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ABSTRACT 
 
 The study was conducted to determine the phytoremediation of cadmium by three 
leguminous plants (Acacia mangium Willd., Pterocarpus indicus Willd. and Cassia fistula 
Linn.). The cadmium accumulation, relative growth, biomass productivity, bioconcentration 
factor (BCF) and toxicity symptoms of plants were investigated. The seedlings of plants were 
obtained from Ratchaburi Nursery Center, Royal Forest Department, Ministry of Natural 
Resources and Environment. Under laboratory conditions, seedlings were hydroponically 
cultured in 10% modified Hoagland solution containing different cadmium concentrations.  

Results indicated that P. indicus at 8 mg/L Cd had the highest cadmium accumulation 
(522.91 µg/g dry wt.). The relative growth and biomass productivity in plants were 
significantly decreased (p<0.05) when the tested concentrations were increased. The highest 
relative growth and biomass productivity was observed in P. indicus followed by                   
A. mangium and the lowest was found in C. fistula. The greatest BCF was found in P. indicus 
when exposed to 8 mg/L of cadmium concentration. It was observed that cadmium 
accumulation in plants was greater in root than shoot. Results indicated that the cadmium 
accumulation of P. indicus was significantly increased (p<0.05) as exposure times increased. 
The highest cadmium accumulation was found in roots (470.00 µg/g dry wt.), followed by 
stems (121.47 µg/g dry wt.), and the lowest was found in leaves (58.11 µg/g dry wt). 
However, the cadmium accumulations significantly decreased (p<0.05) in leaves after 45 days 
of exposure. Color of plant leaves slightly changed to yellow, brown and subsequently fell off. 
The relative growth of tested plants was also significantly increased (p<0.05) after exposure 
times of 15, 30 and 45 days but remained lower than the control, whereas it was significantly 
decreased (p<0.05) on day 60. The biomass productivity of treated plants was significantly 
decreased (p<0.05) overtime as compared to the control. The BCF of cadmium in leaf, stem 
and root of P. indicus also significantly increased (p<0.05) as exposure time increased. 
However, the BCF significantly decreased (p<0.05) in leaves after 60 days of exposure time. 
The first sign of toxicity symptoms in the three leguminous plants was observed when exposed 
to 4 to 8 mg/L cadmium: slowness and stunted growth of plants appeared, as compared with 
the control. The toxic effects of cadmium accumulation in P. indicus were stunted growth and 
chlorosis and were noted after 45 days.  

The results suggest that P. indicus is capable for application as the phytoremediation 
in cadmium polluted sites. However, the biochemical processes involving heavy metal uptake, 
accumulation and resistance in plants still requires additional study for future use. 
 

KEY WORDS: PHYTOREMEDIATION / CADMIUM ACCUMULATION/ 
LEGUMINOUS PLANT / HYDROPONIC CULTURE  
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กับกลุมควบคุม และพบวาคาคาไบโอคอนเซนเทรชันแฟคเตอร (Bioconcentration factor) สวนของใบ ลําตนและราก เพิ่มขึ้น
อยางมีนัยสําคัญทางสถิติ (P<0.05) เมื่อระยะเวลาทดลองเพิ่มขึ้น และลดลงในใบอยางมีนัยสําคัญทางสถิติ (P<0.05) ในวันที่ 60 
สวนผลของความเปนพิษของแคดเมียมตอพืชทั้ง 3 ชนิด พบวาพืชทั้ง 3 ชนิดเริ่มปรากฏอาการเมื่อเพิ่มความเขมขนแคดเมียม 
เปน 4 และ 8 มิลลิกรัมตอลิตร โดยมีการเติบโตชาลงเมื่อเทียบกับกลุมควบคุม ผลของความเปนพิษของแคดเมียมตอประดูก่ิง
ออนเริ่มพบในวันที่ 45 โดยพืชมีอาการเติบโตชาลงและเกิดอาการคลอโรซิส  
 ผลการศึกษาเสนอแนะไดวา ประดูก่ิงออน มีความสามารถนําไปประยุกตใชบําบัดแคดเมียมในพื้นที่ตาง ๆ ที่ไดรับ
การปนเปอน อีกทั้งควรทําการศึกษากลไกทางชีวเคมีที่เกี่ยวของกับความสามารถในการดูดซับ สะสมโลหะหนัก และความ
คงทนตอสภาพแวดลอมของพืชเพิ่มเติม เพื่อนําไปใชประโยชนตอไป 
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CHAPTER I 

INTRODUCTION 

 

 

1.1 Statement of Problem  
 Heavy metals are natural constituents of the Earth’s crust, but human 

activities have drastically altered their geochemical cycles and biochemical balance 

(1). They are hazardous to environment due to their persistence and toxic effect. 

Heavy metals are progressively increasing, as they tend to accumulate throughout the 

food chain and thus poising a serious treat to animals and human (2). Cadmium, which 

is one of the heavy metal, is widely used in industrial processes. The discharge of 

effluents from many industries, including electroplating, battery, paints, plastics, 

glasses, ceramics, and zinc mining and refining are the main source of cadmium 

contamination in aquatic and terrestrial environment (3, 4, 5). Cadmium contaminated-

waste can be disposed in landfill, but this solution negatively affects human health, 

wild flora and fauna, as well as productivity of crop plants and livestock (6). The 

management of heavy metal-contaminated water or biosolids is becoming more 

challenging as stricter regulations to improve water quality and soil. For example at 

Phatat Phadaeng sub-district, Mae Sot Tak Province, Thailand, irrigation is sources 

from Mae Tao Creek the upper stretches of which pass through an actively mined Zn-

mineralized zone. The contamination of heavy metal, such as cadmium in land and 

water had been reported (7). Cadmium frequently exceeds established guidelines and 

thresholds in agricultural soil (8): for Thailand, current soil quality standard for habitat 

and agriculture maximum of cadmium and compound not exceed 37 mg/kg (9).  

 Traditional methods of cleaning, or remediating, areas contaminated with 

heavy metals such as cadmium relies heavily on ‘dig-and-dump’ or encapsulation, 

neither of which address the issue of decontamination of the soil. Immobilization or 

extraction by physicochemical techniques can be expensive and is often appropriate 

only for small areas where rapid, complete decontamination is required (10, 11). Some 

methods, such as soil washing have an adverse effect on biological activity, soil 
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structure and fertility, and some require significant engineering cost consequently, the 

low technology. In situ approach of phytoremediation is attractive as it offers site 

restoration, partial decontamination, maintenance of the biological activity and 

physical structure of soils, and is potentially cheap, visually unobtrusive, and there is 

the possibility of biorecovery of metal.  

 Phytoremediation is defined as the use of plants to remove pollutants from 

the environment or to render them harmless (12). The development of 

phytoremediation is being driven primarily by the cost of many other soil remediation 

methods, as well as a desire to use a ‘green’, sustainable process (13). The efficacy of 

phytoremediation as a viable remediation technology is still being explored, yet so far 

the results are positive (14). Phytoremediation has recently become a tangible 

alternative to traditional methodologies (15). It has been established that certain wild 

and crop plant species have ability to accumulate elevated amounts of toxic heavy 

metal (16). The harvested plant tissue, rich in accumulated contaminant, is easily and 

safely processed by drying, ashing or composting. The volume of toxic waste 

produced as a result is generally a fraction of that of many current, more invasive 

remediations technologies and the associated costs are much less. Some metals can be 

reclaimed from the ash, which further reduces the generation of hazardous waste and 

generates recycling revenue (17).  

However, researchers all over the world are searching for new plant species 

susceptible to be used in phytoremediation. Based on such information, the present 

study was performed to determine the cadmium accumulation capability of three 

legumes of the Leguminosae family: Acacia mangium Willd., Pterocarpus indicus 

Willd. and Cassia fistula Linn. and with the focus on cadmium accumulation in plants. 

In this study, the cadmium accumulations in different plant parts at different exposure 

times were studied. 
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1.2 Objectives of the Study 
 1.2.1 General objective 

 To determine the cadmium accumulation and its effects by selected 

leguminous plants from hydroponic culture. 

  

 1.2.2 Specific objectives 

(1) To determine the plant species and cadmium concentration among 

A. mangium, P. indicus and C. fistula for cadmium accumulation, the optimum 

cadmium accumulation and exposure time. 

  (2) To study the cadmium accumulation in plant parts and relative 

growth of A. mangium, P. indicus and C. fistula at different cadmium concentrations 

and selected plant at optimum cadmium concentration. 

(3) To study the biomass productivity of A. mangium, P. indicus and C. 

fistula at different cadmium concentrations and selected plant at optimum cadmium 

concentration. 

  (4) To study the bioconcentration factor of cadmium in A. mangium, P. 

indicus and C. fistula at different cadmium concentration and selected plant at 

optimum cadmium concentration.  

  (5) To study the toxicity symptoms of A. mangium, C. fistula and P. 

indicus exposed to cadmium. 

 

1.3 Hypotheses of the Study 
  (1) Different plant species and different cadmium concentrations yield 

the difference in plant growth and cadmium accumulation. 

            (2) Exposure times affect the accumulation of cadmium in different 

plant parts and plant growth at optimum cadmium concentration of the selected plants.  

 

1.4 Scope of the Study 
 The selected three species of leguminous seedlings: A mangium, P indicus, and C 

fistula were studied for their cadmium accumulation capacity. The study was carried 

out in the laboratory using the hydroponic culture. 
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1.5 Variables in the Study 

 1.5.1 Selection of capability and optimum of cadmium concentration among 

leguminous plants on cadmium accumulation and growth. 

 1.5.1.1 Independent Variable 

- Concentrations of cadmium 

 1.5.1.2 Dependent variables 

- Cadmium accumulation in plant species 

- Plant growth 

  1.5.1.3 Control Variables 

- pH of hydroponic culture 

- Photoriod 

- Age of plant 

 

 1.5.2 Effect of exposure times on accumulation of cadmium in plant parts 

and plant growth at optimum of cadmium concentration by selected plants.  

 1.5.2.1 Independent Variables  

   -    Exposure times  

 1.5.2.2 Dependent variables 

- Cadmium accumulation in root, stem, and leaf of plant 

- Plant growth 

   1.5.2.3 Control Variables 

- pH of hydroponic culture 

 -   Photoperiod 

 -   Age of plant 

 

1.6 Operational Definitions 
 1.6.1 Leguminous plant is in the family Leguminosae, which characterized by 

the fruit, technically known as a legume, which develops from a single carpel, and 

when ripe opens along both margins to release the seeds; sometimes, as in gorse, the 

seeds are thrown out violently by sudden contraction of the sides of the legume, or 

pod. The leaves of the Leguminosae bear stipules (outgrowths at the base of the 

leafstalk) and are often compound, usually pinnately compound, sometimes with 
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tendrils at the leaf tips. This research study refers to Acacia mangium Willd, 

Pterocarpus indicus Willd and Cassia fistula Linn. 

 1.6.2 Plant species is the seedling of the Leguminosae family: A. mangium,   

P. indicus and C. fistula were obtained from Ratchaburi Nursery Center, Royal Forest 

Department, Ministry of Natural Resources and Environment. 

 1.6.3 Hydroponic culture is the practice of growing plants in a medium other 

than soil, the present study use the mixtures of essential plant nutrient elements 

dissolved in water that name is Hoagland solution. For this study used 10% modified 

Hoagland solution. 

 1.6.4 Cadmium accumulation is the process, which plant roots can remove 

cadmium from hydroponics cultures and transport them to various parts of plant such 

as roots, stems and leaves.  

 1.6.5 Optimum of cadmium concentration is the concentration of cadmium, 

which plant can accumulate and grow at high concentration of cadmium.  

 1.6.6 Selected plants are the best survival plants with the optimum cadmium 

concentration at each category. 

 1.6.7 Plant parts: In this experiment means root, stem, and leaf, which are the 

parts of a plant.  

   Leaf: the main organ of photosynthesis and transpiration in higher plants  

   Stem: a slender or elongated structure that supports a plant or fungus or a 

plant part or plant organ. 

  Root: the usually underground organ that lacks buds or leaves or nodes; 

absorbs water and mineral salts; usually it anchors the plant to the ground. 

 1.6.8 Plant growth: This experiment refers to relative growth, biomass 

productivity, and bioconcentration factor. 

  1.6.9 Relative growth: Treated and control of selected plants were rinsed with 

deionized water several times and were gently blotted and weighed after each harvest. 

Relative growth of control and treated plants were calculated as follows:       

 

 

 
    Initial fresh weight (IFW) 

Final fresh weight (FFW) 
Relative growth          =            
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 1.6.10 Biomass productivity: The biomass productivity of each plant was 

determined by drying the samples to constant weights in an oven at 1030C for 24 

hours. The dry weight for each metal concentration and exposure time was expressed 

as percentage decrease of biomass productivity relative to controls. 

 

  Biomass productivity        =         Dry weight of treated plant 

 

 

 1.6.11 Bioconcentration factor: The bioconcentration factor (BCF) provides an 

index of ability of the plant to accumulate the trace element with respect to the trace 

element concentration in the substrate. This factor is defined as the ratio of metal 

concentration in the biomass to the initial concentration of metal ion in the biomass to 

the initial concentration of metal ion in the feed solution. It is calculated by the 

following equation: 

  

 

  

 1.6.12 Exposure time is duration time of plants soak in hydroponics culture 

contaminated with cadmium. This experiment refers to 15 days exposure time for 

selection of the best among the three species in cadmium accumulation. Exposure time 

at 15, 30, 45 and 60 days is selected for the study of the effects of exposure times on 

the accumulation of cadmium in different plant parts and plant growth at optimum 

cadmium concentration by a selected plant species. 

 1.6.12 Toxicity symptom refers to changes of plants. After exposure of plants 

to cadmium and the plants were harvested at end of each cadmium concentration and 

tested duration. Toxicity symptoms of treated and control plants were observed. 

 

 

 

 

 

 

Concentration of metal in dried plant 
   Initial concentration of metal in solution 

Bioconcentration factor (BCF)       =      

 Dry weight of control plant 
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1.7 Conceptual Framework 
 1.7.1 Selection of capability and optimum of cadmium concentration 

among leguminous plants on cadmium accumulation and growth. 

 

 

 

 

 

  

 

 

 

 

 

  1.7.2 Effect of exposure time on cadmium accumulation and plant 

growth at optimum cadmium concentration by selected plants. 

 

 

  Concentration of cadmium 

-  2  mg/L 

- 4  mg/L 

- 8  mg/L 

       - 16 mg/L 

 

 Cadmium accumulation in plant  

species 

 -  Acacia mangium Willd. 

 - Pterocarpus indicus Willd. 

 - Cassia fistula Linn. 

 Plant growth 

 -  Relative growth 

 - Biomass productivity 

 - Bioconcentration factor 

 Cadmium accumulation in   

   different plant parts 

- Leaf 

- Stem 

- Root 

  Plant growth 

     -  Relative growth  

     -  Biomass productivity 

     -  Bioconcentration factor 

 Exposure times of optimum 

cadmium concentration to 

selected plant 

-  15  days 

-  30  days 

-  45  days 

-  60  days 
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CHAPTER II 

LITERATURE REVIEW 

 

 

2.1 Cadmium Background 
  Cadmium (Cd) is a heavy metal naturally present in soil at concentrations of 

slightly more than 1 mg/ kg (18). Not only it is non-essential for life, it is also highly 

toxic to most organisms having a toxicity of 2-20 times higher than many other heavy 

metals (19). It is, therefore, considered to be a very serious pollutant. Cadmium 

content in soil and water has been dramatically increased from anthropogenic sources 

including smelters and agricultural applications of fertilizer and sewage sludge. Since 

cadmium in soil and water is available for plant uptake and subsequently human 

uptake, cadmium in the environment poses a significant health risk (20, 21).  

 

2.2 Physical and Chemical Properties of Cadmium 
 Cadmium has a relativelty high vapor pressure.  Its vapor is oxidized rapidly 

in air to produce cadmium oxide.  When reactive gases or vapor, such as carbon 

dioxide, water vapor, sulfur dioxide, sulfur trioxide or hydrogen chloride are present, 

cadmium vapor reacts to produce cadmium carbonate, sulfate or chloride, respectively.  

These compounds may be formed in stacks and emitted to the environment.  Basic 

information of cadmium is shown in Table 1. 

 Cadmium can form a number of salts. Its mobility in the environment and 

effects on the ecosystem depend to a great extent on the nature of these salts. Since 

there is no evidence that organocadmium compounds, where the metal is covalently 

bound to carbon, occur in nature, only inorganic cadmium salts will be discussed. 

Cadmium may occur bound to proteins and other organic molecules and form salts 

with organic acids, but in these forms, it is regarded as inorganic. 
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Table 1 Basic infomation of cadmium (22).  

  

 Some of the cadmium salts, such as the sulfide, carbonate or oxide, are 

practically insoluble in water. However, these can be converted to water-soluble salts 

in nature under the influence of oxygen and acids; the sulfate, nitrate, and halogenates 

are soluble in water. 

 Cadmium is relatively mobile in aquatic systems, existing as Cd2+, Cd(OH)2 

(aq), Cd(OH)3-, Cd(OH)4
2-, CdCO3 and in various other organic and inorganic 

complexes. In many freshwaters, the affinity of ligands to complex with cadmium 

follows the order: humic acids, CO3
-2, OH-, Cl-, S04

2-. The solubility of cadmium 

hydroxide complexes decreases as pH increases, owing to the formation of solid Cd 

(OH)2 according to the reaction: 

 

 Cd 2+  +2 OH-                                        Cd(OH)2 

  

Since the 2+ valency state predominates in freshwater, redox potential has little effect 

on speciation. 

Name : Cadmium 

Symbol: Cd 

Atomic Number: 48 

Atomic weight: 112.411 (8) g 

Melting Point: 320.9oC(594.05oK,609.62oF) 

Boiling Point: 765.0oC (1038.15 oK, 1409.0oF) 

Number of Protons/Electrons: 48 

Number of Neutrons: 64 

Classification: Transition Metal 

Crystal Structure: Hexagonal 

Density @ 293 0K: 8.65 g/cm3 

Color : Silver Grey Metallic 

Solubility: Insoluble5 mg/L in water 
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  Sorption to suspended solids such as clay is an important, often dominant fate 

process in freshwaters. Coprecipitation with hydrous iron, aluminum-manganese 

oxide, and carbonate materials also occurs, and periodically dominate fate process. For 

example, the main species in the sediments of the Axios river (Greece) were in 

association with Fe-Mn hydrous oxides, accounting for 22-43% of total lead, followed 

by associations with carbonate at 14-35%. Other processes, such as photolysis and 

volatilization, are not widely regarded as important in the environmental fate of 

cadmium. 

 

2.3 Sources and Uses of Cadmium 
  2.3.1 Sources 

   World production of cadmium increased rather steadily from about 1,000 tons 

in the early 1930s to over 15,000 tons by 1970, but it has increased at an irregular rate 

of only about 1.3 per year since then. Since most cadmium is obtained as a by-product 

from zinc mines, the production of cadmium has little to do with the availability of or 

demand for cadmium. Instead, production is controlled largely by activities in the zinc 

industry. Since 1945, world cadmium production has averaged 30% of world zinc 

production by weight and has accounted for about 5-10% of the income from zinc 

sales (20). Current production of cadmium is about 19,000 metric tons per year and 

has averaged 20,000 ± 1,000 tons per year for the past 10 years. The major producing 

nations, in order of importance, are Japan, the United States, Belgium, China, Canada, 

Kazakstan, and Germany (23). The primary uses of cadmium are in electroplating 

other metals or alloys for protection against corrosion, and in the manufacture of 

storage batteries, glass ceramics and some biocides. 

 

  Sources of atmospheric cadmium 

  Estimates of cadmium emissions to the atmosphere from human and 

natural sources have been carried out at the worldwide, regional, and national level. 

The median global total emission of the metal from human sources in 1983 was 7,570 

tons (24) and represented about half the total quantity of cadmium produced in the 

same year. In both the European Economic Community (EEC) and on a worldwide 
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scale (25), about 10-15% of total airborne cadmium emissions arise from natural 

processes, the major source being volcanic action. 

  Municipal refuse contains cadmium derived from discarded nickel-

cadmium batteries and plastics containing cadmium pigments and stabilizers. The 

incineration of refuse is a major source of atmospheric cadmium release at country, 

regional, and worldwide level. Steel production can also be considered as a waste-

related source, as large quantities of cadmium-plated steel scrap are recycled by this 

industry. As a result, steel production is responsible for considerable emissions of 

atmospheric cadmium.   

 

   Sources of aquatic cadmium 

  Non-ferrous metal mines represent a major source of cadmium release 

to the aquatic environment. Contamination can arise from mine drainage water, waste 

water from the processing of ores, overflow from the tailings pond, and rainwater run 

off from the general mine area. The release of these effluents to local water courses 

can lead to extensive contamination downstream of the mining operation. Mines 

disused for many years can still be responsible for the continuing contamination of 

adjacent watercourses (26). 

  At the global level, the smelting of non-ferrous metal ores has been 

estimated to be the largest human source of cadmium release to the aquatic 

environment (24). Discharges to fresh and coastal waters arise from liquid effluents 

produced by air pollution (gas scrubbing) together with the site drainage waters. 

  The manufacture of phosphate fertilizer results in a redistribution of the 

cadmium present in the rock phosphates between the phosphoric acid product and 

gypsum waste. In many cases, the gypsum is disposed of by dumping in coastal 

waters, which leads to considerable cadmium inputs. Some countries, however, 

recover the gypsum for use as a construction material and thus have negligible 

cadmium discharges (27). 

  The atmospheric fallout of cadmium to fresh and marine waters 

represents a major input of cadmium at the global level (24). A GESAMP study of the 

Mediterranean Sea indicated that this source is comparable in magnitude to the total 

river inputs of cadmium to the region (28). Similarly, large cadmium inputs to the 
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North Sea (110-430 tons/year) have also been estimated, based on the extrapolation 

from measurements of cadmium deposition along the coast.  

   

  Sources of terrestrial cadmium 

  Solid wastes are disposed of in landfill sites, resulting in large cadmium 

inputs at the national and regional levels when expressed as total tonage (27, 29). 

Sources include the ashes from fossil fuel combustion, waste from cement 

manufacture, and the disposal of municipal refuse and sewage sludge. 

  Of greater potential environmental significance are the solid wastes 

from both non-ferrous metal production and the manufacture of cadmium-containing 

articles, as well as the ash residues from refuse incineration. These three waste 

materials are characterized by elevated cadmium levels and as such require disposal to 

controlled sites to prevent the contamination of the around water. 

  The agricultural application of phosphate fertilizers represents a direct 

input of cadmium to arable soils. The cadmium content of phosphate fertilizes varies 

widely and depends on the origin of the rock phosphate. It has been estimated that 

fertilizers of West African origin contain 165-255 g cadmium/ton of phosphorus 

pentoxide, while those derived from the southeastern USA contain 35 g/ton. 

  The annual rate of cadmium input to arable land from phosphate 

fertilizers has been estimated at 5 g/ha for the countries of the EEC (27). This only 

represents about 1 % of the surface soil cadmium burden. Despite the relatively small 

size of these inputs, long-term continuous application of phosphate fertilizers, has 

been shown to cause increased soil cadmium concentrations (30,31,32). 

  The application of municipal sewage sludge to agricultural soils as a 

fertilizer can also be a significant source of cadmium; a value of 80 g/ha has been 

estimated for the United Kingdom (29). On a national or regional basis, however, 

these inputs are much smaller than those from either phosphate fertilizers or 

atmospheric deposition. 

  Polluted soils can contain cadmium levels of up to 57 mg/kg (dry 

weight) resulting from sludge applied to soil and up to 160 mg/kg in the vicinity of 

metal-processing industry (32). The highest cadmium levels reported appear to be 

from ancient mining areas with levels of up to 468 mg/kg. 
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 2.3.2 Uses of cadmium 

 Cadmium has a limited number of applications but within these ranges the 

metal is used in a large variety of consumer and industrial materials. The following 

comments briefly describe the nature of the principal uses of cadmium. 

 Cadmium is used as the anode in nickel-cadmium batteries. These batteries 

are rechargeable, have a long lifetime of approximately 3,000 cycles and a low self-

discharge rate, operate over a wide temperature range and can deliver maximal 

currents with a low-voltage drop. The chief disadvantages of nickelcadmium batteries 

are their low energy density and their high cost. They are used as sealed cells in radios, 

alarm systems, emergency lighting , pacemakers, calculators, motor starters, walki-

talkies, portable appliances, and tools. Large vented units are used in buses, diesel 

engines, aircraft, spacecraft, military applications, and standby power and lighting 

systems (20). 

 Almost all cadmium plating is done by electrodeposition, although some 

plating and coating is also done by vacuum deposition, dipping, or spraying. In 

electroplating, a thin layer of cadmium is deposited by electrolysis on metal objects 

made of steel, iron, copper, brass and other alloys to prevent corrosion. The cadmium 

layer provides good solder ability and conducts electricity well, is highly ductile, and 

provides good corrosion resistance to tropical atmospheres, saltwater, and alkaline 

substances. Cadmium has the ability to protect steel, to which it is anodic, through 

sacrificial corrosion. 

 Certain cadmium compounds are coloring agents in a variety of products, 

chiefly in plastics but also including coated fabrics, textiles, rubber, glass, paints, 

enamels, ceramic glazer, printing inks and artist's colors. The colors, which range 

from yellow to red, are produced by mixtures of cadmium sulfide and cadmium 

selenide (red) or of cadmium sulfide with zinc sulfide (yellow). Cadmium pigments 

have good hiding power and color intensity, do not bleed, are resistant to 

degradation by light, basic substances, and H2S, and are heat stable up to about 

6,000 °C. 

 Mixture of cadmium and barium combined with organic acid anions are used 

as heat stabilizes in plastics to retard degradation due to elevated temperatures. These 

stabilizers offer some protection against light induced degradation as well. Because of 
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the toxicity of cadmium, the FAD has ruled that cadmium stabilizers cannot be 

incorporated into plastics used for food packaging.Alloys of cadmium have found use 

in a variety of applications. Metals such as bismuth, lead and selenium have been 

combined with cadmium to produce low melting point alloys that are used in fire 

detection and fire door release devices, smolds for, casting plastics, and as safety plugs 

in compressed gas cylinders. Such alloys usually contain less than 20 % cadmium. 

Bearing made of cadmium combined with nickel, copper, or silver have greater heat 

resistance and can run at higher speeds than selenium or lead bearing, but use of such 

bearing has declined since World War II. 

 Cadmium is used in certain pesticides both in agriculture and in 

nonagricultural applications. Because cadmium is effective in absorbing neutrons, it 

has been used to make control rods for nuclear reactors., Cadmium is also used in 

smoke detection devices, in solar cells, in photocell, and as a component of the 

phosphores in television tubes, X-ray screens, and luminescent dials. Small 

concentrations of cadmium are found in virtually all fossil fuels. Concentrations in 

coal as high as 1-2 mg/L have been reported, but typical levels in oil are found in the 

range 0.1-0.5 mg/L. Roughly 6 billion tons of fossil fuels are burned each year, and 

the concomitant release of cadmium to the atmosphere amounts to about 670 tons (29).  
 

Table 2 Estimated end use of cadmium in the western world (23). 

   Use Percentage of cadmium use 

   Batteries 70% 

Pigments 13% 

Coatings and platings 8% 

Stabilizers for plastics and similar synthetic products 7% 

Alloys and others 2% 

 

2.4 Fate and Transport of Cadmium in Environment 
 2.4.1 Atmospheric deposition 

 Cadmium is removed from the atmosphere by dry deposition and by 

precipitation. Total deposition rates have been measured at numerous localities 
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worldwide and values have generally been found to increase in the order: background 

<rural < urban < industrial (33). 

 Many industrial sources of cadmium possess tall stacks, which bring about 

the wide dispersion and dilution of particulate emissions. Nevertheless, cadmium 

deposition rates around smelter facilities are often markedly elevated nearest the 

source and generally decrease rapidly with distance (34). Soil cadmium concentrations 

in excess of 100 mg/kg are commonly encountered close to long established smelters 

(35). 

 Crop plants growing near to atmospheric sources of cadmium may contain 

elevated cadmium levels. However, it is not always possible to distinguish whether the 

cadmium is derived directly from surface deposition or originates from root uptake, 

since soil levels in such areas are generally higher than normal. 

 

 2.4.2 Transport from water to soil 

 Rivers contaminated with cadmium can contaminate surrounding land, either 

through irrigation for agricultural purposes, by the dumping of dredged sediments, or 

through flooding. For example, agricultural land adjacent to the Neckar River, 

Germany, received dredged sediments to improve the soil, a practice that produced 

soil cadmium concentrations in excess of 70 mg/kg . 

 Much of the cadmium entering fresh waters from industrial sources is rapidly 

absorbed by particulate matter, where it may settle out or remain suspended, 

depending on local conditions. This can result in low concentrations of dissolved 

cadmium even in rivers that receive and transport large quantities of the metal (36). 

  

2.5 Uptake by Terrestrial Plants 
 The uptake of cadmium into plants generally depends upon the availability of 

the metal in soil solution. The soil pH and composition, particularly the nature of 

soil clays, the organic matter content, and, obviously, the soil cadmium level, 

affect this availability. The relationship between soil cadmium level and plant 

uptake is not a simple one because of the wide variety of soil characteristics 

that affect the extent of cadmium uptake (37,38,39). Plant grown in a  greenhouse 

or a container take up more cadmium than the same plants grown in soil with the same 
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cadmium levels in the field. This is due to greater root development in a confined 

volume in containers and to the fact that all the roots are in contact with cadmium-

contaminated soil. In the field, roots may grow down below the cadmium-

contaminated level (39, 40). 

 Mahler (41) cultured lettuce and chard on acid or calcareous soils to which 

cadmium sulfate had been added at levels up to 320 mg/kg. For both types of soil there 

was a dose-related uptake of cadmium from soil into leaves. The uptake of the metal 

was much greater in acid than in calcareous soils, particularly at higher rates of 

cadmium application (over 40 mg/kg). At the highest soil concentration of 320 mg/kg, 

lettuce leaves contained cadmium at a concentration of 800 mg/kg and chard leaves 

1600 mg/kg when grown in acid soil. Leaves of lettuce cultured on calcareous soils 

with cadmium at 320 mg/kg contained a lower cadmium concentration of 200-300 

mg/kg and chard, similarly cultured, contained 300 mg/kg or less. Bingham (42) 

showed an effect of soil pH on cadmium (as sulfate) uptake in rice; more metal was 

incorporated as acidity increased. Chaney (43) reported that liming of soil in which 

soybeans were growing decreased the concentrations of cadmium in leaves from 33 to 

5 mg/kg dry weight as pH increased from 5.3 to 7.0. Eriksson (44) investigated the 

effect of pH on the uptake of cadmium into perennial ryegrass (Lolium perenne) and 

winter rape (Brassica napus). The more soluble fractions of cadmium in soil increased 

as the pH was lowered; increasing the pH from 5 to 7 with calcium oxide invariably 

reduced the cadmium content of ryegrass plants, but this decrease was less consistent 

when the pH was increased from 5 to 6. The cadmium content of rape plants was 

markedly higher at pH 4 than pH 5. Adding more cadmium to the soil increased the 

amount of cadmium in the plants in direct proportion to the increased concentration of 

the metal in soil over the range 0 to 5 mg/kg. The reacher found that soil organic 

matter decreased the availability of cadmium to perennial ryegrass and winter rape 

grown in pots. Addition of organic material to sand and clay soils reduced cadmium 

uptake to a greater extent in the sand.  

             Mitchell (45) cultured seedlings of three species of tree (red maple, white pine, 

and Norway spruce) hydroponically or in soil with added cadmium, the concentration 

in roots was greater than that in leaves. Cadmium added to soil was less readily taken 

up than cadmium added to nutrient solutions. Root (46) reported greater cadmium 
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concentration in roots than in shoots of maize grown hydroponically in a medium 

containing cadmium chloride. Harkov (47) found the highest uptake of cadmium into 

hydroponically grown tomatoes in the roots, while stems had lower cadmium 

concentrations than leaves. 

  Lepp (48) measured high concentrations of cadmium in the sporophores 

(fruiting bodies) of the fungus Amanita muscaria growing in birch woodland. The 

fungus sporophores contained 29.9 mg/kg dry weight, compared to a cadmium level of 

0.4 mg/kg in the soil on which they grew. The cadmium was released from the rotting 

sporophore, after it had shed its spores, in a form that was readily available to other 

plants growing on the woodland soil; this was shown experimentally with lettuce 

plants grown in pots. The authors calculated that an abundant population of 

sporophores could recycle 1.4% of the total cadmium load in leaf litter to higher plants 

over a period of 14 days (the mean lifespan of the sporophores). 

 

2.6 Distribution of Cadmium in Terrestrial Plants 
   Jones (49) analyse cereal grain aid herbage from long-term experimental 

plots at Rothamsted, United Kingdom, and found that uptake of cadmium into herbage 

was greatest where phosphate fertilizer and been applied. It was also greater from 

unlimed soils than from limed soils. However, the authors concluded that there was 

little evidence of a long-term (1840-1986) increase in crop cadmium concentrations. 

 Byrne (50) analysed higher fungi from Slovenia, Yugoslavia, and found 

levels of cadmium ranging from 0.53 to 39.9 mg/kg dry weight (average 5.0 mg/kg). 

This is an order of magnitude higher than in most other plants. Although the fungi 

were collected from industrial, urban, and uncontaminated sites, the levels found in the 

fungi were not very different between sites. The authors suggested geological rather 

than industrial sources for the cadmium in these soils. 

 The high uptake by mushrooms and related species is probably due to a 

cadmium-binding phosphoglycoprotein, cadmium-mycophosphatin, which has been 

isolated from the mushroom Agaricus macrosporus (51). 

 

 

 



Daungrat Suekhum                                                                                                      Literature Review / 18 

2.7 Toxicity to Terrestrial Plants 
 Cadmium has been shown to have an adverse effect on plant growth and 

yield in laboratory experiments. However, plants grown in soil are generally 

insensitive to the effects of cadmium except at high doses. Effects are only seen 

when cadmium is given in nutrient solutions rather than in soil, where the cadmium 

is bound and is therefore less available to the plants. Cadmium is only available to 

plants in solution in soil. There is considerable evidence from field studies that 

plants are able to develop tolerance to various heavy metals in their growth 

medium. Research into cadmium tolerance has been more limited than for other 

metals, but there is some evidence of tolerance developing. 

 

 2.7.1 Toxicity to plants grown in soil 

 Mitchell (45) showed that the effects on the growth of red maple, white pine 

and Norway spruce plants in soil, amended with cadmium, were similar but less 

severe, owing to reduced uptake of the metal, than in the case of the same plants 

grown hydroponically. Cadmium only affected current growth of the plants, except 

where it was present in excess. Mahler (47) treated eight soils, the pH values of which 

ranged from 4.8 to 7.8, with 1% (by weight) sewage sludge containing added cadmium 

sulfate, leading to cadmium concentrations in the soil ranging from 0.1 to 320 mg/kg. 

Two plants, lettuce (Lactuca saliva variety longifolia) and Swiss chard (Beta vulgaris 

variety cicla), were grown in the soils in pots. The EC50, (yield) for lettuce was 214 

and 139 mg/kg soil for acid and calcareous soils, respectively, whereas the values for 

chard were 175 and 250 mg/kg for acid and calareous soils. The corresponding tissue 

concentrations of cadmium associated with these effects were 470 and 160 mg/kg for 

lettuce and 714 and 203 mg/kg for chard. Thus, a markedly lower tissue concentration 

of cadmium produced 50% yield reduction on calcareous soils than on acid soils.  

  

 2.7.2 In vitro physlological studies 

 Bazzaz (52) demonstrated an effect of cadmium on transpiration and 

photosynthesis in excised sunflower heads. The heads (15 cm diameter) were placed in 

flasks containing distilled water or cadmium salt solutions (2, 20, 100 or 200 mg/litre) 

and transpiration and photosynthesis were, measured at daily intervals over 4 to 5 
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days. Cadmium reduced transpiration and photosynthesis at concentrations of 100 or 

200 mg/litre. Excised epidermal peels floating on solutions of cadmium salts showed a 

log-linear relationship between metal concentration and stomatal opening. The stomata 

opened less with increasing cadmium concentration; this accounted for the effect on 

transpiration and, hence, on photosynthesis.  

 

2.8 Toxic Effects for Human Exposure 
 2.8.1 Pathways for human exposure 

 While the workers in industries using cadmium are directly exposed to 

cadmium by in haling cadmium fumes or dust in the processes, dietary intake 

represents the largest source of cadmium exposure in general population. Meat, 

especially liver and kidney, and seafood tend to be higher in cadmium accumulation 

than other foodstuffs. Soils in polluted areas can also result in levels of cadmium in 

food crops, which are sometimes as high as in meat offal. On the other hand, cadmium 

levels in drinking water are low and intake from beverages is trivial compared with 

dietary intake. Tobacco is and additional source in smokers since it contains cadmium, 

in general corresponding to 1-2 µg per cigarette (53, 54, 55). The body burden of 

cadmium is about 1.5 to 2 times greater in smokers than in nonsmokers of the same 

age (56).  

  

 2.8.2 Acute toxicity 

 Acute cadmium poisoning may occur among occupationally exposed 

workers via the respiratory route or among general population via accidental oral 

intake in food or the ingestion of cadmium for the purpose of suicide (57) . In general 

populations, the symptoms of acute cadmium food poisoning are nausea, vomiting, 

salivation, diarrhea and muscular cramp (8) The estimated lethal dose of cadmium 

ingestion is ranging from 350 to 3,500 mg (9). According to inhalation of cadmium 

dust or fumes, the different symptom of acute toxicity of cadmium, which depend on 

levels of exposure, are manifested after 24 to 36 hours of incubation period. This 

subject symptom includes irritation of the upper respiratory tract, chest pain, headache, 

dizziness, coughing, dyspnoea, vomiting, chills, exhaustion and diarrhea (57). In 

addition, exposure to cadmium dust or fume also causes acute pulmonary effects. It 
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results in pneumonitis characterized by edema and pulmonary epithelium necrosis 

(56). After reviewing the available reports, Friberg (58) concluded that even a level 

mg 5 mg/m3 cannot be considered the lowest dose which can cause fatal poisoning, 

and that, for cadmium oxide fumes, exposure to 1 mg/m3 over an 8-h period should be 

considered hazardous to humans. 

  

 2.8.3 Chronic toxicity  

 Long-term exposure to adequate dose of cadmium cause harmful effects to 

human health. The chronic effects of cadmium are characterized by impairment of the 

respiratory system, renal tubular dysfunction and bone damage. These chronic effects 

will be discussed below. 

 

 Respiratory system: Mostly cadmium causes the chronic effects on this 

system, which may be different owning to different types of cadmium compounds or 

different types of cadmium process. It occurred among occupationally exposed 

workers. Besides the symptoms of acute toxicity, lesser severe effects on the 

respiratory system of workers, who have been exposed to high levels of cadmium in 

the past, have been reported. These effects include decrease of lung capacity, chronic 

bronchitis and emphysema. However, in evaluating minor respiratory dysfunction, it 

should be noted that cigarette smoking is always a related factor (57).  

 

 Kidney: The kidneys are generally regarded as the most sensitive organ to 

chronic cadmium poisoning (56). Renal toxicity, such as proteinuria, is the most 

common symptom of chronic exposure to cadmium. Many studies similarly noted and 

confirmed that proteinuria is a very early sign of cadmium exposure in workers. 

Increased excretion of both high and low molecular weight  protein is normally caused 

by impairment of reabsorption capacity of the renal tubuli. Cadmium in the body is 

known to affect several enzymes. For this reason, it is believed that the renal damage 

resulting in proteinuria is the consequence of cadmium adversely affecting enzymes 

responsible for the reabsorption of proteins in kidney tubules. Nevertheless, it seems 

that proteinuria is reversible but not after a long period of years (56,57). Renal 

dysfunction is likely to be displayed in 10 % of the population at concentration of 
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0.18-0.22 mg Cd/g renal cortex. Any individual with a tissue residue of cadmium in 

excess of 0.285 mg/g usually suffers from renal dysfunction (8). Reaching a critical 

threshold, high levels of cadmium can lead to serious kidney failure (57).  

 

 Bones: Long-term investigestion of cadmium causes a bone disease leading 

to brittleness and even collapse of the skeleton. The obvious symptoms of chronic on 

the bines were observed in the notorious “itai-itai” disease outbreak in the Jintsu area 

of Japan. This resulted from ingestion of rice in paddy fields which were irrigated 

from cadmium contaminated water (9) These symptoms are the result of painful 

osteomalacia combined with kidney malfunction. Initially, the illness manifests itself 

through pain in the back and legs. Then, painful sites gradually spread all over the 

body. Bone fractures can be caused by just slight external pressure (53). Through the 

mechanism of bone damage is still not known, several studies suggested that cadmium 

may not directly on the bones, but vitamin D metabolism in the kidney is disturbed by 

cadmium exposure, which leads to internal vitamin D deficiency, causing bone 

damage (59).  

 Besides that, cadmium also causes other chronic effects to humans. The 

carcinogenic effects of cadmium have been clearly established in humans and in 

experimental animals. Occupational exposure to cadmium has been linked to lung 

cancers in humans, and several researches in rodent have shown that chronically 

cadmium exposure can induce tumors of prostate, pancreas and other organs. 

Cadmium may also induce genetic damage (e.g., strand breakage, cross-linking and 

conformational changes in DNA). Following this hypothesis, the genotoxic effects of 

cadmium have been studied in a wide variety of experimental systems, but, 

unfortunately, no consensus on how it induces genetic damage has yet emerged (54). 

 

2.9 Phytoremediation  
 Phytoremediation is a general term used to describe various mechanisms by 

which living plants alter the chemical composition of the soil matrix in which they are 

growing. Essentially, it is the use of green plants to clean-up contaminated soils, 

sediments, or water. The word “phytoremediation” is from the Greek prefix phyto-

meaning “plant” and the Latin root word remidium- meaning “to correct or remove an 
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evil”. In soil, the “evil” could be anthropogenic (man-made) contaminants such as 

organic solvents, heavy metals, pesticides, or radio nuclides. The research available to 

implement phytoremediation has been in existence for more than 20 years in industrial 

fields, yet phytoremediation is a new technology for remediation of urban, residential 

areas.  

 

 2.9.1 Types of phytoremediation  

 The US EPA’s Phytoremediation Resource Guide definition of the six types 

of phytoremediation and their application is listed below. 

 

  (1) Phytoaccumulation 

  Phytoaccumulation, also called phytoextraction, refers to the uptake 

and translocation of metal contaminants in the soil by plant roots into the aboveground 

portions of the plants. Certain plants called hyperaccumulators absorb unusually large 

amounts of metals in comparison to other plants and the ambient metals concentration. 

These plants are selected and planted at a site based on the type of metals present and 

other site conditions. After the plants have been allowed to grow for several weeks or 

months, they are harvested. Landfilling, incineration and composting are options to 

dispose of or recycle the metals, although this depends upon the results of the Toxicity 

Characteristic Leaching Procedure (TCLP) and cost. The planting and harvesting of 

plants may be repeated as necessary to bring soil contaminant levels down to 

allowable limits. A plan may be required to deal with the plant waste. Testing of the 

plant tissue, leaves, roots, etc., will determine if the plant tissue is a hazardous waste. 

Regulators will play a role in determining the testing method and requirements for the 

ultimate disposal of the plant waste. 

 

  (2) Phytodegradation 

  Phytodegradation, also called phytotransformation, is the breakdown of 

contaminants taken up by plants through metabolic processes within the plant, or the 

breakdown of contaminants external to the plant through the effect of compounds 

(such as enzymes) produced by the plants. Pollutants are degraded, used as nutrients 

and incorporated into the plant tissues. In some cases metabolic intermediate or end 
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products are re-released to the environment depending on the contaminant and plant 

species (see phytovolatization). 

 

  (3) Phytostabilization 

  Phytostabilization is the use of certain plant species to immobilize 

contaminants in the soil and groundwater through absorption and accumulation by 

roots, adsorption onto roots, or precipitation within the root zone and physical 

stabilization of soils. This process reduces the mobility of the contaminant and 

prevents migration to the groundwater or air. This technique can be used to re-

establish a vegetative cover at sites where natural vegetation is lacking due to high 

metal concentrations. Metal-tolerant species may be used to restore vegetation to such 

sites, thereby decreasing the potential migration of contamination through wind 

erosion, transport of exposed surface soils and leaching of soil contamination to 

groundwater. 

 

   (4) Phytovolatilization 

  Phytovolatilization is the uptake and transpiration of a contaminant by a 

plant, with release of the contaminant or a modified form of the contaminant to the 

atmosphere from the plant. Phytovolatilization occurs as growing trees and other 

plants take up water and the organic and inorganic contaminants. Some of these 

contaminants can pass through the plants to the leaves and volatilize into the 

atmosphere at comparatively low concentrations. Many organic compounds transpired 

by a plant are subject to photodegradation. 

 

  (5) Rhizodegradation 

  Rhizodegradation, also called phytostimulation, rhizosphere 

biodegradation, enhanced rhizosphere biodegradation, or plant-assisted 

bioremediation/degradation, is the breakdown of contaminants in the soil through 

microbial activity that is enhanced by the presence of the rhizosphere. Microorganisms 

(yeast, fungi, and/or bacteria) consume and degrade or transform organic substances 

for use as nutrient substances. Certain microorganisms can degrade organic substances 

such as fuels or solvents that are hazardous to humans and eco-receptors and convert 
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them into harmless products through biodegradation. Natural substances released by 

the plant roots—such as sugars, alcohols, and acids—contain organic carbon that act 

as nutrient sources for soil microorganisms, and the additional nutrients stimulate their 

activity. Rhizodegradation is aided by the way plants loosen the soil and transport 

oxygen and water to the area. The plants also enhance biodegradation by other 

mechanisms such as breaking apart clods and transporting atmospheric oxygen to the 

root zone. 

 

  (6) Rhizofiltration 

  Rhizofiltration is the adsorption or precipitation of contaminants onto 

plant roots or the absorption of contaminants into the roots when contaminants are in 

solution surrounding the root zone. The plants are raised in greenhouses 

hydroponically (with their roots in water rather than in soil). Once a large root system 

has been developed, contaminated water is diverted and brought in contact with the 

plants or the plants are moved and floated in the contaminated water. The plants are 

harvested and disposed as the roots become saturated with contaminants (60). 

 

 2.9.2 Phytoremediation advantages 

 The most widely touted advantage of phytoremediation is its cost; 

phytoremediation is generally believed to entail and operating costs far lower than 

those of many competing technologies. Discounting the cost of monitoring the site, the 

major costs of phytoremediation are the tilling and preparation of the soil, planting the 

seeds, weed and pest control, and harvesting and disposal of the biomass. However, at 

the present time there are few documented estimates of the cost of phytoremediation, 

and this is one factor that has hindered its more widespread acceptance. 

Phytoremediation offers a number of performance-based advantages. It can be a 

permanent treatment solution (i.e., permanently removing the contaminant from the 

media), and as an in situ method it holds several advantages, including the fact that 

remediation can take place without unduly disturbing the site. Because 

phytoremediation can generally remediate the fraction of the contamination that is 

most bioavailable, it is compatible with risk-based remediationapproaches that allow 

the unleachable fraction to remain in the soil or aquifer. For this reason, 
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phytoremediation is generally compatible with brownfields remediations, where target 

cleanup levels may be more lenient. Finally, remediating a hazardous waste site with 

plants is believed to be more aesthetically pleasing and possibly more acceptable to 

the  public than other remediation methods (61). 

 

   2.9.3 Phytoremediation disadvantanges 

   If cost is the greatest potential advantage of phytoremediation, time is the 

greatest disadvantage. Use of plants for remediation at many sites will not be fast- one 

estimate is that 18-60 months may be needed for site closure in some cases (62). In 

addition to the general reliance on the life cycles of plants and the need to coordinate 

plantings with ordinary growing seasons, many naturally occurring hyperaccumulator 

plants that are extremely slow growers-it has been estimated that natural 

hyperaccumulators might take 13-16 years to clean a typical site (63, 64). 

 The use of plants, like all biological methods, does not allow 100% removal 

or reduction of contaminants, because reaction rates decrease as concentration of 

contaminant decrease. In addition, high level of heavy-metal contaminants may be 

toxic to plants. Finally, soil phytoremediation is generally believe to be limited in 

applicability to surface soils (i.e., perhaps the top 1 m of the soil), and would be 

limited by the solubility or availability of the contaminant (which is especially a 

problem with metals). 

 Among the strategies being used to overcome these disadvantages are the 

uses of chelators to enhance metal solubility in soils (64, 65). Combining 

phytoremediation with other in situ technologies, and the selection or breeding of 

improved plant varieties, using classical genetics or advanced molecular biology tools 

(66, 67) Because the regulatory and public acceptance barriers are not as severe, it is 

reasonable to expect that transgenic plants will find quicker and wider use in 

phytoremediation than have engineered microbes in bioremediation (69). 
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Table 3 Phytoremediation advantages and disadvantages (61)  

Advantages Disadvantages 
Cost 
    Low capital and operating costs 
    Metal recycling provides further   
        economic advantages 
 
Performance 
    Permanent treatment solution 
    In situ application avoids   
        excavation 
    Capable of remediaing   
        bioavailable fraction 
    Capable of mineralizing organics  
    Applicable to variety of  
        contaminants,including some  
        recalcitrant 
    Trees are capable of high hydraulic   
        pumping pressures 
 
 
Others 
   Public acceptance; aesthetically   
       pleasing  
   Compatible with risk-based   
       remediation, brownfields 
   Can be used during site  
       investigation or after closure 

Time 
   Slower than some alternatives;  
       seasonally dependent 
   Many natural hyperaccumulation are  
       slow growers 
Performance 
   Biological methods are not capable of   
       100% reduction 
   May not be applicable to all mixed   
       wastes 
   High metal concentration or other  
       contaminants may be toxic 
   Soil phytoremediation application only  
       to surface soils 
 
Space 
    Groundwater, wastewater applications  
       may require large available surface  
       area  
Others 
    Need to displace existing facilities (e.g.,  
        wastewater treatment) 
   Regulators may be unfamiliar with the  
       technology and its capabilities 
 Lack of recognized economic performance  
        data 

  

 Hydroponics is a modern definition might be: ‘Hydroponics is the practice of 

growing plants in a medium other than soil, using mixtures of essential plant nutrient 

elements dissolved in water.’ The term ‘hydroponics’, derived from two Greek word 

‘hydro’ (water) and ‘ponos’ (labour), was coined by Dr W.F. Gericke of California, 

who put early laboratory experiments on to a commercial basis. The Californian 

professor grows tomatoes in solutions of plant nutrient elements in water. His results 

were highly spectacular. So much so that, after the journalist had exaggerated the facts 

out of all proportion, every John Citizen was mixing a few cents worth of various 

chemicals in jars or tins and waiting patiently for the magic spell to begin. Of course 

more often than not very little happened. This was in the early 1930s. Shortly after that 

period, and particularly during the war years, plants were grown in solid media other 

than soil. The same plant nutrient elements dissolved in water were used, only these 
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were either watered on or pumped into the media at definite periods of time. Although 

called variously ‘aggregate culture’, ‘soil-less culture’, ‘nutriculture’, or 

‘chemiculture’, Dr Gericke’s term is so universally used that all forms of growing 

plants without soil are loosely referred to as ‘hydroponics’. In spite of being a 

misnomer, we shall continue throughout the book with this term (60). 

 

2.10 Plants 
 2.10.1 Acacia mangium Willd.   

 
Figure 1 Acacia mangium Willd. 

 Acacia  mangium  Willd.  is one of the  major  fast  growing species used in 

plantation forestry programs throughout Asia and  the  Pacific. Due to its rapid growth 

and tolerance of very poor soils, A mangium is playing an increasingly important role 

in efforts to sustain commercial supply of tree products while reducing pressure on 

natural forest ecosystems. 

  Characteristics 

  Acacia mangium Willd. is in the family Leguminosae, sub-family 

Mimosoideae.  It has rapid early growth, and can attain a height of 30 meters and a 

diameter of over 60 centimeters. Inflorescences are on loose spikes up to 10 cm long 

with white or cream colored flowers. When in full blossom, the inflorescences 

resemble bottlebrushes.  The flower has a mild, sweet fragrance.  The dark green, 

glabrous phyllodes can be up to 25 cm long and 10 cm broad. The seedpods are broad, 

linear, irregularly coiled, and up to 3-5 mm wide and 7-8 cm long. The seeds are dark 
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brown to black, shiny, vary in shape, and range from 3-5 mm long and 2-3 mm wide.  

Seeds mature 6-7 months after flowering.  

  Propagation and growth  

  Although natural regeneration is excellent in clear-felled and burned 

fields, nursery propagation is the most common regeneration practice. Hot water 

treatment for 30 seconds promotes quick seed germination. There are 80,000-100,000 

seeds per kilogram. Seed can be sown directly into nursery pots or sown in trays and 

transplanted to pots after germination. Seedlings are retained in the nursery for 12 

weeks or until they have attained a height of 25-40 cm. recommends two root pruning 

and hardening off of the seedling before out-planting (70). 

 

 2.10.2 Pterocarpus indicus Willd. 

 
Figure 2 Pterocarpus indicus Willd. 

 Pterocarpus indicus Willd. is one of the best known trees in southeast Asia. 

It is as narra in the Philippines, sonokembang in Indonesia, angsana or sena in 

Malaysia and Singapore, and pradoo in Thailand. In the Philippines, it is the national 

tree and the favorite timber for the manufacture of fine furniture. In Singapore, it is 

practically the symbol of that country's garden city planting program; many avenues 

are graced by this attractive species. In Malaysia, it has been planted as a shade tree 

for at least 200 years 

  Characteristics 

  Pterocarpus indicus Willd. (Leguminosae, subfamily Papilionoideae) is 

a big tree, growing to 33 m in height and 2 m diameter. The trunks are usually fluted 
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and buttressed to 7 m diameter at the base. The crowns are large and bear many long 

branches that are at first ascending, but eventually arch over and sometimes droop at 

the ends. Trees with long willowy, drooping branches are particularly conspicuous and 

attractive in Singapore and some parts of Malaysia and Hawaii. Elsewhere the 

drooping habit may not develop.  

  Propagation 

  P. indicus may be propagated by seed, which germinate in 8-100 days, 

but the initial growth of seedlings and saplings is relatively slow. Propagation by 

cuttings is preferred, especially for ornamental planting (Wong 1982). P. indicus is 

unique among big timber trees in that the capacity for rooting of stem cuttings is not 

lost with age. Stem cuttings can be taken from trees of any age and size. Indeed, 

cuttings of diameter 6 cm or larger will root better than cuttings of smaller diameter. 

Young leaf-bearing stems will not root at all. For roadside planting, the cuttings used 

are in the form of stakes 1.5-3 m long and as much as 10 cm diameters. Such stakes 

produce up to 10 radiating shoots at the top, making a symmetrical crown very 

quickly, above pedestrian height. Few species can match P. indicus in the ability to 

produce well-crowned instant trees within one or two years. If large stakes fail to root, 

it is usually because of water logging or accidental movement of the stakes during the 

tender rooting period. These problems can be avoided by rooting the stakes in loamy 

soil in large well-drained containers, while tied securely to a simple supporting 

framework. The stakes root in about 3 months and can be reduced to as short as 10 cm 

length, but such cuttings would take longer to develop into trees (71). 

  

 2.10.3 Cass fistula Linn. 

 
Figure 3 Cass fistula Linn. 
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 Cass fistula Linn is a fast-growing tree, 6-9 meters tall with a straight trunk 

and spreading branches. Stem bark is pale grey, smooth and slender when young and 

dark brown and rough when old. Leaves alternate 20-40 em long, paripinnate, long 

stalked stipulate petioles 6-9 mm long, leaflets 5-15 cm long, ovate, acute stalked. 

Flowers-large bright yellow in long axillary racemes. Fruit -a pod 30-60 cm long and 

over 30 cm thick. Widely planted as a handsome ornamental tree, the plant is being 

considered as a firewood source in Mexico. The reddish wood, hard and heavy (spec. 

grav. 0.9), strong and durable, is suited for cabinetwork, farm implements, inlay work, 

posts, wheels, mortars, etc. The bark has been employed in tanning, often in 

conjunction with avaram. The drug "cassia fistula", a mild laxative, is obtained from 

the sweetish pulp around the seed.  

  Characteristics 

  Deciduous tree 10 m tall, the bole to 5 m, to 1 m DBH. Leaves 

alternate, pinnate, 30-40 cm long, with 4-8 pairs of ovate leaflets, 7.5-15 cm long, 2-5 

cm broad, entire, the petiolules 2-6 mm long. Flowers yellow, in long drooping 

terminal clusters (racemes); petals 5, yellow; sepals 5, green, the individual flower 

stalks 3-6 cm long. Stamens 10, three with longer stalks. Fruits pendulous, cylindrical, 

brown, septate, 25-50 cm long, 1.5-3 cm in diameter, with 25-100 seeds. Seeds 

lenticular, light brown, lustrous.  

  Propagation 

  Although soaking the seeds in sulfuric acid results in highest 

germination, puncturing the seed coat proved to be the simplest, most effective method 

to break dormancy in Mexican studies. Seedlings planted in plastic bags containing 7 

kg soil, survived transplant quite well. Cuttings did not take readily in the Mexican 

studies. Cassia fistula seeds were either soaked in concentrated H2SO4 for 5-20 

minutes and then soaked in water for 24 hours, or soaked in water alone for 24 hours. 

Seeds soaked in water alone failed to germinate, but soaking in acid for 20 minutes 

resulted in 84% germination. Additional soaking in water did not further improve 

germination.  

  Timber or firewood can be felled as needed. It is usually more practical 

to harvest in the dry season, making it easier to suncure or airdry the timber or bark. 
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Besides other farm duties tend to be less pressing then, at least in the garden, once 

irrigation is accomplished (72).  

 

2.11 The Related Research 
 Mitchell (45) cultured seedlings of three species of tree, the white pine 

(Pinus strobus), red maple (Acer rubrum), and Norway spruce (Picea abies), in sand. 

Plants were irrigated with a nutrient solution containing cadmium at concentrations of 

0, 0.5, 1, 2, 4, 8, and 16 µg/l; white pine seedlings were also treated with 32 and 64 

µg/l. The cadmium affected both roots and foliage. In the red maple symptoms of 

cadmium toxicity began with intervened chlorosis and stunting of leaves in most 

cases. As exposure increased cadmium caused wilting and then death. The first 

observed effect of the metal on the pine was inhibition of needle expansion and, in the 

case of the spruce, chlorotic tips to new growth. Tissue accumulation of cadmium 

correlated well with exposure. Red maple, white pine, and spruce exhibited foliage 

effects at leaf cadmium concentrations of 22.8. 61.3, and 7.5 mg/kg, respectively, 

corresponding to nutrient solutions of 8.0, 32.0, and 4.0 µg/l. There was an increasing 

effect on root development with increasing exposure to cadmium. At the higher doses, 

there was severe reduction in the number o1 roots initiated and stunting of those that 

grew. Accumulation of  cadmium was greater in roots than in leaves. 

 Root (46) grew maize (Zea mays) in hydroponic solutions containing 

cadmium chloride at concentrations ranging from 1 to 40 mg/l. Uptake of cadmium 

into the plant increased with time, and cadmium was present at higher concentrations 

in roots than in shoots. Leaf chlorophyl concentration and yield (as dry weight) of both 

roots and shoot decreased with increasing cadmium concentration. As the cadmium 

concentration in the leaves increased, the concentration of zinc decreased and the 

concentration of iron increased. This gave a linear correlation between cadmium in the 

leaf anc iron/zinc ratio. Chlorosis resulting from cadmium in the leave; (seen at a 

cadmium concentration of 1 mg/l nutrient solution appeared comparable to iron-

deficiency chlorosis. However, it this case, the chlorosis was not due to iron 

deficiency, a previously suggested by other workers, but was associated in some way 

with an increasing iron/zinc ratio.  
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 Harkov (47) found no effect on the yield of tomatoes grown in vermiculite 

and cultured with a nutrient solution containing cadmium at concentrations of 0.25 or 

0.75 mg/l. The plants were more susceptible to damage by ozone, undo conditions 

where ozone damage would have been slight, afte exposure to cadmium. Where ozone 

damage was heavy or whet conditions were not conducive to ozone damage, there was 

nt effect of cadmium.  

 Wong et al. (73) exposed pea (Pisun sativum) seeds to cadmium 

concentrations of 1, 5, 10, and 21 mg/l in culture solutions, germination was 

significant; reduced at 20 mg/l and radicle elongation to 1 cm was significantly 

reduced at 5 mg/l and to 2 cm at 1 mg/l. Early development (shoot elongation, leaf 

development, root and shoot growth) was inhibited in a dose-dependant manner. Slight 

inhibition was observed at 1 mg/l, increased inhibition at 5 mg/l, and significant 

inhibition at 10 and 20 mg/l. 

Aneta (74) studied focuses on lead accumulation in root, stems, and leave of 

three legumes grown hydroponically in a medium supplement with lead ions. The 

studied legumes, the researcher found that roots were the main accumulation site of Pb 

in the plants them studied, which is consistent with the earlier data concentration other 

plants. A steady growth in the level of  the accumulated metal was observed until the 

end of  the 96-hour period when the concentration of lead in roots of P. vulgaris 

reached 75 mgPb/g dry wt. At the same, root of P. vulgaris and V. faba accumulated 

lead to a lesser of all the studied plants increased with the time of lead treatment.  

 Sharon (75) used the tropical leguminous tree, Leuceana leucocephala to take 

up ethylene dibromide (EDB) and trichloroethylene (TCE). The plants were grown in 

sterile hydroponics solution without its symbiant, Rhizobium. EDB and TCE were 

both metabolized by the plant, as indicated by the formation of bromide ion from EDB 

and trichloroethanol from TCE. Each plant organ was independently capable of 

debromination of EDB. L. leucocephala is being used to treat perched groundwater as 

part of a remedial alternative to address an accidental EDB spill in Hawaii. 

Guadalupe (76) studied focuses on cadmium uptake and translocation in 

tumbleweed plants (Salsola kali) grown in an agar-based medium with 20 mg/l of 

Cd(II) did not show phytotoxicity, and their roots had the most biomass (4.5 mg) 

compare to the control plants (2.7 mg) as well as other treated plants. These plants 
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accumulated 2696, 2075, and 2016 mgCd/kg of dry roots, stems, and leaves, 

respectively. The results suggest that there are no restricted cadmium movements in 

tumbleweed plants. In addition, the amount of cadmium found in the dry leaf tissue 

suggests that tumbleweed could be considered as potential cadmium 

hyperaccumulating species.  

 Gardea-Torresdey (77) focused on the potential accumulation of Convolvulus 

arvensis L. for Cd (II) was determined using an agar-based medium. The shoot of C. 

arvensis plants exposed to 20 mg/l of these heavy metal, demonstrated capability to 

accumulate more than 1500 mg of cadmium per kg of dry tissue. The outcome of this 

study and the field data previously reported corroborate that C. arvensis is a suitable 

candidate for the phytoremediation of Cd (II) contaminated soils. 
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CHAPTER III 

MATERIALS AND METHODS 
 

 

3.1  Research design 
       The research study was designed as a experimental laboratory to compare the 

capability of leguminous plants; Acacia mangium Willd., Pterocarpus indicus Willd. 

and Cassia fistula Linn. which grown in the hydroponics culture with contaminated 

cadmium to select the high capability plant to accumulate cadmium. Then refer to the 

accumulation in plant parts when the exposure time was increased. 

 

3.2  Experimental laboratories 
 The experiment was carried out in the laboratory of Environmental Health 

Sciences Department, Faculty of Public Health, Mahidol University, Bangkok, 

Thailand. 

  

3.3 Plant materials 
  The following plant species were used in this experiment namely 

1. Acacia mangium Willd. 

2. Pterocarpus indicus Willd. 

3. Cassia fistula Linn. 

   Seedlings of three leguminous plants were obtained from Ratchaburi Nursery 

Center, Royal Forest Department, Ministry of Natural Resources and Environment. 

   Plants were separated from soil. An effort was made to keep as much of the 

root structure intact as possible. Plant roots were thoroughly washed with gentle 

running tap water to remove all the dirt and dead plant biomass that could contain 

trace elements and rinsed with deionized water, respectively to remove any metal 

compounds adsorbed on plant root surfaces. After that they were hydroponically 

grown in modified 10% Hoagland’s solution without cadmium for 2 weeks for 

acclimatization. Prior to experiments the three plants of each species were taken to 
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determine fresh weight and dry weight and then analyzed for total cadmium 

concentration as background data. 

 

3.4 Culture condition 

  Leguminous plants were acclimatized in a modified 10% Hoagland’s solution 

(78) at pH 5.6 for one week under a 12 hours photoperiod (1000 watt cool fluorescent 

light) (79) at the room temperature. Then they were used for the experiments at the 

same condition with varying concentration of cadmium and exposure time.  

 

3.5 Materials and equipment 
  3.5.1  Material 

 (1)  Stirring rod 

 (2)  Whatman no.4 filter paper 

  

  3.5.2  Glassware 

 (1) Volumetric flask size 25, 50, 100, 500 and 1000 ml 

 (2) Erlenmeyer flask size 150, 250 and 500 ml 

 (3) Beaker size 100, 250, 600 and 1000 ml 

 (4) Cylinder size 10, 50, and 1000 ml 

 (5) Pipette size 1, 5, 10 and 25 ml 

 (6) Dropper 

 (7) Funnel 

 

  3.5.3 Equipment 

 (1) pH meter 

 (2) Hot-air oven 

 (3) A t o m i c  A b s o r p t i o n  S p e c t r o p h o t o m e t e r  ( A A S ) 

 (4) Hood 

 (5) Hot plate 
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  3.5.4  Chemical reagents 

 (1) Potassium dihydrogen phosphate solution (KH2PO4) 1 M 

 (2) Potassium nitrate solution (KNO3) 1 M 

 (3) Calcium nitrate Solution (Ca(NO3)2) 1 M 

 (4) Magnesium sulphate solution (MgSO4) 1 M 

 (5) Boric acid (H3BO3) 

 (6) Manganese chloride (MnCl2 . 4H2O) 

 (7) Zinc sulphate (ZnSO4 . 7H2O2) 

 (8) Copper suphate (CuSO4 . 5H2O) 

 (9) Molybdic acid (H2 MoO4 . H2O) 

(10) Distilled water 

(11) Deionized water 

(12) Nitric acid (HNO3) 

(13) Cadmium chloride (CdCl2.2.5H2O) 

 

3.6 Preparation of experiment  
 3.6.1 Preparation of nutrient solution (Full strength Hoagland’s solution)  

    The stock solutions of nutrient were prepared by 

Macronutrients 

Stock A KH2PO4 136.09 g/l 1 M 

Stock B KNO3 101.10 g/l 1 M 

Stock C Ca(NO3)2 . H2O 164.10 g/l 1 M 

Stock D MgSO4.7H2O 120.39 g/l 1 M 

Stock E FeCl3.6H2O 27.0 g/l 5 mg/ml 

Stock F Micronutrient   

Micronutrients 

 H3BO3 2.86 g/l 0.5 mg B/ml 

 MnCl2.4H2O 1.81 g/l 0.5 mg Mn/ml 

 ZnSO4.7H2O 0.22 g/l 0.05 mg Zn/ml 

 CuSO4.5H2O 0.08 g/l 0.02 mg Cu/ml 

 H2MoO4.2H2O 0.02 g/l 0.01 mg Mo/ml 
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  The nutrient solution was prepared by pipette 1 ml of Stock A, 5 ml of Stock 

B, 5 ml of Stock C, 2 ml of Stock D, 1 ml of Stock E, and 1 ml of Stock F into a 

volumetric flask and diluted to 1000 ml by deionized water. 

  For 10% Hoagland’s solution was prepared by pipette 100 ml of full strength 

Hoagland’s solution into a volumetric flask and diluted to 1000 ml by deionized water. 

 

  3.6.2 Preparation of toxicants and stock solution 

  C a d m i u m 

   The stock solution of cadmium (1000 mg/l) was prepared by dissolving 

analytical grade of cadmium chloride (CdCl2.2.5H2O) 2.032 g in 1000 ml deionized 

water. The concentrations were expressed in term of cadmium ion (Cd2+) in milligrams 

per liter (mg/L) of solution. 

 

3.7 Experimental procedures 
 3.7.1 Selection of capability and optimum of cadmium accumulation 

among leguminous plants on cadmium accumulation and growth 

  Selection of three plants species of Leguminosae family to accumulate 

cadmium, plants were taken from the acclimatized container and rinsed with deionized 

water. Each plant was treated in each container, which contained 400 ml of a control 

(metal free) and expose to 2, 4, 8, and 16 mg/L of cadmium concentration. Plants were 

grown under control conditions the experiment under 12 hours photoperiod (1000 watt 

cool fluorescent light) at the room temperature. The pH was adjusted 5.6 every day by 

1 N NaOH and 1 N HNO3 and the Hoagland’s solution volume was maintained at 400 

ml. 

 Plants were harvested at the end of duration for 15 days, rinsed with deionized 

water and dried at 103oC for 24 hours or until their weight become constant, cooled 

down in desicators for 30 minute then dry weight were measured. Then, dried plants 

sample were homogenized in an electric tissue grinder and weighed 0.5 g before 

transferring into a 15 ml test tubes containing 3-5 ml concentrated nitric acid.  

 The procedures for the decomposition of sample by using the nitric acid 

(HNO3) digestion method were performed according to the Standard Method by 

APHA. The solution was heated slowly until digestion was completed as shown by a 
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light-colored, clear solution. The test tubes were cooled to room temperature and 

washed down with deionized water and then the sample were filtered through a 

Whatman No.4 filter paper. The filtrates were diluted to a 50 ml in volumetric flask 

andmade up to volume with deionized and mixed thoroughly. After digestion, the 

metal concentration was determined by using the frame atomic absorption 

spectrophotometer (FAAS) by using flameless method at wavelength 228.8 nm for 

cadmium. The results were determined the cadmium accumulation in plant and 

calculated bioconcentration factor, biomass productivity, and relative growth for select 

the optimum cadmium concentration for cadmium accumulation and plants growth by 

selected plants. 

 

         3.7.2 Effect of exposure time on cadmium accumulation and plant growth 

at optimum cadmium concentration by selected plants 

Seedlings of the highest capability among three leguminous plants to 

accumulate cadmium were cultivated hydroponically in Hoagland’s solution 

supplement with the optimum cadmium concentration and were grown under 

controlled conditions the experiment under a 12 hours photoperiod (100 watt 

fluorescent) at the room temperature. Roots, stems and leaves of tested plants were 

harvested at 15, 30, 45, and 60 days after the application of cadmium.       

The procedures for the decomposition of samples by using the nitric acid 

(HNO3) digestion method were performed according to the Standard Method by 

APHA (80). The cadmium accumulations in selected plants (leaves, stem, and roots) 

were harvested at the end of each test duration. Plants were rinsed with deionied water 

and dried at 103°C for 24 hrs. The dried plant samples were homogenized in a tissue 

grinder and weighed before transferring into a 15 ml test tube containing 3-5 ml of 

concentrated nitric acid. The solutions were heated slowly until digestion was 

completed as shown by a light-colored, clear solution. The test tubes were cooled to 

room temperature and washed down with distilled water and then the sample were 

filtered through a Whatman No.4 filter paper. The filtrates were diluted to a 50 ml in 

volumetric flask, made up to volume with deionized and mixed thoroughly. After 

digestion, the metal concentrations were determined by using the frame atomic 
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absorption spectrophotometer (FAAS). The results were reported in unit of mg Cd / kg 

dry weight of each plant species.           

 Then the results were determined the cadmium accumulation in leaves, stems, 

and roots and calculated relative growth, biomass productivity, and bioconcentration 

factor of plants at the different exposure times. 

 

3.7.4  Dissolved metals remain in media 

Digestion of media samples in this study were performed according to the 

Standard Methods by APHA. 

At the end of experiment, 100 ml of media samples were transferred to flasks. 

Five milliliters of concentrated nitric acid were added. The media samples were heated 

slowly and evaporated on hotplate to the lowest volume possible (about 10 to 20 ml). 

Continued heating and adding of concentrated nitric acid were necessary until 

digestion were completed as shown by a light-colored and clear solution. The flasks 

were cooled to room temperature and washed down with deionized water and then 

media samples were filtered through a Whatman No.4 filter paper. The filtrates were 

diluted to a 50 ml in volumetric flask and made up to volume with deionized and 

mixed thoroughly. After digestion, the metal concentrations were determined using the 

frame atomic absorption spectrophotometer. 

 

3.7.5  Relative growth 

 Treated and control of selected plant were weighed after each harvest. 

Relative growth of control and treated plants were calculated as follows: 

 

 Relative growth         =            Final fresh weight (FFW) 

                                 

 

3.7.6  Biomass productivity   

 The biomass productivity of each plant was determined by drying the samples 

to constant weights in an oven at 1030C for 24 hours. The dry weight for each metal 

concentration and exposure time was expressed as percentage changes of biomass 

productivity relative to controls. The biomass productivity were calculated as follows: 

Initial fresh weight (IFW) 
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    Biomass productivity        =         Dry weight of treated plant 

 

 

3.7.7 Bioconcentration factor  

 The bioconcentration factor (BCF) provides an index of ability of the plant to 

accumulate the trace element with respect to the trace element concentration in the 

substrate. This factor is defined as the ratio of metal concentration in the biomass to 

the initial concentration of metal ion in the biomass to the initial concentration of 

metal ion in the feed solution. It is calculated by the following equation: 

 

 Bioconcentration factor (BCF)      =    Concentration of metal in dried plants 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initial concentration of metal in solution 

 Dry weight of control plant 
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3.8 Research diagram 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Selection of capability and optimum of cadmium concentration among 

   leguminous plants on cadmium accumulation and growth. 
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Figure 5 Effect of exposure times on accumulation of cadmium in plant parts and    

                plant growth at optimum of cadmium concentration by selected plants. 
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3.9   Statistical Analysis 
 3.9.1 Descriptive statistics 

 Cadmium accumulation and growth of each leguminous plants and cadmium 

concentrations were determined as mean, and standard deviation. Every treatment had 

three independent replicates of approximately seedling each. This data presented here 

are the mean ± SD of three independent experiments. They were present by tables and 

graphs. 

  

 3.9.2 Inferential Statistics 

 The data were analyzed using a two-way ANOVA followed by Tukey-HSD 

(Honestly Significant Difference). It was determined the difference plants effect to 

cadmium accumulation and growth in different plant parts (roots, stems, and leaves) at 

the different concentration of cadmium and different exposure time at 95% confidence 

intervals. 
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CHAPTER IV 

RESULTS 
 

 

4.1 Capability of Leguminous Plants for Cadmium Accumulation and 

Optimum of Cadmium Concentration. 
This experiment was carried out in order to determine the effect of different 

cadmium concentration (2, 4, 8 and 16 mg/L Cd) on cadmium accumulation of each 

leguminous plant namely A. mangium, P. indicus and C. fistula.  

 Total cadmium accumulation of A. mangium, P. indicus and C. fistula at 2, 4, 8 

and 16 mg/L Cd and the exposure time of 15 days are shown in Table 5 and Figure7. 

 Among leguminous plants, the total cadmium accumulation were significantly 

increased (p<0.05) in plants organs (shoots and root) when the concentration were 

increased at cadmium concentrations were 2, 4 and 8 mg/L. However, at cadmium 

concentration was 16 mg/L, the cadmium accumulation significantly decreased 

(p<0.05) when compare with the lower cadmium concentrations.  

 For A. mangium, at cadmium concentration of 2, 4, 8 and 16 mg/L the 

cadmium accumulations were increased to the greatest level at 72.85 ± 2.19, 167.74 ± 

3.69, 444.51 ± 2.55 and 294.36 ± 5.95 µg/g dry wt., respectively on day 15. The 

accumulation of cadmium in the control was zero.  

 P. indicus, at cadmium concentration of 2, 4, 8 and 16 mg/L the cadmium 

accumulations were increased to the greatest level at 91.05 ± 2.25, 215.40 ± 7.39, 

522.91 ± 4.77 and 374.12 ± 8.76 µg/g dry wt., respectively. The accumulation of 

cadmium in the control was zero. 

 C. fistula, at cadmium concentration of 2, 4, 8 and 16 mg/L the cadmium 

accumulations were increased to the greatest level at 57.07 ± 3.24, 130.08 ± 9.59, 

359.55 ± 2.95 and 225.45 ± 5.27 µg/g dry wt. in roots, respectively. The accumulation 

of cadmium of the control was zero. 
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 Among three leguminous plants, the plant species that had greatest cadmium 

accumulations in every concentration were found in P. indicus, the second was A. 

mangium and the last was C. fistula. With regards to the capability of every plant to 

accumulate cadmium, found the cadmium accumulation in root more than in shoot 

(Table 4-5 and Figure 6-8).  

 The greatest cadmium accumulation was occurred at 8 mg/L Cd of P. indicus 

and it gave the total cadmium accumulation up to 522.91 ± 4.77  µg/g dry wt. 

and144.55 ± 2.63  µg/g dry wt. in shoots and 378.36 ± 6.32 µg/g dry wt. in roots. 

Therefore, the leguminous plant species for cadmium accumulation in this study was 

P. indicus and subsequently used for further study.  

 Analysis of variance between different species of plants and cadmium 

concentrations had been statistical analyzed by using Two-Way ANOVA analysis at 

0.05 level of significance. It was found that different species of plants and cadmium 

concentrations had different with cadmium accumulation (p<0.05) (See appendix D). 

 

Table 4 Average (± SD) of total cadmium accumulation of A. mangium, C. fistula and 

P. indicus after 15 days grown hydroponically in 10% modified Hoagland solution 

containing different cadmium concentrations. 

Plants 
species 

Cadmium 
concentration (mg/L) 

Average (± SD)  of cadmium 
accumulation (µg/g) 

A. mangium 2 
4 
8 
16 

72.85 ± 2.19a 
167.74 ± 3.69b 
444.51 ± 2.55c 
294.36 ± 5.95d 

P. indicus 2 
4 
8 
16 

91.05 ± 2.25a 
215.40 ± 7.39b 
522.91 ± 4.77c 
374.12 ± 8.76d 

C. fistula 2 
4 
8 
16 

57.07 ± 3.24a 
130.08 ± 9.59b 
359.55 ± 2.95c 
225.45 ± 5.27d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) among three leguminous plants 

treatments in each cadmium concentration at and in shoot and root at 15 days exposure time. 
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Figure 6  Total cadmium accumulations of A. mangium, C. fistula and P. indicus after    

 15 days. 

 

Table 5 Average (± SD) of cadmium accumulation in root and shoot of A. mangium, 

C. fistula and P. indicus after 15 days grown hydroponically in 10% modified 

Hoagland solution containing different cadmium concentrations. 
Plants species  Cadmium 

concentration 
(mg/L) 

Average (± SD) of cadmium 
accumulation in shoot 

(µg/g) 

Average (± SD) of cadmium 
accumulation in root 

(µg/g) 
A. mangium 2 

4 
8 

16 

15.99 ± 0.80a 
45.16 ± 2.49b 
105.24 ± 4.29c 
60.30 ± 2.41d 

56.86 ± 1.83a 
122.59 ± 3.99b 
339.28 ± 2.09c 
234.06 ± 3.99d 

P. indicus 2 
4 
8 

16 

22.64 ± 1.58a 
60.98 ± 1.42b 
144.55 ± 2.63c 
86.51 ± 2.15d 

68.41 ± 2.46a 
154.41 ± 6.81b 
378.36 ± 6.32c 
287.61 ± 7.63d 

C. fistula 2 
4 
8 

16 

11.75 ± 1.24a 
32.40 ± 3.76b 
91.88 ± 4.03c 
42.45 ± 1.88d 

45.32 ± 3.17a 
97.62 ± 5.84b 
278.96 ± 3.16c 
183.00 ± 5.07d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) among three leguminous plants 

treatments in each cadmium concentration at and in shoot and root at 15 days exposure time. 
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Figure 7 Cadmium accumulations in shoots of A. mangium, C. fistula and P. indicus   

  after 15 days. 
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Figure 8 Cadmium accumulations in roots of A. mangium, C. fistula and P. indicus   

                 after 15 days. 
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4.2 Effect of Cadmium on Relative Growth of A. mangium, P. indicus 

and C. fistula on day 15.  
This experiment was carried out in order to determine the effect of different 

cadmium on relative growth of A. mangium, P. indicus and C. fistula. Four 

concentrations (2, 4, 8 and 16 mg/L) of cadmium had been used for culture plants 

which were hydroponically grown in 10% modified Hoagland solution at pH 5.6 for 

one week under a 12 hours photoperiod (1000 watt cool fluorescent light) at the room 

temperature.  

Effect of cadmium on relative growth of A. mangium, P. indicus and C. fistula 

at 2, 4, 8 and 16 mg/L Cd and the exposure time of 15 days are shown in Table 6 and 

Figure 9. All of three leguminous plants, at cadmium concentration 2, 4, 8 and 16 

mg/L Cd, the relative growth were significantly decreased (P<0.05) from that of 

control. 

 For A. mangium, at cadmium concentration 2, 4, 8 and 16 mg/L Cd, the 

relative growth were 1.06 ± 0.006, 1.05 ± 0.001, 1.02 ± 0.006, 0.97 ± 0.006 and 0.83 ± 

0.010, respectively. The greatest relative growth (1.06 ± 0.006) was found in the 

control and the lowest (0.83 ± 0.010) was found at 16 mg/L cadmium on day 15. 

P. indicus, at cadmium concentration 2, 4, 8 and 16 mg/L Cd the relative 

growth were 1.08 ± 0.006, 1.07 ± 0.001, 1.05 ± 0.006, 1.01 ± 0.006 and 0.94 ± 0.006, 

respectively. The greatest relative growth (1.08 ± 0.006) was found in the control and 

the lowest (0.94 ± 0.006) was found at 16 mg/L cadmium on day 15. 

C. fistula, at cadmium concentration 2, 4, 8 and 16 mg/L Cd the relative 

growth were 1.03 ± 0.001, 1.02 ± 0.001, 0.98 ± 0.001, 0.94 ± 0.006 and 0.80 ± 0.006, 

respectively. The greatest relative growth (1.03 ± 0.001) was found in the control and 

the lowest (0.80 ± 0.006) was found at 16 mg/L cadmium on day 15. 

 Considering relative growth of all three leguminous plants, the plant species 

that had greatest relative growth in every concentration were found in P. indicus, the 

second was A. mangium and the lowest was C. fistula. 

 With regarding to relative growth of each plant species and cadmium 

concentration, at 2 mg/L Cd, 4 mg/L Cd and 8 mg/L Cd found the relative growth had 

decreased in the closely level but at 16 mg/L Cd had more different decreased between 
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concentration and species. While the relative growth of C. fistula had the greatest 

effected by cadmium, the second was A. mangium and the lowest effected by cadmium 

was P. indicus.  

 Analysis of variance between different species of plants and cadmium 

concentrations had been statistical analyzed by using Two-Way ANOVA analysis at 

0.05 level of significance. It was found that different species of plants and cadmium 

concentrations had different with relative growth (p<0.05) (See appendix D). 

 

Table 6 Average (± SD) of relative growth of A. mangium, C. fistula and P. indicus 

after 15 days grown hydroponically in 10% modified Hoagland solution containing 

different cadmium concentrations.  

Plants 
species 

Cadmium 
concentration (mg/L) Average (± SD) of relative growth  

A. mangium 2 
4 
8 
16 

1.05 ± 0.001a 
1.02 ± 0.006b 
0.97 ± 0.006c 
0.83 ± 0.010d 

P. indicus 2 
4 
8 
16 

1.07 ± 0.006a 
1.05 ± 0.001b 
1.01 ± 0.006c 
0.94 ± 0.006d 

C. fistula 2 
4 
8 
16 

1.02 ± 0.001a 
0.98 ± 0.001b 
0.94 ± 0.006c 
0.80 ± 0.006d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) among three leguminous plant 

treatments in each cadmium concentration at 15 days exposure time. 
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Figure 9 Relative growths of A. mangium, C. fistula and P. indicus on day 15. 

 

4.3 Effect of cadmium on biomass productivity of A. mangium, P. 

indicus and C. fistula on day 15.  
This experiment was carried out in order to determine the effect of different 

cadmium on biomass productivity of A. mangium, P. indicus and C. fistula. Four 

concentrations (2, 4, 8 and 16 mg/L) of cadmium concentration had been used for 

culture plants which were hydroponically grown in 10% modified Hoagland solution 

at pH 5.6 for one week under a 12 hours photoperiod (1000 watt cool fluorescent light) 

at the room temperature.  

Effect of cadmium on biomass productivity of A. mangium, P. indicus and C. 

fistula at 2, 4, 8 and 16 mg/L Cd at the exposure time 15 days were shown in Table 7 

and Figure 10. All of three leguminous plants, at cadmium concentration 2, 4, 8 and 16 

mg/L, the biomass productivity were significantly decreased (P<0.05) from that of 

control. 

 For A. mangium, at cadmium concentration 0, 2, 4, 8 and 16 mg/L the biomass 

productivity were 100 ± 0.00%, 93.03 ± 1.19%, 83.10 ± 1.07%, 74.02 ± 1.84% and 

60.59 ± 0.99%, respectively. The greatest biomass productivity (100 ± 0.00%) was 
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found in the control and the lowest (60.59 ± 0.99%) was found at 16 mg/L cadmium 

concentration at day 15. 

 P. indicus, at cadmium concentration 0, 2, 4, 8 and 16 mg/L the biomass 

productivity were 100 ± 0.00%, 95.77 ± 2.27%, 86.80 ± 1.01%, 81.01 ± 0.34% and 

71.76 ± 2.02%, respectively. The greatest biomass productivity (100 ± 0.00%) was 

found in the control and the lowest (71.76 ± 2.02%) was found at 16 mg/L cadmium 

concentration at day 15. 

 C. fistula, at cadmium concentration 0, 2, 4, 8 and 16 mg/L the biomass 

productivity were 100.00 ± 0.00%, 86.69 ± 2.28%, 78.04 ± 1.82%, 68.17 ± 1.34% and 

51.74 ± 1.53%, respectively. The greatest biomass productivity (100 ± 0.00%) was 

found in the control and the lowest (51.74 ± 1.53%) was found at 16 mg/L cadmium 

concentration at day 15. 

Considering in the biomass productivity of all three leguminous plants, the 

plant species that had greatest biomass productivity in every concentration were found 

in P. indicus, the second was A. mangium and the lowest biomass productivity was C. 

fistula. 

Analysis of variance between different species of plants and cadmium 

concentrations had been statistical analyzed by using Two-Way ANOVA analysis at 

0.05 level of significance. It was found that different species of plants and cadmium 

concentrations had different with biomass productivity (p<0.05) (See appendix D). 
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Table 7 Average (± SD) of biomass productivity of A. mangium, C. fistula and P. 

indicus after 15 days at different cadmium concentrations. 

Plants 
species 

Cadmium 
concentration (mg/L) 

Average (± SD) of biomass productivity 
(% of control) 

A. mangium 2 
4 
8 
16 

93.03 ± 1.19a 
83.10 ± 1.07b 
74.02 ± 1.84c 
60.59 ± 0.99d 

P. indicus 2 
4 
8 
16 

95.77 ± 2.27a 
86.80 ± 1.01b 
81.01 ± 0.34c 
71.76 ± 2.02d 

C. fistula 2 
4 
8 
16 

86.69 ± 2.28a 
78.04 ± 1.82b 
68.17 ± 1.34c 
51.74 ± 1.53d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) among three leguminous plant 

treatments in each cadmium concentration at 15 days exposure time. 

 
 

0

20

40

60

80

100

120

A.mangium P. indicus C. fistula 

Plant species 

B
io

m
as

s p
ro

du
ct

iv
ity

 
 (%

 o
f c

on
tr

ol
)  

   
  

2 mg/L
4 mg/L
8 mg/L
16 mg/L

 
Figure 10 The effect of cadmium on biomass productivity of A. mangium, P. indicus  

 and C. fistula on day 15. 
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4.4 Bioconcentration factor (BCF) of cadmium in A. mangium, P. 

indicus and C. fistula on day 15.  
This experiment was carried out in order to determine the effect of different 

cadmium concentration (2, 4, 8 and 16 mg/L Cd) on the BCFs of cadmium on each 

leguminous plant consist of A. mangium, P. indicus and C. fistula. 

 The BCFs of cadmium in A. mangium, P. indicus and C. fistula at 2, 4, 8 and 

16 mg/L Cd and the exposure time was 15 days are shown in Table 8 and Figure 11-

12. 

All of three leguminous plants, the BCFs were significantly increased (p<0.05) 

in plants organs (shoots and roots) when the concentrations in feed solutions were 

increased on day 15. However, at cadmium concentration was 16 mg/L, the BCFs 

significantly decreased (p<0.05) when compare with the lower cadmium 

concentrations. 

For A. mangium, the BCFs at 2, 4, 8 and 16 mg/L Cd were 8.00 ± 0.40, 11.29 ± 

0.62, 13.15 ± 0.54 and 3.77 ± 0.15 in shoots, and 28.43 ± 0.91, 30.65 ± 1.00, 42.41 ± 

0.26 and 14.63 ± 0.25 in roots, respectively on day 15. 

P. indicus, the BCFs at 2, 4, 8 and 16 mg/L Cd were 11.32 ± 0.79, 15.25 ± 

0.35, 18.07 ± 0.33 and 5.41 ± 0.13 in shoots, and 34.21 ± 1.23, 38.60 ± 1.70, 47.30 ± 

0.79 and 17.98 ± 0.48 in roots, respectively on day 15. 

C. fistula, the BCFs at 2, 4, 8 and 16 mg/L Cd were 5.88 ± 0.62, 8.10 ± 0.94, 

10.07 ± 0.70 and 2.65 ± 0.12 in shoots, and 22.66 ± 1.59, 24.42 ± 1.46, 34.87 ± 0.40 

and 11.44 ± 0.32 in roots, respectively on day 15. 

However considering in the BCFs of all three leguminous plants, the plant 

species that had greatest BCFs in every concentration were found in P. indicus, the 

second was A. mangium and the lowest BCFs was C. fistula. 

The greatest BCFs was occurred at 16 mg/L Cd of P. indicus and it gave the 

BCFs up to 18.07 ± 0.33 in shoots and 47.30 ± 0.79 in roots. Therefore, it was 

considered to selection as a suitable leguminous plant species in further study.  

Analysis of variance between different species of plants and cadmium 

concentrations had been statistical analyzed by using Two-Way ANOVA analysis at 



Daungrat  Suekhum                                                                                                                    Results / 54 

0.05 level of significance. It was found that different species of plants and cadmium 

concentrations had different with the BCFs (p<0.05) (See appendix D). 

 

Table 8 Average (± SD) of the BCFs (BCF) of cadmium in shoot and root of A. 

mangium, C. fistula and P. indicus on day 15. 

Plants species 
Cadmium 

concentration 
(mg/L) 

Average (±SD)  of 
bioconcentration factor 

(BCF) of cadmium 
 in shoot 

Average(±SD)  of 
bioconcentration factor 

(BCF) of cadmium  
in root 

A. mangium 2 
4 
8 
16 

8.00 ± 0.40a 
11.29 ± 0.62b 
13.15 ± 0.54c 
3.77 ± 0.15d 

28.43 ± 0.91a 
30.65 ± 1.00b 
42.41 ± 0.26c 
14.63 ± 0.25d 

P. indicus 2 
4 
8 
16 

11.32 ± 0.18a 
15.25 ± 0.35b 
18.07 ± 0.33c 
5.41 ± 0.13d 

34.21 ± 1.23a 
38.60 ± 1.70b 
47.30 ± 0.79c 
17.98 ± 0.48d 

C. fistula 2 
4 
8 
16 

5.88 ± 0.62a 
8.10 ± 0.94b 
10.07 ± 0.70c 
2.65 ± 0.12d 

22.66 ± 1.59a 
24.42 ± 1.46b 
34.87 ± 0.40c 
11.44 ± 0.32d 

 
Remark: Different letters (a-d) represent statistical differences (p<0.05) among three leguminous plant 
treatments in each cadmium concentration and in shoot and root at 15 days exposure time. 
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Figure 11 The bioconcentration factor (BCF) in shoots of cadmium in A. mangium, P. 

indicus and C. fistula on day 15. 
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Figure 12 The bioconcentration factor (BCF) in roots of cadmium in A. mangium, P. 

indicus and C. fistula on day 15. 

 

4.5 Effect of Exposure Time on Cadmium Accumulation and Plant 

Growth at Optimum Cadmium Concentration by Selected Plants. 
The experiment was proceed at different exposure times of 15, 30 45 and 60 

days. The selected plant species was P. indicus and cadmium concentration was 8 

mg/L that selections were optimum affect the plants could grow and accumulated 

cadmium from the selection experiment. 

 The effect of exposure times on cadmium accumulation and plant growth by P. 

indicus at 8 mg/L Cd at 15, 30, 45 and 60 days was studied and can be describe below; 

This experiment was carried out in order to determine the using of various 

time on cadmium accumulation of P. indicus exposed to 8 mg/L cadmium 

concentration. P. indicus exposed to 8 mg/L cadmium concentration had been used for 

the optimum state that exposure time of 15, 30, 45 and 60 days.  

Cadmium accumulation in root, stem and leaf of P. indicus at 8 mg/L Cd at the 

exposure times of 15, 30 45 and 60 days are shown in Table 9-11 and Figure 13-15, 

respectively. 
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 From the result, the cadmium accumulations were significantly increased 

(P<0.05) in plants organs (leaf, stem and root) when the exposure times were 

increased at cadmium concentrations was 8 mg/L.  

For cadmium accumulation in leaf, at exposure time of 15, 30, 45 and 60 days 

the cadmium accumulations were increased to the greatest level at 26.66 ± 4.47, 46.79 

± 1.17, 58.11 ± 3.88 and 36.52 ± 2.99 µg/g dry, respectively. The accumulation of 

cadmium in the control was zero. 

 For cadmium accumulation in stem, at exposure time were 15, 30, 45 and 60 

days the cadmium accumulations were increased to the greatest level at 74.47 ± 6.10, 

86.41 ± 6.21, 109.75 ± 7.84 and 121.47 ± 4.97 µg/g dry wt., respectively. The 

accumulation of cadmium in the control was zero. 

 For cadmium accumulation in root, at exposure time were 15, 30, 45 and 60 

days the cadmium accumulations were increased to the greatest level at 9.33 ± 1.53, 

336.80 ± 8.05, 378.88 ± 2.66, 403.93 ± 7.50 and 470.00 ± 7.36 µg/g dry wt., 

respectively. The accumulation of cadmium in the control was zero. 

 Considering the greatest part that can accumulate cadmium found in roots, the 

second that can accumulate cadmium found in stems and the lowest that can 

accumulate cadmium found in leaves. 

Analysis of variance between exposure times was statistical analyzed by using 

One-Way ANOVA analysis at 0.05 level of significance. It was found that different 

exposure times had different cadmium accumulation (p<0.05) (See appendix D). 
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Table 9 Average (± SD) of cadmium accumulation in leaf of P. indicus exposed to 8 

mg/L cadmium concentration at different exposure times. 

 

Exposure times 
Average (± SD) of Cadmium 

accumulation in leaf  
(µg/g dry wt.) 

15 days 
30 days 
45 days 
60 days 

26.66 ± 4.47a 
46.79 ± 1.17b 
58.11 ± 3.88c 
36.52 ± 2.99d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) in each cadmium concentration 

and exposure time. 
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Figure 13 Cadmium accumulations in leaf of P. indicus exposed to 8 mg/L cadmium  

                  concentration at different exposure times. 

 

 



Daungrat  Suekhum                                                                                                                    Results / 58 

Table 10 Average (± SD) of cadmium accumulation in stem of P. indicus exposed to 8 

mg/L cadmium concentration at different exposure times. 

 

Exposure time 
Average (± SD) of cadmium 

accumulation in stem  
(µg/g dry wt.) 

15 days 
30 days 
45 days 
60 days 

74.47 ± 6.10a 
86.41 ± 6.21b 
109.75 ± 7.84c 
121.47 ± 4.97d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) in each exposure time. 

 

 

 

0

20

40

60

80

100

120

140

15 30 45 60

Exposure times (days)

C
ad

m
iu

m
 a

cc
um

ul
at

io
n 

in
 st

em
   

 (u
g/

g 
dr

y 
w

t.)

 
Figure 14 Cadmium accumulations in stem of P. indicus exposed to 8 mg/L cadmium  

 concentration at different exposure times. 
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Table 11 Average (± SD) of cadmium accumulation in root of P. indicus exposed to 8 

mg/L cadmium concentration at different exposure times. 

 

Exposure time 
Average (±SD) of cadmium 

accumulation in root  
(µg/g dry wt.) 

15 days 
30 days 
45 days 
60 days 

336.80 ± 8.05b 
378.88 ± 2.66c 
403.93 ± 7.50d 
470.00 ± 7.36e 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) in each exposure time. 
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Figure 15 Cadmium accumulations in root of P. indicus exposed to 8 mg/L cadmium    

                  concentration at different exposure times. 
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4.6 Effect of cadmium on relative growth of P. indicus exposed to 8 

mg/L cadmium concentration at different exposure times. 
This experiment was carried out in order to determine the using of various 

times on relative growth of P. indicus exposed to 8 mg/L cadmium concentration.     

P. indicus exposed to 8 mg/L cadmium concentration were used for the optimum state 

that exposure time of 15, 30, 45 and 60 days.  

Effect of cadmium on relative growth of P. indicus exposed to 8 mg/L 

cadmium concentration at different exposure times are shown in Table 12 and Figure. 

16. The result showed that relative growth of control plants significantly increased 

(p<0.05) with the passage of time as well as, plant treated with cadmium, the relative 

growth significantly increased but lower than control on exposure time were 15, 30 

and 45 but significantly decreased on day 60. The greatest relative growth found on 

the exposure time of 60 days of control (1.09 ± 0.00) and the relative growth of  P. 

indicus exposed to 8 mg/L cadmium concentration on day 0, 15, 30, 45 and 60 were 

1.00 ± 0.000, 1.01 ± 0.002, 1.02± 0.001, 1.04 ± 0.002 and 1.01 ± 0.003, respectively. 

Analysis of variance of exposure times had been statistical analyzed by using 

Two-Way ANOVA analysis at 0.05 level of significance. It was found that different 

exposure times had different with relative growth (p<0.05) (See appendix D). 
 

Table 12 Average (± SD) of effect of cadmium on relative growth of P. indicus 

exposed to 8 mg/L cadmium concentration at different exposure times. 

Cadmium concentration 
(mg/L) Exposure time Relative growth 

control 0 day 
15 days 
30 days 
45 days 
60 days 

1.00 ± 0.000a 
1.02 ± 0.003b 
1.05 ± 0.003c 
1.07 ± 0.006d 
1.09 ± 0.004e 

8 mg/L 
 
 
 

0 day (2 hrs.) 
15 days 
30 days 
45 days 
60 days 

1.00 ± 0.000a 
1.01 ± 0.002b 
1.02 ± 0.001c 
1.04 ± 0.002d 
1.01 ± 0.003e 

 

Remark: Different letters (a-e) represent statistical differences (p<0.05) in each cadmium concentration 
and exposure time.  
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Figure 16 Relative growth of P. indicus exposed to 8 mg/L cadmium concentration at 

different exposure times. 

 

4.7 Effect of cadmium on biomass productivity of P. indicus exposed 

to 8 mg/L cadmium concentration at different exposure times.  
This experiment was carried out in order to determine the using of various 

times on biomass productivity of P. indicus exposed to 8 mg/L cadmium 

concentration. P. indicus exposed to 8 mg/L cadmium concentration had been used for 

the optimum state that exposure time of 0, 15, 30, 45 and 60 days.  

Effect of cadmium on biomass productivity of P. indicus at 8 mg/L Cd at the 

exposure time of 0, 15, 30, 45 and 60 days are shown in Table 13 and Figure 17 For 

the result, biomass productivity of control plants significantly increased (P<0.05) with 

the passage of time. But for the treated plants, the biomass productivity were 

significantly decreased (P<0.05) from that of control. The biomass productivity of 

treated plants on day 0, 15 30, 45 and 60 were 100 ± 0.00%, 94.23 ± 1.43%, 89.14 ± 

0.43%, 83.17 ± 0.79% and 73.40 ± 0.49%, respectively. While the control of every 

exposure times were 100 ± 0.00%. From the result found that the greatest biomass 

productivity (100 ± 0.00%) was found in the control and the lowest (73.40 ± 0.49%) 

was found on day 60. 

Analysis of variance of exposure times had been statistical analyzed by using 

One-Way ANOVA analysis at 0.05 level of significance. It was found that different 

exposure times had different with biomass productivity (p<0.05) (See appendix D). 
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Table 13 Average (± SD) of effect of cadmium on biomass productivity of P. indicus 

exposed to 8 mg/L cadmium concentration at different exposure times. 

Exposure time Average (± SD) of Biomass 
productivity (% of control) 

0 day 
15 days 
30 days 
45 days 
60 days 

100.00 ± 0.00a 
94.23 ± 1.43b 
89.14 ± 0.43c 
83.17 ± 0.79d 
73.40 ± 0.49e 

 

Remark: Different letters (a-e) represent statistical differences (p<0.05) in each cadmium concentration 

and exposure time. 
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Figure 17 The biomass productivity of P. indicus exposed to 8 mg/L cadmium 

concentration at different exposure times. 

 

 

 

 

 



Fac.of Grad. Studies, Mahidol Univ.                                               M.Sc. (Environmental Sanitation) / 63 

4.8 Bioconcentration factor (BCF) of cadmium in different plant 

parts of P. indicus exposed to 8 mg/L cadmium concentration at 

different exposure times.  
This experiment was carried out in order to determine the using of various 

times on the BCFs of cadmium in different plant parts of P. indicus exposed to 8 mg/L 

cadmium concentration. P. indicus exposed to 8 mg/L cadmium concentration had 

been used for the optimum state that exposure time of 15, 30, 45 and 60 days.   

The BCFs of cadmium in leaves, stems and roots of P. indicus exposed to 8 

mg/L Cd at the exposure times of 15, 30, 45 and 60 days are shown in Table 14-16 and 

Figure 18-20, respectively.  

The BCFs of cadmium in leaf, stem and root of P. indicus significantly 

increased when the exposure time were increased. While in the leaf on day 60 found 

the bioconcentration significantly decreased. 

For the BCFs of cadmium in leaf of P. indicus at exposure time were 15, 30, 

45 and 60 days, the BCFs of cadmium were 3.33 ± 0.56, 5.81 ± 0.08, 7.26 ± 0.48 and 

4.56 ± 0.37 µg/g dry, respectively. The BCFs of cadmium in the control was zero. 

 For the BCFs of cadmium in stem of P. indicus at exposure time were 15, 30, 

45 and 60 days, the BCFs of cadmium were 9.31 ± 0.76, 10.80 ± 0.78, 13.72 ± 0.98 

and 15.18 ± 0.62 µg/g dry wt., respectively. The BCFs of cadmium in the control was 

zero. 

 For the BCFs of cadmium in root of P. indicus at exposure time were 0(2 

hours), 15, 30, 45 and 60 days, the BCFs of cadmium were 1.17 ± 0.19, 42.10 ± 1.01, 

47.36 ± 0.33, 50.49 ± 0.94 and 58.75 ± 0.92 µg/g dry wt., respectively. The BCFs of 

cadmium in the control was zero. 

Analysis of variance of exposure times had been statistical analyzed by using 

One-Way ANOVA analysis at 0.05 level of significance. It was found that different 

exposure times had different with BCFs (p<0.05) (See appendix D). 
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Table 14 Average (± SD) of bioconcentration factor (BCF) of cadmium in leaf of 

P.indicus exposed to 8 mg/L cadmium concentration at different exposure times.  

 

Exposure time 
Average (± SD) of 

bioconcentration factor 
(BCF)  

15 days 
30 days 
45 days 
60 days 

3.33 ± 0.56a 
5.81 ± 0.08b 
7.26 ± 0.48c 
4.56 ± 0.37d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) in each cadmium concentration 

and exposure time 
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Figure 18 Bioconcentration factor (BCF) of cadmium in leaf of P. indicus exposed to  

      8  mg/L cadmium concentration at different exposure times. 
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Table 15 Average (± SD) of bioconcentration factor (BCF) of cadmium in stem of P. 

indicus exposed to 8 mg/L cadmium concentration at different exposure times. 

 

Exposure time 
Average (± SD) of 

bioconcentration factor 
(BCF)  

15 days 
30 days 
45 days 
60 days 

9.31 ± 0.76a 
10.80 ± 0.78b 
13.72 ± 0.98c 
15.18 ± 0.62d 

 

Remark: Different letters (a-d) represent statistical differences (p<0.05) in each cadmium concentration 

and exposure time. 
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Figure 19 Bioconcentration factor (BCF) of cadmium in stem of P. indicus exposed to 

8 mg/L cadmium concentration at different exposure times. 
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Table 16 Average (± SD) of bioconcentration factor (BCF) of cadmium in root of 

P.indicus exposed to 8 mg/L cadmium concentration at different exposure times. 

 

Exposure time 
Average (±SD) of  

bioconcentration factor 
(BCF)  

0 day (2 hrs.) 
15 days 
30 days 
45 days 
60 days 

1.17 ± 0.09a 
42.10 ± 1.01b 
47.36 ± 0.33c 
50.49 ± 0.94d 
58.75 ± 0.92e 

 

Remark: Different letters (a-e) represent statistical differences (p<0.05) in each cadmium concentration 

and exposure time. 
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Figure 20 Bioconcentration factor (BCF) of cadmium in root of P. indicus exposed to  

                 8 mg/L cadmium concentration at different exposure times. 
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4.9 Toxicity symptoms  
4.9.1 Toxicity symptoms of A. mangium, C. fistula and P. indicus after 15 

days grown hydroponically in 10% modified Hoagland solution containing 

different cadmium concentrations. 

 The toxicity symptoms of three leguminous plants exposed to cadmium at 2, 4, 

8 and 16 mg/L during 15 days are shown in Figure 21-23. 

 The control of three plant species grew well in the 10% modified Hoagland 

solution during 15 days. The leaves were green and normal and the plants were 

healthy. At the low cadmium concentration of cadmium (2 mg/L Cd) in shoots and 

roots have no stress symptoms. The first signs of toxic effect were noted in three 

leguminous plants obtained from 4 mg/L cadmium and 8 mg/L cadmium. The display 

slowly growth and stunted compared with these of control. The plants exhibited 

stunted growth and did not show any production of new plants. At 16 mg/L cadmium 

concentration, almost all of plants at exposed to 16 mg/L cadmium were lost much 

leaves and wrinkled.  

 

 

 

 

 
 

Figure 21 Toxicity symptoms of A. mangium after 15 days grown hydroponically in 
10% modified Hoagland solution containing different cadmium 
concentrations.  

Control 2 mg/LCd 4 mg/LCd 8 mg/LCd 16 mg/L Cd 
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Figure 22 Toxicity symptoms of P. indicus after 15 days grown hydroponically in 
10% modified Hoagland solution containing different cadmium 
concentrations.  

 

 

 

 

 

 
 

Figure 23 Toxicity symptoms of C. fistula after 15 days grown hydroponically in 10% 
modified Hoagland solution containing different cadmium concentrations. 

Control 2 mg/LCd 4 mg/LCd 8 mg/LCd 16 mg/L Cd 

Control 2 mg/LCd 4 mg/LCd 8 mg/LCd 16 mg/L Cd 
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 4.9.2 Toxicity symptoms of P. indicus exposed to 8 mg/L cadmium 

concentration at different exposure times. 

 The toxicity symptoms of P. indicus exposed to cadmium at 8 mg/L cadmium 

concentration and different exposure time (15, 30, 45 and 60 days) are shown in 

Figure 25.  

 The control grew well in the medium during 15, 30, 45 and 60 days the leaves 

were green and healthy. The toxicity symptoms of P. indicus treated with cadmium at 

difference exposure times had the same pattern of morphological changes, on the first 

30 days of treatment, all parts of plant have no stress symptoms. While on day 45, the 

first signs of toxic effect were noted in P. indicus obtaining from 8 mg/L Cd. They 

displayed stunted growth when compare with those of the control did not show any 

production of new plant and on day 60. The symptoms were more severe with the 

increase in exposure times.  

 

 

 

 
 

Figure 24 Toxicity symptoms of P. indicus exposed to 8 mg/L cadmium concentration  
                  at different exposure times. 

Day 15 Day 30 Day 45 Day 60
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CHAPTER V 

DISCUSSION 
 
 

5.1 Selection of Capability and Optimum of Cadmium Concentration 

Among Leguminous Plants on Cadmium Accumulation and Growth. 
Although cadmium is a non-essential heavy metals and is not toxic to plant at 

low concentrations, but cadmium accumulation in soil and water now pose a major 

environment and human health problem (81). Cadmium pollution has accelerated 

dramatically since the beginning of the industrial revolution (82). Salt (83) proposed 

the use of metal accumulating plants, such as, Brassica jancea, Thlaspi caerulescens, 

to remove toxic metals, including cadmium. Studies of tree establishment or 

contaminated land have considered a number of different species, e.g. Salix (Willow), 

Betula (Birch), Alnus (Alder) and Acer (Sycamore). While many of these studies were 

interested primarily in metal uptake, distribution and accumulation within the plant and 

toxicity symptoms, for the purpose of phytoremediation, most attention has been paid 

to fast growing species (84). 

In this study, the researcher focused on the native species such as the 

leguminous plants, which were found in the tropical forest and throughout country and 

use for the experiment of cadmium accumulation. 

 All of three leguminous plants; A. mangium, P. indicus and C. fistula possesses 

the potential to accumulate the concentration of cadmium. Results indicated that, the 

cadmium accumulation were significantly increased (P<0.05) in plant parts (shoot and 

root) when exposure to cadmium concentrations of 2, 4 and 8 mg/L. However, the 

cadmium accumulation in plants significantly decreased (P<0.05) when exposed to 

cadmium concentration of 16 mg/L. P. indicus accumulated greatest concentration of 

cadmium both in shoot and root of plants (144.55 ± 2.63 µg/g dry wt in shoot and 

378.36 ± 6.32 dry wt in root, respectively). 

Cadmium accumulation in plants was related to their uptake capability. In P. 

indicus, the increase of cadmium accumulation in both stems and roots corresponded 
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with metal concentration in the external media. However, the uptake increase was not 

linear in relation to the increasing external concentration. This may be due to the fact 

that plants exposed to high concentration of cadmium (16 mg/L) were not as healthy as 

those treated with the lower concentrations (2, 4 and 8 mg/L). In addition, it may also 

be due to the abilities of plants to translocate cadmium from root to shoot, which were 

different in 2, 4, 5 and 16 mg/L Cd treatments. From the study, the translocation of 

cadmium in plants treated with 8 mg/L Cd of P. indicus was the highest whereas the 

translocation of cadmium in plants at 16 mg/L Cd the plants were significantly 

decreased in all species on day 15. 

 From results, it was found that among three leguminous plants, P. indicus had 

the greatest cadmium accumulation when exposed to cadmium concentrations of the 

experiment. Therefore, the results suggest that P. indicus species be selected as a 

suitable leguminous plant species for further study and the optimum concentration be 8 

mg/L Cd. 

 

5.2 Effect of Cadmium on Relative Growth and Biomass Productivity 

of A. mangium, P. indicus and C. fistula on day 15.  
Growth changes are often the first and most obvious reactions of plants under 

heavy metal stress (85). In this study, it is clear that relative growth and biomasss 

productivity of all of three leguminous plants; A. mangium, P. indicus and C. fistula 

significantly decreased (p<0.05) whereas the cadmium concentration were increased. 

 From the results, it was found that among three leguminous plants, P. indicus 

had the highest relative growth and biomass productivity when exposed to the 

cadmium concentrations of the test. Therefore, it could be confirmed that P. indicus 

species would be used in the further study. 

 

5.3 Bioconcentration Factor (BCF) of Cadmium in A. mangium, P. 

indicus and C. fistula on day 15. 
Bioconcentration is a useful parameter to evaluate the potential of the plants in 

accumulating metal and this value was calculated on a dry weight basis. The 

bioconcentration factor is defined as the ratio of metal concentration in the plant to the 
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initial concentration of metal in the feed solution. This experiment was carried out in 

order to determine the effect of different cadmium concentration (2, 4, 8 and 16 

mg/L Cd) on bioconcentration factor (BCF) of cadmium on each leguminous plant, A. 

mangium, P. indicus and C. fistula. 

The result of three leguminous plants indicated that the BCFs were 

significantly increased (p<0.05) in plants parts (shoots and roots) when the fed 

solutions were increased on day 15. However, at cadmium concentration of 16 mg/L, 

the BCFs significantly decreased (p<0.05) when compared with the lower cadmium 

concentrations. The plant species that had highest BCFs every concentrations were 

found in P. indicus, the second was A. mangium and the lowest BCFs was C. fistula. 

The maximum bioconcentration factor occurred at 16 mg/L Cd of P. indicus and it 

gave the bioconcentration factor up to 18.07 ± 0.33 in shoots and 47.30 ± 0.79 in roots.  

  

5.4 Effect of Exposure Time on Cadmium Accumulation and Plant 

Growth at Optimum Cadmium Concentration by Selected Plants. 
In the study of effect of exposure time on cadmium accumulation and plant 

growth indicated that P. indicus species had the greatest growth and the optimum 

cadmium concentration at 8 mg/L. P. indicus is the national tree, and one of the major 

fast growing species used in plantation forestry programs throughout Asian and 

Pacific. Due to it rapid growth and tolerance of very poor soil and favorite timber for 

the manufacture of fine furniture and can found throughout country. 

Considering in the cadmium accumulations of all three leguminous plants, the 

plant species that had highest cadmium accumulations were found in P. indicus, 

followed by in A. mangium, and the lowest found in C. fistula With regards to the capability 

of every plant to accumulate cadmium, the cadmium accumulation was found higher in 

root than shoot. 

 From the result, the cadmium accumulation of P. indicus were significantly 

increased (p<0.05) in plant parts (leaf, stem and root) when the exposure times were 

increased (at day 0 to day 45) at cadmium concentrations of 8 mg/L. However, at 

exposure time of 60 days, the cadmium accumulations were significantly decreased 

(p<0.05) when compared with the lower one.  
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 Considering the greatest part that can accumulate cadmium found in roots, 

followed by in stems, and the lowest found in leaves. Cadmium accumulation in plants was 

related to their uptake capability. In P. indicus, cadmium accumulation both in leaf, 

stem and root increased with increasing the exposure time. 

Mitchell (45) cultured seedlings of three species of tree (red maple, white pine, 

and Norway spruce) hydroponically or in soil with added cadmium, the concentration 

in roots was greater than that in leaves. Cadmium added to soil was less readily taken 

up than cadmium added to nutrient solutions. Root (46) reported greater cadmium 

concentration in roots than in shoots of maize grown hydroponically in a medium 

containing cadmium chloride. Harkov (47) found the highest uptake of cadmium into 

hydroponically grown tomatoes in the roots, while stems had lower cadmium 

concentrations than leaves. 

 Greger (86) suggested that the addition of nutrients also affected the metal 

uptake since other cations in the medium could complete with the metal. Thus, the 

uptake of the metal decreased with decreasing metal:nutrient ratio. Anions may also 

influence metal uptake since a metal was taken up in ionic form; the strength of 

affinity to certain anion affects the metal uptake. Furthermore, Marshner (87) 

supported that metal uptake was also affected by pH, where it increased with 

increasing pH in culture solution. This may be due to the competition between 

hydrogen ions and metal ions at the uptake sites in the roots. This was to cope with 

heavy metal exposure. Heavy metals were up taken, transported and concentrated from 

contaminated sources into roots and harvestable-ground shoots.  In addition, Greger 

(86) reported that the uptake of cadmium both by roots and shoots, increased with 

increasing metal concentration in the external medium but the uptake was not linear in 

correlation to the concentration increase. 

 In general, most studies reported the higher concentration of metals in roots 

than in shoots. Cadmium concentrations were reported to be higher in the roots  in 

most studies (85, 88). The difference in the ability of plants to accumulate heavy metal 

has been related to differences in their root morphology (89, 90). The latter suggested 

that a plant with numerous thin roots would accumulate more metals than one with  

few thick roots. 
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 In part of aquatic plant, several studies have found high levels of metal 

accumulation in aquatic plants such as water milfoil (Myriophyllum spicatum) which 

accumulated 2800 µg Cd/g (91). Tokunga et al (92) found that in water hyacinth, the 

exposure level of 5 mg/L of cadmium resulted in an ultimate leaf concentration of 

1010 µgCd/g and a root concentration of 2230 µgCd/g. In comparison, other aquatic 

plants species were proven to be poor accumulators of metal. Zayed et al (93) reported 

that the highest concentrations of trace element accumulation in duckweed tissue 

were13.3 µgCd/g. Bulrush (Scirpus robutus) and saltmeadow cord grass (Spartina 

pateus) accumulated 200 and 250 µgCd/g when exposed to 0.5 and 1 mg/L cadmium, 

respectively (94).  

 Matagi et al (95) have extensively reviewed on the heavy metal removal 

mechanisms in wetlands. Denny (96, 97) note that the main route of heavy metal 

uptake in wetland plants was through the roots in the case of emergent and surface 

floating plants like water hyacinth. In locating the sites of mineral uptake in plant, 

Arisz (98) found that ions penetrated plants by passive process, mostly by exchange of 

cations and translocation, and released by excretion. Sharpe and Denny (99) and  

Welsh (100) showed, however, that much of the metal uptake by plant tissue by 

absorption to anionic sites in the cell walls and the metal do not enter the living plant. 

This explains why wetland plants can have every high magnitude of heavy metal 

concentration in their tissues compared to their surrounding environment (101, 102). 

 Movement of metal-containing sap from the root to the shoot, termed 

translocation, is primarily control by two processes: root pressure and leaf  

transpiration (103). Some metals are accumulated in roots, probably due to some 

physiological barriers against metal transport to the aerial parts, while others are easily 

transported in plants. In this study, although cadmium translocation to the plant aerial 

parts occurred and continued to go on during the whole experiment, except at the 

concentration of cadmium was 16 mg/L, it was slower than sorption by root. 

Translocation of trace elements from roots to shoots could be a limiting factor for the 

bioconcentration of element in shoots. Additionally, cadmium accumulation in 8 mg/L 

treated plants reached the highest level in roots and also decreased. It can be proposed 

that the roots reached saturation during the period and there exists mechanism in roots 

that could detoxify heavy metals or transfer them to aerial parts. 
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 Garlic has the ability to uptake and accumulates cadmium primarily in its roots 

with much lower concentrations in the roots and shoots. These different in root and 

shoots uptake might be explain by the fact that one of the normal functions of roots is 

to selectively acquire ions from the soil solution, whereas shoot tissue does not 

normally play this rule (104). Costa and Morel (105, 106) in their studies an lettuce 

and lupin confirmed that there was a metabolically active component in cadmium 

uptake by roots, suggesting that an H+-ATPase is involved. Wagner et al. (107) 

working with tobacco indicated that leaves accumulated cadmium in proportion to the 

level of cadmium released by the roots. Florijn and van Beusichem (108) found that 

shoot cadmium concentration was positively correlated with cadmium concentration in 

xylem exudates of maize was determined by root characteristics including root 

cadmium concentration and cadmium loading into xylem. Margoshes and Vallee (109) 

indicated that a metallothionein protein isolated from equine renal cortex contained 

large amounts of sulphur and cadmium. Metallothioneins are thought to sequester 

excess amounts of certain metal ions and reduce the toxic effect of cadmium on plants 

(110).  

 Phytochelatins are believed to function as detoxifying agents for cadmium by 

virtue of their ability to bind cadmium and thereby prevent it from reacting with the 

sulphydryl group of vital enzymes and proteins (111, 112). Salt et al. (113) found that 

B. juncea can accumulate substantial amounts of cadmium, with bioconcentration 

coefficients (concentration of cadmium in dry plant tissue / concentration in solution) 

of up to 1100 in shoots and 6700 in roots at a nonphytotoxic concentration of cadmium 

(0.1 µg/ml), which is associated with a rapid accumulation of phytochelatins in the 

root, where the majority of the cadmium was coordinated with sulphur ligands, 

probably as a Cd-S4 complex. Phytochelatins might be a possible detoxification 

mechanism for the higher resistance of garlic to cadmium. 

 

5.5 Effect of cadmium on relative growth and biomass productivity of 

selected plants exposed to optimum cadmium concentration at 

different exposure times.  
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Growth changes are often the first and most obvious reactions of plants under 

heavy metal stress (85). In the study, it is clear that relative growth and biomass 

productivity of all of P. indicus significantly increased (p<0.05) when the exposure 

time were increased 15, 30 and 45 days but significantly decreased when the exposure 

time was 60 days.  

 The effect of exposure times on cadmium accumulation and plant growth by P. 

indicus exposed to 8 mg/L Cd at 15, 30, 45 and 60 days was studied.  

The results indicated that relative growth of control plants were significantly 

increased (p<0.05) with the exposure of time as well as plant treated with cadmium. 

The relative growth significantly increased but lower than control on exposure time 

were 15, 30 and 45 and significantly decreased on day 60.  The biomass productivity of 

control plants significantly increased (p>0.05) with the exposure time. For the treated 

plants, the biomass productivity were significantly decreased (p<0.05) when compared 

to control. 

A decline in biomass productivity and relative growth when compare with the 

control may be due to increase tissue permeability and loss of membrane integrity of 

plant tissue (114). Cell growth as well as whole plant growth is drastically inhibited 

due to cadmium toxicity. Cadmium distribution in plant tissues and the behavior of 

cadmium in xylem exudates and other tissues is an indication of change in chemical 

from resulting from complexion with plant produce ligands involved in transport and 

metabolism (115). Pahlson (116) observed cytological abnormalities in cadmium 

treated plants and found lowered cell division and cellular growth. Leborans and 

Novillo (117) also fond that cadmium determines a decrease of the cellular volume, of 

the growth rate and of the level of photosynthetic pigments. 

 Rosas et al. (118) reported that cadmium inhibited cell proliferation and 

showed a low mitotic index of E. crassipes when it was exposed to the cadmium 

solution. Cadmium penetrated into cells inducing physiological and genetical damages, 

especially at concentration of 1.5 to 10 mg/L.  

 Jain et al. (119) carried out experiments using Azolla pinnata and Lemna minor 

exposed to cadmium and lead and observed similar results. Several studies also 

showed similar results such as in bean plants treated at 96 hours with 5 µM of 

cadmium showed the reduction of growth (120), pea plants treated with 4 and 40 µM 
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of cadmium in hydroponic for 7 days showed a decrease in plant biomass (121) and 

duckweed treated with cadmium at 1, 2, 4 and 8 mg/L showed a decrease in biomass 

with increasing concentration (122). 

 
5.6 Bioconcentration Factor (BCF) of Selected Plants Exposed to 

Optimum Cadmium Concentration at Different Exposure Times. 
The ambient metal concentration in water was the major factor influencing the 

metal uptake efficiency (123) and concomitantly the BCF values. For aquatic plants, 

several scientists had carried out similar results had also been reported. Zhu et al.  

(124) found that the BCF values of water hyacinth were every high for cadmium, 

copper, chromium and selenium at low external concentration, and they were 

decreasing as the external concentration increased. Zayed et al (93) reported that 

duckweed bioconcentrated the six elements (copper, selenium, lead, cadmium, nickel 

and chromium) under study to different at low supply concentration compared with 

that at high supply concentrations. 

From the view of phytoremediation, a good accumulator should have the  

ability to concentrate the trace elements in its tissue, such as a BCF of more than 1000 

(100-fold compared on a fresh weigh). Based on these criteria, our results showed that 

the highest accumulator of cadmium with the BCF values of 18.07 ± 0.33 and 47.30 ± 

0.79 in shoots and roots, respectively, at 16 mg/L Cd of P. indicus.  

 
 
5.7 Toxicity Symptoms of A. mangium, C. fistula and P. indicus.  

5.7.1 Toxicity symptoms of A. mangium, C. fistula and P. indicus after 15 

days grown hydroponically in 10% modified Hoagland solution containing 

different cadmium concentrations. 

Hagemeyer (85) reported that the main entrance site for metal ions in higher 

land plants was the root systems. The main morphological and structural effects  

caused by metal toxicity can be summarized as follows: decreased of root elongation, 

root tip damage, collapsing of root hairs or decrease of their number, decrease of root 

biomass, increase or decrease of lateral root formation, decrease of vessel diameter, 

and structural alterations of hypodermis and endodermis. 
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The toxicity symptoms of P. indicus in the study were similar. No toxic 

symptom of P. indicus appeared at the low cadmium concentration (2, 4, and 8 mg/L 

Cd) but both A. mangium and C. fistula had no toxic symptom at 2 and 4 mg/L Cd. 

The appeared toxicity symptoms of three leguminous plants were observed in leaves 

and roots. The appearance of toxicity symptom in plants depended on the exposure of 

cadmium concentrations. The higher cadmium concentration in the media, the more 

sever symptom in plants observed. Sharama et al. (125) stated that cadmium had been 

shown to interfere with the uptake, transport and use of several element (Ca, Mg, P and 

K) and water in plants. Moreover, cadmium caused plant death by the effects on plant 

metabolism. Overnell (126) reported that Cd concentration of 0.01-0.1 mg/L reduced 

the concentration of ATP and chlorophyll in many plant species and decreased oxygen 

production. Kneer and Zenk (127) and Prasad and Hagemeyer (85) found that heavy 

metals inactivated enzymes and structural proteins by acting on metal sensitive groups 

such as sulfhydryl and histidyl groups. In this experiment, it was found that the toxic 

levels of cadmium were 8 and 16 mg/L Cd for A. mangium and C. fiatula and 16 mg/L 

Cd for P. indicus that plants were nearly dead at the end of experiment, 15 days of 

exposure time. 

The toxicity symptoms of three leguminous plants exposed to cadmium at 2, 4, 

8 and 16 mg/L during 15 days had the same of morphological changes. The toxicity 

increased with concentration of cadmium. Cadmium in plants caused chrolosis, and 

reduced growth rate of cell, respectively in the stem, because of an irreversible 

inhibition exerted by cadmium on the proton pump responsible for the process (128). 

 5.7.2 Toxicity symptoms of P.indicus exposed to 8 mg/L cadmium 

concentration at different exposure times. 

Maria et al. (129) studied the phytotoxicity increased with time. Plants showed 

cholorosis in the aerial parts and some necrosis. Plant productivity was reduced. Other 

authors observed the appearance of toxic symptoms at lower concentration. They 

reported that E. crassipes and Limnanthemum cristatum present chlorosis at 0.1 mg 

cadmium concentration at 48 hr (130). A. pinnata was grown in Hoagland medium 

containing different heavy metals for 1-4 days. The thalli became grey to brown in 

course of time while that of control remained green. The plant thalli also became 

fragile. The effect of cadmium on the morphology and growth characteristics of 
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Salvinia molesta was studied. The results revealed that sublethal concentrations of 

cadmium produce significant morphological changes. Although epidermal damage was 

observed in this study, the hairs on the upper surface were not affected. An overall 

effect on the elasticity of the epidermis was noted. The plasma membrane, which acts 

as a regulatory barrier for the transport of vital molecules, and, in turn, influences the 

phytotoxicity of cadmium (131).    

Bazzaz (52) demonstrated an effect of cadmium on transpiration and 

photosynthesis in excised sunflower heads. The heads (15 cm diameter) were placed in 

flasks containing distilled water or cadmium salt solutions (2, 20, 100 or 200 mg/litre) 

and transpiration and photosynthesis were, measured at daily intervals over 4 to 5 

days. Cadmium reduced transpiration and photosynthesis at concentrations of 100 or 

200 mg/litre. Excised epidermal peels floating on solutions of cadmium salts showed a 

log-linear relationship between metal concentration and stomatal opening. The stomata 

opened less with increasing cadmium concentration; this accounted for the effect on 

transpiration and, hence, on photosynthesis. 

One of the characteristic symptoms of cadmium stress observed in plants is the 

blackening of roots. This effect is probably indicative of an oxidative stress, as we 

have observed by the remarkable increase in lipid peroxidation derived products in 

root and shoot extracts of cadmium treated plant (132). Cadmium caused a loss in the 

activity of important enzymes, such as superoxide dismutase, catalase or ascorbate 

peroxidase, that are involved in the antioxidant complex systems of sunflower plant 

(133).  
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CHAPTER VI 

CONCLUSION  
 
 
6.1 Conclusion 

6.1.1 Selection of Capability and Optimum of Cadmium Concentration 

Among Leguminous Plants on Cadmium Accumulation and Growth.  
The study on cadmium accumulation of A. mangium, P. indicus and C. 

fistula on day 15 that they were significantly increased (p<0.05) in plants parts (shoots 

and roots) when the tested concentration were increased from 2, 4 and 8 mg/L. 

However, at tested concentration was 16 mg/L, the cadmium accumulation 

significantly decreased (p<0.05) when compared with the lower tested concentrations.  

The plant species that had highest cadmium accumulation in every tested 

concentration were found in P. indicus, the second was A. mangium and the lowest 

cadmium accumulation was C. fistula. With regards to the capability of every plant to 

accumulate cadmium, cadmium accumulated more in root than shoot. The greatest 

cadmium accumulation occurred at 8 mg/L Cd of P. indicus and the cadmium 

accumulation went up to 144.55 ± 2.63  µg/g dry wt in shoots and 378.36 ± 6.32 µg/g 

dry wt in roots. Therefore, it was considered to select as a suitable leguminous plant 

species in further study.  

6.1.2 Effect of cadmium on relative growth and biomass productivity of 

A. mangium, P. indicus and C. fistula on day 15. 

The study on the effect of cadmium on relative growth and biomass 

productivity of A. mangium, P. indicus and C. fistula on day 15 indicated that they 

were significantly decreased (p<0.05) in relative growth and biomass productivity 

when the cadmium concentration were increased.  

6.1.3 Bioconcentration factor (BCF) of cadmium in A. mangium, P. 

indicus and C. fistula on day 15. 

The bioconcentration factor (BCF) of cadmium in A. mangium, P. indicus 

and C. fistula were significantly increased (p<0.05) in plants parts (shoots and roots) 
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when the tested concentrations were increased after exposure for 15 days. However, at 

tested concentration was 16 mg/L, bioconcentration factor significantly decreased 

(p<0.05) when compared with the lower one. The abilities of A.mangium, P. indicus 

and C. fistula to accumulate cadmium were significantly increased (p<0.05) at the 

tested of 8 mg/L whereas they were significantly decreased (p<0.05) at the tested 

concentration of 16 mg/L. The greatest bioconcentration factors found at 16 mg/L Cd 

of P. indicus were 18.07 ± 0.33 in shoots and 47.30 ± 0.79 in roots.  

6.1.4 Effect of Exposure Time on Cadmium Accumulation and Plant 

Growth at Optimum Cadmium Concentration by Selected Plants. 

The study of cadmium accumulation of P. indicus exposed to 8 mg/L 

cadmium concentration at different exposure times was conducted. The cadmium 

accumulation of P. indicus were significantly increased (p<0.05) in plants parts (leaf, 

stem and root) with the increase of exposure times (from day 0 to day 45). However, at 

exposure time was 60 days, the cadmium accumulation significantly decreased 

(p<0.05) after exposure for 60 days as compared with the lower tested concentrations. 

The highest cadmium accumulation found in roots, followed by in stems, and 

the lowest found in leaves. Cadmium accumulation in plants was related their uptake 

capability. In P. indicus, cadmium accumulation both in leaves, stems and roots 

increased with increase of exposure times. 

6.1.5 Effect of cadmium on relative growth and biomass productivity of 

selected plants exposed to optimum cadmium concentration at different exposure 

times. 

Effect of cadmium on relative growth of P. indicus exposed to 8 mg/L 

cadmium concentrations after 15, 30, 45 and 60 days exposure times were observed. 

The relative growth of the control was significantly increased (p<0.05) over times. The 

relative growth of treated plants was also significantly increased (p<0.05) but lower 

than the control on exposure time of 15, 30 and 45 days whereas it was significantly 

decreased (p<0.05)  on day 60.  

The biomass productivity of the control was significantly increased (p<0.05) 

over times. However, the biomass productivity of treated plant was significantly 

decreased (p<0.05) as compared to the control. 
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6.1.6 Bioconcentration factor (BCF) of selected plants exposed to 

optimum cadmium concentration at different exposure times. 

The bioconcentration factor (BCF) of cadmium in different plant parts of P. 

indicus exposed to 8 mg/L of cadmium at different exposure times was determined. 

The bioconcentration factor of cadmium in leaf, stem and root of P. indicus 

significantly increased (p<0.05) when the exposure time increased. The 

bioconcentration significantly decreased (p<0.05) in leaf after exposure time of 60 

days. 

6.1.7 Toxicity symptoms of A. mangium, C. fistula and P. indicus.  

(1) Toxicity symptoms of A. mangium, C. fistula and P. indicus after 15 

days grown hydroponically in 10% modified Hoagland solution containing different 

cadmium concentrations. 

The toxicity symptoms of three leguminous plants exposed to cadmium 

at 2, 4, 8 and 16 mg/L after exposure for 15 days were observed. The control of three 

plant species was observed t grow well in the modified Hoagland solution during the 

test. The leaves were normal and green and the plants were healthy. The low tested 

concentration (2 mg/L Cd) in shoots and roots found no stress symptoms. The first 

signs of toxic effect were noted in three leguminous plants observed from 4 to 8 mg/L 

cadmium. The slowly and stunted growth appeared when compared with control. The 

plants exhibited stunted growth and did not show any production of the new plants. At 

tested concentration of 16 mg/L cadmium, most plants lost much leaves and wrinkled.  

(2) Toxicity symptoms of P.indicus exposed to 8 mg/L cadmium 

concentration at different exposure times. 

Toxicity symptoms in selected plants exposed to optimum cadmium 

concentration at different exposure times were observed. The control was observed to 

grow well in the medium during exposure times, the leaves were green and healthy. 

Similar morphological changes of P. indicus were observed after the first 30 days of 

treatment. All parts of plant had no stress symptoms. The first signs of toxic effect 

were noted in P. indicus obtaining from 8 mg/L Cd after 45 days. They showed 

stunted growth as compared with the control. No any production of plant was observed 

on day 60. The severe symptoms were observed with the increase of exposure times.  
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6.2 Recommendation 
6.2.1 Recommendations for applications. 

 (1) In this study, this is the technology aiming at removing heavy 

metals from the soil by planting contaminated land with plant to cause them to absorb 

heavy metals in the soil and by harvesting their above-ground parts (stems and leaves) 

where the heavy metals are concentrated and accumulated. In the way, heavy metals 

can be collected from the harvested plants with a high heavy metal concentration by 

burning them to ashes, realizing the recycling of valuable heavy metals or made to the 

woody furniture.  

(2) Trees planted down-gradient on the property would be coupled with 

natural alternation to remove and treat shallow contaminated groundwater a season 

basis. More conventional groundwater extraction would supplement the trees on a 

seasonal basis, and water pumped would be treated with tree and used for irrigation. 

 6.2.2 Recommendations for further study. 

(1) From the laboratory experiments the plants were grown 

hydroponically in the bottom containing 400 ml of nutrient solution supplement with 

synthetic fiber, therefore it had a restriction about the condition of plant growth. The 

experiment set-up to the hydroponics system supplying with nutrient should be 

preformed for culture in order to control and maintain the almost real condition.  

(2) In the laboratory cultivation of plants, there is a culture in 

hydroponic nutrient solution. The paralleled study should be experiment in soil in 

order to obtain a suitable state of plant growth. 

(3) The result were obtained from laboratory scale experiments, thus it 

should be carried out in larger pilot scale to ensure all suggested conditions. 

(4) The longer time period should be tested because the terrestrial 

plants have a long life cycle. 

(5) The in-depth study of metal accumulation and uptake should be 

done to illustrate the mechanism of plant to uptake and growth. 
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APPENDIX A 

PICTURES 

 

 

 

 
 

Figure A-1 A. mangium, P. indicus and C. fistula hydroponically grown in 10% 

modified Hoagland solution 
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Figure A-2 A. mangium hydroponically grown in 10% modified Hoagland solution. 

 

 

 

 

 

 



Fac.of Grad. Studies, Mahidol Univ.                                             M.Sc. (Environmental Sanitation) / 99 

 

 
 

Figure A-3 P. indicus hydroponically grown in 10% modified Hoagland solution. 
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Figure A-4 C. fistula hydroponically grown in 10% modified Hoagland solution. 
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Figure A-5 A. mangium with scale. 

 

 

 

 

 

 
 

Figure A-6 P. indicus with scale. 
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Figure A-7 C. fistula with scale. 

 

 

 

 
 

Figure A-8 Separated shoot and root of A. mangium. 
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Figure A-9 Separated shoot and root of P. indicus. 

 

 

 

 
 

Figure A-10 Separated shoot and root of C. fistula. 
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Figure A-11 Separated root, stem and leaf of C. fistula. 
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APPENDIX B 

EXPERIMENTAL RESULT  

 

Part 1: Determination and selection of the capability of cadmium 

accumulation among leguminous plants 
 

Table B-1 S.D., mean and weight of A.mangium after 15 days grown hydroponically 

in 10% modified Hoagland solution containing different cadmium concentrations. 

Concentration of cadmium (mg/L) Characteristic of         

A. mangium Control 2 4 8 16 

Initial fresh weight (g)      

- Rep1 5.97 5.95 5.93 5.92 5.94 

- Rep2 5.95 5.91 5.98 5.99 5.96 

- Rep3 5.95 5.96 5.97 5.94 5.93 

S.D. 0.01 0.03 0.03 0.04 0.02 

Mean 5.96 5.94 5.96 5.95 5.94 

Final fresh weight (g)      

- Rep1 6.21 6.20 6.06 5.75 5.32 

- Rep2 6.21 6.18 6.07 5.74 5.30 

- Rep3 6.20 6.19 6.09 5.79 5.31 

S.D. 0.01 0.01 0.02 0.03 0.01 

Mean 6.21 6.19 6.07 5.76 5.31 

Total dry wt (g)      

- Rep1 1.85 1.74 1.55 1.33 1.10 

- Rep2 1.83 1.71 1.53 1.38 1.11 

- Rep3 1.82 1.67 1.49 1.36 1.12 

S.D. 0.01 0.04 0.03 0.03 0.01 

Mean 1.83 1.71 1.52 1.36 1.11 
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Table B-1 S.D., mean and weight of A. mangium after 15 days grown hydroponically 

in 10% modified Hoagland solution containing different cadmium concentrations. 

(Continued) 
Concentration of cadmium (mg/L) Characteristic of      

A. mangium Control 2 4 8 16 

Shoot dry weight (g)      

- Rep1 1.15 1.08 0.96 0.82 0.71 

- Rep2 1.11 1.06 0.95 0.83 0.69 

- Rep3 1.13 1.04 0.92 0.80 0.65 

S.D. 0.02 0.02 0.02 0.01 0.03 

Mean 1.13 1.06 0.94 0.0.82 0.68 

Root dry weight (g)      

- Rep1 0.70 0.66 0.59 0.51 0.39 

- Rep2 0.72 0.65 0.58 0.55 0.42 

- Rep3 0.69 0.63 0.57 0.56 0.47 

S.D. 0.02 0.02 0.01 0.03 0.04 

Mean 0.70 0.65 0.58 0.54 0.43 
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Table B-2 S.D., mean and weight of P. indicus after 15 days grown hydroponically in 

10% modified Hoagland solution containing different cadmium concentrations. 

Concentration of cadmium (mg/L) Characteristic of A. 

mangium Control 2 4 8 16 

Initial fresh weight (g)      

- Rep1 7.62 7.61 7.62 7.60 7.64 

- Rep2 7.59 7.64 7.61 7.59 7.62 

- Rep3 7.60 7.58 7.62 7.58 7.60 

S.D. 0.01 0.03 0.01 0.01 0.02 

Mean 7.60 7.61 7.62 7.59 7.62 

Final fresh weight (g)      

- Rep1 8.13 8.11 7.94 7.68 7.27 

- Rep2 8.09 8.06 7.98 7.70 7.30 

- Rep3 8.11 8.09 7.99 7.72 7.26 

S.D. 0.02 0.03 0.03 0.02 0.02 

Mean 8.11 8.09 7.97 7.70 7.28 

Total dry wt (g)      

- Rep1 2.16 2.10 1.89 1.75 1.50 

- Rep2 2.09 1.95 1.79 1.70 1.52 

- Rep3 2.12 2.06 1.85 1.71 1.55 

S.D. 0.04 0.03 0.05 0.03 0.03 

Mean 2.12 2.03 1.84 1.72 1.52 

Shoot dry weight (g)      

- Rep1 1.19 1.14 1.04 0.93 0.87 

- Rep2 1.15 1.13 1.08 0.96 0.84 

- Rep3 1.17 1.15 1.03 0.94 0.81 

S.D. 0.02 0.01 0.03 0.02 0.03 

Mean 1.17 1.14 1.05 0.94 0.84 

Root dry weight (g)      
- Rep1 0.97 0.96 0.85 0.82 0.63 

- Rep2 0.94 0.82 0.79 0.74 0.68 

- Rep3 0.95 0.91 0.82 0.77 0.74 

S.D. 0.02 0.07 0.03 0.04 0.06 

Mean 0.95 0.89 0.82 0.78 0.68 
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Table B-3 S.D., mean and weight of C.fistula after 15 days grown hydroponically in 

10% modified Hoagland solution containing different cadmium concentrations. 

Concentration of cadmium (mg/L) Characteristic of A. 

mangium Control 2 4 8 16 

Initial fresh weight (g)      

- Rep1 6.59 6.58 6.58 6.59 6.59 

- Rep2 6.57 6.59 6.59 6.57 6.59 

- Rep3 6.58 6.56 6.57 6.56 6.57 

S.D. 0.01 0.02 0.01 0.02 0.01 

Mean 6.58 6.58 6.58 6.57 6.58 

Final fresh weight (g)      

- Rep1 6.82 6.70 6.51 6.12 5.46 

- Rep2 6.80 6.73 6.50 6.14 5.38 

- Rep3 6.78 6.72 6.52 6.19 5.41 

S.D. 0.02 0.02 0.01 0.04 0.04 

Mean 6.80 6.72 6.51 6.15 5.42 

Total dry wt (g)      

- Rep1 1.91 1.70 1.53 1.33 1.01 

- Rep2 1.94 1.68 1.50 1.30 0.97 

- Rep3 1.93 1.63 1.48 1.31 1.01 

S.D. 0.02 0.04 0.03 0.02 0.02 

Mean 1.93 1.67 1.50 1.31 1.00 

Shoot dry weight (g)      

- Rep1 1.02 0.95 0.89 0.78 0.69 

- Rep2 1.04 0.98 0.90 0.77 0.64 

- Rep3 1.04 1.00 0.90 0.75 0.65 

S.D. 0.01 0.03 0.01 0.02 0.03 

Mean 1.03 0.98 0.90 0.77 0.66 

Root dry weight (g)      
- Rep1 0.89 0.75 0.64 0.55 0.32 

- Rep2 0.90 0.70 0.60 0.53 0.33 

- Rep3 0.89 0.63 0.58 0.56 0.36 

S.D. 0.01 0.06 0.03 0.02 0.02 

Mean 0.89 0.69 0.61 0.55 0.34 
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Table B-4 S.D., mean and relative growth of A.mangium after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Relative growth 

Control 2 4 8 16 

- Rep1 1.06 1.05 1.02 0.97 0.84 

- Rep2 1.06 1.05 1.02 0.97 0.83 

- Rep3 1.07 1.05 1.01 0.96 0.82 

S.D. 0.01 0.00 0.01 0.01 0.01 

Mean 1.06 1.05 1.02 0.97 0.83 

 

Table B-5 S.D., mean and relative growth of P.indicus after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Relative growth 

Control 2 4 8 16 

- Rep1 1.08 1.07 1.04 1.01 0.93 

- Rep2 1.08 1.07 1.05 1.01 0.94 

- Rep3 1.09 1.07 1.05 1.02 0.94 

S.D. 0.01 0.00 0.00 0.00 0.01 

Mean 1.08 1.07 1.05 1.01 0.94 

 

Table B-6 S.D., mean and relative growth of C.fistula after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Relative growth 

Control 2 4 8 16 

- Rep1 1.03 1.02 0.98 0.93 0.80 

- Rep2 1.03 1.02 0.98 0.93 0.79 

- Rep3 1.03 1.02 0.98 0.94 0.80 

S.D. 0.00 0.00 0.00 0.01 0.01 

Mean 1.03 1.02 0.98 0.94 0.80 
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Table B-7 S.D., mean and biomass productivity of A. mangium after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Biomass productivity 

Control 2 4 8 16 

- Rep1 100 94.10 83.83 71.93 59.57 

- Rep2 100 93.22 83.61 75.41 60.66 

- Rep3 100 91.76 81.87 74.73 61.54 

S.D. 0.00 1.19 1.07 1.84 0.99 

Mean 100 93.03 83.10 74.02 60.59 

 

Table B-8 S.D., mean and biomass productivity of P.indicus after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Biomass productivity 

Control 2 4 8 16 

- Rep1 100 96.99 87.50 81.02 69.44 

- Rep2 100 93.16 85.65 81.34 72.73 

- Rep3 100 97.17 87.26 80.66 73.11 

S.D. 0.00 2.27 1.01 0.34 2.02 

Mean 100 95.77 86.80 81.01 71.76 

 

Table B-9 S.D., mean and biomass productivity of C. fistula after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 

Concentration of cadmium (mg/L) 
Biomass productivity 

Control 2 4 8 16 

- Rep1 100 89.01 80.10 69.63 52.88 

- Rep2 100 86.60 77.32 67.01 50.00 

- Rep3 100 84.46 76.68 67.88 52.33 

S.D. 0.00 2.28 1.82 1.34 1.53 

Mean 100 86.69 78.04 68.17 51.74 
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Table B-10 S.D., mean and cadmium accumulation of A. mangium after 15 days 

grown hydroponically in 10% modified Hoagland solution containing different 

cadmium concentrations. 
Concentration of cadmium (mg/L) Cadmium accumulation 

(µg/g dry wt) Control 2 4 8 16 

Shoot       

- Rep1 0.00 16.81 47.78 104.58 61.10 

- Rep2 0.00 15.96 44.87 109.81 62.20 

- Rep3 0.00 15.21 42.82 101.32 57.59 

S.D. 0.00 0.80 2.49 4.29 2.41 

Mean 0.00 15.99 45.16 105.24 60.30 

Root      

- Rep1 0.00 58.32 122.50 338.55 238.13 

- Rep2 0.00 54.81 118.64 337.65 233.91 

- Rep3 0.00 57.44 126.61 341.63 230.14 

S.D. 0.00 1.83 3.99 2.09 3.99 

Mean 0.00 56.86 122.59 339.28 234.06 

 

Table B-11 S.D., mean and cadmium accumulation of P. indicus after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 
Concentration of cadmium (mg/L) Cadmium accumulation 

(µg/g dry wt) Control 2 4 8 16 

Shoot       

- Rep1 0.00 21.14 62.41 145.74 88.96 

- Rep2 0.00 24.29 59.58 146.37 85.56 

- Rep3 0.00 22.50 60.96 141.54 85.00 

S.D. 0.00 1.58 1.42 2.63 2.15 

Mean 0.00 22.64 60.98 144.55 86.51 

Root       

- Rep1 0.00 70.90 160.27 371.67 292.36 

- Rep2 0.00 68.35 156.02 379.20 278.82 

- Rep3 0.00 65.98 146.95 384.22 291.67 

S.D. 0.00 2.46 6.81 6.32 7.63 

Mean 0.00 68.41 154.41 378.36 287.61 
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Table B-12 S.D., mean and cadmium accumulation of C. fistula after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 
Concentration of cadmium (mg/L) Cadmium accumulation 

(µg/g dry wt) Control 2 4 8 16 

Shoot      

- Rep1 0.00 13.15 36.22 84.00 44.00 

- Rep2 0.00 10.80 32.26 74.11 43.00 

- Rep3 0.00 11.30 28.70 83.65 40.36 

S.D. 0.00 1.24 3.76 5.61 1.88 

Mean 0.00 11.75 32.40 80.59 42.45 

Root       

- Rep1 0.00 45.56 103.39 276.00 186.77 

- Rep2 0.00 48.37 97.95 282.29 177.23 

- Rep3 0.00 42.04 91.72 278.60 185.00 

S.D. 0.00 3.17 5.84 3.16 5.07 

Mean 0.00 45.32 97.69 278.96 183.00 

 

Table B-13 S.D., mean and the bioconcentration of A. mangium after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 
Concentration of cadmium (mg/L) 

Bioconcentration factor 
Control 2 4 8 16 

Shoot       

- Rep1 0.00 8.41 11.95 13.07 3.82 

- Rep2 0.00 7.98 11.22 13.73 3.89 

- Rep3 0.00 7.98 10.71 12.67 3.60 

S.D. 0.00 0.40 0.62 0.54 0.15 

Mean 0.00 8.00 11.29 13.15 3.77 

Root      

- Rep1 0.00 29.16 30.63 42.32 14.88 

- Rep2 0.00 27.40 29.66 42.21 14.62 

- Rep3 0.00 28.72 31.65 42.70 14.38 

S.D. 0.00 0.91 1.00 0.26 0.25 

Mean 0.00 28.43 30.65 42.41 14.63 
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Table B-14 S.D., mean and the bioconcentration of P. indicus after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 
Concentration of cadmium (mg/L) 

Bioconcentration factor 
Control 2 4 8 16 

Shoot      

- Rep1 0.00 10.57 15.60 18.22 5.56 

- Rep2 0.00 12.14 14.89 18.30 5.35 

- Rep3 0.00 11.25 15.24 17.69 5.31 

S.D. 0.00 0.79 0.35 0.33 0.13 

Mean 0.00 11.32 12.25 18.07 5.41 

Root      

- Rep1 0.00 35.45 40.07 46.46 18.27 

- Rep2 0.00 34.18 39.01 47.40 17.43 

- Rep3 0.00 32.99 36.74 48.03 18.23 

S.D. 0.00 1.23 1.70 0.79 0.48 

Mean 0.00 34.21 38.60 47.30 17.98 

 

Table B-15 S.D., mean and the bioconcentration of C. fistula after 15 days grown 

hydroponically in 10% modified Hoagland solution containing different cadmium 

concentrations. 
Concentration of cadmium (mg/L) 

Bioconcentration factor 
Control 2 4 8 16 

Shoot      

- Rep1 0.00 6.57 9.06 10.50 2.75 

- Rep2 0.00 5.40 8.07 9.26 2.69 

- Rep3 0.00 5.65 7.18 10.46 2.52 

S.D. 0.00 0.62 0.94 0.70 0.12 

Mean 0.00 5.88 8.10 10.07 2.65 

Root      

- Rep1 0.00 22.78 25.85 34.50 11.67 

- Rep2 0.00 24.18 24.49 35.29 11.08 

- Rep3 0.00 21.02 22.93 34.83 11.56 

S.D. 0.00 1.59 1.46 0.40 0.32 

Mean 0.00 22.66 24.42 34.87 11.44 
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Metal remained in the residual solution on day 15. 
The concentrations of dissolved metal remained in the residual solution of A. 

mangium, P. indicus and C. fistula at 2, 4, 8 and 16 mg/L Cd and the exposure time 

was 15 days are shown in Table 8 and Figure 13. They were significantly increased 

(P<0.05) when the cadmium concentration were increased.  

For A. mangium, the concentrations of dissolved cadmium in the solution at 2, 

4, 8 and 16 mg/L were 0.89 ± 1.12, 1.96 ± 1.12, 4.05 ± 0.09 and 13.33 ± 0.34 mg/L, 

respectively on day 15. P. indicus, the concentrations of dissolved cadmium in the 

solution at 2, 4, 8 and 16 mg/L were 0.44 ± 0.08, 1.22 ± 0.14, 3.11 ± 0.07 and 10.65 ± 

1.34 mg/L, respectively on day 15. C. fistula, the concentrations of dissolved cadmium 

in the solution at 2, 4, 8 and 16 mg/L were 1.20 ± 0.08, 2.23 ± 0.20, 4.25 ± 0.15 and 

13.57 ± 0.62 mg/L, respectively on day 15. 

 However considering in the concentrations of dissolved cadmium in the 

solution of all three leguminous plants, the plant species that had the lowest metal 

remained in the residual solution on day 15 in every concentration were found in          

P. indicus, the second was A. mangium and the last was C. fistula. 

 

Table B-16 Average (±SD) remaining metal in the residual solution on day 15. 

Remaining metal (mg/L Cd) Treatment 

(mg/L) Acacia mangium Pterocapus indicus Cassia fistula 

control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

2 0.89 ± 1.12a 0.44 ± 0.08a 1.20 ± 0.08a 

4 1.96 ± 1.12b 1.22 ± 0.14b 2.23 ± 0.20b 

8 4.05 ± 0.09c 3.11 ± 0.07c 4.25 ± 0.15c 

16 13.33 ± 0.34d 10.65 ± 1.34d 13.57 ± 0.62d 

Remark: Each values is the mean of triplicate ± SD 

Different letters (a-c) represent statistical differences (p<0.05) among three leguminous plants 

treatments in each cadmium concentration at 15 days exposure time. 
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Fig B-1 Metal remained in the residual solution on days 15. 
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APPENDIX C 

EXPERIMENTAL RESULT  

 

Part 2: Effect of exposure time on cadmium accumulation and plant 

growth at optimum cadmium concentration by selected plant. 
 

 

Table C-1 S.D., mean and weight of P.indicus exposed to 8 mg/L cadmium 
concentration at different exposure times grown hydroponically in 10% modified 
Hoagland solution containing different cadmium concentrations. 

Exposure times (Days) Characteristic of         

P.indicus Control 15 30 45 60 

Initial fresh weight (g)      

- Rep1 7.82 7.81 7.84 7.84 7.85 

- Rep2 7.83 7.82 7.83 7.82 7.84   

- Rep3 7.81 7.81 7.82 7.83 7.81 

S.D. 0.01 0.01 0.01 0.01 0.01 

Mean 7.82 7.82 7.83 7.83 7.83 

Final fresh weight (g)      

- Rep1 7.83 8.28 8.15 8.06 7.84 

- Rep2 7.79 8.27 8.17 8.07 7.87 

- Rep3 7.84 8.29 8.19 8.05 7.82 

S.D. 0.03 0.01 0.02 0.01 0.03 

Mean 7.82 8.28 8.17 8.06 7.84 

Total dry wt (g)      

- Rep1 1.94 2.17 1.96 1.74 1.45 

- Rep2 1.98 2.2 1.97 1.76 1.47 

- Rep3 1.95 2.19 1.97 1.74 1.47 

S.D. 0.02 0.01 0.01 0.01 0.02 

Mean 1.96 2.19 1.97 1.49 1.47 
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Table C-1 S.D., mean and weight of P.indicus exposed to 8 mg/L cadmium 
concentration at different exposure times grown hydroponically in 10% modified 
Hoagland solution containing different cadmium concentrations. (Continued.) 
 

Exposure times (Days) Characteristic of      A. 

mangium Control 15 30 45 60 

Roots dry weight (g)      

- Rep1 0.75 0.84 0.75 0.64 0.57 

- Rep2 0.75 0.84 0.74 0.65 0.55 

- Rep3 0.72 0.86 0.72 0.63 0.55 

S.D. 0.02 0.01 0.01 0.01 0.01 

Mean 0.74 0.85 0.74 0.64 0.56 

Stems dry weight (g)      
- Rep1 0.60 0.68 0.60 0.52 0.45 

- Rep2 0.61 0.69 0.60 0.55 0.42 

- Rep3 0.59 0.67 0.59 0.54 0.43 

S.D. 0.01 0.01 0.01 0.02 0.02 

Mean 0.60 0.68 0.60 0.54 0.44 

Leaves dry weight (g)      
- Rep1 0.59 0.65 0.61 0.58 0.46 

- Rep2 0.61 0.67 0.63 0.56 0.48 

- Rep3 0.64 0.66 0.65 0.57 0.49 

S.D. 0.03 0.01 0.02 0.01 0.02 

Mean 0.61 0.66 0.63 0.57 0.48 

 

Table C-2 S.D., mean and relative growth of P.indicus exposed to 8 mg/L cadmium 
concentration at different exposure times grown hydroponically in 10% modified 
Hoagland solution containing different cadmium concentrations. 
 

Exposure times (Days) 
Relative growth 

Control 15 30 45 60 

- Rep1 1.00 1.01 1.02 1.04 1.02 

- Rep2 1.00 1.01 1.02 1.04 1.01 

- Rep3 1.00 1.01 1.02 1.04 1.01 

S.D. 0.00 0.00 0.00 0.00 0.00 

Mean 1.00 1.01 1.02 1.04 1.01 
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Table C-3 S.D., mean and biomass productivity of P.indicus exposed to 8 mg/L 
cadmium concentration at different exposure times grown hydroponically in 10% 
modified Hoagland solution containing different cadmium concentrations. 
 

Exposure times (Days) 
Biomass productivity 

Control 15 30 45 60 

- Rep1 100 95.31 88.28 83.02 73.36 

- Rep2 100 92.31 89.21 84.03 72.92 

- Rep3 100 95.09 89.92 82.46 73.91 

S.D. 0.00 1.43 0.43 0.79 0.49 

Mean 100 94.23 89.14 83.17 73.40 

 

Table C-4 S.D., mean and cadmium accumulation of P.indicus exposed to 8 mg/L 
cadmium concentration at different exposure times grown hydroponically in 10% 
modified Hoagland solution containing different cadmium concentrations. 
 

Exposure times (Days) Cadmium accumulation 

(µg/g dry wt) Control 15 30 45 60 

Roots      

- Rep1 11.00 344.73 376.47 407.84 426.73 

- Rep2 8.00 337.04 381.73 408.65 469.81 

- Rep3 9.00 328.63 378.43 395.28 477.45 

S.D. 1.53 8.05 2.66 7.50 7.36 

Mean 9.33 336.80 378.88 403.93 470.00 

Stems      

- Rep1 0.00 67.92 80.91 118.63 120.46 

- Rep2 0.00 75.49 85.19 103.77 117.08 

- Rep3 0.00 80.00 93.14 106.86 126.86 

S.D. 0.00 6.10 6.21 7.84 4.97 

Mean 0.00 74.47 86.41 109.75 121.47 

Leaves      

- Rep1 0.00 21.70 46.08 53.70 36.27 

- Rep2 0.00 27.88 48.15 59.62 33.65 

- Rep3 0.00 30.39 46.15 61.00 39.62 

S.D. 0.00 4.47 1.17 3.88 2.99 

Mean 0.00 26.66 46.79 58.11 36.52 
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Table C-5 S.D., mean and the bioconcentration of P.indicus exposed to 8 mg/L 
cadmium concentration at different exposure times grown hydroponically in 10% 
modified Hoagland solution containing different cadmium concentrations. 
 

Exposure times (Days) 
Bioconcentration factor 

Control 15 30 45 60 

Roots      

- Rep1 1.38 43.09 47.06 50.98 57.84 

- Rep2 1.00 42.13 47.72 51.08 58.73 

- Rep3 1.13 41.08 47.30 49.41 59.68 

S.D. 0.19 1.01 0.33 0.94 0.92 

Mean 1.17 42.10 47.36 50.49 58.75 

Stems      

- Rep1 0.00 8.49 10.11 14.83 15.06 

- Rep2 0.00 9.44 10.65 12.97 14.63 

- Rep3 0.00 10.00 11.64 13.36 15.86 

S.D. 0.00 0.76 0.78 0.98 0.62 

Mean 0.00 9.31 10.80 13.72 15.18 

Leaves      

- Rep1 0.00 2.71 5.76 6.71 4.53 

- Rep2 0.00 3.49 5.90 7.45 4.21 

- Rep3 0.00 3.80 5.77 7.63 4.95 

S.D. 0.00 0.56 0.08 0.48 0.37 

Mean 0.00 3.33 5.81 7.26 4.56 
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Metal remained in the residual solution on day 15. 
The concentrations of dissolved metal remained in the residual solution of 

P.indicus at different exposure times are shown in Table 20 and Figure 22 They were 

significantly decreased (P<0.05) when the exposure times were increased.  

For P. indicus, the concentrations of dissolved cadmium in the solution at day 

0 (2 hours), 15, 30, 45 and 60 were 7.88±0.08, 3.28±0.18, 2.82±0.07, 2.31±0.08 and 

1.65±0.08 mg/L, respectively.  

 

Table C-7 Average (±SD) of metal remained in the residual solution at different 

exposure times. 

Metal remained in the residual solution Cadmium 

concentration 

(mg/L) 
Day 0 Day 15 Day 30 Day 45 Day 60 

control 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

8.00 7.88±0.08 3.28±0.18 2.82±0.07 2.31±0.08 1.65±0.08 

Remark: Each values is the mean of triplicate ± SD 

Different letters represent statistical differences (p<0.05) in each cadmium concentration and exposure 

time. 
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Figure C-1 Metal remained in the residual solution at different exposure times. 
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APPENDIX D 

STATISTICAL ANALYSIS  

 

Part 1: Analysis of variance of relative growth, biomass productivity, 
cadmium accumulation and the bioconcentration of A. mangium, P. 
indicus and C. fistula at different cadmium concentration on day 15.  

 
1. Analysis of variance between different plants species and cadmium 
concentrations to variance of total cadmium accumulation. 
 
1.1 Descriptive Statistics 

 

Plants species Cadmium 
concentration Mean Std. Deviation N 

2 mg/L 72.8500 2.18687 3 
4 mg/L 167.7400 3.68786 3 
8 mg/L 444.5133 2.55347 3 

16 mg/L 294.3567 5.94711 3 

A. mangium 

Total 244.8650 145.74556 12 
2 mg/L 91.0533 2.24867 3 
4 mg/L 215.3967 7.38710 3 
8 mg/L 522.9133 4.76697 3 

16 mg/L 374.1200 8.75800 3 

P. indicus 

Total 300.8708 170.10977 12 
2 mg/L 57.0700 3.23881 3 
4 mg/L 130.0833 9.59063 3 
8 mg/L 359.5500 2.95085 3 

16 mg/L 225.4533 5.27062 3 

C. fitula 

Total 193.0392 118.30649 12 
 
1.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 15113.569 672.071 .000 

Cadmium concentration 3 132508.496 5892.394 .000 

Plants species * Cadmium concentration 6 1148.196 51.058 .000 

Remark: The mean difference is significant at the 0.05 level. 
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1.3 Multiple comparisons between plant species and cadmium concentration. 
 
Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval 

(I) spp 
  

(J) spp 
  

Mean 
Difference 

(I-J) 
  

Std. Error 
  

Sig. 
  

Lower Bound Upper Bound 

A. mangium P. indicus -56.0058(*) 2.23072 .000 -61.5766 -50.4351
  C. fitula 51.8258(*) 2.23072 .000 46.2551 57.3966
P. indicus A. mangium 56.0058(*) 2.23072 .000 50.4351 61.5766
  C .fitula 107.8317(*) 2.23072 .000 102.2609 113.4024
C. fitula A. mangium -51.8258(*) 2.23072 .000 -57.3966 -46.2551
  P. indicus -107.8317(*) 2.23072 .000 -113.4024 -102.2609

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
Dependent Variable: Cadmium accumulation 
Tukey HSD  

95% Confidence Interval 
(I) conc (J) conc 

Mean 
Difference 

(I-J) 
 

Std. Error 
 

Sig. 
 

Lower Bound Upper Bound 

2 mg/L 4 mg/L -97.4156(*) 2.57581 .000 -104.5212 -90.3099
 8 mg/L -368.6678(*) 2.57581 .000 -375.7734 -361.5621
 16 mg/L -224.3189(*) 2.57581 .000 -231.4246 -217.2132

4 mg/L 2 mg/L 97.4156(*) 2.57581 .000 90.3099 104.5212
 8 mg/L -271.2522(*) 2.57581 .000 -278.3579 -264.1466
 16 mg/L -126.9033(*) 2.57581 .000 -134.0090 -119.7977

8 mg/L 2 mg/L 368.6678(*) 2.57581 .000 361.5621 375.7734
 4 mg/L 271.2522(*) 2.57581 .000 264.1466 278.3579
 16 mg/L 144.3489(*) 2.57581 .000 137.2432 151.4546

16 mg/L 2 mg/L 224.3189(*) 2.57581 .000 217.2132 231.4246
 4 mg/L 126.9033(*) 2.57581 .000 119.7977 134.0090
 8 mg/L -144.3489(*) 2.57581 .000 -151.4546 -137.2432

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
 
 
 
 
 
 
 
 
 
 
 



Fac.of Grad. Studies, Mahidol Univ.                                             M.Sc. (Environmental Sanitation) / 123 

2. Analysis of variance between different plants species and cadmium 

concentrations to variance of cadmium accumulation in root. 

 
2.1 Descriptive Statistics 

Plant species CONC Mean Std. Deviation N 
A. mangium 2 mg/L 56.8567 1.82626 3 

 4 mg/L 122.5833 3.98565 3 
 8 mg/L 339.2767 2.08714 3 
 16 mg/L 234.0600 3.99711 3 
 Total 188.1942 112.62603 12 

P. indicus 2 mg/L 68.4100 2.46055 3 
 4 mg/L 154.4133 6.80380 3 
 8 mg/L 378.3633 6.31669 3 
 16 mg/L 287.6167 7.62594 3 
 Total 222.2008 124.69562 12 

C. fitula 2 mg/L 45.3233 3.17163 3 
 4 mg/L 97.6867 5.83945 3 
 8 mg/L 278.9633 3.16070 3 
 16 mg/L 183.0000 5.07473 3 
 Total 151.2433 92.63052 12 

  
2.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 15113.569 672.071 .000 
Cadmium concentration 3 132508.496 5892.394 .000 
Plants species * Cadmium concentration 6 1148.196 51.058 .000 

Remark: The mean difference is significant at the 0.05 level. 
 
2.3 Multiple Comparisons between plant species and cadmium concentration. 
 
Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval (I) SPP 
 

(J) SPP 
 

Mean 
Difference (I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

A. mangium P. indicus -34.0067(*) 1.93598 .000 -38.8414 -29.1720
  C. fitula 36.9508(*) 1.93598 .000 32.1161 41.7855
P. indicus A. mangium 34.0067(*) 1.93598 .000 29.1720 38.8414
  C. fitula 70.9575(*) 1.93598 .000 66.1228 75.7922
C. fitula A. mangium -36.9508(*) 1.93598 .000 -41.7855 -32.1161
  P. indicus -70.9575(*) 1.93598 .000 -75.7922 -66.1228

Based on observed means. 
*  The mean difference is significant at the .05 level.  
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Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval (I) CONC 
 

(J) CONC 
 

Mean 
Difference (I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

2 mg/L 4 mg/L -68.0311(*) 2.23547 .000 -74.1979 -61.8643
  8 mg/L -275.3378(*) 2.23547 .000 -281.5046 -269.1710
  16 mg/L -178.0289(*) 2.23547 .000 -184.1957 -171.8621
4 mg/L 2 mg/L 68.0311(*) 2.23547 .000 61.8643 74.1979
  8 mg/L -207.3067(*) 2.23547 .000 -213.4735 -201.1399
  16 mg/L -109.9978(*) 2.23547 .000 -116.1646 -103.8310
8 mg/L 2 mg/L 275.3378(*) 2.23547 .000 269.1710 281.5046
  4 mg/L 207.3067(*) 2.23547 .000 201.1399 213.4735
  16 mg/L 97.3089(*) 2.23547 .000 91.1421 103.4757
16 mg/L 2 mg/L 178.0289(*) 2.23547 .000 171.8621 184.1957
  4 mg/L 109.9978(*) 2.23547 .000 103.8310 116.1646
  8 mg/L -97.3089(*) 2.23547 .000 -103.4757 -91.1421

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
3. Analysis of variance between different plants species and cadmium 

concentrations to variance of cadmium accumulation in shoot. 

 
3.1 Descriptive Statistics 
 

Plant species conc Mean Std. Deviation N 
A. mangium 2 mg/L 15.9933 .80052 3 

 4 mg/L 45.1567 2.49240 3 
 8 mg/L 105.2367 4.28292 3 
 16 mg/L 60.2967 2.40770 3 
 Total 56.6708 33.76261 12 

P. indicus 2 mg/L 22.6433 1.57988 3 
 4 mg/L 60.9833 1.41514 3 
 8 mg/L 144.5500 2.62570 3 
 16 mg/L 86.5067 2.14302 3 
 Total 78.6708 46.31135 12 

C. fitula 2 mg/L 11.7500 1.23794 3 
  4 mg/L 32.3933 3.76177 3 
  8 mg/L 80.5867 5.61169 3 
  16 mg/L 42.4533 1.88057 3 
  Total 41.7958 26.26851 12 

 
 
 
 
 
 
 
  



Fac.of Grad. Studies, Mahidol Univ.                                             M.Sc. (Environmental Sanitation) / 125 

3.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 4130.063 507.328 .000 
Cadmium concentration 3 13728.050 1686.323 .000 
Plants species * Cadmium concentration 6 390.343 47.949 .000 

Remark: The mean difference is significant at the 0.05 level. 
 
3.3 Multiple Comparisons between plant species and cadmium concentration. 
 
Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval (I) spp 
 

(J) spp 
 

Mean 
Difference (I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

A. mangium P. indicus -22.0000(*) 1.16482 .000 -24.9089 -19.0911
  C. fitula 14.8750(*) 1.16482 .000 11.9661 17.7839
P. indicus A. mangium 22.0000(*) 1.16482 .000 19.0911 24.9089
  C. fitula 36.8750(*) 1.16482 .000 33.9661 39.7839
C. fitula A. mangium -14.8750(*) 1.16482 .000 -17.7839 -11.9661
  P. indicus -36.8750(*) 1.16482 .000 -39.7839 -33.9661

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval (I) conc 
 

(J) conc 
 

Mean 
Difference (I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

2 mg/L 4 mg/L -29.3822(*) 1.34502 .000 -33.0926 -25.6718
  8 mg/L -93.3289(*) 1.34502 .000 -97.0393 -89.6185
  16 mg/L -46.2900(*) 1.34502 .000 -50.0004 -42.5796
4 mg/L 2 mg/L 29.3822(*) 1.34502 .000 25.6718 33.0926
  8 mg/L -63.9467(*) 1.34502 .000 -67.6570 -60.2363
  16 mg/L -16.9078(*) 1.34502 .000 -20.6182 -13.1974
8 mg/L 2 mg/L 93.3289(*) 1.34502 .000 89.6185 97.0393
  4 mg/L 63.9467(*) 1.34502 .000 60.2363 67.6570
  16 mg/L 47.0389(*) 1.34502 .000 43.3285 50.7493
16 mg/L 2 mg/L 46.2900(*) 1.34502 .000 42.5796 50.0004
  4 mg/L 16.9078(*) 1.34502 .000 13.1974 20.6182
  8 mg/L -47.0389(*) 1.34502 .000 -50.7493 -43.3285

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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4. Analysis of variance between different plants species and cadmium 
concentrations to variance of relative growth. 
 
4.1 Descriptive Statistics 
  

Plant species conc Mean Std. Deviation N 
A.mangium 0 ppm 1.0633 .00577 3 

 2 ppm 1.0500 .00010 3 
 4 ppm 1.0167 .00577 3 
 8 ppm .9667 .00577 3 
 16 ppm .8300 .01000 3 
 Total .9853 .08766 15 

P.indicus 0 ppm 1.0833 .00577 3 
 2 ppm 1.0700 .00100 3 
 4 ppm 1.0467 .00577 3 
 8 ppm 1.0133 .00577 3 
 16 ppm .9367 .00577 3 
 Total 1.0300 .05438 15 

C.fistula 0 ppm 1.0300 .00100 3 
 2 ppm 1.0200 .00100 3 
 4 ppm .9800 .00100 3 
 8 ppm .9333 .00577 3 
 16 ppm .7967 .00577 3 
 Total .9520 .08785 15 

 
4.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 .023 861.583 .000 
Cadmium concentration 4 .061 2301.958 .000 
Plants species * Cadmium concentration 8 .001 50.021 .000 

Remark: The mean difference is significant at the 0.05 level. 

 

 4.3 Multiple Comparisons between plant species and cadmium concentration. 
Dependent Variable: Relative growth  
Tukey HSD  

95% Confidence Interval (I) SPP 
 

(J) SPP 
 

Mean 
Difference (I-J) 

 

Std. 
Error 

 

Sig. 
 Lower Bound Upper Bound 

A. mangium P. indicus -.0447(*) .00189 .000 -.0493 -.0400
  C. fistula .0333(*) .00189 .000 .0287 .0380
P. indicus A. mangium .0447(*) .00189 .000 .0400 .0493
  C. fistula .0780(*) .00189 .000 .0734 .0826
C. fistula A. mangium -.0333(*) .00189 .000 -.0380 -.0287
  P. indicus -.0780(*) .00189 .000 -.0826 -.0734

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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Dependent Variable: Relative growth  
Tukey HSD  

95% Confidence Interval (I) CONC 
 

(J) CONC 
 

Mean Difference (I-J) 
 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

0 ppm 2 ppm .0122(*) .00243 .000 .0052 .0193 
  4 ppm .0444(*) .00243 .000 .0374 .0515 
  8 ppm .0878(*) .00243 .000 .0807 .0948 
  16 ppm .2044(*) .00243 .000 .1974 .2115 
2 ppm 0 ppm -.0122(*) .00243 .000 -.0193 -.0052 
  4 ppm .0322(*) .00243 .000 .0252 .0393 
  8 ppm .0756(*) .00243 .000 .0685 .0826 
  16 ppm .1922(*) .00243 .000 .1852 .1993 
4 ppm 0 ppm -.0444(*) .00243 .000 -.0515 -.0374 
  2 ppm -.0322(*) .00243 .000 -.0393 -.0252 
  8 ppm .0433(*) .00243 .000 .0363 .0504 
  16 ppm .1600(*) .00243 .000 .1529 .1671 
8 ppm 0 ppm -.0878(*) .00243 .000 -.0948 -.0807 
  2 ppm -.0756(*) .00243 .000 -.0826 -.0685 
  4 ppm -.0433(*) .00243 .000 -.0504 -.0363 
  16 ppm .1167(*) .00243 .000 .1096 .1237 
16 ppm 0 ppm -.2044(*) .00243 .000 -.2115 -.1974 
  2 ppm -.1922(*) .00243 .000 -.1993 -.1852 
  4 ppm -.1600(*) .00243 .000 -.1671 -.1529 
  8 ppm -.1167(*) .00243 .000 -.1237 -.1096 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 

5. Analysis of variance between different plants species and cadmium 
concentrations to variance of biomass productivity. 

5.1 Descriptive Statistics 
 

Plant species Cd concentration Mean Std. Deviation N 
A. mangium control 100.0000 .00000 3 
  2 mg/L 93.0267 1.18192 3 
  4 mg/L 83.1033 1.07375 3 
  8 mg/L 74.0233 1.84449 3 
  16 mg/L 60.5900 .98686 3 
  Total 82.1487 14.44195 15 
P. indicus control 100.0000 .00000 3 
  2 mg/L 95.7733 2.26500 3 
  4 mg/L 86.8033 1.00600 3 
  8 mg/L 81.0067 .34020 3 
  16 mg/L 71.7600 2.01814 3 
  Total 87.0687 10.56664 15 
C. fistula control 100.0000 .00000 3 
  2 mg/L 86.6900 2.27633 3 
  4 mg/L 78.0333 1.81817 3 
  8 mg/L 68.1733 1.33440 3 
  16 mg/L 51.7033 1.51051 3 
  Total 76.9200 17.00922 15 
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5.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 386.352 194.430 .000 
Cadmium concentration 4 2036.602 1024.912 .000 
Plants species * Cadmium concentration 8 40.938 20.602 .000 

Remark: The mean difference is significant at the 0.05 level. 
 
5.3 Multiple Comparisons between plant species and cadmium concentration. 
  
Dependent Variable: Biomass productivity  
Tukey HSD  

95% Confidence Interval (I) spp 
  

(J) spp 
  

Mean 
Difference (I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
A. mangium P. indicus -4.9200(*) .51473 .000 -6.1889 -3.6511
  C. fistula 5.2287(*) .51473 .000 3.9597 6.4976
P. indicus A. mangium 4.9200(*) .51473 .000 3.6511 6.1889
  C. fistula 10.1487(*) .51473 .000 8.8797 11.4176
C. fistula A. mangium -5.2287(*) .51473 .000 -6.4976 -3.9597
  P. indicus -10.1487(*) .51473 .000 -11.4176 -8.8797

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
Dependent Variable: Biomass productivity 
 Tukey HSD  

95% Confidence Interval (I) conc 
 

(J) conc 
 

Mean Difference 
(I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

control 2 mg/L 8.1700(*) .66451 .000 6.2425 10.0975 
  4 mg/L 17.3533(*) .66451 .000 15.4258 19.2808 
  8 mg/L 25.5989(*) .66451 .000 23.6714 27.5264 
  16 mg/L 38.6489(*) .66451 .000 36.7214 40.5764 
2 mg/L control -8.1700(*) .66451 .000 -10.0975 -6.2425 
  4 mg/L 9.1833(*) .66451 .000 7.2558 11.1108 
  8 mg/L 17.4289(*) .66451 .000 15.5014 19.3564 
  16 mg/L 30.4789(*) .66451 .000 28.5514 32.4064 
4 mg/L control -17.3533(*) .66451 .000 -19.2808 -15.4258 
  2 mg/L -9.1833(*) .66451 .000 -11.1108 -7.2558 
  8 mg/L 8.2456(*) .66451 .000 6.3181 10.1730 
  16 mg/L 21.2956(*) .66451 .000 19.3681 23.2230 
8 mg/L control -25.5989(*) .66451 .000 -27.5264 -23.6714 
  2 mg/L -17.4289(*) .66451 .000 -19.3564 -15.5014 
  4 mg/L -8.2456(*) .66451 .000 -10.1730 -6.3181 
  16 mg/L 13.0500(*) .66451 .000 11.1225 14.9775 
16 mg/L control -38.6489(*) .66451 .000 -40.5764 -36.7214 
  2 mg/L -30.4789(*) .66451 .000 -32.4064 -28.5514 
  4 mg/L -21.2956(*) .66451 .000 -23.2230 -19.3681 
  8 mg/L -13.0500(*) .66451 .000 -14.9775 -11.1225 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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6. Analysis of variance between different plants species and cadmium 
concentrations to variance of bioconcentration factor in shoot. 
  
6.1 Descriptive Statistics 
 

Plant species Cd concentration Mean Std. Deviation N 
A. mangium 2 mg/L 8.0000 .40037 3 
  4 mg/L 11.2933 .62324 3 
  8 mg/L 13.1567 .53529 3 
  16 mg/L 3.7700 .15133 3 
  Total 9.0550 3.74591 12 
P. indicus 2 mg/L 11.3200 .78734 3 
  4 mg/L 15.2433 .35501 3 
  8 mg/L 18.0700 .33151 3 
  16 mg/L 5.4067 .13429 3 
  Total 12.5100 4.97742 12 
C. fistula 2 mg/L 5.8733 .61614 3 
  4 mg/L 8.1033 .94044 3 
  8 mg/L 10.0733 .70465 3 
  16 mg/L 2.6533 .11930 3 
  Total 6.6758 2.93514 12 

 
 
6.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 103.270 353.375 .000 
Cadmium concentration 3 163.365 559.011 .000 
Plants species * Cadmium concentration 6 4.088 13.990 .000 

Remark: The mean difference is significant at the 0.05 level. 

 
6.3 Multiple Comparisons between plant species and cadmium concentration. 
 
Dependent Variable: Bioconcentration factor  
Tukey HSD  

95% Confidence Interval (I) spp 
  

(J) spp 
  

Mean Difference 
(I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
A. mangium P. indicus -3.4550(*) .22070 .000 -4.0061 -2.9039 
  C. fistula 2.3792(*) .22070 .000 1.8280 2.9303 
P. indicus A. mangium 3.4550(*) .22070 .000 2.9039 4.0061 
  C. fistula 5.8342(*) .22070 .000 5.2830 6.3853 
C. fistula A. mangium -2.3792(*) .22070 .000 -2.9303 -1.8280 
  P. indicus -5.8342(*) .22070 .000 -6.3853 -5.2830 

Based on observed means. 
*  The mean difference is significant at the .05 level 
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Dependent Variable: BCF  
Tukey HSD  

95% Confidence Interval (I) conc 
  

(J) conc 
  

Mean Difference 
(I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
2 mg/L 4 mg/L -3.1489(*) .25484 .000 -3.8519 -2.4459 
  8 mg/L -5.3689(*) .25484 .000 -6.0719 -4.6659 
  16 mg/L 4.4544(*) .25484 .000 3.7514 5.1574 
4 mg/L 2 mg/L 3.1489(*) .25484 .000 2.4459 3.8519 
  8 mg/L -2.2200(*) .25484 .000 -2.9230 -1.5170 
  16 mg/L 7.6033(*) .25484 .000 6.9003 8.3063 
8 mg/L 2 mg/L 5.3689(*) .25484 .000 4.6659 6.0719 
  4 mg/L 2.2200(*) .25484 .000 1.5170 2.9230 
  16 mg/L 9.8233(*) .25484 .000 9.1203 10.5263 
16 mg/L 2 mg/L -4.4544(*) .25484 .000 -5.1574 -3.7514 
  4 mg/L -7.6033(*) .25484 .000 -8.3063 -6.9003 
  8 mg/L -9.8233(*) .25484 .000 -10.5263 -9.1203 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 

7. Analysis of variance between different plants species and cadmium 
concentrations to variance of bioconcentration factor in root. 
  
7.1 Descriptive Statistics 

 
Plant species Cd concentration Mean Std. Deviation N 

A. mangium 2 mg/L 28.4267 .91593 3 
  4 mg/L 30.6467 .99510 3 
  8 mg/L 42.4100 .25710 3 
  16 mg/L 14.6267 .25007 3 
  Total 29.0275 10.32336 12 
P. indicus 2 mg/L 34.2067 1.23022 3 
  4 mg/L 38.6067 1.70124 3 
  8 mg/L 47.2967 .79008 3 
  16 mg/L 17.9767 .47385 3 
  Total 34.5217 11.16686 12 
C. fistula 2 mg/L 22.6600 1.58341 3 
  4 mg/L 24.4233 1.46114 3 
  8 mg/L 34.8733 .39678 3 
  16 mg/L 11.4367 .31374 3 
  Total 23.3483 8.73251 12 
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7.2 Two-Way ANOVA 
 

Treatment df Mean Square F Sig. 

Plants species 2 374.564 371.094 .000 
Cadmium concentration 3 1101.756 1091.547 .000 
Plants species * Cadmium concentration 6 8.885 8.802 .000 

Remark: The mean difference is significant at the 0.05 level. 

 
7.3 Multiple Comparisons between plant species and cadmium concentration. 
 
Dependent Variable: Bioconcentration factor  
Tukey HSD  

95% Confidence Interval (I) spp 
  

(J) spp 
  

Mean Difference 
(I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
A. mangium P. indicus -5.4942(*) .41015 .000 -6.5184 -4.4699 
  C. fistula 5.6792(*) .41015 .000 4.6549 6.7034 
P. indicus A. mangium 5.4942(*) .41015 .000 4.4699 6.5184 
  C. fistula 11.1733(*) .41015 .000 10.1491 12.1976 
C. fistula A. mangium -5.6792(*) .41015 .000 -6.7034 -4.6549 
  P. indicus -11.1733(*) .41015 .000 -12.1976 -10.1491 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
 
Dependent Variable: Bioconcentration factor  
Tukey HSD  

95% Confidence Interval 
(I) conc 
  

(J) conc 
  

Mean Difference 
(I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
2 mg/L 4 mg/L -2.7944(*) .47360 .000 -4.1009 -1.4880 
  8 mg/L -13.0956(*) .47360 .000 -14.4020 -11.7891 
  16 mg/L 13.7511(*) .47360 .000 12.4446 15.0576 
4 mg/L 2 mg/L 2.7944(*) .47360 .000 1.4880 4.1009 
  8 mg/L -10.3011(*) .47360 .000 -11.6076 -8.9946 
  16 mg/L 16.5456(*) .47360 .000 15.2391 17.8520 
8 mg/L 2 mg/L 13.0956(*) .47360 .000 11.7891 14.4020 
  4 mg/L 10.3011(*) .47360 .000 8.9946 11.6076 
  16 mg/L 26.8467(*) .47360 .000 25.5402 28.1532 
16 mg/L 2 mg/L -13.7511(*) .47360 .000 -15.0576 -12.4446 
  4 mg/L -16.5456(*) .47360 .000 -17.8520 -15.2391 
  8 mg/L -26.8467(*) .47360 .000 -28.1532 -25.5402 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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Part 2: Analysis of variance of relative growth, biomass productivity, 
cadmium accumulation and the bioconcentration of P. indicus and C. 

fistula at different exposure times.  
  
1. Analysis of variance of cadmium accumulation in leaf 
 
1.1 Descriptive analysis of cadmium accumulation in leaf 
 

95% Confidence Interval for Mean Exposure times 
 

N 
 

Mean 
 

Std. Deviation 
 

Std. Error 
 Lower Bound Upper Bound 

day 15 3 26.6567 4.47230 2.58208 15.5469 37.7665
day 30 3 46.7933 1.17543 .67863 43.8734 49.7133
day 45 3 58.1067 3.87816 2.23906 48.4728 67.7406
day 60 3 36.5133 2.99243 1.72768 29.0797 43.9469
Total 12 42.0175 12.55721 3.62495 34.0390 49.9960

 
1.2 One-Way ANOVA 
 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 1643.763 3 547.921 48.299 .000
Within Groups 90.756 8 11.344    
Total 1734.518 11     

 
1.3 Multiple Comparisons 
 
Dependent Variable: Cadmium accumulation  
Tukey HSD  

95% Confidence Interval (I) time 
  

(J) time 
  

Mean 
Difference (I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
day 15 day 30 -20.13667(*) 2.75009 .000 -28.9434 -11.3299 
  day 45 -31.45000(*) 2.75009 .000 -40.2567 -22.6433 
  day 60 -9.85667(*) 2.75009 .029 -18.6634 -1.0499 
day 30 day 15 20.13667(*) 2.75009 .000 11.3299 28.9434 
  day 45 -11.31333(*) 2.75009 .014 -20.1201 -2.5066 
  day 60 10.28000(*) 2.75009 .024 1.4733 19.0867 
day 45 day 15 31.45000(*) 2.75009 .000 22.6433 40.2567 
  day 30 11.31333(*) 2.75009 .014 2.5066 20.1201 
  day 60 21.59333(*) 2.75009 .000 12.7866 30.4001 
day 60 day 15 9.85667(*) 2.75009 .029 1.0499 18.6634 
  day 30 -10.28000(*) 2.75009 .024 -19.0867 -1.4733 
  day 45 -21.59333(*) 2.75009 .000 -30.4001 -12.7866 

*  The mean difference is significant at the .05 level.  
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2. Analysis of variance of cadmium accumulation in stem 
 
2.1 Descriptives analysis of cadmium accumulation in stem 
  

95% Confidence Interval for Mean Exposure times 
  

N 
  

Mean 
  

Std. Deviation 
  

Std. Error 
  Lower Bound Upper Bound 

day 15 3 74.4700 6.10425 3.52429 59.3062 89.6338 
day 30 3 86.4133 6.20610 3.58309 70.9965 101.8301 
day 45 3 109.7533 7.84114 4.52708 90.2749 129.2318 
day 60 3 121.4667 4.96711 2.86776 109.1277 133.8056 
Total 12 98.0258 20.12251 5.80887 85.2406 110.8111 

 
2.2 One-Way ANOVA 
 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 4130.203 3 1376.734 34.007 .000 
Within Groups 323.866 8 40.483    
Total 4454.069 11     

 
2.3 Multiple Comparisons 
 
Dependent Variable: Cadmium Accumulation  
Tukey HSD  

95% Confidence Interval 
(I) time 
  

(J) time 
  

Mean 
Difference (I-J) 

  
Std. Error 

  
Sig. 

  Lower Bound Upper Bound 
day 15 day 30 -11.94333 5.19508 .177 -28.5798 4.6931 
  day 45 -35.28333(*) 5.19508 .001 -51.9198 -18.6469 
  day 60 -46.99667(*) 5.19508 .000 -63.6331 -30.3602 
day 30 day 15 11.94333 5.19508 .177 -4.6931 28.5798 
  day 45 -23.34000(*) 5.19508 .009 -39.9765 -6.7035 
  day 60 -35.05333(*) 5.19508 .001 -51.6898 -18.4169 
day 45 day 15 35.28333(*) 5.19508 .001 18.6469 51.9198 
  day 30 23.34000(*) 5.19508 .009 6.7035 39.9765 
  day 60 -11.71333 5.19508 .188 -28.3498 4.9231 
day 60 day 15 46.99667(*) 5.19508 .000 30.3602 63.6331 
  day 30 35.05333(*) 5.19508 .001 18.4169 51.6898 
  day 45 11.71333 5.19508 .188 -4.9231 28.3498 

*  The mean difference is significant at the .05 level. 
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3. Analysis of variance of cadmium accumulation in root 
 
3.1 Descriptives analysis of cadmium accumulation in root 
 

95% Confidence Interval for Mean Exposure 
times 

N 
 

Mean 
 

Std. Deviation 
 

Std. Error 
 Lower Bound Upper Bound 

day 0 3 1.1700 .19313 .11150 .6902 1.6498
day 15 3 42.1000 1.00534 .58043 39.6026 44.5974
day 30 3 47.3600 .33407 .19287 46.5301 48.1899
day 45 3 50.4900 .93664 .54077 48.1632 52.8168
day 60 3 58.7500 .92016 .53126 56.4642 61.0358
Total 15 39.9740 20.85599 5.38499 28.4243 51.5237

 
3.2ANOVA 
 

 Sum of 
Squares df Mean Square F Sig. 

Between Groups 6083.843 4 1520.961 2637.260 .000
Within Groups 5.767 10 .577    
Total 6089.610 14     

 
3.3 Multiple Comparisons 
 
Dependent Variable: Cadmium accumulation 
Tukey HSD  

95% Confidence Interval (I) 
Exposure 

times 
 

(J) 
Exposure 

times 
 

Mean Difference 
(I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

day 15 day 0 40.93000(*) .62006 .000 38.8893 42.9707 
  day 30 -5.26000(*) .62006 .000 -7.3007 -3.2193 
  day 45 -8.39000(*) .62006 .000 -10.4307 -6.3493 
  day 60 -16.65000(*) .62006 .000 -18.6907 -14.6093 
day 30 day 0 46.19000(*) .62006 .000 44.1493 48.2307 
  day 15 5.26000(*) .62006 .000 3.2193 7.3007 
  day 45 -3.13000(*) .62006 .004 -5.1707 -1.0893 
  day 60 -11.39000(*) .62006 .000 -13.4307 -9.3493 
day 45 day 0 49.32000(*) .62006 .000 47.2793 51.3607 
  day 15 8.39000(*) .62006 .000 6.3493 10.4307 
  day 30 3.13000(*) .62006 .004 1.0893 5.1707 
  day 60 -8.26000(*) .62006 .000 -10.3007 -6.2193 
day 60 day 0 57.58000(*) .62006 .000 55.5393 59.6207 
  day 15 16.65000(*) .62006 .000 14.6093 18.6907 
  day 30 11.39000(*) .62006 .000 9.3493 13.4307 
  day 45 8.26000(*) .62006 .000 6.2193 10.3007 

*  The mean difference is significant at the .05 level. 
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4. Analysis of variance of relative growth 

 
4.1 Descriptives analysis of relative growth  
 

Cadmium 
concentrations Expose times Mean Std. Deviation N 

control day 15 1.0233 .00577 3 
 day 30 1.0433 .00577 3 
 day 45 1.0667 .00577 3 
 day 60 1.0967 .00577 3 
 Total 1.0575 .02896 12 

8 mg/L day 15 1.0100 .00000 3 
 day 30 1.0200 .00000 3 

  day 45 1.0400 .01732 3 
  day 60 1.0133 .00577 3 
  Total 1.0208 .01240 12 

 
4.2 Two-way ANOVA 
 

Treatment df Mean Square F Sig. 

Cadmium concentration  1 .008 387.200 .000 
Exposure time 3 .002 97.333 .000 
Cadmium concentration * Exposure times 3 .001 72.000 .000 

 
 
4.3 Multiple Comparisons 
 
Dependent Variable: Relative growth  
Tukey HSD  
   

95% Confidence Interval (I) expose 
 

(J) expose 
 

Mean Difference 
(I-J) 

 

Std. 
Error 

 

Sig. 
 

Lower Bound Upper Bound 
day 15 day 30 -.0150(*) .00264 .000 -.0225 -.0075 
  day 45 -.0367(*) .00264 .000 -.0442 -.0291 
  day 60 -.0383(*) .00264 .000 -.0459 -.0308 
day 30 day 15 .0150(*) .00264 .000 .0075 .0225 
  day 45 -.0217(*) .00264 .000 -.0292 -.0141 
  day 60 -.0233(*) .00264 .000 -.0309 -.0158 
day 45 day 15 .0367(*) .00264 .000 .0291 .0442 
  day 30 .0217(*) .00264 .000 .0141 .0292 
  day 60 -.0017 .00264 .920 -.0092 .0059 
day 60 day 15 .0383(*) .00264 .000 .0308 .0459 
  day 30 .0233(*) .00264 .000 .0158 .0309 
  day 45 .0017 .00264 .920 -.0059 .0092 

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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5. Analysis of variance of biomass productivity 

 
5.1 Descriptive analysis of biomass productivity 

95% Confidence Interval  
Exposure 

times 
 

N 
  

Mean 
  

Std. Deviation 
  

Std. Error 
  Lower Bound Upper Bound 

day 15 3 94.2367 1.67216 .96542 90.0828 98.3906
day 30 3 89.1367 .82246 .47485 87.0936 91.1798
day 45 3 83.1700 .79568 .45938 81.1934 85.1466
day 60 3 73.3967 .49602 .28638 72.1645 74.6288
Total 12 84.9850 8.14607 2.35157 79.8092 90.1608

 
5.2 One-Way ANOVA 
 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 721.240 3 240.413 220.983 .000
Within Groups 8.703 8 1.088    
Total 729.944 11     

 
5.3 Multiple Comparisons 
 
Dependent Variable: Biomass productivity  
Tukey HSD  

95% Confidence Interval (I) 
Exposure 

times 
 

(J) 
Exposure 

times 
 

Mean Difference 
(I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

day 15 day 30 5.10000(*) .85164 .001 2.3728 7.8272 
  day 45 11.06667(*) .85164 .000 8.3394 13.7939 
  day 60 20.84000(*) .85164 .000 18.1128 23.5672 
day 30 day 15 -5.10000(*) .85164 .001 -7.8272 -2.3728 
  day 45 5.96667(*) .85164 .001 3.2394 8.6939 
  day 60 15.74000(*) .85164 .000 13.0128 18.4672 
day 45 day 15 -11.06667(*) .85164 .000 -13.7939 -8.3394 
  day 30 -5.96667(*) .85164 .001 -8.6939 -3.2394 
  day 60 9.77333(*) .85164 .000 7.0461 12.5006 
day 60 day 15 -20.84000(*) .85164 .000 -23.5672 -18.1128 
  day 30 -15.74000(*) .85164 .000 -18.4672 -13.0128 
  day 45 -9.77333(*) .85164 .000 -12.5006 -7.0461 

*  The mean difference is significant at the .05 level. 
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6. Analysis of variance of bioconcentration factor of cadmium in leaf. 

 
6.1 Descriptive analysis of bioconcentration factor of cadmium in leaf 

95% Confidence Interval for 
Mean Exposure 

times 
N 
 

Mean 
 

Std. Deviation 
 

Std. Error 
 Lower Bound Upper Bound 

day 15 3 3.3333 .56163 .32426 1.9382 4.7285
day 30 3 5.8100 .07810 .04509 5.6160 6.0040
day 45 3 7.2633 .48758 .28150 6.0521 8.4745
day 60 3 4.5633 .37112 .21427 3.6414 5.4853
Total 12 5.2425 1.56467 .45168 4.2484 6.2366

 
6.2 ANOVA 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 25.536 3 8.512 48.849 .000
Within Groups 1.394 8 .174    
Total 26.930 11     

 
6.3 Multiple Comparisons 
 
Dependent Variable: Bioconcentration factor 
Tukey HSD  

95% Confidence Interval (I) 
Exposure 

times 
 

(J) 
Exposure 

times 
 

Mean 
Difference 

(I-J) 
  

Std. Error 
  

Sig. 
  Lower Bound Upper Bound 

day 15 day 30 -2.47667(*) .34083 .000 -3.5681 -1.3852
  day 45 -3.93000(*) .34083 .000 -5.0215 -2.8385
  day 60 -1.23000(*) .34083 .028 -2.3215 -.1385
day 30 day 15 2.47667(*) .34083 .000 1.3852 3.5681
  day 45 -1.45333(*) .34083 .012 -2.5448 -.3619
  day 60 1.24667(*) .34083 .027 .1552 2.3381
day 45 day 15 3.93000(*) .34083 .000 2.8385 5.0215
  day 30 1.45333(*) .34083 .012 .3619 2.5448
  day 60 2.70000(*) .34083 .000 1.6085 3.7915
day 60 day 15 1.23000(*) .34083 .028 .1385 2.3215
  day 30 -1.24667(*) .34083 .027 -2.3381 -.1552
  day 45 -2.70000(*) .34083 .000 -3.7915 -1.6085

*  The mean difference is significant at the .05 level. 
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7. Analysis of variance of bioconcentration factor of cadmium in 

stem. 

 
7.1 Descriptive analysis of bioconcentration factor of cadmium in stem 

95% Confidence Interval for 
Mean 

Exposure 
times 

 

N 
 

Mean 
 

Std. Deviation 
 

Std. Error 
 Lower Bound Upper Bound 

day 15 3 9.3100 .76335 .44072 7.4137 11.2063
day 30 3 10.8000 .77595 .44800 8.8724 12.7276
day 45 3 13.7200 .98087 .56630 11.2834 16.1566
day 60 3 15.1833 .62421 .36039 13.6327 16.7339
Total 12 12.2533 2.51554 .72617 10.6550 13.8516

 
7.2 ANOVA 
 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 64.534 3 21.511 33.923 .000
Within Groups 5.073 8 .634    
Total 69.607 11     

 
7.3 Multiple Comparisons 
 
Dependent Variable: Bioconcentration factor 
Tukey HSD  

95% Confidence Interval (I) 
Exposure 

times 
 
 

(J) 
Exposure 

times 
 
 

Mean 
Difference (I-J) 

 

Std. 
Error 

 

Sig. 
 Lower Bound Upper Bound 

day 15 day 30 -1.49000 .65020 .179 -3.5722 .5922
  day 45 -4.41000(*) .65020 .001 -6.4922 -2.3278
  day 60 -5.87333(*) .65020 .000 -7.9555 -3.7912
day 30 day 15 1.49000 .65020 .179 -.5922 3.5722
  day 45 -2.92000(*) .65020 .009 -5.0022 -.8378
  day 60 -4.38333(*) .65020 .001 -6.4655 -2.3012
day 45 day 15 4.41000(*) .65020 .001 2.3278 6.4922
  day 30 2.92000(*) .65020 .009 .8378 5.0022
  day 60 -1.46333 .65020 .189 -3.5455 .6188
day 60 day 15 5.87333(*) .65020 .000 3.7912 7.9555
  day 30 4.38333(*) .65020 .001 2.3012 6.4655
  day 45 1.46333 .65020 .189 -.6188 3.5455

*  The mean difference is significant at the .05 level. 
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8. Analysis of variance of bioconcentration factor of cadmium in root. 

 
8.1 Descriptive analysis of bioconcentration factor of cadmium in root 
 
  

95% Confidence Interval  
Exposure times 
  

N 
  

Mean 
  

Std. Deviation 
  

Std. Error 
  Lower Bound Upper Bound 

day 15 3 3.3333 .56163 .32426 1.9382 4.7285
day 30 3 5.8033 .06658 .03844 5.6379 5.9687
day 45 3 7.2633 .48758 .28150 6.0521 8.4745
day 60 3 4.5633 .37112 .21427 3.6414 5.4853
Total 12 5.2408 1.56391 .45146 4.2472 6.2345

 
3.2 One-Way ANOVA 
 

 
Sum of 
Squares df Mean Square F Sig. 

Between Groups 25.513 3 8.504 48.923 .000
Within Groups 1.391 8 .174    
Total 26.904 11     

 
  
3.3 Multiple Comparisons 
 
Dependent Variable: Bioconcentration factor 
Tukey HSD  

95% Confidence Interval (I) time 
 

(J) time 
 

Mean Difference 
(I-J) 

 

Std. Error 
 

Sig. 
 Lower Bound Upper Bound 

day 15 day 30 -2.47000(*) .34042 .000 -3.5602 -1.3798 
  day 45 -3.93000(*) .34042 .000 -5.0202 -2.8398 
  day 60 -1.23000(*) .34042 .028 -2.3202 -.1398 
day 30 day 15 2.47000(*) .34042 .000 1.3798 3.5602 
  day 45 -1.46000(*) .34042 .011 -2.5502 -.3698 
  day 60 1.24000(*) .34042 .027 .1498 2.3302 
day 45 day 15 3.93000(*) .34042 .000 2.8398 5.0202 
  day 30 1.46000(*) .34042 .011 .3698 2.5502 
  day 60 2.70000(*) .34042 .000 1.6098 3.7902 
day 60 day 15 1.23000(*) .34042 .028 .1398 2.3202 
  day 30 -1.24000(*) .34042 .027 -2.3302 -.1498 
  day 45 -2.70000(*) .34042 .000 -3.7902 -1.6098 

*  The mean difference is significant at the .05 level. 

 

 

 



Daungrat  Suekhum                                                                                                              Appendix / 140 

 

APPENDIX E 

SOIL QUALITY STANDARD FOR OTHER PURPOSES 

 

Parameter  Standard Value 

1. Volatile organic compounds   

1) Benzene mg/kg - not exceed 15 
2) Carbon Tetrachloride „ - not exceed 5.3 

3) 1,2 -Dichloroethane „ - not exceed 7.6 

4) 1,1 -Dichloroethylene „ - not exceed 1.2 

5) cis-1,2- Dichloroethylene „ - not exceed 150 

6) trans-1,2- Dichloroethylene „ - not exceed 210 

7) Dichloromethane „ - not exceed 210 

8) Ethylbenzene „ - not exceed 230 

9) Styrene „ - not exceed 1,700 

10) Tetrachloroethylene „ - not exceed 190 

11) Toluene „ - not exceed 520 

12) Trichloroethylene „ - not exceed 261 

13) 1,1,1 -Trichloroethane „ - not exceed 1,400 

14) 1,1,2 Trichloroethane „ - not exceed 19 

15) Total Xylene „ - not exceed 210 

2. Heavy metals   

1) Arsenic mg/kg - not exceed 27 

2) Cadmium and compounds „ - not exceed 810 

3) Hexavalent Chromium „ - not exceed 640 

4) Lead „ - not exceed 750 

5) Manganese and compounds „ - not exceed 32,000 

6) Mercury and compounds „ - not exceed 610 

7) Nickel, soluble salts „ - not exceed 41,000 

 

Unit
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 SOIL QUALITY STANDARD FOR OTHER PURPOSES 

(Continued) 
 

Parameter  Standard Value 

8) Selenium mg/kg - not exceed 10,000 

3. Pesticides   

1) Aitrazine mg/kg - not exceed 110 

2) Chlordane „ - not exceed 110 

3) 2,4 -D „ - not exceed 12,000 

4) DDT „ - not exceed 120 

5) Dieldrin „ - not exceed 1.5 

6) Heptachlor „ - not exceed 5.5 

7) Heptachlor Epoxide „ - not exceed 2.7 

8) Lindane  „ - not exceed 29 

9) Pentachlorophenol „ - not exceed 110 

4. Others   

    1 ) Benzo (a) pyrene mg/kg - not exceed 2.9 
2) Cyanide and compounds „ - not exceed 35 

3) PCBs „ - not exceed 10 

4) Vinyl Chloride „ - not exceed 8.3 

 

Source: Notification of National Environmental Board No. 25, B.E. 2004 

 

 

  

 

 

 

 

 

 

Unit
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APPENDIX F 

SOIL QUALITY STANDARDS FOR HABITAT AND 

AGRICULTURE 
 

Parameter  Standard Value 

1. Volatile organic compounds   

1) Benzene mg/kg - not exceed 6.5 
2) Carbon Tetrachloride „ - not exceed 2.5 

3) 1,2 -Dichloroethane „ - not exceed 3.5 

4) 1,1 -Dichloroethylene „ - not exceed 0.5 

5) cis-1,2- Dichloroethylene „ - not exceed 43 

6) trans-1,2- Dichloroethylene „ - not exceed 63 

7) Dichloromethane „ - not exceed 89 

8) Ethylbenzene „ - not exceed 230 

9) Styrene „ - not exceed 1,700 

10) Tetrachloroethylene „ - not exceed 57 

11) Toluene „ - not exceed 520 

12) Trichloroethylene „ - not exceed 28 

13) 1,1,1 -Trichloroethane „ - not exceed 630 

14) 1,1,2 Trichloroethane „ - not exceed 8.4 

15) Total Xylene „ - not exceed 210 

2. Heavy metals   

1) Arsenic mg/kg - not exceed 3.9 

2) Cadmium and compounds „ - not exceed 37 

3) Hexavalent Chromium „ - not exceed 300 

4) Lead „ - not exceed 400 

5) Manganese and compounds „ - not exceed 1,800 

6) Mercury and compounds „ - not exceed 23 

7) Nickel, soluble salts „ -  not exceed 1,600 

8) Selenium ” - not exceed 390 

Unit 
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SOIL QUALITY STANDARDS FOR HABITAT AND 

AGRICULTURE (Continued) 

Parameter  Standard Value 

3. Pesticides   

1) Aitrazine mg/kg - not exceed 22 

2) Chlordane „ - not exceed 16 

3) 2,4 -D „ - not exceed 690 

4) DDT „ - not exceed 17 

5) Dieldrin „ - not exceed 0.3 

6) Heptachlor „ - not exceed 1.1 

7) Heptachlor Epoxide „ - not exceed 0.5 

8) Lindane  „ - not exceed 4.4 

9) Pentachlorophenol „ - not exceed 30 

4. Others   

    1 ) Benzo (a) pyrene mg/kg - not exceed 0.6 
2) Cyanide and compounds „ - not exceed 11 

3) PCBs „ - not exceed 2.2 

4) Vinyl Chloride „ - not exceed 1.5 

 

Source: Notification of National Environmental Board No. 25, B.E. 2004 

 

 

 

 

 

 

 

 

Unit
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APPENDIX G 

Quantity of Heavy Metal in Environment 

 

Normal amount of heavy metal in soil and source of element into soil (mg/kg) 
(134). 

Amount Fertilizer* Element 
Mean Range 

Sewage 
sludge 

Sanitary 
fertilizer P N M or L 

As 43831 (0.1-50) 11018 n.a. 2-1200 2-120 3-25 (M,L) 

B 10 (0.9-1000) 15-1000 n.a. 5-115 n.a. 10 (L) 

Cd 0.2-1 (<0.1-8) <1-3400 0.01-100 0.1-170 0.05-8 0.1-0.8 (M) 

Co 29502 (0.3-200) 1-260 30 29556 29560 0.3-24 (M) 

Cr 50-100 (0.9-1500) 767224 2-410 66-245 43525 1-55 (M) 

Cu 11293 (<1-390) 50-800 13-3580 1-300 n.a. 2-172 (M,L) 

Hg 0.03-0.06 (>0.01-5) 0.1-55 0.1-21 0.01-1.2 0.3-3 0.01-0.04 (M) 

Mn 450-1000 (<1-18300) 60-3900 500 40-2000 n.a. 40-1200 (L) 

Mo 29252 (0.1-28) 14611 8 0.1-60 29403 0.1-15 (L) 

Ni 25-50 (0.1-1520) 1241978 0.9-279 14062 12601 2-30 (M,L) 

Pb 11232 (<1-890) 29-3600 1.3-2240 7-225 46419 20-1250 (L) 

Zn 40-50 (1.5-2000) 91-49000 82-5894 50-1450 15342 10-500 (M,L) 

*P = Phosphorus fertilizer; N = Nitrogen fertilizer; M = Manure; L = Lime   
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Quantity of heavy metal in soil and plant and accumulation in rice (ppm) (135). 
 

Amount  Accumulation in rice 
Element 

Soil Plant 
Earth crust River 

(ppb) Shoot  Root 
As 0.1-7.0 0.1-5 1.8 2 2100 1,000 
Cd 0.1-7.0 0.2-0.8 0.2 0.1 5-10 100-600 
Cu 2-175 4-15 55 7 20-30 100-300 
Pb 2-200 0.1-10 12.5 3 50-2,000 300-3,000
Hg ND-6 n.a. 0.08 0.07 n.a. n.a. 
B 2-100 30-75 n.a. n.a. n.a. n.a. 
Zn 10-620 12-200 70 20 100-300 500-1,000
Mn 100-4,000 15-100 n.a. n.a. 300-1,000 200-600 
Ni 10-1,000 1 75 0.3 20-50 200-400 
Fe n.a. n.a. n.a. n.a. 500-1,000 n.a. 

 

Mean of metal in igneous rock, sedimentary rock and soil (ppm) (136).  
 

Metal Igneous rock Sedimentary rock Soil 
Mn 950 670 850 
F 625 500 200 
Cr 100 160 200 
Zn 70 80 50 
Cu 55 57 20 
Pb 12 20 10 
Sn 2 30 10 
B 10 12 10 
Co 25 23 80 
Be 3 3 6 
As 2 7 5 
Mo 1.5 n.a. 2 
Cd 0.2 0.3 0.5 
Ag 0.07 0.9 0.1 
Se 0.05 0.6 0.01 
Hg 0.08 0.4 0.01 
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Quantity normal amount of heavy metal and plant and critical level of soil (ppm) 
(137). 

Quantity normal amount 
Metal 

Soil Plant 
Critical level Target effect 

As 0.1-50 0.1-5 20-40 human, plant 
B 2-100 30-75 - - 
Cd 0.1-2 0.2-0.8 1-3 human 
Cu 2-100 4-15 - - 
F 30-300 2-20 - - 
Pb 0.1-30 0.1-10 70-300 human, plant 
Hg 0.1-1 n.a. 2 human 
Mn 100-4,000 15-100 - - 
Ni 2-50 1 50-100 plant 
Zn 3-50 15-200 300-500 plant 
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