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Abstract
In this work, green synthesis, characterization and catalysis applications of antiox-
idant palladium nanoparticles has been studied in detail. PdNPs was successfully 
synthesized by using carob, cinnamon, turmeric and ginger antioxidant extracts with 
green method. Nanoparticles synthesized in this way was characterized by FTIR, 
UV–Vis, SEM–EDX, TEM and XRD. The UV–Vis spectra of the PdNPs revealed 
a characteristic surface plasmon resonance peak at 430–435  nm. The synthesized 
PdNPs reacted as a catalyst to the reduction of dyes (rhodamine B, methyl orange 
and methylene blue) with  NaBH4 (sodium borohydride). Green synthesized antioxi-
dant PdNPs effectively degraded the dyes approximately in 15–22 min and kinetic 
parameters has been calculated.
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Introduction

Recently metal nanoparticles (MNPs) have been used extensively in the areas alike 
catalysis, optoelectronics, chemical or biochemical sensors and medicine due to their 
superior electronics and optical properties [1–5]. There are various physical and 
chemical available method of preparing MNPs as a catalyst. Despite the successful 
synthesis of chemical and physical techniques, the interest in cheap and environmen-
tally friendly techniques is increasing due to the environmental and biological harm 
of the chemicals used. Green Synthesis is economical, does not contain harmful 
chemicals and it is environment friendly [6–10]. One of the metal nanoparticles are 
those that contain noble metals. Despite the high materials cost of noble metals, cost 
effective nano catalyst of this class metals can be prepared using chemical or green 
synthesis method. Palladium (Pd) is noble metal and is one of the active elements 
that interact with the surface of oxides as support. In the present work an inexpen-
sive Pd nanoparticle catalyst was prepared using the green method of synthesis with 
antioxidant extract as a reducing agent. These expensive materials have been made 
more economical since their surface areas in nanoparticles have increased.
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Pd is an important transition metal with high catalytic activity and has diverse 
applications (oxidation, reduction, Heck reaction, Suzuki coupling e.g.) in the field 
of both heterogeneous and homogeneous catalyst [11, 12]. Pd is an expensive ele-
ment, but the synthesis of Pd nanoparticles is cost effective as it reduces the amount 
of use [13]. Pd metal is one of the most active elements that react with the oxide sur-
face as a support material, so its cost is considered secondary for catalysis studies, 
especially in which very small amounts are used.

Textile, leather, paper, food, plastic and other industrial waste dyes are the main 
cause of water pollution [1, 14, 15] most of which are poisonous to plants, animals 
and humans owing to not being decomposable [1, 16]. Dyes such as methyl orange 
often threats the environment in terms of mutagenic, carcinogenic and toxic [17]. 
Therefore it is very important to ensure the degradation of the dyes. PdNPs catalysts 
always have better selectivity, activity, reaction speed, cost effectiveness, recycling 
and it provides catalyst / product separation facility [18–21].

The aim of this study is to synthesize noble metal containing nanoparticles 
(PdNPs) to remove the dyes from watery solution. Antioxidants extracted from the 
plants prevents oxidation of the particles and gives anti-bacterial properties to the 
particles [18–22]. Thus, the newly synthesized PdNPs not only remove dyes from 
the industrial waste water but also prevent possible growth of bacteria in water. In 
typical reaction instead of using two different agents such as reductant and stabilizer, 
served as in both a novel material. In addition, water was used as a solvent instead 
of organic solvents in nanoparticle synthesis. In this research work, three type dyes, 
methylene blue (a thiazine dye, MB) rhodamine B (an alkaline dye, RB) and methyl 
orange (an azo dye, MO) with different chemical structures have been chosen to 
evaluate and compare catalytic performance of as-synthesized materials. Degra-
dation rate of dyes was occurred 100% within 15–22 min. Finally, in this study, it 
has proved that green synthesized PdNPs have catalytic activity in comprehensive 
reduction of organic dye compound and high efficiency of Pd.

Material and methods

Materials

Palladium(II) nitrate dihydrate  (N2O6Pd.2H2O), sodium borohydride  (NaBH4) and 
rhodamine B were received from Sigma Aldrich. Methylene blue was received from 
Alfa Aesar and methyl orange was received from Merck. Carob, cinnamon, ginger 
and turmeric powder were purchased from the haberdasher. Double distilled water 
was used throughout the researches (18.2MΩ). All of the materials were pure and 
utilized as received without any purification.

Instrumentation

The chemical and morphological characterizations for the nanoparticles were real-
ized by Shimadzu UV-1800 (UV–Vis), Perkin Elmer 100 ATR FT-IR, Carl Zeiss 
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EVO-LS 10 scanning electron microscope (SEM), JEOL JEM-2100 Transmission 
Electron Microscope (TEM) and Bruker D8 Advance X-ray diffraction (XRD) with 
a Cu  Kα radiation source in 2θ range from 10° to 80°.

Synthesis of PdNPs

To obtain extracts, 1 g of each plant (carob, cinnamon, ginger and turmeric pow-
der) was gauged and added to 50  mL of distilled water. The mixture was stirred 
continuously at 25  °C for 5  h at room temperature and was separated by a paper 
filter [23, 24]. For the preparation of the nanoparticle with Pd, the each extract 
(7 mL) was added to 0.01 M (133 mg) 50 mL of Pd(NO3)2.2H2O. Solutions were 
left at room temperature under magnetically stirring for completion of the synthesis. 
Plant extracts acted as reductants for the reduction of Pd ions. After the reduction 
of ions  (Pd2+) to Pd  (Pd0) was completed for about 15–20 min, the nanoparticles 
were filtered through a Whatman No 1 filter paper (90 mm, 82 g/m2 and pore size: 
15–19 µm). The formation of nanoparticles was also recognized by the color change 
and observed by UV–Vis spectrum analysis (Fig. S1) [25, 26]. As a result, 98 mg 
PdNPs were synthesized in high yield (81.66%) in an environmentally friendly 
method using the antioxidant extract of carob, cinnamon, ginger and turmeric pow-
der at room temperature without using any reducing chemicals.

Catalytic activity of PdNPs

The catalytic activity of PdNPs were studied using the degradation of dyes such as 
rhodamine B, methylene blue and methyl orange using  NaBH4. These three dyes are 
chosen in this research, due to the exhibition of distinct colors in the reduced and 
oxidized structures, and not to overlap the SPR band of PdNPs with their absorption 
peak. The reduction of MO, RB and MB by  NaBH4 in the existence of each PdNPs 
as a heterogen catalyst at 25 °C was conducted. 1 mL of  NaBH4 (1 ×  10–2 mol  L–1) 
is mixed with 1 mL of dye solution (1 ×  10–5 mg  L–1), 0.5 mL Pd (9 mg) nanopar-
ticles were added to this mixture and then the UV–Vis spectra have been registered 
at orderly intervals of time (Fig. S2). Reduction of all dyes are shown by the decol-
orization of the solution to colorless. Concentrations of RB, MO and MB dyes were 
quantified by measuring the absorption band at 554, 460 and 664 nm.

Results and discussion

Characterization

The PdNPs were characterized by FTIR, UV–Vis, HR-TEM (high resolution-TEM), 
XRD and SEM–EDX. The UV–Vis suction spectroscopy is a generally used practice 
to qualify different metal nanoparticles [27]. Synthesis of PdNPs using antioxidant 
extracts were firstly reputed with the color changes. A light brown color of watery 
solution gradually changed to black color for all nanoparticles. By the UV–Vis 
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spectral analysis, the characteristic absorbance peak at 430–435  nm is commonly 
used for the definition of PdNPs [28]. Fig. S2 shows the each of the characteristic 
absorbance peak at this wavelength of the PdNPs [18].

Comparative FTIR spectra of plants and PdNPs containing these plants are 
shown in Fig. S3. FTIR analysis of four plants (carob, cinnamon, turmeric and gin-
ger) includes chemical structures containing amine, alkali, methylene, alkene and 
carboxyl groups. These chemical groups are known to be reducing agents that aid 
in the synthesis of nanoparticles [29]. In the FTIR spectra of plants, peaks are seen 
at approximately 710  cm−1, 1650  cm−1, 1766  cm−1, 2961  cm−1 and 3274  cm−1. The 
peak at 3274   cm−1 is due to –OH groups stretching vibration. Peak at 2961   cm−1 
is because of N–H bond, 1766   cm−1 (C = C double bonds or aromatic rings) and 
1650   cm−1 (C = O groups of carboxylic acids and –NH bond stretching of amide 
linkages). The comparison of plant and nanoparticle spectra shows that 1650  cm−1 
wavenumber the peak intensity decreases and absorption at 1500  cm−1 the band has 
been shown to strengthen, which leads to the formation of Pd nanoparticles [30]. 
FTIR spectra of plant containing PdNPs show a significant shift in hydroxyl, car-
bonyl and amino group bands. This is due to the reduction of PdNPs, the interaction 
of existing hydroxyl and carbonyl groups and it shows the involvement of -COOH 
group in the synthesis of nanoparticles [31].

XRD analyzes were conducted to determine the crystal structure of the obtained 
Pd nanoparticles. XRD results of synthesized PdNPs is given in Fig. S4. The XRD 
study of the PdNPs showed that four diffraction peaks at 2-Theta (2θ) values of 
38.1°, 44.8°, 63.8° and 73.8° correspond to the diffraction from (111), (200), (220) 
and (311), which can be indexed to crystallographic planes of (face centered cubic) 
fcc Pd nanoparticles. XRD results are compatible with (Joint committee on powder 
diffraction standards) JCPDS 89-4897 PDF file [32]. The crystal size is calculated 
for each PdNPs by applying the Scherrer equation (Eq.  1) due to strongest (111) 
reflection of plane. The average crystal size is 15.4 nm, 16 nm, 15 nm and 14 nm for 
carob, cinnamon, turmeric and ginger antioxidant nanoparticle.

Here D is crystallite size, k (0.891) is Debye–Scherrer’s constant, λ (1.5406 Å) 
stands for X-ray wavelength, β indicates the full width at half maximum intensity 
(FWHM) of the XRD peaks and θ is the diffraction angle (2θ).

The shape and size of the PdNPs were additionally characterized by TEM and SEM 
analysis. The exemplary TEM and SEM images of PdNPs at distinct magnifications 
are submitted in Figs. S5 and S6. The SEM images show individualistic PdNPs besides 
a series of aggregates. Fig. S5 obviously indicates the presence of the synthesized Pd 
nanoparticles with magnification × 10,000 and × 20,000. Generally, nanoparticles were 
oval, spherical in shape and aggregated. Fig. S5 indicates the EDX spectra of PdNPs 
synthesized at room temperature to confirm even stronger the entity of Pd atoms in 
PdNPs. Entity of the elemental Pd can be observed in the graph attained from EDX 
analysis. The optic absorption peak was monitored at 3.2 keV, 3.0 keV, 2.8 keV and 
2.6 keV, which is characteristic for the absorption of PdNPs due to SPR. In this way, 

(1)D111 =
k�

� cos �
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this standed that the elements obtained was a Pd. Further, EDX analysis showed low 
signals of magnesium, oxygen and iron.

From TEM images obviously shows that the nanoparticles are nearly spherical in 
shape. Fig. S6 also indicates that the size distribution histogram of the particles, the 
mean size of the particles is found to be 22.56 ± 0.20 nm and the size of the nano-
particles varies amongst 10 nm and 35 nm. HR-TEM analysis indicates sharp lattice 
eaves (Fig. S6). SAED (selected area electron diffraction) model approves the crystal 
structure of the nanoparticles. The brilliant circular dots observed in the electron dif-
fraction pattern conformed to (111), (200), (220) and (311) reflexion surfaces. PdNPs 
were polycrystalline, and as could be seen from the SAED, all the PdNPs have single 
orientation figuration such as a cluster of Pd particles. In this way, synthesized PdNPs 
are extremely crystalline as shown by HR-TEM and SAED.

Catalytic activity

MB, MO and RB dyes were each reduced at 25 °C with PdNP containing four types of 
antioxidants. This process is above which was made as described in Section “Catalytic 
activity of PdNPs” and Fig. S2. These dyes and their degradation products are given in 
Fig. S7. In this study, Pd nanoparticles synthesized by the green method were used to 
remove dyes by chemical catalysis in the presence of  NaBH4. Firstly, dye degradation 
studies were performed without using PdNPs. For the degradation study, 1 mL of dye 
was taken in quartz cuvettes; to this solution was added 1.5 mL of  NaBH4 (1 ×  10–2 mol 
 L–1) solution. First there was some color change in the dyes to the light form afterwards 
 NaBH4 could not further reduce the dye even after 1 to 2 h. Without NPs,  NaBH4 is 
not that effective in fully reducing the dye. Metals such as Pd are needed to completely 
reduce the dye compound to the degradation product. As a dye degradation reaction, it 
has been suggested that  NaBH4 is decomposed into  BH4

− by PdNPs and subsequently 
produces H–Pd and Pd-BH3

− as reactive intermediates. The Pd–H reagent is respon-
sible for converting the dye into a harmless degradation product for all dye types [33].

Similarly, in the work by Vidhu and Philip, Ag doped catalyst was used and a similar 
catalysis mechanism was formed. It is accepted that the possible degradation reaction 
mechanism of the dyes occurs through the following steps [34].

2Pd + BH
−
4
↔ Pd−BH−

3
+ ��−�

�−�� + PdNPs → Pd−Dye + Pd + H

Pd−BH3 + PdNPs → Pd−Dye + Pd + BH3

Ag∕NaBH4 + h
√

→ Ag∕NaBH4

�

h+−e−
�

2e− + MOH+ + H+
→ MOH−

2
(degradation products)
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Kinetic study

The process of catalytic degradation of MB, MO and RB were found to follow the 
pseudo-first-order kinetic model.

Here C and C0 are dyes concentrations at time t and 0. k is the reaction rate constant; 
t is the reaction time. The values of rate constant and standard deviations are obtained 
by non-linear least squares fitting [35, 36], as shown in Figs. 1a, 2a, 3a and Table 1.

Equation 4 can be used to calculate the half-life t1/2 of dyes with various PdNPs 
and all results are listed in Table 1. Moreover, the catalytic degradation is calculated 
according to Michaelis–Menten kinetics [36] and the effect of the initial concentration 
on the degradation rate is found by the Eq. 5.

Here, v is the initial rate, c represents concentration, vmax and KM are related 
to maximum initial rate and Michaelis constant. When the initial concentration 

(2)−
dct

dt
= kc

(3)
c

c0
= Ae−kt + E

(4)t1∕2 = ln2∕k

(5)V =
VmaxC

KM + C

Fig. 1  a Pseudo-first order kinetic model for degradation of MB, b The curves of the Michaelis–Menten 
kinetics of the degradation of MB by four type PdNPs. The above curves were obtained by non-linear 
least squares fitting. (Concentration of MB; 1 mL, 1 ×  10–5 mg  L–1,  NaBH4; 1 mL 1 ×  10–2 mol  L–1, each 
of nanoparticle solution with water; 0.5 mL)
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range of MB, MO and RB are 2–10 mg  L−1, the values of vmax and  KM can be 
obtained by non-linear least squares fitting [37]. Figures 1b, 2b, 3b depict that the 
dye concentration range in Michaelis–Menten curve is suitable. vmax and KM are 
calculated as 0.7856 ± 0.0098 mg  L−1  min−1 and 3.1920 ± 0.098 mg  L−1.

Fig. 2  a Pseudo-first order kinetic model for degradation of MO, b The curves of the Michaelis–Menten 
kinetics of the degradation of MO by four type PdNPs. The above curves were obtained by non-linear 
least squares fitting. (Concentration of MO; 1 mL, 1 ×  10–5 mg  L–1,  NaBH4; 1 mL 1 ×  10–2 mol  L–1, each 
of nanoparticle solution with water; 0.5 mL)

Fig. 3  a Pseudo-first order kinetic model for degradation of RB, b The curves of the Michaelis–Menten 
kinetics of the degradation of RB by four type PdNPs. The above curves were obtained by non-linear 
least squares fitting. (Concentration of RB; 1 mL, 1 ×  10–5 mg  L–1,  NaBH4; 1 mL 1 ×  10–2 mol  L–1, each 
of nanoparticle solution with water; 0.5 mL)
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MB is found to have numerous uses in a large area of including biology 
and chemistry which is a cationic thiazine dye. MB is used in the analysis of 
trace grade of sulphuret ions in aquatic sample. The hydrated solution of the 
oxidate structure of MB is deep blue in color and leuco form (its reduced 
form) is uncolored. Fig. S8 and Fig.  1a indicates the UV–Vis spectrum regis-
tered at 2 min intervals for the degradation of MB catalyzed by PdNPs at room 
temperature.

MO which is frequently used as an indicator in diverse analytical areas, is 
an organic azo dye. Reduction of multicolored MO is an amazing field of study 
owing to pollution problems it possess. The aqueous solution of MO is orange in 
color. The UV–Vis spectrum of aqueous solution of MO indicates robust absorp-
tions at 460 nm. The UV–Vis absorption spectra listed during the degradation of 
MO by  NaBH4 in entity of PdNPs catalyst at room temperature and resulted seen 
in Fig. S9 and Fig. 1b.

RB is a fluorescent dye associated to the family of xanthenes. RB dyes are 
greatly used as fluorescent probes due to wide fluorescence in the visible field 
of electromagnetic spectrum and their superior absorption factor. Their perfect 
physical properties enables to be used in textile industry and creates a major dye 
pollutant. The aqueous solution of RB is pink in color. The UV–Vis absorption 
spectrum listed during the degradation of RB by  NaBH4 in entity of PdNPs cata-
lyst at room temperature and resulted seen in Fig. S10 and Fig. 1c.

To show the advantage of the antioxidant PdNPs over some of the reported 
catalysts in the literature, the catalytic role of the different plant extract using 
synthesized PdNPs in the degradation of dyes with  NaBH4 was compared with 
various reported catalyst (Table  2). The results show that in comparison with 
other catalysts, the antioxidant PdNPs is the most efficient catalyst with respect 
to the reaction time, which is probably attributed to the presence of the PdNPs 
with small sizes.

Table 1  Kinetic data of the 
nanoparticles

Dye PdNPs samples k  (min−1) R2 t1/2 (min)

MB Crb-PdNPs 0.0699 0.9820 9.92
Cnm-PdNPs 0.0912 0.9917 7.60
Gng-PdNPs 0.0820 0.9901 8.45
Tmr-PdNPs 0.0651 0.9558 10.65

MO Crb-PdNPs 0.0814 0.9799 8.52
Cnm-PdNPs 0.1326 0.9917 5.23
Gng-PdNPs 0.1041 0.9708 6.66
Tmr-PdNPs 0.0817 0.9877 8.48

RB Crb-PdNPs 0.1051 0.9877 6.60
Cnm-PdNPs 0.1273 0.9930 5.45
Gng-PdNPs 0.0908 0.9804 7.63
Tmr-PdNPs 0.0836 0.9692 8.29
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Conclusion

Antioxidant PdNPs were prepared successfully via a facile, simple, economic, 
and eco-friendly route from carob, cinnamon, turmeric and ginger extracts. The 
UV–Vis, FTIR, SEM–EDX, TEM and XRD analysis results approved the genesis 
of nanoparticles. The catalytic feature of the Crb-PdNPs, Cnm-PdNPs, Gng-PdNPs 
and Trm-PdNPs in degrading RB, MB and MO to their end products in the presence 
of  NaBH4 at room temperature were studied. Antioxidant PdNPs in the existence of 
 NaBH4 catalyze the degradation reaction, which leads to the removal of RB, MB 
and MO. Absorbance became almost zero in all of dyes. Thus Crb-PdNPs, Cnm-
PdNPs, Gng-PdNPs and Trm-PdNPs provided a good electron transfer that catalyzes 
the reactions by reducing the activation energy. Also, as a reducing agent,  NaBH4, 
was not capable to reduce RB, MB and MO in absence of a catalyst, indicating the 
efficacy of Crb-PdNPs, Cnm-PdNPs, Gng-PdNPs and Trm-PdNPs. Therefore, it was 
concluded that antioxidant PdNPs significantly reduce the color of MO, RB and MB 
dyes in the existence of  NaBH4. Comprehensively in addition, the same catalyst was 
also used in the degradation of hazardous dyes and Pd is considered to be a metal 
with effective catalytic properties.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11144- 022- 02185-y.
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