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CHAPTER 2

2.1 Introduction

Nano-engineered catalysts magnetic nanoparticles have been of major interest to researchers in
area of catalysis owing to its ability to heterogenize the nanoparticles in addition to providing
ease of catalyst separation via magnetic decantation. In the class of magnetic nanoparticles,
specifically iron oxide nanoparticles have been widely explored for various applications such as
catalysis, drug delivery, adsorption etc [1][2][3]. Recently it is reported that iron is considered
as “metal with minimum safety concern” by regulatory authorities[4].

Besides iron oxide nanoparticles, elemental zerovalent iron existing in a bcc crystal structure as
alpha-Fe has very reactive surface sites in its nano state. Elemental zerovalent iron nanoparticles
(nZV1) have been the subject of considerable research as they can play vital role in aiding
greener synthesis, minimizing environmental contaminants, sustainable catalysis. They are earth
abundant, non-toxic, biocompatible, adorned with excellent electron donating capability and
have high potential to behave as catalysts[5]. In this regard, an excellent opportunity come into
light for application of nZVI in the field of catalysis. Excellent catalytic activity of iron
nanoparticles in zero valent state (nZV1) has been reported for few reactions like Fenton process
as well as for dehalogenation of aromatic halides[6]. They can be synthesized at ease and
demonstrate large surface to volume ratio. For the synthesis of zerovalent iron nanoparticles, a
significant amount of research has been done and well documented so far.[7] The physical
methods for preparation of nZV1 are not cost effective and chemical methods are simple due to
homogeneity and ease of operation.

Although the emergence of zerovalent iron nanoparticles is rapidly progressing due to its various
advantages but they associated with various factors such as high aggregation rate, surface
oxidation and interaction with the environment are the limitations responsible for hindering the
full-fledged catalytic application of these nanoparticles. To circumvent these problems, various
strategies have been utilized to enhance the stability of nZVI. For instance modifying
nanoparticle surface by functionalization with moieties viz. cyclodextrin[8], chitosan[9],
starch[10], cellulose[11], polyphenols[12], riboflavin[13], organic acids (citric acid)[14]etc.
Other approaches include modifying viscosity (using guar gum, xanthan gum etc.),
incorporating a supporter (carbon porous material, biochar etc.)[15][16][17], using protective
coatings (e.g., clay)[18][19].

Amongst these, B-Cyclodextrin, a well-known host for hydrophobic substrates and multiple
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hydroxy groups can aid in capping the nZVI to act as catalyst. Recently, Krawczyk et al. have
made the first attempt to demonstrate the catalytic application of B-cyclodextrin functionalized
nZVI1 for the reduction of 4-nitrophenol to 4-aminophenol[8]. However, due to solubility in
water, the 3-CD capping may not be efficient which hampers the recycling ability of the catalyst.
Since very little work is focused on recycling of nZVI based catalyst, it would be interesting to
functionalize with environmentally friendly crosslinked polymers as they are endowed with
various functionalities like -OH, —NH>, —SH, —COOH to stabilize the metal nanoparticles via
ionic interaction. 3-CD derived crosslinked polymers can be ideal stabilizing agents due to
stable, biodegradable and amphiphilic nature[20][21][1]. They can facilitate reactions in
aqueous medium in less time and with high recyclability. Such B-CD derived crosslinked
polymers capped nZVI have not been explored for catalytic applications of nitroaromatics, to
the best of our knowledge. There has been a recent advent in the usage of sonochemical approach
for the synthesis and catalytic application.

Sonochemical approach is associated with employing ultrasound waves having frequency in the
range of 20 kHz - 2 MHz in order to facilitate chemical, thermal and physical effects in
solution[22]. These effects result in generation of intense local heat increasing the solution
temperature to ~5,000 K and high pressure ~1,000 bar. These elevated temperature and pressure
conditions result in the phenomenon of acoustic cavitation and cage effect causing an
acceleration in the reaction rates assisting reaction completion in shorter time under milder
conditions with high vyield[23][24]. These factors make sonochemical approach more
convenient, fast, simple and easily controlled as compared to conventional methods. Therefore,
this unique technique can be utilized for green, economical and environmentally-friendly
approach  for both synthesis as well as application of the engineered
nanocatalysts[25][26][27][28][29].

This is owing to the fact that rationally synthesized nanocatalysts are designed to have enhanced
catalytic activity and selectivity towards chemical processes under study.

The reduction of nitroaromatics is an industrially important process as the products, aromatic
amines, are versatile intermediates and precursors which are further used in pharmaceuticals,
agrochemicals, dyes and polymers[30][31][32].

The ultimate goal was to synthesize crosslinked polymers derived from renewable resources,

utilizing them for capping very unstable zerovalent iron nanoparticles and then employing the
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resulting material as nanocatalysts having the following features:

1. Sonochemical synthesis of stable zerovalent iron nanoparticles(nZV1) by capping with
two different cyclodextrin derived crosslinked polymers CDCA and CDLA obtained
from green precursors

2. Assessment of CDCA@nZVI1 and CDLA@nZVI as catalysts for rapid sonochemical
reduction of nitroaromatics in aqueous medium at ambient temperatures

3. Optimization of reaction parameters and a comparison of the performance of the two
catalysts.

4. Assessment of recyclability of the catalyst which confirms its stability and robust nature

The catalysts were characterized using NMR, FTIR, EDX, HRTEM, DLS, Zeta potential,
FESEM, VSM, XRD, XPS and TGA analysis. 4-Nitrophenol was used as a model substrate and
the substrate scope was extended to different nitroaromatic compounds. The products were
isolated and characterized with NMR. The recyclable catalysts could be low-cost, eco-friendly

and sustainable options for organic transformation in water via sonochemical approach.

2.2 Experimental Section

2.2.1 Materials

Ferric chloride (FeCls), B- Cyclodextrin (> 97% purity) were purchased from Sigma Aldrich and
TCI, India respectively. Dimethyl formamide (DMF), Citric acid (CA), Lactic acid (LA),
sodium borohydride (NaBHa), 4-Nitroaniline (4-NA), 3-Nitroaniline (3-NA), 2-Nitroaniline (2-
NA), 4-Nitrophenol (4-NP), 2-Nitrophenol (2-NP), Nitrobenzene, N, N Dimethyl formamide
(DMF) and Dimethyl Sulphoxide (DMSO) were purchased from Spectrochem, India. All the
compounds were used as received without further purification. All the solutions were prepared

using double-distilled and demineralized water.

2.2.2 Characterization methods

The catalyst preparation was performed using an ultrasonicator of LABMAN make (India), with
a tank capacity of 4 L operating at 100 W. H and *C NMR spectra of CDCA and CDLA
polymers were recorded on NMR spectrometer (Avance 11 (400MHz), Bruker, Switzerland)
using DMSO-d® as the solvent. 2D NMR Spectroscopy i.e, Correlation Spectroscopy (COSY),
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Heteroatom Single Quantum Correlation (HSQC) and Nuclear Overhauser Effect Spectroscopy
(NOESY) was recorded on NMR spectrometer (Avance Neo (500 MHz), Bruker, Switzerland)
using DMSO-d® as the solvent. FTIR spectrophotometer (Alpha, Bruker, Switzerland) was used
to record FTIR spectra with KBr pellets in range of 4000-400 cm™. High-Resolution
Transmission Electron Microscopy (HR-TEM) was carried out using an electron microscope
(Jem-2100F, Jeol, USA) operated at an acceleration voltage of 200 kV. For this purpose, the
sample was dried, powered and dispersed in methanol and ultra-sonication was carried out for
30 minutes. Subsequently, that sample was deposited onto a carbon-coated grid at room
temperature and it was allowed to air dried, TEM images were then recorded. Energy-dispersive
X-ray spectroscopy (EDX) was performed to analyze the elemental composition using JSM-
5610 LV, Jeol, USA, instrument in scanning mode attached to FESEM microscope (JSM7600F,
Jeol, USA). The analysis was carried out to ensure that the spectrum acquired is a representation
of the bulk of the catalyst system. The size distribution of CDOCA@nZVI and CDLA@nZV1 was
analyzed by dynamic light scattering measurements (DLS) recorded on Delso Nano, Beckman
Coulter, USA. The zeta potentials were measured with Nano-ZS 90, Malvern Zetasizer, UK.
Vibrating sample magnetometer (VSM) analysis was performed using VSM 7410, Lakeshore,
Sweden at room temperature. The powder X-ray diffraction (PXRD) patterns were recorded
using diffractometer (D8 Discover, Bruker, Switzerland). The X-Rays were generated using a
sealed tube and the wavelength of X-ray was 0.154 nm (Cu K-alpha). Samples were prepared
by pressing dried powder and patterns were collected with 0.5 step per second and 26 ranging
from 10° to 90°. The surface compositions and oxidation states were investigated using X-ray
Photoelectron Spectroscopy (XPS), performed on ESCA spectrometer (SPECS Surface Nano
Analysis GmbH, Germany). Thermo gravimetric analysis (TGA) was performed using INCARP
EXSTAR 6000 (TG-DTA 6300, Seiko, Japan) at a heating rate of 10°C/min in the temperature
range of 30-500°C. A nitrogen atmosphere was maintained throughout the measurement.
CDCA@nZVI1 and CDLA@nZVI catalyzed reduction reactions were monitored using UV-Vis
Spectrophotometer (Agilent Technologies, Cary 60, U.S) by corresponding Amax.

2.2.3 Synthesis of nanocatalysts derived from cyclodextrin modified polymers capped
nZVI

Synthesis of iron nanoparticles was carried out in aqueous solution by reducing ferric ions with
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sodium borohydride according to a protocol formulated by Wang and Zhang[33] followed by
capping of as prepared nanosized zerovalent iron nanoparticles (nZV1) with two different

cyclodextrin derived crosslinked polymers shown in Scheme 2.1 & 2.2.

2.2.3.1 Synthesis of citric acid modified cyclodextrin polymer

The crosslinked cyclodextrin citrate ester (CDCA) polymer was synthesized via esterification
reaction. Briefly, CD (500 mg, 0.44 mmol) and of CA (100 mg, 0.52 mmol) were dissolved in
10 mL of DMF. To this solution, of DCC (N, N-Dicyclohexylcarbodiimide) (100 mg, 0.48
mmol) acts as coupling agent which in situ activates the carboxyl groups and DMAP
(4-Dimethylaminopyridine) (10 mg, 0.08 mmol), acts as a nucleophilic catalyst accelerating the
reaction, were added and the reaction was stirred overnight at room temperature (35°C) to assist
the ester formation. Upon completion of the reaction after 24 h, the precipitated DCU (1, 3-
dicyclohexylurea) was filtered off to obtain the desired product. The polymer was purified by a
re-precipitation method using diethyl ether twice. The transparent pale-yellow filtrate was
treated with diethyl ether, which gave a white precipitate. The final product was dried under
vacuum condition to obtain the stable solid CDCA crosslinked polymer. The final CDCA
product (400 mg) was stored at room temperature in dry environment until further use and

subsequently characterized.

2.2.3.2 Synthesis of cyclodextrin-citric acid polymer capped Fe nanoparticles
(CDCA@nZVI)

To prepare CDCA@nZVI, 10 ml FeCls solution (0.1 M) was sonicated for 10 min. Then, 10 ml
NaBH4 (0.9 M) solution was added dropwise during the course of 10 min to the FeCls solution in
an inert condition with nitrogen purging. The reaction mixture was sonicated for next 30 min, to
ensure the complete reduction of Fe** ions to zero valent iron (Fe®) nanoparticles. To this reaction
mixture sodium hydroxide was added dropwise to adjust the pH 8. The resultant solution was
sonicated for 10 minutes. Next, CDCA polymer (30mg, dissolved in 5 ml water) was added drop
wise and the resultant solution was sonicated for 30 minutes. The reaction mixture was separated
by magnetic decantation followed by washing thrice with absolute ethanol. The CDCA@nZVI
nanocomposites were then dried in vacuum oven and preserved in vaccuo. Similar procedure was
adopted for the synthesis of CDLA@nZV1 by using CDLA as the capping agent.
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Scheme 2.1: Synthetic route for preparing Citric acid modified p-Cyclodextrin derived

polymer capped Fe nanoparticles via ultrasonication method

2.2.3.3 Synthesis of lactic acid modified cyclodextrin polymer

The crosslinked cyclodextrin lactate ester (CDLA) polymer was synthesized via esterification
reaction. Briefly, CD (500 mg, 0.44 mmol) and LA (100 mg, 1.11 mmol) were dissolved in 10 mL
of DMF. To this solution, DCC (100 mg, 0.48 mmol) and DMAP (10 mg, 0.08 mmol) were added
and the reaction was stirred overnight at room temperature (35°C) to assist the ester formation.
Upon completion of the reaction after 24 h, the precipitated DCU (1, 3-dicyclohexylurea) was in
the solution was filtered off to obtain the desired product. The polymer was purified by a re-
precipitation method using diethyl ether twice. The transparent pale-yellow filtrate was treated
with diethyl ether, which gave a white precipitate. The final product was dried under vacuum
condition to obtain the stable solid CDLA crosslinked polymer. The final CDLA product (430 mg)
was stored at room temperature in dry environment until further use and subsequently

characterized.
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2.2.3.4 Synthesis of cyclodextrin-lactic acid polymer capped Fe nanoparticles
(CDLA@NZVI)

To prepare COLA@nZVI, 10 ml FeCls solution (0.1 M) was sonicated for 10 min. Then, 10 ml

NaBH4 (0.9 M) solution was added dropwise during the course of 10 min to the FeCls solution in
an inert condition with nitrogen purging. The reaction mixture was sonicated for next 30 min, to
ensure the complete reduction of Fe** ions to zero valent iron (Fe®) nanoparticles. To this reaction
mixture sodium hydroxide was added dropwise to adjust the pH 8. The resultant solution was
sonicated for 10 minutes. Next, CDLA polymer (30 mg, dissolved in 5 ml water) was added drop
wise and the resultant solution was sonicated for 30 minutes. The reaction mixture was separated
by magnetic decantation followed by washed thrice with absolute ethanol. The obtained product

was then dried in vacuum oven and preserved in vaccuo.
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Scheme 2.2: Synthetic route for preparing lactic acid modified B-Cyclodextrin derived

polymer capped Fe nanoparticles via ultrasonication method

2.2.4 Catalytic potential of capped zerovalent iron nanoparticles nanocomposites

The reduction of 4-nitrophenol (4-NP) with NaBH4 was used as a model reaction to determine the
catalytic activity of synthesized CDCA@nZVI and CDLA@nZVI. In a typical reaction 10 mg of
catalyst was added to 1.5 mL 4-NP solution (0.12 mM) under sonication in 10 mL round bottom
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flask at 35°C, then freshly prepared 1.5 mL NaBHj4 solution (1.8 mM) was added slowly to the
above reaction mixture. Initially, a sudden change in colour from faint yellow to intense yellow
was observed due to the formation of nitrophenolate ion which finally disappears. The progress of
reaction was monitored using a UV-Vis spectrophotometer.

After complete reduction, the catalyst was separated using an external magnet and dried under

vacuum after washing with water and ethanol.
2.2.5 Kinetic evaluation of the reduction of 4-NP

The kinetics of CDCA@nZVI and CODLA@nZV I catalyzed reaction was also determined in terms
of concentration of 4-NP [1]. It is assumed that no reaction takes place initially due to a time delay.
This time delay is defined as an induction period before the commencement of reaction wherein a
restructuring of the nanoparticle surface takes place. The restructuring of surface atoms generates
catalytically active sites like corners or edges. This helps the initiation of the reaction. It was noted
that the pseudo first order reaction kinetics could be employed for the reduction of 4-NP to 4-
AP[34]. As the concentration of NaBH4 is far greater than that of 4-NP, the reaction rate is
presumably independent of NaBH4 concentration. Hence the rate of the reaction can be evaluated
by studying the kinetics of the reaction in terms of the concentration of 4-NP[35]. The rate constant
k was determined for the reaction using the plot of In (Ct/Co) vs. reduction time as per the following
equation (Eq. (1)):

In (ﬁ) = —kt Q)

Co

Where Ct is the concentration of the 4-NP at time t (min), Co is the initial concentration of 4-NP
at time t = 0 (min) and k is rate constant. The conversion of 4-NP was calculated using the

following equation (Eq. (2)):
Conversion = In (j—Z)X 100% (2)

where At presents the UV absorbance at 405 nm, which is proportional to the concentration of
reduced 4-NP; AOQ is initial UV absorbance at 405 nm after addition of NaBH4[36].
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2.3 Result and Discussion
2.3.1 Synthesis of B-cyclodextrin derived crosslinked polymers for capping nZVI

The synthetic route of the zerovalent iron nanoparticles is illustrated in Scheme 1 & S1. Two
cyclodextrin crosslinked polymers synthesized using naturally occurring citric acid and lactic acid
and used as capping agents. Both the polymers have several cyclodextrin units of 1135 Da linked
together with several citric acid or lactic acid molecules. Hence, the average molecular weight of
the polymer would be much above 10,000 Da which makes it insoluble and useful for
heterogeneous catalysis. The utilization of a stable capping agent assists in overcoming the
aggregation problem associated with nZVI. The citrate/lactate derivative of cyclodextrin polymer
with multiple —OH groups are highly stable as result of sonochemical treatment and cannot be
removed by solvent washing, thus giving stable polymer capped nZV1 nanoparticle. Briefly for
the synthesis, solution of ferric chloride in aqueous HCI, was used as a precursor for the zerovalent
Fe nanoparticles, obtained by reduction with sodium borohydride under ultrasonication. The
polymers capped nZV1 were found to be stable and the greyish black colour[24]. The rapid catalyst
formation occurs as result of cavitation process. This strategy also helps to improve the dispersion
of the catalyst which in turn protect and stabilize the incorporated material. The potential of both

these catalysts were evaluated for the reduction of various nitroaromatics.
2.3.2 Characterization

The synthesized polymers CDLA and CDCA, as well as CDLA@nZV1 and CDCA@nZVI were
characterized by various analytical techniques to understand their structure, composition, size,

morphology, magnetic and thermal properties as stated below:
2.3.2.1 NMR analysis

The structure of crosslinked CDLA and CDCA polymers was characterized with 'H NMR
spectroscopy as shown in Figure 2.1 & 2.2. In case of CDLA polymer, the full range *H NMR
spectrum can be simply divided into two zones, the characteristic protons of repetitive f-CD’s
glucose appear signals at 4.99 ppm (H1), 3.32 ppm (H2), 3.63 ppm (H3), 3.37 ppm (H4), 3.61 ppm
(H5), 3.63 ppm (H6), 5.77 ppm (OH-1), 5.61 ppm (OH-2) and 4.50 ppm (OH-6). The peaks in the
range of 1.27-1.70 ppm were assigned to the CHz protons. The CH proton of lactic acid at 4.3 ppm

is overlapped with the protons of cyclodextrin which is difficult to distinguish.

52 I THE MAHARAJA SAYAJIRAO UNIVERSITY OF BARODA



CHAPTER 2

The covalent binding of the lactic acid induced a significant downfield shift for the peaks of the
H6’ protons bound to the esterified carbon and also to the neighbouring H5’ proton of the CD.
These peaks, at about 4.2—4.3 ppm (H6’) and 3.8 ppm (H5”) were assigned by correlating the data
obtained from *H NMR, *C NMR, DEPT135-NMR and 2D NMR spectroscopy.

(A)
WU
R N N .

(B)

T N WY WH T

Figure 2.1: 'H NMR of (A) native g-CD and (B) CDLA polymer.

13C NMR spectrum of CDLA polymer showed, peak at 101.9 ppm is attributed to C1, peak at 81.5
ppm assigned to C4 and an overlap of C2, C3 and C5 observed at 73.08 ppm, unsubstituted C6
was observed at 59.8 ppm. The substituted C6 of the B-CD is observed downfield at 65.8 ppm.

Preferential esterification of f-CD occurs at the primary hydroxy groups as they are sterically less
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hindered compared to the secondary hydroxy groups. The appearance of peaks at 21.13 ppm and
65.7 ppm were attributed to the CH3z and CH of the lactic acid unit, as shown in Figure 2.2.

'H-1H COSY (Correlation Spectroscopy) is a suitable technique for determining couplings arising
from neighbouring protons. The COSY spectrum (Figure 2.2) for CDLA contains both diagonal
and cross peaks. The magnetization transfer occurs through bonds to the same type of nucleus
(protons) and that make up the cross peaks coordinates. The cross peaks indicate couplings
between the two protons, up to three or sometimes four chemical bonds apart. The most apparent
cross peak in the spectrum indicates a coupling interaction between methyl protons in the range of
1.2- 1.29 ppm and protons of the 3-CD.
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8 F
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Figure 2.2: (A) 13C NMR and (B) 2D COSY NMR spectrum of CDLA polymer

Figure 2.3 shows the heteronuclear spectra (HSQC) spectra of CDLA polymer and relates the
information about *H and 3C correlations, from which the HSQC spectra shows the correlation
peaks of the directly connected *H and *3C atoms. The methyl proton of lactic acid at 1.23-1.29
ppm correlates with the carbon of methyl at 20.4-16.5 ppm of lactic acid that corresponds to the
resonance of the lactic acid methyl carbon signals, as was confirmed by DEPT experiments. In
addition to the unsubstituted B-CD C-6 signal at 59.8 ppm, further methylene carbon signals appear
downfield in the DEPT spectrum at 64-65 ppm which was assigned to the ester C-6.

NOESY experiments correlate all protons which are close enough to each other. A NOESY

spectrum produces through space correlations via spin-lattice relaxation (Nuclear Overhauser
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effect, NOE). Figure 2.3 presents the NOESY spectrum of CDLA having cross-peaks connecting
signals from identical nuclei which are spatially close enough. The 2D NOESY-NMR was carried
out to investigate the intermolecular interactions between the cyclodextrin and lactic acid in
DMSO solution. The space correlation between the magnetically different methylene protons at
4.3 ppm with the methyl proton at 1.29 ppm indicates that the coupled nuclei are close to each
other via spatial arrangement in the polymer. The cross-correlation peaks of the methyl protons of
lactic acid signals with proton signals of the sugar proton of the cyclodextrin clearly indicates the
successful conjugation of lactic acid unit with the cyclodextrin. Evidence for the successful
polymerization and intermolecular association obtained from the 2D NOESY NMR spectrum,
which indicates correlation peaks between the methyl or methylene signals of lactic acid

correspond to the interaction between H-1, H-2 and H-4 of B-CD.
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Figure 2.3: (A) 2D HSQC- NMR spectrum and (B) 2D-NOESY NMR of CDLA polymer
of CDLA polymer

Similarly, in case of CDCA, the spectra showed the characteristic protons of repetitive -CD’s
glucose appear signals at 4.83 ppm (H1), 3.29 ppm (H2), 3.62 ppm (H3), 3.35 ppm (H4), 3.60
ppm(H5), 3.64 ppm (H6), 5.77 ppm (OH-1), 5.71 ppm (OH-2) and 4.51 ppm (OH-6). The -CH>
protons from the citric acid appeared in the range of 2.5-2.9 ppm, respectively (Figure 2.4). This

confirms the successful polymer formation.
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Figure 2.4: 'H NMR of (A) native B-CD (B) CDCA polymer

Both the B-Cyclodextrin derived crosslinked polymers were also characterized using *C NMR
spectroscopy shown in Figure 2.5. Similarly, for CDCA polymer, the carbon from repetitive units
of B-CD’s glucose units were observed at 102.9 ppm, 81.97 ppm, 72.86 ppm attributed to the C1,
C4 and overlap of C2, C3 and C5. The peak at 60.35 ppm was assigned to C6 carbon [37]. The
carbon of the citric acid unit in the crosslinked polymer matrix were observed at 43.2 ppm which
was attributed to CH> of citric acid and the peak observed at 76.9 ppm attributed to the C. The
COSY spectrum revealed the cross peaks between the methylene protons and protons of the 3-CD.

of the CD signal appeared at 65.3 ppm[38].
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'H - 3C HSQC NMR of CDCA polymer revealed the methylene protons in the range of 2.5-3.0

ppm correlates with the carbon of methylene at 43 ppm of citric acid. Similarly, the protons

correlate with the carbons for B-CD. The unsubstituted C6 of CD was observed at 60.3 ppm and
the substituted C6 of the CD signal appeared at 65.3 ppm[38].

(A)

(B) MULUL

1.0

rl.s

2
[ ° ﬁ
| ? Lo
8 ﬁ@ ,
o8
-] 4.0
-]
Fa.
] °

50

E60

=70

80

T
5.

[

T
4.

5

T
4.

o

T
3.

s

T
3.

L]

T T T T
2.5 2.0 1.5 1.0 ppm

Figure 2.5: (A) 3C NMR and (B) 2D COSY NMR and (C) 2D-HSQC NMR of CDCA

polymer

The characteristic peaks for ester linkage formation in case of CDCA appears at 174-176 ppm and

for CDLA it was appeared at 171-176 ppm. These results confirmed the successful esterification

reaction. The Lactic acid /B-CD molar ratio in the products could then be estimated by integrating

the peaks assigned to methyl protons of the lactic acid divided by 7 anomeric protons of 3-CD
units (Figure 2.1). The degree of substitution (DS) calculated from the *H NMR data is 3.3.

Similarly, for CDCA polymer, by integrating the peaks assigned to methylene protons of the citric
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acid divided by 7 anomeric protons of B-CD units. The degree of substitution (DS) was found to

be 4.6.
2.3.2.2 FTIR analysis

Citrate modified B-cyclodextrin and lactate modified f-cyclodextrin polymers were formed by the
esterification reaction between the hydroxy group (-OH) of B-Cyclodextrin and the carboxyl (-

COOH) group of citric acid and lactic acid.

(A)

CDCA@nZVI
(B) e

CDCA
(C)

————— -

CDLA@nZVI

% Transmittance

(D)

4d00 35IUG 30'00 25|DD 2DIDD 15IDD 10bD 560
Wavenumber (cm-1)

Figure 2.6: Overlay of FTIR spectra (A) CDCA@nZzZVI (B) CDCA (C) CDLA@nzZVI (D)
CDLA

Evidence of the polymer formation and successful capping of nZV1 were further confirmed by
infrared spectroscopy studies as shown in Figure 2.6. In case of CDCA polymer, the broad band
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was observed at 3329 cm™* which corresponds to the stretching vibrations of OH group. The bands
at 2929cm™, 1155 cm™ and 1029 cm™ corresponds the stretching vibrations of -CH,, -C—O-C-, —
C-C and bending vibration of —OH groups, respectively[39]. The band at 1727 cm™ is attributed
to the C=0 stretching of the ester group, which is a clear indication for the formation of the citrate
modified p-CD polymer [39]. Similarly, for CDLA polymer the major broad band at 3320 cm™,
2929 cm, 1155 cm™* and 1028 cm* correspond to the stretching vibrations of —OH, —CHz, -C—
C and bending vibration of —OH groups, respectively. The peak at 1736 cm™ showed the C=0

stretching of the ester group, confirms the successful formation of lactate modified 3-CD polymer.

Compared with polymer, it was observed that several bands disappeared or shifted and new peaks
also appeared corresponding to nZVI. For instance, the absence of C=0 peak around 1727cm™
and 1736 cm™ for CDCA and CDLA disappeared indicating the Fe® interacted with C=0 backbone
of the polymer. The peak corresponding to O-H stretching vibration were shifted are observed in
the range of 3400-3600 cm™' for polymer and water involved in hydrogen bonding shows the
presence of polymer on the surface of nZVI. The peaks observed in the spectra between 900 and
1130 cm™! represented the highly coupled C-C-O, C-OH and C-O-C stretching modes of polymer
backbone[24],[40]. From the FTIR analysis, a conclusion could be reached that the surface of
nZV1 nanoparticles confirms the presence of polymer composition. The obtained results showed
that the data is in good agreement with previous findings, which showed that Fe ions interacted

with oxygen containing groups in the organic backbone and then converted to inorganic oxides.
2.3.2.3 HR-TEM analysis

The size and morphology of both the catalysts were determined by HRTEM imaging as shown in
Figure 2.7. HRTEM micrographs confirmed the presence of monodispersed spherical
nanoparticles. The mean diameter of both CDCA@nZVI1 and CDLA@nZV1 was found to be in
the range of 25-30 nm, with CDCA@nZVI having a size of 30 nm and CDLA@nZV I showed 25
nm. Moreover, a light field contrast was due to polymer coating on the surface of the iron
nanoparticles. This also suggests the particles remain uniformly dispersed as both CDCA and
CDLA polymers acts as a capping agent wherein the hydroxy groups of the polymer network

surround the nZVI and protect the particles over longer periods.
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Figure 2.7: Characterization of CDCA@nZVI1 via (A)HRTEM imaging (B) HRTEM images
at higher resolution (C) FESEM micrograph & CDLA@nZVI (D)HRTEM imaging (E)
HRTEM images at higher resolution (F) FESEM micrograph showing spherical
morphology; comparison of the hydrodynamic size of both catalysts via (G) DLS
measurements (H) Elemental composition of both catalysts.

On the other hand, a strong physical adsorption and chemical functionalization of the polymers
onto the surface of the nZV1 provides better stabilization to the particles formed. The size of nZVI
capped with CDLA polymer was found to be smaller as compared to CDCA polymer which leads

to the higher surface/volume ratio.
2.3.2.4 Dynamic Light Scattering (DLS)

The hydrodynamic diameters of CDCA@nZVI and CDLA@nZV1 were demonstrated using DLS

experiments at 25°C (Figure 2.7 (G)). The results revealed an average hydrodynamic size of 134
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nm for CDCA@nZzZVI and 118 nm for CDLA@nZV 1. Moreover, the particles were monodispersed

which is in well agreement with the observations of HR-TEM.
2.3.2.5 Zeta potential analysis

The zeta potential measurements demonstrated -25.23 mV and -29.26 mV charges on the surface
of CDCA@nZVI and CDLA@nZVI1 respectively. The surface negative charge is an attribute of
free hydroxy groups on the catalyst surface and values close to -30 mV indicates good stability of
the synthesized nanoparticles. The negative zeta potential values help to repel the particles in the
suspension resulting in long term stability by avoiding aggregation of the particles.
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Figure 2.8: Zeta potential measurements (A) CDCA@nzZVI1 and (B) CDLA@nZVI

2.3.2.6 FESEM analysis

The SEM micrographs demonstrated spherical morphology for both the catalysts corroborating
with the HRTEM observations (Figure 2.7(A-C), 2.7 (D-F)).

2.3.2.7 EDAX analysis

The elemental composition of the both the polymers were obtained by EDX analysis which showed
the presence of C and O elements as shown in Figure 2.9. The EDX spectra of CDCA@nZV1 and
CDLA@nNZVI are shown in Figure 2.7(H) & Figure 2.9. The weight percentage of elemental Fe
was found to be 17.61% for CDCA@nZV1 and 21.24% for CDLA@nZV1. EDX analysis confirms
that the final products consist of Fe, O, C elements, due to the absence of any other signals. The
presence of elements like C, O and Fe suggest the conjugation of organic functionalities on the

surface of the nZVI nanoparticles & successful formation of materials.
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Figure 2.9: Elemental composition as observed by EDAX analysis of (A) CDCA, (B) CDLA,
(C) CDCA@nzVIand (D)CDLA@NZVI respectively (E) Elemental composition of CDCA&
CDLA polymer.

2.3.2.8 VSM analysis

The evaluation of the magnetic properties of both the catalyst were performed by carrying out
vibrating sample magnetometer (VSM) measurements at ambient temperature. The magnetic
hysteresis curves of both the catalysts are shown in Figure 2.10(A) & Figure 2.11(A). The
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magnetization values were calculated as 22.7 emu g™ and 23.9 emu g* for CDCA@nZVI and
CDLA@nNZVI respectively. Thus confirming the superparamagnetic properties of both the

catalysts which is also evident from an easy separation using an external magnet[40].
2.3.2.9 XRD analysis

The X-ray diffraction pattern of the as-synthesized CDLA@nZVI1 and CDCA@nZVI samples are
shown in Figure 2.10(B) & Figure 2.11 (B). The broad peak appeared due to the short range order
structure discloses the presence of an amorphous phase of Fe (0) nano-phase and it generally
occurs due to the surface stabilized iron nanoparticles [24],[41] and it indicates the particles are

amorphous in structure.
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Figure 2.10: Characterization of CDLA@nZVI1 (A) evaluation of magnetic property via
room-temperature magnetization curve (B)XRD spectrum (C) XPS full scan spectrum and
(D) graph showing Fe 2p binding state levels as observed in XPS.
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XRD demonstrated apparent peaks at 20 value of 44.9° corresponding to the (110) plane of Fe°
nanoparticles, indicating the presence of Fe® stabilized by CDLA@nZVI and
CDCA@nZVI[12],[42].

2.3.2.10 XPS analysis

The XPS spectra for the catalysts successfully provided insights of its surface composition.
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Figure 2.11: (A) Room-temperature magnetization curve, (B) XRD spectrum; XPS spectra
(C) Full scan spectrum (D) Fe 2p (E) C 1s and (F) O 1s binding state levels of COCA@nZVI
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A complete scan from 0 to 1000 eV binding energy demonstrated the presence of Fe, C and O
elements for both CDLA@nZV1 and CDCA@nZVI, corroborating with results of EDX as shown
in Figure 2.10(C)& Figure 2.11 (C-F).

Since in the XPS analysis the photoelectrons can penetrate only ~5 nm deep from the surface, the
FeP peaks observed demonstrate very low intensity and relative area. The Fe® peak had much lower
intensity compared to the peaks of Fe2p3/2 at 712.5 corresponding to the Fe(l11) such as Fe2O3&

FeOOH and 719.1 corresponding to the overlap of oxidation iron and zero-valent iron[43].

This hindered penetration also confirms the core-shell arrangement of the nanocatalyst with nZVI
at the core and the modified cyclodextrin polymer forming the shell. Thus, low binding energies
of 706.4 eV and 706.01 eV corresponding to Fe (0) were obtained for CDLA@nZVI and
CDCA@nZVI respectively. Thus, the 2ps» peaks of zero-valent iron (Fe) appear as minute
shoulder peaks. The obtained XPS results are consistent with the literature reports[34].

The BE corresponding C 1s of C-C linkage was observed at 284.8 eV and at 288.8 eV
corresponding to O—C=0 linkages[40]. The B.E. for O 1s was observed at 535 eV corresponds to
the metallic oxide binding energy[24]. The presence of carbon and oxygen was observed due to
the carbohydrate polysaccharide in catalyst composition. It has been reported that an irregular shift
in the binding energies O, and Fe is observed as a result of the complex arrangement of atoms
within the catalytic framework creating a complex structural environment around these elements.
These tend to demonstrate irregular trends in their binding energy values in comparison to that

known in literature[44].
2.3.2.11 TGA analysis

The thermogravimetric analysis indicated good thermal stability of both the polymers and the
catalysts. The TGA curve of cyclodextrin derived polymer (as shown in Figure 2.12) shows mass
loss corresponding to 4.73 % occurring in 50-100 °C initially is attributed to the presence of
moisture. The next degradation of 12.93% in 100-235 °C was a result of oxidative decomposition
of the polymer backbone by the vaporization and elimination of volatile products. The mass loss
corresponding to 42.47% upto 400°C occurs due degradation of glycosidic bonds of cyclodextrin
in the polymer[24]. The thermogram of CDCA/CDLA capped zerovalent iron nanoparticles
showed similar degradation pattern with maximum weight loss of 53% / 45 % upto 500 °C

corresponding to the polymeric degradation. The nanocomposite does not undergo a total
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decomposition owing to the presence of Fe nanoparticles present in the system.
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Figure 2.12: TGA curves of (A) CDCA polymer, CDCA@nZVI and (B) CDLA polymer,
CDLA@nNZVI
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2.3.3 Assessment of performance of the catalysts towards reduction of p-nitrophenol

Control experiments were performed with both the catalysts using 4-nitrophenol (0.12 mM) as

model reactant and NaBH4 as reducing agent as shown in Figure 2.13.
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Figure 2.13: UV-Visible absorption spectra of the control reactions performed for the
reduction of 4-NP to 4-AP in presence of (A) catalysts only (B) NaBHa4 only, (C) in presence
of catalysts and NaBHa4 (1.8 mM) (D) in presence of catalysts and NaBHa4 (2.6 mM).

When both the catalysts and NaBH4 were employed to catalyse the reduction of 4-NP it was
observed that the reaction takes place within much lesser time which can be attributed to the fact
that iron nanoparticles can help to overcome the kinetic barrier by facilitating electron transfer to
the acceptor 4-NP from the donor BHs ions to catalyze the reaction. Reactions were also
performed in the presence of only catalyst without adding NaBHa4. Under this condition, it was
observed that the absorption peak at 317 nm corresponding to the peak of nitrophenol ion remains
unaffected indicating that reduction does not take place, as shown in Figure 2.13 (A). In another
set of control experiments the reduction was attempted only in the presence of NaBH4 without
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adding the catalyst. In this case, no change in 4-NP concentration was observed even after 5 h
(Figure 2.13(B)). These results indicate that presence of both catalyst and NaBHs is crucial for
reduction to take place. This is due to the fact that, inspite of being a thermodynamically favorable
reaction, the reduction of 4-NP to 4-AP using only aqueous NaBH4 does not occur as there is a
kinetic barrier. Due to this Kinetic barrier, there exists a large potential difference between donor
(BH4) and acceptor (4-NP) molecules thus it lowering its feasibility. Thus, the roles of both
catalyst and reducing agent were established. The detailed experiments were carried out using both
the catalyst. The FTIR spectrum of the CDLA catalyst after reaction with 4-NP was recorded
(Figure 2.14). The redshift of O—H stretching was observed which could be due to the formation
of inclusion complex in B-CD cavity (Krawczyk et al. 2021).
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Figure 2.14: FTIR Spectra of CDLA@nZVI after reaction with 4-Nitrophenol

2.3.3.1 Reduction of 4-Nitrophenol using CDLA@nZV1

We investigated the catalytic performance of CDLA@nZV1 by selecting the reduction reaction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of sodium borohydride as probe
reaction. The transformation process with the reaction time for the reduction of 4-NP to 4-AP was
monitored using UV-visible spectrophotometry. The aqueous 4-NP exhibits the strong absorption
peak at 317 nm which was remarkably red shifted to 405 nm after the addition of NaBHa, indicating
the formation of nitrophenolate ion intermediate as shown in Figure 2.13(B). After the addition of
CDLA@nZVI catalyst the absorbance peak intensity at 405 nm decreases gradually with a

concomitant increase of new absorption peak at around 300 nm Figure 2.13 (C) & 2.13 (D)).
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Furthermore, the light-yellow colour of the solution becomes colourless within 75 seconds in
presence of NaBH4 (1.8 mM). It was observed when the concentration of NaBH4 was increased to
2.6 mM the time required for completion of reaction was decreased to 35 seconds and the
conversion of 4-NP was found to be 99% in the presence of the catalyst (Figure 2.13 (C), (D))
which suggests that the 4-NP is almost completely reduced to 4-AP. These results show that the

NaBHjs plays a critical role in this catalytic reaction.
2.3.3.2 Reduction of 4-Nitrophenol using CDCA@nZVI

Similar studies were carried out for the CDCA@nZVI1 catalyst, it was observed that it takes 180
seconds to reduce 4-NP in the presence of NaBH4 (1.8 mM). However, a color change was
observed immediately from yellow to colourless in 75 seconds and 97.2% of 4-NP was converted
to aminophenol when the concentration of NaBHs was increased to 2.6 mM (Figure 2.13 (C),
(D)). The significantly reduced reaction time (less than a minute) can be attributed to the efficient
capping of nZVI with the B-CD crosslinked polymers. The recent report with native 3-CD capped
nZV| catalyst requires 10 minutes to complete the reduction of 4-NP (Krawczyk et. al 2021).

The optimization for reduction reaction was further carried out by varying parameters like catalyst

quantity and temperature which are discussed in the following sections.
2.3.3.3 Effect of catalyst amount on reduction of 4-NP

The amount of catalyst was varied in order to determine its effect on reduction of 4-NP as shown
in Table 2.1. The quantity of catalyst was varied from 3 mg to 15 mg (Table 2.1; entry 1-5).
When 3 mg catalyst was taken the complete reduction of nitrophenol takes place in 145 s and 120
s on using CDCA@nZVI and CDLA@nZVI catalysts respectively. It was observed that on
increasing the amount of catalyst the time taken for the reaction completion decreases, which is
due to higher number of active sites. For instance, when catalyst amount was 10 mg the time taken
for complete reduction is 75 s and 35 s for CDCA@nZVI and CDLA@nZVI respectively.
However, on further increasing the amount to 15 mg, there was no drastic change in reaction time
for both the catalysts (Table 2.1, entry 5). Hence 10 mg was selected as the optimum catalyst

amount for further experiments.
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Table 2.1: Effect of catalyst amount on reduction of 4-NP

Sr. Quantity of Time 2 (s) Time ° (s)
No. catalyst (mg)

1. 3 145 120

2. 5 120 106

3. 7 84 66

4, 10 75 35

5. 15 72 34

Reaction conditions: 1.5 mL 4-NP (0.12 mM), 1.5 mL NaBHs (2.16 mM), room temperature
(35°C), Catalyst (: CDCA@nZVI and > CDLA@nZVI).

2.3.3.4 Effect of temperature in the reduction of 4-NP

The effect of temperature on the activity of both the catalyst were also assessed. For the study, the
reaction was performed at three different temperatures viz. 35°C, 45°C, and 55°C and reaction
times are mentioned in Table 2.2. There was a drastic decrease in reaction time upon increasing
the reaction temperature from 35 to 55°C (Table 2.2, entry 1-3). This decrease is attributed to

increased diffusion rate of reactants towards Fe nanoparticles at higher temperatures.

Table 2.2: Effect of temperature in the reduction of 4-NP

Sr. No. Temperature Time @ Time?®
(s) (s)
1. 35°C 75 35
2. 45°C 60 23
3. 55°C 55 10

Reaction conditions: 1.5 mL 4-NP (0.12 mM), 1.5 mL NaBHs (2.16 mM), 10 mg catalyst
(2 CDCA@nZVI and * CDLA@nZVI).
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2.3.4 The reaction Kinetics for the catalytic reduction of p-nitrophenol

The reaction kinetics for the catalytic reduction of p-nitrophenol to p-aminophenol was performed
at 35°C, and the progress of the reaction with time was determined by UV-vis spectroscopy
displayed in Figure 2.15. To estimate the reaction rate constants k, the pseudo-first order rate
kinetic model was employed at different time intervals[34],[1]. The plot of In (Ct/CO0) (C is the
absorbance at 405 nm) vs. reduction time (t) showed a linear relationship for both catalysts.

As the concentration of NaBHa4 is much higher than that of 4-NP, the reaction rate is independent
of NaBH4 concentration.
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Figure 2.15: The time dependent UV-vis absorption spectra of 4-NP reduction and the
dependence of In(C/Co) versus time plot for the pseudo-first-order reaction Kinetics in the
presence of (A, B) CDCA@nZVI and (C, D) CDLA@nZVI at 35°C.

The correlation coefficient obtained was 0.9949 and 0.9942 when CDCA@nZVI and
CDLA@NZVI1 were used as catalyst, respectively thus ensuring good linearity. The values of rate
constant k obtained from modelling was 4.93X107? s for CDCA@nZVI and 8.73X1072 st for
CDLA@nZVI (Figure 2.15(B) and 2.15(D)), which is higher than various other catalysts

summarized in Table 2.3.
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Figure 2.16: Plot of % conversion of 4-NP (A) CDLA@nzZVI (B) CDCA@nZVI.

Table 2.3: Comparison of 4-NP reduction in the presence of NaBH4as a reducing agent with

various catalysts.

Sr. Catalysts Concentration of k Reference
No Catalyst

1 nZVI@C-Au-1 4 mg 0.28 min* [17]

2 AgNC 10 mg 0.6787 min* [1]

3 Bentonite clay 10 mg 0.1409 min* [7]

supported Fe NPs

4 Au@CPF-1 20 mg 5.05X 103 st [45]

5 Hg/Pd NPs 1.6 mg 58.4 X 10351 [46]

6 Ultra-small ZVI 0.44mM 0.0683 51 [34]

nanoclusters
7 Fe304/Pd@C 5mg 3.26x10% s-1 [47]
8 Pd/Fes04@ y-AlO0H- 0.05 mg 0.37 X 10351 [48]
YSMs

9 CDCA@nzVI 10 mg 4.93X107? st This study
10 CDLA@NZVI 10 mg 8.73X102 st This study

These results thus established that utilization of lactate modified cyclodextrin polymer as a

stabilizing agent for capping nZVI caused two-fold enhancement in the catalytic activity as

compared to the case when citrate modified cyclodextrin polymer was used. Moreover, the
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physical effects of the sonication in an aqueous medium include effective mass transfer through

turbulent mixing and acoustic streaming which increases the rate of reaction.

Table 2.3 shows a comparison of rate constants determined from Kinetic study. It is seen that the
values of the rate constants for both the catalysts are of the same order as other Fe catalysts and

also some precious metal catalysts.
2.3.5 Catalytic reduction of various nitroaromatics

It has been proved from above experiments both the catalytic systems have good catalytic activity
for 4-NP. Experiments were carried out to evaluate the capability of CDCA@nZVI and
CDLA@nZVI to reduce other nitro aromatic compounds. We have investigated the scope of
converting various nitroaromatics to respective nitroamines using catalysts, NaBH4 and water

under optimized reaction conditions.

Table 2.4 represents the reduction of various nitroaromatics to respective amines using
CDLA@nzVI1 and CDCA@nZVI. UV-vis spectra of all the substrates are shown in Figure 2.17.

On comparing all the substrates, it was observed that the 2-Nitrophenol showed higher reactivity
and takes lesser time compared to 4-Nitrophenol (Table 2.4, entry 1). It is well reported in the
literature, that the reaction proceeds through the nitrophenolate ion, which is stabilized by
resonance due to the presence of an electron-withdrawing nitro group. 4-NP is more stable than 2-
Nitrophenol due to steric effect as it takes more time to reduce (Table 2.4; entry 2).

Among nitroanilines, the reduction of 3-nitroaniline is the fastest and takes lesser time than 4-
nitroaniline. 2-nitroaniline and 4-nitroanilne are resonance stabilized which makes them stable
towards the reaction. Upon comparison, 2-ntroaniline and 4-Nitroaniline, 2-Nitroaniline is less

stable than the latter due to steric effects as it takes lesser time to reduce (Table 2.4; entry 3).

On the other hand, 3-nitroaniline, having an amine group at meta position is resonance destabilized
and hence reacts very fast as compared to the other two nitroaniline. Among 4-Nitroaniline has
the most stable anion in the alkaline medium, thereby making it least reactive and takes longer
time for reduction to occur (Table 2.4; entry 4).
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Table 2.4: Reduction of some nitro aromatic compounds to corresponding aromatic amines
using CDLA@nZVI at optimized conditions

NO, NH;
@ Catalyst, NaBH, | AN
EEE—
35°C, H,0, /) /-
(2 01)

Sr. No. Substrate Product Time 2 Time P
(s) (s)
1 OH OH
) NO, NH,
50 165
OH OH
2.
70 210
NO, NH;,
3. NH, NH,
4. NHz NH?
@\ @\ 14 50
NO, NH,
5 NH; NH,
Eij 61 114
NOZ NH;
NO,

NH,
6. @ 35 100

Reaction conditions: All reactions carried out at room temperature (35°C),1.5 mL of substrate
(0.24 mM), catalyst 10 mg (CDLA@nZVI3, CDCA@nZVI1°), 1.5 mL NaBH4 (2.16 mM).
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Figure 2.17: UV-visible spectra showing conversion of (A) 2-Nitrophenol (B) 2-Nitroaniline

(C) 3-Nitroaniline (D) 4-Nitroaniline (E) Nitrobenzene to respective amines

As the nitrobenzene is less soluble in water, a water-ethanol (95:5, v/v) solution was used as
solvent (Table 2.4; entry 5). We observed that the nitrobenzene has the least stability and highest
reactivity, which is evident from the very small reduction time required, as is evident from the
absorption spectra. Similar trends were observed for both the catalyst. And it was observed that

the lactic acid derived catalyst takes lesser time.
2.3.6 Scale up experiments

The catalytic reduction was conveniently performed in simple laboratory set up and monitored
using UV-vis spectrophotometry. To testify the product formed after the reduction of nitroarene

in the presence of NaBH4 and catalyst, the reactions were carried out as follows:

4-Nitrophenol (0.6 mmol), catalyst (25 mg), NaBH4 (9 mM) and water (10 ml) were added in the
round bottom flask. The mixture was sonicated, and after the reaction completion the catalyst was
magnetically separated. The product was extracted in dichloromethane and solvent was

evaporated. The crude product was further purified using column chromatography (0-30% ethyl
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acetate in hexane v/v). The product isolated after the reduction of 4-nitrophenol in presence of
catalyst and NaBH4 has been confirmed to be 4-aminophenol by NMR spectroscopy (Spectra data
Figure S1).

Table 2.5: Reduction of some nitro aromatic compounds to corresponding aromatic amines
using CDLA@nZVI1 with isolated yield and TOF.

Sr.No. Substrate Product Time Yield @ TOF (min™
(min, £2) | (%, £2)
1. 2-Nitrophenol 2-aminophenol 5 91 3.15
2. 4-Nitrophenol 4-Aminophenol 7 92 2.25
3. 2-Nitroaniline | 0-Phenylenediamine 4 95 3.94
4. 3-Nitroaniline | m-Phenylenediamine 2 92 7.89
5. 4-Nitroaniline | p-Phenylenediamine 9 91 1.75
6. Nitrobenzene Aniline 6 90 2.63

Reaction conditions: All reactions carried out at room temperature (35°C), substrate (0.6 mM),
CDLA@nNZVI catalyst (25 mg), NaBHzs (9 mM), water (10 mL)., 2 Isolated yield after column

chromatography, TOF was calculated on the basis of nZVI nanoparticles.

From the NMR spectra, it can be observed that the OH group appeared at 8.32 ppm, NH2 appeared
at 4.38 ppm and the 4 aromatic hydrogens appeared in the range 6.49-6.41 ppm, thus confirming

the solitary product to be aminophenol.

Reduction, isolation and purification of the other nitroaromatics, was carried out in a similar
manner. The NMR spectra of the reduction products establish the structure of the corresponding
amines (Figure S2-S6). To evaluate the catalytic activity of a catalyst, one of the important factors
is the Turn over Frequency (TOF). TOF for both the catalysts was calculated by dividing Number
of moles of 4-NP that has reacted by Number of moles of nZVI1 nanoparticle in the catalyst per
reaction time. All the nitro substrates were reduced in good yield with both the catalysts. When
CDLA@nZVI was used as catalyst, the turnover frequency (TOF) was found to be in the range of
2 to 8 per site min and for COLA@nZVI it was found to be in the range of 1 to 2 site per min
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(Table 2.5 & 2.6). It can be concluded from the results that the CDLA@nZV1 has better catalytic
performance compared to CDCA@nZVI.

Table 2.6: Reduction of some nitroarenes to corresponding aromatic amines using
CDCA@nZVI at optimized conditions with isolated yield and TOF.

Sr. Substrate Product Time Yield 2 TOF (minY
No. (min, £2) (%, £2)

1. 2-Nitrophenol 2-Aminophenol 10 90 1.90

2. 4-Nitrophenol 4-Aminophenol 15 91 1.26

3. 2-Nitroaniline | o-Phenylenediamine 12 94 1.58

4. 3-Nitroaniline | m-Phenylenediamine 8 92 2.38

5. 4-Nitroaniline | p-Phenylenediamine 14 91 1.36

6. Nitrobenzene Aniline 11 89 1.76

Reaction conditions: All reactions carried out at room temperature (35°C), substrate (0.6 mM),
CDLA@nNZVI catalyst (50 mg), NaBHs (9 mM), water (15 mL), ® Isolated yield after column

chromatography, TOF was calculated on the basis of nZVI nanoparticles.
2.3.7 Recycling and Regeneration studies

Considering the practical applicability of CDCA@nZVI and CDLA@nZVI for the reduction
reaction, it is important to assess the recyclability and regeneration of the catalyst. Both the
catalysts were recovered easily from the reaction medium using an external magnet due to their
inherent magnetism. It was retrieved after each run and washed with water followed by ethanol to
ensure removal of unwanted remnants from the surface and dried at 60°C in vacuum oven. Then
the dried catalysts were treated with a new round of reduction reaction to investigate their
recyclability. It was observed that both the catalysts efficiently reduce 4-NP up to 13 catalytic
cycles without significant loss in its activity. The bar diagram for reduction time taken for each
cycle is shown in Figure 2.18 (A). Further, the catalysts were characterized after 13" catalytic
cycle using FTIR, HRTEM and XPS. FTIR revealed the appearance of new band in 500-560 cm™

corresponding of the Fe-O which occurred due to surface oxidation of nZVI (Figure 2.18 (B)).
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The agglomeration of nZV1 after 13" catalytic cycle was observed from HRTEM analysis which
can result in the loss of the catalytic activity (Figure 2.18 (C)). The XPS spectrum of the recycled
CDLA@nZVI catalyst after 13" catalytic cycles showed the absence of shoulder peak of Fe® which
suggests the slow oxidation of zerovalent iron nanoparticles (Figure 2.18 (D)). The analysis result
of the recycled catalysts revealed that both the catalysts before and after the reaction cycles were
mainly composed of the elements Fe, C and O which is consistent with the EDX mapping result.
At the same time, the higher affinities of the crosslinked polymers towards the Fe NPs were

beneficial to the recycling performance of both the catalysts.
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Figure 2.18: Analysis of (A) recyclability of CDLA@nZVI and CDCA@nZVI;
Characterization of the recycled catalyst via (B) FTIR (C) HRTEM and (D) XPS techniques.
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2.3.8 Proposed mechanism for reduction of nitroaromatics

The plausible mechanism for the catalytic reduction of nitrophenol molecules using both
CDCA@nzZVI and CDLA@nZVI has been illustrated in Figure 2.19.

@ B- Cyclodextrin Borohydride ion
suacs Citrate / Lactate @ rzvi

Figure 2.19: Schematic showing a probable mechanism for catalyzing the reduction of p-

nitrophenol using citrate/lactate modified cyclodextrin capped nZV1 Nanocatalyst

Zerovalent iron nanoparticles and sodium borohydride can act as the catalytic system, where the
electrons were transferred from the donor nucleophile BH4™ to the acceptor nitro group[34]. It is

also known that sodium borohydride can generate borohydride anions in aqueous solution[49].

The process of adsorption of reactant and surface hydrogen species derived for borohydride onto
the surface of the metal nanoparticles is rapid and reversible which can be described in terms of
Langmuir isotherms[1]. In the sonochemical catalytic reduction the adsorption of BH4™ on the
surface of the nZVI may form a metal hydride complex as a reactive intermediate, which would
aid in new surface sites with a high reductive ability[34]. It is well documented in the literature

that nZV1 have capability to react with water quickly and produce primary reaction intermediate
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(HFeOH), which act as crucial reductant for the reaction in water[50].

Capping zerovalent Fe nanoparticles by crosslinked polymer derived from modified p-CD
provides a platform for host guest interactions. Introducing B-CD molecules to the system,
facilitates a supramolecular host which due to its amphiphilic nature can cap the FeNPs and also
plays the role for the inclusion of substrate in the catalyst[51], [52],[53]. The driving force for the
formation of this inclusion complex is hydrogen bonding with 3-CD hydroxy groups which is also
reversible. This means that the guest molecule can leave the hydrophobic inner cavity of -CD
after completion of the reaction. The inclusion complex formed by substrates in the B-CD cavities
facilitated the reduction of 4-NP by electron transfer from the FeNPs core. This structural setup
leads to increased entrapment of substrate molecules, subsequently increasing the electron transfer
between nitrophenol molecule and NaBH4 on the metal surface. This in turn leads to the reduction
of the activation energy. The reaction is also accelerated due to the increased collisions between
reactants as a result of vibration and turbulences rising from the cavitation phenomenon[22]. The
physical effects of ultrasonication includes an increase in temperature, effective mass transfer
through turbulent mixing and acoustic streaming which aid in enhancing the rate of reaction in
aqueous medium[54]. The outcomes such as fast conversion, reduced reaction time are due to the

synergistic effect of the catalysts and ultrasonication.
2.4 Conclusion

This chapter reports the synthesis of sustainable citric acid and lactic acid crosslinked cyclodextrin
polymers via a simple one-pot esterification reaction for capping for zerovalent iron nanoparticles
via ultrasonication method. The sonochemical approach imparted a good control over the
morphology, nano size and dispersibility of the prepared FeNPs. The synthesized polymer capped
nZVI catalysed the sonochemical conversion of 4-nitrophenol to 4-aminophenol in a very short
time in aqueous medium. Application of the ultrasonication to the reaction system increases the
temperature and reduced the reaction time. In addition, the surface area of nZVI was increased.
Several other nitroaromatic compounds could be reduced with excellent isolated yield (89-95%),
as well as high TON and TOF. According to proposed mechanism, the synergistic effect of
substrate captured in cyclodextrin cavity, the subsequent electron donation from metallic core and
sonochemical effect facilitates a rapid conversion of the reactants in aqueous media. The recycling
studies especially revealed the robust nature of the polymer capped nZVI. The rate constant values
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obtained from kinetic studies suggested that the catalytic activity of nZVI is comparable to the

commonly used noble metal catalysts.
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Figure S2: 'H NMR of 2-Aminophenol
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Figure S4:'H NMR of m-phenylenediamine
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Figure S6: *H NMR of Aniline
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