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CHAPTER | - INTRODUCTION

1.1 General introduction

Nowadays, the ethanol dehydration to produce ethylene and diethyl ether over the
solid catalyst has been paid attention for numerous research due to its cleaner
technology and efficient utilization of ethanol, which is a renewable raw material
obtained from fermentation of biomass. For instance, the production of ethylene from
ethanol is considered as an alternative way to produce ethylene, which is currently
produced by the catalytic thermal cracking of petroleum feed stocks such as naphtha
and dehydrogenation of ethane from natural gas. In fact, dehydration of ethanol to
ethylene is cleaner technology due to lower operating temperature, uncomplicated
process and less impurity. Generally, ethylene is one of the most important raw
materials for petrochemical industry, which is used as a starting material for
production of polyethylene, ethylene oxide, vinyl acetate, ethyl benzene, etc.
Considering the production of commercialized diethyl ether at present, although it is
produced from dehydration of ethanol, the process is not benign since it uses mineral
liquid acids such as H2SOs to catalyze the reaction. Consequently, this reaction is
further required the separation and purification processes. In this case, the solid acid
catalysts are preferred since they are reusable and easy to separate from the product.
Although the consumption of diethyl ether is much lesser than ethylene, it is very
important chemical. In particular, diethyl ether is mainly employed as a solvent for
fragrance and pharmaceutical industries. In transport fuel function, diethyl ether is
employed as an ignition improving additive in engines according to its high volatility
and cetane and octane number. The blending of diethyl ether in diesel improves the
performance-emission characteristics with thermal efficiency and reduced emission of
NOy, CO and HC [1]. Hence, the production of ethylene and diethyl ether from
ethanol using suitable solid catalysts is very captivating.

In general, the catalytic ethanol dehydration to ethylene and  diethyl ether
requires acid sites on the solid catalyst. This reaction essentially undergoes via
thermodynamic and kinetic controls. The formation of ethylene is dominated by high

reaction temperature since it is endothermic reaction, whereas diethyl ether mainly



occurs at lower reaction temperature due to its exothermic reaction. However, during
dehydration of ethanol, a side reaction such as dehydrogenation can occur resulting in
the formation of acetaldehyde as a byproduct. From previous researches, many solid
acid catalysts have been investigated in ethanol dehydration reaction including the
transition metal oxides [2-4], zeolites [5], silica-alumina [6, 7] and heteropolyacids
[8]. Many investigators found that the transition metal oxides such as TiO», ZrO,
SiO,, and Nb2Os play an important role in heterogeneous catalysis acting as an active
phase, promoter or support of solid catalysts. Those solid catalysts have been
developed on structure characteristics and acid properties to build up the product
selectivity, catalytic activity and stability. Among the transition metal oxides, TiO>
has been widely used as a support in heterogeneous catalysts due to its suitable
surface areas, thermal stability and mechanical resistance [9, 10]. Besides, the
modification by incorporated the additional active noble and transition metals such as
Cs [11] , Au/Ag/Cu [12] , Al [13], Ru [14], Pt, Pd [15], Mo [16], and W [17, 18] into
catalyst supports apparently affected both the catalyst selectivity and activity.
Furthermore, the presence of tungsten (W) metal on catalysts was found to be very
interesting since it contributes Bronsted acid site and develops the catalyst stability
and activity [19-21]. It has been accepted that WOs/TiO> catalyst is widely used in
various reactions and process including glycerol hydrogenation , reforming , oxidation
of dibenzothiophene [22], selective catalytic reduction [23], dehydration [24], and
photoelectrocatalytic degradation [25]. WOs/TiO, is promising for the catalytic
dehydration of ethanol to ethylene and especially diethyl ether at low temperature as
described by Phung et al. [26]. They discovered that the addition of tungsten on
transition metal oxide provided the Brgnsted acids sites that are active to the ethanol
dehydration reaction to produce ethylene and diethyl ether and also prevent the
formation of byproducts such as acetaldehyde and higher hydrocarbons. In addition,
with various tungsten loading on TiO», ZrO; and SiO> catalyst support, the WO3/TiO>
catalyst was found to be the most active in this reaction giving the highest yield of
diethyl ether. However, besides the active metals, one needs to consider on the
properties of a wide variety of supports themselves. The variations of support
characteristics mostly arise from different preparation methods including the sol-gel
[27, 28] and solvothermal methods [29, 30]. In most cases, they found that different



preparation methods can alter the properties of support and consequently different
catalytic properties were observed. As a result, the effect of different preparation
methods on the properties of support is crucial for better understanding.

Recently, researchers have developed new designed catalysts with adequate
textual properties, controlled acidity and stability to enhance the catalytic properties.
The bimetallic catalysts have been proven to be important for many catalyst
applications [30-33]. The presence of Pd oxides has been known to be an active for a
wide range of reactions such as ethanol reforming [34], hydrogenolysis [35],
oxidation [36], dehydration [37, 38]. Armenta et al.[39] reported that the bimetallic
(CuO-PdO/y—— 1,03)  performed higher catalyst activity when compared to
monometallic catalysts (CuO/y—y— Al203 and PdO/y—y—Al203) in methanol
dehydration to dimethyl ether. To improve the structure and catalyst performance of
catalysts, the metal impregnation technigue on support catalyst is promising to be an
attractive on catalyst development [40].

Consequently, the objective of this present study is to develop a better
understanding on different preparation methods including the sol-gel and
solvothermal methods to synthesize the titania oxide supports for tungsten oxide
catalysts used in catalytic ethanol dehydration to ethylene and diethyl ether. The
change in catalytic properties was also investigated via the catalytic ethanol
dehydration in a fixed-bed microreactor at the temperature range of 200 to 400°C.
Ethanol conversion and product selectivity of different WO3/TiO, catalysts were
reported and discussed further. Besides, the catalyst which showed the highest
performance in ethanol dehydration was selected to be further modified by loading
with the palladium metal to improve the catalytic activity and performance. The effect
of sequence in impregnation method of palladium modification has been explored on

their characteristics and catalyst properties.

1.2 Research objectives
1. To investigate the characteristics and activities of WO3/TiO, catalysts
synthesized by sol-gel and solvothermal methods for ethanol dehydration to ethylene

and diethyl ether.



2. To examine the catalyst performance when the TiO2-supported W catalyst was
modified with palladium (Pd) as well as different sequence incipient wetness
impregnation into W/TiO; catalysts for ethanol dehydration reaction to ethylene and
diethyl ether.

1.3 Research scopes

1. Preparation of TiO> supports catalyst by sol-gel and solvothermal methods,
followed by the incipient wetness impregnation with tungsten (W) into TiO- catalysts.
These catalysts were used for studying in part .

2. Modification the palladium (Pd) into W/TiO- catalysts with different sequence
of incipient wetness impregnation. These catalysts were used for studying in part I1.

3. Evaluation on the catalytic activity for all catalysts in ethanol dehydration to
ethylene and diethyl ether under atmospheric pressure and temperature in range of
200°C to 400°C

4. The structural and surface properties on the supports and all catalysts were
characterized by several techniques including the catalyst structures and crystallinity
by X-ray diffraction (XRD), the morphology and elemental distribution over the
catalyst granules by scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX), the surface area, pore volume and pore size diameter by N>
physisorption (BET), the acidity of catalysts by NHs-temperature programmed
desorption (NHs-TPD), the basicity of catalysts by CO»-temperature programmed
desorption (CO2-TPD), the coke deposit on surface catalysts after reaction by energy
dispersive X-ray spectroscopy (EDX), amount of metal loading by X-ray
fluorescence spectrometer (XRF) and binding energy and chemical oxidation states of

the catalysts by X-ray photoelectron spectroscopy (XPS).

1.4 Research methodology
The research methodology is divided into 2 parts, which are as following.



Part I: The catalytic ethanol dehydration to ethylene and diethyl ether over the
WO3/TiO; prepared by sol-gel and solvothermal methods

Synthesis TiO, support

| -
Sol-gel method (TiO,-SG) Solvothermal method (TiO,-SV)

! !

Incipient wetness impregnated with W and calcined

! !

WO,/ Ti0,-SG t * WO,/ TiO,-SV
| |
Dehydration in a fixed-bed reactor at Catalyst characterization

200-400°C, 1atm |

XRD, N, physisorption , SEM/EDX,
NH3/CO2-TPD , XRF

Discussion & Conclusion

Figure 1: Flow diagram research methodology in Part |



Part Il: The catalytic ethanol dehydration to ethylene and diethyl ether over the
W/TIiO, catalyst modified with Pd in different sequence impregnation

Choose the best catalyst that gives the highest catalyst
activity from part I

)

Dropped Pd on W/Ti02 with different sequence impregnation
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CHAPTER Il - THEORY AND LITERATURE REVIEW

This chapter is described the knowledge of catalysts including an ethanol, catalytic
ethanol dehydration reaction to ethylene and diethyl ether, titanium oxide catalyst,

tungsten oxide catalyst, palladium catalyst and literature reviews.

2.1 Ethanol

Ethanol (bio-ethanol) is derived from fermentation of various types of agricultural
products such as corn, sugarcane and cassava [39]. Bio-ethanol has become an
attractive renewable source to produce the value-added chemicals such as ethylene,
diethyl ether, acetaldehyde, etc., which are widely consumed in many petroleum and
petrochemical industries. Recently, bio-ethanol is the main potential source that
becomes a sustainable source instead of fossil fuel due to an environmental concern
about the emission of greenhouse gas from burning of fossil fuel (coal, oil and gas)
and reducing of non-renewable feedstock supply in future. Besides, many researchers
have played attention to convert the biomass-derived ethanol to the valued-added
chemical compounds with several feasible process and technologies mostly applied

with catalytic reactions.

2.2 Catalytic ethanol dehydration reaction to ethylene and diethyl ether
2.2.1 Catalyst

The catalyst is used to change the reaction kinetics of a reaction. It cannot
change the equilibrium of a reaction, but it can change the rate of reaction toward the
equilibrium by decreasing the activation energy of the reaction. The catalyst is not
consumed during the reaction, but it can be deactivated and loose its ability to
catalyze the wanted reaction. Many researches develop catalyst in its 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.



The heterogeneous catalyst can be widely used for many reactions including
the catalytic ethanol dehydration. Heterogeneous catalyst is performed in many
functions including the carrier, support and active site of catalyst. The carrier provides
the structure and the reactor bed, which determine the mass transfer properties and
governs the pressure drop over the reactor. The catalyst support provides the surface
area in which the reaction can occurs and can be the same material as the carrier. The
active sites are where the reaction occurs and can be the material of the catalyst

support.

2.2.2 Ethylene and diethyl ether

The ethanol dehydration mainly produced ethylene and diethyl ether. The
ethylene is normally produced by steam cracking (pyrolysis) of hydrocarbons from
fossil feedstock such as naphtha from distillation of crude oil or ethane, propane and
butane from natural gas. These gases (ethane, propane or butane) or the liquids
(naphtha) are preheated, vaporized and then mixed with steam. It is performed at very
high temperatures, 600 - 1000 °C, at approximately normal pressure in a tubular
reactor before converted to low relative molecular mass alkenes (plus by-products).
Since the fossil feedstock reserves have been continuing depletion and the stream
cracking consumes intensive high temperature, high energy and generate large
amounts of CO2 greenhouse gas emissions. The biomass as a nonpetroleum resource
has been attractive and go through in many reactions as a raw material, such as
bioethanol, to produce ethylene and others petroleum based chemical. Lately, the

catalytic ethanol dehydration is an alternative to the steam cracking process.

The diethyl ether is industrially synthesized by the reaction of ethanol with
concentrate H>SO4 at the temperatures lower than 150°C, which is as shown in

Equation 1.

Equation 1: Acid ether synthesis reaction
2C,HsOH + H,S0, - C,H;0C,Hs; + H,0

With the reversible reaction, the diethyl ether shall be distilled out of the
reaction mixture before it reverts to ethanol to achieve the maximum ether yield. This
process has been improved due to its low yield, by product formation and difficult on

removal liquid catalyst. During the last few decades, the gas phase ethanol



dehydration to diethyl ether over solid heterogeneous catalyst including alumina,
zeolites, transition metal oxide, and heteropolyacids is played in role interested in

many researches.

2.2.3 Catalytic ethanol dehydration

The ethanol dehydration reaction is the direct conversion of ethanol to
ethylene or diethyl ether by using the acid catalyst. The chemical equation of ethanol

dehydration reaction occurs in parallel are shown in Equation 2 and 3.

Equation 2: Ethanol dehydration to ethylene

C,HsOH » C,H, + H,0 +44.9 kJ/mol
Equation 3: Ethanol dehydration to diethyl ether

2C,HsOH - C,Hs0C,Hs + H,0 -25.1  kJ/mol

The Equation 2 is endothermic and prefers the moderate to high temperature
at 320 °C and 500 °C, while Equation 3 is exothermic and prefers the low to
moderate temperature at ranged 150°C and 300 °C [41]. Besides, acetaldehyde can be

formed as a side reaction or hydrogenation reaction in Equation 4.
Equation 4: Ethanol dehydrogenation to acetaldehyde reaction

C,H;OH - C,H,0 + H, +52.4 k/mol

2.3 Titanium oxide catalyst

Titanium dioxide (TiO2) has been known as titanium oxide or titanium IV oxide
or titania which is naturally occurring oxide of titanium. It is in a group of a versatile
transition-metal oxide and widely uses in various applications related to catalysis,
electronics, photonics, sensing, medicine, and controlled drug release. TiO2 is
recognized as a heterogeneous catalyst and contributed a high catalytic activity due to
its strong metal support interaction, chemical stability, and acid-base property. TiO>
as a catalyst has been revealed that TiO. improve the performance of catalysts in
many reactions including dehydrogenation, water gas shift, and thermal catalytic

decomposition.
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2.3.1 Structure and property of titanium oxide
TiO2 exists in three crystalline bulk structure which are anatase, rutile and
brookite. The crystal structures of rutile, anatase and brookite titanium dioxide is
showed as Figure 3. The rutile and anatase are arranged in the tetragonal structure
which are the common types. The rutile crystalline size is always larger than the
anatase phase. The Brookite is formed as an orthorhombic structure which is rarely

utilized and seldom interest in any applications.

Figure 3: Crystal structure of rutile, anatase and brookite

The phase formation has been achieved by hydrothermal treatment at elevated
temperatures with the appropriate reactants. The anatase and brookite crystalline
transform phase to rutile crystalline at temperature 550 and 750 °C, respectively.
Among of them, TiO> in anatase phase is frequently utilized as a catalyst support for
metal heterogeneous catalyst since it provided the high specific surface area, strong
interaction with metal nanoparticles and showed high actively on ethanol conversion.
The interaction influences the catalytic activity and selectivity of the metal
heterogeneous catalyst. Nevertheless, the instability of anatase transform to rutile
structure is carry out at high temperature reactions.

Regarding to characterization in term of acidity, TiO2 has highly ionic oxides
with medium — strong Lewis acidity and weak Bronsted acidity. The anatase phase is

rather stronger Lewis acidity and weaker Bronsted acidity than the rutile structure.

2.3.2 Synthesis of titanium oxide
TiO, structures have been prepared through various preparation methods,

including the sol-gel method, hydrothermal method and solvothermal method.
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2.3.2.1 The sol-gel method

The sol-gel method has been interested in the preparing for inorganic ceramic,
glass materials and catalyst. The method is performing in the low temperature and
cost effective. Additionally, sol—gel is favored in catalyst preparing due to its potential
to fabricate catalysts with high purity, homogeneity, fine-scale and controllable
morphology. As showed in Figure 4, the sol-gel method is the process of transforming
sols (solid particles suspended in liquid) into gels (particulate networks of sols). The
sol—gel procedure includes the process of hydrolysis and condensation.

— - S——

v o' ."'.
< . > L
Ti hydrolysis .0°.: ...“o +* condensation
» .
alkoxide —— > e et ] —
solution ¢ 2o e’
LN 3 -~
i oo - \_\.» .l.,,
Sol Gel

Figure 4 : General scheme of preparation by sol-gel method

In the presence of water, the alkoxy groups (OR) are replaced by the hydroxyl
groups from water which is called hydrolysis. The metal hydroxide groups will link
and generate a hydrated metal-oxide network which is called condensation. To obtain
the crystalline TiO- particles, the TiO2 network (gel) is further dried and calcined. The
hydrolysis and condensation reaction is exhibited in Equation 5.

Equation 5: the hydrolysis and condensation
TiOR + mH20 — Ti(OR)4- (OH)n +nNROH
Ti(OH) + (OR)Ti — Ti—O—Ti + ROH

Ti(OH) + (OH)Ti — Ti—O—Ti + H20

2.3.2.2 The solvothermal method

The solvothermal method has been interested in preparing ceramic materials
and catalyst such as ZrO,, CeOz2, and Fez0s. It has a better control on size, crystal
phase, narrow size distribution and minimal agglomeration than hydrothermal

process. As shown in Figure 5, all reagents including metal oxide precursor solution
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and solvent the method are mixed together, placed into a Teflon-lined stainless steel
autoclave, and heated [42]. The method is process in a closed reaction vessel inducing
a decomposition or a chemical reaction between precursors in the presence of a
solvent at a temperature higher than the boiling temperature of this solvent. The
precipitates obtained should be washed and dried. The calcination process is not
necessarily due to the high crystallinity of TiO2 prepared by the solvothermal method
[43]. The crystallization and growth of particles is controlled by parameters such as

temperature, pressure, and time.

T —— ! g,
— T ==
= — —
=9 S —
precursors solution ?_;t;f lsr‘:;sure metal oxide
and solvent 2 crystals particle
0 High Temperature B

Figure 5: General scheme of preparation by solvothermal method

2.4. Tungsten oxide catalyst

Tungsten oxide plays an important role in a variety of electrochromic devices,
catalysts and chemical sensors. The formula of tungsten trioxide is WOs. It exhibits
several different crystal structures in different temperature ranges which are tetragonal
structures at temperatures above 740 °C, orthorhombic structures from 330 to 740 °C
and monoclinic structures from 17 to 330 °C. The WOg structure is showed in Figure
6 [44].


https://en.wikipedia.org/wiki/Tetragonal
https://en.wikipedia.org/wiki/Orthorhombic
https://en.wikipedia.org/wiki/Monoclinic
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Monoclinic

Orthorhombic

Figure 6: The crystal structure of tungsten observed during in situ heat treatment
from temperature to 950°C

2.5 Palladium catalyst

Palladium (Pd) catalyst is one of the precious metal catalysts used to increase
catalytic activity in a chemical reaction including dehydration and dehydrogenation.
The activity of palladium catalyst depends upon the volume of palladium present in
the catalyst, method of depositing palladium, type of support, and distribution of

palladium on the support.

2.6. Literature Reviews

Lately, many researchers have been improving and developing the various
catalysts in many reactions with various technique such as oxidation, dehydration and
dehydrogenation to produce the desired valuable chemicals in many industries. They
have been investigated by considering the behavior of catalyst in term of the active
phase, metal support interaction, causes of deactivation. This chapter reviewed works
on the catalyst spending in catalytic dehydration reaction which are attractive in field

of heterogeneous catalyst while it has been used in many applications.

In general, the activity and selectivity of alcohol dehydration are controlled by the
physical and chemical catalyst properties. Over the solid catalyst, the acids site and

acid strength play an important role in ethanol dehydration. Among the catalyst
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studied, the metal oxide as support catalysts such as CeO2, ZnO2, MgO, Al203, Fe;0s,
Mn20s3, TiO2 and SiO> are widely investigated and used in many applications. Titania
oxide is one of an acidic character and well known as a solid acid catalyst enhancing
the performance of ethanol dehydration.

Sohn et al. (2002) [45] investigated the characterization of titanium sulfate
supported on zirconia and activity for acid catalysis. The catalyst prepared by
impregnation of powdered Zr(OH)s with titanium sulfate aqueous solution followed
by calcining in air at high temperature. The specific surface area and acidity of
catalysts increased in proportion to the titanium sulfate content up to 5 wt % of
Ti(SOa)2. The Ti(SO4)2/ZrO2 which is incorporate of titanium component exhibited
the higher catalytic activity for the 2-propanol dehydration reaction than
Zr(S04)2/Zr0O, without titanium.

Zhang et al. (2008) [46] learned the gamma alumina catalyst to perform in ethanol
dehydration. The gamma alumina promoted with TiO; catalyst can improve the
ethylene selectivity from 90.1% to 99.4% at 500°C.

Wu et al. (2009) [47] examined the TiO2-supported zeolite carried out the ethanol
dehydration to ethylene. The TiO anatase as an acceptor of electrons enhance the
moderate acid site on TiO2-supported zeolite. The composite catalyst showed the
much better catalytic performance than the aluminosilicate zeolite or TiO: in the
ethanol dehydration to ethylene.

Ladera et al. (2015) [48] investigated on two heteropoly acids (HPAs) which are
H3PW12040 (HPW) and HsSiW12040 (HSiW) deposited on TiO> to perform in the
methanol dehydration reaction to dimethyl ether. The effect of the HPA loading on
TiO2 to produce dimethyl ether has been correlated with the structure and acid
properties of the catalyst. The optimum loading for both TiO2-supported HPW and
HSIW is 2.3 KU nm™2. All catalysts exhibited very high dimethyl ether productivities
and high methanol conversion rates at temperature as low as 413 K. These catalysts
are more active than bulk HPA for dehydration of methanol to dimethyl ether.

Héroguel et al. (2017) [49] demonstrated the deposition catalysts coated by non-

hydrolytic sol gel to improve the catalyst selectivity and stability. The deposition of
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TiO2 on SBA-15 generated the medium strength Lewis acid sites, which catalyzed 1-
phenylethanol dehydration at high selectivity and decreased deactivation rates

compared to typically used HZSM-5.

Recently, the addition of promoters over solid acid catalyst is one strategy to
increase the catalytic activity by facilitated the desired reaction or increased the
catalyst selectivity by reducing the unwanted processes. The tungsten oxide metal
(WOg) is well known as promoter metal oxide exhibited the high catalyst activity in
various reaction due to the created of active site and increased of the surface areas.

Sohn et al. (2000) [50] investigated the characterization of tungsten oxide
supported on TiO> prepared by drying a mixed solution of ammonium metatungstate
with Ti(OH)s and calcining in air for 2-propanol dehydration and cumene
dealkylation. The interaction between tungsten oxide and titania influences the
physicochemical properties of catalysts with calcination temperature. The specific
surface area and acidity of catalysts increase in proportion to the tungsten oxide
content up to 20 wt%. The addition of only a small amount of tungsten oxide (2
wt%) to titania, both the acidity and acid strength of the catalyst increases
remarkably, showing the presence of Bronsted and Lewis acid sites on the surface of
WOs/TiO; catalyst.

Pae et al. (2004) [51] studied the catalytic activity of 10-NiO-TiO2/WOs in the 2-
propanol dehydration reaction. When adding the tungsten oxide on titania up to 25
wt%, the specific surface area and acidity of catalysts increased in proportion to the

tungsten oxide content due to the interaction between tungsten oxide and titania.

Lebarbier et al. (2006) [52] investigated the relations between structure, acidity,
and activity of WOx modified on titanium oxyhydroxide, and titanium oxide. Both
catalysts containing W up to 4.4 atoms of W/nm? were prepared by the impregnation
of titanium oxyhydroxide dried at 393 K or titanium oxide calcined at 773 K. Both
catalysts exhibited similar surface structure, acidity, and catalytic activity. The
Bronsted acidity was detected for W > 1.3 atoms of W/nm? and increased steadily
with increasing W surface density and directly related to catalytic activity for 2-

propanol dehydration for both catalysts.
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Kourieh et al. (2011) [53] investigated the various tungsten oxide loadings from 1
to 20 wt.% on ZrO. prepared by co-precipitation. The amount Bronsted sites
increased with an increasing the loading WO3. The catalytic reaction of cellobiose
disaccharide hydrolysis showed a better catalytic performance on the highest WO3

loaded catalysts.

Phung et al. (2015) [26] examined the effect of tungsta over titania and zirconia
oxide under ethanol dehydration with 1.43 h't WHSV at 423 - 773 K. The addition of
WO3 to both TiO2 and ZrO; leads the strong Bronsted acid sites that are represent the

active sites in the reaction and inhibits the formation of acetaldehyde.

Dalil et al. (2015) [10] studied the acrolein selectivity of glycerol dehydration
over 13.9 wt% WO3/TiO2. They achieved high values of acrolein selectivity by
exceeding 73% after 6 h time-on-stream.

Cecilia et al. (2016) [19] investigated the tungsten oxide and tungsten oxide
phosphorous supported on a zirconium and doped on mesoporous SBA-15 silica The
catalyst is prepared by sol-gel followed by incipient wetness impregnation method
before testing in the dehydration of glycerol to acrolein. When incorporate WO3 to
Si02/ZrO; support, it improved the total acidity, Bronsted acid sites and stability
catalyst over the glycerol dehydration. The 20W catalyst displayed the highest
glycerol conversion and acrolein yield values (97% and 41% after 2 h, and 90% and
38% after 8 h of TOS, respectively, at 325 “C) which may be related to the existence

of WOz phases on catalyst surface.

Said et al. (2016) [54] investigated the catalytic performance of tungsten oxide
during the dehydration of isopropyl and methyl alcohols. The WO3 is more active
toward isopropanol dehydration than methanol dehydration. Moreover, it is found
that the reaction mechanism and yield of propene and dimethyl ether produced from

alcohols are controlled by the strength of acids sites.

Hong et al. (2016) [55] suggested on the effect of Bronsted acidity of WO3/ZrO-
catalysts in dehydration reactions of C3 and C4 alcohols. WO3/ZrO, catalysts were
prepared by impregnation method. The catalytic activity was maximized when
loading WO3 at 20 wt% on ZrO; catalysts. The Bronsted acidity is affected to the
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catalytic activity over the dehydration reaction. In addition, the propene selectivity
increases with an increasing Bronsted acidity while the iso-butene, 1-butene, cis-2-
butene and trans-2-butene selectivity were not affected by Bronsted acidity at 200
and 250 °C.

Cunha et al. (2017) [56] investigated the effect of texture and acidic properties of
bimetallic Cu-(WOs or ZrO)/Al>O3 catalysts carried out in glycerol dehydration to
acetol. The metal supported on Al2Os were prepared by wetness impregnation and
calcined at 800°C. Cu-Zr/Al catalyst showed a greater acetal selectivity. Cu-W/Al
catalyst promoted the hydrogenation reaction by forming 1,2 propanediol. The

results showed that an acidic plays a key role in the reaction.

However, besides the active metals, one needs to consider on the properties of a
wide variety of supports themselves. The variations of support characteristics mostly
arise from different preparation methods. There are many reports focusing on using
different methods to prepare various metal oxide supports including the sol-gel and

solvothermal methods.

Wannaborworn et al. (2015) [28] inspected the ethanol dehydration to ethylene
over alumina catalysts prepared by solvothermal and sol-gel methods. The
experiments were performed at temperature ranged 200 to 400°C under atmospheric
pressure using a feed composition of 99.95% ethanol. The alumina synthesized by
solvothermal method exhibited the highest activity due to the higher surface area and
larger amount of acid site, especially the ratio of weak/strong acid strength. The
results confirmed that the textural and acidic properties is affect to catalytic

dehydration.

Go'mez-gutie’rrez et al. (2015) [30] examined the solvothermal synthesis of
nickel-tungsten sulfides catalyst for 2-propanol dehydration. The solvothermal
method influenced the morphology and texture of catalyst and catalytic performance.
The catalytic 2-propanol dehydration was selective to propene in 100% at 250 °C for
the sample with 0.7 of atomic ratio of Ni/(Ni + W).

From the literature review, the bimetallic catalysts have been proven to be
important for many catalyst applications. The presence of Pd oxides have been
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known to be an active site in the dehydration reaction [57]. In addition, the different
impregnated preparation technique is affected to the interaction between metal and

promoter and/or metals and support catalyst.

Jinshuang et al. (2013) [58] examined that Pd/Al.Oz-TiO: catalyst showed higher

catalytic activity than Pd/TiOz in ethanol oxidation.

Jing et al. (2019) [40] discovered that the metal impregnation technique affect the
structure and catalyst performance. They revealed that the catalyst prepared by first
Co precursor impregnation (Ni/Co/MgO) resulted in the stronger catalytic activity
and stability than those by the co-impregnation (NiCo/MgO) in steam reforming

reaction.

Roldan et al. (2008) [59] studied on the mono- and bi- metallic (Pt and/or Pd)
impregnated on beta-zeolite in hydroisomerization of alkanes. They claimed that not
only the presence of both metals, but also an adequate preparation method providing

an improving the catalyst activity.
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CHAPTER Il - EXPERIMENTAL

This chapter explains the laboratory procedures, including the support catalyst
preparation and modified with metal oxide by impregnation, the characterization of

catalyst and the experimental for ethanol dehydration reaction.

3.1 Catalyst preparation
3.1.1 Chemicals
The chemical used to synthesis all catalysts in this research were shown in
Table 1.

Table 1: The chemicals used for catalyst preparation

Chemical Formula Supplier
Titanium ethoxide (Ti ~ 20%) Tia(OCH2CH3)s16 Aldrich
Ethanol (99.99%) C2HsOH Merck
Titanium (1V) n-butoxide (97%) C16H3604Ti Aldrich
1,4 — butanediol C4H1002 Aldrich
Tungsten (V1) chloride WCle Aldrich

Tetraamminepalladium (I1) chloridemonohydrate  Pd(NH3)4Cl2eH20O  Aldrich
(99.99%)

3.1.2 Preparation of TiOz supports and WOs/TiO2 catalysts

The TiO; catalyst supports were synthesized by performing with two different
methods which are sol-gel and solvothermal methods [60]. To prepare TiO2 support
catalyst by the sol-gel method, the titanium ethoxide was used as the precursor.
Firstly, the precursor with excess ethanol dissolved in deionized water with the molar
ratio of 165. The solution was stirred under 20 rpm/min at room temperature for 2 h.
The white precipitates of hydrous oxides formed instantly and separated by
centrifugation. The sample was then washed with ethanol at least 5 times and then

performed centrifugation. The sample was dried and calcined at 450° C for 2 h at the
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heating rate of 10 °C/min. Finally, the white powder of TiO> prepared by the sol—gel

method was obtained and denoted as TiO»-SG.

To synthesis TiO2 support catalyst by solvothermal method, 25 g of titanium
(V) n-butoxide (TNB) was used as the precursor. Firstly, TNB was suspended in 100
ml of 1,4-butanediol in a test tube and placed in the autoclave. The autoclave was
completely purged with nitrogen at pressure of 30 bars before increasing the
temperature to 320 °C at a heating rate of 2.5 °C/min and following held at 320 °C for
6 h. Autogenous pressure during the reaction gradually increased as the temperature
increased. The autoclave was next cooled down to room temperature. The white
powder was collected, and then washed with ethanol followed by centrifugation at
least 5 times. The sample was dried over night at 110°C and finally the white powder
of TiO: prepared by the solvothermal method was obtained and denoted as TiO2-SV.

The TiO2-SG and TiO2-SV catalyst supports obtained as mentioned above
were implemented with an incipient wetness impregnation process to provide the
tungsten (W) loading of 13.5 wt%. It was accomplished by using the tungsten (V1)
chloride as a precursor, followed by drying the catalyst sample overnight at 110 °C
and calcined at 400°C with a heating rate of 10 °C/min for 3 h. Consequently, the
obtained WO3/TiO; catalysts are denoted as WO3/TiO2-SG and WO3/TiO2-SV.

3.1.3 Preparation of Pd doped-WOs/TiO:2 catalysts
The TiO» supports catalyst were synthesis by solvothermal methods according
to the practice as mentioned in item 3.1.2. After synthesis the TiO2-SV support
catalysts, the support catalysts were further modification with tungsten (W) and
palladium (Pd) by incipient wetness impregnation with sequence impregnation and
co-impregnation technique as follows.

Preparation of sequence impregnation catalyst (Pd/W/TiO3): Firstly, The
Tungsten (W) precursor and Palladium (Pd) precursor were firstly dissolved in
deionized water to obtain W at 13.5 wt% and Pd at 0.5 wt%. Secondly, the tungsten
(V1) chloride solution (W 13.5 wt%) was dropped into TiO- catalyst. Afterwards, the
impregnated sample was dried for overnight at 110 °C and calcined in air at 500°C
with a heating rate of 10 oC/min for 3 hrs. The white power of W/TiO; catalyst was

obtained. Thirdly, tetraamminepalladium (11) chloride monohydrate solution (Pd 0.5
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wit%) was dropped into W/TiO; catalyst. Afterward, the impregnated sample was
dried for overnight at 110 °C and calcined in air at 500°C with a heating rate of 10
°C/min for 3 h. Finally, the white sample of Pd/W/TiO, was provided.

Preparation of sequence impregnation catalyst (W/Pd/TiO2): The synthesis of
WI/Pd/TiO- catalyst was the same as the synthesis of Pd/W/TiO; catalyst as mention

above except for the sequence of the first step and second step shall be exchanged.

Preparation of co-impregnation catalyst (PdW/TiO): Firstly, both
tetraamminepalladium (1) chloride monohydrate solution and tungsten (V1) chloride
solution was dissolved together in deionized water to obtain W at 13.5 wt% and Pd at
0.5 wt%. Secondly, those precursor solutions were dropped into TiO2 catalyst.
Thirdly, the impregnated sample was dried over night at 110 °C and followed by
calcined in air at 500 °C with a heating rate of 10 °C/min for 3 h. Finally, the sample
of PAW/TIO; catalyst was obtained.

3.2 Catalyst characterization
3.2.1 X-ray diffraction (XRD)

The SIEMENS D-5000 X-ray diffractometer using CuKo radiation (A =
1.54439 A) was used to determine the crystalline phase structure of supports and
catalysts. The crystalline domain sizes were calculated from the Scherrer equation.
The supports and catalysts were scanned at a rate of 2.4° min in the range 20 from
20 to 80 degrees with the resolution of 0.02°.

3.2.2 Nitrogen Physisorption
The adsorptiometer Micromeritics ASAP 2010 automated system instrument
was used to determine surface area (BET method), pore volume/diameter and pore
size distribution (BJH method) by nitrogen gas adsorption-desorption at liquid
nitrogen temperature at -196°C.
3.2.3 Temperature-programmed desorption of ammonia (NHs-TPD) and
carbon dioxide (CO2-TPD)
The Micromeritics Chemisorb 2750 Pulse chemisorption system instrument
was employed to identify the acidity and basicity on supports and catalysts. The 0.03

g quartz wool and 0.05 g catalysts were packed in a quartz tube and pretreated at
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5000C under He flow for 1 hr. Next, the catalyst surface was saturated with NH3 or
COz in He at 40°C for 30 min. Then, the excess adsorbed gas (the physisorbed NH3;
or CO») was purged with He until the baseline was constant. Afterwards, the catalysts
was heated from 40°C to 500°C at a heating rate of 10°C/min to desorb NH3z or CO..
The amount of NHz or CO: in effluent was measured via the thermal conductivity
detector (TCD) signal as a function of temperature.

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

The SEM model JEOL mode JSM-6400 and EDX with stand Link Isis series
300 program were operated for analysis the morphology, element composition and
distributions over supports and catalysts.

3.2.5 X-ray fluorescence spectrometer (XRF)

The Olympus model Vanta M Series was performed to determine the amount
of tungsten loading on catalysts. XRF spectrometer has an X-ray tube with Rh anode.
The spectra were collected during 120 s, with the tube operating with a current of 100
MA and a voltage of 40 KV.

3.2.6 X-ray photoelectron spectroscopy (XPS)
The AMICUS spectrometer with MgKa X-ray radiation at voltage 15kV and
current of 12 mA was used to determine the binding energy and chemical oxidation

states of catalysts.

3.3 Reaction study in dehydration of ethanol
The catalytic ethanol dehydration reaction was carried out in gas phase at
atmospheric pressure in the fixed bed glass reactor. The reaction was investigated for
all catalysts using the apparatus as exhibited in Figure 7.
3.3.1 Chemicals and reagents
The chemicals and the reagents employed in the ethanol dehydration reaction

in present research were displayed in Table 2.
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Table 2: The chemicals for catalytic ethanol dehydration reaction

Chemical and Reagents Supplier
Hydrogen gas ultra-high purity of 99.99% Linde
Nitrogen gas ultra-high purity of 99.99% Linde
Air zero balance nitrogen Linde
Absolute ethanol purity of 99.99% Merck

3.3.2 Instrument and apparatus
The system of the ethanol dehydration including the equipment to carry out
the catalytic ethanol dehydration reactions were shown in Figure 7. The set up

experimental for the reaction are shown as follows:

Mass flow controller
Vent
“«
By pass "
. = 2 0 Reaction line . 0
) g n‘ ) —j ¢ ® =l
I - | >
}00) 0\0 Ethanol feed .Fﬂ\(_))
;‘ L, injector L_
Glass 1' =
reactor
Bubble N
HZ Nz 2
flow L
meter
Sampling
r
- —
GC-FD | I} | —

Temperature Variable voltage

controller transformer

Figure 7: Process diagram of the ethanol dehydration system

1) Reactor: In part I, the borosilicate reactor tube was made from glass tube with an
inside diameter of 0.7 cm and length of 33 cm. length. In part I, the borosilicate

reactor tube has an inside diameter of 1 cm and length of 49.5 cm.

2) Syringe pump: Liquid ethanol is injected to the vaporizer by syringe pump.
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5)

6)

7)

24

Vaporizer: Liquid ethanol was vaporized in vaporizer at temperature of 120°C.

Furnace and heating cable: The reactor and vaporizers are heated by furnace. The
temperature of the furnace was controlled by temperature controller with the
maximum voltage of 220 volt. For heating cable, it was warped with the line at
outlet of reactor. The heating cable was used to prevent the condensation of water

dehydrated from reaction.

Temperature controller: The temperature of furnace was established a set point at
any temperatures in range between 200°C to 400°C. The temperature controller is
connected to thermocouple attached to the reactor and a variable voltage

transformer.

Gas controlling system: The flow rate of nitrogen (carrier gas) and air are adjusted
by mass flow controller. The system is set up with a pressure regulator and an on-
off valve to control the gas flow.

Gas chromatography (GC): A gas chromatography equipped (Shimadzu GC14B)
with flame ionization detector (FID) and DB-5 capillary column. It is used to
analyze the feed and product including ethanol, ethylene, diethyl ether,
acetaldehyde etc. The operating condition for gas chromatography was described
in the Table 3.

Table 3: Operation conditions for gas chromatograph

Gas chromatograph Shimadzu GC14B
Detector FID
Column DB5

Maximum temperature 350 °C
Carrier gas N2 (99.999%)
Column temperature
- Initial (°C) 40
- Final (°C) 40
Injector temperature (°C) 150
Detector temperature (°C) 150

Analyzed gas ethanol, ethylene, acetaldehyde, diethyl ether
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3.3.3 Ethanol dehydration reaction procedure

The ethanol dehydration reaction was performed in a fixed-bed continuous
flow micro-reactor at temperature varied from 200 to 400 °C. Firstly, 0.01 g of quartz
wool and 0.05 g (part 1), 0.1 g (part Il) of catalysts were packed in the middle of
reactor. The catalyst was preheated by flowing N2 with a flow rate of 60 ml/min at
200 °C for 1 h under atmospheric pressure to remove the moisture and impurity on
surface of catalyst prior to the reaction. Afterwards, the reaction was started by
feeding vaporized ethanol and N> as a carrier gas. The ethanol flow rate was
controlled at 1.45 ml/h (WHSV = 22.9 Qethanoigcat - h™1) and 0.397 ml/h (WHSV =

3.13 Qethanol Jeat . h™1 ) in the research in part | and Il respectively. After reaching

steady-state condition, the reaction product compositions at reactor effluent were
analyzed by a Shimadzu gas chromatography (GC14B) with flame ionization detector

(FID) using DB-5 capillary column.



26

CHAPTER IV - RESULTS AND DISCUSSION

In this chapter, the results and discussion of WO3/TiO2 catalysts using titania derived
from sol-gel and solvothermal methods with palladium modification are expressed on
the catalyst characterization and activities. All catalysts were prepared as revealed in
chapter Il and characterized by various techniques including XRD, XRF, SEM,
EDX, NH3-TPD, CO>-TPD, N2-physisorption and XPS. All catalysts were studied on
the catalytic performance in fixed-bed tubular reactor with the ethanol dehydration
reaction under vapor phase of ethanol at temperature between 200 °C and 400 °C.
The results and discussion are divided into 2 parts. The first part described on the
characteristics and catalytic activity of WO3/TiO> catalysts using titania derived from
sol-gel and solvothermal methods. The TiO2 support catalyst was incipient wetness
impregnated with tungsten loading of 13.5 wt%. The second part is to develop the
W/TIiO> catalyst, which gave the best catalyst performance in part one by palladium
impregnation of 0.5 wt%. The catalysts were then comparison on their characteristics
and catalytic activity.

4.1 The catalytic ethanol dehydration to ethylene and diethyl ether over the
WO3/TiO2 prepared by sol-gel and solvothermal methods
4.1.1 Catalyst characterization

The XRD patterns of both TiO2 supports and WOs/TiO, catalysts are
demonstrated in Figure 8. When compared the intensity of XRD peaks between TiO-
SG and TiO2-SV, they exhibited the similar XRD patterns having the strong
diffraction peaks located at 20 degree of 25° (major) , 38 © and 48 °, which are
assigned to the tetragonal anatase phase of crystalline TiO, [61, 62]. When the
support was impregnated with 13.5 wt % of tungsten, the XRD patterns were also
similar with those of titania supports. The intensities were lower indicating the
smaller crystallite size of WO3/TiO- catalysts than the TiO> supports. Furthermore,
the low intensity peaks were noticed at 24° and 34° for WO3/TiO2-SG and WO3/TiO»-
SV catalysts, which were designated to the formation of the WO3 crystals with

tetragonal phase [63, 64]. Based on the Scherrer equation, the average crystalline size
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of WO3/TiO2-SG was smaller than WO3/TiO2-SV as established in Table 4, where
the TiO2 crystalline size were in the range of 10.7 to 14.3 nm indicating the

mesoporous structure.
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Figure 8: X-ray powder diffraction patterns of supports and catalysts

The morphology of TiO2 supports and WO3/TiO, catalysts prepared by
different methods showed the different morphologies. The TiO2-SG formed irregular
shape particles, while TiO>-SV formed small agglomerated spherical and porous
particles. When loading of tungsten into TiO2-SG and TiO2-SV supports, both
samples exhibited more porous particles. This suggested that the presence of tungsten
into TiO; resulted in an increase of porosity. The EDX mapping of WO3/TiO>-SG and
WO3/Ti0,-SV catalysts are illustrated in Figure 9. It shows the elemental distribution
of Ti, O, and W dispersing on the external surface of catalysts. The tungsten was well
dispersed at the outer surface of both TiO.-SG and TiO2-SV. The weight ratios of
WI/Ti are also listed in Table 5. The amount of tungsten present at outer surface of
Ti0,-SG were larger than TiO2-SV. Nevertheless, according to the XRF analysis the
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amount of tungsten in the bulk of TiO.-SV catalyst was larger than TiO2-SG showing
that the distribution of tungsten for TiO2-SV catalyst were mostly located inside the

pore of catalyst.

(a) WOs/TiO2-SG (b) WO3/TiO,-SV 20.0 um

Figure 9: Elemental distribution by EDX mapping for (a) WO3/TiO2-SG and (b)
WO3/TiO,-SV catalyst

Table 4: Physical properties of TiO2 supports and catalysts

Pore Pore Crystallite  Crystallite W
Seer®  Volume® Diameter® TiOzsize® WOssize®  content®
Sample (m?/g)  (cm?3/g) (nm) (nm) (nm) (wt %)
TiO,-SG 73 0.13 4.8 12.4 - -
TiO2-SV 85 0.42 16.5 15.3 - -
WO3/TiO.-SG 61 0.11 5.1 10.7 6.1 16.3
WO3/TiO.-SV 78 0.30 13.0 14.3 9.0 18.9

a Measured by BET method, ®¢ Measured by BJH desorption method, ¢ measured by
XRD using the Scherrer equation, ® measured by XRF

Table 5: Elemental compositions (wt%) on external surface of catalysts obtained
from EDX
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Sample @) Ti wW Cl WITi
Ti02-SG 44.67 55.33 n.a. n.a. n.a
Ti02-SV 44.37 55.63 n.a. n.a. n.a

WOs/TiO2-SG 30.71 35.17 33.84 0.28 0.96
WO3/TiO,-SV 39.00 48.25 12.36 0.39 0.26

The BET surface area (Sget), pore volume and pore size diameter of TiO>

supports and WO3/TiO> catalysts analyzed by N2 physisorption are shown in Table 4.

The results exposed that the TiO,-SG exhibited smaller surface area (73 m?/g) and

pore volume (0.13 cm?g) than those of TiO»-SV BET surface area (85 m?/g) and pore

volume (0.42 cm®g). The large surface area essentially enhances catalytic activity in

ethanol dehydration by increasing possibility of ethanol to attach on the acid site [28].

Besides, the BET surface area, pore volume and pore size diameter decreased with the

presence of tungsten due to some pore blockage [65].

The N2 adsorption-desorption isotherms at -196°C for the TiO2 supports and
WOs/TiO- catalysts is presented in Figure 10. The results revealed the Type IV
adsorption isotherms with the H1 hysteresis loop indicating the mesoporous
structure according to the IUPACS. After incorporated the tungsten to obtain
WO3/TiO2-SG and WOs/TiO2 -SV, it was realized that the Type IV isotherm was
still observed. The hysteresis loop moved toward lower pressure for WO3/TiO2-
SG and WOs/TiO.—SV suggesting that the tungsten addition onto TiO2 support
catalyst resulted in decreased pore volume. The pore size distribution (PSD) for
the TiO2 support catalysts and WOz/TiO: catalysts are shown in Figure 11. All
catalysts were in the average pore diameter range of 2-50 nm classified as
mesoporous particles. The WO3/TiO, showed the narrower pore size distribution
than that of TiO2-SV. The average pore sizes for all samples calculated by Barrett-
Joyner-Halenda (BJH) are shown in Table 4, which were corresponding to the

results from N2 adsorption — desorption isotherm as seen from Figure 10.
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It is well known that acidity of catalyst is the key factor relating to the
catalytic activity for ethanol dehydration process. The acidity of supports and
catalysts was evaluated by NHs-temperature-programmed desorption as displayed in
Figure 12. As observed, the NHs-TPD profiles for all samples displayed the broad
desorption peaks in range of 150-500 °C. The NHs-TPD desorption temperature of
acidic sites are classified into 3 classifications. The desorption of NHs between 150
and 300 °C is designated to weak acidic sites, whereas the desorption between 300

and 450 °C is moderate acid sites and the desorption above 450 °C is strong acid sites

[66].

WO,/Ti0,-SG
- N

TCD signal (a.u.)
TCD signal (a.u.)

50 150 250 350 450 550

50 150 250 350 450 550
Temperature (°
Temperature (° C) P O

Figure 12: NH3-TPD profiles of TiO2 supports and WO3/TiO> catalysts

The TiO2-SG presented the lower amount of acid site than the TiO2-SV as
presented in Table 6. As observed with tungsten loading on both supports, it showed
significant increase in weak and total acid sites for both WOs/TiO2-SG and
WO3/TiO.-SV catalysts, which is essential for enhancing the ethylene and diethyl
ether [67, 68]. Furthermore, it can be detected that the WOs/TiO2-SV catalyst

exposed the highest amount of total acid sites at 3645 pmol/g cat.



32

Table 6: The amount of surface acidity of supports and catalysts measured by NHs-
TPD

NHz Desorption (umol/g cat) Total Acidity
Sample Weak Medium Strong (umol/g cat)
TiO2-SG 895 662 717 2274
TiO2-SV 1152 1232 841 3224
WOs/Ti0,-SG 1030 1054 681 2765
WOs/TiO,-SV 1558 1263 823 3645

When considering the CO,-TPD profiles as revealed in Figure 13, the
desorption peak exposed the narrow desorption in the temperature range of 50-200
°C. Both TiO2 supports showed the low temperature CO desorption around 87°C
delegated to weak basic sites [69, 70]. The impregnated of tungsten into the support
catalysts resulted in a decrease of peak intensity around 80°C. Besides, it discovered
that WO3/TiO2-SG had the higher amount of basicity site than WO3/TiO2-SV as
presented in Table 7.
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Figure 13: CO2-TPD profile of TiO2 supports and WO3/TiO; catalysts

Table 7: The amount of surface basicity of supports and catalysts measured by CO»-
TPD

Sample CO; Desorption (umol/g cat) Total Basicity
Weak Medium/Strong (umol/g cat)
TiO2- SG 27 4 31
TiO2-SV 18 2 20
WOs/TiO2- SG 6 1 7
WO3/TiO2- SV 4 0 4
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In Table 8, it showed the amounts of carbon deposition after reaction obtained by
EDX measurement. The WO3/TiO2-SG and WO3/TiO2-SV exhibited higher amounts
of carbon deposition than those of the TiO, supports due to their higher acidity. It is

recognized that high acidity yields high amount of carbon deposition on catalysts.

Table 8: The amount of carbon elemental compositions (wt%) on external surface
supports and catalysts after reaction obtained from EDX

Sample TiO2-SG TiO2-SV WITiO2-SG WITiO2-SV

C (%) 1.0 1.2 1.8 45

4.1.2 Ethanol Dehydration Reaction study

The supports and catalysts were investigated on the catalytic performance via
the ethanol dehydration reaction in gas-phase at atmospheric pressure and temperature
ranging from 200 °C to 400 °C. As shown in Table 9, the ethanol conversion for all
samples increased with an increased reaction temperature which is signified that no
deactivation of supports and catalysts occurred. The highest ethanol conversion was
achieved at 400°C for all samples. The ethanol conversion was found in order of
WO3/TiO2-SV (87.6%) > TiO2-SV (56.3%) > WOs/Ti0.-SG (45.4%) > TiO2-SG
(33.9%), which are corresponding to total amount acid sites of catalysts. Besides, it is
detected that that the conversion of TiO2-SV was still higher than that of WO3/TiO»-
SG, which is quite interesting.

The selectivity to ethylene, diethyl ether and acetaldehyde are obtained in
Table 9. It is realized that the TiO> rendered acetaldehyde as a main product.
However, it is interesting that when incorporated the tungsten on TiO2 supports,
ethylene and diethyl ether are turned out to be the main products at different
temperature. The formation of the ethylene occurs by acid catalyst protonating to
hydroxyl group of ethanol molecule (proton transfers from acid to O atom to form
alkyloxonium ion), and then the water molecules is created. Afterward, an ethoxide
surface group forms and deprotonates its methyl group to produce the ethylene. The
diethyl ether formation performs by either dissociative pathway or associative

pathway [57]. The dissociative pathway is happened by one ethanol adsorption on



34

catalyst and water elimination providing an adsorbed ethyl group. Subsequently, the
ethyl group reacts with the second ethanol molecule and finally the diethyl ether is
produced. The associative pathway takes place from co-adsorption of two ethanol
reacted and formed into diethyl ether. It is well known that the dehydration from the
alcohol essentially happened on Bronsted acid sites [68, 71], while Lewis acid sites
rarely contribute for this reaction [72, 73]. The mechanism of ethanol dehydration to
ethylene and diethyl ether over the W/TiO> catalysts are demonstrate in Schemes 1
and 2, respectively. Furthermore, acetaldehyde is formed under the side reaction
(dehydrogenation reaction) in Equation 6 which is preferred on the basic sites of

catalysts.
Equation 6: The dehydrogenation reaction
C,HsOH -» C,H,0+ H, +52.4 kJ/mol

HOCH,CH;

OH OH

' CH,CH,OH '

ATl alfdrnaTlo ~~ QT ATHET AT 6O

CH,CH, H,O

) OCH,CH, s

mTiﬂTi TiQTiQ ﬂTiﬂTi TiaTim

-—

Scheme 1: The mechanism of ethanol dehydration ethylene over WO3/TiO; catalyst

(a) dissociative pathway

H,0 (CH;CH,0),0

?H CH:CH,0H OCH,CHj; Cl’H

CH,CH,0H
aTalk:oaThoe ~ AT aTi ala aTalBWliala

(b) associative pathway



35

HOCH,CH,
i
?H CH,CH,0H OH

AT Ti M Ti @ . @oT T Ti & Ti G
CH,CH,0H
H,0
CH;CH,0CH,CH; (%

(CH;CH;0),0 '

on L OH
|

AT alWUlaTe - @ Ti @Ti 10T @

Scheme 2: The mechanism of ethanol dehydration to diethyl ether with (a)

dissociative and (b) associative pathways over WO3/TiO; catalyst

With the experimental studying, the TiO.-SG and TiO2-SV support catalysts
still showed high acetaldehyde selectivity at ca. 81 °C and ca. 71°C, respectively.
This is because the high reaction temperature or the heat treatment effect to an
oxidation of Lewis oxygen in pure TiO> structure with the basic site is more dominant
than acid as seen from the pure SBA-15 catalyst used in ethanol dehydration reported
by Autthanit and Jongsomjit in 2018 [60]. The mechanism of ethanol
dehydrogenation to acetaldehyde over TiO2 support is explained in Scheme 3.
Acetaldehyde forms by ethanol molecule firstly adsorbed on the catalyst surface. An
ethoxy group is further produced and transform into acetaldehyde. When introduced
the tungsten on the TiO2 supports, it exposed an increased ethylene selectivity at high
temperature and increased diethyl ether selectivity at low temperature. The ethylene
and diethyl ether selectivity over WO3/TiO2-SV catalyst was higher than those of
WO3/TiO.-SG catalyst. It was learned on the highest ethylene selectivity of ca. 88 %
under the reaction temperature at 400 °C and the highest diethyl ether selectivity of
ca. 68 % under the reaction temperature at 250 °C for WOs/TiO2-SV. The influence
to increase the ethylene and diethyl ether selectivity is the high amount of weak acid
or Brgnsted acid, which is the active site for ethanol dehydration after impregnated
the tungsten on TiO. supports. As shown in Table 6, the weak acid sites for
WOs/TiO- catalyst were extensively higher than TiO. support catalyst, whereas the
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strong acid sites for TiO, were higher than the WO3/TiO; catalyst. It is familiar that
amount of weak acid site is probably associated to Bronsted acid site of the catalyst,
while the Lewis acid site relate to the strong acid site [60].

In the meantime, the acetaldehyde was formed as byproduct over WO3/TiO»-
SG and WOs/TiO.-SV catalysts under dehydrogenation reaction. The acetaldehyde
selectivity over WO3/TiO2-SG was higher than that of WO3/TiO2-SV correlating to
higher amounts of basic site display in WO3/TiO2-SG catalyst. The mass balance
(carbon balance) in the experimental typically closed to 90 %. Such a deviation which

were not detected by GC analysis were the heavy components and coke.
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Scheme 3 : The mechanism of ethanol dehydrogenation to acetaldehyde over TiO>

support catalyst
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Table 9: Ethanol conversion, product selectivity and product yield as a function of
reaction temperature. (the reaction condition: T = 200 — 400°C, WHSV = 22.9

QethanolJcat . h ™1, and catalyst weight = 0.05 g.)

Catalyst Temp Ethanol Product Selectivity (%) Product Yield (%)

Conversion Diethyl  Acetal Diethyl Acetal
(°C) (%) Ethylene  ether dehyde  Ethylene  ether dehyde

T10,-SG 200 4.5 0.0 0.0 100.0 0.0 0.0 45

250 8.6 1.8 0.0 98.2 0.2 0.0 8.5

300 13.2 4.0 2.6 93.4 0.5 0.3 12.3

350 32.3 114 1.6 87.0 3.7 0.5 28.1

400 33.9 17.7 0.9 81.4 6.0 0.3 27.6

TI0,-SV 200 21.1 0.0 0.0 100.0 0.0 0.0 21.1
250 23.2 0.0 0.0 100.0 0.0 0.0 23.2

300 35.7 25 2.1 95.3 0.9 0.8 34.1

350 54.3 9.7 2.4 87.8 5.3 1.3 47.7

400 56.3 25.5 3.4 71.1 144 1.9 40.0

WO3/TiO,-

SG 200 12.4 4.7 37.4 57.9 0.6 4.6 7.2
250 16.4 17.1 40.9 42.0 2.8 6.7 6.9

300 25.0 39.5 10.4 50.1 9.9 2.6 125

350 334 54.5 3.3 423 18.2 11 14.1

400 454 64.6 1.3 34.1 29.3 0.6 15.5

WO3/TiO,-

\Y 200 33.2 5.2 42.6 52.2 1.7 14.2 17.3
250 37.7 22.4 67.7 10.0 8.4 255 3.8

300 51.8 52.6 42.4 5.0 27.3 22.0 2.6

350 71.7 76.4 17.8 5.8 54.8 12.8 4.1

400 87.6 88.2 35 8.3 77.2 3.1 7.3

The comparison of product yield for each temperature over supports and
catalysts is reported in Table 9. It is revealed that the incorporated of tungsten
effectively developed the ethylene and diethyl ether yields. The highest ethylene yield
was found to be ca. 77 % at 400 °C over WO3/TiO.-SV. Furthermore, it was realized
that the highest diethyl ether yield of ca. 26 % at 250 °C was achieved with
WO3/TiO2-SV. However, diethyl ether yield was fairly small due to the low
conversion at low temperature. It should be mentioned that the highest acetaldehyde
yield of ca. 48% at 350 °C provided from TiO2-SV was noticeable, which is quite

interesting.
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4.2 The catalytic ethanol dehydration to ethylene and diethyl ether carried on the
WI/TiOz2 catalyst modified with Pd in different sequence impregnation
4.2.1 Catalyst characterization

The XRD patterns of catalysts are presented in Figure 14. All catalysts
exposed the high intensity peak located at 20 degree of 25° (major), 38 © and 48 °
corresponding to the crystal structure of (101), (004) and (200), respectively. The
diffraction peak is noticed as the formation tetragonal anatase phase of TiO:
crystalline [74]. Besides, the low intensity peaks was occurred at 24° and 34° on
Pd/W/TiO2, W/Pd//TiO2 , WPd/TiO2 and W/TiO- catalysts correlated to the tetragonal
phase of WO3 formation [54]. It is declared that the diffraction patterns of all catalysts
were similar. It is noticed that peak of palladium did not appeared due to the small
loading of Pd metal and/or the very small size of crystallites being in the highly
dispersed form on the TiO2 support[75]. Referring to the Scherrer equation, D = K A
B COS 0, the crystalline sizes of bimetallic Pd/W/TiO2, W/Pd//TiO2 and WPd/TiO-
are provided and exposed in Table 10. When the palladium presented into W/TiO-
catalysts, the Pd/W/TiO; presented the largest crystalline size of ca. 15.9 nm, whereas
WPd/ TiO: disclosed the smallest crystalline size of ca. 11.8 nm. It is realized that the
different sequence of metal impregnation slightly affected the crystalline size of

catalysts.
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Figure 14: X-ray powder diffraction patterns for Pd/W/TiO2, W/Pd/TiO2, PAW/TiO>

and W/TIO catalysts

Table 10: Physical properties of catalysts

Sget? Pore Volume®  Pore Size Crystalline size ¢
Sample (m?/g) (cm3/g) (nm) (nm)
Pd/WITiO2 54.5 0.23 14.6 15.9
W/Pd/TIO, 44.3 0.26 15.7 154
PdW/TiO, 30.4 0.13 13.9 11.8
WITiO, 58.9 0.25 134 154

@ Measured by BET method, ®¢ Measured by BJH desorption method ,* Measured by

XRD using the Scherrer equation

Table 11: Elemental distribution (%wt, %mol) on external surface of catalysts

obtained from EDX

Element
%weight %mol
Catalyst @) W Pd Ti @) W  Pd Ti
Pd/WITiO, 3548 11.69 1.97 50.86 65.90 190 0.60 31.60
WI/Pd//TIO, 3955 1232 181 46.32 70.10 190 050 27.50
PdW/TiO, 38.87 1051 1.7 4892 68.90 160 050 29.00
WI/TIiO> 35.1 8.29 - 56.61 64.10 1.30 - 34.60
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In order to investigate the dispersion of elements, the energy-dispersive X-ray
spectroscopy (EDX) analysis was performed. The typical EDX mapping of catalysts
is illustrated in Figure 15. The results revealed good distribution of metals, which are
elements of Ti, O, W and Pd on external surface of catalysts. The amounts of
elements near the surface of catalysts are displayed in Table 11. It was found that the
Pd particles were mostly located at outer surface of Pd/W/TiO2, W/Pd/TiO, and
WPd/TiO> catalysts in the order of 1.97, 1.81, and 1.7 wt%, which are higher than the
amounts of Pd loading (0.5 wt%) in bulk catalyst.

The morphology of the catalysts obtained by scanning electron microscopy
(SEM) is shown in Figure 16. It can be noticed that the shape of the Pd incorporated
into W/TiO: exhibited the small agglomerated spherical and porous particles, which is
similar to the morphology of the unmodified one. It suggested that the Pd
impregnation process and thermal treatment of catalysts results in a slightly change on

the morphology of the catalyst.

In Table 10 is the Brunauer-Emmett-Teller surface area (Sget), pore volume,
and pore size diameter of catalysts explored by N> physisorption method. It
demonstrated that the Pd modification onto W/TiO> slightly decreased the surface
area (Sger). The surface area of W/TiO2 evidently diminished from 58.9 m?/g to 54.5
m?g, 44.3 m%*g and 30.4 m%g for Pd/W/TiO,, W/Pd/TiO, and WPd/TiO;,
respectively due to some pore blockage from Pd particles in W/TiO, especially for
WPd/TiO2 [67]. The catalysts pore sizes calculated by Barrett—Joyner—Halenda (BJH)
method are shown in Table 10. The pore sizes of all catalysts were in ranged between
13-16 nm identifying their mesoporous structure. When consider the different
sequence impregnation of Pd on W/TiO, it discovered that the highest Sger was
showed in Pd/W/TiO2 (54.5 m?/g), while the lowest Sger was showed in PAW/TiO;
(30.4 m?/qg). It is concluded that the different sequence impregnation influences the

textual property of the catalysts.
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Figure 15: The energy-dispersive X-ray spectroscopy (EDX) mapping analysis of a)
Pd/WITiOz, b) W/Pd/TiO2 and ¢) PAW/TiO; catalysts
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Figure 16: Scanning electron microscopy (SEM) micrograph of Pd/W/TiOz,
W/Pd/TiO2, PAW/TiO2 and W/TiO> catalysts

The N2 adsorption-desorption isotherms of the catalysts were revealed in
Figure 17. All catalysts played the isotherm type IV with a hysteresis loop type H1 at
high relative pressures (P/Po = 0.7-0.9), which were signified to mesoporous structure
according to the IUPAC (International Union of Pure and Applied Chemistry)
classification. In Figure 18, it exposed the pore size distribution (PSD) for the
catalysts which were in the average pore diameter range of 13-16 nm and broad
distribution. These results were resembling to the ones obtained from Barrett—Joyner—
Halenda (BJH) method as seen in Table 10.

The NHs temperature - programmed desorption (NHs-TPD) profiles of the
catalysts were presented in Figure 19. It displayed the NH3 desorption between 150°
and 300° C, which is attributed to weak acid sites. The desorption peaks between 300°
and 450° C are the moderate and strong acid sites, respectively [76]. Table 12 is
exhibited the acid properties such as acid strength, acid site and acid density of
catalysts. It is noticed that the presented of Pd in to catalysts provided an increase of
acidity on W/TiO», especially for weak acid sites. The acidity tended to increase in the
order of W/TIiO2 < Pd/W/TiO2 < W/Pd/TiO2 < PAW/TiO>. Considering the effect of
different sequence impregnation of Pd into catalysts, the PdW/TiO, catalyst
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established the highest acidity of 2,884 umol NHz/g, while Pd/W/TiO> exposed the
lowest acidity of 1,926 pmol NHas/g. It was suggested that different sequence
impregnation of Pd improved the acidity of W/TiO> catalysts. It is generally accepted
that weak and/or medium acid sites is the key factor for ethanol dehydration to diethyl
ether and ethylene, whereas the formation of the higher hydrocarbon takes place in the
strong acid sites [68, 77].

Table 12: The amount surface acidity and acid density of catalysts measured by NHz-
TPD

Acidity (umol/g cat)

Weak to
Sample Weak Moderate Strong Moderate/Strong Total
Pd/WITiO2 837 848 240 7.02 1926
W/Pd/TiO2 1263 1154 251 9.62 2668
PdW/TiO, 1311 1215 357 7.07 2884
WI/TIO, 804 823 241 6.76 1867
180
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Figure 17: Nitrogen adsorption-desorption isotherms for Pd/W/TiO2, W/Pd/TiOs,
PdW/TiOz, and W/TiO- catalysts
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The surface characterization of catalysts such as elemental composition on the
catalysts was analyzed by using XPS method. In Table 13, it summarizes the binding
energy for all elements in catalysts. As expected, the binding energies for Ti, W, Pd
and O were detected, which are in well agreement to those of EDX analysis.
Considering the binding energy of Pd, it can be observed at 341.5, 334.8 and 336.1 eV
for Pd/W/TiO2, W/Pd/TiO2and PdW/TiOz, respectively indicating the PdO, formation
for Pd/W/TiO2, metallic Pd for W/Pd/TiO2 and PdO for PdW/TiO> [38, 78]. However,
the binding energy of metal can be shifted to the lower or higher by electron donate
from or to neighboring atom. Moreover, the spectral analysis of the XPS focused on
O 1s core-level spectra providing the additional information for oxygen species on
catalyst surface. The deconvolution of the O 1s spectra was fitted and separated into
three kinds of oxygen species as demonstrate in Figure 20. The binding energies
were noticed at 529.9, 531.6 and 533.2 eV which is corresponding to lactic oxygen
(O), surface hydroxyl group (OH) and adsorbed water (H20), respectively [79, 80].
Table 13 defined the atomic concentrations of each O 1s on surface catalysts. The
results showed that the hydroxyl group area fraction decreased in the following order
PAW/TiO2 (41%) > W/Pd/TiO2 (37%) > Pd/W/TiO2 (29%) > W/TiO2 (9%) consistent
to the acidity of catalysts. The results suggested that the presented of Pd into catalysts
essentially alters the acidity of catalysts due to the formation of Pd on support catalyst
indicating that PdW/TiO2 has the highest hydroxyl group (Brgnsted acid) on the
surface catalyst. It is reported that the Brgnsted acid site is perhaps related to the weak

acidity, while the Lewis acid site is related to the strong acidity [81].
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Figure 20: XPS analysis at O 1s for Pd/W/Ti0O,, W/Pd/TiO2, PAW/TiO; and W/TiO

catalysts

Table 13: XPS analysis of catalysts

Binding Energy O 1s area portion
(eV) (%)
Ti Ti Pd w W 0]
Catalysts  2pl 2p2 3d 4f1 412 1s O OH H0

Pd/W/TiO, 4585 4643 3415 373 352 5298 46 29 25
W/Pd/TiO, 458.8 4645 3348 37.6 354 5300 44 37 19
PdW/TiO, 458.7 4645 336.1 37.6 355 530.0 45 41 14

WITIO,  458.7 464.4 - 37.6 354 530.0 61 09 30

4.2.2 Ethanol dehydration Reaction study
The mechanism of catalytic ethanol dehydration to ethylene over catalyst is
displayed in Scheme 4. The formation of the ethylene occurs by one ethanol molecule
adsorption on PdW/TIiO; catalyst, followed by water elimination to form an adsorbed
ethoxide. Finally, the ethylene is occurred. As exhibited in Scheme 5, the diethyl
ether formation creates by either dissociative pathway or associative pathway. The
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dissociative pathway occurs by one ethanol adsorbed on PdWI/TiO; catalyst and
followed by water elimination to obtain the adsorbed ethoxide. Afterward, the
ethoxide on surface PdW/TiO: catalyst reacts with the second ethanol molecule to
produce diethyl ether. The associative pathway arises from co-adsorption of two
ethanol molecule reacted on catalyst, and then formed into diethyl ether [57]. The
ethylene formation is mainly favored at high temperature between 320°C and 500°C,
while diethyl ether mainly prefers at the low to moderate temperature between 150°C
and 300°C [82]. However, diethyl ether can decompose to ethylene at high
temperature [80, 83] as displayed in Scheme 6 resulting in the increased ethylene
selectivity and decreased diethyl ether selectivity at high temperature. In addition,
acetaldehyde can be formed as a byproduct as a dehydrogenation reaction (side
reaction). The formation of acetaldehyde is occurred by one ethanol adsorbed on the

catalyst surface, followed by released H> to provide the adsorbed ethoxide group.

HOCH,CH;
OH ]l_I
|
@ CH}CHEOH
TiO, TiO,
OCH,CH,
CH,CH,
Tiol H}O

Scheme 4 : The mechanism of catalytic ethanol dehydration to ethylene over
PdW/TiO: catalysts
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Scheme 5: The mechanism of catalytic ethanol dehydration to diethyl ether over

PdWI/TIO catalysts with a) dissociative pathway and b) associative pathway
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Scheme 6: Catalytic ethanol dehydration pathway at high temperature

The behavior of the presented Pd into W/TiO catalyst was examined in the
ethanol dehydration at temperature range of 200-400°C. The study focused on the
catalytic activity, selectivity and yield of ethylene and diethyl ether. The ethanol
conversion for all catalysts is revealed in Figure 21. All catalysts showed the similar
behavior in which the ethanol conversion increased with increasing the reaction

temperature. The obtained catalytic activity of all catalysts was the highest at 400°C
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without deactivation. The Pd modification on W/TiO, catalyst affected on the
catalytic activity for W/Pd/TiO2 and PdW/TiO2 by a significant increase in ethanol
conversion at low temperature (250-300°C). Likewise, the sequence of palladium
impregnation into catalysts increased the catalytic activity when Pd was impregnated
on the support before W (W/Pd/TiO.) and Pd and W were co-impregnated on the
support (PdW/TiO2). The catalytic activity was found to increase in the order of
PdW/TiO2 (90.2%) > W/Pd/TiO2 (89.6%) > Pd/W/TiO2 (81.5%) > W/TiO2 (80.2%) at
400°C. It should be realized that this result was correlated to acidity of catalysts as
displayed in Table 12. The acidity of the catalysts played an importance role to
introduce the catalytic activity [11, 26, 50, 54, 84, 85]. In addition, with higher acid
density and shorter distance between two acid sites, it is benefit to increase the
possibility of the reactant to be adsorbed and rapidly catalyzed to produce the
chemical product, especially diethyl ether at low temperature [80]. In summary, the
different sequence of impregnated Pd and W into TiO; catalyst effect on the
interaction between Pd and W and promote the formation of an active site. Besides, it
is noticed that the catalytic activity and NHs -TPD profile of Pd/W/TiO catalyst is
quite similar to those results for W/Ti0O, catalysts. This is probed that incorporated W

into TiO catalyst before Pd did not contribute the active site on the catalyst.
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Figure 21: Ethanol conversion of Pd/W/TiO2, W/Pd/TiO2, PAW/TiO., and W/TiO>

catalysts

The product selectivity for all catalysts is revealed in the Figure 22. It shows
that the ethylene selectivity increased with increasing temperature, while the diethyl
ether selectivity decreased with increasing temperature. In addition, the acetaldehyde
selectivity was increased gradually at reaction temperature 250 - 400°C. All catalysts
showed the highest ethylene selectivity at 400°C and diethyl ether selectivity at
300°C. It is remarked that the Pd modification on the catalysts affected the product
selectivity by merely increasing the acetaldehyde selectivity. On the other hand, the
Pd modification resulted in an increase the ethanol conversion without significant

change the main product selectivity. However, it should be noted that only PdW/TiO>

due to its weak acidity.

catalysts exhibited high diethyl ether selectivity at high reaction temperature perhaps
100%
80%

60%% e
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20% I | I

200 250 300 350 400 200 250 300 350 400 200 250 300 350 400 200 250 300 350 400
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Figure 22: Product selectivity of Pd/W/TiO2, W/Pd/TiO2, PAW/TiO2 and W/TiO-

catalysts
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Table 14 shows the ethylene and diethyl ether yields. It is revealed that the Pd
modification on W/TiO> catalysts resulted an increasing of ethylene yield of 68.1%
for W/Pd/TiO. at 400°C corresponding to the highest portion of weak to
moderate/strong acid site. Wannaborworn et al.[28]described that the ethanol
conversion to ethylene is mainly associated to weak and moderate acid site.
Moreover, the incorporated of Pd on W/TiO: catalyst improved the diethyl ether yield
for both W/Pd/TiO2 and PdW/TiO. catalysts at 15.9% and 41.4% respectively at
300°C. As a result, the Pd modification as a chemical promoter along with the metal
sequence impregnation method enriched their catalyst activity and product yield in
ethanol dehydration reaction. It is familiar that the dehydration of alcohol really takes
place on Brensted acid sites [86]. The XPS results confirmed that the Pd modification
increased amount of hydroxyl groups which is correlated to the Brgnsted acid sites on

catalyst resulting in an increasing catalyst activity.

Table 14: Product yield (%) obtained from each catalyst as function of reaction
temperature (the reaction condition at T = 200 — 400°C, WHSV = 3.13
Qethanol*Jeat-1°h-1, and catalyst weight = 0.1 Q)

Catalysts  Temp(°C) Conversion Product Yield (%)?
Diethyl
(%) Ethylene  ether Acetaldehyde

Pd/WITiO> 200 2.3 0.0 0.0 2.3
250 12.3 2.6 6.0 3.7

300 28.7 15.3 6.3 7.1

350 76.3 56.6 6.0 13.7

400 81.5 60.5 5.3 15.7

W/Pd/TiO: 200 1.2 0.0 0.0 1.2
250 23.5 7.3 9.1 7.0

300 54.2 28.1 15.9 10.3

350 79.8 59.1 4.8 16.0

400 89.6 68.1 2.7 18.7

PAWITiO: 200 2.0 0.0 0.0 2.0
250 33.1 3.7 24.9 4.5

300 63.0 14.8 41.4 6.8

350 84.8 41.0 29.9 13.9

400 90.2 63.2 11.1 15.9

WITiO: 200 0.3 0.0 0.0 0.3
250 11.3 3.3 7.4 0.6

300 315 22.4 7.4 1.7

350 76.5 67.0 3.2 6.4
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80.2

67.8

3.1
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@ product yield is ethanol conversion (%) xproduct selectivity (%)

The catalytic performance for ethanol dehydration to ethylene and diethyl

ether over various catalysts as reported so far are presented in Table 15. It was
suggested that W/Pd//TiO2 and PdW/TiO. are comparable to those of typical and
modified catalysts. Accordingly, the W/Pd//TiO2 and PdW/TiO: is an alternative route

to obtain ethylene and diethyl ether in respectively via ethanol dehydration.

Table 15: Comparison of various catalysts for ethylene and diethyl ether yield and
catalytic performance

Catalyst Seet Reaction Ethanol Ethylene Diethyl Ref.

(M2/g) temperature conversion yield et_her

(°C) (%) (%) yield
(%)

Pd/WITiO> 55 200—400 2-90 61 6 This study
W/Pd//TiO: 44 200-400 1-90 68 16 This study
PAW/TIiO> 30 200—400 2-82 63 41 This study
WO3/ZrO> 81 150-500 0-100 99 42 [26]
WOs/TiOz(c) 60 150-500 12-100 98 68 [26]
W03/ MgO- 168 150-500 0-100 93 17 [26]
Al,O3
WO3/SiO2 110 150 -500  1-100 42 5 [26]
TiO; 70 150-500  0-100 65 48 [26]
ZrO» 94 150-500 0-100 87 1 [26]
Al203 199 200-400 14-89 82 27 [87]
5P/Al;03 151 200-400 9-86 80 34 [87]
Cr-Coly- 134 200 93 - 0.3 [88]
Al,O3
Fe203 40 500 97 63 - [4]




53

CHAPTER V — CONCLUSIONS AND RECOMMENDATION

5.1 Conclusion

In first part, the TiO2 supports were prepared by sol-gel and solvothermal
methods. TiO2 supports were then incipient wetness impregnated with tungsten (W)
and calcined at temperature of 450° C. The supports and catalysts including
WOs/TiO2 -SG, WOs/TiO2 -SV, TiO2 —SG and TiO2 —SV were investigated on their
characteristics and catalyst performance in the ethanol dehydration to ethylene and
diethyl ether at temperature range of 200 °C — 400 °C. The result showed that the
WO3/TiO.-SV catalyst is promising for dehydration of ethanol to ethylene and diethyl
ether having the highest ethylene of 77 % at 400 °C and the highest yield of 26 % at
250 ©C. It showed that the more efficient method to synthesize TiO, support was
solvothermal method due to its high acidity and surface area. It is worth noting that
the TiO,-SV itself also rendered the highest yield of acetaldehyde at 48 % at 350 °C.
This support can be potentially used as support for a catalyst in dehydrogenation of
ethanol to acetaldehyde.

In the second part, the W/TiO; catalyst was modified with palladium by different
sequence of incipient wetness impregnation. The Pd-modified W/TiO, catalysts were
calcined at temperature of 500° C. The catalyst including Pd/W/TiO2, W/Pd//TIO>
PdWI/TiO2 and WOs/TiO2 were investigated on their characteristics and catalyst
performance in the ethanol dehydration to ethylene and diethyl ether at temperature
range of 200 °C — 400 °C. The results showed that the effect of Pd modification and
the different sequence impregnation of Pd and W on W/TiO. catalysts were
investigated and their catalytic properties for ethanol dehydration were evaluated. The
introduction of 0.5 wt% of Pd into W/TiO apparently affected the structure and
surface acidity of the catalysts providing an increasing of catalytic activity for
catalysts. The co-impregnated catalyst (PdW/TiO2) exhibited higher ethanol
conversion than those prepared by sequential impregnation method (W/Pd/TiO2 and
Pd/W/TiO). It is summarized that the Pd modification resulted in an increase of
diethyl ether yield for PdW/TiO2 and W/Pd/TiOz, whereas that of Pd/W/TiO> catalyst

was hardly affected. Besides, the Pd modification yielded a slight increase of ethylene
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yield for W/Pd/TiO; catalyst. From the experiment, PdW/TiO, was considered as the
most effective catalyst for ethanol conversion to diethyl ether with diethyl ether yield
of ca. 41% at 300°C and W/Pd/TiO, was the most promising catalyst to convert
ethanol into ethylene with ethylene yield of ca. 68% at 400°C. This is attributed to
the increased amount of weak acid sites and total acidity with Pd modification onto
W/TIiO, catalyst.

5.2 Recommendation

1) The stability of all study catalysts should be investigated in future work.

2) The other parameter on reaction condition should be studied such as WHSV
and co feeding with oxygen in ethanol dehydration. Adjusting some parameters shall
be improved the product selectivity at lower temperature.

3) The other method to synthesis the TiO. support catalyst such as hydrothermal
method shall be investigated. It may affect to the characters and catalyst activity.

4) The effect of various amounts of tungsten (W) and/or palladium (Pd) wt%
loading on catalysts shall be further investigated on the catalyst performance in
ethanol dehydration reaction.

5) The TiO- support catalyst shall be further developed by loading suitable noble

metal in other reaction such as ethanol dehydrogenation to acetaldehyde.
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APPENDIX A - COMPARING PD/T102 AND WPD/TI02 CATALYST IN
ETHANOL DEHYDRATION

The PAW/TiO2 which provided the highest catalytic activity in part 11 and Pd/TiO>
were investigated and compared on catalyst characterization and performance.

1. Catalyst characterization

The XRD patterns of PAW/TiO; and Pd/TiO; are demonstrated in Figure 23. The
intensity of XRD peaks of both catalyst exhibited the similar XRD patterns having the
strong diffraction peaks located at 20 degree of 25° (major) , 38 ° and 48 °, which are
assigned to the tetragonal anatase phase of crystalline TiO, [61, 62]. The low
intensity peaks were noticed at 24° and 34° for PAW/TiO, which were designated to
the formation of the WOs3 crystals with tetragonal phase [63, 64]. In addition to both
catalyst , it is noticed that peak of palladium did not appeared due to the small loading
of Pd metal and/or the very small size of crystallites being in the highly dispersed
form on the TiO2 support[75]. According to the Scherrer equation, the average
crystalline size of PAW/TiO2 was smaller than Pd/TiO. as established in Table 16.
The pore sizes of catalysts were in ranged of mesoporous structure referring to
IUPAC.

e titania

~ tungsten

A PAW/TiO,

20 30 40 50 60 70 80
2-theta (degree)

Intensity (a.u.)

Figure 23:X-ray powder diffraction patterns for PdW/TiO2 and Pd/TiO; catalysts
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Table 16: Physical properties of PAW/TiO2 and Pd/TiO; catalysts

Sget? Pore Volume?  Pore Size® Crystalline size ¢
Sample (m?/g) (cm3/g) (nm) (nm)
PdW/TIO, 30.4 0.13 13.9 11.8
Pd/TiO, 63.6 0.34 16.6 15.7

a Measured by BET method , ®¢ Measured by BJH desorption method ,% Measured by
XRD using the Scherrer equation

The Sger, pore volume, and pore size diameter of catalysts explored by N>
physisorption method were shown in Table 16. It demonstrated that the W
modification onto Pd/TiO significantly decreased the surface area (Sger), pore

properties due to some pore blockage from W particles in Pd/TiO.,

The dispersion of elements of PAW/TiO: and Pd/TiO: catalysts analyzed by the
energy-dispersive X-ray spectroscopy (EDX) are displayed in Table 17. It was found
that the Pd particles were mostly located at outer surface of PAW/TiO; and Pd/TiO>
catalysts in the order of 1.7 and 1.6 wt%, which are higher than the amounts of Pd
loading (0.5 wt%) in bulk catalyst.

Table 17: Elemental distribution (%wt, %mol) on external surface of PAW/TiO; and

Pd/TiO; catalysts obtained from EDX

Element
%weight %mol
Catalyst 0 W Pd Ti @) W  Pd Ti
PdW/TiO, 38.87 1051 1.7 4892 68.90 160 0.50 29.00
Pd/TiO> 43.9 - 16 5177 72.60 - 040 27.00

The acid properties of PdW/TiO2 and Pd/TiO. catalysts measured by NH3
temperature - programmed desorption (NHs-TPD) is exhibited Table 18. It is noticed
that the presented of Pd in to catalysts provided an increase of acidity on W/TiOx.

Table 18: The amount surface acidity and acid density of catalysts measured by NHz-
TPD



65

Acidity (umol/g cat) Acid density (umol/m?)

Sample  Weak Moderate Strong  Total Weak Moderate Strong Total

PdW/TiO, 1311 1215 357 2884  43.10  39.93 11.74 94.78
Pd/TiO, 1876 2144 400 4420 2950 33.71 6.28 69.49

The binding energy of surface elemental composition on the catalysts analyzed by
XPS technique is shown in Table 19. The binding energies for Ti, W, Pd and O were
detected which are corresponding to those of EDX analysis. Furthermore, the spectral
analysis of the XPS focused on O 1s core-level spectra providing the additional
information for oxygen species on catalyst surface is exhibited in Table 19. It is
observed that PAW/TiO> has the higher hydroxyl group (Brgnsted acid) than Pd/TiO-

catalyst.

Table 19: XPS analysis of PAW/TiO, and Pd/TiO- catalysts

Binding Energy O 1s area portion
(eV)
Ti Ti Pd W w 0]
Catalysts 2pl1 2p2 3d 4f1  4f2  1s @) OH H20
PdW/TiO, 458.7 4645 336.1 376 355 530.0 045 041 0.14
Pd/TiO, 4585 464.2 336.5 - - 529.7 0.74 019 0.08

2. Ethanol dehydration Reaction study

As shown in Table 20, the ethanol conversion for catalysts increased with an
increased the reaction temperature which is signified that no deactivation of supports
and catalysts. The highest ethanol conversion was achieved at 400°C for all samples.
At 400°C, it is displayed that the ethanol conversion of PAW/ TiO2 ca. 90%) was
higher than Pd/TiO2 (ca 60%), which is correspondence to the total acid density as
shown in Table 18. It is general accept that the higher acid density and shorter
distance between two acid sites, it is benefit to increase the possibility of the reactant
to be adsorbed and rapidly catalyzed to produce the chemical product [80]. In Figure
24, it showed the product selectivity of PAW/TiO and Pd/TiO; catalysts. The resulted
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revealed that the Pd/TiO2 catalysts was mostly selective to acetaldehyde at 200 — 300
°C and selective to diethyl ether at 350 — 400 °C. The modified of Tungsten into
Pd/TiO2 provided the ethylene selectivity at 200 — 400 °C and diethyl ether selectivity
at 200 - 300 °C. The ethylene and diethyl ether yields is exposed in Table 20. It
discovered that the Pd/TiO. catalysts provide the highest acetaldehyde of ca. 21 % at
350°C whereas PAW/TiO; provided the highest ethylene and diethyl ether of ca. 63%
at 400°C and 41% 300°C in respectively. The XPS results confirmed that the
PdW/TiO:z contained the higher Brensted acid sites on catalyst rather than Pd/TiO2 one

which is influenced to the ethanol dehydration to produced ethylene and diethyl ether.

Table 20: Catalytic activity and product yield ( %) obtained from PdW/TiO, and
Pd/TiO- catalyst as function of reaction temperature (the reaction condition at T = 200
—400°C, WHSV = 3.13 gethanol* Jeat-1*h-1, and catalyst weight = 0.1 g)

Catalysts Temp(oC) Conversion Product Yield (%)
(%) Ethylene DEE Acetaldehyde
PdW/TiO2 200 2.0 0.0 0.0 2.0
250 33.1 3.7 24.9 4.5
300 63.0 14.8 41.4 6.8
350 84.8 41.0 29.9 13.9
400 90.2 63.2 11.1 15.9
Pd/TiO, 200 14 0.0 0.0 1.4
250 3.5 0.4 0.0 3.1
300 19.5 2.5 6.7 10.2
350 54.5 10.7 23.0 20.8

400 60.2 19.8 25.7 14.7
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Figure 24: Product selectivity of PAW/TiO2 and Pd/TiO: catalysts
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APPENDIX B - CALCULATION CATALYST PREPARATION

The Calculation of metal loading by incipient wetness impregnation is described as

follows:
1. Procedure solution

Tungsten (V1) chloride (WClg)

Molecular weight 396.56 g/mol

183.84 g/mol

W atomic weight

Tetraamminepalladium (I1) chloridemonohydrate (99.99%) (Pd(NH3)4Cl2+H20)

Molecular weight 263.44 g/mol

106.42 g/mol

Pd atomic weight
2. Preparation W/TiO; catalyst at W 13.5 wt%

Based on 1 g of catalyst

Tungsten (W) = 0.135¢

TiO2 support catalyst = 1.00-0.135 0.865¢

W(Cls (precursor) 1 mole contained 1 atom of W, then

Tungsten (W) 183.84g WHCls = 0. 396.56 ¢
Tungsten (W) 0.135g WCls = 396.56 x 0.135
183.84
= 0.0626 g

3. Preparation Pd/TiO: catalyst at Pd 0.5 wt%
Based on 1 g of catalyst

Palladium (Pd) = 0.005¢

TiO support catalyst = 1.00 - 0.005 0.995¢g

Pd(NH3)4Cl2¢H20 (precursor) 1 mole contained 1 atom of Pd, then
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Palladium (Pd) 106.42g Pd(NH3)sClo*H,O = 263.44 ¢
Palladium (Pd) 0.005g  Pd(NH3)sCl*H,0 = 263.44 x 0.005
106.42
= 0.0124 g

4. The preparation of Pd/W /TiO2 , W/Pd/TiO2 and PdW/TIO; were using the same

calculation method as mention above.
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APPENDIX C - CALCULATION OF ACIDITY AND BASICITY

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

Acidity of catalysts = mol of desorbed NH3 [umol/g cat]

weight of dry catalyst

Where:

mol of desorbed NH3 = (area under TCD signal curve) x (30.927 umol)

eight of dry catalyst 0.05¢g

14
y = 30.927x

o
Mo

Rz = 0.9912

—
R oy o0 (=]

Desorbed NH. (pmole)

]

0 0.1 0.2 0.3 0.4 0.5

Area

Figure 25: The calibration curve of NH3-TPD

The basicity of all supports and catalysts is determined from CO2-TPD by calculating

the area under TCD signal versus temperature.

Basicity of catalysts mol of desorbed CO> [umol/g cat]

weight of dry catalyst
Where:

mol of desorbed CO> = (area under TCD signal curve) x (0.0176 pumol)
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Figure 26: The calibration curve of CO2-TPD
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APPENDIX D - GC CALIBRATION CURVES

The calibration curves were calculated by injection substance into GC with flame
ionization detector (GC-FID) and detected by chromatogram in area of substance
versus amount of injection substance. The calibration curves of the reactant and
products were used to quantitative the reactant and products including ethanol,

ethylene, diethyl ether and acetaldehyde as showed in Figure 27-30.

Ethanol
45.00 -
40.00 - y = 2.31E-05x
35.00 - R2=9.81E-01
© 30.00 -
C
©
£ 25.00 -
[¢B)
é 20.00 -
€ 15.00 -
10.00 -
5.00 -
0.00 # ‘ ‘ ‘ ‘
0 500000 1000000 1500000 2000000
Area

Figure 27: The calibration curve of ethanol
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Ethylene

y = 1.03E-05x
R2 = 9.88E-01

0 1000000 2000000 3000000 4000000
Area

Figure 28: The calibration curve of ethylene

Diethylether
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Figure 29: The calibration curve of diethyl ether



45.00
40.00
o 35.00
230.00
3
< 25.00
b
S 20.00
S 15.00
S 15,
2 10.00
5.00

0.00

Acetaldehyde

y = 1.54E-05x

74

R2? =9.99E-01

500000 1000000 1500000
Area

Figure 30: The calibration curve of acetaldehyde
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APPENDIX E - CHROMATOGRAM

The amount of reactant and products including ethanol, ethylene, diethyl ether and

acetaldehyde were quantitatively analyzed by Gas Chromatography (GC). The

calculation report analysis by GC are shown as follows:

75

Mole of ethanol =(2.31x10%) x area
Mole of ethylene =(1.03 x 10®°) x area
Mole of diethyl ether =(9.06 x 10°) x area
Mole of acetaldehyde =(1.54 x 10%) x area

C-R8A CHROMATOPAC CH=1 Report No.=19

#% CALCULATION REPORT #**

DATA=1:@CHRM1.C00  17/07

CH PKNO TIME AREA HEIGHT MK IDNO CONC
1 1 4.127 1912 852 0.4809
2 4.356 171 34 0.0429
3 4.581 3888760 143427 SV 97.8045
4 4.878 6647 32106 T 1.6717
TOTAL 397600 147522 100

Figure 31: The gas chromatography analysis report

In Figure 31, the gas chromatography report showed the area of the reactant

and products by peak positions at 4.127 min, 4.356 min , 4.581 min and 4.878 min for

ethylene, acetaldehyde , ethanol and diethyl ether in respectively.

As aresult,

The mole of ethylene =(1.03 x 10”°) x areas
— (1.03 x 10%) x 1912
=0.02 mol

The mole of diethyl ether = (9.06 x 10) x areas
=(9.06 x 10%) x 6647
=0.06 mol
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APPENDIX F - THE SAMPLING DURING ETHANOL DEHYDRATION

The ethanol dehydration reaction is carried out at reaction temperature ranged 200 —
400 ° C. The sample were taken for analyzed the reactance and products. The sampled
shall be taken at effluence after the feed and the reaction is in steady state. The

sampling during the reaction is exhibited in Figure 32.

Temperature (C)
400 1

300

R/_/ sample
200 at 300 C
\/—/ H/—/ sample
at 250 C
check feed sample
ethanol at200C

Time

0

Figure 32: The sampling during the reaction testing

Remark:

The steady state is the parameter condition and system such as concentrations are

unchanging in time.
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APPENDIX G - CALCULATION OF ETHANOL CONVERSION, PRODCUT
SELCTIVITY AND PRODUCT YIELD

The catalytic activities (conversion, selectivity and yield) were calculated as follows:

Ethanol conversion

The ethanol conversion is the amount of the converted ethanol (mole) with respect to

ethanol in feed as following equation.

Ethanol conversion (%) = (mol of ethanol in feed - mol of ethanol in product) x 100

mol of ethanol in feed
Product selectivity

The products selectivity is the amount of each product formed (mole) with respect to

total products (mole) as following equation

Product selectivity (%) = mol of each product x 100

mol of total products
Product yield

The product yield is defined by following equation

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

100
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