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Abstract
This research investigated the performance of bentonite and Al-PILC as catalysts 
in ethanol conversion to diethyl ether through a dehydration reaction. The natural 
bentonite was intercalated with the pillaring agent Keggin-ion  Al13 to obtain Al-
intercalated bentonite. Al-intercalated bentonite has been synthesized using conven-
tional stirring and ultrasonication. Al-intercalated bentonite was calcined at 400 °C 
for 4 h to produce  Al2O3 pillared bentonite (Al-PILC). The dehydration reaction was 
conducted using a 0.2 g catalyst and 10 mL of ethanol with a nitrogen gas flow rate 
of 20 mL/min at various reaction temperatures (200, 225, and 250 °C) using a fixed 
bed microreactor. The characterization results reveal that Al-PILC synthesized by 
sonochemistry exhibits significantly higher surface area and total acidity values than 
bentonite and Al-PILC synthesized by conventional methods because of the forma-
tion of stable  Al2O3 pillars in the interlayer spaces of bentonite. The sonochemically 
synthesized Al-PILC produces optimum ethanol conversion and diethyl ether yield 
of 46.05% and 41.11%, respectively. The conversion of ethanol and diethyl ether 
yield reaches an optimum result at 225  °C. Based on this study, the pillarization 
of bentonite using  Al2O3 can enhance its catalytic properties toward diethyl ether 
production.
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Introduction

The availability of sustainable energy reserves and the decrease in pollutants to the 
surroundings, in the form of emissions produced from fossil fuels, pose challenges 
for researchers in discovering environmentally friendly renewable energy sources 
[1]. One promising alternative fuel candidate is diethyl ether (DEE), recognized 
as a potential oxygenated fuel suitable for ignition in gasoline and diesel engines 
[2]. This recognition stems from its distinctive characteristics, which include high 
volatility, low flash point, an octane number exceeding 125, high oxygen content, 
wide flammability limits, low ignition energy, excellent miscibility with diesel and 
bioethanol fuels, and minimal carbon monoxide emissions [3–8]. Diethyl ether is 
used in various applications and is an aromatic solvent alternative; therefore, it plays 
a crucial role in the fine chemicals sector [9].

Diethyl ether is a product obtained through the dehydration reaction of ethanol 
using homogeneous acid catalysts, like sulfuric acid, which are toxic and corrosive 
[10]. However, homogeneous catalysts offer advantages in terms of stability and 
activity because of their excellent solubility in the reaction medium [11]. Research-
ers can overcome the drawbacks of homogeneous acid catalysts by employing heter-
ogeneous acid catalysts, which offer advantages such as ease of separation, non-cor-
rosiveness, non-toxicity, cost-effective purification, and environmental friendliness 
[12]. On an industrial scale, ethanol dehydration is typically performed using solid 
acid catalysts, with H-ZSM-5 zeolite being the most frequently employed and serv-
ing as a reference catalyst [1]. In addition, metal oxides, alumina, silica-alumina, 
and heteropolyacids have been investigated for their high catalytic activity in ethanol 
dehydration.
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Bentonite is a silica-alumina material containing montmorillonite components 
with a high swelling ability and cation exchange capacity (CEC) [13]. Consequently, 
bentonite can accommodate many other metals in the interlayer regions (Al, Zr, Fe, 
Ti, and Cr). Pillared bentonite (PILC) has emerged as a strong candidate for cat-
alyst support because of its molecular sieve characteristics and resistance to sheet 
deformation, even at relatively high temperatures. The specific surface and reactant 
adsorption area is significantly larger than the untreated bentonite [14, 15]. Different 
metal oxides used as pillaring agents determine the physicochemical characteristics 
of pillared bentonite [16]. Incorporating mixed metals into the welcomer clay fur-
ther enhanced the catalytic properties of the PILCs. Keggin ion-Al13 is frequently 
used as a pillaring agent because of its well-defined structure and chemical composi-
tion, which produce increased thermal stability and high acidity [17, 18]. Textural 
and acidity characteristics of the catalyst have a critical role in influencing the cata-
lytic activity [19].

Previous researchers have synthesized  Al2O3-pillared bentonite using alkaline-
hydrolyzed aluminum salt solutions [20–25]. However, the method remains conven-
tional, employing  AlCl3 salt under hydrolysis conditions with an  OH−/Al3+ mole 
ratio of 2–2.5, followed by stirring for 24 h. This conventional approach necessi-
tates an extended reaction time and substantial water consumption, making it less 
effective and efficient for industrial-scale applications. Recent studies have sought 
to overcome these limitations in the pillarization process by reducing the synthe-
sis costs and exploring environmentally friendly technologies. These alternatives 
include ultrasonication [16, 26, 27], microwave radiation [28], and one-step high-
temperature processes [29, 30].

Ultrasonication is a homogenization technique designed to break down large par-
ticles into smaller ones through cavitation waves, resulting in smaller and more uni-
form particle sizes [27, 31]. Ultrasonic technologies, as one of the synthesis meth-
ods, offer the advantage of reducing reaction time, minimizing water and reactant 
consumption, saving energy, and decreasing waste in pillaring bentonite [32, 33]. 
This renders ultrasonication an environmentally friendly method that aligns with the 
principles of green chemistry. Additionally, ultrasonication effectively improves the 
mass transfer rate between immiscible liquids in a heterogeneous system, generating 
sufficient activation energy for a reaction [34]. Compared to traditional approaches, 
the ultrasonication process shows superior physiochemical characteristics regard-
ing catalyst morphology, structure, and surface area. In addition, the ultrasonication 
method increases the surface area available for the reaction to occur while improv-
ing the dispersion of metal particles on the support system and preventing agglom-
eration [35].

Using ultrasonication, the pillarization process of bentonite takes only 20 min to 
produce pillared bentonite with the same characteristics as the conventional stirring 
method for 24 h [36]. The rise in ultrasonic energy would result in smaller and more 
uniform particle sizes due to the mechanical stress produced by ultrasonication-
generated cavitation waves [27]. Ultrasonication also improves the surface charac-
teristics of materials, such as average pore diameter, total pore volume, and spe-
cific surface area, by 4 to 6 times. Furthermore, the ultrasonication process for 20 
min can increase the specific surface area of Al/Cr-PILC three times more than the 
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conventional method [32]. Tomul et al. [37] studied the effects of ultrasonic treat-
ment and the traditional method for synthesizing Zr-pillared bentonite modified 
with Ce. According to the XRD results, the Zr and CeZr-pillared bentonites made 
conventionally showed basal spacing  d001 above 3.5 nm, which corresponds to the 
mesoporous pillared sites and another small basal spacing  d001 above 1.7 nm that 
is associated with microporous sites. They also obtained similar results using ultra-
sonic treatment of Zr and CeZr-pillared bentonites that produce low-intensity basal 
spacing  d001 above 1.9 nm.

Pillared bentonite shows promise as a catalyst in diethyl ether synthesis, boast-
ing critical properties such as a substantial surface area, high porosity, robust ther-
mal and hydrothermal stability, and elevated surface acidity. The synthesis of diethyl 
ether via ethanol dehydration, utilizing an alumina-intercalated vermiculite catalyst, 
was investigated by Maroszh et al. [38] across a temperature range of 50 to 300 °C. 
With increasing temperature, the ethanol conversion rate increases, reaching its 
maximum of 98% under optimal conditions at 300 °C with the alumina-pillared cat-
alyst (Al-PILC). Notably, the Al-PILC catalyst exhibited the highest selectivity for 
diethyl ether at 72%. Hasanudin et al. [39] studied diisopropyl ether synthesis using 
molybdenum phosphide pillared bentonite (MoP-PILC) in the dehydration reac-
tion of isopropyl alcohol. The acidity and pore size after pillarization also increased 
than Na-bentonite. The maximum acidity, ranging from 1.5755 to 5.7732 mmol/g, 
is found in MoP-PILC 4 mEq/g, suggesting a rise in catalytic activity. The compo-
sition of the MoP-PILC catalyst is 4 mEq/g, which produces the maximum diiso-
propyl ether yield of 64.5%. Hasanudin et  al. [40] used zirconium phosphate pil-
lared Na-montmorillonite as the catalyst in a comparable study. Over a temperature 
range of 150–350 °C, this catalyst produced a methanol conversion rate of 96.76%, 
a dimethyl ether product yield of 96.8%, and a dimethyl ether selectivity of 93.67% 
with an LSHV of 2.54  h−1 using  N2 gas flow. PILC catalysts demonstrated higher 
activity than γ-Al2O3. γ-Al2O3 catalysts showed superior selectivity for diethyl ether 
products but less selectivity for ethylene than PILC [41].

Therefore, this study emphasizes the green synthesis of  Al2O3-pillared bentonite 
using ultrasonication expected to produce a catalyst with high acidity, high activ-
ity, and selectivity in the dehydration of ethanol to diethyl ether. This investigation 
also compares the physicochemical characteristics of  Al2O3-pillared bentonite pre-
pared with both conventional stirring and ultrasonication at the intercalation stage, 
such as crystallinity, the change in basal spacing  d001, morphology structure, ele-
mental content, surface area, porosity, and total acidity. The catalytic activity of the 
 Al2O3-pillared bentonite was evaluated in the synthesis of diethyl ether at various 
reaction temperatures (200, 225, and 250 °C) using a fixed bed microreactor.

Experimental

Materials

The materials used in this research were commercial Ca-bentonite, aluminum(III) 
chloride hexahydrate  (AlCl3·6H2O, Sigma Aldrich), sodium hydroxide (NaOH, E 
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Merck), silver(I) nitrate  (AgNO3, E Merck), 99% ethanol  (C2H5OH, Sigma Aldrich), 
deionized water (CV Bima Aksara Nusa), and nitrogen gas  (N2, PT Surya Indotim 
Imex).

Bentonite preparation

Bentonite preparation was conducted using the procedure referred to [42]. 50 g of 
bentonite was washed with deionized water three times. The mixture was centri-
fuged at 4500 rpm for 30 min to separate the filtrate and residue. The obtained resi-
due was dried at 110 °C for 6 h, ground, and sieved using a 250-mesh sieve.

Synthesis of  Al2O3‑pillared bentonite

Bentonite suspension (2% w/v) was stirred for 24 h at room temperature. 0.2 M 
NaOH was added slowly to 0.2 M  AlCl3∙6H2O with a mole ratio of  OH−/Al3+  = 2.2, 
and the mixture was stirred for 24 h at room temperature to produce an  Al13 pil-
lar solution. The intercalation process is performed by slowly adding the  Al13 pillar 
solution to the bentonite suspension. The intercalation process was performed using 
two methods: stirring for 24 h at room temperature and ultrasonication at 30 °C for 
20 min. The mixture was centrifuged at 3500 rpm for 30 min, and the filtrate was 
neutralized until it was free of chloride ions  (Cl−), as indicated by a negative test for 
 AgNO3). The resulting precipitates were dried at 110 °C for 24 h, ground, sieved 
using a 250-mesh sieve, and then calcined at 400 °C for 2 h, flowing by  N2 gas with 
a 20 mL/min flow rate. The obtained solids are  Al2O3 pillared bentonite (Al-PILC) 
and labeled as Al-PILC (A) for  Al2O3 pillared bentonite was intercalated using stir-
ring for 24 h at room temperature and labeled as Al-PILC (B) for  Al2O3 pillared 
bentonite was intercalated using ultrasonication at 30 °C for 20 min.

Characterization of the catalysts

The effectiveness of the alumina  (Al2O3) pillarization process as a pillaring agent 
was noticeable through alterations in the basal spacing  (d001) and crystallinity of 
the catalyst, as determined by X-ray analysis (Shimadzu XRD-6000) equipped with 
a Cu X-ray tube (1.5406 Å). The functional groups in the catalyst materials were 
measured using a Fourier transform infrared (FTIR) instrument (Thermo Scientific 
Nicolet iS10 at wavenumbers 4000–400  cm−1. Scanning electron microscopy elec-
tron dispersive X-ray spectrometry (SEM–EDX) mapping instrument (JEOL JED-
2300) and transmission electron microscope (TEM) instrument (JEM-1400 JEOL/
EO) were used to examine the morphological structure and elemental composition 
of the catalyst surface.

The total acidity and acid density of the catalyst materials was determined 
using the Temperature Programmed Desorption of Ammonia  (NH3-TPD) instru-
ment (Micromeritics Chemisorb 2750), which was heated between 100 and 800 °C 
at a heating rate of 10 °C/min. The surface area and porosity were analyzed using 
a Surface Area Analyzer (SAA) instrument (Quantachrome Novatouch LX-4) at 
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a degassing temperature of 300  °C for 4 h. A thermogravimetric analyzer (TGA) 
instrument (TGA 5500) was used to characterize the thermal stability of the catalyst 
at ambient temperatures up to 1000 °C, with a heating rate of 10 °C/min.

Synthesis of diethyl ether via catalytic ethanol dehydration

Diethyl ether was prepared by ethanol dehydration using a fixed-bed microreactor 
(see Fig. S1) with an inner diameter of 0.5 inches and a length of 30 cm according 
to the two combined methods [6, 43]. The dehydration reaction was conducted using 
0.2 g of catalyst and 10 mL of ethanol at a nitrogen gas flow rate of 20 mL/min. The 
diethyl ether product was analyzed using gas chromatography–mass spectrometry 
(GC–MS, Shimadzu QP2010S). The ethanol conversion and diethyl ether yield (%) 
can be calculated using Eqs. 1 and 2 [40]. Similarly, the reaction temperature for the 
best catalyst was varied to 200, 225, and 250 °C.

Here: m ethanol: mass of ethanol (g);  Ei: peak area of DEE in GC chromatogram, 
 Etotal: total peak area in GC chromatogram.

Results and discussion

X‑ray diffraction analysis

The XRD patterns of bentonite, intercalated bentonite, and  Al2O3 pillared bentonite 
(Al-PILC) are shown in Fig. 1. The crystal phases in the sample show diffraction 
peaks corresponding to JCPDS No 13–0135 (montmorillonite), JCPDS No 46–1045 
(quartz), and JCPDS No 47–1743 (calcite). The diffractogram of Al-PILC reveals 
peaks at 2θ = 19.68°, 34.65°, and 61.84°, indicating the presence of montmorillon-
ite layers, which are the significant constituents of bentonite. The peak at 26.55° 
suggests the presence of quartz  (SiO2). The presence of quartz is confirmed by the 
existence of an absorption peak at 794  cm−1, as indicated in Fig. 2. Al-PILC exhibits 
a diffraction pattern that is almost identical to bentonite. The diffraction peak of Al-
PILC has a relatively lower intensity than bentonite and intercalated bentonite. This 
suggests that the formation of  Al2O3 metal oxide is somewhat limited.

The phenomena of  Al2O3 intercalation and pillarization into the interlayer silicate 
structure of bentonite can be observed by examining the peak shifts on the (001) 
plane. In general, the pillarization or intercalation process will cause a change in 
the low-angle diffraction of d001 and enhance the basal spacing of  d001 in benton-
ite. The  d001 of bentonite, Al-intercalated bentonite, and Al-PILC are 12.49 Å at 2θ 

(1)Ethanol conversion (%) =
m ethanol

in
−m ethanol

out

m ethanol
in

× 100

(2)DEE yield (%) =
E
i

E
total

× 100
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of 7.07° (∆d001 = 2.89 nm), 15.33 Å at 2θ of 5.76° (∆d001 = 5.73 nm), and 15.22 
Å at 2θ of 5.80° (∆d001 = 5.63 nm), respectively. This value represents the distance 
between two bentonite layer structures, including the thickness of the layer (9.6 Å) 
[44]. One bentonite layer consists of an alumina silicate layer (two tetrahedral layers 

Fig. 1  XRD patterns of a bentonite, b Al-intercalated bentonite, c Al-PILC (A), and d Al-PILC (B)

Fig. 2  FTIR spectra of a bentonite, b Al-PILC (A), and c Al-PILC (B)
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and one octahedral layer) of 9.6 Å, and the distance between the bentonite layers 
(∆d001) [45], as seen in Fig. S2. The reflection peak shift to lower degrees indicates 
increased basal spacing in the bentonite after intercalation. This occurs because the 
larger-sized Keggin-ion  Al13 replaces the cations present in the interlayer spaces of 
bentonite  (Ca2+,  Na+,  K+) through a cation exchange mechanism [46]. After the cal-
cination process, the basal spacing decreases because of the dehydration and dehy-
droxylation processes, forming aluminum metal oxide, which serves as pillars within 
the interlayer silicate structure of bentonite. The increasing intensity peak of quartz 
after  Al2O3 pillarization is likely due to the structural changes induced by the pil-
larization process. The  Al2O3 pillars are introduced into the interlayer of bentonite, 
leading to the expansion of the interlayer spaces and the formation of a more stable 
structure. This process can reduce the intensity of the characteristic peaks associ-
ated with montmorillonite, as the original crystal lattice of the clay mineral may be 
disrupted or altered. On the other hand, quartz impurities or the exposure of quartz 
grains on the pillared bentonite’s surface may contribute to the increase in quartz 
peaks.

The intercalation method in the synthesis of Al-PILC also affects the value of 
basal spacing  d001 (see Fig. 1). Al-PILC prepared using the ultrasonication method 
(Al-PILC (B)) results in a peak in the region of 2θ = 5.88° with a basal spacing 
value of 16.00 Å (∆d001 = 3.42 nm). The peak intensity  d001 in Al-PILC (B) is lower 
than in Al-PILC (A). The ultrasonic process facilitates the diffusion of  Al13-pillars 
into clay layers during the exchange process [47]. These results are supported by the 
smaller average pore size in Al-PILC prepared using sonochemistry (see Table 1) 
because ultrasonic waves break down large particles into smaller, more uniform par-
ticles [27, 31].

Infrared analysis

The FTIR spectra of the bentonite and Al-PILCs are presented in Fig. 2. The absorp-
tion peak at wavenumber 3410  cm−1 is assigned to the stretching vibration of –OH 
groups for physisorbed water molecules  (H2O) from silanol (Si–OH) [14, 46, 48] 
and at 3618  cm−1 is assigned to the stretching vibration of –OH groups coordinated 
to  Al3+ cations (aluminol) in the octahedral layers  (TO6) on the bentonite struc-
ture [49]. The pillarization process replaces many interlayer cations in the form of 
hydrated compounds, decreasing the intensity of the –OH peak. Therefore, using 
various synthesis methods, a significant decrease in the peak intensity occurs at 

Table 1  Surface and pore 
characteristics of the catalysts

Sample Specific surface 
area  (m2/g)

Total pore 
volume (cc/g)

Average pore 
diameter (nm)

Bentonite 47.53 0.10 8.69
Al-PILC (A) 54.54 0.10 7.16
Al-PILC (B) 60.03 0.11 7.14
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3410  cm−1 for Al-PILC materials. This result is likely due to aluminum metal oxide 
 (Al2O3) pillars forming within the bentonite structure.

The high intensity of a band observed at 1630   cm−1 represented the bending 
vibration of hydroxyl and absorbed interlayer water molecules within the host clay 
[50]. However, its intensity diminished in the pillared clay due to the replacement of 
larger hydrated interlayer cations [51]. The Si–O–Si stretching vibration occurred at 
1033  cm−1 and shifted to 1041  cm−1 after pillarization due to the formation of  Al2O3 
in interlayer spaces of bentonite. At the wavenumber of 918  cm−1, a peak is related 
to the bending vibration of Al–Al–OH. The absorption intensities of Si–O bending 
vibration from quartz minerals  (SiO2) and Si–O–Si bending vibrations in the tetra-
hedral layer  (TO4) are detected at 794  cm−1 and 462  cm−1, respectively [48, 52], and 
their intensity was decreased in Al-PILC materials. The peak at 794  cm−1 is the ben-
tonite impurities, which do not undergo significant changes for the Al-PILC catalyst 
prepared without ultrasonication.

Surface area and porosity analysis

The  N2 adsorption–desorption isotherm profiles for bentonite, Al-PILC (A), and Al-
PILC (B) are shown in Fig. 3. According to the IUPAC classification, the  N2 adsorp-
tion–desorption isotherm profiles of bentonite and Al-PILCs are type IV, indicating 
the formation of mesoporous materials. A material is claimed to be mesoporous if 
it has pore diameters between 2 and 50 nm. The profiles also display the hysteresis 
loop H4, which is typical of narrow slit-like pores and is observed in the P/P0 range 

Fig. 3  N2 adsorption–desorption isotherm profiles of the catalysts
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of 0.45–1.0. The pore sizes obtained in bentonite and Al-PILCs with the highest fre-
quency range of 4–5 nm supported their classification as mesoporous materials (see 
Fig. S3). The pore size distribution curve of both the bentonite and Al-PILC materi-
als dominated the mesoporous sizes (2–50 nm) and did not show pore distribution in 
the micropore range (< 2 nm).

The pillarization process using  Al2O3 alters the surface characteristics of benton-
ite (see Table 1). The specific surface area (SBET) increases because of the interca-
lation of the Keggin-ion  Al13 into the interlayer structure of bentonite, even though 
the average pore diameter decreases. The reduction in the average pore diameter 
of Al-PILCs could be attributed to the aluminum cations filling the pores during 
the exchange process in the intercalation stage. The bentonite layer arrangement 
changes from a delaminated structure (house of cards) to a more regular, face-to-
face interaction, contributing to decreased average pore diameter. The results indi-
cate that the surface area and total pore volume of the Al-PILC catalyst synthesized 
by sonochemistry are higher than those of the conventional method, and there is a 
decrease in average pore diameter, although this is significant. The change in pore 
size occurs due to cavitation waves generated by ultrasonication [27].

The mechanism of bentonite pillarization using  Al2O3 is shown in Fig.  4. The 
pillarization process is based on the swelling phenomenon in bentonite, where the 
distance between the bentonite layers increases after hydration  (d1). The pillariza-
tion process in bentonite consists of two main stages: intercalation and calcina-
tion. The intercalation stage involves inserting polyhydroxy metal cations into the 
interlayer space of bentonite through a cation exchange mechanism. In contrast, 
the calcination stage is the stage of forming metal oxides by heating at high tem-
peratures. However, the layered structure of bentonite collapses upon dehydra-
tion. The initial stage of bentonite pillaring involves the intercalation of bentonite 
using a large-sized aluminum polycation with a high charge, namely the Keggin-
ion  ([AlO4Al12(OH)24(H2O)12]7+), which replaces  Na+,  K+, or  Ca2+ ions between 

Fig. 4  Mechanism of bentonite pillarization by  Al2O3
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bentonite layers through a cation exchange mechanism. As a result, the distance 
between the bentonite layers increases  (d2). Subsequently, during the calcination 
process, the Keggin-ion undergoes dehydration and dehydroxylation, forming alu-
minum oxide metal pillars  (Al2O3) that open and support the structure between the 
bentonite layers  (d3). The pillaring phenomenon causes intercalated bentonite  (d2) 
to have a greater distance between layers than hydrated bentonite  (d1) and pillared 
bentonite  (d3).

Morphological and elemental composition study

SEM images are shown in Fig. S4, where Al-PILC obtained through ultrasonication 
during the pillarization exhibit small particles with sizes identical to those obtained 
without ultrasonication. In contrast, pillared bentonite without ultrasonication typi-
cally exhibits large aggregates or bulky particles. Ultrasonication-assisted pillariza-
tion produced small, uniform particles in the bentonite layers. Because of the signifi-
cant accumulation of particles, the ultrasonication effect can perforate them, forming 
small porous particles [53]. Consequently, the surface area of the Al-PILC catalyst 
was higher in the presence of ultrasonic treatment (see Table 1).

The distribution of the elements in bentonite before and after the pillarization 
process using EDX is shown in Table 2, and the elemental mapping of the Al-PILC 
(B) catalyst is shown in Fig. S5. The type of bentonite used in this research is Ca-
bentonite. After the pillarization process, the amount of aluminum increased, but the 
quantity of the other elements (Si, Ca, Mg, and Fe) decreased. In Al-PILC (A), the 
aluminum content increased from 5.53% to 6.32%, and the calcium and magnesium 
contents decreased from 1.14% to 0.41% and from 3.24% to 0.63%, respectively. 
This is because of the exchange process between the cations in the interlayer spaces 
of bentonite, such as  Ca2+ or  Mg2+, with the metal polycation  Al13 in the pillaring 
solution.

The same results were obtained for the Al-PILC (B) catalyst prepared by ultra-
sonication. The amount of aluminum in Al-PILC (B) is significantly higher than 
that in Al-PILC (A) (without ultrasonication), with values of 7.83% and 6.32%, 
respectively. The sonochemical synthesis of  Al2O3-pillared bentonite using ultra-
sonic waves provides a more effective cation exchange process between the pil-
laring agent and interlayer cations in the bentonite structure than without the 

Table 2  Elemental composition 
(wt%) obtained by EDX of 
bentonite, Al-PILC (A), and 
Al-PILC (B)

Element Bentonite Al-PILC (A) Al-PILC (B)

O 55.90 44.30 46.80
Al 5.53 6.32 7.83
Si 18.81 11.92 12.65
Ca 1.14 0.41 0.59
Mg 3.24 0.63 0.65
K 0.30 0.59 0.62
Fe 5.89 1.79 1.56
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ultrasonication process. Therefore, the quantity of metal to be exchanged with 
cations in the interlayer regions of bentonite by the ultrasonication process is 
much higher than that without ultrasonication.

The TEM micrographs of bentonite and Al-PILC are presented in Fig. S6. The 
lamellar structure of bentonite material is more apparent than in SEM micro-
graphs. The parallel lines depict the bentonite’s layered structure, which becomes 
apparent following the alumina oxide pillarization process. The Al-PILC catalyst 
shows a larger sheet structure than bentonite due to the pillaring process of alu-
minum metal oxide. This process enlarges the interlayer space of bentonite that 
resulted from the intercalation of aluminum polycations into the bentonite inter-
layer, as indicated by an increase in the basal spacing  d001 after pillarization and 
enhancement of the surface area, as can be seen in Table 1.

Acidity study

NH3-TPD examines the total acidity of all catalysts between 100 and 800  °C, as 
shown in Fig. 5. There are two desorption ranges in the TPD profiles, i.e., the des-
orption peak at lower temperatures below 300 °C (weak acid sites) and higher tem-
peratures above 300 °C (strong acid sites). Note that the pillarization of bentonite 
with  Al2O3 causes an increase in the desorption peak at lower and higher tempera-
tures, indicating that  Al2O3-pillared bentonites have significantly higher acidity than 
bentonite. This suggests that the intercalation of  Al2O3 into the bentonite structure 
results in stronger physical ammonia adsorption on the pillared bentonite surface.

Fig. 5  NH3-TPD profiles of the catalysts
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The acidity results of the prepared catalysts are tabulated in Table  3. The Al-
PILC catalyst synthesized by sonochemistry shows a higher acidity value than the 
Al-PILC synthesized using the conventional method, with a value of 5.269 mmol/g. 
It can be concluded that the ultrasonication method increases the amount of  Al2O3 
metal intercalated into the layered structure of bentonite through a mechanism 
involving the exchange of Keggin-ion  Al13 with other cations present in the inter-
layer structure of bentonite [54].

The acidity of the catalysts consists of Brønsted and Lewis acids. Brønsted acid 
in pillared bentonite is generated by the hydroxyl groups of the silanol groups in 
the layered structure of bentonite. In contrast, the Lewis acid originates from alu-
minum metal oxide pillars  (Al2O3). The aluminum metal contributes to the Lewis 
acid sites by providing an empty 3p orbital to accept lone pair electrons from other 
atoms or molecules. This suggests that strong acid sites correspond to Brønsted acid 
sites and their results from the ion exchange between  Al3+ and  H+ ions. Further-
more, the weak acid sites identified through  NH3-TPD analysis indicate the Lewis 
acid sites characterized by electron deficiency [54]. Al-PILCs show high values of 
acid density expressed in mmol  NH3/m2 specific surface area compared with ben-
tonite because of the increase in the total acidity and BET surface area after the pil-
larization process.

Pyridine and n-butylamine adsorption have been reported to measure the acidity 
strength and number in solid acid materials [55, 56]. The total acid number of the 
samples can be calculated by dividing the total number of acid sites by the moles of 
adsorbed pyridine or n-butylamine. Pyridine adsorption treatment is used to evalu-
ate the distribution of Brønsted and Lewis acids on the surface, followed by FTIR 
analysis on the pyridine-adsorbed samples. Vibration spectra of pyridine are shown 
at 1400–1700  cm−1. Surface hydroxyl groups physically adsorb pyridine in the stud-
ied oxide structures. Based on Fig. S7, the absorption bands were observed in the 
wavenumber region around 1550  cm−1 and 1404  cm−1. The absorption peaks around 
1550  cm−1 correspond to the vibrations of pyridinium ions formed as a result of pro-
ton transfer from Brønsted acid sites, while the absorption at 1404  cm−1 is attributed 
to pyridine adsorption on the Lewis acid sites [23, 57]. The Lewis and Brønsted acid 

Table 3  Acid properties of the catalysts

a Obtained from  NH3-TPD analysis
b Calculated by using the area at 100–300 °C
c Calculated by using the area at 300–800 °C
d Obtained from total acidity/specific surface area
e L value obtained from peak area at 1404–1450  cm−1 and B value obtained from peak area at 1550  cm−1 
from Py-FTIR spectrum

Sample Total acidity 
(mmol/g)a

Weak acidity 
(mmol/g)b

Strong acidity 
(mmol/g)c

Acid density 
(mmol/m2)d

L/B  ratioe

Bentonite 1.94 0.30 1.63 0.04 1.76
Al-PILC (A) 2.31 0.52 1.78 0.04 1.26
Al-PILC (B) 5.27 1.37 3.90 0.09 1.11
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site ratio (L/B) values of each sample can be calculated using the area of the Py-
FTIR spectrum at each characteristic wavenumber. Table 3 shows that pillarization 
with  Al2O3 decreased the L/B ratio value of bentonite. This phenomenon indicates 
that the presence of Brønsted acid sites on Al-PILC is more dominant compared to 
bentonite.

Thermal stability analysis

The TG/DTA curves for the bentonite and Al-PILC catalysts are shown in Fig. 6. 
As can be seen, bentonite and Al-PILC samples showed similar thermal behavior in 
which mass loss for all the samples occurs in three stages. The TG curve indicates 
that at temperatures up to 200 °C, bentonite has lost a percentage of its mass. This 
mass loss is attributed to the desorption of physically adsorbed water on the sur-
face of bentonite and the release of water molecules bound to exchanged cations in 
the interlayer spaces of bentonite [58]. Al-PILC showed a mass loss of 7.09% (con-
ventional method) and 5.73% (ultrasonication method) over the same temperature 
range. The second mass reductions at 200–450 °C for bentonite, Al-PILC (A), and 
Al-PILC (B) are 14.47%, 8.81%, and 7.12%, respectively. This range of mass reduc-
tion temperature is associated with the dehydroxylation of bentonite, which results 
from hydroxyl groups in the bentonite octahedral layer [59]. Finally, mass loss 

Fig. 6  TG (black)/DTA (red) curves of a bentonite, b Al-PILC (A), and c Al-PILC (B). (Color figure 
online)
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occurring at temperatures ranging from 400 to 700 °C (bentonite = 16.92%, Al-PILC 
(A) = 11.99%, and Al-PILC (B) = 10.15%) is attributed to the thermal decomposition 
of the layered pattern of the bentonite clay [60]. This is consistent with the literature, 
which reports the thermal stability of pillared clays up to 650 °C. This step is related 
to the stability of the pillars since an essential decrease in the basal spacing values 
occurs at this temperature, indicating the collapse of the clay structure [61].

On the DTA curve of bentonite and Al-PILCs, endothermic peaks up to 200 °C 
represent the endothermic reaction of the physically released adsorbed water mol-
ecules from the interlayer space of the bentonite structure [51]. The second small 
peak corresponds to the structural dehydroxylation of the clay mineral [59]. The 
third low-intensity endothermic peak for Al-PILCs occurred at 400–700 °C, con-
firming the thermal decomposition of the layered pattern of the bentonite clay [60]. 
The total mass loss for the bentonite and Al-PILC samples is as follows: bentonite 
(44.41%), Al-PILC (A) (27.89%), and Al-PILC (B) (23.00%). The pillarization of 
bentonite with  Al2O3 enhances the thermal stability of the material. The ultrasonica-
tion process yields Al-PILC material with better thermal stability than the conven-
tional method because the intercalation of pillaring agent polyoxocations  Al13 into 
the bentonite structure is more extensive, thereby increasing the potential for form-
ing  Al2O3 pillars.

Catalytic ethanol dehydration into diethyl ether

The ethanol dehydration process leading to diethyl ether formation results in three 
categories of products: liquid, gas, and solid products in the form of coke. However, 
this investigation only focuses on liquid products to assess catalyst activity based on 
the quantity of diethyl ether produced, not other products such as gas and solid. The 
experiments were conducted using the same catalyst weight, comparing the catalytic 
performance of all catalysts (bentonite, Al-PILC (A), and Al-PILC (B)) at 225 °C. 
The results of the catalytic ethanol dehydration using bentonite and Al-PILC cat-
alysts are shown in Fig. 7. The ethanol conversion using the Al-PILC catalysts is 
higher than that using bentonite. This  is because the alumina pillarization process 
of bentonite catalysts increases the acidity value in the catalyst. The strength of sur-
face acid sites greatly influenced the acidity density of the catalyst material and the 
synthesis of diethyl ether [62]. The presence of protons  (H+) released by the ioniza-
tion of strong acids as Brønsted acid sites will protonate ethanol molecules to form 
ethoxide ions as intermediate compounds in the formation of DEE. The synthesis of 
Al-PILC using the ultrasonication method yields significantly higher ethanol conver-
sion than Al-PILC synthesized by the conventional method. We can conclude that 
ultrasonication can increase the catalyst’s total acidity value and surface properties, 
thereby enhancing ethanol conversion. This statement is confirmed by the results of 
the L/B ratio value of Al-PILC (B), which is lower than Al-PILC (A) and bentonite, 
so better catalytic performance is obtained for the use of Al-PILC (B).

We define catalyst selectivity as the catalyst’s ability to form diethyl ether via 
ethanol dehydration. Typically, the characteristics of the acid site and the reaction 
conditions, particularly temperature, influence the catalyst selectivity. Fig. 7 shows 
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that Al-PILC synthesized using the ultrasonication method produces a higher per-
centage of DEE yield at 41.11% compared with bentonite and Al-PILC synthesized 
by the conventional method. This result is consistent with the surface characteristics 
and total acidity of the Al-PILC material synthesized using the sonication method, 
as indicated in Tables 1 and 3. Based on these data, the catalyst acidity, as confirmed 
by the  NH3-TPD results, plays an essential role in enhancing the catalytic activity of 
Al-PILC materials.

In this study, the ethanol dehydration of the Al-PILC (B) catalyst was performed 
at various reaction temperatures to determine the optimum temperature. The results 
are presented in Fig. 8. The reaction temperature increase was accompanied by an 
increase in the conversion of liquid, with conversions at 200, 225, and 250  °C of 
13.33, 46.05%, and 48.18%, respectively. The Arrhenius equation shows that a tem-
perature increase would enhance the reaction rate constant, consequently increas-
ing the overall reaction rate. Therefore, increased temperatures can improve ethanol 
conversion [1, 63, 64].

Fig. 8 shows that the ethanol dehydration over the Al-PILC (B) catalyst occurs 
at the optimum temperature of 225  °C, with the highest product yield of diethyl 
ether being 41.11%. Although the highest ethanol conversion occurs at 250 °C, the 
dehydration reaction produces diethyl ether (18.90%) and generates other by-prod-
ucts, like acetaldehyde, with approximately 4.66%. Furthermore, ethanol dehydra-
tion at temperatures exceeding 400 °C will yield up to 100% ethylene [10]. We can 
conclude that the highest ethanol conversion occurs at 250  °C, whereas the high-
est selectivity toward diethyl ether is observed at 225 °C. The highest diethyl ether 
content was obtained, reaching 1.62%, using the  SO4/ZrO2 catalyst at a reaction 

Fig. 7  Histogram of catalytic ethanol dehydration using various catalysts. Experimental conditions: 
T = 225 °C,  N2 gas flow rate = 20 mL/min, m catalyst = 0.2 g, and V ethanol = 10 mL
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temperature of 225  °C [65]. The optimum temperature for ethanol dehydration at 
225 °C has also been reported by researchers using different catalysts, such as the 
 SO4/TiO2 catalyst [43] and the  SO4/SiO2 catalyst [64], with diethyl ether yields of 
1.72% and 9.54%, respectively.

The reaction pathways for the dehydration of ethanol as stated by Rahmanian 
and Ghaziaskar [66] are shown in Fig. S8. Typically, ethanol can be converted into 
higher-value chemical products via a dehydration reaction, such as diethyl ether, 
acetaldehyde, and ethylene, depending on the reaction temperature when catalyti-
cally dehydrated using solid acid catalysts. The diethyl ether and ethylene formation 
are thermodynamically favored at temperatures ranging from 150 to 350 °C and 350 
to 500 °C, respectively [67].

Reusability test of the catalyst

The reusability test of the Al-PILC (B) catalyst was conducted using this catalyst for 
three consecutive runs, and the results are depicted in Fig. S9. The ethanol conver-
sion of the produced liquid decreases significantly over three runs (46.05%, 21.16%, 
and 14.32%, respectively). The reduction of ethanol conversion is followed by a 
decrease in the yield of diethyl ether produced. This decline might be attributed to 
coking deactivation. Coking refers to the accumulation of carbon deposits on the 
catalyst surface, covering the catalyst pores after the first run.

Consequently, the catalyst deactivates, resulting in a subsequent decrease in the 
Al-PILC (B) catalytic activity. SEM image of the Al-PILC (B) catalyst after three 

Fig. 8  Histogram of catalytic ethanol dehydration using Al-PILC (B) catalyst at various temperatures. 
Experimental conditions:  N2 gas flow rate = 20 mL/min, m catalyst = 0.2 g, and V ethanol = 10 mL
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consecutive runs in Fig. S10 shows that the catalyst’s pore surface is partially cov-
ered by carbon deposits, reducing catalyst activity during the conversion of ethanol 
to diethyl ether. The formation of coke in heterogeneous catalytic reaction processes 
is highly likely to occur due to the contact and decomposition of organic materials 
with the solid catalyst at high temperatures [68]. This statement is also supported 
by the EDX data from the spent Al-PILC (B) catalyst sample presented in Table 4. 
EDX analysis successfully detected the presence of carbon on the catalyst’s surface, 
which can interfere with the catalyst’s performance in repeated use. Future research 
is necessary to modify Al-PILC (B), such as by dispersing transition metals to mini-
mize catalyst deactivation.

Conclusion

The solid acid catalyst has been successfully synthesized from bentonite through a 
pillarization process using the Keggin-ion  Al13, forming Al-PILC by different inter-
calation methods, which are the conventional stirring labeled as Al-PILC (A) and 
the ultrasonication labeled as Al-PILC (B). The difference in the bentonite intercala-
tion stage’s synthesis methods affects the Al-PILC catalyst’s physicochemical prop-
erties. The surface area values of Al-PILC (A) and Al-PILC (B) were 54.54  m2/g 
and 60.03  m2/g, respectively, showing no significant difference. However, a notable 
increase in total acidity was observed between Al-PILC (A) and Al-PILC (B) due to 
variations in the intercalation method, with measurements of 2.31 mmol/g and 5.27 
mmol/g, respectively. Compared to Al-PILC (A), Al-PILC (B) shows better acidity 
and surface area values and is more beneficial to green chemistry in the synthesis of 
Al-PILC.

Consequently, it has enhanced catalytic activity while generating diethyl ether. 
The optimum reaction temperature of ethanol dehydration over the Al-PILC (B) 
catalyst is 225 °C, with the highest product yield of diethyl ether being 41.11%. 
However, the liquid conversion is 46.05% lower than that of Al-PILC (A), which is 
48.18%. Further investigation is necessary to determine how catalyst mass and reac-
tion time affect the catalyst activity and selectivity and modifications to it to improve 
stability when used repeatedly.

Table 4  Elemental composition 
obtained by EDX of Al-PILC 
(B) catalyst after reusability test

Element Percentage (wt%)

O 45.63
Al 11.82
Si 24.07
Ca 1.06
Mg 1.44
K 0.38
Fe 4.33
C 10.63
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