
Vol.:(0123456789)1 3

Journal of Nanostructure in Chemistry (2018) 8:465–472 

https://doi.org/10.1007/s40097-018-0288-z

ORIGINAL RESEARCH

Green synthesis of Terminalia arjuna-conjugated palladium 
nanoparticles (TA‑PdNPs) and its catalytic applications

Chhabi Garai1 · Sk Nurul Hasan1 · Abir Chandan Barai1 · Subrata Ghorai1 · Saikat Kumar Panja1 · Braja Gopal Bag1 

Received: 15 September 2018 / Accepted: 16 November 2018 / Published online: 28 November 2018 

© The Author(s) 2018

Abstract

Synthesis of metal nanoparticles from the metal salts by reduction with plant extracts in water, without any additional stabi-

lizing or capping agents is a green and eco-friendly method. In the present work, aqueous extract of the bark of Terminalia 

arjuna was utilized to synthesize T. arjuna-conjugated palladium nanoparticles (TA-PdNPs) from palladium chloride. The 

dark brown colour indicating the formation of TA-PdNPs appeared within 3 h without heating but, on heating colour appeared 

almost instantly. The synthesized TA-PdNPs are characterized by UV spectroscopy, HRTEM and XRD studies. The TA-

PdNPs were utilized as efficient catalyst for Heck and Suzuki type C–C coupling reactions and degradation of organic dyes 

in aqueous medium at room temperature.
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Introduction

Metal nanoparticles have drawn a great attention of sci-

entific community due to a combination of their shape 

and size dependent unique properties like chemical, 

physical, theromodynamic, optical, electronic etc. and 

these have found increasing applications in pharmacol-

ogy, bio-diagnostics, medicine, drug-delivery, catalysis, 

coatings, solar cells, purification of water, etc. [1–9]. 

Palladium nanoparticles are highly interesting than other 

transition metal nanoparticles for their usefulness in both 
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homogeneous as well as heterogeneous catalysis due to 

their high surface-to-volume ratio and high surface energy. 

Use of palladium nanoparticles as a catalyst for various 

C–C coupling reactions such Suzuki and Heck coupling 

reactions has been highly exploited in organic synthesis 

[10–15]. Palladium nanoparticles have also been used as 

a catalyst in hydrogenation of alkenes, alkynes, allyl and 

benzyl alcohols and hydrogenolysis of allylic and benzylic 

ethers [16–18]. However, the examples of the utilization of 

phytochemical-conjugated PdNPs in C–C coupling reac-

tions and degradation of dyes are rare [19–21].

Water pollution has been a great concern in modern civi-

lization due to contamination of natural water mainly by 

human activities. For example, use of different colouring 

textile dyes which are toxic in nature pollute water through 

drainage [22]. So detoxification or transformation of these 

dyes into a non dangerous substance is a challenge. Palla-

dium nanoparticles can be utilized for the reductive degra-

dation of dyes [23]. Several methods have been developed 

and modified to synthesize metal nanoparticles. But, use of 

toxic chemicals in those methods, limits their application. 

Use of non-toxic bio molecules to synthesize Pd nanoparti-

cles without using hazardous chemicals under mild reaction 

conditions is a greener and environment-friendly method 

[24–29]. Among the various methods reported for the syn-

thesis of the palladium nanoparticles, a bottom-up synthetic 

strategy by the plant extract-mediated reductive method, 

involving reduction of Pd(II) to Pd(0) by phytochemicals, 

has gained profound significance in recent years due to the 

renewable and non-toxic nature of the phytochemicals, mild 

reaction condition, eco-friendly aqueous medium etc. The 

advantage of this method is that, additional stabilizers are 

not required to synthesize PdNPs which is important to 

sustain active surface of PdNPs and prevent generation of 

less active black palladium [30] and here the plant extract 

itself acts as a stabilizer. The leaf extracts of Chrysophyl-

lum cainito [31], xanthan gum [32], Glycine max leaf [33], 

Cinnamomum camphora leaf [34], Hippophae rhamnoides 

Linn leaf [9] have been utilized for synthesis of PdNPS. 

Terminalia arjuna is a well known medicinal plant and its 

stem bark is rich in various plant secondary metabolites such 

as terpenoids, flavonoids including polyphenols, steroids and 

glycosides [35–43]. Herein, we report the synthesis PdNPs 

using the bark extract of T. arjuna. The polyphenols acted 

as reducing and stabilizing agents for the synthesis of T. 

arjuna-conjugated PdNPs (TA-PdNPs). Characterization of 

TA-PdNPs was carried out by Surface Plasmon resonance 

(SPR) spectroscopy, High-resolution transmission electron 

microscopy (HRTEM) and X-Ray diffraction studies. The 

synthesized TA-PdNPs were utilized as an excellent cata-

lyst for C–C coupling reactions (Suzuki and Heck coupling 

without phosphine) and reductive degradation of dyes (meth-

ylene blue and rhodamine-B) in aqueous medium.

Experimental

Materials and instruments

Details of materials used and instruments required to char-

acterize TA-PdNPs are discussed in supporting information.

Preparation of Terminalia arjuna bark extract

Dried T. arjuna bark (30 g) was powdered and boiled with 

200  mL of distilled water for 15  min and then filtered 

through Whatman 1 filter paper. The concentration of the 

extract was 6000 mg  L−1, as determined by evaporation of 

1 mL of the extract that contained 6 mg of the dried extract.

Synthesis of palladium nanoparticles

Palladium nanoparticles (TA-PdNPs) were synthesized by 

heating the mixture of palladium chloride solution (0.4 mL, 

5.019 mM) and the bark extract of T. arjuna at 60–70 °C 

for 2 min. Then the reaction mixture was kept at room tem-

perature for 1 h. We have prepared a series of TA-PdNPs 

containing different concentration of the bark extract of T. 

arjuna ranging from 200 to 1600 mg  L−1. Palladium chlo-

ride solution (0.4 mL, 5.019 mM each) was added to each 

vial and the final volume was made up to 2 mL thereby keep-

ing the concentration PdNPs fixed (1.004 mM).

C–C coupling reactions

Suzuki and Heck coupling reactions were carried out by fol-

lowing a procedure reported by us previously [31].

Dye degradation

Catalytic efficiency of stabilized TA-PdNPs towards reduc-

tive degradation of dyes was investigated by reduction of 

two chemical dyes methylene blue (MB) and rhodamine-B 

(Rh-B) with sodium borohydride (16.5 mM). The reduction 

reaction was monitored by UV spectroscopy.

Results and discussion

Characterization of TA‑PdNPs

UV studies

We synthesized palladium nanoparticles (TA-PdNPs) using 

T. arjuna bark extract and palladium chloride (0.4 mL, 

5.019 mM). UV–visible spectroscopic study was carried out 

to confirm the synthesis of TA-PdNPs. The aqueous palla-

dium chloride solution (1.00 mM) showed absorption band 
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at 234 nm, arises due to charge transfer between chloride ion 

to Pd (II) [44]. On addition of palladium chloride solution 

to T. arjuna bark extract, a characteristic continuous surface 

plasmon resonance (SPR) band in the UV–visible region 

was also observed indicating the formation of TA-PdNPs 

(Fig. 1). At first, the intensity of SPR band increased up to 

400 mg L−1 concentration of the bark extract and no further 

increase in the intensity of the SPR band was observed with 

increasing concentration of the bark extract. These observa-

tions indicated that, with gradual increase in concentration 

of the bark extract, formation of TA-PdNPs increased and 

at 400 mg L−1 concentration of the bark extract, formation 

of TA-PdNPs was complete. This is probably due to the fact 

that the total phytochemicals present in the bark extract were 

sufficient to reduce and stabilize all the Pd(II) ions present 

in the palladium chloride solution (1.004 mM, 2 mL) [45].

HRTEM studies

HRTEM analysis of TA-PdNPs synthesized with the bark 

extract concentration of 800 mg L−1 was carried out to study 

its morphology. Most of the of TA-PdNPs particles were 

spherical-shaped having 4–16 nm size along with a few other 

types of shapes like hexagonal, triangular etc. (Fig. 2a, b). 

The average size of the nanoparticles was 8.94 nm (Fig. 2c) 

as determined from the diameter of 74 TA-PdNPs. The 

particles were highly stable because no precipitation was 

observed even on standing the colloids at room temperature 

for several weeks. The HRTEM images showed that par-

ticles were of discrete entities and did not agglomerate on 

standing. This observation also indicated the high stability of 

TA-PdNPs. Elemental analysis by Energy Dispersive X-ray 

(EDX) of TA-PdNPs confirmed the presence of Pd metal 

along with carbon and oxygen atoms (Fig. 2e) that indicated 

the presence of organic molecules from the bark extract. The 

semi-transparent regions observed in the HRTEM images 

also indicated the presence of phytochemicals. The recorded 

SAED pattern showed Debye–Scherrer rings which are rep-

resentation of planes of Pd-crystal (Fig. 2d). The crystal-

linity of TA-PdNPs was also supported by XRD studies 

(discussed below).

XRD studies

Powdered x-ray diffraction studies of synthesized TA-PdNPs 

were carried out by coating the colloidal samples on a glass 

slide and then allowing the removal of the volatiles initially 

in air and then under reduced pressure. The characteristic 

reflections at 2θ = 40.2°, 46.3°, 67.9° and 81.6° for 111, 200, 

220 and 311 planes confirmed the crystalinity of TA-PdNPs 

(Fig. 3). These values agreed with reported fcc crystalline 

palladium, JCPDS file No. 05-0681 [46, 47]. The additional 

peaks also observed at 2θ = 51.5°, 58.2°, 66° and 70.2° by 

X-ray diffraction studies might be due to the phytochemicals 

present in the TA-PdNPs [48].

Mechanism of the formation of TA‑PdNPs

The bark of T. arjuna is rich in polyphenolic compounds 

[35]. Taking a o-dihydroxyphenolic compound as a repre-

sentative, a schematic representation of a plausible mech-

anism for the synthesis and stabilization of TA-PdNPs is 

shown in Fig. 4. Pd(II) ions can form chelate complex with 

the polyphenolic compounds present in the bark extract of 

T. arjuna. A five-membered chelate ring is formed by the 

adjacent hydroxyl groups of the polyphenolic compounds. 

The chelated ortho-dihydroxy groups are then oxidized to 

quinones with concomitant reduction of Pd(II) to Pd(0) 

because of the very high oxidation–reduction potential of 

Pd(II). Collision of Pd(0) atoms leads to the formation of 

PdNPs and the synthesized PdNPs are stabilized by poly-

phenolic compounds as well as the quinones.

Fig. 1  UV–Visible spectra of: a bark extract of T. arjuna, b aque-

ous  PdCl2, c–g colloidal TA-PdNPs synthesized with 200, 400, 800, 

1200, 1600 mg L−1 concentrations of T. arjuna bark extract, respec-

tively. Inset: photograph of the vials containing plant extract, Pd 

(II) solution and colloidal PdNPs stabilized by 200, 400, 800, 1200, 

1600 mg L−1 concentrations of T. arjuna bark extract (after 22 h of 

mixing, from left to right)
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Applications

C–C coupling reactions

We have carried out two C–C coupling reactions viz., 
‘Suzuki’ and ‘Heck’ reactions to investigate the efficiency of 

synthesized TA-PdNPs as a catalyst.

(a) Suzuki Reaction

  Suzuki reaction was carried out using iodobenzene 

(0.5  mmol), phenylboronic acid (0.77  mmol) and 

 K2CO3 (1 mmol) as a base in the presence of TA-PdNPs 

(0.079 mol % with respect to iodobenzene) as catalyst 

in water at 100 °C (Fig. 5a). The reaction was complete 

after 9 h and the isolated yield of purified product was 

Fig. 2  a, b HRTEM images 

of PdNPs, c histogram of pal-

ladium nanoparticles; average 

size was calculated from 74 

TA-PdNPs, d SEAD, e EDX of 

stabilized TA-PdNPs
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99.3%. The catalytic turn over number (TON) and the 

turn over frequency (TOF) for Suzuki reaction were 

calculated to be 1241 and 138 h−1, respectively.

(b) Heck Reaction

  Heck reaction was performed using iodobenzene 

(1 mmol), methyl acrylate (1.5 mmol),  Et3N as base 

and TA-PdNPs (0.11 mol % with respect to iodoben-

zene) as catalyst in 1:1 DMF–water mixture at 90 °C 

(Fig. 5b). The reaction was complete in 5 h and the 

yield of the purified product was 95.5%. The catalytic 

turn over number (TON) and the turn over frequency 

(TOF) for Heck reaction were calculated to be 996 and 

190 h−1, respectively.

Dye degradation

To test whether the colloidal TA-PdNPs can be utilized as a 

catalyst for the degradation of toxic pollutants, we chose the 

sodium borohydride reduction of two toxic chemical dyes 

methylene blue (MB) and rhodamine-B (Rh-B) as model 

reactions.

(a) Reduction of methylene blue dye

  On treatment of an aqueous solution of methylene 

blue (0.5 mM) with sodium borohydride (16.5 mM), 

the position of the absorption band at 663 nm did not 
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Fig. 3  XRD pattern of colloidal TA-PdNPs

Fig. 4  Schematic representation of synthesis and stabilization of TA-PdNPs

Fig. 5  Schematic representation 

C–C coupling reactions using 

TA-PdNPs. a Suzuki reaction, b 

Heck reaction
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change and only a minute decrease in intensity of this 

band was observed with time (Fig S5a). This was due 

to very slow rate of reduction the dye because of for 

large kinetic energy barrier for the reduction reaction. 

But after addition of colloidal TA-PdNPs (0.1 mL) 

synthesized from bark extract of T. arjuna (800 mg 

 L−1) to reaction mixture, the colour of dye as well as 

absorption band at 663 nm disappeared within fraction 

of second due to the formation of leuco methylene blue 

[49]. For the calculation of rate constant we tried to 

slow down the rate of reaction by diluting the colloidal 

TA-PdNPs by ten times (100 μL of colloidal TA-PdNPs 

diluted to 1 mL in distilled water) and on addition of 

this diluted TA-PdNPs (0.1 mL) to reaction mixture, the 

colour of dye also disappeared within a few seconds. 

Then again the colloidal TA-PdNPs was diluted to 100 

times and the reaction completed in 9 min (Fig. 6) on 

addition of 0.075 mL diluted TA-PdNPs to reaction 

mixture. Similarly, on addition of 0.05 mL of 100 times 

diluted TA-PdNPs to reaction mixture the absorption 

band at 663 nm decreases slowly and completely disap-

pear in 15 min (Fig. S6). For these reduction reactions 

the calculated rate constants were 0.141 min−1 and 

0.139 min−1 (Fig. S8c and S8d), respectively, which are 

consistent with previous reports [50]. The catalytic turn 

over number (TON) and the turn over frequency (TOF) 

for the degradation of methylene blue were calculated 

to be 133 and 14.8 min−1, respectively.

(b) Reduction of Rhodamine-B dye

  On treatment of an aqueous solution of rhodamine-

B (0.5 mM) with sodium borohydride (16.5 mM) at 

room temperature, the absorption band at 553 nm did 

not change its position. A very slow decrease in inten-

sity of the absorption band was observed with time 

due to slow reduction of rhodamine-B with sodium 

borohydride (Fig S5b). But when colloidal TA-PdNPs 

(0.1 mL) synthesized from bark extract of T. arjuna 

(800 mg  L−1) was added to reaction mixture the absorp-

tion band at 553 nm as well as the pink colour disap-

peared in fraction of a second due to the formation of 

colourless leuco rhodamine-B [51]. Hence, for calcu-

lating rate constant we tried to slow down the rate of 

the reaction by diluting the stabilized TA-PdNPs. By 

addition of 0.1 mL of both 10 times as well as 100-

times diluted TA-PdNPs to reaction mixture the colour 

of reaction mixture disappeared within few seconds 

and rate could not be calculated. So the stabilized TA-

PdNPs were further diluted. After 500 times dilution 

of TA-PdNPs, the reaction was completed in 9 min 

by addition of 0.1 mL of diluted TA-PdNPs (Fig. 7). 

Similarly, on addition of 0.05 mL of 500-times diluted 

TA-PdNPs to reaction mixture the absorption band at 

553 nm decreases slowly and completely disappear in 

54 min (Fig. S7). For these reduction reactions the cal-

culated rate constants were 0.52 min−1 and 0.062 min−1 

(Fig. S8a and S8b), respectively, which are also consist-

ent with previous reports [52]. The catalytic turn over 

number (TON) and the turn over frequency (TOF) for 

Fig. 6  UV–Visible spectra at different time interval during the cata-

lytic reduction of methylene blue dye using 0.075  mL 100-times 

diluted stabilized TA-PdNPs. Cuvette a and b are reaction mixtures 

before addition of TA-PdNPs and after 27  min of addition of TA-

PdNPs

Fig. 7  UV–Visible spectra at different time interval during the cata-

lytic reduction of rhodamine-b dye using 0.1  mL 500-times diluted 

stabilized TA-PdNPs. Cuvette a and b are reaction mixtures before 

addition of TA-PdNPs and after 9 min of addition of TA-PdNPs
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the degradation of rhodamine-B were calculated to be 

500 and 55 min−1, respectively.

Conclusions

Terminalia arjuna-conjugated PdNPs (TA-PdNPs) were syn-

thesized using the non-toxic bark extract of T. arjuna and 

 PdCl2 solution having average diameter of PdNPs of 8.9 nm. 

The small-sized aqueous colloidal TA-PdNPs were utilized 

as an efficient catalyst for the Suzuki and Heck type C–C 

coupling reaction under phosphine-free conditions in excel-

lent yields making it useful in synthetic organic chemistry. 

Excellent catalytic activity of TA-PdNPs towards reductive 

degradation of dyes such as methylene blue and rhodamine-

B in the presence of sodium borohydride has also been 

demonstrated in aqueous medium making it useful for the 

removal of toxic industrial pollutants.
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