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ABSTRACT

Azo dyes represent a significant concern to the environmental regulations and proper wastewater treatment is
crucial in mitigating its impact on ecosystems. This study investigates the removal of black azo dye from aqueous
solution using silver oxide nanoparticles (Ag,0 NPs) improved with green-like material. The trumpet vine leaf
extracted was used as a capping and reducing agent to formulate the nanomaterial catalyst. A characteristics analy-
sis using scanning electron microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS), X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and Fourier-Transform Infrared Spectros-
copy (FTIR) techniques was performed to examine the features of the catalyst. About 79% removal efficiency of
azo black dye was reached using a 1.0 g/L dosage of the Ag,O nanoparticles under visible light exposure in batch
mode reactor. The reusability analysis illustrates a stable behavior after five cycles of loading, and the kinetic study
revealed that the reaction is compatible with the 1% order kinetic model. These findings suggest an effective, reli-
able, and bio-friendly photocatalytic candidate for a variety of water treatment applications.

Keywords: black azo dye, silver oxide nanoparticle, bio-synthesis, nanomaterial characterization, photocatalysis.

INTRODUCTION

Water resources are required for the survival
of all living beings on earth; thus, water is a vital
element for the life in ecosystem. Industrializa-
tion inevitably declines quality of sea water and
quantity of drinkable water, ultimately endanger-
ing marine and human life (Rasouli et al., 2024).
Different sources of pollutants such as dyes.
About 20% of all dye pollution is reportedly re-
leased into the water’s surface (Donkadokula et
al., 2020). The textile industry has been shown to
be a particularly high source of pollutants, gen-
erating a significant amount of wastewater daily.
Its affluent often contains a high concentration
of organic compounds, dyes, and other nutrients,
which, if not treated properly, can lead to major
environmental pollution, such as acarbose, and
rhodamine-610. Even at concentrations less than
1 mg/L, the presence of traces of dye in water is
very apparent and influences the aesthetic value
of lakes, rivers, and other water bodies, impact-
ing their water transparency and gas solubility.

However, dyes are more difficult to handle than
other contaminants because of their artificial ori-
gin and complex aromatic structures (Alwared et
al., 2023a). Azo dyes are the main type of dyes
used in the industry, they are the major dyeing
process components utilized in the textile industry
(Sarkar et al., 2020). They are part of the biggest
textile dye family, which includes 60—-70% of all
textile colors used in practical applications (Sinha
et al., 2018). The environment and the general
public’s health are seriously threatened by these
hazardous substances. (Singh et al., 2015). The
effective removal of dyes from wastewater is one
of the major environmental challenges in water
management. To date, various methods of waste-
water treatment such as adsorption, electrochem-
istry, biological treatment, chemical oxidation,
coagulation, flocculation, and ion exchange, have
been used (Raghad and Abeer, 2023). However,
many of these methods have significant draw-
backs, such as high costs, the need for complex
conditions for the reaction, or the fact that they do
little more than transform the contaminants from
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liquids to solids, as is the case with most adsorp-
tion techniques (Ledakowicz and Pazdzior, 2021).
Advanced oxidation processes (AOPs) are an ef-
ficient destructive technique that breaks down
organic pollutants into simple products. These
processes depend on in-situ generation of *OH
radicals to initiate the oxidation reactions, leading
to complete mineralization of pollutants to H,O
and CO,. Among these AOPS methods, photoca-
talysis is considered a relatively attractive option
for wastewater treatment and dye decomposition.
The photocatalytic process is characterized by low
cost, simplicity, high efficiency, and harvesting
the solar light to degrade organic pollutants using
solid photocatalysts (Okab, and Alwared, 2023).

Silver is one of the less expensive noble met-
als (Au, Pd). Because of its large surface area,
non-toxicity, cost-effectiveness, and environmen-
tal friendliness, silver nanoparticles (NPs) are
drawing interest in nanotechnology (Aravind et
al., 2021). Ag,0, among other semiconductors,
demonstrates the best photocatalytic performance
when it comes to treating azo dyes because of its
rapid rate of photodegradation when exposed to
visible light (Wang et al., 2020). Ag,O is a p-type
semiconductor with a brown color and a straight-
forward cubic structure (Yong and Schoonen,
2000). Its band-gap energy of 1.2 eV is almost
perfect, making it appropriate for photocatalytic
uses in the visible spectrum. Ag O is also widely
utilized in a variety of industrial applications,
such as electrode materials, cleaning agents, pre-
servatives, colorants, and photocatalysts for or-
ganic transformation and environmental remedia-
tion. Ag O is also discovered to be a stable and
extremely effective photocatalyst under visible
light (Kadam et al., 2016)

The chemical synthesis for the nanoparticle
process involves the chemical reaction of several
precursors to produce another nanometer-sized
material. The drawbacks of physical and chemical
methods are the use of toxic solvents, hazardous
waste, and high energy consumption (Narayanan
and Sakthivel, 2010). As a result, further develop-
ments are required to create ecologically safe and
renewable nanoparticles.

The biosynthetic process (also known as
green synthesis) is a technique for creating
nanoparticles that utilize reducing agents ob-
tained from plants and microorganisms. It of-
fers several advantages, including environmental
safety, economic effectiveness, biocompatibility,
renewable energy, and non-toxicity. Jalill et al.
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(2016). Sugars, terpenoids, polyphenols, alka-
loids, phenolic acids, and proteins are all com-
pounds that can play a role in the biosynthesis of
nanoparticles (Akhtar et al., 2013; Hemlata et al.,
2020; Parveene et al., 2016).

Plant-assisted reduction, which is the outcome
of phytochemicals such carboxylic acids, amides,
aldehydes, and ketones, is the mechanism em-
ployed in this process. It is a bottom-up method
wherein an oxidation or reduction reaction takes
place to create silver nanoparticles (Manik et al.,
2020). The green biosynthetic method’s basic
foundation was bioremediation, a technique that
uses plants’ natural processes to recover metals
from previously polluted soils. Plants not only
gather metals but also deposit them as nanopar-
ticles. In summary, reducing agents derived from
plants and microbes are used in the biosynthetic
process, or biosynthesis, to create nanoparticles
(Abass and Alwared, 2024).

The biosynthesis of silver oxide nanoparticles
utilizing leaf extract was effectively described in
this work. The characteristics of the suggested
catalyst were investigated using different assess-
ment techniques, and the removal of black azo
dye was examined under visible light exposure
considering a variety of reaction parameters.

MATERIALS AND METHODS

Materials

The materials utilized in this study included
leaves of the Trumpet vine plant, double distilled
water that was used as a solvent in various prepa-
ration steps, Sodium hydroxide (NaOH), and sil-
ver nitrate (AgNO,, 99.8%). The black azo dye,
known for its complex molecular structure and
environmental persistence, was the specific dye
targeted for removal in this study. All chemicals
utilized were procured from Thomas Baker, In-
dia, and were employed without undergoing any
additional purification steps

Green material preparation

Fresh Trumpet vine leaves were gathered and
thoroughly cleaned with double-distilled water.
Using a mixer grinder, these leaves were dried
and ground into a fine powder. The plant extract
was made by dissolving 20 g of powdered leaves
in 200 ml of double-distilled water, then boiling
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the liquid for 25 minutes at an approximate tem-
perature of 60 °C and stored for further experi-
ments (Haider and Alwared, 2023).

Green syntheses of silver oxide NPs

Silver ion reduction was used to produce NPs
in an environmentally friendly manner. Aqueous
solution containing 1 mM silver ions solution
(90 ml) was gradually supplemented with 5 ml of
leaf extract drop by drop. Initially, the production
of silver nanoparticles was verified visually. The
reaction turned from a green-dark solution to a
goldish-brown color after 5 minutes of constant
stirring when the reductant (leaf extract) and sil-
ver nitrate were mixed, confirming the synthesis
of silver particles (Figure 1). The created NPs
were centrifuged for 15 minutes at 10.000 rpm
at 40 °C and dried in a hot air oven at 100 °C
for 1 hour. Finally, the collected Ag-NPs were
stored in a glass bottle for further characteriza-
tion (Manik et al., 2020).

Experimental setup

The batch mode reactor used for the tests was
made locally out of aluminum. A 12x12x3.8 cm

AgNPs powder

Adding leal extract

Silver nitrate solution

Trumpet vine plant

fan running at 2550 rpm ventilates the photoreac-
tor, which creates a closed box of 60x60x60 cm.
This ensures that the reactor’s air circulates prop-
erly. An internal stirrer was positioned in the cen-
ter of the reactor, with its top surface 13 cm from
the bottom. During the trials, the dye solution
was kept in a 1000 mL Pyrex glass beaker. For
the photocatalytic processes, four 50-watt LED
projectors served as the visible light source. To
provide even illumination, these projectors were
placed around the beaker at 90-degree intervals,
with a 10-cm gap between them (Figure 2).

RESULTS AND DISCUSSION

Trumpet vine extract was used to successfully
synthesize Ag,O nanoparticles (NPs) as capping
and reducing agents. By examining their optical,
morphological, and biological characteristics, sil-
ver nanoparticles were investigated. Utilizing an
X-ray diffractometer, Fourier transform-infrared
spectroscopy, UV-visible spectroscopy, and scan-
ning electron microscopy with the elemental
dispersive spectrum, photoluminescence, photo-
catalytic activity, and photoluminescence, silver
oxide nanoparticles were characterized.

@ @
0.'__ .

Leal Extract

Filtering

Figure 1. Flowchart illustrates the green synthesis process of Ag,O nanoparticles
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Figure 2. Batch configuration with LED projectors
used for the photocatalytic reaction

Characterization of Ag,0 NPs

Elemental composition

An energy-dispersive X-ray spectroscope
(EDS) fitted with a SEM was also used to analyze
the chemical composition of the silver particles. A
prominent silver signal in the EDS profile indicated
that silver (Ag) was a significant component of the

DeHNa- K| Au- Nbg- L

Fe-K

Au-

- Fe- K

produced particles. According to the EDS spectra,
the synthesized samples are dominant silver (shown
by distinct Ag peaks) with minor peaks of oxygen
(O), carbon (C), and iron (Fe (as illustrated in Fig-
ure 3. These secondary components are attributed
to the organic ingredient of trumpet vine extract
that is used as a capping and stabilizing agent (Al-
Musawi et al., 2023; Kadam et al., 2016).

Morphology analysis

The synthesized Ag,0 NPs’ morphology was
investigated using scanning electron microscopy
(SEM) examination. The uncapped silver nanopar-
ticles showed agglomerated uneven shapes as can
be seen in (Figure 4A). By using the leaf extract
as a modifier, the nanoparticles, which had a mini-
mum size of 31.82 nm, showed a plate-like shape
with sharp numerous facets indicating that Par-
ticle size is determined by the proportion of stabi-
lizing agent to silver ions (Figure 4B). Therefore,
the creation of Ag20 NPs may have been influ-
enced by a variety of parameters, such as time and
the concentration of the reducing agents. Aside
from that, stabilizing agents are important because
they prevent the particles from clumping together,
which helps manage their form (Ali and Alwared,
2024a; Mohammed et al., 2024).

Structural characterization

The structural analysis of the nanoparticles
was assessed through an X-ray diffraction (XRD)

o

Figure 3. Element analysis profile of the synthesized Ag,O nanoparticles using dispersive X-ray spectroscope
(EDS)
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Figure 4. Images of various magnification factors showing the morphology of Ag,O nanoparticles using
scanning electron microscopy (SEM)

test. The results presented in (Figure 5) reveal
multiple distinctive peaks that likely correspond
to the typical face-centered cubic (FCC) struc-
ture of silver. The observed positions of peaks
were at 38.3°, 44.5°, 64.6°, and 77.5° which cor-
responded to 111, 200, 220, and 311 planes re-
spectively. The slight broadening of these peaks
suggests a nanoscale size of the specimen and
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the high-intensity reflection of the 111 plane in-
dicates that the silver NPs have preferred orienta-
tion along this plane. Additionally, the crystal size
was further quantified for the 111-reflection plane
using the Scherrer equation and was found to be
7.4 nm. Overall, the results suggest that the silver
nanoparticles are relatively pure and free from
secondary phases (Kazlagic¢ et al., 2020).
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Figure 5. XRD results for the Ag,O nanoparticles
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Surface properties of silver NPs

The surface area of the nanomaterial was
calculated through the Brunauer-Emmett-Teller
(BET) and Langmuir Isotherm illustrated in (Fig-
ure 6A) and (Figure 6B), respectively. The total
specific area revealed by the BET test is 16.361 m?
¢!, however, if a homogenous surface assumption
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was utilized, then the maximum adsorption area
produced by Langmuir Isotherm is 28.263 m? g
The surface area of nanoscale particles is usually
categorized under two distinctive regions, the Mi-
cropore and the Mesopore. The Micropore is for
particles with small sizes of less than 2 nm while
the Mesopore zone involves particles size between
(2-50 nm). The t-plot presented in (Figure 6C) is
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Figure 6. BET Surface area and porosity analysis of the Ag,O nanoparticles, (A) BET, (B) Langmuir, (C) t-plot,
(D) as- plot, (E) BJH, (F) ADS-DES
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used to differentiate these two areas. Accordingly,
a greater area contribution is found to be yielded
from the Mesopore zone with 17.835 m? g'! com-
pared to only 9.097 m? g'! participated by the Micro-
pore, indicating the high efficiency of the trumpet
vine leaf extract as a reducing and capping agent.
Further inspection was done using os-plot (Figure
6D) and a comparable result was found confirming
the t-plot outcomes (Mesoporosity = 18.154 m? g,
Microporosity = 11.865 m? g'). Additionally, the
Barrett-JoynerHalenda (BJH) method was used to
examine the Mesoporosity pore size distribution
of the sample resulting in a 6.939 m? g'! pore area
(Figure 6E). The Overall Adsorption-Desorption
behavior is demonstrated in (Figure 6F). The iso-
therm shows a sharp increase in adsorption volume
compatible with Type IV isotherms. This is com-
monly associated with mesoporous materials fur-
ther emphasizing the results of t-plot and as-plot
(Alwared et al., 2023b; Wang et al., 2020).

Fourier transform infrared spectroscopy (FTIR)
analysis

The surface functional groups and their interac-
tions found in the synthesized Ag-NPs were identi-
fied using FTIR analysis. (Figure 7) displays the
as-prepared Ag-NPs’ pragmatic FTIR spectrum.
The extract’s phytochemicals functioned as a cap-
ping agent, binding to the Ag-NPs, as evidenced
by the major absorption peaks of 3420.14 (O-H,
stretch, H-bonded), 1600.63, 1457.92, 1254.47,
1096.33, 873.596, and 615.181 cm™!. These can be
attributed to O-H, C-C, C-H band, -C-O, -C-H
(alkanes), and COO- stretching vibrations, re-
spectively (Ali et al., 2023). The presence of phy-
tochemicals in the Trumpet vine extract, such as

100
90
80

%T

70
60

50

4000 3250

2500

amide groups, amino groups, carboxyl groups, tan-
nins, phenol, flavonoids, terpenoids, saponins, and
polyphenolic compounds, was found to be crucial
for the reduction, capping, and stabilization of Ag-
NPs, as determined by FTIR analysis.

Photocatalytic activity

Dye removal

The removal efficiency of black azo dye was
investigated under various concentrations of the
catalyst (green-enhanced silver nanoparticles). Fig-
ure 8A illustrates the role of catalyst dosage on the
degradation rates of the pollutant (Azo dye). Five
catalyst concentrations were examined (0.2 g/L,
0.4 g/L, 0.6 g/L, 0.8 g/L, 1.0 g/L) after optimizing
the concentration of the black dye and pH value at
15 mg/L and 5, respectively. A pH of 5.0 was se-
lected for the experiment as it represents a typical
slightly acidic environment, which closely mim-
ics real-world conditions for pollutant degradation
and is known to enhance photocatalytic activity
by promoting the generation of reactive oxygen
species (ROS) without causing excessive catalyst
instability (Haider and Alwared, 2023). There are
two stages for conducting the test, the first stage
is the adsorption phase which is performed in the
dark state, and the second stage is the photocata-
lytic phase which is performed under visible light
irradiation. The adsorption period took place in 30
minutes and negligible removal rates were noticed
(Aravind et al., 2021). However, under visible
light conditions, the degradation efficiency rapidly
increases with time reaching a maximum removal
efficiency of 79% using 1.0 g/L catalyst (Equation
1). Decreasing dosages of the silver nanoparticles

1750 1000 250

wavenumber (cm!)

Figure 7. FTIR spectra of Ag,0 NPS
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revealed lower degradation rates with an average
effectiveness of 75%. Additionally, a kinetic analy-
sis was performed in order to specify the reaction
type. Two reaction models were investigated, the
first-order and second-order kinetic models illus-
trated in Equation 2 and Equation 3, respectively
(Abdulrazaq et al., 2023; Mohammed et al., 2020).

C
Removal Ef ficiency = 100 X (1 — C_> (1)
0
C

(B)-(2) -

2)

)

where: C is the initial concentration of the pollut-
ant, C is the pollutant concentration under
light irradiation for a specific time (7), and
k, and k, are the kinetic rate constants for
first and second kinetic models (Ali and Al-
wared, 2024b; Raghad and Abeer, 2023).

Figure 8B and Figure 8C demonstrate the pro-
files of the suggested models for a variety of cata-
lyst concentrations with time. The straight line of
the first-order model aligns perfectly with the data
points, suggesting an excellent representation of the
reaction. On the other hand, the second-order model
differs considerably and there is a poor matching be-
tween the points and the straight line. These results
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Figure 8. Dye removal efficiency under visible light: (A) Degradation rate of Azo dye (B) first order kinetic
model, (C) second order kinetic model

142



Journal of Ecological Engineering 2025, 26(3), 135-146

Table 1. Kinetic model study using various catalyst concentrations

18t Order 2" Order
Catalyst dosage (g/L)
K, (min™") R? K, (L/mol/min) R?
1.0 0.0127 0.9787 0.0294 0.8865
0.8 0.0122 0.9662 0.0231 0.8484
0.6 0.0114 0.9434 0.0212 0.8788
0.4 0.0104 0.9244 0.0197 0.8321
0.2 0.0094 0.8943 0.0167 0.8022

are numerically presented in Table 1. The correlation
coefficients (R?) of the first-order model are signifi-
cantly higher for the whole series compared to the
second-order type, further confirming the reliability
of the first-order kinetic to describe the reaction pro-
cess. Hence, the photocatalytic reaction was suggest-
ed to follow the pseudo-1%-order kinetic model with
a highest value of reaction constant (K,) of 0.0127
min at 1.0 g/L concentration and a correlation coef-
ficient R>=0.9787.

Repeatability analysis

In order to confirm the reliability of the pro-
posed photocatalyst, a stability study consisting
of five cycles was performed by collecting the sil-
ver NPs after each cycle and using them again for
the dye removal reaction. An optimum parametric
value of 1.0 g/L photocatalyst dosage, 15 mg/L
dye concentration, and pH of 5 were utilized for
that purpose. As can be demonstrated in (Figure
9), the catalyst is approved to be stable and can be
reused for several runs while retaining its effective-
ness. The maximum reduction in the degradation
efficiency was 12.6% after five consecutive runs,
affirming the stability of the bio-improved silver
nanoparticles for the treatment of black azo dye.
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Comparison with previous studies

The photodegradation performance of this
study was compared with other previous research
to evaluate the photodegradation activity of Ag,0
NPs, and the results are presented in Table 2. The
targeted pollutant for all of the selected studies
was a variety of black azo dye treated by silver
nanoparticles that were synthesized using differ-
ent green pathways. Several variables were taken
into account, including direct parameters like the
concentration of pollutants, the dose of catalyst,
the duration of irradiation, and the removal effi-
ciency. Undirect parameters such as cost, environ-
ment, and feasibility were also considered to con-
clude a holistic assessment for the comparison.

It was noticed that some of these studies have
taken a long time to prepare the Ag,O NPs for up
to 168 h of mixing were utilized to formulate the
nanomaterial (Kumar et al., 2016) compared to
less than 2 h needed for this study. Other studies
demand 8 h to reach the maximum removal ef-
ficiency under sunlight (Kumar et al., 2016; Roy
et al., 2015) which represents a whole sunny day
in an optimistic estimation compared to only two
hours of LED light exposure suggested by this

72.6

I 70.2 69.1
I/I /'

3 4

5

Cycles

Figure 9. Stability analysis of the bio-enhanced silver nanoparticles
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Table 2. Previous studies on the green synthesis of Ag,O NPs and its efficiency in removing pollutants

Plant name Catalyst dose | Pollutant dose Light source Time (h) | Efficiency (%) References
Potato (Solanum . (Roy et al.,
tuberosurm) 500 mg/L 10 mg/L Sunlight 8 75 2015)
Lantana camara L. (Kumar et al

0.2-1.0 mL 10 mg/L Sunlight 6 70.6 N
flower ¢ ¢ 2016)
Bacillus licheniformis | 200 mg/L 10 mg/L Visible light 3 94.0 (M°r2"(')r1‘ :)t al.
Mercury Lamp 125 (Singh &
Nepeta leucophylla 1.8 ml 60 mg/L Watts 3 82.8 Dhaliwal, 2020)
Jasmine flower extract 10 mg 100 ml Sunlight 2 72.0 (Ara‘;'ggf)t al,
Trumpet vine leaves 0.2-1.0 g/L 15 mg/L Visible light 2 79.1 This study

work. Additionally, the highest degradation effi-
ciency of all these studies was 94% (Momin et
al., 2019). This percentage was achieved using
mutant Bacillus licheniformis as a bio ingredient
which is a genetically modified mutation of the
Bacillus bacteria that can developed by special
medical laboratories in sample form with high
production cost and these samples are not ade-
quate for real-life scenarios where high discharge
wastewater are expected. There are also region-
specific plants that are habited to certain areas
like the Nepeta leucophylla, a plant found in ex-
tremely high elevations mainly in the Himalayas
(Singh and Dhaliwal, 2020). Other studies have
used the flowers of plants instead of their leaves
for instance the Jasmine flower (Aravind et al.,
2021), and Lantana camara flower (Kumar et al.,
2016). This part of the plant is usually seasonal
and has other medical and commercial uses mak-
ing it costly with limited availability. This work
has used the leaves of the trumpet vine plant,
known for its aggressive overgrowth, worldwide
climate adaptation, and partly evergreen (The
U.S. Department of Agriculture (USDA)).

CONCLUSIONS

The improved silver nanoparticles with the
green-like material of the Trumpet vine leaf ex-
tract have approved its effectiveness as a photo-
catalyst in the removal of black azo dye from an
aqueous solution, removal efficiency was 79.1%
after 2 hours of visible light exposure using 1.0
g/L of catalyst dosage, 15 mg/L of dye concen-
tration, and pH value of 5. The characterizations
of the Ag O NPs were identified using XRD,
FTIR, SEM, and BET techniques. The role of the
green material as a capping agent was specifically
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revealed in the characterization analysis of the
proposed nanomaterial. The adaption of visible
light irradiation with leaf extract in the ignition of
the reaction activity is a convenient, environmen-
tally friendly for water treatment. Additionally,
the reusability study and kinetic analysis further
emphasize its reliability in maintaining the deg-
radation rates. These results introduce a strong
catalyst for multiple applications where the envi-
ronment is a key factor in the treatment process.
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