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1. Introduction

The global economy is expanding quickly, which means a 

growing need for fuel and energy.1) Currently, fuel energy 

reserves are diminishing yearly and producing emissions that 

pollute the environment, such as NOx and COx gases. This 

condition provides opportunities for producing environmen-

tally friendly energy.2,3) Diethyl ether is an oxygenated fuel 

that produces lower NOx and COx gas emissions during 

combustion processes than conventional fuels, making it a 

potential environmentally friendly renewable energy source 

to replace fossil fuels.2,4-6) As a renewable energy source, 

diethyl ether is an additive in gasoline and diesel fuels be-

cause of its characteristics, such as high volatility, low flash 

point, octane number greater than 110, high oxygen content, 

wide ignition limits, low ignition energy, high miscibility 

with diesel and bioethanol fuels, and low carbon monoxide 

emissions.5,7-11) Physically, diethyl ether has distinct charac-

teristics compared to diesel fuel. Diethyl ether yields higher 

thermal efficiency than diesel fuel, produces no smoke, and 

reduces engine noise, as shown in Table 1. Diethyl ether is 

also widely used in pharmaceutical, perfume, and petroche-
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mical fields.12,13) It is a solvent for organic compounds, such 

as oils, fats, latex, micro cellulose, and alkaloids.10,14)

Diethyl ether is synthesized using a strong homogeneous 

acid catalyst like sulfuric acid (H2SO4) or phosphoric acid 

(H3PO4) via the ethanol dehydration process, known as the 

Barbet process.17) The main disadvantages of the homo-

geneous acid catalytic process are the production of very 

corrosive waste streams and the challenge of removing the 

products from the catalyst. Nowadays, heterogeneous acid 

catalysts are being developed as an alternative to accelerate 

the dehydration reactions of ethanol. Heterogeneous acid 

catalysts have a different phase from the reactant phase. The 

advantages of heterogeneous acid catalysts over homogene-

ous catalysts include ease of separation, non-corrosiveness, 

non-toxicity, cost-effective purification, and environmental 

friendliness.18) Various heterogeneous acid catalysts for 

diethyl ether formation have been reported, including metal 

oxides, zeolites, alumina, silica-alumina, supported phos-

phoric acid, and hetero-polyacid catalysts. Previous resear-

chers have yet to extensively explore using bentonite-based 

materials as heterogeneous catalysts in producing ether-based 

fuels, providing an opportunity for further investigation.

Bentonite is a naturally occurring alumina silicate-based 

material that holds potential as a catalyst in synthesizing 

diethyl ether through the ethanol dehydration reaction due to 

its specific properties and structure, high natural abundance, 

ease of acquisition, and cost-effectiveness.19,20) Bentonite 

possesses unique physicochemical characteristics, such as 

good adsorption capacity for both inorganic and organic 

substances, large specific surface area, high porosity, and 

high cation exchange capacity.21-27) It also has expandable 

interlayer spaces, high acidity, and pore sizes that can be 

modified into micropores and mesopores.26)

Pillared bentonite is a promising choice for catalyst sup-

port, given its molecular sieve properties and ability to resist 

sheet deformation even at elevated temperatures.28) Pillari-

zation is one of the techniques for modifying clay to enhance 

catalytic activity and thermal stability in bentonite. The 

pillarization method involves the intercalation of polyhyd-

roxy cations into the bentonite structure, followed by high- 

temperature calcination to produce microporous and meso-

porous materials that are thermally stable and capable of 

maintaining their layered structure. As a result of the swel-

ling ability and high cation exchange capacity of bentonite, 

the basal spacing and specific surface area of pillared bento-

nite are greater than those of non-pillared bentonite. There-

fore, pillared bentonite is widely applicable in catalysis and 

adsorption.26)

In the past decade, pillared bentonite has emerged as a 

promising catalyst material due to its low cost, high catalytic 

activity, resistance to leaching, and environmental friend-

liness,29,30) including acetic acid esterification,31) CO gas oxi-

dation,28) acid-catalyzed hydroxylation of phenol,32) trans-

esterification reactions for biodiesel synthesis,33) and hydro-

cracking of fresh and waste cooking oil into biogasoline.34) 

However, fewer studies have used pillared bentonite as a 

solid catalyst in diethyl ether production.35,36) This review 

briefly discusses the characteristics and properties of bento-

Table 1. Comparison of diesel fuel and diethyl ether.15,16)

Properties Diesel Diethyl ether

Chemical formula C13H24 C4H10O

Density (kg/m3) 849 713

Specific gravity 0.83 0.70

Gross calorific value (MJ/kg) 45.5 36.9

Auto-ignition temperature (°C) 210~350 150~160

Cetane number 50 125

Viscosity (mm2/s) 3.25 0.23

Stoichiometric air to fuel ratio (kgair/kgfuel) 14.4 11.2

Boiling point (°C) 180~360 35

Flashpoint (°C) 68 -43

Pour point (°C) -5 -108

Oxygen content (% by mass) 0 21.6
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nite, modifications of bentonite through pillarization, the 

green synthesis of pillared bentonite, and its performance 

as a catalyst in synthesizing diethyl ether through ethanol 

dehydration reactions.

2. Structure and Physico-Chemical Properties 

of Bentonite

Bentonite belongs to the phyllosilicate family and is abun-

dant in nature. Bentonite contains 65~85 % montmorillonite 

minerals, while the remaining percentage consists of a 

mixture of impurity minerals such as quartz, cristobalite, 

feldspar, and other clay minerals. Montmorillonite, a group 

of alumina silicate minerals, has attracted much attention 

from researchers because it can be expanded and intercalated 

with organic and inorganic compounds, forming organic and 

inorganic composite materials.22,37,38) The structure of mont-

morillonite is illustrated in Fig. 1. Bentonite is classified into 

two types based on its physical properties: sodium bentonite 

(swelling bentonite), where this type of bentonite has a 

relatively higher content of Na+ cations compared to Ca2+ 

and Mg2+ cations between its layers, and calcium bentonite 

(non-swelling bentonite), where this type of bentonite has a 

relatively higher content of Ca2+ and Mg2+ cations compared 

to Na+ cations between its layers.

The structure of bentonite has a chemical formula Mx(Al4-x 

Mgx)Si8O20(OH)4 ‧ nH2O with a 2:1 configuration, consisting 

of two tetrahedral layers (SiO4) and one octahedral layer 

(AlO4) as the central atom, where oxygen atoms are directly 

bound to these layers. Electrostatic interactions and hydro-

gen bonds link tetrahedral-octahedral-tetrahedral layers.27) 

The tetrahedral layer consists of silicon (Si) and oxygen (O) 

elements, forming SiO4. In contrast, the octahedral layer is 

occupied by aluminum (Al), oxygen (O), and hydroxyl 

groups (OH), forming AlO4(OH)2.
39) In the tetrahedral layer, 

Si4+ can be replaced by Al3+, while in the octahedral layer, 

Al3+ can be replaced by Mg2+. Aluminum atoms can also be 

substituted by atoms of Fe, Cr, Zr, and other transition metals 

with significant electronic potential. Additionally, some Al3+ 

in the octahedral sheets can be replaced by Mg2+ without 

disrupting the structure of the crystal through isomorphic 

substitution, as illustrated in Fig. 2.24,40)

In many minerals, if a positively charged atom with a 

lower charge replaces an atom with a higher positive charge, 

it results in a deficiency of positive charges, or, in other 

words, an excess of negative charge. The monovalent and 

divalent cations such as Na+, Ca2+, and Mg2+ are present in 

interlayers of bentonite to balance the charge in bentonite. 

These cations are attracted to clay particles and electrostati-

cally bound to the interlayer surfaces of the clay.

The physical and chemical properties of clay will deter-

mine its applications, including chemical composition, na-

ture of the oxygen and hydrogen surface atoms, defect sites, 

layer charge, and the type of exchangeable cations. The pro-

perties of clay minerals are classified into (i) clay mineral- 

water interaction to determine swelling capacity, (ii) CEC 

(cation exchange capacity), (iii) acidity of clay, (iv) porous 

structure, (v) gas penetrability, and (vi) ion diffusivity.27)

Fig. 1. Scheme of montmorillonite. Reprinted from Grim,41) Copy-

right McGraw-Hill 1953.

Fig. 2. Model structure of bentonite. Reprinted from Vezentsev et 

al.,42) Copyright Springer 2022.
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Bentonite is one of the clay mineral groups belonging to 

the smectite. Smectite exhibits the highest specific surface 

area and cation exchange capacity (800 m2/g and 80~150 

meq/100 g) compared to illite (30 m2/g and 10~40 meq/100 

g), kaolinite (15 m2/g and 1~10 meq/100 g), and chlorite (15 

m2/g and <10 meq/100 g).43) Bentonite is an ideal host 

because bentonite has a good swelling ability and a high 

cation exchange capacity. Therefore, bentonite can primarily 

accommodate cations in the interlayer space through a cation 

exchange mechanism.22) The swelling phenomenon increases 

the interlayer distance after the hydration process. The struc-

ture of the bentonite layer will collapse after the dehydration 

process. We can overcome porosity instability in the bento-

nite layer structure by the preparation a stable pillar into the 

interlayer of bentonite with the high pore volume.27) How-

ever, as shown in Fig. 3, the pillared bentonite can maintain 

porosity during hydration and dehydration.

Although bentonite has many advantages for application 

as an adsorbent, catalyst, or ion exchanger, it has one major 

disadvantage: the distance between bentonite layers expands 

during the hydration process, but the distance between layers 

decreases when the dehydration process or heating process, 

resulting in bentonite with minor permanent micro-porosity 

and the interlayer surface cannot be used in a chemical reac-

tion. Castro et al.45) investigated the catalytic performance of 

bentonite and Al-pillared bentonite for n-decane hydrocon-

version reaction. The bentonite has a specific surface area 

(SBET) of 39 m2/g and a total acidity of 56 µmol/g. These 

values increase after modification of bentonite through pilla-

ring with aluminum metal, with a specific surface area (SBET) 

of 120 m2/g and total acidity of 138 µmol/g. They found that 

the low surface area and low acidity of bentonite limited the 

active sites available for catalysis, resulting in lower conver-

sion rates than Al-pillared bentonite. Research by AlSawalha 

et al.46) focused on the acidic properties of various Jordanian 

clays, including bentonite, kaolinite, and diatomite, for con-

version 2-methyl-3-butyn-2-ol (MBOH). The maximum NH3 

desorption rate from the zeolite surface is the highest and 

decreases from bentonite to kaolinite and diatomite. Bento-

nite exhibited significantly lower acidity compared to solid 

acid catalysts like zeolite. This study provides evidence of 

bentonite’s limited surface acidity, affecting its catalytic 

performance in converting MBOH. The zeolite catalytic 

activity obtained the highest conversion and the lowest for 

diatomite. This result leads to the conclusion that the amount 

of acid sites that can convert MBOH increases with the Si/Al 

ratio and coincides with the sequence found by NH3-TPD. 

The thermogravimetric analysis data showed that the Ca- 

bentonite lost adsorbed and hydrated water up to 300 °C, 

dehydroxylation took place between 300 and 750 °C, and 

then the 2:1 layer structure completely collapsed above 900 

°C, consequently rupturing the clay structure. This structure 

rupture could cause morphology changes in the bentonite 

minerals supported by decreased surface area at high tempe-

ratures.47) However, if bentonite is heated at a high tempera-

ture (<600 °C), it will cause the dealumination of bentonite, 

resulting in a decrease in crystallinity and specific surface 

area in the bentonite structure.27) This limitation restricts 

bentonite’s use as a catalyst for high-temperature reactions, 

such as hydrocracking or pyrolysis.

Researchers have developed several modification techni-

ques to enhance the catalytic activity of bentonite, including 

chemical activation using acids, bases, acidic and basic salts, 

thermal treatment, polymers, and surfactants modification, 

and pillaring using various metal polyhydroxy cations.27) 

Modified bentonite can be used as a catalyst material or 

support in various catalytic processes.

3. The Bentonite Modification Using the Pillari-

zation Method

Pillarization is the modification technique of bentonite 

structure to enhance the properties of bentonite by introdu-

cing pillar agents between interlayer space, thereby increa-

sing its the surface area, porosity, thermal stability, and sur-

face acidity.48) The pillaring process involves the intercala-

Fig. 3. Schematic of raw and pillared clay during hydration and 

dehydration processes. Reprinted from Najafi et al.,44) Copyright 

Elsevier 2021.
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tion process of pillaring agents in the form of polyhydroxy 

metal cations into the silica interlayer in the bentonite struc-

ture to produce metal oxides that can support the silicate 

layers through calcination process,49,50) as represented in Fig. 

4. Therefore, the mechanism of pillar linkage into the inter-

layer space of clay minerals needs to be clarified.

In the 1990s, acid-activated bentonite began to be used as 

a precursor in the synthesis of pillared bentonite.27) However, 

metal polyhydroxy cations are currently widely used in the 

pillaring process. Metal polyhydroxy cation-pillared bento-

nites, such as Al, Ti, and Fe, show higher thermal stability 

than organic cation-pillared bentonites.26) Several metals 

have been investigated for their potential as pillar agents, 

such as Al-PILC,28,31,49) Zr-PILC,14,26,34,46,51-54) Ti-PILC,45,49,56) 

Mo-PILC,57) and Cr-PILC.30,58) In current developments, 

researchers are beginning to explore the use of combined 

metal oxide pillars to enhance surface properties and acidity 

in bentonite, including Al/Zr-PILC,19,45) Al/Fe-PILC,47,59) Al/ 

Co-PILC,22) Al/Cr-PILC,30) Al/Fe/Ni-PILC,60) Fe/Cr-PILC,58) 

Ni/Zr-PILC,61) Mg/Al-PILC.62)

The pillarization process of bentonite starts with interca-

lation through the ion exchange of Na+, K+, or Ca2+ ions by 

pillar agents in the form of metal polyhydroxy cations (Al, 

Zr, Ti, Fe, and Cr) into the interlayer of bentonite structure.63) 

The intercalated polycations increase the basal spacing of the 

bentonites. The metal ions such as Al3+, Zr4+, Cr3+, and Fe3+ 

are added to a basic solution (Na2CO3 or NaOH). They stir-

red at a specific temperature for 3~12 h, then aged at 60~80 

°C for 6~24 h to produce metal hydroxy cations as a pillaring 

agent solution. Then, the pillaring agent solution is slowly 

added to a bentonite suspension (2 wt%).64-66) The number of 

pillars intercalated in the bentonite interlayer depends on the 

intercalated species cation exchange capacity, charge, and 

size. In the calcination process, intercalated clay is heated at 

a temperature ranging from 300~700 °C for a specified time. 

In this stage, the metal polyhydroxy cations will dehydrate 

and dehydroxylate to form the metal oxide pillars. The metal 

oxide pillars yield temperature stability that permanently 

keeps the layers apart, preventing collapse. The metal oxide 

acts as a pillar that opens and supports the bentonite inter-

layer, resulting in permanent micro-porosity of bentonite. 

The calcination temperature determines the pore size of 

pillared clays. The previous research indicated that a high 

temperature (>700 °C) causes the microporous structure to 

collapse. On the other hand, pillared clays calcined at 400~ 

600 °C exhibit the characteristics of bidimensional mole-

cular sieves that facilitate the formation of stable pillars and 

optimize the material’s catalytic performance.44)

The calcination process-induced elimination of protons 

from the -OH groups of the silicate layer create a bond bet-

ween the pillar of oxygen and Al3+ cations in the octahedral 

sheet.27) The properties of pillared bentonite materials are 

affected by metallic cations, clay mineral type, aging time, 

temperature, and washing and drying methods.30) Another 

crucial factor in pillared bentonite synthesis is the calcination 

temperature, where the heating temperature, duration, and 

heating rate significantly impact the properties of pillared 

bentonite materials.

4. Pillared Bentonite: Enhancing Surface Pro-

perties and Acidity

Pillarization is an attempt to improve the physicochemical 

properties of bentonite, including specific surface area, poro-

sity, average pore size, thermal stability, and total acidity, 

which contribute to the application of bentonite as both 

catalyst and adsorbent.55,67) The pillarization process also 

enhances surface acidity regarding the quantity and strength 

of Lewis acid and Brønsted acid sites. The hydroxyl groups 

of silanol groups generate Brønsted acidity in pillared bento-

Fig. 4. Pillarization of bentonite mechanism. Reprinted from Najafi et al.,44) Copyright Elsevier 2021.
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nite within the layered structure of bentonite. In contrast, 

Lewis acidity originates from the metal oxide pillars as ac-

ceptors of free electron pairs. Pillared bentonite has a higher 

surface area, porosity, surface acidity (Lewis and Brønsted 

acid sites), and thermal stability than non-pillared bentonite 

due to metal oxide pillars supporting the interlayer structure 

of bentonite.32,68,69) These properties support the enhanced 

performance of pillared bentonite as a catalyst compared to 

non-pillared bentonite in various catalyzed reactions.

Rachmat et al.70) achieved the pillaring of bentonite using 

zirconium metal oxide as a solid catalyst for the esterifi-

cation reaction of lauric acid, resulting in ethanol conversion 

of 90 %. This high conversion is due to the high acidity of 

zirconium oxide. Additionally, Khairina et al.71) conducted 

pillarization using other metal oxides such as titanium, zirco-

nium, and chromium. The outcomes revealed a substantial 

increase in surface area from 24.47 m2/g to over 150 m2/g in 

pillared bentonite structure. Furthermore, the total acidity of 

the raw bentonite also increases after the pillarization pro-

cess. The same results were also reported by Rinaldi et al.72) 

who synthesized pillared bentonite using ZrO2. The catalyst 

acidity was determined through NH3-TPD analysis. The aci-

dity of bentonite, Zr/PILC, and Ti/PILC was 0.08 mmol/g, 

0.55 mmol/g, and 0.26 mmol/g, respectively. The presence 

of Zr and Ti oxides in bentonite structure as Lewis acid can 

enhance the acidity of the catalyst due to metal pillaring 

agents such as titanium, zirconium, and chromium can form 

connections between the metals and the alumina-silicate 

bentonite layer.73) Agustian et al.74) successfully synthesized 

pillared bentonite using Ti, Zr, and a combination of Ti/Zr. 

The resulting pillared bentonite catalyst has a pore structure 

with high surface area, acidity, and good catalytic perfor-

mance. The catalysts exhibit a two-to seven-fold increase 

in specific surface area and expanded basal spacing. The 

morphology of the catalyst surfaces undergoes significant 

changes, resulting in smaller pore sizes and higher total 

acidity than raw bentonite. The acidity of the Ti/Zr-PILC 

catalyst ranges from 949 to 1,117 µmol/g, and its surface 

area is between 158 and 169 m²/g.

Wijaya et al.34) studied the preparation of ZrO2/SO4 

pillared bentonite for converting coconut oil into gasoline via 

hydrocracking. A gravimetric method involving an ammonia 

solution determined the catalyst’s surface acidity. The aci-

dity of ZrO2 pillared bentonite was 3.45 ± 0.02 mmol/g. The 

sulfation process with various sulfuric acid solutions of 0.1 

to 1 M caused the acidity of ZrO2 pillared bentonite to 

increase, and the BZ 1 catalyst (H2SO4 1 M) was the catalyst 

with the highest acidity of 5.02 ± 0.04 mmol/g. Liu et al.24) 

conducted an acidity test on a tin-exchanged montmoril-

lonite catalyst using the gravimetric method with pyridine 

solution and NH3-TPD. Due to the intercalation of tin ions 

into the montmorillonite layers, the overall acidity increased 

significantly, ranging from 0.63 to 0.78 mmol NH3/g cata-

lyst. The total acidity on the tin-exchanged montmorillonite 

gradually decreased as calcination temperatures risen from 

300 to 500 °C.

The acid activation process enhances the physicochemical 

characteristics of pillared bentonite. Research by Mokaya 

and Jones75) indicates that acid activation of bentonite before 

alumina pillaring increases basal spacing to 19.3 Å. After 

calcination at 500 °C, surface area ranging from 315 to 374 

m2/g, total pore volume of 0.33~0.48 cm3/g, average pore 

diameter, and surface acidity. A similar phenomenon is also 

observed in the work of Mokaya and Jones.76) Whether 

acid-activated clay is a suitable host for alumina pillaring 

depends on the extent of clay damage during the acid activa-

tion process. This damage causes dealumination in the clay’s 

structure, leading to the formation of a mesoporous structure.

5. The Green Synthesis of Pillared Bentonite

Pillared bentonite materials were synthesized by Barrer 

and MacLeod using organic cations in 1955. Although these 

cations could be easily intercalated, the resulting products 

needed improvement, such as weaker interactions between 

the pillar species and the bentonite layers. This weakness led 

the pillar species to exchange reactions with more vital 

species, and the thermal stability was limited to temperatures 

around 250 °C.77) In the 1970s, Brindley and Sempels78) 

reported using inorganic polycations to synthesize pillared 

bentonite due to their higher thermal stability.

In general, the synthesis of Al2O3-pillared bentonite 

typically begins with the formation of a pillaring solution, 

namely the Keggin ion ([AlO4Al12(OH)24(H2O)12]
7+). The 

Al-pillaring solution can be synthesized using four methods: 

(i) hydrolysis of Al3+ salt (usually AlCl3) with NaOH, (ii) 

hydrolysis of Al3+ salt (usually AlCl3) with Na2CO3, (iii) 

electrolysis of AlCl3, and (iv) dissolution of aluminum 
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metal in HCl. Previous researchers have synthesized Al2O3- 

pillared bentonite using a base-hydrolyzed aluminum salt 

solution.24,45,79-82)

Researchers have begun developing new synthesis me-

thods for the intercalation and pillaring bentonite to reduce 

synthesis time and water usage. The simple method for 

synthesizing pillared bentonite has been created using single 

or combined metal pillaring agents, including ultrasonica-

tion,73,83) microwave radiation,84) and a combination of both 

methods, as well as one-step high-temperature methods85) to 

reduce synthesis time and friendless. Ultrasonic and micro-

wave radiation methods are suitable for reducing contact 

time between bentonite and pillaring agents during the 

intercalation process, allowing ultrasonic synthesis to take 

only a few minutes.86) However, it produces Al2O3-pillared 

bentonite with higher thermal stability and surface characte-

ristics than conventional methods for 24 h. Several studies 

show that using ultrasonic and microwave radiation methods 

in synthesizing pillared bentonite reduces water usage by 

70~95 % and synthesis time by 70~93 %.30,87,88) These para-

meters make ultrasonic and microwave radiation methods 

promising as environmentally friendly synthesis methods be-

cause they apply principles of green chemistry, such as faster 

synthesis times, lower energy consumption, and reduced 

water usage.89)

6. The Potency of Pillared Bentonite on Diethyl 

Ether Production

Products resulting from catalytic ethanol dehydration, 

with higher value-added compared to ethanol, such as hydro-

gen, diethyl ether, ethylene, 1-butanol, and aldehydes, have 

been extensively researched due to their sustainability. In 

general, the schematic reaction of transforming ethanol into 

diethyl ether can be seen in Fig. 5. The reaction mechanism 

of ethanol dehydration into diethyl ether using an acid cata-

lyst is shown in Fig. 6. It is generally believed that diethyl 

ether is formed through a nucleophilic substitution reaction, 

in which the ethoxy group acts as a nucleophilic reagent and 

interacts with another ethanol molecule to increase the 

electrophilicity of the alcohol carbon atom, and further 

nucleophilic substitution to form diethyl ether (reversible 

reaction).90) A key factor influencing the catalytic activity of 

pillared bentonite in the ethanol dehydration to diethyl ether 

is the nature of the surface acidity on the catalyst (Lewis acid 

sites and Brønsted acid sites).91,92) Brønsted acid sites exhibit 

higher catalytic activity in the ethanol dehydration reaction 

compared to Lewis acid sites.36,93) Święs et al.94) reported that 

weak acid sites (Lewis acid sites) play a significant role in 

Fig. 5. The schematic reaction of transforming ethanol into diethyl ether.

Fig. 6. The reaction mechanism of ethanol dehydration using acid 

catalyst.
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ethanol dehydration to diethyl ether. At the same time, 

alcohol oligomerization to long-chain hydrocarbons occur at 

strong acid sites (Brønsted acid sites). High selectivity and 

conversion of products are determined by weak acid sites 

(Lewis acid sites) and reduction of strong acid sites (Brøn-

sted acid sites).2)

Pillared bentonite, an alumina silicate-based material, 

shows promise as a catalyst in diethyl ether synthesis. The 

main characteristics of this catalyst include a high surface 

acidity, good thermal and hydrothermal stability, a high 

surface area, and high porosity. There are two possible 

sources of acidity in pillared bentonite: Brønsted acid sites, 

which are formed by the hydroxyl groups of silanol groups in 

the bentonite layer structure, and Lewis acid sites, which are 

produced by the presence of metal oxide pillars. These metal 

oxides have vacant orbitals that can accept lone pairs of elec-

trons from other atoms. The summary of the use of pillared 

bentonite as a catalyst in ether production, diisopropyl ether 

and dimethyl ether, is listed in Table 2.

Hasanudin et al.57) investigated the synthesis of diiso-

propyl ether through the dehydration reaction of isopropyl 

alcohol using molybdenum phosphide pillared bentonite 

(MoP-PILC). Heterogeneous catalyst types, like MoP-PILC, 

have been reported to possess a high surface area with domi-

nant active Mo sites on the catalyst surface as proton accep-

tors.97) MoP is more stable than other metals and has been 

utilized in various catalytic reactions with good cycle resis-

tance. The intercalation of Mo metal into the Na-bentonite 

silica framework will enhance bentonite’s pore surface area, 

pore volume, and pore diameter. The acidity after pillari-

zation also expanded due to MoP-PILC having more Lewis 

acid sites and a larger pore than Na-bentonite. MoP-PILC 4 

meq/g has the highest acidity from 1.5755~5.7732 mmol/g, 

indicating the increase of the catalytic activity. The catalytic 

activity is affected by the site acid’s surface concentration 

and the acid’s strength. The optimum composition of the 

MoP-PILC catalyst yielding the highest diisopropyl ether 

yield of 64.5 % is at 4 meq/g. This result is attributed to the 

intercalation of Mo metal into MoP-PILC, which possesses 

half-filled d orbitals as Lewis acid sites, playing a crucial 

role in the isopropyl alcohol dehydration reaction and enhan-

cing diisopropyl ether.98)

A similar study was conducted by Hasanudin et al.95) using 

zirconium phosphate pillared Na-montmorillonite as the 

catalyst. This catalyst achieved a methanol conversion rate 

of 96.76 %, a dimethyl ether product yield of 96.8 %, and a 

dimethyl ether selectivity of 93.67 % over a temperature 

range of 150~350 °C, with an LSHV (liquid space hourly 

velocity) of 2.54 h-1 using N2 gas flow. These outcomes can 

be attributed to the presence of acidic hydrogen ions and the 

presence of moderate to strong acid sites, which directly 

impact the catalyst’s performance in methanol dehydration. 

According to Gao et al.99) zirconium phosphate can improve 

reactant diffusion and minimize the formation of side 

products. The synthesis of diethyl ether through the ethanol 

dehydration reaction using an alumina-intercalated vermi-

culite catalyst was conducted by Marosz et al.96) over a 

temperature range of 50 to 300 °C. As the temperature 

increased, the ethanol conversion rate increased, reaching its 

maximum of 98 % under optimal conditions at 300 °C with 

the alumina-pillared catalyst (Al-PILC). The Al-PILC cata-

lyst demonstrated the highest selectivity for diethyl ether at 

72 %. Nevertheless, as the temperature was further raised, 

the selectivity shifted toward ethylene while reducing the 

selectivity for diethyl ether. The dehydration of ethanol to 

diethyl ether is an exothermic process and is more favorable 

at lower temperatures.100)

At elevated temperatures, ethanol dehydration tends to 

Table 2. Summary of pillared bentonite as a catalyst in ether production.

Catalyst Feedstock Reaction condition Ether yield Reference

MoP-PILC Isopropyl alcohol
T1): 160 °C

W2): 2 g, 4 g, 6 g, dan 8 g
Diisopropyl ether 64.5 % Sabre et al.56)

ZrP-PILC Methanol
T: 150~350 °C

W: 1 g
Dimethyl ether 93.6 % Hasanudin et al.95)

Al-PILC Ethanol
T: 150~350 °C

W: 0.1 g
Diethyl ether 72 % Marosz et al.96)

1)T, reaction temperature; 2)W, catalyst weight.
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shift toward ethylene formation. This change is supported by 

reduced catalyst selectivity for diethyl ether products as the 

temperature increases. At 300 °C, ethylene becomes the 

primary product. Catalytic tests showed that PILC catalysts 

displayed more excellent activity compared to γ-Al2O3. 

While γ-Al2O3 catalysts exhibited high selectivity towards 

diethyl ether products, their selectivity for ethylene was 

lower than that of PILC. Based on this data, it can be inferred 

that γ-Al2O3 is better suited for converting ethanol to DEE, 

while PILC is more effective in converting ethanol to 

ethylene. This can be clarified by examining the surface 

acidity of PILC, which is attributed to the presence of acid 

sites on the vermiculite surface and alumina oxide used as 

pillars. Research has shown that the catalytic performance of 

pillarized bentonite in methanol and ethanol dehydration 

reactions depends on these acid sites’ surface concentration 

and strength.

Another factor influencing the yield and selectivity of 

diethyl ether is the reaction temperature, which typically 

ranges from 150~350 °C in the process of forming diethyl 

ether through ethanol dehydration.101) Suppose the ethanol 

dehydration reaction has been carried out at a high tempe-

rature (350~500 °C). In this case, the reaction is endo-

thermic.12) As a result, the dehydration reaction will yield 

more ethylene products than diethyl ether products.102) The 

synthesis of diethyl ether via dehydration of ethanol reaction 

is preferred at low temperatures, and the reaction that occurs 

is exothermic. As a result, the conversion of ethanol to 

diethyl ether is more down at low temperatures. Conse-

quently, the reaction requires a catalyst to enhance catalytic 

activity at low temperatures while maintaining high diethyl 

ether selectivity.5) Besides that, ethanol dehydrogenation can 

produce acetaldehydes as a side reaction.2)

7. Challenges and Future Perspectives

Fascinatingly, pillarized bentonite exhibits a broad spec-

trum of surface area and pore structure, and the surface 

acidity can be altered by changing the type of pillarizing 

agent employed during the pillarization process. Each pilla-

rizing agent offers unique benefits and distinct material pro-

perties, making it suitable for various applications. Pillared 

bentonite materials possess unique characteristics such as 

high surface acidity, surface area, porosity, and thermal 

stability. However, the yield and selectivity of diethyl ether 

produced are still low (<80 %), and previous research on the 

application of pillared bentonite as a diethyl ether catalyst 

has received limited attention and remains underreported. 

However, some challenges still restrict further development, 

such as superior catalyst acidity and high product selectivity. 

These challenges may provide new research opportunities 

and directions for developing high-surface acidity pillared 

bentonite materials for increased product yield and catalyst 

selectivity.

The catalytic activity of pillared bentonite in the ethanol 

dehydration reaction to diethyl ether production depends on 

surface properties and the surface concentration and strength 

of acid sites (both Brønsted and Lewis acid sites). Additional 

research is required to enhance the catalytic performance of 

pillarized bentonite. This could involve incorporating one or 

two transition metals, such as Ti, Co, Ni, Mo, and Zr, and 

activation with strong acids like H2SO4 or H3PO4. This 

approach is expected to enhance the surface characteristics 

of bentonite, including surface area, porosity, and surface 

acidity.

8. Conclusion

The comprehensive review explores pillared bentonite’s 

capabilities in synthesizing diethyl ether, an environmentally 

friendly fuel alternative. It highlights the inherent properties 

of bentonite, such as its high cation exchange capacity and 

porosity, which is enhanced by pillarization. This modifi-

cation involves intercalating polyhydroxy cations into bento-

nite’s structure, improving its thermal stability and catalytic 

efficiency. Pillared bentonite is a promising material due to 

its environmental friendliness, cost-effectiveness, and ability 

to modify its surface properties and acidity, making it suit-

able as a heterogeneous acid catalyst in producing diethyl 

ether from ethanol dehydration. Despite the potential of 

pillared bentonite, several challenges limit its widespread 

application, primarily concerning optimizing catalyst yield 

and selectivity for diethyl ether production. The review 

suggests that future research should focus on using various 

metal oxides for pillarization to enhance bentonite’s surface 

characteristics, acidity properties, and catalytic performance 

for synthesizing diethyl ether. The research could include 

exploring new synthesis methods, like ultrasonication and 
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microwave radiation, which could decrease environmental 

impact and increase efficiency. The development of pillared 

bentonite with higher surface acidity and better pore struc-

ture may lead to improved outcomes in diethyl ether syn-

thesis, contributing to the broader use of renewable energy 

sources.
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