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ABSTRACT 
 

 The rhizosphere bacteria roles on metals detoxification in contaminated soil was 
studied. From the rhisozphere of fern Pteris vittata, a known copper hyperaccumulator 
plant, grown on a copper contaminated soil containing 514 mg Cu/ kg dry weight, six 
bacteria strains were isolated. Their copper resistant ability, as well as potent in exopolymer 
production were observed. The strain with the highest yield of exopolymer was selected for 
later studies on exopolymer production under varying copper contamination conditions.  
Effects of the produced exopolymer on copper mobilization in contaminated soil, as well as 
complexation of free copper ions were also observed.  
 The results indicated that the bacteria strain DC1 was the most copper resistant 
strain, while the strain NC1 was the least resistant. From all six strains, the exopolymer 
production after 48 hrs incubation in TSB medium ranged from the lowest yield 2.93 g/l for 
the strain NC3 to the highest yield 9.28 g/l for the strain IC1. In the presence of 2 mM 
copper (127 mg Cu/l), no significant growth inhibition effects after 72 hrs incubation period 
on the strain IC1 were observed. For the normal culture, the highest yield of the produced 
exopolymer of 13.80 g/l TSB was observed after 60 hrs incubation. For the culture amended 
with 2 mM copper (127 mg Cu/l), however, the highest yield of 15.10 g/l TSB was reached 
after 72 hrs incubation. 

For copper mobility enhancement study, 100 ml copper contaminated (592.5 mg Cu/ 
kg dry weight) soil slurry (1:20, w:v) sample containing 10 mg exopolymer was used. The 
samples contained relatively high concentration of organic matter as 10.73 %, and 22.0 
cmol/ kg of CEC. The results indicated that only the minimum amount of strongly bound 
copper could be mobilized by the exopolymer after 3, 5 and 7 days incubation. The amount 
of complexed copper in the 100 mg/ l exopolymer solution, however, seemed to raise with 
increasing amount of available free copper ions. In the exopolymer solutions containing 20, 
100, 200, and 400 mg Cu/ l respectively, the amounts of complexed copper were found to be 
0.12, 0.44, 0.52, and 0.63 mg Cu/g exopolymer, respectively. The maximum binding 
capacity (Qm) of the exopolymer was 0.78 mg Cu/g exopolymer with the Langmuir 
adsorption constant (K) of 0.01 l/mg. 

Although, the copper mobilization capacity of the produced microbial exopolymer 
seemed to be limited depending on soil contents and free copper availability, these results 
indicated the possibility of employing exopolymers to reduced toxicity of free copper ions 
in the terrestrial environment. This could lead to a potential improvement in 
phytoremediation techniques specifically for copper contaminated soil. 

 
KEY WORDS : COPPER RESISTANT BACTERIA/ EXOPOLYMER/ COPPER     

MOBILIZATION 
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สารExopolymer ที่ผลิตโดยแบคทีเรียตานทานทองแดงและอิทธิพลของสารตอการเคลื่อนที่ของทองแดงในดิน  
(EXOPOLYMER PRODUCED BY COPPER RESISTANT BACTERIA AND ITS INFLUENCE 
ON COPPER MOBILIZATION IN CONTAMINATED SOIL)                    

รัตนนุช  จันทรเพ็ญ  4637139  ENAT/M 
วท.ม.(เทคโนโลยีที่เหมาะสมเพื่อการพัฒนาทรัพยากรและสิ่งแวดลอม) 
คณะกรรมการควบคุมวิทยานิพนธ : พัฒน  ทวีโภค, Ph.D.; เบญจภรณ  ประภักดี, Ph.D.; อัจฉราพร ขําโสภา,   
Ph.D., สรวิศ  เผาทองศุข, Ph.D. 

บทคัดยอ 
การศึกษาถึงบทบาทของแบคทีเรียที่อาศัยบริเวณรากพืช ในการชวยลดความเปนพิษของโลหะหนักที่ปนเปอนในดิน 

โดยทําการแยกแบคทีเรียจํานวน 6 สายพันธุ  จากบริเวณรอบรากพืชซึ่งเปนที่ทราบถึงความสามารถในการดูดสะสมโลหะทองแดง
จากสิ่งแวดลอม ไดแก เฟรน Pteris  vittata ที่ขึ้นอยูในดินที่มีการปนเปอนของทองแดงในปริมาณ 514  มิลลิกรัมทองแดง    
/ กิโลกรัม น้ําหนักแหง ทําการศึกษาถึงความสามารถในการตานทานทองแดง และความสามารถในการผลิตสาร exopolymer  ของ
แบคทีเรียที่แยกมาได  เลือกสายพันธุแบคทีเรียที่มีความสามารถในการผลิตสาร exopolymer สูงสุด เพื่อนําไปศึกษาถึง
ความสามารถในการผลิตสาร exopolymer ในสภาพที่มีการปนเปอนของทองแดงที่ระดับตาง ๆ  อิทธิพลของสารที่มีตอการ
เคลื่อนที่ของทองแดงในดิน  และความสามารถในการจับตัวของสารกับอิออนทองแดงอิสระ 

จากผลการศึกษาพบวา  แบคทีเรียสายพันธุ DC1 มีความสามารถในการตานทานทองแดงสูงสุด  ในขณะที่แบคทีเรีย
สายพันธุ NC1  มีความสามารถในการตานทานทองแดงต่ําสุด  สําหรับความสามารถในการผลิตสาร Exopolymer  ของแบคทีเรีย
ทั้ง 6 สายพันธุ  ภายหลังการบมเปนเวลา 48 ชั่วโมง  ในอาหาร TSB พบวาแบคทีเรียสายพันธุ NC3 ผลิตสาร Exopolymer  ไดใน
ปริมาณต่ําที่สุดคือ 2.93 กรัม/ ลิตร  ในขณะที่แบคทีเรียสายพันธุ IC1  มีความสามารถในการผลิตสาร Exopolymer  สูงสุด  คือ 
9.28 กรัม/ ลิตร  แบคทีเรียสายพันธุ IC1  จึงเปนแบคทีเรียที่ไดรับการคัดเลือกเพื่อการศึกษาในขั้นตอไป  โดยในสภาวะที่มีการ
ปนเปอนของทองแดง 2 มิลลิโมลาร  พบวาแบคทีเรียสายพันธุ IC1  สามารถเจริญเติบโตไมแตกตางจากการเลี้ยงในสภาวะปกติ 
แตปริมาณสาร exopolymer ที่แบคทีเรียผลิตสามารถตรวจวัดไดวามีปริมาณสูงขึ้นกวาที่สภาวะปกติ โดยปริมาณ  exopolymer 
สูงสุดที่ตรวจวัดได  ในขณะที่สภาวะปกติ มีปริมาณ exopolymer  สูงสุดที่วัดไดคือ 13.80 กรัม/ ลิตร  หลังการบม     60 ชั่วโมง  
สวนชุดทดลองที่มีการเติมทองแดง พบวาปริมาณสูงสุด คือ 15.10 กรัม/ ลิตร  ตรวจพบหลังการบม 72 ชั่วโมง  

สําหรับการศึกษาคุณสมบัติในการทําใหทองแดงที่ดูดซับอยูกับดินละลายในน้ําไดมากขึ้นนั้น ใชตัวอยางดินปนเปอน
ทองแดง (592.5 มิลลิกรัมทองแดง/ กิโลกรัม น้ําหนักแหง)  ผสมกับน้ํา (1:20, น้ําหนัก:ปริมาตร) และ 10 มิลลิกรัม exopolymer    
ซึ่งตัวอยางดินที่ใชนี้  มีองคประกอบเปนสารอินทรียคอนขางสูง รอยละ 10.73  และความสามารถในการแลกเปลี่ยนไอออน    
22.0 ซีโมล/ กิโลกรัม  หลังการบมเปนเวลา 3  5  และ 7 วัน ตรวจพบปริมาณอิออนทองแดงอิสระที่ละลายน้ําเพิ่มขึ้นจากเดิมใน
ระดับต่ํามาก  สวนปริมาณสารประกอบทองแดงละลายน้ํา  ในสารละลาย exopolymer ความเขมขน 100 มิลลิกรัม/ ลิตร นั้น  
พบวา มีแนวโนมเพิ่มขึ้น เมือ่ความเขมขนของสารละลายทองแดงอิสระเพิม่ขึ้น โดยสารละลายที่มีทองแดงความเขมขน 20 100 
200 และ 400 มิลลิกรัม/ ลิตร พบปริมาณความเขมขนของสารประกอบทองแดงที่จับตัวกับสารexopolymer ที่ระดับ 0.12  0.44   
0.52  และ 0.63 มิลลิกรัมทองแดง/ กรัมของสาร exopolymer  และเมื่อทําการศึกษาคาความสามารถในการดูดซับของ สาร 
Exopolymer ดวยสมการ Langmuir  พบวาระดับสูงสุดในการดูดซับทองแดง (Qm)ของสาร exopolymer คือ 0.78 มิลลิกรัม
ทองแดง/กรัมของสาร exopolymer   โดยมีคาคงที่ของการเกิดปฏิกิริยา (K) คือ 0.01 ลิตร/กรัม 

 แมวาความสามารถของสาร exopolymer ในการทําใหทองแดงที่ดูดซับอยูกับดิน ละลายในน้ําไดมากขึ้นนั้น  จะมี
แนวโนมวามีขอจํากัดขึ้นกับลักษณะองคประกอบของดิน และปริมาณอิออนทองแดงอิสระ  แตจากผลการศึกษาแสดงใหเห็นถึง
ความเปนไปไดที่จะใชสารนี้  ในการลดความเปนพิษของอิออนทองแดงอิสระในสภาพแวดลอมที่เปนดิน  ซึ่งคณุสมบัตินี้สามารถ
จะนําไปสูการปรับปรุงวิธีการที่ใชพืชในการบําบัดดินปนเปอนทองแดง  ใหมีประสิทธิภาพดีขึ้นตอไป 

69 หนา ISBN 974-04-7946-4  
 



 

 

CONTENTS 
 
 

                     Page 
 
ACKNOWLEDGEMENTS             iii 
ABSTRACT  iv 

LIST OF TABLES viii 

LIST OF FIGURES ix 

CHAPTER   

     

 I INTRODUCTION      

  1.1 Statement of the problem    1 

                        1.2 Objectives                            2 

                        1.3 Hypothesis    2 

  1.4 Scope  of  the  study    2 

  1.5 Expected  results    3 

  1.6 Definition of study terminology    3 

  1.7 Conceptual framework    4 

 II LITERATURE REVIEW           

  2.1 Copper    5 

2.2 Interaction of bacteria and rhizosphere    7  

2.3 Bacterial heavy metal resistance    8 

2.4 Copper resistant bacteria    11 

2.5 Exopolymer    12 

2.6 Metal bioavailability in soil contaminated    18 

 III      MATERIALS AND METHODS       

  3.1 Experimental procedure    20 

3.2 Material and equipments                 21

  



vii 

 

CONTENTS (Continued) 

 
                        Page 

 
III MATERIALS AND METHODS    

  3.3 Bacterial strains    21 

  3.4 Cell density determination    22 

  3.5 Growth Curve    22 

  3.6 Determination of copper resistance level    23  

3.7 Determination of potent exopolymer producing              23 

      bacteria strain 

3.8 Study on ability of selected bacteria to produce                        25 

       exopolymers in copper toxicity condition. 

3.9 Effect of exopolymer on copper mobilization in soil    26 

3.10 Statistical analysis    29 

IV RESULTS AND DISCUSSION 

  4.1 Cell density    30 

  4.2 Growth curve    31 

  4.3 Inhibition zone determination    34 

  4.4 Exopolymer production of tested bacteria strains    37 

  4.5 Growth and exopolymer production of selected bacteria    39 

        (IC1) in media amended 2 mM copper 

  4.6 Effect of exopolymer on copper mobilization from     43 

        contaminated soil 

V  CONCLUSION AND RECOMMMENDATION 

  5.1 Conclusion    49 

  5.2 Recommendation    50 

REFERENCES     51 

APPENDIX     56

  



 

 

LIST OF TABLES 
 
 

Table               Page 

 

3-1  Parameters and method for soil property analysis                   27 

4-1  Relationship between optical density and viable cells         30  

  of the tested six bacteria strains  

4-2          The copper resistant ability of 6 bacteria strains          36 

4-3          Physical and Chemical properties of soil sample          43 

4-4          Copper concentration in soil solution            44 

4-5          The concentration of copper free ions and binding with          46 

100 mg/l exopolymer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

LIST OF FIGURES 
 

 

FIGURE  Page 

2-1 Mechanism of metal resistance      9 

2-2 Mechanism for synthesis and assembly of bacteria EPS.    13 

2-3 Schematic of trace metal reaction with in organic surface as     15 

 Modified by presence of exopolymer  

3-1 Experimental procedure               20 

3-2 Copper contaminated soil               26 

4-1 Growth curve of bacteria strains as a function of optical density          32 

 (OD) at 600 nm varying incubation time (hrs), NC1, NC2, NC3    

4-2 Growth curve of bacteria strains as a function of optical density          33 

 (OD) at 600 nm varying incubation time (hrs), TC2, DC1, IC1    

4-3 Diameter of inhibition zone resulting from 500 mM, 1 M, and 2 M          34 

4-4 Varying amount of produced exopolymer obtaining from the           37 

 6 tested bacteria strains 

4-5 Physical characteristics of the bacteria strain IC1            38  

4-6 Inhibitory effects of varying copper concentrations on growth          40 

 of bacteria strain IC1 

4-7 The growth curve of the bacteria strain IC1 in both TSB and in          41 

2 mM copper amended TSB broth 

4-8 Amount of exopoylmer produced by the bacteria strain IC1            42 

cultured in normal TSB and TSB amended with 2 mM copper 

at varying incubation period 

4-9 Langmuir adsorption isotherm for copper binding with           47 

exopolymer 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                         M.Sc. (Appro. Techn. for Resou. and Env. Dev.) / 1 
 

CHAPTER I 

INTRODUCTION 

 

 

1.1 Statement of the Problem  
 

Copper is one of trace metallic elements, which is widely used both for 

industrial and agricultural purposes. It is often applied as fertilizers, bactericides, 

fungicides, algaecides and antifouling paints, as well as growth promoter in livestock 

and poultry (1). Copper contamination in soil has often been reported.                      

Suthinun (2) suggested that up to 15 mg/kg/year of copper could accumulate on 

farmland resulting from copper addition in pig feed. Unlike organic compounds, 

copper is an element and does not degrade. This leads to phytotoxicity and possible 

migration of copper into groundwater. Therefore, the potential mobility and 

translocation of copper in contaminated soil should be concerned. 

Until recently, soils that are contaminated with heavy metals have usually 

been treated by physical or chemical processes, for example soil stabilization and soil 

flushing. These techniques are not the most suitable practice for remediation purpose, 

due to their high cost, low efficiency, changing soil properties and spreading of 

contaminants to other places after remediation (3, 4). The new strategy for soil 

remediation is using soil microorganism. Soil microbe play an significant role in 

recycling plant nutrients, maintenance soil structure, detoxification of noxious 

chemicals and increasing of metal bioavailability in soil. Several metal-resistant 

bacteria strains, for example Pseudomonas syringae, Escherishea coli, Bacillus sp. and 

Methylobacterium spp. (5), have been reported to be potent extra cellular polymers 

producer. These polymers compose mainly of polysaccharide. They tend to bind or 

transform metal ions into complex forms, which in term reduce toxicity of metal to 

bacteria (6). Moreover, metal mobilization could also be promoted by bacterial 
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exopolymer. Zhou et al. (7), reported the possibility of applying exopolymers as 

carriers to facilitate transport of several metal pollutants. For this study, an attempt to 

isolate and select rhizosphere bacteria, which are potent exopolymer producers, from 

soil highly contaminated with copper was conducted. Effects of these exopolymers on 

copper desorption in contaminated soil were determined. The results from this study 

could be useful in further development of phytoremediation methods of copper. 

 

1.2 Objectives 
 

1.2.1 Study the copper resistant level of isolated bacteria from copper   

contaminated soil. 

1.2.2    Select bacteria strains with high potential of producing exopolymer.   

1.2.3    Investigate the effect of copper on exopolymer production. 

1.2.4 Study effects of obtained exopolymer on copper mobilization in 

contaminated soil. 

 

1.3 Hypothesis 
 

1.3.1 In condition of high copper concentration, bacteria can produce   

exopolymer higher than normal condition. 

1.3.2    Exopolymer can increase copper mobilization in contaminated soil. 

 

1.4 Scope of the Study 
 

In this experiment, ability of selected bacteria strains to produce exopolymer, 

and effects of exopolymer on copper desorption from contaminated soil were 

evaluated. In the first part, bacteria strains were isolated from rhizosphere of a known 

hyperaccumulator terrestrial fern, Pteris vittata, which grew in contaminated soils 

containing 514 mg Cu/kg soil. Copper resistant capability of bacteria strains were 

tested using inhibition zone assay. Each strain were cultured in TSB-media for 

subsequent determination of exopolymer production in non copper contaminated 
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condition. The strain that can produce the highest yield of exopolymer was selected. 

From these selected strain, amount of obtained exopolymer in heavily copper 

contaminated was determined. 

In the latter part, Soil sample was collected from pig farm at Ratchaburi 

province and effects of the obtained exopolymer on copper mobilization from copper 

contaminated soils were conducted.  

 

1.5 Expected Results 
 

Improvement of a phytoremediation technique, suitable for copper contaminated 

soil would be obtained. 

 

1.6 Definition of Study Terminology 
 

 1.  Copper resistant bacteria defined as bacteria which have ability to grow and 

reproduce in copper polluted soil (8). 

 2. Exopolymer or bacterial extracellular polysaccharide (EPS) is a capsular 

polysaccharide and slime polysaccharide (9). 

 3. Minimum inhibitory concentration (MIC) are defined as the lowest 

concentration of reagent such as antimicrobial that will inhibit the visible growth of 

microorganism after overnight incubation (10). 



Rattananuch  Chunpen                    Introduction / 4                            

1.7 Conceptual Framework 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Bacterial Exopolymer 

Copper contamination resulting 
from agricultural activities  

Copper tightly adsorbed to soil particles 
low- bioavailability to plant 

 

 Free copper ions 
highly toxic to plant 

Phytoremediation technique 

Complex copper compounds 
low toxicity, high mobilization 

translocation enhanced 

Clean soil 
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CHAPTER II 

LITERATURE REVIEW 
 

 

2.1 COPPER 
 

2.1.1 Physical and Chemical Properties  

 

  Copper is a metal in group IB of the Periodic Table, it has atomic number 

of 29, molecular weight of 63.54, density of 8.96, and boiling point at 1,083 °C (11).           

In natural environment, copper is found in wide varieties form of mineral salts and 

organic compounds, as well as metallic form. Normally, it has a valence of +2, but +1 

and +3 valence state in metallic form can be found. This metal can be dissolved in 

nitric and sulfuric acid, as well as in basic solution, but it is slightly soluble in water, 

salt, or mildly acid (1). Copper is widely used in industrial sector such as production 

of electrical wire and cable, as well as other electronic applications. In agricultural 

sector, copper compounds especially copper sulfate are used as fungicides, pesticide, 

algaecides, nutritional supplements in animal feed and fertilizers (1, 11).  

 

2.1.2 Environmental Transport, Distribution and Transformation 

 

Copper is released to the atmosphere in association with particulate matter. 

It is removed by gravitational settling, dry deposition, wash out by rain, and run off. 

Removal rate and travel distance from a source depend on source characteristics, 

particle size, and wind velocity. 
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In aquatic environment, copper is a result from natural weathering of soil and 

discharges from industries and sewage treatment plants. Fates of copper in aqueous 

environment are complex formation, sorption to hydrous metal oxides, and organic 

materials, and bioaccumulation. Concentration of copper in aquatic environment and its 

bioavailability depend on several factors, including suspended particulate matter and 

carbon, ionic strength, pH and redox potential, complex ligands, water hardness and 

alkalinity, and the interaction between sediments and water. 

Copper is discharged in soil as the greatest proportion, which major sources 

of release are mining, agriculture, and end products from treatment process, such as 

solid waste and sludge. Soil properties, pH, quantity of organic matter, and charged 

surface are factors that influence the fate of copper in soil. Copper in soil can be 

absorbed very well by organic matter, carbonate minerals, clay minerals, hydrous iron 

and manganese oxides, which it deposits mostly a few centimeters in the upper soil 

layer . The mobility of copper ions are increased when soil pH changes to acidic 

condition (1). 

 

2.1.3 Concentration of copper in the environment 

 

In rural area, average background concentration of air born copper ranges 

from 5-50 ng/m3. Background copper concentration ranges from 0.15 μg/l in seawater, 

and 1-20 μg/l in uncontaminated freshwater. For sediment, an important sink and 

reservoir for copper is found in the range of 16-5000 mg/kg (dry weight). For 

uncontaminated soil, copper is found at the average of 30 mg/kg ( range of 2-250 

mg/kg) (1). 

 

2.1.4 Human Toxicity and Organism  

 

For human and animals, copper is an essential nutrient. It is used by cells 

in small quantities in cellular enzyme (e.g. peroxidase and cytochrome-C oxidase) and 

combination in hemoglobin synthesis. However, high concentration of copper is toxic 

to organism (12). 
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Acute effects of copper consumption are headache, nausea, dizziness, 

 vomiting, epigastic pain, diarrhea, tachycardia, respiratory difficulty, hemolytic 

anemia, haematria, massive gastrointestinal  bleeding, liver and kidney failure, and 

death.. Chronic impact of exposure to low levels of copper can lead to anemia (13). 

  In plants, although, copper contamination in normal soil trends to strongly 

bound to the soil colloids and has low coefficients of 0.01-0.1, but in acid soil 

condition (pH < 5), the solubility is increased (14). Plants that grow in high copper 

concentration show symptoms of copper toxicity, such as falling of small chlorotic 

leaves and early leaf, stunting of growth, and reducing of root development. Toxicity 

of copper in reducing ion especially in root area is known as Chlorosis which dues to 

lack of lead. In cell outer level, copper can impact biochemical reaction such as 

photosynthesis and nitrogen -fixing process (1, 15). 

For microorganism, copper ions are consider toxic at concentration of 0.1  

mg/l (16). Microorganisms live under copper-stressed condition have evolved several 

types of mechanism that lead to tolerance of copper ions uptake. 

 

2.1.5 Copper in pig manure 

 

Copper is an essential metal that is widely used as a nutrient supplement in 

animals (1). Copper especially copper sulfate is the most frequently used chemical 

supplement for controlling microorganism and parasite. Copper is normally used at the 

concentration of 6-11 ppm and in high dietary  at 125-250 ppm for promoting growth 

in pig. 

 

2.2 Interaction of Bacteria and Rhizosphere  
         

The rhizosphere is soil area where plant and microorganism interact to each 

other. Microorganism inoculated into the rhizosphere can have positive interaction 

such as mutualism, commensalisms, and protocooperation. On the other hand, 

negative interaction between plant and microorganism such as amensalism, 

competition, parasitism, and predation can also be found . Plant rhizosphere stimulates 

bacterial growth from a wide variety of organic substances such as sugar, amino acid, 
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and reducing toxicity to microbial community in soil (4, 17, 18). Kunito et al. (3) 

found that both of the Cu-resistant bacteria and non- resistant bacteria in the 

rhizosphere of Phragmites grew more rapidly than those in non-rhizosphere area. The 

reason behind this result is an influence of the plant on chemical forms of metal in the 

rhizosphere area that causes reduction of copper toxicity to bacteria in community in 

the vicinity. 

Rhizosphere bacteria benefits plants in varieties of ways for example recycling 

and solubility of mineral nutrients, synthesis stimulating plant growth vitamins such 

amino acid, auxins, and gibberellins (18). Moreover, rhizosphere bacteria have an 

influence on chemical form of metal in soil. Bacteria, especially metal tolerance 

bacteria, can eliminate metal toxicity by binding metal ions with released organic 

substance or changing metal into non toxic forms. Those mechanisms decrease 

bioavailability of metallic ions and enhance metal uptake by plant (5). 

             

2.3 Bacterial Heavy Metal Resistance 
 

 Excessive heavy metals in environment are toxic to microorganism (8).          

The effect of heavy metals depend on characteristic of metal and microorganism 

including the physio-chemical property of the particular environment. Contaminated 

soil normally has lower number of bacteria comparing to unpolluted soil. Bacteria that 

has ability to grow/reproduce in a metal contaminated soil is usually called heavy 

metal tolerance bacteria. They successfully adapted their genetic and/or physiology   

to resist toxicity of metal ion (8). These mechanisms can be divided in to six main 

groups as follows: 

 

 2.3.1 Active efflux of metal 

  

  Non-essential metals such as Cd or Hg rapidly enter into the cell by 

associating with normal nutrient transport system (12, 19). The efflux or active 

transport system represents the largest category of metal resistance system. Bacteria 

use this mechanism to export excessive amount of metal from their cytoplasm. The 

efflux system can be non-ATPase or ATPase-liked and highly specific for the cation–
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anion export. This system depends on metabolic inhibitor, temperature, energy source, 

and uncouplers (8). 

 

 2.3.2 Extracellular complexation  

  

  Several bacteria can produce large amount of exopolymer or extracellular 

polymer (9). The exopolymer is composed of polysaccharide that may be associated 

with protein and other excretory products. The exopolymer acts as an efficient barrier 

that prevents metal ion to entry into a cell. The metal-binding properties of many 

exopolymers are simple ion exchange and/or complex formation depends on bacterial 

species (8, 20). Other organic substances those excreted for metal detoxification are 

citric acid and oxalic acid. Citric acid is an efficient metal chelator while oxalic acid is 

an excellent metal precipitator. Metals are changed into oxalates form and precipitated 

around cell wall (8, 19). 

 

  

  

 

 

 

 

 

 

 

 

 

 

Figure2-1 Mechanism of metal resistance (21). 
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2.3.3 Extracellular precipitation and crystallization 

  

  This mechanism especially represents sulphate-reducing bacteria such as 

Desulphovibrio,  which can transform sulphate to sulphide (8). Metal resistance 

bacteria those have sulphate-reducing function can eliminate metal toxicity by 

precipitating metal ion as in soluble sulphide granules on outer surface of the cell (8, 

19). 

 

2.3.4 Metal exclusion by permeability barrier 

 

  Alteration in the cell wall, membrane, or envelope of a microorganism is 

an example of metal exclusion by permeability barrier (8). This mechanism is an 

attempt by the organism to protect metal sensitive organ and essential cellular 

components.     A prominent example is exclusion of Cu (II) by changing membrane 

protein channel in E. coli (19). Another example is non specific binding of metal by 

outer membrane and/or envelope (20). 

 

 2.3.5 Intracellular complexation 

 

  Intracellular complexation is the accumulation of metals within the 

cytoplasm to prevent exposure to sensitive organelles. Example for this mechanism is 

metallothionein production that is induced by Cd (II), Cu(II), and Zn (II) in 

Synechococcus  sp. (19). Metallothionein contains residue cysteine that acts as sink for 

excess toxic ion. 

 

 2.3.6 Metal transformation 

 

  Bacteria can transform heavy metal and metalloid species by oxidation, 

reduction methylation, and demethylation (12). These are relevant not only to 

biogeochemical cycling but also constitute mechanism of resistance. An example of 

this mechanism is mercury resistant bacteria that produce cytoplasmic mercuric 
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reductase to reduce Hg2+ to Hg0, which has lower toxicity than Hg2+ and can be 

degraded rapidly by volatilization (8, 20). 

 

2.4 Copper Resistance Bacteria 

 

 Copper is one of the essential metals that is used by microorganism including 

bacteria, in small quantities for producing cellular enzyme (8). In highly copper 

contamination environment, copper resistant bacteria such as Pseudomonas putida, 

Pseudomonas fluoresences, Pseudomonas syringae, Enterococcus hirae, and 

Escherichia coli are usually found (8, 12, 19). These bacteria strain develop 

mechanisms for copper resistance relate to reduce copper transport reduction and 

efflux enhancement of cupric ions or copper complexation by cell components. 

The efflux system represents the largest group of copper prevention mechanism. 

Lin and Olson (22) studied bacteria that was isolated from water distribution system 

experiencing copper corrosion. They found that 62% of the bacteria was copper 

resistance bacteria, from these 49% of the bacteria had both compartentialization and 

efflux system. The copper efflux system is controlled by four genes encoded on plasmid-

borne cop operon, copA, copB, copC and copD. The copA responds for a copper (II) 

uptake while copB encodes a P-type efflux ATPase. Loss of copB makes bacteria 

sensitive to copper (II). The efflux system is found in Pseudomonas sp., Enterococcus 

hirae, and Escherichia  coli (12, 19). Other mechanisms are extracellular complexation, 

and metal exclusion. These are an attempt by the organism to prevent the entry of metal 

ions into their cells. 

For extracellular complexation, binding copper with exopolymer is                    

a mechanism that bacteria perform against environmental stress. Several bacteria can 

produce extracellular polysaccharide for coating their cells, as well as alternate cell 

wall, membrane or envelope (19). Chao and Chen (23) found that there was                 

a significant increase in the amount of exopolymer produced by copper-resistant,        

E. coli, when this bacterium was grown in copper amended medium compared to the 

normal medium. This indicated that copper contaminated ions in environment can 

enhance exopolymer production in specific bacteria. These exopolymer is mostly  
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anionic in nature, thus it can bind toxic metal ions outside the cells and enabling 

bacterium to ameliorate the presence of metal cation. 

 

2.5 Exopolymer 
 

2.5.1 Exopolymer production 

  

Exopolymer production is one of the defensive mechanisms of bacteria, 

that is used to keep them to survive from stress conditions. Bacteria commonly 

produce exopolymer in two forms, which are capsular and slime polysaccharide. 

Capsular polymer (cell capsule, slime layer or glycocalyx) refers to polymer that 

tightly bound to cell surface by covalent bound. Slime polysaccharide exopolymer are 

freely released from cell and only attached with cell surface (6, 8). Biosynthetic 

principal of exopolymer can be categorized to two theories including one that 

synthesized outside the cell and one that is synthesized at the cell membrane based on 

the site of synthesis and the nature of the precursors. 

For synthesis out side the cell, several gram-positive bacteria can produce 

levan and dextrans by a series of extracellular enzyme. Sucrose or an alternative 

oligosaccharide is required as an activated precursor. The synthesis is shown in the 

reaction following (9); 
                                        dextransucrase 

n sucrose                        (dextran)n + n fructose 
                 levansucrase 
n sucrose                        (levan)n + n glucose 

  

For several gram-negative bacteria, synthesizing of the cell membrane, can 

also be used as another mechanism. Nucleotide diphosphate sugars, or more rarely, 

nucleotide monophosphate sugars serves as activated glycosyl donors. The enzymes 

involved in synthesis of the precursors are cytoplasmic but in some cases, it can be 

loosely associated with cytoplasmic membrane allowing spatial organization with 

glycosyl tranferase enzymes (9). 
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         Gram positive                   Gram negative 
 

           Cell  wall                  C.Elongation of                    Outer         D.Translocation of  
                                             growing               membrane          completed to the cell 
                                             polysaccharide              surface. 
 
        
          Cytoplasmic      B.    Assembly  of             Periplasm          C.Asslembly and elongation 
          membrane                 lipid-linked                       of growing polysaccharide 
                                            intermediates             
 
           
          Cytoplasm         A. Precursor synthesis                          Cytoplasmic     B.Assembly of lipid link 

         Membrane           intermediates. 
 
              Cytoplasm        A. Precursor synthesis 

 
Figure2-2 Mechanism for synthesis and assembly of bacterial exopolymer (9). 

 

 Bacterial exopolymer is synthesized in different growth phases and under            

a variety of growth conditions. The studies on effect of bacterial growth phase on 

exopolymer production resulting to varying conclusions. Several researchers observed 

exopolymer production in both the exponential, as well as stationary growth phase. 

This included Pavoni et al. (24), who indicated that maximum exopolymer produced 

by mix culture of activated sludge organism could be observed during the late 

stationary growth phase. In Wiliam and Wimpeny (25), exopolymer production by a 

Pseudomonas strain was initiated late in the exponential growth phase and reached a 

maximum yield in stationary phase. Ühlinger and White (26) reported that maximum 

production of exopolymer occurred during the stationary phase. Results of a study on 

exopolymer of a copper resistant and a copper sensitive bacterium (27) was also 

consistent to the results of other studies. They indicated that increase in synthesis 

slime polysaccharide could still be detected up to 48 hours, which were much later 

after the exponential growth phase (up to 12 hours) of both the bacterial strains ceased  

 The physiological conditions of bacterial growth, such as the concentration 

and  source of carbon, amount of nitrogen, phosphorus, aeration, as well as 

temperature influence on exopolymer production. Mian et al. (28) studied the 

production of exopolymer under carbon limitation condition and found that 

exopolymer was produced at a lower rate under such condition. Growth media 
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containing different carbon sources also seemed to have high influence on exopolymer 

production. Emtiazi et al. (29) found that exopolymer production by Azotobacter AC2 

in media containing sucrose was higher than that in a media containing manitol and 

glucose. The results indicated that maximum yield of exopolymer could be obtained in 

a media with 1% sucrose addition. 
 
 2.5.2 Chemical composition of exopolymer 

 

  Exopolymer can be divided into two groups, homopolysaccharides and 

heteropolysaccharides based on bacterial strain, chemical characteristics, and synthesis 

condition. Main composition of exopolymer is polysaccharide, as well as protein. In 

normal environment, exopolymer is acidic with the acidic functional groups including 

ketal-linked pyruvated sugars, sialic acids, and carboxylate groups (6).They often vary 

greatly in their chemical composition and hence in their properties. Williams and 

Wimpenny (25) reported that exopolymer of a Pseudomonas strain consisted of 75% 

hexose, 4% acetate, and 6% pyruvic acid. These compositions depend on amount of 

carbon that is fed to the cells. Exopolymer from another Pseudomonas strain was 

reported to consist of 46% glucose, 30% rhamnose, 21% uronic acid, and 3 % acetyl 

(30). Sufia et al. (27) observed that exopolymer of Pseudomonas aeruginosa was 

acidic in nature and composted with neutral sugars with galactose as a predominant 

sugar. 

For other strains, Janecka et al. (31) studied on characterization of 

Sinorhizobium, the exopolymer was found to comprise mainly of glucose, galactose, 

and glucuronic acid in the molar ratio of 40.4:34.6:25.0. Those compositions can act 

as binding site for cationic metals.  

Guibound et al. (32) studied the composition of exopolymer produced by 

activated sludge bacterium. The observed exopolymer were shown to compose mainly  

proteins, humic acids, uronic acids, and polysaccharides along with smaller amounts 

of lipids and nucleic acids. 
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2.5.3 Mobilization of metal by exopolymer 

  

    The mobility of heavy metals in soil systems is severely limited by virtue 

of the strong adsorption reaction between metal ions and surface of soil particle. 

Dissolved macromolecules of bacterial exopolymer can enhance metal transport since 

they have been shown to be effective metal binding agents (33). As shown in Figure 2-

3, the adsorption of dissolved trace metal to a mineral surface in the presence of 

bacterial exopolymer can be considered as a three component systems in which 

metals, polymer, and the surface interaction to adsorption and complexation reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 Schematic of trace metal reactions with an inorganic surface as modified 

by the presence of exopolymer (33). 

 

Driving force for desorption is an equilibrium between free metal and soil 

surface. Metal complexation with dissolved polymer decreases the free metal 

concentration, thus increases the driving force for desorption, as well as the total 

dissolved metal concentration in equilibrium Qureshi et al. (34) indicated that metal 

mobilization of trace elements from land-applied wastewater sludge was reduced when 

[exopolymer-bound metal] 
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surface 

[Free (dissolved) 
exopolymer] 

[Free metal ion] 

[Metal bound to adsorbed 
exopolymer]  

[adsorbed metal] 
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condition inhibited microbial activity.  Spaulding et al. (35) suggested that 

mobilization of adsorbed copper and lead from naturally aged soil could be enhanced 

by bacterial exopolymer. In the study, samples from three sites, which were applied 

sludge test sites, were used for the investigation of the bacterial exopolymer ability to 

release metals from soils under long term exposure condition. The presence of               

≈  200 mg/l exopolymer was found to increase the short term (less than 350 hrs) 

release of Cu and Pb by a factor of two to four folds. 

 

 2.5.4 Binding of trace metal by exopolymer 

 

When bacterial exopolymer are present in solution, acidic polysaccharide 

may sorb to surfaces of soil medium producing an organic coating (33, 35). This may 

bind free dissolved trace metals. Dissolved exopolymer, in contrary, may act as metal 

binding ligands in the aqueous phase (6, 33). The binding of metals to exopolymers is 

based on the formation of coordinating compounds, which is the complex formation 

between metal ions and exopolymer and refers as Lewis acid-base reaction.              

The metals act as electron accepter, while Lewis-acid and exopolymers as electron 

donor or as Lewis based. Mostly, the bond between a metal ion and a ligand is a 

covalent bond. Strength of the complex can be defined in the term of stability constant 

(Kf) as follows: 

              

           

 

While M is metal concentration, L is the ligand concentration, and ML is 

concentration of the complex. 

 
 

 

     [M] + [L]                          [M] [L] 

 
K f           =      [ML] /  [M] [L] 
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 Generally, ligands such as nitrogen, oxygen, or halogen have high electro-

negativity value (6). Chelation takes place when a ligand form complex with metal ion 

through more than one pair electron. A chelate complex may be bidentrate, tridentrate 

depending on the number of bonds in the structure. Determination of the stability 

constant of a metal-ligand complex requires analytic method that can distinguish 

between free metal ions and those that are complexed. Several techniques can be used 

to determine the concentration of free ions in the presence of complexing agents: i.e., 

dialysis in situ, membrane filtration, voltametric method, and ion selective electrode 

measurement. 

Exopolymers from bacteria usually have high molecular weight, multiple 

bonding sites and strong binding capacity (6, 32). Isolated form coal tar waste site in 

Ohio, Sinorhizobium was one such bacterium that could produce exopolymer 

containing electron-rich carbonyl groups from pyruvyl, acetyl, and glutanic acid. . 

Their components were found to act as binding site for cationic metals (35). 

  Chao and Chen (23) monitored the capacity of copper adsorption by 

exopolymer. Their results showed that the copper ion binding ability of exopolymer 

produced by each strain of the Pseudomonas spp. after incubation for 5 hours and 24 

hours were about the same. The highest binding ability was found in bacteria strain 

Pseudomonas putida 3,  which could  bind  copper up to 127 µg/g exopolymer 

Sufia et al. (27) studied copper binding ability of exopolymer both from 

copper resistant bacteria and non copper resistant bacteria. The amount of copper 

adsorbed by the respective bacterial polymers was monitored over a wide range of 

copper concentration (0-1000 mg/l). The results showed that the extent of cation 

binding by both exopolymers increased sharply with increasing amount of copper in 

the solution. At the lowest concentration of copper, cation binding onto                      

the exopolymer of copper sensitive bacteria was 18 mg Cu2+/g, while for the copper 

resistant bacteria strain the number was 33.3 mg Cu2+/g exopolymer. At copper level 

of 600 mg/l, it was the saturated level with an almost 1.2 fold higher copper binding 

by the copper resistant exopolymer compared to that of the more sensitive counterpart. 

Emtiazi et al. (29) studied biosorption of exopolymer with 10 ppm Cu, Zn, and 

Fe. These studies showed that exopolymer obtaining from Azotobacter could adsorbed 

Cu, Zn and Fe at 15.5, 20, and 25 mg/g polysaccharide, respectively. 
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Two other studies, Guibound et al. (32) and Guibound et al. (37) concluded 

that number of complexation sites on exopolymer differed depending on metal groups. 

For the prior study, the number of complexation sites varied in following order: 

Cu>Pb>>Cd, while for the latter study, the order was Cu> Ni >>Zn.  

 

2.6 Metal Bioavailability in Contaminated Soil  

 

 Metal in contaminated soils can be divided into two classes: bioavailable 

(soluble, nonsorb, and mobile) and non-bioavailable (precipitated, complexed, sorbed, 

and nonmobile) (16, 21). The bioavailability of metals in soil depends on the 

following factors: 

 

2.6.1 Metal chemistry 

 

Most metals are cationics that means they exhibit a positive charge in 

their free ionic state. They are most reactive with negative charged surfaces. Negative 

charge in soil is clay mineral, humic substance, and cell surface. Cationic metal sorb to 

both soil particles and cell surfaces with varying strengths, termed adsorption affinity. 

For example, common soil cations, aluminum, binds more strongly than calcium and 

magnesium. (21). 

 

2.6.2 Cation exchange capacity 

One of the most important factors affecting metal bioavailability is the 

soil cation exchange capacity (CEC) that depends on both the organic matter and clay 

content of the soil. Cation exchange reflects the capacity of soil to sorb metals. Thus, 

the toxicity of metals within soils with high CEC is often low even at high total metal 

concentration. In contrast, sandy soils with low CEC, and therefore low metal 

capacity, showed decreased microbial activity at comparatively low total metal 

concentrations, indicative of metal toxicity (14, 21) 
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2.6.3 Redox potential 

 

Metal bioavailability changes in response to changing redox conditions 

(16). Under oxidizing or aerobic condition, metals are usually found as soluble 

cationic forms. In contrast, reduced or anaerobic conditions such as those found in 

sediments or saturated soils, often was relevant to metal precipitation (21). 

. 

2.6.4 Soil pH level 

 

The effect of pH on metal sorption to soil surface can be found when pH 

increases. Usually, the electrostatic attraction between metals and soil constituents is 

enhanced by increased pH dependent to CEC. Therefore, at high pH, metals are 

predominantly found as insoluble metal mineral phosphates and carbonates. When soil 

pH decreased, soluble metals will be increased. Therefore, in low pH soil commonly 

find free ionic species or soluble organometal (16, 21).    
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CHAPTER III 

MATERIALS  AND  METHODS 
 

 

3.1 Experimental Procedure 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1 Experimental procedure 
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Study on bacterial growth  

Potent copper resistant bacteria 
(6 strains)
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3.2 Materials and Equipments 

  

3.2.1 Chemical reagents 

         All chemical reagents were analytical grade. 

 

         3.2.2  Equipments 

1. Analytical balance  

2. Analytical glassware 

 3.   Autoclave  

 4.   Cellulose Acetate filter 0.45 μm  

 5.   Dialysis tubing 8000 MWCO 

6. Flame atomic absorption spectrophotometer (GBC 932 plus) 

7. Hot plate and magnetic stirrer 

8. Microwave digester (CEM model 047919 MARX HP 1500) 

9. Micropipette  

10. Orbital shaker (Thermo electron cooperation model 481) 

           11.    Refrigerator Centrifuge (Hermle model Z323k) 

           12.   UV-visible spectrophotometer (Jasco model V-530) 

           13.   Water bath  

        

3.3  Bacterial Strain 
 

        Contaminated soil containing copper 514 mg/kg dry weight was collected from    

a swine farm in Ratchaburi province. For phytoremediation purpose,                       

a hyper accumulator fern, Pteris vitata, was grown in this contaminated soil. After               

2 months, soil from rhizosphere area was sampled for screening and isolation of potent 

copper resistant bacteria strains. Based on the role in nitrogen cycle, nutrient agar and 

selective media, including Winogradsky’s medium, Saccharolytic Clostridia medium 

and minimum medium were used for the purpose.  

Six potent copper resistant bacteria strains, NC1, NC2, NC3, TC2, DC1 and IC1 

were isolated from this contaminated soil. Bacteria strain TC2 was found on 

Saccharolytic Clostridia medium. It was categorized as nitrogen fixing bacteria. 
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Bacteria strain DC1 was found on minimum medium, which indicated denitrifying 

characteristic of the strain. The nitrifying bacteria strain IC1 was found on 

Winogradsky’s medium. The rest of the isolated strains, NC1, NC2, NC3 were found 

on nutrient agar. Physical characteristics of all tested bacteria strains were shown in 

Appendix A.   

 

3.4 Cell Density Determination 

 
 In order to control amount of initial viable cell counts in this study, optical 

density (OD) of each bacteria strains after 18 hours inoculation in trypic soy broth 

(TSB) was measured. It was determined spectrophotometically at 600 nm wavelength. 

Optical density of cell suspension for each strain was then adjusted to 0.01, 0.02, 0.04, 

0.08 and 0.1 with fresh medium. From each cell suspension, 0.1 ml aliquot was drawn 

and applied evenly on the surface of tryptic soy agar (TSA). There were three 

replicates for each optical density. The samples were incubated for 48 hours at 25 °C. 

Consequently, viable cell counts were performed on each sample (38).  

 

3.5 Growth Curve 
 

 A growth curve in biological study generally concerns a measured properties, 

such as population size, body height or biomass. For bacterial study, the changing of 

the turbidity could be used for growth determination. After cell suspension of each 

bacteria strain was inoculated in TSB medium and allowed to grow during the 18 

hours period. For each bacteria strain, cell suspension was drawn and transferred to 

fresh medium making up an initial optical density of 0.1. Representing growth of each 

strain, turbidity of each cell suspension was then observed at 0, 2, 4, 6, 8, 12, 18, 24, 

36, 48 hours. It was performed at 600 nm using a spectrophotometer. The results were 

reported as a graph of the optical density at 600 nm versus time in hours (38). 
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3.6 Determination of Copper Resistant Level 
 

The comparison of copper resistant level of 6 bacteria strains was conducted 

using inhibition zone assay. Each bacteria strain was cultured in tryptic soy broth 

(TSB) with initial optical density 0.1. It was continually shaken at 25 °C and 150 rpm. 

until exponential phase (OD 600 ~ 0.5 after 4 hours incubation). Cell suspensions 

collected from exponential growth phase culture were mixed with 10 ml of pre-

warmed top agar (mixture medium containing tryptic soy agar (TSA) and Tryptic soy 

broth (TSB) in 50:50 ratio) and overlaid on the top of nutrient agar plates. Samples 

were left at room temperature for 15 minutes to allow solidification of the top agar. 

Consequently, 5 μl of 0.5 M, 1 M and 2 M CuCl2 was applied onto three different 

paper discs (6 mm diameter) prepared from Whatman filter paper. These paper discs 

that contained 158.75, 317.50, 635.00 μg copper, respectively, were subsequently 

placed on the lawn of bacterial cells. Triplicate sample were performed for each 

bacteria strain. The diameter of inhibition zone was measured after overnight 

incubation at 25°C. Both complete (inhibition zone including the 6 mm diameter of 

paper disc) and partial (less dense zone) inhibition were recorded (39). 

 Since Escherichia coli has an efflux system for preventing their cell from copper 

toxicity (19), it is considered as a copper resistant bacteria strain. The comparison of 

copper resistant level of the 6 tested strains with that of E. coli was conducted.        

The bacteria E. coli was cultured in semi solid agar as described above. Paper disc 

containing 635 mg copper (5μl of 2 M CuCl2) was placed on the bacterial culture.    

The sample was incubated overnight and diameter of the observed clear zone was 

determined. 
 

3.7 Determination of Potent Exopolymer Producing Bacteria Strain 
 

   3.7.1 Cultured condition 

    

           Prior to each experiment, each strain was cultured in tryptic soy broth 

(TSB) for 18 hours to obtain a standard inoculum. Each standard inoculum was then 
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added to each flask that contained 100 ml tryptic soy broth (TSB) at initial optical 

density of 0.1. There were five replicated for each strain. The cultures were placed on 

a rotary shaker at 25 °C, 150 rpm. Because bacteria could produce maximum yield of 

exopolymer during stationary phase (6), samples were, therefore, withdrawn for 

exopolymer extraction after 48 hours. 

 

3.7.2 Exopolymer extraction 

 

   Bacterial exopolymer was extracted by heating in water bath at 100°C for 

15-20 minutes. Cells were completely separated from medium by centrifuged at            

9000 rpm for 30 minutes. Consequently, equal volume of ice-cold ethanol was added 

to supernatant for exopolymer precipitation. Samples were left overnight at 4 °C.    

The precipitate was harvested by centrifugation at 4 °C. 7000 rpm for 20 minutes (3). 

  In order to remove access solvent and low molecular weight impurities, the 

precipitated exopolymer was placed in 8000 molecular weight cut off (MWCO) 

dialysis tubing and dialyzed against deionized water with constant mixing (33). Water 

was exchanged at 8-10 hours intervals until 48 hours. The dialyzed exopolymer was 

frozen at 4 °C for later analysis.  

 

3.7.3  Quantitative analysis of exopolymer by Phenol-sulfuric method 

 

To estimate bacterial exopolymer concentration, extracted exopolymer 

was analyzed in accordance with the phenol-sulfuric method (40). Two milliliters 

aliquot of extracted sample was mixed with 0.05 ml of 80 % phenol in a glass test 

tube. Immediately, 5 ml. of concentrated sulfuric acid was added to the solution.    

The solution was then vigorously shaken and allowed to cool down for 10-20 minutes. 

The color of solution was changed to yellow-orange depend on sugar content.         

The absorbance of the sample, which represented the concentration of hexose, could 

be measured by a spectrophotometer at 490 nm. The exopolymer content was 

calculated in glucose equivalents from a glucose standard curve.  
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3.8 Study on Ability of Selected Bacteria to Produce Exopolymer in    

Copper Toxicity Condition 
 

In the presence of heavy metal, bacteria normally could produce exopolymer 

higher than living in non contaminated environment. It is widely known that metal 

enhanced exopolymer production (23). In this experiment, copper concentration, 

which used for exopolymer induction, was based on determination of minimum 

inhibitory concentration of copper on selected bacteria strains. 

 

3.8.1 Minimum inhibitory concentration (MIC) 

 

The minimum inhibitory concentration (MIC) test is the determination of 

the lowest concentration of copper that is effective in preventing growth of bacteria. 

A standardized inoculum of selected bacteria was added to test tubes containing 

broth medium with various dilution of copper at 0, 0.5 mM (31.75 mg/l), 1.0 mM 

(63.5 mg/l), 2.0 mM (127.0 mg/l), 4.0 (254.0 mg/l), 8.0 mM (508.0 mg/l), 16.0 mM 

(1,016.0 mg/l) and 32.0 mM (2,032.0 mg/l). Triplicate samples were conducted for 

each copper concentration. Samples were incubated for 24 hours. The growth was 

monitored as a change in turbidity at 600 nm using a spectrophotometer. The lowest 

concentration of the reagent which inhibited growth in broth was recorded as MIC 

(10). 

 

3.8.2 Exopolymers production ability of selected bacteria under elevated 

copper condition. 

 

In this study, bacteria that could produce high amount of exopolymer was 

selected and inoculated in TSB medium as a standard inoculums. After continuous 

shaking for 18 hours, the culture was transferred to fresh TSB medium containing 

copper. The concentration of copper on this experiment was based on the maximum 

copper concentration that caused no observable effect on growth of the selected 

bacteria, which resulted from the MIC determination of copper. Cultures were 
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incubated at 25 °C with continuous shaking (150 rpm). Growth and amount of 

exopolymer were monitored every 6 hours until 72 hours. 

 

 3.9 Effect of Exopolymer on Copper Mobilization in Soil. 
  

3.9.1 Soil properties. 

 

Two kilograms of copper contaminated soil sample from a swine farm was 

collected at 0–15 cm depth (Figure 3-2). The soil sample was dried in a hot air oven at 

60 °C for 12 hours. Subsequently, it was ground and sieved through a 2 mm. mesh 

sieve. Physical and chemical properties of the soil sample were analyzed by following 

methods (Table3-1)  

 

           
 

Figure 3-2 Copper contaminated soil 

a) Pig manure was swept to area near the pigsty. 

b) Copper contaminated soil was collected near the pigsty. 

 

 

 

 

 

 

 

a b 
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Table 3-1  Parameters and methods for soil property analysis 

 

Parameter Method Reference 

1. Soil texture Pipette method (41) 

2. pH Soil  suspension 1:1, pH meter (41) 

3. Organic matter 
Walkley and Black wet dichromate 

oxidation method 
(41) 

4. Cation exchange 

capacity (CEC) 
Bucher funnel filtration (41) 

5. Total-Cu Atomic absorption spectrophotometer (42) 

 

 

3.9.2 Effect of exopolymer on copper mobilization from soil 

 

Solubility of copper from contaminated soil was determined by placing 5 g 

of soil sample in flask together with 100 ml of exopolymer solution 100 mg/l 

containing a 5 mM CaSO4 and 2.5% (w:w) NaN3. CaSO4 was added as background 

electrolyte while NaN3 acted as bacterial inhibitor. Blank without exopolymer was used 

as the control. The pH of the solution was adjusted to the soil pH. All samples were 

placed on shaker at 150 rpm. to keep suspension mixed. After 3, 5, 7 days mixing 

period, suspension was filtrated through Whatman filter paper No. 41 (35). Filtrate was 

digested with a microwave digester. The copper concentration was determined using 

an atomic absorption spectrophotometer (42). 

 

3.9.3 Exopolymer binding capacity 

 

The complexation of exopolymer with copper was determined as described 

by Zhou et al. (7). Solution containing 100 mg/l of exopolymer, 5 mM CaSO4 and 

2.5% (w:w) NaN3 were prepared. Copper solution at 20, 100 ,200 ,400 mg/l were 

separately adjusted to pH 5 before complexing reaction. Ten milliliters of mixing 

solution were mixed in 50 ml plastic centrifuge tube. The complexing experiment was 

conducted by shaking the tube at 200 rpm and 25 °C for 2 hours. Then the solution 
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CA/Qe=  1/bAQM + CA/QM 

was transferred to 8000 molecular weight cut off dialysis tubing and dialyzed by 

suspending in deionized water at 4 °C for 2 days to remove the free copper . 

The solution in dialysis tubing was drawn out and determined for bound copper. 

The free copper was calculated from the difference between initial total copper and 

bound copper concentration. 

 

 3.9.4 Adsorption isotherm 

 

 The adsorption isotherm of exopolymer and copper ions was described by 

Langmuir equation. At the end of the equilibrium period, the aqueous-phase 

concentration of adsorbate is measured and the adsorption equilibrium capacity is 

calculated for each bottle using the mass balance expression (14, 43). 

 

     

Qe    =   V/M ( C0-Ce)    (3-1) 

  

Where        Qe     = Equilibrium adsorbent-phase concentration of adsorbate, mg 

adsorbate/ g adsorbent 

C0 = Initial aqueous-phase concentration of adsorbate, mg/l 

Ce = Equilibrium adsorbent-phase concentration of adsorbate, mg/l 

V = Volume of aqueous-phase add to bottle, l 

M = Mass of adsorbent, g 

  

Langmuir isotherm 

 

    

             (3-2) 

 

Where  Ce = Equilibrium concentration of adsorbate A in solution, mg/l 

Qe     = Equilibrium adsorbent-phase concentration of adsorbate, mg 

adsorbate/ g adsorbent 
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QM    = Maximum adsorbent-phase concentration of adsorbate when 

the surface sites are saturated with adsorbate, mg adsorbate / g 

adsorbent 

  bA   = Langmuir adsorption constant of adsorbate A, l/mg 

 

The Langmuir model has assumption that the equilibrium is attained when          

a monolayer of the adsorbate molecules saturates the adsorbent. As expressed by 

equation 3-2, a plot of CA/Qe versus CA using equation 3-2 results in straight line. Qm 

was calculated from a slope while bA calculated from y axis interception. 

  

3.10 Statistical Data Analysis 
 

           All statistical analysis was conducted using a statistical package SPSS. 

Differences of copper resistant ability, among the amount of obtained exopolymer 

from 6 bacteria strains, among amount of copper desorption from soil at varying 

duration, as well as among amount of copper adsorption with exopolymer in varied 

copper concentrations were compared using one–way analysis variance (one-way 

ANOVA) at 95 % confidence. For comparing the difference of growth inhibition by 

varying copper concentration, as well as among amount of copper presence with 

exopolymer, Pair sample T-test at 95 % confidence was used.  

. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 
 This research was divided into two parts: The first part concerned with copper 

resistant ability, as well as exopolymer production of six bacteria strains. The tested 

strains were isolated from rhizosphere of a hyperaccumulator fern, Pteris vittata. For 

the second part, the influence of exopolymer on copper mobilization from 

contaminated soil, as well as on complexation capacity with free copper ions were 

investigated. 

 

4.1 Cell Density 
 

For preparation of initial inoculum, the relationship between viable cells of each 

tested bacteria strains and their relative optical density were investigated. The average 

from triplicate samples was shown in Table 4-1.  

 

Table 4-1 Relationship between optical density (OD) and viable cells of the tested six 

bacteria strains 

Viable cells (CFUs/ ml)  

Optical density

at 600 nm 
NC1 NC2 NC3 TC2 DC1 IC1 

0.01 1.5×107 1.9×107 1.2×107 1.0×107 1.2×107 8.9×106 

0.02 3.5×107 3.0×107 2.1×107 3.7×107 5.3×107 1.5×107 

0.04 1.0×108 8.6×107 5.9×107 7.4×107 1.1×108 3.7×107 

0.08 1.4×108 1.5×108 1.4×108 1.2×108 1.8×108 1.2×108 

0.10 2.3×108 2.4×108 2.6×108 2.4×108 2.4×108 2.0×108 
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The results showed different variability among results on viable cell counts of 

different bacteria strain. Since the optical density 0.1 provided the lowest variability of 

viable cell counts  among different tested bacteria strains, it was used for preparation 

of culture for later studies on copper resistant ability, as well as exopolymer 

production efficiency of the tested bacteria strains. 

 

4.2 Growth Curve 
 

Since the highest yield of bacterial exopolymer was usually observed in                  

the stationary phase (6), growth pattern of each strain were observed. The growth 

curves were then constructed using optical density observed at 600 nm from varying 

growth period. The data was collected at 0, 2, 4, 6, 8, 12, 18, 24, 36 and 48 hr. after               

the experiment was commenced. The results were shown in Figure 4-1 and 4-2. 

 For all strains, it was found that the lag phase was very short and could not be 

determined. This was probably due to the initial inoculum size and their relative 

growth stage. The inoculum used for this study contain approximately 2×108 CFU/ ml 

viable cells, which were prepared from a stationary phase culture. When exposed to 

fresh media, providing suitable environmental conditions, these cells responded 

immediately resulting to shifting of growth phase from the stationary to exponential 

phase (21). For most of the tested bacteria strains the exponential growth phase lasted 

about 12 hours. For the strain IC1, however, different growth pattern were observed. 

The growth did not reach stationary phase until after 18 hours of incubation. These 

data was later used for determining the suitable time for collecting their produced 

exopolymers. 
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Figure 4-1 Growth curve of bacteria strains as a function of optical density (OD) at   

600 nm  varying incubation time (hrs), (a) NC1, (b) NC2 and (c) NC3 

(a) 

(b) 

(c) 
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Figure 4-2 Growth curve of bacteria strains as a function of optical density (OD) at  

600 nm varying incubation time (hrs), (a) TC2, (b) DC1 and (c) IC1 

(a) 

(b) 

(c) 
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4.3 Inhibition Zone Determination 
 

 In order to determine the copper resistant ability of the 6 bacteria strains, the 

inhibition zone assay were conducted (39). Inoculum of each strain was incubated 

under standard condition (25 °C, 24 hrs). Consequently, 0.6 mm paper discs 

containing 5 μl of 0.5 M, 1.0 M, and 2.0 m. CuSO4, which is equivalent to 58.75, 

317.5, and 635 μg Cu2+, respectively, were placed on each bacteria culture.             

The diameter of inhibition zone was observed after 24 hrs of incubation period.        

The results for each bacteria strain were reported as means from triplicates samples. 

(Figure 4-3).  
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Figure 4-3 Diameter of inhibition zone resulting from 0.5 M, 1.0 M, and 2.0 M copper 

solution 

 

It was observed that the size of clear zone for each strain significantly 

increased in association with the increasing tested copper concentration. At 0.5 M,    

the diameter of inhibition zone of the 6 bacteria strains ranged from 8.0-12.7 mm.    

The largest size of the clear zone, 12.7 mm, was observed in strain NC1, while          

the smallest size of clear zone, 8.0 mm was found in strain DC1.  
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At 1 M, the clear zone for the tested bacterial strains ranged from                 

10.0 - 14.5 mm. The largest size of clear zone was 15.5 mm in NC1, while the smallest 

inhibition zone was found to be 12.3 mm in the strain DC1. For the highest test 

concentration, 2 M, size of clear zone for all the strains were wider than, what was 

observed at 1 M. The inhibition areas ranged from 12.2-15.7 mm. For this 

concentration, the strain NC1 had also the largest inhibition zone area with the 

diameter of 15.7 mm. The smallest inhibition zone was 12.2 mm in the strain DC1.  

As reported by Bruins et al. (19), Escherichia coli is considered as a one of 

copper resistant bacteria strain. Comparison of copper resistant ability of the 6 tested 

bacteria strains and E. coli was, therefore, also conducted. Highest tested 

concentration, 2 M, was chosen for the purpose. As shown in Figure 4-3, the inhibition 

zone of 15.7 mm was observed for E. coli which was similar to what observed for     

the strain NC1. For the rest of the tested strains, the size of their clear zones was 

significantly smaller (Table 4, Appendix B) than that observed in E. coli. The results 

strongly indicated that these bacteria strains were even more resistant to copper 

toxicity than the tested strain, E. coli.  

The size of inhibition zone normally indicated chemical resistant ability.       

For the same chemical, a bacteria strain with larger size of clear zone showed higher 

sensitivity to the chemical more than the ones with a smaller area (39). From these 

results, the tested bacteria could be separated into 3 groups, depending on their copper 

toxicity resistant ability (Table 4-2). The first group was the slightly resistant strain. 

The strain NC1 was found to fit well into this category. The size of its copper 

inhibition area was greater than 12 mm for all concentrations and tended to be          

the largest in comparison to the other tested strains. The strain NC2, NC3 belonged to 

the second group, moderately copper resistant strain. The last group was highly 

resistant to copper. These included the strains TC2, DC1, and IC1. The strain with the 

smallest copper inhibition zone for all three copper concentrations was the strain DC1. 

Among the six tested strains, it was, therefore, defined as the most copper resistant 

strain.  
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Table 4-2 The copper resistant ability of the 6 tested bacteria strains 

 

Copper concentration (M) 
Strain 

0.5 1.0 2.0 

Copper resistant 

ability* 

NC1 +++ +++ +++ slightly resistant 

NC2 ++ +++ +++ moderately resistant 

NC3 ++ +++ +++ moderately resistant 

IC1 + ++ +++ highly resistant 

TC2 + ++ +++ highly resistant 

DC1 + ++ +++ highly resistant 

    * Modified from Afaf et al.(44) 
     slightly resistant = +++ (Inhibition zone > 12mm);    moderately resistant   = ++  (Inhibition zone  9-

12 mm);   highly resistant  = + (inhibition zone < 9 mm)   

 

 The copper resistant capacity in each bacteria strains seemed to be depended on 

its resistance mechanisms. Normally, at least two strategies would be adapted for 

protecting their essential organs (45). The main mechanism is copper efflux system.   

It is observed in both gram positive and gram negative bacteria. Since it is controlled 

by genes encode on plasmid borne, for explain this mechanism, the study on             

the copper resistant genes from the plasmid of 6 tested strain should be done in          

the future. Not only efflux system, but the extracellular complexation was observed 

several times in other copper resistant bacteria strains (9, 12). The extracellular 

polymer is excreted for preventing copper to enter the cell by binding it as a complex 

substance. As suggested by Guibaud et al. (32), the ability of exopolymer to detoxify 

copper depends largely on amount of exopolymer and its chemical composition.  

From the results, exact mechanisms that were responsible for the copper 

detoxification process could not be clearly explained. They, however, indicated the 

highest efficacy of these mechanisms in the bacteria strain DC1, while for the strain 

NC1, the efficiency of its copper detoxification processes was the lowest one. 
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4.4 Exopolymer Production of the Tested Bacteria Strains  

 

 Biosynthesis of exopolymer is a most prominent feature of several bacteria that 

also offers a protective barrier to cells against heavy metal (27). The present study was 

undertaken to investigate the potential of the 6 copper resistant bacteria strains to 

produce exopolymer. Inoculum of each bacterium strains were incubated in 100 ml 

TSB under standard conditions until reaching stationary growth phase or after                

48 hrs. incubation. Amount of produced exopolymer obtained from each strain was 

then determined. The average from five-replications were reported (Figure 4-4). 
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Figure 4-4 Varying amount of produced exopolymer obtaining from the 6 tested  

bacteria strains. 

 

Since exopolymer is mostly polysaccharide, the amount of exopolymer in 

equivalent of hexose sugar could be analyzed using phenol sulfuric method (40).      

The extent of exopolymer production of all the 6 strains was found to fall in the range 

between 7.28-9.28 g /l. There was no significant difference between the amount of 

exopolymer produced from the strains NC1 and TC2, which were 7.28 and 7.36 g/l, 

respectively (Table 4, Appendix B). Similarly, the discrepancy between the amount of 

produced exopolymer, 5.29 and 4.55 g/l obtaining from the strains NC2 and DC1 was 

also not significantly different (Table 4, Appendix B). 
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 The bacteria strain most competent in exopolymer production was the strain 

IC1 with the highest yield of 9.28 g/l, while the lowest yield of 2.93 g/l was obtained 

from the strain NC3.  

 

 

 

 

 

 

 

 

 

Figure 4-5 Physical characteristics of the bacteria strain IC1 

 a) White mucoid colonies  

b) Gram negative rods  

 

The strain IC1 was found to be gram negative rods, which formed white 

mucoid colonies. The colonies had entire margins and convex elevation. The mucoid 

colonies obviously indicated characteristic of metal resistant bacteria that are capable 

of producing exopolymer (6).  

Considering the highly resistant ability to copper coupled with the competent in 

excreting exopolymer of the bacteria strain IC1, there was high possibility that this 

was also utilized as its most prominent resistant mechanism. Not only the amount of 

produced exopolymer that was one of important factors affecting ability of its copper 

detoxification, but also possibly were the chemical characteristics of the produced 

exopolymer. In different strains, variable negative functional groups on exopolymer 

existed (9). Amount of exopolymer obtained from NC1, 7.28 g/l was similar to what 

produced, 7.36 g/l, from the strain TC2. It was significantly higher than that obtained 

from the strain NC2, NC3 and DC1. Considering amount of produced exopolymer, 

this indicated that the main copper detoxification mechanism for this strain was 

possibly binding of the metal with the produced exopolymer. Although, the highest 

amount of exopolymer was obtained from the strain NC1, the NC1 strain resistant 

a b
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ability was merely classified as slightly resistant strain. This inconsistency implied    

the unsuitable chemical structure of its exopolymer in binding copper ion. 

Although, exopolymer production yield obtained from the strain NC3 and DC1 

were comparably low with 2.93 g/l for the prior and 4.55 g/l. for the latter, 

respectively, they were still categorized in groups of moderate to highest resistant 

copper strains. This finding did not agree well with what we expected, i.e. increase 

exopolymer production causing enhancement of copper resistant ability. Since 

chemical structure of these polymers have not yet been verified, it was not clear what 

the reason of such observation was. There was, however, high possibility that large 

number of negative sites existed on these exopolymers, resulting to elevated efficiency 

in their metal binding capacity. Efflux pump system was also been reported as an 

alternative process for eliminating copper toxicity in several other bacteria (8, 19). 

Thus, it could also be used in the strains NC3 and DC1 as a main mechanism for 

protecting their cells from copper toxicity.  

 

 4.5 Growth and Exopolymer Production of Selected Bacteria (IC1) in 

Media Amended with Copper 
 

Since highest yield of exopolymer was obtained from the bacteria strain IC1,    

it was selected for determination of growth and exopolymer production in copper 

amended media. The concentration of copper amended in growth media was based on 

the result obtaining from the minimum inhibitory concentration (MIC) assay with the 

bacteria strain IC1. 

 

4.5.1 Minimum inhibitory concentration of copper on IC1 

 

 Minimum inhibitory concentration (MIC) was defined as the lowest 

concentration of chemical at which there was no visible growth of the organism (10). 

For this experiment, copper concentration was varied in the range 0.0-32.0 mM             

(0-2,032 mg/l). After 24 hours incubation, the optical density of each sample was 
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recorded. Three replicates for each copper concentration were conducted. The results 

were shown in Figure 4-6 
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Figure 4-6 Inhibitory effects of varying copper concentrations on growth of the 

bacteria strain IC1  

 

 From the result, growth of IC1 tended to decrease as the copper concentration 

increased. In media containing up to 2 mM copper (1,016 mg/l), there was no 

significant different in growth of the tested bacteria strain from the control (0 mM 

copper addition). The discrepancy between the copper amended and the non amended 

cultures was apparent, when copper concentrations reached 16 mM (1,016 mg/l). 

Complete inhibition of visual growth was observed when copper concentration was 32 

mM (2,032 mg/l). It was, therefore, considered as the minimum inhibitory 

concentration (MIC) for copper of the bacteria strain IC1. This was 32 folds higher 

than that of Escherichia coli, a known copper resistant bacteria, which was found to be 

1 mM (12). Although copper is a trace element, which was required for metalloprotein 

synthesis, it causes membrane disruption and protein oxidation when presences at high 

concentration (21). Copper concentration over 0.1 mg/l is toxic to several bacterial 

cells (16).  

For the purpose of the study, not only exopolymer production ability of the 

tested bacteria strain was required, but also normal growth was preferably maintained. 
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As the highest copper concentration that cause no observable effect on growth of     

the bacteria strain IC1( Table 5, Appendix B), thus, the copper concentration at 2 mM 

(127 mg/l) was selected as the test concentration for the rest of the experimental study 

on exopolymer production under copper contaminated condition.  

 

4.5.2 Growth comparison of the bacteria strain IC1 in normal TSB and in 

copper amended TSB media 

 

  The growth (as optical density at 600 nm) of the bacteria strain IC1 in 

both TSB and TSB amended with copper were assessed every 6 hours. As shown in 

Figure 4-7, the growth of IC1 in 2 mM copper amended TSB media was similar to 

growth in the normal TSB media over the course of the 72 incubation period. Only 

slight effect on growth of the tested strain was observed. Both cultures showed sign of 

exopolymer production. This confirmed the finding in 4.5.1 that the chosen 

concentration had minimum effect on growth, while exopolymer production ability 

still existed.  
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Figure 4-7 The growth curve of the bacteria strain IC1 in both TSB and in 2 mM 

copper amended TSB broth ( each data set represented duplicate samples) 
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 4.5.3 Exopolymer production 

 

  As mentioned earlier, one method that bacteria normally adapted as a 

preventing mechanism to inhibit copper from entering into the cytoplasm is metal-

binding with exopolymer. Exopolymer synthesis of the bacteria strain IC1 during its 

growth under normal and elevated copper concentration (2mM) condition was 

investigated. As shown in Figure 4-8 the amount of exopolymer produced by IC1 in 

normal TSB and copper amended TSB broth significantly increased associated with 

incubation duration. The highest yield of exopolymer in normal TSB broth was 13.8 

g/l after 60 hours incubation, comparable to 15.10 g/l exopolymer in TSB amended 

with copper after 72 hours incubation. The different in the yield was probably due to 

its self protective mechanism. Under elevated copper concentration condition, 

exopolymer producing bacteria have to produce more polymer for inhibiting excess 

copper from entering the cells causing cell damage (9, 19). It was interesting to point 

out that production of exopolymer under normal condition already ceased after 60 

hours incubation, strong increase in exopolymer production in culture exposed to 

2mM copper, however, could still be observed even at 72 hours.  
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Figure 4-8 Amount of exopolymer produced by the bacteria strain IC1 cultured in 

normal TSB and TSB amended with 2 mM copper at varying incubation 

period ( each data set represented duplicate samples) 
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Chao and Cheng (23) found that amount of exopolymer of copper resistant 

bacteria, Escherichia coli, was significantly increased when it was grown in media 

amended with copper after incubation for 5.5 hours. This was also observed by Kunito 

et al. (3). They suggested that the addition of 500 μM copper to the nutrient broth 

could induced exopolymer production. For this study, exopolymer induction was also 

observed, especially in the last stage of stationary growth phase (Figure 4-7 and 4-8). 

After 36 hours incubation, the amount of exopolymer in media amended with copper 

was approximately 1.5 folds higher than that of the culture in the normal TSB.  

 

4.6 Effect of Exopolymer on Copper Mobilization from Contaminated 

Soil 
 

 4.6.1 Soil properties 

 

Copper contaminated soil was collected from a swine farm in Ratchabri 

province. Before commence of the experiments, physical and chemical properties of 

this soil, including pH, soil texture, copper content, % organic matter, and cation 

exchange capacity (CEC) were analyzed. They were shown in Table 4-3  

 

Table 4-3 Physical and chemical properties of soil sample 

 

Parameter Physical and chemical properties 

Soil texture 

- Sand (%) 

- Silt (%) 

- Clay (%) 

 

26.68 

52.52 

20.80 

pH 7.05 

Organic matter (%) 10.73 

Total-Cu  (mg/kg dry-weight) 592.5 

CEC (cmol/kg) 22.0 
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The results showed that this soil was highly contaminated with copper at 592.5 

mg/kg dry weight. The soil was characterized as silt loam, containing 26.68 % sand, 

52.52 % silt and 20.80 % clay. Because this soil was contaminated with pig manure, 

high organic matter, 10.73%, was found in this soil. 

As a major physical property controlling solubility and metal bioavailability in 

soil (14, 21), the soil pH was also monitored. It was found to fall into a neutral range 

around 7.05. The soil sample had quite high cation exchange capacity (CEC), which 

was 22 cmol/kg. This parameter reflects the capacity for soil to absorb metals. Soil 

with high CEC value, such as the tested soil, was often found to be low in toxicity 

even at high total metal concentrations (21). 

 

 4.6.2 Effect of exopolymer on copper mobilization in soil 

 

          Because exopolymer was acidic in nature, it may enhance metal 

mobilization from the contaminated soil (6). Exopolymer, with a concentration of    

100 mg/l, obtaining from the bacteria strain IC1 was added into the solution consisting 

with NaN3 and CaSO4. After 3, 5 and 7 day incubation, the solution were withdrawn 

for copper analysis. These results were shown in Table 4-4. 

 

Table 4-4 Copper concentration in soil solution 

 

Copper concentration (mg/l) 
Duration 

(days) Control Amended with        
100 mg/ l exopolymer 

Copper mobilization 
capacity            
(mg/l) 

3 0.073±0.003 0.073±0.010 0.000 

5 0.073±0.003 0.074±0.015 0.001 

7 0.075±0.005 0.077±0.004 0.002 
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Copper mobilization capacities of the tested exopolymer were quite low. They 

were observed in the range between 0-0.002 mg/ l. There were no significant 

differences in copper mobilization capacities obtaining from the control group, as well 

as from the tested group after 3 days incubation. Similar results were also observed 

after 5 and 7 days incubation. There were no significantly difference between copper 

concentration obtaining after 3, 5 and 7 days.  

 Although the presence of natural metal-binding substance, such as bacterial 

exopolymer can act as a driving force to increase metal desorption from sediment 

particles (6, 35), the results in this study were not consistent to such fact. Only very 

low copper concentration could be mobilized from the contaminated soil.                    

It demonstrated that the characteristic of contaminated soil and experimental period 

may influence on the metal mobilization capacity of the exopolymer. 

The soil characteristic, which should be considered, including soil pH, texture, 

cation exchange capacity (CEC) and organic matter content. Spaulding et al. (36) 

observed the mobilization of Cu and Cd in fine sandy loam soil consisted with low 

organic content at 0.3 %. They suggested that the presence of 200 mg/l exopolymer 

was found to increase the short term (less than 350 hours) release of Cu and Pb by a 

factor of 2-4 folds. Zhou et al. (7) also observed the influence of exopolymer on 

copper behavior in sandy silty loam soil, consisted of 9.86 cmol/kg CEC. The 

solubility of copper enhanced by exopolymer was 1.6-12.8 folds higher than that of 

the sample with no addition of exopolymer. Since both of soils sample were sandy soil 

with low CEC and organic contents, high metal mobility was lightly to be observed. 

 In this study, the soil sample was silty loam, consisted  of high (26.26 %) clay 

and high organic content (10.73 %). Both of these components affected the cation 

exchange capacity (CEC) of soil, which observed at 22 cmol/kg. CEC is the most 

important factors affecting on metal mobilization because cation exchange reflecting 

the capacity for soil to sorb metal ions. Since clay minerals and organic matter could 

strongly bind with metal ions, low metal mobilized capacity could be expected in this 

soil (21). In couple with relative short exposure period (7 days), the contaminated 

bound copper in the soil samples, thus, could hardly been mobilized by the 

exopolymer solution. 
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 4.6.3 Potential copper binding capacity of the tested exopolymer  

 

  When exopolymer presence in the solution, it could bind with the metal 

ions as a complex form (6, 7)  For this study, 100 mg/l of exopolymer produced by 

bacteria strain IC1 was added in the solution containing 20, 100, 200 and 400 mg 

cu2+/l. The results are as follows (Table 4-5). 

 

Table 4-5 The concentration of copper free ions and binding with 100 mg/l 

exopolymer  

 

Initial concentration 

(mg Cu2+/l)    

C0 

Copper concentration at 

equilibrium (mg/l)   

Ce 

Adsorption capacity 

(mg/g)     

Qe 

 

Ce/Qe 

0 ND. ND. ND. 

20 18.83± 0.08 0.12±0.01 160.94 

100 96.14± 1.11 0.44±0.02 218.00 

200 194.82± 0.16 0.52±0.02 376.10 

400 393.74± 0.07 0.63±0.01 628.28 

   Remark: ND. - non detectable (< 0.05 mg/l) 

 

Form the results, the concentration of copper at equilibrium (Ce) after adsorbed 

with exopolymer were determined at 18.83±0.08, 96.14±1.11, 194.82±0.16 and 

393.74±0.07 mg/l, respectively. The adsorption capacity of exopolymer were 

0.12±0.01, 0.44± 0.02, 0.52± 0.02 and 0.63± 0.01 mg/g, respectively. The amount of 

adsorbed copper tended to increase with increasing initial copper concentration. 

For describing copper binding capacity of the tested exopolymer, Langmuir 

adsorption isotherm was used. This equation assumes that reaction has constant free-

energy change for all sites and capable of binding at most one molecule of adsorbate 

(43). The experimental data for adsorption of exopolymer and copper fitted well with 

linearized Langmuir adsorption isotherm. The maximum capacity (Qm) of exopolymer 

for binding with copper ion and K (Langmuir constant) were calculated from slope 

and intercept of the plot of Ce/Qe versus Ce (14, 43). As shown in Figure 4-9, the least 

mean square (R2) of regression was 0.996. The exopolymer produced by the bacteria 
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strain IC1 presented the maximum capacity of exopolymer for binding (Qm) with 

copper ion at 0.78 mg/g and the K constant was 0.01 l/mg.  

y = 1.2853x + 119.77
R2 = 0.9926
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Figure 4-9 Langmuir adsorption isotherm for copper binding with exopolymer 

 
Since the chemical characteristics of exopolymer varied in difference strains, 

diverse binding capacity with metal ions could also be expected. Zhou et al. (7), 

suggested that the maximum copper binding capacity of exopolymer produced by 

bacteria in activated sludge was 324 μM/g of exopolymer. However, the highest 

capacity on binding copper of exopolymer produced by Pseudomonas putida3 was 

found to be 127 μg/g exopolymer (23). These studies indicated that the binding sites of 

exopolymer or their chemical nature, such as negative charges on functional group 

was an important factor that affected on metal binding capacity (36). Functional 

groups, such as carboxylic, amine, hydroxyl groups were found in exopolymer (32). 

Based on the Lewis-acid based reaction, these functional groups acted as ligands and 

the complexes occurred with covalent bond.  

Copper mobilization capacity of exopolymer from contaminated soil possibly 

depended on several factors, including soil properties, concentration of copper free 

ions, and the binding ability that relating to chemical composition of the exopolymer. 

Particularly, the binding capacity affected directly on the driving force that enhance 

metal mobilization from the soil (35). Although, exopolymer obtained from the 

bacteria strain IC1 seemed to have moderate affinity to free copper ions, as well as low 
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capacity for enhancing metal mobilization from contaminated soil containing high 

organic content, it was still beneficial for soil bioremediation application with suitable 

type of soil, possibly sandy soil. 
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CHAPTER V 

CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

 
  Six bacteria strains, NC1, NC2, NC3, TC2, DC1 and IC1 isolated from the 

rhizosphere of hyperaccumulate fern were observed for their copper resistant ability 

and exopolymer production capacity. The strain, which could produce the highest 

yield of exopolymer was selected for the study on the influence of its exopolymer on 

copper mobilization in contaminated soil. The results of study consisted of several 

parts as follows: 

 

1) For determination of copper resistant ability, bacteria strain NC1 was the 

most copper sensitive strain, while the bacteria strain DC1 was demonstrated as the 

most copper tolerant strain. 

2) The exopolymer production produced from each strain after 48 hours 

incubation (stationary growth phase) was varied among different bacteria strains. The 

bacteria strain IC1 could produce 9.28 g/l, the highest yield of exopolymer, while the 

lowest yield 2.93 g/l exopolymer was monitored in the bacteria strain NC3. 

3) Bacteria strain IC1 was selected for the study on the potent to produce 

exopolymer under elevated copper concentration condition. The minimum inhibitory 

concentration (MIC) was investigated with strain IC1 for determination of copper 

toxicity. From the results, the lowest concentration of copper that inhibited growth of 

the bacteria strain IC1 was 32 mM (2,032 mg/l). 
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4) In comparison with normal condition, the bacteria strain IC1 was cultured in 

media amended with 2 mM (127 mg/l) copper representing elevated copper 

concentration condition that did not affect growth of the bacteria. After 72 hours 

incubation, the amount of exopolymer in normal condition was observed in the ranges 

between 1.35-13.80 g/l, while the amount of exopolymer in media amended with 

copper was between 1.48-15.10 g/l. The results indicated that under elevated copper 

concentration condition, exopolymer production capacity of the strain IC1 was 

enhanced.  

5) Mobilization ability of the tested exopolymer seemed to be limited by soil 

characteristics. For copper contaminated soil sample that was categorized as silt loam 

containing 592.5 mg copper /kg dry weight, 10.73 % organic matter and 22 cmol/kg 

CEC. The solution containing 100 mg/l exopolymer could only mobilize insignificant 

amount of copper ions from the soil after 3, 5 and 7 days contact. 

6) In the present of exopolymer in solution, The adsorption capacity were 

found to be 0.12, 0.44, 0.52, and 0.63 mg Cu/g exopolymer in solution with copper at 

concentration 20, 100, 200, and 400 mg/l, respectively. The maximum capacity of 

exopolymer for binding (Qm) with copper ion was 0.78 mg Cu/g exopolymer and the 

K constant was 0.01 l/mg  when expressed the results by Langmuir isotherm. 

 

5.2 Recommendation 
 

1) In order to improve copper mobilization ability from soil of the tested 

exopolymer, higher concentrations of exopolymer and longer experimental period 

should be chosen. 

2) The chemical characteristic of exopolymer should be analyzed because its 

affect on metal binding. 

 3) In the further application, exopolymer should be applied for cleaning up the 

contaminated soil, which low clay mineral and CEC content such as sandy soil. 
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APPENDIX A 

Bacterial Characteristics 

 
 
Table A-1 Characteristics of 6 copper resistant bacteria strains 
 

 
Bacterial characteristics 

 Strain 

Form Elevation Surface Margin Color Gram Shape 

NC1 Circular Convex Smooth Entire White, shiny + Cocci 

NC2 Circular Convex Smooth Entire Bright yellow, 
shiny + Cocci 

NC3 Circular Flat Smooth Entire Pale yellow, 
shiny + Cocci 

TC2 Circular Convex Smooth Entire Pale yellow, 
shiny + Cocci 

DC1 Circular Convex Smooth Entire Pale yellow, 
shiny + Cocci 

IC1 Circular Convex Smooth Entire White, shiny - Rod 
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Figure A-1 The morphology of 6 tasted bacteria strains (1000X). 
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APPENDIX B 

Statistical analysis 
 

1. Statistical comparison of inhibition zone of copper 500 mM. in 6 strain  

bacteria with one way ANOVA analysis at α = 0.05 

 
Oneway 

 
 ANOVA 
 
zon_500  

  
Sum of 
Squares df Mean Square F Sig. 

Between Groups 60.000 5       12.000 24.000 .000 
Within Groups 6.000 12 .500   
Total 66.000 17    

 
Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: zon_500  
LSD  

95% Confidence Interval (I) 
strain 

  

(J) 
strain 

  

Mean Difference 
 (I-J) 

  

Std. 
Error 

  
Sig. 

  
Lower  
Bound 

Upper  
Bound 

NC1 NC2 .6667 .5774 .271 -.591 1.925 
  NC3 1.0000 .5774 .109 -.258           2.258 
  TC2 4.0000(*) .5774 .000 2.742 5.258 
  DC1 4.6667(*) .5774 .000 3.409 5.925 
  IC1 3.6667(*) .5774 .000 2.409 4.925 
NC2 NC1 -.6667 .5774 .271 -1.925 .591 
  NC3 .3333 .5774 .574 -.925 1.591 
  TC2 3.3333(*) .5774 .000 2.075 4.591 
 DC1 4.0000(*) .5774 .000 2.742 5.258 
  IC1 3.0000(*) .5774 .000 1.742 4.258 
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95% Confidence Interval (I) 
strain 

  

(J) 
strain 

  

Mean Difference 
 (I-J) 

  

Std. 
 Error 

  
Sig. 

  
Lower  
Bound 

Upper 
 Bound 

   NC3 NC1 -1.0000 .5774 .109 -2.258 .258 
 NC2 -.3333 .5774 .574 -1.591 .925 
 TC2 3.0000(*) .5774 .000 1.742 4.258 
 DC1 3.6667(*) .5774 .000 2.409 4.925 
 IC1 2.6667(*) .5774 .001 1.409 3.925 

TC2 NC1 -4.0000(*) .5774 .000 -5.258 -2.742 
 NC2 -3.3333(*) .5774 .000 -4.591 -2.075 
 NC3 -3.0000(*) .5774 .000 -4.258 -1.742 
 DC1 .6667 .5774 .271 -.591 1.925 
 IC1 -.3333 .5774 .574 -1.591 .925 

DC1 NC1 -4.6667(*) .5774 .000 -5.925 -3.409 
 NC2 -4.0000(*) .5774 .000 -5.258 -2.742 
 NC3 -3.6667(*) .5774 .000 -4.925 -2.409 
 TC2 -.6667 .5774 .271 -1.925 .591 
 IC1 -1.0000 .5774 .109 -2.258 .258 

IC1 NC1 -3.6667(*) .5774 .000 -4.925 -2.409 
 NC2 -3.0000(*) .5774 .000 -4.258 -1.742 
 NC3 -2.6667(*) .5774 .001 -3.925 -1.409 
 TC2 .3333 .5774 .574 -.925 1.591 
 DC1 1.0000 .5774 .109 -.258 2.258 

*  The mean difference is significant at the .05 level. 
 

2. Statistical comparison of inhibition zone of copper 1 M. in 6 strain  

bacteria with one way ANOVA analysis at α = 0.05 

 

Oneway 
 ANOVA 
 
zon_1  

  
Sum of 
Squares df Mean Square F Sig. 

Between Groups 48.292 5 9.658 86.925 .000 
Within Groups 1.333 12 .111    
Total 49.625 17     
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Post Hoc Tests 
 
 Multiple Comparisons 
 
Dependent Variable: zon_1  
LSD  

95% Confidence Interval (I) 
strain 

 

(J) 
strain 

 

Mean Difference 
(I-J) 

  

Std. 
Error 

  
Sig. 

  
Lower 
Bound 

Upper 
Bound 

NC1 NC2 -.1667 .2722 .552 -.760 .426 
  NC3 1.6667(*) .2722 .000 1.074 2.260 
  TC2 2.3333(*) .2722 .000 1.740 2.926 
  DC1 4.3333(*) .2722 .000 3.740 4.926 
  IC1 3.3333(*) .2722 .000 2.740 3.926 
NC2 NC1 .1667 .2722 .552 -.426 .760 
  NC3 1.8333(*) .2722 .000 1.240 2.426 
  TC2 2.5000(*) .2722 .000 1.907 3.093 
  DC1 4.5000(*) .2722 .000 3.907 5.093 
  IC1 3.5000(*) .2722 .000 2.907 4.093 
NC3 NC1 -1.6667(*) .2722 .000 -2.260 -1.074 
  NC2 -1.8333(*) .2722 .000 -2.426 -1.240 
  TC2 .6667(*) .2722 .031 .074 1.260 
  DC1 2.6667(*) .2722 .000 2.074 3.260 
  IC1 1.6667(*) .2722 .000 1.074 2.260 
TC2 NC1 -2.3333(*) .2722 .000 -2.926 -1.740 
  NC2 -2.5000(*) .2722 .000 -3.093 -1.907 
  NC3 -.6667(*) .2722 .031 -1.260 -.074 
  DC1 2.0000(*) .2722 .000 1.407 2.593 
  IC1 1.0000(*) .2722 .003 .407 1.593 
DC1 NC1 -4.3333(*) .2722 .000 -4.926 -3.740 
  NC2 -4.5000(*) .2722 .000 -5.093 -3.907 
  NC3 -2.6667(*) .2722 .000 -3.260 -2.074 
  TC2 -2.0000(*) .2722 .000 -2.593 -1.407 
  IC1 -1.0000(*) .2722 .003 -1.593 -.407 
IC1 NC1 -3.3333(*) .2722 .000 -3.926 -2.740 
  NC2 -3.5000(*) .2722 .000 -4.093 -2.907 
  NC3 -1.6667(*) .2722 .000 -2.260 -1.074 
  TC2 -1.0000(*) .2722 .003 -1.593 -.407 
  DC1 1.0000(*) .2722 .003 .407 1.593 

*  The mean difference is significant at the .05 level. 
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3. Statistical comparison of inhibition zone of copper 2 M. in 6 strain  

bacteria with one way ANOVA analysis at α = 0.05 
 
Oneway 
 ANOVA 
 
zon_2  

  Sum of Squares df Mean Square F Sig. 
Between Groups 31.143 6 5.190 16.148 .000 
Within Groups 4.500 14 .321   
Total 35.643 20    

 
Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: zon_2  
LSD  

95% Confidence 
Interval (I) 

strain 
 

(J) 
strain 

 

Mean 
Difference (I-J) 

  

Std. 
Error 

  
Sig. 

  
Lower 
 Bound 

Upper  
Bound 

NC1 NC2 .6667 .4629 .172 -.326 1.660 
  NC3 1.8333(*) .4629 .001 .840 2.826 
  TC2 1.3333(*) .4629 .012 .340 2.326 
  DC1 3.5000(*) .4629 .000 2.507 4.493 
  IC1 .8333 .4629 .093 -.160 1.826 
  E. coli -.5000 .4629 .298 -1.493 .493 
NC2 NC1 -.6667 .4629 .172 -1.660 .326 
  NC3 1.1667(*) .4629 .024 .174 2.160 
  TC2 .6667 .4629 .172 -.326 1.660 
  DC1 2.8333(*) .4629 .000 1.840 3.826 
  IC1 .1667 .4629 .724 -.826 1.160 
  E. coli -1.1667(*) .4629 .024 -2.160 -.174 
NC3 NC1 -1.8333(*) .4629 .001 -2.826 -.840 
  NC2 -1.1667(*) .4629 .024 -2.160 -.174 
  TC2 -.5000 .4629 .298 -1.493 .493 
  DC1 1.6667(*) .4629 .003 .674 2.660 
  IC1 -1.0000(*) .4629 .049 -1.993 -.007 
  E. coli -2.3333(*) .4629 .000 -3.326 -1.340 
TC2 NC1 -1.3333(*) .4629 .012 -2.326 -.340 
  NC2 -.6667 .4629 .172 -1.660 .326 
  NC3 .5000 .4629 .298 -.493 1.493 
  DC1 2.1667(*) .4629 .000 1.174 3.160 
  IC1 -.5000 .4629 .298 -1.493 .493 
  E. coli -1.8333(*) .4629 .001 -2.826 -.840 
DC1 NC1 -3.5000(*) .4629 .000 -4.493 -2.507 
  NC2 -2.8333(*) .4629 .000 -3.826 -1.840 
 NC3 -1.6667(*) .4629 .003 -2.660 -.674 
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95% Confidence 
Interval (I) 

strain 
 

(J) 
strain 

 

Mean 
Difference (I-J) 

 

Std. 
Error 

 
Sig. 

 
Lower  
Bound 

Upper 
 Bound 

  TC2 -2.1667(*) .4629 .000 -3.160 -1.174 
  IC1 -2.6667(*) .4629 .000 -3.660 -1.674 
  E. coli -4.0000(*) .4629 .000 -4.993 -3.007 
IC1 NC1 -.8333 .4629 .093 -1.826 .160 
  NC2 -.1667 .4629 .724 -1.160 .826 
  NC3 1.0000(*) .4629 .049 .007 1.993 
  TC2 .5000 .4629 .298 -.493 1.493 
  DC1 2.6667(*) .4629 .000 1.674 3.660 
  E. coli -1.3333(*) .4629 .012 -2.326 -.340 
E. coli NC1 .5000 .4629 .298 -.493 1.493 
  NC2 1.1667(*) .4629 .024 .174 2.160 
  NC3 2.3333(*) .4629 .000 1.340 3.326 
  TC2 1.8333(*) .4629 .001 .840 2.826 
  DC1 4.0000(*) .4629 .000 3.007 4.993 
  IC1 1.3333(*) .4629 .012 .340 2.326 

*  The mean difference is significant at the .05 level. 
 
 
 

4. Statistical comparison of exopolymer production from 6 strains bacteria  

with  

one way ANOVA analysis at α = 0.05 

 
Oneway 
 ANOVA 
 
PRO_EXO  

  Sum of Squares df Mean Square F Sig. 
Between Groups 1416003.742 6 236000.624 44.240 .000 
Within Groups 149367.840 28 5334.566   
Total 1565371.582 34    
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Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: PRO_EXO  

95% Confidence Interval 
(I) 

STRAIN 
(J) 

STRAIN 
Mean 

Difference (I-J) 
Std. 

Error Sig. 
Lower  
Bound 

Upper 
 Bound 

NC1 NC2 197.720(*) 46.1934 .000 103.097 292.343 
  NC3 434.720(*) 46.1934 .000 340.097 529.343 
  TC2 -7.920 46.1934 .865 -102.543 86.703 
  DC1 272.640(*) 46.1934 .000 178.017 367.263 
  IC1 -200.160(*) 46.1934 .000 -294.783 -105.537 
NC2 NC1 -197.720(*) 46.1934 .000 -292.343 -103.097 
  NC3 237.000(*) 46.1934 .000 142.377 331.623 
  TC2 -205.640(*) 46.1934 .000 -300.263 -111.017 
  DC1 74.920 46.1934 .116 -19.703 169.543 
  IC1 -397.880(*) 46.1934 .000 -492.503 -303.257 
NC3 NC1 -434.720(*) 46.1934 .000 -529.343 -340.097 
  NC2 -237.000(*) 46.1934 .000 -331.623 -142.377 
  TC2 -442.640(*) 46.1934 .000 -537.263 -348.017 
  DC1 -162.080(*) 46.1934 .002 -256.703 -67.457 
  IC1 -634.880(*) 46.1934 .000 -729.503 -540.257 
TC2 NC1 7.920 46.1934 .865 -86.703 102.543 
  NC2 205.640(*) 46.1934 .000 111.017 300.263 
  NC3 442.640(*) 46.1934 .000 348.017 537.263 
  DC1 280.560(*) 46.1934 .000 185.937 375.183 
  IC1 -192.240(*) 46.1934 .000 -286.863 -97.617 
DC1 NC1 -272.640(*) 46.1934 .000 -367.263 -178.017 
  NC2 -74.920 46.1934 .116 -169.543 19.703 
  NC3 162.080(*) 46.1934 .002 67.457 256.703 
  TC2 -280.560(*) 46.1934 .000 -375.183 -185.937 
  IC1 -472.800(*) 46.1934 .000 -567.423 -378.177 
IC1 NC1 200.160(*) 46.1934 .000 105.537 294.783 
  NC2 397.880(*) 46.1934 .000 303.257 492.503 
  NC3 634.880(*) 46.1934 .000 540.257 729.503 
  TC2 192.240(*) 46.1934 .000 97.617 286.863 
  DC1 472.800(*) 46.1934 .000 378.177 567.423 

*  The mean difference is significant at the .05 level. 
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5. Statistical comparison of growth inhibiting by copper solution in 

bacteria strain IC1 with Paired T-Test analysis at α = 0.05 

 
Oneway 
 ANOVA 
 
OD_600  

  
Sum of 
Squares df Mean Square F Sig. 

Between Groups 9.261 7 1.323 2267.934 .000 
Within Groups .009 16 .001   
Total 9.270 23    

 
Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: OD_600  
LSD  

95% Confidence 
Interval (I) 

CU_CONC 
 

(J) 
CU_CONC 

 

Mean  
Difference (I-J) 

  
Std. Error

  
Sig. 

  
Lower 
Bound 

Upper  
Bound 

.0 .5 -.0233 .01972 .254 -.0651 .0185 
  1.0 -.0133 .01972 .509 -.0551 .0285 
  2.0 -.0033 .01972 .868 -.0451 .0385 
  4.0 .0500(*) .01972 .022 .0082 .0918 
  8.0 .1133(*) .01972 .000 .0715 .1551 
  16.0 1.1767(*) .01972 .000 1.1349 1.2185 
  32.0 1.6700(*) .01972 .000 1.6282 1.7118 
.5 .0 .0233 .01972 .254 -.0185 .0651 
  1.0 .0100 .01972 .619 -.0318 .0518 
  2.0 .0200 .01972 .326 -.0218 .0618 
  4.0 .0733(*) .01972 .002 .0315 .1151 
  8.0 .1367(*) .01972 .000 .0949 .1785 
  16.0 1.2000(*) .01972 .000 1.1582 1.2418 
  32.0 1.6933(*) .01972 .000 1.6515 1.7351 
1.0 .0 .0133 .01972 .509 -.0285 .0551 
  .5 -.0100 .01972 .619 -.0518 .0318 
  2.0 .0100 .01972 .619 -.0318 .0518 
  4.0 .0633(*) .01972 .005 .0215 .1051 
  8.0 .1267(*) .01972 .000 .0849 .1685 
  16.0 1.1900(*) .01972 .000 1.1482 1.2318 
  32.0 1.6833(*) .01972 .000 1.6415 1.7251 
2.0 .0 .0033 .01972 .868 -.0385 .0451 
  .5 -.0200 .01972 .326 -.0618 .0218 
  1.0 -.0100 .01972 .619 -.0518 .0318 
  4.0 .0533(*) .01972 .016 .0115 .0951 
  8.0 .1167(*) .01972 .000 .0749 .1585 
 16.0 1.1800(*) .01972 .000 1.1382 1.2218 
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95% Confidence 
Interval (I) 

CU_CONC 
 

(J) 
CU_CONC 

 

Mean  
Difference  

(I-J) 
  

Std. Error
  

Sig. 
  

Lower 
Bound 

Upper 
Bound 

  32.0 1.6733(*) .01972 .000 1.6315 1.7151 
4.0 .0 -.0500(*) .01972 .022 -.0918 -.0082 
  .5 -.0733(*) .01972 .002 -.1151 -.0315 
  1.0 -.0633(*) .01972 .005 -.1051 -.0215 
  2.0 -.0533(*) .01972 .016 -.0951 -.0115 
  8.0 .0633(*) .01972 .005 .0215 .1051 
  16.0 1.1267(*) .01972 .000 1.0849 1.1685 
  32.0 1.6200(*) .01972 .000 1.5782 1.6618 
8.0 .0 -.1133(*) .01972 .000 -.1551 -.0715 
  .5 -.1367(*) .01972 .000 -.1785 -.0949 
  1.0 -.1267(*) .01972 .000 -.1685 -.0849 
  2.0 -.1167(*) .01972 .000 -.1585 -.0749 
  4.0 -.0633(*) .01972 .005 -.1051 -.0215 
  16.0 1.0633(*) .01972 .000 1.0215 1.1051 
  32.0 1.5567(*) .01972 .000 1.5149 1.5985 
16.0 .0 -1.1767(*) .01972 .000 -1.2185 -1.1349 
  .5 -1.2000(*) .01972 .000 -1.2418 -1.1582 
  1.0 -1.1900(*) .01972 .000 -1.2318 -1.1482 
  2.0 -1.1800(*) .01972 .000 -1.2218 -1.1382 
  4.0 -1.1267(*) .01972 .000 -1.1685 -1.0849 
  8.0 -1.0633(*) .01972 .000 -1.1051 -1.0215 
  32.0 .4933(*) .01972 .000 .4515 .5351 
32.0 .0 -1.6700(*) .01972 .000 -1.7118 -1.6282 
  .5 -1.6933(*) .01972 .000 -1.7351 -1.6515 
  1.0 -1.6833(*) .01972 .000 -1.7251 -1.6415 
  2.0 -1.6733(*) .01972 .000 -1.7151 -1.6315 
  4.0 -1.6200(*) .01972 .000 -1.6618 -1.5782 
  8.0 -1.5567(*) .01972 .000 -1.5985 -1.5149 
  16.0 -.4933(*) .01972 .000 -.5351 -.4515 

*  The mean difference is significant at the .05 level. 
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6. Statistical comparison of copper concentration in control and 

presence with exopolymer solution with Paired T-Test analysis at α = 0.05 

 

T-Test 
 
 Paired Samples Statistics 
 

  Mean N 
Std. 

Deviation 
Std. Error 

Mean 
Pair 1 day_3c .07300 3 .003000 .001732 
  day_3e .07333 3 .010504 .006064 
Pair 2 day_5c .07267 3 .003055 .001764 
  day_5e .07400 3 .015000 .008660 
Pair 3 day_7c .07533 3 .004163 .002404 
  day_7e .07700 3 .004000 .002309 

 
  
 Paired Samples Correlations 
 
  N Correlation Sig. 
Pair 1 day_3c & day_3e 3 -.476 .684 
Pair 2 day_5c & day_5e 3 -.982 .121 
Pair 3 day_7c & day_7e 3 .721 .488 

 
                                                                      Paired Samples Test 
 

Paired Differences 
95% Confidence 
Interval of the 

Difference   
  
  

Mean 
  

Std. 
Deviation 

  

Std. 
Error 
Mean 

  Lower Upper 

t 
  
  

df 
  
  

Sig. 
(2-Tailed) 

  
  

Pair 
1 

day_3c - 
day_3e 

-
.000333 .012220 .007055 -

.030690 .030023 -.047 2 .967 

Pair 
2 

day_5c - 
day_5e 

-
.001333 .018009 .010398 -

.046071 .043404 -.128 2 .910 

Pair 
3 

day_7c - 
day_7e 

-
.001667 .003055 .001764 -

.009256 .005922 -.945 2 .444 
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7. Statistical comparison of copper concentration in solution with 

exopolymer after shaking at 150 rpm. for 3, 5 and 7 days with One-way 

ANOVA analysis at α = 0.05 

 
Oneway 
 

 ANOVA 
 
cu_conc  

  
Sum of 
Squares df Mean Square F Sig. 

Between Groups .000 2 .000 .080 .924 
Within Groups .001 6 .000   
Total .001 8    

 
 
Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: cu_conc  
LSD  

95% Confidence Interval (I) 
day 

 

(J) 
day 

 

Mean Difference 
(I-J) 

  

Std. 
Error 

  
Sig. 
  

Lower 
 Bound 

Upper  
Bound 

day_3 day_5 -.000667 .008840 .942 -.02230 .02096 
  day_7 -.003333 .008840 .719 -.02496 .01830 
day_5 day_3 .000667 .008840 .942 -.02096 .02230 
  day_7 -.002667 .008840 .773 -.02430 .01896 
day_7 day_3 .003333 .008840 .719 -.01830 .02496 
  day_5 .002667 .008840 .773 -.01896 .02430 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Fac. Of Grad. Studies, Mahidol Univ.                        M.Sc. (Apprp. Tech. for Res. And Env. Dev.) / 69 

BIOGRAPHY 
 

 

NAME Miss Rattananuch  Chunpen 

DATE OF BIRTH December  17th   1980 

PLACE OF BIRTH Bangkok, Thailand 

INSTITUTIONS ATTENDED Mahidol University, 2001 : 

  Bachelor of Science 

   (Environmental Science and   

   Technology) 

       Mahidol University, 2006: 

Master of Science  

(Appropriate Technology for  

Resources and Environmental  

Development) 

RESEARCH-GRANT                          Supported in Part by The Thesis Grant, 

Faculty of Graduate Studies, Mahidol  

University 

HOME ADDRESS 186  Chugpra RD. Klongchugpra 

Talingchun  Bangkok 10170  

  Tel. 0-2435-2161 

      E-mail: chuchugirl1@yahoo.com 

 

 




