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ABSTRACT
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A suitability of applying sewage slucge as pyrolysis material was realized as
it has, on averaged, volatile matters of 40 wt% and heating value of 9.7 MJ/kg.
According to a survey of great number of sludge samples by thermogravimetric
technique, five mass loss behaviors were found. The overall decomposition is under
600 °c with @ maximum rate at approximately 300°c although decomposition at as
high as 700 °c is possible according to carbonate degradation. Either pseudo single-,
bi- or multi-component can be applied in general case with the confirmation of the
primary gas evolution data. However, reaction can be more elucidated by analyzing
sludge according to the biomass compositions such as lignin cellulose, hemicellulose
and extractives. It is possible to compare between the sewage sludge and those
compounds, including complex protein, in terms of mass loss behavior by
thermogravimetric and functionality by Fourier Transform Infrared Spectroscopy.
That means, all those compounds might compose in sludge and effect to the overall
decomposition kinetics. By reverse direction, the formulation of the global mass loss
curve from individual components and detection of gas evolution confirms this
hypothesis in low temperature region (<400 C). At higher temperature, it is believed
that the sludge is denatured caused by the reaction at low temperature, resulting in
the extended decomposition at such high temperature.



(Pyrolysis of sewage sludge: Kinetic Study)

139
0.7
40
Thermogravimetric Analysis
5 600
300
AN 3

(<400



ACKNOWLEDGEMENTS

| have realized the experience gained at PPC and CEIC-UNSW as great
opportunity and this dissertation might not become realistic without the assistance of
the following individuals.

First of all, I deeply indebted to Assoc. Prof. Thirasak Rirksomboon, Assoc.
Prof. Vissanu Meeyoo, Assoc. Prof. Pramoch Rangsunvigit, Asst. Prof. Kitipat
Siemanond and Prof. David Trimm, my thesis supervisors, for their useful
recommendations, creative comments and enco uragement, in an entire period of
degree preparation. Informally, Asst. Prof. Boonyarach Kitiyanan is also
acknowledged. | was in a happy time working with all of them. An appreciable
gratitude is also conveyed to the thesis committees, Prof. Somchai Osuwan, Asst.
Prof. Sirirat Jitkamka and Asst. Prof. Suparin. Chaiklangmuang.

| would like to take this opportunity to thank other unmentioned faculties
and all staffs of both PPC and UNSW, the owners of friendliness and valuable help.

This thesis work is partially funded by Postgraduate Education and
Research Programs in Petroleum and Petrochemical Technology (PPT Consortium).
The supports are also from the Thailand Research Fund via RGJ-PhD program and

aste-to-Energy project and Ratchadapiseksomphot Endowment of Chulalongkom
University. | also thank the School of Chemical Engineering and Industrial
Chemistry of UNSW where part of this research was carried out.

A special thank is directed toward PPC friends, inside or outside the
pyrolysis group, for their friendly assistance, cheerfulness, and encouragement. Also,
| am greatly indebted to my lovely parents and family for their support, love and
understanding. Finally, I am also grateful to express to the precious inspiration of
ming, Tan.



TABLE OF CONTENTS

Title Page

Abstract (in English)
Abstract (in Thai)
Acknowledgements
Table of Contents
List of Tables

List of Figures

CHAPTER

INTRODUCTION

1.1 Overview of Thailand Economics and Energy
Situation

1.2 Waste-to-Energy

1.3 Objectives of This Study

BACKGROUND AND LITERATURESURVEY
2.1 Problem Statement
2.1.1 Sewage Sludge
2.1.2 Sewage Sludge Disposal
2.1.2.1 Dumping into the Sea
2.1.2.2 Landfill Disposal
2.1.2.3 Incineration
2.1.2.4 Usg in Agricultural Works
2.1.3 New Alternative to Sewage SludgeUtilization
2.2 Introduction to Thermal Conversion Process
2.2.1 Gasification
2.2.1.1 Gasification Sub-process
2.2.1.2 Gasification System
2.2.2 Liquefaction

PAGE
i
Vi

Xi
Xiii

I



CHAPTER

2.2.3 Pyrolysis
2.3 Pyrolysis of Sewage Sludge
2.3.1 Principal
2.3.2 Pyrolysis Products and Applications
2.32.1 Gas
2.3.2.2 Liquid or Bio-oil
2.3.2.3 Solid Residue
2.3.2.4 Applications
2.3.3 Type of Pyrolysis Process
2.3.4 Pyrolysis Reactors
2.3.4.1 Fixed Bed Reactor
2.3.4.2 Fluidized Bed Reactor
2.3.4.3 Other Reactor
2.4 Review of Kinetics of Sewage Sludge Pyrolysis
2.4.1 How to Study Solid Decomposition Kinetics
24.1.1 General
2.4.1.2 Performing Mathematics
2.4.2 Kinetic Model for Sewage Sludge Pyrolysis
2.4.3 Kinetics of Sewage Sludge Pyrolysis in
Connection with Its Fractions
24.3.1 Cellulose
2.4.3.2 Hemicellulose
2.4.3.3 Lignin
2.4.3.4 Minors
2.4.4 Comments on  the Kinetic Study by TGA
24.4.1 A Variation in Apparent Kinetic
Parameters
2.4.4.2 Application of Obtained Kinetic Data

vil

PAGE

15
16
16
1
18
19
20
il
2
2
23
25
26
28
28
28
29
3l

34
3
3
3
37
37

37
38



CHAPTER

lIl EXPERIMENTAL
3.1 Sample Collection and Preparation
3.2 Equipment and Method
32.1 Characterization
3.2.2 Composition Analysis
32.2.1 Analysis Scheme
3.2.2.2 Fourier Transform Infrared
Spectroscopy
3.2.3 Pyrolysis Experiment
3.2.3.1 Pyrolysis Experiment
3.2.3.2 Temperature-programmed Pyrolysis/
Mass Spectroscopy

IV PREDICTING THE HEATING VALUE OF
SEWAGE SLUDGES IN THAILAND FROM
PROXIMATE AND ULTIMATE ANALYSES
4.1 Abstract
4.2 Introduction
4.3 Literature Review
4.4 Materials and Methods

4.4.1 Sample Preparation
4.4.2 Sample Characterization
4.4.3 Heating Value Models
4.5 Results and Discussion
4.5.1 Sewage Sludge Characteristics
4.5.2 Heating Value Models
4.5.3 Validation of the Models
4.6 Conclusions
4.7 Acknowledgements
4.8 References

vin

PAGE

40
40
40
41
41
41

45V

47
47
47
43
53

54

6l
65
10
10
10



CHAPTER

Vv

Vi

PYROLYTIC CHARACTERISTICS OF
SEWAGE SLUDGE
5.1 Abstract
5.2 Introduction
5.3 Materials and Methods
5.3.1 Sample Preparation
5.3.2 Pyrolysis Experiment
5.3.3 Product Gas Evolution
5.4 Thermogravimetric Results
5.4.1 Thermal Decomposition Behavior of Sewage
Sludge
5.4.2 Effect of Heating Rate
5.4.3 Relationship between Decomposition Behavior
and Characteristics
5.5 Kinetic Modeling
5.6 Product Gas Evolution
5.7 Conclusions
5.8 Acknowledgements
5.9 References

DESCRIBING SEWAGE SLUDGE PYROLYSIS
KINETICS BY A COMBINATION OF BIOMASS
FRACTIONS DECOMPOSITION
6.1 Abstract
6.2 Introduction
6.3 Experimental
6.4 Results and Discussion
6.4.1 Sludge Characteristics
6.4.2 FTIR Analysis
6.4.3 Thermal Decomposition

PAGE

13
13
13
14
14
16
16
16

16
9

80
62
87
93
%
%

9%
%
%9
100
101
101
102
106



CHAPTER

Vil

6.44 Kinetic Studies
6.5 Conclusions
6.6 Acknowledgements
6.7 References

CONCLUSIOIONS AND RECOMMENDATIONS
7.1 Conclusions
7.2 Recommendations

REFERENCES

APPENDICES
Appendix A Kinetic Evaluation from TGA Data
Appendix B Full Detail of Sewage Sludge Properties

CURRICULUM VITAE

PAGE

110
116
117
117

120
120
122
123
125
125
127

138



LIST OF TABLES

TABLE

21
2.2
2.3
24
2.5
2.6

31
3.2
3.3

41

4.2

43

44

45

CHAPTER I
Temperature ranges for different groups of compounds to
decompose
Several processes occur in temperature elevation of organics
Operating parameters for pyrolysis process
The kingtic model functionsf(x) and corresponding g(x)
usually employed for the solid state reactions
The kinetic model proposed for sewage sludge pyrolysis
The Kinetic parameters of sewage sludge pyrolysis

CHAPTER Il
FTIR equipment and condition used
TGA equipment and condition used
TPP/MS equipment and condition used

CHAPTER IV
Summary of models used for predicting the heating value of
various types of materials based on their proximate and
ultimate analyses
Characteristics of sewage sludge from different sources
(average for each source)
Characteristics of some other sludge samples collected from
literatures
Models prediction the heating value of sewage sludge
achieved from regression analysis and relative error
generated when applying to the experimental data
Calculated heating values of sewage sludge from literatures

X

PAGE

16
1
23

30

32
34

44
45
46

50

59

56

63
69



TABLE

51

5.2

5.3

54

5.9

5.6

6.1

6.2

6.3

CHAPTERV
Properties of sludge samples used in this study
DTG peak temperature and height in accordance with the
sludge decomposition (excluding dehydration)
Properties of sludge samples (indicated in average)
corresponding to each sludge type
The DTG peak temperature and C/H ratio of various
materials
Kinetic parameters resulting from different models
Suggested identification of mass spectra from MS

CHAPTER VI
Physical properties of sewage sludge
The identification of IR spectra observed on sludge and
extracted/digested samples
The apparent kinetic parameters of sludge S2 and its
extracted/digested resicues achieved by four parallel reaction
scheme

XII

PAGE

5

8

6l

87
87

102

105

112



LIST OF FIGURES
FIGURE
CHAPTER |
11 Thai economic indicator and energy consumption growth.

12

13

21
2.2

2.3
24

25
2.6
2.1
2.8
2.9
2.10

211

Thal total energy consumption and primary energy
production by fuel.
Domestic primary energy production by source.

CHAPTER Il
Forecast sewage sludge disposal routes in European
community.
Primary and secondary praoducts from thermal conversion
PIOCESS,
Typical type of gasification system.
Diagram of pyrolysis applications for converting materials
into energetic product and valuable chemicals.
Fixed bed reactor.
A vacuum fixed bed reactor.
A fluidized bed reactor.
An ablative reactor.
A rotating cone reactor.
Partial structure of a) Cellulose, b) Hemicellulose and c)
Lignin,
Compensation effect represents the excellent correlation
between frequency factor and activation energy of cellulose
decomposition.

X1

PAGE

10
12

22
24
24
25
26
21

36

3



FIGURE
CHAPTER II
31 Sewage sludge analysis scheme according with the
biomass analysis.
32  Schematic of the employed thermogravimetric

41

42

43

44

45

4.6

51

5.2

apparatus.

CHAPTER IV
Correlation between the heating value of sewage sludge and
its proximate analysis.
Correlation between the heating value of sewage sludge and
Its ultimate analysis.
Comparison between the heating values of sewage sludge
calculated from Eq (4.7) and experimental value.
Comparison between the heating values of sewage sludge
calculated from Eq (4.19) and experimental value.
The error raised when predicting the heating value of sewage
sludge from it proximate analysis respects to its ash content.
The error raised when predicting the heating value of sewage
sludge from it ultimate analysis respects to its ash content.

CHAPTERV
DTG profile of sewage sludge decomposition (heating rate
0f20°c min").
Mass spectra represented the gas evolved from sewage
sludge pyrolysis.

XIV

PAGE

43
44

o7

59

66

66

68

68

1

8



FIGURE

6.1
6.2

6.3
6.4

CHAPTER VI
Sewage Sludge analysis scheme.
FTIR spectra on samples and their extracted, water-digested,
acid-dligested resiues.
TG-DTG analyses of five different sewage sludge samples.
A comparison between experimental and predicted DTGs of
sludge S2 and its extracted, water-digested and acid-digested
resiclues.

XV

PAGE

101

103
108

113



	Cover (English)


	Accepted


	Abstract (English)


	Abstract (Thai)


	Acknowledgements


	Contents



