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The present study describes a microwave-assisted synthesis of well-dispersed palladium nanoparticles
(PdNPs). For the first time, Frankincense resin (FR) obtained from the tree of Boswellia sacra is explored
for the preparation of PANPs. This method is rapid, inexpensive and devoid of toxic chemicals. FR aqueous
extract with reducing polysaccharides and other phytochemicals served as an effective reducing and sta-
bilizing agent for PANPs. Formation of PANPs was preliminarily confirmed by UV-visible and mechanism
of formation was proposed from Fourier transform infrared spectroscopy. Transmission electron micro-
scopic images displayed spherical PANPs with an average size of 11 + 2 nm. Catalytic activity studies
revealed that the PANPs act as an efficient catalyst for the reduction of both cationic (Methylene Blue)
and anionic (Congo red) dye pollutants. Moreover, the PANPs can be recovered and reused for five cycles
without a significant loss in their catalytic activity.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Palladium nanoparticles (PdNPs) grabbed great attention from
the scientific community with their vast applications in catalysis,
coatings, plastics, textiles, fuel cells, sensor design and active mem-
branes [1,2,3]. With this great demand, so far numerous physical
and chemical methods have been developed for the production
of PANPs [4,5]. However, high operational cost and/or usage of haz-
ardous chemicals that can pose potential threat to the environment
and various forms of life are the downsides [6,7]. In this context,
developing inexpensive and harmless methods for the PdNPs
preparation is blooming [4]. Frankincense resin (FR) is a naturally
occurring gum resin obtained as an exudate from the bark of Bos-
wellia sacra a native tree of Sultanate of Oman [8]. Characteristi-
cally FR contains phytochemicals such as polysaccharides,
essential oils, proteins, and terpenoids which can efficiently reduce
Pd(II) ions to PANPs, control their growth and protect them from
aggregation [6]. More importantly FR is cheap, renewable and non-
toxic. Furthermore, in comparison with the conventional heat
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treatment, microwave irradiation (MWI) is promising with
homogenous heating that produces rapid nucleation, uniform
and small sized particles [9]. Hence, this work explores the usage
of FR for the production of PANPs by MWI method and evaluates
the catalytic activity of the formed PdNPs.

2. Experimental section

1 g of FR (finely powdered) was mixed with 100 mL of double
distilled water in a beaker. The solution was heated at 60 °C for
6 h, cooled to room temperature and filtered through the Whatman
filter paper to get a clear resin solution. About 5 mL of 1 mM Na,-
PdCl, solution was mixed with 10 mL of 0.5% resin extract in a bea-
Kker. The reaction mixture was exposed to MWI at 450 W for 5 min.
The resulting grey colored PANPs solution was centrifuged, washed
and dried to get PANPs powder. The absorption spectra were
recorded on UV-Visible spectrophotometer (Shimadzu UV-3600).
Fourier transform infrared (FT-IR) spectra recorded on IRAffinity-
1, Shimadzu, X-ray diffraction (XRD) analysis was conducted on
Rigaku-Miniflex and Transmission electron microscope (TEM)
images were acquired on JEOL 2000FX-II. Procedure for the reduc-
tion of dyes can be found in supporting information (SI).



3. Results and discussion

Upon MWI, the pale yellow colored reaction mixture turned
black indicating the formation of PANPs. The UV-Vis spectra of
the reactants and product are shown in Fig. 1a. It is well known
that the intensity of the characteristic absorption peaks of Pd(II)
precursor will decrease after its reduction to Pd(0) [6]. Hence the
MWI is continued until the complete disappearance of characteris-
tic peaks (300 & 425 nm) and 5 min of MWI time is selected as
optimum. XRD pattern (Fig. 1c) presented four peaks (39.65°,
45.24°, 65.14°, and 78.65°) respectively corresponding to (111),
(200), (222) and (311) diffractions of the face centered cubic
(FCC) crystal structure of elemental Pd (JCPDS No. 89 - 4897) [4]
which revealed the high crystallinity of the PANPs. High intensity
of (111) peak indicates the preferential growth of Pd nanocrystals
along this plane and the average crystallite size calculated from
(111) peak using Scherrer formula [9] was found to be 9.1 nm.
The TEM image of PANPs is shown in Fig. 1d. Most of the particles
are spherical in shape with an average size of 11 + 2 nm and very
few particles differ in their shape and size.

The possible mechanism for the synthesis of PANPs using FR
involves two steps. Initially Pd(II) will undergo complexation with
hydroxyl and carbonyl functions of various phytochemicals pre-
sent in FR. Due to the strong antioxidant nature and high reducing
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capacity, these hydroxyl and carbonyl functions will reduce Pd(II)
to Pd(0) atoms and undergo oxidation to carboxyl groups. Pd atoms
serve as nucleation sites for the growth of PdNPs. Finally, the size
control and stabilization of PANPs is achieved by the surface coat-
ing of these phytochemicals through binding interactions between
metal atoms and oxygen containing functional groups. This
hypothesis was verified by FTIR analysis of FR before and after
PdNPs synthesis (Fig. 1c¢). Decrease in the intensity of peaks related
to hydroxyl and carbonyl groups and appearance of new peak cor-
responding to carboxyl clearly demonstrate that hydroxyl and car-
bonyl groups are responsible for synthesis and stabilization
process of PANPs [10]. Complete details on FTIR analysis is pro-
vided in SI

Catalytic activity of PANPs was assessed by performing NaBH4
mediated degradation of organic dye pollutants. Methylene blue
(MB) and Congo red (CR) were selected as model cationic and anio-
nic dyes respectively. Fig. 2a depicts the UV-Visible absorption
spectrum of CR dye, that shows two absorption bands at 345(n-
1*) and 500 nm(7-1t*) characteristic to azo group [9]. In the pres-
ence of NaBH,4 alone, no obvious change in the peak intensity is
observed even after 120 min (Fig. S1), signifying the need of cata-
lyst. After the introduction of PdNPs into the reaction mixture, a
swift decline in the peak intensity was observed, the reduction
was completed within 150sec. The efficiency of CR reduction was
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Fig. 1. (a) UV- Vis absorption spectra of resin, Pd** solution and PdNPs, (b) FTIR (c) XRD and (d) TEM image of PdNPs.
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Fig. 2. (a) Time dependent UV-Visible spectra of CR in the presence ofPANPs and (b) plot of In (Ag/A¢) vs time for the reduction of CR, (¢) Time dependent UV-Visible spectra
of MB in the presence of PANPs and (d) plot of In(Ao/A;) vs time for the reduction of MB.
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Fig. 3. Schematic representation of the plausible mechanism for the NaBH, mediated reduction of MB and CR NaBH4 by PdNPs.

found to be over 94%. Various kinetic models were applied to fit the
data, and it was found that the plot of In(Ag/A;) versus time
(Fig. 2b) displayed linear correlation (R? = 0.99) indicating the
pseudo-first-order reaction kinetics and the rate constant was
found to be 0.033 s~! at room temperature (RT).

Fig. 2c shows the absorption spectrum of MB, that exhibit two
absorption bands at 615(n-n*) and 665 nm(m-1*) characteristic
to azo group [11]. Similar to CR, in the absence of PANPs, NaBH,4
alone was not able to reduce any significant portion of MB even
after 100 min (Fig. S2). However, in the presence of PANPs, MB
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Table 1
Comparison of the previous reported method with this work in the reduction of CR and MB.
Catalyst Time Rate constant (k) Reference
MB AgNC 12 min 0.158 min~" [11]
salvia officinal AuNPs 10 min 0.112 min~! [12]
Salmalia-AuNPs 10 min 0.241 min™! [13]
Tragacanth/AgNPs 10 min 0.82 min~! [14]
HNTAgX 10 min 0.0016 5! [15]
Pd-NanoCata 5 min 0.20 min~! [6]
PdNPs 2 min 0.042 s7! This work
CR Salmalia-AuNPs 10 min 0.236 min~' [13]
Crocus Haussknechtii/AgNPs 9 min 0.011s7! [16]
Sansevieria/AuNPs 8 min 0.331 min~! [17]
Dalspinin/AuNPs 8 min 0.004 57! [18]
AgNPs/seashell 180sec 2.48 min~! [19]
PdNPs 150 sec 0.033s! This work

reduction was completed within 120 s. As shown in Fig. 2¢, the
intensity of absorption bands at 615 and 665 nm decreased rapidly.
The efficiency of MB reduction was found to be over 94% and the
plot of In(Ap/A;) versus time (Fig. 2d) yield linear relation
(R? = 0.99) signifying the pseudo-first-order kinetics and the rate
constant of 0.042 s~! was observed at RT. Possible mechanism of
catalytic reduction is shown in Fig. 3 and explanation is provided
in SI.

The catalytic efficiency of our PANPs towards the reduction of
MB and CR was compared with the previous reports (Table 1)
and the results signified the superiority of our PdNPs. This
improved efficiency can be ascribed to the efficient size control
and stability provided by FR which in turn provides the large cat-
alytic surface area. The reusability of PANPs catalyst was checked
for different cycles of CR, and MB reduction. At the end of each
cycle, the catalyst was recovered by centrifugation, washed, dried
and used for the next cycle. As shown in Figs. S3 and S4, very little
catalytic activity loss after five cycles for the reduction reaction of
CR and MB indicated the high stability of PANPs.

4. Conclusions

In summation, we have successfully developed a novel, rapid
and inexpensive method for the preparation of PANPs. Aqueous
extract of Frankincense resin served both as reducing and stabiliz-
ing agent and microwave irradiation is employed. The PdANPs are
crystalline and spherical in shape with an average diameter of
11 £ 2 nm. PANPs exhibited good catalytic properties for the reduc-
tion of CR, and MB. In addition, the PdNPs catalyst was recycled
several times without significant loss of its catalytic activity. The
ultra-fast catalytic degradation reactions followed a pseudo-first-
order kinetics. High catalytic activity of PANPs was ascribed to
the efficient size control and stabilization effect of FR phytochem-
icals. Overall, this study explored the potential of FR in PdNPs
preparation and paves the way for various other metal
nanoparticles.
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