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The widespread use of hazardous chemicals in traditional methods for synthesizing silver-doped titanium dioxide (Ag-TiO,) nanocomposites |
poses significant environmental and health concerns, contradicting the goal of sustainable photocatalytic water purification. This study |
aims to develop a microwave-assisted green synthesis method using plant waste-based material, Allium cepa (onion) peel extract, a readily
available material, to deposit silver onto TiO, with the goal enhancing its photocatalytic and antibacterial properties. The prepared Ag-TiO, |
nanocomposite was applied to remove single and mixed dyes. Characterization techniques confirmed the formation of stable Ag-TiO, nanocomposite |
with an average size of 7.36 + 2.01 nm evenly deposited onto TiO,, resulting in improved responsiveness in the visible light region. UV- |
Vis diffuse reflectance spectroscopy and photoluminescence analysis indicated a reduction in the band gap for Ag-TiO, nanocomposite. |
The green-synthesized Ag-TiO, nanocomposite exhibits exceptional photocatalytic efficiency in degrading both cationic dyes and anionic
Congo red and methylene blue dyes with a degradation rate of 99.4% and 99.6% individually under UV irradiation. In a mixed dye |
solution, the degradation of rhodamine B and methyl orange dyes was significantly accelerated due to the selective interaction of the Ag- |
TiO, nanocomposite with anionic dyes. The green synthesized Ag-TiO, nanocomposite also showed effective antibacterial properties |
against Gram-positive bacteria, E. coli and Gram-negative bacteria, S. aureus. This study stresses the capability of green synthesis to |
generate environmentally benign and high-performing photocatalysts for water treatment applications, effectively degrading contaminants
and eradicating undesirable waterborne pathogens. I
|
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INTRODUCTION erties [3-5]. Several strategies have been proposed to address

this issue, including adsorption, bioremediation, membrane

Water contamination from a wide array of pollutant sources
poses a substantial threat to human well-being and the environ-
ment, especially with continued population expansion and
industrialization. Industries, such as textile, often utilize dyes
like methylene blue, methyl orange, rhodamine B and Congo
red due to their ease of application as colourings. However, about
15% of dyes remain unabsorbed during the dyeing process
and are discharged as effluents, leading to water pollution [1].
Annually, around 12-14% of the 700,000 tons of dye used in
industries are discharged into the environment, posing a severe
risk to aquatic ecosystems [2]. These unabsorbed dyes are persis-
tent and do not easily degrade in the water bodies, potentially
contaminating drinkable water above permissible levels and
causing health complications due to their carcinogenic prop-

technology and photocatalytic degradation [6,7].

Extensive studies have focused on the photocatalytic degr-
adation of dyes utilizing nanomaterial-based assemblies due
to their simplicity, efficiency, utilization of renewable energy
sources (sunlight) and capability to mineralize organic pollu-
tants completely into non-hazardous compounds [8,9]. Titanium
dioxide (TiO,)-based nanomaterials are among the most widely
studied photocatalysts due to their non-toxic nature, chemical
stability and efficient charge separation, resulting in high photo-
catalytic activity [10]. However, the high energy band gap of
pristine TiO, limits photoexcitation to the ultraviolet (UV)
region, making it an ineffective photocatalyst. To tackle this
limitation, various methods have been explored, including nano-
structuring of TiO, and integration of co-catalysts or semicon-
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ductors. One promising method is the deposition of noble metals
like silver onto TiO,, which enhances its performance within
the visible light region through the surface plasmon resonance
(SPR) effect [11].

Thus far, various strategies have been explored to synthe-
size Ag-TiO, nanocomposites (NCs), such as laser ablation,
solvothermal and chemical reduction. Nevertheless, many of
them involve the use of chemicals that produce toxic byproducts
harmful to the environment [12,13]. Therefore, green synthesis,
which employs plant extract-mediated reactions, has gained
attention for its ability to induce chemical reduction and act
as capping agents without producing toxic byproducts. While
the specific phytochemicals involved in the green synthesis are
not fully understood, studies have identified flavonoids, terpe-
noids, phenolics and steroids among the phytochemicals that
participate in the synthesis mechanism [14,15]. Green synthesis
also allows for precise control in producing high yields of nano-
materials with well-defined sizes and morphologies [16]. The
Au-Ag-TiO; nanocomposites synthesized using Cinnamomum
camphora leaf extract showed a well-defined spherical Au and
Ag nanoparticles with sizes of 12.6 nm which could degrade
approximately 90% of methyl orange within 30 min when
exposed to UV-Vis light [17].

In comparison to previous studies that utilized green synth-
esis for the fabrication of Ag-TiO, NCs (Table-1), this study
showed superior photocatalytic activity due to a more efficient
synthesis method. Most of the earlier studies that used methy-
lene blue as a model pollutant (Table-1) developed the relevant
materials using facile plant-extract mediated synthesis methods.
In contrast, the microwave technique used in this work has a
number of benefits such as reduced total synthesis time and
the fabrication of Ag-TiO, with a regulated morphology and
uniform dispersion of Ag onto TiO,. The microwave-assisted
synthesis, mediated by onion peel extract, successfully yielded
green material functionalized nanocomposites with enhanced
photocatalytic activity. This study explored the green synthesis
of Ag-TiO, NCs using Allium cepa (onion) extract, which is
rich in flavonoids, terpenoids and phenolics that are crucial
for the green synthesis reaction [23,24]. Hence, this study con-
tributes to advancing green synthesis methods for producing
efficient photocatalysts for environmental remediation.

TABLE-1
COMPARISON OF PHOTOCATALYTIC
ACTIVITY FOR Ag-TiO, NANOCOMPOSITES

Dye Type of plant extract Diz(ir?%t— Ref.
MB  Nephelium lappaceum L. peel 81.0 [18]
MB  Azadirachta indica leaf 90.0 [15]
MB  Mangifera indica leat 68.0 [19]
Rh B  Cleistocalyx operculatus leaf 914 [20]
MB  Cucumis melo juice 95.3 [21]
MB  Garcinia mangostana pericarp 96.7 [22]
MB  Allium cepa peel 99.6 Present work

This study also aimed to evaluate the structural and opto-
electronic properties, as well as the photocatalytic and anti-
bacterial performance of green-synthesized Ag-TiO, NCs

through microwave irradiation. The photocatalytic activity was
investigated using two cationic dyes, rhodamine B and methy-
lene blue and two anionic dyes, Congo red and methyl orange
as model pollutants. The performance of Ag-TiO, NCs in remo-
ving these dye pollutants was compared and their antibacterial
properties were also assessed.

EXPERIMENTAL

Commercial anatase TiO, (99.8%), p-benzoquinone
(BZQ), methylene blue (MB, 82%), methyl orange (MO, 85%),
rhodamine B (RhB, >95%) and Congo red (CR, > 35%) were
purchased from Sigma-Aldrich, USA. AgNOs (99.98%) was
procured from Bendosen. Methanol (MeOH) was purchased
from Merck, USA. Other reagents like 95% ethanol (EtOH)
and hydrogen peroxide (H,O,) were purchased from HmbG
Chemicals. A. cepa (onion) was bought from a local
supermarket in Kuching, Sarawak, Malaysia. All solutions
were prepared with distilled water and the chemicals involved
in the overall process were used without further puri-fication.

Preparation of Allium cepa (onion) peel extract: The
A. cepa (onion) peel extract was prepared according to the
reported methods [25,26] with some minor changes. After
obtaining the dried onion peel powder, 10 g of powder was
mixed with 300 mL of 70% EtOH. The mixture was sonicated
for 30 min, resulting in a dark red solution, which was allowed
to cool to room temperature. Once cooled, the mixture was
filtered to remove any remaining solid residues. The filtrate
containing the onion peel extract was then kept in a refrigerator
at 4 °C for the green synthesis of Ag-TiO, NCs.

Green synthesis of Ag-TiO, NC: The green synthesis
methods for Ag-TiO, NCs were modified from the published
work [27,28]. Initially, 30 mL of onion peel extract was added
dropwise to a 10 mL solution containing 1 g of AgNO; and the
mixture was stirred magnetically for 30 min. The solution was
then subjected to microwave irradiation at 100 W for 6 min.
The resulting reddish-brown colloidal suspension of AgNPs
was mixed with 1 g of TiO, in 10 mL of distilled water. The
Ag-TiO, NC solution was poured into a Petri dish and oven-
dried overnight at 70 °C. The dried solid was scraped off with
a spatula, ground into a fine powder and subsequently calcined
at 300 °C for 5 h. A control sample was prepared in the same
manner but in the absence of the onion peel extract. The resul-
ting powder was stored for characterization and photocatalytic
degradation studies.

Characterization: The characterization of AgNPs, TiO,
and Ag-TiO, NCs was done to obtain information about their
physicochemical properties. Scanning electron microscopy
(Model: JEOL, JSM-IT500HR) paired with energy dispersive
X-ray (Model: JEOL, JSM-IT500HR) was used for the deter-
mination of morphological and elemental composition. The
microstructural characteristics and particle dimensions of Ag-
TiO, NCs were examined using a JEOL Model JEM 1230 trans-
mission electron microscope (TEM). Analysis of functional
groups present in the NCs was done via FTIR (Model: Thermo
Nicolet iS10) using KBr pellets as a standard at the wavelength
of 4000-400 cm™. X-ray diffraction analysis (XRD, PANalytical
X’pert Pro) was also done to determine the crystalline structure
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and phase of the green synthesized samples. UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS, Model Carry 5000)
was employed to determine the effective absorption spectra
of Ag-TiO, NC and the Kubelka-Munk plot was established
to confirm any changes in the energy bandgap of the Ag-TiO,
NCs. Photoluminescence (Model: Perkin-Elmer LS55) emission
spectra of the synthesized samples were done with a fluores-
cence spectrometer equipped with a xenon lamp at an excitation
wavelength of 325 nm to gather information about the opt-
oelectronic properties of the green synthesized Ag-TiO, NCs.

Photocatalytic experiments: The photocatalytic perfor-
mance of the Ag-TiO, NC was investigated based on the dosage
of photocatalyst, the concentration of MB dye and the comp-
arative performance of the green synthesized Ag-TiO, NC,
AgNPs and TiO; under UV and visible light. A 100 mL. MB
solution was prepared with varying concentrations of 5-15
ppm. Different concentrations of MB dye were treated with
varying dosages of Ag-TiO, NC (0.1-1.0 g/L) in a 250 mL beaker
to optimize the conditions for MB dye photodegradation. The
suspension was stirred in the dark before hand to maintain
Ag-TiO, NC suspension at equilibrium and allow the suspen-
sion to reach adsorption-desorption equilibria for 30 min. Then,
it was continuously stirred with a magnetic stirrer under the
irradiation of a UV lamp (A = 365 nm) for 2 h. About 4 mL of
suspension aliquots were withdrawn and centrifuged at 5,000
rpm for 10 min. The absorbance of the supernatant was anal-
yzed using UV-Vis spectroscopy at 664 nm to evaluate the
photo-catalytic degradation of MB dye. This procedure was
repeated for TiO, and AgNP under similar conditions for
photocatalysis using UV and visible light sources. The removal
efficiency of MB dye was calculated as follows:

Removal efficiency (%) =1- ﬁx 100 (1)
initial

The photocatalytic experiments were performed using CR,
MO and RhB dyes. The optimized condition of MB dye removal
was applied for the other three dyes to compare the photocat-
alytic activity of the Ag-TiO, NC to degrade different cationic
and anionic dyes. Consequently, the photocatalytic experiments
were also done for mixed dye systems.

Given that MB dye had the maximum degradation, further
study on stability and radical scavenger was assessed with MB
dye as the model pollutant. Finally, the stability of Ag-TiO,
NC was assessed by studying its photocatalytic efficiency in
degrading freshly prepared 5 ppm of MB solution under four
consecutive runs using a UV light source and optimized experi-
mental conditions. Radical scavenger study was conducted using
methanol (0.2 mmol/L), p-benzoquinone (0.2 mmol/L) and
hydrogen peroxide (0.1 mmol/L) as inhibitors for holes (h*),
superoxide radicals (*O7) and hydroxyl radical ("OH).

Antibacterial study: The antibacterial study was cond-
ucted using the disc diffusion method to determine the anti-
bacterial efficiency of the Ag-TiO, NC against both Gram-
positive bacteria, E. coli and Gram-negative bacteria, S. aureus.
The bacterial strains were obtained from the Microbiology
Laboratory 2, Faculty of Resource Science and Technology,
UNIMAS. The bacterial strains were first, revived in nutrient

broth (NB) and then inoculated onto nutrient agar (NA) plates.
Next, the inoculum was standardized by transferring several
colonies into fresh NB and adjusting the culture to a turbidity
that is equivalent to 0.5 McFarland standard. The antibacterial
assay was conducted by first comparing the effectiveness of
Ag-TiO, against onion peel extract, TiO, and AgNPs to inhibit
the growth of the bacterial samples. All samples were fixed to
a concentration of 1 g/L. A fixed amount of sample was mixed
in a phosphate buffer (PBS) solution. Sterile filter papers were
then dipped into the PBS solution containing these samples.
The standardized inoculum was subsequently swabbed onto
NA plates using sterile cotton swabs. The treated filter papers
were then placed on the agar surface and incubated at 37 °C
for 24 h. The diameter of the inhibition zones was measured
after the incubation period. The experiment was repeated by
varying the concentrations of the Ag-TiO, nanocomposite at
1,2,4,8and 10 g/L.

RESULTS AND DISCUSSION

Characterization: The FTIR spectrum depicted in Fig. 1
illustrates broad peaks observed at 3421 and 1628 cm™, corres-
ponding to -OH stretching and -OH bending, respectively. In
contrast to the -OH peak observed in commercial anatase TiO,,
Ag-TiO, NC exhibited a higher intensity of peaks. This enhance-
ment can be attributed to the presence of phenolic compounds
derived from onion peel extract, which become attached to
the photocatalyst’s surface during the green synthesis process.
The characteristic peak observed at 1116 cm™ indicates the
presence of C=C aromatic rings confirmed that phytochemicals
extracted from the onion peel extract remained attached to the
surface of Ag-TiO, NCs. These naturally occurring compounds
would have been responsible for the peaks observed through
FTIR analysis. A noticeable shift in peaks from 1428 cm™
(TiO,) to 1394 cm™ (Ag-TiO, NC) suggests the presence of
the Ag-Ti bond, demonstrating successful deposition of Ag
onto TiO, via onion peel extract-induced reaction. The low-
intensity peak of Ag-O around 595 cm™ [29] shows that pheno-
lics from the onion peel extract prevent oxidation of AgNPs
that are deposited onto the surface of TiO,, thus forming stable
green synthesized Ag-TiO, NC. The peaks at 613 cm™ (Ti-O-
Ti) [30] and the shift in peaks at 517 cm™ for TiO, to 478 cm™
for Ag-TiO, described the formation of pure AgNPs that have
been loaded onto TiO, [31].

The surface morphology of the synthesized Ag-TiO, NC
was gathered by SEM analysis. It was found that TiO, appears
spherical with even dispersion (Fig. 2). In contrast, the SEM
micrograph of the green-synthesized Ag-TiO, NC (Fig. 2¢)
shows monodispersed spherical AgNPs clustered on the surface
of TiO,. A similar SEM micrograph is observed for green synth-
esized AgNPs, whereby clusters of spherical AgNPs are attained
(Fig. 2b). Additionally, TEM micrographs (Fig. 3a-b) reveal
AgNPs with an average size of 7.36 +2.01 nm deposited onto
TiO,, representing the success of the doping process for Ag-
TiO, NCs. The AgNPs exhibited a particle size distribution
ranging from 2-21 nm (Fig. 3c). The formation of clustered
particles is attributed to the binding capacity of various phyto-
chemicals in the onion peel extract, which act as capping agents
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for the green synthesized AgNPs and Ag-TiO, NC [32]. Prior
studies have reported that these phytochemicals act as a stabil-
izing agent to form particles with controlled morphology [33,
34], as revealed by the SEM micrographs.

The EDX analysis and mapping (Fig. 4a-b) depicts that
the composition of Ag and Ti is approximately equal in mass,
as the percentages of Ag, Ti and O are confirmed to be 36.59%,
39.47% and 23.94%. 1t indicates that the green synthesized
Ag-TiO, NC adhered to the stoichiometric ratio that is approxi-
mately 1:1 for elements of Ag and Ti, proving the success of the
synthesis with no detection of other impurities.

Fig. 5 depicts the XRD patterns of AgNPs, TiO, and Ag-
TiO, NC. It can be observed that major anatase peaks are
detected at 20 25.4° (101), 36.9°(103), 37.9° (004), 38.4° (112),
48.1°(200), 53.9° (105), 55.1° (211), 62.8° (204), 68.9° (116),
70.4° (220) and 75.2° (215) for both TiO, and Ag-TiO,. Ag
(200) is observed at 20 44.6° and 26 64.8°, while Ag (311) is
detected at 20 77.475° (JCPDS 04-0783) for the AgNPs sample.
AgO (200) at 20 32.2° (JCPDS 043-1038) could be observed
for AgNPs. This implies that the AgNPs formed have a mixture
of metallic Ag and AgO. It was also found that Ag(111) at 26
38.1° overlaps with TiO, (004) anatase, indicating the deposi-
tion of Ag onto TiO, for the composite samples.
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Fig. 5. XRD spectra of AgNPs, TiO, and Ag-TiO, NC

Intens!

UV-Vis DRS was used to analyze changes in the light adsor-
ption range and band gap energy (E,) (Fig. 6). TiO, and Ag-
TiO, NC showed sharp UV absorption edges at about ~340 nm,
with Ag-TiO, having the highest adsorption edge. Nevertheless,
it was observed that in comparison to TiO,, Ag-TiO, NCs showed
higher visible light adsorption (> 400 nm). This phenomenon
may be attributed to the SPR effect exhibited by plasmonic Ag,
as reported in a previous study [35]. Furthermore, a Kubelka-
Munk plot was derived and revealed that the deposition of Ag
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Fig. 6. UV-Vis DRS spectra of TiO, and Ag-TiO, NC

resulted in a reduced E, from 3.05 eV (TiO,) to 2.65 eV (Ag-
TiO, NC, Fig. 7). The PL analysis revealed that TiO, exhibits
significantly higher emission intensity at approximately 416
nm compared to the green-synthesized Ag-TiO, NC (Fig. 8).
This is commonly observed in TiO, because of indirect band-
to-band recombination or the recombination of self-trapped
excitations within TiO, [36,37]. The substantial decrease in
the PL emission spectra of Ag-TiO, NC could be attributed to
the slow recombination rate facilitated due to the presence of
Ag. This is plausible as Ag tends to act as an electron trap or
charge carrier, creating a Schottky barrier at the interface with
TiO, [38]. Furthermore, Fauzian et al. [39] reported that the
lower Fermi energy level of Ag compared to TiO, reduces the
band gap of TiO,, enhancing charge separation and preventing
electron-hole recombination within the TiO, crystal lattice.

7

F(R)hv)"”
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o 265 ev
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hv (eV)
Fig. 7. Kubelka-Munk plot of diffuse reflectance spectra for TiO, and Ag-
TiO,NC
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Photocatalytic experiments

Control experiments: The photocatalytic activity of Ag-
TiO,NCs was compared to the blank samples (TiO, and AgNP)
under both UV and visible light. Fig. 9 illustrates that both
AgNPs and TiO; have similar degradation rates of 95.1% and
94.4% for 5 ppm MB dye after 120 min under UV light. In
comparison, Ag-TiO, NC demonstrates an enhanced photo-
degradation of up to 99.6% under similar conditions. The enhan-
ced photocatalytic performance of Ag-TiO, can be linked to
the ability of Ag to act as an electron trap or charge carrier [35].
This minimizes electron-hole recombination in TiO,, as eviden-
ced by the photoluminescence (PL) analysis, due to the move-
ment of free electrons within the crystal lattice. In comparison
to the photocatalytic performance under UV light, MB was
only removed at 7.3% by TiO, under visible light. TiO, only
has an effective absorbance range within the UV region [40].
This is due to their high energy band gap (E; = 3.05 eV) as
depicted through UV-Vis DRS. However, Ag-TiO, NC showed
remarkable photocatalytic ability under visible light with MB
removal of 64.3%, likely due to the SPR effects of plasmonic
Ag allowing for a wider range of light absorption [41].

100

9

S 80 = UV

g _ = Visible

5 60

()

©

€ 40

s

T

8 20

o

T, ]
Ag-TiO, NC TiO, AgNP

Fig. 9. Degradation efficiency (%) of methylene blue removal by Ag-TiO,
NC, AgNPs and TiO, under UV and visible lights

Effect of parameters

Effect of dosage: Various dosages of Ag-TiO, NCs (0.1
to 1.0 g/L) were used to determine the best amount of Ag-
TiO, to degrade MB (Fig. 10). The photocatalytic activity for
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Fig. 10. Degradation efficiency (%) of methylene blue with respect to different
dosages of Ag-TiO, NC

degradation of MB at a fixed concentration of 5 ppm increases
as the dosage of Ag-TiO, rises from 0.1 to 0.5 g/L. However,
once the dosage doubled to 1.0 g/L, a slight decrease in the
photocatalytic ability to degrade MB is observed. This is beca-
use increasing the dosage of Ag-TiO, NC allows for more active
sites that could absorb photons from UV light and MB dye
molecules on the surface of the photocatalyst, which would
result in the generation of more HO® radicals [42]. Neverthe-
less, an excessive amount of Ag-TiO, NC could weaken the
photocatalytic efficiency. This is because of the increased turb-
idity of the solution, which reduces light penetration and further
hinders the photocatalytic process [13].

Effect of initial concentration: The impact of initial con-
centration on the photocatalytic degradation rate of MB was
studied by using various concentrations of MB, with a constant
dosage of 0.5 g/L Ag-TiO, NC (Fig. 11). An increase in the
initial concentration of MB dye is associated with a reduction
in its removal rate. The effect of initial MB concentrations
follows the apparent pseudo-first-order kinetics (Table-2). The
higher removal observed at the initial concentration of 5 ppm
is likely attributed to adequate light penetration in the aqueous
medium, enabling photon adsorption from the UV light onto
the surface of the Ag-TiO, NCs. However, at higher initial con-
centrations, the reduction of the photocatalytic degradation of
MB is likely due to the concentrated MB solution that reduced
the penetration of light into the solution [43]. Furthermore, at
lower concentrations, the Ag-TiO, surface is not saturated with
MB molecules, hence allowing for more reactive sites on the
Ag-TiO, NC surface to produce HO® radicals [44]. At elevated
concentrations, the surface of Ag-TiO, NC would be saturated
with MB molecules that adsorb the light and photons causing
deactivation of the photocatalytic degradation reaction. This
occurs because the photons from the UV irradiation do not
reach the surface of the Ag-TiO, NC, thereby hindering the
production of HO' radicals [38].

The influence of the initial MB dye concentration on the
photocatalytic degradation rate was further analyzed using the
Langmuir-Hinshelwood (L-H) kinetics model to account for
the reactions occurring at the solid-liquid interfaces between
Ag-TiO, and MB aqueous suspension (Fig. 12a-b). The plot
of 1/K,, against initial concentration gave a straight line with
a high regression coefficient, R*= 0.954. The values of K, and

In dark
conditions UV light
1.07
0.9
0.8
0.7

- 5.0 ppm
0.6| . 75ppm
0.5| - 10.0 ppm
04|~ 12.5 ppm
— 15.0 ppm

0 15 30 45 60 75 90 105 120 135 150
Time (min)
Fig. 11. Degradation efficiency (%) of methylene blue with respect to initial
concentration of methylene blue

TABLE-2
KINETIC PARAMETERS OF PHOTOCATALYTIC
DEGRADATION OF MB IN AQUEOUS SOLUTION
AS A FUNCTION OF INITIAL CONCENTRATION

Initial concentration Rate constant, K, Regression
(ppm) (min™) coefficient, R?
5.0 0.0395 0.9067
7.5 0.0174 0.9833
10.0 0.0073 0.9931
12.5 0.0045 0.9863
15.0 0.0043 0.9910

K, were determined for the slope of the equation (1/K,) and
the intercept (1/K;K5). The values of K, (which represents the
photocatalytic reaction rate constant) and K, (which represents
the adsorption rate constant) are 0.0432 L/g and 0.2395 g/
Lmin". The product K,K», which represents the apparent K,
is 0.0103 min'. The K, obtained from the L-H kinetic model
agrees with the experimental data obtained based on the L-H
equation for photocatalysis at lower concentrations. Hence,
the L-H kinetic model is suited to represent the photocatalytic
degradation of MB by Ag-TiO, NC.

Effect of mixed dye solutions: To provide insight into
the ability of Ag-TiO, NC to treat actual dye-polluted waters,
a study was done to elucidate its photocatalytic performance
to degrade cationic dyes, MB and RhB and anionic dyes, CR
and MO individually and in a mixed dye system. This is because
dye-tainted effluents often comprise a wide spectrum of dyes
and studying the ability of a photocatalyst to degrade a singular
dye limits the comprehension of its application in actual waste-
water treatment.

For both studies against individual and mixed dye solutions,
0.5 g/L of Ag-TiO, NC was used with concentrations of each
dye at 5 ppm. All samples that were treated with the photo-
catalyst were irradiated under UV light for 120 min, with the
first 30 min being in the dark. It was observed that in compari-
son to cationic dyes RhB and MB, anionic dyes MO and CR
exhibited higher adsorption in dark for individual dye samples
(Fig. 13a). CR had a substantially higher adsorption rate with
a removal efficiency of 75.5% removal in dark. However, in
comparison to CR, removal by adsorption in the dark for MO
was only 7.7%. The higher adsorption rate of anionic dyes is
a result of the high concentration of positive charge of the
nanocomposite allowing attraction and binding of negatively
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Fig. 12. Pseudo-first order kinetics for the degradation of MB with different initial concentrations (a) and Langmuir-Hinshelwood (LH)
kinetics model for the photodegradation of methylene blue by Ag-TiO, NC (b)
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charged CR and MO molecules to the active sites of Ag-TiO,
[45,46]. Moreover, the molecular structure of CR is inherently
different as it possesses more than one negatively charged
sulfonate group in comparison to MO which allows for better
electrostatic interaction between the photocatalyst and CR.
Nevertheless, the removal of CR by adsorption in dark was
not complete and a study on the photoactivity of CR was still
possible.

The overall photodegradation of individual dyes showed
that MB had the highest degradation rate at 99.6%, followed
by CR, MO and RhB at 99.4%, 79.3% and 64.3%, respectively
(Fig. 13a-b). The disparity in the degradation rates of anionic
dyes CR and MO arises from their electrostatic interaction with
electropositive clusters, enabling more efficient adsorption than
with cationic dyes such as RhB [47]. Nevertheless, the high
degradation of MB in comparison to the other dyes is mainly
attributed to its simpler molecular structure in comparison to
the other three dyes.

Currently, most of the photocatalytic photocatalysis studies
involving green synthesized nanomaterials only evaluate the
material’s efficiency in acting against single dyes or pollutants
[18-22]. Therefore, equimolar amounts of the four dyes were
mixed to further investigate the photocatalytic degradation
process in mixed dye solutions. The removal rates of all the
dyes in mixed system were completely different in comparison

Indark y jignt
conditions | .
6 | (b) CR MO RhB MB
5 . .
4 L -
-~ 1 2 ,_—‘Z::: X
g, Aoy
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Photocatalytic degradation of individual dyes MB, RhB, MO and CR (a) and pseudo-first order kinetics for the degradation of

to their counterparts (Fig. 14a-b). It was observed that the
removal rate of all the dyes was the opposite, with RhB being
the highest at 91.6%, followed by MO, CR and finally MB at
83.7%, 82.5% and 59.4% respectively (Fig. 14a-b). Moreover,
the kinetic rate constant for the removal of the dyes for MB
and CR dropped from 0.0362 min™' and 0.0277 min" to 0.0069
min~ and 0.0111 min™', while the rate constant for the degrad-
ation of MO and RhB increased from 0.0105 min™" and 0.0069
min~' t0 0.0145 min™" and 0.0121 min~' (Table-3). The reduction
of MB removal in comparison to the other dyes could be due
to the selective adsorption of the anionic dyes which interferes
with the ability of Ag-TiO, NCs to degrade MB efficiently
despite having a better degradation rate as a single dye [48].
Furthermore, the enhanced degradation of RhB could have
been caused by the adsorption of anionic dyes MO and CR,
which results in better adsorption of RhB as a result of ©t-1
stacking, hence enhancing the removal rate of these three dyes
altogether [49-51].

Fig. 15 illustrates the UV-Vis time profile for the photo-
catalytic degradation of mixed and individual dyes. It can be
observed that as time progresses, the intensity of the absorption
peaks for all solutions gradually decreases for both mixed dyes
(Fig. 15a) and individual dyes CR (Fig. 15b), MO (Fig. 15c¢),
RhB (Fig. 15d) and MB (Fig. 15e). The peak at 664 nm can be
ascribed to the dimethylamine group and thiazine group of
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Fig. 14. Photocatalytic degradation of mixed dye solutions (a) and pseudo-first order kinetics for photodegradation of mixed dyes (b)

TABLE-3
KINETIC PARAMETERS FOR THE PHOTOCATALYTIC DEGRADATION OF INDIVIDUAL DYES AND MIXED DYE SYSTEM

Nature of dye Dye : l'iate constant, K, (mjn’l-) ' l?egression coefficient, 32
Individual Mixed Individual Mixed
Cationic MB 0.0362 0.0069 0.8657 0.8252
RhB 0.0069 0.0121 0.9151 0.7864
Anionic CR 0.0277 0.0111 0.8558 0.9325
MO 0.0105 0.0145 0.9329 0.9749

MB molecules. In case of both mixed and individual dyes,
these chromophore groups exhibited conjugation loss at the
Amax- This is likely to be caused by N-demethylation and deami-
nation of MB dye molecules [52]. On the other hand, for both
MO and CR, the azo groups (-N=N-) in these molecules were
degraded, as indicated by their characteristic peaks at 464 nm
and 490 nm in both mixed and individual dye samples. Absor-
ption peaks for CR at ~350 nm which is assigned to biphenyl
aromatic rings showed a very noticeable decrease in its peak
showing that aromatic compounds were broken down in the
degradation process [53]. Finally, RhB the chromophore struc-
tures of the N-ethyl groups on the sides of the xanthene rings
were ascribed to absorption peak at 564 nm. This corresponds
to the n—m transition of C=N and C=0 groups. It can be seen
that similarly to MB, RhB was degraded through the cleavage
of chromophore groups, followed by hydroxylation, aromatic
ring opening and mineralization of the overall compound [54].

So, the performance of Ag-TiO, NC showed a reliance on
the photodegradation process towards the affinity of the photo-
catalyst to absorb dye molecules of different natures. While
MO and RhB did not show much degradation when treated
individually in comparison to CR and MB, it was revealed that
in mixed dye solutions, the degradation process was substan-
tially improved due to the selective interaction of the photo-
catalyst with other dyes. This shows the potential of plant extract
mediated green synthesis as a feasible method to realistically
dye-laden effluents.

Antibacterial study: The antibacterial study aimed to
assess the effectiveness of Ag-TiO, synthesized through onion
peel extract in producing a photocatalyst with antibacterial
activity against Gram-positive bacteria, E. coli and Gram-
negative bacteria, S. aureus, respectively. A control test was
performed to compare the effectiveness of each component

(onion peel extract, TiO,, AgNP and Ag-TiO, NC) with a fixed
concentration of 1 g/L. against both bacterial samples (Fig. 16).
It can be observed that each component has varying mech-
anisms that play a role in inhibiting bacterial growth. It was
observed that both Gram-negative and Gram-positive bacterial
samples demonstrated significant antibacterial properties, with
onion peel extract and AgNPs playing a key role in the green-
synthesized Ag-TiO, NC. The onion peel extract and AgNPs
showed high inhibition zones at 12.55 + 0.39 mm and 14.80 =
0.30 mm for E. coli (Fig. 16). Comparatively, bare TiO, samp-
les showed limited activity against E. coli. Most studies stated
that the primary mode of action for TiO, is the production of
reactive oxygen species, while its larger particle size poses
challenges for cell membrane penetration [55,56]. However,
the Ag-TiO, NC displayed a larger inhibition zone at 13.01 +
1.97 mm. This is attributed to the small size AgNPs, which
enables them to penetrate cell walls and membranes, along
with the bioactive compounds present in the onion peel extract
[30,57]. Similar activities were also observed against S. aureus.
The only difference between the two samples is that TiO, is
shown to have antibacterial properties against the Gram-nega-
tive bacteria. This could be a result of the positively charged
TiO,, which can attract the negatively charged teichoic acids
in the peptidoglycan resulting in surface interactions of TiO,
with the cell membrane of S. aureus. The difference in the ability
of Ag-TiO, NC to inhibit the growth of E. coli compared to S.
aureus can be attributed to the structural differences between
Gram-negative and Gram-positive bacteria. Gram-negative
bacteria possess a thicker peptidoglycan layer, which acts as a
barrier, making it more challenging for Ag-TiO, NC to pene-
trate the cells compared to Gram-positive bacteria [58].
Additional studies were conducted to evaluate the influence
of Ag-TiO, NC dosage on inhibiting the growth of bacterial
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samples (Fig. 17). It was found that for E. coli, an increase in
concentration from 1 g/L to 10 g/L showed no significant incre-
ase in the inhibition zone. This trend suggests a saturation point
where the maximum antimicrobial effect was achieved. The
plateau effect can be explained by the limited interaction betw-
een the nanomaterials and bacteria beyond a certain concen-
tration and once saturated, further increase in Ag-TiO, NC does
not pro-portionally enhance the antimicrobial activity. Conse-
quently, for S. aureus, the increase in concentration of Ag-TiO,
NC from 1 g/L to 10 g/L increased in the inhibition zone. This
could mean that a higher concentration of nanomaterials is
needed for a more effective disruption of bacterial activities
as Gram-negative bacteria possess a thicker peptidoglycan layer
as opposed to Gram-positive bacteria. This study reveals that
green synthesized Ag-TiO, NC holds promise as an antimicro-
bial agent for use in the water treatment processes.
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Fig. 17. Inhibition zones (mm) and antibacterial activity by different photocatalyst
dosages against E. coli and S. aureus

Stability of Ag-TiO, NC: Despite the remarkable ability
of the green synthesized Ag-TiO, NC to nearly complete catalyze
different dyes, its photostability and recyclability must be consi-
dered to ensure functionality after multiple uses. Hence, MB
was chosen to determine the stability given the high degrad-
ation rate. The photocatalytic degradation of MB after four
consecutive photocatalytic cycles under optimized conditions
was studied (Fig. 18). The efficiency for the photodegradation
of MB by Ag-TiO, NC showed a slight reduction from 97.8%
to 72.5% after 4 cycles. The reduction in photocatalytic ability
could be due to certain changes after a few cycles of photocatal-
ysis. As shown in the SEM micrograph (Fig. 19), the recovered
Ag-TiO, NC agglomerated after four consecutive runs. This
could have caused low radiation penetration inside the agglo-
merates, hence resulting in reduced photocatalytic activity.

However, the elemental mapping with EDX (Table-4)
revealed a slight reduction in Ag and Ti mass percentage. Further

In dark uv In dark uv
conditions light conditions light

0 30 60 90

120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600

Time (min)
Fig. 18. Recyclability study of Ag-TiO,NC
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Before

TABLE-4
ELEMENTAL COMPOSITION OF Ag-TiO,
NC BEFORE AND AFTER THE 4" CYCLE

After 4 cycles

Fig. 19. SEM micrographs of Ag-TiO, NC before (a) and after 4™ recycling (b)

Elements Mass percentage (%)
Before After
(0] 23.94 +0.05 30.11 = 0.06
Ti 39.47 +0.18 36.32 +0.04
Ag 36.59 +0.16 33.57 +0.05
Total 100.00 100.00

analysis was also performed using XRD (Fig. 20), which showed
no differences in the crystal structure of Ag-TiO, NC before
and after recycling. All the major peaks for anatase phase TiO,
and Ag are present in the XRD spectra. The findings indicate
that the crystal form of the photocatalytic material was not
destroyed over the process. Hence, this study provides a notable
insight into the ability of green synthesis through plant extract-
induced reactions to form exceptionally stable photocatalytic
materials.

1900 A

Ag
1700 + TiO, (anatase)

Intensity (a.u.)
4 a4
S w g
o o o
o o o

900 Before

700
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
26 ()
Fig. 20. XRD spectra before (a) and after 4" recycling (b) of Ag-TiO, NC

Proposed degradation pathway: The photocatalytic
mechanism of a semiconductor begins with the generation of
electron-hole pairs in the conduction band (€) and the valence

N

o

band (h',) when exposed to UV light. The elucidation of the
photocatalytic mechanism was carried out by introducing the
radical scavengers to the aqueous system containing the MB
pollutant. This was conducted to determine the main reactive
species responsible for the degradation of MB. Fig. 21a illus-
trates that the order of MB removal efficiency using Ag-TiO,
NC in the presence of the radical scavengers is BZQ (80.1%)
> MeOH (59.4%) > H,O, (59.2%). The removal efficiency is
significantly higher in the absence of scavenging agents, indi-
cating that "O; radicals are not a prominent component in the
photocatalytic degradation mechanism. Conversely, the pres-
ence of MeOH and H,O; significantly reduced the degradation
efficiency to 59.4% and 59.2%, suggesting that "OH and h* are
the predominant species responsible for the degradation of MB.

As shown in Fig. 21b, the photocatalytic activity of Ag-
TiO, NC is initiated by the irradiation of UV light. This causes
the valence band (VB) electron in TiO; to be at its highest energy
state, thus causing an increase in the potential energy of the
electron. The electrons will then be further excited, resulting
in the migration of the electrons from TiO, into Ag. As demons-
trated through PL analysis and UV-DRS, the incorporation of
Ag led to areduction of band gap (E,) and electron-hole recom-
bination. This indicates that Ag effectively served as an electron
trap, facilitating the formation of electron-hole pairs in the
process (eqn. 1). The electrons from Ag lead to the formation
of *O; radicals, which then react with H,O molecules to produce
the main reactive species, ‘OH radicals responsible for the
degradation of MB (eqns. 2-3). Subsequently, the photogene-
rated holes can react with H,O to produce “OH (eqn. 4) and
subsequently lead to the production of degradation products
(eqn. 5). The findings of this study align with the reported
studies [59], which identified holes as the main reactive species
involved in the photocatalytic reaction mechanisms. The photo-
catalytic mechanism for MB degradation by Ag-TiO, NC is
summarized as follows:
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photocatalytic mechanism of Ag-TiO, NC (b)
Ag-TiO, +hv — Ag-TiO,(e” +h") (H
e +0, > °0; 2
H,0+ 0, ->OH + ‘OH (3
Ag-TiO,(h")+H,0 > H" + "OH “4)
‘OH+MB — CO, +H,O (degradation products)  (5)
Conclusion

This study emphasizes the potential of microwave-assisted
synthesis approach for producing Ag-TiO, NCs as an effective
agent for water remediation. The green synthesized Ag-TiO,
NC showed stable formation of AgNPs with enhanced charge
separation and reduced energy band gap, which allows for
photonic absorption under visible light and thus outperforms
the photocatalytic performance of TiO, under UV-visible light.
Under UV-visible light, Ag-TiO, NC was able to degrade 5 ppm
of MB dye almost completely with a degradation efficiency of
99.6% and 64.3% within 150 min of treatment time. In addition,
the green synthesized Ag-TiO, also showed affinity towards
the adsorption of anionic dyes CR and MO individually and
showed remarkable removal of both anionic dyes and cationic
dyes in the mixed dye solutions. The Ag-TiO, NC also showed
promising stability with a slight reduction in the photocatalytic
ability to degrade MB from 97.9% to 72.6% after 4 consecutive
treatment cycles. Moreover, the antibacterial assay revealed that
the green synthesized Ag-TiO, showed enhanced antibacterial
properties against both E. coli and S. aureus in comparison to
bare TiO» due to the deposition of Ag as well as the presence
of bioactive compounds from the onion peel extract, which
acts as a potent antibacterial agent in the synthesized NC. Hence,
the green synthesized Ag-TiO, NCs reveals the potential of
plant extract, in this case, a waste material, in mediating the
synthesis of photocatalytic nanomaterials without the need for
harsh solvents and chemicals. This provides a more sustainable
alternative in attaining functional and highly stable photo-
catalytic nanomaterials, as plant materials are abundantly found
from a wide array of sources.
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Effect of reactive species on methylene blue photodegradation using Ag-TiO, NC and the schematic illustration of the proposed
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