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ABSTRACT

Manganese, zinc, and iron are the most essential micronutrients required for plant growth and applied as foliar
fertilizers. Herein, a simple template-free microwave-assisted hydrothermal green synthesis technique was
adapted to produce manganese zinc ferrite nanoparticles (Mng sZng sFe;O4 NPs) at different temperatures (100,
120, 140, 160 and 180 °C). The prepared nanomaterials were employed at different concentrations (0, 10, 20, and
30 ppm) as foliar nanofertilizers during the squash (Cucurbita pepo L) planting process. X-ray diffraction patterns
of the prepared nanomaterials confirmed successful production of the nanoferrite material. The prepared nano-
fertilizers showed type IV adsorption isotherm characteristic for mesoporous materials. FE-SEM and HR-TEM
imaging showed that the nanoparticles were cubic shaped and increased in particle size with the increase in
microwave temperature during production. The impact of application of the synthesized ferrite nanoparticles on
vegetative growth, proximate analysis, minerals content and the yield of squash plant was investigated for two
consecutive successful planting seasons. The nanoferrite synthesized at 160 °C and applied to the growing plants
at a concentration of 10 ppm gave the highest increase in % yield (49.3 and 52.9%) compared to the untreated
squash for the two consecutive seasons, whereas the maximum organic matter content (73.0 and 72.5%) and total
energy (260 and 258.3 kcal/g) in squash leaves were obtained in plants treated with 30 ppm ferrite nanoparticles
synthesized at 180 °C. On the other hand, the maximum organic matter content (76.6 and 76.3%) and total
energy (253.6 and 250.3 kcal/g) in squash fruits were attained with plants supplied by 20 ppm ferrite nano-
particles synthesized at 160 °C. These results indicate that the simple template-free microwave-assisted hydro-
thermal green synthesis technique for the production of manganese zinc ferrite nanoparticles yields nanoparticles
appropriate for use as fertilizer for Cucurbita pepo L.

1. Introduction

nanofertilizers can be applied as encapsulated nanomaterials [7],
impeded inside a polymeric membrane [8], or delivered as nanoparticles

Globally, agricultural production suffers from the poor efficacy of
currently available fertilizers. The low thermal stability, high solubility
and small molecular weight of traditional fertilizers increases the ten-
dency of these materials to transfer to the air or the surrounding water
through volatilization, runoff and leaching, thereby causing intense
environmental pollution [1, 2, 3]. Recently, nanofertilizers have been
used as effective fertilizers during the planting process due to their higher
bioavailability and minimal environmental impact via limiting losses of
such nutrients to the surrounding environment [4, 5, 6]. These
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[9, 10].

Spinel ferrites are widely used magnetic materials [11, 12, 13],
with their thermal and chemical stability rendering them appro-
priate materials in a range of applications including gas sensing
[14], manufacture of magnetic recording devices [13], and as car-
riers for targeted drug delivery [15]. Nonetheless, to date, their
application in agricultural production has been limited. To the best
of our knowledge, this is the first study using such materials as
nanofertilizers.
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Figure 1. XRD patterns of the prepared ferrite nanofertilizer samples.

Squash (Cucurbita pepo L.) is one of the most essential summer crops
that belongs to the Cucurbitaceae family [16], and is important not only
due to its use as human food but also as a medicinal plant. In Egypt, it is
an annual crop, grown for its edible fruits which are cooked and pro-
cessed. Many factors affect the quantity and quality of squash harvest, the
most important being fertilization [1, 8, 17]. Recently, nanofertilizers
had been utilized instead of traditional fertilizers [5, 18, 19] as nano-
particles (NPs) can interact with plants producing many morphological
and physiological changes, leading to higher quality harvests [2, 20]. The
efficacy of such NPs is strongly correlated to their chemical composition,
size, surface covering, reactivity, as well as the amount applied [21].

Micronutrients, such as iron, manganese, zinc, copper, boron and mo-
lybdenum, are essential elements required in small amounts for plant growth
[22], which are applied as foliar fertilizers to improve the
agro-morphological criteria and the yield [23]. The foliar application of
micronutrients is a valuable practice due to the small quantity required, does
not directly contact the soil, and avoid losses during fixation, consequently,
is more effective than soil application [24, 25]. Zinc has an essential function
in carbohydrate and protein metabolism, as well as controlling plant growth
hormone [26, 27]. It is also necessary for the synthesis of tryptophan, a
precursor of indole acetic acid [28]. Manganese is an essential micronutrient
for plant nutrition, which functions as a catalyst in the oxygen-evolving
complex of the photosystem, respiration and nitrogen assimilation [29]. It
is required by plants in the second greatest quantity compared to iron, so
competes with the micronutrients (Fe, Zn, Cu, Mg and Ca) for uptake by the
plant [30]. Iron is constitutive for many enzymes and pigments, facilitating
the reduction of nitrate and sulfate, as well as the production of energy in the
plant. Although iron is not used in the synthesis of chlorophyll, it is necessary
for its formation [31].

Sheykhbaglou et al. [32] found that mineral elements (Fe, Mg, Ca and
P), chlorophyll content, as well as the lipid and protein levels were raised
by increasing the content of ferrous oxide NPs in soybean plants via foliar
application. However, it has been reported that the impact of NPs on
plants depends on their composition, concentration, and size, as well as
the physical and chemical properties of NPs and plant species [18, 21].
Amorés Ortiz-Villajos et al. [33] reported that the minerals such as Fe, Zn,
Cu, and Ni accumulated in roots, Mg and Mn in leaves, S, Ca, and Mo in
leaves and roots, while K accumulates in leaves, roots, and stems. In
addition, there are favourable correlations between the changes in the
content of the mineral pairs, Fe-Mn, K-S, Fe-Ni, Cu-Mg, Mn-Ni, S-Mo,
Mn-Ca, and Mn-Mg, throughout the reproduction of rice in the organs
above ground and the concentration of Fe-Mn and K-S in roots.
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In the present study, microwave-assisted hydrothermal synthesis tech-
nique [34, 35, 36] was used to prepare manganese zinc ferrite nanoparticles
(Mng sZng sFe;04 NPs). This method is a facile, fast, secure, controllable and
energy-saving process [37, 38], which can dramatically decrease the syn-
thesis process from days and hours to a few minutes. It also provides an
effective way to control particle size distribution and macroscopic
morphology during the synthesis process [39, 40]. The impact of the
application of the synthesised ferrite nanoparticles on vegetative growth,
proximate analysis, mineral content and the yield of squash plant was
investigated for two consecutive successful planting seasons.

2. Materials and methods
2.1. Materials

All chemicals were analytical grade and used without any further
purification: Fe(NO3)3.9H20 was 99% purity and purchased from Winlab
(UK); Mn(NO3)2.4H20 (purity >97%) was from Sigma-Aldrich;
Zn(NO3)2.6H0, 96% pure was obtained from S.D. fine-chem Ltd
(India); NaOH flakes were GPR 99% grade and purchased from Alpha
chemicals, Egypt.

2.2. Preparation of manganese zinc ferrite nanoparticles
(Mno,5an.5FeZO4 NPS)

The ferrite nanofertilizer samples were prepared using a green
microwave-assisted hydrothermal method. The appropriate amounts of
Zn(NO3)5.6H,0, Mn(NO3)-.4H50, and Fe(NO3)3.9H,0 were dissolved in
distilled water in a ratio of 0.5:0.5:2 for the formation of
Mng 5Zng sFex04. The pH was adjusted to 10 by NaOH solution. The
slurry was then transferred to 100 mL Teflon autoclave vessel and
microwaved in a 750 W advanced microwave synthesis lab station
(Milestone MicroSYNTH). The microwave was adjusted to reach the
chosen temperature in 3 min, then the reaction vessel was maintained at
this temperature for 10 min. Five ferrite samples were prepared at
different holding temperatures, 100, 120, 140, 160, and 180 °C to obtain
ferrite nanofertilizer samples T-100, T-120, T140, T-160 and T-180,
respectively. The obtained ferrite nanofertilizer was then washed three
times with distilled water, dried at 100 °C for 6 h, ground, and stored in a
desiccator for further characterization studies.

2.3. Characterization of ferrite nanofertilizer

The prepared ferrite nanofertilizer samples were characterized via X-
ray diffraction (XRD) using a PHILIPS® X'Pert diffractometer with the
Bragg-Brentano geometry and copper tube at operating voltage of 40 kV
and current of 30 mA. For the quantification of crystalline phases in the
prepared samples, the XRD profile was refined using the Rietveld method
which employs Materials Analysis Using Diffraction (MAUD) software.

The surface characteristics of the prepared samples were investigated
using fully automated BELSORP-mini II to obtain the adsorption-
desorption isotherms of Ny at 77 K. The Barrett-Joyner-Halenda (BJH)
method was utilized for the calculation of pore size distribution.

A morphological study of the prepared samples, as well as particles
shape observation and quantitative measurement of their sizes were per-
formed via Field Emission Scanning Electron Microscopy (FE-SEM) using a
Quanta 250 and high-resolution field emission gun (HRFEG), and High-
Resolution Transmission Electron Microscope (HR-TEM; JEM2100).

2.4. Plant material vegetal

Squash seeds (cv. Eskandarani F1) were purchased from the Agri-
cultural Research Centre (Egypt) and cultivated in clay soil at rate of one
seed per hill and 50 cm between hills on one side of a ridge and 70 cm
between the ridges on the 1% of March in two seasons (2017 & 2018) in
Shebin El-Kom, El-Monifia governorate, Egypt.
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Figure 2. Maud refinement of the XRD data of ferrite nanofertilizer samples.
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Table 1. The proportion percentage of MngsZngsFe,O4 and Fe,O3 in each

sample obtained from the refined XRD data MAUD software.

Sample Mng 5Zng sFe;04 (%) Fe;03 (%)
T-100 99.0 1.0

T-120 99.0 1.0

T-140 87.7 12.3
T-160 59.5 40.5
T-180 56.8 43.2

Table 2. The surface characteristics of the prepared ferrite nanofertilizer

samples.

Ferrite Surface area Mean pore Total pore
nanofertilizer (m? g’l) radius (nm) volume (cm® g’l)
Samples

T-100 162.44 2.69 0.2187

T-120 135.62 3.15 0.2140

T-140 130.02 2.96 0.1927

T-160 69.98 4.34 0.1521

T-180 65.35 4.79 0.1567

2.5. Experimental treatments

The squash plants were sprayed with different concentrations (0, 10,
20 and 30 ppm) of ferrite nanofertilizer samples prepared at different
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Figure 3. Adsorption-desorption isotherms of Ny at 77 K on ferrite nano-

fertilizer samples.
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temperatures (T-100, T-120, T-140, T-160 and T-180). The experimental
design was a split plot design, with the main plot including the various
ferrite nanofertilizer samples prepared at different temperatures and the
various concentrations arranged randomly within the sub-plots. Squash
plants were sprayed with the ferrite nanofertiliser 20 days after sowing,
with the fertilization, weed control and disease resistance, and irrigation
of squash plants executed according to the recommendations of the
Egyptian Ministry of Agriculture [41].

2.6. Plant growth analysis

Five squash plants were randomly taken from each experimental plot
35 days after seeding to measure the following vegetative growth pa-
rameters: plant length, number of leaves per plant, leaf area/plant, and
the fresh and dry weight of the whole plant. At harvest (40 days after
sowing), the fruits of the squash plants were collected for a month to
determine the diameter and length of fruit, plus the yield/plant (kg/
plant) and the yield (t/ha).

2.7. Chemical analysis

The squash samples (leaves and fruits) were dried until constant
weight at 60 °C in an oven for proximate and mineral analyses.

2.7.1. Proximate analysis

The content of organic matter, protein, fiber, lipids, carbohydrates
and ash were calculated according to AOAC [42, 43]. The total energy
was calculated by the Atwater factor method [(9 x fat) + (4 x carbohy-
drate) + (4 x protein)] according to Nwabueze [44].
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Figure 4. Pore size distribution curves for ferrite nanofertilizer samples.
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2.7.2. Minerals determination

Plant samples were ground and digested with H2SO4~H205. The
content of the minerals in the digested solution was determined ac-
cording to the standard methods of the AOAC [42]. The phosphorus and
potassium content (%) was determined by a spectrophotometer, while
the concentration of zinc, copper, iron and manganese (ppm) was
determined by atomic absorption. The nitrogen percentage was deter-
mined by the Kjeldahl method [45].

2.8. Statistical analysis
The experimental data were subjected to statistical analysis of vari-

ance (ANOVA) and analyzed for significant differences using the LSD test
at 5% level according to the procedures described by Kobata et al. [46].
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3. Results and discussion
3.1. Characterization of the ferrite nanofertilizers

3.1.1. Phase and crystal parameters

XRD analysis showed that all samples had diffraction peaks at 20
values of 30°, 35.3°, 42.9°, 53.1°, 56.8°, 62.4° and 73.7°, which were
identified asthe (220),(311),(400),(422),(511),(440)and (533)
lattice planes of the cubic spinel crystal structure of Mng sZng sFes0y,
respectively (Figure 1) [35,47]. In addition, samples prepared at the
higher microwave holding temperature, T-140, T-160, and T-180,
showed additional XRD patterns at 20 values of 24.1°, 33°, 35.5°, 40.8°,
49.4°, 53.9°, 57.5°, 62.4°, 63.9° and 71.9°, which were interpreted as
«-FeyO3 characteristic for (01 2),(104),(110),(113),(024),(116),
(018),(214),(300)and (10 10) crystal planes, respectively [48, 49].

Figure 5. FE-SEM images of ferrite nanofertilizer samples (a) T-100, (b) T-120, (c) T-140, (d) T-160, and (e) T-180.
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Figure 6. HR-TEM images of ferrite nanofertilizer samples (a) T-100, (b) T-120, (c) T-140, (d) T-160, and (e) T-180.

MAUD software was used to refine the XRD patterns of the five ferrite
samples (Figure 2) to quantify the proportion of the produced hematite at
each temperature, as shown in Table 1. As the temperature used during
the microwave preparation increased, more Fe;O3 was produced up to
43% in the sample prepared at 180 °C, whereas the samples prepared at
100 and 120 °C only contained around 1% Fe;03 and 99% ferrite.

3.1.2. Surface area and pore structure analysis

The essential surface and pore features of the synthesized ferrite
nanofertilizers were examined using nitrogen gas sorption isotherms as
summarized in Table 2. The adsorption-desorption isotherms for all
samples exhibited irreversible type IV according to the classification of
Brunauer-Deming-Deming-Teller [50] (Figure 3), characteristic for
mesoporous structure. Increasing the synthesis temperature from sample
T-100 to T-180 caused sintering, as confirmed by the reduction in surface
area (Table 2). Evidently, there was a considerable change in the pore
structure as the  synthesis temperature increased. The
adsorption-desorption isotherms of samples T-100, T-120, T-140 showed

H2 type hysteresis [50, 511, pointing out the existence of tightened “ink
bottle” pores. This type of pore was implied by Kraemer [52], improved
by McBain [53] and others [54, 55], and is composed of a broader body
with a constricted inlet “neck”. It was observed from the shape of the
hysteresis loops of these three samples that the solids had experienced a
sort of bottle-neck widening as the synthesis temperature increased, as
indicated from the narrowing of the hysteresis loops from sample T-100
to T-140. The further increase in the synthesis temperature, samples
T-160 and T-180, caused a drastic change in the porous structure, as
confirmed by the presence of H3 hysteresis loops in both samples. This
type of hysteresis is characteristic for slit-shaped pores which are pro-
duced from particles composing plate-like form as a result of their loosely
coherent assembly, proving the occurrence of deformation as a result of
the increasing synthesis temperature.

The closure of the hysteresis loops at p/p° < 0.4, especially for
samples T-100, T-120 and T-140, indicated the presence of some mi-
cropores [56], which was confirmed by the BJH pore size distribution
curves (Figure 4). Additionally, the broadness of the pore size
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Table 3. Effect of ferrite nanofertilizer on plant growth characters of squash plant. (During two successive seasons 2017 and 2018).

Nanoferrite samples Concentrations Plant height (cm) No. of leaves/plant Leave area/plant (m?) Plant weight (g/plant)
Fresh Dry
1st an 1st an 1sl an 1sl 2nd 15[ an
T-100 0 ppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 51.8 51.3 25.0 25.0 1.15 1.18 378.8 376.7 32.6 32.4
20 ppm 55.6 55.2 21.3 20.3 1.28 1.28 409.8 405.0 26.9 26.9
30 ppm 56.0 55.8 19.3 19.7 1.03 1.05 404.6 407.0 35.5 35.3
Mean 51.9 51.6 20.8 20.6 1.01 1.04 354.0 353.5 30.6 30.4
T-120 Oppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 58.2 58.0 20.7 21.3 1.49 1.44 469.5 463.5 35.4 35.4
20 ppm 52.8 52.7 23.3 22.7 1.08 1.08 372.1 367.3 34.2 34.1
30 ppm 47.0 46.3 17.0 18.0 0.80 0.87 251.9 261.3 29.9 30.3
Mean 50.5 50.3 19.7 19.8 0.99 1.01 329.0 329.4 31.8 31.7
T-140 Oppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 51.1 51.2 25.0 24.3 0.80 0.79 335.6 331.6 24.9 25.2
20 ppm 55.2 55.4 19.3 20.0 0.93 0.97 345.4 340.6 30.9 30.7
30 ppm 46.2 46.5 19.0 19.7 0.73 0.74 263.5 271.7 24.0 24.1
Mean 49.2 49.3 20.3 20.3 0.76 0.78 291.8 292.3 26.8 26.8
T-160 Oppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 55.8 56.0 5.5 25.7 1.29 1.26 417.4 417.4 33.2 33.4
20 ppm 54.0 53.5 30.3 29.7 0.98 0.99 414.5 406.9 34.7 34.8
30 ppm 55.0 54.7 18.7 19.3 1.13 1.13 433.8 425.8 40.0 39.8
Mean 52.3 52.1 23.0 23.0 0.99 1.00 372.1 368.8 33.8 33.8
T-180 Oppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 54.7 54.0 25.0 25.0 0.87 0.86 359.2 361.0 33.3 3883)
20 ppm 55.3 56.0 33.7 32.7 0.88 0.88 390.5 392.0 35.6 35.6
30 ppm 58.2 58.9 24.3 25.0 0.99 1.00 344.4 345.9 30.9 30.9
Mean 53.1 53.2 25.2 25.0 0.83 0.84 329.2 331.0 31.8 31.7
Average Oppm 44.2 44.1 17.7 17.3 0.58 0.63 222.6 225.3 27.5 27.1
10 ppm 54.3 54.1 24.2 24.3 1.12 1.11 392.1 390.0 31.9 31.9
20 ppm 54.6 54.6 25.6 25.1 1.03 1.04 386.5 382.4 32.4 32.4
30 ppm 52.5 52.4 19.7 20.3 0.94 0.96 339.7 342.3 321 32.1
LSD at 5% Effect of temp. 2.16 1.81 2.40 1.93 N.S. 0.19 32.11 26.76 3.39 3.31
Concentrations 1.74 1.68 2.91 2.44 0.11 0.10 34.17 33.87 4.16 4.23
Interaction 3.47 3.35 5.82 4.88 0.23 0.21 68.35 67.73 N.S. N.S.

N.S = Not Significant (p < 0.05).

distribution curves decreased as the synthesis temperature increased,
indicating the influence of the temperature in narrowing the pore sizes
scattering. This result is in accordance with the decrease in hysteresis
loops when the synthesis temperature increased (Figure 3). It is note-
worthy that later in section 3.2.1 and section 3.2.2.2, the best sample in
terms of squash yield (ton/ha) and total energy resulted from the prox-
imate components of squash fruit (kcal/g) was sample T-160 at optimum
concentrations of 10 and 20 ppm, respectively. This sample possessed the
narrowest pore radius distribution of all samples as shown in Figure 4,
confirming the correlation between pore size distribution and the
fertilizing efficiency of the material.

3.1.3. Ferrite morphology and textural analysis

The morphology as well as the particle shape and size of the prepared
ferrites were investigated using FE-SEM and HR-TEM as shown in Fig-
ures 5 and 6, respectively. All the prepared ferrite particles showed a
cubic shape, the crystallinity and regularity of which enhanced as the
holding synthesis temperature increased, in agreement with the obtained
cubic spinel XRD patterns (Figure 1).

According to FE-SEM images, the particles constituting the material
surface became closely packed together as the synthesis temperature
increased, eventually forming a large cubic morphological structure
(Figure 5e) for sample T-180, resulting in an increment in the interme-
diate pore size as indicated earlier in the previous section.

Regarding the HR-TEM images, the particle size of the prepared fer-
rites exhibited a slight increase with the increased microwave holding
temperature. The average particle size of the prepared samples for at
least 100 particles was estimated from TEM graphs (Figure 6), showing
that the average particle size increased with increasing preparation
temperature (10.0 +£ 2.1, 10.7 £ 2.3,11.0 £ 2.4,11.1 £1.9,11.5+ 2.4
nm for samples T-100, T-120, T-140, T-160, and T-180, respectively),
thereby confirming the successful production of nanoparticles via green
synthesis without a template.

3.2. Squash planting process

3.2.1. Effect of ferrite nanofertilizer on squash growth and yield

The application of MngsZng.sFesO4 NPs as a foliar nanofertilizer
significantly improved the growth and fruit characteristics of the squash
plant during two successive seasons, 2017 and 2018 (Tables 3 and 4),
with these characteristics increasing with concentration and preparation
temperature of ferrite nanofertilizer. The highest values of plant height
and number of leaves/plant were obtained with sample T-180 (Table 3).
But, the leaves area/plant remarkably increased with the preparation
temperature of ferrite nanofertilizer (T-100). The highest values of the
fresh and dry weight of squash plants were obtained with T-160,
reflecting that sample T-160 was enough and suitable to improve the
characteristics of growth. However, T-140 nanofertilizer had a
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Table 4. Effect of ferrite nanofertilizer on the characters and the yield of squash fruit plant. (During two successive seasons 2017 and 2018).

Nanoferrite samples Concentrations Fruit Length (cm) Fruit Diameter (cm) Yield kg/plant Yield t/ha
1t ond 15t ond 1t ond st ond
T-100 Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 13.5 13.4 6.0 5.9 1.06 1.07 42.5 42.7
20 ppm 12.5 12.6 5.7 5¥ 1.16 1.16 46.5 46.5
30 ppm 11.3 11.4 5.2 5.1 0.94 0.97 37.6 38.7
Mean 12.1 12.2 5.4 5.3 1.02 1.03 40.8 41.0
T-120 Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 11.7 11.9 5.3 5.2 1.30 1.31 52.1 52.3
20 ppm 11.3 11.3 5.3 5.2 1.08 1.12 43.1 44.9
30 ppm 11.3 11.5 5.2 5.1 1.14 1.15 45.7 46.0
Mean 11.4 11.5 5.1 5.0 1.11 1.12 44.4 44.8
T-140 Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 12.3 12.5 5.6 5.6 1.19 1.18 47.6 47.1
20 ppm 13.5 13.6 6.1 6.0 1.20 1.23 48.0 49.3
30 ppm 13.3 13.4 5.8 5.9 1.31 1.31 52.5 52.5
Mean 12.6 12.7 5.5 5.5 1.15 1.16 46.2 46.3
T-160 Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 11.5 11.7 5.2 5% 1.37 1.38 54.8 55.2
20 ppm 11.4 11.5 4.6 4.7 1.20 1.22 48.1 48.9
30 ppm 10.5 10.6 4.2 4.3 1.32 1.32 52.8 52.8
Mean 11.1 11.3 4.7 4.7 1.20 1.21 48.1 48.3
T-180 Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 12.2 12.1 5.9 5.9 1.24 1.26 49.6 50.3
20 ppm 11.9 11.8 5.6 5.7 1.17 1.17 46.8 46.8
30 ppm 12.1 12.2 5.5 5.6 1.20 1.21 48.1 48.4
Mean 11.8 11.8 5.4 5.5 1.13 1.14 45.3 45.4
Average Oppm 11.1 11.3 4.7 4.6 0.92 0.90 36.7 36.1
10 ppm 12.3 12.3 5.6 5.6 1.23 1.24 49.3 49.5
20 ppm 12.1 12.2 5.5 55 1.16 1.18 46.5 47.3
30 ppm 11.7 11.8 5.2 5.2 1.18 1.19 47.3 47.7
LSD at 5% Effect of temp. 0.27 0.25 0.19 0.22 0.04 0.04 1.6 1.6
Concentrations 0.56 0.59 0.31 0.31 0.05 0.06 2.1 2.3
Interaction 1.13 1.18 0.62 0.62 0.11 0.11 4.3 4.6

considerable effect on the length and diameter of a squash fruit (Table 4).
The fruit yield of squash (kg/plant and t/ha) increased with the tem-
perature treatment T-160. These results showed that the growth char-
acteristics were related to the temperature of the preparation of
nanoparticles.

Nonetheless, the size of ion also has an impact, as the NPs react with
plants to produce several changes in their morphological and physio-
logical properties, based on the properties of NPs. The efficiency of NPs
was determined by their chemical structure, size, surface covering,
reactivity, and most significantly, the quantity at which they are useful
[21]. In addition, the change in the reaction temperature will certainly
affect the morphology and structure of the nanomaterials, where the
particle morphology is highly dependent on the super-saturation which
in turn is dependent upon the solution temperature [57].

Regarding the concentration of ferrite nanofertilizer for foliar appli-
cation (Tables 3 and 4), the concentration of 20 ppm provided the best
values of plant height and number of leaves/plant, which were related to
the dry weight of the plant, while the concentration of 10 ppm was more
effective on the fresh weight, that was related to length and diameter of
fruit, as well as the fruit yield kg/plant and t/ha. Similarly, Zheng et al.
[58] illustrated that the concentration of nanoparticles had an effect on
processes such as germination and development of the plant. Addition-
ally, Amords Ortiz-Villajos et al. [33] reported that each element pref-
erentially accumulates in certain parts of the plant, with Cu and Ni in the

roots, Mg and Mn in leaves, Ca and Mo in leaves and roots, and K in all
parts.

The interaction between the preparation temperature of the ferrite
nanofertilizer and the concentration had a significant effect on
improving the growth and yield of the squash plant, which were
enhanced with increasing preparation temperature as well as their
concentration (Tables 3 and 4). The number of leaves per plant
improved with T-180 and 20 ppm concentration, with the longest plant
length recorded in the plant treated with T-180 at 30 ppm concentra-
tion. The highest leaf area per plant and fresh weight per plant was
observed in plants treated with T-120 at 10 ppm, with the best fruit
length and diameter in plants treated with T-140 at 20 ppm. The fruit
yield of squash (kg/plant and t/ha) was enhanced in plants treated with
T-160 and 10 ppm concentration.

3.2.2. Effect of ferrite nanofertilizer on proximate components of squash
leaves and fruits

3.2.2.1. Effect on squash leaves. The preparation temperature of ferrite
nanofertilizer had a notable effect on proximate components of the
squash leaves during the seasons 2017 and 2018 (Table 5). Ferrite
nanofertilizer prepared at 180 °C (T-180) gave the best values of organic
matter and carbohydrate content, which are related to the total energy,
while the highest values of protein and ash content were obtained with T-
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Table 5. Effect of ferrite nanofertilizer on proximate components of squash leaves. (During two successive seasons 2017-2018).

Nanoferrite samples  Concentrations Organic matter (%) Protein (%) Fiber (%) Lipids (%) Carbohydrate (%) Ash (%) Total Energy (kcal/g)
st ond st ond 15t ond 1t ond st ond 1t ond st ond
T-100 0 ppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 30.5 311 2477 245.2
10 ppm 66.7 66.1 21.7 21.5 135 134 1.0 1.0 30.5 30.2 333 339 2181 216.0
20 ppm 68.1 67.4 20.4 20.3 127 126 1.4 1.3 33.6 B3 319 326 2283 225.7
30 ppm 66.5 66.0 23.4 23.2 136 136 1.4 1.4 28.1 27.8 335 340 2187 216.6
Mean 67.7 67.1 21.7 21.5 124 123 1.4 1.3 32.2 31.9 32.3 32,9 228.2 225.9
T-120 Oppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 30.5 311 2477 245.2
10 ppm 63.8 63.0 22.0 21.6 122 121 1.2 1.2 28.5 28.1 36.2 37.0 2127 209.7
20 ppm 67.1 66.6 23.1 23.1 131 131 17 1.6 29.2 28.8 329 334 2245 222.4
30 ppm 66.2 65.9 20.9 20.7 132 131 1.3 1.3 30.8 30.7 33.8 341 2180 217.2
Mean 66.7 66.1 21.8 21.7 121 12.0 1.5 1.4 31.3 31.0 33.3 339 2257 223.6
T-140 Oppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 305 311 2477 245.2
10 ppm 65.4 65.1 22.0 21.9 124 123 1.7 1.8 29.3 29.2 347 349 2205 220.1
20 ppm 67.7 67.2 22.3 22.2 140 139 29 2.8 28.5 28.3 323 328 2295 227.5
30 ppm 64.7 64.3 24.6 24.4 133 133 20 2.1 24.9 24.6 353 357 2154 214.3
Mean 66.8 66.4 22.6 224 123 123 21 2.1 29.8 29.6 33.2 33.6 2282 226.8
T-160 Oppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 30.5 311 2477 245.2
10 ppm 62.5 61.2 21.8 21.6 114 113 15 1.5 27.8 26.8 37.5 388 211.7 207.1
20 ppm 66.1 65.4 24.7 24.5 12.0 11.8 20 1.8 27.5 27.3 339 346 2265 223.6
30 ppm 66.3 65.8 24.3 24.2 111 110 1.8 1.7 29.1 28.9 337 342 2303 227.9
Mean 66.1 65.3 23.0 229 11.0 109 1.8 1.7 30.3 29.9 33.9 347 229.0 225.9
T-180 Oppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 30.5 311 2477 245.2
10 ppm 65.5 64.9 22.4 22.3 119 119 22 2.1 29.0 28.6 345 351 2254 223.0
20 ppm 64.4 63.9 22.7 22.6 11.7 115 20 1.9 28.0 27.8 356 362 2207 218.8
30 ppm 73.0 72.5 23.6 23.4 104 103 1.9 1.9 37.2 37.0 27.0 27.5 260.0 258.3
Mean 68.1 67.5 22,5 224 109 108 1.9 1.9 32.7 32.4 31.9 32,5 2385 236.3
Average Oppm 69.5 68.9 21.4 21.3 9.7 9.6 1.7 1.6 36.6 36.3 30.5 311 2477 245.2
10 ppm 64.8 64.1 22.0 21.8 123 122 15 1.5 29.0 28.6 352 359 2177 215.2
20 ppm 66.7 66.1 22.6 22.5 127 126 20 1.9 29.4 29.1 33.3 339 2259 223.6
30 ppm 67.4 66.9 23.3 23.2 123 123 17 1.7 30.0 29.8 327 331 2285 226.9
LSD at 5% Effect of temp.  0.68 N.S. 031 031 0.17 0.18 0.10 0.10 0.47 1.54 0.68 N.S. 2.52 6.90
Concentrations 1.86 1.71 0.82 0.83 0.18 0.19 0.16 0.18 1.02 0.84 1.86 1.71 7.44 6.91
Interaction 3.72 3.41 1.64 1.65 036 038 032 036 2.03 1.68 3.72 3.41 14.89 13.82

160, lipids with T-140 and highest percentage fiber was obtained with T-
100 treatment. These results indicate that the preparation temperature of
ferrite nanofertilizer had a role in photosynthesis of squash leaves, which
may be due to the change in the size and the shape of the prepared
nanoferrite (Figures 2 and 3), in agreement with the results reported by
Guozhong [57].

In addition, the concentration of ferrite nanofertilizer had a signifi-
cant effect on proximate components of squash leaves as shown in
Table 5, with the maximum percentage of organic matter, carbohydrate
and total energy obtained with the highest concentration (30 ppm). The
highest protein content was obtained for plants treated with 30 ppm
ferrite nanofertilizer, with the highest percentage fiber and lipid content
observed in plants treated with 20 ppm concentration. In addition, 10
ppm concentration was more effective on ash percentage, which may be
due to the role of the ferrite nanofertilizer in the metabolic processes and
penetration of the plant cell.

The interaction between the preparation temperature and concen-
tration of ferrite nanofertilizer also had a significant effect on proxi-
mate components of squash leaves (Table 5). The increasing
preparation temperature of ferrite nanofertilizer (T-180) with 30 ppm
concentration enhanced the organic matter, carbohydrate and total
energy (kcal/g). The increase in protein and ash content was greatest
in plants treated with 20 and 10 ppm, respectively, T-160. Moreover,
the highest percentage lipid and fiber content was observed in plants

treated with T-140 at 20 ppm, which may be related to the increased
translocation, penetration and accumulation of the nanofertilizer
within the plant cell.

3.2.2.2. Effect on squash fruits. The foliar application of the ferrite
nanofertilizer had significant effects on the proximate components of the
squash fruit (Table 6). T-140 significantly increased organic matter,
carbohydrate and total energy (kcal/g), while the highest protein and
lipid percentages were obtained in plants treated with T-160. The highest
fiber percentage was recorded with plants treated with T-180, and the
maximum % ash was obtained in plants treated with T-100. The differ-
ences in the proximate component response to nanoparticles produced at
different temperatures might be due to the size of nanoparticles and their
role in physiological processes in plant cells as stimulating or co-
enzymes.

Likewise, the concentration of the ferrite nanofertilizer had an impact
on the proximate component of squash fruit (Table 6), indicating that the
applied concentrations increased the quality and quantity of squash fruit.
The percentage organic matter, protein, carbohydrate and total energy
were significantly increased with the concentration of 30 ppm, while
lipid was significantly enhanced up to 20 ppm, whereas ash and fiber
were most affected by the concentration of 10 ppm.

Regarding the interaction of preparation temperature and concen-
tration (Table 6), the percentage protein and fiber were significantly



A. Shebl et al.

Heliyon 6 (2020) e03596

Table 6. Effect of ferrite nanofertilizer on proximate components of squash fruits. (During two successive seasons 2017 and 2018).

Nanoferrite samples  Concentrations Organic matter (%) Protein (%) Fiber (%) Lipids (%) Carbohydrate (%) Ash (%) Total Energy (kcal/g)
st ond st ond 15t ond 1t ond st ond 1t ond st ond
T-100 Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 70.3 70.4 25.4 25.3 21.3 210 17 1.8 21.9 22.3 29.7 29.6 2049 206.4
20 ppm 72.9 73.2 26.3 26.2 223 223 29 2.7 21.5 22.0 27.1 26.8 2169 216.9
30 ppm 71.2 71.7 25.7 25.7 214 215 26 2.5 21.6 22.1 28.8 283 2122 213.3
Mean 72.6 72.7 26.3 26.2 20.2 203 2.2 2.2 23.9 24.1 27.4 27.3 220.9 221.0
T-120 Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 72.4 72.4 26.6 26.6 20.8 207 22 2.2 22.9 23.0 276 276 2175 217.8
20 ppm 72.0 71.8 25.1 25.0 201 201 28 2.7 23.9 24.0 28.1 282 2216 220.1
30 ppm 75.2 74.9 26.1 25.9 194 191 20 2.1 27.8 27.8 248 251 2334 233.4
Mean 73.9 73.7 26.4 26.3 19.1 19.0 2.2 2.2 26.3 26.2 26.1 26.3 230.5 229.7
T-140 Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 76.2 75.7 28.7 28.6 187 185 25 2.4 26.3 26.2 238 243 2422 240.9
20 ppm 75.4 75.2 26.1 26.3 19.8 196 22 2.2 27.3 27.2 246 248 2333 233.4
30 ppm 75.6 75.5 28.5 28.5 182 181 22 2.2 26.8 26.8 24.4 245 2408 240.7
Mean 75.8 75.5 27.8 277 182 181 2.2 2.2 27.8 27.6 24.2 245 2415 240.6
T-160 Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 70.6 70.1 26.0 25.7 20.1 19.7 35 3.3 21.0 21.3 294 299 2195 218.0
20 ppm 76.6 76.3 30.0 29.7 177 180 36 3.4 25.2 25.2 23.4 237 2536 250.3
30 ppm 76.3 76.4 27.9 28.0 195 193 27 2.8 26.2 26.3 23.8 236 2403 242.0
Mean 74.9 74.6 27.9 277 183 183 29 2.8 25.8 25.7 25.1 25.4 240.7 239.4
T-180 Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 71.2 71.2 22.8 22.6 245 245 29 2.9 21.0 21.2 28.8 288 201.4 201.3
20 ppm 70.9 70.4 24.1 23.9 243 241 19 2.0 20.6 20.5 29.1 296 1956 195.1
30 ppm 75.0 74.4 30.4 29.7 188 191 24 2.3 23.4 23.4 250 256 236.7 232.7
Mean 73.3 72.9 26.3 259 209 21.0 23 2.3 23.9 23.8 26.7 27.1 220.8 219.1
Average Oppm 76.1 75.7 27.8 27.6 16.0 162 1.8 1.9 30.6 30.1 239 243 2496 247.3
10 ppm 72.1 71.9 25.9 25.7 21.1 209 26 2.5 22.6 22.8 279 281 2171 216.9
20 ppm 73.5 73.4 26.3 26.2 209 208 27 2.6 23.7 23.8 265 266 224.2 223.2
30 ppm 74.7 74.6 27.7 27.5 19.4 194 23 2.4 25.2 25.3 253 254 2327 232.4
LSD at 5% Effect of temp.  0.59 0.36 0.77 0.84 023 0.25 0.11 0.20 0.39 0.63 0.59 0.36 1.97 1.66
Concentrations  0.49 0.56 0.32 0.45 0.13 0.27 0.07 0.14 0.44 0.64 0.49 0.56 2.18 2.60
Interaction 0.98 1.11 0.65 091 026 0.53 0.15 0.28 0.89 1.28 0.98 1.11 4.37 5.20

affected in plants treated with T-180 at the concentrations of 30 ppm and
10 ppm, respectively, with the maximum percentage organic matter,
lipids and total energy obtained with T-160 at 20 ppm. The percentage
ash increased with T-100 at 10 ppm, while carbohydrate improved with
T-120 at 30 ppm.

3.2.3. Effect of ferrite nanofertilizer on the mineral contents of squash leaves
and fruits

3.2.3.1. Effect on squash leaves. The prepared ferrite nanofertilizers
had significant effects on the mineral content of the leaves during two
seasons 2017 and 2018 (Table 7). The mineral content of N and Mn
increased most in plants treated with T-160 and T-180, whereas K and
Fe were more affected by T-120, while those of P and Zn in leaves were
more influenced by T-100. These effects may be due to competition
between the shape of NPs and their ability to penetrate the cell wall.
Regarding the concentration of NPs, leaf mineral content of N, Zn, Fe
and Mn significantly increased with increasing concentration of NPs
applied as a foliar fertilizer. The highest concentration 30 ppm applied
yielded the highest content of N, Zn, Fe and Mn in leaves, whereas P
and K content were greatly affected by 20 and 10 ppm concentration,
respectively. The combination of T-160 applied at 20 ppm concen-
tration interaction gave the highest values of N, while T-100 applied at
a concentration of 10, 20 and 30 ppm led to an important increase in
K, P and Zn leaf content. The highest K content was obtained in plants
treated with T-120 at 10 ppm concentration, while Fe and Mn contents
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notably increased with 30 ppm of T-120 and T-180, respectively. These
results suggest that the increase in the mineral contents of leaves is
mostly attributed to the preparation temperature of the ferrite nano-
fertilizers and their concentration.

3.2.3.2. Effect on squash fruits. Data in Table 8 showed that ferrite
nanofertilizer also enhanced the mineral content of squash fruits, with T-
160 being more effective on N, P, K and Mn content, while Zn content
was influenced by the T-100. In this regard, Fe content was remarkably
increased by T-140. These results showed that N, P, K and Mn contents of
squash fruit were more responsive to the preparation temperature of
ferrite nanofertilizer (T-160). Furthermore, the concentration of ferrite
nanofertilizer affected the mineral content of squash fruits, with K, Zn
and Mn obviously increased by treatment with 10 ppm, while N, P and Fe
contents were most affected by 30 ppm, suggesting that the mineral
content responses varied according to the ability of penetration and size,
thus, the mineral contents decreased with increasing applied ferrite
nanofertilizer concentration.

Accordingly, the interaction between the preparation temperature of
ferrite nanofertilizers and their concentration showed a significant effect
on the mineral content of squash fruits (Table 8). The contents of N and K
were more affected by application of T-180 at 30 and 10 ppm, respec-
tively, while P and Mn content were affected by treatment with T-160 at
20 and 30 ppm, respectively. The highest Zn content was obtained by T-
100 at 30 ppm, whereas the Fe content increased with treatment with T-
140 at 30 ppm.
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Table 7. Effect of ferrite nanofertilizer on squash leaves content of the endogenous minerals. (During two successive seasons 2017 and 2018).

Nanoferrite samples Concentrations N P K Zn Fe Mn
15t ond 1t ond 1t ond 15t ond 15t ond 15t ond
T-100 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.47 3.44 0.31 0.31 4.30 4.23 55.0 57.7 90.0 91.3 26.0 27.0
20 ppm 3.26 3.24 0.37 0.35 2.76 2.79 103.0 101.0 150.0 153.0 35.0 36.7
30 ppm 3.74 3.71 0.15 0.16 3.30 3.27 240.0 238.0 290.0 291.7 44.0 45.3
Mean 3.47 3.45 0.24 0.23 3.19 3.16 111.5 111.0 162.5 163.6 39.5 40.5
T-120 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.51 3.45 0.30 0.29 3.80 3.73 25.0 26.7 135.0 133.3 25.0 26.7
20 ppm 3.70 3.69 0.20 0.19 3.24 3.22 63.0 63.0 150.0 151.7 26.0 28.3
30 ppm 3.34 3.32 0.13 0.13 3.60 3.57 25.0 26.7 300.0 296.7 53.0 54.3
Mean 3.49 3.47 0.19 0.18 3.26 3.22 40.3 40.9 176.3 175.0 39.3 40.6
T-140 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.52 3.50 0.15 0.16 3.80 3.79 13.0 16.0 150.0 148.3 18.0 20.3
20 ppm 3.57 3.55 0.14 0.15 3.20 3.22 68.0 68.3 135.0 133.3 44.0 44.7
30 ppm 3.93 3.90 0.15 0.16 2.00 2.10 18.0 18.0 25.0 26.7 61.0 62.0
Mean 3.61 3.59 0.14 0.14 2.85 2.87 36.8 37.4 107.5 106.7 44.0 45.0
T-160 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.49 3.46 0.22 0.22 3.34 3.32 13.0 13.0 40.0 42.0 26.0 27.0
20 ppm 3.94 3.91 0.32 0.30 2.00 2.07 33.0 33.0 70.0 70.7 53.0 53.7
30 ppm 3.89 3.87 0.15 0.16 3.34 3.31 58.0 59.3 100.0 103.0 70.0 72.0
Mean 3.69 3.66 0.20 0.20 2.77 2.77 38.0 38.2 82.5 83.5 50.5 51.4
T-180 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.59 3.57 0.24 0.24 2.00 2.17 93.0 93.7 85.0 86.7 70.0 71.0
20 ppm 3.63 3.62 0.29 0.28 3.40 3.37 70.0 71.0 80.0 81.7 100.0 101.7
30 ppm 3.77 3.74 0.22 0.21 3.30 3.28 88.0 86.7 125.0 126.7 118.0 118.7
Mean 3.61 3.58 0.22 0.21 2.78 2.80 74.8 74.7 102.5 103.3 85.3 86.1
Average 0 3.43 3.40 0.11 0.10 2.40 2.37 48.0 47.3 120.0 118.3 53.0 53.0
10 ppm 3.52 3.48 0.24 0.24 3.45 3.45 39.8 41.4 100.0 100.3 33.0 34.4
20 ppm 3.62 3.60 0.26 0.25 2.92 2.93 67.4 67.3 117.0 118.1 51.6 53.0
30 ppm 3.73 3.71 0.16 0.16 3.11 3.11 85.8 85.7 168.0 168.9 69.2 70.5
LSD at 5% Effect of temp. 0.05 0.05 0.01 0.01 0.05 0.07 2.09 1.59 1.29 3.24 4.13 4.19
Concentrations 0.13 0.13 0.01 0.01 0.06 0.06 1.99 2.61 1.32 2.24 2.18 2.43
Interaction 0.26 0.26 0.02 0.02 0.12 0.13 3.97 5.22 2.63 4.48 4.36 4.87
Table 8. Effect of ferrite nanofertilizer on squash fruits content of the endogenous minerals. (During two successive seasons 2017 and 2018).
Nanoferrite samples Concentrations N P K Zn Fe Mn
1%t ond 1 ond 1t 2ond 1%t 2nd 1t ond 1 ond
T-100 0 4.44 4.41 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 4.07 4.05 0.18 0.17 5.16 5.13 85.0 83.7 63.0 64.7 62.0 61.7
20 ppm 4.21 4.19 0.24 0.24 4.20 4.27 91.0 90.3 75.0 75.7 61.0 60.3
30 ppm 4.11 4.11 0.24 0.23 4.87 4.93 99.0 98.0 75.0 75.7 57.3 56.7
Mean 4.21 4.19 0.23 0.22 4.61 4.61 84.3 83.3 68.0 69.0 59.8 59.3
T-120 0 4.44 4.41 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 4.25 4.25 0.34 0.34 4.20 4.13 94.0 94.0 72.0 72.7 59.0 58.7
20 ppm 4.02 4.00 0.26 0.25 3.60 3.66 83.0 83.7 72.0 73.0 60.0 59.7
30 ppm 4.17 4.14 0.31 0.30 2.76 2.92 68.0 69.0 65.0 66.0 62.0 62.0
Mean 4.22 4.20 0.29 0.28 3.69 3.71 76.8 76.9 67.0 67.9 60.0 59.7
T-140 0 4.44 4.44 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 4.59 4.57 0.28 0.28 5.76 5.70 98.0 97.0 60.0 60.7 55.0 5518
20 ppm 4.18 4.20 0.29 0.28 5.40 5.35 98.0 96.7 74.0 75.0 50.0 51.0
30 ppm 4.56 4.55 0.28 0.27 3.34 3.42 60.0 61.7 82.0 81.7 41.0 42.7
Mean 4.44 4.43 0.27 0.27 4.68 4.65 79.5 79.1 68.8 69.3 51.3 51.8
T-160 0 4.44 4.41 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 4.16 4.12 0.38 0.38 5.76 5.69 93.0 92.0 64.0 65.0 62.0 61.7
20 ppm 4.80 4.75 0.57 0.56 6.24 6.11 88.0 88.7 75.0 74.7 60.0 59.3
30 ppm 4.47 4.47 0.34 0.36 5.50 5.60 62.0 63.0 72.0 72.3 70.0 69.0
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Nanoferrite samples Concentrations N P K Zn Fe Mn
15t ond 15t ond 15t ond 15t ond 15t ond 15t ond
Mean 4.47 4.44 0.38 0.38 5.43 5.38 76.3 76.2 67.5 68.0 62.8 62.1
T-180 0 4.44 4.41 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 3.64 3.61 0.23 0.23 6.70 6.57 83.3 82.0 60.0 61.3 57.0 57.0
20 ppm 3.85 3.82 0.10 0.10 3.60 3.69 68.0 69.7 64.0 65.3 55.0 54.0
30 ppm 4.87 4.75 0.42 0.41 5.50 5.56 93.0 92.0 82.0 81.3 41.3 43.3
Mean 4.20 4.15 0.25 0.24 5.00 4.99 76.6 76.2 66.3 67.0 53.1 53.2
Average 0 4.44 3.97 0.24 0.23 4.20 4.13 62.0 61.0 59.0 60.0 59.0 58.3
10 ppm 4.14 3.67 0.28 0.28 5.52 5.44 90.7 89.7 63.8 64.9 59.0 58.9
20 ppm 4.21 3.82 0.29 0.29 4.61 4.62 85.6 85.8 72.0 72.7 57.2 56.9
30 ppm 4.44 3.92 0.32 0.32 4.39 4.49 76.40 76.73 75.2 75.4 54.3 54.7
LSD at 5% Effect of temp. 0.12 0.13 0.01 0.01 0.05 0.06 1.32 1.37 0.39 0.73 0.95 1.73
Concentrations 0.05 0.07 0.01 0.01 0.06 0.11 0.94 1.74 0.44 0.89 1.11 1.11
Interaction 0.10 0.15 0.02 0.02 0.12 0.21 1.87 3.49 0.89 1.79 2.22 2.22

4. Conclusions

Green template-free microwave-assisted hydrothermal synthesis
method was successfully applied to prepare manganese zinc ferrites
nanoparticles. The synthesized ferrite nanoparticles had a cubic shape,
the regularity of which was enhanced as the holding synthesis temper-
ature increased. The synthesized nanoferrites displayed an irreversible
type IV adsorption-desorption isotherm, which was attributed to the
mesopore capillary condensation effect. In addition, the surface area and
broad pore size distribution of these nanoferrites decreased as the syn-
thesis temperature increased, while the average particle size increased.
The most effective surface parameter in fertilization efficiency was the
pore size distribution. Furthermore, the application of these ferrites as
foliar nanofertilizers improved the growth and yield of the squash plant
during two successive seasons, with the highest fruit yield of squash per
hectare (54.8 & 55.2 t/ha) obtained with nanofertilizer prepared at
160 °C (T-160) and applied at a concentration of 10 ppm. Finally, the
results had proven the influence of the synthesis temperature on the
physicochemical characteristics of the prepared nanoferrites including
surface, pore structure, particles size and shape, and consequently on the
plant growth criteria and the yield of squash plants when applied with
different concentrations.
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