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Chapter 4 Recovery of Pd from ELP solution using crosslinked chitosan and
its valorization as efficient heterogenous catalyst

4.1. Introduction

Palladium is a precious transition metal with wide applications in autocatalysis, medical
devices and jewellery. Palladium is an important catalyst in wide range of organic
transformations such as oxidation, reduction, Heck reaction, Suzuki coupling, Stille coupling,
Sonogashira coupling, C-F bond formation, degradation of dyes and Nitrophenols etc. that find
widespread implications in pharmaceutical and other chemical industries (Anjum et al., 2020;
Leonhardt et al., 2010; Sahin & Gubbuk, 2022; Sargin et al., 2020)

Increased applicability of palladium has led to depletion of palladium sources and increased
cost. The ever-rising demand supply gap for Pd due to reduction in resource availability in
earth’s crust is indicative of the requirements of Pd (Il) recovery from spent resources and
waste streams. From the environmental perspective, Pd accumulation in the environment is
injurious to human health and can result in a number of illnesses, including eye irritation,
asthma, rhino conjunctivitis and skin issues. Also, palladium has the capacity to be transported
through plant roots and later could enter into the food chain (Nagarjuna et al., 2017). From both
environmental and economical perspectives, it is thus imperative to effectively recover and

utilize the available palladium in a sustainable manner and reuse it efficiently (Lee et al., 2021).

Pd can be recovered and reused from secondary sources such as catalytic converter, multi-layer
ceramic (chip) capacitors, plating connectors and lead frames (Godlewska-Zytkiewicz et al.,
2019). Electroless plating is an easy, low cost and inexpensive technique for depositing
palladium. It produces uniformly required coatings from aqueous solutions on both conducting
and non-conducting surfaces without applying the electrical external current and/or potential.
(Cheng & Yeung, 2001). Electroless plating has been employed for Pd membrane production
(Buekenhoudt et al., 2010). After membrane synthesis the spent solutions contains significant
amount of Pd metal which needs to be recovered and reused. Electroless plating can thus

become an attractive secondary source for Pd.

Numerous techniques like ion exchange, electrolysis, chemical precipitation, adsorption,
leaching, and electrochemical reduction, membrane separation, biosorption, electro-kinetic
process, magnetic nanoparticle-based process, foam fractionation, hydrothermal sulfidation,
flotation, and molecular recognition gel technology have been used for recovery of palladium
(Nagireddi et al., 2018). Amongst all the techniques, adsorption is an attractive alternative due
to promising features such as faster kinetics, higher recovery at lower concentrations, ease of

operation and low cost (Nagireddi et al., 2017). Japanese cedar wood powder was chemically
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modified to a tertiary-amine-type adsorbent and studied for the selective recovery of Pd(Il)
from simulated high-level liquid waste indicating the suitability of the adsorbent for various
industrial waters (Parajuli & Hirota, 2009).

Ca-alginate immobilized p.vermicola has been applied as a biosorbent for recovering Pd(11)

from acidic solutions (Xie et al., 2020).

Glutaraldehyde-crosslinked polyethyleneimine (GLA-PEI) in algal biomass beads (AB/PEI)
were prepared by Wang et al. and its sorption capacity for Pd(Il) and Pt(IV) were studied (S.
Wang et al., 2017). Sargin et al. reported synthesis of palladium supported on chitosan-carbon
nanotube and its application in catalytic reduction of compounds containing nitro group (4-
nitrophenol, 2-nitroaniline, 4-nitro-o-phenylenediamine and 2,4-dinitrophenol) and in
degradation of dyes (Congo red, Methyl red, Methyl orange and Methylene blue) as well as for
the synthesis of biaryls by Suzuki coupling reaction (Sargin et al., 2020).

Numerous covalent crosslinking agents are reported such as Glutaraldehyde, Epichlorohydrin,
Glyoxal, Trimethyl propane triglycidyl ether, Ethylene glycol and diglycidyl ether (Jozwiak et
al., 2017).

Mincke et al., developed three Chitosan derivatives namely 1,10-phenanthroline-2,9-
dicarbaldehyde cross-linked chitosan (Ch-PDC), [2,2’-bipyridine]-5,5’-dicarbaldehyde cross-
linked chitosan (Ch-BPDC) and glutaraldehyde cross-linked chitosan grafted with 8-
hydroxyquinoline-2-carbaldehyde (Ch-GA-HQC), and were employed for Pd(Il) and Pt(IV)
recovery from acidic solutions (Mincke et al., 2019). Ruiz et al., used glutaraldehyde as cross-
linking agent to crosslink chitosan to study palladium recovery in acidic medium (Ruiz et al.,
2000).

Nagireddi et al. prepared glutaraldehyde cross-linked chitosan and used for recovery of Pd from
ELP solution. (Nagireddi et al., 2017). Gupta et al. have used glyoxal and glutaraldehyde cross
linked chitosan for controlled drug delivery and had observed that glyoxal cross linked chitosan
had better stability and efficiency (Gupta & Jabrail, 2006). Chitosan—glyoxal has been used as
adsorbent for reactive and acid dyes at pH 3 (Yang et al., 2005) and chitosan cross linked with
glyoxal loaded with palladium has been studied as a catalyst for Suzuki coupling reactions (T.
Baran, 2016). Glyoxal is a polysaccharide containing two aldehyde groups. Cross linking
involves either Schiff's base formation between the aldehyde groups of glyoxal and the free
amino groups of chitosan or acetal formation between the aldehyde groups of glyoxal and the
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hydroxyl groups of the glucosamine units of chitosan (Yang et al., 2005; Kaczmarek-
Szczepanska et al., 2021).

However, Chitosan-glyoxal has not been studied as adsorbent for Pd. Chitosan-glyoxal
supported Pd has not been reported as environment catalyst for catalytic reduction of dyes and
toxic pollutants like Nitrophenol. Though Pd has been recovered from several environmental
matrices using a wide range of adsorbents its valorization has not been demonstrated by

researchers.

This work was directed towards investigating the Pd(ll) adsorption characteristics on Glyoxal
crosslinked chitosan (GCC) using synthetic electroless plating (ELP) solutions. The chitosan
derivative GCC and Pd@GCC were characterized by various analytical techniques like
Scanning Electron Microscopy, High Resolution Transmission Electron Microscopy, Energy
Dispersive X-ray Spectroscopy, Fourier Transform Infrared Spectroscopy, Thermogravimetry,
X-ray Photoelectron Spectroscopy, X-ray Absorption Near Edge Spectroscopy and X-Ray
Diffraction techniques. Further PdA@GCC was valorized for multifarious applications such as
C-C coupling reactions in mild conditions, catalytic dye reduction and nitrophenol reduction

and sustainability of the catalyst was tested.

4.2. Materials and method

4.2.1. Materials

All chemicals were purchased as reagent grade from commercial suppliers and were used
without further purification. Chitosan (from crab shells, 75-85% deacetylated of mean
molecular weight ~190,000-310,000 Da) was purchased from Sigma-Aldrich. The
synthesized materials were first dried in oven at 100°C and then used for further

analysis.

4.2.2. Preparation of Glyoxal crosslinked chitosan derivative (GCC)

Firstly, 0.1 g chitosan was dissolved in 10 mL of water containing 0.1 mL acetic acid and
stirred for 2-3 hours till homogeneous solution is obtained. Subsequently, 2 mL of glyoxal was
added dropwise to chitosan solution and continued stirring for 1 hour for better mixing. The
pH of the reaction mixture was then adjusted to 6-7 using 0.2 N NaOH which resulted in a

yellowish—orange gel. The obtained gel was filtered and washed several times with
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conductivity water followed by acetone and dried in vacuum oven at ~100°C for 9-10 h. The
dried product was ground into fine powder by using mortar and pestle followed by washing in
a soxhlet extractor with methanol for 24 h with the final product dried and used for Pd(lIl)

adsorption study (Schematic 4.1).

CH,OH CHZo"g
" © o) p OH 9
OH Palldium H
n adsorption from N H"
Cross linking NIH ELP solution Pd, I
> N > N HH
H OH
OH o)
0 o 0] H o)
Chitosan Glyoxal CH,OH CHOR -,
n
. Pd adsorbed on
Glyoxal Crosslinked Glyoxal Crosslinked
Chitosan (GCC) Chitosan (Pd@GCC)

Scheme 4.1: Schematic diagram of synthesis of PdA@GCC
4.2.3. Preparation of synthetic 50 ppm ELP solutions

Table 4.1 summarizes the composition of synthetic ELP solution used for batch adsorption
studies. Along with Pd precursors, the synthetic ELP solution consists of Na,EDTA stabilizer,

Cetyl trimethylammonium bromide (CTAB) cationic surfactant and liguor ammonia.

Component’s Name Pd(Il) concentration (in ppm) in solution
50 100 200 300 400 500
PdCI2 (mg/L) 83.31 166.63 | 333.27 | 499.90 | 666.54 833.17
Na2EDTA (g/L) 1.39
NHz solution (25%), (mL/L) 10.33
CTAB, (mg/L) /1335

Table 4.1: Concentration of components in ELP solution
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Stock Pd (I1) solutions were prepared by dissolving 8.3 mg of PdCl> in 50 mL conductivity
water. For complete dissolution of Pd(11), 1 mL of concentrated HCI was added and stirred for
about half an hour. Subsequently, 0.13 mg Na.EDTA and 33.5 mg CTAB (cationic surfactant)
were added to the Pd(I1) solution and kept for stirring on a magnetic stirrer till a clear solution
was obtained. The pH was maintained between 6.0-7.5 using ammonia and the solution was
made upto 100 mL and stirred till the resulting solution became colorless(Nagireddi et al.,
2017)

4.2.4. Pd(Il) adsorption experiments (Pd@GCC)

a) Optimization of Adsorbent dosage

A series of solutions containing 10 mL of 50ppm of Pd(I1) solution with varying amounts (0.1-
0.5g) of GCC were taken in polypropylene conical flasks and were agitated at 250 rpm in an
orbital shaker for 3h at room temperature. After 3h, the solution was filtered through Whatman

filter paper No. 1, and filtrate was analysed for unadsorbed Pd(Il) using AAS spectrometer.
b) Optimization of Time

Synthetic ELP solutions containing 10 mL of 50 ppm Pd (I1) were taken in 6 different conical
flasks to which 0.2 g of GCC was added and the mixture was agitated in an orbital shaker at
room temperature for different time intervals ranging from 30 to 180 minutes. The unabsorbed

palladium was determined by AAS after filtering the solution.
c) Optimization of pH

Batch adsorption studies for the study of effect of pH was performed by setting pH 1-10 of 50
ppm Pd(I1) solutions and were agitated with 0.2 g of GCC at 250 rpm at room temperature in

an orbital shaker for 2 h. The solutions were filtered and collected for AAS analysis.

4.2.5. Suzuki coupling reaction using PA@GCC

To a 25 mL round bottomed flask, 1.59 mmol Aryl halide, 1.59 mmol Phenylboronic acid, 3.18
mmol K>COs, 3 mg PA@GCC and 10 mL H2O were added. The reaction mixture was heated
to 100 °C in an oil bath and stirred for 10 to 24 h depending on the aryl halides used. The
progress of the reaction was monitored by TLC. After completion of the reaction, the reaction
mixture was cooled to room temperature and the product was extracted with 5SmL ethyl acetate

three times (3*5 mL). The catalyst was separated by filtration. The ethyl acetate phase was
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collected, dried with Na>SO4 and the solvent was then removed under reduced pressure to get
the crude product. Samples were analyzed by GC-MS and NMR.

To test the recyclability of PA@GCC catalyst, after each cycle catalyst was separated, washed
twice with 10 mL of 1:1 ethyl acetate:water and dried it in an oven at 100 °C for 5 h. The
recovered catalyst could be used for the next cycle.

4.2.6. p-Nitrophenol reduction using PA@GCC

In a 50 mL conical flask, 10 mLof 10 ppm p-NP solution, 4 mg NaBH4 and 1 mg of catalyst
were added at room temperature (30-35°C). The solutions were mixed by gentle shaking before
each measurement. The reduction reaction was monitored by measuring the absorbance of the

solution at different time intervals using UV—Vis absorption spectrophotometer.

The reusability of Pd@GCC was tested by collecting the catalyst after filtration, and washed
twice with 10 mL conductivity water, dried in an oven at 100 °C for 3-4 h before the next cycle

of the experiment.

4.2.7. Procedure for reduction of dyes using PA@GCC

The reduction of dyes MB, MG, CV, R6G using sodium borohydride in the presence of 1 mg
Pd@GCC was carried out at 30-35°C. A known amount of NaBH4 was mixed with 10 mL of
5 ppm dye solution followed by the addition of 1 mg Pd@GCC. The decolorisation of the dyes
was monitored by UV-Vis spectroscopy at 2 min intervals.

The reusability of PA@GCC was tested by separating the catalyst by filtration, washed twice
with 10 mL conductivity water followed by 5 mL acetone and placed in an oven to dry for 3-4

h before next cycle of the experiment.

4.2.8. Characterization of PdA@gGCC

The structural and morphological properties of GCC and Pd@GCC were analyzed by using
XRD, SEM, EDX, HRTEM, XPS, HRTEM and XANES techniques as described in chapter 2

section 2.2.6.
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Pd k-Edge XANES analysis

Samples (pellet) were prepared by grinding it in a mortar and pestle and pressed under high
pressure under vacuum. Pd K-edge XANES experiments were performed in the emission
mode, at the beamline BL12, INDUS-2 of the RRCAT Facility, Indore.

Determination of Palladium amount in mother liquor after adsorption by AAS

After completion of adsorption, the solution was filtered using Whatman filter paper no. 40
and the filtrate analysed by Thermo Electron corporation, S series, AAS spectrophotometer.

The palladium content in the catalyst and leaching study was performed by using PerkinElmer
ICP-MS, NexION 2000 spectrometer by adapting the method described in chapter 3 section
3.2.8.

GC-MS spectra of crude products obtained after coupling reaction were recorded on Thermo
fisher trace ultraGC model. NMR Spectrums of column purified Biphenyl products were
recorded on Bruker Avance |1l spectrometer operating at 600 MHz in CDClI3 solvent using

procedure described in chapter 3 section 3.2.8.

4.3. Result and discussion

4.3.1. Adsorption of palladium from ELP solution

The efficacy of GCC for palladium adsorption from electroless plating solution was
investigated. The Pd(Il) adsorption as a function of amount of adsorbent and time revealed the
optimal values to be 0.2 g and 120 min. respectively (Figure 4.1(A &B)) wherein maximum
adsorption occurred in the first 30 minutes. The adsorption of Pd(Il) (Figure 4.1C) was
observed to be equally effective over the entire pH range of 1-10 studied. Kinetic study of the
adsorption of Pd from ELP solution was done. As seen from the plot of t/gt against time (Figure
4.1D), the adsorption follows pseudo second order kinetics with a regression coefficient of
0.9979.
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Figure 4.1: Optimization of Adsorption of Palladium from ELP solution
4.3.2. UV-Vis spectral analysis of PdA@GCC

Figure 4.2 shows the UV Vis absorption spectra of GCC and PA@GCC. Pd@GCC exhibited a
small band in UV region, around 280 nm attributed to Pd(0) and a peak around 390 nm
attributed to Pd(ll) (Larios-Rodriguez et al., 2013; Nemamcha et al., 2006).
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Figure 4.2: UV-vis spectra of GCC, PA@GCC and Pd@GCC-r
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4.3.3. FTIR spectral analysis

FTIR spectra for Chitosan, GCC and PA@GCC are presented in Figure 4.3. FTIR spectrum of
pristine chitosan exhibited characteristic bands of chitosan which included a broad band at
3415 cm™? (N-H and O-H stretching), 1655 cm™ (NH. bending) and 1030 cm™(C-O-C
stretching)(Nate et al., 2018). The bands at 1561 and 1655 cm™ were attributed to amide 11 and
amide I groups of chitosan respectively. The stretching vibration peaks of C—N were observed
at 1030 and 1075 cm™. In GCC a new peak was observed at 1644 cm™ indicative of the

formation of imine group due to cross linking of glyoxal with chitosan(T. Baran, 2016).
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Figure 4.3: FTIR spectra of GCC and PA@GCC

In addition, the N-H and O—H stretching vibrations were observed at 3429 cm™,the CHs
symmetric stretch at 2925 cm™, C-N stretching vibration at 1400 cm™, CH stretching bands
at ~ 1400 cm™*, C-OH stretching vibration at 1068 cm™* and the CHs bending vibration at 1322
cm ! for GCC(Gupta & Jabrail, 2006; Yang et al., 2005). After the adsorption of Pd onto GCC,
peaks were found to be slightly shifted. This is indicative of the successful adsorption of Pd
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onto GCC. A new peak was observed in PdA@GCC at 621 cm?, attributed to Pd-O bond
representing the interaction of Pd with the surface of GCC (Anjum et al., 2020).

4.3.4. SEM-EDX

Surface morphology of GCC before and after adsorption of Pd were characterized by SEM.

The morphology GCC was observed to be non-porous (Figure 4.4A) with homogeneous cross

linking. It was also observed that GCC became shiny after Pd (11) adsorption (Figure 4.4B).

EDX analysis of Pd (II) loaded GCC obtained revealed Pd weight% to be about 3.56% in
Pd@GCC (Figure 4.4C). The EDX also confirmed the presence of O (69.12 wt%), N (15.49
wt%) and C (11.83 wt%) in PA@GCC. Pd content were also analyzed by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). The results showed that the Pd content of the final

product is 0.24 wt% for PdA@GCC

EDX spectra of Pd@GCC C
Element | Weight% | Atomic%
CK 11.83 15.29
N K 15.49 1716
OK 69.12 67.03
Pd L 3.56 0.52

Totals 100.00

Figure 4.4: (A) SEM image of GCC, (B) SEM image of PA@GCC, (C) EDX of PA@GCC,
(D,E) HRTEM image of PdA@GCC, (F) SAED pattern of PdA@GCC
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4.3.5. HRTEM and SAED

The HRTEM images of Pd@GCC (Figure 4.5A,B) clearly revealed fivefold twinned
icosahedron shaped palladium particles dispersed in GCC. Particle size of palladium
(Pd@GCC) was in the range of 24-30 nm. Lattice fringes (Figure 4.5B) with lattice spacing
0.205 nm characteristic of (200) plane of fcc Pd were observed. Lattice fringes observed with
lattice spacing of 0.221 nm were attributed to (110) plane of PdO (C. Wang et al., 2015). The
SAED pattern (Figure 4.5C) corresponded to (220) plane of Pd and (103) plane of PdO.

: "
&
O

/S

/pd (200)

Figure 4.5: (A) TEM image of PdA@GCC (B) HRTEM image of PA@GCC, (C) SAED pattern
of PdA@GCC

4.3.6. PXRD Analysis

X-ray diffraction (XRD) patterns recorded for GCC and PA@GCC are presented in Figure 4.6.

chitosan show two strong characteristics peaks at ~10 and 20° with high degree of crystallinity
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(Qi et al., 2004). In GCC, The characteristic peaks of chitosan at 20° disappeared (Govindan
etal., 2012), and a broad peak centered at 26 = 23° appeared.

This difference in XRD patterns between chitosan and GCC should be attributed to the cross-
linking reaction between chitosan and glyoxal wherein the crystallinity of chitosan decreased
after crosslinking with glyoxal(T. Baran, 2016). This could be attributed to the substitution of
hydroxyl and amino groups resulting in deformation of the hydrogen bonds in original chitosan
which efficiently destroyed the regularity of the packing of the original chitosan chains and

resulted in the formation of amorphous GCC.

The planes that corresponded to GCC were relatively suppressed due to crystallinity of
palladium in the XRD pattern of PdA@GCC while peaks at 39.6°, and 46.7° corresponded to
(111) and (200) planes of palladium (JCPDS # 89-4897)(T. J. Wang et al., 2020) and the one
at 33.9° attributed to (110) plane of PdO were observed (ICSD 00-043- 1024). (N. Y. Baran et
al., 2018; Walls et al., 2019).
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Figure 4.6: XRD pattern of Chitosan, GCC and Pd@GCC
4.3.7. XPS Analysis

XPS analysis of PdA@GCC was performed to understand the chemical binding states and

composition of the samples.
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In the region of 330-345 eV two well defined spin—orbit doublets of Pd 3d5/2 and Pd 3d3/2
with 5.2 eV spin orbit splitting (Figure 4.7B.) were observed. Pd XPS peaks observed at 335.05
and 340.25 eV were attributed to Pd (0) 3d5/2 and 3d3/2 spin orbit doublets. The Pd 3d5/2 and
3d3/2 peaks observed at 336.81 eV and 342.01 respectively were assigned to Pd?* (Peuckert,
1985). Detailed XPS assignments are given in appendix (Table 4.A1-4.A3).
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Figure 4.7: (A) XPS survey spectra of PdA@GCC, (B) Pd XPS spectra of PdA@GCC
4.3.8. TG-DTA Analysis

The TGA analysis of GCC and PA@GCC (Figure 4.8(A&B)) was performed to understand the
degradation profile. GCC exhibited, the first mass loss of 10.4% between 50°C and 150°C
attributed to moisture vaporization. The second weight loss of about 49.6% which started at
about 150 °C was attributed to the decomposition of chitosan. The total weight loss of GCC
upto 750 °C was 67.1%. Similarly, the mass loss study of the Pd@GCC exhibited 69.64%
total weight loss upto 750 °C.

4.3.9. XANES Analysis

The oxidation state of Pd in PA@GCC was further studied through X-ray absorption near edge
spectra (XANES) (Figure 4.8C). The Pd K-edge XANES spectra of PdA@GCC was compared
with the spectrum of the reference metallic palladium. From the figure it is clear that the
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Pd@GCC XANES spectra did not compare with Pd foil but resembled PdO (Keating et al.,
2013)
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Figure 4.8: (A) Thermogram of GCC, (B) Thermogram of PdA@GCC, (C) Pd K edge XANES
spectra of PA@GCC

4.4, Catalytic performance studies
4.4.1. Suzuki coupling reaction in water catalysed by Pd@GCC

The catalytic potential of PA@GCC was investigated for Suzuki coupling synthesis of
biphenyls. The reaction between lodobenzene and phenyl boronic acid was chosen as a model
coupling reaction for the optimization of reaction conditions such as amount of the catalyst,
temperature, time, nature of base system, amount of base and reaction duration. Initial runs of
coupling reaction were carried out using 1 mg of catalyst and 1.59 mmol substrate at 100°C

that led to a 74.82% yield of biphenyl after 12 h (Figure 4.A2). On increasing the catalyst dose
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to 3 mg the reaction proceeded successfully (100% Yield) at 100°C. On performing the reaction
at lower temperatures, it was observed that biphenyl yield was not quantitative (100°C, 99.9%
yield; 30-35°C,0% Yield; 60°C, 72.94% yield) (Figure 4.A3). The effect of different bases on
the biphenyl yield was evaluated (NaOH, 0% yield; KOH, 18% yield; Na,COs, 98% yield;
K2CO3, 98.70% yield) (Figure 4.A4) indicating that the highest yield was achieved with K.COs,
The ideal reaction time for Suzuki coupling reactions catalyzed by Pd@GCC was determined
to be 9 h.

After the optimization of reaction conditions for the Suzuki coupling reactions, the effect of
different substituents such as electron-withdrawing and electron-donor on biphenyl yields was
studied with Pd@GCC under optimal conditions. The influence of reactivity of aryl halides (I,
Br and CI) on the Suzuki reactions was further investigated. Excellent yields with high turnover
number (1584.34) and high turnover frequency (176.03 h'') were obtained with lodobenzene
(Table 4.2, entry 1). Bromobenzene and Chlorobenzene also gave high reaction yields (Table
4.2, entries 6&7) but took longer time (9h for lodobenzene;10h for bromobenzene;12h for
Chlorobenzene), According to the entries seen in Table 4.1, reactivity order of the Aryl halide
was found as R-1 > R-Br> R-Cl.

Studies on the effect of the substituent revealed that electron-withdrawing group (-CHO)
(Table 4.2 entries 4&5) on the substrate gave higher reaction yields than electron donor group
(-CHa) (Table 4.2 entries 2&3). It was also observed that para-substituted substrates were more
active than ortho substituent on Aryl halide (N. Y. Baran et al., 2018; Yi et al., 2007).

Table 4.2: Suzuki coupling reaction catalysed by Pd@GCC in aqueous system

Reaction Condition: 1.59 mmol Aryl halide, 1.59 mmol Phenylboronic acid, 3mg catalyst, 2 mol equivalent
K2COs, 10 ml water

X B(OH),
S Pd@GCC
| N + K,CO; (1 equiv.) | X
= /R 10 ml Water / =
1.59 mmol 1.59 mmol R
Aryl halide Phenylboronic acid
X=1, Br R=H, CH; CHO

R=H, CH3 CHO

Sr.No. | X R Temperature (°C) & GC-MS Yield (%) Isolated
Time (hrs.) Yield (%)
1 I H 100 °C,9h 99.9 99.9
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I p-CHs 100°C, 12 h 80.72 80
| 0-CHjs 100°C,15h 79.50 78.4
I p-CHO 100°C, 14 h 97.82 96.5
I 0-CHO 100°C, 20 h. 96.28 95.8
Br H 100°C, 10 h 99.1 99.0
Cl H 100°C, 12 h 98.5 98.1

Recyclability of the catalyst

To study the recyclability of PA@GCC at the end of the model Suzuki coupling reaction, the
Pd catalyst was filtered and rinsed several times with water and acetone for regeneration of the
catalyst. This process was repeated after completion of each run and the reusability of the
Pd@GCC was tested under optimal reaction conditions. It was observed that PdA@GCC still
could exhibit a 99.9% conversion upto four cycles. After the fourth cycle there was a 11%
decrease in conversion that could be attributed to the gradual leaching of palladium analysed
by ICP-MS (1% cycle: 1.51ppb Pd; 2" cycle: 1.81ppb Pd; 3" cycle: 3.19 ppb Pd; 4" cycle: 4.49
ppb Pd; 5™ cycle: 23.22 ppb Pd). The structure of the recycled Pd catalyst (Pd@GCC) was
investigated by using FTIR spectroscopy (Figure 4.9). The characteristic peaks of fresh
Pd@GCC were retained in the recycled catalyst indicating that chemical structure Pd@GCC

was preserved up to 4 cycles.
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_ —— Pd@GCC(R2)
300 £ —— Pd@GCC(R1)
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Figure 4.9: Overlay IR spectra of Recycled PdA@GCC catalyst
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4.4.2. Catalytic reduction of p-NP in the presence of Pd@GCC

In order to determine the efficiency of the Pd@GCC for hydrogenation reactions,
hydrogenation of p-Nitrophenol (p-NP) to p-Aminophenol(p-AP) was studied at room
temperature using sodium borohydride as reducing agent and was monitored by using UV-Vis

absorption spectroscopy. (Figure 4.10)
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Figure 4.10: Reduction of p-NP catalyzed by PA@GCC

The product p-AP obtained is a precursor for the synthesis of a drug molecule paracetamol,

thus signifying the valorization of a potential hazardous chemical as well as recovery palladium
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from ELP solution. The original yellow aqueous p-NP solution exhibited an absorption
maximum at 320 nm. After addition of NaBHjs, the color of p-NP was intensified to dark yellow
because of the formation of p-nitrophenolate ion and Amax was red shifted to 402 nm. After
addition of the catalyst, color of the solution faded and turned to colorless on completion of the
reduction of p-NP. The absorption peak at 402 nm was gradually decreased and new peak
appeared at 305 nm due to the formation of p-AP(Ghanbari et al., 2017).

Figure 4.10C shows the UV-Vis spectra of the reduction of p-NP at the interval of every 2 min.
from the start of the reaction. Figure 4.9D shows the plot of In(At/Ao) versus time for the
kinetic study of the reaction. The plot indicated that the reaction followed first order kinetics
(Figure 4.10D) with respect to reduction of p-NP as concentration of NaBH4 was high during
the reaction and changed negligibly during the course of the reaction (Baghbamidi et al., 2018;
T. Baran & Nasrollahzadeh, 2019).

The rate constant was determined to be 0.1428 min~* for Pd@GCC. Figure 4.10E shows
representative recyclability data of PA@GCC, wherein 100% reduction was achieved in 26

min, in the first cycle while the 5™ cycle required 30 min to accomplish the reduction process.
4.4.3. Reduction of dyes catalysed by PdA@GCC

The catalytic efficiency of the prepared PA@GCC catalyst was studied for the catalytic
reduction of Methylene blue (MB), Malachite green (MG), Rhodamine 6g (R6g), and Crystal
violet (CV). The progress of reaction was monitored by UV-Vis spectrophotometer and also
visual observation of complete disappearance of color of dyes. Figure 4.11A shows that
Pd@GCC was efficient in the reduction of MB, MG, CV and Rh6G by NaBH4. MG reacted
faster and degraded within seconds (Figure 4.11B).

The absorption peak at 664 nm for MB was found to decrease gradually with the increase in
time indicating the slow degradation process of the dye (Figure 4.11C). The linear correlation
between In(At/Ao) versus reduction time in minutes (Figure 4.11D) indicated that the reduction
followed first-order reaction kinetics with respect to concentration of MB as the concentration
of NaBH4 was relatively higher than that of MB. The rate constant was calculated from the
slope of the graph and was found to be 0.80 min** while the rate constants were 0.803 min™
and 0.348 min for CV and Rh6G respectively.
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Figure 4.11: Degradation of Dyes (Malachite green, Methylene blue, Crystal violet,

Rhodamine 6g) catalyzed by PA@GCC

Influence of pH in dye degradation was studied in acidic, neutral and alkaline pH conditions.

It was observed that at pH 7, the degradation of methylene blue was the highest, reaching
96.97%. while at pH 4 and 10, 55% and 58% degradation respectively was observed (Teng et
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al., 2020). Recyclability of the catalysts were tested with MB and it was observed that
Pd@GCC was recycled without loss in catalytic efficiency upto 8 cycles.

Pd@GCC showed much higher recyclability for the p-NP reduction and MB degradation than
for Suzuki coupling. This could be due to the higher reaction temperature (100 °C) required for
Suzuki coupling reaction. Perhaps, a change of the coordination sites of Pd on the support
during reaction and work-up is responsible for this effect (Martina et al., 2011).

4.4. Conclusion

The prepared Glyoxal Cross Linked Chitosan (GCC) was well characterized and used for
adsorption of Pd from electroless plating solution (Pd@GCC). PA@GCC was valorized as a
catalyst for the Suzuki coupling reaction, dye degradation and p-NP reduction. From these
studies it was proven that, GCC effectively interacts with palladium, thereby leading to
excellent palladium recovery and its reusability in catalytic applications. Furthermore, the
reduction of PdA@GCC and the catalytic applications were carried out in agueous medium,

offering an environmentally benign methodology.
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Appendix

XPS data

Table 4.A1: Cl1s XPS spectra of PA@GCC

XPS peak Interpretation
284.84 C-C/C-H
286.32 C-0O-C, C-OH, C-0, C-NH2
287.65 C=0
288.73 0-C-0, O-C=0

Table 4.A2: N1s XPS spectra of PdA@GCC

XPS peak Interpretation
399.20 O=C-NH
400.63 C-N
402.46 NH2-Pd

Table 4.A3: O1s XPS spectra of PA@GCC

XPS peak Interpretation
529.64 Surface Oxygen
530.61 Pd-O
53151 N-C=0
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Optimization of Catalyst amount

Reaction with 1.59 mmol lodobenzene and Phenylboronic acid requires more catalyst for the

completion of the reaction with but 3 mg catalyst at 100 °C and gave 99% yield.
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Figure 4.A2: GC-MS spectra of the product for PdA@GCC catalysed reaction between
lodobenzene and phenylboronic acid performed using K2COz and water as a solvent at 100 °C
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Optimization of temperature

It was observed that coupling of 1.59 mmol lodobenzene and Phenylboronic acid was studied

at different temperatures from 100 to 30 °C (i.e, Room temperature) with 3 mg of Catalyst.
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Figure 4.A3: GC-MS spectra of the product for PdA@GCC catalysed reaction between
lodobenzene and phenylboronic acid performed using K.COs and water as a solvent at 30, 60
and 100 °C
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Optimization of Base

Screening of bases such as K.CO3, Na;COs, NaOH and KOH was performed and it revealed

that highest yield could be obtained by the use of 2 equiv. K.COs as base.
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Figure 4.A4: GC-MS spectra of the product for PdA@GCC catalysed reaction between

lodobenzene and phenylboronic acid performed using NaOH, KOH, K>CO3, Na.COz and water

as a solvent at 100 °C
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GC-Ms spectra of biphenyl derivatives obtained by using Pd@GCC catalyst
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Figure 4.A5: GC-Ms spectra of crude product synthesized From Aryl halides and
Phenylboronic acid at 100 °C using PdA@GCC catalyst
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Recyclability

Recycling of catalyst was carried out using lodobenzene (1.59mmol), Phenyl boronic acid
(2.59 mmol), K2CO3 (3.18 mmol), PA@GCC (3 mg) and H20 (10 ml) at 100°C under stirring.
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Figure 4.A6: GC-MS spectra of the product for Recycled catalyst (Pd@GCC & Pd@GCC-r)
catalysed reaction between lodobenzene and Phenylboronic acid performed at 100 °C
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