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ARTICLE INFO ABSTRACT
Keywords: In light of environmental and economic concerns, the use of heterogeneous catalysts that can
Heterogeneous catalyst function under gentler reaction conditions has recently become popular. In this study by using the

Knoevenagel condensation
Acetylation
Nanocomposite

precipitation method, CdS/CeO,/AgsPO4 ternary nanocomposites with varied molar proportions
of CdS:CeOy/AgsPO4 were produced. The catalysts’” surface functional groups; morphology and
crystal structures were examined using FTIR, SEM-EDX and XRD respectively. The catalytic ef-
ficiency of all synthesized nanomaterials was tested on a model Knoevenagel condensation re-
action. For the best catalyst, selected from the screening, the optimization of reaction conditions
such as the solvent, catalyst load, concentration of reagents such as malononitrile/acetic anhy-
dride, and temperature. The ternary nanocomposite CdS/CeO,/AgsPO4 (4:1) displayed higher
catalytic activity (95.4 + 3.2 %) than the rest of the nanomaterials prepared. Thus, the ternary
nanocomposite CdS/CeO2/AgsPO4 with 4:1 mol ratio with optimized reaction conditions was
used to check the substrate scope of Knoevenagel condensation and acetylation reaction. The
synthesized Knoevenagel condensation and acetylation reaction products were also characterized
by proton and carbon NMR for their structure determination. The nanocomposite’s reusability
was carried out and only 7.5 + 2 % decrement was witnessed after four runs and 23.3 % after the
fifth run. and this indicates the potential application of the catalyst to organic reactions.
Furthermore, we have proposed the possible catalytic mechanisms for both organic reactions.

1. Introduction

The Knoevenagel condensation is the most prominent reaction for the synthesis of carbon-carbon double bond and it is widely
utilized to make a variety of fine chemicals, intermediates, natural and synthetic medicines, cosmetics, and polymers [1,2].
Conventionally, this reaction is performed by using different classes of catalysts such as acids, organic free bases and salts of free bases.
Base homogenous catalysts like amines, ammonium salts [3] piperidine, urea [4] etc. and Lewis acid catalysts such as BiCls, and CdIy
[5] serve as the important and widely applied catalytic systems for the Knoevenagel condensation reactions.

The acylation of amines, alcohols, and phenols remains a focal point of research interest because of its fundamental significance and
its application in multistep chemical production processes. The acylation reaction is carried out using acylating agents like acetic
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anhydride or acetyl chloride in the presence of basic or acidic catalysts. Base catalysts like, triethylamine, pyridine [6], 4-Dialkylami-
nopyridines [7], ionic liquid [8], and Lewis acid catalysts such as, HC104-SiO5 [9], Ce(OTf)s [10], GA(OTf)3, Cu(OTf)3, TaCls [11],
4-(N,N-Dimethylamino)pyridine. HCI salt [12] have been reported for this reaction.

However, the all the above reported homogeneous catalysts have limitations [13] particularly in terms of challenges with
post-reaction problems with separation and adverse environmental impacts. Furthermore, the catalysts fall short of green synthesis
standards as they are not recoverable or reusable. Accordingly, given the very high importance of the specialty chemical synthesis, the
development of readily separable and reusable catalysts with high catalytic activity is in great demand for cost-effective production of
such important chemicals. As a result, the development of heterogeneous catalysts that can be readily separated and reused several
times has grown [14].

Recently, nanocatalysis has become a rapidly expanding topic and an essential part of sustainable technology and organic trans-
formations that can be used in all kinds of catalytic organic transformations. The application of nanocatalysts have attracted
remarkable attention as reusable, inexpensive, noncorrosive, gives better purities of the products and more environmentally friendly
catalysts for various organic transformations under mild and convenient conditions [15]. The catalysts have unique properties due to
their nanoscale size, shape, and extraordinarily high surface area to volume ratio.

In heterogenous catalytic applications, a variety of nano catalysts have been employed, such as nano mixed metal oxides, nano-
supported catalysts, and magnetic nano catalysts [16-18]. Metal oxide catalysts often display both electron transport and surface
polarizing characteristics, which are directly relevant in redox and acid-base catalytic reactions. Metal oxides like, CeO2 [19], ZnO,
[20], CeO2/ZrO; [21] have been reported for various organic transformations. However, these single and binary nanocatalysts have
low thermal stability and moderate catalytic activity. Therefore, the thermal stability and catalytic efficiency of these catalysts are
improved by coupling of two or more semiconductors. In this work, we expected that ternary nanocomposites would result in improved
catalytic activity as above-mentioned nanocatalytic systems.

Ternary nanocomposites modify the required active sites, surface area and electrical conductivity by synergistically combine the
characteristics of three materials. According to Yin and co-workers [22], the ternary nanocomposite exhibited superior durability and
reproducibility than binary composites. Zamiri et al., reported that the incorporation of 3DG into the SnO,-TiO; binary nanocomposite
increased its surface area and decrease size compared to the single and binary composite [23]. This results a high adsorption of
substrates on the catalyst surface and increase the catalytic processes. Appaturi and co-workers also concluded that nanocomposites
with high surface area can increase the Knoevenagel reaction performance [24]. Due to the synergetic effect, Cu-MOF/GO ternary
composites showed a higher catalytic activity, better cycling stability and excellent chemical and thermal robustness than pure
Cu-MOF or GO. Recently some ternary nanocatalysts such as CeOy/Al203/Fe304 [25], ZrOo-AlyO3-Fe304 [26] for esterification re-
action, Fes04@UiO-66-NH; [27] for Knoevenagel reaction and Ag/Al,O3@Fey03 [28] for acetylation reaction have been reported.
However, up to now, no related report is available on the catalytic activity of CdS/CeO2/AgsPOy4 for any organic reactions. Recently,
hybrid materials based on MOFs such as InPb-cluster-based honeycomb framework of {[(CHs)2NH;] [In™pb(TDP) (H,0)]-
3DMF-3H20}, and cobalt-organic framework of {[Co3(TNBTB)(PTP)]-7DMF-6H,0}, also reported for the heterogenous catalysis of
Knoevengal condensation reactions of benzaldehyde and malononitrile [29,30].

The primary objective of this research work is to assess the catalytic activity of CdS/CeO2/AgsP0O4 heterogeneous nano catalysts by
subjecting to the Knoevenagel condensation reaction and acetylation reactions.

2. Experimental procedures
2.1. Materials

All reagents and chemicals were of reagent grade or better and were used as obtained without further purification.
2.2. Preparation of nanocatalysts

2.2.1. Preparation of CeOz nanoparticles

Cerium oxide nanoparticles have been synthesized through the co-precipitation process employing a modified method [31]. 0.1 M
equivalent weight of cerium (III) nitrate hexahydrate was dissolved in doubly deionized water and the solution was stirred for 30 min.
To the 0.1 M cerium (III) nitrate solution, 25 % ammonia was gradually added dropwise while stirring continuously. The stirring was
continued for another 2 h and the pH of the solution has been maintained 10. The reaction was continued for another 12 h to achieve
the complete precipitation process. The reaction mixture was further aged for 12 h. The resultant yellow precipitate was centrifuged at
2000 rpm for 30 min, followed by filtration. Subsequently, the precipitate was washed with deionized water and ethanol. The wet
yellow CeO, precipitate was dried in the oven for 12 h at 140 °C before it was calcined for 3 h at 500 °C.

2.3. Preparation of AgsPO4 nanoparticles

The precipitation method was used to produce silver phosphate nanoparticles, as was previously reported in the literature with
minor modifications [32]. AgNO3 and NayHPO4 were each dissolved in 60 mL of doubly distilled water to prepare separate 0.1 M
solutions. The 0.1 M solution of NaoHPO4 was gradually introduced into 0.1 M solution of AgNOs3. The mixture was stirred contin-
uously for 4 h in a dark environment at room temp. Finally, the yellow precipitate obtained was subjected to filter, washed, and then
dried in an oven at 60 °C for 6 h. The resulted solid was then calcined for 2 h in a furnace at 300 °C.



F.C. Zenebe et al. Heliyon 10 (2024) e31798
2.4. Preparation of CdS nanoparticles

0.1 M Cd(CH3COO0),.2H,0 and NayS.9H,0 solutions were prepared in distilled water in different beakers. The sodium sulfide
solution was gradually added to the Cd(CH3COO)2-2H20 solution with constant stirring over a period of 2 h under nitrogen gas
purging. Consequently, the resultant yellow precipitate was collected through centrifugation, washed thrice with deionized water and
ethanol, and subsequently dried in an oven at 70 °C for a duration of 5 h [33]. The solid product was subjected to calcination for 2 h at
300 °C.

2.4.1. Preparation of CeO2/AgsPO4 nanocomposite

The CeO2/AgsP0O4 heterostructured nanocomposite was prepared using an in situ precipitation approach with a minor modification
from literature report [34]. CeO5 nanoparticles, at a concentration of 0.0814 mmol, were dispersed in 100 mL of deionized water and
subjected to sonication for a duration of 30 min. To the above sonicated solution, 0.1 M of AgNOj3 solution was charged to the white
CeO-, dispersed sonicated solution and continuously stirred for 0.5 h. Then, 0.1 M NapHPO4 solution was gradually added dropwise,
accompanied with thorough stirring for 2 h. The reaction contents were subjected to filtration to separate the resulted yellow product
and washed three times using deionized water. Thus, obtained yellow product dried for 10 h in an oven at 80 °C.

2.4.2. Preparation of CDS/CEO2 nANOCOMPOSITE

0.1 M of the prepared CeO5 nanoparticles were dispersed in 100 mL of distilled water and sonicated for 30 min. Then 0.1 M Cd
(CH3C00),.2H50 solution was added to the white CeO, dispersed solution. After completing 1 h of continuous stirring, 0.1 M
NayS.9H,0 solution was charged dropwise into the above prepared solution. Thus obtained solid product was subjected to filtration
and water and ethanol washes were given three times, and then dried in oven at 60 °C for 24 h [35].

2.4.3. Preparation of CdS/CeO3/Ag3P0O4 nanocomposite

The ternary nanocomposite CdS/CeO,/AgsPO4 was prepared by incorporating appropriate quantities of CeOy/Ag3PO4 nano-
composite with varying mole ratios of CdS (CdS to CeO,/AgsPOy; 1:1, 2:1, 3:1, and 4:1) in deionized H0.

0.1 M CeO4/AgsPO4 nanocomposite was dispersed in deionized H,O and subjected to sonication for 2 h. To the sonicated solution,
0.1 M Cd(CH3C0O0),.2H,0 solution was supplemented and the solution was then further subjected to sonication for 1.5 h. To the above
solution, 0.1 M NayS.9H»0 was mixed and the reaction mixture was stirred for another 3 h. The change in colour of the reaction was
observed from yellow to blue black precipitate. The whole reaction mixture was centrifuged at 2000 rpm for 0.5 h and the solid was
washed with deionized water and ethanol. The solid was then put for drying in an oven at 100 °C for 12 h. Finally, the dried solid was
grounded to get fine powder.

2.5. Characterization of the prepared catalysts

The produced nanocatalysts were investigated by XRD by using a Philips X’PERT Pro PANalytical diffractometer with an X’Cel-
erator detector. Cu Ko radiation (. = 1.5418 A) was used to identify the crystalline structure or phase purity. Crystal size was
determined using the Scherer equation. The diffraction patterns were obtained at 260 values from 4 to 90.

Scanning electron microscopy (SEM) was employed to investigate the morphology and particle distribution of prepared nano-
catalysts utilizing a Hitachi TM1000 with EDX and backscattered detectors. The elemental percent weight distribution of the as-
synthesized sample has been determined employing energy dispersive X-ray (EDX) with SEM (acquisition time 40.0 s, process
duration 3 h, and accelerating voltage 15.0 kV). HRTEM micrographs were obtained by utilizing a JEOL 2100F electron microscope at
200 kV with an INCA x-sight detector from Oxford Instruments. The FT-IR was used to get the information about the existing functional
groups of the developed nanocatalysts using an FTIR instrument namely Spectrum 65 by PerkinElmer. The FT-IR transmission spectra
was recorded between 4000 and 400 cm L.

2.6. Optimization of reaction condition

The optimization study was performed on Knoevengal Condensation reaction. The reaction of benzaldehyde with malononitrile
was chosen as a template Knoevengal condensation reaction. The reaction parameters optimized were temperature, solvents and
catalyst load of prepared nanomaterials. The optimization study was also performed for Acetylation reaction. The reaction of aniline
and acetic anhydride was opted as template reaction for acetylation. The parameter optimized for acetylation reaction is concentration
of acetic anhydride.

2.7. General procedure for the Knoevenagel condensation reaction

To obtain Knoevenagel condensation product, an aromatic aldehyde (1 mmol), malononitrile (1.5 mmol) and the nanocatalyst (5 %
w/w catalysts with increasing intervals of 5 % for optimization of catalyst load) were charged in a 100 mL three-neck flask. The
reaction contents were continuously stirred in ethanol (2.5 mL) at 25 °C. TLC was used to check the progress of the reaction using
hexane:ethyl acetate mobile phase (3.5:1.5). Upon completion of the reaction, the mixture was quenched by pouring ice water to
obtain solid Knoevenagel condensed product as precipitate. The remaining ethanol water mixture was subjected suction filtration to
separate from the reaction product and catalyst. The Knoevenagel condensed product with nanocatalyst dissolved in methanol and the
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nanocatalyst was separated from the Knoevenagel condensed product by simple filtration. The organic phase was dried over anhydrous
sodium sulfate. Finally, methanol was evaporation achieved under vacuum to give the Knoevenagel condensed product.

2.8. General procedure for acetylation reaction

For the acetylation of reactants like alcohol, phenol, or amine with as prepared heterogenous catalysts, in a distinctive experimental
procedure, 1 mmol of reagent (alcohol/phenol/amine) was charged to a mixture of heterogenous nanocatalyst (15 % w/w) and 2
mmol of acetic anhydride in 2.5 mL acetonitrile solvent. The reaction mixture was continuously stirred at 65 °C for phenol and alcohols
and at 25 °C for amines until the reaction completed. The thin layer chromatography was used to check the progress of reaction using
hexane:ethyl acetate; 3:2 as mobile phase. Upon the completion of reaction, 10 mL of EtOAc was added and filtered to recover the
nanocatalyst. The combined organic phase was subjected to washing with 10 % solution of NaHCO3 and water two times and dried
using sodium sulfate anhydrous. The organic solvent was evaporated to obtain the desired acylated product.

3. Results and discussion
3.1. Characterization of nanocatalysts

3.1.1. XRD analysis of nanocatalysts

The XRD patterns of all the as-synthesized nanocatalysts are shown in Figs. 1 and 2 below. Accordingly, diffraction peaks observed
Fig. 1c at 20 of 28.5, 33.06, 47.45, 56.29, 59.19, 69.29, 76.73, 79.05 and 88.33° corresponding to (111), (200), (202), (311), (222),
(400), (313), (402) and (422) lattice plane respectively represents the cubic fluorite structure of CeO2 [96-434-3162] [26,28]. The
diffraction peaks observed from Fig. 1a, at 20 of 20.88, 29.69, 33.29, 36.58, 42.49, 47.79, 52.68, 55.01, 57.27, 61.64, 65.84, 69. 89,
71.88, 73.84, 87.21 and 89.10° can be attributed to (101), (020), (201), (121), (202), (301), (222), (302), (312), (040), (303), (402),
(412), (323), (423) and (512) crystal plane indexed to the body centered cubic structure of AgsPO4 [96-153-0490] [36]. The broad
peaks observed from Fig. le at 20 of 24.95, 26.53, 28.21, 43.81, 48.02, 52.03, 66.83, 69.51, 70.99, 72.37, 80.53 and 86.53° corre-
sponding to (100), (002), (101), (110), (103), (112), (203), (210), (211), (114), (300) and (213) crystal plane can be ascribed to the
hexagonal greenockite structure of CdS nanoparticle [96-101-1055] [37].

The diffraction peaks observed in CdS/CeO; (Fig. 1d) binary system at 26 values of 28.56, 33.09, 47.60, 56.28, 59.18, 69.48, 76.67,
79.13 and 88.46° represents the cubic fluorite structure of CeO,. And also diffraction peaks at 20 values of 26.44, 44.58 and 54.84°
indicate the presence of hexagonal greenockite structure of CdS in the binary system [35]. Therefore, the characteristic diffraction
peaks for both CeO2 and CdS are observed from the XRD pattern of the BINARY composite, indicating the formation of CdS/CeO,
composite. For CeOy/Ag3P04 composite (Fig. 1b), almost all of the diffraction peaks observed could be ascribed to the body centered
cubic structure of Ag3PO4. The diffraction peak of CeO2 appear in a weak intensity in the XRD pattern of the CeOy/Ag3P0O4 composite
which might be due to the small concentration of CeO; [34]. The sharp diffraction peaks of the composite indicate their good crys-
tallinity. No traces of other phases are detected, confirming the high purity of the samples.

For the ternary system, different molar ratios of CdS: CeOy/Ag3PO4 composites were characterized and demonstrated in Fig. 2
(a—d). For all ternary systems of CdS: CeO2/Ag3POy, similar diffraction peaks were observed at 26 value of 24.89, 26.54, 28.26, 28.79,
29.16, 29.6, 31.72, 33.34, 34.61, 37.0, 38.26, 40.96, 43.62, 46.41, 47.99, 52.63, 53.46, 55.63, 55.14 and 56.87° respectively. Among
these, diffraction peaks at 20 values of 28.79, 29.16, 33.34, 47.99 and 56.87° could be attributed to the cubic fluorite structure of the
crystal CeOy; diffraction peaks at 260 value of 29.6, 31.72, 33.19, 33.34, 34.61, 37.0, 52.63 and 55.14° could be attributed to body
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Fig. 1. XRD patterns of (a) AgszPOy4, (b) CeO,/AgsP04, (c) CeO; (d) CdS/CeO (e) CdS nano catalysts.
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Fig. 2. XRD patterns of (a) CdS/CeO5/AgsP0, (1:1), (b) CdS/CeO5/AgsP0O4 (2:1), (c) CdS/CeO2/Ag3P04 (3:1) (d) CdS/CeO2/Ag3P0O4(4:1).

centered cubic structure of AgsPO4 and peaks at 20 value of 24.88, 26.54, 28.26, 43.62 and 53.46° can be accounted for the hexagonal
greenockite structure of CdS nanoparticle.

The average crystallite size of each of the as-synthesized nanocatalysts was calculated using the Debye-Scherrer formula as shown
in Equation (1):

K
~pCOS o

Where, D = Crystallite size in nm, K = the shape factor constant taken as 0.9, A is the wave length of the X-ray (0.15406 nm) for Cu
target Kal radiation, f is the full width at half maximum (FWHM) in radians and 0 is the Bragg’s angle in radians.

The calculated average crystalline size of as-synthesized nanocatalysts are summarized in Table 1 below and confirm the
involvement the good crystalline range.

3.1.2. SEM-EDX image study

The morphology of the prepared nanocomposite ctalalysts were investigated by scanning electron microscopy (SEM) as shown in
Fig. 3. From Fig. 3a, the morphologies of CdS/CeO, composite shown no different morphology, even if cubic like structures looked
hardly. And also, the SEM micrograph showed that, CdS/CeO2 composite is composed of two dissimilar phases. In the case of ternary
system (Fig. 3b), the SEM image showed irregular shape with no distinct morphology.

Energy dispersive X-ray spectroscopy (EDX) study of the catalysts is depicted and indicate the existence of all elements. It can be
clearly observed that, from the ternary mixtures EDX (Fig. 3¢ & e) a gradual increment in Cadmium percentage. However, the EDX was
not shown the element Ce in CdS/Ce03/Ag3P04 (3:1) composite (Fig. 3d), though the presence of Ce in the catalyst is clearly indicated
in the XRD pattern. This might suggest that the CeO2 may be masked within the composite (coated on the surface of the composite)
since SEM shows the outer surface of crystals. Generally, no other unwanted elements were observed in EDX spectrum of composites,
indicating the purity of the phase.

3.1.3. FT-IR analysis of the nanocatalysts
The functional groups of the as-synthesized nanocatalysts, CeOy, CdS/Ce0O;, CdS/CeO3/Ag3P0O4 and 4-time reused CdS/CeOy/

Table 1

Crystallite sizes of the as-synthesized nanocatalysts.
Nanocatalysts 20 (degree) B (radians) D (nm)
CeOy 28.5 0.012856 11.1
Cds 43.81 0.012854 11.6
Ag3PO4 33.29 0.004674 30.9
CdS/CeO, 28.56 0.015193 9.4
Ce02/Ag3P0O4 33.29 0.005843 24.8
CdS/Ce0O,/AgsP0O,4 (1:1) 34.31 0.004674 31.1
CdS/Ce04,/AgsP04 (2:1) 43.38 0.005843 24.9
CdS/Ce0O,/AgsP0O,4 (3:1) 34.42 0.007013 20.7
CdS/Ce0O,/AgsP0O, (4:1) 34.34 0.007013 20.7
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Fig. 3. SEM images and corresponding EDX of (a) CdS/CeOs, (b) CdS/Ce0y/Ag3P04 (1:1), (¢) CdS/Ce0y/Ag3P04 (2:1), (d) CdS/Ce02/Ag3P04 (3:1)

and (e) CdS/CeO3/AgsP0O, (4:1).

Ag3POy catalyst were examined by FT-IR spectrometer in the range of 4000 to 400 cm ™! and exhibited in Fig. 4. All samples showed
broad band around 3433 cm™ ! could be ascribed to the O-H stretching vibration of the physical absorbed water molecules on the
nanocatalyst surface. The band situated around 1624 cm™! is corresponded to the bending mode of the hydroxyl group (absorbed
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Fig. 4. FTIR spectrum of (a) CeO, (b) CdS/CeO, (c) CdS/Ce0,/Ag3P04(4:1) (d) CdS/CeO2/Ag3P04(4:1) after four recycle.

water) [38]. Weak Peaks observed at 2851 and 2922 cm ™! can be attributed to symmetric and asymmetric C-H str. vibrations, which
might be credited to the impurities of KBr [39]. Weak Peaks observed at 1385 cm ™ attributed to the N=O stretching vibration that
was produced by the trace amount of nitrate which resulted from the residual solution of Ce(NO3)3.6H20 [40]. Strong absorption peak
observed at 1014 cm ™! corresponds to P-O stretching vibrations of the phosphate groups (POz°) resulted from AgsPO4 [34,41]. As
presented in Fig. 4a, the FT-IR spectrum of CeOy shows a band at 552 cm ™ attributed to the Ce—O vibration of the CeO, crystal. It is
evident from the FTIR data that the Ce-O vibrational mode was more prominently observed [40]. The CdS/CeO5 FT-IR spectrum
(Fig. 4b) indicated that the formation of the desired binary nanocomposite. The FT-IR result (Fig. 4d) for the 4-time reused
CdS/CeO,/AgsP0O4 catalyst showing no structure alternation which showed the great stability of the catalyst. On comparison with
fresh CdS/CeO2/Ag3P04 (Fig. 4c) and four times used ternary nanocomposite (Fig. 4d), in both the fingerprint region and functional

group region hardly any difference in pattern can be observed. This no change in pattern indicates the ability of reusability of this
nanocatalyst.

3.2. Catalytic applications

3.2.1. Catalytic studies of the as-synthesized nanocatalysts for Knoevenagel condensation reaction

Numerous amines, Lewis acids, or acid-base bifunctional catalysts can catalyze the Knoevenagel reaction because of the syn-
chronized activation of carbonyl functionality on acid sites and uptake of the proton from CHj group on base reactive sites [39]. The
yield was used to compare the catalytic performance of the investigated nanocatalysts and serve as a gauge of catalytic activity.

Optimization of reaction condition; The Knoevenagel condensation reaction of benzene carboxaldehyde and malononitrile at
room temperature was used as the model reaction for the optimization of reaction parameters. The effect of the solvent on Knoevenagel
condensation reaction catalyzed by 0.1g of CdS/CeO2/Ag3POy4 (4:1) was examined and the outcomes were given in Table 2. The use of
methanol and ethanol produced good yield of 2-benzylidenemalononitrile. While water is a preferred solvent for chemistry reactions
due to affordability, safety, and environmental issues, the model Knoevenagel condensation reaction use of water as a solvent yielded
poorly with long reaction time (Entry, 4). The significant differences in activity are likely due to the solvents’ polarity and their
amphiprotic properties.

Bhanja et al. [42] have synthesized p-chlorobenzylidene-malononitrile in high yields (98 %) using ethanol as solvent at room
temperature. Therefore, based on its availability, less toxicity and less cost, ethanol was chosen as a solvent to validate and optimize
the remaining parameters like the amount of catalyst, malononitrile quantity for the Knoevenagel condensation reaction.

After the solvent was selected, the concentration of the malononitrile was optimized with 0.1 g of CdS/CeO2/Ag3P0O4 catalyst at

Table 2
Influence of solvents on Knoevenagel condensation reaction.
Entry Solvent Time (min) Yield (%)
1 Methanol 31 95.4
2 Toluene 28 87.2
3 Ethanol 32 94.9
4 Water 180 80

2 Isolated yield after purification by column chromatography.
Reaction conditions: Benzaldehyde (1 mmol), malononitrile (1.5 mmol), catalyst (15 mg), rt.
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room temperature. The influence of reactants ratio (benzaldehyde to malononitrile) on the Knoevenagel condensation reaction was
studied at different molar ratios viz. 1: 0.5, 1:1, 1:1.5 and 1:2. The results, which are summarized in Fig. 5, exhibited that in the
presence of 1.5 mmol of malononitrile, the best yield of 2-benzylidenemalononitrile (94.4 % in 50 min) was obtained. But further
increasing of amount of malononitrile did not improve the yield. Therefore, 1:1.5 M ratio of benzaldehyde: malononitrile was used for
further Knoevenagel reactions.

Effect of catalyst load: Initially a control experiment was carried out to determine the rate of the reaction. As can be seen in
Table 3 (entries 1), with out the use of the catalyst, 2-benzylidenemalononitrile was produced in poor yield (48.1 %) despite long
reaction time (4.1h). When the amount of CdS/CeO,/AgsPO4 (4:1) nanocatalyst was increased, a significant improvement of the
conversion was observed as expected. The yield shows a significant increase from 75.8 to 95.0 %; however, there is no notable dif-
ference between entries 4 and 5 (Table 3). This suggests that the catalyst quantity in entry 4 (Table 3) is optimal for future reactions
when considering both catalyst amount and reaction time. In all case the catalysts had good catalytic activity even at lower catalyst
loading (5 % w/w). Cerium oxide’s redox and acid-base properties, whether alone or in combination with transition metals, play a
significant role in activating and selectively transforming organic compounds [43].

After the determination of the optimum catalyst load, temperature effect was investigated (Table 4). Table 4 illustrates the impact
of temperature at 25, 40, and 65 °C. As the increase in temperature was adjusted to 65 °C, a fair increment in yield was observed. But
the yield of product for an increase of temperature from 25 to 65 °C showed maximum of 3 % difference. Since the yield increment is
not significant with higher temperature and specified laid down principles of green chemistry, we opted to carry out further reactions
at room temperature.

After the optimization of the reaction conditions by CdS/Ce0O5/Ag3POy4 (4:1) catalyst, we compared this particular composition
with the same ternary system but different composition to ensure the one we selected is better. Besides, we want to be sure if this
ternary system is better than its single and binary congeners. Accordingly, single and binary counterparts; and in addition three more
ternary systems of the same composite at different proportions, CdS/CeO2/Ag3sPO4 ternary nanocomposite (1:1, 2:1, 3:1 and 4:1), were
synthesized and employed for the same reaction the result of which is depicted in Table 5. The findings indicate that the catalytic
efficiency of both binary and single nanocatalysts enhances in this sequence: CdS/CeOy > CeO3/AgsP0O4 > CeOy > CdS > AgsPO4.
Compared to single and binary nanocatalysts, the ternary nanocomposite CdS/CeO5/Ag3PO4 demonstrated superior catalytic per-
formance. As indicated below in Table 5, The increase in catalytic efficiency from a single nanocatalyst to binary, and from binary to
ternary, unequivocally shows that coupling creates a state conducive to the enhancement of conversion efficiency.

Reaction condition: Benzaldehyde (1 mmol), malononitrile (1.5 mmol), catalyst (15 % w/w), solvent (2.5 mL), room temperature
(25 °C). Lit M.P. = 82-85 °C [44].

The ternary nanocomposite CdS-CeO2/AgsPO4 (4:1 M ratio) presented highest catalytic activity compared to rest of the catalytic
systems and henceforth nominated for further studies. This might be attributed to the tiny particle size (Table 1), which provides a
large surface area for reaction adsorption and so exhibits high catalytic activity [45]. Finally, it is concluded that, the improved
catalytic activity of CdS/CeO2/Ag3P04 (4:1) is due to the highest load of CdS on CeO3/Ag3PO4 nanoparticles. The activity of pure CeO3
was greater than AgsPOy4 and CdS might be due to its slight particle size and higher coordination of the Ce*"-0? acid-base pair sites on
the surface that participate efficiently in the catalysis of deprotonation and dehydration steps.

For comparison, homogeneous catalyst like urea on the Knoevenagel condensation was investigated (Table 5, Entry 1). Although
very good yield is obtained, the reaction time was longer and it was difficult to recover and reuse in industrial procedure for possible
multiple usage.

With improved reaction conditions from optimization experiments, the catalytic activity of CdS/CeO2/Ag3PO4 (4:1) nanocatalyst
was too investigated for various aldehydes with malononitrile using ethanol as solvent (Table 6). In every instance, the reactions
yielded high to exceptional results within significantly reduced time frames. (Table 6). The enhanced cooperative effect of the
nanocatalyst’s acidic and basic sites, along with the abundance of active sites, might account for this phenomenon in the reaction.

Contrary to aromatic aldehydes that have an electron-donating group, like a OH group, at the p-position (entry 1, Table 6), those
with electron-withdrawing groups as substituents, such as a nitro group at the 2 and 3-positions (entries 2 and 3, Table 6), have shown
excellent yields. The reason for this kind of trend could be due to electron-donating groups enhancing the electron density of the
aldehyde moieties, thereby hindering their interaction with activated malononitrile [2]. The reaction times and yield with 2-NO5
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Fig. 5. Effect of molar ratios of benzaldehyde: malononitrile at 50 min.
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Table 3
Effect of catalyst loading in the Knoevenagel condensation reaction.
Entry Catalyst load (g, % w/w) Average Average Yield m.p. (°C)
Time (min)
1 Catalyst free 246 48.1 80-81
2 CdS/Ce0O,/AgsP0O, (0.025, 5) 31 75.8 81-84
3 CdS/Ce0,/AgsP0O4 (0.0498, 10) 23 89.8 83-85
4 CdS/Ce0,/AgsP04 (0.0747, 15) 26 95.0 81-84
5 CdS/Ce0O,/AgsP0O,4 (0.0996, 20) 27 95.3 81-85
6 CdS/Ce0O5/AgsP0O4 (0.1245, 25) 29 90.6 84

Reaction conditions: Benzaldehyde (1 mmol), malononitrile (1.5 mmol), catalyst (5 % w/w interval), solvent (2.5 mL), room temperature (25 °C).
Literature M.P = 82-85 °C [44].

Table 4
Effect of temperature toward Knoevenagel condensation.
Nanocatalyst Temperature (°C) Average Average m.p. (°C)
Time (min) Yield (%)
25 28 95 81-84
CdS/Ce0,/Ag3P04(4:1) 40 27 95.9 80-84
65 28 96.4 81-83

Reaction condition: Benzaldehyde (1 mmol), malononitrile (1.5 mmol), Catalyst (15 %), Ethanol (2.5 mL). Lit M.P. = 82-85 °C [44].

Table 5
Effect of different catalysts on the Knoevenagel condensation.

©/CHO n <CN Nanocatalyst (15%) mCN
—_—
CN Ethanol, RT CN

Entry Catalysts Time (min) Yields (%) m.p. (°C)
1 Urea 71 96 82-83
2 CeOy 66 + 6.6 83.5+3.9 80-83
3 Cds 64 + 2.6 83.1 £4.6 81-84
4 Ag3PO4 73+ 6 78.8 +£3.3 79-83
5 CdS/CeO, 49+ 4 88 +21 84-85
6 CeO,/AgsP0O4 58 + 2.6 85.6.+2.8 84

7 CdS/Ce0,/AgsP0,4 (1:1) 51+6 88.2 £ 25 81-82
8 CdS/Ce0O,/AgsP0O,4 (2:1) 43.7 + 3.8 89.3 £ 0.9 82-84
9 CdS/Ce0O,/AgsP0O4 (3:1) 33.7 £5.0 93.2+1.9 83-84
10 CdS/CeO2/AgsP0O4 (4:1) 33.3+31 95.4 + 3.2 83-86

benzaldehyde is lower than that one with 3-NO; benzaldehyde suggesting 2-NO; benzaldehyde is more steric hindered than 3-NOy
benzaldehyde. CdS/CeOy/Ag3P04(4:1) catalyzed Knoevenagel condensation of benzene carboxaldehyde\ with ethyl cyanoacetate
(pKa = 9) was also performed to check the efficiency of the optimized reaction condensation. Ethyl cyanoacetate with pKa value of 9
gave better yield (i.e. 98 %) than the malononitrile (pKa = 11). This proves that, the more acidic the active methylene is used the better
will be yield. This result is also comparable with a recent report.

3.2.1.1. Comparison of different catalysts for Knoevenagel condensation reaction. From Table 7, Even though several previously pub-
lished catalysts showed effective catalysis, maximum of the informed catalytic systems require higher temperature, long reaction time
and less reusability to attain exceptional catalytic performance. However, the prepared CdS/CeO3/AgsPOy4 catalyst showed a com-
parable yield, good reusability and better reaction time at room temperature.

3.2.1.2. Proposed mechanism for Knoevenagel condensation. This catalytic reaction, like other heterogeneous catalytic reactions, occurs
on the catalyst surface. In practical terms, the surface atoms operate as Lewis acid-base centers, allowing chemical reactions to be
catalytically activated. The key mechanism for catalyzing the reactions is the incidence of strong Lewis acid and base sites on the
catalyst surface and the catalyst’s high specific surface area [42]. The mechanism using the as-synthesized nanocatalyst illustrated in
Fig. 6 was proposed based on formerly reported mechanisms [45] and our observations in the development of the present reaction.

With in this proposed mechanism, the base sites on surface of the catalyst abstract a proton from the active methylene carbon of
malononitrile, forming a carbon anion. The acidic sites on the surface of catalyst activate the carbonyl of aldehydes, which results in
the formation of carbocation. A dehydration process happens by the carbon anion attacking the carbon cation. Then the product was
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Table 6
Knoevenagel condensation between various aldehydes and malononitrile®/ethyl cyanoacetate” catalyzed by CdS/CeO,/AgsPO, (4:1).
Entry Substrates Products Time (min) Yields (%) m.p. (°C)
Observed Reported
1 /©/CHO CN 43+ 3 85+ 0.4 185-186 187-188 [26]
X
CN
HO Hom
2 CHO N CN 61.3 £3.1 93.1 +1.7 135-137 136-138 [46]
[ :[ CN
NO, NO,
3 CHO N CN 56 + 2.6 96.2 + 0.8 100-103 102-104 [47]
@ W
NO, NO,
4 CHO CN 81.7 £ 2.3 90.9 £1.2 162-164 161-163 [48]
X
H 3CO/©/ H;CO N
OCH;4 OCH;
5 65.3 £ 2.1 88.7 £ 2.3 176-179 179-180 [26]
CHO mCN
[ j ~ CN
~N N N
| \
6 NC 72.7 £ 4.6 82.4 £ 0.9 67-69 70 [49]

@)
I
o
O
AN
0
z

COOCzH5 382+ 4 98 + 0.4° 48-49 47-48 [50]
X

CN

% ¢
:

# Reaction conditions: Aldehyde (1 mmol), malononitrile (pKa = 11, 1.5 mmol), CdS/CeO,/AgzP0, (4:1) (15 % w/w, solvent (2.5 mL), room
temperature.

b Reaction conditions: Aldehyde (1 mmol), ethyl cyanoacetate (pKa = 9, 1.5 mmol), CdS/CeO5/AgsPO4 (4:1) (15 % w/w, solvent (2.5 mL), room
temperature.

Table 7
Efficiency comparison of CdS/CeO,/AgsP0O4 with reported catalysts.
Entry Catalysts (reusability) Solvent Temperature (°C) Time (h) Yield (%) References
1 CdS/Ce0,/AgzP0O4 (>5 times) Ethanol (2.5 mL) 25 0.56 95.4 +£ 3.2 Present work
2 Polyoxoniobates (4 times) Ethanol (1 mL) 25 0.75 98 [51]
3 Fe304@Si0,-PVAm (10 times) Ethanol (5 mL) rt 0.5 95 [52]
4 MgO/HMCM-22 (3 times) Ethanol (10 mL) 80 2 96.4 [53]
5 Graphene oxide (5 times) Solvent-free rt 4 97 [54]

formed by subsequent elimination of water.

3.2.2. Catalytic activity of CdS/CeO2/AgsPOy catalyst for acetylation reactions

The catalytic activity the as-prepared CdS/CeO,/Ag3P0O4 nanocatalyst was also tested for the acetylation of amines, alcohol and
phenol. Firstly, the impact of the concentration of Acetic anhydride on the reagent conversion into product was considered by carrying
out the reaction between aniline and Acetic anhydride at molar ratios of 1:0.5, 1:1, 1:1.5, 1:2 and 1:2.5 respectively in 15 % w/w of
catalyst amount (Fig. 7). The outcomes showed that in the occurrence of 2 mmol of Acy0, (Aniline: acetic anhydride, 1:2) the catalyst
provided the finest yield of 92.9 % in 45min. Upon further increasing the amount of acetic anhydride, the yield remains almost the
same. Therefore, Aniline: acetic anhydride, 1:2 M ratio (2 mmol of Acy0) was used for further acetylation reactions.

10
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2

Fig. 6. Plausible mechanism for Knoevenagel reaction catalyzed by CdS/CeO,/Ag3;P0O4 (1:4).
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Fig. 7. The effect of molar ratios of aniline: acetic anhydride towards acetylation.

A variety of anilines with different electron donating and withdrawing groups were treated with 2 mmol of acetic anhydride
(Table 8). The extremely low yield of acetanilide (44.4 %, Entry 1 below) found in the time off of the catalyst at long reaction times
showed the crucial function that the catalyst played in the process. For comparison, homogeneous catalyst like pyridine was inves-
tigated (Table 8, Entry 1). However, it was difficult to recover and reuse for other reactions and the product possessed unpleasant odor.
While the as synthesized nanocatalyst as shown in Table 8, showed a comparable yield of acetanilide with pyridine and can be
separated by simple filtration, reused for further reactions and also the product didn’t possess unpleasant odor.

In all cases, good to high yields (83.5 & 2.1-92.9 & 2 %) of the corresponding acetylated derivatives were obtained. The increased
catalytic activity of the ternary nanocomposite can be due to better coordination of the acetic anhydride carbonyl group to the catalyst,
since more surface Lewis acidic sites participate in the reaction process [55].

Based on the melting point data (172-175 °C, Lit. 175-177 °C), with 2 mmol of acetic anhydride (Table 8, entry 5), the amino group
was selectively acetylated in presence of the -OH group at room temperature. This may be owing to the lower nucleophilicity of the
hydroxyl group than the amino group [61]. In these reactions, pleasant smelling esters were the only identified products and, the
catalyzed reaction was much faster than the uncatalyzed one. The acetylation of benzyl alcohol and phenols was also investigated. In
Blank reactions (in the absence of nanocatalyst), The acetylation of benzyl alcohol under identical reaction conditions produced low
yield (15.9 %) at a long reaction time.

As shown in Table 9, in the presence of CdS/CeO,/AgsPO4 (4:1) nanocomposite, good average yield of benzyl acetate (86 %) was
obtained in less time compared to the blank. This result could be due to more surfaces Lewis acidic sites of the nanocomposite that
participating at the reaction. Acetylation of phenol required a longer reaction time than benzyl alcohol. The disproportion in reaction
times is ascribed to the lower nucleophilicity of phenols relative to benzyl alcohol, owing to the delocalization of the lone electron pairs
on the phenolic oxygen across the benzene ring [62].

The acetylation of 1-naphthol (Table 9, entry 4) was more slowly than other phenol, suggesting a possible steric hindrance.

3.2.2.1. Comparison of different catalysts for acetylation reaction. From Table 10, Even though several previously published catalysts
showed good catalysis, almost all the recent literature catalytic systems require higher temperature, long reaction time or low product
yield and less reusability to obtain excellent catalytic performance. Therefore, as shown in Table 10 below, the reaction condition of

the present method was better or comparable with that of most reported method.

3.2.2.2. Mechanism for acetylation reactions. Although the precise mechanism for this reaction over CdS/CeOs/Ag3PO4

11
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Table 8
Acetylation of amine with acetic anhydride over the CdS/CeO,/Ag3P0O,4 (T4) nanocomposite.
Entry Amine Product Time (min) Yields (%) m.p. (°C)
Observed Reported
' S e
61.3 £3.1
3. 92.9+2° 113-115
39.4 £3.1
4. NH2 NHAc 29.7 £ 25 90.9 £ 2.5 152-156 152-154 [57]
NO, ©\N02
5. NH2 NHAc 21.4+1.5 92.3 +£0.8 212-214 214-216 [58]
NO, NO,
6. 50.7 £ 2.6 88.5+24 171-173 170-180 [59
NH, NHAc (51

Vs
aVa

Br Br

7. /©/NH2 /@/NHAC 65.3 & 3.5 83.5 £ 2.1 172-175 175-177 [60]
HO HO

Reaction conditions: Amine (1 mmol), CdS/CeO5/AgsPOy4 (4:1) catalyst (15 % w/w), Ac,O (2 mmol), Acetonitrile (2.5 mL), room temperature.
? Yield with catalyst free.
Y Yield with pyridine as catalyst.
¢ Yield with Prepared Catalyst.

Table 9
Acetylation of Phenol and alcohol over the CdS/CeO,/AgsPO4 (4:1) nanocomposite.
Entry Substrates Product Time (min) Yields (%) b.p./m.p. (°C)
Observed Reported
1 627 15.9 4+ 27 204-206 206 [63]
OH OAc 2. 86 + 0.8
35.5
3 : OH : OAc 67 84.7 £ 15 194-196 196 [64]
4 /©/OH /@/OAC 67.5 83.4+13 79-81 79 [65]
O,N O,N
5. OAc 93 81.8 + 2.4 41-43 40 [65]

s
&

Reaction conditions: Alcohol/Phenol (1 mmol), CdS/CeO5/Ag3PO4 (4:1) catalyst (15 % w/w), AcoO (2 mmol), Acetonitrile (2.5 mL), 65 °C.
@ Isolated yield with catalyst free.
b Yield with prepared catalyst.

12
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Table 10
Comparison of the proposed catalyst with reported catalysts for the acetylation reaction.
Substrate Catalysts Reaction condition Yield (%) References
Benzyl alcohol Borated zirconia with acetic acid as acetylating agent Toluene, 110 °C, 14 h 25 [62]
Phenol 10
Aniline ZnAl,0,@SiO, Solvent free, rt, 3 min 96 [55]
Benzyl alcohol Solvent free, 75 °C, 20 min 92
Phenol Solvent free, 75 °C, 38 min 86
Benzyl alcohol DMAP-HCl Toluene (20 mL), rt, 6h 98 [12]
Phenol Toluene (20 mL), rt, 10h 99
Benzyl alcohol a-Zirconium phosphate (ZP) Solvent free, 60 °C, 30 min 75 [66]
Phenol 70
Aniline CdS/CeO,/Ag3P04 Acetonitrile (2.5 mL), rt, 39.4 £+ 3.1min 929+ 2 Present work
Benzyl alcohol Acetonitrile (2.5 mL), 65 °C, 35.5min 86
Phenol Acetonitrile (2.5 mL), 65 °C,67min 84.7

nanocomposite is unclear, we believe it resembles other catalysts as described in the literature [55].

In step one of the mechanism as presented in Fig. 8, the acetic anhydride and substrates are adsorbed on the catalyst surface. The
reaction initiates when the acetic anhydride’s carbonyl group coordinates with the metal ions on the nanocatalyst’s surface, func-
tioning as Lewis acidic sites. The low reactive electrophile is then transformed into a moderately or highly reactive electrophile as a
result of the coordination of carbonyl groups to acidic sites on the catalyst surface. Following that, the activated carbonyl group is
attacked by a reactive nucleophile, a heteroatom (N or O) of the amine or alcohol, to form the final corresponding acetate and free the
catalyst for the next catalytic cycle.

The CdS/CeO2/AgsP0O4 (4:1) catalyst was also applied for Darzens reactions between Bromoacetophenone and aromatic aldehydes
and Aldol reaction between acetophenone and aromatic aldehydes at room temperature and 45 °C. However, no product was formed
and the reason was not clear and this will be helpful for us as future direction.

3.3. Characterization of the synthesized organic products

The conversion and purity of the organic compounds were checked with TLC and with their melting and boiling point. Beside the
TLC and melting point, the structural characterization (identity) and purity of some synthesized organic compounds were determined
spectroscopic techniques like 'H NMR, '3C NMR and Dept-135 spectrum in DMSO-dg as a solvent.

5 7 4
4 N 8CN 3 5
6
5 7
S57 Cﬂ')\' H,CO 45 2 N)fi\CH3
3 1 H 9
NO,
1 3

2-(3-Nitrobenzylidene) Malononitrile (1): Off-white crystalline powder, 'H NMR (400 MHz, DMSO-ds): 5ppm 8.65 (1H, s, H1), 8.46

oy (XRS{H

o 0 =NHorO
9 M-0 .
CH3COOH + R-XCCH,4 Mo M~—O = Prepared
Y Nanocatalyst
M = Metal

xR R@OT
T% V-0

4+ —

-0

e

Fig. 8. Plausible mechanism for the acetylation reaction over CdS/CeO,/AgsPO4 (4:1) catalyst.
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(1H, dd, H3), 8.31 (1H, d, H5), 7.97 (1H, s, H7), 7.89 (1H, t, H4); '*C NMR (100.6 MHz, DMSO-ds): Sppm 159.67, 148.43, 136.32,
132.85, 131.58, 128.34, 125.25, 114.06, 113.01, 85.33; DEPT — 135 (100.6 MHz, DMSO-dg): Sppm 154.93, 149.21, 127.81, 115.26,
114.48 and 77.01.

2-(3,4-Dimethoxybenzylidene)Malononitrile (2): Off-white crystalline powder, 'H NMR (400 MHz, DMSO-dg): Sppm 8.29 (1H, s,
H9), 7.59 (1H, s, H1), §7.55 (1H,d, H7), 7.18 (1H, d, H6), 3.88 (3H, s, H4), 3.78 (3H, s, H2); 13¢ NMR (100.6 MHz, DMSO-dg): Oppm
160.98, 154.93, 149.21, 127.81, 124.59, 115.26, 114.48, 112.37, 77.01, 56.48, 55.88; DEPT — 135 (100.6 MHz, DMSO-de): 6ppm
154.93, 149.21, 127.81, 115.26, 114.48 and 77.01.

Acetanilide (3): white crystalline powder, TH NMR (400 MHz, DMSO-de): 6ppm 9.95 (1H, s, NH), 7.63 (2H, d, H1 and H5), 7.29 (2H,
t, H2 and H4), 7.02 (1H, t, H3), 2.09 (3H, s, H9); 13¢ NMR (100.6 MHz, DMSO-dg): dppm 168.86, 139.77, 129.07, 123.46, 119.54,
24.40; DEPT - 135 (100.6 MHz, DMSO-ds): 6ppm 168.86 and 139.77.

3.4. Catalytic reusability of the as-synthesized nanocatalyst

The nanocatalyst’s reusability study was performed by choosing a Knoevenagel condensation reaction between 3-Nitrobenzalde-
hyde and malononitrile. The results of recyclability study were presented in Fig. 9. As the reaction completed, identified by TLC, the
nanocatalyst was readily collected from the round bottom flask of the reaction with centrifugation and subjected to washings with
methanol, subsequently dried at 60 °C for an hour.

Although the reaction time become increased in each cycle, the result indicates the catalyst could be easily recovered and reused
four times without a significant loss of activity (only 0.6-6.9 + 1.3 % loss over the cycles or 7.5 + 2 % decrement from the initial) in the
Knoevenagel condensation reaction. This showed that the catalyst is easily recoverable, stable and appropriate for recycle. The FT-IR
spectrum of the catalyst which is not used to the reaction and recycled catalyst (four times) are similar, showing that no substantial
changes in chemical or physical properties have been takes place in the prepared nanocatalyst.

4. Conclusion

In summary, we have developed reusable, stable and environmentally friendly catalysts with average sizes in the range 5.9-31.4
nm for the Knoevenagel condensation and acetylation reactions. The nanocatalysts were synthesized by simple co-precipitation
method, which is easy, simple, and inexpensive, and less time consuming. Furthermore, the catalysts virtually leave no residue in
the reaction media, and the purification methods are simpler than the traditional techniques, which lowers the cost of a potential
industrial scale manufacturing. Under the optimal reaction condition, a variety of aldehyde, amine and phenol compounds were
converted to the corresponding product in good yields. A proper mechanism for each reaction was also proposed to speculate the
chemical reaction process.
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Fig. 9. Results of recycling tests of CdS/CeO5/AgsPO, (4:1) nanocatalyst.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e31798.
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