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Abstract: As the human population continues to escalate, its requirement for clean water is also
increasing. This has resulted in an increased dependency on wastewater effluent to maintain the base
flow of urban streams, especially in water-stressed regions. The present study reports the synthesis
of AgNPs with green credentials using an aqueous extract of Trigonella foenum-graecum seeds. The
observance of surface plasmon resonance (SPR) with UV–Vis spectrophotometry confirmed the
presence of spherical/oblong particles with a mean diameter of 43.8 nm and low polydispersity
index (PDI) of 0.391 measured by transmission electron microscopy (TEM) and DLS (dynamic
light scattering) technique, respectively. The elemental map of AgNPs was demonstrated with
energy-dispersive spectroscopy (EDS) and the constituent functional groups were identified by
the FTIR spectra, which were similar to the bulk seed extract with a slight shift in the pattern.
The emission spectrum of nanoparticles was recorded for the excitation wavelength of 349 using
fluorescence microscopy and the crystalline structure was assessed using X-ray diffraction. The
potential wastewater remedial efficacy of the synthesized AgNPs was evaluated based on the water
quality parameters (pH, EC, BOD, COD) of the sewage effluent collected from a local Sewage
Treatment Plant (STP). Furthermore, the photo degradative efficacy was investigated using the
degradation percentage of Crystal Violet (CV) dye, which was recorded as 94.5% after 20 min.
In addition, the antimicrobial activity of the NPs versus bulk seed extract was assessed against
two bacterial strains, Escheria coli and Staphylococcus aureus, using the disc diffusion method. The
AgNPs showed a profound modulatory effect on the water quality parameters, coupled with marked
antimicrobial and photodegradative activity. Thus, the biogenically synthesized AgNPs offer a
prospective potential for use in wastewater remediation strategies.

Keywords: wastewater treatment; sewage effluent; silver nanoparticles; Trigonella foenum-graecum
seed; green synthesis; photo degradation

1. Introduction

An increase in the human population and subsequent global warming has led to a
rapid depletion of water resources on the planet. The demand for urban water has escalated
due to rapid development, population increase, and climate change, particularly in the arid
and semiarid regions of the world. The water requirements in water-stressed regions are
met by urban streams or reservoirs that are increasingly dependent on wastewater from
sewage treatment plants (STPs) to maintain the base flows into aquatic habitats [1]. Since
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freshwater resources are limited, modern methods of conserving them include the selective
use of water resources and the reuse of treated wastewater for a variety of applications [2,3].

Nanotechnology is a promising scientific discipline that has made significant advances
in several areas, including wastewater treatment. The primary goal of nanotechnology is to
create unique structures with improved electrical, optical, magnetic, conductive, and me-
chanical capabilities by manipulating matter at the molecular and atomic scales [4]. Heavy
metals, organic and inorganic solvents, biological toxins, and pathogens are common
pollutants in wastewater that have been shown to be effectively cleaned up by nanomateri-
als [5,6]. The most extensively investigated nanomaterials in current times for water and
wastewater treatment processes include carbon nanotubes (CNTs), metal oxide nanoparti-
cles, zero-valent metal nanoparticles, and nanocomposites [7,8]. In the field of wastewater
treatment, silver nanoparticles (AgNPs) and their hybrids are currently gaining impetus [9].
Silver nanoparticles (Ag NPs) exhibit remarkable toxicity to microbes and thus possess po-
tent microbicidal activity against a broad spectrum of microbes, including viruses, bacteria,
and fungi [10,11]. Furthermore, their improved adsorption capacities distinguish them as
viable alternatives in eliminating contaminants such as the dyes rhodamine, Congo red, and
methyl orange commonly found in wastewater bodies [12]. Furthermore, the conventional
chemical and physical approaches in synthesis of AgNPs consume time, energy, and capital
in addition to the toxic side effects generated with repeated use. Currently, green modes of
synthesis, also termed biosynthesis, utilize microbes, fungi and medicinal plants/herbs
which are easily available, easy to handle, and provide a wide array of metabolites for the
synthesis of AgNPs, as well as being nontoxic and ecofriendly [13–16].

The major focus in biosynthesis has been on the utilization of plant extracts due to
their abundant availability and phytochemical profile [17,18]. In order to reduce the silver
in silver nitrate, which is employed as a precursor in the biosynthesis of AgNPs, phytocom-
pounds are typically used as alternative reducing or capping agents. Several plant extracts
have been used in the past to synthesize AgNPs, including Papaver somniferum [19], Bauhinia
variegata L. [20], Hevea brasiliensis [21], Aloe vera [22], and Moringa oliefera [14], as well as
stem extract from the cotton plant Gossypium hirsutum and Portulaca oleracea leaves [23,24].
The plant Trigonella foenum-graecum, also referred to as fenugreek, is a member of the
Leguminoseae (Fabaceae) family. The phyto-constituent profile of the seeds and leaves of
fenugreek reveal that they are nutrient-dense and packed with vital phytochemicals that
provide the herb its therapeutic effects. These include proteins, lipids, alkaloids, flavonoids,
fibers, saponins, steroidal saponins, vitamins, and minerals. Additionally, it exhibits antiox-
idant, antibacterial, anti-diabetic, and anticancer effects [25,26]. For various biomedical and
environmental remediation applications, fenugreek seed extract and leaves have been used
in several prior studies to biogenically synthesize silver nanoparticles (AgNPs) [27–30].

From this premise, the present study reports a novel biogenic synthesis of AgNPs
with Trigonella foenum-graecum seeds with further effective nanonization which has received
a patent. Furthermore, this study includes an assessment of their potential in wastewa-
ter remediation based on photodegradative efficacy, modulatory effect on water quality
parameters, and antimicrobial potency.

2. Materials and Methods
2.1. Green Synthesis of Ag Nanoparticles

Trigonella foenum-graecum seeds were purchased from the neighborhood market in
Riyadh, Saudi Arabia. Cleansed, dried, and powdered seeds were used. We boiled 10 g of
powdered seeds in 100 mL of distilled water (pH 6.10) for 2 min to prepare the aqueous
extract. The extract was then filtered through Whatman 40 filter paper, and the filtrate
was stored at 4 ◦C for further use. The silver nanoparticles (AgNPs) (pH 5.32) were
then prepared using the aqueous seed extract according to Awad et al. [27] with certain
modifications (Figure 1).
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Figure 1. Illustration of the mode of synthesis of the AgNPs using Trigonella seed extract.

2.2. Characterization of Synthesized AgNPs

The UV–Vis absorbance using ultraviolet–visible spectroscopy (Perkin Elmer UV–
Vis spectrometer, Buckinghamshire, UK) confirmed the reduction of silver ions to silver
nanoparticles in the presence of Trigonella seed extract. The average particle size of Ag-
NPs was analyzed by Zetasizer, Nano series, HT Laser, ZEN3600 (Molvern Instruments,
Malvern, UK). Transmission and Scanning electron microscopy (TEM and SEM) was used
to assess the size, shape, and morphologies (JEOL-FE-SEM TEM, Tokyo, Japan), and energy
dispersive spectrometer (EDS) analysis was carried out for the detection of elemental silver.
Fourier transform infrared (FTIR) spectra in the range of 400–4000 cm−1 were recorded
using a Perkin-Elmer 100 spectrophotometer [27,31,32].

2.3. Treatment of Sewage Effluent by Synthesized AgNPs

Grab samples of sewage effluent were collected from the Sewage Treatment Plant (STP)
at Al-Hahsa City, Saudi Arabia, in plastic barrels. Samples of tap water were collected in
polyethylene bottles directly from the laboratory. Three bottles of 3 L capacity were taken
in the laboratory; in two bottles, the sewage effluent was added, and in one, the normal
tap water was added. About 50 mgL−1 of synthesized AgNPs were added to one of the
bottles which contained 3 L the sewage effluent. The bottles were then kept aside for 72 h,
after which the treated effluent was filtered. Water quality parameters were assessed for
the treated effluent, untreated effluent and tap water.

2.4. Antibacterial Activity of Silver Nanoparticles

To assess the microbicidal efficacy of the silver nanoparticles, pure cultures of Gram-
positive and Gram-negative bacteria, Escherichia coli and Staphylococcus aureus were utilized.
The disc diffusion method was used to evaluate the antibacterial activity [33]. Plates
containing nutrient agar were prepared, sterilized, and solidified. Thereafter, the test
bacterial cultures were inoculated onto the plates. The sterile discs were coated with
nanoparticle solutions at two doses of 1 and 0.5 gmL−1 and then placed in nutritional agar
medium, where they were cultured for 24 h at 370 ◦C. A zone of clearing surrounding the
wells, which was measured as the diameter of the inhibition zone, was used to demonstrate
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the inhibitory activity of the bulk aqueous extract of Trigonella seeds and the nanoparticles
(AgNPs).

2.5. Statistical Analysis

The mean and standard deviation (Mean ± SD) for all parameters relating to water
quality are used to express the data. To analyze group differences, a one-way analysis of
variance was conducted, followed by a Tukey’s test (SPSS 22.0 statistical program, Chicago,
IL, USA). The threshold for significance was fixed at p ≤ 0.05.

3. Results and Discussion
3.1. Synthesis and Characterization of the Nanoparticles

Synthesis of AgNPs through the reduction of silver nitrate by phyto-constituents of
aqueous Trigonella seed extract was confirmed by an observable change in the color of the
solution to brown [32,34].

3.1.1. UV–Vis Spectrophotometry

The observed surface plasmon resonance (SPR) by the UV–Vis spectrophotometry
confirmed the formation of AgNPs. A strong and broad surface plasmon resonance (SPR)
has been seen in metal nanoparticles between 2 and 100 nm in size. Spherical nanoparticles
demonstrate a single SPR band, in agreement with Mie’s theory [35,36]. Figure 2 shows the
absorption peak of the AgNPs solution corresponds to the SPR obtained in a visible range
at 439.29 nm. In line with these results, it has been reported that AgNPs exhibit a distinctive
absorption peak at about 400 nm, attributed to SPR. The free electrons of the metal NPs are
responsible for the SPR absorption peak attributed to the combined vibration of electrons
with the light wave [26]. The refractive index of the surrounding medium, particle size, and
adsorbed species on their surfaces affects the position of the SPR absorption peak (kmax)
of spherical AgNPs [37,38].
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Figure 2. UV–Vis spectrum of the synthesized Trigonella AgNPs.

3.1.2. Size and Morphology of Nanoparticles

The particle size distribution by intensity determined using the DLS technique is
illustrated in Figure 3. The average hydrodynamic diameter of the prepared AgNPs
using Trigonella seeds was 43.8 d.nm with an intercept of 0.870 and low polydispersity
index (PDI) of 0.391. Similar hydrodynamic radii of AgNPs obtained with DLS in the
range of 9–42 nm were reported by Ahani and Khatibzadeh [39]. In comparison to the
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TEM measurement of the particle size, the particles were moderately larger in DLS, as it
measures the hydrodynamic radius of the particles [40,41].
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Figure 3. Representative DLS spectrum of synthesized Trigonella AgNPs showing the average size of
the nanoparticles.

The TEM micrographs illustrated that the synthesized Ag NPs were dispersed without
agglomeration. In addition, their morphotype was spherical and oblong, with an average
particle size that ranged between 9 and 21 nm (Figure 4). The particle sizes observed in
the TEM images are in consensus with a previous study that reported green synthesized
Ag NPs with an average size of 20–50 nm [41], and are smaller than those reported by
Goyal et al. [32].
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The energy-dispersive spectroscopy (EDS) revealed the elemental map of AgNPs. The
silver ions in AgNPs are represented by a prominent peak at 3 keV. AgNPs often show a
typical absorption peak at 3 keV because of the surface plasmon resonance. In addition to
K and Zn, 87.45% of the Ag was found to be present in AgNPs at 3 keV (Figure 5a,b). The
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presence of K and Zn atoms in the aqueous extract of Trigonella seeds could possibly be due
to the presence of other bioactive components [42,43].
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3.1.3. FTIR Analysis

FTIR is vital structural tool used to assess the chemical interactions between the metal
particles and biomolecules in plant extracts. This gives an insight into the surface chemical
composition of the silver nanoparticles along with an identification of the biomolecules
that are involved in the capping and stabilization of the metal nanoparticles [44].

The absorption band intensities in the spectra for bulk Trigonella seed extract and
AgNPs are illustrated in Figure 6. The FTIR spectra of both the bulk Trigonella seed extract
and AgNPs show different major peaks positioned at 3409.30, 3400.07, 2924.49, 2928.22,
1564.61, 1651.97, 1394.33, 1390.78, 1103.62, 1072.28, 875.30, 835.95, 777.43, 765.98, 613.54,
and 615.81 cm−1. The presence of the bio-components from the seed extract in the sample
acting as a capping agent for the AgNPs is clearly demonstrated by certain similarities
between the spectra, with small marginal shifts in peak positions. Aliphatic primary amines
are responsible for the medium N-H stretching that causes the peak at 3400–3409 cm−1.
The band at 2924–2928 cm−1 is recognized as medium C-H stretching of the alkane group.
The peaks at 2129–2195 cm−1 correspond to strong C=N=C stretching of the carbodiimide
group. The broad peaks at 1564–1651 cm−1 correspond to medium N-H bending of the
amine group. Peaks between 1072–1103 cm−1 are ascribed to strong C-O stretching of
secondary alcohol. Peaks below 800 cm−1 correspond to strong C=C bending of the alkene
group. The alkyl halides band, particularly the C-Cl bond, has a peak in the 628 cm−1

range [45]. Therefore, it may be concluded that these biomolecules aid in capping and
effectively stabilize the synthesized Ag-NPs [32,44].



Processes 2023, 11, 2394 7 of 15Processes 2023, 11, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 6. FTIR spectra of Trigonella AgNPs and the bulk seed extract. 

3.1.4. Fluorescence Spectroscopy 

One technique for evaluating the optical characteristics of nanoparticles as photonic 

materials is the fluorescence (FL) spectrum. The most important criterion for surface plas-

mon resonance is frequently the collective oscillation of the silver-conducting electrons. 

AgNPs have a greater visible light resolution than any other known organic or inorganic 

chromophore. The nature, size, and shape of the surrounding particles in suspension 

strongly influence surface plasmon resonance [46]. 

Furthermore, the optical properties and electronic characteristics of the AgNPs were 

assessed (Figure 7). The synthesis of silver nanoparticles further increases the intensity of 

emission. Synthesized colloidal AgNPs are dispersed in water, and the fluorescence emis-

sion spectrum is recorded for the excitation wavelength at 349 nm. The three stages of the 

fluorescence phenomenon are photoexcitation of an electron, relaxation of the excited 

electron, and lastly, fluorescence emission. A shift in the emission fluorescence spectra at 

699 nm was detected, and the effect of photoexcitation at a wavelength of 349 nm from 

states above the Fermi level was assessed. The process of electron phonon and hole pho-

non sca�ering was related to the fluorescence shift [45]. The transition of the lowest unoc-

cupied molecular orbital (LUMO) to the highest occupied molecular orbital (HOMO), and 

the transition from HOMO to LUMO+3 and LUMO+4, were all reported to correspond to 

the band in UV–Vis spectroscopy. Since LUMO+3/+4’s orbital compositions are compara-

ble to those of LUMO, the p-sp transition (ligand-to-metal charge transfer, or LMCT) is 

likewise the primary cause of the transition. These two bands are hence the result of the 

sp-sp interband transition. AgNPs exhibit intense red emission in their crystalline state, 

with a maximum emission wavelength in the fluorescence spectrum [47]. 

Figure 6. FTIR spectra of Trigonella AgNPs and the bulk seed extract.

3.1.4. Fluorescence Spectroscopy

One technique for evaluating the optical characteristics of nanoparticles as photonic
materials is the fluorescence (FL) spectrum. The most important criterion for surface
plasmon resonance is frequently the collective oscillation of the silver-conducting electrons.
AgNPs have a greater visible light resolution than any other known organic or inorganic
chromophore. The nature, size, and shape of the surrounding particles in suspension
strongly influence surface plasmon resonance [46].

Furthermore, the optical properties and electronic characteristics of the AgNPs were
assessed (Figure 7). The synthesis of silver nanoparticles further increases the intensity
of emission. Synthesized colloidal AgNPs are dispersed in water, and the fluorescence
emission spectrum is recorded for the excitation wavelength at 349 nm. The three stages of
the fluorescence phenomenon are photoexcitation of an electron, relaxation of the excited
electron, and lastly, fluorescence emission. A shift in the emission fluorescence spectra at
699 nm was detected, and the effect of photoexcitation at a wavelength of 349 nm from
states above the Fermi level was assessed. The process of electron phonon and hole phonon
scattering was related to the fluorescence shift [45]. The transition of the lowest unoccupied
molecular orbital (LUMO) to the highest occupied molecular orbital (HOMO), and the
transition from HOMO to LUMO+3 and LUMO+4, were all reported to correspond to the
band in UV–Vis spectroscopy. Since LUMO+3/+4’s orbital compositions are comparable to
those of LUMO, the p-sp transition (ligand-to-metal charge transfer, or LMCT) is likewise
the primary cause of the transition. These two bands are hence the result of the sp-sp
interband transition. AgNPs exhibit intense red emission in their crystalline state, with a
maximum emission wavelength in the fluorescence spectrum [47].
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Trigonella AgNPs.

3.1.5. X-ray Diffraction Analysis

The Bragg’s law, which is based on a wide-angle elastic scattering of X-rays, is the
fundamental idea behind the XRD technique. In other words, when exposed to X-rays, the
crystal creates a variety of diffraction patterns that show the physicochemical characteristics
of the crystal structure. The crystalline nature of AgNPs was investigated and validated
in the current work through XRD analysis, as shown in Figure 8. As can be observed, the
X-ray diffraction spectrum demonstrated the existence of prominent peaks in the diffraction
values that were at 2 theta 38.185◦ (1 1 1), 44.381◦ (2 0 0), 64.573◦ (2 2 0), 77.557◦ (3 1 1),
and 81.715◦ (2 2 2), along with the corresponding patterns, respectively. This documents
and evidences the crystal planes of the face-centered cubic silver structure and crystalline
nature (JCPDS COD 9011607) with high purity. Similar patterns for the AgNPs have been
also reported in previous studies [48,49].

3.2. Photocatalytic Degradation of Crystal Violet (CV) Dye by AgNPs

The noble metal, silver has the highest potent localized surface plasmon resonance
with low optical loss in comparison to other metals. Hot electrons from the silver nanopar-
ticles (Ag NPs) move to the oxygen absorbed on the Ag NPs during localized surface
plasmon resonance (LSPR), which causes the oxygen-absorbed Ag nanostructure to become
negatively charged. In addition, the heated electrons accelerate the plasmonic Ag NPs’
catalytic oxidation reaction [50,51]. As shown in Figure 9, the AgNPs exhibited apprecia-
ble degradation of crystal violet dye under UV irradiation. The computed percentage of
degradation efficiency was 94.5%.
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the AgNPs.

Figure 10 presents an illustration of the photocatalytic mechanism of green synthesized
AgNPs, and could be summarized as

AgNPs + Photon→ Ag+ + e− electron (1)
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e− + O2 oxygen→∗O2
− oxygen radicals (2)

Ag+ silver ions→ Ag + hole (h+) (3)

h+ + H2O water / OH− hydroxide ions→ ∗OH radicals (4)

CV dye + OH∗ → Decolorization of CV dye (5)

Table 1 provides a comparison of photodegradative efficacy of various plant-based
AgNPs to validate the potential of the AgNPs used in the present study.
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Table 1. Comparative assessment of photodegradative ability of several plant-derived AgNPs
reported in the literature with the present study.

Plant Size (nm) Illumination
Source Dye/Concentration Degradation

Time/Percentage Reference

Phaseolus vulgaris
(kidney beans) 10–20 nm Sunlight RR-141 (50 mL, 20 ppm) 150 min

97% (Rani et al., 2020) [52]

Trigonella
foenum-graecum leaf 5–20 nm Sunlight

Blue 19 (RB19) and reactive
yellow 186 (RY186);

respectively

180 min/88% and 86%;
respectively

(Singh et al.,
2019) [53]

Annona squamosa L. 22 nm Sunlight Coomassie brilliant
blue(CBB)/5 mL of 1% CBB

Gradually
degradation/(10, 20,

30 min)
(Jose et al., 2021) [54]

Trichodesma
indicum leaf 35–33 nm Solar light Methylene blue (MB) dye/200

mL aqueous solution of MB
82% of MB within

210 min
(Kathiravan et al.,

2018) [55]

Cyanthillium
cinereum leaf 5–40 nm Without light

irradiation

Methylene blue and fuchsine
in the presence of aq.NaBH4/
(0.08 × 10−3 M) of the dyes

Gradual degradation (Anjana et al.,
2021) [56]

Trigonella
foenum-graecum seeds 82.53 nm UV light Rhodamine B dye/10 µgL−1 (93%) with decoloration

after 216 h
(Awad et al.,

2021) [27]
Trigonella

foenum-graecum seeds 43.80 nm UV light Crystal violet/10−6 M of dye 94.5% with in 20 min Present study
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3.3. Water Quality Parameters of the Sewage Effluent

Table 2 represents the effect of the synthesized AgNPs on the basic water quality
parameters of the sewage effluent. There was a marked alteration in the parameters
assessed in terms of pH, EC, inorganic salts, and COD and BOD. It was clearly observed
that treatment with AgNPs significantly improved the water quality parameters of the
effluent, which is best attributed to the enhanced adsorption activity of the AgNPs coupled
with its strong antimicrobial potency [12]. The enhanced adsorption ability of the Ag NPs
was evident by the reduction in the EC and inorganic ions. While the decrease in the
BOD of the effluent demonstrated a decrease in the microbial count brought about by the
AgNPs [10,12,30,57]. Additionally, a significant decrease in the COD values was observed
in the effluent on treatment with AgNPs. In consensus with this, recent studies have
reported elimination of coliform bacteria and heterotrophic bacteria, with the reduction in
the COD of wastewater treatment plants using silver-loaded magnetic nanoparticles [24,58].
The nanoscale size of the nanoparticles provides an increased surface area for an effective
adsorption of inorganic/organic matrix in the effluent sample.

Table 2. Effect of Trigonella AgNPs on the water quality parameters of sewage effluent.

Parameter Tap Water Untreated Sewage
Effluent

Sewage Effluent
Treated with

Trigonella Ag-NPs

pH 7.96 ± 0.04160 a 8.77 ± 01966 b 7.15 ± 0.1101 c

EC (ppm) 692.23 ± 4.6801 a 1269.36 ± 2.6350 b 726.06 ± 3.5232 c

SO4 (ppm) 48.43 ± 0.5132 a 166.900 ± 1.3892 b 46.67 ± 0.7571 a

Cl (ppm) 75.70 ± 0.6083 a 552.93 ± 1.6773 b 182.93 ± 2.2679 c

HCO3 (ppm) 64.63 ± 0.6806 a 57.53 ± 0.6658 b 66.03 ± 0.3055 a

Mg+2 (ppm) 29.73 ± 0.2309 a 81.55 ± 0.4500 b 47.53 ± 0.5033 c

Ca+2 (ppm) 82.87 ± 1.0263 a 136.03 ± 1.0016 b 104.10 ± 0.3605 c

COD (mg/L) 0.77 ± 0.0577 a 1135.67 ± 8.6217 b 805.20 ± 4.9518 c

BOD (mg/L) 0.00 ± 0.0000 a 49.17 ± 0.9609 b 21.57 ± 0.5131 c

EC: electrical conductivity; COD: chemical oxygen demand; BOD: biological oxygen demand. Values are expressed
as mean ± SD. Different superscripts in a row show significant difference (p ≤ 0.05).

3.4. Antibacterial Activity of Trigonella/Ag-NPs

Rampant use of antibiotics in recent times, especially during the pandemic, has made
the WWTPs act as reservoirs for antibiotic-resistant bacteria, and their potential horizontal
gene transfer could have grave implications on human health. Silver nanoparticles have
been known for their remarkable antimicrobial activity for decades, being able to combat
bacterial infections both in vitro and in vivo. Both Gram-negative and Gram-positive bac-
teria, as well as strains that are multidrug resistant, are susceptible to AgNPs’ antibacterial
properties. Above a certain dose, they showed negligible toxicity towards mammalian cells
while exhibiting strong toxicity towards bacteria like E. coli [10]. Accordingly, the antimi-
crobial activity of the AgNPs with Trigonella seeds in the current study was clearly defined,
as the nanoparticles showed a larger diameter of the inhibition zone at two different con-
centrations than was seen for the bulk Trigonella seed extract against two bacterial strains,
E. coli and S. aureus (Table 3). The antibacterial effect on the Gram -positive strain, S.aureus,
was more pronounced. This is consistent with other studies that found AgNPs made
from either Trigonella seed or leaf extract to have strong microbicidal activity [27,28,32].
Additionally, AgNPs synthesized by several modes have been extensively documented to
have comparable antibacterial properties [23,59]. The electrostatic attraction between the
Ag+ ion and the negative charge on the bacterial cell membrane clarifies the antibacterial
ability of the Ag-NPs. Thus, the Ag+ ion interferes with bacterial DNA replication and
respiration by interacting with enzymes that have thiol groups to form disulfide bridges,
permeating the cell membrane, and killing the bacteria [60]. Furthermore, Sabry et al. [61],
reported that contact between AgNPs with the bacterial surface leads to an interaction with



Processes 2023, 11, 2394 12 of 15

the bacterial protein in the cell wall which could interfere with the DNA replication and
also trigger the generation of reactive oxygen species which eventually leads to oxidative
damage of the bacterial cells. The variability observed in the susceptibility of microbes to
the ag-NPs could be attributed to the nature of their cell wall structure, which affects the
permeability. The major constituents of the outer membrane of Gram-negative bacteria
are lipopolysaccharides that limit the entry of macro/hydrophilic molecules. Conversely,
the Gram-positive bacteria have negligible or no lipopolysaccharide content. Furthermore,
these bacteria possess multiple peptidoglycan layers and chains of negatively charged
glycerin in their cell wall that interacts with the Ag+ ions [32].

Table 3. Diameter of inhibition zone at different concentrations of AgNPs and bulk Trigonella seed
extract against Gram-positive and -negative bacterial strains.

Bacterial Strain
AgNps Bulk Trigonella Seed Extract

1 µg/mL 0.5 µg/mL

Escherichia coli
(Gram-negative) 24 mm 20 mm 15 mm

Staphylococcus aureus
(Gram-positive) 30 mm 27 mm 14 mm

Currently, water pollution from the sewage of the textile industry in wastewater is one
of the major global environmental challenges. Textile wastewater contains a large number
of toxic dyes, heavy metals such as mercury, chromium, cadmium, lead, and arsenic, color
pigments, and aromatic compounds [29,62]. These toxic chemicals are transported over
long distances along with wastewater, and are persistent pollutants in soil and water that
have adverse health effects on aquatic fauna, degrade soil fertility, and impair primary
production in the aquatic environment with subsequent anoxic conditions [63]. Textile dyes
deteriorate the aesthetics of the water bodies, resulting in an increase in BOD and COD,
interfering with the food chains, bioaccumulating, and progressing carcinogenicity and
mutagenicity [64,65]. In the present study, the Trigonella/AgNPs effectively photodegraded
the dye, crystal violet, thereby adding to its potential wastewater remediation capacity
along with modulation of the water quality parameters of the sewage effluent. Furthermore,
its potent anti-microbial activity supported the previous reports on the ability of AgNPs in
effectively eliminating over 700 microorganisms found in WWTPs [59]. Thus, synthesis of
AgNPs integrating green technology using plant extracts/herbs offers several advantages
such as eco-friendliness, biocompatibility, and cost-effectiveness. These distinct properties
of AgNPs could prospectively play a vital role in several nanomaterial-based wastewater
treatment strategies in modern times.

4. Conclusions

In the current study, a low-cost biogenic synthesis of AgNPs with Trigonella seed
extract was successfully attempted. The nanoparticles were analytically characterized and
their remedial efficacy on wastewater quality and degradative potential of an organic dye
showed substantial outcomes that were notable in terms of environmental sustainability.
The nanoparticles demonstrated the ability to degrade crystal violet with effective decrease
in BOD and COD of the wastewater under optimized conditions. Taken together, the
results of the present study show a prospective role of AgNPs using Trigonella seeds as
an environmentally benign treatment approach for domestic/textile industry wastewater.
However, further investigations are imperative to determine the environmental effects of
these nanostructures, as well as their viability, via techno-economic feasibility studies.
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