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Abstract: Recently, nanofertilizers are being tested as a new technology, either for soil or foliar
applications, to improve food production and with a reduced environmental impact. Nano calcium
phosphate (NCaP) was successfully synthesized, characterized and applied in this study. A pot
experiment was carried out in two successive seasons in 2016 and 2017 on (Phaseolus vulgaris L.)
plants to obtain the best phosphorus treatments. The results were applied in a field experiment
during the 2018-2019 season. Single superphosphate (SSP) at 30 and 60 kg P,Os fed—1 and NCaP
at 10%, 20% and 30% from the recommended dose were applied to the soil. Foliar application
involved both monoammonium phosphate (MAP) at one rate of 2.5 g L~ and NCaP at 5% and 10%
from the MAP rate. The results of all experiments showed that NCaP significantly increased the
shoot and root dry weights, the nutrient content in the shoot and root, the yield components, the
nutrient concentration and crude protein percentage in pods of the snap bean plants compared with
traditional P. The greatest increase was obtained from a 20% NCaP soil application in combination
with a 5% NCaP foliar application. The present study recommends using NCaP as an alternative
source of P to mitigate the negative effects of traditional sources.

Keywords: snap bean; monoammonium phosphate; nano calcium phosphate fertilizer; foliar application

1. Introduction

Agricultural land loses fertility as a result of human activity, which affects crop pro-
duction and leads to starvation. One of the critical determinants of soil fertility is soil
phosphorus availability [1]. Globally, more than 40% of soils suffer from low available
phosphorus [2], and according to some estimates, there will be no phosphorus reserve
in the soil by the year 2050 [3]. Plants absorb 15-20% of phosphate in fertilizer added
to the soil, while 80-90% rapidly converts to low-available forms [4]. The soil of Egypt
suffers from phosphorus deficiency [5] and applied phosphorus is retained in the soil
due to many factors (i.e., clay minerals and high soil pH) [6]. Due to multiple problems
associated with traditional phosphate fertilizers, nanofertilizers could be a suitable alterna-
tive. Nanofertilization relies on reducing bulk material to less than 100 nm to give a high
surface area-to-volume ratio [7]. Nanofertilizers are more soluble and reactive relative to
their traditional counterparts [8], easy to disperse with high tolerance for soil fixation [9],
easily absorbed by plants, and released slowly to provide nutrients over long periods [10].
Liu and Lal [11] found nanohydroxyapatite to be such an alternative phosphate fertilizer,
thereby showing that nanofertilizers help minimize the quantity of added fertilizer while
reducing fertilizer loss and pollution due to agricultural malpractice [12-15].

Nanomaterials 2021, 11, 2913. https:/ /doi.org/10.3390/nano11112913

https://www.mdpi.com/journal /nanomaterials


https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-3177-8475
https://doi.org/10.3390/nano11112913
https://doi.org/10.3390/nano11112913
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11112913
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11112913?type=check_update&version=2

Nanomaterials 2021, 11, 2913

20f19

In Egypt, the main sources of phosphorus are superphosphates and rock phosphates,
but in recent years, water-soluble phosphorus fertilizers, such as monoammonium phos-
phate (MAP) and monopotassium phosphate (MPK), have been used along with traditional
sources, especially during production of short-life vegetables such as the snap bean. These
sources have high solubility and are popular in several countries for their high phospho-
rus content and excellent physical properties [16]. Essential plant nutrients are generally
applied as a soil or foliar application to obtain maximum economic yields. For nutrients
required in high quantities, soil application is more common and effective. However, under
specific circumstances, foliar fertilization is more effective and economic; in intensified
cultivation, it has become a necessary agrotechnical procedure.

Rane et al. [17] reported that calcium phosphate nanoparticles supplemented calcium
and phosphate, the essential macronutrients required for profuse root proliferation. Cal-
cium phosphate nanoparticles may help in the formulation of new nano growth promoter
and nanofertilizers for agricultural use. Therefore, it could potentially help in reduction of
the quantity of fertilizer applied to crops and contributing to precision farming, as it reduces
fertilizer wastage and in turn environmental pollution due to agricultural malpractices.

Phosphorus is a critical and essential nutrient that limits the growth and production
of plants, especially legumes, by affecting nodule formation and, thus, N-fixation [18]. In
sustainable agriculture, the importance of legumes is increasing because they enhance the
physicochemical properties of soil, increase organic matter content by leaving major quan-
tities of crop residue and decrease the amount of nitrogen fertilizer. Snap bean (Phaseolus
vulgaris L.) is one of the most important leguminous vegetable crops in the world. In Egypt,
it is important for local consumption and second only to potatoes in the export trade [19].
It is a conventional food in the human diet, rich in protein, complex carbohydrates and
vitamins, low in fat, and considered an important source of potassium, thiamine, selenium,
molybdenum, folic acid and vitamin B6 [20]. The snap bean is one of the more sensitive
crops to different kinds of environmental stressors, so it was selected for this study [21].
This study used the calcium phosphate nanoparticles that supplemented calcium and
phosphate, the essential macronutrients required for profuse root proliferation (especially
the snap bean, which absorbs a large quantity of P). Calcium phosphate nanoparticles may
help in the formulation of new nano growth promoters and nanofertilizers for agricultural
use. Therefore, it could potentially help in reduction of the quantity of fertilizer applied to
crops and contributing to precision farming, as it reduces fertilizer wastage and in turn
environmental pollution due to agricultural malpractices.

The goals of this paper are to compare the effects of soil and foliar applications of
nano calcium phosphate (NCaP) with those of conventional phosphorus fertilizers single
superphosphate (SSP) for soil application and monoammonium phosphate (MAP) for foliar
application on growth, yield and nutrient contents of snap bean plants, and to evaluate
the suitability of using nano calcium phosphate as a partial alternative to conventional
phosphorous fertilizers.

2. Materials and Methods

To achieve the above goals, pot and field trials were conducted in private farm at El
Agamian West El Fayoum Governorate, Egypt (29°20'12.7” N; 30°4347.9” E; mean latitude
15 m above sea level). Daily temperatures range from 33.2 to 18 °C with an average of
25.7 °C, and daily relative humidity averages 73%, in a range between 79 and 68%. A
pot experiment was carried out in two successive seasons: season one (SI, 2016-2017)
and season two (SII, 2017-2018). An open greenhouse was used to evaluate the effect of
different P fertilizer sources (traditional and nanophosphorus fertilizers) on snap bean
plants and to obtain the best treatments to apply in a field experiment during the 2018-2019
season. Soil samples were taken from the site and analyzed for physical and chemical
properties (Table 1) before starting the experiments, according to the methods described by
Chapman and Pratt [22].
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Table 1. Some physico-chemical properties of soil used for the three seasons.

Soluble Anions

Soluble Cations

Available Macronutrients

Properties Particle Size Distribution pH 125 ECe dSm_1 (meq-1) (meq 1) (mg kg 1)
Sand (%)  Silt(%)  Clay (%)  Soil Texture HCO;~ Cl- SO4~ Na* K* Ca2* Mg2* N P K
Pot experiment
(201?/17) 77.40 15.25 7.35 Sandy loam 7.70 0.96 5.90 2.87 0.83 2.75 0.90 3.50 2.45 25.00 6.30 194.00
(201871518) 76.80 14.75 8.45 Sandy loam 7.60 0.94 6.90 1.90 1.20 2.40 0.80 3.70 2.30 27.00 7.00 210.00
Field experiment Season (2018-2019)
77.20 15.00 7.80 Sandy loam 7.80 0.95 6.50 2.20 0.80 251 0.75 3.54 2.70 23.00 5.30 187.00
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Uniform seeds of snap bean (Phaseolus vulgaris.) cv. Paulista were obtained from the
Horticulture Research Institute, Agricultural Research Center, Ministry of Agriculture,
Giza, Egypt.

2.1. Materials Used

Single superphosphate (SSP) (as a traditional soil phosphate fertilizer, 12.5% P,0O5),
monoammonium phosphate (MAP) (as a traditional foliar phosphate fertilizer, 12-61-0)
and nano calcium phosphate (NCaP) 18% P,Os were used as soil or foliar applications.

2.1.1. Nano Calcium Phosphate Preparation

Nano calcium phosphate particles were prepared at the centre of excellence for the pro-
duction of nanomaterials, stdf 31305, using the co-precipitation method according to Man-
sour et al. [23]. Chemicals were used without purification; 0.3 M each of disodium hydrogen
phosphate (NayHPOy4, Merck, Darmstadt, Germany) and calcium chloride (CaCl,-2H;0,
Merck) (1:1) were used as starting materials. A diluted solution of ammonium hydroxide
(NH4OH, Merck) or HCI (droplets) was used to adjust the pH to 5. The solutions were
continuously stirred for 24 h. The pH value of the suspension was continuously adjusted
and maintained at the above-mentioned values during precipitation. The solutions were
then placed in Teflon flasks, tightly sealed and aged at room temperature for 24 h to allow
precipitation. The white precipitate powder was filtered thoroughly and washed several
times with double distilled water and finally dried at 50-60 °C for 12 h. The following
equation represents the reactions:

Na,HPO,4 + CaCl,-2H,0O — CaHPO4-2H,0 + 2NaCl

2.1.2. Nano Calcium Phosphate (NCaP) Characterization

The prepared nano calcium phosphate particles were characterized using X-ray diffrac-
tion (XRD), using analytical-x0 pertpro (Almelo, the Netherlands) with Cu k « 1 target,
A =1.5404 A°, 20 ranging from 10 to 80 o, step size 0.02 o at 45 kV, 40 mA, to identify the
phase composition and crystallinity of the calcium phosphate compounds. The FT-IR
Spectrometer (FTIR RAMAN MODEL IS Bruker-Vertex RAM 11, Karlsruhe, Germany)
was used to explore the chemical bonds and functional groups existing in the range of
4000-400 cm~!. A Field Emission Scanning Electron Microscope (Zeiss Sigma 500 VP
Analytical FE-SEM Carl Zeiss, Oberkochen, Germany) was used to examine the prepared
NCaP. The particle size and shape were studied using a transmission electron microscope
(TEM) (JEOL-JME 2100, Tokyo, Japan).

2.2. Experimental Procedure
2.2.1. Pot Experiment

Plastic pots of 30 cm inner diameter and 32 cm depth were filled with 10 kg soil.
In each pot, 10 homogenous seeds were sown, and after full emergence, thinning was
conducted to maintain four uniform seedlings per pot. The treatments were soil and foliar
application with different sources of phosphorus fertilizer. Two sources were applied
soil application, one using SSP as a traditional fertilizer at two rates (30 kg P,Os fed !
(recommended dose) and 60 kg P,O5 fed~!) and the other using NCaP at three rates (10%,
20% and 30% from the recommended dose). Foliar application used both monoammonium
phosphate (MAP) as a traditional foliar application at the conventional dose of 2.5 g L~!
and with NCaP added at 5% and 10% from the conventional dose of MAP (2.5 g L™1).
The study included 17 treatments (T1-T17) including the control treatment (T1) with three
replications for each treatment in two seasons, SI (2016-2017) and SII (2017-2018). The
details are shown in Table 2.
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Table 2. The treatments of traditional and NCaP fertilizers tested at SI (2016-2017) and SII (2017-2018)
seasons.

* P-Fertilizer Treatment Rate
T1 30 kg P,05 fed ! (recommended dose) as
soil application (control)
T2 T1 +2.5 g/L MAP as foliar application
T3 T1 + 5% NCaP as foliar application
SSP T4 T1 + 10% NCaP as foliar application
T5 60 kg P,O5 fed~! as soil application
T6 T5 + 2.5 g/L MAP as foliar application
T7 T5 + 5% NCaP as foliar application
T8 T5 + 10% NCaP as foliar application
T9 10% NCaP (of the recommended rate) as
soil application
T10 T9 + 5% NCaP as foliar application
T11 T9 + 10% NCaP as foliar application
NCaP T12 20% NCaP (of the recommended rate) as
soil application
T13 T12 + 5% NCaP as foliar application
T14 T12 + 10% NCaP as foliar application
T15 30% NCaP (of the recommended rate) as
soil application
T16 T15 + 5% NCaP as foliar application
T17 T15 + 10% NCaP as foliar application

* SSP = single super phosphate; NCaP= nanocalcium phosphate; and MAP = monoammonium phosphate.

All phosphorus soil application treatments (SSP and NCaP) were applied after sowing,
while foliar phosphorus fertilization treatments (MAP and NCaP) were sprayed at 20 and
30 days after sowing (DAS). A handheld manual sprayer (model 0417.02.00; Guarany Ind.
& Com. Ltd. Lisboa, Portugal) was used to spray the different solutions of MAP and NCaP
(approximately 100 mL per pot), and a few drops of Tween-20 were added to the spray
solutions as a surfactant. For all plants that did not receive MAP, the amount of nitrogen
found in MAP was calculated and sprayed to offset the effect of N in all treatments.

In addition, all pots received the recommended dose of nitrogen (40 kg N fed ') from
ammonium nitrate 33% N, before planting and 20 kg K,O fed ! as potassium sulphate
(50% K,0) of which 60% of the dose was added at planting and the remaining 40% 15 days
after the first dose application.

2.2.2. Field Experiment

Each plot area was 10.5 m? (3 m x 3.5 m) and contained five ridges. Bean seeds
(20 plants per m?) were planted on one side of the ridge in hills spaced 10 cm apart, and
two seeds were sown in each hill. The plants were thinned to one plant per hill after
15 days. Soil preparation, fertilizer application (the recommended doses of N and K) and
all other agricultural practices for snap bean production were followed according to the
recommendation of the Egyptian Ministry of Agriculture. The experiment design was a
randomized complete block (RCBD) with three replicates. According to the results of the
pot experiment during the two seasons, the more efficient phosphorus fertilizer treatments
were used in the field experiment. These included four treatments in addition to the
traditional soil applications of 30 and 60 kg P,Os fed ~! that were used for comparison.

All phosphorus soil application treatments (SSP and NCaP) were applied during soil
preparation. Foliar fertilization (MAP and NCaP) spraying was done twice, at 30 and
45 days after sowing at a spray rate of 180 L fed ~!. For all plants that did not receive MAP,
the amount of nitrogen found in MAP was calculated and sprayed to offset the effect of N
in all treatments.
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2.3. Data Recording

In pot experiments, plants were harvested from each pot for biomass measurement
and tissue analysis at 45 days after sowing. Shoots were cut just above the soil and roots
were detached from the soil by soaking the root system in water and softly washing away
the particles. The roots were sun-dried and then the shoot and root were oven dried at
70 °C, weighed to determine shoot and root biomass (g pot '), and digested for subsequent
tissue analysis. Nutrient concentrations (N, P and K) were determined in shoot and root as
described by A.O.A.C [24]. The total nitrogen was determined by using the micro-Kjeldahl,
phosphorus was determined spectophotomertricaly and potassium was determined using
flame photometer.

For field experiment, at 70 days after sowing (harvest time) a random sample of
10 plants was selected for investigation in each plot to determine the mean values of
the pod yield and its related parameters: the number of pods per plant, pod length
(cm), pod diameter (mm), weight of pods per plant (g), weight of pod (g) and pod yield
(ton ha™1). A total of 30 plants were fixed for each treatment, and the pods from each were
collected and weighed. Nutrient concentrations (N, P and K) were determined in shoot
and root as described by A.O.A.C [24]. The total nitrogen was determined by using the
micro-Kjeldahl then, the nitrogen percentage was multiplied by 6.25 to estimate the crude
protein percentages, phosphorus was determined spectophotomertricaly and potassium
was determined using a flame photometer.

2.4. Statistical Analyses

A randomized complete block design with three replications for each treatment was
used according to Snedecor and Cochron [25]. The Least Significant Difference test (LSD)
at a 5% level of probability was used to test the significance differences among the means.
The MSTAT-C software package was used to carry out the statistical analysis [26].

3. Results and Discussion
3.1. Characterization of Nano Calcium Phosphate (NCaP)
3.1.1. X-ray Diffraction Pattern

The X-ray diffraction pattern of the prepared nanoparticles is illustrated in Figure 1.
Clear reflections appeared and indexed on the chart. The d-spacing, 2 theta, relative
intensities and Miller indices are reported in Table 3. The sample data were compared easily
and indexed using the ICDD card number 00-011-0293 of calcium phosphate hydroxide
hydrate. The crystalline nature of the nanoparticles was cleared as identical to the brushite
mineral of monoclinic symmetry with four molecules per unit cell. The broadening of the
diffraction peak assured the fine particle size. The crystallite size was calculated using the
well-known Scherrer’s Equation [27]:

KA
T=
3 cosO

)

where T is the crystallite size as calculated from the (020) plane; K is the dimensionless
shape factor (0.9), which varies with the actual shape; A is the target X-ray wavelength;
B is the line broadening in radians at half the maximum intensity after subtracting the
instrumental line broadening; and 6 is the Bragg angle. In our case, the crystallite size was
calculated to be 15.7 nm

Table 3. Values of d-spacing, 2 theta, relative intensity and Miller indices (hkl) of the sample as
extracted from the X-ray data analysis.

Pos. [°2Th.] d-Spacing [A] Rel. Int. [%] (hkl)
11.6415 7.60166 100 (020)
20.9303 4.24437 6.56 (—121)
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relative
intensity

Table 3. Cont.

Pos. [°2Th.] d-Spacing [A] Rel. Int. [%] (hk1)
23.3968 3.80222 11.11 (040)
29.2588 3.05242 14.30 (—112)
30.4671 2.93406 2.64 (121)
33.5449 2.67157 1.15 (051)
34.0854 2.63043 2.54 (022)
35.4079 2.53516 2.09 (—231)
39.7037 2.27021 2.19 (—161)
41.5395 2.17402 2.34 (—152)
42.0094 2.15079 243 (240)
42.8994 2.1082 0.50 (—251)
44.7010 2.02734 0.55 (211)
45.1943 2.00635 3.07 (—123)
47.8587 1.90069 4.14 (080)
49.232 1.85084 227 (—233)
50.2017 1.81583 2.46 (260)
50.6988 1.80068 1.53 (—262)
51.2680 1.78202 1.67 (—181)
53.0611 1.72595 2.00 (—341)
56.9298 1.61751 1.60 (—352)
58.7486 1.5717 0.82 (222)
60.3067 1.53477 0.76 (—114)
63.8810 1.45724 1.38 (—291)
68.4063 1.37146 1.75 (1101)
70.2666 1.33964 0.26 (0111)
74.9556 1.26704 0.95 (213)
77.8778 1.22665 0.56 (—1121)

(©20)
(040) (711%1)21)
MJ “121) (0687a1) (23240 @1 (233) 340y oo (14770 10013y (1121)
L , OO P DAL 1.0 i WO OP RN -
L I L L L L I
10 20 30 40 s0 60 70

Position [*2 Theta]

Figure 1. X-ray diffraction chart of the brushite.
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3.1.2. Scanning Electron Microscopy (SEM)

Scanning electron micrographs (SEM) are presented in Figure 2A. Clear, large geo-
metric sheets of monoclinic structures are seen on small scales that define the grain shape.
Scanning electron micrographs (SEM) are presented in Figure 2B,C. More focusing of the
surface morphology reveals ultrafine grains with sharp boundaries ranging from 10 to
16 nm. The agglomeration is clear, and very small pores are rare. The grains are well
defined regarding their shape, size and distribution.

(A)

[ — EHT = 6.00kY  WD= 6.7mm SignalA=iniensDuo Mag=1153.95K X

(B) ©

Figure 2. Scanning Electron Micrograph (SEM) of brushite phase (A), Scanning Electron Micrograph (SEM) of brushite

phase at two different magnifications (B,C).

3.1.3. Transmission Electron Microscopy (TEM)

The selected area electron diffraction (SAED) shown in Figure 3A assured excellent
crystallinity, despite the small crystallite size where clear concentric rings were observed
easily. Moreover, the preferred orientation agrees well with the monoclinic symmetry
in XRD (Figure 1). High-resolution transmission micrographs (TEM) are presented in
Figure 3B,C. The average particle size measured on the micrograph was about 10 nm. The
particles appear agglomerated due to the absence of a surfactant and/or capping agent
during preparation.

3.1.4. Fourier Transformer Infra-Red (FTIR)

An examination of calcium phosphate nanoparticles using FTIR showed that the
surface of the prepared nanoparticles carries several types of functional groups, including
P-O-P bonding, two types of phosphate anions (HPO,4?~ and PO,37), -OH and H,0. More
details of the surface functional groups are shown in Figure 4 and Table 4.
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(A)

(B)

©

Figure 3. Selected area electron diffraction of Calcium Phosphate Nanoparticles (A),High Resolution Transmission electron
micrographs at two different magnifications of Calcium Phosphate Nanoparticles (B,C).

8 -

80

Transmittance [%]
70

40

310837 ——

959 ——
1643.80 ——
155848 ——
1402.04 ———
13024 ——

- E6T5
BT
57010 ——

] =] 5
‘p: - o
3 8 g
T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm™!

Figure 4. Fourier Transformer Infrared (FT-IR) spectrum of nanocalcium phosphate.
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Table 4. Characteristic transmittance infrared bands of brushite.

pH5 Assignment [28-30] pH5 Assignment [28-30]

570.1 v4 of P-O-P bending 1558.48 Bending mode of H,O
887.11 Stretching mode of (HPOy 27) 1643.89 Bending mode of H,O
995.75 v1 stretching vibration of PO, E 2391.00 Overtone or combination band
1068.31 v2 (P-O) Stretching of the PO, 53— group 3199.37 (O-H) stretching of water
1130.24 v'6 and v"6 of HPO, 2~ group 3417.01 Stretching of water (v (O-H))
1402.04 Bending (O-H) in HPO, 2~ group

3.2. Pot Experiment
3.2.1. Effect of Traditional and Nano Calcium Phosphate Fertilizers on Shoot and Root Dry
Weights of Snap Bean Plants

A comparison between traditional (SSP and MAP) and nano calcium phosphate
(NCaP) fertilizers on the growth and nutrient status of snap bean plants (Phaseolus vulgaris
L.) was conducted through a pot experiment in two seasons (20162017 and 2017-2018) to
determine the optimal source and concentrations of the phosphorus sources tested. For this
purpose, shoot and root dry weights (Table 5) and nutrient status (Figure 5) were assessed.
The results presented in Table 5 generally show that, in both seasons, the shoot and root
dry weights (g pot~!) increased (p < 0.05) for all phosphorus treatments compared to those
of the control plants (T1, soil application of SSP at the recommended rate of 30 kg P,O5
fed—!). The highest values for both seasons were recorded in the following order: T13 >
T10 > T7 > T3. The lowest values were obtained from the traditional phosphorus fertilizer
T1 (control) in both seasons. The shoot and root dry weights in both seasons recorded
by T13 (soil application of 20% NCaP of the recommended rate with 5% NCaP as foliar
application) increased (p < 0.05) relative to all other phosphorus treatments.

Table 5. Effect of different phosphorus treatments on shoot and root dry weights (g pot~!) of snap
bean plants at 45 days after sowing during the two seasons, SI (2016-2017) and SII (2017-2018) seasons.

Dry Weight (g pot—1)

SI SII
Treatments
Shoot Root Shoot Root

T1 5.26j + 0.11 1.49m =+ 0.05 427k £+ 0.05 1.411 + 0.07

T2 6.49i £ 0.04 2.14j £ 0.03 5.49j £ 0.04 1.86jk £ 0.05
T3 9.14c £+ 0.02 2.90d + 0.09 7.91d + 0.10 2.55cd 4+ 0.06
T4 7.50g £+ 0.14 2.42hi + 0.07 5.99i £+ 0.19 1.94ij + 0.07
T5 7.44g £+ 0.09 2.03k £ 0.05 6.35g £ 0.08 1.69k + 0.14
Té 7.99f + 0.11 2.67e £+ 0.08 7.04f +£0.15 2.17gh4 0.05
T7 9.23c+ 0.11 3.10c +0.11 8.40c + 0.05 2.79b £+ 0.12
T8 8.24e £+ 0.17 2.82d + 0.05 6.93f + 0.08 2.28fg + 0.07
T9 7.36gh £ 0.09 2.381 £+ 0.08 6.16h 4 0.08 2.07hi + 0.08
T10 9.72b £ 0.06 3.39b £ 0.02 8.94b + 0.17 3.25a +0.10
T11 8.58d + 0.22 2.65ef + 0.04 7.64e £+ 0.26 2.78b £ 0.05
T12 8.26e £+ 0.08 2.57f £ 0.06 7.41e £+ 0.09 2.38ef £+ 0.07
T13 10.29a + 0.12 3.51a 4+ 0.03 9.75a + 0.10 3.40a +0.12
T14 8.67d + 0.24 2.56fg + 0.03 8.44c + 0.09 2.47de + 0.09
T15 6.461 £+ 0.06 1.901 £+ 0.10 5.97i £ 0.14 1.84j £+ 0.12

T16 8.34e £+ 0.10 2.51gh £+ 0.07 7.85d + 0.19 2.61c £0.11

T17 7.17h4 0.07 2.05jk + 0.04 6.45g £ 0.23 1.92ij + 0.18

Data are displayed as means + standard deviation (n = 3). Different letters mean values indicate significant
differences at p < 0.05, according to the least significance difference.

As shown in Table 5, the conventional fertilizer (SSP) was tested at different rates
(T1-T8); the results showed that both shoot and root dry weights increased (p < 0.05) with
an increasing phosphorus fertilizer rate from 30 (T1-T4) to 60 (T5-T8) kg P,Os fed ~! as
soil application with or without foliar application in both seasons. These results agree with
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those of Turuko and Mohammed [31], who reported that phosphorus was important for
cell division. Accordingly, increased plant height, number of branches and leaf area, which
in turn increased the photosynthesis area and, consequently, the dry weight.

The data in Table 5 also revealed, irrespective of SSP rates, the addition of foliar
application of traditional MAP and NCaP at 5% and 10% of the recommended MAP
rate increased (p < 0.05) shoot and root dry weights relative to soil application of SSP
alone in both seasons. Foliar application of phosphorus with NCaP at both concentrations
(5% and 10% from MAP) performed better than MAP in improving plant growth. The
highest values of shoot and root dry weights were recorded with foliar application at
5% NCaP followed by 10% NCaP, then MAP at both 30 and 60 kg P,Os fed~! in both
seasons (Table 5). These results agreed well with Rady et al. [32], who reported that foliar
application of Phaseolus vulgaris L. plants with NCaP was better than with MAP. Amira
Sh. Soliman et al. [33] reported that growth parameters of baobab (Adansonia digitata L.)
were (p < 0.05) enhanced by hydroxyapatite nanoparticles followed by diammonium
phosphate (DAP) and monoammonium phosphate (MAP) compared to control plants.
They recommended applying hydroxyapatite nanoparticles in foliar application to increase
growth and nutrition.

The results also indicated that the beneficial effects of foliar application (MAP, 5%
and 10% NCaP) in both seasons were more pronounced for shoot and root dry weights in
plants treated with 30 rather than 60 kg P,Os fed—! (Table 5). In the first season, the shoot
increased by 23.38%, 73.76% and 42.59% and the root by 43.62%, 94.63% and 62.42% after
treatment with 30 kg P,Os fed ~! in combination with foliar application by MAP, 5% NCaP
and 10% NCaP, respectively, compared to plants treated only with 30 kg P,Os fed~!. For
plants treated with 60 kg P,Os fed ~! in combination with foliar application by MAP, 5%
NCaP and 10% NCaP, the values of increase for the shoot were 7.39%, 24.00%, and 10.75%
and for the root, 31.53%, 52.71%, and 38.91%, respectively, over the plants treated only with
60 kg P,Os fed 1.

The corresponding values for the second season were 28.57%, 85.25%, and 40.28% in
the shoot and 31.91%, 80.85%, and 37.59% in the root of plants treated with 30 kg P>,O5
fed~! in combination with foliar application by MAP, 5% NCaP and 10% NCaP, respectively,
over the plants treated only with 30 kg P,Os fed ! as soil application. For plants treated
with 60 kg P,Os fed !, the percentage increase reached 10.87%, 32.28% and 9.13% in the
shoot and 28.40%, 65.09% and 34.91% in the root in combination with foliar application by
MAP, 5% and 10% NCaP, respectively, over the plants only treated with 60 kg P,O5 fed !
(Table 5).

The data depicted in Table 5 show that the shoot and root dry weights increased
(p < 0.05) relative to the conventional fertilizer treatment (T1) in both seasons because of
the application of NCaP fertilizers (T9-T17). These results agreed with those of Amira
Sh. Soliman et al. [33] and Abdel-Salam [34]. This growth improvement may be due to
the beneficial effects of nanoparticles, which have high reactivity resulting from a greater
density of reactive areas and more specific surface area [33]. In addition, hydroxyapatite
nanoparticles activated the growth of the root zone, which allowed the plant to take up
water and nutrients more efficiently [35], leading to increases in chlorophyll, carbohydrates
and carotenoids [33], which in turn improve plant growth.

The results also showed that NCaP, at a rate of 20% soil application, achieved the
highest values of shoot and root dry weights without or with foliar application of NCaP
fertilizer at 5% and 10% (T12, T13 and T14, respectively) followed by NCaP at the rate
of 10% soil application without or with foliar application of NCaP fertilizer at 5% and
10% (T9, T10 and T11, respectively). However, NCaP at the rate of 30% soil application
without or with foliar application of NCaP fertilizer at 5% and 10% (T15, T16 and T17,
respectively) recorded the lowest values in both growing seasons, but was still higher
than that of the control plants. Inhibition of growth was observed in the snap bean plants
treated with NCaP at the highest concentration (30% of recommended P dose) compared
to the other NCaP rates (Table 5). The results agreed with those of Singh et al. [14], who
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reported that nanoparticles permeate into the seed easily and raise available nutrients
to the seedling, which increased shoot and root growth; however, if the concentration
were more than the optimum, germination and growth of the seedling was inhibited.
Priya et al. [36] observed increased germination and growth of seedlings with phosphorus
nanoparticles concentration, but up to certain limits. The reduction in shoot and root
lengths at higher doses may be attributed to toxic levels of nanoparticles [36,37]. Turuko
and Mohammed [31] observed that high dose of phosphorus fertilizer tended to form
nutrient interactions that may have affected the availability of other nutrients essential for
growth. Arshad et al. [38] reported that high concentration of TiO; NPs could reduce the
plant biomass, height and chlorophyll content, which might be due to the toxic impact
of nanoparticles on plants, and damages leaf membrane and production of hydrogen
peroxide, as shown by Waani et al. [39].

Foliar application of NCaP (5% and 10% from the recommended rate of MAP) in
combination with NCaP soil application increased (p < 0.05) shoot and root dry weights
relative to soil NCaP application alone in both seasons irrespective of NCaP rate (Table 5).
That may have been due to the effect of applying foliar nanofertilizers on the neuromas
of vital processes inside the plant organs, which increased plant growth and increased
nutrient absorption [40].

In both seasons of the experiment, the soil or foliar application of NCaP performed
better than the conventional phosphate fertilizer SSP for soil application and MAP for
foliar application at improving shoot and root dry weights (g pot~1). The effect of T5 was
approximately equal to the effect of T9, and both were higher than that of SSP (T1), namely,
10% NCaP of the recommended rate, equivalent to 60 kg P,Os fed ! as SSP (traditional).
Therefore, nanofertilizers could potentially help minimize the quantity of fertilizer added
to crops [12-15].

3.2.2. Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Nutrient (N, P
and K) Content of Snap Bean Plants

The results presented in Figure 5 clearly reveal that, in both seasons, all treatments
increased (p < 0.05) nitrogen, phosphorus and potassium content in the shoot and the
root of snap bean plants compared to the control treatment (T1). The results are in good
accordance with those reported by Youssef et al. [41], who found that different phosphorus
sources affected N, P, K, Ca, Fe and Mn concentrations in the leaves.

In this regard, the results showed that increased nutrients content in the shoot andthe
root of snap bean plants (Figure 5) were closely linked to an increase in vegetative growth
(Table 5). These results are in harmony with those of Zahra et al. [42], who reported that
the maximum increase in the shoots and roots lengths reached 15.9 & 0.3% and 3.8 + 0.3%
respectively, which was concurrent with improved P content in the plants. In this respect,
Youssef et al. [41] reported that the increase in N, P and K stimulated photosynthesis, which
lead to improvements of the vegetative growth. The addition of phosphorus led to an
increased root-to-shoot ratio and boosted the growth of lateral roots [43], which resulted in
enhanced water and nutrient absorption. In addition, hydrolysis of the terminal phosphate
group in adenosine triphosphate (ATP) during conversion to adenosine diphosphate (ADP)
provided the energy for many plant processes, including water and nutrient absorption [44].
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Figure 5. Effect of different phosphorus treatments on the nutrients content in shoot and root of snap bean plants at 45 days
after sowing during the two seasons: S1 = season 2016-2017 and S2 = season 2017-2018. Data presented are means + SD
(n = 3). Different letters mean values indicate significant differences at p < 0.05, according to the least significance difference.

Concerning the conventional fertilizer treatments (T1-18), data in Figure 5 show that
N, P and K content in the shoot and root increased (p < 0.05) with increasing phosphorus
applied from 30 to 60 kg P,O5 fed ~! as SSP in both seasons. These results are in harmony
with those of Ehiagiator et al. [45], who reported that a higher application of phosphorus
may expose the plant nutrient to a larger surface area, thereby boosting nutrient absorption.
The highest content of N, P and K in the shoot and root were recorded by conventional
fertilizer treatments for T7 (60 kg P,O5 fed ! as soil application with 5% NCaP as foliar
application). Moreover, the results showed that the foliar application of MAP (as a tradi-
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tional phosphorus foliar application), 5% and 10% from the recommended rate of MAP, as
NCaP in combination with SSP soil application at both 30 and 60 kg P,Os fed ~! increased
(p £0.05) N, P and K contents in the shoot and root compared to soil application alone in
both seasons. This may have resulted from the synergistic effects of both soil and foliar
phosphorus applications. The highest values of N, P and K contents in the shoot and root
of were recorded with foliar application at 5% NCaP followed by 10% NCAP, then MAP at
both 30 and 60 kg P,Os fed ! in both seasons (Figure 5). These results agree with those of
Rady et al. [32]

Regarding NCaP fertilizer treatments (T9-T17), the data in Figure 5 show that its
application as a P source increased (p < 0.05) N, P and K contents in the shoot and root
compared to T1 (control) in both seasons. The results agreed well with Abdel-Salam [34]
and El-Kereti et al. [46], who observed that greater density in reactive areas of nHA
(nanohydroxyapatite) particles increased the uptake of phosphorus. This, in turn, enhanced
the leaf moisture percentage, total chlorophyll, total carbohydrates, crude protein and
nutrient concentration. Nanoparticles with a diameter less than the pore diameter (5-20 nm)
of a plant cell wall easily entered to reach the plasma membrane [47]. NHA raised the
usage efficiency of phosphorus by different mechanisms, such as slow or controlled release,
targeted delivery and low molecule diameter.

The results presented in Figure 5 also show that the optimal concentration of NCaP soil
application with or without foliar application was 20% from the traditionally recommended
dose of 30 kg P,O5 fed ! from SSP, and the concentration of 5% of NCaP foliar application
was better than 10% of NCaP. Results showed that the best NCaP treatment was T13 (20%
NCaP of the recommended rate as soil application with 5% NCaP as foliar application) in
the shoot and the root of snap bean plants in both seasons.

Finally, the results of the pot experiment in both seasons clearly showed that the high-
est values of shoot and root dry weights and N, P and K content were recorded by NCaP
treatments. The highest values were obtained by T13 (20% NCaP of the recommended rate
as soil application with 5% NCaP as foliar application), followed by T10 (10% NCAP of the
recommended rate as soil application with 5% NCaP as foliar application). Conversely, for
conventional fertilizer treatments, the highest values of shoot and root dry weights and
N, P and K content in the shoot and root were obtained by T7 (60 kg P,Os fed ! as soil
application with 5% NCaP as foliar application) followed by T3 (30 kg P,O5 fed ~! as soil
application with 5% NCaP as foliar application). Therefore, T3, T7, T10 and T13 displayed
the best results and were selected for the field experiment in addition to T1 (control) and
T5 (traditional) for comparison purposes.

3.3. Field Experiment
3.3.1. Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Yield and
Components of Snap Bean Plants

The results presented in Table 6 reveal that all P treatments (p < 0.05) enhanced the
yield and its components of snap bean plants compared to the traditional soil application
(SSP; 30 kg P>,Os fed™1) in the following descending order: T13 > T10 =T7 > T3 > T5 >
T1. Increasing P rates from 30 to 60 kg P,Os fed ! significantly increased (p < 0.05) the
number of pods per plant, pod length (cm), pod diameter (mm), weight of pods per plant
(g), weight of pod (g) and pod yield (ton ha™?). This result agreed with El-Azizy et al. [41],
who found that the enhanced yield after an application of phosphorus fertilizer indicated
a strong relationship between dry matter accumulation and plant yield [29]. This may
have been because the added phosphorus increased the number of branches per plant as
well as the leaf area, which increased the photosynthesis area and the number of pods per
plant [29].

The data in Table 6 also showed that the combined treatments T3 and T7 (combination
of soil application SSP at both 30 and 60 kg P,O5 fed !, respectively, with 5% NCaP as
foliar application) were more effective than individual soil treatments T1 and T5 (30 and
60 kg P,Os fed !, respectively) at improving the yield and components of snap bean plants.
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Table 6. Effect of different phosphorus testaments on yield and its components of snap bean plants.

Treatments No. of Pods Pod Length Pod Diameter Pod Weight Weight of Pod Pod Yield
(plant—1) (cm) (mm) (g plant~1) (g (ton ha—1)
30_11<g P.205 14.69 + 0.44 11.55 £ 0.12 6.50 £ 0.07 59.66 £+ 1.55 3.74 £ 0.19 11.45 £ 0.30
fed =" soil (T1)
60711<g PZOS 16.27 £ 0.50 12.10 £0.01 7.00 £ 0.22 68.49 £+ 1.97 3.98 £0.11 13.11 £ 0.48
fed ™" soil (T5)
T+ 5 o NCaP 16.55 £ 0.88 12.46 £ 0.10 720+ 0.15 73.49 £ 2.47 415+0.21 13.78 £ 0.13
foliar (T3)
5+ 5 %o NCaP 17.98 £ 0.31 12.74 £ 0.12 7.25+0.11 7470 £0.71 420+ 0.17 14.34 £ 0.12
foliar (T7)
10% NCaP soil
+ 5%NCaP 18.47 +0.74 13.43 +0.10 7.40 £ 0.05 78.66 £ 2.29 4314+0.12 14.67 £ 0.05
foliar (T10)
20% NCaP soil
+ 5%NCaP 20.72 +£0.85 14.52 £ 0.38 7.60 + 0.17 83.86 £ 4.16 4454 0.04 15.33 £0.01
foliar (T13)
L.S.D. 1.2950 0.3335 0.2227 4.7927 0.2960 0.3978

Data are displayed as means + standard deviation (n = 3). Least Significant Difference (LSD) test at p < 0.05.

The results clearly showed that yield components were affected by different phospho-
rus sources. Significant increases (p < 0.05) in the number of pods plant~!, pod length (cm),
pod diameter (mm), pod weight (g plant '), weight of pod (g) and pod yield (ton ha~1)
due to the NCaP fertilizer compared with traditional P sources (SSP). The maximum values
for all studied yield were obtained with T13 (20% of traditional soil application as SSP
with 5% of traditional foliar application as MAP through NCaP fertilizer), which increased
(p < 0.05) relative to all other phosphorus treatments (Table 6). At either the low or high
rate, NCaP was more effective than traditional P at increasing plant yield and its com-
ponents. The results were in agreement with those reported by Abdel-Salam [34], who
reported that a high rate of NCaP gave higher numbers of pods and a higher seed yield
for faba bean plants compared to a high rate of triple super phosphate. Liu and Lal [11]
stated that NCaP fertilizer enhanced the growth and seed yield of soybeans compared
with traditional P fertilizer. Taskin et al. [48] reported that, compared to a soluble source of
phosphorus, NCaP increased the growth and P uptake in lettuce plants grown in calcareous
soil [49].

The values for the number of pods plant~!, pod diameter (mm), pod weight (g plant '),
weight of pod (g) and pod yield (ton ha~1) for T10 (10% NCaP soil application with 5%
NCaP foliar application) were approximately equal to the values for T7 (60 kg P,Os fed !
soil application as SSP with 5% NCaP foliar application). That meant that 10% NCaP of the
recommended rate was equivalent to 60 kg P>Os fed! as SSP (traditional) both applied as
soil application. As previously mentioned, nanofertilizer has an edge over conventional
fertilizer due to the controlled release of nutrients and the lower amount of fertilizer, which
increases nutrient use efficiency (NUE) and reduces production costs [9].

3.3.2. Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Nutrient
Concentrations and Crude Protein Percentage in Pods of Snap Bean Plants

The data in Table 7 shows that nitrogen, phosphorus and potassium concentrations
and percent of crude protein in snap bean pods increased with increasing P rates from 30
to 60 kg P,Os fed ~!. This result agreed with El-Azizy et al. [40], who found that increasing
applications of phosphorus increased significantly the nutrient concentration and protein
content of broad bean seeds. Foliar application of 5% NCaP in combination with soil
application of SSP increased significantly (p < 0.05) N, P, K and crude protein percentage
compared with applying SSP alone at both rates. Kaviani et al. [50] reported that foliar
application of NCaP had a significant positive effect on the leaf and N, P and K content
compared with traditional P fertilizer.
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Table 7. Effect of different phosphorus treatments on the nutrient concentration (N, P and K) and crude protein percentage

in pods of snap bean plants.

Treatments N% P% K% Crude Protein %
30 kg P,O5 fed ! soil (T1) 2.57 £ 0.08 0.35 £+ 0.02 1.73 +0.07 16.06 + 0.73
60 kg P,O5 fed 1 soil (T5) 3.01 £0.13 0.42 £+ 0.01 2.21 £ 0.06 18.81 £ 0.81
T1+ 5% NCaP foliar (T3) 3.28 = 0.10 0.40 £+ 0.02 2.24 £+ 0.07 20.50 + 0.81
T5+ 5% NCaP foliar (T7) 3.33 +0.17 0.45 £+ 0.02 2.33 £0.12 20.81 + 1.04
10% NCaP soil + 5%NCaP foliar (T10) 3.41 +0.10 0.49 + 0.01 2.65 +0.13 21.31 +1.06
20% NCaP soil + 5%NCaP foliar (T13) 3.48 +£0.17 0.53 £+ 0.02 2.91 £ 0.08 21.75 + 0.64
LSD 0.2492 0.0319 0.1705 1.5991

Data are displayed as means + standard deviation (n = 3). Least Significant Difference (LSD) test at p < 0.05.

The results of the nutrient concentration and crude protein percentage in snap bean
pods were increased (p < 0.05) by all NCaP fertilizer treatments compared to traditional
treatments T1 and T5. The results agreed with Burhan and Al-hassan [49]. Soil application
of NCaP at both 10 and 20% with 5% foliar application (T13 and T10) achieved the highest
pod concentration of P and K compared to SSP at both rates with and without foliar
application (T1, T5, T3 and T7). This may have been due to the positive interaction between
phosphorus and potassium as observed by Rajonee et al. [51]. NCaP fertilizer gave higher
concentrations of N, P and K and crude protein percentage compared to a high rate of SSP
(60 kg P05 fed ).

These results agreed with those of Dhansil et al. [52], who found that the nutrient
content of a pearl millet crop increased significantly when using both NP and traditional
phosphorus fertilizers. The highest nutrient and crude protein contents were obtained
from the application of a 2.5 times reduction in the recommended dose of phosphorus
through NP fertilizer [52]. The slow and steady release of nutrients from nanofertilizer
regulated the release of nutrients from the fertilizer and minimized losses resulting in
the increased uptake of nutrients. Because phosphorus is critical for root growth, den-
sity and length [53,54], its further acquisition improves the symbiotic relation between
rhizobium and legume roots [55]; hence, it causes increased nodulation, nitrogen fixation
and, therefore, nitrogen content [56]. In this respect, Hagagg et al. [57] recommended
nano NPK supplements to increase fertilizer efficiency. They wrote that nanofertilizers
promote the uptake of water and nutrients, which is reflected in plant growth. Moreover,
nanofertilizers have a huge surface compared to conventional fertilizers, and this increases
the plant’s metabolic efficiency. The small diameter of the nanoparticles (25-50 nm) results
in increased total surface area and decreased phosphorus fixation. The controlled release
of nutrients and increased phosphorus uptake allow more phosphorus to be available for a
longer time [52].

The use of nanofertilizer to control the release of nutrients can be considered an
effective way to achieve sustainable agriculture and preserve the environment. Some
soluble phosphate salts highly affect phosphorus fertilizers that are used extensively in
agriculture, which leads to higher eutrophication of surface waters, while solid phosphates
are less effective in supplying phosphorus. In contrast, NCaP fertilizers could supply
sufficient phosphorus but with less mobility in the environment [11].

4. Conclusions

It can be concluded that both soil and foliar applications of NCaP fertilizers increased
plant growth and yield components better than traditional phosphate fertilizers did. Fur-
thermore, the combined effect of soil and foliar NCaP fertilizers recorded the highest
values for vegetative growth, nutritional value and yield of snap bean plants. The optimal
concentration of NCaP fertilizer as a soil application, with or without foliar application,
was 20% from the traditional recommended dose (30 kg P,Os fed~! from SSP), while a
concentration of 5% NCaP of an MAP dose was optimal for foliar application. It seems that
using nanofertilizers not only reduces environmental pollution but also penetrates more
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deeply into the roots and leaves, thus improving the physiological traits and yield of snap
bean plants. Therefore, the present study recommends using nanofertilizers as an alterna-
tive phosphorus fertilizer. However, a detailed physiological and molecular understanding
of its impact on the snap bean plant is needed to validate its prospective application
in agriculture. These studies demonstrate the need for further research with long-term
field studies to examine NCaP regarding water and nutrient uptake, translocation and
interactions with the other elements, particularly as influenced by soil properties.

Author Contributions: Y.A.A.-A. and M.EA.E.-G,, conceived and designed the experiments; S.I.E.-D.
and T.A E.-B., chemical analysis and NCAP preparation and characterization; M.L.LE.-K. and M.EA E.-
G., conceptualization, software, validation, formal analysis, writing—original draft preparation,
review, editing, visualization and supervision. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the support of the Soil Department of the Faculty
of Agriculture, Cairo University, and the centre of excellence for the production of nano-materials,
stdf 31305.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shi, X.-K.; Ma, J.-J.; Liu, L.-]. Effects of phosphate-solubilizing bacteria application on soil phosphorus availability in coal mining
subsidence area in Shanxi. J. Plant Interact. 2017, 12, 137-142. [CrossRef]

2. Vance, C.P. Symbiotic nitrogen fixation and phosphorus acquisition: Plant nutrition in a world of declining renewable resources.
Plant Physiol. 2001, 127, 390-397. [CrossRef]

3. Cordell, D.; Rosemarin, A.; Schroder, J.; Smit, A. Towards global phosphorus security: A systems framework for phosphorus
recovery and reuse options. Chemosphere 2011, 84, 747-758. [CrossRef] [PubMed]

4. Hedley, M.; McLaughlin, M. Reactions of phosphate fertilizers and by-products in soils. In Phosphorus: Agriculture and the
Environment; Sims, ].T., Sharpley, A.N., Eds.; American Society of Agronomy: Madison, WI, USA, 2005; Volume Phosphorusagric;
pp- 181-252.

5. El-Agrodi, M.W.; Mosa, A.A.; Elsherpiny, M.A. Inorganic phosphorus forms in alluvial and calcareous soils as affected by different
phosphorus application levels and incubation periods. J. Soil Sci. Agric. Eng. 2011, 2, 1195-1206. [CrossRef]

6. Devau, N.; Le Cadre, E.; Hinsinger, P.; Gérard, F. A mechanistic model for understanding root-induced chemical changes
controlling phosphorus availability. Ann. Bot. 2010, 105, 1183-1197. [CrossRef]

7. Montalvo, D.; McLaughlin, M.].; Degryse, F. Efficacy of Hydroxyapatite Nanoparticles as Phosphorus Fertilizer in Andisols and
Oxisols. Soil Sci. Soc. Am. |. 2015, 79, 551-558. [CrossRef]

8.  Janmohammadi, M.; Amanzadeh, T.; Sabaghnia, N.; Dashti, S. Impact of foliar application of nano micronutrient fertilizers and
titanium dioxide nanoparticles on the growth and yield components of barley under supplemental irrigation. Acta Agric. Slov.
2016, 107, 265-276. [CrossRef]

9.  Naderi, M.R,; Danesh-Shahraki, A. Nanofertilizers and their roles in sustainable agriculture. Int. J. Agric. Crop. Sci. 2013, 5,
2229-2232.

10. Rameshaiah, G.N; Jpallavi, S. Nano fertilizers and nano sensors-an attempt for developing smart agriculture. Int. |. Eng. Res.
Gen. Sci. 2015, 3, 314-320.

11. Liu, R; Lal, R. Synthetic apatite nanoparticles as a phosphorus fertilizer for soybean (Glycine max). Sci. Rep. 2015, 4, srep05686.
[CrossRef]

12.  Liu, R.; Lal, R. Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions. Sci. Total. Environ. 2015,
514, 131-139. [CrossRef]

13. Tulasi, G.; Veronica, N.; Ramesh, T.; Narender, S. Crop nutrition management with nano fertilizers. Int. |. Environ. Sci. Technol.
2015, 1, 4-6.

14. Singh, M.D.; Chirag, G.; Prakash, P.O.; Mohan, M.H.; Prakasha, G. Nano-fertilizers is a new way to increase nutrients use

efficiency in crop production. Int. J. Agric. Sci. 2017, 9, 3831-3833.


http://doi.org/10.1080/17429145.2017.1308567
http://doi.org/10.1104/pp.010331
http://doi.org/10.1016/j.chemosphere.2011.02.032
http://www.ncbi.nlm.nih.gov/pubmed/21414650
http://doi.org/10.21608/jssae.2011.56464
http://doi.org/10.1093/aob/mcq098
http://doi.org/10.2136/sssaj2014.09.0373
http://doi.org/10.14720/aas.2016.107.2.01
http://doi.org/10.1038/srep05686
http://doi.org/10.1016/j.scitotenv.2015.01.104

Nanomaterials 2021, 11,2913 18 of 19

15.

16.

17.

18.

19.
20.

21.
22.
23.
24.
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Marzouk, N.M.; Abd-Alrahman, H.A.; El-Tanahy, A.M.M.; Mahmoud, S.H. Impact of foliar spraying of nano micronutrient
fertilizers on the growth, yield, physical quality, and nutritional value of two snap bean cultivars in sandy soils. Bull. Natl. Res.
Cent. 2019, 43, 84. [CrossRef]

Rosen, C.J.; Kelling, K.A.; Stark, J.C.; Porter, G.A. Optimizing Phosphorus Fertilizer Management in Potato Production. Am. |.
Potato Res. 2014, 91, 145-160. [CrossRef]

Rane, M.; Bawskar, M.; Rathod, D.; Nagaonkar, D.; Rai, M. Influence of calcium phosphate nanoparticles, Piriformospora indica
and Glomus mosseae on growth of Zea mays. Adv. Nat. Sci. Nanosci. Nanotechnol. 2015, 6, 045014. [CrossRef]

Liu, A.; Contador, C.A.; Fan, K.; Lam, H.-M. Interaction and Regulation of Carbon, Nitrogen, and Phosphorus Metabolisms in
Root Nodules of Legumes. Front. Plant Sci. 2018, 9, 1860. [CrossRef]

FAO. World Food and Agriculture—Statistical Pocket Book; FAO: Rome, Italy, 2018; p. 103, Licence: CC BY-NC-SA 3.0 IGO.

Abd El-Hakim, W.M. Response of some vegetable legume plants to foliar application of some antioxidants. J. Amer. Sci. 2014, 10,
1-12.

Bargaz, A.; Nassar, RM.A; Rady, M.M.; Gaballah, M.S.; Thompson, S.M.; Brestic, M.; Schmidhalter, U.; Abdelhamid, M.T.
Improved salinity tolerance by phosphorus fertilizer in two Phaseolus vulgaris recombinant inbred lines contrasting in their
P-efficiency. J. Agron. Crop. Sci. 2016, 202, 497-507. [CrossRef]

Chapman, H.D.; Pratt, P.E. Methods of Analysis for Soils, Plants, and Waters; University of California: Riverside, CA, USA, 1961.
Mansour, S.; ElI-Dek, S.I.; Ahmed, M.A.; Abd-Elwahab, S.M. Effect of preparation conditions on the nanostructure of hydroxyap-
atite and brushite phases. Appl. Nanosci. 2016, 6, 991-1000. [CrossRef]

AOAC. Official Methods of Analysis, 17th ed.; The Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2000.
Snedecor, G.W.; Cochran, W.G. Statistical Methods, 8th ed.; Iowa State Univ. Press: Iowa City, IA, USA, 1989.

Freed, R.S.P; Einensmith, S.; Gutez, D.; Reicosky, V.; Smail, W.; Wolberg, P. User’s Guide to MSTAT-C Analysis of Agronomic Research
Experiments; Michigan State University: East Lansing, MI, USA, 1989.

Kingery, W.D.; Bowen, H.K.; Uhlmann, D.R. Introduction to Ceramics; Wiley: New York, NY, USA, 1976.

Singh, S.; Singh, V.; Aggarwal, S.; Mandal, U.K. Synthesis of brushite nanoparticles at different temperatures. Chem. Pap. 2010, 64,
491-498. [CrossRef]

Mandel, S.; Tas, A.C. Brushite (CaHPO4-2H;0) to octacalcium phosphate (Cag(HPO4),(PO4)4-5H;0) transformation in DMEM
solutions at 36.5°C. Mater. Sci. Eng. C 2010, 30, 245-254. [CrossRef] [PubMed]

Maity, ].P; Lin, T.]J.; Cheng, H.H.; Chen, C.; Reddy, A.S.; Atla, S.B.; Chang, Y.; Chen, H.; Chen, C. Synthesis of brushite particles in
reverse micro emulsions of the biosurfactant surfactin. Int. J. Mol. Sci. 2011, 12, 3821-3830. [CrossRef]

Turuko, M.; Mohammed, A. Effect of Different Phosphorus Fertilizer Rates on Growth, Dry Matter Yield and Yield Components
of Common Bean (Phaseolus vulgaris L.). World J. Agric. Res. 2014, 2, 88-92. [CrossRef]

Rady, M.M.; El-Shewy, A.A_; El-Yazal, M.A.S.; El-Gawwad, LEM.A. Integrative Application of Soil P-Solubilizing Bacteria and
Foliar Nano P Improves Phaseolus vulgaris Plant Performance and Antioxidative Defense System Components under Calcareous
Soil Conditions. J. soil Sci. Plant Nutr. 2020, 20, 820-839. [CrossRef]

Soliman, A.S.; Hassan, M.; Abou-Elella, F.; Ahmed, A.H.; El-Feky, S.A. Effect of nano and molecular phosphorus fertilizers on
growth and chemical composition of baobab (Adansonia digitata L.). . Plant Sci. 2016, 11, 52-60. [CrossRef]

Abdel-Salam, M. Implications of Applying Nano-Hydroxyapatite and Nano-Iron Oxide on Faba Bean (Vicia faba L.) Productivity.
J. Soil Sci. Agric. Eng. 2018, 9, 543-548. [CrossRef]

Uarrota, V.G. Response of Cowpea (Vigna unguiculata L. Walp.) to Water Stress and Phosphorus Fertilization. J. Agron. 2010, 9,
87-91. [CrossRef]

Priya, B.; Srinivasarao, M.; Mukherjee, S. Screening of Phosphorus Nanoparticle Concentration Based on their Effects at
Germination & Seedling Level in Mung, Urd and Cowpea. Vegetos Int. |. Plant Res. 2015, 28, 169. [CrossRef]

Upadhyaya, H.; Begum, L.; Dey, B.; Nath, PK.; Panda, S.K. Impact of Calcium Phosphate Nanoparticles on Rice Plant. J. Plant Sci.
Phytopathol. 2017, 1, 001-010. [CrossRef]

Arshad, M.; Nisar, S.; Gul, I.; Nawaz, U.; Irum, S.; Ahmad, S.; Sadat, H.; Mina, I.A.; Ali, S.; Rizwan, M.; et al. Multi-element
uptake and growth responses of Rice (Oryza sativa L.) to TiO2 nanoparticles applied in different textured soils. Ecotoxicol. Environ.
Saf. 2021, 215, 112149. [CrossRef]

Waani, S.P.T,; Irum, S.; Gul, I; Yaqoob, K,; Khalid, M.U.; Ali, M.A.; Manzoor, U.; Noor, T.; Ali, S.; Rizwan, M.; et al. TiO,
nanoparticles dose, application method and phosphorous levels influence genotoxicity in Rice (Oryza sativa L.), soil enzymatic
activities and plant growth. Ecotoxicol. Environ. Saf. 2021, 213, 111977. [CrossRef] [PubMed]

El-Azizy, F.A.; Habib, A.A.M.; Abd-El baset, A.M. Effect of nano phosphorus and potassium fertilizers on productivity and
mineral content of broad bean in north Sinai. J. Soil Sci. Agric. Eng. Mansoura Univ. 2021, 12, 239-246.

Youssef, S.; Riad, G.S.; Elhady, S.A.A. Effect of Phosphorus Sources and Arbuscular Mycorrhizal Inoculation on Growth and
Productivity of Snap Bean (Phaseolus vulgaris L.). Gesunde Pflanz. 2017, 69, 139-148. [CrossRef]

Zahra, Z.; Magbool, T.; Arshad, M.; Badshah, M.A.; Choi, H.-K.; Hur, ]. Changes in fluorescent dissolved organic matter and their
association with phytoavailable phosphorus in soil amended with TiO, nanoparticles. Chemosphere 2019, 227, 17-25. [CrossRef]
Hammond, J.P,; Broadley, M.; White, P. Genetic Responses to Phosphorus Deficiency. Ann. Bot. 2004, 94, 323-332. [CrossRef]
Taiz, L.; Zeiger, E.; Moller, M.; Murphy, A. Physiology and Development, 6th ed.; Sinauer Associates: Sunderland, CT, USA, 2015.


http://doi.org/10.1186/s42269-019-0127-5
http://doi.org/10.1007/s12230-014-9371-2
http://doi.org/10.1088/2043-6262/6/4/045014
http://doi.org/10.3389/fpls.2018.01860
http://doi.org/10.1111/jac.12181
http://doi.org/10.1007/s13204-015-0509-4
http://doi.org/10.2478/s11696-010-0032-8
http://doi.org/10.1016/j.msec.2009.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30011614
http://doi.org/10.3390/ijms12063821
http://doi.org/10.12691/wjar-2-3-1
http://doi.org/10.1007/s42729-019-00168-y
http://doi.org/10.3923/jps.2016.52.60
http://doi.org/10.21608/jssae.2018.36469
http://doi.org/10.3923/ja.2010.87.91
http://doi.org/10.5958/2229-4473.2015.00100.7
http://doi.org/10.29328/journal.jpsp.1001001
http://doi.org/10.1016/j.ecoenv.2021.112149
http://doi.org/10.1016/j.ecoenv.2021.111977
http://www.ncbi.nlm.nih.gov/pubmed/33578101
http://doi.org/10.1007/s10343-017-0398-4
http://doi.org/10.1016/j.chemosphere.2019.03.189
http://doi.org/10.1093/aob/mch156

Nanomaterials 2021, 11,2913 19 of 19

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

Ehiagiator, J.O.; Ariyo, A.D.; Imasuen, E.E. Soil fertility and nutritional studies on citrus, fruit and vegetable crops in Nigeria. In
Proceedings of the 29th Annual National Conference of Horticultural Society of Nigeria, Kano, Nigeria, 24-29 July 2011.
El-Kereti, M.A; El-feky, S.A.; Khater, M.S.; Osman, Y.A.; El-sherbini, E.S.A. ZnO nanofertilizer and He Ne laser irradiation for
promoting growth and yield of sweet basil plant. Recent Patents Food Nutr. Agric. 2013, 5, 169-181. [CrossRef]

Solanki, P; Bhargava, A.; Chhipa, H.; Jain, N.; Panwar, J. Nano-fertilizers and Their Smart Delivery System. In Nanotechnologies in
Food and Agriculture; Springer: Cham, Switzerland, 2015; pp. 81-101.

Taskin, M.B.; Sahin, O.; Taskin, H.; Atakol, O.; Inal, A.; Gunes, A. Effect of synthetic nano-hydroxyapatite as an alternative
phosphorus source on growth and phosphorus nutrition of lettuce (Lactuca sativa L.) plant. |. Plant Nutr. 2018, 41, 1148-1154.
[CrossRef]

Burhan, S.A.; AL-Hassan, M.G. Impact of nano NPK fertilizers to correlation between productivity, quality and flag leaf of some
bread wheat varieties. Iraqi J. Agric. Sci. 2019, 50, 1-7.

Kaviani, B.; Ghaziani, M.V.F.,; Negahdar, N. Effect of application methods and different concentrations of biologic nanofertilizer,
especial for ornamental plants on some morphological, physiological and proliferation traits and enhancing the quality of Buxus
hyrcana pojark. Int. J. Adv. Sci. Eng. Tech. 2016, 2, 206-212.

Rajonee, A.A.; Zaman, S.; Huq, S.M.I. Preparation, Characterization and Evaluation of Efficacy of Phosphorus and Potassium
Incorporated Nano Fertilizer. Adv. Nanoparticles 2017, 06, 62-74. [CrossRef]

Dhansil, A.; Zalawadia, N.; Prajapat, B.S.; Yadav, K. Effect of Nano Phosphatic Fertilizer on Nutrient Content and Uptake by
Pearl Millet (Pennisetum glaucum L.) Crop. Int. J. Curr. Microbiol. Appl. Sci. 2018, 7, 2327-2337. [CrossRef]

Desnos, T. Root branching responses to phosphate and nitrate. Curr. Opin. Plant Biol. 2008, 11, 82-87. [CrossRef]

Shen, J.; Yuan, L.; Zhang, J.; Li, H.; Bai, Z.; Chen, X.; Zhang, W.; Zhang, F. Phosphorus Dynamics: From Soil to Plant. Plant Physiol.
2011, 156, 997-1005. [CrossRef]

Hussain, R.M. The Effect of Phosphorus in Nitrogen Fixation in Legumes. Agric. Res. Technol. Open Access J. 2017, 5, 1-3.
[CrossRef]

Singh, A.; Baoule, A.L.; Ahmed, H.G.; Dikko, A.U.; Aliyu, U.; Sokoto, M.B.; Alhassan, J.; Musa, M.; Haliru, B. Influence of
phosphorus on the performance of cowpea (Vigna unguiculata (L) Walp.) varieties in the Sudan savanna of Nigeria. Agric. Sci.
2011, 02, 313-317. [CrossRef]

Hagagg, L.F; Mustafa, N.S.; Genaidy, E.A.E.; El-Hady, E.S. Effect of spraying nano-NPK on growth performance and nutrients
status for (Kalamat cv.) olive seedling. Biosci. Res. 2018, 15, 1297-1303.


http://doi.org/10.2174/2212798405666131112142517
http://doi.org/10.1080/01904167.2018.1433836
http://doi.org/10.4236/anp.2017.62006
http://doi.org/10.20546/ijcmas.2018.712.264
http://doi.org/10.1016/j.pbi.2007.10.003
http://doi.org/10.1104/pp.111.175232
http://doi.org/10.19080/ARTOAJ.2017.05.555654
http://doi.org/10.4236/as.2011.23042

	Introduction 
	Materials and Methods 
	Materials Used 
	Nano Calcium Phosphate Preparation 
	Nano Calcium Phosphate (NCaP) Characterization 

	Experimental Procedure 
	Pot Experiment 
	Field Experiment 

	Data Recording 
	Statistical Analyses 

	Results and Discussion 
	Characterization of Nano Calcium Phosphate (NCaP) 
	X-ray Diffraction Pattern 
	Scanning Electron Microscopy (SEM) 
	Transmission Electron Microscopy (TEM) 
	Fourier Transformer Infra-Red (FTIR) 

	Pot Experiment 
	Effect of Traditional and Nano Calcium Phosphate Fertilizers on Shoot and Root Dry Weights of Snap Bean Plants 
	Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Nutrient (N, P and K) Content of Snap Bean Plants 

	Field Experiment 
	Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Yield and Components of Snap Bean Plants 
	Effect of Traditional and Nano Calcium Phosphate Fertilizers on the Nutrient Concentrations and Crude Protein Percentage in Pods of Snap Bean Plants 


	Conclusions 
	References

