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ABSTRACT

Oil sludge has been classified by the United State Environmental Protection Agency
(USEPA) as a hazardous organic complex. The use of selective oil degrading strains
in remediating oil sludge has become a promising technique that could generate
economy and it is a green technology to clean the environment. The main aim of
this study is to determine and compare the ability locally isolated beneficial
microorganism (LIBeM) in single and consortia for bioaugmentation of oil sludge
contaminated soil at various concentration levels. A laboratory scale experiment was
conducted using Aerated Static Pile (ASP)-bioreactor system made up of acrylic
materials as a treatment plot. The ASP unit system has two main components with
three silicones tubing parallel for aeration connected to air pump (Model RESUN
LP100 Low Noise Air Pump) to supply oxygen continuously to the soil treatment
zone. Eleven sets of ASP-bioreactor system containing 10 kg of soil mixed with 5%,
10%, 15% and 20% (v/v) of oil sludge were prepared as (LIBeM-LIQ) soil treated
with single strain; S1= C tropicalis RETL-Crl, S2 = C. violaceum MAB-Cr1, S3 = P.
aeruginosa BAS-Crl, S4 = S. paucimobilis ReTOS-Cr1, S5 = S. maltophilia RAS-Crl
and Consortia (LIBeM-LIQ); soil treated with consortia ; C1 = ReTOS-Cr1+ BAS-Cr +
RAS-Crl, C2 = RETL-Cr1+ MAB-Cr1+RAS-Crl, C3= RETL-Cr1+ RAS-Cr1+BAS-Cr1,
C4= RETL-Cr1+ MAB-Cr1+BAS-Crl, C5 = ReTOS-Cr1+ BAS-Cr + RAS-Cr1+ RETL-
Cr1+MAB-Crl1 and NA = natural attenuation as control plot. The experiments were
incubated for 84 days and the TPH reduction was observed along with
physiochemical parameters such as pH, soil moisture content, temperature and
microbial population (CFU/mL). The results showed that among the single (LIBeM-
LIQ), treatment S3 inoculation with P. aeruginosa BAS-Crl at 20% (v/v)
concentration of oil sludge recorded the highest TPH degradation with 89.3%.
Meanwhile for microbial consortia, treatment C4 inoculation with C tropicalis-RETL-
Crl+ C violaceum-MAB-Crl + P. aeruginosa-BAS-Crl showed the best performance
TPH degradation with 94% within 84 days incubation periods. On the contrary,
natural attenuation does not show significance TPH reduction with only 27%
efficiency. The optimum condition of TPH degradation in soil was observed at
temperature of 30°C, with soil pH at 7.0 and water holding capacity with 20%. The
microbial population of 1x10” — 1x10® CFU/mL was observed along the treatment
respectively. The biodegradation of oil sludge were improved with the new invention
for best selected consortia LIBeM (C4= C. tropicalisRETL-Crl+ C. violaceurm-MAB-
Crl + P. aeruginosa-BAS-Crl) with microbial formulation in powder form (LIBeM-
POW) which is more stability and capsule form (LIBeM-CAP) which is more
convenient method for long term preservation purpose. Bioaugmentation of LIBeM-
POW at 20% v/v oil sludge show great improvement in TPH degradation with 92%
within the short period recorded (56 days) as compared to LIBeM-CAP with 86%.
This finding justified that LIBeM-POW was proven to be the most efficient delivery
technique as compared to LIBeM-LIQ and LIBeM-CAP. The kinetic evaluation on
biodegradation rate fitted the first order kinetics and proved that treatment
augmented with consortia 4 at 10% (v/v) oil sludge represent high biodegradation

rate with 0.0375 day™ and shortest half-life times of 18.5 days. This finding is 8.5-
Vi



fold higher and 76 days differences as compared to natural attenuation. The
biodegradation kinetic confirmed that LIBeM-POW has higher biodegradation rate
constant with 0.0435 day™ and shortest biodegradation half-life times with 15.9 days
which indicates 1.2-fold higher and 4 days differences as compared to LIBeM-CAP.
The SEM image also confirmed the attachment of augmented cells in the soil and the
images were observed overlap since the concentrated cells in powder form have
been distributed surrounded the entire of soil surface. The excellent control of
bioprocess parameters along with Technical Procedures Protocol (TPP) gives major
advantages of bioreactor based bioremediation which effectively produce high
percentage reduction of oil sludge in the soil. This study has resulting a novel
invention of ASP- bioreactor system enhanced bioaugmentation of oil sludge
contaminated soil by locally isolated beneficial microorganisms using different
delivery techniques. Thus it has a great potential as an environmental friendly, cost
effectiveness and sustainable treatment of oil sludge or other related organic
compounds produced by oil and gas industries.
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ABSTRAK

AERATIK STATIK PILE (ASP) - MENINGKATKAN BIOAUGMENTASI
PENCEMARAN TANAH DARI ENAPCEMAR MINYAK MENGGUNAKAN
KELEBIHAN MIKROORGANISMA ISOLASI TEMPATAN (LIBeM) DENGAN
TEKNIK PENGHANTARAN YANG BERBEZA

Enapcemar minyak telah dikelaskan oleh Agensi Perlindungan Alam Sekitar Amerika
Syarikat (USEPA) sebagai kompleks organik berbahaya. Penggunaan strain minyak
degradasi terpilih dalam merawat enapcemar minyak telah menjadi teknik yang
menjanjikan ekonomi dan merupakan teknologi hijau untuk membersihkan alam
sekitar. Tujuan utama kajian ini adalah untuk menentukan dan membandingkan
kebolehan strain tunggal dan konsortia mikroorganisma berfaedah tempatan yang
terisolasi (LIBeM) dalam bioaugmentasi tanah tercemar enapcemar minyak pada
pelbagai tahap kepekatan. Percubaan skala makmal telah dijalankan menggunakan
sistem Aeratik Statik Pile (ASP) -bioreaktor yang terdiri daripada bahan akrilik
sebagai plot rawatan. Sistem unit ASP mempunyai dua komponen utama dengan
tiga tiub silikon selari untuk pengudaraan dan disambungkan ke pam udara (Model
RESUN LP100 Low Noise Air Pump) untuk membekalkan oksigen secara berterusan
ke tanah. Sebelas set sistem bioreaktor ASP yang mengandungi 10 kg tanah dengan
campuran 5%, 10%, 15% dan 20% (v / v) enapcemar minyak telah disediakan
sebagai tanah Rawatan Tunggal (LIBeM-LIQ) yang dirawat dengan; S1 = C
tropicalis RETL-Crl, S2 = C. violaceum MAB-Cr1, S3 = P. aeruginosa BAS-Crl, S4 =
S. paucimobilis ReTOS-Crl, S5 = S. maltophilia RAS-Crl dan konsortia (LIBeM);
tanah yang dirawat dengan; C1 = ReTOS-Crl + BAS-Cr + RAS-Crl, C2 = RETL-Cr1
+ MAB-Cr1 + RAS-Cr1, C3 = RETL-Cr1 + RAS-Crl1 + Cr1, C5 = ReTOS-Crl + BAS-Cr
+ RAS-Crl + RETL-Crl + MAB-Crl dan NA = penyingkiran semulajadi sebagai plot
kawalan. Eksperimen diinkubasi selama 84 hari dan pengurangan TPH diperhatikan
bersama-sama dengan parameter fisiokimia seperti pH, kandungan lembapan tanah,
suhu dan populasi mikrob (CFU/mL). Hasilnya menunjukkan bahawa dalam kalangan
tunggal (LIBeM-LIQ), inokulasi S3 rawatan dengan P. aeruginosa BAS-Crl pada
kepekatan 20% (v/v) enapcemar minyak mencatatkan kemerosotan TPH tertinggi
dengan 89.3%. Sementara itu untuk konsortia mikrob, inokulasi C4 rawatan dengan
C. tropicalis-RETL-Cr1+ C.  violaceum-MAB-Crl + P.  aeruginosa-BAS-Crl
menunjukkan kemerosotan prestasi TPH yang terbaik dengan 94%. Sebaliknya,
penyingkiran semulajadi tidak menunjukkan pengurangan TPH yang signifikan
dengan hanya 27%. Keadaan optimum TPH degradasi dalam tanah diperhatikan
pada 30°C, dengan pH tanah pada 7.0 dan kapasiti pegangan air dengan 20%.
Populasi mikrob 1x107 - 1x10® CFU/mL diperhatikan sepanjang rawatan dijalankan.
Biodegradasi enapcemar minyak telah diperbaiki dengan konsortia terpilih (C4 = C
tropicalisRETL-Crl+ C violaceum-MAB-Crl + P. aeruginosa-BAS-Crl) dengan
formulasi mikrob LIBeM dalam bentuk serbuk (LIBeM-POW) yang lebih stabil dan
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bentuk kapsul ( LIBeM-CAP) yang merupakan kaedah yang lebih mudah untuk
tujuan pemeliharaan jangka panjang. Bioagmentasi LIBeM-POW pada enapcemar
minyak 20% v/v menunjukkan peningkatan yang besar dengan kemerosotan TPH
sebanyak 92% pada tempoh singkat direkodkan iaitu (56 hari) berbanding LIBeM-
CAP dengan penurunan TPH 86%. Penemuan ini membuktikan bahawa LIBeM-POW
terbukti menjadi teknik rawatan yang paling berkesan berbanding dengan LIBeM-
LIQ dan LIBeM-CAP. Penilaian kinetik degradasi memenuhi kinetik urutan pertama
dan membuktikan rawatan dengan konsortia 4 (C tropicalis-RETL-Cri+ C.
violaceum-MAB-Crl1 + P. aeruginosa-BAS-Crl) pada enapcemar 10% (v/v) mewakili
kadar biodegrasi tertinggi dengan 0.0375 day™ dengan masa separuh hayat yang
singkat 18.5 hari. Penemuan ini adalah 8.5 kali ganda dan 76 hari berbeza dengan
rawatan penyingkiran semulajadi. Kinetik biodegradasi mengesahkan bahawa LIBeM-
POW mempunyai kadar biodegradasi yang tertinggi dengan 0.0435 day™ dan masa
separuh hayat biodegradasi yang rendah dengan 15.9 hari. Ini menunjukkan
perbezaan sebanyak 1.2 kali ganda dan 4 hari berbeza berbanding LIBeM-CAP. Imej
SEM juga mengesahkan lampiran sel tambahan di dalam tanah dan imej tersebut
diperhatikan dalam keadaan bertindih kerana sel-sel pekat dalam bentuk serbuk
telah menyelubungi seluruh permukaan tanah. Kawalan yang sangat baik terhadap
parameter bioproses bersama dengan Teknikal Prosedur Protokol (TPP) memberikan
kelebihan utama bioremediasi berasaskan bioreaktor yang berkesan bagi
menghasilkan pengurangan TPH yang tinggi bagi enapcemar minyak di dalam tanah.
Kajian ini menghasilkan sistem Aeratik Statik Pile (ASP) -—bioreaktor yang
meningkatkan  bioaugmentasi tanah tercemar enapcemar minyak oleh
mikroorganisma berfaedah tempatan yang terisolasi menggunakan teknik
penyampaian yang berbeza. Oleh itu ia mempunyai potensi besar sebagai rawatan
yang mesra alam, kos efektif dan mampan untuk enapcemar minyak atau sebatian
organik lain yang dihasilkan oleh industri minyak dan gas.



TABLE OF CONTENTS

TITLE

DECLARATION

CERTIFICATION

ACKNOWLEDGEMENT

ABSTRACT

ABSTRAK

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

LIST OF SYMBOLS

LIST OF FORMULA

LIST OF APPENDICES

CHAPTER 1 : INTRODUCTION

1.1  Introduction

1.2 Problem Statements

1.3  Objectives of Study

1.4  Scope of Study

1.5 Thesis Outline

CHAPTER 2 : LITERATURE REVIEW

2.1  Hydrocarbon Compounds

2.2  Petroleum Hydrocarbon
2.2.1 Refined Products of Petroleum Hydrocarbons

2.2.2 Historical Petroleum Exploration in Malaysia

X

Vi

viii

X

XX

XXiii

XXVii

XXViii

XXiX

XXX

1

10

11

14

15



2.3

2.4

2.5

2.6

2.7

2.8

2.2.3 Physical and Chemical Properties of Petroleum
Hydrocarbon

Sources of Petroleum Hydrocarbon in the Environment
2.3.1 Natural Sources
2.3.2 Anthropogenic Sources
Petroleum Hydrocarbon Contamination in the Environment
2.4.1 Soil
Fate of Petroleum Hydrocarbon in the Environment
2.5.1 Soil

a. Soil Properties

b. Sorption and Desorption
Environmental Hazard of Petroleum Hydrocarbon
2.6.1 Effect to Soil Environment
2.6.2 Effect to Marine Environment
2.6.3 Effect to Human Health

Treatment of Petroleum Hydrocarbon in Polluted Environment

2.7.1  Soil Environment
a. Chemical Oxidation Treatment
b. Thermal Treatment
c. Physical Treatment
d. Biological Treatment

Oil Sludge

2.8.1 Physical & Chemical Characteristics of Oil Sludge
2.8.2 Compounds Present in Oil Sludge

a. Aliphatic hydrocarbons (saturates)

Xi

17

18

18

19

21

21

22

23

23

24

25

25

26

27

28

28

28

29

29

31

34

35

36

37



2.9

2.10

2.11

2.12

2.13

2.14

2.15

b. Aromatics Hydrocarbons

c. Asphaltenes and resins

Sources of Qil Sludge

Oil Sludge Contamination in Soil

Fate of Qil Sludge in the Environment

Toxicity and Impact of Oil Sludge into the Environment

Overview Qil Sludge Treatment Methods

2.13.1 Incineration

2.13.2 Stabilization/Solidification

2.13.3 Oxidation

2.13.4 Bioremediation

a.

Q

Natural attenuation
Bioventing

Biopile
Biostimulation
Bio-slurry
Landfarming

Bioaugmentation

Microorganisms Used in Bioaugmentation of Oil Sludge

Contaminated Soil

2.14.1 Bioaugmentation with Single Strain

2.14.2 Bioaugmentation with Microbial Consortia

Microorganisms Metabolism During Biodegradation of

Hydrocarbon Compounds

2.15.1 Microbial Metabolism on Degradation of Aliphatic
Compounds

xii

37

38

39

40

41

42

44

45

45

46

46

49

49

50

50

51

51

52

57

59

61

64

65



2.15.2 Microbial Metabolism on Degradation of Aromatic

Compounds

2.16 Factors Affecting Microbial Degradation of Qil Sludge

2.16.1 Environmental Factors

a.

b.

C.

d.

e.

Temperature
Nutrients
Soil moisture
pH values

Oxygen

2.16.2 Hydrocarbon Characteristics

2.16.3 Microbial Species

2.16.4 Biosurfactant

2.16.5 Genetic Modified Organisms (GMOs)

2.16.6 Microbial Technologies for Delivering Inoculants
Contaminated Soil

a.

b.

C.

d.

Liquid Culture
Dry Inoculum (Powder)
Bioencapsulation

Carrier Materials

2.17 Improvement in Bioremediation Strategies

2.17.1 Supplying Stimulating Materials (Aeration)

2.17.2 Bioreactors

CHAPTER 3 : GENERAL MATERIALS AND METHODS

3.1  Experimental Design

3.2 Invention of Aerated Static Pile (ASP)-Bioreactor System Design

3.3  Soil Preparation

xiii

65

67

69

69

69

70

71

72

73

74

75

76

77

77

77

78

79

82

82

83

85

85

87

89



3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

Physical and Chemical Analysis of Soil

3.4.1 pH

3.4.2 Temperature

3.4.3 Soil Moisture Content
3.4.4 Biological Population

Oil Sludge Collection and Analyses
Media Preparation

3.6.1 Nutrient Agar

3.6.2 Ramsay Broth

Stock Solutions Preparations

3.7.1 Magnesium sulfate

3.7.2 Glucose

3.7.3 Phosphate Buffer Solution (PBs)
Sources of Microorganisms

Cultivation of Microorganisms

Preservation and Storage of LIBeM

3.12.1 Short Term Preservation

3.12.2 Long Term Preservation

Standard Inoculum and Working Volume Preparation of LIBeM

Soil Sampling Analyses

3.12.1 Soil Scanning Electron Microscopy (SEM)

3.12.2 Determination of Total Petroleum Hydrocarbon

(TPH)

3.12.3 Determination of Carbon Profile

3.12.4 Determination of Biodegradation Ratio

Xiv

90

90

90

91

91

91

92

92

92

93

93

93

94

94

96

96

96

96

96

97

97
97

98
98



CHAPTER 4 : GROWTH & UTILIZATION OF OIL SLUDGE BY

LOCALLY ISOLATED BENEFICIAL
MICROORGANISM (LIBeM) IN SINGLE AND
CONSORTIA

4.1 Introduction

4.2 Materials and methods

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5

Culture media

Preparation of magnesium sulphate
Inoculum batch culture

LIBeM growth profile

Experimental design

4.3  Sample analysis

4.3.1
4,32

Determination growth profile of LIBeM

Determination of Specific Growth Rate (n) and
Doubling Time (dt)

4.4 Results and discussion

d.4:1
4.4:2

Growth profile of single LIBeM

Growth profile of consortia LIBeM

4.5 Microbial specific growth rate & doubling time

4.6 Summary

CHAPTER 5 :

AERATED STATIC PILE (ASP) — ENHANCED
BIOAUGMENTATION OF OIL SLUDGE
CONTAMINATED SOIL AT VARIOUS
CONCENTRATION LEVELS BY SINGLE AND
MICROBIAL CONSORTIA OF LIBeM IN LIQUID
FORMULATION

5.1 Introduction

5.2  Material and Methods

5.2.1

5.2.2

Soil Preparation

Experimental Set-up

XV

99

99

100

100
100
100
100
101

102

102
102

103
103

106
112

115
116

116

120

120

120



5.2.3

Inoculum Preparation of Single and Microbial Consortia

of LIBeM

5.2.4 Standard Operational Procedures (SOP) Protocols

5.3 Analysis of Oil Sludge Contaminated Soil

5.4

5.3.1

5.3.2

5.3.3

5.3.4

5.3.5

5.3.6

Soil Sampling
Physiochemical and Biological Analysis of Soil
Soil Scanning Electron Microscopy (SEM)

Determination of Total Petroleum Hydrocarbon
(TPH)

Determination of n-alkanes and Polycyclic Aromatic
Hydrocarbon (PAHs) Compounds

Determination of Biodegradation Ratios

Results and Discussion

5.4.1

5:4.2

5.4.3

5.4.4

5.4.5

Reduction of Total Petroleum Hydrocarbon (TPH) and
Biodegradation Rate of Oil Sludge Contaminated Soll
by Single and Microbial Consortia of LIBeM-LIQ at
Different Concentration Levels

Degradation of Aliphatic Hydrocarbon (n-alkanes) by
Single and Microbial Consortia of LIBeM

Degradation of Polycyclic Aromatic Hydrocarbons
(PAHSs) by Single and Microbial Consortia of LIBeM

Biodegradation Ratios of n-C;;: Pristane, n-Cys:
Phytane and Pristane: Phytane

Biodegradation Carbon Profile of Qil Sludge
Contaminated Soll

a. Biodegradation Carbon Profile by Single and
Consortia LIBeM at 5% (v/v) of Qil Sludge

b. Biodegradation Carbon Profile by Single and
Consortia LIBeM at 10% (v/v) of Qil Sludge

XVi

121

121

122

122

122

122

122

122

122

123

123

137

147

158

163

163

169



5.5

5.4.6

c. Biodegradation Carbon Profile by Single and
Consortia LIBeM at 15% (v/v) of Qil Sludge

d. Biodegradation Carbon Profile by Single and
Consortia LIBeM at 20% (v/v) of Qil Sludge

Environmental Parameters Influencing Biodegradation

of Qil Sludge Contaminated Soil by LIBeM-LIQ in
Single and Consortia

a. Microbial population (CFU/m/L)
b. Soil pH
c. Soil Moisture Content

d. Variation of Temperature

Summary

CHAPTER 6 : AERATED STATIC PILE (ASP) - ENHANCED

6.1

6.2

6.3

BIOAUGMENTATION OF OIL SLUDGE
CONTAMINATED SOIL AT HIGH
CONCENTRATION LEVEL BY LIBeM
CONSORTIA IN POWDER (LIBeM-POW) AND
CAPSULE (LIBeM-CAP) FORMULATION

Introduction

Materials and Methods

6.2.1
6.2.2
6.2.3

6.2.4

6.2.5
6.2.6
6.2.7
6.2.8

Inoculum Preparation of LIBeM

Protective Agent

Preparation of Microbial Formulation LIBeM Powder
(LIBeM-POW) for Freeze Drying

Preparation of Microbial Formulation LIBeM Capsule
(LIBeM-CAP)

Determination of Viability of LIBeM

Soil Preparation

Experimental Set-up

Technical Procedures Protocols (TPP)

Analysis of Qil Sludge Contaminated Soil

XVii

174

179

184

184

191

196

200

207

210

210

212
212
213
213

213

214
214
214
216

216



6.4

6.5

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5

6.3.6

Soil Sampling

Physiochemical and Biological Analysis of Soil

Soil Scanning Electron Microscopy (SEM)
Determination of Total Petroleum Hydrocarbon (TPH)
Determination of n-alkanes and Polycyclic Aromatic
Hydrocarbon (PAHs) Compounds

Determination of Biodegradation Ratio

Results and Discussion

6.4.1

6.4.2

6.4.3

6.4.4

6.4.5

6.4.6

6.4.7

6.4.8

New Invention of LIBeM-POW and LIBeM-CAP
Viability of LIBeM after Freeze Drying Process

Biodegradation of Qil Sludge Contaminated Soil by
Best LIBeM in Microbial Formulation of LIBeM Powder
and Capsule Form at 20% (v/v) Concentration of Qil
Sludge.

Degradation of Aliphatic Hydrocarbon (n-alkanes) by
LIBeM-POW and LIBeM-CAP

Degradation of Polycyclic Aromatic Hydrocarbons
(PAHs) by LIBeM-POW and LIBeM-CAP

Biodegradation Ratio of n-C;;: Pristane, n-C;g: Phytane

and Pristane: Phytane by LIBeM-POW and LIBeM-CAP

Biodegradation Profile of Qil Sludge Contaminated Soil
by LIBeM-POW and LIBeM-CAP

Environmental Parameters Influencing Biodegradation
of Qil Sludge Contaminated Soil

a. Microbial population (CFU/m/L)
b. Soil pH
¢. Soil Moisture Content

d. Variation of Temperature

Summary

XViii

216
216
216
216
217

217

217
217

218

222

227

230

233

235

238

238

242

244

245

248



CHAPTER 7 : KINETIC EVALUATION AND BIODEGRADATION 252
HALF-LIFE TIMES OF LIBEM IN LIQUID (LIBEM-
LIQ), POWDER (LIBEM-POW) AND CAPSULE
(LIBEM-CAP) FORMULATION

7.1 Introduction 252
7.2 Materials and Methods 255
7.2.1  Determination of Kinetic Evaluation 255
7.2.2  Estimation of Biodegradation Half Life Times 255
7.3 Results and Discussions 256
7.3.1 Kinetic Evaluation and Biodegradation Half-life Times 256

of LIBeM in Liquid (LIBeM-LIQ), Powder (LIBeM-
POW) and Capsule (LIBeM-CAP) Formulation

7.4 Summary 263
CHAPTER 8 : CONCLUSIONS & RECOMMENDATIONS 265
8.1 Conclusions 265
8.2 Recommendations 269
REFERENCES 271

APPENDICES 315

XiX



Table 2.1
Table 2.2

Table 2.3

Table 2.4

Table 2.5
Table 2.6

Table 2.7

Table 2.8
Table 2.9
Table 2.10

Table 2.11

Table 2.12

Table 2.13

Table 2.14
Table 2.15

Table 2.16
Table 2.17

Table 2.18

Table 2.19

Table 2.20

Table 3.1

LIST OF TABLES

Chemical formula and properties of hydrocarbons

Types of refined product of petroleum hydrocarbon and
their uses

General physical and chemical properties of petroleum
hydrocarbon

Physical and chemical properties of selected
hydrocarbons

Sources of petroleum hydrocarbon in the environment

Estimated release of petroleum hydrocarbon components
from various industries

Summary of the effect of petroleum hydrocarbon
compound released into soil environment

Summary of hazard of oil spilled into marine environment

Effect of petroleum hydrocarbon to human health

Others physio-chemical methods for remediating
hydrocarbon contaminated soil

Specific types of bioremediation of petroleum
hydrocarbon in contaminated sites

General physical and chemical characteristic of oil sludge
from petroleum industry

Toxicity Effect of Oil Sludge Compound in the
Environment

List of microorganism used in bioremediation

Advantages and Disadvantages of Different Types of
Bioremediation Strategies
List of oil sludge degrading microorganisms

Case Study on Bioaugmentation of Hydrocarbon
Compounds with Single Strain

Case Study on Bioaugmentation of Hydrocarbon
Compounds with Microbial Consortia

Summary of Various Physical Factors That Affects the
Rate of Biodegradation

Case Studies on Petroleum Hydrocarbon by Bioreactor-
Based Bioremediation

Physical and Chemical Properties of Soil used in
Bioaugmentation of Oil Sludge Contaminated Soil

XX

Page
11
14
17
18

20
22

26

27
28
30

33
36
43

48
53

58
60

62
80
84

90



Table 3.2
Table 3.3
Table 4.1
Table 4.2
Table 4.3

Table 5.1
Table 5.2 (a)

Table 5.2 (b)

Table 5.3

Table 5.4

Table 5.5 (a)
Table 5.5 (b)
Table 5.5 (¢)

Table 5.5 (d)

Table 5.6 (a)

Table 5.6 (b)

Table 5.6 (¢)

Table 5.6 (d)

Table 5.7 (a)

Table 5.7 (b)

Table 6.1

Components and constituents of Ramsay broth

Colony Morphology and Characterization of LIBeM
Summary of Growth Profile of Single LIBeM

Summary of Growth Profile of Microbial Consortia LIBeM

Microbial of Specific Growth Rate and Doubling Time of
Single and Consortia LIBeM

Experimental set-up of an ASP- bioreactor system for
bioaugmentation of oil sludge contaminated soil
Biodegradation rate and biodegradation efficiency of
single LIBeM at 5%, 10%, 15% and 20% (v/v) oil sludge
Biodegradation rate and biodegradation efficiency of
consortia LIBeM at 5%, 10%, 15% and 20% (v/v) oil
sludge

Summary of TPH degradation of oil sludge contaminated
soil by LIBeM in single ans consortia

Comparable performances of bioremediation by LIBeM
with previous study

Summary of selected hydrocarbon preferential by LIBeM
single and consortia in 5% (v/v) oil sludge

Summary of selected hydrocarbon preferential by LIBeM
single and consortia in 10% (v/v) oil sludge

Summary of selected hydrocarbon preferential by LIBeM
single and consortia in 15% (v/v) oil sludge

Summary of selected hydrocarbon preferential by LIBeM
single and consortia in 20% (v/v) oil sludge

Summary of selected polyaromatic hydrocarbons (PAHS)
preferential by LIBeM single and consortia in 5% (v/v) oil
sludge.

Summary of selected polyaromatic hydrocarbons (PAHS)
preferential by LIBeM single and consortia in 10 % (v/v)
oil sludge

Summary of selected polyaromatic hydrocarbons (PAHS)
preferential by LIBeM single and consortia in 15 % (v/v)
oil sludge

Summary of selected polyaromatic hydrocarbons (PAHS)
preferential by LIBeM single and consortia in 20 % (v/v)
oil sludge

Comparison of the n-C;;: Pristane, n-Cys: Phytane and

Pristane: Phytane peak area ratio of single and microbial
consortia of LIBeM

Comparison of the n-C;;: Pristane, n-Cys: Phytane and
Pristane: Phytane peak area ratio of single and microbial
consortia of LIBeM

Experimental set-up of an ASP- bioreactor system for
bioaugmentation of oil sludge contaminated soil using

XXi

93
95
101
110
113

120

127

128

130

135

143

144

145

146

154

155

156

157

159

160

215



Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

Table 7.1

Table 7.2

LIBeM-POW and LIBeM-CAP

Effect of Protective Agent Skim Milk on Survival Rate of
LIBeM after freeze drying process

Comparative effects of various protective agents on the
survival rates of bacterial after freeze drying process
Comparable performance of biodegradation of oil sludge
contaminated soil using different delivery techiques
Summary of selected hydrocarbon preferential by LIBeM-
POW and LIBeM-CAP in 20% (v/v) oil sludge.

Summary of selected polyaromatic hydrocarbons (PAHS)
preferential by LIBeM-POW and LIBeM-CAP in 20% (v/v)
oil sludge.

Comparison of the n-C;;: Pristane, n-Cys: Phytane and
Pristane: Phytane peak area ratios by LIBeM-POW and
LIBeM-CAP from gas chromatograms of saturated
hydrocarbons

Kinetic expression and half-life times of LIBeM-LIQ in
single and consortia formulation

Kinetic expression and half-life times of LIBeM-POW and
LIBeM-CAP formulation

XXii

219

221

226

229

232

233

260

261



Figure 1.1
Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9
Figure 2.10
Figure 2.11

Figure 2.12
Figure 3.1
Figure 3.2

Figure 3.3
Figure 4.1

Figure 4.2
Figure 4.3
Figure 5.1

LIST OF FIGURES

Thesis outline
Hydrocarbon structural relationship

Chemical structure of petroleum hydrocarbon
compounds
Historical of Malaysia oil production and consumption

Total exports of petroleum products in Malaysia

Possible interactions between soil matrices and
hydrocarbon redrawn from contaminated sites

The various fraction of hydrocarbons compounds that
present in oil sludge.

Structure of sixteen polycyclic aromatic hydrocarbons
(PAHSs) of environment concern present in oil sludge
Typical molecular structures of (a) resins and (b)
asphaltenes.

Sources of oil sludge generates from petroleum industry

Overview of oil sludge treatment methods

The main n-alkanes degradation pathways (terminal
and subterminal oxidation

Various factors that influence the rate of biodegradation
of oil sludge

Flow chart of the experiment (ASP)-bioreactor system
on biougmentation of oil sludge contaminated soil
Schematic design of ASP-bioreactor system used in
bioaugmentation of oil sludge contaminated soil
Selected strains of LIBeM

Experimental design on growth curve of single and
microbial consortia of LIBeM in batch culture
Growth profile of LIBeM single

Growth profile of LIBeM consortia
ASP-bioreactor systems used in bioaugmentation of oil

sludge contaminated soil

XXiii

Page

10
13

16
16
25

37
38

39

44
66

68
86
88

95
101

105
107
121



