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Abstract

Highly active hierarchical mordenite zeolite with micro/mesoporosity (TM-n) for
selective synthesis of cyclic acetals via acetylation reaction is reported. The
hierarchical zeolite is synthesized using soft-templating approach with variations in
octadecyltrimethoxysilane (OTMS/AI,O5 ratio, n = 0.2, 0.3 and 0.4) in precursor
hydrogels. The results reveal that OTMS not only creates secondary mesoporosity in
zeolite framework (larger mesopore volume, external surface area, average pore
diameter), but also influences the crystallization process, altering the crystal
morphology, crystallinity and Si/Al ratios. Among TM-n zeolites prepared, TM-0.3
hierarchical mordenite has the optimum OTMS amount incorporated while further
increasing the OTMS amount leads to the formation of ANA/GIS intergrowth. Thanks
to the accessible hierarchical porosity, reduced acidity and morphological effects, the
TM-0.3 hierarchical mordenite exhibits excellent catalytic performance (84.1%
conversion, TOF = 0.087 s, 61.5% dioxolane selectivity) in acetylation of glycerol
and benzaldehyde (160 °C, 20 min) better than pristine mordenite. The catalyst is
reusable for five runs with minimal loss of activity (TOF = 0.087 — 0.084 s*-1),
making it a promising catalyst for chemical productions involving bulky molecules. In
addition, comparative catalytic tests with classical homogeneous and heterogeneous
catalysts, including H,SO4, HCI, CH3COOH, H-Y, H-LTL, Na-X, Na-A, were

performed.



Keywords: Hierarchical mordenite; Zeolite; Octadecyltrimethoxysilane; Acetylation

of glycerol; Acetal

1. Introduction

Zeolites are crystalline aluminosilicates with uniform microporosity (<2 nm).
Zeolites are widely used in catalysis, ion exchange, adsorption and separation due to
their high surface area, surface hydrophilicity/hydrophobicity, specific pore size and
shape, strong acidity and non-toxicity [1, 2]. To date, more than 250 zeolites with
different structural types have been discovered [3].

Mordenite is one of the most important industrial zeolites, particularly in the
agriculture and petrochemical sectors [4]. Mordenite has two-dimensional pores (6.5
x 7.0 A% & 2.5 x 5.7 A%, and this unique pore structure and shape impart excellent
adsorption and catalytic properties to mordenite, enabling selective molecular sieving
effect [5]. Hence, understanding its unique properties and innovating its synthesis
continue to expand its application scope, contributing to further advancements in
numerous industries.

However, the microporosity of mordenite limits its application in certain
catalytic reactions involving bulky molecules, where the presence of small micropores
creates a barrier to molecular diffusion [4]. In addition, the restricted pore size of
zeolites can also lead to mass transfer for reactant molecules, causing coking and
catalyst deactivation [6]. Hence, various strategies have been employed to address

diffusion and mass transfer issues. These approaches encompass enlarging pore size



by disrupting micropore walls via post-treatment [7], introducing hierarchical
meso/macroporosity (secondary porosity) through hard-templating or soft-templating
approaches [8], and downsizing particle size to the nanometer scale [9].

In the post-treatment approach, zeolite is initially synthesized, and then the
development of hierarchical mesopores is achieved by selectively leaching the
framework atoms (Si or Al) either using acid or fluoride [10—13]. However, these
methods possess challenges in controlling the hierarchical mesoporosity and result in
partial destruction of the zeolite structure [14].

Another method involves a hard-templating method, where inorganic
nanospheres, polymer beads or carbonaceous nanoparticles with well-defined
structures are added to impart additional porosity to the zeolite during the synthesis
[15]. Nevertheless, this method might face tedious template removal (dissolution,
oxidation or combustion) that introduces structural damage or defects [16]. More
importantly, achieving precise control over pore size and distribution can be difficult,
limiting its feasibility to certain zeolite frameworks.

Recently, Ryoo et al. demonstrated the use of soft-templating method for
SAPO-n and zeolite syntheses, by incorporating organosilane surfactants as
mesoporogen in the synthesis formulations [17]. These organic supramolecules not
only play a role in generating controlled mesoporous systems, but also participate in
the overall crystallization process. This method offers advantages in achieving well-
defined and controllable mesopore structures, enabling the tailoring of pore sizes and

distributions. Despite this, few studies have reported on the synthesis of hierarchical



SAPO and zeolites using organosilanes [18, 19]. Nevertheless, the synthesis of
mordenite with hierarchical structure by using this method is scarce thus far.

In this study, a hierarchical mordenite is prepared using soft-templating
approach where octadecyltrimethoxysilane (OTMS) acts as a mesoporogen during
crystallization process. Furthermore, silica extracted from bamboo leaves is used as a
silica source for the synthesis of hierarchical mordenite because it has very high
purity of silica and has been proven as a reactive silica in crystallizing various zeolites
[20—22]. The resulting hierarchical mordenite exhibits better catalytic performance
than classical homogeneous and heterogeneous catalysts in acetylation of glycerol and
benzaldehyde under non-microwave instant heating, producing two cyclic acetal
products which are useful biofuel additives. We hence believe that the present work
would significantly benefit the catalysis research by engineering and developing

active hierarchical porous catalysts.

2. Experimental

2.1. Reagents

Nitric acid (HNO3, 69%), sodium hydroxide (NaOH pellet, 98%), Ammonium
chloride (NH4Cl, 99.5%), benzaldehyde (C¢HsCHO, 99%) and toluene (C¢ Hs CH3
99.5%) were purchased from Merck. Glycerol (99.5%) was procured from Sigma-
Aldrich. Aluminium hydroxide (AI(OH)s;) was obtained from Acros Organics.
Octadecyltrimethoxysilane (C,1H4603Si, 92%) was outsourced from Gelest, Inc. All

chemicals were used without further treatment.



2.2. Preparation of bamboo leaves silica (BLA)

The silica was extracted from the bamboo leaves using acid treatment as follows:
The bamboo leaves (200 g) were first ground before being soaked in a HNOj3 solution
(1.0 M, 48 h). The acid treated leaves were sieved and washed with distilled water
until pH 7. The leaves were calcined (600 °C, 5 h) in a furnace and the obtained purely
white ash (99.6% SiO;) was used as silica source in the synthesis of hierarchical

mordenite zeolites.

2.3. Synthesis of pristine mordenite

In a typical synthesis, BLA (1.014 g) and NaOH (0.133 g) were dissolved in
distilled water (5.333 g) under stirring (95 °C, 2 h). A clear sodium aluminate solution,
which was prepared via dissolution of AI(OH);3 (0.129 g) in a NaOH solution (0.552 g,
0.1 M) in an autoclave (170 °C, 5 h), was then added to the silicate solution. Under
high pressure (add a value???), the dissolution of AI(OH); was accelerated. The
resulting hydrogel of 20SiO,:1Al,03:3.5Na,0:388H,0 molar ratio was further stirred
(500 rpm, 15 min) before being hydrothermally crystallized in an autoclave (165 °C,
65 h). After cooling down, the solid product was filtered, purified with distilled water
to reduce the pH to 7, and dried (80 °C, 12 h). Finally, the Na-mordenite underwent
three ion-exchange cycles to convert it to H-mordenite using NH,4CI (1.0 M) (80 °C, 3

h), followed by calcination (550 °C, 6 h).



2.4. Synthesis of hierarchical mordenites

TM-0.3 sample (x = 0.3 is the molar ratio of OTMS) was prepared as follows:
Firstly, BLA (1.014 g) were dissolved in an NaOH solution (5.466 g, 0.011 M) at
95 °C (2 h, 400 rpm). The Al(OH)3; (0.129 g) was also dissolved in an NaOH solution
(0.552 g, 0.102 M) in an autoclave (170 °C, 5 h). The resulting clear aluminate
solution and octadecyltrimethoxysilane (0.094 g) were subsequently introduced into
the silicate solution under agitation (500 rpm, 15 min). The final mixture of
20Si0,:1A1,03:3.5Na;0:0.30TMS:388H,0 was then crystallized (165 °C, 65 h)
before the resulting solid product was isolated, purified with distilled water until pH 7,
dried (80 °C, 12 h) and calcined (550 °C, 6 h, 1 °C/min). The zeolite sample (5.000 g)
was finally converted to the acidic form by successive ion-exchange with NH,CI
(158.025 g, 1.0 M) thrice before calcination (550 °C, 6 h).

For other TM-x zeolite samples (x = 0.2, 0.4), similar synthesis protocol was used
but with the addition of different amounts of OTMS (0.063 g and 0.125 @),

respectively.

2.5. Characterization

The X-ray diffractograms (XRD) of samples were obtained using a Bruker D8
Avance diffractometer (CuKa, A = 1.5406 A, 20 = 4-40°, 0.02°/sec). The zeolite

morphology and size are assessed using a Hitachi Regulus 8220 FESEM microscope.



The IR spectra of framework vibrations were captured using a Perkin Elmer’s System
2000 spectrometer where the KBr pelletization technique was used. N, adsorption-
desorption isotherms were acquired using a Micromeritics ASAP 2010 instrument at
—196 °C. Prior analysis, the samples underwent degassing (400 °C, 10 h). The surface
areas (specific surface area, micropore surface area, external surface area) were
determined using the Brunauer-Emmett-Teller (BET) and t-plot equations. The
average pore diameter was calculated with the Barrett-Joyner-Halenda (BJH) method
while the total pore volume was calculated using the nitrogen uptake at P/P, = 0.98.
TGA was performed with a Perkin ElImer TGA7 under air condition. The Si/Al ratio
of zeolites was confirmed with a Panalytical Axios Max WDXRF analyzer. The solid-
state °Si MAS NMR spectra were recorded with a Bruker Avance 111 HD 500 MHz
spectrometer at 130.3 MHz through a single-pulse experiment. A 4-mm zirconia rotor
was spun at 12 kHz, and the analysis was conducted at a radiofrequency power of 36
kHz. All chemical shifts were referenced to tetramethylsilane. The Si/Al ratio of

zeolites was also calculated using the Equation 1 [17]:

4

Z ISi(nAI)

Si /Al = ——=———— (Equation 1)

4
z (n /4)|Si(nAI)

n=0

For NH3-TPD characterization, the acid density and strength of zeolites were
evaluated using a BELCAT-B temperature programmed desorption analyzer probed
with NH3 (TPD-NH3). The surface of samples was cleaned via degassing (400 °C, 5 h)

under He flow (30 mL/min), followed saturation with NH3; for adsorption. The



subsequent step involved the removal of physisorbed NH3 (30 mL/min) and the NH3

desorption profile was measured from 50 to 800 °C.

2.6. Acetalization of glycerol and benzaldehyde

The catalytic acetylation of glycerol was examined under non-microwave rapid
heating which mimics microwave fast heating [23]. Initially, activated zeolite (0.050 g,
450 °C, 3 h), glycerol (0.200 g) and benzaldehyde (1.612 g) were introduced into a
15-mL glass tube, capped and rapidly heated to 120—160 °C for 0—60 min using a
Monowave 50 reactor (Anton Paar). The resulting liquid product was isolated and
injected into a GC-FID (Agilent 7890A, HP-5 column) with toluene serving as the
internal standard. The conversion and product selectivity were calculated using

Equations (2) and (3) [24], respectively:

. . _ [Glycerol]; .
Conversion (%) = (1 7[(}1“&01]0) X 100 (Equation 2)
Selectivity (%) = Doxoluel o Dioxanele 4 (Equation 3)

[All products]¢

where [Glycerol], and [Glycerol]; are the amounts of glycerol at 0 and t min,
respectively. [Dioxolane]; and [Dioxane]; are the amounts of 2-benzyl-4-
hydroxymethyl-1,3-dioxolane and 2-benzyl-5-hydroxy-1,3-dioxane at t min,
respectively. The turnover number (TON) and turnover frequency (TOF) were

calculated using Equations (4) and (5) [25], respectively:



Deat Equations (4)

Equations (5)
where Nproduct is the amount of product (in pmol), ney IS the amount of catalyst (in

umol), t is reaction time (in second).

For catalyst reusability, the solid catalyst after reaction run was soaked and
washed with diethyl ether several times before drying at 100 °C. The catalyst was
activated again (450 °C, 5 h) before being added into the reactants (the amount of
reactants used was normalized to the mass of catalyst used), and subjected for the

subsequent cycle of catalytic reaction.

3. Results and discussion

3.1. Characterization of porous materials

The crystallinity and purity of samples prepared with different amounts of OTMS
are studied by XRD analysis. It is observed that TM-0.2 and TM-0.3 exhibit XRD
patterns similar to pristine MOR solid [26] (Fig. 1a—c). No additional XRD peaks
from competing phases (e.g. GIS, ANA, SOD) are detected, indicating the absence of
competing crystalline solids upon the addition of OTMS mesoporogen. However, the
XRD peaks intensity of TM-0.2 and TM-0.3 is lower than that of pristine MOR solid.
The degrees of crystallinity for both samples are calculated to be 85.3% and 82.7%,

respectively, relative to pristine mordenite. Furthermore, the full width at half



maximum (FWHM) of XRD peaks especially at 26 = 6.50°, 9.74°, 25.60°, 26.29° for
both samples is broadened, indicating the formation of smaller crystallite sizes [27].
Further increasing the OTMS amount to 0.4 (TM-0.4) leads to the formation of
ANA/GIS intergrown dense phase (Fig. 1d). Thus, the maximum OTMS/AI,Oj3 ratio

that can be used to synthesize pure hierarchical mordenite is 0.3.
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Fig. 1. XRD patterns of (a) simulated mordenite, (b) pristine mordenite, (¢c) TM-0.2,

(d) TM-0.3 and (e) TM-0.4.

The effects of OTMS on morphological properties and chemical composition
of mordenites are studied through FESEM and XRF analyses. Pristine mordenite

crystals (Si/Al ratio = 6.10) show uniform elongated orthorhombic shape with



dimensions of ca. 3.5 x 0.3 x 0.3 um® (Fig. 2a,b, Table 1) [28]. As the OTMS/AI,O3
ratio increases, the growth on y and z facets is disrupted, resulting in the formation of
zeolite crystals with varied morphologies and rough surfaces (Fig. 2c-f). For instance,
TM-0.2 forms rectangular bar-like mordenite crystals with an average size of ca. 4.4 x
0.3 x 0.1 um®, while TM-0.3, with a higher OTMS amount, displays nano-needle
shape (ca. 4.7 x 0.1 x 0.1 um®). With an addition of OTMS, an increase in the Si/Al
ratio from 6.10 to 6.52 (TM-0.2) and 6.74 (TM-0.3) is also observed where more
siliceous framework increases the surface hydrophobicity [29]. TM-0.4 shows a
further increase in the Si/Al ratio (7.01) but undergoes a complete change in
morphology to an aggregated flower-like feature, further proving the transformation

of mordenite crystalline phase to ANA/GIS intergrowth [30].



Fig. 2: FESEM images of (a, b) pristine mordernite, (c, d) TM-0.2, (e, f) TM-0.3 and

(g, h) TM-0.4.



Table 1. Properties of pristine and hierarchical mordenite samples.

SBET Smicro Sext VI’T]ESO VTot Dav TPD'N H3 aCidity (mm0|/g)
Samples  Si/Al ratio®
(m?/g)° (m?/g)° (m?/g)" (cm*/g)° (cm*/g)’ (nm)? Weak Medium Strong  Total
Mordenite 6.10 (6.14) 449 435 13 0.09 0.24 51 0.62 1.13 0.29 2.04
TM-0.2 6.52 (6.70) 426 392 34 0.14 0.27 6.8 0.23 1.32 0.28 1.83
TM-0.3 6.74 (6.79) 411 365 46 0.17 0.28 8.3 0.20 1.21 0.30 1.70
TM-0.4 7.01 (7.07) 90 2 88 0.11 0.11 4.8 0.15 0.12 0.08 0.35

“Calculated from XRF and %Si NMR (in bracket); "Total surface area; °micropore surface area; “external surface area; °mesopore volume;

‘mesopore volume, %average pore size from BJH adsorption curve



IR spectroscopy, a very sensitive technique for analyzing the zeolite framework
structure and functional groups [31], was employed to investigate the structural
evolution of mordenite zeolite upon the incorporation of OTMS. Notably, TM-0.2 and
TM-0.3 display a similar IR spectral pattern to pristine mordenite in the fingerprint
region (400-800 cm™) (Fig. 3a—c), indicating a shared crystalline phase as proven by
the XRD observations. The IR bands at 1229 and 1075 cm* correspond to Si—O-T (T
= Si, Al) asymmetric stretching vibrations while their bending vibrations resonating at
564 cm* [32]. The existence of t-dah, t-kaj, t-mor and t-tes secondary building units
(SBUs) for the MOR structure is signatured by the keen-edged peaks at 781, 733, 688
and 631 cm™, respectively [3]. Furthermore, a strong IR band at 453 cm ™ due to the
tetrahedral TO, vibrations is also detected [33]. For TM-0.4, representing a mix-phase
of ANA/GIS, exhibits a completely different IR spectral pattern (Fig. 3d).
Nevertheless, all organosilane-functionalized samples show additional IR bands at
2860 and 2900 cm (due to aliphatic CH, and CHjs stretching), confirming the

chemical incorporation of OTMS onto the aluminosilicate framework [34].
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Fig. 3: IR spectra of (a) pristine mordernite, (b) TM-0.2, (¢) TM-0.3 and (d) TM-0.4.

The incorporation of OTMS into the zeolite solids is further confirmed through
the TG/DTG analysis where the TG/DTG profile of pristine mordenite is also
recorded for comparison. Pristine mordenite shows two weight loss steps at 105 °C
(7.5%) and 255 °C (2.1 %) due to the removal of physisorbed and chemisorbed water,
respectively [35]. Upon the incorporation of OTMS, the modified samples show an
additional weight loss at 280 °C, evidenced by an increasing DTG signal. The
calculated OTMS contents in TM-0.2, TM-0.3 and TM-0.4 are 17.3, 21.6, 21.1
mmol/g solid, respectively, indicating that one OTMS molecule is enfolded by

approximately 84, 66 and 69 TO, tetrahedra. In addition, it can also be seen that the



DTG signal at <200 °C is becoming weaker upon incorporation of OTMS indicating
reduced amount of physisorbed water. This phenomenon could be explained by the
increase of surface hydrophobicity as a result of the increased Si/Al ratio (Table 1). In
addition, TM-0.4 shows narrower DTG signal in this region compared to other

counterparts which can be explained by its ANA/GIS intergrown phase.
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Fig. 4: (a) TG and (b) DTG curves of pristine mordernite, TM-0.2, TM-0.3 and TM-0.4.




2%Sj CP MAS NMR spectroscopy is carried out to study the local chemical
environment of Si atoms. For pristine mordenite, three deconvoluted NMR peaks
appear at —113.6, —103.6 and —98.6 ppm assigned to Q4 (4Si, 0Al), Qs (3Si, 1Al) and
Q- (2Si, 2Al) species, respectively [23] (Fig. 5a). Upon the incorporation of OTMS,
these three peaks remain in TM-0.2 and TM-0.3 samples but are slightly shifted
downfield (ca. —0.1 ppm) due to the higher Si/Al ratio; the Si atom is more
electronegative than the Al atom (Fig. 5b,c). Apart from that, a weak signal due to T;
((OSI)3Si—R) species is detected at —71.6 ppm, confirming the presence of covalent
bonding between OTMS and mordenite framework. This peak becomes more intense

with increasing the OTMS/AI,03 ratio.

On the other hand, the T, peak is also observed in the ANA/GIS solid (TM-0.4),
alongside the presence of four Q, species, namely Q4 (—111.5 ppm), Q3 (—103.1 ppm)
and two Q (-98.5, —93.9 ppm) (Fig. 5d). These four peaks are also slightly shifted
compared to the mordenite sample because of the different framework structure that

contributes to the different local chemical environment [36].

The deconvoluted peaks are also used to compute the Si/Al ratio of mordenites
using Equation 1. It is found that the calculated Si/Al ratios for pristine mordernite,
TM-0.2, TM-0.3 and TM-0.4 are 6.14, 6.70, 6.79 and 7.07, respectively, matching

well with the XRF spectroscopy results (Table 1).
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Fig. 5: °Si MAS NMR spectra of (a) pristine mordernite, (b) TM-0.2, (c) TM-0.3 and

(d) TM-0.4.

The inclusion of OTMS mesoporogen during hydrothermal synthesis not only
influences the crystallinity, morphology and phase purity of mordenites but impacts the
porous characteristics of samples too. Thus, nitrogen sorption is carried out at —196 °C.
Pristine mordenite displays type | adsorption isotherm, indicating its microporosity
(Fig. 6a) [37]. However, a hysteresis loop appears at P/P, = 0.45 in the isotherms of
TM-0.2 and TM-0.3 samples while maintaining their Type | isotherm (Fig. 6b,c).
Moreover, a further increase of nitrogen adsorption at P/P, >0.90 attributed to

capillary condensation in mesopores is observed. This indicates that the incorporation


https://www.sciencedirect.com/topics/materials-science/nitrogen-adsorption

of OTMS has introduced secondary mesoporosity in mordenite samples.

The N, adsorption data reveals that the total surface area of hierarchical
mordenites (TM-0.2 and TM-0.3) is reduced which is ascribed to the decrease in
micropore surface area per gram of solid. By incorporating OTMS mesoporogen, it is
confirmed the presence of secondary mesoporosity in both solids has increased the
average pore size (Table 1). Thus, the hierarchical mordenite zeolites (especially TM-
0.3) show an increase in the external surface area, mesopore volume and total pore
volume compared to the pristine mordenite. On the other hand, TM-0.4—an
intergrown ANA/GIS—displays type Ill adsorption isotherm, confirming its non-

porous structure (Fig. 6d) [38].
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Fig. 6: Nitrogen adsorption (close symbols) and desorption (open symbols) isotherms

of (a) pristine mordernite, (b) TM-0.2, (c) TM-0.3 and (d) TM-0.4.

The surface acidity of mordenite zeolites was investigated using TPD-NHj3;
analysis. In both pristine and hierarchical mordenite samples, three deconvoluted
peaks at ca. 175, 240 °C and 510 °C are observed, which correspond to the desorption
of NH3; from mild, mild-to-strong and strong acid sites, respectively (Fig. 5). As seen,
the hierarchical structure not only affects the acid density but also alters the acid
strength. TM-0.3 mordenite exhibits the lowest amount of acid sites, with its acid

strength slightly weakens compared to the other two mordenite counterparts. For TM-



0.4 which has ANA/GIS intergrown feature, it shows a distinct acidity distribution
and strength compared to the aforementioned three mordenite samples, with very low

acid density attributed to its low surface area and dense crystalline phase.
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Fig. 7: TPD-NHj3 profiles of (a) pristine mordernite, (b) TM-0.2, (c) TM-0.3 and (d)

TM-0.4.

3.2 Catalytic study
3.2.1  Catalytic study of hierarchical mordenites

Solvent-free acetalization of benzaldehyde and glycerol is chosen to evaluate



the catalytic behavior of mordenite catalysts, yielding two products, namely 2-benzyl-

4-hydroxymethyl-1,3-dioxolane (7.7 x 6.2 A?) and 2-benzyl-5-hydroxy-1,3-dioxane

O~

2-Benzyl-4-hydroxymethyl-1,3-dioxolane
OH (@)

(9.2 x 4.8 A?) (Fig. 8):

OH +

I +
O 0O
. T O
0

2-Benzyl-5-hydroxy-1,3-dioxane
(b)

Fig. 8: Acetylation of benzaldehyde with glycerol yielding dioxolane and dioxane

products.

The reaction is conducted at 120—160 °C for 0—60 min using non-microwave
rapid heating. At 140 °C, low conversion (22.3%) is observed when no catalyst is
added, even after 60 min, indicating that acetalization of glycerol is an activated
reaction (Fig. 9A(a)) [39]. Additionally, the selectivity towards dioxolane and dioxane
products is nearly 51:49 (Fig. 9B(a)). Nevertheless, the reaction conversion
significantly increases (67.0-84.3%) after 60 min over mordenite catalysts where
higher selectivity (62.3—67.1%) toward 2-benzyl-4-hydroxymethyl-1,3-dioxolane is
achieved (Fig. 9A,B(b-c)). After 60 min onwards, the reaction reaches nearly

equilibrium.
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Fig. 9: (A) Reaction conversion and (B) dioxolane selectivity (a) without catalyst and (b) pristine mordernite, (c) TM-0.2, (d) TM-0.3 and (e)

TM-0.4 at 140 °C. Catalyst loading = 0.050 g; benzaldehyde:glycerol molar ratio = 7:1; solvent-free.



The catalytic reaction findings also reveal the influence of zeolite
morphology, porosity and crystalline phase on overall catalytic performance. TM-0.3
demonstrates the best catalytic performance (84.3% conversion, 62.3% selective to
dioxolane), surpassing TM-0.2 (77.2%, 64.5%) and pristine mordenite (67.0%,
67.1%), respectively (Fig. 9). The high activity of TM-0.3 can be attributed to its
largest average pore size (contributed by hierarchical mesoporosity) that facilitates
high accessibility and diffusivity of reactants to the acid sites [40]. Although some
glycerol and benzaldehyde molecules may access the micropores by positioning their
conformation, the diffusion limitation, however, still can be expected especially in
pristine mordenite. On the other hand, TM-0.4 as an intergrowth of ANA and GIS
exhibits lower catalytic activity (54.7% conversion, 55.3% selective to dioxolane)
than the mordenite counterparts due to its non-porous properties and low acid density
(0.35 mmol/g) (Fig. 9A,B(d)). Its catalytic activity is mainly contributed by its

secondary hierarchical mesoporosity.

To further understand the temperature-dependent relationship between
reaction rates and catalysts, the activation energies (E,) of acetylation of glycerol with
and without catalysts are calculated using the Arrhenius equation [41]. The reaction
was performed at 120, 140 and 160 °C for 60 min, and the Arrhenius linear graphs are
plotted using the second order reaction rate constants. As shown, the reaction
conversion increases drastically with temperature due to an increased kinetic energy
factor (Fig. 10A). Notably, TM-0.3 shows the best reaction performance compared to

other catalytic systems at 160 °C, where the high temperature increases effective



molecular collision frequency while the hierarchical porosity of TM-0.3 also

facilitates the molecular diffusion to the active sites [42].

The non-catalyzed reaction displays a high activation energy (E,) value of
100.8 kJ/mol due to the substantial energy required for activating the carbonyl oxygen
of benzaldehyde (Fig. 10B(a)) [43]. However, the value significantly decreases to
91.6, 83.5, 78.4 and 96.3 kJ/mol in the presence of pristine, TM-0.2, TM-0.3, and
TM-0.4 zeolite catalysts, respectively, where TM-0.3 displays the lowest E, value (Fig.
10B(b—e)). This drastic reduction emphasizes the importance of acidic catalyst in
acetylation of benzaldehyde, where large accessible hierarchical pores are

complementarily essential for high molecular diffusion and accessibility.
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7:1; solvent-free.



Based on these results, the investigation of acetylation of benzaldehyde is
further extended using the TM-0.3 hierarchical mordenite catalyst at 160 °C for 20
min since it gives the best catalytic performance (84.1% conversion, 62.8% selective
to dioxolane). Parameters such as catalyst loading, molar ratio of benzaldehyde to

glycerol, catalyst comparative study, and recyclability are explored in-depth.

3.2.2  Effect of catalyst loading

The effect of catalyst amount of TM-0.3 on the acetylation of benzaldehye is
studied at 160 °C for 20 min by varying the mass from 0 g until 0.200 g, while
maintaining its glycerol to benzaldehyde molar ratio to 1:7. As anticipated, the
conversion is minimal (26.2%) when no catalyst is added, reflecting the activated
nature of the reaction (Fig. 11). However, as the catalyst amount increases, the
reaction activity is enhanced, with the conversion increasing from 53.3% to 88.6%
when the catalyst amount rises from 0.025 g to 0.100 g. This phenomenon is due to
the increased number of acid sites that facilitate the occurrence of the reaction [44].
Meanwhile, the amount of catalyst does not influence the selectivity of dioxolane (ca.
61.5%). Nevertheless, further adding the catalyst amount causes inefficient stirring
which leads to a drop in catalyst performance [45]. Hence the optimum loading of

catalyst is 0.050 g since 0.100 g of catalyst shows almost similar catalytic activity.
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Fig. 11: Effect of catalyst loading on acetylation of benzaldehyde with glycerol.

Temperature = 160 °C; time = 20 min; benzaldehyde:glycerol molar ratio = 7:1;

solvent-free.

3.2.3  Effect of benzaldehyde:glycerol molar ratio

The molar ratio of reactants governs the behavior of a reaction since they
directly take part in the reaction. Hence, acetylation reaction using different
glycerol:benzaldehyde ratios of 1:1, 1:3, 1.5, 1:7, 3:1 and 7:1 is studied at 160 °C for
20 min in the presence of 0.050 g of TM-0.3 hierarchical zeolite catalyst. A

remarkable increase in glycerol conversion is recorded, rising from 65.0% to 84.1%,



when the benzaldehyde concentration increases (from 1:1 to 1:7) (Fig. 12). This is
because the limiting step in the reaction involves the protonation activation of
carbonyl oxygen of benzaldehyde by the active sites of the catalyst [46]. On the other
hand, when the glycerol is added in excess (from 1:1 to 7:1), the resulting mixture is
becoming more viscous, causing difficulties in mixing and stirring; a gradual decline
in the glycerol conversion from 65.1% to 47.8% is hence observed. Thus, this
suggests that low amount of glycerol facilitates the homogenization of reactants
which promotes acetylation reaction. Meanwhile, the selectivity of dioxolane remains
nearly constant over varying the glycerol:benzaldehyde ratio, leveling at 61%. Thus,

based on the results obtained, the optimum glycerol:benzaldehyde ratio is 1:7.
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Fig. 12: Effect of glycerol:benzaldehyde ratio on acetylation of benzaldehyde with



glycerol. Temperature = 160 °C; time = 20 min; catalyst loading = 0.050 g; solvent-

free.

3.2.4  Catalyst comparative study

The catalytic performance of hierarchical mordenite zeolite (TM-0.3) is
compared with various classical homogeneous and heterogeneous catalysts at 160 °C
for 20 min where the reaction conducted without a catalyst as a reference (conversion
26.2%, 52% selectivity of dioxolane) (Table 2, Entry 1). Strong concentrated acids
such as hydrochloric acid and sulfuric acid achieve 100% benzaldehyde conversion
but they suffer from very low selectivity towards dioxolane and dioxane; recording
only 11.4% and 84.4% in total for both products, respectively (Entries 2—-3). When
weak acid such as acetic acid is applied, the catalyst is more selective to both
dioxolane (59.0% selectivity) and dioxane (41.0 selectivity) products but the

conversion is low (35.6%) (Entry 4).

Table 2: Catalytic performance of various catalysts on acetylation of benzaldehyde

with glycerol producing (a) dioxolane and (b) dioxane products.

Conversion TOF Selectivity (%)

Entry Catalyst TON

(%) O (@) (b)




1 No catalyst 26.2 - - 51.3 48.7

2 H,SO4 100 124.8 0.104 6.7 4.7
3 HCI 100 124.8 0.104 54.5 29.9
4 CH3;COOH 37.6 46.9 0.039 51.7 48.3
5 H-Y 52.7 65.8 0.055 58.2 41.8
6 H-LTL 56.2 70.1 0.058 60.2 39.8
7 Na-X 345 43.0 0.036 56.1 43.9
8 Na-A 30.4 37.9 0.032 57.9 421
9 MOR 69.1 86.2 0.072 63.9 36.1
10 TM-0.3 84.1 104.9 0.087 61.5 38.5
11 TM-0.3(3%cycle)  82.2 102.6 0.085 61.0 39.0
12 TM-0.3(5"cycle) 785 97.9 0.082 61.2 38.8
*Catalyst loading = 17.4 pumol equivalent to 0.050 g TM-0.3 solid;

benzaldehyde:glycerol molar ratio = 7:1; T = 160 °C; t = 20 min; solvent-free

Both acidic (H-Y and H-LTL) and basic (Na-X and Na-A) zeolites (pore size

ranging from 0.41-0.74 nm) show lower activity (<34% conversion) compared to



hydrochloric acid and sulfuric acid which can be explained by their weaker
acidity/basicity (Entries 5—8). However, these zeolite catalysts (56—59%) show better
dioxolane selectivity than those homogeneous catalysts due to their molecular sieving
effect [47]. When these zeolites are compared with the hierarchical mordenite zeolite,
the latter catalyst outperforms the conventional zeolites, achieving 84.0% of
conversion and 58.8% selective to dioxolane product (Entry 9). The exceptional
catalytic performance of hierarchical mordenite is ascribed to its secondary
mesoporosity that provides a larger pore size with more pore openings. Consequently,
bulky reactants have better molecular mass transfer and increased accessibility to the
active sites. Meanwhile, basic Na-A and Na-X zeolites (Si/Al = 1.0—1.2) shows poor
catalytic activity compared to other acidic zeolites since acetylation is an acid-driven

reaction.

Lastly, the TOF values on various catalysts are calculated to evaluate the
catalytic efficiency besides providing insights into the reaction Kkinetics and
performance of the catalysts (160 °C, 20 min) [48]. All the strong homogeneous acids
show very high TOF (0.104 s™) revealing the catalytic ability of the acidic proton of
strong acids (Entry 2—3). But they are corrosive and not recyclable. Meanwhile, TM-
0.3 solid shows a TOF of 0.087 s, which is the largest in those zeolite catalysts (TOF
=0.032-0.072 s™), demonstrating that its acid sites are of high catalytic ability thanks
to its hierarchical mesoporosity. Most importantly, this zeolite catalyst is recyclable
where its TOF value only slightly drops to 0.085 and 0.084 s after third and fifth

cycles, respectively. Hence, hierarchical mordenite can be a promising catalyst for



chemical reactions involving bulky molecules for petrochemical and pharmaceutical
industries. In addition, OTMS is also a promising mesoporogen agent for preparing
hierarchical zeolites, which offers diverse opportunities to crystallize various

molecular sieves with unique properties for advanced applications.

4, Conclusions

Octadecyltrimethoxysilane (OTMS) has been successfully used as a
mesoporogen for synthesizing hierarchical mordenite. The optimum OTMS/AI,O;
ratio used for developing hierarchical structure is 0.3 (sample named TM-0.3) where
further increasing the OTMS amount leads to the formation of intergrown ANA/GIS
solid (TM-0.4). The resulting hierarchical mordenite exhibits nano-needle
morphology with reduced micropore surface area and acid density but increased
external surface area, mesopore volume and average pore size. Thanks to the
secondary mesoporosity and accessibility of the pores, the modified mordenite
catalyst is active in the acetylation of benzaldehyde with glycerol (84.1% conversion
with 61.5% selectivity to dioxolane product) under nren-microwave instant heating
conditions (160 °C, 20 min). Furthermore, the catalytic performance is superior than
of the pristine mordenite and other conventional homogeneous and zeolite-based
catalysts. More importantly, the hierarchical mordenite catalyst produced using
OTMS is reusable with insignificant loss in activity, offering it as a potential acid

catalyst for chemical productions involving bulky molecules.
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