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Abstract: In this research, we developed a novel slow-release biofertilizer by utilizing an environmen-
tally friendly method to synthesize ZnO-NPs using sodium hydroxide, zinc acetate salt, and Lepidium
sativum seed extract. The commercial fertilizer urea 46% was encapsulated in the nano-ZnO/alginate
beads. The structural and morphological characteristics of the nanocomposites were confirmed using
X-ray diffraction (XRD) and scanning electron microscopy, which confirmed the successful creation of
nanocomposite alginate beads. The results indicated that the ZnO/alginate/urea beads exhibited a
steady and continuous release of urea for up to one hour and extended nutrient availability over time.
This research demonstrates the potential of ZnO-NP/alginate composites as a promising platform
for developing slow-release biofertilizers, combining the beneficial properties of ZnO nanoparticles
with the controlled-release capabilities of alginate matrices. This research highlights the potential
of ZnO-NP/alginate composites as a sustainable and efficient solution for agricultural applications,
providing a controlled release of nutrients that could minimize their environmental impact and
enhance crop productivity.

Keywords: biosynthesis; Lepidium sativum; zinc oxide nanoparticles; alginate; fertilizers; urea;
encapsulation; slow release; sustainable agriculture

1. Introduction

Agrochemical fertilizers are employed to augment crop yields and soil remediation;
nonetheless, the agricultural sector is the primary origin of escalating chemical contami-
nants as a result of the excessive demand and unregulated application of synthetic chemical
fertilizers [1]. Although agricultural fertilizers provide significant benefits globally and
are crucial for agricultural progress, certain areas and farmers experience the adverse
effects of these fertilizers on the environment and sustainable agriculture, as well as the
economic consequences associated with their high prices [2]. Specifically, plants utilize
only 50% to 70% of the added amounts of conventional fertilizers, which are compounds
larger than 100 nanometers. The remaining amount is lost through leaching into the soils,
which can have detrimental impacts on soils, water, and biodiversity. These effects include
climate change, soil acidification, nitrogen depletion, soil fertility degradation, groundwa-
ter pollution, species extinction, and excessive energy consumption in the manufacturing
process [3–5]. Moreover, the accumulation of chemical residues in crops can pose health
hazards to individuals [6,7].
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Recently, new avenues for tackling these issues have been made possible by the de-
velopment of nanotechnology [8]. Considerable effort has been dedicated to replacing
synthetic agrochemical fertilizers with sustainable and eco-friendly natural ones. Over
the last decade, scientists have concentrated on the development of novel nano-enabled
agrochemical products. This involved the creation of nano-fertilizers using environmen-
tally benign materials. These nano-fertilizers have the ability to operate as plant bios-
timulants, antioxidants, antimicrobials, or combinations of these for various agronomical
techniques [9,10]. In this regard, zinc oxide nanoparticles (ZnO-NPs) have attracted a lot of
interest as a potentially useful technology because of their substantial ability to successfully
treat biotic and abiotic stressors [11]. Zinc oxide (ZnO) nanoparticle synthesis encompasses
several techniques, such as chemical and physical methods [12,13], as well as environmen-
tally benign methods that circumvent dangerous chemicals and harsh environments [14].
Typically, these techniques utilize natural sources, such as microorganisms or plant extracts
(such as those present in green tea, neem, or aloe vera), together with other environmen-
tally benign compounds that function as stabilizers, reducing agents, or templates for the
synthesis of nanoparticles [15,16]. Although each of these preparation processes has its
own set of benefits and drawbacks, when combined, they provide a plethora of possibilities
for utilizing ZnO nanoparticles to address both living and non-living stresses [17]. The
production of metallic nanoparticles entails the amalgamation of a plant extract with a
solution of metallic salt, followed by a period of incubation [18]. These plant extracts
include bioactive chemicals that have the dual function of reducing and capping agents,
therefore stabilizing the recently synthesized metallic nanoparticles (NPs) [19,20]. The
reduction mechanism is significantly influenced by the phytochemical makeup of these
extracts, which includes terpenoids, flavones, quinones, ketones, and aldehydes. Further-
more, these chemicals function as electron donors, promoting the conversion of metal ions
into nanoparticles in aqueous solutions [21]. In order to produce stable and functionally
varied metallic nanoparticles, this green synthesis method exploits the inherent reducing
power of chemicals obtained from plants.

We aim to obtain an effective product while ensuring that the production process will
be sustainable and natural, without any harmful chemical substances, in addition to being
an affordable price for all. The use of plant-growth-promoting substances in encapsulated
beads with nutritive mineral salts or fertilizers is an effective alternative to traditional
fertilizers, as it presents many advantages, such as the use of smaller quantities of these
substances and a longer storage duration. This allows us to bring numerous benefits to
plants and the environment while supporting the agricultural economy under current
conditions [22].

The nutritional components in nanofertilizers might be enclosed by nanomaterials,
coated with a thin layer, or administered as nanoparticles (NP). The objective of encapsula-
tion is to guarantee the safeguarding, compatibility, and stability of an active component
within a formulation, which area contingent upon the specific domains and circumstances
of its use. Encapsulation enables the modification and regulation of the release profile
of an active ingredient, therefore providing the potential for it to provide a sustained
or triggered pharmacological action [23,24]. Biologically degradable, bioavailable, and
biocompatible natural polymers, such as chitosan, alginate, starch, and cellulose, are the
primary components in formulations for bio- and nano-fertilizers [25,26]. Particles within
a size range of 10 to 100 nm are combined with these polymers. The nanoscale size of
these particles results in a remarkably high surface area-to-volume ratio, which provides
numerous sites for metabolic processes in plants. This bigger reactive surface area enables
improved nutrient penetration and use, perhaps leading to increased photosynthetic rates.
Collaboratively, biodegradable polymers and nanoparticles form a delivery system that
optimizes the availability of nutrients, promotes plant development, and minimizes their
environmental footprint.

The focus of this study was the synthesis of a nanofertilizer via the encapsulation
of urea 46% in beads formed after embedding ZnO nanoparticles in an Alginate-Based
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Hydrogel. We have biologically synthesized and characterized these ZnONPs using Lepid-
ium sativum (L. sativum) seed extract and evaluated their plant growth and compatibility
standards in terms of other biofertilizers.

2. Materials and Methods
2.1. Materials

All chemicals and reagents used in this study were of analytical grade and obtained
from Sigma-Aldrich. The following materials were used without further purification. These
included alginate, calcium chloride, sodium hydroxide, and zinc acetate dihydrate.

Granular urea (46% Nitrogen), a commercial fertilizer widely used in agricultural
crop production, was supplied by Ritchie Feed and Seed Inc. (Ottawa, ON, Canada). This
fertilizer contains the highest nitrogen percentage (46%) among all solid fertilizers and
serves as a primary nitrogen source for plants. It is characterized by its complete water
solubility and high mobility in soil, moving with soil moisture until soil microorganisms
initiate the nitrification process.

2.2. Preparation of L. sativum Extract

In this work, zinc oxide nanoparticles (ZnO NPs) was synthesized using a green
method and with an extract of L. sativum seeds, which were purchased from a local market
(herb seller) in the state of Ghardaia, Algeria.

The L. sativum seeds were thoroughly washed multiple times with distilled water to
remove impurities and dust. After washing, the seeds were dried in the shade at room
temperature for 1–3 days. The dried L. sativum seeds were then ground into a fine powder
using a grinder to increase their surface area and enhance their interaction with the solvent.
To prepare the extract, 5 g of the ground seeds were added to 50 mL of distilled water in a
100 mL glass beaker. This mixture was stirred for 35 min at 60 ◦C. The resulting extract was
filtered using filter paper and stored in a glass bottle.

2.3. Biosynthesis of ZnO Nanoparticles

Under high-speed stirring for 2 h at 60 ◦C, we combined 20 mL of L. sativum seed
extract with 80 mL of an aqueous solution of 0.1 mol zinc acetate dihydrate. Then, a 0.5 M
NaOH water solution was added dropwise to the mixture until it reached the desired
consistency. The solution was left to settle overnight, the supernatant was removed, and the
precipitate was washed with a mixture of water and ethanol. Lastly, the ZnO nanoparticles
that had precipitated were air-dried at 60 ◦C before being calcined for 2 h at 400 ◦C.

2.4. Synthesis of ZnO-NPs/Alginate Beads

Dissolve a specified amount of alginate in distilled water, stirring thoroughly with a
magnetic stirrer at 800 rpm for 5 h to ensure complete dissolution. In a separate container,
disperse 1% (w/v) of zinc oxide nanoparticles (ZnO-NPs) in distilled water to prevent
agglomeration. Slowly add this ZnO-NP dispersion to the alginate solution and mix with
rapid agitation for 1 h.

Using a syringe, drop the alginate/ZnO gel solution into a calcium chloride bath while
maintaining gentle magnetic stirring. This process facilitates the formation of alginate beads.
After formation, rinse the beads several times with distilled water to remove impurities.
Allow the beads to air dry to obtain uniform spherical gel beads based on sodium alginate
(SA) and ZnO-NPs.

2.5. Preparation of Urea-Encapsulating Alginate/ZnO-NPs Beads

To synthesize urea-encapsulating beads, reproduce the identical beginning procedures
as described above. Once the ZnO-NPs have been evenly distributed in the alginate solu-
tion, introduce a predetermined quantity of urea (46% nitrogen) powder into the mixture.
Maintain optimal dispersion in distilled water to prevent the aggregation of urea. Follow the
previously stated process of bead generation by introducing the urea/ZnO-NPs/alginate
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combination into the calcium chloride solution. The outcome of this procedure is the
formation of urea-encapsulating Alginate/ZnO-NPs beads.

2.6. Characterization of Biosynthesized ZnO Nanoparticles and Urea-Encapsulating
Alginate/ZnO-NPs Beads

A diffractometer (Bruker D2 Phaser SSD 160; Bruker AXS, Madison, WI, USA) was
used to analyze the beads’ crystalline structure. This device uses Cu Kα radiation
(λ = 1.54184 Å) and a LYNXEYE scintillation detector, operating at 30 KV and 10 mA
of current. The SEM used to analyze our samples was a “SU3500” model equipped with an
X-ray detector.

2.7. Kinetic Study of the Release of the Active Ingredient, Urea 46%

The liberation of the encapsulated urea 46% from the alginate/ZnO-NPs beads was
evaluated using a UV-Vis spectrometer that had been calibrated to the highest wavelength
(µmax) of the active components (urea fertilizer) present in the medium being studied.
To conduct our kinetic investigations, we prepared a physiological medium with a pH
equal to 7.4. To prepare the solution, we combined 20 mL (0.1 N) of hydrochloric acid with
500 mL (0.025 N) of sodium tetraborate decahydrate in 1 L of distilled water. Loaded beads
weighing 100 mg were submerged in a pH 7.4 physiological medium in a 100 mL beaker
and subjected to controlled magnetic stirring at 500 rpm at 30 ◦C. A total of 1 mL of the
samples was collected at predetermined time intervals. The spectral absorbance of urea
46% was measured using a Thermo Fisher Scientific UV-Vis instrument (UviLine 9400C,
Waltham, MA, USA) within the wavelength range of 200 to 800 nm.

3. Results and Discussion

The fabrication of ZnO-NPs using plant extracts employs a green technique that
utilizes the phytochemicals found in the L. sativum seed extract as both reducing and
stabilizing agents [27,28]. This approach is ecologically sustainable and circumvents the
utilization of hazardous substances commonly associated with traditional nanoparticle
production [29]. The composition of L. sativum seed extract is characterized by a varied
assortment of bioactive constituents, including tannins, proteins, flavonoids, and other
phenolic derivatives [30]. Based on these key molecules, it is possible to determine the
mechanism for the production pathway of ZnO NPs [31]. These compounds serve as
natural reducing agents. When zinc acetate is dissolved in water, it breaks down into zinc
ions (Zn2+) and acetate ions. Upon the addition of the plant extract to the zinc salt solution,
these phytochemicals engage with the zinc ions and effectively convert Zn2+ to elemental
zinc (Zn0). This process is typically followed by observable alterations in the solution’s
color, suggesting the formation of nanoparticles. Zinc atoms undergo aggregation to form
tiny nuclei, marking the earliest stage of nanoparticle creation. The zinc nuclei experience
oxidation when exposed to oxygen (either from water or dissolved oxygen in the solution),
resulting in the formation of ZnO nanocrystals. ZnO nanoparticles are formed via the
growth of these nanocrystals, which occurs as more Zn2+ is reduced and introduced to
the developing particles. The phytochemicals included in the plant extract function as
stabilizers for the generated ZnO-NPs by covering their surfaces and preventing them from
clumping together, therefore regulating the size and shape of the particles [20,32].

3.1. Characterization

The L. sativum seed extract-mediated ZnO nanoparticles were characterized by X-ray
diffraction (XRD) in the 2θ range of 20◦ to 80◦, as shown in Figure 1a. Sharp diffraction
peaks were observed at 2θ values of 31.5◦, 34.2◦, 38◦, 47.56◦, 57◦, 62.8◦, 65.42◦, 67◦, 69.5◦,
71.64◦, and 76.98◦, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004), and (202) crystal planes, respectively. All observed peaks can be indexed to the
hexagonal wurtzite structure of zinc oxide, in agreement with JCPDS data card No. 36-1451.
The sharpness and narrow width of the peaks indicate that the biosynthesized ZnO NPs are
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highly crystalline. These results are consistent with previous research characterizing well-
formed ZnO-NP structures [33,34]. The average crystallite size of the ZnO nanoparticles
(ZnO-NPs) was estimated using the Debye–Scherrer equation [27]:

D = Kλ/(β cos θ) (1)

where D = mean crystallite size, K = shape factor (0.9, assuming spherical particles),
λ = X-ray wavelength of the Cu Kα radiation (1.5406 Å), β = Full Width at Half Maximum
(FWHM) of the diffraction peak (in radians), and θ = Bragg diffraction angle.
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Figure 1. XRD pattern of (a) biosynthesized ZnO nanoparticles and (b) alginate/ZnO/fertilizer beads.

The FWHM was determined from the most intense peak in the XRD pattern, typically
the (101) reflection for ZnO. After careful analysis and calculation using this equation, the
average crystallite size of the biosynthesized ZnO-NPs was found to be 15.6 ± 2 nm.

The crystallographic structure of the alginate/ZnO/fertilizer composite beads
(Figure 1b) was investigated using X-ray diffraction (XRD) analysis. The diffraction pattern
obtained has a remarkably simple profile, comprised of only three clearly defined peaks
of modest intensity. The X-ray diffraction (XRD) profile indicates numerous significant
characteristics of the composite beads. The existence of a limited number of low-intensity
peaks suggests that the composite has quite a low level of crystallinity. This may be at-
tributed to the prevalence of amorphous components, most likely originating from the
alginate matrix. The beads’ composite composition, which includes alginate (an amorphous
polymer), ZnO nanoparticles, and fertilizer components, may have led to a complicated
structural configuration that is not readily discernible by X-ray diffraction (XRD). The
limited presence of observable peaks may also be attributed to the overlapping diffraction
patterns of several crystalline phases inside the composite material. Additionally, the low
intensity and possible widening of the peaks (if detected) may indicate the presence of crys-
talline components (probably ZnO) in a nanocrystalline form. The structural complexity
of the alginate/ZnO/fertilizer composite beads is elucidated by this XRD investigation,
which reveals their mostly amorphous character and a certain level of nanocrystallinity.

An analysis of the morphological properties of the ZnO nanoparticles (ZnO-NPs)
produced by biological means and their integration into alginate beads following their
encapsulation of urea fertilizer was carried out using scanning electron microscopy (SEM).
The data shown in Figure 2a indicate that the ZnO-NPs have a mostly spherical morphol-
ogy, with dimensions reaching from 80 to 100 nm. The particles have a homogeneous
structure; however, there is some level of aggregation noted. Upon the analysis of the urea’s
encapsulation in the nano-ZnO alginate composite beads (Figure 2b), the scanning electron
microscope (SEM) pictures unequivocally show the effective incorporation of ZnO-NPs into
the alginate matrix. The nanoparticles are evenly distributed inside the alginate framework,
with some particles clearly scattered on the surface and others incorporated into the dense
matrix. Observations of this dispersion pattern indicate an intricate interplay among the
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ZnO-NPs, the alginate polymer, and the enclosed urea fertilizer. The modest aggregation
of ZnO-NPs detected in the pure nanoparticle sample is also apparent in the composite,
suggesting that the process of incorporation does not completely inhibit the clustering of
particles. The scanning electron microscopy (SEM) study sheds light on the structure of the
biosynthesized ZnO-NPs and their spatial distribution in the alginate matrix containing
urea fertilizer. These aspects are essential for comprehending the possible effectiveness of
these nanocomposites in controlled-release fertilizer applications.
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3.2. Release of Urea Fertilizer from ZnO-NPs/Alginate Beads

We present kinetic curves that depict the liberation of urea molecules from alginate
beads. These curves correlate to the experimental observation of the fertilizer content
in a solution with respect to time. Specifically, the absorbance measured by UV–visible
spectroscopy with time at the characteristic absorption wavelength for urea (usually ap-
proximately 200–210 nm) is shown in Figure 3. The percentage of molecule release from
the beads containing fertilizer was quantified in a medium with a pH of 7.4, accurately
replicating the somewhat alkaline conditions commonly encountered in soil habitats.
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The rate at which the agent is released rises with time, exhibiting a non-linear trend.
The release curves have a typical morphology, distinguished by three clearly defined phases:

1. Burst release phase: An initial fast liberation of urea, most likely caused by the
breakdown of molecules attached to the surface or that are inadequately confined.

2. The diffusion-controlled phase involves a gradual and prolonged release of urea as it
passes through the alginate matrix.

3. Plateau phase: A progressive stabilization as the concentration gradient diminishes
and converges to equilibrium.
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The observed release profile indicates that the diffusion of the active component
through the polymer layers is a crucial factor in determining its release kinetics. This
phenomenon may be elucidated by applying Fick’s principles of diffusion, which assert
that the rate of diffusion is directly proportional to the concentration gradient [35,36]. Upon
contact with the medium, the beads undergo hydration or a swelling of their alginate
matrix, allowing water to enter the system. Consequently, the urea molecules undergo
disintegration. Due to its high water solubility (1080 g/L at 20 ◦C) and the comparatively
modest initial molecule loading, it is anticipated that urea will dissolve quickly, resulting
in a concentration gradient. Once dissolved, these bioactive compounds permeate the
coated polymer and enter the dissolving media via diffusion. The last stage is frequently
the slowest in terms of kinetics and might crucially determine the total rate of fertilizer
release. Several parameters can determine the rate of diffusion [37]:

1. Polymer matrix characteristics: the pore size, crosslinking density, and hydrophilicity
of the alginate.

2. Environmental conditions: the pH, temperature, and ionic strength of the release
medium.

3. Urea molecule characteristics: the size, charge, and interactions of urea with the
alginate matrix.

The overall release kinetics can often be modeled using various mathematical equa-
tions, such as the Korsmeyer–Peppas model or the Higuchi equation, which can provide
insights into the dominant release mechanisms [38]. A possible benefit of this controlled-
release method for agricultural applications is the possibility of reduced nutrient loss
through leaching and a more sustained delivery of nitrogen to plants over time [39–41].

4. General Conclusions

This study sought to create a superior polymeric fertilizer compound. A matrix of
micronutrient metal oxide nanoparticles and a natural biodegradable polymer encapsu-
lates urea, a commercial fertilizer. This unique formulation was tested in terms of its
micronutrient uptake and release to plants and the environment.

Zinc was chosen as the first test element for this nanofertilizer because zinc oxide
nanoparticles are easy to synthesize and zinc is essential for plant health and development.
This method permits the production of a multifunctional fertilizer system with controlled
release and improved nutrient delivery.

The biosynthesized ZnO nanoparticles and urea-encapsulating alginate/ZnO-NP
beads showed that the ZnO-NPs were incorporated in the alginate matrix and that the
urea fertilizer was encapsulated. In water-based experiments, ZnO-NPs were released
without impediment, whereas urea was released gradually and in a regulated manner.
These nano-ZnO/alginate beads containing urea can link alginate chains with biogenic
ZnO-NPs, according to our results. Since they include zinc, a micronutrient, they are
ideal for plant growth. A flexible nanofertilizer that transports both major and minor
nutrients might improve nutrient usage efficiency and reduce the environmental impact of
standard fertilizers.
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