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Abstract: Sulfated silica (SO4/SiO2) and nickel impregnated sulfated silica (Ni-SO4/SiO2) catalysts
have been successfully carried out for the conversion of ethanol into diethyl ether (DEE) as a biofuel.
The aims of this research were to study the effects of acidity on the SO4/SiO2 and Ni-SO4/SiO2

catalysts in the conversion of ethanol into diethyl ether. This study focuses on the increases in activity
and selectivity of SiO2 with the impregnation of sulfate and Ni metal, which had good activity and
acidity and were less expensive. The SO4/SiO2 catalysts were prepared using TEOS (Tetraethyl
Orthosilicate) as a precursor and sulfuric acid with various concentrations (1, 2, 3, 4 M). The results
showed that SO4/SiO2 acid catalyst treated with 2 M H2SO4 and calcined at 400 ◦C (SS-2-400) was
the catalyst with highest total acidity (2.87 g/mmol), while the impregnation of Ni metal showed the
highest acidity value at 3%/Ni-SS-2 catalyst (4.89 g/mmol). The SS-2-400 and 3%/Ni-SS-2 catalysts
were selected and applied in the ethanol dehydration process into diethyl ether at temperatures
175, 200, and 225 ◦C. The activity and selectivity of SS-2-400 and 3%/Ni-SS-2 catalysts shown the
conversion of ethanol reached up to 9.54% with good selectivity towards diethyl ether liquid product
formation.

Keywords: sulfated silica; catalyst; nanoparticle; diethyl ether; fuel additives; ethanol

1. Introduction

The world’s demand for energy originating from fossil fuels such as natural gas and
petroleum oil continues to increase, while the availability of this fuel continues to decrease.
The development of alternative fuels is one solution to reducing this [1,2]. Biofuels are
environmentally friendly and renewable alternative energy sources to overcome this prob-
lem. Diethyl ether is one of the biofuels that can effectively be used as a fuel [3] due to its
high octane and cetane numbers, with values of 110 and 125, respectively [4–7]. Its good
combustion characteristics indicate that it can improve engine performance and reduce
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fuel consumption [8]. Diethyl ether (DEE) is generally made by dehydrating ethanol com-
pounds (Barbet process) with a homogeneous catalyst such as H2SO4. The conversion of
ethanol into diethyl ether using an H2SO4 catalyst reached 23% DEE [9]. However, the
drawback of this process is that it is expensive, corrosive, and the separation of catalyst and
products at the end of the reaction is still difficult due to the homogeneous catalyst and
DEE liquid product being mixed together. A solid acid catalyst is a heterogeneous catalyst
and it was already been reported to overcome this problem in ethanol dehydration [10].

Silica as a catalyst matrix has high surface area, good chemical and thermal stability,
uniform pore size, high adsorption capacity, and good pore framework for free diffusion
between substrates [11,12]. As an inert material, the addition of sulfate ions (SO4

2−) to
the silica can improve its catalytic activities by increasing the acidity, surface area, ther-
mal stability, and porosity [13,14]. The sulfate ions (SO4

2−) act as ligands that donate a
lone pair electron through the Oxygen atom and form a coordination bond with the Si4+

cation [15]. The addition of sulfate anions to silica (SO4/SiO2) will create Brønsted and
Lewis acid sites from the sulfate group, which increases its catalytic activity in ethanol
dehydration. Feng et al. [16] reported the catalytic activity of Ti(SO4)2/CS (Sulfated tita-
nia/activated carbon sphere) with catalyst for methanol dehydration into dimethyl ether
(DME). Ti(SO4)2/CS catalyst reveal the conversion and selectivity of DME up to 11.7
and 75.8%, respectively. The high conversion of DME is due to the presence of weak
acid and redox sites on the Ti(SO4)2/CS catalyst, which is suitable for direct oxidation of
dimethyl ether.

Increasing the catalytic activity of SiO2 catalyst has been widely investigated by the
addition of metals. Platinum (Pt) and Palladium (Pd) noble metals are commonly used
as dopants for SiO2 supported catalyst fabrication. Supported Pt and Pd metal catalyst
shows higher catalytic activity. However, these metals are less economical due to their high
cost and limited availability. Pt and Pd metals are starting to be switched with non-noble
transition metal that has low cost and is more available, such as Nickel (Ni) [17]. The
catalytic activity of Nickel (Ni) as a support catalyst shows its good activity and acidity.
Dehydration of ethanol to diethyl ether using Nickel (Ni) as a support catalyst has shown
good catalytic activity and reached a conversion of diethyl ether up to 30% [18,19]. Ni
metal is a type of transition metal that can act as a carrier in the adsorption of reactants on
the surface of the catalyst. Ni metal forms coordination covalent bonds which can facilitate
the formation of intermediates on the surface of the catalyst. In addition, Nickel has an
unpaired electron which is capable of forming Brønsted acid site by hydrogen (H2) splitting
and a Lewis acid site as an electron acceptor from vacant of orbital (4p) that can accept
electron pairs from Lewis bases [20,21]. Recent reports reveal that the addition of Nickel
to a SiO2 catalyst supports and enhances the hydrocracking of vegetable oil due to the
presence of Ni dopants in the supported catalyst [21].

This study focused on the development of porous sulphated SiO2 as a catalyst for the
dehydration of ethanol into diethyl ether. The influence of sulfation on SiO2 (SO4/SiO2
catalyst) was determined by the acidity value of the optimum sulfate concentration and
calcination temperature. The catalyst with the highest acidity value was then impregnated
with Nickel metal as Ni-SO4/SiO2. Based on the highest acidity of the catalyst, SO4/SiO2
and Ni-SO4/SiO2 was applied to determine the catalyst efficiency in the dehydration
reaction of ethanol into diethyl ether.

2. Results and Discussion
2.1. FTIR Analysis

The infrared spectra of the SO4/SiO2 catalysts from the variations in H2SO4 concen-
tration are shown in Figure 1. The absorptions at the wave number 460 and 815 cm−1

show the bending and symmetrical stretching vibrations in the Si-O-Si groups. The broad
absorption band at 3600–3000 cm−1 represents the stretching vibration of the -OH group
from silanol groups (Si-OH) [21]. Meanwhile, the bending vibration of the -OH group of
silanol originated from the water molecule as confirmed through absorption at 1600 cm−1.



Catalysts 2021, 11, 1511 3 of 13

The absorption at 1100 cm−1 shows the asymmetric stretching vibrations of the Si-O-Si
groups overlapping with the stretching vibration of the S-OH from the HSO4

−1 ion [22].
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Figure 1. FTIR spectra of SiO2, SS-1, SS-2, SS-3, and SS-4 catalyst. SS = Sulfated silica.

The spectra of the SO4/SiO2 catalysts show the less intense peak at 1467 and
1418 confirmed the presence of SO4 symmetry and asymmetry stretching vibration, and in-
dicated the sulfation was successfully carried out on silica framework [20,23]. The overlap
of the absorption band at the wave number 1200–950 cm−1 for SiO2 and SO4

2− showed
the shift to a smaller wavenumber due to the SO4

2− ions was coordinated with the oxygen
from SiO2 [24,25].

The acidity test was carried out using the gravimetric method with pyridine gas. The
acidity of SiO2 and SO4/SiO2 catalysts at varying concentrations is shown in Table 1. SiO2
has an acidity value of 2.08 mmol/g. The addition of sulfate to SiO2 showed an increase
in the acidity of catalysts. The SS-2-400 catalyst was shown to have the highest acidity
(2.87 mmol/g), which was confirmed by the FTIR spectra of the SS-2 catalyst (Figure 1)
that had the highest intensity of SO4 vibration at 1467 and 1418 cm−1. The acidity of the
catalysts then decreased from SS-2-500 to SS-4-500. This can be attributed to the number
and distribution of the sulfate groups on the surface that had reached a maximum value,
causing the adsorbed pyridine molecules to decrease [26].

Table 1. Acidity values of SiO2 and SO4/SiO2 catalysts.

Catalysts Acidity (mmol/g)

SiO2 2.08
SS-1 2.13
SS-2 2.22
SS-3 2.05
SS-4 1.68

SS-2-400 2.87
SS-2-500 2.22
SS-2-600 1.76

The SS-2 catalyst was then calcined at temperatures of 400, 500, and 600 ◦C. The FTIR
spectra of SS-2 catalysts at various temperatures are shown in Figure 2. The influence of
calcination temperature on the SS-2 catalysts caused the intensity of SO4 vibrations (1467
and 1418 cm−1) to decrease with increasing calcination temperature. The SS-2-400 catalyst
showed the highest intensity of SO4 vibrations. The acidity value of SS-2 catalysts (Table 1)
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confirmed that the SS-2-400 catalyst has the highest acidity value (2.87 mmol/g). An
increase in calcination temperature caused the acidity value of the catalysts to decrease due
to the sulfate groups on the surface of the catalyst decomposing and releasing SO3 [27,28].
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2.2. XRD Analysis

The diffractograms of the SO4/SiO2 catalysts are shown in Figure 3. The wide peaks
on the diffractograms indicate that the catalysts were amorphous [28]. The XRD patterns
of each catalyst showed broad and large peaks at 2θ = 22◦ (101). The resulting two-theta
angle, JCPDS 39-1425, indicated that the catalyst samples were naturally amorphous silica.
The activation with sulfuric acid did not change the crystal structure of the silica material.
The diffractogram of the silica treated with sulfate increased the intensities of silica caused
by the sulfate ions that managed to enter the silica catalyst framework [29].
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Figure 4 show an increased peak intensity of SiO2 with the increase in calcination
temperatures due to the aggregation of silica material and decomposition of sulfate groups
at high temperature calcination [30]. The crystallite size was calculated using Scherrer
equation. The increasing calcination temperature up to 600 ◦C influenced on the increasing
of crystallite size 7.16, 11.9, and 14.7 nm for SS-2-400, SS-2-500, and SS-2-600, respectively.
This condition was caused by the improvement of sulfate interaction with increasing
calcination temperature up to 600 ◦C and the stability of the sulfate was broken due to
overheating. The SS-2-400 catalyst has the highest sulfate groups, which gives it a broad
peak, whereas the SS-2-500 and SS-2-600 catalysts show high peak intensity due to the
increase in crystallinity catalysts with the decomposition of sulfate groups from the surface
of catalysts.
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2.3. Surface Morphology

The SEM images of SiO2 and SO4/SiO2 catalysts are shown in Figure 5. The catalysts
have an uneven sample surface consisting of chunks that form slabs with clear boundaries.
The images present that the particle size of the samples was uneven, consequential of the
amorphous character shown in the XRD characterization [31]. Based on the SEM images,
the morphologies of SiO2 and SS-2-400 catalysts demonstrated structural changes on the
surface. The presence of sulfate caused the slabs on the SS-2-400 catalyst to have granules
attached to them due to the presence of agglomeration [32]. Additionally, the SEM images
of the SS-2-400 catalyst appeared brighter compared to SiO2 due to the presence of highly
charged sulfate ions [33]. Table 2 represents the EDS spectra of SiO2 and SS-2-400 catalyst.
The EDS spectra of SS-2-400 catalyst confirmed the presence of the element sulfur (0.97%)
that indicated the sulfation was successfully carried out.

2.4. TGA/DSC Analysis

The TGA/DSC thermograms of SiO2 and SS-2-400 catalysts are shown in Figure 6.
The SiO2 catalyst thermogram shows that the TGA curve had a mass reduction of 13.96%
at temperatures of 0 to 165 ◦C, which indicated the release of water molecules from the
catalyst. This is also reflected in the DSC curve at the temperature range of 34–169 ◦C,
showing an endothermic peak due to the process of water molecule release. The wide
endothermic peaks on the DSC curve in the temperature range of 400–1000 ◦C represent
a mass reduction of 4.90%, which corresponds to vicinal silanol groups that are released
from the SiO2 [34]. The high mass reduction in this range implies that the sample was
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dominated by water molecules that were bonded to silanol Si-OH and C-O [35]. The total
change in mass of the SiO2 catalyst at 0–1200 ◦C was 18.86%.
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Table 2. EDS SiO2 and SS-2-400 catalyst.

Elements
Atom (%)

SiO2 SS-2-400

Si 35.4 40.6
O 63.7 57.2
S - 2.1

The thermogram of the SS-2-400 shows a mass decrease of 9.03% in the temperature
range of 30–158 ◦C. The decrease in mass on the curve was a result of dehydration or loss
of water molecules, as indicated by the presence of an endothermic peak on the DSC curve
in the range of 0–150 ◦C. In the temperature range of 300–1200 ◦C, the TGA curve shows a
mass reduction of 10.79% whilst the DSC curve shows high and wide endothermic peaks.
The mass reduction that occurred denotes the SO3 evolution process and the decomposition
of sulfate ions that were attached to the SiO2 catalyst [36]. The total reduction in mass of
the SS-2-400 catalyst from 0–1200 ◦C was 23.86%.

2.5. Surface Area and Porosity Analysis

The surface and pore properties of SiO2 and SS-2-400 catalysts are shown in Table 3.
SiO2 has a surface area of 772.15 (m2/g). There was a decrease in surface area for the SS-2-
400 catalyst (236.09 m2/g), and the total pore volume of the catalyst due to the addition of
sulfuric acid coating on the silica surface and the presence of agglomeration that covered
the pores of the catalyst. The impregnation of sulfuric acid on SiO2 caused a decrease in
the pore volume of the catalyst due to the entry of sulfate groups into the silica surface.
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Table 3. Surface and pore properties of SiO2 and SS-2-400 catalysts.

Catalyst Surface Area (m2/g) Total Pore Volume (cc/g) Pore Diameter (nm)

SiO2 772.153 0.732 3.672
SS-2-400 236.093 0.407 6.624

The N2 adsorption–desorption isotherm curves are shown in Figure 7. Based on
IUPAC isotherm type, the SiO2 and SS-2-400 catalysts have an isotherm type of IVa ac-
companied by a type H4 hysteresis loop, confirming that both catalysts are mesoporous
materials. The H4 hysteresis loop also confirms the presence of a narrow slit-like pore and
the filling of micropores [32].
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SiO2 and SO4/SiO2 catalysts also have micropore system characteristics obtained
based on micropore analysis, which are shown in Table 4. The SiO2 and SO4/SiO2 catalysts
have pore diameters of 0.626 and 0.806 nm, respectively. It is indicated that the catalysts
have a micropore structure with diameters of less than 2 nm and it is confirmed that the
SiO2 and SO4/SiO2 catalysts have micropore and mesoporous systems.

Table 4. Micropore analysis of SiO2 and SO4/SiO2 catalysts.

Catalyst Micropore Volume (cc/g) Average Micropore Diameter (nm)

SiO2 0.325 0.626
SS-2-400 0.407 0.806

2.6. Characterization of Ni-SO4/SiO2 Catalyst

The impregnation of nickel metal with concentration 1, 2 dan 3% to the SS-2-400
catalyst was successfully carried out. An Atomic Absorption Spectroscopy (AAS) instru-
ment was used to determine the amount of Ni metal impregnated into the catalyst. The
amount of Ni metal content of the Ni-SO4/SiO2 catalyst is shown in Table 5. The higher
concentration of Ni metal that was impregnated shows an increase in the Ni metal content
of the Ni-SO4/SiO2 catalyst. The 3%/Ni-SS-2-400 catalyst was the catalyst with the highest
Ni metal content of 2.18%.

Table 5. Ni metal content of Ni-SO4/SiO2 catalyst.

Catalysts Ni Metal Content (AAS/wt%)

1%/Ni-SS-2 0.74
2%/Ni-SS-2 1.55
3%/Ni-SS-2 2.18

The acidity value of the Ni-SO4/SiO2 catalyst was determined by a gravimetric
method using ammonia adsorption, which is shown in Table 6. The impregnated nickel
metal to the SS-2-400 catalyst raised the catalyst’s acidity value. This is confirmed by the
fact that Ni metal as a catalyst support on SiO2 showed a good acidity value. Ni metal
has an unpaired electron and electron acceptor which is capable of forming Brønsted
and Lewis acids, which are the main acid sites of the catalyst [18,24,25]. The 3%/Ni-
SS-2-400 catalyst with the highest Ni metal content also shows a higher acidity value
(7.69 mmol/g). This indicates that Ni metal influences the acidity of the SO4/SiO2 catalyst.
Nurmalasari et al. [37] reported the impregnated of Ni metal on mesoporous silica for
hydrocracking of waste lubricant, stating that the presence of Ni metal increases the acidity
value of silica from 5.1 to 7.1 mmol/g.

Table 6. Acidity values of Ni-SO4/SiO2 catalyst.

Catalysts Acidity (mmol/g)

SS-2-400 2.87
1%/Ni-SS-2 5.16
2%/Ni-SS-2 6.38
3%/Ni-SS-2 7.69

Figure 8 shows the FTIR spectra of Ni-SO4/SiO2 catalyst after acidity test, which
confirmed the presence of Brønsted and Lewis acids site on catalyst. A new absorption
peak occurs in the wavenumber 1402 cm−1, which confirms the Brønsted acid site from
the -NH asymmetric stretching vibration, while at 1643 cm−1, identified as Lewis acid
sites from the coordinated symmetric bending vibration -NH, which is overlapping with
the stretching vibration of the -OH group [38,39], the band at 798 cm−1 represents the
stretching vibration of Ni from the Ni-SO4/SiO2 catalyst [18].
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2.7. Study of Activity and Selectivity of SiO2, SO4/SiO2 and Ni-SO4/SiO2 Catalysts

The activity and selectivity of the catalysts were tested by dehydrating ethanol into
diethyl ether. The catalytic activity was evaluated as the percentage of total conversion and
the liquid yield of DEE with the various temperatures of 175, 200, and 225 ◦C. The amount
of liquid product conversion was used to determine the selectivity of the catalyst. DEE was
determined using the spiking method. The spiking method was performed by comparing
the peak intensity before and after adding the standard. Intensity will increase if the same
compound is added to the standard compound and the compound being analyzed. The
catalyst that was applied for the activity and selectivity tests was the SS-2-400 catalyst as
the catalyst with the highest acidity value, as well as the SiO2 catalyst as a comparison.

The conversion activity and selectivity in the ethanol dehydration reaction of the
SS-2-400 catalyst (Figure 9) tended to be higher than that of the SiO2 catalyst. This is
due to the addition of sulfate ions onto the silica catalyst, which can increase the number
of Brønsted and Lewis acid sites—a major factor in the successful performance of the
catalyst. The selectivity of the SS-2-400 catalyst in the conversion of ethanol into diethyl
ether increased with the increased in reaction temperatures [10]. The liquid product of
each catalyst showed the highest conversion at a temperature of 225 ◦C of 45.3 and 66.75%,
respectively. The selectivity of the SiO2 catalyst at the temperatures of 175 and 200 ◦C
was not able to produce diethyl ether as the DEE content was 0%. However, the catalytic
reaction at the temperature of 225 ◦C with the SiO2 catalyst resulted in a DEE content of
1.93%. The difference in these results indicates that reaction temperature plays an important
role in the ethanol dehydration process, and the dehydration of ethanol into diethyl ether
using SiO2 catalyst must be carried out at a temperature of over 200 ◦C. The SS-2-400
catalyst has good selectivity in the DEE conversion and reaches the conversion of DEE up
to 9.54% at a temperature of reaction of 225 ◦C.

The catalytic activities of the catalysts produced from the SS-2-400 catalyst impreg-
nated with Ni metal were also examined. The results of the catalyst selectivity test based
on the conversion of diethyl ether can be seen in Figure 10. The diethyl ether conversion
was generally much better after the impregnation of the Ni metal. The higher the Ni metal
concentration, the higher the DEE produced. This is influenced by the acidity and catalytic
activity of the catalyst in the presence of Ni metal, which provide empty orbitals that
increase the number of Brønsted and Lewis acid sites in the catalyst [40]. The 3%/Ni-SS-2
catalyst showed the highest conversion of liquid and DEE conversion: 84.03 and 24.01%,
respectively. This is in accordance with the acidity value data, in which the 3%/Ni-SS-2
catalyst had the highest acidity, indicating that the acidity of the catalyst influences the
DEE yield.
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The illustration of non-porous silica catalyst, porous silica catalyst, and surface of
sulfated silica catalyst are shown in Figure 11. Porous silica catalyst Figure 11b, which was
treated with the addition of NaHCO3, had a larger surface area and pore size than non-
porous silica (a). Figure 11c shown the condition of active sites on the surface of sulfated
silica catalyst for DEE conversion. The factors that influence the results of the ethanol
dehydration process are the surface area and pore size of the heterogeneous catalyst. The
molecular size of diethyl ether simulated on HyperChem with the ab initio computational
method is 6.67 Å or 0.667 nm. Therefore, to maximize the effectivity of the dehydration
reaction on the surface of the catalyst, a pore system with a size that corresponds to the
molecular size of diethyl ether is required.
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The SO4/SiO2 catalyst had higher surface area of 236.09 m2/g, pore diameter of
6.624 nm (mesoporous system), and micropore diameter of 0.806 nm (micropore system).
The pore diameters of the SO4/SiO2 catalyst found are relatively in accordance with the size
of the diethyl ether molecule, thus allowing the dehydration reaction to work effectively
and produce higher DEE levels.

3. Experimental
3.1. Materials

The materials used in this study were ethanol (C2H5OH; 96%), tetraethyl orthosilicate
(TEOS), methanol (CH3OH), hydrochloric acid (HCl; 37%), sulfuric acid (H2SO4; 98%),
pyridine (C5H5N), ammonia (NH3), nickel chloride hexahydrate (NiCl2·6H2O), nitrogen
gas, and sodium bicarbonate (NaHCO3; 99%), all of them obtained from Merck.

3.2. SO4/SiO2 Catalyst Preparation

A total of 16.8 mL TEOS, 30 mL ethanol, and 10 mL H2SO4 (with concentrations of 1,
2, 3 M) were mixed and then stirred to form a gel. The gel was heated in an oven for 3 h at
100 ◦C and refluxed with methanol for 72 h. The solid was separated by centrifugation for
20 min at 2000 rpm and dried at 80 ◦C. The solids produced were calcined at 500 ◦C and
labeled as SS-1-500, SS-2-500, and SS-3-500, later tested for their acidity. The catalyst with
the highest acidity was calcined at temperatures of 400, 500, and 600 ◦C and then labeled
as SS-x-400, SS-x-500, and SS-x-600. Each catalyst was characterized using FTIR and XRD.
This was followed, again, with an acidity test. The catalyst with the highest acidity was
then characterized using SEM, SAA, and TGA/DSC.

3.3. Ni-SO4/SiO2 Catalyst Preparation

The catalyst with the highest acidity was then impregnated with Nickel metal with
concentrations of 1, 2, and 3%. Impregnation was achieved by stirring for 24 h at room
temperature. The solid was separated by centrifugation at 2000 rpm and dried in an oven at
100 ◦C before being calcined at 500 ◦C for 4 h. The Ni-SS-2 catalysts were labeled as 1%/Ni-
SS-2, 2%/Ni-SS-2, and 3%/Ni-SS-2 and tested for their acidity value and characterized
using acidity test, FTIR, and AAS.

3.4. Ethanol Dehydration into Diethyl Ether

The catalytic activity of the SiO2, SO4/SiO2 and Ni-SO4/SiO2 catalysts for the dehy-
dration of ethanol to diethyl ether was tested in a reactor furnace system batch equipped
with temperature and pressure controllers. A total of 20 mL of ethanol and catalyst (2 wt%)
were fed into reactor in a different batch and flowed the N2 gas. The catalytic activity
and selectivity were carried out at temperatures of 175, 200, and 225 ◦C with constant
liquid hourly space velocity (LHSV). The DEE product was then characterized using
GCMS analysis.

3.5. Characterization

Catalyst characterization was carried out using Fourier Transform InfraRed (FTIR)
spectroscopy using Shimadzu Prestige-21 (Tokyo, Japan) with a wave number range
of 4000–400 cm−1 and the KBr pellet technique. X-ray Diffraction (XRD) analysis was
performed using the X’pert Pro PANalytical (Morgan Hill, CA, USA) with a Cu X-ray
tube (1.5406 Å). The acidity test was carried out gravimetrically using pyridine vapor.
Scanning Electron Microscope (SEM) imaging and elemental analysis were performed using
High-Tech’s scanning electron microscope (Hitachi) SU 3500 (Tokyo, Japan). Surface area
analyzer (SAA) was performed using Quantachrome Quadrasorb-Evo Surface Area and
Pore (London, UK). Size Analyzer Thermogravimetry analysis and Differential Scanning
Calorimeter (TGA/DSC) were carried out in a free atmosphere with a temperature range of
30–1200 ◦C (temperature increase rate of 10 ◦C/minute). Atomic Absorption Spectrometer
(AAS) was carried out using Perkin Elmer, 5100 PC (Tokyo, Japan); analysis of the liquid



Catalysts 2021, 11, 1511 12 of 13

products used Gas Chromatography (GC) GC 148 Shimadzu (FID) (Tokyo, Japan) with
HP5 chromatography column (5% Phenyl Methyl Siloxane).

4. Conclusions

The effects of sulfation at various concentration and calcination temperatures on the
preparation of sulfated silica catalyst have been studied. The SS-2-400 catalyst was found
to have the optimum sulfate concentration and calcination temperature conditions shown
by the acidity value of 2.87 mmol/g pyridine, which was highest among the sulfated silica
catalyst. The sulfated silica catalyst had mesoporous and micropore systems with pore
diameters of 6.624 and 0.806 nm, respectively. The pore size that sufficiently matched the
diameter of the diethyl ether molecule allowed the dehydration process to occur more
effectively. The highest yield from the ethanol dehydration reaction was obtained using
the SS-2-400 catalyst at a temperature of 225 ◦C at 9.54%. Impregnation of Ni metal on the
SS-2-400 catalyst found the optimum Ni metal and acidity value of 3%/Ni-SS-2 catalyst of
2.18 wt% and 7.68 mmol/g. The activity and selectivity of 3%/Ni-SS-2 catalyst show the
highest conversion of liquid and DEE conversion at 84.03 and 24.01%, respectively.
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