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Water hyacinth, rice husk, and sugarcane bagasses were used as raw materials 
for the preparation of carbon adsorbent. They were carbonized and activated simultaneously 
with 600 grams/liter zinc chloride solution. The preparation process was carried out at the 
temperatures of 400, 500, and 600°c for 1, 2, and 3 hours. The yield of carbon adsorbents 
decreased with an increase in temperature. While the specific surface area, as well as iodine 
adsorption and the average pore size varied directly with temperature. The activation period 
hardly affected the adsorbent characteristics. In comparison with carbonized materials, the 
yield was reduced by about 25%. For the water hyacinth, both the specific surface area and 
the iodine adsorption were improved by at least two-hundred fold and three-fold, respectively.

Adsorption equilibria on carbon adsorbents from water hyacinth for dilute 
vapours of benzene, toluene, or o-xylene were measured by chromatographic method at the 
temperature of 180-270°c. The increasing sequence of the equilibrium constants for those 
vapours on a given carbon adsorbent was benzene, toluene, and o-xylene. Heats of adsorption 
of BTX on all carbon adsorbents were about 72, 81, and 100 kj/mol, respectively. In 
addition, the overall mass-transfer coefficients of all vapours obeyed Arrhenius’ Law.

ภ า ค ว ิช า  ว ิศ ว ก ร ร ม เ ค ม ี

ส า ข า ว ิช า  . . . . ว ิศ ว ก ร ร ม เ ค ม ี 

ป ีก า ร ส ืก ษ า  ......... 2 .5 4 2 .......



A C K N O W L E D G E M E N T S

The author wishes to express his sincere gratitude to his dissertation advisor, 
Assistant Professor Dr. Deacha Chatsiriwech, and dissertation co-advisor, Assistant 
Professor Dr. Vichitra Chongvisal, for their invaluable advice, encouraging guidance, 
helpful suggestions, and discussion throughout the course of this research.

He also would like to convey his most sincere thanks to Associate Professor 
Dr. Chirakarn Muangnapoh, Associate Professor Dr. Chaiyot Tangsathitkulchai, Dr. 
Jirdsak Tscheikuna, and Dr. Seeroong Prichanont for their stimulation comments and 
participation as dissertation committee members. Furthermore, he wishes to extend 
his sincere thanks to Associate Professor Dr. Kroekchai Sukanjanajtee, Assistant 
Professor Dr. Sasithom Boon-Long, Dr. Suphot Phatanasri for their kind assistance 
and guidance.

This research has been accomplished through a grant of the Electricity 
Generating Authority of Thailand (EGAT). This research has also received partial 
financial support from Senior Research Scholar Project of Thailand Research Fund 
(Professor Dr. Wiwut Tanthapanichakoon) in Particle Technology Field.

Sincere thanks to all of the staffs in Chemical Engineering Department, Faculty 
of Engineering, Chulalongkom University for their support and technical advice.

Special Thanks to Mr. Pansak Komes, the Assistant Manager Production 
Division Bang Pakong Power Plant (Combined Cycle), EGAT for promoting him.

Most of all, he wishes to convey the most heartfelt gratitude to his parents and 
all the members of his family for their moral support. Finally, many thanks go to his 
friends and all those who have encouraged him to pursue the study.



C O N T E N T S

ABSTRACT IN THAI.............................................................................................. iv
ABSTRACT IN ENGLISH...................................................................................... V
ACKNOWLEDGEMENTS....................................................................................... vi
LIST OF TABLES.................................................................................................... ix
LIST OF FIGURES................................................................................................... xi
NOMENCLATURE................................................................................................... xvi
CHAPTER I INTRODUCTION.............................................................................. 1
CHAPTER II ADSORPTION THEORY................................. ............................. 5

2.1 Introduction................................................................................................. 5
2.2 Adsorbents................................................................................................... 7

2.2.1 Molecular-Sieve Zeolites................................................................ 7
2.2.2 Silica G el......................................................................................... 9
2.2.3 Activated Alumina...........................................................................10
2.2.4 Carbon Adsorbents.......................................................................... 11

2.3 Adsorption Equilibrium........................................................................   14
2.3.1 Types of Adsorption Isotherms.......................................................15

2.4 Adsorption Equilibrium Measurement.................................................. 19
2.4.1 Volumetric Method......................................................................... 19
2.4.2 Gravimetric Method........................................................................ 20
2.4.3 Chromatographic Method................................................................20

2.5 Adsorption Kinetics..................................................................... ............. 21
2.5.1 External Film Diffusion.................................................................. 22
2.5.2 Pore Diffusion..................................................................................23

CHAPTER III LITERATURE REVIEW................................................................26
CHAPTER IV EXPERIMENTS...............................................................................32

4.1 Adsorbent Preparations............................................. ................................ 32
4.2 Adsorption Experiments................................................................ ........... 34



4.2.1 Determination of Packed-Bed Characteristics 34
4.2.2 Adsorbate-Vapour Preparation 36
4.2.3 Gas Chromatography Experiments 37

CHAPTER V RESULTS AND DISCUSSION 40
5.1 Effects of Chemical Reagents 40
5.2 Characterization of Carbon Adsorbents 47

5.2.1 Effects of Reaction Temperature and Reaction Period 47
5.2.2 Funcrional Groups 61
5.2.3 Particle Density 67

5.3 First Moment Analysis 68
5.3.1 Adsorption Equilibrium Constants 68

5.4 Second Moment Analysis 80
5.4.1 Overall Mass-Transfer Coefficients 80

CHAPTER VI CONCLUSION AND RECOMMENDATION 83
6.1 Conclusion 83
6.2 Recommendation 85

REFERENCES 86
APPENDICES 94

APPENDIX A 95
A. 1 Evaluation of Moments of the Chormatogram 95
A.2 Calculation of Adsorption Equilibrium Constant 96
A.3 Calculation of Heat of Adsorption 97
A.4 Calculation of Overall Mass-Transfer Coefficients 99
A.5 Calculation of Concentrations of Toluene Vapour 99
A.6 Calculation of Iodine Number of Carbon Adsorbents 101
A.7 Calculation of Bed Porosity and Particle Density 102

APPENDIX B Scanning Electron Microscope 105
APPENDIX c  Experimental Data 118
APPENDIX D Adsorption Equilibrium Constants and Heat of Adsorption 133 
APPENDIX E Characteristics Data 142

viii

CIRRICULUM VITAE 147



LIST OF TABLES

Table 2.1 Pore sizes in typical activated carbon 12
Table 5.1 Observation results of carbon adsorbents from water hyacinth reacted 

with the various chemical reagents at the temperature of 110°c,
17 hours in the oven...............................................................................41

Table 5.2 The experimental results using 50% (พ/พ) zinc chloride solution
with coconut shell at 5 0 0 °c .................................................................... 55

Table 5.3 Peak height of the functional group at 3438 and 1632 cm-1................... 66
Table 5.4 Particle density of prepared carbon adsorbents.........................  67
Table 5.5 Summary of heat of adsorption.............................................................  70
Table 5.6 Characteristics of carbon adsorbents from water hyacinth 74
Table A. 1 Correction factor D for iodine number test.............................................104
Table c . l  The retention times and variences of benzene vapour on WH401 118
Table C.2 The retention times and variences of benzene vapour on WH402 119
Table C.3 The retention times and variences of benzene vapour on WH403.119
Table C.4 The retention times and variences of benzene vapour on WH501.120
Table C.5 The retention times and variences of benzene vapour on WH502.121
Table C.6 The retention times and variences of benzene vapour on WH503 . 121
Table c . l  The retention times and variences of benzene vapour on WH601 .122
Table C.8 The retention times and variences of benzene vapour on WH602.122
Table C.9 The retention times and variences of benzene vapour on WH603 . 123
Table C.10 The retention times and variences of toluene vapour on WH401 ....... 124
Table c . 11 The retention times and variences of toluene vapour on W H402....... 125
Table C.12 The retention times and variences of toluene vapour on WH403 ......  125
Table c . 13 The retention times and variences of toluene vapour on WH501 ........ 126
Table c . 14 The retention times and variences of toluene vapour on WH502 ....... 126
Table c . 15 The retention times and variences of toluene vapour on WH503 ....... 127
Table c . l  6 The retention times and variences of toluene vapour on WH601 ........ 127
Table c. 17 The retention times and variences of toluene vapour on WH602 ....... 128
Table c. 18 The retention times and variences of toluene vapour on WH603 ____128



X

Table c . 19 The retention times and variences of o-xylene vapour on WH401 129
Table C.20 The retention times and variences of o-xylene vapour on WH402 129
Table C.21 The retention times and variences of o-xylene vapour on WH403 130
Table C.22 The retention times and variences of o-xylene vapour on WH501 130
Table C.23 The retention times and variences of o-xylene vapour on WH502 130
Table C.24 The retention times and variences of o-xylene vapour on WH503 131
Table C.25 The retention times and variences of o-xylene vapour on WH601 131
Table C.26 The retention times and variences of o-xylene vapour on WH602 131
Table C.27 The retention times and variences of o-xylene vapour on WH603 132
Table D. 1 Adsorption equilibrium constant of BTX vapours on WH401 133
Table D.2 Adsorption equilibrium constant of BTX vapours on WH402 134
Table D.3 Adsorption equilibrium constant of BTX vapours on WH403 135
Table D.4 Adsorption equilibrium constant of BTX vapours on WH501 136
Table D.5 Adsorption equilibrium constant of BTX vapours on WH502 137
Table D.6 Adsorption equilibrium constant of BTX vapours on WH503 138
Table D.7 Adsorption equilibrium constant of BTX vapours on WH601 139
Table D.8 Adsorption equilibrium constant of BTX vapours on พ ท 602 140
Table D.9 Adsorption equilibrium constant of BTX vapours on WH603 .............. 141
Table E.l Characteristics of carbon adsorbents from rice husk.............................. 142
Table E.2 Characteristics of carbon adsorbents from sugar-cane bagasses...........143
Table E.3 Physical properties of the chemical reagents used..................................144
Table E.4 Bed characteristics of packed column..................................................... 145
Table E.5 Physical properties of benzene, toluene, and o-xylene vapours............. 146



LIST OF FIGURES

Figure 2.1 Arrangement of carbon atoms in a single-layer plane of crystallites
formed at different temperature (400,510, and 610°C) 12

Figure 2.2 Theoretical structure of crystallites 13
Figure 2.3 Linear isotherms................................ 16
Figure 2.4 Langmuir isotherm....................................................................... 17
Figure 2.5 Mass-transfer steps ...............................  22
Figure 4.1 A typical packed column of an adsorbent for adsorption experiments 34 
Figure 4.2 Adsorbate-vapour preparation apparatus 37
Figure 4.3 Schematic diagram of GC experiment.....................................................38
Figure 4.4 A chromatogram from the experimental result 39
Figure 5.1 BET surface areas of nitrogen adsorption of carbon adsorbents 

from water hyacinth which reacted with various chemicals at 
preactivation time of 1 and 17 hours at 110°c 42

Figure 5.2 (1) Partial pressure of hydrogen chloride gas in hydrochloric acid 
solution and partial pressure of water in sulfuric acid, and (2) 
partial pressure of water vapor and hydrogen nitrate in nitric 
acid solution ....44

Figure 5.3 Carbon adsorbents yields from water hyacinth reacted with zinc
chloride.............................................   48

Figure 5.4 Carbon adsorbent yields from rice husk reacted with zinc
chloride...................................................................................................... 48

Figure 5.5 Carbon adsorbent yields from sugar-cane bagasse reacted with
zinc chloride..............................      49

Figure 5.6 External surfaces of carbon adsorbents from water hyacinth: (a)
without zinc chloride and (b) with zinc chloride at 400°c, 1 hour 50

Figure 5.7 External surfaces of carbon adsorbents from rice husk without
zinc chloride at 400°c, 1 hour...........................................................  _ 51

Figure 5.8 External surfaces of carbon adsorbents from rice husk reacted with 
zinc chloride at 400°c, 1 hour 51



xii

Figure 5.9 External surface area of carbon adsorbent from sugar-cane
bagasse reacted without zinc chloride at 400°c, 1 hour 52

Figure 5.10 External surface area of carbon adsorbent from sugar-cane
bagasse reacted with zinc chloride at 400°c, 1 hour 52

Figure 5.11 External surface area of raw material (sugar-cane bagasse) 53
Figure 5.12 BET surface area of carbon adsorbents from water hyacinth

reacted with zinc chloride............. .............................................  54
Figure 5.13 BET surface areas of carbon adsorbents from rice husk

reacted with zinc chloride................................................................  54
Figure 5.14 BET surface areas of carbon adsorbents from sugar-cane bagasse

reacted with zinc chloride 55
Figure 5.15 Iodine numbers of carbon adsorbents from water hyacinth

reacted with zinc chloride......................................................................58
Figure 5.16 Iodine number of carbon adsorbents from rice husk

reacted with zinc chloride......................................................................58
Figure 5.17 Iodine number of carbon adsorbents from sugar-cane bagasse

reacted with zinc chloride......................................................................59
Figure 5.18 The average pore sizes of carbon adsorbents from water hyacinth

reacted with zinc chloride......................................................................60
Figure 5.19 The average pore sizes of carbon adsorbents from rice husk

reacted with zinc chloride....................................................... 60
Figure 5.20 The average pore sizes of carbon adsorbents from sugar-cane

bagasse reacted with zinc chloride.........................................  61
Figure 5.21 IR spectrum of carbon adsorbent WH401............................................62
Figure 5.22 IR spectrum of carbon adsorbent WH402............................ 62
Figure 5.23 IR spectrum of carbon adsorbent WH403............................................63
Figure 5.24 IR spectrum of carbon adsorbent WH501............................................63
Figure 5.25 IR spectrum of carbon adsorbent WH502............................................64
Figure 5.26 IR spectrum of carbon adsorbent WH503............................................64
Figure 5.27 IR spectrum of carbon adsorbent WH601.............................  65
Figure 5.28 IR spectrum of carbon adsorbent WH602............................ 65
Figure 5.29 IR spectrum of carbon adsorbent WH603 66



Figure 5.30 The retention time of toluene vapour on WH401 as a function
of L/v ............................................................................................  69

Figure 5.31 The adsorption equilibrium constants of toluene vapour on
various adsorbents.................................................................  72

Figure 5.32 The adsorption equilibrium constants of benzene vapour on
various adsorbents..................................................................................72

Figure 5.33 The adsorption equilibrium constants of o-xylene vapour on
various adsorbents................................................................................. 73

Figure 5.34 The adsorption equilibrium constants of toluene vapour on
WH401, 501, and 601............................................................................ 75

Figure 5.35 The adsorption equilibrium constants of benzene vapour on
WH401, 501, and 601............................................................................ 75

Figure 5.36 The adsorption equilibrium constants of o-xylene vapour on
พ! 1401. 501, and 601............................................................................ 76

Figure 5.37 The adsorption equilibrium constants of BTX vapours on
WH401 ................................................................................................... 76

Figure 5.38 The adsorption equilibrium constants of BTX vapours on
WH402................................................................................................... 77

Figure 5.39 The adsorption equilibrium constants of BTX vapours on
WH403................................................................................................... 78

Figure 5.40 The adsorption equilibrium constants of BTX vapours on
WH501 ................................................................................................... 78

Figure 5.41 The adsorption equilibrium constants of BTX vapours on
WH502................................................................................................... 79

Figure 5.42 The adsorption equilibrium constants of BTX vapours on
WH503................................................................................................... 79

Figure 5.43 The overall mass-transfer coefficients of BTX vapours on
WH401 ...................................................................................................80

Figure 5.44 The overall mass-transfer coefficients of BTX vapours on
WH403 ..................................................................................................  81

Figure 5.43 The overall mass-transfer coefficients of BTX vapours on
WH502 ................................................................   81

xiii



XIV

Figure A. 1 Chromatogram of the experiment result 95
Figure A.2 First moment plot of adsorption of toluene vapour on WH401

at 180°c........................................................................................96
Figure A.3 Adsorption equilibrium constants of toluene vapour on WH401

at 180°c..................................................................................................98
Figure A.4 Overall mass-transfer coefficient of toluene vapour on WH401

at 180°c........................................................................................98
Figure A.5 The relationship of friction factors versus Reynold numbers for 

flow through packed bed according to Blake-Kozeny equation
on WH401T............................................................................................ 103

Figure B. 1 External surface of carbon adsorbent from WH402 105
Figure B.2 External surface of carbon adsorbent from WH403 106
Figure B.3 External surface of carbon adsorbent from WH501 106
Figure B.4 External surface of carbon adsorbent from WH502 107
Figure B.5 External surface of carbon adsorbent from WH503 107
Figure B.6 External surface of carbon adsorbent from WH601 108
Figure B.7 External surface of carbon adsorbent from WH602 108
Figure B.8 External surface of carbon adsorbent from WFI603 109
Figure B.9 External surface of carbon adsorbent from RFI402 109
Figure B.10 External surface of carbon adsorbent from RH403 110
Figure B. 11 External surface of carbon adsorbent from RH501 110
Figure B.12 External surface of carbon adsorbent from RH502 111
Figure B.13 External surface of carbon adsorbent from RH503 111
Figure B.14 External surface of carbon adsorbent from RH601 112
Figure B.15 External surface of carbon adsorbent from RH602 112
Figure B.16 External surface of carbon adsorbent from RH603...............................113
Figure B.17 External surface of carbon adsorbent from SCB402..............  113
Figure B.18 External surface of carbon adsorbent from SCB403 .................  114
Figure B. 19 External surface of carbon adsorbent from SCB501 114
Figure B.20 External surface of carbon adsorbent from SCB502 115
Figure B.21 External surface of carbon adsorbent from SCB503 ...........................  115
Figure B.22 External surface of carbon adsorbent from SCB601 116



Figure B.23 External surface of carbon adsorbent from SCB602 
Figure B.24 External surface of carbon adsorbent from SCB603

XV

116
117



N O M E N C L A T U R E

surface area per unit volume of pellet, cm2/cm3
specific surface area, cm2/g
sorbate concentration, mol/cm3
sorbate concentration at bulk gas phase, mol/cm3
sorbate concentration at gas-adsorbed phase interface, mol/cm3
sorbate concentration at stagnant gas phase, mol/cm3
Knudsen diffusity, cm2/sec
axial dispersion, cm2/sec
molecular diffusivity, cm2/sec
particle diameter, cm
standard electrode potential, volt
heat of adsorption, kj/mol
overall mass-transfer coefficient, sec-1
external fluid film mass-transfer coefficient, cm/sec
pore mass-transfer coefficient, cm/sec
adsorption equilibrium constant, mol/cm3 of pellet cr mol/cm3 of gas 
adsorption equilibrium constant for unsaturation isotherm 
Freundlich adsorption equilibrium constant, mmol/m2-kPa1/''
Langmuir adsorption equilibrium constant, kPa-1
BET adsorption equilibrium constant
length of packed bed, cm
molecular weight, g/mol
parameter constant
vapour pressure of adsorbate, kPa
relative pressure
saturated vapour pressure of adsorbate, kPa 
amount of adsorbate adsorbed, mmol/g 
maximum amount adsorbed, mmol/g 
mean pore radius, cm



XVII

R

/̂ ads
R p
tR

T
V

Vo
XXaObY

gas constant
rate of adsorption, mol/g-sec
radius of adsorbent pellet, cm
retention time, sec
weighted mean residence time, sec
adsorption temperature, K
intersticial velocity of carrier gas, cm/sec
superficial velocity of carrier gas, cm/sec
XX means raw material used, i.e. WH is water hyacinth, RH is rice husk, 

and SCB is sugar-cane bagasses
a means reacting temperature, i.e. 4 is 400°c, 5 is 500°c, and 6 is 600°c 
b means reacting time, i.e. 1 is 1 hour, 2 is 2 hours, and 3 is 3 hours 
Y means adsorbate used, i.e. B is benzene, T is toluene, and X is o-xylene 

WH401T, for example, means the carbon adsorbent prepared from 
water hyacinth reacted at 400°c for an hour used for adsorbing toluene 
vapour.

DIMENSIONLESS GROUP
Re Reynolds number
Sc Schmidt number
Sh Sherwood number

GREEK LETTERS

8 bed porosity
p fluid density, g/cm3
pb bulk density, g/cm3
Pp particle density, g/cm3
P.Ç solid density, g/cm3
a 2 variance of chromatogram, sec2


	Cover (Thai)


	Cover (English)


	Accepted


	Abstract (Thai)


	Abstract (English)


	Acknowledgements


	Contents



