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Abstract

In this present work, diethyl ether, which is currently served as promising alternative fuel for diesel engines, was
produced via catalytic dehydration of ethanol over H3PO4-modified y-y Al2Os catalysts. The impact of HsPO4 addi-
tion on catalytic performance and characteristics of catalysts was investigated. While catalytic dehydration of
ethanol was performed in a fixed-bed microreactor at the temperature ranging from 200 °C to 400 °C under atmos-
pheric pressure, catalyst characterization was conducted by inductively coupled plasma (ICP), X-ray diffraction
(XRD), N2 physisorption, temperature-programmed desorption of ammonia (NHs3-TPD) and thermogravimetric
(TG) analysis. The results showed that although the H3PO4 addition tended to decrease surface area of catalyst re-
sulting in the reduction of ethanol conversion, the AloO3 containing 5 wt% of phosphorus (5P/Al203) was the most
suitable catalyst for the catalytic dehydration of ethanol to diethyl ether since it exhibited the highest catalytic
ability regarding diethyl ether yield and the quantity of coke formation as well as it had similar long-term stability
to conventional Al2Os catalyst. The NHs-TPD profiles of catalysts revealed that catalysts containing more weak
acidity sites were preferred for dehydration of ethanol into diethyl ether and the adequate promotion of H3PO4
would lower the amount of medium surface acidity with increasing catalyst weak surface acidity. Nevertheless,
when the excessive amount of H3PO4 was introduced, it caused the destruction of catalysts structure, which re-
sulted in the catalyst incapability due to the decrease in active surface area and pore enlargement. Copyright ©
2019 BCREC Group. All rights reserved
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fuels has raised environmental concerns since it
has been linked to resource depletion and ad-
verse health effects. Therefore, alternative fuels
such as bioethanol, which is based on renewable
resources and can be easily attained via fermen-
tation process of biomass, have then been em-
ployed instead of conventional fuels. Sun and
Wang [1] pointed that bioethanol has received

1. Introduction

In recent years, the reduction of oil supplies
combined with the increase in pollutant emis-
sions such as particular matters (PMs), volatile
organic compounds (VOCs) and nitrogen oxide
(NOy) in the air through the combustion of fossil
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much attention owing to its sustainability and
compatibility to traditional combustion engines,
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while conventional fuels which have high etha-
nol proportion are not widely used due to their
corrosivity and water solubility problems re-
sulting in detrimental effects to combustion en-
gines and the fluctuation in fuel properties
[1,2]. As a result, research trends then shift to-
ward the use of ethanol in the production of
value-added chemicals [3].

Ethanol can be converted into various
chemicals mainly including ethylene and DEE
through the following reactions:

(1) 2CeH50H — C2H50C2Hs + H20
AHq), 208 k = -25.1 kd/mol

(2) C2Hs0H — C2H4 + H20
AH2), 2098 k = +44.9 kd/mol

Diethyl ether (DEE), one of the potential
chemicals with high cetane number, currently
receives a considerable interest as the substitu-
tion for transportation instead of diesel fuel.
Considering its advantage, DEE is known for
its low ignition temperature which is beneficial
to solve cold-starting problems occurred when
using ethanol as fuel [4]. According to the ex-
periment of Jothi et al. [5], the reduction of
NOx, smoke and PMs was observed to be
around 65%, 85% and 89%, respectively, during
DEE adoption. Since DEE can be produced
through catalytic ethanol dehydration reaction,
various catalysts using via the reaction have
been thoroughly studied [6-19].

With regard to catalysts, in spite of the fact
that catalytic performance of zeolite catalysts is
considerably high [11,20,21], they may be un-
stable during the process and are likely to be
deactivated via the deposition of carbon [18].
As a result, alumina (Al203), which is currently
applied as a significant catalyst in ethanol de-
hydration factory and has excellent stability,
seems to be more applicable in the dehydration
of ethanol. Also, from mentioned studies, it was
found that surface acidity of catalysts strongly
related to the strength of ethanol adsorption on
acid sites, which contributed to the formation of
different products [16]. Moreover, further un-
derstanding on the effects of catalysts charac-
teristics on catalytic ability is still desirable.
Presently, a number of studies are observed the
catalytic activity of the first catalyst being used
in the catalytic dehydration of ethanol to ethyl-
ene like phosphoric acid (HsPOy4) [18,22]. Ac-
cording to journal articles of Ramesh et al.
[13,19] and Zhang et al. [17], HsPO4 modifica-
tion on H-ZSM-5 catalysts was found to highly
improve selectivity toward both DEE and ethyl-
ene and catalytic stability; however, the selec-

tivity was observed to greatly depend on H3sPOq
content and reaction condition. Although, there
is still no research referred to the incorporation
of varied H3PO4 concentrations in Al203 cata-
lyst.

The main aim of this present work is to in-
vestigate the effects of depositing HsPO4 in
various concentrations on y-y Al:0s catalysts
through steady-state ethanol dehydration reac-
tion to obtain the most suitable catalyst and
optimal reaction condition for producing DEE.
Therefore, in this study, the consequence of
H:3POs+ modification in terms of catalytic per-
formance and catalytic stability on mixed y-
and y-crystalline phase Al2O3 with y/y ratio of
1, which exhibited the highest catalytic activity
among all nanocrystalline y- and %- Al20s3 cata-
lysts as the study of Janlamool and Jongsomjit
[23], had been investigated toward laboratory-
scaled ethanol dehydration reaction to DEE.
All catalysts were also characterized by induc-
tively coupled plasma (ICP), X-ray diffraction
(XRD), N2 physisorption, temperature-
programmed desorption of ammonia (NHs-
TPD), and thermal gravimetric (T'G) analysis.

2. Materials and Methods
2.1 Catalyst Preparation

Mixed y- and y-crystalline Al:Os catalyst
was prepared by solvothermal technique,
which has been described in the study of Wan-
naborworn et al. [24]. Briefly, 25 g of aluminum
isopropoxide (Sigma Aldrich, 98%) was firstly
dissolved in 100 cm3 of a mixture between tolu-
ene (Merck, 99%) and 1-butanol (Fluka, 99%)
with toluene/l-butanol volumetric ratio of 1.
Thereafter, the mixture was put into an auto-
clave (300 cm3) which already filled with 30
cm? of the same solvent as previously men-
tioned. After removing air impurities inside the
autoclave by ultra-high purity nitrogen (Linde,
99.99%), the autoclave was heated up to 300 °C
with a heating rate of 2.5 °C/min and then was
held constantly for 2 h. Afterward, the solvent
residues in the resulting solid were eliminated
by using methanol, following by drying process
at 110 °C overnight and calcination in syn-
thetic air (Linde) at 600 °C for 6 h.

P-modified Al203 catalysts were prepared
through acid activation technique by using
various concentrations of HsPOs (5-20%) ob-
tained by dissolving the required amounts of
HsPO4 (Carlo Erba, 98%) in deionized water.
During the process, the Al:O3 catalyst was
added to the prepared solutions and stirred
thoroughly at room temperature for 30 min.
The obtained precipitates were then dried at
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110 °C overnight and finally were calcined in
synthetic air (Linde) at 600 °C for 6 h. The
phosphorous (P) contents were 5, 12, 14, and 20
wt%; thereby the resulting P-modified Al:Os
catalysts were denoted as 5P/Al20s, 12P/Al>0s,
14P/Al20s3, and 20P/Al20s, respectively.

2.2 Catalyst Characterization

The chemical composition of catalysts was
determined by ICP, using Perkin Elmer OP-
TIMA 2000™ equipment. The crystalline
phases of Al:Os were identified by XRD tech-
nique, using SIEMENS D5000 with Cu-K, ra-
diation and Ni filter. The XRD patterns were
recorded over the 20 value of 10° to 80°.

Surface area and porous properties of cata-
lysts were examined through N2 adsorption-
desorption at 77 K using Micromeritics ASAP
2000 automate equipment. Surface area was
estimated from Brunauer-Emmett-Teller (BET)
method, whereas pore volume and pore diame-
ter were measured from Barrett-Joyner-
Halenda (BJH) analysis.

Acid strength of catalysts was calculated
from the NHs-TPD profiles recorded by using
Micromeritics Pulse Chemisorp 2750 instru-
ment equipped with a thermal conductivity de-
tector. Prior to the measurement, the samples
were pretreated in a flow of helium at 200 °C
for 1 h using a heating rate of 10 °C/min and
then were cooled to the adsorption temperature
of 40 °C. The adsorption of NHs (15%) was car-
ried out for 30 min, following by physical de-
sorption of NH3 and temperature increment to
400 °C for chemical desorption of NH3 with a
heating rate of 10 °C/min.

The amounts of coke formation in used cata-
lysts were determined by TG analysis, using

TA Instruments SDTQ 600 analyzer. The tem-
perature was increased from 100 °C to 800 °C
with a heating rate of 10 °C/min.

2.3 Catalytic Tests

Catalytic studies were performed in a fixed-
bed borosilicate glass reactor (i.d. 7 mm.) under
atmospheric pressure as depicted in Scheme 1.
In a typical experiment, approximately 50 mg
of each catalyst was loaded into the reactor and
was activated in 50 mL/min of ultra-high pu-
rity nitrogen gas (Linde, 99.99%) at 200 °C for
1 h before the introduction of 10 mL/h of pure
ethanol (Merck, 99.99%) into the reactor. The
reactions were carried out at the reaction tem-
perature ranging from 200 °C to 400 °C and
stabilized for 1 h after each accretion. All prod-
ucts were analyzed both quantitative and
qualitative values by Shimadzu GC-14A gas
chromatography equipped with flame ioniza-
tion detector (FID) and DB-5 capillary column.
Additionally, the reactions were repeated for at
least 3 times to confirm results’ reliability.
Ethanol conversion (Xz:om), products selectivity
(S)), and products yield (yi) were calculated
from the results of chemical composition based
on a mole basis via Equations (1), (2), and (3).

Bypass Line

4 Reaction Line

B

n =N
XEtOH — EtOH ,i EtOH, f ><100 (1)
nEtOH,i
n.
S = —1 %100
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XEtOH Si
= = 3
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o
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Scheme 1. Experimental setup for the continuous dehydration of ethanol. N2 cylinder (1 and 15), on-
off valve (2), mass flow controller (3), three-way valve (4), ethanol injector (5), thermal insulator (6 and
9), evaporation zone (7), temperature controller (8 and 11), reaction zone (10), glass reactor (12),
collecting area (13), bubble flow meter (14), Hz cylinder (16), gas chromatography: GC-14A (17)
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3. Results and Discussion
3.1 Dehydration Reaction of Ethanol

The results of catalytic performance of Al20s
and various P-modified AlzO3 catalysts toward
the dehydration of ethanol under steady-state
conditions are presented in Table 1 and de-
picted in Figures 1 and 2. According to the ex-
perimental data, it is apparent that while the
ethanol conversion of all catalysts as well as
both selectivity and yield of ethylene substan-

tially enhanced with increasing reaction tem-
perature, DEE showed excellent selectivity at
the low reaction temperature below 300 °C.
With regard to the influence of H3PO4 addition
on catalytic activities of catalysts, the results
revealed that the higher P contents on cata-
lysts could diminish total catalytic conversion
at the reaction temperature lower than 300 °C.
On the other hand, ethanol conversion of cata-
lysts considerably remained unchanged if the
reaction occurred from 300 °C to 400 °C and the

slight amount of H3sPO4 was deposited. P con-
tents were also found to be the active sites for
DEE production as its selectivity dramatically
rose when H3PO4 was introduced.

Considering products yield, ethylene yield

Table 1. Effect of reaction temperature and
H3PO4 on ethanol conversion

Ethanol conversion (%) exhibited the similar trend as its conversion

Catalvst L ) . .
atalys 200°C  250°C  300°C  350°C 400 °C and selectivity since the' highest ethylene ylfeld
of nearly 90% was achieved at high reaction

Al:O3 14.1 40.1 60.4 84.9 88.5 temperature (400 °C) over Al:Os catalyst. A
5P/Al203 9.1 22.1 49.2 83.9 86.1 slight increase in P contents (5-12 wt% P), on
12P/A1:0s 8.1 19.3 40.0 61.9 72.9 the other hand, contributed to the downward
14P/Al:Os 4.6 6.8 11.2 18.9 35.5 trend of ethylene yield as well as the upward

20P/Al203 0.0 0.0 3.5 9.6 17.2 trend of DEE yield up to around one-third at
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Figure 1. The percentage of diethyl ether and ethylene selectivity of Al203 and P-modified Al203 cata-
lysts; (a) Al20s, (b) 5P/Al203, (¢) 12P/Al20s3, (d) 14P/Al203 and (e) 20P/Al203
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Figure 2. The percentage of diethyl ether and ethylene yield of AloOs and P-modified Al2Os catalysts;
(a) Al20s3, (b) 5P/Al203, (c) 12P/Al203, (d) 14P/Al203, and (e) 20P/Al1203
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300 °C. This indicated that the conventional
catalyst, which can only produce the highest
DEE yield of about a quarter, may not be suit-
able for DEE production, but was highly recom-
mended for the manufacture of ethylene.
P-modified Al20s3 catalysts still needed further
development to improve their conversion at low
reaction temperature for the production of DEE
in industrial scales.

Since both Al:03 and 5P/AloOs catalysts
showed the similar ethanol conversion values
at the reaction temperatures of 350 °C and 400
°C along with the highest DEE yield of
5P/Al203 catalyst was attained, both catalysts
were brought to investigate their deactivation
characteristics at the reaction temperature of
350 °C for 72 h. As illustrated in Figure 3, both
catalysts presented their total conversion of
ethanol just under 85% at the beginning of the
study and remained unchanged along 72 h on
stream. They also demonstrated the same val-
ues of DEE selectivity and yield as the general
ethanol dehydration reaction under steady-
state conditions as shown in Figures 1 and 2.
Thus, it can be concluded that 5P/Al2Os cata-
lyst had a comparable long-term stability to the
conventional catalyst.

3.2 Physicochemical Properties

The chemical composition, textural proper-
ties and surface acidity of AloO3 and P-modified
Al203 catalysts are listed in Table 2. In terms of
textural properties, according to IUPAC classi-
fication of adsorption isotherms [25], all cata-
lysts demonstrated the isotherm of type-IV.
Also, a significant decrease in surface area and
pore volume of catalysts was observed when P
loadings were raised, which resulted from the
partial pore blockage of P species during the

00
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o
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Ethanol conversion (%)
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Time on stream (h)
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Figure 3. Ethanol conversion in dehydration of
ethanol at 350°C over Al:Os and 5P/Al203 cata-
lysts as a function of time

acid activation process, contributing to the dec-
lination of overall conversion in the process.

Considering pore diameter, the result re-
vealed that doping with sufficient amount of
H3POs led to the contraction of pore size. How-
ever, overloaded amount of HsPO4 (or in the
case of the addition of 20 wt% of H3sPO4) caused
the rupture of pore due to the corrosivity of the
modifying agent. This led 20P/Al>O3 catalyst to
be incapable of transforming ethanol into any
products as it demonstrated extremely low
catalytic ability regarding ethanol conversion
at all reaction temperatures. The data of pore
size distribution is presented in Figure 4. It
can be clearly seen that Al:Os, 5P/Al2Os,
12P/Al:0s3 and 14P/Al:Os samples exhibited
pore diameter in a mesoporous range of 2-40
nm. On the other hand, 20P/Al2O3 catalyst il-
lustrated the variation in pore size distribution
within the mesoporous and macroporous size of
8-23 nm and 23-120 nm. This indicated the de-
formation of the catalyst structure, which con-
firmed the result of pore diameter.

Figure 5 shows XRD patterns of AloO3 and
various P-modified Al:Os catalysts in the 260
values ranging from 10° to 80°. XRD pattern of
Al2O3 catalyst revealed both y- and y-
crystalline phase as the investigation of Khom-
in et al. [26]. In detail, y-crystalline of conven-
tional catalyst was observed at 20 values of
32° 37° 46° 61° and 67°, whereas yx-crystalline
was detected at 20 values of 37°, 43°, 46°, 61°
and 67°. Regarding the modifying agent, XRD
patterns of P-modified Al2Os3 catalysts depicted
the deposition of AIPO4 species at 28 values of
21° 22° and 36° as the study of Rahmanian and
Ghaziaskar [4]. Since AloOs and 5P/Al203 cata-
lysts exhibited similar XRD patterns, it indi-
cated that XRD can not detect the formation of
AIPO4 as a result of the formation of AIPO4
with the size lower than 3-5 nm.

Figure 6 illustrates NHs-TPD profiles of all
catalysts in the temperature range of 50 °C to
400 °C. Surface acidity values of catalysts are
also shown in Table 2. Acidity strength of cata-
lysts received from the signal of NHs desorp-
tion below 300 °C (low-temperature; L'T) and in
a range of 300 °C to 400 °C (medium-
temperature; MT) is considered as weak and
medium acidity, respectively. In general, two
desorption peaks were observed from the NHs-
TPD profile of Al2Os catalyst. The increment of
P contents in catalysts brought about the decli-
nation of medium surface acidity as well as the
increase in weak surface acidity. However,
from Figure 6, the results displayed the signifi-
cant reduction of surface acidity in both LT and
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quantitative value of coke formation on used catalysts

Pore diameter (nm)

P in bulk

Surface

Catalyst catalyst (f?/w) (cn‘g/ ) (ZZ‘S Acidity Cotlii(e)znfo((l)"/n)la-
(Wt%) & & (umol/g) °
AlOs3 0 199 0.661 107.6 1230 4.56
5P/Al>03 5 151 0.486 114.9 2620 2.51
12P/Al20s3 12 47 0.126 99.3 1170 1.11
14P/Al20s3 14 37 0.099 112.9 1100 0.93
20P/Al20s3 20 6 0.002 197.5 0.19
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MT ranges after the introduction of HsPOs
higher than 5 wt%. This may be attributed to
the deformation of catalysts structure owing to
the addition of concentrated cautery. Therefore,
20P/Al203, which presented no surface acidity
value signified the complete destruction of the
catalyst structure, leading to the catalyst ineffi-
ciency. In addition, the result indicated that
catalysts, which contained more weak acidity
sites seemed to be more appropriate for produc-
ing DEE since 5P/Al20Os, the catalyst with the
highest value of weak acidity, exhibited the
highest percentage of selectivity toward DEE.
The quantity of coke formation on spent
Al203 and P-modified Al:Os catalysts is listed
in Table 2. From the data, it is clear that the
amount of coke generated on catalysts declined
with the rise of P loadings. The results indi-
cated that the addition of H3POs may lower
catalytic activities in terms of ethanol conver-
sion due to the partial clogging of the modifying
agent on the surface of catalysts. Consequently,
the decrease in ethanol conversion led catalysts
to have less amount of coke formation. Never-
theless, 5P/Al203s, which exhibited a compara-
ble ethanol conversion to conventional catalysts
was still promising for the future development
since it had much lower quantity of coke forma-
tion on its surface compared to Al2Os catalysts.

4. Conclusions

Although H3POs modification might lower
ethanol conversion as it diminished surface
area of catalysts, Al2Os catalysts doped with 5
wt% of P is considered to be the most potential
catalyst for the production of DEE through
ethanol dehydration reaction and further devel-
opments in its capability in the future as it
demonstrated the highest DEE yield with the

=7y phase
* = 7 phase
2= AIPOy

Relative intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

)

Figure 5. XRD patterns of (a) Al:Os, (b) 5P/
Al>Os, () 12P/Al20s3, (d) 14P/Al20s, and (e) 20P/
Al203

lower amount of coke formation compared to
conventional catalyst and had the comparable
long-term stability to untreated Al:0s. Weak
surface acidity sites were required for DEE
production via ethanol dehydration reaction.
The addition of appropriate HsPO4 concentra-
tions contributed to the decline in medium sur-
face acidity along with the escalation of weak
surface acidity; however, the excessive amount
of HsPO4 addition would damage the structure
of catalysts resulting in the reduction of active
surface area and pore cracking, which caused
the inability of catalyst.

Acknowledgments

The authors thank the Grant for Interna-
tional Research Integration: Chula Research
Scholar, Ratchadaphiseksomphot Endowment
Fund and Grant for Research: Government
Budget, Chulalongkorn University (2018) for
financial support of this project.

References

[1] Sun, J., Wang, Y. (2014). Recent Advances in
Catalytic Conversion of Ethanol to Chemi-
cals. ACS Catalysis, 4(4): 1078-1090.

[2] Riittonen, T., Toukoniitty, E., Madnani, D.K.,
Leino, A.-R., Kordas, K., Szabo, M., Sapi, A.,
Arve, K., Wirna, J., Mikkola, J.-P. (2012).
One-Pot Liquid-Phase Catalytic Conversion
of Ethanol to 1-Butanol over Aluminium Ox-
ide-The Effect of the Active Metal on the Se-
lectivity. Catalysts, 2(4): 68-84.

[3] Rass-Hansen, J., Falsig, H., Jeorgensen, B.,
Christensen, C.H. (2007). Bioethanol: fuel or
feedstock? Journal of Chemical Technology &
Biotechnology, 82(4): 329-333.

’/\/\ (a)
J\/\(b)
(c)

(d)

—(e)

50 100 150 200 250 300 350 400
Temperature (°C)

TCD signal (a.u.)

Figure 6. NH3-TPD profiles of (a) Al2Os, (b)
5P/Al20s, (c) 12P/Al203, (d) 14P/Al203 and (e)
20P/Alx03

Copyright © 2019, BCREC, ISSN 1978-2993




(11]

(13]

Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1), 2019, 8

Rahmanian, A., Ghaziaskar, H.S. (2013). Con-
tinuous dehydration of ethanol to diethyl
ether over aluminum phosphate—
hydroxyapatite catalyst under sub and super-
critical condition. The Journal of Supercritical
Fluids, 78: 34-41.

Jothi, N.K.M., Nagarajan, G., Renganaraya-
nan, S. (2007). Experimental studies on ho-
mogeneous charge CI engine fueled with LPG
using DEE as an ignition enhancer. Renew-
able Energy, 32(9): 1581-1593.

Alharbi, W., Brown, E., Kozhevnikova, E.F.,
Kozhevnikov, 1.V. 2014). Dehydration of etha-
nol over heteropoly acid catalysts in the gas
phase. Journal of Catalysis, 319: 174-181.

Chen, G., Li, S., Jiao, F., Yuan, Q. (2007).
Catalytic dehydration of bioethanol to ethyl-
ene over TiOs2/y-Al:O3 catalysts in microchan-
nel reactors. Catalysis Today, 125(1-2): 111-
119.

Fan, D., Dai, D.J., Wu, H.S. (2012). Ethylene
Formation by Catalytic Dehydration of Etha-
nol with Industrial Considerations. Materials
(Basel), 6(1): 101-115.

Golay, S., Kiwi-Minsker, L., Doepper, R., Ren-
ken, A. (1999). Influence of the catalyst
acid/base properties on the catalytic ethanol
dehydration under steady state and dynamic
conditions. In situ surface and gas-phase
analysis. Chemical Engineering Science, 54:
3593-3598.

Han, Y., Lu, C., Xu, D., Zhang, Y., Hu, Y.,
Huang, H. (2011). Molybdenum oxide modi-
fied HZSM-5 catalyst: Surface acidity and
catalytic performance for the dehydration of
aqueous ethanol. Applied Catalysis A: Gen-
eral, 396(1-2): 8-13.

Phillips, C.B., Datta, R. (1997). Production of
Ethylene from Hydrous Ethanol on H-ZSM-5
under Mild Conditions. Industrial & Engi-
neering Chemistry Research, 36: 4466-4475.

Phung, T.K., Busca, G. (2015). Diethyl ether
cracking and ethanol dehydration: Acid ca-
talysis and reaction paths. Chemical Engi-
neering Journal, 272: 92-101.

Ramesh, K., Hui, L.M.,, Han, Y.-F., Borgna, A.
(2009). Structure and reactivity of phospho-
rous modified H-ZSM-5 catalysts for ethanol
dehydration. Catalysis Communications,
10(5): 567-571.

Takahara, 1., Saito, M., Inaba, M., Murata, K.
(2005). Dehydration of Ethanol into Ethylene
over Solid Acid Catalysts. Catalysis Letters,
105(3-4): 249-252.

(15]

(22]

(23]

(25]

Varisli, D., Dogu, T., Dogu, G. (2007). Ethyl-
ene and diethyl-ether production by dehydra-
tion reaction of ethanol over different heter-
opolyacid catalysts. Chemical Engineering
Science, 62(18-20): 5349-5352.

Zaki, T. (2005). Catalytic dehydration of etha-
nol using transition metal oxide catalysts. </
Colloid Interface Sci, 284(2): 606-13.

Zhang, D., Wang, R., Yang, X. (2008). Effect
of P Content on the Catalytic Performance of
P-modified HZSM-5 catalysts in Dehydration
of Ethanol to Ethylene. Catalysis Letters, 124:
384-391.

Zhang, M., Yu, Y. (2013). Dehydration of
Ethanol to Ethylene. Industrial & Engineer-
ing Chemistry Research, 52(28): 9505-9514.

Ramesh, K., Jie, C., Han, Y.-F., Borgna, A.
(2010). Synthesis, Characterization, and
Catalytic Activity of Phosphorus Modified H-
ZSM-5 Catalysts in Selective Ethanol Dehy-
dration. Industrial & Engineering Chemistry
Research, 2010: 4080-4090.

Mao, R.L.V., Nguyen, T.M., Mclaughlin, G.P.
(1989). The Bioethanol-to-Ethylene (B.E.T.E.)
Process. Applied Catalysis, 48: 265-277.

Phung, T.K., Herndandez, L.P., Lagazzo, A.,
Busca, G. (2015). Dehydration of ethanol over
zeolites, silica alumina and alumina: Lewis
acidity, Bronsted acidity and confinement ef-
fects. Applied Catalysis A: General, 493: 77-
89.

Pearson, D.E., Tanner, R.D., Picciotto, I.D.,
Sawyer, J.S., Cleveland, J.H., Jr. (1981).
Phosphoric Acid Systems. 2. Catalytic Con-
version of Fermentation Ethanol to Ethylene.
Ind. Eng. Chem. Prod. Res. Dev., 20: 734-740.

Janlamool, J., Jongsomjit, B. (2017). Cata-
lytic Ethanol Dehydration to Ethylene over
Nanocrystalline chi- and gamma-Al;O3 Cata-
lysts. o Oleo Sci, 66(9): 1029-1039.

Wannaborworn, M., Praserthdam, P., Jong-
somjit, B. (2015). A Comparative Study of
Solvothermal and Sol-Gel-Derived Nanocrys-
talline Alumina Catalysts for Ethanol Dehy-
dration. Journal of Nanomaterials, 2015: 1-
11.

Sing, K.S.W. (1982). Reporting Physisorption
Data for Gas/Solid Systems with Special Ref-
erence to the Determination of Surface Area
and Porosity. Pure & Appl.Chem., 54(11):
2201-2218.

Khom-in, J., Praserthdam, P., Panpranot, J.,
Mekasuwandumrong, O. (2008). Dehydration
of methanol to dimethyl ether over nanocrys-
talline Al2Os with mixed y- and y-crystalline
phases. Catalysis Communications, 9(10):
1955-1958.

Copyright © 2019, BCREC, ISSN 1978-2993




