

(cm) 

Dose 

(mg/l) 

Shoot length 

(cm) 

0  4.20 ± 0.56*a** 0  4.20 ± 0.56a 0  4.20 ± 0.56a 0  4.20 ± 0.56a 

50  4.88 ± 0.38a 50  4.07 ± 0.59a 1,000  4.85 ± 0.95a 50  4.85 ± 0.65ab 

100  4.12 ± 0.24a 100  3.85 ± 0.64a 1,500  4.65 ± 1.06a 100  3.70 ± 0.87b 

150  3.64 ± 0.57ab 200  2.66 ± 0.28b 2,500  1.10 ± 1.91b 300  4.03 ± 0.43ab 

300  2.13 ± 1.91b 300  1.43 ± 0.08c 3,000  0.00 ± 0.00b 500  1.78 ± 0.27c 

500  0.00 ± 0.00c 500  0.00 ± 0.00d    900  0.00 ± 0.00d 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3). 
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Because Cd is a highly toxic contaminant that affects many plant metabolic 

processes (Li et al., 2008), treatments at 50 mg-Cd/l produced significant (P < 0.05) 

effects on root growth compared to those at 50 mg/l for Ni, Pb, and Zn. All root 

elongations in the Cd treatments at various concentrations were shorter than those in 

the Ni, Pb, and Zn treatments. Considering that sunflower roots can accumulate 

significant amounts of these heavy metals, shorter root elongations in the Cd 

treatments indicate that the sunflower roots accumulated Cd to a higher degree than 

the other heavy metals. These results are consistent with a previous study using 

sunflower seeds treated with Cd and Cu solutions (Groppa et al., 2007).  

Interestingly, the shoot lengths exposed to the 50 mg-Cd/l, 1,000 mg-Pb/l, 

and 50 mg-Zn/l solutions exhibited a growth increase compared to those of the 

control by 16.32%, 15.57%, and 15.55%, respectively. This may be attributed to the 

metal hormesis, in which small doses of metal can increase the shoot growth 

(Calabrese & Baldwin, 1999). Similar results have also been reported in previous 

studies using Dorycnium pentaphyllum, Medicago sativa L., and Salosla kali L. with 

Cd, Zn, Ni, and Pb (Peralta et al., 2001; De La Rosa et al., 2007; Lefèvre et al., 

2009).  

Generally, the effects of heavy metals on seedling growth depend on the 

amount of toxic substance extracted from a given environment. As the 

concentrations of Cd, Pb, Zn, and Ni increased, the seedling growth of sunflowers 

decreased. Similar tendencies have also been reported in other studies with A. 

lebbeck in Cd and Pb contaminated conditions (Farooqi et al., 2009). For the 

phytotoxicity of heavy metals, root elongation was more sensitive than shoot 

elongation because the heavy metals show further accumulation in root than in shoot. 
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For instance, Zn was mainly restricted to the radicle while Cd had an even 

distribution between the radicle and shoots (Lefèvre et al., 2009).  

 

3.3.3 SVI Mathematical model 

Using the inhibition of the germination percentage, root elongation, and 

shoot elongation as an index to describe the relationship between the heavy metal 

concentration and early seed growth has its limitations because the process of seed 

germination can be affected by various interactions of factors including temperature, 

water availability, oxygen, light, substrate, maturity of seed, and physiological age 

of seed (Smýkal et al., 2015). Thus, the seedling vigor index (SVI) is required to 

compare the relative phytotoxicity in plants.  

 The relationship of the heavy metal concentrations and the seedling vigor 

index of the sunflower seeds is shown in Fig. 3.2 for Cd, Fig. 3.3 for Ni, Fig. 3.4 for 

Pb, and Fig. 3.5 for Zn, respectively. Compared to those of the control, the sunflower 

seedlings showed a low tolerance of Cd, Ni, Pb, and Zn in their corresponding 

treatments. The relationship among the coefficients of the linear equations for GP, 

Lr, and Ls presented in Table 3.3 satisfies equation 3.6, which denotes the necessary 

conditions for the mathematical model.  
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Figure 3. 2 Effects of the Cd concentrations on the seedling vigor index of 
sunflower seeds. 
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Figure 3. 3 Effects of the Ni concentrations on the seedling vigor index of 
sunflower seeds.  
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Figure 3. 4 Effects of the Pb concentrations on the seedling vigor index of 
sunflower seeds.  
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Figure 3. 5 Effects of the Zn concentrations on the seedling vigor index of 
sunflower seeds.  
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The SVI estimation model developed in this study rigorously explained the 

relationship between the heavy metal concentration and the SVI values, as shown in 

Figs. 3.2-3.5. Moreover, all R2 values in the SVI estimation model using the heavy 

metal concentrations are greater than 0.90, indicating that the SVI estimation model 

to describe heavy metal phytotoxicity on seedling growth is reasonable. Thus, the 

SVI estimation model developed in this study was proved to have a high level of 

precision in describing the phytotoxicity of Cd, Ni, Pb, and Zn on sunflower seedling 

growth.  

The coefficient (a2+a3)a1 of the SVI estimation model for Cd, Ni, Pb, and 

Zn were 0.0041, 0.0035, 2.8341e-005, and 0.0005, respectively. According to the 

nature of the quadratic function, the heavy metal inhibition on early sunflower 

seedling growth was on the order of Cd > Ni > Zn > Pb. Similarly, heavy metal 

phytotoxicity follows the following trend: Pb ≈ Hg > Cu > Cd ≈ As > ≈ Ni ≈ Zn > 

Mn (Kopittke et al., 2010). Although similar heavy metal phytotoxicity order was 

obtained in this study, the slightly different results from this study were mainly 

attributed to the difference in the target plant species and the range of the heavy metal 

concentrations.  

The SVI estimation model developed in this study is readily available in 

predicting SVI values when the value of the heavy metal concentration is within 

concentration ranges that sunflowers can germinate (In this study, the Cd, Ni, Pb, 

and Zn concentration range is 0–500 mg/l, 0–500 mg/l, 0–3,000 mg/L, and 0–900 

mg/l, respectively). Thus, SVI values for a certain plant can be, a priori, obtained, 

with the heavy metal concentrations in the aqueous phase without performing the 

germination tests. Although the coefficients of SVI estimation model changed from 
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different species of plants, the empirical SVI estimation model derived from 

theoretical background can be used for other species of plants. 

 

3.4 Summary 

 

The phytotoxicity of heavy metals on seed germination and seedling growth 

of the model species Helianthus annuus L. was evaluated. According to the results, 

Cd, Ni, Pb, and Zn treatments had significantly negative impacts on the germination 

percentage, seedling growth and seedling vigor index of sunflower seeds, compared 

to the control tests. Liner relationships can be drawn between the heavy metal 

concentrations and germination percentage and length of root and shoot within the 

range, and a quadratic function model between the heavy metal concentrations and 

the seedling vigor index was successfully derived. The SVI estimation model 

developed in this study rigorously explained the relationship between the heavy 

metal concentration and the SVI values. Thus, SVI values for a certain plant can be, 

a priori, obtained, with the heavy metal concentrations in the aqueous phase without 

performing the germination tests. The resulting order of phytotoxicity of heavy 

metals on sunflower seedling growth was Cd > Ni > Zn > Pb. Although the 

coefficients of SVI estimation model changed from different species of plants, the 

SVI estimation model can be used to explain the impact of heavy metals in soils on 

the germination and growth of hyperaccumulator plants. Future research is warranted 

to elucidate the universal usage of the SVI estimation model with various 

hyperaccumulator plants treated with heavy metals.   
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 Chapter 4.  

EFFECT OF HEAVY METALS PHYTOTOXICITY ON 
SEED GROWTH IN DIFFERENT TYPES OF SOIL 
 

4.1 Introduction 

A germination test determines the maximum germination potential, or 

viability, of the seed (Aghamir et al., 2016; Bae et al., 2016). In order to identify the 

appropriate plant seeds that can remove or mobilize heavy metals in different 

matrices, the phytotoxicity of heavy metals on plant seeds has been investigated by 

monitoring both the inhibition of seed germination and the retardation of plant 

growth (Wong & Bradshaw, 1982; Wang & Keturi, 1990; Wang et al., 2015; Zhi et 

al., 2015; Hu et al., 2016). Toxic effects of heavy metals (i.e., As, Cd, Cr, Cu, Hg, 

Pb, and Zn) in solution on seed germination rate and seedling growth of Brassica 

rapa var. turnip, Festuca rubra ssp. Commutate, Sinapis alba, and Helianthus 

annuus L. have been investigated (Fargasova, 1994; Hatamzadeh, 2012; Siddiqui et 

al., 2012; Deng et al., 2016; Zhao et al., 2016). Generally, heavy metals results in a 

concentration dependent inhibition of seed germination and seedling growth, 

however the degree of inhibition varies depending on plant species and heavy metals 

treatment (Kranner & Colville, 2011).  

The seedling vigor index (SVI) as an indicator can well described the 

seedling growth, has been widely used to evaluate the effect of heavy metal on 

seedling growth (Madejón et al., 2015; Güleryüz et al., 2016; Panda et al., 2016). 

An empirical SVI estimation model was developed and explained the relationship 

between the heavy metal concentrations in the aqueous phase and sunflower SVI 
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values (Zhao et al., 2016). Since soil texture, organic matter and clay content 

influence the bioavailability of pollutant heavy metals (Killham & Firestone, 1983) 

and rate of seed germination (Valdés-Rodríguez et al., 2013), the model cannot be 

directly applied to describe the relationship between plant SVI and heavy metal 

concentration in soil. To date, there appears to be no model or method in the open 

literature that is capable of estimating or predicting the SVI values of plant grown in 

soils.  

In this chapter, a mathematical model to estimate the SVI values is proposed 

to quantitatively describe the relative effect of the concentrations of heavy metal and 

soil texture on the seedling growth of plants. The specific objectives of this study 

were to compare the effects of soil texture (i.e., loam, sandy loam, and silt loam) 

contaminated with different level concentration of heavy metal on sunflower 

seedling growth, and to develop a correlation model to estimate the SVI values by  

treating different soil texture with specific concentration of heavy metals.  

 

4.2 Materials and Methods 

 

4.2.1 Soils and heavy metal concentration 

Three case studies, which used three types of soils, loam, sandy loam, and 

silt loam were selected as the target soils. Since the most abundant soil distributed in 

South Korea are loam soil, sandy loam soil, and silt loam at 40.6%, 33.8%, and 

20.4%, respectively (Korean soil information system, 2006). The three type of soils 

were collected from 40 cm depth at farmlands in the Gyeonggi-do (37° 40' 06.2" N, 
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127° 14' 22.5" E) and Chuangcheoungbuk-do (37° 04' 58.4" N, 128° 11' 52.9" E), 

Republic of Korea. Physical and chemical proprieties of the soil samples were 

measured and the results were presented in Table 4.1. 

 

Table 4. 1 Physical and chemical characteristic of tested soil used for germination 

tests 

Soil 

properties 
Unit Case I Case II Case III 

Soil 

texture 
- Loam Sandy loam Silt loam 

Clay % 1.45 8.92 9.43 

Sand % 60.48 73.00 36.40 

Silt % 38.07 18.08 54.17 

CEC cmol/kg 5.40 11.25 17.14 

Organic 

matter 
% 2.02 2.61 1.12 

T-N % 0.128 0.153 0.073 

T-P mg/kg 1479.82 614.92 305.49 

pH  - 8.37 ± 0.02 4.71 ± 0.01 8.64 ± 0.01 

Total Cd mg/kg-dry soil 0.20 ± 0.60 0.68 ± 0.71 1.05 ± 0.63 

Total Ni mg/kg-dry soil 3.87 ± 1.37 4.72 ± 0.71 21.41 ± 0.58 

Total Pb mg/kg-dry soil 96.83 ± 2.89 139.99 ± 6.43 87.82 ± 0.77 

Total Zn mg/kg-dry soil 57.67 ± 1.05 40.09 ± 0.10 78.81 ± 1.65 
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The soil samples were air-dried and passed through a 2 mm sieve. To prepare 

heavy metal contaminated soil for germination tests, control soils were spiked with 

heavy metal solutions. The soils were artificially contaminated with Cd2+, Ni2+, Pb2+, 

and Zn2+ which were obtained from the salts of CdCl2·2H2O; NiCl2·6H2O; PbCl2; 

and ZnCl2, respectively, and purchased from Sigma-Aldrich Co., USA and DaeJung 

Chemicals & Metals Co., Ltd., Republic of Korea. Contaminated soils were 

equilibrated for 24 hours, dried and mixed completely for seven days. The heavy 

metal concentrations of the soil were decided upon previous studies (Zhao et al., 

2013; Zhao et al., 2014; Zhao & Kim, 2014) and ranged up to 300 mg/kg for Cd, 

500 mg/kg for Ni, 3,000 mg/kg for Pb, and 900 mg/kg for Zn, respectively. The Cd, 

Ni, Pb, and Zn concentrations in the test soils were analyzed and the results are 

presented in Table 4.2. 
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Table 4. 2 Heavy metal concentrations of tested soil for seed germination 

Test soil 

designation 

Concentration in soil* (mg/kg dry weight) 

Case I Case II Case III 

Cd 

Control 0.20 ± 0.60 0.68 ± 0.71 1.05 ± 0.63 

12 16.06 ± 0.16 12.12 ± 0.28 14.06 ± 0.13 

50 52.42 ± 0.21 49.62 ± 1.89 53.88 ± 0.97 

100 116.44 ± 1.17 102.12 ± 1.23 92.92 ± 0.93 

150 190.38 ± 1.61 193.15 ± 1.09 148.18 ± 2.25 

300 317.09 ± 3.34 345.80 ± 0.87 305.95 ± 1.99 

Ni 

Control 3.87 ± 1.37 4.72 ± 0.71 21.41 ± 0.58 

50 60.78 ± 0.87 75.43 ± 2.26 71.07 ± 1.17 

100 95.75 ± 3.15 140.77 ± 1.43 117.99 ± 1.78 

200 195.13 ± 0.56 273.60 ± 4.20 219.08 ± 3.28 

300 300.95 ± 2.67 295.89 ± 5.62 324.82 ± 1.79 

500 396.44 ± 4.24 310.72 ± 1.73 485.73 ± 6.52 

Pb 

Control 96.83 ± 2.89 139.99 ± 6.43 78.81 ± 1.65 

500 605.72 ± 9.91 651.92 ± 6.01 522.96 ± 1.92 

1,000 1,392.61 ± 31.67 891.27 ± 11.92 919.25 ± 8.38 

1,500 1,827.88 ± 7.76 2,079.43 ± 27.10 1,471.69 ± 9.41 

2,000 2,718.89 ± 49.02 3,026.31 ± 19.53 1,891.46 ± 23.49 

3,000 3,011.63 ± 21.25 3,935.56 ± 19.12 2,797.88 ± 28.58 

Zn 

Control 57.67 ± 1.05 40.09 ± 0.10 87.82 ± 0.77 

100 121.99 ± 1.07 76.71 ± 1.39 142.79 ± 0.58 

150 135.19 ± 2.11 117.32 ± 1.56 186.43 ± 0.51 

300 193.72 ± 3.46 257.66 ± 4.12 380.46 ± 4.71 

500 650.79 ± 0.15 514.84 ± 6.20 530.76 ± 4.95 

900 1,139.80 ± 36.60 840.59 ± 4.46 888.09 ± 3.99 

*: The heavy metals concentrations in the soil were determined by using an 

inductively coupled plasma-optical emission spectrometer (ICP-OES, iCAP 7000, 

thermos, USA). 
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4.2.2 Heavy metal phytotoxicity tests for sunflower in soil 

Sunflower seeds were obtained from a commercial market because the 

species and cultivar are frequently and widely cultivated in the Republic of Korea. 

Fifty-four Type 316 stainless steel pots (15.5 ⌀ × 18 cm) were filled with 2.5 kg of 

the test soil with three replications for each concentration of heavy metal (experiment 

order: Cd, Ni, Pb, and Zn). Fifteen sterilized sunflower seeds were exposed in each 

pot. Water was added to the pot at about 60% by dry wt. of the water holding capacity 

(WHC) whenever the surface of the soil became dry. The test pots were placed in a 

multi spin shaker (VS-8480MX4, Vision Scientific Co., Ltd., Republic of Korea) 

under dark condition at 25 ± 1 ºC. The detailed experimental methods were presented 

in Table 4.3.  

 

Table 4. 3 Experimental design of the seed germination tests in soils 

 Germination test 

Test species Sunflower (Helianthus annuus L.) 

Pretreatment 10% sodium hypochlorite solution for 10 min. 

Temperature 25 ± 1℃ 

Light quality Dark 

Test vessel 150×180 mm (D×H) type 316 stainless steel pots 

Test solution/soil 2.5 kg-dry soil/vessel 

Specimens 15 seeds/vessel 

Replicates 3 

Water control and dilution water 
60% WHC (Water Holding Capacity), deionized 

water 

Test duration 7 days 

Germination decision criteria Growth of 5 mm or more from primary root  
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4.2.3 Soil SVI Model development 

After seven days, the seed germination percentage and the lengths of both 

root and shoot were measured. Seedling vigor index (SVI) of sunflower seeds were 

calculated by using the formula as follows (Abdul-Baki & Anderson, 1973) : 

Seedling vigor index (SVI) = [Mean root length (Lr) + Mean shoot length 

(Ls)] × Percentage of seed germination (GP)     (4.1) 

Where GP is the germination percentage (%); Lr is the root length (L); Ls is 

the shoot length (L). 

The relative values of germination percentage, root length, and shoot length 

were used to development the soil SVI model because of the growth of plant seed 

were different in different type of soils. The relative germination percentage, relative 

root length, and shoot length can be described as follows: 

𝐺𝐺𝐺𝐺
𝐺𝐺𝐺𝐺0

= 𝑎𝑎1(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏1      (4.2) 

𝐿𝐿𝑟𝑟
𝐿𝐿𝑟𝑟,0

= 𝑎𝑎2(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏2      (4.3) 

𝐿𝐿𝑠𝑠
𝐿𝐿𝑠𝑠,0

= 𝑎𝑎3(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏3      (4.4) 

Where, GP0 is the initial seed germination percentage (%), Lr,0 is the initial 

root length (L), Ls,0 is the initial shoot length (L), logC is the logarithmic values of 

the heavy metal concentration, and a1, a2, a3, b1, b2, and b3 are the fitting parameters. 

Based on equation 4.2, 4.3, and 4.4, the germination percentage, root length, and 

shoot length can be expressed as follows: 

𝐺𝐺𝐺𝐺 = 𝐺𝐺𝐺𝐺0 × [𝑎𝑎1(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏1]     (4.5) 
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𝐿𝐿𝑟𝑟 = 𝐿𝐿𝑟𝑟,0 × [𝑎𝑎2(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏2]     (4.6) 

𝐿𝐿𝑠𝑠 = 𝐿𝐿𝑠𝑠,0 × [𝑎𝑎3(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏3]     (4.7) 

Equations 4.5, 4.6, and 4.7 can be combined in equation 4.1 giving the 

following: 

𝑆𝑆𝑆𝑆𝑆𝑆 = �𝐿𝐿𝑟𝑟,0 × [𝑎𝑎2(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏2] + 𝐿𝐿𝑠𝑠,0 × [𝑎𝑎3(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏3]� × {𝐺𝐺𝐺𝐺0 ×

[𝑎𝑎1(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏1]}       (4.8) 

Equation 4.8 ban be derived: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐺𝐺𝐺𝐺0 × {�𝑎𝑎1�𝐿𝐿𝑟𝑟,0𝑎𝑎2 + 𝐿𝐿𝑠𝑠,0𝑎𝑎3��(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶)2 + �𝑏𝑏1�𝐿𝐿𝑟𝑟,0𝑎𝑎2 + 𝐿𝐿𝑠𝑠,0𝑎𝑎3� +

𝑎𝑎1�𝐿𝐿𝑟𝑟,0𝑏𝑏2 + 𝐿𝐿𝑠𝑠,0𝑏𝑏3��(𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶) + 𝑏𝑏1(𝐿𝐿𝑟𝑟,0𝑏𝑏2 + 𝐿𝐿𝑠𝑠,0𝑏𝑏3)}    (4.9) 

Equation 4.9 is the soil SVI model theoretically derived in this study.  
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4.3 Results and Discussions 

 

4.3.1 Effects on germination percentage  

From Table 4.2, soils treated with 12 mg of Cd in different case studies were 

measured to have a concentration of 16.06 mg-Cd/kg in Case I, 12.12 mg-Cd/kg in 

Case II, and 14.06 mg-Cd/kg in Case III, respectively.  The results of germination 

percentage of sunflower seeds in three case studies were shown in Table 4.4. The 

highest germination percentage observed at soil treated with 12 mg-Cd/kg were 

(84.44 ± 3.85%) in Case II, followed by 31.11 ± 10.18% in Case I and 28.89 ± 13.88% 

in Case III. At highest Cd concentration treatment, little effect of Cd was observed 

on the germination percentage (66.67 ± 6.67%) in Case II, but the germination 

percentage of Case I and Case III was reported 22.22 ± 3.85% and 6.67 ± 6.67%, 

respectively. 

 The germination percentage of all seeds decreased with increasing Ni 

concentration in soils. In Case I there was no germination of sunflower seeds at 

396.44 mg-Ni/kg. However, germination rate was reported in Case II and Case III at 

2.22 ± 3.85% (310.72 ± 1.73 mg-Ni/kg) and 13.33 ± 11.55% (485.73 ± 6.52 mg-

Ni/kg), respectively. This result show that sunflower seeds have higher tolerance to 

Ni concentration in sandy loam and silt loam compared to loam.  

Compared to Cd and Ni, sunflower seeds had a higher germination ability in 

Pb contaminated soils. Sunflower seeds could not germinate in 2,718.89 mg-Pb/kg 

in Case I and 1,891.46 mg-Pb/kg in Case III. However, sunflower seeds were 

reported to have 37.78 ± 7.70% germination rate in 3,935.56 mg-Pb/kg in Case II.  
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The tendency of the germination rate in three case studies decrease with the 

increase of Zn concentration in soil. Soils treated with 900mg of Cd in different case 

studies were measured to have a concentration of was reported to have the highest 

germination percentage 31.11 ± 13.88% in Case I, while Case II and Case III has a 

germination percentage of 11.11 ± 13.88% (840.59 ± 4.46 mg-Zn/kg) and 11.11 ± 

3.85% (888.09 ± 3.99 mg-Zn/kg), respectively. Thus, sunflower seeds planted in Zn 

contaminated loam have a higher tolerance compared to sunflower seeds planted in 

Zn contaminated Sandy loam and silt loam. 

According seed germination percentage in Cd, Ni, Pb, and Zn contaminated 

soils, effect of three soil varieties on seed germination were: silt loam > sandy loam > 

loam for Ni and Zn, and silt loam > loam > sandy loam for Cd and Pb.   
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Table 4. 4 The effect of heavy metals on germination percentage of the sunflower 

tested in three case studies 

Heavy 
metal 

Dose 
(mg/kg) 

Germination percentage (%) 
Means ± SD 

Case I 
(loam) 

Case II 
(Sandy loam) 

Case III 
(Silt loam) 

Cd 

Control 77.78 ± 7.70*a** 80.00 ± 0.00ab 62.22 ± 20.37a 
12 31.11 ± 10.18b 84.44 ± 3.85a 28.89 ± 13.88b 
50 35.56 ± 10.18b 73.33 ± 6.67bc 22.22 ± 10.18b 
100 35.56 ± 10.18b 71.11 ± 7.70bc 20.00 ± 13.33b 
150 24.44 ± 3.85b 73.33 ± 0.00bc 17.78 ± 3.85b 
300 22.22 ± 3.85b 66.67 ± 6.67c 6.67 ± 6.67b 

Ni 

Control 77.78 ± 7.70a 80.00 ± 0.00a 62.22 ± 20.37a 
50 62.22 ± 10.18ab 40.00 ± 6.67b 37.78 ± 3.85bc 
100 60.00 ± 11.55ab 33.33 ± 13.33bc 26.67 ± 11.55bc 
200 46.67 ± 0.00bc 17.78 ± 3.85cd 22.22 ± 10.18bc 
300 28.89 ± 25.24c 11.11 ± 19.25d 22.22 ± 7.70bc 
500 0.00 ± 0.00d 2.22 ± 3.85d 13.33 ± 11.55c 

Pb 

Control 77.78 ± 7.70a 80.00 ± 0.00a 62.22 ± 20.37a 
500 53.33 ± 20.00ab 80.00 ± 0.00a 28.89 ± 21.43ab 
1,000 64.44 ± 20.37ab 75.56 ± 10.18a 31.11 ± 37.91ab 
1,500 46.67 ± 20.00b 66.67 ± 11.55ab 2.22 ± 3.85ab 
2,000 0.00 ± 0.00c 55.56 ± 3.85b 0.00 ± 0.00b 
3,000 0.00 ± 0.00c 37.78 ± 7.70c 0.00 ± 0.00b 

Zn 

Control 77.78 ± 7.70a 80.00 ± 0.00a 62.22 ± 20.37a 
100 66.67 ± 11.55ab 68.89 ± 13.88ab 33.33 ± 11.55b 
150 57.78 ± 3.85ab 68.89 ± 13.88ab 26.67 ± 6.67bc 
300 48.89 ± 3.85cd 53.33 ± 6.67b 22.22 ± 3.85bc 
500 53.33 ± 20.00b 22.22 ± 7.70c 22.22 ± 3.85bc 
900 31.11 ± 13.88d 11.11 ± 13.88c 11.11 ± 3.85c 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) 

according to the Duncan test (n = 3). 
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4.3.2 Effects on root length 

The changes of sunflower root length planted in soil contaminated with 

heavy metals were presented in Table 4.5. In comparison among control group of 

sunflower planted in different Cd contaminated soil, sunflower root length was 

reported to be the highest in Case I (6.42 ± 0.32cm), whereas in Case II and Case III 

sunflower root length was reported to have approximately 4cm root length. 

Sunflower root length was reported to be less than 1 cm when planted in sandy loam 

(Case II) contaminated with 50 mg-Cd/kg of Cd and less than 0.5 cm in 300 mg-

Cd/kg. On the other hand, both sunflower root length treated in Case I and III has 

root length above 1 cm. 

Sunflower seeds treated with 50 mg-Ni/kg and 100 mg-Ni/kg has root length 

of 8.72 ± 4.0 cm and 8.3 ± 1.23 cm, respectively. The observed values were higher 

than when compared with the controlled group. This was because Ni acts as an 

essential macronutrient to promote cell growth at a specific concentration range. 

However, in a highly concentrated environment (i.e. 500 mg-Ni/kg), sunflower seed 

was not able to germinate. In Case II and III, root length of plant was reported to 

decrease with the increase in concentration of Ni in soil. Sunflower root length was 

the shortest when treated in 300 mg-Ni/kg in Case II (0.19 ± 0.33 cm). Whereas, 

even at highest concentration 500 mg/kg, root length in Case III were above 1 cm. 

 Root length of sunflower treated with Pb were evaluated to have a negative 

relationship with the concentration of Pb in contaminated soils. Due to lead toxicity, 

no germination was observed at 2,000 mg-Pb/kg in both Case I and III. Lead toxicity 

results in decreases in the percentage of seed germination, as well as growth, dry 

biomass of plant, inhibition of nutrient uptake (Sharma et al., 2004), and interferes 
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with photosynthesis (Ekmekçi et al., 2009). However, in soil treated with 3,000 mg-

Pb/kg in Case II, root length remained longer than 0.5 cm.  

 At highest concentration of Zn (900 mg-Zn/kg) in soils in three case studies, 

positive value of root length was observed. Soil treated with 500 mg-Zn/kg in Case 

I has shown root length of 2.92 ± 0.32cm. Root length was remained to be more than 

1 cm (1.61 ± 0.33 cm) when treated in 900 mg-Zn/kg. However, in Case II root 

length was reduced to 1.74 ± 0.25 cm when treated in 150 mg-Zn/kg. Followed by 

less than 0.5 cm when treated in 900 mg-Zn/kg. In Case III it was reported that root 

length measured were above 2.08 ± 0.80 cm when treated with Zn concentration as 

high as 900 mg-Zn/kg.  

From the results presented, we understand that different heavy metal has 

different effects on length of plant root when treated in different soil textures. 

Furthermore, treatments of different heavy metals on a specific soil does not show a 

direct relationship with root length. Thus, the value of root length alone is not 

sufficient to evaluate the toxicity of heavy metals. 
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Table 4. 5 The effect of heavy metals on root length of the sunflower tested in three 
case studies 

Heavy 
metal 

Dose 
(mg/kg) 

Root length (cm) 
Means ± SD 

Case I 
(loam) 

Case II 
(Sandy loam) 

Case III 
(Silt loam) 

Cd 

Control 6.42 ± 0.32*a** 4.70 ± 0.85a 4.19 ± 1.01a 
12 4.35 ± 0.42b 3.54 ± 0.36b 2.58 ± 0.57b 
50 4.05 ± 0.37b 0.93 ± 0.13c 2.12 ± 0.43b 
100 3.92 ± 0.76b 1.20 ± 0.10c 2.29 ± 0.28b 
150 3.93 ± 0.32b 0.81 ± 0.04c 2.44 ± 0.18b 
300 2.58 ± 1.25c 0.49 ± 0.43c 1.33 ± 1.40b 

Ni 

Control 6.42 ± 0.32a 4.70 ± 0.85a 4.19 ± 1.01a 
50 8.72 ± 4.05a 1.17 ± 0.06b 2.39 ± 0.51b 
100 8.35 ± 1.23a 0.70 ± 0.22bc 2.51 ± 0.19b 
200 2.08 ± 0.20b 0.57 ± 0.03bc 3.05 ± 0.61ab 
300 0.83 ± 0.72b 0.19 ± 0.33c 1.78 ± 1.11b 
500 0.00 ± 0.00b 0.20 ± 0.35c 1.53 ± 0.85b 

Pb 

Control 6.42 ± 0.32a 4.70 ± 0.85a 4.19 ± 1.01a 
500 5.16 ± 1.37ab 1.69 ± 0.07b 2.77 ± 0.38ab 
1,000 4.42 ± 1.03b 1.32 ± 0.05bc 2.12 ± 1.85ab 
1,500 4.32 ± 0.98b 1.26 ± 0.29bc 1.00 ± 1.73bc 
2,000 0.00 ± 0.00c 0.73 ± 0.09c 0.00 ± 0.00c 
3,000 0.00 ± 0.00c 0.61 ± 0.02c 0.00 ± 0.00c 

Zn 

Control 6.42 ± 0.32a 4.70 ± 0.85a 4.19 ± 1.01a 
100 4.84 ± 0.84ab 3.61 ± 1.30a 3.16 ± 0.43ab 
150 5.66 ± 2.04a 1.74 ± 0.25b 3.12 ± 1.54ab 
300 4.01 ± 2.11ab 0.60 ± 0.03bc 2.52 ± 0.59b 
500 2.92 ± 0.32bc 0.52 ± 0.01c 2.43 ± 0.09b 
900 1.61 ± 0.33c 0.34 ± 0.30c 2.08 ± 0.80b 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) 

according to the Duncan test (n = 3). 
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4.3.3 Effects on shoot length 

Table 4.6 show the effect of introduction of heavy metals on shoot length of 

sunflower in three case studies (loam, sandy loam and silt loam). Generally, shoot 

length of sunflower has a negative relationship with the concentration of heavy 

metals in soils. Shoot length of sunflower treated with 300 mg-Cd/kg in Case I was 

reported to be 1.59 ± 0.51 cm. When treated with 50 mg-Cd/kg in Case II, shoot 

length reduced significantly to 2.91 ± 0.13 cm, followed by 1.11 ± 0.96 cm when 

treated with 300 mg-Cd/kg. In Case III, Shoot length reduced drastically to 3.04 ± 

0.64 cm when treated with 12 mg-Cd/kg as compared to the control (11.57 ± 1.02 

cm). Results also show there was no significant difference on shoot length between 

12 mg-Cd/kg and 300 mg-Cd/kg in Case III.  

During Ni treatment on soil in Case I, shoot length of sunflower was found 

to reduce with the increase of Ni concentration in loam. Sunflower shoot length was 

reduced to less than 1 cm after being treated with 300 mg-Ni/kg and no germination 

was observed when treated with 500 mg-Ni/kg. Whereas in Case II, sunflower shoot 

length was reported 1.61 ± 0.69 cm when 50 mg-Ni/kg was introduced into sandy 

loam and shoot length remained less than 1 cm when the concentration of Ni was 

increased to 100 mg-Ni/kg. No significant change on shoot length was observed from 

Ni treated soil concentration from 50 mg-Ni/kg to 500 mg-Ni/kg. At concentration 

of 50 mg-Ni/kg length of shoot was reported 4.21 ± 1.48 cm. 

Similar results were found in Pb treated soils. At concentration of 2,000 mg-

Pb/kg in Case I and Case III, no germination was observed. However, at 

concentration of 3,000 mg-Pb/kg in Case II, shoot length measured was 1.53 ± 0.13 

cm. 
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Lastly, by comparison to the shoot length of control (12.62 ± 0.95 cm for 

Case I, 6.44 ± 0.83 cm for Case II, and 11.57 ± 1.02 cm for Case III), Shoot length 

reported was found to be less than half when treated with Zn at concentration of 300 

mg-Zn/kg. At concentration of 900 mg-Zn/kg, shoot length measured was 1.20 ± 

0.41 cm in Case I. There was no significant difference in shoot length in Zn treated 

soil in Case II between 150 mg-Zn/kg and 900 mg-Zn/kg and they remained less 

than 1 cm. In Case III, shoot length in Zn treatment soil at concentration of 100 mg-

Zn/kg was observed to be less than 58% compared to control (11.57 ± 1.02 cm). 

However, at concentration of 900 mg-Zn/kg, shoot length measured was 

approximately 2 cm. 

In summary, our study determined that different heavy metal has different 

effects on length of plant shoot when treated in different soil textures. Thus, the value 

of shoot length alone is not sufficient to evaluate the degree of plant growth rate. 
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Table 4. 6 The effect of heavy metals on shoot length of the sunflower tested in three 

case studies 

Heavy 
metal 

Dose 
(mg/kg) 

Shoot length (cm) 
Means ± SD 

Case I 
(loam) 

Case II 
(Sandy loam) 

Case III 
(Silt loam) 

Cd 

Control 12.62 ± 0.95*a** 6.44 ± 0.83b 11.57 ± 1.02a 
12 8.88 ± 1.50ab 7.53 ± 0.58a 3.04 ± 0.64bc 
50 10.38 ± 3.51a 2.91 ± 0.13c 3.03 ± 0.91bc 
100 3.65 ± 1.83cd 2.86 ± 0.31c 4.39 ± 0.83b 
150 6.23 ± 2.55bc 1.64 ± 0.15d 3.67 ± 1.44bc 
300 1.59 ± 0.51d 1.11 ± 0.96d 2.00 ± 1.78c 

Ni 

Control 12.62 ± 0.95a 6.44 ± 0.83a 11.57 ± 1.02a 
50 8.58 ± 1.45b 1.61 ± 0.69b 4.21 ± 1.48b 
100 6.16 ± 1.59c 0.60 ± 0.18c 3.65 ± 2.12b 
200 3.31 ± 1.10d 0.72 ± 0.21c 4.08 ± 1.51b 
300 0.84 ± 0.73e 0.15 ± 0.27c 2.58 ± 1.54b 
500 0.00 ± 0.00e 0.10 ± 0.17c 1.51 ± 0.51b 

Pb 

Control 12.62 ± 0.95a 6.44 ± 0.83b 11.57 ± 1.02a 
500 6.99 ± 5.04b 7.63 ± 0.34a 3.16 ± 3.11b 
1,000 5.38 ± 2.21b 5.19 ± 0.13c 1.42 ± 2.24b 
1,500 4.46 ± 2.78bc 3.49 ± 0.53d 0.33 ± 0.58b 
2,000 0.00 ± 0.00c 2.14 ± 0.19e 0.00 ± 0.00b 
3,000 0.00 ± 0.00c 1.53 ± 0.13e 0.00 ± 0.00b 

Zn 

Control 12.62 ± 0.95a 6.44 ± 0.83a 11.57 ± 1.02a 
100 9.83 ± 5.13ab 2.45 ± 1.90b 4.76 ± 1.44b 
150 7.05 ± 5.51abc 0.85 ± 0.37c 3.89 ± 0.62bc 
300 5.03 ± 4.76bc 0.55 ± 0.02c 2.74 ± 0.58c 
500 2.98 ± 0.25bc 0.36 ± 0.07c 3.17 ± 0.88bc 
900 1.20 ± 0.41c 0.16 ± 0.15c 2.32 ± 0.51c 

*: Results are presented as the means ± SD.  

**: Means with different letters are significantly different from each other (P < 0.05) 

according to the Duncan test (n = 3). 
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4.3.4 Linear regression and SVI model 

Seed germination experiment was conducted for seven days to carry out 

plant analysis. Sunflowers in pots were carefully removed from soils and washed 

with distilled water to remove soil particles. Quantitative measurements of root 

length and shoot length was done to calculate the relative germination percentage, 

relative root length and relative shoot length. According to equation 4.2, 4.3, 4.4, 

linear regression analysis was expressed between relative germination percentage (or 

relative root length or relative shoot length) and logarithmic values of the heavy 

metal concentration. Figure 4.1 and 4.2 showed linear regression relationship 

between relative value of GP, Lr, Ls and logC of heavy metals in Case I. Linear 

regression is known to model the relationship between two variables by fitting a 

linear equation to observed data. The closer the value to 1 the greater the strength of 

the association of the observed data for the two variables. In summary, relative GP 

was found to decrease with the increase of concentration of Cd in soil. A robust linear 

correlation (R2 = 0.90) was observed from the linear regression analysis for Cd 

treated soil. Whereas regression analysis for Ni and Zn treatment gives a linear 

correlation of R2 = 0.68 and R2 = 0.79, respectively. Having lead treatment with the 

lowest linear correlation (R2 = 0.54). 

The relative root length was also reported to have a negative relationship 

with the concentration of heavy metals. Soil treated with Cd and Zn both presented 

a R2 value higher than 0.90 (R2 = 0.90 for Cd, R2 = 0.95 for Zn). Linear correlation 

obtained from Pb treated soil was R2 = 0.59 followed by Ni treated soil with the 

lowest value (R2 = 0.38). 
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Linear regression was analyzed and was evaluated to describe the 

relationship between shoot length and heavy metal concentration in soil.  Figure 4.1 

and 4.2 shows a good fit and was reported to have a high linear correlation (R2 = 

0.91 for Ni, R2 = 0.92 for Pb, and R2 = 0.90 for Zn). 

Although values of relative GP, Lr, and Ls from Case I is different, however 

it can be summarized to have a negative relationship with the concentration of heavy 

metals in soils. Thus, equation 4.2, 4.3, and 4.4 was validated. 
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Figure 4. 1 Relative values of germination percentage and length of root and shoot of sunflower in Case I soil. (a: Cd and b: Ni) 
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Figure 4. 2 Relative values of germination percentage and length of root and shoot of sunflower in Case I soil. (a: Pb and b: Zn) 
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Similarly, linear regression analysis was conducted for case II using 

equation 4.2-4.4. Fig. 4.3a, Fig. 4.3b, Fig. 4.4a, and Fig.4.4b well described the 

relationship between relative GP, Lr, Ls and Cd, Ni, Pb, and Zn treated soil. Linear 

regression for relative GP in Ni and Zn treated soil obtained was (R2 = 0.95 for Ni 

and R2 = 0.94 for Zn). Whereas for Cd and Pb, the R2 value was higher than 0.60.  

The relative root length was also reported to have a negative relationship 

with the concentration of heavy metals with a high linear correlation (R2 = 0.91 for 

Cd, R2 = 0.97 for Ni, R2 = 0.88 for Pb, and R2 = 0.86 for Zn).  

Lastly, linear regression of shoot length and heavy metal concentration in 

Case II was reported to have linear correlation higher than 0.68. Having Ni treated 

soil with the highest value (R2 = 0.97). 

According to the results reported, we understand that equation 4.2, 4.3, and 

4.4 can well describe the germination rate of sunflower plant. This is promising 

especially for Ni treatment in Case II where liner correlation was reported to be 

higher than 0.95.
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Figure 4. 3 Relative values of germination percentage and length of root and shoot of sunflower in Case II soil. (a: Cd and b: Ni) 
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Figure 4. 4 Relative values of germination percentage and length of root and shoot of sunflower in Case II soil. (a: Pb and b: Zn) 
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Linear regression analysis for Case III was also determined from similar 

equations applied for both Case I and II. Fig. 4.5 and 4.6 described a negative 

relationship between relative GP, Lr, and Ls and concentration of heavy metal in Case 

III. A high linear correlation was observed for relative germination in soil treated 

with Cd, Ni, and Pb (R2 = 0.96 for Cd, R2 = 0.94 for Ni, and R2 = 0.91 for Pb). 

As for relative root length, the R2 value reported was higher than 0.73. Linear 

correlation obtained for relative shoot length for Pb treated soil was R2 = 0.98, 

whereas for Cd, Ni, and Zn treated soil, the R2 value reported was above 0.64. 

In summary, linear regression in Case III was similar to Case I and II. 

Generally, the germination rate of sunflower plant was affected by the heavy metals 

in soil and was reported to decrease with the increase of concentration of heavy 

metals.
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Figure 4. 5 Relative values of germination percentage and length of root and shoot of sunflower in Case III soil. (a: Cd and b: Ni) 
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Figure 4. 6 Relative values of germination percentage and length of root and shoot of sunflower in Case III soil. (a: Pb and b: Zn) 
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In this study, SVI model was developed to determine the SVI value of plants 

in different concentrations of contaminated soils by substituting quantitative 

measurements (i.e. germination percentage, root length, and shoot length) obtained 

from sunflowers germinated in soils contaminated with different heavy metals. From 

equation 4.2 to 4.4 stated, relative values of germination percentage, root length and 

shoot length can be derived and was analyzed with linear regression to determine the 

degree of linear correlation between the two variables. According to the results of 

analysis, we understand that, the relative values were strongly associated with the 

logarithmic values of the heavy metal concentration (GP: 0.60 < R2 < 0.96, Lr: 0.59 

< R2 < 0.97, and Ls: 0.64 < R2 < 0.98). 

The fitting parameters of linear regression equations can be represented by 

“a” and “b”. a1, a2, and a3 are fitting parameters of effect of concentration of heavy 

metals on germination percentage, root length and shoot length. According to the 

nature of linear regression, the larger the value of “a”, the higher the degree of 

phytotoxicity of heavy metal on plants were observed in the same case study. The 

fitting parameters b1, b2, and b3 can be applied to determine highest value of 

germination rate, root length, and shoot length. 

Table 4.7 presented the fitting parameters of linear equation for heavy metals 

in three case studies. Although the experiment was carried out with different 

concentration of heavy metals, effect of a specific heavy metals on sunflower plant 

germination rate can be predicted with the fitting parameters. Toxicity of heavy 

metals can be determined from the value a1. In Case I, Cd was reported to be the 

most toxic. However, Pb was the least toxic value with lowest value of a1. Similar 



85 
 

to our observations for a1, according to the value of a2 and a3 we can also well explain 

Cd to be the most toxic heavy metal and Zn being the least toxic. 

In Case II, Cd treated soil was reported to have the highest value of 

parameters a1, a2, and a3. Thus, it can be predicted that Cd has the highest toxicity 

compared to other heavy metals. On the other hand, Zn was observed to have the 

least effect on seed germination. Lastly, Cd in Case III was reported to have the 

highest value for the parameters, thus being the most toxic heavy metal as compared 

to the others. Having Pb to be the least toxic heavy metal. 

 Similar to the previous research, Pb was reported to have the least effect on 

sunflower seed germination due to the highest value of “b”. Germination rate, root 

length and shoot length of sunflower seeds were the highest when planted in Pb 

treated soils as compared to Cd, Ni, Zn contaminated soil. Due to the nature of 

toxicity of Cd, germination rate was reported to be the lowest, where length of shoot 

and root to be the shortest among all.  
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Table 4. 7 The values of fitting parameters from linear regression equations. 

Fitting 

parameter 

Case I Case II Case III 

Cd Ni Pb Zn Cd Ni Pb Zn Cd Ni Pb Zn 

a1 -0.21* -0.40 -0.49** -0.37 -0.06* -0.48 -0.32 -0.67** -0.34* -0.55 -0.71** -0.66 

a2 -0.16* -0.51 -0.50 -0.55** -0.36* -0.52 -0.56 -0.72** -0.24* -0.40 -0.66** -0.45 

a3 -0.23* -0.50 -0.60 -0.66** -0.35* -0.53 -0.59 -0.61** -0.29* -0.57 -0.74** -0.63 

b1 0.81 1.37 2.04 1.60 1.03 1.36 1.80 2.15 0.96 1.66 2.38 2.08 

b2 0.89 1.69 2.10 1.97 0.97 1.31 2.08 2.03 0.97 1.46 2.33 1.80 

b3 0.92 1.39 2.23 2.07 1.13 1.32 2.49 1.67 0.86 1.61 2.37 1.94 

*: The most toxic heavy metal in the same case study 

**: The least toxic heavy metal in the same case study
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Equation 4.9 is a SVI model developed to determine the SVI value of plants 

in different concentrations of contaminated soils by substituting quantitative 

measurements (i.e. germination percentage, root length, and shoot length) and fitting 

parameters obtained from sunflowers germinated in soils contaminated with 

different heavy metals. 

Table 4.8 presented the SVI equations derived from substituting the fitting 

parameters for heavy metals in three case studies. From Table 4.9, two findings were 

reported. Firstly, treatment of the same heavy metal in different soil results in a 

different coefficient value for the heavy metal concentration. Thus, seedling growth 

and development of sunflower was affected by the soil texture. Next, by comparing 

the coefficient values of logC in different heavy metals, similar trend was observed 

as follows: (logC)2
Cd < (logC)2

Ni < (logC)2
Zn < (logC)2

Pb.  Based on the findings, soil 

SVI model derived can primarily determine the effects of heavy metals on sunflower 

seed early growth in Cd > Ni > Zn > Pb order.  
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Table 4. 8 Correlations between heavy metal concentrations and SVI in three case studies. (logC: the logarithmic value of the heavy metal 

concentration) 

Heavy 

metal 

SVI model equation 

Case I Case II Case III 

Cd SVI = 64.65(logC)2 
– 532.11(logC) + 1088.63 SVI = 19.50(logC) 2 

– 383.32(logC) + 980.96 SVI = 91.70(logC) 2 
– 555.17(logC) + 837.11 

Ni SVI = 298.11(logC) 2 
– 1904.62(logC) + 3026.13 SVI = 226.87(logC) 2 

– 1205.87(logC) + 1597.15 SVI = 280.64(logC) 2 
– 1694.36(logC) + 2557.35 

Pb SVI = 409.91(logC) 2 
– 3296.78(logC) + 6615.20 SVI = 164.25(logC) 2 

– 1583.08(logC) + 3704.33 SVI = 499.24(logC) 2 
– 3316.50(logC) + 5506.69 

Zn SVI = 346.72(logC) 2 
– 2611.29(logC) + 4825.65 SVI = 391.72(logC) 2 

– 2346.78(logC) + 3495.89 SVI = 375.50(logC) 2 
– 2415.44(logC) + 3883.20 
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4.3.5 Sensitivity analysis 

Mathematical computer models have become essential in many fields from 

life sciences to finance. Parameters of these models are important and will exert a 

great influence on the models’ performance (Liu et al., 2004). The parameter values 

and assumptions of any model are subject to change and error. Thus, sensitivity 

analysis is carried out to investigate and evaluate the potential adjustments and errors, 

impacts and conclusions to be derived from the model (Gan et al., 2014). In this 

study, fitting parameters were substituted to derive seedling vigor index model in 

different type of soils. Under the identical simulation condition with fixed 

parameters, target variable was subject to change between - 20 to + 20% of its initial 

value in order to determine the change of SVI value. 

Figure 4.7 and 4.8 presented the fitting parameter (a1, a2, a3, b1, b2, and b3) 

of soil contaminated with Cd, Ni, Pb, and Zn and sensitivity of changes in sunflower 

seedling vigor index. From SVI model of Cd treated soil, fitting parameter a1 from 

“a” group (the influencing parameter of heavy metal on GP) reported to have the 

highest sensitivity among variables. While a2 (the influencing parameter of heavy 

metal on Lr) had the least sensitivity among variables. Fitting parameter b1 of “b” 

group (the maximum theoretical GP) had resulted a big change in SVI value under 

little variation of parameter. Thus, b1 has a highest sensitivity, whereas for b2 (the 

maximum theoretical Lr) has the lowest sensitivity.   

The a1 and b1 represented parameter of GP while a2 and b2 represented the 

parameter of root length in heavy metal concentration. GP in Cd treated soil in Case 

I reported a highest sensitivity in SVI value. Whereas, changes in root length has a 

lowest sensitivity in SVI value. Similar results were observed for Ni and Pb in Case 
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I soil. Although the fitting parameter a3 of Zn treated soil (the influencing parameter 

of heavy metal on Ls) was reported to have a highest sensitivity, the fitting parameter 

b3 was similar to the results on Cd, Ni, Pb treated soil. 
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Figure 4. 7 Sensitivity analysis in Case I. (a: Cd and b: Ni) 
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Figure 4. 8 Sensitivity analysis in Case I. (a: Pb and b: Zn) 
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Similarly, sensitivity analysis was also done on fitting parameters for Case 

II. The fitting parameter (a1, a2, a3, b1, b2, and b3) of soil contaminated with Cd, Ni, 

Pb, and Zn and sensitivity of changes in sunflower seedling vigor index was shown 

in figure 4.9 and 4.10. For Cd treated soil, changes in a3 and b3 were reported to 

result in the huge changes in SVI value. Thus, shoot length had a high sensitivity. 

However, GP was observed to have the lowest sensitivity due to small changes of a1 

and b1 on SVI value. GP for Ni, Pb, and Zn reported to have a highest sensitivity 

where having root length as the least sensitive parameter. This is similar to Case I. 

 



94 
 

 

Figure 4. 9 Sensitivity analysis in Case II. (a: Cd and b: Ni) 
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Figure 4. 10 Sensitivity analysis in Case II. (a: Pb and b: Zn) 
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Fitting parameter was also done on sensitivity analysis for case III. Figure 4.11 

and 4.12 clearly described the fitting parameter (a1, a2, a3, b1, b2, and b3) in soil 

contaminated with Cd, Ni, Pb, and Zn and sensitivity of changes in sunflower 

seedling vigor index. In general, similar results were reported for sunflower growth 

in four different heavy metals. In Case III, GP was reported to have highest 

sensitivity whereas, changes in root length was reported to have the least effect on 

SVI value. Thus, can be described to have the least sensitivity. 
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Figure 4. 11 Sensitivity analysis in Case III. (a: Cd and b: Ni) 
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Figure 4. 12 Sensitivity analysis in Case III. (a: Pb and b: Zn)  
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Based on the sensitivity test on the fitting parameters in three case studies, 

the results tabulated on Table 4.9 demonstrated the sensitivity test gradient of trend 

lines. The fitting parameter with “*” represented the primary influencing parameter 

that affect SVI values, while the secondary influencing parameter on SVI values was 

described as fitting parameter with “**”. In summary, b1 was observed to have the 

highest gradient compared to the other parameters. Thus, b1 was concluded to have 

a highest sensitivity. Followed by b3 being the secondary influencing parameter on 

the SVI value.  
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Table 4. 9 Gradient of trend lines from sensitivity analysis 

Case 
Heavy 

metal 

Gradient of trend line of parameter 

a1 b1 a2 b2 a3 b3 

I 

Cd 1.11 2.11* 0.21 0.60 0.61 1.22** 

Ni 1.40 2.40* 0.71 1.18 1.36 1.90** 

Pb 0.91 1.91* 0.32 0.68 0.76 1.41** 

Zn 0.88 1.88* 0.48 0.85 1.12 1.75** 

II 

Cd 0.14*** 1.14** 0.83 1.14** 1.12 1.81* 

Ni 2.47 3.47* 1.64 2.08 2.31 2.87** 

Pb 0.55 1.55* 0.41 0.76 0.59 1.24** 

Zn 1.65 2.65* 1.19 1.69 1.39 1.89** 

III 

Cd 2.38 3.38* 0.37 0.76 1.28 1.89** 

Ni 1.94 2.94* 0.40 0.74 1.59 2.25** 

Pb 1.46 2.46* 0.38 0.67 1.19 1.90** 

Zn 1.72 2.72* 0.32 0.65 1.25 1.93** 

*: the primary influencing parameter  

**: the secondary influencing parameter 
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4.3.6 Soil SVI model for predication of plant seedling vigor index 

Concentration of heavy metals obtained from Table 4.2 was substituted into 

the SVI equation model developed (Table 4.8) to calculate the predicted SVI values. 

The results of experiment and modeling using the soil SVI model to predict the SVI 

values were shown in Figure 4.13-4.14. For Cd treatment in soil, there was a strong 

correlation between the predicted SVI value and observed value Case I and Case III 

(R2 = 0.96 for Case I and R2 = 0.92 for Case III).   Ni treatment in soil reported the 

highest correlation among the other heavy metals with R2 value of 1.00 in Case II 

and R2 = 0.91 in Case III. Soil with Pb treatment was also observed to have similar 

value compared to the predicted SVI value. Case I had the highest correlation (R2 = 

0.97) followed by Case II (R2 = 0.87). Lastly, the predicted SVI values and observed 

values for soil contaminated with Zn had was highly correlated (R2 = 0.92) in Case 

II and (R2 = 0.91) in Case I. However, in Case III, the R2 value was reported to be 

the lowest (R2 = 0.58). Although, soil SVI model was developed theoretically from 

quantitative measurements such as germination percentage, root length and shoot 

length. It is promising to estimate the SVI value of plant in heavy metal contaminated 

soil with SVI model developed due to the goodness to fit between the predicted value 

and observed value.  
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Figure 4. 13 Comparison of prediction from the soil SVI model and the observed 

data. (a: Cd and b: Ni) 
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Figure 4. 14 Comparison of prediction from the soil SVI model and the observed 

data. (a: Pb and b: Zn)   
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4.4 Summary  

 

The effects of heavy metal (i.e., Cd, Ni, Pb, and Zn) concentrations in three 

case studies (i.e., loam, sandy loam, and silt loam) on sunflower seedling growth 

were investigated. In general, the germination rate and length of root and shoot were 

reduced with the increase of heavy metal concentration. In order to develop the soil 

SVI model, linear regression was investigated and gave a better description of the 

relationship between GP (or Lr, or Ls) and concentration of heavy metals in soil. 

From results of sensitivity analysis b1 was observed to have the highest sensitivity 

followed by b3 being the secondary influencing parameter on the SVI value. Lastly, 

soil SVI model developed in this study can well predict the SVI value of plants in 

soil contaminated with heavy metals.  
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Chapter 5.  

HEAVY METALS ACCUMULATION IN SUNFLOWER 
FROM CONTAMINATED SOIL 

 

5.1 Introduction 

Extreme exploitation and environmental pollution due to anthropogenic 

activities have caused detrimental effects, among which is contamination of soils 

with heavy metals. These are of much concern because they are not susceptible to 

chemical degradation, which makes them persistent in soils for long periods. 

Phytoremediation is an emerging low-cost, ecologically compatible alternative to 

conventional soil remediation technologies, and has gained a great deal of attention 

(Gleba et al., 1999; Chen et al., 2004; Gardeatorresdey et al., 2005; Jadia & Fulekar, 

2009; Tangahu et al., 2011; Al Chami et al., 2015). Because phytoremediation 

involves accumulation of heavy metals in the roots and shoots of plants (Lin et al., 

2003; Singh et al., 2004), the plants used should have rapid growth rates, high 

biomass, extensive root systems, and the ability to tolerate high concentrations of 

heavy metals (Ali et al., 2013). The sunflower plant (Helianthus annuus L.) has been 

used in numerous phytoremediation studies due to its high production of biomass 

and strong ability to accumulate heavy metals (e.g., Cd, Cr, Cu, Hg, Ni, Pb, Zn) 

(Murillo et al., 1999; Madejón et al., 2003; Azevedo et al., 2005; January et al., 2008; 

Hao et al., 2011; Shaheen & Rinklebe, 2015).  

Within the life cycle of a plant or a crop, the total growth duration can be 

divided into three sub-phases (i.e., early accelerating phase, linear phase, and 

saturation phase for ripening) (Goudriaan & Van Laar, 2012). These phases can be 
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simulated using several mathematical models (i.e., AquaCrop, CropSyst, and 

WOROST models) (Todorovic et al., 2009). Among the various plant growth models, 

the sigmoid function (e.g., S-shaped growth) can well describe sunflower growth 

over time (plant height or biomass production over time) and growth time with 

limited amounts of nutrients and water (Gregorczyk, 1991; Yin et al., 2003; Shi et 

al., 2016). However, the effect of growth time (from sowing to harvesting) on heavy 

metal concentrations in sunflowers has not been clarified, although heavy metal 

concentrations in sunflower increased with increase in the heavy metal 

concentrations in soils (Azevedo et al., 2005; Jadia & Fulekar, 2008; Hamvumba et 

al., 2014).  

Numerous studies have been performed to investigate the accumulation of 

heavy metals in plants. However, little work has been done to develop a 

mathematical model for analysis and prediction in phytoremediation. Moreover, 

most models in previous studies were based on the “soil-root” system, but not the 

“soil-plant” system (Burken & Schnoor, 1996; Thoma et al., 2003; Mathur, 2004; 

Zhao et al., 2016). Considering that phytoremediation is the process of harvesting 

the ground biomass accumulated with heavy metals from soil, it is important to 

develop a new mathematical model based on the entire soil-plant system to 

understand phyto-extraction more thoroughly. 

In this chapter, sunflower seeds were grown in soil contaminated with 

different concentrations of heavy metals in a greenhouse and in a field. The specific 

objectives of this study were (1) to compare the total biomass of plants exposed to 

heavy metals at different concentrations, (2) to monitor changes in the concentration 

of heavy metal uptake in plants over different periods of growth, and (3) to develop 



111 
 

a mathematical model to describe the heavy metal uptake by plants during their 

growth. 

 

5.2 Materials and Methods 

 

5.2.1 Pot experiment in greenhouse 

Uncontaminated blocks of soil were collected from a farmland near an old 

gold mine at Gyeongsangnam-do, Republic of Korea (35° 34' 34.2" N, 128° 08' 29.4" 

E). The soil samples were air-dried and passed through a 2 mm sieve. The 

physicochemical proprieties of the soil samples were investigated and the results 

presented in Table 5.1.  

Table 5. 1 Physicochemical properties of the soil used in pot experiments 

Soil properties Unit Value 

Texture - Sandy loam 

Sand % 73.00 

Clay % 18.08 

Silt % 8.92 

pH (1:5, W/V) - 4.71 

CEC cmol/kg 11.25 

Organic matter % 2.61 

T-N % 0.153 

T-P mg/kg 614.92 

Total Cd mg/kg-dry soil 2.67 

Total Ni mg/kg-dry soil 3.67 

Total Pb mg/kg-dry soil 105.66 

Total Zn mg/kg-dry soil 145.81 
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The soils were artificially contaminated with Cd2+, Ni2+, Pb2+, and Zn2+ 

obtained from the salts of CdCl2·2H2O; NiCl2·6H2O; PbCl2; and ZnCl2, respectively. 

These were purchased from Sigma-Aldrich Co. (USA) and DaeJung Chemicals & 

Metals Co., Ltd. (Republic of Korea). The heavy metal concentrations of the soil 

were determined from previous studies (Zhao et al., 2013; Zhao et al., 2014) and 

ranged up to 600 mg/kg for Cd, 150 mg/kg for Ni, 2000 mg/kg for Pb, and 500 mg/kg 

for Zn, respectively. The Cd, Ni, Pb, and Zn concentrations in the test soils were 

analyzed and the results summarized in Table 5. 2.  
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Table 5. 2 Heavy metal concentrations of tested soil for pot experiments 

Test soil 

designation 

Concentration in soil* (mg/kg dry weight) 

Cd Ni Pb Zn 

 Control 2.67 ± 0.46 3.67 ± 1.90 105.66 ± 10.15 145.81 ± 14.64 

Cd Cd 1 33.22 ± 1.43 3.19 ± 1.90 115.31 ± 2.54 157.64 ± 1.40 

 Cd 2 63.40 ± 0.74 2.66 ± 0.06 114.05 ± 4.30 149.41 ± 5.73 

 Cd 3 339.85 ± 33.76 2.40 ± 0.37 115.25 ± 10.04 148.28 ± 13.82 

Ni Ni 1 2.97 ± 0.07 6.55 ± 1.02 108.08 ± 3.20 140.05 ± 7.79 

 Ni 2 3.22 ± 0.17 40.21 ± 2.85 108.30 ± 6.14 133.85 ± 7.54 

 Ni 3 3.29 ± 0.07 132.99 ± 5.14 114.20 ± 8.34 147.72 ± 0.89 

Pb Pb 1 2.90 ± 0.19 2.31 ± 0.74 370.15 ± 11.84 139.42 ± 8.39 

 Pb 2 2.45 ± 0.35 1.61 ± 0.79 879.67 ± 47.71 137.10 ± 12.88 

 Pb 3 2.64 ± 0.32 3.06 ± 1.23 1,915.66 ± 52.06 149.85 ± 7.33 

Zn Zn 1 2.93 ± 0.26 2.50 ± 1.04 105.24 ± 4.94 218.34 ± 10.20 

 Zn 2 3.17 ± 0.39 2.34 ± 0.28 114.67 ± 2.10 367.00 ± 25.25 

 Zn 3 3.19 ± 0.18 2.47 ± 0.75 107.09 ± 7.48 643.43 ± 90.26 
*The heavy metal concentrations in the soil were determined using an inductively coupled plasma-optical emission spectrometer (ICP-OES, iCAP 

7000, thermos, USA).
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The study was based on pot experiments in which sunflower seeds were 

applied to soil contaminated by heavy metals. The experiments lasted for 90 days 

(from May to July 2014) in a greenhouse at Seoul National University, Seoul, the 

Republic of Korea (37° 26' 50.5 " N, 126° 57' 01.1" E) (Figure 5.1). 

10 days 

 

60 days 

 

75 days 90 days 

Figure 5. 1 Images for sunflowers grown in greenhouse. 

 

5.2.2 Field experiment 

The phytoremediation efficiency of sunflowers was investigated in a precise 

field experiment. The studied site is located on farmland near an old zinc mine (37° 

03' 16.6" N, 128° 11' 00.0" E), subject to a temperate monsoon climate with annual 

average temperature and rainfall of 10.2 ℃ and 1387.8 mm, respectively. The 

experimental area was 98.136 m2 (11.6 × 8.46 m, arable layer depth: 40 cm, bulk 

density: 1.78 g/cm3). The physical and chemical characteristics of the soil are given 
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in Table 5.3. The sunflower seedling density was 100 seeds/m2. Sunflowers were 

harvested on Day 98, and plant samples were collected after planting, on Day 30, 45, 

59, 75, 86, and 98. 

 

Table 5. 3 Physicochemical properties of the soil used in the field experiment 

Soil property Unit Value 

Soil texture - Silt loam 

pH (1:5, W/V) - 6.90 

CEC cmol/kg 24.89 

Organic content % 2.51 

T-N % 0.1474 

T-P mg/kg-dry soil 1,697.24 

Total Cd mg/kg-dry soil 3.60 

Total Ni mg/kg-dry soil 28.67 

Total Pb mg/kg-dry soil 181.10 

Total Zn mg/kg-dry soil 231.37 
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5.2.3 Plant analysis 

For the plant analysis, sunflowers in pots and field were carefully removed 

from the soils; the roots, stems, leaves, and flowers were then separated, and washed 

with distilled water to remove soil particles. The roots, stems, leaves, and flowers 

were dried in an oven (SH-MPM, Vision, Korea) at 60 ± 5 °C for 24 h, and then 

weighed (i.e., dry weight). The dried plant tissues were homogenized using a mill to 

measure the heavy metal concentrations. According to the EPA 3052 method for 

heavy metal analysis, all homogenous plant tissues samples were digested in a 

solution of HNO3, H2O2, and distilled H2O (9:1:1, v/v/v), using a microwave digester 

(MSP 1000, CEM, USA). The digested samples were filtered through 0.45 µm 

syringe filters, and made up to 25 mL in volumetric flasks by addition of deionized 

water. The heavy metals concentrations in the plant tissues were determined using 

an inductively coupled plasma-optical emission spectrometer (ICP-OES, iCAP 7000, 

thermos, USA). 

 

5.2.4 Statistical analysis 

All data are presented as average values ± standard deviation (SD) obtained 

from at least three replicates. IBM SPSS (Version 22.0) program was used for the 

statistical analyses. Difference among treatments was determined with one-way 

analysis of variance (ANOVA); taking p < 0.05 as significant, according to Duncan’s 

multiple range test. 
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5.2.5 BAF and Sigmoid model 

The bioaccumulation factor (BAF) represents the effectiveness of a plant in 

concentrating pollutants in its body (McGrath & Zhao, 2003; Fayiga et al., 2004; 

Sun et al., 2008). It was calculated as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻 = 𝐶𝐶𝐻𝐻𝐻𝐻 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝

𝐶𝐶𝐻𝐻𝐻𝐻 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑖𝑖𝑝𝑝
      (5.1) 

where BAFHM is the bioaccumulation factor of heavy metal, CHM in plant is heavy metal 

concentration in plant matter (M/M), CHM in soil is heavy metal concentration in soil 

(M/M). 

The height and biomass of the sunflower samples were measured. The 

relationship between plant height (or biomass) and growth time (interval) can be 

expressed by the sigmoid function as follows (Shi et al., 2016): 

𝐻𝐻𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝 = 𝐻𝐻𝑚𝑚𝑝𝑝𝑚𝑚
1+𝑒𝑒−𝑘𝑘(𝑝𝑝−𝑝𝑝𝑚𝑚)       (5.2) 

𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑠𝑠𝑠𝑠 = 𝐻𝐻𝑚𝑚𝑝𝑝𝑚𝑚
1+𝑒𝑒−𝑘𝑘(𝑝𝑝−𝑝𝑝𝑚𝑚)        (5.3) 

where Hplant is the height of plant (L), Hmax is the maximum plant height (L), Mbiomass 

is the dry weight of plant (M), Mmax is the maximum plant biomass (M), k is a 

constant that determines the curvature of the growth pattern (1/T), t is time (T), and 

tm is the inflection time at which the growth rate reaches its maximum value (T). As 

can be seen from equations (2) and (3); at time tm, plant height and plant biomass are 

half of their maximum values, Hmax and Mmax, respectively. 
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5.3 Results and discussion 

 

5.3.1 Effect of heavy metal concentration in soil on sunflower height and biomass 

The sunflower is an herbaceous plant that takes about 120 d from sowing to 

harvesting. The sunflower growth can be divided into five stages: establishment (20 

d), vegetative (30 d), flowering (30 d), yield formation (25 d), and ripening (15 d) 

(Siddiqui et al., 1975). The pot experiments in the greenhouse were completed on 

Day 90 after sowing, which was during the stage of yield formation.  

The plant height and sunflowers biomass cultivated by Day 90 under 

different heavy metal conditions are shown in Fig. 5.2. The greatest height (91.93 ± 

13.63 cm) and the least height (74.70 ± 4.53 cm) were obtained in Zn 1 and Cd 2 

treatments, respectively (see Fig. 5.2a). However, there was no significant difference 

in the height of control and treated sunflowers (all treatments), indicating that the 

heavy metal concentrations in the pot experiments did not affect elongation of the 

sunflower stems. 

The effect of heavy metal concentration on biomass production was also 

investigated. After 30 d, sunflowers with Cd 3 and Zn 3 began to wither and stopped 

growing. Due to the high toxicity of Cd and Zn, there was no harvest from the soil 

contaminated with Cd 3 and Zn 3 on Day 90 (data not shown). These results indicated 

that high Cd and Zn concentrations in soil will not affect seed germination and 

seedling growth, but will affect subsequent plant growth and biomass production. 

The maximum biomass (8.10 ± 3.58 g) and the minimum biomass (5.46 ± 0.39 g) 

were obtained with the treatments with Ni 2 and Pb 2, respectively (see Fig. 5.2b). 
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The plant biomass in the Cd 1, Cd 2, Ni 2, Ni 3, Zn 1, and Zn 2 soils were greater 

than that in the control. However, no statistically significant difference was observed 

in the biomass production among plants grown in all the soils contaminated with 

heavy metals at various concentrations. This result was mainly attributed to the fact 

that, with sunflowers, plant growth and biomass production will not be affected by 

the heavy metal concentration (except Cd and Zn as noted above). 
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Figure 5. 2 Observed height and total biomass of sunflowers after 90 days: Those 

with the same letters were not significantly different from each other at the 0.05 

significance level (Duncan test: n = 3). 
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Comparisons between the results from experiment and model, based on the 

sigmoid function for the height increase and biomass production of sunflowers, were 

displayed in Fig. 5. 3. As shown in Fig. 5.3, the sigmoid function fit the experimental 

data well (R2 = 0.97 for sunflower height and R2 = 0.94 for sunflower biomass). 

For the plant height, the maximum values of plant height, and the time at 

which the plant height was half of its maximum value, were estimated to be 85.85 

cm and 51.21 d, respectively. For the plant biomass production, the maximum 

biomass production and the time at which plant biomass was half its maximum value 

were estimated to be 14.63 g and 95.29 d, respectively. Based on the sigmoid 

function for height and plant biomass, maximum height and biomass production can 

be achieved at 102 d and 190 d, respectively. This was in line with the sunflower 

growth pattern. Thus, sigmoid function can well describe sunflower growth in soils 

contaminated with heavy metals. A similar phenomenon had also appeared in a 

previous study in which ten sunflowers were grown in 2 kg capacity plastic pots to 

measure plant biomass (Jadia & Fulekar, 2008).  
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Figure 5. 3 Estimation of sunflower height (a) and biomass (b) by the sigmoid 

function in the pot experiment. 
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5.3.2 Change of heavy metal concentration in sunflower with growth time 

The change of heavy metal concentration in sunflowers over the time of 

growth was monitored. The heavy metal concentrations in sunflowers during 

different growth times are shown in Fig. 5.4-5.7. In general, Cd, Ni, Pb, and Zn 

concentrations in sunflower increased with increase of the heavy metal concentration 

in soils. Control plants had average contents of Cd (4.83 ± 0.57 mg/kg dw), Ni (1.19 

± 0.79 mg/kg dw), Pb (5.50 ± 5.65 mg/kg dw), and Zn (63.93 ± 10.75 mg/kg dw). 

The maximum Cd, Ni, Pb, and Zn concentrations in sunflowers were 107.43 ± 24.28 

mg/kg dw, 42.87 ± 20.13 mg/kg dw, 262.48 ± 53.98 mg/kg dw, and 413.69 ± 67.34 

mg/kg dw, respectively. The plants that had grown in contaminated soil at various 

concentrations of heavy metals showed no apparent abnormalities compared to the 

control plants.   

In Cd-treated plants, there was no significant difference in Cd concentrations 

in plants sampled on Day 30, 45, 60, 75, or 90 (see Fig. 5.4). Similar results were 

found in sunflower samples that were collected in Ni 1 and Ni 3. With the Ni 2 

treatment, the highest and lowest concentrations were observed on Day 60 and Day 

30, respectively. However, no significant difference in the Ni plant concentration 

was found from Day 45 (see Fig. 5.5). For Pb-treated plants, significant differences 

were found before Day 45 and after Day 60 for Pb1 and Pb 2 (respectively), and 

before Day 30 and after Day 45 for Pb 3 (see Fig. 5.6). Similar results were found 

with treatments of Zn 1 and Zn 2 (see Fig. 5.7). Overall, the Cd, Ni, Pb, and Zn 

concentrations in plants tended to decline after Day 45, but did not significantly 

change after Day 60. Because sunflowers reached the flowering stage from Day 45, 

the growth rate of flowers was greater than that of other plant tissues. Moreover, the 
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accumulation of Cd, Pb, and Zn in roots, stems, and leaves were much greater than 

in flowers (data not shown). The average concentrations of Cd, Ni, Pb, and Zn in 

sunflowers grown in various treatment soils from Day 60 to Day 90 are summarized 

in Table 5. 4. In this study, the most extreme conditions that did not affect sunflower 

growth, included the maximum plant concentrations of Cd, Ni, Pb, and Zn in plants: 

79.54 ± 4.02 mg/kg dw, 33.89 ± 3.14 mg/kg dw, 141.63 ± 7.97 mg/kg dw, and 324.65 

± 29.23 mg/kg dw, respectively.  

 

Table 5. 4 Various heavy metals concentrations in sunflowers 

Heavy metal conc. 

in soil 

(mg/kg dry weight) 

Concentration in plant (mg/kg dry weight) 

Between Day 60 and Day 90 

(Average ± S.D.) 
Concentration range 

Cd Control 4.58 ± 0.65 4.02 – 5.33 

Cd 1 38.89 ± 3.91 34.98 – 62.57  

Cd 2 79.54 ± 4.02 75.25 – 107.43 

Ni Control 1.45 ± 0.97 0.44 – 2.37 

Ni 1 3.55 ± 0.58 2.23 – 3.91 

Ni 2 12.18 ± 0.81 9.33 – 13.01 

Ni 3 33.89 ± 3.14 30.43 – 42.87 

Pb Control 1.85 ± 1.69 0.07 – 14.28 

Pb 1 10.08 ± 2.00 8.80 – 30.04 

Pb 2 60.45 ± 5.71 56.95 – 89.86 

Pb 3 141.63 ± 7.97 134.21 – 262.48 

Zn Control 59.01 ± 11.60 45.88 – 68.91 

Zn 1 118.73 ± 11.94 108.21 – 173.96 

Zn 2 324.65 ± 29.23 297.15 – 413.69 
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Figure 5. 4 Cadmium concentrations in sunflowers with elapsed time: Those with the same letters were not significantly different from each 

other at 0.05 significance level (Duncan test: n = 3). 
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Figure 5. 5 Nickel concentrations in sunflowers with elapsed time: Those with the same letters were not significantly different from each other 

at 0.05 significance level (Duncan test: n = 3). 
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Figure 5. 6 Lead concentrations in sunflowers with elapsed time: Those with the same letters were not significantly different from each other at 

0.05 significance level (Duncan test: n = 3). 
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Figure 5. 7 Zinc concentrations in sunflowers with elapsed time: Those with the same letters were not significantly different from each other at 

0.05 significance level (Duncan test: n = 3). 
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5.3.3 BAF and heavy metal uptake by sunflowers 

Figure 5.8-5.9 show the relationship between the concentration of heavy 

metal in sunflowers and the concentration of total heavy metal in the soil. It is 

obvious that the concentration of heavy metals in plant increased with increasing 

heavy metal concentrations in soil. The bioaccumulation factor (BAF) was defined 

as the ratio between the heavy metal concentrations in the plant and in soil, and they 

were calculated using a linear model (see Fig. 5.8-5.9). In metal excluder species, 

the BAF is typically < 1, whereas in metal accumulator species the factor is often > 

1 (Baker, 1981). The BAF for Ni, Pb, and Zn was 0.273 ± 0.010, 0.089 ± 0.007, and 

0.873 ± 0.062 in this study, respectively. However, the BAF for Cd was 1.563 ± 

0.071. This showed that sunflower is most suitable for remediating Cd contaminated 

soil. 
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Figure 5. 8 BAF of Cadmium (a) and Nickel (b) in the pot experiment. 
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Figure 5. 9 BAF of Lead (a) and Zinc (b) in the pot experiment. 
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The total heavy metal uptake by plants can be estimated using the plant 

biomass and the heavy metal concentration in the plants as follows:  

𝑀𝑀𝐻𝐻𝐻𝐻 𝑏𝑏𝑝𝑝 𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝 =  𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑠𝑠𝑠𝑠 × 𝐶𝐶𝐻𝐻𝐻𝐻 𝑏𝑏𝑝𝑝 𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝    (5.4) 

where MHM in plant is the total mass of heavy metal uptake by plants (M), CHM 

in plant is the heavy metal concentration in the plants (M/M). 

Equation (1) and (3) can be combined in equation (4) giving the following: 

𝑀𝑀𝐻𝐻𝐻𝐻 𝑏𝑏𝑝𝑝 𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝 =  𝐻𝐻𝑚𝑚𝑝𝑝𝑚𝑚
1+𝑒𝑒−𝑘𝑘(𝑝𝑝−𝑝𝑝𝑚𝑚) × 𝐶𝐶𝐻𝐻𝐻𝐻 𝑏𝑏𝑝𝑝 𝑠𝑠𝑏𝑏𝑏𝑏𝑝𝑝 × 𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻   (5.5) 

Through analysis of Equation (5), the “phyto-extraction sigmoid model” was 

formed. The mass of heavy metal uptake by a plant can be predicted when the total 

growth time of the plant, the concentration of the heavy metals in the soil, and the 

BAF of the heavy metals are available. 

The results of experiments and modeling using the phyto-extraction sigmoid 

model to simulate the mass of heavy metal uptake by sunflowers are shown in Fig. 

5.10-5.11. The time needed for maximum mass uptake in sunflowers was dependent 

on the time when sunflower biomass reached its maximum value (i.e., 190 d in this 

study). For Cd, the maximum mass of Cd accumulation in sunflowers increased with 

increase of the Cd concentration in the soil. Similar results were found in test soils 

contaminated with Ni, Pb, and Zn. The masses of heavy metal accumulation in the 

plants increased with increase in the time (duration) of sunflower cultivation.  
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Figure 5. 10 Comparison between observed and predicted data on Cadmium (a) 

and Nickel (b) uptake by sunflowers.  
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Figure 5. 11 Comparison between observed and predicted data on Lead (Pb) and 

Zinc (Zn) uptake by sunflowers. 
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The data-observed and values-predicted goodness-of-fit test results showed 

that the phyto-extraction sigmoid model was appropriate for modeling heavy metal 

accumulation in plants (see Table 5.5). According to the predicted value, the 

maximum mass of Cd, Ni, Pb, and Zn accumulation in sunflower were estimated to 

be 1.15 mg/plant, 0.49 mg/plant, 2.05 mg/plant, and 4.70 mg/plant, respectively. The 

resulting order of heavy metal accumulation potential in sunflowers was Zn > Pb > 

Cd > Ni. These results were consistent with results from a previous study using 

sunflowers grown in soil contaminated with Cd, Cu, Ni, Pb, and Zn (Jadia & Fulekar, 

2008). 

 

  



136 
 

Table 5. 5 Maximum mass of heavy metal uptake by sunflowers and the R2 values 

(goodness of fit) 

Heavy metal conc. in soil 

(mg/kg dry weight) 

Maximum mass of HM 

uptake by sunflowers (mg/plant) 
        R2 

Cd Control 0.07 0.98 

Cd 1 0.56 0.96 

Cd 2 1.15 0.91 

Ni Control 0.02 0.00 

Ni 1 0.05 0.97 

Ni 2 0.18 0.91 

Ni 3 0.49 0.93 

Pb Control 0.03 0.24 

Pb 1 0.15 0.82 

Pb 2 0.88 0.92 

Pb 3 2.05 0.96 

Zn Control 0.86 0.99 

Zn 1 1.72 0.94 

Zn 2 4.70 0.95 
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5.3.4 Validation of the phyto-extraction sigmoid model 

In the previous section, a phyto-extraction sigmoid model was proposed for 

predicting the heavy metal accumulation in plants. In order to evaluate the model 

reliability, sunflowers were grown in a heavy metal contaminated site and the data 

collected from the field experiment were simulated.  

In the field experiment, sunflower samples were collected about every 15 d 

and the plant height and dry biomass were measured. Fig. 5.12a and 5.12b show the 

results of the sunflower height and biomass, respectively, from the field experiment. 

The sigmoid function demonstrated a good fit with the experimental data of height 

and biomass. The values of the maximum sunflower height and maximum sunflower 

biomass were 195.04 cm and 106.65g, respectively. These were greater than those 

from the pot experiment because the growth of sunflowers could be restricted by the 

pot size. Nonetheless, this indicated that the sigmoid function can be used to describe 

the plant growth in a pot experiment, and also for modelling trends in plant growth 

in field experiments.  

  



138 
 

 

Figure 5. 12 Estimation of sunflower height (a) and biomass (b) in the field 

experiment, using the sigmoid function.   
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The Cd, Ni, Pb, and Zn concentrations in the sunflower samples were 

analyzed using an ICP-OES. The average BAF for Cd, Ni, Pb, and Zn in sunflowers 

grown in field soils (from Day 30 to Day 90) is summarized in Table 5.6. The BAFs 

for heavy metals in pots were all greater than those in the field samples because the 

heavy metal bioavailability concentrations in the pot soil were higher than those in 

the field soil. 

 

Table 5. 6 BAF of heavy metals in the field experiment  

Heavy metal 
BAF 

 Average ± S.D. Range 

Cd 0.312 ± 0.077 0.219 – 0.388 

Ni 0.015 ± 0.006 0.007 – 0.024 

Pb 0.063 ± 0.024 0.037 – 0.101 

Zn 0.197 ± 0.021 0.173 – 0.230 

 

For the model validation, the sunflower biomass and BAF for heavy metal 

in the field were simulated, and the modeling results were compared to the data 

observed. Fig. 5.13-5.14 present the simulated results for the change in mass of 

heavy metal uptake by sunflowers in relation to growth time. Despite some small 

deviations, the modeling results were similar with the observed data. This is because 

sunflower is known to be good at accumulating Cd, Pb, and Zn. The maximum 

uptake mass of Cd, Ni, Pb, and Zn by sunflowers was 0.119 mg/plant, 0.044 mg/plant, 

1.208 mg/plant, and 4.856 mg/kg, respectively. There was no significant difference 

between the simulated and observed results. 
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Figure 5. 13 Comparison of simulation data from the phyto-extraction sigmoid 

model with the data observed in the field study (a: Cd and b: Ni; R2 notes the 

goodness of fit). 
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Figure 5. 14 Comparison of simulation data from the phyto-extraction sigmoid 

model with the data observed in the field study (a: Pb and b: Zn; R2 notes the 

goodness of fit).  
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5.3.5 Application of the phyto-extraction sigmoid model 

The model developed in this study can predict the heavy metal accumulation 

in plants for different growing times. On the other hand, this model could be used to 

calculate the mass of heavy metal removal, and could be used in real-time to monitor 

the phytoremediation efficiency at a large site contaminated with heavy metals. 

 

5.4 Summary 

 

This research work deals with uptake of Cd, Ni, Pb, and Zn by sunflower in 

polluted soils. The effects of heavy metal concentration in the soil and plant growth 

time; on sunflower biomass production and heavy metal concentration in sunflowers 

were investigated. In order to simulate the mass of heavy metal uptake by plant in 

phytoremediation, a mathematical model based on a sigmoid function was developed. 

The heavy metal concentrations in soil did not significantly affect the sunflower 

biomass production in the pot experiment. According to these results, heavy metal 

concentrations in sunflowers increased rapidly during the establishment stage and 

later changes were not statistically significant (p > 0.05). The sunflower growth (i.e., 

height or biomass) in both the pot and field experiments were well explained with 

the sigmoid function. The phyto-extraction sigmoid model could describe well the 

movement of heavy metals from soil to sunflower. The newly developed model will 

provide information useful for phytoremediation process design for heavy metal 

contaminated sites and a way to monitor phytoremediation efficiency in real time. 

This study showed the potential for predicting phytoremediation performance and 
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this approach might be extended to other cases involving different species of hyper-

accumulator plants and different heavy metal targets. 
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Chapter 6.  

CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Conclusions 

 

Sunflowers have been widely used as a tool in phyotoremediation for 

treating heavy metals (i.e., Cd, Ni, Pb, and Zn) from the contaminated soils. Recent 

studies had investigated the phytotoxicity of heavy metals on sunflower seeds and 

described the heavy metal uptake from soil to plants using complex mathematical 

models. However, this study developed two different mathematical models to 

estimate the seedling vigor index (SVI) values of sunflower seeds in the aqueous 

phase and in soils, respectively. In addition, a simple and accurate mathematical 

model was developed to estimate the heavy metal accumulation in sunflower on the 

basis of sigmoid function of biomass. 

The SVI estimation model developed in this study rigorously explained the 

relationship between the heavy metal concentration and the SVI values. Thus, SVI 

values for a certain plant can be, a priori, obtained, with the heavy metal 

concentrations in the aqueous phase without performing the germination tests. The 

resulting order of phytotoxicity of heavy metals on sunflower seedling growth was 

Cd > Ni > Zn > Pb. Although the coefficients of SVI estimation model changed from 

different species of plants, the SVI estimation model can be used to explain the 

impact of heavy metals in soils on the germination and growth of hyperaccumulator 
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plants. Future research is warranted to elucidate the universal usage of the SVI 

estimation model with various hyperaccumulator plants treated with heavy metals.  

In order to estimate the sunflower SVI values in heavy metal contaminated 

soil, the effects of heavy metal (i.e., Cd, Ni, Pb, and Zn) concentrations in three case 

studies (i.e., loam, sandy loam, and silt loam) on sunflower seedling growth were 

investigated. In general, the germination rate and length of root and shoot were 

reported to reduce with the increase of heavy metal concentration. In order to 

develop the soil SVI model, linear regression was investigated and gave a better 

description of the relationship between GP (or Lr, or Ls) and concentration of heavy 

metals in soil. From results of sensitivity analysis b1 was observed to have the highest 

sensitivity followed by b3 being the secondary influencing parameter on the SVI 

value. Lastly, soil SVI model developed in this study can well predict the SVI value 

of plants in soil contaminated with heavy metals. 

The heavy metal concentrations in soil did not significantly affect the 

sunflower biomass production. According to the results, heavy metal concentrations 

in sunflower increased rapidly during the establishment stage and no statistically 

significant difference (p > 0.05) was observed after. The sunflower growth in the pot 

tests were well explained with the sigmoid function which is most popular model for 

plant growth. The sigmoid function for biomass production and the observed data of 

heavy metal concentrations in sunflower during the 60th and 90th day well described 

the movement of heavy metals from soil to sunflower. This study opens new 

perspective on the possibility to predict the performance of phytoremediation and 

this approach may be extended to other cases with different species of 

hyperaccumulaters and target heavy metals.   
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6.2 Recommendations for further study 

 

Continuous growth in this field is expected since the removal of heavy 

metals from contaminated soils are demanded. It is anticipated that implementation 

of phytoremediation will be promising for degradation of heavy metals form 

contaminated soils. However, gaps in the knowledge of phytoremediation must be 

filled before it can be implemented as a commercial technology. The followings are 

the key areas suggested for further studies: 

(1) The SVI model in solution or soil developed in this study was carried 

out using sunflower (Helianthus annuus L.). However, it is essential to 

investigate the effect of heavy metal phytoxicity on other potential 

hyperaccumulators that could clean up the polluted soils (i.e., Glycine 

max L., Brassica campestris L., and so on). 

(2) In this study, soils were treated with single heavy metal in solution and 

soil. In fact, soils were contaminated with multiple heavy metals. Thus, 

there is a need to carry out the experiment to determine the phytotoxicity 

of heavy metals on plant species with more than two types of heavy 

metals. 

(3) Although the developed soil SVI model can describe the phytotoxicity 

of heavy metal on sunflower in different types of soils, more soil 

samples should be collected to test. Little is known about the physical, 

biodiversity of soil microorganism and chemical properties of soil (i.e., 
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pH, CEC, clay content). Thus, a complete understanding will be 

essential to improve the soil SVI model. 

(4) The phyto-extraction sigmoid model could well describe the movement 

of heavy metals from soil to sunflower in this study. It is important to 

further investigate the effects of fertilizers on plant biomass production 

and the heavy metal concentration in plants to produce a substantial 

impact. 

(5) Little is known about the genetics of metal hyperaccumulation. The 

knowledge on genetic information allows the plant breeders and genetic 

engineers to possibly produce transgenic crops with increased uptake of 

heavy metals.  
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국문초록 
 

해바라기를 이용한 식물정화공법에서 중금속 독성 

영향과 축적에 대한 예측 모형 

 

조 흠 (ZHAO XIN) 

건설환경공학부 

서울대학교 대학원 

 

인간의 산업 활동을 통해 자연계로 유출된 중금속은 물과 토양을 오

염시키고 먹이사슬을 따라 생태계에 유해한 영향을 미친다. 

Phytoremediation (식물정화공법)이란 식물체를 이용하여 오염된 토양으

로부터 오염물질을 제거하는 방법이다. 이 기술은 오염원위치(in situ)

에서 오염물질을 처리할 수 있기 때문에 상당히 경제적이다. 또한 고정

상 식물체만을 이용하므로 주변 환경의 교란을 최소화할 수 있어 친환경

적인 방법으로 인식되고 있다. 이에 따라, 식물정화공법으로 사용 가능

한 여러 식물종에 대한 연구가 활발하게 진행되어 왔다. 그 중 해바라기

(Helianthus annuus L.) 는 중금속을 많이 축적 하는 것으로 알려져 있

고, 재배 종자를 바이오디젤 원료로 사용할 수 있어 많은 연구에서 식물
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정화공법의 주 식물체로 선정되어 왔다. 그러나 아직까지 수용액상 또는 

토양상에서 중금속농도에 따라 해바라기 종자 초기 성장에 미치는 저해 

영향에 대한 수학 모델이 개발된 바 없다. 또한 중금속 오염토양에서 재

배된 해바라기 식물체 내 중금속 축적량에 대한 예측모델도 제시된 바 없

다. 

본 논문은 카드뮴, 니켈, 납 또는 아연에 오염된 토양에서 해바라기

를 이용한 식물체 정화공법의 중금속 축적 효율 평가를 목표로 한다. 세

부적인 연구 목표는 (1) SVI (Seedling vigor index) 모델을 이용하여 수

용액상 또는 토양상에서 중금속 식물 독성을 조사하고, (2) sigmoid 모

델을 도입하여 오염토양에서 해바라기 중금속 축적량을 추산하는 것에 있

다. 

해바라기 초기에 종자 발아 또는 유묘(seedling) 생장에 대한 중금

속의 (예: Cd, Ni, Pb, Zn)독성을 정량적으로 평가하기 위해 다양한 중

금속용액에서 발아 실험을 진행하였다. 그리고 종자초기생장활성도 

(Seedling vigor index)를 추산 할 수 있는 수학 모델을 제안하였다. 발

아실험결과를 통해 중금속 농도가 높아짐에 따라 해바라기 발아율이 감

소하는 것을 확인하였고, 종자 초기 생장에 저해를 주는 중금속 농도 (예: 

50 mg-Cd/L, 50 mg-Ni/L, 100 mg-Zn/L, and 1,000 mg-Pb/L)를 제시하였

다. IC50 농도와 a1값에 따라 Cd > Ni > Zn > Pb의 순서로 해바라기 종자 

발아에 미치는 저해가 큰 것을 확인하였다. 또한 본 연구를 통해 제안한 

SVI 모델은 중금속 농도와 종자 SVI값 간의 관계를 신뢰도 높은 수준으
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로 설명하였다.  

식물정화공법은 오염 토양에 대해 가장 많이 적용되는 공법이다. 때

문에, 식물에 대한 토양 내 중금속의 독성을 조사 하는 것은 필수적이다. 

본 연구에서는 토양 SVI 모델을 제안하여 여러 토성의 토양에서 자라는 

식물체 성장에 미치는 중금속 독성의 영향을 확인하였다. SVI 모델을 결

정하기 위해 해바라기 종자를 이용하여 양토, 사양토, 미사질 양토에 대

해 독립적으로 발아 실험을 수행하였다. 그리고 중금속 농도가 해바라기 

종자의 발아 및 유묘 성장에 미치는 영향을 조사하였다. 로그 스케일로 

표현한 선형 함수는 종자 발아율 또는 근 길이, 새싹의 길이와 토양 중

금속농도의 관계를 신뢰도 높은 수준으로 나타내었다.  

오염 토양에서 식물 체내까지의 오염 물질 이동을 기술하기 위해 수

학적 모델을 조사하고 개발하였다. 해바라기 재배 실험은 중금속 오염 토

양을 담은 화분에서 수행되었다. 해바라기 내 중금속 농도는 초기에 급

격히 증가했으며 30 일 이후의 해바라기 내 중금속 농도는 통계적으로 유

의적 차이 (p > 0.05)가 없음이 확인되었다. 통계 분석에 따르면 식물 내 

중금속 축적은 바이오 매스 생산에 의존하지만 오염 된 토양과 대조 토

양 간에는 유의 한 차이가 없었다. 또한 이를 Sigmoid 모델에 적용하여 

Sigmoid 모델이 식물 바이오 매스의 데이터를 높은 유의 수준으로 (R2 > 

0.94) 함을 확인하였다. 이에 따라, 해바라기 내의 중금속 축적량은 바

이오 매스의 Sigmoid 모델에 기초하여 추정되었으며, 추정된 결과는 본 

연구에서 실험 데이터와 일치한 결과를 나타냈다. 
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오염부지에서 중금속의 식물 독성 영향 및 식물정화공법의 정화 효

율은 각각 SVI 모델과 Sigmoid 모델을 통해 추산 할 수 있다. SVI 모델

과 Sigmoid 모델의 계수는 식물의 종류에 따라 다르다. 하지만 본 연구

에서는 이론적 배경을 통해 파생된 경험적 추정 모델을 제안하였다. 그

러므로 다른 식물 종에도 본 연구에서 제시한 모델을 활용 할 수 있을 것

으로 기대된다. 

 

주요어: Sigmoid 모델, SVI 모델, 식물 독성, 식물정화공법, 중금속, 

해바라기 
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