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Abstract

One-pot synthesis of palladium nanoparticles (PANPs) has been achieved using calix[4]pyrrole hydrazide (MCPTH) as both
reducing as well as capping agent. The synthetic procedure involves the use of environmentally benign water as solvent
media. MCPTH-PdNPs have been characterized by using various analytical techniques. Transmission electron microscope
analysis visualized the presence of well-dispersed and spherical Pd nanoparticles with an average dimension of 3—4 nm.
Powder X-ray diffraction pattern portrayed the presence of face-centered cubic crystal structured PANPs. A zeta potential
value of —26.2 mV suggests better stability of the nanoparticles. The heterogeneous catalytic activity of MCPTH-PdNPs was
studied by probing the reduction of two carcinogenic azo dyes, namely, methylene blue and methyl orange in the presence of
sodium borohydride. A remedial pathway for the process of dye degradation is proposed where the catalytic activity of Pd is
faciled by the transfer of electrons from MCPTH to the metal centre. The mechanism for dye degradation is further substanti-
ated by Density Functional Theory (DFT) calculations. The results of this work provide not only insight into fabrication of
nanoparticles using calixarene platforms but also open new vistas to environmental remediation.
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1 Introduction

The extensive use of azo dyes in various industrial pro-
cesses and their inadequate discharge into water bodies has
become a major concern among environmental chemists [1,
2]. Most of these wastewaters are found to contain consid-
erable amounts of azo dyes and their degraded products,
which are highly carcinogenic [3, 4]. The low degradability
of some synthetic and toxic dyes causes them to enter the
food chain via fertilizers used from sewage sludge [5, 6].
Also, these coloured effluents can be mixed with surface and
ground water systems that get transferred to drinking water
causing allergies, skin irritation, cancer and mutations [7].
The dissemination of coloured wastewaters in the ecosys-
tem is a source of aesthetic pollution, eutrophication, and
perturbations in aquatic life [8]. Among various azo dyes,
methylene blue and methyl orange are most commonly used
in textile and food industries as colouring agents [9]. These
dyes are thought to be harmful due to their adverse health
issues in living systems such as, skin eczema and intestinal
cancer on ingestion [10, 11]. Unfortunately, the degradation
of such organic dyes to non-toxic products is difficult as
they are highly stable and resistant to microbiological attack
[12—-14]. Numerous methodologies based on physicochemi-
cal techniques, biological treatments, chemical methods such

as ozonation and advanced oxidation processes using Fen-
ton’s reagent have been developed to treat dye effluents [15].
However, the downside of using these methods includes
expensive cost of equipments, operational problems, inef-
ficiency, and need of large land area for biological treatment.
To circumvent these problems, a growing interest has been
raised for efficient degradation of dyes using simple materi-
als facilitating quick response.

Among metal nanoparticles, palladium nanoparticles
(PdNPs) have recently gained attention as eco-friendly
catalytic systems for Suzuki—Miyaura [16], oxidation of
functionalized alcohols [17], hydrogenation and Heck cou-
pling reactions [18]. The catalytic property of nanoparticles
is due to its high surface energy which usually results in its
aggregation during the course of its catalytic function [19,
20]. Thus, to achieve high activity and durable applicability,
many different stabilizing agents have been used for prepar-
ing nanoparticles [21-24].

The full contact of nanoparticles in the superstructures
with their external surroundings is important for enhanc-
ing the catalytic efficiency [25]. Accordingly, in comparison
to conventional superstructures, the enveloping of nano-
particles with macrocyclic structures possessing inherent
hollow cavity is believed to increase the surface contact
of nanoparticles with their surroundings which thereby
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increases the catalytic response. Eventually, the synthesis
and application of palladium nanoparticles functionalized
with different macrocyclic structures involving calixarenes
have recently been at the forefront of research due to their
tremendous range of applications [26—35]. Thus, it is desir-
able to develop metal nanoparticles based on functionalized
calixarenes with many potential applications [36]. Recently,
the use of new self-assembled material based on 4-sulfoca-
lix[4]arene and ruthenium nanoparticles has been reported
for reduction of Brilliant Yellow azo dye in the presence of
hydrazine hydrate [37]. In the recent times, different research
groups have achieved success in the synthesis of palladium
nanoparticles using laser ablation methods for fabrication of
palladium nanoparticles and used it for catalytic dye degra-
dation applications [38]. Chen et al. reported the catalytic
properties of lignin-based phenolic nanosphere supported
palladium nanoparticles prepared by hydrothermal synthesis
[39]. Although having good catalytic capacity, these meth-
ods involve long procedural steps to synthesize nanoparti-
cles, thus, there are increasing interests to use alternative
methods such as one-pot chemical reduction method for the
synthesis of palladium nanoparticles. The present work dem-
onstrates the efficient use of calix[4]pyrrole tetrahydrazide
derivative (MCPTH) [24] as both reducing agent and sta-
bilizer for the synthesis of palladium nanoparticles and its
application as heterogeneous catalyst. However, to the best
of our knowledge, the advantageous use of calix[4]pyrrole
based nanoparticles for azo dye degradation is unprec-
edented. MCPTH-PdNPs efficiently reduces two carcino-
genic azo dyes, namely, methylene blue and methyl orange
in the presence of NaBH,. MCPTH-PdNPs exhibits good
water dispersibility, stability, high catalytic activity, and effi-
cient recycling ability. The experimental results were also
substantiated using the theoretical insights such as Density
Functional Theory (DFT) and Molecular Dynamics (MD)
simulations.

2 Experimental Work
2.1 Materials and Methods

Palladium acetate, methylene blue (MB) and methyl orange
(MO) were purchased from Sigma-Aldrich (Mumbai, India)
and used as received. All other chemicals and solvents
were obtained from commercial sources and were used as
received without further purification.

2.2 Synthesis of MCPTH-PdNPs
MCPTH-PdNPs were successfully prepared via simple one-

pot chemical reduction process using MCPTH as both reduc-
ing and capping agent (Scheme 1). The synthetic procedure
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(Scheme S1) and the spectroscopic characterization of
calix[4]pyrrole derivatives has been mentioned in the sup-
porting information (Fig. S1-S11). Hydrazide derivative of
calix[4]pyrrole platform, MCPTH [24] (0.001 M in 100-
mL water) was added to the boiling solution of palladium
acetate (0.001 M in 100-mL water). The reaction mixture
was heated at constant temperature (80 °C) controlled by
water bath. After 15 min, the colour of the mixture changed
from brownish yellow to colloidal black confirming the for-
mation of PANPs. The functionalization of MCPTH on the
surface of palladium nanoparticles (PdNPs) takes place in
two steps. First, the hydrazide group reduces the Pd** ions to
metallic Pd® which further nucleates to form PANPs. Second,
the macrocyclic ligand (MCPTH) restrains the growth of the
palladium nanoparticles by stabilizing/capping it in the hol-
low cavity in an effective manner to prevent its aggregation.
The MCPTH ligand stabilizes the nanoparticles through effi-
cient capping/attachment/functionalization due to its web
type architecture.

2.3 Characterization

UV-Vis spectra were recorded on Jasco V-570 UV-Vis
recording spectrophotometer (Tokyo, Japan) using quartz
cuvette. High-resolution transmission electron microscopy
(HR-TEM) was analyzed on a JEOL JEM 2100 microscope
operating at an accelerated voltage of 200 kV. Powder X-ray
diffraction (XRD) was recorded on a PANalytical Empy-
rean powder diffractometer using Cu Ka. Inductively Cou-
pled Plasma-Atomic Emission Spectrometer (ICP-AES)
JY 2000-2 model was used to check the absence of Pd in
supernatant liquid collected after centrifugation. Dynamic
light scattering (DLS) measurements were operated with
a Zetasizer NanoZS (Malvern Instruments). Fourier trans-
form infra-red (FTIR) spectra of the synthesized palla-
dium nanoparticles were recorded at room temperature
on Bruker, Tensor 27 Infrared spectrometer. Nanoparticle
tracking analysis (NTA) was determined using NanoSight
NS300 (Malvern Instruments, Worcestershire, UK) equipped
with a green laser (532 nm), a scientific complementary
metal-oxide—semiconductor (CMOS) camera and NanoSight
software version 3.2 Build 3.2.16.

2.4 Degradation Studies

0.5 mL of freshly prepared NaBH, solution (100 mM) was
added to 2 mL of aqueous methylene blue and methyl orange
solution (0.1 mM), respectively under stirring conditions.
Subsequently, 5.0 mg of MCPTH-PdNPs was added to the
solution mixture. The experiments were carried out into
a standard 1-cm path-length quartz cell keeping the stir-
ring speed 80 rpm. To optimize the catalytic reaction, the
completion time for the reduction reaction using different
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Scheme 1 Schematic representation for the synthesis of MCPTH-PdNPs

amount of MCPTH-PdNPs was evaluated. The highest con-
version was obtained when 5.0 mg of MCPTH-PdNPs was
used. However, on further increasing the amount of catalyst,
no decrease in reduction time was observed. The degradation
efficiency of both the dyes was calculated as degradation
efficiency (%) =100(C,—C)/C,, where C, is the initial dye
concentration, and C is the dye concentration in the solution
at a given time.

3 Results and Discussion

3.1 Characterization of MCPTH-PdNPs

UV-Vis spectra was measured to ensure the complete
reduction of Pd(II) ions to Pd(0) ions. The colloidal pal-
ladium nanoparticles do not have a SPR peak in the vis-
ible region [40]. As can be seen from Fig. 1, the UV-Vis
spectrum of palladium acetate shows absorption maximum
at around 400 nm, which is characteristic of Pd(II) ions
[25]. After reaction with MCPTH, the peak observed at
400 nm disappeared, indicating the complete conversion of
Pd(II) to Pd(0) nanoparticles. Additionally, all the MCPTH
molecules after the reduction process, effectively caps the

OCH; OCH,CONHNH,

Q OCH;

OCH,CONHNH,
OCH;

Pd(0) nanoparticles which was evidenced by the absence
of absorbance peak due to MCPTH. This also confirms
the absence of any unreacted MCPTH in the centrifugate
of MCPTH-PdNPs solution. The inset of Fig. 1 shows the
UV-Vis spectra of MCPTH and re-dispersed MCPTH-
PdNPs which notions the efficiency of MCPTH as both
reducing as well as stabilizing agent. This results were in
accord with our previous studies [41, 42].

The size and morphology of MCPTH-PdNPs were further
visualized using TEM analysis (Fig. 2a). The TEM images
have shown the presence of well-dispersed and spherical Pd
nanoparticles with an average dimension of 3—4 nm. Fig-
ure 2b displays HR-TEM image with well-defined clear lat-
tice fringes. The inter-planar spacing “d” value is measured
to be 0.221 nm, which corresponds to the lattice plane of
(111) with the face-centered cubic phase of the Pd. Figure 2c
shows selected area electron diffraction (SAED) pattern of
MCPTH-PdNPs. The presence of four concentric ring pat-
terns with intense spots evidenced the crystalline character-
istic of the nanoparticles.

The X-ray diffraction (XRD) pattern reveals well-defined
peaks at 20 values of 39.96°, 46.43°, 68.16° and 81.92°
corresponding to (111), (200) (220) and (311) planes of the
face centered cubic (fcc) structured palladium (JCPDS No.
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Fig.1 UV-Vis spectrum of 2.5
MCPTH-PdANPs. Inset shows
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Fig.3 XRD of MCPTH-PdNPs

46-1043), respectively [43] (Fig. 3). The application of the
Debye—Scherrer formula to the strongest diffraction peaks
for Pd (111) gives a crystallite size of 4.3 nm which falls
in line with the TEM results. The presence of additional
broad peak, 20 value between 18 and 20° has been ascribed
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to the capping compound [44], illustrating that the calix[4]
pyrrole units were introduced onto the surface of palladium
nanoparticles.

The FT-IR spectrum of MCPTH-PdNPs was carried out
to investigate the interactions of MCPTH on the surface
of palladium nanoparticles (Fig. S12). The broad peaks
observed at 3238.50 cm™! and 1669.76 cm™! are assigned
to —NH and —CONH groups of MCPTH, respectively. The
results confirms that the reduction of palladium ions and
the stabilization of the palladium nanoparticles is due to the
functional groups present in MCPTH [24]. A zeta potential
value of —26.2 mV indicates that the palladium nanocatalyst
is sufficiently coated with negatively charged MCPTH mol-
ecules which kept the synthesized PANPs stable more than
90 days. This reveals that the synthesized MCPTH-PdNPs
are highly stable due to strong inter-particle electrostatic
repulsion of surface capped MCPTH (Fig. 4a).

The size distribution graph of MCPTH-PdNPs nan-
oparticles was estimated by dynamic light scattering
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experiments under optimal conditions is shown in Fig. 4b.
The DLS pattern illustrates zeta average diameter (d.nm)
of 86.05 nm with polydispersity index (PdI) of 0.36.
Nanoparticle tracking analysis is an innovative system
to determine the size mode distribution of particles with
respect to particle number [45, 46]. Both DLS and NTA
can be used as complementary methods as because DLS
measures average size of the particles based on scat-
tered light intensity whereas in case of NTA, the mean
size is measured based on number distribution. How-
ever, NTA also provides particle-number concentration
and hydrodynamic-size distributions which supports the
notion of interactions of nanoparticles with the surround-
ing organic moieties. The MCPTH capped nanoparticles
showed a concentration of (4.20 +3.17) x 10° particles/
mL (Fig. 4c). The inset of Fig. 4c also shows the indi-
vidual particle scattered light intensity (a.u) vs. size of
MCPTH capped PdNPs.

3.2 Catalytic Degradation of MB and MO Using
MCPTH-PdNPs

With the development of modern industries, the discharge
of azo dyes into water bodies as industrial waste is consid-
ered to be highly carcinogenic to aquatic environment and to
human health as well. Current efforts are being made to meet
the challenge of developing such catalysts which are water
dispersible and can be easily separable or recycled from
water. The practical use of various fabricated nanoparticles
as heterogeneous catalysts possessing increased surface area
is expected to solve this problem. Many researchers have
reported the use of fabricated palladium nanoparticles as an
efficient and stable catalyst for dye degradation under ambi-
ent temperature conditions [47-49].

In the process of azo dye degradation, electrons released
from reduced compounds such as, carbohydrates [50], fatty
acids [51], bacteria and enzymes [52, 53] play an important
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role to mediate the reduction reaction. Herein, the catalytic
efficiency of MCPTH-PdANPs in the reduction of MB and
MO has been investigated using NaBH, as an effective elec-
tron donor. Figure 5a displays the UV—Visible absorption
spectra of degradation of MB by NaBH, in the absence and
presence of MCPTH-PdNPs, respectively. The absorption
peak (A,,,,) of MB at 664 nm with a shoulder peak at 612 nm
which corresponds to the conjugated structure linked by
the azo band (N=N) in the MB molecule. After catalytic
degradation the main characteristic peak centred at 664 nm
decreased markedly with time and, the peak disappears
nearly after 15 min of reaction time. At the same time, after
15 min the colour changed from blue to colourless, which
suggested the complete degradation of MB (inset of Fig. 5b).
However, in the absence of MCPTH-PdNPs, no any colour
change or observable degradation was observed. In the pre-
sent study, no re-oxidation of the reduced methylene blue
was observed. In case of MO, the absorption peak (A,,)
at 463 nm originates from a conjugated structure formed
by the azo bond under the strong influence of the electron-
donating dimethyl amino group. Figure 5d, e displays the
UV-Visible absorption spectra of degradation of methyl
orange by NaBH, in the absence and presence of MCPTH-
PdNPs, respectively. It was observed that the intensity of
main characteristic peak centred at 463 nm decreased mark-
edly and nearly disappeared after reduction time of 12 min.

Omin

Nevertheless, the absorption intensity at 463 nm remained
unaltered in the absence of MCPTH-PdNPs. In this case
also, NaBH, alone was not able to reduce the azo bond in the
MO molecules. Therefore, it is reasonable to speculate that
the heterogeneous catalytic system of MCPTH-PdNPs accel-
erates the degradation of both MB and MO. The percentage
of degradation efficiency for MB and MO was calculated as
90.07% and 95.07% respectively.

The catalytic effect was further evaluated by the kinet-
ics of the catalytic dye degradation reaction process with
respect to MB and MO. It was rational to assume that the
amount of sodium borohydride was much larger than that
of the dyes; its concentration remained constant throughout
the reaction. Hence, the reactions may be considered to fol-
low pseudo-first order kinetics and the rate equation may be
written as In (C/Co) = — K|, where, K= pseudo-first order
rate constant and was calculated directly from the slope of
the straight line, Co=initial concentration of the dye and
C=concentration at ‘t’ time. The concentrations of MB and
MO (C at time t) to their initial value C (t=0) were directly
determined by the ratio of their respective absorbance, A/
A, (Apat 664 nm for MB and 463 nm for MO). The rate
constant for the reduction of MB (Fig. 5¢) and MO (Fig. 5f)
was calculated from the slope of the linear plot and found
to be 5.72x 1072 min~! and 0.2047 min~"! respectively. The
rate constant investigated in the present study is comparable

25
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Fig.5 UV-Visible absorption spectra of degradation of a, b MB and d, e MO by NaBH4 in the absence and presence of MCPTH-PdNPs,
respectively (c—f). The pseudo-first order linear plot of In(C/C) vs. time of MB and MO, respectively
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with previous reports [54, 55]. The results obtained in the
present work have been compared to other palladium based
catalyst as shown in Table S1. The catalytic activity of the
studied nanocatalyst was efficient and comparable with
other reported palladium based catalyst. Previously, Hong
et al. reported that the adsorption abilities for dyes were
favorably influenced by calixarene modified multi-walled
carbon nanotubes (MWCNTs) when compared to unmodi-
fied hydroxyl MWCNTs [56]. There was no any substantiate
change in the degradation results for both the azo dyes, MB
and MO in the presence of MCPTH alone (Fig. S13 a—d).
Even in the case of PANPs coated with citrate ligand, which
was prepared according to reported procedure using PdCl,
as starting material [57] showed very slight change in the
absorption spectra, which may be due to the fact that citrate
bound PdNPs exhibited electrostatic repulsion to borohy-
dride ions which discouraged any catalytic activity. The
degradation studies were also compared with other cationic
(methyl violet) and anionic (Eosin Y and Congo red) dyes
by observing their UV—Visible spectra (Fig. S14 a—c). It has
been understood that, the degradation process was very slow
and inefficient. According to previous studies, the reason
behind less facile degradation process for various dyes has
been reported due to (1) complex chemical structures which
increases the steric hindrance [4, 58] (2) chemical structure
of the dye molecules [59, 60] and (3) molecular size of the
dye molecules [61]. Thus, in the present case also, the large
molecular size as well as the chemical functionalities which
hinders the physical contact of the dyes with PANPs.

3.3 Proposed Mechanism for Dye Degradation

In the present work, the resulting calix-nano hybrid pos-
sesses a hydrophobic calix[4]pyrrole conjugate, a heteroge-
neous surface, and the capability to reduce [62]. This makes
the palladium nanocatalyst stable and is useful for carrying
out catalytic activity in water. Alternatively, the palladium
nanoparticles stabilized by MCPTH functions as the electron
mediator between borohydride ions (reductant) and azo dyes
(oxidant), and the electron transfer process occurs via the
surface of palladium nanoparticles. Eventually, the electrons
released by borohydride ions are adsorbed on the surface
of the palladium nanocatalyst and the dye molecules are
reduced to respective hydrazide or aniline derivatives. The
uptake of electrons by the azo dyes leads to easy degradation
by an oxidation-reduction process. Hence, it is reasonable to
speculate that during the catalytic reduction process, the azo
band completely destroys and forms some degradation prod-
ucts. The formation of intermediates such as hydrazine and
benzene derivatives have also been reported previously [53].
The formation of the degraded products obtained after the
catalytic reaction of both methylene blue and methyl orange
were analyzed using gas chromatography-mass spectroscopy

method (GC-MS). The molecular structures of the possible
reaction intermediates due to the fragmentation of methylene
blue and methyl orange has been shown in Fig. 6. In case of
MB, different intermediate products with m/z values of 229,
256, 270 and 94 were identified due to the cleavage of one or
more methyl substituent on the amine groups [63]. In case of
MO, the cleavage of azo bond, yielded 4-aminobenzenesul-
fonic acid and N, N’-dimethylaniline, aniline at m/z values
of 173, 121 and 94 respectively. In addition, other fragment
ions with the corresponding peaks of N, N -dimethylbenzene
diamine and benzene sulfonic acid were also engendered in
the degradation process [64, 65]. The mass spectra recorded
for MB and MO has been depicted in Fig. S15. To further
shed light on the application of MCPTH-PdNPs for the azo
dye degradation, Fig. S16 depicts a schematic representation
for the catalytic mechanistic pathway.

To substantiate the experimental results, we have per-
formed the natural bond orbital (NBO) analysis to determine
the intramolecular donor—acceptor interactions and to find
the electronic populations in hybrid orbitals (Fig. S17a, b).
Results have shown that the hydrazide groups of MCPTH
comprise higher NBO charges as well as Mulliken charges
compare to Pd bound MCPTH. The HOMO in MCPTH-Pd
is purely localized on the Pd centre which thereby enables
the transfer of electrons to both the dyes (Fig. S17c¢, d). As
a consequence, reduction of the dye takes place in close
agreement with the NBO scheme and experimental findings.

3.4 Recycdability Study

The nanoparticles were separated by centrifugation, washed
with mixture of water and acetone, dried in a vacuum oven,
and then stored for the next cycle at ambient temperature.
The palladium nanocatalyst showed good performance up
to 6th cycle (79.2% for MB degradation and 80.7% for MO
degradation), however, in the 7th consecutive catalytic run,
the efficiency was reduced to 61.2% and 63.7% for MB and
MO, respectively. The results are shown in Fig. 7. No sig-
nificant loss of catalytic activity up to six subsequent cycles
also indicates that the same proportions of palladium nano-
particles were used in all six catalytic runs. TEM analy-
sis was carried out to investigate the morphology of the
nanoparticles after sixth catalytic run. As shown in Fig. 8
a, b, highly aggregated lumps of the MCPTH-PdNPs was
visualized which determined the decreased catalytic activ-
ity of the nanoparticles for degrading MB and MO, respec-
tively. The turnover number for the heterogeneous system,
MCPTH-PANPs was calculated to be 2.36 x 10°° molecules
per gram and 2.4 x 10%° molecules per gram for MB and
MO, respectively. Intuitively, in case of calix reduced as well
as capped nanoparticles system, it is difficult to speak about
the catalyst concentrations, additionally, we found only a
few publications that report turnover numbers/rates for a
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given reaction and comparisons with other catalysts from
the literature [62, 66].

4 Conclusion

In conclusion, a simple one-pot synthesis of palladium
nanoparticles is reported using web-like calix[4]pyrrole
tetrahydrazide (MCPTH) as both reductant and stabilizer.
The nanoparticles are prepared in water with an average
dimension of 3—4 nm and are quite stable. Further, the syn-
thesized MCPTH-PdNPs have been used for the catalytic
reduction of two azo dyes, methyl orange and methylene
blue in water. The catalytic efficiency of the nanocatalyst
was approximately stable for six subsequent cycles which
makes them potential for applications pertaining to environ-
mental remediation protection. Moreover, the present work
demonstrates the applicability of other unprecedented nano-
particles based on calixarenes for the catalytic degradation
of organic dyes in water.
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Fig.8 TEM micrographs of
MCPTH-PdNPs a for degrada-
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sixth cycle
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