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ABSTRACT

5291003063: Petrochemical Technology Program
Atsadawuth Siangsai: Investigation of Methane Hydrate Formation 
and Dissociation Kinetics with the Presence of Promoters for Gas 
Storage Application
Thesis Advisors: Assoc Prof. Pramoch Rangsunvigit, Dr. Santi 
Kulprathipanja, Asst. Prof. Praveen Linga, and Asst. Prof. 
Boonyarach Kitiyanan, 172 pp.

Keywords: Methane/ Gas hydrate/ Hydrate formation/ Hydrate dissociation/
Kinetics/ Promoter/ Activated carbon/ Tetrahydrofuran/ Surfactant

Gas hydrate is of interest for the process to store and transport gas. 
However, the slow kinetics and the storage capacity remained the obstruction. In this 
study, the hydrate promoters, including activated carbon, tetrahydrofuran (THF) and 
sodium dodecyl sulfate (SDS), were investigated for methane hydrate formation and 
dissociation kinetics. The experiments were conducted in a quiescent condition in a 
batch reactor at the desired experimental conditions. The results showed that all 
promoters significantly enhanced the kinetics of methane hydrate formation 
compared to pure water. In other words, the addition of porous media could increase 
the contact area between gas and liquid, SDS reduced the interfacial tension of the 
liquid phase, while THF shifted the methane hydrate phase equilibrium to higher 
temperature and lower pressure. A small particle size of activated carbon showed the 
fastest induction time; however, the highest gas consumption was observed with a 
large particle size. In contrast, a small particle size showed the fastest hydrate 
dissociation. Moreover, the surface treatment of activated carbon resulted in the 
increase in the gas consumption. In the system of THF, at the same concentration, 
increasing the experimental temperature led to the decrease in the kinetics of hydrate 
formation but the increase in the gas consumption; however, it was not stable at high 
temperature. The higher THF concentration exhibited a faster induction time than 
that of the lower concentration. Mixed THF-SDS showed the synergetic effects on 
the methane hydrate formation kinetics.
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บทคัดย่อ

อัษฎาวุธ เสียงใส : การศึกษากลไกการเกิดและสลายตัวของมีเทนไฮเดรตที่มี
การ เติมตัวเร่งสำหรับใช้ในการกักเกบแกส (Investigation of Methane Hydrate Formation and 
Dissociation Kinetics with the Presence of Promoters for Gas Storage Application) : รศ. ดร. 
ปราโมช รังสรรค์วิจิตร ดร.สันติ กุลประทีปญญา ผศ. ดร. ปราวีน ลินกา และ ผศ. ดร. บุนยรัชต์กิติ 
ยานนท์ 172 หน้า

เทคโนโลยีแก๊สไฮเดรตน้ันได้รับความสนใจอย่างมาก สามารถใช้กักเก็บแก๊สธรรมชาติ 
และการขนส่ง โดยสามารถการกักแก๊สเก็บได้ในปริมาตรสูงถึง 170 ลูกบาศก์เมตรต่อ 1 ลูกบาศก์ 
เมตรของแก๊สไฮเดรตท่ีความตันและอุณหภูมิมาตรฐาน อีกท้ังยังมีความปลอดภัยสูง อย่างไรก็ตาม 
กระบวนการการเกิดแก๊สไฮเดรตน้ันต้องใช้เวลานานและต้องอยู่ในสภาวะท่ีความตันสูง อุณหภูมิ 
ตา ในการศึกษาน้ีจึงมุ่งเน้นไปท่ีตัวเร่งการเกิดแก๊สไฮเดรตได้แก่ ถ่านกัมมันต์ โซเดียมโดเด1ซิล- 
ซัลเฟต และเตตระไฮโดรฟูแรน เพ่ือศึกษากลไกการเกิดและสลายตัวของมีเทนไฮเดรต การทดลอง 
จะถูกศึกษาในสภาวะท่ีไม่มีการรบกวน ผลการทดลองแสดงให้เห็นอย่างมีนัยสำคัญว่าการใส่ถ่าน 
กำมันต์ โซเดียมโดเดชิลซัลเฟต และเตตระไฮโดรฟูแรนน้ันสามารถเร่งการเกิดมีเทนไฮเดรตให้เร็ว 
ข้ึนได้เม่ือเปรียบเทียบกับระบบท่ีมีเฉพาะน้ํา กล่าวคือถ่านกำมันต์น้ันเพ่ิมพ้ืนท่ีสัมผัสระหว่างแก๊ส 
และน้ัา จึงช่วยลดเวลาการเกิดมีเทนไฮเดรตได้โดยเฉพาะถ่านกำมันต์ท่ีมีขนาดเล็ก นอกจากน้ียัง 
พบว่า ขนาดของถ่านกำมันต์ท่ีใหญ่ข้ึนน้ันจะช่วยเพ่ิมปริมาณการกักเก็บแก๊สมีเทนด้วยแต่จะสลาย 
ตัวได้ช้ากว่าถ่านกำมันต์ท่ีมีขนาดเล็ก โซเดียมโดเดซิลซัลเฟตสามารถลดแรงตึงผิวของน้ัาทำให้
แก๊สสามารถละลายในน้ําได้มากข้ึน โดยท่ีความเขนข้นสูงข้ึนการละลาย1ของแก๊สมีเทนในน้ําจะ
มากข้ึนจนคงท่ีท่ีจุดวิกฤติความเข้มข้นของไมเซล และเตตระไฮโดรฟูแรนจะส่งผลต่ออุณหพล
ศาสตร์ของระบบ กล่าวคือเตตระไฮโดรฟูแรนสามารถเล่ือนจุดสมดุลของระบบไปท่ีอุณหภูมิ
สูงข้ึนและความตันตาลง ส่งผลให้แก๊สไฮเดรตสามารถเกิดได้ง่ายข้ึน ถึงแม้มีเทนไฮเดรตจะเกิดได้ 
ท่ีอุณหภูมิสูงในระบบท่ีมีเตตระไฮโดรฟูแรน แต่ความเสถียรของมีเทนไฮเดรตน้ันจะลดลงเม่ือ
เทียบกับมีเทนไฮเดรตท่ีอุณหภูมิตร นอกจากน้ีการผสมกันระหว่างโซเดียมโดเดซิลชัณฟตและเต- 
ตระไฮโดรฟูแรนท่ีความเข้มข้นตา สามารถทำให้เกิดมีเทนไฮเดรตท่ีเร็วข้ึนเม่ือเทียบกับระบบท่ีมี 
โซเดียมโดเดซิลซัลเฟต หรือเตตระไฮโดรฟูแรนท่ีความเข้มข้นตาเพียงอย่างเดียว นอกจากน้ียังเพ่ิม 
ปริมาณการกักเก็บแก๊สมีเทนในรูปแบบของแก๊สไฮเดรตด้วย



V

Appreciation is expressed to those who have made contributions to this 
dissertation. First of all, I would like to express the deepest gratitude to Assoc. Prof. 
Pramoch Rangsunvigit, who is the kind supervisor, for his precious advice, providing 
me lots of opportunities to think and work, and always suggesting me with valuable 
advices, encouragement, and useful comments.

I would like to express my sincere gratitude to Dr. Santi Kulprathipanja, my 
overseas advisor, for suggesting me with his valuable advices and comments. 
Moreover, I would also like to thank his wife, Mrs. Apinya Kulprathipanja for her 
kindness when I stayed at Singapore.

I also would like to thank Asst. Prof. Boonyarach Kitiyanan, who is the kind 
supervisors for his useful comments. I especially extend my gratitude to Asst. Prof. 
Praveen Linga for providing me the great opportunity to learn and study about gas 
hydrates work for 3 months at National University of Singapore (NUS), and also 
suggesting me with valuable comments and his support.

Special thanks are forwarded to all professors who taught me and help to 
establish the knowledge, to PPC faculty and staff who supported me throughout this 
research work.

Scholarship and financial supports to this work by The Royal Golden 
Jubilee Ph.D. Program (2.P.CU/51/J.1), Thailand Research Fund; The Petroleum and 
Petrochemical College, Chulalongkom University; Ratchadapisek Sompoch 
Endowment Fund (2013), Chulalongkom University (CU-56-900-FC); Thailand 
Research Fund (IRG5780012); National Metal and Materials Technology Center 
(MTEC) (MT-B-53-CER-09-269-G); Center of Excellence on Petrochemical and 
Materials Technology (PETROMAT), Thailand; UOP, A Honeywell Company, 
USA; National University of Singapore are greatly acknowledged.

Finally, I am very greatly indebted to my beloved family, who play the 
greatest role in my success, for the endless love, support, and encouragement.

ACKNOWLEDGEMENTS



TABLE OF CONTENTS

PAGE
Title Page i
Abstract (in English) iii
Abstract (in Thai) iv
Acknowledgements V

Table of Contents vi
List of Tables X

List of Figures xi

CHAPTER
I INTRODUCTION 1

II THEORETICAL BACKGROUND AND LITERATURE
SURVEY 6
2.1 Natural gas 6
2.2 Natural Gas Hydrates 7
2.3 Gas Hydrate Structures 10

2.3.1 Structure I (si) 12
2.3.2 Structure II (sll) 13
2.3.3 Structure H (sH) 13

2.4 Gas Hydrate Formation Process 14
2.4.1 Hydrate Nucléation Kinetics 17
2.4.2 Hydrate Crystal Growth Processes 19

2.5 Hydrate Dissociation Process 23
2.6 Hydrate Equilibrium Conditions 26
2.7 Hydrate-based Technologies 27

2.7.1 Separation of Gas Mixtures 27
2.7.2 Carbon Dioxide Sequestration 28
2.7.3 Natural Gas Storage 29



CHAPTER PAGE

2.8 Hydrate Promoters 30
2.8.1 Sodium Dodecyl Sulfate (SDS) 31
2.8.2 Tetrahydrofuran (THF) 37
2.8.3 Porous Médias 43

III IMPROVED METHANE HYDRATE FORMATION RATE
USING TREATED ACTIVATED CARBON AND 
TETRAHYDROFURAN 56
3.1 Abstract 56
3.2 Introduction 56
3.3 Experimental 58
3.4 Results and Discussion 60
3.5 Conclusions 65
3.6 Acknowledgments 65
3.7 Nomenclature 65
3.8 References 66

IV INVESTIGATION ON THE ROLES OF ACTIVATED
CARBON SIZES ON METHANE HYDRATE 
FORMATION AND DISSOCIATION 75
4.1 Abstract 75
4.2 Introduction 75
4.3 Experimental 78
4.4 Results and Discussion 80
4.5 Conclusions 85
4.6 Acknowledgments 86
4.7 References 86



vin

V EXPERIMENTAL INVESTIGATION ON METHANE 
HYDRATE FORMATION KINETICS IN THE 
PRESENCE OF MIXED HYDRATE PROMOTERS
FOR GAS STORAGE APPLICATION 102
5.1 Abstract 102
5.2 Introduction 102
5.3 Experimental 105
5.4 Results and Discussion 107
5.5 Conclusions 114
5.6 Acknowledgments 115
5.7 References 115

VI AN EXPERIMENTAL STUDY ON THE EFFECTS OF
TEMPERATURE ON MIXED THF-CH.4 HYDRATES 
FORMATION AND DISSOCIATION KINETICS 129
6.1 Abstract 129
6.2 Introduction 129
6.3 Experimental 131
6.4 Results and Discussion 134
6.5 Conclusions 138
6.6 Acknowledgments 139
6.7 References 139

VII CONCLUSIONS AND RECOMMENDATIONS 150
7.1 Conclusions 150
7.2 Recommendations 153

CHAPTER PAGE



IX

CHAPTER PAGE

REFERENCES 154

CURRICULUM VITAE 170



X

CHAPTER II
2.1 Geometry of hydrate unit cells and cavities 11
2.2 Gas hydrate consumption reported in literature 53

CHAPTER III
3.1 Hydrate formation experimental conditions at 277.15 K 74

CHAPTER IV
4.1 Physical properties of activated carbon 97
4.2 Methane hydrate formation experimental conditions at 4 °C 98
4.3 Hydrate decomposition experimental conditions at 100

*AT = 21 °C

CHAPTER V
5.1 Methane hydrate formation experimental conditions of SDS

at 8 MPa and 4 °C 127
5.2 Methane hydrate formation experimental conditions with

THF at 8 MPa and 4 °C 128

CHAPTER VI
6.1 THF-CH4  hydrate formation at 8  MPa 148
6.2 T H F -C H 4  hydrate dissociation at 34 ๐C 149

LIST OF TABLES

TABLE PAGE



XI

LIST OF FIGURES

FIGURE PAGE

CHAPTER II
2.1 Location of sampled and inferred gas-hydrate occurrences in 

oceanic sediments of outer continental margins and
permafrost regions. 8

2.2 Phase diagram of methane hydrate stability zone at different 
depth-temperature: (a) permafrost and (b) oceanic
environment. 9

2.3 Methane hydrate samples. 9
2.4 Water ice-like cage structure of gas hydrate. 10
2.5 Common gas hydrate structure (si, sll, and sH) and the water

cage types that compose the hydrate structures. 11
2.6 Structure I gas hydrate crystal structure: a) pentagonal

dodecahedron and b) tetrakaidecahedron. 12
2.7 Structure II gas hydrate crystal structure: a)

hexakaidecahedron and b) dodecahedron. 13
2.8 Structure H gas hydrate crystal structure: a) pentagonal 

dodecahedron, b) icosahedron, and b) irregular
dodecahedron. 14

2.9 Gas consumption versus time for hydrate formation. 15
2.10 Temperature and pressure trace for simple methane hydrates

formation. 16
2.11 Comparison of stochastic and deterministic properties. 18
2.12 Schematic of (a) spherical cluster of building devices is 

homogeneous, (b) hat-shaped cluster of ท building units in 
3D in heterogeneous on a substrate, (c) Lens-shaped cluster 
of ท building units in 3D in heterogeneous the solution gas
interface. 19



FIGURE

CHAPTER II
2.13 Photograph of single hydrate crystals of (a) tetrahydrofiiran 

(sll); (b) ethylene oxide (si).
2.14 (a) Methane hydrate covering the surface of water droplets 

(1, 2, 3) under high driving force, 10 min after nucléation. 
Image (4) is a magnified view of droplet (3), and (b) 
methane hydrate covering two water droplets under low 
driving force at three different times: (1) at t = 0, (2) at t =
10 h where the water droplet is covered by hydrate, (3) at t = 
25 h where the water droplet is covered by hydrate and 
depressions in the hydrate layer appear.

2.15 Schematic of proposed gas hydrate production techniques.
2.16 Self-preservation of hydrates (dissociation rate left ordinate, 

and time for 50% dissociation on right) as a function of 
temperature. The extrapolated times is shown as a dashed 
line versus the black points representing observations in the 
self-preservation region.

2.17 Phase equilibrium diagram for methane hydrates.
2.18 Picture of ethane hydrate cluster in an opened reactor.
2.19 Two-stage of hydrate growth profiles influenced by 

surfactant at various concentrations of mixed 
hydrogen/propane (90.5/9.5 mol%) gas mixture.

2.20 Comparison of dissociation pressure of T H F -C H 4  (•)  and 
T H F -C O 2  (■ ) hydrates with the T H F  concentration of 5.56 
mol%.

2.21 Schematic of the relationship between the nature of hydrate 
and two-step growth during the ATR-IR measurement: (a) 
before hydrate formation, (b) in the first step of two-step 
growth, and (c) in the second step of the two-step growth.



Xlll

2.22 Mechanism of hydrate formation from water dispersed in
interstitial pore space. 49

2.23 Sequential images of the methane hydrate formation in
activated carbon with 100 % H2 O saturation at 277.15 K and 50
8.0 MPa.

C H A P T E R  I I I

3.1 Gas hydrate apparatuร; a) schematic diagram, b) cross-
section of a crystallizer. 69

3.2 Gas uptake and temperature profdes during the methane 
hydrate formation of the untreated-AC/H20/CH4 system at 8
MPa and 277.15 K (Experiment 2). 69

3.3 Gas uptake and temperature profiles during the methane 
hydrate formation of the H2 SO4  treated-AC/H2 0 /CH4  system
at 8 MPa and 277.15 K (Experiment 4). 70

3.4 Comparison of gas uptake profiles during the methane
hydrate formation of the untreated-AC/H20/CH4 system 
(Experiment 2), H 2SO 4 treated-AC/H:0/CH4 system 
(Experiment 4), and K O H  treated-AC/H20/CH4 system 
(Experiment 6) conducted at 8 MPa and 277.15 K. 71

3.5 Comparison of hydrate growth profiles during the methane 
hydrate formation in the presence of untreated-AC 
(Experiment 2 ), H 2S O 4 treated-ACÆEO/CHi (Experiment
4), and K O H  treated-AC/H20/CH4 (Experiment 6) in 60 min 
at 8 MPa and 277.15 K (Time zero in the graph corresponds
to the induction time listed in Table 3.1). 72

3.6 Gas uptake and temperature profiles during the methane 
hydrate formation with the presence of 5.88 mol% THF at
8.1 MPa and 277.15 K (Experiment 8).

FIGURE PAGE

73



XIV

C H A P T E R  I V

4.1 Schematic diagram of gas hydrate apparatus: a) schematic 
diagram, b) cross-section of a crystallizer.

4.2 Typical pressure and temperature profdes of the experiment 
before the start of the experiment (Experiment 14). Stage 1 
represents the pre-gas fdling in the crystallzer, which was 
filled from the methane gas cylinder to reach Pexp ( 8  MPa). 
Stage 2 represents the time required to reach the constant of 
pressure and temperature.

4.3 Typical methane consumption and temperature profiles 
during the methane hydrate formation experiments 
conducted with the activated carbon size of 841-1680 /ym at 
4 °C: a) 8 MPa (Experiment 13, Table 4.2), b) 6 MPa 
(Experiment 16, Table 4.2).

4.4 Illustration of the interstitial space and interconnectivity 
space.

4.5 Hydrate growth profiles during the methane hydrate 
formation conducted with the activated carbon size of 841- 
1680 jum at 4 °c. (Time zero in the figures corresponds to 
the first point of hydrate growth.).

4.6 Comparison of the average hydrate growth during the 
methane hydrate formation at 6 MPa and 4 °c  with the 
activated carbon particle sizes of 250-420 jUm, 420-841 /vm, 
and 841-1680 jum.

4.7 Typical methane dissociation and temperature profiles 
during the methane hydrate dissociation conducted with the 
activated carbon size of 250-420 jum at 6 MPa and 
AT=21 °c  (Experiment 3, Table 4.3).

FIGURE

91

91

92

93

93

94

PAGE

94



XV

4.8 Typical methane dissociation and temperature profiles 
during the methane hydrate dissociation conducted with the 
activated carbon size of 841-1680 pm at 4.5 MPa and
AT=21 °c (Experiment 16, Table 4.3). 95

4.9 Comparison of methane dissociation conducted with the
activated carbon size of 420-841 fjm  with different 
experimental pressure at AT=21 ๐c  (Time zero in the figure 
corresponds to the first point of methane released.). 95

4.10 Comparison of the rate of methane release and methane 
recovery from the hydrate dissociation experiment carried
out at 6 MPa and AT=21 °c. 96

CHAPTER V
5.1 Schematic diagram of gas hydrate apparatus: a) schematic

diagram, b) cross-section of the crystallizer. 120
5.2 Typical methane uptake and temperature profiles of 

experiment conducted with the preserxe of 8 mM at 8 MPa
and 4 °c (Exp. 8, Table 5.1). 120

5.3 Methane hydrate samples in the experiment conducted with
8 mM SDS at 8 MPa and 4 °c. 121

5.4 Typical methane uptake and temperature profiles of a) 1 mM 
SDS (Exp. 3, Table 5.1), b) 4 mM SDS (Exp. 6, Table 5.1),
c) 8 mM SDS (Exp. 8, Table 5.1) at 8 MPa and 4 ๐c . 122

5.5 Effect of SDS concentration on tgo of the final methane
uptake excluding the induction time. 123

5.6 Typical methane uptake and temperature profiles of the 
experiment conducted with; a) 3 mol%THF (Exp. 2, Table 
5.2) and b) 5.56 mol%THF (Exp. 7, Table 5.2) at 8 MPa and
4 °c. 124

FIGURE PAGE



XVI

5.7 Typical methane uptake and temperature profiles of the 
experiment conducted with 1 mM SDS and 1 mol% THF at
8 MPa and 4 °c (Exp. 10, Table 5.2). 125

5.8 Effect of gas hydrate promoter on /‘9 0  of the final methane
uptake excluding induction time for all experiments. 125

5.9 Effect of gas hydrate promoters on methane hydrate yield for
all experiments. 126

CHAPTER VI
6.1 Effect of temperature on the induction time with the

presence of 5.56 mol% THF. 144
6.2 Effect of temperature on the 19 0  with the presence of 5.56

mol% THF. 144
6.3 Methane uptake and temperature profiles during methane 

hydrate formation with the presence of 5.56 mol% THF at 8
MPa and 4 °c (Experiment 1, Table 6.1). 145

6.4 Methane uptake and temperature profiles during methane 
hydrate formation with the presence of 5.56 mol% THF at 8
MPa and 15 °c (Experiment 10, Table 6.1). 145

6.5 Hydrate growth profiles during methane hydrate formation 
of the experiments conducted at different temperatures with 
the presence of 5.56 mol% THF at 8 MPa (Time zero in the
figure corresponds to the first point of hydrate growth). 146

6.6 Effect of temperature on the water conversion to hydrates
with the presence of 5.56 mol% THF. 146

6.7 Methane released and temperature profiles during methane
hydrate dissociation with the presence of 5.56 mol% THF 147
(Experiment 7, Table 6.2).

FIGURE PAGE



FIGURE

6.8 Effect of temperature on the methane recovery with the 
presence of 5.56 mol% THF.

xvii

PAGE

147


	Cover (English)

	Accepted

	Abstract (English)

	Abstract (Thai)

	Acknowledgements

	Contents


