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Carbon Deposition

Methane steam reforming (MSR) is a well-known process for converting
natural gas into syngas, a mixture of 2and CO. Ni-based catalysts are typically
employed in industry for this steam reforming reaction. However a major problem
arisen is the rapid deactivation of catalyst due to coke deposition. Ce02-Zr02
supports capable of oxidizing the deposited carbon have previously demonstrated
improved stability, conversion, and hydrogen yield. Recently, manganese has been
considered an interesting promoter affecting the performance and suppressing carbon
deposition on nickel catalysts. Therefore, the role of manganese and nickel
incorporated onto Ceo.752r0.2502 mixed oxide catalysts prepared via the co- and
multi-step incipient wetness impregnation methods was investigated in terms of
activity, stability, and inhibition of carbon deposition on methane steam reforming.
The catalytic activity for methane steam reforming was studied at 600 - 800°c under
atmospheric pressure using a stoichiometric steam to methane ratio of 4:1 for 5
hours. The results showed that the addition of Mn enhanced the water gas shift
reaction as demonstrated high hydrogen yield. 15Ni5Mn/CZ0 ( ) exhibited the best
activity and stability of MSR as a reducibility of less metal support interaction.
Moreover, the multi-step incipient wetness impregnation method gave a better
catalytic activity than those prepared via co-impregnation method under the same

operating conditions.



(Methane Steam Refoming

using Mn-promoted Nickel/Ceria-Zirconia Mixed Oxide Solid Solution Catalysts)

impregnation method)

method)

50

(co-
(sequential incipient wetness impregnation
15 0-15
600-800
4:1 31 5

(sequential incipient wetness impregnation method)



ACKNOWLEDGEMENTS

First of all, 1 would like to thanks my advisors, Assoc. Prof. Thirasak
Rirksomboon and Assoc. Prof. Vissanu Meeyoo who given me a opportunity to study
in this thesis and provided their knowledge, useful recommendations, comments and
suggestions throughout my graduate studies.

[would like to thank The Petroleum and Petrochemical College (PPC), The
National Center of Excellence for Petroleum, Petrochemicals and Advanced
Materials (PPAM), Chulalongkom University as well as Centre for Advanced
Materials and Environmental Research (CAMER), Mahanakom University of
Technology for their financial support.

[ would like to thank my co-advisor, Assoc. Prof. Visanu Meeyoo, and the
thesis comm ittee, Dr.Sitthipong Pengpanich and Assoc. Prof. Pramoch Rangsunvigit.
Their dedication and support is very much appreciated. I also would like to thank my
senior, Somsak Thaicharoensutcharittham, for his assistance and support.

Finally, I would like to express my sincere thanks to my family and my

friends for their love, hearten and understanding.



TABLE OF CONTENTS

Title Page
Abstract (in English)
Abstract (in Thai)

Acknowledgements

Table of Contents
List of:Tables
Listof Ligures

CHAPTER

INTRODUCTION

THEORETICAL BACKGROUND
AND LITERATURE REVIEW

2.1 Hydrogen Production Processes
2.2 Steam Reforming

2.3 Catalytic Steam Refonning of Methane

EXPERIMENTAL
3.1 Materials
3.1.1 Gases
3.1.2 Chemicals
3.2 Equipment
3.2.1 Catalyst Characterization
3.3 Methodology
3.3.1 Catalyst Preparation
3.3.2 Catalytic Activity Testing

RESULTS AND DISCUSSION

4.1 Catalyst Characterization

PAGE

Vi

Xi

ol Bow w

1
1
11
1
12
12
14
14
15

18
18



CHAPTER

411 BET Surface Areas and Degrees of Metal Dispersion

4.1.2 X-ray Diffraction (XRD)

4.1.3 Scanning Electron Microscopy (SEM)

4.1.4 Temperature-programmed Reduction by Hydrogen
4.2 Catalytic Activities on Methane Steam Reforming

42,1 Effectof Temperature

4.2.2 Effect of Steam to Carbon Ratio
4.3 Carbon Deposition on Spent Catalysts

CONCLUSIONS AND RECCOMENDATIONS

51 Conclusions

5.2 Recommendations

REFERENCES
APPENDICES

Appendix A Experimental Data of Flow Meter Gas Calibration
of Mass Flow Controllers

Appendix B Experimental Data of Gas Calibration of GC 8A
equipped with a CTR I under He carrier

Appendix ¢ Experimental Data of Gas Calibration of GC 8A
equipped with aCTR lunder Ar carrier

Appendix D Experimental Data of Catalytic Activity on MSR
at 700°c, s/c = 4/1

Appendix E Experimental Data of Catalytic Activity on M SR
at800°c, S/IC = 4/1

Appendix F Experimental Data of Catalytic Activity on MSR
at600°c, S/IC = 4/1

vii

PAGE
18
20
21
22
26
26
32
34
37
37
37

38

38

41

43

46

48

50

52



Ml

CHAPTER PAGE

Appendix G Experimental Data of Catalytic Activity on M SR
at600°c, s/c = 3/ 53

CURRICULUM VITAE 50



TABLE

4.1

4.2

4.3

D1

D2

D3

D4

D5

D6

D7

El

E2

E3

LIST OF TABLES

BET surface areas and degrees of nickel dispersion of the
catalysts

Amount of coke formation over catalysts after 6 h on MSR at
700°c and s/c ratio of4/1 (GSHV = 42000 h'))

Amount of coke formation over catalysts after 6 h on MSR at
600°c and s/c ratio of 3/1 (GSHV = 42000 h'])

Catalytic activity test over 15Ni/CZO catalyst on M SR at
700°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZ0O (C) catalyst on
MSR at 700°c and s/c ratio = 4/1

Catalytic activity test over 15Ni10Mn/CZ0 (C) catalyst on
MSR at 700°c and s/c ratio = 4/1

Catalytic activity test over 15Ni15Mn/CZ0O (C) catalyst on
MSR at 700°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZO ( ) catalyst on
MSR at 700°c and s/c ratio = 4/1

Catalytic activity test over 15Ni10Mn/CZO ( ) catalyst on
MSR at 700°c and s/c ratio = 4/1

Catalytic activity test over 15Nil5Mn/CZ0O ( ) catalyst on
MSR at 700°c and S/C ratio = 4/1

Catalytic activity test over 15Ni/CZ0O catalyst at 800°c on
MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZ0O (C) catalyst at
800°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni10Mn/CZ0 (C) catalyst at
800°c on MSR at 800°c and s/c ratio = 4/1

PAGE

19

35

36

48

48

48

49

49

49

49

50

50

50



TABLE

E4

ES

=

E7

FI

F2

F3

Gl

G2

G3

Catalytic activity test over 15Ni15Mn/CZ0 (C) catalyst at
800°c on MSR at800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZ0 ( ) catalyst at
800°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15NilOMn/CZO ( ) catalyst at
800°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni15Mn/CZ0O ( ) catalyst at
800°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni/CZ0Q catalyst at600°c on .

MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZ0O (C) catalyst at
600°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni5Mn/CZ0O ( ) catalyst at
600°c on MSR at 800°c and s/c ratio = 4/1

Catalytic activity test over 15Ni/CZ0O catalystat600°c on
MSR at 800°c and s/c ratio = 3/1

Catalytic activity test over 15Ni5Mn/CZ0 (C) catalyst at
600°c on MSR at 800°c and S/C ratio = 3/1

Catalytic activity test over 15Ni5Mn/CZ0O ( ) catalyst at
600°c on MSR at 800°c and s/c ratio = 3/1

PAGE

51

51

51

51

52

52

52

53

53

53



LIST OF FIGURES

FIGURE

2.1 The main alternative methods of hydrogen production from
energy sources

3.1 Schematic ofthe experimental setup for methane steam
refroming

41  XRD patterns for the catalysts: (a) czo (b) 15NI/CZO (c)
I5Ni5Mn/CZO(C) (d) 15Nil5Mn/CZO(C) (e) 15Ni5Mn/CZO
() (f) L5Nil5Mn/CZO ()

4.2 SEM images of fresh catalysts; (a) 15Ni/CZ0O (b) 15Ni5Mn/CZ0
(C) (c) 15Ni5Mn/CZ0Q ( )

4.3  H2-TPR profiles of catalysts with heating rate of 10°c min"1 a
reducing gas containing 5% fL in N2 with a flow rate of 20 ml
min " (a)czo (b) 15NI/CZO (c) 15Mn/CZO

4.4 H2-TPR profiles of catalysts with heating rate of 10°c min"1 a
reducing gas containing 5% 2in N2with a flow rate of 20 ml
min"1 (a) 15Ni/CZ0O (b) L5Mn/CZO (c) 15Ni5Mn/CZ0O (C)
(d) 15Ni10Mn/CZ0O (C) (e) 15Ni15Mn/CZ0O (C)

45  H2-TPR profiles of catalysts with heating rate of 10°c min"1 a
reducing gas containing 5% H2in N2with a flow rate of 20 ml
min " (a) 15Ni/CZO (b) 15Mn/CZO (c) 15Ni5Mn/CZO ()
(d) 15Ni10Mn/CZO () (e) 15Ni15Mn/CZO ()

4.6 CHa conversion on MSR over Ni-Mn/CZO catalysts at 700°c
and s/c ratio = 4/1 (GSHV = 42000 h")

4-7  H2yield on MSR over Ni-Mn/CZO catalysts at 700°c and s/c
ratio = 4/1 (GSHV = 42000 h"))

4.8  CO selectivity and H2ZCO on MSR over Ni-Mn/CZO catalysts

at 700°c, S/C ratio = 4/1, TOS =3 h, GSHV = 42000 h"); (a)
Co-impregnation method (b) Multi-Step impregnation method

PAGE

16

20

21

23

24

25

28

28

29



FIGURE

4.9

4.10

4-11

4.12

4.13

4.14

4-15

Al
A2
A3

A4

Bl

B2

B3

B4

CHa4 conversion on MSR over Ni-Mn/CZO catalysts at 800°¢c
and s/c ratio = 4/1 (GSHV =42000 h

H2yield on MSR over Ni-Mn/CZO catalysts at 800°c and s/c
ratio = 4/1 (GSHV = 42000 1ftl)

CO selectivity and H i/co on MSR over Ni-Mn/CZO catalysts
at 800°c, S/C ratio = 4/1, TOS - 3 h, GSHV = 42000 1f1); (a)
Co-impregnation method (b) Multi-Step impregnation method
CHa4 conversion on MSR over Ni-Mn/CZO catalysts at 600°¢c
and S/C ratio = 4/1 (GSHV = 42000hf)

CHa4 conversion on MSR over Ni-Mn/CZO catalysts at 600cc
and S/C ratio = 3/1 (GSHV =420001fY)

SEM images of spent catalysts after M SR reaction at 700°c
and S/C ratio of 4/1; (a) Nifczo (b) 15Ni5Mn/CZ0O (C) (c)
15Ni5Mn/CZ0 ()

SEM images of spent catalysts after M SR reaction at 600°c
and S/C ratio of 3/1; (a) Nilczo (b) 15Ni5Mn/CZO (C) (c)
15Ni5Mn/CZ0 ()

Relationship between flow rate and set point of methane
Relationship between flow rate and set point of D1 water
Relationship between flow rate and set point of carbon
monoxide

Relationship between flow rate and set point of carbon
dioxide

Relationship between Area and Concentration of Methane
Relationship between area and concentration of hydrogen
Relationship between area and concentration of carbon
monoxide

Relationship between area and concentration of carbon
dioxide

Xii

PAGE

30

30

31

33

33

35

36
41
41

42

42

43

43

44

44



FIGURE
B5  Relationship between areaand concentration of Argon
Cl  Relationship Between Area and Concentration of Methane
C2  Relationship between areaand concentration of hydrogen
C3  Relationship between areaand concentration of carbon
monoxide
C4  Relationship between area and concentration of carbon

dioxide

Xin

PAGE

45

46

46

47

47



	Cover (English)


	Accepted


	Abstract (English)


	Abstract (Thai)


	Acknowledgements


	Contents



