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Abstract: The increase in economic activities and the industrialization of countries have caused the
growth of pollution created by waste and sewage. In particular, the textile industry produces large
amounts of liquid contaminants due to the large amounts of water employed during the production
of fabrics. In addition, dyes are another category of organic compound used in many industries, such
as pharmaceuticals and rubber making. The presence of limitations in physico-chemical methods
for the degradation of various dyes has stimulated the interest of researchers worldwide. One of the
most economical ways is the use of photocatalytic decomposition under UV light radiation by green
nanoparticles (NPs). In recent years, various metal NPs have been made using the green method that
is cost-effective, eco-friendly, safe, and simple. Selenium (Se) is a crucial semiconductor metal that is
widely utilized for its outstanding photovoltaic and optoelectronic attributes. Due to the excellent
physical characteristics of Se, such as thermo-conductivity, anisotropy, and high photoconductivity, it
has been used for removing various organic dyes. Hence, green SeNPs have attracted much attention
in the catalytic decomposition process. The current review focuses on providing comprehensive
studies concerning the degradation or reduction of various organic dyes through green SeNPs as
an effective and efficient method and their mechanisms. It highlights the importance of utilizing
green chemistry and catalytic properties. The aim is to benefit researchers from both academic and
industrial backgrounds.
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1. Introduction

Due to the rapid growth of the population and the rapid increase in the industrial-
ization of cities, environmental pollution has been raised as a major global problem [1,2].
Chemical industrial wastewater contains toxic substances, such as dyes, heavy metals, and
organic pollutants [3,4]. Among the types of water pollution, dyes are the main forms of
waste and harmful substances that enter the water. Every year, various dyes are produced
by various industries, such as the cosmetic, plastic, leather, hair dye, textile, photoelec-
trochemical cell, paper, agricultural research, pharmaceutical, and food industries [3].
Statistics indicate that about 1.2 billion people do not have access to safe drinking water,
and millions of people die from consuming contaminated water [5]. Observations and
research showed that dyes are usually carcinogenic [6], mutagenic, and teratogenic and
have a harmful nature.

In humans, some dyes can cause bladder cancer, skin irritation, nausea, vomiting,
gastrointestinal irritation, and disorders of the liver, brain, kidneys, and central nervous
system [2,7,8]. The risk of dyes for the environment and natural ecosystems depends on
environmental exposure (concentration and duration) and potential contamination (hazard
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or toxicity characteristics). Only the presence of 1 mg/L of dye in drinking water can lead
to significant health concerns for humans [3].

There are various methods to remove different dyes from the natural ecosystem, in-
cluding the physical removal of dyes (adsorption, filtration, sedimentation, and reverse
osmosis), chemical decolorization (chemical oxidation, neutralization, ion exchange, and
recovery methods), and biological methods (degradation using fungi, bacteria, and acti-
nomycetes). Disadvantages of physical and chemical methods include high operating
costs and the production of toxic sludge. In addition, biological methods have some prob-
lems, including a long time for dye decomposition, low decomposition efficiency, high
structural stability of some dyes, and resistance to bacterial degradation [7]. In addition,
dyes in wastewater usually have one or more benzene rings that cannot be easily removed
by biological and chemical methods to decompose [1]. As a result, we need an optimal,
cost-effective, high-efficiency, and environmentally friendly method to remove dyes and
pollution [9]. Photocatalysis is an “advanced oxidation process (AOP)” using ultraviolet or
visible light, which has been proposed as a cost-effective, efficient, and eco-friendly method.
It involves the use of metal-based nanoparticles [10]. In this method, organic pollutants are
broken down into smaller molecules or completely decomposed into CO, and H,O [11].

Nanotechnology deals with nanoscale objects. The surface-to-volume ratio has in-
creased in nanoparticles, and therefore, they exhibit unique optical, magnetic, catalytic,
and electrical properties [12,13]. Nanoparticles are utilized in different fields, such as toxic
gas sensing, heavy metal removal, textile applications, and the biomedical and photocat-
alytic degradation of organic pollutants [14-18]. In general, there are two methods for the
production of nanoparticles, which comprise “the top-down and bottom-up approaches”.
The top-down approach includes physical methods, such as vapor deposition, ball milling,
and laser ablation. The bottom-up approach contains chemical methods (sol-gel, pyrolysis,
solvothermal, and microwave irradiation) and biological methods (microorganisms or
plant extracts) [3,19]. Among these methods, physical and chemical methods are less used
compared to biological methods due to the high cost and residual toxic solvents, but the
green synthesis method with a plant is economical, environmentally friendly, safe, and
simple [20]. When natural organic matter is present in the environment, it has the ability to
be adsorbed onto the NPs, resulting in a reduction of their agglomeration. Furthermore,
this adsorption process can decrease their toxicity [21]. In fact, the green method generates
more stable and less toxic products than those obtained using other methods [22]. In recent
years, various nanoparticles, such as CuO [23], TiO; [24], ZnO [25], MgO [26], Pt [27],
Ag [28], Au [29], Fe [30], and Se [31], were synthesized using the green method. They
showed potential anticancer, antimicrobial, antifungal, and photocatalytic activities.

Selenium (Se) is an essential element for the human body as well as for animals. Its
absence can result in permanent and severe conditions, including immune deficiency. It
has been noted that this particular substance is present in certain functional proteins that
are responsible for crucial tasks like promoting anticancer properties and enhancing the
immune system to combat harmful agents. Selenium has been observed to significantly
affect membrane peroxidases by reacting with them and producing oxygen-free radicals, ul-
timately leading to antimicrobial effects. In addition, semiconductor chalcogens, such as Se,
have been utilized for the removal of various dye groups owing to their superior physical at-
tributes, including “thermo-conductivity, anisotropy, and high photoconductivity” [32,33].
In fact, Se, as a notable semiconductor, is extensively utilized for its photovoltaic and opto-
electronic properties [34]. The remarkable position of Selenium nanoparticles (SeNPs) can
be explained by the interest invested in their synthesis due to their distinctive properties,
which has led to the various methods currently being evaluated [35]. Different types of
plants and microorganisms possess the ability to convert selenite [Se(IV)] to Se(0) and
generate extracellular or intracellular SeNPs. Bio-SeNPs have found diverse applications
as an eco-friendly and green nanomaterial in several areas, such as anticancer and an-
timicrobial activities, drug delivery, and nutritional supplements [36]. The green SeNPs
exhibit remarkable biomedical characteristics and demonstrate superior biocompatibility
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and degradability in comparison to alternative metal nanoparticles [37]. Biogenic Se nano-
materials have been utilized as adsorbents for Hg (0), Zn?*, Cu?*, and Cd?* due to their
high affinity for certain heavy metals. Furthermore, Se nanomaterials possess a bandgap of
1.99 eV (amorphous Se) or 1.8 eV (crystalline Se), which suggests that they have the poten-
tial to be highly efficient photocatalysts. The photocatalytic decomposition of Methylene
blue in aqueous media with gum shellac stabilized SeNPs was described by Igbal et al. [38].
Velayati evaluated the photocatalytic effect of Gum arabic mediated-Se-Nanorods on the
degradation of Rhodamine B dye under a UV-A light [35]. The photocatalytic degradation
of Bromothymol blue using biogenic SeNPs prepared by terrestrial actinomycete Strep-
tomyces griseobrunneus strain FSHH12 was reported by Ameri et al. [32]. Many studies
have reported the ability of green synthesized SeNPs on organic dye degradation, which is
related to the special properties of SeNPs. Hence, this review article has investigated the
photocatalytic effects of green SeNPs in the degradation or reduction of some organic dyes,
considering the importance of organic dyes as environmental pollutants and their removal
using the best method (Figure 1).
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Figure 1. The structure of several organic dyes.

2. Several Organic Pollutants Dyes (Table 1)
2.1. Methylene Blue

Methylene blue (MB) is a pollutant with a thiazine structure, which is highly car-
cinogenic and mutagenic, and is used in many different factories (dyeing paper, cotton,
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etc.). Consumption of this substance causes toxicity and serious damage to the eyes and
nervous system. In addition, MB showed some complications, such as respiratory infection,
digestive problems, nausea, and vomiting [39,40]. Therefore, MB is a serious threat to the
health of humans and animals; hence, a proper method must be used to eliminate this
harmful substance. It is easy to document and check the progress of the photocatalytic
reaction because MB dye disappears due to the degradation in the reaction medium. In
addition, MB is a dark blue solid powder at room temperature, which is soluble in water,
and its maximum optical absorption is observed at 665 nm. The absorption peaks of MB
observed by a UV-Vis spectrophotometer decrease or disappear during the photocatalytic
process [41,42]. Several studies investigated the degradation of MB using green SeNPs.

Green SeNPs were synthesized using fermented yeast based on agricultural waste by
Goud et al., in 2016 [34]. These nanoparticles were identified using diagnostic methods,
such as UV-Vis (540 nm), SEM, EDX, XRD, and DSC. The average size of the synthesized
rod-shaped nanoparticles was between 240 and 170 nm. The crystalline nature of SeNPs
was proven with XRD studies. The EDX profile exhibited that the major component is Se
while other elemental signals (carbon, oxygen, nitrogen, phosphorus, and sulphur peaks)
may originated from phytochemicals or proteins existing in fermented broth. In order to
study the photocatalytic effect, 50 mg of SeNPs were added to 50 mL of MB (10 mg/L)
under visible light “(a visible annular type photoreactor with 300 W tungsten lamp)”, and
it was checked for 3 h. Furthermore, the fabricated nanoparticles had significant anticancer
and antibacterial effects [34].

In the other study published in 2018, Venkatesan and coworker [43] prepared green
SeNPs with a leaf extract of Withania somnifera and selenious acid (H;SeO3). FT-IR anal-
ysis confirmed the presence of functional groups, which were associated with bioactive
molecules in the extract; the result was consistent with the stability of the colloidal solution
of nanoparticles. It was found that the synthesized SeNPs were amorphous and spherical
within the diameter range of 45-90 nm. The X-ray pattern was indexed based on the
trigonal phase of Se. The bandgap energy for the as-prepared sample was determined to
be 2.75 eV after 24 h of aging. It was noted that the bandgap energy of green SeNPs was
greater than that of bulk -Se (2.0 eV) and commercial Se powder (1.8 eV) owing to the
quantum size effect. The reference peak for MB was in the region of 657 nm, and it was
examined during 0-30 min period. The maximum amount of decolorization effect was
determined after 30 min in the presence of sunlight. SeNPs have the ability to effectively
degrade MB in the presence of sunlight, making them suitable for use in “water treatment
plants and textile industries”. In addition, the synthesized SeNPs showed antioxidant,
antimicrobial, and antiproliferative effects [43].

Xia et al., in 2019, [44] utilized a green approach to synthesize SeNPs and assessed
their potential for a photocatalytic effect in the presence of MB under visible light “(a 300 W
Xe lamp (A > 400 nm) to simulate the visible-light)”. Sodium formaldehyde sulfoxylate was
utilized as the reducing agent for the synthesis of trigonometric Se nanowires from SeO,
with diameters ranging from 100 to 200 nm. The calculated bandgap energy of the SeNPs,
as prepared, was determined to be 1.52 eV, which is slightly lower than the bandgap of
bulk Se at 1.6 eV. The prepared SeNPs exhibited a good catalytic effect by degrading more
than 99% of MB (664 nm) after 3 h in the presence of H,O; [44].

Tripathi and colleagues [45] fabricated SeNPs through cost-effective methods and away
from the disadvantages of chemical methods using the leaf extract of Ficus benghalensis. The
precursors were Se metal powder and sodium sulphide. The size distribution range of the
particles was 45-95 nm with a spherical shape; the average particle size was 64.03 nm, which
was measured with DLS and SEM methods. Based on the XRD pattern, the nanoparticles
were polycrystalline in nature. The bandgap of biosynthesized SeNPs is higher compared
to that of commercial Se powder, with a value of 3.8 eV. This phenomenon is attributed to
quantum confinement as well as the probable influence of capping ligands and proteins
present on the surface of nanomaterials. The concentration of 10 mg/L of MB and 100 mg/L
of SeNPs was used for the photocatalytic investigations under UV irradiation. MB had two



Water 2023, 15, 3295

5o0f 24

peaks in the region of 619 and 664 nm in UV-Vis, and the peak at 664 nm was selected as
a reference. The MB degradation followed first-order kinetics and had a rate constant of
0.02162 57!, resulting in a degradation of 57.63% after 40 min of reaction time [45].

A fungal extract called Monascus purpureus ATCC16436 was used to form green SeNPs.
Sodium selenite (Na;SeO3) was used as a Se precursor. The synthesis of nanoparticles was
approved by UV-Vis after 30 min at room temperature. The prepared SeNPs appeared
in a single-phase crystalline structure. TEM image discovered the round form with a
mean particle size of 46.58 nm. DLS analysis showed that the prepared SeNPs had been
monodispersed with a polydispersity index value of 0.205. The zeta potential of —24.01 mV
exhibited the high stability of synthesized SeNPs. In order to investigate the photocatalytic
effect, 25-400 mg of SeNPs were added to 100 mL of MB (10 mg/L) under sunlight and
checked for 20 min. A progressive increase in the degradation percentage was obtained
with the increase within the SeNPs concentrations, which reached the greatest degradation
(100%) at 4 mg/mL SeNPs. In addition, SeNPs showed effective antimicrobial activity
against all plant and human pathogens, antioxidants, and anticancer activities [46].

In another study published in 2021 by Kazemi et al., [47] SeNPs were green synthesized
using NaySeOs, glucose, and ascorbic acid (AA), in which way starch had the role of
stabilizer and capping agent. SeNPs were characterized by several procedures, including
UV-Vis, XRD, AFM, DLS, XRD, FE-SEM, and TEM. The TEM image of NPs demonstrated
a spherical form that was effectively distributed on the starch stabilizer and contained a
diameter within the size range of 2-10 nm. The XRD of SeNPs showed a clear pattern with
an average crystalline size of 20 nm. After exposure to UV-A light, the bandgap energy
was determined to be 5.12 eV. It was observed that the synthesized SeNPs had a greater
bandgap energy than the bulk material (2.5 eV), which can be attributed to the quantum
size effect. In order to investigate the photocatalytic effect, 20 mL of SeNPs (0.01 mmol)
and 5 mL of MB (0.1 mmol) were used for 0-150 min. The rate constant was determined to
be 0.015 min~!, and MB (60%) decomposed under UV light after 150 min. It is important
that there is no indication of dye degradation during the loss of catalysts or in the absence
of UV irradiation. The utilization of a pseudo-first-order reaction has appeared to be
suitable for estimation purposes. SeNPs showed satisfactory activity in the antimicrobial
and photocatalytic cases [47].

In a study by Cittrarasu et al. (2021), [48] SeNPs were synthesized with an aqueous
extract of Ceropegia bulbosa tuber and selenous acid. The characterization of the synthesized
SeNPs was conducted with FI-IR mapping, XRD, FE-SEM-EDS, HR-TEM, DLS, and zeta
potential analysis. FE-SEM and HR-TEM found that the shape of the nanoparticles was
uniformly spherical. The DLS results of SeNPs showed an average size of 55.9 nm with
a dispersion index of 0.03. Aqueous solution mediated by SeNPs can degrade 98.3% MB
in 80 min. The efficiency of MB decolonization was observed to steadily increase with a
longer period of irradiation time, up to a maximum of 80 min [48].

Santhosh and colleagues (2022) [37] produced Goniothalamus wightii extract-mediated
SeNDPs. In addition, Na;SeO3; and AA were used during the synthesis. Prepared SeNPs
were confirmed through EDX, UV-Vis, TEM, SEM, and FI-IR. The average size of the
produced nanoparticles was 80 nm. The XRD pattern revealed a highly crystalline structure.
Zeta potential and DLS value of synthesized SeNPs were determined as —17.6 mV and
20-110 nm. To examine the photocatalytic effect, 10 mg of SeNPs were added to 100 mL of
MB (10 mg/L) under sunlight, and dye decomposition was checked at 660 nm every 30 min.
The prepared SeNPs were able to decompose 97% of MB dye in 150 min. In addition, these
nanoparticles displayed radical scavenging, anticancer, and photocatalytic activities [37].

Alizadeh and colleagues (2023) [49] prepared green SeNPs mediated from the aqueous
extract of Allium paradoxum and NaySeOs. Several analytical methods (FT-IR, TGA, XRD,
EDX, SEM, and TEM) proved the synthesis of SeNPs. These nanoparticles with a semi-
spherical shape and an average size of 37.5 nm exhibited a good photocatalytic effect in
the removal of MB dye in the presence of NaBHy (reducing agent); 30 pL of MB (10 mM),
5.77 mL H,0O, and 200 uL of fresh NaBH, (0.1 M) were treated with 50, 60, and 70 uL
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of SeNPs (700 png/mL). The complete degradation efficiency was obtained after 69, 49,
and 41 min, and the rate constants were calculated as 0.0198, 0.0199, and 0.0361 min~!,
respectively. The photocatalytic reaction was pseudo-first-order kinetics. The green SeNPs
had antioxidant, antibacterial, iron-chelating, anticancer, antifungal, and photocatalytic
activities [49].

In another study by Alizadeh et al. (2023), [50] green synthesis of SeNPs was performed
using the aqueous extract of Crocus caspius plant and NaySeOs. They had a crystalline
nature (triangular) with a semi-spherical shape and an average size of 20.34 nm. The green
SeNPs showed strong radical inhibitory, antibacterial, iron chelating, anticancer, antifungal,
antileishmanial, and photocatalytic activities. The fabricated nanoparticles displayed a
good photocatalytic effect in the removal of MB dye in the presence of NaBHy, so the
reduction rates of 0.1474, 0.1538, and 0.1625 min~! were obtained for 40, 50, and 60 pL
of SeNPs (546.67 pug/mL), respectively. The photocatalytic reaction was determined by
pseudo-first-order kinetics [50].

Ebrahimzadeh and colleagues (2023), [51] synthesized SeNPs using Na;SeO3; and
the aqueous extract of Hibiscus esculentus L. and confirmed their capping and synthesis
by instrumental analysis. They were in the form of hexagonal crystals and spherical
shapes with a size of 62 nm. To explore the photocatalytic effect, a 200 uL. NaBH4 (0.1 M)
solution, 5.77 mL H,0O, and 30 pL of MB (10 mM) were mixed with 70 uL of colloidal SeNPs
(1110 pg/mL). The prepared SeNPs nanoparticles can degrade MB dye in 21 min at 665
nm to the extent of 98.3% with a rate constant of 0.1023 min ! in the presence of NaBH, by
pseudo-first-order kinetics [51].

Velayutham et al. [52] utilized an eco-friendly method to produce bio-NiSeNPs through
the use of Hibiscus rosa-sinensis extract. A hydrothermal technique was employed to
combine the NiSeNPs. UV-Visible spectroscopy was employed to verify the reduction
and stabilization of Ni** and Se?~ ions, forming NiSeNPs with a bandgap of 1.74 eV. This
facilitates the production of electrons and holes on the surface of the NPs. XRD pattern
exhibited the crystallite size of 24 nm. The micrographs observed through FE-SEM and
TEM demonstrated a spherical shape with an average size of 26 nm. FT-IR spectroscopy
confirmed the presence of functional groups on the surface of NiSeNPs and showed surface
interactions with bio-materials in the extracts. The XPS analysis was able to provide some
information regarding the chemical composition, Ni and Se valency, and their interface. The
prepared NiSeNPs had a bandgap of 1.74 eV. The efficacy of the NiSeNPs in photodegrading
MB dye led to a 92% degradation under visible light. Moreover, the NiSeNPs displayed
bactericidal properties against Escherichia coli and Staphylococcus aureus strains as a result of
the sophisticated oxidation and reduction of charged NPs, which amplified the degradation
ability and hindered cell proliferation [52].

Thin hexagonal sheets of CuySe with large dimensions were successfully synthesized
through a convenient green approach utilizing AA (reduction agent) and 3-CD (surfactant).
The formation of the CuySe hexagonal sheets was proposed to follow a “Nucleation-
Triangle-Hexagonal” mechanism. The ultimate morphology of the Cu;Se hexagonal sheets
was discovered through the combined influence of 3-CD and the growth rates of various
crystal planes. The bandgap value of CuySe was evaluated 2.25 eV. The Cu,Se hexagonal
sheets exhibited remarkable capabilities for adsorption and photocatalysis when exposed
to visible light. In the presence of HyO,, these sheets can degrade up to 99% of MB within
just one hour [53].

Nouri’s team [54] synthesized Cu,Se3 nanostructures and copper selenide/graphene
nanocomposites using glycine amino acid (Gly) (green surfactant) and graphene oxide (GO)
sheets (graphene source). The XRD analysis of the products revealed that they were Cu,Ses
with a tetragonal phase. Based on SEM and TEM images, the NPs decorating the rGO
sheets were significantly smaller in size compared to the pristine NPs. The pristine CuzSe;
exhibited a dendritic morphology, with particles being intricately decorated on the leaves.
Furthermore, the UV-Vis results indicated that the absorption peak of the products fell
within the visible region with a bandgap value ranging from 1.85 eV to 1.95 eV. Finally, the
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prepared compounds were utilized as photocatalytic materials for the purpose of removing
MB dye under both solar and visible light irradiations. It was discovered that rGO played a
crucial role in enhancing the photocatalytic performance of the products, and CuySes /rGO
(15%) was able to degrade MB (91% and 73%) within one hour under solar and visible
lights, respectively [54].

Saray et al. [55] produced “CuxSey@polyaniline core-shell nanocomposites” (CuxSey/
PANI) as photocatalytic materials that exhibit exceptional performance when exposed
to visible light irradiation. Additionally, the SEM and TEM images provided that the
disk-shaped pristine CuxSey nanostructures transformed into NP morphology, with an
average diameter of approximately 25 nm. The outcomes of the photocatalytic tests re-
vealed that PANI played a vital role in enhancing the photocatalytic efficiency of the
CuxSey nanostructures in a synergistic manner with the optimal concentration of 10% for
PANI. CuxSey/PANI (10%) nanocomposites degraded nearly 100% of MB dye in only 75
min. The characterization techniques revealed that PANI had a positive impact on the
porosity of nanocomposites and concurrently generated a type-II heterostructure with
CuxSey nanostructures. Therefore, PANI plays a vital role as a synergistic factor in the
photocatalytic process by enhancing the absorption of additional photons and suppressing
the recombination of electron-holes formed in the nanocomposite [55].

2.2. Rhodamine B

Rhodamine B (RhB) is one of the most toxic dyes in the wastewater of textile industries
because of its high stability and non-biodegradability. The maximum UV-Vis absorption
peak of RhB is observed at 554 nm. During photocatalysis, the intensity of this peak should
decrease, and it can be observed a blue shift, which indicates de-ethylation [56]. RhB is a
cationic dye with high solubility in water. It is highly carcinogenic, mutagenic, and neuro-
toxic. Studies have shown that it causes respiratory problems, hemolysis, eye infections,
degenerative changes in the liver and kidney, and the death of planktons. In addition, RhB
dye prevents the penetration of light into the water and reduces photosynthesis; therefore,
it is ultimately a threat to aquatic life. Like other dyes, this dye is resistant to heat, light,
oxidation, and biological decomposition [57,58].

Che et al. [59] discovered that the sulfite reductase enzyme in Lysinibacillus sp. ZYM-1
can convert Na;SeOs; into SeNPs. The size of these nanoparticles was found to be 100-
200 nm. When the concentration increases from 1 to 25 mM, the morphology of the syn-
thesized particles changes from cubic to spherical. The spherical amorphous SeNPs were
compared with triangular SeNPs in investigating the photocatalytic effect. The rate of pho-
tocatalytic decomposition of RhB under visible light with H;O, was checked after 300 min,
and it was found that the rate of photocatalytic decomposition of spherical nanoparti-
cles (0.0048 min~!) was higher than that of triangular nanoparticles (0.0011 min~!). Two
possible mechanisms for RhB degradation were determined using LC-HRMS “(liquid
chromatography-high resolution mass spectrometry)”, including N-de-ethylation and the
conjugated chromophore structure cleavage [59].

In 2019, Kazemi and coworkers [60] were able to synthesize SeNPs using a green
method; sodium salt of NaySeOs3 was used as a source of Se, gelatin as a coating, and
glucose and AA as a green reducing agent. In fact, gelatin was utilized as a stabilizing agent
owing to its capability to combine and bind with Na;SeO3, which can subsequently be
transformed into insoluble elemental Se in situ by the use of glucose. As a result, the gelatin
molecules can be viewed as the optimal surfaces for Se particles, which can also regulate
their growth. Green SeNPs were identified using XRD, UV-Vis, DLS, TEM, FE-SEM, EDX,
and ATM analysis. The synthesized SeNPs had a hexagonal crystal structure and spherical
shape with an average size of less than 20 nm. Through the DLS analysis, the average size
of SeNPs was revealed to be 50-79 nm. To test the photocatalytic effects of the prepared
nanoparticles, 5 mL of MB or RhB dyes (40 uM) were mixed with 20 mg of nanoparticles
under UV light; 60% of MB and 75% of RhB were decomposed after 150 and 120 min,
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respectively. The reaction kinetics was determined in the pseudo-first-order. Therefore, the
green SeNPs showed antimycobacterial and photocatalytic good activities [60].

In 2020, a study by Britto et al. [61] investigated the effect of dye adsorption by SeNPs
on RhB dye. SeNPs were produced using a leaf extract of Justicia adhatoda and NaySeOs3,
and Chitosan-SeNPs were prepared with NaySeO3, AA, and chitosan. The properties of
Chitosan-SeNPs were determined by different analyses. The Langmuir isotherm model
was used to study the adsorption of Chitosan-SeNPs. As a result, Rhodamine uptake
increased with increasing concentration/temperature/under an acidic environment. The
average size of Chitosan-SeNPs was 87-152 nm, and the nanoparticle size increased their
reactivity, so the adsorption process was fast, then reached equilibrium within 24 h. In this
case, 100 mL of Rh (20-100 mg/L) along with 1 g of absorbent material (1, 2, and 3 g/L)
at pH (5.8, 6.8, and 9.4) and temperature (30, 45, and 60 °C) were used to investigate the
photocatalytic effects. According to the results, photocatalytic absorption of Rh increased
with the increase of nanoparticles and temperature from 30 to 60 °C. Unlike the above cases,
the amount of Rh absorption should decrease with the pH increase towards basicity. When
the pH is acidic, more protons are available in the reaction mixture to protonate chitosan
(formation of -NHj3"), resulting in an electrostatic bond between the negative charge of
the dye and the positive charge of the adsorbent. The maximum adsorption limit of the
Chitosan-SeNPs adsorbent was determined to be 34.5 mg/g for Rh dye [61].

The research group of Velayati [35] showed that the produced SeNPs could have
photocatalytic and anticancer activity. SeNPs were synthesized using biological and green
methods, including Na;SeOs, gum arabic (GA), and AA as a source of Se, stabilizer, and
reducing agent. Synthesis of these nanoparticles was confirmed using UV-Vis, FT-IR,
TEM, FE-SEM, XRD, and EDX. The UV-Vis spectroscopy outcomes exhibited a bandgap of
approximately 4.85 eV for the crystalline SeNPs, corresponding to a blue shift. The EDX
analysis presented the presence of distinct energy peaks at approximately 1.5 KeV, which
can be attributed to the selenium metal. The XRD result showed that SeNPs had a high
crystallinity and pure hexagonal phase, with an average size of about 20-24 nm. In this
case, to evaluate the photocatalytic effect, 3 g of SeNPs were dissolved in 50 mL of RhB
(5-10 M, pH =9), and it was carried out for 15 to 135 min at 320 to 400 nm. SeNPs could
degrade 85% RhB after 135 min in the presence of UV-A light. Based on the obtained results,
the reaction kinetics was determined as pseudo-first-order [35].

In 2022, SeNPs were produced using residual-activated sludge. Residual-activated
sludge is a by-product of the biological water treatment process, and 60-90 million tons of
it are annually produced in countries with this industry, such as China. Activated sludge
usually has high amounts of protein and carbohydrates and very low amounts of lipids.
On the other hand, this prepared sludge has many uses for producing wood glue and
preventing steel corrosion. In the synthesis process, polysaccharides and proteins present
in residual-activated sludge were the main factors in the biological reduction of SeO32~
to SeNPs. “Domestic-wastewater activated sludge” (DWAS) and “coking-wastewater
activated sludge” (CWAS) were used for the synthesis and optimization of SeNPs (DSeNPs
and CSeNPs). FT-IR showed the binding of carboxyl, amine, glycoside, and other functional
groups to the surface of the nanoparticles and proved that the materials in the activated
sludge acted as capping agents. The nanoparticles were more stable when increasing the
concentration of activated sludge, and the best pH for nanoparticle synthesis (DSeNPs
and CSeNPs) was 6 and 7, respectively. The average size of CSeNPs (178.9 nm) was
much smaller than DSeNPs (488.8 nm). The zeta potential of SeNPs showed that CSeNPs
(—41.4 mV) were more stable than DSeNPs (—29.5 mV), which was assumed to be due to
the different compounds present in the two types of activated sludge. It was found that
the BET surface area of CSeNPs was much larger than DSeNPs, and on the other hand, the
main shape of both types of nanoparticles was spherical. In addition, CSeNPs were able
to decompose 83.94% of RhB dye after 50 min in the presence of visible light, but DSeNPs
were able to decompose 78.34% of the dye after 60 min in the presence of visible light.
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The corresponding reaction rate constants could reach 0.0223 (DSeNPs) and 0.0323 min !
(CSeNPs) [62].

In a study in 2021, [63] Poly Anionic Cellulose (PAC), AA, and Na;SeO3 were used to
synthesize SeNPs. UV-Vis proved the synthesis of SeNPs using PAC at 296 nm. In addition,
the nanoparticles had a rod shape and crystal structure with an average particle size of
20 nm. Based on FT-IR, it was found that PAC was present around SeNPs as a capping and
stabilizing agent, and their zeta potential was —43.1 mV, which indicated the high stability
of these nanoparticles. In the photocatalytic investigation, it was found that 5 mg of SeNPs
dissolved in RhB solution (100 mL of 5-10 M, pH = 10) decomposed 85% of the dye after
160 min under UV-A light, and the rate constant was equal to 0.0055 min~!. In addition, the
PAC-mediated SeNPs exhibited anticancer effects on the CT26 cell line (murine colorectal
carcinoma) with an ICs( value of 863 ug/mL [63].

Velayati and colleagues [64] synthesized SeNPs using chitosan, AA, and Na;SeOs.
Chitosan, as a biopolymer, can be classified as an environmentally friendly and compatible
agent. The synthesis of SeNPs was initially confirmed by observing the UV-Vis absorption
peak at 266 nm. The fabricated SeNPs had a rod-shaped structure with an average size of
20-27 nm. The XRD pattern showed high crystallinity and a pure hexagonal phase. Based
on FT-IR results, the produced nanoparticles were capped by chitosan and amine groups.
The prepared SeNPs had negatively charged groups in their structure, which was detected
by zeta potential (—35.46 mV). The bandgap energy of the SeNPs product was observed
to be 4.30 eV, which is reasonably higher in comparison to its bulk state of 2.0 eV. In the
photocatalytic evaluation, 5 mg of SeNPs was added to 100 mL of RhB solution (6-10 M
and pH = 10) under a UV light source, which was able to decompose 85% of the dye after
120 min. In addition, SeNPs exhibited anticancer effects on CT-26 and HT-29 cell lines with
ICs¢ values of 750 and 500 pg/mL, respectively [64].

2.3. Bromothymol Blue

Bromothymol blue (BTB) is a pH indicator often used to identify the presence of
carbonic acid in a liquid and as an indicator in packaging materials. In addition, it is
used to check the activity of the fungal asparaginase enzyme, observe photosynthetic
activities, differentiate between the nucleus and the cell wall in the laboratory, and check
the premature rupture of the membranes in gynecology and obstetrics. It acts as a weak
acid in the solution and can be protonated or deprotonated, and the color of the solution
changes from yellow to blue. The maximum UV-Vis absorption peak of the protonated
and deprotonated form of this compound is observed at the wavelength of 427 and 602 nm,
respectively. Exposure to this substance can cause irritation and inflammation of the skin,
eyes, and respiratory tract [65,66].

The study published by Ameri et al. [32] aimed to synthesize SeNPs using selenium
dioxide (SeO,, selenium sources) and Streptomyces griseobrunneus. The average size of
prepared NPs was 73.8 nm with a spherical shape. The FI-IR spectrum of the produced
nanostructures did not display any distinctive or pronounced absorption band associated
with the functional groups present on the surface of the biogenic SeNPs. The corresponding
XRD pattern of the purified biogenic SeNPs provided evidence of the creation of trigonal
Se. After that, the reaction mixture required for the photocatalytic test includes BTB
(180 ng/mL) dissolved in 50 mM citrate buffer (pH = 5) and SeNPs (4-64 nug/mL), which
was investigated in 10-60 min at 254 nm (15 W UV lamps). The result showed 64 ug/mL of
SeNPs removed 62.3% of BTB under UV after 60 min incubation. The degradation rate of
BTB was 32.5% using SeO; (64 ng/mL) after the same time [32].

2.4. Malachite Green

Malachite green (MG) is a triphenylmethane cationic dye soluble in water. The maxi-
mum UV-Vis absorption of this dye is observed in the range of 618 nm. Due to its cheapness
and availability, it is widely used in aquaculture industries all over the world to treat proto-
zoan and fungal infections in aquatic animals. It can also reduce the photosynthesis of algae
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by preventing light from entering the water and ultimately reduce the life quality of aquatic
animals [67,68]. On the other hand, MG is stable in the environment, like other dyes. Its
consumption can cause eye burns; rapid breathing; damage to the nervous system, brain,
and liver; lesions on the skin and lungs; etc. Most importantly, this dye can cause cancer
in different parts of the body and teratogenicity. For all these reasons, the “World Food
and Drug Organization” has announced MG as an oleate-containing chemical substance
to investigate carcinogenesis and provide a solution to prevent human poisoning by this
dye [67,68].

In 2023, the green synthesis of SeNPs was performed using pure Aspergillus tereus
cells by the research team of Saied [69] in an environmentally friendly and green method.
NaySeO3 was used as a precursor for the production of SeNPs. TEM analysis showed
the spherical SeNPs with size of 10-100 nm. The XRD pattern of SeNPs prepared by A.
terreus confirmed the crystalline phase of Se (a monoclinic structure of SeNPs). The reaction
mixture required for the photocatalytic test on MG includes 100 mL of MG (100 ug/mL) and
different concentrations of SeNPs (0.25, 0.5, 0.75, and 1 mg/mL) in a period of 30-300 min
at 624 nm under sunlight. The results showed that 1.0 mg/mL SeNPs decompose 89% of
GM after 240 min. In addition, the prepared nanoparticles displayed strong antibacterial
and weak antifungal effects in addition to decolorizing properties [69].

2.5. Sunset Yellow Azo

Sunset Yellow FCF azo-dye (SY) is one of the most common dyes in the food industry
and is widely used in cereals, candies, dairy products, yogurt, soft drinks, ice creams,
chocolate, etc. Consumption of SY may cause allergic reactions, worsen asthma symptoms,
digestive problems, possibly ADHA in children, tumors, cancer, liver toxicity, and kidney
failure. Like other azo dyes, SY is resistant to light, heat, and biodegradation due to the
presence of the azo group and aromatic rings. SY exhibits Amax at about 480 and 443 nm at
pH =1 and 13, respectively [70-72].

Hassanin and colleagues, in 2019, [73] were able to synthesize green SeNPS using
Moringa olifera extract and NaySeOj3. The XRD pattern proved the crystalline SeNPs with
an average size of 18.85 nm. SEM and TEM indicated the spherical shape of the green
SeNPs with a range of 23-35 nm. The measured value for the optical bandgap of the
direct transition was found to be 2.3 eV. It was observed that the SeNPs synthesized
through green methods possess a bandgap energy that is greater than that of the bulk «-Se
(2.0 eV) and commercial Se powder (1.8 eV) due to the quantum size effect. SeNPs had
the capability of degrading SY dye under both UV and solar irradiations. The reaction
conditions included SY (5 mg/mL) and SeNPs (0.3 g/L) at pH = 5.8; the degradation
rates of the dye for sunlight and UV radiation after 10 h were 83.8 and 76.6%, respectively.
The photocatalytic reaction was pseudo-first-order kinetics, and the rate constant was
determined to be 0.173 min~—! [73].

2.6. Fuchsin

Basic Fuchsin dye is a cationic dye belonging to triarylmethane dyes. It is flammable
and is used in dyeing textiles, leather, cotton, silk fibers, tissues, and organs. In addition,
this dye has bactericidal, fungicidal, and anesthetic properties. Fuchsin, like the other dyes
mentioned, has high stability and is non-biodegradable. In addition, it can cause cancer and
irritation of the digestive system and the respiratory tract. Due to these factors, the entry of
Fuchsin into the water—sewage system leads to environmental pollution, which is a matter
of great concern. Therefore, it is imperative that we find a solution to this problem [74-76].

Badreah et al., in 2020, ref. [77] synthesized SeNPs in the presence of AA and polyvinyl
alcohol; the nanoparticles were semi-spherical with a diameter of 8-22.5 nm. In the aggre-
gated sphere, the diameter of the SeNPs was determined to be 470-710 nm. XRD confirmed
the presence of SeNPs in a crystalline form and also showed their high purity after prepara-
tion. In the photocatalytic degradation studies, after 20 min from the irradiation time, only
70.9% of the substance was decomposed when 5 mg of SeNPs was utilized. However, as the
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dosage of SeNPs increased, the degradation efficiency significantly improved, ultimately
reaching 96.4% within 40 min. Changes in the concentration of SeNPs were studied to
investigate the complete removal of Fuchsin dye from aqueous solution. Continuing with
this approach, by elevating the dosage to 10 mg, the complete degradation of Fuchsin
was achieved within a mere 34 min under visible light irradiation. All the systems con-
form to the pseudo-first-order kinetic principle while containing a significant amount of
SeNPs. The use of green synthesis methods for producing SeNPs increases the efficiency of
radicals ("OH), which is the main factor necessary for the photocatalytic effect to remove
contaminants [77].

2.7. Congo Red, Methyl Orange, and Safranine T

Congo red (CR) is one of the synthetic and azo (N=N) dyes. The maximum UV-Vis
absorption peak of CR is observed at 497 nm. CR is used in the textile, paper, dye, and
cosmetic industries. In addition, this dye has an azo group, aromatic structure, high stability,
and high solubility in water. On the other hand, CR is carcinogenic and remains in the
environment for a long time, so it negatively affects plants and animals. The use of CR
has been banned in some countries due to its side effects and toxicity, but it is commonly
used in many other countries. Therefore, it is necessary to treat water contaminated with
CR[78,79].

Safranin T (ST), as a basic dye, is an important and traditional phenazinium dye. ST
is an azine dye that is widely used and belongs to the category of synthetic dyes that
have existed for a long time [80,81]. The ST dye has been extensively utilized in academic
research as a tool for spectroscopic analysis and as an indicator. It possesses a planar
structure and cationic charge. It has the ability to easily be inserted into large biological
molecules, such as DNA and proteins [82]. ST is a powder that dissolves in water and has
a reddish-brown color [81].

Methyl orange (MO) is an anionic azo dye (sulphonated azo group). MO (orange-
yellow powder with melting point >300 °C) is partially soluble in normal water, highly
soluble in hot water, and insoluble in ethanol. MO can act as a weak acid in water (pH ~6.5).
MO, as a pH indicator, shows a red color in the acidic condition and an orange color in the
basic condition. The high chemical stability, intense coloration, toxicity, and low biodegrad-
ability of MO can be attributed to its azo group, sulfur group, and aromaticity [83].

In 2018, Xia and colleagues [36] used “Escherichia coli strain S17-1 pCT-Zori-cstF” and
Na;SeOs3 to produce bio-SeNPs. According to the results of systematic analysis (TEM, SEM,
and DLS) of bio-SeNPs, it was found that they had irregular spheres with a diameter of
60-105 nm. The Zeta potential exhibited a positive charge at low pH values (<6) and a
negative charge at high pH values (>7). As the pH value increased, the Zeta potential
gradually decreased. The effect of dye removal on three dyes of CR, ST, and MB showed
that the highest adsorption was for anionic dye (CR) at acidic pH and cationic dye (ST
and MB) at alkaline pH. In this case, the synthesized SeNPs (0.4 g/L) were incubated with
the desired dyes (200 mg/L; CR, ST, and MB) separately in the range of pH = 5-10. The
absorption wavelength investigated in this case for CR, ST, and MB were 437, 520, and
660 nm, respectively. According to the results, with increasing pH, the removal efficiency
of CR decreased, but with increasing pH, the removal efficiency of ST and MB increased.
The obtained results, together with the zeta potential data, exhibited that at low pH, the
synthesized nanoparticles have a positive charge, and they can give stronger absorption
with anionic dyes (CR) and increase the photocatalytic effect related to CR. On the other
hand, the synthesized nanoparticles have a negative charge and give stronger absorption
with cationic dyes (ST and MB) at a high pH. Therefore, the optimum pH for checking the
photocatalytic effect of CR, ST, and MB was 5, 10, and 10, respectively. MB needed only
5 min to display the total absorption while CR and ST needed 35 and 25 min, respectively.
Dye removal efficiency increased with increasing temperature. The adsorption capacities
of bio-SeNPs for CR, ST, and MB were determined to be 1577.7, 1911.0, and 1792.2 mg/g,
respectively, which were 6.8, 25.2, and 49.0% higher than that for other bio-based materials,
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respectively. The pseudo-second-order model is suitable for the adsorption kinetics of
Bio-SeNPs for CR, ST, and MB. It is an important advantage to note that the fabricated
nanoparticles can be reused with 200 mM NaCl even after five times of dye removal [36].

Ahluwalia et al. [84] biosynthesized SeNPs as a cocatalyst using Bacillus sp. and
NaySeOs to improve the photocatalytic activity of ZnS for the decomposition of MO dye
under UV light. SEM analyses of SeNPs showed a diameter range of 50-200 nm with
a spherical shape and smooth surface. SeNPs with varying weight percentages were
utilized in the impregnation process onto ZnS through calcination at 200 °C to yield SeZnS
nanocomposites. The XRD pattern of ZnSNPs was perfectly indexed to the cubic phase
of ZnS while the XRD of the Se-ZnSNCs matched with a hexagonal selenium phase. The
TEM micrograph revealed that the ZnSNPs form clusters of particles with a rough surface,
exhibiting sponge-like and porous structures with an average size of 40-80 nm. In the
degradation process, 1 wt% SeZnS nanocomposites displayed 95% MO degradation in
comparison to ZnS, which showed only 55% degradation under 160 min of UV light
exposure. It should be noted that the reaction adhered to pseudo-first-order kinetics, with
an impressive rate constant of 0.00842 min~ 1 [84].

Generally, according to the reviewed articles, various precursors, such as NaySeOs,
HSeO3, and Se powder, were used for the synthesis of green SeNPs; most of them used
NaySeOj salt during the synthetic process. In addition, plant extracts, biological media
(bacteria, fungi, etc.), and environmentally compatible compounds (ascorbic acid, gelatin,
glucose, starch, etc.) were employed as reducing, stabilizing, and caping agents in the
production of green SeNPs. On the other hand, various studies have shown that these
green synthesized SeNPs, in addition to the significant biological effects in various fields,
had the catalytic ability to reduce or decompose different dyes under various irradiations,
the most reports of which were about the reduction or decomposition of MB and RhB dyes.
The photocatalytic activity of Se is related to the electronic bandgap properties that make
it a compelling candidate for photonic and catalytic applications, where efficient charge
separation and reaction initiation are critical. The electronic bandgap characteristics of Se
and its implications for photocatalysis in comparison to other metals and semiconductors
are as follows: the narrower bandgap of Se is advantageous for efficient photon absorption,
promoting enhanced photoexcitation, and improved electron-hole separation. The bandgap
values of Ag, Au, TiOy, ZnO, etc., are larger than that of Se, leading to a reduced likelihood
of photon-to-electron-hole conversion in photocatalytic processes. Consequently, the
efficiency of these metals as a photocatalyst may be lower compared to Se. Therefore,
based on bandgap characteristics, Ag, Au, etc., are likely less suitable for photocatalysis
compared to Se. In other words, materials with smaller bandgaps generally exhibit superior
performance in photocatalysis [85,86].

Table 1. Some essential information about the reported SeNPs and their catalytic activities.

NPs Biosources Salts Size (nm) Shape Dyes Irradiations Ref
SeNPs Yeast NaySeOy 170-240 Rod MB Visible - [34]
SeNPs W. somnifera HSeO3 45-90 Spherical MB Sunlight - [43]

Sodium
Se nanowires formaldehyde SeO, 100-200 Rod MB Visible HyO, [44]
sulfoxylate
. Se powder, w . _ .
SeNPs F. benghalensis sodium sulphide 45-95 Spherical MB uv [45]
SeNPs M. purpureus NajSeO3 46.58 Round MB Sunlight - [46]
Glucose, AA, .
SeNPs starch NajSeO3 2-10 Spherical MB uv - [47]
SeNPs C. bulbosa tuber H,SeO3 55.9 Spherical MB Halogen lamp - [48]
SeNPs G. wightii, AA NaySeO3 80 Spherical MB Sunlight - [37]
SeNPs A. paradoxum Na;SeO3 37.5 Semi-spherical MB - NaBHy [49]
SeNPs C. caspius Na;SeO3 20.34 Spherical MB - NaBHy [50]
SeNPs H. esculentus Na;SeO3 62 Spherical MB - NaBHy [51]
Sulfite reductase Cubic and
SeNPs in Lysinibacillus NaySeO3 100-200 “h‘c ,a“l RhB Visible H,0, [59]
sp. ZYM-1 spherical

SeNPs Gelatin, AA NaySeO3 <20 Spherical RhB, MB uv - [60]
Chitosan-SeNPs J. adhatoda NajSeO3 87-152 - RhB - - [61]
SeNPs GA, AA NaySeO3 20-24 - RhB UV-A - [35]
SeNPs sludge SeO3% 178.9, 488.8 Spherical RhB Visible - [62]
PAC-Se PAC, AA NaySeO; 20 Rod RhB UV-A - 1631

nanorods
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Table 1. Cont.
NPs Biosources Salts Size (nm) Shape Dyes Irradiations Ref
Se nanorods Chitosan, AA Na;SeO3 20-27 Rod RhB uv - [64]
SeNPs S. griseobrunneus SeO, 73.8 spherical BTB uv H,O, [32]
SeNPs A. tereus NaySeO3 10-100 Spherical MG Sunlight - [69]
SeNPs M. oliferq NajSeO3 23-35 Spherical SY UV, solar - [73]
SeNPs AA;{’C‘(’)IK(‘)’I‘“Y' NagSeO; 8225 Semi-spherical Fuchsin Visible . 771
SeNPs E. coli Na;SeO3 60-105 Irregular spheres CR, ST, MB - - [36]
: Naj;SeO:

Se-ZnS Bacillus sp., 2 3, )

nanocomposites calcination LZnNO_3, - Cluster form MO uv _ [84]
~Cysteine

NiSeNPs H. rosa-sinensis I}f‘gﬁg“ 26 Spherical MB Visible - 1521
CuySe sheets AA, B-CD Cia’;’;;’%eg)z Sheet MB Visible H,0, 53]

Cu;Ses, Se powder, g . B -
CupSe3/1GO Gly, NaBHy, GO gU(NOé)Z 75,25 Dendritic-like MB Solar/visible [54]
CuxSey /PANI Gly, NaBHy ¢ powacr, 25 - MB Visible - [55]

Cu(NOs),, PANI

In order to enhance the photocatalytic activity of metals characterized by wide
bandgaps and limited photocatalytic efficiency, four prominent approaches are frequently
employed: metal/nonmetal doping/co-doping, semiconductor coupling, coupling with
carbon materials, and dye sensitization. These methods are utilized to address the challenge
of poor performance exhibited by materials with large bandgaps. Through techniques the
goal is to optimize and promote photon absorption, charge separation, and overall photo-
catalytic performance within the visible light spectrum. These strategies aim to harness
the untapped potential of materials with wide bandgaps and thereby elevate their effec-
tiveness in photocatalytic applications [87-93]. For example, in a study (2017) [90], tetra
(4-carboxyphenyl) porphyrin (TP) compound, as a visible antenna, was used to improve
the photocatalytic effects of TiO,. It was found that the bandgap energy of TiO, was 2.95 eV,
which was reduced to 2.6 eV by adding TP part and synthesizing TP-TiO,. Finally, TP-TiO,
can degrade about 93% of RB after 10 h using visible irradiation [90]. In another study,
quinazoline derivative (Q) as a semiconductor was utilized to improve the photocatalytic
activity of TiO,. The evaluated bandgap energy of TiO, NPs was 2.97 & 0.05 eV, which
decreased to 2.58 £ 0.05 eV after merging with compound Q. Next, RhB removal after
3 h under visible and UV-A irradiations was 82% and 98%, respectively, while TiO, NPs
degraded 93% of RhB after 5 h [85]. Another way to increase the photocatalytic activity of
NPs that have a large bandgap is to use polymers (CP) that are coordinated to the target
metal. In 2017, bis(imidazole) derivatives as N-donor CPs were used to increase the photo-
catalytic activity of Co (II). The photodegradation rate of MB increased (after 120 min) to
91.4% and 89.1% in the presence of two bis(imidazole) derivatives while these compounds
approximately are not able to degrade MB under dark and normal conditions [94]. In
another study, 2,4,6-tris(4-pyridyl)-1,3,5-triazine (tpt) as an O-donor ligand was employed
to enhance the photocatalytic properties of Zn (II). The results of the photocatalytic inves-
tigation on MB revealed that Zn-tpt could achieve an 89% degradation of the MB under
illumination after 4 h [95].

3. Mechanism of Photocatalytic Activity of SeNPs (Figures 2-11)

Generally, in the photocatalytic degradation of different dyes, when light radiates
to the solution containing SeNPs-dye, its energy is absorbed by SeNPs (Figure 11). As
a result of this energy absorption, an electron (e~) moves from the valence band (VB)
to the conduction band (CB), and at the same time, holes (h*) in the band capacity are
created to reduce or oxidize organic substances. Both e~ and h* generated contribute to
the photocatalytic process. The holes created in the valence band have a strong oxidizing
ability, and if it is in a humid environment (H,O), it can absorb moisture and produce
hydroxyl radicals (OH"). Electrons (e~) transferred to the valence layer using O, in the
environment can produce superoxide anion radicals ("0, 7). In addition, if H,O, is used in
the photocatalytic process, it can produce hydroxyl radical (OH’) with the help of H,O,.
The produced superoxide anions also eventually become hydroxyl radicals (OH"). Finally,
due to their high oxidizing ability, hydroxyl radicals (OH") react with organic substances
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(dyes) absorbed on the surface of nanoparticles, and colored pollutants become non-toxic
products (Figures 2-10), and finally, these compounds are decomposed to components
associated with minerals, such as CO,, H,O, SO4~2, NO; ~, etc. [44,64,96].

MB has a strong blue dye due to the transfer of its electron to the 7 between N
and S atoms. On the other hand, due to this electron transfer, a UV absorption peak is
observed in the region of 665 nm. Another UV peak of this compound is observed in the
region of 615 nm, which is related to electron transfer in the conjugated aromatic structure.
Research has shown that the extract encapsulated around nanoparticles acts as a catalyst
for oxidation-reduction reactions in the photocatalytic process. Due to the reduction in the
central part of MB during the catalytic process, electron conjugation in the structure and
electron transfer between N and S is lost, a colorless structure is formed, and a shift occurs
in the absorption peaks of 664 and 615 nm. In the first step, hydroxyl radicals attack the
functional group C-S*=C in MB, turn this part into C-S(=0)-C, and also cause the opening
of the aromatic ring containing both N and S heteroatoms (Figure 2). In the next steps, the
aromatic rings are separated, and N-de-methylation occurs. After complete degradation,
finally, the color of the solution containing MB will change from blue to colorless, and the
main product of this degradation will be CO, and H,O [97,98].
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Figure 2. The photodegradation derivative of Methylene blue.

In another photocatalytic mechanism in the presence of sodium borohydride, nanopar-
ticles (catalytic surface) act as both “electron donors and acceptors”, facilitating the transfer
of electrons in a redox reaction and ultimately moving H™ on the surface of the dye. For
the reduction of dye using nanoparticles, BH, ™ is adsorbed onto the nanoparticles, and the
self-hydrolysis of BH, ~ results in the production of BO, ™. The formation of “active surface-
hydrogen” (H™) occurs in a temporary manner through the transfer of “active hydrogen
species” from BH4 ™ to the nanoparticles. Subsequently, the dye is reversibly attached to the
surface of the nanoparticles. At the same time, “the active surface hydrogen” is transferred
to the dye and produces the related reduced compound. Actually, the nanoparticles assist
in transferring electrons from BH;~ to MB and RhB dyes, resulting in the formation of
colorless substances, namely leuko MB and leuko RhB (Figure 3). A similar reaction for
ST can occur and create a colorless derivative (Figure 3). The completion of the catalytic
reduction of the dyes is indicated by the achievement of the baseline absorption intensity
of dyes [99-101]. This reduction mechanism can also be considered for azo dye, which the
azo group reduced during the reduction process, such as SY (Figure 8), MO (Figure 9), and
CR (Figure 10) [100].

Different studies found that the degradation process of RhB (Figure 4) can proceed in
two ways. In the first case, N-de-ethylation occurs when the aromatic structure is stable,
but the color of the solution containing RhB-SeNPs does not change. The second step
is the removal of the acid group of benzoic acid, and this group is considered an RhB
chromophore group. In this step, the molecular conjugation system is destroyed, and the
color of the solution changes to pale and colorless. In the continuation of the degradation
path, the rings in the xanthene structure (that was left over from the second stage) are
opened, and the aromatic system is destroyed. Finally, all the structures are converted into
CO; and H,O, and the intensity of the UV-Vis absorption peak decreases in the region of
554 nm [102-104].
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In addition, the pH level of the solution has an impact on the photocatalytic ability.
Ayoub and coworkers exhibited that the BTB solution (as shown in Figure 5) is able to
almost completely degrade during 70 min when exposed to UV light in a basic medium
(pH = 10). The duration of this process is longer in the acidic environment. The efficiency
of OH radicals in degrading organic molecules is significantly influenced by the structure
of the molecule. Furthermore, a variation in pH affects the photodegradation of azo dyes
(Figures 8-10) and can cause their degradation [105,106]. In the degradation process, other
structural changes of different dyes (Figures 6-10) included N-de-alkylation (MG), breaking
or reduction of the azo bond (SY, MO, CR), and de-amination. Then, the aromatic structure
is destroyed, and finally, the existing structures become CO, and H,O, and the toxicity and

color of the compounds are removed [107-111].
HCl
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Figure 3. The reduction of MB, RhB, and ST.
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Figure 5. The photodegradation derivative of Bromothymol Blue.
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Figure 6. The photodegradation derivatives of Malachite green.
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4. Conclusions

In recent years, special attention has been paid to the synthetic method of nanoparticles
using plant extracts or microorganisms. The green method is cost-effective, safe, renewable,
and non-toxic. Due to tunable surface plasmon resonance and high surface areas, these
nanoparticles have special applications, particularly as catalysts in removing dyes from
wastewater. SeNPs possess various exceptional biomedical characteristics and exhibit
superior biocompatibility and degradability compared to alternative metal nanoparticles.
Due to the increase in the industrialization of countries, the amount of pollutants entering
water and wastewater has increased a lot. Water containing pollutants and dyes causes
fatal diseases in humans and is dangerous for aquatic animals. There are different methods
(physical, chemical, etc.) to remove organic dyes from water and wastewater. One of the
best ways is the use of green SeNPs for the catalytic decomposition of water pollutants
(dyes), in which the pollutants are converted into harmless byproducts. SeNPs, with their
special characteristics, can cause structural changes in dyes (reduction of N=N, C=N or
C=C bonds, N-de-alkylation, etc.) due to the production of ‘O, ~ and OH  under UV light
irradiation. Finally, the conjugated structure of the dye is destroyed (transformation of the
degradation structure into CO, and H;0), eliminating or reducing the toxicity of the dyes.
By reviewing the significant developments in this field, this comprehensive review can
potentially present new prospects for creating and assembling exceptionally efficient green
SeNPs-based photocatalysts that can be applied in various photocatalytic processes.
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