
2
9

6
5

0
1

3
1

9
8

การเตรียมคอมพอสิตของยางธรรมชาติและซิลิกาที่มีหมู่ฟ้งก์ชันด้วยกรดชัลโฟนิกและการประ 'กต์

เป็นตัวเร่งปฏิกิริยาในเอสเทอริทิแคชัน

นายศักดินันท์ นันตัง

วิทยานิพนธ์นี้เป็นส่วนหนี่งฃองการศึกษาตามหลักสูตรปริญญาวิทยาคาสตรดุษฎีบัณฑิต 

สาขาวิชาเคมีเทคนิค ภาควิชาเคมีเทคนิค 

คณะวิทยาศาสตร์ จุฬาลงกรณ์มหาวิทยาลัย 

ปีการศึกษา 2556

ลิฃสิทธฃองจุฬาลงกรณ์มหาวิทยาลัย

5273902723



PREPARATION OF NATURAL RUBBER AND SILICA COMPOSITES FUNCTIONALIZED 

WITH SULFONIC ACID GROUP AND THEIR APPLICATION AS CATALYSTS IN

ESTERIFICATION

Mr. Sakdinun Nuntang

A Dissertation Submitted เท Partial Fulfillment of the Requirements 

for the Degree of Doctor of Philosophy Program เท Chemical Technology 

Department of Chemical Technology 

Faculty of Science 

Chulalongkom University 

Academic Year 2013 

Copyright of Chulalongkom University



Thesis Title

By
Field of Study 

Thesis Advisor 

Thesis Co-Advisor

PREPARATION OF NATURAL RUBBER AND SILICA

COMPOSITES FUNCTIONALIZED WITH SULFONIC ACID

GROUP AND THEIR APPLICATION AS CATALYSTS IN

ESTERIFICATION

Mr. Sakdinun Nuntang

Chemical Technology

Assistant Professor Chawalit Ngamcharussrivichai, Ph.D. 

Assistant Professor Sirilux Poompradub, Ph.D.

Professor Takashi Tatsumi, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial Fulfillment of 

the Requirements for the Doctoral Degree

Dean of the Faculty of Science

(Professor Supot Hannongbua, Dr. rer. nat.)

THESIS COMMITTEE

............................Chairman

(Associate Professor Kejvalee Pruksathorn, Dr. de L’INPT.)

...Thesis Advisor

;sociate Professor Kejvalee Pruksathor

(Assistant Professor Chawalit Ngamcharussrivichai, Ph.D.) 

o û \ ท^ WjZ /

(Assistant^Professor Sirilux Poompradub, Ph.D.)

Thesis Co-Advisor

(Professor TakashiTjatsymi, Ph.D.)

f

Thesis Co-Advisor

Examiner

(Professor Pattarapan Prasassarakich, Ph.D.)

......A) DpiO? ....ะ^.,. n phi โ.?.He) ไ........................Exa m i ท e r

(Assistant Professor Napida Hinchiranan, Ph.D.)
^ / & - —

........  .......................................................... External Examiner

(Suchada Burnark, Ph.D.)



IV

ศักดินันท์ บันตัง : การเตรียมคอมพอสิตของยางธรรมชาติและซิลิกาพื่มีหมู่ฟังก์ชันด้วย 

กรดชัลโฟนิกและการประยุกต์เป็นตัวเร่งปฏิกิริยาในเอสเทอริฟัเคชัน. (PREPARATION 

OF NATURAL RUBBER AND SILICA COMPOSITES FUNCTIONALIZED WITH 

SULFONIC ACID GROUP AND THEIR APPLICATION AS CATALYSTS IN 

ESTERIFICATION) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: ผศ.ดร ชวลิต งามจรัสศรีวิชัย, อ.ท่ี 

ปรึกษาวิทยานิพนธ์ร่วม: ผศ.ดร สิริลักษณ์ พุ่มประดับ, ศ.ดร. Takashi Tatsumi, 136 

หน้า.

งานวิจัยบี้ม ีจ ุดประสงค์เพื่อศึกษาการเตรียมคอมพอสิตของยางธรรมชาติและซิล ิกาที่ม ี 

หมู่ฟิงกิชันด้วยกรดชัลโฟนิก ผ่าน'วิธีอิน1ซิทู โซล-เจล ร่วมกับการฟังก์ชันด้วยหมู่กรดชัลโฟนิก และ 

การประยุกต์เป ็นตัวเร่งปฏิก ิริยาในเอสเทอริฟ ัเคชัน เริมต้นด้วยการศึกษาการเตรียมคอมพอสิ ต 

ของยางธรรมฃาติและเฮกซะโกนอลเมโซพอรัสซิลิกา (NR/HMS) ที,สังเคราะห์ผ่านวิธีอินซิทู โซล- 

เจล ในตัวทำละลายเตตระไฮโดรฟูแรน (THF) โดยใช้เตตระเอทิลออโทซิล ิเกต (TEOS) เป็น 

วัตถุดิบซิลิกา จากนั้นนำคอมพอสิตที่เตรียมได้ไปวิเคราะห์ลักษณะสมบัติทางกายภาพและเคมีโดย 

ใช้เทคนิควิเคราะห์นั้นสูงต่างๆ นอกจากนี้ย ังศึกษาผลกระทบของสัดส่วนของผสมในการเตรียม 

คอมพอสิตต่อลักษณะโครงสร้างและสมบัติความพรุน จากผลวิเคราะห์ที่ใด้พบว่า NR/HMS แสดง 

ค่าพื้นผิวที่สูง ปริมาตรรูพรุนสูง การกระจายตัวขนาดรูพรุนแคบ และการจัดเรียงตัวของโครงสร้าง 

แบบเฮกซะโกนอลท ี่ม ีความเป ็นระเบ ียบส ูง รวมถ ึงแสดงสมบ ัต ิความไม ่ซอบน ํ้า ต ่อจากน ั้น 

ทำการศึกษาการเตรียมคอมพอสิตของยางธรรมชาติและเฮกซะโกนอลเมโซพอรัสซ ิล ิกาท ี่ม ีหม ู่ 

ฟังก์ชันด้วยกรดชัลโฟนิก (NR/HMS-S03H) ซึ่งเตรียมโดยใช้สัดส่วนผสมของ 3-เมอรีแคป,โต'โพร 

พิลไตรเมทอกซีไซเลน (MPTMS) ต่อเตตระเอทิลออโทซิลิเกต (TEOS) หลายสัดส่วน จากนั้น 

ทำการศ ึกษาลักษณะสมบ ัต ิทางกายภาพและเคม ี ลักษณะโครงสร้างและสมบัต ิความพรุน ของ 

NR/HMS-S03H คอมพอสิตท ี่เตรียมนั้นเปรียบเท ียบกับเฮกฃะโกนอลเมโซพอรัสซ ิล ิกาท ี,มีหมู่ 

ฟังก์ชันด้วยกรดชัลโฟนิก (HMS-SOjH) จากผลวิเคราะห์ที่ได้พบว่า NR/HMS-S03H มีความเป็น 

กรดสูง และแสดงข้อดีของลักษณะความพรุนแบบเมโซพอรัสร่วมกับสมบัต ิความไม่ขอบนํ้าจาก 

การคอมพอสิตกับยางธรรมชาติ ส ุดท้ายทำการศึกษาสมรรถนะเซิงเร่งปฏิก ิร ิยาของคอมพอลิตที่ 

เตรียม,ได้!Iนเอสเทอริฟัเคชันกับกรดคาร่บอกซิลิกหลายชนิดกับเอทานอล จากผลการศึกษาพบว่า 

ตัวเร่งปฏิกิริยาชนิดคอมสิต NR/HMS-S03H มีความว่องไวในการเร่งเอสเทอริพิแคชันที่เหนือกว่า 

HMS-S03H และคอมพอสิตของแนพิเออบและซิลิกา (SAC-13) นอกจากนี้ NR/HMS-S03H ยังมี 

ความสามารถในการกลับมาใช้ซํ้าส0าหรับการเร่งเอสเหอริฟัเคฃันอย่างน้อย 4 รอบ

บีการศึกษา 2556

ภาควิชา เคมีเทคนิค

สาขาวิชา เคมีเทคนิค

ลายมือซ ื่อ อ.ที่ปรึกษาวิทยานิพนธ์ร ่วม

บ ับ ฺว ิ/ท ี' •**• -ÂO !■ ม-



V

# # 5273902723 : MAJOR CHEMICAL TECHNOLOGY

KEYWORDS: NATURAL RUBBER /  HEXAGONAL MESOPOROUS SILICA /  NANO­

COMPOSITE /  ACID CATALYST / ESTERIFICATION

SAKDINUN NUNTANG: PREPARATION OF NATURAL RUBBER AND SILICA 

COMPOSITES FUNCTIONALIZED WITH SULFONIC ACID GROUP AND THEIR 

APPLICATION AS CATALYSTS IN ESTERIFICATION. ADVISOR: ASST. PROF. 

CHAWALIT NGAMCHARUSSRIVICHAI, PhD., CO-ADVISOR: ASST. PROF 

SIRILUX POOMPRADUB, Ph.D., PROF TAKASHI TATSUMI, Ph อ,, 136 pp

The main objectives of this study were the preparation propytsulfonie 

acid-functionalized mesoporous composites based on natural rubber (NR) and 

hexagonal mesoporous silica (HMS) via the in situ sol-gel technique and the 

simultaneous functionalization with organo-sulfomc acid groups, เท order to use 

them as catalysts เท esterification. Firstly, a series of NR/HMS composites was 

prepared in tetrahydrofuran (THF) via an in situ sol-gel process using 

terraethylorthosilicate (TEOS) as a silica precursor. The physicochemical properties 

of the composites were characterized by various techniques. เท addition, the 

effects of the gel composition on the structural and textural properties of the 

NR/HMS composites were investigated. NR/HMS exhibited the high BET surface 

area, large pore volume, narrow pore size distribution and high order hexagonal 

structure, including hydrophobicity. After that, the propytsulfonie acid 

functionalized mesoporous composites based on natural rubber and hexagonal 

mesoporous silica (NR/HMS-SO3H) were prepared by varying 3 ■กาercaptopropyi 

trimethoxysilane (MPTMS) to tetraethytorthosilicate (TEOS) molar ratio The 

physicochemical, textural and structural properties of acidic composites were 

compared with acidic hexagonal mesoporous silica (HMS-SO3H). The acidic 

composites possessed high acidity, high mesoporosity of HMS and the 

hydrophobicity of the NR. Finally, their catalytic activities were tested in the 

esterification of various carboxylic acids with ethanol The NR/HMS-SO3H catalysts 

possessed a superior specific activity to HMS SO3H and silica-supported Nafion® 

catalyst (SAC-1.3). Moreover, NR/HMS-SO3H catalysts exhibited reusability in 

esterification at least 4 cycles

Department: Chemical Technology

Field of Study: Chemical Technology 

Academic Year: 2013



Vi
ACKNOWLEDGEMENTS

I would like to express my deepest gratitude my supervisors, Asst. Prof. 

Chawalit Ngamcharussrivichai. I appreciate very much for his patience and guidance 

that i have been able to complete my study. I would like to thank for his 

encouragement and valuable comments, and i am grateful for all of the 

opportunities that he has provided me. Through his actions he has shown me how 

research should be done, and it has been a privilege to study under his guidance 

throughout pass 4 years and 6 months of my research.

I express my gratitude to my co-advisor, Assoc. Prof. Sirilux Poompradub for 

her valuable time, continuous support and helpful suggestions. I am also grateful to 

Prof. Takashi Tatsumi and Asst. Prof. Toshiyuki Yokoi who offered many helpful 

suggestions and supported my study during 6 months at Chemical Resources 

Laboratory, Tokyo Institute of Technology, Japan. And I also thank all Tatsumi 

laboratory’s member (Ming Liu, Yamazaki) for their helpful advices, supports, 

encouragement and friendships during my period in Japan. Sincerest appreciation 

also extends to The Royal Golden Jubilee Scholarship (Thailand Research Fund) for 

financial support of this research.

I would like to acknowledge Assoc. Prof. Kejvalee Pruksathorn, Prof. 

Pattarapan Prasassarakich, Asst. Prof. Napida Hinchiranan and Dr. Suchada Butnark for 

their participation on the dissertation chairman and members of thesis committee, 

respectively.

Lastly, I wish to acknowledge the support of Dr. Sasithorn Sunphorka, Dr. 

Supachita Krerkkaiwan and my research group (Golf, Phai, Park, Pick Wanjai etc.) for 

suggestion, kindly support about my thesis and encouragement of my beloved family 

who always beside me throughout Ph.D. period.



CONTENTS

THAI ABSTRACT................................................................................................................... iv

ENGLISH ABSTRACT............................................................................................................. V

ACKNOWLEDGEMENTS........................................................................................................vi

CONTENTS.......................................................................................................................... vii

LIST OF TABLES..........................   xii

LIST OF FIGURES............................................................................................................... xiv

ABBREVIATIONS.................................................................................................................xviii

NOMENCLATURE............................................................................................................... xix

CHAPTER I INTRODUCTION.................................................................................................1

1.1 Motivation.................................................................................................................. 1

1.2 Objectives...................................................................................................................3

1.3 Scope of this work..................................................................................................... 3

CHAPTER II THEORY AND LITERATURE REVIEWS...............................................................6

2.1 Mesoporous materials.............................................................................................. 6

2.2 Sol-gel process for the synthesis mesoporous silica.............................................. 9

2.3 Mesoporous silica with hexagonal structure..........................................................11

2.3.1 General features of mesoporous silica with hexagonal structure............. 11

2.3.2 Synthesis method of mesoporous silica with hexagonal structure.......... 13

2.3.2.1 Ionic surfactant and ionic inorganic precursor................................13

2.3.2.2 Neutral surfactant and inorganic precursor.................................... 15

2.3.2.3 Using ampliphilic di- and tri-block copolymer...............................16

2.4 Hexagonal mesoporous silica (HMS).......................................................................17

2.5 Surface modification of mesoporous silicas...........................................................18

2.5.1 Post synthesis m ethod..................................................................................19

2.5.2 Co-condensation method.............................................................................20

2.6 Organic esters.......................................................................................................... 22

2.6.1 General features...........................................................................................22

VII

Page



Page

2.6.2 Synthesis of esters....................................................................................... 24

2.7 Acid catalyzed esterification....................................................................................25

2.7.1 Homogeneous acid catalysts.........................................................................26

2.7.2 Heterogeneous acid catalysts.......................................................................27

2.7.2.1 Supported catalysts..........................................................................28

2.7.2.2 Bulk catalysts.....................................................................................28

2.7 Natural rubber..........................................................................................................31

2.8 Natural rubber/silica composites............................................................................ 32

2.9 Literature reviews.................................................................................................... 34

2.9.1 Synthesis of natural rubber/silica composites via in  s itu  sol-gel reaction 34

2.9.2 Functionalization of silica with sulfonic acid group.................................... 34

2.9.3 Esterification over heterogeneous acid catalysts........................................ 35

CHAPTER III EXPERIMENTAL AND ANALYTICAL METHOD.............................................. 38

3.1 Materials................................................................................................................... 38

3.1.1 Chemical for synthesis mesoporous materials and composites...............38

3.1.2 Commercial catalyst.......................................................................................38

3.1.3 Chemical for esterification.............................................................................39

3.1.4 Chemicals for reaction product analysis..................................................... 39

3.2 Instruments and equipment....................................................................................39

3.3 Preparation of mesoporous silica and composites with NR.................................40

3.3.1 Hexagonal mesoporous silica (HMS) synthesis............................................40

3.3.2 Natural rubber and hexagonal mesoporous silica composites (NR/HMS)

synthesis........................................................................................................ 41

3.3.3 Propylsulfonic acid-functionalized hexagonal mesoporous silica (HMS-

S03H) synthesis.............................................................................................. 42

3.3.4 Propylsulfonic acid-functionalized natural rubber and hexagonal

mesoporous silica composites (NR/HMS-SO3H) synthesis......................... 42

3.4 Material characterization procedure.......................................................................43

VIII



IX

3.4.1 Compositional and elemental analysis......................................................43

Thermogravimetric/differential thermal analysis (TG/DTA)...................... 43

Carbon, Hydrogen, Nitrogen and Sulfur (CHNS) analysis..........................43

3.4.2 Surface functional groups analysis...............................................................44

Fourier-transform infrared spectroscopy (FTIR)......................................... 44

Solid-state 29Si magic angle spinning nuclear magnetic resonance (29Si

MAS NMR)........................................................................................ 44

3.4.3 Structural analysis......................................................................................... 45

X-ray Powder diffraction (XRD).................................................................... 45

3.4.4 Textural properties and hydrophobicity measurement..............................46

N2 adsorption-desorption measurement....................................................46

H20  adsorption-desorption measurement.................................................48

3.4.5 Electron microscopy.....................................................................................48

Scanning electron microscope (SEM).........................................................48

Transmission electron microscopy (TEM)...................................................48

3.4.6 Particle size analysis......................................................................................49

3.4.7 Acidity measurement....................................................................................49

3.5 Esterification carboxylic acids and alcohols over acidic mesoporus silicas and

composites.....................................................................................................................49

3.5.1 Study on the effect of type of acidic mesoporous catalysts..49

3.5.2 Study on the effect of catalyst am ount.................................... 50

3.5.3 Study on the effect of H20  on catalytic activity.......................50

3.6 Catalyst reusability of NR/HMS-SO3H composite..................................................51

3.7 Reaction product analysis.......................................................................................51

CHAPTER IV SYNTHESIS AND CHARACTERIZATION OF NR/HMS COMPOSITES..............53

4.1 Thermogravimetric analysis (TGA)..........................................................................53

4.2 FTIR spectroscopy................................................................................................... 55

4.3 Solid state 2?Si MAS NMR studies...........................................................................56

Page



4.4 XRD analysis........................................................................................................... 58

4.5 Transmission electron microscopy (TEM)............................................................. 61

4.6 Scanning electron microscopy (SEM).....................................................................65

4.7 Particle size analysis................................................................................................6 8

4.8 N2 adsorption-desorption measurement.............................................................. 69

4.9 H20  adsorption-desorption measurement............................................................75

4.10 Pathway for the formation of NR/HMS composite............................................ 77

CHAPTER V SYNTHESIS AND CHARACTERIZATION OF NR/HMS-SOjH COMPOSITES....79

5.1 Thermogravimetric analysis (TGA)..........................................................................79

5.2 XRD analysis.............................................................................................................81

5.3 FTIR spectroscopy................................................................................................... 84

5.4 Solid state 29Si MAS NMR studies...........................................................................85

5.5 Sulfur content and acidity measurement..............................................................87

5.6 N2 adsorption-desorption measurement...............................................................8 8

5.7 Electron microscopy............................................................................................... 92

5.8 H20  adsorption-desorption measurement............................................................95

5.9 Pathway for the formation of NR/HMS-SOjH composite......................................97

CHAPTER VI ESTERIFICATION OF CARBOXYLIC ACID WITH ALCOHOL OVER ACIDIC 

MESOPOROUS SILICAS AND NATURAL RUBBER/MESOPOROUS SILICA COMPOSITES....99

6 .1  Study on esterification of various carboxylic acids with ethanol over acidic

catalysts..........................................................................................................................99

6.1.1 Esterification of acetic acid with ethanol....................................................99

6.1.2 Esterification of octanoic acid with ethanol............................................. 102

6.1.3 Esterification of lauric acid with ethanol..................................................105

6.2 Effect of catalyst amount on esterification........................................................107

6.3 Effect of H20 on catalytic activity........................................................................ 109

6.4 Reusability of NR/HMS-SO3H composite..............................................................112

6.4.1 Effect of organic solvent for washing spent NR/HMS-SO3H composite... 112

X

Page



xi

6.4.2 Reusability of NR/HMS-SO3H in the esterification of octanoic acid with

Page

ethanol......................................................................................................... 114

CHAPTER VII CONCLUSIONS AND RECOMMANDATIONS................................................. 116

7.1 Conclusions.............................................................................................................116

7.2 Recommendation and future works..................................................................... 117

REFERENCES...................................................................................................................... 118

APPENDIX A................................................................................................................... 128

Appendix B.................................................................................................................... 134

Appendix c.................................................................................................................... 135

VITA....................................................................................................................................136



XII

LIST OF TABLES

Table 2.1 Pore-size systems and representative porous inorganic materials................ 6

Table 2.2 Possible pathways for the synthesis of mesoporous silicas with hexagonal

structure...............................................................................................................................8

Table 2.3 Various synthesis conditions of mesoporous silica with hexagonal structure

and the types of interaction between templates and inorganic species.....................12

Table 2.4 Properties of some mesoporous silicas with hexagonal structure...............13

Table 2.5 Summary of advantage and disadvantage of two organic functionalized

modification methods.......................................................................................................21

Table 2.6 Examples of organic esters are used in the manufacturing..........................23

Table 3.1 The physicochemical properties of Nafion'E'sAC-13........................................ 38

Table 3.2 Synthesis molar composition of HMS-E and HMS-T...........................40

Table 3.3 Synthesis molar composition of NR/HMS composites....................... 41

Table 3.4 Synthesis molar composition of HMS-SO3H materials....................... 42

Table 3.5 Synthesis molar composition of NR/HMS-SO3H composites............. 43

Table 3.6 Reaction condition of esterification carboxylic acids and alcohols................50

Table 3.7 GC conditions for determination of residual carboxylic acid and ester 

content...............................................................................................................................51

Table 4.1 Silica content of NR/HMS composites synthesized under various conditions.

...........................................................................................................................................54

Table 4.2 Relative intensity of the Qn group of the 29Si MAS NMR............................. 57

Table 4.3 Structural properties of pure silica HMSs and NR/HMS composites

synthesized under various conditions.............................................................................59

Table 4.4 Textural properties of pure silica HMS-E and HMS-T.................................... 70

Table 4.5 Textural properties of pure silica HMS-T and NR/HMS-1 to -3 composites. 71 

Table 4.6 Textural properties of pure silica HMS-T and NR/HMS-4 to -6  composites. 73 

Table 4.7 Textural properties of pure silica HMS-T and NR/HMS-1, -7 and -8

composites........................................................................................................................75

Table 5.1 Silica content of HMS-T, HMS-SO3H and NR/HMS-SO3H composites

synthesized under various conditions..............................................................................81

Table 5.2 structural properties of HMS-T, HMS-SO3H and NR/HMS-SO3H composites 

synthesized under various conditions..............................................................................83



XIII

Table 5.3 Relative intensities o f the  Jm and Qn groups from  29Si MAS NMR and the 

sulfur contents o f HMS-T, HMS-SO3 H and NR/HMS-SO3 H composites synthesized

under various conditions............................................................................................................ 87

Table 5.4 Sulfur contents and acidity o f HMS-SO3H and NR/HMS-SO3H composites

synthesized under various conditions..................................................................................... 8 8

Table 5.5 Textural properties o f mesoporous and acidic mesoporous materials

synthesized under various conditions..................................................................................... 90

Table 6.1 Esterification o f acetic acid w ith e thanol over acidic mesoporous catalysts.

......................................................................................................................................... 101

Table 6.2 Esterification o f octanoic acid w ith ethanol over acidic mesoporous

catalysts.........................................................................................................................................104

Table 6.3 Esterification o f lauric acid w ith e thano l over acidic mesoporous catalysts.

........................................................................................................................................................ 107

Table 6.4 Effect o f catalyst loading in catalytic esterification o f octanoic acid with

ethanol over SAC-13, HMS-SO3 H catalysts and NR/HMS-SO3 H com posites.................109

Table 6.5 Effect o f H20  addition in catalytic esterification o f octanoic acid with

ethano l over SAC-13, HMS-SO3H (0.2) catalyst and NR/HMS-SO3H (0.2) catalyst....... 110

Table 6 .6  Elemental com position (C,H,N,ร contents) o f fresh NR/HMS-SO3H and spent

NR/HMS-SO3H after used at 1st cycle in esterification.......................................................113

Table 6.7 Elem ental com position (C,H,N,ร contents) o f fresh NR/HMS-SO3 H and spent

NR/HMS-SO3 H after the 5 th cycle in the esterification of octanoic acid with ethanol.

....................................................................................................................................................... 115

Table C- 1 Textural properties of SAC-13............................................................................ 135



XIV

LIST OF FIGURES

Figure 1.1 Experimental fram ework o f this s tudy................................................................... 5

Figure 2.1 Schematic diagram o f the M41S materials, MCM-50 (layered), MCM-41

(hexagonal) and MCM-48 (cubic).................................................................................................7

Figure 2.2 Phase sequence o f surfactant-water binary s ys te m ........................................... 8

Figure 2.3 Sol-gel general reaction schem e...............................................................................9

Figure 2.4 Effect o f catalyst on hydrolysis and condensation.............................................11

Figure 2.5 Effect o f pH on hydrolysis and condensation rates........................................... 11

Figure 2.6 Schematic representation o f the  different types o f silica-surfactant

interfaces..........................................................................................................................................14

Figure 2.7 Schematic representative o f the  synthesis o f M C M -41.................................... 15

Figure 2.8 Primary amine used in mesostructured generation............................................15

Figure 2.9 Block copolym er used in mesostructured generation.......................................16

Figure 2.10 TEM image and SEM image o f HMS.................................................................... 17

Figure 2.11 Schematic representation o f the  ร 0 ! 0  tem pla te  mechanism o f form ation o f

HMS mesoporous s ilic a ................................................................................................................18

Figure 2.12 Diagram illustrating unm odified pore w all and the presence o f functiona l

group on the pore w a ll.................................................................................................................19

Figure 2.13 Functionalization o f inner walls o f mesoporous silicas by post synthesis

m e th o d ............................................................................................................................................19

Figure 2.14 เท-รแบ oxidation synthesis strategy for the  preparation o f organo-sulfonic

acid group m odified hexagonal mesoporous m ateria l......................................................... 2 1

Figure 2.15 Examples o f organic ester m olecu les..................................................................22

Figure 2.16 Pathway for preparation o f organic esters........................................................ 24

Figure 2.17 Esterification o f carboxylic acid w ith a lcoho l................................................... 25

Figure 2.18 Mechanism o f acid catalyzed esterification......................................................25

Figure 2.19 Conventional process for synthesis o f ester lubricants via esterification.. 27

Figure 2.20 Classification o f the heterogeneous acid catalysts......................................... 28

Figure 2.21 Bronsted and Lewis acid sites in zeolites........................................ .................29

Figure 2.22 The polym er structure o f Am berlyst-15............................................................. 30

Figure 2.23 Chemical form ula o f Nafion................................................................................... 30

Figure 2.24 Conceptual scheme of com posite materials o f mesoporous silica w ith

organic com ponents...................................................................................................................... 31

Figure 2.25 Isoprene structure o f natural rubber................................................................... 32

Figure 2.26 SEM image o f natural rubber/silica com posites...............................................33



XV

Figure 2.27 Possible reaction mechanism for the acetic acid esterification with

m ethanol over propylsulfonic acid-functionalized SBA-15................................................37

Figure 3.1 Diffraction o f X-ray by regular planes o f atom s................................................ 45

Figure 3.2 The IUPAC classification o f adsorption isotherm ............................................... 47

Figure 3.3 Temperature program of GC condition for acetic acid determ ination........ 52

Figure 3.4 Tem perature program of GC condition for octanoic acid and e thy l

octanoate determ ination............................................................................................................52

Figure 3.5 Temperature program of GC condition for lauric acid and e thy l laurate

determ ination................................................................................................................................52

Figure 4.1 Weight loss and DTG curves o f NR/HMS-1 com posite.....................................54

Figure 4.2 Weight loss and DTG curves o f pure NR............................................................. 55

Figure 4.3 FTIR spectra o f mesoporous silica HMS-E, HMS-T and NR/HMS-1 com posite.

..................................................................................................................................................   56

Figure 4.4 29Si MAS NMR spectra o f HMS-T and NR/HMS-1 com posite........................... 57

Figure 4.5 XRD patterns o f pure silica HMS-E and pure silica HM S-T.............................58

Figure 4.6 XRD patterns o f pure silica HMS-T and NR/HMS com posites........................ 60

Figure 4.7 TEM images and the  simulated 2D and 3D TEM images o f HMS-E............... 62

Figure 4.8 TEM image and the simulated 2D and 3D TEM images o f HMS-T.................63

Figure 4.9 TEM image and the simulated 2D and 3D TEM images o f NR/HMS-1

com posite ...................................................................................................................................... 64

Figure 4.10 Simulated 2D TEM images o f HMS-T and NR/HMS-1 com posite .................65

Figure 4.11 FE-SEM images o f HMS-T....................................................................................... 6 6

Figure 4.12 FE-SEM images o f NR/HMS-1 com posite ............................................................ 67

Figure 4.13 Particle size distribution o f the pure silica HMS-T and NR/HMS-1

com posite .......................................................................................................................................6 8

Figure 4.14 N2  adsorption-desorption isotherms and BJH pore size distribution o f pure

silica HMS-E and HMS-T...............................................................................................................69

Figure 4.15 N2  adsorption-desorption isotherms and BJH pore size distribution o f pure

silica HMS-T and NR/HMS-1 to  -3 com posites...................................................................... 71

Figure 4.16 N2  adsorption-desorption isotherms and BJH pore size distribution o f pure

silica HMS-T and NR/HMS-4 to  - 6  com posites........................................................................72

Figure 4.17 N2  adsorption-desorption isotherms and BJH pore size distribution o f pure 

silica HMS-T and NR/HMS-1, -7 and - 8  com posites...............................................................74

Figure 4.18 H20  adsorption-desorption isotherms of HMS-T and NR/HMS composites.

Figure 4.19 Pathway for the formation of NR/HMS composite.

76

78



XVI

Figure 5.1 Weight Loss and DTA curves o f HMS-SO3 H (0.1) and NR/HMS-SO3 H (0.1)

com posite ..................................................................................................................................... 80

Figure 5.2 XRD patterns o f pure silica HMS-T, HMS-SO3H, NR/HMS-8  and NR/HMS-SO3H

com posites.....................................................................................................................................82

Figure 5.3 FTiR spectra o f the pure silica HMS-T, HMS-SO3 H (0.1), NR/HMS- 8  and

NR/HMS-SO3 H (0.1)....................................................................................................................... 85

Figure 5.4 29Si MAS NMR spectra o f pure silica HMS-T, functionalized HMSs, NR/HMS- 8

com posite and functionalized NR/HMS com posites............................................................ 8 6

Figure 5.5 N2  adsorption-desorption isotherms and BJH pore size distribution o f the

pure silica HMS-T and functionalized HMSs........................................................................... 89

Figure 5.6 N2  adsorption-desorption isotherms (a) and BJH pore size distribution (b) o f

pure silica HMS-T, NR/HMS and functionalized NR/HMS com posites...............................91

Figure 5.7 Formation o f the hexagonal array o f silicate m icellar rods and NR in the

presence o f MPTMS..................................................................................................................... 92

Figure 5.8 FE-SEM images o f HMS-SO3H (0.1) and NR/HMS-SO3H (0.1) com posite....... 93

Figure 5.9 STEM images o f HMS-SO3H (0.1) and NR/HMS-SO3H (0.1) com posite............94

Figure 5.10 H20  adsorption-desorption isotherms o f pure silica HMS-T, functionalized

HMSs, NR/HMS- 8  and functionalized NR/HMS com posites.................................................96

Figure 5.11 Pathway for the  form ation o f NR/HMS-SO3H com posite................................98

Figure 6.1 Esterification o f acetic acid with ethanol over acidic mesoporous catalysts..

......................................................................................................................................... 1 0 0

Figure 6.2 Esterification o f octanoic acid w ith e thanol over acidic mesoporous

catalysts........................................................................................................................................ 103

Figure 6.3 Esterification o f lauric acid w ith ethanol over acidic mesoporous catalysts

....................................................................................................................................................... 106

Figure 6.4 Effect o f catalyst loading in esterification o f octanoic acid w ith ethanol.. 108 

Figure 6.5 Effect o f H20  on catalytic esterification o f octanoic acid w ith e thano l over

acidic mesoporous catalysts.................................................................................................... I l l

Figure 6 . 6  FTIR spectra o f fresh NR/HMS-SO3H and spent NR/HMS-SO3H after 1st cycle

in esterification............................................................................................................................ 1 1 2

Figure 6.7 Reusability o f NR/HMS-SO3H (0.2) in esterification o f ocanoic acid with

e thano l.......................................................................................................................................... 114

Figure A -l Chromatogram o f acetic acid by using ก -octane as internal standard........128

Figure A-2 Chromatogram o f octanoic acid and e thy l octanoate by using ก -decane as 

internal standard......................................................................................................................... 129



XVII

Figure A-3 Chromatogram o f lauric acid and e th y l laurate by using ก -decane as

internal standard..........................................................................................................................130

Figure A-4 The standard curves o f acetic acid by using ก -octane as internal standard.

......................................................................................................................................................... 131

Figure A-5 The standard curves o f octanoic acid and e thy l octanoate by using ก-

decane as internal standard......................................................................................................132

Figure A- 6  The standard curves o f lauric acid and e thy l laurate by using ก -decane as

internal standard..........................................................................................................................133

Figure C -l N2  adsorption-desorption isotherms and BJF1 pore size distribution o f SAC- 

13..................................................................................................................................................... 135



ABBREVIATIONS

BET = Brunner-Eller-Teller

BJH = Barret-Joyner-Halenda

DDA = Dodecylamine

DTA = Differential Thermal Analysis

FTIR = Fourier Transform Infrared Spectroscopy

GC = Gas chromatography

HMS = Hexagonal Mesoporous Silica

MPTMS = 3-m ercaptopropyltrim ethoxysilane

MAS = Magic Angle Spinning

NMR = Nuclear Magnetic Resonance

NR = Natural Rubber

SEM = Scanning Electron Microscope

TEM = Transmission Electron Microscopy

TEOS = Tetraethylorthosilicate or tetraethoxysilane

TGA = Therm o Gravimetric Analysis

THF = Tetrahydrofuran

XRD X-Ray Diffraction



XIX

NOMENCLATURE

O
c = Degree Celsius

§ = Gram

ทา L = M illiliter

min = Minute

h = Hour

cm - 1 = Unit o f wavenum ber

Oo = The repeat distance between pore centers o f the hexagonal structure

dioo ะะ d-spacing o f plane ( 1 0 0 )

f>BET = BET specific surface area (ทา2  g ')

- ’exf = External surface area (ทา2 g ไ)

Dp = Pore diam eter (ททา)

V p = Total pore vo lum e (cm 3  g ')

V p = Mesopore vo lum e (cm 3  g ')

vm = Monolayer adsorbed vo lum e (cm 3  g ')
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