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Buhar distilasyonu

Yesil sentezlenmis nanopartikl

nanoparticles. Pseudomonas aeruginosa, Staphylococcus aureus and Candida albicans strains were
used to assess antimicrobial activity. Antioxidant activity was tested using DPPH free radical
scavenging method. Green-synthesized nanoparticles from steam distillation wastewater of
P. orientalis were found to have sizes ranging from 322-366 nm for FeNPs, 650-950 nm for ZnNPs, and
460-560 nm for CuNPs. EDX analysis showed that FeNPs contained 5.68% iron, ZnNPs contained 0.43%
zinc, and CuNPs contained 0.82% copper. Two distinct peaks between 280 and 300 nm were observed
in the UV-Vis spectra of the Fe, Zn and Cu nanoparticles. In this study, no antimicrobial activity was
observed for FeNPs, ZnNPs, and CuNPs. However, the scavenging percentages of free radicals were
found to be 36.48%, 62.40% and 57.88% respectively. As a result, FeNPs, ZnNPs, or CuNPs were
produced using green synthesis methods with plant wastewater from steam distillation, and the
nanoparticles exhibited effective antioxidant properties. The results demonstrate that plant
wastewater produced by steam distillation has significant potential for nanoparticle production, as
well as plant extracts. This study is important as it shows that plant wastewater, classified as waste
and generated by the steam distillation process, can contribute to the production of nanoparticles
with antioxidant effects.
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Bu calismada, Helichrysum arenarium bitkisinin, Pinus sylvestris ve Picea orientalis ibrelerinin buhar
distilasyonu sonucu olusan atik sulari kullanilarak demir, ¢inko ve bakir nanopartikilleri yesil
sentezlenmesi amaglanmistir. Yesil sentezlenmis nanopartikiller, SEM goérintileme, EDX bilesim
analizi ve UV-Vis spektroskopisi yardimiyla karakterize edilmistir. Antimikrobiyal aktivite
Pseudomonas aeruginosa, Staphylococcus aureus ve Candida albicans Uzerinde test edilmistir.
Antioksidan aktivite, serbest radikal stipirme yontemiyle DPPH (2.2-difenil-1-pikrilhidrazil) Gzerinde
test edilmistir. P. orientalis buhar distilasyonu atik suyundan yesil sentezlenmis nanopartikiller ve
boyutlari sirasiyla FeNPs 322-366 nm, ZnNPs 650-950 nm ve CuNPs 460-560 nm arasinda
belirlenmistir. Ayri ayri yapilan EDX analizi sonuglarinda FeNPs %5.68 demir, ZnNPs %0.43 ¢inko ve
CuNPs %0.82 bakir igerdikleri belirlenmistir. FeNPs, ZnNPs ve CuNPs ait UV-Vis spektrumlarinda 280-
300 nm arasinda iki farkh pik degerleri gozlenmistir. SEM, EDX ve UV-Vis analiz sonuglariyla Fe, Zn ve
Cu nanopartikiillerinin basarili bir sekilde sentezlendigi dogrulanmistir. Calismada, Fe, Zn ve Cu
nanopartikillerinin antimikrobiyal aktiviteleri gézlenmemistir. Ancak Fe, Zn ve Cu nanopartikillerinin
serbest radikal stiptirme ytizdeleri sirasiyla %36.48, %62.40 ve %57.88 olarak belirlenmistir. Sonug
olarak buhar distilasyonu sonucu olusan bitki atik sulari kullanilarak yesil sentez yontemiyle FeNPs,
ZnNPs ve CuNPs Uretilmis ve bu nanopartikillerin etkili antioksidan 6zellik gosterdikleri belirlenmistir.
Bu sonuglar, buhar distilasyonu sonucu olusan bitki atik sularinin da bitki ekstraktlari gibi nanopartikdil
Uretiminde 6nemli bir potansiyele sahip olduklarini ortaya koymustur. Bu durum kaplama ve
indirgeyici bilesiklere sahip olduklarini distindiirmektedir. Bu galisma, atik su olarak siniflandirilan ve
buhar distilasyonu islemi sonucunda olusan bitki atik sularinin antioksidan etkiye sahip
nanopartikillerin Gretimini saglamasi agisindan blylk 6nem tasimaktadir.
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INTRODUCTION

Nanoparticles (NPs) are a wide-ranging group of materials comprising particulate matter measuring at least 100 nm in
size. Depending on their general shape, they can be in zero-, one-, two- or three-dimensional. NPs are generally
categorised based on their size, morphology and chemical properties. Due to their size, morphology and distribution,
nanoparticles exhibit advanced properties and are widespread usage in different scientific areas. Biological materials
including plants and microorganisms are less expensive and more environmentally friendly (Wu et al. 2008, Khan et al.
2019).

There are two basic methods for synthesising nanoparticles. Those are top-down and bottom-up synthesis methods. In
the bottom-up synthesis method, chemical synthesis or green synthesis methods involving redox reactions are utilized. In
the top-down synthesis method, nanoparticles are prepared from bulk materials. A variety of analytical methods are
employed to characterize NPs, including X-ray diffraction analysis (XRD), UV-Vis, fourier transform infrared spectroscopy
(FTIR), selected area electron diffraction (SAED), differential scanning calorimetry (DSC), zeta potential, dynamic light
scattering (DLS), energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM), thermogravimetric
analysis (TGA) and scanning electron microscopy (SEM) (Wang et al. 2025). The adsorption of hazardous chemicals onto
surface of the synthesized NPs during chemical synthesis limits NPs usage for therapeutic and medical purposes.

The limitations of existing chemical methods have led to the development of a simpler, more energy-efficient, cost-
effective and environmentally friendly method of producing NPs with natural agents such as bacteria, plant extracts, fungi,
microorganisms and yeast. These environmentally friendly synthesis approaches are becoming increasingly popular with
the aim of eliminating polluting, toxic and hazardous agents.

Furthermore, NPs synthesized by these methods are non-toxic, highly environmentally friendly, and more dimensionally
accurate than those produced using traditional methods. The term “green technology” has recently gained significant
importance because NPs have ushered in a new era of safe nanotechnology through green synthesis or biological
synthesis. This synthesis is significant because the number of published articles on this topic has steadily increased in
recent years. The production of NPs from metal ions is based on the remarkable ability of phytochemicals present in
biological extracts, including metabolites, proteins, sugars, flavanols and polyphenols, to produce NPs (Rani et al. 2023).

Currently, green synthesis techniques for nanoparticles are being proposed over traditional synthesis techniques because
they offer several advantages in terms of cost, energy consumption, non-toxicity, and safety. Green synthesis is defined
as the application of biologically friendly elements such as bacteria, plants, and fungi for the nanoparticle synthesis. Green
synthesis of iron nanoparticles is an environmentally friendly, reliable, and sustainable protocol for synthesizing
nanoparticles. Numerous plants exist in nature and are of pharmacological importance (Kumar et al. 2023a). Green
nanoparticles are synthesized from plants using extracts from leaves, fruits, bark, seeds, etc (Sahin et al. 2024). The plant
extract acts as both a reducing and capping agent in the synthesis ofnanoparticles (Hano and Abbasi 2021).

Flavonoids, polyphenols, and other bioactive phytochemicals play an important role in the green synthesis of metal ion
nanoparticles. The conversion of metal ions into nanoparticles is facilitated by these naturally occurring compounds,
which act as reducing agents. Nanomaterials interact more effectively with microbial cells due to their high surface-to-
volume ratio and nanoscale size. This interaction can interrupt the structures of cell membrane, inhibit vital enzymatic
activities, and cause cell death. Due to their strong antimicrobial activities, NPs such as copper and zinc oxide are attracting
significant interest (Semwal et al. 2025).
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Researchers also use plant extracts to synthesize iron nanoparticles because of their polyphenol content, which converts
iron ions into zero-valent iron (Mohamed et al. 2023). It has been noted that, when optimal conditions are provided,
metal nanoparticles produced by green synthesis methods are of much higher quality than those produced by traditional
methods (Saxena et al. 2025). Plant extracts are commonly used in the production of green nanoparticles (Rathod et al.
2024, Roopa et al. 2025). Plants are used to synthesise nanoparticles because they have multiple biochemical properties,
are widely available, inexpensive, and easy to mass- produce (Safa and Koohestani 2024).

In recent years, green-synthesized nanoparticles have attracted significant interest due to their potential applications in
fields such as nanomedicine (Beg et al. 2017), antibacterial (Gur 2022, Elsaffany et al. 2025), antifungal (Wasilewska et al.
2023), antimicrobial (Alex et al. 2024), antioxidant (Elsaffany et al. 2025), anticancer (Alharbi and Alsubhi 2022, Alex et al.
2024), anti-inflammatory (Pandiyan et al. 2022, Elsaffany et al. 2025), protection against DNA damage (Gur 2022), drug
nanocarrier and gene delivery (Hamimed et al. 2022). Helichrysum species are frequently used in various medical
remedies (Taghavizadeh Yazdi et al. 2020). Helichrysum arenarium extract has been used in the green synthesis of silver
(Ozdemir et al. 2023, Kahraman 2024, Mphahlele et al. 2024, Sahin et al. 2024, Yilmaz et al. 2024), copper (Sahin et al.
2024), zinc (Meydan and Seckin 2021) and gold (Ertas Onmaz et al. 2022) nanoparticles. Pinus sylvestris extract has been
used in the green synthesis of silver nanoparticles (Macovei et al. 2023, Rahmatian et al. 2023).

Approximately 13% of the flora of Tirkiye is found in the province of Artvin. Artvin is one of the top provinces in Tirkiye
in terms of plant species and endemic species diversity. There are 1.268 plant species within the borders of Artvin
province, 119 of which are endemic (URL-1). The steam distillation (SD) is the most widely used method to extract essential
oils from plants (Stratakos and Koidis 2016). The main principle of this method is to distil the mixture of compounds from
plants at a temperature lower than their boiling point (Fongang Fotsing Yannick et al. 2021, Ghenabzia et al. 2023). The
process of steam distillation, used to obtain essential oils, produces large amounts of wastewater and solid plant residues.
Disposing of this waste materials in the environment can cause various problems.

These waste materials are biological pollutants that are rich in biologically active compounds. Scientists are researching
the usability of these waste materials in different fields. However, the chemical properties and detailed profiles of these
waste materials are still unknown. Only volatile compounds are obtained through the distillation process, while non-
volatile compounds pass into the waste fraction. These non-volatile compounds are also valuable biological materials
(Gateva et al. 2022). Wastewater contains non-volatile compounds after the steam distillation process. The potential
applications of biologically active compounds in various fields have been investigated. Plant-based agents are well known
for use in nanoparticle synthesis due to their environmentally friendly nature. However, plant extracts can serve as both
a coating and a reducing agent in nanoparticle synthesis. Converting these non-volatile compounds into value-added
biological materials is therefore important.

In this study, the aim was to synthesize iron, zinc and copper nanoparticles from H. arenarium plant and the needles of
P. sylvestris and P. orientalis using steam distillation wastewater, and then to investigate the potential antioxidant and
antimicrobial activity of these nanoparticles.

MATERIALS AND METHODS
Materials

Nutrient broth (Merck 105443), nutrient agar (Merck 105450), DPPH (Sigma-Aldrich D9132), ethanol (Supelco ACS
reagent, 299.9% (GC), 1.00983), FeCl, (Sigma-Aldrich 8.03945), CuCl,.2H,0 (Supelco ACS reagent 1.02733), and ZnCl,
(Sigma-Aldrich, puriss. 14422) were used.
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Methods
Collection of Steam Distillation Wastewater

The Medicinal and Aromatic Plants Application and Research Center at Artvin Coruh University frequently extracts
essential oils from medicinal aromatic plants via steam distillation. Wastewater from these plants was collected following
steam distillation. Steam distillation wastewater of Helichrysum arenarium (L.) Moench plant, Pinus sylvestris Thunb.
needles and Picea orientalis (L.) Peterm needles—a liquid aqueous residue used in the present study were generated
because of water steam distillation done in Medicinal and Aromatic Plants Application and Research Center at Artvin
Coruh University in Artvin in TUrkiye. Since plant wastewaters were used, no identification or characterization of the plant
sources was performed. The wastewater from the steam distillation process was collected separately and stored in
darkness at room temperature.

Green Synthesis of Nanoparticles

Green synthesis of NPs was performed following Lakshminarayanan et al. (2021) using H. arenarium plant material and
the needles of P. sylvestris and P. orientalis steam distillation wastewater, with minor modifications. Solutions of FeCl,,
CuCl,.2H,0, and ZnCl; salts were prepared at a concentration of 0.1 M in 50 mL of distilled water and boiled for 120 min
at 120°C. Then 50 mL of plant wastewater was added dropwise to 50 mL of the metal salt solutions. After the reaction
was complete, the supernatant was discarded via centrifugation for 5 min at 6000 rpm. The pellets were then rinsed with
distilled water, followed by ethanol. The synthesized nanoparticles were characterized by SEM, EDX and UV-Vis analyses.

Free Radical Scavenging Activity

Antioxidant activity of green synthesized nanoparticles was tested via 2.2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging activity with minor modifications (Canbolat et al. 2021, Yu et al. 2002). Firstly, the nanoparticles with 25 and
50 pg/mL concentration were added onto 0.1 mM DPPH free radical solution and incubated in the dark at room
temperature for 30 minutes. After incubation, the absorbance values were measured at 517 nm using a microplate reader.
The results were calculated as percent inhibition. The percent inhibition value was calculated using the formula in
Equation 1.

AbsControl-AbsSample

Inhibition% =
bition% AbsControl

x 100 Equation 1

Antimicrobial Activity

The antimicrobial (antibacterial and antifungal) activities of green synthesis nanoparticles were determined using the well
diffusion method with minor modifications (Magaldi et al. 2004, Valgas et al. 2007, Hussein-Al-Ali et al. 2014). For this
purpose, Gram (-) negative (Pseudomonas aeruginosa ATCC 27853), Gram (+) positive (Staphylococcus aureus ATCC
25923) and yeast (Candida albicans ATCC 10231) were cultured overnight in NB medium at 37°C. After incubation, the
microorganisms were thoroughly spread on the surface of agar plates and 50 pL of nanoparticle solutions at 1 mg/mL
concentration were added into wells (approximately 8 mm in diameter) on the agar plates. Inhibition zones that occurred
after the plates incubation were measured. Sterile distilled water was used as a control. The results obtained were
compared with standard antimicrobial discs. Antimicrobial activity was tested in triplicate.
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RESULTS AND DISCUSSION

Green Synthesis of Nanoparticles

Green synthesis offers several advantages over traditional chemical synthesis methods. It is cheaper, reduces pollution
and improves environmental and public health and safety (Ying et al. 2022). Thegreen synthesis of nanomaterials relies
on bacteria, yeasts, fungi, algal species and certain plants (Huston et al. 2021). The most obvious indicators in nanoparticle
synthesis are color change and precipitate formation (Aigbe and Osibote 2024, lIbrahim et al. 2024). Numerous studies
have reported that the solution changes color and precipitation is observed during the green synthesis of nanoparticles
(Lakshminarayanan et al. 2021, Sepasgozar et al. 2021, Can and Kizilbey 2024, Ibrahim et al. 2024, Manimehala et al.
2025). In our study we also observed color change and precipitation during the synthesis of nanoparticles using H.
arenarium plant, needles of P. sylvestris and P. orientalis steam distillation wastewater. Iron, zinc, and copper
nanoparticles have been successfully synthesized using P. sylvestris and P. orientalis steam distillation wastewater,
respectively. However, sufficient amounts of nanoparticles were not obtained from P. sylvestris steam distillation
wastewater. Therefore, further studies have been conducted on nanoparticles which synthesized with P. orientalis steam
distillation wastewater.

Characterization

SEM-EDX Analysis

SEM analyses of NPs were analysed at a magnification of 20.00 Kx. Figure 1a showed that the FeNPs were in clusters and
have an irregular spherical morphology with a size range of 322—-366 nm. The presence of FeNPs was confirmed by the
peaks at around 0.7 and 6.4 keV, which correspond to the binding energies of Fe in the EDX spectra (Rahman et al. 2017).
In Figure 1b, the EDX spectrum reveals the content of carbon (57.19%), oxygen (37.13%), and iron (5.68%) in the FeNPs.

_cps/ev
20 - ]
Mass Mass Norm. Atom

] Element At. No. Lines. Netto
162 Carbon 6 K-Serie 3911 3.50 42.58 57.19 |
3 Oxygen 8 K-Serie 2992 3.03 37.17 3713 |
14 - Iron 26 K-Serie 218 1.62 1984 568 |

Fe

]
4 5 6 7 8 9 10

Energy [keV]

Figure 1. SEM micrographs (A) and EDX analysis (B) of synthesized FeNPs using P. orientalis steam distillation wastewater
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In Figure 2a, ZnNPs appeared as nanorods and clusters with sizes ranging from 650 to 950 nm. In Figure 2b, the presence
of ZnNPs was confirmed by the peaks seen at around 1 keV, 8.6 keV and 9.6 keV in the EDX spectra, corresponding
emission peaks of Zn (Naiel et al. 2022). The EDX spectrum of the ZnNPs showed the presence of carbon (63.92%), oxygen
(34.06%) and zinc (0.43%).

cpsfev

Mass Mass Norm, Atom
1B Element At. No. Lines. Netto
18 o % [

Carbon 6 K-Serie 2278 4.86 4125 6392
Oxygen 8 K-Serie 1368 3.45 3353 34.06
Zinc 30 L-Serie 100 0.18 174 043

Energy [keV]

Figure 2. SEM micrographs (A) and EDX analysis (B) of synthesized ZnNPs using P. orientalis steam distillation
wastewater

CuNPs were observed to have spherical shape with sizes ranging from 460 to 560 nm, as shown in Figure 3a. It has been
stated that synthesized CuNPs can exhibit a wide size distribution, approximately 20 nm to 300 nm (Semisch et al. 2014,
Khaldari et al. 2021). In Figure 3b, the EDX spectrum of the synthesized CuNPs indicates the presence of copper at specific
peaks at ~1 keV, 8 keV and 9 keV, confirming successful synthesis of nanoparticles (Nkosi et al. 2025). The EDX spectrum
of the CuNPs showed contents of carbon (62.24%), oxygen (36.93%), and copper (0.82%).
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Figure 3. SEM micrographs (A) and EDX analysis (B) of synthesized CuNPs using P. orientalis steam distillation
wastewater
UV-Vis Analysis

In our study, scanning wavelength measurements were performed from 200 to 800 nm of synthesized FeNPs, ZnNPs and
CuNPs using P. orientalis steam distillation wastewater. Figure 4 reveals that UV-Vis analyses for FeNPs (Figure 4a), ZnNPs
(Figure 4b) and CuNPs (Figure 4c) showed two peak values appearing at 280-290 nm. However, the peak points of these
two peaks exhibit differences for each metal. Our results were consistent with the data and findings obtained in other
studies.
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Figure 4. UV-Vis analysis results of synthesized FeNPs (A), ZnNPs (B) and CuNPs (C) nanoparticles using P. orientalis
steam distillation wastewater

Free Radical Scavenging Activity

In our study, antioxidant activity was evaluated based on the free radical scavenging activity on DPPH. The antioxidant
activity of green-synthesized nanoparticles was tested at concentrations of 25 and 50 pg/mL. An increase in antioxidant
activity was observed with increasing concentration. At 25 pg/mL, CuNPs showed 37.75%, FeNPs 21.26%, and ZnNPs
38.83% free radical scavenging activity, while at 50 pg/mL, CuNPs showed 57.88%, FeNPs 36.48%, and ZnNPs 62.40% free
radical scavenging activity. The highest antioxidant activity was observed with Zn>Cu>Fe nanoparticles. The results of the
antioxidant activity assays were shown in Figure 5. In our study, it was observed that the antioxidant activities of
nanoparticles increased with increasing concentrations. Imon et al. (2024) observed inhibition rates of approximately
26-29% at a concentration of 1000 pg/mL. Raj et al. (2025) reported that significant free radical scavenging activity of
78.4% was observed at a concentration of 1000 pg. The percentage of DPPH inhibition increased depending on the
concentration (Benshiga et al. 2024, Imon et al. 2024, Islam et al. 2024, Palani et al. 2024, Shah et al. 2024, Khajuria et al.
2025, Raj et al. 2025). These antioxidant activity results in the literature are consistent with our current study.

DPPH inhibition %

BCu mFe mZn

100
90
80 % S
N 70 D’ 3
s X 5 = g
a 50 rl; ® o
o 40 g ™M
30 N
20
10
0
25 50

NPs concentration (ug/ml)

Figure 5. Results of nanoparticle- and concentration-dependent antioxidant activity of synthesized FeNPs, ZnNPs and
CuNPs nanoparticles using P. orientalis steam distillation wastewater
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Antimicrobial Activity

Steam distillation makes it easier to separate compounds that vaporise below their normal boiling points. Volatile
components absorb heat from the steam and are carried away with the water vapour (Shrivastava 2023). In green
synthesis nanoparticle studies, it has been noted that plant extracts are used for the synthesis (Abdullah et al. 2020,
Ashrafi-Saiedlou et al. 2025) which are rich in phytochemical compounds (Dubale et al. 2023, Kumar et al. 2023b, Uy et
al. 2025). Various plant volatiles have been reported to have the best broad-spectrum antibacterial activity (Abers et al.
2021, Ahmad et al. 2021). Some literature reports the observation of inhibition zones (Gunalan et al. 2012, Manimehala
et al. 2025, Roy et al. 2025, Sharma and Kaur 2025) even at 1000 pg/mL concentration of NPs (Ashwini et al. 2021). In our
study green synthesized Fe, Zn and Cu nanoparticles using P. orientalis steam distillation wastewater showed no inhibition
zones at 1000 pg/mL. The absence of antimicrobial effects in our study is thought to be due to the fact that the bioactive
compounds with antimicrobial activity present in the plant being carried away with the steam or separated in the form of
volatile oils as a result of steam distillation. The results of the antimicrobial activity tests are shown in Table 1. The
inhibition zone diameter (millimetre) is the mean value.

Table 1. Antimicrobial results of green synthesized nanoparticles using P. orientalis steam distillation wastewater

samples Gram (-) Gram (+) Yeast

P. aeruginosa S. aureus C. albicans
CuNPs 8.0 8.0 8.0
FeNPs 8.0 8.0 8.0
ZnNPs 8.0 8.0 8.0
dH,0 8.0 8.0 8.0

Concentration: 1000 ug/mL, Well diameter: 8 mm
DISCUSSION

As a result of steam distillation, two different products are obtained: essential oils and hydrosol. However, two different
types of waste are also produced: plant waste and distillation wastewater. This study investigated the green synthesis of
nanoparticles using wastewater obtained from the steam distillation of various plants. Therefore, iron, zinc, and copper
nanoparticles were synthesized using steam distillation wastewater from the H. arenarium plant and the needles of
P. sylvestris and P. orientalis. No significant color change or precipitation was observed at the end of the synthesis in the
Fe, Zn and Cu solutions, which were prepared using wastewater from the steam distillation of the H. arenarium plant.

In contrast, color change and precipitation were observed in Fe, Zn and Cu solutions which used wastewater from steam
distillation of P. sylvestris and P. orientalis needles. However, FeNPs, ZnNPs and CuNPs were not significantly produced
using steam distillation wastewater of P. sylvestris needles. Therefore, further studies were conducted on nanoparticles
which were synthesized using the steam distillation wastewater from P. orientalis needles. SEM was employed to analyses
the synthesized nanoparticles via size distribution and surface morphology. SEM analyses of NPs were analysed at a
maghnification of 20.00 Kx. Sezen et al. (2023) reported an average particle size of 1000 nm for the green synthesis
nanoparticles. They also found that the nanorods consisted of irregular particles. Additionally, it has been reported that
these nanorods adhere to each other.

Mengesha et al. (2024) have pointed out that SEM morphologies reveal the unique structural characteristics of each
nanoparticle type. SEM images showed that CuNPs exhibited an irregular spherical particle distribution and a varied
morphology. It has also been noted that the difference in shape may be due to the different precursor materials used in
the green synthesis method. The presence of FeNPs was confirmed by the peaks at around 0.7 and 6.4 keV which are
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linked to the binding energies of Fe in the EDX spectra (Rahman et al. 2017). The presence of ZnNPs was confirmed by the
peaks seen at around 1 keV, 8.6 keV and 9.6 keV in the EDX spectra, which correspond to the emission peaks of Zn.

It has also been stated that carbon emission peaks at ~0.3 keV and oxygen emission peaks at ~0.5 keV may originate from
the use of plant biomass in green synthesis (Naiel et al. 2022). The EDX spectrum of CuNPs indicated the presence of
copper at specific peaks at ~1 keV, 8 keV and 9 keV, confirming the successful synthesis of the nanoparticles (Nkosi et al.
2025). UV-Vis Spectrometer reveals the nanoparticles characteristic formation during the color change based on
absorption spectra (Lakshminarayanan et al. 2021). In the literature, it has been stated that the peaks formed between
230 and 290 nm as a result of UV-Vis analysis confirm the presence of iron oxide nanoparticles (Rauf et al. 2025).

As a result of green synthesis, it has been reported that the iron oxide nanoparticles UV-Vis spectrum exhibits a sharp
peak at 290 nm which occurred due to the surface plasmon resonance (Yekeen et al. 2025). It was also stated that the
synthesized iron oxide nanoparticles were confirmed by UV-Vis spectroscopy with the peak at 295 nm (Rauf et al. 2025).
It has been stated that the UV-Vis spectrum of green synthesized ZnO NPs shows a strong absorption peak at
approximately 370 nm (Naiel et al. 2022). UV-Vis spectrum analysis showed that the absorbance observed between 250
and 300 nm indicated the formation of CuO NPs (Sepasgozar et al. 2021). However, UV-Vis analysis results with different
peaks have also been reported for ZnNPs and CuNPs (Ashwini et al. 2021, Naiel et al. 2022, Tsilo et al. 2023, Nkosi et al.
2025). Although it has been stated in the literature that UV-Vis is used for the characterization of nanoparticles, it has
been noted that peaks can occur at similar wavelengths. The literatures indicate that green-synthesized nanoparticles
exhibit effective antioxidant properties (Ashrafi-Saiedlou et al. 2025, Nughwal et al. 2025).

In antioxidant activity studies, the degree of color loss depends on the concentration of the antioxidant (Palani et al.
2024). This indicates that DPPH is reduced by donating a hydrogen atom and exhibits high scavenging activity (Wu et al.
2020). The most important feature of green synthesized NPs is the electrostatic interaction between positively charged
metal ions in NPs and negatively charged bioactive compounds in plant extracts. This interaction greatly increases
antioxidant activity (Tiwari et al. 2024). Plant-based essential oils and extracts contain a wide variety of bioactive and
volatile compounds in varying concentrations. Therefore, investigating the bioactivity of compounds classified as waste
may lead to the development of novel natural antimicrobial agents, thereby maximizing the plant resources utilization.
Although the literature has focused heavily on the use of essential oils, the research on distillation residues as bioactive
components has been less studied (Mitropoulou et al. 2025).

Reyes-Jurado et al. (2015) reported that 32—35 components are obtained as a result of steam distillation, while 22
compounds are observed as a result of organic solvent extraction. This suggests that the number of components in the
essential oils obtained through steam distillation has increased, while the number of substances passing into the
wastewater has decreased. Extracts from different plant species used in the green synthesis of NPs act as stabilizing and
reducing agents. In the current study, the synthesized nanoparticles exhibited no antimicrobial effect against the test
microorganisms, but they exhibited effective antioxidant activity on DPPH. It is believed that this is the first study in which
nanoparticles have been synthesized with the steam distillation wastewater of plants.

CONCLUSION

This study showed that the wastewater generated by the steam distillation can also be used in the green synthesis of
metal NPs including Cu, Fe and Zn. Green synthesized NPs were confirmed by SEM imaging, EDX composition analysis,
and UV-vis spectroscopy. The NPs sizes were measured to be between 300 and 950 nm. UV-Vis spectrums showed two
peak values appearing between 280 and 300 nm. The NPs demonstrated improved antioxidant activity via scavenging
DPPH free radicals. These results highlight the potential of green-synthesized NPs as an alternative to traditionally
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synthesized NPs, which produce toxic effects, in addressing the adverse effects caused by free radicals. The study
demonstrates the practical applications of green-synthesized NPs in sustainable and effective therapeutic formulations

using water considered waste as a result of steam distillation, providing opportunities for further research and

commercialization. This study is significant in evaluating the wastewater produced by steam distillation of plants and

implementing zero-waste applications.
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