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Abstract
A bio-waste-originated heterogeneous solid acid catalyst (SO3H@PP) was easily 
prepared from cheap and easily available pomegranate peel (PP). The catalyst was 
characterized by IR, FE-SEM, XRD and EDX techniques. The prepared catalyst 
was efficiently applied for the Knoevenagel condensation of the various aromatic 
aldehydes and active methylene compounds (malononitrile and ethyl cyanoacetate) 
in water and EtOH at reflux conditions. The products were obtained with good to 
excellent yields. The catalysts were easily recovered by simple filtration and reused 
at least five times with a slight decrease in product yields. A bio-waste origin, easy 
availability, inexpensive, easy recovery and reusability are the prominent features of 
the reported catalysts. Cleaner reaction conditions, simple experimental and work-
up procedures are the conspicuous features of this protocol.
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Introduction

Green chemistry and sustainability aim to develop a cleaner and environmentally 
friendly pathway to reduce the use of hazardous reagents, solvents auxiliaries, harsh 
and prolonged reaction conditions as well as expensive catalysts. Green chemistry 
tackles the environmental risk caused by toxic, volatile, hazardous reagents and sol-
vents and their impact on living things. In recent years, the chemist is much more 
aware of sustainable organic synthesis using both environmentally and economi-
cally benign acceptable reagents, renewable catalysts, safer solvents, atom-efficient 
methods and energy-efficient technologies. Recently, bio-based synthetic processes 
involving the use of renewable catalysts and solvents attracted much attention due to 
their numerous advantages. The selection of such bio-based catalysts with excellent 
atom economy plays a vital role in organic transformations. Numerous environmen-
tally friendly, bio-based catalysts have been reported for different organic transfor-
mations [1–16].

The Knoevenagel condensation is an important carbon–carbon bond-form-
ing reaction involving aromatic aldehydes condensation with active methylene 
compounds. The α, β‐unsaturated products formed by Knoevenagel condensa-
tion are extensively used as intermediates in the manufacture of important phar-
maceuticals, perfumes, cosmetics, polymers, natural products, and therapeutic 
drugs [17–22]. Numerous homogeneous and heterogeneous catalysts have been 
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reported for Knoevenagel condensation such as H3PW12O4 [23], TiCl4 [24], UiO-
66-NH2 [25], ZnCl2 [26], Cu-HPA [27], MgF2 [28], InX3 [29], HClO4–SiO2 [30], 
K7HNb6O19·13H2O [31], Ni–SiO2 [32], PS-[MeIm]Cl-XAlCl3 [33], PCN-222-Co@
TpPa-1 [34], surfactants [35], amine or ammonium salt [36], SA‐DETA‐Fe3O4 [37], 
SO4

−2/ZnO2 [38], Cu-PMA Cu-PMA [39], USY Zeolite [40], AlPO4–Al2O3 [41], 
LaCl3·7H2O [42], Mn salen complex [43].

In recent years different natural materials have been used for many organic trans-
formations. Punica granatum commonly known as a pomegranate is an edible fruit-
bearing deciduous shrub in the family Lythraceae. Punica granatum name is derived 
from Pomum means apple and granatus mean grainy. Peels, fruit, seeds, flowers, and 
leaves of P. granatum are enriched in various biologically important compounds. 
Its extracts exhibit potent anti-oxidant, antimicrobial, antiviral, anticarcinogenic, 
anticancer, and antimutagenic properties [44–48]. The byproduct formed during the 
food processing of pomegranates like juice, jam, oil, and wine is peels of pomegran-
ate. The peels of pomegranate are even though rich in numerous photochemical and 
responsible for health benefits [49].

Though various homogeneous and heterogeneous catalysts have been employed 
for Knoevenagel condensation, still inexpensive and ecofriendly protocol is a valid 
exercise. These past reports exhibit various drawbacks such as less solubility of cat-
alyst, metal leaching, harsh reaction conditions and toxic organic solvent. These cur-
rent procedures can be improved by more efficient, environmentally friendly, cleaner 
reaction conditions. Therefore, in continuation of our current interest in the design 
of green protocols by using bio-catalysts for organic transformations [50–53]. Herein 
we report the simple, efficient, environmentally friendly protocol for Knoevenagel 
condensation of aromatic aldehydes with active methylene compounds catalyzed by 
pomegranate peel (PP) and sulfonic acid-supported pomegranate peel (SO3H@PP). 
The catalysts were characterized by IR, FE-SEM, XRD, and EDX techniques. The 
PP worked in the water, while SO3H@PP worked in ethanol at reflux conditions. 
Moreover, both catalysts were easily recovered by simple filtration and reused at 
least five times with a slight decrease in the product yields.

Experimental

General remarks

All chemical reagents and solvents were purchased from Thomas Baker and were 
used as received. The NMR spectra were recorded on a Bruker AC spectrometer 
using tetramethylsilane (TMS) as an internal standard. Chemical shifts (δ) are 
expressed in parts per million (ppm) values with TMS as an internal reference and 
coupling constants (J) are expressed in hertz (Hz). Mass spectra were recorded on 
an Agilent gas chromatograph mass spectrometer. The FT-IR spectra were measured 
on Jasco FT/IR-4600 type A. The size and morphology of the pomegranate peel 
powder and SO3H@PP were observed by using the FESEM of MIRA3 TESCAN 
microscope with an accelerating voltage of 10 kV.



	 Reaction Kinetics, Mechanisms and Catalysis

1 3

Preparation of PP catalyst

Fresh pomegranate was purchased from a local market. Its peel was separated using 
a table knife and washed with a copious amount of distilled water to remove surface 
impurities and dirt. The pomegranate peel was dried for 2  days in the oven. The 
resultant dried PP was pulverized twice (Griding plate: 6  mm followed by 1  mm 
plate). The obtained fine powder was again dried for 24 h at 60 °C in an oven.

Synthesis of SO3H@PP catalyst

The pomegranate peel powder (6.0 g) was taken in a 100 mL round bottom flask 
containing dichloromethane (20 mL). Then chlorosulfonic acid (2.33 g) was added 
dropwise at 0 °C with continuous stirring. The resulting reaction mixture was then 
stirred for 60 min at 0  °C. The obtained black-colored product was filtered under 
vacuum, washed with diethyl ether (3 × 5 mL), dried in the oven, and further pulver-
ized to get the desired catalyst SO3H@PP as a fine powder.

General procedure of Knoevenagel condensation

In an oven-dried Schlenk flask, equipped with a magnetic stir bar and condenser 
containing water or ethanol (2.5  mL) added malononitrile/ethyl cyanoacetate 
(1 mmol), aromatic aldehyde (1.0 mmol), PP or SO3H@PP catalyst (0.05 g). The 
reaction mixture was stirred in an oil bath at reflux. After the complete consumption 
of starting materials as analyzed by TLC, the reaction mixture was cooled to room 
temperature. The ethanol was poured into the flask and filtered to remove the cata-
lyst. The ethanol was removed under vacuum to give the crude product which was 
further purified by recrystallization to afford pure α, β ‐unsaturated product.

Representative spectral data of representative compounds (3a)

Mp: 84–85  °C, 1H NMR (400  MHz, CDCl3) δ (ppm): δ 7.45 (t, J = 7.5  Hz, 2H, 
ArH), 7.54 (t, J = 7.50  Hz, 1H, ArH), 7.76 (s, 1 H, C = CH), 7.95 (d, J = 7.5  Hz, 
2H, ArH); 13C NMR (75 MHZ, CDCl3) δ:193.6, 146.3, 136.9, 127.0, 128.3, 125.8, 
114.4, 51.2, 42.3, 35.4, 32.6, 27.0; IR (KBr, cm−1) ν: 28–3100, 2226, 1700, 1611. 
The spectroscopic data of 3a was in good agreement with that reported in the 
literature.

Results and discussion

Preparation of PP and SO3H@PP catalysts

The peel was separated from fresh pomegranate and washed with distilled water to 
remove surface impurities and dirt. The pomegranate peel was dried for 2 days in the 
oven. The resultant dried pomegranate peel (PP, Catalyst A) was pulverized twice 
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(griding plate: 6 mm followed by 1 mm plate) and again dried for 24 h at 60 °C in 
an oven. The SO3H@PP catalyst was prepared by a procedure as described in the 
literature [54]. The hydroxyl groups present in the PP are replaced with sulfonic 
acid groups by reacting with chlorosulfonic acid in dichloromethane at 0  °C. The 
SO3H@PP product obtained was filtered under vacuum and washed with diethyl 
ether (3 × 5 mL), dried in the oven and further pulverized to get the targeted SO3H@
PP (Catalyst B) as a fine black powder (Scheme 1).

The characterization of PP and SO3H@PP catalysts

The prepared PP and SO3H@PP catalysts were characterized by different characteri-
zation techniques such as IR, FE-SEM, EDX, and XRD techniques.

In the FT-IR spectrum (Fig. 1a) of PP, the broad spectrum of O–H groups was 
displayed around 3000–3500  cm−1. The FT-IR spectrum SO3H@PP (Fig.  1b) 
showed the peaks at 1195 cm−1, 1021 cm−1 for asymmetric and symmetric stretch-
ing of SO2, 1445 cm−1 for S=O stretching, 674 cm−1 for S–O symmetric stretching, 
and 880  cm−1 for S-OH bending. IR spectrum also displayed characteristic broad 
peaks at 3323 cm−1 due to OH stretching of SO3H.

Scanning electron microscopy (SEM) was studied to determine the surface mor-
phology of PP and SO3H@PP catalysts. The SEM images (Fig. 2a and b) proved 
irregular morphology of PP as well as SO3H@PP having different particle sizes.

The elemental analysis was also done by energy-dispersive X-ray analysis (EDX) 
of both catalysts (Fig.  3a and b). The EDX analysis of PP indicates carbon(C) 
and oxygen (O) as the major elements while SO3H@PP revealed sulfur(S) with 
carbon(C) and oxygen (O). The presence of sulfur in EDX analysis of SO3H@PP 
supports the immobilization of sulfonic acid groups on pomegranate peel.

The X-ray diffraction (XRD) pattern of pomegranate peel and modified pome-
granate peel shows weak sharp peaks at 21.43°, 28.11°, and 30.75° (Fig. 4a and b). 
The crystallite size of PP and SO3H@PP were calculated using the Debye–Sher-
rer formula D = Kλ/ (βCos q), where K is the Scherrer constant (0.9), the X-ray 

Scheme 1   Preparation of pomegranate peel (PP) and SO3H@PP catalysts
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Fig. 1   The FT-IR spectrum of fresh a PP, b SO3H@PP, and reused c PP, d SO3H@PP catalysts

Fig. 2   SEM images (10 µm) of fresh a PP, b SO3H@PP, and reused c PP, d SO3H@PP catalysts
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wavelength (λ = 0.154 nm), ß the peak width of half-maximum (FWHM), and q is 
the Bragg diffraction angle. The interplanar distance was calculated via the Bragg 
equation: dhkl = λ/(2sin q). The crystal dimensions from various diffraction lines 
using the Scherrer equation of PP and SO3H@PP were found to be in the nanometer 
range 18 nm and 16 nm.

Fig. 3   EDX spectra of fresh a PP, b SO3H@PP and reused c PP, d SO3H@PP catalysts

Fig. 4   XRD spectrum of (a) PP and (b) SO3H@PP catalysts
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PP and SO3H@PP catalyzed Knoevenagel condensation

We initially investigated the optimum reaction conditions by reacting benza-
ldehyde (1.0  mmol) and malononitrile (1  mmol) as model reaction partners 
(Scheme 2).

Initially, we carried out solvent optimization by doing the model reaction in 
various organic solvents at reflux conditions in the presence of PP or SO3H@
PP catalysts (Table  1). It was observed that, though the condensation reaction 
occurs in solvents like THF, DCM, chloroform, acetonitrile, toluene, methanol, 
water and ethanol. The yield of the reactions was moderate (Table 1, entries 1–7). 
On the other hand, the PP was highly efficient in the water, while the SO3H@PP 
worked well in ethanol (Table 1, entries 8 and 9).

We further optimized the catalyst loadingby carrying the model reaction using 
different quantitiesof catalysts (Table 2). It was observed that changing the quan-
tity of catalysts changes the yields of the desired product. It was found that 0.05 g 
of catalysts afforded the desired product with 89% and 92% yields.

Next, we evaluated the effectiveness of both catalysts for Knoevenagel con-
densation by reacting a series of aryl aldehydes (1a–h) with malononitrile (2a) 

CN

CNH

O

+
Catalysts

Solvent, 80oCCN

CN

1a 2a 3a

Scheme 2   Knoevenagel condensation catalyzed by PP and SO3H@PP catalysts

Table 1   Effect of solvents in Knoevenagel condensation of benzaldehyde and malononitrile

Reaction condition: Benzaldehyde (1 mmol), malononitrile (1 mmol), catalyst PP/SO3H@PP (0.05 g), 
solvent (3 mL) at reflux
a Isolated yields

Entry Solvent Temperature (°C) PP SO3H@PP

Time (min) Yielda (%) Time (min) Yielda (%)

1 THF Reflux 20 45 20 50
2 DCM Reflux 20 48 20 56
3 Chloroform Reflux 20 53 20 60
4 Acetonitrile Reflux 20 58 20 66
5 Toluene Reflux 20 59 20 68
6 EDC Reflux 20 49 20 59
7 Methanol Reflux 20 69 20 70
8 Ethanol Reflux 20 81 20 92
9 Water Reflux 20 89 20 88
10 Water + Ethanol Reflux 20 80 20 85
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and ethyl cyanoacetate (2b) under optimal reaction conditions. The results of this 
study are tabulated in Table  3. It was observed that all the aromatic aldehydes 
underwent condensation reactions with active methylene compounds efficiently to 
afford a wide range of α, β ‐unsaturated compounds. The reaction time and yield 
of α, β ‐unsaturated compounds vary with the electron-donating and electron-
withdrawing substituents on aryl aldehydes. 

Mechanism

The plausible mechanism for the SO3H@PP catalyzed synthesis of 3a is depicted 
in Scheme  3. The carbonyl group of aldehydes is activated via protonation by 
SO3H@PP followed by an attack of active methylene compound to form adduct 
(A). Adduct A eliminates the water molecule and delivers the desired product 3a.

Catalyst reusability

The recovery and reusability of the catalyst are significant aspects of green 
organic transformations. The reusability of both the catalysts was investigated for 
the model reaction (Fig. 5). After the completion of the reaction, the catalyst was 
easily separated by simple filtration and reused at least five times without signifi-
cant loss in the yield of product. The slight loss in catalytic activity was studied 
by analyzing recovered catalysts by IR, and SEM–EDX analysis (Figs. 1, 2, 3). 
The decrease in activity may be due to slight change in morphology as observed 
by SEM analysis. Another reason is the blocking of active sites of catalysts by 
some organic compounds.

Compared to the efficiency of PP and SO3H@PP catalysts, the present protocol is 
more efficient than the reported methods concerning time (Table 4).

Table 2   Effect of catalyst loading in Knoevenagel condensation of benzaldehyde and malononitrile

Reaction condition: Benzaldehyde (1  mmol), malononitrile (1  mmol), catalyst PP/SO3H@PP (0.01–
0.1 g), solvent (3 mL) at reflux
a Isolated yields

Entry Amount of cata-
lyst (g)

PP SO3H@PP

Time (min.) Yielda (%) Time (min.) Yielda (%)

1 0.01 20 55 20 59
2 0.02 20 59 20 63
3 0.03 20 60 20 70
4 0.04 20 73 20 84
5 0.05 20 89 20 92
6 0.1 20 89 20 92
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Table 3   Knoevenagel condensation of aryl aldehydes with malononitrile/ethyl cyanoacetate catalyzed by 
PP and SO3H@PP

 

Entry 1a–h 2a–b PP SO3H@PP

Time (min) Yielda (%) Time (min) Yielda (%)

1

 
 

20 89 10 92

2

 

 

16 91 8 94

3

 

 

15 85 9 90

4

 

 

15 84 10 90

5

 
 

22 81 10 84

6

 

 

25 80 14 83

7

 

 

23 87 12 89

8

  

20 85 11 88

9

 
 

21 85 15 89

10

 

 

18 88 9 91

11

 

 

20 84 10 90
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Conclusion

In conclusion, we elaborated a new, simple, efficient, and environmentally 
friendly protocol for the Knoevenagel condensation by implementing pomegran-
ate peel (PP) and SO3H@PP catalysts as an economical, non-toxic and bio-waste-
originated catalyst. The SO3H@PP catalyst was revealed to be a more effective 
heterogeneous catalyst than PP for condensation of aryl aldehyde and active 
methylene compound concerning time and yields. The catalysts can be easily 
recovered and reused at least five times without significant loss in efficiency. A 
bio-waste origin, easy availability, economical, Easy recovery, and reusability 
are the prominent features of the reported catalyst. Cleaner reaction conditions, 

Table 3   (continued)
Reaction condition: ARYL aldehyde (1 mmol), malononitrile/ethyl cyanoacetate (1 mmol), PP/SO3H@
PP (0.05 g), Solvent (3 mL) at Reflux
a Isolated yields
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Scheme 3   Plausible mechanism for SO3H@PP catalyzed synthesis of 3a 
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simple experimental and work-up procedures, inexpensive, and the reusability of 
the catalyst are the conspicuous feature of this protocol.

Dataavailability  Not applicable.
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