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ABSTRACT

Biogranulation is considered a promising technology in biological wastewater 
treatment due to its high effluent treatment quality, strong ability to withstand organic 
loading, strong microbial structure and high capability to remove organics, nitrogen and 
phosphate. Hydrodynamic shear force in terms of superficial air velocity (SAV) is known as 
one of the significant factors in biogranulation process. High SAV would lead to the 
requirement of high aeration energy in biogranulation system while lowering the SAV will 
not be able to form biogranules of desired characteristics. The main objective of this study 
was to determine the effect of static mixer at low SAV on physical properties and removal 
performance of biogranules in treating synthetic textile wastewater. Experiments were 
divided into initial, development and post-development stages. Four static mixers namely 
SM1, SM2, SM3 and SM4 were designed and tested in the initial phase of the study. The 
best static mixer was chosen based on the mixing time study. The experiments were carried 
out in Sequencing Batch Reactor (SBR) made of acrylic with a height of 100 cm, diameter of 
8 cm and a working volume of 1.5 L, at an exchange ratio of 50%. Three reactors with static 
mixer and another three operating without static mixer (R1-0.5N, R1-0.5Y, R2-1.4N, R2- 
1.4Y, R3-21.N and R3-2.1Y) were used during development stage to investigate the 
properties and performance of developed granules under influence of static mixers and SAVs 
of 0.5, 1.4 and 2.1 cm/s. The influence of hydraulic retention time (HRT) and organic 
loading rate (OLR) on the properties and performance of aerobic granules were investigated 
during post development stage. Two reactors named as R4Y and R4N were used, where R4Y 
was a reactor with static mixer and R4N was without the static mixer. The mixing study 
revealed that SM1 was the best static mixer as compared to SM2, SM3 and SM4 due to the 
shortest mixing time of 8 sec. The results in development stage disclosed that the granules 
could be developed at low SAV using static mixer (R1-0.5Y) with integrity coefficient (IC) 
of 40.5%, sludge volume index (SVI) of 107.5 mL/g, settling velocity (Sv) of 70.3 m/h, 
chemical oxygen demand (COD) removal of 94.6% and color removal of 53.8%. The results 
also showed that the developed granules in others reactors with static mixer improved the 
physical properties and reactor performance. Reactor R2-1.4Y was the best with an IC of 
27.5%, SVI of 29.6 mL/g, SV of 80.4 m/h, COD removal of 94.2% and color removal of 
63.1%. The study also demonstrated that HRT and OLR affected the performance of 
biogranules. Again, the physical characteristics of biogranules and removal efficiencies of 
the reactor with static mixer seemed to be better as compared to the reactor without static 
mixer with increasing of HRT and OLR. The increase of HRT in the system resulted in 
decreasing of SRT (R4N-95.1 days, R4Y-96.8 days) with increasing of overall specific 
biomass growth rate (uoverall) (R4N-0.011 per day, R4Y-0.010 per day), endogenous decay 
rate (kd) (R4N-0.178 per day, R4Y-0.241 per day), observed biomass yield (Yobs) (R4N-
0.052 mg VSS/mg COD, R4Y-0.051 mg VSS/mg COD) and theoretical biomass yield (7) 
(R4N-0.938 mg VSS/mg COD, R4Y-1.230 mg VSS/mg COD). Meanwhile, the higher OLR 
of the system increased the SRT (R4N-96.2 days, R4Y-100 days) which led to the 
decreasing of Coverall (R4N-0.010 per day, R4Y-0.010 per day), k d (R4N-0.179 per day, 
R4Y-0.197 per day), Yobs (R4N-0.027 mg VSS/mg COD, R4Y-0.028 mg VSS/mg COD) and
Y (R4N-0.497 mg VSS/mg COD, R4Y-0.587 mg VSS/mg COD). At lower SAV, the use of 
static mixer provided shorter SRT which resulted in higher ^ overau , k d, Yobs and Y 
compared to the reactor without static mixer. The findings proved that static mixer is capable 
to enhance hydrodynamic shear force at low SAV in biogranulation system and therefore, 
will lower the energy consumption and operational cost.
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ABSTRAK

Biogranulasi dikenal pasti sebagai salah satu teknologi berkeupayaan tinggi bagi sistem 
olahan air sisa secara biologi disebabkan keupayaan menghasilkan effluen berkualiti tinggi, daya 
tahanan terhadap beban organik, struktur mikrob yang kuat serta keupayaan yang tinggi untuk 
menyingkirkan bahan organik, nitrogen dan fosfat. Daya ricih hidrodinamik dalam bentuk halaju 
udara permukaan (SAV) dikenal pasti sebagai salah satu faktor utama di dalam proses 
biogranulasi. Nilai SAV yang tinggi akan menyebabkan keperluan tenaga pengudaraan yang 
tinggi manakala nilai SAV yang rendah tidak akan dapat membentuk biogranul yang mempunyai 
ciri-ciri yang dikehendaki. Objektif utama kajian ini adalah untuk mengenal pasti kesan 
pengaduk statik pada SAV rendah terhadap ciri-ciri fizikal dan prestasi penyingkiran biogranul di 
dalam mengolah air sisa tekstil. Ujikaji dibahagikan kepada peringkat permulaan, pembentukan 
dan pasca pembentukan. Empat pengaduk statik iaitu SM1, SM2, SM3 dan SM4 direka bentuk 
dan diuji semasa peringkat permulaan kajian. Pengaduk statik terbaik telah dipilih berdasarkan 
ujian masa pembauran. Semua ujikaji dijalankan menggunakan Reaktor Kelompok Berjujukan 
(SBR) yang diperbuat daripada akrilik dengan ketinggian 100 cm, diameter 8 cm dan isipadu 
kerja 1.5 L serta nisbah pertukaran 50%. Tiga reaktor dengan pengaduk statik dan tiga lagi tanpa 
pengaduk statik (R1-0.5N, R1-0.5Y, R2-1.4N, R2-1.4Y, R3-21.N dan R3-2.1Y) di bawah SAVs 
0.5, 1.4 dan 2.1 cm/s telah digunakan semasa peringkat pembentukan bagi mengenal pasti ciri- 
ciri dan prestasi granul yang terbentuk. Di peringkat pasca pembentukan, pengaruh masa tahanan 
hidraulik (HRT) dan kadar beban organik (OLR) telah dikenal pasti. Dua reaktor yang 
dinamakan sebagai R4Y dan R4N telah digunakan, di mana R4Y adalah reaktor dengan 
pengaduk statik manakala R4N adalah reaktor tanpa pengaduk statik. Ujian masa pembauran 
menunjukkan bahawa SM1 adalah pengaduk statik terbaik kerana mempunyai masa pembauran 
terpantas iaitu 8 saat jika dibandingkan dengan SM2, SM3 dan SM4. Keputusan kajian peringkat 
pembentukan mendapati bahawa reaktor yang mempunyai pengaduk statik (R1-0.5Y) dan nilai 
SAV yang rendah menghasilkan biogranul dengan nilai pekali integriti (IC) sebanyak 40.5%, 
indeks isipadu enapcemar (SVI) sebanyak 107.5 mL/g, halaju pengenapan (SV) sebanyak 70.3 
m/h, penyingkiran permintaan oksigen kimia (COD) sebanyak 94.6% dan penyingkiran warna 
sebanyak 53.8%. Hasil ujikaji juga mendapati reaktor lain yang mempunyai pengaduk statik 
mampu menghasilkan biogranul yang mempunyai ciri-ciri fizikal dan kadar prestasi yang lebih 
baik. Reaktor R2-1.4Y merupakan reaktor yang terbaik dengan IC serendah 27.5%, SVI 
sebanyak 29.6 mL/g, SV sebanyak 80.4 m/h, penyingkiran COD sebanyak 94.2% dan 
penyingkiran warna sebanyak 63.1%. Kajian juga mendapati bahawa HRT dan OLR 
mempengaruhi prestasi biogranul. Dengan peningkatan HRT dan OLR juga, ciri-ciri fizikal dan 
kadar kecekapan penyingkiran bagi reaktor mempunyai pengaduk statik didapati lebih baik 
berbanding reaktor tanpa pengaduk statik. Peningkatan HRT memendekkan masa tahanan pepejal 
(SRT) (R4N-95.1 hari, R4Y-96.8 hari) yang mengakibatkan peningkatan nilai keseluruhan kadar 
pertumbuhan biojisim spesifik (jioverall) (R4N-0.011 per hari, R4Y-0.010 per hari), kadar 
kematian (kd) (R4N-0.178 per hari, R4Y-0.241 per hari), hasil biojisim yang diperhatikan (Yobs) 
(R4N-0.052 mg VSS/mg COD, R4Y-0.051 mg VSS/mg COD) dan hasil biojisim teori (F) (R4N- 
0.938 mg VSS/mg COD, R4Y-1.230 mg VSS/mg COD). Sementara itu, peningkatan nilai OLR 
meningkatkan SRT (R4N-96.2 hari, R4Y-100 hari) yang menyebabkan penurunan Coverall 
(R4N-0.010 per hari, R4Y-0.010 per hari), kd (R4N-0.179 per hari, R4Y-0.197 per hari), Yohs 
(R4N-0.027 mg VSS/mg COD, R4Y-0.028 mg VSS/mg COD) and Y (R4N-0.497 mg VSS/mg 
COD, R4Y-0.587 mg VSS/mg COD). Pada nilai SAV yang rendah, penggunaan pengaduk statik 
menghasilkan nilai SRT yang lebih pendek dan seterusnya meningkatkan nilai Coverall, kd, ^obs 
dan Y jika dibandingkan dengan reaktor tanpa pengaduk statik. Hasil ujikaji membuktikan 
bahawa pengaduk statik mampu meningkatkan daya ricih hidrodinamik di dalam sistem 
biogranulasi walaupun pada nilai SAV yang rendah, dan oleh itu akan menurunkan penggunaan 
tenaga dan kos operasi.

vi



TABLE OF CONTENTS

T IT L E  PA G E

D EC LA R A TIO N  ii

D ED IC A T IO N  iii

A C K N O W LED G EM EN T iv

A B STR A C T v

A B STR A K  vi

TA BLE O F C O N TEN TS vii

L IS T  O F TA BLES xi

L IS T  O F FIG U R ES xv

L IS T  O F A B BREV IA TIO N S xix

L IS T  O F SYM BOLS xxi

L IS T  O F A PPE N D IC ES xxii

C H A PT E R  1 IN T R O D U C TIO N  1

1.1 Preamble 1

1.2 Problem Statement 4

1.3 Objectives o f Study 5

1.4 Scope o f Study 6

1.5 Significance o f Study 7

1.6 Thesis Organization 8

C H A PT E R  2 L IT E R A T U R E  R E V IE W  9

2.1 Introduction 9

2.2 Biogranulation Technology 10

2.2.1 Anaerobic Granulation 10

2.2.2 Aerobic Granulation 12

2.2.3 Biogranules Formation 14

2.2.4 Characteristics o f Biogranules 15

2.2.4.1 Morphology and Size 16

vii



16

17

18

19

19

22

23

24

27

28

30

32

33

37

37

45

54

59

61

63

63

65

65

65

66

66

67

71

74

74

2.2.4.2 Strength

2.2.4.3 Settleability

2.2.4.4 Extracellular Polymeric Substances

2.2.4.5 Microbial Diversity

2.2.4.6 Microbial Growth Kinetics 

Factors Affecting Aerobic Granulation

2.3.1 Composition o f  Substrate

2.3.2 Organic Loading Rate

2.3.3 Dissolved Oxygen

2.3.4 Settling Time

2.3.5 Hydraulic Retention Time

2.3.6 Volume Exchange Rate

2.3.7 Hydrodynamic Shear Force

Application o f  Biogranulation Technology

2.4.1 Application o f Biogranulation in W astewater 
Treatment

2.4.2 Application o f  Biogranulation in Treating 
Textile W astewater

Static M ixer

M ixing Time

Research Needs

R E SE A R C H  M E T H O D O L O G Y

Introduction

Materials and Equipment

3.2.1 W astewater Composition

3.2.2 Seeding Sludge

3.2.3 Chemicals and Reagents

3.2.4 Equipment

3.2.5 Reactor Set Up

3.2.6 Static M ixer

Analytical Method

3.3.1 Physical Parameters

viii



74

75

76

76

77

77

77

79

79

79

81

83

85

86

86

87

87

89

89

89

91

96

99

99

105

110

114

120

128

138

3.3.1.1 Granules Diameter

3.3.1.2 Granules Strength

3.3.1.3 Settling Velocity

3.3.1.4 Sludge Volume Index

3.3.2 Biological Parameters

3.3.2.1 Morphology and Structure o f  the 
Granules

3.3.2.2 Microbial Observation

3.3.2.3 Oxygen Utilization Rate 

Experimental Procedures

3.4.1 Mixing Time Study o f Static M ixer

3.4.2 Development Stage o f Granules

3.4.3 Post-development Stage o f Granules

3.4.4 Sampling 

Data Analysis

3.5.1 Removal Performance

3.5.2 Statistical Analysis

3.5.3 Determination o f  Kinetic Parameters

R ESU LTS AND DISCU SSIONS

Introduction

Characteristics o f  Seed Sludge and W astewater 

Effect o f Static M ixer and SAV on M ixing Time

4.3.1 Factors Influencing the Mixing Time

Development Stage: The Effect o f Static M ixer on the 
Biogranules Development

4.4.1 Biomass Concentration Profile

4.4.2 Granules Strength

4.4.3 Settling Velocity

4.4.4 Sludge Volume Index

4.4.5 Size

4.4.6 Morphology o f Granules

4.4.7 Treatment Performance

ix



4.4.7.1 COD Removal Efficiency 138

4.4.7.2 Color Removal Efficiency 142

4.5 Performance of Bioreactors under Different HRT at
Post Steady Stage 147

4.5.1 Biomass Profile 147

4.5.2 Granules Strength 149

4.5.3 Settling Ability 151

4.5.4 Size and M orphology 154

4.5.5 Treatment Performance 157

4.5.5.1 COD Removal Efficiency 157

4.5.5.2 Color Removal Efficiency 159

4.6 Performance of Biogranules under Different OLR at
Post Steady Stage 163

4.6.1 Biomass Profile 163

4.6.2 Granules Strength 165

4.6.3 Settling Ability 167

4.6.4 Size and M orphology 170

4.6.5 Treatment Performance 175

4.7 Kinetic Behaviour of Aerobic Granules under
Different Reaction Times and OLRs 180

4.7.1 Kinetic Behaviours o f the M icroorganismn at
Development Stage 180

4.7.2 Kinetic Behaviours of Biogranules under 
Different HRT 189

4.7.3 Kinetic Behaviours of Biogranules under 
Different OLR 192

C H A PT E R  5 C O N C LU SIO N  AND R E C O M M EN D A TIO N S 197

5.1 Conclusion 197

5.2 Recommendations 198

R E FE R E N C E S 201

L IST  O F PU B LIC A T IO N S 265

x



26

29

31

34

39

46

48

53

56

58

65

66

67

68

74

82

83

84

85

86

LIST OF TABLES

T IT L E

Effect of OLR on the biogranulation system

Effect of settling time on the biogranulation system

Effect of HRT on the biogranulation process

Studies carried out on the effect of hydrodynamic shear 
force on the biogranulation process

Applications of aerobic granulation in treating various 
wastewater

Characteristics o f textile wastewater (Dos Santos et al., 
2007)

The advantages and disadvantages of various treatment 
methods in treating textile wastewater

Biogranulation technology treating textile wastewater

Potential advantages of static mixers over mechanical 
agitators

Previous studies on various type of static mixers

Components of synthetic wastewater (Manufacturer: 
Sigma Aldrich)

List of reagents used in the study

List of equipment used in the experiment

Physical characteristics of the reactors used in the study

Analytical methods or equipment employed during the 
study

One complete cycle period o f SBR during HRT of 8 hours

Details experimental conditions during the development 
stage

Reactor conditions for R4N and R4Y in post development 
stage

Reactor operational conditions for R4N and R4Y in post 
development under various OLR and HRT at 16 hours

Sampling point and frequency

xi



Table 3.11 Formulas and calculation of kinetic parameters 88

Table 4.1 Physicochemical characteristics of seed sludge from the 
oxidation pond 90

Table 4.2 Physicochemical characteristics of synthetic wastewater 
used 91

Table 4.3 ANOVA results on different design of static mixer on 
mixing time 96

Table 4.4 Biomass profile in six reactors at initial and day 70 103

Table 4.5 Paired-samples ^-test analysis for MLSS concentration 104

Table 4.6 Paired-samples M est analysis for MLSS between R2-1.4Y 
and R3-2.1N 104

Table 4.7 IC values of granules in six reactors at initial and day 70 108

Table 4.8 Paired-samples t-test results for granules strength 109

Table 4.9 Paired-samples t-test results for IC between R2-1.4Y and 
R3-2.1N 109

Table 4.10 Settling velocities values of granules in six reactors at day 
0 and day 70 112

Table 4.11 Paired-samples t-test results for SV 113

Table 4.12 Paired-samples T-test results for SV between R1-0.5Y, 
R2-1.4Y and R3-2.1N 114

Table 4.13 SVI values o f granules in six reactors at initial and day 70 117

Table 4.14 Paired-samples t-test results for SVI 119

Table 4.15 Paired-samples t-test results for SVI between R2-1.4Y and 
R3-2.1N 120

Table 4.16 Granules size distribution for R1-0.5N and R1-0.5Y over 
the operational time 121

Table 4.17 Granules size distribution for R2-1.4N and R2-1.4Y over 
the operational time 123

Table 4.18 Granules size distribution for R3-2.1N and R3-2.1Y over 
the operational time 125

Table 4.19 Comparison between R1-0.5Y against R3-2.1N on 
granules size distribution over the operational time 127

Table 4.20 Paired-samples t-test results for COD removal 141

Table 4.21 Paired-samples t-test results for COD removal between 
R1-0.5Y, R2-1.4Y and R3-2.1N 142



144

145

146

149

150

152

154

154

155

159

161

162

164

160

168

170

170

171

176

178

179

185

186

187

188

Paired-samples t-test results for color removal

Paired-samples t-test results for color removal between 
R1-0.5Y, R2-1.4Y and R3-2.1N

Overall performances of aerobic granules during 
development stage

Paired-samples t-test values on MLSS

Paired-samples t-test values on IC

Paired-samples t-test values on SV

Paired-samples t-test values on SVI

Size o f biogranules at different HRT

Paired-samples t-test values on size of biogranules

Paired-samples t-test values on COD removal

Paired-samples t-test values on color removal

Physical properties and removal performances at different 
HRT

Paired-samples t-test values on MLSS

Paired-samples t-test values on IC

Paired-samples t-test values on SV

Paired-samples t-test values on SVI

Size o f granules in reactor at different OLR

Paired-samples t-test values on size of biogranules at 
different OLR

Paired-samples t-test values on COD removal

Paired-samples t-test values on color removal

Overall performance of the reactors throughout the post 
development stage at various OLR

Profile of OUR in reactors at development stages of 
experiment

Kinetic parameters of granules during development stage

Comparison o f SRT for different types o f activated sludge

A summary o f the biokinetic coefficients obtained from 
different sources

xiii



Table 4.47 Kinetic parameters for R4N and R4Y under different HRT 190

Table 4.48 Paired-samples t-test analysis between R4N and R4Y on
kinetic parameters 191

Table 4.49 Total suspended solids in the effluent during post
development stage at different HRT 192

Table 4.50 Kinetic parameters for R4N and R4Y under different OLR 193

Table 4.51 Total suspended solids in the effluent during post
development stage at different OLR 194

Table 4.52 Paired-samples t-test analysis between R4N and R4Y on
kinetic parameters 194

xiv



LIST OF FIGURES

FIG U R E  NO. T IT L E  PA G E

Figure 2.1 Typical activated sludge process (M etcalf and Eddy, 2003) 10

Figure 2.2 Typical operation phases in SBR system operation 13

Figure 2.3 M echanism o f aerobic granular sludge formation (Beun et
al., 1999) 15

Figure 2.4 EPS in the biogranulation process (Tay et al., 2006) 18

Figure 2.5 M onod growth curve (Bren et al., 2013) 20

Figure 2.6 Macrostructures o f granules (a) glucose-fed and (b) 
acetate-fed under Scanning Electron M icroscope (Tay et 
al., 2001) 24

Figure 2.7 Example mechanical agitators (Parvizi et al., 2016) 55

Figure 2.8 Some examples o f commercial static mixers: (a) KMX-V,
(b) SMX, (c) Custody Transfer, (d) Standard LPD, (e)
Kenics KM, (f) ZT-MX, (g) SMI and (h) Corrugated 
channel reactors (Ghanem et al., 2014) 57

Figure 2.9 A typical curve for determination o f mixing time, showing
the response to the tracer pulse 60

Figure 3.1 Flowchart o f framework o f the study 64

Figure 3.2 Bioreactors used throughout the experimental 69

Figure 3.3 The schematic diagram o f bioreactor system 70

Figure 3.4 Static mixer SM1 72

Figure 3.5 Static mixer SM2 72

Figure 3.6 Static mixer SM3 73

Figure 3.7 Static mixer SM4 73

Figure 3.8 Sputter coater for coating the sample before viewing under
FESEM  (Bio Rad Polaron Division SEM Coating System) 78

Figure 3.9 FESEM  and EDX analyser (Carl Zeiss Supre VP) 78

Figure 3.10 The schematic diagram of reactor showing the tracer
injection point 81

Figure 4.1 Microscopic examination on seed sludge morphology 90

xv



92

93

95

97

98

101

102

103

106

107

107

110

111

111

115

116

117

122

124

126

129

A typical curve of determination mixing time response to 
conductivity values

M ixing time for (a) No SM (b) SM1 (c) SM2 (d) SM3 (e) 
SM4

Comparison o f mixing time for No SM, SM1, SM2, SM3 
and SM4 at SAV of 0.5, 1.4 and 2.1 cm/s

M ixing time for SM1 at SAVs o f 0.5, 1.4 and 2.1 cm/s

M ixing time for SM1 at different position of injection 
point

Change in biomass concentration in R1-0.5N and R1-0.5Y

Change in biomass concentration in R2-1.4N and R2-1.4Y

Change in biomass concentration in R3-2.1N and R3-2.1Y

The trend in granules strength during the development 
stage in R1-0.5N and R1-0.5Y

The change in granules strength during the development 
stage in R2-1.4N and R2-1.4Y

The change in granules strength during the development 
stage in R3-2.1N and R3-2.1Y

Change o f SV o f granules in R1-0.5N and R1-0.5Y

Change o f SV o f granules in R2-1.4N and R2-1.4Y

Change o f SV o f granules in R3-2.1N and R3-2.1Y

The variation o f SVI for granules in R1-0.5N and R1-0.5Y 
during the development stage

The variation o f SVI for granules in R2-1.4N and R2-1.4Y 
during the development stage

The variation o f SVI for granules in R3-2.1N and R3-2.1Y 
during the development stage

Granular sludge sizes in R1-0.5N and R1-0.5Y on day 70 
of development stage

Granular sludge sizes in R2-1.4N and R2-1.4Y on day 70 
of development stage

Granular sludge sizes in R3-2.1N and R3-2.1Y on day 70

Image analysis on the evolution o f granular sludge in R1-
0.5N and R1-0.5Y throughout 70-days o f development 
stage

xvi



130

132

134

135

136

137

139

143

148

150

151

153

156

157

158

160

164

160

Image analysis on the evolution o f granular sludge in R2- 
1.4N and R2-1.4Y throughout 70-days o f development 
stage

Image analysis on the evolution o f granular sludge in R3- 
2.1N and R3-2.1Y throughout 70-days o f development 
stage

M icrostructure examination of sludge morphology with a 
feathery structure and dispersed cocci bacteria using 
FESEM

FESEM  examinations o f biogranules in (a) R1-0.5N (b) 
R1-0.5Y

FESEM  examinations o f biogranules in (a) R2-1.4N (b) 
R2-1.4Y

FESEM  examinations o f biogranules in (a) R3-2.1N (b) 
R3-2.1Y

Profile o f COD removal efficiency during development 
stage (a) R1-0.5N and R1-0.5Y (b) R2-1.4N and R2-1.4Y 
(c) R3-2.1N and R3-2.1Y

Profile of color removal efficiency during development 
stage (a) R1-0.5N and R1-0.5Y (b) R2-1.4N and R2-1.4Y
(c) R3-2.1N and R3-2.1Y

Biomass profile of the granules in the system R4N and 
R4Y

Strength of the granules in the system R4N and R4Y

Settling velocity of the granules in R4N and R4Y

Sludge volume index of the granules in the system R4N 
and R4Y

Cocci-shaped bacteria and cavities on the surface of 
biogranules R4N at HRT of 24 hours

Cocci-shaped bacteria dominated on the surface of 
biogranules R4Y at HRT of 24 hours

Profile of COD removal efficiency of the R4N and R4Y

Profile of COD removal efficiency of the R4N and R4Y

Biomass profile of the granules in the system R4N and 
R4Y

IC of the granules in the system R4N and R4Y

xvii



Figure 4.41 Settling velocities o f the granules in the system R4N and 
R4Y 167

Figure 4.42 Sludge volume index o f the granules in the system R4N 
and R4Y 169

Figure 4.43 Biogranule in R4Y at high OLR of 3.0 kg/m3.day with 
smooth surface and regular shape 172

Figure 4.44 FESEM  images o f granules in R4Y at OLR of 3.0 
kg/m .day 173

Figure 4.45 FESEM  image o f uneven surface o f biogranules in R4N at 
OLR of 3.0 kg/m3.day 174

Figure 4.46 Rod-shaped bacteria of granules in R4N at OLR of 3.0 
kg/m .day 174

Figure 4.47 Profile of COD removal efficiency of the R4N and R4Y at 
different OLR 175

Figure 4.48 Profile of color removal efficiency of the R4N and R4Y at 
different OLR 177

Figure 4.49 OUR profile for reactor R1-0.5N and R1-0.5Y 181

Figure 4.50 OUR profile for reactor R2-1.4N and R2-1.4Y 182

Figure 4.51 OUR profile for reactor R3-2.1N and R3-2.1Y 184

xviii



LIST OF ABBREVIATIONS

ADMI - American Dye M anufacturing Index

BOD - Biochemical oxygen demand

CAS - Conventional activated sludge

COD - Chemical oxygen demand

DGGE - Denaturing gradient gel electrophoresis

DO - Dissolved oxygen

EPS - Extracellular polymeric substances

FESEM  - Field emission scanning electron microscope

FISH - Fluorescence in situ hybridization

HRT - Hydraulic retention time

IC - Integrity coefficient

LB-EPS - Loosely bound EPS

MLSS - M ixed liquor suspended solid

MLVSS - M ixed liquor volatile suspended solid

N  - Nitrogen

NaCl - Sodium chloride

N H 4  - Ammonia nitrogen

OLR - Organic loading rate

OUR - Oxygen utilization rate

P - Phosphorus

POM E - Palm oil effluent mill

SAV - Superficial air velocity

SBBGR - Sequencing batch biofilter granular reactor

SBR - Sequencing batch reactor

SEM - Scanning electron microscopic

SPSS - Statistical Package for Social Sciences

SV - Settling velocity

SVI - Sludge volume index

TB-EPS - Tightly bound EPS

TDS - Total dissolved solids

xix



TN - Total nitrogen

TP - Total phosphorus

TS - Total solids

UASB - Upflow anaerobic sludge blanket

VER - Volume exchange ratio

xx



LIST OF SYMBOLS

k d - Endogenous decay rate

m - Mean

P - Significance difference

t c - cycle time o f SBR operation

Vd - manually discharged mixture volume

Ve - effluent volume o f the SBR operating cycle

Vr - working volume o f SBR reactor

X d - biomass concentration o f manually discharged

X e - effluent volatile solid concentrations

X vss - volatile solid concentration in reactor

Yobs - Observed biomass yield

Y  - Theoretical biomass yield

Coverall - Overall specific biomass growth rate

0C - solid retention time

xxi



LIST OF APPENDICES

A PPEN D IX  T IT L E  PA G E

Appendix A Experimental Data -  Development Stage 237

Appendix B Experimental Data -  Post Development Stage at Different
HRT 249

Appendix C Experimental Data -  Post Development Stage at Different
OLR 257

xxii



C H A PT E R  1

IN TR O D U C TIO N

1.1 P ream ble

W ater is the most essential requirement for all life but in recent years the 

availability becoming limited due to the increasing contamination and human 

activities around the world. According to statistics, currently there are 7.6 billion 

people living without safe drinking water, two million people die annually due to 

diarrhoea and about one third o f the w orld’s population have poor sanitation systems 

(Tee et al., 2016). Based on reported cases around the world, water pollution is one 

of the issues that are becoming serious every year. The main sources of water 

pollution are not limited to but mainly include industrial and domestic wastewaters. 

Untreated or improperly treated wastewater which is discharged to the environment 

pollutes the receiving water and threatens the environment and human health. Hence, 

various technologies have been developed and used since decades to ensure the 

wastewater is being properly treated.

During the past hundred years, the conventional activated sludge (CAS) 

processes have been established in biological wastewater treatment. The first 

generation o f activated sludge systems was built in the 1920’s by Ardern and Lockett 

(De Kreuk & Loosdrecht, 2006). The basic idea behind the CAS system was to 

reduce the treatment of wastewater to a one-reactor system. Generally, the system 

consists of an aeration tank in which a mixed culture of suspended biomass is 

growing. Along with the removal of organic carbon and nutrients from the influent 

and a settling tank, the treated effluent is separated from the biomass (M etcalf & 

Eddy, 2003). Conventional activated sludge process produce surplus sludge. Part of 

the settled activated sludge is recycled to the aeration tank and the remainder is 

usually treated and later disposed or used as fertilizer. One o f the major drawback of 

CAS is the poor solid-liquid separation between biomass and the treated effluent
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(Gobi, Mashitah, & Vadivelu, 2011). To be specific, this treatment plants generally 

require large surface area in order to provide large aeration tanks. In fact as the 

available ground area to build the treatment plant is limited especially in dense 

populated regions, there is a need for a more compact treatment. According to (de 

Bruin, de Kreuk, van der Roest, Uijterlinde, & van Loosdrecht, 2004), this need 

directed to the development of systems based on biogranulation technology which is 

an alternative to the existing technology, as the footprint of this technology is only 

25% compared to that o f the CAS.

Biogranulation technology is considered as one of the novel advanced 

biological treatment technologies developed for wastewater treatment. 

Biogranulation process involves cell-to-cell attachment in which granules are formed 

through self-immobilization o f microorganisms. As compared to CAS flocs, 

biogranules are dense, compact and has strong structure with good settling 

properties. Biogranulation is a complex process with many factors affecting the 

structure and composition o f the granules. Biogranulation for methanogenic sludge 

was first reported by Lettinga, van Velsen, Hobma, de Zeeuw, & Klapwijk, (1980) 

where biogranules were formed in upflow anaerobic sludge blanket (UASB) reactors. 

However it exhibits several drawbacks, which include the need of a long start-up 

period, a relatively high operating temperature, incapability to treat low strength 

organic wastewater and less efficient in removing nutrients from the wastewater 

(Adav, Lee, Show, & Tay, 2008). M ishima and Nakamura (1991) began a study on 

aerobic granulation to overcome these weaknesses.

M ost aerobic granules have been cultured in sequencing batch reactors 

(SBRs). Sequencing batch reactors is a fill and draw activated sludge system where 

the suspended biomass is grown to remove organics and nutrients from the influent. 

Sequencing batch reactors saves more than 60% of the expenses required for 

conventionally activated sludge process in terms of operating cost and in achieving 

high effluent quality within a very short aeration time (Singh & Srivastava, 2011). 

The system is a repetitive system, which basically comprises of filling, reaction, 

settling, decanting and idling within a single bioreactor.
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Several conditions such as organic loading rate (OLR), composition of 

substrate, settling time, hydraulic retention time (HRT), reactor configuration, 

volume exchange ratio (VER), mineral cations, cell hydrophobicity, extracellular 

polymeric substances (EPS), dissolved oxygen and hydrodynamic shear force affect 

the formation o f the granules. One o f the most influencing factors that have received 

consideration is the hydrodynamic shear force, quantified by superficial air velocity 

(SAV). The general agreement is that high shear force forms compact and dense 

granules. High shear force encourages bacteria to produce more EPS that contribute 

to the cells attachments and maintain the microorganisms structure (Liu, Liu, Wang, 

Yang, & Tay, 2005). In addition, the high detachment force resulted from the high 

hydrodynamic shear force can further shape aggregate surface forming dense and 

smooth granules (Chen, Jiang, Liang, & Tay, 2007), which also leads to stronger and 

smaller aerobic granules (Tay, Liu, & Liu, 2004). Hydrodynamic shear force has 

been proven to have a signifance influence to the formation of compact, stable and 

dense aerobic granules (Liu & Tay, 2002).

In most of the earlier studies, it has been observed that hydrodynamic shear 

force in terms o f SAV used in reactor was found to be much higher than 1.2 cm/s; 

therefore, high aeration rate is necessary to ensure the granular sludge formation and 

successful o f the granulation process. Beun et al. (1999) reported that at high SAV of

4.1 cm/s, smooth granules were formed whereas at lower SAV of 1.4 cm/s and 2.0 

cm/s, loose and poor settling ability of granules were developed. Tay, Liu and Liu, 

(2001) also found that regular, rounder and more compact granules could be formed 

at SAV of above 1.2 cm/s only. Sturm and Irvine (2008) observed that granules 

disintegrated into flocs when SAV was lower than 1.0 cm/s. Chen, Jiang, Liang and 

Tay (2008) reported that a high SAV o f 3.2 cm/s was used to develop stable granules 

with good settling properties. In another study, Lochmatter, Gonzalez-Gil, & 

Holliger (2013) applied air velocities o f 2.1 to 2.8 cm/s to obtain stable granules. 

Lochmatter and Holliger (2014) also carried out an experiment at SAV of 2.8 cm/s 

and proved biogranulation process reliability under high shear force. However, in 

more recent studies, different observations were reported. Henriet, Meunier, Henry, 

and M ahillon (2016) observed that under low SAV of 0.42 cm/s, stable granules 

could be obtained using SBR in treating acetate. Additionally, Devlin, di Biase,
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Kowalski & Oleszkiewicz, (2016) successfully developed stable granules treating 

low-strength wastewater under SAV of 0.41 cm/s.

1.2 P roblem  S tatem ent

Hydrodynamic shear force was proven to be one of the significant factors for 

the stability o f biogranules. There have been number o f attempts to develop 

strategies for improving the biogranulation process. Experimental evidences show 

that a wide range o f SAVs has been successfully used to develop the biogranules. 

Different SAVs from as low as 0.41 cm/s to 3.4 cm/s were experimented by different 

researchers to find the best conditions for the biogranulation. A high SAV increases 

the attrition of granules and shifts granule size distribution towards smaller size but 

with higher density, however, a relatively low SAV favors the growth o f granules 

size but with lower density. One of the challenges in the biogranulation process in 

providing the optimum SAV is cost. Such SAVs normally require high aeration rates 

which results in high energy consumption and eventually operational cost. Producing 

hydrodynamic shear force at lower SAV is a challenge and should be the way 

forward. Therefore, a strategy to favor the granules development and enhance the 

performance of biogranulation process is worthy to explore. Apparently, no study has 

been carried out on the use of static mixer in enhancing the hydrodynamic shear 

force. In this study, a static mixer was introduced in the reactor to enhance the 

hydrodynamic shear force even at low SAV. Static mixer provides well-mixed 

condition as it is very important in the process. The main objective of this work was 

to study the effect o f static mixer combination with low SAV in the reactor on the 

properties of developed biogranules and reactor performance. The findings would 

provide a cheaper promising alternative for aerobic biogranulation system.

Different operational strategies have led to the different biogranules 

characteristics and removal performance. Hydraulic retention time is an important 

parameter that controls the contact time between biomass and the wastewater in a 

reactor system. The range o f HRT among the previous studies was 1 to 36 hours. 

Liu, Moy & Tay, (2007) reported that granules were formed within 16 days under
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HRT of 3 hours while it took 21 days under HRT of 16 hours. Pan, Tay, He, and Tay 

(2004) claimed that an HRT of 6 hours is most appropriate for biogranulation since 

the granules possessed higher cell hydrophobicity. A short HRT is favorable for 

rapid granulation process while too long HRT may cause the disintegration o f the 

granules and lead to granulation system failure (Liu & Tay, 2015). Therefore, choice 

o f HRT is very important in biogranulation process.

Organic loading rate is another crucial factor in any biological system. It was 

reported in many previous study that aerobic granules was able to withstand OLR 

range 2.5 to 15 kg/m .day. The low OLR probably did not enhance the granulation as 

many researchers have pointed out (Liu & Tay, 2015; Nguyen, Van Nguyen, Truong, 

& Bui, 2016). A moderate OLR was found to favor the development o f stable 

aerobic granules (Tay, Pan, He, Tiong, & Tay, 2004). It has been reported that high 

OLR is beneficial for accumulating biomass by secreting more EPS. However, Long 

et al., (2015) demonstrate that aerobic granules disintegrated and eventually led to 

the collapse o f the aerobic granule system when OLR increased to 18 kg/m .day. As 

observed from the experiment, disintegration of AGS mainly ascribed to instability 

o f granule’s inner core. Additionally, study on evaluating the effect o f static mixer 

under influence o f different HRTs and OLRs in the biogranulation system has never 

been reported. Thus, this study sought to investigate the effects of granules properties 

and reactor performance under combination o f various HRTs and OLRs with the 

addition of static mixer into the reactor system. Moreover, kinetics study on aerobic 

granule growth at the steady state is also carried out to correlate sludge production, 

sludge growth, and sludge retention time with HRT and OLR.

1.3 O bjectives of Study

The main aim of this study is to enhance the biogranulation treatment in 

terms of energy requirement and characteristics of the biogranules with the use of 

static mixer. Hence, the objectives o f the study are as follows:

1. To design and identify a suitable static mixer based on mixing intensity study.
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2. To investigate the development of aerobic granules and their performance in 

treating synthetic textile wastewater in the SBR under different SAVs and 

influence of static mixer.

3. To evaluate the effect of static mixer on the properties and performance of 

aerobic granules under different HRTs and OLRs.

4. To determine the biokinetic properties o f the SBR system under different 

HRTs and OLRs

1.4 Scope of Study

This study was carried out using a lab-scale SBR system under intermittent 

anaerobic and aerobic phase. A glass column with a working volume o f 1.5L was 

used. Synthetic wastewater was used as the feed influent and the seed sludge was 

obtained from Taman Harmoni IWK Sewage Treatment Plant (STP). Four types of 

static mixers were designed and custom-made to suit the laboratory-scale reactor 

system. In this study, two stages of experimental works were involved which are the 

development and the post-development stage. The SAVs o f 0.5, 1.4 and 2.1 cm/s 

have been applied during the development stage while HRT and OLR were set at 8 

hours and 2.0 kg/m .day, respectively. Samples o f granules were collected and 

examined for their morphology and physical properties such as mixed liquor 

suspended solid (MLSS), sludge volume index (SVI), settling velocity (SV) and 

integrity coefficient (IC). The formed granules were also tested for performance in 

treating textile wastewater in terms of chemical oxygen demand (COD) and color 

removal. The effects o f HRT and OLR on the performance o f biogranules were 

investigated in post-development stage. Furthermore, the relationship between the 

biokinetic parameters at different HRT and OLR were also explored. Statistical 

analysis was performed using Statistical Package for Social Sciences (SPSS) 21 to 

determine the significant difference between reactor with and without static mixer.
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1.5 Significance of S tudy

Previous studies have proven that hydrodynamic shear force has a significant 

effect on the formation and stability o f aerobic granules (Tay et al., 2001; Liu & Tay, 

2002; Chen et al., 2008; Lochmatter et al., 2013; Devlin et al., 2016). The 

hydrodynamic shear force triggers the production of EPS, which is important in 

bacterial cells attachment. A high hydrodynamic shear force generally needs big 

amounts of energy, which raises the applications cost. Therefore, a static mixer was 

added to the reactor to enhance the shear force at low SAV. Apparently, the 

influence of static mixer in manipulating the hydrodynamic shear force in the process 

o f aerobic granules development has not been studied. Several significant 

contributions of this study are identified as follows:

i. Hydrodynamic shear force is one the most influencing factor in 

biogranulation. This study is regarded as the pioneer study on the influence of 

static mixer in manipulating the hydrodynamic shear force to develop the 

biogranules treating textile wastewater.

ii. This study provides the suitable SAVs together with static mixer for 

developing aerobic granules especially for degradation of textile wastewater.

iii. This study contributes to the knowledge o f the properties o f biogranules 

under influence of static mixer.

iv. Aerobic granules are known to have strong and dense microstructure and 

ability to withstand high OLRs. This study provides information on the effect 

of various HRT and OLR to the profile of aerobic granules under influence of 

static mixer.

v. For the design and operation of aerobic granular system for biological 

treatment process, the underlying biological growth kinetics is important to 

be understood. This study provides the kinetics of biomass growth parameters 

including overall specific biomass growth rate (uoverall), endogenous decay
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rate (k d), observed biomass yield (Yobs) and theoretical biomass yield (Y), 

which followed the M onod’s model.

1.6 Thesis O rganization

The thesis is organised into five chapters. Chapter 1 introduces the 

application o f biogranulation technology in wastewater treatment. This chapter also 

provides an overview on the factors affecting the performance of biogranulation 

technology. It also presents the statement of research problems, research objectives 

and significance of the study.

Chapter 2 is dedicated for the literature reviews on the background of 

biogranulation technology, factors affecting the process and application of the 

technology. The basic principles of biogranulation technology which include the 

theory of granulation process and various application of biogranulation technology in 

treating different types of wastewater are also highlighted. A review of previous 

studies in the related topics is also given in this chapter.

Chapter 3 explains the methodology used in the study. This chapter details 

out the laboratory materials and equipment, analytical method as well as 

experimental procedures including wastewater feed and seed sludge used throughout 

the study. The reactor description, operational strategies are also illustrated in details 

in this chapter.

Chapter 4 reports and discusses the results obtained from the study, which 

include the findings during the development stage and post-development stage of the 

aerobic granules. Finally, Chapter 5 summarizes the conclusions o f the findings from 

this study, embracing the specific achievement and recommendations for the future 

studies. General conclusions are also drawn based on the outcomes and experiences 

gained throughout the study.
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