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Abstract: In this research work, two catalytic nanocomposites NaY 

Zeolite/Zn/Methyl Imidazole and NaY Zeolite/Methyl Imidazole/Zn were 

synthesized by two different chemical methods. The model used to prepare 

these nanocatalysts was the ship-in-a-bottle method. Each of the obtained 

catalysts were identified by various methods such as FT-IR, XRD, BET, 

FESEM, EDX, TGA and NH3-TPD. Preparation of catalyst with micro-

meso structure with strong acid sites confirmed by BET and NH3-TPD 

techniques. The synthesis of this substance leads to the stabilization of the 

structure of ZIF-8 and increasing the chemical and physical stability of ZIF-

8 in acidic environments. The obtained composites were used for the aldol 

condensation reaction of benzaldehyde derivatives 2-X and 4-X. The 

obtained results show that zeolite/ZIF-8 catalytic nanocomposites have high 

efficiency for organic reactions. NaY/Zn/Methyl Imidazole and 

NaY/Methyl Imidazole/Zn catalyst nanocomposites bring 96.7% and 96.2% 

efficiency for aldol condensation reactions, respectively. Achieving such 

high yields indicates the achievement of nano-catalysts that have been very 

efficient in promoting the organic reaction in question. 
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Introduction  

The aldol condensation reaction is a fundamental 

organic process that facilitates the formation of carbon-

carbon (C-C) bonds between carbonyl compounds, 

typically aldehydes and ketones, to yield β-hydroxy 

carbonyl compounds (aldols) which can dehydrate to 

form α,β-unsaturated carbonyl [1]. This reaction is 

pivotal in the synthesis of various complex molecules, 

including biofuels, pharmaceuticals, and natural 

products [2]. 

Interestingly, the reaction's selectivity and efficiency 

can be influenced by several factors, such as the 

presence of water and acid in the feedstocks, which can 

affect the catalyst and the reaction outcome [3]. 

Additionally, the diffusion of reactants and products 

within the catalyst's pores plays a crucial role in 

determining the selectivity of the aldol condensation 

reaction [4]. Moreover, the reaction mechanism and the 

rate-limiting step, particularly in base-catalyzed aldol 

condensations, have been subjects of study, with 

findings suggesting the final loss of hydroxide and 

formation of the C=C bond as the rate-limiting step. 

In summary, aldol condensation is a versatile and 

widely applied reaction in organic chemistry, essential 

for constructing C-C bonds and synthesizing diverse 

compounds with significant applications. The 

reaction's complexity and the factors affecting its 

selectivity and efficiency are critical considerations for 

optimizing conditions and designing catalysts for 

specific synthetic goals [5]. 

Aldol condensation is a fundamental organic reaction 

that forms carbon-carbon (C-C) bonds between 

carbonyl compounds, typically aldehydes and ketones, 

under basic or acidic conditions. This reaction is 

pivotal in synthetic organic chemistry due to its ability 

to create complex molecules with high selectivity and 

is widely applied in the synthesis of natural products, 

pharmaceuticals, and biofuels. The process involves 

the formation of an enolate or enol, which then adds to 

another carbonyl group, yielding β-hydroxy carbonyl 
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compounds (aldols) that can dehydrate to form α,β-

unsaturated carbonyl compounds [6]. 

Interestingly, the aldol condensation reaction is not 

only significant in laboratory-scale syntheses but also 

has implications in green chemistry and industrial 

applications. Efforts to develop greener methods for 

aldol condensation have led to solventless procedures 

that align with the principles of green chemistry, 

reducing waste and improving atom economy. 

Moreover, the reaction has been adapted to tandem 

processes, such as the tandem aldol 

condensation/Diels-Alder sequence, which allows for 

the efficient synthesis of complex structures in a single 

pot. Additionally, the reaction's mechanism and 

kinetics have been studied to understand the rate-

limiting steps and the influence of solvent effects [7]. 

In summary, aldol condensation is a versatile and 

essential reaction in organic chemistry, enabling the 

construction of diverse molecular architectures with 

significant applications in various fields. Its 

importance is underscored by continuous research into 

its mechanisms, the development of greener 

methodologies, and its integration into tandem reaction 

sequences for efficient synthesis [8]. 

The aldol condensation reaction, a key process for 

synthesizing liquid fuel precursors and chemicals, can 

be catalyzed by various types of catalysts, including 

acidic, basic, acid-base amphoteric, and ionic liquids. 

Basic catalysts are noted for their high conversion and 

yield, but they present challenges in separation from 

the product [9]. Acid-base amphoteric catalysts, such 

as boehmite, have demonstrated excellent activity and 

selectivity, and are environmentally friendly and 

reusable. Additionally, the synthesis method, such as 

hydrothermal or sol-gel, can influence the catalyst's 

performance in aldol condensation reactions [10]. 

Interestingly, the catalyst's structure and the presence 

of specific functional groups can significantly affect 

the reaction outcome. For instance, the presence of 

secondary amines grafted onto mesoporous silica has 

been shown to enhance catalytic activity due to the 

formation of optimized acid and base groups [11]. 

Zeolite catalysts are notable for their performance and 

potential for industrial applications. Future research 

should continue to explore the development of catalysts 

that combine high activity, selectivity, and ease of 

separation to advance the application of aldol 

condensation in producing valuable compounds [12, 

13]. 
 

Experimental 
 

Materials: 
 

All chemicals used in this study were of analytical 

grade and purchased from Merck or Fluka, except 

where otherwise specified. NaY zeolite was obtained 

from SPAGE (Tehran, Iran). For the synthesis of ZIF-

8, zinc nitrate hexahydrate (Zn(NO₃)₂·6H₂O, 98%, 

Sigma-Aldrich) was used as the metal source, and 2-

methylimidazole (mIm, 99%, Sigma-Aldrich) served as 

the organic linker. 

X-ray powder diffraction (XRD) patterns were 

recorded using a Philips 1840 diffractometer equipped 

with Cu-Kα radiation at ambient temperature. Energy-

dispersive X-ray spectroscopy (EDX) was performed 

using an Oxford X-Max system to analyze the 

elemental composition of the samples. Fourier-

transform infrared (FT-IR) spectra were recorded using 

a Galaxy Series FT-IR 5000 spectrometer. 

The textural properties were investigated using BET 

surface area analysis with a SIBATA apparatus (Model 

App 1100-SA), using nitrogen adsorption at 77 K. 

Additional BET measurements were carried out using 

ASAP 2020 V3.04 E, with nitrogen adsorption at 

−196.66 °C. Thermogravimetric and differential 

scanning calorimetry (TGA-DSC) analyses were 

conducted using a Diamond Pyris TG/DT 6300 

instrument, from 30 to 1000 °C at a heating rate of 

10 °C/min under air flow. 

Morphological features were examined using a field-

emission scanning electron microscope (FE-SEM; 

Zeiss Sigma-VP) and a transmission electron 

microscope (TEM; EM900, ZEISS). Additionally, 

microactivity profiling (MAP) and NH₃-temperature 

programmed desorption (NH₃-TPD) analyses were 

carried out to assess the catalytic activity and surface 

acidity of the synthesized materials. 

 

Preparation of catalytic composite by Ship in 

Bottle method: 

 
The first method: 

To prepare the NaY/Zn/Methyl Imidazole 

nanocomposite, 1 g of NaY zeolite was dispersed in 5 

mL of deionized water using an ultrasonic bath for 15 

minutes to ensure uniform dispersion. Separately, a 0.1 

M solution of zinc nitrate hexahydrate 

(Zn(NO₃)₂·6H₂O) was prepared by dissolving the 

appropriate amount of salt in 50 mL of deionized water. 

This solution was then added to the zeolite suspension 

and the resulting mixture was stirred continuously at 

room temperature for 24 hours. 

After stirring, the solid product was separated by 

filtration, washed thoroughly with distilled water, and 

dried at room temperature. The dried powder was 

subsequently redispersed in 5 mL of deionized water. 

Then, 8 mL of a 9.8 mmol solution of 2-

methylimidazole in deionized water was added 

dropwise, and the mixture was subjected to reflux at 

100 °C for 8 hours. 
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The final product, NaY/Zn/Methyl Imidazole, was 

collected by filtration, washed three times with 

deionized water, and dried. The obtained 

nanocomposite was then characterized using various 

analytical techniques. 

 

The second method: 

For synthesize the NaY/Methyl Imidazole/Zn 

nanocomposite, 1 g of NaY zeolite was initially 

dispersed in 5 mL of deionized water. Subsequently, 

5.36 mmol of 2-methylimidazole, dissolved in 10 mL 

of deionized water, was added to the mixture. The 

resulting suspension was refluxed at 100 °C for 24 

hours using a heat stirrer to promote interaction 

between the organic linker and the zeolite framework. 

Following reflux, the precipitate was collected by 

filtration, washed three times with distilled water, and 

dried at room temperature. The dried product was then 

redispersed in deionized water using an ultrasonic bath 

for 15 minutes. Next, 1.34 mmol of zinc nitrate 

hexahydrate (Zn(NO₃)₂·6H₂O), dissolved in 8 mL of 

deionized water, was added to the mixture and refluxed 

at 100 °C for an additional 8 hours. 

The final product, NaY/Methyl Imidazole/Zn, was 

isolated by filtration, thoroughly washed with distilled 

water, and dried at room temperature. The synthesized 

nanocomposite was characterized using various 

analytical techniques [14, 15]. 

 

Investigation of Catalytic Activity: Aldol 

Condensation Reaction 

To evaluate the catalytic performance of the 

synthesized nanocomposites, the aldol condensation 

reaction was selected as a model transformation. In a 

typical experiment, 0.33 mmol of cyclohexanone was 

mixed with 0.66 mmol of 4-X-benzaldehyde or 2-X-

benzaldehyde (X = H, Me, Cl) derivatives in a 10 mL 

round-bottom flask. Subsequently, varying amounts of 

the synthesized catalysts NaY Zeolite/Zn/Methyl 

Imidazole and NaY Zeolite/Methyl Imidazole/Zn were 

added separately to the reaction mixtures. 

The reactions were carried out under ambient 

conditions (room temperature) and stirred for an 

optimized period of time. Upon completion, the 

reaction mixtures were analyzed by determining the 

melting points of the products and by FT-IR 

spectroscopy to confirm the formation of aldol 

condensation products. 

The nanocomposites NaY Zeolite/Zn/Methyl 

Imidazole and NaY Zeolite/Methyl Imidazole/Zn, 

synthesized according to Scheme 1, functioned as 

heterogeneous hybrid acid catalysts. Their catalytic 

efficiency was assessed based on product yield and 

selectivity under identical reaction conditions [16]. 

 
 
Scheme 1. for the preparation of NaY Zeolite/ZIF-8 catalytic 

composite 

 

Results and discussion: 

 
FT-IR spectra 

 
T-IR spectroscopy was employed to characterize the 

chemical structure of pure ZIF-8, NaY zeolite, NaY 

Zeolite/Zn/Methyl Imidazole, and NaY Zeolite/Methyl 

Imidazole/Zn nanocomposites, as shown in Figure 1a–

d. In Figure 1a, the absence of any absorption band 

around 1850.3 cm⁻¹ confirms the formation of the 

imidazolate framework, indicating successful 

coordination between the zinc ions and 2-

methylimidazole. 

For ZIF-8, a characteristic absorption band appears at 

1569 cm⁻¹, corresponding to the C=N stretching 

vibration of the imidazole ring. Additional bands 

observed at 1309.2 cm⁻¹ and 1454.9 cm⁻¹ are attributed 

to the stretching vibrations of the cyclic bonds within 

the imidazole ligand. Moreover, the absorption band 

near 756 cm⁻¹ is associated with out-of-plane bending 

vibrations of the imidazole ring, further confirming the 

presence of the ZIF-8 framework. 

These spectral features collectively validate the 

incorporation of ZIF-8 structures within the zeolite-

based nanocomposites and demonstrate the successful 

functionalization of the NaY framework [17, 18]. In 

addition to the characteristic bands of the imidazole 

ring, the FT-IR spectra revealed key features 

supporting the structural integrity of both ZIF-8 and 

zeolite components in the nanocomposites. The band 

observed at 420.8 cm⁻¹ is attributed to the Zn–N 

stretching vibration, indicating the coordination 

between Zn²⁺ ions and nitrogen atoms from the methyl 

imidazole ligand. The appearance of a similar band at 

424 cm⁻¹ further confirms the formation of Zn–N 

bonds, which are indicative of imidazolate linkage 

formation (Figure 1) [19]. For the NaY zeolite 

framework, the symmetric stretching vibration of the 

TO₄ unit (where T = Si or Al) appears prominently 

around 745.3 cm⁻¹, while the bending vibrations 

associated with the TO₄ units are observed in the range 
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of 440 cm⁻¹ (Figure 1b). These characteristic zeolite 

bands remain visible in the composite materials, 

suggesting that the zeolite framework is preserved after 

the incorporation of ZIF-8 components [20]. 

The FT-IR spectra of NaY Zeolite/Zn/Methyl 

Imidazole and NaY Zeolite/Methyl Imidazole/Zn 

nanocomposites are presented in Figure 1c and 1d, 

respectively. The presence of broad and overlapping 

peaks in both spectra confirms the coexistence of 

characteristic bands from both the zeolite and ZIF-8 

structures. All major absorption bands associated with 

the individual components—NaY zeolite and ZIF-8—

are visible in the composite spectra, providing clear 

evidence for the formation of dual-phase 

nanocomposite catalysts. 

Furthermore, broad peaks observed at 3467 cm⁻¹ for 

NaY Zeolite/Zn/Methyl Imidazole and 3457cm⁻¹ for 

NaY Zeolite/Methyl Imidazole/Zn correspond to the 

stretching vibrations of O–H groups. These peaks are 

slightly shifted to lower wavenumbers compared to 

those in the pure materials, which suggests the 

formation of hydrogen bonds between the hydroxyl 

groups of the zeolite surface and nitrogen atoms in the 

imidazole ligand of ZIF-8. This interaction likely 

contributes to enhanced structural integration and 

stability within the hybrid nanocomposites [21]. 

 

 
 
Fig. 1. FT-IR spectrum of pure ZIF-8 (a) NaY Zeolite (b), 

NaY zeolite/Zn/Methyl Imidazole (c), NaY zeolite/Methyl 

Imidazole/Zn (d) 

 

X-ray Diffraction (XRD) Analysis 

 

The XRD patterns of the synthesized nanocomposite 

catalysts NaY Zeolite/Zn/Methyl Imidazole (Figure 2a) 

and NaY Zeolite/Methyl Imidazole/Zn (Figure 2b) 

demonstrate the successful incorporation of ZIF-8 into 

the NaY zeolite framework. The diffraction peaks 

observed at 2θ values of 7.3°, 12.78°, 16.64°, 24.66°, 

28.22°, and 33° correspond to the characteristic 

crystalline structure of ZIF-8, consistent with the 

standard JCPDS card no. 89-3739 [22,23], and are 

marked with red stars in the patterns. 

Simultaneously, the patterns exhibit distinct peaks at 

2θ = 6.3°, 15.6°, 23.7°, 27.2°, and 31.5°, which are 

attributed to the NaY zeolite framework and align well 

with JCPDS card no. 011-1829 [24,25], denoted by 

black circles. The presence of both sets of peaks in the 

XRD profiles of both nanocomposites confirms that the 

synthesis process preserved the crystallinity and 

structural integrity of both ZIF-8 and NaY zeolite 

phases. 

A comparison of relative peak intensities reveals that, 

in both composites, the intensity of ZIF-8 peaks is 

slightly reduced compared to that of pure ZIF-8. This 

suggests partial encapsulation or surface dispersion of 

ZIF-8 within the porous matrix of the zeolite. However, 

the retention of sharp and well-defined peaks for both 

phases indicates that no significant phase 

transformation or structural degradation occurred 

during synthesis. 

To further assess crystallinity, the average crystallite 

size of the ZIF-8 domains in the composites was 

estimated using the Scherrer equation: 

D=Kλ/βcosθ 

Where,D is the crystallite size,K is the shape factor 

(typically 0.9),λ is the X-ray wavelength (Cu Kα = 

1.5406 Å),β is the full width at half maximum (FWHM) 

in radians and θ is the Bragg angle. 

Using the most intense peak of ZIF-8 (at 2θ ≈ 7.3°), the 

calculated average crystallite size for ZIF-8 in both 

composites was found to be in the range of 22–28 nm, 

indicating the formation of nanoscale ZIF-8 domains. 

This nanoscale dispersion is advantageous for 

catalysis, as it increases surface area and the 

availability of active sites. 

Overall, the XRD analysis confirms that both NaY 

Zeolite/Zn/Methyl Imidazole and NaY Zeolite/Methyl 

Imidazole/Zn composites consist of well-preserved 

crystalline structures of both ZIF-8 and NaY zeolite, 

forming a stable and hybridized catalytic framework. 
 

 
 

Fig. 2. XRD patterns for catalytic composites, NaY 

zeolite/Zn/Methyl Imidazole (a), NaY zeolite/Methyl 

Imidazole/Zn (b). Red stars for ZIF-8 and black circle 

for NaY. 
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Table 1. Elemental analysis (EDS) of synthesized catalysts 

 

 

 

 

 

 

 

SEM, EDX, and Elemental Mapping Analysis 

 
The morphology of the synthesized nanocomposites 

NaY Zeolite/Zn/Methyl Imidazole and NaY 

Zeolite/Methyl Imidazole/Zn was examined using 

scanning electron microscopy (SEM), as illustrated in 

Figure 3a, b and 3d, e, respectively. The SEM images 

reveal that ZIF-8 particles exhibit a predominantly 

spherical morphology with particle sizes ranging from 

approximately 60 to 90 nm, closely associated with the 

larger NaY zeolite crystals [26–28]. The observation of 

surface cracks on the composite particles suggests the 

development of a mesoporous structure within the 

catalysts, which is consistent with previous reports 

[20]. 

Energy-dispersive X-ray spectroscopy (EDX) analysis 

was performed to confirm the elemental composition of 

the nanocomposites. Figures 3c and 3f present the EDX 

spectra for NaY Zeolite/Zn/Methyl Imidazole and NaY 

Zeolite/Methyl Imidazole/Zn, respectively, confirming 

the presence of Si, Al, C, N, and Zn elements in both 

catalysts. The quantitative elemental compositions are 

summarized in Table 1. Notably, the Si/Al ratio in the 

NaY zeolite component is approximately 2.8, 

corroborating the successful incorporation of the NaY 

framework as reported in the literature [29]. 

Furthermore, elemental mapping (MAP) analyses were 

conducted to investigate the spatial distribution of key 

elements. As shown in Figure 4a and 4b, carbon (C), 

nitrogen (N), and zinc (Zn) are uniformly dispersed 

throughout the catalyst matrices. This homogeneous 

distribution supports the effective integration of the 

ZIF-8 phase within the NaY zeolite framework and 

suggests consistent active site availability across the 

nanocomposite catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 3. FESEM morphology and EDX spectra for NaY 

zeolite/Zn/Methyl Imidazole (a, b, c), NaY zeolite/Methyl 

Imidazole/Zn (d, e, f) catalysts 

 

 
 
Fig. 4. Elemental mapping of C, N, and Zn for NaY 

zeolite/Zn/Methyl Imidazole (a) and NaY zeolite/Methyl 

Imidazole/Zn (b) 

 

TGA-DTA Analysis 

 
Thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA) were performed under nitrogen 

atmosphere to evaluate the thermal stability of the 

synthesized catalysts. The results are presented in 

Element Al Si O C N Zn Si/Al C/N C/Zn 

NaY/Zn/Methyl Imidazole (W%) 16.62 46.79 20.97 7.95 5.03 2.64 2.81 1.58 3.01 

NaY/Methyl Imidazole/Zn (W%) 17.01 48.33 16.56 9.30 5.74 3.06 2.84 1.62 3.04 
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Figure 5. For the NaY Zeolite/Zn/Methyl Imidazole 

catalyst (Figure 5A), a total weight loss of 14.50% was 

observed. The initial weight loss occurred between 40 

and 130 °C and is attributed to the removal of adsorbed 

and physically bound water molecules. The second 

significant weight loss took place in the temperature 

range of 290 to 490 °C, corresponding to the 

decomposition of organic components within the 

catalyst. This stage is also accompanied by weak 

exothermic peaks in the DTA curve at approximately 

200, 260, and 490 °C, indicating the gradual 

degradation of organic moieties. In contrast, the NaY 

Zeolite/Methyl Imidazole/Zn catalyst (Figure 5B) 

exhibited a single major weight loss between 30 and 

180 °C, attributed primarily to the removal of both 

chemically and physically adsorbed water. The DTA 

curve similarly shows weak exothermic peaks around 

200, 260, and 490 °C, associated with water removal 

and partial decomposition of organic bonds. Overall, 

these thermal analyses suggest that the hybrid catalytic 

composites, derived from the combination of pure ZIF-

8 and NaY zeolite, possess enhanced thermal stability. 

The lower and more gradual weight loss indicates that 

the nanocomposite structures remain intact over a wide 

temperature range, confirming their suitability for 

catalytic applications under elevated temperatures [29, 

31]. 
 

 
 

Fig. 5. TG-DTA and DTG patterns of NaY zeolite/Zn/Methyl 

Imidazole (a) and NaY zeolite/Methyl Imidazole/Zn (b) 

 

Nitrogen adsorption-desorption 

 
The nitrogen adsorption-desorption isotherms of the 

synthesized NaY Zeolite/Zn/Methyl Imidazole and 

NaY Zeolite/Methyl Imidazole/Zn nanocomposites are 

presented in Figures 6a and 6b, respectively. At low 

relative pressures (P/P₀ < 0.1), the isotherms indicate 

the presence of a microporous structure characteristic 

of both nanocomposites [32]. Furthermore, the 

observed Type IV isotherm with a pronounced 

hysteresis loop between 0.4 < P/P₀ < 0.9 confirms the 

coexistence of mesoporous features in the materials, 

suggesting a hierarchical porous structure. 

The porosity of both catalysts exhibits a combination 

of sheet-like, spherical, and cylindrical pore 

geometries, consistent with previous studies on similar 

composites [33]. The detailed textural parameters, 

including BET surface area, t-plot micropore volume, 

total pore volume, and average pore diameter, are 

summarized in Table 2 for pure NaY zeolite and the 

two synthesized nanocomposites. 

A noticeable reduction in both surface area and pore 

volume is observed upon composite formation with 

ZIF-8, which can be attributed to partial pore blockage 

of the NaY zeolite by ZIF-8 crystals and the 

development of a new mesoporous phase on the 

catalyst surface [34, 35]. This structural modification 

is further supported by the Barrett-Joyner-Halenda 

(BJH) pore size distribution profiles shown in Figure 

6b, which reveal two distinct pore size populations 

corresponding to the microporous and mesoporous 

domains in the nanocomposites [36]. 

These results indicate that the synthesized 

nanocomposites possess a well-developed hierarchical 

micro-mesoporous structure that is advantageous for 

catalytic applications, providing enhanced accessibility 

and diffusion of reactants. 

 

 
 

Fig. 6. The nitrogen absorption–desorption isotherms (a) and 

BJH plot (b) of NaY zeolite/Zn/Methyl Imidazole and NaY 

zeolite/Methyl Imidazole/Zn 

 

Acidity measurement (NH3-TPD) 

 
Temperature-programmed desorption of ammonia 

(NH3-TPD) was conducted to evaluate the acidity of 

the synthesized nanocomposites. Literature reports for 

pure ZIF-8 indicate two desorption peaks at 

approximately 70 °C and 220 °C, corresponding to 

weak acid sites. Similarly, pure NaY zeolite (Figure 7a) 

exhibits a relatively weak acidity peak centered around 

196 °C. The NH3-TPD profiles of both prepared 

catalysts revealed enhanced acidity compared to the 

pure zeolite. Both NaY Zeolite/Zn/Methyl Imidazole 
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and NaY Zeolite/Methyl Imidazole/Zn composites 

showed increased peak intensities near 200 °C, 

indicating an amplification of weak acid sites 

associated with NaY zeolite. Notably, the NaY 

Zeolite/Zn/Methyl Imidazole catalyst (Figure 7b) 

displayed two additional peaks at 597 °C and 729 °C, 

which correspond to moderate and strong acid sites, 

respectively. In contrast, the NaY Zeolite/Methyl 

Imidazole/Zn catalyst (Figure 7c) presented a new peak 

at 570 °C, attributed to moderate acidity. These 

observations confirm that incorporating ZIF-8 into the 

NaY zeolite framework enhances the overall acidity of 

the nanocomposites, particularly by introducing 

moderate and strong acid sites, which are beneficial for 

catalytic activity. 

 

 
 
Fig. 7. The NH3-TPD for pure NaY zeolite (a), NaY 

zeolite/Zn/Methyl Imidazole (b) and NaY zeolite/Methyl 

Imidazole/Zn (c) 

 

Aldol condensation reactions 
 

Aldol reactions are widely utilized for synthesizing β-

hydroxy aldehydes, β-hydroxy ketones, and α, β-

unsaturated aldehydes or ketones. These reactions 

proceed through addition or addition-elimination 

mechanisms involving aldehydes and ketones, forming 

carbon–carbon bonds that are fundamental in organic 

synthesis. The products, known as aldols, contain both 

aldehyde and alcohol functional groups, serving as 

important intermediates in the synthesis of various fine 

chemicals [37]. 
 

In this study, the aldol condensation between 

cyclohexanone and benzaldehyde derivatives was 

selected as a model reaction, particularly relevant to 

curcumin analog synthesis. To optimize the reaction 

yield, key parameters such as catalyst loading (entries  
 

Optimum reaction conditions: cyclohexanone (1 mmol), 4-X-

benzaldehyde (X = H, Cl) (2 mmol), reaction temperature (room 

temperature) and reaction time (16 h), Catalyst amount (30 mg) 

1–3, 10–12), temperature (entries 8, 9, 17, 18), and 

reaction time (entries 3–7, 13–16) were systematically 

investigated (Table 3). The results demonstrated that 

both NaY Zeolite/Zn/Methyl Imidazole and NaY 

Zeolite/Methyl Imidazole/Zn nanocomposites achieve 

optimal catalytic performance with 30 mg catalyst 

loading, a reaction time of 16 hours, and at room 

temperature [38, 39]. 
 

A notable finding was that the catalytic efficiency of 

pure NaY zeolite, ZIF-8, zeolite/Zn, and zeolite/2-

methylimidazole individually was significantly lower 

compared to the synthesized nanocomposite catalysts.  
 

This highlights the synergistic effect of the hybrid 

catalysts in promoting the aldol condensation. 

Further catalytic tests using various benzaldehyde 

derivatives, including 2-hydroxybenzaldehyde, 2-

chlorobenzaldehyde, 4-methylbenzaldehyde, and 4-

methoxybenzaldehyde (entries 19–26), revealed a 

decline in efficiency with 2-X and 4-X substitutions. 

This reduction is attributed primarily to increased steric 

hindrance. Specifically, the diminished activity with 2-

chlorobenzaldehyde is due to the electron-withdrawing 

effect of the chlorine substituent, which decreases the 

electrophilicity of the aldehyde carbon. 
 

The proposed reaction mechanism for the aldol 

condensation to synthesize 2,6-

di(benzylidene)cyclohexan-1-one is depicted in 

Scheme 2, based on previous studies [40]. The 

catalyst’s acid-base sites facilitate the reaction through 

both acidic and basic pathways. Acidic sites activate 

benzaldehyde, promoting its condensation with 

cyclohexanone to form (E)-2-benzylidenecyclohexan-

1-one. Concurrently, basic sites generate an enolate 

anion from cyclohexanone, which further reacts with 

benzaldehyde adsorbed on the catalyst. Subsequent 

dehydration completes the reaction, yielding the 

desired product 2-(2-methylbenzyl)-6-(2-

methylbenzylidene) cyclohexanone (II) [40]. 
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Table 2. Calculation of micro-meso surface area and volume porous for pure NaY zeolite, NaY/Zn/Methyl Imidazole and 

NaY/Methyl Imidazole/Zn 
 

 

 

 

 

 

 
 

 

 

Table 3. Aldol condensation reaction of cyclohexanone with benzaldehyde derivatives by synthetic catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
SBET  

m2 /g 

Smicro 

m2 /g 

Smeso 

m2 /g 

Vt 

cm3/g 

Vmicro 

cm3/g 

Vmeso 

cm3/g 

dBJH 

nm 

NaY zeolite 530.30 522 8.30 0.50 0.45 0.05 1.25 

NaY/Zn/Methyl Imidazole 109.08 10.13 98.95 0.0237 0.0024 0.0213 5.21 

NaY/Methyl Imidazole /Zn 104.95 4.93 100.73 0.0248 0.0008 0.0240 7.99 

Entr

y 

Catalyst Catalyst amount 

(mg) 

Aldehyde Time  

(h) 

Temperature  

(°C) 

Melting point 

(°C) 

Yield 

(%) 

1 NaY/Zn/mIm 15 benzaldehyde 16 room temperature 115 75.5 

2  30 benzaldehyde 16 room temperature 116 96.7 

3  60 benzaldehyde 16 room temperature 116 61.4 

4  30 benzaldehyde 8 room temperature 116 48.6 

5  30 benzaldehyde 10 room temperature 116 51.2 

6  30 benzaldehyde 12 room temperature 116 69.2 

7  30 benzaldehyde 14 room temperature 116 84.6 

8  30 benzaldehyde 2 100 116 34.7 

9  30 benzaldehyde 4 100 116 49.8 

10 NaY/mIm/Zn 15 benzaldehyde 16 room temperature 116 80.8 

11  30 benzaldehyde 16 room temperature 115 96.2 

12  60 benzaldehyde 16 room temperature 116 68.2 

13  30 benzaldehyde 8 room temperature 116 60.2 

14  30 benzaldehyde 10 room temperature 116 66.4 

15  30 benzaldehyde 12 room temperature 116 76.4 

16  30 benzaldehyde 14 room temperature 116 89.7 

17  30 benzaldehyde 2 100 116 46.8 

18  30 benzaldehyde 4 100 116 58.2 

19 NaY/Zn/mIm 30 2-hydroxybenzaldehyde 16 room temperature 296 63.7 

20  30 2-chlorobenzaldehyde 16 room temperature 125 73.4 

21  30 4-methylbenzaldehyde 16 room temperature 165 64.7 

22  30 4-methoxybenzaldehyde 16 room temperature 145 70.5 

23 NaY/mIm/Zn 30 2-hydroxybenzaldehyde 16 room temperature 296 66.9 

24  30 2-chlorobenzaldehyde 16 room temperature 125 80.4 

25  30 4-methylbenzaldehyde 16 room temperature 165 65.8 

26  30 4-methoxybenzaldehyde 16 room temperature 145 74.7 

27 NaY Zeolite 30 benzaldehyde 16 room temperature 116 41.1 

28 ZIF-8 30 benzaldehyde 16 room temperature 116 18.9 

29 Zeolite/Zn 30 benzaldehyde 16 room temperature 116 34.6 

30 Zeolite/2-mIm 30 benzaldehyde 16 room temperature 116 39.3 

31 No Catalyst 30 benzaldehyde 16 room temperature 116 6.5 
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Selected Spectroscopic Data 
 

2,6-Di(benzylidene)cyclohexan-1-one: 

• Catalyst NaY zeolite/Zn/Methyl Imidazole: 

m.p. ~116 °C; FT-IR (KBr, cm⁻¹): 1498 (C=C), 1689 

(C=O), 2895 (C–H aliphatic), 3021 (C–H aromatic) 

(entries 1–9) 

• Catalyst NaY zeolite/Methyl Imidazole/Zn: 

m.p. ~116 °C; FT-IR (KBr, cm⁻¹): 1589 (C=C), 1664 

(C=O), 2798 (C–H aliphatic), 3093 (C–H aromatic) 

(entries 10–18) 

(2E, 6E)-2,6-Bis(4-hydroxybenzylidene)-4-R-

cyclohexanone: 

• Catalyst NaY zeolite/Zn/Methyl Imidazole: 

m.p. ~296 °C; FT-IR (KBr, cm⁻¹): 3328 (O–H 

stretching), 2987 (C–H stretching), 1608 (C=O 

stretching), 1612, 1486, 1487 (C=C stretching), 1389 

(C–H deformation), 1304 (O–H deformation), 1257 

(C–O stretching), 959, 940, 831, 776, 752 (C–H out-of-

plane deformation) (entry 19) 

• Catalyst NaY zeolite/Methyl Imidazole/Zn: 

m.p. ~296 °C; FT-IR (KBr, cm⁻¹): 3398 (O–H 

stretching), 2904 (C–H stretching), 1663 (C=O 

stretching), 1551, 1468, 1447 (C=C stretching), 1380 

(C–H deformation), 1269 (O–H deformation), 1201 

(C–O stretching), 958, 932, 824, 769, 758 (C–H out-of-

plane deformation) (entry 23) 

(2E,6E)-2,6-Bis(2-chlorobenzylidene) cyclohexanone: 

• Catalyst NaY zeolite/Zn/Methyl Imidazole: 

m.p. ~125 °C; FT-IR (KBr, cm⁻¹): 3411 (=CH 

stretching), 2906 (aromatic C–H stretching), 1718 

(C=O stretching), 1454 (aromatic C=C stretching), 

1233 (C–O stretching), 746 (C–Cl stretching) (entry 

20) 

• Catalyst NaY zeolite/Methyl Imidazole/Zn: 

m.p. ~125 °C; FT-IR (KBr, cm⁻¹): 3408 (=CH 

stretching), 2928 (aromatic C–H stretching), 1694 

(C=O stretching), 1458 (aromatic C=C stretching), 

1227 (C–O stretching), 743 (C–Cl stretching) (entry 

24) 

(2E, 6E)-2,6-Bis(4-methylbenzylidene) 

cyclohexanone: 

• Catalyst NaY zeolite/Zn/Methyl Imidazole: 

m.p. ~165 °C; FT-IR (KBr, cm⁻¹): 3414 (O–H), 2977 

(CH₃), 2852 (C–H), 1657 (C=O), 1509 (-O-) (entry 21) 

• Catalyst NaY zeolite/Methyl Imidazole/Zn: 

m.p. ~165 °C; FT-IR (KBr, cm⁻¹): 3421 (O–H), 2989 

(CH₃), 2813 (C–H), 1707 (C=O), 1502 (-O-) (entry 25) 

(2E, 6E)-2,6-Bis(4-methoxybenzylidene) 

cyclohexanone: 

• Catalyst NaY zeolite/Zn/Methyl Imidazole: 

m.p. ~145 °C; FT-IR (KBr, cm⁻¹): 2988 (OCH₃), 2835 

(C–H), 1702 (C=O), 1517 (-O-) (entry 22) 

• Catalyst NaY zeolite/Methyl Imidazole/Zn: 

m.p. ~145 °C; FT-IR (KBr, cm⁻¹): 2992 (OCH₃), 2823 

(C–H), 1697 (C=O), 1515 (-O-) (entry 26) [20, 29]. 
 

 
 

Scheme 2. Plausible mechanism for Crossed-Aldol 

condensation in the presence of catalytic composites 

synthesized as heterogeneous acid-base catalysts. acid (A) 

and base (B) 

 

Catalyst recyclability 
 

Another important aspect investigated in this research 

was the recyclability of the synthetic catalysts. The 

results demonstrated that both catalysts, NaY 

zeolite/Zn/Methyl Imidazole and NaY zeolite/Methyl 

Imidazole/Zn, can be reused effectively up to five 

cycles with only a minor decrease in catalytic 

efficiency. 

The recycling procedure involved separating the 

catalyst from the reaction mixture by centrifugation at 

the end of each aldol condensation reaction. The 

recovered catalyst was then washed with ethanol, dried 

under vacuum, and reused in the subsequent reaction 

cycle. 

As shown in Figure 8, the catalytic activity remained 

high across five reuse cycles, with only about a 10% 

reduction in efficiency observed by the fifth cycle. This 

indicates excellent stability and reusability of the 

catalysts under the reaction conditions. 

Furthermore, characterization of the catalysts after five 

cycles by FT-IR spectroscopy and XRD analysis 

(Figures 9 and 10) revealed no significant changes in 

their structural integrity, confirming their robustness 

and suitability for repeated use [29, 41]. 
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Fig. 8. Results of catalytic recovery of NaY 

zeolite/Zn/Methyl Imidazole and NaY zeolite /Methyl 

Imidazole/Zn 
 

 
 

Fig. 9. FT-IR spectra of the catalysts as a fresh catalyst after 

5 runs as catalysts for aldol condensation reactions for both 

NaY zeolite/Zn/Methyl Imidazole (a) and NaY 

zeolite/Methyl Imidazole/Zn (b) catalysts 

 

 
 

Fig. 10. XRD patterns of the catalysts as a fresh catalyst after 

5 times of use as a catalyst for aldol condensation reactions 

for both NaY zeolite/Zn/Methyl Imidazole (a) and NaY 

zeolite/Methyl Imidazole/Zn (b) catalysts 

 

Comparison with other works 

 

To evaluate the performance and catalytic activity of 

the prepared NaY zeolite/Zn/Methyl Imidazole (a) and 

NaY zeolite/Methyl Imidazole/Zn nanocomposites, 

their efficiency in aldol condensation reactions was 

compared with that of various catalysts reported in the 

literature (Table 4). As shown, the catalysts 

synthesized in this study exhibit superior performance 

in terms of reaction temperature, time, and catalyst 

loading, achieving significantly higher yields than 

many previously reported catalysts. Another important 

advantage of these catalysts is their ease of separation 

from the reaction mixture, ensuring no contamination 

or residue remains in the final product. Additionally, 

their ability to be recycled multiple times without 

significant loss of activity, combined with their high 

acidity, makes these nanocomposites excellent 

candidates for aldol condensation reactions. 

 
Table 4. Comparison of NaY Zeolite/ZIF-8 with other 

catalysts for the aldol condensation reaction 
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