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A B S T R A C T

Hydroxyapatite nanoparticles have a remarkable potential to be used as nano-fertilizers with great effects on
improving the yield of plants. These nano-compounds were synthesized using microwave and ultrasound
methods, which decrease the particle size distribution of the products. To investigate the effects of two types of
simple and triple superphosphate fertilizers on some properties of maize plant (Zea mays L.), a factorial experi-
ment was conducted based on a completely randomized block design. The fertilizer treatments included in this
study were simple superphosphate, triple superphosphate, microwave nano-hydroxyapatite, and ultrasound nano-
hydroxyapatite and examined at five concentration levels. The results showed that the application of nano-
hydroxyapatite phosphate fertilizers improved the growth and physiological properties of maize plant. This
would raise better results in comparison to the simple and triple superphosphate fertilizers. Considering the
positive effects of nano-hydroxyapatite fertilizers and high production levels, the results of this experiment
revealed that the synthetic nano-hydroxyapatite methods prevent phosphorus loss; therefore, it is recommended
to use nano-phosphate fertilizers in food resource management to achieve a favorable quantitative yield. More-
over, they can be regarded as a favorable solution to deal with the environmental problems.
1. Introduction

Today, nanotechnology has provided new opportunities to design and
fabricate nano-fertilizers to improve nutrient-use efficiency and mini-
mize the cost of environmental protection [1].

Nanotechnology can contribute to the fabrication, modification, and
stability of individual nanoparticles and prepare the self-assembled
nanostructures, which alter the properties of prepared structures by
optionally changing the size and shape of some the nanoparticles [2]. The
application of nanotechnology has been expanding in different fields
such as agriculture. In this regard, one of the main applications of
nanotechnology in various aspects of agriculture is in water, soil, and
plant nutrition sectors [1].

Fertilizer particles can be coated by nanoscale membranes, which
facilitate the slow and sustained release of the nutrients. Furthermore,
when fertilizer particles are bound with nano- and subnano-composites,
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they manage to regulate the release of nutrients from the fertilizer cap-
sules [3]. These nanoparticles benefit from a high surface area, high
activity, better catalytic surface, and rapid chemical reaction.

The nutrient nano-formulated elements hold great promise for
application in plant nourishment because of the size-dependent qualities,
high surface area, and unique optical properties [4]. Such a high surface
area increases the percentage of atoms on the surface, which can serve
both as a useful food source and as a bio-protective source [5, 6].

Accordingly, a thorough understanding of the main reaction path-
ways in the formation of these substances in soil is of paramount
importance for the application of more sustainable and safe nanoparticles
in agriculture [7, 8].

In general, the effective use of nano-fertilizers promotes the efficiency
of crop nutrient, reduces soil toxicity, minimizes the negative effects of
excessive application of the fertilizer, and reduces the number of times
fertilizers. With utilizing the nano-fertilizers, the release time and speed
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of the elements would be in line with the plant's nutritional requirements.
Accordingly, the plant could absorb the highest amount of nutrients and,
consequently, reduces the leaching of the elements and increases the crop
yield [9, 10, 11, 12].

Chemical fertilizers are materials required in all seasons for the
growth of plants [13]. Fertilizers are the fundamental factor for agri-
culture production both in quality and quantity. With an increasing
world population and diminishing arable land, it is necessary to employ
larger quantities of chemical fertilizers, especially nitrogen (N), phos-
phorus (P), and potassium (K), to meet the global food demands [14, 15].

One of the most important fertilizers is phosphorus fertilizer, whose
role is critical in providing necessary nutrients for plants. Phosphorus is
an essential mineral with cellular structures in many vital activities,
including the storage and transfer of chemical energy. Increased phos-
phorus uptake can ultimately enhance the harvest index of phosphorus in
plants, which is a vital parameter to improve the plant yield [16].

Generally, hydroxyapatite nanoparticles as a new type of phosphorus
fertilizers increase crop yields and reduce the atrophic risks of water [17,
18]. In this regard, phosphate nano-fertilizers reduce fertilizer con-
sumption and improve the plant growth and yield [19].

Regarding the agricultural crops, maize (Zea mays L.) is one of the
strategic crops due to its high significance in human and animals'
nutrition and its wide adaptation to different temperatures and trop-
ical climates [20, 21, 22, 23, 24]. Global demand for maize and wheat
is growing at a rapid pace as such there has been an increase in lands
under the cultivation during the last decades and compression of crop
cultivation systems along with the high demand for the nutrients,
which have consequently enhanced the consumption of chemical in-
puts and raised the production costs and the environmental hazards
[25, 26, 27, 28, 29].

Although various developments have been made in agricultural pro-
ductions, the unbalanced and excessive consumption of chemical fertil-
izers has unfortunately led to ecological damages and endangered human
health [30]. Furthermore, the excessive application of the chemical fer-
tilizers reduces the amount of organic materials in the agricultural fields
and converts soil into hard and undesirable textures [31].

Nanotechnology, as one of the promising techniques to increase the
food production, is increasingly growing in a world with diminishing
resources and an ever-increasing global population [32].

Nano-fertilizers are one of the main samples for the applications of
nanotechnology in different agricultural fields and in water and soil
sections [33, 34, 35].

Moreover, the use of nano-fertilizers can also increase the nutrients'
efficiency, reduce soil toxicity, minimize the negative effects of excessive
application of fertilizer, and reduce the number of used fertilizers [10,
11, 36].

The ultrasonic and microwave methods are novel synthesis methods
for different nanostructures. These methods have advantages including
high-speed production, low cost and eco-friendliness. In these methods,
products with a variety of structures and different physico-chemical
properties can be produced [37, 38]. To the best of our knowledge, no
study has been conducted on the synthesis of Nano-fertilizers using ul-
trasonic and microwave method.

With increasing environmental awareness and diminishing energy
sources, studies have focused on the chemical synthesis via microwave
irradiation (MW) because it offers the advantages of simplicity, reac-
tivity, high efficiency, low energy consumption, pollution reduction and
rapid bulk heating capability over conventional thermal heating methods
[39].

Due to the great significance of nano-fertilizers in agriculture and the
necessity of optimizing the use of chemical fertilizers in crop systems, the
present study aimed to investigate two different synthetic hydroxyapatite
nanoparticle methods. Furthermore, the effects of nanoparticles on maize
growth were compared with two types of phosphorus fertilizers (namely
simple superphosphate and triple superphosphate).
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2. Experimental section

2.1. Materials and methods

In this study, Calcium nitrate tetrahydrate (Mw: 236.15 g/mol,
99.0%), Ammonium hydrogen phosphate (Mw: 132.05 g/mol), and
Glycine (Mw: 75.06 g/mol, 99.8%) were purchased from Merck Com-
pany. Acrylic acid (Mw: 72.06 g/mol, 99%), Sodium hydroxide (Mw:
39.997 g/mol, 96%), Acetone (Mw: 58.08 g/mol, 80%), and Nitric acid
(Mw: 63.01, 65%) were also purchased from Sigma Company. Double-
distilled water was used to prepare all the solutions. All the materials
in this study were used as received, with no further purification.

The effect of nano-hydroxyapatite particles (nano-hydroxyapatite
synthesized by ultrasound and microwave methods) and two types of
phosphorus fertilizers (namely simple superphosphate and triple super-
phosphate) on somemorphological and physiological properties of maize
were investigated in the laboratory and greenhouse of Kerman Agricul-
tural Jihad Research Center during 2018–2019.

To this end, the experiment was carried out in a completely ran-
domized block with a factorial design in three replications. Fertilizer
treatments included SSP (simple superphosphate), TSP (triple super-
phosphate), NHAþ (microwave synthesized nanohydroxyapatite), and
NHA� (ultrasound synthesized nanohydroxyapatite).

2.2. Material characterization

The presence of nanoparticles in the final structures were confirmed
by energy disperse spectroscopy (EDX, XL30). The morphological prop-
erties of the as-synthesized nanostructures were examined by using
Scanning Electron Microscopy (SEM) and the Au/Pd application of a
Hitachi S-4700, Japan, operating at 12 keV. X-ray diffraction (XRD)
patterns were obtained in reflection mode using a powder X-ray
diffractometer (X'Pert MPD, Pananalytical, Cu Ka radiation, k ¼ 0.15406
nm) between 200 and 90" (2-Theta) with a step width of 0.01".

2.3. Synthesis of nano-hydroxyapatite particles

2.3.1. Microwave method
In a typical synthesis, 50 mL solution of (Ca (NO3)2. 4H2O) with a

concentration of 0.05 M was prepared. In the next step, 3.75 g Glycine
(NH2–CH2COOH) was added to the previous solution. Afterwards, 3.6 g
Acrylic acid (CH2 ¼ CH–COOH) was added, and an alkaline medium was
prepared. Then 50 mL diammonium hydrogenphosphate ((NH4)2HPO4)
solution with a concentration of 0.03 M was added to make a milky so-
lution. The resulting solution was stirred for 20 h with a magnetic stirrer.
Finally, the solution was placed in a 200-Wmicrowave reactor at 100 � C
and 1atm pressure for 10 min.

2.3.2. Ultrasound method
First, 100 mL Ca (NO3)2.4H2O with a concentration of 0.05 M was

prepared and placed under a magnetic stirrer. At the same time, 7.5 g of
Glycine was added to the solution. Then 7.5 g Acrylic acid was added.
Afterwards, 100 mL of (NH4)2HPO4 with a 0.03-M concentration was
added to make a milky solution. The resulting solution was stirred for 20
h using a magnetic stirrer. The solution was then placed in an ultrasound
batch for 1h (power: 160 W, frequency: 20 kHz). The resulting precipi-
tate was separated by centrifugation and dried and calcined after
washing.

2.3.3. Wet method
For the synthesis of the products using the wet method, 100 mL (Ca

(NO3)2.4H2O) with a concentration of 0.05 M was prepared and placed
under a magnetic stirrer. At the same time, 7.5 g of Glycine was added to
the solution. Then, 7.5 g Acrylic acid was added. In the next step, 100 mL
of (NH4)2HPO4 with a concentration of 0.03 M was added to make a
milky solution. The resulting solution was stirred for 20 h using a
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magnetic stirrer. The resulting precipitate was separated by centrifuga-
tion and dried and calcined after washing.
2.4. Greenhouse experiment

The plants were cultivated in the greenhouse of Kerman Agricultural
Jihad Research Center (four separate fertilizer treatments). The treat-
ments included simple superphosphate fertilizer (SSP), triple super-
phosphate (TSP), nanohydroxyapatite (NHAþ) synthesized by a
microwave, and NHA� synthesized by an ultrasound method. The
amount of fertilizer wasmeasured by a soil test, and it was sprayed before
soil sowing. To this end, five maize seeds were planted in each pot. The
levels of treatments (five concentrations considered for each fertilizer)
were applied in accordance with the soil test and the amount of phos-
phorus in the soil.

2.4.1. Determining the fertilizer concentration
In this pre-fertilization experiment, sampling was done in 0–30 cm

depth of the soil to determine the physical and chemical properties of the
soil. The samples were transferred to the soil laboratory, and the required
parameters were measured (Table 1).

In this experiment, five different concentrations were considered for
each fertilizer treatment to determine the desirable concentrations
(Table 2). For this reason, a control treatment (with no fertilizer treat-
ment) was considered for each replication, and the plant irrigation was
controlled by a weight method.

2.4.2. Measuring plant height
After placing the seedlings in the pots, the plant height was weekly

measured at 6 stages. To measure Relative Water Content (RWC) in Eq.
(1) and 0.1 g leaf of the seedlings was weighed using a digital scale (FW).
Then each sample was placed in a Petri dish, and 10 mL of distilled water
was added to the samples and placed in a dark place for 24 h to allow
saturation. The samples were extracted from the distilled water, and their
saturation weight (SW) was measured.

Afterwards, the samples were dried in an oven at 75 �C for 24 h and
weighed (DW). The RWC of the leaf was measured based on the following
Equation [40] (Eq. (1)).

RWC¼ FW � DW
ðSW � DWÞ � 100 (1)

2.4.3. Measuring photosynthetic pigments
In this experiment, 0.1 g leaf was carefully weighed and crushed in a

mortar using liquid nitrogen. Then 10ml acetone (80%) was added to the
above mixture, and the solution was centrifuged at 6,000 rpm for 10 min.
The extract isolated from the centrifuge was poured into the test tube.

The absorbance of the solution was measured using a spectropho-
tometer at the wavelengths of 470, 647, and 663 nm. Acetone (80%) was
used as a control solution to adjust zero in optical absorption spectro-
photometer (Eqs. (2) and (3)).

Chla¼ 11:75 A663� 2:79 A647 (2)

Chlb¼ 21:5A647� 5:7 A663 (3)

CðXþCÞ : ð1000 A470� 1:82Chla� 85:02 ChlbÞ
198

(4)

In the above equations (Eq. (2) and Eq. (3)), Chl a is chlorophyll a, Chl
Table 1. Physical and chemical analysis of soil at depth of 0–30 cm.

Soil pattern K O. N

Sandy Loam 305ppm 0.04
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b is chlorophyll b, C (x þ c) is the amount of carotenoids, and A is the
amount of absorbance at different wavelengths.

2.4.4. Measuring plant phosphorus (leaf)
After drying, the samples were crushed and passed through a 0.5 mm

sieve to have a uniform product. Then 0.5 g of the plant samples were
weighed and transferred to the digestion tubes. The solid residue after
evaporation was digested with 2 mL of H2S04 and 2 mL of H2O2. One
sample was prepared as the control sample, in which there was only
Sulfuric acid with no dry material. Then samples were kept at 60� C for 3
h. The temperature was raised to 110 � C; and the samples were kept at
this temperature for 6 h to complete the digestion process. The tubes
were then put in a place to be cooled down, and some distilled water was
added to the contents inside the tubes. The samples were transferred to a
graded cylinder after filtering. This procedure was repeated several
times, and the concentrations of the elements were finally measured
using atomic absorption spectrometry [41].

2.4.5. Measuring fresh and dry weights of shoots
When the plants' heights were 70 cm, they were calcined, and their

fresh weights were measured using a 0.001 digital scale. The samples
were then placed in a paper bag and transferred to the oven and kept at
60 � C for 48 h. The samples were then taken out of the oven and weighed
using digital scales.
2.5. Statistical analysis

The collected data was analyzed using SAS software version 9.4, and
the means were compared by LSD test at 5% using MSTAT-C software.

3. Results and discussion

3.1. Characterization of hydroxyapatite nanostructures

EDX analysis enables the semi-quantitative characterization of the
nano-hydroxyapatite sample synthesized by wet, ultrasound and micro-
wave methods (Figure 1). This analysis shows the presence of relevant
elements in the final structures, which confirm the synthesis procedures
for the sample.

The SEM images of the hydroxyapatite nanostructures synthesized by
wet, ultrasound, and microwave methods are presented in Figures 2 and
3. Evidently, in the microwave and ultrasound methods, the samples
revealed nano-ranged particle size distribution, and no evidence of
agglomeration in the structures was observed. However, in the wet
method, the particles agglomerated in some areas caused the structure
instability. Although the samples in both microwave and ultrasonic
methods indicated nano-ranged particle size distribution, the distribu-
tion of the particles in the microwave method was less (35 nm in the
microwave method compared to 41nm in the ultrasound method).
Accordingly, the microwave method was selected as the more optimal
method (Figure 3A). In the microwave method, the samples with ho-
mogeneous morphology and small size distribution could be provided.
More importantly, the microwave synthesis route can facilitate the per-
formance of the reactions and produce Hydroxiappatite under mild
conditions than conventional methods. As a result, this microwave
assisted method is simple, rapid, low-cost, pro-environmental, and safe
method, which can be employed for the acceleration of the procedures.
Furthermore, compared to the ultrasound method, microwave can be
synthesized Hydroxyapatite nanostructures with narrow size
P O.C EC pH

8ppm 0.4 0.63ms 7.3



Table 2. Concentration levels used for fertilizers based on the soil test.

Fertilizer type 1/2 of soil test (g) 1/5 of soil test (g) 1/10 of soil test (g) Equal soil test (g) Twice soil test (g)

SSP 0.25 0.1 0.050 0.501 1.002

TSP 0.087 0.034 0.017 0.174 0.348

NHAþ 42.28 16.912 8.456 84.56 169.12

NHA- 42.28 16.912 8.456 84.56 169.12

Figure 1. EDX analysis for nano-hydroxyapatite samples synthesized by wet, ultrasound and microwave methods.

Figure 2. SEM images of hydroxyapatite nanostructures synthesized by wet (A) and ultrasound methods (B).
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distribution. This capability may be affected the application of the
product in different area [42].
Figure 3. SEM (A) and TEM images (B) of hydroxyapatite nan

4

Figure 3B showed the TEM image of synthesized in optimal condition
(microwave method). According to this Figure, the products have a
ostructures synthesized by optimal method (microwave).



H. Sajadinia et al. Heliyon 7 (2021) e06094
homogenous morphology with narrow particle size distribution which
confirmed the SEM results obtained from microwave method. Further-
more, TEM image confirmed the crystallinity nature for Hydroxiappatite
nanostructures.

Figure 4 presents the XRD patterns of the synthesis of the Hydroxy-
apatite nanostructure samples by the microwave and ultrasound
methods. According to the results obtained from these patterns, although
the average crystal size of both samples is in the nanometric range based
on Debye-Scherrer method, the sample synthesized by the microwave
method has a smaller size to have broad peaks (22 nm in the microwave
method compared to 31 nm in the ultrasound method). In both methods,
the diffraction patterns at the different angles are excellent consistent
with all of the peaks may be indexed to the orthorhombic crystal system.
Except for the difference in the widening rate of the peaks, which changes
the size of crystals, other crystallographic data of the Hydroxyapatite
nanostructure samples synthesized by both methods are similar, as re-
ported in Table 3.

3.2. Plant height

Plant height was measured at six stages (once every seven days). The
analysis of variance results showed that the effects of the fertilizer and
concentration on plant height were significant at all the six stages at p ¼
0.01. However, the interaction effects of the fertilizer and concentration
Figure 4. XRD patterns of samples synthesize
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on plant height were significant at the first three stages but not at the last
three stages (Table 4).

The results of the interaction effect on concentration in the first three
measurement stages revealed a significant difference between the fer-
tilizer treatments and different concentrations; hence, the largest plant
height in all the three stages was reported for the nano-hydroxyapatite
fertilizers.

However, it should be noted that there was a statistically significant
difference between the syntheses of the two nano-hydroxyapatite
methods; hence, the largest plant height was obtained for the nano-
hydroxyapatite synthesized by the microwave method at concentra-
tions equal to soil test and twice soil test (Figure 5, a–c).

Moreover, the main effects of the fertilizer and concentrations in the
last three stages of height measurement showed a statistically significant
difference between the fertilizer levels and the concentration levels.
Regarding the fertilizer levels, the largest plant height was obtained for
the nano-hydroxyapatite fertilizer synthesized by the microwave
method. According to the concentration levels, the concentration level
equal to the soil test showed the largest plant height (Table 5).

In all the stages of the plant height measurement, the smallest plant
height was obtained for the control sample, followed by the simple su-
perphosphate fertilizer (Figure 5 & Table 5). The lower height of the
control plant can be related to the positive effect of the fertilizer treat-
ments, especially nano-hydroxyapatite fertilizers. Furthermore, since
there was no significant difference between the levels of concentration
d by ultrasound and microwave methods.



Table 3. Crystallographic data of Hydroxyapatite nanostructures samples.

Parameter Results

Crystal system Orthorhombic

Space group Pmm2

Space group No 25

a (Å) 43.9970

b (Å) 3.8940

c (Å) 6.2090

Alpha (�) 90.0000

Beta (�) 90.0000

Gamma (�) 90.0000

density (g/cm3) 8.28

Volume of cell (Å3) 1063.75

Z 12

RIR 6.53

Radiation Cuka

Temperature (K) 293

Wavelength (Å) 1.54178
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equal to soil test and twice soil test, the application of fertilizer treatment
equal to soil test was regarded as the most optimal case, resulting in the
favorable growth of the plant.

As a result, this process not only increases the profits of the farmers
but also reduces the negative consequences of excessive use of the
chemicals on the environment. The previous studies have suggested that
the use of nanoparticles stimulated reactive oxygen ions such as super-
oxide and hydroxide, eventually increases the permeability of the seed
and facilitates the entry of water and oxygen into the cell.

Accordingly, they would enhance the metabolism and germination of
the seed and thus enable the plant to be settled faster and better in
comparison to the conditions where no nanoparticle is used (control
conditions) [43].

The nature of nanostructures is unique, particularly in the microwave
method as it is affected by a range of inherent properties of the particles,
including color, strength, heat resistance, and penetration of moist gases.
The nanoscale particle size also increases the surface area of the material
enormously and ultimately improves the efficiency of the nanoparticles
[44].

Ref. [45], reported that magnesium and iron nanoparticles signifi-
cantly increased some traits such as stem height in bean plants in com-
parison to the control treatment. They concluded that the application of
nanoparticles increased the yield of the pods. They also confirmed the
significant effect of magnesium oxide and conventional iron nano-
particles on promoting the growth traits and yield of Cowpea.

Ref. [46], reported that the use of phosphorus fertilizers increased the
plant growth and height of sunflower bushes due to the increased root
development. Increasing plant height as a result of an increase in avail-
able phosphorus by the plant is due to the positive effects of phosphorus
element on promoting root system development, absorption of water and
Table 4. Analysis of variance results for Plant Height (in six stages) Affected by Fou
phosphate), NHAþ (microwave synthesis of nano-hydroxyapatite) and NHA - (Ultraso
concentration of soil test), 3 (1/10 concentration of soil test), 4 (concentration equal to
common have no statistically significant difference based on the 5% probability leve

S.O.V DF H1 H2

Fertilizer 3 619.02** 933.99**

Consistency 4 22.51** 35.41**

Fertilizer � Consistency 12 1.54** 2.18**

Error 42 0.22 0.45

CV 2.08 2.41

ns, * and ** show non-significance, significance at the 5% and 1% probability levels
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essential nutrients, especially nitrogen, which improves the shoot height
[47, 48].

The results of this experiment showed that nano-hydroxyapatite
synthetic methods prevented phosphorus loss and made it available for
the plant usage. The distinctive properties of nanotechnology can be
explained by this issue that smaller particles cause new chemical phe-
nomena and lead to new size-dependent behaviors; hence, the nutrients
are gradually released in the fertilizer. As a result, the fertilizer effi-
ciencies are improved, and this could be a reason for the higher growth
and ultimately higher yield of the plants under the conditions of using
nano-fertilizers.

3.3. RWC

The variance analysis of the results showed that, with regard to the
studied treatments, the main effect of fertilizer and concentration on
relative water content was significant at p¼ 1%; however, the interaction
effect of the fertilizer and concentration on this trait was not significant
(Table 4).

Comparing the means for the main effects of the fertilizer showed that
a statistically significant difference between the fertilizer treatments;
hence, the highest and lowest RWC levels were obtained for NHAþ (nano-
hydroxyapatite phosphate fertilizer synthesized by microwave method)
and the control treatments, respectively (Table 5). The results also
revealed significant differences among the concentrations levels.
Regarding the considered levels, the highest RWC was equal and twice
the soil test. Moreover, the lowest RWC was obtained for the control
treatment (Table 5).

Ref. [49], reported that, due to the use of the nanoparticles, the rate of
water uptake and retention in the plant increased and led to the better
germination of the plant. In addition, nanoparticle-treated plants
retained more water in their tissues, and this can be a reason for the high
RWC of the plants under such conditions.

As mentioned before, nano-phosphate fertilizers gradually released
the phosphorus element in the plant, thereby improved the uptake of
nutrients in the plant [50]. Accordingly, when the plant nutrition system
improved under the influence of nano-phosphate fertilizers, the plant
root system improved as well [50]. This may explain an increase in RWC
in comparison to the conditions where no nano-fertilizer was used (i.e.,
control condition).

In this study, the plant under the conditions using nano phosphate
fertilizers in both microwave and ultrasound methods showed more
lateral growth and expansion than the control condition and simple and
triple super phosphate fertilizers. Since the plants under nano-phosphate
fertilization conditions had higher growth, this behavior was a better
developed root system.

According to the studied traits, the results could differentiate the
fertilizer treatments and showed that the plants had a higher RWC in the
case of using nano-phosphate fertilizers. In other word, the amount of
leaf water loss under these conditions was less in comparison to the
control condition and two levels of phosphate fertilizer (namely simple
superphosphate and triple phosphate).
r Types of Fertilizers. SSP stands for (simple superphosphate), TSP (triple super-
und synthesis of nano-hydroxyapatite). 1 (1/2 concentration of soil test), 2 (1/5
soil test) and 5 (concentration twice soil test). Columns with at least one letter in

l.

H3 H4 H5 H6

1075.01** 1483.43** 1969.16** 2484.97**

58.77** 68.94** 80.95** 103.73**

1.63* 1.94 ns 1.13 ns 1.68 ns

0.87 1.7 2.65 2.69

2.89 3.65 3.94 3.42

respectively.



Figure 5. a) Interaction effect of fertilizer at concentration on plant height at
the first stage of measurement, b) second stage of measurement. c) Third stage
of measurement. SSP stands for (simple superphosphate), TSP (triple super-
phosphate), NHAþ (microwave synthesis of nano-hydroxyapatite) and NHA�

(ultrasound synthesis of nano-hydroxyapatite). 1 (1/2 concentration of soil test),
2 (1/5 concentration of soil test), 3 (1/10 concentration of soil test), 4 (con-
centration equal to soil test) and 5 (concentration twice soil test). Columns with
at least one letter in common have no statistically significant difference based on
the 5% probability level.
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3.4. Chlorophyll a and b

The variance analysis showed significant effects of the fertilizer and
concentration on chlorophyll a and b levels at p ¼ 0.01. For both of the
traits, the interaction effects of the fertilizer on concentration was sig-
nificant at p ¼ 0.05 (Table 6). The interaction effect of fertilizer at
different concentration levels was a significant difference between the
fertilizer treatments and concentration levels in both chlorophyll a and b
traits. On the other hand, there was no significant difference between the
two nano-hydroxy phosphate fertilizer treatments using the two micro-
wave and ultrasound synthesis methods.
7

The highest amounts of chlorophyll a and bwere obtained from nano-
hydroxyapatite phosphate fertilizer treatments using the microwave and
ultrasound methods at equal and twice concentration levels of soil test,
respectively. In addition, the lowest amount of controlled treatment was
obtained in both traits (Figure 6b).

Since chlorophylls play a major role in accelerating photosynthetic
reactions and affect the vegetative and reproductive yield of plants, an,
increase in the amount of photosynthetic pigments under the nano-
fertilizer application conditions can explain the higher vegetative yield
of plants (with wet and dry weights). Increasing the amount of chloro-
phyll a and b under the fertilizer conditions can be due to the positive
effects of fertilizers, especially nano-fertilizers, on the availability of
more water and nutrients for the plant, in comparison to the conditions
where no fertilizer was used [51]. According to the results of this
experiment, it can be concluded that the control conditions decreased the
amount of chlorophyll a and b.

On the other hand, the modification of soil physical properties, due to
the application of nano-fertilizers, increased chlorophyll a and b levels in
comparison to the non-application of fertilizers. In other words, the
application of nanotechnology released the nutrients in these fertilizers,
and this ultimately led to better plant growth and greening. This
parameter may be one reason explaining the increase in photosynthetic
pigments of chlorophyll a and b under these conditions [52].

3.5. Carotenoid

The comparison of the means in the variance analysis showed that the
significant effects of fertilizer, concentration, and interaction effect on
carotenoid level at p ¼ 0.01 (Table 6).

Moreover, comparing the mean interaction effect of the fertilizer and
concentration confirmed the significant difference between the concen-
tration levels and fertilizer treatments. Additionally, no statistically sig-
nificant difference was observed between triple superphosphate fertilizer
at the concentration level of 1/10 soil test and the simple super phos-
phate fertilizer at concentration levels of 1/10 and 1/5 soil test
(Figure 7). The lowest amount of carotenoids was observed for the nano-
hydroxyapatite fertilizer treatment synthesized by the microwave
method at concentration levels equal and twice the soil test. This finding
showed no significant difference with nano-hydroxyapatite fertilizer
treatment synthesized by the ultrasound method at the concentration
levels equal and twice the soil test.

Ref. [52], reported that plants benefit from the protective effect of
carotenoids when they are exposed to harsh conditions increasing the
amount of oxygen free radicals. As a result, carotenoid levels increase
under adverse environmental conditions. In this study, considering the
control condition where no fertilizer treatment was used, the plant
condition was more severe rather than the conditions; therefore, the
amount of carotenoids under these conditions would be higher than the
conditions using fertilizers.

Moreover, in this study, the carotenoid content of the protective
pigment was higher in the controlled treatment and simple superphos-
phate fertilizers. It is thus expected that the plant production would be
higher under the above conditions. On the other hand, since the plant
had lower chlorophyll a and b under these conditions, compared to the
conditions used for super phosphate triple fertilizers and nano-fertilizers;
hence, the plant production did not increase under these conditions.
Regarding the positive relationship between the amount of chlorophyll in
the plant and the photosynthetic rate, it can be concluded that the plant
consumed more energy to tolerate the adverse environmental conditions
and survived under these conditions with an increase in the carotenoid
protective pigment.

On the other hand, due to the lower chlorophyll a and b levels, it can
be concluded that the degradation of the chlorophyll molecule under the
control and simple superphosphate conditions was higher, and this led to
lower vegetative growth, organogenesis and yield, compared to nano-
fertilizer conditions.



Table 5. Analysis of variance results for Main Effects of Plant Height (in the second three stages) under four types of fertilizers. SSP stands for (simple superphosphate),
TSP (triple superphosphate), NHAþ (microwave synthesis of nano-hydroxyapatite) and NHA - (Ultrasound synthesis of nano-hydroxyapatite). 1 (1/2 concentration of
soil test), 2 (1/5 concentration of soil test), 3 (1/10 concentration of soil test), 4 (concentration equal to soil test) and 5 (concentration twice soil test). Columns with at
least one letter in common have no statistically significant difference based on the 5% probability level.

Fertilizer Height 4(Cm) Height 5(Cm) Height 6(Cm) Dry Weight(g) RWC %

SSP 25 d 31.07 d 34.81 d 9.45 c 57.35 d

TSP 32 c 35.65 c 41.8 c 9.33 c 60.45 c

NHA- 40.04 b 45.44 b 52.93 b 16.94 a 63.08 b

NHAþ 47.99 a 56.09 a 64.16 a 12.16 b 65.65 a

Control 25.17 d 30.03 e 36.3 d 8.29 d 53.65 e

Consistency

1 32.62 b 42.04 bc 48.68 b 12.05ab 61.69 b

2 35.3 c 40.54 c 47.01 c 11.8 ab 60.17 c

3 32.75 d 38.22 d 44.35 d 11.37 b 58.42 b

4 39.09 a 45.09 a 52.1 a 12.69 a 64.62 a

5 37.52 b 43.12 b 49.98 b 12.59 a 63.26 a

Control 25.17 e 31.78 e 36.36 e 8.29 c 53.65 e

ns, * and ** show non-significance, significance at the 5% and 1% probability levels respectively.
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Generally, under the conditions using nano-phosphate fertilizers, as
the soil physical properties improved and the release of phosphorus
fertilizer occurred gradually, the effects of environmental stress
decreased; therefore, the plant consumed less energy to produce carot-
enoid, as a protective pigment. Hence, this could explain the lower plant
carotenoids under the condition using nano-phosphate fertilizer. There
have been some reports in line with the results of this experiment, ac-
cording to which the effects of nanoparticles on chlorophyll a and b
content in maize and bean plants has been examined, and it was
concluded that nanoparticles increased chlorophyll content and
decreased carotenoid content [53].
3.6. Phosphorus (leaf)

The variance analysis of the results at p ¼ 0.01 confirmed that the
significant effect of fertilizer, concentration, and interaction effect of
fertilizer and concentration on plant phosphorus concentration (Table 6).
All the fertilizer treatments increased plant phosphorus, compared to the
control condition (i.e., no fertilizer application). Regarding the treated
fertilizers, the highest phosphorus content was obtained from the nano-
hydroxyapatite treatment.

It should be noted that there was a significant statistical difference
between nano-hydroxyapatite fertilizers so that the highest amount of
phosphorus was obtained from the nano-hydroxyapatite fertilizer treat-
ment synthesized by the microwave synthetic method at the concentra-
tion level equal to the soil test. Furthermore, the lowest amount of plant
phosphorus was obtained from the controlled level, indicating the posi-
tive effects of the fertilizer on the plant phosphorus content (Figure 8).
Although it was also found that the total amount of phosphorus in the soil
was relatively high [54, 55].
Table 6. Analysis of variance for Chlorophyll a, b, Carotenoid, Relative Water Conte
Types of Fertilizes. SSP stands for (simple superphosphate), TSP (triple superphospha
synthesis of nano-hydroxyapatite). 1 (1/2 concentration of soil test), 2 (1/5 concentra
test) and 5 (concentration twice soil test). Columns with at least one letter in commo

S.O.V df Chl a g.g.FW�1 Chl b mg.g.FW�1 Car

Fertilizer 3 16.77** 12.47** 7.06

Consistency 4 10.92** 9.59* 24.4

Fertilizer � Consistency 12 0.46* 0.36* 0.26

Error 42 0.26 0.18 0.09

CV 5.11 4.7 3.92

ns, * and ** show non-significance, significance at the 5% and 1% probability levels

8

According to the findings, it can be stated that the nano-
hydroxyapatite fertilizer prevents the loss of phosphorus and also facil-
itates the plant availability. In addition, the findings showed that the
application of nano-fertilizers functionalized by phosphate nano-
fertilizers was more effective, in comparison to simple superphosphate
fertilizers and triple superphosphate fertilizers. These findings were
consistent with those reported by Bansiwal et al. (2006) [56].

Nano-hydroxy phosphate fertilizers benefit from high phosphorus
uptake and the slow release of this element into soil. Accordingly, they
enable nano-phosphate fertilizers to compete with commercial super
phosphate and super phosphate fertilizers; hence, the nano-fertilizers in
the present study, in addition to supplying the plant with nutrients during
the growth period, prevented the entry of excessive amounts of these
compounds into the groundwater resources [56].

3.7. Plant fresh weight

The results showed a statistically significant difference between fer-
tilizer levels and concentration levels. These results showed that phos-
phorus fertilizers and nano-phosphate fertilizers increased plant fresh
weight in comparison to the controlled treatment. In addition, it was
found that the plants treated with both types of nano-phosphate fertil-
izers exhibited higher fresh weight. Comparing the means showed that
the highest fresh weight of the plant was obtained from the nano-
hydroxyapatite phosphate fertilizer treatment using ultrasound syn-
thetic method at the concentration equal to the soil test. However, no
statistically significant difference was observed between these two fer-
tilizers with concentrations twice, ½. and 1/5 of the soil test (Figure 9).
The results of this experiment indicated that the different sources of
phosphorus fertilizers had a statistically significant effect on the fresh
weight of the plant. Since the plant showed the highest level of nano-
nt, Fresh Weight, Dry Weight and amount of Plant Phosphorus affected by Four
te), NHAþ (microwave synthesis of nano-hydroxyapatite) and NHA - (Ultrasound
tion of soil test), 3 (1/10 concentration of soil test), 4 (concentration equal to soil
n have no statistically significant difference based on the 5% probability level.

mg.g.FW�1 RWC % Wet Weight g Dry weight g phosphor

** 189.96** 196.24** 192.24** 0.009**

1** 72.05** 7.94** 3.65** 0.0006**

** 2.52 ns 2.45** 1.17 ns 0.0005**

2.04 0.54 0.78 0.0001

2.33 4.56 7.41 6.37

respectively.



Figure 6. Interaction effect of fertilizer at concentration on chlorophyll a
(Figure a) and b (Figure b). SSP stands for (simple superphosphate), TSP (triple
superphosphate), NHAþ (microwave synthesis of nano-hydroxyapatite) and
NHA� (Ultrasound synthesis of nano-hydroxyapatite). 1 (1/2 concentration of
soil test), 2 (1/5 concentration of soil test), 3 (1/10 concentration of soil test), 4
(concentration equal to soil test) and 5 (concentration twice soil test). Columns
with at least one letter in common have no statistically significant difference
based on the 5% probability level.
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phosphate fertilizer in all measured traits, the accumulation of nutrients
and consequently vegetative yield of the plant (fresh and dry weights)
were not unexpected. This element was easily stabilized in the soil and is
out of the plant's access. It seems that the nanofosphate fertilizers
improve soil structure and stabilize the nutrients [57].

The gradual release of the elements increases the plant's ability to
consume the elements and ultimately enhances vegetative and repro-
ductive yield of the plant [58]. Previous studies have confirmed that the
application of phosphorus fertilizers improves root capacity to absorb
phosphorus and transfer it to the aerial part of the plant, thereby
enhancing the vegetative and reproductive yield of the treated plant
[59].

3.8. Plant dry weight

The highest and lowest plant dry weights (aerial organ dry weight)
were obtained from the nano-hydroxyapatite phosphate treatment syn-
thesized by ultrasound method and control plant, respectively (Table 6).
Although there was no statistically significant difference between the
concentration levels of 1/2 and 1/5 of the soil test, the results revealed
that the control plants had lower dry weights, in comparison to the
treated plants (Table 6). Nano-phosphate fertilizers released the required
phosphorus effectively and gradually, which improved the quantitative
or vegetative yield of the maize.

Ref. [17] investigated the effect of nano-hydroxyapatite as phos-
phorus fertilizer on Matricaria chamomilla plant. The results showed that
the application of the nanoparticles can increase the growth ofMatricaria
chamomill [59], also studied the effects of nano-hydroxyapatite fertilizer
on soybean. Their findings showed that the use of this fertilizer increased
the uptake of phosphorus and enhanced the vegetative and reproductive
yield of the plant. Although there are fewer reports examining the effects
of nano-fertilizers on the crop growth, the positive effect of nanonutrients
on maize growth has been reported by Moaveni et al. [60].
Nano-fertilizers are likely to increase the fertilizer efficiency. Moreover,
they can release their nutrients optimally due to the slow and controlled
release of the elements present in the fertilizers. Accordingly, an increase
Figure 7. Interaction Effect of Fertilizer at Con-
centration on Carotenoid. SSP stands for (simple
superphosphate), TSP (triple superphosphate),
NHAþ (microwave synthesis of nano-
hydroxyapatite) and NHA� (Ultrasound synthe-
sis of nano-hydroxyapatite). 1 (1/2 concentration
of soil test), 2 (1/5 concentration of soil test), 3
(1/10 concentration of soil test), 4 (concentration
equal to soil test) and 5 (concentration twice soil
test). Columns with at least one letter in common
have no statistically significant difference based
on the 5% probability level.

Figure 8. Interaction Effect of Fertilizer with
concentration on the mount of Plant Phosphorus
in mg/g. SSP stands for (simple superphosphate),
TSP (triple superphosphate), NHAþ (microwave
synthesis of nano-hydroxyapatite) and NHA -

(Ultrasound synthesis of nano-hydroxyapatite). 1
(1/2 concentration of soil test), 2 (1/5 concen-
tration of soil test), 3 (1/10 concentration of soil
test), 4 (concentration equal to soil test) and 5
(concentration twice soil test). Columns with at
least one letter in common have no statistically
significant difference based on the 5% probability
level.



Figure 9. Interaction Effect of Fertilizer with
Concentration on Fresh Plant Weight (g). SSP
stands for (simple superphosphate), TSP (triple
superphosphate), NHAþ (microwave synthesis of
nano-hydroxyapatite) and NHA - (Ultrasound
synthesis of nano-hydroxyapatite). 1 (1/2 con-
centration of soil test), 2 (1/5 concentration of
soil test), 3 (1/10 concentration of soil test), 4
(concentration equal to soil test) and 5 (concen-
tration twice soil test). Columns with at least one
letter in common have no statistically significant
difference based on the 5% probability level.
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in the plant photosynthetic period improved the carbohydrate produc-
tion and ultimately the plant yield [61].

In this study, the amount of plant's quantitative yield was lower than
fertilizer levels. Under these conditions, the plant had lower chlorophyll
a and b content, relative water content, and phosphorus content.
Furthermore, it showed less fresh and dry weights, compared to the
fertilizer treatment conditions, especially nano-phosphate fertilizers. The
results indicated the positive effect of the fertilizers on the plant growth
and production. In line with these findings, it has been reported that
nano-fertilizers increase the plant yield by promoting the plant photo-
synthetic potential and providing the required photosynthetic materials
[60].

As a result, in previous works, the effects of experimental parameters
have been studied by the conventional methods, which could increase
the number of experiments and ignore the interaction between the pa-
rameters. However, in this study, using a scientific analysis variance lead
to systematic studies of the parameters.

4. Conclusion

In this study, four types of fertilizers were included while nano-
phosphate fertilizers showed the highest effect on the growth proper-
ties of maize (Zea mays L.). The effectiveness of these fertilizers in some of
the studied traits of the maize was higher, in comparison to simple and
triple superphosphate commercial fertilizers. Moreover, since not many
differences were observed between the two chemical synthesis methods
of nano-phosphate fertilizers (i.e., microwave and ultrasound), it was
concluded that both methods could increase the plant yield and pro-
duction. However, the ultrasound synthesis method produced a higher
yield (i.e., wet and dry weight), and it was considered more beneficial
with regard to the two chemical synthesis methods. Regarding the sta-
tistical analysis, it can be concluded that higher concentration of the
fertilizers (twice the soil test) should be avoided to reduce the application
costs and the pollution caused by the unnecessary use of fertilizers. In this
study, the level of concentration equal to the soil test is presented as an
optimal level for acceptable production.
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