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Herein we report the covalent grafting of chitosan on graphene oxide (GO) followed by a simple

approach for anchoring silver (AgNPs) and gold (AuNPs) nanoparticles on to the chitosan grafted

graphene oxide surface by NaBH, reduction method. The catalytic activity of the prepared heterogeneous
GO grafted chitosan stabilized silver and gold nanocatalysts (GO-Chit-Ag/AuNPs) has been explored for
the reduction of aromatic nitroarenes and degradation of hazardous azo dyes in presence of NaBH,. Both

the catalysts were found to exhibit excellent catalytic activity towards the reduction of aromatic

nitroarenes and azo dyes degradation. Furthermore, the nanocatalysts were found to be selective towards

the reduction of nitro groups in the halonitroarenes without any dehalogenation under mild conditions.

1. Introduction

Owing to the exceptional electronic, physical and mechanical
properties, graphene sheets that consist of single sheet of sp”
carbon remain as a class of the most widespread research
materials."* Graphene oxide (GO), an important derivative of
graphene has rapidly become a promising material among the
researchers as it has a large surface area and also it can be easily
prepared by the chemical oxidation of graphite.> GO possesses
various reactive functional groups including hydroxyl, epoxy, and
carboxylic acid and these groups provide an artery for
functionalization of GO for desired applications.*® Interestingly,
functionalized GO continues to exist as an excellent support for
anchoring the catalysts since these materials can bridge with the
substrate molecules through non-covalent bonding interactions
that include hydrogen bonding, hydrophobic, n-n* stacking and
electrostatic interactions, which respond to stimulate the
activating groups of the substrates near the catalyst.”!”
Moreover, GO sheets supported with the catalysts are highly
efficient because the catalysts contained on both the sides of the
sheet will be accessible for the substrate molecules.

Catalysis by silver and gold nanoparticles (Ag and Au NPs)
incorporated on solid matrix has drawn immense interest in
recent years.''* The Ag/AuNPs tend to aggregate easily due to
their highly active surface atoms and subsequently leading to
reduced catalytic activity. Considering the advantages of GO as a
catalytic support into account, researchers have attempted to
immobilize these metal NPs on GO. Recently the reduction of
nitroarenes has been reported on a catalytic system based on
AuNPs/reduced graphene oxide hybrid.'”> However, the amount
of oxygen functionalities present to stabilize the nanoparticles
were less and therefore only a minimum of AuNPs could be
incorporated. This shortcoming could be overcome by grafting
polymers on GO and consequently increasing the sites for
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encapsulation of metal NPs on GO. Our focus here is to graft
chitosan (Chit), a biocompatible, biodegradable and non-toxic
natural polymer on GO and the chitosan polymer with more
-NH,, -OH functional groups may facilitate
stabilization of more number of Ag/AuNPs. There were few
reports in the recent past on the improved mechanical properties
of GO/Chit hybrid system.'®'® To the best of our knowledge,
there is no report on the catalytic activity of Ag/AuNPs stabilized
on chitosan functionalized GO (GO-Chit-Ag/AuNPs).

Aromatic amines are conceded to be the potent intermediates
in the bulk production of many analgesics and antipyretic drugs,
dyeing agents, agricultural chemicals, surfactants and polymers.
The conventional route for the preparation of these aromatic
amines is based on the reduction of corresponding nitro
derivatives using catalytic hydrogenation and other chemical
reduction methods.'”*® In chemical reduction method numerous
reducing agents have been utilized for the reduction of
nitroarenes, with the most classic being Fe-HCI in stoichiometric
quantities. This method requires iron in large quantities, however
the yield is very poor and a huge amount of Fe-FeO sludge is
generated which poses severe effluent problem and thus the entire
reaction setup becomes environmentally hazardous.?'
Significant research contributions have been made in the
chemoselective reduction of aromatic nitrocompounds with H,
using heterogeneous catalysts based on gold nanoparticles
supported on TiO, or Fe,0;, nanoscale cobalt oxide supported on
a carbon-nitrogen surface and iron oxide particles surrounded by
a nitrogen-doped carbon layer.* Hence, there is a continuous
need for an effective and environmentally benign approach for
the selective reduction of aromatic nitro compounds. Reduction
using NaBH, as the hydride source can be considered as an
alternative route, but the reduction cannot be achieved in the
absence of any catalyst.”**® Therefore, development of a catalytic
system for selective and efficient reduction of aromatic

number of
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nitroarenes is highly desired.

The textile manufacturing process which involves preparation
and utility of various dyes partly introduce these dyestuffs into
aquatic systems leading to environmental pollution and health
hazards.”*** Azo dyes have been extensively used in textiles,
leather and paper industries and constitute ca. 50% of all dyes
produced and thus, efficient degradation of azo dyes has become
a challenging task for the environmental chemists.** Many
different methodologies are being adopted to treat the dye
that adsorption  tactics,”®  biological

degradations,* Fenton-like reactions,”” and photocatalysis.*® The

adsorption methodology resulted in the transfer of pollutants from
waste water to solid wastes and the traditionally employed
biological degradation delivered poor efficiency. In case of
15 Fenton-like reactions, the subsequent treatment of ferrous slurry
and also the requirement of H,O, lead to complexity. Thorough
degradation of azo dyes is said to be achieved using
photocatalysis, whereas the most employed photocatalytic
material, TiO, is active only in the ultraviolet range because of its
20 wide band gap. Immense efforts have been made towards the
modification of TiO, with an objective of developing visible
light-active photocatalysts, whereas their practical applications
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are limited since the quantum yield is yet not satisfactory.*®*°

e Thus, the development of a simple method/material for the
efficient degradation of azo dyes has gained enormous
significance.

In the present investigation, we have developed an efficient
heterogeneous catalytic system to meet both these important
tasks. We have covalently grafted chitosan with GO, followed by
the stabilization of Ag and AuNPs on the chitosan grafted GO
(GO-Chit) to yield GO-Chit-Ag/AuNPs nanocatalysts. The
covalent grafting of Chit on GO and the stabilization of metal
nanoparticles have been thoroughly characterized. The catalytic
activities of the prepared GO-Chit-Ag/AuNPs towards the
reduction of aromatic nitroarenes and degradation of azo dyes
have been evaluated. To further verify the selectivity of GO-Chit-
Ag/AuNPs nanocatalysts, selective reduction of nitro groups in
halonitroarenes has also been demonstrated.
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2. Experimental
2.1 Chemicals

7

P

Graphite, fine powder of particle size 50 um was obtained from
Sigma Aldrich USA. Tetrachloroauric (III) acid trihydrate, silver

OH OH
Ho OH o
+ o) o OH
HN | O NH NH,
OH nHO
1. S0Cl, .
2. Chitosan Chitosan

GO-Chit-Au NPs

Scheme 1 Schematic illustration of Ag/AuNPs decorated GO-Chit.
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nitrate, chitosan (~90% deacetylation), sulfuric acid, potassium
permanganate, hydrogen peroxide, sodium nitrate, thionyl
chloride, sodium borohydride, methyl orange and congo red were
purchased from Merck, India. All the chemicals were used
without further purification. Double distilled water was used
throughout the experiment.

2.2 Measurements

The covalent grafting of chitosan polymer on the GO was
confirmed by FT-IR spectroscopy (Nicolet 6700 FT-IR
spectrometer using KBr method). The interaction between GO
and Chit was characterized using Raman spectroscopy (Witec
Confocal Raman instrument (CRM200) with Ar ion laser 514.5
nm). The crystallinity of the GO, GO-Chit and GO-Chit
stabilized Ag/AuNPs was studied using powder XRD analysis(X-
pertPRO Pananalytical X-ray diffractometer employing Cu Ka
radiation). Surface morphology and elemental composition of the
catalyst were investigated using HITACHI S-3400N Scanning
Electron Microscope (SEM) along with Energy dispersive-X-ray
(EDX) spectroscopy (Thermo SuperDry II attached with SEM).
Size and morphology of the dispersed Ag/AuNPs on GO-Chit
were obtained from Tecnai F-30 High Resolution Transmission
Electron Microscope (HR-TEM). Further insight into grafting of
the chitosan was obtained from thermal gravimetric analyzer
(TG-DTA-Q 600 SDT) from room temperature to 800 °C. The
reduction of p-nitrophenol to p-aminophenol and degradation of
azo dyes were monitored by Optical absorption spectrum Ocean
optics (HR4000) spectrophotometer.

2.3 Preparation of chitosan functionalized graphene oxide
decorated with Ag/Au nanoparticles (GO-Chit-Ag/AuNPs)

GO was prepared from graphite based on Hummers and
Offeman’s method with slight modifications and the typical
procedure has been presented in our previous report.’ In brief, the
prepared GO (0.5 g) was suspended in SOCI, (30 mL) and stirred
for 24 h at 70 °C. This solution was filtered, washed with
anhydrous tetrahydrofuran (THF) and then dried under vacuum
for 24 h at room temperature, generating graphene oxide with
acyl chloride side chain (GO-COCI) (0.4953 g).

GO-COCI (0.5 g) was first homogenized with 20 mL water in
an ultrasonic bath for 60 min. The GO-COCI suspension was
transferred to a solution containing chitosan in 2% acetic acid (1
g in 20 mL) and the mixture was stirred for 1 h, followed by
sonication for 20 min to make the solution nearly homogeneous
and then the stirring was continued for another 24 h at room
temperature. The obtained chitosan grafted GO (GO-Chit)
solution was filtered and washed with double distilled water until
the pH reached 7 and dried at 65 °C under vacuum.

Ag/AuNPs were stabilized on the chitosan grafted GO (GO-
Chit) based on the following procedure: GO-Chit (50 mg) was
dispersed in 10 mL of de-ionized water by sonication for 30 min.
To this dispersion, 10 mL of 0.01 M AgNO; solution was added
drop wise and the mixture was stirred for 1 h. 10 mL of 0.01 M
NaBH, was added to the above mixture and the stirring was
continued for another 24 h. The product was filtered, washed
thrice with double distilled water and then dried overnight under
vacuum to yield GO-Chit decorated with AgNPs (GO-Chit-
AgNPs, 43 mg). GO-Chit decorated with AuNPs (GO-Chit-
AuNPs) was prepared using similar procedure as that of the
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AgNPs with slight modifications. Tetrachloroauric (III) acid
trihydrate was used instead of silver nitrate and a higher
concentration of 0.05 M NaBH, was used for the reduction of
gold salt and the procedure resulted in 40 mg of GO-Chit-AuNPs.
The developed Ag and AuNPs (GO-Chit-Ag/AuNPs) obtained
were insoluble in water or any other organic solvents. They can
be well dispersed in water and solvents such as ethanol and
methanol upon sonication under higher frequency, whereas they
are moderately dispersable in dimethyl formamide and dimethyl
sulphoxide.

2.4 Method for reduction of p-nitrophenol using GO-Chit-
Ag/AuNPs

The catalytic activity of prepared nanomaterials Ag/Au NPs-GO-
Chit) towards the reduction of nitroarenes in presence of aqueous
NaBH, was studied by the model experiment carried out using
UV-Vis spectrophotometer using 0.01 mM (3 mL) aqueous
solution of 4-nitrophenol, 0.1 mM (50 pL) NaBH, and 5 mg of
Ag/AuNPs in a 3 mL UV cuvette. The reaction was monitored at
400 nm at different time intervals.'*%°

2.5 Procedure for selective reduction of nitro groups of
various halo nitroarenes using (GO-Chit-Ag/AuNPs), in
presence of NaBH,

In a typical reaction, 50 mg of catalyst (GO-Chit-Ag/AuNPs) and
1 mM of halonitro compound were added to 50 mL of water.
Then 10 mM of NaBH, was added slowly to the reaction mixture
and the mixture was stirred at room temperature. The reaction
was monitored through TLC and reaction mixture was quenched
by extracting the organic derivatives with ethyl acetate. The
organic solvent was evaporated under vacuum to give the product
of corresponding amine compound. Then the reduced amine
products were confirmed by melting point, IR and 'H NMR. The
conversion yield was monitored through GC.*

2.6 Method for degradation of organic azo dyes in aqueous
solution by GO-Chit-Ag/AuNPs

The catalytic degradation of organic azo dyes namely methyl
orange (MO) and congo red (CR) have been examined using UV-
Vis spectroscopy. 3 mL of 10 M aqueous solutions of MO and
CR were taken in a quartz cuvette and 5 mg of GO-Chit-
Ag/AuNPs heterogeneous nano catalysts were added to the
aqueous dye solutions separately. To the reaction mixture 50 puL
of 0.1 M NaBH; was added and the decreasing absorption
maximum of the azo dyes were recorded.

3. Results and discussion
3.1 Covalent grafting of chitosan polymer on graphene oxide

The covalent link between chitosan and GO was clearly
elucidated by FT-IR spectroscopy. Fig. 1a shows the spectra of
pure graphite with bands at 1651 and 1380 cm™ corresponding to
the stretching vibrations of C=C and C—C groups respectively. In
the case of GO (Fig. 1b), three new broad and intense peaks were
found to appear at 3435, 1734, and 1259 cm™ which may be due
to the characteristic stretching vibration of O-H, C=0 and C-O
groups respectively. In the FT-IR spectrum of acylated graphene
oxide (GO-COCI) shown in Fig. lc, the peak at 3435 cm’
disappears completely along with a shift of C=0 peak to 1694
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cm! and with the introduction of a new peak at 694 cm’l, all of
which indicate the formation of C-Cl bond.*"** The covalent
immobilisation of chitosan on to the GO was confirmed in Fig. 1d
through the appearance of aliphatic (~CH,) and amide (-CONH)

s peaks at 2095 and 1645 cm’ respectively and also the peak
appearing at 3480 cm’' is attributed to the stretching vibration of
free -NH and O-H groups of grafted chitosan polymer.'® Thus,
the FT-IR results clearly demonstrate the covalent grafting of
chitosan polymer on GO.
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Fig. 1 FT-IR spectra of (a) pure graphite, (b) GO, (c) GO-COCl
25 and (d) GO-Chit.

Intensity (a.u)

1100 1320 1540 1760

Raman shift (cm™)

880

40
Fig. 2 Raman spectra of (a) pure graphite, (b) GO and (c) GO-
Chit.

Further investigation on chitosan grafting and the properties of

GO layers were studied by Raman spectroscopy. Fig. 2 (a, b, c)
ss depicts the Raman spectra of pure graphite, GO and GO-Chit
respectively. All the samples exhibited two major bands between
1330 and 1590 cm™ corresponding to the D and G bands
respectively.***> The D and G band arises from the activation of
first order scattering process of k-point phonons of the A, (Csp?)
so atom, whereas the G band arises due to the E,, phonons of the
(Csp?) atom. Generally, the D band is relatively weak or nearly
invisible in perfect graphite lattice and we observed the same in
our case (Fig. 2a). The spectrum of GO shows broad and intense
D band appearing at 1315 cm™ and this could be due to the
ss increasing number of oxygen containing functional groups and
the increasing sp’ carbon atom as a result of oxidation.***” Also,
the G band of the GO shifts about 24 cm™ (1574 to 1598 cm™)
due to the disengagement of graphene oxide layers and increasing

oxygen functionalities (Fig. 2b). In the case of GO-Chit (Fig. 2c),
e the enhanced intensity in D band can be attributed to the
glucopyranose ring of chitosan. The D/G ratios are found to be
0.204, 0.77 and 0.9786 for pure graphite, GO and GO-Chit
respectively. The highest D/G ratio of GO-Chit substantiates the
successful functionalization of the chitosan polymer on GO.
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Fig. 3 TGA analysis of (a) pure graphite, (b) GO, (c) chitosan and
(d) GO-Chit.
so  The grafted content of the chitosan polymer with GO can be
calculated from the weight loss between 200 and 800 °C. TGA
results shown in Fig. 3a demonstrate no appreciable weight loss
for pure graphite. In the case of GO (Fig. 3b), considerable
weight loss of about ~13% occurs between 120-300 °C due to the
s pyrolysis of labile oxygen functional groups of —OH, -COOH
and epoxy groups.”®*’ As can be seen in Fig. 3c, pure chitosan
exhibits about 11% weight loss in the temperature range of 30—
100 °C due to evaporation of the absorbed water and 47% of
weight loss between 450-700 °C due to the degradation of
polysaccharide units. The thermogram of GO-Chit in Fig. 3d
exhibits gradual weight loss of about 16% below 400 °C which is
likely due to the loss of glucopyranose ring of chitosan and the
residual functional groups of GO sheets. Interestingly, the total
weight loss of the grafted chitosan has decreased (~36%) after
os functionalization with GO and this reveals that most of the
epoxide and hydroxyl groups of GO were successfully
functionalized by covalent interaction with chitosan.

3.2 Decoration of Ag/AuNPs on chitosan functionalized GO

————
100 200
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S

L

The X-ray diffraction studies were carried out in order to
10 compare the crystalline nature of GO, GO-Chit and Ag/AuNPs
(stabilized on GO-Chit). The powder XRD spectrum of pure
graphite (Fig. 4a) shows a strong intense diffraction peak at
26.52° (002) which represents an interlayer distance of 0.34 nm,
corresponding to the hexagonal lattice of graphite. From Fig. 4b,
it can be observed that the multilayer graphite peak (26.52°) has
completely vanished and new diffraction peak appears at 12.5°
implying the formation of single layer of graphene oxide.*® In the
case of GO-Chit (Fig. 4c), diffraction peaks appearing at 20 =
20.1°, 47.6°, 54.3° and 77.6° indicate the semicrystalline nature
1o of grafted chitosan polymer.>'”> The XRD pattern depicted in

Fig. 4d and 4e reveal the formation of GO-Chit-AgNPs and GO-

Chit-AuNPs, with the average size (calculated from Scherrer’s

equation, D = K\/B,cos0)> of 20 nm and 5 nm respectively. It

can be observed that AuNPs exhibits high crystallinity compared
115 to that of AgNPs and the complete disappearance of peak at 20.1°
in Fig. 4e may be due to the high crystalline nature of AuNPs.

10:
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Diffraction patterns suggest that both GO-Chit-Ag/AuNPs exist
in face centered cubic (fcc) form. Diffraction patterns of AgNPs
at 20 = 38.2°, 44.3°, 64.6° and 77.4° correspond to (111), (200),
(220), and (311) lattice planes respectively and that of AuNPs at

520 = 38.3°, 44.7°, 64.6° and 77.8° correspond to (111), (200),
(220), and (311) lattice planes respectively.“’56
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Fig. 4 Powder X-ray diffraction patterns of (a) pure graphite, (b)
GO, (c) GO-Chit, (d) GO-Chit-AgNPs and (d) GO-Chit-AuNPs.
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Fig. 5 UV-Vis spectra of (a) GO, (b) GO-Chit, (c) GO-Chit-
AgNPs and (d) GO-Chit-AuNPs.

The successful synthesis of Ag/AuNPs decorated over GO-
45 Chit was confirmed further using UV-Vis spectroscopy. In Fig.
5a, the UV-Vis spectrum of GO exhibits absorption maximum at
250 nm indicating the formation of different oxygen
functionalities in GO. In the case of GO-Chit (Fig. 5b), the
absorption peak undergoes a red shift to 260 nm and this may be
so due to the overlapping of n—n* transition of the graphene
backbone and n—n* transition of the chitosan polymer. This result
manifests the successful grafting of chitosan polymer on GO. In
Fig. 5c and 5d, the appearance of surface plasmon resonance
peaks at 410 nm and 530 nm, once again confirm that the silver
ss and gold nanoparticles are stabilized successfully on the GO-Chit
to yield GO-Chit-Ag/AuNPs.*’
The surface morphology of the GO-Chit and the Ag/AuNPs
decorated on GO-Chit (GO-Chit-Ag/AuNPs) were monitored

using scanning electron microscope (SEM). In Fig. 6a, the SEM
¢ image of pure graphite shows flake like structure indicating the

multi-layered morphology. In contrast, Fig. 6b shows a highly

transparent thin layer for the oxidised form of graphene (GO) and

this may be due to the formation of single layer of GO. In the

case of GO-Chit (Fig. 6¢), the SEM image displays a randomly
es mixed rope like structure and this could be attributed to the
formation of blend of chitosan polymer with GO. The decoration
of Ag/AuNPs on GO-Chit can be observed in Fig. S1d and Sle
(see ESI). The images represent homogeneous dispersion of Ag
and AuNPs on GO-Chit. Additionally, the details of elemental
analysis (EDX) are presented along with SEM images in Fig. S1
(see ESI).

The dispersion and the size of the synthesized Ag/AuNPs were
investigated using HR-TEM. In Fig. 7a and 7b, the TEM images
demonstrate the homogeneous deposition of AgNPs on the GO-
75 Chit without agglomeration. Fig. 7c illustrates the high

magnification TEM image of AgNPs and it can be observed that

the size of the dispersed nanoparticles is about ~20 nm. The
complete dispersion of anchored AuNPs is observed in Fig. 7d
which indicates that there is no agglomeration of nanoparticles.
so Fig. 7e demonstrates TEM image of AuNPs with high
magnification and can be seen that the size of the prepared

2

nanoparticles is about ~5 nm. The selected area diffraction

(SAED) image of GO-Chit-AuNPs is presented in Fig. 7f, which

shows the bright diffraction rings from inner to outer, and can be
ssindexed as (111), (200), (220), (311) and (222) planes
respectively confirming the highly crystalline nature of AuNPs.*
We further analysed Ag and Au NPs size distributions from the
HR-TEM images of the GO-Chit-Ag/Au NPs. A size distribution
analysis of the AgNPs reveals an average size of 20 nm, ranging
from 5 to 40 nm (Fig. S3b). However, in the case of AuNPs
stabilized in GO-Chit, the average size of the AuNPs is 5 nm,
ranging from 2 to 14 nm (Fig. S3d).

The BET surface area of pure graphite, GO, GO-Chit-
Ag/AuNPs were measured by nitrogen adsorption measurements
and depicted in Table S1 ESI. The synthesized GO exhibits
significantly increased surface area (185 m?/g) than that of pure
graphite (8.7 m%/g).*® Interestingly, the BET surface area of the
Ag and Au NPs stabilized on GO grafted chitosan has increased
to 290 m%*g and 293 respectively. The grafted content of the
10 chitosan induces the stabilization of more number of Ag and

AuNPs, which is the origin for substantial increase in BET

adsorption values.

s

©
S

3.3 Catalytic reduction of nitroarenes using GO-Chit-
Ag/AuNPs

10:
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The catalytic activity of the prepared GO-Chit-Ag/AuNPs were
tested towards the reduction of p-nitrophenol to p-aminophenol in
presence of NaBH, The model reduction kinetic experiment was
studied using 0.01 mM aqueous solution of p-nitrophenol and 0.1
mM NaBH, in presence of 5 mg catalyst in a 3 mL UV cuvette **
1o and the conversion was monitored using the absorbance recorded
at 400 nm (Fig. 8). The pseudo first order rate constant was
estimated to be 5.5 x 10? s and 3.8 x 107 s for GO-Chit-
AgNPs and GO-Chit-AuNPs respectively (Table 1). No reaction
was observed in the presence of pure graphite or with graphene
s oxide or with bare GO-Chit. The excellent catalytic activity
obtained in presence of GO-Chit-Ag/AuNPs is mainly attributed

This journal is © The Royal Society of Chemistry [year]
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to the Ag and AuNPs firmly and uniformly stabilized in the
highly blended network of the chitosan polymer.
Furthermore, the efficacy of GO-Chit-Ag/AuNPs towards the
selective reduction of aromatic nitro groups in presence of other
s reducing functionalities was investigated. Few attempts have
been made towards the selective reduction of nitroarenes in the
recent past, using copper NPs,* palladium NPs*® catalysts and
also using Pt nanoparticles containing membrane as a catalyst.”
However, all the above discussed selective aromatic nitro
10 reduction methods were associated with few drawbacks including
low yield and also the requirement of high temperature ~120 °C

and high pressures for the entire process making the reduction  7oHalo substituted nitroarenes Halosubstituted

i i . Halosubstituted
process highly tedious. With GO-Chit-Ag/AUNPs nitroarenes Amines

Scheme 2 Plausible mechanism for the reduction of nitroarenes
15 by GO-Chit-Ag/AuNPs

20

25

$3400 20.0kV 9.4mm x5.00k SE

Fig. 6 SEM images of (a) pure graphite, (b) GO and (c) GO-Chit.

=T,
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51/nm

Fig. 7 HR-TEM images of (a, b, ¢) GO-Chit-AgNPs and (d, e, f) GO-Chit-AuNPs respectively.
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Fig. 8. (a) UV-Vis spectra for the reduction of p-nitrophenol measured in different time intervals using (a) GO-Chit-AgNPs, (c)
25 GO-Chit-AuNPs, Fig. 8(b, d) demonstrate In A vs Time plot for the reduction of p-nitrophenol using Ag/AuNPs decorated GO-Chit
respectively.

Table 1 Systematic literature survey for the reduction of p-nitrophenol and corresponding rate constant at room temperature.

30

Entry Sample Carrier system Metal Rate constant (k) for the Ref.
reduction of p-nitrophenol
1 GO-Chit-Ag/AuNPs* Chitosan Ag 55x107s" This work
Au 3.8x107s! This work

2 AuNPs/Resin” Ion-exchange resin Au 0.16 x 1075’ 19

3 AgNPs/PS-PEGMA® Polymer brush Ag 0.33 x107s™ 20

4 NiNPs/Mesoporous Silica®  Silica Ni 2.8x107%s! 21

5 AuNPs/MgO*® MgO Au 44x107%s! 22

6 Pt/Au/Pd NPs/ Silica Silica Pt 0.0014 x 107%™ 23
Silica Au 0.71x 1075’
Silica Pd 0.715x 1075

7 AuNPs/Fe;0,¢ Fe;0, Au 0.72 x 10° min™! 24

8 AuNPs/PEO-b-PAA" PEO-b-PAA Au 0.333 x 107 min™! 25

9 AuNPs/Breynia Breynia rhamnoides Au 46x107%s! 26

rhamnoides'

“Reactions were catalyzed by GO grafted chitosan stabilized Ag and Au NPs. ® Ion exchange resin supported AuNPs. ¢ Polystyrene—
Polyethylene glycol supported AgNPs. *Mesoporous Silica supported NiNPs. “Magnesium oxide supported AuNPs. Porous silica
supported Pt/Au and Pd NPs. ¢Iron oxide supported AuNPs. "Poly(ethylene oxide)-block-poly(acrylic acid) supported AuNPs. Breynia
rhamnoides in AuNPs. JApparent rate constants obtained under optimized conditions. NaBH, was used as the reducing agent in all the

cases.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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Table 2 Catalytic reduction of various nitro aromatics over Ag/AuNPs-GO-Chitosan™®

Entry Substrate Product GO-Chit-AgNPs GO-Chit-AuNPs Yield® (%)
(Time, min) (Time, min)
1 NO» NH,
i i 40 100 100
2 NO» NH,
i OH J\: OH 45 110 100
3 NO2 NH,
i i 45 110 100
OH OH
4 NO» NH,
©/NH2 ©/NH2 45 110 100
5 NO2 NH,
© © 40 100 100
6 NO> NH,
? (? 40 100 100
HO OH
7 NO» NH,
i i 45 110 100
NH2 NH2
8 NO» NH,
©/ NO2 ©/ NH» 80 200 66
Cl Cl
9 NO2 NH,
©/CI ©/c| 45 120 100
10 NO> NH,
© © 45 120 100
Br Br
11 NO» NH,
45 120 100

/"
/-

10
*Reaction conditions: 50 mg of catalyst, I mmol of substrate, 10 mmol of NaBH,, 50 mL of water, stirring at room temperature.
PReused catalyst after separation from the reaction mixture.
“Conversion yield was monitored through GC.

8 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



Page 9 of 25

2

2

30

3

40

4

50

5

%)

@

S

5

o

a

Physical Chemistry Chemical Physics

Hence, in the present study we used the prepared catalysts to
reduce different nitro substituted aromatics under mild
conditions. The efficacy of the prepared catalyst (GO-Chit-
Ag/AuNPs) in reducing various nitro derivatives is presented in
Table 2 and the plausible mechanism for the reduction of
nitroarenes in presence of GO-Chit-Ag/AuNPs is shown in
Scheme 2. The fascinating character of our catalyst is the
quantitative selective reduction of halo-substituted nitrobenzenes
without any dehalogenation (Table 2, entries 8-11). All the tested
mononitroarene derivatives have resulted in 100% conversion to
corresponding amine compounds, whereas the dinitroarene
derivative (Table 2, entry 8) has resulted in only 60-66%
conversion. The remaining 35-40% might have resulted in the
formation of monoamine derivative which can be reduced further
to diamine derivative through an additional reduction step.

3.4 Degradation of organic azo dyes using Ag/AuNPs/GO-
Chit as heterogeneous nanocatalysts

Since the developed nanocatalysts have shown excellent catalytic
activity for the reduction of nitroarenes, we extended our interest
in examining the performance of GO-Chit-Ag/AuNPs towards
another challenging task, i.e., towards the degradation of different
hazardous organic dye molecules. Methyl orange (MO) and
Congo red (CR) which are used as commercial colorants for
dyeing in textile industries were chosen as the representative
substrates for evaluating the catalytic activity of our
nanocatalysts. The degradation reaction was performed at room
temperature in the presence of NaBH, as a reducing agent and the
monitored with the help of UV-Visible
spectrometer. MO and CR dyes were found to exhibit absorption
maxima in the visible region of light at 465 and 495 nm
respectively and hence the catalytic degradation of these dyes was
monitored by observing the change in absorbance of these peaks
and then the pseudo-first order rate constants were calculated.

In order to optimize the suitable condition for effective
degradation, experiments with different
concentrations of NaBH, and various amounts of Ag/AuNPs.
Maximum degradation was found to be achieved in the presence
of 50 uL of 0.1 M NaBH, and 5 mg of GO-Chit-Ag/AuNPs and
hence the same concentration of NaBH, and the nanoparticles
were maintained for further investigations on the degradation
activity of Ag/AuNPs. The absorbance remains constant in
presence and absence of light, AgNPs and simple NaBH, for
many days, suggesting that MO and CR dyes by themselves are
stable. Degradation of these dyes was not found to proceed in the
absence of either NaBH, or the Ag/AuNPs. Fig. 9a and 9b show
the UV-Vis kinetic spectra for the degradation of MO and CR by
GO-Chit-AgNPs in presence of NaBH, at different time intervals.
This shows that when these dyes are mixed with GO-Chit-AgNPs
in presence of NaBH,, the absorbance start to decrease and it
reaches to immeasurably low value (near to zero) and the solution
become colourless. Further exposure lead to no change in the
absorbance in the whole spectrum, which indicates the complete
degradation of the dyes. Fig. 9c and 9d show In A vs Time plots
for the degradation of MO and CR by GO-Chit-AgNPs in
presence of NaBH, and the apparent pseudo-first order rate
constants were calculated to be 4.41 x 10” sec”' and 3.4 x 107

1. The degradation rate constants calculated for both the

reaction was

were carried out

s€C

60

2

%

100

105

110

115

prepared nanocatalysts towards degradation of MO and CR were
found to be comparable with or better than the reported values
(Table 3).

The investigations discussed in section 3.3 and 3.4 reveals that
the decoration of Ag and AuNPs into the chitosan functionalized
GO results in promising catalytic activities. The interesting
catalytic activity observed with GO-Chit-Ag/AuNPs towards the
reduction of nitroarenes and the degradation of azo dyes is
attributed to the following reasons (a) high surface area of the GO
grafted chitosan which helps to adsorb more number of organic
substrates, (b) large number of -NH, and -OH functional groups
present in the chitosan polymer could assist in uniform
stabilization of Ag/AuNPs leading to high catalytic active
surface, (c) hydrophilic nature of the chitosan polymer and
hydrophobic nature of the graphene which could attract the
substrate towards the catalytic sites for easy reaction, (d)
activation of aromatic -NO, groups through binding of oxygen
atoms of nitrobenzene with the dispersed Ag/AuNPs (for
reduction of nitroarenes) and (e) activation of azo nitrogen of
dyes through binding of sulphur, nitrogen and oxygen atoms with
Ag/AuNPs and thus weakening the azo double bond via
conjugation (for degradation of dyes). All these features either
together or separately lead to the facile reduction of nitroarenes
and efficient dye degradation. GO-Chit-AgNPs were found to
exhibit higher catalytic activity for both the reactions compared
to that of GO-Chit-AuNPs and it may be due to the greater
oxygen affinity of Ag which stabilizes the substrate molecules in
the catalytic site.

3.5 Influence of catalytic dosage towards the reduction of p-
nitrophenol and azo dye degradations

In order to examine the effect of amount of catalyst on the rate of
reduction of p-nitrophenol, the reaction was carried out in varying
amount of GO-Chit-Ag/AuNPs by 1 mg increment, in presence of
identical concentration of NaBH, and p-nitrophenol. It can be
observed from Fig. S4, that the rate of reduction of p-nitrophenol
increases with the amount of catalyst added upto 5 mg, and
further increase in the amount of catalyst did not contribute for
any significant enhancement in the reduction rate. Hence, 5 mg of
the nanocatalysts has been chosen as the optimum dosage for
efficient catalytic reduction of p-nitrophenol. Similar results were
obtained for degradation of MO and CR azo dyes (Fig. S5-S26).

3.6 Recyclability

Stability and recyclability are important for the practical
applications of catalysts. Hence, the recyclability of the prepared
GO-Chit-Ag/AuNPs were tested towards the reduction of p-
nitrophenol. After the reduction of p-nitrophenol, both the
catalysts could be easily recovered by centrifugation and washing
three times with distilled water. The reusability of the GO-Chit-
Ag/AuNPs was studied after the first cycle and then the catalysts
were recycled for 10 successive cycles without significant loss of
its activity (Fig. S27). Similarly the recyclability experiments
were examined for degradation of MO and CR azo dyes. These
results indicate that the developed catalytic materials exhibited
excellent stability and recyclability.

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 UV-Vis kinetic spectra for the degradation of (a) methyl orange and (b) congo red by AgNPs-GO-Chit. In A vs
Time plot for the degradation of (c) methyl orange and (d) congo red by AgNPs-GO-Chit.

Table 3 Systematic literature survey for the degradation of methyl orange and congo red azo dyes and corresponding rate

constant at room temperature.

Entry Samples Carrier system  Metals  Rate constants (k) for the degradation of Ref.
Methyl orange Congo red ©

1 Ag/GO-Chit* Chitosan/GO Ag 441x107%s" 34x107%s! This work
Au/GO-Chit Chitosan/GO Au 3.01x 1075 2.14x 1075 This work

2 Ag/Au/Pt/ Tannic acid Ag 583 x 10 min”' - 61
Tannic acid® Au 4.9 x 10° min™

Pt 2.9 x 10 min™'

3 P25Ti0,/GO* P25 Ti 116 x 10° min™! - 62

4 TiO,/PW ,° PAH w 46.5 x 10~ min™* - 63

5 TiOo/CNTs' CNTs Ti 37.3 x 107 min’! - 64

6 Alumina/CuQ® Alumina Cu - 567 x 10” min™ 65

7 Thioacetamide/NiS"  Thioacetamide ~ Ni - 72 x 10”3 min™* 66

8 TiO,' TiO, (TNA) Ti - 12.5 x 10° min! 67

9 P25Ti0,/Si0, Si0, Ti - 0.003 x 10~ min™' 68

70

75

80

85

*PReactions were catalyzed by GO grafted chitosan polymer stabilized Ag and Au NPs. © Tannic acid supported Ag/Au/Pt
NPs. ¢ Graphene oxide supported P25TiO,NPs. ¢ Titanium oxide suported tungstan phasphate nanoparticles. © Carbon
nanotube supported TiO,NPs. ¢ Alumina supported Copper oxide nanoparticles. " Nickel sulphate nanoparticles. ' Titanium
oxide nanotube arrays NPs. J P25Titanium oxide NPS supported Silicone oxide nanoparticles. ¥ Apparent rate constants
calculated under optimized reaction conditions. Entries 1, 2 and 6 have utilized NaBH, as the reducing agent and entries 3-5
and 7-9 were based on photocatalytic degradation.
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4. Conclusion

In summary, we have designed an efficient catalytic system
upon stabilizing the Ag and AuNPs on to the chitosan
functionalized graphene oxide. The prepared heterogeneous
Ag/AuNPs have shown excellent catalytic activity towards the
reduction of nitroarenes and degradation of toxic azo dyes. In
addition, our catalytic system has exhibited adequate selectivity
towards the reduction of nitro groups without any dehalogenation
in halonitroarenes. The developed catalysts have shown their
proficiency through the achieved rates of the reactions and
selectivity. Considering the wide potential of graphene oxide as
an encapsulating material for a variety of nanoparticles, the
approach improved here may channel to new possibilities for the
development of hybrid systems
functionalities for diversified applications.
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Figures captions :

1. Fig. 1 FT-IR spectra of (a) pure graphite, (b) GO, (c) GO-COCI and (d) GO-Chit.

2. Fig. 2 Raman spectra of (a) pure graphite, (b) GO and (c) GO-Chit.

3. Fig. 3 TGA analysis of (a) pure graphite, (b) GO, (c) chitosan and (d) GO-Chit.

4. Fig. 4 Powder X-ray diffraction patterns of (a) pure graphite, (b) GO, (c¢) GO-Chit, (d)
GO-Chit-AgNPs and (d) GO-Chit-AuNPs.

5. Fig. 5 UV-Vis spectra of (a) GO, (b) GO-Chit, (¢) GO-Chit-AgNPs and (d) GO-Chit-
AuNPs.

6. Fig. 6 SEM images of (a) pure graphite, (b) GO and (¢) GO-Chit.

7. Fig. 7 HR-TEM images of (a, b, ¢) GO-Chit-AgNPs and (d, e, f) GO-Chit-AuNPs

respectively.

8. Fig. 8. (a) UV-Vis spectra for the reduction of p-nitrophenol measured in different
time intervals using (a) GO-Chit-AgNPs, (¢) GO-Chit-AuNPs, Fig. 8(b, d)
demonstrate In A vs Time plot for reduction of p-nitrophenol Ag/AuNPs decorated

GO-Chit respectively.
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9. Fig. 9 UV-Vis kinetic spectra for the degradation of (a) methyl orange and (b) congo
red by AgNPs-GO-Chit. In A vs Time plot for the degradation of (c) methyl orange

and (d) congo red by AgNPs-GO-Chit.

Scheme 1 Schematic illustration of Ag/AuNPs decorated GO-Chit.

Scheme 2 Plausible mechanism for the reduction of nitroarenes by GO-Chit-Ag/AuNPs

Tables captions
Table 1 Systematic literature survey of the reduction of p-nitrophenol and corresponding rate

constant at room temperature.

Table 2 Catalytic reduction of various nitro aromatics over Ag/AuNPs-GO-Chitosan.

Table 3 Systematic literature survey of the degradation of methyl orange and congo red azo

dyes and corresponding rate constant at room temperature.
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Fig. 1 FT-IR spectra of (a) pure graphite, (b) GO, (¢) GO-COCI and (d) GO-Chit.
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Fig. 2 Raman spectra of (a) pure graphite, (b) GO and (c) GO-Chit.
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Fig. 3 TGA analysis of (a) pure graphite, (b) GO, (c¢) chitosan and (d) GO-Chit.
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Fig. 4 Powder X-ray diffraction patterns of (a) pure graphite, (b) GO, (c) GO-Chit, (d) GO-

Chit-AgNPs and (d) GO-Chit-AuNPs.
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Fig. 5 UV-Vis spectra of (a) GO, (b) GO-Chit, (¢) GO-Chit-AgNPs and (d) GO-Chit-AuNPs.
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Fig. 7 HR-TEM images of (a, b, c) GO-Chit-AgNPs and (d, e, f) GO-Chit-AuNPs

respectively.
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Fig. 8. (a) UV-Vis spectra for the reduction of p-nitrophenol measured in different time
intervals using (a) GO-Chit-AgNPs, (c) GO-Chit-AuNPs, Fig. 8(b, d) demonstrate In A vs

Time plot for reduction of p-nitrophenol Ag/AuNPs decorated GO-Chit respectively.
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Fig. 9 UV-Vis kinetic spectra for the degradation of (a) methyl orange and (b) congo red by
AgNPs-GO-Chit. In A vs Time plot for the degradation of (c) methyl orange and (d) congo

red by AgNPs-GO-Chit.
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Scheme 1 Schematic illustration of Ag/AuNPs decorated GO-Chit.
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Scheme 2 Plausible mechanism for the reduction of nitroarenes by GO-Chit-Ag/AuNPs
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Table 1 Systematic literature survey for the reduction of p-nitrophenol and corresponding rate constant at room temperature.

Entry Sample Carrier system Metal Rate constant (k) for the Ref.
reduction of p-nitrophenoP
1 GO-Chit-Ag/AuNPs? Chitosan Ag 55x107s" This work
Au 3.8x 1075 This work

2 AuNPs/Resin” Ion-exchange resin Au 0.16 x 107’ 19

3 AgNPs/PS-PEGMA® Polymer brush Ag 0.33x107s™ 20

4 NiNPs/Mesoporous Silica’ Silica Ni 2.8x107s™ 21

5 AuNPs/MgO*® MgO Au 44x107s 22

6 Pt/Aw/Pd NPs/ Silica’ Silica Pt 0.0014 x 10757 23
Silica Au 0.71x 1075
Silica Pd 0.715x 10757

7 AuNPs/Fe;0,8 Fe;04 Au 0.72 x 10 min™ 24

8 AuNPs/PEO-b-PAA" PEO-b-PAA Au 0.333 x 10” min™! 25

9 AuNPs/Breynia rhamnoides' Breynia rhamnoides Au 4.6x107%s" 26

*Reactions were catalyzed by GO grafted chitosan stabilized Ag and Au NPs. ° Ion exchange resin supported AuNPs. © Polystyrene—Polyethylene glycol
supported AgNPs. *Mesoporous Silica supported NiNPs. “Magnesium oxide supported AuNPs. Porous silica supported Pt/Au and Pd NPs. &lron oxide
supported AuNPs. "Poly(ethylene oxide)-block-poly(acrylic acid) supported AuNPs. Breynia rhamnoides in AuNPs. 'Apparent rate constants obtained under

optimized conditions. NaBH, was used as the reducing agent in all the cases.
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Table 2 Catalytic reduction of various nitro aromatics over Ag/AuNPs-GO-Chitosan.

Entry  Substrate Product GO-Chit-AgNPs GO-Chit-AuNPs  Yield® (%)

(Time, min) (Time, min)
1 NO; NH,
@ @ 40 100 100
2 NO2 NH>
©/OH ©/OH
45 110 100
3 NO2 NH,
© © 45 110 100

NH2 ©/NH2
45 110 100
(; 40 100 100

(? 40 100 100
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"Reaction conditions: 50 mg of catalyst, 1 mmol of substrate, 10 mmol of NaBH,, 50 mL of water, stirring at room temperature.

°Reused catalyst after separation from the reaction mixture.

“Conversion yield was monitored through GC.
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Table 3 Systematic literature survey for the degradation of methyl orange and congo red azo dyes and corresponding rate constant at room

temperature.
Entry Samples Carrier system Metals Rate constants (k) for the degradation of Ref.
Methyl orange Congo red ©

1 Ag/GO-Chit® Chitosan/GO Ag 4.41x107sT 3.4x107sT This work
Au/GO-Chit Chitosan/GO Au 3.01x 1075 2.14x 1075 This work

2 Ag/Au/Pt/ Tannic acid Ag 583 x 107 min™! - 61
Tannic acid® Au 4.9 x 107 min™

Pt 2.9 x 10° min™

3 P25Ti0,/GO" P25 Ti 116 x 107 min™ - 62

4 TiO,/PW,,° PAH w 46.5 x 10 min™ - 63

5 TiO,/CNTs! CNTs Ti 37.3 x 10 min’! - 64

6 Alumina/CuO# Alumina Cu - 567 x 107 min™ 65

7 Thioacetamide/NiS" Thioacetamide Ni - 72 x 10 min™! 66

8 TiO,! TiO, (TNA) Ti - 12.5 x 107 min™! 67

9 P25TiO,/Si0, Sio, Ti - 0.003 x 10° min™ 68

PReactions were catalyzed by GO grafted chitosan polymer stabilized Ag and Au NPs. ® Tannic acid supported Ag/Au/Pt NPs. ¢ Graphene oxide supported P25TiO,NPs. ° Titanium
oxide suported tungstan phasphate nanoparticles. ' Carbon nanotube supported TiO,NPs. & Alumina supported Copper oxide nanoparticles. " Nickel sulphate nanoparticles. ' Titanium
oxide nanotube arrays NPs. § P25 Titanium oxide NPS supported Silicone oxide nanoparticles. * Apparent rate constants calculated under optimized reaction conditions. Entries 1, 2
and 6 have utilized NaBH, as the reducing agent and entries 3-5 and 7-9 were based on photocatalytic degradation.



