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Abstract: The development of efficient photocatalysts is crucial in addressing water pollution con-
cerns, specifically in the removal of organic dyes from wastewater. In this context, the use of silver
nanoparticles (Ag NPs) might represent a method to achieve high dye degradation efficiencies. On
the other hand, the classical Ag NP production process involves several reactants and operating
conditions, which make it poorly sustainable. In the present work, Ag NPs were synthesized ac-
cording to a new sustainable process involving the use of natural extracts of Spirulina platensis and
milder operating conditions. The material was also calcined to determine the influence of organic
content on the properties of Ag NPs. The X-ray diffraction (XRD) analysis displayed the AgCl and
Ag phases with a crystalline size of 11.79 nm before calcination. After calcination, only the Ag phase
was present with an increased crystalline size of 24.60 nm. Fourier Transform Infrared Spectroscopy
(FTIR) confirmed the capping role of the metabolites from the extract. Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) revealed the spherical or quasi-spherical mor-
phologies with agglomeration due to the calcination. Energy-dispersive X-ray spectroscopy (EDX)
and Thermogravimetric (TGA) analyses further confirmed the involvement of metabolites in the
synthesis of Ag NPs. The optical changes in the products were observed in a UV-Vis analysis. The
Ag NPs were tested for their photocatalytic activity against the laboratory dye brilliant blue r in
visible light in various conditions. The highest degradation efficiency of 81.9%, with a kapp value of
0.00595 min−1, was observed in alkaline medium after 90 min of light irradiation.

Keywords: Spirulina platensis; sustainable production of silver nanoparticles; photocatalytic degrada-
tion; advanced oxidation process; sustainable chemistry

1. Introduction

While industrialization has improved standards of living, it has also had a negative
impact on the environment by producing hazardous chemical species. The produced
contaminants are mostly organic dyes, which are waste products of the tanneries, paint,
and textile industries [1]. Subsequently, their discharge into water bodies without proper
treatment can be a major source of water pollution. Due to their complex aromatic structure,
they can maintain toxicity and stability over a prolonged time, ultimately damaging aquatic
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life and human health [2]. Their engineered ability to resist degradation hinders biodegrad-
ability [3]; therefore, the research focuses on the development of various techniques to
combat this issue.

One of the most efficient methods used for wastewater treatment is the advanced
oxidation process (AOP), such as photocatalysis. The mechanism behind it relies on the
absorption of light energy higher than the bandgap energy of the catalyst, which results in
the excitation of the electron in the valence band to the conduction band, leaving behind the
holes [4]. The electron–hole pairs participate in redox reactions generating reactive oxygen
species (ROS), such as hydroxyl radicals, which oxidize the dye into lower-molecular-
weight products [5]. The efficiency of the process relies on the properties of the used
catalyst, such as the bandgap energy or electron transfer [6–8]; thus, various synthesis
techniques were studied to obtain highly valuable products.

Considering many synthesis routes, the biological approach has emerged as an alter-
native way to decrease high operating costs and the generation of toxic by-products [9].
Various organisms have been utilized due to the abundance of metabolites in their structure
that can act as reducing and stabilizing agents during the synthesis of nanoparticles [9]. Re-
cently, microalgae, typically studied for their nutritional value, are gaining more attention
also as a source of metabolites that can participate in the synthesis of nanoparticles [10,11].
Other advantages of microalgae include rapid growth and ease of cultivation, which make
them useful for a wide range of applications [12–14].

Among many microalgae, Spirulina platensis has a significantly increased protein
content besides a high concentration of vitamins, essential fatty acids, and minerals [15].
The S. platensis biomass has been utilized in the past for the synthesis of silver nanoparticles
(Ag NPs) tested against malachite green biosorption from wastewater [16]. Moreover, the
Ag NP photocatalytic activity was studied against methylene blue and eosin y, showing
excellent dye degradation properties [17,18]. However, to the best of our knowledge, Ag
NPs synthesized using S. platensis have not been studied for the degradation of brilliant
blue r (BBR), a common laboratory dye used mainly for protein staining.

In the current work, the methanolic extract from S. platensis was utilized for the
synthesis of Ag NPs. The product was also calcined to determine the influence of organic
capping agents on the structure and activity. The material was characterized and applied
for the photocatalytic degradation of BBR in the varying parameters of the light intensity,
dye concentration, catalyst concentration, pH, or presence or absence of organic content.
The photocatalytic mechanism was studied to develop a better understanding of the
degradation pathway, which might aid in the optimization of the conditions for the removal
of hazardous BBR dye from the environment.

2. Materials and Methods
2.1. Preparation of Photocatalyst

The Spirulina platensis (courtesy of TOLO Green, Arborea, Italy) was cultivated in
modified Zarrouk Medium. The medium was prepared according to the previously re-
ported composition [11], and K2SO4 and MgSO4 were added aseptically after setting the
pH to 9 and autoclaving. The culture was cultivated under continuous illumination of
58 W fluorescent lamps (Osram®, Milan, Italy) with a photon flux of 30 µmol/m2/s1

and 250 RPM stirring for 30 days to obtain a suitable amount of biomass. Then, it was
centrifuged at 1500 RPM at 4 ◦C (Heraeus® Megafuge® 1.0R, Milan, Italy) and the algal
biomass was dried at room temperature.

In the next step, 4.3 g of dried residue was combined with 260 mL of methanol (Merck®

LiChrosolv® hypergrade, Milan, Italy). The flask was sonicated for 30 min (Soltec® Sonica®

2400 ETH S3, Milan, Italy) and stirred at 250 RPM (IKA® RH Digital Magnetic Stirrer,
Milan, Italy) for the next 30 min to release the cell content into the solvent. In order
to remove the cell debris, the suspension was filtered using standard 11 µm filtration
paper (Whatman®, Milan, Italy) and then evaporated using a rotary evaporator (BUCHI
Rotavapor™ R-210 Rotary Evaporator System, Milan, Italy) to remove about 70% of the
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methanol. The concentrated extract was then diluted with MiliQ H2O (Millipore®, Milan,
Italy) to the final volume of 520 mL and used for the synthesis of the nanoparticles.

The flask containing S. platensis extract was heated to 85 ◦C and stirred at 250 RPM
(IKA® RH Digital Magnetic Stirrer, Milan, Italy). Then, 0.1 M of silver nitrate (Carlo Erba®,
Milan, Italy) was added, and after 15 min, the pH was raised to 8 by using 1.25 M NaOH.
From the moment of adding the salt, the reaction continued for 1.5 h and then it was left
for maturation at room temperature. Subsequently, the liquid was centrifuged at 4000 RPM
at 8 ◦C (Heraeus® Megafuge® 1.0R, Milan, Italy) and the residue was repeatedly washed
with MiliQ H2O (Millipore®, Milan, Italy) in the two washing cycles. Then, the residue was
dried at 80 ◦C for 24 h, ground using a mortar and pestle, and divided into two parts. One
part was stored in an Eppendorf tube in the absence of light and the other was calcined in a
muffle furnace (Gelman Instrument®, Chelsea, UK) for 2 h at 600 ◦C. After calcination, the
samples were stored in the same conditions as the samples before calcination.

2.2. Characterization

The X-ray diffraction (XRD) analysis of the Ag NPs was performed using an X-ray
Diffractometer (Phillips®, PW1830/00, Amsterdam, The Netherlands and D8 Advance,
Bruker AXS®, Milan, Italy). The scanning was conducted with a diffraction angle between
12◦ and 90◦ at 0.1◦ per 10 s, at 40 kV and 30 mA, using CuKα (λ = 1.54 Å) radiation. Phase
identification was obtained by using Diffrac.Eva software v.6.1.0.4 according to the COD
database. The crystallite size was calculated after baseline correction using Scherrer’s
formula and the Williamson and Hall method to evaluate both the crystallite size and
microstrain. Additionally, the lattice parameters were estimated from XRD data [19].

The functional groups present on the Ag NPs were analyzed using Fourier Transform
Infrared Spectroscopy (FT/IR-6700, Jasco, Tokyo, Japan) in the range 500–4000 cm−1.

A Scanning Electron Microscopy (SEM) analysis was conducted using a Hitachi S4000
FEG HRSEM (Hitachi Ltd., Tokyo, Japan) operated at 20 kV with image acquisition software
Quartz PCI Version 8.0 (Quartz Imaging Corporation, Vancouver, BC, Canada). Before
the analysis, the samples were coated with 2 nm of platinum to enhance the contrast. An
EDX analysis was obtained using an UltraDry EDX Detector (Thermo Fisher Scientific®,
Madison, WI, USA) and NSS3 software Version 3 (Thermo Fisher Scientific®, Madison, WI,
USA). A Transmission Electron Microscopy (TEM) analysis was conducted using a JEOL
JEM 1400 Plus TEM with an EDX probe “X-Max 80T” (Oxford Instruments, Abingdon, UK)
at CeSAR core facilities with an accelerating voltage of 100 kV.

The thermal properties were examined by Thermogravimetric Analysis (TGA) using
a Differential Thermal Analyzer TG/DSC (NETZSCH® STA 409 PC, Verona, Italy) in a
heating range of 25–1000 ◦C at 10 ◦C/min with airflow of 100 mL/min.

UV-Vis absorption measurements were carried out using a CARY 50 spectrophotome-
ter (Varian Inc., Palo Alto, CA, USA) with a cell path length of 10 mm. The UV-Vis spectra
of the Ag NPs were recorded in the wavelength range of 200–750 nm. The direct bandgap
energy was calculated from the Tauc relation (Equation (1)):

(αhν)2 =
(
hν− Eg

)
, (1)

where α is the molar extinction coefficient, h is the Plank’s constant, ν is the light frequency,
and Eg is the bandgap energy. The bandgap energy was calculated by linear fit extrapolation
of the plot of (αhν)2 against energy.

2.3. In Situ Photocatalysis

First, the calibration line was obtained by assessing the correlation between the ab-
sorbance and concentration of the dye (S1). Before each photocatalytic experiment, 50 mL
of ddH2O was mixed with Ag NPs and sonicated for 15 min in a sonication bath (Soltec®

Sonica® 2400 ETH S3, Milan, Italy) to ensure even dispersion. Firstly, the baseline of the
solution of dispersed Ag NPs was generated. Then, the reaction sample was mixed with
various concentrations of BBR (Sigma-Aldrich®, Milan, Italy) dye in ethanol (500 mg/L).
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The flask was constantly slowly stirred for 30 min in the dark to ensure that equilibrium
was reached. Next, the solution was irradiated by a warm white 10.5 W LED bulb (Phillips,
Milan, Italy), and the irradiation intensity was monitored by a luxmeter (HD2302.0 Delta-
Ohm, Padua, Italy). The emission spectrum as provided by the manufacturer is shown
in Figure 1. The peristaltic pump (Keenso DC, Shenzhen, China) was used to circulate
the liquid between the flask and a 10 mm flow-through cuvette attached to the UV-VIS
Spectrophotometer (Cary 50, Varian®, Milan, Italy) operating in the range of 400–750 nm.
The UV-Vis measurements were conducted every 10 min.
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The efficiency of the dye degradation by the synthesized Ag NPs was calculated as
(Equation (2)):

η(%) = (1 − C/C0)100, (2)

where η is the degradation efficiency, C0 is the initial BBR dye concentration, and C is the
final concentration of the dye at the end of the degradation period.

According to the literature [20], the data obtained were interpreted through the pseudo-
first-order reaction model according to the Equation (3):

dC
dt

= −kappC, (3)

which, once solved, provides the following time evolution law for the dye concentration:

C = C0 exp
(
−kappt

)
(4)

where t(min) is the time and kapp
(
min−1) is the apparent first-order rate constant. It should

be noted that such a model encompasses the effects of both adsorption and photocatalysis
in the same constant kapp. Equation (4) was used to fit the experimental data by tuning the
value of kapp using the software OriginPro 2021© 9.8.

3. Results and Discussion
3.1. Characterization

The XRD analysis has proven to be an effective method for revealing the crystal
structure of Ag NPs to determine their atomic arrangement, providing valuable insights
into their physical and chemical properties (Figure 2A). The XRD spectrum of Ag NPs BC
revealed the presence of mainly AgCl (COD 9011666 and COD 9011673) and Ag (COD
1100136) phases with organic capping agents at 2theta = 20◦. A similar pattern was reported
before [21] using sodium alginate. After calcination, only the Ag (COD 1509146) phase
was identified in Ag NPs AC. Specifically, the X-ray diffraction (XRD) patterns of Ag-
npBC and Ag-npAC exhibited the presence of peaks at 2θ = 38.2◦, 44.4◦, 64.6◦, 77.5◦, and
81.6◦, which correspond to the (111), (200), (220), (311), and (222) planes of the Ag phase,
respectively. The phase is correctly identified as face-centered cubic Ag, with calculated
lattice parameters of 4.075 Å for Ag-npBC and 4.070 Å for Ag-npAC, which are close to the
reference values (COD records).
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The crystallite size of the Ag nanoparticles before (BC) and after calcination (AC)
was estimated through the application of Scherrer’s formula applied only to the most
intense and best-defined peaks (Table S1 and Table S2), resulting in an approximate value of
11.79 nm and 24.60 nm for Ag-NpBC and Ag-NpAC, respectively.

The Williamson and Hall (W&H) method was employed to discern the influence of
size and strain on the broadening of the XRD signals. From the W&H plot, it was found
that the strain is about 0.093% in the samples after calcination, which is lower than the
0.18% obtained for the samples before calcination, because of the lattice rearrangement and
recrystallisation induced by the heat treatment. Correspondingly, the calcination treatment,
and the related reduction in microstrain, causes an increase in the crystallite size up to
35.8 nm for Ag-npAC. This value is greater than that predicted by Scherrer’s method
(24.6 nm), which ignores lattice distortions and is typically better suited to highly isotropic
systems with zero strain.

The synthesis mechanism of Ag NPs was studied previously and revealed the in-
volvement of methylamine, diethanolamine, and ethanamine as reducing and stabilizing
agents [11]. The phase transition and increase in the crystalline size signify the important
role of metabolites in stabilizing the structure. Both the AgCl and Ag phases in Ag NPs have
been reported as a result of intracellular synthesis using Dunaliella salina and Scenedesmus
sp. [22,23]. In the current study, the metabolites from the cell were successfully released
during extract preparation and the synthesis occurred extracellularly, which decreased the
time needed to obtain the product. The organic coating on the surface of the Ag NPs was
further examined by FTIR analysis.

The FTIR technique showed an abundance of functional groups on the surface of the
Ag NPs such as OH, NH, C=C, C≡C, C=O, C-N, P-O, CH2, CH3, and C-O, originating from
the S. pluvialis extract used for the synthesis [11,24]. The spectra of the Ag NPs BC before
and after catalysis display the difference in intensity, mainly in the wavenumber areas
attributed to the C=C, C≡C and CH2, CH3 groups, which confirms their involvement in



Sustainability 2024, 16, 8758 6 of 17

the photocatalytic generation of radicals. The Ag NPs AC exhibit a higher transmittance in-
tensity compared with the Ag NPs BC, which proves partial removal of the organic content
due to the calcination. The microalgae extract used in the synthesis contains various organic
compounds, such as proteins, polysaccharides, and phenolic compounds. The organic
molecules play a dual role: they act as reducing agents, facilitating the reduction of metal
ions to form nanoparticles, and as stabilizing agents, capping the nanoparticle surfaces to
prevent agglomeration. The organic groups from the extract, such as hydroxyl, carboxyl,
and amine groups, remain attached to the surface of the nanoparticles, contributing to their
stability and influencing their surface properties during catalytic processes.

The morphological properties of the obtained Ag NPs were studied using SEM and
EDX analyses (Figure 3). The obtained Ag NPs BC are spherical or quasi-spherical in
shape with silver, chlorine, oxygen, carbon, phosphorus, and sulfur in their structure with
homogeneous distributions. The Ag NPs AC are more agglomerated or coalescent while
maintaining the tendency toward a spherical or quasi-spherical shape. In the elemental
analysis of Ag NPs AC, only silver, oxygen, carbon, and phosphorous were detected
with homogenous distributions. Due to calcination, the organic content was partially
removed, which decreased the Ag NPs’ stability and caused the agglomeration of the
material. During calcination, particles gain enough thermal energy to overcome surface
energy barriers, which can lead to particle migration and fusion. As the temperature
increases, the nanoparticles tend to reduce their surface area to minimize the overall energy
of the system. The reduction often causes individual particles to merge or cluster together,
forming larger aggregates [25]. Additionally, surface diffusion or sintering processes can
occur during calcination, where atoms or ions move across particle surfaces, leading to the
coalescence of neighboring particles.

The TEM analysis of the Ag NPs BC reveals a population of well-dispersed particles
with predominantly spherical or quasi-spherical shapes. The low degree of agglomeration
can be attributed to the organic compounds in the microalgae extract, which serve as natural
capping agents. The organic molecules, likely proteins, polysaccharides, and phenolic
compounds, form a protective layer around the nanoparticles, visible as a thin halo in
the TEM images. The observed capping effect stabilizes the nanoparticles by preventing
particle–particle interactions and inhibiting coalescence, leading to a well-dispersed system.
Following calcination, a marked change in the morphology and size distribution of the
Ag NPs AC is observed in the TEM images. The calcination process removes the organic
capping layer, as evidenced by the absence of the protective halo previously seen around
the nanoparticles. Without the stabilizing effect of the organic matrix, the nanoparticles
become more prone to coalescence and aggregation, forming larger clusters. Although
the individual nanoparticles generally retain their spherical or quasi-spherical shapes, the
increased particle–particle interactions due to agglomeration are visible. The thermal-
induced growth and agglomeration are consistent with the enhanced crystallinity observed
in the XRD results post-calcination.

The thermal behavior of the obtained products was examined by the TGA tech-
nique (Figure 4A–C). The Ag NPs BC showed three stages of mass loss at the ranges
25–250 ◦C, 250–550 ◦C, and 550–1000 ◦C. The first decrease with a 7.5% weight loss and
DTG peak at 182 ◦C can be attributed to the loss of physically adsorbed water molecules
or decomposition of temperature-sensitive organic compounds [26]. The removal of or-
ganic compounds progressed in the next stage, with a 4.9% weight loss and DTG peak at
380 ◦C when the phenolic compounds decomposed on the surface [27]. Then, the weight
decreased by 5.7% with the DTG peak close to 1000 ◦C, signifying the decomposition
of higher-molecular-weight compounds or molecular oxygen removal [11,26]. The final
weight of the Ag NPs BC was recorded at around 80%. In addition, the DTA analysis
provided information about the exothermic nature of the organic content decomposition,
with various peaks at 25–600 ◦C signifying the abundance of compounds on the surface of
the Ag NPs BC. The endothermic peak at 960 ◦C is attributed to the melting point of silver
present in the structure [28].
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The thermal properties of the Ag NPs AC were also assessed. The slight weight loss
of 0.5% with the DTG peak at 135 ◦C can be related to the water loss or oxidation of the
remaining organic content. The most significant weight loss of 4.5% with a DTG peak at
around 1000 ◦C is similar to the Ag NPs BC. The weight at the end of the measurement
was recorded at around 95%. The DTA analysis revealed a low-intensity exothermic peak
at around 45 ◦C and an endothermic peak at 960 ◦C, which represents the melting point of
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silver. The TGA analysis confirmed the difference in the amount of organic content in Ag
NPs BC and Ag NPs AC. Moreover, the metabolites showed different thermal behaviors
manifesting in the presence of many peaks, especially in the DTA analysis, which proves
the abundance of molecules as observed in the FTIR analysis.
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The optical properties of Ag NPs BC and Ag NPs AC were analyzed using UV-Vis
spectroscopy (Figure 4D,E). Plasmonic nanoparticles such as Ag NPs can exhibit surface
plasmon resonance when electrons in the conductive band excited at a specific wavelength
undergo collective oscillation. The effect enables strong light scattering and absorption,
which are important for the photocatalytic activity. The Ag NPs BC displayed a broad
absorption band, which, after deconvolution, can be divided into three separate peaks.
The peaks at 278 nm and 365 nm can be attributed to the organic molecules present on the
surface. In the literature, the metabolites present in the extract were previously detected in
a similar range [29]. Moreover, the peak at 448 nm can be assigned to the characteristic Ag
NP surface plasmon resonance typically found in the 400–500 nm range [30]. The results
show the potential of Ag NPs BC to be photoactivated in the visible light spectrum.

The obtained Ag NPs AC displayed one peak at 258 nm, which might be a result of
structural defects and a change in the electronic state due to the calcination procedure [31].
A similar behavior has been reported before as a result of electronic transition to metallic
Ag [31], which is correlated with the XRD findings. Consequently, the calcination procedure
might have impaired the photocatalytic activity of Ag NPs AC.

The optical properties were also characterized by the calculation of the bandgap energy.
The parameter is defined as an energy difference between the highest occupied energy state
in the valence band and the lowest unoccupied energy state in the conduction band. A low
bandgap value facilitates the ability of the material to absorb light, generate electron–hole
pairs, and initiate photocatalytic reactions. Based on the UV-Vis absorption, the bandgap
energy for Ag NPs BC was calculated at 2.33 eV (Figure 4F). The typical bandgap energy
for Ag NPs depends on their size, shape, and surrounding environment but generally
ranges from 2.0 to 3.5 eV [32,33]. The confinement of electrons in Ag NPs, especially at
the nanoscale, leads to quantum effects, resulting in a measurable bandgap that influences
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their optical and electronic properties. The tunable bandgap allows Ag NPs to absorb
and respond to visible and ultraviolet light, making them useful in photocatalysis, while
bandgap energies around 2.2–2.5 eV are particularly relevant for visible light activation. A
similar bandgap value has been reported for Ag NPs synthesized using Hagenia abyssinica
(Brace) JF. Gmel. plant extract [34].

3.2. Photocatalytic Activity

The linear correlation between BBR dye absorbance and concentration is shown in
Figure S1. The BBR dye degradation activity of Ag NPs BC was first analyzed in dark
conditions (Figures 5 and S2).
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efficiency. Reaction conditions: dye concentration: 21 mg/L, Ag NPs BC concentration: 1000 mg/L,
and pH: 7.

The highest decrease in dye concentration was recorded at around 30 min, followed
by a further slight concentration reduction. The interplay between the dye and Ag NPs BC
can be described as physisorption, which is mainly connected with weak van der Waals
forces [35]. At the end of the measurement, around 33% of the dye molecules were degraded
and the kapp value was recorded as 0.00380 min−1. In the subsequent experiments, the
reaction was subjected to 30 min in the dark at the beginning to allow for a more precise
evaluation of the tested factors on the photocatalytic activity of the Ag NPs BC.
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3.2.1. Influence of Light

The initial evaluation of the photocatalytic activity of the Ag NPs BC involved the as-
sessment of various levels of light intensities of 75, 150, and 300 µmol/m2/s
(Figures 6A, S3 and S4). In photocatalysis, electron–hole pair production relies on light
exposure intensity and is a crucial step for creating active radicals to degrade pollutants [36].
As light intensity increases, more electrons transition from valence to conduction bands,
resulting in the generation of hydroxyl or oxygen radicals [37]. In this series of experiments,
the concentration of the BBR dye was measured with time to evaluate the performance of
the Ag NPs BC.
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The lowest tested light intensity resulted in the lowest decrease in the BBR dye concen-
tration with a degradation efficiency of around 39% and kapp value of 0.00326 min−1. The
increase in light intensity to 150 µmol/m2/s revealed a significant increase in degradation
efficiency to around 52.2% and a kapp value of 0.00595 min−1. A further increase in light
intensity to 300 µmol/m2/s showed only a slight increase in degradation efficiency to
around 55% with a kapp value of 0.00632 min−1. The results can be explained in the context
of the quantum yield of photodegradation, which is described as the ratio of absorbed
photons that result in a molecular reaction to the total number of absorbed photons [37]. A
high quantum yield increases the likelihood of a molecular reaction, while the energy in a
low quantum yield can be converted to heat or fluorescence [37]. Overall, the results show
the important role of light intensity for the photocatalytic activity of Ag NPs BC.

3.2.2. Influence of Dye Concentration

The light intensity can also be influenced by the concentration of the BBR dye in
the solution. The light illuminating the system can also be absorbed by the BBR dye
molecules, which decreases the number of photons reaching the catalyst surface and
leading to the generation of fewer radicals. The effect of various BBR dye concentra-
tions in the range 4–26 mg/L on the photocatalytic activity of Ag NPs BC is presented
in Figures 6B, S5 and S6. As expected, the lowest concentration of the BBR dye re-
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sulted in the highest decrease in the concentration with time, with a degradation effi-
ciency around 73.8% and k value of 0.00986 min−1. The increase in the concentration to
16 mg/L showed a decrease in the degradation efficiency at around 52.2% with a kapp value
of 0.00632 min−1. The highest tested BBR dye concentration revealed the degradation effi-
ciency around 31% with a kapp value of 0.00276 min−1. The high concentration of the BBR
dye in the solution might not only impart light scattering but also result in the competing
action of the molecules for access to the active sites on the catalyst surface, resulting in
agglomeration [38]. However, usually the BBR dye concentration in the wastewater is low
due to the multiple washings [39], which shows the potential of Ag NPs BC for the removal
of BBR dye.

3.2.3. Influence of Catalyst Dosage

The access to the active sites on the surface of Ag NPs BC was tested by measuring
the BBR dye concentration in the presence of various catalyst concentrations in the range
500–2000 mg/L (Figures 6C, S7 and S8). As expected, the tested lowest catalyst dosage of
500 mg/L resulted in the lowest decrease in the BBR dye concentration with a degradation
efficiency of 36.7% and kapp value of 0.00272 min−1. A further increase in the catalyst
dosage raised the degradation efficiency to around 52.2% and 71.9% with kapp values
of 0.00595 min−1 and 0.00933 min−1 for 1000 mg/L and 2000 mg/L, respectively. The
results show the important role of active sites on the Ag NPs’ BC surface to improve the
photocatalytic degradation of BBR dye [38]. However, it has been reported that the trend
only holds up to certain limits as the excess amount of added catalyst might increase
turbidity, which affects the light scattering [40].

3.2.4. Influence of pH

The next tested factor for the photocatalytic activity of Ag NPs BC was the pH
of the solution in the range 3–11 (Figures 6D, S9 and S10). In acidic conditions, the
decrease in the BBR dye was the least prominent and the degradation efficiency was
recorded at around 47.3% with a kapp value of 0.00443 min−1. The neutral pH showed
a degradation efficiency of around 52.2% with a kapp value of 0.00595 min−1. The al-
kaline conditions resulted in the degradation efficiency of 81.9% and kapp constant of
0.01496 min−1. Describing the role of pH can be challenging, primarily due to the pH
dependence of many processes such as the electrostatic interactions of the catalyst surface
with other molecules, such as the solvent, substrate, and generated charged radicals [41]. In
alkaline conditions, the surface charge of Ag NPs BC often becomes more negative, which
increases the electrostatic attraction between the nanoparticles and the positively charged
dye molecules, leading to more efficient adsorption. Additionally, a higher pH can promote
the formation of hydroxyl ions (OH−), which are key precursors for generating highly
reactive hydroxyl radicals (•OH) during the photocatalytic process. At an elevated pH, the
conduction band electrons of Ag NPs BC may become more reactive due to the increased
availability of OH−, leading to more efficient reduction reactions. Furthermore, in alkaline
conditions, the generation of superoxide radicals (O2

−•) from dissolved oxygen is favored,
which can also contribute to dye degradation. The stability of nanoparticles may improve
in basic environments, reducing the likelihood of nanoparticle aggregation and thereby
maintaining a higher surface area for catalysis. In the present study, increased BBR removal
with increasing pH could relate to the higher accessibility of hydroxyl anions, which, after
interactions with positive holes on the catalyst, can result in the elevated concentration
of hydroxyl radicals [42]. The effect might persist until a certain pH, when the radical
rate formation is decreased due to the Coulomb repulsion between the negatively charged
surface of the catalyst and hydroxyl anions [43].

3.2.5. Influence of Calcination

In the final set of experiments, the influence of calcination and the resulting removal
of organic content was tested for photocatalytic activity (Figures 6E, S11 and S12). The
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Ag NPs AC showed a minimal decrease in BBR dye concentration with a degradation
efficiency around 10.7% and kapp value of 0.00009 min−1. Moreover, before the treatment,
the degradation efficiency was recorded around 52.2% with a kapp value of 0.00595 min−1.
The BBR dye without any catalyst was degraded by around 6.5% with a kapp value of
0.00049 min−1. In the previous study, the calcination at 150 ◦C managed to reduce the
antifungal activity of Ag NPs synthesized using S. platensis extract [11]. The increased
calcination temperature might cause more structural defects, which can result in different
properties of the material as shown in the UV-Vis findings. In addition, Ag/Ag2O calcined
at 600 ◦C exhibited photocatalytic activity in the UVA spectrum, which might increase the
cost of the photocatalytic removal [44].

3.2.6. Mechanism of Dye Degradation

It is widely acknowledged that photocatalysis entails a sequence of reactions between
the catalyst and pollutant [37,42,45]. The scheme of the BBR dye degradation process
is shown in Figure 7. First, the electrons from the valence band are excited into the
conduction band upon light irradiation (Equation (5)), which generates positively charged
holes (h+). Then, the holes react with water molecules, producing H+ and •OH radicals (6).
The electrons after excitation convert the molecular oxygen in the solution into •O2

− (7),
reacting with water molecules to produce •OOH (8). After rearranging to H2O2 (9), it reacts
with •O2

− to produce •OH (10), which can also be generated after the reaction of hydroxyl
ions with holes (11). The above reactions are described below (Equations (5)–(11)).

Photocatalyst surface + hv → electron (e−) + hole (h+) (5)

h+ + H2O → H+ + •OH (6)

e− + O2 → •O2
− (7)

•O2
− + H2O → •OOH + OH− (8)

2•OOH → H2O2 + O2 (9)

H2O2 + •O2
− → •OH + O2 + OH− (10)

OH− + h+ → •OH (11)

BBR is a synthetic dye designed for its color stability and longevity, which poses a
challenge for degradation. It belongs to the class of triphenylmethane dyes, containing
three phenyl rings linked to a central carbon atom [46]. The presence of conjugated double
bonds in the aromatic rings leads to electron delocalization with resonance stabilization,
which allows for electronic charge distribution and prevents the formation of reactive
sites [47,48]. Moreover, BBR dye does not contain highly labile functional groups that could
be easily cleaved, which reduces its susceptibility to chemical breakdown [49]. Thus, this
AOP is considered a promising method to degrade BBR dye.

The BBR degradation pathway was studied based on the ultrasound treatment, which
also includes the generation of hydroxyl radicals [50]. Based on the LC-Q-TOF-MS analysis,
two degradation pathways were proposed. One involves OH addition and the other in-
volves hydrogen abstraction followed by a disproportionation/hydroxylation reaction [50].
Then, the molecules undergo a series of reactions, such as bond breakage, oxidative cleav-
age, or demethylation. In total, 13 transformed products were identified; however, the
molecules could be further transformed by ring opening and other oxidative cleavages,
resulting in the formation of inorganic ions, carbon dioxide, and water as part of the miner-
alization process [50]. The degradation pathway was also studied in river water, revealing
its independence from the presence of inorganic ions [51].
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Finally, while the results so far discussed confirm the potentialities of the investigated
green technique for the synthesis of Ag NPs capable to effectively degrade BBR, further
analyses should be performed to gain insight into specific aspects, such as the photocurrent
curve [52] and the long-term stability of the obtained photocatalyst as reported in [53,54].
Work is underway along these lines.

4. Conclusions

The production of efficient and stable photocatalysts is of utmost importance for the
successful remediation of water pollution. Achieving this goal requires a comprehensive
understanding of the underlying chemical processes, as well as an analysis of the various
factors that can influence the performance of photocatalytic systems. In this study, the
methanolic extract of S. platensis was used to synthesize Ag NPs BC and Ag NPs AC.
An XRD analysis showed AgCl and Ag phases in Ag NPs BC with a crystalline size of
11.79 nm, while only the Ag phase was present in Ag NPs AC with a size of 24.60 nm. FTIR
confirmed functional groups from the extract on the surface of Ag NPs BC. SEM showed
spherical or quasi-spherical morphologies, and EDX supported the FTIR results. A TGA
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revealed differing thermal stability between the nanoparticles, and UV-Vis indicated visible
light activation of Ag NPs BC with a bandgap of 2.33 eV. Photocatalytic tests against BBR
dye under visible light showed 81.9% degradation efficiency in alkaline conditions, with a
proposed mechanism involving hydroxyl radicals. This study highlights S. platensis as a
source for synthesizing photocatalytically active products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su16208758/s1, Table S1: XRD values and crystalline size of the
detected phases in Ag NPs BC; Table S2: XRD values and crystalline size of the detected phases in Ag
NPs AC; Figure S1: Calibration line: (A) absorbance profile of BBR dye at different concentrations,
and (B) plot of concentration at the maximum absorbance peak at 555 nm; Figure S2: Rate constant
in the dark conditions. Fitted parameters were calculated based on the dotted red plot; Figure S3:
Rate constant at different light intensities: (A) dark, (B) 75 µmol/m2/s, (C) dark, (D) 150 µmol/m2/2,
(E) dark, and (F) 300 µmol/m2/s. Fitted parameters were calculated based on the dotted red plot;
Figure S4: Rate constant at different dye concentrations: (A) 4 mg/L in the dark, (B) 4 mg/L
in the light, (C) 18 mg/L in the dark, (D) 18 mg/L in the light, (E) 26 mg/L in the dark, and
(F) 26 mg/L in the light. Fitted parameters were calculated based on the dotted red plot; Figure S5:
Rate constant in different catalyst loadings: (A) 500 mg/L in the dark, (B) 500 mg/L in the light, (C)
1000 mg/L in the dark, (D) 1000 mg/L in the light, (E) 2000 mg/L in the dark, and (F) 2000 mg/L in
the light. Fitted parameters were calculated based on the dotted red plot; Figure S6: Rate constant
at different pH: (A) pH 3 in the dark, (B) pH 3 in the light, (C) pH 7 in the dark, (D), pH 7 in the
light, (E) pH 11 in the dark, and (F) pH 11 in the light. Fitted parameters were calculated based
on the dotted red plot; Figure S7: Rate constant: (A) Ag NPs BC in the dark, (B) Ag NPs BC in the
light, (C) Ag NPs AC in the dark, (D) Ag NPs AC in the light, (E) without Ag NPs in the dark, and
(F) without Ag NPs in the light. Fitted parameters were calculated based on the dotted red plot;
Figure S8. Rate constant in different catalyst loadings, (A) 500 mg/L in the dark, (B) 500 mg/L in
the light, (C) 1000 mg/L in the dark, (D) 1000 mg/L in the light, (E) 2000 mg/L in the dark, (F)
2000 mg/L in the light. Fitted parameters were calculated based on the dotted red plot; Figure S9
Influence of pH on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying pH, (D)
changes in dye concentration. Reaction conditions: dye concentration: 18–19 mg/L, Ag NPs BC
concentration: 1000 mg/L, light intensity: 150 µmol/m2/s; Figure S10. Rate constant in the different
pH, (A) pH 3 in the dark, (B) pH 3 in the light, (C) pH 7 in the dark, (D), pH 7 in the light, (E) pH
11 in the dark, (F) pH 11 in the light. Fitted parameters were calculated based on the dotted red
plot; Figure S11 Influence of calcination on the photocatalytic activity (A) UV–Vis spectral changes
before calcination, (B) UV–Vis spectral changes after calcination, (C) UV–Vis spectral changes without
catalyst, (D) changes in dye concentration. Reaction conditions: dye concentration: 17–22 mg/L, Ag
NPs BC concentration: 1000 mg/L, light intensity: 150 µmol/m2/s, pH: 7; Figure S12. Rate constant
(A) Ag NPs BC in the dark, (B) Ag NPs BC in the light, (C) Ag NPs AC in the dark, (D) Ag NPs AC in
the light, (E) without Ag NPs in the dark, (F) without Ag NPs in the light. Fitted parameters were
calculated based on the dotted red plot.
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