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Abstract

In this study, amine-functionalized and Ni(ll)-immobilized mesoporous silica materials were synthesized. This research
aimed to synthesize mesoporous silica based on rice husk ash functionalized with amine and immobilized with Ni(ll).
The activity of amine-functionalized and Ni(Il)-immaobilized mesoporous silica materials was studied for the acetylation
of benzyl alcohol with acetic anhydride as the acetylating agent. First, mesoporous silica was synthesized using rice husk
ash using the sol-gel method, followed by amine functionalization using (3-aminopropyltriethoxysilane (APTES) and
Ni(Il) immobilization through ultrasonic treatment. The results obtained showed that amine-functionalized and Ni(ll)-
immobilized mesoporous silica (SiO/APTES/Ni(l1)) were successfully synthesized, confirmed by Fourier transform in-
frared and Energy-dispersive X-ray spectrometry data. In addition, the synthesized materials had an average pore diameter
of 12.83 nm. Afterward, the catalytic activity test showed that SiO,/APTES/Ni(ll) was able to convert 98.34% of benzyl
alcohol in the acetylation reaction at 45 °C for 5 h. The use of the SiO2/APTES/Ni(Il) catalyst for three cycles obtained
percent conversion values with a slight decreases (98.34%, 95.20%, and 90.61%).

Keywords: acetylation, benzyl acetate, catalyst, mesoporous silica, SiO2/APTES/Ni(ll)

Introduction unique catalytic properties and easy recycling. Among
these, mesoporous silica is a favored support material be-
Benzyl acetate, a carboxylic acid ester, finds common cause it has high stability and good interaction with both
utility across diverse industries, including food and cos- metal ions and metal nanoparticles. In this regard, Alam
metics, particularly in the formulation of perfumes and et al. [9] reported that Ni/SiO- as a catalyst in the acety-
flavorings. Although this ester compound is found natu- lation of benzyl alcohol with acetic anhydride showed
rally in gardenia and jasmine plants, its purification and great activity by giving a 97% conversion yield after a
extraction present intricate challenges. Therefore, vari- 3.5 h reaction at 65 °C.
ous methods have emerged for synthesizing benzyl ace-
tate [1]. Conventionally, benzyl acetate synthesis in- Silica can be procured through synthesis from precursors
volves the reaction between benzyl alcohol and acetic an- or by extraction from natural resources. Rice husk ash,
hydride in the presence of sulfuric acid as a homogeneous characterized by a substantial SiO; content ranging from
catalyst. However, using sulfuric acid in synthesizing approximately 15% to 60%, represents one such natural
benzyl acetate is plagued by several drawbacks, such as source of silica [10]. For this reason, in this study, cata-
the formation of unwanted by-products and the genera- lysts with mesoporous silica as a support material were
tion of environmentally detrimental waste materials [2]. synthesized using rice husk ash. Previous studies have
Given these limitations, several transition metal ions such shown that mesoporous silica as catalyst support has su-
as In(l), Ga(lin), Fe(ln), zn(ll), Cu(ll), Ni(ll), and perior properties. However, there is one crucial drawback
Co(ll) have been widely used in esterification and have threatening to diminish catalyst reusability: metal leach-
demonstrated promising catalytic efficacy [3]. ing [11]. Thus, various binding agents, such as phosphine
[12], imine [13], L-dopa [14], and amines [15], are
The immobilization of a catalyst onto support materials known to provide strong interactions with metals to en-
boosts the advantages of heterogeneous systems, includ- hance the stability of catalyst materials by preventing the
ing facile production processes and the potential for cat- metal leaching tendency [15]. However, although some
alyst recycling [4]. Solid heterogeneous catalysts with research has explored the use of silica derived from rice
supporting materials such as clay [5], zeolite [6], alumina husk ash as a composite catalyst for organic reactions

[7], and resin [8] are commonly used because of their
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[16, 17], the application of rice-husk-ash-derived meso-
porous silica specifically for benzyl alcohol acetylation
remains a relatively unexplored area. This study ad-
dresses this gap by investigating the catalytic activity of
amine-functionalized and Ni(ll)-immobilized mesopo-
rous silica (SiOx/APTES/Ni(Il)) synthesized using rice
husk ash and ultrasonic treatment. This approach offers a
potentially sustainable and efficient catalyst for benzyl
alcohol acetylation.

Materials and Methods

Materials and Characterization. Rice husk ash was
obtained from SB Farm Semarang. The other materials
of proanalytical quality were obtained from Sigma-Al-
drich, such as hydrochloric acid (HCI; 37%), (3-ami-
nopropyltriethoxysilane (CoH23NO3Si [APTES]; 98%),
sodium hydroxide (NaOH), ethanol (C,HsOH; 99,8%),
PEG-40 hydrogenated castor oil, nickel(Il) nitrate hex-
ahydrate (Ni(NOs),-6H-0), benzyl alcohol (CsHsCH.0OH),
and acetic anhydride ((CHsCO)20). The catalyst was
characterized using an X-ray diffractometer (XRD-
Bruker AXS D8 Advance Eco), a scanning electron mi-
croscope (SEM)—energy-dispersive X-ray spectrometer
(JSM-6510LA), a Fourier transform infrared (FTIR)
spectrometer (Thermo Scientific Nicolet iS10), a ther-
mogravimetric analyzer (TGA,; Perkin Elmer Pyris 1),
and an X-ray fluorescence spectrometer (Rigaku-Nex
QC + QuanTEZ). Then, the products yielded were ana-
lyzed using gas chromatography (GC; Agilent Technol-
ogies 7890B).

Synthesis of silica. Sodium silicate was synthesized
through the alkaline extraction of 10 g of rice husk ash
with 60 mL of 1 N NaOH [18] after acid treatment and
calcination. In synthesizing mesoporous silica, 30 mL of
Na-silicate was neutralized by hydrochloric acid until pH
= 7. Then, PEG-40 hydrogenated castor oil with a con-
centration of 10% was added as a template and stirred
until it formed a homogeneous mixture. Afterward, the
mixture was sonicated for 1 h to obtain a gel phase and
heated at 80 °C for 24 h. The template was then removed
by adding ethanol 1:10 (m/v) into silica, followed by son-
ication for 1 h at room temperature. The mixture was sub-
sequently filtered and washed using cold ethanol three
times before being dried at 60 °C for 8 h.

Synthesis of amine-functionalized silica. Amine func-
tionalization was done by adding APTES into a silica and
ethanol mixture with a 1:0.5 (m/m) ratio of silica:APTES.
After sonication for 2 h, the mixture was stirred for 6 h at
room temperature. The filtrate and residue were then sep-
arated through centrifugation. Furthermore, the obtained
filtrate was washed with ethanol and water three times
and then dried at 60 °C for 12 h.
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Immobilization of Ni(ll). The SiOx/Ni(ll) catalyst was
prepared using the impregnation method. About 0.9 g of
Ni(NO3)2-6H,0 was dissolved in ethanol, and 1 g of SiO»
was added to it. The resulting mixture was sonicated for
3 h at room temperature, filtered, and dried at 60 °C for
8 h. The same procedure was done for SiO2/APTES/Ni(ll)
synthesis by substituting the SiO, with SiO/APTES.

General procedure for the acetylation of benzyl alco-
hol. Catalyst activity in the acetylation of benzyl alcohol
was facilitated by ultrasonication treatment at 45 °C for
5 h. As much as 50 mg of catalyst was added to 0.3 mL
of benzyl alcohol, followed by 0.3 mL of acetic anhy-
dride. The mixture was then sonicated for 5 h at 45 °C.
After the reaction was finished, the liquid mixture was
quenched with distilled water, and ethyl acetate was used
to extract the organic layer. The extracted organic layer
was next washed with saturated Na,COs solution, brine,
and water. Anhydrous sodium sulfate (Na;SO.) was uti-
lized to dry the organic layer, and the remaining solvent
was evaporated using a rotary evaporator. Benzyl acetate
as the final product was then obtained and analyzed using
GC.

Reusability test. The reusability of the catalyst was eval-
uated for the acetylation of benzyl alcohol under the same
reaction conditions as described before. The catalyst re-
generation was done by washing the used catalyst with
distilled water and ethyl acetate. The washed catalyst was
then heated in an oven for 6 h at 60 °C. Furthermore, the
catalyst was added to the benzyl alcohol, followed by
acetic anhydride. Afterward, the product separation was
conducted by separating the organic layer, washing it
with saturated Na,COjz solution, brine solution, and wa-
ter, and then drying with anhydrous sodium sulfate. The
residual solvent was finally removed through evapora-
tion. In this study, the catalyst was reused in three suc-
cessive reaction cycles to determine its reusability.

Results and Discussion

Characterization of the synthesized catalyst. The
diffraction pattern of the synthesized silica is depicted in
Figure 1. The XRD peaks were indexed using ICDD
files. A broad peak in the diffractogram indicates the
amorphous phase of silica. According to ICDD code 00-
029-0085, a peak broadening at 20 around 22°-23°
suggests the formation of amorphous silica. A similar
result was reported by Dhaneswara et al. [19], who
synthesized amorphous silica from rice husk ash using
various concentrations of NaOH and acidification
methods. This synthesis of silica through alkaline
extraction results in entirely amorphous silica due to
solubilization by sodium hydroxide, followed by
precipitation [20].
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Furthermore, the IR spectra in Figure 2 show the
characteristic peaks of silica at 1,061 and 795 cm™,
attributed to the asymmetric stretching vibration of
siloxane bonds (Si—O-Si). The silica functionalization
with APTES as an interparticle linker agent optimizes the
interaction between silica and metal ion catalysts [21].
After amine functionalization, SiO2/APTES exhibits an
additional peak at 1,556 cm™', corresponding to the
bending vibration of the —NH. group [22]. The
appearance of these peaks confirms the presence of
amine groups on the surface of functionalized silica.
Additionally, the —CH,— bending vibration observed at
1,411 cm™! confirms the successful addition of APTES to
SiO,.

The TGA curve of SiO/APTES in Figure 3 reveals two
stages of decomposition that took place in SiO/APTES.
The first stage occurred at 30 °C-50 °C with a mass loss
percentage of 6.6384%. This mass loss in the given
temperature range was attributed to the loss of physically
adsorbed water on the surface of the catalyst. Another
weight loss of 12.5224wt% resulted in the 200 °C-600
°C temperature range, corresponding to the condensation
of silanol groups into siloxane, accompanied by the
decomposition of the aliphatic carbon chains belonging
to APTES [23]. Usgidaarachchi et al. [24] reported TGA
curves of mesoporous silica nanoparticles in their works.
The synthesized mesoporous silica exhibited excellent
stability across the analyzed temperature range except in
the initial one because of the presence of adsorbed water
within the silica framework. A negligible mass loss was
observed in the 100 °C-800 °C range, corresponding to
the dihydroxylation and dehydration of the silica
structure. However, in this study, significant weight loss
at 200 °C-600 °C was obtained from the decomposition
of the APTES carbon chain. The presence of aliphatic
carbon chains on silica was validated by FTIR spectra.

As determined by atomic absorption spectroscopy
results, the amounts of Ni(ll) successfully immobilized
on SiO; and SiO2/APTES were 2.61 mmol (87%) and
2.81 mmol (94%), respectively. Functionalizing SiO;
with amines through the addition of APTES enhanced the
affinity of Ni* ions as the nitrogen from the amine group
could interact with these divalent cations [25]. The
interaction of SiOx/APTES with Ni(ll) occurred through
an acid-base reaction between the amine groups in
APTES and the metal ions. In this reaction, the amine
group of APTES acted as a Lewis base, donating a lone
pair of electrons to the vacant orbital belonging to the
metal ion, which served as a Lewis acid [26].
Furthermore, the —NH, group peaks in the IR spectra of
SiO./APTES/Ni shifted to 1,520 cm™'. This change
suggests the formation of a bond between N-H and Ni(ll)
[22]. Meanwhile, there was no significant change in the
IR spectra of SiO, after Ni(ll) immobilization, which
indicated that Ni(ll) was attached to the supporting
material through physical interaction.
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Figure 4. SEM Images of SiOz (A), SiO2/Ni(11) (B), and SiO2/APTES/Ni(11) (C)
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Figure 5. N2 Adsorption-Desorption Isotherms of SiO2 (A), SiO2/Ni(l11) (B), SiO2/APTES (C), and SiO2/APTES/Ni(ll) (D)

Table 1. Physical Parameters of the Catalysts
Sample Sget (M?/g) Vp (cm?3/g) Dy (nm)
SiO; 184.28 0.83 17.68
SiO/ Ni(ll) 177.18 0.66 14.71
SiO/APTES 238.64 0.79 13.61
SiOo/APTES/NI(Il) 218.26 0.68 12.83
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Figure 7. Benzyl Alcohol Conversion for Three Reaction
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Figure 4 shows the SEM microphotographs of the
studied materials after Ni(ll) immobilization. The SEM
micrographs in Figure 4a display the morphology of
SiO, before amine functionalization and Ni(ll)
immobilization, showing a smooth surface. The surface
of the silica became rough after Ni(ll) addition,
indicating the successful immobilization of Ni(ll) on its
surface. After amine functionalization, the surfaces of
SiO; showed a greater degree of roughness compared
with the unfunctionalized surface because of the
presence of APTES, which enhanced the metal-support
interaction, allowing more Ni(ll) to disperse on the
SiO2/APTES surface [27].

The N adsorption—desorption isotherm curves of SiO,
SiOz/Ni(Il), SiO2/APTES, and SiO2/APTES/NI(II) are
presented in Figure 5. According to the International
Union of Pure and Applied Chemistry classification, all
adsorption—desorption isotherms exhibited a type IV
shape, indicating mesoporous materials based on
Barrett—Joyner—Halenda adsorption. Table 1 provides the
physical parameters of the catalysts, including total pore
volume, average pore diameter, and specific surface area.
The immobilization of Ni(ll) affected the pore radii of the
silica as a support material. The presence of Ni(ll) on the
catalyst reduced the average pore sizes and total pore
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volume because of the dispersion of Ni(ll) both on the
outer and inner surfaces of silica, leading to blocked
silica pores [28]. Then, the APTES functionalization on
silica changed the pore diameter of the catalyst material.
The addition of APTES as a linker agent modified the
silica surface because of the chemical bond between
APTES and silica. The aminopropyl chain of APTES was
assumed to be in a terminal position on the silica surface,
obstructing the pores and reducing the measured pore
size [15]. In contrast to SiO2, the immobilization of Ni(ll)
on SiO,/APTES did not significantly change the pore
diameter of the materials as a result of the different
interactions between Ni(ll) and the supporting material.
In SiOy, the nickel ions interacted directly with the silica
surface, whereas in SiO2/APTES, they first attached to
the nitrogen from the amines group, resulting in less
noticeable effects on the silica pores.

Table 1 shows the differences in surface area after Ni(Il)
immobilization. The surface area of silica was diminished
after nickel ion immobilization due to pore blockage.
Meanwhile, the sample with amine functionalization
created different trends. The surface area was enlarged
after functionalization as the addition of APTES could
increase the roughness of the silica surface, as shown in
Figure 4. After nickel immobilization, the surface area was
noticeably reduced because of the even dispersion of Ni
and pore blockage.

Catalytic testing for acetylation of benzyl alcohol. The
data in Figure 6 shows that the addition of SiO; catalyst
enhanced the conversion of benzyl alcohol from 75.23%
to 81.90%. This enhancement was attributed to the
presence of acidic sites on silica, particularly hydroxyl
groups on silanol groups catalyzing the acetylation of
benzyl alcohol [29]. The APTES modification on silica
further increased the yield of benzyl alcohol conversion
by acting as a base catalyst in the acetylation reaction of
benzyl alcohol with acetic anhydride [30]. The
SiO2/Ni(Il) and SiOx/APTES/Ni(ll) catalysts yielded
98.34% and 95.97% conversion of benzyl alcohol,
respectively. In addition, the catalyst with nickel
immobilization exhibited a higher conversion of benzyl
alcohol. During the acetylation of benzyl alcohol, the
catalyst performance was significantly affected by the
presence of dispersed Ni on the surface of the silica. The
amine group of APTES optimized the immobilization of
metal ions on the silica surface in the presence of
nitrogenous base sites. The proposed mechanism for the
acetylation of benzyl alcohol with the addition of
SiOx/Ni(Il) and SiO/APTES/Ni(ll) involved the
coordination bond between Ni(ll) and acetic anhydride to
form an activated intermediate. Then, the carbonyl
carbon of the activated intermediate was attacked by the
hydroxyl group of the benzyl alcohol, forming a
tetrahedral intermediate, followed by proton exchange
via an acidic proton shift. Subsequently, another
intermediate was formed by the elimination of acetic
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acid, ultimately releasing the Ni(ll) catalyst and benzyl
acetate as the main product [31].

Reusability. The catalyst reusability was examined using
catalyst regeneration between reaction cycles. After three
cycles of acetylation, there was an insignificant change in
catalyst activity, as shown in Figure 7. In the first cycle,
the conversions of benzyl alcohol were 98.34% and
95.97% given by SiO2/Ni(ll) and SiOz/Ni(ll)/APTES,
respectively. Then, there were slight decreases at 95.20%
and 89.92% in the second cycle, respectively, followed by
continued drops of 90.61% and 87.76% in the third one.
These reductions in the catalytic performance of the
catalyst material were likely due to two factors: a reduction
in catalyst mass during the recycling process and the
release of some metal ions from the surface of the catalyst
after multiple uses. The APTES compound in
SiOo/APTES/Ni(Il) contributed to binding Ni(ll) ions
more vigorously, thereby preventing these ions from being
released during the reaction.

Conclusion

The results show that SiO/APTES/Ni(Il) had greater
activity than SiO2/Ni(ll) because of the higher content
of Ni(ll) in the catalyst functionalized by amine groups.
This was caused by different interactions between
Ni(I1) with the supporting material. Whereas Ni(ll) only
had physical interaction with SiO,, the amine
functionalization in SiO2/APTES led to Ni being anchored
on the outside surface by chemical interaction with N of
amine and enhanced the amount of Ni(ll) that attached to
the support material. This structure could improve Ni(ll)
dispersion and provide greater catalytic active sites. The
SiO/APTES/NI(Il) catalyst simultaneously maintained
high catalytic activity for the acetylation of benzyl
alcohol in mild conditions. Thus, the synthesized
mesoporous SiO/APTES is expected to become an
alternative to support active metal species for catalysis
reactions.
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