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CHAPTER I 

INTRODUCTION 

1.1 General introduction 

Ethylene is a hydrocarbon with the formula of C2H4. It is widely used in many chemical 
industries. Global demand is large for this compound resulting from the application as a precursor 
to polymers such as polyethylene, the most common plastic or chemical surfactants such as 
ethylene oxide or ethylene glycol[1]. True (2012) reported the highest production of ethylene 
complexes, which is shown in Table 1 (Rated by their ability tones per year) as biomass steam 
cracking plant and ethanol to ethylene plants. 
Table 1: Top industrial ethylene complexes and their location ranked by capacity (tons of 
ethylene produced per year) 

 
Normally, ethylene is obtained from the steam cracking upon an endothermic reaction requiring 
high temperatures (600°C-1000°C) [2]. However, at this time with the speedy development and 
economic process that the demand of ethylene increases, but the crude oils as raw material are 
unrenewable resource and limit to consume. Therefore, the new alternative way to produce 



 

 

2 

ethylene instead of crude oil petroleum is considered [3].  The ethanol dehydration is a novel 
promising way of ethylene production. The process of ethanol dehydration is environmental 
friendly due to using ethanol as raw material that can reduce the utilization of fossil fuel. Ethanol 
is generated by fermentation method from renewable and agriculture product, like corn and 
cassava. These raw materials for ethanol production can be found in Thailand [4].  

Ethanol dehydration reaction is endothermic, the optimum reaction temperature is fairly 
high, starting from 180 °C to 500 °C. The temperature of reaction is considered in the costs of 
industrial energy. Several researchers have investigated totally different catalysts to increase 
ethylene yield and lower reaction temperature. Many researchers have reported that use of acid 
catalyst for ethanol dehydration reaction such as zeolite [5-7], alumina [8] and  HZSM-5 zeolite. 
In this research focus alumina catalyst due to excellent thermal stability, fine particle size, high 
surface area and inhibit side reaction. 

This project is aimed to investigate on using the dehydration of ethanol as an alternative 
process to thermal cracking for producing ethylene. The purpose of this project is to converts 
liquid ethanol into ethylene gas using γ- and χ-alumina catalysts and Mn-modification alumina 
catalyst for compare ethanol conversion, yield and selectivity of product. 

 
1.2 Research objectives 

1. To determine the characteristics and catalytic properties of manganese modified alumina 
catalysts for ethanol dehydration reaction to ethylene.  
2. To investigate the effect of conversion versus time on stream (TOS).  
 
1.3 Research scopes 

1. Synthesis of the mixed γ- and χ-crystalline phase catalysts in 50:50 ratio via 
solvothermal method. 
2. Synthesis of manganese modification on mixed γ- and χ-crystalline phase alumina 
catalysts 
3. Investigation amount of loading of manganese at 0.05 and 0.1 wt% 
4. Characterization of catalysts with XRD,SEM,BET and NH3-TPD  
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5. Investigation the catalytic performance of all catalysts in ethanol dehydration reaction 
under atmospheric pressure and various temperatures between 200–400 ๐C 
6. Investigate the effect of conversion versus TOS  
 
1.4 Research methodology 

Research methodology is as shown; 
Part I: Ethanol dehydration to ethylene 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Ethanol dehydration to 
ethylene 

Characterization 
- XRD  
- SEM 
- BET Surface 

area 
- NH3-TPD   

 

Fixed-bed reactor/GC FID  
(DB-5) analysis  

Discussion and 
Conclusions 

Preparation of mixed γ- and χ-crystalline phase catalysts in ratio 50:50 
catalysts by solvothermal method 

Calcination at 600 ๐C 

Modification of samples with 0.05 and 0.1 wt.% of Mn 
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Part II: Ethanol dehydration to diethyl ether (DEE) 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

Ethanol dehydration to DEE at 250 ๐C for 6 h 

Fixed-bed reactor/GC FID 
(DB-5) analysis  

Discussion and Conclusions 

Preparation of samples with 0.05 and 0.1 wt.% of Mn –modification 
alumina catalyst 

Calcination at 500 ๐C for 4 h 

Modification of samples with 0.05 and 0.1 wt.% of Mn 
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1.5 Research Plan  

 

Activities 2014 
Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

The research topic           

Studies related research           

Proposal           

 
Activities 2015 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

Experiment 
- Preparation catalyst 
- Ethanol dehydration 

reaction 
- Characterization 

catalyst 

          

Conclusion           

Conference proceeding           
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Ethanol 

Ethylene 

Propylene 

Hydrogen 

Ethane 
Diethyl 

ether 

Acetaldehyde 

Ethylene 

oxide 

CHAPTER II 

THEORY AND LITERATURE REVIEWS 

2.1 Raw material  

Ethanol (CH3CH2OH) is a clear, colorless liquid. It is also known as ethyl alcohol, grain 
alcohol, and EtOH.  Ethanol has the same chemical formula regardless of whether it is produced 
from starch- and sugar-based feedstocks, such as corn grain, sugar cane, or from cellulosic 
feedstocks. Ethanol can be produce many product is shown as follows in Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 2.1: Product from ethanol 
 
 

http://www.afdc.energy.gov/fuels/ethanol_feedstocks.html#cellulosic
http://www.afdc.energy.gov/fuels/ethanol_feedstocks.html#cellulosic
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Each product from ethanol is occur from many reaction is shown as follows in Table 2 
 
Table 2: Each product from ethanol is occur from many reaction by using catalyst 

Product Reaction Catalyst Applications 
Propylene 

 
Dehydration 

 
-ZSM-5 Zeolite[9]  
-P-ZSM-5 Zeolite  [10] 
-M-HZSM-5 
(M=Sr,Zr,P,Ga,La) [11] 
-HZSM-5/SAPO-34 [11] 
-La/P/HZSM-5(Ga) [12] 
-HZSM-5 vary crystalize 
size [13] 

 

- Polypropylene [9] 
- Propylene oxide[9]  
-Acrylonitrile [14] 
-Manufacturing 
plastics [15] 
-Manufacturing 
chemical [15] 

 

Dehydrogenation 
 

-Sc/In2O3, Y2O3-CeO2 [14] 
-Ni-MCM41[14]  
-In2O3-based oxides [15] 
-Y/CeO2 [16] 

Ethylene 
 

Dehydration 
 

-HZSM-5 Zeolite 
-Alumina-based catalyst [17] 
-WO3/ZrO2, WO3/TiO2 [18] 
-γ-Al2O3 [19] 
-H3PW12O40 [20] 
-γ-, δ-, θ-Al2O3 
-Heteropoly acid catalysts 

- Ethylene oxide 
[17] 
-Polymers ( PE, 
PET, PVC) [17] 

 

Steam-cracking 
 

HZSM-5 Zeolite 
-γ-Al2O3 
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Ethylene 
oxide 

 

Ethanol oxidation 
 

-Au/Li2O/Al2O3 [21] 
-gold-base catalyst [21] 
-Silver-base catalyst [22] 
-Copper-base catalyst [22] 

-Ethylene glycol 
[21] 

 

Ethanol 
Dehydrogenation 

 

-Copper-base catalyst [21] 
-silver-base catalyst [22] 

Acetaldehyde 
 

Dehydrogenation -Alumina-based catalyst [17] 
-γ-Al2O3 [19] 
-Cu/Al2O3, Cu/ZnO, Cu/ZrO2 
[23] 

Acetaldehyde 
 

Diethyl ether 
 

Dehydration 
 

-HZSM-5 Zeolite 
-Alumina-based catalyst [17] 
-WO3/ZrO2, WO3/TiO2 [18] 
-γ-Al2O3 [19] 
-Sulfonic-acid catalyst 
-Heteropoly acid catalysts 
[24] 

Use in gasoline 
 

Hydrogen 
 

Steam reforming 
 

NixWy/SBA15 [25]  

 
2.2 Ethanol dehydration reaction  

Ethanol consists of hydroxyl group in molecule. It dehydrated by using acid catalysts.  
The hydroxyl group is converted to water molecule. After the water molecule is emitted from 
ethanol molecule, the hydrocarbon rearranges into ethylene or DEE [26].  The reaction 
temperature used is between 180 to 500°C in gas phase and liquid phase [27].  The chemical 
equation of ethanol dehydration reaction is shown in equation (1) and (2) as follows;  
C2H5OH                        C2H4 + H2O             +44.9kJ/mol      (1) 
2C2H5OH                C2H5OC2H5 + H2O    -25.1kJ/mol     (2) 
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Equation (1) shows that ethanol vaporizes at high temperature to give ethylene in the 
endothermic reaction. The second step of this reaction depicted in Equation 2 is exothermic as it 
can take place at low temperature and ethanol is converted to DEE. Acetaldehyde is formed as a 
by-product as a reaction.  

C2H5OH                       CH3CHO + H2 
The alternative to produce ethylene is Ethanol dehydration reaction by using acid catalyst 

due to reaction temperature lower than Steam thermal cracking. As a result the energy cost of 
production in this reaction is also reduced. According to Nowak and Ziolek (1999), reported the 
ethanol dehydration reaction required the acid catalyst consisting of the Brønsted acid site on 
surface of catalyst combining with hydroxyl groups. It generates a water molecule, which is 
emitted. The mechanism of ethanol dehydration reaction to ethylene is shown as follows in 
Figure 2.2 

 
Figure 2.2The mechanism of ethanol dehydration reaction to ethylene [26] 
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The Figure 2.2 reveals that ethanol undergoes elimination reaction type E1 to get converted to 
ethylene. The E1 reaction is further divided into the following 3 steps: 
STEP 1: PROTONATION 
The leaving group in the ethanol molecule is the OH group. When acid is used as a catalyst, the 
catalytic proton is added to the oxygen of alcohol to make it a better alcoholic OH group. The 
lone pair of electrons on the alcoholic oxygen makes it a Lewis base and the step becomes 
reversible and fast.  
 
STEP 2: RATE DETERMINING STEP 
The breakage of C-O bond is slow and endothermic. A carbocation intermediate is formed when 
the leaving group (the water molecule) is lost from the alcohol. The slow speed of this step makes 
it the rate determining step. 
STEP 3: C=C REARANGEMENT  
The conjugate base (a water molecule) deprotonates in methyl group leading to the rearrangement 
of the C=C bond. 

However, the production of ethylene is requires high temperature. Operating at low 
temperature occur diethyl-ether in the selective formation but the kinetic reaction is limited and 
gives slow rate [27]. The bimolecular dehydration generates to form ether by substitution 
nucleophilic bimolecular reaction (SN2). The mechanism of ethanol to diethyl-ether can be 
described into 3 steps and is shown in Figure 2.3.  
Step1: The protonation from acid catalyst adds into alcoholic oxygen, which makes a better 
leaving group. This step is very fast and reversible reaction. The lone pairs on the oxygen make it 
a Lewis base.  
Step2: The other alcoholic oxygen is nucleophile function, which attacks to electrophilic electron. 
The C-O bond allows the loss of neutral water molecule and creates an oxonium ion intermediate.  

Step3: The protonated ether is removed proton (H+) by molecule of water and rearranges to give 
the diethyl ether production.  
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Figure 2.3 The mechanism of ethanol dehydration reaction to diethyl ether in SN2 [28] 

2.3 Catalyst 

The mechanism of catalytic dehydration of ethanol is shown in the Figure 2.4 where an 
acid catalyst protonate the OH group to leave the water molecule. The conjugate base of the 
catalyst thus formed deprotonates the methyl group, and hydrocarbon rearrangement and form 
ethylene.  

 
Figure 2.4 Mechanism for the dehydration of ethanol to ethylene. 

 
2.3.1 Alumina oxide 
 Aluminum oxide (Al

2
O

3
) also called alumina is chemical compound made up of oxygen 

and aluminum molecules in a 2:3 ratio. It acts as a catalyst in dehydration reactions and help form 
many industrially important products. It is used in the Claus process where it helps to convert 
Hydrogen Sulfide in its gaseous form (produced as a waste product) elemental sulfur to be 
utilized in the refineries.  
Alumina is formed in many phases, form different types of crystal and possess differing chemical 
properties in each phase. The phases of Al

2
O

3are as follows corresponding the symbols of each 
phase:  
 beta phase (β-Al2O3) 
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 Gamma phase (γ-Al2O3)  
 eta phase (η-Al2O3) 
 chi phase (χ-Al2O3) 
 kappa phase (κ-Al2O3) 
 delta phase (δ-Al2O3) 
 theta phase (θ-Al2O3)  
 Alpha phase (α-Al2O3) 

The properties of each crystal in these phases are different from each other. The reactants 
(gibbsite, boehmite, and etc.) determine the calcined temperature of reaction and thus determine 
the crystalline phase. If gibbsite is calcined at a temperature between 280°C to 650°C it will form 
chi phase of Alumina. The temperature higher than that, i.e. 750°C to 1150°C, results in kappa 
phase of alumina. Boehmite at 480°C to 780°C calcined temperature forms gamma phase alumina 
and at 780°C to 920°Cform gamma phase of alumina and upon further calcinations at780°C to 
920°C it converts to delta phase. The Figure 2.5 shows the calcined temperature and reactants 
that result in formation of different crystalline forms of alumina.  

 
 

Figure 2.5 The temperature transformation sequence of aluminum hydroxide 
 

2.3.1.1Advantages of Alumina (Al2O3) and its usage  
There are many advantages of Al2O3over other similar type of ceramic materials. The 

chemical structure and its physical properties make it best catalyst for production of fire bricks, 
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and IC (integrated circuit) packages. More than 45 million tons of Alumina is produced 
industrially in the world mainly using bauxitein the Bayer method. More than 1.5 million tons of 
Al2O3is used in the form of raw powder. In addition, more than 5 million tons of Al2O3is also 
produced in different chemical reaction as a residue and it is utilized for a number of purposes. 
On average about 350,000 tons of Al2O3consumed in Japan alone which is about 20% the global 
consumption of Al2O3. 

2.3.1.2 Applications of Al2O3 

As Al2O3 is found in many crystalline form having different chemical and physical 
properties it is a wide variety of applications. Alpha and Kappa phase alumina for example is 
used for wear resistant coatingdue to its chemical property of thermal stability property and 
physical property of hardness. The γ and θ phases are used in their metastable phases as crystals 
or crystal support due their chemical property of low surface energy that helps to provide large 
surface area for catalysis reactions.  

The γ phase of alumina very attractive due to its fin practical size and excellent thermal 
stability that inhibits the side reaction in chemical reactions shows structure in Figure 2.6. Khom-
in et al. (2008) used the γ- and χ- phase alumina as a catalyst inmethanol dehydration. 
According to them the combined γ- and χ- phase have higher acidity than γ alumina and χ- 
phasesused separately. The combined form of γ- and χ- phase of alumina can be synthesized 
easily by solvothermal method. A suitable solvent can help to control the size of crystals, 
structure of grains and their morphologic properties at different conditions.  

 
Figure 2.6 Schematic drawing of the first two layers in the gamma alumina structure Al 

ions is black. 
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2.3.2 Modification of Al2O3 

γ- phase of alumina has been in use from the earlier studies to convert ethanol to 
ethylene in the dehydration reaction. But the high temperature of this reaction that is 450°C can 
yield only 80% of ethylene. Due to the high temperature energy cost of the reaction is very high 
and yield is less at the same time thus researcher have been in quest to modify alumina by any 
other suitable catalyst so that the energy cost of reaction can be reduced and yield of ethylene can 
be increased.  

γ-alumina treated with Potassium Hydrooxide (KOH) and ZnO/Al2O3was used by 
Phillips Oil Company (USA) to form ethylene at commercial level. Halcon SD (USA) used MgO-
Al2O3/SiO2 based SynDol catalyst for ethylene production. Doheimet al. (2002)succeeded in 
achieving 97% yield of ethylene from ethanol  by using Na2O-doped Mn2O3/Al2O3at 300°C 
temperature. Catalytic ability of TiO2 was investigated byChen et al. (2007) and they modified 
γ-Al2O3. By mixing Na2CO3 solution with γ-Al2O3in powder form and added Ti(SO4)2 and 
Na2CO3 solution. SO4

2−was eliminated from the reaction by centrifugation and the resultant 
produced TiO2/γ-Al2O3 as a modified catalysis for the reaction helped to increase yield to 99.4% 
at temperature of 500°C.  

The TiO2/γ-Al2O3 catalyst was prepared by mixing commercial γ-Al2O3 powder with 
then adding Ti(SO4)2 and Na2CO3 solution. SO4

2− was eliminated by washing and centrifugation; 
then, the material was dried and calcined to produce TiO2/γ-Al2O3. Tests on the catalytic ability 
resulted in up to 99.4% ethylene selectivity at 500 °C. According to Zhang et al. (2008) about 
90.1% of ethylene is yielded selectively at 475 °C using γ-Al2O3 as a catalyst. With the increase 
in temperature from 360°C to 500°C, the conversion of ethanol and selectivity of ethylene 
increased from 75% rate of conversion to 100% and 40% selectivity to 99.4%. Studies also found 
that decrease from 100% conversion to 93 and 97% selectivity to 96% selectivity with a space 
velocity increased from 52 h−1 to 230 h−1. Conversion of Ethanol can be increased from 64% to 
88% at 380 °C with an increase in ethanol concentration of 10 wt % to 90 wt %, while ethylene 
selectivity decreased from 94% to 86% at 380 °C with the same increase in ethanol concentration. 
The catalyst deactivated quickly after 400 h of stability testing with temperatures be between 410 
and 430 °C. Although the modification of γ-Al2O3 has produced much more favorable results 
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than the original catalyst, the reaction temperature is still high, considering the modern industrial 
standards. On the other hand, the stability of the modified catalyst is relatively high as compared 
to other catalysts currently being developed, lasting 400 before deactivating. 

2.3.2.1 Manganese oxides modified Alumina 
Manganese oxide materials are of considerable importance in technological applications including 
catalysis and rechargeable batteries, due to their outstanding structural flexibility combined with 
novel chemical and physical properties [29]. 
Manganese oxides have been widely applied as catalyst in waste  water treatment, which are a 
series of complicated oxides, including MnO, MnO2, Mn2O3, Mn3O4 etc.. Porous manganese 
oxides materials have different structure from micropore to mesopore due to various preparation 
methods, chemical composition and crystal structure, which concludes its excellent property of 
cation exchange, molecular adsorption, oxidation, chemical and magnetic reducibility, etc. 
Therefore, it’s widely used in heterogeneous catalysis, toxic wastewater treatment, dye 
wastewater degradation etc. Manganese element gives rise to a rather complex oxides system, of 
which the most important phases and their transition temperature in air are given in Figure 2.7 

 
Figure 2.7 Most common phases of manganese oxide in air at different temperature 

 
2.4 Literature reviews 

Xian Zhang, Rijie Wang, Xiaoxia Yang *, Fengbao Zhang compare the activity and 
stability of γ -Al2O3, HZSM-5 (Si/Al = 25), silicoaluminophosphate(SAPO-34) and Ni-
substituted SAPO-34 (NiAPSO-34) as catalysts in the dehydration ofethanol to ethylene. γ -
Al2O3 and HZSM-5 were commercial catalysts. SAPO-34 and NiAPSO-34 molecular sieves had 
been synthesized with hydrothermal method in the laboratory, characterized with X-ray powder 
diffraction (XRD), Infrared Spectroscopy (FT-IR), H2 temperature-programmed reduction (H2–
TPR) technique and NH3 temperature-programmed desorption (NH3–TPD) technique. The 
incorporation of Ni2+ into the SAPO-34 framework generated in NiAPSO-34 sample was proved 
by XRD, FT-IR and H2–TPR techniques. NH3–TPD study had revealed that substitution of Ni2+ 
for Al3+ in the SAPO-34 framework led to increase the weak and moderately strong acid strength 
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and give rise to weak acid sites. Dehydration of ethanol was carried out over four catalysts and 
the results showed that conversion of ethanol and selectivity to ethylene decreased in the order 
HZSM-5 > NiAPSO-34 > SAPO-34 > γ -Al2O3. As to the stability of catalyst, NiAPSO-34 and 
SAPO-34 were better than other two catalysts. Considering the activity and stability of the four 
catalysts comprehensively, NiAPSO-34 was the suitable catalyst in the dehydration of ethanol. 

M.M. Doheim a, S.A. Hanafy a, G.A. El-Shobaky study Pure and Na2O-doped 
Mn2O3/Al2O3 solids were prepared by heating pure and NaNO3-treated MnCO3/Al(OH)3 mixed 
solids at 500 OC. The nominal composition of the calcined pure solids was 0.1 Mn2O3/Al2O3 and 
the dopant concentration varied between 0.75 and 6 mol% Na2O. The obtained results showed 
that the treatment of the Mn2O3/Al2O3 system with Na2O (3 or 6 mol%) followed by heating at 
500 OC led to the formation of the sodium manganese oxide phase. This treatment effected the 
decrease in the BET surface areas of the treated solids and led to an effective increase in their 
catalytic activities. The addition of 3 mol% Na2O brought about a significant increase in the 
percentage conversion (dehydration) of both alcohols measured at 300 OC from 22% to 92% and 
from 40% to 97% for ethanol and isopropanol, respectively 
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CHAPTER III 

EXPERIMENTAL 

 This Chapter explains the detail of experiment that consists of catalyst preparation, 
catalyst characterization and dehydration reaction of ethanol.  
 
3.1 Catalyst preparation 

Mixed γ- and χ-crystalline phase alumina catalyst was prepared by the solvolthermal 
method. Then, Mn was used to modify the mixed phase alumina catalyst by impregnation 
method. 

3.1.1 Chemicals 
 The chemicals used in the preparation of catalysts are  
1. Aluminum isopropoxide  AIP (98%)[(CH3)2CHO]3Al] 
2. Toluene (99%)C6H5CH3 
3. 1-Butanol (99%) C4H10O 
4. Methanol CH3OH 
5. Ultra high purity nitrogen gas (99.99%) 
6. Mn(CH3COO)2 
The AIP supply from Aldrich and toluene, 1-butanol, methanol and Mn(CH3COO)2 from  Merck. 

3.1.2 Synthesis of mixed phase alumina catalysts 
 Mixed γ- and χ-crystalline phase alumina catalyst was prepared by the solvothermal 
procedure described in [3, 30]. Approximately 25 grams of aluminum isopropoxide (AIP) was 
suspended in 100 ml of solution mixed (50 ml of toluene and 50 ml of butanol) in test tube, and 
then in 300 ml autoclave and flushed with nitrogen. In the gap between the test tube and the 
autoclave wall, additional 30 ml of same solvent was added. The mixture was heated to 300 °C, 
heating rate was 2.5 °C / minute and holding for 2 h. After that when the mixture was cooled 
down to room temperature, powder was washed with methanol several times by using a 
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centrifuge and dried in the air. The powder was calcined in a tube furnace at 600 ° C with a 
heating rate of 10 ° C / min and held it in air for 6 h. 
 
 

3.1.3 Preparation of Mn-modified mixed phase alumina catalysts 
The Mn-modified mixed phase alumina catalysts were prepared by wet impregnation of 

Al2O3 with aqueous Mn(CH3COO)2 solution to obtain 0.05 and 0.1 wt.% of Mn (0.05Mn/Al2O3 
and 0.1 Mn/Al2O3). The sample was dried at 110◦C overnight, and then calcined at 500◦C for 5 h 
in air.  

 
3.2 Catalyst characterization 

3.2.1) X-ray diffraction (XRD) 
 X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase 
identification of a crystalline material and can provide information on unit cell dimensions. XRD 
patterns of the catalysts were determined by the SIEMENS D5000 X-ray diffractometer 
connected with a personal computer with Diffract ZT version 3.3 programs for fully control of the 
XRD analyzer. The experiment was carried out by using Cu K radiation source with Ni filter in 
the 2 range of 20 to 80° with a resolution of 0.02o. 

3.2.2) Nitrogen physisorption 
  Specific surface area and the pore size distribution of catalysts were determined by 
nitrogen gas adsorption at liquid nitrogen temperature (-196°C) using Micromeritics ChemiSorb 
2750 Pulse chemisorption System instrument. Before characterization, the sample was thermally 
treated at 150°C for 1 h. 

3.2.3) Temperature programmed adsorption (NH3-TPD) 
 The acid properties of catalysts were investigated by temperature programmed adsorption 
of ammonia (NH3-TPD) equipment using Micromeritics chemisorp 2750 Pulse Chemisorption 
System. In a measurement, a packed quartz wool and 0.1 g of catalyst was loaded in a quartz tube 
and pretreated at 500°C under helium flow. The sample was saturated with 15%NH3/He. After 
that, the physisorbed ammonia was desorbed under helium gas flow about 30 min. Then, the 
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sample was heated from 40°C to 800 °C at heating rate of 10°C/min. The amount of ammonia in 
effluent was measured via TCD signal as a function of temperature. 
 

3.2.4) Scanning electron microscopy (SEM) 
 Scanning electron microscopy measures the shape and size of the prepared catalyst. The 
JEOL JSM-35 CF model at the Scientific and Technological Research Equipment Center, 
Chulalongkorn University (STREC) is used for this purpose. 
 
3.3 Reaction of ethanol dehydration to ethylene 

 In this research, the ethanol dehydration reaction was tested in gas phase ethanol reaction 
at atmospheric pressure.  

3.3.1) Chemicals and reagents 
 Table 3.1 Chemicals and the reagents used in the ethanol dehydration reaction. 

Chemicals and Reagents Supplier 

High purity grade hydrogen (99.99%) TIG 
Ultra high purity nitrogen gas (99.99%) TIG 
Argon   TIG 
Ethanol Merck 
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3.3.2) Instruments and apparatus  
Figure 3.1 shows the system of the ethanol dehydration  
 

 
Figure 3.1 Ethanol dehydration system 

Reactor: The reactor tube has an inner diameter size 0.7 mm and length size 12 cm. It is made 
from borosilicate glass tube. Ethanol dehydration reaction will occur in this reactor. 
Vaporizer The vaporizer is made from stainless that use heater to change ethanol in liquid phase 
to saturated vapor phase under atmospheric pressure by using syringe pump. 
Electrical furnace and heating cable: The reactor is supported by electrical chamber as heater. 
The temperature of electrical chamber is controlled via ability of variable voltage electrical device 
and temperature controller at 190 V. The heating cable is enfolded on outlet reactor line so as to 
stop the condensation of water dehydrated from reaction. 
Temperature controller: The temperature controller is connected with thermocouple that 
attached with reactor and a variable voltage transformer. In this research, the temperature is 
controlled set point via temperature controller at 200 °C - 400°C 
Gas controlling system: Argon is employed for carrier ethanol vapor into the reactor. The rate of 
carrier gas will modify in operation condition via on-off valve, mass flow controller and pressure 
regulator. 
 First, liquid ethanol was vaporized at vaporizer. Then, ethanol vapor moved into reactor 
that had catalyst in tube and occurred ethanol dehydration reaction in this reactor. The 
dehydration of ethanol was carried out in a fixed-bed continuous flow reactor with an inner 
diameter 0.7 mm. In the experiment, 0.01 g of a packed quartz wool and about 0.05 g of catalyst 
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were loaded into the reactor and then the catalyst was pretreated in argon (50ml/min) at 200°C for 
1 h under atmospheric pressure. The reaction was carried out in temperature ranging from 200°C 
to 400°C. The products were analyzed by a Shimadzu GC8A gas chromatograph with FID using 
capillary column (DB-5) at 150°C. 
 
3.4 Reaction of ethanol dehydration reaction to DEE 

 The same system in Figure 3.1 was used. For investigation of DEE, the reaction was run 
by time on steam at 250 ๐C for 6 h and collected sample every 1 h for monitor ethanol conversion, 
selectivity of DEE and yield of DEE. In addition, investigate the characteristic of catalyst was 
determined after run reaction for 6 h. 
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Chapter IV 

Results and discussion 

Chapter IV explains the results and discussion of the effect of mixed γ- and χ-Al2O3 
catalysts and manganese modification of alumina catalysts for ethanol dehydration reaction to 
ethylene and DEE. The characteristics of catalyst were investigated by X-ray diffraction (XRD), 
temperature programmed adsorption (NH3-TPD), nitrogen physisorption and scanning electron 
microscopy (SEM). All Catalyst were tested in ethanol dehydration reaction to measure the 
ethanol conversion and product selectivity. 

 
4.1 Catalyst characterization of mixed γ- and χ- Al2O3  and Mn- modified 

alumina catalysts 

4.1.1 X-ray diffraction (XRD) 
XRD was used to identify the structure of catalyst. From Figure 4.1, XRD patterns 

indicated the presence of γ- crystalline (32๐, 37๐,39๐,45๐,61๐ and 66๐) and χ-crystalline (37๐,40
๐,43๐,46๐,60๐ and 67๐) phases of alumina [31]. After Mn was modified onto the alumina catalyst, 
no peaks of Mn species were observed. This is suggested that Mn species was highly dispersed.  

 
Figure 4.1 XRD patterns of mixed γ- and χ alumina catalyst and Mn-modification alumina 
catalyst; (    ) gamma-alumina, (     ) chi-alumina 
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4.1.2 Nitrogen physisorption  
The BET (Brunauer, Emmett and Teller) surface areas were analyzed by nitrogen multilayer 
adsorption measured as a function of relative pressure using a fully automated analyzer to identify 
the total specific surface area in m2/g unit. The BJH analysis can find pore size and specific pore 
volume by using adsorption-desorption isotherms as shown in Figure 4.2 The Bet surface, pore 
volume and pore size diameter of all catalysts as shown in Table 4.1 The pore diameter (D) is 
divided into three categories; macropores (D > 50 nm), mesopores (2 nm < D < 50 nm) and 
micropores (D < 2 nm) [32]. Therefore, the pore size distribution curve of all catalysts shows 
mesopores as shown in Figure 4.3.  
 
Table 4.1 BET surface area analysis and BJH pore size and volume analysis of Alumina and Mn-
modified catalysts 
 

Sample 
BET surface area Pore volume Pore size diameter 

S BET (m2/g) Pv (cm3/g) Pd (nm) 

Al2O3 200                      0.69 8.26 

0.05Mn/Al2O3 243 0.54 6.16 

0.1Mn/Al2O3  213  0.58  7.11 
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Figure 4.2 The N2 adsorption–desorption isotherms of Alumina and Mn-modified catalysts 

 
Figure 4.3 Pore size distribution of Alumina and Mn-modified catalysts 
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4.1.3 Temperature programmed adsorption (NH3-TPD)  
NH3-TPD is used to measure the characteristic of surface acidity of catalysts. The higher 

desorption temperature refer to more strong acid sites, corresponding to amount of NH3 desorbed 
from the acid sites of catalyst as shown in Table 4.2. The NH3 profiles of mixed γ- and χ 
alumina catalyst and Mn-modified alumina catalyst are shown in Figure 4.4. From TPD profile of 
each catalyst, it consist of two peaks. Total acidity is divided into two parts of acidic sites; weak 
acid sites and medium to strong acid sites. The amounts of weak acid sites and medium to strong 
acid sites were analyzed at 100-220°C and 220-800°C respectively. 

 
Table 4.2 The amount of acid sites of mixed γ- and χ alumina catalyst and Mn-modified 
alumina catalyst 

Sample 

NH3 desorption 
 (µmol NH3/g cat.) 

Total acidity  
(µmol NH3/g cat.) Week acid sites 

Medium to 
strong acid sites 

(100-220°C) (220-800°C) 

Al2O3                      340.9          551.9            892.9 
 

0.05Mn/Al2O3                      420.6          297.4                                                 718.1 
 

0.1Mn/Al2O3                      430.2                                                    288.1            718.3   
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Figure 4.4 TPD profile of mixed γ- and χ alumina catalyst and Mn-modified alumina catalyst 

 
Table 4.1 summarizes the amount of acidity of each catalyst. It was found that the total acidity 
decreased with manganese loading. The weak acid sites referred to the amount of NH3 desorption 
in the range from 340.9-420.6 µmol NH3/g cat. The 0.1Mn/Al2O3 exhibited the highest weak acid 
sites among other samples. For the medium to strong acid sites, all sample exhibited the amount 
of NH3 desorption in the range from 297.4-551.9 µmol NH3/g cat. The medium to strong acid 
sites was in order of Al2O3 > 0.05 Mn/Al2O3> 0.1 Mn/Al2O3 

4.1.4 Scanning Electron Microscopy 
The morphologies of mixed γ- and χ alumina catalyst and Mn-modified alumina 

catalyst are shown in Figure 4.5 measured by Scanning Electron Microscopy (SEM). From SEM 
image, was found fine particle in unmodified catalyst on the other hand modified catalyst was 
found particle accumulate on surface catalyst which is consistent with XRD result in Figure 4.1. 
The Mn-modified alumina catalyst did not show the XRD peak of Mn due to high dispersion. 
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Figure 4.5  SEM micrograph of mixed γ- and χ alumina catalyst and Mn-modification alumina 

catalyst; (a) Al2O3 (b) 0.05Mn/Al2O3 (c) 0.1Mn/Al2O3 
 
 

(a) 

(b) 

(c) 
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Figure 4.6 shows elemental dispersion of all catalysts (Al, O and Mn). The results show that all 
component were well dispersed. The Mn component that add in catalyst exhibited good 
dispersion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Characteristic dispersion of component of mixed γ- and χ alumina catalyst and Mn-

modified alumina catalyst 
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4.2 Catalyst activity of mixed γ- and χ alumina catalyst and Mn-modified 

alumina catalyst in ethanol dehydration reaction 

 4.2.1 Ethanol dehydration to ethylene 
The catalytic activity depends on the reaction temperature. All catalysts were measured 

upon the catalytic performance in ethanol dehydration reaction under temperature between 200 to 
400 ๐C. The results of catalytic activity were reported in terms of conversion and selectivity 
versus temperature profile. The products of ethanol dehydration reaction are ethylene, diethyl 
ether and acetaldehyde.  
 

 
Figure 4.7  Ethanol conversion profiles in ethanol dehydration at different temperatures 

 
From the Figure 4.7 ,when increase reaction temperature the ethanol conversion  increases  for all 
catalyst. It reveals that the unmodified alumina shows the highest ethanol conversion followed by 
0.05 Mn/Al2O3 and 0.1 Mn/Al2O3, respectively. 
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Figure 4.8 Selectivity profiles of ethylene in ethanol dehydration at different temperature 

Table 4.3 Ethylene yield in ethanol dehydration at different temperature 

 
From  Figure 4.8, it shows the selectivity profiles of ethylene in ethanol dehydration at different 
temperature. It was found that selectivity of ethylene increased with increasing reaction 
temperature for  all catalysts. It reveals that the unmodified alumina shows the highest for 
selectivity of ethylene followed by 0.05 Mn/Al2O3 and 0.1 Mn/Al2O3, respectively. For 
manganese-modified alumina catalyst, when increase manganese loading, selectivity of ethylene 
decreases. Ethylene yield was the highest when using Al2O3 (74.9% at 400 ๐C), 0.05 Mn/Al2O3 
and 0.1 Mn/Al2O3, respectively as shown in Table 4.3 

Catalyst 
Ethylene yield (%)  

200 
o
C 250 

o
C 300 

o
C 350 

o
C 400 

o
C  

Al2O3 0.0          1.3 22.3 52.7    74.9 

0.05Mn/Al2O3 0.0          0.3 6.5 28.8     46.1  

0.1Mn/Al2O3 0.0          0.0 2.9 11.3      28.0 
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Figure 4.9  Selectivity profiles of diethyl ether (DEE) in ethanol dehydration at different 

temperature 
Table 4.4 DEE yield in ethanol dehydration at different temperature 
 

 
From  Figure 4.9, it shows selectivity of DEE in ethanol dehydration at different temperature.It 
was found that selectivity of DEE was high at low temperature for  all catalysts. It was found that 
DEE selectivity increased when increased manganese loading, but DEE yield was low as shown 
in Table 4.4 due to lower temperature. The DEE yield highest at 300 ๐C with 0.1Mn/Al2O3 
catalyst (18.2%). 

Catalyst 
DEE yield (%)  

200 
o
C 250 

o
C 300 

o
C 350 

o
C 400 

o
C  

Al2O3 0.8          6.1 6.9 3.7     1.1 

0.05Mn/Al2O3 0.2          3.3 12.0 4.5     4.2  

0.1Mn/Al2O3 0.0          5.8 18.2 15.7     5.8 
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Figure 4.10  Selectivity profiles of acetaldehyde in ethanol dehydration at different temperature 
Table 4.5 Acetaldehyde yield in ethanol dehydration at different temperature 
 

 
Acetaldehyde is formed as a by-product from dehydrogenation reaction (side reaction). From 
Figure 4.10, the results show that selectivity of acetaldehyde increases with increasing the 
manganese loading and acetaldehyde yield was low as shown in Table 4.5. The catalyst without 
modification of manganese consisted of acid sites that act as active phase on surface. While the 
Mn-modified catalyst, acid sites and metal (manganese) sites were obtained. Metal sites in 
catalyst act as the catalyst for the dehydrogenation of ethanol to acetaldehyde. 

From the investigation of the catalytic performance of all catalysts in ethanol dehydration 
reaction under atmospheric pressure and various temperatures between 200–400 ๐C, it was found 
that the Mn-modified catalyst exhibited the high selectivity of DEE than unmodified catalyst as 

Catalyst 
Acetaldehyde yield (%)  

200 
o
C 250 

o
C 300 

o
C 350 

o
C 400 

o
C  

Al2O3 0          0 0.7 1.6     1.3 

0.05Mn/Al2O3 0          0 0.6 1.0     2.9  

0.1Mn/Al2O3 0          0 0.8 2.0     6.0 
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shown in Figure 4.4. From the result, the highest selectivity of DEE is condition at 250 ๐C. So the 
next part will focus on the effect of catalyst activity and time on stream for manganese-modified 
alumina catalyst at 250 ๐C. 

4.2.2 Ethanol dehydration to DEE 
Ethanol can be converted through a dehydration process to produce diethyl ether 

(DEE),which is an excellent compression – ignition fuel with higher energy density than ethanol. 
DEE has long been known as a cold start aid for engines  but little is known about using DEE as a 
significant component in a blend or as a complete replacement for diesel fuel [33]. 
 In this part the effect of catalyst activity and time on stream for manganese-modified 
alumina catalyst at 250 ๐C for 6 h was investigated. From Figure 4.11 % selectivity of DEE of 
0.05 Mn /Al2O3 sample is lower than 0.1 Mn /Al2O3 and stability of both catalyst are quite similar.  
 

 
Figure 4.11 Selectivity of diethyl ether of 0.05 Mn /Al2O3 and 0.1 Mn /Al2O3 at 250 ๐C for 6 hrs.  
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Figure 4.12  %Ethanol conversion of 0.05 Mn /Al2O3 and 0.1 Mn /Al2O3 at 250 ๐C for 6 h. 
 
From Figure 4.12   shows %Ethanol conversion of 0.05 Mn /Al2O3 and 0.1 Mn /Al2O3 at 250 ๐C 
for 6 h. are stable so the catalyst still activate. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATION 

Chapter V summarizes the characteristics and catalyst activity of γ- χ alumina catalyst 
and manganese-modified alumina catalyst. 
 
5.1. Conclusion 

  The product of ethanol dehydration is ethylene, diethyl ether and acetaldehyde. At high 
temperature, the main product is ethylene, while at low temperature, the main product is diethyl 
ether. The ethylene formation is favored by medium to stronger acid sites, whereas diethyl ether 
requires only weak acid sites. Manganese loading results in decreased ethanol conversion and 
selectivity to ethylene, but increased selectivity of diethyl ether. The highest ethanol conversion 
and highest ethylene selectivity were observed for all catalyst at 400 ๐C. In terms of ethanol 
conversion, it was in the order of Al2O3 (77.3%)> 0.05Mn/Al2O3 (53.1%)> 0.1Mn/Al2O3 (39.7%) 
and ethylene selectivity was in order of Al2O3 (96.8%)> 0.05Mn/Al2O3 (86.7%)> 0.1Mn/Al2O3 
(70.5%). However, the Mn modification can result in increased diethyl ether (DEE) selectivity at 
low temperature. At 250 ๐C, the highest DEE selectivity, was found for 0.1Mn/Al2O3 (100%), 
while DEE selectivity 0.05Mn/Al2O3 (93.0%)>Al2O3 (82.4%) was observed. 
 

5.2 Recommendation 

The result activity of Mn modification low yield of DEE at low temperature so should be study 
increase activity at low temperature by using chemical promoter for DEE production. 
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APPENDIX A 

CALIBRATION CURVE 

 
Appendix A showed the calibration curves for calculation of composition of reactant and 

products in ethanol dehydration reaction that consist of as shown in Figures A.1-A.4. The 
reactant is ethanol and the main product is ethylene. The other products are DEE and 
acetaldehyde.  

The concentration of reactant and products were analyzed by the gas chromatography 
Shimadzu model 14A, capillary column DB-5 of flame ionization detector (FID). The used 
conditions in GC are presented in Table A.1. 
Table A.1 Conditions in GC-14A 

Parameters Condition 

Width 5 

Slope 100 

Drift 0 

Min. Area 300 

T.DBL 1000 

Stop time 12 min. 

Atten 2 

Speed 3 

Method Normalization 

SPL.WT 100 

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

 
 

 
Figure A. 2 The calibration curve of ethylene 
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Figure A. 3The calibration curve of acetaldehyde 
 

 
 

Figure A. 4 The calibration curve of diethyl ether 
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APPENDIX B 

CALCULATION OF CONVERSION AND SELECTIVITY 

 
The catalyst activity for the ethanol dehydration reaction was considered in term of 

ethanol conversion and selectivity of products.  
 
Ethanol conversion calculate as equation 
 

% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 𝑥 100 

 
Selectivity of product calculate as equation 

% 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 𝑥 100 

 
where:  product in ethanol dehydration reaction is only ethylene, acetaldehyde and diethyl ether  
              Neglect other component that low composition 
 
Yield of product calculate as equation 
 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
=  𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑥 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑥 100 
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APPENDIX C 

CALCULATION OF ACIDITY 

 
The amount of acid site was represented for acidity of catalyst. In this research, the 

acidity was measured by NH3-TPD technique, which amount of TCD signal versus temperature 
as follows:  
 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 =  
𝐴

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑔)
 

 
where: - A is area under peak of NH3-TPD profile × 0.0003 mole of NH3 desorption based on 
calibration curve of micromeritics chemisorp 2750 Pulse Chemisorption System.  
           - The unit of amount of catalyst is mole of NH3/g. cat.  
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APPENDIX D 

GAS CHROMATOGRAPHY DATA 

 
 

 
 

Figure D.1 data result from Gas Chromatography 
From the Figure D.1 shows the result from GC. The time at 4.9 is ethanol, time at 4.4 is 

ethylene and time at 5.2 is DEE. 
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APPENDIX E 

Conference proceeding 

 

Proceeding 
Rattanaporn Rakpan and Bunjerd jongsomjit, “Dehydration of Ethanol over Mn-modified 
Alumina Catalyst” Proceeding of the 1st national conference TECHCON 2015, Bangkok, 
Thailand, July 11 2015. 
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