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Mesoporous Al-SBA-15 (Si/Al=25) catalysts were synthesised by the ultrasonic (US) irradiation method at different time
durations (1, 3, and 5h) using the pluronic P123 triblock copolymer as a template. The synthesised catalysts were examined in
detail by XRD, ICP-AES, N, adsorption-desorption, SEM, TEM, FT-IR, and TGA characterization techniques. The
characterization results reveal that the catalysts possess a well-ordered hexagonal mesoporous structure. The catalytic activity
of synthesised materials was investigated in the fert-butylation of ethylbenzene at different reaction conditions, and their
identified products are para-tert-butylethylbenzene (p-tert-BEB) and meta-tert-butylethylbenzene (m-tert-BEB). It was found
that high ethylbenzene conversion (69%) is achieved at 200°C with high selectivity towards p-tert-butylethylbenzene (80%).
The optimum feed ratio (ethylbenzene: t-butyl alcohol) was 1:2, and the feed rate was 2 ml/h for high conversion and product
selectivity. All these synthesised Al-SBA-15 (US) catalysts are compared with hydrothermally synthesised Al-SBA-15 (HT) at

the same reaction conditions.

1. Introduction

Heterogeneous solid acid catalysts with mesoporous struc-
tures have been employed in many industrial chemical pro-
cesses as eco-friendly nanocatalysts. Given this, many
studies on mesoporous solid acid catalysts have been con-
ducted [1-4]. Remarkably, many researchers have reported
on the synthesis, functionalisation, and catalytic applications
of ordered mesoporous materials (OMM) such as MCM-41,
MCM-48, SBA-15, SBA-16, and KIT-6 [5-8]. Among meso-
porous materials, silica-based catalysts such as SBA-15 are
promising in adsorption, bio-sensing, catalysis, and drug
delivery applications due to their large specific surface area,

narrow pore size distribution, tunable pore size, and hydro-
thermal stability [9, 10]. The synthesis condition and degree
of silica polymerization played a considerable impact on the
pore diameter and hydrothermal stability of SBA-15 [11].
Besides, the thermal ageing process of SBA-15 mainly influ-
ences the pore wall and pore sizes [12]. When compared to
mesoporous MCM-41 and other silica materials, SBA-15’s
thicker walls greatly enhance its thermal and hydrothermal
stability [13]. Though SBA-15 has excellent textural param-
eters, it cannot be used as such for catalytic applications due
to its pure siliceous neutral network. Moreover, in situ inser-
tion of heteroatoms into the SBA-15 framework is very dif-
ficult due to the highly acidic synthesis condition of SBA-
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15. Many synthesis methods have been used to incorporate
metal ions (M*") like aluminium, titanium, and vanadium
into the framework [14-19]. Remarkably, the ultrasonic syn-
thesis process is an effective method for creating mesopo-
rous materials with unique characteristics [20-24]. Under
highly acidic conditions, MCM-41 was synthesised using
ultrasonic irradiation over a wide range of irradiation
strengths in a short amount of time [25]. Lee et al. have
reported the SBA-15 and Ti-SBA-15 synthesis using a fast-
ultrasonic method [26]. Further, many metal oxides have
also been prepared by utilising ultrasonic irradiation [27].
A mesoporous crystalline CdS nanoparticle was synthesised
using the ultrasonication method with an excellent pore size
ranging from 4-6nm [28]. Wang et al. have reported that
aluminium atoms are highly incorporated into the silica
framework during AIMCM-41 preparation under ultrosonic
irradiation, due to strong agitation and restriction of alu-
mina formation [29].

Aluminium modified mesoporous materials such as
MCM-41, SBA-15, KIT-6, and TUD-1 have been reported
as solid acid catalysts for multicomponent reactions, bio-
mass conversion, and Friedel-Craft alkylation/acylation type
reactions [29-32]. Since the aluminium-based silicate meos-
porous catalyst possesses both Bronsted and Lewis acid sites,
it is catalytically active in alkylation type reactions. Essen-
tially, alkylation of alkyl aromatics is a commercially impor-
tant reaction, and the alkylated products are used in the
production of a variety of products. The vapour phase alkyl-
ation of ethylbenzene with tert-butyl alcohol was carried out
over a AI-MCM-41 mesoporous catalyst [33]. The resulting
t-butylated ethylbenzenes (p-alkylated ethylbenzene) serve
as raw materials for the production of ¢-butylated vinylben-
zene, which results in polymers with increased plasticity
[34], and many studies have reported the Al-SBA-15 catalyst
with superior performance in the acid-catalyzed alkylation
reactions [35-39]. To the best of our knowledge, there are
no reports on the use of the ultrasonication method to syn-
thesise Al-SBA-15 in vapour phase ethylbenzene tertiary
butylation reactions. In the present work, ultrasonic synthe-
sis of Al-SBA-15 with a Si/Al ratio of 25 has been investi-
gated. Also, a well-ordered mesoporous Al-SBA-15 (25)
synthesis using ultrasonication and hydrothermal tech-
niques is discussed. These materials were characterised by
different characterization techniques, and their catalytic
activities were examined in an ethylbenzene tert-butylation
reaction with various reaction parameters.

2. Experimental

2.1. Materials and Chemicals. Aluminium isopropoxide, tet-
raethylorthosilicate (TEOS), hydrochloric acid (HCI), ethyl-
benzene, and tert-butyl alcohol were received from Merck
(India) and used as received without additional purification.
Pluronic P123 (EO,,PO,,EO,,; Aldrich, m.wt. 5800) was
used as structure-directing agent. Double distilled water
was used in all experiments.

2.2. Synthesis of AI-SBA-15 by Hydrothermal H20. Al-SBA-
15 was made with the following molar gel composition:
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FIGURE 1: Low-angle XRD patterns of Al-SBA-15 (HT), Al-SBA-
15(US-1h), Al-SBA-15 (US-3h), and Al-SBA-15 (US-5h).

TEOS: (0.095) Al (OiPr) 3: (6) HCL: (154) H2O: (0.148)
P123.4 g of Pluronic P123 was mixed with 30 ml of water
in a PP bottle and kept for vigorous stirring until a clear
solution was obtained (~4h). The solution was then added
to 120 ml of 0.2 M hydrochloric acid and agitated for another
2h, after which TEOS and the required amount of alumin-
ium source were added into the same solution mixture and
agitated at 40°C for 24 h. The solution mixture was slowly
heated to a maximum of 100°C for the ageing process in a
hot air oven for 24 h. Finally, the obtained solid was filtered
and washed several times with deionized water before being
dried overnight at 100°C and calcined for 6 h at 550°C under
static air. A pure white solid was obtained after the calcina-
tion and is denoted as AI-SBA-15 (HT).

2.3. Synthesis of AlI-SBA-15 by Ultrasonication (US). 4g of
pluronic P123 was mixed with 30 ml of distilled water, and
after 4h of continuous stirring, a clear solution was
obtained. Then, 120 ml of 0.2 M HCI was added to it, and
the solution was stirred for another 2hrs. TEOS and the
required amount of aluminium source were added, and the
solution was stirred at 40°C for 24 h. The mixture was ultra-
sonicated for different sonication time durations (1, 3, and
5h) using a commercial ultrasonic bath (Enertech Fast
Ultrasonicator) at 30°C. Upon sonication, the solid product
was recovered by filtration, washed with deionized water,
and dried overnight at 100°C. Finally, the mixture was cal-
cined at 550°C for 5h to get the pure template-free catalyst.
The synthesised Al-SBA-15 (25) is referred to as AI-SBA-15
(US-1), AlI-SBA-15 (US-3), and AI-SBA-15 (US-5), where
US represents ultrasonic irradiation, and 1, 3, and 5 indicate
the ultrasonication time in hours.

2.4. Material Characterization. Powder XRD measurements
were taken on a Bruker D8 diffractometer using Cu K
(A =1.54184) radiation at a voltage of 40kV and a current
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TaBLE 1: Structural and textural parameters of AI-SBA-15 (25).

Catalyst d-Spacing (nm) a,' (nm) Si/Al” (gel) Sper- (m® g™t Vp* (em® g) d,’ (nm)

Al-SBA-15 (US-1 h) 7.14 16.42 29 728 1.07 6.1

Al-SBA-15 (US-3 h) 7.37 17.02 28 780 1.11 6.5

Al-SBA-15 (US-5 h) 7.49 17.45 29 804 1.23 6.7

Al-SBA-15 (HT) 8.47 19.56 28 699 1.15 7.8

'Unit cell parameter calculated from the formula a, = d,,, X+/6. 2ICP-AES. *Specific surface area. “Pore volume. *Pore diameter.

of 40 mA. ICP-AES aluminium content was conducted using
a Labtum Plasma 8440. The nitrogen adsorption and
desorption experiments were carried out using a Quanta-
chrom (QuadrasorbSI) porosimeter at 77 K, and the catalysts
were degassed at 250°C for 6h before the measurement.
Thermogravimetric analysis of this as-synthesised Al-SBA-
15 material was carried out using a thermogravimetric ana-
lyzer (TGA) (SDT Q600, TA Instruments, Inc.,). The sample
was heated in a nitrogen flow at a temperature of 40-700°C
at a heating rate of 10°C min™'. A Hitachi COM- $-4200 with
a 16 kV accelerating voltage was used to capture SEM micro-
graphs. The transmission electron microscopic (TEM)
images were recorded using a JEOL3010 instrument with a
UHR polepiece (voltage of 300kV). FT-IR spectra were
recorded on a Bruker Tensor spectrometer using KBr pellets
at a resolution of 4cm™ and 100 scans.

2.5. Vapour Phase Catalytic Reaction. At atmospheric pres-
sure, Al-SBA-15 catalytic vapour phase alkylation of ethylben-
zene with tert-butanol was carried out in a fixed bed vertical
flow reactor (40 cm x 2 cm) [33]. The reactor kept inside the
tubular furnace was heated at different temperatures using a
digital temperature controller. A Pyrex glass reactor tube was
packed with glass beads and quartz wool on either side of
the tube to hold about 0.5g of catalyst. A syringe pump was
used to introduce the reactants into the reactor at various flow
rates, and the final products were collected at the bottom of the
reactor. The products were collected at a time interval of 1 h
and analyzed. The liquid products were analyzed by gas chro-
matography (GC, Shimadzu 17) equipped with a cross-linked
5% phenylmethyl siloxane capillary column and an FID detec-
tor (N, as carrier gas). The products were then identified using
a helium carrier gas and GC-MS (Perkin-Elmer Turbo Mass
Spectrometer, EI).

3. Results and Discussion

3.1. Catalyst Characterization Results. The low angle XRD
patterns of Al-SBA-15 (US 1, 3, and 5h) and Al-SBA-15
(HT) are depicted in Figure 1. The XRD figure shows that
a clear indication of all the catalysts is well-resolved diffrac-
tion peaks which are indexed to (100), (110), and (200)
reflections, representing the presence of hexagonal space
group P6mm. By comparing such intense patterns with
those of reported patterns, the crystallisation of Al-SBA-15
via hydrothermal treatment was found to be good [30]. Sim-
ilar low angle diffraction peaks were observed for metal
modified SBA-15, indicating hexagonally ordered mesopo-
rous materials [35, 36]. The d,,, spacing and lattice param-
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FIGURE 2: Nitrogen adsorption-desorption isotherm of Al-SBA-15
(US-5h) and Al-SBA-15 (HT).

eter (a,) values are also calculated and presented in Table 1.
Furthermore, the elemental analysis (ICP-AES) showed that
the Si/Al ratio obtained for Al-SBA-15 (US) and Al-SBA-15
(HT) after calcination is close to that in the synthesis gel.
Remarkably, the synthesis conditions that followed led to
the higher Al incorporation in the SBA-15 lattice. Further-
more, the crystallisation process was nonstoichiometric,
and at mild acidic conditions, Al dissolution was limited.
Since the dissolution of Al-O-Si groups is influenced by acid
conditions throughout the entire reaction, the Si/Al ratio of
all ultrasonication materials values was nearly identical [29].

The N, sorption isotherms for Al-SBA-15 (US-5h) and
Al-SBA-15 (HT) are shown in Figure 2, and the textural
parameters of all the synthesised Al-SBA-15 catalysts are
presented in Table 1. The isotherms exhibit class IV type
with a sharp capillary condensation step at high P/P0 and
a H1 hysteresis loop, which are the characteristics of period-
ical mesopores with a honeycomb structure [35, 36]. Al-
SBA-15 materials have specific surface areas of 699-
804 m?/g and pore volumes of 1.07-1.23cm’/g. The pore
diameter ranges (6.1-7.8nm) of the mesoporous Al-SBA-
15 catalysts confirmed the mesostructure by the IUPAC
porous material classification. However, ultrasonication
method Al-SBA-15 samples showed a higher surface area
compared with Al-SBA-15 (HT). This could be attributed
to the higher amount of aluminium is incorporated into
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FIGURE 3: SEM images of Al-SBA-15: (a) HT; and US: (b) 1h, (¢) 3h, and (d) 5h.

the siliceous SBA-15 framework during the ultrasonication
and calcination processes, which may lead to low pore wall
thickness [29].

The SEM images of Al-SBA-15 (HT) and Al-SBA-15
(US-1, 3, and 5h) are displayed in Figure 3. Al-SBA-15
(HT) is tightly packed and highly interconnected, with win-
dows opening from each mesopore into its surrounding sil-
ica particles [30]. The SEM image of US (1 h) reveals highly
irregular morphologies due to the random growth of crystals
in different directions. This irregular rod-like morphology
does not resemble that of AI-SBA-15 (HT). The SEM picture
of AI-SBA-15 (US 3 and 5h) also clearly shows the forma-
tion of fiber-like or rope-like morphology with 10-30 ym
in length [40].

The TEM images of Al-SBA-15 (HT) and AI-SBA-15
(US-3h) are shown in Figure 4, clearly representing the
well-ordered regular arrangements of the hexagonal
mesoporous structure [35]. The regularity of these meso-
pores is not affected after the incorporation of the Al
ions into the SBA-15 materials. Besides, the TEM
images clearly show that both ultrasonic and hydrother-
mally synthesised AI-SBA-15 materials are highly porous
with a pore diameter range of 6-8 nm, and these results
were in good agreement with the nitrogen sorption anal-
ysis results.

The FT-IR spectra of Al-SBA-15 (HT) and Al-SBA-15
(US-1, 3,and 5h) in the range of 4000 cm™ to 400 cm ! are dis-
played in Figure 5. In the spectra of Al-SBA-15, the template —

CH, vibrations are clearly seen just below 3000 cm ™', and the —
OH stretching of water and surface silanol (Si-O-H) group is
noticed close to 3400 cm™. Further, the ~-OH bending vibra-
tion at about 1630cm™ is very well-confirmed [30, 40]. The
intense peak close to 1200 cm™ is due to framework asymmet-
ric Si-O-Si and Si-O-Al vibrations. The corresponding sym-
metric vibrations occur below 1000cm™ as a weak peak.
Also, the peak due to Si-O-Si bending modes was observed
at 750 cm’". The spectrum due to the calcined sample shows
an intense broad peak between 2800 and 3800 cm™, and it is
assigned to defective Si-O-H stretching. The framework vibra-
tion due to Si-O-Si and Si-O-Al is observed at 1000, 950, and
750 cm™" which are common to both hydrothermal and ultra-
sonic materials [39].

Figure 6 shows the TGA of as-synthesised Al-SBA-15
(US-3h) and AI-SBA-15 (HT) samples. The trace due to
the as-synthesised sample illustrates the oxidative decompo-
sition of the losing template starting at about 175°C, and this
weight loss extended up to 300°C. It is followed by an addi-
tional weight loss ascribed to the decomposition of the resid-
ual fragments. From this phase, the weight loss calculated
was about 51%, which is common for all as-synthesised
mesoporous structured materials. The TGA trace due to
the calcined sample illustrates the weight loss below 160°C,
which is attributed to adsorbed water, and it is evidence
for the incorporation of aluminium into framework posi-
tions, generating Bronsted acid sites. Furthermore, the pyri-
dine adsorbed FTIR was carried out for the catalyst and the
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result is depicted in Figure 7. The sample showed the bands
at 1590 cm™’, 1488 cm™, and 1440 cm™ corresponding to the
Lewis and Bronsted acid sites in the AI-SBA-15 (US-3h)
sample [30].

3.2. Catalytic Performances. Over Al-SBA-15 (US) and Al-
SBA-15 (HT) catalysts, vapour phase tert-bulyation of ethyl-
benzene with t-butanol was carried out. The obtained prod-
ucts were found to be p-tert-butylethylbenzene (p-tert-BEB)
and m-tert-butylethylbenzene (m-tert-BEB) (Scheme 1). In
addition to this, di-tert-butyl ether and other unidentified
products were noticed. The reaction parameters were opti-
mised for maximum ethylbenzene conversion and high
selectivity for p-tert-BEB. The effects of feed ratio, tempera-
ture, WHSYV, and different catalysts on conversion and prod-
uct selectivity were examined, and the results are given
below.
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ScHEME 1: Tert-butylation of ethylbenzene over Al-SBA-15 catalyst.

The effects of temperature on ethylbenzene conversion
and product selectivity are depicted in Figure 8. At 175,
200, and 250°C, tert-Butylation of ethylbenzene over Al-
SBA-15 (US-1h) was performed with a feed ratio of 1:2
(ethylbenzene: t-butanol) and WHSV 3.30 h™' Notably, the
conversion of ethylbenzene increased and then decreased
with an increase in temperature from 170 to 250°C. After
175°C, the conversion was found to be less, due to the inac-
tivated ¢-butanol yielding a fert-butyl cation. Furthermore, at
250°C, active site blocking by polybutene or coke reduces
conversion and p-tert-BEB selectivity [41]. Similarly, coke
formation has been reported for AI-MCM-41 and Al-SBA-
15 mesoporous catalysts in vapour phase reactions [33, 36].
Here, the formation of coke was physically verified but not
with any instrumental technique. Besides, isomerization at
175°C has been confirmed to a very small extent by feeding
p-tert-BEB over the surface of the catalyst. As a result of
the isomerisation of p-tert-BEB into thermodynamically
favorable m-tert-BEB, the selectivity of p-tert-BEB decreased
with increasing temperature. A similar observation was
made by Sakthivel et al. for AI-MCM-41 [42]. According
to the findings, the optimal temperature for ethylbenzene
conversion (72%) is 200°C.

The formation of m-tert-BEB is proposed to proceed by
isomerization of p-tert-BEB. The isomerization can be sup-
pressed by increasing the flow rate as it is a time-
dependent process. The effect of flow rate was studied at
200°C, and the results are shown in Figure 9. The conversion
of ethylbenzene decreases with the increase in flow rate from
2ml/h to 4ml/h. When t-butanol and ethylbenzene diffuse
through pores, the alcohol is absorbed first, followed by the
substrate [42]. There is a release of steric strain when tetra-
hedral t-butanol is chemisorbed on the Brgnsted acid sites
to form a steric-free trigonal planar fert-butyl cation [37,
41]. So, the decrease in the conversion of ethylbenzene with
an increase in flow rate is due to the rapid diffusion of t-
butanol without much chemisorption on the Brgnsted acid
sites [43]. With an increase in flow rate, the selectivity of
m-tert-BEB decreases, indicating that the product is gener-
ated solely via the isomerization of p-tert-BEB rather than
by a direct electrophilic process [43]. The optimised reaction
condition of 2 ml/h is the best flow rate for the conversion of
ethylbenzene and selectivity of p-tert-BEB.

The effect of feed ratio on conversion and product selec-
tivity was studied at 200°C with a flow rate of 2 ml/h, and the
results are presented in Figure 10. The conversion of ethyl-
benzene increases from 1:1 to 1:2, but at 1:3 and 1:4, it
is found to be decreased. The increase in conversion from
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FiGureg 8: Effect of temperature on ethylbenzene conversion and
selectivity of products. (Reaction conditions: catalyst: Al-SBA-15
(US-1h); feed ratio: 1:2; flow rate: 2 ml/h).
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Ficure 9: Effect of flow rate on ethylbenzene conversion and
selectivity of products (reaction conditions: catalyst: Al-SBA-15
(US-1h); temperature: 200°C; feed ratio: 1:2).

1:1 to 1:2 is due to enhanced chemisorption of ¢-butanol,
thus providing more probability for ethylbenzene to react
with tert-butyl cation. The decrease in conversion above
1:2 is due to the dilution of ethylbenzene by free ¢-butanol
in the vapour phase [41]. The selectivity of m-tert-BEB
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decreases with increasing the content of tert-butyl alcohol in
the feed. The selectivity of p-tert-BEB, therefore, increases
with an increase in the content of tert-butyl alcohol. This
led to a gradual decrease in the adsorption and subsequent
isomerization of p-tert-BEB [42]. The feed ratio of 1:2 was
found to be effective for product selectivity.

The effect of time-on-stream on ethylbenzene conver-
sion and the product selectivity was studied at 200°C with
a flow rate of 2ml/h, and the results are displayed in
Figure 11. The conversion of ethylbenzene and the selectivity
of m-tert-BEB decreased with an increase in time-on-stream.
This is due to the gradual blocking of active sites by coke.
The selectivity of p-tert-BEB increases with an increase in
time-on-stream, as its subsequent conversion to m-tert-
BEB is gradually suppressed. For the comparison of HT
and US (Al-SBA-15) catalysts, they were tested for fert-
butylation of ethylbenzene in the vapour phase under opti-

100
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FIGURE 12: Comparison of Al-SBA-15 US and HT catalysts on
ethylbenzene conversion and selectivity of products (reaction
conditions: temperature: 200°C; feed ratio: 1:2; flow rate: 2 ml/h).

mum conditions, and the results are presented in
Figure 12. It is observed that the Al-SBA-15 (US) catalysts
were determined to be more active than the AI-SBA-15
(HT) catalysts. Since all the ultrasonication method catalysts
are equally active, 1 h of sonication is sufficient to yield Al-
SBA-15 with high activity.

Noticeably, the o-tert-BEB product is not detected due to
the steric hindrance offered by the ethyl group. When the
ethyl group undergoes resonance interaction with a benzene
ring, one ortho position will be sterically blocked, leaving the
other steric free. Hence, it may be expected that substitution
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ScHEME 2: Possible pathway for the formation of m-tert-butylethylbenzene.

may occur at the steric-free ortho carbon. However, the
ortho-substituted product is not observed completely. Based
on the high steric crowding, either the fert-butyl or ethyl
groups can be isomerized, but based on the high steric
crowding, the fert-butyl group might be favoured for isom-
erization to its ortho position [33]. This isomerization is to
proceed not by completely detaching itself from the aro-
matic ring but by a continuing bond. This isomerization is
attributed to the high thermodynamic stability of m-tert-
BEB compared to p-tert-BEB. This type of isomerization is
assisted by Brgnsted acid sites, as shown in the reaction
Scheme 2. Such a mechanism has already been reported by
Hemalatha et al. in ZSM-5 catalyst acid sites [43].

4. Conclusions

In conclusion, Al-SBA-15 (US-1, 3, and 5h) solid acid cata-
lysts were synthesised successfully by the ultrasonication
method. All the materials were completely characterised by
using XRD, ICP-AES, N, sorption analysis, pyridine-FTIR,
SEM, TEM, FT-IR, and TGA techniques. The ultrasonica-
tion method strongly affects the acidity, structural proper-
ties, and morphologies of Al-SBA-15 due to the higher
amount of aluminium incorporation. The catalytic activities
of these materials were compared with hydrothermally syn-
thesised materials, and it was recognised that the ultrasoni-
cation method of synthesised catalysts offered better
catalytic performance than HT materials. In the optimal
reaction conditions, the US method synthesised materials
catalyse the ethylbenzene, with 70% conversion and 82%
(p-tert-BEB) product selectivity more than that of HT syn-
thesised materials, with 54% conversion and 67% (p-tert-
BEB) product selectivity. Overall, the ultrasonication
method of synthesis offers many advantages over the HT
method. This AI-SBA-15 (US) can also be employed as a
suitable mesoporous solid acid catalyst for the vapour phase
alkylation of alkyl aromatics.
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