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Synthesis, description and optical activity of silver
nanoparticles electrogeneration system in various

stabilizers
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Abstract

Silver nanoparticles can be synthesized via several methods, with electrogeneration being one of
the most dynamic cost-effective techniques. This offers precise control for shape and size of
nanoparticles, making it superior to other strategies. Stabilizers as Glycerin (GLY.), Polyvinyl
alcohol (PVA), and Polyvinylpyrrolidone (PVP) were used to prevent aggregation, promote the
growth and nucleation of suspended particles. In this study, multiple analytical tools, including
(XRD), (FESEM), and (HRTEM), were employed to characterize synthesized Ag NPs. Prepared
Ag NPs were calcined at 300 °C to remove impurities. The prepared Ag NPS in the presence of
PVA were selected for the photocatalytic process, because they have a wide surface area and
small particles sizes of about ~60.51 nm, after calcination at 300 °C. The photodegradation
efficiency was 98.60% for the standard Ag NPs and 95.70% for the synthesized. The reactions
followed pseudo-first-order kinetics, characterized by the Langmuir-Hinshelwood model. The
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activation energy (Ea) was 14.737 kJ mol™ for the standard Ag NPs and 13.483 kJ mol™ for the

synthesized Ag NPs. R .
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1. Introduction

Nanotechnology involves manipulating and controlling
matter at the nanoscale, typically below 100 nm. Nanoparticles
exhibit unique properties that differ significantly from their bulk
counterparts (Roco er al.,, 2011). Recently, nanoparticles have
gained significant attention for applications in diverse fields.
Silver nanoparticles are widely used as chemical catalysts (Zhang
etal., 2016), antibacterial agents (Shende ez al., 2017), sensors (Nia
et al., 2015), and superconductors (Xue et al., 2012). They are also
applied in optics due to their remarkable catalytic,
electrochemical, and conductive properties (Bharadwaj et al.,
2021). Silver NPs exhibit properties that depend on their
distribution and morphology, influencing their optical, magnetic,
and electrochemical applications (Khedkar et al., 2023). Various
synthesis methods for Ag NPs include gamma irradiation
(Naganthran et al., 2022), chemical reduction (Abdellatif ez al.,
2022), photoreduction in dye removal processes (Ghobashy et al.,
2021), and electrochemical techniques (Meena and Santhakumar,
2022). Among these, electrochemical synthesis is rapid, eco-
friendly, and allows precise control over nanoparticles’ size and
morphology by adjusting current and voltage (Yin et al., 2020).
Silver nanoparticles have shown excellent utility in biological
applications, including photocatalysis and optical sensing
(Haryono et al., 2008). The photocatalytic activity of Ag NPs has
been extensively reported (Fairuzi et al., 2018). Saeed et al. (2015)
showed that homeopathic methylene blue dye could be degraded
within 72 h at a rate of 95%. Furthermore, methylene orange dye
was effectively degraded by 90% within six hours at pH=2 using
a photocatalyst derived from polyacrylonitrile nanofiber-modified
AgNPs. Additionally, silver nanoparticles can reduce 98.3% of
methylene blue (6B) dye within four hours and methylene orange
dye within one hour (Sinha ez al., 2016). Bhanage and Kulkarni
(2014) and Jyoti and Singh (2016) demonstrated the degradation
of methyl orange and methylene blue dyes using Ag NPs
synthesized with sugarcane sap. Jyoti and Singh’s method
achieved a complete reduction of dyes in less than 21 min.
Moreover, silver nanoparticles synthesized from Zanthoxylum
armatum leaves showed rapid and efficient degradation of various
dyes. The main aim of this search is to synthesize and characterize
Ag-based nanoparticles using an electrochemical method and

Table 1. Materials used for the electrochemical deposition of Ag NPs
operating conditions.
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esteem their photocatalytic efficiency in degrading organic dyes
under UV light. This work aims to enhance the understanding of
how different stabilizers and processing conditions influence
nanoparticle size and structure.

2. Materials and methods

The electrochemical synthesis of Ag NPs involves
controlling size and shape by adjusting current density, voltage
and electrolyte additives (Table 1). This setup includes two inert
electrodes from a graphite anode and a cathode, each measuring
2 cm x 3 cm x 4 mm. A graphite anode is often preferred over
other inert materials because it’s chemically stable, a good
conductor, and does not actively participate in the electrochemical
reaction. It is very weakly reactive and does not undergo sacrificial
degradation. The electrodes are positioned vertically facing each
other with a 2 cm gap. The system is placed in an electrochemical
cell containing 100 mL of deionized water (DW). During the
electrogeneration process, silver nanoparticles are formed on the
cathode. It was observed during the preparation process that the
resulting deposit tends to gather at the bottom of the cell. The
process operates at 40 °C using a 15 V DC power supply
(Maximum: 30 V, 5 A, China). A voltmeter monitors the current
during deposition, with a fixed time interval of five minutes
(Raposo et al., 2007). The electrochemical bath was composed of
AgNO; (1 g/100 mL) and KNOs (0.03 g/100 mL) as the
precipitation electrolyte, with 10 mL of other stabilizers (PVP,
PVA, or Glycerin) were added to improve particle stability, mixed
and then diluted to a final volume of 100 mL; concentrations refer
to the final working solution. The bath pH was adjusted to ~7
using NaOH or HNO:; as needed. A neutral pH was selected to
prevent premature hydrolysis of Ag* ions and to maintain stability
of the stabilizing agents (PVP, PVA and glycerin). A current
density of 500 mA/m? was applied, based on literature values and
preliminary tests, to allow controlled silver ion reduction at the
cathode surface. Lower current densities resulted in incomplete
reduction, while higher densities led to dendritic growth
polydisperse and poor surface quality. The applied voltage ranged
from 2-5 V depending on the cell resistance during deposition,
Although the process takes place in fixed conditions of
electrochemical deposition was performed under
(galvanostatic/potentiostatic) conditions.

include AgNO3 and KNOs (CDH-India), along with additional

Chemicals PVP PVA Glycerin
1g/1000 mL 1g/1000 mL 1g/1000 mL
AgNO; 19/100 mL ugsed 10 mL ugsed 10 mL ugsed 10 mL
KNO; 0.03g/100 mL PH=7 PH=7 PH=7
D.w. 0.75 puS/cm 0.75 uS/cm 0.75puS/cm 0.75pS/cm
Temperature 30-40°C 30-40°C 30-40°C 30-40°C
Total current density 500 A/m2 500 A/mg 500A/m2 500 A/mg2
Anode Size (graphite) 12 cmz 12 cmq 12 cmz 12 cmz
Anode current intensity 0.60 A 0.60 A 0.60 A 0.60 A
Time of voltage (V)/(min) 7.5 (V)/60 (min) 8.7 (V)/60(min) 8.5 (V) /60 (min)

Source: Elaborated by the authors.

3. Results and discussion

The AFM analysis of the electrogenerated and
precipitated Ag NPs (Table 2) reveals a root mean square (RMS)
roughness of 17.7 nm. Samples stabilized with PVA show higher
surface roughness than those with PVP and glycerin. The
roughness profile is as follows: PVA > PVP > glycerin. Surface

skewness (Ssk) is positive for both PVA and samples without
stabilizers, indicating that the surface has more peaks than valleys.
Additionally, the surface kurtosis (Sku) for all three samples is less
than 3, confirming that they are platykurtic. Notably, the sample
with glycerin is closest to 3 =~ (2.32). The AFM analysis provides
key topographical input about the surface morphology of the
synthesized Ag nanoparticles. As exhibited in Table 2, when PVA
was utilized as the stabilizing operator, the average surface
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roughness (Ra) was the highest (~15.3 nm), suggesting a more
irregular surface structure. PVP and glycerol-stabilized samples
show the lowest roughness account (Ra~1.41 nm and ~0.708 nm,
respectively), indicating a more uniform and smoother
nanoparticle layer. Furthermore, the modified data in Table 3
shows the nanoparticle diameter in the PVP ~73.58 nm, for the

https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546

PVA ~60.51nm and GLY ~60.64 nm. As for the specimen that
did not employ any stabilizer, the size of the nanoparticles was
~65.92 nm. These results suggest that PVA acted as a more
effective stabilizer. is better than the other two stabilizers, the PVP
and GLY ., and the destabilized sample.

Table 2. Atomic force microscopy dimensions of Ag NPs precipitate particles from the (AgNO3+KNOs) suspension.

Photography surface roughness test - CSPM

Amplitude parameters
Ag Without GLY PVP, PVA PVP PVA GLYSERIN
Roughness average (Ra) (nm) 9.82 1.41 15.3 0.708
Root mean square (sq) (nm) 11.3 1.66 17.7 0.858
Surface kurtosis (sku) (nm) 1.8 2.04 1.8 232
Peak-peak (sy) (nm) 39.3 6.38 61.3 3.92
Ten-point height (sz) (nm) 39.2 3.65 61.2 3.87
Hybrid parameters
(mean summit curvature) Ssc [1/nm)] -0.037 =1 -0.133 -0.0067
partition middle square slope (sdq) [1/nm] 0.777 0.118 1.44 0.067
Surface area ratio (sdr) 23,8 0.678 63.6 0.223
Functional parameters
Surface bearing index (sbi) 5.58 5.11 5.58 0.954
Core fluid retention index (sci) 1.49 1.38 1.49 1.5
valley fluid retention index (svi) 0.0691 0.107 0.0692 0.105
Reduced summit height (spk) (nm) 418 0.101 6.53 0.547
Core roughness depth (sk) (nm) 342 5.06 58,3 2.4
Reduced valley depth (svk) (nm) 0.997 1.19 1.56 0.613
Spatial parameters
(density of summits) Sds [1/um?] 242 0 269 274
Fractal Dimension 2.61 2.47 2.6 2.73
Avg. Diameter (nm) 65.92 73.58 60.51 60.64
Voltage (V) 8.7 9.3 7.5 8.5

Source: Elaborated by the authors.

Table 3. Atomic force microscopy (AFM) parameters for Ag NPs electrochemical deposition from the (AgNO; + KNO3) suspension:

cumulative percentage and average particle size distribution (nm).

Diameter Cumulation  Average distribution  2-dimension distribution 3-dimension distribution X,Y,Z

Metal oxide Ag (nm) (%) (nm) X,Y (nm) Z=high of peak (nm)
PVP 50-105 50-100 73.58 6.00 6.29
PVA 10-175 10-100 60.51 60.00 60.39
glycerin 40-125 40-100 60.64 3.92 3.92
Without PVP, PVA, GLY 35145 35-100 65.92 38.62 38.62

Source: Elaborated by the authors.

The study utilized atomic force microscopy (AFM) to
examine Ag NPs synthesized through an electrochemical process,
utilizing PVA, PVP, and glycerin as stabilizers. The particle size
of Ag when using 10 mL of PVP as a stabilizer is illustrated in
Fig. 1a. The dark dots of the figure represent the distribution of
metal particles, while the light points indicate the distance
between the nanoparticles, which is approximately 6 nm.
Figure 1b displays the spatial distribution of metal oxide in three
dimensions (X, Y, Z) (Gadelmawla et al., 2002). Here, (X, Y)
represents the spatial area, and (Z=6.29 nm) indicates the
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elevation, which falls within the nanoscale range (0-100 nm).
Additionally, Fig. 1c shows the particle size distribution of silver
nanoparticles ranging from 50-105 nm. The average cumulative
granularity distribution of particle distances for Ag NPs, when
using 10 mL of PVP, was found to be 73.58 nm. The parameters
are also represented in Fig. 2, Fig. 3 (average particle size: 60.64
nm) and Fig. 4 (average particle size: 65.92 nm), as well as in
Table 3 above, where it is evident that the sample prepared with
PVP exhibits better performance compared to those prepared with
glycerin and PVA (PVP > Glycerin > PVA).
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Figure 1. Atomic force microscopy (AFM) images of Ag NPs Figure 2. Atomic force microscopy (AFM) images of Ag NPs
obtained by electrochemical sedimentation from an (AgNO; + obtained by electrochemical sedimentation from an (AgNOs; +
KNOs3) suspension with (10 mL) PVP. Average particle size: KNO:s3) suspension with (10 mL) PVA. Average particle size:
73.58 nm (a) 2-distance photo, (b) 3-Size photo, (c¢) Granularity 60.51 nm (a) 2-Size photo, (b) 3-Size photo, (c¢) Granularity
cumulation division scheme. cumulation division scheme.
Source: Elaborated by the authors. Source: Elaborated by the authors.
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Figure 3. Atomic force microscopy (AFM) images of Ag NPs
obtained by electrochemical sedimentation of (AgNOs + KNO3)
suspension by (10 mL) glycerin. Average particle size: 60.64 nm
(a) 2-Size photo, (b) 3-Size photo, (c¢) Granularity cumulation
division scheme.

Source: Elaborated by the authors.

3.1. X-ray dimension of Ag NPs electrochemical
sedimentation

To define the crystalline state of silver, were analyzed the
silver nanopowder using XRD, based on its distinguishing face-
centered cubic (fcc) structure (Buendia-Otero et al., 2022). This
analysis reflects the crystal nature of the atomic silver powder
NPs. The silver NPs were obtained from the deposit of silver in an
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Figure 4. Atomic force microscopy (AFM) images of Ag NPs
obtained by electrochemical sedimentation of (AgNO3 + KNO3)
solution without additional stabilizers. Average particle size:
65.92 nm (a) 2-Size photo, (b) 3-Size photo, (c) granularity
cumulation division scheme.

Source: Elaborated by the authors.

aqueous suspension, followed by calcination at 300 °C to
eliminate impurities, increase surface area, remove residual
organic compounds and physically adsorbed water. While this
process helps improve nanoparticle purity and crystallinity, it does
not remove metallic impurities or non-volatile ash, which may
remain in the final product. The results align with the face-
centered cubic structure. The diffractogram displays three distinct
peaks within the 26 range of 30-80° (specifically at 26 = 38°, 45°,
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65°), corresponding to the planes (111), (200) and (220) (Ponsanti
et al., 2020). These reflections confirm the face-centered cubic
structure of metallic silver, as established in prior microstructure
analysis. Notably, the peak at 38° shows a higher intensity than at
45° and 65°. This indicates that the silver NPs have an optimal
atomic arrangement along the (111) plane, consistent with
findings by (JCPDS file nos. 84-0713 and 04-0783) (Wang et al.,
2015). Such arrangements suggest a strong response of silver NPs
due to a higher intensity of atoms on the (111) plane. The Debye-
Scherrer equation (Eq. 1) was employed to calculate the average
crystal size, assuming the crystal lattice is defect-free (Rabiei,
2020).

_ k. A
D= FWHM . Cos 0 @)

where D: average crystal size, K: shape factor (0.9), A: wavelength
of the X-ray beam (Acuxa = 1.54178 A° x 1071%m), ©: Bragg
diffraction angle, FWHM: full widths at half maximum of the
diffraction peak.

Using Origin Pro 2020b software, the width of the
prominent peaks was determined by fitting multiple peak

https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546

adjustments, as shown in Table 4. Four prominent diffraction
peaks were observed between 20 and 80° at 38.45°, 44. 48°,
64.69°, and 77.62°. corresponding to the (111), (200), (220), and
(311) planes of silver, respectively. These results confirm the
complete reduction of AgNOs. The particle size was further
validated using the Debye-Scherrer equation, yielding a value of
46.64 nm. This result closely aligns with the average crystal size
derived from the XRD pattern. The results show good agreement
when compared with the high-resolution transmission electron
microscopy HRTEM analysis, which estimated an average
particle size of approximately 40 nm (Annamalai and
Nallamuthu, 2016). In the fragment grain boundary analysis, the
particle size results obtained from HRTEM and the Debye-
Scherrer method differed by less than 6%, within an acceptable
margin of error (Shuaib et al., 2020). As shown in Fig. 5. This
consistency further validates and reliability of the measurements
in this study. The Ag particles, including (Ag) with detectable
{111} planes, were shown to be more active in photocatalytic
reactions compared to particles containing {100} planes (Ho and
Huang, 2009; Kuo et al., 2008; Lyu ez al., 2010).

Table 4. Grain size of Ag nanopowder (without stabilizer) obtained from the electrogeneration of (AgNO3 + KNO3) suspensions.

Terrible peak 20 hkl Terrible peak 6 Terrible FWI-HVI of peak Particle Size of the d-spacing (nm)
(degree) (degree) (B) (radians) (D) (nm)
38.45 111 19.22 3.14 x103 46.64 0.23
44.48 200 22.24 6.10x10°% 24.56 0.20
64.69 220 32.34 7.85x103 20.89 0.14
77.62 311 38.81 7.89x10°% 22.53 0.12
Source: Elaborated by the authors.

- ut of the nanoparticles was reduced, forming uniform spherical

shapes with varying sizes depending on ion migration. A higher

o concentration of stabilizers resulted in smaller nanoparticles. This

indicates that the stabilizer remained unchanged during the

o process, the result of the high voltage and the elevated temperature

(Sati et al., 2025). Poly N-vinylpyrrolidone, PVP, was utilized as

Sk a stabilizer to suspend Ag NPs, significantly increasing the

average size of silver powder and reducing the sedimentation rate.

To manufacture silver nanoparticles, controlling the electrical

- = parameters was necessary to regulate the particle size during the

220 Mt electro-reduction of silver ions. Parameters for the

» electrogeneration of Ag NPs from AgNOs suspensions using

k different stabilizers, including PVP, PVA, and glycerin are in

.L T - = ~ T S Table 5. The product showed that the transfer of the charge from

e the silver clusters installed with PVP from the Cathodic area into

Figure 5. X-ray diffraction (XRD) pattern of Ag nanopowder
(without stabilizer) obtained from the electrogeneration of
(AgNOs + KNO:s) suspensions.
Source: Elaborated by the authors.

Figures 6-9 reveal the presence of pure silver through
energy-dispersive spectroscopy EDS analysis of electrically
prepared samples using two inert graphite electrodes as the anode
and cathode. The electrolyte suspension consisted of AgNO3
(1g/100 mL), KNOs (0.03 g/100 mL), and 10 mL of glycerin.
During electrolysis, the decomposition of the suspension led to the
migration of negative ions toward the anode and positive ions
toward the cathode. The use of stabilizers reduced ion migration,
increased voltage, and decreased current density over time,
enhancing the cathode surface coverage and lowering the reaction
rate. When using 10 mL of glycerin or PVA as stabilizers, the size

Eclet. Quim. 51 | e-1546, 2026
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the bulk of the suspension played a decisive role in the formation
of polydisperse. PVP also had a fundamental role in accelerating
the formation of silver particles while reducing sedimentation on
the surface of the cathode. Electrochemical synthesis proved to be
an effective method for preparing nanoparticles on a large scale,
particularly noble metals like silver, platinum, and gold, under
static conditions. During the electrolysis, the PVP-containing
electrolyte gradually changed color from light yellow to dark
yellow and, ultimately, gray silver nanoparticles formed. The
yellow color indicated the genesis of silver nanoparticles, while
the cathode became slightly black at the experiment’s conclusion
(Rodriguez-Sanchez et al., 2000; Yin et al., 2003). The PVC
stabilization mechanism during the electrochemical synthesis of
silver molecules relies on its structural properties. The PVP has a
polyvinyl backbone with polar groups that coordinate with silver
ions to form Agn™-PVP complexes (where n indicates the number
of silver ions). This process involves the coordination of PVP with
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silver ions: coordinative bonds form between PVP and Agn™,
resulting in Agn™-PVP complexes. And the electrochemical
reduction of Ag™-PVP at the cathode generates silver atoms
(Agn®-PVP), stabilized by (PVP). The C-N and C=0O groups in
PVP provide greater electronic density to the silver ions than
water, enabling the Ag"-PVP complex to gain electrons more
readily than Ag*-H.O complexes. This stabilization prevents
silver sedimentation and promotes polydisperse nanoparticles by
limiting nucleation and aggregation. Experiments showed that the
suspension color around the cathode transitioned from yellow to
gray as silver ions were reduced. Without PVP, gray deposits
appeared on the cathode, indicating the unregulated growth of
silver particles. Zhang et al. (1996) demonstrated that PVP’s steric
effect prevented particle aggregation and promoted the formation
of polydisperse silver nanoparticles. Large particles were washed
with water and ethanol three consecutive times, centrifuged, and
redispersed in ethanol. The Ag particles strongly adsorbed PVA.
This electrochemical method is effective, straightforward, and
highly productive for synthesizing spherical silver nanoparticles in
an aqueous suspension without membrane media. This study

https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546

obtained silver NPs from the electrolyte (potassium nitrate) rather
than a sacrificial anode. PVA hydrophilic properties interacted
with water, stabilizing silver nanoparticles in suspension. This
method offers several advantages, including simplicity, high
productivity, excellent particle dispersion, stability, precise size
control, and minimal byproducts, making it highly effective for
future applications in metal synthesis and nanoparticle
manufacturing. From the collection of topographic forms from the
field-emission scanning electron microscopy FESEM, it was
observed that some particles had dendritic or polydisperse shapes
in addition to spherical ones, except for the method using PVA as
the stabilizer, which resulted in entirely spherical particles with
small nanoparticles size. That is in spherical shape and is
characterized by a small nanoparticle size 60.51 nm. Variety in
size and shapes is attributed to the insufficiency or absence of
stabilizers, that allows the silver nanoparticles more freedom,
which enhances the dendritic or polydisperse structures. From this
standpoint, the nanoparticles of the prepared silver by adding
PVA, which have a wide surface area for possessing the spherical
particles and the small nano size, qualify them to be highly
effective in the photodegradation process.

R
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Figure 6. TEM and SEM images and EDS analysis of electrochemically deposited Ag NPs obtained using potassium nitrate with 10 mL
of glycerin under vigorous stirring. The FESEM, HRTEM, and EDS results confirmed that the sample consists of 100 wt.% and 100 at.%
Ag. (a) HRTEM image illustrating the nanoscale particle size 40 nm, and morphology of the Ag nanoparticles. (b) FESEM image showing
the surface morphology and dendritic or polydisperse shapes distribution of Ag nanoparticles.
Source: Elaborated by the authors.
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Figure 7. TEM and SEM images and EDS analysis of electrochemical deposited Ag NPs obtained using potassium nitrate with 10 mL of
PVA, with vigorous stirring. The content in FESEM, HRTEM, and EDS electrochemical deposition of Ag NPs using potassium nitrate
with 10 mL of PVA, under vigorous stirring. The content obtained in FESEM, HRTEM, and EDS shows a weight and atomic weight of
100 wt% of Ag. (a) HRTEM image illustrating the nanoscale particle size 40 nm, and morphology of the Ag nanoparticles. (b) FESEM

image showing the surface morphology and entirely spherical particles with small distribution of Ag nanoparticles.
Source: Elaborated by the authors.

(@) (b
Figure 8. TEM and SEM images and EDS analysis of electrochemical deposited Ag NPs obtained using potassium nitrate with 10 mL
PVP, with vigorous stirring. The content obtained in FESEM, HRTEM and EDS shows weight and atomic weight% 100 of Ag. (a) HRTEM
image illustrating the nanoscale particle size 70 nm, and morphology of the Ag nanoparticles. (b) FESEM image showing the surface
morphology and dendritic or polydisperse shapes distribution of Ag nanoparticles.
Source: Elaborated by the authors.
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Figure 9. TEM and SEM images and EDS analysis of electrochemical deposited Ag NPs obtained using potassium nitrate without
stabilizer, with vigorous stirring. The content obtained in FESEM, HRTEM and EDS show weight and atomic weight %100 of Ag.
(a) HRTEM image illustrating the nanoscale particle size 60 nm, and morphology of the Ag nanoparticles. (b) FESEM image showing the
surface morphology and dendritic or polydisperse shapes distribution of Ag nanoparticles.
Source: Elaborated by the authors.

Table 5. Parameters for the electrogeneration of Ag NPs from
AgNO:s suspensions using different stabilizers, including PVP,
PVA, and glycerin.

Ag Voltaic HRTEM AFM Average size

Stabilizer vy (V) (am) diameter (nm)
GLY 700 85 40 60.64
PVA 100 7.5 40 60.51
PVP 100 9.3 70 73.58

without 100 8.7 60 65.92

Source: Elaborated by the authors.

Photodegradation of methylene blue dye using Ag
standard and Ag prepared, silver nanoparticles prepared in the
presence of the stabilizer PVA chosen to use as a catalyst in
photodegradation, due to their large surface area and a small
particle size of about 60.51 nm after calcination at 300 °C as
catalysts. methylene blue. It is also known as 3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride, which is a salt
widely used as both a dye and as a medicine. It treats
methemoglobinemia by chemically reducing ferric iron to ferrous
iron in hemoglobin (Mirsalari and Nezamzadeh-Ejhieh, 2020;
Tkach et al., 2020). Historically, MB has been used to manage
cases where methemoglobin levels exceed 30% or when oxygen
therapy is insufficient (Ahmad and Aqil, 2008). Methylene blue
MB was first discovered in 1876 by Heinrich Caro. The World
Health Organization has included it on its list of essential
medicines (WHO, 2019). Methylene blue has numerous medical
applications. It is one of the oldest antimalarial agents and was
tested for this purpose in the late 19 th century (Shanks, 2012). It
has been specifically used alongside amodiaquine and has shown
efficacy in treating Plasmodium falciparum malaria, particularly in
African adults and children (Bosoy er al., 2008; Shanks, 2012). MB
is also used to treat methemoglobinemia (a condition where an
abnormal level of methemoglobin is produced in the blood) in
children and adults (Stewart and Christopher, 2014). Clinical
applications of methylene blue include treating low blood pressure
(hypotension) associated with various conditions and addressing

Eclet. Quim. 51 | e-1546, 2026
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(b)

hypoxia and hyperdynamic circulation linked to liver cirrhosis
(Chaluvaraju et al., 2022). In the current study, methylene blue
(MB), was selected as a basic dye due to its properties as a basic
dye with excellent water solubility. The standard Ag NPs (99%)
were purchased from Fluka, Switzerland. A homemade
photoreactor was equipped with a Philips mercury bulb (250 W)
with the glass sheath removed to serve as the UV light source. A
Shimadzu UV-Vis spectrophotometer (Model 1876 PC Japan)
was used to measure the MB dye solutions’ degree of degradation.
The reactor setup included an airless system to maintain a
constant temperature and electric stirring, using a hot plate (LAB
Tech, made in Korea). The UV lamp was positioned vertically,
focusing on a 15 cm area of the solution. The experiments were
conducted at 25 °C. The pH of the suspension was adjusted to
0.01 Eq./L NaOH or 0.01 mol/L HNOs, measured with Hanna
pH meter. During the experiment, magnetic stirring ensured
uniform mixing of the solution. The solution was irradiated with
UV light for specific time intervals. Samples were withdrawn
using a syringe and filtered via centrifuge (ALL-PRO, 4000 rpm,
10 min). Floating materials were separated using a syringe, and
the sample was re-centrifuged for the same duration. The
absorption of the filtered samples was measured using the UV—Vis
spectrometer. The color removal and degradation rate, indicated
by intensity changes at the dye maximum wavelength (Amax), were
analyzed using the Langmuir-Hinshelwood relationship. After the
photoirradiation process, the decomposition efficiency (%) was
calculated as the efficiency (%). The degradation of methylene
blue was assessed using the following equation, which quantifies
the reduction of the dye (Eq. 2): Photodegradation Efficiency
(P.D.E) = (D%).

(D%) = [COC;OC“] x 100 (%) @)

where the degradation rate is denoted by D%; the initial
concentration of dye solution is represented by C, and the
effectiveness of the catalyst in stimulating the adsorption of dye
concentrations C,.
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3.2. In the absence of UV radiation of the silver
catalyst (dark response)

The test was conducted without UV radiation, simulating
the dark response using Ag NPs as the catalyst. The results are
shown in Fig. 10. Without ultraviolet radiation, no significant
degradation of the dye concentration occurred in the dark when
the catalyst was added. During the incubation period, the initial
dye concentration decreased, but after a short time, it stabilized
due to the formation of a monolayer on the catalyst surface.
Equilibrium was reached after 120 min. The decomposition
efficiency was calculated as 90.3% for the Ag standard and 80.8%
for the as-prepared Ag NPs (calcined at 300 °C).

Ag standard 90.3%  Ag prepared 80.8%

-

P.D.E
c 5 BEB8ERIBEE

0 20 a0 60 80 100 120 140
Time (min)

Figure 10. Decay efficiency of MB dye in the absence of UV
radiation.
Source: Elaborated by the authors.

3.3. Photodegradation of MB solution under UV light
without a catalyst

During the photoreaction of the MB solution, reactions
occurred in the presence of UV light but without an Ag catalyst,
as shown in Fig. 11. The photodegradation efficiency was 50.4%
after 120 min of UV treatment without the catalyst. The Tauc plot
in Fig. 11. kept as is that the electron transfer from the conduction
band to the valence band minor recording retained, band gap
energy 1.8 eV.

3.4. The influence of catalyst mass

The effect of Ag NPS was studied on the photocatalytic
degradation of (MB). The solution has been analyzed under
operational conditions that included: a 4-ppm dye concentration,
the light intensity of 250 W, and a temperature of 25 °C, using
varying amounts of nanoparticles (commercial and prepared)

https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546

ranging from 0.01 to 0.07 g. The results, shown in the Fig. 12,
showed that the degradation rate increases with the catalyst mass
to a certain point, after which efficiency plateaued is proven and
then begins with slight decrease in the higher catalyst dosages The
optimum catalyst mass was determined at 0.03 gram for each of
the standard and prepared catalyst mass, as the efficiency of
photocatalytic degradation reached 94.6% and 91.72%,
respectively.

The influence of pH variation (ranging from 2 to 10) was
also studied under constant operational conditions, including a
dye concentration of 4 ppm, light intensity of 250 W, Ag catalyst
dose of 0.03 g, and a temperature of 25 °C. The results are shown
in Fig. 13.

FX
1 » “w
£ 1N
Ll » . .
Fnongy (V)
60 MB dye PDE=504%
50
40
A
a 30
o
20
10
0
0 20 40 60 80 100 120 140
Time (min)
(b)

Figure 11. Photodegradation efficiency of MB dye in the absence
of a catalyst and measurement of the energy bandgap of Ag NPs
using UV light (Mega 2100 Double-Beam UV-Vis
spectrophotometer). (a) Optical bandgap determination of Ag
NPs from the UV—-Vis absorption spectrum. (b) Photodegradation
of MB dye without a catalyst under UV irradiation.

Source: Elaborated by the authors.
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Figure 12. Influence of the mass of (a) standard silver NPs and (b) prepared silver NPs on the efficiency of MB photodegradation.

Source: Elaborated by the authors.
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Figure 13. Effect of pH on the photolytic activity of MB using 0.03 g of Ag NPs (a) Pseudo-first-order rate constant (k) of MB
photodegradation using 0.03 g of standard Ag NPs at different pH values. (b) Photodegradation efficiency of MB using 0.03 g of standard
Ag NPs at different pH values. (c) Pseudo-first-order rate constant (k) of MB photodegradation using 0.03 g of prepared Ag NPs at different
pH values (d) Photodegradation efficiency of MB using 0.03 g of prepared Ag NPs at different pH values.

Source: Elaborated by the authors.

The effect of pH on the degradation efficiency of 0.03 g of
Ag NPs was investigated based on the point of zero charge
(pHpzc). The pH values were adjusted in the range of 2 to 10.
Maximum degradation was observed at pH 8§, achieving
photodegradation efficiencies of 98.6% for standard Ag NPs and
95.7% for prepared Ag NPs. The elevated photodegradation of
methylene blue in basic media might be due to the enhanced
generation of hydroxyl radicals ((OH). These hydroxyl radicals
are strong oxidizing agents, which are responsible for the higher
degradation rate at higher pH levels. Although complete
decolorization is rare, some degradation may still occur under
these unfavorable conditions. In our experiments, MB under
extreme acidity conditions was below the detection threshold for
reliable kinetic analysis; therefore, it was negligible.

3.5. Effect of initial concentration of dye (Mb)

Under constant working conditions, the initial dye
concentrations were evaluated based on the percentage of

photodegradation activity. The experimental parameters included
a light intensity of 250 W, an Ag catalyst dose of 0.03 g, pH = 8§,
temperature = 25 °C and the variable dye concentration ranging
from 1 to 7 ppm, as shown in Fig. 14. An increased rate of
photolysis activity was observed at lower initial dye
concentrations due to the higher adsorption of dye molecules onto
the catalyst surface. However, the interaction between dye
molecules and hydroxyl radicals was decreased at higher dye
concentrations due to a scavenging effect caused by the excess
molecules. This resulted in the absence of a direct relationship
between dye and reactive species (Munesh, 2012).

Figure 15 show the effect of temperature on the photolytic
activity of MB using 0.03 g of standard and prepared Ag NPs,
while Fig. 16 presents the Arrhenius plots for standard and
prepared Ag NPs.

Table 6 shows the estimated rate constants,
thermodynamic parameters and kinetic data for MB
photodegradation between 303 K and 318 K using standard and
prepared Ag NPs.
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Figure 14. Photocatalytic degradation Efficiency of MB at varying dye concentrations using 0.03 g of Ag NPs (a) Photocatalytic
degradation efficiency of MB at different initial dye concentrations using 0.03 g of standard Ag NPs. (b) Effect of the initial MB dye
concentration on the photocatalytic degradation using 0.03 g of standard Ag NPs. (c¢) Photocatalytic degradation efficiency of MB at
different initial dye concentrations using 0.03 g of prepared Ag NPs. (d) Effect of the initial MB dye concentration on the photocatalytic

degradation using 0.03 g of prepared Ag NPs.

Source: Elaborated by the authors.
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Figure 15. Effect of temperature on the photolytic activity of MB using 0.03 g of (a) standard Ag NPs and (b) prepared Ag NPs.
Source: Elaborated by the authors.
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Figure 16. (a) Arrhenius plot (In k vs. 1/T) for MB photodegradation using 0.03 g of standard Ag NPs. (b) Arrhenius plot (In k vs. 1/T) for
MB photodegradation using 0.03 g of prepared Ag NPs. The activation energy (Ea) was calculated using the Arrhenius method by plotting
In (k) versus 1/T, with the slope equal to ~Ea/R. The unit of Ea is correctly expressed as kJ mol .

Source: Elaborated by the authors.

Table 6. Estimated rate constants, thermodynamic parameters, and kinetic data for MB photodegradation at (303-318) K using both

standard and prepared Ag NPs.

T (K) 303 308 313 318
I\T (K™) 0.00330 0.00324 0.00319 0.00314
. ; Ag prepared 76.977 8.372 9.243 9.923
1 5
k (sec™) x10 Ag typical 7.492 8.280 9.151 9.913
Ink Ag prepared -9.472 —9.388 -9.289 -9.218
" Ag typical -9.499 -9.399 -9.299 -9.219
1 Ag prepared 13.483
Ea (kJ mol™) Ag typical 14.737
N B Ag prepared 10.964 10.922 10.881 10.839
AH™ (I mol™) Ag typical 12.218 12.176 12.135 12.003
of 1 gt Ag prepared -0.279
AS™ (kJ mol™ K™) Ag typical —-0.275
_ Ag prepared 95.501 96.854 98.208 99.561
of 1
AG™ (kJ mol™) Ag typical 95.543 96.876 98.210 99.543
Source: Elaborated by the authors.
3.6. The influence of temperature range Light Source 02
Reduction

The thermodynamic parameters for the degradation of
MB were evaluated. The positive AH** indicates an endothermic
interaction, while the positive AG®* reflects a non-spontaneous
process. In our current method, the negative AS°* (Table 6)
suggests the formation of a fully solvated structure consisting of
dye molecules and intermediates, such as hydroxyl radicals.
Figure 17 shows the photosynthesis of silver under the conditions
shown in Table 6.

Using silver nanoparticles, a mechanism for dye
decomposition via photocatalysis is proposed as follows:
Ag+hv— Agh+e- 3)
e+ 0;—"'0r 4)
Ag"— Agt+h* )
h* + H,O,0H- —"OH (6)
MB* + OH" — Degradation of MB @)
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Figure 17. Schematic illustration of the photocatalytic
performance of Ag NPs during MB dye degradation.
Source: Elaborated by the authors.

page 13/16


https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546
https://doi.org/10.26850/1678-4618.eq.v51.2026.e1546

Original Articles in Chemistry and Related Areas

Methylene blue, with a molecular weight of 319.85 g/mol
and the chemical formula C;4H;gCIN;S, was used in this study as
a model dye. Its removal was achieved through the combined
effects of light and the catalyst (Eq. 3). The reaction occurs
between the positively charged methylene blue molecules and the
negatively charged surface of the catalyst at a pH of 10. In a basic
medium with excess hydroxide ions (OH~), photo-oxidation of
hydroxyl radicals "OH is facilitated by hole-pair formation on the
catalyst surface as described by the reaction 4#*ve + OH- — "OH
(Li et al., 2014). First, dissolved oxygen in the solution is
converted into superoxide radicals (O,*”) due to interactions with
the photo-generated electrons (Eq. 4, 5). Second, the dye interacts
with the photogenerated holes, undergoes photo-oxidation, and is
subsequently degraded and eventually mineralized (Eq. 6, 7)
(Altaf er al., 2021; Khattar et al., 2018). The degradation rate is
high, which is attributed to the high purity and small size of the
silver nanoparticles Ag NPs wused in this study. The
photodegradation efficiency (PDE) of Ag nanoparticles prepared
in the presence of PVA stabilizer is recorded at 95.60%, which is
close to the efficiency of the commercial standard silver (Fluka),
which amounted to PDE 98.60%. This result highlights the
effective role of PVA in improving the photocatalytic performance
of the process.

4. Conclusions

Silver nanoparticles (NPs) have been successfully
synthesized using an electrochemical method that is inexpensive,
simple, and provides high precision in controlling the orientation,
morphology and size, and dimensions at the nanometer scale. To
enhance the catalytic performance in photolysis, silver
nanoparticles prepared underwent calcination at 300 °C to
promote crystallization growth. For the catalytic activity test, the
silver nanoparticles prepared in the presence of the stabilizer PVA
were selected due to their large surface area, and a small
nanoparticle size of about 60.51 nm for use as a catalyst in
photodegradation. The prepared silver NPs were compared with
standard silver NPs (Fluka, Switzerland). The activation energy
(Ea) values were determined as showing 14.737 kJ/mol for the
standard silver NPs, and 13.483 kJ/mol for the prepared NPs. The
photodegradation data of methylene blue (MB) solutions under
thermodynamic analysis indicated that the positive AH®*
confirmed an endothermic response, while the positive AG®*
suggested a non-spontaneous process. Additionally, the negative
AS°* indicates a decrease in entropy during activation. The
interaction of reactive species, such as hydroxyl radicals (OH)
and superoxide (O2"), was generated during the photocatalytic
process. The final degradation products of the dye breakdown
catalyzed by the silver NPs were carbon dioxide (CO:) and water
(H20).
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