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This work Explored the biogenic synthesis of Iron disulfide nanoparticles
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physicochemical synthesis that uses toxic chemicals and severe conditions.
An aqueous extract of wormwood was prepared by extracting dried powder
of the leaves at 70-80°C, and was mixed with ferrous sulfate and sodium
sulfide (0.02 M) solutions to form an iron sulfide (FeS) precipitate, which
was then sulfurized thermally at 300°C to produce pure pyrite. Rigorous
physicochemical characterization provided accurate results; FTIR analysis
confirmed the presence of active phytochemicals (phenolic, flavonoids
and terpenoids) on the surface of nanoparticles, and X-ray diffraction
(XRD) confirmed the pure crystalline phase with an average crystallite
size of about 10 nm, calculated using the Debye-Scherrer equation. TEM
analysis showed quasi-spherical to irregular shapes and sizes of 25-70 nm,
and EDX confirmed high purity. Pragmatically, the nanoparticles showed
concentration-dependent antibacterial action against Staphylococcus
aureus and Escherichia coli, with an inhibition zone of 17 mm and 15
mm, respectively, at the highest concentration. This is explained by
several mechanisms, such as membrane damage, induction of oxidative
stress through Fenton reactions, and sulfur radicals. Taken together these
results demonstrate the feasibility of green nanotechnology for sustainable
biomedical applications antimicrobial agents for prospective biomedical
and environmental applications
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INTRODUCTION

Nanotechnology is gaining significant interest
among scientists due to the unique properties
of materials at the nanometer scale (1 billionth
of a meter). Nanomaterials possess a greater
surface area and distinctive physical and chemical
properties compared to larger materials, making

* Corresponding Author Email: ahm24u4005@uoanbar.edu.iq

them suitable for various applications in medicine,
the environment, and energy [1]. Materials such
as Iron Disulfide (FeS,) are considered by the
environmental sciences to be a viable alternative
for biological and environmental applications.
Iron Disulfide has demonstrated exceptional
chemical stability with excellent electrical and
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magnetic properties [2]. Conventional techniques
for the production of nanoparticles are primarily
physical or chemical methods that involve the
use of toxic, hazardous materials and/or require
high temperature and pressure conditions. As a
result, the use of these methods and subsequently
produced materials are not suitable for the
biological field due to potential negative effects
on the environment and on consumer health
[3]. Therefore, it is necessary to develop viable
green alternatives to conventional nanoparticle
preparation  methods;  specifically,  green
preparation methods that utilize the reducing and
stabilizing properties of biological material (plant
extracts and microorganisms) [4].Additionally,
many secondary plant metabolites (e.g.,
phenolics, flavonoids, terpenoids and alkaloids)
are responsible for stabilizing chloroplasts and
serve to reduce metal ions to form nanoparticles
that are more stable and have a higher degree
of biocompatibility than those fabricated using
standard methods [5]. Studies demonstrating the
efficacy of producing both metallic and sulfide
nanoparticles having measurable biologic activity
have been published [6]. Plants of the Artemisia
genus are known for their medicinal properties
and contain many bioactive compounds that

— 8 —

exhibit activity against bacteria, fungi, and free
radicals. Artemisia extracts have been shown to be
effective agents for producing stable nanoparticles
with higher levels of biological activity as a result
of coating nanoparticles with active compounds
from the Artemisia plant. [7,8] While many studies
have reported use of green synthesis for metallic
nanoparticles, very few have examined green
synthesis of iron disulfide (FeS,) nanoparticles
from plant extracts. Therefore, there is much
potential for further work in this area. Assessment
of the biological activity of these nanoparticles is
required to understand how they work and what
their potential uses may be in both medicine and
the environment [9].The goal of this study is to
produce nanoparticles of iron disulfide by green
synthesis using extracts from Artemisia absinthian,
and to evaluate the biological activity of those
nanoparticles, as such will enable development
of sustainable and environmentally responsible
nanotechnology [10].

MATERIALS AND METHODS

Artemisia herba-alba leaf extract preparation
Leaves of Artemisia herba-alba were harvested

in their natural habitat and washed thoroughly

with sterile distilled water to remove any

Artemisia herba-alba

Artemisia herba-alba
leaf powder

Artemisia herba-alba
extract

Artemisia herba-alba
solution

Filtration process

Fig. 1. Steps for preparing Artemisia herbal-alba leaf extract.
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impurities or debris. The harvested leaves were
then laid flat in a shady place, without any direct
sunlight, for one week until they were completely
dried [11]. After the drying process, the harvested
leaves were thoroughly ground into a fine powder
and used for extraction by weighing out one gram
of Artemisia herba-alba powder into a glass flask
containing 100 ml of sterile distilled water. The
flask with the powder and water was placed on
an electric hot plate, with a temperature between
702C and 80°C, and a magnetic stirrer at 1.5 hours
[12,13]. After the heating process, the solution
was cooled to room temperature and filtered to
yield the extract. The extract was then placed in a
bottle for storage in the refrigerator and for use in
the creation of iron-sulfur nanoparticles, as shown
in Fig. 1.

Preparation of iron disulfide NPs

An iron sulfide (FeS) solution at a molarity of
0.02M has been created by dissolving 0.312 g
sodium sulfide (Na,S) in 200 ml of distilled water
and 0.612 g iron sulfate (FeSO,) in 200 ml of
distilled water [14]. To prepare the mixture, 200
ml of the iron sulfate solution was prepared with
200 ml wormwood leaf extract using a magnetic
stirrer for 30 minutes. The sodium sulfide was
added to the glass flask with the iron sulfate
solution and wormwood leaf extract by burr
distilling into droplets into the flask while stirring

FeSO4 NaxS
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continuously to achieve equal distribution of
the droplets throughout the solution [15]. The
resulting mixture will stand for 24 hours to allow
precipitation to occur. The precipitate formed in
the resulting mixture is separated by centrifuging.
After centrifuging, the precipitate is dried in an
oven at 80 degrees Centigrade for 24 hours. The
resulting product is FeS [16]. To convert this to iron
disulfide nanoparticles, pure sulfur is added in a
1:1 ratio to the precipitate, placed in a container,
and then set on fire (burning) at a temperature
of 300 degrees Centigrade for 3 hours. The
resulting product is then washed in distilled
water and ethanol, dried completely, and ground
into very fine particles, producing iron disulfide
nanoparticles) FeS,), as shown in Fig. 2.

Evaluation of the Antibacterial Activity of FeS,
Nanoparticles

The antibacterial activity of the prepared iron
disulfide nanoparticles (FeS, NPs) was evaluated
against two commonly encountered clinical
pathogens: Staphylococcus aureus (Gram-positive)
and Escherichia coli (Gram-negative) bacteria,
with different types of bacterial cell wall surface
structures. The bacterial strains were cultured on
nutrient agar plates and incubated under standard
culture conditions (37 °C for 24 hours). A bacterial
suspension was then prepared and adjusted to
the turbidity of the 0.5 McFarland standards

FeS Solution

Artemisia

herba-alba

solution
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Fig. 2. Preparation steps of iron disulfide (FeS,) nanoparticles.
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(approximately 1.5 x 10® CFU/MI) [17-18]. The
agar well diffusion method was used to determine
the antibacterial activity, a standard technique
for initial screening of antibacterial drugs. After
the inoculated agar surface had solidified, four
equidistant wells were aseptically bored into
the agar in each plate using a sterile corn borer
of a fixed diameter. The wells were filled in the
following manner: Wells A, B, and C: Dilutions
of FeS, nanoparticle suspensions, prepared at
100%, 50% and 25% (v/v), respectively. Well D
(Negative Control): Sterile distilled water (no
nanoparticles) to ensure that no inherent solvent-
mediated antibacterial activity was present. The
plates were then incubated at 37 °C for 24 hours.
After the incubation period, the antibacterial
efficacy was assessed by measuring the zone
of inhibition (in millimeters) around the wells
using a ruler. The absence of inhibition around
the control well (D) confirmed that the observed
bacteriostatic or bactericidal activity was only due
to the FeS, nanoparticles. The minimum inhibitory
concentration (MIC) was subsequently determined
as the lowest concentration of nanoparticles
displaying a visible zone of inhibition, which is
indicative of substantial inhibition of bacterial
growth. Similarly, the minimum bactericidal
concentration (MBC) was defined as the lowest
concentration of nanoparticles that completely
eliminated visual bacterial growth, indicative of

permanent bactericidal effect [19].

RESULTS AND DISCUSSION
FT-IR Test

It is to find out the active compounds in
chemical compounds [20] FTIR spectrum of
Artemisia powder has different functional groups
of bioactive phytoconstituents. The peak in the
region 3200-3500 cm-1 is due to the stretching
vibration of O-H, which may be due to hydrogen
bonding of phenolic and alcoholic compounds. The
asymmetric and symmetric stretching vibration
of aliphatic C-H (2920 and 2850 cm™) is due to
the presence of the hydrocarbon/torpedoed.
The peaks of 1600-1650 cm-1 are related to the
stretching vibration of C=0. They may also be due
to C=C (aromatic ring), and prove the presence of
carbonyl and aromatic groups. The other peaks
at range 1000-1300 cm™ are due to alcohol C-O
stretching vibration mode, and also due to C-O
stretching vibration mode of glycoside linkage,
respectively. This shows the presence of hydroxyl,
carbonyl, aromaticand aliphatic groups, which also
suggest the phytochemical variability of Artemisia
as a good natural reducing and stabilizing agent for
the green synthesis of nanoparticles, as shown in
Fig. 3.

FT-IR spectroscopy of iron disulfide
There was a broad band present from 3367
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Fig. 3: FT-IR spectrum of Artemisia herbal-alba leaf.
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to 3197 cm?; this was caused by O-H and N-H
stretching vibrations of phenolic compounds and
proteins that are present in the extract of the plant.
Other bands, which appeared from 2924 to 2853
cm?, corresponded to aliphatic C-H stretching,
and from 1450 to 1380 cm?, corresponded to
aromatic C=C vibrations. The bands between
620 and 520 cm™ are related to Fe-S (iron-sulfur)
vibrations, which indicate that the nanoparticles
were successfully created. These functional
groups suggest that the plant constituents serve

as both reducing and stabilizing agents for the
nanoparticles [21, 22] as shown in Fig. 4.

Transmission Electron Microscopy (TEM)

The morphological properties and particle
size distribution of the green-synthesized iron
disulfide (FeS,) nanoparticles from Artemisia
plant extract were examined using Transmission
Electron Microscopy (TEM). The TEM micrographs
show the formation of nanoscale particles with
predominantly quasi-spherical and irregular
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Fig. 4. Spectrum of iron disulfide.
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Fig. 5. TEM micrographs of iron disulfide NPs.
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shapes. A noticeable degree of agglomeration
was The Transmission Electron Microscopy (TEM)
analysis has characterized the morphological
properties and particle size distribution of green-
synthesized iron disulphide (FeS,) nanoparticles
derived from Artemisia plant extract. The images
show the synthesis of nanoparticles, mostly
quasi-spherical to irregularly shaped particles,
with considerable aggregation resulting in
the formation of interconnected cluster-like
aggregates. This agglomeration is attributed to the
large surface area of the nanoparticles compared
to their volume, leading to higher surface energy
and mutual attraction between nanoparticles.
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SEM HV: 15.00 kV
SEM MAG: 150.00 kx Det: InBeam
View field: 1.445 pm

WD: 5.620 mm

SEM HV: 15,00 kV WD: 5.620 mm
SEMMAG: 100.00 kx  Det: InBeam 500 nm
View field: 2.167 ym  Date(m/d/y): 01/20/26

Date(m/diy): 01/20/26

MIRAN TESCAN  SEM HV: 15.00 kv
SEM MAG: 5000 kx  Det: InBeam 1pm n

At higher magnifications (scale bars 100 nm and
30 nm), individual nanoparticles can be seen
ranging from 25 nm to 70 nm in diameter. The
size distribution is rather broad (polydisperse),
which is typical for nanoparticles biosynthetically
derived due to differences in nucleation and
crystal growth. The TEM micrographs show
significant contrast differences, with darker areas
corresponding to FeS, nanoparticles (from their
electron density) against a background of lighter
regions that represent either the supporting
carbon film or thinner parts of the sample. In
summary, the TEM images confirm the synthesis
of binaural-sized FeS, nanoparticles with typical
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Fig. 6. SEM images of iron disulfide NPs.
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morphological features of biologically produced
nanoparticles [23] as in Fig. 5.

Scanning electron microscopy (SEM)

The shape and size of the green-synthesized iron
disulphide (FeS,) nanoparticles from the Artemisia
plant extract were determined by Transmission
Electron Microscopy (TEM). The TEM images reveal
the synthesis of nanoscale particles with mostly
quasi-spherical and irregular shaped particles.
A noticeable degree of agglomeration was The
Transmission Electron Microscopy (TEM) analysis
has characterized the morphological properties
and particle size distribution of green-synthesized
iron disulphide (FeS;) nanoparticles derived
from Artemisia plant extract. In the images, the
formation of nanoparticles, predominantly quasi-

spherical and irregular particles, with significant
degree of agglomeration leading to cluster-like
aggregates is presented. The agglomeration is
due to the high surface-to-volume ratio of the
nanoparticles which results in enhanced surface
energy and attraction between nanoparticles. At
higher magnifications (scale bars 100 nm and 30
nm), individual nanoparticles with sizes between
25 nmand 70 nm in diameter can be observed. The
size distribution is relatively wide (polydisperse)
as is common for biosynthetically produced
nanoparticles due to variations in nucleation and
growth of the crystals. In the TEM images, there
exists a strong contrast between dark regions of
FeS, nanoparticles (from their electron density)
and the lighter regions which may be the carbon
film supporting the sample, or thinner regions of
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Fig. 7. XRD pattern of Iron disulfide NPs.
Table 1. XRD pattern of Iron disulfide NPs.
Position (26 deg.) FWHM (deg.) Intensity (count)
22.98 0.84 145
27.34 3.50 88
33.32 2.00 46
52.54 3.10 a4
J Nanostruct 16(4): 4976-4986, Autumn 2026
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the sample. Overall, the TEM images show the
formation of binaural-sized FeS, nanoparticles
with common morphological characteristics of
biological nanoparticles [24] as in Fig. 6.

XRD Characterization

Fig. 7 shows the-ray diffraction (XRD) patterns
of iron disulfide (FeS,) nanoparticles prepared
using the green synthesis method showed distinct
crystalline peaks at 20 values of approximately
22.98°, 27.34°, 33.32°, 37.70°, 52.54°, and 57.53°,
indicating the formation of a crystalline pyrite
phase consistent with standard ICDD/JCPDS data.
The absence of additional peaksindicates the purity
of the formed phase and the lack of significant
secondary phases. Broadening was also observed

in some of the diffraction peaks, a characteristic
behavior of nanomaterials and attributable to
the small crystal size. The average crystal size was
estimated using the Debye—Scherrer equation to
be approximately 10 nm, further confirming the
nanoscale nature of the material [25].

Energy-dispersive X-ray spectroscopy (EDX)

The surface and shape of the nanoscale
materials produced by this green process,
as well as elemental composition from EDX,
confirm that these materials are of high purity.
EDX also indicated that there are no significant
trace amounts of metallic elements, suggesting
high purity of material in addition to having the
characteristic spectrum and composition of
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Fig. 8. Energy dispersive X-ray spectroscopy of the prepared iron disulfide NPs.

Table 2. Bacterial growth response to (FeS, NPs) at different concentrations.

Staphylococcus

Escherichia coli

Hole Concentration (%) Interpretation
aureus(mm) (mm)
A 25% 6mm 5mm Weak inhibition (MIC approx)
B 100% 7 15 Strong bactericidal activity
m mm

C 50% 1 10 Moderate inhibition

mm mm
D Control Omm O0mm No inhibition

(0%)
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FeS,. So, we can conclude that we successfully
synthesized high-purity FeS, nanoparticles using
green synthesize method [26]. as shown in the
following Fig. 8.

Evaluation of the antibacterial efficacy of iron
disulfide nanoparticles (FeS,)

In this study, iron disulfide nanoparticles (FeS,
NPs) biosynthesized were assessed for their
anti-bacterial activity against Staphylococcus
aureus (Gram-positive) and Escherichia coli
(Gram-negative). The activity was evaluated by
agar well diffusion method, using four wells i.e.
well A, well B, well C and well D representing

25%, 100%, 50% and a negative control (sterile
distilled water) respectively. This was performed
in order to isolate the different effects that may
be introduced by changing the concentration. The
experimental protocols and conditions followed
were per [27]. The study suggests the induction of
a concentration-dependent antibacterial response
upon treatment with the FeS, NPs. A higher
concentration of undiluted FeS, NPs equivalent to
100% showed significantly larger zones of inhibition
against the two strains of bacteria tested in the
study, showing a very potent bactericidal activity
in the maximum concentration. An effective
bacteriostatic activity could also be recorded upon

E.coli

Staphyllococcus aureus

E.coli

Fig. 9. Antibacterial effect of iron disulfide nanoparticles against S.aureus and E. coli at different concentrations compared
to control.

4984

J Nanostruct 16(4): 4976-4986, Autumn 2026



A. Ali %, and H. Khalid Al / Eco-Friendly FeS, Nanoparticles: Green Synthesis and Antibacterial Activity

using an intermediate concentration of 50% from
well C, proving that a sub-maximal dose is capable
of suppressing the growth of bacterial strains to
some extent. The least effective concentration
used being 25% from well A showed only a faint
zone of inhibition showing partial but not negligible
antimicrobial potency. The concentrations were
indicative of a minimum inhibitory concentration
(MIC) value or threshold required for the exertion
of antibacterial properties against the two strains
of bacteria under test. A negative control used
from well D showed no visible zone of inhibition.
This was representative of the fact that only the
FeS, nanoparticles and not the solvent used have
shown antibacterial activity. It is proposed that
the superior antibacterial effect of FeS, NPs can be
mechanistically explained by theirnanoscale nature
and highly increased surface-area-to-volume ratio,
which can lead to stronger interactions with the
outer bacterial cell membranes. This interaction
would be understood to result in breaking down of
the structural integrity of the membrane bilayer,
enhancement of membrane permeability, and
release of intracellular bacterial constituents.
The FeS, NPs is thought to be cytotoxic due to
the generation of oxidative stress, 2~ mediated
through oxidation by iron-catalyzed Fenton-type
reactions combined with simultaneous formation
of reactive sulfur species (RSS) [28,29]. These
reactive species cause oxidative damage to vital
biomolecules (structural proteins, membrane
lipids and genomic DNA) leading to the loss of
bacterial cellular homeostasis and death. Overall,
the findings demonstrate the potent broad
spectrum antibacterial activity of biosynthetic
FeS, nanoparticles (at high concentrations) has
enormous potential as an effective new generation
antimicrobial agent to fight both Gram-positive
and Gram-negative bacterial pathogens [30,31].
(see Fig. 9).

CONCLUSION

The present study achieved the environmentally
benign synthesis of FeS, NPs using Artemisia
herbal-alba as a bio friendly reducing and capping
agent. Physic-chemical characterization of the
synthesized NPs confirmed the formation of a
pure pyrite crystalline phase with a crystalline size
of 10 nm and quasi-spherical morphology with the
plant phytochemicals contributing significantly
towards stabilization of the nanoparticles for
biocompatibility. The veridical activity of the NPs

] Nanostruct 16(4): 4976-4986, Autumn 2026
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was found to exhibit a concentration-dependent
inhibition of  Staphylococcus aureus and
Escherichia coli. Mediated by membrane damage
and oxidative stress pathways, thus highlighting
the significant potential of biosynthesized FeS, NPs
as broad-spectrum antimicrobial agents for future
biomedical and environmental applications.
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