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Zeolite catalysts have found extensive applications in the synthesis of various fine chemicals. However,
the micropores of zeolites impose diffusion limitations on bulky molecules, greatly reducing the catalytic
efficiency. Herein, we explore an economic and environmentally friendly method for synthesizing hier-
archical NaX zeolite that exhibits improved catalytic performance in the Knoevenagel condensation reac-
tion for producing the useful fine chemical 2-cyano-3-phenylacrylate. The synthesis was achieved via a
low-temperature activation of kaolinite and subsequent in-situ transformation strategy without any tem-
plate or seed. Systematic characterizations reveal that the synthesized NaX zeolite has both inter-
crystalline and intra-crystalline mesopores, smaller crystal size, and larger external specific surface area
compared to commercial NaX zeolite. Detailed mechanism investigations show that the inter-crystalline
mesopores are generated by stacking smaller crystals formed from in-situ crystallization of the depoly-
merized kaolinite, and the intra-crystalline mesopores are inherited from the pores in the depolymerized
kaolinite. This synthesis strategy provides an energy-saving and effective way to construct hierarchical
zeolites, which may gain wide applications in fine chemical manufacturing.
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1. Introduction

Recently, zeolites have attracted great attentions in the synthe-
sis of a wide range of fine chemicals, such as flavors, fragrances,
pharmaceutical intermediates, detergents and pigments [1,2]. Tra-
ditionally, fine chemicals are synthesized via the homogeneous
catalysis system [3,4]. However, the separation and recovery of
the homogeneous catalysts are difficult and expensive, because
they are typically dissolved in the reaction mixture [5]. Moreover,
some homogeneous catalysts, such as liquid acid and base, may
generate hazardous waste or emit harmful byproducts, leading to
environmental concerns [6,7]. Zeolites are known to have several
advantages in fine chemical synthesis as a heterogeneous catalyst
[8,9]. They are often able to be easily separated from the reaction
mixture, allowing for their recovery and reuse, which can reduce
costs and increase efficiency. Additionally, zeolites are commonly
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considered as environmentally friendly catalysts, as they are
non-toxic and their production does not generate hazardous waste.
Their porous structure and shape selectivity make them highly
selective, resulting in high yields of desired products and reduced
waste. Furthermore, zeolites are also stable under a wide range
of reaction conditions, making them suitable for industrial
processes.

In these years, there has been a significant interest in the
zeolite-catalyzed Knoevenagel condensation reaction for the syn-
thesis of fine chemicals such as pharmaceuticals, agrochemicals,
and natural products [10,11]. Knoevenagel condensation reaction
is a versatile and efficient method for the formation of C—C bonds
and the introduction of various functional groups into organic
molecules [12]. Therefore, the Knoevenagel condensation reaction
is a valuable tool for the synthesis of complex organic molecules
and has significant applications in the pharmaceutical and fine
chemical industries [13-15]. NaX zeolites with basic sites from
the sodium cations in zeolite channel, can effectively catalyze the
Knoevenagel condensation reaction under the mild conditions
[16,17]. However, the Knoevenagel condensation involves bulky
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molecules, and the micropore in conventional NaX zeolite brings
about serious steric hindrance and diffusion limitation of bulky
molecules, which greatly decrease the catalysis efficiency [18,19].

To tackle the issue above, scientists have been exploring the
hierarchical zeolites with multi-modal pore structures to over-
come the drawback of conventional zeolites. Hierarchical zeolites
have a more open pore structure than conventional zeolites,
enabling better accessibility of bulky reactants to active sites and
reducing diffusion limitations [20-22]. This makes them promising
materials for heterogeneous catalysis applications. For instance,
Verboekend et al. [19,23] reported a ten-fold increase in catalytic
activity of hierarchical NaX zeolite compared to the microporous
NaX zeolite in the Knoevenagel condensation of benzaldehyde
with malononitrile. The enhanced activity was attributed to the
improved accessibility of reactants to active sites in hierarchical
zeolites. Grass et al. [18] demonstrated that the conversion rate
over hierarchical NaX zeolite was higher than that over conven-
tional NaX zeolite in the Knoevenagel condensation of benzalde-
hyde with ethyl cyanoacetate, indicating that hierarchical
zeolites can enhance catalytic performance in this reaction as well.
Therefore, many efforts have been devoted to the preparation and
application of hierarchical NaX zeolite as a base catalyst in the
Knoevenagel condensation reaction.

Up to now, the most common method for synthesizing hierar-
chical NaX zeolites involves the use of chemical reagents as raw
materials and cationic surfactants as mesopore templates. For
example, Liu et al. [24] explored the synthesis of hierarchical NaX
zeolite by employing water glass and sodium aluminate as raw
materials and cationic polymer or spirulina as organic template.
Inayat et al. [25] synthesized hierarchical NaX zeolite with intra-
crystalline mesopores using sodium silicate and sodium aluminate
as raw materials, along with 3-(trimethoxysilyl)propyl hexadecyl
dimethyl ammonium chloride as a mesoporous template. Simi-
larly, Gbmez et al. [26] adopted NaAlO, and Na,SiOs; as raw mate-
rials to synthesize hierarchical NaX zeolite in the presence of
sodium dodecyl benzene sulfonate. Although the templating
method using expensive organic templates and chemical reagents
has been successful in synthesizing hierarchical NaX zeolites, it can
increase the cost and environmental impact of the process which
makes it less suitable for large-scale industrial applications [27-
29]. Therefore, there is growing interest in developing more sus-
tainable and cost-effective approaches for synthesizing hierarchi-
cal NaX zeolites.

Considering the similar chemical composition between natural
clay mineral and NaX zeolite, some literatures have reported the
direct synthesis of NaX zeolites from kaolinite, as shown in Table 1.
Nevertheless, there are several problems with these research
works: (i) the activation temperature is usually above 500 °C,
resulting in high energy consumption; (ii) the obtained NaX zeo-
lites have low crystallinity and/or purity; (iii) most of the synthe-
sized NaX zeolites only own microporous channels. Although the
hierarchical NaX zeolite with mesopore size of 23 nm was directly
synthesized by using the illite-kaolinite as raw material, but the
specific surface area (Sger) of the obtained NaX zeolite was low,
and a small amount of NaA impure phase was observed in the final
product [30]. Against the above-mentioned reports, we attempt to
develop a facile and energy-saving method for synthesizing highly
crystalline and pure hierarchical NaX zeolite from natural kaolinite
without using any template or seed. The synthesis was achieved
via the low-temperature (250 °C) activation of kaolinite and subse-
quent in-situ transformation strategy, and this synthesis strategy
leads to the successful synthesis of highly crystalline and pure
NaX zeolite with both inter-crystalline and intra-crystalline meso-
pores. The physicochemical properties of the resultant NaX zeolite
were systematically investigated by various techniques, and the
formation mechanism of hierarchical pores was discussed. In addi-

Table 1
Research progress in the synthesis of NaX zeolite from kaolinite
Raw material Activation method Product Ref.
Tunisian Alkali fusion Microporous NaX and [17]
kaolinite (700 °C) sodalite
Chinese Alkali fusion NaX and NaA [31]
kaolinite (650 °C)
Kaolinite Calcination (650 °C)  Microporous NaX [32]
Kaolinite Dry grinding Microporous NaX and NaA [33]
[llite-kaolinite Alkali fusion Hierarchical NaX and less [30]
(500 °C) NaA

tion, the catalytic performance of the synthesized hierarchical NaX
zeolite was tested in the Knoevenagel condensation reaction
between benzaldehyde and ethyl cyanoacetate.

2. Experimental
2.1. Materials

The natural kaolinite was acquired from China Kaolinite Clay
Co., China. Solid silica (89.2% (mass) SiO, and 10.8% (mass) H,0)
was purchased from Qingdao Gaomei Reagent Co., China. Sodium
hydroxide (96% (mass)) and ethanol (99.8% (mass)) were obtained
from Adamas Chemical Reagent Co., China. Benzaldehyde (99%
(mass)) and ethyl cyanoacetate (99% (mass)) were purchased from
Macklin Chemical Reagent Co., China. The commercial NaX zeolite
was bought from Nankai University Catalyst Co., Ltd, China.

2.2. Synthesis of hierarchical NaX zeolite

The hierarchical NaX zeolite was synthesized by employing the
natural kaolinite as sole aluminum source and partial silicon
source without using any template or seed via an in-situ transfor-
mation approach. Firstly, the natural kaolinite was depolymerized
in a submolten salt (SMS) medium as reported in our previous
work [34]. In a typical procedure, 28.0 g of sodium hydroxide
was appended into an open Teflon beaker containing 120.0 g of
deionized water under strongly stirring. Then, 20.0 g of natural
kaolinite was added to the above sodium hydroxide solution. The
resulting mixture was placed into an oven exposed to air at a pre-
set temperature of 250 °C for 2 h to yield a SMS depolymerized
kaolinite denoted as SMS-kaolinite. Secondly, SMS-kaolinite was
mixed with deionized water, sodium hydroxide, and solid silica
under vigorous stirring with the final molar composition of 9
Nay0:3.5 SiO,:1 Al,03:385 H,0. After aging at 30 °C for 12 h, the
mixture was transferred into a Teflon-lined stainless-steel auto-
clave and subjected to hydrothermal crystallization at 80 °C for
4 h without agitation. Finally, the solid product was filtered,
washed thoroughly with deionized water, and dried overnight at
100 °C.

2.3. Characterizations

The powder X-ray diffraction (XRD) patterns of the samples
were collected on a Rigaku Ultimate III diffractometer (40 kV,
40 mA, Japan) using Cu K, radiation from 5° to 40° with a scanning
step of 0.02° at a scanning rate of 8(°)-min'. The relative crys-
tallinity of the synthesized sample was calculated based on ASTM
D3906-19 standard by comparing the area of their characteristic
peaks (20 = 15.7° £ 0.2°, 18.7° £ 0.2°, 20.4° + 0.3°, 23.7° + 0.4°,
27.1° £ 0.5°,30.8° + 0.5°,31.5° £ 0.5°, 34.2° + 0.5°) to that of a com-
mercial NaX zeolite whose crystallinity is defined as 100%. Fourier
transform infrared (FT-IR) analysis was used as a complementary
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tool for XRD to characterize the structure of zeolite. It was per-
formed at room temperature on a Thermo Scientific Nicolet iS50
FT-IR spectrometer (USA) in the range of 4000-400 cm™'. The sam-
ples were ground with the dried KBr powder and pressed into
small disc prior to FTIR characterization. The chemical composition
of the solid samples was analyzed by X-ray fluorescence (XRF) con-
ducted on a Bruker S4 Explorer instrument (Germany). The mor-
phology and size of the samples were observed by field-emission
scanning electron microscopy (FESEM) on a Hitachi S-4800 equip-
ment (Japan). The transmission electron microscopy (TEM) images
were taken using an FEI Tecnai F20 instrument (200 kV, USA) with
the sample mounted on a C-flat TEM grid. The textural properties
of the samples were studied by nitrogen adsorption-desorption
measurements at —196 °C on an ASAP 2460 analyzer (USA), and
the sample was dehydrated at 300 °C for 6 h prior to the measure-
ment. The Sger was calculated by the Brunauer-Emmett-Teller
(BET) method, and the total pore volume (Vio,) Was estimated
according to the adsorption capacities at the relative pressure (P/
Py) of 0.95 [35]. The external specific surface area (Sexter) and
micropore volume (Viicro) Were calculated using the t-plot method
[36,37]. The Al and Si coordination environments in the zeolite
were analyzed by using ?’Al and 2°Si magnetic angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopy, respec-
tively. The 2’Al MAS NMR spectra were collected on a JEOL ECA-
600 spectrometer (Japan) at a resonance frequency of 156.4 MHz
using a 4 mm sample rotor with a spinning rate of 15.0 kHz. The
295i MAS NMR spectra were recorded on a Bruker DSX 500 MHz
spectrometer (Germany) at a resonance frequency of 79.5 MHz
using a 6 mm sample rotor with a spinning rate of 5.5 kHz. The
framework SiO,/Al,03 molar ratios of the samples were calculated
from the 2°Si MAS NMR spectra using Eq. (1).

4
2 3 Isimay
~0
- (1)
> 0.25nIsima))

n=0

Framework SiO,/Al,03; molar ratio =

where I represents integral intensity of a particular silicon reso-
nance peak, n denotes the number of framework Al atom connected
via oxygen atom to one Si atom.

The variation of Si and Al concentration in the liquid phase of
the synthesized samples under the different synthesis times were
analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES) with a Perkin-Elmer 3300DV emission. The
basicity of the zeolites was analyzed by temperature-
programmed desorption of CO, (CO,-TPD) on Autochem 2920-
Hiden HPR20. The sample was pretreated at 470 °C for 2 h in He
flow and then cooled to 50 °C. After outgassing, 10% CO,/He flow
was introduced for 1 h in order to absorb the CO,, and then He flow
passed through the sample for 15 min to desorb the weakly
adsorbed CO,. Subsequently, the sample was heated under He flow
from 50 °C to 900 °C with a rate of 10 °C-min~'. The concentration
of desorbed CO, was measured with a TCD detector.

2.4. Catalytic test

The catalytic performance of the zeolites was evaluated by
using the Knoevenagel condensation of benzaldehyde with ethyl
cyanoacetate to produce 2-cyano-3-phenylacrylate as a model
reaction, as shown in Fig. 1. In a typical test, 20 cm> of reaction
mixture was prepared by mixing benzaldehyde (0.56 mol-L™1)
and ethyl cyanoacetate (0.56 mol-L™') in a molar ratio of 1:1, and
ethanol (85% (mass)) as solvent. The mixture was kept at 70 °C
under continuous stirring (400 r-min~!, 0-4 h) and the reaction
was initiated by the addition of 3% (mass) of catalyst. Aliquots
were periodically collected, filtered, and analyzed by gas chro-
matography using a Shimadzu GC-2014 chromatograph equipped
with flame ionization detector and RTX-1 capillary column. The
chosen injection volume of this solution into the gas chro-
matograph was 0.5 1 with an injector temperature of 250 °C. The
column was heated with 5 °C-min~"' from 80 °C to 190 °C and kept
for 3 min at 190 °C. Then, a heating ramp of 5 °C-min~' to 250 °C
was applied followed by an isothermal step of 2 min at 250 °C. Ben-
zaldehyde conversions were determined from the respective areas
under the GC curves. Quantification for benzaldehyde conversion
calculations was performed using Eq. (2), based on analytical
curves of 2-cyano-3-phenylacrylate.

. C -C
Conversion of benzaldehyde =—2enzaldehyded — “henzaldehyded . 10

Cbenzaldehyde,o

(2)

where Cpenzaldehyde,0 a0d Chenzaldenyde,1 T€Present the concentration
of benzaldehyde in the solution before and after the reaction,
respectively.

3. Results and Discussion

3.1. Chemical composition and phase structure of kaolinite and SMS-
kaolinite

The kaolinite used in this synthesis is composed of approxi-
mately 95% (mass) Al,Os and SiO,, as well as small amounts of
impurities (Table S1 in Supplementary Material). The XRD pattern
of the kaolinite displays two prominent peaks at 20 = 12.3° and
24.9°, which correspond to the kaolinite phase (Fig. S1) [38]. After
depolymerization, the SMS-kaolinite maintains the same SiO,/
Al;03 molar ratio as the original kaolinite, but the content of
Na,O increases significantly owing to the use of a large quantity
of sodium hydroxide. The XRD pattern of the SMS-kaolinite shows
that the characteristic peaks of the kaolinite become invisible, and
new strong peaks at 20 = 30.1°, 31.4°, 35.2°, and 36.0° correspond-
ing to the NaAlSiO, phase appear. This indicates that the kaolinite
mineral has been transformed into highly active aluminosilicate
species via SMS activation [39]. Additionally, a weak peak at
20 = 38.5°, attributed to sodium hydroxide, is detected due to the
excessive addition of sodium hydroxide.

H o ‘ m
o Basic o
N catalyst
+ N \)k " Etmol o« ° T o
c O/\ Ethanol ~
H o}
Benzaldehyde Ethyl cyanoacetate 2-Cyano-3-phenylacrylate Water

Fig. 1. Model of the Knoevenagel condensation reaction used in this study.
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3.2. Physicochemical properties of hierarchical NaX zeolite

The structures of the synthesized and commercial NaX zeolite
were determined by XRD and FT-IR, as shown in Fig. 2. The XRD
pattern of the synthesized NaX is identical to that of the commer-
cial NaX zeolite (Fig. 2(a)), and both exhibit characteristic diffrac-
tion peaks attributed to FAU structure without other unidentified
peaks. The relative crystallinity of the synthesized sample is 87%.
Additionally, the FT-IR spectra in Fig. 2(b) display the peaks at
970, 752 and 672 cm™! attributed to the symmetric and asymmet-
ric stretching modes of SiO,4 tetrahedron, as well as peaks at 563
and 464 cm! assigned to the vibration of double six-membered
rings and the bending mode of T—0 bonds (T = Si or Al), respec-
tively [40,41]. Besides the above characteristic bands belonging
to FAU zeolite, no other peak is observed, indicating that there
are no impurities or other phases present in the synthesized prod-
uct. It is worth noting that the bulk SiO,/Al,0; molar ratios in the
commercial and synthesized zeolites are quite close, with values of
2.33 and 2.23, respectively (Table 2). Based on the characterization
results presented above, it can be concluded that the highly crys-
talline and pure NaX zeolite is successfully synthesized from
SMS-kaolinite via in-situ template-free transformation strategy.

The Al and Si coordination environments in the different zeo-
lites were investigated by using the NMR characterization. As
shown in Fig. 3(a), the Al MAS NMR spectra of the commercial
and synthesized NaX zeolites feature a single peak at 64.2 attribu-
ted to tetrahedral coordination Al species in zeolite framework
[42]. This suggests that all of the Al species originating from

SMS-kaolinite are incorporated into the tetrahedrally coordinated
Si—0—Si network [24]. Fig. 3(b) displays that the 2°Si MAS NMR
spectra have four peaks at —102.6, —94.7, —89.2 and —84.5
assigned to the coordination of Si(OAl)(OSi)s, Si(OAl),(OSi),, Si
(OAl)3(0Si) and Si(OAl),, respectively [43]. Additionally, the frame-
work SiO,/Al,03 molar ratios of the commercial and synthesized
samples are 2.33 and 2.24 (Table 2), respectively, which are in good
agreement with their bulk SiO,/Al,03 molar ratios.

The morphologies of the different NaX zeolites are shown in
Fig. 4. The particles of the commercial NaX zeolite are in a highly
dispersed state, and display a typical octahedral morphology with
uniform size of ca. 4 um (Fig. 4(a) and (b)). Fig. 4(c) and (d) displays
that the particles of the synthesized NaX zeolite are in a stacked
state, and exhibit the irregular aggregate-like octahedral shapes
with smaller crystal size (ca. 1.5 pm). Lots of inter-crystalline cav-
ities are visibly observed in the synthesized NaX zeolite, as seen
from the TEM image in Fig. 4(e), indicating that there are a certain
number of inter-crystalline mesopores in the synthesized NaX zeo-
lite which come from the interstitial spaces among the crystals.
Furthermore, the TEM images in Figs. 4(f) and S2 reveal that there
are some intra-crystalline mesopores in the synthesized NaX crys-
tals. Especially, Fig. S2(c) and (d) exhibits some channel-like light
regions extending from the crystals surface to its interior, signify-
ing the presence of intra-crystalline mesopores open to the outside
in the synthesized NaX zeolite. As reported elsewhere [44], the
generation of intra-crystalline mesopores in hierarchical zeolite is
due to the duplication of mesopores from the depolymerized min-
eral into the zeolite structure. In this work, the intra-crystalline
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Fig. 2. XRD patterns (a) and FT-IR spectra (b) of the different NaX zeolites.

Table 2
Physicochemical parameters of the different NaX zeolites

Sample Si0,/Al,05 molar Sper/m*g ! Sexter/m*g ! Viotafcm®.g ! Viniero/cm®-g ! Vineso2fcm®.g ™! Basicity®/mmol-g !
ratio
XRF NMR®

Commercial NaX 233 233 613 26 0.33 0.32 0.01 3.85

Synthesized NaX 2.23 224 591 45 0.35 0.28 0.07 3.31

Nax-1® - - 554 32 - 0.23 - -

Nax-2® - - 360 126 0.33 0.09 0.24 -

® Obtained from 2°Si MAS NMR.

@ Mesopore volume (Vimeso) = Viotal — Vimicro-
@ Calculated from CO,-TPD.

@ Obtained from Ref. [17].

® Acquired from Ref. [30].
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Fig. 3. 2’Al (a) and 2°Si (b) MAS NMR spectra of the different NaX zeolites.

mesopores in the synthesized NaX zeolite may also derives from
SMS-kaolinite. The formation mechanism of inter-crystalline and
intra-crystalline mesopores in the synthesized NaX zeolite will
be deeply discussed in Section 3.3.

Fig. 5(a) shows that the N, adsorption-desorption isotherms of
the commercial NaX zeolite belong to typical type I, indicating the
microporous nature of this sample [45]. In contrast, the isotherms
of the synthesized NaX zeolite present a H4-type hysteresis loop at
P/Py ranging from 0.4 to 1.0, suggesting the existence of meso-
porous structure [46]. The pore size distribution estimated by the
BJH method reveals that the mesopore size in the synthesized
NaX zeolite is narrowly centered at ca. 12 nm (Fig. 5(b)). From
Table 2, it can be seen that the Sger and Vi, of the synthesized
NaX zeolite are comparable to those of the commercial NaX zeolite.
However, it is noteworthy that the Sexer and Vieso Of the synthe-
sized NaX zeolite are 1.7 and 7.0 times those of the commercial
NaX zeolite, respectively, which is attributed to the presence of
inter-crystalline and intra-crystalline mesopores in the former.
According to previously reported literatures, Table 2 also shows
the texture parameters of two NaX zeolites synthesized from kaoli-
nite. The values of Sger and Viyicro of NaX-1 sample are lower than
those of the synthesized NaX zeolite, and it only owns the sole
microporous channel. In terms of NaX-2 sample, it exhibits abun-
dant external surface and trimodal macro-meso-microporous
structure, while the values of its Sggr and Vi are unsatisfactory,
meaning that NaX-2 has the low crystallinity. Obviously, the syn-
thesized NaX zeolite in this study possesses excellent texture
parameters and high crystallinity.

According to the above results, it can be inferred that the syn-
thesized and commercial NaX zeolites have similar SiO,/Al;03
ratios and silicon and aluminum coordination environments, but
the synthesized sample is a hierarchical NaX zeolite with both
microporous and mesoporous structures, and it is distinctly differ-
ent from the commercial NaX zeolite which only has a single
microporous structure.

3.3. Formation mechanism of hierarchical pores

To reveal the formation mechanism of hierarchical pores in the
synthesized NaX zeolite, the evolution of the starting materials
during crystallization was carefully investigated. Fig. 6(a) displays
the XRD patterns of the solid products obtained at different crystal-
lization times. It is apparent that the weak diffraction peaks corre-
sponding to the FAU-type zeolite emerge when the crystallization

time is 2.0 h, indicating that NaX zeolite can be obtained from SMS-
kaolinite without any seed or structure directing agent. As crystal-
lization proceeds, the intensity of these diffraction peaks increases
gradually, which suggests a progressive growth of NaX crystallites.

100 nm

50 nm

Fig. 4. FESEM images of the commercial (a, b) and synthesized (c, d) NaX zeolites,
and TEM images of the synthesized NaX zeolite: inter- (e) and intra- (f) crystalline
mesopores.
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Fig. 6. XRD patterns of the solid sample obtained at different crystallization times (a), the crystallization kinetic curve of the synthesized NaX zeolite (b), the content of the
dissolvable SiO, and Al,05 in the synthesis system at different synthesis times during the synthesis of the synthesized NaX zeolite (c), and the content of the dissolvable SiO,
in SMS-kaolinite under the same conditions as the synthesized NaX zeolite except the addition of solid silica at different synthesis times (d).

These diffraction peaks no longer change after crystallization for
3.5 h, indicating that the crystallization of NaX zeolite basically
completes during this period. The crystallization process of the
synthesized NaX zeolite can be concisely reflected from a kinetic
curve obtained from XRD results (Fig. 6(b)), which shows a typical
S-shaped crystallization growth curve consisting of three stages:
induction period (0-2.0 h), fast growth (2.0-3.5 h) and stable stage
(3.5-4.5 h), in a good agreement with previous report [47,48].

Fig. 6(c) shows the content of the dissolvable SiO, and Al,03 in
the synthesis system at different synthesis times during the syn-
thesis of the synthesized NaX zeolite. As can be seen, the content
of the dissolvable Al,O3 in the synthesis system remains extremely
low during both aging and crystallization processes. Differently,
the content of the dissolvable SiO, in the synthesis system
increases significantly during aging. For comparison, the content
of the dissolvable SiO, in SMS-kaolinite under the same conditions
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Fig. 7. FESEM images of solid sample obtained at the beginning (a) and end (b) of aging and at different crystallization time of 0 h (¢), 1.0 (d), 2.0 (e), 2.5 (f), 3.0 (g), 3.5 (h) and

4.0 (i) h.

as the synthesized NaX zeolite except the addition of solid silica
was tracked (Fig. 6(d)). It is observed that when solid silica is not
added in the synthesis system, the content of the dissolvable
SiO, in SMS-kaolinite remains at a very low level (ca. 3.7% (mass)).
This signifies that more than 96% (mass) of the SiO, in SMS-
kaolinite are not dissolved throughout the synthesis, which con-
forms to our previous results [44,49]. By comparing the concentra-
tion (0.239 and 0.010 mol-L™}, respectively) of SiO, in the liquid
phase with and without the addition of solid silica at the end of
aging, it is found that the difference in SiO, concentration in the
liquid phase under these two conditions is close to the additive
amount of solid silica. Simultaneously, Fig. 7(a) and (b) shows that
massive solid silica is clearly observed at aging time of 0 h, and
these solid silica completely disappear at the end of aging; while
the amorphous particles with abundant pores of SMS-kaolinite
keep unchanged during aging. Hence, it can be deduced that
almost all solid silica as active silicon species are dissolved in the
synthetic solution during aging, whereas the aluminum and silicon
species in SMS-kaolinite are almost insoluble in the synthesis
system.

During crystallization stage, the content of the dissolvable SiO,
in the synthesis system of the synthesized NaX zeolite gradually
decreases (Fig. 6(c)). Combined with the results of XRD (Fig. 6
(a)), it can be seen that a few NaX zeolite crystals emerges at the
surface of amorphous particles at crystallization time of 2.0 h
(Fig. 7(e)). These results suggest that partial silicon species from
the dissolved solid silica crystallize into embryonic crystals. These
tiny crystals serve as the nutrients and interact with SMS-kaolinite
functioning as nucleation centers [44], which greatly promotes the

transformation of amorphous particles into NaX zeolite crystals. As
shown in Fig. 7(f), more and more NaX zeolite crystals are gener-
ated and starts to stack at the surface of amorphous particles. Sub-
sequently, the amorphous particles continue to provide silicon and
aluminum nutrients for the crystal growth, and these zeolite crys-
tals have aggregated into particles with their growth (Fig. 7(g)).
After crystallization for 3.5 h (Fig. 7(h) and (i)), the amorphous par-
ticles disappear, and only NaX zeolite crystals are observed in the
sample, and thus it indicates that the amorphous particles are
completely transformed into NaX zeolite. Meanwhile, these
stacked NaX zeolite crystals grow into aggregate-like particles.
Combined with the ICP-OES results (Fig. 6(c) and (d)), it can be con-
cluded that SMS-kaolinite is not dissolved, and its morphology is
maintained throughout the process, while solid silica dissolves in
the synthetic solution and interacts with SMS-kaolinite to provide
raw materials for crystal growth during the induction period. Dur-
ing the fast growth stage, the NaX zeolite crystals grow and grad-
ually aggregate at the surface of SMS-kaolinite, which largely
boosts the crystallization of SMS-kaolinite into zeolite. Finally,
SMS-kaolinite undergoes in-situ transformation into hierarchical
NaX zeolite with inter-crystalline mesopores, while preserving its
original morphology.

To understand the formation mechanism of intra-crystalline
mesopores in the synthesized zeolite, the texture properties of
the initial sample obtained at aging time of 0 h were studied by
N, adsorption-desorption, and the results are shown in Fig. 8(a).
The isotherms of the initial product exhibit the characteristics of
type I and IV ones along with an evident H4-type hysteresis. Apart
from the slight adsorption at the low pressure, a substantial uptake
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is detected in the P/Py range from 0.6 to 1.0. These adsorption
behaviors clearly confirm the existence of a certain amount of
mesopores in the initial sample [50]. These mesopores are deter-
mined to originate from SMS-kaolinite, based on the result that
the initial mixture mainly contains smooth solid silica and porous
SMS-kaolinite (Fig. 7(a)). The pore size distribution presented in
Fig. 8(b) reveals that the mesopore size of the initial sample is cen-
tered at 15 nm, similar to that of the synthesized hierarchical NaX
zeolite. Therefore, it suggests that the intra-crystalline mesopores
of the hierarchical NaX zeolite are inherited from SMS-kaolinite
acting as nucleation centers. Compared with the previous studies
(Table 1), our work not only achieves the synthesis of pure NaX
zeolite with high crystallinity, but also prepares hierarchical NaX
zeolite with high porosity based on in-situ transformation of
SMS-kaolinite obtained by an energy-saving activation treatment.
A possible formation process for the in-situ transformation of
SMS-kaolinite into the hierarchical NaX zeolite with both inter-
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crystalline and intra-crystalline mesopores is schematically illus-
trated in Fig. 9.

3.4. Catalytic tests of NaX zeolites in Knoevenagel condensation
reaction

The catalytic performance of the synthesized hierarchical NaX
along with commercial NaX was evaluated in the Knoevenagel con-
densation of benzaldehyde with ethyl cyanoacetate. Knoevenagel
condensation is a base-catalyzed reaction, and thus the basicity
of two zeolite catalysts was investigated. As seen from Fig. 10(a),
the CO,-TPD profiles of the zeolites show three desorption peaks
at 80-220, 220-450 and 480-700 °C, which are ascribed to the
weak, medium-strong, and strong basic sites, respectively
[51,52]. The total basic sites data can be quantified from CO,-TPD
measurement (Table 2), and the total basic sites in the synthesized
NaX zeolite (3.31 mmol-g ') is slightly lower than that in commer-
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Fig. 8. N, adsorption-desorption isotherms (a) and pore size distribution curve (b) of the initial sample obtained at aging time of O h.
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Fig. 9. Schematic illustration of a possible formation process for in-situ template-free transformation of the SMS-kaolinite into the hierarchical NaX zeolite.
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cial NaX (3.85 mmol-g~!). However, the synthesized NaX zeolite
has evident strong basic sites that is not detectable in commercial
NaX, and these strong basic sites could be beneficial for the Kno-
evenagel condensation reaction.

The catalytic test results in Fig. 10(b) show that only 2-cyano-3-
phenylacrylate and water are formed during the reaction process,
with a constant selectivity of 100% for 2-cyano-3-phenylacrylate
[53-55]. The conversion of benzaldehyde over both hierarchical
NaX and commercial NaX increases evidently in the initial 2.0 h,
and then remains basically unchanged. Notably, the hierarchical
NaX zeolite consistently shows higher benzaldehyde conversion
throughout the entire reaction time. In particular, the conversion
of benzaldehyde over the hierarchical NaX zeolite achieves 90.6%
after 2 h, but that over the commercial NaX zeolite is only 83.7%.
Therefore, it can be concluded that the synthesized hierarchical
NaX exhibits superior catalytic performance in the Knoevenagel
condensation reaction.

The improved catalytic performance of the synthesized hierar-
chical NaX zeolite is mainly attributed to its possession of both
inter-crystalline and intra-crystalline mesopores. This pore struc-
ture substantially accelerates the diffusion of bulky molecules
within the zeolite channel, thereby enhancing the accessibility of
reactants to basic sites and facilitating their conversion. Moreover,
the synthesized hierarchical NaX zeolite has a certain level of
strong basic sites that is not observed in the conventional NaX zeo-
lite, and these strong basic sites are in favor of the Knoevenagel
condensation reaction. Therefore, hierarchical NaX zeolite has sig-
nificant potential as a base catalyst for various chemical reactions
involving bulky molecules.

4. Conclusions

In summary, a highly crystalline and pure hierarchical NaX zeo-
lite has been successfully synthesized from natural kaolinite with-
out using any template or seed. Systematic characterization reveals
that the synthesized NaX zeolite possesses both inter-crystalline
and intra-crystalline mesopores, as well as strong basic sites which
is not detected in conventional NaX zeolite. Detailed investigation
shows that inter-crystalline mesopores in the synthesized NaX
zeolite originate from the agglomeration of small crystals, while
the intra-crystalline mesopores are inherited from SMS-kaolinite.
The unique pore structure and base property enable hierarchical
NaX zeolite to be an efficient catalyst for the Knoevenagel conden-
sation reaction between benzaldehyde and ethyl cyanoacetate.
After only 2 h, the conversion of benzaldehyde over the hierarchi-

cal NaX zeolite reaches 90%, greatly outperforming that over com-
mercial NaX zeolite. This provides an economic and green protocol
for preparing hierarchical NaX zeolites with promising applications
in fine chemical synthesis. These results not only contribute to the
development of more efficient hierarchical zeolite but also provide
fundamental insights into the formation mechanism of hierarchical
zeolites.
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