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Abstract

This study introduces a green and sustainable method for synthesizing silver oxide nanoparticles
(Ag,O NPs) using Lobularia maritima extract as a natural reducing and stabilizing agent. Unlike
traditional chemical and physical methods that rely on toxic reagents and high energy inputs, this
eco-friendly approach is cost-effective, safer, and aligns with green chemistry principles. The
synthesized Ag,0 NPs exhibited impressive antioxidant activity, with 80 & 0.02% 2,2’-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) and 75 4 0.02% 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging efficiencies, comparable to those of ascorbic and gallic acids. In photocatalytic
tests, they achieved 91% degradation of methylene blue under visible light within 120 min,
outperforming many chemically synthesized Ag,O NPs. Characterization via ultraviolet-visible
(UV—-vis) spectroscopy, Fourier transform infrared (FTIR), scanning electron microscopy with
energy dispersive x-ray analysis (SEM-EDX), dynamic light scattering (DLS), and x-ray diffraction
(XRD) confirmed the high purity, stability, and controlled morphology of the samples. These
findings highlight the potential of plant-based Ag,O NPs for real-world applications in environ-
mental cleanup and biomedical fields. Future research can focus on scaling production and testing
biocompatibility for broader industrial use.

Abbreviations

ABTS 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
DPPH 2,2-Diphenyl-1-picrylhydrazyl

TAC Total Antioxidant Capacity

XRD X-ray Diffraction

FTIR Fourier Transform Infrared Spectroscopy
UV-vis Ultraviolet—Visible Spectroscopy
Ag,ONP Silver Oxide Nanoparticles

MB Methylene Blue

k, Pseudo-First-Order Rate Constant
AgNO; Silver Nitrate

k, Pseudo-Second-Order Rate Constant

R? Coefficient of Determination

t1 o Half-life
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ROS Reactive Oxygen Species
NPs Nanoparticles

1. Introduction

Recently, silver oxide nanoparticles (Ag,O NPs) are increasingly becoming a relevant material and possess
unique physical characteristics, such as their optical, catalytic, and biological properties, which represent a
multitude of possible applications in both environmental remediation and healthcare [1, 2]. Ag,O NPs have
excellent photocatalytic characteristics that allow them to decompose organic pollutants, due to their high
surface area and reactive attributes [3]. The unique antimicrobial and antioxidant characteristics of Ag,O NPs
make them useful in many medical-related applications, including wound healing, drug delivery, and coatings
on medical devices [4]. Ag,O NPs can be synthesized by traditional methods of physical or chemical synthesis
[5]. The chemical method for producing Ag,O NPs generally uses the following reducing agents for silver salt
production: hydrazine, sodium borohydride, and ascorbic acid. Chemical synthesis allows the formation of
Ag,0O NPs with control over the particle size and shape. However, many commercial items such as silver oxide
NPs and other types of metallic NPs use chemical synthesis methods to manufacture their products, therefore
creating issues regarding the use of hazardous chemicals [6].

Moreover, traditional chemical methods can create serious risks for health and the environment due to
toxic and volatile chemical reagents that are used [7]. The disposal of the chemical waste obtained from these
methods can negatively impact the environment [8]. Physical methods to produce high-purity nanoparticles
consume a large amount of energy and need complex equipment; therefore, they are not as sustainable or
economically feasible compared to green synthesis techniques. Both physical and chemical methods can only
be used in resource-limited environments with access to energy and infrastructure, thus demonstrating the
need for more environmentally-friendly and easily accessible production methods [9, 10]. Green synthesis has
emerged as an alternative solution to the limitations of the above methods; using natural resources like plant
extracts, bacteria, fungi and algae to reduce silver ions has been identified as a new method to produce silver
nanoparticles [11]. The additional benefit of using the natural phytochemicals contained within plants for both
reducing and stabilising agents eliminates the need for additional toxic reagents, reducing the environmental
impact of silver nanoparticle production [12, 13]. Many different plants have already been investigated using
green synthesis technology, including Parieteria alsinaefolia [ 14] Croton macrotachyus[15], and Mistletoe [16],
which have demonstrated the potential to synthesize biocompatible Ag,O NPs with valuable bioactivities, and
more literature can be studied in table S1 (please see the supporting information (SI)). It is easier, less poiso-
nous, cheaper, and adheres to green chemistry principles [17].

Furthermore, plant extracts also contain natural capping agents that enhance the stability and functionality
of Ag,O NPs, which are required for applications involving biocompatibility, such as in biomedical and envir-
onmental fields [18]. However, green synthesis can sometimes result in a broader particle size distribution, and
the degree of purity may be less than that achieved through physical methods [19]. Despite these potential
limitations, advancements in optimizing green protocols improve nanoparticle quality, making this approach
increasingly feasible for diverse applications [20].

As part of broader efforts in sustainable nanotechnology [21-26], this study presents an environmentally
benign strategy for synthesizing Ag,O nanoparticles using Lobularia maritima extract. The resulting nano-
particles were thoroughly characterized to evaluate their structural, morphological, and functional properties,
demonstrating considerable promise for environmental and biomedical applications

We present a method of synthesizing silver oxide nanoparticles (Ag,O NPs) using a green process that can
easily be scaled up to meet production demand. The work done here demonstrates how these nanoparticles can
help solve major global challenges such as pollution and providing healthcare products, like antioxidant sup-
plements, for sustainability in science and technology.

2. Experimental procedures

2.1. Collection and preparation of the plant extract

For the green synthesis of silver oxide nanoparticles, Lobularia maritima was selected due to its medicinal value
and the abundance of bioactive compounds that can serve as natural reducing and stabilizing agents. Fresh
plant material was collected from the Punjab region, thoroughly washed with tap water, and finally rinsed with
distilled water to remove any surface impurities. After drying, 10 grams of the plant material were added to a
250 ml conical flask containing 100 ml of ethanol. The mixture was heated at 50 °C for 10 min with gentle
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stirring to extract the bioactive compounds. Once the extraction was complete, the solution was filtered
through Whatman no. 1 filter paper, and the resulting clear filtrate was set aside for the nanoparticle synthesis.

2.2. Synthesis of Ag,O-NPs

The method for synthesizing Ag,O nanoparticles is much the same as that described above for Ag metallic
nanoparticles except that the product formed from the above description will be Ag,O, rather than Ag.
Similarly, the color of the solution during synthesis was green to dark blackish grey, with centrifugation
occurring after about two hours at 3000 rpm, allowing the solid particles to settle out of the liquid, which was
then removed. The solid obtained was dried in an oven at 40 °C for approximately 12 h, and the Ag,0O NPs were
then kept in vials for further characterization and testing, as shown in figure S1 referred SI.

2.3. Characterization of Ag,O NP

2.3.1. Ultraviolet-visible spectral assay

The antioxidant activity of synthesized Ag,O-NPs was analyzed through ultraviolet-visible (UV—vis) spectral
analysis on a UV-2450 instrument. The wavelength ranged from 200 to 800 nm, and a quartz cuvette with a

1 cm path length was used. This assured an exact measurement of the nanoparticles’ antioxidant properties.

2.3.2. FTIR spectral analysis

FTIR analysis was performed using a PerkinElmer Spectrum Two instrument to investigate the presence of
functional groups in both the plant extract and synthesized Ag,O-NPs. The FT-IR spectrum was measured in
the range of 400-4000 cm .

2.3.3. SEM -EDX analysis

Scanning Electron Microscopy (SEM) was performed using the JSM IT500 microscope, equipped with a
secondary electron (SE) detector for imaging and an energy-dispersive x-ray (EDX) detector for elemental
analysis. The samples were coated with a thin layer of gold using a sputter coater to facilitate conductivity and
eliminate charging effects before imaging. Using a spin coater at 3000 RPM for 30 seconds, thin film samples
were prepared by applying uniform samples to glass slides. After applying the sample, they were dried under an
infrared lamp at approximately 60 degrees Celsius for five minutes to remove any remaining water before
starting SEM preparation. The SEM-EDX provided information about the elemental composition and
distribution of the components within the nanoparticles using EDX.

2.3.4. Dynamic light scattering (DLS)
The particle size distribution of Ag,O-NPs synthesised was evaluated with Mastersizer 3000 (DLS) as it provides
an accurate particle size distribution of the particles present.

2.3.5. XRD analysis

Using a Bruker D8 Advance x-ray Diffraction Ab (XRD) analysis was performed to evaluate the phase purity
and crystal structure of Ag20 nanoparticles. The XRD machine used Cu Ko radiation (A = 1.54 A) to scan
from 20° to 90°, at a speed of 0.05° per minute, with a time constant of 2 s. These results are similar to those in
JCPDS Card number 84-1108 and confirm that silver oxide is crystalline [1].

3. Result and discussion

Lobularia maritima was used to prepare silver oxide (Ag,0) nanoparticles, as outlined in the Experimental
Procedures section. To characterise the nanoparticles, ultra-violet/visible (UV—-vis), Fourier transform infrared
(FTIR), scanning electron microscopy (SEM), dynamic laser diffraction (DLS), and x-ray diffraction (XRD)
methods were used. These analyses demonstrated successful formation of Ag,O NPs, their intended
morphology, and their crystalline structure. Below we discuss the characteristics of the NPs, and their
performance.

3.1. Optimization of synthesis parameters for Ag,0 Nps

To optimise the preparation of silver oxide nanoparticles, various synthesis parameters were analysed such as
the ratio of plant extract to silver precursor, concentration of silver precursor, and pH (figure 1). The influence
of these parameters on the particle properties was also evaluated to determine the ideal conditions that promote
practical synthesis, stabilization, and uniformity of Ag,O NPs. These parameters were selected based on their
Influence on the nanoparticle size, stability, and yield. Adjusting these variables enabled us to identify
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Figure 1. Optimization of synthesis parameters for green-synthesized Ag,0 nanoparticles.

conditions that optimize the reduction of silver ions, allowing us to produce Ag,O NPs with desirable
properties for potential applications.

3.1.1. Effect of plant extract on metal precursor ratio

The plant extract-to-metal precursor ratio is relevant in balancing phytochemicals with metal ions, which
directly influences the reduction reaction and stability of the nanoparticles. We considered several ratios—1:4,
2:3,3:2, and 4:1—and based on the successful reduction, we observed a color change from green to brown in
the obtained solution. A 1:1 ratio produced the best between these, as witnessed by an absorption peak at

290 nm, as shown in figure 2(a). This ratio provided an efficient balance, allowing the bioactive compounds

in the plant extract to effectively reduce and stabilize the silver ions, resulting in the formation of silver
nanoparticles with well-defined features. The appearance of the peak at 290 nm indicates that this ratio
enhances particle formation effectively while minimizing excess reagents.

3.1.2. Influence of silver precursor concentration

The concentration of the silver precursor (AgNO5) was varied to assess its effect on nanoparticle yield and size.
Through the use of concentrations of 0.1 M, 0.2 M, 0.3 M, 0.4 M, and 0.5 M, we found that a concentration of
0.1 M produced a strong absorbance peak at 290 nm (figure 2(b)). The higher concentrations of silver ions was
observed to increase the speed of reduction, but high concentrations induced particle aggregation, which is
known to affect nanoparticle stability. Therefore, an optimal concentration of 0.1 M was achieved, resulting in
effective nanoparticle formation within the colloidal stability range.

3.1.3. Influence of pH on nanoparticle synthesis

The reaction environment’s pH significantly influences the reduction process, stability, and surface charge of
the synthesized nanoparticles. We tested the synthesis at acidic, neutral, and basic pH values. The best results
were obtained at a neutral pH, with an absorbance peak at 300 nm (figure 2(¢)), indicating the formation of
stable and well-dispersed nanoparticles. At a neutral pH, the reduction of silver ions is optimized, providing a
stable environment that enhances nanoparticle formation and prevents unwanted agglomeration.

3.2. Characterization techniques

3.2.1. FT-1R spectral assay

The FTIR spectra of the Lobularia maritima plant extract and the synthesized Ag,O nanoparticles (figure 3)
provide key information about the functional groups involved in reducing Ag ™" ions and stabilizing the formed
nanoparticles.

A characteristic peak due to hydroxyl (O—H), carbonyl (C=0), aliphatic C-H, and C-O functional groups
is seen in the plant extract spectrum. These functional groups are commonly found in biomolecules, such as
phenolics, flavonoids, terpenoids, and proteins, which can all serve as natural reducing and capping agents [10].

Upon nanoparticle formation, the FTIR spectrum of Ag,O NPs exhibits shifts and changes in intensity of
various prominent peaks, indicating the interaction of plant-derived functional groups with the nanoparticle
surface. Further, Ag—O bond-related new peaks at the low-wavenumber region (542715 cm') confirm the
practical synthesis of Ag,O NPs.

The shifts in O-H and C=0 stretching frequencies, as well as C—-O and C-N vibrations, provide strong
evidence that the phytochemicals in the plant extract play an active role in reducing Ag" ions and stabilizing
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Figure 2. (a) UV-vis absorbance spectra for various plant extract-to-silver precursor ratios showing the effect on nanoparticle
formation. (b) Effect of silver nitrate concentration on nanoparticle synthesis as indicated by changes in absorbance. (¢) Influence of
reaction pH on absorbance peak and particle stability. (d) Tauc plot used to estimate the optical band gap of synthesized
nanoparticles. 4 mg(c) 6 mg(d) 8 mgand (e) 10 mgof 20 ppm solution. 4 mg(c) 6 mg(d) 8 mgand (e) 10 mgof 20 ppm solution.
Values represent the mean =+ standard deviation (n = 3).

Ag,0 nanoparticles. The newly appeared peaks within the 500-750 cm ™' range are indicative of Ag—O vibra-
tions, which evidence the successful formation of silver oxide.

These results are consistent with earlier research [1, 27], which found that green synthesis pathways based
on plants exhibit comparable FTIR signatures characteristic of biomolecule-metal interactions and Ag—O
bond formation as shown in table 1.

FTIR analysis thereby unambiguously establishes the bifold role of Lobularia maritima extract: (i) reduction
of silver ions to Ag® and Ag,0, and (ii) stabilization of nanoparticles by surface adsorption of organic functional
groups.

3.2.2. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) analysis was employed to determine the size distribution of the Ag,O
nanoparticles. The resulting intensity distribution profile (figure 4) exhibited a prominent, narrowly defined
peak at about 43 nm, which is indicative of a highly uniform, monodisperse suspension. The absence of any
secondary peaks strongly suggests that there is minimal aggregation and that the population of nanoparticles
within the solution is well stabilized.

The 43 nm hydrodynamic diameter includes contributions from the metallic core and the solvation shell
surrounding it, in addition to residual biomolecules from the Lobularia maritima extraction method. Asa
result of this method, x-ray diffraction-derived values for crystallite size will typically be less than what is
observed via particle size measurement. The PDI value is indicative of a very uniform and stable distribution of
the Ag,0 nanoparticles in solution (PDI = 0.21).

In conclusion, results indicate that the green synthesis process produces Ag,O at high levels of mono-
dispersity and stable distribution, despite a minor amount of variation due to natural variability between plant
capping agents. This uniformity is ideal for use in applications requiring consistent-sized and stable
nanomaterials.
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3.2.3. SEM -EDX analysis of AgNPs

The as synthesized Ag20 particle’s microstructure and surface morphology were analysed using SEM imaging
(figures 5(a)—(b)). The SEM images exhibit a high degree of crystallinity due to the well-formed angular/faceted
structure of the crystal particles, even though there is significant aggregation of the Ag,O particle’s crystals most
likely from drying and/or inter particle van der Waals forces which cause the particles to clump together after
synthesis. There is enough distinction between the interface of two separate particles for you to see that the

particles have a tendency to cluster together.
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Table 1. Comparative FTIR analysis of plant extract and synthesized Ag,O nanoparticle.

Functional group Plant extract (cm') Ag,ONPs(cm')  Observation Interpretation
O-H stretching (hydroxyl) 3328 3291 Shifted Participation in reduction/stabilization
C—H stretching (aliphatic) 2972,2893 2920,2848 Shifted Involvement in capping or organic coating
C=O0 stretching (carbonyl/ 1648, 1450 1729, 1660 Shifted/upshifted Coordination with metal ions

carboxyl)
C=Caromaticring 1382,1322 1630, 1585,1461 New or shifted Possible aromatic involvement in binding
C-O stretching (alcohol/ether) 1277,1082,1045 1273,1217,1167 Slightshift Role in stabilization
C-N stretching (amines) 1045 1030 Shifted Interaction with Ag" ions
Ag-O stretching — 715,591,542  New peaks Confirmation of Ag,0 formation

Using Image]J, more than 20 separate individual particle’s sizes were measured from digitised SEM images
(figure 5(b)) to quantify the size of particles. The size of Ag,O crystals measured, ranged from approximately
125 nm-550 nm and had an average particle size of 260 &= 80 nm. These data confirm that the Ag,O material is
comprised of crystalline (sub-micron) particles, with most of the crystallizing particle sizes being greater than
conventional nanoparticles (< 100 nm).

The elemental composition was determined using energy-dispersive x-ray spectroscopy (EDX) as depicted
in figure 5(a) The EDX spectrum demonstrates that the principal elements present were Ag and O, with the
average percentages of 81.81 4= 1.18% and 18.12 £ 0.97%, respectively. Therefore, this confirms that the com-
pound being analysed is indeed Ag,O. A trace amount of N (0.08 + 0.48%) was also recorded, which is probably
due to the presence of small amounts of contamination from the atmosphere and/or other sources, but the
amount is negligible. As can be seen in figure 5(a), there are also other very small elements, including, which are
most likely linked to contamination or the capping agents used in the synthesis of the Ag,O materials., as shown
in table S2(referred SI).

3.2.4. XRD analysis

Distinct peaks were revealed by x-ray Diffraction (XRD) analysis at specific 20 angles 0f 38.2°,44.3°, 64.5°, and
77.4°. These peaks were associated with the crystalline structure of Ag,O nanoparticles produced in figure 6.
The clear resolution of the diffraction peaks also identifies each of these peaks with a corresponding
crystallographic plane; the first peak is attributed to (111), the second peak is from (200), the third peak
represents (220), and the fourth peak reflects (311). In addition, there is a positive correlation with the data
retrieved from the JCPDS Card# 84-1108, which is a very good indication of the accuracy of the determination
of the structure of silver oxide (Ag,0O) being face-centred cubic (FCC) [28]. The average crystallite size was
calculated using the Debye—Scherrer equation [29] based on the most intense (111) peak at 38.2°, and was
found to be approximately 24.7 nm, confirming the nanocrystalline nature of the particles. Notably, the
apparent differences between the size values obtained from XRD, DLS, and Sem are fully consistent when the
nature of each technique is considered. The crystallite size of 24.7 nm from XRD reflects the dimension of
coherent diffracting domains within the Ag,O nanocrystals. The hydrodynamic diameter of 43 nm, measured
by DLS, is larger because it includes the solvated shell and phytochemical capping layer surrounding the
nanocrystalline core in the aqueous dispersion. In contrast, the mean size of 260 = 80 nm observed in SEM
arises from dry-state aggregates formed during sample preparation, where individual nanocrystallites cluster
via capillary and Van der Waals forces. Thus, the hierarchy 24.7 nm (XRD), 43 nm (DLS), 260 nm (SEM)
supports a model of nanoscale primary crystallites that are colloidally stable in solution but tend to assemble to
larger agglomerates upon drying, resolving the apparent discrepancy.

4. Photocatalytic activity of Ag,0 NPS

The synthesized silver oxide nanoparticles (Ag,O NPs) were tested for their ability to degrade methylene blue
(MB) dye with the aid of visible light. The results of this test provided a measure of how effective these materials
could be used in an environmentally friendly way to remove contaminants from the environment. Additionally,
this experiment confirmed that Ag,O NPs have the ability to meet the goals of sustainable and green chemistry,
including being less expensive and more efficient in removing pollutants from the environment.

The degradation of the MB molecule was measured by using a spectrophotometer to measure the absor-
bance at 293 nm and at 664 nm (the wavelengths at which the MB molecule absorbs the greatest amount of
light), and thus determined the extent to which the MB molecule had broken down during the experiment over
time. The decreasing absorbance values shown in figure 7 indicated that the Ag,O nanoparticles had demon-
strated photocatalytic activity in degrading MB. The maximum photodegradative efficiency was recorded at an
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Figure 5. (a) SEM EDX analysis of the particle distribution and material composition, and (b) Particle counts of the Ag,O NPs.




10P Publishing Nano Express 6 (2025) 045016 UKoul etal

38.2
200 — (111)
-
e 150 —
N—
2
@»
§
S
44.3
100 + (200)
64.5 775
(220) (311)
50
I I I I
30 40 50 60 70 80

2theta(0)

Figure 6. X-ray diffraction pattern confirming crystallinity of the Ag,O NPs.

optimum concentration (6 mg) of Ag20 NPs (i.e., 91% degradation of the MB molecule), while concentrations
greater than 6 mgled to a decrease in degradation efficiency, possibly due to the formation of agglomerated
nanoparticles.

4.1. Effect of nanoparticle concentration on photocatalytic efficiency

The optimum concentration of silver oxide yeast nanoscale particles (Ag,O NP) for efficient photo-catalysis
was established by testing different concentrations ranging from 2 to 10 milligrams (mg) and observing that
catalysis performance increased with increased concentration until approximately 6 mg of the nano-silver
oxide, after which point further increases in concentration negatively impacted the performance of the catalyst
due to clustering of the nanoparticles resulting in less available interaction areas with the photo-sensitive dye
molecules as shown in figures 7(a)—(e).

A closer look at figures 7(a)—(e) reveals interesting trends regarding how nanoparticle concentration affects
photocatalytic efficiency. The degradation rate was slower at a lower concentration of 2 mg, achieving approxi-
mately 70% degradation in 120 min. This can be attributed to the limited number of active nanoparticles avail-
able for dye breakdown, consistent with previous reports stating that lower catalyst dosages result in slower
reaction kinetics due to reduced active sites [ 1]. As the concentration increased to 4 mg, the degradation rate
improved significantly, reaching 91% within 120 min. This improvement is due to the increased number of
active sites available for photocatalysis, which enhances the interaction between nanoparticles and dye mole-
cules [3]. A further increase to 6 mg resulted in a similar high degradation rate, confirming that this concentra-
tion represents the optimal balance between efficiency and stability. Literature studies have also reported that
silver oxide nanoparticles exhibit optimal photocatalytic activity at moderate concentrations, ensuring effec-
tive dye removal without excessive particle clustering [6].

However, at concentrations of 8 mgand 10 mg, a decline in efficiency was observed, likely due to nano-
particle agglomeration, which reduces the overall surface area available for photocatalysis. This phenomenon
has been widely reported in previous studies, where excessive nanoparticle loading leads to clustering, which
blocks active sites and hinders light penetration, thereby reducing photocatalytic efficiency [10]. The compara-
tive analysis (Table S3, referred SI) confirms that concentrations of 4 mg and 6 mg best balance efficiency and
stability, with degradation exceeding 85% within 120 min. These findings align with sustainable nanotechnol-
ogy approaches, where resource optimization is essential. Thus, an optimal concentration of
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4-6 mgis recommended for practical and sustainable photocatalytic applications. Later, we discussed the
degradation.

4.2. Efficiency of methylene blue dye at different Ag,0 NP concentrations
Figure 8 illustrates the degradation efficiency of the methylene blue (MB) dye over 120. Minutes at varying
concentrations of Ag,O NPs (2 mg, 4 mg, 6 mg, 8 mg, and 10 mg).

Each graph (figures S2a—2e) represents the change in degradation percentage at specific time intervals,
showcasing the impact of nanoparticle concentration on photocatalytic performance. The results indicate that
a concentration range of 4-6 mg of Ag,O NPs is the optimal range for achieving efficient and sustainable photo-
catalysis. Higher concentrations lead to aggregation, limiting further gains in degradation efficiency. These

findings support the development of cost-effective strategies for environmental remediation, particularly in
wastewater treatment applications.
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Step 1: AgO +hv —> ecg+efyg

Step2: Oy + ¢ —> Oy

Step3: A"+ H,0 —> OH + H*

Step 4: MB + - OH/O,” —> CO, + H,O + mineralized products

Figure 9. Proposed mechanism of photocatalytic degradation using Ag,O nanoparticles under visible light.

4.3. Kinetic analysis of photocatalytic degradation

To gain deeper insight into the photocatalytic degradation mechanism of methylene blue (MB) using green-
synthesized Ag,0 nanoparticles, both pseudo-first-order and pseudo-second-order kinetic models were evaluated.
Although the 6 mg dosage of Ag,O NPs exhibited the highest degradation efficiency (91%), the corresponding
pseudo-first-order rate constant (k; = 0.0053 min~ ') was lower than that of § mg (k; = 0.0136 min™ ). However,
when the data were also confirmed by the pseudo-second-order model, the 6 mg sample demonstrated the best fit
with an R* value of 0.9821 and the highest rate constant (k, = 3.29 g-mg ™~ '-min ). This indicates that the
degradation process at this concentration is more accurately described by pseudo-second-order kinetics, suggesting
asignificant involvement of surface adsorption in addition to photocatalysis as shown in figure 10. Thus, the
observed deviation in the first-order model is resolved through the improved correlation and kinetic interpretation
provided by the second-order model, validating 6 mg as the optimal dosage for efficient photocatalytic activity.

4.4. Proposed mechanism for photocatalytic degradation

Furthermore, we propose a simple mechanism for the photocatalytic degradation process, as illustrated in
figure 9. When Ag,0 nanoparticles are exposed to visible light, they absorb photons, which provide sufficient
energy to excite electrons from the valence band to the conduction band, leaving behind positively charged
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Figure 10. General mechanism of antioxidant activity (ABTS, DPPH and TAC).

holes [1]. These excited electrons interact with oxygen molecules in the solution, forming reactive oxygen
species (ROS), such as superoxide anions, while the holes oxidize water molecules, generating hydroxyl radicals
[3]. Both superoxide anions and hydroxyl radicals are highly reactive and play a crucial role in breaking down
the dye molecules. The dye molecules undergo oxidative degradation as these reactive species attack their
chemical bonds, breaking methylene blue into smaller, non-toxic components such as carbon dioxide and
water [6]. However, to ensure maximum efficiency, it is essential to minimize electron—hole recombination,
which can reduce the number of reactive species available for degradation. The natural capping agents from
Lobularia maritima help stabilize the nanoparticles and prevent this recombination, making the process more
efficient [10]. Studies have consistently shown that silver oxide nanoparticles demonstrate high efficiency in
producing ROS under visible light, making them excellent candidates for environmental remediation [11].
This mechanism highlights how Ag,O NPs are an effective and sustainable photocatalyst for degrading organic
pollutants in wastewater treatment applications.

Opverall, table $4 (as shown in the supporting file) confirms that while higher nanoparticle concentrations
initially accelerate the reaction, there is a limit beyond which efficiency decreases. This finding aligns with pre-
viously reported studies that suggest an optimal photocatalyst concentration for achieving the highest degrada-
tion efficiency while preventing agglomeration-related losses. Therefore, based on these kinetic studies, a
nanoparticle concentration of 4—6 mg remains the ideal for sustainable and efficient photocatalysis.

With photocatalysis proving effective in environmental applications, the study further evaluated the anti-
oxidant properties of Ag,O NPs, given their potential in biomedical and pharmaceutical applications.

5. Antioxidant activity

Following the evaluation of photocatalytic efficiency, the antioxidant properties of the synthesized Ag,O NPs
were assessed to explore their potential as free radical scavengers. Antioxidants play a vital role in mitigating
oxidative stress, which has significant implications for both healthcare and food preservation. To thoroughly
assess the antioxidant capabilities of the Ag,O NPs, three commonly used assays were conducted: the ABTS,
DPPH, and Total Antioxidant Capacity (TAC) assays. Each assay provided insights into the nanoparticles’
effectiveness in neutralizing reactive species, comparable to those of known antioxidants such as ascorbic and
gallic acid.

5.1. Mechanism of antioxidant activity

The antioxidant activity of nanoparticles has been assigned to the donation of electrons or hydrogen atoms
from phytochemicals located on their surfaces in figure 10 The antioxidant capacity was evaluated using three
different antioxidant assays: (1) The DPPH assay tests the ability of antioxidants to reduce the DPPH. free
radical to its corresponding non-radical DPPH-H; (2) The ABTS assay measures the ability of antioxidants to
neutralize ABTS. " free radical cations resulting in their decolorization; (3) The TAC assay evaluates the ability
of antioxidants to reduce Mo(VI) to Mo(V) creating a coloured complex that indicates total antioxidant
capacity in the form of a green complex.
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Table 2. Comparison with Standard Antioxidants. Values represent the mean =+ standard
deviation (n = 3).

SAMPLE ABTS DPPH TAC References
Ag,ONPs 80 £ 0.02 75£0.02 17.2£0.01 Present work
Ascorbicacid 70 £0.02 85+0.02 70 £0.01 Present work
Gallic acid 73 +0.02 84 40.02 7240.01 Present work
Ag,0ONPs 110.36 +1.99 9432 +1.73 74.11+1.28 [29]
Ag,ONPs 98+ 1.6 95 +1.3 76.96 + 1.57 [30]
Ag,0NPs — 0.70 = 0.02 148.83+£2.9 [31]
Ag,0ONPs 77.63 92.88 96.72 +3.73 [32]

5.2. ABTS radical scavenging assay

The ABTS assay measures the ability of antioxidants to quench the ABTS radical cation, a stable blue-green
chromophore that fades as the antioxidants neutralize it. The Ag,O NPs demonstrated an antioxidant activity
of 80 + 0.02 in the ABTS assay, indicating a strong capacity to neutralize these radicals. This value suggests that
the Ag,O NPs perform comparably, and even superiorly, to ascorbic acid, which exhibited an ABTS activity of
70 £ 0.02. Given that ABTS radicals are commonly associated with oxidative stress in biological systems, these
results highlight the potential application of Ag,0O NPs as effective antioxidants in biomedical fields.

5.3. DPPH free radical scavenging assay

The DPPH assay is another established method for evaluating antioxidant activity by measuring the
nanoparticles’ ability to quench DPPH free radicals, which are characterized by their purple color. Upon
interaction with antioxidants, these radicals lose their color, indicating a reduction reaction has occurred. The
Ag,0O NPs displayed a DPPH scavenging activity of 75 & 0.02 in this assay, demonstrating robust free radical
neutralization. This activity level is comparable to that of gallic acid, which has a DPPH activity of 84 £ 0.02,
underscoring the effectiveness of Ag,O NPs in capturing reactive oxygen species (ROS). Such an ability to
mitigate ROS could prove valuable in applications requiring oxidative stability, such as food preservation or
skincare formulations.

5.4. Total antioxidant capacity (TAC) assay

The Total Antioxidant Capacity (TAC) assay provides a holistic view of the nanoparticles’ overall antioxidant
potential by evaluating their capacity to quench a wide range of radicals and oxidants. In this assay, the Ag,O
NPs exhibited a TAC value of 17.2 £ 0.01, suggesting a moderate level of antioxidant capacity. While this value
is lower than the TAC of standard antioxidants like ascorbic acid (70 + 0.01) and gallicacid (72 4+ 0.01), the
Ag,O NPs still demonstrated a substantial capacity for overall radical quenching. This TAC value indicates that
the Ag,0 NPs have abroad antioxidant effect, which could benefit applications requiring general oxidative
stability across multiple types of reactive species.

At the same time, the antioxidant activity of Ag,O NPs was compared with that of standard antioxidants
(table 2 Values represent the mean =+ standard deviation (n = 3).

While the values for the ABTS and DPPH assays were comparable to or slightly lower than those of ascorbic
and gallic acid, the Ag,O NPs demonstrated a strong capacity across all assays, showcasing a balance of radical
scavenging abilities. Compared to previously reported Ag,O NPs, which showed ABTS values of up to 110.36 =
1.99 and DPPH values of around 94.32 + 1.73, the synthesized Ag,0 NPs offer a competitive antioxidant pro-
file, particularly considering their green synthesis and environmentally friendly nature. Here, figure S3 illus-
trates the percentage scavenging activity of ABTS, DPPH, and TAC assays for the synthesized Ag,O NPs. The
results indicate that Ag,O NPs exhibit potent antioxidant activity comparable to that of standard antioxidants,
suggesting their potential applications in the biomedical and food industries as agents that mitigate oxidative
stress.

The demonstrated antioxidant activity of Ag,O NPs highlights their promise as multifunctional materials
in various fields. Their ability to mitigate oxidative damage in healthcare could make them useful in antioxidant
therapies and drug formulations. In the food and cosmetic industries, these nanoparticles can serve as natural
stabilizers, extending shelflife by reducing oxidative degradation. Moreover, the green synthesis of Ag,0O NPs
further enhances their appeal, aligning with sustainable production practices that avoid the use of toxic chemi-
cals. The Ag,O NPs exhibit considerable antioxidant potential, validated through ABTS, DPPH, and TAC
assays. Their ability to quench radicals across various assays, combined with the environmentally friendly
synthesis method, suggests that Ag,O NPs could have extensive applications in areas prioritizing oxidative
stability, ranging from food and pharmaceuticals to environmental remediation.
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6. Environmental and biological implications of silver nanoparticles

Silver nanoparticles may exert certain toxic effects on microorganisms, human cells, and aquatic species due to
the possible release of Ag" ions. These ions can interact with cellular components and induce oxidative stress
[10]. However, green-synthesized nanoparticles generally show reduced toxicity because plant-derived
phytochemicals act as natural capping agents and improve biocompatibility. From an environmental
perspective, Ag nanoparticles can undergo transformations such as dissolution and aggregation, which may
influence their stability and ecological impact. Therefore, controlled usage, proper handling, and safe disposal
practices are essential when applying Ag-based nanomaterials [33].

7. Conclusion

This study successfully demonstrated a green and sustainable approach to synthesizing silver oxide nanoparticles
(Ag,O NPs) using Lobularia maritima extract, eliminating the need for hazardous chemicals while ensuring cost-
effectiveness and environmental safety. The synthesized Ag,O NPs exhibited strong antioxidant properties,
comparable to standard antioxidants, and achieved 91% photocatalytic degradation of methylene blue under visible
light, making them highly effective for environmental remediation. Structural and chemical characterization
confirmed their stability, crystallinity, and bioactive capping agents, supporting their potential for diverse applications.
Beyond their efficacy in wastewater treatment, these Ag,O NPs hold promise for biomedical applications, such as
antimicrobial coatings and drug delivery systems. The scalability of this method makes it suitable for large-scale
industrial applications, particularly in green nanotechnology and sustainable environmental management.
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