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Abstract

This study explores the challenge of groundwater contamination by calcium ions (Ca2") through the green synthesis of
zinc oxide nanoparticles (ZnO NPs) using Eucalyptus leaf extract. This eco-friendly approach offers a sustainable solution
compared to traditional chemical treatments. The characterization of the synthesized nanoparticles was performed using
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The
nanoparticles exhibited an average size of 42 nm and demonstrated a high removal efficiency of 80% for calcium ions with
an adsorption capacity of 120 mg/g. XRD analysis confirmed a well-defined crystalline structure, while SEM revealed a
uniform distribution of hexagonal and spherical morphologies. FTIR spectra indicated the presence of functional groups that
contribute to nanoparticle stabilization. Adsorption experiments conducted at room temperature, within a pH range of 7-8,
and a stirring rate of 100 rpm, showed that a weight ratio of ZnO NPs to calcium ions of 1:20 and a contact time of 120 min

achieved optimal calcium removal efficiency.

Keywords Green synthesis - Zinc oxide nanoparticles (ZnO NPs) - Eucalyptus leaf extract - Calcium adsorption - Water

treatment

1 Introduction

Green metallic nanoparticles have emerged as a highly
promising solution for the removal of organic pollutants,
as evidenced by recent studies. These nanoparticles exhibit
exceptional photocatalytic properties that enable the efficient
degradation of a wide range of organic contaminants through
the generation of reactive species like hydroxyl radicals and
superoxide ions [1]. The high surface area-to-volume ratio of
the nanoparticles further enhances their adsorption capacity,
allowing them to effectively capture and degrade organic
pollutants [2]. Additionally, the combination of photocata-
lytic activity, adsorption capacity, and tunability makes
green metallic nanoparticles a highly promising solution for
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the effective removal of organic pollutants in environmental
remediation efforts [3].

Zinc oxide nanoparticles (ZnO NPs) have garnered sig-
nificant attention due to their exceptional and diverse proper-
ties, making them promising materials for a wide range of
applications across various fields such as optics, electron-
ics, solar cells, sensors, catalysis, environmental remedia-
tion, water splitting for hydrogen production, antimicrobial
applications, drug delivery, bioimaging, and cancer therapy
[4, 5]. Traditional methods of synthesizing ZnO NPs often
employ harsh chemicals, high temperatures, and complex
processes, which are environmentally hazardous and expen-
sive. These methods rely on toxic chemical reduction agents
like hydrazine or sodium borohydride, posing risks to both
human health and the environment. Moreover, they often
demand high temperatures and pressures, resulting in ele-
vated energy consumption and carbon emissions [6]. To mit-
igate these issues, there is a growing interest in eco-friendly
nanoparticle synthesis, termed green synthesis, aiming to
address environmental concerns and promote sustainabil-
ity. Utilizing natural sources like plant extracts, this method
minimizes the use of hazardous materials. Plants contain
various phytochemicals, such as polyphenols and flavonoids,
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which act as reducing, stabilizing, and capping agents during
nanoparticle synthesis, reducing the reliance on harsh chem-
icals and lowering energy consumption [7]. Polyphenols, for
instance, are known for their excellent reducing capabilities
due to their ability to donate electrons, which can effectively
reduce metal ions to their elemental state, leading to the for-
mation of nanoparticles. Flavonoids, on the other hand, can
act as capping agents, binding to the surface of the nanopar-
ticles and preventing their agglomeration, thereby ensuring
their stability and uniform size distribution [8].

In Algeria, a variety of Eucalyptus species, including E.
bicostata, E. gigantea, E. intertexta, E. obliqua, E. pauci-
flora, E. tereticornis, and the notably prevalent Eucalyptus
globulus, are cultivated in significant quantities within the
Oued Souf region in Southeastern Algeria to effectively
manage groundwater resources. These diverse Eucalyptus
species are known for yielding essential oils (EOs) rich in
oxygenated monoterpenes (ranging from 25.3 to 91.4%),
with eucalyptol as the predominant constituent, as docu-
mented by Polito et al. in 2022 [9]. In Eucalyptus globu-
lus, the main composition is monoterpenes like 1,8-cineole,
p-cimene, a-pinene, a-limonene (up to 99.2%) [10]. Notably,
the volatile compounds found in the leaves and shoots of
these Eucalyptus species encompass a range of components,
including 1,8-cineole (eucalyptol), citronellal, globulol,
pipertone, a-gurjunene, s-pinene, aromadendrene, allo-aro-
madendrene, and a-, s-, and y-terpinen-4-ol, as reported by
Surbhi et al. in 2023 [11]. 1,8-cineole, commonly known as
eucalyptol (Fig. 1), is a versatile organic compound known
for its multifaceted applications. With a crisp, menthol-like
fragrance, it serves as a key flavoring agent in the culinary
world, enhancing the taste of products like candies and gums
[12].

Zinc oxide nanoparticles (ZnO NPs) are widely used
as green adsorbents for environmental remediation due to
their high surface area and reactivity, but their toxicity is a
significant concern. The primary mechanisms of ZnO NP
toxicity include the generation of reactive oxygen species

Fig. 1 1,8-cineole (eucalyptol) chemical structure
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(ROS), leading to oxidative stress and cellular damage,
and the dissolution of zinc ions (Zn?*), which can inter-
fere with cellular functions. The toxicity is influenced by
particle size and surface area, with smaller particles being
more reactive. For humans, inhalation of ZnO NPs can
cause respiratory issues, including inflammation and lung
damage, while dermal exposure can result in skin irrita-
tion, and ingestion can affect the gastrointestinal tract and
other organs depending on the dose and duration. In the
environment, ZnO NPs are toxic to aquatic organisms like
algae, invertebrates, and fish, with toxicity levels affected
by particle size, concentration, and water chemistry. In
soil, ZnO NPs can disrupt microorganisms and plants,
impacting soil ecosystems and nutrient cycles. Factors
influencing toxicity include surface coatings, which can
reduce dissolution and ROS generation, concentration,
exposure time, and environmental conditions such as pH
and temperature [13, 14].

Abdelaziz Kadri et al. conducted a study to assess the
suitability of groundwater for agricultural use in the Oued
Righ region of southeastern Algeria, which serves as a
crucial irrigation source. Their findings suggest that while
groundwater in the area could potentially be utilized for
irrigation in soils with high permeability where salt-toler-
ant crops are grown, continuous monitoring of water qual-
ity and the implementation of adequate drainage systems
are recommended. The study also highlighted concerns
regarding high chloride ion concentrations, averaging
1234.23 mg L™}, and bicarbonate ion levels ranging from
83 to 238 mg L', indicating unsuitability for irrigating
sensitive crops due to excessive mineralization [15].

Green synthesis of metal oxide nanoparticles (MONPs)
by plants and algae has emerged as a sustainable and envi-
ronmentally friendly alternative to traditional chemical
synthesis methods. Plant-mediated synthesis of MONPs,
utilizing either whole cells or extracts, offers rapid and
stable production of nanoparticles without the need for
external stabilizers, capping agents, or harsh operating
conditions [16]. Similarly, algae-based green synthesis is
gaining popularity due to the ease of synthesis, scalabil-
ity, and the non-toxic nature of algae. Algae can produce
various types of MONPs, and their use in nanoparticle
synthesis has shown promise in applications such as pol-
lutant remediation from aqueous solutions, seawater, and
industrial effluents [17]. The biogenic synthesis of ZnO
NPs using biological substrates not only provides a viable
alternative to traditional methods but also enhances the
properties and performance of the nanoparticles. This
approach can significantly accelerate the development
of novel algae-nanomaterials with improved properties,
leading to more efficient and cost-effective bioremediation
of pollutants [18]. For instance, algal extracts have been
successfully utilized for the green production of ZnO NPs,
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demonstrating potential for photocatalysis and adsorption
in the remediation of industrial effluents [19].

In this study, we explore the green synthesis of ZnO
nanoparticles using Eucalyptus leaf extract and evaluate
their efficiency in removing calcium ions from groundwa-
ter. Groundwater in many regions, such as the Oued Righ
region of southeastern Algeria, is a crucial irrigation source
but often contains high levels of minerals, including cal-
cium, which can affect soil and crop health. This study aims
to assess the suitability of ZnO NPs synthesized via green
methods for the remediation of groundwater, focusing on
their adsorption capabilities and potential applications in
improving water quality for agricultural use. The novelty
of our research lies in the use of Eucalyptus leaf extract for
the green synthesis of zinc oxide nanoparticles (ZnO NPs)
and their application in removing calcium ions (Ca2*) from
hard groundwater. While previous studies have explored
the use of green metallic nanoparticles for organic pollutant
removal, the specific use of Eucalyptus leaf extract for syn-
thesizing ZnO NPs has not been extensively studied. Euca-
lyptus leaves contain bioactive compounds that facilitate the
reduction and stabilization of ZnO NPs, leading to a sus-
tainable and cost-effective synthesis process. Furthermore,
our study is unique in demonstrating the high efficiency of
these green-synthesized ZnO NPs in removing calcium ions
from water.

ZnO NPs

Eucalyptus tree

Fig.2 Green synthesis process of ZnO NPs through Eucalyptus extract
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2 Experimental and methods

The chemicals used in this study were all of analytical rea-
gent grade (ACS grade %), ensuring high purity and reli-
ability in the experimental results. Zinc acetate dihydrate
(Zn(CHsCOO),-2H,0) with a purity of 99% was employed
as the precursor for the synthesis of ZnO nanoparticles.
Eucalyptus leaf extract was prepared from fresh Eucalyptus
leaves, which were thoroughly washed, dried, and ground
into powder; this extract served as the reducing and stabi-
lizing agent in the synthesis of the nanoparticles. Calcium
chloride (CaCl,), with a purity of 99%, was used to prepare
calcium ion solutions for the adsorption studies. Ethanol
(C,H50H), with a purity of 99.9%, was utilized as a sol-
vent in the preparation and washing of ZnO nanoparticles.
Distilled water was used in all experimental procedures for
preparing solutions and washing the nanoparticles. Sodium
hydroxide (NaOH), with a purity of 98%, was used to adjust
the pH of the solutions during the synthesis process. Hydro-
chloric acid (HCl), with a purity of 37%, was also employed
for pH adjustment in some experiments.

2.1 Eucalyptus leaf extract and ZnO NPs synthesis

The process (Fig. 2) begins with the careful handpicking of
fresh Eucalyptus leaves from healthy trees in the El Oued
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region, southeastern Algeria. These leaves are meticulously
washed to remove any impurities and then left to air dry until
they reach a brittle consistency. Once dried, the leaves are
finely ground into a powder to increase their surface area for
extraction. Using distilled water, the powdered leaves are
then heated at 80 °C for 5 h to release their beneficial com-
pounds. After, the mixture is strained to separate the liquid
extract from the solid residue. The resulting Eucalyptus leaf
extract is then stored in airtight containers [20, 21].

Zinc acetate dihydrate (Zn(CH;COO),.2H,0) is dissolved
in Eucalyptus extract to prepare a homogeneous solution
with a concentration of 0.1 M. The sol-gel process is initi-
ated by adding ammonia as a suitable hydrolyzing agent, to
the precursor solution under constant stirring at room tem-
perature. The addition is performed dropwise to maintain
control over the reaction kinetics. The resulting mixture
undergoes hydrolysis and condensation reactions, leading
to the formation of a gel-like network. The gel is then aged at
a controlled temperature of 60 °C for 24 h to promote further
condensation and the formation of ZnO nanoparticles within
the gel matrix. Subsequently, the gel is calcined in a furnace
at a temperature of 500 °C for 2 h to remove organic residues
and induce crystallization, yielding pure ZnO nanoparticles
[22, 23].

2.2 Characterization of ZnO NPs
2.2.1 X-ray diffraction (XRD)

The structural features of the synthesized powders were
examined using X-ray diffraction (XRD) analysis with a
Miniflex 600 instrument equipped with Cu-Ka radiation
(A=1.54 A). Scans were performed over a 26 range of 20 to
80° at ambient temperature. The crystallite size was deter-
mined using Scherer’s equation, correlating the Bragg angle
(0), X-ray wavelength (1), and full width at half maximum
(FWHM) of diffraction peaks [24]:

_ kA
pcosd

where D represents the crystallite size, while k stands for
a dimensionless shape factor, typically approximated at
0.9. A denotes the wavelength of the X-rays employed dur-
ing the experiment, and f represents the full width at half
maximum (FWHM) of the diffraction peak. Finally, 0 is the
Bragg angle, which is a fundamental parameter in X-ray
diffraction analysis.

2.2.2 Fourier-transform infrared spectroscopy (FTIR)

Spectral analysis of infrared radiation absorption elucidated
the molecular structure and functional groups present in the

@ Springer

synthesized material. The Shimadzu spectrometer covered a
range of 4004000 cm™!, providing insights into the chemi-
cal composition and bonding configurations of the samples.

2.2.3 Scanning electron microscopy (SEM)

Surface morphology and structural characteristics of the
films were visualized using a TESCAN VEGA3 scanning
electron microscope (SEM). SEM imaging allowed for the
observation of surface profiles.

2.3 Effect of ZnO NPs in Ca(ll) removal

In this study, we investigate the effectiveness of zinc oxide
nanoparticles (ZnO NPs) as an adsorbent for removing
calcium from water. Under controlled conditions of room
temperature, a stirring rate of 100 rpm, and a solution pH
between 7 and 8, we introduce a mother solution containing
25 mg/L of calcium chloride (CaCl,) into the water. Using a
Shimadzu 3101PC double-beam UV-vis spectrometer, we
conduct two experiments: varying the ZnO NPs adsorbent
dosage from 0 to 1 g/L to determine the optimal dosage, and
assessing the optimal contact time by examining intervals
from 0 to 180 min, with calcium chloride concentrations
measured every 30 min [25, 26]. The percentage removal of
calcium (Ca®*) from the water samples can be determined
using the formula [27]:

-C,
x 100

% Removal =
0

where C, represents the initial concentration of calcium
in the solution, and C, is the concentration of calcium at
equilibrium.

3 Results and discussion
3.1 X-ray diffraction

X-ray diffraction analysis was conducted to characterize
the different phases of ZnO nanoparticles. In Fig. 3, the
XRD pattern of ZnO NPs is illustrated. The phase identi-
fication was accomplished using X-ray powder diffraction
(XRD) within a 26 range from 10 to 80°, and Cu Ka radia-
tion with a wavelength of 1.540 A°. Notable XRD peaks
were observed at 31.7°, 34.4°, 36.2°, 47.4°, 56.5°, 62.8°,
67.9°, 68.9°, and 76.8°, corresponding to (1 0 0), (0 0 2),
(101),(102),(110),(103),(200),(112),and (20
1) reflections, respectively, and were in good agreement
with the JCPDS Card n°. 01-079-2205 [28]. The product
displayed a well-defined crystalline structure, evident from
the distinct and intense diffraction peaks observed. The
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Fig.3 The XRD pattern of ZnO NPs

average crystallite size (d) of ZnO NPs, determined using
Scherrer’s formula at the highest peak (1 0 1), was found
to be 42 nm [29, 30].

The well-defined XRD peaks indicate that the ZnO
nanoparticles possess a high degree of crystallinity, sug-
gesting uniformity in crystal size and orientation. The
crystalline structure and size are critical for the proper-
ties and performance of ZnO nanoparticles in various
applications [31]. For instance, smaller crystallite sizes
can enhance catalytic activity and photocatalytic efficiency
due to increased surface area and more reactive sites [32].
The sharpness and intensity of the peaks imply that the
synthesis method used was effective in producing crystal-
line ZnO nanoparticles with minimal defects or amorphous
content [33].

100

80

40
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3.2 SEM micrographs

The SEM analysis (Fig. 4A) revealed that the particles in the
samples exhibited a compact arrangement and displayed a
mixture of hexagonal and spherical shapes, suggesting that
the synthesis method facilitated controlled nucleation and
growth of ZnO nanoparticles. Each shape may offer differ-
ent surface properties and reactivity, which can be advanta-
geous in various applications [34]. Despite this variability,
our study determined the diameter of ZnO NPs to be 42 nm
indicating that the synthesis method produced nanoparticles
with a narrow size distribution. This is advantageous for
applications that depend on size-related properties [35]. The
SEM image further indicates that the ZnO NPs are well-dis-
persed in a powder form, suggesting a uniform distribution
within the sample enhancing their usability and effectiveness
in applications requiring homogeneous distribution, such as
in composite materials or thin films [36].

The ZnO nanoparticle diameters extracted from the SEM
image (Fig. 4B) reveal a detailed distribution of particle
sizes, with a significant portion measuring approximately
32.62 nm. This frequent size indicates a predominant
and uniform presence of nanoparticles within this range.
However, the sample also includes larger particles, with
diameters reaching up to 657.28 nm, and even as large as
14180.98 nm, suggesting the presence of aggregates or
larger clusters within the sample. Intermediate sizes such
as 46.13 nm, 56.50 nm, 65.24 nm, 72.94 nm, 92.26 nm, and
113.00 nm also appear, contributing to the overall variability.

The statistical analysis of the ZnO nanoparticle diameters
shows a mean (average) diameter of 51.84 nm, a median
diameter of 32.62 nm, and a standard deviation of 70.78 nm.
The minimum diameter is 32.62 nm, while the maximum

-168 -126 -84 -42 0 42 84 126 168 210 252 294

Fig.4 A SEM micrographs of ZnO NPs. B Histogram of particle sizes distribution
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diameter is 657.28 nm. These values suggest that while most
of the nanoparticle diameters cluster around 32.62 nm, there
is a considerable spread in the data, indicating the presence
of significantly larger nanoparticles within the sample. This
variability highlights the need for improved synthesis and
stabilization techniques to prevent aggregation and ensure a
more uniform particle size distribution, especially for appli-
cations in fields like catalysis, optics, or biomedicine, where
uniformity and small size are crucial [37].

3.3 FTIR spectroscopy

The FTIR analysis (Fig. 5) conducted on ZnO NPs synthe-
sized using Eucalyptus leaf extracts, as shown in Fig. 3,
revealed distinctive peaks across the wavenumber range of
400 to 4000 cm™!, utilizing the KBr method at room tem-
perature. Notably, strong peaks were identified at 1058 cm™"
(attributed to C-N stretching vibration) [38], 599 cm™!, and
420 cm™! which correspond to the Zn—O group [39]. The
FTIR bands observed in our study suggest that phenolic
compounds present in Eucalyptus extract may effectively
bind to the metal, potentially preventing particle aggregation
and aiding in the formation of stable metal nanoparticles
within an aqueous medium. This underscores the dual func-
tionality of biomolecules in both the synthesis and stabiliza-
tion of ZnO NPs in environmental contexts [40].

3.4 UV-Vis spectroscopy

The spectrum (Fig. 6) shows a prominent absorption peak
at 307 nm, typically associated with the band-gap transi-
tion of ZnO nanoparticles. The absorption intensity reaches
approximately 2.2 arbitrary units (a.u.) at the peak, indicat-
ing strong absorption characteristics of well-dispersed ZnO
nanoparticles [41].

The absorption curve sharply rises to the peak and then
gradually decreases towards longer wavelengths, extend-
ing up to 600 nm, suggesting the presence of nanoparticles
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without significant aggregation or secondary phases that
would otherwise introduce additional absorption features
[42]. ZnO nanoparticles generally exhibit an absorption peak
in the UV region, typically between 350 and 380 nm, but the
observed peak at 307 nm suggests a blue shift, attributed
to quantum confinement effects, common in smaller ZnO
nanoparticles or those synthesized through green methods,
which often result in smaller particle sizes [43].

3.5 Ca(ll) removal using ZnO NPs
3.5.1 Optimal adsorbent dosage for Ca2+ removal

Figure 7 presents the variation in Ca®* ion removal per-
centage corresponding to different dosages of ZnO NPs
adsorbent in a water solution with pH maintained between
7 and 8, a stirring time of 30 min, and a stirring rate of
100 rpm. Initially, at a ZnO NPs dosage of 0 g/L, there is no
removal of Ca®* ions, indicating the absence of adsorption.
As the dosage increases, a gradual enhancement in removal
efficiency is observed. At a dosage of 0.1 g/L, a minimal
removal percentage of 8.1% is noted, which steadily rises to
12.3% at 0.2 g/L and further increases to 21.5% at 0.3 g/L.
The removal percentage continues to rise, reaching a plateau
at 0.5 g/L, where the highest removal efficiency of 33.5% is
achieved. Interestingly, beyond this point, there is no sig-
nificant improvement in removal efficiency, with consist-
ent values observed up to a dosage of 1 g/L.. This suggests
that the optimal dosage of ZnO NPs for effective Ca** ion
removal is 0.5 g/L.

3.5.2 Optimal time of Ca2+ adsorption on ZnO NPs surface

The figure below (Fig. 8) depicts the removal efficiency
of Ca®" ions over time with a ZnO NP dosage of 0.5 g/L

: 2+ . .
Fig.7 Ca.”" removal percentage 100

in a water solution maintained at a pH range of 7-8 and
stirred at 100 rpm. Initially, at O min, there is no discernible
removal of Ca** ions, marking the beginning of the experi-
ment. As time elapses, there is a gradual increase in removal
efficiency, with 8% removal observed at 30 min and 15% at
60 min. A significant improvement in removal efficiency
occurs at 90 min, reaching 50%, indicating enhanced adsorp-
tion of Ca** ions by the ZnO nanoparticles. Subsequently,
at 120 min, the removal efficiency notably rises to 80%,
suggesting optimal adsorption capacity. Beyond this point,
there is a marginal improvement, with removal percentages
of 80.2% at 150 min and 80.5% at 180 min, indicating a
stabilization in the adsorption process.

3.5.3 Comparison of calcium (Ca2*) removal efficiency
using various nanoparticles

Table 1 compares the removal efficiency of calcium ions
(Ca2") using different nanoparticles under various experi-
mental conditions. The nanoparticles evaluated include ZnO,
Fe;0,, TiO,, SiO,, and graphene oxide (GO).

4 Conclusion

The green synthesis of ZnO NPs using Eucalyptus leaf
extract has been successfully demonstrated as an environ-
mentally friendly and sustainable approach. The synthe-
sized nanoparticles exhibited desirable physicochemical
properties as confirmed by various characterization tech-
niques. This green synthesis method offers a promising
alternative to conventional chemical synthesis methods,
reducing the environmental impact and promoting sus-
tainable practices in nanoparticle production. By utilizing
Eucalyptus leaf extract as a reducing agent, we achieved
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(pH, 7-8; stirring time, 30 min; 90 4
stirring rate, 100 rpm) %
70 A
60
50

40 1

Removal percentage %

30 A

20 A

10 1

~

—

~

/

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11

ZnO NPs dosage

@ Springer



Biomass Conversion and Biorefinery

Fig.8 Ca®* removal across
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Table 1, Comparfltive analysis Nanoparticle Optimal dosage Removal efficiency Experimental conditions References
of calcium (Ca2") removal
using various nanoparticles ZnONPs  0.5g/L 80% pH 7-8, 120 min stirring, 100 rpm Present work
Fe;0, NPs 0.1-0.3 g/L 70-80% pH 6-8, 60 min contact time, 120 rpm [44, 45]
TiO, NPs 0.3-0.5 g/L 40-50% pH 5-7, 45 min contact time, 100 rpm [46-48]
SiO, NPs 0.2-0.4 g/L 30-35% pH 6-8, 30 min contact time, 100 rpm [45, 49]
Graphene 0.05-0.1 g/L Up to 90% pH 6-8, 20 min contact time, 150 rpm [47, 50]
oxide (GO)
NPs
sustainable synthesis of ZnO NPs, mitigating environ- References

mental concerns associated with traditional methods.
Through systematic experimentation, we identified opti-
mal conditions for calcium removal, providing insights for
future applications in water treatment and environmental
remediation. The high calcium removal efficiency of the
ZnO NPs underscores their potential for water treatment
applications, particularly in addressing the water quality
challenges faced in the Oued Righ region of southeastern
Algeria.

Author contribution A. Aoun is the PhD student; O. Ben Mya is the
main manuscript author and the supervisor of this project. D. Barani
is the co-supervisor of this project.

Data availability Data and materials are available.

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

@ Springer

Pinheiro LDSM et al (2023) Copper nanoparticles from acid
ascorbic: biosynthesis, characterization, in vitro safety profile
and antimicrobial activity. Mater Chem Phys 307:128110

de Menezes LB et al (2024) Calcium oxide nanoparticles: bio-
synthesis, characterization and photocatalytic activity for applica-
tion in yellow tartrazine dye removal. ] Photochem Photobiol, A
447:115182

Druzian DM et al (2023) Cerium oxide nanoparticles: biosynthe-
sis, characterization, antimicrobial, ecotoxicity and photocatalytic
activity. J Photochem Photobiol, A 442:114773

Zhang Z-Y, Xiong H-M (2015) Photoluminescent ZnO nanopar-
ticles and their biological applications. Materials 8(6):3101-3127
Kumar MA et al (2019) Evaluation of bi-functional applications
of ZnO nanoparticles prepared by green and chemical methods. J
Environ Chem Eng 7(6):103468

Chikkanna MM, Neelagund SE, Rajashekarappa KK (2019) Green
synthesis of zinc oxide nanoparticles (ZnO NPs) and their biologi-
cal activity. SN Appl Sci 1(1):117

Bhardwaj B, Singh P, Kumar A, Kumar S, Budhwar V (2020)
Eco-friendly greener synthesis of nanoparticles. Adv Pharm Bull
10(4):566

Azizian-Shermeh O, Valizadeh M, Taherizadeh M, Beigomi
M (2020) Phytochemical investigation and phytosynthesis of



Biomass Conversion and Biorefinery

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

eco-friendly stable bioactive gold and silver nanoparticles using
petal extract of saffron (Crocus sativus L.) and study of their
antimicrobial activities. Appl Nanosci 10:2907-2920

Polito F et al (2022) Chemical composition and phytotoxic and
antibiofilm activity of the essential oils of Eucalyptus bicostata,
E. gigantea, E. intertexta, E. obliqua E. pauciflora and E. tereti-
cornis. Plants 11(22):3017

Cmikové N et al (2023) Chemical composition and biological
activities of Eucalyptus globulus essential oil. Plants 12(5):1076
Surbhi A, Kumar S, Singh P. Kumari, Rasane P (2023) Eucalyp-
tus: phytochemical composition, extraction methods and food
and medicinal applications. Adv Tradit Med 23(2):369-380
Cai Z-M et al (2021) 1, 8-Cineole: a review of source, bio-
logical activities, and application. J Asian Nat Prod Res
23(10):938-954

Chuy GP et al (2022) Green nanoarchitectonics of silver nano-
particles for antimicrobial activity against resistant pathogens.
J Inorg Organomet Polym Mater 1-10. https://doi.org/10.1007/
$10904-021-02162-3

Pompeu LD, Viana AR, da Silva Fernandes L, da Silva WL
(2023) Evaluation of cytotoxicity, reactive oxygen species and
nitrous oxide of nanochitosan from shrimp shell. Int J Biol Mac-
romol 235:123730

Kadri A et al (2022) Assessment of groundwater suitability for
agricultural purposes: a case study of South Oued Righ region,
Algeria. Sustainability 14(14):8858

Ashour M, Mansour AT, Abdelwahab AM, Alprol AE (2023)
Metal oxide nanoparticles’ green synthesis by plants: prospects
in phyto-and bioremediation and photocatalytic degradation of
organic pollutants. Processes 11(12):3356

Alprol AE, Mansour AT, El-Beltagi HS, Ashour M (2023) Algal
extracts for green synthesis of zinc oxide nanoparticles: promis-
ing approach for algae bioremediation. Materials 16(7):2819
Mansour AT, Alprol AE, Ashour M, Ramadan KM, Alhajji AH,
Abualnaja KM (2022) Do red seaweed nanoparticles enhance
bioremediation capacity of toxic dyes from aqueous solution?
Gels 8(5):310

Alprol AE, Mansour AT, Abdelwahab AM, Ashour M (2023)
Advances in green synthesis of metal oxide nanoparticles by
marine algae for wastewater treatment by adsorption and pho-
tocatalysis techniques. Catalysts 13(5):888

Azwanida N (2015) A review on the extraction methods use in
medicinal plants, principle, strength and limitation. Med Aro-
mat Plants 4(196):2167-412

Azmir J et al (2013) Techniques for extraction of bioac-
tive compounds from plant materials: a review. J Food Eng
117(4):426-436

Happy A et al (2019) Phyto-assisted synthesis of zinc oxide nano-
particles using Cassia alata and its antibacterial activity against
Escherichia coli. Biochem Biophys Rep 17:208-211

Suresh J, Pradheesh G, Alexramani V, Sundrarajan M, Hong SI
(2018) Green synthesis and characterization of zinc oxide nano-
particle using insulin plant (Costus pictus D. Don) and investiga-
tion of its antimicrobial as well as anticancer activities. Adv Nat
Sci: Nanosci Nanotechnol 9(1):015008

Terea H, Selloum D, Rebiai A, Bouafia A, Ben Mya O (2023)
Preparation and characterization of cellulose/ZnO nanoparticles
extracted from peanut shells: effects on antibacterial and antifun-
gal activities. Biomass Conv Bioref 1-12. https://doi.org/10.1007/
$13399-023-03959-7

Pandey M, Tripathi B (2017) Synthesis, characterization and
application of zinc oxide nano particles for removal of hexavalent
chromium. Res Chem Intermed 43:121-140

Kamath S, Ramanjaneyalu VGV, Kamila S (2019) Application
of ZnO nano rods for the batch adsorption of Cr (VI): a study of
kinetics and isotherms. Am J Applied Sci 16(3):101-112

217.

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Mustapha S et al (2020) The role of kaolin and kaolin/ZnO
nanoadsorbents in adsorption studies for tannery wastewater
treatment. Sci Rep 10(1):13068

Djemoui B et al (2024) Green synthesis of ZnO-doped cerium
oxide nanocomposite using clove extract: enhanced photocata-
lytic methylene blue degradation and antibacterial properties.
Reac Kinet Mech Cat 137(3):1771-1787

Kohler G, Milstein C (1975) Continuous cultures of fused
cells secreting antibody of predefined specificity. Nature
256(5517):495-497

BoroumandMoghaddam A, Namvar F, Moniri M, Tahir PMd,
Azizi S, Mohamad R (2015) Nanoparticles biosynthesized by
fungi and yeast: a review of their preparation, properties, and
medical applications. Molecules 20(9):16540-16565

Kumar R, Kumar G, Al-Dossary O, Umar A (2015) ZnO nano-
structured thin films: depositions, properties and applications—
a review. Mat Express 5(1):3-23

Becker J, Raghupathi KR, St J, Pierre D. Zhao, Koodali RT
(2011) Tuning of the crystallite and particle sizes of ZnO
nanocrystalline materials in solvothermal synthesis and their
photocatalytic activity for dye degradation. J Phys Chem C
115(28):13844-13850

Allag N et al (2024) Effect of precursors on structural, optical and
surface properties of ZnO thin film prepared by spray pyrolysis
method: efficient removal of Cu (II) from wastewater. Transition
Met Chem 49(1):39-51

Sun Y et al (2016) The applications of morphology controlled
ZnO in catalysis. Catalysts 6(12):188

Chandraiahgari CR et al (2015) Synthesis and characterization
of ZnO nanorods with a narrow size distribution. RSC Adv
5(62):49861-49870

Vinyas M, Athul S, Harursampath D, Loja M, Thoi TN (2019)
A comprehensive review on analysis of nanocomposites: from
manufacturing to properties characterization. Mater Res Express
6(9):092002

Ba-Abbad MM, Kadhum AAH, Mohamad AB, Takriff MS,
Sopian K (2013) The effect of process parameters on the size of
ZnO nanoparticles synthesized via the sol—gel technique. J Alloy
Compd 550:63-70

Dulta K, Kosarsoy Agceli G, Chauhan P, Jasrotia R, Chauhan
P (2022) Ecofriendly synthesis of zinc oxide nanoparticles by
Carica papaya leaf extract and their applications. J Clust Sci 1-15.
https://doi.org/10.1007/s10876-020-01962-w

Saraswathi VS, Tatsugi J, Shin P-K, Santhakumar K (2017) Facile
biosynthesis, characterization, and solar assisted photocatalytic
effect of ZnO nanoparticles mediated by leaves of L. speciosa. J
Photochem Photobiol, B 167:89-98

Gnanasangeetha D, Thambavani SD (2014) Facile and eco-
friendly method for the synthesis of zinc oxide nanoparticles using
Azadirachta and Emblica. Int J Pharm Sci Res 5(7):2866
Gultepe O, Atay F, Dikmen Z (2023) An effective approach for
hydrothermal synthesis of ZnO nanorod arrays activated under
UV/Vis light: different supporting ligands for hydrothermal pre-
cursor solutions. Mater Chem Phys 307:128170

Borah R, Ag KR, Minja AC, Verbruggen SW (2023) A review on
self-assembly of colloidal nanoparticles into clusters, patterns,
and films: emerging synthesis techniques and applications. Small
Methods 7(6):2201536

Alharbi FN, Abaker ZM, Makawi SZA (2023) Phytochemical sub-
stances—mediated synthesis of zinc oxide nanoparticles (ZnO
NPS). Inorganics 11(8):328

Soliman EM, Ahmed SA, Fadl AA (2020) Microwave-enforced
green synthesis of novel magnetic nano composite adsorbents
based on functionalization of wood sawdust for fast removal
of calcium hardness from water samples. Water Environ Res
92(12):2112-2128

@ Springer


https://doi.org/10.1007/s10904-021-02162-3
https://doi.org/10.1007/s10904-021-02162-3
https://doi.org/10.1007/s13399-023-03959-7
https://doi.org/10.1007/s13399-023-03959-7
https://doi.org/10.1007/s10876-020-01962-w

Biomass Conversion and Biorefinery

45.

46.

47.

48.

49.

Yaseen M et al (2023) Facile synthesis of Fe304— SiO2 nano-
composites for wastewater treatment. Macromol Mater Eng
308(7):2200695

Suhan MBK et al (2023) Sustainable pollutant removal and waste-
water remediation using TiO2-based nanocomposites: a critical
review. Nano-Struct & Nano-Objects 36:101050

Kong EDH et al (2022) GO/TiO2-related nanocomposites as pho-
tocatalysts for pollutant removal in wastewater treatment. Nano-
materials 12(19):3536

Rasheed T, Adeel M, Nabeel F, Bilal M, Igbal HM (2019) TiO2/SiO2
decorated carbon nanostructured materials as a multifunctional plat-
form for emerging pollutants removal. Sci Total Environ 688:299-311
Bettini S et al (2022) SiO2 based nanocomposite for simultaneous
magnetic removal and discrimination of small pollutants in water.
Colloids Surf, A 633:127905

@ Springer

50.

Santhosh C, Daneshvar E, Kollu P, Perdniemi S, Grace AN, Bhat-
nagar A (2017) Magnetic SiO2@ CoFe204 nanoparticles deco-
rated on graphene oxide as efficient adsorbents for the removal of
anionic pollutants from water. Chem Eng J 322:472-487

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



b Sblasly U Ol e adaze ity SUAL b 5S0n B0 Slge shat g bYI o gl malall
e e Al s ¢ Gkl g sl ele 3 k) Yl e S e ¢ 0 S ST
Sl oda 3 US Al lll wils glaly ¢ g Byl ol plisizal W bl ST Slapr
oda pltsia) @ ¢ s U BLoYL ol B3 el (3 oaley Lo ¢ B3 oLl e 2 SIS Ul A (8
ok &) Z/n-EDTA £5 o ¢ (MOFs)aiaall 524l |SLA a8 il 31508 Slagend|
Cioal ¢ St Sl e dol) Bt BUT iy L8 ¢ ool n 090 SU ST 8 Bl e 2 2,05
Sl @ Lalbstal oy IS8y Sl il ae GW iy plaz¥l 3 MOFs aus Laf s
35y slsbl BTy ol Al Aalies el 0o (3 Ll sda UK Amg LY o o ad

A delaesy)

Zn-iidns iggas [S1a—Zn0 NPs-2,56 @lapnr—05 S0 @Blegl—olll sl 1de ikl ledS!
.EDTA

Résumeé : Cette thése développe des matériaux nanométriques innovants pour résoudre des défis
environnementaux multiples, tels que la pollution de I'eau et les émissions de dioxyde de carbone, en mettant
l'accent sur la durabilité environnementale aux étapes de la préparation et de l'application. L'étude se
concentre sur la fabrication de nanoparticules d'oxyde de zinc en utilisant un extrait de feuilles d'eucalyptus.
Les résultats montrent l'efficacité de ces nanoparticules dans 1'élimination des ions calcium des eaux
souterraines, contribuant ainsi a I'amélioration de la qualité de I'eau. De plus, ces nanoparticules sont utilisées
comme matériau de base pour la fabrication de structures organiques métalliques (MOFs) du type Zn-EDTA,
qui se distinguent par leur grande capacité a capturer le CO; de l'air, ouvrant ainsi de nouvelles perspectives
pour réduire la pollution atmosphérique. Les résultats ont également montré l'efficacité des MOFs dans
'adsorption et le stockage de gaz, avec une stabilité chimique et structurelle permettant leur utilisation dans
divers environnements. Cette thése explore le potentiel de ces technologies pour promouvoir des solutions
durables dans le traitement de l'eau, la purification de l'air, et le renforcement de la durabilité

environnementale.

Mots—clés : Pollution de I'eau — Emissions de carbone —ZnO NPs — Structures organiques métalliques Zn-

EDTA.

Abstract: This thesis focuses on developing innovative nanomaterials to address multiple environmental

challenges, such as water pollution and carbon dioxide emissions, with an emphasis on environmental
sustainability in the preparation and application stages. The study centers on synthesizing zinc oxide
nanoparticles using eucalyptus leaf extract. The findings demonstrate the efficiency of these nanoparticles in
removing calcium ions from groundwater, thus contributing to improved water quality. Additionally, these
nanoparticles serve as the main material for producing metal-organic frameworks (MOFs) of the Zn-EDTA
type, distinguished by their superior ability to capture CO» from the air, thereby opening new prospects for
reducing atmospheric pollution. The results also showed the effectiveness of MOFs in gas adsorption and
storage, with chemical and structural stability that allows for their use in diverse environments. This thesis
explores the potential of these technologies in supporting sustainable solutions for water treatment, air

purification, and enhancing environmental sustainability.

Keywords: Water pollution — Carbon emissions —ZnO NPs — Zn-EDTA Metal-organic frameworks
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