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CHAPTER 1 
INTRODUCTION 

1.1 General Introduction 

Diethylether (DEE) is a renewable fuel, which presents a high cetane number more 

than 125. It is necessary to blend with ethanol/bio-ethanol or diesel to improve the 

performance of diesel engine and reduce emission. DEE is a common product from 

petrochemicals obtained by petroleum source. It is a clear and colorless liquid using 

as a solvent for waxes, fats, oils, production of plastic, and etc. including 

pharmaceutics. Due to the lack of petroleum and global air issue, an alternative energy 

has been interesting in developing in order to produce the petrochemicals products 

from non-petroleum source, such as biomass. Ethanol dehydration reaction is an 

alternative green way to produce DEE. Ethanol as raw material feed, can be converted 

to DEE, ethylene and acetaldehyde using heterogeneous catalysts [1-3]. Ethanol 

dehydration reactions (1) and (2) have long been of interest and developed to produce 

petrochemicals products. As seen, ethylene is a major product at high temperature 

due to its endothermic reaction, while DEE is preferred at lower temperature as it 

proceeds via exothermic reaction. Therefore, in order to remain high selectivity of DEE, 

the ethanol dehydration reaction must be operated at low temperature.  As the result, 

the ethanol conversion would be low, which essentially turns into low DEE yield. 

 

  CH3CH2OH  →  CH2=CH2 + H2O   (1) ΔH298 = + 44.9 kJ/mol 

  2CH3CH2OH → (CH3CH2)2O + H2O (2)    ΔH298 = - 25.1 kJ/mol 

 

Solid acid catalysts, especially having strong BrØnsted acid sites must be required 

in order to have a high catalytic activity. Acid catalysts protonate hydroxyl groups, 
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which leave molecules of water. Then, it deprotonates methyl groups and 

hydrocarbon rearranges into ethylene, which is endothermic reaction [4, 5]. In case of 

DEE, it represents by two different pathways as associative and dissociative pathways. 

The associative pathway adsorbs two molecules of alcohol. Then, it directly 

establishes DEE. The dissociative pathway adsorbs first molecule of alcohol following 

by water elimination. Then, it adsorbs alkyl group and water. The alkyl group and 

second alcohol engender DEE [4]. Maintaining temperature in reaction is strongly 

maintaining yield of product as mentioned above.  

Hydroxyapatite (HAP) is a major composition of skeleton. The stoichiometry of the 

hydroxyapatite is 1.50-1.67 by Ca/P ratio. An oxygen atom of the free -OH group is 

coordinated to three calcium cations [6]. Characteristics of the catalyst depend on the 

Ca/P ratio including substitution of component ions. It shows active area with both of 

weak acid and basis sites in a single-crystal lattice, which are essential property for 

dehydration reaction [6, 7]. Non-stoichiometric of HAP with loss of calcium presents 

difference of catalyst characteristics. With Ca/P molar ratio of 1.5, the catalyst exhibits 

the acidic property. As a basic catalyst, the Ca/P molar ratio is 1.67 [5]. Takashi et al. 

(2006) studied HAP catalyst in ethanol dehydration reaction. Various products are 

obtained with HAP catalyst in ethanol dehydration including ethylene, DEE, 1,3 

butadiene, buthanol, olefins, propylene, aromatic and etc. Moreover, products also 

depend on temperature and contact time. Ethanol is converted into DEE at low 

temperature with low Ca/P ratios of HAP catalyst. In 2008, they continuously studied 

the HAP catalyst by varying reaction temperature. They reported that the products are 

strongly dependent on reaction temperature [8, 9]. According to the report of 

Rahmanian et al. [5], they found that hydroxyapatite and alumina catalyst with 

(Ca+Al)/P molar ratio of 1.62 exhibited a high catalytic activity for ethanol dehydration 

to produce DEE. 

 Alumina and silica catalysts are widely used as catalyst. Alumina catalysts have 

a high surface acidity together with BrØnsted and Lewis site. The property of alumina 
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catalysts is varied with different types such as ϒ -Al2O3, X-Al2O3 and mixed phase ϒ -

X-Al2O3 catalysts. Phillips Oil Company used ϒ -Al2O3 treated with KOH and ZnO/Al2O3 

in ethanol dehydration reaction to produce ethylene. Doheim et al. [10] investigated 

alumina doped with Na2O and Mn2O3 presenting 97% ethanol conversion at 300oC. 

The catalyst was added by Ti(SO4)2 and Na2CO3. The result showed high ethylene 

selectivity up to 99% at 500oC. Although the alumina catalysts can be used in ethanol 

dehydration reaction and produced ethylene product, the reaction temperature is still 

high including other products are formed. Silica catalysts process a high activity in 

dehydration reaction. It is frequently used with normal metal and exhibits very high 

surface area, suitable acidity and high thermal stability. Jiménez-Morales et al. 

examined silica catalysts doped with zirconium and impregnated with sulphuric acid. 

The mesoporous silica catalyst existing Zr exhibited an acid solid catalyst. Luts and 

Katz [11] studied silica catalyst on self-supported reacting with ethanol. Ethane was 

obtained at high reaction temperature.     

    In order to improve activity and characteristics of the catalysts in ethanol 

dehydration reaction, alumina is used to cooperate with silica. Pérez et al. [12] reported 

that silica promoted alumina mesophases presented a high acid property and surface 

area. Phung and Busca [13] used the commercial catalysts in ethanol dehydration 

reaction. It is produced both of ethylene and DEE between temperatures from 423 to 

723 K. DEE formation being more favored for lower Si/Al ratios. The DEE and ethylene 

selectivity depend on the nature of the active site. Chanchuey et al. [14] investigated 

alumina-silica catalysts doped with Mo in dehydration reaction of ethanol. Assembling 

alumina and silica without Mo presented the lowest amount of acid site that is 

preferred in ethanol dehydration. Adding Mo in the catalysts achieved the highest 

conversion as 100%.  

In the present work, hydroxyapatite/alumina-silica catalysts are investigated for 

their characteristics and performance to be used in ethanol dehydration reaction to 

obtain DEE. The preparation of catalysts including physical and chemical (sol-gel and 
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precipitation) methods is compared to determine the most effective way to prepare 

the highly potential hydroxyapatite/alumina-silica catalysts for DEE production. 

 

1.2 Research objectives 

To study the catalytic performance of hydroxyapatite catalyst for the dehydration 

reaction of ethanol to diethylether. 

 

1.3 Research scopes 

▪ To Prepare hydroxyapatite catalyst mixing with alumina-silica (Al-SSP) solid acid 

catalyst by physical and chemical methods by varying ratios of two components. 

▪ To test the catalytic activity of dehydration reaction of ethanol under 

atmospheric pressure at temperature from 200oC to 400oC. 

▪ To test the catalytic performance under optimal condition in order to produce 

diethylether in the ethanol dehydration reaction. 

▪ All catalysts are characterized by X-ray diffraction (XRD), N2 physisorption, 

scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), 

temperature-programmed desorption of ammonia (NH3-TPD) and ICP analysis. 
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1.4 Research methodology  

 
Part I: The effect of HAP/Al-SSP ratio on catalytic activity by physical   

 mixing method for the ethanol dehydration reaction 
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Part II: The effect of HAP/Al-SSP ratio on catalytic activity by chemical   

 mixing method for the ethanol dehydration reaction 
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CHAPTER 2 
THEORIES  

2.1 Ethanol dehydration reaction 

Dehydration reaction of ethanol has been produce ethylene and diethylether. 

According to figure 2.1(a) and 2.1(b). It has one and two path way to produce ethylene 

and diethylether, respectively [4]. Ethylene is a main product of the dehydration. 

Dithylehter is usually obtained at low temperature, ethylene is reverted. The 

dehydration of ethanol is carried out in gas phase in fixed-bed reactor over various 

acid catalysts. The dehydration reaction require both BrØnsted and Lewis acidity of 

catalyst outstanding catalytic activity. Many studies report the effect of conditions in 

reaction and catalysts on the ethanol conversion and product selectivity. 

  

  

  

Figure 2. 1 Mechanism of ethylene from ethanol. 
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Figure 2. 2 Mechanism of diethylether from ethanol.  

 

Ethylene is widely use as a precursor of plastic and polymer such as polyethylene, 

ethylene dicholoride, ethyleneoxide, ethylbenzene, etc [15]. Diehtylether is a volatile 

solvent, clear colorless, also known as ether and ethoxyethane. Diethylether is a 

general use as a solvent in laboratory, as a precursor in pharmaceutical and a valuable 

chemical for clean fuel. It can be synthesis both in industry and laboratory. The 

reaction have to occur in low temperature obtaining high product yield. 

  

  

Figure 2. 3 Products from ethylene in industry [15]. 
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2.2 Hydroxyapatite catalyst  

Hydroxyapatite is a calcium phosphate in a main element of skeleton. An 

important component in a hard tissue of human. It is mostly used as bio-materials in 

medical. Structure in body of hydroxyapatite consist of various element described by 

Yasushi Suetsuguas a formula M10(ZO4)6X2. Property of hydroxyapatite rely on molar 

ratio of calcium and phosphate, also element in structure [16]. 

   

 

Table 2. 1 Main ions in hydroxyapatite body. [M10(ZO4)6X2] 

  

Hydrooxyapatite present any application descrobed by Nidhi Kanthari [17]   

 ▪ Bone tissue engineering 

  ▪ Bone void fillers for orthopaedic, traumatology, spine, maxillofacial and 

dental  surgery. 

  ▪ Orthopedic and dental implant coating 

  ▪ Restoration of periodontal defects 

  ▪ Edentulous ridge augmentation 

  ▪ Endodontic treatment like pulp capping 

  ▪ Repair of mechanical furcation perforations and apical barrier formation 

  ▪ Fillers for reinforcing restorative glass ionomer cement (GIC) and restorative 

 composite resin 
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  ▪ Desensitizing agent in post teeth bleaching 

  ▪ Remineralizing agent in toothpastes 

  ▪ Early carious lesions treatment 

  ▪ Drug and gene delivery 

2.3 Synthesis of catalyst 

 ▪ Sol-gel method 

A sol is a dispersion of particles in a solvent. In the solvent may be have both 

of crystallize and amorphous of particles. A gel consist of liquid phase and 

particular gel established to build a network 

- The idea behind sol-gel synthesis is to “dissolve” the compound in a liquid 

in order to bring it back as a solid in a controlled manner. 

- Multi component compounds may be prepared with a controlled   

stoichiometry by mixing sols of different compounds. 

- The sol-gel method prevents the problems with co-precipitation, which may 

be inhomogeneous, be a gelation reaction. 

- Enables mixing at an atomic level. 

- Results in small particles, which are easily sinterable. 

  ▪ Co-precipitation method  

Co-precipitation is precipitation separating an element down from a solution. 

According to BY I. M. KOLTHOFF [18] co-precipitation is separated by 

- The amount of sample is obtained within an impurities during precipitation. 

- An impurities are adsorbed during composition is carrying down. 

- The amount of mixture precipitate by the adsorption on surface area.    
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CHAPTER 3 
LITERATURE REVIEW 

3.1 Dehydration reaction over silica and alumina catalysts 

  

Yong Tae Kim, et al. (2011) [19] investigated the silica-alumina catalyst on the 

dehydration reaction of glycerol by varying Si/Al molar ration. All catalysts were 

prepared by the co-precipitation method. The specific surface areas of the catalysts 

became significantly larger with increasing an amount of the mole fraction of Al. The 

peak intensity of XRD increased when the amount of Si was increased up to 0.8. 

Analysis if surface acidity from NH3-TPD found that the total amount of acid sites 

increased when increasing the mole fraction of Si up to 0.6 and decreased with a future 

increase. From catalytic activity, the dehydration reaction was strongly depended on 

the acid property and products yield was proportional to the concentration of the 

BrØnsted and Lewis acid sites. 

  

PèreBy L, et al. (2014) [12] studied about the effect of SiO2 addition in alumina on 

the structural and textural properties. Different precursor of SiO2:TEOS and Ludox® 

established the propertied of catalysts. The highest surface area and a high density of 

weak Lewis acid sites were obtained by using TEOS-base material. Ludox®-base 

material provided the smaller pore and reduced the total pore volume. 

  

Thanh Khoa Phung, et al. (2014) [20] started by commercial alumina catalysts and 

silica-alumina catalyst: P90, P200, V200, D100 and SA330. They found all of catalysts 

have the type IV of porosity characteristic. From pyridine adsorption, P200 and V200 

had strong Lewis acid sites which P200 had the strongest site. The only SA330 catalysts 

(silica-alumina) had both very strong Lewis sites and BrØnsted sites. In ethanol 
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dehydration reaction test, the total conversion was obtained at 673 K over all of 

alumina catalysts. The catalytic activity of P200 was higher than SA330 followed by 

P90 and V200, respectively. Those catalysts gave ethylene yield above 99% at 623 K 

except V200. Over all of catalysts gave high diethylether selectivity at low temperature 

and conversion, while temperature and conversion vary directly to the ethylene 

selectivity. 

  

Phung and Busca (2015) [13] investigated five commercial silica-alumina acid 

catalysts: one of pure alumina (A), one of pure silica (S) and three of different silica-

alumina ratio (SA5, SA30 and SA87). They presented both of strong Lewis and BrØnsted 

acidity from the characteristic of pyridine adsorption. From BET analysis, the (S) acid 

catalyst had surface area higher than the (A) acid catalyst but less active. In case of 

silica-alumina acid catalysts, the catalytic activity was higher correspond to the surface 

area. Moreover, the catalytic activity of silica-alumina acid catalysts was higher by 

increasing silica-alumina ratio. However, they founded that the significant difference of 

diethylether and ethylene seletivities were quite similar conversion.  

  

3.2 Hydroxyapatite-base catalysts  

  

Takashi Tsuchida, et al (2006) [8] prepared hydroxyapatite catalysts by the 

preciptiation method by varying the Ca/P ratio. The temperature of ethanol 

dehydration reaction was experimented between 300 to 450oC. BET surface area of 

each catalysts was 30-50 m2/g. Hydroxyapatite catalysts had both of a large amount 

of acid sites and a few of base sites. With low Ca/P ratio (1.52) at low temperature, 

diethylether was produced. When temperature reached to 400oC, the selectivity of 

ethylene was 80% and also a small amount of acetaldehyde was produced. By 
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increasing the Ca/P ratio (1.69), n-butanol was produced with the highest selectivity 

and also acetaldehyde with 24.9% selectivity. 

  

Shuhei Ogo, et al (2012) [21] reported the dehydration reaction of ethanol in fix-

bed reactor under atmospheric pressure at 300oC. All of catalysts were pretreated in 

Ar flow for 3 h under temperature at 550oC. The products were collected in liquild 

phase for analysis on a GC-FID. Strontinum phosphate hydroxyapatite catalysts with 

various Sr/P molar ratios from 1.58 to 1.70 were synthesized by hydro-thermal method. 

From ICP analysis, the Sr/P molar ratios were founded that the molar ratios as 1.67 

while increasing a amount of Sr/P ratios in the preparation step. The CO2 and NH3 TPD 

was determined to measure acid and basic sites. The catalysts had strong and weak 

basic sites. When the Sr/P molar ratios increased the strong basic site also increased. 

The NH3-TPD showed that had a large amount of weak acid sites. In case of strong acid 

sites relatively with increasing in the Sr/P molar ratio. In this study, 1-butanol was 

mainly produced from the ethanol dehydration reaction. With a small increasing Sr/P 

molar ratio, the selectivity of 1-butanol was increased and 1-butanol selectivity also 

depend on ethanol conversion. Moreover, the catalytic activity correspond to the 

density of strong basic sites. 

  

A. Rahmanian and H.S. Ghaziaskar (2013) [5] compared the effect of adding and 
non-adding AlPO4 in hydroxyapatite catalyst on ethanol dehydration reaction. The 
catalysts were prepared by precipitation method with 1.62 Ca/P and 1.62 (Ca+Al)/P 
molar ratios. A quantity of Ca, P and Al were obtained by EDX analysis. All of 
characteristics by the BET method of AlPO4/HAP was higher than pure HAP. The results 
of catalytic testing over HAP catalyst was founded that increasing the temperature 
diethylether was increased. At 350oC, the diethylether selectivty was highest at 70% 
while ethanol conversion was gained 38%. After using hydroxyapatite catalyst for 41 h, 
the catalyst remain stable confirming by the result of XRD analysis.  
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Yumiko Matsuura, et al (2014) [22] reported hydroxyapatite catalyst for 

dehydration reaction with various cations and anions (Ca-P, Sr-P, Pb-P, Ca-V and Sr-V). 

The hydroxyapatite catalysts were obtained by hydrothermal method. Atomic ratios 

of catalysts were equal to 1.67 except Pb-P hydroxyapatite catalyst (1.71). Specifis 

surface areas of catalysts was depend on the chemical compositons which the highest 

was Ca-P hydroxyapatite catalyst. From CO2-TPD analysis, all of catalysts showed that 

they had a large number of weak basic sites at 350 K. The density of  CO2-TPD method 

at 500 K increasing in the following by Pb-P, Sr-V, Ca-V and Ca-P, Sr-P. The acid sites 

was determined by NH3-TPD increasing in the following by Ca-V, Sr-V, Ca-P, Sr-P and 

Pb-P and the basic sites was reverse. The catalytic activity reported by 

dehydrogenation/dehydration ratio. Pb-P and Ca-V catalysts showed the 

dehydrogenation/dehydration ratio 5.7 and 0.5 respecting to the most amount of basic 

and acid sites, respectively. 

  

M. Sudhakar, et al (2016) [23] investigated the hydroxyapatite supported metal 

(Pd, Pt, Ru ,Cu and Ni) catalysts for hydrogenation reaction. The hydroxyapatite 

supported metals were prepared by a wet impregnation method. The BET surface area 

of pure hydroxyapatite was highest following by Ru-, Pd-, Cu-, Pt-, and Ni-impregnated. 

Focused on Ru/HAP, the addintion of Ru affected to the decrease in weak and 

moderate basic sites while increasing strong basic sites and presented weak, moderate 

and strong acid sites. Thus, the Ru/HAP catalyst had both of acid and basic sites. 
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CHAPTER 4 
EXPERIMENTAL 

  
4.1 Catalyst preparation 

4.1.1 Materials 

  
Table 4. 1 The chemicals used in the catalysts preparation. 

Materials Formula Supplier 

Ethanol (99.99%) C2H5OH VWR 

Tetraethyl orthosilicate (TEOS) (98%) Si(OC2H5)4 Aldrich 

Cetyltrimethylammonium bromide (CTAB) (98%) CH3(CH2)15N(Br)(CH3) Aldrich 

De-ionized water - - 

Ammonia (30%) NH3 Panreac 

Ammonium nitrate nonahydrate (98%) Al(NO3)3 • 9H2O Aldrich 
Hydroxyapatite (HAP) (Reagent grade) Ca5(OH)(PO4)3 Aldrich 

Ruthenium (III)  Ru(NO)(NO3)x(OH)y, x+y=3 Aldrich 

  

 

4.1.2 Preparation of Al-SSP catalysts 

According to Chanchuey T, et al. [14] the experiment started by mixing a 11.46 ml 
of ammonia solution in a 70.56 ml of DI water adding in a 3.3 g of CTAB. Then, the 
mixture was stirred by magnetic bar for 30 min at room temperature followed by 
adding a 6.3 g of TEOS and continuous stirred for 1 hr. After that, 16.89 g of 
Al(NO3)3•9H2O was added into the mixture and continuous stirred for 1 hr.  Until the 
white wet-cake was obtained. After that the solution was operated under vacumn 
condition and dried at room temperature for a day before dried at 110oC overnight. 
Finally, the solid acid catalyst is calcined under atmospheric pressure at 700oC for 6 hr 
in air. The Al-SSP is gained as the Al-SSP ratio as 60/40. 
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4.1.3 Preparation of Al-SSP/HAP catalysts by physical mixing 

Firstly, the Al-SSP solid acid catalyst from previous synthesis was mixed with 
hydroxyapatite (20-80 wt%) in toluene at room temperature and stirred for 40 min. 
Then, the solvent was removed from the mixture and washed by de-ionized water. 
The solid catalyst was dried at 110oC overnight and calcined at 600oC for 2 hours in air 
under atmospheric pressure. The solid catalysts were prepared by varying weight ratios 
of hydroxyapatite:Al-SSP as 1:0, 2:8, 4:6, 6:4, 8:2, and 0:1 defined by 100H, 20H80AS-P, 
40H60AS-P, 60H40AS-P, 80H20AS-P, and 100AS respectively.  

 
4.1.4 Preparation of Al-SSP/HAP catalysts by chemical mixing 

▪ Sol-gel method 
The preparation is similar to the Al-SSP catalyst preparation. First, the mixture of 

3.3 g of CTAB, 3.2 g of HAP, 11.46 ml of NH3 and 0.56 ml of DI water was stirred for 30 
min at room temperature. Then, 6.3 g of TEOS was added and continuous stirred for 
an hour. 16.89 g of Al(NO3)3•9H2O was added to the solution and continuous stirred for 
an hour. After white precipitation was obtained, the mixture was filtered under vacuum 
pump. Then, the Al-SSP/HAP was dried at room temperature for a day and continuous 
dried at 110oC overnight. In impurity removing step, the catalyst was calcined in air 
under atmospheric pressure at 700oC for 6 hours. Finally, the Al-SSP/HAP was obtained 
with the Al-SSP/HAP ratio of 6/4. The catalyst was defined by 40H60AS-CS. 

  

▪ Co-precipitation 
According to Kiyoshi Okada, et al. [24] the method started by mixing 3.3 g of CTAB, 

3.2 g of HAP and 16.89 g of Al(NO3)3•9H2O in 200 ml of ethanol solution. Then, 6.3 g of 
TEOS was added into the solution and stirred at room temperature for 3 hours. After 
that, 100 ml of ammonia solution was added to the solution. After the white co-
precipitation was obtained, the sample was dried at room temperature for a day. 
Finally, the mixture was dried at 110oC for 12 hours before the catalyst was calcined 
in air at 700oC for 6 hours. The catalyst was defined by 40H60AS-CP. 
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4.1.5 Nomenclature of catalysts 

 ▪ XHYAS-Z  X refer to the weight of hydroxyapatite (HAP) 
    Y refer to the weight of alumina-silica (Al-SSP)  
   Z refer to the method of catalyst preparation 
 
         Table 4. 2 Nomenclature of all catalysts. 

Name HAP/(Al-SSP) Method 

100AS 0 physical 
20H80AS-P 20/80 physical 
40H60AS-P 40/60 physical 
60H40AS-P 60/40 physical 
80H20AS-P 80/20 physical 

100H 1 physical 
40H60AS-CS 40/60 Sol-gel 
40H60AS-CP 40/60 Co-precipitation 

    
      

4.2 Catalyst Characterization 

4.2.1 ICP analysis 

A quantity of elemental composition in catalysts was analyzed. First, mixing 2.5 

ml of nitic acid (HNO3), following by 1.5 ml of hydrogen peroxide (H2O2) and 0.3 ml of 

hydrochlorie (HCl). 0.1 g of catalyst (HAP) was added in the mixture and stirred for 1 

day. Then, the volume was adjusted in a 100 ml of volumetric flask with de-ionized 

water.  

 

4.2.2 Scanning electron microscopy (SEM) and energy X-ray spectroscopy (EDX) 

 The morphology and particle size were analyzed to obtain of an element 
composition in catalyst from several locations by scanning electron microscopy (SEM) 
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with JEOL mode JSM-6400 and energy dispersive X-ray spectroscopy (EDX) with stand 
Link Isis series 300 program, respectively. 
  
4.2.3 X-ray diffraction (XRD) 

 A SIEMENS D-5000 X-ray diffractometer with CuKα (= 1.54439 Å) was used in 
order to identify the crystalline phase of all catalysts. The spectra was scanned at a 
rate of 2.4o min-1 in the range of 2 theta equal to 10o-90o. 
 

4.2.4 Nitrogen physisorption (BET) 

To calculate surface area, average pore diameter, pore size distribution were 
measured by N2 physisorption with a Micromeritics ASAP 2000 automated system. A 
sample was dried at 110OC for a day before the measurement took place. 

 
4.2.5 Temperature programmed adsorption (NH3-TPD) 

 The surface acidity was determined by temperature programmed adsorption 

(NH3-TPD) using Micromeritics Chemisorp 2750 Pulse Chemisorption System. 0.05 g of 

catalyst was loaded on 0.03 g of quartz wool in a glass tube. Afterward, the sample 

was preheated at 650°C under helium flow and saturated with 15%NH3/He for 30 min. 

Then, the experiment removed any adsorbed NH3 from 40oC to 650oC. Finally, all TCD 

peak was measured as a function of temperature. 

 

4.2.6 X-Ray Fluorescence (XRF) 

 In order to examine element and chemical analysis the X-ray fluorescence 

spectrometer was performed using Panaanalytical MINIPAL4 analyzer. The 1 g sample 

was used.    
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4.2.7 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

 FT-IR analysis was used to determine the functional group as the chemical 

structure of activated carbon using a Nicolet 6700 FTIR spectrometer. 

 

4.2.8 Raman spectroscopy (FT-Raman) 

 To identify the function of material the Raman spectroscopy was performed. 

0.05 g sample was tested in Fourier Transform Raman Spectrometer (FT-Raman) using 

Neodymium Yttrium Aluminium Garnet (Nd-YAG, wavelength 1,064 nm) 

 

4.2.9 Thermo gravimetric analysis (TGA) 

 To measure the carbon content in catalyst. Thermo gravimetric analysis: TGA 

was performed using TA Instruments SDT Q 600 analyzer. The samples of 10-20 mg 

and a temperature ramping from 298 to 1273 K at 2K/min were used in the operation. 

The carrier gas was N2 UHP. 

 

 

 

 

 

 

 

 

 



 

 

23 

4.3 Catalytic activity 

4.3.1 Scheme and procedure 

 

Figure 4. 1 Experimental set-up for reaction test. 
 The dehydration reaction of ethanol was investigated in fixed bed reactor with an 

inner diameter 0.7 cm as shown in Figure 4.1. In an experiment, the 0.05 g of solid 
catalyst was loaded with 0.01 g of quartz wool into the reactor. First, the solid catalyst 
was treated with 60 ml/h of Argon under atmospherics pressure at 200oC for 1 h. Then, 
a vaporized ethanol was fed into the reactor. The catalytic activity was tested at 200-
400oC under atmospherics pressure and the products were analyzed by the Shimadzu 
GC8A gas chromatograph with FID using capillary column (DB-5) at 150oC. Finally, the 
conversion and selectivity of ethanol dehydration were collected.  

  
4.3.2 Chemicals and reagents 

       ▪ High purity grade hydrogen gas (99.999%) (TIG) 

 ▪ Ultra high purity nitrogen gas (99.999%) (TIG) 

 ▪ Ultra high purity argon gas (99.999%) (TIG) 

 ▪ Absolute ethanol (99.8%) (VWR CHEMICALS) 
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4.3.3 Instruments and apparatus  

▪ Reactor: The reactor is made from glass tube which is borosilicate type with an 
inside diameter of 0.7 mm. 

▪ Vaporizer: The ethanol feed is vaporized at the temperature of 120oC under 
atmospheric pressure. The boiling point of ethanol is 78.37oC.  

▪ Gas system: Argon/N2 is a carrier gas. It carries the ethanol feed into reactor 
controlling by adjusting a pressure regulator with 2.5 bar and mass flow controller at 
1.45 ml/h. 

▪ Temperature controller:  
- At furnace, the temperature is set at temperatures in range between 
200°C to 400°C. 

  - At vaporizer, the temperature is set at 120oC. (Above the   
  boiling point of product from ethanol dehydration) 

▪ Gas chromatography (GC): A Gas chromatography is used for investigating ethanol 
conversion and product selectivity. It equipped (Shimadzu GC-14B) with flame 
ionization detector (FID) with DB-5 capillary column. The operating condition for gas 
chromatography is reported; 

- Detector: FID 
  - Capillary column: DB-5 
  - Carrier gas: Nitrogen (99.99 vol. %) and Hydrogen (99.99 vol. %) 
  - Column temperature: Initial 40oC, Final 40oC 
  - Injector temperature: 150oC 
  - Detector temperature: 150oC 
  - Time analysis: 8 min 
  - Analyzed gas: ethanol, ethylene, diethyl ether, acetaldehyde 
 
4.4 Benefits  

▪ It obtains various catalysts for dehydration of ethanol. 

▪ This study is an alternative for catalysts in ethanol dehydration reaction. 
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▪ It can realize the different properties of the catalysts.   
  

4.5 Research Plan 
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CHAPTER 5 
RESULTS AND DISCUSSION 

 In this chapter, the results and discussion of HAP/Al-SSP catalysts are explained 

on characteristics and catalytic activities. All catalysts were prepared by physical and 

chemical methods as following in chapter 4. The catalytic activity was performed in 

ethanol dehydration reaction at temperature range from 200oC to 400oC and attempt 

to find optimal condition in order to produce DEE. The characteristics are indicated by 

nitrogen physisorption, temperature programmed adsorption (NH3-TPD), X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive x-ray 

spectroscopy (EDX), X-ray fluorescence (XRF), Fourier Transform infrared spectroscopy 

(FTIR) analysis and Raman spectroscopy including thermal gravimetric analysis (TGA) on 

the investigation of stability. The results and discussion is divided into 3 parts, 

comparative study of catalytic activity of HAP/Al-SSP catalysts prepared by physical 

method, investigated catalytic activity of HAP/Al-SSP catalysts prepared by chemical 

methods and investigation of catalytic stability of HAP/Al-SSP catalysts. 

 

5.1 Comparative study of catalytic activity of HAP/Al-SSP catalysts preparing    
 by physical method. 

 All catalysts were preparing by physical method and varying amount of HAP 

and Al-SSP in catalysts (0-100 wt%). 

  

5.1.1 Catalyst characterization 

  5.1.1.1 X-ray diffraction (XRD) 

 According to crystal structure analyses performed by X-ray diffraction (XRD), a 

pure and well-crystallized 100H catalyst was obtained with only one phase [25]. The 

pure HAP catalyst flourished sharp peaks at 26, 30, 32, 33, 40, 47 and 49o following 
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Figure 5.1. The pure Al-SSP catalyst showed broad peaks at 21-24o identifying the 

amorphous structure of silica. Likewise, sharp peaks at 45 and 67o were indicated by 

ϒ-Al2O3 structure [14]. Moreover, other mixing catalysts exhibited both of sharp peaks 

at 25-35, 45 and 67o and broad peaks at 21-24o representing the crystallite structure 

of hydroxyapatite, alumina and silica. In according with figure sharp peaks of 

hydroxyapatite showed clear overs other that result from well-crystallized structure 

must great-display on X-ray diffraction (XRD) analysis. 

 

 

Figure 5. 1 XRD patterns of all catalysts. 
 

  5.1.1.2 Nitrogen physisorption 

 The BET surface area, average pore size diameter and average pore volume are 

summarized in Table 5.1. 100AS catalyst presents the highest the BET surface area of 

276 (m2/g). Increasing amount of HAP decreased the BET surface area, due to HAP 

blocked on Al-SSP surface and volume. The least BET surface area as 4 (m2/g) is 100H 
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that significantly non-porous and inactive in ethanol dehydration reaction.  Average 

pore volume and pore size diameter of all mixing HAP/Al-SSP catalysts is similar. 

Average pore volume of all catalysts is about 0.1-0.4 (cm3/g). Average pore size 

diameter of all mixing catalysts is 6-7 nm that specifying mesoporous catalyst. 100H is 

non-porous. 

 

Table 5. 1 Textural properties of all catalysts. 

Catalyst BET surface 
area SBET (m2/g) 

Average pore size 
diameter (nm) 

Average pore 
volume (cm3/g) 

100H 4 11.3 0.0 
20H80AS-P 168 6.4 0.3 
40H60AS-P 120 6.8 0.2 
60H40AS-P 72 6.3 0.1 
80H20AS-P 41 6.5 0.1 

100AS 276 5.6 0.4 

 

 From N2 adsorption-desorption isotherms analysis, the results are shown in 

Figure 5.2. According to IUPAC classification, all catalysts submit Type IV isotherms 

excepting for 100H. The Type IV isotherms is representative of mesoporous catalyst 

that related to average pore size diameter. Besides, the mesoporous-typical catalyst is 

well-characteristics on ethanol dehydration reaction [12].   
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Figure 5. 2 Nitrogen adsorption/desorption isotherms of all catalysts. 
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  5.1.1.3 Scanning electron microscopy (SEM) and energy dispersive X-

ray  spectroscopy (EDX) 

 All catalysts were identified the morphology by SEM as shown in Figure 5.3. 

The morphology of 100AS catalyst was obviously spheroidal having the average 

particle size around 0.4-0.5 microns. The addition of HAP would change the 

morphology as shown in Figure 5.3. The morphology of mixing catalysts were smaller 

than 100AS having the average particle size less than 0.3 microns. The particle size of 

100H catalyst was seen with also less than 0.3 microns.  
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Figure 5. 3 The SEM micrographs of all catalysts. 
 

 The element distribution in all catalysts were detected by energy dispersive x-

ray spectroscopy (EDX) method. The element composition of 100AS catalyst consists 

of Al, Si and O. The 100H catalyst is comprised of P and Ca as shown in Figure 5.4 & 

5.9. According to Figure 5.5-5.8, all elements (Al, Si, O, P and Ca) present in all mixing 

catalysts. Each of element can be seen by the color dots on the photograph with 
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addition amount of HAP, the density of P and Ca was obvious seen and well 

distribution.  

 

 

      

 

Figure 5. 4 The typical EDX mapping of 100AS catalyst. 
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Figure 5. 5 The typical EDX mapping of 20H80AS-P catalyst. 
 

 

 

 



 

 

35 

  

 

  

Figure 5. 6 The typical EDX mapping of 40H60AS-P catalyst. 
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Figure 5. 7 The typical EDX mapping of 60H40AS-P catalyst. 
 

 

 



 

 

37 

  

 

  

Figure 5. 8 The typical EDX mapping of 80H20AS-P catalyst. 
 

 

 

  

Figure 5. 9 The typical EDX mapping of 100H catalyst. 
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 Moreover, the quantity of each element near the surface of catalyst can also 

be measured by EDX. The results are summarized in Table 5.2. The amount of Ca and 

P of all mixing catalysts obtaining from EDX were less than the amount of loading 

except for the 40H60AS-P catalyst. Thus, the catalytic activity may be dependent on 

the location of catalyst. 

 

Table 5. 2 The amount of each element on the surface of all catalysts from EDX. 

Catalysts Amount of element on surface (wt%) 

Ca P Al Si O 

100AS - - 19.5 30.7 49.8 

20H80AS-P 4.4 10.7 18.1 23.5 43.3 

40H60AS-P 42.5 19.0 2.6 4.1 31.8 

60H40AS-P 31.5 21.4 5.0 5.3 36.8 

80H20AS-P 33.3 21.7 2.0 1.7 41.3 

100H 63.1 36.9 - - - 

   

  5.1.1.4 Temperature programmed adsorption (NH3-TPD) 

 The surface acidity was determined by temperature-programmed desorption 

(NH3-TPD).  Table 5.3 shows the acid property of all catalysts. The 100AS catalyst 

exhibits the largest of surface acidity of 1518.1 µ mole/g.cat. The decreasing surface 

acidity is proportional to increasing the amount of HAP. The least acid property is 100H 

as 61.2 µ mole/g.cat. Considering on 20H80AS-P and 40H60AS-P catalysts, there are 

similar amount of surface acidity. However, 40H60AS-P catalyst displays weak-
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moderate acid sites more than 20H80AS-P catalyst that prefers to produce DEE [26, 

27]. 

 

Table 5. 3 The surface acidity of all catalysts from NH3-TPD. 

Catalysts 

Number of acid sites (µ mole/g.cat) 

Weak acid 

sites 

Moderate acid 

sites 

Strong acid 

sites 

Total acid 

site 

100AS 572.2 572.2 373.7 1518.1 

20H80AS-P 151.6 318.5 334.3 804.4 

40H60AS-P 78.5 466.3 186.0 730.8 

60H40AS-P 326.0 189.2 124.2 639.4 

80H20AS-P 136.9 146.4 149.3 432.6 

100H 15.2 22.5 23.5 61.2 

 

 The TPD profile is shown in Figure 5.10. All catalysts exhibit one desorption 

peak below 250oC. There is weak acid sites qualification. The number of weak acid 

sites are proportion to area below curve that is related to results in Table 5.3. The 

desorption peak form 250oC to 400oC is refered to moderate to strong acid sites. The 

number of this acid site are gradually decreased following the Table. Generally, weak 

acid site can be identified BrØnsted acid site. Lewis acid site is refered to the strong 

acid site. Eventually, the BrØnsted acid site is preferred in dehydration reaction of 

ethanol [14, 26, 28].   
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Figure 5. 10 NH3-TPD profiles of all catalysts. 
 

 

 5.1.2 Catalytic activity test 

 To determine the catalytic activity of ethanol dehydration, all catalysts were 

investigated. Ethanol dehydration reaction was performed at atmospheric pressure 

with temperature range from 200 to 400oC. First, 0.05 g of catalyst was added into 

continuous flow micro-reactor. Then, treating with 60 ml/min of argon for one hour. 

Follow by testing in dehydration reaction of ethanol in gas phase. Finally, all products 

gas was analyzed gas chromatograph with FID. From experimental, the results are 

shown in Figure 5.11. All catalysts presented, ethanol conversion increased while 

increasing operating temperature. No significant ethanol conversion was found at 

temperature below 350oC. Ethanol conversion of the addition of HAP decreased with 

increased amount of HAP, which was related to the total number of acid site. The 

catalytic activity of ethanol dehydration relies on the surface acidity. From these 

results, 40H60AS-P catalyst exhibited the highest ethanol conversion among all mixing 
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catalysts. The 40H60AS-P catalyst exhibits the largest total amount of acid site. Thus, 

the acid property of catalyst is an important key influencing on product selectivity and 

ethanol conversion.  

 

 

Figure 5. 11 Ethanol conversion of all catalysts at different temperatures. 
 

 According to Figure 5.12 , DEE is the major product at low temperature (350oC), 

while at high temperature (400oC) ethylene is principle. Acetaldehyde could not be 

produced over all these catalysts. At low temperature, the DEE selectivity of all mixing 

catalysts is similar and rapidly decreased at higher temperature. In order to produce 

DEE low temperature is required. This is according to thermodynamic properties that 

the DEE production is exothermic reaction. The DEE selectivity of 100H was more than 

that of 100AS. Therefore, addition of 100H into AS is favor to produce DEE.  
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Figure 5. 12 The DEE selectivity of all catalysts at different temperatures. 
 

 DEE yields are summarized in Table 5.4. Considering for DEE yield at low 

temperature (350oC), all mixing catalysts can be produced DEE larger than pure 

catalysts (100AS and 100H). This is because of mixing catalysts having weak-moderate 

acid sites more than strong acid site. It is confirmed that the amount of surface acidity 

mainly affected to ethanol conversion and DEE selectivity including DEE yield. The 

highest DEE yield of 32.1% is obtained from 40H60AS-P catalyst with optimal condition 

on reaction at 350oC. 
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Table 5. 4 Product yield of all catalysts obtained from ethanol dehydration. 

Catalyst % Yield (350oC) % Yield (400oC) 
Ethylene DEE Ethylene DEE 

100AS 59.2 19.8 97.6 0.4 
20H80AS-P 10.2 14.1 61.3 14.7 
40H60AS-P 23.0 32.1 55.9 27.6 
60H40AS-P 17.3 24.6 54.8 19.5 
80H20AS-P 9.7 14.7 47.8 16.9 

100H 6.8 9.2 10.6 9.6 



 

 

5.2 Investigation of catalytic activity of HAP/Al-SSP catalysts prepared by 
chemical methods.  

 Two catalysts were prepared by sol-gel and co-precipitation methods having 
HAP/Al- SSP weight ratio of 4/6. 
 

 5.2.1 Catalyst characterization 

 

  5.2.1.1 X-ray diffraction (XRD) 

 

 
Figure 5. 13 XRD patterns of all catalysts. 

 

 XRD patterns of 40H60AS-CS and 40H60AS-CP catalysts are shown in Figure 
5.13. Both catalysts show pure-crystallize sharp peaks of HAP at 26, 30, 32, 33, 40, 47 
and 49o [29], [25]. Although catalysts have alumina and silica, they did not display in 
the Figure. This is due to X-ray diffraction analysis prefers analyze crystallize structure 
to amorphous structure. 
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  5.2.1.2 Nitrogen physisorption 

 BET surface area, average pore size diameter and average pore volume are 
summarized in Table 5.5. The BET surface area of 40H60AS-CS and 40H60AS-CP is 191 
and 228 (m2/g), respectively. The 40H60AS-CP has a larger BET surface than 40H60AS-
CS. The result shows that co-precipitation method gives better textural property than 
sol-gel method. Both 40H60AS-CS and 40H60AS-CP catalysts prepared by chemical 
method have BET surface area larger than 40H60AS-P prepared by physical method. 
Thus, catalysts prepared by chemical methods exhibit better property that may affect 
the catalytic activity in ethanol dehydration. Average pore volume of 40H60AS-CS and 
40H60AS-CP catalysts is similar having the value of 0.4 (cm3/g), which is higher two 
times than that of 40H60AS-P catalyst. Average pore size diameter obtained (4-6 nm) 
for 40H60AS-CS and 40H60AS-CP catalyst indicates the mesoporous catalyst. 

 

Table 5. 5 Textural properties of all catalysts. 
Catalyst BET surface area 

SBET (m2/g) 
Average pore size 

diameter (nm) 
Average pore 

volume (cm3/g) 

40H60AS-CS 191 6.0 0.4 

40H60AS-CP 228 4.3 0.4 

 

 From N2 adsorption-desorption isotherm experiment, the results are shown in 
Figure 5.14. According to IUPAC classification, both catalysts exhibit Type IV isotherms 
that are related to the result of average pore size diameter. By reason of Type IV 
isotherms is agent of mesoporous material.  
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Figure 5. 14 Nitrogen adsorption/desorption isotherms of all catalysts. 
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  5.2.1.3 Scanning electron microscopy (SEM) and energy dispersive x-ray 
 spectroscopy (EDX) 

 

     
Figure 5. 15 The SEM micrographs of all catalysts. 

 

 SEM micrographs of 40H60AS-CS and 40H60AS-CP catalysts obtained are shown 
in Figure 5.15. The morphology of 40H60AS-CS catalyst was semi-circular particle having 
average particle size around 0.5-0.6 microns. The 40H60AS-CP catalyst had smaller 
particle size than 40H60AS-CS with average particle size of 0.1-0.3 microns and non-
spherical shape. 
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Figure 5. 16 The typical EDX mapping of 40H60AS-CS catalyst. 
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Figure 5. 17 The typical EDX mapping of 40H60AS-CP catalyst. 

 

 Figure 5.16 & 5.17 show dispersive the X-ray spectroscopy (EDX) analysis. All 
elements in 40H60AS-CS and 40H60AS-CP catalysts exhibit as dots spreading near 
surface of catalysts. Both of catalysts consists of Al, Si, O, Ca and P. All elements 
present well-distribution of elements on surface of catalysts.   

 The amount of each element on surface of both catalysts determining by EDX 
method is summarized in Table 5.6. The quantity of HAP on surface of 40H60AS-CS 
and 40H60AS-CP catalysts were 39% and 31%, respectively. The amount of HAP was 
approximate the number of its loading in catalyst preparation part.   
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Table 5. 6 The amount of each element on the surface of all catalysts from EDX. 

Catalysts Amount of element on surface (wt%) 

Ca P Al Si O 

40H60AS-CS 20.6 18.3 9.1 7.7 44.3 

40H60AS-CP 17.8 13.2 14.6 8.2 46.2 

  

   

  5.2.1.4 Temperature programmed desorption (NH3-TPD) 

 The acid property was measured by temperature-programmed desorption 
(NH3-TPD). The surface acidity of 40H60AS-CS and 40H60AS-CP catalysts is aggregated 
in Table 5.7. The 40H60AS-CS and 40H60AS-CP catalysts present total acid site of 
1,072.4 and 1,266.4 µ mol/g.cat, respectively. The amount of total acid of 40H60AS-CP 
catalyst is larger than 40H60AS-CS catalyst. Thus, 40H60AS-CP catalyst is possibly able 
to exhibit higher catalytic activity of ethanol dehydration reaction than 40H60AS-CS 
catalyst, due to the acid property is extremely important and has strong effect on 
dehydration reaction of ethanol. Moreover, 40H60AS-CP catalyst presents weak-
modurate acid sites larger than 40H60AS-CS catalyst that is essential qualification of 
catalytic activity to produce DEE. Accordingly, 40H60AS-CP catalyst can produce DEE 
higher than 40H60AS-CS catalyst. Furthermore, both 40H60AS-CS and 40H60AS-CP 
catalysts prepared by chemical method exhibit the surface acidity larger than the 
40H60AS-P catalyst prepared by physical method. Thereby, chemical method is a 
major way to prepare a suitable catalyst. 

 

Table 5. 7 The surface acidity of all catalysts from NH3-TPD. 

Catalysts 

Number of acid sites (µ mol/g.cat) 

Weak acid 
sites 

Moderate acid 
sites 

Strong acid 
sites 

Total acid 
site 

40H60AS-CS 646.5 158.9 267.0 1,072.4 

40H60AS-CP 558.9 350.2 357.3 1,266.4 
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 The TPD profile of 40H60AS-CS and 40H60AS-CP catalysts is shown in Figure 
5.18. Both catalysts present one desorption peak below 250oC that is assigned to weak 
acid site property. The quantity of weak acid-modurate site is related to results shown 
in Table 5.8 according to the area below curve. Modurate and strong acid sites occur 
at 250-400 and over 400oC, respectively. The amount of acid site rapidly decreased as 
seen in the Table. The amount of weak-modurate acid site is higher than strong acid 
site that is excellent characteristic to produce DEE. 
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Figure 5. 18 NH3-TPD profiles of all catalysts 

   

 

5.2.1.5 X-Ray Fluorescence (XRF) 

 The quantitative results of 40H60AS-CS and 40H60AS-CP including Al-SSP and 
40H60AS-P catalysts were measured by XRF. Chemical composition can be observed 
in Table 5.8. The major element of HAP were P and Ca and the main composition of 
Al-SSP were Al and Si including O. Al-SSP presented the composition of Al-SI weight 
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ratio about 1. 40H60AS-P, 40H60AS-CS and 40H60AS-CP catalysts display weight ratio 
of HAP to Al-SSP around 0.4-0.8. 

 

Table 5. 8 The composition in geological of all catalysts from XRF. 

Catalysts Compound (wt%) 

Al2O3 SiO2 P2O5 CaO Al/Si [HAP/(Al/Si)] 

Al-SSP 51.0 49.0 - - 1 - 

40H60AS-P 36.4 31.1 12.1 20.4 1.2 0.5 

40H60AS-CS 42.0 28.0 11.3 18.7 1.5 0.4 

40H60AS-CP 32.8 19.6 18.8 28.8 1.6 0.8 

 

 

  5.2.1.6 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

 According to Figure 5.19 & 5.20 FTIR spectra of 40H60AS-CS and 40H60AS-CP 
catalysts were similar. Considering Figure 5.21, mostly characteristics of chemical 
groups in HAP are PO4

3-, OH-, and CO3
2-. The CO3

2- group occurs at 2359, 1650 and 1459 
cm-1. A tiny sharp peak present at 600 wavenumber (cm-1) represents a chemical group 
of PO4

3-. The broad bands located at 3192, 3415 and 1649 cm-1 could be attributed to 
the O–H stretching vibration of hydroxyl group of HAP and/or hydrogen bonded-OH 
group as water molecule. For functional groups of alumina-silica, the Si-O-Si vibration 
was detected appearing the shoulder at 1026 cm-1. The presence of Si-O-Al bonds 
around 1600-1700 cm-1. A shoulder peak appears at 3629 cm-1 indicating the presence 
of Si-O. A band between Al=O of alumina-base occurs a sharp peak located at 1456 
cm-1.    
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Figure 5. 19 FTIR spectra of 40H60AS-CS catalyst. 
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Figure 5. 20 FTIR spectra of 40H60AS-CP catalyst. 
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Figure 5. 21 FTIR spectra of 40H60AS-CP catalyst (display chemical groups). 
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Table 5. 9 The position of chemical groups of catalysts from FT-IR. 

Chemical groups absorption band (cm-1) Description 

PO4
3- 500-600 v4, bending mode 

1020-1120 v3, bending mode 

P-H 957 low intensity broad peak 

OH- 3192 broad band 
stretching vibration & 

physically adsorbed water 

3450 - 

CO3
2- 1459 v3 

1650 B-type 

2359 - 

P-H 2457-2240 - 

OH 1649,3300 vibration 

Si-O-Si 1026 - 

Si-O-Al 1069 lower side 

H-O-H 1638 absorbed water 
molecules 

Si–O 3629 - 

Al=O 1456 - 

C-H 2960 stretching (silica) 
References:  [30], [31], [32], [33], [34]. 

 

5.2.1.7 Raman spectroscopy   

 FT-Raman spectroscopy patterns of 40H60AS-CS and 40H60AS-CP catalysts are 
shown in Figure 5.22 & 5.23. The 40H60AS-CS and 40H60AS-CP catalysts exhibited quite 
similar pattern. Raman spectra of 40H60AS-CS catalyst is shown in Figure 5.22. A 
functional of PO4

3- of HAP was observed at 463, 596 and 959 cm-1. The sharp peak at 
208 cm-1 was attributed to a band of calcium and phosphate. For alumina-silica, it 
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shows only a band of silica and oxygen located at 587 cm-1. Furthermore, the Raman 
spectra of 40H60AS-CP catalyst are shown in Figure 5.23. The specific characteristics of 
HAP showed a chemical groups of PO4

3-, CO3
2- and Ca-P. The observed bands at 606 

and 1047 cm-1 were assigned to a functional group of PO4
3- and CO3

2- , respectively. A 
well-sharp peak at 959 displayed a band of phosphorus and oxygen including 1044 
cm-1. The weak band at 208 cm-1 was assigned to Ca-PO4. 

 

 

 
Figure 5. 22 FT-Raman spectra of 40H60AS-CS catalyst. 
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Table 5. 10 Raman band position of 40H60AS-CS catalyst. 

Chemical groups absorption band (cm-1) Description 

O-P-O 463 - 

PO4 587, 596 v4 

PO4
3- 959 - 

Ca-PO4 208 weak band 

Si-O-Si 587 - 
References: [35], [36], [37], [38]. 

 

 

 

 
Figure 5. 23 FT-Raman spectra of 40H60AS-CP catalyst. 
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Table 5. 11 Raman band position of 40H60AS-CP catalyst. 

Chemical groups absorption band (cm-1) Description 

PO4
3- 959 v1, tetrahedral 

P-O 1044 v3 

P-O 1074 v3, stretching 

CO3
2- 1074 - 

Ca-PO4 208 weak band 

PO4
3- 606 V4 

    References: [35], [36], [37], [38]. 
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5.2.2 Catalytic activity test 

 Both catalysts were tested for the catalytic activity in dehydration reaction of 
ethanol. 0.05 g of catalyst was added into continuous flow micro-reactor. First, the 
catalysts was treated by 60 ml/min of argon for one hour. Then, measuring in ethanol 
dehydration reaction in gas phase at atmospheric pressure between 200 to 400oC. All 
gas products were collected and determined by gas chromatograph with FID.  

 From experiment, the 40H60AS-CS catalyst conducted increased ethanol 
conversion with increasing reaction temperature. There was no significant ethanol 
conversion at temperature below 350oC for this catalyst. The ethanol conversion of 
40H60AS-CP catalyst started at 300oC and continued increasing with enhancing the 
operating temperature. Owing to the quantification of 40H60AS-CP that exhibited larger 
BET surface area and surface acidity than those of 40H60AS-CS. Therefore, 40H60AS-
CP catalyst can present catalytic activity of ethanol dehydration reaction at 
temperature lower than 40H60AS-CS catalyst. Both catalysts show the highest ethanol 
conversion at temperature of 400oC having ethanol conversion of 46% and 51%, 
respectively. 

 

 
Figure 5. 24 Ethanol conversion of all catalysts at different temperatures. 
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 The highest DEE selectivity is obtained at 300oC by 40H60AS-CP catalyst and 
decreased while reaction temperature was increased. 40H60AS-CP catalyst exhibited 
the highest DEE selectivity of 79% at 300oC, due to the amount of weak-moderate acid 
sites of 40H60AS-CP catalyst that affected on DEE selectivity on during ethanol 
dehydration reaction. The DEE selectivity of 40H60AS-CS occurred at temperature of 
350oC and depreciated with higher operating temperature. Comparison both catalysts, 
at lower temperature (300oC) only 40H60AS-CP catalyst can give DEE selectivity, while 
40h60AS-CS catalyst cannot. This is because of its acid property that significant and 
militarily important in order to produce DEE. 

 

 
Figure 5. 25 DEE selectivity of all catalysts at different temperatures. 

 

 The DEE production of 40H60AS-CS and 40H60AS-CP catalysts are concluded 
in Table 5.12. The 40H60AS-CS catalyst exhibited the highest DEE yield as 15% at 350oC. 
At 300oC, 40H60AS-CP catalyst exhibited the highest DEE yield as 24%. Thus, the 
40H60AS-CP catalyst has catalytic activity higher than 40H60AS-CS catalyst that related 
to their characteristics for both BET surface area and acid quantification. Considering 
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catalysts prepared by chemical and physical methods, although DEE yield obtained 
from the 40H60AS-CP catalyst is lower that of 40H60AS-P catalyst, it can be operated 
at lower temperature. This is the result of their properties. The 40H60AS-CP catalyst 
has larger BET surface area and total surface acidity than 40H60AS-P catalyst 1.9 and 
1.7 times, respectively.    

 

Table 5. 12 Product yield of all catalysts obtained from ethanol dehydration. 
Catalysts % Yield (300oC) % Yield (350oC) % Yield (400oC) 

DEE Ethylene DEE Ethylene DEE Ethylene 

40H60AS-CS 0 0 15.1 14.5 6.9 39.3 

40H60AS-CP 23.5 7.1 12.1 24.8 2.2 48.4 
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5.3 Investigation of catalytic activity of HAP/Al-SSP catalysts for time-on-stream 
(TOS) during 10 hours. 

 In order to produce DEE, suitable condition must be focused, DEE production 
is required low temperature following thermodynamic properties. From previous 
experiment, the highest DEE yield was obtained by suitable condition. The 40H60AS-
CS and 40H60AS-P catalysts exhibited the highest DEE yield at 350oC. The 40H60AS-CP 
catalyst presented the highest DEE yield at 300oC. This was the suitable temperature 
for ethanol dehydration to produce high yield of DEE. The catalytic activity of all 
catalysts was determined under time on stream for ten hours at each suitable 
temperature. According to Figure 5.26, the highest ethanol conversion during time on 
stream for ten hours was obtained from 40H60AS-P catalyst, while 40H60AS-CP catalyst 
was lower and 40H60AS-CS was the lowest. Although 40H60AS-P catalyst presented 
ethanol conversion larger than 40H60AS-CP catalyst, the 40H60AS-CP catalyst was 
operated at lower temperature. All catalysts can maintain ethanol conversion during 
ten hours on dehydration reaction of ethanol.  
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Figure 5. 26 Ethanol conversion of all catalysts for time on stream 10 h. 
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Figure 5. 27 DEE yield of all catalysts for time on stream 10 h. 

 

 Considering DEE yield, the results are shown in Figure 5.27. DEE yield stably 
obtained during ten hours from all catalysts. The highest DEE yield incurred by 
40H60AS-P catalyst as 30%. Even if the 40H60AS-P catalyst gives the highest DEE yield, 
it is too low value when compared with the ethanol conversion. This is because of its 
low DEE selectivity. Moreover, average DEE yield obtained by 40H60AS-CP catalyst was 
similar to 40H60AS-P catalyst due to all catalysts were operated at low temperature 
and DEE yields were also low. 

 In order to determine the amount of coke content in catalysts. TGA technique 
was performed. All catalysts exhibited similar behavior after using in ethanol 
dehydration reaction. According to Figure 5.28 and 5.29, all catalysts show rapid weight 
loss at temperature below 100oC. This results from deposition of water on surface of 
catalysts. At high temperature (200-800oC), the weight loss was the burning of coke 
implanted on surface of catalyst after running in ethanol dehydration. Considering the 
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highest weight loss of 40H60AS-CP. It is due to this catalyst has the highest total acid 
sites among other catalysts. It demonstrated the distinctness of surface acidity quantity 
of catalysts. Based on the study, 40H60AS-CP catalyst is perhaps a good choice for DEE 
production, even though DEE yield was less than that of 40H60AS-P catalyst. However, 
it can be operated at lower reaction temperature that requires lower energy of 
production process. 

 

 
Figure 5. 28 Thermal gravimetric analysis (TGA) of spent catalysts for time on stream 

during 10 hours. 
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Figure 5. 29 Thermogravimetric and differential thermal analysis of spent catalysts for time on stream 

during 10 hours. 

 

 From previous research, DEE product does not obtain from any catalysts at 
temperature of 350oC. According to Chatchawanrat S. (2013) [39], activated carbon 
catalyst exhibited only acetaldehyde and ethylene production at temperature range 
from 200 to 400oC. The DEE selectivity can immediately decrease at temperature 200 
to 250oC from pure alumina-silica catalyst. Although, there are a higher total acid site 
more than HAP/Al-SSP catalysts [40].  It is shown that HAP catalyst can inhibit ethylene 
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production at high temperature (350oC) and DEE can be obtained from HAP/Al-SSP 
catalyst. H-beta zeolite and HAP/Al-SSP (40H60AS-CP) catalyst presented similar DEE 
production, although H-beta zeolite catalyst displayed a higher weak and total acid 
sites. At temperature of 350oC, H-beta zeolite and alumina-base catalysts rarely 
exhibited DEE yield [41]. This confirms that HAP catalyst gives a good catalytic activity 
for ethanol dehydration in order to produce DEE at high temperature (350oC).  
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

 In this study, catalysts were divided into two preparation parts; physical and 
chemical mixing method. We study all catalysts including characteristics and catalytic 
activity via ethanol dehydration reaction. Considering effect of amount of 
hydroxyapatite (HAP) and alumina-silica on the catalytic activity including various 
preparation methods for catalysts (sol-gel and co-precipitation methods). The 
summary of overall study is shown in this chapter. 

 

 6.1 Conclusions 

 1. Considering effect of amount of hydroxyapatite and alumina-silica catalyst 
on the catalytic activity of ethanol dehydration reaction. The 40H60AS-P catalyst gives 
the highest DEE yield at low temperature (350oC) because it has the largest amount of 
surface acidity of weak-moderate acid sites. 

 2. For comparison the catalytic activity of catalysts prepared by sol-gel and co-
precipitation mixing method, it was found that the co-precipitation method gives better 
catalytic activity. The DEE yield was obtained at 300oC for 24% from 40H60AS-CP 
catalyst. This is probably due to its larger BET surface area and total amount of acid 
sites. 

 3. The catalytic performance was investigated in time-on-stream for ten hours. 
Three catalysts (40H60AS-P, 40H60AS-CS and 40H60AS-CP) can maintain their ethanol 
conversion and catalytic activity of each optimal temperature. 

 4. Comparison the catalytic activity for DEE production of three catalysts 
(40H60AS-P, 40H60AS-CS and 40H60AS-CP) is as shown in Table 6. 
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Table 6. 1 Product yield of all catalysts obtained from ethanol dehydration. 

Catalysts % Yield 
(300oC) 

% Yield 
(350oC) 

% Yield 

 (400oC) 

DEE Ethylene DEE Ethylene DEE Ethylene 

40H60AS-P 0 0 32.1 23.0 27.6 55.9 

40H60AS-CS 0 0 15.1 14.5 6.9 39.3 

40H60AS-CP 23.5 7.1 12.1 24.8 2.2 48.4 

 

 According to Table 6, the 40H60AS-CP catalyst is the best catalyst for DEE 
production. It gives the highest DEE yield at lower temperature (300oC) due to it has 
the highest BET surface area and total surface acidity.  

 

 6.2 Recommendations 

 Following by literature review, the acid property is strongly important for 
ethanol dehydration reaction. In order to improve the catalytic activity and DEE 
production, catalysts must have a large BET surface area and surface acidity for higher 
catalytic activity at low temperature. We propose recommendation as follows: 

 ▪ To improve DEE production and catalytic activity at low temperature by 
various impregnation of metals, such as ruthenium and zinc-oxide that can improve 
strong acid site. 

 ▪ In order to improve basic site of catalyst for acetaldehyde production, 
palladium, platinum or strontium should be further investigated. 
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APPANDIX A 

CALCULATION FOR ACID SITES OF CATALYSTS 

  

The acidity was measured by NH3-TPD, it can be calculated from NH3-TPD profile as 
follows;  

 

Acidity of catalysts = (mole of NH3 desorption)/(amount of dry catalyst)  -------- 
equation (B.1)  

 

To Calculate mole of NH3 desorption from the calibration curve of NH3 as follow:  

 NH3 desorption (mole) = 0.0003 x A  

 Where, A is area under peak of the NH3-TPD profile.  

 

And then, we denote amount of dry catalyst as B (g.). So the equation (B.1)  

can be take place as equation (B.2)  

 

   Acidity of catalysts = (0.003 × A)/B  ----------------------- equation (B.2) 
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APPANDIX B 
CALIBRATION CURVE 

 

 Calibration curves were used calculation mole of ethanol, ethylene, DEE and 
acetaldehyde as shown in Figure C.1-C.4. The concentration of these were analyzed 
by the gas chromatography Shimadzu model 14A, capillary column DB-5 of flame 
ionization detector (FID). The conditions uses in GC are presented in Table C.1 

 

Table C. 1 Conditions use in GC-14A. 

PARAMETERS CONDITION 

WIDTH 5 

SLOPE 100 

DRIFT 0 

MIN.AREA 300 

T.DBL 1000 

STOP TIME 8 min 

ATTEN 2 

SPEED 3 

METHOD Normalization 

SPL.WT 100 

IS.WT 1 
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Figure C.1 The calibration curve of ethanol. 

 

 
Figure C.2 The calibration curve of ethylene. 
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Figure C.3 The calibration curve of DEE. 

 

 
Figure C.4 The calibration curve of acetaldehyde. 
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APPANDIX C 
CONVERSION, SELECTIVITY AND YIELD 

 

The catalytic performance for the ethanol conversion was evaluated in term of 
activity for ethanol conversion.  

 

Ethanol conversion (%) = (mole of ethanol in feed - mole of ethanol in product) × 100 

        mole of ethanol in feed      

 

Products selectivity are defined as moles of products converted with respect to 
product in out of reaction as follows:  

 

Ethylene selectivity (%) = mole of ethylene in product × 100 

                mole of total products    

  

Diethyl ether selectivity (%) = mole of DEE in product × 100 

                                               mole of total products   

   

Acetaldehyde selectivity (%) = mole of acetaldehyde in product × 100 

                             mole of total products      

 

Where: Total product is mole of (Ethylene + DEE + Acetaldehyde).   

 

Products yield was evaluated in term of ethanol conversion and products selectivity   

 

Ethylene yield (%) = (ethylene selectivity × ethanol conversion)/100 

DEE yield (%)   = (DEE selectivity × ethanol conversion)/100 

Acetaldehyde yield (%) = (acetaldehyde selectivity × ethanol conversion)/100 
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From calibration curve; 

 Mole of ethanol = (2.31x10-5) x area  

 Mole of ethylene = (1.03x10-5) x area  

 Mole of diethylether = (9.06x10-6) x area  

 Mole of acetaldehyde = (1.48x10-5) x area   

 

 
Figure D.1 The GC result 

 

 

Example;  

From Figure D.1, the area of reactant and product can be detected by gas 
chromatography. The peak at 4.438 minute shown area of ethylene, while peak at 
4.678, 4.908 and 5.245 minute represented area of acetaldehyde, ethanol and 
diethylether, respectively.  

 So, mole of ethanol = (2.31x10-5) x 162623  

        = 3.76 mole 
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APPANDIX D 
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