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Herein, we report preparation of potassium chabazite (K-CHA) zeolite nanocrystals with enhanced base-catalytic 

performance using a bead-milling and postmilling-recrystallization technique. Particles as small as 60 nm were produced 

by this approach. The surface area of the downsized K-CHA samples showed significant improvement, increasing from 11 

m
2
 g

−1
 to 65 m

2
 g

−1
. The catalytic activity of the K-CHA nanocrystals in the Knoevenagel condensation of benzaldehyde with 

ethyl cyanoacetate was found to be twofold higher than that of the raw and the milled samples, achieving 80% product 

yield within a reaction time of 60 min. In addition, the enhanced catalytic behavior of the K-CHA nanocrystals, despite 

possessing low surface area relative to the intermediate milled sample, is attributable to the postmilling-recrystallization 

step, which played a pivotal role in restoring the crystallinity to around 80%. 

Introduction 
Catalysis is an indispensable phenomenon in chemical sciences 

and is currently inseparable from our daily lives. Industrial 

estimates have confirmed that 90% of products, ranging from 

bulk chemicals to consumer goods, involve a catalyst at some 

stage of their manufacturing processes. Due to stringent 

environmental legislation, heterogeneous catalysts are 

considered clean and are highly sought after because of their 

activity, selectivity, and reusability.
1-3

 The discovery of zeolites 

revolutionized the field of heterogeneous catalysis. The 

dimensionality, crystallinity, and porosity of zeolites are 

considered essential to overcome the tremendous industrial 

challenges associated with heterogeneous catalysis. 

Zeolites are inorganic crystalline porous solids built up of 

corner-sharing ‘Si’ and ‘Al’ tetrahedral framework atoms (TO4) 

linked by four oxygen atoms. Zeolites are associated with 

enormous structural and textural diversity, and their features 

can be modified to meet specific needs. Zeolites have been 

pivotal in solving increasingly complex environmental and 

economic problems faced by the energy and chemical 

industries.
4-13

 The active centers of zeolites that are 

responsible for catalytic activities can be classified into acidic, 

basic, and redox, which are in turn generated by proton, alkali, 

and metal (e.g. alkali earth metals) modifications, respectively. 

Among these, the acid-catalytic properties of zeolites have 

been the subject of various research efforts both academically 

and industrially for a long time. By comparison, there have 

been far fewer reports concerning the base-catalytic 

properties of zeolites, despite the superior potentials of these 

properties to be used to produce fine and specialty chemicals 

and intermediates with minimal amounts of waste and at low 

costs.
14,15

 

In this report, we discuss the base-catalytic properties of 

potassium chabazite (K-CHA) nanocrystals in the Knoevenagel 

condensation reaction of benzaldehyde with ethyl 

cyanoacetate. A unique top-down method that combines 

bead-milling and postmilling-recrystallization using dilute 

silicate or alkali solutions, which was introduced and used in 

our previous studies on downsizing micrometer-sized zeolites 

to their respective nanocrystals, was also employed in this 

study. Previously, this technique was applied to prepare 

zeolites such as A and X of particle sizes <100 nm with high 

reproducibility and uniformity.
16,17

 The heterogeneous base-

catalytic properties of zeolites have since been found to be 

advantageous over those of homogeneous catalysts in terms 

of separation and regeneration. In particular, zeolites 

downsized to the nanometer scale are believed to possess 

large external surface areas and superior catalytic activities 

since their diffusion paths are shorter than those in their 

micrometer-sized counterparts.
18

 Therefore, we decided to 

investigate the influence of milling-induced size reduction on 

the base-catalytic potential of K-CHA in the Knoevenagel 

condensation reaction of benzaldehyde (a carbonyl 

compound) with ethyl cyanoacetate (a carbanion 

compound).
19,20

 The Knoevenagel condensation is a significant 

step in the commercial production of bulk pharmaceuticals, 

whereby a carbanion is added to an electrophilic carbonyl 

group through nucleophilic attraction with subsequent 

dehydration, for which a weakly basic medium is required.
20
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In this study, a K-CHA zeolite with an average particle size 

of 60 nm was prepared by a bead-milling and the subsequent 

postmilling-recrystallization technique. Compared to the 

performances of raw K-CHA zeolites, the size reduction of the 

K-CHA particles resulted in dramatic enhancement of their 

catalytic performances in the Knoevenagel condensation 

reaction. Recrystallization from the KOH solution proved to be 

necessary to obtain K-CHA nanoparticles with high crystallinity, 

which in turn was essential to enhance their catalytic 

performance. The influences of the amount of KOH, 

recrystallization time, and temperature on the crystallinity of 

the K-CHA nanocrystals were also investigated to optimize the 

conditions to prepare smaller K-CHA nanocrystals. 

 

Experimental 
K-CHA zeolite was prepared by introducing slight modification 

to the previous recipe
21

 with the following gel composition: 1 

SiO2: 0.0328 Na2O: 0.386 K2O: 0.193 Al2O3: 43.2 H2O.21 In a 

typical synthesis, the requisite quantity of KOH pellets (KOH, 

Wako, Japan) was dissolved in water and mixed. Zeolite Y 

(Tosoh Corporation, Japan) was added to this solution, and the 

mixture was stirred for 30 min to attain the maximum 

dispersion. The resulting gel was heated at 368 K for several 

hours. Finally, the K-CHA samples were separated from the 

mother gel by centrifugation at 20,000 rpm. The pH of each K-

CHA sample was adjusted to near neutral by washing three 

times with deionized water prior to drying overnight at 333 K. 

The dried K-CHA sample was then subjected to size reduction 

by bead-milling. 

The K-CHA samples thus obtained were bead-milled using 

an LMZ015 milling apparatus (Ashizawa Finetech Ltd., Japan). 

Prior to the milling, the K-CHA crystals (40 g) were made into a 

well-dispersed slurry with H2O (250 g) by means of an 

ultrasonic vibrator. The resulting slurry was fed into the milling 

apparatus packed with zirconia beads of diameter 300 μm and 

pulverized for 2 h at a rotation rate of 9 ms
−1

. The milled K-

CHA particles were separated by centrifugation and dried at 

373 K overnight in a hot-air oven. They were then 

recrystallized in batches of 2 g inside a stainless steel autoclave 

under autogenous pressure using 2 M KOH solution as the 

recrystallization agent. The conditions of the postmilling-

recrystallization were optimized by varying the amount of 2 M 

KOH (0.4–1.2 g), the time (2–5 h), and temperature (393–413 

K), the details of which are given in Table 1. The products thus 

obtained were recovered by centrifugation at 20,000 rpm at 

293 K, washed twice with water to bring them to pH 8, and 

dried at 333 K overnight. 

X-ray diffraction analysis (XRD, Ultima IV, Rigaku) was used 

to identify the phase as well as to calculate the crystallinity. 

The crystallinities of the milled and recrystallized samples were 

estimated through the peak-fitting technique by comparing 

the area of the peaks observed between 2θ values of 19.5° and 

38° with those of a raw K-CHA sample. The surface areas of the 

samples were measured at 77 K by using a Quantachrome 

Autosorb-iQ sorption analyzer. All samples were outgassed at 

673 K for 6 h prior to nitrogen adsorption measurements. The 

compositions of the samples were measured by XRF（XRF, 

JSX-3400R II, JEOL）and ICP-AES (ICP-E9000, Shimadzu). The 

specific surface area was calculated using the Brunauer–

Emmett–Teller (BET) method. The framework coordination of 

the aluminum and silicon species was analyzed on a 600 MHz 

Bruker AVANCE III spectrometer. These measurements were 

conducted in accordance with our previous work reported 

elsewhere.
20

 The particle sizes and morphologies of the 

samples were observed with a field-emission scanning electron 

microscope (FESEM, JEOL JSM-7400F) with an electron-beam 

accelerating voltage of 5 keV. 

The catalytic activity of the K-CHA nanocrystals was tested 

in a Knoevenagel condensation reaction of benzaldehyde (1.2 

mmol; 130 mg) with ethyl cyanoacetate (1.4 mmol; 160 mg). 

The reactions were performed in a liquid-phase reactor setup 

at 353 K with a zeolite catalyst (30 mg) and ethanol (3 mL) as 

the solvent. The influences of the reduced particle size and the 

degree of crystallinity on the catalytic performances of the K-

CHA nanocrystals were studied in comparison with those of 

the raw and milled K-CHA zeolites. The products were analyzed 

by a gas-chromatograph (GC-2014, Shimadzu) equipped with a 

flame ionization detector (FID) and a capillary column (DB-

5MS; length, 30 m; inner diameter, 0.25 mm; film thickness, 

0.25 µm).  

 

Results and Discussion 
The effects of the 2 M KOH content, recrystallization 

temperature, and time on the crystallinity and yield of the K-

CHA nanocrystals were tabulated (Table 1). The K-CHA 

nanocrystals thus prepared are designated as “RC-x”, where 

“RC” denotes recrystallization and “x” denotes the batch 

number (1–5). It is evident that the amount of KOH as well as 

the temperature and the duration for the recrystallization are 

crucial to obtain K-CHA nanocrystals with higher crystallinity. 

Somewhere between RC3 and RC5 conditions, the crystallinity 

seems to be saturated. Of the listed conditions, RC5, which 

was prepared using 1.2 g of 2 M KOH solution at 413 K for 5 h, 

was chosen to perform further characterizations as it achieved 

high crystallinity as well as highly uniform nanocrystals with an 

average size of 60 nm. 

  

Table 1. Influence of recrystallization conditions on degree of 

crystallinity and yield of K-CHA nanocrystals. 

Sample 2M 

KOH 

added 

(g) 

RC 

temperature 

(K) 

RC 

duration 

(hour) 

Crystallinity 

(%) 

Yield 

(%) 

Raw 0 0 0 100 100 

Milled 0 0 0 11 100 

RC1 0.4 413 5 46 94 

RC2 0.8 393 2 20 92 

RC3 0.8 393 5 80 96 

RC4 1.2 413 2 79 92 

RC5 1.2 413 5 80 91 

 

 

We explored other physico-chemical properties and the 

catalytic activity of RC5 and compared the results with those of 
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the raw and milled K-CHA samples. Furthermore, the yield of 

recrystallized K-CHA nanocrystals was found to be essentially 

consistent, lying in the range from 91% to 96%, despite 

significant variations in the amount of KOH used, temperature, 

and duration for the individual recrystallizations.  

Figure 1 shows the XRD patterns of the raw, milled, and 

recrystallized K-CHA nanocrystals (RC5). A decrease in intensity 

Fig. 1 XRD patterns of products: a) raw K-CHA, b) milled K-CHA, 

and c) recrystallized K-CHA (RC5). 

 

 

of the XRD peaks is observed for both the milled and 

recrystallized (RC5) samples as compared to the raw K-CHA, 

which is evidently due to crystallinity differences. 

Furthermore, the observed peak-broadening in the milled and 

recrystallized samples could be attributable to the formation 

of K-CHA nanocrystals. Although milling is favorable since it 

effectively downsizes crystallites, it also affects the degree of 

crystallinity because of the resulting structural deformation, 

yielding less intense XRD peaks (Fig. 1). The crystallinity of the 

milled sample with respect to that of raw K-CHA (100%) was 

found to be 11%. However, the degree of crystallinity of the 

milled sample significantly recovered to 80% after 

recrystallization, as estimated from the XRD pattern of RC5. 

Figures 2a and 2b show the influences of bead-milling and the 

following postmilling-recrystallization on the morphology and 

crystallite size of the K-CHA zeolites, as observed by FESEM. 

Bead-milling led to extensive morphological changes from raw 

to milled K-CHA and further to RC-5 as we attempted to 

reduce the particle size. In relation to the raw K-CHA, a drastic 

particle size reduction is clearly evident for both the milled and 

RC5 samples. However, the particles size of RC5 as observed 

from FESEM images (Figs. 2b & 2c) are relatively larger than 

the milled K-CHA. This growth in particle size might be due to 

Ostwald’s ripening. 

The catalytic activities of the raw, milled, and RC5 samples 

were tested by using the Knoevenagel condensation of 

benzaldehyde with ethyl cyanoacetate as a probe reaction 

(Figure 3). Since both the reactant molecules are much larger 

than the aperture (0.38 x 0.38 nm) of CHA framework, the 

condensation reaction most probably occurs only on the 

external surface of chabazite particles. Such catalytic systems 

Fig. 2 SEM images of products: a) raw K-CHA, b) milled K-CHA, 

and c) RC5. 

 

Fig. 3 Reaction equation of Knoevenagel condensation of 

benzaldehyde with ethyl cyanoacetate. 

 

 

were found to be highly advantageous for the selective 

production of ethyl trans-α-cyanocinnamate (>99%) without 

cis-isomer.
20,22,23

 As given in Table 2, a dramatic increase in the 

yield of the desired product was confirmed, which rises from 

 

Table 2 Textural properties and catalytic activities of raw, 

milled, and recrystallized K-CHA samples. 

 Sample Composition BET 

surface 

area 

(m
2
/g) 

Product 

yield in the 

catalytic 

reaction 

(%)
a
 

Si/Al  

[XRF] 

Al 

 

K 

 

 

K/Al 

[ICP] 

(mmol/g) [ICP] 

raw 3.24 3.34 3.08 0.92 11 35 

milled 3.46 3.50 3.24 0.93 96 46 

RC5 3.11 3.47 3.40 0.98 65 80 
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a. Reaction conditions: catalyst, 30 mg; temperature, 353 K; time, 60 min; 

benzaldehyde, 1.2 mmol (130 mg); ethyl cyanoacetate, 1.4 mmol (160 mg); 

solvent, EtOH (ca. 3.0 mL). 

35% to 80% as a result of the recrystallization treatment. Further, 

the catalytic performance of RC1 and RC4 was also investigated and 

was found to be less than RC5 (Table S1), which indicates that 

conditions used for recrystallizing RC5 as optimum for enhanced 

catalytic activity. In order to unequivocally assign this surge in the 

catalytic performance to the particle size reduction and degree of 

crystallinity, it was necessary to subject these samples to more 

sophisticated  

Fig. 4 Solid-state MAS NMR spectra of raw, milled, and 

recrystallized K-CHA (RC5) samples: a) 
27

Al DE MAS NMR and b) 
29

Si DD MAS NMR. 

 

physico-chemical analysis, such as specific-surface-area 

measurement and solid-state MAS NMR characterizations, and 

the relevant results are summarized in Table 2 and Fig. 4, 

respectively. The surface area, listed in Table 2, presumably is 

external as observed from the N2 adsorption-desorption 

isotherms of raw, milled and recrystallized K-CHA samples 

shown in Figure SI of the supporting information, which 

dramatically increases from 11 m
2
 g

−1
 to 96 m

2
 g

−1
 as a result of 

milling the raw K-CHA sample, while it decreases to 65 m
2
 g

−1
 

after recrystallization (Table 2). Further, the variation in the 

amount of N2 adsorbed relative to surface area is clearly 

evident from Fig. 1S and is consistent with the particle size 

variations observed from the FESEM images (Fig. 2). Despite 

possessing a very high surface area (96 m
2
 g

−1
), the milled K-

CHA shows only an 11% increase in the yield, specifically, 46% 

as compared to the 35% obtained for the raw K-CHA.  

In contrast to the catalytic performance of the milled K-

CHA, the recrystallized K-CHA (RC5) nanocrystals exhibit 80% 

yield, even though their surface area of 65 m
2
 g

−1
 is 

comparatively low. In an attempt to correlate this 

contradiction to bead-milling (i.e., particle size reduction) and 

postmilling-recrystallization (i.e., the degree of crystallinity), it 

was necessary to determine the compositions and respective 

chemical environments in the raw, milled, and recrystallized 

(RC5) samples. The former was found to be essentially 

consistent with the observed molar Si/Al and K/Al ratios shown 

in Table 2, and the latter was subsequently revealed by the 

solid-state MAS NMR results depicted in Fig. 4. The 
27

Al MAS 

NMR spectra feature a single peak at δ ≈ 59 ppm, which 

corresponds to tetrahedral coordination of Al in the 

framework. To some extent the diminished peak intensity for 

the milled and recrystallized samples is related to crystallinity 

variation (Fig. 4a). Similarly, the 
29

Si MAS NMR spectra of raw 

K-CHA and RC5 feature peaks at δ = −110 ppm, −105 ppm, −99 

ppm, and −94 ppm, which could be assigned to Si(OSi)4, 

Si(OAl)(OSi)3, Si(OAl)2(OSi)2, and Si(OAl)3(OSi), respectively 

(Fig. 4b).
24-26

 However, for the milled sample, all four peaks 

seem merged with a very broad peak, which is attributable to 

structural collapse induced by mechanical milling (Fig. 4b).  

By carefully considering these results, we surmise that the 

extent of structural deformation generated as a result of 

milling was deleterious in the milled sample, whereas the RC5 

sample regained the higher crystallinity as a result of suitable 

recrystallization treatment. Thus the catalytic activity exhibited 

by the recrystallized K-CHA nanocrystals was superior to that 

of the milled sample despite the former’s surface area being 

inferior to the latter’s. Therefore, combining the two steps of 

bead-milling and postmilling-recrystallization is crucial for the 

successful size reduction, structural reformation, and 

enhancement of the application potentials of zeolites in this 

top-down approach. Despites, the overall contributions from 

KOH content, time and temperature in the recrystallization 

process for downsizing K-CHA zeolite with high crystallinity and 

enhanced catalytic potentials, the individual roles of these 

parameters are clearly evident from Table 1. Increasing the 

KOH content from 0.4 (RC1) to 1.2 g (RC5) directly influences 

the crystallinity, which increased from 46 to 80 % in 5 hours at 

413 K. Similarly, increasing the recrystallization time from 2 

(RC2) to 5 (RC3) hours at a fixed KOH (0.8 g) content and 

temperature (393 K) raised the crystallinity 4 folds higher from 

20 to 80 %. However, deducing the specific role of the 
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postmilling-recrystallization temperature from Table 1 is quite 

complex as it seems to work in coordination with either time 

or KOH content and sometimes both. 

Conclusions 

The base-catalytic activity of a K-CHA zeolite was enhanced via 

particle size reduction using a bead-milling and postmilling-

recrystallization approach. The recrystallizing agent was 2 M 

KOH, and the recrystallization conditions were suitably 

optimized by varying the amount of KOH, temperature and 

duration for the recrystallization and by assessing the 

influences of these parameters on the degree of crystallinity as 

well as on the final yield. Despite enhancing the surface area 

and downsizing the particles, milling inflicted deleterious 

structural collapse resulting in a drastic crystallinity reduction. 

However, the higher crystallinity has been achieved by using 

the optimum amount of 2 M KOH as a recrystallizing agent at 

413 K for 5 h. Particles with an average size of 60 nm were 

thereby obtained. Combination of an appropriate amount of 

KOH, temperature, and duration for the recrystallization was 

found to be essential to achieve nanocrystalline K-CHA 

particles. The catalytic activity of the K-CHA nanocrystals was 

investigated by applying them in the Knoevenagel 

condensation of benzaldehyde with ethyl cyanoacetate and 

comparing the results with those achieved by the raw and 

milled samples. The K-CHA nanocrystals exhibited a twofold 

increase in catalytic activity, increasing the desired product 

yield from 35% to 80%. The N2 adsorption measurements and 

solid-state MAS NMR results indicated that the enhanced 

catalytic activity of RC5 was indeed due to the bead-milling 

and postmilling-recrystallization, which led to size reduction 

and crystallinity restoration, respectively. This approach may 

serve as an effective tool to design nanocrystalline zeolites 

with enhanced base-catalytic performance. 
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