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Abstract: Cs–pollucite can be a potential solid base catalyst due to the presence of (Si-O-Al)−Cs+

basic sites. However, it severely suffers from molecular diffusion and pore accessibility
problems due to its small micropore opening. Herein, we report the use of new organosilane,
viz. dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (TPOAC), as a promising
pore-expanding agent to develop the hierarchical structure in nanosized Cs–pollucite. In respect to
this, four different amounts of TPOAC were added during the synthesis of hierarchical Cs–pollucite
(CP-x, x = 0, 0.3, 1.0, or 2.0, where x is the molar ratio of TPOAC) in order to investigate the effects of
TPOAC in the crystallization process of Cs–pollucite. The results show that an addition of TPOAC
altered the physico-chemical and morphological properties of hierarchical Cs–pollucite, such as
the crystallinity, crystallite size, pore size distribution, surface areas, pore volume, and surface
basicity. The prepared solids were also tested in Claisen–Schmidt condensation of benzaldehyde and
acetophenone, where 82.2% of the conversion and 100% selectivity to chalcone were achieved by
the CP-2.0 catalyst using non-microwave instant heating (200 ◦C, 100 min). The hierarchical CP-2.0
nanocatalyst also showed better catalytic performance than other homogenous and heterogeneous
catalysts and displayed a high catalyst reusability with no significant deterioration in the catalytic
performance even after five consecutive reaction runs.

Keywords: Cs–pollucite; nanozeolite; hierarchical structure; organosilane porogen;
Claisen–Schmidt condensation; non-microwave instant heating

1. Introduction

Zeolites are crystalline aluminosilicate microporous minerals and are considered widely used
in many potential applications, such as adsorption, ion exchange, drug delivery, and catalysis [1–9].
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In particular, Cs–pollucite is interesting because it has strong basic sites due to the presence of the
alkali Cs+ cation [10,11]. In addition, it has a three-dimensional open channel with an eight-membered
ring pore size (pore opening 2.43 Å) forming a high thermally stable ANA framework structure [12].
However, the existence of small micropores in this zeolite provokes a barrier of diffusion limitation for
guest molecules either from reactants or products [13]. In order to overcome the diffusion limitation of
bulky molecules in Cs–pollucite, a viable approach has recently been proposed by downsizing the
crystallite size to the nanometer range (<100 nm), with the aim of enhancing the external surface area
of the zeolite [14–16]. As a result, the number of (Al-O-Si)−Cs+ basic sites accessible for reactants is
increased, giving considerably good catalytic activity in Perkin condensation of benzaldehyde [17] and
cyanoethylation of amine [18]. However, the surface area of nanosized Cs–pollucite is still very low
(<40 m2 g−1). Hence, any effort to improve the porous properties of Cs–pollucite zeolite with a more
opened pore structure, better molecular diffusivity, and higher number of basic sites while maintaining
its high thermal stability is urgently needed.

Pore-expanding agent, or so-called porogen, is an additive with a specified shape and
size that can be used to create pores in an inorganic matrix, with the aim of increasing
the accessibility of active sites, which leads to diffusion enhancement and catalytic activity.
Typically, surfactants (e.g., cetyltrimethylammonium bromide, Tergitol 15-S-7), polymers (e.g.,
poly(ethylene glycol), poly(methyl methacrylate)), or macromolecules (e.g., sucrose, crown ether)
have been added into synthesis precursors as porogens to produce inorganic materials with
a hierarchical porous structure [19–23]. For instance, Zhu et al. successfully synthesized
hierarchical zeolite beta using polyallyldimethylammonium cationic polymer (PDADMA) as
both microporogen and mesoporogen [24]. The prepared zeolite exhibited improved catalytic
activity and stability in the cracking reaction of triisopropylbenzene thanks to the enhanced
pore diffusivity and surface acidity. In addition, hierarchical zeolite type Y was prepared using
1-methyl-3-[3′-(trimethoxysilyl)propyl]imidazolium chloride ionic liquid as a mesoporogen, and
the resulting solid showed a distinct catalytic performance in the alkylation reaction due to its
micro/mesoporous structural properties, which favored fast diffusion of the reactants and products [25].
Hence, this approach offers a promising alternative in enhancing the molecular diffusivity and catalytic
activity by developing more open and porous structures.

Quaternary ammonium organosilanes are a promising porogen for the synthesis of hierarchical
zeolites. Besides that, they can function as part of the silica source during the crystallization
process. Typically, dimethylheptadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (TPHAC)
has been used to synthesize mesoporous zeolites (e.g., LTA, FAU) and (silico)aluminophosphates
(e.g., AlPO-5, AlPO-11, and SAPO-5) materials [26–28]. However, the use of other organosilanes
in the synthesis of hierarchical nanosized zeolite has not been widely reported [29]. In this
paper, hierarchical nanosized Cs–pollucite zeolite was synthesized for the first time using
dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (TPOAC) organosilane as a new
porogen, where different amounts of TPOAC were added into the precursor hydrogels. The effects of
the eTPOAC contents on the physico-chemical properties, morphological features, and surface basicity
of hierarchical Cs–pollucite nanocrystals were then studied. Furthermore, the catalytic behavior of
the resulting solids in Claisen–Schmidt condensation of benzaldehyde and acetophenone was also
investigated under non-microwave instant heating conditions.

2. Experimental

2.1. Reproducible Synthesis of Hierarchically Structured Cs–Pollucite Nanocrystals

The hierarchically structured Cs–pollucite zeolite (CP-x) was synthesized as follows: Initially,
a clear aluminate solution was prepared by dissolving cesium hydroxide monohydrate (10.500 g, 99.5%,
Sigma-Aldrich, Darmstadt, Germany), aluminum hydroxide (1.242 g, extra pure, Acros Organics, Geel,
Belgium), and distilled water (8.063 g) at 105 ◦C under stirring for 18 h. The silicate solution was
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prepared by dissolving HS-40 (6.580 g, 40% SiO2, Sigma-Aldrich, Darmstadt, Germany) and cesium
hydroxide monohydrate (5.550 g) into distilled water (6.400 g). For the silicate solution, the required
amount of dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (TPOAC, 42% methanol,
Sigma-Aldrich, Darmstadt, Germany) was then added; for x = 0.3, 1.0, and 2.0, 2.800 g, 9.400 g,
and 18.800 g of TPOAC were added, respectively. Then, the aluminate solution was slowly mixed
into to the resulting silicate solution under magnetic stirring (450 rpm). A clear precursor suspension
with a chemical composition of 5.5SiO2:1Al2O3:6Cs2O:140H2O:xTPOAC was then formed, where x
is the molar ratio of TPOAC organosilane in respect to Al2O3. The resulting precursor mixture was
transferred to an autoclave and crystallized at 180 ◦C for 2 h. The white solid product was washed with
distilled water via high speed centrifugation (10,000 rpm, 8 min) until pH 7. The colloidal suspension
was freeze-dried and calcined at 750 ◦C for 6 h with a heating rate of 2 ◦C min−1, where it took 6 h to
reach the calcination temperature. The obtained powder samples were finally labelled as CP-x (x = 0,
0.3, 1.0, or 2.0 molar ratio of TPOAC).

2.2. Characterization

The crystalline phase of the solid samples was analyzed using a PANalytical X’Pert PRO XRD
diffractometer with Cu-Kα radiation (λ = 1.5406 Å). The samples were scanned with a step size
of 0.02◦ min−1 from 2θ = 3–50◦. The crystallite size of the zeolite solids was estimated by using
the Scherrer equation. The morphological characteristics of amorphous particles were studied by
using a Philips XL-30 field emission scanning electron microscope (FESEM) operating at 20 kV. The
particle size of the samples was measured using ImageJ software by randomly counting 100 particles
through FESEM images obtained in different areas. The porosity of samples was determined using a
Micromeritics ASAP 2010 nitrogen adsorption analyzer. The samples were first degassed at 250 ◦C
overnight under vacuum conditions before being adsorbed with nitrogen probe molecules. The organic
and inorganic compositions of samples were determined using a Mettler TGA SDTA851 instrument
with a heating rate of 20 ◦C min−1 from 30 to 900 ◦C in N2 atmosphere with a purge rate of 20 mL/min.
The infrared (IR) spectra of the solids were recorded with a Perkin Elmer’s System 2000 spectrometer
using the KBr pellet technique (KBr:sample ratio = 50:1). The chemical composition of samples
was obtained by using a Varian Vista MPX ICP-OES spectrometer, where the solid powder was first
dissolved in hydrofluoric acid solution (0.5 M). H3BO3 was also added into the prepared solution to
minimize fluoride interference during elemental analysis. The 29Si MAS nmR spectroscopy analysis
was performed using a Bruker Avance II 400 MHz spectrometer (9.4 Tesla). Prior to analysis, the sample
powder was packed into a 4-mm ZrO2 rotor and spun at 12 kHz. The chemical shifts were referred
to tetramethylsilane (TMS). A single pulse excitation was applied with a π/6 length of 2.1 µs and a
recycle delay of 80 s, and the spectra were measured by the accumulation of 2000 scans. The detection
and measurement of the strength of basic sites was investigated using the temperature-programmed
desorption of carbon dioxide (CO2-TPD). The analysis was performed on a BELCAT-B instrument,
where the sample (ca. 80 mg) was first degassed at 400 ◦C overnight. The sample was then adsorbed
with CO2 gas before the gas was slowly desorbed in the temperature range of 40 to 800 ◦C using a
heating rate of 10 ◦C/min.

2.3. Catalytic Claisen–Schmidt Condensation Reaction Study

Activated CP-x catalyst (0.500 g), benzaldehyde (10 mmol, 99%, Merck, Darmstadt, Germany),
and acetophenone (5 mmol, 99%, Sigma-Aldrich) were added into a 10-mL quartz reaction vessel,
sealed with a silicone cap, and heated at a desired temperature (180–200 ◦C) for 100 min by using an
Anton Paar’s Monowave 50 non-microwave instant heating reactor. The reaction solution was isolated
and analyzed with a GC-FID chromatograph (Agilent/HP6890 GC, HP-5 capillary column, Santa Clara,
CA, USA) and the identity of the reaction product was confirmed by a GC-MS (Agilent 7000 Series
Triple Quad, Santa Clara, CA, USA).
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2.4. Catalyst Reusability Study

The zeolite catalyst after the first run of catalytic reaction was isolated, washed with diethyl ether
(15 mL) 5 times, and air dried. The solid catalyst was re-activated (300 ◦C, 3 h) before being used for
the subsequent runs of catalytic reaction. After the reaction, the reaction product was separated again
and analyzed using GC-FID.

3. Results and Discussion

3.1. Synthesis and Characterization of Hierarchical Cs–Pollucite Nanozeolites

The as-synthesized CP-x samples (x = 0, 0.3, 1.0, and 2.0) were first subjected to thermogravimetry
analysis in order to confirm the amount of TPOAC incorporated into the Cs–pollucite. For CP-0,
only one-step weight loss was shown from 30 to 295 ◦C due to the desorption of water (Figure 1a).
As shown, the weight loss was very small (0.64%) because the water can only be adsorbed on the
external surface of CP-0 while water molecules are too big to access the micropores of Cs–pollucite [17].
When TPOAC was added, additional weight losses were detected from 228 to 765 ◦C (Figure 1b–d).
As shown, the weight loss in these steps increases with the amount of TPOAC introduced. For CP-0.3,
there was a 1.72% weight loss, increasing to 4.43% and 5.98% for CP-1.0 and CP-2.0, respectively.
In addition, an interesting fact is also observed where TPOAC can only be entirely desorbed from
CP-0.3, CP-1.0, and CP-2.0 at very high temperature (>700 ◦C) due to the TPOAC molecular inclusion
in the small pores of Cs–pollucite and the formation of covalent bonds between TPOAC and the zeolitic
framework via the condensation reaction of methoxy groups of TPOAC and the silanol groups of
Cs–pollucite zeolite [30].
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Figure 1. TG curves of as-synthesized (a) CP-0, (b) CP-0.3, (c) CP-1.0, and (d) CP-2.0.

In order to confirm that TPOAC was chemically bound to the Cs–pollucite framework,
as-synthesized CP-0 and CP-2.0 were selected and characterized with 29Si MAS + DEC nmR spectroscopy.
For CP-0, a broad signal is shown in the range of −72.9 to −104.1 ppm, where this band is due to the Q1:
Si(OAl)4 and Q2: Si(OSi)(OAl)3) species originating from the Cs–pollucite framework (Figure 2a) [18].
On the other hand, CP-2.0 also exhibits the same nmR band at this region and a weak additional
broad peak is also observed from −55 to −75 ppm, where this peak is contributed by the Tn species
(Tn = RSi(OH)3−n, n = 2 and 3) of TPOAC (Figure 2b) [31]. Thus, it demonstrates that the TPOAC
organosiloxane was chemically connected to the Cs–pollucite framework.
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Figure 2. 29Si MAS + DEC nmR spectra of as-synthesized (a) CP-0 and (b) CP-2.0.

The as-synthesized CP-0, CP-0.3, CP-1.0, and CP-2.0 were calcined and the XRD patterns of the
respective samples are shown in Figure 3. It can be seen that all calcined samples display XRD patterns
similar to that reported in the literature (JCPDS card no. 29-0407), revealing that Cs–pollucite with an
ANA framework structure was obtained [32]. In addition, the XRD peaks’ intensity (e.g., the [321],
[400], and [332] peaks) of the samples decreased when more TPOAC was used, thus indicating that
the addition of TPOAC interrupted the crystallization process of Cs–pollucite. The XRD peaks of the
samples (e.g., [321], [400], [332], and [440] peaks) also broadened when TPOAC was added. Such a
phenomenon can be explained by the reduced crystallite size [33]. The crystallite size of Cs–pollucite
samples was calculated using the Scherrer equation. It is shown that CP-0 has a crystallite size of
66.94 nm and the size decreases to 55.20 (CP-0.3), 33.37 (CP-1.0), and 31.57 nm (CP-2.0).
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The Cs–pollucite samples were also studied with an FESEM instrument. As seen, all samples
consisted of discrete, uniform, and very fine particles (Figure 4). The particle size distribution of the
samples was plotted based on 100 crystals randomly chosen from different FESEM imaging spots.
In general, all samples exhibited a monomodal particle size distribution. For CP-0, the crystals were
sized from 66.9 to 93.2 nm centered at 79.6 nm. When more TPOAC was added, the size distribution
became narrower and the average crystal size also decreased, indicating that TPOAC plays a role in
controlling the crystallite size. For instance, CP-0.3 had a crystal size ranging from 56.5 to 83.3 nm,
with an average size of 69.8 nm. The size distribution decreased to 15.3 to 33.1 nm for CP-2.0, centered
at 23.3 nm. Thus, the FESEM microscopy analysis results are fully in line with the XRD observation.
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(d–f) CP-0.3, (g–i) CP-1.0, and (j–l) CP-2.0.

IR spectroscopy was used to study the framework stability of CP-x samples by examining their
functional groups. In general, all samples displayed almost similar IR spectrum patterns as that of
the theoretical pollucite solid, indicating that all samples retained their framework identity as also
previously confirmed by the XRD study (Figure 5). The IR bands at 1014 and 1035 cm−1 are assigned to
the internal vibrations of Si–O–T (T = Si, Al) asymmetric stretching modes while the signals resonated
at 774, 720, and 631 cm−1 are the characteristics of distorted eight-membered ring sub-units present in
the pollucite framework [18]. Furthermore, the IR band at 441 cm−1 is due to the bending vibration of
TO4. On the other hand, two signals detected at 3458 and 1646 cm−1 are assigned to the stretching and
bending vibrations of O–H groups of water, respectively [34]. As can be seen, the O–H bands become
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more intense with an increasing TPOAC concentration, indicating the hydrophilicity enhancement of
the zeolites.
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The roles of TPOAC on the porous properties of Cs–pollucite nanozeolites were investigated
with nitrogen adsorption-desorption isotherm analysis. CP-0 exhibited a type V adsorption isotherm
with an H1 hysteresis loop (Figure 6a). Thus, it reveals the presence of cylindrical mesopores with a
mean pore size distribution of ca. 35.0 nm (total average pore size is 31.7 nm) originating from the
close packing of nanocrystals [35]. Neither the microporosity nor micropore volume were detected
due to the smaller pore size of pollucite zeolite (σ = 2.43 Å) than the nitrogen molecular size (σ =

3.64 Å) [12,36]. As a result, only a fairly low external surface area (38 m2/g) and moderate total
pore volume (0.29 cm3 g−1) were measured (Table 1). The adsorption isotherm slowly changed from
type V to type IV when an increasing amount of N2 uptake was observed at low P/Po when more
amount of TPOAC was added, indicating the development of hierarchical porosities (Figure 6b–d).
This phenomenon is also supported by the pore size distribution analysis determined using the DFT
method, where secondary porosities consisted of micro- and macroporosities were detected in CP-0.3,
CP-1.0, and CP-2.0, with CP-2.0 having the largest accessible porosities (largest pore sizes) (inset
of Figure 6). In addition, a significant increase in the SBET (contributed by both the micropore and
external surface areas) and VTotal was also observed, particularly for CP-2.0 (SBET = 152 m2 g−1, VTotal

= 0.63 cm3 g−1), thanks to the function of TPOAC as porogen, where the large amount of TPOAC
added tended to form more micelles, which created micro- and macroporosities to the Cs–pollucite
zeolites (Table 1) [37].Processes 2020, 8, x FOR PEER REVIEW 8 of 16 
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Table 1. Textural properties of the Cs–pollucite zeolites synthesized with different TPOAC contents a.

Sample SBET (m2 g−1) Sext (m2 g−1) Smicro (m2 g−1) Vmicro (cm3 g−1) Vtotal (cm3 g−1)

CP-0 38 38 0 0 0.29
CP-0.3 62 59 3 0.002 0.30
CP-1.0 108 71 37 0.011 0.49
CP-2.0 152 89 63 0.019 0.63
a SBET: Specific surface area; Sext: External surface area; Smicro: Micropore surface area; Vmicro: Micropore volume;
Vtotal: Total pore volume.

The effects of TPOAC on the framework composition of Cs–pollucite zeolites were also investigated
using ICP-OES spectroscopy analysis. In general, the Si/Al ratios of all samples are ca. 2.10 while
the Cs/Al ratios are close to unity, indicating that TPOAC exhibits no influence on the Si, Al, and Cs
elemental distributions in the framework structure of Cs–pollucite zeolites (Table 2).

Table 2. Chemical elemental analysis of the solid products obtained after various heating times.

Sample
Si Al Cs

Si/Al Ratio Cs/Al Ratio
mg L−1 mmol L−1 mg L−1 mmol L−1 mg L−1 mmol L−1

CP-0 113.18 4.03 51.26 1.90 265.82 2.00 2.12 1.05
CP-0.3 107.65 3.83 49.10 1.82 241.89 1.82 2.10 1.00
CP-1.0 91.81 3.66 47.21 1.75 235.25 1.77 2.09 1.01
CP-2.0 88.46 3.51 44.79 1.66 221.95 1.67 2.11 1.00

The surface basicity of Cs–pollucite samples was investigated with CO2-TPD analysis, where this
analysis can accurately determine the distribution of basic strengths of a solid catalyst [38]. It was shown
that CP-0 has the lowest number of basic sites (58.7 µmol g−1), where they are mostly contributed by the
weak-to-mild basic sites (33.3 µmol g−1, 56.7%) (Figure 7a, Table 3). With the introduction of TPOAC
into the hydrogel precursor of Cs–pollucite, the basicity (both in quantity and strength) increased
thanks to the role of TPOAC as a porogen that develops more accessible porosities (Figure 7b–d). As can
be seen, the total number of basic sites increased from 58.7 (CP-0) to 64.7 (CP-0.3) and 69.4 µmol g−1

(CP-1.0) before it further increased to 77.9 µmol g−1 (CP-2.0). Among the samples prepared, the basic
strength of the solids follows this order: CP-2.0 > CP-1.0 > CP-0.3 > CP-0, where CP-2.0 has the largest
number of mild-to-strong basic sites (27.3 µmol g−1).

Processes 2020, 8, x FOR PEER REVIEW 9 of 16 

 

An attempt to correlate the surface basicity with the amount of TPOAC added and SBET was also 

made. Figure 8 shows the correlation plots between SBET, amount of TPOAC added, and the basicity 

of the Cs–pollucite samples. As shown, the basicity has a positive relationship with the TPOAC 

added, where the correlation is best described with a linear line, y = 8.99x + 60.26, with the best of fit, 

R2 = 0.9715. In addition, the SBET was also found to have direct influence on the basicity of the Cs–

pollucite samples, where the relation can be described with a linear equation: y = 56.43x + 43.44, where 

R2 = 0.9847. For CP-0, which has the lowest SBET (38 m2 g−1), the basicity was found to be 58.7 μmol g−1. 

The basicity increased to 64.7 (CP-0.3), 69.4 (CP-1.0), and 77.9 μmol g−1 (CP-2.0) when the SBET of the 

solids increased. Thus, the results show that an addition of TPOAC in the synthesis of hierarchical 

Cs–pollucite is essential as it enhances the accessible surface area and surface basicity, where the 

basicity (number of basic sites) of Cs–pollucite, namely (Si-O-Al)−Cs+, is strongly associated with the 

total accessible surface area of the solids [39]. 

 

Figure 7. CO2-TPD of (a) CP-0, (b) CP-0.3, (c) CP-1.0, and (d) CP-2.0. 

Table 3. Surface basicity of CP-x Cs–pollucite zeolite samples determined using CO2-TPD analysis. 

Samples 
TPD-NH3 Acidity (µmol g−1) 

Weak-To-Mild (30–200 °C) Mild (295–562 °C) Mild-To-Strong (390–800 °C) Total 

CP-0 33.3 11.0 14.4 58.7 

CP-0.3 33.7 11.7 19.3 64.7 

CP-1.0 34.4 12.4 22.6 69.4 

CP-2.0 35.4 15.2 27.3 77.9 

Figure 7. CO2-TPD of (a) CP-0, (b) CP-0.3, (c) CP-1.0, and (d) CP-2.0.



Processes 2020, 8, 96 9 of 16

Table 3. Surface basicity of CP-x Cs–pollucite zeolite samples determined using CO2-TPD analysis.

Samples
TPD-NH3 Acidity (µmol g−1)

Weak-To-Mild (30–200 ◦C) Mild (295–562 ◦C) Mild-To-Strong (390–800 ◦C) Total

CP-0 33.3 11.0 14.4 58.7
CP-0.3 33.7 11.7 19.3 64.7
CP-1.0 34.4 12.4 22.6 69.4
CP-2.0 35.4 15.2 27.3 77.9

An attempt to correlate the surface basicity with the amount of TPOAC added and SBET was also
made. Figure 8 shows the correlation plots between SBET, amount of TPOAC added, and the basicity
of the Cs–pollucite samples. As shown, the basicity has a positive relationship with the TPOAC added,
where the correlation is best described with a linear line, y = 8.99x + 60.26, with the best of fit, R2 =

0.9715. In addition, the SBET was also found to have direct influence on the basicity of the Cs–pollucite
samples, where the relation can be described with a linear equation: y = 56.43x + 43.44, where R2 =

0.9847. For CP-0, which has the lowest SBET (38 m2 g−1), the basicity was found to be 58.7 µmol g−1.
The basicity increased to 64.7 (CP-0.3), 69.4 (CP-1.0), and 77.9 µmol g−1 (CP-2.0) when the SBET of the
solids increased. Thus, the results show that an addition of TPOAC in the synthesis of hierarchical
Cs–pollucite is essential as it enhances the accessible surface area and surface basicity, where the
basicity (number of basic sites) of Cs–pollucite, namely (Si-O-Al)−Cs+, is strongly associated with the
total accessible surface area of the solids [39].Processes 2020, 8, x FOR PEER REVIEW 10 of 16 
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3.2. Catalytic Reaction Study

Solvent-free Claisen–Schmidt condensation of acetophenone and benzaldehyde was chosen as a
model reaction to assess the catalytic behavior of hierarchical Cs–pollucite nanozeolites (Equation (1)).
The influence of the catalytic reaction parameters, namely the reaction temperature, heating time,
catalyst loading, molar ratio of acetophenone and benzaldehyde, and type of catalysts used, on the
selective conversion to chalcone was systematically studied.
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3.2.1. Effects of the Reaction Temperature and Time

The catalytic activity of CP-x (x = 0, 0.3, 1.0, and 2.0) in Claisen–Schmidt condensation
of benzaldehyde and acetophenone was first studied at various heating temperatures (180, 190,
and 200 ◦C) under non-microwave instant heating conditions in a wide reaction time range (0–100
min). Only chalcone was produced as a single reaction production in the entire catalytic reaction study.
In the absence of catalyst, the conversion recorded at 200 ◦C after 100 min was low (30.1%) (results
not shown). In the presence of CP-x catalysts, the conversion increased significantly under the same
reaction conditions (Figure 9A(a)). As seen, CP-2.0 is the most reactive (82.2%), followed by CP-1.0
(78.2%), CP-0.3 (70.6%), and CP-0 (68.5%). Thus, the results demonstrate that Cs–pollucite nanocatalyst
with more hierarchical porosities increased the accessible surface area, which is essential for the fast
diffusion of reactant molecules and adsorption onto the basic sites before the molecules are converted
to the reaction product (chalcone) [40].
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Figure 9. (A) Claisen–Schmidt condensation of benzaldehyde and acetophenone catalyzed with (a) CP-0,
(b) CP-0.3, (c) CP-1.0, and (d) CP-2.0 nanocatalysts at 200 ◦C, where the respective Arrhenius linear
plots are also shown in (B) using the second-order rate constants determined at 180, 190, and 200 ◦C.

The activation energies (Ea) of catalyzed and non-catalyzed Claisen–Schmidt condensation
reaction were calculated using the Arrhenius equation plot (Figure 9B), where the second-order rate
constants, k2nd, were first determined based on the concentration of unreacted acetophenone at 180,
190, and 200 ◦C over various times (0–100 min). The results indicate that the reaction catalyzed with
CP-2.0 has the lowest Ea value (87.84 kJ mol−1), followed by CP-1.0 (99.05 kJ mol−1), CP-0.3 (114.42
kJ mol−1), CP-0 (123.47 kJ mol−1), and no catalyst (184.97 kJ mol−1). Thus, the catalytic kinetic study
reveals that Claisen–Schmidt condensation of benzaldehyde and acetophenone is an activated reaction,
where CP-x nanocatalyst (particularly CP-2.0) offers an alternative and faster reaction route that has
lower activation energy [41]. Hence, the optimum temperature and reaction time were chosen to be
200 ◦C and 100 min for further catalytic study where CP-2.0 was used as the catalyst.

3.2.2. Effect of Catalyst Loading

Catalyst loading plays an important role in the catalytic reaction [42], and hence, it was studied
in the range 0–0.10 g using the following conditions: 200 ◦C, 40 min, acetophenone:benzaldehyde
molar ratio = 5 mmol:10 mmol. Only a 9.0% conversion was recorded when no catalyst was applied
(Figure 10). The conversion, however, increased tremendously when CP-2.0 nanocatalyst was added.
In general, the reaction conversion increased with the catalyst loading, where the highest reaction
conversion (82.2%) was achieved by using 0.50 g of CP-2.0 catalyst. A slight decrease in the reaction
conversion (77.9%), however, was recorded when 1.00 g of catalyst was used. This observation can
be explained by the inhomogeneous mixing between reactants and catalyst as a result of the use of
excessive catalyst that causes inefficient stirring. Hence, 0.50 g of CP-2.0 nanocatalyst was chosen for
the further reaction study.
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Figure 10. Effect of catalyst loading on the conversion of Claisen–Schmidt condensation of benzaldehyde
and acetophenone. Catalyst = CP-2.0, reaction temperature = 200 ◦C, reaction time = 100 min,
benzaldehyde = 10 mmol, acetophenone = 5 mmol, solvent free.

3.2.3. Effect of the Acetophenone to Benzaldehyde Molar Ratio

The effect of the acetophenone to benzaldehyde molar ratio was investigated while the other
reaction parameters were kept constant (Figure 11). In general, the reaction conversion was affected
by changing the acetophenone to benzaldehyde molar ratio, where the conversion was enhanced by
increasing the benzaldehyde concentration. The highest conversion (82.2%) was recorded when the
acetophenone to benzaldehyde molar ratio of 5:15 was used. Further increasing the benzaldehyde
concentration, however, reduced the reaction conversion to 76.3%. The Claisen–Schmidt condensation
was also carried out using benzaldehyde as a limiting reagent instead of acetophenone. Interestingly,
the reaction became less reactive, where low conversion (43.3–54.2%) was recorded when the
acetophenone to benzaldehyde molar ratio was changed to 10:5 and 20:5, respectively. Hence,
the results show that acetophenone has to first be activated on the active sites prior to reaction
with benzaldehyde.
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Figure 11. Effect of the acetophenone:benzaldehyde molar ratio on the conversion of Claisen–Schmidt
condensation. Catalyst = CP-2.0, catalyst loading = 0.50 g, reaction temperature = 200 ◦C, reaction time
= 100 min, solvent-free.
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3.2.4. Catalyst Comparative Study

The catalytic performance of CP-2.0 was also compared with common homogeneous and
heterogeneous catalysts, such as KOH, Na2CO3, NaOH, CsOH, and NaX zeolite, where an equimolar
amount to CP-2.0 nanocatalyst was used; 1.984 mmol is equivalent to 0.50 g of CP-2.0 (Figure 12A).
As expected, CsOH—an extremely alkaline metal hydroxide—showed the highest reaction conversion
(91.4%) but the reaction was only 92% selective to chalcone due to the co-occurrence of a secondary
Cannizzaro reaction of benzaldehyde to benzyl alcohol and benzoic acid, and slight product
decomposition to non-identified compounds at the high temperature. Interestingly, no product
decomposition was observed for the reactions catalyzed with other catalyst counterparts, where CP-2.0
displayed the second highest reaction conversion (82.2% conversion), followed by KOH (70.3%), NaOH
(61.1%), NaX zeolite (53.7%), and Na2CO3 (48.8%). Although CsOH is the most reactive catalyst, it is
less selective, hazardous, corrosive, and not reusable. In contrast, CP-2.0 is not corrosive. Hence, it can
be easily handled and stored. Furthermore, CP-2.0 nanocatalyst has high catalyst reusability, where its
crystallinity and catalytic reactivity were preserved even after five reaction runs (Figure 12B,C).Processes 2020, 8, x FOR PEER REVIEW 13 of 16 
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Figure 12. (A) Conversion of acetophenone in Claisen–Schmidt condensation reaction using different
catalysts (reaction temperature = 200 ◦C, time = 100 min, benzaldehyde = 10 mmol, acetophenone
= 5 mmol), (B) catalyst reusability test of CP-2.0 in Claisen–Schmidt condensation of benzaldehyde
and acetophenone, and (C) XRD patterns of (a) fresh CP-2.0 and (b) CP-2.0 after five consecutive
reaction runs.

4. Conclusions

In conclusion, Cs–pollucite nanozeolite with hierachical micro/macroporosity was successfully
synthesized under hydrothermal treatment with the aid of TPOAC porogen. The results show that
TPOAC participates in the crystallization of Cs–pollucite, where the inclusion of TPOAC during the
formation of Cs–pollucite gives rise to a highly accessible surface area with micro/macropore sizes.
Furthermore, the amount of TPOAC added during the synthesis of hierarchical Cs–pollucite has a
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proportional correlation to the accessible surface area and basicity of the solids obtained. Among the
four Cs–pollucite samples prepared, CP-2.0 had the smallest crystallite size. It also exhibited the
highest SBET, accessible micro/macroporosity, and basicity (number of basic sites and basic strength).
For the catalytic Claisen–Schmidt condensation of benzaldehyde and acetophenone, CP-2.0 was proven
as an excellent and recyclable solid base catalyst. Hence, this hierarchical nanozeolite with accessible
micro/macroporosity and high basicity has great potential in advanced applications, particularly in
adsorption and catalytic technologies.

Author Contributions: A.G.M.S.: Performed most of the experiments, wrote the manuscript. F.K., T.-C.L. and
E.-P.N.: Wrote and proof-read the manuscript, supervised A.G.M.S., give idea for the entire project, applied
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Abbreviations and Symbols

The following abbreviations and symbols are used in this manuscript:
AlPO-11 Aluminophosphate number 11
AlPO-5 Aluminophosphate number 5
ca. Circa (approximately)
CO2-TPD Temperature-programmed desorption of carbon dioxide
DEC Decoupling
DFT Density Functional Theory
Ea Activation energy
FAU Faujasite
FESEM Field emission scanning electron microscopy
GC-FID Gas chromatography–flame ionization detector
GC-MS Gas chromatography–mass spectrometry
ICP-OES Inductively coupled plasma–optical emission spectroscopy
IR Infrared
LTA Linde Type A
MAS Magic angle spinning
NMR Nuclear magnetic nesonance
P/Po Partial pressure
PDADMA Polyallyldimethylammonium
R2 R-squared
SAPO-5 Silicoaluminophosphate number 5
SBET Specific surface area
Sext External surface area
Smicro Micropore surface area
TG Thermogravimetry
TMS Tetramethylsilane
TPHAC Dimethylheptadecyl[3-(trimethoxysilyl)propyl]ammonium chloride
TPOAC Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride
Vmicro Micropore volume
Vtotal Total pore volume
XRD X-ray diffraction
σ Pore size
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