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Abstract

This study aims to investigate the production of ethylene and diethyl ether
from ethanol via catalytic dehydration using Si- and Al-based catalysts with Pd
modification. First, six catalysts including H beta zeolite (HBZ), mixed phases of Y-X-
ALO; (M-AL) and Y- ALO; (G-Al) with and without Pd modification (0.5 wt%) were
prepared. The catalytic dehydration of vaporized ethanol at temperature ranging
from 200 to 400 °C was performed over the catalysts. For ethylene production, the
most promising catalyst is HBZ (giving ethylene yield of ca. 99% at 400 °Q), whereas
Pd modification has no significant effect on ethylene production. Considering the

production of diethyl ether, it is produced at lower temperature (ca. 250 °C) than
that of ethylene. The most active catalyst to produce diethyl ether is HBZ with Pd
modification (giving

diethyl ether yield of ca. 48% at 250 °C). Thus, increased diethyl ether yield can be

achieved with Pd modification at low temperature for the HBZ catalyst.

Keywords: ethanol dehydration, beta-zeolite, mixed phase alumina, ethylene,

diethyl ether
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a Y < Y ! aaa A v o aaa 1 aaa a o v a
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1%
o CY
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Abstract: This study aims to investigate the production of ethylene and diethyl ether from ethanol via
catalytic dehydration using Si- and Al-based catalysts with Pd modification. First, six catalysts including H-
beta zeolite (HBZ), mixed phases of y-¢-Al,O; (M-Al) and y-AlO; (G-Al) with and without Pd modification
(0.5 wt%) were prepared. The catalytic dehydration of vaporized ethanol at temperature ranging from 200
to 400°C was performed over the catalysts. For ethylene production, the most promising catalyst is HBZ
(giving ethylene yield of ca. 99% at 400°C), whereas Pd modification has no significant effect on ethylene
production. Considering the production of diethyl ether, it is produced at lower temperature (ca. 250C)
than that of ethylene. The most active catalyst to produce diethyl ether is HBZ with Pd modification (giving
diethyl ether yield of ca. 48% at 250°C). Thus, increased diethyl ether yield can be achieved with Pd
modification at low temperature for the HBZ catalyst. Other catalysts such as M-Al and G-Al can also
produce significant amounts of ethylene. To elucidate the effect of Pd modification on these catalysts,
different characterization techniques such as nitrogen physisorption (BET and BJH methods), scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS) and ammonia temperature-programmed desorption were performed and further

discussed in more detail.

Key words: ethanol dehydration, ethylene, diethyl ether, Pd modification, Si-Al based catalysts

1 Introduction

In ancient times, the usage of fossil fuels such as higher
hydrocarbon compounds for production of ethylene and
diethyl ether (DEE)in thermal cracking at high tempera-
ture (600-1000C )tends to create highly energy intensive
and emissions of greenhouse gasesl’2>. Many researchers
agree that the renewable and eco-friendly biomass is inter-
esting for alternative raw materials to produce other petro-
leur-based chemicals® ™. At present, ethanol is one of the
most important materials in the chemical industry because
it can be used as feedstock to produce more valuable
chemicals, especially ethylene and DEE. It is known that
the catalytic ethanol dehydration has been considered as a
benign alternative way to produce ethylene and DEE. This
is because ethanol can be produced from fermentation of
renewable feedstock (biomass)such as sugarcanes, molas-
ses, corns, tapioca, etc. Thus, it can reduce environmental
problem by decreasing the CO, emission from petrochemi-

cal-based feedstock” . As known, the production of ethyl-
ene and DEE is interesting because both chemicals are
used as raw materials to produce many products. For in-
stance, ethylene is the starting material to produce a
variety of products such as polyethylene, ethyl benzene,
ethylene dichloride, and ethylene oxide® Y In addition,
DEE is considered as a renewable fuel used to enhance the
ignition property in diesel and gasoline engines, which
presents high cetane (>>125)and octane number(>110)
and it is used to reduce NOx and smog emissions'® ", Fur-
thermore, DEE is also commonly used as a solvent in
chemical processes for waxes, oils and production of plas-
tics'™'?. In general, the catalytic dehydration of ethanol
occurs in the temperature range of ca. 180C to 500C . This
reaction mainly undergoes via two reaction pathways”® W
Ethylene can be obtained by the endothermic reaction that
is favored by moderate to high temperatures, whereas DEE
can be achieved at lower temperature via the exothermic
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reaction® " * 7" The catalytic dehydration of ethanol es-
sentially requires solid acid catalysts. Thus, acidity and
acid strength are the key factors that influence on the cata-
lytic behaviors. Many solid acid catalysts can catalyze this
reaction mostly consist of silicon (Si)and aluminium (Al) as
key elements” Wsuch as zeolite® > 1 17), alumina18>, mont-
morillonite claysm), silica and silica-alumina® '* . For the
best of our knowledge, zeolite and alumina catalysts have
been found to be widely employed in this reaction due to
their suitable character and high activity. These catalysts
have high surface area, high surface acidity, suitable pore
structure and adjustable surface catalytic activity” Al
though, zeolites, especially for HZSM-5, show the less re-
sistance of coke formation, they exhibit very high catalytic
activity at low reaction temperature. Besides HZSM-5,
other types of zeolite such as beta zeolites are captivating
to employ in dehydration reaction because they have
proper acidic property and larger pore size leading to high
resistance for the coke formation. The modification of zeo-
lites to enhance the thermal stability were also widely in-
vestigated in previous studies” ¥ Chemical promoters in-
cluding metal oxides, alkali and alkaline earths, halogen
groups and noble metals such as Rh, Ru, Pd, Pt, Re, Au,
and Ir have been reported to exhibit high catalytic activi-
ty'" 2 * Moreover, there are some works reported on the
addition of chemical promoters including metal oxides” a0
such as Mo, Zr, Ti, La, Ni, Fe, etc. We had demonstrated
that both Ru and Pt can increase the catalytic activity and
product yield, especially for diethyl ether'”.

This present research aims to determine the effect of
palladium (Pd) modification as a chemical promoter on dif-
ferent solid acid catalysts for enhancement of the catalytic
performance in ethanol dehydration, especially to increase
ethanol conversion and product yields at low reaction tem-
perature. The Si- and Al- based catalysts including H-beta
zeolite (HBZ), mixed phases of 'Y‘X‘Aleg(M‘Al), and
v-AL0; (G-Al) with Pd modification were studied. The effect
of Pd modification on different catalysts is elucidated.

2 Experimental
2.1 Materials and catalyst preparation

The commercial H-beta zeolite (HBZ) catalyst having Si/
Al molar ratio of 27 was purchased from Tosoh Corpora-
tion. The mixed phases of y-x-ALO,(M-Al), y-AL,O, (G-Al)
catalysts were synthesized using the solvothermal method
as reported by Janlamool and Jongsomjit'* U Aluminum
isopropoxide (AIP)and the mixture of toluene and
1-butanol with volume ratio of 1:1 as Al,O, precursor and
organic solvent were used. The synthesis of M-Al was per-
formed in an autoclave at 300C for 2 h, and then the re-
sulting powder was washed with methanol, dried and cal-
cined in air at 600C for 6 h. For y-Al,0,(G-Al), it was

1006

prepared by calcination of aluminum nitrate nonahydrate
at 700C for 6 h. In addition, tetraamminepalladium (II)
chloride monohydrate (99.99% Sigma-Aldrich Company
Ltd.) was used as Pd source to promote on the catalysts
above. The Pd precursor was directly impregnated onto
the catalyst sample in order to have the Pd loading of 0.5
wt% in the final catalyst. After that, the Pd modified cata-
lysts were dried overnight in oven at 110C and calcined in
air at 500C for 2 h to obtain the Pd-modified catalysts (Pd-
HBZ, Pd-M-Al and Pd-G-Al). Ethanol(99.99% Merck
Company Ltd.)and ultra high purity nitrogen gas[99.99%
Linde (Thailand) Public Company Ltd.]were used for the
reaction study.

2.2 Catalyst characterization

The physicochemical properties of catalysts were deter-
mined by several techniques as follows:

X-ray diffraction (XRD): XRD was used to determine the
crystalline structure of catalysts. It was performed using a
SIEMENS D-5000 X-ray diffractometer with CuK, (A=
1.54439 A). The XRD spectra were scanned at a rate of 2.4°
min ' in the range of 2 theta degree =10 to 90° .

N, physisorption: N, physisorption (at —196C )was used
to measure the surface area(BET method) . In addition, the
average pore diameter and pore size distribution for all
catalysts were determined by the BJH method. It was per-
formed by a Micromeritics Chemisorb 2750 Pulse chemi-
sorption system instrument. The adsorption and desorption
isotherms were also obtained and used to identify the pore
structures of catalysts.

Scanning electron microscopy (SEM)and energy disper-
sive X-ray spectroscopy (EDX): The morphology and ele-
mental distribution of catalysts were investigated by SEM
and EDX, respectively. The SEM images were obtained
using Hitashi mode S-3400N. All micrographs were taken
at the accelerating voltage of 30 kV and magnification
ranging from 1,000 to 10,000 magnifications with resolution
of 3 nm and the secondary scattering electron (SE) mode.
Furthermore, EDX was used to determine the distribution
of elements including Si, Al, O, and Pd on the external
surface of catalyst granules. EDX was performed using
Apollo X Silicon Drift Detector Series by EDAX.

X-ray photoelectron spectroscopy (XPS): The binding
energy of each core atomic orbital in the catalysts was de-
termined by the AMICUS spectrometer using MgK, X-ray
radiation (1253.6 eV)and AIK, X-ray radiation (1486.6 eV)
at voltage of 15 kV and current of 12 mA. The pressure in
the analysis chamber was less than 10™° Pa. The small
amount of sample was brought to pretreat at 110C for 24
h before the analysis.

Temperature-programmed desorption of ammonia (NH,-
TPD): The acidity of catalysts was examined by NH,-TPD
using Micromeritics Chemisorb 2750 pulse chemisorption
system. In the experiment, 0.10 g of catalyst and 0.03 g of
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quartz wool were packed in a U-tube glass, and then the
catalyst sample was heated at 500C in a flow of helium for
1 h. After that, the sample was saturated with 15% of NH,/
He at 40C for 30 min. To remove the physisorbed ammonia
prior to the measurement, the catalyst sample was flushed
under helium gas flow at 40C for 30 min. Finally, the che-
misorbed-ammonia was desorbed from the surface of cata-
lyst under helium flow at temperatures ranging from 40 to
600C . The amount of desorbed ammonia in the effluent as
a function of desorbed temperature was detected by the
TCD signal.

2.3 Reaction study

The catalytic ethanol dehydration was carried out in a
borosilicate glass fixed-bed microreactor with an inside di-
ameter of 0.7 cm and length of 33 cm. To perform the reac-
tion study, 0.05 g of catalyst was packed into the middle of
reactor. Then, the catalyst was heated in nitrogen (60 ml/
min)to eliminate the humidity on surface of catalyst at
200C for 1 h. A single syringe pump was used to control
injection at a constant flow rate of liquid ethanol equals to
1.45 ml. h ™' [weight hourly space velocity (WHSV) =22.9
(8utmano€ear )~ 'Tthrough a vaporizer at 120C. After that,
the vaporized ethanol was fed into the reactor. The reac-
tion was operated at the temperature ranging from 200 to
400C under atmospheric pressure. The ethanol converted
and remained, and products formed were analyzed by a
Shimadzu GC 8A gas chromatograph with flame ionization
detector (FID) using a capillary column[DB-5(30 m % 0.25
mm X 0.25 um) ]. The temperature of injector and detector
for analysis were 150C having nitrogen (pressure of 260
kPa)as carrier gas for gas chromatography (GC).

3 Results and discussion
3.1 Characteristics of catalysts

There were six catalysts including HBZ, M-Al and G-Al
with and without Pd modification. All catalysts were char-
acterized upon different techniques. First, the X-ray dif-
fraction (XRD) patterns of all catalysts are shown in Fig. 1.
The characteristic sharp peaks of HBZ catalyst are com-
posed of 20 at 14.6° and 22.4°'" %32 For alumina catalysts,
the specific peaks of gamma phase of alumina (G-Al) are
located at 46° and 67°'**| whereas the XRD peaks for chi
phase of alumina (M-Al) are detected at 37°, 43° and 67° as
also reported by Janlamoon and Jongsomjitsl). When con-
sidered the effect of Pd modification on the catalysts, it re-
vealed that peaks of Pd species did not appear because the
Pd crystallites were present in a highly dispersed form and
the loading amount of Pd is very low™" )

The morphology of catalysts was obtained by scanning
electron microscopy (SEM) and the results are presented in
Fig. 2. The Pd-modified catalysts exhibited similar mor-

(2] e 1-ALO,
m x-AlLO,
O H-Beta zeolite
o HBZ
3 o
- N I Pd-HBZ
2 [
8
= . *  Pd-MAl
L —— . G-Al
® ° Pd-G-Al
T T T T T T
10 20 30 40 50 60 70 80

Degrees (2-theta)

Fig. 1 XRD patterns of all catalysts.

S3400/15 OkV 6 3mm x5 00k SE $3400 15 0KV.6 4mm x5 00K SE

Fig.2 SEM images of all catalysts.

phology with the corresponding unmodified ones. The Pd
distribution on catalysts can be determined using EDX.
The elemental distribution results from EDX analysis are
illustrated in Table 1. This is used to measure the amounts
of elemental composition near surface of catalysts. It was
found that the amounts of Pd on surface of Pd-HBZ,
Pd-M-Al and Pd-G-Al catalysts were 1.57, 2.10, and 1.72
wt %, respectively. This indicated that the amounts of Pd
were slightly different on the outer surface of all catalysts.
The BET surface area(Syg:) was also examined by N,
physisorption and the results are reported in Table 2. It re-
vealed that the highest Sy was found in HBZ (522 m* g™ '),
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Table 1 Elemental distribution obtained from EDX.
Element
Catalysts % Weight % Atom
Si Al (0] Pd Si Al (0] Pd
HBZ 44.95 3.26 51.78 - 32.28 2.44 65.28 -
Pd-HBZ 43.46 3.14 51.83 1.57 31.46 2.37 65.87 0.30
M-Al - 61.06 38.94 - - 48.18 51.82 -
Pd-M-Al - 60.82 37.08 2.10 - 49.10 50.48 0.43
G-Al - 62.41 37.42 - - 49.72 50.28 -
Pd-G-Al - 63.23 35.05 1.72 - 51.50 48.15 0.35
Table 2 Properties of catalyst samples.
BET Surface Area NH, desorption Total acidity
Catalysts lg) (umol/g cat.) (umolg cat.)
Weak Moderate to Strong
HBZ 522 844.8 672.4 1517
Pd-HBZ 505 763.9 737.9 1502
M-Al 195 386.2 724.1 1110
Pd-M-Al 179 351.1 845.2 1196
G-Al 119 396.0 759.6 1155
Pd-G-Al 149 465.7 733.0 1198

whereas G-Al showed the lowest surface area. This is
because pore structure of alumina catalysts exhibits the
mesoporous structure, while the zeolite has nearly bound-
ary of micro- and mesoporous structures. Considering the
effect of Pd modification on catalysts, it can be observed
that Pd modification had only slight effect on Si- and Al-
based catalysts. Figure 3 shows the results of pore struc-
ture for all catalysts, which were obtained from the N, ad-
sorption-desorption isotherms. It indicates that all catalysts
exhibited mesoporous structure according to Type IV as
classified by IUPAC (International Union of Pure and
Applied Chemistry). However, M-Al and Pd-M-Al also
showed the characteristics of a hysteresis loop obtained
over a range of high relative pressures, which is associated
with capillary condensation of N, taking place in the pres-
ence of mesoporesg>. Besides the M-Al and Pd-M-Al, the N,
sorption isotherms of other catalysts have a close similarity
to type IV, although they perform the same characteristics
of microporous structure as type I. The pore structure of
all Pd-modified catalysts was only slightly different when
compared with the unmodified ones. The position line of
quantity adsorbed in Fig. 3 by the hysteresis loop for all
catalysts has only slight difference.

XPS is one of the most powerful techniques to determine
the surface properties of catalysts. Thus, the surface com-
positions on Pd-modified catalysts were analyzed by XPS
technique. Considering the XPS spectra of Pd-modified

1008

catalysts (not shown), it is difficult to observe the binding
energy peak of palladium due to its low amount. Neverthe-
less, some researchers such as Wang et al. and Niu et al.
reported that the binding energies of Pd-modified catalysts
are possibly observed between 338-339 eV (for Pd 3d,,)
and 341-343 eV (for Pd 3d;,) , corresponding to the binding
energy of PdO™ 0 Although the XPS result for Pd was not
promising, the EDX technique can determine the existence
and dispersion of palladium on Pd-modified catalysts as
mentioned earlier. Thus, it is more conclusive to compare
the XPS spectra of O 1s in different catalyst samples. The
XPS spectra of O 1s for all samples are shown in Fig. 4.
After deconvolution, each O 1s spectrum can be divided
into three kinds of oxygen species having the binding
energy of 530.3, 5632.2 and 533.9 eV indicating the lattice
oxygen, surface hydroxyl groups and adsorbed oxygen
mainly from adsorbed water molecules, respectively® > )
Moreover, three kinds of oxygen species exhibited the
similar FWHM about 2 eV. The relative contents of differ-
ent oxygen species on the surface of all catalysts were
measured as shown in Table 3. The highest signal of hy-
droxyl groups (Fig. 4)and the amount of hydroxyl groups
(Table 3)obtained from HBZ (ca. 73.8%)and Pd-HBZ (ca.
77.9% ) were evident, which is related to the acidity as seen
from the NH;-TPD measurement. This phenomenon is also
similar with other catalysts, where the amount of hydroxyl
groups (50-549% ) and total amount of acidity (1110-1198

J. Oleo Sci. 67, (8) 1005-1014 (2018)
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Fig. 3 N, adsorption—desorption isotherms.

pmolgcafl) were in the similar trend.
Temperature-programmed desorption (NH,-TPD) was
used to determine the acid strength and surface acidity of
all catalysts. The acid strength of all catalysts can be mea-
sured by the desorption temperature of ammonia. The
NH,-TPD profiles of catalysts are shown in Fig. 5. For all
catalysts, the profiles can be divided into two different
types of surface acid sites following the position of desorp-
tion peaks. Many researchers noticed that the desorption
peak below 250T is referred to weak acid sites, whereas
the moderate to strong acid sites are assigned from the
ammonia desorption peak above 250C" " % The charac-
teristic peaks for each catalyst showed that the weak and
moderate to strong acid sites have a significant difference
in the quantity of acidic sites as depicted in Table 2. The
number of acid sites on catalyst can be calculated by inte-
gration of desorption peak area of ammonia according to
the Gauss curve fitting method. It indicated that the results
of weak, moderate to strong and total acidity for all cata-
lysts were not significantly affected by Pd modification.
The highest acidity was obtained from HBZ and Pd-HBZ
catalysts, especially in terms of the amount of weak and
total acidity among those of other catalysts. It should be

noted that HBZ and Pd-HBZ catalysts also showed the
higher amount of weak acid than their moderate to strong
acid sites. The types of acid site for both weak and strong
acid sites, essentially affect the catalytic activity of ethanol
dehydration® * ) In fact, the strong acid sites affect the cat-
alyst deactivation because these sites can easily lead to

produce higher hydrocarbon and coke formation™” .

3.2 Reaction study

Ethanol dehydration over all catalysts was investigated
at reaction temperature from 200 to 400C in order to de-
termine the effect of Pd promoter on catalytic activity of
various solid acid catalysts. Considering ethanol conversion
in Fig. 6, it is shown that the ethanol conversion of cata-
lysts increased with increasing the reaction temperature as
expected. For the Pd modification over other solid acid
catalysts, the modification with Pd tended to enhance the
catalytic activity for all catalysts, especially at low reaction
temperature (200-300C ) for Pd-HBZ and Pd-M-Al.
However, the Pd-modified G-Al catalyst displayed the re-
markable increase in ethanol conversion at high reaction
temperature (350-400C ). When compared the activity of
each catalyst, it was found that HBZ and Pd-HBZ exhibited
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Fig. 4 XPS analysis for O 1s spectra of all catalysts.

the highest ethanol conversion. This can be attributed to
the evidence that HBZ and Pd-HBZ have the highest weak
acid sites (Table 2), which is the key factor to enhance the
catalytic activity in ethanol dehydration”***". Considering,
the product selectivity for all catalysts (Fig. 7), it was
found that the selectivity of ethylene increased with in-
creasing the reaction temperature for all catalysts, whereas
DEE selectivity decreased with increased temperature.
However, the selectivity of acetaldehyde with Pd-modified
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catalysts tended to decrease with increasing temperature.
According to the decreased DEE selectivity with high tem-
perature, it is likely that ethanol is converted into other by-
products such as acetaldehyde. This may be caused by the
presence of Pd site on catalysts. Besides acetaldehyde,
DEE can be cracked to ethylene at higher reaction temper-
ature. As known, the ethanol molecule is adsorbed on
surface catalysts to form ethoxy group, and then it inter-
acts with second ethanol molecule, where DEE is obtained

J. Oleo Sci. 67, (8) 1005-1014 (2018)



The Ethanol Dehydration to Ethylene and Diethyl Ether over Different Si- and Al- based Catalysts

Table 3 XPS signals distribution of all catalysts.

Cataysts Binding encrey }?; ares sl ()
HBZ 533.6 19.8 73.8 6.4
Pd-HBZ 533.6 14.3 77.9 7.8
M-Al 532.8 26.1 50.3 23.7
Pd-M-Al 531.7 24.6 54.5 20.9
G-Al 533.2 19.7 55.5 24.8
Pd-G-Al 533.1 23.5 54.6 21.9

in this step. Ethylene is mainly produced when reaction
temperature increases by the direct mechanism of ethanol
dehydrated to release ethylene. Moreover, DEE can be
cracked to ethylene at high temperature resulting in in-
creased selectivity of ethylene, whereas DEE selectivity
decreased"”. In addition, the product yields of all catalysts
are summarized in Table 4. It is interesting for the HBZ
catalyst with Pd modification that DEE yield increased
after Pd modification having the highest DEE yield of 48%
at 250C. Considering the Pd-modified M-Al and G-Al, it
was found that the modification of Pd tended to enhance

ethylene yield, especially at high temperature from 350 to
400C . Meanwhile, the Pd modification on M-Al and G-Al
catalysts resulted in increased ethylene yields compared
with those of the unmodified catalysts. The highest ethyl-
ene yields of Pd-M-Al and Pd-G-Al catalysts (95% and
80%, respectively) were obtained under reaction tempera-
ture of 400C.

In summary, upon the reaction test for all catalysts, it
can be concluded that the addition of palladium into cata-
lysts likely leads to enhance the catalytic activity and
product yield, especially for the Pd-modified HBZ catalyst.
This catalyst showed a remarkable increase in catalytic ac-
tivity and DEE yield at temperature range of 200-300C .
When consider the effect of Pd modification on M-Al and
G-Al, it was found that the ethylene yield at 300-400C in-
creased with Pd modification on these catalysts. It appears
that Pd modification results in increased ethanol conver-
sion, whereas it has only slight effect on the product selec-
tivity. Based on XPS results, it is likely that increased
amount of hydroxyl groups (binding energy of 532.2 eV for
O 1s)with Pd modification is the main reason to enhance
the catalytic activity. As mentioned in our previous studyw),
the amount of hydroxyl groups is related to the acidity i.e.

HBZ
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Fig. 5 NH,-TPD profile of all catalysts.
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Table 4 Ethanol conversion, product selectivity and product
yield as a function of reaction temperature.

Temperature Product yield (%)
Catalyst o
©) DEE CH,CHO C,H,
200 7 0 0
250 35 0 7
HBZ 300 25 0 46
350 0 95
400 0 0 99
200 14 1 0
250 48 1 6
Pd-HBZ 300 27 2 51
350 1 96
400 1 99
200 12 0 0
250 19 0 1
M-Al 300 29 0 14
350 9 2 73
400 1 89
200 3 5 2
250 12 12
Pd-M-Al 300 25 10 20
350 23 1 60
400 2 95
200 0
250 10 1
G-Al 300 17 1 1
350 33 1 7
400 23 3 47
200 2 5 2
250 5 5
Pd-G-Al 300 13 3 4
350 34 1 20
400 6 2 80

Bronsted sites. The effects of Ru and Pt modification on
HBZ were also investigated in our previous work'”. It re-
vealed that the roles of noble metals on catalytic activity
were quite similar, but Pd modification is the most promis-
ing promoter among other noble metals upon the produc-
tion of both ethylene and DEE by catalytic dehydration of
ethanol.
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4 Conclusion

The Pd modification is able to increase the catalytic ac-
tivity. For the HBZ catalyst, Pd modification had no signifi-
cant effect on ethylene yield. However, it would appear
that it had a significant effect on DEE yield and exhibited
the highest DEE yield of 48% at 250 . For the M-Al and
G-Al catalysts, it can be concluded that the Pd modification
can enhance ethylene yield at 400C (95% and 80%, re-
spectively), but it hardly affected the DEE yield. In addi-
tion, the Pd modification tended to increase acetaldehyde
yield for M-Al and G-Al catalysts. Thus, the modification of
solid acid catalysts with Pd is necessary to increase
product yield for ethanol dehydration because it is able to
act as the chemical promoter to increase the catalytic ac-
tivity.
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Praserthdam

Bunjerd Jongsomijit',
Piyasan Praserthdam,
Paninee Kaewkrajang

Bunjerd Jongsomijit',
Chitlada Sakdamnuson,
James G. Goodwin, Jr.,
Piyasan Praserthdam
Bunjerd Jongsomijit',
Paninee Kaewkrajang,
Sieghard E. Wanke,
Piyasan Praserthdam

Bunjerd Jongsomijit,
Joongjai Panpranot,
James G. Goodwin, Jr.’
Bunjerd Jongsomijit,
James G. Goodwin, Jr."
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2.986

2.237

2.986

2.307

2.237

0.936

2.386

2.234

2.015

2.242

2.234

2.237

2.234

2.242

2.242

6.002

3.407
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