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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

Ethanol is a renewable fuel made from corn, rice, cassava, sugarcane, and
other plant materials through fermentation process. At present, the demand for
ethanol for energy and the substance used in various industries is continuously
increasing. However, due to the increase in the amount of ethanol production that
exceeds the demand, the price of ethanol is continuously falling. Therefore, the
ethanol processing to add value is interesting[1, 2]. The dehydration of ethanol
produces ethylene and diethyl ether. Dehydration of ethanol produces ethylene at
high temperature, but diethyl ether is produced at lower temperature. Ethylene is
one of common products in the world industry, and important feedstock for the
petrochemical industry. Product of ethylene as the petrochemical such as acetic
acid, ethylene oxide, ethylene sglycol, ethylbenzene, etc. It is also used as a
polymerization raw material to produce polyethylene [3]. Diethyl ether is one of
important commercial ethers. It is often used as a solvent in the chemical such as
oil, fat, latex, micro cellulose and alkaloid solvent[4]. Another important reaction of
ethanol is dehydrogenation which is a reaction producing acetaldehyde.
Acetaldehyde is mainly used as an intermediate in the synthesis of other chemicals
and is used in the production of perfumes, polyester resins and basic dyes[5]. Acid
catalysts are commonly used for dehydration and dehydrogenation of ethanol such
as sulfuric acid, zeolites, silica-alumina and aluminal6]. Activated carbon is one of
acid catalysts, and it is also studied on ethanol conversion. It has low price and high
specific surface area. However, activated carbon catalyst (AC catalyst) has a lower
ethanol conversion than other common acid catalysts [7]. Montmorillonite clay
(MMT) is acid catalyst. It has moderate specific surface area and high acidity.
Moreover, montmorillonite catalyst is usually found in nature. In this study, AC
catalyst is represented of micropore catalyst and MMT catalyst is represented of

mesopore catalyst. Acid catalyst is often loaded with metal oxide for modifying acid



properties such as TiO,, ZrO,, SiO,, Nb,Os and WO;. The interesting of tungsten (W)
metal was found since it promotes Brgnsted acid site and increases the catalyst
stability and activity[8-10]. The study of ethanol dehydration over WO,/TiO, catalysts
is reported that WO; enhances ethanol conversion and dehydration reaction[11].
Therefore, adding tungsten onto the catalytic activated carbon for enhance ethanol
conversion is interesting.

In present study, the effects of tungsten loading over activated carbon
catalyst and montmorillonite catalyst were investigated. In the study, different
amounts of WO; loading were varied from 2-13.5 wt%. The catalysts were
characterized using various characterization techniques. Then, the WO; supported on

activated carbon and montmorillonite catalysts were studied in ethanol dehydration.

1.2 OBJECTIVE

1. To investigate the effect of different between tungsten(VI) oxide loading
on commercial activated carbon catalysts and montmorillonite catalysts

in ethanol dehydration reaction.

1.3 RESEARCH SCOPE

1. Four percent by mass of tungsten to activated carbon catalysts and
montmorillonite catalysts (2, 5, 10 and 13.5) were prepared by incipient
wetness impregnation process.

2. Characterize the modified catalysts with Scanning electron microscope
(SEM) and Energy dispersive X-ray spectroscopy (EDX), Ammonia
temperature programmed desorption (NH5;-TPD), X-ray diffraction (XRD)
and N, physisorption (BET).

3. Modified catalysts were tested in ethanol dehydration at operating

temperature 200-400 °C and atmospheric pressure.



4. To determine which of the tungsten loading on activated carbon and
tungsten loading on montmorillonite are most suitable to give the best

activity and to yield in ethanol dehydration.

1.4 RESEARCH METHODOLOGY
Part I: Effect of WO; loading was investigated.

Literature Review

v

Preparation of modification catalyst with various W loading amount (2%wt, 5%wt,

10%wt and 13.5%wt) over supportive catalyst by incipient wetness impregnation

process.

v

v v

Characterization of catalysts by using Catalysts testing on ethanol dehydration
analysis tools such as XRD, SEM-EDX, v
NH,-TPD, and BET Various reaction temperature between

200-400°C and atmospheric pressure

\ 4 ¢

Investigate between result from

experiment and characterization




Part II: The best catalyst in part | was chosen based on the highest yield of ethylene
(at high temperature) and the highest yield of diethyl ether (at low temperature).
The chosen catalyst was tested on ethanol dehydration at the specified temperature
under time on stream of 10 hours. The stability of catalyst and cause of deactivation

was evaluated further.

Highest catalytic activity of modified catalysts

v

A 4 y

The highest yield of ethylene The highest yield of diethyl ether

' v

\ 4

Catalysts were tested in ethanol dehydration at the specified temperature under

time on stream of 10 hours.

v

Discussion and conclusions




CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 ACTIVATED CARBON (AC CATALYST)

Activated carbon is produced from almost all carbon-containing oreganic
materials, mainly wood, nutshells, sawdust, peat, fruit stones, coal, lignite, petroleum
coke, etc.[12] The main purpose of making activated carbon is to have a high surface
area [13, 14] available for adsorption or chemical reactions. Because of its high
degree of micro porosity, activated carbon has a surface area in excess of 3,000 m?/g
[13-15] as determined by nitrogen and carbon dioxide adsorption[16].

Activated carbon is a non-graphitizable carbon. It means cannot be
transformed into graphite solely by high heat treatment. Carbon structure of
activated carbon after carbonization is same as precursor because fusion cannot take

place. This means that the precursor must produce a non-graphitizable char[17].

Acidic Groups
\ Basic Groups
Lactol
(o)
Carboxyl Lactone
(o} OH

Chromene
Ketones

Figure 1 Acidic and basic surface functionalities on a carbon basal plane [18]



CH2

Figure 2 Types of nitrogen surface functional groups: (a) pyrrole, (b) primary amine,
(c) secondary amine, (d) pyridine, (e) imine, (f) tertiary amine, (¢) nitro, (h) nitroso, (i)

amide, (j) pyridone, (k) pyridine-N-oxide, (1) quaternary nitrogen [19]

Temperature (900 K)

(523K) (623K, 673 K) (623K, 673K)
(373K, 673 K) (463 K, 923 K) (873 K, (973K, 1253K) (873 K) (1073 K, 1173 K)
(473K, 523K) (473K, 523K) 973K) (1073 K, 1173K) (900K) (973 K)(973 K, 1253 K)

CO, CO, CO (60) Co+CO, CO cCoO
t toot tt

Carboxylic ~ Lactone  Phenol Carbonyl Anhydride Ether Quinone

P B R D A B

Figure 3 Surface oxygen containing groups on carbon and their decomposition by

TPD [20]



2.2 MONTMORILLONITE (MMT CATALYST)

Montmorillonite known as clay. The structure of MMT including two
tetrahedral sheets of silica articulated a central octahedral sheet of alumina. The
water content of MMT is variable. MMT increases in volume when it absorbs water.
The repeating unit formula of structure is hydrated sodium calcium aluminium

magnesium silicate hydroxide (Na,Ca)g 33(ALMg),(SigO10)(OH),-nH,0.

[ ] @ o0 @ L 1] @ [ 1 @ o9 @ [ | ]
N N N N TN N NN Tetrahedral
| 1 e e | | e

A o [ ] | 4_(1!1 ) /('."' o ! y
Q| / L 3 ] ) @  Octahedral
_ T,-\'/ & :,‘-,‘ ® & o & & o @& - },L_ ,-‘\|‘4 a S
) ¥ o9 e oe ’ ¥ 9 ¢
DE | A e 5 e o e 5 e 5 e ud e  Tetrahedral
O s Water and
o © H,O H.O H,O h bl
Q. exchangeable
wn E + T + cations
<
VN
> H.0
o — :
— . e o 00 o 08 /e @9 @ 6@ D @ Oxygen
® b NG N N NS N NN = UXyg
O : : .
= Silicon
o N DI * Hydrogen
® e ¢ & 0 ° @ ® @ & o ¢
_‘ ® : | ] : 1 : | e : | [ ] .
//(\M ;\( - 'iM;’- ~o -\/_\/\/ \( — \(JM, -\A“( )// TMS.\/ % b ~— ) . A]um]n]um
L [ | ye @ L [ ] o@ ow < L [ J L

Figure 4 Montmorillonite structure [21]

2.2 AMMONIUM METATUNGSTATE (AMT)

AMT accords with the formula (NHg)¢H,W;,040 -xH,O. The amount of total
water is variable. Usual technical products contain 3 to 4 molecules. Further
dehydration may lead to insoluble compounds. The importance of AMT is its high-
water solubility. This is why AMT has gained the increasing usage as an intermediate
in a variety of applications like chemicals and catalysts[22].

Properties of AMT is a white crystallized powder and its density is 4 g/cm®.
Decomposition of AMT starts at 100 °C and, between 200 °C and 300 °C, it converts
into anhydrous form. Then decomposition leads to WOs. The solubility in water at 22

°C is 1635 ¢/l or 1500 ¢ WO/l and at 80 °C is 2200 ¢/l. The pH of the aqueous



solution depends on the concentration of the AMT and vary between 2.5 and 5 at 25
°C, indicating that different species are presented simultaneously[22].

AMT is high solubility in water, Providing the possibility of highly concentrated
preparation, alkali-free tungsten solutions. AMT solutions are in use to treat supports
for catalyst production. AMT is further used in nuclear shielding, as corrosion

inhibitor, and as a precursor for other tungsten chemicals[23].

Table 1 Ammonium metatungstate properties

Properties Specification

Formula (NH)sH,W15,040 - xH,0
Compound Formula HosNgOaoW15
Molecular Weight 2956.3

Appearance Beige Powder

Melting Point 100 °C

Solubility in H,0O high solubility

2.3 TUNGSTEN TRIOXIDE

Tungsten trioxide or WOs is a chemical compound containing oxygen and the
transitioned metal tungsten. Tungsten trioxide is a strong oxidative agent, it reacts to
rare-earth elements such as; iron, copper, aluminium, manganese, zinc,
molybdenum, chromium, hydrogen, carbon, and silver to make the pure tungsten
metal and reacts to gold and platinum to make the tungsten dioxide[24].

WO; is almost produced by calcination of APT under oxidizing conditions.
General equipment including furnaces operates at 500-700 °C. Excessive supply of air
must be provided to inhibit the reduction reaction of the partial cracked ammonia.
The evolved ammonia can be recovered by absorption in cold water and can be
concentrated by subsequent distillation[22].

The WOs; particles are pseudomorphous to APT. This means that the shape
and size of the particles are the same as the APT crystals, but they are built WO,

grains forming oxide sponge with a high degree of specific surface area. Their grain



size and agglomerate structure depend on the calcination conditions (temperature,
time, and heating rate). Low-temperature calcined WO, (approximately 500-550 °C) is
dissolved in water and is highly reactive, but higher-temperature calcined WO, is
insoluble in water[22].

Under oxidizing conditions, the APT decomposition to WO; path is as follows:
Between 20 and 100 °C only dehydration occurs, and the product is crystallized,

dehydrated APT:

(NH)10[H2W12042] - 4H,0 = (NH,)10[H2 W12042] + 4H,0
In the temperature range 180-225 °C, ammonia is released and the APT converts to
amorphous ammonium meta tungstate (AMT):

(NHy)10[HaW12042] = (NH,)6[H;W;2040] - 2H,0 + 4NH;
Between 230 and 325 °C, ammonia as well as water vapor are evolved. The product
is also amorphous:

(NH4)6[HzW12040] - 2H;0 — (NH4)2[W;,037] + 4NH3 + 5H,0
By increasing the temperature to 400-500 °C, all residual ammonia and water is
released, and the reaction product is tungsten trioxide:
(NH,),[W;,03,] = 12WO03 + 2NH3 + H,0

Under a slightly reducing atmosphere between 220 and 325 °C amorphous, and
above 325 °C, crystallized, ammonium tungsten bronzes form: (NH,), WO;. Under

stronger reducing conditions, conversion to lower tungsten oxides takes place[22].

Table 2 Tungsten trioxide properties

Properties Specification
Chemical formula WO,

Molecular Weight 231.84

Appearance Canary yellow powder
Density 7.16 g/cm’

Melting point 1,473 °C

Boiling point 1,700 °C approximation
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2.4 ETHYLENE

Ethylene is a hydrocarbon which has formula C,Hy. It is a colorless flammable
gas. It is one of alkene group hydrocarbon. Ethylene is widely used in the chemical
industry. The most of its product is polyethylene. Ethylene can produce from
dehydration of ethanol[25]. some of ethylene properties and some of importance
safety data sheet are shown in table 3.

Table 3 Ethylene properties

Properties Specification

Chemical formula CoHa

Molecular Weight 28.054

Appearance colorless gas

Density 1.178 kg/m” at 15 °C, gas[26]
Boiling point -103.7°C

Flash point -136 °C

Autoignition temperature 542.8 °C

NFPA 704 (fire diamond) 00

2.5 DIETHYL ETHER (DEE)

Diethyl ether is an organic compound in ether class. Its formula (C,Hs),0. it is
colorless, sweet-smelling, high volatile flammable liquid. It is usually used as a
solvent in laboratory. In general, diethyl ether is a byproduct of ethylene hydration
to ethanol. however, it can produce from dehydration of ethanol[27]. some of
diethyl ether properties and some of importance safety data sheet are shown in

table 4.



Table 4 Diethyl ether properties
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Properties

Specification

Chemical formula
Molecular Weight
Appearance
Odor

Density

Boiling point
Flash point

Autoignition temperature

NFPA 704 (fire diamond)

Explosive limits

(C;Hs),0

74.123

Colorless liquid
Ethereal

0.7134 g/cm’, liquid
34.6 °C

-45 °C

160 °C

1.9-48.0%

2.6 ACETALDEHYDE

Acetaldehyde is an organic chemical compound. Its formula CH;CHO. It

occurs naturally in coffee, ripe fruit and bread, and is produced by plants[28, 29].

some of diethyl ether properties and some of importance safety data sheet are

shown in table 5.



Table 5 Acetaldehyde properties
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Properties

Specification

Chemical formula
Molecular Weight
Appearance

Odor

Density

Boiling point
Flash point

Autoignition temperature

NFPA 704 (fire diamond)

Explosive limits

CH5CHO.

44.053

Colorless liquid
Ethereal

0.784 g/cm? (20 °C)
20.2 °C

-39°C

175 °C

@
&

4.0-60%

2.7 ETHANOL DEHYDRATION REACTION

Dehydration means to lose or remove water from something. Therefore,

ethanol dehydration reaction is a reaction which removes water from ethanol. There
are two possibilities of ethanol reaction which are unimolecular ethanol to ethylene
and bimolecular ethanol to diethyl ether. Ethylene can occur at high temperatures
because it is an endothermic reaction. Meanwhile, diethyl ether occurs at lower

temperatures due to the exothermic reaction.
C,H,OH&=—=CH, +H,0 AH =+44.9 / mol

2C,H,OHZ==CH.0CH.+H.0 AH=—251k / mol

Almost the mechanism research of ethanol dehydration reaction is mainly
considered as the generation of ethylene and diethyl ether which can be
summarized in 3 routes. These are parallel reaction, a series of reactions[30] and a

parallel series reaction.
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(1) Parallel reaction
C2H4-
C,H;OH {
™N'C,Hs;0C,Hs
(2) A series of reactions
C,H5;0H = C,H50C,Hs = C,H,
(3) A parallel series reaction
7 C2HsOH
C,Hs0C,Hs = C,H,

A parallel series reaction refers to three reversible reactions, which are

ethanol intramolecular dehydration to ethylene, ethanol intermolecular dehydration
to ether, and ether dehydration to ethylene.

Intramolecular dehydration of ethanol to ethylene has three reaction
mechanisms (E1, E2 and E1cB) under different reaction conditions[31]. That are E1,
E2, and E1cB mechanisms, as is shown as follows, where A and B are the acidic and
basic centers of the catalyst, respectively.

B:+ H—C—C—OH + A 218 B:H" + ®CC0OH + A

S

B: + H—C—C® +AOH— B:+ C=C+ A + H,0

: electrons pair @ positive charge © negative charge

These three reactions are elimination reactions[32], and the three are competitive
reactions. The E1 reaction is a unimolecular elimination reaction. It has two-steps
mechanism. The first step of mechanism is to generate a carbocation intermediate
which is the rate-determining step and is a first-order reaction, afterward it rapidly
loses [3-hydrogen to generate ethylene. The E2 reaction is a bimolecular elimination
reaction. It has one-step mechanism, with a single transition state. The reaction rate
is the second order, because it is influenced by bimolecular. The E1cB reaction is a
unimolecular elimination reaction which occurs under basic conditions. It has two-
steps mechanism. In the first step, 3 -hydrogen of the reactant is captured by the
nucleophilic center to generate carbanion (conjugate base), and then the hydroxyl of

the conjugate base is unleashed to generate ethylene[33].
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Intermolecular dehydration of ethanol to diethyl ether is a substitution
reaction. This reaction has mainly two reaction mechanisms including Syl (single-
molecule nucleophilic substitution reaction) and Sy2 (bimolecular nucleophilic
substitution reaction)[32]. The Syl reaction has two steps. The first step is to
dissociate ethanol to carbocations by leaving hydroxyl radical, which is the rate-
determining step and is the same as the first reaction step of the mechanism E1. In
the second step, the nucleophiles immediately associate with carbocations. The S\2
reaction is like E2 mechanism which has one-step mechanism, with a single transition
state. The mechanism of S\2 is proton attack ethanol forming electrophilic, after that
another ethanol was captured with electrophilic forming the intermediate. Finally,
the intermediate unleashes water and base group and forming diethyl ether. The Syl
and Sy2 reaction mechanisms of ethanol intermolecular dehydration to ether are
shown as follows[3].

(1) Syl reaction mechanisms (the first step is the same as that of E1)

& positive charge

(2) S\2 reaction mechanisms

H
|| | | @ | | o |

H—C—C—OH+ H == H_C—C—0—C—C—H+H,0
|| || B || B

& positive charge
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However, at the high temperature, the ether bond will break. Then, it will
generate a carbocation and may form ethylene, following the E1 reaction

mechanism.

2.8 LITERATURE REVIEW
2.8.1 Activated carbon catalyst
In 2019, Ob-eye, J., et al.[3 4] investigated dehydrogenation of ethanol to
acetaldehyde over different metals supported on activated carbon catalyst. They
doped various metals, including Ce, Co, Co, and Ni, on activated carbon catalyst for
dehydrogenation of ethanol. The reaction was tested at temperature between 250 °C
and 400 °C under atmospheric pressure. They have reported that the type of metal
has an important impact on catalytic performance, because it affected the surface
acidity. Cu/ACC catalyst represented the highest catalytic activity. Ni/ACC catalyst was
appropriate to produce ethylene via ethanol dehydration at 400 °C
2.8.2 Montmorillonite catalyst
In 2016, Krutpijit, C., et al.[35] investicated dehydration of ethanol over
montmorillonite catalyst and acid activating montmorillonite catalyst. They were
used mineral acid including H,SO,4 (SA-MMT), HCL (HA-MMT), and HNO; (NA-MMT) to
acid activating montmorillonite catalyst. They found that HA-MMT exhibited the
highest activity in ethanol dehydration. Due to it perform highest yield of ethylene at
operating temperature 400°C and high yield of diethyl ether at low operating
temperature (200°C to 300°C).
2.8.3 Tungsten oxide
In 2014, Hunyadi, D., et al.[36] studied structure and thermal decomposition
of ammonium metatungstate. They have reported that thermal decomposition of
AMT had many steps in inert atmosphere including releasing water to dehydrated
ATM between 25 °C and 200 °C, formation of an amorphous phase between 200 °C
and 380 °C, form hexagonal WO; structure between 380 °C and 500 °C, then
transformed into more stable m-WO; between 500 °C and 600 °C.
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2.8.4 Tungsten supported over activated carbon catalyst

In 2000, Alvarez-Merino, M.A., et al.[37] studied preparation of tungsten
catalysts supported on granular activated carbon and characterization after Their
Heat Treatments in Inert Atmosphere. They have reported that the surface area of
supported catalysts was decreased with the amount of the tungsten precursor and
was decreased with higher temperature of heat treatment. The reduction of tungsten
occurs at temperatures of more than 700 °C. Total surface acidity was increased with
the amount of the tungsten precursor but was decreased with higher temperature of
heat treatment.

In 2000, Moreno-Castilla, C., et al.[38] investicated decomposition reactions of
methanol and ethanol catalyzed by tungsten oxide supported on granular activated
carbon. All catalysts were operated at temperature between 100 °C and 200 °C
under atmospheric pressure. The reaction was occurred in He flow saturated with
alcohol. They have reported that the activity of supported catalysts in the
dehydration reactions of methanol and ethanol is linear relationship with their total
surface acidity. Moreover, the activated carbon that had a basic character reduced

the acid strength of the tungsten oxide.

2.8.5 Tungsten supported over catalyst

In 2019, Tresatayawed, A., et al[ll] studied ethanol dehydration over
WO,/TiO, catalysts using Titania came from sol-gel and solvothermal methods. He
has reported that WO/TiO, from solvothermal methods (WO,/TiO,-SV) was suitable
for ethanol dehydration and TiO,-SV was appropriate for ethanol dehydrogenation.

From all of literature reviews, activity dehydration of ethanol by activated
carbon catalyst was low. But it has high degree of surface area. Tungsten could form
tungsten trioxide which could enhance the dehydration of ethanol. Nevertheless,
tungsten trioxide catalyst had low surface area. Therefore, tungsten oxide supported
over AC catalyst and MMT catalyst was interesting for improved activity in catalytic

ethanol dehydration.
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CHAPTER 3

EXPERIMENT
This chapter explains detail in experiment, which consists of modification
catalyst with tungsten loading by implantation process, procedure in testing ethanol
dehydration reaction and catalyst characterization such as N, physisorption (BET), X-
ray diffraction (XRD), Scanning electron microscope (SEM) and Energy dispersive X-ray

spectroscopy (EDX), and Ammonia temperature programmed desorption (NH5;-TPD).

3.1 Materials

Chemicals, which was used for preparation of the catalysts were commercial
activated carbon from TPI Polene Public Company Ltd. and Sigma-Aldrich,
montmorillonite from Sigma-Aldrich, ethanol (99.99%) from Merck Company Ltd., and
ammonium metatungstate hydrate (99.99% metals) from Sigma-Aldrich. Furthermore,
ultrahigh purity nitrogen gas (99.99%) from Linde (Thailand) Public Company Ltd. was

used as carrier for the reaction study.

3.2 CATALYST PREPARATION
3.2.1 Synthesis Tungsten supported on activated carbon catalyst

In this study, the activated carbon from TPI Polene Public Company Ltd. was
in the form of fine powder which was referred to the text as AC. In addition, the
activated carbon from Sigma-Aldrich was g¢ranular activated carbon which was
referred to the text as ACG. before W loading, granular AC catalyst necessary was
mashed to fine particle.

WO; on activated carbon catalysts were prepared by incipient wetness
impregnation method. Ammonium metatungstate hydrate was used as a tungsten
precursor. Later, the catalyst sample was dried overnight at 110 °C and was calcined
at 475°C with the heating rate of 10°C per minute for 4 hours. Finally, the catalysts
were loaded with tungsten as referred to in the letter W before text AC or ACG. The

tungsten content (Wt%) of the catalysts is denoted before the letter W.
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3.2.2 Synthesis Tungsten supported on montmorillonite catalyst

WO; on montmorillonite catalysts were prepared by incipient wetness
impregnation method. Ammonium metatungstate hydrate was used as a tungsten
precursor. Later, the catalyst sample was dried overnight at 110 °C and was calcined
at 475°C with the heating rate of 10°C per minute for 4 hours. Finally, the catalysts
were loaded with tungsten as referred to in the letter W before text MMT. The
tungsten content (wt%) of the catalysts is denoted before the letter W.

3.3 CATALYST CHARACTERIZATION

3.3.1 X-ray diffraction (XRD)

The SIEMENS D-5000 X-ray diffractometer using CuK, radiation (A= 1.54439°A)
was being used to determine the crystalline phase structure of supports and
catalysts. The XRD patterns of catalysts were analyzed at the rate of 2.4 min™ in the
range 20 from 20 to 80 degrees with resolution of 0.02 degrees.

3.3.2 Ammonia temperature-programmed desorption (NH;-TPD)

The Micromeritics Chemisorb 2750 Pulse Chemisorption system instrument was
used to diagnose the acidity of catalysts. In the measurement of modified activated
carbon catalysts, 0.1 ¢ of catalysts were packed in a U-tube glass with 0.02 ¢ of
quartz wool and were pretreated at 475°C under helium flow until Thermal
conductivity detector (TCD) signal equal 0. Then, the catalysts were saturated with
15% of NHs/He and the physisorbed ammonia was desorbed under helium gas flow
after being saturated. The catalysts were heated from 30°C to 450°C at the heating
rate of 10 °C per minute and were held for 1 hour to desorb the chemisorbed
ammonia. For the measurement of modified montmorillonite catalysts, 0.1 ¢ of
catalysts were packed in a U-tube quartz with 0.02 ¢ of quartz wool and were
pretreated at 200°C under helium flow for 1 hour. Formerly, the catalysts were
saturated with 15% of NHs/He and the physisorbed ammonia was desorbed under
helium gas flow after being saturated. The catalyst was heated from 30°C to 800°C at
the heating rate of 10 °C per minute to desorb the chemisorbed ammonia. This
process necessary installed or reinstalled the cold tarp, because TCD signal was

disturbed by vapor water from MMT.
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3.3.3 Scanning electron microscope (SEM) and Energy dispersive X-ray

spectroscopy (EDX)

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

3.3.4 N, physisorption (BET)

The Micromeritics Chemisorb 2750 Pulse Chemisorption system instrument
was used to assay the specific surface area of catalysts by a single point on the
nitrogen adsorption isotherm method. In the measurement, 0.1 g of catalysts were
packed in a U-tube glass with 0.01 ¢ of quartz wool and were pretreated at 200°C
under nitrogen flow for 1 hour. Formerly, the catalysts were adsorbed with 30% of
N,/He by reducing the temperature with liquid nitrogen until approaching the boiling
point of nitrogen (-196°C). Finally, they were desorbed by being heated to the room
temperature. The specific surface area is a peak area divided by weight of sample.

Micromeritics ASAP 2020 was used to assay specific surface area, specific pore
volume, pore diameter, isotherm graph, and pore size distribution of catalysts by

BET&BJH method to analyzing.

3.4 Catalytic Ethanol dehydration reaction

The catalytic dehydration of ethanol was performed in a fixed-bed
continuous flow microreactor. First, 0.02 ¢ of quartz wool was packed in the middle
of microreactor, then, 0.1 ¢ of catalyst was poured onto quartz wool. After that,
0.005 ¢ of quartz wool was packed above the previous layers to prevent the
backward flow of the catalyst. The catalysts were preheated to remove moisture by
flowing N, with flow rate of 60 ml/min at 200°C for 1 hour under the atmospheric
pressure. Afterwards, catalytic ethanol reaction was performed by feeding gas
mixtures of vaporized ethanol and N, carrier gas. The ethanol flow rate was
maintained at 0.397 mU/h and 1.45 mU/h (WHSV=3.13 and 11.44 gepanorSeat ™) and
was controlled by Razel model R99-E syringe pump injection. The reaction was
processed at various temperature from 200 to 400°C. When each temperature

reaching the steady state, substances which were flowing out of the microreactor
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were analyzed by Shimadzu gas chromatography 14-B with flame ionization detector
(FID) using DB-5 capillary column. Nitrogen was used as carrier gas in GC using the
temperature of auxiliary heater, injector, and detector at 150°C and capillary column

at 40°C. which had operating condition as reported in Table 4.

Table 6 The chemical used in ethanol dehydration reaction

Chemical Formula Supplier
99 wt % Ethanol C,HsOH Merch
UHP Nitrogen gas 99.99 % N, Linde

Table 7 The operating conditions in gas chromatograph

Gas Chromatograph Shimadzu GC 14-B
Detector FID
Capillary column DB-5
Carrier gas Nitrogen gas
Column temperature Initail 40 °C

Final 40 °C
Injector temperature 150 °C
Detector temperature 150 °C

Time analysis 4 min.
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Figure 5 Schematic of the gas phase ethanol dehydration reaction

3.5 Analysis and calculation

The catalytic activities (conversion, selectivity, yield, and reaction rate) were

calculated as follow:
The ethanol conversion was defined as follows:
n 2

X __ EtOH(in) EtOH(out) (1)

EtOH .
n

EtOH(in)

The selectivity to i product was defined as follows:

n
_ ethylene
ethylene - . ’ (21)
nEtOH(in) nEtOH(out)
2Xn
DEE
S = , (2.2)

DEE N .
nEtOH(In) nEtOH(out)
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n
_ acetaldehyde
acetaldehyde - . (23)
nEtOH(m) nEtOH(out)
The yield to i product was defined as follows:
Yethylene = SethyLene ) EtOH (31)
DEE 5DEE ) XEtOH (3.2)
Yacetaldehyde = Sacetatdehyde ) EtOH (33)
The reaction rate to i product was defined as follows:
nEtOH(In) L Yethylene
r = (4.1)
ethylene
cat
B, Y
__ ' 'EtOH(n) 'DEE
TGS AT N (4.2)
cat
e nEtOH(in) ) Yacetaldehyde (4 3)
racetaldehyde — :
cat
Where n_ . and n. . were defined as molar flow rate (umol/s) of ethanol

in feed and product stream, respectively. n

ethylene ’ Mo » nacetaldehyde

and were defined as

molar flow rate (umol/s) of ethylene, diethyl ether, and acetaldehyde, respectively.

W_, was defined as weight of catalyst ().



3.5 Research plan

Table 8 Schedule of the research plan

Research plan

Year 2019

Year 2020

9 110

11

12

1

2

3

Researched and

literature review

A

A

v

Decide research topic

A4

Prepare the AC catalysts

Y

\AAAS

Characterized the AC

catalysts

T

vy

Prepare the MMT

catalysts

A

v

A

v

Characterized the MMT

catalysts

7Y

v

A

v

A

v

Studying the reaction

A A

vy

A

\4

Studying the stability

reaction

Iy

v

v

A

A\ 4

Analyzed the result and

discussion

A

v

A

v

Preparation of the

report for presentation

A

&
<«

»
»

v

A

v

Note: Dash line (#+) refers to the duration of experiment planed.

Black line (#) refers to the duration of experiment done.
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CHAPTER 4
Result and Discussion
This chapter describes the characteristic properties and catalytic activities in
ethanol dehydration reaction of all catalysts. It was divided into three parts. The first
part and second part explained characteristic properties and catalytic activities in
ethanol dehydration reaction of activated carbon support catalyst groups and
montmorillonite support catalyst group, Respectively. The final part compared result

from the first and second part and discussed suitable catalyst for each application.

4.1 W supported on AC catalysts
4.1.1 Catalyst characterization
4.1.1.1 Scanning electron microscope (SEM) and Energy dispersive X-
ray spectroscopy (EDX)

The morphologies of activated carbon and modified activated carbon formed
irregular shapes and porous particles are shown in Figures 6 to 9. On the surface of
catalyst, there are particles from the process of producing activated carbon catalyst.
However, ACG support catalysts were rougher surface from AC support catalyst. Since
ACG was mashed from gaining to fine particles before catalyst preparation. The rough
surface was occurred from the crossed section of gain ACG. The EDX mapping of
2WAC and 5WAC shows that W is absolutely dispersed over surface of catalyst,
whereas other W loading catalysts had dense area of W as shown in Figure 10.
According to Table 9, W composition which was obtained by EDX of 13.5WACG was
higher than 13.5WAC.



AC calcined at 475°C

83400 15.0kV 6.5mm x650

2WAC

$340015.0kV 7.7mm x650 SE

10WAC [RS8 13.5WAC

$3400 156.0kV 7.7mm x650 SE Zil 50.0um | $3400 15.0kV 7.7mm x650 SE

Figure 6 The morphologies of various W supported on AC catalysts (TPI) measured
by SEM at mag. X650
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AC calcined at 475°C

b3

83400 16.0kV 6[4mm x3.00KE

83400 15.0kV.7.7mm x3.00k SE 10 OLIJn'1 53400 15.0kV 7.3mm x3.00k SE

10WAC R 13.5WAC

$3400 15. 0KV, 747IMX3.00k SE

Figure 7 The morphologies of various W supported on AC catalysts (TPI) measured
by SEM at mag. X3,000
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53400 15:0kV 6.9mmx650 SE

Figure 8 The morphologies of W supported on AC catalysts (Sigma-Aldrich)
measured by SEM at mag. X650

||||||||||||||||||||||

53400 15.0kV 6.8mm x3.00kS . o 10.0um | S3400 15.0kV 6.6mm x3.00k SE

Figure 9 The morphologies of W supported on AC catalysts (Sigma-Aldrich)
measured by SEM at mag. X3,000
Table 9 Chemical composition obtained by EDX of W supported on AC catalysts

Y%weight
Catalysts
C @) W

AC 86.0 14.0

2WAC 82.9 9.5 7.6
5WAC 81.2 10.5 8.3
10WAC 76.1 9.3 14.6
13.5WAC 73.7 7.6 18.7
ACG 85.5 14.5

13.5WACG 57.1 9.0 34.0
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13.5WAC

13.5WACG

Figure 10 SEM-EDX mapping of various W supported on AC catalysts
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4.1.1.2 X-ray Powder Diffraction (XRD)

The XRD patterns of catalysts are shown in Figure 11. Considering the XRD
pattern of W supported on AC catalysts (TPI), it exhibited the XRD pattern having two
broad diffraction peaks located at20degrees of 23° and 43.5°. These broad peaks of
the XRD pattern confirm an amorphous state[39]. When AC was impregnated with W,
the XRD patterns were also similar with AC, but intensity of broad peaks was
decreasing with increased content of W loading. 2WAC exhibited peak located at26
degrees 28.7°(Monoclinic-WOs). However, intensive of this peak decreased in 5WAC.
10WAC and 13.5WAC were exhibited the mixed phase of WO;. They exhibited peak
located at2edegrees of 23.3°(Hexagonal-WQO;), 28.0°(Hexagonal-WO,), and
36.8°(Hexagonal-WOs). The intensity of peaks increased with content of W loading.
[40-44]. In Figure 12, considering the XRD pattern of W supported on AC catalysts
(Sigma-Aldrich), it exhibited the XRD pattern having two broad diffraction peaks
location same as AC. However, ACG exhibited peak located at20degrees of 26.3°. It
can refer to graphite[45]. Moreover, ACG exhibited other peak located at2edegrees of
20.8° and 26.6°. They referred to quartz which was impurity from manufacturing.
When ACG was impregnated with W, the XRD patterns were also similar with ACG,
but intensity of broad peaks was being decreased. The 13.5WACG exhibited peak
located at20degrees of 28.7°(Monoclinic-WO,) [41, 42, 46].
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Figure 11 X-ray Powder diffraction patterns of various W supported on AC catalysts

(TPI)
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Figure 12 X-ray Powder diffraction patterns of W supported on AC catalysts
(Sigma-Aldrich)
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4.1.1.3 N, physisorption (BET)

Multipoint N, physisorption was used to assay specific surface area, specific
pore volume, pore diameter, isotherm graph, and pore size distribution of AC,
13.5WAC, ACG, and 13.5WACG. As shown in Figures 5 to 17, the activated carbon
catalyst and modified activated carbon catalyst from two manufacturer exhibited a
combination of type | (major) and IV (minor) isotherms with type H4 hysteresis loop
according to IUPAC classification[47], and capillary condensation in the pores at
relative pressure (P/Py) close 0.40. They indicated presence of narrow slit pores
including pores in the micropore and mesopore region. Higher pressure hysteresis of
ACG and 13.5WACG indicated higher volume of mesopore. Since the instrument were
not conducive to measure particle with micropore, the pore size distribution was
started to report with 2 nm, furthermore, the average pore diameter was not
calculated with micropore. Figures 18 to 22 shows the pore size distribution of ACG
and 13.5WACG which had higher mesopore than AC and 13.5WAC. W loading reduced
specific pore volume and specific surface. However, it did not affect the average pore
diameter, as shown in Table 10.

Single point N, physisorption was used to assay the specific surface area of W
supported on AC catalysts (TPI). Table 11 shows specific surface areas which were
decreased with content of W. After loading W 13.5 wt% on support, specific surface

area of AC was decreased 26% and specific surface area of MMT was decreased 419%.



Table 10 Textural properties of AC, 13.5WAC, ACG, and 13.5WACG
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Catalyst AC 13.5WAC ACG 13.5WACG
Sger (M%g™) 922 747 572 489
Sricropore (Mg ™) 730 573 336 291
Sexternal (Mg 192 174 236 198

Vi (cm®g?) 0.340 0.267 0.156 0.134
Vr (cm’g?) 0.466 0.374 0.380 0.324
Dp (nm) 2.02 2.00 2.66 2.65

* Sger= specific surface area by BET, Syicopore= t-Plot micropore Area, Seyiema= t-Plot

external surface Area V)= t-Plot micropore volume, V1= Single point total pore

volume of pores, and Dy= average pore diameter by BET

Table 11 Specific surface area of various W supported on AC catalysts (TPI)

Catalyst Si(m? g™
AC 984
2WAC 961
S5WAC 886
10WAC 796
13.5WAC 742

* S,=specific surface area by single point N, physisorption
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4.1.1.4 Ammonia temperature-programmed desorption (NH5-TPD)

In this study, the strength was classified to 2 tiers including weak strength acid
(<200°C), and strong strength acid (>200°C). In Figures 23 to 26, considering W
loading on activated carbon was most likely to increase weak strength acid and to
reduce strong strength acid. After all, NHs-TPD profile of all catalyst was crucial to
analyze. The post process used Fityk program to predict suitable fitting curve.
Gaussian distribution was applied to fitting the NH;-TPD profile. More detail was
shown in appendix A. Table 12 shown properties of all catalysts. Considering low W
loading which was decreased the total acidity such as 2WAC. However, additional W
loading was increased the total acidity. The increasing total acidity of W loading was
25% from AC to 13.5WAC. Nonetheless, it was increased 149% from ACG to
13.5WACG. This might be involved with high crystalline of WQOs.

Table 12 Properties of various W supported on AC catalysts

NH; desorption

catalyst Sy (umol NH3/g..0) Total acidity Acid density
(M?/gest) Weak Strong (umol NHs/g)  (umol NHy/m?)
AC 984 98 173 271 0.28
2WAC 961 69 138 207 0.22
5WAC 886 97 125 222 0.25
10WAC 796 140 132 272 0.34
13.5WAC 742 202 136 338 0.46
ACG 572* 70 155 224 0.39
13.5WACG 489* 260 329 588 1.20

*Specific surface of ACG and 13.5WACG were from BET
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4.1.2 Catalytic ethanol dehydration reaction

All catalysts were tested toward ethanol dehydration reaction in gas phase at
temperature ranging from 200°C to 400°C and atmospheric pressure. Where W
supported on AC catalysts were tested with ethanol flow rate at 0.397 ml/h and 1.45
mUh (WHSV=3.13 and 11.84 gupanorSear -h™). The catalytic activity and product
distribution for all catalysts were shown in Figures 27 to 30 and Tables 13 to 16.
Moreover, ethyl acetate was neglected due to rarely occurred.

Considering catalytic ethanol dehydration reaction of W supported on AC
catalysts (TPI) with ethanol flow rate at 0.397 mU/h (WHSV=3.13 geihano-Seat ™). The
main product of this condition was acetaldehyde. The vyield of acetaldehyde
increased with operating temperature, whereas low of W loading can improved its
yield such as 2WAC, however, additional W loading decreased yield of acetaldehyde
such as 5WAC, 10WAC, and 13.5WAC. The yield of ethylene increased with operating
temperature and content of W. However, ethylene did not occur at operating
temperature 200°C and 250°C.

Considering catalytic ethanol dehydration reaction of W supported on AC
catalysts (Sigma-Aldrich) with ethanol flow rate at 0.397 mU/h (WHSV=3.13 GihanolScat
Lh™). Acetaldehyde was the main product of ACG in which ethanol conversion was
50% more than ethanol conversion of AC. Although, W loading can improve ethanol
conversion from 30% to 90%. The vyield of acetaldehyde was not affected at
operating temperature 200°C and 250°C. however, yield of acetaldehyde was
decreased at operating temperature 300°C to 400°C. Moreover, yield of diethyl ether
and ethylene were increased with W loading. Their turned to main product instead
acetaldehyde at low operating temperature and high operating temperature,
respectively.

Considering catalytic ethanol dehydration reaction of activated carbon groups
catalyst with ethanol flow rate at 1.45 mU/h (WHSV=11.84 guanoSet -h™h). the
catalytic properties were like lower ethanol flow condition. Whereas the highest yield
of acetaldehyde was 5WAC instead of 2WAC. Moreover, almost reaction rate of
acetaldehyde was lower than ethanol flow condition. Therefore, reaction rate of

ethylene was higher, contribute higher ethylene selectivity. The yield to diethyl ether
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of 13.5WACG was significant increased and remaining high yield at operating

temperature 300°C and 350°C.
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Figure 27 Ethanol conversion of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=3.13 guanot-Scat N

Table 13 Product distribution of W supported on AC catalysts (Sigma-Aldrich)

(WHSV:3 13 gethanol'gcat_1' h_1)

Catalyst  Temp. (°C) Conversion (%)

Selectivity (%)
ET ACT  DEE

Yield (%)
ET ACT DEE

200 1.4 100 1.42
250 4.2 100 4.21
ACG 300 10.5 100 10.50
350 18.9 25 943 0.47 17.80
400 30.1 74 915 222 2754
200 13.7 0.8 96 896 | 0.11 132 6.15
250 259 84 164 732| 217 425 947
13.5WACG 300 50.7 385 167 4401|1949 844 11.14
350 81.8 76.7 121 107 | 6281 991 4.36
400 90.5 85.1 112 34| 77.00 10.12 155

*ET = Ethylene, ACT = Acetaldehyde, and DEE = diethyl ether



Table 14 Product distribution of W supported on AC catalysts (TPI)

(WHS\/:?) 13 gethanol'gcatil' hil)
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Selectivity (%) Yield (%)
Catalyst ~ Temp. (°C) Conversion (%)
ET ACT ET ACT
200 1.6 100 1.58
250 5.0 100 5.02
AC 300 7.4 100 7.45
350 134 2.8 97.2 0.38 13.02
400 20.9 4.4 95.6 0.91 19.94
200 2.0 100 2.05
250 7.5 100 7.50
2WAC 300 16.2 1.4 98.6 0.23 16.00
350 20.5 7.4 91.7 1.51 18.83
400 29.1 14.6 85.4 4.25 24.87
200 1.4 100 1.38
250 5.0 100 5.00
SWAC 300 10.1 3.1 93.8 0.31 9.51
350 19.7 20.6 77.4 4.08 15.29
400 38.7 40.6 58.7 15.73 22.75
200 0.7 100 0.71
250 2.1 100 2.10
10WAC 300 8.8 8.3 86.8 0.73 7.67
350 21.0 334 63.8 7.02 13.43
400 38.1 52.5 46.6 19.99 17.76
200 0.6 100 0.61
250 2.0 100 2.05
13.5WAC 300 9.1 16.3 80.8 1.49 7.36
350 23.1 42.6 56.1 9.84 12.94
400 37.8 59.0 40.1 22.29 15.13

*ET = Ethylene, and ACT = Acetaldehyde



Table 15 Product distribution of W supported on AC catalysts (Sigma-Aldrich)

(WHS\/: 11.44 gethanol'gcatil'hil)

aq

Selectivity (%) Yield (%)
Catalyst  Temp. (°C) Conversion (%)
ET ACT DEE ET ACT DEE
200 0.2 100 0.22
250 0.5 100 0.51
ACG 300 0.8 24 97.6 0.02 0.82
350 1.8 12.0 88.0 0.21 1.56
400 4.1 14.4 85.6 0.60 3.54
200 0.5 1.5 276 7038 0.01 0.15 0.19
250 4.6 6.5 54 882 0.30 0.25 2.03
13.5WACG 300 14.8 221 27 7152 3.27 0.39 5.56
350 253 55.7 54 388 | 14.06 1.36 4.90
400 38.3 79.7 114 8.6 | 30.51 4.37 1.66

*ET = Ethylene, ACT = Acetaldehyde, and DEE = diethyl ether

Ethanol conversion (%)
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Figure 28 Ethanol conversion of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=11.44 g anoScat -h™)



Table 16 Product distribution of W supported on AC catalysts (TPI)

(WHS\/: 11.44 gethanot'gcatil'hil)
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Selectivity (%) Yield (%)
Catalyst Temp. (°C) Conversion (%)

ET ACT DEE ET ACT  DEE

200 0.5 100 0.45

250 0.7 96.0 0.70

AC 300 1.1 0.8 928 0.01 1.04

350 1.8 3.7 897 0.07 1.62

400 3.2 73 884 0.23 2.82

200 0.8 97.0 0.76

250 1.3 93.2 1.25

2WAC 300 1.9 5.1 90.2 0.10 1.75

350 3.2 214  76.0 0.68 2.40

400 4.9 294  68.7 144 337

200 0.5 96.4 0.47

250 0.9 94.6 0.90

5WAC 300 1.2 85 87.6 0.10 1.05

350 3.0 46.3 522 1.38 1.56

400 9.2 613 382 5.65 352

200 0.8 97.3 0.74

250 0.8 97.5 0.80

10WAC 300 1.5 233 7139 0.34  1.08

350 3.8 62.6  36.3 239  1.39

400 12.5 715 280 8.92 3.50

200 0.1 100 0.13

250 0.3 9.3  90.7 0.02 0.23
13.5WAC 300 1.4 360 319 310] 049 043 0.21
350 3.9 68.7 24.1 6.6 269 094 0.13
400 121 79.4 18.7 1.5 963 227 0.09

*ET = Ethylene, ACT = Acetaldehyde, and DEE = diethyl ether



. AC
m— 2WAC
SN 5WAC

4 | EEEEEEE 10WAC
=
[T
R

cat

13.5WAC
ACG
13.5WACG

Reaction rate of acetaldehyde (pmol~s-1~g _l)

Vv A

V7

200 250 300 350 400

Temperature (°C)

Figure 29 Acetaldehyde reaction rate of various W supported on AC catalysts for

ethanol dehydration at various operating temperature (WHSV=3.13 gethanorSeat ™)

AC
2WAC

cat

10WAC
13.5WAC
ACG

S|
—

3 5WAC
)
=
(I
B 13.5WACG

Reaction rate of acetaldehyde (pmol-sgl-g _1)
N
L

Vo7

N
\
\
\
\
\
)
N

200 250 300 350 400

Temperature (°C)

Figure 30 Acetaldehyde reaction rate of various W supported on AC catalysts for

ethanol dehydration at various operating temperature (WHSV=11.44 SethanotSeat ~h™)



16
qnﬁ 14
T‘."
°
E 12 1
S
(]
g
= 10
5
Y
[o} 4
i)
Q 3 4
c
ke
© 2 A
o
Q
o 1
0

AC

2WAC
5WAC
10WAC
13.5WAC
ACG
13.5WACG

2
Z

Temperature (°C)

a7

Figure 31 Ethylene reaction rate of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=3.13 guanot-Scat N
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Figure 33 Diethyl ether reaction rate of various W supported on AC catalysts for
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4.1.3 Stability test

Considering stability test of catalytic ethanol dehydration reaction. In this
study, the AC support catalyst and MMT support catalyst were considered. In ethanol
flow rate at 0.375 mU/h condition, 13.5WAC exhibit the highest yield of ethylene at
operating temperature 400°C. Figure 35 shown the ethanol conversion of 13.5WAC
decreased from initial conversion to stable around 30%. Whereas AC was stable
around 15%. 13.5WAC was also tested under ethanol flow rate at 0.375 mU/h and
operating temperature 400°C condition. Figure 36 shown the ethanol conversion of

13.5WAC decreased from initial conversion to stable around 4%.

50
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Figure 35 Ethanol conversion of AC and 13.5WAC in stability test of catalytic ethanol
dehydration reaction (the reaction condition: T= 400°C and WHSV= 3.13 h')



50

16

i —e— 13.5WAC

12 A

10 -

Ethanol conversion (%)

2 T T T T T

0 100 200 300 400 500 600 700
Time (min)
Figure 36 Ethanol conversion of 13.5WAC in stability test of catalytic ethanol
dehydration reaction (the reaction condition: T = 400°C and WHSV= 11.44 h'")

4.1.4 Summary

Low tungsten loading over catalyst exhibited isolated monotungstate or
oligomeric tungstate[d8, 49]. W loading on AC exhibited crystalline phase of WO,
from XRD pattern. Whereas SWAC exhibited the lowest crystalline phase of WOs. in
Figure 11, The intensity of NH; desorption around 250°C which represent by residual
acid function group after pretreated or calcined at 475°C dramatic decreased after W
loading. Cause of decreasing of total acidity after low tungsten loading was
replacement of some WO, over AC catalyst acid site. Considering catalytic ethanol
dehydration reaction, low tungsten loading over AC catalyst and low ethanol flow
rate enhanced ethanol dehydrogenation to acetaldehyde. The additional W loading
enhanced ethanol dehydration to ethylene and diethyl ether. However, source of AC
catalyst which W loading was affect to catalytic properties. 13.5ACG was exhibited
much higher total acidity than 13.5WAC and it also exhibited higher activity in
catalytic ethanol dehydration reaction. the stability tests show the AC catalyst and W

loading over catalyst were stability catalysts.
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4.2 W supported on MMT catalysts
4.2.1 Catalyst characterization
4.2.1.1 Scanning electron microscope (SEM) and Energy dispersive X-
ray spectroscopy (EDX)
The morphologies of W supported on MMT catalysts formed irregular shapes
and porous particles as shown in Figures 37 and 38. The outer surface of all MMT
were rough than ACG and 13.5WACG. The EDX cannot report since characteristic X-

ray of Si and W was interception.

...........

$3400 15.0kV 6.5mm x650 SE 50.0umy $3400 15.0kV 6.5mm x650 SE

S5WMMT 10WMMT

...........

$3400 15.0kV 6.5mm x650 SE 50.0um_ S3400 15.0kV 6.6mm x650 SE 50.0um

13.5WMMT

...........

$3400 16.0kV 6.6mm x650 SE

Figure 37 The morphologies of various W supported on MMT catalysts measured by
SEM at mag. X650
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Figure 38 The morphologies of various W supported on MMT catalysts measured by
SEM at mag. X3,000
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4.2.1.2 X-ray Powder Diffraction (XRD)

In Figure 39, Considering the XRD pattern of W supported on MMT catalysts,
their XRD pattern were like XRD pattern of MMT. It can refer to high dispersion of
WO;. However, 10WMMT exhibited low intensive peak located at20degrees of 27.3°
which can refer to Hexagonal-WO;. Moreover, 13.5WMMT exhibited low intensive

peak located at20degrees of 24.2° which can refer to Hexagonal-WOs[41, 42, 46].

# Hexagonal-WO,

Intensity (a.u.)

10WMMT

13.5WMMT

T % T L T . T X T

20 30 40 50 60 70 80
20 (degrees)
Figure 39 X-ray Powder Diffraction patterns of various W supported on MMT

catalysts
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4.2.1.3 N, physisorption (BET)

Multipoint N, physisorption was used to assay specific surface area, specific
pore volume, pore diameter, isotherm graph, and pore size distribution of MMT and
13.5WMMT. As shown in Figures 40 to 45, the MMT catalyst and modified MMT
catalyst exhibited a type IV isotherm with type H3 hysteresis loop according to IUPAC
classification[47], and capillary condensation in the pores at relative pressure (P/Py)
close 0.40. They indicated presence of non-rigid aggregates of plate-like particles (slit-
shaped pores). Higher pressure hysteresis of MMT indicated higher volume of
mesopore. Since the instrument were not conducive to measure particle with
micropore, the pore size distribution was started to report with 2 nm, furthermore,
the average pore diameter was not calculated with micropore. Figures 40 to 42 and
Table 17 show the pore size distribution of MMT and 13.5WMMT. W loading reduced
specific pore volume. However, the negative volume adsorbed was occurred by
13.5WMMT. It indicated negative t-plot micropore or non-micropore particles and it
also indicated error on BET result. Nevertheless, single point surface area of
multipoint N2 physisorption closed to surface area of single point N, physisorption.

Single point N, physisorption was used to assay the specific surface area of W
supported on MMT catalysts. Table 18 shows specific surface areas which were
decreased with content of W. After loading W 13.5wt% on support, specific surface
area of MMT was decreased 41%.

Table 17 Textural properties of MMT and 13.5WMMT

SBET Smicropore Sextemal VM VT Dp
Catalyst
(m?g™) (m?g™) (m°g™") (cm’Y)  (cm’g)) (nm)
MMT 224 17.7 206.3 0.006 0.325 5.38
13.5WMMT n.a. 0 n.a. 0 0.275 5.46

* Sger= specific surface area by BET, Sycopore= t-Plot micropore Area, Seyema= t-Plot
external surface Area Vy= t-Plot micropore volume, V;= Single point total pore
volume of pores, D,= average pore diameter by BJH (calculated from mesopore)

and n.a.= not applicable



Table 18 Specific surface area of various W supported on MMT catalysts
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Catalyst S;(m?g¢™h)
MMT 210
2WMMT 179
5WMMT 154
10WMMT 146
13.5WMMT 124

* Sy=specific surface area by single point N, physisorption

250
& 200 4
|... 4
wy
on
(\'1\
5 150
o
Q
2
8 4
- 100
I i
]
£
2 ]
£ 50 ]
1 ——e— Adsorption
— —+ —  Desorption
0
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure P/P0

Figure 40 N, adsorption—-desorption isotherms of MMT
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4.2.1.4 Ammonia temperature-programmed desorption (NH5-TPD)

In this study, the strength was classified to 2 tiers including weak strength acid
(<200°C), and strong strength acid (>200°C). In Figures 46 and 47, considering W
loading on MMT reduced weak strength acid and increased strong strength acid. After
all, NH5-TPD profile of all catalyst was crucial to analyze. The post process used Fityk
program to predict suitable fitting curve. Gaussian distribution was applied to fitting
the NH;-TPD profile. More detail was shown in appendix A. Table 19 shown
properties of all catalysts. Considering low W loading which was decreased the total
acidity such as 2WAC and 2WMMT. However, more W loading was increased the total
acidity. The increasing total acidity of W loading was 7% from MMT to 13.5WMMT

Table 19 Properties of various W supported on MMT catalysts

NH; desorption

catalyst Sy (umol NHa/gc.0) Total acidity Acid density
(M%/gcar) Weak Strong (umol NHs/g.)  (umol NHy/m?)
MMT 210 334 324 658 3.13
2WMMT 179 310 268 578 3.23
S5WMMT 154 350 257 607 3.94
10WMMT 146 330 346 677 4.65

13.5WMMT 124 260 442 703 5.66
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Figure 46 NHs-TPD profile of various W supported on MMT catalysts
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4.2.2 Catalytic ethanol dehydration reaction

All catalysts were tested toward ethanol dehydration reaction in gas phase at
temperature ranging from 200°C to 400°C and atmospheric pressure. Where W
supported on MMT catalysts were tested with ethanol flow rate at 1.45 mUh
(WHSV=11.44 geipanor8eat -h™). The catalytic activity and product distribution for all
catalysts were shown in Figures 48 to 51 and Table 20.

Considering catalytic ethanol dehydration reaction of montmorillonite groups
catalyst with ethanol flow rate at 1.45 ml/h. The almost acetaldehyde reaction rate
of MMT groups were lower than activated carbon groups. Moreover, acetaldehyde
reaction rate cloud does not compare with reaction rate of ethylene and diethyl
ether at higher operating temperature than 200°C. the reaction rate of ethylene
increased with operating temperature and content of W. The yield of ethylene was
reach to 92.88% by 13.5WMMT at operating temperature 400°C. However, the
reaction rate of diethyl ether increased with operating temperature, but it also
decreased with additional operating temperature. The yield of diethyl ether was
reach to 21.3% by 13.5WMMT at operating temperature 250°C. The reaction rate and
yield of ethylene and diethyl ether of 2WMMT were lower than MMT. This can refer

to its lower total acidity.
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Figure 48 Ethanol conversion of various W supported on MMT catalysts for ethanol

dehydration at various operating temperature (WHSV=11.44 guanoScat -h™)
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Table 20 Product distribution of W supported on MMT catalysts

Selectivity (%) Yield (%)
Catalyst ~ Temp. (°C) Conversion (%)
ET  ACT DEE ET ACT  DEE
200 5.6 6.5 1.8 917 037 0.10 257
250 37.9 14.2 0.6 852| 539 0.21 16.16
MMT 300 62.5 42.8 0.8 5633|2678 053 17.60
350 76.2 74.6 1.1 2431|5681 085 9.27
400 82.3 79.7 1.5 188 | 6555 121 775
200 1.8 38 198 764| 0.07r 035 0.67
250 258 4.5 22 931 | 117 057 1202
2WMMT 300 a47.9 232 21 7461|1109 101 17.86
350 68.6 57.7 24 40.0| 3959 162 1372
400 90.2 88.7 1.3 100 | 7996 121 451
200 2.6 36 106 857| 0.10 0.28 1.13
250 29.6 6.3 28 909 | 186 084 1347
S5WMMT 300 60.2 29.1 31 67.7] 1752 1.89 20.36
350 81.0 71.1 1.2 277 |5759 093 1122
400 94.5 94.3 1.0 4.7189.14 092 222
200 6.8 53 0.7 940]| 036 005 321
250 42.0 13.2 03 86.5| 554 0.13 18.15
1OWMMT 300 72.2 41.5 0.3 58212998 0.21 21.01
350 90.4 87.2 05 1221|7885 049 553
400 96.0 96.7 0.8 269275 075 123
200 8.2 4.1 1.2 946| 034 0.10 387
250 49.8 14.0 04 856| 698 0.19 2130
13.5WMMT 300 74.4 4a4.2 0.8 55.0] 3289 0.60 20.44
350 90.5 88.3 0.5 1121|7991 046 5.06
400 96.0 96.7 0.9 2419288 0.86 1.14

*ET = Ethylene, ACT = Acetaldehyde, and DEE = diethyl ether
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Figure 49 Acetaldehyde reaction rate of various W supported on MMT catalysts for

ethanol dehydration at various operating temperature (WHSV=11.44 guanoScat -h™)
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4.1.3 Stability test
Considering 13.5WMMT which exhibited the highest yield of ethylene at
operating temperature 400°C and exhibited the highest yield of diethyl ether at
operating temperature 250°C. Figure 52 shows the ethanol conversion of 13.5WMMT
was continuous decrease from initial conversion. After 10h of tested, ethanol
conversion of 13.5WMMT did not reach the stable conversion. However, under

operating temperature 250°C can assumed the stable ethanol conversion at 40%

100

80 4

60 -
4O—M

—e— 400°C

Ethanol conversion (%)

20 1 o 350°C

—y— 250°C

0 100 200 300 400 500 600 700

Time (min)
Figure 52 Ethanol conversion of 13.5WMMT in stability test of catalytic ethanol
dehydration reaction with various operating temperature (the reaction condition:

WHSV=11.44 gethanol'gcat_1'h_1)
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4.2.4 Summary

Low tungsten loading over catalyst exhibited isolated monotungstate or
oligomeric tungstate[48, 49], whereas 10wt% and 13.5wt% of W loading on MMT
catalyst exhibited crystalline phase of tungsten from XRD pattern in Figure 39.
Cause of decreasing of total acidity after low tungsten loading was replacement of
some WO; over MMT catalyst acid site. Considering catalytic ethanol dehydration
reaction, low tungsten loading over MMT catalyst and low operating temperature
enhanced ethanol dehydrogenation to acetaldehyde. The additional W loading
enhanced ethanol dehydration to ethylene and diethyl ether. The stability tests for
10 h show that the 13.5WMMT catalyst was stable at operating temperature of
250°C.

4.3 Comparison and discussion of W supported on AC catalysts and W
supported on MMT catalysts

The catalytic activity of both catalysts apparently depended on their
morphology and acidity. The MMT catalyst with mesoporous structure exhibits higher
mass diffusion than the AC catalyst having the microporous structure. Thus, the poor
mass diffusion affected to limitation of reaction rate, but this will result in increased
contact time between reactant and active site. For AC catalyst with low ethanol flow
rate, this condition also increased contact time. Thus, high contact time was usually
increased possibility of acetaldehyde and ethyl acetate formation. However, low
contact time was increased possibility of ethylene formation. Considering W
supported on AC catalyst, W was filled or block in micropore which less efficiency
than other position. Due to AC catalyst and MMT catalyst had high surface area
compare to other catalysts, the form of WO; was isolated as monotungstate and
oligomeric tungstate. The effect of interaction of W cation and support was occurred
which reduced or increased WO; particle acidity properties[50]. Nevertheless,
addition content of W increased number of WOs, which resulted in increased total
acidity. Finally, acidity of WO with high crystalline was not affect by interaction of
support. The total acidity and NH-TPD pattern were major exhibited by crystalline
WO; domain such as 13.5WACG.
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The MMT catalyst exhibited higher activity in catalytic ethanol dehydration
reaction than AC catalyst. Low W loading could enhance ethanol dehydrogenation,
but high W loading could enhance ethanol dehydration. However, AC catalyst
performed high acetaldehyde selectivity. Moreover, low ethanol flow rate apparently
enhanced reaction rate of acetaldehyde. Nevertheless, MMT catalyst performed high
diethyl ether selectivity at low temperature and high ethylene selectivity at high
temperature. Additionally, it performed low acetaldehyde yield selectivity. Although,
13.5WACG performed high activity in dehydration, but it was still low compared with
MMT catalyst. After all, ACG was suitable to produce acetaldehyde under low
ethanol flow rate at 400°C due to its high reaction rate. Furthermore, 2WAC was also
suitable like ACG and predictive catalytic properties of 2WACG might be more
suitable than ACG due to higher reaction rate. From stability result, 13.5WMMT was
suitable to produce diethyl ether at operating temperature of 250°C due to high
yield and high stability. However, 13.5WMMT can be operated at temperature of
350°C and 400°C, which was suitable to produce ethylene.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS
In this study, characteristics and catalytic performance of various catalysts
including W supported on AC catalysts and W supported on MMT catalysts for
ethanol dehydration were investigated. This chapter summarized the results for all

studies in section 5.1 and recommendations about this research in section 5.2.

5.1 Conclusions

The various W loading (2 to 13.5wt%) on AC catalysts and MMT catalyst did
not affect to their morphology, as shown in SEM. From EDX result, the O/W on outer
surface of 13.5WACG was closely to O/W of WO,. This could refer to WO; was
completely replacement over AC catalyst acid site. Moreover, the W/C of 13.5WACG
was higher than 13.5WAC. This could refer to higher W content on external surface
area. The XRD pattern of all catalysts showed low crystalline of WO,. This could refer
to well dispersed form either an amorphous phase or microcrystals. However,
13.5WACG exhibited high crystalline phase of monoclinic-WOs. The low crystalline of
WO could refer by isolated monotungstate and some oligomeric tungstate which
exhibited major in Lewis acid character but high crystalline of WO; could refer by
oligomeric tungstate and bulk WO; which exhibited major in Brgnsted acid character.
In previous work [1], the surface acidity of tungsten oxide particles was depending on
the nature of the support. In general, characteristics of surface acidity of metal oxide
depend on species of support[2]. The decreasing of total acidity at low W loading
could be explained by many theories. The interesting theories were replacement of
WO, over support domain[3] and local coordinative unsaturation of the doping agent
metal cations due to specific interactions between the cations and the support[2].

The ethanol conversion of W supported on AC catalysts was contributed of
acetaldehyde reaction rate and ethylene reaction rate. Reaction rate of ethylene was
increased with operating temperature and content of W. In whatever way, ethylene
did not occur at low operating temperature (200°C and almost at 250°C). However,

at low operating temperature, low W loading increased reaction rate of
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acetaldehyde. Although, the increased ethanol flow rate decreased reaction rate of
acetaldehyde and increased reaction rate of ethylene. Moreover, diethyl ether was
occurred after 13.5wt% of W loading (13.5WAC at high ethanol flow rate and
13.5WACG both ethanol flow rate). Reaction rate of diethyl ether was increased with
temperature until 300°C. The highest reaction rate of acetaldehyde in AC catalysts
was occurred by ACG which reached 5.20 pmol-s™g.: ' (for AC groups was 2WAC =
4.70 pmolstge") under conditions: WHSV= 3.13 gunanoScat -h' and operating
temperature of 400°C. The highest reaction rate of ethylene in AC catalysts was
occurred by 13.5WACG which reached 21.05 pmolstg.i' (for AC groups was
13.5WAC = 6.64 pmol-stg ") under conditions: WHSV= 11.44 g.panorSeat ~h' and
operating temperature of 400°C. Diethyl ether was rarely occurred by AC groups, but
13.5WACG performed the highest diethyl ether rate at 3.84 umol-s'g., ' under
conditions: WHSV= 11.44 guanorSeat ™ and operating temperature of 300°C.

The ethanol conversion of montmorillonite support catalyst groups was
contributed of ethylene reaction rate and diethyl ether reaction rate. Reaction rate of
ethylene was increased with operating temperature and content of W. Although, low
W loading decreased the reaction rate of ethylene under operating temperature
between 200°C and 350°C. The reaction rate of diethyl ether was increased by
temperature between 250°C and 300°C. Then, it was decreasing due to losing
competitive reaction with ethylene pathway. Moreover, at low operating
temperature and low W loading decreased reaction rate of diethyl ether. Reaction
rate of acetaldehyde was increased with content of W and temperature.
Nevertheless, acetaldehyde reaction rate was reduced at high operating temperature,
due to the lost of competitive reaction with dehydration. 10WMMT and 13.5WMMT
performed the highest ethylene reaction rate which reached 63.98 umol.s*.g.;* and
64.07 pmol-s™g.' under conditions: WHSV= 11.44 g8t “h™' and operating
temperature 400°C, respectively. The highest diethyl ether reaction rate in
montmorillonite groups was occurred by 13.5WMMT which reached 14.70 umol-s’
Lot under conditions: WHSV= 11.44 gupanoSeat -h' and operating temperature

250°C.
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The stability test of catalytic ethanol dehydration reaction has found that W
loading was highly active at high temperature. However, coke formation was occurred
at high operating temperature. It caused the decreasing of catalytic properties.
However, after 10 hours of test, ethanol conversion of 13.5WMMT still did not reach
stable conversion, but its conversion could promise to reach stable conversion based
on stability test of 13.5WAC.

5.2 Recommendations

- The pyridine-adsorbed IR spectra should be used to investigate types of
acidity including Lewis acid site and Brgnsted acid site.

- More tungsten loading should be investigated due to low crystalline phase
of WO; on support catalyst.

- The stability of MMT should be investigated to determine stable conversion.

- The long stability test should be applied to determine actual stable
conversion.

- The more ethanol flow rate should be investigated due to reaching reaction
rate limitation.

-The lower heating rate in NHs-TPD should be applied due to accuracy
determine weak-medium-strong strength acid site.

-The CO, -TPD should be used to investigate total basicity.

-The H, reduction of catalyst should be applied to transformation Lewis acid

of WO; to Bronsted acid.
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APPANDIX A

Calculation for acid site of catalysts
Calculation of acidity

The acidity was measured by NHs-TPD, it can be calculated from NHs-TPD

profile as follow.
Acidiity of catalysts =mol of NH, desorption per g_, (A.1)
Where g . was weight of dry catalyst
To calculate mole of NH; desorption from the calibration curve of NH; as follow:
mol of NH, desorption per g = = 2.628 X 10" XA (A.2)
Where, A was area under peak per weight of dry catalyst of the NH; -TPD profile.

Then combine equation (A.1) and (A.2). So, the equation (A.1) can be take place as
equation (A.3)

Acidity of catalysts =2.628 X10 ~ X A (A.3)



Curve fitting by Fityk

Figure A.1 TCD-time curve fitting of AC by Gaussian curve in Fityk program

Figure A.2 TCD-time curve fitting of 2WAC by Gaussian curve in Fityk program

Figure A.3 TCD-time curve fitting of SWAC by Gaussian curve in Fityk program
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Figure A.4 TCD-time curve fitting of 10WAC by Gaussian curve in Fityk program

Figure A.5 TCD-time curve fitting of 13.5WAC by Gaussian curve in Fityk program

Figure A.6 TCD-time curve fitting of ACG by Gaussian curve in Fityk program
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Figure A.7 TCD-time curve fitting of 13.5WACG by Gaussian curve in Fityk program

Figure A.8 TCD-time curve fitting of MMT by Gaussian curve in Fityk program

Figure A.9 TCD-time curve fitting of 2WMMT by Gaussian curve in Fityk program
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Figure A.10 TCD-time curve fitting of SWMMT by Gaussian curve in Fityk program

Figure A.11 TCD-time curve fitting of IOWMMT by Gaussian curve in Fityk program

Figure A.12 TCD-time curve fitting of 13.5WMMT by Gaussian curve in Fityk program
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APPENDIX B

Calibration curve of Reactant and Product

The calibration curve was calculated by injection substance into GC-FID and
detected by chromatogram in area of substance versus amount of injection
substance. The calibration curve of reactant and product were shown in Figure B.1 to

B4.

6 Y = 1.407E-05X

R? = 0.986
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Figure B.1 The calibration curve of ethanol
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Figure B.2 The calibration curve of acetaldehyde
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Figure B.3 The calibration curve of ethylene
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Figure B.4 The calibration curve of diethyl ether

Y = 1.676E-05X

R? = 0.999

T

0.0 2.0e+4 4.0e+4 6.0e+4 8.0e+4 1.0e+5 1.2e+5 1l.de+5

Area

Figure B.5 The calibration curve of ethyl acetate
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Catalytic activity, selectivity, and yield of product over all catalysts

APPENDIX C

Addition Figure of yield and selectivity of product over all catalysts
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ethanol dehydration at various operating temperature (WHSV=3.13 SethanotSeat D)
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Figure C.2 Ethylene selectivity of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=3.13 SupanotSeat D)
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Figure C.6 Diethyl ether yield of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=3.13 SethanotSeat N
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Figure C.12 Diethyl ether yield of various W supported on AC catalysts for ethanol

dehydration at various operating temperature (WHSV=11.44 SethanotSeat D)
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Table C.1 The catalytic activity and product distribution for activated carbon groups

(the reaction condition: T=200-400°C and WHSV=3.13 Senano-Scat -h™)

Rate of reaction

2 Selectivity (%) Yield (%) v
g\ 8 E (mel's “Scat )
§ £ 8 s 2 2 E| o 2 2 & . 2 I ¥
¥ ¥ 3 £ & g 3 £ & s T 2
2 a fint 2 a i 2 a i
200 16 100 16 0.30 0.30
250 50 100 50 0.95 0.95
2 300 7.4 100 7.4 1.41 1.41
350 134 | 28 972 04 130 007 246 253
400 209 | 44 956 09 199 017 377 3.94
200 20 100 20 0.39 0.39
250 75 100 75 142 142
é 300 162 | 14 986 02 160 004 302 3.07
S ss0 205 | 74 917 10| 15 188 01| 029 356 002 386
400 291 | 146 854 42 249 080 4.70 5.50
200 14 100 14 0.26 0.26
250 50 100 5.0 0.94 0.94
§ 300 101 | 31 938 31| 03 95 02| 006 180 003 189
T 350 197 | 206 774 19 Aefmentfs 02| 077 289 004 369
400 387 | 406 587 07 | 157 227 01| 297 430 002 729
200 07 100 07 0.13 0.13
L 20 21 100 2.10 0.40 0.40
Z;i 30 88| 83 868 49 | 073 767 022 | 014 145 004 163
T 350 210 | 334 638 28| 70 134 03| 133 254 006 392
400 381 | 525 466 09 | 200 178 02| 378 335 003 7.6
200 06 100 06 0.11 0.11
O 2% 20 100 2.05 0.39 0.39
:ii 300 93| 159 813 28| 148 757 013 | 028 143 002 174
S350 231 | 426 561 13| 98 129 01| 18 244 003 433
400 378 | 590 401 09 | 223 151 02| 421 286 003 7.10
200 14 100 14 0.27 0.27
250 42 100 a2 0.80 0.80
8 300 105 100 105 1.98 198
350 189 | 25 943 32| 05 178 03| 009 336 006 351
400 301 | 74 915 11| 22 215 02| 042 520 003 565
200 137 | 08 96 896 01 13 61 002 025 116 143
@ 250 259 | 84 164 732 20| 22 43 95 03| 041 080 179 005 305
:;: 300 507 | 385 167 440 09| 195 84 111 02| 368 159 210 004  7.42
9 350 818|767 121 107 05| 628 99 44 02| 118 187 082 004 1459
400 905 | 851 112 34 03| 770 101 16 01| 1454 191 029 002 1677
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Table C.2 The catalytic activity and product distribution for activated carbon groups

(the reaction condition: T=200-400°C and WHSV=11.44 ganorScat -h™)

Rate of reaction

B Selectivity (%) Yield (%) L
g\ SL'J’ ,5 (“mOl'S 'gcat)
g g o v - o
O z ® 2z <= z 2 2z = z 2 2z = s
200 05 100 0.45 0.31 0.31
250 07 96.0 4.0 0.70 0.01 0.48 001 049
Y 300 11| 08 928 64 | 001 104 004 | 001 071 002 075
350 18| 37 897 66 | 007 162 006 | 005 112 004  1.20
a0 32| 73 884 43| 023 282 007 | 016 1.94 005 215
200 08 97.0 3.0 0.76 0.01 0.52 001 053
250 13 932 68 1.25 0.05 0.86 003 090
§ 300 19| 51 902 a7 | 010 175 005 | 007 121 003 131
S ss0 32| 214 760 25| 068 240 004 | 047 166 003 215
a0 49 | 294 687 19| 144 337 005 | 100 233 003 335
200 05 96.4 36 0.47 0.01 0.32 001 033
250 09 94.6 54 0.90 0.03 0.62 002 0.64
§ 30 12| 85 876 39| 010 105 002 | 007 073 002 081
T a0 30| 463 522 15| 138 156 002 | 095 107 002 204
a0 92| 613 382 05| 565 352 002 | 390 243 002 634
200 08 973 27 0.74 0.01 0.51 001 052
L 250 08 975 25 0.80 0.01 0.55 001 056
% 300 15| 233 739 28| 034 108 002 | 0235 o074 001 099
~ 350 38| 626 363 11| 239 139 002 | 165 096 001 262
400 125 | 715 280 04| 892 350 003 | 615 241 002 858
200 01 100 0.13 0.09 0.09
U 250 03| 93 907 002 023 002 0.6 0.18
% 300 14360 319 310 12| 049 043 021 001 | 034 030 015 001 079
S 350 39| 687 201 66 06| 269 094 013 001 | 185 065 009 001  2.60
40 121 | 794 187 15 04| 963 227 009 002 | 664 157 006 002 829
200 02 100 0.22 0.15 0.15
250 05 100 0.51 0.35 0.35
8 30 08| 24 976 002 082 001 056 0.58
350 18 | 120 880 021 156 015 108 122
a0 41| 144 856 0.60 354 041 244 285
200 05| 15 276 708 001 015 0.9 001 010 013 0.24
Q250 46| 65 54 882 030 025 203 020 017 140 177
% 300 148 | 221 27 752 01| 327 039 556 001 | 226 027 38 000 637
9 350 253|557 54 388 01| 1406 136 490 001 | 970 094 338 001 1403
400 383|797 114 86 02| 3051 437 166 004 | 2105 302 114 003 2523
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Table C.3 The catalytic activity and product distribution for montmorillonite groups

(the reaction condition: T=200-400°C and WHSV=11.44 ganorScat -h™)

Rate of reaction

o Selectivity (%) Yield (%)
— g\ci (HmOL.Sil‘gcatil)

R c

> . i) (3 - v - v =

© Q 0 o 9 2 o 9 2 o 2 2

+ - O c - + c - + c c - _

S 5 > g 9 Y 9 9 9 g K7 2 =
[t 5 2 T 2 2 T 2 2 = 2 8

S i T T i T kol o D kol

< o < a £ a
200 5.6 6.5 18 91.7 0.37 0.10 257 0.25 0.07 1.77 2.09
250 379 14.2 0.6 85.2 5.39 021  16.16 3.72 015 1115 1501

l_

% 300 625 42.8 0.8 56.3 | 26.78 053  17.60 | 18.47 037 1214 3098
350 76.2 74.6 1.1 243 | 5681 0.85 9.27 | 39.19 0.59 639  46.17
400 823 79.7 1.5 188 | 65.55 1.21 7.75 | 45.21 0.83 535  51.39
200 1.8 3.8 19.8 76.4 0.07 0.35 0.67 0.05 0.24 0.46 0.75

— 250 258 4.5 22 - 931 117 057 1202 | 081 039 829 950

=

% 300 479 23.2 21 74.6 | 11.09 101 1786 7.65 070 1232  20.68

N 350 686 57.7 2.4 40.0 | 39.59 162 1372 | 2731 1.12 9.46  37.89
400  90.2 88.7 1.3 10.0 | 79.96 1.21 451 | 55.16 0.84 311 59.10
200 2.6 3.6 10.6 85.7 0.10 0.28 1.13 0.07 0.19 0.78 1.04
250 29.6 6.3 238 90.9 1.86 0.84 1347 1.28 0.58 9.29  11.15

E

% 300 60.2 29.1 3.1 67.7 | 17.52 1.89  20.36 | 12.09 1.30  14.04 2745

350 81.0 71.1 1.2 27.7 | 57.59 093 1122 | 39.73 0.64 774 48.11
400 945 94.3 1.0 a7 | 89.14 0.92 222 | 61.49 0.64 153  63.66
200 6.8 53 0.7 94.0 0.36 0.05 3.21 0.25 0.03 2.21 2.50

g 250 420 13.2 0.3 86.5 5.54 0.13  18.15 3.82 0.09 1252 1643

% 300 722 41.5 0.3 58.2 | 29.98 021 2101 | 20.68 015 1449 3532

(@)

— 350 904 87.2 0.5 122 | 7885 0.49 553 | 54.39 0.34 381 5854
400  96.0 96.7 0.8 26 | 9275 0.75 1.23 | 63.98 0.52 085 6534
200 8.2 a1 1.2 94.6 0.34 0.10 3.87 0.23 0.07 2.67 297

g 250 498 14.0 0.4 85.6 6.98 019 2130 4.82 013 1470 19.64

=

= 300 744 442 08 550 | 3289 060 2044 | 2269 042 1410 37.21

LN

Q350 905 88.3 0.5 11.2 | 79.91 0.46 5.06 | 55.12 0.32 3.49 5893
400  96.0 96.7 0.9 24 | 92.88 0.86 1.14 | 64.07 0.60 0.78  65.45
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