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Abstract The present study reports the feasibility of

synthesis of palladium nanoparticles (Pd NPs) by water-

melon rind. The aqueous extract prepared from water-

melon rind, an agro waste, was evaluated as capping and

reducing agent for biosynthesis of palladium nanoparti-

cles. The formation of Pd NPs was visually monitored

with change in color from pale yellow to dark brown and

later monitored with UV–Vis spectroscopy. The synthe-

sized Pd NPs were further characterized by XRD, FTIR,

DLS, AFM and TEM techniques. The synthesized Pd NPs

were employed in Suzuki coupling reaction as catalyst.

The results reveal that watermelon rind, an agro waste, is

capable of synthesizing spherical-shaped Pd NPs with

catalytic activity.
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Introduction

Biosynthesis of nanoparticles is receiving increased

attention due to the advancements in chemical and

physical methods. Green synthesis of nanoparticles is

cost effective and environmentally friendly as it has

unique properties and enormous applications in bio-

logical tagging, pharmaceutical and optoelectronics

(Jacob et al. 2012). Palladium nanoparticles (Pd NPs)

are of interest because of their catalytic properties and

unique application in sensors and catalysis (Bankar

et al. 2010). Palladium nanoparticles are conventionally

synthesized by chemical, electrochemical or sono-

chemical methods, but in recent years many researchers

have reported green and eco-friendly way of synthesis

of palladium nanoparticles using plant extracts,

microbes and agricultural wastes (Sathishkumar et al.

2009; Saxena et al. 2012; Narayanan and Sakthivel

2011). Recently, agricultural wastes such as banana peel

(Bankar et al. 2010), and custard apple peel (Roopan

et al. 2011) which are rich in polyphenols, lignin and

pectin were explored in the synthesis of palladium

nanoparticles. The potential of other fruit peel extracts

as surfactants/reductants for synthesis of Pd NPs needs

to be fully explored.

Watermelon (Citrullus lanatus) being the largest and

heaviest fruit, is one of the most abundant and cheapest

available fruits in India with 3 lakh tones produced

every year. Red flesh of watermelon present inside is

sweet, edible and used for juices and salads but the

outer rind is considered as waste and has no commercial

value. Watermelon rind (WR) consists of pectin, cit-

rulline, cellulose, proteins and carotenoids (Rimando

and Perkins-Veazie 2005; Andrew et al. 2008; Quek

et al. 2007) which are rich in functional groups such as

hydroxyl (cellulose) and carboxylic (pectin). In this

paper, for the first time, watermelon rind powder extract

(WRPE) was used as capping or reducing agent for

synthesis of Pd NPs.
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Materials and methods

Preparation of the extract

Watermelon rinds (WR) were obtained from local fruit

market and washed with tap water followed by double dis-

tilled water. After thorough washing, WR was cut into small

pieces and dried under sun light for 7 days. The dried WR

pieces were washed repeatedly with hot water (70 �C) to

remove any soluble matter present and then dried in an oven

at 85 �C for 48 h. The oven-dried WR was powdered using a

conventional grinder and sieved through 100 mesh sieve

standard. To 50 mL of distilled water, 1 g of sieved WR was

added and boiled in a water bath for 30 min to prepare

aqueous extract. The extract was cooled to room temperature

and filtered through 0.45 lm filters and freshly prepared

extract was used for synthesis. The aqueous extract was

termed as watermelon rind aqueous extract (WRAE).

Biosynthesis of palladium nanoparticles

The source of palladium was palladium chloride in distilled

water. For synthesis of Pd NPs, 20 mL of 1 mM PdCl2
solution was added with 10 mL of WRAE and incubated in a

temperature controlled shaker at 150 rpm for 24 h at 30 �C.

Parameters such as reactant ratio, pH and reaction time were

optimized. The formation of Pd NPs was visually confirmed

and later by UV–Vis spectrophotometer. At optimized con-

ditions, the obtained colloidal solution was centrifuged at

10,000 rpm for 10 min and the solid was washed with water,

methanol and acetone to remove biomolecules. The solid was

dried at 85 �C and used for further characterization.

Characterization of palladium nanoparticles

The nanoparticles synthesized on reduction by WRPE were

initially characterized using UV–Vis spectrometer (Hit-

achi, Model: U-2800) from 200 to 600 nm. Further char-

acterization was done using FTIR (Thermo Nicolet, Avatar

330, USA) for identification of functional groups present in

WRAE and Pd NPs between 4,000 and 400 cm-1, crys-

talline nature of synthesized Pd NPs was recorded with

XRD (Bruker Germany, D8 Advance diffractometer),

surface morphology and surface roughness were examined

with AFM (Nanosurf 2 Easyscan), TEM (Tecnai 10, Phi-

lips) and dynamic light spectroscopy (Delsa Nano S,

Backman Coulter, USA) was equipped to know the size

and shape of the as-synthesized Pd NPs.

Application in catalysis

The as-synthesized Pd NPs were employed as catalyst for

Suzuki coupling. To a solution of Pd NPs (2 mol%, 0.01 g in

water 10 mL), K2CO3 (2 mmol, 0.27 g) was added followed

by iodobenzene (1 mmol, 0.11 g) and phenylboronic acid

(1.5 mmol, 0.18 g). The reaction was stirred at room tem-

perature until completion of the reaction. The progress of the

reaction was monitored through TLC. After completion of

the reaction, the reaction mixture was centrifuged and fil-

tered. The filtrate was evaporated and the crude product was

purified by column chromatography (petroleum ether).

Results and discussion

Polyhydroxylated molecules present interesting dynamic

supramolecular associations facilitated by inter- and

intramolecular hydrogen bonding resulting in molecular level

capsules, which can act as templates for nanoparticles growth

(Hebeish et al. 2010). Recently, watermelon rind was

reported to bind cations and cationic dyes from aqueous

solution (Lakshmipathy et al. 2013; Lakshmipathy and Sa-

rada 2013a, b). Similarly, the negatively charged groups of

extract facilitate the attraction of positively charged palla-

dium cations towards the polymeric chain followed by

reduction with the existing reducing groups. The mechanism

predicted was to be a two-step process, i.e., atom formation

and compounding of the atoms. In the first step, a portion of

palladium ions in the solution is reduced by the available

reducing groups of WRAE. The atoms thus produced act as

nucleation centers and catalyze the reduction of remaining

palladium ions present in the bulk solution.

Optimization of reaction conditions

Preliminary experiments were carried to standardize the

reaction conditions. The reactant ratio, pH and contact time

were monitored for the standardization of Pd NPs synthe-

sis. Initially, the reaction time was optimized for synthesis

of Pd NPs based on the absorbance. It was observed that

with the increase in time, the number of Pd NPs was found

to increase and attained saturation at 24 h. Further exper-

iments were carried out at 24 h of contact time. The effect

of pH on formation of Pd NPs was monitored at pH 2, 4, 6

and 8 and found that pH 6 showed the rapid formation of

Pd NPs. The Pd source to extract ratio was varied from

1:0.2 to 1:2 and it was observed that 1:0.5 ratio of PdCl2 to

WRAE was found to yield maximum amount of Pd NPs

beyond that found to be constant. Hence, bulk synthesis of

Pd NPs was carried out at pH 6, 1:0.5 reactant ratio for

24 h of reaction time.

Characterization of Pd NPs

The formation of Pd NPs was visually monitored by

change in color of solution from pale yellow to dark brown.
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Fig. 1 XRD patterns of synthesized Pd NPs mediated by WRAE (inset UV–Vis spectra of reaction mixture with respect to time)
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Fig. 2 FTIR spectra of Pd NPs mediated by WRAE
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Figure 1 (inset) shows the UV–Vis spectra of reaction

mixture (PdCl2 solution and WRAE) with respect to time.

The observed peaks at 415 nm at 1 h indicate the presence

of Pd2? ions in reaction mixture. Over the time period, the

peak at 415 starts to disappear and color of the solution

turned intense dark brown due to excitation of surface

plasmon vibrations in the Pd NPs. After 24 h, the complete

disappearance of peak at 415 nm depicts the complete

conversation of Pd2? to Pd0 state. Similar observations

have been reported by Bankar et al. (2010) for banana peel

and Yang et al. (2010) for Cinnamomum camphora leaf

extract. The XRD pattern of WRAE-mediated synthesis of

Pd NPs is shown in Fig. 1. The intense peaks at 40�, 46�
and 68� can be assigned to (111), (200) and (220) Bragg’s

reflection. The lattice constant of Pd NPs synthesized by

WRAE was in agreement with joint committee of powder

diffraction standards (JCPDS).

To identify the capping/reducing agents present and

predict their role in the synthesis of Pd NPs, FTIR mea-

surement was done. The FTIR spectrum of Pd NPs shows

peaks at various wavenumbers corresponding to different

Fig. 3 AFM images of Pd NPs mediated by WRAE

Fig. 4 TEM images of Pd NPs mediated by WRAE at different

magnifications
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Fig. 5 DLS pattern of as-synthesized Pd NPs mediated by WRAE
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functional groups in Fig. 2. A strong peak at 3,447 cm-1

corresponds to symmetrical stretching vibrations of –OH

groups of hydroxyl molecules. The peaks at 2,924 and

2,847 cm-1 correspond to stretching vibrations of methyl

and methoxy groups. A peak at 1,636 corresponds to

bending vibrations of –OH groups. A strong peak at 1,049

corresponds to asymmetrical bending vibrations of –CH2

and –CH3 groups. These results confirm that the poly-

hydroxyl groups from WRAE have been adsorbed as a

layer over the Pd NPs and in turn stabilize the synthesis of

nanoparticles.

Figure 3 shows the AFM images of Pd NPs mediated by

WRAE. For the AFM studies, the synthesized Pd NPs were

dispersed in distilled water and were air dried on glass

plates. As a result of air drying on the surface, a coffee ring

phenomenon was observed for Pd NPs. As observed in

Fig. 3, at the center of the drop, nanoparticles and aggre-

gates were formed. It is well known that when liquids

containing fine particles are evaporated on a flat surface,

the particles accumulate on the outer surface and form

typical structures (Chen and Evans 2009). Similar type of

observations has been reported for Pd NPs mediated by

Banana peel extract for SEM studies (Bankar et al. 2010).

TEM analysis was carried out to study the shape and size

of the synthesized Pd NPs. Figure 4 shows the TEM images

at different magnifications. The Pd NPs were found to be

well dispersed and spherical in shape. Shape-controlled

synthesis of nanoparticles is of interest to researchers due to

its unique applications in catalysis. The display of shape-

controlled synthesis of Pd NPs mediated by WRAE makes

the study unique for its industrial applications. Further, DLS

measurements were carried out to obtain the size distribution

of synthesized Pd NPs (Fig. 5). The average particle diam-

eter of the synthesized Pd NPs was found to be *96.4 nm

with polydispersity index of 0.243.

Application in Suzuki coupling reaction

The Pd NPs synthesized using WRAE were employed as

catalyst for Suzuki coupling reaction. The schematic reac-

tion is represented in Fig. 6. The reaction was completed in

the presence of 2 mol% Pd NPs at room temperature which

resulted in good to excellent isolated yields of the products

within short reaction times. A variety of substituted aryl

bromides featuring either an electron-withdrawing or an

electron-releasing group were then examined and results are

summarized in Table 1. The reactions proceeded smoothly

with nearly quantitative yields. These results reveal the

potential of Pd NPs synthesized by WRAE as efficient

catalyst for industrial applications.

Conclusion

An attempt was made to study the potential of watermelon

rind aqueous extract in synthesizing palladium nanoparti-

cles. Conditions such as reactant ratio, pH and reaction

time were standardized prior to characterization of syn-

thesized Pd NPs. The synthesized Pd NPs were found to be

shape controlled with spherical in shape with average

particle size of 96 nm. The FTIR peaks of Pd NPs revealed

that polyhydroxyl groups of WRAE were involved in

fabrication and stabilization of Pd NPs. Further, the syn-

thesized Pd NPs were employed in Suzuki coupling reac-

tion as catalyst and found to be efficient. These results

suggest that watermelon rind, an agro waste, is capable of

fabricating Pd to Pd NPs with catalytic applications.

Table 1 Pd NPs catalyzed Suzuki coupling reaction with aryl halide

and phenylboronic acid

Entry X R1 R2 Reac. time (h) %Yielda mp (�C)b

1 I H H 2 98 66–67

2 I 4-NO2 H 2 93 113–115

3 Br H H 3 96 66–67

4 Br 3-NO2 H 2.5 94 58

5 Br 4-NO2 H 2 95 114–115

6 Br 4-CH3 H 3 92 42–44

7 Br 3-OCH3 H 3.5 90 liq

8 Br 4-OCH3 H 3 91 liq

9 Br 4-COCH3 H 2.5 93 110–112

10 Br 4-COCH3 2-CH3 3 83 94

11 Br 4-CH3 2-CH3 3 90 273

12 Br 4-NO2 2-CH3 2.5 92 102

Reaction conditions: aryl halide (1 mmol), boronic acid (1.5 mmol),

K2CO3 (2 mmol), Pd NPs in water (2 mol%, 10 mL)
a Isolated yield
b (Li et al. 2012)

X B(OH)2

2 mol% Pd NPs   

K2CO3, RT, H2O

+

R1 R2

R1

R2

Fig. 6 Scheme representing the

Suzuki coupling reaction

mediated by Pd NPs synthesized

by WRAE
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