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Abstract

The running down of fossil fuels and rising environmental concerns, there is an increasing emphasis on identifying eco-
friendly alternative energy sources. Diethyl ether (DEE) is considered one such additive fuel that can replace fossil
fuels. In this study, DEE was synthesized through the reaction dehydration of ethanol using y-alumina catalysts
impregnated with chromium and cobalt. The dehydration of ethanol performed in a fixed bed reactor using Cr-Coly-
Al203 catalysts loading. The effect of metal ratio of Cr-Co was examined. Catalyst characterization was carried out
using XRD, BET, and SEM-EDX analyses. The dehydration reaction was conducted in a fixed-bed reactor at
temperatures 100 to 200 °C, with nitrogen gas flowrates between 200 and 600 mI/min as the carrier gas. The findings
revealed that the increase chromium contents, and the temperature were augmenting the diethyl ether yield. And the
increase of nitrogen flow rate is slightly increasing the yield of DEE and conversion of ethanol.
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1. Introduction

Petroleum is one of the easiest fossil fuels to
transport. However, continuous consumption of
petroleum without alternative fuels will lead to
the depletion of its reserves. Therefore, it is
essential to identify environmentally friendly
alternatives to meet the demand for renewable
fuels. Diethyl ether (DEE) has indeed gained
attention as a promising fuel additive because of
its high cetane number and excellent auto-ignition
characteristics. It serves as an effective ignition
booster for diesel engines [1]. DEE improves
combustion efficiency, reduces emissions, and
enhances engine performance, making it a
valuable additive for improving fuel properties.
Additionally, its relatively low boiling point and
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high volatility make it suitable for blending with
conventional fuels, which can lead to better cold-
start behavior and smoother combustion in
engines [2]. It is frequently utilised as a blending
additive to compensate for the limitations of
ethanol fuel. DEE has been demonstrated to
enhance engine performance and lower fuel
consumption when added to diesel fuel [1].

The octane ratings of both ethanol and certain
ethers exceed 100 [2]. Ethanol is considered a
viable biofuel alternative, thanks to its octane
rating of 113 and low Reid vapor pressure.
However, its use as a diesel fuel additive has
declined because of several challenges, such as its
rapid evaporation rate and poor ignition
properties. DEE can be readily synthesized by
ethanol dehydration or via the Barbet process
using H2SO4 as a homogeneous catalyst. However,
this process is hindered by challenges such as
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catalyst separation and the corrosive nature of
sulfuric acid, making it costly and inefficient [3].
In contrast, DEE can be produced using
heterogeneous catalysts like alumina.

Alumina (y-Al203) is a common catalyst or
catalyst support material due to its high surface
area, low cost, and superior thermal stability and
ability to convert ethanol to form either alkenes or
ethers [4]. Various promoters, including halogens,
noble metals, alkali metals, and alkaline earth
metals, have been investigated to enhance
catalytic activity and product selectivity [5].
Chromium, for instance, has been found to
improve the selectivity of ethanol dehydration
toward DEE formation [6]. At lower temperatures,
cobalt-supported alumina catalysts exhibit
similar ethanol conversion levels compared to
pure alumina catalysts [7].

Diethyl ether and ethylene are the two
products principals that can be produced by
dehydrating ethanol, according to the two
equation reactions below Equations (1) and (2).

2 C:HsOH — C:H50C:Hs + H20

AH29sx = -25.1 kdJ/mol (1)
C:HsOH — C2H4+ H20
AH29s k = +44.9 kJ/mol 2)

The most common process includes the
intermolecular dehydration of ethanol to produce
diethyl ether, which is then continue to
dehydrated in ethylene. Equation (1) illustrates
the exothermic reaction of ethanol dehydration to
diethyl ether, which is favoured at reduced
temperatures [8,9]. Ethylene, on the other hand,
can be formed through intramolecular
dehydration, as represented by Equation (2), an
endothermic reaction favoured at higher
temperatures [10,11]. While numerous studies
have focused on ethanol dehydration to ethylene
[13-15], ethanol dehydration to DEE has received
comparatively less attention [17-19]. Given the
significance of DEE production and the critical
role of catalysts in enhancing DEE selectivity, this
study focuses on ethanol dehydration over
Cr-Coly-Al2Oscatalysts and their effect on DEE
selectivity. Chromium, in particular, has been
shown to increase the selectivity of ethanol
dehydration towards diethyl ether, while cobalt-
supported Al203 catalysts have demonstrated
similar ethanol conversion at lower temperatures
compared to Al2Os alone.

The significance of diethyl ether (DEE) as a
fuel additive, coupled with the essential function
of catalysts in achieving optimal selectivity for
DEE, underpins the focus of this research on the
dehydration of ethanol. This study employs a
Cr-Coly-Al203 catalyst to evaluate its influence on
the selectivity for diethyl ether. The enhancement
of catalyst characteristics through the
incorporation of promoters often results in

performance improvements that exceed those of
the catalyst in isolation. Although a promoter may
lack inherent catalytic activity, its introduction in
minimal quantities to the catalyst surface or
support can markedly improve attributes such as
activity, selectivity, and stability, thereby
highlighting the role of promoters in refining
catalyst efficacy.

Chromium plays a pivotal role in creating an
acidic environment that boosts the selectivity of
the reaction aimed at diethyl ether synthesis.
Research conducted by Srinivasan explored the y-
Al203 catalyst support modified with cobalt
dispersion, revealing that the synthesis method
based on strong electrostatic adsorption (SEA)
significantly enhances catalyst performance. The
application of Temperature Programmed
Desorption Fourier Transform Infrared Mass
Spectrometry (TPD-FTIR-MS) to analyze the
adsorbed species, such as pyridine and COg,
indicated that the Co-Al20Os catalyst exhibited
approximately 50% of the Lewis acidity found in
the original y-Al2Os, while demonstrating a slight
increase in alkalinity. Notably, despite the
reduction in acidity, the Co-Al20s catalyst
maintained comparable conversion rates for both
ethylene and ethanol relative to the unmodified
v-AleOs, even at lower temperatures under
identical experimental conditions. This
observation suggests that the incorporation of
cobalt enhances overall catalytic efficiency,
primarily by optimizing the interplay between
acidity and alkalinity, which is crucial for catalyst
activity. Furthermore, the results from ME-PSD-
DRIFTS indicated the possible involvement of
adsorbed ethanol and ethoxide species, along with
terminal and hydroxyl groups associated with the
octahedral and tetrahedral configurations of
aluminum in Al20Os (100) and (110) surfaces, as
intermediates in the transformation of ethanol
into diethyl ether and ethylene [7].

The addition of both chromium and cobalt to
v-Al203 presents an intriguing subject for further
study, as the simultaneous incorporation of these
metals 1s expected to enhance the catalytic effect
of y-Al2Os. The ratio of chromium to cobalt in the
catalyst could also influence the outcome.
Therefore, the purpose of our research is to study
the dehydration of ethanol reaction in a fixed-bed
reactor with y-Al2Os pretreated with both Cr and
Co metals. Specifically, we focus on examining the
effect of different Cr-Co ratios (1:2) at various
reaction temperatures (100-200 °C) and flow rates
(200-600 mL/min of carrier gas).

2. Materials and Method

2.1 Preparation of Catalyst

The y-AlOs as a support was impregnated
with aqueous solutions of chromium nitrate
nonahydrate (Cr(NOs)s ‘9H.0, Merck, >98.0%) and
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cobalt nitrate hexahydrate (Co(NOs3)2.6H-0,
Merck, >99.0%) using the incipient wetness
impregnation method. The goal was to achieve a
final catalyst with a 10 wt% loading of Cr-Co. The
preparation steps were as follows: (1)
Impregnation: The y-AL:Os powder was mixed with
the salt solutions containing Co and Cr; (2)
Drying: The impregnated catalysts dried at 120 °C
for 12 hours; (3) Calcination: Catalysts were
calcined at 550 °C during 3 hours under a nitrogen
gas (N, Linde, 99.99%); (4) Reduction: The
calcined catalysts were then reduced with
hydrogen gas (H,, Linde, 99.99%) at 600 °C for 5
hours in a tubular furnace.

The Cr-Co metal ratios were varied with three
different compositions: 1:1, 1:2, and 2:1. These
catalysts were labeled as Cr-Co 11 (1:1), Cr-Co 12
(1:2), and Cr-Co 21 (2:1).

2.2. Characterization of Catalyst

The crystalline phases of the -catalysts
analyze by X-ray diffraction (XRD) using an Xpert
MPD diffractometer with Cu-Ka radiation A =
1.5406 A), allowing assessment of crystallinity
and phase composition. The Brunauer-Emmett-
Teller (BET) method was applied to determine the
surface area, average pore size, and pore volume
of the catalysts, using Nz physisorption on
Autosorb IQ and Tristar II 3020. Before
measurement, the catalyst samples were pre-
treated under a helium (He) flow at 30 mL/min at
250 °C for 30 minutes. The analysis was conducted
at -196 °C with liquid nitrogen (N2) in a 30%
nitrogen flow in helium gas. The -catalyst
morphology was examined using scanning
electron microscopy combined with energy-
dispersive X-ray spectroscopy (SEM-EDX), with
an EDAX-AMETEK system for detailed elemental
analysis.

2.3 The Reaction Dehydration Procedure

The dehydration reaction was performed in a
fixed-bed reactor constructed from stainless steel,
featuring an % inch ID and 15 cm height, as
illustrated in Figure 1. The measured quantities
in the diethyl ether production process are the
reaction conversion and the diethyl ether
production yield from ethanol. As an activation
parameter, the reaction conversion and diethyl
ether production yield from ethanol are
calculated. The measurement of % yield diethyl
ether obtained use the Equation (3):

mole of DEE obtained
moles of ethanol reacted

Yield (%) = X 100%

3

Firstly, 3 g of catalyst was introduced into the
reactor, with quartz wool positioned on both sides
to secure the catalyst. A vaporizer tank, also made
of stainless steel (5 in diameter and 6 in height),
equipped with a heating jacket (1000 kg.m?.s7%)

Intensisty

and temperature control, was used to vaporize
absolute ethanol (Merck, 99.99%). The reaction
was performed at temperatures interval 100 to
200 °C, in introducing the vaporized ethanol
through the bed of catalyst using flow of nitrogen
rate of 200-600 mL/min. The reactor's
temperature was controlled using the built-in
temperature control system. The products from
the reaction were condensed. Then the products
analyzed by gas chromatograph (GC) with a FID
detector.

3. Results and Discussion
3.1. Characterizations of Catalyst

Figure 2 illustrates the XRD patterns for both
v-Al203 and Cr-Co modified y-Al:Os catalysts. The
data indicate that the diffractograms of y-Al2O3
remained stable and did not undergo significant
changes after the introduction of Cr and Co. The
similar XRD patterns observed across all catalysts
suggest that both Cr and Co metals were highly
dispersed on the y-Al203 support. The diffraction
line characteristic for y-AloOs appear at 20 angles
of 36.80°, 45.49°, and 67.02°. However, after the
impregnation of Cr and Co into y-Al203, there was

a slight decrease in the peak intensities,
indicating a reduction in crystallinity. This
suggests that the crystallinity of 7y-Al203
diminished slightly following the metal
modification.
Ve
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Figure 2. Comparison of XRD patterns for

Alumina and Cr-Co/y-Alumina
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From Table 1 shows that the surface area of
7-Al2O3 was 162.84 m?g. This surface area
decreased after impregnation with Cr and Co
metals. The more Cr and Co added to y-Al203, the
greater the decrease in surface area, which is
attributed to the blocking of alumina pores by the
impregnated metals. This partly blockage
indicates that the Cr and Co metals were
successfully impregnated at the surface of y-Al2O3
[20]. Despite the reduction in surface area, the
pore diameter increased, allowing more feed
molecules to access the pores [21]. Interestingly,
the decrease in surface area does not negatively
affect the catalyst's effectiveness. Instead, the
presence of Cr and Co metals enhances the active
sites of the catalyst, which is crucial for increasing
the reaction rate during catalytic processes. This
indicates that the active metal sites play a more
significant role than surface area alone in
influencing catalytic performance. The similar
morphologies of the y-AleOs and Cr-Coly-Al2Os
catalysts can be observed in Figure 3.

Chrome and cobalt were successfully
impregnated into y-Al2O3 and penetrated into the
support pores. The content of Cr and Co in
y-Alumina reaches 10 wt.%. However, the metal
weight ratios do not match the desired ratios. This
result may be caused of non-uniformity of the
impregnation solution during the catalyst
impregnation.

3.2. Effect of Cr-Co Ratio on Diethyl Ether Yield

Prior studies indicated that the incorporation
of promoters can importantly enhance diethyl
ether yields by improving catalytic activity. The

Table 1. BET and EDX analysis of catalyst

presence of chromium metal has been shown to
favourably influence the selectivity toward diethyl
ether formation. Additionally, cobalt-modified
alumina catalysts can achieve ethanol conversion
rates comparable to those of the original y-Al203
catalyst under similar conditions. The findings
suggest that utilizing modified 7y-Al20s-based
catalysts, specifically those containing chromium
and cobalt, is a promising approach for enhancing
diethyl ether production at lower temperatures
during the ethanol dehydration process. The
combination of increased surface area and the
catalytic properties of Cr and Co contributes to
improved reaction efficiencies, making these
catalysts viable candidates for industrial
applications in producing diethyl ether from
ethanol. The results of the experiment
demonstrate the temperature effect reaction and
nitrogen flow rate during the ethanol dehydration
reaction are significant. Cr-Co21, with its larger
BET surface area, shows that the increased
surface area enhances the contact between
reactants and the catalyst, thereby improving
catalytic activity.

3.2.1 Effect of chrome content in Cr-Co ratio on
diethyl ether yield

In Figure 4, the effect of increasing the
chromium content in the Cr-Co ratio on diethyl
ether (DEE) yield at various temperatures (100—
200 °C) is shown. The figure illustrates that as the
temperature increases, the DEE yield
correspondingly rises. Furthermore, increasing
the chromium content in the Cr-Co ratio
significantly enhances the DEE yield, with this

Catalyst Surface area Pore volume Pore diameter % weight
(m2/g) (cm3/g) (nm) Cr Co

v-Al203 162.8 0.318 3.43

Cr-Co(1:1)/y-Al203 133.5 0.229 3.90 6.86 7.44

Cr-Co(1:2)/y-Al203 124.3 0.213 4.64 4.06 9.39

Cr-Co(2:1)/y-Al203 91.9 0.121 3.51 8.65 4.15

Figure 3. SEM images of all catalysts
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effect becoming more pronounced at higher
temperatures. The highest DEE yield observed in
the study reaches 1.323 %. This indicates that
both  higher temperatures and increased
chromium concentration in the catalyst contribute
positively to maximizing the DEE production.

3.2.2 Effect of cobalt content Cr-Co ratio on
diethyl ether yield

In Figure 5, the effect of increasing cobalt
content in the Cr-Co ratio on diethyl ether (DEE)
yield at various temperatures (100-200 °C) is
depicted. The figure shows that increasing cobalt
in the Cr-Co ratio results in a slight improvement
in DEE yield, and this effect does not significantly
change with rising temperatures. The highest
DEE yield achieved with a twofold increase in
cobalt content is 1.235 %. This suggests that while
cobalt contributes to DEE production, its effect is
less substantial compared to chromium, and
temperature does not greatly influence the yield
in this case.

3.3. Effect of Temperature on Diethyl Ether Yield

In Figure 6, the yield of diethyl ether
Increases with rising reaction temperatures,
primarily due to the enhanced ethanol conversion.
The reaction was carried out at temperatures
interval between 100 to 200 °C. At lower reaction
temperatures, all catalysts exhibited high
selectivity for diethyl ether. However, as the
temperature increases, the selectivity for diethyl
ether diminishes. This decline is attributed to the
exothermic nature of diethyl ether production (Eq.
1), which is favoured at lower temperatures.
Beyond 200 °C, the selectivity for diethyl ether
significantly decreases due to the endothermic
nature of the dehydration of ethanol to ethylene
(Equation 2), resulting in increased ethylene
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1.4 - mCr-Co 11
1.2 4 uCr-Co 21
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—
=]

D
o o
bo
1 1

Figure 4. Effect of increasing chrome in Cr-Co
ratio on diethyl ether yield

3.4. Effect of Temperature on Ethanol Conversion

The effect of temperature on ethanol
conversion 1s significant, as higher temperatures
generally lead to increased conversion rates. In
the ethanol dehydration process, as the reaction
temperature rises, the rate of ethanol conversion
improves due to the enhanced kinetic energy of
the reacting molecules. This is consistent with the
principles of the Arrhenius equation, which states
that increasing the temperature raises the
reaction rate constant, leading to faster reactions.

At lower temperatures, such as 100 °C,
ethanol conversion tends to be lower, as observed
in experiments where the conversion rate was
around 50.54 %. However, as the temperature
increases to 200 °C, the conversion rate can reach
as high as 93.12 %, as seen in the case of the Cr-
Co catalyst. This demonstrates that higher
reaction temperatures provide the necessary
activation energy for ethanol molecules to
undergo dehydration more effectively, resulting in

higher conversion rates.
=]
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Figure 5. Effect of increasing cobalt in Cr-Co

ratio on diethyl ether yield
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Figure 6. DEE Yield at different temperatures for
different metal ratios
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However, while elevated temperatures boost
ethanol conversion, excessively high
temperatures (above 200 °C) may shift the
product selectivity from diethyl ether to ethylene,
as ethylene  formation  becomes more
thermodynamically  favourable at  higher
temperatures [22]. Thus, optimal temperature
control is crucial to maximize ethanol conversion
while ensuring the desired product selectivity.

3.5. Effect of Flowrate on Ethanol Conversion

The study analysed the yield of diethyl ether
and ethanol conversion under varying nitrogen
flow rates and reaction temperatures. The highest
diethyl ether yield of 1.32 % was observed at a
nitrogen flow rate of 200 mL/min and a reaction
temperature of 200 °C. Higher nitrogen flow rates
(400 mL/min and 600 mL/min) resulted in lower
yields due to reduced contact time between
ethanol and the catalyst, limiting the reaction's
progress.

Ethanol conversion also increased with
higher reaction temperatures, as shown in Figure
6. The Cr-Co 1021 catalyst achieved the highest
conversion rate of 93.12 % at 200 °C with a
nitrogen flow of 200 mL/min. Lower nitrogen flow
rates extended contact time, leading to higher
ethanol conversion [23]. Conversely, at higher
flow rates, such as 600 mL/min, the conversion
rate decreased significantly to 33.64 % at 200 °C,
highlighting the importance of balancing flow rate
and temperature for optimal conversion and
diethyl ether yield (Figure 8).

The yield of diethyl ether is strongly linked to
ethanol conversion, with higher ethanol
conversion generally leading to increased diethyl
ether yields. The catalysts demonstrate high
selectivity for diethyl ether at lower temperatures.
However, as the reaction temperature rises, the
selectivity for diethyl ether decreases due to the
exothermic nature of its formation. When the
temperature exceeds 200 °C, the production of
ethylene becomes more dominant, which

100 7 werco12

90 A Cr-Co 11
80 A Cr-Co 21
70 A
60
50 A
40
30 A
20 A
10 A
0 m
100 125 200

150
Temperature (°C)

Ethanol conversion (%)

Figure 7. DEE Yield at different temperatures for
different metal ratios

corresponds to the endothermic reactions that are
favoured at higher temperatures.

3.6 A Comparison of Several Studies on Ethanol
Dehydration

A comparison of several studies on ethanol
dehydration highlights various approaches,
catalysts, and findings, contributing to a deeper
understanding of this process: (1) Homogeneous
Catalysts: Early studies, such as those utilizing
sulfuric acid in the Barbet process, focused on the
use of homogeneous catalysts for ethanol
dehydration. This method is effective for
producing diethyl ether (DEE), but issues such as
the difficulty of catalyst separation, corrosion, and
high operational costs make it less desirable for
industrial applications [6]; (2) Alumina-Based
Catalysts: The use of y-Al203 as a heterogeneous
catalyst has been widely researched due to its low
cost, high surface area, and thermal stability.
Ethanol dehydration using y-Al2Os can yield both
diethyl ether and ethylene, depending on reaction
conditions, such as temperature and ethanol
concentration. y-AlsOs has been shown to favour
DEE formation at lower temperatures due to the
exothermic nature of the reaction, while higher
temperatures tend to promote ethylene
production through an endothermic pathway [7];
(8) Metal-Promoted Catalysts: Studies involving
the modification of y-Al2Os with metal promoters,
such as chromium (Cr) and cobalt (Co), have
demonstrated enhanced catalytic performance.
Chromium, in particular, promotes the selectivity
towards DEE formation by creating an acidic
environment that is conducive to this reaction.
Research shows that adding chromium to y-Al2O3
significantly increases DEE yield, especially at
higher temperatures [6]. In contrast, cobalt has
been found to increase ethanol conversion at lower
temperatures, but its effect on DEE yield is less
pronounced compared to chromium [7]; (4) Mixed
Metal Oxides: Some recent research has explored
the use of mixed metal oxides as catalysts, where

100 ~

9 4 T

80
70 7 ——100°C
60 R
=0 | 125 °C
150 °C
40 ——200°C
30 A
20

Ethanol conversion (%)

200 400 600
Nitrogen flowrate (mL/min)

Figure 8. Ethanol conversion at different
temperatures and nitrogen flowrate
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the combination of two metals (e.g., Cr-Co)
impregnated on y-Al2O3s results in better catalytic
activity and selectivity. This approach has been
shown to optimize both DEE and ethylene yields
depending on the metal ratio, reaction
temperature, and flow rate of the carrier gas.
Studies indicate that a balanced Cr-Co ratio
enhances both DEE yield and catalyst stability,
making it a promising method for industrial
ethanol  dehydration [24]; (5) Reaction
Mechanisms and Conditions: Various studies
have also focused on the mechanistic pathways of
ethanol dehydration. At lower temperatures
(below 200 °C), intermolecular dehydration
dominates, favouring DEE formation. At higher
temperatures (above 300 °C), intramolecular
dehydration takes over, leading to ethylene

production. These findings suggest that
optimizing reaction conditions, such as
temperature, pressure, and ethanol

concentration, is crucial for achieving the desired
product selectivity [25].

The comparison of these studies (Table 2)
indicates that the choice of catalyst and reaction
conditions plays a pivotal role in determining
product yield and selectivity. While vy-Al203
remains a widely used catalyst, the addition of
metal promoters, particularly chromium, has
shown significant potential in enhancing DEE

production. Further research into mixed metal
catalysts and reaction mechanisms continues to
push the boundaries of ethanol dehydration
efficiency and scalability.

3.7. Proposed Dehydration Reaction Mechanism

Figure 9 illustrates the dehydration
mechanism of ethanol to diethyl ether utilizing a
Cr-Coly-Al20s catalyst. The figure likely depicts
the catalytic pathway and intermediate species
involved in the conversion of ethanol to diethyl
ether, highlighting the role of the catalyst in
facilitating  this  transformation. Overall,
optimizing the reaction conditions and addressing
factors affecting yield, such as condensation
efficiency and minimizing competing reactions,
will be essential for enhancing diethyl ether
production in future studies.

Diethyl ether (DEE) formation can proceed
via two distinct pathways: the dissociative
pathway and the associative pathway. In the
dissociative pathway, the process begins with the
adsorption of one ethanol molecule onto the
catalyst surface. This leads to the elimination of
water, resulting in the formation of adsorbed ethyl
groups. Subsequently, these ethyl groups react
with a second ethanol molecule, ultimately
yielding diethyl ether. Conversely, the associative

Table 2. A comparison of several studies on ethanol dehydration

Reaction

Catalyst Reactor temperature Ethgnol 0 DEEOYleld Reference
°C) conversion (%) (%)

HZSM-5 Fixed bed 300 95.1 0.5 [13]

NiAPSO-34 reactor 350 93.9 1

SAPO-34 350 91.2 4.9

1-Al203 450 865.6 6.9

Al203 Fixed bed 200-400 14.1-84.5 28 (250 °C) [26]

5P/Al203 microreactor 200-400 9.1-86.1 35 (300 °C)

12P/Al203 200-400 8.1-72.9 31 (300 °C)

14P/Al203 200-400 4.6-35.5 11 (400 °C)

20P/Al>03 200-400 0-17.2 9 (400 °C)

Bo/Al203 Fixed 300 15-100 57 [27]

bed reactor

HBZ Fixed-bed 250 66 35 [28]

Ru-HBZ continuous flow 250 73 47

Pt-HBZ microreactor 250 70 45

ZrO2 Tubular flow 250-350 0-45 0-3 [29]

TiO2 reactor 200-350 0-80 1-47

WOs3/ZrO2 150-250 1-54 1-42

WOs3/TiO2 (H) 150-250 12-89 10-68

2%PHZSM-5 Fixed bed 200-240 69-96 23-66 [30]

0.5% LaHZSM-5 reactor 200 86 29

H-ZSM-5 Fixed bed 300 90 14 [14]

20HP-ZSM-5 continuous flow 250-450 25-100 0-24

stainless steel
microreactor
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pathway involves the co-adsorption of two ethanol
molecules. These co-adsorbed ethanol molecules
react directly with each other to form diethyl
ether.

The dehydration of alcohol primarily occurs at
Bronsted acid sites [16,31], which facilitate the
necessary proton transfer during the reaction. In
contrast, Lewis acid sites play a minimal role in
this particular reaction mechanism [32,33]. The
presence of Brensted acid sites enhances the
catalyst's ability to promote the dehydration
reaction, leading to more efficient diethyl ether
production. Understanding the mechanisms
behind diethyl ether formation is crucial for
optimizing catalyst design and reaction
conditions, which can ultimately improve yields
and selectivity for the desired product.

3. Conclusions

The Cr-Coly-Al20s3 catalysts, prepared via dry
impregnation with varying metal ratios,
demonstrate significant potential for diethyl ether
(DEE) production through ethanol dehydration.
The study reveals that the impregnation of
chromium and cobalt leads to a reduction in the
total surface area of y-Al203, primarily due to the
clogging of alumina pores by the metal species.

(a)

CH;CH,O0H

OH OH
Cr Co

(b)

(CH,CH;),0

(O

OH OH
Cr Co

A1203 +—

OCH,CH;

OH
Cr
ALO; &._. ALO,

Among the catalysts evaluated, the Cr-Co 21
catalyst exhibited the highest performance,
achieving an ethanol conversion of 93.12 % and a
DEE yield of 1.32 % at a reaction temperature of
200 °C with a metal loading ratio of 2:1. The DEE
yield order for the 10 wt.% Cr-Co/y-Al20s3 catalyst
in a fixed-bed reactor at 200 °C was Cr-Co 21 > Cr-
Co 22 > Cr-Co 11. These findings underscore the
effectiveness of the Cr-Co/y-Al203 catalysts,
particularly the Cr-Co 21 variant, in facilitating
ethanol dehydration to diethyl ether, highlighting
the crucial role of metal loading ratios and
reaction conditions in optimizing catalyst
performance for industrial applications. Future
research should focus on optimizing the Cr-Co
catalyst composition, particularly exploring
different metal loading ratios and impregnation
techniques to further enhance the surface area
and catalytic efficiency. Additionally, the
development of novel support materials with
higher thermal stability and resistance to pore
blockage could help mitigate surface area loss,
thereby 1improving catalyst longevity and
performance. Investigating the kinetics of the
reaction and exploring alternative reactor
designs, such as fluidized-bed or microchannel
reactors, may also provide valuable insights into
scaling the process for industrial use.
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Figure 9. Ethanol dehydration to DEE by (a) the dissociative pathway and (b) the associative pathway

at Cr-Coly-Al203 catalyst
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