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กฤตนนัท ์ดีค ำวงค ์: กำรเตรียมวสัดุรูพรุน MCM-41 และถ่ำนกมัมนัตเ์พื่อเป็นตวัรองรับ
ตวัเร่งปฏิกิริยำนิกเกิลส ำหรับกำรสังเครำะห์ n-บิวทำนอล (PREPARATION OF POROUS 
MATERIAL MCM-41 AND ACTIVATED CARBON AS NICKEL CATALYST 
SUPPORTS FOR n-BUTANOL SYNTHESIS) อำจำรยท่ี์ปรึกษำ : รองศำสตรำจำรย ์    
ดร.จตุพร วทิยำคุณ, 114 หนำ้ 

 

 วิทยำนิพนธ์ฉบบัน้ีประกอบไปดว้ยงำนวิจยัหลกั 4 หัวขอ้ ไดแ้ก่ 1) กำรสังเครำะห์แบบ
ไฮโดรเทอร์มลัและพิสูจน์เอกลกัษณ์ของ MCM-41 ท่ีประกอบไปดว้ยซิลิกอน ([Si]MCM-41) 
ภำยใตค้ล่ืนไมโครเวฟ 2) กำรน ำ CTA+ ออกมำจำก [Si]MCM-41 3) กำรเตรียมถ่ำนกมัมนัตเ์พื่อใช้
เป็นตวัรองรับตวัเร่งปฏิกิริยำ 4) กำรสังเครำะห์และพิสูจน์เอกลกัษณ์ของตวัเร่งปฏิกิริยำบนตวั
รองรับเพื่อน ำไปใชส้ังเครำะห์ n-บิวทำนอล จำกเอทำนอล  

กำรศึกษำส่วนแรกเก่ียวกับกำรสังเครำะห์ [Si]MCM-41 ภำยใต้คล่ืนไมโครเวฟ โดยมี
อตัรำส่วนของ CTAB:SiO2 กบัอตัรำส่วนของ NaOH:SiO2 และเวลำในกำรตกผลึกท่ีแตกต่ำงกนั
เพื่อเพิ่มคุณภำพของ [Si]MCM-41 จำกกำรทดลองพบว่ำปัจจยัท่ีกล่ำวมำขำ้งตน้นั้นส่งผลให้กำร
สังเครำะห์ดว้ยอตัรำส่วน 3.34SiO2: 4.46NaOH: 1CTAB ภำยใตค้ล่ืนไมโครเวฟเป็นระยะเวลำ 90 
นำที มีโครงสร้ำงแบบเฮกซะกอนลัเรียงตวัอยำ่งเป็นระเบียบ พื้นท่ีผิวสูงและอนุภำคขนำดเล็ก จำก
กำรวิเครำะห์ด้วยเทคนิคกำรเล้ียวเบนของรังสีเอกซ์ (XRD) กำรดูดซับและคำยซับของแก๊ส
ไนโตรเจน เทคนิคทำงควำมร้อน (TGA) และกำรกระเจิงแสง (DLS) ตำมล ำดบั นอกจำกน้ีเม่ือ
เปรียบเทียบขนำดอนุภำคของ [Si]MCM-41 ท่ีสังเครำะห์ภำยใตค้ล่ืนไมโครเวฟจะให้ขนำดเล็กกวำ่ 
[Si]MCM-41 ท่ีสังเครำะห์ภำยใตค้วำมร้อนจำกเตำอบทัว่ไป 

กำรศึกษำส่วนท่ีสองเพื่อท่ีจะลดกำรใชพ้ลงังำนในกำรก ำจดั CTA+ จำก [Si]MCM-41 ท่ี
สังเครำะห์ได ้โดยศึกษำบทบำทของตวักลำงในกำรแลกเปล่ียนไอออน ชนิดของสำรละลำยเกลือ 
อุณหภูมิและเวลำในกำรแลกเปล่ียนภำยใตก้ำรสั่นของคล่ืนอลัตรำโซนิก ซ่ึงพบวำ่กำรแลกเปล่ียน
ไอออนดว้ยเกลือของแอมโมเนียมท่ีอุณหภูมิ 30 °C ในเวลำ 15 นำทีให้ประสิทธิภำพในกำรก ำจดั 
CTA+ สูงมำกกวำ่ 70 % และไม่ท ำลำยโครงสร้ำง [Si]MCM-41 ดว้ยกำรวิเครำะห์ดว้ย XRD และ 
TGA นอกจำกน้ีกำรน ำ CTA+ กลบัคืนมำจำกสำรละลำยท่ีไดจ้ำกกำรสกดัโดยแลกเปล่ียนไอออน
มำแลว้ขำ้งตน้และจำกสำรละลำยในขั้นตอนกำรสังเครำะห์ [Si]MCM-41 แสดงให้เห็นวำ่ CTA+ ท่ี
น ำกลบัมำไดมี้องคป์ระกอบอ่ืนท่ีไม่ตอ้งกำร 
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กำรศึกษำส่วนท่ีสำมเก่ียวกบักำรเพิ่มต ำแหน่งควำมเป็นกรดในถ่ำนกัมมนัต์ของต้นตะขบ (M. 
calabura) ท่ีคำดกำรณ์ว่ำเป็นต ำแหน่งท่ีใช้ดูดซับตัวเร่งปฏิกิริยำนิกเกิล ทั้ งน้ีหมู่ฟังก์ชันกรด 
คุณลกัษณะทำงพื้นผิวและเสถียรภำพทำงควำมร้อนของตวัอย่ำงท่ีเตรียมไดส้ำมำรถพิสูจน์ไดด้ว้ย
เทคนิคอินฟรำเรดสเปกโทรสโกปี (FTIR) กำรดูดซบัและคำยซบัของแก๊สไนโตรเจน และ TGA ซ่ึง
พบวำ่ต ำแหน่งควำมเป็นกรดเพิ่มข้ึนไดเ้ม่ือผำ่นกระบวนกำรกระตุน้ทำงกำยภำพภำยใตบ้รรยำกำศ
แก๊สคำร์บอนไดออกไซดแ์ละภำยใตบ้รรยำกำศแก๊สออกซิเจนตำมล ำดบั 

กำรศึกษำส่วนสุดทำ้ยเก่ียวกบักำรเตรียมตวัเร่งปฏิกิริยำนิกเกิลบนตวัรองรับ [Si]MCM-41 
และถ่ำนกมัมนัต์ท่ีผ่ำนกำรดดัแปรและพิสูจน์เอกลกัษณ์ดว้ยเทคนิค XRD เทคนิคกำรคำยซับตำม
อุณหภูมิของแก๊สแอมโมเนียและคำร์บอนไดออกไซด์ และเทคนิคกำรคำยซบัตำมอุณหภูมิรีดกัชนั
แบบผนักลบั จำกนั้นน ำมำทดสอบเร่งปฏิกิริยำ Guerbet พบวำ่ตวัเร่งปฏิกิริยำท่ีสังเครำะห์ข้ึนให้ผล
กำรเร่งปฏิกิริยำต ่ำและไม่จ  ำเพำะต่อ n-บิวทำนอล อยำ่งไรก็ตำม จำกผลกำรทดลองแสดงให้เห็นวำ่
กำรมีอยูข่องต ำแหน่งกรด/เบสและโลหะภำยในตวัเร่งปฏิกิริยำเดียว สำมำรถเพิ่มประสิทธิภำพกำร
เร่งปฏิกิริยำน้ีไดป้ระมำณ 2 เท่ำ 
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EXCHANGE/ULTRASOUND/ACTIVATED CARBON/NICKEL/n-BUTANOL 

 

 There are four main topics in this thesis consisting of 1) hydrothermal 

synthesis of siliceous MCM-41 ([Si]MCM-41) under microwave irradiation and 

characterization; 2) removal and recovery of templating agent CTA
+
 from the as-

synthesized [Si]MCM-41; 3) preparation of activated carbon as a catalyst support 4) 

synthesis and characterization of nickel catalysts on activated carbon and [Si]MCM-

41 for the synthesis of n-butanol from ethanol. 

The first topic involve the synthesis of [Si]MCM-41 under microwave 

irradiation was studied. Effects of CTAB:SiO2 mole ratio, NaOH:SiO2 mole ratio and 

crystallization time were varied to improve the quality of the [Si]MCM-41. The 

synthesis by using 3.34SiO2: 4.46NaOH: 1CTAB gel ratio under microwave 

hydrothermal time of 90 min achieved the high ordering of hexagonal structure, high 

surface area and small particle size regarding to X-ray diffraction (XRD), N2 

adsorption-desorption, thermogravimetric analysis (TGA) and dynamics light 

scattering (DLS). Furthermore, [Si]MCM-41 synthesized under microwave irradiation 

has smaller particle sizes than those obtained from conventional heating. 
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The second topic dealt with a strategy to reduce energy consumption on CTA
+
 

removal from the as-synthesized [Si]MCM-41. An inductive role of ion exchange 

media, type of salt solutions, time and temperature under sonication was revealed by 

TGA and XRD. The ion exchange condition by using ammonium salt under 30 °C for 

15 min gave the percentage of CTA
+
 removal more than 70 % and did not destruct the 

[Si]MCM-41 structure. Furthermore, CTA
+
 recovery from the solution after CTA

+
 

extraction (extracted CTA
+
) and from the solution after synthesis of [Si]MCM-41 

(waste powder) was studied. The extracted CTA
+
 and waste powder contained CTA

+
 

molecules and unwanted compounds which were oxidized CTAB and siliceous 

material according to Fourier transform infrared spectroscopy (FTIR) and XRD. 

 The third topic, activated carbon from charcoal of M. calabura wood was 

modified to increase acid sites which were expected as adsorption site for nickel 

catalyst. The acid functional groups, surface properties and thermal stability were 

determined by FTIR, N2 adsorption-desorption and TGA. Acid sites on the activated 

carbon were enhanced after treatments under CO2 and then air zero. 

  Finally, nickel nanoparticles on [Si]MCM-41 and modified activated carbon 

were prepared and characterized by XRD, NH3 temperature-programmed desorption, 

CO2 temperature-programmed desorption and inverse-temperature programmed 

reduction. All of catalyst screening on Guerbet reaction showed a low ethanol 

conversion and n-butanol selectivity. However, the presence of acid/base and metal in 

a catalyst increased the catalytic activity by twofold. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Introduction 

To reduce the cost of catalyst production, an inexpensive resource should be 

employed. For a siliceous mesoporous material MCM-41 ([Si]MCM-41), a 

conventional synthesis normally uses a muffle furnace as a heating source. In addition 

to make pores, cetyltrimethylammonium ion (CTA
+
) as a template of [Si]MCM-41 is 

usually degraded by calcination. This process is slow and waste CTA
+
. An application 

of microwave irradiation and ion exchange can accelerate the synthesis and recover 

CTA
+
, respectively (Gonźalez-Rivera et al., 2014). Therefore, the experimental 

parameters thru the use of microwave heating source and ion exchange are the interest 

in this work.to minimize the cost of the [Si]MCM-41 synthesis. 

To produce activated carbon as a support, the preparation from an abundant 

wood is a good candidate. In this work, M. calabura wood which is an abundant tree 

widely seen in Nakhon Ratchasima province, Thailand was used to produce activated 

carbon by using pyrolysis and gases physical treatment. 

The crisis of the energy shortage and environment is currently one of the big 

problems of the world and also Thailand. It is necessary to seek a way to increase 

renewable fuel sources. n-butanol is the one of renewable alcohol fuel which will be 

blended in fossils fuels. The improvement of chemical synthesis of n-butanol via 

Guerbet process by using heterogeneous catalyst is promising to take place an 
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ecological process (Riittonen et al., 2012; Riittonen  et al., 2015; Zhang et al., 2013). 

Therefore, this work used heterogeneous nickel (Ni) catalyst supported on [Si]MCM-

41 and activated carbon. The catalysts could catalyze n-butanol synthesis from 

ethanol by using the hydrothermal batch reaction as described by Zhang et al. (2013).  

 

1.2  References 
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situ cheap and ecofriendly MCM-41 synthesis. Journal of Materials 

Chemistry A. 2: 7020 – 7033. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Mesoporous MCM-41 

2.1.1 Background 

More than 20 years ago, MCM-41 (Mobil Composition of Matter No. 41) 

was discovered by Mobil research group (Beck et al., 1992). It has a hexagonal array 

of one-dimensional uniform pores around 2-10 nm in diameter (Meléndez-Ortiz et al., 

2013), high surface areas (about 1000 m
2
/g), and high thermal stability (Beck et al., 

1992). A surfactant is required as a template in the synthesis of MCM-41. Two 

formation mechanisms of MCM-41 were proposed as shown in Figure 2.1. In 

pathway 1, the template molecules form rod-shape micelle which further organizes to 

form hexagonal liquid crystal. Then, silicate ions interact with the positive end of the 

micelle to produce hexagonal array with silicate layer. Pathway 2, Silicate ions are 

added to the micelles before the preorganization (Chen et al., 1993). From both 

pathways, the template molecules are removed by calcination or extraction to produce 

MCM-41 with cylinderial pores. 

.  
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Figure 2.1 Liquid crystal templating mechanism via two possible pathways (Beck et 

al., 1992). 

 

In order to confirm hexagonal structure with an experimental data, an X-ray 

powder diffraction pattern of MCM-41 was simulated (Ugliengo et al., 2008). The 

(100), (110), (200), (210) and (300) planes corresponding to a hexagonal unit cell are 

obtained in diffraction peaks between 1.0 – 10.0 degree (Figure 2.2). The higher (h00) 

and (h10) planes resulting in long-range ordering of hexagonal MCM-41 structure 

was also observed (Cheng et al., 1997).  
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Figure 2.2 Simulated X-ray powder diffraction pattern of MCM-41 (generated by 

Ugliengo et al., 2008). 
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2.1.2 Synthesis of MCM-41 

There are many studies on improvement of MCM-41 under a conventional 

hydrothermal method. Two optimal parameters were reported by Cheng et al. (1997). 

The first parameter is temperature. The hexagonal phase is always observed at 100 °C 

and transformed to lamellar and amorphous phase at 150 °C as a function of time. The 

second parameter is the ratio of [CTAB]:[fumed SiO2] that the ratio of 2.7 gave a high 

periodic hexagonal structure regarding to relative peak intensity of X-ray diffraction 

pattern.  Liu et al. (2012) investigated an effect of the surfactant size. The longer 

alkane chain in the range of C12 - C16 showed the larger pore size and the longer 

ordering of hexagonal structure. Different media solution and additive influenced the 

quality of MCM-41 (Liou et al., 2011; Martin et al., 2002; Varache et al., 2015). 

Moreover, the physical properties of MCM-41 can be modified to suit with its 

application by changing type of silica source and template, gel composition, pH, and 

additives (Albuquerque et al., 2005; Cheng et al., 1997; Luechinger et al., 2003; 

Meléndez-Ortiz et al., 2013).  

Although the conventional hydrothermal method produced MCM-41 works 

with a high quality, it is a slow process with at least 48 h and the surfactant is 

decomposed during calcination (Ryczkowski et al., 2005). To speed up the process, 

microwave is applied as a heating source (Bachari and Guerroudj, 2012; Cheng et al., 

2005; Gonźalez-Rivera et al., 2014; Jiang et al., 2008; Laha and Gläser, 2007; Park et 

al., 1998; Park et al., 2004; Shi et al., 2011; Wang et al., 2012). As a result, the MCM-

41 synthesis could be achieved in a much shorter time. 

According to an expensive cost of surfactant and high energy consumption 

during calcination, alternative ways were studied to bring the surfactant back to 
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recycle and minimize the energy. Mild conditions to decompose the template were 

applied to reduce the energy consumption (Liu et al., 2010; Marcilla et al., 2011; Tian 

et al., 2002). However, the surfactant was still decomposed and wasted. The solvent 

extraction method was employed to recover the template for recycle (Gonźalez-Rivera 

et al., 2014; Hitz and Prins, 1997; Shaghayegh and Zanjanchi, 2014). 

 

2.1.3 Application of MCM-41 

With good physical properties and high thermal stability, MCM-41 has 

been widely employed as a support, catalyst or molecular sieve. Nevertheless, the 

siliceous MCM-41 has a limitation regarding active function such as acid or base site 

that makes it not suitable for some catalytic reactions. Therefore, an heteroatom is 

loaded on surface or incorporated into the framework of MCM-41 to generate active 

sites (Banchari et al., 2012; Collard et al., 2014; Gunduz and Dogu, 2012; Jiang et al., 

2008; Khieu et al., 2009; Wojcieszak et al., 2004; Wang et al., 2003; Wang et al., 

2012). The substitution of silicon atoms by other atoms could increase their acid sites 

(Brønsted or Lewis) and basic sites. Nickel-containing in MCM-41 have been widely 

used in catalytic reactions such as hydrocracking (Tanggarnjanavalukul et al., 2015; 

Qin et al., 2015), hydrodeoxygenation (Nash et al., 2016; Tran et al., 2016) and steam 

reforming (Karnjanakom et al., 2015).  

 

2.2 Activated carbon 

Activated carbon is a form of derivative carbon prepared from carbonaceous 

materials like animal, plant, mineral, and agriculture waste materials (Hassler, 1963). 

It consists of amorphous and graphite-like microcrystalline structure contributed 
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porosity and acts as an adsorbent. The arrangement of graphene-like layers in 

disordered structure can provide the porous structures or free interstices. In addition to 

graphene framework, activated carbon also contains heteroatoms such as hydrogen, 

oxygen, nitrogen, and sulfur resulting to change the chemical properties. In 2003, a 

new representative activated carbon structure called “the basic structural unit (BSU)” 

was published (Bandosz et al., 2003). BSU consists of the layers of the polyaromatic-

like molecules (Figure 2.3).   

 

 

Figure 2.3 Layers of the polyaromatic-like molecules of activated carbon (Mochida et 

al., 2006). 

 

Typically, activated carbon is prepared via 2 routes. The first route involves 

pyrolysis or carbonization and activation separately. The second route is a continuous 

procedure of the two processes. Pyrolysis changes a raw carbonaceous material to 

charcoal by thermal decomposition of volatile matter in the range of 600 – 1000 °C. 

There are several kinds of furnace for pyrolysis such as a horizontal or vertical 

ceramic tube furnace, Iwasaki kiln or Iwate kiln. The properties of charcoal depend on 
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a heating rate, hold time and atmospheric condition. Then, the charcoal is activated to 

generate the porosity and the obtained material is called “activated carbon”. 

Normally, there are two types of activation: (1) the physical activation by gasifying 

the carbon with an oxidizing agent such as water steam or carbon dioxide at a 

temperature of about 800 - 1100 °C, (2) the chemical activation by thermal 

decomposition of the impregnated precursor such as zinc chloride or phosphoric acid 

at the temperature about 500 – 900 °C (Fiqueredo et al., 1999; Junpirom et al., 2007).  

Activated carbon has a high surface area (> 400 m
2
/g) and acid/base resistivity.  It 

has been used for gas purification (Rik, 1994; Sircar et al., 1996), carbon dioxide 

capture (Choi et al., 2009), hydrogen storage (Dillon et al., 1997), water treatment 

(Gupta et al., 2009; Gupta and Suhas, 2009; Mohand and Pittman Jr., 2007), catalytic 

hydrogenation (Liu et al., 2015; Merabti et al., 2010; Pierre et al., 2007) and auto 

hydrogen transfer reaction (Yang et al., 2015). 

 

2.3 n-butanol synthesis 

In 2015, Department of Alternative Energy Development and Efficiency, Ministry 

of Energy of Thailand announced the run-on trend of renewable fuels. The use of 

renewable energy has been growth rapidly more than others. Alcohol as an additive in 

fuel is now one of the most renewable energy that has recently become a research 

interest according to the number of published papers and the expansion of the biofuels 

market (Figure 2.4). Among various alcohols, n-butanol shows a high heating value, 

high flash point and less corrosive (Table 2.1). Moreover, it can be miscible with 

diesel and gasoline. 
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Figure 2.4 (Left) the number of published papers about alcohol fuel from 1991 to 

2015 (www.scopus.com), (Right) the prediction of an expanding biofuels 

market from 2013 to 2023 (Navigant research, 2013).   

 

Table 2.1 Specification of alcohol and conventional fossil fuels (Chao et al., 2011). 

 Gasoline Diesel Methanol Ethanol n-Butanol 

Cetane number 0-10 40-55 3 8 25 

Octane 80-99 20-30 111 108 96 

Oxygen content (wt. %) - - 50 34.8 21.6 

Density at 20 °C (g/mL) 0.72 0.82 0.79 0.79 0.81 

Lower heating value (MJ/kg) 42.7 42.5 19.9 26.8 33.1 

Viscosity at 40 °C (mm
2
/s) 0.6 3.0 0.59 1.08 2.63 

  

n-butanol is generally produced by a biosynthesis using fermentation by bacteria 

(Volesky and Szczesny, 1983). However, the main issue of this method is the low 

concentration of biobutanol and toxic metabolic production from the bacteria 

(Kamiński et al., 2011). Another method to produce n-butanol is from ethanol which 
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can be produced from biomass. There are two proposed pathways. In the first path 

way, a molecule of ethanol is activated on the catalyst basic sites and condensed with 

another ethanol molecule by dehydration. In the second process which is known as 

Guerbet process (Figure 2.5), ethanol is dehydrated to acetaldehyde which is further 

converted to crotonaldehyde by Aldol condensation. Then, the crotonaldehyde was 

hydrogenated to n-butanol (Sun and Wang, 2014).   

 

 

 

Figure 2.5 Reaction pathways from ethanol to n-butanol (Sun and Wang, 2014).  

 

Heterogeneous catalysts for the synthesis of n-butanol include modified zeolites, 

mixed oxides, modified hydroxyapatites, metallic Co, Ni, Fe, and Raney Cu. Catalytic 

testing for n-butanol synthesis from ethanol is widely studied in a fixed bed reactor at 

atmospheric pressure or under hydrogen pressure which also serves as a hydrogen 

source at about 500 °C. Most of the results showed about 20-65% selectivity and low 

conversion, depending on the metal active phase and the basic site on support 

(Carvalho et al., 2012; Dowson et al., 2013; Jordison et al., 2015; Ndou et al., 2003; 

Ogo et al., 2012; Tsuchida et al., 2006). 
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CHAPTER III 

CHARACTERIZATION OF SILICEOUS MCM-41 

SYNTHESIZED BY MICROWAVE-ASSISTED 

HYDROTHERMAL METHOD  

 

3.1 Abstract 

Siliceous mesoporous material [Si]MCM-41 was synthesized by microwave-

assisted hydrothermal method with various gel composition and hydrothermal time. 

The characteristic and physical properties of samples were investigated by powder    

X-ray diffraction (XRD), N2 adsorption-desorption and dynamics light scattering 

(DLS). A thermal stability was studied by thermogravimetric analysis (TGA). The 

optimum synthesis included 3.34SiO2:4.46NaOH: CTAB: 1.16H2SO4:225H2O of gel 

composition and 90 min of hydrothermal time. The CTAB and NaOH concentration 

strongly influenced the hexagonal structure. The duration of hydrothermal time 

resulted to particle size variation. However. the particle size of [Si]MCM-41 

synthesized under microwave irradiation was smaller than that under the conventional 

heating.  
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3.2 Introduction 

3.2.1 Mesoporous MCM-41 

MCM-41 has been normally synthesized by hydrothermal method with a 

heating source from an electric oven and time is 48 h. To reduce the resource of 

hydrothermal synthesis and maintain the quality of MCM-41, several methods have 

been investigated. For example, the synthesis at room temperature was investigated 

(Meléndez-Ortiz et al., 2013). The properties of resulting products were slightly 

different from those of traditional process. However, the reaction time was long at the 

low temperature and pressure provided the low kinetic reaction.  

A fast synthesis of Al-MCM-41 could be done in less than 1 h by 

microwave-assisted hydrothermal method at 150 °C (Wu et al. (1996). The results 

showed high quality hexagonal mesoporous structure with 900 – 1000 m
2
.g

-1
 of 

surface area. The microwave irradiation can vibrate solvent molecules and ion species 

in the gel composition to generate internal heat. With the internal heat source, the 

formation mechanism might be different. Researchers paid attention to expand the 

study by changing microwave power and dielectric constants of co-solvent (Bachari 

and Guerroudj, 2012; Cheng et al., 2005; Gonźalez-Rivera et al., 2014; Jiang et al., 

2008; Laha and Gläser, 2007; Park et al., 1998; Park et al., 2004; Shi et al., 2011; 

Wang et al., 2012). However, the effect of the gel composition and crystallization 

time on crystallinity, particle size and surface properties relatively have not been 

explored. Such effect might play an important role during the crystallization process 

comparing to synthesize under an electric oven.  

To reduce the energy consumption in the synthesis, the study herein 

explored the synthesis of siliceous MCM-41 ([Si]MCM-41) was synthesized under a 
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microwave irradiation ([Si]MCM-41 (MW)) with different CTAB:SiO2 mole ratios 

(0.025 – 0.400), NaOH:SiO2 mole ratios (1.0 – 2.0) and crystallization times (15 – 

180 min). 

 

3.3 Experimental 

3.3.1 Synthesis of [Si]MCM-41 by microwave-assisted hydrothermal method   

[Si]MCM-41 was synthesized by microwave-assisted hydrothermal method 

as described in the literature (Cheng et al., 1997; Jiang et al., 2008). The gel 

composition was prepared at room temperature by using a silica gel (Merck) as a 

silica source, cetyltrimethylammonium bromide (CTAB, ACROS) as a template, 

sodium hydroxide (NaOH, Carlo Erba) as an alkaline precursor, and 3 M sulfuric acid 

(diluted from 96% H2SO4, Carlo Erba) as a pH adjusting agent.  

To study an effect of gel composition, CTAB was dissolved in 20 mL 

deionized water. Then, a solution containing 3.551 g of SiO2 in 40 mL NaOH solution 

was added within 1 h under stirring. After 18 h the gel pH was adjusted to 9 - 10 by   

3 M H2SO4 within 30 min. After a continuous stirring for 2 h, the resulting gel with 

total volume of 60 mL was transferred into a 100-mL Teflon-lined microwave vessel, 

closed and heated with a heating rate 5 °C/min to 100 °C and held for 90 min in a 

Microwave MARs 6-One Touch. The temperature was monitored by an IR sensor 

with an adjustable power output (1200 W). After cooling to room temperature, the 

mixture was filtered. The solid product was washed with deionized water and dried at 

80 °C. This sample was named “As-synthesized [Si]MCM-41 (MW)”. For further 

characterization, some portion of sample was calcined at 550 °C for 6 h and named 

“[Si]MCM-41 (MW)”. To study the effect of hydrothermal time, the best gel 
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composition which produces the highest relative crystallinity from the previous study 

was treated under microwave irradiation for 15 – 180 min. 

 

3.3.2 Synthesis of [Si]MCM-41 by conventional hydrothermal method 

For comparison, the gel prepared by the method above was crystallized in 

an oven at 100 °C for 72 h., cooled to room temperature. The mixture was filtered. 

The solid product was washed with deionized water and dried at 80 °C. For further 

characterization, some portion of sample was calcined at 550 °C for 6 h and named 

“[Si]MCM-41 (C)”. 

 

3.3.3 Characterization 

The samples were characterized by X-ray diffraction (XRD, Bruker D8 

Advance) using Cu tube with 0.01 degree of 2 theta step size and 0.5 s step time. The 

d spacing of (100) plane was calculated by Equation 3.1 (Cheng et al., 2007). 

 

 




sin2
100

n
d   (3.1) 

  

Where (d100) is d spacing of (100) plane, n is a positive integer (equal 1),  

is the wavelength of X-ray (1.5418 Å) and  is the angle between the incident beam 

and the (100) plane (Cheng et al., 2007). 

The dimension of unit cell (a0) was calculated by Equation 3.2. Where 

(d100) is the spacing of (100) plane from Equation 3.1 (Cheng et al., 2007). 
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 1000
3

2
da   (3.2) 

 

Nitrogen adsorption-desorption isotherm was obtained by N2 adsorption-

desorption analysis (Micromeritics ASAP 2010). Surface area and pore size were 

determined by the Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda 

(BJH) method, respectively. The wall thickness was determined by Equation 3.3 

(Cheng et al., 2007). 

 

 diameter  pore0  aWt  (3.3) 

 

Where Wt is the wall thickness, a0 is the size of unit cell from Equation 3.2 

and pore diameter refers to pore size by BJH method (Cheng et al., 2007). 

The thermal stability was determined by thermogravimetric analysis (TGA–

DTA, TA Instrument/ SDT2960). The sample was loaded into an alumina pan and 

suspended to the TGA balance. The heating rate was 20 °C/min from 40 to 1100 °C 

under the N2 atmosphere. Particle size distribution was measured by dynamic light 

scattering (Malvern Zetasizer ZS30). 0.01 g of sample was dispersed on 10 mL 

ethanol under sonication for 1 h (Liu et al., 2009).  
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3.4 Results and discussion 

3.4.1 Characterization of [Si]MCM-41 (MW) 

3.4.1.1 Effect of CTAB:SiO2 ratio  

The XRD patterns of [Si]MCM-41 (MW) with CTAB:SiO2 ratio of 

0.025  0.400 are shown in Figure 3.1. The diffraction peak corresponding to (100) 

plane was observed in 0.0250  0.300 ratio. The diffraction peaks corresponding to 

(110) and (200) planes were obtained in 0.050  0.300 ratio. The peaks corresponding 

to (210) and (300) planes, respectively, were observed from the samples from 0.100 – 

0.300 ratio. The d100 and a0 values are shown in Table 3.1. The gel ratio 0.050, 0.100 

and 0.200 produced MCM-41 with the same size of unit cell. The small amount of 

surfactant concentration might not be sufficient to interact with silicate resulting to an 

uncompleted hexagonal structure. In contrast, the broad peak at 2.58 and 4.40 degree 

were observed from the sample synthesized with the gel ratio 0.400. This XRD 

pattern implied a non-ordering mesoporous material proposed in AlMCM-41 under a 

conventional heating (Kresge and Roth, 2013; Beck et al., 1996). The increase of the 

CTAB:SiO2 ratio could lead to a formation of other phases such as MCM-48 and 

MCM-50 (Figure 3.2). 
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Figure 3.1 XRD patterns of [Si]MCM-41 (MW) from different CTAB:SiO2 ratios.  

 

 

 

 

 

 

Figure 3.2 The trend of phase change with CTAB:SiO2 (adapted from Kresge et al., 

2013). 
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Table 3.1 d100 and a0 of [Si]MCM-41 (MW) with different CTAB:SiO2 ratios. 

CTAB:SiO2 d100 

(Å) 

a0 

(Å) 

0.400 - - 

0.300 39.06 45.10 

0.200 38.21 44.12 

0.100 38.21 44.12 

0.050 38.21 44.12 

0.025 38.05 43.93 

 

N2 adsorption-desorption isotherms of [Si]MCM-41 (MW) from  

different CTAB:SiO2 ratios are shown in Figure 3.3. All samples showed type IV 

isotherm. The adsorption at P/P0 < 0.3 corresponded to a monolayer adsorption. The 

sample with an increase of CTAB:SiO2 ratios had the larger volume adsorbed (Va) 

and corresponding BET surface area (Table 3.2). The second inflection at P/P0 

between 0.3 and 0.4 is a characteristic of mesopores. The hysteresis loop was not 

observed indicating isotherm type IVc that nitrogen desorbed on mesoporous material 

without pore condensation. The interaction between nitrogen gas and surface of 

mesopores was equal or less than that of the interaction between N2 molecules 

(Rouquerol et al, 1999). The sharper slope of this region implied the more uniform 

pores. As a result, the 0.300 ratio showed the narrowest mesopores. According to the 

full width of half maximum (FWHM) peak of pore size distribution (Figure 3.4), the 

pore diameter was smaller with a lower of CTAB:SiO2 ratio The lower FWHM peak 

corresponded to the more uniform pore. The BJH pore diameter increased with an 
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increase of CTAB:SiO2 ratio from 0.025  0.200 and stopped by 0.300. Regarding to 

unit cell, the change from 0.200  0.300 ratio was due to an increase of wall thickness 

(Table 3.3).   
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Figure 3.3 N2 adsorption-desorption isotherms of [Si]MCM-41 (MW) from different 

CTAB:SiO2 ratios; adsorption (filled) and desorption (empty). 
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Figure 3.4 Pore size distribution by BJH method of [Si]MCM-41 (MW) from 

different CTAB:SiO2 ratios. 

 

Table 3.2 BET surface area, pore diameter of [Si]MCM-41 (MW) with different 

CTAB:SiO2 ratios by N2 adsorption-desorption analysis. 

CTAB:SiO2 BET surface area (m².g
-1

) Pore diameter (Å) 

0.4000 1385 24.50 

0.3000 1047 28.00 

0.2000 1065 28.00 

0.1000 914 27.80 

0.0500 575 25.00 

0.0250 372 24.00 
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BET surface area of [Si]MCM-41 was expected to relate with the 

relative XRD intensity of the (100) plane because of the extent of mesoporous. The 

plot of BET surface area and XRD peak intensity of [Si]MCM-41 (MW) with 

different CTAB:SiO2 ratios is shown in Figure 3.5. The relationship was divided into 

3 situations. First, BET surface area increased with the peak intensity in the range of 

0.025  0.200 ratio. Second, the surface area did not change significantly in the range 

of 0.200  0.300 ratio. Third, the surface area increased but the peak intensity 

decreased. In the last case, a non-ordering of hexagonal structure or interpenetration 

channel of mesostructured (3D) such as KIT-1 and MCM-48 might form to give a 

high surface area (Ryoo et al., 1997). 
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Figure 3.5 The Plot between relative XRD peak intensity versus BET surface areas of 

[Si]MCM-41 (MW) from different CTAB:SiO2 ratios. 
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Table 3.3 Wall thickness (Wt) of [Si]MCM-41 (MW) from different CTAB:SiO2 

ratios. 

CTAB:SiO2 Wt (Å) 

0.400 15.01 

0.300 17.10 

0.200 16.12 

0.100 16.32 

0.050 19.12 

0.025 19.93 

 

Considering the quality of MCM-41 based on the results from 

XRD and N2 adsorption-desorption analysis, the CTAB:SiO2 ratio of 0.300 was the 

best condition for the synthesis of [Si]MCM-41 under microwave irradiation.  

 

3.4.1.2 Effect of NaOH:SiO2 ratio  

The XRD pattern of [Si]MCM-41 (MW) with NaOH:SiO2 ratio of 

1.0, 1.3 and 2.0 are shown in Figure 3.7. The five characteristic peaks of MCM-41 

were observed from the samples with the ratio of 1.3 and 1.0. Only a broad peak 

around 2.8 degree was observed from the sample with the ratio of 2.0. In this case, the 

peak appeared at a lower degree compared to the samples from the 1.3 to 1.0 ratios 

referring to a unit cell expanding by increasing of wall thickness (Park et al., 2012). 

Na
+
 can affect to charge density of interface between surfactant and silicate ions and 

disturb the formation of mesophase. Moreover, the wall thickness increased under a 

strong basic solution (Cheng et al., 2007). Since the sample from the ratio of 1.0 gave 
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the highest XRD peak intensities, this ratio was further employed to understand the 

effect of hydrothermal time.  
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Figure 3.6 XRD patterns of [Si]MCM-41 (MW) from different NaOH:SiO2 ratios.  

 

Table 3.4 a0 of [Si]MCM-41 (MW) with different NaOH:SiO2 ratios. 

NaOH:SiO2 a0 (Å) 

2.0 - 

1.3 43.84 

1.0 45.10 

 

3.4.1.3 Effect of hydrothermal time under microwave irradiation 

 The XRD patterns of [Si]MCM-41 (MW) with different 

hydrothermal times are shown in Figure 3.8. All five diffraction peaks of MCM-41 

were observed from the sample treated by hydrothermal process for 15 min. The 
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sample with a longer hydrothermal time had the higher of peak intensity and a shift to 

a high degree inferring to the unit cell expanding (Table 3.5). In general, the 

hydrolysis and polymerization steps depend on the hydrothermal time. The hexagonal 

mesoporous phase did not transform to other phases under microwave irradiation in 

the study period. 
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Figure 3.7 XRD patterns of [Si]MCM-41 (MW) from different hydrothermal times.   
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Table 3.5 a0 of [Si]MCM-41 (MW) from different hydrothermal times.  

Hydrothermal time (min) a0 (Å) 

15 40.77 

90 44.80 

120 45.00 

150 45.00 

180 45.30 

 

N2 adsorption-desorption isotherms of [Si]MCM-41 (MW) from 

different NaOH:SiO2 ratio are shown in Figure 3.9. At P/P0 > 0.3 inflection, all 

samples exhibited the characteristic of mesoporous material with isotherm type IVc as 

mentioned in section 3.4.1.1. All samples had similar surface area (see Table 3.6) and 

BJH pore size distributions (see Figure 3.10). Comparing with previous works as 

shown in Table 3.7, BET surface area at 100 °C condition for 90 min of this work is 

higher value than that of Song et al. (2004) and Laha and Gläser (2007) work. 

Moreover, BET surface area of the samples from the condition higher than 100 °C 

with either a long or short time was similar. Thus, the higher hydrothermal 

temperature was not suitable in terms of energy consumption. Therefore, 

hydrothermal time of 90 min was the best condition in this study providing a high 

BET surface area and uniform mesopores diameter. 
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Figure 3.8 N2 adsorption-desorption isotherms of [Si]MCM-41 (MW) from different 

hydrothermal times; adsorption (filled) and desorption (empty). 
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Figure 3.9 Pore size distributions by BJH method of [Si]MCM-41 (MW) from 

different hydrothermal times. 
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Table 3.6 BET surface area and pore diameter of [Si]MCM-41 (MW) from different 

crystallization times by N2 adsorption-desorption data analysis. 

Crystallization time (min) BET surface area (m².g
-1

) Pore diameter (Å) 

15 1066 28.0 

90 1138 27.4 

120 1064 27.4 

150 1067 27.4 

180 1093 27.4 

 

Table 3.7 Comparison of heating conditions and surface area of MCM-41 from this 

work and literatures. 

Material Under microwave 

irradiation 

BET surface 

area 

(m².g
-1

) 

Reference 

Heating 

(°C) 

Time  

(min) 

Al-MCM-41 150  80 900-1000 Wu and Bein, 1996 

[Si]MCM-41  120  60 1020 Park et al., 1998 

[Si]MCM-41 100  120 1148 Song et al., 2004 

Al-MCM-41 180  >60 800 Cheng et al., 2005 

[Si]MCM-41 100  120 1196 Laha and Gläser, 2007 

[Si]MCM-41 100  120 NR González-Rivera et al., 2014 

[Si]MCM-41 100  90 1138 This work 
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The following hypothesis explained the phenomena that the peak 

intensity was not proportional to the BET surface area. Generally, the peak intensity 

can be related to particle size (crystallize size) by Scherrer’s equation. When the 

crystal size is large, the peak intensity is high (Monshi et al., 2012). To support this 

hypothesis, the particle size distributions are shown in Figure 3.11. The particle size 

tended to increase in the range of 90 – 180 min. Therefore, BET surface area was not 

improved by the longer hydrothermal time. 
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Figure 3.10 Particle size distribution by dynamics light scattering of [Si]MCM-41 

(MW) from different hydrothermal times. 

 

3.4.1.4 Thermal stability of MCM-41 

A further study on a thermal stability was performed. The TGA 

thermogram of [Si]MCM-41 (MW) from the optimum condition, namely, CTAB to 

SiO2 ratio = 0.300, NaOH:SiO2 ratio = 1.0 and microwave-assisted hydrothermal time 

= 90 min is showed in Figure 3.11. The first weight loss from the 40 to 100 °C (2.5%) 
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corresponded to a removal of physisorbed waters. The second in the range of 150 to 

600 °C (1.5%) was attributed to a decomposition of trace amounts of CTAB 

molecules. The third in the range of higher temperature (1.8%) corresponded to 

a water removal from silanol groups (-Si-OH) via condensation (Hajjami et al., 2015). 

The results showed that sample had high thermal stability. 
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Figure 3.11 TGA thermogram of optimum [Si]MCM-41 (MW). 

 

3.4.2 Comparison between [Si]MCM-41 (MW) and [Si]MCM-41 (C) 

From the gel ratio 3.34SiO2:4.46NaOH:1CTAB:1.16H2SO4:225H2O, 

[Si]MCM-41 (MW) and [Si]MCM-41 (C) were crystallized under microwave 

irradiation at 100 °C for 3 h and in an oven at 100 °C for 72 h, respectively. The XRD 

patterns of the products from both syntheses both samples are shown in Figure 3.12. 

Both samples showed characteristic peaks of MCM-41 but with different intensity. 

The peaks of Si]MCM-41 (MW) had lower intensity than [Si]MCM-41 (C). This 
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observation was in contrast with particle size distribution. From Figure 3.13 

[Si]MCM-41 (MW) had less amount of large particles than [Si]MCM-41 (C). 

Therefore, [Si]MCM-41 from microwave-assisted hydrothermal time for 180 min was 

better than under conventional heating based on the less amount of small particle size.  
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Figure 3.12 XRD patterns of [Si]MCM-41 (MW) and [Si]MCM-41 (C). 

100 200 300 400 500

 

[Si]MCM-41 (MW), 90 min

[Si]MCM-41 (MW), 180 min

[Si]MCM-41 (C), 3 days

R (nm)

In
te

n
si

ty

 

 

 

Figure 3.13 Particle size distribution by dynamics light scattering of [Si]MCM-41 

(MW) and [Si]MCM-41 (C). 
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3.5 Conclusions 

Siliceous MCM-41 has been synthesized from under microwave irradiation. The 

insufficient of CTAB concentration resulted to uncompleted MCM-41 structure. On 

the other hands, the excess CTAB concentration would transfer MCM-41 to non-

periodic mesoporous materials. The different NaOH:SiO2 ratio in the range of 1.0 – 

1.3 affect to mesopore wall thickness related to degree of polymerization and 

hydrolysis. About crystallization time, the formation of hexagonal structure began at 

15 min and become to be unifrom at 90 min. Therefore, the synthesis condition of 

3.34SiO2:4.46NaOH:1CTAB:1.16H2SO4:225H2O mole ratio at 100 °C for 90 min is 

the best in this work. Regarding to the relative XRD diffraction peak intensity, N2 

adsorption-desorption analysis and thermogravimetric analysis and dynamics light 

scattering, the obtained MCM-41 had a0  44.80Å, uniform pore diameter of 27.40 Å, 

BET surface  area of 1138 m
2
.g

-1
 and high thermal stability of 1100 °C. Moreover, the 

MCM-4 synthesized under microwave irradiation had the amount of small particle 

size more than under conventional heating.  
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CHAPTER IV 

REMOVAL AND RECOVERY OF 

CETYLTRIMETHYLAMMONIUM ION FROM AS-

SYNTHESIZED SILICEOUS MCM-41 FROM 

MICROWAVE-ASSISTED METHOD 

 

4.1 Abstract 

Cetyltrimethylammonium (CTA
+
) bromide is a template in the synthesis of 

siliceous MCM-41 ([Si]MCM-41) which is normally removed by calcination. An 

alternative removal method which makes CTA
+
 recycle possible is an ion exchange 

extraction. An effect of solvent polarity and type of salt under sonication was studied 

at various time and temperature. The efficiency of CTA
+
 removal was estimated by 

thermogravimetric analysis (TGA) and X-ray diffraction technique (XRD). CTA
+
 

removal by NH4Cl in methanol 70% under sonication at 30 °C for 15 min showed the 

high efficiency. Moreover, the CTA
+
 recovery from solvent in an extracted solution 

from ion exchange (extracted CTA
+
) and a solution after hydrothermal treatment 

(waste powder) were carried out by solvent evaporation. The mixture compounds are 

presented in both sample regarding to Fourier transform infrared spectroscopy 

technique (FTIR) and XRD results. 
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4.2 Introduction 

Cetyltrimethylammonium (CTA
+
) bromide is a quaternary ammonium with one 

chain of C16 alkane and three methyl groups.  It is a surfactant which can be used as a 

template in the synthesis of siliceous MCM-41 ([Si]MCM-41) to form micelle and 

lead to a formation of highly uniform mesopores. The void of mesopores will be 

generated after the CTA
+
 removal, commonly by calcination (Ryczkowski et al., 

2005). The removal by calcination decomposes CTA
+
, consumes energy and makes 

the synthesis of MCM-41 costly. 

Various decomposition methods have been employed with mild conditions to 

minimize energy consumption to remove CTA
+
, for example, microwave- or photo-

assisted oxidation with a mild thermal treatment (Keene et al., 1998; Chen et al., 

2014), dielectric-barrier discharge plasma technique at room temperature (Liu et al., 

2010). Although those methods lowered the energy consumption, the CTA
+
 was still 

lost and wasted. 

Another method to remove and recover CTA
+
 from MCM-41 at mild conditions 

is solvent and/or ion exchange extraction. As shown in Scheme 4.1, CTA
+
 cations 

interacting with siloxy anions on the mesopore wall by electrostatic force (Chen et al., 

2014) could be extracted by a solvent based on solubility principle or exchanged by 

smaller molecules based on ion exchange efficiency. Schmidt et al. (1994) 

investigated the impact of template extraction under magnetic stirring on the structure 

of MCM-41 with different Si/Al ratios. They concluded that templates had stronger 

interaction on the surface of Al-MCM-41 than that of siliceous MCM-41. Hitz and 

Prins (1997) studied on CTA
+
 ion exchange on Al-MCM-41 by various acids, salts or 

small quaternary ammonium in alcohol. They concluded that the extraction under 
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acidic alcohol solution gave a high yield and stable Al-MCM-41. The more polar 

solvent was proved to be the more efficient for CTA
+
 removal method. Different 

cation sizes directly affect the removal efficiency related to ion mobility between bulk 

solution and CTA
+
 containing Al-MCM-41 on surface. Moreover, MCM-41 structure 

could be depolymerized under basic solution. Since then, many researchers began to 

investigate on the other properties related to solvent or ion exchange extraction 

parameters, for example temperature, duration and solution components (Gomes Jr. et 

al., 2005; Marcilla et al., 2010; Du et al., 2011; Aripad et al., 2012). Moreover, 

agitation by sonication was used to increase the removal efficiency (Shaghayegh and 

Zanjanchi, 2014; Jabariyan et al., 2012). However, most of those works was done on                 

Al-MCM-41 and the effect of media species and solvents on siliceous MCM-41 were 

not clearly understood. Thus, this work aimed to investigate CTA
+ 

removal by ion 

exchange extraction under sonication with various salt solution, time and temperature. 

 

 

Scheme 4.1 Representation of silica-surfactant interfaces of [Si]MCM-41 and ion-

exchange process.  

 

Before the study on CTA
+
 removal efficiency, thermal decomposition of CTA

+
 in 

as-synthesized MCM-41 was first determined. 
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Herein, CTA
+
 was removed from siliceous MCM-41 by ultrasound-assisted ion 

exchange method in various salt solutions. The salts were either alkaline or organic in 

neutral, acidic and basic condition. Before that an effect of solvent polarity was 

studied to see the possibility to avoid using methanol which is toxic. Temperature and 

sonication period were varied.  

After extraction, CTA
+
 was recovered by evaporation. Moreover, CTA

+
 was 

recovered from the solution from hydrothermal treatment. This solution was generally 

disposed. Therefore, the additional study on CTA
+
 recovery from this solution was set 

up to see the probable recycling by water evaporation.  

 

4.3 Experimental 

4.3.1 CTA
+
 removal 

Siliceous MCM-41 was synthesized by hydrothermal method under 

microwave heating with 3.34SiO2: 4.46NaOH:1CTAB:1.16H2SO4: 225H2O mole 

ratio as mentioned in Chapter III. The sample was named [Si]MCM-41 (MW). CTA
+
 

removal from the as-synthesized [Si]MCM-41 (MW) was performed by extraction 

under sonication. First, methanol or water was used to see effect of solvent polarity. 

An aqueous or methanolic solution containing NH4Cl was employed at 60 °C for 30 

min. Then the better solvent was used though the next of the study. Various salts were 

used including NaNO3, NaCl, NaBr, NaOAc, KNO3, KCl, KOAc, KH2PO4, NH4NO3, 

NH4Cl and NH4OAc. A typical run was modified from González-Rivera et al. (2014) 

as follows:  the as-synthesized [Si]MCM-41(MW) (0.2 g) and 40 mL of 40 mM salt 

solution were loaded in a 50-mL centrifuge tube. The mixture was sonicated using an 

Elmasonic E30H at 27 kHz at 60 °C for 60 min. After sonication, the mixture was 
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cooled down, separated by centrifugation, washed once with the solvent and dried at 

80 °C overnight. The obtained solid sample was named “detemplated [Si]MCM-41 

(MW)”. The extraction was done under various time (15  120 min) and temperature 

(30  60 °C). 

 

4.3.2 CTA
+
 recovery 

Solvent in the extracted solution was removed by rotary evaporator at 60 °C 

and dried in an open air at 40 °C. The obtained precipitate was named “Extracted 

CTA
+
”. 

CTA
+
 was also recovered from the hydrothermal solution obtained by 

centrifugation. It was dried at 80 °C and named “Waste powder”. 

 

4.3.3 Characterization 

The amount of remaining template in the detemplated [Si]MCM-41 (MW) 

was determined by thermogravimetric and differential thermogravimetric analysis 

(TGA–DTA, TA Instrument/ SDT2960) in a flow of air zero (21%O2 in N2 balance) 

with a flow rate 100 mL/min and heating rate 20 °C/min from 40 to 600 °C. The 

CTA
+
 removal efficiency was estimated with Equation 4.1 according to the weight 

loss from the TGA thermogram in the temperature range 150 – 375 °C. 

 

% 𝐶𝑇𝐴+ 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
% 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒0−% 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓𝑠𝑎𝑚𝑝𝑙𝑒𝑖

% 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒0
× 100 (4.1) 

 

Where 𝑠𝑎𝑚𝑝𝑙𝑒0 is an as-synthesized [Si]MCM-41 (MW) and 𝑠𝑎𝑚𝑝𝑙𝑒𝑖 is a 

detemplated [Si]MCM-41 (MW). 
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The detemplated [Si]MCM-41 (MW) was characterized by X-ray 

diffraction (XRD, Bruker D8). The extracted CTAB and wasted powder were 

characterized by FTIR spectroscopy and XRD. 

 

4.4 Results and discussion 

4.4.1 TGA analysis of as-synthesized [Si]MCM-41 (MW) 

Figure 4.1 shows the percent weight loss of as-synthesized [Si]MCM-41 

(MW). The changes were divided into 4 regions according to the work by 

Ryczkowski et al. (2005) from an analysis by an on-line mass spectrometer. The 

weight loss from the beginning to 150 °C (3.69%) corresponded to the removal of 

physisorbed water. The loss between 150 °C and 320 °C (34.67%) was attributed to 

combustion of quaternary ammonium ions. The next loss between 320 °C and 375 °C 

(7.42%) corresponded to further combustion of hydrocarbon chain residue. The final 

range from 375 °C to 600 °C (4.91%) corresponded to dehydroxylation from silanol 

groups (-Si-OH). Consequently, the weight loss between 150 °C and 375 °C (42.09%) 

was used as a comparison to other samples.  
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Figure 4.1 TGA thermogram of as-synthesized [Si]MCM-41 (MW), Solid line, % 

weight; dashed line, Div % weight. 

 

4.4.2 Effect of solvent polarity on CTAB removal 

The thermograms of detemplated [Si]MCM-41 (MW) after extraction with 

water and methanol containing NH4Cl salt are compared in Figure 4.2. The weight 

losses were 39.14 wt.% and 13.24 wt.% respectively. The more weight loss from 

water extraction meant the more amount of CTA
+
 remained and lower CTA

+
 removal 

efficiency. Therefore, the CTA
+
 removal by aqueous solution was not as effective as 

methanolic solution. The higher removal efficiency by methanol was explained by 

Jabariyan et al. (2012). The micelles of CTA
+
 could be disrupted by alcohol (Figure  

A5 in Appendix). In addition, the lower solubility of CTAB (3.64 g/100 g) in water 

than NH4Cl (41.4 g/100 g) indicated that CTA
+
 preferred to remain in mesopores 
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rather than water. Hence, methanol solution was selected for further study on an ion-

exchange.  
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Figure 4.2 Thermograms of detemplated [Si]MCM-41 (MW) after the extraction with 

water (a) and methanol (b) containing NH4Cl salt. 

 

 

 

 

 

 

 

 



54 

 

4.4.3 Effect of nitrate salt with different cations 

The thermograms of detemplated [Si]MCM-41 (MW) after extraction with  

nitrate salts of different cations (NH4
+
, Na

+
 and K

+
) in methanol are shown in Figure 

4.3. The percent CTA
+
 removals are summarized in Table 4.1, respectively. The high 

CTA
+
 removal was obtained from NaNO3 and NH4NO3 methanolic solutions. Based 

on ion exchange principle (Harland, 1994) and mobility of ions in MCM-41 pore 

containing CTA
+
 micelles, the quaternary ammonium ion size of NH4NO3 is smaller 

than that of CTA
+
 resulting in an easy exchange. A further confirmation on the effect 

of cation size of nitrate salts was performed by comparing Na
+
 or K

+
 (ion size 1.16 Å 

and 1.52 Å, respectively). CTA
+
 removal by Na

+
 solution was higher than that by K

+
 

solution, consistent with the ion size. A study on Na
+
 and K

+
 cation salts with 

different anions was also carried out. The results can be found in appendix A. 

However, both ions were not appropriate to CTA
+
 removal because they led to 

structure collapse (Appendix A). Thus, the further study was focused on ammonium 

salts. 
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Figure 4.3 Thermograms of detemplated [Si]MCM-41 (MW) after the extraction with  

nitrate salts of different anions ((a) NH4
+
, (b) Na

+
  and (c) K

+
). 
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Table 4.1 The percent weight loss and corresponding to CTA
+
 removal of 

detemplated [Si]MCM-41 (MW) after the extraction with  nitrate salts of 

different cations (NH4
+
, Na

+
 and K

+
). 

 
% Weight loss % CTA

+
 removal 

NaNO3 9.09 78.40 

KNO3 23.43 44.33 

NH4NO3 9.01 78.59 

 

The detemplated [Si]MCM-41 (MW) samples after extraction with nitrate 

salts of different cations in methanol were characterized by XRD and the XRD 

patterns are shown in Figure 4.4. The 3 main diffraction peaks of the (100), (110) and 

(200) plane was compared as an indication of structure stability. The samples showed 

the main diffraction peak with different position and intensity. The sample extracted 

with NH4NO3 solution showed the peak of (100) plane at 2.20 degree. The peak shift 

compared to as-synthesized sample corresponded to siloxy condensation (Andrade et 

al., 2000). The peak of (100) plane from the treatment with NaNO3 and KNO3 

solution shifted to 2.35 and 2.45 degree with low intensity possibly due to collapse of 

mesopores or grafting of alkaline metal oxide on the mesopore wall (Hitz and Prins, 

1997). Regarding to the XRD results, NH4
+
 cation was the most suitable for CTA

+
 

removal. 
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Figure 4.4 XRD patterns of detemplated [Si]MCM-41 (MW) after the extraction with  

nitrate salts of different cations (NH4
+
, Na

+
 and K

+
). 

 

4.4.4 Effect of ammonium salt with different anions   

The TGA of detemplated [Si]MCM-41 (MW) after the extraction with 

ammonium salts containing different anions (NO3
-
, Cl

-
 and OAc

-
) are shown in Figure 

4.5. The percent CTA
+
 removals are summarized in Table 4.2, respectively. All 

samples had a similar weight loss around 77% CTA
+
 removal indicating that the type 

of anions had no significantly effect on the removal efficiency. 
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Figure 4.5 Thermograms of detemplated [Si]MCM-41 (MW) after the extraction 

with  ammonium salts of different anions ((a) NO3
-
, (b) Cl

-
 and (c) OAc

-
).  
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Table 4.2 The percent weight loss and corresponding to CTA
+
 removal of 

detemplated [Si]MCM-41 (MW) after the extraction with ammonium 

salts of different anions (NO3
-
, Cl

-
 and OAc

-
). 

 
% Weight loss % CTA

+
 removal 

NH4NO3 9.01 78.59 

NH4Cl 9.42 77.85 

NH4(OAc) 9.83 76.65 

 

Figure 4.6 shows XRD pattern of the detemplated [Si]MCM-41 (MW) 

samples after the extraction with ammonium salts of different anions (NO3
-
, Cl

-
 and 

OAc
-
). The main diffraction peak of all samples did not shift significantly implying 

that the use of ammonium salts similar degree of siloxy condensation. Nevertheless, 

the appearance of similarity and high intensity of main peak indicated that mesopores 

are not collapse. Hence, NH4Cl solution is slightly better than other solution regarded 

to the quality MCM-41 structure. 
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Figure 4.6 XRD patterns of detemplated [Si]MCM-41 (MW) after the extraction with  

ammonium salts of different anions (NO3
-
, Cl

-
 and OAc

-
). 

 

4.4.5 Effect of sonication time and temperature 

The thermograms of detemplated [Si]MCM-41 (MW) after extraction 

with  NH4Cl methanolic solution under sonication at varying time and temperature are 

shown in Figure 4.7 and 4.8. At 60 °C, the CTA
+
 removal efficiency slightly 

increased with time. The slight increase indicated that 15 min was sufficient. The 

longer time allowed the more opportunity for the exchange (Hua et al., 2001). 

Meanwhile, the temperature close to boiling point of methanol kinetically facilitated 

the more ion exchange (Jabariyan et al., 2012). However, energy consumption was 
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concerned. The percent CTA
+
 removal was divided by time and temperature to 

compare the unit-by-unit as shown in Table 4.3 and 4.4. The sonication at 30°C for 15 

min achieved the highest CTA
+
 removal efficiency. 
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Figure 4.7 Thermograms of detemplated [Si]MCM-41 (MW) after the extraction with  

NH4Cl under sonication at 60 °C for (a) 15 min, (b) 30 min, (c) 60 min and 

(d) 120 min. 
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Table 4.3 The percent weight loss and corresponding to CTA
+
 removal of 

detemplated [Si]MCM-41 (MW) after the extraction with NH4Cl under 

sonication at 60 °C with varying time. 

Time (min) % CTA
+
 removal % CTA

+
 removal per min 

15 70.54 4.7 

30 71.49 2.4 

60 74.82 1.3 

120 77.67 0.65 
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Figure 4.8 Thermograms of detemplated [Si]MCM-41 (MW) after the extraction with   

NH4Cl under sonication for 30 min at (a) 30 °C, (b) 40 °C, (c) 50 °C and 

(d) 60 °C. 
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Table 4.4 The percent weight loss and corresponding to CTA
+
 removal of 

detemplated [Si]MCM-41 (MW) after the extraction with NH4Cl under 

sonication for 30 min at varying temperature.   

Temperature (°C) % CTA
+
 removal % CTA

+
 removal per °C 

30 61.04 2.0 

40 61.51 1.5 

50 65.84 1.3 

60 71.49 1.2 

 

4.4.6 Template recovery 

FTIR spectrum and assignment of extracted CTA
+
, waste powder are 

shown in Figure 4.9 and Table 4.5. The characteristic FTIR spectra of extracted 

CTA
+
, waste powder are similar to pure CTAB. However, some ammonium groups in 

the extracted CTA
+
 might be oxidized by radical species generated under 

sonochemical reactions (Okitsu et al., 2004) to nitrogen oxide species. Moreover, 

CTAB molecules and siliceous material remained in the waste powder. The vibration 

corresponding to external linkage of double four-membered rings (D4R), double five-

membered rings (D5R), or double six-membered rings (D6R), and pore opening 

vibrations were observed from the waste powder after calcination indicating to 

mixture siliceous materials which is not MCM-41.  
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Figure 4.9 FTIR spectra of pure CTAB, extracted CTA
+
, waste powder, waste 

powder after calcination, and [Si]MCM-41. 
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Table 4.5 Wavenumber and assignment in FTIR spectra of pure CTAB, extracted 

CTA
+
, waste powder, waste powder after calcination, and [Si]MCM-41. 

Wavenumber 

(cm
-1

) 

Assignments Reference 

3500 -Si-OH Jomekian et al., 2012. 

3000 -N(CH3)3 Viana et al., 2012. 

2920 -CH3 Gonźalez-Rivera et al., 2014. 

2850 -CH2 Gonźalez-Rivera et al., 2014. 

1620 R-NH
3+

 Ryczkowski et al., 2005. 

1560,1380 -N-O Shapiro, 1969. 

1490-1380 C-H of alkylammonium ion Ariapad et al., 2012. 

1090, 970 SiO4 stretching Gonźalez-Rivera et al., 2014. 

725 In-plan symmetrical vibration  Ryczkowski et al., 2005. 

650-500 External linkage vibrations DR Li and Wu, 2003. 

465 SiO4 bending Gonźalez-Rivera et al., 2014. 

420-300 Pore opening vibrations on lattice Li and Wu, 2003. 

 

Data from XRD was used to support the FTIR result. XRD patterns of pure 

CTAB, extracted CTA
+
, waste powder and waste powder after calcination are shown 

in Figure 4.10 and 4.11. The XRD pattern of extracted CTA
+
 and waste powder 

contained characteristic peaks of CTAB. However, XRD pattern of waste powder 

after calcination seem to be mixture siliceous materials.  
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Figure 4.10 XRD patterns of pure CTAB, extracted CTA
+
, waste powder and waste 

powder after calcination. 
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Figure 4.11 XRD pattern of waste powder after calcination (Zoom). 
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4.5 Conclusions 

From all ion exchanges study in various salts, it showed CTA
+
 removal about 30-

78%. The extraction in the presence of NH4Cl is the best condition allowed up to 77% 

of CTA
+
 removal. From XRD results, the characteristic peaks of MCM-41 in different 

ion-exchange extraction conditions were obtained and concluded that 1) cation-

exchanges with CTA
+
 were compatible with ion exchange principle ordered by Na

+
 > 

K
+ 

> NH4
+
. 2) Alkaline metal ions were not recommended. 3) Different anions of 

ammonium salts were not significantly different for efficient CTA
+
 removal. 

However, the acidic solution gave high CTA
+
 removal percentage and saved MCM-

41 structure. The efficient CTA
+
 removal increased with increasing time and 

temperature. However, an ion exchange at 30 °C for 15 minute was suitable for good 

efficient CTA
+
 removal by reducing energy consumption. 

 The extracted CTA
+
 had some characteristic of pure CTAB by FTIR and XRD. 

They were probably partially oxidized under thermal treatment. One compound in 

waste powder was CTA
+
.  
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CHAPTER V 

PREPARATION OF ACTIVATED CARBON AS A 

CATALYST SUPPORT 

 

5.1 Abstract 

The charcoal was prepared from M. calabura wood by an Iwazaki furnace kiln. It 

was employed as a starting material for activated carbon under CO2 treatment. The 

surface modification of activation was performed to create adsorption site by air zero 

treatment. The polyaromatic-like structure and their functional groups were 

characterized by FTIR and CHNO analysis. The thermal stability was carried out by 

TGA analysis. The surface area of sample was estimated by BET from N2 adsorption-

desorption analysis. The experiment concluded that activated carbon after 

modification had higher acid functional group than the parent charcoal. The BET 

surface area decreased after modification. However, the thermal stability did not 

change after CO2 treatment. 

 

5.2 Introduction 

Activated carbon is widely used as a catalyst support because it has a high surface 

area, acid/base resistivity and low cost of production. Typically, the activated carbon 

is prepared from a wood by pyrolysis and physical/chemical treatment. The layers of 
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the polyaromatic-like molecules contain acid/base functional group. Junpirom et al. 

(2007) investigated the surface modification by chemical and physical treatment 

 They concluded that air zero physical treatment was a suitable and 

environmental friendly method to increase the acid sites on surface of activated 

carbon. Generally, those acid functional groups of surface activated carbon surface 

are adsorption sites for cation (Azzi Rios et al., 2003; Vasu et al., 2008) (Figure 5.1). 

Then, the Ni cations could be reduced to form nanoparticles on activated carbon. 

Therefore, the surface modification was studied.  

 

 

 

Figure 5.1 Interaction between Ni
2+

 and surface of activated carbon and the expected      

benefit of acid sites for Ni catalyst. 

 

In this work, the charcoal was prepared by pyrolysis in an Iwazaki kiln from a 

wood from the plant named “M. calabura” from Nakhon Ratchasima province, 

Thailand. Then, the charcoal was activated by CO2 physical treatment in a horizontal 

From literature reviews My hypothesis 
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tube furnace. After that air zero physical treatment was performed to increase acid site 

(Figure 5.2).  

 

 

Figure 5.2 Strategy to increase acid sites on activated carbon. 

 

5.3 Experimental 

5.3.1 Preparation of charcoal by an Iwazaki furnace  

The M. calabura wood with diameter about 1 inch was collected from a 

local field near the university. It was cut to the size about 5-10  80 cm and dried in 

air under sunlight for 30 days. The pyrolysis of M. calabura trunk was carried out in 

an Iwazaki furnace (shown in Figure 5.3) at Energy Ashram, Appropriate Technology 

Association in Pakchong District, Nakhon Ratchasima. The furnace was built with a 

200-litre oil tank connected with an asbestos tube and steel condenser.  The optimum 
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temperature and air flow was controlled by adjusting a gap in the front of the furnace. 

After about 8-12 h, the gap was closed and the furnace was cooled down to ambient 

temperature. The obtained charcoal was collected. 

   

 

Figure 5.3 (Left) An Iwazaki furnace at Ashram, Appropriate Technology 

Association, (Right) scheme of an Iwazaki furnace. 

 

5.3.2 Preparation of activated carbon by CO2 physical treatment 

The charcoal of M. calabura was activated by CO2 physical treatment in 

the horizontal tube furnace (Junpirom et al., 2006). About 2 g of charcoal was crushed 

and sieved to average particle sizes between 2.1 mm – 0.714 µm, loaded in two 

ceramic boats and placed at the center of the furnace. It was heated from room 

temperature to 800 °C with a heating rate of 20 °C/min under 100 mL/min N2 flow 

followed by 100 mL/min CO2 flow (Linde Gas, 99.95%) for 1 h. Finally, the furnace 

was turned off and cooled to the ambient temperature under N2 flow. The obtained 

sample was name “AC”. 
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5.3.3 Modification of activated carbon surface by air zero physical 

treatment  

The surface of activated carbon was modified by physical treatment in 

the horizontal tube furnace (Junpirom et al., 2007). About 2 g of activated carbon was 

crushed and sieved to average particle sizes between 2.1 mm – 0.714 µm, loaded in 

two ceramic boats and placed at the center of the furnace. It was heated from room 

temperature to 250 °C with a heating rate of 20 °C/min under 100 mL/min N2 flow 

followed by 100 mL/min air zero (21% O2 in N2 balance) flow for 24 h. Finally, the 

furnace was turned off and cooled to the ambient temperature under N2 flow. The 

obtained sample was name “Mod AC”. 

 

5.3.4 Characterization of activated carbon and modified activated carbon 

Functional groups of samples were determined by FTIR spectroscopy 

(PerkinElmer, Spectrum GX). N2 adsorption-desorption isotherm was obtained from a 

Micromeritics, ASAP 2010. The surface area was calculated by the Brunauer–

Emmett–Teller (BET) method. 

Thermal stability of material was investigated by thermogravimetric and 

differential thermogravimetric analysis (TGA–DTA, TA Instrument/ SDT2960) in a 

flow of N2 (100 mL/min), heating rate 20 °C/min from 40 to 900 °C. The chemical 

composition was determined by CHNO elemental analysis (Leco, TruSpec Micro 

CHNO). 
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5.4 Results and discussion 

5.4.1 Characterization of charcoal, activated carbon and modified activated 

carbon  

FTIR spectrum of the charcoal, AC and Mod AC and peaks assignment are 

shown in Figure 5.1. In charcoal sample, the aromatic C-C bond corresponding to 

aromatic carbon of polyaromatic-like structure and O-H bond was observed. After 

activation, the presence of carbonyl groups is observed and C-C bond was retained 

(Hesas et al., 2013). Then, the O-H groups were displayed together with carbonyl 

groups in Mod AC (Hesas et al., 2013). Moreover, all sample showed C=N bond 

(Aboud et al., 2015). Therefore, it could be implied that C-OH was transformed to 

C=O after activation and then converted to COOH after surface modification 

regarding to the presence of both C=O and C-OH functional groups. 
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Figure 5.4 FTIR spectra of charcoal, AC and Mod AC; Intensity: br=broad, w=weak, 

m=medium and s=strong. 
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The elemental compositions of the charcoal, AC and Mod AC are shown in 

Table 5.1. The low value of carbon to oxygen (C/O) ratio implied the high amount of 

acid site. Therefore, the approximated acid sites were increased after activation and 

modification (Ngernyen et al., 2005). 

  

Table 5.1 Elemental composition of charcoal, AC and Mod AC. 

 C (%) H (%) N (%) O (%) C/O C/N 

Charcoal 83.185 2.929 0.792 6.294 13.22 104.9 

AC 82.284 1.531 1.180 10.680 7.705 69.69 

Mod AC 74.790 2.492 0.737 10.090 7.412 101.4 

 

The thermogrgams and % weight derivatives of AC and Mod AC are 

shown in Figure 5.5. The first weight loss at below 100 °C corresponded to a removal 

of physisorbed water. The second weight loss between 100 – 700 °C referred to the 

decomposition of surface functional group. The last weight loss at high temperature 

about 700 °C corresponded to decomposition of activated carbon (Peng et al., 2014). 

The gradual weight loss probably attributed to the decomposition of surface 

functional groups. According to the slope, the AC and Mod AC were thermally stable 

up to 400 C and 550 °C, respectively. Thus, both samples were suitable as catalyst 

supports for a reaction condition below those temperatures. 
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Figure 5.5 Thermograms of AC (solid line) and Mod AC (dashed line). 

 

N2 adsorption-desorption isotherms of AC and Mod AC are shown in 

Figure 5.6. The adsorption at P/P0 < 0.1 corresponded to monolayer adsorption (Hesas 

et al., 2013). After modification, Mod AC had a lower volume adsorbed (Va) and 

lower BET surface area (Table 5.2).  The modification could cause collapse of pores. 

It was also possible that the presence of functional groups, such as hydroxyl, carboxyl 

blocked N2 to enter the pore (Ngernyen et al., 2005). 
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Figure 5.6 N2 adsorption-desorption isotherms of AC and Mod AC; adsorption 

(filled) and desorption (empty). 

 

Table 5.2 BET surfaces area by N2 adsorption-desorption analysis. 

 BET surface area 

(m
2
.g

-1
) 

AC 412 

Mod AC 170 
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5.5 Conclusions 

Activated carbon was prepared from charcoal of M. calabura wood by CO2 

physical treatment. It was further modified by air zero physical treatment. Regarding 

to FTIR and CHNO analysis, oxygen containing functional groups referred to acid 

sites increased after activation and modification. Moreover, Both AC and Mod AC 

showed high thermal stability. However, the surface area of modified activated carbon 

decreased because of pore blocking by the present of functional group.  
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CHAPTER VI 

SYNTHESIS AND CHARACTERIZATION OF NICKEL 

CATALYSTS ON ACTIVATED CARBON AND MCM-41 

FOR THE SYNTHESIS OF n-BUTANOL FROM 

ETHANOL  

 

6.1 Abstract 

The objective of this part is to prepare nickel catalyst on activated carbon by 

precipitation and on [Si]MCM-41 by impregnation, and characterize by several 

methods. Nickel nanoparticles and nickel incorporated MCM-41 were also prepared 

by microwave-assisted hydrothermal method for comparison. The structure, acidity 

and basicity were analyzed by XRD, NH3-TPD and CO2-TPD, respectively. Nickel 

species on both supports were nanoparticles. The catalytic screening of Guerbet 

reaction to produce n-butanol from ethanol conversion was performed under 

autogeneous pressure at 240 °C for 6 h. The nickel supported on activated carbon and 

MCM-41 had higher ethanol conversion than unsupported nickel nanoparticle.  
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6.2 Introduction 

In the future, n-butanol could become a main part of the biofuels especially for 

transportation according to their high heating value, high flash point, low oxygen 

content and miscibility with diesel and gasoline. Currently, a commercial method to 

produce n-butanol is a fermentation process from food. However a production 

capacity, competition with food and toxicity from bacteria are concerned (Kaminski et 

al., 2011). Several researches have been shifted the process to a chemical reaction of 

ethanol from biomass in the presence of a heterogeneous catalyst. Recently, Riittonen 

et al. (2012) studied a one-pot liquid-phase reaction and concluded that Ni metallic 

form supported on Al2O3 had higher catalytic activity than Pt, Pd, Ag and Co. Then 

Zhang et al. (2013) revealed a simple and environmental friendly method to produce 

n-butanol by Guerbet process with Co metal powder in a hydrothermal batch reactor at 

240 °C and autogenous pressure; a good yield and high selectivity were obtained. 

Although a good reaction pathway of n-butanol was developed (Zhang et al., 2013), 

the catalyst is still expensive. This problem could be solved by dispersing the metal 

active phase on porous materials. 

Nickel supported and incorporated in MCM-41 were prepared for catalytic 

reactions involving hydrogen transfer (Karnjanakom et al., 2015; Nash et al., 2016; 

Tanggarnjanavalukul et al., 2015; Tran et al., 2016; Qin et al., 2015; Wojcieszak et al., 

2004). Activated carbon is a porous material which is widely used as a support for 

nickel catalyst (Fidalgo et al., 2010; Rios et al., 2003; Vasu et al., 2008; Wojcieszak et 

al., 2006; Yao et al., 2008).  Thus, nickel on both porous materials could give high 

nickel active sites. This property could help to upgrade the catalytic activity on 

Guerbet process.  
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Therefore, nickel catalysts supported on MCM-41 and activated carbon were 

introduced for the synthesis of n-butanol by ethanol conversion via Guerbet process. 

The modified activated carbon which contained the high amount of hydroxyl group 

was used to adsorb nickel ion by impregnation and further reduced by ethylene glycol. 

The catalytic testing was carried out in a batch reactor under an autogenous pressure at 

240 °C. 

 

6.3 Experimental 

6.3.1 Synthesis of nickel nanoparticle  

Nickel nanoparticles were synthesized by a method modified from Zhang et 

al. (2004) and Motuzas et al. (2014). A mixture with OH
-
:Ni

2+
 of 4:1 was prepared by 

dissolving from 0.3553 g of nickel acetate tetrahydrate (98+%, Strem chemicals) and 

2.2373 g of sodium hydroxide (Carlo Erba) in 60 mL of ethylene glycol (Carlo Erba). 

The resulting solution was transferred into a 100 mL microwave vessel, closed and 

heated via microwave irradiation in a Microwave MARs 6-One Touch in which the 

temperature is monitored by IR sensor with an adjustable power output (300 W). The 

temperature was fixed at 180 °C, heating rate 5 °C/min and duration of 15 minutes. 

After cooling to room temperature, the precipitate was filtered, washed with ethanol 

and dried at 160 °C. The obtained sample was named “Nickel nanoparticle”. 

 

6.3.2 Preparation of nickel nanoparticles supported on MCM-41 by 

impregnation (nanoNi/MCM-41 (IMP)) 

Nickel nanoparticle supported on MCM-41 was prepared by impregnation 

method. Colloidal nickel nanoparticle from section 6.3.1 was suspended in ethanol 
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and slowly dropped on calcined [Si]MCM-41 (1 g) and stirred for 24 h. The supported 

Ni catalysts were dried at 160 °C overnight, and named “nanoNi/MCM-41 (IMP)”. 

The loading of Ni was 10 wt.%. 

 

6.3.3 Synthesis of nickel incorporated MCM-41 under microwave irradiation 

(Ni-MCM-41) 

The gels of NiMCM-41 was prepared by using a silica gel as a silicon 

source (Merck), cetyltrimethylammonium bromide (CTAB, ACROS) as a template, 

sodium hydroxide (NaOH, Carlo Erba) as an alkaline solvent, and 3 M sulfuric acid 

(diluted from 96% H2SO4, Carlo Erba) as a pH adjusting agent. CTAB was dissolved 

in 20 mL deionized water. Then, a solution containing 3.551 g of SiO2 in 40 mL 

NaOH solution was added within 1 h under stirring. After a continuous stirring for 2 

h, a 1nickel precursor solution was added. After 18 h the gel pH was adjusted to 9-10 

by 3 M H2SO4 within 30 min. After a continuous stirring for another 2 h, the resulting 

gel with total volume of 60 mL was transferred into a 100-mL microwave vessel, 

closed and heated under microwave irradiation in a Microwave MARs 6-One Touch. 

The temperature was fixed at 100 °C, heating rate 5 °C/min for 180 min. After 

cooling to room temperature, the precipitate was filtered, washed with deionized 

water, dried at 80 °C and calcined at 550 °C for 6 h and named “Ni-MCM-41”. For a 

comparison, siliceous MCM-41 was synthesized by the same procedure without 

adding nickel precursor solution. The obtained sample was named “[Si]MCM-41 

(MW)”. The characterizations of Ni-MCM-41 sample were shown in appendix B. 

 

 

 

 

 

 

 

 

 

 



86 

 

6.3.4 Preparation of nickel supported on modified activated carbon by 

precipitation (nanoNi/Mod AC) 

One gram of modified activated carbon (from Chapter V) was dispersed in 

a 0.3553 g of nickel acetate tetrahydrate in 30 mL of ethylene glycol to allow nickel 

adsorbs on the surface for 12 h. Then, 2.2373 g of sodium hydroxide in 30 mL of 

ethylene glycol producing the OH
-
:Ni

2+
 mole ratio of 4:1 was added. The 10% weight 

of Ni
2+

 was expected. The resulting solution with total volume of 60 mL was 

transferred into a 100 mL microwave vessel, closed and heated via a Microwave 

MARs 6-One Touch. The temperature was fixed at 180 °C, heating rate 5 °C/min and 

duration of 15 min. After cooling to room temperature, the precipitate was filtered, 

washed with ethanol and dried at 160 °C. The obtained sample was named 

“nanoNi/Mod AC”. 

 

6.3.5 Characterization 

Nickel nanoparticle was characterized by X-ray diffraction. The crystalline 

size (D) was calculated by using the Scherrer’s equation (Eq 6.1). MCM-41 phase of 

all catalyst was confirmed by X-ray diffraction. Functional group was determined by 

Fourier Transform Infra-red (FTIR) technique.  

 

                        




cos

89.0
D   (6.1) 

Where  is wavelength (1.5418 Å),   is full width at half maximum 

(FWHM) of the peak, and  is the Bragg’s angle of the XRD peak from the main 

diffraction peak. 
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Acidity of sample was determined by NH3 temperature-programmed 

desorption (NH3-TPD) in a Belcat-B equipped with a thermal conductivity detector. A 

sample amount of 250 mg was packed in a tubular U-shaped quartz cell, preheated at 

550 °C in a He flow (50 mL/min) for 120 min to eliminate physisorbed species and 

cooled to 50 °C. Then a constant flow of 30 mL/min of 5% vol. NH3/Ar gas mixture 

was introduced over the samples for 30 min to achieve saturation. After that the 

sample was purged with He for 30 min at 100 °C to remove physisorbed NH3. The 

TPD measurement was performed from 100 – 800 °C with a heating rate 10 °C/min. 

The relative number of acid sites was calculated from the peak area. 

Basicity of sample was determined by CO2 temperature programmed 

desorption (CO2-TPD), also in a Belcat-B instrument. A sample amount of 250 mg 

was packed in a tubular U-shaped quartz cell, preheated at 550 ºC in a He flow (50 

mL/min) for 120 min to eliminate physisorbed species and cooled to 50 °C. Then a 

constant flow of 30 mL/min of 5% vol. CO2/Ar gas mixture was introduced over the 

samples for 30 min to achieve saturation. After that the sample was purged with He 

for 30 min at 100 °C to remove physisorbed CO2, the TPD measurement was 

performed from 100 – 800 °C with a heating rate 10 °C/min. The relative number of 

basic sites was calculated from the peak area. 

 

6.3.6 Catalytic performance on hydrothermal synthesis of n-butanol from 

ethanol 

Catalytic reaction was done in a 450 mL of Parr 5500 compact reactor with 

the following procedure. The starting reagent solution containing 150 mL of ethanol, 

4.2 g of NaHCO3, 70 mL of water, and 0.4 g of catalyst was added into the autoclave, 
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sealed, placed in a furnace and heated to 240 °C for 6 h. The final autogenous 

pressure in the autoclave was around 55 bars as measured by a digital pressure gauge. 

After each test, the autoclave was quenched to room temperature by water-cooling.  

Products were analyzed by a gas chromatograph equipped with flame 

ionization detector (GC-FID, Agilent G1530A) equipped DB-wax (polyethylene 

glycol) column.  The 0.5 mL of sample and 0.1 mL of n-heptanol as an internal 

standard were diluted in 25 mL of water. The sample (0.1 µL) was injected with a 

50:1 split mode. The injection and FID detector temperature were 180 °C and 100 °C, 

respectively. The temperature was programmed from 100 °C, ramp to 120 °C at 4 

°C/min, and then to 180 °C at 30 °C/min for 1 min. 

The concentration of ethanol was determined from a standard curve 

produced by the ratio of peak height of ethanol and n-heptanol with various %volume 

of ethanol (Appendix B). Then the conversion of ethanol was calculated by Equation 

6.2 (Riittonen et al., 2015). 

 

        100 (%)  ethanol of  Conversion
0

0 








 


C

CC i  (6.2) 

 

Where C0 is the initial concentration of ethanol and Ci is measured 

concentration of ethanol after catalytic reaction. 

The n-butanol selectivity was estimated from the ratio of peak height of n-

butanol and n-heptanol. 
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6.4 Results and discussion 

6.4.1 Nickel nanoparticle 

The XRD pattern of nickel nanoparticles is shown in Figure 6.1. The main 

diffraction peaks at 44.4, 51.8 and 76.2 degree were assigned to (100), (200) and 

(220) planes of metallic nickel form (Zhang et al., 2004). The sample did not show the 

peaks at 32.9, 38.5, and 51.7 degree corresponding to Ni(OH)2 as intermediate phase, 

and the peaks at 37.2, 43.3 and 62.9 degree corresponding to NiO (Motuzas et al., 

2014; Dharmaraj et al., 2006). Nickel nanoparticles were synthesized successfully at 

180 °C in 15 min. Thus, the crystalline size calculated by Scherrer’s equation was 

about 32 nm with 0.46 degree of FWHM. The adapted method of nickel nanoparticle 

was improved by using a shorter time and lower temperature than that of original 

method (Motuzas et al., 2014; Zhang et al., 2004). 
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Figure 6.1 XRD pattern of nickel nanoparticles. 
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6.4.2 nanoNi/MCM-41 (IMP)  

The XRD pattern of nanoNi/MCM-41 (IMP) was divided to two ranges. 

The first range is a characteristic of MCM-41. The main diffraction peak of (100) 

plane of MCM-41 structure was observed (Figure 6.2a) indicating that MCM-41 pores 

did not collapse after nickel impregnation. However, the low intensity of the (100) 

plane together with the disappearing of other diffraction peaks indicated that 

mesopores lost some periodicity. The XRD pattern in the second range is shown in 

Figure 6.2b.  Peaks of nickel nanoparticle were still observed. The crystalline size was 

about 45 nm by Scherrer’s equation with 0.33 degree of FWHM.  
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Figure 6.2 XRD patterns of [Si]MCM-41 () and nickel nanoparticles () in 

nanoNi/MCM-41 (IMP) sample. 
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6.4.3 Ni/Mod AC 

The XRD pattern of nickel phase on modified activated carbon is shown 

in Figure 6.3.  Nickel XRD pattern was similar to nickel nanoparticle. The crystalline 

size was about 50 nm by Scherrer’s equation with 0.30 degree of FWHM.  

40 45 50 55 60 65 70 75 80

Ni/Mod AC

 

In
te

n
si

ty

2 Theta ()

 

 

Figure 6.3 XRD patterns of nickel nanoparticles () in Ni/Mod AC. 

 

6.4.4 Catalyst screening on Guerbet reaction 

Before a catalytic testing, a blank test was carried out with the absence of 

catalyst. The ethanol conversion was obtained (see Table 6.1). The NaHCO3 in the 

solution could serve as a base catalyst to convert ethanol to acetaldehyde, 

butyraldehyde, crotonaldehyde, crotylalcohol, 2-butanol and n-butanol (Ndou et al., 

2003). 

By using 1 g of nickel nanoparticle catalyst, the ethanol conversion was 

more than two fold higher than the blank test. Therefore, nickel catalyst could be a 
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hydrogen borrowing for dehydrogenation and hydrogenation. Both reactions produced 

two molecules of aldehyde (intermediate), butanal (intermediate) and butanol 

(Riittonen et al., 2012; Zhang et al., 2013). 

As the presence of their acid/base properties are shown in Chapter V and 

section 6.4.2, the effect of 0.4 g of supports (MCM-41 and Mod AC) was 

investigated. The aldol condensation of intermediates was possibly catalyzed via both 

acid and base catalyst (Nielsen et al., 1968). Thus, the ethanol conversion of MCM-41 

and Mod AC slightly increased comparing to the blank test. However, there was no 

evidence to confirm these phenomena clearly about the role of the bare supports. 

Nickel incorporated MCM-41 (0.4 g) as a catalyst was tested to see the 

possibility as a hydrogen borrowing catalyst from weak hydrogen adsorption on 

partial charge of surface (Carraro et al., 2014). NiMCM-41 (MW) gave ethanol 

conversion two times higher than the bare MCM-41. This result assumed that the 

partial charge on mesopore created by insertion of nickel atom could be a hydrogen 

borrowing site.  

The catalytic testing of nickel impregnated on MCM-41 and Mod AC was 

carried out to see effect of metal dispersion. The supported catalysts showed higher 

ethanol conversions than the nanoparticles. The role of support material on nickel 

catalyst resulted to improve catalytic conversion. 

The approximated n-butanol selectivity was the highest from nickel 

nanoparticle. However, the selectivity from Ni-MCM-41 (IMP) and Ni-Mod AC was 

higher that from the parent support because of the presence of nickel nanoparticles. 

The lower selectivity might imply that the side reactions happened by the imbalance 

of acidic and basic catalyst of support and NaHCO3 (Jordison et al., 2015). 
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Table 6.1 Ethanol conversion (%) and approximated n-butanol on catalyst screening. 

Catalyst 

Ethanol conversion (%) Peak area of  

n-butanol  Per mmole of Ni 

None 6.1 - 0.071 

Nickel nanoparticle 15.9 2.3 0.50 

MCM-41 7.7 - 0.149 

Mod AC 8.7 - 0.098 

NiMCM-41 (MW) 14.7 21.6 0.144 

Ni/MCM-41 (IMP) 23.1 33.9 0.173 

Ni/Mod AC 19.2 28.2 0.103 

 

6.5 Conclusions 

Nickel incorporated MCM-41 was confirmed by the diffraction peak shift of 

(100) plane of MCM-41 structure. The acid/base properties of MCM-41 were 

increased by nickel insertion. Moreover, the hydrogen consuming and releasing on 

NiMCM-41 was higher than MCM-41 and implied to be a hydrogen borrowing 

catalyst. In case of Ni-MCM-41 (IMP), the presence of nickel nanoparticle and 

MCM-41 structure was observed by XRD. Likewise, Ni-Mod AC also confirmed 

nickel catalyst. 

The activity of n-butanol synthesis from ethanol conversion via Guerbet process 

was lower than that from other works. However, the multifunctional active site 

containing metal and acid/base is promising to improve the catalytic reaction by re-

modification of catalyst. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATION 

 

 In this work, [Si]MCM-41 was synthesized under microwave irradiation. The 

MCM-41 with high quality was obtained from a gel composition of 

3.34SiO2:4.46NaOH :1CTAB:1.16H2SO4:225H2O at 100 °C for 90 min. The less 

CTAB:SiO2 mole ratio led to incomplete formation of hexagonal structure. In 

contrast, the excess CTAB:SiO2 mole ratio caused phase transformation and was not 

sufficient for the formation of the hexagonal structure. In addition to NaOH:SiO2 

mole ratio, the mesopore wall thickness increased with an increase of NaOH 

concentration. Finally, the hexagonal phase began to form at 15 min and high order 

was obtained at 90 min. Under those suitable parameters, [Si]MCM-41 had a0  44.80 

Å, uniform pore diameter of 27.40 Å, BET surface area of 1138 m
2
.g

-1
 and high 

thermal stability to 1100 °C. The obtained [Si]MCM-41 was further employed as a 

catalysts support. However, studies on parameters like silicate concentration, type of 

basic solution, pH, temperature, power of microwave etc. were needed to improve the 

quality of [Si]MCM-41 synthesized under microwave irradiation. 

CTA
+
 removal from the as-synthesized [Si]MCM-41 was investigated by ion 

exchange. The appropriate condition was performed at 30 °C for 15 min under 

sonication with NH4Cl methanolic solution to give 77% removal. The obtained 

[Si]MCM-41 after an ion exchange from the suitable condition did not collapse. 

Unlike other conditions, the ordering hexagonal phase of [Si]MCM-41 changed 
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or lost by alkaline or basic salt solution. Although the suitable temperature and time in 

this study was mild, an increase of both parameters led to increase on ion exchange 

behavior.  Furthermore, the CTA
+
 recovery in this work resulted in partially oxidized 

sample and mixed compound from both extracted CTA
+
 and waste powder. The 

recovery process is interesting for a further study to make the recycle possible. 

 Another catalyst support was a modified activated carbon from M. calabura. 

The physical treatment by air zero was used to activate the charcoal. Then, a further 

physical treatment by CO2 was used to increase acid functional groups as adsorption 

sites. The modified activated carbon had more acid sites than the parent one. The 

decrease of BET surface area was probably caused by pore collapse and blocking 

from an increasing of functional groups. Moreover, the thermal stability of the 

activated carbon rose up to 550 °C after modification. However, the properties of 

activated might be further enhanced by varying time and temperature during physical 

treatment. The acid and basic species could be accurately determined by Boehm 

titration.  

 Finally, nickel catalysts supported on [Si]MCM-41 and modified activated 

carbon were prepared. Catalyst screening for all nickel catalysts on the synthesis of n-

butanol from ethanol by Guerbet reaction showed 6 – 23% of ethanol conversion with 

a low approximated n-butanol selectivity. Nickel catalyst supported on [Si]MCM-41 

and modification had a higher ethanol conversion than the unsupported nanoparticles. 

In addition, nickel incorporated [Si]MCM-41 resulted in a twofold higher ethanol 

conversion than the bare [Si]MCM-41. This case implied that nickel might play an 

important role as hydrogen borrowing sites. So, the re-modification of multifunctional 

catalyst is promising to improve the catalytic activity.  
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APPENDIX A 

EFFECT OF Na
+
 AND K

+
 WITH DIFFERENT ANIONS 

AND EXTRACTION BY PURE METHANOL 

 

A 1 Effect of Na
+
 and K

+
 with different anions 

The TGA thermograms and percent CTA
+
 removal of detemplated [Si]MCM-41 

(MW) after extraction with  sodium salts containing different anions (OAc
-
, NO3

-
, Cl

-
 

and Br
-
) in methanol are showed in Figure A 1 and Table A 1. The highest efficient 

CTA
+
 removal was obtained from NaNO3 solution.  In the event of NaCl and NaBr 

solution, they showed the low CTA
+
 removal because both of bond dissociation 

energy of Na-Cl and Na-Br (410 and 370 kJ/mol, respectively) are more than           

Na-O(-Si) (Cottrell, 1958). Consequently, the exchange between Na
+
 and CTA

+
 was 

not favorable. In case of NaOAc solution, the CTA
+
 removal was the lowest because 

base species were generated by acetate anion and then compete for interaction with 

other cations.  
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Figure A 1 Thermograms of detemplated [Si]MCM-41 (MW) after extraction with  

sodium salts containing different anions (OAc
-
 , NO3

-
, Cl

-
 and Br

-
) in 

methanol. 

 

Table A 1 The percent CTA
+
 removal of detemplated [Si]MCM-41 (MW) after 

extraction with  sodium salts containing different anions (OAc
-
, NO3

-
, 

Cl
-
 and Br

-
) in methanol. 

 
% Weight loss %  CTA

+ 
removal  

Na(OAc) 26.77 36.40 

NaNO3 9.09 78.40 

NaCl 21.78 48.25 

NaBr 21.34 49.30 
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By fixing K
+
 cation, the TGA thermograms and percent removal are shown in 

Figure A 2 and Table A 2, respectively. All potassium salts displayed the similar 

CTA
+
 removal. The reason can be explained by same way as sodium salts. The 

different anions of potassium salt could not improve the removal efficiency. 
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Figure A 2 Thermograms of detemplated [Si]MCM-41 (MW) after extraction with  

potassium salts containing different anions (OAc
-
(A), NO3

-
(B), Cl

-
(C) 

and H2PO4
-
(D)) in methanol. 
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Table A 2 The percent CTA
+
 removal of detemplated [Si]MCM-41 (MW) after 

extraction with  potassium salts containing different anions (OAc
-
, NO3

-
, 

Cl
-
 and H2PO4

-
) in methanol. 

 
% Weight loss % CTA

+ 
removal 

K(OAc) 22.72 46.02 

KNO3 23.43 44.33 

KCl 17.78 57.75 

KH2PO4 19.97 52.55 

 

Furthermore, the [Si]MCM-41 structure of detemplated [Si]MCM-41 (MW) after 

extraction with  sodium or potassium salts containing different anions in methanol 

was characterized by XRD (Figure A 3 and A 4. Almost sodium and potassium salts 

lead to destroy [Si]MCM-41 structure during ion exchange even in other anions 

condition. The formation of alkaline oxide on the pore wall was still occurred. 

Moreover, base species from acetate ion, it would directly broke down [Si]MCM-41 

structure by depolymerization (Hitz and Prins, 1997). In case of KHPO4 solution, 

H2PO4
-
 ions can dissociate to H

+
, HPO4

2-
 and PO4

3-
 . For this reason, the one species 

of those is proton (H
+
) which is the smallest cation size and easiest to exchange with 

CTA
+
. [Si]MCM-41 structure could not be broke off by KH2PO4. 
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Figure A 3 XRD patterns of detemplated [Si]MCM-41 (MW) after extraction with  

sodium salts containing different anions (OAc
-
, NO3

-
, Cl

-
 and Br

-
) in 

methanol. 
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Figure A 4 XRD patterns of detemplated [Si]MCM-41 (MW) after extraction with  

potassium salts containing different anions (OAc
-
, NO3

-
, Cl

-
 and H2PO4

-
) 

in methanol. 
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Figure A 5 Thermogram of detemplated [Si]MCM-41 (MW) after extraction with  

pure methanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

APPENDIX B 

ADDITIONAL INFORMATION OF NICKEL CATALYST 

AND CATALYTIC TESTING 

 

B 1 Characterizations of NiMCM-41 (MW) 

The XRD pattern of Ni-MCM-41 is shown in Figure B 1. The sample shows 

characteristic peaks of MCM-41 at 2.00, 3.50, 4.00 and 5.40 degree corresponding to 

(100), (200) and (220) planes. Comparing to the parent MCM-41, all diffraction peaks 

of NiMCM-41 shifted to lower angles corresponding to pore expansion because the 

longer Ni-O bond distance (1.94 Å) than Si-O (1.63 Å) implied to increase framework 

of pore along with (100) plane (Tanaka et al., 2012). Moreover, the sample did not 

show diffraction peaks corresponding to NiO or Ni metallic form (Figure B 2). 

Therefore, it can be concluded that nickel was successfully inserted into MCM-41 

structure. 
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Figure B 1 XRD patterns of [Si]MCM-41 (MW) and Ni-MCM-41. 

10 15 20 25 30 35 40 45 50

In
te

n
si

ty

2 Theta ()

  

 

 

Figure B 2 XRD pattern of NiMCM-41 (MW) of 10 - 50 degree. 
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 CO2-TPD profiles and total basicity of [Si]MCM-41 (MW) and Ni-MCM-41 

are shown in Figure B 3 and Table B 1.  The [Si]MCM-41 (MW) illustrated a broad 

peak around 100-400 °C related to weak basicity from physisorbed CO2 . For the 

nickel incooperated MCM-41, a broad peak also displayed between 100-400 °C. 

However, peak at 200 °C showed significantly increasing. This would explain that 

nickel phyllosicate induced the higher partial negative charge on oxygen atom than 

pristine MCM-41. Similar to Chen et al. (2007), they added a metal with a lower 

oxidation state than silicate into siliceous mesoporous material. The basicity of their 

material was higher value than that of the parent material. 
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Figure B 3 CO2-TPD profiles of [Si]MCM-41 (MW) and Ni-MCM-41. 

 

NH3-TPD profiles and total acidity of [Si]MCM-41 (MW) and Ni-MCM-41 are 

shown in Figure B 4 and Table B 1. The [Si]MCM-41 (MW) illustrated a broad peak 
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around 300 °C which corresponded to Brönsted acid site from silanol group. The 

presence of various location of silanol group resulted in a broad peak (Chen et al., 

1995; Zhao et al., 1997). For the nickel incooperated MCM-41, a broad peak 

displayed between 100-500 °C. It seemed to composed of two acid sites (Lehmann et 

al., 2012). The broad peak at around 100 °C referred to Lewis acid site from nickel 

phyllosilicate and around 300 °C referred to Brönsted acid site. In this case the 

addition of nickel inserted to MCM-41 structure led to an increase of Lewis and 

Brönsted acid sites. 
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Figure B 4 NH3-TPD profiles of [Si]MCM-41 (MW) and Ni-MCM-41. 

 

 

 

 

 

 

 

 

 

 

 



111 
 

Table B 1 Total basicity and acidity of [Si]MCM-41 (MW) and Ni-MCM-41. 

 Total basicity (mmol/g) Total acidity (mmol/g) 

[Si]MCM-41 (MW) 0.086 0.085 

Ni.MCM-41 0.137 0.345 

 

The invert-TPR profiles of [Si]MCM-41 (MW) and Ni-MCM-41 are shown in 

figure B.5. The [Si]MCM-41 (MW) sample showed a hydrogen consumption peak at 

146 °C from the water desorption which probably influenced the methane formation. 

The release of hydrogen peaks around 414 and 456 °C corresponded to physisorbed 

hydrogen. The Ni-MCM-41 sample showed hydrogen consumption peaks at 139 °C 

and at 185 °C. Again, the hydrogen evolution at 396 °C related to hydrogen 

desorption from nickel species. Furthermore, a huge broad peak around 542 °C could 

be assigned to reduction of Ni
2+

 to Ni
0
. From these data, the [Si]MCM-41 (MW) and 

Ni-MCM-41 could be used as borrowing hydrogen material. 
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Figure B 5 Invert-temperature program reduction (i-TPR) profiles of [Si]MCM-41 

(MW) and Ni-MCM-41. 
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B 2 Additional information on catalytic testing  

Table B 2 The ratio of peak height of ethanol and n-butanol with %volume of 

ethanol. 

Peak high of 

ethanol 

Peak high of  

n-heptanol 

%Volume 

Ratio of peak 

height 

6245 5353 0.70 1.167 

4312 5005 0.50 0.8615 

2845 5285 0.30 0.5383 

2376 5250 0.25 0.4526 

2280 6202 0.20 0.3676 

1704 6094 0.15 0.2796 

1070 5393 0.10 0.1984 
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Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

3.71856E-4

Pearson's r 0.99974

Adj. R-Square 0.99938

Value Standard Error

ratio
Intercept 0.04347 0.00612

Slope 1.61836 0.01649

 

Figure B 6 The standard curve of % volume of ethanol.  
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