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Abstract

In this project the conversion of ethanol to gasoline over metal transition loaded
H-ZSM-5 zeolite catalysts was investigated. Catalysts were prepared by impregnation of
copper, nickel, cobalt and sliver on suitable support, such as silica and zeolites H-ZSM-5.
The influence of reaction conditions, such as contact time (5-42 g¢-h/mol), the effect of
temperature (325-500°C), and acidic property (Si/Al ratio: 12.5 and 28) were investigated.
The Cu/SiO, gives high conversion and selectivity for acetaldehyde, nonetheless, shows a
rapid deactivation rate due to the metal sintering. Ni/SIO, and Co/SiO; exhibit lower activity
and give undesired products, methane and carbon monoxide from decarbonylation of
ethanol. Although Ag/SiO, gives a low conversion, a high acétaldehyde selectivity is
obtained. The dehydrogenation activity is thermodynamically enhanced at high
temperature. However, a small fraction of decarbonylation was also observed in parallel.

Over H-ZSM-5 catalyst, rate of ethylene oligomerization is relatively low, as
compared to the rate of dehydration, because the reaction initially proceeds via primary
carbocation. As the acidity is increased, the formation of intermediate hydrocarbons is
enhanced due to the close proximity of the acid sites. The oligomerization of ethylene to
higher hydrocarbons can be promoted at temperature higher than 400°C. However, the
severe deactivation is observed at 425°C. The presence of silver in the catalyst can promote
dehydrogenation of ethanol to acetaldehyde and conversion of both ethylene and
acetaldehyde to higher hydrocarbons. Over the acid site, it is found that rate of aldol
condensation seems to be faster than the rate of ethylene oligomerization, depending on

the contact time.
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1.1 arundumuazanudragvasigm

For renewabté fuel, gasoline can be produced from acid-catalyzed dehydration of
ethanol and oligomerization over H-ZSM-5 zeolite as below. Acidic property of H-ZSM-5 is
probably a main point that directly determines ethanol dehydration to ethylene and

secondary reactions (i.e. oligomerization) of ethylene to gasoline or longer chain

hydrocarbons [1].

H Heat
/\OH e — » Gasoline CcHy (Eq 1'1)

H,0 OligomerijZzatjon
Ethano] Ethylene

The improvement of Si/Al ratio on H-ZSM-5 framework is the common way to
significantly enhance the acidic property and hence the activity [2]. Although ethanol
dehydration over acid site to ethylene is more rapid and thermodynamically favored at
high temperature, the oligomerization of ethylene to gasoline is highly exothermic and
relatively slow [3-4). Accordingly, dehydrogenation of ethanol to acetaldehyde followed by
aldol condensation to higher aldehyde and higher alcohol is proposed to increase rate of
the oligomerization. The higher alcohol can be readily dehydrated over acid catalysts into
hydrocarbon as shown in (Eq. 1.2). In this approach, H-transfer plays significant role for

ethanol conversion to hydrocarbons.
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For the above concept, bi-functional catalyst is required. The dehydrogenation

promoted by metal catalysts whiles the aldol condensation and dehydration can be
performed over acidic part in the bi-functional catalyst. The transition metals, for example,
silver, cobalt and nickel are typically used as the catalyst for dehydrogenation because
they are low cost, as compared to rhodium, palladium and platinum. As aldol condensation
of aldehyde is readily promoted, the metal phase indicates a key role in controlling ethanol
conversion to acetaldehyde as well as higher products. Among acid catalyst, H-ZSM-5
possesses high surface area and thermal stability [5]. Moreover, H-ZSM-5 has been
considered as the most selective catalysts for the ethanol to gasoline process due to its
unique structural properties that selectively produce light hydrocarbon mixtures similar to
motor gasoline [6]. However, dehydrogenation and dehydration is endothermic and
preferred at high temperature. While aldol condensation is exothermic and generally
operated at low temperature. In this work, the optimization of reaction conditions s
required. In addition, types of metal and effect of contact time on both dehydrogenation
and aldol condensation was studied. Moreover, acidic property of H-ZSM-5 that effects

aldol condensation was investigated.

1.2 Tngusrasdvalasanisive

1. To product gasoline from ethanol via the dehydrogenation and aldol

condensation approach.

2. To understand the mechanism of dehydrogenation and aldol condensation

reaction over bi-functional catalyst.



3.

To understand the effect of temperature, contact time, acidic property and

types of metals.

1.3 Y9ULUAY4IATINISIY

The scopes of this special project are as follows:

1.

Catalyst preparation by wetness impregnation of sliver, nickel, cobalt and
copper on suitable support, such as silica and zeolites H-ZSM-5.
Characterization of catalyst by X-Ray Diffraction spectroscopy (XRD), X-ray
Fluorescence (XRF), Temperature Programmed Reduction (TPR), Temperature
Programmed Desorption (TPD), Brunauer Emmett Teller technique (BET) and
Transmission Electron Microscopy (TEM).

Testing on ethanol dehydrogenation and subsequent aldol condensation of the
products over various catalysts in a continuous fixed-bed reactor.

Investigation on the effect of temperature (325-500°C), contact time (5-42
g.h/mol), type of metal (silver, nickel, cobalt and copper) and acidic property
(Si/Al ratio: 12.5 and 28) on dehydrogenation and aldol condensation reaction.
Analysis and quantification of liquid products from the reactions by online gas

chromatograph equipped with a flame ionization detector (GC-FID).

1.4 35aUun1538

1.

Catalyst Preparation and modification

1.1 Preparation of H-ZSM-5 Support

1.2 Preparation of metal supported on silica catalysts.

1.3 Preparation of 10%wt. Silver Supported on Silica (Ag/Si02) physical mixed with
H-ZSM-5 Catalysts (H-ZSM-5).

1.4 Impregnation of Silver Supported on H-ZSM-5 (Ag/H-ZSM-5)

2. Characterization of catalysts

2.1 X-ray diffraction (XRD)
2.2 X-ray fluorescence (XRF)
2.3 Surface area analysis

2.4 Temperature programmed reduction (TPR)



2.5 Temperature programmed desorption (TPD)
2.6 Transmission electron microscopy (TEM)
3. Catalytic Activity testing
3.1 Investigate the effect of type of metals.
3.2 Investigate the effect of contact time of silver.
3.3 Investigate the effect of dehydrogenation temperature
3.4 Investigate the effect of contact time of H-ZSM-5 (12.5)
3.5 Investigate the effect of Si /Al of H-ZSM-5
3.6 Investigate the effect of dehydration temperature
3.7 Investigate the effect of metallic silver physical mixture and impregnation
3.8 Investigate the effect of contact time of Ag/H-ZSM-5 (28)
4. Products analysis
4.1 Determine the amount of product by gas chromatograph equipped with flame

ionization detector (GC-FID).

1.5 Ustlemifimndnaglésu
New technology for production of gasoline from ethanol can be obtained. This

technology can benefit from raw materials available in the country.
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2.1 Ethanol

2.1.1 Ethanol production [7]

Ethanol is an important renewable energy as it can be produced from agricultural
feedstock by fermentation in anoxic environment. In the most of the fermentation, ethanol
is made from cone. However, it can be produced other agricultural raw materials such as
sugarcane, potato, cassava, and cellulose. In addition, ferment garbage to ethanol was
studied [8]. The fermentation of sugarcane and corn can use yeast for ethanol directly.
Starches ( from potato, cassava) must first be hydrolyzed by enzymes amylase to
fermentable sugar. While, celtulose (from wood, paper) similar to starches must hydrolyzed
by acids before fermentation. Generally the fermentation of three types can produce
ethanol with 10% concentration, then the mixture is separated and purified, usually by
distillation and dehydration.

2.1.2 Alcohol fuel [9]

Although fossil fuels have become dominant energy resource for the modern world
and it is essential in daily life, this fossil energy is decreased and there is the pollution
problem. Utilization of ethanot from fermentation of biomass gained considerable interest
as fuel in the past several years. Ethanol is commonly used to power other vehicles such
as farm tractor and car by mixing in gasoline, so called gasohol. There are different
percentage of ethanol i.e. E10 and E85. This blending percentage of ethanol into gasoline
for cleaner combustion, decreased carbon monoxide and hydrocarbon exhaust emission
[10]. It is a common practice to use anhydrous ethanol (99.5% purity). However, hydrated
ethanol (95% purity) for blending gasoline is also used widely. In addition, ethanol can be
additive in fuel to increase octane number for engine replace methyl tertiary butyl ether
(MTBE), because MTBE is more toxic chemicals that has been found to contaminate
groundwater.

E10, a fuel mixture of 10% anhydrous ethanol and 90% gasoline by volume, it was

used during the 1970 oil crisis due to the world energy shortage and this fuel has been



used until now [11]. In Thailand called gasohol 91 and gasohol 95, is fuel can be used in
common vehicles without need for any modification on the engine or fuel system. In
addition, E10 can reduce carbon monoxide (CO) 20 to 30%, increase octane number from
2 to 3 higher than regular gasoline and reduced greenhouse gas such as carbon dioxide
(CO,) emission upto 2.4 to 2.9% [10]. Also, Thailand has shown that the emission rates of
benzene, toluene, and xylene are decreased in cars using E10fuel [12]. This decrease in
emission is important due to the major health effect (including leukemia) of long-term
inhalation of benzene and toluene [13].

E85, a blend of 85% anhydrous ethanol and 15% gasoline by volume, it is used to
operate spark-ignited engines that have been modified to accept this fuel. Unlike E10, E85
cannot directly used in spark-ignited engines that have not been modification due to higher
mixture ratio of ethanol per gasoline and corrosion to some material, such as fuel injection,
fuel delivery system, and tank. This has led to the development of a new type of vehicle,
called a Flexible Fuel Vehicle, or FFV, which can operate using various blends of alcohol
from 0% (gasoline) to 85% (E85) by volume. This FFV are designed and improved using E85
compatible materials due to the different type of fuel-air mixture of gasoline and E85, for
example size of the fuel delivery system to compensate the increased volumes of fuel

when using E85. The ignition timing can improve engine performance.

2.2 Dehydrogenation of ethanol [14, 15]

Dehydrogenation is a chemical reaction that involves the removal of hydrogen from
a molecule. It is the reverse process of hydrogenation. The first step in this process is
ethanol adsorption on the catalyst surface by O atom of hydroxyl group attached on the
metal surface (such as Ag) to produce n* (O)-alcohol species (a). After that, dissociation of
O-H bond is generated alkoxide intermediate. Finally the dehydrogenation of ethanol can
occur via an alkoxide intermediate to produce acetaldehyde with a metal hydride (di-
hydride). In addition, n? (C, O)-alcohol species (b) can occur with ethanol by a-C and O
atom attached on metal surface (such as Co, Ni) to form acyl intermediate (n* (C)-acyl) that

may well desorp as acetaldehyde. However, yield of acetaldehyde obtained from



n? (C, O)-alcohol species is less than that from 5t (O)-alcohol species because formation of

the acyl intermediate can lead to decarbonylation to CH,; and CO in Figure 2.1.

HSC\ Hsc AN CH (0]
HC—O H HC—0 H H I I
v —_— —_— Q0 HH —» /C\
VZZ7222777772 e T _— H” H
alkoxide intermediate acetaldehyde

a
\ HsC
“ Hac\qﬁ//oﬂ H /

acyl intermediate

l o

CHs+ CO

Figure 2.1 Dehydrogenation of ethanol (a) n* (O)-alcohol species. (b) n? (C, O)-alcohol

species.

2.3 Aldol condensation of aldehyde [16, 17]

Aldol reactions can occur under acid catalysis, in which the reaction generally leads
to the a,B- unsaturated product by direct dehydration of the B- hydroxyl aldehyde
intermediate. When an acid catalyst is used, the first step in the reaction mechanism
involves acid-catalyzed tautomerization of the carbonyl compound to the enol. The acid
also serves to activate the carbonyl group of another molecule by protonation, rendering
it highly electrophilic. The enol is nucleophilic at the a-carbon, allowing it to attack the
protonated carbonyl compound, leading to the B-hydroxyl aldehyde intermediate after
deprotonation. This usually dehydrates to give the unsaturated carbonyl compound. The

scheme shows a typical acid-catalyzed self-condensation of an aldehyde.



Acid-catalyzed aldol mechanism
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2.4 Hydrogenation (17, 18]

Hydrogenation is a chemical reaction between molecular hydrogen (H,) and another
compound, usually in the presence of a catalyst such as nickel, cobalt, palladium or
platinum. The process is commonly employed to reduce or saturated organic compounds.
The hydrogenation typically constitutes the addition of pairs of hydrogen atoms to a
molecule, generally an alkene. The first step of alkene, C=C double bond, adsorbed on the
catalyst surface and H, dissociates follow by an H atom bonds to one C atom. While other
C atom is still attached to the surface. Finally a second C atom bonds to an H atom and
then the molecule leaves the surface to alkane. Additionally, the formyl group can be

readily reduced to a primary alcohol (-CH,OH).

\ >C,£<H

/ TH
I if — A

s e eom—

Figure 2.2 Hydrogenation of alkene.
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Figure 2.3 Hydrogenation of formyl group.

2.5 Dehydration of ethanol [17]

Dehydration reaction is a chemical reaction that involves the loss of a water molecule
from the reacting molecule. The reverse of a dehydration reaction is a hydration reaction.
The dehydration may go by either the E1 or E2 mechanism, with primary alcohols favoring
the E2 mechanism, and secondary and tertiary alcohol generally reacting by the E1
mechanism. The first step of either mechanism involves protonation of the hydroxyl
oxygen atom by the acid, in order to convert the -OH group into a better leaving group, -

OH,*.

H N\
\ O mo Lo,
¥ 10—CH; No—chy

.;‘ ""/QQ

(o) o) Lol o

s;/ \N/ \Sl ™ s/ \~/ \9 — / + Hzo

Figure 2.4 Acid catalyzed dehydration of ethanol to produce ethylene

2.6 Oligomerization [19, 20]

Oligomerization is chemical process that converts light olefins, usually propylene,
butylene or their mixtures, contained in mixtures with light paraffins to higher hydrocarbon
over catalysis or heat. In this process (ETG), olefins which obtained from dehydration
reaction will be reacts with other olefins to forms heavier olefinic compounds follow by
hydrogenation to higher hydrocarbon.  For example, in previous research, the
oligomerization is promoted by H-ZSM-5 as catalyst in important step of the Mobil olefin-

to-distillate-and-gasoline process . When operated at relatively low temperature and high
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pressure { 300-200°C, 20-105 atm.), the products are higher molecular weight iso-olefins .
Under these conditions light olefins are first converted to high oligomers. Subsequently,
isomerization and cracking give intermediate C4-C; olefins. Finally the latter participate in

copolymerization to yield the product.

2.7 Catalyst

2.7.1 ZSM5 zeolite [21-28]

Zeolite ZSM-5, Zeolite Socony Mobil-5, is one type of family zenolite, it has shape
selective catalysts with unique channel structures. The secondary building unit of
framework of ZSM-5 including mor 8T, case 12T, mel 14T, and mfi 14T shown in Figure 2.5
These secondary building units can be connected to form sheet and the linking of the sheet
lead to a three dimensional framework structure by the chains extend along the z-axis. The

sheets parallel to [010] and [100] are shown in Figure 2.6 and 2.7

S

mor 8T case 12T mfi 14T mel 14T

Figure 2.5 The secondary building unit of framework of ZSM-5

i

Figure 2.6 shows that the x-axis is horizontal and the z-axis vertical and the 10-
membered ring apertures shown are the entrances to the straight channels which run
parallel to [010] plane. While, Figure 2.7 shows that the y-axis is horizorital and the z-axis
vertical and the circular 10-membered ring apertures shown are the entrances to channels

which run parallel to [100] plane.
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Figure 2.7 Skeletal diagram of the [100}-plane of the ZSM-5 unit cell.

ZSM-5 has chemical formula is Na*, (H,0)16] [Al:Sigs.n O192]-MFI, N < 27. It is widely
used in many catalytic reaction of industrial interest such as xylene isomerization, benzene
ethylation, and ethanol, methanol- to- gasoline conversion. - Their individual catalytic
properties are mainly due to their regular framework with a pore size which is intermediate
to the large pore sized zeolites (for instance, zeolites X and Y) and the small pore sized
zeolite (for instance the A zeolite). The shape selectivity of the pentasil zeolite is
catalytically expressed by many features, such as;

1. The sieving effect, i.e. the capability of zeolite to admit in to its pores or to reject
reactive molecules having a critical diameter falling within a well defined range;

2. The (reverse) sieving effect, i.e. the capability of the zeolite to allow product molecules

having a certain critical diameter to diffuse out of its pores. Thus, in the case of a
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product molecule having a diameter exceeding to the pore size of the zeolite, this *
molecule will have to undergo cracking or rearrangement into a smaller molecule
before diffusing out of the zeolite

3. The effect on the reaction intermediates, i.e. the capability of certain active site to

determine the length and structure of reaction intermediate secies.

ZSM5 zeolite has pore system which is believed to be significant for their low coke
formation. While most industrial applications of zeolite catalyst make use of these in acid
form, zeolite is also excellent support for metal species. Zeolite supported metal species
called a bifuntional catalyst is an acid zeolite on which a metal species phase is deposited.
The function of the metal is to catalyze dehydrogenation and hydrogenation reaction while
H- ZSM- 5 possesses excellent dehyadration and oligomerization properties which
bifunctional catalyst can further undergo a variety of metal species and acidity reactions to

form desirable product.

aw dd 4
2.8 UBNINYIVBY

In several researches, such as ETG process (ethanol to gasoline), gasoline can be produced
from dehydration of ethanol and oligomerization over H-ZSM-5 zeolite. However, ethanol
dehydration to ethylene favored at high temperature while the oligomerization of ethylene

to gasoline is highly exothermic relatively slow.

Nagabhatla Viswanadham et al., tested conversion of ethanol to gasoline for
production of higher aromatic. The catalyst includes micro H-ZSM-5 Si/ Al ratio~30, micro
H-ZSM-5 Si/Al ratio~100, and nano ZSM-5 Si/Al ratio~30. The acidity, porosity and catalytic
performance were compared, at 450 and 500°C. It found that nano H-ZSM-5 catalyst having
high acidity and mesoporosity showed higher production of aromatics yields for gasoline,
as compared to micro H-ZSM-5 with Si/Al ratio~30 and micro H-ZSM-5 with Si/Al ratio~100.
The aromatic yield is increased from 38.6 wt% to 50.6 wt% when temperature is increased

from 450°C to 500°C over nano H-ZSM5 catalyst [5].
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Xianlong Zhang et al., studied hydrothermal synthesis of 1-butanol from ethanol over
metal with NaHCO; as catalyst. The different metal (Fe, Co, Ni, Raney Cu, copper chromite,
CoCOs, and Co,0;), effect of ethanol concentration (0.10-0.25 mol), NaHCO; (0.005-0.025
mol), and cobalt powder (0.005-0.015 mol) were compared at 200°C for 3 days. It was
found that the optimized hydrothermal reaction conditions were 0.15 mol of ethanol, 0.01
mol of NaHCOs, and 0.005 mol of Co powder. After that, the effects of the reaction time
(1-30 days) and reaction temperature (140-240 °C) were also investigated. It was found that
the yield of 1-butanol is increased with reaction time and then remained constant the
maximum (9.8 mol %) after 20 days. However, the selectivity to 1-butanol decreased from
74% to 62% when the reaction time changed from 1 to 30 days. In addition, the variation
of reaction temperature showed that the yield of 1-butanol is increased from 1.2 to 5.5
mol % with temperature (from 140 to 240°C). The selectivity to 1-butanol is increased from
50% to 74% when the reaction temperature is increased from 140 to 180°C and then

remained constant (around 70%) even at a higher reaction temperature up to 240°C [29].

S. Totong et al., studied the hydrogen production from catalytic dehydrogenation of
ethanol through at low temperature (<500°C). Copper (Cu) silver (Ag) and bimetallic metal
(Ag-Cu) supported on silica (Si0;) were compared at 300-375°C. The hydrogen production
from ethanol dehydrogenation using bimetallic catalyst (Ag-Cu/SiO,) was found to be higher
(40%) when compared to the monometallic (Cu/SiO, and Ag/SiO,) at low temperature
(300°C). However, the yield hydrogen is decreased due to ethanol cracking to other

hydrocarbon compound such as CHg and C,Hq at higher temperature over Ag-Cu/SiO, (30]
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3.1 Chemical reagents
Chemical reagents Grade of purity Manufacturers
1. Silver nitrate (AgNOs) 99.6% BAKER ANALYZED
(A.C.S. REAGENT)
2. Nickel nitrate hexahydrate 99% CARLO ERBA
(Ni(NO3)»:6H,0)
3. Cobalte nitrate hexahydrate 98.0% LABORATORY REAGENT
(Co(NO3)»6H,0) (RANKEM)
4. Copper nitrate trihydrate 99.5% QREC
(Cu(NO4),-3H,0) New Zealand
5. Absolute ethanol (CH;CH,OH)
6. Sillicon dioxide (SiO,) 99.0% CARLO ERBA
7. NHg-ZSM-5 (Si/Al = 28) ZEOLYST INTERNATIONAL
8. NH4-ZSM-5 (Si/Al = 180) ZEOLYST INTERNATIONAL
9. Deionized water
10. Air zero gas, high purity 99.99% PRAXAIR
11. Hydrogen gas, high purity 99.99% PRAXAIR

12. Nitrogen gas, high purity 99.99% PRAXAIR
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3.2 Apparatus and instruments

1. Catalytic testing rig

2. Mass flow controller (BROOKS INSTRUMENT LLC)

3. Hot air oven

4. Tube furnace with a programmed temperature controller (CARBOLITE)
5. Heating rod with a programmed temperature controller

6. Clamp

7. Gas chromatograph (Model 910, BUCK SCIENTIFIC)

8. Laboratory glassware

9. Laboratory plastic ware

10. Trap condenser

11. Syringe (5 ml)

12. Syringe pump

13. Vial

14. Sieve (U.S.A standard sieve, AASHO N-92)

15. X-ray powder diffractometer (D8 Advance, Bruker AG)

16. X-ray fluorescence spectrometer ( Wavelength Dispersive, Philips, PW2400,
Scientific and Technological Research Equipment Centre 2-3 Building, Chulalongkorn
University) and (Energy Dispersive, Oxford, ED-2000, Scientific and Technological Research
Equipment Centre 2-3 Building, Chulalongkorn University)

17. Gas adsorption analysis (Autosorb-1C, Quantachrome)

18. Temperature programmed reduction (TPR, Model TCD2-NIFED)

19. Temperature programmed desorption (TPD, Model TCD2-NIFED)

20. Transmission electron microscopy (JEM-2100, JEOL, Japan)
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3.3 Catalyst Preparation and modification

3.3.1 Preparation of H-ZSM-5 Support
A powder of NHg-ZSM-5 with Si/ Al ratio of 12.5 and 28 were calcined in the tube

furnace with programmable temperature controller at 500°C for 5 h to make a proton form.

3.3.2 Metal Supported on Silica Catalysts (M/SiO,).
The metal supported silica (SiO,) catalysts (10 grams) with different type of loaded

metals (Co, Ag, Ni and Cu) were prepared by wet impregnation method.
In the first step, 10 %wt. Co supported on SiO, (Co/SiO,) was impregnated using
cobalt nitrate hexahydrate (Co(NOs),6H,0) solution as a metal precursor as the preparation

shown in Table 3.1.

In a similar procedure, 10% wt. Ag, 10% wt. Ni and 10% wt. Cu on SiO; was
subsequently impregnated using AgNOs, Ni( NOs) »» 6H,0 and Cu( NO3) - 3H;0 solution
respectively. After that, the solid was dried in an oven at 70°C for 24 hours. The prepared
catalyst was calcined in a horizontal tube furnace under a flow of air zero (60 ml/min) at
450°C with a heating rate of 2°C/min and hold at that temperature for 5 hours. Finally, the

catalyst was pressed, crushed, and sieved into 600-850 um.

Table 3.1 Preparation of metal supported on silica catalysts

Catalyst Metal precursor Weight of  Deionization Water ~ SIiO; (g)
metal (mb)

procure (@)

10%wt.Co/Si0:  Co(NO3)z6H,0 4.9648 16.9 9.10
10%wt.Ag/SiO: AgNO; 1.6083 9.3 9.08
109%Wwt.Ni/SiO: Ni(NO5),-6H,0 5.0571 17 9.03

10%wt.Cu/SiO. Cu(NO3)-3H,0 2.8 15.6 9.0
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3.3.3 10%wt. Silver Supported on Silica (Ag/SiO,) physical mixed with H-ZSM-5
Catalysts (H-ZSM-5).

The 10%wt silver supported on silica was physical mixed with H-ZSM-5 (Si/Al ratio

28) at the mass ratio of Ag/SiO, : H-ZSM-5 = 0.074 : 0.085 and then the catalyst has ground.

Finally, the catalyst was pressed, crushed, and sieved into 600-850 pm.

3.3.4 Impregnation of Silver Supported on H-ZSM-5 (Ag/H-ZSM-5)

The 10 g of silver supported on H-ZSM-5 (Si/Al ratio 28) catalyst was prepared by
wet impregnation method. In the first step, 1.2481 g. of silver nitrate (AgNO3 ) was dissolved
in 7.3 ml deionized water and used as metal precursor. After that 9.76 g of H-ZSM-5 was
impregnated by this solution. The solid was dried in an oven at 70°C for 24 hours. Then,
the dried catalyst was calcined in a horizontal tube furnace under a flow of air zero (60

ml/min) at 550°C for 5 hours with a heating rate at 5°C /min.

3.4 Characterization of catalysts

3.4.1 X-ray diffraction (XRD)
X-ray diffraction (XRD) is the technique used for determined crystal structure of the

catalysts. CuKg was used as analytical X-ray source at 30 kV and 40 mA. The sample is
prepared by spreading catalyst over sample holder and placed into the instrument. The
XRD analysis was scanned from 28 = 5 to 90°C with 1 sec/step time and 0.04 26/step

increment.

3.4.2 X-ray fluorescence (XRF)

X-ray fluorescence (XRF) is the emission of characteristic "secondary x- ray" (or
fluorescent), which is x-rays from a material that has been excited by bombarding with high-
energy X-rays. Each element has electronic orbitals of characteristic energy. The removal
of an inner electron by an energetic photon was provided by a primary radiation source,
following by the moving of an electron from an outer shell into that vacancy and released

energy call secondary electron or fluorescent. The released energy is a characteristic
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radiation that tells the composition of the sample. This technique can be done according
to the following procedure: 0.5 g of catalyst sample was mixed with 4.5 g boric acid, and

compressed into alumina pan before bring into the XRF sample holder in XRF instrument.

3.4.3 N,-Gas adsorption analysis

Gas adsorption analysis is the technique generally used for determining surface area
and pore size distribution of a solid catalyst. This technique can be done according to the
following procedure: the catalyst sample was weighed about 100 mg and transferred to a
cleaned, dried sample cell. This sample cell was attached to the outgassing station. Then,
a heating mantle was installed with the sample cell and the temperature was raised to 300
°C for 12 h. After the residual gas was removed by heating under vacuum, nitrogen
adsorbate was filled by opening the gas inlet valve. The sample cell was attached to the
sample station. Initialty, a dewar flask of liquid nitrogen was placed around the sample cell.
Nitrogen adsorbate pressure can be regulated by 1 torr transducer with 3 minutes

equilibration time and 0 scaled tolerances. .

3.4.4 Temperature programmed reduction (TPR)

Temperature-programmed reduction (TPR) provides information on the active site
species of the catalysts by monitoring their reducibility. Temperature programmed
reduction was measured using thermal conductivity detector (TCD). The sample weighed
1.0 ¢ was placed into a quartz tube reactor, which was located inside a temperature-
regulated furnace. Prior to the H,-TPR, each sample was heated to its calcinations
temperature in air zero for 3 h (25 mL/min) and cooled to 50°C. The heating rate of
2°C/min, the 5% H, in Ar flow of 25 mL/min was applied for TPR analysis. Water produced
during the reduction process will be removed in a U-shape glass trap at -70°C (vapor of

liquid N,) before entering the TCD.
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3.4.5 Temperature programmed desorption (TPD)

Ammonia is probably the most frequently used probe molecule for acidity
assessment. Its small molecular size allows one to probe almost all acid sites of both micro
and mesoporous materials. NHj - temperature- programmed desorption { NH; - TPD)
experiments was carried out using a TCD detector. Before adsorption, the sample (2.0 ¢) as
heated to its calcinations temperature in air zero for 2 h (30 mL/min) and cooled to 30°C.
The adsorption of NH; was performed at 30°C. After saturation, the sample will be flushed
with He at this temperature for 1 h. TPD measurements was done from 35 to 800°C with a

heating rate of 10°C/min, using He as a carrier gas.

3.4.6 Transmission electron microscopy (TEM)

Transmission electron microscope (TEM) was used to study the morphology of
catalyst and dispersion of metal supported catalyst. TEM uses a beam of highly energetic
electron (voltage 80-120 kV) and signals from TEM depending on the sample density and
thickness. Electrons that pass through the sample without energy loss it shows bright filed
image and electrons are diffracted (scattered) by particles obtain dark-field images at

magnification of 100,000-120,000x.

3.5 Catalytic Activity testing

Gas phase catalytic conversion of Ethanol was investigated at atmospheric pressure
in a continuous fixed-bed reactor made with glass tube (8.0 mm O.D.). Schematic of the
catalytic testing rig is shown in Figure 3.1. The catalyst bed was packed in the middle of
the reactor and topped with glass wool and glass beads. The reactor was then installed
inside a temperature-controlled electrical furnace. The gas flows were controlled by the
mass flow controllers and checked by bubble flow meter. Before the catalytic testing, the
catalyst was activated by heating at 2°C/min to its calcinations temperature (450°C) and was
hold at that temperature for 1 hour under the stream of air zero (30 ml/min). Then N, was
flowed to eliminate the remaining air zero in the line. Finally, the gas stream was switched

to a flow of H, gas for reduction with a heating of 2°C/min to 400°C and hold for 5 hours.
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After that the reaction was run at 400+5°C for 6 hour. In each run, ethanol was passed
through the catalyst bed under a 30 mU/min flow of N,. The catalytic testing was continued
for at least 6 hours on stream. The reacted gaseous mixture was flowed out of the reactor
and passed through a gas sampling loop. In order to prevent condensation of products, the
line after reactor was heated by heating rods. Description of the reactor set up and the

reaction conditions are summarized in Table 3.2

Temperature Controller

Syringe pump

5

Tubs Furnace

To Ventilator
<

Glass tube

Electro thermal

Mass flow

Controller

Bubble
Flow meter

Figure 3.1 Schematic of the catalytic testing rig.
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Table 3.2 Description of the reactor set up and the reaction condition

Parameters Value
Reactor outside diameter (mm) 8
Bed length (mm) 5-25
Total flow (ml/min) | 30
Catalyst weight (g) 0.04—0.36
Contact time: W/F (g.h/mol) 5-42
Catalyst pallet size (um) 600-850
Catalyst activation (before reaction) Heating rate: 2°C/min

Calcination temperature: 450°C

Gas: air zero (30 m{/min)

Catalyst reduction (before reaction) Heating rate: 2°C/min
Reduction temperature: 400°C

Gas: Hydrogen (100 m/min)

Reaction temperature (°C) 325-500

Total reaction pressure Atmospheric pressure (1 atm)

3.6 Products analysis

The product analysis was generally performed using an online gas chromatograph.
The gas sample was collected in gas sampling loop, then periodically injected into GC
column (HP-5, 30 m length, 0.32 mm internal diameter, 0.25um film thickness) connected
to flame ionized detectors (FID). The following temperature program was used for the
analysis: holding at 35°C for 5 min, followed by the ramping to 85°C at the rate of 15°C/min.
holding for 2 min., then ramping to 220°C at rate of 10°C/min., before a final holding at
that temperature for 3 min. N, gas was used as a carrier gas. Each component was separated
as passed though the column with an inert carrier N, gas and their presence in the effluent

were recorded as a chromatogram. Each peak areas from the chromatogram was measured
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and calculated. Then each peak was identified by comparing with standard and the

composition of each product was determined by calibration of standard.
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4.1 Catalyst characterization
4.1.1 X-ray diffraction (XRD)
The catalysts prepared by wetness impregnation method after calcined at 450 °C

were determined by X-ray power diffraction technique (XRD). In order to identify the crystal

structure, 26 angle in XRD diffraction pattern of each catalyst were compared with those of
the reference diffraction pattern. The catalysts were scanned over the angle range (20)

from 5° to 90°. The X-ray powder diffraction patterns of the metal oxide supported on silica

catalysts are shown in Figure 4.1.

[
'Ww/\w WM o (2) 10% CuO/SiO,

PNty g

" X
g o
w \WW/O NiO/SiO,

| |
|
e e N ol (c) 10% Co,0,/Si0,

\’\ . z‘fw\“w‘d’:\‘}: J

Intensity (a.u.)

... (9 10% Ag,0/siO,

Figured.1 XRD patterns of CuO/SiO; (a), NiO/SIO; (b), Co/SiO, (c), and Ag/SiO, (d) catalysts.
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All catalysts show a broad peak at 26 around 22° attributed to amorphous silica.
In addition, the catalysts showed the diffraction peak at 35.5°, 38.7°, 48.9°, 58.5°, 61.8°,
66.4°, 68.1° for CuO, at 37.2°, 43.4°, 63°, 75.4°, 79.5° for NiO, at 31.3°, 36.9°, 44.7°, 59. a°,
65.4° for Cos0, and at 33.6° and 38.1° for Ag,O crystalline phase after calcination at 450 °C
[30-32]. It is clear that the oxide of Cu, Ni, Co and Ag is incorporated on silica. In addition,
the intensity of these diffraction peaks describes the crystallinity of metal oxide phase. The
high intensity reviews the larger crystallite size of metal oxide. This suggests the weak
interaction of metal oxide and silica support. It is clear that the intensity of metal oxide is
in order this: CuO/SiO,> NiO/SIO, > Co304/Si0,> Ag,0/SIO; catalyst. Accordingly, the metal
oxide dispersion should be in order of: Ag0/SiO; > Co304/ SiO; >NiO/SiO0; > Cu0/ SiO,

catalyst.

4.1.2 Elemental Analysis and Gas Adsorption

The elemental composition of the catalysts was determined by X- ray
fluorescence spectroscopy (XRF). The specific surface area of the catalysts was determined

by N, gas adsorption using BET method. The results are shown in Table4.1.

Table 4.1 Elemental analysis and gas adsorption characteristics of catalysts.

Catalysts *Sget % Metal loading
(m%g)

SiO, 363 -
Co/Si0, 242 10.0
Ni/SiO, 239 11.4
Cu/SiO, 229 7.8
Ag/SiO, 206 12.9

H-ZSM-5 (12.5) 404 -
H-ZSM-5 ((28 479 -
Ag/H-ZSM-5 ((28 322 2.1

* Determined by BET
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It can be seen that metal content in the catalysts is similar to the expected
loading; that is 10% wt. Variation of the loading obtained may be accounted for the
deviated concentration of metal precursor during preparation.

Silica support shows relatively high surface area of 363 m?/g. The surface area of

all 10% wt. metal supported catalysts is obviously decreased upon metal loading. Again,

2% wt. Ag/H-ZSM-5 (28) shown lower surface area (322 m?/g), as compared with H-ZSM-5

(28) (479 m?/g). However, all catalysts prepared by wetness impregnation method exhibits

comparatively high surface area.

4.1.3 Temperature Program Reduction (TPR)
Temperature programmed reduction profiles of Co/SiO,, Ni/SiO,, Ag/SIO, and
Cu/SiO, catalysts were investigated by Hy-temperature programmed reduction (Ho-TPR). The

H,- TPR profiles of those catalysts prepared by impregnation method are shown in

Figure 4.2.
(a) 10% NiO/SiO,
S5
S
g (b) 10% CuO/SiO,
S
(c) 10% Co,0,/SiO,
/-\-._..
(d) 10% Ag,0/SiO,
1 1 v i i I 4 1

T T L
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Temperature (°C)

Figure 4.2 TPR profiles of Ni/SiO, (a), Cu/SiO; (b), Co/SiO4(c), and Ag/SiO, (d) catalysts



broad peak at 400°C. For Cu/SiO, catalyst, two peaks at 275°C and 400°C are attributed to
the reduction of Cu?* to Cu'* species and Cu'* species to metallic Cu, respectively. For
Co/SiO, catalyst, two main reduction peaks at 300°C and 350°C are observed. The first peak
is assigned to the reduction of Cos04 to CoO, and the other is the subsequent reduction of
Co0 to metallic Co [33]. Moreover, the reduction peak around 750-850°C is observed, which
suggests the reduction of cobalt silicate species that requires high reduction temperature.

In the case of Ag/SiO,, the peak at 125°C and 220°C represents the reduction of Ag* to

26

As seen from Figure 4.2, the reduction of Ni?* to metallic Ni take places as a

metallic Ag [34].

4.1.4 NH;-Temperature Programmed Desorption (NH,-TPD)

Acid site in the catalysts has been investigated using NHs-TPD. Figure 4.3 shows

the NH5-TPD profiles for the H-ZSM-5 catalysts.

Signal (a.u.)

(@) H-ZSM-5 ratio12.5

(b) H-ZSM-5 ratio28

T

12 T L] 1 L} T T

I T T I v T
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.3 NH;-TPD profiles of H-ZSM-5 (Si/Al ratio = 12.5 and 28) catalysts
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The thermal desorption of physisorbed ammonia on the surfaces was observed

at 100°C for all catalysts. The low-temperature broaden peak (150-200°C) is attriputed to

the desorption of weakly bound ammonia on weak acid sites. The concentration of these
sites was of no catalytic importance [35-36]. While, the peak around 300-800 °C was the
ammonia desorption from the defect framework of alumina in the structure [ 37].

This is probably due to the bridging hydroxyl (Brdnsted acid) of the zeolite. In Figure 4.3,

intensity of the acid sites of H-ZSM-5 (12.5) was higher than that of H-ZSM-5 (28).
This is because H-ZSM-5 (12.5) consists of relatively higher aluminum content in the
framework; number of acid sites of H-ZSM-5 (12.5) is therefore greater than that in H-ZSM-

5 (28) as shown in Table 4.2.

Table 4.2. Number of acid site over various catalysts.

Number of acid site (mmol of NH3/g)

Catalyst
Weak Strong Total
H-ZSM-5 (12.5) 1.7 0.8 2.5
H-ZSM-5 (28) 0.4 03 0.7
Ag/H-ZSM-5 (28) 0.4 0.3 0.7

The Ag/H-ZSM-5 ( 28) catalyst prepared by wetness impregnation method also

shows NH4-TPD as seen in Figure 4.4.
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(a) H-ZSM-5 (28)
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Figure 4.4 NH5-TPD profiles of H-ZSM-5 (28) and Ag/H-ZSM-5 (28) catalysts

It was observed that acid sites of silver impregnated H-ZSM-5 are similar to
H-ZSM-5 with Si/Al ratio of 28 (Table 4.2). However, the ammonia desorption profile
slightly shifts to higher temperature indicating a higher acid strength in- this sample.
This is presumably because the interaction of the Br@nsted acid sites with the nearby

metallic sliver.

4.2 Ethanol dehydrogenation over metal supported catalysts
4.2.1 The effect of metal supported SiO,
The product distributions from the dehydrogenation of ethanol to ‘acetaldehyde

over Co/Si0,, Ni/SiO,, Ag/SiO, and Cu/SiO, catalysts were shown in Table 4.3
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Table 4.3 Product distributions from ethanol conversion over various metal catalysts

% Yields % Selectivity

Catalyst

Surface Area
(m2/g)
% Conversion
CH,
Acetaldehyde
CH,
Acetaldehyde

Cu/SiO, 229 36 0 36 0 100
Ni/SiO, 239 10.5 {2 33 68 32

Ag/SiO, 206 5.5 0.4 5.1 7.8 92

Co/SiO, 242 2.1 1.0 1.1 48 52

(Reaction temperature: 325°C, Feed rate: 0.3889 g¢/h of absolute ethanol,

W/F; 12 ¢.h/mol, Carrier gas; nitrogen)

It can be seen that Cu/SiO, gives a relatively high conversion and high selectivity

to acetaldehyde, as compared to those over the other metals. However, a severe

deactivation is observed as shown in Figure 4.5.
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Figure 4.5 Yield of acetaldehyde over various metal catalysts.

(Reaction temperature: 325°C, Feed rate: 0.3889 g/h of absolute ethanol,

W/F; 12 e.h/mol, Carrier gas; nitrogen)

The observed deactivation of Cu/SiO, catalyst is presumably due to sintering of
copper particles at high temperature. This is because Cu possesses weak interaction with
silica support, as suggested by high intensity of CuO phase in XRD pattern and low reduction
temperature in the TPR profile. TEM also reviews sintering of copper particles as shown

below.
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10 nm 1 T 10 _rnm

Figure 4.6 TEM images of the Cu/SiO: (A) fresh catalyst (20 nm), (B) spent catalyst
(20 nm), (C) fresh catalyst (10 nm), (D) spent catalyst (10.nm)

From Figure 4.6, the spent catalyst (B,.D). shows copper particle size of
approximately 2 nanometers diameter, as.compared.to 1 nanometer diameter of the fresh
catalyst (A, C). Therefore, it is clear that the increased copper particles support in line with
the observed decay of catalytic activity for Cu/SiO, [38]. For Ni/SiO, catalyst, ethanol
conversion was higher than that of Ag/SiO, and Co/SiO,. However, a significant yield of
methane was obtained presumably due to the hydrogenolysis activity of nickel metal. It is
possible that, over Ni/SiO, catalyst, ethanol could be dissociated on nickel surface forming
acyl intermediate that lead to decarbonylation to methane and carbon monoxide as shown

below.
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This is also the case for cobalt catalyst. 48 % selectivity to methane is observed
accordingly. Hence, Ni/SiQ; and Co/SiO, is not suitable for the dehydrogenation of ethanol
to acetaldehyde.

In the case of Ag/SiO,, a high selectivity to acetaldehyde is observed. It is possible
that the ethanol adsorbed on metallic Ag surface as ' (O)-alcohol species forming alkoxide
intermediate as shown below. The dehydrogenation of this species can lead only to the

formation of acetaldehyde.

HC, HC, N cH ‘7
we—ol\\ C, 17 Sl T g [0 Tl s /2
V222722277272 CzzrrbItEn 7P SR ! H

alkoxide intermediate acetaldehyde

Accordingly, the selectivity of product appears to depend on adsorption mode
of ethanol on metal surface, particularly the #:species, thatleads only to the formation of

acetaldehyde. The #* species lead to methane and carbon monoxide formation as

demonstrated below.
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Nickel and cobalt catalysts favor to the formation of #* species while copper and

silver catalyst promotes #' species. Since, no deactivation is observed for silver catalyst, it

will be selected for further investigation.
4.2.2 The effect of temperature
The effect of temperature on ethanol conversion over Cu/SiO, and Ag/SiO,

catalyst was investigated as shown in Table 4.4 and Figure 4.7.

Table 4.4 The effect of reaction temperature with conversion of ethancl over Cu/SiO,

catalyst.
% Yield
Temperature ‘
% Conversion
(°O) CH, Acetaldehyde
400 34.9 0.4 34.5
500 57.0 5.0 52.0

(Reaction temperature: 400-500°C, Feed rate: 0.5523 g/h of absolute ethanol,

W/F; 15 e.h/mol, 166 ml/min hydrogen, initial time on stream; 55 minutes)
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From Table 4.4, the conversion of ethanol and yield of methane and
acetaldehyde was increased with temperature. As the reaction temperature increased,
more methane is produced from ethanol decarbonylation resulting in declining of the

selectivity of acetaldehyde. It suggests that at high temperature, the catalyst promotes

decarbonulation as a undesired side reaction.
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Figure 4.7 The effect of reaction temperature with conversion of ethanol over

Ag/SiO, catalysts.

(Reaction temperature: 325-375°C, Feed rate: 0.3889 ¢/h of absolute ethanol,

W/F;: 12 g.h/mol, 30.ml/min nitrogen, Average time.on stream; 150-230 minutes)

For Ag/SiO, catalyst (Figure 4.7); the ethanol conversion to both acetaldehyde
and methane is increased with the reaction temperature likewise Cu/ SiO,. At low
temperature, ethanol is slightly converted to methane. Again, this is because the
decarbonylation required relatively higher activation energy, as compared to the
dehydrogenation. Therefore, the selectivity of acetaldehyde is high at low temperature. As
both dehydrogenation and decarbonylation is endothermic, the reaction prefers at high

temperature.
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4.2.3 The effect of contact time

The conversion of ethanol and yield of products over Ag/SiO, catalyst at various

contact times are shown in Figure 4.8.

60

50

40

30 i Conversion

—te— CH4

% Conversion & Yield

20 —&— Acetaldehyde

10

‘Hﬂ
0 L ¥ 4 d . F 1 oo L
(0] 6 12 18 24 30 36
Contact time (geh/mol)

Figure 4.8 Conversion of ethanol and yields of product over Ag/SiO, catalysts.

(Reaction temperature: 350°C; Feed rate: 0.3889 ¢/h of absolute ethanol,

W/F: 13,20 ~ 35.58 g.h/mol, 30 ml/min nitrogen)

From Figure 4.8, it can be seen that the conversion of ethancl is increased with
contact time. The result is generally expected since increasing contact time allows a better
chance for the reactant tointeract with the catalyst active sites. Considering the products
yield, it is observed that atlow. contact time; ethanol can be converted mainly to
acetaldehyde and very small amount of methane. As discussed earlier, acetaldehyde is
produced by dehydrogenation of r' (0)-alcohol species while methane is produced by
decarbonylation of acyl intermediate derived from #? (C, O)-alcohol species. This suggests
that over metallic Ag surface, ethanol preferentially adsorbed in #* mode, as compared to
#* mode. However, some - species is formed and hence; methane are generated in parallel

At contact time higher than 36 g.h/mol, the catalytic activity seems to approach
saturated kinetics. No significant increase in conversion can be obtained [39]. Accordingly,

the contact time of 36 g.n/mol is chosen for further study.
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4.3 Ethanol conversion over H-ZSM-5

Although Ag/SiO, catalyst seems to be selective for the production of acetaldehyde,
none of high molecular weights compounds can be observed over single silver catalyst.
Hence, modification of the catalyst by the adding acid function is required to promote aldol
condensation and oligomerization of the acetaldehyde produced. This shall lead to the
subsequent formation of long chain hydrocarbon. However, acid catalyst alone can
promote ethanol to hydrocarbons. Hence, the effect of acid site in H-ZSM-5 catalyst on the

conversion of ethanol without metal catalyst is preliminarily evaluated.

4.3.1 The effect of contact time

The conversion of ethanol over H-ZSM-5 (12.5) was carried out at contact times

of 5-15 g.h/mol at 400°C.-The product distribution as a function-of the contact time is

shown in Figure 4.9
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Figure 4.9 Product distributions from ethanol conversion over H-ZSM-5 (12.5)
(Reaction temperature: 400°C, Feed rate: 0.3889 ¢/h of absolute ethanol,

W/F; 5 - 15 g.h/mol, 30 ml/min nitrogen, Average time on stream; 150-230 minutes)
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The results reveal that despite the high conversion of ethanol is observed, only
ethylene was produced at low contact time. Ethylene cannot be converted to higher
hydrocarbons as the rate of ethylene oligomerization is relatively low, when compared to
the rate of ethanol dehydration. This is because the ethylene oligomerization initially
proceeds via the formation of primary carbocation [40]. As, the acid site is generally
saturated with ethanol and water from dehydration, protonation of the ethylene formed is

somewhat inhibited. However, as the contact time is increased, ethylene can oligomerized
to mixture of higher hydrocarbon species (hydrocarbon pools) that undergo double bond
isomerization, alkylation, cracking, ~cyclization and aromatization over H- ZSM- 5.
Consequently, yield of ethylene is notably decreased, while yield of higher hydrocarbons
such as light hydrocarbons (C3- Cs), BTX aromatic, Cy and Cyo higher. hydrocarbons is

increased. The detail of product yield is tabulated in Appendix B. The reaction pathway for

the production of long chain hydrocarbon and aromatic over H-ZSM-5 can be proposed as

below:

HC
2 2

/ +H,0 \
/\ " (:4 ———3 Hydrocarbon pootls ]
NN 2 7 i s ¢
+H,0 c /

X

A
cH 1|" \ b
‘ 24/ Z
Coke
e A/’

Since the contact time of 10-g. h/ mol initially~shows activities for ethylene

oligomerization, it is chosen for further study.

4.3.2 The effect of Si/Al ratio of H-ZSM-5
The effect of Si/Al ratio of H-ZSM-5 has been investigated using catalyst with Si/Al

ratio of 12.5 and 28 as shown in Table 4.5.
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Table4.5 Product distributions from ethanol conversion over H-ZSM-5 ratio 12.5 and 28

% Yields
Si/Al ]
ratio of b 5 o <
g 0§ 23 EV o x ¢ 5 %
H-ZSM-5 S 2 e ¥ I T @ g Yo
& (&)
12.5 100 84 3.8 0.9 2.6 0.7 4.8 28
28 100 91 22 0.1 1.4 0 3.0 1.9

(Reaction temperature: 400°C, Feed rate: 0.3889 g/h-of absolute ethanol,

W/F of H*; 10-e.h/mol, 30 mU/min nitrogen, Average time on stream;

150-230 minutes)

It can be seen that 100% conversion was observed forboth catalysts. This means
that those acid catalysts are active and in excess for ethanol conversion. However,
hydrocarbon yield is decreased with decreasing acidity (higher Si/Al ratio) presumably due

to the decrease in ethylene oligomerization. Again, this is because this reaction proceeds
initially via the formation of primary carbocation that-is activate over the acid site. As the
acidity is decreased, the formation of intermediate hydrocarbons is suppressed. Moreover,
the formation of hydrocarbon pools required close site proximity. Hence, as the acidity is

decreased, appropriate site proximity for hydrocarbon production is also diminished. [41].

4.3.3 The effect of temperature
The effect of temperature on ethanol conversion over H-ZSM-5 (12.5) was

investigated as shown in Figure 4.10.
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Figure 4.10 Hydrocarbon product distributions from ethanol conversion

over HZSM-5 (12.5) at (a) 400°C and (b) 425°C
(Reaction temperature: 400-425°C, Feed rate: 0.3889 g/h of absolute ethanol, W/F of H';

10 g.h/mol, 30 mi/min nitrogen)

It is found that the 100 % conversion is obtained for both temperatures despite

only contact time of 10 g:h/molis used. However, a severe deactivation is observed at high
temperature (425°C). This is presumably because at high temperature the formation of
higher molecule weight deposit is largely promoted on the catalyst surface, blocking pores
and access of the feed to strong acid sites [42]. This is in-line with the observed high yield
of BTX initially. Therefore, it can be considered that at lower temperature (400°C), the

formation of coke can be somewhat suppressed.

4.4 Ethanol conversion over silver incorporated support

Although, H-ZSM-5 has excellent dehydration to ethylene but it is a poor catalyst
for oligomerization and reforming to form higher hydrocarbons at this reaction condition.
This is due to the lack of dehydrogenation activities. Therefore, the addition of metal
species is required. From the result in section 4.2, metallic silver is chosen in this study for

enhancing dehydrogenation activity of the catalyst.
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4.4.1 The effect of metallic silver

The product distribution from ethanol conversion over H-ZSM-5 (28), physical
mixture of Ag/SiO, + H-ZSM-5 (28) and silver impregnated H-ZSM-5 (28) catalyst were shown

in Table 4.6

Table 4.6 Product distributions from ethanol conversion over H-ZSM-5 (28), physical

mixture of 10%wt. Ag/SiO, + H-ZSM-5 (28) and impregnation Ag/H-ZSM-5 (28)

o % Yields
e 5
o = 2 ()] -
+— Q
Catalyst & 3 E g @ 2>~ £
t YfEL o 9 @ o D— = WN\\y ¢
(o) r— () > E _>l\ ' 0 ~ (9] S
&) © £ © 8 ol (@) @) o
on o ] *&‘, E;
< Y o
< (=)
H-ZSM-5
100 91 - 2.2 0.1 1.4 0 30« W9
(28)
Ag/SiO, +
0.06 98 43 18 3.6 0.9 11 VA 13 6.7
H-zsM-5 (28)
Ag/H-ZSM-5
0.02 98 48 14 3.5 0.9 11 2.4 12 5.0
(28)

(Reaction temperature: 400°C; Feed rate: 0.3889-¢/h of absolute ethanol,

W/F of H*; 10 g.h/mol, 30 ml/min nitrogen, Average time on stream; 150-230 minutes)

Silver impregnated H-ZSM-5 (28) shows high conversion and hydrocarbon yields

close to the physical mixed Ag/SiO, + H-ZSM-5 (28) despite the silver loading is much less.

This suggests that Ag/H-ZSM-5 is more active than the physical mixed Ag/SiO; + H-ZSM-5,

presumably due to the close proximity of silver and acid site. Moreover, it is clearly seen
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that ethylene is significantly decreased while acetaldehyde and hydrocarbon yields are

increased, as compared to H-ZSM-5 (28). This suggests that the presence of silver in the

catalyst can promote dehydrogenation of ethanol to acetaldehyde and/ or ethylene
oligomerization or both. Ethanol can be dehydrogenated to acetaldehyde over metallic
silver. The acetaldehyde is readily coupled with other acetaldehyde through aldol
condensation to higher aldehyde over acid site, followed by hydrogenation to higher
alcohol. The higher alcohol can be readily dehydrated into unsaturated hydrocarbons. After
that, the hydrocarbon is protonated then oligomerized with other unsaturated
hydrocarbons to formed long chain-hydrocarbons. It.can.be reformed to aromatic

compounds as purposed below.

7 H, 0 H,0 0 +2H, HO \
Pt — L B PR AU o ¥
2 H i :
Ethanol — Ag” “albhyger | B Cromnaidenyde e A R = T udey
O
1:2'DiMethy|CyClohexane H/u\/
A - H
+ + 3t H, )\
P e
Ag Ag @
Oxylene P xylene
M Xylene

Alternatively, ethylene, formed by dehydration over acid site, can readily interact
with metallic silver that also facilitate the oligomerization over. a proximate acid site.
Moreover, silver loaded catalyst can enhance C-H bond cleavage which would promote
dehydrocyclization of long chain hydrocarbon to aromatics [43]. The systematic catalytic

pathway was demonstrated as scheme below.
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In line with above mentioned, high yield of aromatic_hydrocarbon is largely

observed over catalyst containing silver

4.4.2 The effect of contact time of Ag/H-ZSM-5 (28)

In order to verify the role of 'sitver and reaction pathway, the conversion of

ethanol over Ag/H-ZSM-5 (28) was carried out at contact times of 5-42 g.h/mol at 400°C.

The product distribution as a function of the contact time is shown in Figure 4.11
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Figure 4.11 Conversion of ethanol and yields of product over Ag/H-ZSM-5 (28) catalyst.
(Reaction temperature: 400°C, Feed rate: 0.3889 ¢/h of absolute ethanol,

W/F; 5 = 42 ¢.h/mol, 30 mi/min nitrogen)

At low contact time, ethanol is mainly dehydrated to ethylene and some is
dehydrogenated to acetaldehyde. However, no significant yield of higher hydrocarbons is
observed. This is because a limited number of acid sites for ethylene oligomerization and
the aldol condensation of acetaldehyde cannot be readily facilitated. The available acid
sites only activate ethanol dehydration to ethylene while silver promotes dehydrogenation
to acetaldehyde. When the contact time is increased to 10-15 g.h/mol, ethylene is notably
converted to higher hydrocarbons; C9, C10 and BTX as main products. From Table 4.6,
it can be seen that, the hydrocarbon yields from Ag/H-ZSM-5 (28) are significantly higher
than that over H-ZSM-5 (28). This is possibly due to dehydrogenation of ethanol to
acetaldehyde enhanced the acid strength of Ag/H-ZSM-5 (28) (Figure 4.4), as compared to
that H-ZSM-5, and conversion of both ethylene and acetaldehyde to higher hydrocarbons.

The interaction of silver with the ethylene initially formed that promote oligomerization.
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At the same time, the dehydrogenation of ethanol to acetaldehyde should also be
enhanced as the amount of silver is increased. However, only small increase in
acetaldehyde is observed. This suggests that some of acetaldehyde may convert to higher
hydrocarbon via aldol condensation. Nevertheless, rate of aldol condensation is somewhat
slower than that of ethylene oligomerization at this range of contact time. This is because
ethylene is initially produced in larger fraction, as compared to acetaldehyde. Accordingly,

there is a higher probability for the acid site to interact with ethylene. As the contact time
is further increased (25-40 g.h/mol), ethylene consumption is somewhat limited while

acetaldehyde is virtually converted to Cyo and BTX. It is suggested that the increase silver

content in the catalyst bed largely promotes ethanol dehydrogenation to acetaldehyde

that undergo aldol condensation over the acid sites. At this range of contact time (25-40

g.h/mol) Cy, and BTX is boosted with'a complete conversion of acetaldehyde, while yield

of Cy and ethylene remain unchanged. Therefore, it is likely that Co and some of BTX are
derived from the aldol condensation of acetaldehyde, while Cq is derived mainly from
ethylene oligomerization. In addition,. the catalyst seems to be more active for aldol
condensation, at high contact time. This is because the activation of acetaldehyde to form
the enol intermediate is readily facilitated, as compared to the deprotonation of ethylene
to form a primary. carbocation despite the oligomerization  also promoted by silver, as
discussed previously. The overall reaction pathway for conversion of ethanol to gasoline

over Ag/H-ZSM-5 catalyst can be proposed below;
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5.1 Conclusions

The catalytic deoxygenation of glycerol to 1-propanol was studied using sequential
bed system. In the upper bed, H-ZSM-5 (Si/Al=12.5) is used as a catalyst for dehydration of
glycerol. Acolein and hydroxyacetone is a major and minor product, respectively. In the
lowerbed, support ed Ni catalysts-areused for su b sequently-hydrogenation of acrolein to
1- It was found that propionaldehyde is .propanolan importantintermediat eto produce
the major product propanol-1 via hydrogenation, while -propaneic acidiisa minor product
obtained .from water reduction Interaction between metal and support significantly affects
the hydrogenation activity and yield of 1-propanol in'the lower catalytic bed. The orders
of hydrogenation activity of supported Ni.catalysts are as-following: Ni/Al,Os > Ni/TiO, >
Ni/LDH > Ni/SiO,>"Ni/MgO > Ni/C. The high activity of Ni/Al,Os'is due to-the high Ni
dispersion on the catalyst surface: The activity of Ni/TiO; catalyst can be also ascribed by
high dispersion of Ni due to the strong metal support interaction ‘effects (SMSI)." Ni/LDH
contains Al-O-Mg layers, which promotes the high dispersion of Ni on-alumina phase. It is
noted that activity of Ni/ SiO,is due to' its high surface area, white Ni/MgO possesses low
surface area and low metal-support interaction. Ni/Cpresents poor Ni dispersion and hence,
low activity. At low temperature (100°C), propionaldehyde is found as a main product
because activation energy for-C=Q hydrogenation is insufficient.” As the temperature is
increased (120-200°C), it is noticed that yield-of 1-propanol and propionaldehyde is similar
for all tested temperature, presumably due to the saturated kinetics for hydrogenation-
dehydrogenation over large Ni particle. However, at temperature > 200°C the
decarbonylation of propionaldehyde yielding ethylene and carbon monoxides is promoted.
The deactivation of catalyst is observed due to deposition of high molecular weight product

on the catalysts.
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5.2 Suggestions for Future Studies
5.2.1) The elimination of silanol group of H-ZSM-5 from glycerol dehydration in the

first bed likely increases yield of acrolein that is major product.

5.2.2) Changing feed solvent from water to others is interested to decrease the yield

of by-product propanoic acid from water reduction in second bed.
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CHARACTERIZATION OF CATALYSTS

1. X-ray diffraction
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2. X-ray fluorescence

Table Al Elemental composition of 10%wt. CuO/SiO, catalyst

SiO, CuO Intensity Scal
70.9 KCps 211.4 KCps
89.70% 9.76% 0.9165

Table A2 Elemental composition of 109%wt. NiO/SiO, catalyst

SiO, NiO Intensity Scal
972.7 KCps 4157.3 KCps
84.80% 14.50% 0.9150

Table A3 Elemental composition of 10%wt. Co304/SiO, catalyst

SiO, CoO Intensity Scal
999.6 KCps 3019.5 KCps
86.50% 12.80% 0.9595

Table A4 Elemental composition of 10%wt. Ag,O/SiO; catalyst

SiO, AgO Intensity Scal
1044.5 KCps 277.2 KCps
85.50% 13.80% 0.9272

Table A5 Elemental composition of Ag,0/H-ZSM-5 ratio 28 catalyst

SiO, AL,O, AgO Intensity Scal

65.7 KCps 2.1 KCps 27.9 KCps
80.70% 2.44% 2.34%




57

Example of elemental composition calculation from Table Al
Mole of each compositions:
Si0, = 89.70 g / (60.080 g¢/mol) = 1.4930 mol
CuO = 9.760 g / (79.545 g/mol) = 0.1227 mol
Weight of each elementals:
Si = 1.4930 mol x (28 ¢/mol) = 41.8040 ¢
Cu = 0.1227 mol x (63.55 ¢/mol) = 7.7975 ¢

Example of elemental composition calculation from Table A5
Normalize of each composition:
Si0, = SiO, / (SiO; + Al,O5 + AgO)
= 80.70 / (80.70+ 2.44 + 2.34)
= 94.40%
ALO; = ALOs / (SiO; + ALO; +AgO)
= 2.44 /(80.70 + 2.44 + 2.34)
= 2.85%
AgO = AgO / (SiO, + ALO; + AgO)
= 2.34 /(80.70 + 2.44-+ 2.34)
= 2/73%
Mole of each compositions:
Si0, = 94.40 g / (60.080 g/mol) = 1.5712 mol
ALO; = 2.85.¢ 7 (101.960 g/mol) = 0.0279 mol
AgO = 2.73 ¢ /.(139.87 g/mol) = 0.0195 mol
Weight of each elementals:
Si = 1.5712 mol x (28 g/mol)=43.9936 ¢
Al = 0.0279 mol x (2 x 27 g/mol) = 1.5066 ¢
Ag = 0.0195 mol x (107.87 g/mol) = 2.1034 ¢
Si/Al ratio of H-ZSM-5 support:
Si/Al = 1.5712 mol / (0.0279 mol x 2) = 28.1577
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3. Gas adsorption analysis
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4. Temperature programmed reduction
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5. Temperature programmed desorption
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6. Transmission electron microscopy

10 nm
————

Fig.A20 Transmission electron microscope of fresh'10%wt. Cu/SiO, catalyst (A, C)
and spent 10%wt. Cu/SiO, catalyst (B, D)
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AMARUIN U

GAS CHROMATOGRAM

Analysis gas product from gas chromatography

Prior analysis, GC-MS (gas chromatography with mass spectrometer detector)
was used to identify the structure of products in the sample and the GC-FID (gas
chromatography with flam ionization detector) was used to determine the quantitative of

the product with the condition expressed in Table B1.

Table B1 The GC condition for quantitative analysis

Column HP-5, 30 m x 0.32. mm x 0.25 um

Temperature program 35°C (5 min hold) to 85°C.(2 min hold)
at 15°/min and ramp to 220°C (3 min
hold) at 10°%/min

Carrier gas Nitrogen gas, flow rate 30mi/min
Injector temperature 150 °C
Detector temperature FID at 230 °C

Ethylene
7

Acethaldehyde

Rﬂ‘an.\l

|
' Light Hydrocarbon
|

Dicthyl ether

Fig. B1 Chromatogram of hydrocarbon products at contact time 10 g.n/mol
Reaction condition; Catalyst: A¢/H-ZSM-5, Temperature: 400°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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Table B2 Chromatogram data of standard product and feed

Component

Retention time

Structure of Product

Ethylene

3.766

ethylene

Acetaldehyde

3.85

i

acetaldehyde

Ethanol

4.066

e N

ethanol

Light Hydrocarbon

4.166

Diethyl ether

4.283

<N

diethylether

Ce

4.583 - 5,266

K

2-methyl-pentane

__O

methyl-cyclopentane

g3

benzene

(4.583)

(5.016)

(5.266)

G

565-8.116

s

1,1-dimethyl-cyclopentane

e

1.5-dimethyl-cyclopentene

—)

methyl-cyclohexane

A

ethyl-cyclopentane

(5.65)

(6.566)

(6.816)

(7.233)
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: i (7.733)
1-methylethylidene-cyclobutane
:_'—_: (8.116)
toluene
Cs 9.066 — 11.366 ‘é‘:‘ (9.066)
1.2.3-trimethyl cyclopentane
::: (10.55)
p-xylene
/@\ (10.75)
m-xylene
2 (11.36)
o-xylene
Co 13;1=13.883 2 (13.1)
1-ethyl-2-methyl-benzene
/Oi (13.216)
1,2.4-trimethyl-benzene
\—Q‘ (13.55)
1-ethyl-4-methyl-benzene
(13.883)

Q

mesitylene
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Cio 14.6 — 15.966 \ :::
1.4-diethyl-benzene
(14.6)
1-methyl-4-propyl-benzene
(15.166)
\_Cé (15.3)
1-ethyl-3.5-dimethyl-benzene
E (15.816)
1-ethyl-2.4-dimethyl-benzene
/C(/ i
2-cthyl-1 4-dimethyl-benzene
Cu 16.466 — 20.283

ARE

1-ethyl-2.4,5-trimethyl-benzene
(16.466)

e

2,3-dihydro-4,7-dimethyl-1H-Indane

(18.033)

ol

2.3-dihydro-1,6-dimethyl-1H-Indane

(18.283)




71

LX)

1.2,3.4-tetrahydro-6-methyl-naphthalene

(18.733)

o

2-methyl-naphthalene

(19.65)
Ci2 20:55 - 21.516 /“\ (20.55)
2,7-dimethyl-naphthalene
‘ (21.516)
1,3-dimethyl-naphthalene
Ci13 22,1, +22.683




72

MANUIN A

CALCULATION

Calculation of catalytic parameters

Contact time (W/F)
Weight of catalysts (g)

W/F =
Mole of reactant feed (i mol/ h)

Example
In the reaction using 0.0085 mol/h of ethanol in feed and using 0.3092 grams of

catalyst, the W/F is calculated as follow:
W/F = [0.3092 (g) /0.0085 (mol/h)]
= 36 g.n/mol

In similar manner; W/F of catalyst with different catalyst weight and different feed

rate are calculated.

Calculation of % yield of products from gas chromatography

Table C1 the summation of the peak area for products.

Product Peak area
Methane 12.7010
Acetaldehyde 100.3280
Ethanol (Feed) 289.1000
Total 402.129

*In formation of 10%Ag/SiO,, Temperature 350 °C, Contact time 36 g.h/mol, time on

steam = 30 minutes

In normalization method, the areas of all eluted peak were computed areas for
differences in the detector response to different compound types. The concentration of

the analyzed was found from the ratio of its area to the total area of all peaks.
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Calculate the percent yield of each component in sample as follows:

Peak areaof Yx 100
Total area

%Yield in each product =

When Y is each product.

For example;

100.328x100

%Yield of Acetaldehyde =
402.129

=25

The percent yield of each product obtained from above calculation is shown in Table C2.

Table C2 %yYield of product derived by normalization method.

Product % Yield

Methane B

Acetaldehyde 25

Ethanol (Feed) 72

Total 100
Conversion

%Conversion can be calculated from the following equation:

(Area total—Areafeed x 100)
Area total

%Conversion =

For example;

(402.129-289) x 100
402.129

%Conversion =

= 28
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Selectivity

%Selectivity can be obtained from the following equation:

»Yield of each product x 100
»Conversion

%Selectivity in each product =

For example;

25x100

%Selectivity of acetaldehyde = T

= 89
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AMANUIN 3

REACTION DATA

D1 : Ethanol dehydrogenation over metal supports catalysts.

D1.1 Effect of metal

Table D1 Product distribution from the reaction of ethanol over 10%wt. Ag supported

SiO,
Time on stream Conversion Yield of Yield of CH,
(h) (%) acetaldehyde (%) (%)
30 5.5 5.1 0.4
60 5.3 4.9 . 04
90 4.5 a3 0.2
120 4.4 4.2 0.2
150 5.1 4.9 0.2
180 5.0 4.6 0.4
210 5.0 4.7 0.3
240 4.8 4.5 0.3
270 4.6 4.3 0.3
300 4.5 4.3 0.2
330 4.4 4.1 0.4
360 4.1 4.0 0.2

Reaction condition; Temperature: 325°C, W/F; 12.7508 ¢.h/mol, Feed rate: 0.3889 ¢/h of

absolute ethanol, Carrier gas; 30ml/min of nitrogen, Ambient pressure
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Table D2 Product distribution from the reaction of ethanol over 10%wt. Ni supported

SiO,
Time on stream Conversion Yield of Yield of CH,
(h) (%) acetaldehyde (%) (%)
30 10.5 3.3 7.2
60 6.5 3.1 3.4
90 5.6 2.6 29
120 5.8 24 33
150 58 24 3.4
180 5.6 23 3.3
210 5.8 24 3.4
240 6.3 23 4.0
270 7.4 2.7 4.7
300 7.6 2.7 4.9
330 7.9 2.7 52
360 6.7 2.1 4.5

Reaction condition; Temperature: 325°C, W/F; 12.4788 g.h/mol, Feed rate: 0.3889 ¢/h of

absolute ethanol, Carrier gas; 30ml/min of nitrogen, Ambient pressure
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Table D3 Product distribution from the reaction of ethanol over 10%wt. Co supported

SiO,
Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
30 20 1.1 1.0
60 25 1.5 1.0
90 24 14 1.0
120 24 1.3 1.0
150 22 1.2 1.0
180 1.7 0.9 0.8
210 2.2 1.2 1.0
240 21 1.2 0.9
270 21 1.2 0.9
300 20 1.2 0.9
330 2.1 1.2 0.9
360 1.5 0.8 0.7

Reaction condition; Temperature: 325°C, W/F; 11.8992 g.h/mol, Feed rate: 0.3889 ¢/h of

absolute ethanol, Carrier gas; 30ml/min of nitrogen, Ambient pressure
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Table D4 Product distribution from the reaction of ethanol over 10%wt. Cu supported
Si0,

Time on stream Conversion Yield of Yield of CHyq
(h) (%) acetaldehyde (%) (%)
30 ‘ 35.5 35.5 0.0
60 32.0 32.0 0.0
90 35.1 35.1 0.0
120 26.2 26.2 0.0
150 22.6 22.6 0.0
180 20.4 20.4 0.0
210 14.9 14.9 0.0
240 9.7 oF 0.0
270 T 7.7 0.0
300 6.6 6.6 0.0
330 54 5.4 0.0
360 a.7 a7 0.0

Reaction condition; Temperature: 325°C, W/F; 12.2540 g.h/mol, Feed rate: 0.3889 ¢/h of

absolute ethanol, Carrier gas; 30ml/min of nitrogen, Ambient pressure
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D1.2 : Effect of Reaction Temperature
D1.2.1 : Ag/SIO,

Table D5 The yield of ethanol dehydrogenation at 325°C

Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
30 5.5 5.1 0.4
60 53 4.9 0.4
90 4.5 4.3 0.2
120 4.4 4.2 0.2
150 5.1 4.9 0.2
180 5.0 4.6 0.4
210 5.0 4.7 0.3
240 4.8 4.5 0.3
270 4.6 4.3 0.3
300 4.5 4.3 0.2
330 4.4 4.1 0.4
360 4.1 4.0 0.2

Reaction condition; Catalyst: 10%wt. A¢ supported SiO, W/F; 12.7508 ¢.h/mol,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 g/h of absolute ethanol,

Ambient pressure
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Table D6 The yield of ethanol dehydrogenation at 350°C

Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
30 30.0 279 2.1
60 32.6 31.2 1.4
90 32.1 30.3 1.8
120 30.1 28.5 1.6
150 31.4 29.9 1.6
180 31.8 30.7 1.1
210 31.1 29.6 1.5
240 31.5 30.2 14
270 321 30.6 1.6
300 32.2 30.6 1.6
330 30.7 29.0 1.7
360 31.5 30.0 1.5

Reaction condition; Catalyst: 10%wt. Ag supported SiO, W/F; 13.2003 ¢.h/mol,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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Table D7 The yield of ethanol dehydrogenation at 375°C

Time on stream Conversion Yield of Yield of CHq
(h) (%) acetaldehyde (%) (%)
30 36.6 30.5 6.0
60 333 29.9 34
90 335 30.0 35
120 35.9 31.8 4.1
150 35.1 30.4 4.7
180 32.4 29.4 3.0
210 ] 313 3.9
240 38.5 34.7 3.7
270 37.9 34.5 3.4
300 33.9 31.3 2.6
330 39.5 34.6 5.0
360 34.9 32.3 2.6

Reaction condition; Catalyst: 10%wt. Ag supported SiO, W/F; 13.2594 g.h/mol,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 g/h of absolute ethanol,

Ambient pressure
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D1.2.2 : Cu/SiO,

Table D8 The yield of ethanol dehydrogenation at 400°C

Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
55 34.9 34.5 0.4
95 304 30.1 0.3
135 254 25.1 0.3
175 21.6 214 0.2
215 20.8 20.6 0.2
255 17.4 17.2 0.2
295 13.8 13.6 0.2
335 115 11.3 0.2
375 10.7 10.5 0.2
415 9.9 9.7 0.2
455 8.4 8.3 0.1

Reaction condition; Catalyst: 10%wt. Cu supported SiO, W/F; 15.1751 ¢.h/mol,
Carrier gas; 166ml/min of nitrogen, Feed rate: 0.5523 ¢/h of absolute ethanol,

Ambient pressure
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Table D9 The yield of ethanol dehydrogenation at 500°C

Time on stream Conversion Yield of Yield of CHy4
(h) (%) acetaldehyde (%) (%)
15 67.4 61.6 58
55 56.9 52.0 4.9
95 53.2 48.0 5.2
135 50.0 46.3 3.7
175 47.2 42.3 4.9
215 49.9 45.3 4.6
255 49.1 44.6 4.5
295 48.5 44.1 4.4

Reaction condition; Catalyst: 10%wt. Cu supported SiO, W/F; 15.1418 ¢.h/mol,
Carrier gas; 166ml/min of nitrogen, Feed rate: 0.5523 g/h of absolute ethanol,

Ambient pressure
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D1.3 Effect of Contact time

Table D10 The yield of ethanol dehydrogenation at contact time 13 ¢.h/mol

Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
30 30.0 279 2.1
60 32.6 31.2 14
90 32.1 30.3 1.8
120 30.1 28.5 1.6
150 314 299 1.6
180 318 30.7 11
210 31.1 29.6 1.5
240 31.5 30.2 14
270 32.1 30.6 1.6
300 32.2 30.6 1.6
330 30.7 29.0 1.7
360 315 30.0 1.5

Reaction condition; Catalyst: 10%wt. Ag¢ supported SiO, Temperature: 350°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 g/h of absolute ethanol,

Ambient pressure
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Table D11 The yield of ethanol dehydrogenation at contact time 27 g.h/mol

Time on stream Conversion Yield of Yield of CHq
(h) (%) acetaldehyde (%) (%)
30 50.6 48.0 2.6
60 50.3 48.9 1.4
90 49.5 47.9 1.6
120 56.2 54.2 2.0
150 534 51.6 1.8
180 529 51.3 1.5
210 52.9 50.8 21
240 52.6 BY2 1.4
270 37.3 36.4 0.9
300 39.7 38.5 1.2
330 52.7 50.7 20

Reaction condition; Catalyst: 10%wt. A¢ supported SiO, Temperature: 350°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 g/h of absolute ethanol,

Ambient pressure
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Table D12 The yield of ethanol dehydrogenation at contact time 36 g.n/mol

Time on stream Conversion Yield of Yield of CH,4
(h) (%) acetaldehyde (%) (%)
30 57.1 55.6 1.5
60 56.8 54.9 1.9
90 56.2 54.7 1.5
120 57.8 56.6 1.2
150 55.2 54.0 1.2
180 55.9 54.5 1.4
210 520 53.7 1.7
240 57.1 55.9 1.2
270 56.5 55.5 0.9
300 453 44.5 0.8
330 56.1 55.1 1.0
360 53.5 521 14

Reaction condition; Catalyst: 10%wt. Ag supported SiO, Temperature: 350°C,
carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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D2 : Ethanol dehydration over H-ZSM-5 catalysts.

D2.1 : Effect of Reaction Temperature

Table D13 The yield of ethanol dehydration at 400°C

Time % Yields
%
on Light
Conversion Ethylene  DEE BTX C6-C8 C9 Cl0+
steam H/C
30 97.7 66.9 4.1 1.4 4.9 2.9 8.4 9.1
70 98.3 76.2 3.5 1.2 N, 1.8 6.5 5.6
110 98.1 78.0 3.9 1.3 3.4 2.0 6.0 3.5
150 98.1 79.0 4.2 1.4 217 1.9 53 3.5
190 98.0 81.3 3.7 1.3 25 1.9 4.6 2.7
230 98.2 83.5 3.6 15 2.1 1.2 4.1 2.1
270 98.0 82.2 3.8 13 2.2 1.9 4.2 2.4
310 97.9 81.7 4.2 1.5 20 2.1 4.1 23
350 97.8 81.8 4.3 1.4 1.8 A1 3.7 2.7
390 97.8 82.4 4.3 = 1.8 23 3.6 1.8

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 12.5, W/F; 10 ¢.h/mol,

Carrier gas; 30m{/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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Table D14 The yield of ethanol dehydration at 425°C

Time % Yields
%
on Light
Conversion Ethylene  DEE BTX C6-C8 C9 C10+
steam H/C
30 100.0 55.5 0.9 0.3 12.2 1.8 143 150
70 100.0 88.3 3.1 13 2.2 2.2 2.1 0.8
110 100.0 89.7 23 0.0 35 23 1.5 0.7
150 100.0 91.7 25 1.1 1.3 1.7 0.9 0.7
190 100.0 90.8 2.8 0.9 19 1.7 1.1 0.8
230 98.7 89.4 3.1 1.0 1.5 1.8 0.9 0.9
270 100.0 92.2 24 0.8 1.5 1.5 0.9 0.9
310 100.0 92.6 2.4 0.8 1.3 1.3 0.8 0.8
350 100.0 92.9 2.1 0.9 1.3 1.0 0.8 1.0
390 - - : - - 3 r -

Reaction condlition; Catalyst: H-ZSM-5 Si/Al ratio 12.5, W/F; 10 ¢.h/mol,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



D2.2 Effect of contact time

Table D15 The yield of ethanol dehydration at contact time 5.2 ¢.h/mol

89

Time % Yields
%
on Licht
Conversion Ethylene  DEE BTX (C6-C8 C9 Cl10+
steam H/C
30 100 99.1 0.4 0 0.2 0 0.4 0
70 100 99.7 0.3 0 0 0 0 0
110 100 99.7 0.3 0 0 0 0 0
150 100 99.8 0.2 0 0 0 0 0
190 100 99.8 0.2 0 0 0 0 0
230 100 99.7 0.3 0 0 0 0 0
270 100 99.7 0.3 0 0 0 0 0
310 100 99.8 0.2 0 0 0 0 0
350 100 99.8 0.2 0 0 0 0 0
390 100 99.8 0.2 0 0 0 0 0

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 12.5, Temperature: 400°C,

Carrier ¢as; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



Table D16 The vield of ethanol dehydration at contact time 10 g.h/mol

90

Time % Yields
%
on Light
Conversion Ethylene  DEE BT™X (C6C8 (C9 Cl10+
steam H/C
30 97.7 66.9 4.1 1.4 4.9 2.9 8.4 9.1
70 98.3 76.2 3.5 1.2 3.5 1.8 6.5 5.6
110 98.1 78.0 3.9 1.3 34 2.0 6.0 3.5
150 98.1 79.0 4.2 1.4 2.7 1.9 5.3 3.5
190 98.0 81.3 Bl 1.3 25 1.9 4.6 2.7
230 98.2 83.5 3.6 1.5 2.1 1.2 4.1 21
270 98.0 82.2 3.8 1.3 22 1.9 4.2 24
310 97.9 81.7 4.2 1 2.0 2.1 4.1 23
350 97.8 81.8 a3 1.4 1.8 2.1 3.7 2.7
390 97.8 82.4 4.3 1.5 1.8 23 3.6 1.8

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 12.5, Temperature: 400°C,

Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



Table D17 The yield of ethanol dehydration at contact time 15 g.n/mol
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Time % Yields
%
on Light
Conversion Ethylene  DEE BTX (C6-C8 (€9  C10+
steam H/C
30 96.8 53.7 32 1.8 11.2 29 121 120
70 96.9 58.0 3.2 1.5 11.0 26 114 9.2
110 96.4 56.9 33 1.5 111 3.0 120 85
150 96.5 59.0 3.4 1.6 9.9 3.0 10.7 8.8
190 96.7 59.4 3.5 1.6 9.8 25 10.8 9.0
230 96.6 61.1 3.6 1.7 9% 29 10.2 7.4
270 96.6 59.1 3.4 1.6 10.0 3.4 10.9 8.3
310 96.9 56.5 33 1.8 9.7 2.8 11.0 117
350 96.5 60.9 33 0.0 9:1 3.2 9.4 10.6
390 97.6 46.0 3.6 1.5 144 117 103 100

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 12.5, Temperature: 400°C,

Carrier ¢as; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



Table D18 The yield of ethanol dehydration at contact time 5.1 g.h/mol

92

Time % Yields
%
on Light
Conversion Ethylene  DEE BTX (C6-C8 (9 C10+
steam H/C
30 100 98.2 0.1 0.0 0.8 0.0 0.9 0
70 100 99.9 0.1 0.0 0.0 0.0 0.0 0
110 100 99.7 0.0 0.0 0.0 0.3 0.0 0
150 100 99.6 0.1 0.0 0.0 0.3 0.0 0
190 - - - - - - - -
230 100 99.9 0.0 0.1 0.0 0.1 0.0 0
270 100 99.7 0.1 0.0 0.0 0.3 0.0 0
310 100 99.7 0.1 0.0 0.0 0.2 0.0 0
350 100 99.7 0.0 0.0 0.0 0.2 0.0 0
390 100 99.6 0.0 0.0 0.0 0.0 0.4 0

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 28, Temperature: 400°C,

Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



Table D19 The yield of ethanol dehydration at contact time 10 g.h/mol

93

Time % Yields
%
on Light
Conversion Ethylene  DEE BTX (C6-C8 (C9 C10+
steam H/C
30 100.0 67.1 2.0 0.7 4.6 0.3 7.1 18.1
70 100.0 77.2 1.8 0.8 33 0.1 6.0 107
110 98.3 81.0 a7 1.9 1.6 3.2 2.2 3.7
150 100.0 86.2 2.2 0.8 2.3 0.1 4.2 4.2
190 100.0 92.7 1.9 0.8 1.0 0.0 2.7 0.8
230 100.0 93.0 23 1.0 0.9 0.2 2.2 0.5
270 100.0 93.4 2.2 0.9 0.9 0.0 22 0.4
310 100.0 94.2 2.0 0.9 0.7 0.0 2.0 0.2
350 100.0 95.6 1.9 0.7 0.5 0.0 1.3 0.0
390 100.0 96.3 1.9 0.0 0.5 0.0 13 0.0

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 28, Temperature: 400°C,

Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure



Table D20 The yield of ethanol dehydration at contact time 15 g.h/mol

94

Time % Yields
%
on Light
Conversion Ethylene  DEE BTX C6-C8 C9  Cl10+
steam H/C
30 98.7 46.9 33 1.2 8.0 2.2 133 238
70 98.5 55.3 4.0 1.2 6.7 2.7 10.7 179
110 98.4 63.3 4.6 1.8 5.9 3.6 9.1 10.0
150 98.5 66.4 4.8 15 5.0 34 8.2 9.2
190 98.4 65.9 47 1.8 4.6 3.4 7.8 10.2
230 97.9 67.2 53 1.7 a7 4.7 7.5 6.8
270 98.0 68.2 52 1.6 4.8 a4 7.1 6.6
310 98.5 66.5 a7 1.8 51 3.8 8.5 8.1
350 97.9 70.7 5.1 19 4.1 43 6.3 5.5
390 98.1 723 53 20 3.8 4.4 6.0 a.4

Reaction condition; Catalyst: H-ZSM-5 Si/Al ratio 28, Temperature: 400°C,

Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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D3: Ethanol conversion over silver incorporated support.

Table D21 Product distribution from ethanol conversion over 10% wt. Ag/SiO; + H-ZSM-

5(28)
Time % Yields
%
on . Light Cé-
Conversion Ethylene Acetaldehyde DEE BTX c9 C10+

steam H/C C8
30 98.5 38.9 13.9 33 1.6 118 15 155 120
70 98.5 38.3 20.0 29 15 112 26 141 78
110 98.4 43.6 17.3 30 1.6 106 31 130 6.1
150 97.6 41.7 19.1 36 1.8 100 29 122 63
190 98.3 41.8 18.0 38 18 105 29 129 65
230 98.2 42.3 15.4 33 1.4 114 36 137 7.1
270 9%9 I 18.4 g\5- 7 2T\ 38, 5\ ¢!
310 98.1 33.6 18.2 DI M.6f/ 20113 B 1581 43
350 98.7 36.4 12.5 29 12 136 38 164 118
390 98.6 320 14.9 32 1.1 141 37 175 121

Reaction condition; Catalyst: Temperature: 400°C, , W/F of H-ZSM-5; 10 g.h/mol
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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D3.1 Effect of contact time

Table D22 Product distribution from ethanol conversion at contact time 5.3 g.h/mol

Time % Yields
%
on _ Light Cé6-
Conversion Ethylene Acetaldehyde DEE BTX 9 C10+
steam H/C C8
30 99.1 68.4 8.5 16 08 52 01 92 53
70 98.9 74.5 10.0 17 08 36 11 58 15
110 99.2 78.3 8.6 16 08 34 11 44 09
150 98.9 75.0 11.1 18 08 40 16 39 07
190 99.1 79.8 9.3 19 08 30 12 25 05
230 98.9 77.1 10.7 18 18 32 15 26 03
270 98.9 79.1 10.7 18 08 25 16 22 02
310 98.5 77 12.0 6% 0 g WIS AN0T
350 98.8 76.4 124 XU/ ap 227 1B LYWL
390 98.7 7 11.8 19 09 27 13 1.7 07

Reaction condition; Catalyst: Ag/H-ZSM-5, Temperature: 400°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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Table D23 Product distribution from ethanol conversion at contact time 10 g.n/mol

Time % Yields
%
on _ Light Cé-
Conversion Ethylene Acetaldehyde DEE BTX 9 Cl0+
steam H/C c8
30 98.3 40.3 133 28 1.1 114 23 147 123
70 97.8 47.1 16.4 38 16 96 28 116 49
110 97.9 46.3 13.8 32 14 108 27 128 638
150 97.6 474 14.0 35 14 108 32 123 50
190 - - - - - - - - -
230 - - - - = - - - -
270 97.9 47.6 11.6 30 16 114 33 127 6.7
310 97.5 a3.7 16.3 33 14 108 29 123 69
350 97.6 48.5 134 37 18 104 32 112 54
390 98.1 42.9 16.7 34 16 109 36 127 63

Reaction condition; Catalyst: Ag/H-ZSM-5, Temperature: 400°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ampbient pressure
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Table D24 Product distribution from ethanol conversion at contact time 15 g.n/mol

Time % Yields
%
on _ i Light Cé-
Conversion Ethylene Acetaldehyde DEE BTX 9 C10+
steam H/C 8
30 97.9 23.2 159 25 12 150 15 178 209
70 97.8 30.4 13.6 25 15 165 19 180 136
110 97.2 32.1 141 26 14 161 22 172 116
150 96.7 31.3 15.8 31 1.7 158 24 157 109
190 97.5 29.8 144 28 13 164 21 177 130
230 97.1 34.6 13.8 27 1.1 157 28 155 109
270 97.7 26.6 14.2 26 12 155 1.6 153 207
310 97.4 29.0 15.9 26 13 168 24 164 130
350 97.7 323 11.7 23 14 187 32 168 113
390 96.4 33.4 14.7 30 16 156 4.1 144 95

Reaction condition; Catalyst: Ag/H-ZSM-5, Temperature: 400°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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Table D25 Product distribution from ethanol conversion at contact time 25 g.h/mol

Time % Yields
%
on Light Cé6-
Conversion Ethylene Acetaldehyde DEE BTX 9 C1o+
steam H/C C8
30 97.2 29.0 12 07 281 36 173 173
70 97.5 29.0 14 09 263 39 186 174
110 97.6 28.1 1.2 08 263 36 18.0 19.7
150 97.3 30.1 1.3 09 274 37 183 157
190 96.9 32.0 1.4 10 267 39 171 149
240 97.2 30.7 1.5 10 267 38 17.0 164
280 96.9 30.8 14 1.0 270 37 171 159
320 97.7 27.6 1.1 09 291 36 185 170
360 97.2 29.0 1.2 07 282 34 172 174
400 97.3 28.8 1.1 09 291 35 186 154

Reaction condition; Catalyst: Ag/H-ZSM-5, Temperature: 400°C,
Carrier gas; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanal,

Ambient pressure
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Table D26 Product distribution from ethanol conversion at contact time 42 g.h/mol

Time % Yields
%
on ‘ Light Cé-
Conversion Ethylene Acetaldehyde DEE BTX c9 C10+
steam H/C 8
30 97.8 18.6 08 06 202 15 139 423
70 96.9 24.6 1.0 08 225 20 143 317
110 97.1 22.9 1.0 06 231 18 155 321
150 96.3 26.3 1.1 09 271 26 167 215
190, 96.8 26.2 09 08 276 23 178 211
240 100.0 224 05 00 249 19 166 325
280 96.7 24.4 0.8 07 259 25 163 260
320 96.4 24.6 FiPg 10 —28:60— 2.7\ 8 23.2
360 96.6 24.1 09 0.6 274 24 177 235
400 96.6 241 09 06 274 24 17.7 235

Reaction condition; Catalyst: Ag/H-ZSM-5, Temperature: 400°C,

Carrier ¢as; 30ml/min of nitrogen, Feed rate: 0.3889 ¢/h of absolute ethanol,

Ambient pressure
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