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Abstract 
Diethyl ether (DEE) is a chemical compound widely used in various sectors, 
from laboratories to industry, and fuel transition. The need for diethyl ether 
has experienced an increasing trend from year to year, with various grades. 
Industrial production of DEE is typically achieved by thermal catalytic dehy-
dration of ethanol. The acidic nature of the surface, ease of engineering, and 
good thermal stability make solid oxide-based catalysts widely reported as 
substitutes for homogeneous catalysts, such as in strong acids, for the dehy-
dration of ethanol to DEE. This review describes the synthesis and modifica-
tion, the mechanism of ethanol dehydration, and the selectivity and yield of 
DEE. The results of the review provide an overview of the development of ef-
fective and efficient solid oxide-based catalysts for the dehydration of ethanol 

to DEE. 
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Key findings 
● DEE is generally produced by the dehydration of ethanol using an acid catalyst. 

● Research and development of heterogeneous catalysts or solid acids as an alternative to 
homogeneous catalysts in DEE production. 

● The selection of solid oxide catalysts in ethanol dehydration reactions is based on their 
acidity and surface area, which are easy to engineer, as well as good thermal stability 

● Dehydration of ethanol to DEE follows a bimolecular mechanism. 
© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits 

unrestricted reuse of the work in any medium provided the original work is properly cited. 

1. Introduction 

Diethyl ether (DEE) is a liquid aliphatic ether compound. 

DEE has a low boiling point, is volatile, and can dissolve 

various nonpolar compounds. Due to these unique physi-

cochemical properties, DEE is widely used in various fields 

with varying degrees of purity (Figure 1). In the laborato-

ry, DEE is used as a solvent in Grignard reactions and oth-

er organic syntheses, as well as in liquid-liquid extraction 

processes. DEE is widely used in drug formulation and 

synthesis in the pharmaceutical industry, as a solvent in 

chemical industries such as plastic and polymer manufac-

turing, perfumery, and petrochemicals [1–4]. DEE has a 

relatively low ignition temperature, facilitating easy, and 

rapid combustion. This causes DEE to also be used as a 

starting fluid in engines, especially in low-temperature 

and high-altitude environments [5]. 

Several recent studies have reported DEE’s potential as 

a promising renewable energy source. The high octane 

rating (>100) and cetane number (>125) of DEE indicate 

its superior combustion quality, thereby improving engine 

performance. Furthermore, DEE has a high energy density 

(33.9 MJ/kg), providing more energy per unit mass than 

other biofuels. This makes DEE suitable for use as an addi-
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tive to fossil fuels and alternative fuels. [7–10]. DEE also 

contains a high oxygen content as a biofuel at 21.6% in its 

molecules, thus facilitating more complete combustion and 

reducing pollutant emissions [11–15]. 

DEE is generally produced by the dehydration of etha-

nol using an acid catalyst [16,17]. Industrial production of 

DEE is carried out through the Barbet process using a ho-

mogeneous catalyst in the form of concentrated sulfuric 

acid. Optimal DEE production occurs at temperatures of 

125-140 °C with concentrations above 90%. At higher 

temperatures, the DEE formed is reduced, and the reaction 

tends to favor ethylene formation [18]. Although the DEE 

yield is quite high, several problems hinder this process, 

including difficulty purifying the product and catalyst de-

activation caused by mixing with the water produced, 

which requires frequent replacement. In addition, the cat-

alyst's corrosive nature damages equipment and poses a 

safety risk to operators and the environment in the event 

of an acid leak [19]. This has encouraged the research and 

development of heterogeneous catalysts or solid acids as 

an alternative to homogeneous catalysts in DEE produc-

tion. 

Studies on solid acid catalysts have been widely re-

ported in ethanol dehydration reactions, including solid 

oxide-based catalysts. The selection of solid oxide cata-

lysts in ethanol dehydration reactions is based on their 

acidity and surface area, which are easy to engineer, as 

well as good thermal stability [20–23] . DEE formation in 

ethanol dehydration reactions with solid acid catalysts 

occurs through an intermolecular pathway <300 °C, while 

at higher temperatures, ethylene is formed through an 

intramolecular dehydration reaction of the ethanol feed on 

the catalyst surface. The formation of DEE products is fa-

cilitated at weak to moderate solid acid sites of the cata-

lyst, while ethylene is produced at strong acid sites 

[24,25]. 

Although many studies have been conducted on the use 

of solid oxide-based catalysts in ethanol dehydration reac-

tions, the variability in research results related to catalyst 

synthesis and structural modifications requires a more 

comprehensive data synthesis, especially in the formation 

of DEE products. Therefore, this review article is very 

necessary. This review will describe the synthesis and 

modification of solid oxide catalysts and their effects on 

the physicochemical properties of the catalyst, and the 

selectivity and quantity of DEE products produced. The 

solid oxides reviewed include alumina and zeolites (acidic 

oxide supports), silica (neutral supports), and zirconia and 

titania (reducible oxide supports) [26]. The aim and hope 

of this review is to encourage research and development 

of heterogeneous catalysts for economical and efficient 

DEE production processes, as the need for solvents and 

clean and sustainable energy increases. 

 
Figure 1 Global market for DEE in 2024. (This figure adapted from Ref. [6]). 
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Table 1 Physical properties of DEE [29–31]. 

Physical properties Value 

Molecular weight (Mr) 74.12 g.mol-1 

Melting point -116.3 °C 
Boiling point 34.6 °C (at 1 atm) 

Flash point -45 °C 

Auto-ignition temperature 160-180 °C 
Density (20°C) 0.7134 g.cm-3 

Steam pressure (20°C) 58.9 kPa (442 mmHg) 

Solubility in water (20 °C) 6.9 g (in 100 mL) 
Viscosity (20 °C) 0.224 cP 

Dielectric constant (20 °C) 4,33 

Dipole moment 1.15 D 
Octane numbers > 100 

Cetane numbers > 125 

2. Diethyl ether 

DEE, also known as ethoxyethane or simply “ether,” has 

the chemical formula C4H10O or (C2H5)2O. DEE is a color-

less liquid at room temperature, highly volatile with a dis-

tinctive, slightly sweet, and pungent odor, and is highly 

flammable. DEE is completely soluble in organic solvents, 

but only partially soluble in water [27,28]. The physical 

properties of DEE are shown in Table 1. 

DEE was originally used in medicine as an anesthetic 

because it can safely and effectively paralyze the central 

nervous system and induce muscle relaxation. However, it 

is no longer used because DEE is flammable and causes 

respiratory irritation. DEE is widely used in the pharma-

ceutical field for drug formulation and synthesis. In the 

chemical industry, it is used as a solvent for oils, fats, al-

kaloids, and resins, including in the production of per-

fumes and paints. Meanwhile, in the laboratory, DEE is 

used as a solvent for organic compounds and for liquid-

liquid extraction. In addition, DEE's high octane and ce-

tane numbers make it used as an additive to fossil fuels 

and have potential as an alternative fuel [1,29]. 

DEE can be produced by various methods, such as the 

Williamson ether synthesis [32,33] and the Barbet 

process [29,34]. In the Williamson ether synthesis, DEE is 

prepared by reacting sodium ethoxide, a nucleophile, with 

an ethyl halide, such as ethyl bromide or ethyl iodide, an 

nucleophile [17]. The production of DEE by the Barbet 

process involves a thermal catalytic reaction of ethanol 

dehydration with concentrated sulfuric acid, generally 

used as a catalyst. The Williamson ether synthesis 

produces DEE with higher purity compared to the Barbet 

process. However, DEE is produced on a laboratory scale 

by the Williamson ether synthesis and is rarely used on an 

industrial scale due to the relatively high cost of raw 

materials. 

3. Reaction mechanism of ethanol dehy-

dration to diethyl ether 

The dehydration of ethanol to DEE is an exothermic reac-

tion and thermodynamically favors low temperatures. 

Meanwhile, dehydration of ethanol at high temperatures 

produces ethylene as the primary product. The conversion 

of ethanol to ethylene is an endothermic reaction that 

thermodynamically favors high temperatures. DEE pro-

duction by ethanol dehydration occurs via an intermolecu-

lar pathway, while ethylene is produced via an intramo-

lecular pathway (Figure 2).  

In the Barbet process, ethanol and sulfuric acid are 

placed in a reactor and heated together. In Figure 3, sulfu-

ric acid protonates ethanol to form the ethyloxonium ion; 

then another ethanol molecule acts as a nucleophile and 

attacks the ethyloxonium ion, forming the dieth-

yl(hydro)oxonium ion and releasing a water molecule. The 

water molecule will then take a proton from the dieth-

yl(hydro)oxonium ion, forming DEE and a hydronium 

ion [17,29].  

Many industrial-scale DEE production processes utilize 

the Barbet process because it is more economical and 

efficient. In the Barbet process, ethanol dehydration does 

not always produce DEE. If the temperature used is high, 

the resulting product is ethylene (Figure 4) [35,36].  

DEE production via ethanol dehydration with homoge-

neous catalysts is no longer ideal by green-industry stand-

ards. This has prompted research and development of het-

erogeneous or solid-acid catalysts, particularly solid oxide 

based catalysts, which facilitate product separation and 

minimize environmental impact. Ethanol dehydration us-

ing heterogeneous catalysts is influenced by the catalyst's 

acidity, surface area, and pore size [37,38].  

 

 
Figure 2 Ethanol dehydration reaction pathway. (This figure 

adapted from Ref. [25]). 

 
Figure 3 Reaction mechanism of the dehydration of ethanol to 

DEE with a homogeneous catalyst. 
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Figure 4 Reaction mechanism of the dehydration of ethanol to 

ethylene with a homogeneous catalyst. 

The availability and density of Brønsted and Lewis acid 

sites play a crucial role in the effectiveness of solid oxide 

catalysts [39,40]. The presence of metal cations with emp-

ty orbitals makes Lewis acid sites play a crucial role in the 

adsorption of ethanol molecules and the stability of ethoxy 

species through oxygen lone pairs. Meanwhile, the pres-

ence of hydroxyl groups makes Brønsted acid sites capable 

in protonating ethanol and facilitating intermolecular nu-

cleophilic substitution reactions on ethoxy species, there-

by releasing DEE and water (Figure 5). In addition to the 

type of acid site, acid strength is also a determining pa-

rameter for product selectivity in ethanol dehydration re-

actions. Weak to moderate acid sites on ethanol dehydra-

tion reaction catalysts are more selective towards DEE, 

while strong acid sites are more selective towards eth-

ylene products [16,41].  

Increasing the specific surface area has an impact on 

increasing the contact area of the catalyst surface to ad-

sorb ethanol, so that it can increase the conversion value. 

In addition, when the ethanol dehydration reaction uses a 

porous catalyst, the microporous catalyst often runs slow-

ly because there is an obstacle in the diffusion process 

during the reaction [43]. 

4. Alumina 

Alumina, or aluminum oxide (Al2O3), is one of the metal 

oxides widely used as a catalyst due to its high surface 

area and good thermal stability [44]. Alumina is dominat-

ed by Lewis acid sites rather than by Brønsted acid sites. 

Lewis acid sites are formed from Al3+ with unsaturated 

coordination as an electron pair acceptor, while Brønsted 

acid sites are from hydroxyl groups bound to the surface, 

as illustrated in Figure 6. 

Ethanol dehydration over alumina catalysts has been 

known since the late 18th century [46–50]. Many studies 

have attempted to understand the nature of the active site 

and the reaction mechanisms involved. Pease and Yung 

[47] reported that the DEE yield at 250 °C was 62%, while 

Clark and coworkers [48] obtained a DEE yield of 80.1%. 

This difference is influenced by the alumina precursors 

used: Pease and Yung used aluminum nitrate and ammo-

nia, whereas Clark and coworkers used aluminum sulfate 

and ammonia. The high DEE yield with alumina catalysts 

prepared from aluminum sulfate and ammonia precursors 

is attributed to residual sulfate anions on the alumina sur-

face, which form S–OH groups and moderate Brønsted acid 

sites. Residual sulfate anions also polarize the surface hy-

droxyl groups, thereby making ethanol more readily pro-

tonated. This facilitates the bimolecular reaction of etha-

nol to form DEE [51–53]. Meanwhile, in alumina catalysts 

prepared from aluminum nitrate and alumina precursors, 

nitrate residues poison the catalyst’s active sites. Nitrate 

anions have a strong affinity for the oxide surface. If not 

removed by extensive washing, residual nitrate anions 

remain bound, reducing the number of active sites availa-

ble for the formation of ether intermediates. Alvarado [50] 

demonstrated that if residual nitrate anions are complete-

ly removed by washing with high-conductivity water, the 

yield of DEE from aluminum nitrate precursors can in-

crease to 82.2%. Thus, sulfate anions increase the acidity, 

which is favorable for DEE formation, while nitrate anions 

act as impurities that poison the active sites of the 

catalyst. 

Heating aqueous alumina precursors dehydrates the 

hydroxyl groups and induces a phase transition, leaving a 

porous structure that forms active alumina [54,55]. 

Among alumina precursor minerals, boehmite is the most 

widely used as a catalyst precursor. Based on Figure 7, as 

the temperature increases, boehmite transforms into the 

γ-alumina phase, which has a high surface area (between 

100-500 m2/g) and good structural stability up to 800 °C. 

At higher temperatures, it undergoes a transition to the 

more stable δ, θ, and α-alumina phases. However, the cat-

alytic activity of α-alumina is very low due to its low sur-

face area (<50 m2/g) and significant loss of porosity and 

acid sites [56]. Among the various transition phases, γ-

alumina is often chosen as a catalyst because it is easy to 

synthesize at low cost, has good thermal stability, and has 

a high surface area [57].  

Stalidis et al. [59] varied the solvents in the synthesis 

of amorphous alumina through the hydrolysis of alumi-

num chloride using propylamine as a proton acceptor. The 

solvents used as media included pure water, pure ethanol, 

a water-ethanol mixture, and a water-acetone mixture. 

Alumina prepared using pure water as the solvent had a 

pseudobehmite structure with low crystallinity, whereas 

when other solvents were used, it was almost completely 

amorphous. In addition, alumina prepared with pure wa-

ter as a solvent had the lowest surface area among all sol-

vent variations (170 m2/g). However, the alumina pre-

pared with ethanol exhibited the lowest catalytic activity 

in the ethanol dehydration reaction, whereas alumina pre-

pared without ethanol exhibited the highest. This can be 

explained by the fact that the water solvent causes surface 

hydroxylation, which results in increased surface acidity, 

which facilitates the adsorption process of ethanol mole-

cules for the dehydration reaction [60,61]. The use of or-

ganic solvents drastically increased the surface area; alu-

mina with ethanol had the highest, reaching 570 m2/g. In 
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addition, the use of organic solvents makes the pore net-

work structure in the alumina more open. Alumina syn-

thesized using a water-acetone solvent mixture has a very 

high porosity (approximately 4 cm3/g), a very uniform 

distribution, and a meso-sized pore size. The decrease in 

dielectric constant due to the presence of organic solvents 

has an impact on the low surface tension. This reduces 

capillary forces during drying, limits agglomeration, and 

prevents collapse of the pore network. In contrast to crys-

talline alumina (γ-alumina), which usually produces DEE 

at low temperatures (<300 °C), amorphous alumina main-

tains significant selectivity for DEE formation even in the 

temperature range of 350-425 °C, even though ethylene 

also begins to form in this range [60,62]. 

Janlamool and Jongsomhit [63] combined γ-alumina 

(G) and χ-alumina (C) as catalysts in ethanol dehydration. 

The obtained alumina catalysts were labeled G100 (single 

γ phase), G70C30 (a mixture of 70% γ phase and 30% χ 

phase), G50C50 (a mixture of 50% γ phase and 50% χ 

phase) and C100 (single χ phase). The surface acidity 

characteristics of each catalyst are shown in Table 2. The 

catalytic activity of each catalyst in the ethanol dehydra-

tion reaction was tested at a temperature range of 200-

400 °C (Table 3). At 300 °C, all catalysts completely con-

verted ethanol with the order of catalytic activity G50C50 

＞ C100 ＞ G70C30 ＞ G100. The formation of diethyl 

ether ranged from about 18.26% to 22.94% at 200 ℃. The 

yield of diethyl ether decreased with increasing tempera-

ture and was absent at 300 ℃. The catalyst performance 

in the synthesis of diethyl ether followed the order G100 > 

G70C30 > C100 > G50C50 at reaction temperatures be-

tween 200 and 300 ℃. Based on these data, the dehydra-

tion activity did not depend on the number of acid sites 

but on their density. The density of acid sites on the cata-

lyst plays an important role in the dehydration of alcohols 

[39,64]. The presence of strong acid sites on the alumina 

catalyst increased ethanol conversion but decreased the 

DEE production. 

 
Figure 5 Reaction mechanism of the dehydration of ethanol to DEE with alumina catalyst. (This figure adapted from Ref. [42]). 

 
Figure 6 Illustration of acid sites on alumina. (This figure adapted from Ref. [45]). 

https://www.doi.org/10.15826/chimtech.9850


Chimica Techno Acta 2026, vol. 13(3), No. 9850 REVIEW 

 6 of 18 DOI: 10.15826/chimtech.9850  

 
Figure 7 Phase transition of aqueous alumina precursor with temperature change. (This figure adapted from Ref. [54,58]). 

The intermolecular nucleophilic substitution mecha-
nism is preferred when two adjacent ethanol molecules 
are adsorbed together on the two nearest neighboring 
sites and react to form DEE species at low temperatures. 
The higher density of acid sites results in a close spacing 
between neighboring acid sites [65,66]. This leads to a 
rapid formation of DEE, as seen in Figure 8. This reason 
explains why DEE selectivity is dominant at low tempera-
tures. At higher temperatures, alumina fails to maintain 
DEE selectivity because the role of Lewis acid sites domi-
nates, resulting in an intramolecular dehydration reaction 
of ethanol with the formation of ethylene [67,68]. In addi-
tion, the strong dominance of acid sites also triggers un-
desirable reactions such as coke formation and sintering, 
thereby reducing the specific surface area and catalytic 
activity [69–71]. 

Preparation of γ-alumina from aluminum precursors 
using methods such as controlled precipitation, the sol-gel 
process, or hydrothermal treatment typically yields γ-
alumina with a lower surface area and is not ideal for in-
dustrial applications. In this regard, Feng et al. [72] syn-
thesized a mesoporous γ-alumina catalyst using a glucose 
template. The surface area of the resulting catalyst 
reached 429 m2/g, twice that of the surface area of the 
ordinary γ-alumina catalyst (214 m2/g). The resulting 
mesoporous γ-alumina catalyst showed better perfor-
mance in converting ethanol and selectivity towards DEE 
at the same temperature conditions. This indicates that 

increasing the surface area by modifying the porosity of 
the γ-alumina catalyst is a good strategy to improve the 
performance of catalytic activity in the ethanol dehydra-
tion reaction. Modifications to increase Brønsted acid sites 
and moderate acid strength are also a focus of catalyst 
design by researchers, including surface doping. Modifica-
tion with alkali metals has been reported to suppress eth-
ylene formation in the ethanol dehydration reaction 
[73,74]. All samples containing sodium ions produced DEE 
in the ethanol dehydration reaction carried out at 360 °C, 
whereas pure γ-alumina catalysts produced only ethylene. 
The amount of ethanol converted to DEE increased with 
increasing sodium ion content. Although the presence of 
sodium ions reduces the catalyst surface area, they poison 
the strong acid sites on the γ-alumina catalyst surface that 
facilitate the intramolecular reaction of ethanol to form 
ethylene. The impact is that weak-to-moderate acid sites 
dominate the catalyst surface, facilitating the bimolecular 
reaction of ethanol to form DEE. Modification of γ-alumina 
catalysts with transition metals such as Cu, Co, and Cr 
[75–78] has also been reported to increase catalytic activi-
ty selectively towards DEE formation over ethylene. Simi-
larly, modification of the alumina surface with La metal 
was carried out by Garbarino et al. [79,80] through wet 
impregnation, the catalyst’s selectivity towards DEE prod-
ucts was also increased. Modification with this transition 
metal not only poisons strong-acid sites, such as those 
occupied by sodium ions. 

Table 2 Surface acidity of γ- and χ-alumina combination catalysts 

Catalysts Acidity  
(μmol NH3/g) 

Acid site density 
(μmol NH3/m2) 

Weak Moderate to strong Total acid site Weak Moderate to strong Total 

G100 393.82 743.17 1136.99 1.53 2.89 4.42 

G70C30 533.08 799.31 1332.39 2.09 3.15 5.24 
G50C50 356.53 939.36 1292.89 2.12 5.58 7.70 

C100 180.80 623.22 804.02 1.32 4.55 5.77 
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Table 3 Ethanol conversion and DEE production from γ- and χ-alumina combination catalysts 

Temperature (℃ ) Ethanol conversion (%) DEE yield (%) 

G100 G70C30 G50C50 C100 G100 G70C30 G50C50 C100 

200 29.3 43.4 47.0 40.0 18.26 22.94 20.29 19.04 

225 50.4 54.2 68.2 67.0 19.08 11.46 11.48 12.46 

250 70.7 72.6 87.3 83.7 10.28 6.13 5.66 3.83 

275 86.6 86.5 97.2 95.1 2.67 2.66 0.73 0.74 

300 97.6 96.2 100.0 99.5 0.71 0.46 0.00 0.05 

350 100.0 100.0 100.0 100.0 0.00 0.00 0.00 0.00 

400 100.0 100.0 100.0 100.0 0.00 0.00 0.00 0.00 

 

 
Figure 8 Ethanol dehydration pathway over alumina. (This figure adapted from Ref. [63]). 

The presence of transition metals leads to the for-

mation of new coordination sites, as d orbitals are not yet 

fully occupied [81–83]. When ethanol molecules reach the 

catalyst surface, the lone electron pair in the ethanol hy-

droxyl group will donate its electron density to the d or-

bital. This weakens the electron density in the CO and OH 

bonds in ethanol, making them polarized. As a result, the 

C atom in the ethyl group will have a greater partial posi-

tive charge and become electrophilic, making it very sus-

ceptible to attack by other ethanol molecules to form DEE. 

In addition to metals, surface modification of alumina 

catalysts with non-metals such as P has also been report-

ed. The modification was carried out using phosphoric 

acid via wet impregnation [84–86]. This modification op-

timizes Brønsted acid sites and weak surface acidity, 

thereby optimizing ethanol protonation. The selectivity of 

DEE formation is reported to reach 70%, with a DEE yield 

of around 34% [84]. The use of dopants on the surface of 

the alumina catalyst has been shown to moderate the 

strength of the surface acid, making it more selective to-

wards DEE formation and increasing resistance to coke 

formation, which can deactivate the catalyst. 

5. Zeolite 

Zeolite is a hydrated microporous crystalline aluminosili-

cate with a three-dimensional framework structure con-

taining cations. Zeolite has a regular crystal structure with 

primary building units (PBUs) consisting of [AlO4] and 

[SiO4] tetrahedra bonded together to form oxygen bridges. 

Silicon-oxygen tetrahedra can be adjacent to each other 

(Si–O–Si), while aluminum-silicon tetrahedra can only be 

connected to silicon-oxygen tetrahedra (Si–O–Al) (Figure 

9). The replacement of Si4+ cations by Al3+ produces a neg-

ative charge that is usually balanced by exchangeable cati-

ons, such as Na+, K+, Mg2+, Ca2+, H+, or NH4
+. This is what 

gives zeolites their acidic properties, which are important 

in catalytic applications. Zeolites have strong Brønsted 

acid sites in their protonic form (H-zeolites). Lewis acid 

sites are formed when zeolites undergo dealumination or 

are modified with metals [87–90]. 

The structure of zeolite is based on secondary building 

units (SBUs), which are composed of a network of several 

PBUs that form sodalite units with a repeating pattern. 

The SBU determines the characteristics of the zeolite, such 

as FAU in faujasite, LTA in linde A, or MFI in ZSM-5. This 

SBU arrangement ultimately forms channels and cages 

with uniformly sized pores [89,92]. 

Currently, approximately 56 natural zeolites have been 

successfully identified, and 150 synthetic zeolites have 

been successfully developed. In catalysis applications, syn-

thetic zeolites are preferred because they exhibit better 

physicochemical properties than natural zeolites. In addi-

tion, many impurities are found in natural 
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zeolites [89,93]. In its role as an ethanol dehydration cata-

lyst, protonated zeolite ZSM-5 (HZSM-5) is widely report-

ed to be a promising choice. 

HZSM-5 has micropores and a high Si/Al ratio, result-

ing in strong Brønsted acid sites and high thermal stability 

[94]. The mechanism of DEE formation from ethanol de-

hydration reactions has been proposed by Gołąbek et al. 

[95] (see Figure 10). According to them, there are two re-

action pathways for ethanol dehydration to DEE: the asso-

ciative and dissociative pathways. At higher Si/Al ratios, 

the surface of HZSM-5 is dominated by isolated Al. The 

acid sites Si(OH)Al are isolated and widely spaced. This 

condition forces the ethanol dehydration reaction to fol-

low the associative pathway. Two ethanol molecules will 

combine to form an intermediate in the form of a proto-

nated ethanol dimer at one acid site before releasing wa-

ter and becoming DEE. This pathway is very efficient and 

selective for producing DEE at low temperatures. At lower 

Si/Al ratios, the surface of HZSM-5 is dominated by Al 

pairs. Many pairs of Al atoms appear close to each other in 

one ring of the zeolite framework. The proximity of these 

two protons creates a strong confinement effect, increas-

ing the local basicity of the surrounding oxygen. Conse-

quently, the reaction shifts to the dissociative pathway, in 

which one ethanol molecule first releases water to form a 

covalent ethoxy group on the zeolite surface, which is then 

attacked by the second ethanol molecule. The presence of 

a massive ethoxy group in this Al pair is considered to 

more easily trigger elimination to ethylene than DEE as 

the temperature increases.  

The desired product yield in the ethanol dehydration 

reaction depends more on the catalyst’s acidity and 

strength, which govern the selectivity for DEE or ethylene. 

omoroshchina et al. [96] reported that ethanol dehydra-

tion at 200-240 °C has selectivity towards DEE of 45-94%. 

At higher temperatures, it is selective towards ethylene, 

with catalyst selectivity reaching 99% at 300 °C. The 

modification of HZSM-5 to Na-ZSM-5 that they carried out 

increased the catalyst's selectivity for DEE, reaching 83-

98% at the same temperature. The presence of sodium 

ions on the surface of ZSM-5 masks the strong Brønsted 

acid sites. The removal of these strong acid sites makes 

the surface of Na-ZSM-5 dominated by weak to moderate 

acid sites, which are preferred for DEE formation [97,98]. 

The HZSM-5 catalyst has small pores (pore diameter 

<2 nm) and is reported to deactivate more quickly due to 

coke clogging formed during ethanol dehydration, which is 

attributed to limited intracrystalline diffusion. Therefore, 

Khamkeaw et al. [99] made a mesoporous HZSM-5 catalyst 

with a bacterial cellulose-derived activated carbon tem-

plate. The resulting mesoporous HZSM-5 catalyst had an 

average pore diameter of 17 nm and was applied in the 

ethanol dehydration reaction. At 200 °C, the mesoporous 

HZSM-5 catalyst converted ethanol with 52.1% and a DEE 

selectivity of 97.8%. At a temperature of 250-400 °C, the 

reaction actually shifted to the formation of ethylene. 

Khamkeaw and coworkers also conducted a long-term

 
Figure 9 The primary building unit of zeolite. (This figure adapted from Ref. [91]). 

 
Figure 10 Reaction mechanism of ethanol dehydration to DEE with HZSM-5 catalyst. (This figure adopted from Ref. [95]). 
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stability test for 30 hours at 400 °C. The pure HZSM-5 

catalyst showed a decrease in ethanol conversion, whereas 

the mesoporous HZSM-5 maintained an exceptionally sta-

ble ethanol conversion of 95.5-100%, with ethylene selec-

tivity reaching 97.2-100%. Thus, the highly ordered meso-

porous structure of the HZSM-5 catalyst can enhance 

mass-transfer diffusion, resulting in increased conversion 

to ethanol, increased selectivity for DEE and ethylene, and 

reduced coke formation. 

6. Silica 

Silica, or silicon dioxide (SiO2), is a very abundant metal 

oxide. Structurally, silica consists of interconnected tetra-

hedral units (SiO4)4–. Silica has good thermal stability and 

mechanical properties. Silica has a large specific surface 

area and porosity that can be easily engineered to meet 

requirements [100,101]. Silica can be found in both amor-

phous and crystalline forms. Amorphous silica has a dis-

ordered Si-O-Si network and provides silanol groups as 

weak Brønsted sites. In contrast, crystalline silica has a 

very dense, regular Si-O-Si network. Amorphous silica has 

a greater surface area and chemical reactivity than crys-

talline silica. Silica is more widely used as a catalyst sup-

port because it is weakly acidic and tends to be neutral 

[102–104]. 

Luts & Katz [105] studied the effect of temperature on 

silica on the chemisorption process and ethanol dehydra-

tion reaction. The study was conducted over a temperature 

range of 373-773 K. Surprisingly, the results of tempera-

ture-programmed desorption analysis and in situ infrared 

spectroscopy revealed no DEE. At low temperatures 

(<573K), siloxane bonds to form silanol-ethoxydes, and 

most of the ethanol was desorbed. At higher temperatures, 

isolated ethoxydes were formed on the silica surface and 

also released water, producing only ethylene; no DEE was 

formed. Thermal activity caused siloxane bonds in silica to 

break, thereby facilitating the ethanol dehydration reac-

tion. The presence of isolated ethoxides only allows in-

tramolecular reactions in the ethoxides. Ethylene is 

formed by cleavage of C–H and C–O bonds, releasing water 

molecules that can regenerate silanol sites. This is the rea-

son why no DEE was found. Therefore, the focus was di-

rected at modifying the acidic nature of silica to facilitate 

the formation of DEE in the ethanol dehydration reaction. 

The acidity of the silica surface can be increased 

through functionalization. Pratika et al. [106] synthesized 

silica from a tetraethylorthosilicate (TEOS) precursor us-

ing ethanol as the solvent, and hydrolyzed and condensed 

it with hydrochloric acid. The resulting silica was surface-

modified by sulfation with sulfuric acid under hydrother-

mal conditions. This modification increased the Brønsted 

and Lewis acid sites on the silica surface. The Brønsted 

acid sites originate from hydroxyl groups bonded to sulfur 

atoms. On the other hand, the Lewis acid sites originate 

from Si whose coordination is unsaturated (Figure 11). The 

catalyst resulting from this modification was used in the 

ethanol dehydration reaction over the temperature range 

of 175-225 °C. The catalyst’s selectivity towards DEE 

reached 71.87%, and the resulting DEE product was 

around 11.36% at 225 °C. This differs from Mahmudah et 

al. [107], who modified the silica surface by phosphatation 

using phosphoric acid. The results showed that the cata-

lyst converted ethanol to 58%, and the DEE product was 

3.71%. The functionalization of the silica surface via sul-

fatation and phosphatation increased surface acidity to a 

moderate range via the electron-withdrawing inductive 

effect of sulfate and phosphate groups. Both sulfatation 

and phosphatation on silica were shown to improve cata-

lytic performance for DEE formation. However, modifica-

tion with these techniques is susceptible to leaching due to 

the formation of water molecules. Therefore, the study 

focused on catalyst stability and regeneration to evaluate 

catalyst performance. 

The lack of acidic sites on silica limits its catalytic ap-

plications, but transition-metal dopants on the silica sur-

face impart a degree of acidity to the metal-silica bonding. 

Wijaya et al. [108] modified the silica surface by adding Ni 

metal. The resulting catalyst had a total acidity of 7.69 

mmol/g, twice that of pure silica. The presence of Ni pro-

vides moderate acid strength and facilitates the formation 

of stable, reactive ethoxide species that undergo a bimo-

lecular dehydration reaction, with selectivity for DEE for-

mation reaching 84.03% at 225 °C. This is different from 

Benito et al. [109], which modifies the silica surface by 

adding Hf metal. The resulting catalyst is capable of con-

verting ethanol to 100% at 300 °C. At that temperature, 

the catalyst is more selective towards ethylene, while the 

selectivity towards DEE is quite low, namely 14%. The 

presence of Hf imparts very strong acid strength due to its 

high charge density and strong electropositive nature. 

Strong acids actually facilitate intramolecular dehydration 

reactions that are more selective towards ethylene for-

mation than DEE. Therefore, modification of the silica sur-

face with transition metals needs to consider the resulting 

acidity level, especially for application in DEE synthesis 

via ethanol dehydration, which requires weak to moderate 

acid sites. 

In DEE production, two ethanol molecules must inter-

act bimolecularly in very close proximity. In conventional 

amorphous silica, two ethanol molecules experience diffu-

sion limitations to carry out the bimolecular dehydration 

reaction because the active sites are widely exposed. In 

addition, at high temperatures, silica can experience sin-

tering. To overcome these limitations, researchers devel-

oped mesoporous silica materials, such as MCM-41 and 

SBA-15 [110,111]. The presence of uniform mesopores sig-

nificantly impacts the specific surface area and uniformity 

of acid sites. This is useful for catalyzing the ethanol de-

hydration reaction and inhibiting coke formation [112]. 

The mesopores of mesoporous silica materials can act as 

microreactors, providing good diffusion access and facili-
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tating collisions between ethanol molecules. However, 

mesoporous silica lacks sufficient intrinsic acidity to effec-

tively dehydrate ethanol. The incorporation of metals such 

as Al into the mesoporous silica framework has been re-

ported by Leonova et al. [113]. The modification signifi-

cantly increases the Brønsted and Lewis acid sites on the 

mesoporous silica surface. At 240 °C, the modified catalyst 

was reported to convert ethanol with 65% and a DEE se-

lectivity of 69%. The presence of Al in the silica frame-

work increases the density of acid sites required to acti-

vate ethanol (Figure 12). 

 Dudarko et al. [114] modified the surface of a mesopo-

rous silica catalyst with a Ce metal dopant. The resulting 

catalyst dehydrated ethanol with an impressive selectivity 

for ethylene, around 99%, at temperatures of 250-275 °C. 

This occurred because the Ce metal was uniformly distrib-

uted and isolated on the surface of the silica mesoporous 

channels. In addition, the presence of Ce metal in the mes-

oporous silica matrix formed new strong Lewis acid sites. 

These Lewis acid sites on Ce act as very strong electron 

withdrawers on the hydroxyl group (–OH) of ethanol, 

thereby drastically weakening the C–O bond. Because 

these Ce active sites are isolated, ethanol molecules ad-

sorbed on one Ce site do not have neighboring ethanol 

molecules close enough to carry out the bimolecular con-

densation reaction to form DEE. As a result, the unimolec-

ular pathway to ethylene becomes the most favored path-

way. Controlling the selectivity of a catalyst towards DEE 

or ethylene depends not only in its pore structure but also 

in the size of the metal cation incorporated into the meso-

porous silica matrix. This is done to regulate the density of 

active sites and the strength of the acid within the pore 

channels. Isomorphic substitution of silica with small 

metal cations, such as Al, creates a very high density of 

acid sites and a tight distance between sites. This dense 

spatial condition allows for bimolecular interactions to 

form DEE. Conversely, the size of large cations such as Ce 

actually makes it difficult for Ce to enter the mesoporous 

silica framework. This causes the Ce species to be distrib-

uted loosely and isolated. As a result, two ethanol mole-

cules cannot interact in close proximity, and the ethanol 

dehydration reaction favors the formation of ethylene. 

 

 
Figure 11 Illustration of the synthesis of sulfated silica catalyst for the dehydration of ethanol to DEE. (This figure adapted from Ref. 

[106]). 

 
Figure 12 Wall structure of Al-incorporated mesoporous silica framework. (This figure adapted from Ref. [91)]).

https://www.doi.org/10.15826/chimtech.9850


Chimica Techno Acta 2026, vol. 13(3), No. 9850 REVIEW 

 11 of 18 DOI: 10.15826/chimtech.9850  

7. Zirconia 

Zirconia, or zirconium oxide (ZrO2), is a weak amphoteric 

oxide that can reduce and oxidize simultaneously. Zirconia 

has superior mechanical strength and thermal stability, 

but low thermal conductivity and surface reactivity. In 

most catalytic reactions, zirconia is used as a catalyst sup-

port [115–120]. Its application in the production of DEE via 

the catalytic dehydration of ethanol depends heavily on 

surface acidity modification (Figure 13). 

According to Wang et al. [122], based on pyridine ad-

sorption characterization (Pyridine-FTIR), the acidity of 

zirconia is dominated by Lewis acid sites (Zr4+ cations), 

and no significant Brønsted acid sites were detected. At 

375 °C, pure zirconia is highly selective towards dehydra-

tion products. The selectivity towards ethylene reaches 

81.3% with an ethanol conversion of 35.4%. At 375 °C, 

DEE is also produced with an 8.0% selectivity. This shows 

that the strong Lewis acid sites on the surface of pure zir-

conia are highly active at this temperature, triggering in-

tramolecular dehydration to ethylene. 

Zirconia surface modification through sulfatation with 

sulfate ions [123] or phosphatation with phosphate ions 

[124] was also carried out in order to provide moderate 

Brønsted acid sites (Figure 14). Recent literature shows 

that sulfated zirconia has an increase in total acidity com-

pared to pure zirconia [125]. The same thing also occurs in 

phosphated zirconia [126]. At 225 °C, the modified catalyst 

converted ethanol to 49.85% for sulfated zirconia and 

80.4% for phosphated zirconia. The results of this surface 

modification facilitate bimolecular dehydration to form 

DEE, although the amounts are still relatively low, namely 

29.85% for sulfated zirconia and 1.00% for phosphatized 

zirconia. Modification of zirconia with sulfate or phos-

phate successfully overcomes the limitations of pure zir-

conia at low temperatures by providing Brønsted sites. 

However, this critical review concluded that increasing 

total acidity does not necessarily increase specific product 

yield. Sulfated zirconia catalysts exhibit greater selectivity 

for DEE but require further modification to reduce their 

excess acid strength and improve ethanol conversion. 

Rangel-Rivera et al. [127] dispersed montmorillonite K10 

into a zirconia matrix. The addition of montmorillonite 

K10 created mesoporous and microporous structures that 

resulted in an increase in the specific surface area of the 

resulting K10/ZrO2 catalyst (from 44.5 m2/g to 101.8 

m2/g). In addition, this modification also resulted in an 

increase in the number of Brønsted acid sites on the cata-

lyst derived from montmorillonite K10 (from 0.76 meq/g 

to 1.16 meq/g based on Boehm titration). At 220 °C, the 

K10/ZrO2 catalyst showed selectivity towards DEE of up to 

20%, whereas the pure zirconia catalyst showed only 

~5%. This increase was a direct result of Brønsted acid 

sites in the monmortillonite K10, which protonated etha-

nol at lower temperatures. Although the selectivity of the 

modified catalyst towards DEE is higher than that of pure 

zirconia, it is relatively low. The presence of water around 

the active site leads to the hydration of the hydrophilic 

montmorillonite K10. This causes water molecules to be 

retained longer, thereby inhibiting the ethanol adsorption 

on the DEE formation pathway [128]. 

8. Titania 

Titania, or titanium dioxide (TiO2), is a metal oxide with 

superior thermal and mechanical stability and the ability 

to reduce and oxidize simultaneously, making it widely 

used in catalysis reactions, including both ordinary cataly-

sis, such as photocatalysis, and thermal catalysis, such as 

ethanol dehydration [129,130]. The surface acidity of tita-

nia is dominated by Lewis acid sites arising from Ti4+ 

cations. Brønsted acid sites on titania originate from sur-

face hydroxyl groups and are weak. Titania has three main 

phases, namely anatase, rutile, and brookite (Figure 15). 

Compared with other titania phases, the anatase phase is 

superior in terms of its use as a catalyst because it has 

good structural resistance, a high density of Lewis acid 

sites, and a large specific surface area [131,132].

 
Figure 13 Surface acidity of zirconia. (This figure adapted from Ref. [121]). 
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Figure 14 Proposed mechanism of conversion of ethanol to DEE with phosphated zirconia catalyst. (This figure adapted from 

Ref. [126]). 

 
Figure 15 Crystal structures of titania. The titanium atoms are shown in blue, the oxygen atoms in red. (This figure adapted from 

Ref. [133]). 

Mostafa et al. [134] reported that pure titania catalyst 

exhibited low activity in ethanol dehydration. The surface 

of pure titania is dominated by Lewis acid sites (Ti4+) and 

conjugate base sites of lattice oxygen (O2-). This structure 

strongly binds ethanol to a single ethoxy species. Howev-

er, because pure titania lacks moderate Brønsted acid 

sites, this catalyst cannot facilitate bimolecular nucleo-

philic attack to DEE. Modification by adding alumina 

proved effective in producing DEE up to 18% at 300 °C 

[135]. The presence of alumina provides Brønsted acid 

sites that stabilize the protonation of ethanol and facilitate 

intermolecular nucleophilic substitution on the ethoxy 

species, thereby releasing DEE and water. 

Ethanol dehydration reactions catalyzed by titania of-

ten do not proceed as expected. Side reactions often occur 

in the form of ethanol dehydrogenation to produce acetal-

dehyde due to the redox properties of titania catalysts 

[136]. Riscoe et al. [137] modified the surface of a titania 

catalyst using a sulfation technique using a sulfur-based 

treatment agent in the form of dilute sulfuric acid. The 

modified catalyst successfully suppressed acetaldehyde 

formation at 325 °C and converted ethanol to 74% with an 

ethylene selectivity of 90%. Wijaya et al. [138] also modi-

fied the surface of titania using sulfation techniques. The 

modified catalyst exhibited an increase in the number of 

acid sites, with bound sulfate ions forming Brønsted acid 

centers. The addition of sulfate ions to the surface of tita-

nia improved catalyst activity; at 225 °C, the catalyst con-

verted ethanol by 51.83% with a DEE of 1.72%. 

Modifications with transition metal oxide dopants or 

anions have been reported to engineer surface acidity. The 

addition of tungsta (WO3) to the surface of titania has 

been reported by Phung et al. [139]. This modification 

causes an increase in catalytic activity towards ethanol 

conversion, reaching 70.4% due to the presence of strong 

Brønsted acid sites. In addition, tungsta can poison the 

base sites, thereby suppressing the dehydrogenation reac-

tion to acetaldehyde. By suppressing the acetaldehyde 

pathway, the bimolecular dehydration mechanism, which 

is very dominant at temperatures of 423-473 K, becomes 

more selective towards DEE, reaching 95.9% at 473 K. 

In contrast to Kerdnoi et al. [133] who impregnated 

tungsta on various types of titania, anatase (TiO2 -A), ru-

tile (TiO2 -R) and a mixture of 80% anatase and 20% ru-

tile (TiO2-P25). The characteristics of the resulting cata-

lysts are shown in Table 4. At 300 °C, the W/TiO2 -A, 

W/TiO2 -R, and W/TiO2-P25 catalysts produced DEE of 

24.1%; 22.8%; and 10.6%, respectively. An interesting 

case here is that the large surface area and the large num-

ber of acid sites are not directly proportional to the DEE 

produced. The presence of a mixture of anatase and rutile 

phase a titania affect the strength of the acid sites and the 

distribution of the crystalline phase. The presence of an 

interface between anatase and rutile can create strong 

acid sites that actually facilitate intermolecular dehydra-

tion to form ethylene rather than bimolecular dehydration.
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Table 4 Characteristics of titania-based catalysts and their modification results 

Catalysts SBET (m2/g) Pore volume 

(cm3/g) 

Pore diameter 

(nm) 

Total acidity 

(μmol NH3/g cat.) 

Crystallite size 

(nm) 

TiO2-A 58 0.24 11.9 1639 16.9 
W/TiO2-A 51 0.29 19.3 2137 17 

TiO2-R 7 0.01 10.7 75 16.7 

W/TiO2-R 8 0.01 8.1 112 17.1 
TiO2-P25 47 0.13 9.3 1866 16.9 

W/TiO2-P25 53 0.3 18.9 2247 17.1 

Although the selectivity to DEE for titania-based cata-

lysts has been reported to reach 95.9%, the DEE yield is 

still relatively low (~24.1%) compared to other acid-

activated composite catalysts. The remaining product per-

centage is likely still dominated by ethylene or dehydro-

genation products (acetaldehyde) due to t titania’s incom-

plete redox properties of titania. Therefore, further stud-

ies are expected to prevent side reactions, such in ehydro-

genation, and increase DEE yield at low temperatures. 

9. Limitations 

This study has explored solid oxide-based catalysts such as 

alumina, zeolite, silica, zirconia, and titania in producing 

DEE through ethanol dehydration reaction as an alterna-

tive catalyst to replace sulfuric acid, which has a high risk 

to worker safety and the environment. The study includes 

physicochemical properties, catalyst performance, reac-

tion mechanisms, and identifies gaps from various studies. 

By comparing the parameters of each catalyst, this study 

provides a foundation in the development of solid oxide 

materials and their modifications to increase the ethanol 

conversion value as well as the selectivity and yield of DEE 

more effectively and efficiently. However, several studies 

were not addressed in this study, including the catalyst 

preparation method, the type of reactor used, the kinetics 

of the ethanol dehydration reaction, and a review of the 

catalyst's stability and regeneration ability. Thus, this 

opens a gap for further investigation in future work.  

10. Conclusions 

The global demand for DEE continues to increase due to its  

widespread use in various industrial and laboratory sec-

tors, as well as the transition to clean and sustainable en-

ergy. Catalytic ethanol dehydration is a large-scale pro-

duction pathway for DEE. A large number of solid oxide-

based catalysts have been developed and studied for etha-

nol dehydration. 

The catalytic activity of a solid oxide, both as a catalyst 

and as a catalyst support in the ethanol dehydration reac-

tion, is strongly influenced by its physicochemical proper-

ties, including surface acidity (strength and distribution of 

acid sites), specific surface area, porosity, thermal stabil-

ity, and resistance to deactivation. In its role as a catalyst 

support, the interaction between the dopant and the cata-

lyst support will modify the type and strength of the acid 

sites and affect the type of active sites and the strength of 

ethanol adsorption. This has an impact on the perfor-

mance of the catalyst in converting ethanol and the selec-

tivity of the catalyst towards the ethanol dehydration 

product between DEE and ethylene. 

Alumina and zeolites are solid oxides with abundant, 

very strong Lewis and Brønsted acid sites, thereby en-

hancing ethanol dehydration. In contrast, silica facilitates 

dispersion but does not increase the catalyst's overall 

acidity. Reducible solid oxides, such as zirconia and tita-

nia, can alter the catalyst's electronic structure and oxy-

gen vacancy concentration, thereby affecting the stability 

of the intermediate and its resistance to coke formation. 

Furthermore, their porous structure and high surface area 

enhance ethanol diffusion, which is crucial for achieving 

DEE selectivity at low temperatures. 

Although this review does not introduce new catalysts, 

it offers a comprehensive and critical evaluation of exist-

ing catalytic systems covering their physicochemical prop-

erties, catalytic performance, and reaction mechanisms. 

This review identifies research gaps and provides a strate-

gic foundation for developing solid oxide-based catalysts 

to optimize ethanol conversion, DEE selectivity, and yield. 

Future research should prioritize catalyst design that bal-

ances surface acidity and considers the presence of water, 

which can trigger adsorption competition at the catalyst's 

active sites, thus inhibiting the bimolecular dehydration 

reaction to form DEE. 
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