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Abstract

The modification of silica-coated magnetite nanoparticles with silver tungstate has been reported to form an effective het-
erogeneous photo-Fenton catalyst (Fe@AgW) for wastewater treatment. The prepared nanocomposite was analyzed and
characterized with the help of SEM, TEM, Powder XRD, BET, UV-DRS, and FT-IR spectroscopy. The nanocatalyst was
successfully investigated for mineralization of model cationic and anionic dyes representing industrial effluents pollution
and colorless pollutant bisphenol A. The degradation of methylene blue (MB) and methyl orange (MO) was up to 92% and
82%, respectively, using Fe@AgW nanocomposite as a photo-Fenton catalyst. The nanocatalyst was also tested against
pathogenic bacterial strains to explore its broad-spectrum use for water treatment. The material owns its desired properties
such as economic, high efficiency, simple reaction conditions, and effortless magnetic separation for its potential broad scope

applicability in water treatment.

Keywords Magnetite - Silver tungstate - Visible light photo-fenton catalysis - Wastewater treatment

Introduction

The major world’s alarming situations include scarcity of
usable water. Industrial effluents, population outgrowth,
and agricultural activities are majorly responsible for water
contamination (Kummu et al. 2016). Industrial effluents,
including dyes and other organic materials, are highly dan-
gerous in terms of ecological imbalance since they lead to
restrain photosynthesis by restricting light penetration (Garg
et al. 2004) and are potent carcinogens to mammals (Fisher
1999; Olliver et al. 2003). Infectious microorganisms like
Gram-negative (Thune et al. 1993) and Gram-positive bac-
teria (Emmert and Handelsman 1999) cause various health
hazards (Li et al. 2000) and, thereby, their destruction from
water bodies has also become crucial for water treatment
strategies. Cationic and anionic dyes constitute a significant
portion of water contaminants due to their widespread use
and then their discharge into water bodies. Methylene blue
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(MB) and methyl orange (MO) dyes belong to the most com-
monly used cationic and anionic dyes, respectively. MB is
well known to affect the central nervous system (Vutskits
et al. 2008) and the toxicity of MO has also been reported
in aqueous solution (Xie et al. 2016). Bisphenol A (BPA)
is another persistent water contaminating chemical which
is commonly present in various materials used in everyday
life such as electronic equipment, toys, water pipes, paper
and, thus, consumers frequently exposed to it through food
and drinking water. The increased amount of BPA in the
environment leads to its hazardous endocrine-disrupting
effects (Michatowicz 2014). Thereby, the development of
the mineralization strategy of these contaminants through
effective, economical, simple and easy method has become
a smouldering issue with saving the environment.

Various water remediation approaches such as nanofiber
microfiltration (Gopakumar et al. 2017), oxidation (Sarkka
et al. 2015), biological trickling filters (Abou-Elela et al.
2017; Tatoulis et al. 2017), adsorption (Gjipalaj and Ales-
sandri 2017), bio-sorption (Crini et al. 2018), reverse osmo-
sis (Wenhai Luo et al. 2017), photocatalysis (Singh et al.
2013; Srikanth et al. 2017) and membrane filtration (Dick-
hout et al. 2017) have been developed to address the issue
of wastewater. The advanced oxidation processes (AOPs)
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involving Fenton’s reagent (Bokare and Choi 2014) are gain-
ing much more research interest in water remediation appli-
cations due to its effectiveness and ease (Pirkanniemi and
Sillanpédd 2002; Soon and Hameed 2011). In recent years,
magnetite-based nanomaterials have been widely developed
and utilized as an efficient Fenton-like catalyst for the deg-
radation of organic contaminants in the neutral medium by
producing hydroxyl radicals in the presence of hydrogen
peroxide (Hongping et al. 2015; Kumari et al. 2018; Wang
et al. 2013). The enhanced catalytic activity of magnetite
nanoparticles has reported in the literature by coating it with
SiO, (Yang et al. 2015). The efficiency of the magnetite-
based Fenton-like catalytic system is also further enhanced
by the presence of ultraviolet light through a photo-Fenton
reaction (Pastrana-Martinez et al. 2015).

Nanomaterials have been used worldwide to develop
chemical mechanical polishing slurry for the smoothing
of nanoparticles surface to enhance their performance and
applicability. Recently, many reports have been documented
on the development of chemical mechanical polishing slurry
using environment friendly materials to make the surface
of nanoparticles ultra smooth for their better performance.
The newly developed chemical mechanical slurry for copper
(Zhang et al. 2019), titanium alloy (Zhang et al. 2018), cad-
mium zinc telluride (Zhang et al. 2016a, b, ¢) and mercury
cadmium telluride (Zhang et al. 20164, b, c) mainly includes
silica, hydrogen peroxide and active biodegradable compo-
nent such as chitosan, malic acid or citric acid. Many envi-
ronment friendly approaches have been established which
are very crucial for the growth of microelectronics industries
and high-performance product manufacturing. The recent
advances in nanotechnology have helped to establish origi-
nal environmentally safe construction protocols and machin-
ing tools including diamond wheels and grinders for fabri-
cating high-performance products (Sagapuram et al. 2015;
Zhang et al. 2015; Zhang et al. 2012a, b, c; Zhang et al.
2013; Zhang et al. 2012a, b, c). Nanostructures of silicon and
silicon carbide devised by nanoscale distortions have also
been studied for machine and high-performance devices (Cui
et al. 2019a, b; Wang et al. 2018a, b; Zhang et al. 2017). The
use of nanomaterials has revolutionized the conventional
toxic and harmful machining and manufacturing approaches
by environment friendly tools and thereby contamination of
environment is drastically reduced. Herein, we developed
magnetite-based nanomaterial for its application in environ-
ment remediation.

In recent years, magnetite-based nanomaterials have
developed as immobilized nanosorbent and as promising
redox and photocatalyst long ago because of its low toxic-
ity, cost-effective, coherent activity, and effortless removal
(Fan et al. 2012; Kumari et al. 2016, 2018; Kumari et al.
2019; Kumari and Parashara 2018). However, its applica-
tion in photocatalysis suffers from some limitations such as
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the inapt bandgap (2.0-2.2 eV) for a visible light applica-
tion, high electron—hole pair recombination rate, and its high
aggregate formation tendency in solution (Boyer et al. 2010).
To conquer the issues, the fabrication of magnetite nanopar-
ticles with various photoactive materials such as ZnO and
TiO, is also reported, which exhibits enhanced photocata-
lytic activity (Atla et al. 2018; Fakhri et al. 2017; Mishra
et al. 2019). However, the Fenton-like activity of magnetite
nanocomposites under visible light has not much explored.
Recently, numerous magnetic iron-based nanomaterials
such as Ag,S/BiFeO; (Di et al. 2019), Fe/Si codoped TiO,
(Du et al. 2018) and Fe-doped ZnS (Wang et al. 2018a, b)
have been developed as efficient visible light photo-Fenton
catalytic system for environmental remediation applications.
There is a growing demand to develop a more efficient, ver-
satile and straightforward photo-Fenton catalyst, driven by
visible light.

Silver tungstate (Ag,WO,) has been gaining increasing
research attention owing to its promising photocatalytic and
photoluminescent properties (Xuefei et al. 2013; Zhang et al.
2012a, b, c¢). Despite these properties, silver compounds
have shown susceptibility toward self-consumption since,
during the photoirradiation process, chances of metallic
silver formation increase (Chen and Xu 2014). Therefore,
Ag,WO, has been functionalized with some other surface to
make it more photocatalytic adroit (Zhu et al. 2017). Herein,
we report the fabrication of SiO,-coated magnetite nanopar-
ticles with silver tungstate via hydrothermal route and their
application in degradation of MB, MO, and BPA as model
water contaminants through visible light-assisted photo-
Fenton reaction. The antibacterial activity of the prepared
nanocomposite has also examined against Gram-positive and
Gram-negative bacteria.

Experimental
Materials and methods

The chemicals and reagents used in the preparation of nano-
materials were of commercial (AR) grade and were used
without further purification. The transmission electron
microscope (TEM) data were recorded using Model FEI
Tecnai G2 20 S-twin microscope operating at200 kV. The
powder X-ray diffraction (P-XRD) data were recorded on
Bruker, D8 Discover, X-ray source Cu. The FT-IR spectra
were obtained on Perkin Elmer, Model Spectrum RXI-Mid
IR instrument. The scanning electron microscope (SEM)
data along with energy-dispersive X-ray spectroscopy (EDX)
were obtained using the JEOL-JSM 6610LV instrument.
The UV-visible diffuse reflectance spectroscopy (DRS)
was performed on Perkin Elmer UV-Vis—NIRLambda 750
spectrophotometer using the polytetrafluoroethylene (PTFE)
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polymer as a standard. The Brunauer—-Emmett-Teller (BET)
measurements were carried out on Quantachrome Autosorb-
iQ-MP-XR system at 77 K. The photocatalytic procedures
were carried out with the help of self-made photoreactor
equipped with two 12 W white light-emitting CFL lamps
with UV cutoff filters which produce an intensity of approxi-
mately 45,000 1x, measured by LX-101A digital lux meter.
The UV-visible spectral measurements were carried out on
Systronics-117 spectrophotometer in a range from 200 to
800 nm.

Preparation of Fe;0, @SiO, nanoparticles

The magnetite nanoparticles (Fe;O,) were prepared accord-
ing to the literature method (Kumari et al. 2016, 2018). In
brief, aqueous solution of ammonia (25%, 20 mL) was
added to the solution of ferrous chloride (0.43 g) and ferric
chloride (1.18 g) in distilled water (20 mL) under nitrogen
atmosphere and then the reaction mixture was heated at
70 °C while stirring for 5 h. The black solid of magnetite
nanoparticles was separated by centrifugation and washed
three times with distilled water followed by ethanol.

The coating of SiO, onto the surface of magnetite nano-
particles was carried out by treating nano Fe;O, with tetra-
ethyl orthosilicate (Guo et al. 2015). Magnetite nanoparti-
cles (200 mg) were dispersed in ethanol by ultrasonication
for 30 min. The aqueous solution of ammonia (25%, 6 mL)
and then 94 mL of distilled water were added sequentially to
magnetite suspension. The reaction mixture was sonicated
for 40 min and then tetraethyl orthosilicate (1.2 mL) was
added at room temperature. The reaction mixture was stirred
for 8 h and then the product was separated by centrifugation.

Preparation of Ag,W0, (AgW)

For Ag,WO, synthesis, a solution of 16.98 g of AgNO; in
500 mL distilled water was mixed dropwise to an aqueous
solution of Na,WO,-2H,0 (16.49 g) in 50 mL distilled water
using magnetic stirrer. The resultant solution was stirred
magnetically for 24 h at room temperature. The precipitates
were separated through vacuum filtration followed by wash-
ing with water and then with methanol and dried at 80 °C.

Preparation of Fe;0,@Si0,@Ag,WO, nanocomposite
(Fe@AgW)

The Fe;0,@8Si0,@Ag,WO, nanocomposite was synthe-
sized through the sonochemical method as follows: 1.586 g
of Fe;0,@Si0, and 0.120 g of Ag,WO, were dispersed in
50 mL of CHCI; and sonicated for 60 min. Then, the suspen-
sion was stirred at room temperature for 12 h. After that, the
mixture was filtered and dried at 80 °C for 5 h.

Representative procedure for photo-Fenton
degradation reaction of MB/MO/BPA catalyzed

by Fe;0,@5i0,@Ag,W0, Fe@AgW) nanocomposite
under visible light

In a typical degradation experiment, 20 mg of nanocom-
posite (Fe@AgW) was dispersed in 50 mL of aqueous
dye solution (3 x 10~ M) by ultrasonication. The suspen-
sion was stirred under dark conditions for 30 min to attain
adsorption—desorption equilibrium between dye molecules
on the surface of the nanocatalyst. The dye concentration
after adsorption—desorption equilibrium was regarded as
initial concentration (Cy). Then, 10 mmol H,0, solutions
(30%) were added to the suspension and subjected to the
visible light irradiation in a homemade photoreactor setup
consisting of two 12 W white light-emitting CFL lamps.
During photo-Fenton reaction, at regular intervals, small
aliquots from the reaction mixture were taken out, and
after removing catalyst using a magnet, the concentration
of dye was measured at time “¢#’ (C,) using the UV-Vis
spectrophotometer at 464 nm and 664 nm for MO and
MB, respectively. The photo-Fenton catalytic degradation
rate (%) of dye was calculated by applying the following
formula:

C
Degradation rate = 1 — Ft x 100.

o

Antibacterial studies
Agar well diffusion assay

Antibacterial activity of silver tungstate decorated iron oxide
nano-composite (Fe@AgW) was evaluated primarily by agar
well diffusion assay (Balouiri et al. 2016). Briefly, 90 mm of
nutrient agar plates was prepared by pouring sterile nutrient
agar into plates and incubated overnight at 37 °C to check
their sterility. The next day, log culture of Staphylococcus
aureus, pseudomonas aeruginosa, Klebsiella pneumoniae,
and Bacillus subtilis was prepared, and 100 pl of each of cul-
ture was plated on nutrient agar plates. The spread cultures
were allowed to dry, and wells were prepared by punch-
ing nutrient agar in plates. The nanocomposite Fe@AgW
(15 mg/ml) was suspended in deionized water and sonicated
for 2 min to make homogenous preparation of nanocom-
posite. 50 pl of nanocomposite solution was loaded into the
wells and allowed to diffuse under visible light in the lami-
nar hood for 2 h. Plates were incubated for 18-24 h at 37 °C,
and next day plates were observed for the zone of inhibition.
The zone of inhibition was measured and recorded as the
activity of nanocomposite.
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Minimum inhibition concentrations

The minimum inhibition concentration (MIC) was inves-
tigated by the micro-broth dilution method as per CLSI
guidelines. The nanocomposite (15 mg/ml) was suspended
in deionized water and sonicated for 2 min for homogenous
preparation. 100 pl of nanocomposite was added to each well
with a varying range of concentration (15 mg to 0.11 mg) in
a 96-well microtitre plates. Log culture of S. aureus, P. aer-
uginosa, K. pneumoniae, and B. subtilis (0.5 OD at 600 nm)
was prepared, and 100 pl of each culture was added to the
wells. Sterile deionized water was kept as blank along with
the tested suspensions. Microtitre plates were incubated at
37 °C for 18-24 h, and next day MIC was determined based
on the turbidity of culture in wells. The minimum concen-
tration of nanocomposite which does not show turbidity in
tested wells as compared to control well was treated as MIC
of the nanocomposite.

Minimum bactericidal concentration

To determine the minimum bactericidal concentration
(MBC) of the nanocomposite, the micro-broth dilution
method was employed. After MIC, as described in the above
section, cultures from each well were plated on nutrient agar
media and plates were incubated for 18-24 h at 37 °C. The
next day, plates were observed for the viability of cells from
each well and MBC was determined. The MBC of nanocom-
posite is defined as their lowest concentration as compared
to control which kills 100% of viable cells.

Since all the pathogenic bacterial strains chosen for
accessing the activity of prepared nanocomposite are very
harmful and contaminate water resources, all the antibacte-
rial efficacy tests were performed in a sterile laminar hood
following the standard conditions. After testing, the bacte-
rial strains were autoclaved and discarded to prevent further
environmental hazards.

Results and discussion

Characterization of nanocomposite Fe;0,@Si0,@
Ag,W0, Fe@AgW)

Magnetite nanoparticles were synthesized by chemical
co-precipitation method as we have already reported in
our recent publication [26] and characterized by different
techniques. The powder X-ray diffraction pattern of Fe;0,
nanoparticles exhibited diffraction peaks corresponding to
(hkl) planes at (220), (311), (400), (511) and (440) JCPDS#
064829) (Ramirez and Landfester, 2003) which are the
characteristics of spinel phase structure of magnetite nano-
particles with a cubic crystal system (Fig. 1). The FT-IR
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Fig. 1 Powder XRD data of Fe;0,, Ag,WO,, and Fe@AgW

spectrum of Fe;O, nanoparticles exhibited a strong peak at
3420 cm™! due to —OH bond stretching and at 593 cm™! due
to characteristic Fe—O bond stretching, confirming the for-
mation of magnetite nanoparticles (ESI, Fig. 2S). To prevent
its agglomeration and to enhance its photocatalytic activity
as reported in the literature (Yang et al. 2015), SiO, coat-
ing onto the surface of magnetite nanoparticles was carried
out by the literature method (Guo et al. 2015). The powder
X-ray diffraction pattern of Fe;O,@SiO, exhibited diffrac-
tion peaks corresponding to (hkl) planes at (220), (311),
(400), (511) and (440) (ESI, Fig. 1S) present in P-XRD
of Fe;0,, suggesting the presence of magnetite core. The
FT-IR spectrum of Fe;0,@Si0, showed the presence of
—Fe—O- stretching band at 596 cm™! along with a band at
1070 cm™" for —Si—O— bond stretching (ESI, Fig. 2S), con-
firming the presence of SiO, coating onto the surface of
magnetite nanoparticles. The morphology of Fe;0,@Si0,
was studied by its SEM image (ESI, Fig. 3S) which showed
its spherical shape similar to magnetite nanoparticles. The
synthesized silver tungstate (AgW) showed rod-like struc-
ture in SEM image (ESI, Fig. 4S) and its P-XRD data exhib-
ited all sharp and well-defined diffraction peaks correspond-
ing to the planes (110), (020), (011), (301), (002), (231),
(400), (402), (240), (223), (151), (233), (460) and (462)
which were observed at 20 values 10.96, 14.73, 16.74, 28.87,
30.31, 31.59, 32.88, 45.32, 49.05, 51.13, 52.99, 54.66, 57.05
and 65.97 (Fig. 1), respectively, and are coherent with the
corresponding planes of Ag,WO, (JCPDS# 34-0061) (Van
Den Berg and Juffermans 1982). The Fe;0,@SiO, nanopar-
ticles were modified with silver tungstate by the sonochemi-
cal method and characterized by different data. The P-XRD
of Fe@AgW showed the diffraction peaks corresponding to
the (hkl) planes of Fe;0, and Ag,WO, (Fig. 1), confirming
the grafting of silver tungstate onto Fe;O0,@SiO,. The IR
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spectrum of Fe@AgW showed the characteristic stretching
for Fe~O—Fe at 591 cm™' and W-O-W/O-W-O at 634 and
799 cm~! (ESI, Fig. 5S). The investigation of the morphol-
ogy of the Fe@AgW nanocomposite was carried out by
SEM and TEM images analysis (Figs. 2, 3), which clearly
showed the affirmativeness of nanoparticles with size ranges
from 4 to 7 nm by TEM image. The SEM image of Fe@
AgW showed the small-sized nanospheres. The EDX data
showed the presence of Ag, W, iron, Si and oxygen which
indicated the absence of any impurity in Fe@AgW (Fig. 2b).
The HRTEM image shows the presence of lattice fringes
having d-spacing 0.28 nm which could be attributed to the
(231) plane of Ag,WO, (Fig. 3a). In addition, the lattice

200 nm

Fig.2 a SEM, b EDX of Fe@AgW

fringes having d-spacing of 0.29 nm correspond to the (220)
plane of Fe;0,, which clearly indicated the grafting of silver
tungstate on silica-coated magnetite nanoparticles.

The optical properties of the prepared nanocatalyst were
analyzed by measuring UV-Vis diffuse reflectance absorp-
tion spectroscopy in the 200-800 nm range (Fig. 4). The
UV-Vis diffuse spectra of bare AgW exhibited an absorp-
tion edge around 418 nm, which corresponds to its intrin-
sic bandgap absorption and bandgap energy of 2.96 eV,
calculated using the wavelength and energy relation
(4=1240/E,). Bare Fe;0, nanoparticles showed absorption
in the whole range of 200-800 nm (Shekofteh-Gohari and
Habibi-Yangjeh 2015). Furthermore, the absorption spectra

(b2 cps/eV

4.0

keV

Fig.3 a HR-TEM and b TEM of Fe@AgW
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spectra of Fe;0,,

of Fe@AgW nanocomposite exhibited the absorption pat-
tern corresponding to both Fe;0, and Ag,WO,. The Fe;0,
nanoparticles and Fe@AgW nanocomposite exhibited the
bandgap value of 1.75 eV and 2.56 eV, respectively. This
bandgap narrowing from 2.96 eV in Ag,WO, to 2.56 eV in
Fe@ AgW nanocomposites can be attributed to the chemical
interactions between Fe;O, and Ag,WO, along with inti-
mate interfacial contact. Figure 5 presents the plot obtained
via the transformation based on Kubelka—Munk function vs
energy of light (Manikandan et al. 2014) which presents the
obtained bandgap values of all prepared catalysts.

As the photocatalytic activity of nanomaterial is
related to their available surface area, we performed the
Brunauer—-Emmett-Teller (BET) gas sorption measure-
ments to investigate the specific surface area, pore volume,
and size of Fe@AgW. The N, adsorption—desorption iso-
therm, pore size distribution curves, and BET surface area
(Fig. 6) represented the surface area for Fe@AgW nano-
composite to be 39.543 m*/g with an average pore volume
of 0.057 cc/g. The large surface area and pore volume of the
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Fig.5 Plot of transformed Kubelka—Munk function vs. the energy of light: a Fe;0,, b Ag,WO,, and ¢ Fe@AgW nanocomposites
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nanocomposite may provide more interfacial contact region
for photo-induced charge transfer and apparently could be
helpful in binding pollutants as well onto its surface, leading
to faster photodegradation reaction (Li et al. 2014a, b; Lin
et al. 2017; Rajamohan et al. 2017).

Photo-Fenton degradation of model dyes

Two model dyes (MB and MO) belonging to cationic and
anionic classes were photo-degraded in the presence of
nanocatalyst. For this, the characteristic absorption peaks
of methyl orange (MO) at 464 nm and methylene blue (MB)
at 664 nm were analyzed with the help of UV—Visible spec-
trophotometer at regular interval of time for both dyes after
adding nanocomposite Fe@AgW and H,0, in the reaction
mixture under the influence of visible light. The degrada-
tion of both the dyes was negligible within 60 min in the
absence of nanocatalyst, signifying their photo stabilities
under visible light without any catalyst for 60 min (Fig. 7). It
is important to mention that before starting the photo-Fenton

~—
| —

o 0.6-
O
~—
(&)
0.4
|—=—Without catalyst
—e— HO
0.2 Gl
= Agzwo4+H202
oo |-+—Fe@Agw+H 0,
"0 10 20 30 40
Time (min)
100
[©
80
=
o
= 604
©
o !
o
o) 404
)
n 4
X 204
0

Without Catalyst AgWO,+H,0, Fe@AgW+H,0,

procedure, the reaction mixtures were stirred under the dark
condition to achieve adsorption—desorption equilibrium, and
then degradation of dye was examined under visible light
irradiation. The kinetic curves belonging to the degradation
of MO and MB using a different precursor of catalysts are
given in Fig. 6S and Fig. 7S (ESI). The degradation plots
explicated that the degradation of both the dyes in the pres-
ence of AgW was lesser than Fe@ AgW. However, the small
decrease in the absorption of both the dyes in the presence
of AgW and H,0, advocates the formation of reactive spe-
cies. MO was degraded 28% and 82% with AgW and Fe@
AgW, respectively, for 120 min of irradiation time. On the
other hand, MB was degraded 64% and 92% with AgW
and Fe@AgW, respectively, for 60 min of irradiation time.
This implies that the prepared nanocomposite has enhanced
photocatalytic efficiency than its precursors. The significant
enhancement in degradation also concludes the synergis-
tic photo-Fenton process for degrading organic pollutants.
The photocatalytic degradation kinetics was explored by

3.0
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Fig.7 a, b Kinetic curves for MB degradation under visible light irradiation, ¢ The histogram shows the degradation rate and d histogram illus-

trates the values of rate constant for all the cases
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applying pseudo-first-order kinetics by implying the Lang-
muir-Hinshelwood model equation:

In C/C, = —kt,

where ‘k’ is the pseudo-first-order rate constant (min~"),
‘t’ is the irradiation time (min) ‘C’ is concentration, and
‘C,’ is the initial concentration (mg L™") of dyes. The vari-
ations in (C/C,) and — In (C/C,) as a function of irradia-
tion time are given in Figs. 7 and 8, which showed a good
linear relationship with the enhanced photocatalytic activ-
ity for Fe@ AgW. The pseudo-first-order rate constant (k),
the half-life of reaction (,,,), and linear regression coef-
ficient (R?) for all the catalysts are subsumed in Table 1S
(ESI). The k value is high for Fe@AgW for both the dyes
(0.0136 min~! and 0.041 min~') and was highest as com-
pared with AgW alone (0.0026 min~' and 0.017 min™"),
which indicates the enhanced visible light efficacy of

o
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composite material. The SiO,-coated magnetite, when
combined with silver tungstate synergistically enhances
the photocatalytic response under visible light irradiation
by improving the charge separation at the heterojunction.
The larger rate constant values for the final composite also
advocate the homogeneous dispersion and availability of a
larger number of active sites for degradation of pollutants
(Li et al. 2014a, b). The histograms of degradation (%)
and rate constants for different catalysts are illustrated in
Figs. 7 and 8.

Degradation of bisphenol using Fef@AgW

To ensure the photo-Fenton process for the degradation of
organic pollutants, the nanocomposites were also tested
for degradation of bisphenol A (BPA), which is colorless
water pollutants and eliminates any possibility of degra-
dation due to photosensitization of dyes (Bandara et al.
1999). The degradation procedure was the same as for dyes

Wihout Catalyst
HZOI
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Fe@AgW+H,0,

®
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Fig.8 a, b Kinetic curves for MO degradation under visible light irradiation, ¢ The histogram shows the degradation rate and d histogram illus-

trates the values of rate constant for all the cases

lase ¢LLoJi & .
s st @) Springer



Applied Nanoscience (2020) 10:1555-1569 1563
(a) ——0 min (b) ——0 min

—— 30 min —— 30 min

- —— 60 min o, —— 60 min

5 ——90 min = ——90 min

« ~——120 min © ~——120 min

e —— 150 min =y —— 150 min

8 —— 180 min 8 —— 180 min

| = P m— H c — i

© 210 min © 210 min

2 e

= -

(o} o

0 7

2 Q2

< <

| ) L L] 1 L} ] L) L L) L )
250 260 270 280 290 300 310 250 260 270 280 290 300 310

Wavelength (nm)

Wavelength (nm)

Fig.9 Histogram showing treatment of BPA under a visible light irradiation without any catalyst. b Visible light irradiation in the presence of

Fe@AgW catalyst and H,O,

and results are shown in Fig. 9 for visible light treatment
with and without the use of catalyst.

Mechanism of photocatalytic activity

The excellent photo-induced degradation of model contami-
nants by Fe@AgW is believed to proceed through a photo-
Fenton mechanism which operates under visible light. The
degradation may take place through a series of chemical
reactions, which includes the excitation of electrons from the
valence band of silver tungstate to conduction band as band-
gap is coherent to visible light, leaving the hole behind in
valence band. The conduction (CB) and valence band (VB)
edge potentials, Ecg and Eyp respectively, for Ag,WO, and
Fe;0, were calculated from the following equations (a and
b) (Morrison 1980):

Eyg=y—E.+ O.SEg, (1a)

Ecg = Eyg—E,, (1b)
where y is the electronegativity of the semiconductors, which
can be calculated by the geometric mean of the absolute
electronegativity of constituent atoms, E, is the energy of
free electrons on the hydrogen scale which is about 4.5 eV,
and E, is the bandgap of the respective semiconductor.

The calculated values of E-p and Eyz for Ag,WO, are
— 0.064 and 3.03 eV, respectively. On the other hand, for
Fe;0,, these are + 0.43 and + 2.86 eV. The conduction
band of either of two species is not suitable for ‘O,~ gen-
eration as its potential value is less negative than the stand-
ard reduction potential value of — 0.33 eV for O,/'O,™ gen-
eration. The valence band of Ag,WO, lies more coherent

with the standard reduction potential of ‘OH, H+/H20
(2.72 eV) (Zhu et al. 2017). Hence, organic pollutants can
be easily degraded by the production of *OH in photo-
excited holes in VB of Ag,WO,. The photoexcited elec-
trons, however, may pass to the magnetite nanosphere
where = Fe3* conversion to = Fe?* occurs, which is the
rate-determining step in Fenton’s process, where, = Fe’*
and = Fe?" species are active sites at solid-liquid interfaces
of heterogeneous Fenton’s reactions. The degradation of
organic pollutants is mainly attributed to the formation of
‘OH radicals at solid—liquid interfaces of nanocomposites
due to the catalyzed decomposition of H,O, Zubir et al.
2014).

The various photochemical reaction may occur on
the solid-liquid junction of two semiconductors’ nano-
composites with the illumination of visible light, and
there is excitation of electrons to the conduction band
of Ag,WO, to nanosphere of Fe;O0, where the electron
transfer between = Fe3* and = Fe?* was escalated and,
consequently, increasing the production of ‘OH (Liu et al.
2018; Zhang et al. 2016a, b, ¢). The reaction shown in Egs.
(2-5) represents the generation of ‘OH at the heterogene-
ous surface of composite, overcoming the limitations of
homogeneous Fenton’s processes (Luo et al. 2010; Wang
et al. 2010). The =Fe (IV) species shown in Eq. (8) may
also produce in solution, but they have a lesser impact
on organics in comparison with ‘'OH (Keenan and Sedlak
2008). Visible light illumination leads to the excitation of
electrons in metal oxide semiconductor materials (Eq. 6,
7) and these heterogeneous semiconductors synergisti-
cally contribute to the degradation of organic pollutants
in water through production of ‘OH in conduction band
through electron transfer and in valence band through
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holes generation with prolonged electron—hole recombi-
nation process by transferring electrons to Fe?*/Fe** redox
couple (Ojha et al. 2017).

Fe’* + H,0, — +Fe’* + OH + OH", 2
Fe’* + H,0, — Fe** + HO, + H", 3)
Fe’* + HO, + H" — Fe** + H,0,, 4)
Fe’* + HO, — Fe* + 0, + HY, )
Fe oxide + hv — Fe oxide (e~ + h™), (6)
Ag, WO, + hv — Ag,WO,(e” + h*), 7

Fe’* + hv+ Ag,WO, — O = Fe(IV) + Ag,WO,(c”) (8)

Fe oxide + Ag,WO, — O = Fe oxide (¢7) + Ag,WO,,
&)

Fe oxide (e7) + = Fe’™ — +Fe oxide + = Fe**. (10)

The plausible mechanism of photo-Fenton catalytic deg-
radation of model pollutants through synergic Fe@AgW
nanocomposite in the presence of visible light has been
demonstrated in Fig. 10.

To support the findings, the active species produced dur-
ing the reaction were trapped using different scavengers. For

Pollutant

(0)

Degraded Product

this purpose, isopropanol (IPA) was used as hydroxyl radical
(OH) and triethanolamine (TEA) was used for holes (h)
scavenging. The use of benzoquinone (BQ) was also tested
for quenching superoxide ion radical (O5") (Devi et al. 2009;
Maezono et al. 2011; Mehrvar et al. 2001). The results are
represented in Fig. 11a and are in better agreement with the
proposed mechanism. The reaction conditions for testing the
impact of scavenger on the photo-Fenton catalytic process
were kept constant and it was observed that the degrada-
tion of model dye MB was decreased to 31% when IPA was
used as a scavenger for -OH. The degradation efficiency was
decreased to 46% when TEA was used as a scavenger. The
results were in accordance with the proposed mechanism as
there was a lesser decrease in degradation of MB dye with
Fe@AgW catalyst when BQ was used as a scavenger. This
indicates that the decrease in degradation with BQ was least
which is attributed to the minimal production of superoxide
ion radical during photo-Fenton reaction.

Recycling and reusability

The recycling and reusability of the catalyst are some of the
crucial factors for ensuring field application. The reusability
of Fe@AgW was investigated for four recycles of photo-
Fenton’s degradation of MB dye. The results are represented
in Fig. 11b. After each catalytic recycle, the catalyst was
recovered and washed to remove any residual content. The
catalyst was finally dried before using it for the next cycle.
Figure 12 shows the MB solution before treatment and after
treatment using nanocomposite which can be easily removed

-0.064V
Visible light

He Degraded Product

Pollutant

H,0

Fig. 10 Proposed mechanism for visible light-assisted photo-Fenton catalytic mechanism for Fe@AgW nanocomposite

iglate ¢llo ay .
s st @) Springer



Applied Nanoscience (2020) 10:1555-1569

1565

(a)

80 +

60 -

40

Fe@AgW Efficiency(%)

20 4

IPA TEA

BQ

Scavengers

(b)

cic,

1st 2nd 3rd 4th

1.0

0.8 1

0.6 -

0.4

0.2

0.0

T L !
100 150 200

Time (min)

50 250

Fig. 11 a Histogram showing the impact of scavengers on the photo-Fenton catalytic activity of Fe@AgW nanocomposite, b recyclability of
Fe@AgW nanocomposite for photo-Fenton catalytic degradation of MB dye

Fig. 12 The solution of MB dye before and after treatment using Fe @
AgW

using external magnet. The experimental conditions have
remained the same for each cycle, and the figure shows no
significant change even after four cycles.

Antibacterial activities of nanocomposite

To find out the effectiveness of photocatalyst and its
extended use for wastewater treatment in terms of biologi-
cal contamination, the catalyst was tested against selected
bacterial strains under controlled conditions. Four bacte-
rial strains, K. pneumoniae, S. aureus, P. aeruginosa and
B. subtilis, were selected belonging to the Gram-positive
and Gram-negative category. Magnetite nanomaterials
have been reported to be effective against pathogenic
microorganisms (Chen et al. 2008; Prucek et al. 2011), and
the antibacterial activities of silver tungstate nanoparticles

(a) 30-

3 EZE K. pneumoniae
E 259 —_ B S. aureus

s E3 P. aeruginosa
5 [0 B. subtilis

=

£ |I==|

Y

o

[

o

N

Fig. 13 Antibacterial studies of Fe@AgW nanocomposites. a Histo-
gram illustrating the respective zone of inhibition for different bacte-
rial strains; b pictorial presentation of the zone of inhibition for K.
pneumoniae, S. aureus, P. aeruginosa and B. subtilis

have also been explored (Ali et al. 2016; Assis et al. 2018;
Dutta et al. 2014). Herein, we examined the antibacterial

Table 1 MIC and MBC of Fe@AgW nanocomposite

K. pneumoniae  S. aureus  P. aeruginosa  B. subtilis
MIC 0.9 0.9 0.46 0.9
MBC 1.8 1.8 0.9 1.8
é’f’;ﬂ;ﬁ @ Springer
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Fig. 14 a Minimum bacterial concentration (MBC) of Fe@AgW and b minimum inhibition concentration (MIC) of Fe@AgW

activity of silver tungstate-modified magnetite nanomateri-
als (Fe@AgW).

Agar well diffusion assay

Agar well diffusion assay showed the potent antibacterial
activity of nanocomposite (Fe@AgW) against Gram-posi-
tive as well as Gram-negative pathogenic microorganisms.
As shown in Fig. 13a, P. aeruginosa showed maximum sus-
ceptibility to nanocomposite, whereas other microorganisms
showed moderate activity. Figure 13b represents the bacte-
ricidal properties, which can be attributed to the activity of
nanocomposite in visible light. The photoelectron was gen-
erated in the conduction band and transferred to the surface
of nanocomposites for generating radicals. The formation of
reactive oxygenated species in the photocatalytic procedure
further creates oxidative stress to the cells and ultimately
leads to the inactivation of pathogenic stains (Khan et al.
2017). However, the zone of inhibition was not dependent
on cell wall composition of microorganisms as it showed
differential activity in Gram-negative tested microorganisms
as shown in Fig. 13b.

Minimum bacterial concentration (MB()
and minimum inhibition concentration (MIC)

The MBC of nanocomposite (Fe@AgW) was found to be
in range of 0.9-1.8 mg/ml and MIC was observed to be in
the range of 0.46—0.9 mg/ml for four tested microorganisms
which confirmed the antibacterial potential of nanocompos-
ites (Table 1). The MBC and MIC of the nanocomposite for
four tested microorganisms are shown in Fig. 14.

Conclusion

We reported the facile synthesis of silver tungstate-modified
magnetite nanomaterials by the sonochemical method—the
silica-coated magnetite nanoparticles were coupled with
silver tungstate where coating prevents agglomeration of

jllate ¢llodl ay .
des Shevis @) Springer

nanoparticles in solution. UV-DRS studies of nanocompos-
ite demonstrated the bandgap potentials of semiconductor
material and also XRD analysis confirms the strong interac-
tion of magnetite and silver tungstate. The nanocomposite
was successfully demonstrated to act against model dyes
(MB and MO), colorless organic pollutant (BPA), and patho-
genic bacterial strains that contaminate water. A synergistic
electron transfer to Fe**/Fe** redox couple and a plausible
photo-Fenton mechanism has been proposed for the catalytic
activity of nanocomposite. The recyclability, easy magnetic
recovery, diversified use of catalyst, and visible light active
nanocatalyst are indispensable for its large-scale use.
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