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Abstract

Nanocomposite AgO(NPS)/TiO2 is synthesised in a facile template method enabling nanoparticles of reduced Ag evenly
distributed within the titania network. The morphological studies of nanocomposites were extensively performed employing
SEM/EDX (scanning electron microscopy/energy dispersive X-ray), TEM (transmission electron microscopy) and AFM
(atomic force microscopy). Moreover, the bandgap energies of materials were obtained using the diffuse reflectance spec-
trometer (DRS). The newer insights in the photocatalytic elimination of Mordant Orange-1 (MO1) was obtained using the
nanocomposite thin film for various parametric studies utilising the UV-A and LED illuminations. The kinetics of degrada-
tion of MO1 was performed, and the rate constant was favoured at lower concentrations of MO1. Moreover, the elimination
efficiency of MO1 was favoured with a decrease in solution pH. The NPOC results inferred that a fairly good extent of MO1
was mineralised using a thin-film catalyst for both the UV-A and LED illuminations. The minimal effect of several co-ions
demonstrated the applicability of thin films in the elimination of MOI1, and the stability of the thin film has shown the
potential applicability of thin-film catalysts. Further, the mechanism of photocatalytic degradation was demonstrated with
the radical scavenger studies and ascertained the reaction pathways.

Keywords Insights of degradation - Kinetic studies - Mineralisation of Mordant Orange-1 - Mordant Orange-1 -
Nanocomposite - Surface plasmon resonance

Introduction

The contamination of aquatic environments with innumer-
able dye compounds is a greater environmental concern.
Several dyes, dye precursors are seemingly known as car-
cinogenic/mutagenic (Matouq et al. 2014). The main entry
route of synthetic dyes in water bodies is through the effluent
discharged from the industries viz., textile, paper, leather,
paint, food, cosmetics, pharmaceuticals, hair colourings,
etc. (Verma et al. 2012; Papic et al. 2004). It was reported
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that the annual dye production exceeds 7 x 10° tons (Lee
et al. 2006; Riera-Torres et al. 2010), and nearly 10-15%
of the total dyes are directly entering through the effluents
during the synthesis and dyeing processes (Husain 2006;
Gupta and Suhas 2009; Hai et al. 2007). Moreover, tex-
tile dyes estimated at around 2.8 X 10° tons are eventually
released into the water bodies through the industrial effluents
every year (Jin et al. 2007; H et al. 2017). Synthetic dyes
are refractory in nature as they are trivially biodegradable
in nature and are known to be highly stable against some
oxidising agents (Sadeghzade-Attar 2018). Hence, such
dyes are often escaped from the current wastewater treat-
ment plants and entered into the water bodies which caused
serious and adverse effects to the aquatic environment (Jung
et al. 2016; Su et al. 2011; Muhd Julkapli et al. 2014). Azo
dye compounds are known to be highly toxic causing several
health issues such as allergy, skin diseases, cancer, defect in
embryo development, etc. (Rosu et al. 2017; Alves de Lima
et al. 2007; Hatch and Maibach 1995). Therefore, complete
and efficient removal of dye compounds from the water
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bodies is a greater need for the existing treatment plants
(Yagub et al. 2014).

Mordant Orange-1 (MO1) dye is an azo dye having a
complex aromatic structure and is highly stable in nature. It
is synthesised by the diazo coupling reaction, and these com-
pounds are not degraded efficiently with the conventional
wastewater treatment plants (Abdel-Messih et al. 2013).
Therefore, several methods are assessed for the removal of
MO viz., adsorption (Li et al. 2018; Salama 2017), coag-
ulation (Shi et al. 2007; Li et al. 2016; Kuppusamy et al.
2017), foam separation (Schwarze et al. 2017), biological
treatment, etc. (Paz et al. 2017; Shen et al. 2018). However,
the existing water treatment plants showed an additional
environmental burden because it releases large amounts of
sludge (Gracia-Lor et al. 2012). However, the commonly
used chemical oxidants viz., chlorine, hypochlorite, and
ozone are widely employed because of their easy availabil-
ity, cost-effectiveness, and possible efficiency. Although the
use of these oxidants is based on the ‘no waste’ process it
causes, in cases, the formation of harmful by-products or
sometimes inadequate efficiency in particular towards the
calcitrant chemicals. Moreover, the chlorination and ozona-
tion are accompanied by the formation of harmful disinfec-
tion by-products (DBPs) viz., hypohalous compounds (Kras-
ner et al. 2009). These by-products are potential mutagens
or carcinogens and are even more harmful compared to the
parent compounds.

On the other hand, the advanced oxidation process
(AOPs) using heterogeneous TiO, photocatalysis is a
highly efficient and relatively greener treatment process
to be employed in wastewater treatments. The principle
of AOPs lies in the in situ formation of reactive hydroxyl
radicals which readily oxidises even persistent compounds
in aqueous wastes. Further, widespread use of TiO, as the
heterogeneous catalyst is because of its unique properties
viz., excellent thermal and chemical stability, biocompat-
ibility, low toxicity, low cost, easy fabrication, engineered
material, etc. However, the bare titanium dioxide possessed
a wide bandgap energy and showed a rapid charge recombi-
nation rate which restricted its implications in the treatment
processes. Therefore, alternatively, the doping of titanium
dioxide with a nonmetal, transition metal, or noble metal
reduces significantly the bandgap energy which allows read-
ily to absorb visible light (Mogal et al. 2014). The doped
titanium dioxide shows an enhanced reactivity in the pho-
tocatalytic processes using visible light or even to harness
the solar radiations (Ge et al. 2006). Fluorinated-titanium
dioxide (TiO,-F) nanoparticles in the form of anatase poly-
morph and fluorinated and/or N-doped TiO, nanopowders
show an efficient photocatalytic disinfection performance
for the bacteria, Escherichia coli (E. coli) under visible light
irradiation in an aqueous medium (Milosevic et al. 2017,
Milosevié et al. 2018).

The noble metals (Ag, Au, Pd, and Pt) show unusually
high Schottky barriers which help to trap electrons and
reduce electron—hole pair recombination. They also exhibit
the surface plasmon resonance (SPR) effect which enables
titanium dioxide catalysts to absorb light at the visible region
and enhances the excitation of electrons and enhances the
photocatalytic efficiency (Selvaraj and Li 2006) (Zangeneh
et al. 2015). Silver (Ag) nanoparticles show an enormously
intense SPR effect at the wavelength of 320—450 nm near the
bandgap energy of titanium dioxide (~3.2 eV, 388 nm). In
Ag® TiO, photocatalyst, the movement of electrons between
the conduction band of titanium dioxide and Ag nanopar-
ticles is favourable since the Fermi level of silver metal is
lower as compared to the titanium dioxide (Selvaraj and Li
2006). This causes the generation of Schottky barriers within
the metal-semiconductor which helps excited electrons to
move towards the electric field and the holes towards the
opposite direction of the electric field. This inhibits the fast
electron—hole pair recombination (Liu et al. 2013; Lee et al.
2006). Ag-decorated TiO,-nanotube was successfully uti-
lised for the adhesion and inactivation of Escherichia coli
under visible light (Hajjaji et al. 2018). The photocatalytic
process enabled the removal of 100% of chloramphenicol
just within 20 min under optimum conditions, and about
88% TOC (total organic carbon) was removed after 120 min
of treatment (Shokri et al. 2013; Zhang et al. 2010). There-
fore, the AgO(NP)/TiO2 is a promising photocatalyst for a
variety of photocatalytic reactions (Z et al. 2014; Sofianos
et al. 2014; Tiwari et al. 2018, 2020). The doping of noble
metal nanoparticles within the TiO, network often leads to
agglomeration which greatly affects the catalytic action.
Therefore, the communication deals with a suitable tem-
plate synthesis of titanium dioxide with in situ and facile
doping of Ag°(NP) to the titanium dioxide crystal structure.
Moreover, the thin film of AgO(NPs)/ TiO, (nanocomposite)
was obtained by a simple dip coating process. The insight
of the catalytic activity of thin films was conducted in the
elimination of Mordant Orange-1 in aqueous wastes using
UV-A and LED light illuminations.

Materials and methods
Chemicals used

Ti[OCH(CHj;),], (97.0%), AgSO,, CH;COOH, NaBH,, pol-
yethylene glycol (PEG), and Mordant Orange-1 are the prod-
uct of Sigma Aldrich. Co., USA. Ethylenediamine tetraac-
etate (98.0%) and glacial acetic acid are obtained from Loba
Chemie, India. Ethanol (anhydrous) (99.9%) is procured
from Changshu Yangyuan Chemical, China. NaCl (99.0%),
NaNj; (99.0%), oxalic acid dihydrate (99.0%), 2-propanol
(99.7%), NiCl, (95.0%), CuSO, (99.0%), glycine (99.9%),
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and NaNO; are products of Merck India Ltd., India. Purified
water is collected from Sartorius Water Purification System
(model: Arium mini plus UV Lab., Sterile Plus, Sartopore
2150, Germany; pore size of 0.45 +0.2 mm). The real water
sample is obtained from the Reiek Kai site of the Tlawng
River, near Aizawl city (India). A spectrophotometer (UV-
1800, Shimadzu, Japan) is employed for measuring the
absorbance data of MO1.

Standard MO1 (50.0 mg/L) solution is prepared carefully
in distilled water. The stock solution of MO1 is diluted to
obtain various concentrations of MO1 viz., 0.5, 1.0, 5.0,
10.0, 15.0, and 20.0 mg/L and utilised for obtaining the cali-
bration line. The 4,,, 371.5 nm is obtained for MO1. The
degradation kinetics of MO1 was conducted obtaining the
concentrations of MO1 at various time intervals. The TOC
(Shimadzu, Japan; model: TOC-VCPH/CPN) Analyser is
used in analysing the apparent mineralisation of MO1.

Methodology

Preparation of Ag°(NPs)/TiO, thin film

The Ag°(NP) are obtained by a simple reduction process
(Rashid et al. 2013; Lalliansanga et al. 2019). Further,
the nanocomposite AgO(NPs)/TiO2 is obtained by a facile
sol—gel synthetic route. Polyethylene glycol (PEG) was used
as a support for making a mechanically stable TiO, film and
to induce a strong adhesion. This will prevent the catalyst
from leaching out after the repeated photocatalytic cycles
(Rtimi et al. 2013). A total of 2.92 mL of titanium isopro-
poxide Ti[OCH(CHj;),], (TISP) and 2.0 g of poly(ethylene
glycol) (PEG) were added to 1.3 mL acetyl-acetone (AcAc).
Instantly, 10.0 mL of freshly prepared Ag’(NP) solution was
dispersed to the solution mixture. The titanium solution was
gently mixed with a solution mixture of 23.3 mL ethanol
(EtOH), 0.55 mL acetic acid (AcOH), and 2.25 mL distilled
water (H,0). This results in the initiation of hydrolysis and
condensation reactions. The resulting Ag(NPs)/TiO, solu-
tion mixture was vigorously stirred for 2 h. Then, the sol
solution was sonicated for 30 min in a sonication bath. The
sol solution was collected; it was then left for around 24 h
for ageing before being used for making the thin film pho-
tocatalyst. Further, the thin films were fabricated as defined
elsewhere (Tiwari et al. 2018, 2020).

Characterisation of the thin film

AgO(NPs)/TiO2 thin film was characterised by the SEM
(model: FE-SEM SU-70, Hitachi, Japan) images. Further,
high-resolution structural images are obtained using the
TEM (Tecnai F20 transmission electron microscope, FEI,
USA) analyser. AFM (XE-100 apparatus from Park Systems,
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Korea) images give the 3D topographical images of nano-
composite thin films. The DRS data were obtained using the
UV-VIS-NIR spectrophotometer (Evolution 220; Thermo
Scientific). The data were recorded at a bandwidth of 1 nm
over a wavelength range of 200 to 800 nm.

Reactor operation in the degradation of Mordant
Orange-1

The concentration-dependent studies are conducted by
varying the initial concentrations of MO1 from 0.5 to
20.0 mg/L, and pH is adjusted using 1.0 mol/L HCI/NaOH.
The photocatalytic elimination of MO1 is performed in a
self-assembled black box. The pollutant solution (50 mL) is
taken inside the black box. Nanocomposite thin film is taken
inside the reactor vessel. UV-A illumination having 4., of
360 nm (model: 9 W, PLS9 W BLB/2 P 1CT, Philips) or
a visible LED light (Havells LED Adore 20 W, India) was
placed Ca 12 cm above to dye solution. This provides the
light-radiation passes through the dye solution and reaches
the thin film photocatalyst surface. This leads to initiate the
photocatalytic degradation of MO1 at the thin film surface.
A self-assembled water bath keeps the reactor temperature
(24 +1 °C). The treated solution of MO1 is analysed by
UV-Vis spectrophotometer at certain time intervals maxi-
mum up to 2 h of photo-illumination. Further, the blank
experiment is conducted to use only UV-A or LED light
illuminations in the absence of thin-film photocatalyst.

Results and discussion
Characterisation of thin film

SEM micrographs of AgO(NP)/TiO2 are shown in Fig. la.
The result showed that small-sized TiO, particles are dis-
tributed uniformly onto the silicate glass and form a uni-
form thin film of the nanocomposite. However, at places,
cracks are observed on the surface. Further, it is interesting
to observe that the titanium dioxide is not agglomerated on
the surface. This is because of the template synthesis to tita-
nia. The EDX analysis of the thin film sample was conducted
and shown in Fig. 1a (inset). It is evident from the figure that
the silver nanoparticles are incorporated within the titania
network. Similarly, the TEM image of the nanocomposite is
shown in Fig. 1b. The high-resolution TEM image clearly
showed the fringes of Ag nanoparticles, and it is uniformly
distributed with TiO, structure. Moreover, the interplanar
distance of the AgO(NP) is estimated as 0.15 nm.

Similarly, the AFM image of nanocomposite thin film
is shown in Fig. lc. The AFM image inferred that the
surface of the thin film of photocatalyst is highly uneven
or heterogeneous in nature and it possessed small-sized
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Fig. 1 Morphological studies of the nanocomposite material. a SEM image
of the thin film; b TEM image of the Ag’(NPs)/TiO, nanocomposite; ¢ AFM
image of the thin film (Scale X: 2 um/div; Z: 350 um/div and data scale
350 nm); and d Tauc plot for bare TiO, and Ag’(NPs)/TiO, powder samples

pillars of titanium dioxide having a maximum height of ca.
350 nm. Further, the root mean square roughness (R,) and
mean roughness (R,) of the thin film was 16.952 nm and
12.250 nm, respectively.

Diffuse reflectance spectra (DRS) of powder TiO, and
Ag’(NPs)/TiO, was obtained using a UV—Vis spectropho-
tometer. The bandgap energy of the material was calculated
by converting the diffuse reflectance data into its absorp-
tion coefficient () values using the Kubelka—Munk equa-
tion and plotting the graph using Tauc’s relation (Sangiorgi
et al. 2017). The resulting Tauc plot is shown in Fig. 1d.
The bandgap energies for TiO, and Ag’(NPs)/TiO, were
determined to be 3.28 and 2.9 eV, respectively. This clearly
indicates that the presence of Ag’(NPs) greatly reduced the
bandgap energy of the nanocomposite material.

Photocatalytic removal of MO1
pH dependence removal

The effect of pH is a useful parameter that demonstrates
the mechanism of photocatalytic elimination of pollut-
ants. This is mainly due to the pH dependence transitions
in pollutant species as well as the surface properties of
active sites of photocatalysts (Lalhriatpuia et al. 2015).
Therefore, the pH influenced the overall efficiency of the
photocatalyst in the degradation of pollutant molecules
(Zucca et al. 2008). The photocatalytic elimination of
MO is carried out for a wide range of pH (4.0-10.0) and
results are depicted in Fig. 2. The percentage removal of
the MO1 was obtained after the 2-h irradiation. Results
clearly showed that the decrease in pH, i.e. pH 10.0 to
4.0 has caused an increase in the elimination of MO1.
Quantitatively, with a decrease in solution pH from 10.0
to 4.0, the corresponding increase in percent removal of
MO is from 29.15 to 61.3% (for UV-A) and 16.65 to
35.81% (for LED light) using nanocomposite thin film
photocatalyst. The MO1 molecule contains two disso-
ciable hydrogens, one from the carboxylic group and the
second is due to the phenolic group which have the pk,
values of 5.0 and 11.0 (Nazar et al. 2010). Therefore,
within the pH region 6.0-10.0, the MO1 molecule usually
exists as monoanionic species. However, the phenolic and
carboxylic groups forming the hydrogen bonding result
in a nonionic species. Hence, in this pH range, the MO1
molecule exists in equilibrium between the monoanionic
species (cf Fig. 2 (inset)) (Nazar et al. 2010). Further,
pH> 10.0, both the protons of the MO1 molecule are dis-
sociated; hence, the monoanionic MO1 molecule becomes
dianionic species. Thus, the net charge of the MOI1 spe-
cies greatly becomes negative at and above pH 10.0. On
the other hand, the pH,, of nanocomposite was obtained
to be 6.8 (Tiwari et al. 2020). This infers that the thin
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film possesses a net positive charge at pH < 6.8 whereas
its surface possesses negative charges at pH > 6.8. These
studies showed that increasing the pH gradually enhances
the net negative charges both on the nanocomposite sur-
face and MO1 species. This eventually caused enhanced
Coulombic repulsions between the MO1 species and nano-
composite surface which resulted in the gradual decrease
of MOI1 removal at pH> 6.0 (pH 6 ~ 10). Photocatalytic
removal of Alizarin Yellow using the catalyst Au’(NPs)/
TiO, thin film showed similar trends (Lalliansanga et al.
2019). Copper-deposited TiO, nanoparticles (Cu,0O-CuO/
TiO,) were prepared using a combination of impregnation
and precipitation-deposition method was also successfully
utilised for the pH-dependent photocatalytic degradation
of commercial dyes such as Reactive Blue 49 (RB 49),
Reactive Red 24 (RR 24), and Reactive Yellow 160 (RY
160) under UV irradiation (Ajmal et al. 2016). Further,
the reaction was conducted employing UV-A and LED
illuminations without using nanocomposite thin films at
a wide range of pH (pH 4.0-10.0). It was observed that
a negligible amount of MO1 was degraded after 2 h of
contact. These results clearly inferred that the nanocom-
posite catalyst greatly favoured the elimination of MOI1 in
aqueous media by UV-A or LED lights. Further, compared
to the UV-A and LED light illumination, the UV-A light

@ Springer

showed a relatively higher degradation of MO1 throughout
the studied pH.

Concentration dependence removal of MO1

Concentration dependence elimination of MO1 is analysed
for varied concentrations of MO1 (0.5-20.0 mg/L; pH 6.0).
The removal efficiency of MO is illustrated in Fig. 3. Fig-
ure 3 demonstrates that the decrease in concentration greatly
favoured the removal efficiency of MO1. The decreasing

70
b ¢ Nanocomposite thinfilm + UV-A
60 ’§ Nanocomposite thinfilm + LED
S 50 - § B Nanocomposite thinfilm
= L
T 40 ] ¢
< 1T
2 S
E 300 . :
g o] : 3
© 20 I A R
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0 L | u | m
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Concentration of MO1 (mg/L)

Fig. 3 Removal efficiency of MOI as a function of the concentration
of MO1 [pH of solution: 6.0]
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concentration of MO1 from 20.0 to 0.5 mg/L had ena-
bled to increase the percentage degradation of MO1 from
13.7 to 60.6% (for UV-A) and 6.5 to 38.14% (LED light),
respectively. The decrease in degradation efficiency with an
increase in the concentration of MO is, perhaps, due to the
reason that the contact possibility of MO1 at the photocata-
lyst surface was relatively less at a higher concentration of
MO dye (Tiwari et al. 2015). It is also evident that at a high
concentration of MO1, the scavenging effect increases which
possibly results in a decrease in the percentage removal of
the MO1 (Nasseri et al. 2017). These results are in a line
with the result obtained in the photocatalytic degradation of
Reactive Green 12 (RG 12) using TiO, impregnated polyes-
ter in which the dye removal was significantly reduced with
an increase in RG 12 concentration. Here, at a lower con-
centration of RG 12, the solution transparency was compara-
tively more which enables enhanced penetration of light on
the photocatalyst surface. This causes to generate enhanced
active species (Hichem et al. 2017). Furthermore, a dark
reaction is performed employing the catalyst Ag’(NPs)/TiO,
at various concentrations of MO1 (0.5-20.0 mg/L; pH 6.0).
It was observed that almost a negligible amount of MO1 was
removed even after 12 h of contact. Therefore, this indicates
that no surface adsorption is taking place using the nano-
composite thin film at least for MO1.

Kinetic study of MO1 degradation

The time dependence kinetics is carried out to assess the
performance of nanocomposite photocatalyst in the elimi-
nation of MO1. The kinetic results obtained at varied con-
centrations of MO1 is shown in Table 1. It is observed that
degradation of MO1 proceeds through a pseudo-first-order
rate equation (Lalliansanga et al. 2019). Further, the time-
dependent degradation kinetics of MO is favoured with the
dilution, i.e. increasing the concentration of the dye results
in the decrease of rate constant values. Moreover, the rate of
degradation of MO is faster using UV-A light irradiations

Table 1 Pseudo-first-order rate constants in the photocatalytic
removal of MO1 employing nanocomposite thin film employed under
UV-A and LED light irradiations [pH of solution: 6.0]

Initial concentration UV-A irradiation
of MO1 (mg/L)

LED light irradiation

Rate constant R? Rate constant R?

Kk, x1073 k;x1073
0.5 7.0+£0.9 0.965  4.1x0.5 0.998
1.0 59+0.7 0.993  34x+04 0.982
5.0 4.0+0.6 0.987 25104 0.999
10.0 2.9+0.4 0.989  1.8+03 0.998
15.0 2.0£0.5 0979  1.1x03 0.995
20.0 14403 0952  0.5+0.1 0.994

compared to LED light irradiations. Similar data is reported
earlier where methylene blue was degraded using graphene-
decorated TiO, (Acosta-Esparza et al. 2020).

Additionally, the removal of MO1 is modelled to the
Langmuir—Hinshelwood (L—H) rate kinetics using the stand-
ard equations (Lalliansanga et al. 2019). The Langmuir-Hin-
shelwood (L-H) adsorption constant (k,; mg/L/min) and the
reaction rate constant (K; L/mg) are computed as 0.038 and
0.202 (R?: 0.997 for UV-A) and 0.018 and 0.255 (R*: 0.976
for LED), respectively.

Mineralisation of MO1

The extent of mineralisation of pollutants in the photocat-
alytic treatment demonstrates the efficiency of operation.
The percentage mineralisation of MOI1 is obtained at a
wide range of pollutant concentrations (1.0 to 20.0 mg/L;
pH~6.0). Results are shown in Fig. 4a. Results indicated
that a decrease in the concentration of MO1 from 20.0 to
1.0 mg/L had caused increase in the percentage minerali-
sation of MOI1 from 7.72 to 27.38% (for UV-A light) and
from 4.12 to 17.1% (for LED light), respectively. The sin-
gle reactor operation enabled to mineralise significantly

=z

35
%) ¢ Nanocomposite thinfilm + UV-A
o 30 -
= § Nanocomposite thinfilm + LED
V4
= 25 - 3
E 20 [ T
E &
& 157 I 3
S g0t i 3
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0 5 10 15 20

Concentration of MO1 (mg/L)
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50
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No. of Repeated Catalyst Use

% Removal of MO1

Fig.4 a Percentage mineralisation of MO1 as a function of MO1
concentrations under the photocatalytic processes and b elimination
efficiency of MO1 after a repeated cycle of catalyst operations [pH of
solution: 6.0]
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the percentage mineralisation of MO1. These findings are
similar to the concentration-dependent studies conducted
previously in the removal of MO1. On the other hand, the
photolysis using the UV-A or LED irradiations showed
almost negligible degradation of MO1. Therefore, the pho-
tocatalytic operations favoured the mineralisation of MO1
using the nanocomposite thin film photocatalyst (Tiwari
et al. 2015).

Repetitive use of thin-film photocatalysts

The efficiency of the photocatalyst largely depends on its
reusability for successive reactor operations. This eventu-
ally provides the sustainability of reactor operations and the
cost-effectiveness of the process. Therefore, the reusability
of nanocomposite thin film photocatalyst is carried out for
repeated reactor operations in the elimination of MO1 (MO1
concentration: 5.0 mg/L; pH 6.0). The percentage elimina-
tion of MO1 with an effect of the number of cycles of reactor
operations is shown in Fig. 4b. The degradation efficiency
of the photocatalyst is almost unaffected even at the end of
six successive cycles of reactor operations. Quantitatively,
the percentage degradation of MO1 is decreased only from
40.29 to 40.23% (i.e. 0.06%). The results showed that the
thin-film catalyst is reasonably stable towards the reactor
operations in the photocatalytic degradation of MO1. Hence,
the photocatalyst is shown to be employed for prolonged and
sustainable operations. The successive implications of thin-
film catalysts without losing their efficiency, at least in the
removal of MO, further indicated the greater applicability
of solid with cost-effectiveness. Moreover, the results have
shown that the materials are intact on the surface of borosili-
cate glass which is possibly due to the use of polyethylene
glycol which enhances the mechanical strength of materials
and prevented the leaching of TiO, in the solution (Rtimi
et al. 2013).

Simultaneous presence of co-ions

Applicability of thin-film catalysts is further assessed in the
presence of a variety of co-ions viz., glycine, oxalic acid,
NaNO;, NaCl, CuSO,4, NiCl,, and EDTA. The initial concen-
trations of MO1 and coexisting ions were taken as 5.0 mg/L
and 50.0 mg/L, respectively (pH 6.0 and UV-A illumination
for 2 h). The removal efficiency of MO1 for the simultane-
ous presence of co-ions is shown in Fig. 5a. The removal
efficiency of MOl is affected by NaCl, EDTA, and glycine.
However, the other ions introduced have not affected signifi-
cantly the degradation of MO in the photocatalytic reactor
operations. These results showed the potential of thin-film
catalysts in the elimination of MO1 from aqueous solutions.
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Degradation mechanism

It is known that the photons carrying enough energy (hv)
may generate electron and hole pairs e~ — At (Selvaraj and
Li 2006). However, titanium dioxide possessed a wide band-
gap energy (3.2 eV) hence, excited by the photons at the UV
region only. However, the doping of titanium dioxide by
noble metal (Ag(NP)) or Au(NP)) lowers apparent bandgap
energy. Noble metal nanoparticles generate a phenomenon
called localised surface plasmon resonance which enables
TiO, photocatalyst to absorb light within the visible region
and enhances the photo-excitation of electrons (Zangeneh
et al. 2015). It also traps the newly generated electrons
thus helping in reducing the charge recombination rate and
allowing it to proceed further for photocatalytic reaction.
Therefore, in order to demonstrate the possible mechanism
involved in the elimination of MO1 using the nanocomposite
photocatalyst, the investigation was extended in presence of
several scavengers. 2-Propanol and HCO;~ compounds are
known *OH radical scavengers (Xu et al. 2015; Lalhriatpuia
et al. 2016); whereas EDTA scavenges the h'* of photocata-
lyst (Jia et al. 2016). Similarly, the sodium azide traps sin-
glet oxygen which is generated in reaction of O,* with h*
(Xu et al. 2015). Thus, the degradation of MO1 (5.0 mg/L;
pH 6.0) in the presence of these scavengers is carried out
using UV-A irradiation for 2 h. The degradation efficiency
of MOL1 is shown in Fig. 5b. The results inferred that the
2-propanol, HCO;™, and sodium azide greatly hampered
the percentage degradation of MOI1. This indicated that
hydroxyl radicals are primarily involved in the degradation
process. A sharp drop in the photocatalytic degradation of
oxolinic acid (OA) using TiO,/cellulosic paper catalysts due
to the presence of 2-propanol and EDTA was also reported
(Zeghioud et al. 2019). Additionally, NaN; suppressed the
removal efficiency of MOI1 and inferred that singlet oxygen
is taking part in photocatalytic degradation reactions. Hence,
it infers that the elimination mechanism of MO1 proceeds
in two different possible pathways. First, the Ag(NPs) traps
the newly generated electrons which help in inhibiting the
charge recombination and allow it to go further for reac-
tion to form peroxide radical and hydroxyl radicals (Ahmad
et al. 2016). Peroxide radicals are generated at the conduc-
tion band through the interaction of trapped electrons and
oxygen in the presence of water, while hydroxyl radicals
are generated at the valence band through the interaction
of the H,O and oxygen (Akpan and Hameed 2009). Both
the radicals then interacted with the pollutant at the vicinity
of the thin film photocatalyst which results in the degrada-
tion of MO1 as shown in Fig. 5¢ (Vogna et al. 2004; Tiwari
et al. 2019). The other possible pathway is that Ag(NPs)
absorbs light radiations resulting in the generation of the
electromagnetic field as because of localised surface plas-
mon resonance (Lee et al. 2014). Further, Schottky barrier
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«Fig.5 Photocatalytic elimination of MO1 with effect of a several
coexisting ions [concentration of MO1: 5.0 mg/L; concentration of
coexisting ions: 50.0 mg/L; pH:6.0]; b several scavengers [concen-
tration of MO1: 5.0 mg/L; concentration of scavengers: 500.0 mg/L;
pH:6.0]; and ¢ schematic of the photocatalytic degradation of MO1
using Ag’(NPs)/TiO, thin film

present with metal-semiconductor causes the excited elec-
trons to move towards the electric field and the holes towards
the opposite direction of the electric field. This inhibits the
recombination of electron—hole pairs (Z et al. 2014). Fur-
ther, the electron—hole pairs undergo further reaction to form
peroxide radical and hydroxyl radical which take part in the
degradation of MO1 (cf Fig. 5c).

Real water treatment

Applicability of fabricated nano catalyst depends greatly
on its utility to real water samples. Hence, the intended
performance of nano catalyst thin films in the elimination
of MO1 was performed using the MO1-tagged real water
samples. The physicochemical parameters are obtained
for river water samples and is shown in Table 2. The real
water was contained with high concentrations of Fe, Ca,
and Zn. On the other hand, the TOC data showed that real
water was contained with a high inorganic carbon value with
less NPOC value. MO1 was tagged with real water having

Table2 Various physicochemical parametric analysis of the Reiek
Kai site, Tlawng River water

Parameters studied Analytical results

pH 7.6
Conductivity 0.0172 S/m
Resistivity 0.0138 Mohm.cm
Salinity 0.12 PSU
Ox. red. potential 210.7 mV
Elements studied (AAS) (mg/L)
Ni 0.0

Zn 0.535

Pb 0.078

Mn 0.01

Fe 0.198

Ca 2.341

Cu 0.0

TOC analysis (mg/L)
Inorganic carbon 13.94
NPOC 2.493
Anions studied (mg/L)
Nitrate 11.43
Fluoride 0.0
Sulphate 6.12
Phosphate 0.09
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Fig.6 Photocatalytic elimination of MOI in distilled water and
Tlawng River water using the nanocomposite thin film catalyst under
a UV-A and b LED light

various concentrations of MO1 (0.5 to 20.0 mg/L; pH 6.0).
Further, the degradative removal of MO is carried out using
a nanocomposite thin film catalyst under UV-A and LED
light illuminations for 2 h. Percentage degradation of MO1
was obtained and compared with the result obtained with
the purified water samples (cf Fig. 6). The study revealed
that the percentage degradation of MO1 was not signifi-
cantly decreased in real water samples. This signifies the
high applicability of nanocomposite thin film catalysts in
the removal of MOL1.

Conclusion

Nanocomposite (AgO(NPs)/T 10,) is obtained using the facile
template process. The thin film catalyst was fabricated by
the dip-coating process. SEM images showed Ag is success-
fully doped uniformly within the titania network, and the
interplanar distance of Ag°(NPs) was 0.15 nm. AFM analy-
ses showed that the root mean square roughness (R,) and
mean roughness (R,) of the thin-film catalyst was 16.952 nm
and 12.250 nm, respectively. The thin-film catalyst was uti-
lised for the elimination of Mordant Orange-1 using UV-A
and LED light irradiations. Lower pH values and lower



Environmental Science and Pollution Research (2022) 29:51732-51743

51741

concentrations of MO1 have favoured greatly the removal
efficiency of MOI1. The increase in MO1 concentration from
0.5 to 20.0 mg/L had caused to decrease the percentage
removal of MO1 from 60.61 to 13.74% and 38.14 to 6.5%
under UV-A and LED irradiation, respectively. The photo-
catalytic elimination of MO1 has proceeded through pseudo-
first-order rate kinetics. Moreover, a partial but significant
amount of MO1 was mineralised by a single operation indi-
cated greater applicability of photocatalytic process. With
the increase in MO1 concentration from 1.0 to 20.0 mg/L,
the percentage mineralisation of MO1 was decreased from
27.38 to 7.72% (for UV-A light) and from 17.1 to 4.12%
(for LED light), respectively. Further, the presence of NaCl,
EDTA, and glycine greatly influenced the degradation effi-
cacy of the thin films. However, the other ions were not
significantly affected by the removal efficiency of MO1. The
scavenger studies indicated that the degradation of MO is
primarily due to the reactive hydroxyl radicals, holes, and
singlet oxygen which are primarily involved in the surface
excitations. Moreover, the repetitive use of thin film catalysts
showed almost no suppression in photocatalytic efficiency
of thin film; hence, the nanocomposite thin films possess
greater applicability in sustained reactor operations. Addi-
tionally, the real matrix operations using the Reiek Kai site,
Tlawng River, Aizawl (India) water showed almost a similar
removal efficiency compared to the distilled water treatment.
The photocatalytic degradation of MO1 using the thin film
catalyst (AgO(NPs)/Tioz) was found to be sustainable and,
perhaps, cost-effective in greater real matrix implications.
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