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Abstract
Pesticides and dyes are significant water contaminants threatening environmental qual-
ity and compromising human health. Metal nanoparticles have appeared to be efficient 
in treatment of various pollutants from water. The present work reports the use of green 
synthesized palladium nanoparticles (Pd NPs) for removal of Congo red (CR) dye and 
two pesticides: chlorpyrifos (CP) and tebuconazole (TB). A highly facile and environ-
mentally friendly synthesis of Pd NPs was achieved using hemicellulose (arabinoglucan) 
from Lallemantia royleana seeds (Tukh Malanga) at mild conditions without the addi-
tion of any reducing or stabilizing agent. Different synthetic approaches were used, viz. 
room temperature, heating, microwave and ultrasonication. The NPs were characterized 
using Fourier transform infrared spectroscopy, scanning electron microscopy, energy dis-
persive X-ray spectroscopy, X-ray diffraction and zeta potential measurements. NPs size 
varied between 15 and 61  nm having dominant hexagonal structure. Zeta potential val-
ues varied between − 5 and − 18.7  mV. The synthesized NPs exhibited excellent cata-
lytic activity for degradation of CP, TB and CR with high adsorption capacities for CP 
(9245–14,633 mg  g−1), TB (15,882–16,745 mg  g−1) and CR (10,265–10,400 mg  g−1). The 
results demonstrate simple synthesis of biogenic Pd NPs employing naturally occurring 
substances and their potential role in eco-friendly treatment of hazardous pollutants like 
pesticides and dyes.
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1 Introduction

With increasing world population and demand for food, the production of food material 
is being focussed to achieve high yields by protecting them from the attack of pests. To 
achieve this goal, indiscriminate use of pesticides is widely practised. However, these pes-
ticides are transported into the soil and aquatic ecosystems through agriculture runoff and 
erosion, thereby contaminating water bodies and causing adverse impact on aquatic organ-
isms. Most of the applied pesticides are highly toxic and threaten environmental quality 
and human health due to their persistence and biomagnification along the food chain.

Organophosphates (OPs) and triazole fungicides are widely used class of pesticides. 
Among the many pesticides, tebuconazole (TB) and chlorpyrifos (CP) are most commonly 
used these days (Rani & Shanker, 2018a). Chlorpyrifos (O,O-diethyl-O-(3,5,6-trichloro-
2-pyridinyl) phosphorothioate) is a non-systemic, broad-spectrum insecticide with mod-
erate toxicity (Huang et al., 2015; USEPA, 2000). Long-term exposure to CP affects the 
human nervous, circulatory and respiratory systems. Keeping in view the uncertainty that 
CP inflicts no harm from cumulative exposure, the United States Environmental Protec-
tion agency (USEPA) in August 2021 revoked all “tolerances” for CP (USEPA, 2022). 
Tebuconazole  (C16H22CIN3O; [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-triazol-
1-ylmethyl) pentan-3-ol]) is a systemic  triazole fungicide which displays  low to moder-
ate acute toxicity depending on route of exposure. Exposure to TB is also associated with 
health impacts such as neurotoxicity, thyroid toxicity, genotoxicity, reproductive toxicity 
and hepatoxicity in aquatic organism, particularly during developmental stages. Thus, both 
pesticides pose adverse impacts on the environment and potential risk to humans their 
presence in the environment is an issue of public concern (Altenhofen et al., 2017; Chishti 
et al., 2013; Gebremariam et al., 2012; Karanth et al., 2004; Oliver et al., 2000; Rani & 
Shanker, 2018a; Wang et al., 2016).

Azo dyes are a class of hazardous materials which are extensively used in several 
industries and are a major source of water pollution. Congo red (3,3′-((biphenyl)-4,4′-
diylbis(azo))-bis(4-amino-1-naphthalene sulphonic acid) is a water-soluble, non-biode-
gradable, highly toxic and carcinogenic anionic dye commonly employed as colouring 
agent in rubber, textile, printing, tanneries and paper industry (Pandey et al., 2007). The 
release of untreated effluent from such industries containing dyes is a cause of environmen-
tal pollution and presents a challenge for the environmental protection agencies (Rajesh 
et al., 2014).

Many methods are used to remove and degrade such organic contaminants from envi-
ronmental matrices. One such technique involves use of nanomaterials such as metals and 
metal oxide nanoparticles, e.g. titanium oxide, silica, iron, copper, zinc, etc. (Calza et al., 
2002; Lopes et al., 2008; Polshettiwar et al., 2009; Rani & Shanker, 2018b; Stamatis et al., 
2015). Palladium nanoparticles (Pd NPs) are of considerable interest due to their remark-
able optical and electronic properties as well as chemical and thermal stabilities (Chen & 
Ostrom, 2015). Pd NPs use in homogeneous and heterogeneous catalytic reactions is well 
documented such as organic synthesis reactions (Astruc, 2007; Faria et al., 2014; Karimi 
& Enders, 2006; Lebaschi et al., 2017; Semagina et al., 2007; Tahir et al., 2016; Wilson 
et  al., 2006; Yu et  al., 2017), in catalytic convertor in vehicles, water treatment, optical 
sensing, hydrogen storage and sensors (Antolini, 2009; Chaudhary et al., 2018; Cookson, 
2012; Martins et al., 2017). Recently, these have also gained attention as promising tools in 
biomedical applications and cancer therapy exhibiting appreciable anticancer and antioxi-
dant activities (Azizi et al., 2017; Bharathiraja et al., 2018; Fahmy et al., 2020; Gil et al., 
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2018; Saldan et al., 2015). The NPs either in pure or combination with other metals have 
also been used extensively in wastewater treatment for removal of multiple contaminants 
like pharmaceutical compounds (Martins et al., 2017), dyes (Li et al., 2015) and chlorin-
ated compounds (Gautam & Suresh, 2007; Zhang et al., 2013).

Though several chemical approaches are available for synthesis of metal nanoparti-
cles (MNPs), these involve use of variety of hazardous chemicals as reducing and cap-
ping agents and subsequent release of waste by-products into the environment. Increasing 
concerns over the state of present environment demand the development of eco-friendly 
chemical processes and products that minimize pollution and encourage cleaner production 
(Polshettiwar et al., 2009, 2011). In this regard, the biogenic-mediated synthesis has gained 
importance which exploits plant-based sources (Kalaiselvi et al., 2015; Shaik et al., 2017; 
Tahir et  al., 2016), seaweeds (Yazdani et  al., 2018) and microorganisms such as algae 
(Momeni & Nabipour, 2015) and bacteria (Riddin et al., 2010; Zhang et al., 2022).

A relatively recent improvement is the use of natural compounds such as hemicellu-
loses (polysaccharides) derived from food material. The approach offers a cost-effective 
and environmentally benign production of MNPs while offering many advantages over 
synthetic polymers by playing dual role as non-toxic and biodegradable stabilizing as well 
as reducing agents (Virkutyte & Varma, 2011). Being safe and eco-friendly, polysaccha-
rides are regarded as potential hosts for synthesis of metallic NPs and have been reported 
to use for some noble MNPs as well (Guo et al., 2019; Huang & Yang, 2004). These can 
effectively coordinate with metal ions and bring about reduction and subsequent stabiliza-
tion of resultant NPs, predominantly owing to presence of abundant functional groups such 
as hydroxyl (–OH) and carbonyl (–CO–) (Emam & Ahmed, 2016; Huang & Yang, 2004). 
Moreover, they are reported to form films that effectively prevent agglomeration of NPs, 
thereby imparting increased stability and helping in storing NPs for longer periods of time 
(Shah et al., 2015).

Limited studies are available for the synthesis of Pd NPs using natural polysaccharides 
(Guo et  al., 2019; Kora & Rastogi, 2016). Lallemantia royleana is an important native 
medicinal plant, widely available in Pakistan, Afghanistan and Iran. Its seeds, commonly 
known as Tukh Malanga (TM) or “tukhm-e-balango,” when soaked in water, swell and 
release mucilage (polysaccharide) which contains monosaccharides arabinose, galactose, 
rhamnose, xylose and glucose (Massey et al., 2016; Razavi, 2019; Salehi et al., 2018).

The present study focussed on synthesis of Pd NPs using polysaccharides from TM 
seeds and studied their potential for degradation of two major class of pollutants: dyes 
(Congo red) and pesticides (Chlorpyrifos and tebuconazole). The current research is aimed 
to expand avenues for polysaccharide use and will assist to reduce and manage the envi-
ronmental issues which ultimately will help mitigate the environmental and health haz-
ards associated with toxic chemicals synthesis especially NPs and environmental pollutants 
(pesticides and dyes). Herein we report the degradation of the above-mentioned contami-
nants by using green synthesized Pd nanoparticles.

2  Materials and methods

2.1  Chemicals and materials

Analytical-grade reagents and Nanopure® water were used throughout the study. Pal-
ladium chloride, hydrochloric acid and acetonitrile (HPLC grade) were procured from E 
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Merck, Germany. Congo red dye was purchased from Sigma-Aldrich. Chlorpyrifos and 
tebuconazole were supplied by local industry which is traced back to A2A Certified refer-
ence materials to confirm their purity. The neutral arabinoglucan from TM seeds, avail-
able from our laboratory from previous work, having molar mass 3.5 ×  106 Da (Dalton) and 
comprised mainly glucose, arabinose, rhamnose (63.90, 16.39, 10.97%, respectively) and 
minor amounts of galactose (7.55%) and xylose (1.19%); moisture 13.67 ± 1.7% (Massey 
et al., 2016).

2.2  Synthesis of Pd NPs

Stock solution of  PdCl2 (1 mM) was prepared by dissolving 0.177 g of salt, in few drops 
of dilute acid (0.1 M), and making up the volume to 1000 mL. To 20 mL of  PdCl2 solu-
tion, varying amounts (2, 5, 10, 15 mL) of 1% polysaccharide were added under vigorous 
stirring to optimize the amount of polysaccharide. The pH of the mixtures after addition 
of the metal salts was 3.2. The total volume of the mixture was made up to 50 mL by add-
ing deionized water. Four different set of synthetic protocols were used for synthesis of Pd 
NPs, i.e. (1) room temperature with simple stirring for 2 h (RT); (2) heating (70 °C) with 
simple stirring for 1 h (H); (3) ultrasonic synthesis for 1 h (US) and (4) microwave syn-
thesis for 3 min at medium heat (MW). All the reactions resulted in colour change of the 
solution from light yellow to deep brown indicating formation of Pd NPs. The progress of 
Pd reduction was monitored visually and spectrophotometrically to confirm the formation 
of Pd NPs at regular intervals from 60 to 120 min. The synthesized Pd NPs obtained from 
different sets are labelled as shown in Table 1.

2.3  Characterization of palladium nanoparticles

The Pd NPs were characterized using Fourier transform infrared spectroscopy (FT-IR), 
scanning electron microscopy (SEM), powder X-ray diffraction (pXRD) and zeta poten-
tial measurements. FT-IR was carried out to identify the functional groups in Pd NPs 
and was recorded in the range of 4000–800   cm−1 by using ATR (Cary 630 FT-IR- Agi-
lent Technologies). UV–Vis spectrophotometric spectra/surface plasmon resonance (SPR) 
spectra of Pd-TM suspension were acquired in the range of 250–800  nm using UV–Vis 
spectrophotometer (Shimadzu, Japan) with a scan rate of 60 nm/min with quartz cuvette 
cells with a 1 cm path length and TM suspension in Nanopure® water, without NPs, was 
taken as reference. Zetasizer Nano ZSP (Malvern, UK) was employed for hydrodynamic 
particle size and zeta potential (ζ) measurements using Pd-TM suspension diluted in water 
as per standard operating procedure of the instrument. These measurements were taken 
as 10 replicates, and average values were reported. The pXRD spectra were recorded by 
D2-Phaser (Bruker, Germany) using monochromatic Cu-Kα radiation (λ = 1.5406 Å) oper-
ating at 40 kV and 30 mA. The data were collected in the range 20° ≤ 2θ ≤ 90°. For the 
determination of surface morphology of Pd NPs, a SEM (Nova NanoSEM 450) equipped 
with an energy-dispersive X-ray spectroscopy (EDX) instrument was used and images were 
recorded at an accelerating voltage of 20 kV.
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2.4  Removal of pesticides by Pd NPs

Simple experimental conditions were employed to study the pesticides removal from water 
at room temperature under visible light (LED light) by variation in stirring/contact time 
keeping pesticide concentration and Pd NPs dosage constant. The progress of the reac-
tion was monitored by HPLC–UV. Pesticide solutions (200 mg  L−1) were prepared by dis-
solving 0.2 g of respective pesticide in 1–3 mL of acetonitrile and making up the volume 
up to mark with distilled water in 1000-mL volumetric flask. For pesticide removal stud-
ies, 10 mL of pesticide solution (200 mg  L−1) was taken in a small round-bottomed flask 
to which 3  mL of Pd NPs suspension was added. The reaction contents were stirred at 
room temperature for different time intervals (2–60 min) followed by their filtration using 
0.25μ syringe filter to separate the Pd embedded in polysaccharide molecules. The result-
ing filtrate was subjected to HPLC-DAD (Agilent 1260, Quaternary Gradient System) to 
determine the residual concentration of pesticides in solution. For HPLC, 5 μL sample was 
injected and data were acquired by running sample on XDB-C18 5 µm, 4.6*150 mm col-
umn using acetonitrile (80):water (20) as mobile phase while keeping flow rate of 1 mL/
min and column oven temperature at 24  °C. The peaks of relevant pesticides were con-
firmed by using A2A Certified reference standards.

The removal of pesticides proceeds through the adsorption followed by catalytic degra-
dation. Hence, removal efficiency of NPs was determined by calculating adsorption capac-
ity (mg  g−1) and application of kinetic models by using Eqs. 1–5 (Earnest et al., 2021).

(1)Adsorption capacity (mgg−1) qe,exp =
(C0 − Ce)V

W

Table 1  Coding of Pd nanoparticles obtained by using different synthetic protocols and TM concentration

Code Pd (1 mM) volume 
(mL)

TM (1%) volume 
(mL)

Reaction condition

TM-Pd-RT-2 20 2 Room temperature with simple stirring
TM-Pd-RT-5 20 5
TM-Pd-RT-10 20 10
TM-Pd-RT-15 20 15
TM-Pd-H-2 20 2 Heating at 70 °C with simple stirring
TM-Pd-H-5 20 5
TM-Pd-H-10 20 10
TM-Pd-H-15 20 15
TM-Pd-US-2 20 2 Ultrasonic
TM-Pd-US-5 20 5
TM-Pd-US-10 20 10
TM-Pd-US-15 20 15
TM-Pd-MW-2 20 2 Microwave
TM-Pd-MW-5 20 5
TM-Pd-MW-10 20 10
TM-Pd-MW-15 20 15
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Kinetic models (nonlinear)

C0 (mg  L−1), initial adsorbate concentration; Ct  (mg   L−1), adsorbate concentrations at 
time  t; Ce  (mg   L−1), adsorbate concentrations at equilibrium; V  (L), volume of the solu-
tion; W (g), weight of the adsorbent used.

qe,exp (mg   g−1) = experimental equilibrium capacity; qe,cal (mg   g−1) = theoretical equi-
librium capacity; qe (mg  g−1) = amount of adsorbent at equilibrium; qt (mg  g−1) = amount 
of adsorbent at time t (min); kN  (min−1 (g  mg−1)n−1) = rate constants for general order; k2 
(g  mg−1  min−1) = rate constant for pseudo-second order.

2.5  Dye removal studies

The Pd NPs were tested for assessing their potential for removal of azo dyes by using 
Congo red (CR) dye as test contaminant. For the purpose, studies were carried out by vary-
ing contact time. The experiments were carried out by allowing 25 mL of 50 ppm dye solu-
tion to remain in contact with nanoparticles solution (2 mL). The residual concentration of 
the dyes was determined by acquiring absorbance data at 498 nm (Zare et al., 2015) and 
calculating the adsorption capacity by using Eq. 1.

3  Results and discussion

3.1  Synthesis and characterization of Pd NPs using TM

In the present work, we report a very simple and highly facile method to prepare Pd nan-
oparticles with TM polymer at mild conditions without the addition of any reducing or 
stabilizing agent. The arabinoglucan used in this study has the advantage of easily solubi-
lizing in the water with added advantage of high yield extractability. The polymer exhib-
its a branched structure which facilitates the stabilization of NPs and ensures the forma-
tion of colloidal state NPs with no apparent sedimentation. Earlier studies have reported 
the presence of reducing sugars in the arabinoglucan which can reduce the metal salts to 
MNPs (Mucalo et al., 2002). The methods used are in agreement with the spirit of green 

(2)Nonlinear Chi-square �
2 =

∑ (qe,exp − qe,cal)

q2
e,cal

2

(3)
General order qt = qe −

qe

[

kN
(

qe
)n−1

× t × (n − 1) + 1
]
1∕1 − n

(4)Pseudo first order log(qe − qt) = log qe −
k1

2.303
t
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(

t

qt

)
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1
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chemistry as reactions were carried out in water at mild conditions with non-hazardous 
hemicellulose derived from abundantly available feedstock.

3.1.1  SPR spectra of TM and Pd NPs

The SPR spectra of the 1% aqueous solution of light yellowish brown TM polysaccharide 
(Fig. 1) showed no characteristic absorption in the UV spectra range 200–800 nm, indicat-
ing that none of the suspensions contained any protein or acidic group. It also implied the 
purity of all TM polysaccharide (TM-P) aqueous suspensions.

The SPR of the all the prepared NPs was acquired over the range of 200-800 nm. The 
spectra hence obtained are presented in Fig. 1. In case of  PdCl2 the peak around 420 nm 
is exhibited due to absorption of Pd (II) (Schiavo et al., 2016; Shaik et al., 2017). For RT 
studies, the resultant solution colour is characterized by change in colour from pale yellow 
to deep brown indicating reduction of Pd (II) to Pd (0). In addition to change in colour, 
the SPR spectrum is characterized with the decrease in the intensity of  PdCl2 peak as the 
volume of TM is enhanced from 2 to 15 mL. The peak consequently disappeared at 10 mL 
TM indicating complete conversion of Pd (II) to Pd (0). Similar observation is recorded 
in rest of the three sets of reaction, i.e. H, US and MW, except that complete disappear-
ance of the peak is observed at 15 mL TM concentration in case of US and MW. The SPR 
spectra of Pd NPs are characterized by a broad continuous absorption band with no SPR 
peak which is in line with previous studies (Schiavo et al., 2016; Shaik et al., 2017). This 
continuous spectrum is linked with the formation of Pd NPs having size < 10 nm (Kora & 
Rastogi, 2016, 2018). In case of RT and H, the highest intensity of the spectra is recorded 
for 10 mL TM concentration while for US and MW, 15 mL TM is considered optimized; 
hence, further studies were carried out at these conditions for the respective sets.

Fig. 1  UV–Vis spectroscopic study of a TM gel, b  PdCl2 and Pd NPs prepared c at room temperature, d 
heating at 70 °C e ultrasonic and f microwave
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3.1.2  FT‑IR analysis of TM and Pd NPs

The FT-IR spectrum of pure hemicellulose dried film is presented in Fig.  2a which is 
characterized by broadband at 3289   cm−1: characteristic of –OH present in the polymer. 
The peak appearing at 2900 and 2100   cm−1 can be ascribed to CH stretching and bend-
ing, respectively. The peak recorded at 1709   cm−1 is attributed to C=O, 1599   cm−1 was 
assigned to symmetrical stretch of carboxylate group while C–H bending vibration results 
in peak at 1410  cm−1. The small shoulder appearing at 1067  cm−1 and 1030  cm−1 point to 
C–O stretch of carboxylic acids. The polymer backbone bending is designated by peaks 
appearing below 1000  cm−1 (Hong et al., 2021; Iqbal et al., 2011; Kora & Rastogi, 2016).

The FT-IR spectra of optimized set of samples here by referred as TM-Pd-RT, TM-Pd-
H, TM-Pd-US and TM-Pd-MW is presented in Fig. 2. Characteristics band appearing in 
the spectra are assigned, in comparison with analogous material reported in the literature 
(Kora & Rastogi, 2016; Schiavo et al., 2016; Shaik et al., 2017), as follows:

TM-Pd-RT  (cm−1): 3345 (OH stretching), 2929 (aliphatic saturated CH stretching), 
2163 (CH bending), 1756 (C=O), 1656 (symmetrical stretch of carboxylate group), 1414 
(C–H bending), 1220 (C–O stretch of carboxylic acids), 1030 (C–O stretching vibrations).

TM-Pd-H  (cm−1): 3330 (OH stretching), 2931 (aliphatic saturated CH stretching), 2165 
(CH bending), 1722 (C=O), 1650 (symmetrical stretch of carboxylate group), 1414 (C–H 
bending), 1222 (C–O stretch of carboxylic acids), 1030 (C–O stretching vibrations).

TM-Pd-US  (cm−1): 3500 (OH stretching), 2160 (CH bending), 1649 (symmetrical 
stretch of carboxylate group), 1418 (C–H bending), 1149 (C–O stretch of carboxylic acids), 
1032 (C–O stretching vibrations).

TM-Pd-MW  (cm−1): 3198 (OH stretching), 2929 (aliphatic saturated CH stretching), 
2165 (CH bending), 1733 (C=O), 1638 (symmetrical stretch of carboxylate group), 1408 
(C–H bending), 1224 (C–O stretch of carboxylic acids), 1034 (C–O stretching vibrations).
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Fig. 2  FT-IR spectra of TM gel (TM) and Pd NPs prepared at room temperature (Pd-TM-RT), heating (Pd-
TM-H), ultrasonication (Pd-TM-US) and microwave (Pd-TM-MW)
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The spectra of all the samples depict characteristics peaks of TM (as discussed earlier) 
with slight shifting in frequencies of functional groups and their intensities owing to pos-
sible interaction among the functional groups and MNPs. This can be due to stabilization 
and possible involvement of groups like O–H and C–O in reduction of Pd (II) to Pd (0). 
However, no new bands indicating any Pd–polymer interaction were observed in TM-Pd 
NPs.

The FT-IR spectra of US and MW samples showed some changes when compared to 
TM like in case of –OH broad peak around 3500–3300   cm−1; instead, broad peak small 
hump is noticed in case of US while in case of MW, unusual broadening is observed that 
almost overlapped the CH peaks appearing in the region of 2900  cm−1. Furthermore, dis-
appearance of C=O peak around 1700   cm−1 is also noticed in case of US. This can be 
attributed to changes in the polysaccharide structure owing to high energy reactions or 
their involvement in the reduction of palladium ions (Kora & Rastogi, 2016).

3.1.3  Surface morphology of Pd NPs by scanning electron microscopy

The SEM micrographs of TM solutions (Fig.  3) (Massey et  al., 2016)  and samples, i.e. 
TM-Pd-RT, TM-Pd-H, TM-Pd-US and TM-Pd-MW, were acquired at different magnifica-
tions. The average sizes of the NPs as obtained are presented in Table 2. The nanoparticles 
obtained from RT studies are smaller in size with less standard deviation as compared to 
the rest of techniques while highest size is obtained in case of US. The confirmation of the 
presence of Pd is done by EDX analysis, taken of the representative sample from the lot of 
different samples prepared, i.e. TM-Pd-RT. The EDX spectra showed the presence of Pd 
(1.82%) in the prepared sample. The presence of Al and Mg owed to the Al–Mg stub on 
which sample is mounted for acquiring data. 

Difference in the morphology of TM polymer (Fig. 3a) and the one doped with Pd NPs 
is obvious, TM polymer has smooth morphology (as also observed in our previous studies, 
(Massey et al., 2016)) but incorporation of Pd into the gel structure resulted in development 

Fig. 3  SEM images of TM (a), Pd-TM-RT (b, c) Pd-TM-H (d, e), Pd-TM-US (f, g), Pd-TM-MW (h, i) at 
different resolutions and EDX image of representative sample of Pd-TM-RT (j)
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of buds which suggests stabilization of NPs in the gel matrix. The SEM micrograph of 
TM-Pd-RT (Fig. 3b, c) revealed regularly dispersed Pd NPs in polymer matrix. In case of 
TM-Pd-H, the particles achieved are of relatively larger size in comparison with TM-Pd-
RT owing to possible change in the polysaccharide structure at higher temperatures as can 
be seen from the swelled buds and light threads appearing (Fig. 3d, e). The impact of high 
energy reactions on the gel structure is also obvious in the SEM images acquired for TM-
Pd-US whereby the small buds have increased in size with more tails/threads (Fig. 3f, g). 
In case of TM-Pd-MW (Fig. 3h, i), there are just spongy buds available with no threads, 
showing that MW can affect the polysaccharide structure to greater extent as compared to 
simple heating and US. This is also in line with the FT-IR studies as discussed earlier.

It is also a well-established fact that size and shape of NPs are highly dependent on a 
number of factors such as concentration of reactants, temperature, concentration of precur-
sors and stirring time. At room temperature, the reaction proceeds slowly so rate of forma-
tion of NPs is slow which results in smaller-sized particles. Moreover, voids in the polymer 
network also assist in nucleation of the NPs and provide a controlled environment (Sal-
gueiro et  al., 2013). At higher temperatures, there is more tendency of NPs aggregation 
due to increased kinetic energy of particles. Besides, higher temperatures may bring about 
changes in the polymer structure.

3.1.4  Hydrodynamic size and zeta potential measurements of Pd NPs

Hydrodynamic diameter (PS-DSL), zeta potential (ZP) and polydispersity index (PDI) of 
the NPs as obtained by DLS measurements are presented in Fig. 4 and listed in Table 2.

The surface charge of the Pd NPs synthesized using different methods, as measured 
by help of ZP, was found to be negative varying between − 5.02 and − 18.7 mV. This 
indicates that Pd NPs obtained from all the four techniques used are negatively charged, 
indicating their stability. Furthermore, negative ZP values also signify the possible cap-
ping of Pd NPs by biomolecules/polysaccharide. This negative potential will also help 
in preventing aggregation of NPs by yielding repulsion among the NPs (Duan et  al., 
2015; Xiong et al., 2020). The ZP of TM-Pd-RT particles is − 15.1 mV which is similar 
to the previously reported values (Abbas et al., 2019). The magnitude of NPs, however, 
obtained in current study was comparatively greater than reported by earlier studies (ZP 
8.4 ± 1.6 mV; ZS 75.3 ± 6.7 nm) performed on Pd NPs synthesized via gum olibanum 
(Kora & Rastogi, 2016) while closer results were achieved when compared with Pd NPs 

Table 2  Physical attributes of prepared Pd NPs after 48 h (Pd-TM-RT, Pd-TM-H, Pd-TM-US, Pd-TM-MW) 
and after 7 months (Pd-TM-US*, Pd-TM-MW*)

Sample code PS-SEM (nm) PS-DLS (nm) ZP (mV) PDI Conductiv-
ity (mS/cm)

TM-Pd-RT 15.2 ± 4.3 205.8 − 15.1 0.417 0.448
TM-Pd-H 56.3 ± 11.56 201.8 − 18.7 0.622 1.23
TM-Pd-US 61.7 ± 13.15 257.8 − 7.63 0.288 0.997
TM-Pd-MW 51.5 ± 13.81 386.9 − 5.02 0.469 1.26
TM-Pd-US* – 846 − 12.3 0.652 2.11
TM-Pd-MW* – 235 − 12.2 0.462 0.184
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prepared vis arabinogalactan gum, i.e. ZP − 4.49  mV and ZS 263.4  nm (Kora, 2019; 
Maskos & Stauber, 2011).

Hydrodynamic size of Pd NPs obtained is larger than that obtained by SEM owing to 
embedding of Pd NP in the gel matrix and coating of NPs by polymer as also obvious 
from SEM images (Maskos & Stauber, 2011). The hydrodynamic size is an indicator of 
particle behaviour in a fluid. The size measured by DLS technique is not only influenced 
by the metallic core of MNPs but also takes into account the material adsorbed on the 
MNPs. Hence, for particles stabilized by polymer/surfactants, the hydrodynamic size 
is always larger than measured by SEM (Tomaszewska et al., 2013). Distortion of the 
gel structure in case of TM-Pd-MW leads to dispersion in particle size resulting to very 
broad curve (Fig. 4).

DLS is a reliable tool for determination of particle size distributions in terms of PDI 
values. The maximum value of PDI is 1 which shows broad size distribution in sample 
which may contain large particles (Cascio et  al., 2014). Homogeneity of the prepared 
NPs, as indicated by PDI values, for all the samples falls below 0.7. Generally, highly 
mono disperse samples with narrow size distribution show values smaller than 0.1 while 
values bigger than 0.7 indicate a very broad particle size distribution (Danaei et  al., 
2018). The lower the PDI value, the narrower the size distribution and good dispersion. 
In the present study, the values obtained are in the range of 0.29–0.62 which may refer 
to moderately monodisperse nature of samples. Such small variation in the PDI of Pd 
NPs obtained from four different techniques also affirms the stability of NPs and less 
impact of reaction conditions on the particles (Emam, 2019).
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3.1.5  Crystallinity of synthesized Pd NPs

The XRD spectra of Pd NPs (Pd-TM-RT-10, Pd-TM-H-10, Pd-TM-US-15, Pd-TM-US-15) 
are presented in Fig. 5. The XRD spectra of Pd-TM-RT-10 and Pd-TM-H-10 are showing 
amorphous nature of sample with no characteristic peaks. Such kind of spectra is typical 
of small-sized NPs which is in line with previous studies (Schiavo et al., 2016). In case of 
Pd-TM-MW and Pd-TM-US, the XRD pattern is characterized by peaks appearing at 2θ 
values of 36.3, 40.3, 42.5, 46.5, 66.2 and 36.3, 40.5, 46.8 and 66.5, respectively, which 
corresponds to diffraction peaks of 100 referring to hexagonal palladium and 200, 020, 220 
referring to fcc palladium. The high intensity of the Pd hexagonal peak, i.e. 100, refers to 
being prominent phase.

3.2  Contaminants removal with Pd NPs

The Pd NPs catalytic performance was assessed by selecting two pesticides (Chlorpyrifos, 
CP and tebuconazole, TB) and a dye (Congo red, CR) as test contaminants.

3.2.1  Removal studies of dye

Room temperature dye (Congo red, CR) degradation studies were carried out for all 
the four samples (Pd-TM-RT, Pd-TM-H, Pd-TM-US, Pd-TM-MW) by varying con-
tact time (2–60 min). The percentage degradation of dye was studied by analysing the 
residual concentration of dye after treatment using spectrophotometer. It was observed 
that with increase in the contact time percentage removal of CR increases resulting 
in optimized time at 30  min in all the four cases (Fig.  6). High adsorption capacity 
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is observed which follows the order: TM-Pd-RT (10,400.0  mg   g−1) > TM-Pd-MW 
(10,383.2 mg  g−1) > TM-Pd-H (10,318.2 mg  g−1) > TM-Pd-US (10,265.0 mg  g−1). The 
enhanced activity of Pd NPs can be attributed to adsorption capacity because of the 
porosity of TM polymer which is due to its heterogeneity and highly branched struc-
ture. Pd is known for its high activity which is considerably enhanced with reduction 
in particle size. Further the presence of polysaccharide also favours the adsorption and 
then degradation of contaminants. Earlier, acacia gum-mediated Pd NPs were reported 
to drastically increase the rate of dye degradation (Emam et al., 2020).

In the present study, 80% dye removal was achieved as compared to removal (23%) 
by Pd catalyst based on chitosan–tannin framework (Bhat et al., 2019), whereas 95.32% 
reduction of CR was reported by (Pd NPs) synthesized using agro-waste empty cotton 
boll peels aqueous extract (Narasaiah & Mandal, 2020). Moreover, silver (Ag) nano-
particles, synthesized and stabilized by exo polysaccharide, have also shown good CR 
removal efficiency (Saravanan et  al., 2017). However, the current studies have added 
advantage of undergoing high degradation of CR by using Pd NPs alone which is in con-
trast to earlier studies on CR degradation that reported the use of sodium borohydride as 
an additive for facilitating the mineralization of the dye (Malik et al., 2021; Narasaiah & 
Mandal, 2020) which is itself a strong reducing agent. Moreover, the amount of Pd NPs 
used in the present study is far less than reported earlier.

Three kinetic models were chosen out of which general pseudo-order (GP) fits well 
in all the four cases while pseudo-first kinetic (PF) did not converge well; hence, the fit-
ting and parameters related to it are not presented in Fig. 6 and Table 3.
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3.2.2  Removal of pesticides

Room temperature visible light catalysed pesticides’ adsorption/degradation studies 
were carried out for all the four samples (Pd-TM-RT, Pd-TM-H, Pd-TM-US, Pd-TM-
MW) by varying contact time (2–60  min). The percentage adsorption/degradation of 
pesticides was studied by analysing the residual concentration of pesticides after treat-
ment using HPLC-UV.

The adsorption varied with contact time and studies showed that for CP, optimized 
time attained to reach maximum adsorption capacity is 40 min except for Pd-TM-MW 
where it is 30 min. For TB, complete removal was observed at 10 min for Pd-TM-RT 
and Pd-TM-H as no peak appeared in HPLC chromatogram at retention time of TB. 
Hence, the studies were repeated for said samples by varying the time from 2 to 12 min. 
The studies showed that optimized time for these two cases comes out to be 6 min while 
for Pd-TM-MW and Pd-TM-US the optimized time is 30 min as shown in Fig. 7. High 
adsorption capacity is observed in all the four cases, i.e. for both the pesticides. Highest 
uptake/degradation potential (14,633.8; 16,745.2 mg  g−1) is observed in case of Pd-TM-
RT for CP and Pd-TM-H for TB, respectively.

The higher uptake of pesticide and dye on Pd NPs can be attributed to their small 
size and high porosity of the polymer as also depicted by SEM images. The porous 
polymer results in greater dispersion of the particles and higher stability. High surface 
area-to-volume ratio of NPs offers vast reactive interface between the particle and its 
environment.
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Fig. 7  Effect of contact time on degradation of CP (⬛) and TB (⬤) by palladium nanoparticles and fitting 
of kinetic models
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For insight into the adsorption process, three kinetic models (general pseudo-order 
(GP), pseudo-first-order (PF) and pseudo-second-order kinetic (PS) were chosen out of 
which GP fits well in all the four cases while PF did not converge well; hence, the fitting 
and parameters related to it are not presented in Fig. 7 and Table 3.

The studies showed that in all the four cases, the uptake capacity for TB is higher than 
CP. In case of CP the order follows is: TM-Pd-RT > TM-Pd-US > TM-Pd-H > TM-Pd-MW 
while for TB: TM-Pd-H > TM-Pd-RT > TM-Pd-MW > TM-Pd-US. The reason of compara-
tively less activity of MW and US NPs can be attributed to particle size as affirmed from 
Table 2 as well as distorting of polymer structuring that led to less absorption of pesticides 
and hence degradation.

A representative CP sample after treatment was run on LC-MS-MS (Agilent) to com-
pare the chromatogram for presence of degradation products. The spectra (Fig. 8) hence 
obtained were compared with standard spectra that showed single peak arising due to CP 
at RT of 7.565 min with basic fragmentation pattern of m/z = 97 and 197.8. The chroma-
togram of samples showed the appearance of few additional peaks, other than chlorpyrifos 
which points to the formation of one main degradation product with m/z value of 70 (base 
peak), 115.2 and 124.9.

The possible degradation mechanism involves oxidation of the organic substances due 
to the presence of dissolved oxygen (DO) in the Pd NPs suspensions used for treatment of 

Fig. 8  Total ion chromatograms of CP standard (a) and representative treated sample (b) along with the m/z 
fragmentation pattern of the samples at RT of 0.960 min (c) and 7.565 min (d)
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pesticides solution. The DO levels were approximately 10–11 ppm in all Pd NPs samples 
as measured by DO meter (Jenway, model 970). The role of Pd NPs was to drastically 
reduce the activation energy of the oxidation process by adsorption of pesticides on the 
surface of the catalyst.

Earlier, noble MNPs have been reported to facilitate halogenation of chlorocarbons. 
According to Nair & Pradeep (2003), complete mineralization of halocarbons was achieved 
at room temperature using silver (Ag) and gold (Au) NPs. Similarly, degradation of CP by 
Au and Ag has been reported (Bootharaju & Pradeep, 2012).

4  Conclusion

Polysaccharide-assisted Pd NPs were prepared effectively using four different syn-
thetic approaches that include variation in amount of polysaccharide gel (2, 5, 10 and 
15 mL) simple stirring at room temperature, heating with simple stirring, ultrasonication 
and microwave synthesis. The conversion of Pd (II) to Pd (0) is optimized at 10 mL for 
simple stirring and heating while it is 15  mL for ultrasonic and microwave. The aver-
age size of NPs obtained at optimized doses falls in the range of 15.2–61.7 nm (Pd-TM-
RT = 15.2 ± 4.3  nm, Pd-TM-H = 56.3 ± 11.56  nm, Pd-TM-US = 61.7 ± 13.15  nm and 
Pd-TM-MW = 51.5 ± 13.81  nm) having dominant hexagonal structure. Smallest size is 
achieved at room temperature experiments with regularly dispersed Pd NPs in the well-
structured gel. With the increase in the temperature and high energy reactions (US and 
MW), the deformation of gel becomes evident. The NPs suspension in gel solution forms 
a stable structure as evidenced by zeta potential values. The prepared NPs have very high 
degradation potential towards pesticides (chlorpyrifos and tebuconazole) and reactive dye 
(Congo red). In all the Pd NPs case, the highest degradation potential was achieved for CR 
followed by TB and CP while among the NPs, Pd-TM-RT showed highest degradation for 
CP (14,634 mg  g−1) and CR (10,400 mg  g−1) while Pd-TM-H showed TB (16,745 mg  g−1). 
Hence, the green synthesis protocol using either room temperature stirring or simple stir-
ring with heating leads to improved degradation of the organic contaminants.
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