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 ณรงคฤ์ทธิÍ   โสสะ : การพฒันาตวัเร่งปฏิกิริยาวิวิธพนัธุช์นิดเบสสาํหรับการควบแน่นแบบ 

อลัดอลระหวา่งเฟอร์ฟูรัลและอะซิโตนและสาํหรับทรานส์เอสเทอริฟิเคชนัของนํÊามนั

ปาลม์ (DEVELOPMENT OF HETEROGENEOUS BASE CATALYSTS FOR 
 

ALDOL CONDENSATION BETWEEN FURFURAL AND ACETONE AND  
 

FOR TRANSESTERIFICATION OF PALM OIL) อาจารยที์Éปรึกษา : ศาสตราจารย ์

ดร.จตุพร  วิทยาคุณ, 127 หนา้ 

 
 วิทยานิพนธ์นีÊ เกีÉยวขอ้งกบัการปรับปรุงตวัเร่งปฏิกิริยาวิวิธพนัธุ์ชนิดเบสบนตวัรองรับทีÉ

แตกต่างกนั ซึÉงเตรียมดว้ยวิธีการต่าง ๆ ไดแ้ก่ การตรึงดว้ยวิธีดัÊงเดิม การใชอ้ลัตราซาวดเ์ขา้ร่วม และ

การใช้ความร้อน เพืÉอการใช้งานในการควบแน่นแบบอลัดอลและทรานส์เอสเทอริฟิเคชัน งานนีÊ

เริÉมตน้โดยการตรึงอะมิโนโพรพิลไตรเอท็อกซีไซเลน (APTES) กบั SBA-15 ดว้ยวิธีดัÊงเดิม และ

การยึดติดเพิÉมเติมด้วยวาเนดิลอะซิติลอะซิโตเนต โดยทดสอบตวัเร่งปฏิกิริยาในการควบแน่น

แบบอลัดอลแบบ in situ ระหว่างเฟอร์ฟูรัลและอะซิโตน ปฏิกิริยาทีÉถูกเร่งดว้ย SBA-15 ทีÉตรึงดว้ย 

APTES เท่านัÊนทีÉแสดงการเกิดเฟอร์ฟูริลบิวทีโนน (FB) ไดสู้งกวา่ตวัเร่งปฏิกิริยาทีÉยึดติดกบัออกโซ

วาเนเดียม เนืÉองจากความเป็นเบสทีÉสูงกว่า นอกจากนีÊ การเกิดเฟอร์ฟูริลบิวทีโนนเพิÉมขึÊ นตาม

อุณหภูมิ 

 เพืÉอพฒันากระบวนการตรึงให้ปลอดภยัและใชเ้วลาการเตรียมสัÊนลง จึงนาํเสนอการใชอ้ลั

ตราซาวด์เขา้ช่วยในการตรึงซิลิกาเจลกับ APTES ปริมาณต่าง ๆ ได้แก่ ร้อยละ 20 30 40 และ 50 

โดยนํÊ าหนกั การโซนิเคชนัช่วยส่งเสริมการสร้างพนัธะระหว่าง APTES และซิลิกาเจล โดยเกิดการ

อุดตนัรูพรุนน้อยกว่าวิธีการตรึงแบบดัÊงเดิม ความเป็นเบสของตวัอย่างสูงขึÊนตามปริมาณ APTES 

จากการรวมตวัแบบอลัดอลระหว่างเฟอร์ฟูรัลและอะซิโตนทีÉอุณหภูมิ 60 ºC ตวัเร่งปฏิกิริยาทีÉตรึง 

APTES ร้อยละ 30โดยนํÊ าหนกั ให้ประสิทธิภาพการเร่งปฏิกิริยาดีทีÉสุด การแปลงผนัเฟอร์ฟูรัลและ

ความจาํเพาะต่อ FB เพิÉมขึÊนตามเวลาและเขา้สู่ค่าสูงสุดทีÉ 24 ชัÉวโมง 

 สาํหรับทรานส์เอสเทอริฟิเคชนัของนํÊามนัปาลม์ ไดเ้ตรียมตวัเร่งปฏิกิริยาแคลเซียมจากดิน 

สอพองธรรมชาติในประเทศไทยดว้ยการใชค้วามร้อนทีÉอุณหภูมิ 600 700 800 900 และ 1000 ºC 

กระบวนการนีÊ เปลีÉยนคาร์บอเนตไปเป็นไฮดรอกไซด ์ และออกไซดที์Éอุณหภูมิ 800 และ 1000 ºC

ตามลาํดบั ความเขม้ขน้ของธาตุแคลเซียมเพิÉมขึÊนตามอณุหภมิูการเผา ทัÊงสัณฐานวิทยาและพืÊนทีÉผิว

ต่างเปลีÉยนไประหวา่งการเผา จากการสลายตวัของ 2-เมทิลบิวท-์3-ไอน์-2-ออล (MBOH) ความเป็น

เบสของตาํแหน่งเบสบนตวัเร่งปฏิกิริยาแคลเซียมเหล่านีÊ เพิÉมขึÊนตามอุณหภูมิการเผา สุดทา้ยไดน้าํ

ตวัเร่งปฏิกิริยาแคลเซียมไปใชใ้นทรานส์เอสเทอริฟิเคชนัของนํÊามนัปาลม์ กบัเมทานอลทีÉอุณหภูมิ 
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 This thesis involves the improvement of heterogeneous base catalysts on 

different supports prepared by conventional, ultrasound-assisted grafting, and thermal 

treatment for utilization in aldol condensation and transesterification. This work began 

with the conventional grafting of aminopropyltriethoxysilane (APTES) with SBA-15 

and further anchored by vanadyl acetylacetonate. These catalysts were tested in an in 

situ aldol condensation between furfural and acetone. Only the reaction catalyzed by 

SBA-15 grafted by APTES showed more furfurylbutenone (FB) formation than that by 

oxovanadium-anchored catalyst due to a higher basicity. In addition, the FB formation 

increased with the temperature.     

 To further develop the grafting process with a safer and shorter preparation 

period, ultrasound assistance was proposed in the grafting of silica gel by APTES 

loading of 20, 30, 40, and 50 wt. %. The sonication facilitated the bond formation 

between APTES and the silica gel with less pore-blocking than the conventional 

grafting method. The basicity of the samples increased with the amount of APTES. 

From aldol condensation between furfural and acetone at temperature of 60 ºC, the 



 



V 

 

ACKNOWLEDGEMENTS 

 

  I would like to sincerely thank my advisor Prof. Dr. Jatuporn  Wittayakun for 

his patience, motivation and immense knowledge throughout the course of my graduate 

study. Moreover, I would like to greatly acknowledge the thesis committee including 

Asst. Prof. Dr. Thanaporn  Manyum, Asst. Prof. Dr. Juthamas  Jitchareon, Assoc. Prof. 

Dr. Sanchai Prayoonpokarach, and Assoc. Prof. Dr. Rapee  Utke. The Catalysis Group 

members from Suranaree University of Technology who help and support my activities 

would be greatly appreciated. 

 Additionally, I would like to acknowledge The Center for Scientific and 

Technological Equipment (CSTE) at Suranaree University of Technology for all 

instrumental analyses. I also thank Dr. Narong  Chanlek at Beamlime 5.3 from 

Synchrotron Light Research Institute (Public Organization), Nakhon Ratchasima, 

Thailand for X-ray photoelectron spectroscopy (XPS) measurement. 

 For my oversea research experience, I would like to thank Prof. Dr. Frank  

Rößner from Industrial Chemistry 2, Carl von Ossietzky Universität Oldenburg, 

Germany, Assoc. Prof. Dr. Karin  Föttinger from Institute of Materials Chemistry, 

Technische Universität Wien, Austria, and Dr. Svetlana  Mintova from Laboratoire 

Catalyse & Spectrochimie ENSICAEN, France. 

 Importantly, I would like to appreciate the financial support from the Science 

Achievement Scholarship of Thailand. I would like to thank co-financial support from 

Thai-German S&T Cooperation 3rd Researcher Mobility Scheme financed by the 

International  Bureau  of  the  German  Federal  Ministry  of  Education  and  Research  



VI 

 

(BMBF), Germany and the National Science and Technology Development Agency 

(NSTDA), Thailand to offer me the opportunity to conduct my interested research for 

a month. Finally, I would like to thank Ernst Mach Grant – ASEA-UNINET provided 

by the Austrian Agency for International Cooperation in Education & Research (OeAD-

GmbH), Centre for International Cooperation & Mobility (ICM) and financed by the 

Austrian Federal Ministry of Science, Research and Economy (BMWFW) to provide 

me the chance to conduct the research for 6 months. 

  Last but not least, this thesis is dedicated to my family for endless love and 

overwhelming encouragement. 

 

Narongrit  Sosa 



V 

 

CONTENTS 

 

         Page 

ABSTRACT IN THAI....................................................................................................I 

ABSTRACT IN ENGLISH..........................................................................................III 

ACKNOWLEDGEMENTS...........................................................................................V 

CONTENTS................................................................................................................VII 

LIST OF TABLES......................................................................................................XII 

LIST OF FIGURES...................................................................................................XIII 

LIST OF SCHEMES................................................................................................XVII 

CHAPTER 

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

 1.1  Research objectives.....................................................................................2 

 1.2  Scope and limitation of the study................................................................2 

 1.3  References....................................................................................................3 

II LITERATURE REVIEW................................................................................5 

 2.1  Aldol condensation between furfural and acetone......................................5 

 2.2  Catalysts for aldol condensation between furfural and acetone..................7  

  2.2.1  Mesoporous siliceous SBA-15..........................................................9 

  2.2.2  Silica gel............................................................................................9 

 2.3  Conventional grafting of mesoporous supports by  

                   aminopropyltriethoxysilane ......................................................................10 



VIII 

 

CONTENTS (Continued) 

 

                                                                                                                                  Page 

  2.3.1  Anchoring of oxovanadium complex on SBA-15 grafted  

                             by APTES........................................................................................12 

 2.4 Ultrasound-assisted grafting with APTES.................................................13 

 2.5  Thermal treatment of calcium catalysts from Thai natural marl  

                   for transesterification of palm oil..............................................................14 

  2.5.1  Thermal treatment of Thai natural marl..........................................14 

  2.5.2  Decomposition of 2-methylbut-3-yn-2-ol (MBOH)........................12  

  2.5.3  Transesterification of palm oil.........................................................16 

 2.6  References.................................................................................................17 

III CONVENTIONAL GRAFTING OF SILICEOUS SBA-15 BY 

AMINOPROPYLTRIETHOXYSILANE AND OXOVANADIUM 

COMPLEX FOR IN SITU ALDOL CONDENSATION OF  

FURFURAL AND ACETONE......................................................................25 

 3.1  Abstract......................................................................................................25 

 3.2  Introduction...............................................................................................26 

 3.3  Experimental..............................................................................................27 

  3.3.1  Preparation of SBA-15 as a siliceous mesoporous support.............27 

  3.3.2  Conventional grafting of SBA-15 by 50 wt. % of APTES.............28 

  3.3.3  Modification of AP-SBA-15 by anchoring oxovanadium 

        Complex..........................................................................................29 

 



IX 

 

CONTENTS (Continued) 

 

Page 

  3.3.4  Materials characterization of SBA-15 grafted by APTES and  

                   oxovanadium complex.....................................................................30 

  3.3.5  Catalytic testing of aldol condensation between furfural and  

         acetone by in situ ATR-FTIR.........................................................32 

 3.4 Results and discussion...............................................................................33 

  3.4.1  Characterization results of AP-SBA-15 and VAP-SBA-15............33  

  3.4.2   In situ aldol condensation between furfural and acetone...............44 

   3.4.2.1  Effect of surface species on catalytic activity...................44 

   3.4.2.2  Effect of reaction temperature on the formation of  

                                            furfurylbutenone in an in situ aldol condensation............45 

 3.5 Conclusions................................................................................................48 

 3.6 References..................................................................................................48 

IV ULTRASOUND-ASSISTED GRAFTING OF SILICA GEL BY 

AMINOPROPYLTRIETHOXYSILANE FOR ALDOL  

CONDENSATION OF FURFURAL AND ACETONE..............................53 

 4.1  Abstract......................................................................................................53 

 4.2  Introduction................................................................................................54 

 4.3  Experimental..............................................................................................55 

  4.3.1  Preparation of APTES-grafted silica gel..........................................55 

  4.3.2  Characterization techniques.............................................................56 

  4.3.3  Catalytic testing in aldol condensation of furfural and acetone......57 



X 

 

CONTENTS (Continued) 

 

                     Page 

 4.4  Results and discussion...............................................................................58 

  4.4.1  Characterization of APTES-grafted silica gels................................58 

  4.4.2  Catalytic activity on the aldol condensation....................................70 

   4.4.2.1  Effect of aminopropyl group loading..................................70 

   4.4.2.2  Effect of reaction time.........................................................72 

 4.5  Conclusions................................................................................................75 

 4.6  References..................................................................................................75 

V BASICITY OF CATALYST FROM HEAT TREATED NATURAL  

MARL AND PERFORMANCE IN TRANSESTERIFICATION  

OF PALM OIL................................................................................................80 

 5.1  Abstract......................................................................................................80 

 5.2  Introduction...............................................................................................81 

 5.3  Experimental..............................................................................................83 

        5.3.1  Preparation of calcium catalysts through a thermal treatment.........83 

  5.3.2  Characterization techniques.............................................................83 

  5.3.3  Evaluation of base strength by the decomposition of MBOH.........84 

  5.3.4  Conversion of palm oil by base-catalyzed transesterification.........85 

 5.4  Results and discussion................................................................................86 

  5.4.1  Characterization of the parent and Thai natural marl calcined at  

                             different temperatures......................................................................86 

  5.4.2  Basicity evaluation by the decomposition of MBOH......................95 



XI 

 

 

CONTENTS (Continued) 

 

Page 

  5.4.3 Conversion of palm oil through transesterification..........................99 

   5.4.3.1   Effect of the calcination temperature.................................99 

   5.4.3.2   Effect of catalyst loading.................................................100 

 5.5  Conclusions..............................................................................................101 

 5.6  References................................................................................................102 

VI CONCLUSIONS...........................................................................................106 

APPENDICES 

APPENDIX A  ADDITIONAL CHARACTERIZATION RESULTS  

FOR SBA-15 GRAFTED WITH APTES AND 

OXOVANADIUM COMPLEX.......................................108  

 APPENDIX B   ADDITIONAL CHARACTERIZATION RESULTS OF 

SILICA GEL GRAFTED WITH VARIOUS APTES 

LOADING BY ULTRASOUND-ASSISTED (U) 

AND CONVENTIONAL METHOD (C)........................114 

 APPENDIX C     SUPPLEMENTARY INFORMATION FOR THE 

EVALUATION OF BASIC STRENGTH OF THAI  

MARL-DERIVED CALCIUM CATALYSTS FOR 

CONVERSION OF PALM OIL......................................124 

CURRICULUM VITAE.............................................................................................127 

 



XIV 

 

LIST OF TABLES 

 

Table                     Page 

3.1 Surface area, mesopore volume, pore diameter, and wall thickness of  

            parent and SBA-15 grafted with APTES and further anchored by 

            oxovanadium complex......................................................................................39 

4.1 BET surface areas, pore volumes, and diameters of the parent silica gel  

            and silica gel grafted with various amounts of APTES by ultrasound- 

            assisted (U) and conventional (C) method........................................................61 

4.2 Relative atomic concentration of elements by XPS from the parent and  

            silica gel grafted with various APTES loading................................................65 

4.3 Elemental composition by CHN analysis and basicity by CO2-TPD of  

            the parent and silica gel grafted with various APTES loading.........................66 

4.4 Comparison of the testing conditions and catalytic activity of aldol  

            condensation between furfural and acetone from literature and this work......74 

5.1 Elemental composition of as-received natural marl determined by XRF.........87 

5.2 Relative atomic concentration by XPS of the parent and Thai natural marl  

            calcined at different temperatures.....................................................................88 

5.3 BET Surface area and pore volume of the parent and the marl samples  

            calcined at different temperatures.....................................................................94 

5.4 Selectivity to the obtained products through the decomposition of MBOH  

 at the time on stream of 140 min for the evaluation of base strength...............98 



XIII 

 

LIST OF FIGURES 

 

Figure                     Page 

2.1 Graphical illustration of functionalization on an ordered mesoporous  

            silica via a) co-condensation method and b) grafting.......................................11 

3.1 XRD patterns of the parent SBA-15, AP-SBA-15, and VAP-SBA-15............33 

3.2 SEM images of a) SBA-15, b) AP-SBA-15 and c) VAP-SBA-15; and  

a particle size distribution of d) SBA-15, e) AP-SBA-15 and  

f) VAP-SBA-15................................................................................................35 

3.3 TEM images of a) SBA-15, b) AP-SBA-15 and c) VAP-SBA-15; and  

patterns of selected-area electron diffraction (SAED) of d) SBA-15,  

e) AP-SBA-15 and f) VAP-SBA-15.................................................................36 

3.4 N2 adsorption-desorption isotherms (a) and pore size distribution (b) 

 of the parent and SBA-15 grafted by APTES (AP-SBA15) and oxovanadium  

complex (VAP-SBA15) (Filled symbol = adsorption branch and hollow  

symbol = desorption branch).............................................................................38 

3.5   FTIR spectra and assignment of the parent and SBA-15 grafted with  

APTES (AP-SBA-15) and successively anchored by oxovanadium  

(VAP-SBA-15).................................................................................................41 

3.6 XPS spectra of the parent and SBA-15 grafted with APTES (AP-SBA-15) 

and further anchored by oxovanadium complex (VAP-SBA-15) including 

a) Si 2p, b) O 1s, c) C 1s, d) N 1s, and e) V 2p................................................42 



XIV 

 

LIST OF FIGURES (Continued) 

 

Figure                     Page 

3.7 UV-visible spectra of AP-SBA-15 and VAP-SBA-15.....................................43 

3.8 In situ IR spectra of reaction solution under the presence of SBA-15,  

AP-SBA-15, and VAP-SBA-15 during the aldol condensation between 

furfural and acetone at 60 ºC............................................................................45 

3.9 In situ IR spectra of reaction solution under the presence of AP-SBA-15 

during the aldol condensation between furfural and acetone at various 

temperatures against the reaction time up to 9 h..............................................44 

3.10 Relative peak area of furfurylbutenone (FB) from the deconvolution  

results of the peak at 1278 cm-1 during in situ aldol condensation between 

furfural and acetone at various reaction temperatures......................................47 

4.1 XRD patterns of the parent and silica gel grafted with various APTES 

loading..............................................................................................................58 

4.2 SEM images of the parent and silica gel grafted with various APTES............59 

4.3 Nitrogen sorption isotherms of the parent and silica gel grafted with  

various APTES loading prepared by ultrasound-assisted grafting (U) and 

conventional method (C); filled symbols = adsorption, hollow symbols = 

desorption..........................................................................................................60 

4.4 FTIR spectra of the silica gel grafted with various APTES loading prepared  

by ultrasound-assisted grafting (U) and conventional method (C)...................62 

4.5 XPS spectra of the parent and silica gel grafted with various APTES  

loading; a) Si 2p, b) O 1s, c) C 1s and d) N 1s.................................................64 



XV 

 

LIST OF FIGURES (Continued) 

 

Figure                         Page 

4.6 TGA profiles of the parent and silica gel with various APTES loading..........67 

4.7 CO2-TPD profiles of the parent and silica gel grafted with various  

APTES loading.................................................................................................69 

4.8 Effect of APTES loading on the catalytic activity for the aqueous aldol 

condensation of furfural and acetone at 60 ºC for 24 h....................................71 

4.9 Effect of reaction time on performance of 30APS-U catalyst for the aldol 

condensation of furfural and acetone at 60 ºC..................................................72 

5.1 XRD patterns of samples calcined at various temperatures resulting in  

different calcium phases; Symbol ⚫ = CaCO3 (JCPDS 2004-05-0586),  

◼ = Ca(OH)2 (JCPDS 2004-44-1481), and  = CaO  

(JCPDS 2004-04-0777)....................................................................................87 

5.2 FTIR spectra of calcium samples calcined at various temperatures  

compared with the parent marl.........................................................................90 

5.3 SEM images of the marl samples calcined at different temperatures with the 

magnification of 1500; a) Marl and b) M600 and with the magnification of 

15,000; c) Marl and d) M600...........................................................................91 

5.4 SEM images of the marl samples calcined at different temperatures with  

the magnification of 1500; a) M700, b) M800, and c) M900 and with the 

magnification of 15,000; d) M700, e) M800, and f) M900..............................92 

5.5 SEM images of M1000 with the magnification of 1500 a) and 15,000 b).......93 

 



XVI 

 

LIST OF FIGURES (Continued) 

 

Figure                         Page 

5.6 N2 sorption isotherms of the parent and the natural marl calcined at  

various temperatures.........................................................................................94 

5.7 Conversion of MBOH against time on stream (TOS) over the parent and  

the marl samples calcined at different temperatures........................................96 

5.8 Selectivity to acetone against different time on stream....................................97 

5.9 Selectivity to acetylene against different time on streams...............................97 

5.10 The results of thin-layer chromatography (TLC) from various calcium  

samples calcined at different temperatures: Oil = palm oil, Std = methyl  

ester standard and ME = methyl ester obtained from the conversion of  

palm oil at 60 ºC...............................................................................................99 

5.11 The results of thin-layer chromatography (TLC) from various M800  

loadings...........................................................................................................100 



LIST OF SCHEMES 

 

Scheme                    Page 

2.1 Possible reaction pathways of aldol condensation between furfural  

and acetone modified from Kikhtyanin, Kubička, and Čejka (2015).................6 

2.2 Catalytic conversion of FB as a promising fule intermediate to a usable 

liquid fuel via hydrogenation process (Faba, Díaz, and Ordóñez, 2013b).........7 

2.3 Illustration of ultrasound-assisted grafting of silica gel with APTES..............13 

2.4 Chemical pathways of MBOH decomposition over different active sites   

            (Supamathanon et al., 2012).............................................................................16 

2.5 Transesterification between triglyceride and methanol for the production  

 of biodiesel.......................................................................................................17 

3.1 An illustration of the possible functionalization through a conventional 

 grafting of APTES on surface silanol groups of the mesoporous siliceous  

 SBA-15 support................................................................................................31 

3.2 The illustration of anchoring of vanadyl acetylacetonate on AP-SBA-15.......32 

4.1 Proposed pathway of APTES grafting on silica gel surface under ultrasound 

irradiation.........................................................................................................70 

5.1 Systematic diagram of the decomposition of 2-methylbut-3-yn-2-ol  

(MBOH) as a test reaction for the evaluation of acid-base properties.............85 



CHAPTER I 

INTRODUCTION 

 

This thesis focuses on the development of heterogeneous base catalysts for aldol 

condensation between furfural and acetone and transesterification of palm oil. The 

thesis is divided into three parts. The first part compares the catalytic performance of 

mesoporous SBA-15 grafted with aminopropyltriethoxysilane (APTES) and 

oxovanadium complex for in situ aldol condensation between furfural and acetone. The 

grafting of these two species was done using a post-synthesis of SBA-15. However, the 

catalyst preparation has complexity and long operation time. Thus, the second part is 

designed to simplify the grafting using silica gel instead of SBA-15. This part involves 

ultrasound-assisted grafting to introduce different amounts of APTES on silica gel 

which is cheaper than SBA-15 under a shorter operation time and a less toxic system. 

The catalysts from the developed route were employed in the aldol condensation 

between furfural and acetone.  

Besides aldol condensation, the transesterification of palm oil is studied as a 

tool to evaluate the strength of base catalysts. The third part of the thesis proposes an 

approach to determine the base strength of Thai natural marl calcined at different 

temperatures through the conversion of palm oil. In addition, both chemical and 

physical properties of as-prepared catalysts were measured by means of various 

techniques to receive the relevant information for revealing their catalytic roles in such 

reactions. 
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1.1     Research objectives 

 The first part of the thesis aims to graft a mesoporous siliceous SBA-15 support 

by APTES and oxovanadium complex through a conventional procedure and to study 

the catalytic activity of as-prepared samples on the in situ aldol condensation between 

furfural and acetone. 

 The focus of the second part is to develop the grafting procedure through 

ultrasound assistance of silica gel with various APTES loading and to investigate the 

catalytic performance on the aldol condensation between furfural and acetone. 

 Finally, the last part aims to prepare low-cost calcium catalysts from Thai 

natural marl calcined at different temperatures and to evaluate the base strength of 

prepared calcium catalysts by the conversion of palm oil through a transesterification 

reaction. 

 

1.2     Scope and limitation of the study 

 In the first part research, the parent and mesoporous SBA-15 support grafted by 

APTES were synthesized according to the previous procedure by Yang, Hao, Zhang, 

and Kan (2011). The SBA-15 support grafted by APTES was further functionalized by 

an oxovanadium complex through the reported method (Pereira, Silva, Carvalho, Pires, 

and Freire, 2008; Zhu, Li, Zheng, Xu, and Li, 2012). An aldol condensation between 

furfural and acetone catalyzed by the grafted SBA-15 samples was carried out in in-situ 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) 

available at Vienna University of Technology. 

 In the second part, a commercial silica gel support was used without further 

purification. The silica gel was grafted with different APTES contents with the method 
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from the literature (Quang, Hatton, and Abu-Zahra, 2016) with ultrasound assistance 

using a probe-type ultrasonicator with a power of 130 W and a frequency of 20 kHz. 

The aldol condensation between furfural and acetone catalyzed by the grafted silica gel 

samples was carried out in a classical glassware setup at the operation temperature of 

60 ºC. 

 In the last part of the research, commercial Thai natural marl from a convenience 

store near Suranaree University of Technology was used without further purification. 

The raw material was calcined with the conditions reported by Ngamcharussrivichai, 

Nunthasanti, Tanachai, and Bunyakiat (2010). The conversion of palm oil through a 

transesterification reaction for the evaluation of base strength was monitored by means 

of thin-layer chromatography (TLC) according to the literature (Manadee et al., 2017) 
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CHAPTER II 

LITERATURE REVIEW 

 

 This literature review focuses on the development of heterogeneous base 

catalysts for the aldol condensation and the transesterification. The basis of both 

reactions is shortly presented. For aldol condensation, the properties of catalyst support 

including SBA-15 and silica gel are mentioned. The development of their basicity by 

conventional grafting with aminopropyltriethoxysilane (APTES), anchoring by oxo-

vanadium complex, and ultrasound assistance are reviewed. For transesterification, the 

thermal treatment of calcium catalysts from Thai natural marl and the decomposition 

of 2-methylbut-3-yn-2-ol (MBOH) as a base strength test are also addressed. 

 

2.1     Aldol condensation between furfural and acetone 

 Aldol condensation is the formation of carbon-carbon bonds through a reaction 

between two carbonyls such as ketone or aldehyde possessing an α-hydrogen on at least 

one of carbonyls (West, Liu, Peter, Gärtner, and Dumesic, 2008).  This reaction is 

catalyzed by either acid or base catalysts. Among diverse lignocellulosic biomass-

derived compounds, effective and inexpensive feedstocks in aldol condensation are 

furanic compounds such as furfural, 5-hydroxymethylfurfural (HMF) and methyl 

tetrahydrofuran (Faba, Díaz, and Ordóñez, 2012; Lange, van der Heide, van Buijtenen, 

and Price, 2012). 
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 The possible reaction pathways of aldol condensation between furfural and 

acetone are illustrated in Scheme 2.1. The reaction in equation 2.1 is the key step and 

desired pathway to produce furfurylbutenone (FB), a C8 condensate which could be 

used as a fuel intermediate in many applications. This reaction has 2 steps consisting of 

aldol reaction and condensation. In the first step, furfural is attacked by acetone over a 

catalyst to generate furfurylhydroxybutanone (FHB), a C8 aldol adduct, possessing 

both hydroxyl and ketone groups. In the last step, a water molecule is eliminated under 

the assistance of the catalyst to allow a formation of a C8 condensate or -unsaturated 

ketone. Reactions in equation 2.2 to 2.4 are assigned as side reactions.  

 

 

 

Scheme 2.1 Possible reaction pathways of aldol condensation between furfural and 

acetone modified from Kikhtyanin, Kubička, and Čejka (2015). 
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 FB can be transformed into a promising platform molecule for the production 

of a high qualitative fuel through either hydrodeoxygenation or hydrogenation as shown 

in Scheme 2.2. However, such steps are disregarded in this thesis. From a point of view 

in an industrial application, FB can be utilized not only as a gasoline-engine fuel but 

also as a monomer in polymerization to produce a furfural-based resin (Fedotov, and 

Ugryumov, 2014; Olcay et al., 2013). 

 

 

 

Scheme 2.2  Catalytic conversion of FB as a promising fuel intermediate to a usable 

liquid fuel via hydrogenation process (Faba, Díaz, and Ordóñez, 2013b). 

 

 Currently, research attention has been intensified in aldol condensation between 

furfural and acetone to obtain a high-quality sustainable petroleum- and chemical-

refinery feedstocks. Several research groups have focused on modification and 

improvement of aldol condensation conditions to gain the optimal selectivity, 

conversion and other essential parameters of FB production.  

    

2.2 Catalysts for aldol condensation between furfural and acetone  

 So far, an aldol condensation of lignocellulosic compounds could be achieved 

in the presence of a homogeneous catalyst such as NaOH and KOH providing a high 

conversion and yield. However, they have several disadvantages, for example, 
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corrosion of an operating reactor, difficulty of catalyst separation, poor catalyst 

reusability and environmental issue. Nowadays, many related works focus on various 

approaches to overcome such problems. Heterogeneous catalysts are interesting (Faba 

et al., 2012) because of easy separation and less environmental issue as there is no waste 

water production from a catalyst removal. 

 Numerous types of solid base materials such as Mg-Al layered double 

hydroxide (LDH), magnesia-zirconia (MgO-ZrO2) and calcium oxide-zirconia (CaO-

ZrO2) have been used in aldol condensation. However, both leaching of active species 

and water interaction deactivate these catalysts (Faba, Díaz, and Ordóñez, 2013a). 

Moreover, the regeneration of spent catalyst requires a high temperature (Sádaba, 

Ojeda, Mariscal, Richards, and Granados, 2011).  Surface functionalization with 

organic base moieties is proposed for catalyst preparation to solve such drawbacks.  

 Leaching of active species from a support surface could occur due to a weak 

interaction. This effect can make the catalyst inactive after regeneration. To avoid this 

drawback, the surface could be modified with organic molecules can enhance this 

drawback via a formation of the covalent bond between a desired active group and a 

modified support. The active site is rigidly immobilized on a surface-modified support 

and can prevent the leaching. Moreover, catalyst regeneration can be done under a low 

operating temperature by means of solvent extraction.   

 There are many ways to immobilize a surface with organic groups, for example, 

ammonia-amine reaction, nitridization, and co-assembly or organosilanes (Xie et al., 

2009). One common grafting is aminoalkoxysilanes. Numerous mesoporous siliceous 

materials have been used as a support for grafting (Hartmann, 2005), for example, Tech 

molecular sieves (TMS), hexagonal mesoporous silica (HMS), Mobil composition of 



9 
 

matter (MCM), Santa Barbara amorphous (SBA), and silica gel.  Particularly, Santa 

Barbara amorphous no. 15 (SBA-15) (An et al., 2014; Yang, Hao, Zhang, and Kan, 

2011) and Mobil composition of matter no. 41 (MCM-41) (Collier, Ellebracht, Lindy, 

Moschetta, and Jones, 2016) are interesting because of their large pore, high surface 

area and thick pore wall (Hess, Hoefelmeyer, and Tilley, 2004; Xie et al., 2009).    

 In this thesis, siliceous materials are grafted with an aminoalkoxysilane. Both 

SBA-15 and silica gel are employed as supports due to excellent surface properties. For 

a grafted SBA-15, a vanadium complex is used for comparison of acid-base properties. 

 

 2.2.1 Mesoporous siliceous SBA-15  

   SBA-15 is an ordered mesoporous silica synthesized with a block-

copolymer template composed of poly(ethylene oxide)x-poly(propylene oxide)y-

poly(ethylene oxide)x, (PEO)x(PPO)y(PEO)x, (trade name: Pluronic). Its morphology is 

hexagonally ordered mesopores (Zhao, Huo, Feng, Chmelka, and Stucky, 1998). It has 

a wall thickness ranging from 3 to 7 nm. A thick wall makes it more stable 

hydrothermally and thermally than other silica materials. Moreover, the pore size of 

SBA-15 can be tuned from 6 to 15 nm by changing the template (Taguchi, and Schüth, 

2005). Its large pore width can prevent pore-blocking during the grafting with an 

aminoalkoxysilane or anchoring with a transition metal complex. 

 

 2.2.2 Silica gel 

  Silica gel is a porous material with large surface area, excellent 

mechanical resistance, and commercially available. Importantly, silica gel surfaces 

contain silanol groups (Si-OH) which are chemically usable for functionalization by 
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organic molecules (Li, Li, and Zhang, 2006). From the literature review, the silica gel 

grafted with APTES and glutaraldehyde in order to further immobilize with a cellulose 

(Zhang, Hegab, Lvov, Dale Snow, and Palmer, 2016). The APTES species rapidly 

adsorbed on the surface within several minutes, while the grafting step was completed 

in 24 hours.  Ramasamy, Khan, Repo, and Sillanpää (2017) prepared a silica gel 

grafting with different aminotrialkoxysilanes. The silica gel was refluxed in a 

hydrochloric acid solution prior to the grafting in toluene. The report indicated the 

surface silanols reacted with these precursors to form new functional groups. 

Additionally, these aminosilanes located on the mesopore walls of the silica gel. Thus, 

this literature suggests that silica gel is suitable for grafting by aminosilanes.  

 

  2.3 Conventional grafting of mesoporous supports by amino-

propyltriethoxysilane 

 Surface functionalization by a grafting method can be classified into two distinct 

pathways including a direct synthesis, called co-condensation or co-assembly route, and 

a post-synthesis method, also called grafting (Maria Chong, and Zhao, 2003).  The co-

condensation method as illustrated in Figure 2.1(a) is commonly used to functionalize 

a mesoporous material via a one-pot synthesis by copolymerization between silica or 

organosilica and organosilane in the presence of a structure-directing agent (Burleigh, 

Markowitz, Spector, and Gaber, 2001). The method provides a control of the amount 

of organic incorporated groups and uniform surface coverage (Malvi et al., 2009). 

However, some amount of the group could be inserted into the material framework 

leading to a low active-site distribution.  Grafting as illustrated in Figure 2.1(b) is an 

approach to generate amino-modifying species on material surfaces via covalent 
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bonding between an organosilane and surface silanol groups. The advantages of the 

method are better-defined structure and hydrolytic stability of the produced materials 

(Zhu, Li, Zheng, Xu, and Li, 2012). Moreover, the structural framework of these 

prepared solids can be preserved. 

 Various organic functional groups have been used for grafting, for example, 

vinyl (Wach et al., 2015; Wang, Zibrowius, Yang, Spliethoff, and Schuth, 2004), 

sulfonic acid (Cattaneo et al., 2016; Melero, Bautista, Morales, Iglesias, and Sánchez-

Vázquez, 2015), carboxylic acid (Deka et al., 2014; Gao, Zhang, Yang, Gao, and Zhao, 

2010) and amines (Yang et al., 2011). Among these organic groups, 3-aminopropyl-

triethoxysilane (APTES) is commonly used as an aminosilane group. It provides a less 

steric hindrance and can facilitate the anchoring with a transition metal complex in 

SBA-15 surface modification. In this thesis, SBA-15 is grafted with APTES. 

 

                                          

     a) Co-condensation method                       b) Grafting 

 

Figure 2.1  Graphical illustration of functionalization on an ordered mesoporous 

silica via a) co-condensation method and b) grafting.  
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  2.3.1 Anchoring of oxovanadium complex on SBA-15 grafted by APTES 

   There are considerable research interests on the utilization of transition 

metal complexes as active catalysts for various homogeneous liquid-phase reactions. 

Although they can provide efficient catalytic performance, there are several inherent 

drawbacks, for example, high price, difficult separation from the reaction mixture and 

low stability. These disadvantages have been solved by means of heterogenization 

techniques. One of the most common routes is immobilization, also called anchoring, 

of transition metal compounds. This method makes the material easy to reuse leading 

to a green catalytic process. The heterogenization strategy can be categorized into two 

steps. The first step is a synthesis of an anchoring support, also known as a modified 

material containing an active terminal organic functional group. The last step is an 

immobilization of the desired transition metal complex on the organo-grafted support.  

   Heterogenization of oxovanadium based complexes tethered on the 

modified SBA-15 support is used in many applications such as epoxidation of organic 

compounds (Grivani, Tahmasebi, Khalaji, Fejfarová, and Dušek, 2013; Jarrais, Silva, 

and Freire, 2005; Pereira, Silva, Carvalho, Pires, and Freire, 2008). There are a few 

studies describing the utilization of vanadium phosphate-based catalysts in gas-phase 

aldol condensation (Tanner et al., 2002; Thomas et al., 2002). Up to date, there are no 

reports about the catalytic activity of the oxovanadium species anchored on amino-

modified SBA-15 for aldol condensation between furfural and acetone. in this thesis, 

the aldol condensation between furfural and acetone in the liquid phase was catalyzed 

by oxovanadium complex anchored by APTES as an amino group on modified SBA-

15 support.         
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2.4 Ultrasound-assisted grafting with APTES 

 Ultrasonic irradiation has been used in many syntheses and modifications of 

materials because it is environmentally friendly and convenient. With a short operating 

time, it could be considered as a replacement for conventional power sources (Dinari, 

and Haghighi, 2018). Ultrasound can be applied in grafting to avoid high temperature, 

pressure and a long preparation period. The mechanism of ultrasonic irradiation for 

material modification and synthesis is shown in Scheme 2.3. Acoustic cavitation 

generated from an ultrasonic probe provides formation, growth, and collapse of hot gas 

bubbles in a liquid system (Mohammadnezhad, Abad, Soltani, and Dinari, 2017). Then, 

the collapsing bubbles increase temperature and pressure, which enhances the diffusion 

of a grafting precursor into a support pore and improves surface interaction (Soltani, 

Dinari, and Mohammadnezhad, 2018; Suslick, and Flannigan, 2008).  

 

 

 

Scheme 2.3 Illustration of ultrasound-assisted grafting of silica gel with APTES.   

  

 There are several reports on the utilization of ultrasonication in grafting of silane 

precursors on siliceous materials. The ultrasound promotes grafting of the aminosilane 

on the porous support. Mallakpour, Dinari, and Mohammadnezhad (2015) modified the 

surface of mesoporous SBA-15 by grafting with N-trimellitylimido-L-methionine, a 
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chiral diacid by refluxing in ethanol for 24 hours, followed by irradiating for another 2 

hours. They suggested that cavitation from ultrasonic irradiation is a crucial factor in 

forming the bond between the carbonyl group of the chiral diacid and a silanol group 

on the SBA-15 surface. Recently, mesoporous MCM-41 was grafted with APTES 

under refluxing followed by an ultrasound application to exfoliate the agglomerates 

(Mohammadnezhad et al., 2017; Soltani et al., 2018). They mentioned that the siliceous 

MCM-41 sample was not only occupied by the silane agent but also deagglomerated 

after the sonication process.  

 From the previous research, the ultrasonication for material preparation has used 

with a refluxing step which leads to an increase in the preparation time. Moreover, there 

are no reports on grafting of silica gel with APTES via ultrasonication. Thus, the 

purpose of this work is to compare the properties of base catalysts prepared by 

ultrasound-assisted with conventional grafting of APTES on silica gel. The 

physicochemical properties of the samples with various aminopropyl concentrations 

and catalytic activity in the aldol condensation of furfural and acetone are studied.   

 

2.5 Thermal treatment of calcium catalysts from Thai natural marl 

for transesterification of palm oil 

 2.5.1 Thermal treatment of Thai natural marl 

    Natural marl is a low-cost raw material for the preparation of calcium 

samples which can be found in many areas of Thailand. It is one of carbonate-rich 

compounds with a small amount of alumina (Al2O3), silica (SiO2), and other metal 

oxides. Although calcium carbonate (CaCO3) is a predominant species in the marl 

sample, it gives a low conversion of triglycerides in a transesterification reaction. It also 
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requires a high temperature to promote a high reaction activity owing to a low base 

strength in nature (Ngamcharussrivichai, Wiwatnimit, and Wangnoi, 2007). Thermal 

treatment is among various routes to improve the basicity of the marl samples. This 

literature suggested that the base strength of calcium-based catalysts is a predominant 

effect on the activity of base-catalyzed transesterification. Hence, heterogeneous 

catalysts require specific and precise techniques to investigate a base property after a 

preparation process.  

 

 2.5.2 Decomposition of 2-methylbut-3-yn-2-ol (MBOH)   

  According to the limitation of the thermal property of carbonate-rich 

materials, the basicity could not be measured by temperature-programmed desorption 

of carbon dioxide (CO2-TPD)  due to the decomposition of the carbonate at a desorption 

temperature higher than 800 ºC (Ngamcharussrivichai, Nunthasanti, Tanachai, and 

Bunyakiat, 2010). Hence, the decomposition of 2-methylbut-3-yn-2-ol (MBOH) has 

been taken into account as a test reaction to evaluate the base strength by consideration 

of obtained products catalyzed by different active sites (Kulawong, Prayoonpokarach, 

Roessner, and Wittayakun, 2015; Supamathanon, Wittayakun, Prayoonpokarach, 

Supronowicz, and Roessner, 2012). The benefits of this method consist of an operation 

temperature lower than that of the decomposition of carbonate compounds (less than 

180 ºC) and classification of surface-active species in nature.  

 The MBOH decomposition enables differentiation of acidic, basic active 

and defect sites (Kulawong et al., 2015) in terms of the selectivity of obtained products 

as shown in Scheme 2.4. For instance, 3-methylbut-3-en-1-yne (MBYNE) and 3-

methylbut-2-enal (prenal) are produced from an acid-catalyzed pathway. 3-Methylbut-
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3-en-2-one (MIPK) and 3-hydroxy-3-methylbutan-2-one (HMB) are obtained from a 

defect-site-catalyzed pathway. A base-catalyzed route provides both acetylene and 

acetone. Thus, the basicity of the marl calcined at different temperatures could be 

compared directly from the conversion of MBOH and the product selectivity.  

 

 
 

 

Scheme 2.4 Chemical pathways of MBOH decomposition over different active sites 

(Supamathanon et al., 2012). 

     

 2.5.3 Transesterification of palm oil 

  Transesterification between triglyceride and methanol has been 

commonly used to produce biodiesel as an alternative fuel resource as seen in Scheme 

2.5. Both triglyceride and methanol react to each other under the presence of a base 

catalyst. Major products from this reaction are composed of methyl esters (ME) and 

glycerol. In this reaction, palm oil has been chosen as a triglyceride source due to low 

cost and plenty in Thailand (Ngamcharussrivichai et al., 2010; Roschat, Siritanon, 

Yoosuk, and Promarak, 2016). Commonly, the transesterification of palm oil could be 

done under the presence of base catalysts. In addition, the basicity of catalysts is the 
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predominant effect on the conversion of triglycerides (Manadee et al., 2017; 

Ngamcharussrivichai et al., 2007). From a point of view, this reaction could be used to 

evaluate the base strength of catalysts prepared by different conditions.  

   

 

 

Scheme 2.5 Transesterification between triglyceride and methanol for the production 

of biodiesel. 
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CHAPTER III 

CONVENTIONAL GRAFTING OF SILICEOUS SBA-15 

BY AMINOPROPYLTRIETHOXYSILANE AND 

OXOVANADIUM COMPLEX FOR IN SITU ALDOL 

CONDENSATION OF FURFURAL AND ACETONE  

 

3.1     Abstract 

This chapter compares the activity of the mesoporous siliceous SBA-15 support 

grafted with aminopropyltriethoxysilane (APTES) against vanadyl acetylacetonate 

(VO(acac)2) in an in situ aldol condensation between furfural and acetone. The SBA-

15 grafted with APTES (AP-SAB-15) was prepared by a conventional method before 

further anchoring by VO(acac)2 to produce VAP-SBA-15. These samples were 

analyzed by XRD, N2 sorption analysis, FE-SEM, TEM, FTIR, XPS, and UV-vis. The 

grafting facilitates the formation of covalent bonds between surface silanol of the SBA-

15 and APTES precursor. After the anchoring process, an acetylacetonate ligand is 

chemically tethered by surface aminopropyl species. The chemical changes do not 

affect the morphology of SBA-15, but the surface areas decrease due to the presence of 

grafted moieties. The reaction testing was done in an in situ reactor monitored by ATR-

FTIR technique. Because of higher basicity, the AP-SBA-15 showed more 

furfurylbutenone (FB) formation than that of the VAP-SBA-15. Additionally, the FB 

formation increased with the temperature on the AP-SBA-15.  
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3.2     Introduction 

 Transformation of biomass-derived compounds to transportation fuels has been 

widely considered as an alternative method among various promising technologies for 

sustainable petrol production. This methodology can enhance carbon efficiency, 

decrease an environmental carbon crisis and provide a renewable fuel resource (Bohre, 

Dutta, Saha, and Abu-Omar, 2015). Biomass conversion can be achieved under 

different strategies such as chemical, thermal, biological or enzymatic processes. 

Chemical transformation is used extensively because of the abundance of 

lignocellulosic feedstock and low operation cost (Faba, Díaz, and Ordóñez, 2012).  

 Furanic compounds such as furfural and 5-hydroxymethylfurfural (HMF) are 

promising biomass-based chemicals to produce fuels or other valuable chemicals. 

Importantly, the use of these chemicals does not compete with the needs of food crops, 

fodder, and natural habitat. Among such furanic compounds, furfural has been used as 

a platform molecule in various biomass conversions. Moreover, acetone as a by-product 

of phenol production has been commonly used. Both furfural and acetone are cheap 

and commercially available. Hence, they can be converted to value-added chemicals 

such as jet or diesel fuel intermediates via a conventional aldol condensation (Huang et 

al., 2012).           

 Aldol condensation has been widely exploited to convert biomass to desired 

chemicals through the formation of carbon-carbon (C-C) bonds. The reaction can be 

operated in either gas or liquid phase in the presence of an acid or base catalyst. 

According to many researches, the reaction has been carried out in the presence of a 

homogeneous catalyst which is difficult to regenerate. To solve this drawback, the 

procedure could be carried out with a heterogeneous solid catalyst.  
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 For an excellent activity, catalysts for the aldol condensation should possess 

both acidic and basic active sites. Particularly, acid-base bi-functionalized mesoporous 

SBA-15 catalysts, prepared by a reaction between a silanol surface and 

aminoalkoxysilane coupling reagents, are commonly used (An et al., 2014). However, 

amino-imprinted catalysts provide an inactive surface species in the aldol condensation 

owing to imine formation between a terminal surface amine with a ketone (Lauwaert et 

al., 2015). To prevent the inactive imine appearance, anchoring of a transition metal 

complex is used. Schiff base group is generated from a reaction between a carbonyl 

group contained in a ligand and the surface amine group. A transition metal complex 

could be anchored on those groups. For example, copper bidentate Schiff base ligand 

supported on zeolite NaY is employed in aldol condensation of cyclohexanone and 

benzaldehyde (Mobinikhaledi, Zendehdel, and Safari, 2014).  

 Up to date, there are no reports on an oxovanadium complex tethered on amino-

imprinted supports for aldol condensation between furfural and acetone. This work 

investigates the feasibility of upgrading furfural via catalytic aldol condensation over 

oxovanadium Schiff base complex tethered on amino-modified mesoporous SBA-15 in 

liquid phase. 

 

3.3   Experimental 

 3.3.1 Preparation of SBA-15 as a siliceous mesoporous support 

  SBA-15 was prepared according to the method reported by Yang, Hao, 

Zhang, and Kan (2011). Pluronic® P123 (average molecular weight of 5800, Sigma-

Aldrich) as an organic template, 7.48 g, was dissolved in 305.2 mL of 1.5 M HCl in a 

500-mL three-neck round-bottom flask connected with a glass condenser. The template 
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solution was stirred in an oil bath at 40 ºC for 24 h. Tetraethyl orthosilicate (TEOS, 

98.0%, Fluka Chemika) as a silica source, 17.4 mL, was slowly dropped into the 

template solution (about 80 min). The colloidal mixture was further stirred at 40 ºC for 

5 h. Then, the mixture was divided into two portions and transferred to 270 mL and 275 

mL of Teflon-lined stainless-steel autoclaves. They were aged without stirring at 100 

ºC for 24 h and quenched with tap water. The solid products were centrifuged at a speed 

of 4000 rpm for 3 min, washed by deionized water until the pH became 5.5 and dried 

under a hot air oven at 60 ºC for 12 h. Finally, the samples were calcined at 550 ºC for 

16 h with a heating rate of 1 ºC/min.  

  

 3.3.2 Conventional grafting of SBA-15 with 50 wt. % of APTES 

  SBA-15 was grafted by APTES with the method by Yang et al. (2011) 

as shown in Scheme 3.1. The desired amount of SBA-15 support was dried at 120 ºC 

for 2 h to remove adsorbed water. Then, the dried powder, 1.00 g, was suspended into 

100 mL of toluene (99.5%, QRëCTM) in a 100-mL round bottom flask, equipped with 

a glass condenser under N2 gas flow for 30 min. APTES (99%, Acrōs Organics) of 50 

wt. %, 0.54 mL (2.3 mmol), was added dropwise via a 1-mL plastic syringe with a 

needle under N2 gas flow. The suspension was stirred at room temperature for 24 h, 

filtered through a thimble, washed by absolute ethanol (99.9%, Carlo Erba), extracted 

via a Soxhlet extractor using absolute ethanol for 12 h and dried at 80 ºC for 12 h. This 

as-prepared sample was named AP-SBA-15. 
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Scheme 3.1 An illustration of the possible functionalization through a conventional 

grafting of APTES on surface silanol groups of the mesoporous siliceous SBA-15.  

  

 3.3.3 Modification of AP-SBA-15 by anchoring oxovanadium complex 

  AP-SBA-15 by anchoring the oxovanadium complex was prepared from 

a method from the literature (Li et al., 2012; Pereira, Silva, Carvalho, Pires, and Freire, 

2008) as illustrated in Scheme 3.2. Vanadyl(IV) acetylacetonate (99%, Acrōs 

Organics), 0.308 g (1.15 mmol), was dissolved in 25 mL of dried toluene, stirred at 80 

ºC for 3 h, filtered to remove undissolved solids. AP-SBA-15, 0.500 g, was loaded to 

15 mL of dried toluene in a 100-mL three-neck round bottom flask, equipped with a 

glass condenser, and stirred at 80 ºC for 3 h under N2 flow. The filtered blue solution 

was transferred to a 25-mL dropping glass funnel prior to being added dropwise to the 

suspension. Toluene, 10 mL, was added to wash the remaining solution in the funnel. 

The mixture was refluxed at 110 ºC for 24 h, filtered, purified by a Soxhlet extractor 

with ethanol for 12 h and dried in a hot air oven at 80 ºC for 12 h. This sample was 

called VAP-SBA-15. 
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Scheme 3.2 The illustration of anchoring of vanadyl acetylacetonate on AP-SBA-15. 

 

 3.3.4 Materials characterization of SBA-15 grafted by APTES and 

oxovanadium complex 

  X-ray diffraction (XRD) patterns were obtained using a Bruker XRD-

D8 Advance with Cu-K (1.54 Å) radiation operated at a voltage of 40 kV and current 

of 40 mA. The detector was LYNXEYE. The scan 2 range was from 0.5 to 5.0º with 

a step size of 0.02º and time per step of 1.2 s. Both interplanar spacing of the plane 

(100), (d(100)) and unit cell parameter (Ao) of the prepared samples were calculated from 

the following equations.   

 

   
(100)

λd =  
2 sin θ

                 (3.1) 

 

(100)

o

2d
A =

3
                   (3.2) 

 

  All morphological images were recorded from field emission scanning 

electron microscopy (FE-SEM) using a Zeiss AURIGA FE-SEM/FIB/EDX with an 

upper electron detector operating at an accelerated voltage of 10 kV with a working 
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distance of 8.9 mm. Each sample was placed on a carbon tape adhered to a copper stub 

and then coated by gold, using an operating current at 10 mA under an argon 

atmosphere for 5 minutes. A particle size distribution was processed by an ImageJ 

software version 1.49.         

  TEM images and SAED were obtained from an FEI Tecnai G2 

transmission electron microscope operated at an accelerating voltage of 200 kV in 

bright field mode. For sample preparation, a small amount of each sample was first 

dispersed in 1 mL of absolute ethanol, sonicated for a minute and then dropped 

repeatedly on a carbon-coated copper grid at least 5 times. The sample was dried under 

a desk lamp in air before the analysis. Pore diameter and wall thickness distribution 

were evaluated by ImageJ software version 1.49. 

  Nitrogen (N2) adsorption-desorption isotherms were obtained at a 

temperature of -196 ºC using a BELSORP-mini II. Prior to a measurement, samples 

were degassed at 120 ºC for 24 h. Both specific surface area and pore volume were 

calculated by a Brunauer-Emmett-Teller (BET) method. Pore size and pore size 

distribution were computed from the adsorption branch using a Barrett-Joyner-Halenda 

(BJH) method.  

   FTIR spectra were collected using a Bruker Vertex 70+RamII FTIR 

spectroscopy equipped with an FT-Raman instrument manipulated in an attenuated 

total reflectance (ATR) mode. The condition was as follows: a signal amplitude at 3638 

(in absolute value), a range of wavenumber from 400 to 4000 cm-1, a resolution of 4 

cm-1, a scan number of 64. 

  Chemical states of surface species were identified by X-ray photo-

electron spectroscopy (XPS) using a ULVAC-PHI PHI5000 VersaProbe II operating at 
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a pressure of 1.2x10-7 Pa using Al Kα at 1486.6 eV as a conventional X-ray source. The 

XPS data interpretation was processed with MultiPak 9.0 using a combined Gaussian-

Lorentzian function with a Shirley background correction (Acres et al., 2012). All peaks 

of binding energy (BE) were calibrated corresponding to the peak of standard C 1s at 

284.8 eV from an adventitious carbon (Jakša, Štefane, and Kovač, 2013; Qiao, Wang, 

Gao, and Jin, 2015; Shircliff et al., 2011). 

  UV-visible spectra were recorded using an Agilent Varian Cary 300 

Scan UV-visible spectrophotometer with a diffuse reflectance (DR) mode operating at 

a wavelength from 800 to 200 nm with a resolution of 1 nm, a scan rate of 600 nm/min 

and a scan number of 3. BaSO4 powder was employed as a non-absorbing reference 

material.  

 

 3.3.5 Catalytic testing of aldol condensation between furfural and acetone 

by in situ ATR-FTIR 

  In situ ATR-FTIR technique is used as a real-time analysis for an in situ 

aldol condensation of furfural and acetone. ZnSe was employed as an internal 

reflectance element. Before starting the reaction testing, the catalyst powder was dried 

under a hot air oven at 80 ºC for 3 h.  The pre-dried catalyst of 10 mg was dispersed in 

ethanol, sonicated for several minutes, and deposited on the ZnSe surface. Afterward, 

the ZnSe plate was fixed on a cell holder. The mixture of furfural and acetone with the 

mole ratio of 1:10 was dissolved in the solution of water and ethanol with the volume 

ratio of 4:1. Then, the solution was introduced through the cell aligned in the in situ 

instrument at room temperature.  IR spectra were recorded and defined.  
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3.4 Results and discussion 

 3.4.1  Characterization results of AP-SBA-15 and VAP-SBA-15  

  XRD patterns of all samples are shown in Figure 3.1. The SBA-15 

shows three characteristic peaks at 0.83, 1.44, and 1.64º which correspond to the plane 

(100), (110) and (200), respectively, of SBA-15 (Yang et al., 2011). The XRD patterns 

of both AP-SBA-15 and VAP-SBA-15 have lower intensity than that of the parent. 

There are slight changes in XRD peaks to a higher degree. Both interplanar spacing and 

wall thickness are listed in Table A.1 in Appendix A. These parameters of SBA-15 

decreased after grafting with APTES and additional anchoring with VO(acac)2. These 

implied that the grafted bulky species did not change the SBA-15 structure. This finding 

is similar to the works of Yang et al. (2011) and Li et al. (2012).  

 

 

 

Figure 3.1 XRD patterns of the parent SBA-15, AP-SBA-15, and VAP-SBA-15. 
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  SEM images and particle-size distribution of the as-prepared samples 

are shown in Figure 3.2. Morphologies of these materials are rope-like shape with a 

particle size around 1.4 µm. Some particles aggregated to form a wheat-like structure 

related to the previous literature by Zhao et al. (1998). After the surface modification 

of SBA-15 by either grafting with APTES or anchoring with the oxovanadium complex, 

the identical morphology did not change related to the remained geometry confirmed 

by XRD results. In addition, the morphological result is in accordance with the research 

by Li et al. (2012).    

To further understand pore topology and crystallinity of the parent and 

AP-SBA-15 and VAP-SBA-15, both TEM micrographs and selected-area electron 

diffraction (SAED) are depicted in Figure 3.3. The result indicated that the parent and 

grafted SBA-15 had an ordered mesoporous topology arranged in a two-dimensional 

direction (Lowe, and Baker, 2014) as seen in Figure 3.3(a-c). Additionally, SAED 

patterns in Figure 3.3(d-f) exhibit a broad diffuse ring indicating that all SBA-15 

samples were amorphous materials with the short-range atomic order from the ordered 

pore walls (Morsi, and Mohamed, 2018). From Figure A.1 in Appendix A, pore size 

distribution and wall thickness slightly change after surface modification.     
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Figure 3.2 SEM images of a) SBA-15, b) AP-SBA-15 and c) VAP-SBA-15; and a 

particle size distribution of d) SBA-15, e) AP-SBA-15 and f) VAP-SBA-15. 
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Figure 3.3  TEM images of a) SBA-15, b) AP-SBA-15 and c) VAP-SBA-15; and 

patterns of selected-area electron diffraction (SAED) of d) SBA-15, e) AP-SBA-15 

and f) VAP-SBA-15.   
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  N2 adsorption-desorption isotherms of all samples are shown in Figure 

3.4(a). Isotherms from all samples are type IV(a) according to the IUPAC classification 

(Thommes et al., 2015). It is characteristic adsorption of mesoporous materials 

including the formation of monolayer and multilayer on the mesopore walls before the 

pore condensation. In addition, all samples exhibit a type H1 hysteresis loop which 

indicates a narrow range of uniform mesopores wider than 4 nm (Thommes et al., 

2015). In Figure 3.4(b), AP-SBA-15 and VAP-SBA-15 have a lower range of pore size 

distribution than the parent SBA-15. This could imply that either ATPES or 

oxovanadium complex were tethered on the SBA-15 walls.  

 The summary of textural properties consisting of surface area, porosity, and 

pore-wall thickness of all as-prepared samples are listed in Table 3.1. Both surface area 

and porosities of the grafted samples are smaller than that of the parent SBA-15 

indicating the formation of new surface components on the support surface. Moreover, 

the presence of new grafted species consisting of either APTES or oxovanadium 

slightly increased the pore-wall thickness of the SBA-15 support according to the XRD 

peak shift. These results are in good agreement with the literature (Yang et al., 2011).
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Figure 3.4 N2 adsorption-desorption isotherms (a) and pore size distribution (b) of the parent and SBA-15 grafted by APTES 

(AP-SBA15) and oxovanadium complex (VAP-SBA15) (Filled symbol = adsorption branch and hollow symbol = desorption 

branch).   

  

a) b) 

3
8
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Table 3.1 Surface area, mesopore volume, pore diameter, and wall thickness of parent and SBA-15 grafted with APTES and 

further anchored by oxovanadium complex. 

Sample SBET (m2/g) a VBJH (cm3/g) b DBJH (nm) c d(100) (nm) d Ao (nm) e W (nm) f 

SBA-15 786 1.00 8.06 10.67 12.32 4.26 

AP-SBA-15 434 0.77 7.06 10.41 12.02 4.96 

VAP-SBA-15 346 0.63 7.06 10.17 11.74 4.68 

 

a SBET is a surface area calculated by a BET method using an adsorption branch. 

b VBJH is a pore volume calculated by a BJH method.   

c DBJH is a pore diameter calculated by the BJH method.  

d d(100) is interplanar spacing at (100) plane calculated from equation 3.2. 

e Ao is a unit cell parameter calculated from equation 3.1. 

f W is wall thickness calculated from W = Ao – DBJH. 

3
9
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  To further confirm the presence of new functional groups of all 

materials, FTIR spectra and peak assignments are illustrated in Figure 3.5. Vibrational 

bands and their assignments are also summarized in Table A.3 in Appendix A. The 

parent SBA-15 shows the characteristic vibration modes including stretching and 

bending of silanol group ((Si-O-H) and (O-H), respectively) and the stretching of 

siliceous framework ((Si-O-Si)) (Di Giuseppe et al., 2013). The AP-SBA-15 shows 

several new vibrational bands consisting of the stretching and bending of the 

hydrocarbon chain belonged to aminopropyl ((C-H) and (Si-C), respectively). 

Obviously, the peak intensity of the silanol group decreases indicating the chemical 

bond formation through the condensation between the APTES and surface silanol of 

the support similar to the work by Pereira et al. (2008).  

  The AP-SBA-15 displays additional peaks including the stretching of 

vanadyl group ((V=O) and the vibration of Schiff base or imine ligands ((C=N)). 

Pereira et al. (2008) have explained that these peaks are from a new bond between the 

surface aminopropyl (-NH2) and the carbonyl (C=O) of an acetylacetonate ligand 

within the further anchoring process.  Hence, these FTIR results confirmed the presence 

of new surface moieties including either APTES or the oxovanadium species on the 

SBA-15 surface through a chemical bond formation. This finding is in accordance with 

the literature (Li et al., 2012; Pereira et al., 2008; Yang et al., 2011).  
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Figure 3.5 FTIR spectra and assignment of the parent and SBA-15 grafted with 

APTES (AP-SBA-15) and successively anchored by oxovanadium (VAP-SBA-15).  

 

 To further confirm the new functional groups, XPS spectra of Si 2p, O 1s, C 1s, 

N 1s, and V 2p for all samples are depicted in Figure 3.6. The wide-scan spectra of all 

as-prepared samples and of reference vanadium species are also shown in Figure A.2 

and A.3, respectively, in Appendix A. After the surface functionalization, the XPS 

peaks of Si 2p and O 1s of the prepared samples shifted to lower binding energy 

compared to those of SBA-15 indicating the presence of new chemical bonding (Jakša 

et al., 2013). The shift of C 1s might relate to the appearance of different 

electronegativities of carbonaceous species. Remarkably, the N 1s peak of the AP-SBA-

15 sample shifts to lower binding energy implying the bond formed between the surface 

amine and acetylacetonate ligand. In addition, the V 2p peak of VAP-SBA-15 is 
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different from that of the VO(acac)2, confirming the chemical anchoring of the complex 

on the AP-SBA-15. These results agree with the FTIR results. 

 

         

         

                                       

 

Figure 3.6 XPS spectra of the parent and SBA-15 grafted with APTES (AP-SBA-15) 

and further anchored by oxovanadium complex (VAP-SBA-15) including a) Si 2p, b) 

O 1s, c) C 1s, d) N 1s, and e) V 2p. 
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  To confirm the presence of oxovanadium species, the samples were 

analyzed by UV-visible spectrometry. The results are shown in Figure 3.7. The AP-

SBA-15 sample shows two absorption bands at 205 and 244 nm which are the 

characteristic of SBA-15 (Shylesh, and Singh, 2004). The VAP-SBA-15 sample shows 

a new broadband in the region from 260 to 360 nm. Yang et al. (2011) and Li et al. 

(2012) have explained that the band corresponding to n-* and -* ligand charge 

transfer to a central oxovanadium atom. The absorption band with the peak at 349 nm 

was assigned to the low charge transfer of ()t1 to (d)e from V=O to tetrahedral V(V) 

species (Shylesh, and Singh, 2006). These results confirmed the chemical anchoring of 

the oxovanadium complex on the amino-grafted SBA-15. This finding agrees with the 

FTIR and XPS results.  

   

 

 

Figure 3.7 UV-visible spectra of AP-SBA-15 and VAP-SBA-15. 
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 3.4.2 In situ aldol condensation between furfural and acetone  

  3.4.2.1  Effect of surface species on catalytic activity 

   The aldol condensation between furfural and acetone was 

monitored by in situ ATR-FTIR measurements at 60 ºC up to 9 h. The spectra of the 

reaction solution under the presence of SBA-15, AP-SBA-15, and VAP-SBA-15 are 

shown in Figure 3.8. Two peaks at 1284 and 1278 cm-1 were assigned to the fingerprint 

of the starting reagents and furfurylbutenone (FB) as the desired product, respectively 

in aqueous solution. SBA-15 shows only the peak of the starting agents implying that 

it is not active. SBA-15 only contained a weak base from the surface silanol group (Shi, 

Ji, Gao, and Wang, 2005). In a similar manner, VAP-SBA-15 shows a low catalytic 

activity implying low basicity of vanadyl group contained Lewis acid sites (Cashin et 

al., 2002). Remarkably, AP-SBA-15 provided the highest activity in terms of the FB 

formation due to sufficient base strength to generate an enolate from acetone 

corresponding to the work of Lauwaert et al. (2015). They explained that a basic amine 

site affected the nucleophilic addition of acetone to form an enamine intermediate 

before reacting with another carbonyl. These results suggested that the aldol 

condensation between furfural and acetone required base catalysts to facilitate the FB 

formation at the mild reaction temperature. Because AP-SBA-15 gave the best FB 

formation, it was further studied to determine the optimal temperature. 
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Figure 3.8 In situ IR spectra of reaction solution under the presence of SBA-15, AP-

SBA-15, and VAP-SBA-15 during the aldol condensation between furfural and acetone 

at 60 ºC. 

 

  3.4.2.2  Effect of reaction temperature on the formation of 

furfurylbutenone in an in situ aldol condensation 

   In situ IR spectra of reaction solution from the aldol 

condensation between furfural and acetone catalyzed by AP-SBA-15 are shown in 

Figure 3.9. The results show that the temperature of at least 40 ºC enables the shift of 

the peak at 1284 to 1278 cm-1 indicating the effect of temperature could facilitate the 

FB formation in the aqueous solution. Moreover, the longer reaction time gives the 
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higher peak intensity at 1278 cm-1 implying the larger FB formation was obtained. In 

addition, these FTIR spectra were deconvoluted to differentiate the effect of the reaction 

temperature in detail. 

   

    

    

 

Figure 3.9 In situ IR spectra of reaction solution under the presence of AP-SBA-15 

during the aldol condensation between furfural and acetone at various temperatures 

against the reaction time up to 9 h. 

 

   The relative peak area curves of furfurylbutenone at different 

reaction temperatures against the reaction time are shown in Figure 3.10. Reaction 

temperatures affected not only the catalytic activity but also the equilibrium of FB 
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formation. From the curves, the FB formation increased with a reaction time until they 

reached 6 h. At the temperature above 50 ºC, the formation became nearly constant 

after 6 h. In contrast, at 40 ºC, the formation still increased. These results confirmed 

that the reaction depended on the temperature. This finding agrees with the literature 

by Heynderickx (2019) studying the kinetics of aldol condensation between 

benzaldehyde and heptanal. It was proposed that the reaction reached equilibrium more 

quickly at higher temperatures.         

 

 

 

Figure 3.10 Relative peak area of furfurylbutenone (FB) from the deconvolution results 

of the peak at 1278 cm-1 during in situ aldol condensation between furfural and acetone 

at various reaction temperatures. 
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3.5 Conclusions 

 Mesoporous SBA-15 was grafted with aminopropyltriethoxysilane (APTES), 

producing AP-SBA-15 and successively anchored by vanadyl acetylacetonate, 

producing VAP-SBA-15. From XRD results, the conventional preparation did not 

affect the characteristic geometry of SBA-15. The morphologies and pore topologies 

by SEM and TEM imaging of SBA-15 were still observed. From N2 sorption analysis, 

both grafted moieties consisting of APTES and the oxovanadium complex were on the 

pore walls of SBA-15. It was confirmed by FTIR and XPS that the grafting and 

anchoring species chemically bonded with the silanol groups on the SBA-15 surface. 

The presence of oxovanadium species chemically tethered on the amino-grafted SBA-

15 was confirmed by UV-vis spectroscopy. It was tested for in situ aldol condensation 

between furfural and acetone. The catalytic activity of all as-prepared samples was 

evaluated in aldol condensation between furfural and acetone monitored by the in situ 

ATR-FTIR spectroscopy. AP-SBA-15 gave the highest degree of the formation of 

furfurylbutenone, while VAP-SBA-15 less affected the reaction activity. The FB 

formation increased with the reaction time. The optimal reaction temperature for the in 

situ aldol condensation was 40 ºC. Thus, the amino-grafted SBA-15 was proposed as a 

promising catalyst for the upgrading of furfural.   
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CHAPTER IV 

ULTRASOUND-ASSISTED GRAFTING OF SILICA GEL 

BY AMINOPROPYLTRIETHOXYSILANE FOR ALDOL 

CONDENSATION OF FURFURAL AND ACETONE 

 

4.1     Abstract 

 This chapter focuses on the development of a simple method to prepare 

heterogeneous catalysts with tunable basicity and stability for aldol condensation of 

furfural and acetone. Silica gel was grafted by aminopropyltriethoxysilane (APTES) 

with 20, 30, 40, and 50 wt. % of APTES using probe-type ultrasonicator with a power 

of 130 W and a frequency of 20 kHz. The grafted samples were studied by XRD, SEM, 

N2 sorption, FTIR, XPS, CHN and TG analysis, and CO2-TPD. The sonication 

facilitated the bond formation between APTES and the silica gel with less pore-

blocking than the conventional grafting method. The basicity of the samples was 

tunable with the quantity of APTES loading. The grafted samples were active catalysts 

for aldol condensation of furfural and acetone at 60 ºC. The catalyst with 30 wt. % 

APTES grafting (30APS-U) provided a nearly complete furfural conversion and high 

furfurylbutenone selectivity. The conversion and selectivity increased with time and 

reached the highest values at 24 h. Thus, the catalysts with tunable basicity prepared by 

ultrasound-assisted grafting of silica with various APTES amounts were effective in 

furfural valorization.  
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4.2     Introduction 

 Among solid base materials, organocatalysts derived from chitosan are 

proposed to enhance the conversion of furfural (Kayser et al., 2012; Kuhbeck, Saidulu, 

Reddy, and Diaz, 2012). These catalysts provide surface amino group to promote the 

dehydration of furfurylhydroxybutanone (FHB) towards furfurylbutenone (FB). 

However, the preparation of chitosan through the deacetylation of chitin was carried 

out under an alkaline condition and the treated chitosan was dried under the flow of 

supercritical fluid CO2. These procedures lead to an environmental issue from the 

alkaline wastewater and high operation cost from the supercritical fluid treatment. To 

overcome these problems, surface functionalization by aminosilane is proposed.   

 Surface functionalization could be classified into co-condensation and grafting 

(Maria Chong, and Zhao, 2003). Grafting method is preferable because it provides 

hydrolytic and structural stability (Zhu, Li, Zheng, Xu, and Li, 2012). For instance, a 

precipitated silica was grafted with 3-aminopropyltriethoxysilane (APTES) using a 

mechanical mixing and two-step aging for 60 h (Quang, Hatton, and Abu-Zahra, 2016). 

In addition, zeolite X was modified with APTES solution with an aging period of 40 h 

(Yutthalekha et al., 2017). This method results in the chemical formation between the 

aminosilane and supports. However, the conventional grafting is time-consuming. 

Hence, ultrasound-assisted grafting is proposed to reduce the long aging time. 

 Theoretically, acoustic cavitation is from an ultrasonic irradiation providing the 

formation, growth, and collapse of hot gas bubbles (Mohammadnezhad, Abad, Soltani, 

and Dinari, 2017).  This increases temperature and pressure which enhances diffusion 

of the grafting precursor (Soltani, Dinari, and Mohammadnezhad, 2018; Suslick, and 

Flannigan, 2008). Recently, mesoporous MCM-41 was grafted with APTES by 
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ultrasound (Mohammadnezhad et al., 2017; Soltani et al., 2018). The ultrasound 

promotes grafting of the aminosilane on the porous support.                  

 This work is aimed to compare the properties of catalysts prepared by 

ultrasound-assisted and conventional grafting. Physicochemical properties of the 

samples with various APTES and catalytic activity in aldol condensation of furfural 

and acetone are studied.  

 

4.3     Experimental 

 4.3.1   Preparation of APTES-grafted silica gel 

  Silica gel with particle size of 60-200 m, absolute ethanol, acetone, 

furfural and isopropanol (all from Carlo Erba) and APTES (Acrōs Organics) were used 

as received. Silica gel was grafted with APTES with a method from the literature 

(Quang et al., 2016) with sonication. In brief, 8 g of ethanol containing a desired amount 

of APTES was added to 2 g of silica gel, pre-dried at 80 ºC for 6 h in a hot air oven. 

Then, the mixture was sonicated for 1 h at an ambient atmosphere with on-off pulses 

every five seconds using 130-Watt Ultrasonic Processor with a probe size of 6 mm 

(Sonics Vibra-Cell: VCX 130). The sample after ultrasonication was dried in a rotary 

evaporator at 40 ºC with a reduced pressure of 100 mbar. Then, it was further dried in 

a hot air oven at 90 ºC for 6 h. The samples containing 20, 30, 40, and 50 wt. % were 

named nAPS-U where n = wt. % of APTES and U = ultrasound. They were evaluated 

in the reaction testing. Then, the best catalyst was compared with the conventional 

impregnation with a similar loading. For comparison, silica gel was impregnated by a 

similar procedure without ultrasound. The prepared samples were named nAPS-C 

where C = conventional.   
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 4.3.2    Characterization techniques 

   Phase characteristics of bare and grafted silica samples were studied by 

X-ray diffraction (XRD) using a Bruker XRD-D8 Advance with Cu K radiation. 

Morphologies were evaluated by field emission scanning electron microscopy (FE-

SEM) using a JEOL JSM 7800F operating at the accelerated voltage of 15 kV. For the 

comparison between ultrasound-assisted grafting and conventional impregnation, the 

textural properties determined by the N2 gas sorption measurement were used to explain 

the differences between both methods. N2 sorption was performed using BELSORP-

mini II. Samples were degassed at 150 ºC. Specific surface area and pore volume were 

calculated using the Brunauer-Emmett-Teller (BET) method. Pore size and pore size 

distribution were computed from an adsorption branch using the Barrett-Joyner-

Halenda (BJH) approach.   

  Functional groups were analyzed by Fourier transform infrared 

spectrometry (FTIR) using the Bruker Vertex 70+RamII FTIR spectroscope 

manipulated in an attenuated total reflectance (ATR) mode with a resolution of 4 cm-1 

and the scan number of 64. Chemical state of surface species was identified by X-ray 

photoelectron spectroscopy (XPS) using ULVAC-PHI PHI5000 VersaProbe II with Al 

K radiation. Elemental concentrations of C, H, and N were determined using TruSpec 

Micro CHNS elemental analyzer. Thermal properties were confirmed by 

thermogravimetric analysis in Mettler Toledo TGA/DSC1 to determine a suitable 

temperature for basicity measurement.  

  Basicity of catalysts was investigated by temperature-programmed 

desorption of carbon dioxide (CO2-TPD) using a BELCAT-B chemisorption analyzer. 

Each sample of approximately 50 mg was loaded into a glass cell supported by quartz 
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wool and heated at 120 ºC under He gas flow with a rate of 50 mL/min for 60 min. 

After it was cooled down to 75 ºC, a gas mixture of 10 % CO2/He with a flow rate of 

50 mL/min was introduced to the sample cell for 60 min. After that, an unabsorbed CO2 

was removed under He gas flow with a rate of 50 mL/min. The TPD process was 

performed in a temperature range of 35 to 150 ºC with a temperature ramp of 10 ºC/min 

and holding time of 30 min under He flow with a rate of 30 mL/min. 

   

 4.3.3 Catalytic testing in aldol condensation of furfural and acetone 

  A catalyst amount of 500 mg, ethanol solution of 10 mL and acetone of 

10 mL were added consecutively into a round bottom flask and stirred at 60 ºC for 1 h 

under static N2 atmosphere. Then, furfural of 960 mg was added dropwise to the flask. 

The reaction was held at 60 ºC for a desired period.  After cooling down, the reaction 

mixture was separated by centrifugation. All solution samples were quantitatively 

analyzed by gas chromatography with a Hewlett Packard HP 6890 Plus equipped with 

an FID detector using a 30 m long Innowax HP-1 capillary column with isopropanol as 

an internal standard. Catalyst activities including furfural conversion and selectivity of 

furanylbutenone (FB) were expressed in the following equations: 

 

moles of consumed furfural
Furfural conversion (mol%) = ×100

moles of initial furfural
            (4.1) 

 

moles of  produced FB 
FB selectivity (mol%) = ×100

moles of  consumed furfural 
             (4.2) 
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4.4     Results and discussion 

 4.4.1   Characterization of APTES-grafted silica gels 

  XRD patterns of all APS-U catalysts show the same broad peak at 22º 

as shown in Figure 4.1 indicating the amorphous phase characteristic of silica gel as a 

support of the APS-U catalysts which did not change after the ultrasound-assisted 

grafting (Sarmah, Sahu, and Das, 2012).  Their SEM images in Figure 4.2 show similar 

morphology consistent with the XRD result. Moreover, aggregates of silica particles 

after the preparation are not observed due to the potential effect of acoustic cavitation 

generated by ultrasound irradiation during the grafting (Soltani et al., 2018). 

 

    

 

Figure 4.1 XRD patterns of the parent and silica gel grafted with various APTES 

loading. 



59 
 

 

          

          

 

Figure 4.2 SEM images of the parent and silica gel grafted with various APTES. 

 

  N2 sorption isotherms of all samples are displayed in Figure 4.3.  

According to the IUPAC classification (Thommes et al., 2015), all samples exhibits 

type IV(a) adsorption isotherm which is a characteristic of mesoporous materials and 

which includes the formation of monolayer and multilayer on the mesopore walls 

Silica gel  

20APS-U  30APS-U  

40APS-U 50APS-U 
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before the pore condensation. In addition, all samples show a type H1 hysteresis loop 

which indicates a narrow range of uniform mesopores wider than 4 nm (Thommes et 

al., 2015). In the relative pressure range between 0.45 – 0.85, the size of hysteresis 

loops decreased with the loading of APTES. A result from the conventional method 

indicated the smallest loop. A steep desorption branch at the relative pressure between 

0.45 – 0.50 implied an effect of pore-blocking due to the presence of the aminopropyl 

group in the silica cavity similar to the previous report (Jeong, Lim, Jin, and Park, 

2012).  

 

 

 

Figure 4.3 Nitrogen sorption isotherms of the parent and silica gel grafted with various 

APTES loading prepared by ultrasound-assisted grafting (U) and conventional method 

(C); filled symbols = adsorption, hollow symbols = desorption. 



61 
 

  In comparison of two distinct preparation approaches with the same 

aminosilane loading of 30 wt. % as shown in Table 4.1, the sample from the ultrasound-

assisted method (30APS-U) had almost 5-fold larger surface area and 4-fold larger pore 

volume indicating less pore-blocking than that from the conventional method (30APS-

C). The result confirmed that the ultrasound-assisted grating provided better diffusion 

of aminosilane species into the pores than that of the conventional impregnation 

method.  

 

Table 4.1 BET surface areas, pore volumes, and diameters of the parent silica gel and 

silica gel grafted with various amounts of APTES by ultrasound-assisted (U) and 

conventional (C) method. 

Sample BET surface area 

(m2/g) 

BJH pore volume 

(cm3/g) 

BJH pore diameter 

(nm) 

Silica gel 505 0.67 4.76 

20APS-U 415 0.52 3.28 

30APS-U 370 0.44 3.28 

30APS-C 75 0.14 5.41 

40APS-U 233 0.30 3.71 

50APS-U 177 0.27 4.19 

   

  FTIR spectra of all samples are shown in Figure 4.4.  The vibration 

peaks of parent silica at 3418 and 798 cm-1 were assigned to O-H bond stretching and 

bending while the peaks at 1064 and 969 cm-1 were attributed to Si-O bond vibration 

(Quang et al., 2016). The shoulder peak at 3627 cm-1 was related to the vibration of the 

hydrogen-bonded silanol group on the silica gel surface (Britcher, Rahiala, Hakala, 

Mikkola, and Rosenholm, 2004). After grafting process by APTES, the major peaks of 
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both O-H and Si-OH decrease implying the replacement of surface silanol by the 

grafted aminopropyl (Quang et al., 2016). Moreover, the presence of new surface 

species was confirmed by the additional bands at 3365 and 3303 cm-1 assigned to N-H 

(Pasternack, Rivillon Amy, and Chabal, 2008; Quang et al., 2016; Sanaeepur, Kargari, 

and Nasernejad, 2014) while 1567 and 693 cm-1 were related to Si-C bond (Pasternack 

et al., 2008; Sanaeepur et al., 2014). The peaks at 2972 and 2910 cm-1 involved the 

vibration of propyl branch (Soltani et al., 2018). In comparison, the FTIR spectrum of 

30APS-C is different from 30APS-U but similar to 50APS-U. The conventional 

impregnation provided the poorer diffusion of APTES into the pore leading to coverage 

on silica surface and blockage of the pore consistent with the N2 sorption result.  

 

     

 

Figure 4.4 FTIR spectra of the silica gel grafted with various APTES loading prepared 

by ultrasound-assisted grafting (U) and conventional method (C). 
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  To support the FTIR results of new functional groups by ultrasound-

assisted grafting, wide-scan XPS spectra collected from as-prepared samples are shown 

in Figure B.1 in Appendix B. The XPS spectra of Si 2p, O 1s, C 1s, and N 1s for APS-

U samples compared to parent silica gel are shown in Figure 4.5, and their peak 

assignments are demonstrated in Figure B.2 – B.5 in Appendix B. Identification and 

peak area of surface species are summarized in Table 4.2. The C 1s signal on silica gel 

arose from an adventitious carbon. After the ultrasound-assisted grafting, the peak shift 

of C 1s spectra was related to the appearance of APTES structure. Furthermore, total 

peak areas of all elements were obviously intensified with the increase of grafting 

concentration.  The intensities of Si 2p and O 1s spectra of prepared samples shift to 

lower binding energy compared to the parent material according to the increase of 

APTES concentration (Jakša, Štefane, and Kovač, 2013). For 20APS-U, Si 2p peak at 

103.38 eV presented a characteristic of Si-O-Si bond belonging to parent silica gel. This 

implied that its surface was partially occupied by APTES, and it decreased with higher 

APTES amount than 30 wt. % corresponding to deconvoluted results in Table B.1 in 

Appendix B. Particularly, the peak intensities of both C 1s and N 1s raise as a result of 

bond formation of the APTES species on silica surface. In addition, the N 1s intensity 

of 30APS-U is similar to that of 20APS-U. This indicated the silica surface was not 

fully grafted with aminopropyl species which could interact with silanol to form 

ammonium species (C-NH3
+) (Bezerra et al., 2014) leading to reduction of peak 

intensity of amine group (C-NH2).  
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Figure 4.5 XPS spectra of the parent and silica gel grafted with various APTES loading; 

a) Si 2p, b) O 1s, c) C 1s and d) N 1s. 

 

  The result of XPS atomic concentrations including C, N, O, and Si on 

modified material surfaces is summarized in Table 4.2. The surface atomic 

concentration of all elements increased with the increment of the aminopropyl loading. 

Moreover, the atomic ratio of Si to N clearly increased corresponding to the APTES 

loading. For consideration in the case of full surface occupation, the N/Si ratio of 

aminopropyl silane molecule should approach one because there was only grafting 

species on the surface. Interestingly, the obtained value was lower than one indicating 

the dispersion of surface moiety was improved by ultrasound-assisted grafting. 
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Moreover, CHN analysis via combustion method was employed to ensure the elemental 

concentration of each sample.  

  

Table 4.2 Relative atomic concentration of elements by XPS from the parent and 

silica gel grafted with various APTES loading. 

Sample XPS atomic concentration (%) 

C 1s N 1s O 1s Si 2p N/Si 

Silica gel 5.17 0 65.01 29.81 0 

20APS-U 13.04 2.69 55.67 28.61 0.09 

30APS-U 17.82 3.61 51.72 26.85 0.13 

30APS-C 15.27 2.71 51.23 30.80 0.09 

40APS-U 21.94 4.33 49.13 24.60 0.18 

50APS-U 25.81 5.29 44.27 24.63 0.21 

  

  In Table 4.3, The aminopropyl branch was only considered after the 

combustion in air because both Si and O atoms were expected to be a part of the silica 

framework which was thermally stable (Talavera-Pech et al., 2016). This shows the 

content of each elemental had similar trend with an XPS result.  Theoretically, the C/N 

molar ratio of aminopropyl moiety (NH2C3H6–Si≡) after a complete condensation with 

three surface silanols was 3. Experimentally, the molar ratio of as-prepared samples 

was in the range of 3.58 – 4.14 which was higher than that of the calculated ratio. This 

could be assumed that the aminopropyl species was chemically grafted on the support, 

whereas either unhydrolyzed ethoxy branches (Parida, and Rath, 2009) or physically 

adsorbed ethanol was on the catalyst surface. Thus, this evidence could confirm the 

presence of aminopropyl group on the silica gel support. However, this also suggested 

the condensation of aminopropyl precursor with the surface silanol group was limited 

during the catalyst preparation.   
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Table 4.3 Elemental composition by CHN analysis and basicity by CO2-TPD of the parent and silica gel grafted with various APTES 

loading. 

Sample 
C (wt. %) H (wt. %) N (wt. %) C/N (mole ratio) Basicity  

(mmol CO2/g) Calc.a Found Calc. Found Calc. Found Calc. Found 

Silica gel 0 0.40 ± 0.006 0 1.22 ± 0.132     0.054 

20APS-U 3.25 3.87 ± 0.009 0.72 1.88 ± 0.051 1.26 1.09 ± 0.026 3.00 4.14 0.104 

30APS-U 4.88 5.49 ± 0.136 1.08 2.19 ± 0.100 1.90 1.66 ± 0.040 3.00 3.85 0.139 

40APS-U 6.50 8.50 ± 0.037 1.45 2.78 ± 0.048 2.53 2.59 ± 0.058 3.00 3.87 0.431 

50APS-U 8.13 9.04 ± 0.183 1.81 2.95 ± 0.078 3.16 2.95 ± 0.024 3.00 3.58 0.476 

 

a Calc. abbreviates from a calculated value which is defined by the mass distribution of an element in the APTES loading as shown in 

equation B.2 – B.4 in the Appendix B.   

 

 

  

6
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  The grafted samples were analyzed by TGA to confirm the amounts of 

aminopropyl moieties on the silica gel. The thermograms are shown in Figure 4.6 and 

the numeric details are in Table B.2 in Appendix B.  The weight loss from silica gel 

occurred mainly in two regions.  The loss around 5 wt.  % before reaching 150 ºC was 

from the removal of physisorbed gases such as water and CO2 on the surface (Kulkarni, 

Mirji, Mandale, and Vijayamohanan, 2006). The further loss of approximately 4 wt. % 

at the higher temperature was from the desorption of chemisorbed-water and 

dehydroxylation of the silanol groups (Quang et al., 2016).  

 

 

 

Figure 4.6 TGA profiles of the parent and silica gel with various APTES loading. 
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  From the grafted samples, there were three ranges of weight loss.  The 

first region was similar to that of the parent. The second range from 150 to 600 ºC was 

assigned to the decomposition of grafted species. These results agree with the 

degradation of amine-grafted SBA-15 in air (Khatri, Chuang, Soong, and Gray, 2006). 

The loss over 600 ºC corresponded to the condensation of framework silanol (Ivaldi et 

al., 2019). The TGA results suggested that the maximum temperature for further CO2-

TPD study was 150 ºC to prevent the decomposition of the surface aminopropyl during 

the sample pretreatment and desorption process.  

  Basicity of the amino-modified materials obtained from CO2 TPD is 

depicted in Figure 4.7. The result indicated that the parent silica was of the lowest basic 

value because of the physisorption of the CO2 molecule. Meanwhile, the basicity of 

modified samples remarkably increased in accordance with the increment of 

aminopropyl concentration as shown in Table 4.3. Theoretically, the CO2 gas molecule 

could chemically react with the surface amino species to generate thermally-desorbable 

carbamate or carbonate group (Quang et al., 2016). Moreover, when the surface 

aminopropyl moieties were located in an accessible pore, the introduced CO2 gas could 

simply diffuse to react with the active site. This also indicated that there was the absence 

of pore-blocking corresponding to the result of N2 sorption. Thus, the basic property of 

prepared catalysts could be enhanced by the increase of amino grafting content. 
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Figure 4.7  CO2-TPD profiles of the parent and silica gel grafted with various APTES 

loading. 

 

  According to the characterization results, aminopropyl-modified silica 

gel was successfully prepared by a simple ultrasound-assisted method with shorter 

period compared to the conventional method and a previous report (Quang et al., 2016). 

Furthermore, the grafting pathway of 3-aminopropylethoxysilane on silica surface in 

ethanol was proposed in Scheme 4.1.  The aminopropyl moiety covalently condensed 

with surface silanol group of silica gel followed by the elimination of ethanol to form 

new siloxane bond (Si-O-Si) (Quang et al., 2016). Nevertheless, there was the presence 

of uncondensed ethoxy groups due to limitation of aminopropyl silane grafting in the 

operated condition.  In addition, the surface aminopropyl played a key role in the active 

basic species to facilitate aldol condensation of furfural and acetone.         
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Scheme 4.1 Proposed pathway of APTES grafting on silica gel surface under 

ultrasound irradiation. 

  

 4.4.2 Catalytic activity on the aldol condensation 

   4.4.2.1 Effect of aminopropyl group loading 

   A comparison of an aminopropyl concentration effect on the 

catalytic activity was illustrated in Figure 4.8. The silica gel as a reference possessed a 

poor active basic site in nature as a result of the lowest performance in the reaction. 

According to the aforementioned basicity determination by CO2-TPD methodology, all 

aminopropyl-grafted samples provided almost complete conversion of furfural as a 

starting reagent as well as the good yield and selectivity towards furfurylbutenone as a 

desired product. This evidence clearly indicated that the accessible surface aminopropyl 

moiety facilitated the successive dehydration of furfurylhydroxybutanone as a minor 

aldol adduct to form the desired product (Kayser et al., 2012). In addition, the grafted 
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amount of the aminopropyl precursor exhibited less effect on the change of the catalytic 

activity. However, the higher loading concentration than that of 40 wt. % showed the 

reduction of product variation. This was presumably due to the physicochemical 

deposition of some product or intermediate species on surface-active site. In accordance 

with the aforementioned results, 30APS-U sample was suitable for further reaction 

study.  

 

 

 

Figure 4.8 Effect of APTES loading on the catalytic activity for the aqueous aldol 

condensation of furfural and acetone at 60 ºC for 24 h. 

 

 

 

 

 

100 
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  4.4.2.2 Effect of reaction time 

   Catalytic activities including furfural conversion and FB 

selectivity with reaction time on 20APS-U catalyst are shown in Figure 4.9. The 

reaction activities increase with the reaction time until 24 h. Whereas FB yield 

gradually intensified until the reaction time of 24 h, this might be due to the dehydration 

of furfurylhydroxybutanone as a minor product.  At the same reaction time of 24 h, all 

variations were slightly constant, while there was no appreciable change along further 

the operation time.        

 

 

 

Figure 4.9 Effect of reaction time on performance of 30APS-U catalyst for the aldol 

condensation of furfural and acetone at 60 ºC. 
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   The catalytic activity of aminopropyl-grafting silica gel in this 

work was compared to previous researches as summarized in Table 4.4. In the case of 

short reaction time, 30APS-U performed better furfural conversion and product 

selectivity than those of other catalysts operated at similar conditions. For long-term 

reaction at mild temperature, it still provided greater furfural conversion than that of 

other samples with stronger basic active species e.g. K2O. Especially, when compared 

to the similar amine active site in chitosan gel, it still showed higher activity at lower 

temperatures. Therefore, the aminopropyl-grafting silica provided better furfural 

conversion and considerable FB selectivity at a milder condition compared to inorganic 

catalysts reported in literature (Kayser et al., 2012; Kikhtyanin et al., 2018a; 

Kikhtyanin, Ganjkhanlou, Kubička, Bulánek, and Čejka, 2018b; Kikhtyanin, 

Kelbichová, Vitvarová, Kubů, and Kubička, 2014; Nguyen Thanh et al., 2016).           
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Table 4.4 Comparison of the testing conditions and catalytic activity of aldol condensation between furfural and acetone from literature 

and this work. 

Catalyst Reaction condition Furfural Conversion 

(%) 

FB Selectivity 

(%) 

Reference 

Temperature (ºC) Time (h) Reactor 

Nanosized TiO2 50 6 Glassware  25 72 Nguyen Thanh et al. (2016) 

MgGa-4R10a 50 2 Glassware  59.7 9.3 Kikhtyanin et al. (2018a) 

HBEAb 60 2 Autocalve 19.8 80.2 Kikhtyanin et al. (2014) 

30APS-U 60 6 Glassware  69.5 41.1 This work 

30APS-U 60 24 Glassware 98.9 62.7 This work 

Dried chitosan gel 90 12 Glassware <1 58 Kayser et al. (2012) 

K-IE-Y(2.5)c  100 2 Autocalve 8.3 94.6 Kikhtyanin et al. (2018b)  

K-IMP-Y(15)d 100 2 Autocalve 44.1 35 Kikhtyanin et al. (2018b) 

 

a MgGa-4R10  is MgGa mixed oxide with Mg/Ga = 4 prepared by rehydration for 10 times. 

b HBEA is Zeolite BEA in a proton (H+) form. 

c K-IE-Y(2.5) is Zeolite Y (Si/Al = 2.5) ion-exchanged by KNO3. 

d K-IMP-Y is Zeolite Y (Si/Al = 15) impregnated by KNO3.   

7
4
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4.5  Conclusions 

 Silica gel was grafted with various amounts of APTES by the simple ultrasonic-

assisted method. The grafting did not change the characteristic phase of the silica 

support, and the grafted samples did not aggregate. The ultrasonic-assisted method 

enhanced the diffusion of grafting species into the pores of silica gel leading to better 

dispersion and less pore blocking. The APTES reacted with the silanol groups of silica 

gel to form new siloxane bonds. The basicity of the grafted silica increased with the 

amount of APTES. From catalytic testing in aldol condensation between furfural and 

acetone, all grafted silica samples provided nearly complete furfural conversion. The 

sample prepared from APTES loading of 30 wt. %, 30APS-U, provided the highest 

product selectivity after a reaction time of 24 h. This performance was among the best 

materials as previously reported in the literature. Therefore, the grafted silica gel 

prepared by the ultrasound-assisted method could serve as a promising catalyst to 

enhance the production of value-added chemicals. 
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CHAPTER V 

BASICITY OF CATALYST FROM HEAT TREATED 

NATURAL MARL AND PERFORMANCE IN 

TRANSESTERIFICATION OF PALM OIL 

 

5.1     Abstract 

This chapter aims to demonstrate the preparation of calcium catalysts from 

natural marl in Thailand using a thermal treatment at 600, 700, 800, 900, and 1000 ºC. 

Physicochemical properties of these samples were studied by XRD, XRF, XPS, FTIR, 

FE-SEM, and N2 sorption. Calcium carbonate species is transformed to hydroxide and 

oxide after treating at 800 and 1000 ºC, respectively. The treatment also affected the 

elemental contribution on the sample surfaces. Both morphologies and surface 

properties were also developed by decarbonation during the calcination. The basicity 

was studied by the conversion of 2-methylbut-3-yn-2-ol (MBOH). The base strength 

increased with the calcination temperatures. The base strength of calcined samples was 

further studied by the conversion of palm oil with methanol through transesterification 

at 60 ºC for 3 h. The test reaction could distinguish the base strength between carbonate 

and hydroxide more effectively than the decomposition of MBOH. A catalyst with the 

higher base strength gave the higher conversion of palm oil. From the reaction, the marl 

calcined at 800 ºC was the most suitable catalyst.   
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5.2     Introduction 

 According to the current transesterification process to produce biodiesel, 

homogeneous base catalysts such as NaOH and KOH are widely used due to the 

operation at a low temperature and high biodiesel production. However, there are 

several disadvantages; for example, a lot of wastewater produced from a neutralization 

step and the difficulty in catalyst reusability (Rakmae et al., 2016). Hence, 

heterogeneous base catalysts are proposed to overcome these drawbacks.  

  Up to date, a number of research works have focused on the synthesis and 

improvement of solid base catalysts for transesterification. Among several types of 

calcium-rich materials, e.g., dolomite, coral fragment, and hydrated lime, Thai natural 

marl is considered as a low-cost raw material. (Jaiyen, Naree, and Ngamcharussrivichai, 

2015; Ngamcharussrivichai, Nunthasanti, Tanachai, and Bunyakiat, 2010; 

Ngamcharussrivichai, Wiwatnimit, and Wangnoi, 2007; Roschat, Kacha, Yoosuk, 

Sudyoadsuk, and Promarak, 2012; Roschat, Siritanon, Yoosuk, and Promarak, 2016). 

It is one of carbonate-rich compounds with a small amount of alumina and silica and 

can be found in many areas of Thailand.  

 Although calcium carbonate (CaCO3) is the main species in these raw materials, 

it gives low conversion of triglycerides and requires a high temperature to accomplish 

a high reaction activity due to a poor base strength (Ngamcharussrivichai et al., 2007). 

This literature suggested that the base strength of calcium-based catalysts is a 

predominant effect on the activity of base-catalyzed transesterification. Hence, 

heterogeneous catalysts require specific and precise techniques to investigate a base 

property after a preparation process.  



82 
 

 So far, temperature-programmed desorption of carbon dioxide (CO2-TPD) is 

commonly used to determine the basicity of several solid samples (Jaiyen et al., 2015; 

Ngamcharussrivichai et al., 2010; Ngamcharussrivichai et al., 2007; Roschat et al., 

2016). Although this technique provides highly accurate information and convenient 

operation, the serious problems is the strong interaction of CO2 on surface base sites 

(Supamathanon, Wittayakun, Prayoonpokarach, Supronowicz, and Roessner, 2012). 

According to the limitation of the thermal property of carbonate-rich materials, the 

basicity could not be measured due to the decomposition of the carbonate at a 

desorption temperature higher than 800 ºC (Ngamcharussrivichai et al., 2010). Thus, 

the decomposition of 2-methylbut-3-yn-2-ol (MBOH) has been considered as a test 

reaction to evaluate the base strength by consideration of obtained products catalyzed 

by different active sites (Kulawong, Prayoonpokarach, Roessner, and Wittayakun, 

2015; Supamathanon et al., 2012). The benefits of this method consist of an operation 

temperature lower than that of the decomposition of carbonate compounds (less than 

180 ºC) and classification of surface-active species in nature.       

 Therefore, this research is aimed to prepare calcium catalysts from Thai natural 

marl by a thermal treatment with different calcination temperatures. Then, the base 

strength of these calcined samples is studied by conversion of palm oil as a proposed 

test reaction compared with the decomposition of MBOH as a reference method. 

Finally, all catalysts are tested in transesterification of palm oil. 
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5.3     Experimental 

 5.3.1    Preparation of calcium catalysts through a thermal treatment 

  A natural Thai marl was purchased from a convenient store in Nakhon 

Ratchasima province, Thailand. It was treated thermally according to the literature 

(Ngamcharussrivichai et al., 2010). The raw material of 5 g was ground and sieved by 

a mesh size of 80 to obtain the fine powder.  Then, it was pre-dried in a hot air oven at 

a temperature of 80 ºC overnight and calcined at a temperature range between 600 to 

1000 ºC. Finally, the sample was kept in a desiccator to prevent adsorption of 

atmospheric gases e.g. H2O and CO2 causing an inert surface for further study. The 

prepared sample is denoted as Mx when x is a calcination temperature. For example, 

M600 is the sample calcined at 600 ºC. 

 

 5.3.2   Characterization techniques 

  Phase characteristics of the parent and marl samples calcined at various 

temperatures were studied by X-ray diffraction (XRD) using a Bruker XRD-D8 

Advance with Cu K radiation. The relative elemental concentration of the raw material 

was determined by wavelength dispersive X-ray fluorescence spectroscopy using a 

PANalytical AXIOSmAX XRF spectrometer with a rhodium (Rh) X-ray source. XRF 

results were quantified by an OMNION mode. Relative atomic concentrations of 

surface species were identified by X-ray photoelectron spectroscopy (XPS) using a 

ULVAC-PHI PHI5000 VersaProbe II with Al K radiation.  

  Functional groups of bulk samples were analyzed by Fourier transform 

infrared spectrometry (FTIR) using a Bruker Tensor21 spectroscope manipulated in an 

attenuated total reflectance (ATR) mode with a resolution of 4 cm-1 and the scan 
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number of 64. Morphologies were evaluated by field emission scanning electron 

microscopy (FE-SEM) using a JEOL JSM 7800F operating at the accelerated voltage 

of 15 kV. Adsorption-desorption isotherms, surface area, and pore volume were 

determined by an N2 gas sorption analysis using a BELSORP-mini II. Sample powder 

of approximately 0.2 g was loaded into a glass tube and further degassed at a 

temperature of 150 ºC overnight. Specific surface area and pore volume were calculated 

by a Brunauer-Emmett-Teller (BET) method using an adsorption branch.   

 

 5.3.3    Evaluation of base strength by the decomposition of MBOH  

 Basicity of the calcium catalysts was evaluated through the 

decomposition of 2-methylbut-3-yn-2-ol (MBOH). The test reaction was performed in 

a fixed bed reactor equipped with an HP 5890 Series II gas chromatograph (GC) as 

shown in Scheme 5.1 below modified from the literature (Novikova, Roessner, 

Belchinskaya, Alsawalha, and Krupskaya, 2014). Prior to the measurement, 0.5 g of a 

sample with a particle size in the range of 200 to 315 µm was packed into a tubular 

reactor and pretreated at 350 ºC under an N2 gas flow. Then, the reactor was cooled 

down to 150 ºC and flushed with a vaporized mixture with a mass ratio of 95:5 between 

MBOH and toluene as an internal standard under N2 gas flow of 10 mL/min. A 

conversion of MBOH and product selectivity were calculated according to equations 

C1 – C3 in Appendix C.  

 



85 
 

 

 

Scheme 5.1 Systematic diagram of the decomposition of 2-methylbut-3-yn-2-ol 

(MBOH) as a test reaction for the evaluation of acid-base properties.  

 

5.3.4  Conversion of palm oil by base-catalyzed transesterification 

   Palm oil (Morakot Industries PCL., Thailand) was purchased from a 

convenience store in Nakhon Ratchasima province. A methanol-to-oil molar ratio in 

the reaction was 15:1. For the conversion of palm oil via a base-catalyzed 

transesterification, a desired amount of marl-derived catalysts was mixed with 

methanol and stirred in a three-necked round bottom flask at 60 ºC for 30 min. Then, 

palm oil contained in a glass dropping funnel was slowly added dropwise under a 

vigorous stirring for 3 h at the same temperature. After the completion of the reaction, 

the solid is immediately removed by filtration. The filtrate is further separated, washed 

with deionized water and dried with anhydrous sodium sulfate salt (Na2SO4). The 

conversion of palm oil was determined by a thin layer chromatography (TLC) plate 
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using a mobile phase mixture of petroleum ether-to-diethyl ether-to-glacial acetic acid 

with a volume ratio of 85:15:1 (Manadee et al., 2017). 

 

5.4     Results and discussion 

 5.4.1  Characterization of the parent and Thai natural marl calcined at 

different temperatures 

 XRD patterns of the parent and marl samples calcined at various 

temperatures are shown in Figure 5.1. From the parent, M600 and M700, the main 

phase was calcite (CaCO3.xH2O) (JCPDS database number 2004-05-0586). There was 

a slight difference in cell parameters in between M600 and M700 due to a peak shift. 

From M800, the main phase was calcium hydroxide (Ca(OH)2), also called portlandite 

(JCPDS number 2004-44-1481). The change includes the decarboxylation and the 

hydroxylation by water in the calcite framework to generate the hydroxide species. The 

result was similar to a TGA result of calcite decarbonation at 820 ºC reported by Vance 

et al. (2015). From M900, the main phase was a mixed-phase between Ca(OH)2 and 

CaO. From M1000, the only phase observed was CaO (JCPDS number 2004-04-0777). 

Therefore, the thermal treatment converts the phase of the Thai marl from CaCO3 to 

Ca(OH)2 and CaO. 

Elemental composition by XRF of the as-received Thai natural marl is 

listed in Table 5.1. Calcium carbonate (CaCO3) or calcite is the major component with 

a small amount of oxides such as Al2O3, SiO2, Fe2O3, and MgO. These oxides were not 

detected by XRD. With the rich of crystalline CaCO3, the natural marl is a suitable 

material for calcium catalysts.       
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Figure 5.1. XRD patterns of samples calcined at various temperatures resulting in 

different calcium phases; Symbol ⚫ = CaCO3 (JCPDS 2004-05-0586), ◼ = Ca(OH)2 

(JCPDS 2004-44-1481), and  = CaO (JCPDS 2004-04-0777). 

 

 Table 5.1 Elemental composition of as-received natural marl determined by XRF. 

Elemental composition (wt. %) 

CaCO3 SiO2 Al2O3 Fe2O3 MgO TiO2 MnO2 P2O5 

95.88 2.89 0.58 0.34 0.19 0.06 0.05 0.01 

 

  The relative surface atomic concentration was determined by XPS. The 

relative atomic concentration of the parent and the marl samples calcined at various 

temperatures is listed in Table 5.2. There are four major elements including Ca, C, O, 

and Si. The samples from the higher calcination temperature had a larger amount of Ca. 
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This result is in good agreement with the study by Sasaki, Qiu, Hosomomi, Moriyama, 

and Hirajima (2013) that the Ca amount increased owing to the decarbonation by a heat 

treatment. Theoretically, the carbon constituents should be completely eliminated after 

the calcination above 800 ºC. On the other hand, there was the presence of carbon 

species on the surface of the calcined samples. The result indicated that both calcium 

hydroxide and oxide phases from the calcined samples could adsorb carbon dioxide 

(CO2) and water from the atmosphere to generate new surface species. This finding is 

similar to the literature by Sasaki et al. (2013) and Granados et al. (2007). Thus, the 

XPS results confirmed the change of atomic distribution on the sample surfaces which 

agree with the XRD results.  

 

Table 5.2 Relative atomic concentration by XPS of the parent and Thai natural marl 

calcined at different temperatures. 

Sample 
Relative atomic concentration (atom %) 

Ca C O Si Total 

Marl 3.01 9.75 67.61 19.64 100.00 

M600 8.65 14.13 63.07 14.15 100.00 

M700 12.70 13.60 63.00 10.71 100.00 

M800 16.31 18.66 59.70 5.32 100.00 

M900 18.98 12.66 63.37 4.99 100.00 

M100 17.87 14.79 61.07 6.27 100.00 

 

 Both XRD and XPS results above indicated the change of chemical 

phases and bulk compositions. Hence, an FTIR technique was further employed to 

confirm the functional groups of the marl samples calcined at various temperatures 

compared to their raw material. FTIR spectra are shown in Figure 5.2 and their 
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functional groups were assigned according to the literature (Roschat et al., 2016; Sasaki 

et al., 2013; Ylmén, and Jäglid, 2013). Like the as-received marl, a functional group of 

M600 and M700 was mainly carbonate species indicated by the four vibration modes 

consisting of in-plane bending (4(CO3
2-)), out-of-plane bending (2(CO3

2-)), 

symmetric stretching (1(CO3
2-)), and asymmetric stretching (3(CO3

2-)). In addition, 

there was a presence of silica contained in the bulk indicated by the stretching modes 

((Si-O)) of the silica framework. From M800 and M900, the characteristic FTIR peaks 

of carbonate groups were not observed indicating the complete transformation of the 

carbonate species Ca(OH)2 consistent with the XRD results. From M900, the major 

functional group was hydroxide indicated by the vibration of hydroxyl group ((Ca-O-

H)). Although the XRD pattern of M900 confirmed the presence of calcium oxide 

phase, this species is IR inactive. From M1000, the carbonate was thoroughly converted 

to the CaO phase indicated by the disappearance of a stretching mode of Ca(OH)2.  

 In addition, the contaminant silica was not removed by the calcination, 

as indicated by the silica stretching in all calcined samples. Although the XRD results 

suggested the carbonate phase was completely transformed to either the hydroxide or 

oxide at a temperature above 800 ºC, the characteristic of carbonate was still observed 

by FTIR. This was a result of the re-carbonation of the calcined samples from an 

atmospheric CO2 (Sasaki et al., 2013). Hence, the FTIR findings confirmed that 

carbonate was fully transformed to the calcium hydroxide and oxide phase at the 

temperature higher than 800 ºC and 900 ºC, respectively.          
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Figure 5.2 FTIR spectra of calcium samples calcined at various temperatures compared 

with the parent marl. 

 

  SEM images of the parent and the marl calcined at different temperatures 

are shown in Figure 5.3-5.5. The geometry of parent marl is rhombohedral with a wider 

size distribution. There is plenty of calcite sheets with approximately 1 µm in length 

covering over the specimen surface. The calcined samples lost its rhombohedral 

morphologies within the thermal treatment. The results suggested that the higher 

calcination temperature led to a larger degree of deconstruction. Additionally, the 

presence of surface roughness is observed at a calcination temperature above 600 ºC as 

shown in Figure 5.4-5.5. This phenomenon was also observed in the calcination of 

natural dolomite consisting of CaMg(CO3)2 studied by Ngamcharussrivichai et al. 

(2010). The literature proposed that the increment of surface roughness might be a 
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result of decarbonation of bulk carbonate components during the calcination process. 

According to the above XRD and FTIR results, the paradigm shift of chemical-phase 

characteristics in the parent marl affected the morphological properties in terms of both 

shape and roughness changes.    

 

       

        

 

Figure 5.3 SEM images of the marl samples calcined at different temperatures with the 

magnification of 1500; a) Marl and b) M600 and with the magnification of 15,000; c) 

Marl and d) M600 
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Figure 5.4 SEM images of the marl samples calcined at different temperatures with the 

magnification of 1500; a) M700, b) M800, and c) M900 and with the magnification of 

15,000; d) M700, e) M800, and f) M900. 
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Figure 5.5 SEM images of M1000 with the magnification of 1500 a) and 15,000 b). 

 

N2 adsorption-desorption isotherms of the parent and calcined marl 

samples are displayed in Figure 5.6. At a calcination temperature lower than 700 ºC, 

the samples show a type II isotherm as a result of unrestricted monolayer-multilayer 

adsorption up to a high relative pressure according to the IUPAC classification 

(Thommes et al., 2015). These isotherms indicate that these carbonate-rich are 

nonporous or macroporous solids. At calcined at the temperature higher than 800 ºC, 

the samples show a type IV(a) isotherm, a characteristic of mesoporous materials 

caused by monolayer-multilayer adsorption on the mesopore walls. In addition, these 

samples show a type H1 hysteresis loop indicating a narrow range of uniform mesopore 

as a result of the occurrence of capillary condensation. Indeed, the presence of 

mesopores might not occur thorough the bulk, but the external surface only possessed 

the pores caused by the sintering effect of the surface carbonate species at high 

calcination temperatures (Ngamcharussrivichai et al., 2010; Oates, 1980).  The BET 

surface areas and pore volumes are listed in Table 5.3. The result suggested that the 

higher calcination temperature could enhance the larger surface areas and pore volumes 
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in agreement with both the morphological change by SEM and the literature (Sasaki et 

al., 2013). 

 

 

 

Figure 5.6 N2 sorption isotherms of the parent and the natural marl calcined at 

various temperatures. 

 

Table 5.3 BET Surface area and pore volume of the parent and the marl samples 

calcined at different temperatures. 

Sample 
Calcination 

temperature (ºC) 

BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Marl - 1 0.01 

M600 600 2 0.01 

M700 700 3 0.02 

M800 800 12 0.11 

M900 900 9 0.12 
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 5.4.2 Basicity evaluation by the decomposition of MBOH 

 There are many effects on the catalytic process, for example, intrinsic 

properties, base strength, porosity, and surface species. Among these properties, 

basicity plays an important role in a base-catalyzed transesterification. A test reaction 

of MBOH decomposition is considered to differentiate acidic, basic active and defect 

sites (Kulawong et al., 2015) in terms of the selectivity of obtained products. For 

instance, 3-methylbut-3-en-1-yne (MBYNE) and 3-methylbut-2-enal (prenal) are 

produced from an acid-catalyzed pathway. 3-Methylbut-3-en-2-one (MIPK) and 3-

hydroxy-3-methylbutan-2-one (HMB) are produced by a defect-site-catalyzed 

pathway. On the other hand, a base-catalyzed route provides both acetylene and 

acetone. Thus, the basicity of the marl calcined at different temperatures could be 

compared directly from the conversion of MBOH and the selectivity to obtained 

products.  

 The conversion of MBOH at the reaction temperature of 150 ºC against 

time on stream catalyzed by the marl samples calcined at different temperatures is 

shown in Figure 5.7. The activity of MBOH decomposition was in the following order: 

Marl < M600 < M700 ≈ M800 ≈ M900 ≈ M1000. This result implied that the higher 

calcination temperature could enhance the better base strength. The results indicated 

that the carbonate species had the lowest basicity.  
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Figure 5.7 Conversion of MBOH against time on stream over the parent and the marl 

samples calcined at different temperatures. 

 

 The catalytic behavior of surface species preferred a base-catalyzed 

pathway indicated by the selectivity to acetone and acetylene as shown in Figure 5.8 

and 5.9, respectively. The summary of product selectivity at the time on stream of       

140 ºC is also listed in Table 5.4. Although the marl and M600 gave based-catalyzed 

products, a small number of an acid-catalyzed product was obtained. This implied that 

the contaminants such as Al2O3, SiO2, and Fe2O3 could facilitate the conversion of 

MBOH through the acid-catalyzed route. This could be an indication both marl and 

M600 were basic. The samples calcined at the temperature higher than 700 ºC gave 

base-catalyzed products indicating that the active sites were basic. The evaluation of 

base strength provided a similar result from the MBOH conversion over hydrotalcite 

treated at different temperatures reported by Tanner et al. (2005).    



97 
 

   

 

Figure 5.8 Selectivity to acetone against different time on stream. 

 

 

 

Figure 5.9 Selectivity to acetylene against different time on streams. 
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Table 5.4 Selectivity to the obtained products through the decomposition of MBOH at 

the time on stream of 140 min for the evaluation of base strength.  

Sample Conversion of MBOH at the 

time on stream of 140 min (%) 

Product selectivity (%) 

Base-catalyzed products Acid-catalyzed product 

Marl 3.82 96.55 3.45 

M600 36.45 99.80 0.20 

M700 79.88 100.00 0 

M800 77.46 100.00 0 

M900 80.41 100.00 0 

M1000 82.19 100.00 0 

 

 

 

 5.4.3 Conversion of palm oil through transesterification  

Differentiation of the base strength of M700, M800, M900, and M100 

by the decomposition of MBOH was limited. Thus, the conversion of palm oil through 

base-catalyzed transesterification was considered to distinguish the basic strength of 

the samples calcined at different temperatures. Herein, two reaction parameters 

consisting of the effect of calcination temperature and a catalyst loading were studied. 

The base strength of the calcined samples was indicated in terms of the conversion of 

palm oil monitored by a thin-layer chromatography (TLC) plate.     

 

 5.4.3.1   Effect of the calcination temperature 

  The TLC results of the effect of calcination temperature on the 

conversion of palm oil with methanol at the reaction temperature of 60 ºC are shown in 

Figure 5.10. The marl and M600 samples show a conversion of palm oil to methyl 

esters (ME) poorer than the others due to the presence of inactive carbonate species. 

This finding is in a good agreement with the results from MBOH conversion. 
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Meanwhile, the M700 sample provides a partial conversion of palm oil due to the 

presence of both palm oil and ME products. At a calcination temperature higher than 

800 ºC, these samples give a complete conversion of palm oil related to the presence of 

Ca(OH)2 and CaO. Hence, this result indicated that the base strength obtained from the 

test transesterification was in the following order: Marl < M600 < M700 < M800 ≈ 

M900 ≈ M1000. This finding was in accordance with the literature 

(Ngamcharussrivichai et al., 2010; Ngamcharussrivichai et al., 2007; Roschat et al., 

2016). Additionally, in a point of view in the transesterification of palm oil, the 

calcination temperature at 800 ºC was suitable for the production of a strong base 

catalyst.  

  

 

 

Figure 5.10 The results of thin-layer chromatography (TLC) from various calcium 

samples calcined at different temperatures: Oil = palm oil, Std = methyl ester standard 

and ME = methyl ester obtained from the conversion of palm oil at 60 ºC.  
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 5.4.3.2   Effect of catalyst loading  

  The TLC results of the effect of catalyst loading on the 

conversion of palm oil are illustrated in Figure 5.11. After the completion of the 

transesterification at the reaction time for 3 h, all loading of M800 sample in the range 

of 1 – 9 wt. % provided the full conversion of palm oil to ME. This result indicated that 

the lowest catalyst loading of 1 wt. % was optimal for the conversion of palm oil     

According to the literature, Roschat et al. (2016) studied the transesterification between 

palm oil and methanol catalyzed by hydrated lime-derived calcium samples calcined at 

a temperature range from 700 to 900 ºC. The work suggested that a catalyst loading 

higher than 6 wt. % no longer increased the reaction activity because of the increment 

of system viscosity and a limitation of mass transfer.    

  

 

 

Figure 5.11 The results of thin-layer chromatography (TLC) from various M800 

loadings. 
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5.5  Conclusions 

 Calcium catalysts with various phases were successfully produced through the 

thermal treatment of Thai natural marl, a carbonate-rich source. At a calcination 

temperature of 600, 700, 800, and above 900 ºC, the characteristic calcium phases of 

the raw material were changed to dehydrated carbonate, hydroxide, and oxide forms, 

respectively. The increment of calcination temperature also varied the elemental 

composition by the increase of calcium contents in a bulk component indicated by XRF 

and XPS techniques. These changes affected the bulk functional group by the reduction 

of the carbonate group as a major species on the raw sample studied by FTIR. The 

characteristic rhombohedral shape of the marl was destructed while the surface 

roughness increased after the calcination observed by SEM imaging. The change of 

morphologies also increased the surface area and pore volume analyzed by N2 sorption. 

Both different chemical and physical properties of samples greatly impacted a catalytic 

reaction. The higher calcination temperature increased the base strength indicated by 

the test reaction of MBOH decomposition. The conversion of palm oil with methanol 

through a base-catalyzed transesterification as a proposed tool for the evaluation of base 

strength also confirmed that a basicity of calcium hydroxide and oxide was greater than 

the carbonate. The base strength of the calcined catalysts increased with the following 

series; Marl < M600 < M700 < M800 ≈ M900 ≈ M1000. With 1 wt. % loading, the 

M800 catalyst provided a complete conversion of palm oil.  
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CHAPTER VI 

CONCLUSIONS 

 

 AP-SBA-15 and VAP-SBA-15 are prepared by grafting with aminopropyl-

triethoxysilane (APTES) and successively anchored by vanadyl acetylacetonate 

(VO(acac)2) by conventional method for in situ aldol condensation between furfural 

and acetone. The conventional preparation did not affect the characteristic geometry, 

morphologies, and pore topologies of the parent SBA-15. In AP-SBA-15, the APTES 

species chemically bonded with the silica gel surface. In VAP-SBA-15, the further 

anchoring provided the bond formation between VO(acac)2 species and AP-SBA-15. 

From aldol condensation between furfural and acetone monitored by the in situ ATR-

FTIR, AP-SBA-15 was the suitable catalyst with the reaction temperature for the in situ 

aldol condensation was 40 ºC.   

 To simplify the conventional grafting and reduce the preparation cost, silica gel 

was grafted with various amounts of APTES by the ultrasonic-assisted method. The 

grafting preserved the characteristic phase and reduced aggregation of the silica 

support. The APTES species diffused effectively into the silica pores with a better 

surface species dispersion and less pore blocking. In comparing the conventional 

method, the ultrasound assistance facilitated the chemical bonding between the APTES 

and the surface silanol of silica gel with a shorter operation time. The basicity of the 

grafted silica gel was tunable with the APTES loading. From aldol condensation 

between furfural  and  acetone, all  samples  gave  nearly  complete  furfural  conversion.
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The silica gel with the APTES loading of 30 wt. %, 30APS-U, was the suitable catalyst 

for the reaction in 24 h.  

 For the development of calcium base catalysts from Thai natural marl, the 

thermal treatment at different temperatures converted calcium carbonate phases to 

hydroxide at 800 ºC, and oxide above 900 ºC. This method improved the concentration 

of calcium contents and affected both morphologies and surface roughness with the 

calcination temperature. The test reaction of MBOH decomposition at 150 ºC indicated 

the calcined samples contained the active basic site with the base strength in the order 

Marl < M600 < M700 ≈ M800 ≈ M900 ≈ M1000. The transesterification of palm oil 

with methanol at 60 ºC further suggested that a base strength of M800 higher than 

M700. The M800 catalyst at least 1 wt. % was optimal.       

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

APPENDICES 



APPENDIX A 

ADDITIONAL CHARACTERIZATION RESULTS OF 

SBA-15 GRAFTED WITH APTES AND  

OXOVANADIUM COMPLEX 

 

A.1 Calculation of structural parameters by results of low angle 

XRD technique 

  

Table A.1 Structural parameters calculated from XRD patterns for SBA-15 grafted 

with APTES (AP-SBA-15) and oxovanadium complex (VAP-SBA-15). 

Sample 2   (Cu Kα), Å  sin  d(100), Å a d(100), nm Ao (nm) b 

SBA-15 0.8272 0.4136 1.54058 0.007219 106.7 10.67 12.32 

AP-SBA-15 0.8476 0.4238 1.54058 0.007397 104.1 10.41 12.02 

VAP-SBA-15 0.8681 0.4340 1.54058 0.007575 101.7 10.17 11.74 

 

a d(100) is interplanar spacing at (100) plane calculated from the equation 3.2 in  

  Chapter III. 

b Ao is a unit cell parameter calculated from equation 3.1 in Chapter III. 
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A.2  Distribution of pore diameter and wall thickness by TEM  

 

 

Figure A.1  Pore diameter distribution of a) SBA-15, b) AP-SBA-15 and c) VAP-

SBA-15 and wall thickness distribution of d) SBA-15, e) AP-SBA-15 and f) VAP-

SBA-15.   

= 4.10 nm a) = 5.17 nm d) 

= 3.94 nm b) = 5.88 nm e) 

= 3.07 nm c) = 6.19 nm f) 
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A.3  Assignment of functional groups from FTIR results  

 

Table A.2 Assignment of functional groups of SBA-15 grafted with APTES (AP-

SBA-15) and oxovanadium complex (VAP-SBA-15). 

Wavenumber (cm-1) Assignment  Reference  

SBA-15 AP-SBA-15 VAP-SBA-15   

444 s 447 s 447 s (Si-O-Si) (Di Giuseppe et al., 2013) 

- 697 w 696 w (N-H) (Di Giuseppe et al., 2013) 

807 m 799 m 799 m s(Si-O-Si) (Di Giuseppe et al., 2013; 

Shylesh, and Singh, 2004) 

- - 959 w (V=O) (Ferrer, Salinas, Correa, 

Vrdoljak, and Williams, 

2005) 

970 w 970 w - (Si-OH) (Di Giuseppe et al., 2013) 

1060 s 1065 s 1059 s as(Si-O-Si) (Di Giuseppe et al., 2013) 

- 1414 w 1413 w (Si-CH2) (Majoul, Aouida, and 

Bessaïs, 2015) 

- 1450 w 1445 w (C-H) (Park, Celedonio, Seo, 

Park, and Ko, 2015) 

- 1475 w 1470 w (C-H) (Park et al., 2015) 

- - 1556 w (C=N) (Li et al., 2012) 

- 1568 w - s(N-H) (Yang, Hao, Zhang, and 

Kan, 2011) 

- - 1612 w (C=C) (Ferrer et al., 2005) 

1633 w 1641w 1632 w (O-H) (Di Giuseppe et al., 2013) 

- 2867 w 2885 (CH2) (Park et al., 2015) 

- 2941 w 2942 (C-H) (Lee, Lin, and Mou, 2003) 

3697-2955 w 3700-2987 w 3712-2981 w Adsorbed H2O  (Park et al., 2015) 

- 3306 w - s(NH2) (Srikanth, and Chuang, 

2013) 

3743 w 3728 w 3727 (Si-OH) (Shylesh, and Singh, 2004) 
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Figure A.2 Wide-scan spectra from SBA-15, AP-SBA-15, and VAP-SBA-15. 
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Figure A.3 Wide-scan spectra from various references of vanadium compounds. 
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APPENDIX B 

ADDITIONAL CHARACTERIZATION RESULTS FOR 

SILICA GEL GRAFTED WITH VARIOUS APTES 

LOADING BY ULTRASOUND-ASSISTED (U)  

AND CONVENTIONAL METHOD (C) 

 

B.1 Identification of surface species by X-ray photoelectron 

spectroscopy (XPS) 

 

 The XPS data interpretation was processed with a freeware XPSPEAK 4.1 using 

a combined Gaussian-Lorentzian function with a Shirley background correction (Acres 

et al., 2012). All binding energy (BE) peaks were calibrated corresponding to the 

standard C 1s peak at 284.8 eV from an adventitious carbon (Jakša, Štefane, and Kovač, 

2013; Qiao, Wang, Gao, and Jin, 2015; Shircliff et al., 2011). 

 

 

 

 

 



 

 

Figure B.1 Wide-scan spectra of the parent and silica gel grafted  with various APTES loading. 1
1

5
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Figure B.2 Si 2p spectra and surface species classification. 
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Figure B.3 O 1s spectra and surface species classification. 
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Figure B.4 C 1s spectra and surface species classification.  
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Figure B.5 N 1s spectra and surface species classification. 
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Table B.1 Classification of surface species on silica gel grafted with various amounts of APTES based on binding energy (BE) and peak area from 

deconvolution of XPS spectra. 

 

Surface species 

Silica gel 20APS-U 30APS-U 30APS-C 40APS-U 50APS-U 

Reference BE 

(eV) 

Area 

(%) 

BE  

(eV) 

Area  

(%) 

BE  

(eV) 

Area  

(%) 

BE 

(eV) 

Area 

(%) 

BE  

(eV) 

Area  

(%) 

BE  

(eV) 

Area  

(%) 

Si 2p                      

O-Si-C   102.67 50.38 102.61 54.43 102.50 32.61 102.48 55.69 102.48 71.47 Lecoq et al. (2013); Shang, Zhu, and Li 

(2017) 

Si-O-Si 103.56 79.27 103.38 45.54 103.27 41.70 103.20 60.18 103.10 37.59 103.10 23.61 Jakša et al. (2013); Kulkarni, Mirji, 

Mandale, and Vijayamohanan (2006) 

Si-O-H 104.53 20.73 104.28 4.08 104.28 3.87 104.20 7.20 104.20 6.72 104.20 4.92 Acres et al. (2012) 

C 1s                      

C-Si-O   284.18 21.06 284.01 14.21 284.16 12.75 284.19 25.60 284.14 36.08 Shang et al. (2017) 

C-C/C-H 284.80 65.74 284.80 44.76 284.80 55.80 284.80 60.24 284.80 48.47 284.80 41.49 Bezerra et al. (2014); Jakša et al. (2013) 

C-O/C-N 285.89 24.04 285.90 31.68 285.99 26.96 286.01 23.05 285.89 21.61 285.83 19.92 Bezerra et al. (2014); (Lecoq et al., 2013) 

C=O/C-NH3
+ 288.33 10.22 288.26 2.50 288.31 3.03 288.33 3.96 288.30 4.33 288.28 2.51 Lecoq et al. (2013) 

N 1s                      

NH2-C   399.37 83.55 399.29 82.86 399.38 86.78 399.12 87.93 398.94 94.11 Bezerra et al. (2014); Lecoq et al. (2013) 

NH3
+-C   401.07 16.45 401.12 17.14 401.11 13.22 401.11 12.07 400.90 5.89 Bezerra et al. (2014); Golczak, 

Kanciurzewska, Fahlman, Langer, and 

Langer (2008) 

O 1s                      

SiO---NH3
+   530.25 0.91 530.27 2.15 530.30 1.63 530.24 3.21 530.29 3.78 Martins, Hölderich, Hammer, and Cardoso 

(2010) 
Si-O-Si 532.97 92.16 532.27 97.96 532.24 96.67 532.33 97.15 532.14 94.95 532.05 94.30 Martins et al. (2010) 

Si-O-H 534.32 7.84 534.13 1.13 534.16 1.18 534.16 1.22 533.56 1.84 533.56 1.92 Golczak et al. (2008) 

1
2
0
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B.2 Thermal analysis 

 Theoretical losses of aminopropyl skeleton for TGA measurement were 

calculated by the following equation: 

 

3 8 3 8

%APTES loading
Weight loss of C H N (wt. %)    =    × Mw of C H N

Mw of APTES            (B1) 

 

Table B.2. Evaluation of weight loss of the parent and silica gel grafted with various 

APTES loading prepared by ultrasound-assisted (U) and conventional method (C). 

Sample 

Weight loss (wt. %) 
Calculated weight loss 

of C3H8N (wt. %) 35 – 150 ºC 151 – 600 ºC 601 – 800 ºC 

Silica gel 5.17 3.32 0.67 0 

20APS-U 3.08 7.95 0.65 5.24 

30APS-U 3.13 9.98 0.61 7.86 

40APS-U 3.67 14.36 0.62 10.48 

50APS-U 5.33 13.49 0.67 13.10 

 

 The analytical weight percentages of C, H and N were compared to theoretical 

values from the decomposition of the surface aminopropyl group (C3H8N) calculated 

from the equation: 

 

3 8

%APTES loading
C content (wt. %)    =    × Mw of 3C in C H N

Mw of APTES              (B2) 

 

3 8

%APTES loading
H content (wt. %)    =    × Mw of 8H in C H N

Mw of APTES              (B3) 
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3 8

%APTES loading
N content (wt. %)    =    × Mw of N in C H N

Mw of APTES              (B4) 

 

Mw is a molecular weight. 
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APPENDIX C 

SUPPLEMENTARY INFORMATION FOR THE 

EVALUATION OF BASIC STRENGTH OF THAI  

MARL-DERIVED CALCIUM CATALYSTS  

FOR CONVERSION OF PALM OIL 

 

C.1 Decomposition of 2-methylbut-3-yn-2-ol  

A conversion of MBOH and product selectivity from the decomposition of 

MBOH are calculated according to equations reported in literature (Supamathanon, 

Wittayakun, Prayoonpokarach, Supronowicz, and Roessner, 2012).  

 

 

MBOH MBOH MBOH

i i i
i

A rRF / Mw
MBOH conversion (%)  =  1-   × 100

(A rRF / Mw )

 
 
               (C1) 

 

p p p

i i i
i

A rRF / Mw
Product yield (%)  =  100

(A rRF / Mw )


              (C2) 

 

Product yield
Product selectivity (%)  =   × 100 

MBOH conversion               (C3) 
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Where  AMBOH = Peak area of MBOH 

rRFMBOH = Response factor of MBOH 

MwMBOH =   Molecular weight of MBOH 

Ap  =   Peak area of product 

rRFp  =   Relative response factor of product 

Mwp  =   Molecular weight of product 

Ai             =   Peak area of all components 

rRFi        =   Relative response factor of each component 

Mwi       =   Molecular weight of each component 

 

 A response factor is expressed by an equation below. Each effective carbon 

number for a GC with flame ionization detector (FID) is shown in Table C.1 below. 

 

toluenei
i

toluene i

ECNMw
rRF   =    

Mw ECN


                (C4) 

 

Where  Mwi           =   Molecular weight of all components 

ECNi    =   Effective carbon number 

Mwtoluene  =   Molecular weight of all components 

 ECNtoluene  =   Effective carbon number 
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Table C.1 An effective carbon number of each chemicals involving the 

decomposition of MBOH detected by GC-FID. 

Compound ECNi MWi rRFi  

acetylene 1.95 26.04 1.01 

MBYNE 5.50 66.10 0.91 

acetone 2.00 58.08 2.21 

toluene 7.00 92.14 1.00 

MBOH 5.35 84.12 1.19 

 

 

C.2 References 
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Roessner, F. (2012). Basic properties of potassium oxide supported on zeolite y 
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