Ethanol dehydration with oxygen cofeeding over palladium catalyst supported on

spherical silica particle with ceria modification

Miss Kanjanee Sinchai

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering in Chemical Engineering
Department of Chemical Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2018

Copyright of Chulalongkorn University



Alawstureemusainiinistousiuvesondiauuuiissufizeunalafouuuiigessud

dneaynAnTINauRUTuUTIeTLSY

wd.neyad aulwe

a v a

’QJ‘VIEJWﬁwué‘ﬁ@uﬁ’m‘lﬁﬁw’eNﬂ’]iﬁﬂHWMWSJMﬁﬂEjWiﬂ%@mﬂ%ﬂ%ﬂiimﬂﬂﬁ®§mﬂﬂUm%
A191991IAINTINAL NIAIYIIAINTTULAL
ANEIMINTITUANENT TRIAINTUNNTIN Y
Unsfinwn 2561

SvaAvSURIIaINIAlNINe NGy



Thesis Title Ethanol dehydration with oxygen cofeeding over
palladium catalyst supported on spherical silica particle

with ceria modification

By Miss Kanjanee Sinchai
Field of Study Chemical Engineering
Thesis Advisor Professor BUNJERD JONGSOMJIT, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in Partial

Fulfillment of the Requirement for the Master of Engineering

Dean of the Faculty of Engineering

(Professor SUPOT TEACHAVORASINSKUN, D.Eng.)

THESIS COMMITTEE

Chairman

(Dr. Rungthiwa Methaapanon, Ph.D.)
________________________________________________________ Thesis Advisor
(Professor BUNJERD JONGSOMJIT, Ph.D.)
________________________________________________________ Examiner
(Professor ARTIWAN SHOTIPRUK, Ph.D.)

External Examiner

(Assistant Professor Sasiradee Jantasee, D.Eng.)



mayail dulwe : Flawstuvesenusaiifinistlousiuveseendiauuusiang
UfAunauaiionuuinsesiudanieynansanandiuiuussnedise. (
Ethanol dehydration with oxygen cofeeding over palladium catalyst
supported on spherical silica particle with ceria modification) . fiUsnw

AN : A AT.UITTHIN WFUINT

UAseneniueanlawstuniinistausineondauuudisljisen
= Y v aa Y Y A Y o = =
waLaLRE N UUAITeITUBAN YN IANTINTUNUSUYTIMeTSe lainsfnwiluaies
Ufnsalviiauailanieldnuduusseiniauaziitegumgil 150 - 350 esmgaided Loy
Iddndiuluavateandiausieleniuea 2.2 AMLsaUisevivangninseusigisiadauile @9
fiwnszuoufluunaiaifsunaslsalululansnduaisassiuvesiseufiseunaaion
a A [ gj v a a = (% a a
wazdisoulumsaenvelamsnduansawuve@isy 3INNsAnwInavenITUTuUTdise
UVUANTIUATEUNALALA g UUATITOITUTANINUIGNIIUATEN Pd/CeO,/SSP &
UseAnSnmgenindasauisen PA/SSP uag CeO,/SSP Ngaungil 200 aarluaiged
WosndBeiifunuseandauine Gdunsatisdniiuesndiauliiuiassufisen
= o ! a ad val 1 [ o v = (Y ! aaa Ql' o
wnaheutlugnsiineiaulad sgalsfimudfunswiouduseuisemgnuiuuss
v S a [} ! d’lj Aa = Aa s a a U [} aaa
AILTITHRIVENARDTUNRY VUIAYBINAN NTIAT wazUseanSnmvesiuselfisen ay
ALeUfAiTeN Pd/CeO,/SSP MgninseumeTsindauilesan uansanisildsuiadganan
| @ = a =~ - ~ Na oA ° ]

Wiy 66 % Tgaunil 200 BeMLALTEd LBRINUNALALAUULALTLT8IN1INTLYINTENING
i @11150MgUIINNTIAETUANAeTY wenanlivsununistdeusiuveseendiau &
daanauszdnsnmnstinufiisen Taensanliuiudndiuluavesoandiaudoreniusa
Wiy 1.1 deralvisiaiseufiizen Pd/SSP dennisiwaguwiaanaaingu 29.3 % Naamgil
175 2eALwalded Lasdlsaufisen Pd-CeO,/SP wuAnswasuklauyinnu 31.3 % 9
aauul 250 seAnwaldua lunenduiuufisenliiinisleusiuveseendiaulviAinig
Wasuwdasdininlunndnsadfisen venaintdnisiiadjiseinisnlvdves
lelnsansuaulagldandiauanusaiasuemusalyidumsveulneanladla

A1 IAINTIUAL ANYLDTOTEM oo

Unsfinen 2561 AN939%0 8. NUSAWEN ooveeeeeeee,



# # 6070120821 : MAJOR CHEMICAL ENGINEERING

KEYWORD: DEHYDRATION / ETHYLENE / OXYGEN / PALLADIUM / CERIA
Kanjanee Sinchai : Ethanol dehydration with oxygen cofeeding over
palladium catalyst supported on spherical silica particle with ceria

modification. Advisor: Prof. BUNJERD JONGSOMJIT, Ph.D.

Ethanol dehydration with oxygen cofeeding over palladium catalyst
supported on spherical silica particle with ceria modification was carried out in
fixed bed reactor under atmospheric pressure and temperature range of 150 °C to
350 °C (Oy/Ethanol molar ratio = 2.2). The results showed that the effect of ceria
modification of Pd/CeO,/SSP catalyst exhibited higher activity than Pd/SSP and
CeO,/SSP at 200 °C. Pd/CeO,/SSP catalyst yielded very the high ethanol
conversion at 200 °C about 57.7 %. However, the preparation method with
different sequence of loading has significant effects on crystallite size, surface area,
H,-TPR profile and catalytic activity. Pd-CeO,/SSP was synthesized by incipient
wetness co-impregnation exhibits the highest ethanol conversion at 200 °C about
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250 °C about 31.3 % for decreased oxygen cofeeding (O,/Ethanol molar ratio =
1.1), whereas in the absence oxygen cofeeding, it showed less conversion at high
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Nowadays, fuel energy has the most important for the world. Bioethanol is
the main potential source for substitution of import energy that can become a
sustainable fuel instead of fossil fuels. Therefore, the development of new catalysts
for ethanol conversion is of importance. Furthermore, ethanol is produced from
agricultural raw materials such as sugarcane and cassava, which can stabilize the
price of agricultural produce. Ethanol can be used to produce hydrogen and other
higher value-added chemicals such as ethylene, diethyl ether, ethyl acetate, 1-3
butadiene, acetaldehyde, etc.[1],[2] that are widely used in many industrial
processes. Generally, the production of enriched chemicals from ethanol has many
processes, such as dehydration, oxidative dehydrogenation, oxidation, steam
reforming, etc. Dissociation of ethanol molecules to ethoxy species, which are
additional oxidized to acetaldehyde or dehydrated to ethylene is the key role [3].

Ethylene is the most important intermediate for several products in the
chemical industry, such as polyethylene, ethylene oxide, ethylene sglycol, and
polyvinyl chloride. Normally, ethanol can be directly converted into ethylene with
dehydration reaction in atmospheric pressure over several acidic catalysts at high
temperature. However, a less studied approach is addition of O, or air in the reaction
contributing to increase the effectiveness of the reaction. Pestana et al. [4], reported
the addition of O, to result in coke burning for continuously regenerating the
catalysts. The presence of oxygen leads to shift the equilibrium toward the reaction
products with high catalytic activity under anaerobic conditions [5]. Thus, oxygen is
added to enhance ethylene production efficiently.

Precious metals such as Pd, Pt, or Rh are good catalysts for reaction of
ethanol having oxygen added [6],[7]. Palladium particles are one of the most popular
transition metals and produced as a result of the very high catalytic activity. It is also

widely used in many applications [8]. Several porous materials such as silica,



activated carbons, or alumina are used as supports [7],[8]. However, a mesoporous
silica is the option of main research, because of its adequately high surface area,
excellent stability, porosity, and the organic groups can be strongly cohesive to its
surface [9, 10]. Moreover, previous papers have proposed that the surface of ceria
participates within the alcohol oxidation as a cocatalyst [11], [12] and participation of
the ceria can activate oxygen in reaction only aerobic conditions in order to refill
oxygen [13]. In order to optimize the performance of the catalyst, the preparation
method of catalysts should be studied because different preparation methods may
affect the interaction between metal, promoter and support. For example, Liu et
al.[14] found the sequences of introducing the Ce promoter has an effect on the
degree of spatial relations between the Rh and Ce. It is reason for the catalyst
prepared by co-impregnation would have better performance in most cases.
However, more experiment should perform to confirm this concept and try to
explain. At present, the investigation of the palladium and ceria co-catalysts
impregnation is rarely reported.

Therefore, this study aims to investicate direct conversion of ethanol to
ethylene at temperature ranging from 150-350 °C and atmospheric pressure in
catalytic behaviors of Pd/SSP and effect of sequence in method of ceria modification.
Then, their catalytic activities were tested with oxygen addition during ethanol
reactions. The most efficient catalyst was selected to further study on oxygen cofeed

effect.

1.2 Objectives

1. To study Pd catalyst and CeO, modification on spherical silica particle (SSP) in
ethanol dehydration with oxygen cofeeding.

2. To investigate the effect of different sequence in catalyst preparation with Pd
loading and CeO, modification in ethanol dehydration with oxygen cofeeding.

3. To compare the effect of amount of ethanol dehydration with oxygen

cofeeding.



1.3

Research scope
Spherical silica particle (SSP) support was prepared by sol-gel method.
Four catalysts of Pd/SSP, Pd/CeO,/SSP, CeO,/Pd/SSP and coimpregnated Pd-
CeO,/SSP were prepared by the incipient wetness impregnation (0.5 wt% of
Pd and 5 wt% of CeO,).
Characterization of all catalysts with X-ray diffraction (XRD), ammonia
temperature programmed desorption (NH5-TPD), temperature-programmed
reduction (TPR), scanning electron microscope and energy dispersive X-ray
spectroscopy (SEM-EDX) and N, physisorption (BET).
All catalysts were pre-reduced in situ in flowing H, at 300 °C for 1 h and
tested with oxygen cofeed during ethanol reactions at operation temperature
between 150 — 350 °C and atmospheric pressure.
Comparing the performance of Pd/SSP catalyst and ceria modification with
different sequence of loading, which gives the best activity in ethanol
reaction.
Reaction study of Pd/SSP and the most suitable ceria modification were pre-
reduced in situ in flowing H, at 300 °C for 1 h and tested under various
amounts of oxygen cofeed (molar ratio of O,EtOH 2.2, 1.1 and 0) at
operation temperature of 150 — 350 °C and atmospheric pressure.
Comparing amounts of oxygen cofeed that result in high activity of ethanol
reactions.

The product gas samples were analyzed by gas chromatography.



1.4  Research methodology

Part I: Comparing the performance of Pd/SSP, CeO,/SSP catalysts and

modification under oxygen cofeed during ethanol reactions.

Synthesis of spherical silica particle

(SSP) support by sol - gel method

A 4

Preparation of all catalysts by incipient wetness

impregnation method

A

4

Pd/

SSP

Ce0,/SSP

y
Pd/CeO,/SSP

v

Catalyst testing

A4

Pre-reduced in situ in flowing H, at 300 °C
for 1 h and test in ethanol reactions at
operating temperature of 150-350 °C and

atmospheric pressure

v

Compare all catalysts that give the best

activity in ethanol

|
v

Catalyst characterization

A

ceria

XRD, SEM-EDX, BET

Discuss and conclude result

of characterization

v

Investigate between result from experiment
and characterization and select the most

suitable catalyst to use in part I




Part Il: Comparing the performance of ceria modification with different sequence of

loading under oxygen cofeed during ethanol reactions.

Synthesis of ceria modification
catalysts with different

sequence of loading

Preparation of all catalysts by incipient wetness

impregnation method

v 4
Pd/CeO,/SSP CeO,/Pd/SSP Pd-CeO,/SSP

| |
v v

Catalyst testing Catalyst characterization

A4

Pre-reduced in situ in flowing H, at 300 °C
A

XRD, SEM-EDX, H,-TPR, BET

for 1 h and test in ethanol reactions at

operating temperature of 150-350 °C and

atmospheric pressure

v
Compare all catalysts that give the best Discuss and conclude result

activity in ethanol of characterization

v

Comparing result from experiment and

characterization and select the most

suitable catalyst to use in part Ill




Part lll: Comparing the performance of Pd/SSP catalyst and the most suitable ceria
modification in oxygen cofeed during ethanol reactions with various amounts of

oxygen cofeed.

Use Pd/SSP and select the most

suitable ceria modification from part |l

To vary amounts of O, cofeed (molar ratio of O,/EtOH)

2.2 1.1 0

Catalyst testing

Pre-reduced in situ in flowing H, at 300 °C for 1

h and test in ethanol reactions at operating
temperature 150-350 °C and atmospheric

pressure

Comparing amount of oxygen that result

in effective activity of ethanol reactions.




CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Properties of mesoporous silica

Mesoporous SiO, is the most widely used support because these materials
have unique properties, such as high surface area, excellent mechanical, thermal
stability, and uniform pore sizes [15]. Silica can be produced from natural sources
such as rice husk ash and bagasse ash. Mesoporous silica consists of four main
phases, including the hexagonal phase (MCM-41), the cubic phase (MCM-48), lamellar
phase and (MCM-50) and spherical particles with hexagonal close packed pores
arranged in a radial formation are formed (SSP) [16]. The first three phases were
recognized as an unstable phase that will collapse when removing molecules of
surfactants. The ability to given structure depends on the special organization of the
organic phase [17]. In addition, spherical silica particle (SSP) exhibits a pronounced

spherical morphology [16].

MCM-48 lamellaire Octamére

Figure 1 Different structures of Mesoporous SiO, family [18].

2.2 Properties of palladium
Palladium (Pd) is a chemical element with an atomic number 46. It is
discovered in the 1803 by William Hyde Wollaston. The Physical properties of
Palladium is reported in Table 2.1
Palladium platinum, rhodium, ruthenium, iridium, and osmium referred to as
the platinum group metals (PGMs). However, these elements have similar chemical

properties, but the palladium has lowest density and melting point. Most of the



Palladium and platinum group metals used in catalytic converters that convert up to
90% of harmful gases in cars such as carbon monoxide, nitrogen dioxide and
hydrocarbons into less toxic (carbon dioxide, nitrogen and water vapor). Moreover,
Palladium is also used in electronics, dentistry, hydrogenation, chemical applications,
groundwater treatment and palladium jewelry. Finely divided palladium is a good

catalyst and is used for hydrogenation and dehydrogenation reactions.

Table 1 Palladium properties

Properties Specification
Group, Period, Block 10,5, d
Atomic number, mass 46, 106.42 g¢/mol
Appearance A shiny, Silvery white
State at STP Solid
Density 12.023 g/cm’
Melting point 1,828.05 K
Boiling point 3,236 K

2.3 Properties of cerium (IV) oxide or ceria (CeO,)

Cerium (IV) oxide or ceria is an important commercial product with the
chemical formula CeO, and an intermediate in the purification of the element from
the ores. Furthermore, the interconvertibility of CeO, materials is the basis of the use
of ceria for an oxidation catalyst. CeO, is an active oxide for the oxidation of CO to
CO, and for ethanol converted to H, by partial oxidation or steam reforming. The

Physical properties of cerium (IV) oxide is reported in Table 2.2



Table 2 Cerium (IV) oxide or ceria properties

Properties Specification
Molar mass 172.115 ¢/mol
Appearance White or pale yellow solid
Density 7.215 ¢/cm’
Melting point 2,670 K
Boiling point 3,770 K

2.4 Ethylene
Ethylene is a hydrocarbon which has the formula C,Hy. Ethylene is widely used
in the chemical industry. Moreover, ethylene is used as intermediate in the
petroleum industry. It is produced from crude oil and used as feedstocks to produce
ethylene oxide (EO) and polymers such as polyethylene (PE), polyethylene
terephthalate (PET), and polyvinylchloride (PVC). Ethylene is also an important
natural plant hormone and is used in agriculture to force the ripening of fruits.

Normally, ethylene's hydrate is ethanol.

2.5 Ethanol
Ethanol is chemical compound with the chemical formula C,HsOH. Ethanol is
naturally produced by the fermentation of renewable sources such as corn,
sugarcane, or other biomass waste resulting in high ethanol production capacity.
Therefore, most ethanol is used as a compound to produce value-added substances
such as ethylene, acetaldehyde, diethyl ether and acetic acid. The ethanol

properties is shown in Table 2.3.
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Table 3 The ethanol properties

Properties Specification
Molar mass 46.07 g/mol
Appearance Colorless liquid
Density 0.7893 g/cm’ (at 20 °C)
Melting point 159.0 K
Boiling point 351.4 K

2.6 Ethanol reaction
Ethanol is produced directly and indirectly to ethylene with dehydration
reaction (reaction 1) using an acid catalyst. In this reaction, ethanol is produced by a
reversible high temperature due to exothermic reaction between ethylene and water
vapor.

However, addition of oxygen (cofed oxygen) in ethanol reactions for example,
oxidation reaction of ethanol (reaction 2) is practical. The feed composition into the
reactor has a significant effect on the product distribution. Particularly, at high
temperatures, increase of the O,/Ethanol ratio in the feed stream results in an
increase in the carbon dioxide selectivity.

C;H50H +-0, & CH3CHO + H,0 AH = —242 kj/mol [2]

In other research, it reported that very small amounts of ethylene was
formed in the absence of oxygen gas. This is an indication of the participation of the
adsorbed oxygen in the ethylene formation over catalyst. Ethylene is expected to
occur on the main catalyst surface due to the oxidative dehydrogenation reaction
step. Adsorbed oxygen atoms seem to catalyze dehydration reaction. With an
increase in temperature and in oxygen concentration, a bridged structure involving
two different sites and an oxygen atom may form on the surface, which may then
give ethylene and water. The oxygen atom, which should remain on the surface as a

result of this surface reaction step, was probably used in the further oxidation of
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surface species in the formation of CO, and the other oxygenated reaction products.

(19]

2.7 Literature review
In 1971, Samanos et al. [20] studied about ethylene combustion over Pd/SiO,
and Pd/Al,O; catalysts and reported no differences in the apparent activation
energies measured for ethylene combustion over Pd/SiO, and Pd/AlL,O5 catalysts and

concluded that CO, was formed primarily from ethylene.

In 2004, Han Y.F. et al. [21] investigated kinetics of ethylene combustion in
the synthesis of vinyl acetate over a Pd/SiO, catalyst. CO, formation as a function of
the partial pressures of C,H, and O, exhibited a positive order with respect to O, and
a negative reaction order with respect to C,H,;. However, CO, production occurs via

combustion of ethylene and/or acetic acid.

In 2006, Gucbilmez Y. and Dosgu T. [19] studied ethylene and acetaldehyde
production by selective oxidation of ethanol using mesoporous V-MCM-41 catalysts.
Ethylene selectivity showed a significant increase with an increase in temperature
over 300 °C, while relatively high acetaldehyde selectivities were observed at lower
temperatures. Experimental results showing the formation of acetaldehyde and not
showing the formation of ethylene in the absence of gas-phase oxygen and the
catalyst deactivation observed in such conditions suggested a redox mechanism
involving the surface lattice oxygen of the catalyst in acetaldehyde production, while
the involvement of adsorbed oxygen was concluded to take place in the formation

of ethylene.

In 2007, Kawakami T. et al. [22] investigated vapor-phase oxidation of
ethylene to acetic acid over Pd-H,SiW,,0,4,/SIO, and explained that an appropriate
ratio of Pd to acidic surface to maximize the interface is important for an efficient
catalyst. Excess Pd to the acidic sites causes the formation of CO, to a considerable

extent.
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In 2010, Lippit M.J. and Nieuwenhuys B.E. [23] studied the low temperature
(200 °C - 400 °C) activity of Cu/AlL,O; and Ag/AL,O; catalysts in the dehydrogenation,
dehydration and oxidation reaction of ethanol directly into ethylene oxide. In
addition, the promoting effect of adding Li,O and CeO, has been investigated. The

presence of O, is very important to prevent carbon deposition for catalysts.

From literature review, Pd catalyst was used in promoter to several reactions
and not have other report that used Pd in active site in ethanol dehydration to
ethylene with oxygen cofeeding. CeO, most likely used for promoter in oxidative
reaction because CeO, perform O, storage for active site promoter. Another
important point is the preparation method should be investigated since different
preparation methods might have an effect on the interaction between metals and

promoter or metals and support. Therefore, all factors resulting in this work.
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CHAPTER 3
EXPERIMENT

This chapter explains the details of the support synthesis with the sol-gel
reaction, the synthesis of all catalysts by incipient wetness impregnation method, the
procedure for testing the reaction of ethanol containing oxygen and calculation of
oxygen content. Which all catalysts were characterized by X-ray diffraction (XRD), N,
physisorption (BET), Scanning electron microscope (SEM) and Energy dispersive X-ray
spectroscopy  (EDX), temperature programmed reduction (TPR), Ammonia

temperature programmed desorption (NH5-TPD).

3.1 Catalysts Preparation

3.1.1 Synthesis of spherical silica particle (SSP) support

Spherical silica particle (SSP) support was synthesized by sol-gel method
using tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB),
ammonia (NH3), ethanol (C,HsOH) and de-ionized water (H,0) as reported in Table
3.1. The molar ratio of 1 TEOS: 0.3 CTAB: 11NH,: 58 C,HsOH: 144 H,O [16].

First, cetyltrimethylammonium bromide was dissloved in the mixed solution
of ethanol, de-ionized water and ammonia stirring at 600 rpm for 15 min until the
solution is clear. Then, tetraethyl orthosilicate was added in solution. The mixed
solution was further stirred for 2 h. To notice the white precipitate was subsequently
filtrated and washed with de-ionized water. Then, the precipitate was dried at 110 °C
overnight in oven and calcined in air at 550 °C for 6 h. Finally, the spherical silica

particle support was obtained in white powder.
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Table 4 The chemical used in synthesis spherical silica particle (SSP) support

Chemical Formula Supplier
98 wt% Tetraethyl orthosilicate (TEOS) SiCgH»004 Aldrich
Cetyltrimethylammonium bromide CyoHgoBrN Aldrich
(CTAB)
30 wt% Ammonia NH; Penreac
99.99 wt% Ethanol C,HsOH J. T. Baker

3.1.2 Preparation of palladium loaded on spherical silica particle

This section describes preparation of 0.5 wt% palladium loaded on spherical
silica particle that was synthesized by incipient wetness impregnation method.
Precursor of palladium is tetraamminepalladium (Il) chloride monohydrate >99.99%
trace metals basis and formula is Pd(NH),Cl,H,O available from Aldrich.

To prepare the catalyst, palladium precursor was first dissolved in de-ionized
water. After impregnation, the catalyst was placed at room temperature for 2 h to
ensure that completely distributed. Finally, drying at 110 °C overnight in oven and
calcine in air at 400 °C for 4 h.

4

Pd(NH3)4Cl2H20

Y

g ...,vt Dried and calcined ~ R APPTE
— Pd/SSP

SSP support

Figure 2 Diagram of Pd/SSP catalyst preparation by incipient wetness impregnation

method.
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3.1.3 Preparation of of ceria loaded on spherical silica particle

5 wt% ceria loaded on spherical silica particle that was synthesized by
incipient wetness impregnation method. Precursor of ceria is cerium (Ill) nitrate
hexahydrate 99.999% trace metals basis [Ce(NO3);6H,0] available from Aldrich.

To prepare the catalyst, ceria precursor was first dissolved in de-ionized
water. After impregnation, the catalyst was placed at room temperature for 2 h to
ensure that completely distributed. Finally, drying at 110 °C overnight in oven and
calcine in air at 500 °C for 2 h.

I Ce(NOy),6H,0

ST P
e N o

P Dried and calcined Ry GETRG AA
— CeO,/SSP

SSP support

Figure 3 Diagram of CeO,/SSP catalyst preparation by incipient wetness impregnation

method.

3.1.4 Preparation of ceria modified on Pd/SSP and sequence of loading

Ceria modification was prepared by incipient wetness impregnation method.
Cerium(lll) nitrate hexahydrate 99.999% trace metals basis [Ce(NO;);6H,0] available
from Aldrich was dissolved in de-ionized water an optimum composition to obtain 5
wt% of CeO,. By dividing the sequence of loading as follows.

® Pd/CeO,/SSP

First, ceria precursor was dissolved in de-ionized water and dropping on SSP
support. The catalyst was placed at room temperature for 2 h. and dried in oven at
110 °C overnight. Next, palladium precursor solution was dropped on sample. After
impregnation, the catalyst was placed for 2 h at room temperature. Then, drying in

oven at 110 °C overnight and calcine in air at 400 °C for 4 h.
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Ce(NO;);6H,0 , Pd(NH,),Cl,H,0 ,

Dried

Dned and calcined

Pd/Ce0,/SSP

SSP support

Figure 4 Diagram of Pd/Ce0O,/SSP catalyst preparation by incipient wetness

impregnation method.

® (CeO,/Pd/SSP
The CeO,/Pd/SSP catalyst was prepared by incipient wetness impregnation
technique. Palladium precursor solution was dropped on SSP support and placed at
room temperature for 2 h. Then, drying at 110 °C overnight after that ceria precursor
was dropped on the sample and kept at room temperature for 2 h. Finally,

CeO,/Pd/SSP catalyst was dried at 110 °C overnight and calcined in air at 400 °C for 4
h.

, Ce(NO5);6H,0 l
Pd(N H3)4CL2‘H20

R /\ —
$ . , Dried %= - Drled and calcined =

CeO,/Pd/SSP

SSP support
Figure 5 Diagram of CeO,/Pd/SSP catalyst preparation by incipient wetness

impregnation method.

® Pd-CeO,/SSP
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Preparation of this catalyst is done by incipient wetness coimpregnation
method. Ceria and palladium precursors were dissolved with distillated water and
dropped on SSP support. The catalyst was placed at room temperature for 2 h. After

that, drying overnight in oven at 110 °C and calcine at 400 °C, 4 h in air atmosphere.

Ce(NO,);6H,0
\ l Pd(NH,),Cl,H,0

. Y. ),
N & b,
P LN o ’/v/
7 ke ¥

N N Dried and calcined e

— Pd-CeO,/SSP

SSP support

Figure 6 Diagram of Pd-CeO,/SSP catalyst preparation by incipient wetness

coimpregnation method.

3.2 Catalysts characterization
3.2.1 X-ray diffraction (XRD)
All catalysts were characterized by Bruker D8 Advance X-ray diffractometer
with Cu Ko (A = 1.54439 A) for analyzing the phase composition of catalysts. The XRD
patterns of all catalysts were scanned at a rate of 2.4° min™ in the 20 range of 20 to

80° with resolution 0.04°.

3.2.2 Nitrogen physisorption (BET)
N, physisorption (N, adsorption at =196 °C in a Micromeritics ASPS 2000) was
performed to determine surface areas, pore size and pore volume of the different

catalysts and using BET and BJH method to analyzing.



18

3.2.3 Scanning electron microscope (SEM) and Energy dispersive X-ray
spectroscopy (EDX)
Scanning electron microscope (SEM) technique (Hitashi mode S-3400N, Japan)
was used to obtain morphology and elemental distribution at the surface of the
catalysts. The SEM was operated using the back-scattering electron mode at 15 kV.

The EDX was performed using Link Isis series 300 program.

3.2.4 Temperature programmed reduction (TPR)

The reduction behavior of all catalysts were appraised by temperature
programmed reduction. 0.1 g of samples were packed in a U-tube glass with 0.01 g of
quartz wool and pretreated in nitrogen flow at 250 °C for 1 h. Temperature of
reduction profile was ramped from 40 °C to 500 °C with heating rate of 10 °C/min

during flowing of 10% H, in air.

3.2.5 Ammonia temperature programmed desorption (NH;-TPD)

Acidity of catalysts was analyzed by Micromeritics chemisorp 2750 pulse
chemisorption system. In exploration, 0.1 g of catalysts was packed in a U-tube glass
with 0.01 g of quartz wool and pretreated at 500 °C for 1 h under helium flow. After
that, the samples were saturated with 15% of NHs/He and the physisorbed ammonia
was desorbed under helium gas flow after saturation. In order to desorb the
chemisorbed NHs, the catalyst was heated from 40 °C to 500 °C at heating rate of 10

°C /min.

3.3 Ethanol reactions study

3.3.1 Chemicals for the reaction study
1. Absolute ethanol purity of 99.99% available from Merck.
Nitrogen gas ultra-high purity of 99.99% available from Linde.
Hydrogen gas ultra-high purity of 99.99% available from Linde.

S

Air zero balance nitrogen available from Linde.
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3.3.2 Reaction study procedure
3.3.2.1 Normal amount of oxygen

Catalytic reactions of ethanol was carried out in a fixed-bed continuous flow
micro reactor in gas-phase. The reactor is made of a borosilicate glass with an outside
diameter of 0.012 m, interior diameter 0.010 m and a length 0.495 m was used. In a
typical experiment, 0.1 ¢ of catalyst was packed between quartz wool bed in a
reactor. The catalyst sample was pre-reduced in situ in flowing H, at 300 °C for 1 h.
Then, ethanol was vaporized and fed by a syringe pump at total flow rate of 1.45
ml/h [weight hourly space velocity (WHSV) = 11.4 h™] with N, as a carrier gas having
flow rate of 50 mL/min constantly (O,/EtOH molar ratio of 2.2). Next, O, was added
(cofeed) into reaction with N,. The flow rate of N, was decreased to 17.8 mL/min and
set the flow rate of air to 35.1 mL/min. Catalytic reaction was operated under the
temperature range of 150 to 350 °C and the atmospheric pressure. Finally, all
products were analyzed by using 2 types of gas chromatography techniques
including, flame ionization detector (FID) equipped with a Shimadzu GC14B (DB-5)
that can be separated the light hydrocarbon products and thermal conductivity
detector (TCD) instrument is Shimadzu GC8A (Porapak-Q and Molecular sieve 5A) was

used to separate inorganic compositions.

4
; 7
;
;
;
/

i By pass
9,_ / LB 3
,-" Reaction line ," 6 6 6
«— 2 /
Vent ®
=
g %
=1] I S
£ < 5
'y = < E
< T
1 2
n n A 4
) 10 1
1. Bubble flow meter 2. Sampling point 3. Glass tube reactor 4. Temperature controller
5. Syringe pump 6. Pressure regulator 7. Vaporizer 8. Catalyst bed
9. Thermocouple 10. Mass flow controller 11. On-off valve 12. 2-way valve

Figure 7 Schematic of Catalytic reaction system in gas phase.
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3.3.2.2 Reduced amount of oxygen cofeed

In this catalytic reaction, it has the same method of normal amount of
oxygen. However, differently, reducing the amount of oxygen cofeed by half of
normal amount of oxygen. Therefore, when O, was flew with N,, the flow rate of N,
was decreased to 35.4 mL/min and set the flow rate of air to 17.5 mL/min (O,/EtOH
molar ratio of 1.1). Catalytic reaction was tested under the atmospheric pressure and
the temperature range of 150 to 350 °C. Then, all products were detected by using
flame ionization detector gas chromatography (GC-FID) and thermal conductivity

detect or gas chromatography (GC-TCD).
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CHAPTER 4
RESULTS AND DISCUSSION

Chapter 4 discusses about characterization and catalytic activity of palladium
supported on spherical silica particle, ceria modification with different sequence of
loading and amount of oxygen in ethanol dehydration with oxygen cofeeding. The
results and discussion are divided into three parts. The first part is to study effect of
ceria modification, in which catalysts are Pd/SSP, CeO,/SSP and Pd/CeO,/SSP. All
catalysts were synthesized by incipient wetness impregnation method with palladium
of loading 0.5 wt% and ceria loading of 5 wt% and characterized with XRD, SEM-EDX
and N, physisorption. The second part is investigation effect of ceria modification
with different sequence of loading. Catalysts were analyzed with XRD, SEM-EDX, H,-
TPR and Ny-physisorption techniques and comparing catalytic activity with ceria
modification in the first part. Finally, the last past is comparing performance of
oxygen amount cofeed during ethanol dehydration with different oxygen to ethanol
molar ratios (0, 1.1 and 2.2). The catalytic activity of three parts was tested in fixed-
bed tubular reactor, which has mixed between oxygen and nitrogen gas as carrier gas
and vapor of ethanol pass through. After reaction is complete, the product gas was

analyzed with GC- FID and GC- TCD.



PART 1
Comparing the performance of Pd/SSP, CeO,/SSP catalysts and ceria

modification under oxygen cofeed during ethanol reactions.

4.1 Characterization of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP

Three catalysts are synthesized by incipient wetness impregnation. The
physical properties of catalysts are analyzed by X-ray diffraction (XRD), scanning
electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX), and N,

physisorption (BET&BJH).

4.1.1 X-ray diffraction (XRD)

® ssp O Ce0, (@ SsP
(b) Pd/SSP

(0) CeO,/SSP
(d) Pd/Ce0,/SSP

9 o ol

Intensity (a.u.)

20 30 40 50 60 70 80

28 (degree)

Figure 8 XRD patterns of SSP (a.), Pd/SSP (b.), CeO,/SSP (c.) and Pd/CeO,/SSP (d.)

The crystalline phases of all catalysts were analyzed by XRD method as
shown in Figure 8. The XRD patterns of SSP present only amorphous silica in broad
peak at 25.3° [15]. In Pd/SSP, it cannot be detected Pd peak because Pd was added
only few amounts. A number of reflections at 28.8, 32.8, 47.3, 55.9 and 76.8° show
well dispersed CeO, in the Pd/CeO,/SSP [24].



4.1.2 Scanning electron microscope (SEM) and energy dispersive X-ray

spectroscopy (EDX)

Morphology and element distribution of catalysts can be obtained as proven
by scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy
(EDX), respectively. The morphology of catalysts is shown in Figure 9. Morphologies
of spherical silica particles (SSP), CeO,/SSP, and Pd/CeO,/SSP are illustrated in Figure
9 (a). (o). and (d). It can be observed that the shape of catalysts seems to be
spherical. Morphologies image of Pd/SSP partially change with addition of a low
amount of Pd, according to Figure 9 (b). However, the SEM-EDX images of all
catalysts confirm that Pd and CeO, were sequentially deposited on the surface of

SSP.

$3400 15.0kV 6.4mmx5.00K SE

<
e

$3400 15,006 4ffin ;gﬂok B nTh AR ',/ 10.0um S3400 15.0kV.6:4mm

(b).
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(d).
Figure 9 SEM image of SSP support (a), Pd/SSP (b), CeO,/SSP (c) and Pd/CeO,/SSP (d)

respectively.

-

Figure 10 SEM-EDX mapping of Pd/SSP




Figure 11 SEM-EDX mapping of CeO,/SSP

.

Figure 12 SEM-EDX mapping of Pd/CeO,/SSP



The SEM-EDX mappings of Pd/SSP is illustrated in Figure 10. It reveals
element distribution of palladium metal, silicon and oxygen (Pd, Si and O). Element
distribution of CeO,/SSP catalyst had metal cerium, silicon and oxygen (Ce, Si and O)
shown in Figure 11 and palladium metal, cerium, silicon and oxygen (Pd, Ce, Si and
O) distribution of Pd/CeO,/SSP as shown in Figure 12. It indicated that all metals
have well dispersion on surface catalysts. The amounts of elements distribution in

weight percent are shown in Table 6.

Table 6 Element distribution of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP (weight percent)

Element distribution (wt %)

Catalyst
Pd Ce O Si
Pd/SSP 0.57 - 42.74 56.69
CeO,/SSP - 5.42 40.84 53.75
Pd/CeO,/SSP 0.59 6.19 32.55 60.67

4.1.3 N, physisorption (BET&BJH)

Surface area, pore volume, pore size, and isotherm graph of catalysts were
investicated by N, physisorption technique. The results from N, physisorption are
reported in Table 7. The high BET surface area of the SSP support is 1064 m?/g, while
BET surface area and pore volume decrease after adding of Pd particles. It causes by
pore blockage with Pd loading [25]. The pore size can indicate that all catalysts are in
mesoporous range (2-50 nm). The isotherms were found to be similar type of
isotherm (isotherm type 4) as shown in Figure 13. and appear hysteresis loop in all
catalysts. The hysteresis loop is an obvious proof that all catalysts were mesoporous

structure.



Table 7 BET surface area, pore size and pore volume of SSP, Pd/SSP, CeO,/SSP and
Pd/CeO,/SSP

Surface area® Pore volume® Pore size®
Catalyst ) s
(m</9) (cm>/g) (nm)
SSP support 1064 0.84 2.4
Pd/SSP 675 0.67 35
CeO,/SSP 461 0.29 2.9
Pd/CeO,/SSP 809 0.62 2.9

® Determined from BET method

°< Determined from BJH desorption method

500 400
] () ] (0
Cl g G
T 40 22 300 4
£ £
5 S
5 350 =
z b 250
S 300 A _‘3
® © 200 4
2 250 2
dE c
3 S 150 4
G 200 4 ¢}
150 4 100
100 r T T T 50 T T T T
0.0 02 0.4 08 08 1.0 0.0 0.2 0.4 0.8 08 1.0
Relative pressure (P/Po) Relative pressure (P/Po)
300 350
(c) (d)
300
250 o
° El
o E
s S 07
T 200 4 o
] 4
5 S 200 -
g 2
E I
z "™ z
2 € 150 4
@ o
E] E]
e] e}
100
100
50 T T T T 50 T T T T
0.0 0.2 0.4 0.8 08 1.0 0.0 02 04 06 08 1.0
Relative pressure (P/Po) Relative pressure (P/Po)

Figure 13 Isotherm graph of catalysts; (a). SSP support (b). Pd/SSP, (c) CeO,/SSP and
(d). Pd/Ce0,/SSP



4.1.4 Temperature programmed reduction (TPR)

Figure 14 show H,-TPR results of catalysts. CeO,/SSP shows TPR peak ranging
from 350 to 650 °C was associated with reduction of surface oxygen of CeO,. H,-TPR
of Pd/SSP shows reduction peaks at 102 °C is ascribed to the reduction of PdO to Pd
metal. For Pd-CeO,/SSP catalyst, one major peak at 204 °Cis assigned to the

reduction of the species related to the PAO-CeO, interaction.

sSSP
Ce0,/SSP
—— Pd/ISSP

— Pd/CeO,/SSP

AN

TCD Signal (a.u.)

A

T T T
200 400 600 800

Temperature (°C)

Figure 14 H,-TPR profile of SSP, CeO,/SSP, Pd/SSP and Pd/CeO,/SSP

4.1.5 Ammonia temperature programmed desorption (NH,-TPD)

NH4-TPD was used to characterize the acidic properties of catalysts. NHs-TPD
profiles of samples are shown in Figure 15. The NH;-TPD profile of all catalysts show
low temperature (< 200 °C). Table 8 shows acidity of catalysts. For Pd/SSP has
highest acidity of 609.19 Imol NHs/g and CeO,/SSP is lowest acidity of 194.42 tmol

NHs/g



ssP
— CeO,/SSP
—— PdiSSP
— PdiCeO,/SSP
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Figure 15 NH,-TPD profile of SSP, CeO,/SSP, Pd/SSP and Pd/CeO,/SSP

Table 8 Acidity of catalysts

Sample Acidity (lmol NHs/g)

SSP 320.32
Ce0,/SSP 194.42
Pd/SSP 609.19
Pd/CeO,/SSP 445.64

4.1.6 Ethanol dehydration reaction with oxygen cofeeding

The catalytic ethanol dehydration with oxygen cofeeding to ethylene over
Pd/SSP, CeO,/SSP and ceria modification catalysts was tested in fixed-bed continuous
flow microreactor at temperature 150 °C to 350 °C and atmospheric pressure. Table
9 shows conversion and selectivity of all catalysts. The ethanol conversion increases
with increased reaction temperature for all catalysts as shown in Figure 17. However,
the results obtained from catalytic activity studies indicate ability of Pd/SSP and
Pd/CeO,/SSP at low temperature of 175 and 200 °C having the conversion of 51.1%

and 57.7%, respectively. On the other hand, CeO,/SSP has low conversion at low

temperature.
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The ethylene selectivity of Pd/CeO,/SSP was higher than Pd/SSP at 200 °C
because of the high ability of CeO, in oxygen storage for uses in the reaction. For
carbon dioxide selectivity, it was found in hydrocarbon combustion that feeding
oxygen with hydrocarbon, shows that in Pd/CeO,/SSP has CO, selectivity lower than
Pd/SSP.

CH;CH;0H C,H, +H,0

] I R

o,

1 [
1 co, C+0; 1o N :
| CHsCH;0H + 0, CiH, +H,0 (L, co, | |CHCHOH# 0; CoH, +H;0 I
1
' [Famen | oot i [famens '
1
. — e — L RS
L
Low temperature High temperature
co, co,

CH3CHZC"H * ?i CHSCHZTH GH, + H,0 ok-’ CH;CH,0H €% 02 o o

T T . -

Pd-0-Ce| | |—»| Pd-0-Ce|0] |—A- Pd-0-Ce| | |—— |Pd-0-Ce- # Pd-O-Ce-

0, vacancy 0, storage

Figure 16 Proposed mechanism of ethanol dehydration reaction with non-oxygen

and oxygen cofeeding.

Figure 16 shows mechanism was proposed from experimental. For non-
oxygen cofeeding indicated very active catalysts produce coke formation on surface
of catalysts. For oxygen cofeeding is divided two types of catalysts; Pd/SSP catalyst
was reacted and formed coke after that oxygen in feed contribute to coke burning
result in high conversion. For ceria modification catalysts have oxygen vacancy that
keep oxysgen result in oxygen cannot burn coke. After increasing temperature to 200
°C affect oxygen was release conduce to burned coke together with oxygen in feed
that cause coke on surface of catalyst was burned more than Pd/SSP catalyst result
in conversion of ceria modification catalysts higher than conversion of Pd/SSP

catalysts.



Table 9 Conversion and product selectivity of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP

catalysts
Tempera Ethanol Product selectivity (%)
Catalysts ture conversion Diethyl Carbon

. Ethylene Acetaldehyde
O (%) ether dioxide
150 1.57 6.4 93.6 0.0 0.0
175 511 22.4 9.0 1.1 67.5

PA/SSP 200 50.6 233 10.0 1.2 65.5
250 51.0 21.7 10.0 2.1 66.2
300 50.8 214 12.3 1.5 64.9
350 54.7 23.7 8.2 2.3 65.7
150 0 0 0 0 0
175 0 0 0 0 0
200 0.1 0 100 0 0

Ce0,/SSP
250 0.4 0 100 0 0
300 3.9 1.4 84.0 4.8 9.8
350 64.7 7.6 279 26.8 37.6
150 1.5 6.2 93.8 0 0
175 1.8 55 85.7 0 8.8
200 57.7 26.6 8.9 0 64.6
Pd/Ce0O,/SSP

250 53.3 27.0 11.8 0 61.2
300 52.9 25.1 10.1 0.3 64.5

350 58.9 24.3 9.0 0.5 66.1
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Figure 17 Ethanol conversion vs temperature of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP
catalysts.

Figures 17 and 18 show that ethanol conversion and ethylene selectivity,
respectively. For Pd/SSP, ethanol can be converted to ethylene at lower
temperature (ca. 175 °C). However, when the temperature increases to 200 °C it can
be observed that ethanol conversion and ethylene selectivity of Pd/CeO,/SSP were
higher than Pd/SSP due to palladium and ceria promoted as seen in Figure 16. It
shows that CeO, is oxygen storage for use in reaction leading to facilitate the
formation of ethylene. Figure 19 shows CO, selectivity of all catalysts at temperature

range of 150 °C to 400 °C. CO, selectivity of Pd/CeO,/SSP is lower than Pd/SSP
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Figure 18 Ethylene selectivity vs temperature of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP
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Figure 19 CO, selectivity vs temperature of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP

catalysts

From all results, it can be concluded that the ceria modification on palladium
catalysts supported on spherical silica particle importantly affects the catalytic

ethanol dehydration with oxygen cofeeding to ethylene.
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PART 2

Comparing the performance of ceria modification with different

sequence of loading under oxygen cofeed during ethanol reactions.

4.2 Characterization of ceria modification with different sequence of

loading catalysts

From part 4.1, ceria modification catalyst gave the highest ethanol conversion
and ethylene selectivity. Therefore, in this part ceria modification was investigated
with different sequence of loading by incipient wetness impregnation method and
calcined at 400 °C for 4 h. The properties of catalysts are investigated by X-ray
diffraction (XRD), scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopy (EDX), H,-Temperature programmed reduction (H,-TPR) and N,
physisorption (BET&BJH).

4.2.1 X-ray diffraction (XRD)

The XRD patterns in Figure 20 show those of Pd/CeO,/SSP, CeO,/Pd/SSP and
Pd-Ce0,/SSP, which were measured at diffraction angle (28) from 20° to 80°. The
diffraction patterns of the ceria modification with different sequence of loading show
similar peak of SSP and CeO,. However, Pd peak did not appear due to Pd was
added only few amounts. The XRD patterns of SSP present only reveal the
amorphous silica in broad peak at 25.3° and a number of reflections at 28.8, 32.8,
47.3, 55.9, 69.8 and 76.8° show well dispersed CeO,. Crystallite sizes of Pd/CeO,/SSP,
CeO,/Pd/SSP and Pd-CeQ,/SSP are shown in Table 10. It can be observed that Pd-
Ce0,/SSP has the highest crystallite size (ca. 5.4 nm) and lowest crystallite size is
obtained from CeO,/Pd/SSP (ca. 4.6 nm).
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Figure 20 XRD patterns of Pd/CeQ,/SSP, CeO,/Pd/SSP and Pd-CeO,/SSP

Table 10 Crystallite size from X-ray diffraction (XRD) technique.

Catalysts Crystallite Size (nm)
Pd/CeO,/SSP 5.2
CeO,/Pd/SSP 4.6
Pd-CeO,/SSP 5.4

4.2.2 Scanning electron microscope (SEM) and energy dispersive X-ray

spectroscopy (EDX)

Palladium and ceria distribution over spherical silica particles (SSP) support
can be obtained as proven by scanning electron microscope (SEM) as shown in Figure
21 and energy dispersive X-ray spectroscopy (EDX) as shown in Figures 22-24. The
morphology of Pd/CeO,/SSP catalysts can be observed that the shape of catalysts
seems to be spherical. CeO,/Pd/SSP and Pd-CeO,/SSP catalysts have similar shape.
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This can be concluded that different sequence of loading by incipient wetness

impregnation technique may have only little effect on morphology.

$3400 15.0kV.6.4mm x5.00k SE

$340015.0kV 6.1mm x5.00k SE._

(b).

A 2
; \ B A% 23
§3400 15.0kV 6.4mm x5.00k SE 10.0um ‘83400 15.0kV 6.4mm x10.0k SE

(o).
Figure 21 SEM image of (a) Pd/ CeO,/SSP, (b) CeO,/Pd/SSP, (c) Pd-CeO,/SSP



Figure 22 SEM-EDX mapping of Pd/CeO,/SSP
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Figure 23 SEM-EDX mapping of CeO,/Pd/SSP
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Figure 24 SEM-EDX mapping of Pd-CeO,/SSP
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Figures 22 to 24 display element distribution of oxygen (red) , silicon (green),
palladium (blue) and cerium (yellow) over Pd/CeO,/SSP, CeO,/Pd/SSP and Pd-
CeO,/SSP respectively. It can be detected that all metals (Pd, Ce and O) have well
dispersion on surface of catalysts from SEM-EDX image. The amounts of elements

distribution in weight percent of all catalysts are shown in Table 11.

Table 11 Element distribution of Pd/CeO,/SSP, CeO,/Pd/SSP and Pd-CeQ,/SSP

(weight percent)

Element distribution (wt %)

Catalyst
Pd Ce @) Si
Pd/CeO,/SSP 0.59 6.19 32.55 60.67
CeO,/Pd/SSP 0.19 6.05 36.01 57.76
Pd-CeO,/SSP 1.95 7.14 38.39 52.51

4.2.3 H,-Temperature programmed reduction (H,-TPR)

Figure 25 show H,-TPR results of ceria modification with different
impregnation sequence of loading. It can be seen from Figure 25 that there were two
distinct reduction peaks centered at 140 and 190 °C, respectively. For Pd-CeO,/SSP
catalyst, one major peak at 198 °C and one shoulder peak at 242 °C for
CeO,/Pd/SSP, and small shoulder peak at 161 °C and major peak at 204 °C can be
observed from TPR profiles indicate a strong interaction between promoters and Pd
existed. Therefore, it may be suitable to suppose that the H,-TPR profiles of the

catalysts could be attributed to the reduction of mixed metal oxides.
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Figure 25 H.-TPR profile of catalysts with different impregnation sequence. (a)
Pd/Ce0,/SSP; (b) CeO,/Pd/SSP and (c) Pd-CeO,/SSP

4.2.4 Ammonia temperature programmed desorption (NH,-TPD)

NH5-TPD was used to characterize the acidic properties of catalysts. NH;-TPD
profiles of samples are shown in Figure 26. The NH5-TPD profile of all catalysts show
temperature lower than 200 °C. Table 12 shows acidity of catalysts. For Pd-CeO,/SSP
has highest acidity of 521.59 mol NHs/g and CeO,/Pd/SSP is lowest acidity of 339.10

pmol NHs/g

Table 12 Acidity of catalysts with different impregnation sequence.

Sample Acidity (Mmol NH3/g)

Pd/CeO,/SSP 445.64

CeO,/Pd/SSP 339.10

Pd-CeO,/SSP 521.59
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Figure 26 NH4-TPD profile of catalysts with different impregnation sequence. (a)
Pd/Ce0,/SSP; (b) CeO,/Pd/SSP and (c) Pd-CeO,/SSP

4.2.5 N, physisorption (BET&BJH).

Table 13 lists the specific surface area, pore volume and pore diameter of
catalysts. As can be seen from Table 13, the pore size of the catalysts shows little
difference. The highest surface area and pore volume for Pd/CeQ,/SSP are 809 m?%/g
and 0.62 cm?/g, respectively. This indicates changes in the specific surface area as the

result of impregnation sequence that will fundamentally affect the activity and

selectivity of the catalysts.

Table 13 BET surface area, pore size and pore volume of Pd/CeO,/SSP, CeO,/Pd/SSP

and Pd-CeO,/SSP

Surface area Pore volume Pore size
Catalyst )
(m?/g) (cm?/g) (nm)
Pd/CeO,/SSP 809 0.62 2.9
CeO,/Pd/SSP 645 0.45 3.0

Pd-CeO,/SSP 738 0.42 2.7




23

4.2.6 Ethanol dehydration reaction with oxygen cofeeding

From part 4.1, It indicates that the ceria modification result in the highest
conversion and ethylene selectivity in ethanol dehydration with oxygen cofeeding in
temperature at 200 °C. In this part, to further optimize the performance of the
catalyst, the preparation method should be investigated since different preparation
methods might have an effect on the interaction between Pd and promoter using
same condition with part 4.1 (temperature programmed 150 °C - 350 °C, atmospheric

pressure). The results of all catalyst are shown in Table 14.

Table 14 Conversion and product selectivity of Pd/CeO,/SSP, CeO,/Pd/SSP and Pd-
CeO,/SSP catalysts

Ethanol Product selectivity (%)
Temperature
Catalysts conversion Diethyl Carbon
(@) Ethylene Acetaldehyde
(%) ether  dioxide
150 1.5 6.2 93.8 0 0
175 1.8 5.5 85.7 0 8.8
Pd/Ce0,/SSP 200 57.7 26.6 8.9 0 64.6
250 53.3 27.0 11.8 0 61.2
300 52.9 25.1 10.1 0.3 64.5
350 58.9 24.3 9.0 0.5 66.1
150 1.0 3.6 96.4 0.0 0.0
175 2.6 7.4 76.2 0.0 16.4
200 58.9 20.1 13.2 0.0 66.8
CeO,/Pd/SSP
250 58.1 17.9 13.2 0.1 68.8
300 59.5 18.8 114 0.3 69.5
350 57.6 18.7 18.2 1.6 61.5
150 0.4 2.5 97.5 0.0 0.0
175 1.3 5.7 81.9 0.0 12.4
200 66.0 29.5 53 0.3 64.9
Pd-CeO,/SSP
250 65.3 31.1 51 0.3 63.5
300 65.8 30.4 4.0 0.3 65.4

350 70.6 34.2 7.0 0.4 58.4
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Figure 27 Ethanol conversion vs temperature of Pd/CeO,/SSP, CeO,/Pd/SSP and
Pd-CeO,/SSP catalysts.

Ethanol conversion is shown in Figure 27. It can be seen that ethanol
conversion of each catalyst increased with increasing temperature. The Pd-CeO,/SSP
gave the highest ethanol conversion for 66 % and highest ethylene selectivity of
29.5% as seen from Figure 28 at 200 °C due to synergy effect of Pd-CeO,/SSP

catalyst prepared by co-impregnation that may promote the formation of more

active site for ethanol formation [14].



40

35

30

25

Ethylene selectivity (%)

10 A

0+

20 A

15 1

25

—e— PdiCeO,/SSP
.0 CeO,PdISSP
—y— Pd-CeO,/SSP

150

200 250

Temperature (°C)

300

350

Figure 28 Ethylene selectivity vs temperature of Pd/CeO,/SSP, CeO,/Pd/SSP and Pd-

CeO,/SSP catalysts.

Figure 29 shows CO, selectivity of ceria modification with different sequence of

loading. As can be seen from Figure 26, CO, selectivity of the catalysts shows little

different result in impregnation sequence that will not fundamentally affect the

activity and selectivity of the catalysts.
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Figure 29 CO, selectivity vs temperature of Pd/CeO,/SSP, CeO,/Pd/SSP and Pd-

CeO,/SSP catalysts.
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PART 3
Comparing the performance of Pd/SSP catalyst and the most suitable

ceria modification in oxygen cofeed during ethanol reactions with

various amounts of oxygen cofeed.

4.3 Ethanol dehydration reaction with oxygen cofeeding with various

amounts of oxygen cofeed.

In part 4.3, this work is investigation of various amounts of oxygen cofeed
over Pd/SSP and the most suitable ceria modification from part 4.2 in ethanol
dehydration in all temperature range (150 °C - 350 °C). The ethanol conversion and
products selectivity of Pd/SSP and Pd-CeO,/SSP catalysts with different molar ratio of
oxygen to ethanol (0, 1.1 and 2.2) are reported in Table 15. For all catalysts, it shows
that the ethanol conversion, ethylene selectivity and CO, selectivity decreases with

decreasing amount of oxygen.

Table 15 Ethanol conversion and products selectivity of Pd/SSP and Pd-CeO2/SSP

with various amounts of oxygen cofeed.

Tempe Product selectivity (%)
Catalyst O,/EtOH rature Conversion (%) Acetalde Diethyl Carbon
. Ethylene
O hyde ether  dioxide
150 0 0 0 0 0
175 0 0 0 0
200 0 0 0 0 0
0
250 0 0 0 0 0
300 76.9 76.9 0 23.1 0
Pd/SSP
350 62.4 62.4 0 37.6 0
150 1.6 5.8 78.9 0.0 15.2
175 29.3 21.2 18.0 2.8 58.0
1.1
200 353 22.0 15.8 2.9 59.4

250 34.3 215 16.3 3.9 58.3
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300 31.1 203 19.0 2.5 58.3
350 30.8 21.4 213 1.9 55.4

150 1.6 6.4 93.6 0 0
175 51.1 22.4 9.0 1.1 67.5
200 50.6 233 10.0 1.2 65.5
22 250 51.0 21.7 10.0 2.1 66.2
300 50.8 21.4 12.3 1.5 64.9
350 54.8 23.7 8.2 23 65.7

150 0 0 0 0 0

175 0 0 0 0 0

200 0 0 0 0 0

° 250 0 0 0 0 0

300 2.1 82.5 0 17.5 0

350 3.1 72.6 0 274 0

150 05 2.8 97.2 0 0
175 1.3 6.1 83.8 0 10.1

Pd-
200 2.8 9.2 73.4 0 17.4
CeOy/ 1.1
250 313 234 20.4 0.6 55.6
SSP

300 336 24.0 19.3 0.4 56.3
350 325 24.0 237 1.0 513

150 0.4 25 97.5 0 0
175 1.3 5.7 81.9 0 12.4
200 66.0 295 53 0.3 64.9
22 250 65.3 31.1 5.1 0.3 63.5
300 65.8 30.4 4.0 0.3 65.4
350 70.6 34.2 7.0 0.4 58.4

Ethanol conversion of Pd/ SSP and Pd-CeO,/SSP catalysts with different molar

ration of oxygen to ethanol as 0, 1.1 and 2.2 is shown in Figures 30 and 31. It can be

seen that conversion decreased when O,/Ethanol molar ratio was decreased. This

indicated that amount of oxygen cofeeding significantly influenced the activities of

catalysts. For Pd/SSP, decreased O,/Ethanol molar ratio resulted in decreased

conversion less compared to those of Pd-CeO,/SSP. For Pd-CeO,/SSP. Starting point
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of ethanol conversion and ethylene yield (Figures 32 and 33) shift from 200 °C to 250

°C due to amount of O, in feed essentially affects CeO, in catalyst. Figures 34 and 35

show CO, yield indicating that all catalysts has similar trend with ethylene yield

when O,/EtOH molar ratio was decreased.

100
— —@ —  PdiSSP (0 09/FtoH)
———O———  PWSSP (1.1 04/E10H)
—_@—— Pd/SSP (2.2 O9/EtOH)
80 |— -0 —  PdCe0ssP (0 02/EtOH)
- -m == PdCe0ySSP (1.1 09/EtOH)
———[——  PdCe0y/SSP (2.2 09/EIOH)

£
c
2 —8 ._’/‘
ju
[
>
c
Q
© O ez E- - oo B
- == T O—————— b
e
gl T 1
150 200 250 300 350

Temperature (°C)

Figure 30 Ethanol conversion vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts

with different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (line plot)
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Figure 31 Ethanol conversion vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts

with different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (bar chart)
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Figure 32 Ethylene yield vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts with

different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (line plot)
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Figure 33 Ethylene yield vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts with

different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (bar chart)
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Figure 34 CO, yield vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts with

different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (line plot)
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Figure 35 CO, yield vs temperature of Pd/ SSP and Pd-CeO,/SSP catalysts with

different molar ration of oxygen to ethanol as 0, 1.1 and 2.2 (chart bar)
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

In Chapter 5, the results of the experiments are summarized in sections 4.1,
4.2 and 4.3 of Pd/SSP, CeO,/SSP and ceria modification, which were prepared by
incipient wetness impregnation. All catalysts were tested via ethanol dehydration
reaction with oxygen cofeeding and characterized with various techniques.
Furthermore, the recommendations of this work also include in this chapter.

Comparison of results in each part and summarized are as follows.

5.1 Conclusions

In part 1, ethanol conversion and ethylene selectivity of ceria modification of
58% and 27%, respectively were higher than those of palladium or ceria supported
on spherical silica particle at 200 °C because CeO, can store oxygen in feed for use
in reaction with oxygen cofeeding as a result in high catalytic activity. From part 2,
the preparation method with different sequence of loading was investigated. This
factor affects the reduction behavior, surface area and catalytic activity. For Pd-
CeO,/SSP catalyst, it was prepared via incipient wetness co-impregnation, it exhibits
the highest conversion and ethylene selectivity of 67% and 30%, respectively at 200
°C. Finally, part 3 is investigation of oxygen amount in cofeeding by using Pd/SSP
catalyst comparing with Pd-CeO,/SSP from part 2. From the results of the
experiment, it was found that the amount of oxygen affecting each catalyst was
different. For Pd/SSP, when decreasing the amount of oxygen, the conversion
decreased, but the conversion temperature was the same as 175 °C. On the other
hand, Pd-CeO,/SSP exhibits decreased ethanol conversion and starts to have
conversion at 250 °C when half of the oxygen was fed. In absence of oxygen

cofeeding it shows less conversion at high temperature for all catalyst.
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5.2 Recommendations

1. The stability of all catalysts should be investigated in future work.
2. In situ-IR technique should be used to study the mechanism of ethanol

dehydration to ethylene with oxygen cofeeding.
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APPENDIX A

Calculation support preparation by Sol-Gel method

For spherical silica particle (SSP) support was prepared by sol-gel method
using tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB),
ammonia (NH;), ethanol (C,HsOH) and de-ionized water (H,0) as reported. The molar

ratio of 1 TEOS: 0.3 CTAB: 11NH,: 58 C,HsOH: 144 H,0O [16].

Precursor
® 98 wt% Tetraethyl orthosilicate (TEOS)
® (etyltrimethylammonium bromide (CTAB)
® 30 wt% Ammonia

® 99.99 wt% Ethanol

Calculation substances

The molar ratio of 1 TEQS: 0.3 CTAB: 11NHs: 58 C,H;OH: 144 H,O

® Tetraethyl orthosilicate (TEOS)

1 mol of TEOS 208.33 g

Scale down 100 times 2.0833 g

98 ¢ TEOS in solution 100 g

TEQOS 2.0833 ¢ in solution %38)(100 = 2.1258 g
® (Cetyltrimethylammonium bromide (CTAB)

1 mol of CTAB 364.5 g

3 mol of CTAB 364.5x0.3 = 109.3 g

Scale down 100 times 2.0833 g
® Ammonia

1 mol of CTAB 17 g

3 mol of CTAB 17 x 11 = 187 g

Scale down 100 times 0.187 g



30 wt% NHs in solution
70 wt% H,O in solution

NH5 from g to ml

® 99.99 wt% Ethanol
1 mol of ethanol
58 mol of ethanol
Scale down 100 times
® De-ionized water (H,0)
1 mol of water
144 mol of water
Scale down 100 times
Water from NH; solution

So de-ionized water (H,0)

100 x1.87
————— =623

100 x1.87
70
=1

)

2

o
o)
O lw

46
46 x 58 = 2668
26.68

18

18 x 144 = 2592
25.92

4.36

2592 - 4.36 = 21.56

38

S
S
8
8
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APPENDIX B

Calculation catalyst preparation by incipient wetness impregnation

Metal Loading 0.5 % of Pd on SSP catalyst by incipient wetness impregnation

Precursor

® Tetraamminepalladium(ll)chloride in H,O 299.99% MW = 263.46  ¢/mol
(Pd (NH4),Cl,H,0)
® Palladium MW = 106.42  g¢/mol
Based on 2 ¢ of 0.5 wt% Pd/SSP
In catalyst contains Pd 0.005 x 2 = 0.01 g
SSP 0.995x2 =1.99 g

Based on 1 mole of precursor

Pd 106.42 g Pd(NH5),Cl,H,0 263.06 g
Pd 0.01 Pd(NH).Cl,H,0 0.01 x263.46 0.2521
. S 3)a ) 106.42 =V 9

Metal Loading 5 % of CeO, on SSP catalyst by incipient wetness impregnation

Precursor
® cerium(lilnitrate in H,O 299.99% MW = 434.23 g/mol
[Ce(NO3)56H,0]
® (e, MW = 172.23 g/mol

Based on 2 ¢ of 5 wt% CeO,/SSP
In catalyst contains CeO, 005x2=0.1¢
SSP 095x2=19 ¢

Based on 1 mole of precursor

CeO 0.1 Ce(NO5)56H 0.1 x434.23 0.2521
e . e : —_—=0.
2 g 3)30M) 172.23 8

In ceria modification catalyst using same calculation method.
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APPENDIX C

Calibration curve of Reactant and Product

The calibration curve was calculated by injection substance into GC-

FID and detected by chromatogram in area of substance versus amount of

injection substance. The calibration curve of reactant and product were

shown in Figure AC 1-4

45.00

40.00

35.00

30.00

25.00

20.00

15.00

Amount of ethnaol (umole)

10.00

5.00

0.00

y=2.31E-05x
R*=9.81E-01

T
0 500000 1000000 1500000 2000000

Area

Figure AC 1. The calibration curve of ethanol
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Amount of ethylene (umole )

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

y = 1.03E-05x
R?=9.88E-01

0 1000000 2000000 3000000

Area

4000000

Figure AC 2. The calibration curve of ethylene

Amount of diethyl ether (umole )
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Figure AC 3. The calibration curve of diethyl ether



Amount of acetaldehyde (pumole)
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Figure AC 4. The calibration curve of acetaldehyde
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APPENDIX D

Calculation of conversion, selectivity, yield rate of reaction and WHSV

Conversion

Mole of reactant after reaction completed

Reactant conversion (%) X100 %

~ Mole of reactant before reaction completed

Selectivity

Mole of desired product
X100 %

P L _
roduct selectivity (%) Total moles of product

Yield

Product yield (%) = Product selectivity X Reactant conversion

Weight hourly space velocity
Mass flowrate of reatant (g/h)

WHSV (h™ 7
() weight of catalyst in reactor (g)
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APPENDIX E
Catalytic activity, selectivity, yield and rate of reaction of product over

all catalysts

Table AF 1. Conversion and selectivity of Pd/SSP, CeO,/SSP and Pd/CeO,/SSP

Ethanol Product selectivity (%)
Temperature
Catalysts conversion Diethyl  Carbon
(°O Ethylene  Acetaldehyde
(%) ether  dioxide

150 1.57 6.4 93.6 0.0 0.0
175 51.1 22.4 9.0 1.1 67.5

Pd/SSP 200 50.6 233 10.0 1.2 65.5
250 51.0 21.7 10.0 2.1 66.2
300 50.8 214 12.3 1.5 64.9
350 54.7 23.7 8.2 2.3 65.7
150 0 0 0 0 0
175 0 0 0 0 0
200 0.1 0 100 0 0

CeO,/SSP
250 0.4 0 100 0 0
300 3.9 1.4 84.0 4.8 9.8
350 64.7 7.6 27.9 26.8 37.6
150 1.5 6.2 93.8 0 0
175 1.8 5.5 85.7 0 8.8
200 57.7 26.6 8.9 0 64.6
Pd/Ce0,/SSP

250 53.3 27.0 11.8 0 61.2
300 52.9 25.1 10.1 0.3 64.5

350 58.9 243 9.0 0.5 66.1
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Table AF 2. Conversion and selectivity of Pd/CeO,/SSP, CeO,/Pd/SSP and

Pd/CeO,/SSP
Ethanol Product selectivity (%)
Temperature
Catalysts conversion Diethyl  Carbon
(O Ethylene  Acetaldehyde
(%) ether  dioxide
150 1.5 6.2 93.8 0 0
175 1.8 55 85.7 0 8.8
Pd/CeO,/SSP 200 57.7 26.6 8.9 0 64.6
250 533 27.0 11.8 0 61.2
300 52.9 25.1 10.1 0.3 64.5
350 58.9 24.3 9.0 0.5 66.1
150 1.0 3.6 96.4 0.0 0.0
175 2.6 7.4 76.2 0.0 16.4
200 58.9 20.1 13.2 0.0 66.8
CeOQ,/Pd/SSP
250 58.1 17.9 13.2 0.1 68.8
300 59.5 18.8 11.4 0.3 69.5
350 57.6 18.7 18.2 1.6 61.5
150 0.4 2.5 97.5 0.0 0.0
175 1.3 Tt 81.9 0.0 12.4
200 66.0 29.5 5.3 0.3 64.9
Pd-CeO,/SSP
250 65.3 31.1 5.1 0.3 63.5
300 65.8 30.4 4.0 0.3 65.4
350 70.6 34.2 7.0 0.4 58.4

Table AF 3. Conversion and selectivity of Pd/SSP and Pd-CeO,/SSP with various

amounts of oxygen cofeed.

Temper Product selectivity (%)
Catalyst  O,/EtOH ature Conversion (%) Acetalde Diethyl Carbon
Ethylene
("0 hyde ether  dioxide
150 0 0 0 0 0
175 0 0 0 0 0
Pd/SSP 0
200 0 0 0 0 0
250 0 0 0 0 0
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300 76.9 76.9 0 23.1 0
350 62.4 62.4 0 37.6 0
150 1.6 5.8 78.9 0.0 15.2
175 29.3 212 18.0 2.8 58.0
200 35.3 22.0 15.8 2.9 59.4
H 250 34.3 21.5 16.3 3.9 583
300 31.1 203 19.0 2.5 583
350 30.8 214 213 1.9 55.4
150 1.6 6.4 93.6 0 0
175 51.1 224 9.0 1.1 67.5
200 50.6 233 10.0 1.2 65.5
22 250 51.0 217 10.0 2.1 66.2
300 50.8 214 12.3 1.5 64.9
350 54.8 237 8.2 2.3 65.7
150 0 0 0 0 0
175 0 0 0 0 0
200 0 0 0 0 0
° 250 0 0 0 0 0
300 2.1 82.5 0 17.5 0
350 3.1 72.6 0 27.4 0
150 0.5 2.8 97.2 0 0
175 1.3 6.1 83.8 0 10.1
Pd-CeOy/ 200 2.8 9.2 73.4 0 17.4
Ssp H 250 313 23.4 20.4 0.6 55.6
300 33.6 24.0 19.3 0.4 56.3
350 32.5 24.0 237 1.0 513
150 0.4 2.5 97.5 0 0
175 13 5.7 81.9 0 12.4
200 66.0 29.5 53 0.3 64.9
22 250 65.3 31.1 5.1 0.3 63.5
300 65.8 30.4 4.0 0.3 65.4
350 70.6 34.2 7.0 0.4 58.4
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