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ABSTRACT

Significant efforts were done to prepare eco-friendly supports for the immobilization of silver oxide
nanoparticles. Alginate was interacted with chitosan in the presence of functionalized multi-walled
carbon nanotubes (COOH-MWCNTs) under ultrasonic waves to form polymeric nanocompos-
ite supports. Silver oxide nanoparticles were made to embed and react with polymeric supports
in the presence of surfactants to form nanocomposite catalysts (Cs90 (Ag,0), Cc90 (Ag,0), CD90
(Ag,0)). Advanced instrumental techniques such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), UV-visible
spectrophotometry (UV), X-rays diffractometry and Brunauer-Emmett-Teller (BET) analysis were
used to characterize the nanoparticles as well as nanocomposites. The nanoparticles were uniformly
dispersed and embedded in the alginate-based supports, indicated by SEM and TEM. The physico-
chemical interactions between nanoparticles and matrix were indicated by FTIR spectroscopy. More
surface area of newly formulated catalysts compared with pristine polymers is shown by the BET
technique. The porous nature made the catalysts to show the best results in the degradation of meth-
ylene blue (MB), methyl orange (MO) and eosin Y (EY) by providing reactive centers and diffusion
pathways. It is known that prepared nanocomposites have potential to use as catalysts for many

times, suggesting their inclusion in the water flow system.
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1. Introduction

In the modern period of science and technology, the
role of industries in development related to new and huge
mass synthesis is very common. But unfortunately, this
development is pervasively connected with the disposal
of many hazardous pollutants. Synthetic dyes are the
result of these industrial developments that have various
forms (more than 100,000 individual dyes are produced)
and are widely used in textile, paper, leather tanning, food
processing, plastics, cosmetics, rubber, and dye printing

* Corresponding author.

industries [1]. In up-to-date data, 7 x 10° tons of dyes are
produced per year and 2% of them are discharged into
rivers, oceans, lakes, and in other water resources [2]. The
World Bank estimated that 72 toxic chemicals are included
in water bodies from dyestuff in which 30 are not removed
[3]. Various environmental and health problems such as
cancer, splenic sarcoma, cytoplasmic anomalies and allergic
problems along with the bad effect on water quality, pho-
tosynthesis, soil productivity are related to dye substances
[4-7]. So, for human health and environmental safety,
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it is the utmost need to remove dyestuff from water bodies.
During past decades various methods have been practiced
removing dye pollutants. The most commonly used ones
are oxidative processes, biodegradation, adsorption, incin-
eration, solvent extraction, distillation, etc. But these meth-
ods are less efficient, costly, critical, and time-consuming [8].

Catalytic degradation is a practical remediation tech-
nology that is widely used due toclean, easy, and rapid
process. In this method, dyes are degraded into simple
molecules in the presence of suitable catalysts. But prob-
lems such as low separation, recycling and deformation of
catalysts hinder its widespread acceptance. The above prob-
lems can be overcome by the immobilization of catalysts
on some supports. The immobilization is a unique way
in industrial catalysis, as it enhances the recovery and
recycling of a catalyst along with its greater reactive sites
and promising action (chemo and stereo-selectivity, sta-
bility and diffusional action) [9]. Various materials have
been developed to be used as supporting materials for
immobilization of catalysts, for example, glass beads, stain-
less steel, aluminum, metal alloys, ash-based materials,
clay-based materials, etc. [10-13].

However, the current quest is for cleaner, biodegradable,
and sustainable materials that reduce the environmental
impact due to their disposal after use [14]. The applications
of hydrocarbons as a supporting matrix for immobilization
of catalytic particles are suggested to more efficient due to
large bonding potential for metal ions by complexation,
chelation, and ion exchange mechanisms [15-17].

Alginate is a natural anionic polysaccharide obtained
from brown seaweed and consists of B-D-mannuronic acid
and its C-epimer a-L-guluronic acid linked via {3-1,4-gly-
cosidic bonds [18]. It is biodegradable, sustainable and
largely investigated for immobilization of catalytic parti-
cles due to plentiful -OH and -COOH functional groups
in its backbone [19]. Similarly, chitosan is a cationic poly-
saccharide and consists of glucosamine and acetyl-glucos-
amine units. It is also a biodegradable polymer and has the
potential to provide sustainable and insoluble support to
catalyst [20,15]. These polymers are very efficient for acting
as supporting materials and provide more reacting sites to
catalyze a reaction. However, their pristine forms cannot be
used in recycling turns (as alginate, similar to other poly-
saccharides, is fragile, highly swelled and disintegrates
easily) and leach out in reaction systems [21,22].

To overcome the persisting problems such as leaching,
disintegration, water solubility, and utilizing the poten-
tial aptitudes to immobilize the metallic oxide particles,
an emerging field of nanotechnology was applied. It is
known that the role of nanotechnology and nanoparticles
are very appreciating to improve the strength, surface area
and other physico-chemical properties of natural poly-
mers [23]. Carbon nanotubes (CNTs) are the nanoparti-
cles that act as best reinforcing materials and have a large
surface area, greater chemical reactivity, high aspect ratio,
less chemical mass and greater strength [24-26]. A large
number of documents are filed in literature in which CNTs
react physio-chemically with -OH and -COOH functional
groups of alginate and chitosan and formed nanocompos-
ite scaffolds with promising properties [27,28,15]. Adding
CNTs to alginate as well as in the chitosan matrix, the

thermo-mechanical properties and surface area of polymers
increased. Moreover, it is known that embedded CNTs in
polymeric matrix enhance the surface area to coordinate
the catalyst by coordinating substrate molecules through a
range of noncovalent bonding interactions [15,29].

Based on this work, the current study aims to formu-
late new supporting matrices that would be more stable,
insoluble, porous and provide more reactive centers for
catalytic action. For such purpose, alginate was interacted
with chitosan in the presence of COOH-MWCNTs and sur-
factants under ultrasonic waves. The metallic oxide parti-
cles (Ag,0) were immobilized in algi+chito/CNTs matrix
by sonication to form catalysts (Cs90 (Ag,0), Cc90 (Ag,0)
and CD90 (Ag,0)). These catalysts were examined in cata-
lytic actions for the degradation of MB, MO and EY dyes.
Synthesized catalysts were also visualized for recycling
turns in which catalysts showed encouraging results.

2. Experimental setup
2.1. Materials and methods

Sodium alginate (from brown algae, purity: 98%, CAS
number: 9005-38-3, molecular weight: 405.2186 g/mol), chi-
tosan (purity: 99%, >75% deacetylated, CAS number: 9012-
76-4, molecular weight: 20,000 g/mol), Methylene blue (MB),
Methyl orange (MO), Eosin Y (EY), acetic acid, sodium
dodecyl sulfate (SDS), cetyltrimethylammonium bromide
(CTAB), dimethylformamide, sodium borohydride (NaBH,)
and silver nitrate (AgNO,) were purchased from Sigma-
Aldrich (UK) and were used without further purification.
Functionalized multi-walled carbon nanotubes (COOH-
MWCNTs) were kindly provided by the National Center
for Physics (NCP), Pakistan. Deionized water was used
throughout the procedure.

2.2. Synthesis of silver oxide nanoparticles

Silver oxide metallic nanoparticles were prepared by
following a reported method [30]. For such synthesis, a
small amount of silver nitrate (170 mg) was dissolved in
distilled water to form a dilute solution (0.001 M) by stir-
ring. The aqueous solution of sodium borohydride (500 mL,
0.0020 M) was separately prepared by dissolving 0.378 mg
of NaBH, in 500 mL of distilled water. Nanoparticles of
silver oxide were prepared by stirring the ice-cold solu-
tion (30 mL) of sodium borohydride with the addition
of silver nitrate (10 mL) dropwise (time interval between
two drops should at least 10 s). The reaction mixture was
filtered when it turned to darker yellow. Light brown pre-
cipitates of silver oxide were obtained on filter paper,
washed several times with distilled water, and dried in
150°C for 6 h. These nanoparticles were sealed in vials and
stored at room temperature for further use.

2.3. Synthesis of alginate-based catalysts

For the synthesis of alginate-based catalysts, a simple
solution casting method was applied. A small quantity of
alginate (0.9 g) was dissolved in deionized water (30 mL)
by stirring at 40°C for 2 h. Functionalized COOH-MWCNTs
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(0.016 g) were separately dissolved by sonication (2 h) in
aqueous solution (30 mL) having a small amount of surfac-
tants (SDS or CTAB) under ultrasonic waves produced by
bath sonicator (Elmasonic S 30 H, 50-60 H). Chitosan (0.18 g)
was dissolved in acetic acid solution (2%, 75 mL) by stirring
at 30°C for 1 h. For the synthesis of alginate-based catalyst,
a mixture solution of alginate (2 mL), COOH-MWCNTs
(2 mL), chitosan (75 mL) and silver oxide nanoparticles
(0.09 g) were further sonicated for 5 h at 40°C to obtain a
homogeneous mixture. The obtained uniform blended mix-
ture was poured into Petri plates and kept in a dust-free
environment at room temperature for 3—4 weeks. Alginate-
based nanocomposite films were washed with ethanol and
dehydrated in the oven at 40°C for 5 h. Dried films were
stored in sealed polyethylene bags for further processing.

In the solution mixture, when COOH-MWCNTs were
dissolved in an aqueous solution having SDS as a surface
acting agent than the formulated catalyst is coded as Cs90
(Ag,0). When CTAB is used instead of SDS, then the catalyst
is named as Cc90 (Ag,0). And when no surfactant is used
and COOH-MWCNTs are dispersed in the organic solvent
then the obtained film is coded as CD90 (Ag,0).

2.4. Characterization and measurements

Characterization and measurements of prepared sil-
ver oxide nanoparticles as well as of nanocomposites
(catalysts) were done by using advanced instrumental
techniques. Electronic transition in silver oxide particles
was determined by UV-visible spectrophotometer (UV-
1601 SHIMADZU, Korea) by dispersing the silver oxide
particles in deionized water under ultrasonic waves.
The nature of bonds and functional groups present in
nanoparticles as well as in nanocomposites were identi-
fied by Fourier transform infrared spectroscopy (FTIR;
PerkinElmer spectrum 100 series spectrometer, Korea)
working in the range of 4,000-400 cm™ at 2 mm/s rate.
Surface study (morphology) of prepared materials was
done by scanning electron microscopy (SEM; JEOL JSM-
6510LV, 30 kV, Japan) technique working at 20 kV. The
images were obtained at 300,000X (maximum magnifi-
cation power) and 2.3 nm (maximum resolving power).
Transmission electron microscopy (TEM) measurements
were carried out on a JEOL JEM 1200 EXII (Japan) instru-
ment operated at an accelerating voltage of 100.0 kV. The
surface area of nanocomposites was determined by the
Brunauer-Emmett-Teller (Quantachrome Nova 2200,
USA) technique using ~0.045 g of the sample at 273 K. The
shape, geometry, and pattern of arrangement in compo-
nents were determined by X-rays diffractometry (XRD)
technique using JDX-3532 diffractometer working at the
voltage of 20-40 kV. The X-rays used were of 1.5418 A to
diffract the materials with a scanning range of 0°-160°.

2.5. Catalysis testing

Three types of prepared catalysts named Cs90 (Ag,O),
Cc90 (Ag,0) and CD90 (Ag,0) were explored for cata-
lytic action in the degradation of three types of dyes (MB,
MO and EY) by applying a reported method [31]. For such
a study, a small piece (0.02 g) of the sample was immersed
in a solution mixture (10 mL) formed by 100 mM of sodium

borohydride (1 mL), 10°*M of dye solution (1 mL), and 8 mL
D.I water. This solution mixture was then stirred for a spe-
cific period until the dye is decolorized. Decolorized dye
solution was filtered to remove catalysts and the extent of
degradation was checked by taking UV absorbance. Each
dye solution took different time for degradation in the
presence of catalysts.

3. Results and discussions
3.1. Characterization and measurement of nanoparticles

The physical state and electronic position of prepared
silver oxide nanoparticles are determined by UV-vis spec-
trophotometry (results are included in Fig. 1a). Itis generally
known that silver oxide particles absorb UV radiations in
a 400-440 nm range [28]. The prepared brownish-black
silver particles (image is displayed in Fig. 1a) showed a
prominent absorption band with A __ at 410 nm. This &,___
is attributed to surface plasmon resonance (SPR) that is
created when light interacts with the surface of metallic
oxide particles and consequently, collectively oscillation is
produced in conduction electrons. Silver oxide nanoparti-
cles have a unique optical property that is why the UV spec-
tra provide a good deal related to physical states of metallic
oxides. The appearance of broad band and shifting of SPR
peak to longer wavelength indicates a bigger size and
increased diameter of prepared nanoparticles. Similarly, a
slightly secondary band appeared in the UV spectrum of
as-grown particles are attributed to quadrupole resonance,
which has a different electron oscillation than the pri-
mary dipole resonance. This appearance of the secondary
band also indicates the anisotropy in particles.

As for non-spherical particles, the un-evenly distribu-
tion of surface plasmon resonance occurs, which leads to
shape-dependent SPR absorption spectra [32]. According
to Mie’s theory, the shape of UV spectra in terms of the
appearance of single or multiple bands is very crucial to
estimate the geometry of particles. The particles that are
spherical in nature always give a single band, whereas
double or triple banded spectra are the indication of
non-spherical geometry [33]. The appearance of multiple
bands is attributed to plasma resonance or quadrupole
or higher multiple plasmon excitation [33]. The obtained
spectrum of as-grown silver oxide nanoparticles indicated
that the particles are non-spherical in nature and have
anisotropic geometry. Non-spherical shape of silver oxide
particles is also indicated by SEM results.

The chemical nature and structural behavior of silver
oxide particles were determined by FTIR spectroscopy
at room temperature and shown by Fig. 1b. Prominent
peaks related to various functional groups appeared at
3,487; 1,704; 1,450; 1,377; 1,232; 684 and 526 cm™. The peak
appeared at 526 cm™ is attributed to stretching vibration
of Ag-O bond whereas, the absorption peak appeared at
684 cm™ correspond to overtones produced by overlap-
ping in stretching and bending vibrations of Ag-O bonds.
The other stretching and bending absorptions appeared
at various temperatures give an indication of the pres-
ence of some other materials along with silver oxide par-
ticles. It is known from various studies that at the time of
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Fig. 1. (a) UV absorption spectrum of silver oxide particles, (b) FTIR spectrum of silver oxide particles, (c) SEM images of silver oxide

particles and (d) XRD spectrum of silver oxide nanoparticles.

processing of silver oxide particles at room temperature,
the upper surface is tarnished by CO, and atmospheric O,
and some of the molecules of silver oxide are converted
into Ag,CO,. In the presence of moisture, some of these
Ag,CO, molecules are converted into complex basic sil-
ver carbonate, having formula AgOHAg,CO,. From the
spectral study of prepared nanoparticles, the possibil-
ity of formation of Ag,CO, and complex AgOHAg,CO, is
obtained. The appearance of absorption peaks at various
temperatures is the sign of v, v, v,and v, vibrations of
carbonates and complex carbonates appeared at various
energy bands [34,35]. The presence of the O-H group
and C=O group along with the presence of Ag-O groups
appeared at 3,478 and 1,704 cm™ respectively. Similarly, the
appearance of a doublet at 1,450 and 1,377 cm™is, in fact, the
confirmation of conversion to basic silver carbonate [35].
The formation of somewhat complex silver compounds
along with silver oxides is also indicated by SEM results.
It is obtained that prepared nanoparticles have irregular
geometry (shown in Fig. 1c). Some of the particles are in
spheroidal shapes and some are anisotropic in nature with
various particle sizes. This difference in geometry is due to
the difference in oxidation states and the composition of sil-
ver oxide nanoparticles. It may be due to the formation of
silver carbonate and complex basic silver carbonate along
with silver oxide nanoparticles. The irregular geometry of

particles is in accordance with another study [30]. The for-
mation of such impurities is also indicated by those XRD
peaks which were not consistent with a standard pattern.
The SEM results further give an indication of the dispersed
nature of prepared nanoparticles. Prepared materials
are not present in agglomerated form but exist in some-
what scattered form. The pattern of dispersion is further
enhanced on embedding in the polymeric matrix.

The structure and phase purity of synthesized nanopar-
ticles were determined by XRD analysis. Fig. 1d represents
the XRD pattern of prepared silver oxide nanoparticles.
Diffraction peaks at 20 = 32.95°, 38.30°, 55.18°, 65.64° and
69.07° can be indexed as (111), (200), (220), (311) and (222),
respectively, correspond to the cubic structure of silver
oxide (Ag,0) matched with standard JCPDS No. 00-001-
1041. The shapes of peaks indicate that highly pure and
crystalline silver oxide particles are prepared. There are
some peaks that appeared at 26 = 18.6°, 20.6° and 58.0°.
These values correspond to some impurities, it may be due
to the presence of carbonates and complex basic carbonates
which are formed by the interaction of silver oxide particles
with atmospheric CO, and H,O. The average crystallite size
estimated with Scherrer’s equation (D = KA/ cosf, where
D = crystallite size, K = shape factor, A = wavelength, 3 = full
width at half maximum (FWHM) and 6 = diffraction angle)
from most intense peak along (111) plane was 28.85 nm.
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3.2. Characterization and measurements of
nanocomposites (catalysts)

Alginate-based nanocomposites having silver oxide
nanoparticles along with COOH-MWCNTs are charac-
terized by FTIR and results are included in Fig. 2a. The
presence of each component in nanocomposite is repre-
sented by their respective absorption bands, for instance,
the presence of the O-H bond in alginate and chitosan is
confirmed by stretching vibration appeared at 3,460 cm™.
Similarly, the presence of C=O conjugated with C=C bonds
of COOH-MWCNTs is indicated by absorption peaks that
appeared at 1,708 cm™. The C-O bonds present in carbo-
hydrate rings of alginate and chitosan are indicated by
stretching vibrations at 1,363 and 1,216 cm™. The presence
of Ag-O bonds of silver oxide particles in nanocompos-
ites is revealed by absorption peaks at 528 cm™. From this
spectrum, it is indicated that during the processing, washing
and drying process, the chemical composition of materials
remained intact and nanoparticles did not agglomerate.

Dispersed nanoparticles entangle themselves and react
with the polyelectrolytic complex of alginate—chitosan.
The obtained blended scaffolds are amorphous in nature
with some degree of crystallinity that is indicated by the XRD
results (Fig. 2b). These crystallites may develop due to proper
arrangements produced in polymeric chains. The sorts of
interactions between nanofillers and polymers reduced
segmental motion and arrayed the chains. The presence of
crystallites is indicated by the presence of some small peaks
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obtained at about 20 = 35.8°, 62.8°, 74.4°. On comparison of
the peak pattern of nanocomposites with that of nanopar-
ticles, the crystalline peaks of silver oxide disappeared
in nanocomposite due to electrostatic interactions and
H-bondings among alginate-chitosan, COOH-MWCNTs,
and metallic oxide particles. The peaks obtained in nano-
composites are also less intense than silver oxide particles
which are attributed to linkages present between components.

The surface morphology of catalysts was visualized by
SEM analysis before and after the addition of silver oxide
particles (results are included in Figs. 2c and d). On analy-
sis, it is known that metallic oxide particles are uniformly
dispersed and attached in a complex matrix of polymeric
structures. Alginate is a negative polysaccharide while chi-
tosan is a positive one, on suitable interaction, a strong poly-
electrolytic complex is formed by embedding nanofillers
(COOH-MWCNTs) under ultra-sonic waves. The polymeric
structure obtained is very stable having plentiful reactive
centers (-OH, -COOH and -NH, functional groups) and
voids. On the addition of silver oxide particles in a poly-
meric matrix, reactive centers and cavities entrapped these
particles thus porous scaffolds (catalysts) are formed.
Nanofillers (COOH-MWCNTs) interacted with polymeric
chains of alginate—chitosan matrix and provided a greater
surface area to silver oxide particles by coordinating sub-
strate molecules through noncovalent interactions. This
dispersed and embedded nature of nanoparticles leads to
the more stable, porous and active form of catalysts with
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Fig. 2. (a) FTIR spectrum, (b) XRD spectrum and SEM images of (c) Cs90 nanocomposite and (d) Cs90 (Ag,0) nanocomposites.
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greater porosity. Bibi et al. [15] reported that there is a
direct relationship between catalytic action and porosity.
Our results related to the stable and cohesive nature of
catalysts with leaching-less phenomenon even after wash-
ing, drying and formulation process are in accordance
with the reported data [15].

On analysis of TEM results (shown in Figs. 3a-c), sim-
ilar information related to the dispersed nature of nanofillers
in the polymeric matrix was obtained. Alginate—chitosan
interacts with each other in the presence of nanofillers;
thus a very stable polyelectrolytic complex with more
stability and water insolubility is formed. On the addi-
tion of silver oxide particles into this complex, attachment
of silver oxide is obtained and formed the scaffolds with
the greater surface area. The attachment of silver oxide
particles in alginate-based nanocomposites is more favor-
able in the presence of MWCNTs (attachment is shown in
Fig. 3c) and proposed structure of catalyst after embedding
the silver oxide particles is represented by Fig. 3e.

From the SEM, TEM and XRD results, the various
size distributions of nanoparticles are indicated. Size of
particles are measured manually and found to be 30 + 3,
38 + 3, 54 + 3 and 65 + 3 nm with error range of about 3 nm.
The relationship between peak intensity and size of parti-
cles is shown in Fig. 3d. It is indicated that the 30 + 3 nm
is the size of particles that are prepared with greater %.
Fig. 1a also indicates that various sized particles are pre-
pared and upon increasing the size, redshift in UV absorp-
tion was obtained with a broader band. The band becomes
more significant when maximum size (65 + 3) of particles
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is obtained. The XRD pattern (Fig. 1d) also confirms that
there are five diffraction peaks lie between two theta 20°
and 80° and are consistent with the peaks of all particle
sizes.

To visualize the porosity of prepared catalysts, the
surface area was determined before and after the addition
of silver oxide particles (shown in Table 1). It is known
that the surface area of nanocomposites is greater than
the pristine polymers (alginate and chitosan). The inclu-
sion of MWCNTs in the polyelectrolytic complex of algi-
nate—chitosan matrix creates more pores with greater pore
size and width. Moreover, the surface area of nanocom-
posites having surfactants is larger compared with non-
surfactant containing nanocomposites. The higher value

Table 1
Surface area of synthesized nanocomposites (catalysts)

Types of Specific surface  Pore volume  Pore width
samples area (m?%g) (cm¥/g) (nm)
Algi+chito 3.612 0.042 2.162
Cs90 8.436 0.007 3.179
Cc90 8.195 0.033 3.537
CD90 7.854 0.036 19.902
Cs90 (Ag,0) 8.671 0.019 3.381
Cc90 (Ag,0)  8.902 0.079 3.502
CD90 (Ag,O) 7.893 0.026 16.997
d
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Fig. 3. TEM image of (a) nanocomposite, (b) MWCNTs having silver oxide nanoparticles, and (c) silver oxide particles,
(d) particle size distribution of synthesized silver oxide nanoparticles, (e) interaction of CNTs with polymer matrix in the
presence of metallic ions and (f-h) photographic images of synthesized Cc90 (Ag,0), CD90 (Ag,0), and Cs90 (Ag,O) films.
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in the presence of surfactants is attributed to the involve-
ment of co-solutes in micelles formation around the outer
ions. The greater porosity is responsible to diffuse more
solvent into the films and greater is the rate of reaction.
The porous nature of nanocomposite also provides greater
reactive centers to reaction medium and speed up the reac-
tion. It is obtained that on the addition of silver oxide par-
ticles into alginate—chitosan/CNTs nanocomposites, values
of the surface area further increased. These increased
values are explained based on the inclusion of metallic
oxide particles in cavity formation. The porous nature of
catalysts suggests the application of nanomaterials as the
best candidate in the degradation of dyes.

3.3. Catalytic activity
3.3.1. Catalytic degradation of methylene blue

Methylene blue, a heterocyclic aromatic dye, is also
called methylthioninium chloride is widely used in the tex-
tile industry for the time being. Methylene blue absorbs UV
light at 662 nm (visible region), which is due to the m—mt*
transition in dye molecules [31,36]. In order to know the
extent of degradation of MB in the presence of synthe-
sized catalysts, UV spectra were taken before and after the
addition of catalysts. Initially, UV absorption of MB dye
was measured in the presence of a reducing agent, that is,
NaBH, without a catalyst. It is known that NaBH, is not
largely affected in the degradation process as the absorp-
tion peak at 662 nm appeared with the persistence of blue
color (shown in Fig. 4b). It may degrade the MB to some
extent, but the degradation process was very low and seems
to be non-considerable. However, when this reaction was
repeated in the presence of catalysts (Cs90 (Ag,O), Cc90
(Ag,0), CD90 (Ag,0)), rapid degradation of MB in 20-30 s
was observed. This degradation process was confirmed by

Cs90 (Ag,0), Cc90 (Ag,0)
& CD90 (Ag,0) catalysts
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the disappearance of the absorption band at 662 nm and
the decolorization of the MB solution. In fact, during the
degradation process, MB is converted to leuco methylene
blue (LMB), which is colorless in nature and inactive in the
visible region [31]. In this catalytic reaction, silver oxide
embedded in nanocomposite films accelerate the redox
reaction between the donor (NaBH,) and acceptor (MB)
systems. Both these NaBH, and MB co-adsorb on the cat-
alyst surface and enhance the relay of electrons between
donor and acceptor, consequently degraded MB rapidly.
On comparison of synthesized catalysts (nanocomposite
films) with naked silver oxide particles, the efficiency of
synthesized catalyst in the degradation of MB is 100 times
more with much more regeneration potential. In the pres-
ence of naked silver oxide particles, MB is degraded in
20 min, but in our study, only a few seconds are required
to complete the reaction [31]. The rapid degradation is
assigned to more porous nature of films and dispersed
form of silver oxide with more reactive centers, conse-
quently, greater the possibility to react with dye molecules.
Prepared catalysts were also comparatively analyzed with
each other in the degradation reaction of MB. It is observed
that Cs90 (Ag,0) and Cc90 (Ag,0) converted MB to LMB
in 10-20 s, while in the presence of CD90 (Ag,0O), MB is
degraded in about 35 min. The quick action of Cs90 (Ag,O)
and Cc90 (Ag,O is ascertained to the presence of surfac-
tants (SDS and CTAB, respectively). In the presence of sur-
factants, micelles are formed around the metallic particles
by electrostatic and non-electrostatic types of interactions
and keep the metallic particles in the dispersed form [37].
Furthermore, surfactants also facilitate the rate of diffu-
sion of solvent in films due to greater solubility and cat-
alytic action becomes rapidly. The complete mechanism
involved in catalysis in the presence of surfactants is not
fully understood, perhaps it may be the dissolution of the
surface layer of micelles and exposure of metallic oxide
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Fig. 4. (a) Reaction pathway for conversion of MB to LMB in the presence of synthesized catalysts and (b) UV absorption

spectra of catalyzed and un-catalyzed MB.
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particles (provide more reactive centers), which react fully
with dye molecules and degrade it. While in CD90 (Ag,0),
there was a significant induction period before the reac-
tion commenced, presumably due to the time required for
penetration in films and start the catalytic action. That is
why the time required to catalyze the MB is prolonged (i.e.,
35 min). The reaction pathway in which MB is converted
into LMB is shown by the schematic diagram (Fig. 4a).

3.3.2. Catalytic degradation of methyl orange

Methyl orange is a sulfosalt and by nature, it is an
organic dye. This dye is continuously added to water bod-
ies and is very harmful to human and aquatic life. In the
presence of UV light, MO absorbs at 465 nm. In the current
study; first of all, the degradation process of MO was evalu-
ated in the presence of a reducing agent, which is NaBH,. It
is observed that in the presence of this reducing agent, MO
is not degraded and gives the absorption band at 465 nm
as usual (shown in Fig. 5b). Perhaps, it may be degraded,
but it was very low to show its effect at room temperature.
However, when the solution of MO was degraded in the
presence of NaBH, and catalysts, the reaction of degradation
proceeded very rapidly. It is estimated that, in the presence
of catalysts (Cs90 (Ag,0), Cc90 (Ag,0), and CD90 (Ag,0))
and reducing agent, MO is converted into small non-toxic
hydrazine in limited time. This catalytic action is confirmed
by the disappearance of the absorption band at 465 nm
and appearance of a new absorption peak at 250 nm. The
mechanism involved in this process is a simple oxidation—
reduction mechanism, in which electrons are donated by
NaBH, and accepted by MO. However, in normal condi-
tions, this electron array is not feasible without a catalyst.
Catalysts co-adsorb the electron donor and acceptor on their
surface and enhance the degradation process by electron
transfer process. The comparative study of catalysts indi-
cated the high efficiency of Cc90 (Ag,0) and Cs90 (Ag,0)
compared with CD90 (Ag,0). Due to the soluble nature of
surfactants and greater surface area, silver oxide particles
were exposed more in aqueous solution and catalyzed MO
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in 13-15 min. However, CD90 (Ag,0) required a longer
time (~ 1 h) to catalyze the MO into hydrazine. The syn-
thesized catalysts were also tested for their efficiency with
pristine silver oxide particles in the degradation of MO
[31]. There was no distinct difference observed, as pristine
silver oxide particles took almost similar time to degrade
the MO. However, the superiority of newly prepared cat-
alysts is the regeneration and extended recycling turns
(11 times) with no loss in mass. The reaction pathway for
conversion of MO to hydrazine is shown in Fig. 5a.

3.3.3. Catalytic degradation of eosin Y

Eosin Y is an organic dye and is also called tetrabromo-
fluorescein. This dye gives an intense pink-orange (abbey)
color on solubilizing in water. It is largely used in paper,
pulp and textile industry [38]. The degradation reaction of
Eosin Y was studied before and after the addition of cata-
lysts. First, the UV absorption of the Eosin Y solution was
measured in the presence of reducing agent NaBH,. It is
known that an absorption band at 520 nm was observed,
which the characteristics lambda max is for Eosin Y (Fig. 6b).
When the catalyst was added in the dye solution along with
reducing agent, degradation reaction occurred in which
orange color is converted into a yellowish-green color.
The confirmation of degradation reaction was done by UV
absorption bands of catalyzed dye. In these absorption
bands, degradation reaction is indicated by the disappear-
ance of the absorption band from 520 nm. The mechanism
involved in this degradation is also an oxidation-reduction
reaction similar to MB and MO. In this redox reaction, one
electron is transferred and the orange color of eosin (ES;)
is converted into yellowish-green (ES H) [39]. This trans-
ferring of electrons is facilitated using catalysts, which
speed up the reaction and hence the degradation reaction
is completed in 20-25 min. Synthesized catalysts were
compared with each other based on efficiency and found
that surfactants containing catalysts showed the best per-
formance compared with non-surfactant containing film.
Again, the larger surface area and the role of surfactants in
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Fig. 5. (a) Reaction pathway for conversion of MO into hydrazine derivative in the presence of synthesized catalysts and

(b) UV absorption spectra of catalyzed and un-catalyzed MO.
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& CDY0 (Ag,0) catalysts

Fig. 6. (a) Reaction pathway for degradation of Eosin Y in
spectra of catalyzed and un-catalyzed Eosin EY.

exposing the nanoparticles in aqueous media is the reason
for quick action. While in CD90 (Ag,0), no such co-solutes
are involved and hence more time (~1 h) is required to com-
plete the degradation process. More stability of catalysts
and quick action as compared with pristine silver nanopar-
ticles recommend that nanocomposite films containing
silver oxide particles can act as the best catalysts for deg-
radation of three types of dyes namely MB, MO and EY.
The type of reaction involved in the degradation reaction
of EY is illustrated by an equation in Fig. 6a.

3.3.4. Mechanism of catalytic degradation

The catalytic action of synthesized catalysts is stud-
ied in the presence of NaBH,. It is investigated from the
reported data that the understudy dyes were degraded
in the presence of reducing agent, that is, NaBH,, but in a
very small amount. However, when the small piece of cat-
alyst is added along with NaBH,, the degradation reaction
is accelerated, and dyes are catalyzed within seconds. This
rapid action is due to the oxidation-reduction reaction
occurring between the donor (NaBH,) and acceptor (dye)
molecules. NaBH, molecules dissolve in water and liberate
one H™ atom (shown in the following equation) [40].

BH; 2 BH, + H- 1)

2H- 2 H, +2e )

The two H- atoms react with each other and two
electrons are released. The silver oxide embedded cat-
alysts (nanomaterials) act as electron acceptor/donor
and relay the electrons to the organic dye, thus degraded
it. In the catalysts, this array of electrons is transferred
from the valence band to the conduction band, where
they are removed by the oxygen dissolved in water and
converted into *O;. The hole in the valence band reacts
with OH~ of water to form hydroxyl radical *OH [41].
The scheme of degradation is shown in the following
figure (Fig. 7).
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As a result of these reactions, the nascent hydroxyl radi-
cle and oxygen radical act as highly oxidizing agents, which
react with dyes and convert them into simple and less toxic
substances. The small degraded products are very often
unstable and easily degraded into simpler products.

For instance, upon catalytic degradation, MB is con-
verted into LMB, which is a colorless compound. It is highly
unstable in its solid form and is sensitive to dioxygen.
It reacts with oxygen and breaks down into smaller compo-
nents that are less toxic compared with azo dyes such as MB.
That is why on the industrial scale, efforts are carried out to
find a useful technology for the degradation reaction of MB.

Similarly, the cationic form of MO is very susceptible
to free electrons; on reacting with electrons, it is degraded
and gets converted into hydrazine derivative, which is
unstable in solid form and is converted into hydrazone
and hydrazide products. On complete oxidation, hydra-
zine is converted into water and nitrogen; on partial oxi-
dation, it is converted into nitrogen and ammonia. Thus,
degradation products of methyl orange are less toxic and
environmentally benign.

Eosin Y exists in a cationic form in aqueous solution; on
accepting the electrons, it is degraded and gets converted
into a less toxic substance, which is further degraded into
CO, and H,O. These results convince us to conclude that
catalytic degradation is a remedy technology to reduce
the water pollution caused by aromatic, stable and toxic
organic dyes.

3.3.5. Recycling of catalysts in the degradation of dyes

The long-term reusability and stability are important
parameters for a catalyst to be used in an industry. As a pre-
liminary exploration, we used our catalysts for a number of
times in the degradation of MB, MO and Eosin Y. The recy-
cling turns in which catalysts are successfully applied are
shown in Table 2.

In each reaction cycle, catalysts were washed 3-4 times
with distilled water and introduced into a new bath of
reactants. It was obtained that the catalysts Cs90 (Ag,O) and
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Table 2
Recycling turns in which synthesized films are used for the
catalytic action of dyes

S.No Types of films Recycling turns for
degradation of dyes
MB MO EY
1 Cs90 (Ag,0) 23 1 7
Cc90 (Ag,0) 23 1 7
3 CD90 (Ag,0) 10 6 4

Cc90 (Ag,O) were successfully applied to degrade the MB
dye for 23 times. After the 23rd cycle, catalyst retained their
action in the reaction bath, but after removing them, slightly
bluish color regenerated, suggesting incomplete degrada-
tion. While CD90 (Ag,0) catalyst can catalyze the reaction
successfully for 10 times. To enhance further catalytic action
of prepared catalysts after using such repeated time, films
can be treated with other methods (with acid, sonication
or other ways) for activeness. It was found that even after
using the catalysts for such prolonged times (23rd cycle),
the cohesiveness, strength and shape of catalysts remained
intact. Such type of mechanical stability gives an indication

Table 3
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of strong interaction between polymeric materials and nano-
fillers. The time required for each degraded reaction did
not vary more than a few minutes. Initially, MB dye was
converted into LMB in just 20-30 s but last (23rd) recycling
reaction was completed in 6 min. The delayed time required
in the last recycling use is attributed to the least availability
of dye-loaded reactive centers for degradation of MB, indi-
cating the saturation of catalytic surface with dye molecules.
Actually, it is associated with incomplete removal of bound
dye molecules from the surface of catalysts that decay the
catalytically active sites. These results confirm the strong
immobilization and well dispersion of silver oxide particles
indicating that the leaching out process has not occurred.

In the same way, the synthesized catalysts were applied
for the repeated catalytic reaction of MO. It was found that
Cs90 (Ag,0) and Cc90 (Ag,0) are recycled very efficiently
for 11 times, while CD90 (Ag,O) is recycled for 6 times.
After that recycling turns, catalysts remain intact, but they
required a long time to complete the reaction.

Likewise, the catalytic conversion process of EY dye
was recycled seven times. Experiments revealed that
Cc90 (Ag,0) and Cs90 (Ag,0) catalysts showed the best
activity in recycling reaction (7 times). Prepared film
CD90 (Ag,O) degraded the EY dye for four times. The
time required for each recycled process did not vary

Comparison of degradation reaction of synthesized catalysts with reported catalysts

S.No Catalysts Dye degraded Recycling turn References
1 Silver metal dispersed in 2-acrylamido-2- Methylene blue (MB) 8 times 43
methylpropane sulfonate-co-vinylpyrrolidone
matrix
2 TiO,/Ag metal deposited on quartz substrate Methylene blue (MB) 1 time 44
3 TiO, embedded in ca-alginate support Methylene blue (MB) 3 times 10
4 Ag/Pt particles decorated on Si substrates Methyl orange (MO) 4 times 45
5 Ag-doped Fe,O, nanomaterials Eosin Y (EY) 3 times 46
6 Ag 0 embedded in Alginate—chitosan/ MB 23 times This work
MWCNTs support MO 11 times
EY 7 times
0,/OH °0,/°0H

°0,/°0H

0,/0OH-

0,/OH- °Q,/°0OH

2e;

Fig. 7. Degradation mechanism of organic dyes in the presence of synthesized catalysts.
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more than minutes and catalysts successfully degraded
seven times.

In the field of catalysis, the recovery of catalysts is dif-
ficult and is the main issue. Most of the catalysts employed
are converted into colloidal form and they were recov-
ered by centrifugation process, which is a difficult process
[42]. Now, it is a growing trend to use support for stabiliz-
ing the catalysts. Supports not only provide the catalysts
with large reacting sites but also prevent from leaching
process. Therefore, we prepared catalysts embedded in
support and found the best results in catalytic action.

From this study, it is concluded that prepared nano-
composites are appropriate for direct inclusion in a flow
system. These catalysts can be employed in a filter bed
or in the lining of the reactor. These catalysts would be
efficient for an extended period and recovery problems
would be negligible.

3.3.6. Comparison of catalytic degradation with other studies

The catalytic action of synthesized catalysts is com-
pared with other matrix-embedded catalysts [10,43-46]
listed in Table 3. The proposed nanostructure of prepared
catalysts is comparable and competitive with other stud-
ies. The rapid catalytic action and subsequent regenerative
cycles make the prepared catalysts as most promising from
a cost-effectiveness point of view. Other silver-containing
supporting materials also showed the best catalytic action
in the degradation of organic dyes, but these are less effi-
cient compared to synthesized catalysts. Moreover, syn-
thesized catalysts showed greater regenerative cycles
due to internal cohesiveness and reactive centers. In the
current study, catalysts degraded the MB, MO and EY
for 23, 11 and 7 times, respectively. This behavior is due
to the presence of reactive centers on the surface of cata-
lysts created by COOH-CNTs and the polymeric matrix.
Additionally, greater porosity, nano size of reinforcing par-
ticles, and possibly greater interaction between the com-
ponents make the catalysts as more stable and efficient
with variable voids and channels. The molecules of dye
react physio-chemically with reactive centers of catalysts
and get degraded into smaller less-toxic components.

4. Conclusion

Prepared nanocomposites having embedded metal-
lic particles acted as the best catalysts due to the dispersed
metallic oxide particles, greater reactive centers, and immo-
bilized nature. There is a strong interaction that occurred in
nanoparticles and supporting matrix. These types of inter-
actions result in creating cohesiveness and stability in pre-
pared nanocomposites. Three dyes namely MB, MO and EY
were successfully degraded by synthesized catalysts in no
time. The MB was degraded in 20-30 s, MO in 30-35 min,
and EY in 20-25 min. The role of surfactants in quick catalytic
action was appreciated by providing more solubility, surface
area, and reactive centers for degradation. Synthesized cata-
lysts have the potential to be used in many recycling turns.
For instance, Cs90 (Ag,0) and Cc90 (Ag,0O) degraded MB
for 23 times, MO for 11 times and EY 7 times successfully.
Compared with their counterparts pristine particles and

other matrix-based catalysts, nanocomposite catalysts are
considered to be more efficient. This study recommends
the application of these novel catalysts in different places
such as the lining of the reactor, filter-bed or in flow-system.
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