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1. Introduction
Nanoparticles (NPs) have garnered significant attention in recent years due to their critical

applications in electronics, medicine, environmental cleaning, agriculture, and water purification.
Magnetic NPs, referred to as nano-adsorbents in ecological applications, have been proposed as a
novel solution for the cleanup of seawater contamination resulting from oil spills’. Magnetic NPs
can be separated from water using an external magnetic field, and their large surface area gives
them high adsorption capacity for hydrocarbons. Iron-oxide NPs (IONPs) are widely used
magnetic nanomaterials for oil-water separation. They may be surface-functionalized to enhance
their capacity for hydrocarbon absorption and/ or increase selectivity for specific contaminants.
Furthermore, IONPs are often reusable and can be recovered post-application, thereby reducing
overall costs and environmental impacts of the wastewater cleanup process. The use of magnetic
IONPs for the separation of oil from water is a promising technique that has been investigated
over the past few decades, offering practical and viable options for safeguarding marine
ecosystems and coastal populations®. Ferric oxides are among the most well-investigated
transition metal oxides, exhibiting four polymorphic phases: a-Fe;Os; (haematite); B-Fe2Os
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(magnetite); y-Fe,Os3 (maghemite); and e-Fe2Os. The B-FeoOs; and e-FeOs; phases are often
synthesized in laboratory settings, but a-Fe>O3 and y-Fe,Os occur naturally. Each polymorph
exhibits distinct crystal structures and physical characteristics®. Haematite possesses several
intriguing qualities, including abundance, low toxicity, environmental friendliness, cost-effective
production, chemical inertness, and biocompatibility*®. The characteristics of a-Fe>O;3 render it a
compelling transition metal oxide, prompting vigorous research into its synthesis and
applications across various technological domains, including sensors, wastewater treatment, drug
delivery, magnetic material coatings, catalysts, magnetic hyperthermia®, supercapacitors, and
cancer therapy'®. Iron oxide NPs were synthesized using several approaches, including
hydrothermal procedures, sol-gel reactions, microwave synthesis, co-precipitation, so no-
chemical processes, and microemulsion techniques. Chemical synthesis procedures typically
employ toxic substances that can generate hazardous by-products'!. Subsequently, other green
synthesis strategies utilizing plant extracts and other biological materials have been explored'?.
The use of plant extract microorganisms may serve as an environmentally sustainable alternative
to traditional techniques for the synthesis of metal or metal oxide NPs. Plant components, such
as leaves, seeds, fruits, and root extracts, contain phytochemicals that function as both reducing
agents and capping/ stabilizing agents. Consequently, green synthesis techniques for NPs are
favored over physical and chemical approaches due to the reduction of toxic chemical solvents
and products that pose risks to human health and the environment, as well as for their
straightforward, cost-effective nature. In this work, Capsicum annuum was used as the natural
source for synthesizing the NPs. Its extract contains compounds of interest due to their chemical
composition, such as flavonoids (e.g., lutein and quercetin), capsaicinoids (e.g., capsaicin),
terpenoids, and phenolic acids (e.g., vanillic, gallic, and caffeic acid). For this, it is a great
candidate for use. Characterization techniques included Scanning electron microscopy (SEM)/
EDS, X-ray diffraction (XRD), and FTIR!3. In measuring vibration sample magnetometer (VSM)
curves, the relationship between the applied magnetic field and the sample's magnetic moment is
represented in a graph known as a Hysteresis Loop!#. The units used depend on the chosen
system of units (SI or CGS): In the international system of units (SI), the horizontal axis (applied
magnetic field) is measured in amperes per meter (A/m) or tesla (T). Vertical axis (sample
magnetic moment): Measured in amperes per square meter (A/m?) or amperes per kilogram
(A/kg) (if specific magnetism 1s being measured). In the centimeter-gram-second (CGS) system
of units, the horizontal axis (applied magnetic field) is measured in ersted (Oe). Vertical axis
(sample magnetic moment): measured in electromagnetic units (emu). Specific magnetism is
often expressed in emu/g. Quantity (SI): unit of measurement (CGS): unit of measurement
magnetic field (A/m) or T Oe magnetic moment (A*m?) or A/kg emu or emu/g. VSM technique
can be a valuable tool for detecting the presence of oxygen in a nanometal in the form of a
nanometal oxide by measuring changes in the magnetic properties of the sample. However, these
results must always be combined with information from other analytical techniques to obtain a
complete and accurate picture of the material composition'>. The VSM curves of nanometals and
nanometal oxides can be interpreted by considering their magnetic properties at the
nanoscale!®!®. This study aims to create clean, straightforward, and environmentally friendly
processes for NP manufacturing.
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2. Materials and Methods

2.1. Materials
Ethyl alcohol (CHsOH, > 99.8%) was purchased from Honeywell (Germany). Sodium

hydroxide (NaOH) and sodium borohydride (NaBH4) were obtained from Sigma-Aldrich (USA),
and potassium hexacyanoferrate was sourced from Riedel-de Haén (Germany). The solutions
were prepared using distilled water and capsicum extract after several preparatory procedures. A
digital pH meter was used to measure the pH. All chemicals used were suitable for analysis and
of high purity.

2.1.1. Synthesis of iron oxide NPs (a-Fe2O3) with capsicum plant extract as a stabilizer

The capsicum extract was obtained after the plant was chopped and washed with water to
remove any dirt or impurities. The extract was placed in a volumetric flask, and 250 mL of
deionized water was added. The mixture was heated to 50°C under continuous stirring for 30
min, turning orange. The mixture was filtered while hot, and 200 mL of the filtrate was collected.
Then, 100 mL of 0.1 M potassium hexacyanoferrate (III) solution, K3[Fe(CN)¢], a dark red
solution, was added in a 1:2 ratio. The solution was heated for 30 min and filtered at 25°C. Then
0.1 M of sodium hydroxide (NaOH) was added, followed by NaBH4 powder, resulting in a blue
color with continuous stirring. The precipitate was separated by centrifugation for 10 min at
4000 rpm. After that, it was filtered, and then the precipitate was washed with hot deionized
water and hot ethanol. These steps are shown in Equations 1 and 2 below.

K3[Fe(CN)s] +3NaOH — Fe(OH); +3NaCN + 3KCN (1)
A
2 Fe(OH)s ——— a-Fe;03 + 3 H,0 2)
NaBH,

The precipitate was then allowed to dry for 24 hr and transferred to a dry oven at 400°C for 3 hr.
The final precipitate was dark'® red, as shown in Figure 1.

(c) E (d)

XRD Test

— g-Fe203 NPS/

Figure 1. The method for preparing a-Fe,O3; NPs involves the main steps from the plant extract to drying the NPs:
(a) plant extract, (b) solution of potassium hexacyanoferrate, (c) mix a+b, (d) powder of a-Fe,O3; NPs before drying,
(e) powder of a-Fe,O3 NPs after drying
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3. Results
3.1. FTIR analysis
The infrared spectrum in Figure 2 for the potassium hexacyanoferrate (III) complex
K3[Fe(CN)s] of the substrate showed the appearance of a single stretching peak at 2115.77 cm’!
due to the cyanide group CN! attached to the central atom, and the presence of multiple bands at
576.68, 511.10, and 447.45 cm™ due to the components of the plant extract used?’. Figure 3
shows the disappearance of the OH band at 3431.13 cm™ and the CN~ band at 2115.77 cm™" after
thermal drying at 285 °C, confirming the removal of these groups. New bands at 427.61, 420.44,
and 413.26 cm™! indicate the formation of IONPs, corresponding to Fe—O stretching vibrations,
while the band near 439 cm™ is attributed to O—Fe—O bending?!.
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Figure 2. FT-IR analysis of the basic inorganic material potassium hexacyanoferrate (I11), Ks[Fe(CN)s], used in the
preparation of nanoparticles before adding it to the plant extract
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Figure 3. FT-IR analysis of the a-Fe,O3 nanomaterial produced by treating the plant extract with the inorganic
substance potassium hexacyanoferrate (III) Ks[Fe(CN)g] after carrying out all preparation methods
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3.2. XRD analysis
The average size of the crystals (D) of a-Fe-O3; NPs was calculated using the Scherrer equation

as presented in Equation 3 from the XRD image.

_ ka
D _B cos (3)

The XRD pattern showed peaks at 24.57°, 33.50°, 35.93°, 42.27°, 43.63°, 49.73°, 54.40°, 57.54°,
62.86, 64.24° and 72.20°, corresponding to the a-FeoOsz miller incidence (012), (104), (110),
(113), (202), (024), (116), (122), (214), (300), and (1010), respectively, as shown in Figure 4.
The analyzed diffraction pattern was matched with the standard XRD peaks of a-Fe>Os, as listed
in the JCPDS card number. 01-084—0308 and confirmed the formation of hematite phases as
shown in Figure 5. The optimal parameters were determined based on the minimum particle size
(9.59 nm) and the maximum crystallinity (characteristic XRD peaks)?2.
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Figure 4. XRD analysis of a-Fe,O3 NPs
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Figure 5. XRD analysis of a-Fe,O3 NPs

The crystallite size of the iron oxide NPs was ascertained using the (220) plane corresponding to
the peak of highest intensity. The average particle size of the synthesized IONPs is 17.06 nm.
The structural properties of the synthesized IONPs were determined using equations derived
from XRD data, as shown in Table 1.
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Table 1. The XRD analysis results of a-Fe,O3 NPs
No. 2 theta (degree) hkl FWHM (degree) 2 theta (Rad.) FWHM (Rad.) D (nm) Matched by

1 245787 012 03936 0.214489 0.007 20.649
33.5069 104 0.3149 0.292403 0.005 26338

3 35.9372 110 0.4723 0313611 0.008 17.675

4 412743 113 0.4723 0.360186 0.008 17.966

5 43.6302 202 0.7872 0.380745 0.014 10.866

6 49.7312 024 0.4723 0.433987 0.008 18.531  01-084-0308

7 54.4002 116 0.4723 0.474731 0.008 18.904

8 57.5442 122 0.9446 0.502168 0.016 9.591

9 62.8661 214 0.551 0.54861 0.010 16.890

10 64.2407 300 0.4723 0.560606 0.008 19.852

11 72.209 1010 0.9446 0.630142 0.016 10.405 AAverage: 17.061

3.3. SEM analysis

The SEM techniques were employed to examine the microstructure and surface characteristics of
a-Fe2O3 NPs. Figure 6 shows the SEM micrographs of IONPs, which are agglomerated particles
forming large, small, fluffy, and compact NP clusters; the particles are not uniformly dispersed.
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Figure 6. The SEM for a-Fe,O3 NPs powder within the range of 5 um

The image's finer details reveal rough, irregular surfaces, indicating possible NP aggregation and
a heterogeneous particle size distribution. Intergranular gaps represent an additional observable
characteristic, indicating greater connectivity among grains®>,

3.4. Transmission electron microscopy (TEM) analysis
The TEM image in Figure 7 explains the micrographs of IONPs synthesized by the green

chemistry method. In TEM, "Mag= 21.560 KX" indicates a magnification of 21,560 times the
original size, using the "Kilo-X" (KX) notation. The "250 nm" specification indicates the scale
bar, which represents a length of 250 nanometers on the sample being viewed. These parameters
can help in understanding the actual size of features within the magnified image. The prominent
characteristic of this image is a rod-like or rectangular structure. The disparity in TEM images is
primarily due to differences in electron density?’, indicating a distribution of NPs with a size of
17.06 nm. The imaging software determined particle size from TEM images. The nanoscale
synthesis of a-Fe>O3 was confirmed via TEM imagery. A narrow distribution of a-Fe>O3, with an
average particle size of around 17.06 nm, was calculated using Image software. The picture
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depicts an expanded spread of a-Fe.Os. The uniform dispersion of a-Fe,Os is anticipated to
enhance catalytic activity. The average particle size was determined from a TEM micrograph?®.

60 nm Mag = 60.000 KX  DayPetronic Company
—

Figure 7. TEM for a-Fe,O3; NPs powder within 60 nm

3.5. Energy dispersive X-ray spectroscopy (EDX) analysis
It is a crucial technique for both quantitative and qualitative analysis. It is used to detect the rays

emitted from the sample when the electron beam is focused?’. It identifies the elements present in
or on the surface of the sample and measures their analytical composition, as well as their purity
in the sample?®. The electronic image of IONPs, illustrating the SEM-EDX mapping region of
the particle, which is likely a NP agglomerate of a mineral cluster. The white box indicates the
area selected for elemental analysis using EDX, and the scale bar was 100 um, indicating the
particle is quite large. Figure 8 shows that the presence of iron oxide in the produced
nanostructure was confirmed by EDX spectroscopy, with atomic ratios of 70% iron and 27%
oxide. The remaining peaks appearing in the test are due to carbon, hydrogen, and sulfur, which
are remnants of the plant extract used. This clearly and precisely demonstrates that the NPs are
composed of a-Fe,03%.

Figure 8. The EDX analysis of a-Fe;O3 NPs powder, the peaks illustrate the structure of a-Fe>O3

3.6. Atomic force microscopy (AFM) analysis
This technique is used to examine the size, shape, and structure of nanomaterials, as well as their

dispersion and aggregation. Figures 9, 10, and 13 show the AFM particle threshold, histogram,



[HJPAS. 2026; 39(1),pp

and statistical particle analysis of a-FeoO3 NPs powder. The particle analysis threshold and
related information, including specific results with statistics and an image of the particle
threshold for iron oxide nanopowder, are presented in Table 2.

Table 2. The AFM information and particular results with statistics of a-Fe,O3NPs powder

| Infoarmation
Method Threshold detection

Thveshold 1 127.5 nm
| Number of particles 223
Coverage 18.71 L
| Density 13364956 Parucles/mm?*
Parameters Prajected Aren  ~  Area o Mean diameter o Z-maxim..
[ Unit nm# nm nm
Particle #1 Small 560.0 16.94 1298
‘ Pacticie #2 Small n444 V3196 1364 {
Particle #3 Medium 3102 197.9 177.n
Particle #4 Small 1516 35.90 1334 s
Particle #5 Small 1562% 116.7 140.2
Particle #6 Small ne.7 118 1200
Particle #7 Medium niee’ 00,9 1438
Particie #0 Medium 22745 160.8 154.4
Mean g 14110 00.67 139.3
Min Sssee 72.17 5936 127.5
‘ Max CEEEEY 92300 301.0 192.0
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Figure 9. The AFM particle analysis and threshold detection of a-Fe,O3; NPs powder
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Figure 10. The AFM image of particle threshold of a-Fe,O3 NPs powder
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Figures 11 and 12 show the AFM images of roughness (L-S), the primary surface with its
topography parameters, and the AFM 3D images of the surface structure of a-FexOsz NPs
powder. The atomic force microscopy images of iron oxide NPs confirm that the particle size
falls within the nanorange. The average particle size of the iron oxide, calculated from XRD
results, nearly matches the AFM results*’, as shown in Figure 12.
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Figure 11. Histogram and statistical particle analysis, the predominant volume fraction of the prepared NPs is
clearly visible
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Figure 12. AFM images: (Roughness (S-L), and Primary surface) and their topography parameters of a-Fe,O3 NPs
powder, where the volume percentages of the prepared nanoparticles are shown in colors
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Figure 13. The 3D images of the surface structure of a-Fe,O3 NPs powder using AFM

3.7. VSM magnetization study

The VSM test is a widely used method for investigating the magnetic properties of materials.
This technique records the magnetic hysteresis loop (M-H loop) under an applied magnetic field
and determines parameters such as maximum magnetization (Mmax), coercivity (Hc), and
remanent magnetization (Mr). These parameters provide important information about the nature
of magnetic interactions within the material, the magnetic nature of the compound, and structural
and electronic variations in the sample. Figure 14 shows the spectra of the samples under
investigation. It shows the extent of the magnetic property of the prepared NPs, and the
quantitative results obtained from the test are presented in Table 3.
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Figure 14. The VSM spectra of the sample under investigation

Table 3. Quantitative results of the Vibrating sample magnetometer (VSM) test for the investigated sample
Mmax (emu/g) Hc (Oe) Mr (emu/g)
14.022 2177.68 7.35

4. Discussion

Nanoparticle size plays a crucial role in determining magnetic properties. Tiny NPs can
exhibit superparamagnetic behavior, acting as single magnets with randomly oriented magnetic
moments. As particle size increases, ferromagnetic or antiferromagnetic properties may
emerge®!. Structural defects, such as gaps and distortions, can affect magnetic properties. These
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defects can alter the arrangement of magnetic moments and lead to the formation of different
magnetic phases. Temperature affects the magnetic properties of NPs. At low temperatures,
quantum effects such as magnetic tunneling may occur. At high temperatures, thermal
fluctuations may dominate, leading to superparamagnetic behavior’’. The composition of
nanooxides, including the oxygen content and crystal defects, can influence their magnetic
properties*>. Some nanooxides may exhibit ferromagnetic or antiferromagnetic behavior, while
others exhibit superparamagnetic behavior**.

Magnetic materials exhibit various characteristics, including ferromagnetism, antiferro-
magnetism, and ferrimagnetism. In some cases, the compounds exhibit canted antiferromagnetic
behavior, a combination of antiferromagnetic interactions and a slight degree of ferromagnetic
ordering. This phenomenon is typically attributed to super-exchange interactions between metal
ions, double-exchange interactions, and the presence of oxygen vacancies®>*®. Based on the
VSM data, the samples exhibit complex magnetic behavior, suggesting the coexistence of
antiferromagnetic interactions and a small amount of ferromagnetic order. As shown in Figure
14, the magnetization in these samples does not saturate even at an applied field of 10,000 Oe,
and it continues to increase with field strength. Therefore, it is more appropriate to use the term
Mmax rather than "saturation magnetization" for comparing samples. According to Table 3, the
Mmax values range from 9.336 to 14.078 emu/g. This variation in Mpax can be attributed to the
following factors: a) chemical composition and Fe?/ Fe ratio: An increase in Fe ions can enhance
the Fe*-O-Fe double-exchange interactions, resulting in higher Mmax. b) Oxygen vacancies:
Samples with more oxygen vacancies likely have stronger ferromagnetic interactions,
contributing to increased Mmax. Among the values, the sample (14.022 emu/g) exhibits the
highest Mmax values, suggesting stronger Fe?*-O-Fe double-exchange interactions. Coercivity
(Hc) is a key parameter that indicates a material's resistance to changes in magnetization
direction. This may be due to a greater number of oxygen vacancies, which reduce magnetic
interactions and enhance superparamagnetic behavior. The high Hc value suggests the sample
exhibits more challenging magnetic behavior. The increased Hc could be due to stronger
antiferromagnetic interactions, higher structural defect density, and changes in the Fe-O-Fe bond
angle. In general, higher Hc typically reflects stronger antiferromagnetic interactions and a
reduction in the effects of double exchange, resulting in a greater magnetic field requirement to
alter magnetic orientation’’. Remanent magnetization (Mr) represents the amount of
magnetization retained by a material after the external magnetic field is removed. The reduction
of Mr in the sample may result from increased Fe*-O-Fe® and Fe-O-Fe super-exchange
interactions, which weaken ferromagnetic behavior. Therefore, the VSM test results indicate that
the sample exhibits a combination of antiferromagnetic behavior with a slight degree of
ferromagnetic ordering, resulting from Fe?*-O-Fe double exchange and Fe*-O-Fe’/Fe-O-Fe super-
exchange interactions. The sample demonstrates the highest Mmax values, reflecting stronger
ferromagnetic interactions. Moreover, the sample exhibits the highest coercivity values (Hc),
indicating enhanced antiferromagnetic interactions and reduced double-exchange effects.
Consequently, the sample, due to its high Mmax and Mr values, and the sample in particular, due
to its high coercivity, exhibit superior magnetic properties compared to other NPs and may be of
interest for magnetic applications.
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5. Conclusion

This study successfully synthesized and characterized IONPs using Capsicum plant extract as
a green reducing and stabilizing agent. FTIR, XRD, SEM, TEM, AFM, and EDX analyses
confirmed the formation of well-crystallized NPs (a-Fe20s) with an average size of 17 nm,
exhibiting good dispersion with some degree of aggregation. The presence of elements such as
C, K, and S indicates the presence of plant extract. Magnetic measurements using a VSM
revealed a combination of antiferromagnetic and weak ferromagnetic behavior, characterized by
high values of saturation magnetization and coercivity, indicating enhanced magnetic properties.
These features make the NPs promising for applications such as drug delivery, catalysis, and
adsorption. The use of chili pepper extract offers a rapid, safe, and eco-friendly synthesis route.
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