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T HA I  AB STR ACT 

พงศธร เกิดน้อย : ผลของเฟสไทเทเนียและปรมิาณทังสเตนที่เติมในตัวเร่งปฏิกิริยา W/TiO2 
ต่อดีไฮเดรชันของเอทานอลเป็นไดเอทิลอีเทอร์ (EFFECTS OF TITANIA PHASE AND 
TUNGSTEN LOADING CONTENT IN W/TiO2 CATALYSTS ON DEHYDRATION OF 
ETHANOL TO DIETHYL ETHER) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: ศ. ดร. บรรเจิด จงสมจิตร
, 76 หน้า. 

ปัจจุบันเอทานอลซึ่งเป็นพลังงานหมุนเวียนที่ใช้มากที่สุดสามารถเปลี่ยนเป็นสารประกอบที่
มีมูลค่ามากข้ึน มีรายงานว่าตัวเร่งปฏิกิริยาทังสเตนบนตัวรองรับไทเทเนีย (W/TiO2) สามารถเปลี่ยน
เอทานอลเป็นไดเอทิลอีเทอร์ได้ อย่างไรก็ตามตัวรองรับไทเทเนียมมีเฟสที่แตกต่างกัน อาจส่งผลต่อ
สมบัติทางเคมีและกายภาพของตัวเร่งปฏิกิริยาดังนั้นงานวิจัยนี้จึงรายงานถึงพฤติกรรมการเร่ง
ปฏิกิริยาของตัวเร่งปฏิกิริยาที่มีเฟสแตกต่างกันและผลของปริมาณทังสเตนที่เติมต่อดีไฮเดรชันของเอ
ทานอลเป็นไดเอทิลอีเทอร์ ในการเตรียมตัวเร่งปฏิกิริยานี้จะน าตัวรองรับไทเทเนียที่มีเฟสแตกต่างกัน
คือ อะนาเทส (A), รูไทล์ (R) และเฟสผสม (P25) มาท าการปรับปรุงด้วยทังสเตนปริมาณ  10 
เปอร์ เซ็นต์โดยน้ าหนัก  และถูกก าหนดเป็น 10W/TiO2-A, 10W/TiO2-R และ 10W/TiO2-P25 
ตามล าดับ นอกจากนี้ดีไฮเดรชันของเอทานอลได้ถูกท าการศึกษาเพื่อแสดงประสิทธิภาพในการเร่ง
ปฏิกิริยาของตัวเร่งปฏิกิริยา พบว่าตัวเร่งปฏิกิริยา 10W/TiO2-P25 ให้ปริมาณการเกิดไดเอทิลอีเทอร์
สูงสุด (24.1%) ที่ 300 องศาเซลเซียส และเกิดเอทิลีน (60.3%) ที่ 400 องศาเซลเซียส ในขณะที่
ตัวเร่งปฏิกิริยา 10W/TiO2-R ท าให้เกิด อะซีตัลดีไฮด์เพียง 15.9% เท่านั้น นอกเหนือจากเฟสที่ต่าง
ของตัวรองรับไทเทเนียแล้ว การมีพื้นที่ผิวที่สูงกว่าจะมีบทบาทส าคัญในการกระจายตัวของปริมาณ
กรดที่ดีข้ึนซึ่งจะน าไปสู่ประสิทธิภาพของการเร่งปฏิกิริยาที่สูงข้ึน ต่อมาตัวรองรับ TiO2-P25 ถูกเลือก
เพื่อศึกษาผลของปริมาณทังสเตนที่เติม (0-20 เปอร์เซ็นต์โดยน้ าหนัก) ซึ่งถูกก าหนดเป็น 5W/TiO2-
P25, 10W/TiO2-P25, 15W/TiO2-P25 และ  20W/TiO2-P25 ตามล าดับ  พบว่าตัวเร่ งปฏิกิริยา 
15W/TiO2-P25 แสดงประสิทธิภาพในการเร่งปฏิกิริยาสูงที่สุด  โดยจะให้ปริมาณไดเอทิลอีเทอร์
เท่ากับ 30.4% ที่อุณหภูมิ 300 องศาเซลเซียสและปริมาณเอทิลีนเท่ากับ 65.8% ที่อุณหภูมิ 400 
องศาเซลเซียส เนื่องจากบทบาทส าคัญ 3 ประการของตัวเร่งปฏิกิริยาคือ (1) พื้นที่ผิวสูง (2) ปริมาณ
ทังสเตนที่กระจายตัวอยู่บนพื้นผิวด้านนอกของตัวเร่งปฏิกิริยา  และ (3) ความเป็นกรดของตัวเร่ง
ปฏิกิริยา ปัจจัยเหล่านี้เป็นปัจจัยที่น าไปสู่การเพิ่มประสิทธิภาพส าหรับดีไฮเดรชันของเอทานอลบน
ตัวเร่งปฏิกิริยา 15W/TiO2-P25 
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ENGLI SH AB ST R ACT 

# # 5970251921 : MAJOR CHEMICAL ENGINEERING 
KEYWORDS: ETHANOL DEHYDRATION, TITANIA, TUNGSTEN, DIETHYL ETHER, ETHYLENE 

PONGSATORN KERDNOI: EFFECTS OF TITANIA PHASE AND TUNGSTEN LOADING 
CONTENT IN W/TiO2 CATALYSTS ON DEHYDRATION OF ETHANOL TO DIETHYL 
ETHER. ADVISOR: PROF. BUNJERD JONGSOMJIT {, 76 pp. 

Nowadays, ethanol which is one of the most used renewable energies can be 
converted into the more valuable compounds. It was reported that titania-supported 
tungsten (W/TiO2) catalyst is able to convert ethanol into diethyl ether. However, 
titania support has different crystalline phases that can result in differences of 
physicochemical properties for the catalyst. Therefore, the present work reports on 
the catalytic behaviors of both different phases of titania and tungsten loading 
contents in catalytic ethanol dehydration to diethyl ether. To prepare the catalysts, 
the three different phases [anatase (A), rutile (R), and mixed phases (P25)] of titania 
supports were impregnated with 10 wt% of tungsten and denoted as 10W/TiO2-A, 
10W/TiO2-R, and 10W/TiO2-P25, respectively. Moreover, ethanol dehydration was also 
performed to determine the overall activities for all catalysts. It was found that the 
10W/TiO2-P25 catalyst exhibits the highest DEE yield (24.1%) at 300°C and ethylene 
yield (60.3%) at 400°C, whereas only 15.9% is obtained from 10W/TiO2-R catalyst. 
Besides the different phases of titania support, higher surface area of TiO2 is likely to 
play an important role on the better dispersion of acid sites leading to higher catalytic 
activity. Moreover, TiO2-P25 support was selected to further study to investigate the 
effect of W loading (0-20 wt%), which was denoted as 5W/TiO2-P25, 10W/TiO2-P25, 
15W/TiO2-P25 and 20W/TiO2-P25, respectively. It was found that the 15W/TiO2-P25 
catalyst gives the highest activity with DEE of 30.4% yield at 300°C and ethylene of 
65.8% yield at 400°C due to its three major roles including; (1) high surface area, (2) 
high amount of W species distributed on the external surface of catalyst and (3) 
introduce acid sites as active sites in the reaction. There were the factors leading to 
obtain higher activity for ethanol dehydration of 15W/TiO2-P25 catalyst. 
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CHAPTER 1 
INTRODUCTION 

1.1 Introduction  

Currently, renewable energy resources such as solar, wind and biomass have 
become an important way to achieve sustainable development. Increasing renewable 
energy consumption in the world can impact on the utilization of fossil fuel that is 
finite resources. One of the most used renewable energies is ethanol, which can be 
derived from fermentation of various types of agricultural products such as sugarcane, 
cassava, molasses, rice, corn, and millet [1]. 

In fact, ethanol can be converted into various valuable chemical compounds 
including ethylene and diethyl ether (DEE) via dehydration and acetaldehyde via 
dehydrogenation of ethanol [2]. 

      C2H5OH     →    C2H4          +   H2O ∆H298 = +44.9 kJ/mol  (1) 

      2C2H5OH   →    C2H5OC2H5  +   H2O ∆H298 = -25.1 kJ/mol  (2) 

      C2H5OH     →    C2H4O        +   H2 ∆H298 = +69.1 kJ/mol   (3) 
Reaction (1) and (2) are two competitive routes for dehydration of ethanol as 

endothermic reaction and exothermic reaction, respectively. Thus, the formation of 
ethylene favors at high temperature (400-450°C) to obtain high ethylene selectivity, 
while DEE mainly occurs at low temperature (<300°C). Ethylene product is widely used 
as raw materials in the manufacture of various polymers such as polyethylene, 
polyvinyl chloride, and polystyrene and other organic chemicals [3]. The DEE product 
is commonly used as an extraction solvent. Moreover, DEE has high cetane number 
and can be used in combination of petroleum fuel for gasoline and diesel engines [4, 
5]. In addition, for the endothermic reaction of ethanol dehydrogenation, acetaldehyde 
that is an important raw material in the production of many chemical products can be 
formed as a byproduct [5, 6]. 

It is well known that the catalytic dehydration of ethanol has been investigated 
using different catalysts in order to increase activity and lower the operation 
temperature. Normally, the solid acid catalysts containing alumina (Al2O3) and 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 

transition metal oxides such as zeolite, montmorillonite clays, silica (SiO2), zirconia 
(ZrO2), and titania (TiO2) are employed. However, they are presently expanded to 
include many catalysts, which are modified by adding other metals [7, 8]. Among noble 
and transition metals, tungsten (W) is the most interesting choice since it is widely 
used. Moreover, W is an acidic catalytic material being highly active and selective for 
many reactions [9]. It was revealed that the addition of W onto titania support gave 
higher activity at the low temperature due to increased strong Brønsted acid sites for 
catalytic reaction [10]. Regarding the catalyst supports, it is recognized that titania exists 
in three different crystalline phases including anatase, brookite, and rutile. Anatase 
usually exhibits better activity than that of brookite and rutile. However, there are 
several reactions for the unexpectedly high activity of brookite and rutile [11-13]. 
Therefore, the different compositions of crystalline phases could exhibit the different 
physicochemical properties of titania. 

In this proposed research, W/TiO2 catalysts were prepared by using titania 
supports having different phase compositions. All catalysts were characterized by using 
various characterization techniques including Inductively coupled plasma (ICP), X-ray 
diffraction (XRD), scanning electron microscope (SEM) and electron dispersive X-ray 
(EDX) spectroscopy, N2-physisorption, Temperature-programed desorption of ammonia 
(NH3-TPD) and Thermal gravimetric analysis (TGA). Furthermore, the catalysts were 
tested in ethanol dehydration reaction under vapor phase of ethanol. To understand 
the catalytic behaviors of different titania phases, the effect of phase compositions in 
titania supports on the catalytic properties and product distribution were elucidated 
and discussed. Besides, the effect of W loading in catalysts were also investgated in 
the similar way. 
 
1.2 Motivation 

Ethanol dehydration is very interesting reaction in order to convert agricultural 
product, ethanol, into the more valuable compounds. It was reported that titania-
supported tungsten (W/TiO2) catalyst is one of suitable catalysts for the reaction.  
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1.3 Research objectives 

1) To investigate the changes in catalytic behaviors with different phases of titania 
as a support for tungsten catalyst in ethanol dehydration. 

2) To compare the effect of tungsten loading onto titania support for ethanol 
dehydration. 

 
1.4 Research scopes 

1) W/TiO2 catalysts were prepared by incipient wetness impregnation. 
2) A 10 wt% of tungsten were impregnated onto the titania supports: anatase (A), 

rutile (R), and mixed phases (P25) 
3) The tungsten contents (5, 10, 15 and 20 wt%) were varied and impregnated 

onto the titania support giving the highest DEE yield. 
4) The obtained catalysts were characterized by using ICP, XRD, SEM/EDX, N2-

physisorption, NH3-TPD, and TGA. 
5) The ethanol reactions were preformed under atmospheric pressure and 

temperature between 200 to 400°C.  
6) All products were analyzed by gas chromatography (GC) with FID. 

 
1.5 Expected benefits 

1) The W/TiO2 catalysts for ethanol dehydration have been improved. 
2) It can obtain the suitable catalyst to produce DEE via ethanol dehydration. 
3) It will be an alternative route for catalytic dehydration of ethanol 
4) It can be applied for future ethanol industries in Thailand 
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CHAPTER 2 
THEORY AND LITERATURE REVIEWS 

2.1 Ethanol 

Ethanol (ethyl alcohol) is manufactured by the fermentation of a wide variety 
of agricultural materials. Ethanol is one of the most promising and alternatives to fossil 
fuels, which use as an additive in gasoline.  

 
 

Figure 1 Productive system to produce ethanol from sugarcane [14] 
 
2.2 Ethanol dehydration 

Ethanol dehydration is an example of elimination reaction. Dehydration of 
alcohol follows two competitive routes to produce; (1) ethylene via an endothermic 
reaction at high temperature, and (2) diethyl ether via an exothermic reaction at lower 
temperature. Ethylene product is widely used as raw materials in the manufacture of 
various polymers such as polyethylene, polyvinyl chloride, and polystyrene and other 
organic chemicals [3]. The DEE product is commonly used as an extraction solvent. 
Moreover, DEE has high cetane number and can be used in combination of petroleum 
fuel for gasoline and diesel engines [4, 5]. 

https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwiHpK-YnO7ZAhVCwI8KHaStAioQjRx6BAgAEAU&url=https://www.researchgate.net/figure/Productive-system-used-in-Argentina-to-produce-ethanol-from-sugarcane_fig1_257680088&psig=AOvVaw30hOdsy6WahS_rfUAlrT4C&ust=1521199584091511
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For ethylene production, reaction is suggested to occur through E2 elimination 
route, which is concerted break bonds of C-H and C-O in ethanol using a pair of 
Brønsted acid (OH) and base (B) catalyst sites. Then, ethylene and water are produced 
after this step (Figure 2).  

 
Figure 2 The formation of ethylene via E2 elimination of ethanol [4] 

 
Diethyl ether (DEE) is formed by two different pathways, associative pathway 

and dissociative pathways (Figure 3). Both pathways are supposed to take place at 
Brønsted acid sites (OH). The dissociative (stepwise) pathway is explained by initial 
ethanol adsorption, followed by water elimination from ethanol, leading to adsorbed 
ethyl and water. After that, ethyl group reacts with the other ethanol molecule to 
form diethyl ether. The associative (direct) pathway is explained by co-adsorption of 
two ethanol molecules, which react and form the ether directly. 

 
Figure 3 Associative and dissociative pathways for diethyl ether formation [4] 
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2.3 Catalysts 

A catalyst is used to change the reaction kinetics of a reaction and decrease 
the activation energy, which is needed for a reaction to occur. It can speed up a 
reaction toward the equilibrium but cannot change the equilibrium of a reaction. The 
catalyst is not consumed during the reaction but it can be deactivated and loose its 
ability to catalyze the wanted reaction. There are some concepts that are important 
when talking about catalysts. The catalytic concepts in focus are activity, selectivity 
and deactivation. The activity is a measurement of how fast the reaction reaches the 
equilibrium. Selectivity describes the capability to produce a desired product. 
Deactivation is when a catalyst loses its ability to catalyze a reaction and becomes less 
active. 

Heterogeneous catalysts can be widely used for the dehydration of ethanol. A 
heterogeneous catalyst consists of three parts, these are carrier, support and active 
site. The carrier provides structure to the catalyst and the reactor bed; it determines 
the heat and mass transfer properties and also governs the pressure drop over the 
reactor. The support provides surface area, on which the reaction can occur, and can 
be of the same material as the carrier. The surface area of the support is important 
since this is where the active sites are dispersed. The active sites are where the reaction 
actually occurs and can be the material of the support. Some common materials are 
alumina, silica and mixed oxides [15, 16]. 

 
2.4 Tungsten (VI) oxide (WO3) 

Tungsten (VI) oxide is a chemical compound containing tungsten metal and 
oxygen with the chemical formula WO3. Tungsten trioxide has many crystal structures 
depended on temperature. There are tetragonal (above 740ºC), orthorhombic (330-
740ºC), and monoclinic (17-330ºC). Therefore, the monoclinic is stable at room 
temperature, and the tetragonal is stable at high temperatures and often found in the 
form of elongated particles with high aspect ratios [17]. 
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(a)            (b)  

(c)  

Figure 4 The three crystal phases of tungsten oxide 
(a) tetragonal, (b) orthorhombic, and (c) monoclinic. [18] 

 
It is extensively used for many purposes with applications in heterogeneous 

catalysis, photocatalysis, electronic devices, and corrosion protection. In catalytic field, 
it was presented that tungsten oxide mixed with other oxides are primarily active for 
isomerization of alkanes and alkenes, metathesis of alkenes, partial oxidation of 
alcohols, and selective reduction of NOx [19].  

 
2.5 Titanium (IV) oxide (TiO2) 

Titanium (IV) oxide, which is also known as titania or TiO2, has three different 
crystal structures: anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic). 
Rutile is the most stable form of titania. Anatase and brookite are stable at normal 
temperatures but slowly convert to rutile upon heating to temperature above 550 and 
750ºC, respectively. All three forms of titania have six coordinated titanium atoms in 
their repeating unit cells. Both rutile (Figure 5 (a)) and anatase (Figure 5 (b)) structures 
are tetragonal. The anatase unit cell is more elongated, while rutile unit cells occupy 
the least space. This makes the rutile form the most stable at higher temperatures. 

https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwjzq4TmvO7ZAhUIpI8KHQxwD64QjRx6BAgAEAU&url=http://pubs.rsc.org/en/Content/ArticleHtml/2015/CE/c5ce00526d&psig=AOvVaw06FoLg9MSeM40AzIx6eRWc&ust=1521208337039773
https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwjzq4TmvO7ZAhUIpI8KHQxwD64QjRx6BAgAEAU&url=http://pubs.rsc.org/en/Content/ArticleHtml/2015/CE/c5ce00526d&psig=AOvVaw06FoLg9MSeM40AzIx6eRWc&ust=1521208337039773
https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwjzq4TmvO7ZAhUIpI8KHQxwD64QjRx6BAgAEAU&url=http://pubs.rsc.org/en/Content/ArticleHtml/2015/CE/c5ce00526d&psig=AOvVaw06FoLg9MSeM40AzIx6eRWc&ust=1521208337039773
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The distortion is greatest in brookite (Figure 5 (c)), the least stable and least common 
crystal structure [20, 21].  

(a)       (b)  

(c)  
Figure 5 Crystal structures of TiO2 (a) anatase, (b) brookite and (c) rutile 

The titanium atoms are shown in blue, the oxygen atoms in red. [22] 
 

Moreover, manufacturers produce nano-structured titania with good properties 
and particle size around 25 nm as called TiO2-P25, which contains a mixture of anatase 
and rutile in an approximately 3:1 proportion. 

To increase the activity, TiO2 can be modified in different ways, for example by 
adding oxides like MgO/SiO2, Cr2O3, FeOx and TiO2. There are numerous of other ways 
to improve the oxide catalysts and thus increase the ethanol conversion and 
selectivity. One of the problems with this type of catalyst is the high reaction 

temperature required. Another problem is that water can deactivate active sites on γ-
Al2O3 and inhibit the formation rate of ethylene and diethyl ether [8, 16].  

High surface area anatase is widely used as support of catalysts. We also know 
that anatase can transform into rutile when its use for high-temperature reactions. 
Anatase may offer good opportunity for relatively low-temperature reaction (<400ºC). 
One of the most important applications of titania in field of heterogeneous catalysis is 
as the support for metal catalysts such as, e.g., vanadium, tungsten, and molybdenium. 
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A particular effect has been object of many studies, such as the SMSI effect (Strong 
Metal Support Interaction), occurring when transition metal oxides are used as supports 
under reducing conditions and at elevated temperatures. Rutile seems to have less 
interest as catalyst support. However, it is a stable phase thus allowing higher 
temperature applications. Some companies brought a rutile-supported RuO2 catalyst 
for the catalytic oxidation of HCl to Cl2. 

 
2.6 Incipient wetness impregnation 

Incipient wetness impregnation (IWI) is a normally used technique for the 
preparation of heterogeneous catalysts. The active metal precursor is dissolved in an 
aqueous solution. Then the obtained solution is slowly dropped to a particle as 
support containing the same pore volume as the volume of the added solution. 
Capillary action draws the solution into the pores. Solution added in excess of the 
support pore volume causes the solution transport to change from a capillary action 
process to a diffusion process, which is much slower. After that, the catalyst was dried 
and calcined to eliminate the impurities in the solution [23]. 
 

 
Figure 6 Steps of the incipient wetness impregnation [24] 

 
2.7 Literature reviews 

Nowadays, fossil fuel provides about 85% of all the energy used in the world. 
The major reason of rapid reducing petroleum reserve is high consumption rate that 
cause major environmental problems such as emission of CO2 and harmful emissions. 
It is important to find alternative fuels. Ethanol, ethyl alcohol, is one of the most used 

https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwiz9dzo3O7ZAhXLOI8KHWu0AB8QjRx6BAgAEAU&url=https://yourmomislike.wordpress.com/2013/02/17/your-mom-is-like-a-heterogeneous-catalyst-solid-support/&psig=AOvVaw3T6AC3KS7yDDfs1NBMi72_&ust=1521216932599706
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renewable energy that is a good option and may facilitate the reduction of CO2 and 
harmful gases. Ethanol has been derived from agricultural products; sugarcane, 
cassava, molasses, rice, corn, millet, and algae [1]. 

Ethanol can be converted into various valuable compounds by dehydration 
and dehydrogenation of ethanol. Ethanol dehydration has been of interest to produce; 
(1) ethylene via an endothermic reaction (400-450ºC) with the decomposition of ethoxy 
groups over catalysts and (2) diethyl ether (DEE) via an exothermic reaction (<300ºC) 
with the reaction of ethoxy groups with undissociated ethanol. Moreover, 
acetaldehyde can be produced by endothermic reaction of ethanol dehydrogenation 
[4, 25-27]. 

It is well known that the catalytic dehydration of ethanol has been investigated 
different solid acid catalysts to increase productivity and lower reaction temperature. 
Normally, the catalysts began with alumina, silica and transition metal oxides [6, 7, 28]. 
However, these catalysts are modified by loading other metals for improving the 
catalytic activity. Several workers reported that increased metal loading and acid 
density in catalysts resulted in increased weak Brøndsted acid sites leading to improve 
catalytic activity of ethanol dehydration reaction. Therefore, the most factor affecting 
the catalytic activities is the acidity, which depended on the presence of metal loading 
[29-32]. 

Among noble and transition metals, tungsten (W) is the most interesting choice 
for applications in the chemical industries. The supported tungsten oxide catalysts are 
used for a large number of industrial reactions, such as the selective catalytic reduction 
of NOx, isomerization of alkanes and alkenes, the metathesis of alkenes, photocatalytic 
reactions and the conversion of alcohols [33, 34].  

During the past decades, it has been shown that tungsten oxides were mixed 
with other oxides to increase the catalytic activity. In the field of ethanol dehydration, 
Phung et al. [10] reported that tungsten oxide supported by titanium dioxide is able 
to convert ethanol into diethyl ether, which is higher valuable than raw material. The 
addition of WO3 to TiO2 is widely used for acid catalyst due to introduce Brønsted acid 
sites that are supposed to represent the active sites in the reaction, but also prevents 
the formation of byproducts, i.e. acetaldehyde and higher hydrocarbons due to 
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poisoning of basic sites and of reducible surface Ti center. Normally, the WO3/TiO2 
catalysts are prepared by impregnation method from the precursor of ammonium 
metatungstate. However, there are many methods to prepare this catalyst, such as by 
physical mixing, coprecipitation and sol-gel method [35]. It should be noted that 
tungsten oxide species can be present in two forms as monotungstate and 
polytungstate species. Ladera et al. [36] recognized that tungsten oxides are highly 
dispersed on TiO2 as monotungstate species at low W surface densities (up to 2.3 at. 
W nm-2). Otherwise, higher W surface densities display the formation of polytungstates 
until complete monolayer surface coverages. Previously, Onfroy et al. [9, 37] studied 
the acidity of catalyst systems based on tungsten oxide supported on titania for 
isopropanol dehydration. At reaction temperature of 403 K, the activity is very low 
until W loading up to 1.2 at. W nm-2. Above this loading, the catalysts were 
progressively active with increasing W loading. It is because polytungstate species were 
formed and these are responsible for the observed Brønsted acid sites. Moreover, in 
1999, Sohn and Bae [38] described the characterization of tungsten oxide supported 
on titania. The result showed that the presence of WO3 strongly influences the textural 
properties. The surface area and acidity of catalysts increase in proportion to the WO3 
content up to 20 wt%. It can conclude that the molecular structure of tungsten oxide 
species and their acid property are obviously influenced by the W surface density, 
which also related to the catalytic activity [39]. 

Commonly, Titania has three polymorphous phases: anatase, brookite and 
rutile. These phases exhibit different properties and consequently different catalytic 
performances. Generally, titania has a surface area of ~50 m2/g. However, it depends 
on the method of synthesis as well as precursors that we used during synthesization 
[40]. In terms of applications, anatase is more preferable as it is generally more stable 
compared to rutile phase. However, the combination of anatase and rutile lead to a 
synergetic effect between two phases that improves the catalytic activity of TiO2 [41]. 
To clarify the crystalline phase effect of TiO2 supports, Jongsomjit et al. [11, 12] studied 
the effect of cobalt dispersion on titania consisting various rutile:anatase ratios. It was 
proposed that the increased number of reduced cobalt metal surface atom can be 
attributed to highly dispersed cobalt oxide species. Moreover, the presence of rutile 
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phase in TiO2 support could facilitate the reduction of highly dispersed cobalt oxide 
species into the reduced cobalt metal surface atoms, which is related to the activity 
in CO hydrogenation. In addition to confirm the results, Yao et al. [42] synthesized a 
series of anatase, brookite, and rutile, and then used as supports to prepare the 
supported ceria-based catalysts for NH3-SCR. The obtained results showed that cerium 
oxide species are highly dispersed on the surface of TiO2 supports and strongly 
interacts with these TiO2 supports. Besides, the interaction between CeO2 and TiO2 
depends on the crystal form of TiO2 and probably leads to the amounts of acid sites 
and surface Ce3+ contents. Furthermore, Rui at al. [43] found that the strong-metal-
support-interaction (SMSI) in mixed phases TiO2 supported Pt catalysts is stronger than 
single phase TiO2 supported Pt. Owing to its high interaction, Raj and Viswanathan [44] 
studied the catalytic properties of P25 titania, contains anatase and rutile phases in a 
ratio of about 3:1, on the phase transformation of anatase to rutile using different 
calcined temperatures. It was reported that P25 tatinia samples can be used for the 
reaction temperature lower than 500 °C due to prevent a complete conversion from 
anatase to rutile and decrease the surface area and pore volume. Therefore, the 
different phases of titania can affect the catalytic properties and catalytic activity 
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CHAPTER 3 
EXPERIMENTAL 

3.1 Research methodology 

Part I : The characteristic and catalytic activity of W/TiO2 catalysts with different  
           phases of TiO2 (anatase, rutile, and P25) 
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Three different phases of TiO2 support 
(TiO2-A, TiO2-R, TiO2-P25) 

10 wt% W was impregnated onto the supports 
by incipient wetness impregnation 

10W/TiO2-R 10W/TiO2-A 10W/TiO2-P25 

Catalyst characterization 

- ICP  - XRD 
- SEM/EDX - N2 physisorption 
- NH3-TPD - TGA 

Catalyst testing 

Ethanol dehydration 
fixed-bed microreactor 
(1 atm and 200-400°C) 

GC-FID (DB-5) 

Discussion and conclusions 
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Part II : The characteristic and catalytic activity of W/TiO2-P25 catalysts with  
             different loading of tungsten (0-20 wt% W) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Three different phases of TiO2 support 
(TiO2-A, TiO2-R, TiO2-P25) 

10 wt% W was impregnated onto the supports 
by incipient wetness impregnation 

10W/TiO2-R 10W/TiO2-A 10W/TiO2-P25 

Catalyst characterization 

- ICP  - XRD 
- SEM/EDX - N2 physisorption 
- NH3-TPD - TGA 

Catalyst testing 

Ethanol dehydration 
fixed-bed microreactor 
(1 atm and 200-400°C) 

GC-FID (DB-5) 

Discussion and conclusions 
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3.2 Catalyst preparation 

3.2.1 Chemicals 

- Titanium (IV) oxide or titania (TiO2): anatase, rutile and P25 from Sigma-
Aldrich  

- Ammonium metatungstate ((NH4)6H2W12O40 • 4H2O) from Sigma-Aldrich 
- Ethanol (C2H5OH) 99.99% from VWR 
- Ammonia (NH3) from Panreac 
- De-ionized water 

 
3.2.2 Preparation of W/TiO2 catalysts with different phases 

A tungsten content of 10 wt% was prepared by incipient wetness impregnation 
onto the TiO2-A, TiO2-R, and TiO2-P25 supports with an aqueous solution of ammonium 
metatungstate. After impregnation, the catalyst samples were dried at 110°C for 24 h 
and then calcined in air at 500°C for 3 h.  
 
3.2.3 Preparation of W/TiO2 catalysts with different W loading 

The phase of titania giving the highest activity was selected to further study on 
the effect of tungsten loading content for ethanol dehydration. These catalysts were 
prepared prior to the method. 
 
3.2.3 Catalysts nomenclature 

 The nomenclature used for the catalysts in this study is as follows: 
 XW/TiO2-Y  :  X refers to tungsten loading content of XX wt% 

: Y refers to titania phase composed of anatase (A),  
rutile (R), and mixed phases (P25). 
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3.3 Catalyst characterization 

3.3.1 Inductively coupled plasma (ICP) 

 A quantity of elemental composition in the catalysts was measured by Perkin 
Elmer OPTIMA2000TM instrument. Before testing, sample must be converted to liquid 
form before testing by dissolving the sample in a solvent (typically acid) to produce a 
solution. 
 
3.3.2 X-ray diffraction (XRD) 

The crystalline phases were identified using a SIEMENS D-5000 X-ray 

diffractometer with Cu Kα (λ= 1.54439 Å). The pattern was recorded over the 2θ 
between 20° and 80°. 
 
3.3.3 Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy 
(EDX) 

The simple morphologies and elemental distribution were respectively 
examined by SEM using a JEOL JSM-5800LV model and EDX using Link Isis series 300 
program. Before analysis, all samples were dried at 110°C for 24 h. 
 
3.3.4 N2 physisorption 

The adsorption-desorption isotherms of nitrogen at -196°C were obtained from 
adsorptiometer (Micromeritics ASAP 2010). The specific surface areas were determined 
from adsorption values for relative pressure (P/P0) by using the BET method. The total 
pore volume was estimated from the total amount of adsorbed nitrogen by using the 
BJH method. All samples were vaporized moisture before the analysis. 
 
3.3.5 Ammonia temperature-programmed desorption (NH3-TPD) 

The acid properties of obtained catalysts were investigated by NH3-TPD using 
Micromeritics Chemisorp 2750 Pulse Chemisorption System. 0.05 g of catalyst was 
packed on quartz wool in a glass tube and pretreated at 550°C under with 10°C/min. 
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After cooled temperature at 40°C, the catalyst was saturated with 15% NH3 for 30 
minutes and heated to 550°C with 10°C/min in order to desorp NH3. 

 
3.3.6 Thermal gravimetric analysis (TGA) 

The thermal decomposition of titania-supported catalyst was studied by 
thermal gravimetric analysis under the temperature range of room temperature to 
1000 °C with a heating rate of 10 °C/min in nitrogen atmosphere using a STD analyzer 
model Q600 from TA instrument. 
 
3.4 Reaction study of ethanol dehydration 

 

 

Figure 7 Experimental set-up for reaction test 
 

The catalytic ethanol dehydration was performed at the fixed-bed microreactor 
and the experimental set-up apparatus as show in Figure 7. 
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3.4.2.1 Temperature controller 
The temperature controller is used to control three parts in the experimental 

apparatus; furnace (200–400°C), vaporizer, and heating tape. 
3.4.2.2 Mass flow controller 
Nitrogen is used as a carrier gas and its flow rate controlled by mass flow 

controller. 
3.4.2.3 Syringe pump 
The syringe pump is used to feed ethanol into vaporizer at rate of 1.45 ml/h. 
3.4.2.4 Vaporizer  
The vaporizer is used to vaporize liquid ethanol to vapor phase. It is operated 

at atmospheric pressure and temperature of 120°C for vaporized ethanol. 
3.4.2.5 Reactor 
The fixed-bed microreactor is made from glass tube with an inside diameter 

of 7 mm and length of 330 mm 
3.4.2.6 Furnace 
The furnace is used to heat the catalyst in a reactor tube. 
3.4.2.7 Heating tape 
The heating tape is covered on the pipeline to prevent the condensation of 

product. 
3.4.2.8 Sampling port 
The obtained products are collected at sampling port with 1.0 ml to analyze 

by GC-FID. 
3.4.2.9 Gas chromatography 
A gas chromatography is used to investigate ethanol conversion and product 

selectivity (ethylene, diethyl ether, and acetaldehyde). It equipped with flame 
ionization detector (FID) with DB-5 capillary column. Nitrogen (99.99 vol%) and 
Hydrogen (99.99 vol%) are used as carrier gas. The temperature of initial column, 
final column, injector, and detector are 40, 40, 150, and 150°C, respectively. 
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3.5 Reaction test  

The catalytic ethanol dehydration was performed under atmospheric pressure 
in a fixed-bed microreactor. The catalyst (0.05 g) was charged onto packed quartz wool 
(0.01 g) in the middle of microreactor. In order to eliminate the impurity on surface of 
catalyst prior to reaction, the catalyst was pretreated in nitrogen with 60 ml/min at 
200°C for 1 h. Then, ethanol was vaporized and fed with controlled by a single syringe 
pump with at total flow rate of 1.45 ml/h (22.9 h-1 WHSV). Finally, all products were 
collected and analyzed at temperatures of 200, 250, 300, 350, and 400°C by GC-FID.  
 
3.7 Research plan 

Table 1 Schedule of the research plan 
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CHAPTER 4 
RESULTS AND DISCUSSION 

 In this chapter, the results and discussion of W/TiO2 catalysts are described on 
characteristics and catalytic activities. All catalysts were prepared by incipient wetness 
impregnation as mentioned in chapter 3 and studied in ethanol dehydration reaction 
under vapor phase of ethanol at temperature range between 200°C and 400°C. All 
catalysts were characterized by using various characterization techniques including 
inductively coupled plasma (ICP), X-ray diffraction (XRD), scanning electron microscope 
(SEM) and electron dispersive X-ray (EDX) spectroscopy, N2-physisorption, temperature-
programed desorption of ammonia (NH3-TPD) and thermal gravimetric analysis (TGA). 
The results and discussion are divided into 3 parts. The first part decribes the 
charateristics and catalytic activity of W/TiO2 catalysts with different pahses of TiO2. 
The second part describes the characteristic and catalytic activity of W/TiO2-P25 
catalysts with different loading of tungsten (0-20 wt% W). The final part shows the 
comparison of catalysts for DEE synthesis and their catalytic activity. 
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Part I : The characteristic and catalytic activity of W/TiO2 catalysts with different 
phases of TiO2 (anatase, rutile, and P25) 

 W/TiO2 catalysts were prepared by incipient wetness impregnation of 10 wt% 
tungsten onto titania supports having different phase compositions and then studied 
both catalytic properties and performance in ethanol dehydration. 
 
4.1.1 Inductively coupled plasma (ICP) 

 Three different phase compositions of TiO2 including anatase (A), rutile (R) and 
mixed phases (P25) were modified with tungsten (W) by incipient wetness 
impregnation. The supports and obtained catalysts with different phase compositions 
were taken to determine the composition and amount of element in bulk catalyst by 
inductively coupled plasma (ICP) as shown in Table 2. 
 
Table 2 The amount of tungsten contained in bulk catalysts 

Catalysts 
Amount of W  

in bulk catalysts (wt%) 

10W/TiO2-A 10.66 
10W/TiO2-R 10.11 
10W/TiO2-P25 10.22 

 
 The amount of W content is named following ICP result. Therefore, the 
nomenclature of catalysts having different phase (anatase, rutile and P25) of titania in 
this part are denoted as 10W/TiO2-A, 10W/TiO2-R and 10W/TiO2-P25, respectively. 
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4.1.2 X-ray diffraction (XRD) 

 

 

Figure 8 XRD patterns of supports and catalysts with different phase of TiO2 

 
To identify the crystalline structure of the catalysts after W doping, the X-ray 

diffraction (XRD) was performed. The XRD patterns of TiO2 supports and 10W/TiO2 
catalysts are illustrated in Figure 8. Results show that TiO2-A support displays the 
anatase peaks at 25° (major), 37, 48, 54, 55 and 62°, whereas TiO2-R support exhibits 
rutile peaks at 27° (major), 36° and 55° [12]. Moreover, TiO2-P25 support, which contains 
a mixture of anatase and rutile in an approximately 3:1 proportion, demonstrates both 
peaks of titania anatase and rutile phase. The 10 wt% of W was impregnated onto 
three different titania supports and was observed W species with very low intensity 
peaks at 22° and 33°. The 10W/TiO2-A, 10W/TiO2-R, and 10W/TiO2-P25 catalysts show 
the similar XRD patterns as seen on those for the titania supports and also exhibit 
weaker intensity than that of the corresponding pure supports. 
 

● = anatase,   ■ = rutile,  ∆ = tungsten 
● 

●            ●      ●●        ● 

■ 
■                        ■ 

∆            ∆ 
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4.1.3 Scanning electron microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDX) 

The morphologies and element distributions of titania supports having different 
phases were determined by using scanning electron microscope (SEM) and energy 
dispersive X-ray spectroscopy (EDX), respectively.  

From SEM micrpgraphs in Figure 9, TiO2 supports mostly exhibited irregular 
shape of particles. In addition, the particles of 10W/TiO2-R catalyst were smaller than 
those of 10W/TiO2-A and 10W/TiO2-P25 catalysts (in form of catalyst patches). 

     

     
 

     

     

Figure 9 SEM micrographs of supports and catalysts with different phase of TiO2 

TiO2-A                          TiO2-R                      TiO2-P25 

10W/TiO2-A                  10W/TiO2-R               10W/TiO2-P25 
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 The element dispersion of TiO2 supports and 10W/TiO2 catalysts with different 
phase of TiO2, which were studied through energy dispersive X-ray spectroscopy (EDX), 
is shown in elemental distribution mapping (EDX mapping) of each catalyst. The EDX 
mapping of each sample is demonstrated in Figures 10 to 16 as follows;  

 

   

Figure 10 EDX mapping of TiO2-A 
 
 

 

   

Figure 11 EDX mapping of TiO2-R 
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Figure 12 EDX mapping of TiO2-P25 
 
 

 

     

Figure 13 EDX mapping of 10W/TiO2-A 
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Figure 14 EDX mapping of 10W/TiO2-R 
 

 

     

Figure 15 EDX mapping of 10W/TiO2-P25 
 
 From the EDX mappings as seen above, it was found that titanium (Ti), oxygen 
(O) and tungsten (W) distribution on the surface of catalysts confirms the good 
distribution of W species on the external surface of catalysts. In addition, the amounts 
of elemental distribution (Ti, O and W) in weight percent and atom percent on the 
catalysts surface are displayed in Table 3. 
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Table 3 The amount of elemental distribution on the catalysts surface 

Catalysts 
Amount of element on 

surface (wt%) 
Amount of element on 

surface (at%) 

Ti O W Ti O W 

TiO2-A 70.59 29.41 - 44.50 55.50 - 
TiO2-R 69.34 30.66 - 43.03 56.97 - 
TiO2-P25 70.32 29.68 - 44.17 55.83 - 
10W/TiO2-A 58.74 26.37 14.88 41.49 55.77 2.74 
10W/TiO2-R 61.56 26.39 12.05 42.84 54.98 2.19 
10W/TiO2-P25 55.57 29.19 15.25 37.82 59.47 2.70 

 
According to the results from ICP and EDX, it can be proposed that tungsten 

species had larger particle size than pore size of titania supports. The tungsten species 
were discovered on the external surface more than the internal pore of catalysts. The 
amount of tungsten comparing between surface and bulk of catalysts are shown in 
Table 4. 

Table 4 The amount of tungsten comparing between surface and bulk of catalysts 

Catalysts 
Amount of tungsten on 

surface catalysts identified 
by EDX (wt%) 

Amount of tungsten on  
bulk catalysts identified  

by ICP (wt%) 

10W/TiO2-A 14.88 10.66 
10W/TiO2-R 12.05 10.11 
10W/TiO2-P25 15.25 10.22 

 
4.1.4 N2 physisorption 

The texture properties, such as BET surface area, pore volume and pore 
diameter of TiO2 supports and 10W/TiO2 catalysts with different phase of TiO2 
determined by N2 physisorption are reported in Table 5.  
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Table 5 Textural properties of all supports and catalysts with different phase of TiO2 

Catalysts 
BET surface area 

(m2/g) 
Pore volume  

(cm3/g) 
Pore diameter  

(nm) 

TiO2-A 58 0.24 11.9 
TiO2-R 7 0.01 10.7 
TiO2-P25 47 0.13 9.3 
10W/TiO2-A 51 0.29 19.3 
10W/TiO2-R 8 0.01 8.1 
10W/TiO2-P25 53 0.30 18.9 

 

The surface area analyzed by BET method, pore volume and pore diameter 
analyzed by BJH method show that TiO2-A had a significantly higher surface area (58 
m2/g) and pore volume (0.24 cm3/g) relative to TiO2-R surface area (7 m2/g) and pore 
volume (0.01 cm3/g). Besides two pure phase supports, TiO2-P25 containing mostly 
anatase had similar surface area (47 m2/g) and pore volume (0.13 cm3/g) to TiO2-A. 
Moreover, 10W/TiO2-A and 10W/TiO2-P25 catalysts also exhibited higher surface areas 

and pore volume than that of W/TiO2-R catalyst. Therefore, the addition of tungsten 
onto titania supports slightly changed the textural properties. 

Moreover, the N2 adsorption-desorption isotherms at -196°C for the catalysts 
with different phase of TiO2 are illustrated in Figure 16. It was found that all supports 
and catalysts presented type IV isotherms with the type H1 hysteresis loops at high 
relative pressure (0.7<P/P0<0.9) according to the IUPAC classification, which confirm 
the mesopososity of the catalysts. It can be seen that the hysteresis loop for both 
anatase and P25 supports are broader indicating larger pore volume than rutile 
support. This result can be further confirmed by the corresponding pore volume, as 
shown in Table 5. It can be found that TiO2-A had larger pore volume (0.24 cm3/g) 
than that of other supports. Furthermore, the addition of tungsten onto titania 
supports can be slightly increased pore volume. 
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Figure 16 The N2 adsorption-desorption isotherms of all supports and catalysts with 
different phase of TiO2 

TiO2-A          TiO2-R 
 
 
 
 
 
                       
          TiO2-P25 
 
 

 
 
 
 
10W/TiO2-A          10W/TiO2-R 
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4.1.5 Ammonia temperature-programmed desorption (NH3-TPD) 

 The acidity of all supports and catalysts were characterized by using ammonia 
temperature-programmed desorption (NH3-TPD) and shown in Figure 17. The NH3-TPD 
profiles of TiO2-A, TiO2-P25, 10W/TiO2-A and 10W/TiO2-P25 samples were found to have 
broad desorption peaks in range between 150 and 500°C, whereas TiO2-R and 
10W/TiO2-R can not be found any desorption peaks. Normally, the desorption peaks 
at low temperature (below 250°C) represent weak acid sites, whereas those at 
temperature above 250°C correspond to medium-strong acid sites. The area under 
broad peaks were calculated in order to show the acidity of samples. 

 

Figure 17 NH3-TPD profiles of TiO2 supports and 10W/TiO2 catalysts with different 
phases of TiO2 
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 The total acidic property of all supports and catalysts is reported in Table 6. 
TiO2 supports (anatase, rutile and P25) present total acid site of 1639, 75 and 1866 
µmol/g cat, respectively. After impregenated 10 wt% W into all supports, catalysts 
increased areas under TCD signal curve relating to the amount of acid sites. It was 
found that 10W/TiO2-P25 catalyst had the highest amount of total acid sites of 2247 
µmol/g cat. 
Table 6 The amount of acidity of supports and catalysts with different phase of TiO2 

catalysts 
Total acidity 
(µmol/g cat.) 

TiO2-A 1639 
TiO2-R 75 
TiO2-P25 1866 
10W/TiO2-A 2137 
10W/TiO2-R 112 
10W/TiO2-P25 2247 

 
 
 
4.1.6 Reaction test 

To measure the catalytic properties for TiO2 supports and 10W/TiO2 catalysts 
having different phase of titania, the catalytic ethanol dehydration was performed at 
the reaction temperature range of 200 to 400°C. The result of ethanol conversions is 
shown in Figure 18. It was found that ethanol conversion obviously increased with 
increasing the reaction temperatures for all supports and catalysts indicating no 
deactivation of catalysts upto 400°C. The 10W/TiO2-P25 catalyst exhibited the highest 
ethanol conversion (66.2%) among other catalysts for all reaction temperatures. 
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Figure 18 Ethanol conversion of TiO2 supports and 10W/TiO2 catalysts with different 
phase of TiO2 

 
The product selectivities obtained from all supports and catalysts are shown 

in Figure 19. For pure TiO2 supports, acetaldehyde was mainly produced in all reaction 
temperatures and then ethylene was formed with increasing the reaction temperature, 
as shown in Figure 19 (a). Moreover, it is known that ethylene is obtained via 
endothermic reaction. It can be observed that ethylene selectivity increased with 
increasing reaction temperatures. From the results illustrate in Figure 19 (b), 10W/TiO2-
P25 catalyst produced slightly higher ethylene selectivity than other catalysts. 
However, the formation of diethyl ether is favored by exothermic reaction, thus, 
increasing the reaction temperatures apparently resulted in decreasing diethyl ether 
selectivity based on the fact that diethyl ether is decomposed to ethylene at the high 
temperature. At the low temperature (below 300°C), 10W/TiO2-A and 10W/TiO2-P25 
catalysts produced higher diethyl ether selectivity than 10W/TiO2-R catalyst. Especially 
at 200°C, W/TiO2-R catalyst can not produce any diethyl ether. Besides two products, 
acetaldehyde was well formed as a byproduct for 10W/TiO2-R catalyst. 
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Figure 19 Product selectivities of (a) TiO2 supports and (b) 10W/TiO2 catalysts with 
different phase of TiO2 

 

 

 

(a) TiO2 supports 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 10W/TiO2 catalysts 
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Figure 20 Product yields of TiO2 supports and 10W/TiO2 catalysts with different 
phase of TiO2 

(a) DEE 
 
 
 
 
 
 

 
 
 

(b) ethylene 
 
 
 
 
 
 
 
 
 

(c) acetaldehyde 
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A comparison of product yields of all supports and catalysts is shown in Figure 
20. The yield of each product is defined as ethanol conversion multiply with their 
selectivity.   

From Figure 20 (a) above, it shows the DEE yield of TiO2 supports and 10W/TiO2 
catalysts with different phase of TiO2. The results showed that all TiO2 supports having 
tungsten can produce higher DEE yield than pure TiO2 supports. All W/TiO2 catalyst 
yields increased with increasing the reaction temperature up to 300°C. In addition, at 
300°C, 10W/TiO2-P25 catalyst gave the highest DEE yield (24.1%) among all catalysts 
and reaction temperatures. After further increasing the reaction temperature, DEE yield 
decreased due to the lower DEE selectivity. 

In Figure 20 (b), the trend of ethylene yield is reported. Ethylene yield was 
increased with increasing the reaction temperature because ethanol conversion and 
ethylene selectivity also increased as seen in Figure 18 and Figure 19. Moreover, the 
highest ethylene yield of 60.3% was obtained from 10W/TiO2-P25 catalysts at 400°C. 
Besides two products, acetaldehyde was formed as a byproduct for TiO2 supports 
without tungsten deposition as resulted in Figure 20 (c). 

Based on these results as reported in Table 7, it can be summarized that the 
phase composition of titania support can affect the catalytic behavior of W/TiO2 
catalysts. The mixed phases of anatase and rutile titania is more suitable for W 
probably due to higher surface properties of catalyst. They were the factors leading to 
get higher activity for ethanol dehydration of the catalyst on mixed phase (P25) than 
other phases. Therefore, TiO2-P25 support was selected to further study the effect of 
tungsten loading on ethanol dehydration reaction. 
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Table 7 Ethanol conversion, product selectivities and product yields 

Catalyst 
Temperature 

(˚C) 

Ethanol 
Conversion 

(%) 

Product Selectivity (%) Product Yield (%) 

Ethylene DEE CH3CHO Ethylene DEE CH3CHO 

TiO2-A 

200 1.15 0.0 0.0 100.0 0.0 0.0 1.2 
250 7.99 0.0 0.0 100.0 0.0 0.0 8.0 
300 13.05 3.2 2.2 94.6 0.4 0.3 12.3 
350 13.77 4.5 4.6 90.9 0.6 0.6 12.5 
400 16.93 11.6 5.7 82.7 2.0 1.0 14.0 

TiO2-R 

200 3.78 0.0 0.0 100.0 0.0 0.0 3.8 

250 3.70 0.0 0.0 100.0 0.0 0.0 3.7 

300 4.11 1.4 0.0 98.6 0.1 0.0 4.1 

350 8.75 2.5 1.9 95.6 0.2 0.2 8.4 
400 12.21 15.4 4.8 79.9 1.9 0.6 9.8 

TiO2-P25 

200 17.44 0.0 0.0 100.0 0.0 0.0 17.4 
250 19.19 10.6 0.0 89.4 2.0 0.0 17.2 
300 23.72 30.3 0.0 69.7 7.2 0.0 16.5 
350 26.78 65.0 11.8 23.2 17.4 3.2 6.2 
400 29.26 73.3 3.3 23.4 21.5 1.0 6.8 

10W/TiO2-A 

200 9.2 4.5 92.7 2.8 0.4 8.5 0.3 

250 18.8 13.8 84.9 1.4 2.6 16.0 0.3 

300 39.9 40.5 57.0 2.5 16.2 22.8 1.0 

350 55.6 74.7 4.9 20.3 41.5 2.7 11.3 
400 59.5 77.7 2.2 20.1 46.2 1.3 12.0 

10W/TiO2-R 

200 2.4 0.0 0.0 100.0 0.0 0.0 2.4 
250 15.7 13.6 55.3 31.1 2.1 8.7 4.9 
300 21.5 39.0 50.7 10.3 8.4 10.9 2.2 
350 29.3 78.5 9.5 12.0 23.0 2.8 3.5 
400 28.3 56.1 5.2 38.7 15.9 1.5 11.0 

10W/TiO2-P25 

200 15.0 4.7 93.4 1.9 0.7 14.0 0.3 

250 25.5 17.1 81.8 1.1 4.4 20.9 0.3 

300 48.3 47.4 49.8 2.7 22.9 24.1 1.3 
350 58.9 88.5 6.1 5.4 52.1 3.6 3.2 

400 66.2 91.1 0.7 8.2 60.3 0.4 5.4 
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4.1.7 Thermal gravimetric analysis (TGA) 

 To determine the coke formation, the spent catalysts were analyzed by using 
thermal gravimetric analysis (TGA) as shown in Figure 21. It can be seen that TGA 
curves of all spent catalysts using in the reaction exhibited similar activity. At 
temperature below 200°C, the weight of catalyst is lost due to the water elimination. 
At high temperature (200-1000°C), the weight loss may be the burning of coke on the 
surface of spent catalyst.  

      (a) TiO2-A         (b) 10W/TiO2-A 

       
      (a) TiO2-R         (b) 10W/TiO2-R 

       
      (a) TiO2-P25        (b) 10W/TiO2-P25 

       

Figure 21 TGA analysis curves of spent catalysts 
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At temperature higher that 200°C, it was found that 10W/TiO2 catalysts 
displayed higher weight loss than pure TiO2 supports. This is because the interaction 
between W and TiO2 support introducing the catalyst burning. The amount of coke 
formation in spent catalysts was determined and reported in Table 8. 

 
Table 8 The amount of coke formation in the spent catalysts 

Catalyst 
Temperature  

(°C) 
Weight  

(%) 
The amount of coke 

formation (%) 

TiO2-A 
200 99.88 

0.56 
1000 99.32 

TiO2-R 
200 99.94 

0.49 
1000 99.45 

TiO2-P25 
200 99.91 

0.58 
1000 99.33 

10W/TiO2-A 
200 99.59 

8.74 
1000 90.89 

10W/TiO2-R 
200 99.96 

1.18 
1000 98.78 

10W/TiO2-P25 
200 99.51 

4.71  
1000 94.82 
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4.1.8 Catalyst appearance  

Three different TiO2 (anatase, rutile and P25) supports were brought to observe 
the appearance before and after being used in ethanol dehydration reaction. The 
appearance of fresh and spent supports and catalysts with different phases of TiO2 is 
presented in Figures 22 and 23, respectively. 

 

   

Figure 22 The appearance of fresh supports and catalysts 
(a) TiO2-A (b) TiO2-R (c) TiO2-P25 (d) 10W/TiO2-A (e) 10W/TiO2-R (f) 10W/TiO2-P25 

 

   

Figure 23 The appearance of spent supports and catalysts 
(a) TiO2-A (b) TiO2-R (c) TiO2-P25 (d) 10W/TiO2-A (e) 10W/TiO2-R (f) 10W/TiO2-P25 

 
The appearances of fresh TiO2 supports are white, whereas 10W/TiO2 catalysts 

are yellow due to the presence of tungsten in surface of catalyst. After all samples 
were performed in ethanol dehydration reaction, the spent catalysts were observed 
that the presence of tunsten in catalyst caused higher the coke formation than pure 
TiO2 supports as confirmed in TGA analysis. 
 
 

(a)  (b)  (c)         (d)        (e)             (f)   

(a)  (b)  (c)         (d)        (e)             (f)   
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Part II : The characteristic and catalytic activity of W/TiO2-P25 catalysts with 
different loading of tungsten (0-20 wt% W) 

 After comparing the different phases of TiO2 support, it was found that 
10W/TiO2-P25 catalyst gave the highest diethyl ether yield of 24.1% at 300°C in ethanol 
dehydration reaction. Thus, TiO2-P25 support was then chosen in order to elucidate 
the effect of W loading in the similar way. This part was also studied both catalytic 
properties and performance in ethanol dehydration. 
 
4.2.1 Inductively coupled plasma (ICP) 

After prepared TiO2-P25 support with different loading of tungsten pior to the 
method, the obtained W/TiO2-P25 catalysts were brought to determine the amount of 
tungsten in bulk catalyst by inductively coupled plasma (ICP) as shown in Table 9. 

 
Table 9 The amount of tungsten contained in bulk catalysts 

Catalysts 
Amount of W  

in bulk catalysts (wt%) 

5W/TiO2-P25 4.87 
10W/TiO2-P25 10.22* 
15W/TiO2-P25 15.61 
20W/TiO2-P25 20.45 

       * taken from Part I 
 
From ICP result, the obtained catalysts were called 5W/TiO2-P25, 10W/TiO2-

P25, 15W/TiO2-P25 and 20W/TiO2-P25 for the contents of 5, 10, 15 and 20 wt% of 
tungsten, respectively. 
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4.2.2 X-ray diffraction (XRD) 

XRD patterns of TiO2-P25 support and W-modified TiO2-P25 catalysts containing 
the different loading of 5, 10, 15 and 20 wt% W are presented in Figure 24. XRD peaks 
of W/TiO2-P25 catalysts was similar as already explained in Part I. No peak of tungsten 
cannot be detected up to 10 wt% by XRD, indicating a good dispersion of tungsten on 
the surface of TiO2-P25 support. However, above 10 wt% W, the crystalline phase of 
tungsten from the decomposition of ammonium metatungstate was observed. 
 
 

 

Figure 24 XRD patterns of TiO2-P25 support and W/TiO2-P25 catalysts 
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● = anatase,   ■ = rutile,  ∆ = tungsten 
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4.2.3 Scanning electron microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDX) 

 The morphology and elemental distribution of W/TiO2-P25 catalysts having 
different loading contents of tungsten (0-20 wt%) were observed by using scanning 
electron microscope (SEM) as shown in Figure 25 and energy dispersive X-ray 
spectroscopy (EDX) as shown in Figures 26 to 30, respectively. 
 

       

       
 

    

    

Figure 25 SEM micrographs of TiO2-P25 support and W/TiO2-P25 catalysts 

 

TiO2-P25                 5W/TiO2-P25               10W/TiO2-P25 

15W/TiO2-P25               20W/TiO2-P25 
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SEM micrpgraphs of TiO2-P25 support and W/TiO2-P25 catalysts having different 
loading contents of tungsten (0-20 wt%) in Figure 25 reveal that all of the obtained 
catalysts had irregular shape of particles. Moreover, the amount of tungsten loading 
into the catalysts did not change the catalyst morphologies indicating the similar 
morphological structures. 

The element dispersion of TiO2-P25 support and W/TiO2-P25 catalysts having 
different loading contents of tungsten (0-20 wt%) are displayed in EDX mapping and 
demonstrated in Figures 26 to 30 as follows; 

 
 

 

   

Figure 26 EDX mapping of TiO2-P25 
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Figure 27 EDX mapping of 5W/TiO2-P25 
 
 
 

 

     

Figure 28 EDX mapping of 10W/TiO2-P25 
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Figure 29 EDX mapping of 15W/TiO2-P25 
 
 

 

     

Figure 30 EDX mapping of 20W/TiO2-P25 
 

From the EDX mappings shown above, the elemental composition of W/TiO2-
P25 catalyst consisting Ti, O and W can be seen by the different colour dots, which 
confirms the good distribution of W on the external surface of W/TiO2-P25 catalysts. 
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Moreover, the quantity of elemental distribution (Ti, O and W) in weight percent 
and atom percent on the catalysts surface can also be measured by EDX and are 
summarized in Table 10 

 
Table 10 The amount of elemental distribution on the catalysts surface 

Catalysts 
Amount of element on 

surface (wt%) 
Amount of element on 

surface (at%) 

Ti O W Ti O W 

TiO2-P25 70.32 29.68 - 44.17 55.83 - 
5W/TiO2-P25 53.96 41.42 4.63 30.12 69.21 0.67 
10W/TiO2-P25 55.57 29.19 15.25 37.82 59.47 2.70 
15W/TiO2-P25 59.47 24.05 16.48 43.80 53.04 3.16 
20W/TiO2-P25 55.61 23.44 20.06 42.39 53.45 4.16 

 

From Both of ICP and EDX results, it can be concluded that tungsten species 
were found on the external surface more than the internal pore of catalysts since 
tungsten had larger size than the pore of catalyst as similar to Part I. The amount of 
tungsten comparing between surface and bulk of catalysts are shown in Table 11 as 
follows; 

 
Table 11 The amount of tungsten comparing between surface and bulk of catalysts 

Catalysts 
Amount of tungsten on 

surface catalysts identified 
by EDX (wt%) 

Amount of tungsten on  
bulk catalysts identified  

by ICP (wt%) 

5W/TiO2-P25 4.63 4.87 
10W/TiO2-P25 15.25 10.22 
15W/TiO2-P25 16.48 15.61 
20W/TiO2-P25 20.06 20.45 
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4.2.4 N2 physisorption 

The BET surface area, pore volume and pore diameter of catalysts with 
different loading of tungsten determined by N2 physisorption are summarized in Table 
12.  
 
Table 12 Textural properties of W/TiO2 catalysts with different loading of W 

Catalysts 
BET surface area 

(m2/g) 
Pore volume  

(cm3/g) 
Pore diameter  

(nm) 

TiO2-P25 47 0.13 9.3 
5W/TiO2-P25 51 0.36 21.5 
10W/TiO2-P25 53 0.30 18.9 
15W/TiO2-P25 56 0.29 20.3 
20W/TiO2-P25 46 0.23 20.3 

 

The addition of W slightly influences the BET surface area in comparison with 
TiO2-P25 support. BET surface areas of W/TiO2-P25 catalysts are higher than that of 
TiO2-P25 support, showing that surface area increases gradually with increasing W 
loading up to 15 wt% W. It is likely that the interaction between W and TiO2-P25 
protects catalysts from sintering. Thus, 15W/TiO2-P25 catalyst had the highest surface 
area of 56 m2/g. However, the addition of W onto TiO2-P25 can be slightly decreased 
pore volume, due to W blocked on support pores. Moreover, pore diameter of W/TiO2-
P25 catalysts did not significantly change with the presence of tungsten. 

In addition, the N2 physisorption isotherms of W/TiO2-P25 catalysts with 
different W loading (0-20 %wt) are shown in Figure 31. All catalysts display type IV 
isotherms with the type H1 hysteresis loops indicating the mesoporous-typical catalyst.  
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Figure 31 The N2 adsorption-desorption isotherms of W/TiO2-P25 catalysts with 
different loading of W 

 
 

TiO2-P25         5W/TiO2-P25 
 
 
 
 
 
                 
      

10W/TiO2-P25         15W/TiO2-P25 
 
 
 
 
 
 
 

           20W/TiO2-P25  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

49 

4.2.5 Ammonia temperature-programmed desorption (NH3-TPD) 

 The acid strength of all obtained catalysts was analyzed by using NH3-TPD. The 
NH3-TPD profiles of all samples were found to have similar broad desorption peaks as 
shown in Figure 32.  
 

 

Figure 32 NH3-TPD profiles of TiO2-P25 support and W/TiO2-P25 catalysts with 
different W loading 

 

 The addition of tungsten up to 15 wt% increased area under TCD signal 
indicating increased acidic property, which was in range of 1820 to 2304 µmol/g cat as 
demonstrated in Table 13. For the addition of tungsten over 15 wt%, the total acidity 
was decreased demonstrating the deactivated catalyst. Moreover, 15W/TiO2-P25 
catalyst exhibited the highest amount of total acid sites of 2304 µmol/g cat that is 
excellent characteristic to produce DEE. 
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Table 13 The amount of acidity of TiO2-P25 support and W/TiO2-P25 catalysts with 
different W loading 

catalysts 
Total acidity 
(µmol/g cat.) 

TiO2-P25 1866 
5W/TiO2-P25 1820 
10W/TiO2-P25 2247 
15W/TiO2-P25 2304 
20W/TiO2-P25 1496 

 
 
 
4.2.6 Reaction test 

 Besides the catalytic activity of catalysts having different phases of TiO2, 
W/TiO2-P25 catalysts were investigated with different W loading contents (0-20 wt%) 
and examined via ethanol dehydration at various reaction temperatures (range of 200 
to 400°C). The catalytic activities (ethanol conversion, product selectivities and product 
yields) of each catalyst is displayed as follows. 

 The ethanol conversion of these TiO2-P25 support and W/TiO2-P25 catalysts is 
evaluated by ethanol dehydration reaction, and the corresponding results are shown 
in Figure 33. It was found that ethanol conversion apparently increased with increasing 
the reaction temperature over all catalysts. Considering the different W loading 
contents, the addition of tungsten over 15 wt% W results to decrease ethanol 
conversion due to decreased surface area. Thus, 15W/TiO2-P25 catalyst gave the 
highest ethanol conversion of 73.94% among all catalysts for all reaction temperature. 
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Figure 33 Ethanol conversion of W/TiO2-P25 catalysts with different W loading 

 

 

Figure 34 Product selectivities of W/TiO2 catalysts with different W loading 
 
 The selectivity of these TiO2-P25 support and W/TiO2-P25 catalysts is exhibited 
in Figure 34 as shown above. It can be seen from Figure 34 that diethyl ether 
selectivity decreased, whereas ethylene selectivity increased with increasing the 
reaction temperature. At the reaction temperature above 300°C, diethyl ether is 
decomposed to ethylene. In addition, increasing W loading over 10 wt% can be slightly 
changed product selectivities and reduced  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

52 

 

Figure 35 Product yields of TiO2-P25 support and W/TiO2-P25 catalysts with different 
W loading 

(a) DEE 
 
 
 
 
 
 

 
 
 

(b) ethylene 
 
 
 
 
 
 
 
 
 

(c) acetaldehyde 
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The product yields of W/TiO2-P25 catalysts having different W loading are 
reported in Figure 35. Considering for DEE yield as seen in Figure 35 (a), it was 
observed that the addition of tungsten played roles in increasing DEE yield. At the 
reaction temperature below 300°C, the addition of tungsten up to 15 wt% increased 
the DEE yield and gave the highest DEE yield (30.4% at 300°C) for 15W/TiO2-P25 
catalyst. 

When consider ethylene yield obtained from these catalysts in Figure 35 (b), 
it can be found that ethylene yied displayed a similar trend with conversion. This is 
because the higher temperature gave the higher ethanol conversion and ethylene 
selectivity. In addition, the highest ethylene selectivity (65.8%) can be obtained from 
15W/TiO2-P25 catalyst at 400°C due to the acidity. Moreover, acetaldehyde was 
prevented to form as a byproduct by having tungsten deposition as seen in Figure 35 
(c). 

The summary of all catalytic activities including ethanol conversion, product 
selectivities and product yields is displayed in Table 14. According to the results from 
this study, it can be seen that the addition of tungsten onto TiO2-P25 support can 
affect the catalytic behavior of W/TiO2-P25 catalysts. 15W/TiO2-P25 catalyst is more 
suitable to produce both DEE and ethylene at 300°C and 400°C, respectively. 
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Table 14 Ethanol conversion, product selectivities and product yields 

Catalyst 
Temperature 

(˚C) 

Ethanol 
Conversion 

(%) 

Product Selectivity (%) Product Yield (%) 

Ethylene DEE CH3CHO Ethylene DEE CH3CHO 

TiO2-P25 

200 17.4 0.0 0.0 100.0 0.0 0.0 17.4 
250 19.2 10.6 0.0 89.4 2.0 0.0 17.2 
300 23.7 30.3 0.0 69.7 7.2 0.0 16.5 
350 26.8 65.0 11.8 23.2 17.4 3.2 6.2 
400 29.3 73.3 3.3 23.4 21.5 1.0 6.8 

5W/TiO2-P25 

200 12.5 0.0 76.3 23.7 0.0 9.5 2.9 
250 23.8 11.8 70.2 18.0 2.8 16.7 4.3 
300 31.8 29.4 30.8 39.7 9.4 9.8 12.7 
350 53.8 47.8 9.8 42.4 25.7 5.3 22.8 
400 60.8 72.6 3.9 23.5 44.2 2.3 14.3 

10W/TiO2-P25 

200 15.0 4.7 93.4 1.9 0.7 14.0 0.3 
250 25.5 17.1 81.8 1.1 4.4 20.9 0.3 
300 48.3 47.4 49.8 2.7 22.9 24.1 1.3 
350 58.9 88.5 6.1 5.4 52.1 3.6 3.2 
400 66.2 91.1 0.7 8.2 60.3 0.4 5.4 

15W/TiO2-P25 

200 26.3 3.3 94.8 1.8 0.9 25.0 0.5 
250 34.6 15.5 83.2 1.2 5.4 28.8 0.4 
300 56.7 44.6 53.6 1.8 25.3 30.4 1.0 
350 62.1 84.1 9.2 6.7 52.3 5.7 4.2 
400 73.9 89.0 0.9 10.1 65.8 0.6 7.5 

20W/TiO2-P25 

200 12.7 4.7 92.7 2.7 0.6 11.7 0.3 
250 26.6 14.2 84.5 1.3 3.8 22.5 0.3 
300 49.0 44.8 52.6 2.7 21.9 25.8 1.3 
350 58.3 57.7 23.0 19.3 33.6 13.4 11.2 
400 68.0 90.5 1.0 8.4 61.5 0.7 5.7 
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4.2.7 Thermal gravimetric analysis (TGA) 

To determine the coke formation, the spent catalysts were analyzed by using 
thermal gravimetric analysis (TGA) as shown in Figure 36. It can be seen that TGA 
curves of all spent catalysts using in the reaction exhibited similar activity. 

       (a) TiO2-P25         (b) 5W/TiO2-P25 

      

       (c) 10W/TiO2-P25         (d) 15W/TiO2-P25 

     

(e) 20W/TiO2-P25 

 
Figure 36 TGA analysis curves of spent catalysts 
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At temperature higher that 200°C, it was found that the addition of tungsten 
into TiO2-P25 catalysts promoted the coke formation due to the catalyst burning. The 
amount of coke formation in spent catalysts was determined and reported in Table 
15 as follows; 
 
Table 15 The amount of coke formation in the spent catalysts 

Catalyst 
Temperature  

(°C) 
Weight  

(%) 
The amount of coke 

formation (%) 

TiO2-P25 
200 99.91 

0.58 
1000 99.33 

5W/TiO2-P25 
200 99.5 

5.20 
1000 94.33 

10W/TiO2-P25 
200 99.51 

4.71 
1000 94.82 

15W/TiO2-P25 
200 96.54 

9.09 
1000 87.76 

20W/TiO2-P25 
200 99.27 

9.80 
1000 89.54 
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 4.2.8 Catalyst appearance 

 After modified TiO2-P25 support with different W loading (0-20 wt%), the 
obtained W/TiO2-P25 catalysts were taken to observe the appearance before and after 
being used in ethanol dehydration reaction. The appearance of fresh and spent 
W/TiO2-P25 with different loading of W was presented in Figure 37 and Figure 38, 
respectively. 
 

 

Figure 37 The appearance of fresh W/TiO2-P25 catalysts 
(a) TiO2-P25 (b) 5W/TiO2-P25 (c) 10W/TiO2-P25 (d) 15W/TiO2-P25 (e) 20W/TiO2-P25 

 

 

Figure 38 The appearance of spent W/TiO2-P25 catalysts 
(a) TiO2-P25 (b) 5W/TiO2-P25 (c) 10W/TiO2-P25 (d) 15W/TiO2-P25 (e) 20W/TiO2-P25 

  
 The images of fresh W/TiO2-P25 catalysts showed that the addition of 
tungsten led catalysts to have more yellow color indicating the different structure of 
catalyst, which confirms in previous characterized results. After all catalysts were 
performed in ethanol dehydration reaction, the spent catalysts in all loading were 
observed the coke formation on catalysts surface as observed by a change to black 
color. 

(a)  (b)  (c)  (d)  (e) 

(a)  (b)  (c)  (d)  (e) 
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Part III : The comparison of catalysts for diethyl ether synthesis and their 
catalytic activity 

 
Table 16 Comparison of catalysts for DEE synthesis and their catalytic activity 

Catalyst 
Surface 

area 
(m2/g) 

Reaction 
temperature 

(°C) 

Ethanol 
conversion 

(%) 

DEE  
yield 
(%) 

Ref. 

10W/TiO2-A 58 200-300 4-40 9-23 This study 
10W/TiO2-R 7 200-300 2-22 0-11 This study 
5W/TiO2-P25 51 200-300 13-32 10-17 This study 
10W/TiO2-P25 53 200-300 15-48 14-24 This study 
15W/TiO2-P25 56 200-300 26-57 25-30 This study 
20W/TiO2-P25 46 200-300 13-49 12-26 This study 
HBZ 522 250 66 35 [5] 
Ru-HBZ 541 250 73 47 [5] 
Pt-HBZ 561 250 70 45 [5] 
WO3/ZrO2 81 200-300 9-98 8-42 [10] 
WO3/TiO2 (H) 60 200-300 70-100 1-68 [10] 
H-ZSM-5 366 300 90 14 [45] 
20HP-ZSM-5 74 250-450 25-100 0-24 [45] 

 
 The catalytic activity for ethanol dehydration to diethyl ether over various 
catalysts were summarized in Table 16. It is displayed that W/TiO2 catalysts in this 
study are comparable to other catalysts. Form the catalytic activity of HBZ, modified 
HBZ, WO3/ZrO2 and WO3/TiO2 catalysts for ethanol dehydration, it was found that 
these catalysts were much higher surface area that of W/TiO2 catalyst for this study. 
Then, the result showed that ethanol conversion and DEE yield were higher than 
catalysts in this study. On the other hand, H-ZSM-5 and 20HP-ZSM-5 catalysts were 
lower surface area than 15W/TiO2-P25 catalyst resulting lower DEE yield. Thus, 
15W/TiO2-P25 catalysts is an alternative route to obtain DEE via ethanol dehydration.  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 

 In this study, the results of TiO2 supports having three different phases (anatase, 
rutile and mixed phases) and W/TiO2-P25 catalysts having W loading (0-20 wt%) are 
considered to charateristics and catalytic performance via ethanol dehydration 
reaction. Therefore, the research conclusions and reccomendations are explained in 
section 5.1 and section 5.2, respectively. 
 
5.1 Conclusions 

 1. The W/TiO2 catalysts having three different phases of anatase (A), rutile (R) 
and mixed phases (P25) in titania supports can be employed for catalytic ethanol 
dehydration to ethylene and DEE. 

2. The highest activity obtained from the 10W/TiO2-P25 catalyst can be 
attributed to highest surface area and largest amount of W species distribution on the 
external surface of catalyst. 

3. The three different phases of titania supports have the effect on the 
characteristics , which are all explained as follows; 

- The BET surface area and pore volume of both TiO2-A and TiO2-P25 
supports are higher than those of TiO2-R support. The addition of 10 wt% 
tungsten onto titania supports slightly changed the textural properties. 

- The acid sites of catalysts do not have a significant difference. 
 4. TiO2-P25 support is more suitable support than both of TiO2-A and TiO2-R 
supports. It reveals that 10W/TiO2-P25 catalyst is able to produce DEE (24.1% yield) at 
300°C and ethylene (60.3% yield) at 400°C. 
 5. The different tungsten loading has the effect on characteristics , which are 
all explained as follows; 

 - The addition of tungsten up to 15 wt% slightly increases BET surface 
area. For the further addition of tungsten, the textural properties tend to 
decrease. 
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 - The acid sites of catalysts slightly increase with increasing tungsten 
loading up to 15 wt% W. 

 5. 15W/TiO2-P25 catalyst gives the highest DEE yield of 30.4% at 300°C and 
ethylene yield of 65.8% at 400°C.  

6. The mixed phases (P25) of anatase and rutile titania are more suitable for W 
probably due to its three major roles including; (1) high surface area, (2) high amount 
of W species distributed on the external surface of catalyst and (3) introduce acid sites 
as active sites in the reaction. There were the factors leading to obtain higher activity 
for ethanol dehydration of 15W/TiO2-P25 catalyst.  
 
5.2 Recommendations 

 1. The acidity is strongly important for ethanol dehydration reaction. Types of 
acid, both Lewis and Brønsted acid sites, should be measured by using pyridine 
adsorption analysis. 
 2. The catalytic stability of 15W/TiO2-P25 catalyst should be further 
investigated. 
 3. The preparation of mixed phases of TiO2 support should be studied to obtain 
the optimum phase composition of TiO2 support. 
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APPENDIX A 
CALCULATION FOR CATALYST PREPARATION 

Calculation for preparation of 10W/TiO2 catalysts having different phase of TiO2 

 
1. Impregnated of 10 wt% W onto three different TiO2 supports 
Catalyst: - Ammonium metatungstate ((NH4)6H2W12O40 • 4H2O) 
    Molecular weight = 3028.36 g/mol 
    Tungsten (W) weight = 183.84 x 12 = 2206.08 g/mol 
Support: - Titania (TiO2) supports: anatase (A), rutile (R) and mixed phases (P25) 
 
Basis  1 g of catalyst; 
 10 wt% of tungsten (W) = 0.10 g 
 TiO2 support (A, R and P25) = 1.00-0.10 = 0.90 g 
     

There is      2206.08 g   of W     in 3028.36 g   of ammonium metatungstate 
Thus, there is   0.10 g   of W     in  0.10 x 3028.36 / 2206.08  

      = 0.137 g   of ammonium metatungstate 
 
Then, an aqueous precursor solution was mixed with support and then stirred for 30 
minutes to obtain non-calcined 10W/TiO2-A, 10W/TiO2-R and 10W/TiO2-P25 catalysts. 
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Calculation for preparation of W/TiO2-P25 catalysts having different W loading 

 
1. Impregnated of 5, 15, 20 wt% W onto TiO2-P25 support 
Catalyst: - Ammonium metatungstate ((NH4)6H2W12O40 • 4H2O) 
    Molecular weight = 3028.36 g/mol 
    Tungsten (W) weight = 183.84 x 12 = 2206.08 g/mol 

- 5, 15, 20 wt% W were selected to study 
Support: - TiO2-P25 
 
Basis  1 g of catalyst; 
(1) 5 wt% of tungsten (W)  = 0.05 g 
 TiO2-P25 support  = 1.00-0.05  = 0.95 g 
 Thus, ammonium metatungstate  = 0.05 x 3028.36 / 2206.08 = 0.069 g 
 
(2) 15 wt% of tungsten (W) = 0.15 g 
 TiO2-P25 support  = 1.00-0.15  = 0.85 g 
 Thus, ammonium metatungstate  = 0.15 x 3028.36 / 2206.08 = 0.206 g 
 
(3) 20 wt% of tungsten (W) = 0.20 g 
 TiO2-P25 support  = 1.00-0.20  = 0.80 g 
 Thus, ammonium metatungstate  = 0.20 x 3028.36 / 2206.08 = 0.275 g 
 
Then, an aqueous precursor solution was mixed with support and then stirred for 30 
minutes to obtain non-calcined 5W/TiO2-P25, 15W/TiO2-P25 and 20W/TiO2-P25 
catalysts, respectively. 
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APPENDIX B 
CALCULATION FOR ACIDITY 

 
 The acidity of all supports and catalysts is determined from NH3-TPD by 
calculating the area under TCD signal versus temperature. 
 

Acidity of catalysts   =   
mol of desorbed NH3

weight of dry catalyst
   [µmol/g cat] 

 
Where   mol of desorbed NH3 = (area under TCD signal curve) x (30.927 µmol) 
  weight of dry catalyst = 0.05 g 
 

 

Figure B.1 The calibration curve of NH3-TPD 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 
CALIBRATION CURVES OF REACTANT AND PRODUCTS 

 The calibration curves of reactant and products were used to calculate the 
amount of reactant and products including ethanol, ethylene, diethyl ether and 
acetaldehyde as showed in Figure C.1-C.4.  
 
 

 

Figure C.1 The calibration curve of ethanol 
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Figure C.2 The calibration curve of ethylene 
 
 

 

Figure C.3 The calibration curve of diethyl ether 
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Figure C.4 The calibration curve of acetaldehyde 
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APPENDIX D 
CHROMATOGRAM 

 The peak positions of reactant and products showed as below; 
 
Reactant: ethanol peak position  = 4.9 min 
 
Products: ethylene peak position = 4.4 min 
  diethyl ether peak position = 5.2 min 
  acetaldehyde peak position = 4.6 min 
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APPENDIX E 
CONVERSION, SELECTTIVITY AND YIELD 

 The catalytic activities (conversion, selectivity and yield) were calculated as 
follows; 
 
1. Ethanol conversion 

Ethanol conversion (%) = 
(mol of ethanol in feed - mol of ethanol in product)

mol of ethanol in feed
 x 100 

 
 
2. Product selectivity 

Product selectivity (%) = 
mol of each product

mol of total products
 x 100 

 
 
3. Product yield 

Product yield (%)  = 
ethanol conversion x selectivity of each product

100
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