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netic nanocatalyst was characterized from various analytical tools and catalytic potential of
the (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was studied for the catalytic reduction of

Keywords:
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Orange (MO) at room temperature in aqueous media. UV-Visible spectroscopy was employed
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to monitor the reduction reactions. New (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst ex-

Chemical kinetics

hibited excellent catalytic activity for the reduction of toxic environmental pollutants. More-

Catalyst recyclability

over, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst could be easily and rapidly separated
from the reaction mixture with the help of an external magnet and recycled minimum five
times in reduction of 4-NP, MB, MO and four times in Cr(VI) without significant loss of catalytic potential and remains stable even after reuse.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The escalation in industrialization and urbanization has resulted in the deterioration of environment in many ways
and as a result, living beings are facing serious health issues (Sajjadi et al., 2019). Basically, many industries like pa-
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per, drugs, ceramics, food, cosmetics and textile sectors are directly discharging various hazardous and toxic contaminants
containing heavy metal ions, nitro compounds and other synthetic organic dyes into water bodies and thereby plays a major role in the environmental pollution (He et al., 2019; Li et al.,
2018, 2007; Nasrollahzadeh and Issaabadi, 2019; Zou et al.,
2016). Since these pollutants are biologically and chemically
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stable it is quite difficult to remove these contaminants
from the environment through natural degradation processes.
Hence, for the removal or conversion of these hazardous and
toxic chemicals into less or non-toxic substances, different
treatment methods are employed namely photodegradation,
chemical reduction, coagulation, ion exchange, reverse osmosis, adsorption, membrane filtration, electrodeposition, chemical precipitation, physisorption, chemisorption etc (Hao et al.,
2019; Kim et al., 2005; Luo and Zhang, 2009; Rafatullah et al.,
2010; Ramakrishna and Viraraghavan, 1997; Sajjadi et al., 2019;
Shi et al., 2007; Wilhelm and Stephan, 2007). Among all the
methods, chemical reduction method is adapted in large scale
in recent years for the reduction of heavy metal ions, nitro
compounds and other organic dyes due to eco-friendly nature,
economic feasibility, low energy consumption, simple treatment set-up and mild reaction conditions (Li and Han, 2020;
Nasrollahzadeh et al., 2019b).
Cr(VI) has been recognized as the second most toxic inorganic pollutant after lead (Pb) and one of the most deadly environmental contaminants which is harmful to human health
(Elliott and Zhang, 2001; Yadav and Xu, 2013). Chromium exists
in different oxidation states varying from +6 to -2 and trivalent chromium (Cr(III)) and Cr(VI) are the most stable form in
the environment. Generally, Cr(VI) is considered as the most
toxic and it is highly soluble in water. In contrast, Cr(III) is
less toxic and typically present in insoluble hydroxide form
which can be easily separated from the wastewater (Yadav and
Xu, 2013). Thus, the conversion of Cr(VI) to Cr(III) has been
given much attention during the waste water treatment. In recent years, formic acid (HCOOH) has been given higher priority
as a reducing agent for the reduction of Cr(VI) to Cr(III) due to
its high reducing capability, low cost, nature-friendliness and
it provides carbon dioxide and hydrogen by direct mineralization using metal catalysts without forming any intermediates
(Li et al., 2019; Sajjadi et al., 2019).
In recent decades, 4-NP has been widely used among other
chemicals in the manufacture of drugs, explosives, dyes, pesticides and plasticizers in industries (Balasubramanian et al.,
2019; Mulchandani et al., 2005). 4-NP has found to be one
of the most dangerous organic pollutants in the environment which can cause serious health issues, such as kidney, liver damage, nausea, headache, cyanosis and drowsiness
(Balasubramanian et al., 2019; Mulchandani et al., 2005). To
avoid this situation 4-NP has to be eliminated and this can be
performed by several methods such as chemical oxidation, nitro group reduction, photocatalysis, adsorption techniques etc
(Li and Han, 2020). Among these methods, the catalytic chemical reduction process gains much interest because of its economic and eco-friendly nature. Fortunately, 4-aminophenol
(4-AP) is less toxic and further it can be reused in several areas
like drying agent, photographic development, corrosion inhibition, anticorrosion lubrication (Liao et al., 2019; Ding et al.,
2020; He et al., 2019; Zheng et al., 2019) and so on.
Similarly, other important classes of environmental pollutants are synthetic organic dyes namely MB, MO, Congo Red
and Rhodamine B. Generally, synthetic organic dyes are highly
stable in complex form and they are non-biodegradable in
nature (Das et al., 2019). Many industries like textile, paper,
plastics, leather, food, cosmetics are consuming more than

700,000 tons of synthetic organic dyes every year and it is estimated that about 10%-15% of synthetic organic dyes are coming out as toxic industrial effluents which leads to the aquatic
contamination and also can cause serious health threat on
human beings. To resolve these problems, various physical,
chemical and biological methods have been used for the removal of synthetic organic dyes through adsorption, coagulation, membrane filtration, chemical oxidation and reduction (Polzer et al., 2012; Ramakrishna and Viraraghavan, 1997;
Shi et al., 2007).
Conversely, over the past few decades, palladium-based
catalysts have been widely used for various organic transformations such as carbon-carbon (C-C) and carbon-nitrogen
(C-N) bond formation reactions, carbon-hydrogen (C-H) activation, hydrogenation, oxidation and reduction reactions
(Sharma and Kaur, 2018). The use of homogeneous catalysts
has their own disadvantages like difficulty in recovery and
reusability (Polshettiwar and Varma, 2010). To conquer these
problems, several metal oxides supported heterogeneous catalysts have been employed in modern chemical synthesis. In
recent years, magnetic (Fe3 O4 ) nanoparticles supported heterogeneous catalysts attain much interest due to their interesting advantages such as high surface area, high stability, low
cost, eco-friendly, easy recovery by applying external magnet
and recyclability (Kempasiddhaiah et al., 2019).
In continuation of our recent investigations of the application of heterogeneous catalytic systems in various organic transformations (Kandathil et al., 2018a, 2018b, 2017,
2019; Kempasiddhaiah et al., 2019; Manjunatha et al., 2018;
Vishal et al., 2017), herein, we report the synthesis of
new N-heterocyclic carbene-palladium(II) tethered magnetic
nanoparticles ((CH3 )3 -NHC-Pd@Fe3 O4 ). The structure, chemical composition and morphology of the (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst were investigated by the combination
of spectroscopic and microscopic techniques. Furthermore,
newly synthesized (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was studied in the reduction of toxic environmental pollutants such as 4-NP, Cr(VI), MB and MO into low or non-toxic
chemicals at room temperature in aqueous media. Hence,
our research accomplishments have recognized the atomeconomy and ideal greener conditions to achieve excellent results in the reduction of toxic environmental pollutants. We
wish our research outcomes will add great value to the environmentally sustainable and green chemistry research field.

1.

Materials and methods

1.1.

Materials and instruments

Required solvents, chemicals and reagents used in this work
were commercially obtained from Sigma-Aldrich and Avra
chemical companies and used in experiments without any
additional purifications. All reduction reactions were carried
out in aerobic atmosphere conditions and monitored by using UV-Visible spectrophotometer (UV-1900, Shimadzu, Japan)
from the wavelength range of 200-800 nm. Fourier-Transform
infrared spectra (FT-IR) were obtained by PerkinElmer spectrometer (L160000A, PerkinElmer, USA). Surface morphology
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and chemical composition was analyzed by field emissionscanning electron microscopy (FE-SEM) (JEOL JSM-7100F, JEOL,
Singapore) along with energy dispersive X-ray spectroscopy
(EDX) respectively. High resolution transmission electron microscope (HR-TEM) pictures were obtained using Jeol/JEM
2100, JEOL, Japan. Thermal analyzer (TGA) (STA-2500, NETZSCH, Germany) was employed for thermogravimetric analysis with a heating rate of 10°C/min. The 2θ range from
5° to 85° at scanning rate of 3°/min, X-ray diffraction measurements (XRD) were obtained by using Ultima IV X-Ray
Diffractometer (Rigaku, Japan). Palladium loading was quantified by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima 5300 DV, PerkinElmer, USA). Magnetic property of the compounds were recorded at room temperature (298 K) by using vibrating sample magnetometer
(VSM) (Model 7407, Lakeshore, USA). By physisorption of N2
molecules, Brunauer-Emmett-Teller (BET) surface areas were
calculated using BELSORP-max, MicrotracBEL, Japan. X-ray
crystallographic analysis was carried out by using X8 KAPPA
APEXII (Bruker, USA). Gas chromatography-mass spectrometry (GC-MS) was performed by using GC-MS QP 2010SE (Shimadzu, Japan). High resolution mass chromatograms were obtained by HR Q-Tof mass spectrometer (6500 series Q-TOF, Agilent, USA). 1 H and 13 C spectra were recorded at 400 MHz in
deuterated chloroform (CDCl3 , δ (Delta) = 7.27 ppm). 1 H NMR
(nuclear magnetic resonance) coupling constants (J) are reported in Hertz (Hz) and multiplicities are given as follows:
s (singlet), d (doublet), t (triplet), m (multiplet).

1.2.
Synthesis of hydroxyl substituted magnetic
nanoparticles (MNPs)
In an oven dried round-bottom flask (250 mL), 2:1 molar ratio of FeCl3 6H2 O (4.70 g, 17.38 mmol) and FeCl2 4H2 O (1.73 g,
8.70 mmol) was dissolved in distilled water (80 mL) and the
resulting yellow colored solution was stirred magnetically at
85°C for 30 minutes. Afterwards, 25% of ammonium hydroxide
(NH4 OH) (15 mL) was slowly added (up to pH = 10) and stirring
was continued for further 30 minutes vigorously at 85°C. Then
the reaction mixture was cooled to room temperature and
obtained black colored magnetic nanoparticles (MNPs) were
separated through the external magnet. MNPs were washed
several times with distilled water (H2 O) up to neutral pH and
further washed with ethanol (EtOH) (2 × 20 mL) and dried
overnight at 80°C.

1.3.
Synthesis of silyl chloride functionalized magnetic
nanoparticles (SMNPs)

1.4.
Synthesis of
1-(4-(tert-butyl)benzyl)-1H-benzimidazole
In a typical reaction, benzimidazole (1.0 g, 8.46 mmol) was
added in one portion to the solution of potassium hydroxide
(KOH) (0.71 g, 12.65 mmol) in acetonitrile (40 mL) and the resultant reaction mass was refluxed for 2 hr. Subsequently, 1(bromomethyl)-4-(tert-butyl)benzene (1.92 g, 8.45 mmol) was
added drop wise and stirring was continued for 2 hr. Then
reaction mass was cooled down to room temperature, and 1(4-(tert-butyl)benzyl)-1H-benzimidazole as off-white solid was
precipitated out by adding the reaction mass to ice cold water
(60 mL) under stirring. The precipitate was filtered, washed
with excess of ice cold water, dried at 45°C in vacuo to yield
1-(4-(tert-butyl)benzyl)-1H-benzimidazole. 1 H NMR (400 MHz,
CDCl3 ): δ (ppm) = 7.96 (s, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.39–
7.34 (t, J = 10 Hz, 3H), 7.31–7.28 (m, 2H), 7.16 (d, J = 8.0
Hz, 2H), 5.34 (s, 2H), 1.32 (s, 9H). 13 C NMR (100 MHz, CDCl3 ):
δ (ppm) = 151.32, 143.95, 143.15, 133.96, 132.44, 126.86, 125.90,
122.95, 122.14, 120.37, 109.99, 77.32, 77.0, 76.69, 48.46, 34.54,
31.23; Mass data (m/z (mass to charge ratio), GC-MS): 264.0 [M]+
(molecular ion peak - positive electrospray ionization (ESI)).

1.5.
Synthesis of magnetic nanoparticles supported
1-(4-(tert-butyl)benzyl)-1H-benzimidazole (NHC@Fe3 O4 )
At first, SMNPs (3.0 g) were dispersed in toluene (40 mL) by
ultra-sonication for 30 minutes. Then 1-(4-tert-butyl)benzyl)1H-benzimidazole (1.5 g) was added in a single portion and
the reaction mass was refluxed for 48 hr. Obtained brown colored magnetic nanoparticles tethered 1-(4-(tert-butyl)benzyl)1H-benzimidazole (NHC@Fe3 O4 ) was magnetically separated,
washed with toluene (2 × 20 mL) and dried overnight at 80°C.

1.6.
Synthesis of magnetic nanoparticles tethered
N-heterocyclic carbene-palladium(II) magnetic nanocatalyst
((CH3 )3 -NHC-Pd@Fe3 O4 )
To the solution of sodium carbonate (0.22 g, 2.07 mmol) in
EtOH (40 mL), magnetic nanoparticles supported 1-(4-(tertbutyl)benzyl)-1H-benzimidazole (2.5 g) was added and dispersed by ultra-sonication for 10 minutes. After 10 minutes, palladium (II) acetate (0.55 g, 2.44 mmol) was added
into the reaction mixture and stirred at 70°C for 16 hr.
The resulting magnetic nanoparticles tethered N-heterocyclic
carbene-palladium(II) as magnetic nanocatalyst ((CH3 )3 -NHCPd@Fe3 O4 ) was isolated by an external magnet, washed with
EtOH (2 × 20 mL), distilled water (2 × 20 mL) and dried at 50°C.

1.7.
To the solution of MNPs (3.5 g) dispersed in 1:1 ratio of
EtOH:H2 O (60 mL), 3-chloropropyltriethoxysilane (10 mL, 41.52
mmol) was added drop by drop and the reaction mixture was
stirred at 70°C for 24 hr. Then reaction mass was cooled to
room temperature. The resulting brown colored solid was collected by magnetic separation as silyl chloride functionalized
magnetic nanoparticles (SMNPs) and washed with distilled
H2 O (2 × 20 mL) followed by EtOH (2 × 20 mL) and dried
overnight at 80°C.

191

General procedure for the reduction of 4-NP

Firstly, freshly prepared NaBH4 (0.25 mol/L, 10 mL) solution was added in one portion to the solution of 4-NP (2.5
mmol/L, 10 mL) in H2 O followed by the addition of (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst (0.4 mol.% of Pd) and
the reaction mass was stirred at room temperature with the
aid of magnetic stirrer. From the reaction mixture, 200 μL solution was taken out at different time intervals, diluted to 2 mL
by distilled water and the progress of the catalytic reduction
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of 4-NP to 4-AP was monitored by UV-Visible spectrophotometer. After complete reduction, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst was recovered by an external magnet, washed
with distilled water (2 × 20 mL), dried at 50°C and reused for
new round of reaction.

1.8.

General procedure for the reduction of Cr(VI)

In a typical reaction procedure, formic acid (HCOOH) (0.2
mol/L, 85%) was added to the solution of potassium dichromate (K2 Cr2 O7 ) (2.0 mmol/L, 10 mL) in water and stirred at
room temperature for 5 minutes. Afterwards, (CH3 )3 -NHCPd@Fe3 O4 magnetic nanocatalyst (0.4 mol.%) was added to
the above reaction mixture and stirring was continued to investigate the catalytic performance of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst. The reduction of Cr(VI) was examined
by UV-Visible spectroscopy. After completion of the reaction,
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was magnetically isolated, washed with distilled water (2 × 20 mL), dried
at 50°C and reused for the next cycle of reaction.

1.9.
General procedure for the reduction of synthetic
organic dye molecules (MB and MO)
In the beginning, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst (0.1 mol.% of Pd) was added to 25 mL of 0.1 mmol/L dye
solutions (MB and MO) and ultra-sonicated for 30 seconds to
attain dispersion of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst followed by the addition of 10 mL of freshly prepared
NaBH4 (0.01 mol/L) solution to the dye solutions under stirring
at room temperature. By monitoring the change in the absorption intensity at λmax (maximum wavelength), the time dependent reduction of organic dyes was investigated through UVVisible spectrophotometer. After completion of dye reduction,
the (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was easily
recollected from the reaction system by applying an external
magnet washed with distilled water (2 × 20 mL) and dried at
80°C for further recycling studies.

2.

Results and discussion

2.1.
Synthesis of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst
To extend our study on organometallic complex functionalized on magnetic nanoparticles (Fe3 O4 ) as heterogeneous magnetic nanocatalysts for various organic transformations (Kandathil et al., 2018a, 2018b, 2017, 2019;
Kempasiddhaiah et al., 2019; Manjunatha et al., 2018;
Vishal et al., 2017), herein, we have offered new, efficient
and robust (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
for the reduction of poisonous environmental pollutants.
The synthetic approach of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst is illustrated in Scheme 1 At the outset, 2:1 molar ratio of Fe3+ and Fe2+ ions were mixed in distilled water
in presence of 25% of NH4 OH at 85°C to prepare hydroxyl
substituted magnetic nanoparticles (Fe3 O4 ) (1) by chemical coprecipitation method. Then, compound (1) was functionalized
with 3-chloropropyltriethoxysilane (2) in 1:1 ratio of EtOH:H2 O

at 70°C to get silyl chloride attached magnetic nanoparticles
(SMNPs) (3). On the other hand, 1-(4-(tert-butyl)benzyl)1H-benzimidazole (6) was synthesized by the reaction of
1-(bromomethyl)-4-(tert-butyl)benzene (4) with benzimidazole (5) in acetonitrile in the presence of KOH. Subsequently,
silyl chloride attached magnetic nanoparticles (SMNPs) (3)
and 1-(4-(tert-butyl)benzyl)-1H-benzimidazole (6) were taken
in toluene (40 mL) and the reaction mixture was refluxed
for 48 hr to get magnetic nanoparticles supported 1-(4(tert-butyl)benzyl)-1H-benzimidazole (NHC@Fe3 O4 ) (7). Lastly,
magnetic nanoparticles supported 1-(4-(tert-butyl)benzyl)-1Hbenzimidazole (7) was treated with palladium(II) acetate in
EtOH at 70°C for 16 hr to get magnetic nanoparticles tethered
N-heterocyclic carbene-palladium(II) magnetic nanocatalyst
((CH3 )3 -NHC-Pd@Fe3 O4 ) (8) in quantitative yield.

2.2.
Spectroscopic and microscopic analysis of
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
2.2.1.

FT-IR spectroscopy

Chemical structures of step-by-step synthesized compounds
were investigated by Fourier-transform infrared (FT-IR) spectroscopic technique and are shown in Fig. 1. In FT-IR spectrum
of MNPs (Fig. 1a), the strong absorption peaks ascribed to FeO and O-H bond stretching vibrations were observed at 583
and 3385 cm−1 respectively. Along with the stretching vibrations of Fe-O and O-H bonds, a medium Si-O bond stretching
vibrations at 1119 cm−1 and C-H bond stretching vibrations at
2924 cm−1 were observed which authorizes the silyl attached
MNPs (Fig. 1b). A medium absorption peak at 1620 cm−1 attributed to the aromatic ring stretching vibrations which reveals the grafting of N-heterocyclic carbene on silyl attached
MNPs (Fig. 1c). The FT-IR spectra of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst (Fig. 1d) shows the characteristic peaks
at 586, 1007, 1619, 2956 and 3417 cm−1 corresponding to the
stretching vibrations of Fe-O, Si-O, aromatic C=C, C-H and O-H
bonds respectively. Also, Pd-C bond stretching vibrations was
observed at 1412 cm−1 which confirms the structure of (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst. The FT-IR spectra for
five times recycled (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalysts in reduction of 4-NP, Cr(VI), MB and MO (Fig. 1e, f, g
and h) exhibits all functional group stretching vibrations such
as O-H, C-H, C=C, Pd-C, Si-O and Fe-O bonds which evidence
that chemical composition of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst was unbroken even after five recycles and remains stable (Kempasiddhaiah et al., 2019; Manjunatha et al.,
2018; Vishal et al., 2017).

2.2.2.

FE-SEM analysis

The surface morphological study and size distribution of the
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was examined
by FE-SEM technique. Fig. 2 depicts the FE-SEM images of
fresh and five times reused (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalysts. FE-SEM image of fresh magnetic nanocatalyst
(Fig. 2a) clearly indicates that all particles are in nanometer size and uniformly distributed with spherical morphology
(Du et al., 2012; Ghorbani-Choghamarani and Norouzi, 2016;
Yang et al., 2011). In the same way, five times recycled (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalysts in reduction of 4-NP,
Cr(VI), MB and MO shows similar nanometer size distribution
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Scheme 1 – Synthetic route of (a) MNPs (magnetic nanoparticles) and (b) recyclable magnetic nanoparticles tethered
N-heterocyclic carbene-palladium(II) ((CH3 )3 -NHC-Pd@Fe3 O4 ).
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Fig. 1 – FT-IR (Fourier-transform infrared) spectrum of (a) MNPs, (b) silyl chloride functionalized magnetic nanoparticles
(SMNPs), (c) NHC@Fe3 O4 , (d) (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst; five times recycled (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst in reduction of (e) 4-NP (4-nitrophenol), (f) Cr(VI), (g) MB (Methylene Blue) and (h) MO (Methyl Orange).

with spherical shape and the respective FE-SEM images were
demonstrated in Fig. 2b, c, d and e respectively.

2.2.3.

Elemental analysis

In order to study the chemical composition and elemental distribution, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was
subjected to energy-dispersive X-ray spectroscopy (EDX) analysis and the resulting EDX spectrum is given in Appendix A
Fig. S1. The existence of all the characteristic peak signals
for elements such as C, N, O, Si, Pd and Fe indicates the efficacious grafting of NHC-Pd(II) complex on Fe3 O4 nanoparticles. In addition, to understand the distribution of each element in (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst, elemental mapping was performed and the result confirms the
homogeneous distribution of all elements as seen in Appendix
A Fig. S2. Similarly, all the recycled catalysts after reduction of 4-NP, Cr(VI), MB and MO were subjected to EDX analysis (see Appendix A. Supplementary data) which confirms
that chemical composition of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalysts were undamaged (Kempasiddhaiah et al., 2019;
Manjunatha et al., 2018).

2.2.4.

ICP-OES analysis

In (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst, the exact
quantity of palladium loading was estimated through inductively coupled plasma-optical emission spectroscopy (ICPOES) technique and loading of 4.64% (W/W) palladium was observed.

2.2.5.

HR-TEM analysis

High resolution-transmission electron microscopy (HR-TEM)
analysis was performed to know more information about
size, shape and surface morphology of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst and the resulting high resolutiontransmission electron microscopy images were demonstared
in Fig. 3. HR-TEM image of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst (Fig. 3a) indicates quasi-spherical shaped
nanoparticles with an average diameter varying from 7-14 nm
and an average particle size of 10.5 nm was accomplished
(Fig. 3b). Adding to this, the dark magnetic core can be seen
inside the quasi-spherical nanoparticles. Also, selected area
electron diffraction (SAED) pattern evidences the polycrystalline nature of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocata-
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Fig. 2 – FE-SEM (Field emission-scanning electron microscopy) images of (a) (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst;
five times recycled (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst in reduction of (b) 4-NP, (c) Cr(VI), (d) MB and (e) MO.

Fig. 3 – (a) HR-TEM (High resolution-transmission electron microscope) image, (b) particle size distribution and (c) SAED
(selected area electron diffraction) pattern of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst.

lyst (Fig. 3c) (Kandathil et al., 2017; Kempasiddhaiah et al.,
2019; Li et al., 2019; Manjunatha et al., 2018; Vishal et al., 2017).

2.2.6.

BET surface area analysis

Surface modification and specific surface area of both MNPs
and (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was assessed by Brunauer–Emmett–Teller surface area analysis (BET)
and the N2 adsorption-desorption curves for the same are
given in Fig. 4a and b respectively. The high surface area
of MNPs (103.01 m2 /g) than (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst (79.36 m2 /g) was estimated which evidence the
high amount of N2 adsorbed on the surface of MNPs compared to (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. In addition, hysteresis loop values for both MNPs and (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst at P/P0 (relative pressure) ≥ 0.9 and mean pore diameter of 10.7 nm for MNPs
and 4.85 nm for (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocata-

lyst was achieved (Fig. 4c and d) which reveals the mesoporus characteristics with type-II BET isotherm (Dewan et al.,
2018; Kandathil et al., 2017; Kempasiddhaiah et al., 2019;
Manjunatha et al., 2018; Vishal et al., 2017; Zhang et al., 2015).

2.2.7.

TGA analysis

Thermal stability of MNPs and (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was investigated by using thermogravimetric analysis (TGA) in the temperature range of 25 to 750°C with
heating rate of 10°C/min under N2 atmosphere. The thermal
decomposition curves of MNPs and (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst are given below in Appendix A Fig. S3.
The early weight loss of about 5% was observed in MNPs (Appendix A Fig. S3a) which can be attributed to the desorption of
hydroxyl groups of MNPs and moisture adsorbed. In the same
way, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst undergoes
decomposition in two segments. Firstly, in the temperature
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Fig. 4 – Nitrogen adsorption-desorption curves of (a) MNPs and (b) (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst; (c)
Barrett-Joyner-Halenda (BJH) plot for MNPs and (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. Vp : average pore volume; STP:
standard temperature and pressure; dVp /ddp : pore size distribution by volume; dp : pore diameter.

ranging from 25 to 200°C, 1.5% weight loss corresponding to
the removal of free hydroxyl groups and physisorbed solvent
molecules can be seen in Appendix A Fig. S3b. In the second stage of decomposition, 5.5% weight loss was observed
which could be due to the decomposition of organometallic
complex attached on MNPs (Appendix A Fig. S3b). From the
above TGA result, the immobilization of NHC-Pd(II) complex
on MNPs can be confirmed and the stability up to 220°C allows the use of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
at high temperature reactions (Kempasiddhaiah et al., 2019;
Manjunatha et al., 2018).

2.2.8.

X-ray diffraction analysis

X-ray powder diffraction technique was used to differentiate the crystalline nature of MNPs and (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst (Fig. 5). The XRD pattern of MNPs validates the cubic spinel structure which shows typical Bragg’s
signals at 2θ of 30.09°, 35.59°, 43.07°, 53.43°, 57.37° and 62.90°
with the coressponding indices (220), (311), (400), (422), (511)
and (440). Moreover, XRD pattern of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst displayed similar XRD pattern which
proves that the phase of MNPs remained identical even after embedding NHC-Pd(II) complex. The X-ray diffraction peak

Fig. 5 – X-ray diffraction pattern of MNPs and
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst.

for the reflection plane of (111) at 2θ of 39.99° indicates
the presence of slight amount of palladium nanoparticles in
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst formed during
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Scheme 2 – Reduction of 4-NP to 4-aminophenol (4-AP) in the presence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst.

synthesis (Kempasiddhaiah et al., 2019; Manjunatha et al.,
2018; Wang et al., 2020). However, the p-XRD (powder X-ray
diffraction) analysis of fresh (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst, confirms that Pd is in +2 oxidation state. After
catalytic reduction in presence of NaBH4 as reducing agent,
Pd(II) may get reduced to Pd(0). But even after the formation
of Pd(0), the strong coordination to the NHC ligand system prevent the leaching out of Pd(0) even after several reuse and the
same was proved by ICP-OES analysis (<0.0099 μg/L). Hence
we can conclude that Pd will be in +2 oxidation state in the
fresh catalyst whereas after reuse, there are chances of formation of Pd(0) in the catalyst.

2.2.9.

Vibrating sample magnetometer analysis

Vibrating sample magnetometer (VSM) analysis was employed to witness the magnetic nature of prepared MNPs, SMNPs and (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst with
the applied magnetic field sweeping from -15000 to +15000
Oe at room temperature (298 K) and the obtained magnetic
hysteresis loops are given in Appendix A Fig. S4. The saturated magnetization of 46.87, 35.99 and 28.28 emu/g was
observed for MNPs, SMNPs and (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst respectively. The magnetization saturation
of 46.87 emu/g for MNPs got decresed to 35.99 emu/g could be
due to silyl chloride modified MNPs, which is further reduced
to 28.28 emu/g after grafting of NHC-Pd(II) complex on SMNPs.
The systematic decrease in magnetization suggests the effective synthesis and ‘S’ shape hysteresis loops authenticated
the superparamagnetic nature of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. Even though there is a gradual decrease
in saturated magnetization, (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst could be easily separable with the help of an
external magnetic force (Das et al., 2019; Sajjadi et al., 2019;
Wang et al., 2013).

2.2.10. X-ray crystallographic analysis
1-(Bromomethyl)-4-(tert-butyl)benzene was reacted with benzimidazole in the presence of KOH in CH3 CN to get
the intermediate 1-(4-(tert-butyl)benzyl)-1H-benzimidazole
(6). Additionally, the structure of 1-(4-(tert-butyl)benzyl)-1Hbenzimidazole was confirmed by single-crystal X-ray diffraction analysis. Suitable single crystals for X-ray diffraction
analysis of 1-(4-(tert-butyl)benzyl)-1H-benzimidazole were
grown by a slow evaporation method. The molecular structure
of the1-(4-(tert-butyl)benzyl)-1H-benzimidazole is depicted in
Appendix A Fig. S5.

Fig. 6 – Time dependent UV-Visible absorption spectra for
4-NP to 4-AP in the presence of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst.

2.3.
Catalytic study of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst
2.3.1.

Catalytic reduction of 4-NP to 4-AP

At the outset, the catalytic performance of (CH3 )3 -NHCPd@Fe3 O4 magnetic nanocatalyst was studied for the reduction of 4-NP to 4-AP at room temperature in aqueous medium
in the presence of NaBH4 as hydrogen source (Scheme 2) and
UV-Visible absorption spectroscopy was employed to monitor
the reduction progress of 4-NP to 4-AP at definite time intervals (Fig. 6).
Initially, the reduction of 4-NP was not proceeded in the absence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic catalyst with NaBH4
solution (Table 1, entry 1) and UV-Visible absorption peak of
4-NP at λmax = 317 nm was reformed to higher intensity at
λmax = 400 nm owing to the formation of 4-nitrophenolate
ions (Fig. 6). Similarly, without the use of NaBH4 in presence of
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst, the reduction
has not proceeded (Table 1, entry 2) and UV-Visible absorption
peak intensity of 4-NP at λmax = 317 nm remains almost unchanged in 60 minutes. The necessity of palladium complex
was studied by performing the reduction of 4-NP with NaBH4
solution and Fe3 O4 NPs (10 mg) as a catalyst and no change in
the conversion of 4-NP to 4-AP was observed in 60 minutes by
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Scheme 3 – Reduction of Cr(VI) to Cr(III) in the presence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst.

Table 1 – Optimization of reaction conditions for the
reduction of 4-NP to 4-AP using (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst.
Entry 4-NP(mmol/L) Catalyst (mol.% Pd) NaBH4 (mol/L) Time (min)
1
2
3
4
5
6
7
8

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

0.4
10 mg Fe3 O4
0.4
0.3
0.2
0.4
0.4

0.25
0.25
0.25
0.25
0.25
0.2
0.1

60a
60a
60a
1.0
3.5
5.0
2.0
3.0

Reaction conditions: 4-NP (2.5 mmol/L, 10 mL), NaBH4 (10 mL),
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst (mol.% Pd) in H2 O at
room temperature.
a
No reaction.

UV-Visible absorption spectroscopy (Table 1, entry 3). All the
above results indicate that (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst and NaBH4 are mandatory for reduction reactions. The light yellow coloured 4-NP (2.5 mmol/L, 10 mL) was
changed to dark yellow in colour associate with red shift when
it forms 4-nitrophenolate ions with freshly prepared NaBH4
solution (0.25 mol/L, 10 mL) (Appendix A Fig. S6). Further, with
the addition of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
(0.4 mol.% Pd), the intensity of UV-Visible absorption peak
for 4-nitrophenolate ions at λmax = 400 nm got decreased
sequentially with increase in the reaction time up to 60 seconds (Fig. 6). After 60 seconds of reaction, complete fading of
the peak at λmax = 400 nm and formation of a new UV-Visible
absorption peak at 297 nm (Fig. 6) and gradual colour change
from dark yellow to colour less (Appendix A Fig. S6) was
observed which is corresponding to the formation of 4-AP.
Further, decreasing in catalyst loading and molar concentration of NaBH4 solution resulted in increased reaction time
(Table 1, entries 5-8) and notable results were obtained in the
presence of 0.4 mol.% Pd of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst, 0.25 mol/L NaBH4 solution in 60 seconds at
room temperature in aqueous media (Table 1, entries 4)
(Das et al., 2019; Li et al., 2015; Li and Han, 2020;
Nasrollahzadeh and Issaabadi, 2019; Nasrollahzadeh et al.,
2019a; Sajjadi et al., 2019).

Fig. 7 – Time dependent UV-Visible absorption spectra for
Cr(VI) to Cr(III) in presence of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst.

2.3.2.

Catalytic reduction of Cr(VI) to Cr(III)

Cr(VI) has been recognized as highly carcinogenic or hazardous environmental pollutant and most harmful to human
health compared to Cr(III) which is less toxic and typically
exists in insoluble hydroxide form (Yadav and Xu, 2013). Further, the catalytic potential of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst in the reduction of Cr(VI) to Cr(III) was studied in
the presence of aqueous HCOOH solution as reducing agent
and K2 Cr2 O7 is considered as Cr(VI) source (Scheme 3). The
reduction of Cr(VI) could be easily monitored by UV-Visible
absorption spectroscopy since it has a maximum absorption
peak at λmax = 350 nm attributable to the ligand (oxygen) to
metal (Cr(VI)) charge transfer, however Cr(III) as no absorption
intensity (Fig. 7) (Li et al., 2019).
Initially, the formation of Cr(III) was not observed when
Cr(VI) was treated with HCOOH in the absence of (CH3 )3 -NHCPd@Fe3 O4 magnetic catalyst and similar results were obtained
when Cr(VI) was treated with (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst in the absence of HCOOH and also no change in
the absorption intensity at λmax = 350 nm in 2 hr was observed
which indicates that the necessity of both HCOOH and (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst for reduction of Cr(VI)
(Table 2, entries 1-2). The reaction did not occur with HCOOH
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Scheme 4 – Reduction of MB and MO in the presence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst.

Table 2 – Optimization of reaction conditions for the reduction of Cr(VI) to Cr(III) using (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst.

Table 3 – Optimization of reaction conditions for the
reduction of MB using (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst.

EntryK2 Cr2 O7 (mmol/L)Catalyst (mol.% Pd)HCOOH (mol/L)Time (min)

Entry MB (mmol/L) Catalyst (mol.% Pd) NaBH4 (mol/L) Time

1
2
3
4
5
6
7
8

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

0.4
10 mg Fe3 O4
0.4
0.3
0.2
0.4
0.4

0.45
0.45
0.45
0.45
0.45
0.2
0.1

a

120
120a
120a
25
35
90
25
40

Reaction conditions: K2 Cr2 O7 (2.0 mmol/L, 10 mL), HCOOH, (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst (mol.% Pd) in H2 O at room
temperature.
a
No reaction.

and magnetic nanoparticles mediated reduction of Cr(VI) and
intensity of UV-Visible spectra remained the same after 2 hr
(Table 2, entry 3). Fortunately, reduction was enhanced when
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst (0.4 mol.% Pd)
was added into the reaction mixture of Cr(VI) (2.0 mmol/L with
HCOOH (0.45 mol/L) and intensity of UV-Visible absorption
spectra at λmax = 350 nm gradually disappeared with increasing reaction time and no absorption intensity was identified
after 25 minutes (Fig. 7). Also, yellow colored Cr(VI) was turned
into light violet-blue in color which confirms the effective reduction of Cr(VI) to Cr(III) (Table 2, entry 4). The reaction time
was increased with decrease in the loading of both (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst and HCOOH (Table 2,
entries 5, 6 and 8) and the optimized results were obtained
with 0.2 mol/L HCOOH in the presence of 0.4 mol.% Pd of
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst in 25 minutes

1
2
3
4
5
6
7

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.4
10 mg Fe3 O4
0.4
0.4
0.4
0.1

0.1
0.1
0.1
0.05
0.01
0.01

60 mina
60 mina
60 mina
5 sec
5 sec
5 sec
20 sec

Reaction conditions: Methylene Blue (0.1 mmol/L, 25 mL), sodium
borohydride (10 mL), (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
(mol.% Pd) in H2 O at room temperature.
a
No reaction.

at room temperature (Table 2, entry 7). The reduction of Cr(III)
was further confirmed by adding an excess of 1.0 mol/L NaOH
solution and change in the color from violet-blue to green
color (Appendix A Fig. S6) which indicates the formation of
[Cr(OH)6 ]3- (Scheme 3) (Li et al., 2019; Nasrollahzadeh and Issaabadi, 2019; Nasrollahzadeh et al., 2019a; Sajjadi et al., 2019;
Yadav and Xu, 2013).

2.3.3.

Catalytic reduction of MB and MO

To extend the broad scope of newly synthesized (CH3 )3 -NHCPd@Fe3 O4 magnetic nanocatalyst, catalytic reduction of synthetic organic dye molecules namely MB and MO was carried out in the presence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst with aqueous NaBH4 solution as reducing agent
at room temperature (Scheme 4). The obtained results are
summarized in Tables 3 and 4 respectively. The time dependent reduction reactions were monitored through UV-Visible
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Fig. 8 – Time dependent UV-Visible absorption spectra for (a) MB and (b) MO in the presence of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst.

Table 4 – Optimization of reaction conditions for the
reduction of MO using (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst.
Entry MO (mmol/L) Catalyst (mol.% Pd) NaBH4 (mol/L) Time
1
2
3
4
5

0.1
0.1
0.1
0.1
0.1

0.4
10 mg (Fe3 O4 )
0.4
0.1

0.1
0.1
0.01
0.01

60 mina
60 mina
60 mina
5 sec
60 sec

Reaction conditions: Methyl Orange (0.1 mmol/L, 25 mL), sodium
borohydride solution (10 mL), (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst (mol.% Pd) in H2 O at room temperature.
a
No reaction.

absorption spectrophotometer by observing the decrease in
the absorption intensity with respect to time at λmax = 663
nm for MB and 465 nm for MO (Fig. 8). Initially, the reduction
of MB did not proceed in the absence of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst as well as NaBH4 and no change in the
UV-Visible absorption intensity was observed (Table 3, entries
1 and 2). Also, similar results were obtained during the reduction of MO in absence of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalyst and NaBH4 (Table 4, entries 1 and 2). The use
of magnetic nanoparticles (10 mg) as a catalyst does not reduce the MB (Table 3, entry 3) and MO (Table 4, entry 3) in 60
minutes. Further, the catalytic reduction of MB was observed
with the use of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
(0.4 mol.% Pd) in 0.1, 0.05 and 0.01 mol/L aqueous NaBH4 solution and rapid catalytic reduction was achieved within 5
seconds and the reduction progress was monitored by UVVisible absorption spectroscopy (Table 3, entries 4-6). Later,
by decreasing the loading of both molar concentration of Pd
of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst and molar
concentration of NaBH4 solution, the best catalytic reduction
of MB (0.1 mol/L, 25 mL) was obtained with 0.1 mol.% Pd of
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst with 0.01 mol/L

NaBH4 solution in 20 seconds (Table 3, entry 7). The decrease
in the intensity at λmax = 663 nm (Fig. 8a) and also the disappearance of blue color of the solution confirms the reduction of MB (Appendix A Fig. S6). Similarly, reduction of MO
(0.1 mol/L, 25 mL) was achieved with 0.01 mol/L NaBH4 solution with the use of 0.1 mol.% Pd of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst (Table 4, entry 5) and complete vanishing of UV-Visible absorption intensity at λmax = 465 nm
was observed in 60 seconds (Fig. 8b). Also, color of the dye
was changed from deep orange to colorless which articulates the reduction of MO (Appendix A Fig. S6) (Das et al.,
2019; Hashemi Salehi et al., 2019; Nagarajan and Venkatanarasimhan, 2019; Nasrollahzadeh et al., 2019b; Roy et al.,
2019; Sajjadi et al., 2019).
Moreover, catalytic degradation was also studied for both
MB and MO. At the start, reduced Leuco Methylene Blue (LMB)
undergoes slow aerial oxidation when it is open to atmospheric air and the characteristic blue color was reappeared.
Later, color of MB was again disappeared upon shaking the
reaction mixture time to time which could be due to the reformed MB was further reduced to LMB by consuming an excess of NaBH4 present in the solution. Also, the formation
of new UV-Visible absorption peak at λmax = 263 nm corresponding to the LMB was observed (Fig. 8a) and similar results
have been reported by Pande et al. (2008). Unfortunately, complete catalytic degradation of MO was not found in the optimized reaction conditions. At the same time, some amount
of reduced MO was gradually oxidized in open air conditions and slight orange color was reappeared. The catalytic
degradation of MO was further accomplished with increasing the loading of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst and NaBH4 concentration (0.4 mol.% Pd catalyst and 0.1
mol/L NaBH4 ) and there was no change in color observed
after 30 minutes of reaction and remained color less after
several days in atmospheric air. The products achieved from
the degradation process of MO were further examined by HR
Q-Tof (high resolution quadrupole time-of-flight) mass spectrometer analysis technique. Both electrospray ESI+ (positive
electrospray ionization) and ESI− (negative electrospray ion-
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ization) mode chromatograms of MO degradation products
were shown in Appendix A Fig. S11a and b respectively. In
both ESI+ and ESI− modes, no peaks were observed which
corresponds to the unbroken MO [M-Na]− (molecular ion sodium atom) (molecular formula = C14 H14 N3 O3 S− , calculated mass = 304.0761). As degraded products, N,N-dimethylbenzene-1,4-diamine (DMPD) was observed corresponding to
the molecular formula C8 H12 N2 (calculated mass = 136.1000)
based on its m/z 137.1082 [M+H]+ (molecular ion + hydrogen atom) in electrospray ESI+ mode (Appendix A Fig. S11a).
Similarly, in the case of electrospray ESI− mode, 4-aminobenzenesulfonate was identified by noticing the m/z 172.0087
[M]− (molecular ion peak - negative ESI) corresponding to the
molecular formula C6 H6 NO3 S− (calculated mass = 172.0073)
(Appendix A Fig. S11b) and these degraded products were documented through the cleavage of azo bond which is responsible for the absorbance at λmax = 465 nm (Baiocchi et al., 2002;
Das et al., 2019).

2.4.

Chemical kinetics

The linear correlation between ln(A) (where A is the absorbance at λmax ) with respect to time (t) for reduction of 4NP, Cr(VI), MB and MO was studied in the presence of (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst and the obtained results were demonstrated in Appendix A Fig. S12. The rate constant was calculated via pseudo-first order kinetics since the
concentration of reducing agents (NaBH4 and HCOOH) are too
high and remains constant in the solution. The absorbance (A)
is directly proportional to concentration (C), the kinetic equation can be modified and written as follows (Eq. (1)) where, Ct ,
C0 , At , A0 and k are the concentration at time t, initial concentration (at t = 0), absorbance at time t, initial absorbance (at
t = 0) and rate constant respectively.
  

Ct
At
=
= −kt
ln
C0
A0

(1)

According to the plot of ln(At /A0 ) versus time (t), the rate
constant (k) calculated from the slope are 6.2 × 10−2 sec−1
(R2 = 0.99) for 4-NP, 7.6 × 10−2 min−1 (R2 = 0.88) for Cr(VI),
1.8 × 10−1 sec−1 (R2 = 0.96) for MB and 2.8 × 10−2 sec−1
(R2 = 0.98) for MO and are comparable with previously reported values (Hashemi Salehi et al., 2019; Li et al., 2014;
Nasrollahzadeh et al., 2018).

2.5.
Plausible reduction mechanism of 4-NP, Cr(VI) and
dyes (MO and MB)
The plausible reduction mechanism of 4-NP in the presence
of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst with NaBH4
is shown in Appendix A Scheme S1. Herein, (CH3 )3 -NHCPd@Fe3 O4 magnetic nanocatalyst serves as electron transfer mediator for the reduction of 4-NP to 4-AP through 4nitrophenolate ion intermediate. At the beginning via electrostatic interactions, both 4-NP and NaBH4 were gets diffused
on the surface of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst in an aqueous medium. As shown in Appendix A Scheme
S1, the hydrolysis of NaBH4 generates the H2 and BO2 − ions on
the catalyst surface leading to the formation of metal hydrides
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as hydrogen-mediator. The donor BH4 − transfers the electrons facilitated by (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst to the acceptor 4-nitrophenolate ion which results in
the reduction of 4-NP to 4-AP with the regeneration of magnetic nanocatalyst (Das et al., 2019; Nasrollahzadeh and Issaabadi, 2019; Nasrollahzadeh et al., 2019a; Sajjadi et al., 2019).
The (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst mediated reduction of Cr(VI) to Cr(III) proceeds in two steps through
hydrogen transfer from HCOOH to Cr(VI) (Appendix A Scheme
S2). The use of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst plays a significant role in the decomposition of HCOOH
which greatly enhances the reaction rate and the liberated
H2 molecules will reduce the Cr(VI). In the first step, hydrogen donor HCOOH is directly decomposed to CO2 and H2 on
the surface of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
in aqueous medium without forming any undesired intermediates (Appendix A Scheme S2). Subsequently, the produced
nascent hydrogen gets transferred to the Cr(VI) with the aid
of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst resulting in
the conversion of the same to Cr(III) (Appendix A Scheme S2)
(Nasrollahzadeh and Issaabadi, 2019; Nasrollahzadeh et al.,
2019a; Sajjadi et al., 2019).
Appendix A Scheme S3 describes the plausible reduction
mechanism of organic dye molecules (MB and MO) via electron
relay effect through (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. The hydrolysis of NaBH4 in aqueous medium produces
the hydrides (H− ) from donor BH4 − which increases the high
electron density on the surface of (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. At the same time, H+ ions will be generated as a result of electron transfer from hydrides (H− ) to
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. Subsequently,
produced H+ ions will attack the neighboring dye molecules
followed by electron transfer through (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst to the dye molecules as an electrophile
resulting in the reduction of dye molecules (MB and MO).
Further mechanistic pathway of catalytic reduction of dye
molecules needed to be investigated (Hashemi Salehi et al.,
2019; Mishra et al., 2016; Roy et al., 2019).

2.6.

Catalyst reusability

From an economic and industrial perspective, successive recovery and reusability are the foremost important aspects in
heterogeneous catalysis. Within this context, reusability in reduction of environmental pollutants (4-NP, Cr(VI), MB and MO)
was studied for (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
through aforementioned optimized conditions (Appendix A
Fig. S13). The (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst
was well separated from the liquid phase reaction after each
recycles through external magnetic force and washed with
distilled H2 O (2 × 20 mL) followed by ethanol (2 × 20 mL) wash,
dried and used for the recycling. Fortunately, complete reduction up to 5th recycles for 4-NP, MB and MO were observed
through UV-Visible spectroscopy. Similarly, 100% conversion
of Cr(VI) to Cr(III) was achieved up to 4th recycle and a decrease in the catalytic performance from 5th recycle onwards
was observed. After five recycles from the reduction of 4-NP,
Cr(VI), MB and MO, recycled (CH3 )3 -NHC-Pd@Fe3 O4 magnetic
nanocatalysts were further examined by FT-IR (Fig. 1e-h), FESEM (Fig. 2b-e) and EDX (Appendix A Fig. S10a-d) analytical
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techniques and the accomplished results illustrate that physical and chemical property of recycled (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalysts were unchanged and remain stable
towards successive five recycles.

(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst will add great
importance in green and sustainable applications for environmental concerns.

2.7.

Acknowledgments

Palladium leaching study

In heterogeneous catalysis, leaching out of the active metal
center from the catalyst support is the leading problem and
it needs to be addressed from industrial viewpoint. Herein,
we have investigated the leaching out of the active palladium from the (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst through ICP-OES analysis by performing the reduction
of Cr(VI) under optimized conditions. After completion of
25 minutes reduction, the catalyst was separated by applying external magnet and the obtained reaction mass was
subjected to ICP-OES analysis. Remarkably, very negligible
amount <0.0099 μg/L of soluble palladium in the liquid phase
was observed through ICP-OES analysis. The above result declares that palladium is well constrained by N-heterocyclic
carbene ligand and less amount of palladium leaching was
practically observed. Similarly, the obtained result delivers
that new (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst is
more appropriate for the controllable reactions.

2.8.

Comparison of catalytic activity

To assess the applicability and efficiency of newly developed
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst, comparison of
catalytic potential towards the reduction of 4-NP, Cr(VI), MB
and MO was explored with previously reported various supported metal catalysts (Appendix A Table S1). The outcome
of comparison results revealed that (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst delivered better catalytic activity and
reusability at less reaction time compared with some other
reported catalysts (Appendix A Table S1) during the rapid catalytic reduction of 4-NP, MB, MO and Cr(VI) using NaBH4 and
HCOOH as hydrogen source.

3.

Conclusions

In summary, we have practically developed a new (CH3 )3 NHC-Pd@Fe3 O4 magnetic nanocatalyst and diverse spectroscopic and microscopic analytical tools were employed for
structural analysis of prepared (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst. The synthesized (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst is efficient and robust for green and
sustainable catalytic reduction of deadly environmental pollutants such as 4-NP, Cr(VI), MB and MO under environmental friendly conditions like an aqueous solvent, low amount
of catalyst loading at room temperature. Moreover, successive
five recycles in reduction of 4-NP, MB, MO and four recycles in
Cr(VI) from (CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalyst was
well succeeded and a negligible amount of active palladium
leaching was noticed by the ICP-OES technique. Also, reused
(CH3 )3 -NHC-Pd@Fe3 O4 magnetic nanocatalysts were further
characterized by FT-IR, FE-SEM and EDX analysis and all the results verified the excellent stability of (CH3 )3 -NHC-Pd@Fe3 O4
magnetic nanocatalyst. Hence, herein, we believe that our new

The authors thank DST-SERB (Department of Science and
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