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Abstract
Mushroom-like mesoporous and hexagonal ZnO nanoparticles were synthesized 
from plant extract and chemical method respectively, by co-precipitation method in 
aqueous medium. Different morphological forms of ZnO NPs were characterized by 
XRD, TGA, FESEM, EDX, FTIR, UV–Vis and BET. Neem (Azadirachta indica) 
leaf extract and ultrasound irradiation have a crucial role in the formation of differ-
ent morphologies of ZnO NPs. ZnO NPs synthesized from plant extract and hydro-
trope show a synergistic effect that leads to efficient synthesis of benzylidenemaloni-
trile and tetraketone derivatives at room temperature in water. Simple preparation of 
the catalyst, excellent yields, reusability of catalyst with consistent activity and ease 
of product isolation are the most significant advantages of this green protocol.
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Introduction

Today, the development of green processes and pollutant-free catalyst has great 
importance and nanotechnology offers the opportunity to create processes green 
from the beginning [1]. In parallel, the green synthesis of metallic and metal oxide 
NPs is the center of attraction for researchers as they have unusual optical, chemi-
cal, photochemical and electronic properties [2]. Among the various available nano-
catalysts, ZnO nanocatalysts have attracted wide interest due to their innumerable 
applications and sustainable nature. ZnO NPs are used in transistors, light-emitting 
diodes, ultraviolet optoelectronic devices, solar cell, biosensors and photocatalysis 
[3]. On the other hand, they are efficiently used in many reactions such as Ugi reac-
tion [4] and Claisen–Schmidt condensation reaction [5] because of their reactiv-
ity, selectivity, stability and reusability at elevated temperature in various solvents. 
Therefore, developing eco-friendly and cost-effective method for the synthesis of 
ZnO NPs with controlled morphology is a target for many scholars. Moreover, plant 
extract (PE) is applied in a wide range in green synthesis of metal oxide because 
it contains various biological active compounds. Indeed, a biosynthetic method is 
more efficient than chemical method (CM) as it is eco-friendly and cost-effective [6, 
7].
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In recent year, ultrasound irradiation has been employed as a promising approach 
for effective bio-fabricated synthesis of nanoparticles as compared to other meth-
ods and has been established as a green and effective technique [8, 9]. The neem 
(Azadirachta indica) leaf extract used in the present work is a rich source of biologi-
cally active compounds such as organic acids, quinines, flavones, aldehydes, amides, 
isoazadirolide and azadirachtin, which plays a vital role in the formation of zinc ions 
into nanostructured ZnO [10]. From the literature survey, neem is a traditional plant 
in India with innumerable medicinal values with a high concentration of zinc [11]. 
Moreover, that contains mainly reducing agents which acts as a capping as well as 
stabilizing agent [12]. Furthermore, as reported in the literature ultrasonication of 
aqueous plant extract not only gives rise to quick diffusion of solute out of the sol-
vent but also enhances rate of formation of nanoparticles [13].

The Knoevenagel condensation reaction followed by Michael reaction of alde-
hydes with activated carbon-containing compounds is an essential and powerful 
tool in the synthesis of fine and biologically active chemicals [14]. Benzylidenem-
alonitrile (BMN) derivatives and tetraketone derivatives of aryl aldehyde are diverse 
groups of important organic intermediates which are valuable to many organic trans-
formations. A review of the literature reveals many examples of heterogeneous cata-
lysts for the Knoevenagel condensation reaction, such as basic MCM-41 silica [15], 
mesoporous titanosilicate [16], ZIF-8 [17], Ni(II)-based coordination polymers [18], 
Cd(II)-based coordination polymers [19], metal–organic framework (MOF)−NH2 
[20], Zn@ZIF-67 [21] and PdAlO(OH) [22]. Tetraketone derivatives have biologi-
cal and therapeutic activities as antioxidants, tyrosinase inhibitor and lipoxygenase 
inhibitor [23]. Because of their great importance, a wide variety of synthetic meth-
odologies have been developed for the synthesis of tetraketone, including EDDA 
[24], β-cyclodextrins [25], Al/MCM-41 [26], SmCl3 [27], choline chloride [28] and 
PVP-stabilized Ni NPs [29]. However, many of these catalysts generally suffer from 
disadvantages such as unwanted side product, low reaction yields, tedious work-up 
procedures, harsh reaction conditions, toxic and expensive solvents or chemicals, 
prolonged reaction times and low reusability. Therefore, further efforts are needed 
toward development of greener synthetic methodologies for the synthesis of BMN 
and tetraketone. Water is the best choice as a solvent through the virtue of green 
chemistry, but the major drawback of using water as a solvent is its poor ability to 
solubilize organic reactants [30]. In this condition, hydrotrope is one of the phenom-
ena to increase the aqueous solubility of poorly soluble solute. Hydrotrope not only 
solubilizes the organic compounds but also forms stable dispersion systems with an 
organic substrate, and this acts both as a catalyst and as a protector to create hydro-
phobic environment in water [31].

In the present study, we explored the morphological study of ZnO NPs syn-
thesized from PE as well as CM. A facile and eco-friendly approach was adapted 
to produce ZnO NPs. For this purpose, an aqueous extract of neem (Azadirachta 
indica) leaves was used to produce ZnO NPs through a rapid ultrasound-assisted 
process, subsequently labeled as ZnO-PE. The morphology was characterized by 
XRD, FESEM, EDX, FTIR, TGA–DTA, UV–Vis and BET techniques and com-
pared with ZnO NPs synthesized chemically in aqueous medium under ultrasound 
irradiation process, labeled as ZnO-CM. The catalytic activities of ZnO NPs were 
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evaluated by introducing an efficient recyclable catalyst for the synthesis of BMN 
and tetraketone in hydrotropic aqueous medium at room temperature, and the cor-
relation between ZnO-PE and ZnO-CM nanoparticles was explored. All reactions 
were carried out by using the water solvent system at room temperature.

Experimental section

General

Neat and clean neem (Azadirachta indica) leaves were collected from botanical gar-
den of Y.C.I.S. Satara, India. All chemicals were purchased from Loba and Sigma-
Aldrich chemical companies and used without further purification. Double-distilled 
water was used as aqueous medium. Thermogravimetric analysis (TGA) was per-
formed using Mettler Toledo, Switzerland (25–900 °C). Fourier transform infrared 
spectroscopy was performed by FTIR, Lambda, Australia, in the form of diluted 
sample (10 wt.%) pressed into KBr pellets. Powder X-ray diffraction (XRD) of ZnO 
was performed by Ultima IV, Rigaku Corporation, Japan, with monochromatic Cu K 
� radiation with wavelength λ = 1.5406 Å . The morphologies and structures of ZnO 
NPs were characterized by field emission scanning electron microscopy SIGMA 
HV equipped with energy-dispersive X-ray (EDX) spectroscopy. The 1H NMR 
and 13C NMR spectra were recorded on a Bruker AvanceIII, Switzerland, in CDCl3 
solution. Melting points were determined using a melting/boiling point apparatus 
(EQ 730A-EQUIPTRONICS) and are uncorrected. Sonication was performed in a 
SPECTRALAB-UCB-30 ultrasonic bath with a frequency of 40 kHz and nominal 
power of 100 W.

Preparation of ZnO NPs from chemical method (ZnO‑CM)

To 50 mL of 0.05 M solution of zinc acetate dihydrate in deionized water, 1 M KOH 
was added dropwise to maintain the pH at 10 for 1 hr at 60  °C under sonication. 
Sonication was carried out for another 1  hr until white precipitate formed which 
indicates the synthesis of ZnO nanostructures. Then, solution was centrifuged, 
mother liquor was removed, precipitate was washed five times with deionized water, 
and then, precipitate was dried in air. Calcination was carried out at 300 °C for 6 h.

Preparation of neem plant extract

Fresh leaves of neem (Azadirachta indica) without any infestation were collected 
and washed with double-distilled water to remove dust particles. The leaves were 
allowed to dry at room temperature and then crushed by grinding mill into fine pow-
der. Twenty-five grams of neem leaves powder was soaked in 100 mL of double-
distilled water and allowed to boil under ultrasonic irradiation at 60 °C for 30 min. 
Solution was cooled and then filtered with Whatman No. 42 filter paper. Finally, 
obtained greenish-yellow aqueous extract (neem extract) was stored in a refrigerator 
for a further subsequent application in the synthesis of ZnO-PE NPs.
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Synthesis of ZnO NPs from plant extract (ZnO‑PE)

To 50 mL of 0.05 M solution of zinc acetate dihydrate in deionized water, 25 mL of 
neem extract was added dropwise for 1 h at 60 ◦C under sonication. The pH of the 
mixture was then maintained at 10 by adding 1 M KOH dropwise for 1 hr at 60 ◦C 
under sonication. Sonication was carried out for another 1 hr until pale white pre-
cipitate formed which indicates the synthesis of ZnO nanostructures. Then, solution 
was centrifuged, mother liquor was removed, precipitate was washed five times with 
deionized water, and then, precipitate was dried in air. Calcination was carried out at 
200 ◦C for 2 h.

Synthesis of benzylidenemalonitrile (BMN)

A mixture of 1 mmol of aldehyde, 1 mmol of active methylene compound, 10 mol% 
of ZnO NPs and 20% of NaPTS in 5 mL of water was stirred at room temperature. 
After completion of reaction (indicated by TLC), product was obtained by dissolv-
ing in ethyl acetate/ethanol. (NPs were separated by centrifugation.) The product 
was recrystallized by ethanol and characterized by IR, NMR and 13C.

Synthesis of tetraketone

A mixture of 1 mmol of aldehyde, 2 mmol of active methylene compound, 10 mol% 
of ZnO NPs and 20% of NaPTS in 5 mL of water was stirred at room temperature. 
After completion of reaction (indicated by TLC), product was obtained by dissolv-
ing in ethyl acetate/ethanol. (NPs were separated by centrifugation.) The product 
was recrystallized by ethanol and characterized by IR, NMR and 13C.

Results and discussion

The ZnO nanoparticles were prepared by two different methods, namely ‘plant 
extract co-precipitation method’ and ‘chemical co-precipitation method.’ A wide 
diversity of metabolism present in neem (Azadirachta indica) leaf extract possesses 
antioxidant or reducing properties out of which organic acid, flavones, quinines, 
isoazadirolide and azadirachtin are water soluble [10]. These biologically active 
compounds diffuse easily under ultrasonication and immediately reduce zinc ions 
into ZnO NPs [13]. The plausible mechanism is shown in Fig. 1. The carbonyl and 
phenolic compound of plant extract acts as a reducing as well as capping agent [10].

XRD Analysis

The phase purity and crystallinity of the plant extract and chemical method syn-
thesized ZnO NPs were investigated using X-ray diffraction. The XRD patterns of 
the obtained ZnO NPs are shown in Fig. 2b, c. Figure 2a shows the XRD pattern 
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of ZnO synthesized from plant extract before calcination, which confirms the 
necessity of higher calcination temperature for the growth of crystals [32]. XRD 
patterns (Fig.  2b, c) indicate that both ZnO samples have a hexagonal crystal 
structure. The XRD pattern of the ZnO-PE NPs shows 2θ values at 31.87°, 34.46°, 
36.31°, 47.63°, 56.67°, 63.12°, 66.50°, 68.06°, 69.20°, 72.58° and 77.09° and 
that of ZnO-CM NPs shows 2θ values at 31.94°, 34.57°, 36.43°, 47.73°, 56.76°, 
63.03°, 66.54°, 68.12°, 69.23°, 72.69° and 77.17°, which correspond to (100), 
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes of 
hexagonal ZnO NPs, which are consistent with standard JCPDS reported val-
ues (Table  1). No additional peaks from other phase were observed. The posi-
tion of the different lines and their relative intensity matches with the standard 
JCPDS reported (JCPDS 36-1451) values. The XRD lines of the ZnO prepared 
with chemical method are relatively sharp, whereas those of ZnO prepared with 
plant extract are relatively broader. This broadening indicates that those materi-
als have smaller crystallite sizes; meanwhile, peak intensities and narrow widths 
of XRD peaks are clear evidence of good crystallinity [33]. The average crystal-
lite size (D) was calculated by using Debye–Scherrer formula D = [0.9λ/β cosθ], 
where X-ray wavelength (λ) = 1.5406 Å and β is the corresponding full-width at 
half-maximum (FWHM) values of characteristics peaks; accordingly, the average 
crystallite size of ZnO NPs synthesized from plant extract is about 42 nm, while 
that of ZnO NPs synthesized by chemical method is about 73 nm. The calculated 
crystallite sizes support the XRD line broadening data shown in Fig. 2. The result 

Fig.1   Plausible mechanism for the synthesis of ZnO NPs from plant extract as well as from chemical 
method. (a) Isoazadirolide. (b) Flavones. (c) Organic acids. (d) Quinone. (e) Azadirachtin
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clearly indicates that the extract of neem (Azadirachta indica) leaves was effec-
tive in controlling the crystallite size of ZnO NPs [6].

TGA and DTA analysis

Herein, TGA and DTA analyses were performed to measure the compositional 
changes associated with the calcination process, and the results are shown in 
Fig. 3a, b. Figure 3a shows the TGA and DTA curves for decomposition of ZnO 
synthesized by plant extract. TGA showed weight loss in two steps at 54 °C and 
181 °C, respectively, and corresponding DTA showed two endothermic peaks at 
these temperatures. It is considered that 23% weight loss at 56 °C is due to the 
removal of natural products by heating process. Again 14% weight loss at around 
181 °C is due to the removal of biomolecules of extract absorbed on surface of 
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Fig.2   Comparative XRD patterns of a ZnO NPs from PE before calcination. b ZnO NPs from PE after 
calcination. c ZnO NPs from CM after calcination
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ZnO NPs [13]. Upon continuation of temperature, the major weight loss was 
credited toward the loss of natural product and water moisture. In contrast, 
Fig. 3b shows the TGA and DTA curves for decomposition of ZnO synthesized 
by chemical method. TGA showed weight loss in two steps at 242 °C and 579 °C, 
respectively, and corresponding DTA showed two endothermic peaks at these 
temperatures. It is considered that the weight loss at 242 °C and 479 °C is due to 
the removal of water by heating process. Synthesis of ZnO from CM is composed 
of two steps. First is the removal of water and second formation of hexagonal 
structure by removing water moisture and oxygenated carbon groups [10].

Table 1   2θ values, hkl planes, observed ‘d’ values, standard ‘d’ values of plant extract and chemical 
method synthesized ZnO NPs

Sr. no. 2θ values of 
ZnO-PE NPs

Observed ‘d’ 
values
(Å)

2θ values of 
ZnO-CM NPs

Observed ‘d’ 
values
(Å)

Standard ‘d’ 
values
(Å)

hkl planes

1 31.87 ◦ 2.8057 31.94◦ 2.7997 2.8143 100
2 34.46 ◦ 2.6005 34.57◦ 2.5925 2.6033 002
3 36.31 ◦ 2.4722 36.43◦ 2.4643 2.4759 101
4 47.63 ◦ 1.9077 47.73◦ 1.9039 1.9111 102
5 56.67 ◦ 1.6230 56.76◦ 1.6206 1.6247 110
6 63.12 ◦ 1.4717 63.03◦ 1.4736 1.4771 103
7 66.50 ◦ 1.4049 66.54◦ 1.4042 1.4071 200
8 68.06 ◦ 1.3765 68.12◦ 1.3754 1.3781 112
9 69.20 ◦ 1.3565 69.23◦ 1.3560 1.3582 201
10 72.58 ◦ 1.3015 72.69◦ 1.2998 1.3017 004
11 77.09 ◦ 1.2362 77.17◦ 1.2351 1.2380 202

(a) (b)

Fig. 3   a TGA and DTA curves for decomposition of ZnO synthesized by plant extract. b TGA and DTA 
curves for decomposition of ZnO synthesized by chemical method
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FTIR analysis

For the identification of functional groups, bonding information comparative 
FTIR spectra were recorded for synthesized ZnO NPs by plant extract and chemi-
cal method. The chemical method synthesized ZnO NPs shows a peak at around 
3400 cm−1 corresponding to the bending and stretching vibration of the –OH group 
of the adsorbed water molecules and the peaks at around 450 cm−1 indicate metal 
oxide bond (Fig. 4). On the other hand, the FTIR of ZnO NPs synthesized by PE 
shows additional peaks at around 1560 cm−1 and 1385 cm−1 probably due to C–H 
stretching vibration of CH2 group and vibration peaks for C=C and C=O bonds, 
respectively [23]. The peaks at around 1300 cm−1 and 842 cm−1 are due to the pres-
ence of C–N stretch of amine group and C–Br stretch of alkyl halide [10]. The peak 
at 449 cm−1 indicates metal oxide bond [34]. The occurrence of extract-associated 
bonds in Zn-PE NPs indicates plant extract acts as a capping as well as reducing 
agent.

FESEM analysis

The size and morphology of the plant extract and chemical method synthesized ZnO 
NPs were studied using FESEM. Comparative FESEM image under different mag-
nifications, morphology for the plant extract method synthesized ZnO NPs shows 
mushroom-like mesoporous structure and their diameter range 45–56  nm, while 
ZnO NPs synthesized by chemical method show hexagonal nanostructure and their 
diameter range 74–94  nm observed in Figs.  5c and 6c. In accordance with XRD 
results, the ZnO NPs synthesized from plant extract were observed in smaller size 
than the ZnO NPs synthesized from chemical method. This could be attributed to 

Fig. 4   FTIR spectra for a plant 
extract (black line); b ZnO NPs 
from PE (green line); c ZnO 
NPs from CM (red line)
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Fig. 5   FESEM images of ZnO NPs synthesized from CM at magnification: a 10KX; b 30KX; c 50KX. d 
EDX analysis of chemical method synthesized ZnO NPs

Fig. 6   FESEM images of ZnO NPs synthesized from PE at magnification: a 10KX; b 30 KX; c 50KX. d 
EDX analysis of ZnO-PE NPs
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the bioactive compounds of the neem plant extract acting as a stabilizing agent and 
controlling the growth of the crystallites [10].

EDX analysis

EDX analysis was performed to determine the elemental composition present in the 
ZnO-CM and ZnO-PE NPs. The EDX spectrum of the ZnO-CM NPs consisted of 
only two elements, Zn and O (Fig. 5d). On the other hand, the EDX spectrum of the 
ZnO-PE NPs consisted of three elements, Zn, O and C (Fig. 6d). The presence of C 
in the peak indicates that organic molecules from the neem plant extract were used 
as capping agents during the formation of the ZnO NPs [34].

Optical measurement

Optical properties of synthesized nanomaterials were studied by using UV–vis-
ible spectrometer in the range of 300–800 nm. The optical absorption spectrum of 
ZnO NPs (prepared by chemical and plant extract methods) is studied as shown in 
Fig.  7a. The blueshift is perceived in case of plant extract, which indicates lower 
particle size of ZnO NPs [35]. The enhanced photoactivity of ZnO-PE was further 
confirmed via computing the band gap energies (Eg) of both ZnO samples by plot-
ting the graph of (αh �)2 versus (hν) in Fig. 7b. This provided an estimate on the Eg 
of ZnO-CM and ZnO-PE which were 3.14 eV and 2.95 eV, respectively, and sup-
ported the results.

BET analysis

In order to investigate the effect of the extract on the surface characteristics of 
ZnO, nitrogen adsorption–desorption trials were recorded and are shown in 
Fig.  8. A wide distribution of pores and multilayer adsorption on the surface 

(a) (b)

Fig. 7   a Optical absorption spectrum and b (αh �)2 versus (hν)
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were obtained for ZnO-CM and ZnO-PE NPs, as proven by the typical type III 
isotherm. As a result, ZnO-PE possesses remarkably large BET surface area and 
pore volume compared to ZnO-CM; these BET surface areas are 58.862 m2 g−1 
and 8.1624 m2  g−1 and pore volumes are 0.6897 cm3  g−1 and 0.1349 cm3  g−1, 
respectively (Table 2). These results imply that the adsorption capacity of ZnO-
PE will be much higher than that of ZnO-CM [36]. Meanwhile, the average pore 
size of ZnO-PE (46 nm) is smaller than that of ZnO-CM (66 nm).   

Catalytic application of ZnO NPs and hydrotrope

After successful preparation and characterization of the ZnO NPs, we evaluated 
its effectiveness for the synthesis of BMN and tetraketone. The catalytic effi-
ciency of plant extract synthesized ZnO NPs was checked via synthesizing ben-
zylidenemalonitrile and tetraketone in ZnO NPs/NaPTS catalytic system. With 
the aim of developing green protocol to be the crucial for rendering the reac-
tion possible in aqueous medium, we carried out long screening test employing 
3,4,5-trimethoxy benzaldehyde (1 mmol) and malononitrile (1 mmol) as a model 
reaction to optimize the parameters such as solvent, time and amount of catalyst. 
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Table 2   Structural properties of 
ZnO samples (BET analysis)

Sample BET surface area 
(m2 g−1)

Pore volume
(cm3 g−1)

Average 
pore size 
(nm)

ZnO-CM 8.1624 0.1349 66.097
ZnO-PE 58.862 0.6897 46.867
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First, we carried out the reaction in the absence of catalyst and observed that 
reaction proceeded with trace amount of product after 12 h at room temperature. 
Then, the reaction was carried out in water at 60 ◦C and observed that reaction 
did not proceed efficiently and the product was isolated in 41% yield (Table 3). 
This negative result highlighted the necessity of catalyst for the present transfor-
mation. Among the Lewis acid catalysts BF3, TiCl4, InCl3 shows no significant 
improvement in the yield. After screening Lewis acid, we applied metal oxide 
in water. Interestingly, we observed that ZnO was most effective for the selected 
transformation. In comparison, ZnO NPs show an outstanding activity than bulk 
ZnO in the formation of desired product. Further, we screened the effect of the 
different solvents. In the presence of acetonitrile and chloroform, poor yields were 
obtained; on the other hand, in the presence of water, hexagonal and mesoporous 
ZnO NPs catalyzed model reaction yielded 56% and 65%, respectively. To fol-
low green protocol, we turn our attention toward the water as a solvent for this 
reaction. Indeed, under aqueous medium reaction was not satisfactory due to less 
solubility of reactants. Keeping the view of various disadvantages of water, we 
turned our attention toward the use of hydrotrope as an efficient solvent as well as 
a phase transfer catalyst. Hydrotropic solution is one of the best alternative sol-
vents for organic transformation. Hydrotrope solubilizes the organic compounds 
and acts as a catalyst to create hydrophobic environment in water. Among the var-
ious hydrotropes, NaPTS is better due to its non-hazardous, eco-friendly nature. 
Remarkably, the yield was increased up to 70% and 75%, when water/NaPTS was 

Table 3   Screening of catalyst, solvents and reaction conditions

Reaction conditions: 3,4,5-trimethoxy benzaldehyde (1  mmol), malononitrile (1  mmol) and dimedone 
(2 mmol)
# The yields are related to the isolated products

Sr. no. Catalyst Solvent Condition ◦C Time (hr) Yield 1d (%)# Yield 2p (%)#

1 – Water RT 12 – –
2 – Water 60 12 41 –
3 – NaPTS (20%) RT 2 52 42
4 BF3 Water 60 6 37 Trace
5 TiCl4 Water 60 6 41 Trace
6 AlCl3 Water 60 6 45 31
7 Bulk ZnO Water 60 6 56 48
8 ZnO NPs Water 60 3 65 59
9 ZnO NPs CHCl3 RT 2 56 46
10 ZnO NPs Acetonitrile RT 2 58 45
11 ZnO NPs Ethanol RT 1 75 70
12 ZnO NPs EtOH/H2O (1:1) RT 1 61 65
13 ZnO-CM Water/NaPTS (20%) RT 20 min 90 92
14 ZnO-PE Water/NaPTS (20%) RT 10 min 96 95
15 ZnO-CM Water/NaPTS (40%) RT 20 min 89 85
16 ZnO-PE Water/NaPTS (40%) RT 10 min 86 88
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used as a solvent at room temperature (Table  3). It is noteworthy that the ZnO 
NPs/NaPTS catalytic system affords the finest result in comparison with other 
catalytic system. Further, we optimized a model reaction for ZnO NPs/NaPTS 
catalytic system and obtained the remarkable increase in yield up to 95% in just 
10 min. It is concluded that ZnO NPs are the best catalyst in aqueous hydrotropic 
solution of NaPTS at room temperature for the synthesis of BMN and tetraketone. 
After selection of reaction medium, the model reaction was optimized for catalyst 
loading (Tables 4, 5). The use of 5 mol% ZnO NPs diminished the quantity of the 
yield, whereas the yield of product also decreased when used 15 mol% ZnO NPs. 
The results are excellent at 10 mol% of ZnO NPs. To optimize the quantity (%) of 
NaPTS for solvent, the model reaction was carried out with 10%, 20%, 30%, 40% 
and 50% NaPTS solution. The results are excellent at 20% of NaPTS (Fig.  9). 
The yield of product remains constant for 30% and above concentration. Next, we 
carried out comparison in between plant extract and chemically synthesized ZnO 

Table 4   Effect of ZnO loading on the yield of the reaction modela

a Reaction conditions: 3,4,5-trimethoxy benzaldehyde (1 mmol), malononitrile (1 mmol) in water/NaPTS 
(20%) at room temperature
# Isolated pure products
$ TON is the moles of 3,4,5-trimethoxy benzaldehyde converted per mole of catalyst
* TOF is defined as mol product mol−1

ZnO h−1

Entry Catalyst (mol%) Catalyst (mol%) Time (min) Yield 1d (%)# TON$ TOF*

1 Nano-ZnOCM 5 mol% 20 35 28 84
2 Nano-ZnO-PE 5 mol% 10 41 32.8 196.4
3 Nano-ZnO-CM 10 mol% 20 90 36.0 108
4 Nano-ZnO-PE 10 mol% 10 96 38.4 229.9
5 Nano-ZnO-CM 15 mol% 20 72 19.2 57.6
6 Nano-ZnO-PE 15 mol% 10 75 20 119.8

Table 5   Effect of ZnO loading on the yield of the reaction modela

a Reaction conditions: 3,4,5-trimethoxy benzaldehyde (1 mmol) and dimedone (2 mmol) in water/NaPTS 
(20%) at room temperature
# Isolated pure products
$ TON is the moles of 3,4,5-trimethoxy benzaldehyde converted per mole of catalyst
*TOF is defined as mol product mol−1

ZnO h−1

Entry Catalyst (mol%) Catalyst (mol%) Time (min) Yield 2p (%)# TON$ TOF*

1 Nano-ZnOCM 5 mol% 30 34 27.2 54.4
2 Nano-ZnO-PE 5 mol% 20 39 31.2 93.6
3 Nano-ZnO-CM 10 mol% 30 92 36.8 73.6
4 Nano-ZnO-PE 10 mol% 20 95 38.0 114
5 Nano-ZnO-CM 15 mol% 30 68 18.13 36.3
6 Nano-ZnO-PE 15 mol% 20 71 18.93 56.7
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NPs. Fortunately, result substantiates our hypothesis and the reaction carried out 
in the presence of plant extract synthesized ZnO NPs with NaPTS in water, not 
only would be faster but would also result in higher yields as compared to chemi-
cal method synthesized ZnO NPs at room temperature. This is probably due to 
the reason that ZnO NPs prepared from plant extract have mesoporous shape with 
less crystalline size and high surface area. The knoevenagel reaction was then 
performed with various aromatic aldehyde and malonitrile using the optimized 
amount of catalyst in water (Scheme 1) as shown in Table 6. Next, the efficiency 
of ZnO-PE for promoting the synthesis of tetraketone derivatives was investi-
gated via the Knovenagel reaction, followed by Michael addition of an aldehyde 
with two equivalent of dimedone (Scheme 2) as shown in Table 7.   

A plausible mechanistic pathway for the formation of BMN and tetraketone 
is outlined in Scheme  3. ZnO NPs activate active methylene compound so that 
deprotonation of the C–H bond occurs and forms intermediate (I) [37]; on the 
other hand, hydrotrope NaPTS micelles surround aromatic aldehyde through car-
bonyl oxygen and make carbonyl carbon more electron-deficient carbon, which 
enhances interaction between reactant and ZnO catalytic system [38].   

Tables 8 and 9 show the comparison of the efficiency of ZnO-PE and ZnO-CM 
NPs with some of the previously introduced procedures to demonstrate its cata-
lytic activity for the synthesis of tetraketone and BMN. It was found that the best 
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Scheme 1   Synthesis of benzylidenemalonitrile (BMN)
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Table 6   Derivatives of benzylidenemalonitrile (BMN)

Entry Aldehyde (1 mmol) Product M.P 
(Obs.)°C

M.P 
(Theo.) 
°C

Yield 
(%)

TOF*

1

 

CHO

 

 

CN

CN

1a  

80 85 [14] 90 215.6

2

 

CHO

O2N  
 

CN

CN
O2N

1b  

160 160 [14] 96 229.9

3

 

CHO

O  

 

CN

CN
O

1c  

118 119 [14] 94 225.1

4

 

CHO

O

O

O

 

 

CN

CN
O

O

O

1d  

120 122 [39] 96 229.9

5

 

CHO

NO2  

 

CN

CN

NO2

1e  

140 198 [14] 90 215.6

6

 

CHO

OH  

 

CN

CN

OH

1f  

101 99 [14] 85 203.6

7

 

CHO

NH2H2N  

 

CN

CNNH2

NH2

1g  

124 125 [40] 90 215.6
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result could be achieved by using ZnO-PE as indicated by high TOF for BMN 
229.9 h−1 and for tetraketone 114 h−1. This result is in agreement with our work-
ing hypothesis that the most surfaces of these attached ZnO-PE NPs are exposed 
to the reaction environment. Hence obviously, ZnO-PE NPs show higher catalytic 
activity in comparison with others in terms of catalyst loading, required reaction 
time, product yield and avoiding the use of toxic solvents.  

Reaction condition: aldehyde (1 mmol), malononitrile (1 mmol), ZnO NPs (10 mol %), NaPTS (20%) 
distilled water (5 ml)
*TOF is defined as mol product mol−1

ZnO h−1

Table 6   (continued)

Entry Aldehyde (1 mmol) Product M.P 
(Obs.)°C

M.P 
(Theo.) 
°C

Yield 
(%)

TOF*

8

 

CHO

O

O

 

 

CN

CN
O

O

1h  

120 122 [14] 90 215.6

9

 

CHO

OHC  

 

CN
CN

CN
CN

1i  

296 296 [14] 94 225.1

10

 

CHO

Br
  

CN

CN
Br

1j  

154 156 [14] 85 203.6

11

 

S
CHO

 

 

S
CN

CN

1k  

102 102 [40] 80 191.6

12

 

CHO

Cl  

 

CN

NC
Cl

1l  

160 162 [14] 95 227.5
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Recyclability

For any chemical process, recovery and recyclability of catalyst are very important. 
In the present context, recovery of catalyst as well as reaction medium increases 
the aspect of sustainability. After completion of reaction, ZnO NPs (catalyst) were 
separated by using centrifugation. It was then dried in a hot air oven to reactivate the 
catalyst reaction sites. The recyclability chart of the catalytic potential of the ZnO 
NPs synthesized from plant extract is shown in Fig. 10. An approximately 15% loss 
of conversion was observed after the fifth cycle of the reaction. The product was 
separated by adding (5 mL) water in reaction mixture, and the solid product was fil-
tered off. A recovered aqueous layer of hydrotropic medium was washed with ethyl 
acetate (5 mL) to remove organic compounds. The aqueous layer was concentrated 
by adding required amount NaPTS or evaporating water under vacuum [50]. The 
aqueous layer of NaPTS and dried ZnO NPs was reused for the next five reaction 
cycles. Further, in order to investigate the stability of nano-ZnO synthesized from 
plant extract during five runs, XRD pattern of the fresh ZnO NPs was compared 
with the recovered one after the fifth cycle; XRD spectra displayed by the recovered 
catalyst were found to be almost similar to the fresh one (Fig. 11).

Spectroscopic data

Benzylidenepropanedinitrile (1a)

Buff white crystalline solid, mp 80 ◦C , IR (KBr, cm−1): 2990, 2210, 1590, 1510, 
1220. 1H NMR (400 MHz, CDCl3): δ = 7.5 (q, 2H, Ar–H), 7.6 (m, 1H, Ar–H), 7.7 
(s, 1H, C=CH), 7.9 (t, 2H, Ar–H) ppm; 13C NMR (100 MHz, CDCl3): δ = 82.84, 
112.57, 113.73, 129.65, 130.76, 130.92, 134.67, 160.00 ppm.

CHO

+

OO

O O

OH OH

2

1

2m-2x

3

ZnO NPs, NaPTS

H2O, RT
R

R

Scheme 2   Synthesis of tetraketone
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Table 7   Different derivatives of tetraketones

Entry Aldehyde (1 mmol) Product M.P (Obs.) °C M.P 
(Theo.) 
°C

Yield 
(%)

TOF*

1

 

CHO

 

 

O O

OH OH

H

2m  

196 195 [23] 95 114.0

2

 

CHO

O2N
 

 

O O

OH OH

NO2

2n  

192 192 [23] 90 108

3

 

CHO

O  

 

O O

OH OH

O

2o  

144 145 [23] 92 110.4

4

 

CHO

O

O

O

 

 

O O

OH OH

O
O O

2p  

193 190 [41] 95 114
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Table 7   (continued)

Entry Aldehyde (1 mmol) Product M.P (Obs.) °C M.P 
(Theo.) 
°C

Yield 
(%)

TOF*

5

 

CHO

NO2  

 

O O

OH OH

NO2

2q  

192 190 [23] 90 108

6

 

CHO

OH  

 

O O

OH OH

OH

2r  

182 180 [41] 85 102

7

 

CHO

NH2H2N  

 

NH2

O O

OH OH

NH2

2s  

195 195 [41] 90 108

8

 

CHO

O

O

 

 

O O

OH OH

O

O

2t  

180 183 [41] 91 109.2
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Table 7   (continued)

Entry Aldehyde (1 mmol) Product M.P (Obs.) °C M.P 
(Theo.) 
°C

Yield 
(%)

TOF*

9

 

CHO

OH
 

 

O O

OH OH

CH3

CH3

CH3

CH3

OH

2u
 

190 188 [23] 40 48

10

 

CHO

Br  

 

O O

OH OH

Br

2v  

155 155 [23] 85 102

11

 

S
CHO

 

 

O O

OH OH

S

2w  

218 216 [23] 90 108

12

 

CHO

Cl  

 

O O

OH OH

Cl

2x  

144 140 [23] 93 111.6

Reaction condition: aldehyde (1 mmol), 1,3-cyclodicarbonyl compound (2 mmol), ZnO NPs (10 mol %), 
NaPTS (20%), distilled water (5 ml)
*TOF is defined as mol product mol−1

ZnO h −1
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[(4‑Nitrophenyl)methylidene]propanedinitrile (1b)

Golden yellow crystalline solid, mp 160 ◦C , IR (KBr, cm−1): 2950, 2215, 1515, 
1350. 1H NMR (400 MHz, CDCl3): δ = 7.5 (dd, J = 4 Hz, 2H, Ar–H), 7.7 (s, 1H, 

O

O
H

H

O

O

H
-

OH

S OO

O-

OH

O

O

O

ArO O

OH OH

Ar
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O HO H

O O
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+

NaPTS

(I)
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Scheme  3   The plausible mechanism of the studied reaction in the presence of ZnO NPs in aqueous 
hydrotropic medium
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Table 8   Comparative synthesis of recently published works for the BMN versus present work

Catalyst Solvent Temp. (°C) Time (Min) Yield (%) References

Go/PdNi NPs EtOH/H2O (1:1) RT 8 95 [39]
Taurine H2O Reflux 14 86 [14]
Fe3O4–cystamine EtOH/H2O (1:1) 50 20 93 [40]
GO (1.5 mg/mL) Solvent-free RT 80 92 [42]
Ni–Zn–Fe @ SiO2 H2O Reflux 15 97 [43]
Lemon juice H2O RT 15 90 [44]
MOF -Pd DMSO d6 RT 5 42 [45]
PMVO 1 Solvent-free 70 45 86 [46]
ZnO NPs PE H2O (20% NaPTS) RT 10 95 Present work
ZnO NPs CM H2O (20% NaPTS) RT 20 93 Present work

Table 9   Comparative synthesis of the recently published works for the tetraketone versus present work

Catalyst Solvent Temp. ( ◦C) Time (min) Yield (%) References

– H2O 25 240 96 [47]
CoFe2O4 NPs Water/ethanol (1:1) 60 40 89 [48]
Fe3O4@SiO2 SO3H H2O rt 80 83 [41]
Nano-Fe/NaY zeolite EtOH 78 70 98 [49]
Ni–Zn–Fe @ SiO2 H2O Reflux 15 90 [43]
GO/ZnO H2O 100 10 98 [23]
Taurine H2O Reflux 20 92 [14]
β-cyclodextrins H2O RT 60 93 [25]
ZnO NPs PE H2O (20% NaPTS) RT 20 90 Present work
ZnO NPs CM H2O (20% NaPTS) RT 30 89 Present work
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Fig.10   Effect of number of cycles of ZnO NPs on the yield of BMN and tetraketone
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C=CH), 7.8 (d, 2H, Ar–H) ppm; 13C NMR (100 MHz, CDCl3): δ = 83.33, 112.34, 
113.45, 129.25, 130.09, 131.86, 141.18, 158.30 ppm.

[(4‑Methoxyphenyl)methylidene]propanedinitrile(1c)

Light yellow crystalline solid, mp 118 ◦C , IR (KBr, cm−1): 2210, 1680, 1610, 
1520, 1280, 1180. 1H NMR (400  MHz, CDCl3): δ = 3.9 (s, 3H, O–CH3), 7.0 (d, 
J = 5  Hz, 2H, Ar–H), 7.6(s, 1H, C=CH), 7.9 (d, J = 5  Hz, 2H, Ar–H) ppm; 13C 
NMR (100 MHz, CDCl3): δ = 55.82, 78.50, 113.37, 114.46, 115.14, 124.01, 133.49, 
158.92, 164.83 ppm.

[(3,4,5‑Trimethoxyphenyl)methylidene]propanedinitrile(1d)

Yellow crystalline solid, mp 120 ◦C , IR (KBr, cm−1): 2900, 2337, 2220, 1590, 1489, 
1119. 1H NMR (400 MHz, CDCl3): δ = 3.91 (s, 6H, O–CH3), 3.99 (s, 3H, O–CH3), 
7.1 (s, 2H, Ar–H), 7.6(s, 1H, C=CH) ppm; 13C NMR (100 MHz, CDCl3): δ = 56.35, 
61.27, 80.58, 108.26, 113.20, 113.99, 125.94, 143.97, 153.35, 159.42 ppm.

2,2′‑((4‑Nitrophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑en‑1‑one)
(2n)

White crystalline solid, mp 192 ◦
C , IR (KBr, cm−1): 3450, 2940, 1600, 1510, 

1350,1380. 1H NMR (400 MHz, CDCl3): δ = 1.1 (s, 6H, CH3), 1.2 (s, 6H, CH3), 2.4 
(m, 8H, CH2), 5.5 (s, 1H, CH), 7.2 (m, 2H, Ar–H), 8.1 (m, 2H, Ar–H), 11.6 (br, 1H, 

20 30 40 50 60 70 80
2 (Degree)

 ZnO PE
 After 5 runs

θ

Fig.11   Comparative XRD pattern of fresh ZnO NPs synthesized by plant extract (black line) and after 
the fifth catalytic cycle (red line)
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OH), 11.8 (s, 1H, OH) ppm; 13C NMR (100 MHz, CDCl3): δ = 27.43, 29.57, 31.46, 
33.24, 46.38, 46.96, 114.90, 123.54, 127.64, 146.09, 146.51, 189.61, 190.98 ppm.

2,2′‑((3,4,5‑Trimethoxyphenyl)methylene)
bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑en‑1‑one)(2p)

White crystalline solid, mp 193 ◦C , IR (KBr, cm−1): 3440, 2950, 1600, 1510, 1380, 
1120. 1H NMR (400 MHz, CDCl3): δ = 1.1(s, 6H, CH3), 1.2 (s, 6H, CH3), 2.3 (m, 8H, 
CH2), 3.7 (s, 6H, O–CH3), 3.8(s, 3H, O–CH3), 5.5 (s, 1H, CH), 6.3 ( s, 2H, Ar–H), 11.6 
(br, 1H, OH), 12.04 (s, 1H, OH) ppm; 13C NMR (100 MHz, CDCl3): δ = 26.78, 30.07, 
31.10, 32.76, 46.31, 47.08, 55.85, 60.88, 104.06, 115.57, 133.74, 135.83, 152.82, 
189.34, 190.45 ppm.

Conclusion

We successfully synthesized different morphological forms of ZnO NPs. Its charac-
terization results reveal that ZnO NPs synthesized from plant extract of neem grew 
in smaller size with high surface area and hence exhibit good catalytic performance. 
Highly efficient two-component and pseudo-three-component reactions of aryl alde-
hydes and active methylene compound at room temperature in aqueous medium 
have been developed for the synthesis of benzylidenemalonitrile and tetraketone 
derivatives. ZnO NPs synthesized from plant extract give product in very short reac-
tion time with high yield as compared to chemical method synthesized ZnO NPs. 
Changes in the reaction rate are expected due to the synergistic effect of ZnO-PE 
NPs and NaPTS. This method gives several advantages including chromatography-
free separation, reusable catalyst and reusable hydrotropic medium which follow 
strictly green protocol.
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