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Abstract

In this project, the catalytic conversion of ethanol to higher hydrocarbons over
the double bed system of metal/SiO, and H-ZSM-5 will be investigated. In order to
generate C-C bond, the ethanol is dehydrogenated. to acetaldehyde over the first bed
of metal catalyst. While the aldol condensation/deoxygenation can be promoted over
the secondary bed of acid function e.g. H-ZSM-5. In the single bed system of H-ZSM-5
(28), ethanol- can be converted to higher hydrocarbons by -dehydration and
oligomerization at higher contact time (25-42 g:h/mol.). However, the formation of
hydrocarbons is-not feasible because the oligomerization of ethylene proceeds via the
formation of unstable primary carboeation. For the double bed system of Ag/SiO, and
H-ZSM-5 (28), this catalytic system shows higher hydrocarbons, as compared to the
single bed. Nonetheless, the Ag catalyst can promote-decarbonylation of ethanol to
methane in parallel. For dehydrogenation-of ethanol, the Cu/SIO, gives higher
selectivity to acetaldehyde. However, the Cu/SiO, shows a rapid deactivation due to
strongly adsorption of NAC, O)-carbonyl species on Cu metal surface. When the
secondary metal is added to Cu based catalyst, the Cu-Zn/SiO, shows high activity and

selectivity for dehydrogenation of ethanol to acetaldehyde, as compared to the Cu-

Fe, Cu-Ni, Cu-Ag over SiO,.



For the second bed, the H-ZSM-5 with Si/Al~28 provides higher hydrocarbons
than the catalysts with Si/Al~40, 140, 250, and 500. However, a severe deactivation is
still observed. Incorporation of metal (Ni, Cu, Zn) on H-ZSM-5 (28) provides higher
stability, as compared to the parent H-ZSM-5 (28). The Zn/H-ZSM-5 (28) exhibits higher
performance for ethanol conversion to hydrocarbons, as compared to Ni and
Cu/H-ZSM-5 (28). The conversion of ethanol over the double bed system (Cu-Zn/SiO,
and Zn/H-ZSM-5 (28)) proceeds via the ethanol dehydrogenation to acetaldehyde in
the first bed. Acetaldehyde undergoes further condensation over the second bed to
form higher aldehyde intermediate that subsequently dehydrates and cyclizes into

higher hydrocarbons.

Keywords: Double .bed  system, ' aldol  condensation/deoxygenation,

hydrocarbons
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Chapter 1
Introduction

1.1 Motivation

Although fossil fuels have become dominant energy resource for the modern
world and it is essential in daily life, the fossil energy is decreasing and causes pollution
problem. Renewable feedstock becomes increasingly interesting for the production of
fuels. Nowadays, one of the most abundant renewable feedstock is ethanol, that is
obtained from agricultural products such as sugar cane and cassava [1].

Ethanol is commonly used to power other-vehicles such as farm tractor and
car by mixing in gasoline, so called gasohol. This blending of ethanol into gasoline for
cleaner combustion, decreased carbon monoxide and hydrocarbon exhaust emission.
In addition, ethanol used as additive in fuel to increase octane number for engine to
replace methyl tertiary butyl ether (MTBE), because MTBE is mare toxic chemicals that
has been found to contaminate groundwater. [2}. However, higher mixture ratio of
ethanol per gasoline leads to corrosion of engine parts [3].

Alternatively, the direct production of gasoline from ethanol was studied for
several years. This -can be -achieved from acid-catalyzed dehydration and
oligomerization over H-ZSM-5 catalyst [4]. The modification of Si/Al-ratio on H-Z5M-5
framework is the' common way to significantly enhance the acidic-property and hence
the activity [5]. However, ethanol dehydration over- acid site favored at high
temperature while. the ~oligomerization of ethylene to:gasoline proceeds via the
formation of primary earbocation that is thermodynamically tunfavorable [6,7].

Accordingly, this work will investigate ethanol conversion to hydrocarbons via
dehydrogenation of ethanol to acetaldehyde followed by aldol condensation to higher
aldehyde and higher alcohol. The higher alcohol produced can be readily dehydrated
into hydrocarbon over acid catalysts [8]. It is proposed that rate of the C-C coupling
will be increased because the acetaldehyde can be protonated over acid function to
form enol or an enolate intermediate. This intermediate is more stable than the primary
carbocation intermediate formed by protonation of ethylene. In this concept, the
dehydrogenation can be promoted over the first bed of transition metals catalysts for

example; Ag, Cu, Cu-Fe, and Cu-Zn alloy etc. whiles the aldol condensation,



dehydration, and oligomerization can be performed over the second bed of acid
function such as H-ZSM-5 catalyst. As the aldol condensation of aldehyde is readily
promoted, the metal phase indicates a key role in controlling ethanol conversion to
acetaldehyde. Among acid catalyst, H-ZSM-5 possesses high surface area and thermal
stability [9]. It has been considered as the most selective catalysts for the ethanol to
hydrocarbons process due to its unique structural properties that selectively produce
hydrocarbon mixtures [10]. In this work, the optimization of these two reaction
conditions will be required. In addition, types of metal and effect of contact time on
both dehydrogenation and aldol condensation will be studied. Moreover, acidity of H-

ZSM-5 that effects aldol condensation will be investigated.

1.2 Objectives
1). To produce liquid fuels from ethanol via the dehydrogenation and aldol
condensation approach.
2). To understand- the reaction pathway for dehydrogenation and ‘condensation
reaction over double bed system of metal/SiO, and H-ZSM-5.
3). To understand the effect of temperature, contact time, acidic property and type

of metals on the conversion of ethanol to liquid fuels.

1.3 Scope of the study

1). Catalyst preparation by wetness-impregnation for metat(Ag, Cu, Cu-Fe, Cu-Ni,
Cu-Ag, and. Cu-Zn) supported silica—and ion exchange method for the
incorporated metal (Ni, Cu, and Zn) on H-ZM-5.

2). Characterization of catalyst by X-Ray diffraction spectroscopy (XRD), X-ray
fluorescence (XRF), temperature-programmed reduction (TPR), temperature
programmed desorption (TPD), gas adsorption analysis (BET), thermogravimetric
analysis (TGA), inductively coupled plasma-mass spectroscopy (ICP-MS), and
transmission Electron Microscopy (TEM)

3). Testing efficiency of the reaction over the double bed system in a continuous
fixed- bed reactor.

4). Study effect of carrier gas, temperature (400-500 °C), contact time (15-42 g.h/mol),
acidity of H-ZSM-5 (Si/Al ratio :28, 40 140, 250, 500) and types of metals.



5). Analysis and quantification of liquid products from the reactions by online gas

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

1.4 Expected results
The new approach for production of gasoline from ethanol can be obtained.

This technology can benefit from raw materials available in the country.



Chapter 2
Theory and literature

2.1 Ethanol

Ethanol (ethyl alcohol, grain alcohol) is an alcohol, a group of chemical
compounds whose molecules contain a hydroxyl group, —OH, bonded to a carbon
atom. It is a clear, colorless liquid with a characteristic agreeable odor. Ethanol melts
at —114.1°C, boils at 78.5°C, and has a density of 0.789 ¢/mL at 20°C. Its low freezing
point has made it useful as the fluid in thermometers for temperatures below -40°C,
the freezing point of mereury, and for other low-temperature purposes, such as for

antifreeze in automobile radiators [11].

2.1.1 Ethanol production

Alternative and renewable energy resources have attracted increased interest
in recent research due to with increased demands for energy, environmental problem,
and continued decreasing of fossil feedstock. -Biomass has been recognized as one of
the most viable resources to produce biofuels, such-as ethanol due to its renewable
nature with low CO, emission and reduce carbon monoxide (CO) 20 to 30% [12,13].
The production of ethanol can be produced from two different ways, as shown in
Figure 2.1, from the- petroleum route becoming less’ attractive because oil prices
continue to rise and fossil feedstock is decreasing, Conversely, the production of
ethanol from biomass has become increasing efficient for several years because less

expensive. Nowadays, 90% of the ethanol-onthe market is biomass-derived [14].
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Figure 2.1 Overview of the ethanol production pathways.

Biosynthesis

Ethanol can beproduced from agricultural feedstock by fermentation in anoxic
environment. In the most of the fermentation, ethancl is made from corn. However, it
can be produced other agricultural raw materials such as sugarcane, potato, cassava,
and cellulose. In addition, fermentation of carbage to ethanol was studied [15,16].
The fermentation-of sugarcane and comn employed yeast for production of 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 farmentation.-Generally, the fermentation of three types
can produce ethanol with 10% concentration, then the mixture is separated and
purified, usually by distillation and dehydration:.

2.2 Ethanol to chemical

2.2.1 Ethanol to ethylene

Ethylene is the most produced organic compound on earth. It is mostly used
in the production of polymers (e.g., polyethylene, polyvinylchloride), ethylene oxide,
and ethylene glycol, etc. Ethylene is typically obtained from petroleum through
thermal cracking process. Recently, ethanol dehydration has gained increasing
importance as an alternative route for producing ethylene. The most catalysts of

ethanol dehydration are a H-ZSM-5 and y-alumina. However, it is important to note



that it is not possible to produce all the required ethylene from renewable sources
because the demand for ethylene worldwide is approximately three times the amount
of ethanol that is currently produced [14, 17].

2.2.2 Ethanol to acetaldehyde

Acetaldehyde is a naturally occurring intermediate in the enzymatic degradation
of ethanol to acetic acid and, finally, CO, (Scheme 1) [18]. Acetaldehyde is also an
important intermediate in the synthesis of many bulk chemicals, such as acetic acid,
acetic anhydride, ethyl acetate, etc. Currently, most acetaldehyde is produced by the
so-called Wacker process through the direct oxidation of ethylene to acetaldehyde

with a PdCl,/CuCl, catalyst.in water in the presence of air or other oxidants.
(@] 0 O
= —_— /k + /u\ — (O
- on AN H OH Ot -

Scheme 1 The complete oxidation of ethanol to form CO,.
Alternatively, -the ~bicethanol’ industry ~has made ~the direct synthesis of
acetaldehyde. through ethanol dehydrogenation, with or without ‘the presence of
oxygen
(Scheme 2). The catalytic oxidation of ethanol over silver oxide as-the catalyst has
been reparted[19]. While the dehydrogenation route s copper catalysts supported on

rice husk ash [14, 20].

O
a) /\OH + 1/2()2 = /U\H * HZO
O

b) /\OH —_— "t /KH

Scheme 2 Acetaldehyde production from ethanol via a) an oxidation or b)

a dehydrogenation pathway.



2.2.3 Ethanol to ethyl acetate

Ethyl acetate is commonly used as a solvent in chromatography, for extraction
processes, and in glues and cigarettes because of its characteristic sweet smell.
Industrially, it is mainly produced by the esterification of acetic acid with ethanol.
Another possible method to synthesize ethyl acetate is the so-called Tishchenko
reaction, which involves the disproportionation of aldehydes, a process that is
catalyzed by a strong base such as an alkoxide (Scheme 3a). Alternatively, a direct one-
step conversion of two molecules of ethanol is also feasible (Scheme 3b). Both routes
can be based on bioethanol if the ethanol is first oxidized to obtain the aldehyde,

which can be employed in ethyl acetate production {14].

O O
a) )\ R_d> /K

H OEt
O

B2 /\OH L /'l\ o 2H,

OEt

Scheme 3 Ethyl acetate production from a) acetaldehyde and b) ethanol.

2.2.4 Ethanol to butanol

Butanol'is a commodity chemical used as a solvent and for ‘the production
various esters and ethers, some of which-are important monomers for the polymer
industry. It is alse well known that butanol can be used as a fuel, lower corrosiveness
[21]. Butanol is mainly. produced by using the so-called oxo process (Scheme 4), which

consists of propylene hydroformylation followed by butyraldehyde hydrogenation to

0]
_— /\)J\
H

yield n-butanol.

Scheme 4 The oxo process to produce n-butanol.



Nevertheless, it is based on a homogeneous catalyst, the process suffers from
drawbacks such as difficult separation of the desired compound, costly catalyst
preparation, and environmental issues. Therefore, the development of a
heterogeneous catalyst for direct butanol synthesis is more worth. The solid base-
catalyzed, one step conversion of ethanol to n-butanol could be an attractive
alternative [22, 23]. Two possible mechanisms, that is a bimolecular condensation or
Guerbet reaction (Scheme 5) were considered. The observation of acetaldehyde as the
main byproduct and the condensation occurs between one ethanol and one
acetaldehyde molecule forming butyraldehyde, which is finally reduced to butanol

[14].

Bimolecular condensation

H

2 /\OH

l -H, +2H,
o)

AR on

OH @) @
H,0
H H H

Guerbet condensation

Scheme 5 Two proposed mechanisms for the one-step synthesis of n-butanol

from ethanol.



2.2.5 Ethanol to 1,3-butadiene

Butadiene is one of the most important bulk chemicals produced in the
petrochemical industry. It is widely used in the production of polymers and polymer
intermediates such as styrene-butadiene rubber (used in the production of car tires),
polybutadiene and acrylonitrile-butadiene-styrene (ABS) copolymer [24]. There are
two processes for its industrial synthesis: isolation from naphtha steam cracker fractions
of paraffinic hydrocarbons for the manufacture of ethylene and other olefins, or the

catalytic and oxidative dehydrogenation of n-butane and n-butene [25].

The process to produce-butadiene from- ethanol was purposed by Toussaint
and co-workers [26]. The mechanism based on the aldol condensation between two
acetaldehyde molecules formed upon ethanol dehydrogenation to 3-hydroxybutanal

then dehydrated to crotonaldehyde and finally dehydrated to yield butadiene

(Scheme 6).
3 OH O
5P 4 o) |
21 OH 217 \H - W H
i\x 3-hydroxybutanal
l-H?O
A 0
/f\ L Aol o~ VT
= e S o \\OH -—— O£ Y “
120 +H,/EtOH 7 A \‘H
Crotyl alcohol crotonaldehyde

Scheme 6 The aldol condensation mechanism, as proposed by Toussaint et al.

2.3 Catalyst

2.3.1 ZSM5 zeolite [27-34]

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 2.2 These secondary building units can be connected to form sheet and the
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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 2.3

and 2.4

y. ' _
> %
mor 8T case 12T mfi 14T mel 14T

Figure 2.2 the secondary building unit of framework of ZSM-5
Figure 2.3 shows thatthe 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 2.4 shows that the y-axis is horizontal and the z-
axis vertical and the circular-10-membered ring apertures shown are the entrances to

channels which run parallel to [100] plane.

Figure 2.3 Skeletal diagram of the [010]-plane of the ZSM-5-unit cell.

Figure 2.4 Skeletal diagram of the [100]-plane of the ZSM-5-unit cell.
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ZSM-5 has chemical formula is Na*, (H,O)g| [Al Sigg.n O192-MFI, n < 27. It is
widely used in used in many catalytic reactions 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 havinga certain critical diameter to diffuseout of its pores. Thus, in the
case of a product molecule having a diameter exceeding 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 species.

The unique catalytic' properties of zeolite ZSM5 are attributed to both the
three-dimensional ‘system of intersecting channels and itsstrong :acid sites. 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 bifunctional catatyst 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.
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2.4 Related chemical reactions

2.4.1 Dehydrogenation of alcohol

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, Cu) to produce n' (O)-carbonyl 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)-carbonyl species
(b) can occur with alkoxide intermediate by at-Cand O-atom attached on metal surface
(such as Ni) to form-acyl intermediate (n' (C)-acyl)) that may well desorb as
acetaldehyde. However, vyield, of jacetaldehyde obtained from.n? (C, O)-carbonyl
species is less'than that from ' (O)-carbonyl species because formation of the acyl
intermediate can lead to decarbonylation to CHq-and CO (Scheme 7) [35, 36].

HiC.

5 o \ﬁH ﬁ
et £% -H H {
W9 — ”2‘:_? f AL O HH  ——m d
PZZZZZIILTEEA az e . Ao Hee, | H
dlkoxide intermediate acetaldehyde
2|
Y
HsC o ”
HiC. 12=
HC—0 Iiriq Vg CH H H

acylintermediate

L.m

CHy+ CO

b

Scheme 7 Dehydrogenation of ethanol (a). ) (Q)-alcohol species. (b) N (C, O)-

alcohol species.

2.4.2 Aldol condensation of aldehyde

Aldol reactions can occur under acid catalysis, in which the reaction generally
leads to the Q, 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
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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 Ol-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 [37, 38 ].

Acid-catalyzed aldol mechanism

T H . Protonated
' YH* ~o+ carbonyl

: O N -
R —— ||/ (electrophilic) H -, B TR
H ' 4,,\ :‘ol+ :OH - H* 'O|‘ s

G SRR
N2 N )

R
Enol R g Aldol
(nucleophilic)
Acid-catalyzed dehydration
0. :0H ¥ WA O ‘0:
o LE PR Ho ”\/\
N ceceam . g N A
Aldol - R (R H,0: - R R BR LE 2
o [-unsaturate:
(Lost H shown for clarity) aldehyde

Scheme 8 Aldol condensation.

2.4.3 Hydrogenation of olefin and aldehyde

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.commenty 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 another 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) [38, 39].
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Scheme 9 Hydrogenation of Alkane.
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Scheme 10 Hydrogenation of formyl group.

2.4.4 MPV reaction

MPV reaction is Meerwein-Ponndorf-Verley reaction, it was discovered by
Meerwein and Schmidt; and separately by Verley in 1925 [40].-Heterogeneous catalysts
for the MPV reactions include zeolites, grafted alkoxides, metal oxides such as
magnesium oxide; zirconia, silica, alumina. The reaction mechanism for MPV reaction is
believed to go through a catalytic cycle involving a six-member ring transition state as
shown in scheme 1l and 12, The ketone/aldehyde (oxidant) and the alcohol
(reductant) are coordinated. to the metal center of a metal alkoxide catalyst. The
alcohol is coordinated as an alkoxide while the carbonyl eroup binds to the metal
center via the oxygen. Activation of the carbonyl by coordination to metal center
initiates the hydride transfer from the bound alcoholate to the carbonyl. The resulting

alkoxide leaves the catalyst via -an alcoholysis reaction with'the bulk alcohol [41].

OH O (6] OH
)\ * /L /U\ ¥ )\
R, R Ry R, R, R; Re

Scheme 11 The MPV reaction.

Ry R, R, R R, Ry
A/ _H o, 2 3 2
~ — X R 8
SN TS TN
o = T — i
. 0 h
—0—Zr—0— ~ B
o {'lr 2 ‘ —o—xir—o— —()—7ir—0—

Scheme 12 Mechanism of MPV reaction over zirconia.
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2.4.5 Dehydration of alcohol

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," [38].

H
gy
H\ /CH3 ) \D / 2
0—C O €
Hv I e
& 0 O 0
el \A{/ \5; == Si/ “REX 4 R\ / *

Scheme 13 Acid. catalyzed dehydration of ethanol to produce ethylene.

2.4.6 Oligomerization of olefin

Oligomerization “is“chemical - process that'.converts - light “olefins, usually
propylene, butylene ortheir-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 pressure (200-300 °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-C7

olefins. Finally, the latter participate in copolymerization to yield the product [42,43].

H,0



16

2.5 Literature review

Nagabhatla Viswanadham, et al [9] tested conversion of ethanol to higher
aromatics for production of gasoline. The catalyst includes H-ZSM-5 with micro-
crystallite size (micro H-ZSM-5 Si/Al ratio~30, 100), and nano-crystallite size (nano H-
ZSM-5 size Si/Al ratio~30). The acidity, porosity and catalytic performance were
compared at 450 and 500°C. It was found that nano H-ZSM-5 catalyst having high
acidity and mesoporosity showed higher production of aromatic yields, as compared
to the 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.

Xianlong Zhang, et al [44] studied hydrothermal synthesis of 1-butanol from
ethanol over different metals (Fe, Co, Ni, Raney Cu, copper chromite, CoCOs;, and
Co,05) as catalyst in-NaHCO; solution, Effect of ethanol concentration (0.10-0.25 mol),
NaHCO; concentration (0.005-0.025 mol), and catalyst content (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 NaHCO;, and 0.005 mol of Co powder.
The effects of the reaction time (1-30 days) and reaction temperature (140-240 °C) were
also investigated. It was found that the 1-butanol was.increased with reaction time and
then remained constant at 9.8 mol% after 20 days. However, the selectivity to 1-
butanol was decreased from 74% to 62% from 1 to 30 days. In-addition, the variation
of reaction temperature showed thatyield of 1-butanol (1.2 to 5.5 mol%) was increased
with temperature (140.t0.240°C). The selectivity to 1-butanol.was increased from 50%
to 74% when the reaction temperature was.increased from 140 to 180°C and remained
constant.

T. Tsuchida, et al [45] investigated the effect of Ca/P ratio of hydroxyapatite on
the conversion of ethanol. The catalysts were prepared by precipitation method using
calcium nitrate (Ca(NOs),) and diammoniumhydrogenphosphate ((NH;),HPO.) solutions
as reactants. The Ca/P ratio was controlled by controlling the pH of the mixture (7, 9,
10 and 10.5). The results showed that hydroxyapatite gave low catalytic activity (20%

conversion at 300°C). However, hydroxyapatite with higher Ca/P ratio provided higher
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selectivity to C4-C8 alcohols, as compared to those with lower Ca/P ratio at the same
level of conversion. It was also reported that the basicity came from the presence of
Ca?* ions. Hydroxyapatite with the Ca/P ratio of 1.67 presented the highest selectivity
to higher alcohols (~70%).

S. Totong, et al [46] studied the hydrogen production from catalytic
dehydrogenation of ethanol at relatively low temperature (<500°C). Copper (Cu) silver
(Ag) and bimetallic catalysts (Ag-Cu) supported on silica (SiO,) were compared at 300-
375°C. The hydrogen production from ethanol dehydrogenation using bimetallic
catalyst (Ag-Cu/SiO,) was found to be higher than that over monometallic catalyst
(Cu/SiO, and Ag/SIO,). However, the hydrogen yield is decreased due to decomposition
of ethanol to light gases.

The effect of zincaddition on copper catalystsfor dehydregenation of isoamyl
alcohol was studied by Ching-Yeh Shiau, et"al [47]. The reaction was carried out at
atmospheric pressure in a fixed bed reactor at the temperature range of 230-290°C.
The catalysts were prepared by sequential impregnation of Cu and then Zn on SiO,
with a Cu loading of 10 wt.%. The Zn loading on Cu was varied from 0 to 5 wt.%. It
was found that the addition of zinc (5%) into copper catalyst can increase both activity
and stability.

E.V. Makshina, et al [48] studied the conversion of ethanol to 1,3-butadiene
over MgO-SiO, catalysts. The catalysts were doped with various metal oxides e.g. CuO
ZnO and metallic As. The experiments were performed ‘at temperature range of
350-400°C. fhe results showed that at 350°C; undoped MgO-SiO, did not provide
satisfying 1,3-butadiene yields of-14.5 mol% with-ethytene yields of 11.8 mol% at the
37.0% conversion. The metal and metal oxide doped MgO-SiO, catalysts showed a
significantly improved 1,3-butadiene yields (60%) and the conversion was significantly
boosted to almost 100% . The butadiene selectivity was increased from 39% to 53-
60%. The ethylene yields and selectivity was decreased from 11.8 mol% to 5.5-6.2
mol% and from 32% to 6% , respectively. This was due to the enhanced

dehydrogenation rate by the incorporated metal oxide and metal on MgO-5iO,.
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In addition, Vitaly L. Sushkevich, et al [49] studied the effect of metal (Ag, Cu,
Ni), (0.3-2 wt.%). metal oxide (AL,Os, ZrO,, TiO,), (1-18 wt.%) supported on SiO, on the
conversion of ethanol to 1,3-butadiene. Kinetic study suggested that the key reaction
steps of butadiene synthesis include five consecutive reaction steps: (i) ethanol
dehydrogenation into acetaldehyde; (i) aldol condensation of acetaldehyde;
(iii) dehydration of 3-hydroxybutanal; (iv) MPV of crotonaldehyde with ethanol; and (v),
dehydration of crotyl alcohol to butadiene. The optimized catalyst contained 1 wt.%

silver and 10 wt.% zirconia on silica providing butadiene selectivity to 74 mol% with

889% ethanol conversion at 593 K.
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Chapter 3

Experimental

3.1 Chemicals and substrates

Chemical Grade of purity Manufacturers
1. Silver nitrate (AgNO3) 99.6% BAKER ANALYZED
(A.C.S. REAGENT)
2. Nickel nitrate hexahydrate 99% CARLO ERBA
(Ni(NO3),+6H,0)
4. Copper nitrate trihydrate 09.5% CARLO ERBA
(Cu(NO3),#3H,0)
5. Zinc nitrate hexahydrate 98% TECHNICAL
(Zn(NO3),.6H,0)
6. Iron nitrate nonahydrate 98.5% QReC
(Fe(NO3)3.9H,0)
7. Absolute ethanol (CH;CH,OH) CARLO ERBA
8. Sillicon dioxide (SiO,) CARLQ ERBA
9. NH4*-ZSM-5 ZEOLYSTINTERNATIONAL

(Si/Al'= 28,40, 140, 250, 500)

10. Deionized water

11. Air zero gas, high purity 99.99% PRAXAIR
12. Hydrogen gas, high purity ¥9.599% PRAXAIR
13. Nitrogen gas, high purity 99.99% PRAXAIR

3.2 Apparatus and instruments.
1. Catalytic testing rig
2. Mass flow controller (AALBORG)

3. Hot air oven

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

6. Clamp
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7. Gas chromatograph (Model 910, BUCK SCIENTIFIC)

8. Laboratory glassware

9. Laboratory plasticware

10. Trap condenser

11. Syringe (10 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 microescopy (TEM, Model JEM-2100)

21. Thermogravimetric analyzer (Perkin-Elmer, Scientific Instrument Service

Center, KMITL)
22. Inductively coupled plasma mass spectrometry (ICP-MS; Model iCAP Qc)

3.3 Catalyst preparation
3.3.1 Metal supported on silica catalysts (M/SiO,)

The metal supported silica (SiO,), catalysts (10-grams) with different type of
loaded metals (Ag, Cu and Cu alloy) were prepared by wet impregnation method.

In the first step, 10 %wt. silver supported on silica (Ag/SiO,) was impregnated
using silver nitrate (AgNOs) solution as a metal precursor. Detail of precursor preparation
are shown in Table 3.1. In a similar procedure, 10%wt. copper on silica was prepared
by impregnation using Cu(NO5),.3H,0 solution.

For the 12%wt copper metal alloys, Cu-Ni, Cu-Fe, Cu-Ag, Cu-Zn alloys on SO,
were prepared by co-impregnating using Cu(NO3),23H,0, Ni(NO3);#6H,0, Fe(NO3);.9H,0,
AgNO; and Zn(NOs),.6H,0 solution, respectively. The solid was dried in an oven at 80°C

for 24 h. The prepared catalyst was calcined in a horizontal tube furnace under a flow
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of air zero (60 mL/min) at 450°C, with a heating rate of 10°C/min and hold at that

temperature for 5 h. Finally, the catalyst was pressed, crushed, and sieved into 600-

850 Mm pallet.

Table 3.1 Preparation of metal supported on silica catalysts.

Catalyst Metal Weight of Deionization ~ Weight of
precursor metal procure  Water (mL) SiO; (9)
(e)

109%wt. Ag/SiO, AgNO; 1.5975 9.2 9.08
10%wt. Cu/SIO,  CU(NO;),#3H,0 3,8420 16 9.01

10%wt. Cu- Cu(NO3),#3H,0 3.8487
19 8.97

29%wt. Zn/Si0; -+ Zn(NO3),.6H,0 0.9306

3.3.2 The incorporated metal on H-ZSM-5 (Ni, Cu, and Zn/H-ZSM-5)

The incorporated metal on H-ZSM-5 catatyst was prepared by aqueous phase
ion-exchange.method. In the first step, nickel, copper or zinc precursors were dissolved
in deionized water, then the NHa*-Z5M-5 (4g) was stirred in 0.5 M Ni(NO;),»6H,0 solution
(100mL) at 70 °C for 12 h for example. After that, the jon-exchanged sample was
washed with excess deionized water. The catalyst was dried in an oven at 80°C for 24
h. Then, the dried catalyst was calcined in a horizontal tube furnace under a flow of

air zero (60 mlL/min) at 550°C for 5 h with a heating rate at 2°C /min.

3.4 Characterization of catalysts
3.4.1 X-Ray powder diffraction
The structure of catalyst was determined by X-ray diffractometer (XRD). The
sample was prepared by packing the catalyst into the sample holder. CuKa X-ray beam
was used for analysis at 40 kV and 30 mA. The sample was scanned over the angle
ranged from 26: 5° to 90° with 2 deg./min. and 0.02 26/step increments. X-ray diffraction

pattern of the sample was compared with the X-ray diffraction pattem of standard

catalyst for structure determination.
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3.4.2 X-ray fluorescence

The chemical composition of a catalyst was analyzed by a wavelength-
dispersive  X-ray fluorescence spectrophotometer (WD-XRF), Bruker, Tiger.
Approximately 0.5 g of a catalyst was mixed with 4.5 g of boric acid. The mixture was
then manually grinded, and compressed into a pellet. The data was recorded by X-ray

source and quantitative calculated by theoretical formulas.

3.4.3 Surface area analysis
Surface area of the catalyst was determined by surface area analyzer. The
sample was prepared by weighing approximately 40-50 mg of sample and loaded into
a cleaned and dried sample cell. After that, the sample was degassed at the out-gas
station at 350°C for 24 hours. The sample cell was then removed from the out-gassing
station after nitrogen was filled and was attached to the analysis station. The

adsorption isotherm-was measured in a pressure range of 0.05-0.30 P/Poat -196°C.

3.4.4 Temperature programmed reduction

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 2.5 mg 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
activations temperature in.air zero (30.mU/min) for 1-h.with 10°C /min (2°C/min for H-
ZSM-5) and was cooled down to below 40°C. The heating rate of 10°C/min, 30 ml/min
of 10% H, in Ar was applied for TPR-analysis. Water production during the reduction
process was removed in a U-shape glass trap at -196°C (liquid nitrogen) before entering

the TCD.

3.4.5 Temperature programmed desorption
Acid sites of the catalysts were evaluated on the basis of temperature-
programmed desorption of ammonia (NHs-TPD). Samples were pretreated by
activations at 450°C under a flow of Air-Zero (30 ml/min) with 2 °C/min for an hour and
reduction at 400°C under a flow of H, (30 ml/min) for 3 hours in order to reduce metal

cation to metal, then NH; was introduced at a flow rate of 50 ml/min at 30°C for 1 h.
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The physisorbed NHs was removed at 30°C by He for 1 h. After that, the NH5;-TPD profiles

were obtained by heating sample at a rate of 10°C /min in a flow of He (30 ml/min).

3.4.6 Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) is the commonly applied for studying
supported catalysts. It is used to investigate the morphology, structure, and dispersion
of metal in the catalysts. 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 passes 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.

3.4.7 Thermogravimetric Analysis (TGA)
The coke depesit of samples was measured by thermogravimetric analyzer
(Pyris). Approximately 15 mg of samples was loaded to the platinum plan, after which
the exact mass was recorded by the instrument, The sample was then heated from
temperature 50 °C 10900 °C.at the heating rate of 10 °C/min under the flow of Air

Zero atmosphere (20 mL/min). The mass of the sample as the function of temperature

was recorded.

3.4.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine
the metal loading amount. ICP-MS was performed on a Thermo Scientific iCAP Qc ICP-
MS. An accurate 100"me.of sample was weighed and then digested with aqua regia
solution [36]. Then, sample solvents were evaporated, and the organic components
were removed by heating at 625 °C for several hours and analyzed by ICP-MS. The flow
rate on the instrument was 1 mL/min and dual detector mode was employed. A blank

was subtracted after internal standard correction and the value reported are an average

of three reading.
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3.5 Catalytic 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 single bed system (H-
ZSM-5 or M/SIO,) was packed in the middle of the reactor and sandwiched with glass
wool and glass beads. While the double bed system (M/SIiO; and H-ZSM-5), the M/SIO;
was packed on top of the H-ZSM-5 bed, both catalysts were packed in the middle of
the reactor and again sandwiched with ¢lass wool and glass beads, likewise with the
single bed system. 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 10°C/min (2°C/min for H-ZSM-5) to 450°C and hold at that temperature
for 1 h under the stream of air (100 mk/min). Then N, was flowed to eliminate the
remaining air in the line. Finally, the gas stream was switched to a flow of H, gas for
reduction with-a heating of 5°C/min to 400°C and hold for 3 h. After that the reaction
was run at 400°C for 6 h.

In each run, ethanol was passed through the catalyst bed under a 166 ml/min
flow of H,. The catalytic testing was continued for at least 6 h 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 tape. Description:of ithe reactor set up and the reaction conditions are

summarized in Table 3.2
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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) 10-30
Total flow (ml/min) 166
Catalyst weight (¢) 0.18-0.35
Contact time: W/F (g.h/mol) 15-42
Catalyst pallet size ([m) 600-850

Catalyst activation (before reaction) | Heating rate: 10°C/min (2°C/min for H-ZSM-5)
Calcination temperature: 450 °C

Gas:air zero (100 ml/min)

Catalyst reduction(before reaction) Heating rate: 5 °C/min
Reduction temperature: 400 °C and 500 °C
Gas: Hydrogen (100. ml/min)

Reaction temperature (°C) 400-500-°C

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 inte GC ‘column (Equity-1, 30 m length, 0.53 mm internal diameter, 5 lm film
thickness) connected to flame ionized detectors (FID). The following temperature
program was used for-theanalysis: holding at 33°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, was used as a carrier
gas (linear velocity~40cm/sec). 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 area from the chromatogram was measured and
calculated. Then each peak was identified by comparing with standard and the

composition of each product was determined by normalization.
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Chapter 4

Results and discussion

4.1 Characterization

4.1.1 X-ray Diffraction (XRD)

X-ray powder diffraction pattern of all catalysts, including Cu, Cu-Ag, Cu-Ni,
Cu-Fe and Cu-Zn loaded on SiO,, after calcined and reduced were determined by XRD
technique. The X-ray powder diffraction patterns of the metal supported on silica

catalysts are shown in Figure 4.1.

a) 109Cu/Sioz*

(a.u.)

b) 10%Cu-2%Zn/Si0,**

a = - YAe/SIOH
g0 \ c) 10%Cu-2%Ag/SiO
é) = Sudae AT 'h b 7 L NP N AR W A A ol o UL WV g g/ ?
1 - d) 10%Cu-2%Fe/Si0,"*
e g~ Il 8L NP NP NS NI Pt A o g - AT oo g d oLt S

. €) 10%Cu-2%Ni/SIOz"

g Vo

40 aq 42 43 a4 a5 46 a7 43 49 50 51 52 58 54

Figure 4.1 XRD pattern of @) 10%Cu/SiOs, b) 10%Cu-2%27n/Si0,, c)10%Cu-2%Ag/SIO,,
d) 109%Cu-2%Fe/SiO,; e)-10%Cu-2%Ni/SiO,.
(*calcined 450°C reduced 400°C, **calcined 450°C and reduced 500°C)

All catalysts show-a broad peak at 28 around-22°attributed to amorphous silica
as shown in Appendix Al. Figure 4.1a, Cu/SiO, showed the diffraction peak at 43.4°
and 50.6°, which are attributed to Cu metal phase dispersed on silica [47, 50, 51]. For
XRD pattern of bimetallic, Cu-Zn (Figure 4.1b) revealed diffraction peaks at 43.3° and
50.4° that slightly shift to lower 28. No reflection assigned to ZnO or metallic Zn was
observed in this catalyst. The shift of metal phase and lack of separated Zn phase
indicates that Cu and Zn were successfully alloyed to bimetallic Cu-Zn phase, likewise
with Cu-Ag as shown in Figure 4.1c [52, 53]. For bimetallic Cu-Fe, the catalyst showed
diffraction peaks at 43.2°, 43.3% and 50.4° (Figure 4.1d). The first peak indicated to
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diffraction peak of Fe,O5 [54]. While the peaks at 43.3° and 50.4° slightly shift to lower
20, in a manner similar to the bimetallic Cu-Zn and Cu-Ag. It suggests that some Fe can
be alloyed with Cu. While the diffraction peaks of Cu-Ni are not changed significantly
when compared with Cu/SiO,. However, the phase diagram of Cu-Ni alloy shows that
83 wt%. Cu and 17 wt%. Ni composition can be completely formed to Cu-Ni alloy
phase (Appendix A8).

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 Table

4.1.

Table 4.1 Elemental-analysis:and gas adsorption characteristics of catalysts.

Metal loading Hydrogon
Catalysts as:ET (Wt%.) consumption
il N g YA Ag  Fe Ni yomelg
Si0, 319
Cu/Sio, 229 7.8° ) > > - 18
Ag/SIO, 206 \ 12.0° : - 0.05
Cu-Zn/Si0, 244 7.8° 1.9° - . & 1.83
Cu-Ag/SIO; 213 7.4° > 0.9° - X 1.53
Cu-Fe/SiO, 243 9.8 - ; 207 $ 1.22
Cu-Ni/SiO, 233 7.3° - - : 1.8° 1.31
H-ZSM-5(28) 479 ‘
Cu/H-ZSM-5 (28) 350 0.8° - s : S 0.1
Ni/H-ZSM-5 (28) 408 : : . 0.5 0.09
Zn/H-ZSM-5 (28) 429 . 1.4°

 Determined by BET
® Determined by XRF
“Determined by ICP-MS
It can be seen that monometallic content (Cu and Ag) in the catalysts is similar

to the expected loading; that is 10 wt%. In the case of bimetallic catalysts, Cu content

was fixed to 10 wt%. and the secondary metal (Ag, Zn, Fe and Ni) was imposed at 2
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wt%. However, a variation of the loading obtained may be accounted for the deviated
concentration of the metal precursor during preparation.

Silica support shows relatively high surface area of 319 m?%/g. The surface area
of all 10 wt%. monometallic and 12 wt%. bimetallic supported catalysts are obviously
decreased upon metal loading. Again, metal supported H-ZSM-5 shown lower surface
area (350-429 m%g), as compared with H-ZSM-5 (479 m?/g). However, all catalysts

exhibit comparatively high surface area.

4.1.3 Temperature program reduction (TPR)

Reducibility of Cu/SiO,, Cu-Fe/SiQ, Cu-Ag/SiO,; Cu-Zn/SiO, and Cu-Ni/SiO,
catalysts were investigated-by H,-temperature~programmed reduction (H,-TPR).
The H,-TPR profiles of those catalysts prepared by impregnated and co-impregnation

method are shown in Figure 4.2.

a), 1096Cu/Si0,

__/-\___/\ b). 10%Ag/5i02(80x)
A €).-10%CU-2%Zn/SiO)

1
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o e
£ d). 1096Cu-29%Ag/Si0,
’T‘ - - - '4 % L) e — B e e — —— e
/
NNy, O e). 109%Cu-2%Fe/Si0]
4/"/\ f). 109%Cu-29%Ni/SiO,
50 100 150 200 250 300 350 400 450 500 550 600 650 700

Temperature (VC)
Figure 4.2 TPR profile of a) 10%Cu/SiO,, b) 10%Ag/SiO,, ) 10%Cu-2%2Zn/SiO;,
d) 109%Cu-2%Ag/SiO,, e) 10%Cu-2%Fe/SiO;. f). 10%Cu-2%Ni/Si0,.
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As seen from Figure 4.2a the reduction of Cu®** to metallic Cu take places as a
single peak at 270 °C. For Ag/SiO, catalyst (Figure 4.2b), the TPR shows reduction peak
at 100 °C and a broad peak at 300 °C represents the reduction of Ag” to Ag cationic
cluster and such cationic cluster to metallic Ag, respectively [55].

For Cu-Zn/SiO, bimetallic catalyst (Figure 4.2c), two reduction peaks also reveal
at 254 °C, 336 °C. The first peak is attributed to the reduction of a small particle of CuO
[47], and the second peak is suggested that the reduction of CuO-ZnO to Cu-Zn alloy.
This is consistent with XRD result discussed previously. While the broad peak around
450-600 °C is consistent with the reduction of Cu® to metallic Cu that requires high
reduction temperature [56].

For Cu-Ag/SiO, catalyst (Figure 4.2d), the H; consumption shows a broad peak
around 219 °C that is referred to the reduction of CuO-Ag,Q to bimetallic Cu-Ag [46].
This indicated interaction between Cu and Ag in this catalyst in consistent with XRD
result.

For Cu-Fe/Si0, catalyst demonstrate two reduction peaks at 176 °C and 221 °C,
corresponding to the reduction of \high dispersed of CuO and bulk CuO, respectively
[57, 58]. In addition, these peaks shift to low temperature, as compared with Cu/SIiO,
catalyst (Figure 4.2e). This is_because, when the Feis added to Cu/SIQ, catalyst, a
small particle of CuO is generated. Moreover, the broad peak at 250-400°C is assigned
to the reduction of Fe;O5 to metallic Fe [56; 571 In line with XRD (Figure 4.1d.), this
suggests that Fe,0; is retained in the catalyst and the actual amount of Fe alloying
with Cu could be lower than-the expected concentration.

In the case of Cu-Ni catalyst; two-reduction peaks at 174 °C and 235 °C are
observed (Figure 4.2f). The first'peak is assigned to the reduction of a small particle of
CuO, in a manner similar to the case of Cu-Fe/Si0;. While the second peak suggests
the reduction of CuO-NiO to Cu-Ni alloy as also evidenced by XRD. From Table 4.1,
the monometallic (Cu and Ag) showed H, consumption at 1.8 and 0.05 mmol/g,

respectively. While the bimetallic metal showed hydrogen consumption varies from

1.22-1.83 mmol/g.0
In the case of metal loaded H-ZSM-5 (M/H-ZSM-5, M=Ni, Cu, Zn), the catalysts

were prepared by ion exchange method. The reducibility of these catalysts is shown in

Figure 4.3.
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a). Cu/H-ZSM-5 (28)

Signal (a.u.)

b). Ni/H-ZSM-5 (28)
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Figure 4.3 TPRprofile of metal jon exchange a) Cu/H-ZSM-5, b) Ni/H-Z5M-5.
The H,-TPR profile of Cu/H-ZSM-5 show a reduction peak.of CuO aggregates at
200 °C and another peak at 550 °C indicating, the reduction of charge balancing Cu ion
in H-ZSM-5 [59, 60, 61]. While NiO over H-ZSM-5 shows single broad reduction peak at
500 °C. The reducibility of exchangeable Ni cation was lower, as compared to typical
of NIiO (~400 °C). This is because the Ni ion strongly interacts with the negative
framework charge and thus highly dispersed as small nanoparticles as shown by TEM

image (Figure 4.4).

Figure 4.4 TEM image of Ni/H-ZSM-5.
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It can be seen from TEM that, the Ni/H-ZSM-5 shows a high dispersion of Ni
particle size of approximately 5 nanometers diameter (right image). Some of Ni particles
are well aligned in the pore of H-ZSM-5 (as also shown in Appendix A6). The Cu and/or
Ni loaded H-ZSM-5 revealed the same H, consumption of at 0.1 mmol/g. While Zn
over H-ZSM-5 cannot be completely reduced at 900 °C [72].

4.2Understanding the production of hydrocarbons from ethanol
The production of hydrocarbons from ethanol over acid catalyst (H-ZSM-5) was

tested at contact time of 10-42 ¢.h/mol, 400°C as shown in Figure 4.5.
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Figure 4.5 Product distribution from ethanol: conversion over H-ZSM-5 (28).

a). Conversion and ethylene yield, b). Minor products yield
(Reaction temperature; 400°C, Feed rate; 0.0085 mol/h of absolute ethanol,
Contact time; 10-42 ¢.h/mol.)

It can be seen that the 100% conversion of ethanol is observed over H-Z5M-5
(28). Only ethylene was produced via dehydration of ethanol at low contact time.
Ethylene cannot be converted to higher hydrocarbons at low contact time because
the rate of ethylene oligomerization is relatively slow, as compared to the rate of
dehydration. This is presumably because the direct ethylene protonation leads to
formation of unstable primary carbocation. As the contact time is increased, ethylene
is notably decreased, while the higher hydrocarbons including light hydrocarbons (C3-

C5), BTX aromatics, C6-C8, C9 aromatics, alkylbenzenes, indenes, and naphthalenes are

" Indenes and naphthalenes
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observed. The light hydrocarbons (C3-C5) is significantly increased at higher contact
time (~25 g.n/mol). While the higher hydrocarbon (BTX aromatics, C6-C8, C9 aromatics,
alkylbenzenes, indenes, and naphthalenes) are pronounced at contact time of 42
g.h/mol. This suggests that the ethylene initially oligomerizes to C4-Cé6 hydrocarbons
at low contact time (10-15 g¢.h/mol). The C4-C6 hydrocarbons successively crack to
propylene at higher contact time. The higher hydrocarbons are produced from
propylene that undergoes alkylation, isomerization, cyclization, and aromatization at
high contact time (25-42 g.h/mol), as typically observed for acid zeolite (hydrocarbon

pool mechanism) [9, 62, 63, 64] as shown in scheme 14.

~o NSO 040

-H O :
2 P ¢ BTX, C9 Aromatics

/ Oligomerization Q Cracking /\ Aromatizatibn

I Disproportionation

/\/\r/

Alkylbenzenes, Indenes

Hydrocarbon pool

Scheme 14. Conversion of ethanel to hydrocarbons over H-ZSM-5 (28).

As ethylene oligomerization. initially proceeds via the formation of primary
carbocation that is. thermodynamically unfavorable, the direct.conversion of ethylene
to hydrocarbons only aecid site is not feasible. Hence, to improve ethanol conversion
to higher hydrocarbons, the metal bed was added on top of the acid bed, in order to
virtually convert ethanol to acetaldehyde prior to entering the acid bed. The product
distribution from the reaction over a double bed system of Ag/SiO, and H-ZSM-5 (28)
were compared with a single bed of H-ZSM-5 (28) as shown in Table 4.2.

il 5&@0}@30
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Table 4.2 Product distribution of conversion of ethanol over single bed of H-ZSM-5
(28) catalyst compared with double bed of Ag/SiO,(top) and H-ZSM-5(bottom) catalysts.

%Yield

[ =

Rel

2
[} @ W v w
Catalysts 2 o o v i< £ o |y 2
3 5 3 g |g |8 @18 |E | =
2 £ |12 |zl2|z|B|2]|s|8]s £
w a Y o | X [E &
& ] <C [=

H-ZSM-5 (28) 100 - 928 1.4 = 2.6 1.7 1 0.2 13
Ag/Si0; and H-Z5M-
100 s - 1.7 ™62 Q1 | 76 | 02 | 124 ] 5.0 65.3
5(28)

(Reaction temperature; 400°C, feed rate; 0.0085 mol/h of absolute ethanol, single bed of H-ZSM-
5 ; contact time; 15 g.h/mol,-double bed of Ag/SiO,+H-ZSM-5; contact time of Ag/SiO;; 60 g.h/mol
and contact time of H-ZSM-5; 15 g.h/mot)

The result shows that the:double bed system gives hisherselectivity to BTX, C9
aromatics, alkylbenzenes, indenes, and naphthalenes. While the only ethylene and
small amounts of hydrocarbons (C3-C9) were observed over a-single bed of H-Z5M-5
(28) at the same contact time. It is suggested that the reaction pathway for ethanol to
hydrocarbons-over thé double bed system is not similar to that over the single bed of
H-ZSM-5 (28).-In thesingle bed of H-ZSM-5 (28), the hydrocarbons.are produced from
protonation of ethylene and then oligomerization (hydrocarbons pool) as discussed
earlier. While. ever the double bed. system, the -ethanol is dehydrogenated to
acetaldehyde over. the, first bed.~ The  acetaldehyde ~then undergoes aldol
condensation/deoxygenation in the second bed. it is suggested that the rate of aldol
condensation (of acetaldehyde)is faster than therate of oligomerization (of ethylene).
This is because the acetaldehyde can be protonated over H-ZSM-5 to form enol or an
enolate intermediate. Such intermediate is much more stable than the primary
carbocation intermediate formed by protonation of ethylene.

However, the methane is observed over Ag catalyst, presumably produced from
decarbonylation of ethanol over Ag/SiO,. From previous research [65], Cu/SiO; gives
high activity for dehydrogenation of ethanol to acetaldehyde while decarbonylation of

ethanol is suppressed, as compared to Ag/SiO,. Hence, the Cu based catalyst is chosen

for the top bed in further study (Figure 4.6).
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4.3 Dehydrogenation of ethanol to acetaldehyde over Cu supported SiO,

In order to enhance the hydrocarbons yield via the aldol condensation
/deoxygenation of acetaldehyde, The Cu based catalyst (top bed) should provide high
activity in ethanol dehydrogenation and high selectivity to acetaldehyde. Hence, the
dehydrogenation of ethanol was primarily investigated over the single bed of Cu
catalyst for the effect of carrier gas, temperature, type of metal alloyed, and contact
time.

4.3.1 Effect of carrier gas

The effect of carrier gas on ethanol conversion over Cu/SiO, catalyst was

investigated as shown in Figure 4.6.
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Figure 4.6. Dehydrogenation of ethanol over-Cu/SiO, a) calcined in N, at 450 °C with
N, as a carrier gas; b) treated-under N, at 450 °C, carrier gas No; ). treated under H, at
450 °C, carrier gas N,; d).régenerated catalyst,-carrier gas H,, e) carrier gas N, f)
regenerated catalyst, carrier gas H,. '
(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol,
Contact time; 30 g.h/mol.)

It can be seen that (Figure 4.6 section a) ~80% conversion of ethanol is initially
observed with higher than 99.6% selectivity to acetaldehyde over Cu/SiO, catalyst
under N, flow. However, a severe deactivation is observed over this catalyst. This

deactivation is not derived from the sintering according to transmission electron

micrographs (Figure 4.7).
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Figure 4.7 TEM images of Cu/SiO: (a) fresh catalyst, (b) spent catalyst.

It can be seén that the Cu particle size of the spent catalyst remains intact, as
compared to the fresh-one. Alternatively, cause of deactivation may well resulted from
coke formation. However, the TGA of the spent catalyst shows no weight loss. In turn,
the catalyst weight is increased at temperature range 200-400 °C as shown in Figure

4.8.
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Figure 4.8 TGA profile of Cu/SiO;
The observed weight gain is presumably due to the formation of CuO when Cu
metal is oxidized by air zero (carrier gas). This does not only suggest that no coke

formation is present after reaction, but also that Cu remains as a metallic phase in the

spent catalyst.
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Another possibility for the observed deactivation is that the adsorption of
intermediate species over Cu metal surface. To verify this hypothesis, the catalyst is
then treated under N, gas at 450 °C for an hour and re-operated at the same condition
(Figure 4.6 section b). It can be seen that the catalytic activity is not completely
recovered. This implies that the feed may strongly adsorb on Cu metal surface.

The adsorption of alcohol on the Cu surface was reported in the literature [66]
that NO)-alkoxide intermediate species (a) is initially formed via dissociation of O-H
bond. At higher temperature, this species can eliminate an a-hydrogen to produce two
possible aldehyde intermediates including (i) N¥O)-carbonyl species and/or (i) NAcC, O)-

carbonyl species on Cu metal surface as-shown below.

3 \C
I

Q

H3 T
d ¢y A
8 He (i) N'(0)-carbonyl intermidiate
| 3
(0] ¥n~o H J
) ; ]
1 40)-alkoxide intermidiate (a)
H—“O

(i) N%(0)-carbonyl intermidiate

H

It is Likely that only N%Q)-carbonyl species can be removed at 450 °C under N,
gas because NYO)-carbonyl species:is relatively less stable and tend to desorb more
readily, as comparedto-n*(C; O)-carbonyl species [65]. However, the deactivation is still
observed suggesting that the-NX(C,-O)-carbonyl-species is strongly adsorbed and remain

on the Cu metal surface after treatment at 450°C under N, gas as shown below.

CH

|

: 450 °C/ N
1'(0)-carbonyl intermidiate '

1)0)-carbonyl intermidiate
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Although the catalyst is further treated under H, gas at 450°C for an hour (Figure
4.6 section c), the catalytic activity cannot be recovered. This suggests that
the NXC, O)-carbonyl species is not possible desorbed by hydrotreating process
because the surface is fully covered with NAC, O)-carbonyl species. Hence, H; gas
cannot co-adsorption with ethanol on Cu metal surface.

In order to completely regenerate the catalyst surface, the catalyst is calcined
in air at 450 °C and reduced at 400 °C then tested under H; as a carrier gas. Itis clearly
seen that the catalyst shows a high activity and stability (Figure 4.6 section d). This
suggests that H, gas can be co-adsorbed with the ethanol and may well be dissociated,
which leads to an increased electron-density-of the Cu surface. The increased surface
electron density is known.to weaken the adsorption of NAC, O)-carbonyl species, but
stabilize NYO)-carbonyl species on Cu surface. This result indicates that the desorption
of NAC, O)-carbonyl species can be facilitated.in the presence of H, gas leading to a
cleaner Cu surfaceand hence higher stability.

To validate this assumption, the carrier gas is switched to-N; as shown in Figure
4.6 section e The catalytic activity is suddenly decreased: After_regeneration and
repeating the test under H, gas (Figure 4.6 section f), the catalytic activity can be
recovered witha conversion similar to that in section d. This again confirms that when
co-feed with-H,, N¥O)-carbonyl species is preferred an Cu surface and then readily

desorbed to produce acetaldehyde as shown below:
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H—:H ] H—:—H )’K
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1'(0)-carbonyl intermidiate
/\OH
H.C
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----------- » Deactivate

M2(0)-carbonyl intermidiate

However, a small fraction of strongly adsorbed of NAC, O)-carbonyl species may

well be presented and that lead to the slight deactivation even in H, gas.
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The effect of temperature on the selectivity of acetaldehyde was investigated

as shown in Table 4.3.

Table 4.3 Product distributions from ethanol dehydrogenation over Cu/5i0; catalyst.

% Yield % Selectivity
: - .

-~ — ] [0}
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o} v}
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30 400 89.7 0.5 89.2 0.6 99.4
15 400 70.8 0.1 70.7 0.1 99.9
15 500 85 i:0 84.0 .3 98.7

(Reaction temperature; 400-500°C, Feed rate; 0.012 mal/h of absolute ethanol)

It is found that when the contact time is increased from 15 to 30 g.h/mol), the

conversion of ethanol is increased while a small’ amount of methane is observed.

However, when the temperature is increased (400 to 500 oC) the selectivity of methane

is significantly increased as.shown in Table 4.3. In addition, at temperature of 500 °C

the catalyst shows an improved stability, as compared to the reaction temperature at

400 °C (Figure 4.9) suggesting that the NC, O)-carbony! species.can be decarbonylated

to methane and carbon monoxide; leavinga cleaner Cu surface.
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Figure 4.9 Dehydrogenation of ethanol at a) 400°C and b) 500 °C.
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This is because the decarbonylation requires relatively higher activation energy,
as compared to that of dehydrogenation. For the decarbonylation, ethanol could be
initially dissociated on Cu surface to form N¥O)-alkoxide intermediate that can partially
dissociate an o-hydrogen forming N*(C, O)-carbonyl species as discussed previously.
However, some of the NC, O)-carbonyl species can further dissociate the carbonyl

hydrogen to form N¥C)-acyl intermediated as shown Scheme 15.

HC
> T
[ 2 H.C -H H G o
o ——= O H ——= 2 — - CTTH —— CH+CO
N¥0)-alkoxide intermidiate T|O)-carbonyl intermidiate M 4(C)-acyl intermidiate

Scheme 15 Decarbonylation of ethanel to methane.

Therefore, the reaction at temperature 500°C gives some selectivity of methane.

To diminish methane formation, the temperature at 400°C are-chosen for further study.
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4.3.3 Effect of alloyed metal with Cu
The effect of the secondary metal was investigated to improve the stability of

Cu catalysts for the dehydrogenation of ethanol to acetaldehyde as shown in Figure

4.10.
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Figure 4.10 Product distribution of ethanol dehydrogenation over a). Cu/SIO,,
b) 109%Cu-2%Fe/SIiO,, ¢) 109%Cu-2%Ni/SiO,, d) 10%Cu-2%Ag/SiO,, and e). 109%Cu-
2%Zn/SiO,.

(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol, Contac time; 15

g.h/mol.)
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The result shows that an improved stability can be observed over Ni, Zn, Ag
alloyed with Cu catalysts. For Cu-Fe/SiO, (Figure 4.10b), the deactivation is still
observed. However, the catalyst gives higher initial conversion for ethanol
dehydrogenation as compared to Cu/SiO,. It is suggested that the dispersion of Cu over
Cu-Fe/SiO, is enhanced because the addition of Fe leads to higher dispersion of Cu
loaded, as evidenced by lower reduction temperature in TPR (Figure 4.2). In addition,
some of Fe cannot alloy with Cu, forming disaggregated Fe particles as shown by XRD
(Figure 4.1) and TPR (Figure 4.2). It is suggested that such Fe particles may be oxidized
to iron oxide by the feed, resulting in the formation of Lewis acid sites over this catalyst.
Accordingly, the small amount of propylene is observed (Table 4.4) presumably from
the secondary reactions of acetaldehyde over such Lewis acid sites (iron oxide) [49, 67,

68, 69].

Table 4.4 Product distributions from ethanol dehydrogenation over Cu alloy catalyst.

% Yield % Selectivity
c
e ) i}
i o w © w
@ > & = &
Catalysts = A G 4 G 5 a
o T ke > i o >
T g\ SO gl | 8
=S § u g a
Cu/SiO; 70.8 0.1 70.7 - 0.1 99.9 -
Cu-Fe/SiO; 88.7 2.5 85.7 0.5 &7 96.6 0.6
Cu-Ni/SiO, 100 100 - - 100 - -
Cu-Ag/SiO, 749 0.9 war - 1.2 98.8 -
Cu-Zn/SiO; 90.8 0.2 90.6 . 0.2 99.8 -

(Reaction temperature; 400°C, Feed.rate; 0.012 mol/h of absolute ethanol, Contac time; 15

g.n/mol.)
It is suggested that over Lewis acid site, the ethyl acetate can be preliminarily
produced from Tishchenko reaction of acetaldehydes (Scheme 16a). The ethyl acetate
can be hydrolyzed to acetic acid, that undergoes ketonization to acetone (Scheme

16b). Then the acetone can be further hydrodeoxygenated to propylene as observed

(Table 4.4).
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Scheme 16. The reaction of acetaldehyde to propylene.

In the case of Cu-Ni/SiO,, the catalyst gives 100% conversion of ethanol.
Unfortunately, 100% selectivity of methaneis-observed (Table 4.4). It is suggested that
ethanol is successively decarbonylated to methane aver Ni catalyst presumably
because the NA(C, O)- carbonyl intermediate species is preferred over Cu-Ni [70].
Accordingly, the decarbonylation ‘to methane and carbon monoxide is promoted as
discussed earlier (Scheme 15). Hence, the Cu-Ni alloy is not-desired for production of
acetaldehyde.

For Cu-Ag/SiO,, the catalyst shows greater stability, as compared to Cu/SIO,.
This suggests that the addition of Ag does not improve dispersion of Cu but only
improve surface coverage over Cu-Ag/SIO,. Likewise, Cu catalyst, both N*and NAC, O)-
carbonyl species can. be observed over Cu-Ag alloy as reviewed.in literature [71].
However, the" NXC; ‘O)-carbonyl species over the Cu-Ag-catalyst can be readily
decarbonylated to methane bearing vacant site on the surface. Hence, the deactivation
over Cu-Ag/SiO, ‘s~ inhibited by ~eliminating of -NXC, -O)carbonyl species via
decarbonylation.“In-line with this view, small amount of methane can be observed
over Cu-Ag catalyst (Table 4.4).

In the case of Cu-Zn/Si05, the catalyst show a high catalytic activity and stability
as compared to Cu/SiO,. The higher conversion is suggested to derive from the higher
dispersion of Cu with the addition of Zn [47]. This is because when Zn is added, a small
Cu particle is obtained as discussed in TPR (Figure 4.2). Moreover, the observed high
stability suggests that the incorporation of Zn reduced NXC, O)-carbonyl species on the
surface. This behavior is ascribed to the electropositive nature of Zn, that result in a
higher electron density of Cu and hence lower stability of the NAC, O)-carbonyl species
as compared to the pure Cu surface. The Cu-Zn alloyed surface also hinders the

formation of n!(C)-acyl species and stabilizes N O)- carbonyl species on the surface
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(Scheme 17). Therefore, high selectivity of acetaldehyde is observed for Cu-Zn alloyed

catalyst.
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Scheme 17 Dehydrogenation of ethanol over Cu-Zn catalyst.

4.3.4 Effect of contact time
The conversion of ethanol and yield of products over Cu-Zn/SiO, catalyst at

various contact time are shown in Figure 4.11 and Table 4.5.
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Figure 4.11 Conversion of ethanol and yield of products over Cu-Zn/SiO, catalyst.
(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol,

Contac time; 4-30 g.h/mol.)
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The result shows that the conversion is readily increased with contact time as
generally expected since the increase in contact time allows a better chance for the
ethanol to interact with the active sites. For the products yield, it can be seen that
ethanol is selectively converted to acetaldehyde with very small amount of methane.
As discussed earlier, acetaldehyde can be produced by dehydrogenation of the N*O)-
carbonyl species while methane is produced by decarbonylation of the NYC)-acyl
species derived from the N¥C, O)-carbonyl species. It is suggested again that Cu-Zn
surface prefer the NYO)-carbonyl species adsorption rather than the NAC, O)-carbonyl
species. However, at high contact time (30 g.h/mol) small amount of butanal and

butanol are observed (Table 4.5).

Table 4.5. The product distributions from ethanol dehydrogenation over Cu-Zn/SiO;

catalyst.
Contact % Yield
% -
time
Conversion CHyg Acetaldehyde | Butanal Butanol

(g.h/mol)

q 68:2 01 68:1 : -

8 77.8 0.2 7.7 - -

15 89.2 0.1 89.0 - -

30 93.7 0.3 ' Ved f 0.6 0.1

(Reaction temperature; 400°C; Feed rate; 0.012 mol/h of absolute ethanol,

Contac time; 4-30 g.h/mol.)

The butanol and.butanal might be produced by aldol condensation of the

acetaldehyde produced over the trace of ZnO present in the catalyst (Scheme 18).
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Scheme 18. Overall reaction over Cu-Zn catalyst.
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4.4Production of hydrocarbons from ethanol over double bed system

of Cu-Zn/Si0O, and H-ZSM-5 catalysts
4.4.1 Effect of acidity
As Cu-Zn/SiO, shows high stability and selective for production of acetaldehyde
as compared to the other metal alloyed with Cu, this catalyst is used for double bed
system on top of the H-ZSM-5 bed. The effect of acidity in the secondary bed is tested
for production of hydrocarbons. The product distribution from ethanol conversion over

double bed system of Cu-Zn/SiO, and H-ZSM-5 catalyst are shown in Table 4.6.

Table 4.6 Product distribution from ethanol conversion over various Si/Al of H-ZSM-5.
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(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol, contact time of
Cu-Zn/Si0,+15 e:h/mol and contact time of H-ZSM-5; 15 g.h/mol)

The result shows that all doubte-bed systems give 100% conversion of ethanol.
As the Cu-Zn/SiO, catalyst in the first bed provides up to 90% conversion of ethanol
to acetaldehyde (Figure 4.11), about 10% of ethanol retained can be additionally
dehydrated to ethylene over the secondary bed (H-ZSM-5). Nevertheless, only 6% of
ethylene is observed from the double bed system. This suggests that some of ethylene
can undergo oligomerization to hydrocarbons over H-ZSM-5. However, the most of
hydrocarbons are produced from acetaldehyde. This is because the rate of aldol

condensation of acetaldehyde is faster than that rate of oligomerization of ethylene.
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As discussed earlier (Table 4.2), the enol-enolate intermediate in the aldol
condensation is more stable than the primary carbocation formed by protonation of
ethylene.

From Table 4.6, a small amount of hydrocarbons are obtained over H-ZSM-5
(500) and H-ZSM-5 (250), is due to the lower number of the strong acid sites in these
catalysts. With low acid density (0.03 mmol/g), the acetaldehyde produced from the
first bed cannot be converted to hydrocarbons. This is because aldol condensation is
a bimolecular reaction that requires two close proximate sites. When the strong acid
site is increased (0.09-0.48 mmol/g. as in H-ZSM-5 140, 40, 28), the acetaldehyde is
markedly decreased, while thehydrocarbons including BTX, C9 aromatics,
alkylbenzenes, indenes, and naphthalenes are significantly increased. This indicates
that the increased in a number of the strong acid site provides appropriate site
proximity to promote aldol condensation/deoxygenation of acetaldehyde to higher
molecular weightintermediate. Such  intermediate = can- undergo dehydration,
cyclization, aromatization, disproportionation; and crack' te. hydrocarbons [72].
Furthermore; the alkylbenzenes aré decreased over the catalyst with higher strong acid
site (0.09-0.48 mmol/g), white BTX and C9 aromatics are increased. This suggests that
alkylbenzenes can be disproportionated to C9 aromatics, indenes, and naphthalenes.
While BTX and light hydrocarbons (ethylene and propylene) are produced by cracking
of some high-molecular weight hydrocarbons (Scheme 19).-Accordingly, the H-ZSM-5
(28) with high-acidity (0.48 mmol/g) provides a higher yield of BTX hydrocarbons as
compared to the H-ZSM-5.other Si/Alratio.
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Scheme 19. The reaction pathway of ethanol over double bed system of Cu-Zn/5iO,
and H-ZSM-5 (28).
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Although incorporation of H-ZSM-5 (28) in the double bed system provides high

yield of aromatic hydrocarbons, a severe deactivation is still observed over this catalyst

as shown in Figure 4.12a.
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Figure 4.12 Effect of metal ion exchange over double bed system of a). H-
7ZSM-5(28), b).-Ni/H-ZSM-5 (28), ©). Cu/H-ZSM-5 (28),°d). Zn/H-ZSM-5 (28)
(Reaction temperature; #00°C, Feedrate; 0.012 mol/h of absolute ethanol,
Contae time of Cu-Zn/Si0,; 15 gh/mol, and-contact-time of a-d 15 g.h/mol)

In line with this olbservation, BTX, C9 aromatics, indenes, and naphthalenes
hydrocarbons are significantly decreased with time on stream while the ethylene,
propylene, C4-C8 hydrocarbons remain similar. It is suggested that C9 aromatics,
alkylbenzenes, indenes, and naphthalenes are precursors for the formation of higher
molecular weight products deposit in the zeolite cavities, blocking access of the feed
to the strong acid sites.

To overcome the deactivation of catalyst, the metal (Ni, Cu, Zn) is added to H-
ZSM-5. It is expected that the incorporated metal can assist the dissociative adsorption
of hydrogen and hence hydrogenation of the coke precursor formed over the acid sites.

The result shows that the metal/H-ZSM-5 (28) demonstrate a stability greater than that
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of H-ZSM-5 (28) (Figure 4.12b, c, and d). The coke formation is significantly decreased
over all metal incorporated H-ZSM-5 (28) as compared with H-ZSM-5 (28). According to
TGA profile (Table 4.7), the H-ZSM-5 (28) shows 9wt% loss of coke while the Zn/H-
ZSM-5 (28) shows only 5wt% loss for example. It indicates that the incorporated metal

possesses cleaning effect on the coke precursor formed over the strong acid site.

Table 4.7 TGA data of catalysts

Coke
Catalysts
Temperature (°C) Weight loss %
H-ZSM-5 (28) 400-650 9
Zn/H-ZSM-5 (28) 400-650 5

From Table 4.8, the metal/H-ZSM-5(28) provide lower heavy hydrocarbons

product (BTX, C9-aromatics, alkylbenzene, indenes-and naphthalenes) as compared

with those over H-ZSM-5 (28)

Table 4.8 Product distribution from ethanol conversion over various Metal/H-ZSM-5.
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H-ZSM-5 (28) 100 - - - 72 35 2.1 11 26.0 0.5 20.2 9.2 323
Ni/H-ZSM-5 (28) 100 10.4 | .12.2 4.0 - - 0.8 0.6 273 0.3 13.0 7.0 244
Cu/H-Z5M-5 (28) 100 - - - 19.1 53 1.7 2.8 219 0.7 158 8.6 24.1
Zn/H-ZSM-5 (28) 100 242 5.0 3.1 LT 21.8 03 157 9.2 19.0

(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol, contact time of

Cu-Zn/Si0y; 15 g.h/mol and contact time of H-ZSM-5 and metal/H-Z5M-5; 15 g.h/mol).
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Among heavy hydrocarbons product, the BTX selectivity is increased when the
metal is incorporated on H-ZSM-5 (28) as seen from the BTX/C9 aromatics and

BTX/indenes and naphthalenes ratio (Table 4.9).

Table 4.9 Aromatics ratio from ethanol conversion over various Metal/H-ZSM-5.

Ratio
Catalysts BTX/indenes and
BTX/C9 aromatics
naphthalenes
H-ZSM-5 (28) 1.3 0.8
Ni/H-ZSM-5 (28) 24 ]
Cu/H-ZSM-5 (28) 14 0.9
Zn/H-ZSM-5 (28) 1.4 ' 1.2

It is suggested that-the incorporated metal can hydrogenate coke precursors
formed over-the acid site resultingin the low amount of C9 aromatics and polynuclear

aromatics such as indenes and naphthalenes and hence gives more fraction of single

ring aromatics such as BTX.
For Ni/H-ZSM-5 (28), the hydrogen can readily dissociate on the Ni surface, the

coke precursor can be hydrogenated by hydrogen spillover from Ni-particle resulting in
the continuods production 'of BTX and-light hydrocarbons (C,-C5 paraffins). However,
the methane is‘observed due to the decarbonylation of acetaldehyde/ethanol over Ni
surface as discussed earlier (Figure 4.10c). While the tight paraffins are produced from

decarbonylation/hydrogenolysis of higher aldehydeover Ni site as shown below.

Ethane /\/

T Hydrogenolysis T
O 0
-CO l —COl

Methane /\
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In the case of Cu/H-ZSM-5 (28), the hydrogenation of coke precursor also
promotes by hydrogen spillover, but in a lesser extent as compared to that over Ni
catalyst. The Cu catalyst hence gives low amount of BTX, indenes, and naphthalenes
while the higher ethylene is observed as compared with Ni/H-ZSM-5 (28) (Table 4.8).
This is suggested that some of the acetaldehyde is hydrogenated to ethanol over the
incorporated Cu catalyst. The ethanol can undergo dehydration over the acid site to

form ethylene as shown below.

OH

O
Hydrogenation -H,0 _ .
Cu e - Acid site : 2

H

Nonetheless; some of the deactivation can be observed. This is because the Cu
can be oxidized to exchangeable Cu ion by the feed over acid sites resulting in the
detrimination of the hydrogenating function of Cu/H-ZSM-5 (28).

For the Zn/H-ZSM-5 (28), the active Zn species in H-ZSM-5'is not a metallic Zn
but rather as cationic species [73]. This is because Zn** cannot be reduced to metallic
Zn as mentioned.in TPR (Figure 4.3). However, under H; atmosphere, the heterolytic
dissociation of Hy over exchangeable Zn?' cation can result-in' zinc-hydride (ZnH*)

cation and recoverable Br@gnsted acid sites as shown below.

Zn** . (ZnH)* Ht
o) N o} b

A2 N D A
The zinc-hydride (ZnH') species-canalso-promote hydrogenation of coke
precursors by hydrogen transfer resulting in the low amount of indenes and
naphthalenes (Table 4.8). The hydrogenation via hydrogen transfer was reported in the
literatures that the reaction involves hydrogen donor (ZnH*) and hydrogen acceptor
such as aldehyde/alkene. The aldehyde/alkene are protonated over the acid sites in a
close proximity to zinc-hydride (ZnH*) site. The hydrogen interacts with active Zn
species then transfered to aldehyde/alkene located on acid sites to generate

alcohol/alkane and exchangeable Zn?* cation. Zinc-hydride (ZnH*) and Bransted acid
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site can be recovered again from the reaction of active Zn** species and gas phase H,

as shown below.

Hydrogenation

@nH®  H 72t

o. oX o. ol
A \Si/ \AL Al/ \Si/ \AL

H
2

At the same time, the higher yield of ethylene is observed. This is suggested
that the zinc-hydride (ZnH*) can also promote hydrogenation to acetaldehyde over
acid sites to_formed ethanol that subsequently dehydration to ethylene as show

below.

OH

O
Hydrogen transfer -H,0 ~ 9
@n-H% - Addste o e

H

The observed hydrocarbons over the double bed system does not derive from
aromatization of light.olefins, as generally found over Zn/H-ZSM-5 (28). This is verified
by feeding ethanol over sinele bed of Zn/H-ZSM-5(28). The products distribution of
ethanol conversion over the single bed (Zn/H-ZSM-5 (28) is compared with the double

bed system (Cu-Zn/SiO; and Zn/H-ZSM-5 (28)).
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Figure 4.13 Products distribution from ethanol conversion over a) Cu-Zn/SiO; +
Zn/H-ZSM-5 (28), b) Zn/H-ZSM-5 (28).
(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of abselute ethanol,

Contac time ©of Cu-Zn/Si0,; 15'e.n/mol; 'and contaet time of Zn/H-ZSM-5.10 ¢.h/mol.)

It can be seen that the reaction of ethanolin a single bed system, only ethylene
is produced from dehydration of ethanol over the acid sites. Ethylene cannot be
converted to higher hydrocarbons over Zn/H-ZSM-5 (28). White the reaction in a double
bed system, the higher aromatics hydrocarbons are observed. This suggests that the
incorporated. Zn‘species. does not affect. for (aromatization of ethylene, but only
promoted hydregenation of coke precursors over the secondary bed of double bed
system. This indicated-that over the double bed system, the higher hydrocarbons

product is only produced by.aldel.condensation/deoxygenation of acetaldehyde.

4.4.3 Reaction pathway over double bed system of Cu-Zn/SiO, and Zn/H-
ZSM-5 (28)

In order to verify the reaction pathway for the formation of hydrocarbons over
double bed system. The secondary bed of Zn/H-ZSM-5 is tested at various contact

time (2.5-15 g.h/mol) as shown in Figure 4.14.
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Figure 4.14 Product distribution from ethanol conversion over Cu-Zn/SiO, and

Zn/H-ZSM-5 (28).
(Reaction temperature; 400°C, Feed rate; 0.012 mol/h of absolute ethanol,

Contac time of Cu-Zn/Si0;; 15 gih/mol, and contact time of Zn/H-ZSM-5.2.5-15 ¢.h/mol.)

It is observed that the acetaldehyde is notably decreased; while ethylene and
higher ‘molecular weight. hydrocarbons - including alkyl benzene, indenes, and
naphthalene are increased with contact time. At contact time 2.5 g.h/mol, about 10%
of ethylene is presumably. produced from dehydration of ethanol (remained from the
top bed of Cu-Zn catalyst) over acid site.

When contact timeis increased (10-15 ¢.h/mol), the higher ethylene is also
observed. It is suggested “again  ethylene s produced from ~hydrogenation of
acetaldehyde via hydrogen transfer-over zinc-hydride (ZnH"). The ethanol formed can

be dehydrated to.ethylene over acid sites as shown below.

OH

@)
Hydrogen transfer- -H,0 S
@Zn-H" . .

H

In parallel, the Indenes and alkyl benzene are initially increased with contact
time (2.5-10 g.h/mol). This indicated that the ethylene and indene are the primary
hydrocarbon products. It is suggested that the Indenes and alkyl benzene are directly
produced from aldol condensation of acetaldehyde to heavy unsaturated aldehyde

intermediates that undergo dehydracyclization via oxygenated pool over the acid sites
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(Scheme 20) then declined at contact time 15 g.h/mol. with the increase in BTX and

C9 aromatics [74].

o o OH
Aldol Condensation Tautomerization
H

l Cyclization

SS

Scheme 20 Aldol condensation/ dehydracyclization of aldehyde.
The Indenes and-alkyl benzene are then cracked to BTX, €9 aromatics, and C4-
C8 hydrocarbons at higher contact time (15 g:h/mol). In line with this view, propylene,
and light hydrocarbons are seen as secondary products from cracking and hydrogen

transfer from hydrocarbons pool. The overall reaction pathway can be proposed in

Scheme 21
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Scheme 21 The reaction pathway of ethanol over double bed system of Cu-Zn/SiO,
and Zn/H-ZSM-5 (28).
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Chapter 5

Conclusions and suggestions

5.1 Conclusions

In this thesis, the conversion of ethanol to liquid fuels over double bed system
of metal supported silica and H-ZSM-5 was evaluated. All catalysts are categorized as
high surface (206-479 m?/g) with expected metal loading about 10wt%. for
monometallic (Cu and Ag) and 12wt%. for bimetallic (Cu-Zn, Cu-Ag, Cu-Fe, and Cu-Ni)
catalysts, as evidenced by X-ray fluorescence (XRF). The XRD pattern and TPR results
confirm that the bimetallic phase of Cu and secondary. metal (Zn, Ag, Fe, Ni) can be
formed. For the metal incorporated H-ZSM-5 (Ni, Cu, and-Zn), the ICP-MS evidences
that the Ni, Cu,Zn loading are 0.8, 0.5, and 1.4wt%., respectively. TEM image shows
high dispersion of Ni-nanoparticle’ (=5 nm)"in the Ni incorporated H-ZSM-5. A high
reduction temperature observed by TPR corresponds to interaction of the Ni precursor
with the Br@nsted acid sites.

Ethanol conversion over the single bed of H-ZSM-5(28) gives-small amounts of
hydrocarbons because the ethylene oligomerization initially proceeds via the formation
of unstableprimary carbocation. In the double bed system (Ag/SiO, and H-ZSM-5 (28)),
the Ag catalyst on. the first bed primarily promotes dehydrogenation of ethanol to
acetaldehydé while the second bed of H-ZSM-5 (28) promotes-aldol condensation
/deoxygenation of the acetaldehyde to hydrocarbons. The ' double bed system
(metal/SiO, and H-ZSM5 (28)) shows-activity for production of hydrocarbons higher
than that over the single bed of H-ZSM-5 (28): This_is because the protonation of
acetaldehyde over the acid. sites—canform .enol/enolate intermediate that is
thermodynamically more stable than the primary carbocation intermediate formed by
protonation of ethylene. However, the methane is also obtained via decarbonylation
of ethanol over Ag/SiO,.

Considering the top bed, the Cu/SiO, exhibits higher activity and selectivity to
acetaldehyde, as compared to the Ag/SiO,. However, the Cu/SiO, shows a rapid
deactivation due to strongly adsorption of NXC, O)-carbonyl species on Cu metal
surface. After the regeneration and testing under H, gas, the hydrogen can be co-

adsorbed with ethanol and may well be dissociated, leading to an increase of electron
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density of the Cu metal surface. These results in a reduced coverage of NXC, O)-
carbonyl species. When the reaction temperature is increased (400 to 500 °C), the
catalyst shows an improved activity and also stability. However, a higher selectivity of
methane is observed because the decarbonylation of ethanol/acetaldehyde to
methane and carbon monoxide requires relatively higher activation energy, as
compared to that of dehydrogenation. For bimetallic catalysts, Cu-Fe/SiO, exhibits
higher initial activity but deactivation is still observed. Although the Cu-Ni/SiO; gives
high stability, only methane is obtained because the Ni virtually promotes
decarbonylation of ethanol/acetaldehyde. For Cu-Ag/SiO,, the catalyst partially
promotes decarbonylation of acetaldehyde-and improves stability. While Cu-Zn/SiO,
demonstrates high activity-because the Cu dispersion can-be enhanced by the addition
of Zn. Moreover, the catalyst shows higher stability due to the electropositive nature
of Zn which destabilizes the N¥C, O)-carbonyl species bearing vacant active surface.
Over the double bed system (of Cu-Zn/Si0; and H-ZSM-5), when the acidity of
the second bedis increased, the eligcomerization of acetaldehyde to higher aldehyde
intermediate-is enhanced due to the close proximity of the acid-sites. Such higher
aldehyde intermediate can be deoxygenated to produce high molecular weight
hydrocarbons. However, a severe deactivation, due to the formation of coke precursors,
is observed at higher acidity (0.48 mmol/g). In order to improve catalytic stability by
hydrogenation of the coke jprecursors over the acid sites, the metal is incorporated
H-ZSM-5 (28)(Ni, Cu, and Zn). The Ni and Cu/H-ZSM-5 (28)-can promote hydrogenation
of coke precursors by hydrogen spittever.-However,-the light hydrocarbons such as
methane can be obsernved over Ni/H-ZSM-5 (28). While'some of the deactivation can
be observed over Cu/H-ZSM-5 (28) because the Cu can be oxidized to exchangeable
Cu ion by feed. For Zn/H-ZSM-5(28), the catalyst can promote hydrogenation of coke
precursors by hydrogen transfer because Zn cannot be reduced and act as Lewis acid
sites. The overall results suggested that the double bed system of Cu-Zn/SiO, and
Zn/H-ZSM-5 is effective for the conversion of ethanol to hydrocarbons via aldol
condensation /deoxygenation. The reaction pathway of ethanol to hydrocarbons
occurs via ethanol dehydrogenation to acetaldehyde, followed by aldol condensation
of acetaldehyde to produce a higher aldehyde intermediate, and finally dehydration

and cyclization to higher hydrocarbons over the acid sites.
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5.2 Suggestions

1. In order to decreased deactivation over the double bed system, the different
loading in a secondary bed of H-ZSM-5 (28) should be investigated.

2. The incorporated metal on high Si/Al ratio should be studied to validate the

catalytic activity and stability.
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Appendix A
CHARACTERIZATION OF CATALYSTS

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

Table A1 Elemental composition of 10%wt. Cu/SiO, catalyst.

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

Table A2 Elemental composition of 10%wt. Ag/SiO, catalyst.

SiO, AgO Intensity Scal
1044.5 KCps 2772 KCps
85.50% 13.80% 0.9272

Table A3 Elemental composition of 10wt%. Cu-2wt% Ni/SiO,catalyst.

SiO, CuO NiO Intensity Scal

88.5% 9.14% 2.29%

Table A4 Elemental composition of 10wt%. Cu-2wt% Zn/SiO, catalyst.

SiO, Cu Zn Intensity Scal
48.7 KCps 146.1 KCps 44.3 KCps
90.4% 7.75% 1.87% 0.9420

Table A5 Elemental composition of 10wt%. Cu-2wt% Ag/SIiO, catalyst.

SiO, Cu Ag Intensity Scal
50.8 KCps 139.1 KCps 5 KCps
91.7% 7.44% 0.88% 0.9477

Table A6 Elemental composition of 10wt%. Cu-2wt% Fe/SiO, catalyst.
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SiO, Cu Fe Intensity Scal
43.7 KCps 153.2 KCps 18.7 KCps
87.80% 9.80% 1.99%

Example of elemental composition calculation from Table Al
Mole of each compositions :
SiO, = 89.70 ¢ / (60.08 g¢/mol) = 1.4930 mol
CuO = 9.760 g / (79.55 ¢/mol) = 0.1227 mol
Weight of each elementals+
Si = 1.4930-mol x (28:09 g/mol) = 41.93840.g
Cu =.0.1227 mol x (63.55 g/mol) = 7.7976¢

Example of elemental composition calculation from Table A3
Mole of each compaositions
S0, = 88.5 ¢ /(60:08 ¢/mol) = 1.4730 mol
NiO =229 ¢ /(74.71 g/mol) = 0.0307 mol
CuO'=9.14:¢ /(7955 g/mol) = 0:1149 mol
Weight-of eachelementals :
Si= 1.4730 mol x (28.09 g/mol) = 41.3766 ¢
Ni = 0.0307 molix (58.71 ¢/mol) = 1.8024 g
Cu=0.1149 mol x (63,55 ¢/mol) = 7.3019 ¢
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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.
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Fig.A31 Transmission electron microscope of Ni/H-ZSM-5 ratio 28.
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Fig.A31 Transmission electron microscope of fresh 109%wt. Cu/SIO; catalyst

(A, C) and spent. 10%wt. Cu/SiO, catalyst (B,D)



7. Thermogravimetric Analysis.
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Fig.A32 Thermogravimetric Analysis of double bed system of 10wt%. Cu-

2wt%. Zn/SiO, and H-ZSM-5 ratio 28.
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Fig.A33 Thermogravimetric Analysis of double bed system of 10wt%. Cu-

2wt%. Zn/Si0, and Zn/H-ZSM-5 ratio 28.
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8. Phase diagram.
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APPENDIX B
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 forquantitative analysis

Column Equity-1, 30 m.x 0.53 mm x 3 pm

Temperature program 33°C (5-min hold) ramp 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-5.2mL/min
(40 cm/sec)

Injector temperature 7%

Detector temperature FID at280°C

The products from ethanol were-identified by comparing the retention time as

listed in Table B2.

Table B2 Chromatogram data-of standard product and feed.

Component Retention time Structure of Product
Ethylene 1.700 e
Propylene 1.883 i
Acetaldehyde 2.183 /\o
Ethanol 2.933 N




\/\\/\

Trans-b-butylene a-butylene

ca 2.300-2.583
/
isobutylene  Cis-b-butylene
4.050 \)\
3-methyl-1-butene
C5
4.416 @
cyclopentene
6.800 \)\/
3-methyl-2-pentene
Cé6 { 1,3,5-hexatriene
8.050 O
Benzene
4, ddimethyl-cyclopentene
10.083 (j/
c7 1-methyl-cyclohexene
10.566 Q\/
1-ethyl-cyclopentene
11.216 @/
Toluene
8 12.350 \@

1,2,3-trimethyl-cyclopentene
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127735
1,6-dimethyl-cyclohexene
13.233 ﬁ
1-methyl-4-methylene-Cyclohexane
13.533 Q\/
C8 Ethyl-cyclohexane
P-xylene
14.266 \O/
M-xylene
14:900 O:
O-xylene
16.450 O\/\
propyl-benzene
16.633 \Q\/
l-ethyl-d-methyl-benzene
9 17.416 ﬁ]\
mesitylene
18.066 D_@
cyclopropyl-benzene
18.400 ©:>
Indane
18.583

Indene
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:

25.466

18.733
1-methyl-3-propyl-benzene
19.383 \©\/\
1-methyl-4-propyl-benzene
20.066 @\/L
(2-methyl-1-propenyl)-benzene
20.566 /@\/
1-ethyl-3,5-dimethyl-benzene
C10
20.750 /@i
1,2,3,5-tetramethyl-benzene
21.400 /QQ
5-methyl-2,3-dihydro-1H-Indene
22.766
2-methylindene
22.983
1,2-dihydro-Naphthalene
22.300 @“(
1 methyl-4-(1-methylpropyl)-Benzene
23.500 %
2,3-dihydro-4,7-dimethyl-1H-Indene
€11
25.250
2-ethyl-2,3-dihydro-1H-indene

1,3-dimethyl-1H-Indene
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Ccl11

25.766

2,3-dihydro-4,6-dimethyl-1H-indene

26.183

2-methyl-Naphthalene

MRS

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.
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APPENDIX C
CALCULATION

Calculation of catalytic parameters

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

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

Example
In the reaction using 0.0120 mol/h of ethanol in feed and using 0.1830 grams

of catalyst, the W/F is calculated as follow:
W/F =-[0:1830.(g) /0.0120 (mol/h)]
= 1512500 g.h/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

From the chromatogram, the peaks of hydrocarbon samptes were identified
using of reference standard for comparison. The peak area of “hydrocarbon (or
oxygenated compounds)-which possesses  the -equal . .number - of 'carbon was
summarized. The example of the peak area obtained from chromatogram of a mixture
reactor outlet is shown in Table CL.

Table C1 the summation of the peak area for reactor outlet.

Product Peak area Corrected peak area RF
Methane 34.67 34.67 |
Acetaldehyde 2265.88 16184.86 0.14
Ethanol (Feed) 1049.53 1639.88 0.64
Total 3350.08 17859.41 -

*|n formation of 10%Cu-2%Zn/Si0,, Temperature 400 °C, Contact time 15 g.h/mol,

time on steam = 15 minutes
Peak area

Corrected peak area in each product = RF

Where RF is the response factor of the analyzed sample showing in Table C1.



96

For example;

2265.88

Corrected peak area of acetaldehyde = 503

= 16184.86

In the normalization method, the areas of all eluted peak were compute after
correcting these areas for differences in the detector response (RF) to different
compound types. After correcting areas, the concentration of the analyzed was found
from the ratio of its area to the total area of all peaks.

Calculate the percent yield of each component in sample.as follows:

Corrected peak area of sample x 100
Total corrected area

%Yield in each product =

For example;

16184.86 X 100
17859.41

%Yield of Acetaldehyde =

= 90.62

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

Table C2.

Table C2 %Yield of product derived by normalization method.

Product % Yield
Methane 0.19
Acetaldehyde 90.62
Ethanol (Feed) 9.19

Total 100
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Conversion

%Conversion can be calculated from the following equation:

(Area total—Area feed x 100)
Area total

%Conversion =

For example;

(17859.41 .88) x 10
17859.41

%Conversion =

=908}

Selectivity

%Selectivity can be obtained from'the following equation:

%Yield of each product x 100

%Selectivity in each product = 7
wConversion

For example,

90.62x100

%Selectivity of acetaldehyde = o

= QOT79
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APPENDIX D
REACTION DATA

D1: The production of hydrocarbons from ethanol.

D1.1 Effect of contact time

Table D1 Product distribution from ethanol conversion at contact time 10 g.h/mol.

w.Yields
cC
2
Time on stream 42
e w ke, 0 s 8
(min) 5 2 oz y © © ] @
@] @ = (®) P 9 £ = a ©
2 > N o i v 2] o g £
= ] w o < = o L
= o o =] =
LY < o
30 100 95.8 0.0 1.6 o 03 1.0 0.0 0.0
70 100 97.6 0.0 1.0 0.8 Q.1 0.5 0.0 0.0
110 100 97.4 0.0 1.4 0.6 0.2 0.4 0.0 0.0
150 100 973 0.0 1.6 0.6 0.2 0.3 0.0 0.0
190 100 97.5 0.0 £5 05 0.2 08 0.0 0.0

Reaction condition; Catalyst: H-ZSM-5.(28), Temperature: 400°C, Feed rate: 0.0085¢/h

of absolute ethanol, Carrier gas; 166m{/min of nitrogen, Ambient pressure.
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Table D2 Product distribution from ethanol conversion at contact time 15 g.h/mol.

oYields
C
2
Time on stream 2
g i 4 8 |o @
(min) 5 2 5 & - = A s b
g = = Y ﬁ Y 5 g |& B
= = a2 = ) 0 ] el g =
= o o v < = T L
= x o £ £ ¢
o < (=
30 100 92.8 1.4 26 1.7 0.2 1.3 0.0 0.0
70 100 953 0.8 detd 1.0 0.3 14 0.0 0.0
110 100 96.5 0:9 154 0.6 0.0 0.5 0.0 0.0
150 100 95.9 11 2.1 0.6 0.0 0.3 0.0 0.0
190 100 94.7 14 2.8 0.7 0.0 0.4 0.0 0.0

Reaction condition; Catalyst: H-ZSM-5 (28), Temperature: 400°C,.Feed rate: 0.0085¢/h

of absolute ethanol, Carrier ¢as; 166ml/min of nitrogen, Ambient pressure.
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Table D3 Product distribution from ethanol conversion at contact time 25 g.h/mol.

oYields
c
Rel
Time on stream a
s " 8 8 |o &
9 < = bt i & E g |2 B
S Z 2 = & ] < el g £
rev] (@] o o <T =, o] =
] < <
30 100 77.2 57 5.9 38 0.5 27 1.2 29
70 100 83.7 2.8 Bel 3.7 0.7 2.7 1.6 1.7
110 100 79.5 7.8 7.1 20 0.6 1.3 0.6 0.5
150 100 81.2 6.5 7.0 2.3 0.5 1.4 0.6 0.5
190 100 78.7 8.4 8.4 2.1 0.7 b ¥ 03 0.1

Reaction condition; Catalyst: H-ZSM-5 (28), Temperature: 400°C,-Feed rate: 0.0085¢/h

of absolute ethanol, Carrier gas; 166ml/min. of nitrogen, Ambient pressure.
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Table D4 Product distribution from ethanol conversion at contact time 42 g.h/mol.

%Yields
| =
o
Time on stream A
S ® 8 8 |5 8
(min) 5 2 = 0 - © H . @
2 3 =Y |E |2 |5 |k |8 £
& £ S| |[= |8 | & |2 |8 %
L a o = = %
) < &
30 100 56.2 i 9.9 7.1 1.0 4.8 20 Taa
70 100 60.4 11.8 10.1 6.4 1.4 54 1.5 34
110 100 54.6 14.2 13.0 R 1.6 5.2 1.5 1.9
150 100 56.9 138 1.9 6.9 %) 4.5 1.5 31
190 100 56.9 14.0 12.4 7.0 1.5 a7 1.4 2.2

Reaction condition; Catalyst; H-ZSM-5 (28), Temperature: 400°C, Feed rate: 0.0085¢/h

of abselute éthanotl, Carrier gas; 166ml/min of nitragen, Ambient pressure.
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D1.2 The reaction over double bed system.

Table D5 Product distribution from ethanol conversion over double bed system of

Ag/SiO, (top) and H-ZSM-5 (28) (bottom) catalysts.

%Yields
=
°
Time on stream 1]
g " 5 s |8 &
(min) & 2 < 2 | o |8 8|5 &
O = = g I~ P Y £ & | & B
o = a = = 5 O o kel & £
= s] = U “ < = |8 £
o q" o =i c %
< 9] =z c
30 100 Y 1.7 6.2 0.1 7.6 0.2 124 | 5.0 65.3
70 100 2% 2.9 39.2 0.2 e 0.1 88 |168 22.9
110 100 3.0 3.0 12:5 0.3 24 0.3 3.6 6.4 8.5
150 100 3.1 2.4 84.7 0.3 1.0 0.1 1.1 3.2 4.1
190 100 3.1 2.3 89.1 0.3 0.4 0.0 0.8 1.5 2.5
240 100 5.2 2.2 911 0.2 0.3 0.0 Q0.6 0.7 1.6
280 100 3.0 2.0 93.0 0.2 0.1 0.0 0.4 0.3 1.0
320
360 100 2.9 1.6 943 0.2 0.1 0.0 0.2 0.1 0.6
400 100 29 1.4 94.0 0.2 0.1 0.0 0.2 0.0 1.2

Reaction condition; Contact time of Ag/SiO.: 60 ¢.h/mol.-and contact time of H-ZSM-
5(28): 15 e h/mol., Temperature: 400°C; Feed rate: 0.0085¢/h of absolute ethanol,

Carrier gas; 166ml/min of nitrogen, Ambient pressure.
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D2: Dehydrogenation of ethanol to acetaldehyde.

D2.1 Effect of carrier gas.

Table D6 Dehydrogenation of ethanol over Cu/SiO; catalyst (section a).

% Yield
Time on stream
. % Conversion
(min) CHq Acetaldehyde
15 79.34 0.14 79.02
55 42.20 0.15 41.95
95 2265 0:15 22.60
135 13.58 0.15 13.44
175 9.24 0.15 9.08

Reaction condition: Calcined 450°C in Ny eas, Contact time:-30 g.h/mol.,
Temperattire: 400°C, fFeed rate; 0.012¢/h of absolute ethanol, Carrier gas; 166m{/min

of nitrogen, Ambient pressure.

Table D7 Dehydrogenation of ethanol over Cu/SiO; catalyst (section b).

% Yield
Time on stream
. % Conversion
(min) CHy Acetaldehyde
15 18.85 0.19 18.66
55 9.60 0.17 9.43
95 6.57 0.15 6.42

Reaction condition; Treat 450 °C in N, gas, Contact time: 30 g.h/mol., Temperature:
400°C, Feed rate: 0.012¢/h of absolute ethanol, Carrier gas; 166ml/min of nitrogen,

Ambient pressure.
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Table D8 Dehydrogenation of ethanol over Cu/SiO, catalyst (section ¢).

% Yield
Time on stream
. % Conversion
(min) CH, Acetaldehyde
15 9,18 0.25 8.94
55 748 0.16 7.32
95 7.02 0.15 6.87

Reaction condition; Treat 450 °C in H, gas, Contact time: 30 g.h/mol., Temperature:
400°C, Feed rate: 0.012¢/h of absolute ethanol,Carrier gas; 166ml/min of nitrogen,

Ambient pressure.

Table D9 Dehydrogenation of ethanol over Cu/SiO, catalyst (section d).

% Yield
Time on stream
. % Conversion
(min) CH, Acetaldehyde
15 95.02 0.68 94,34
55 94.93 0.29 94.64
95 93.76 0.20 93.56

Reaction condition; Calcined 450 °C in air and reduced 400°C, Contact time: 30
e.h/mol., Temperature: 400°C;Feed rate: 0.012¢/h of absolute-ethanol, Carrier gas;

166mU/min: of hydrogen, Ambient pressure.
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Table D10 Dehydrogenation of ethanol over Cu/SiO, catalyst (section e).

% Yield
Time on stream
% Conversion
(min) CH, Acetaldehyde
15 49.20 0.13 48.97
55 28.05 0.13 27.92
a5 19.73 0.12 19.61
135 15.04 0.11 14.93
175 14.83 0.11 14.71
215 12.65 0:12 12.54
255 11.59 0.12 11.48
295 10.58 0.13 10.46
335 9.71 0.09 9.62
375 9.08 0.09 8.99

Reaction condition; Contact time: 30 g.h/mol., Temperature: 400°C, Feed rate:

0.012¢/h of absolute ethanel, Carrier gas; 166ml/min of nitrogen, Ambient pressure.
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Table D11 Dehydrogenation of ethanol over Cu/SiO; catalyst (section f).

% Yield
Time on stream
i % Conversion
(min) CHq Acetaldehyde
15 91.18 0.31 90.87
55 90.93 0.20 90.73
95 90.35 0.21 90.14
135 85.62 0.16 85.46
175 83.86 0.16 83.71
215 82.19 0.14 82.05

Reaction condition; Calcined. 450 °C in air and reduced 400 °C, Contact time: 30
e.h/mol., Temperature: 400 °C, Feed rate: 0.012¢/h of absolute ethanol, Carrier gas;

166m/min of hydrogen, Ambient pressure.



D2.2 Effect of Temperature

Table D12 Dehydrogenation of ethanol over Cu/SiO, at temperature 400 °C.
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% Yield
Time on stream e T
(min) CH, Acetaldehyde
15 -
55 70.85 0.10 70.75
95 66.45 0.10 66.35
135 60.62 0.09 60.53
175 55.54 0.09 55.45
215 54.32 0.09 54.23
255 48.80 0.09 48.71
295 41.99 0.07 4192
335 36.94 0.09 36.85
875 35.09 0.08 35.01

Reaction condition; Contact time: 15 g.h/mot., Feed rate: 0.012¢/h of

absolute ethanol, Carrier gas; 166mt/min of hydrogen, Ambient pressure.



Table D13 Dehydrogenation of ethanol over Cu/SiO, at temperature 500 °C.
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% Yield
Time on stream
. % Conversion
(min) CH, Acetaldehyde
15 89.72 1.16 88.56
55 84.83 111 83.72
95 82.61 1.22 81.39
135 81.03 0.91 80.12
175 78.84 1.27 At
215 80.71 1,12 79.59
255 80.25 1.12 79.14
295 79.85 1.09 78.76

Reaction condition; Contact time: 15 e.h/mol, Feed rate: 0.012¢/h of

absolute ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.



D2.3 Effect of alloyed metal with Cu.

Table D14 Dehydrogenation of ethanol over Cu-Fe/SiOs.

109

% Yields
Time on stream I
(min) CHq4 Propylene Acetaldehyde
15 88.75 247 0.56 85.72
55 75.04 1.26 0.17 73.61
95 71.10 1.20 0:13 69.76
135 67.06 1.04 0.11 65.91
175 65.59 1.09 0.10 64.40
215 65.82 .11 0:10 64.62
255 60.83 1.01 0.08 59.74
295 62.38 1.01 0.07 61.29
335 59.44 0.95 0.07 58.41
375 60.88 1.04 0.07 59.77

Reaction condition; Contacttime: 15 g.h/mol, Temperature: 400 °C, Feed

rate: 0.012¢/h of absolute ethanol, Carrier gas; 166ml/min of hydrogen, Ambient

pressure.




Table D15 Dehydrogenation of ethanol over Cu-Ni/SiO,.
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% Yield
Time on stream
. % Conversion
(min) CH,4 Acetaldehyde
15 100.00 100.00
55 100.00 100.00
95 100.00 100.00
135 100.00 100.00
175 100.00 100,00

Reaction condition; Contact time: 15 g.h/mol., Temperature: 400 °C, Feed

rate: 0.012¢/h of absolute ethanol, Carrier gas; 166ml/min of hydrogen, Ambient

pressure.

Table D16 Dehydrogenation of ethanol over Cu-Zn/SiO;.

% Yield
Time on stream
: % Conversion
(min) CH,4 Acetaldehyde
L5 90.82 0.19 90.62
55 89.77 0.14 89.63
95 89.48 0.14 89.34
135 88.30 0.43 88.17
175 89.86 0.10 89.76

Reaction condition; Contact time: 15 ¢.h/mol., Temperature: 400 °C, Feed

rate: 0.012¢/h of absolute ethanol, Carrier gas; 166ml/min of hydrogen, Ambient

pressure.



Table D17 Dehydrogenation of ethanol over Cu-Ag/SIiO;.

111

% Yield
Time on stream
% Conversion
(min) CHa Acetaldehyde
15 75.76 0.90 74.86
55 73.54 0.86 72.68
95 71.46 0.84 70.62
135 £3e53 0.61 7292
175 74.23 0.7 353
215 74.20 0.59 7361
255 74.16 0.60 73.56
295 73.89 0.80 73.09
335 72.88 0:78 72,10

Reaction condlition; Contact time: 15 ¢.h/mol, Temperature: 400 °C, Feed

rate: 0.012¢/h of absolute ethanol, Carrier gas; 166ml/min of hydrogen, Ambient

pressure.



D2.4 Effect of contact time.
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Table D18 Dehydrogenation of ethanol over Cu-Zn/SiO, at contact time 4 g.h/mol.

Time on % Yield
stream % Conversion
(it} CH, Acetaldehyde Butanal Butanol

15 69.06 0.12 68.95 - -
55 69.61 0.10 69.51 -
95 67.99 0.08 67.90
135 67.04 0.08 66.96 -
175 65.77 0.07 65.70

Reaction condition; Temperature: 400.°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas, 166ml/min. of hydrogen, Ambient pressure.

Table D19 Dehydrogenation of ethanol over Cu-Zn/SiO; at contact time 8 g.h/mol.

Time on % Yield
stream % Conversion
. CHgq4 Acetaldehyde Butanal Butanol
(min)
15 79.92 0.20 79.71 -
55 77.57 0.16 77.41 -
95 79.38 0.18 79.20
135 76.57 0.14 76.42 -
175 77.19 0.15 77.04 - -

Reaction condition; Temperature: 400 °C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.
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Table D20 Dehydrogenation of ethanol over Cu-Zn/SiO;, at contact time 30 g.h/mol.

Time on % Yield
stream % Conversion
. CHq Acetaldehyde Butanal Butanol

(min)
15 93.84 0.31 92.56 0.72 0.24
55 94.01 0.27 93.03 0.62 0.09
95 94.17 0.33 93.14 0.62 0.09
135 93.26 0.29 92.30 0.59 0.07
175 93.01 0.27 92.07 0.59 0.07

Reaction condition; Temperature: 400 °C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.



D3: Production of hydrocarbons from ethanol over double bed system of

Cu-Zn/Si0O; and H-ZSM-5 catalysts

D3.1 Effect of acidity.
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Table D21 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0,.and H-ZSM-5 ratio 500.

%Yields

=

S

Time on stream n
° o\ [l/2 4 § |y 8
(min) 5 & - Z @A N ] SO
2 < = |8 9 X g £ s |g =
= Z SAZY-F 1= I N\NE | £ |2 2
w & 9 o = £ g
<C v < ©
15 100 6.00 110 68427 2.33 | (447 | 03¢ =315 | 643 | 7.74
55 100 6.23 0.81 | 79.15| 246 | 303 | 028 | 155 | 348 | 3.03
95 100 10.20 009 ) 79.94 \[\ 222 |-1.97- 1026 085 | 207 | 239
135 100 3.99 050 | 8880 | 197 | 126 [ 023 | 046 | 130 [ 1.49
175 100 6.31 050 | 8629 | 222/ [-139-| 027 |-044 | 160 [ 0.99
215 100 6.22 052 |.8859 | 192 | 080 | 021 | 027 | 080 | 0.67
255 100 6.15 050 88.72| 184 | 081 | 021 025 | 058 | 093
295 100 6.59 045 | 8865 t77 | 063 | 0.19 [ 0.18 | 071 | 084
335 100 7.28 066 | 8782 | 185 | 052 | 019 | 0.19 | 048 | 0.99
375 100 6.39 060 | 8070 | 147 | 062 | 022 | 0.14 | 063 | 023

Reaction condition; Contact time of Cu-Zn/SiO;: 15 ¢.h/mol. and contact time of H-

ZSM-5 (500): 15 e.h/mol., Temperature: 400°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.
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Table D22 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0O,.and H-ZSM-5 ratio 250.

%Yields
=
°
Time on stream =
g w 5 8 i i
(rnin) 8 g 6 E L o0 ﬁ % ﬁ 5
Q g 2l |8 | |% |85 |58 [g 2
kS 2 a = < o Ne! <] 9 g 5
= o i Y o < = T <
= £ | 8 s | 2 |5 9
< = < C
15 100 6.29 1.37]-63.26 |"249 | 564 | 035 | 372 | 805 | 882
55 100 7.38 1.12 ||/ 6987 2.84 3.94 0.29 2.29 5.61 6.66
95 100 6.59 0.86 | 75.76 2.78 3.18 0.24 1.64 4.80 4.15
185 100 8.19 0.88 | 77.84 ad 222 0.21 119 3.41 3.29
178 100 6.55 0.66 | 83.73 | 2.49 161 0.17 0.73 2.26 1.79
215 100 5.20 0.58 | 85.07 | 2.66 1.52 019 0.75 213 1.90
255 100 541 0.64 | 84.11 2.86 1.69 0.22 0.81 2.29 1.97
285 100 1218 0.00 | 81.32 | 224 1.06 0.17 0.48 1.59 0.96
335 100 5.13 0.52 86.86‘ 2.48 1.12 0.22 0.50 1.45 1.71
375 100 5.26 0.54 | 85.84 | 2.62 114 0.30 0.54 Z1 1.65

Reaction condition; Contact time of Cu-Zn/Si0 15 ¢.h/mel. and contact time of H-

ZSM-5 (250): 15 e.hv/mol., Temperature: 400°C, Feed rate:0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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Table D23 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0O,.and H-ZSM-5 ratio 140.

%Yields

c

2

Time on stream n
S o | T g 8 |y &
(min) & 2 g £ T 5 b 8 |% &
0 9 =, g4 (@] s W) = c ¢ ®
S z g | s S = S 2 s |g £
i = o g 2 £ g
& O < e
15 100 2,07 1,30 | 18.82 | 0.65 | 13.81 | 0.60 | 16.36 | 19.57 | 26.83
55 100 335 .13 21.83 1.07 12.24 0.83 13.79 | 18.89 | 26.87
95 100 3.38 121 34.41 1 70—=t271 1.09 10.42 | 25.23 9.85
135 100 4.42 1.24 1.51.69 1.94 8.03 Q.69 ~e | 1599 8.51
175 100 6.10 1305, 5194 2.68 i 0.81 6.71 14,11 8.68
215 100 5.45 1°29-51-59.76 3.05 6.28 071 5'15. 10.65 7.64
255 100 7.40 G aho 8352 3.20 7.09 0.65 5.96 12.26 8.57
295 100 8.94 1.50 -] 55.03 | 271 6.81 0.68 B2 2) 10.87 8.23
338 100 6.47 1.18 | 65.82 | 2.44 431 0.49 3.35 8.85 7.10
375 100 8.02 1.30 | 62.54°],3.32 5.40 0.81 3,66 11.08 3.87

Reaction condlition; Contact time of Cu=2Zn/SiO 15 ¢.h/mol. and contact time of H-

ZSM-5 (140): 15 e.h/mol., Temperature: 400°C, Feed rate:0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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Table D24 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0,.and H-ZSM-5 ratio 40.

%Yields
c
Rel
Time on stream 0
{poire S S T - -
9 g = | 2 o = Y - g | B
2 2 a = < B O S 2 T =
e L} < =
15 100 5.87 3.23 | 150 | 026 | 2067 | 055 | 2591 | 14.96 | 27.06
55 100 4.70 330 | 1005 | 0.21 | 1643 | 0.65 | 20.87 | 13.96 | 29.83
95 100 3.33 261 | 1378/ 0221375 | 072 | 18.00 | 20.30 | 27.28
135 100 4.85 3.09 | 20761 032 | 1259--0.65 | 14.44 | 19.82 | 23.48
175 100 4.07 266 2390 | 039 | 1316 | 0.61 1310 | 21.98 | 20.15
215 100 Y&th 310 | 36.28 | 054 | 1043 049 896 | 21.70 | 11.35
255 100 .55 274 | 4211 | 0.68 7.90 0.49 7.94 | 19.17 | 11.42
295 100 4,21 2.60 | 5050 | 1.02 6.62 0.62 596 | 20.19 | 8.28
338 100 5,75 258 | 5283 | 0.99 7.01 0.44 5.30 ¥ 15.41 9.62
375 100 6.17 228 | 68.41 1.01 3.82 0.30 3.68 | 10.02 | 431

Reaction condlition; Contact time of Cu=2Zn/SiQs: 15 g.h/mol.’ and contact time of H-

ZSM-5 (40): 15 e.h/mol., Temperature: 400°C, Feed rate:0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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Table D25 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0,.and H-ZSM-5 ratio 28.

%Yields

=

2

Time on stream <l
g " 8 9] 8 |y 8
(min) 5 < c £ “ @ b € |5 &
9 g = - < al Y £ & & B
= 2 |g|ls |2 |=|8 |2 |2 |8 %
51 & |8 s | £ |8 %
< v < E
15 100 Sl 3:51 2.14 106 | 26.01 | 053 | 20.15 | 9.19 3225
55 100 4.85 3.71 ||/ 2018 ¥ 0.52 1332 1. 0.46 14.09 | 791 34.36
95 100 4.85 2,69 | 3674 093 9.89 0.50 8.28 11.75 | 24.38
135 100 5.40 224 |63.12790 1.36 7.58 0.45 361 9.21 7.03
175 100 456 182 | 7288 164 | 503 [ 029 ).249 | 706 | 4.25
215 100 513 151 | 7842 | 1.84 2,54 022 1.47 6.32 Z:55
255 100 6.61 1.48 | 81.51 1.88 1.96 0.12 1232 295 217
295 100 5.72 1.25 °| 8546 | 1.97 1.34 0.09 0.88 1.95 455
335 100 6.30 1.3%"| 8301 71P2.33 1.54 0.12 1.04 2.08 1.45
375 100 7.40 1.25 | 84.47 | 225 138 0.09 0.68 1.49 0.99

Reaction condition; Contact time of Cu-2n/SiOz 15 ¢.h/mol.’ and contact time of H-

ZSM-5 (28): 15 exh/mol., Temperature: 400°C, Feed rate:.0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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D3.2 Effect of metal incorporated on H-ZSM-5.

Table D25 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0O,.and Ni/H-ZSM-5 ratio 28.

%Yields

Time on 5
stream g v ) g %\ . ) % g oi %
S —t— s | 2|8 &
< o < c
15 100 10.46 1218 | 4.03 | 076 | 058 |27.27.0.34 | 13.00 | 7.01 | 24.36
55 100 13.25 10.00 415 | 065 | 038 | 21.82] 0.71 | 1258 7.34 | 29.11
95 100 11.36 9.73 387 | 059.] 051 |19.80 |-0.69 | 13.47 | 11.67 | 28.32
135 100 12.48 10.75 433 | 087 | 054 1954|093 |.13.23 | 16.88 | 20.44
175 100 10.36 13.69 494 | 226 | 0.64 | 1980 | 0.61 |15.41| 9.63 | 22.66
215 100 9.03 13.60 473 | 278 | 067 | 1671 | 1.68 | 14.34 | 1450 | 21.55
25§ 100 10.99 14.78 531 /| 350 | 077 | 17.01] 1.05 |'13.83 | 13.84 | 18.92
295 100 $1.51 14.39 550 |/ 740 0777|1681 0.73| 13.64 | 1098 | 18.28
335 100 11:68 13.18 549 ‘7.70 0.77 | 16.52.1-0:53 | 13.64 | 1539 | 1539
375 100 1156 16.31 591 [11.43 | 1.00 |16.37 | 047 | 12.67 | 12.12| 1216

Reaction condition; Contact-time of Cu-Zn/SiOs15.¢:h/mol. and contact time of
Ni/H-ZSM-5 (28): 15 ¢.h/mol., Temperature: 400°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.
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Table D26 Product distribution from ethanol conversion over double bed system of

Cu-Zn/SiO,.and Cu/H-ZSM-5 ratio 28.

%Yields
c
0o
Time on stream 1o
g " B 9, 0 3
(min) 5 w 21 & | & z | &8 | & (% 5
Q i) 2|l (8 [ |8 g |5 |8 =
2 B a = < B N <] el g =
= ) fis] &) o << b Eo] =
= a g o 2 £ 9
< o <C c
15 100 19.12 L) 1.67 279 | 2192 | 065 15.78 | 8.61 24.14
55 100 20.90 521 091 1.92 | 2016 |. 042 17.28 | 8.15 25.06
95 100 17.02 4.61 4.36 1.32-172091 | 042 19.84 | 12.08 | 19.44
135 100 14.90 4.60 5.41 Wad | 205 T~=0.57 J%d43 | 1594 | 19.10
178 100 18.54 448 8.14 1,67 17.31 | 0.49 1623 | 11.36 | 21.78
2.5 100 19.77 457 {1164 | 202 |-17.92 ] 062 | 1339 | 17.18 | 1291
255 100 17.78 504 | 22.30 1.98 1648 | 057 | 1258 | 11.20 | 12.06
295 100 21.89 420 | 2246 | 234 | 1288 | 053 | 11.34 | 1343 | 1094
338 100 23.61 411 | 26.16 | 2.68 11.19 |+ 0.55 9.82 1244 9.45
375 100 25.55 4.06 | 2670 | 3.08 9:12 0.56 8,78 11.14 | 11.01

Reaction condition; Contact time of Cu-Zn/SiOz: 15 ¢.h/mel. and contact time of

Cu/H-ZSM-5 (28): 15 e:h/mal.; Temperature: 400°C, Feed tate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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Table D27 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0O,.and Zn/H-ZSM-5 ratio 28.

%Yields

=

o)

Time on stream b
[ Q v v (%)
" S| & (2|8 |9 |e|8|E|f|E2
2 B & 2 < 5 O e e o =
= =} = o [ <C = 5 = B =
= a 3 o £ | £ 5
< o < c
15 100 24.25 4.97 3.06 172 | 21.82 | 0.26 15.68 | 9.20 19.04
55 100 26.01 5.03 1.78 1.75 | 2045 }.0.29 1545 | 899 | 20.25
95 100 28.39 5.04 2.09 2.07119.18 | 0.63 1422 | 9.87 18.52
135 100 28.39 4.74 2.16 217 | 1697 1056 [ 13.61 | 10.76 | 20.64
175 100 3181 514 3.75 212 | 1814 | 070 |-13.04 | 11.88 | 13.41
215 100 MN32 4.94 417 2.29 17.78 | 068 | 14.18 | 11.18 | 1344
255 100 36.18 5.16 4.49 274 11600 | 082 | 1208 | 12.14 | 10.39
205 100 38.94 5.23 5.01 316 | 45.09 [10.83 | 11.42 | 9.35 10.96
335 100 40.89 5.21 5.36 3.48/ | .14.63 [~094 4.1079 | 9.17 9.53
375 100 39.48 4.96 9.13 3.01 1434 | 082 |/11.04 | 9.04 8.20

Reaction condition; Contact time. of Cu-Zn/SiO 15 ¢.h/mol._.and contact time of

Zn/H-ZSM-5 (28): 15 e.h/mal; Temperature: 400°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min-of hydrogen, Ambient pressure.
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Table D28 Product distribution from ethanol conversion over single bed system of

Zn/H-ZSM-5 ratio 28.

%Yields
&
°
Time on stream A
2 " 8 8 |y &
- 2 = s E Y 5 g [c B
X 2 o < o 0 e 0 g S
== o] () o <T = 5] o
L a o = £t g
) < Lk
15 100 97.93 0.45 1.08 0.14 0.30 0.10
55 100 98.69 0.45 0:86 - - - -
95 100 98.68 0.46 0.86
135 100 98.63 0.49 0.88 - - - - -
175 100 98.69 0.46 0.85 - -

Reaction condition; Contact time of Zn/H-ZSM-51(28): 10:g.h/mol., Temperature:
400°C, Feed rate; 0.012¢/h of absolute ethanol,-Carrier gas; 166ml/min of hydrogen,

Ambient pressure.




D3.3 Effect of contact time of secondary bed (Zn/H-ZSM-5 ratio 28).
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Table D29 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0,.and Zn/H-ZSM-5 ratio 28 at contact time 2.5 g.h/mol.

%Yields

o=

°

Time on stream a
z g | B s | 8 |s 8
(min) S g 5 Z 10 @ B N . 9
Q < = 3 i~ s < E ] g @
8 2 | gl | |= |82 |2 |8 &
= & © o 2 £ g
< o < =
15 100 1142 1.91 60.39 1.16 483 0.24 4.06 5l 10.88
55 100 12.57 1.01 75.44 1&1 2.83 0.15 1.23 2.06 3.19
95 100 12.86 O 5z, T (v 1.74 1591 0.14 0.75 2.40 1.88
135 100 13.40 0.66| 79.35 1.88 L2 0.13 0.46 1.77 1.08
175 100 13.97 0.58180.90 1.75 0.81 0.11 0.29 1.16 0.42
215 100 14.72 0.50 | 80.97 1.85 0.58 0.10 0.26 0.72 0.30
285 100 15.00 0.50. ] 81.14 1.85 0.45 0.08 0.20 0.56 0.23
293 100 15.49 0.46 | 80.97 1.74 0.40 0.05 0.19 0.54 0.16
335 100 15.72 0.44 | 80.85 1.75 0.37 0.07 0.16 0.41 0.25
375 100 16.49 0.39 |-80.32 1.66 0.31 0.06 0.14 0.40 0.23

Reaction condition; Contact time of Gu-Zn/SiO5: 15-¢.h/mol. and contact time of

Zn/H-ZSM-5 (28): 2.5 e.h/mol., Temperature: 400°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier gas; 166ml/min of hydrogen, Ambient pressure.
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Table D30 Product distribution from ethanol conversion over double bed system of

Cu-Zn/Si0,.and Zn/H-ZSM-5 ratio 28 at contact time 10 g.h/mol.

%Yields

|

K}

Time on stream n
S 0o | T 8 g |o 8
(min) 5 g = Ly i o = £ 1% &
< 2 = - Y s O £ S § @
® £ sl |3 |2 |85 |2 |8 %
- a Y o = £ g
% () < =
15 100 2232 542 | 401 | 158 | 19.12 | 0.47 | 1579 | 8.42 | 22.87
55 100 23.16 537 | 1280 | 1.70 |-16:04 | 1.04 | 1336 | 7.38 | 19.15
95 100 19.83 a7 | 2973 V121 12.64 [2052 | 1035 [ 7.56 | 13.99
135 100 22.81 382 || 2360 | 251 | 10,45 | 0.89 | 9.71 | 10.50 | 15.71
175 100 25.44 456 | 29.111-3.87-| 1073| 1.13 | 561 | 1029 [ 9.26
215 100 27.72 352 .0.2958 | 370 | 822 |1066 |.637 [ 10.00 | 10.25
255 100 26.22 300 |35.65 |7 349 | 667 | 051 | 535 | 1219 | 6.92
295 100 27.76 286 | 3544 3861 658.| 054 | 468 | 1209 | 6.19
335 100 29.96 265, | 4042 393 |- 5.00 | 051 [-376 | 854 | 519
375 100 32.64 256 a2.18 | 430 | (4.18 | 052+] 321 | 584 | 4.58

Reaction cendition; Contact time. of Cu-Zn/SiO» 15.¢.h/mol.-and contact time of

Zn/H-ZSM-5 (28)-.10.¢.h/mol., Temperature: 400°C, Feed rate: 0.012¢/h of absolute

ethanol, Carrier eas; 166ml/min of hydrogen, Ambient pressure.





