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CdS/Ce0O,/Ag,CO, nanocomposite
as an efficient heterogeneous
catalyst for Knoevenagel
condensation and acetylation
reactions

Getachew A. Seid?, Abi M. Taddesse?, Neelaiah Babu? & Jemal M. Yassin3"*

Knoevenagel condensation and acetylation reactions play a critical role in organic synthesis by
facilitating the formation of carbon-carbon bonds and the modification of functional groups; however,
limitations like low efficiency and demanding reaction conditions and time underscore the necessity
for developing better techniques to enhance their practical applications. In this study, a ternary
nanocomposite of CdS/Ce0O,/Ag,CO, was synthesized by varying the molar ratio of CdS to CeO,/
Ag,CO, using the precipitation method. This heterogeneous catalyst was developed for Knoevenagel
condensation and acetylation reactions applications. The optical properties, functional groups,
crystalline structure, morphology, and surface area of the synthesized catalysts were characterized
using UV-Vis-DRS, FTIR, XRD, SEM, and N, adsorption-desorption isotherms, respectively. For the
Knoevenagel condensation reaction between benzaldehyde and malononitrile, the optimal conditions
were found to be the use of water as a solvent, at 10% w/w catalyst loading based on the total reagent
mass, and room temperature (20 °C). Under these conditions, CdS/CeO,/Ag,CO, with a CdS: CeO,/
Ag,CO, weight ratio of 3:1 gave high yields, 92.19 + 0.41 in 33 min for Knoevenagel condensation and
93.8+1.19 in just 3 min for the acetylation reaction. The reaction conditions were tested for different
aromatic aldehydes with malononitrile, yielding high isolated products. The reusability of the CdS/
CeO,/Ag,CO, (3:1) catalyst was assessed, with only a 6.4% decrease in yield after sixth consecutive
runs under optimal reaction conditions. Furthermore, the optimized catalyst, CdS/Ce0O,/Ag,CO, (3:1),
was evaluated for its catalytic activity in the acetylation of an aniline derivative. The structures of the
synthesized products, 2-benzalidinemalononitrile and acetanilide, were confirmed by spectrometric
techniques such as'H-NMR,3C-NMR, and FTIR analysis.

Keywords Knoevenagel condensation, Acetylation reaction, Ternary nanocomposite,
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Researchers are actively working to develop efficient heterogeneous catalysts for the Knoevenagel condensation
and acetylation reactions. Knoevenagel condensation is a nucleophilic addition reaction that involves the
reaction of an aldehyde with an active methylene compound, resulting in the formation of a new carbon-carbon
double bond, yielding a,B-unsaturated carbonyl compounds crucial for pharmaceuticals and agrochemicals.
Acetylation reactions modify functional groups, protect reactive sites, and are key in synthesizing drugs like
aspirin'. The products of this reaction (2-Benzylidenemalononitrile and acetanilide) are used in the synthesis
of heterocyclic compounds, medicinal intermediates, fine chemicals, drugs, natural products, fluorescent
dyes, and functional polymers?=. In the case of the acetylation reaction, a functional group, such as alcohols,
amines, phenols, or thiols, undergoes acylation through a multi-step process that is key in drug synthesis>®. This
acylation is typically carried out using an acylating agent, such as acid chlorides or anhydrides, in the presence
of either acidic or basic catalysts.

1Department of Chemistry, Dire Dawa University, P.O. Box 1362, Dire Dawa, Ethiopia. 2Department of Chemistry,
Haramaya University, P.O. Box 138, Dire Dawa, Ethiopia. >Department of Chemistry, Debre Berhan University, P.O.
Box 445, Debre Berhan, Ethiopia. ““email: jemalchemistry@gmail.com; jemalmohammed@dbu.edu.et

Scientific Reports|  (2025) 15:17567 | https://doi.org/10.1038/s41598-025-01567-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-01567-1&domain=pdf&date_stamp=2025-5-17

www.nature.com/scientificreports/

Conventionally, both the Knoevenagel condensation and acetylation reactions have relied on homogeneous
catalysts, including basic catalysts such as 4-dialkylaminopyridines®’, ionic liquids®, and pyridine’, as well as
acidic catalysts like Lewis acids. Notable examples of the latter include Ce(OTf),'%, HCIO -SiO, !, Gd(OT),",
and 4-(N, N-dimethylamino) pyridine'?, which have been reported for acetylation reactions. For Knoevenagel
condensation, weak organic bases such as urea'?, alkali metal hydroxides's, and Lewis acids like Cdl, and BiCl,
have also been employed!®. While these homogeneous catalysts show potential, they are often associated with
significant drawbacks. Key issues include challenges in post-reaction separation and negative environmental
impacts!”!8. Additionally, these catalysts are non-recoverable and non-reusable, raising concerns regarding
environmental safety.

Given the growing need for environmentally friendly, cost-effective, and energy-efficient methods for
acetylation and Knoevenagel condensation, there is an urgent demand for simpler and more practical synthetic
procedures. The use of heterogeneous catalysts offers a promising solution, addressing these challenges (like
low catalytic efficiency, poor stability, and limited reusability) and providing a more sustainable approach!®-2.
Nanocatalysts, in particular, have emerged as a vital component of sustainable technology, especially in the fields
of Knoevenagel condensation and acetylation reactions. These catalysts have garnered significant attention due to
their non-corrosive nature, reusability, ability to produce pure products, and overall environmental friendliness
when used under mild conditions'®1:?*24 Nanocatalysts are characterized by their unique properties, including
a high surface area-to-volume ratio, small size, distinct electronic structure, and controlled particle arrangement
and distribution, which contribute to their high thermal and chemical stability?*. In heterogeneous catalysis,
various types of nanocatalysts have been explored, including nano-supported catalysts®®, nano mixed metal
oxides?, and magnetic nanocatalysts?®. Metal oxide catalysts, in particular, exhibit surface polarizing properties
and facilitate electron transport, making them ideal for acid-base and redox catalytic reactions.

Metal oxides such as CeO, *°, ZnO*’, magnetic silica-supported Ag,CO, *!, (CeO,/Zr0,)*, and Ag@TiO,
33 have been utilized in various organic reactions. However, these single and binary nanocatalysts often exhibit
limited catalytic activity, poor durability, and low thermal stability.

To address these limitations, we aimed to improve the stability and catalytic performance of these materials by
combining two or more carbonate and oxide semiconductors. Unlike previously reported nanocatalytic systems,
we hypothesize that the ternary nanocomposite developed in this study will exhibit significantly enhanced
catalytic activity for both the Knoevenagel condensation and acetylation reactions.

Building on our current protocol, we have developed a new Lewis acid-base heterogeneous CdS/CeO,/
Ag,CO, nanocatalyst, utilizing water as a solvent for the Knoevenagel condensation and a solvent-free approach
for the acetylation of aniline. To enhance catalytic performance, various preparation methods were explored,
including sol-gel, co-precipitation, and high-temperature combustion techniques. Recently, CeO, nanoparticles
synthesized through the pyrolysis of cerium metal-organic frameworks (Ce-MOFs) have demonstrated superior
physicochemical properties, such as increased crystallinity, finer structure, and a higher concentration of oxygen
vacancies and acidic sites on the surface, which are believed to boost catalytic efficiency®. The CeO, nanoparticles
were successfully prepared by pyrolyzing Ce-MOFs at 500 °C and then combined with CdS and Ag,CO, via co-
precipitation method, resulting in a stable and highly efficient CdS/CeO,/Ag,CO, nanocatalyst. In this study, we
report the use of CdS/CeO,/Ag,CO, based heterogeneous nanocatalyst for Knoevenagel condensation in water
and solvent-free acetylation of aniline, providing easier work-up procedures and yielding products with better

purity.

Experimental section

Materials

All chemicals and reagents were analytical grade and used as obtained without further purification. Cerium
nitrate hexhydrated (Ce(NO3)3. 6H,0, 99.5%, Alfa Aesar), Terephtalic acid (HZBDC, 98%, Acros Organic),
Cadmium Acetate dihydrated (Cd(CHSCOO)Z.ZHZO, 98%, BDH, ), Silver nitrate (AgNOs, 99.8%, UNichem AR),
Acetic anhydride (CH,CO),0, 97%, Carloerba reagent), 4-Nitroaniline (C;H,N,O,, 98.5%, Blulux laboratory),
Malononitrile (CH,(CN),), 99%, Brtain), and Benzaldehyde (C,H,CHO, 99.5%, BDH).

Synthesis of catalyst

Preparation of CeO,, Ag,CO, and CdS nanoparticles

Before preparing CeO,, cerium-based metal-organic frameworks (Ce(IIT)-BDC MOF) were first synthesized
using a modified precipitation method at room temperature and water as the solvent, following a procedure
adapted from previously reported methods®. In a separate beaker, 15 mmol (2.492 g) of H,BDC (the linker) was
dissolved in 70 mL of deionized water, while 10 mmol (4.342 g) of Ce(NO,),+6H,0 was dissolved in 30 mL of
deionized water. The pH of the linker solution was adjusted to 7 using ammonia solution (V/V NH,:H,0, 1:1
ratio). The cerium solution was then added dropwise to the linker solution under continuous stirring for 1 h.
A white precipitate formed which was collected by centrifugation at 2500 rpm for 20 min, washed three times
each with deionized water and ethanol, and then dried at 60 °C for 24 h. The resulting product, Ce(III)-BDC
MOF was calcined at 500 °C for 2 h in a furnace with a heating rate of 2 °C/min, yielding MOF-derived CeO,
nanoparticles after cooling to room temperature.

Ag,CO, nanoparticles were synthesized using the co-precipitation method, with modifications based on a
prior report®. Initially, 30 mL of a 2.5 mmol (0.210 g) NaHCO, solution and 20 mL of a 5 mmol (0.849 g) AgNO,
solution were prepared separately. The sodium bicarbonate solution was then added dropwise to the silver nitrate
solution while stirring continuously for 1 h. The resulting precipitate was collected by centrifugation, washed
three times with ethyl alcohol and distilled water, and then dried at 60 °C for 6 h.

CdS nanoparticle was conducted using the co-precipitation method with some modification®’. Initially,
equimolar (0.1 M) solutions of Cd(CH,CO0),-4H,0 and Na,S-9H,0 were prepared separately. The Na,5-9H,0
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solution was then added dropwise to the Cd(CH,COO),-4H, O solution while stirring continuously for 2 h. After
the reaction, a yellow precipitate was collected by centrifugation and washed several times with distilled water
and ethyl alcohol. The product was dried at 70 °C for 5 h and then calcined at 300 °C for 2 h.

Preparation of Ag,CO,/CeO, and CdS/CeQ, composites

Ag,CO,/CeO, composite mater1al was prepared using a simple chemical precipitation method with minor
modification as previously reported®. Initially, 0.200 g of CeO, was dispersed in 60 mL of deionized water
using an ultrasonic cleaner until a homogeneous solution was formed. Then, 6 mL of a 0.1 M aqueous solution
of AgNO, was added dropwise to the dispersed solution, and the mixture was stirred for 30 min. Next, 6 mL
of a 0.1 M aqueous solution of NaHCO, was added, and the solution was stirred for an additional 1.5 h using a
magnetic stirrer to form the precipitate. The product was filtered, washed three times with ethanol and deionized
water, and then dried at 60 °C for 12 h.

The preparation of CdS/CeO, binary composite was made following precipitation method®. Initially, 1.720 g
of prepared CeO, was dispersed in 100 mL of distilled water using an ultrasonic cleaner for 30 min. Separately,
2.664 g of Cd(CH,C0O0),-2H,0 was dissolved in 100 mL of distilled water to make a 0.1 M solution. This
solution was then added to the dispersed CeO, solution and sonicated for 1 h. Next, 2.400 g of Na,S-9H,0 was
dissolved in 100 mL of distilled water to make a 0.1 M solution, which was added dropwise to the mixture, and
sonication was continued for another hour to allow the precipitate to form. The product was then filtered and
washed three times each with ethanol and distilled water. Finally, the composite was dried in an oven at 60 °C for
24 h, yielding the CdS/CeO, composite.

Preparation of ternary CdS/CeO,/Ag,CO, composites

The ternary composite catalysts with various weight ratios of CdS: CeO,/Ag,CO, (1:1, 2:1, 3:1, and 4:1) were
synthesized by using a constant amount of prepared CeO,/Ag,CO, powder and varying amounts of the
precursors Cd(CH,COO0),-2H,0 and Na,S-9H,0O for CdS synthesis. In a typical procedure, for the weight ratio
Cds: Ce0,/Ag,CO, (3:1), 0.50 g of CeO,/Ag,CO, powder (0.1 M) was dispersed in 11.2 mL of deionized water
and sonicated for 2 h, forming solution 1. Separately, 0.890 g of Cd(CH,C0O0),-2H,0 (0.1 M in 33.4 mL) and
0.80 g of Na,S-9H,0 (0.1 M in 33.4 mL) were prepared, labeled solutions 2 and 3, respectively. Solution 2 was
added dropwise into solution 1 and sonicated for an additional 1.5 h. Then, solution 3 was added dropwise to
the mixture of 1 and 2 while stirring continuously for 3 h. After filtration, the product was washed three times
with ethanol and deionized water, then dried for 12 h at 80 °C, then labeled as CdS/CeOZ/AgZC03(3:l) ternary
nanocomposite. The same procedure was followed for the remaining three weight ratios (1:1, 2:1, and 4:1),
with the corresponding solutions prepared similarly maintaining the required stoichiometry (Fig. 1). The final
powders were ground to fine particles and labeled as CdS/CeO,/Ag,CO,(1:1), CdS/CeO,/Ag,CO,(2:1), and
CdS/Ce0O,/Ag,CO,(4:1), respectively.

Cd(CH3C00),-2H,0
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gyﬁfioonyc €0, solution
Somcated Sonicated Stirring
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2 h 15h 3h

r
25
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Fig. 1. The synthesis procedure for the ternary CdS/Ce0,/Ag,CO, nanocomposite.
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Characterization of synthesized materials

The phase purity and crystalline structure of the developed catalysts were characterized by Powder X-ray
Diffraction (PXRD) using an X'Pert Pro PANalytical instrument, equipped with a Cu Ka radiation source
(A=0.15406 nm). The XRD measurements were conducted with a scan rate of 0.02 (step time: 1 s) in the 20
range of 5.0° to 90.4°. The surface composition and morphology of the prepared catalysts were analyzed using
scanning electron microscopy (SEM) coupled with Energy Dispersive X-ray spectroscopy (EDX), employing
a Hitachi Tabletop Microscope TM1000 with a tungsten filament electron gun. The functional groups of the
prepared materials were investigated by Fourier Transform Infrared Spectroscopy (FTIR, Perkin Elmer) in the
400-4000 cm™* range using the KBr disk method. The solid-state optical absorption spectrum of the catalysts
was recorded using a UV-Vis spectrophotometer, scanning over the wavelength range of 200-900 nm. Nitrogen
sorption isotherms were obtained at -196 °C using a Micromeritics ASAP 2420 instrument, and the surface area
was calculated using the Brunauer-Emmett-Teller (BET) method.

Procedure for Knoevenagel condensation reaction

To begin the reaction, 2.0 mmol of aromatic aldehyde, 2.0 mmol of malononitrile, reaction time for 33 min, 10%
w/w of the prepared nanocatalyst (relative to both reagents), and 5 mL of water were added to a 100 mL three-
neck round-bottom flask. The reaction mixture was magnetically stirred at room temperature, and the progress
was monitored using thin-layer chromatography (TLC) with a mobile phase of ethyl acetate and hexane in a
1:4 ratio. Once the reaction was complete, the product mixture was dissolved in methanol, and the catalyst was
separated by filtration. The organic phase was then dried over anhydrous sodium sulfate. The methanol solvent
was evaporated at room temperature, and the product was recrystallized from methanol to obtain the desired
product.

Catalytic recyclability

The reusability of the CdS/CeO,/Ag,CO,(1:3) catalyst for the Knoevenagel condensation reaction between
benzaldehyde and malononitrile was assessed by evaluating the yield over multiple cycles, with reference to the
first run. Briefly, the catalyst was separated from the reaction mixture by filtration at the end of each cycle. It was
then washed several times with deionized water and absolute ethanol. Afterward, the catalyst was dried at 100 °C
and reused in the subsequent run with fresh reactants under the same reaction conditions.

General procedure for acetylation

In a standard procedure for the acetylation of an amine, 2.0 mmol of aromatic amine, 2.0 mmol of acetic
anhydride, under 3 min reaction time, and 10% w/w of the prepared CdS/CeO,/Ag,CO,(1:3) nanocatalyst
(relative to the total reagents) were added to a three-neck round-bottom flask at room temperature, following a
previously reported method with slight modifications*. The reaction mixture was magnetically stirred, and the
reaction progress was monitored by TLC using a mobile phase with a 1:4 ratio of ethyl acetate to hexane. Once
the reaction was complete, the product mixture was dissolved in 10 mL of ethyl acetate, and the catalyst was
separated by simple filtration. The organic phase was then washed with a 10% NaHCO, solution in a separatory
funnel, and the upper layer was dried over anhydrous Na,SO,. Finally, ethyl acetate was evaporated, and the
desired product was collected.

Results and discussion

Catalyst characterization

XRD analysis

Fig. 2 shows the XRD patterns of the as-prepared single component materials (Ag,CO,, CdS, and CeO,), binary
composites (Ag,CO,/Ce0, and CdS/Ce0,), and ternary composites with different CdS: CeO,/Ag,CO, molar
ratios (1:1, 2:1, 3:1, and 4:1). The diffraction peaks of Ag,CO; are sharp and align well with previously reported
data [96-100-7036]*!. The broad diffraction peaks observed at 26 values of 26.88°, 44.23°, and 51.95° correspond
to a hexagonal greenockite CdS structure [96-900-8863]*2. CeQ, patterns display intense diffraction peaks at 20
values of 28.44°, 33.02°, 47.37°, 56.23°, 59.00°, 69.33°, 76.42°, 79.06° and 88.47°, which are described the cubic
fluorite CeQ, structure [JCPDS: 96-900-9009]*. For the binary nanocomposites, the XRD patterns of Ag,CO,,
CdS, and CeO, can be clearly identified without any impurities **. However, intense diffraction peaks ascribed to
cubic fluorite CeO, structure are observed in CdS/CeO2 system, while weak diffraction peaks at 26.60°, 44.00°,
and 51.70° are attributed to the hexagonal greenockite CdS structure®.

The XRD patterns of the as-prepared CdS/CeO,/Ag,CO, ternary composites, featuring various molar ratios
of CdS to CeOZ/AgZCO3 (1:1,2:1, 3:1 and 4:1), showed the distinct presence of the individual components: CeO,,
Ag,CO,, and CdS within the ternary systems. The XRD results demonstrated that the as-prepared pristine,
binary, and ternary composite materials were successfully synthesized with no trace of any impurity.

The average crystallite sizes of as-prepared catalysts were calculated using the Debye-Scherrer formula as
shown in Eq. (1):

D= (kA) /(B cosd) (1)

Where B is the full width at half maximum (FWHM) in radians, A is the wavelength of the X-ray (0.15406 nm)
for Cu target Kal radiation, 0 is the Bragg’s angle in radians, D is the crystallite size in nm. k is the shape factor
constant, which is taken to be 0.9. Table S1 shows the average crystallite size of each as-prepared catalyst. Smaller
crystallite sizes typically result in a higher specific surface area and a great number of active sites, boosting the
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Fig. 2. XRD patterns of (a) Ag,CO,, (b) CdS, (c) CeO,, (d) Ag,CO,/CeO,, (e) CdS/CeO,, (f) CdS/CeO,/
Ag,CO, (1:1), (g) CdS/Ce0,/Ag,CO, (2:1), (h) CdS/CeO,/Ag,CO, (3:1), and (i) CdS/CeO,/Ag,CO, (4:1)
samples.

catalytic performance in Knoevenagel condensation and acetylation reactions by improving reactant adsorption
and faster reaction kinetics.

SEM analysis

The SEM images of the as-prepared pristine, binary, and ternary composite materials are shown in Fig. 3a-j. The
Ag,CO, (Fig. 3a-b) exhibits a homogeneous spherical shape, while CdS (Fig. 3c-d) displays an irregular form
due to numerous aggregated nanosized particles. CeO, (Fig. 3e-f) is characterized by nano-stick shapes, with
average edge length in the micrometer range. The spherical, irregular, and nano-stick morphologies enhance
catalytic performance by increasing active site availability, providing defect-driven active sites, and improving
mass transport, respectively, maximizing surface area, reactant accessibility, and efficiency. The SEM images
for both the binary (Fig. 3g-i) and ternary composite (Fig. 3j) shows the existence of interactions among the
various components. In addition, the SEM-EDS spectrum of ternary CdS/CeO,/Ag,CO, composite confirmed
the presence of Ce, Cd, Ag, S, and O atoms (Fig. 3k).

Analysis of N, sorption isotherms

Fig. 4 shows the N, adsorption/desorption isotherms of CdS/CeO,/Ag,CO, (3:1) at -196 °C. The BET specific
surface area of the as-prepared CdS/CeO,/Ag,CO,(3:1) was 75.33 m?g™ ", which is higher than the previously
reported value of CeO, nanoparticles (72.9 m? g™!)*. The increased specific surface area boosts active site
availability for reactant adsorption, crucial for surface reactions, while also promoting better distribution of
active components (CdS, CeO,, and Ag,CO,), improving interfacial interactions and catalytic efficiency®’.
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Fig. 3. SEM images of (a-b) Ag,CO,, (c-d) CdS, (e-f) CeO,, (g-h) Ag,CO,/Ce0,, (i) CdS/Ce0,, (j) CdS/CeO,/
Ag,CO,(3:1) and (k) EDS analysis of ternary CdS/CeO,/Ag,CO,(3:1) samples.

Fourier transform infrared (FI-IR) spectroscopy
The functional groups of as-prepared catalysts were analyzed using FT-IR spectroscopy (from 400 to 4000 cm™!)
as demonstrated in Fig. 5. The wide peaks at 3399 and 1620 cm™! represents stretching and bending vibration
of O-H bond and the peak at 1054 cm™! also indicate the existing of C-O on the surface of catalyst that could be
associated with adsorbed CO, *14. As depicted in Fig. 5(a), the lowest intense peak at 1544 cm™! is recognized
to the asymmetric stretching vibration of -COO- obtained from ionized carboxylate groups served as linker
for the synthesis of Ce-MOF. The peak at 543 cm™' corresponds to the Ce-O stretching vibration of CeO,
[45]. In contrast, the smaller bands at 2922, 2854, and 722 cm™! are attributed to the to the asymmetrical and
symmetrical C-H stretching vibrations, as well as the C-H out-of-plane bending vibrations, resulting from the
ethanol solvent used*. The band at 1330 and 850 cm™! can be ascribed to N =0 symmetrical stretching and the
stretching of the pi (IT) bonds of the N-O bond that existing from Ce(NO,),.6H,0 used*,

As shown in Fig. 5(b), the peak at 1405 cm™" refer to stretching vibration of CO,~*** and the band at
520 cm™! indicate the presence of Ce-O in composite materials. But the wavenumber (520 cm™!) is lower than
pure Ce-O (543 cm™!), which indicates the shifting of absorption to lower energy in binary composite system.
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Fig. 4. N, adsorption-desorption isotherms at -196 °C (activated at 150 °C for 16 h) of CdS/Ce0O,/Ag,CO,
(3:1) sample.

The absorption peaks at 658 and 617 cm™! indicated the vibrational stretching of Cd-S (Fig. 5¢). Subsequently,
the absorption band at 535 cm™! is recognized the presence of Ce-O in composite and it has been slightly smaller
wavenumber than single CeO, particles due to the effect of intrinsic behavior of CdS. In the case of ternary
composite that depicted in Fig. 5(d), the pecks at 1403, 653, 618, and 534 cm™! could be attributed to stretching
vibration of CO,~?, vibrational stretching of Cd-S, stretching vibration of S-S, and Ce-O stretching vibrations
respectively.

UV-Vis diffuse reflectance absorption

The absorption spectra of as-prepared catalysts are depicted in Fig. 6(a-f). The absorption edges of binary and
ternary composites were extended to visible wavelength region compared to CeO, nanoparticles. The systematic
coupling of CdS and Ag,CO, nanoparticles in the composite enhances the optical properties, facilitating the
activation of surface-adsorbed reactants and intermediates by improving charge carrier generation, as illustrated
in the reaction mechanism. This accelerates reaction kinetics by facilitating nucleophilic attack and subsequent
condensation, increases the overall catalytic efficiency, and leads to higher yields and faster reaction rates in
Knoevenagel condensation and acetylation reactions® This evidences the formation of a unique heterojunction
in the ternary nanocomposite.

Catalytic study for Knoevenagel condensation

Optimization of reaction conditions

The Knoevenagel condensation reaction can be efficiently aided by a variety of acid-base bifunctional Lewis
acids that concurrently activate the carbonyl group at acid sites and deprotonate from malononitrile at basic
sites'®24%7, Thus, the synthesized CdS/Ce0,/Ag,CO, (3:1) ternary nanocatalyst was used to study the catalytic
potential in the Knoevenagel condensation reaction. Fig. 7 illustrates the optimization of reaction conditions
using malononitrile and benzaldehyde as a substrate. The effects of solvent, catalyst quantity, and reaction
temperature were examined and optimized in order to achieve an ideal reaction condition as shown in Table 1.
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Fig. 5. FTIR spectra of (a) CeO,, (b) Ag,CO,/Ce0,, (c) CdS/Ce0,, and (d) CdS/CeO,/Ag,CO, (3:1) samples.

Effect of solvent The impact of various solvents on the catalytic activity of CdS/Ce0O,/Ag,CO, (3:1) for model
reaction was examined in Table 1 (entryl-8). The reaction was conducted through benzaldehyde (2.0 mmol)
and malononitrile (2.0 mmol), at room temperature and catalyst amount was set at 10%, w/w of total reagent
weight. Utilizing a heterogeneous catalyst, the Knoevenagel condensation reaction process has been reliant on
the polarity of solvent’s reaction?%°!. The use of solvent free condition or solvent like acetonitrile, toluene, dichlo-
romethane and chloroform gave a low yield at longer reaction time. The use of ethanol and methanol produced
good yield. To establish an environmentally friendly solvent, water was identified as the optimal choice for the
reaction, achieving a yield of 92.19+0.41% in just 33 min (Table 1, entry 5). Using water as a solvent offers
numerous advantages, including its cost-effectiveness, abundance, safety, and non-toxicity. It simplifies the syn-
thesis process by allowing for easy precipitation without the need for lengthy quenching, while also mitigating
issues related to self-condensation.

Catalyst amount The effects of catalyst dosage on the reaction rate and yield of the model reaction were eval-
uated using various amount (0-20%, w/w of total reagent weight) of CdS/Ce0O,/Ag,CO, (3:1) at room temper-
ature in water (Table 1, entry 9-17). The optimal catalyst load of 10% w/w achieved a yield of 92.19+0.41%
in just 33 min (Table 1, entry 13). In contrast, the reaction without the catalyst resulted in a minimal yield of
39.94+1.81% at 377 min (Table 1, Entry 9). Using lower quantities than the optimal load (2.5, 5, and 7% w/w)
improved yield and reduced reaction time (Table 1, entry 10-12). However, increasing the catalyst load beyond
the optimal level to 20% w/w led to a decrease in yield and an increase in reaction time, likely due to agglomer-
ation and other factors.

Reaction temperature The impact of reaction temperature on the selected model reaction was examined from
20 to 120 °C at 20 °C intervals (Table 1, entry 18-23). The results indicated a 1% increase in yield of 2-ben-
zylidenemalononitrile at 60 °C (Table 1, entry 20). However the reaction time and yield did not significantly
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Fig. 6. DR-UV-vis spectra of (a) CeO,, (b) Ag,CO,/CeO,, (c) CdS/CeO,, (d) CdS/CeO,/Ag,CO,(1:1), (e)
Cds/Ce0,/Ag,C0O,(2:1), and (f) CdS/CeO,/Ag,CO,(3:1) samples.

CN
N CN  Catalyst(%,W/ W) =
O + < > + H2O
CN Solvent, Temprature CN

Fig. 7. Knoevenagel condensation reaction using prepared catalyst.

change between 20 and 40 °C. Considering environmental conditions and eco-friendliness, 20 °C was chosen as
the optimal reaction temperature. Notably, temperatures of 80 ° C and above resulted inlow yields despite faster
reaction times.

Comparison of synthesized catalytic efficiency for Knoevenagel condensation

After optimizing the reaction condition using CdS/CeO,/Ag,CO, (3:1) for the Knoevenagel reaction of
benzaldehyde with malononitrile, we compared the synthesized catalysts: CeO,, CdS/CeOZ, Ag,CO,/Ce0,,
and the ternary CdS/Ce0O,/Ag,CO, composites (1:1, 2:1, and 4:1). These comparisons were conducted at room
temperature, using water as the solvent and a catalyst load of 10% w/w, as presented in Table 2, entry 1-7. The
results indicated that the catalytic performance of as-prepared single, binary and ternary catalysts improved
in the following order: CdS/Ce0,/Ag,CO, (3:1)>CdS/CeO,/Ag,CO, (4:1)>CdS/Ce0,/Ag,CO, (2:1)>CdS/
CeO,/ Ag,CO, (1:1)>CdS/Ce0, > Ag,CO,/CeO,>CeO, , with respect to both yield and reaction time. As
seen in Table 2, the enhancement of catalytic performance from a single to binary to ternary catalyst makes
it clear that coupling create a diverse active sites environment from the heterostructures, which improves the
conversion efficiency. This may be explained by the small crystallite size (Table S1) than binary composites and
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Entry | Catalyst (%) | Solvent Temperature (°C) | Time (min)* | Yield (%)®

1 10 Neat 20 51 83.24+ 0.47
2 10 Ethanol 20 41 89.01+ 1.76
3 10 Methanol 20 36 89.90+ 1.39
4 10 Acetonitrile 20 103 70.40+ 1.31
5 10 Water 20 33 92.19+ 0.41
6 10 Toluene 20 90 68.47+ 2.63
7 10 Dichloromethane | 20 115 63.63+ 1.41
8 10 Chloroform 20 126 62.03+2.12
9 Blank ‘Water 20 377 39.94 +1.81
10 2.5 Water 20 57 72.75+ 2.10
11 5 Water 20 42 8493 £2.15
12 7.5 ‘Water 20 38 86.85+ 1.43
13 10 Water 20 33 92.19+ 0.41
14 12.5 Water 20 37 91.80 £ 1.21
15 15 Water 20 49 85.47+ 1.62
16 17.5 Water 20 67 85.15+2.19
17 20 Water 20 74 81.39+ 1.96
18 10 ‘Water 20 33 92.19+ 0.41
19 10 Water 40 31 92.45+ 1.69
20 10 Water 60 32 93.18+ 1.71
21 10 Water 80 28 92.55+ 2.07
22 10 Water 100 28 92.55+ 1.86
23 10 ‘Water 120 28 92.36+ 2.41

Table 1. Optimization of reaction condition. Reaction conditions, *Monitored by TLC, "Isolated yield,
benzaldehyde (2 mmol), malononitrile (2 mmol), temperature (°C), solvent (5 mL), catalyst (% w/w of total
reagent weight) and reaction repeating three times.

Entry | Nanocatalyst Time (min)?® | Yield (%)
1 Cé:O2 115 70.20+ 1.55
2 CdS/CeO2 72 80.63+ 1.23
3 Ag,C0,/Ce0, 89 7349+ 141
4 CdS/Ce0,/Ag,CO, (1:1) | 71 8111+ 1.74
5 CdS/Ce0,/Ag,CO, (2:1) | 53 85.32+2.23
6 CdS/CeO,/Ag,CO, (3:1) | 33 92,19+ 0.41
7 CdS/Ce0,/Ag,CO, (41) | 63 87.48+ 1.69

Table 2. Comparison of the catalytic performance of synthesized nanocatalysts for reaction of benzaldehyde
and malononitrile. Reaction conditions, *Monitored by TLC, bIsolated yield, benzaldehyde (2 mmol),
malononitrile (2 mmol), temperature (20 °C), H,O (5 mL), catalyst (% w/w of total reagent weight) and
reaction repeating three times.

has a high catalytic activity due to large available active sites?>>2, After demonstrating superior efficacy over the
other catalytic system, the ternary catalyst was nominated for further investigation. Therefore, ternary CdS/
Ce0,,Ag,CO, (3:1) system was the most effective composite which produced a yield of 92.19£0.41% with a
reaction time of only 33 min (Table 2, entry 6) than other counterparts.

Reaction scope

The catalytic efficiency of CdS/Ce0O,/Ag,CO, (3:1) for Knoevenagel condensation reaction of various aromatic
aldehydes with malononitrile was evaluated under optimal conditions (water as solvent, room temperature, and
10% w/w catalystload) (Table 3, entry 1-5). Electron donating substituents enhance the electron concentration the
carbonyl group?»*+>3, resulting in a yield of 76.97 + 1.53% for 4-dimethylaminobenzaldehyde in 53 min (Table 3,
entry 5). However, the efficiency wast slightly lower with other electron-donating groups, such as 4-hydroxyl and
3, 4, 5-methoxy (Table 3, entry 3-4). In contrast, the electron withdrawing group 2-nitrobenzaldehyde exhibited
high conversion and better yield compared to the donating groups (Table 3, entry 1). For 3-nitrobenzaldehyde,
the product yield decreased due to the lack of resonance stabilization at this position (Table 3, entry 2).
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CN
N N <CN CdS/Ce0,/Ag,CO5(3:1) (10 %, W/W) B wo
+ » 2
4 CN Water. 20 °C s CN
R R
Entry R Product Time Yield (%)® Melting point (°C)
(min)®
Measured Reported Ref
1 H CN 33 92.19+0.41 83-84 81-83 o
m
CN
2 2-NO, 29 92.70+ 1.02 136-137 136-138 55
NO,
CN
X
CN
3 3-NO, CN 44 88.66+ 1.73 101-103 102-103 54
Osz
CN
4 4-OH CN 47 89.33+ 1.99 187-189 186-187 s6
IO
OH CN
5 3,3,4-OCH; H,CO CN 46 86.59 1.09 135-136 136 57
X
OCH;
6 4-N(CHs)» CN 53 76.97+ 1.53 181-182 180-182 8

Table 3. Knoevenagel condensation of aromatic aldehydes with malononitrile catalyzed by CdS/Ce0,/Ag,CO,
(3:1)2

Reaction conditions, ®Monitored by TLC, bIsolated yield, aromatic benzaldehyde (2 mmol), malononitrile (2
mmol), temperature (20 °C), H,0 (5 mL), CdS/CeO,/Ag,CO, (3:1) catalyst (% w/w of total reagent weight)
and reaction repeating three times.

Entry | Catalyst Reaction Condition | Time | Yield (%) | Ref.

1 Ce Zr, O, Ethanol, 80 °C 50 min | 82 47

2 AL0,-8i0,-MgO Ethanol, RT 90 min | 91 59

3 BaALO, Ethanol, RT 10h 80 60

4 ZnO Neat, RT 3.5h |90 o

5 Fe,0,@ZIF-8 Toluene, RT 3h 94 62

6 CdS/Ce0,/Ag,CO,(3:1) | Water, RT 33 min | 92.19+ 0.41 | This study

Table 4. Comparison of CdS/Ce0O,/Ag,CO,(3:1) for reaction between benzaldehyde and malononitrile with
previous reported.

Comparison with different reported catalysts for Knoevenagel condensation reaction

comparison of catalytic efficiency between the CdS/CeO,/Ag,CO,(3:1) ternary nanocatalyst and previously
reported catalysts for the Knoevenagel condensation reaction is presented in Table 4. This table highlights
the advantages of the ternary nanocatalyst in terms of yield and reaction time, showcasing its effectiveness
realative to other catalysts in the literature. It was found that the present catalyst is advantageous in terms of
low temperature, simplicity and cost-effectiveness, water as a solvent and recyclability. Furthermore, it takes low
reaction time in a mild condition as compared with the previous reported in Table 4.
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Proposed mechanism of Knoevenagel condensation reaction

The surface composition of CdS/CeO,/Ag,CO,(3:1) catalyst has Lewis’s acid-base active sites like other metal
oxide catalyst®. Fig. 8 shows that the plausible reaction mechanisms in between benzaldehyde and malononitrile
using the selected catalyst. In the first step, the Lewis acid site of the catalyst (Ce**, Cd** and Ag*) adsorbs and
interacts with the benzaldehyde’s carbonyl group, giving the carboxylic active electrophilic character. At the same
time, the Lewis base site (072, S~2 and COS’Z) removes the acidic proton from the malononitrile’s methylene
group and creates a carbanion. In the next step the activated carbonyls undergo nucleophilic attack by carbanion
with double bond formation. In the later stage, extrusion occurs, resulting in the condensed product while
facilitating the removal of water. Additionally, catalyst recycling takes place during this final stage, allowing for
efficient reuse of the catalyst in subsequent reactions.

Recyclability of CdS/CeO,/Ag,CO, (3:1) for Knoevenagel condensation reaction

One of the most important requirements for the synthesis of organic products using heterogeneous catalysis
is the catalysts ability to be recycled?"**. Due to this, the reusability of present catalyst was conducted by
performing a series of repetitive experiments for reaction of benzaldehyde with malononitrile at optimal
reaction conditions. The catalyst was employed for the subsequent comparable run after being quickly recovered
from the reaction mixture by filtration, methanol washing, and dried at 60 °C. Our findings revealed that the
catalyst can be recycled up to six times, maintaining a good catalytic efficiency with a yield of 85.79 +1.21%. This
reflects an overall drop of only 6.70%, demonstrating the catalyst’s stability and effectiveness over multiple uses.
While the catalytic activities of the first through fifth cycles are as follows: 92.19+0.41, 90.81 +0.99, 89.73 +1.13,
87.96+0.86, 87.07+1.28, and 85.79+1.21%, respectively. The material demonstrates excellent stability, as
confirmed by the XRD patterns before and after the catalytic tests (Fig. S2). These experimental results suggest
that the selected catalyst has high reusability or durability for the Knoevenagel condensation reaction. The turn
over number (TON) and turn over frequency (TOF) of Knoevenagel condensation reaction is 32 and 56 h™!
respectively.

Catalytic study of CdS/Ce0,/Ag,CO, (3:1) for acetylation

After conformation of CdS/CeO,/Ag,CO,(3:1) ternary nanocomposite was an efficient catalyst for Knoevenagel
condensation reaction, we improved the catalytic efficiency of the present catalyst for further acetylation reaction
based on previous report at room temperature and solvent free reaction condition’. The outcome of reaction of
aniline derivatives with acetic anhydride was depicted in Table 5, entry 1-7. Surprisingly, acetylation of aniline
was completed in just 3 min with achieved 93.80+1.19% vyield (Table 5, entry 1). The presence of electron

CN

H —<
Ph— 7 CN
A\

O

4,

H NC CN

Ph CN

\
=
HO + =X

H CN

Fig. 8. Plausible mechanism of Knoevenagel condensation reaction.
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NH, NHAc
N 0 Q  cdsiCe0yAmRCO Gl N )(i
e o = N OH
R 20 °C R
Entry R Product Time*  Yield® (%) Melting Ref.
(min) )
point (°C)
NHAc 3 93.8+1.19 114-115 113-115 %
O
NHAc
2 3-Cl @ 15 87.7£0.59 74 -77 77-78 66
Cl
3 4-Cl NHAc 15 89.7+1.08 180 -181 179-181 &
Cl
NHAc
4 2-NO» @Noz 14 84.8+0.89 89-92 92-94 67
NHAc
5 4-NO» ©N02 11 87.0£1.09 212-214 214-216 68
NHAc
@ NO, 152-154
6 3-NO; 12 90.8+ 1.39 152-156

Table 5. Acetylation of aniline derivatives using CdS/CeO,/Ag,CO, (3:1).
Reaction conditions, 2Monitored by TLC, bIsolated yield, aniline (2 mmol), acetic anhydride (2 mmol), neat
reaction, catalyst (10% w/w of total reagent) and temperature (20 °C).

withdrawing substituents, such as -Cl and -NO, slightly decreases the reaction yield, likely due to their effect
on reducing the nucleophilicity of aniline (Table 5, entry 2-5). However, the reaction with 3-nitroanilinedid not
exhibit a significant change in yield (Table 5, entry 6), possibly becausethere is not resonance stabilization factor
for this aniline. The turnover number (TON) and turnover frequency (TOF) for the acetylation reaction were
measured at 28 and 569 h™!, respectively.
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Fig. 9. The as-synthesized organic products of (1) 2-benzylidinemalononitrile and (2) acetanilide product.

Characterization of synthesized 2-benzylidinemalononitrile and acetanilide

The purity and conversion of as-synthesized organic products were checked using TLC method (Fig. S1)
with their melting point. Beside to these, the structural identity of 2-benzalidinemalononitrile (Fig. 9(1) and
acetanilide (Fig. 9(2) product was confirmed using FTIR (Figs. $3-5S4),'H-NMR (Figs. S5 and S7) and!*C-NMR
(Figs. S6 and S8) at CDCI, solvent.

2-Benzalidinemalononitrile (Fig. 9(1))

Solid state, white color, FTIR (Fig. S3) (KBr, cm™!) 3412, 3012, 2923, 2849, 2223, 1593, 1568, 1450, 1380, 756,
679, 618, 519;'H-NMR (Fig. S5) (400 MHz, CDCL,): 8, (ppm) 7.81(1 H, s, H5), 7.92(2 H, d, H2), 7.56(2 H, t,
H3),7.66 (1 H, t, H4); *C-NMR (Fig. $6) (100.6 MHz, CDCL,): 8 (ppm) 82.74(C6), 112.65-113.80(C7), 129.68-
130.95(C2,C3, C4), 134.72 (C1) and 160.13(C5).

Acetanilide (Fig. 9(2))

Solid state, white color, FTIR (Fig. S4) (KBr, cm™1) 3296, 3059-3192, 2802, 1666, 1558-1597, 1435, 1269-1369,
907-1011, 759, 694 ,510;'H-NMR (Fig. S7) (400 MHz, CDCL,): &, (ppm) 2.18(3 H, s, H1), 7.79 (1 H, s,H2),
7.52 (2 H, d,H5), 7.32(2 H, tH6), 7.12(1 H, t H7); *C-NMR (Fig. $8) (100.6 MHz, CDCL,): . (ppm) 24.53(C1),
168.72(C2), 137.97(C4), 128.96(C6), 124.31(C7) and 120.03(C5).

Conclusions

In conclusion, we developed a new catalyst, the CdS/CeO,/Ag,CO, (3:1) ternary nanocomposite, for the
Knoevenagel condensation reaction of aromatic aldehydes with an active methylene compound of malononitrile.
We also designed, characterized, and investigated the effectiveness of this catalyst for the acetylation of aniline
derivatives with acetic anhydride. The synthesis of this nanocatalyst was realized through the precipitation
method. The current catalyst for two reactions was superior over convectional reported metal oxide nanocatalyst
in terms of heterogeneous in nature, ambient reaction condition, fast rate of reactions, smallest loading catalyst,
high yields of condensation and acetylation product with high TON and TOF values, as well as broad substrate
scope. The prepared nanocatalyst also exhibited reusability up to six consecutive runs without notable decline
in its efficiency, and its removal from the reaction mixture is as easy using filtration. In addition, the designed
procedure is sustainable and green to easily collect the product of acetylation and Knoevenagel condensation
reaction, cost effectiveness, nonhazardous chemical uses, solvent free for acetylation and water as solvent
for Knoevenagel condensation. Electron-withdrawing groups (EWG) on the benzaldehyde derivatives tend
to enhance the electrophilicity of the carbonyl carbon, making it more susceptible to nucleophilic attack by
malononitrile. This generally leads to higher yields and shorter reaction times. Conversely, electron-donating
groups (EDG) reduce the electrophilicity of the carbonyl carbon, resulting in relatively lower yields and longer
reaction times due to decreased reactivity. We have included specific examples from our data to illustrate these
trends, such as the higher yield and faster reaction observed with nitro-substituted benzaldehyde (an EWG)
compared to methoxy-substituted benzaldehyde (an EDG).We trust that the created CdS/Ce0O,/Ag,CO, ternary
nanocatalyst could have potential industrial applications for substantial organic conversion reactions under
sustainable and environmentally friendly conditions.

Data availability
The data that support the findings of this study are available from the corresponding author Jemal M. Yassin,
upon reasonable request.
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