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Abstract

This paper reports a rapid, economic and efficient process to prepare calcium phosphate nanoparticles (nCF), also known as
hydroxyapatite. The objective of this study was to synthesize, characterize and determine the effect of agitation type on production
and morphology of nCF. Synthesis was carried out by wet chemical precipitation, with mechanical and magnetic agitation. TEM
microscopy indicates that mechanical agitation produced ~ 27% particles with diameter between 15-20 nm, while magnetic
stirring formed 31.1%. The sizes range obtained for both agitations types was 10 to 45 nm, with the predominant size being
15 to 20 nm. The FTIR spectrometry analysis revealed that the nCF obtained are analogous to those reported in the literature.
Zeta potential values of -20 mV to -14 mV were obtained for mechanical and magnetic agitation respectively, suggesting that
nCF synthesized by mechanical agitation has greater electrostatic repulsion in aqueous suspension. The results obtained reveal
that mechanical stirring improves the nanocomposite characteristics and produce colloidal particles more stable in aqueous
suspension. We consider that the process reported here could be scalable to produce nCF, which has commercial potential as a
nanofertilizer for agricultural use.

Keywords: characterization, morphology, nanoparticles, hydroxyapatite.

Resumen

Este articulo reporta un proceso rapido, econémico y eficiente para preparar nanoparticulas de fosfato de calcio (nFC), también
conocida como hidroxiapatita. El objetivo de este estudio fue sintetizar, caracterizar y determinar el efecto del tipo de agitacién
en la produccién y morfologia de las nFC. La sintesis se realizé mediante precipitacion quimica himeda, con agitacién mecédnica
y magnética. La microscopia TEM indica que la agitacién mecdnica produjo ~ 27% de particulas con un didmetro entre 15-20
nm, mientras que la agitacion magnética produjo 31.1%. El rango de tamaifios obtenidos para ambos tipos de agitacién fue de
10 a 45 nm, con un tamafio predominante de 15 a 20 nm. El andlisis de espectrometria FTIR revel6 que las nFC obtenidas son
andlogas a las reportadas en la literatura. Se obtuvieron valores de potencial Zeta de -20 mV a -14 mV para la agitacion mecédnica
y magnética respectivamente, esto sugiere que las nFC sintetizadas por agitaciéon mecdnica son mds estables en suspension. Los
resultados revelan que la agitaciéon mecdnica mejora las caracteristicas del nanocompuesto y produce particulas coloidales mas
estables en suspension acuosa. Consideramos que el proceso aqui descrito podria ser escalable para producir nFC, que pudiese
tener potencial comercial como nanofertilizante para uso agricola.

Palabras clave: caracterizacién, morfologia, nanoparticulas, hidroxiapatita.
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1 Introduction

The interdisciplinary research on biosystems at
nanoscale involves physical sciences, chemical
and molecular engineering, biology, biotechnology,
medicine and agronomy (Ferreira and Filipe, 2018),
complementing in this way the knowledge required
for the synthesis of new products and agro-inputs,
which are used in food systems (Prakash et al., 2018),
regenerative medicine (Yang et al., 2019) and in the
development of new intelligent textiles (Asif and
Hasan, 2018), among many other applications. The
synthesis and use of metallic, mineral and carbon-
derived nanoparticles (NPs) represent a very attractive
and promising area, because of the potential impact on
current and future society.

It has been pointed out that hydroxyapatite NPs
(HA, Cajg (PO4)6(OH);) (Figure 1) also known as
calcium nanophosphate (nCF), it is considered as
one of the most prominent materials for therapeutic
applications, and owing to its phosphorus (P) and
calcium (Ca) content, it has a promissory potential as
fertilizer in agriculture, although the latter possibility
still needs many studies and validation in the field
(Kottegoda et al., 2017). One of the main applications
of HA NPs is in the biomedical area, since they can be
used in therapy and transport of genes, for bone repair
treatment, as well as in acquired and inherited diseases
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Fig. 1. Chemical structure of a molecule of
hydroxyapatite also known as calcium phosphate,
mainly formed by crystalline calcium phosphate,
being the main inorganic component of bones in
vertebrates.

(Bakan, 2018). Salgado-Delgado et al. (2016) reported
that poly (2-hydroxyethyl methacrylate) and chitosan
were combined to obtain a biocomposite material
with fillers of hydroxyapatite through foaming gas
effect. Their results obtained by SEM indicate a
biocomposite formation having high porosity, with an
interpenetrated network in the porous material, which
could be used for medical applications.

Other important uses of nCF are in water treatment
and remediation of soils polluted with heavy metals
(Sadat et al., 2013). Mendoza-Castillo et al. (2016),
stated that the use of bone char which contains
hydroxyapatite, could be considered as alternative
sorbent for treatments of aqueous solutions polluted
by Cd**, Ni** and Zn>*. It has also been documented
that this type of NPs can increase the vitality of Zea
mays plants by improving the content and production
of chlorophyll, increasing the growth of plants and the
proliferation of roots, so that this type of NPs could
be used as high efficiency nanofertilizers (Rane et al.,
2015).

In many regions of Mexico as in other countries
with agricultural vocation, the efficient use of
fertilizers is highly demanded to optimize the cost
of crops production, to make a sustainable use of
inputs and to reduce contamination of agroecosystems
(Bationo et al., 2018). Between 50-70% of nitrogen
(N) applied to the soil as conventional fertilizer is lost
due to leaching and volatilization such as ammonia
and N oxides (Kottegoda et al., 2011). In acidic and
alkaline soils that make up more than 70% of the
world’s arable land, P forms insoluble compounds; in
acidic soils it forms phosphates of Al and Fe, while in
alkaline soils it forms phosphates of Ca and Mg, all of
them with low solubility (Holford, 1997), that are not
available to plants, therefore, up to 80% of the applied
P is lost because it becomes immobile and unusable
for crops (Lopez-Bucio et al., 2000).

Therefore, nanotechnology (NT) as a tool to
formulate nanopesticides and nanofertilizers offers
a significant improvement for the efficient use of
this costly and important agro-input. Montalvo et
al. (2015) carried out a work where nCF was
used as phosphorous fertilizer; they performed an
assay using the technique of P isotope dilution, to
quantify the absorption of P by plants of Triticum
aestivum from nCEF, calcium phosphate (CF) and triple
superphosphate, applied to different types of soils. The
results showed that P release and solubility was higher
with nCF.

Scientific literature accounts with numerous
publications referring to the most common procedures
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to obtain nCF. Sadat et al. (2013) made a classification
of five main methods: 1) dry processes, 2) wet
processes, 3) high temperature processes, 4) synthesis
from biological sources and 5) a combination of these
procedures. It is considered that the conventional
wet precipitation process is the simplest, easier and
most popular to use (Kottegoda et al., 2011), due
to insolubility of nCF in water (Guzmdan et al.,
2005). The conditions for these reactions are easily
controllable and versatile with economic advantages
like cost-effective on industrial scale, reproducibility
and the fact that not require expensive equipment,
because by mixing two aqueous solutions results in the
formation of highly supersaturated solutions of nCF,
which induces rapid precipitation of nanoparticles
(Angelescu et al., 2011; Okada and Matsumoto, 2015).

Thus, the objective of this work was to evaluate a
simple and economic chemical process that produce
the highest amount of nCF powders, considering that
in the medium term this technique could be used for
the commercial production of nanofertilizers.

2 Materials and methods

2.1 Materials and equipment

The following reagents were used: phosphoric acid
(H3PO4, 85%), calcium hydroxide [Ca (OH), > 95%]
and ammonium hydroxide (NH4OH > 85%), were
of analytical grade (Jalmek brand). The employed
laboratory equipment was: IKA brand digital helical
agitator model RW 20; a magnetic stirrer with heating,
Thermo Scientific brand; an electric heating mantles
for ball flask; a condenser with recirculating bath and
a potentiometer Thermo Scientific model Orion Star
A211.

2.2 Synthesis of calcium  phosphate
nanoparticles (nCF)

The synthesis of nCF was carried out with a procedure
similar to that described by Guzman et al. (2005),
which consisted on performing forced mechanical
agitation at 1,000 rpm, repeating the procedure and
applying magnetic stirring with a speed of 1,200 rpm.
An aqueous solution of calcium hydroxide [Ca(OH);]
and orthophosphoric acid (H3PO4) was used, with a
stoichiometric Ca /P ratio of 1.67 (Yelten and Yilmaz,
2016), adjusting the final pH to 11.74 by means of
a ammonium hydroxide solution. Subsequently the

mixture was kept in constant agitation and heated to
95 ° C in order to activate the chemical reaction, which
was executed according to the following equation:

6H3PO4 + 10Ca(OH); — Caj9o(PO4)s(OH),
+18H,0 (1)

Once the nCF synthesis reaction was carried out,
the resulting solution was allowed to stand for
72 h until the expected product was precipitated,
observing the phase separation at the end of the
indicated time. This was performed by making a
modification to the procedure indicated by Guzman
et al. (2005), by eliminating the supernatant by
decantation. Subsequently, the precipitate was dried
for 72 h at 110 °C.

2.3 Characterization by infrared spectroscopy
and Fourier transforms (FTIR)

The nCF samples were characterized by Fourier
transform infrared spectroscopy (FTIR) technique,
recorded in a Thermo Scientific infrared spectrometer
model Nicolet 6700, and using the KBr disc technique.

2.4 Characterization by X-ray diffraction
(XRD)

An XRD Rigaku Ultima IV diffractometer with KaCu
radiation (1.54183 A) was used to analyze nCF
samples. The XRD diffraction patterns were recorded
in a 260 range of 10 to 80 ° with the minimum step size
of 0.02 ° and with a sweep of 5 °/min. The calculation
to obtain the average size of crystallite particles, was
carried out by means of the Halder-Wagner method
(Izumi and Takuji, 2015) and the software installed in
the diffractometer employed.

2.5 Characterization by  transmission
electron microscope (TEM)

The samples morphology and microstructure was
determined by using a FEI-TITAN 80-300 kV
microscope operated at an acceleration voltage of 300
kV. The samples for these analyses were prepared
by depositing and evaporating a drop of the colloidal
solution on lacey carbon copper grids. The processing
of TEM micrographs, were interpreted using the
Digital Micrograph 3.7.0 software (Gatan Software,
Inc., Pleaston, CA, USA). nCF description was
performed with a transmission electron microscopy
images and high resolution (TEM and HRTEM), as
well by electron diffraction (SAED).
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2.6 Characterization by Zeta potential (ZP)

In the present study ZP was determined using a ZETA-
check micro trac equipment from Colloid Metrix
Company and a microscope to observe the colloidal
particles inside a chamber or electrophoretic cell.
ZP determines the surface charge of nanoparticles
when measuring their electrical potential, which can
be affected by particle composition and the medium
in which it is dispersed (Velasco et al., 2012).
This variable represents the amount of repulsion
or electrostatic attraction (or charge) between nCF
particles and other particles. It is one of the important
parameters that affect the stability of a suspension
(Saxena and Okram, 2018). The measurement of this
parameter provides detailed information on the causes
for dispersion, aggregation or flocculation, and can
be applied to improve the formulation of dispersions,
emulsions and suspensions (Mikolajczyk et al., 2015).

3 Results

3.1 Synthesis of
nanoparticles

calcium  phosphate

nCFs were obtained by means of mechanical and
magnetic agitation with an average size between 10

to 45 nm (Figure 2). These dimensions are within the
desirable range for biomedical applications, mainly for
bone tissue applications (Sunandhakumari et al., 2018;
Sattary et al., 2019) and for their study and practice in
agriculture (Kottegoda et al., 2017).

3.2 Characterization of calcium phosphate
nanoparticles

Figure 3 shows the FTIR spectrum obtained from the
nCF sample obtained by mechanical agitation. Typical
bands were observed for this mineral, identical to
those reported in the literature (Ma, 2012; Gheisari
et al., 2015). A main band centered at 1060 cm™! is
appreciated as well as other bands centered at 964, 606
and 573 cm™! respectively, which are distinctive of
the phosphate groups. The narrow band at 3571 cm™!
is attributed to the stretch vibration of the hydroxyl
groups. The wide band centered at 3430 cm™! together
with the signal at 1639 cm™', indicate the presence
of adsorbed water on the nCF surface, while the
signals at 1456 cm™' and 1424 cm™! correspond to
carbon dioxide, which is also adsorbed on the NPs
surface. The spectrum of the magnetically stirred
sample displayed an identical FTIR spectrum to that
obtained by mechanical stirring.

Fig. 2. Process for the synthesis of nCF NPs (a) and (e) arrangement of laboratory instruments for the synthesis
reaction by magnetic and mechanical agitation respectively. (b) and (f) solution obtained after the reaction by both
types of agitation. (c) and (g) product obtained after drying for magnetic and mechanical stirring respectively. (d)

and (h) reduction of particle size.
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Fig. 3. Fourier transform infrared transmission
spectroscopy (FTIR) of the calcium phosphate sample
obtained by the mechanical agitation technique.
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Fig. 4. XRD diffraction patterns of the nCF NPs
powder sample obtained by: (a) Magnetic stirring,
(b) Mechanical stirring and (c¢) Standard diffraction
pattern for FC according to JCDPS letter 9-432.

Figures 4 (a) and 4 (b) shows the X-ray diffraction
patterns of the precipitate obtained by means of non-
calcined wet chemical synthesis and using magnetic
and mechanical agitation. The obtained results agree
with typical responses with greater intensity in the

peaks (002, 211, 112, 300 and 202), characterizing
this powder as a pure calcium phosphate, according
to the international data base JCDPS 9-432, as shows
in Figure 4 (c), thus confirming the formation of nCF.

Our results show that the agitation type and the
speed applied did not cause a significant difference
on size of crystallite produced, since the average size
for the magnetic stirring was 10.9 = 1.1 nm, while by
means of mechanical agitation the average size was
15.2 + 1.3 nm, a difference of 6.7 nm (28.28% larger
size) was attained by means of mechanical agitation.
The NPs size distribution is presented in Figures 5 (a)
and 5 (b).

In order to evaluate the previous results, a
sample analysis was carried out using the TEM
microscope, Figure 6 (a) depicts the TEM image of
an nCF synthesized with mechanical agitation. In this
micrograph an elongated rod shape of NPs is observed.
Figure 6 (b) shows the distribution of nCF sizes after
measuring 350 nanoparticles. The majority (~ 65%)
of NPs displayed diameters of 10 to 25 nm, but only
~ 4% exhibited sizes greater than 35 nm. Figure 6
(c) shows a representative image of HRTEM, where
the molecule diameter with a mean value of 29.26
nm is clearly appreciated. This outcome agrees with
the average size frequency observed in the scheme of
panel 6 (b). The SAED diffraction pattern obtained
from the area observed in panel (a), is shown in
Figure 6 (d). This pattern is made up of irregular rings
associated with the planes (211, 102, 201 and 200) of
the structure of nCF.

Dimension measurements were made by triplicate
for each type of agitation employed. The image
analysis to determine main diameter of each process
was performed using TEM images of the three
replicates by measuring at least the 350 nanoparticles
each time. For FTIR, XRD and ZP analyzes, there
were no differences between analyses, and therefore,
only one of the results is reported here. To determine
the particle size distribution from the CTEM images,
the following procedure was performed: 1) Using the
Image Pro 10 software, mean diameter of 350 NPs
was measured for each agitation method. 2) From
the obtained data, the absolute frequency for typical
diameter ranges was determined. 3) With the above
data expressed as a percentage the histograms created
and are presented on Fig. 6 (b) and Fig. 7 (b).

Figure 7 (a) is a conventional TEM micrograph
corresponding to the nCF magnetically stirred sample,
in which the quasi-spherical morphology is clearly
visible. Figure 7 (b) shows the size distribution that
resulted after measuring 350 nanoparticles.
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Fig. 5. Graphs of crystallite size distribution achieved by the Halder-Wagner method, and obtained by wet chemical
reaction and magnetic (a) and mechanical (b) agitation.
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Fig. 6. Micrographs corresponding to the nCF sample obtained by mechanical agitation. Image of TEM (a).
Distribution of the size of NPs (b). HRTEM image of a nanoparticle (c). SAED diffraction pattern obtained from the
area observed in the panel (d).
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Fig. 7. Micrographs corresponding to the nCF sample obtained by magnetic agitation. (a) TEM image (a).
Distribution of the size of NPs (b). HRTEM image of a nanoparticle (c). SAED diffraction pattern obtained from the

area observed in panel (b).

Table 1. Effect of mechanical and magnetic stirring on some characteristics related to nanophosphate calcium

synthesized, such as diameter range, number of particles per diameter range, average size and statistical parameters.

Mechanical stirring / Magnetic stirring

Diameter Number of Particles Standard Standard Variability

range of Particles by average deviation error coeficient

NPs (nm) diameter size
10-15 43 /49 13.26/13.23 1.27/1.54 0.19/0.22 9.57/11.66
15-20 95/ 106 17.7/17.55 141/136 0.14/0.13  7.98/7.77
20-25 92/83 22.84/2233 134/1.39 0.14/0.15 5.88/6.23
25-30 71/ 38 274472736 1.55/146 0.18/024 5.66/5.34
30-35 36/40 32.2/32.64 1.32/148 022/023 4.11/4.53
35-40 13/19 37.17/37.61 127/1.62 035/0.37 3.42/4.31
40-45 2/6 42.32/42.05 284/1.75 2.01/071 6.71/4.15
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Table 2. Nanophosphate calcium characteristics related to morphology, yield, and ZP based on the employed
agitation type.

Type of agita- Yield Z Potential
tion and nCF nCF morphology (g/L) (mV)
shape &
Magnetic agita-
tion (quasi 100 -14.5
spherical shape)
Mechanical agi-
tation (rod 100 -20.0
shape)
1507 2 agitation used for the synthesis of the nCF is presented
1230 . in Figure 8. The results show values of up to -20
> -13.50 ’”'.p-“ oCF meie R ] mV (millivolts), but with a tendency toward zero with
> "14:50-J CF mgmesc e ] increasing time.
§ -15.50 Regarding the morphology of the nanoparticles,
v . . .
= 1650 T there is a noticeable difference between the types of
§ -17.50- W‘;\::hﬁ' — T agitation employed, since the cuasi spherical and rod
& 4&50-—__!4‘5' L shapes obtained depended on the stirring method. In
1950 el the case of mechanical agitation mostly prevailed a
_20'50_:‘ ’ _ . . . shaped rod nanoparticles, while the magnetic stirring
0.00 100.00 200.00 300.00 400.00 550.00

Time /s

Fig. 8. Zeta potential illustrating the electrical
potential related to the dispersion of the aqueous sus-
pension of the calcium phosphate nanoparticles, which
were obtained by mechanical agitation and magnetic
stirring.

Most NPs (~ 70%) displayed average diameters
from 10-25 nm, and only ~ 7% exhibited sizes greater
than 35 nm. Figure 7 (c) is a representative image of
HRTEM, where an average diameter of 29.22 nm is
observed. Figure 7 (d) reveals the SAED diffraction
pattern obtained from the area observed in panel (a),
revealing that the pattern is made up of irregular rings
associated with the planes (211, 102, 002 and 200) of
the nCF structure.

Table 1 shows the comparative data resulting from
measurements of nCF diameters obtained by two
agitation types employed for the production of nCF by
wet chemical precipitation method. Table 2 displays
some morphological characteristics like average size
and estimated yield for each agitation type. The ZP
value as a function of time and the two types of

made almost spherical shapes, having a size between
15 and 25 nm; which is in agreement with Alvear
et al. (2017), since these authors also reported that
agitation speed in the case of mechanical agitation
induced smaller particle sizes (Fig. 8.)

Table 3 shows the economical features associated
to produce 1 kg of nCF by three different methods,
taking into account only the expenses for ACS grade
reagents, according to local suppliers’ quotation,
leaving aside other collateral expenses such as
laboratory equipment, time of process, as well as
electric energy used. The nCF synthesis processes
analyzed were wet chemical precipitation, sol-gel and
dry method. The specific reactions for each synthesis
methods are presented as follows:

Reactions for wet chemical precipitation according
to Guzman et al. (2005):

6H3PO4 + 10Ca(OH)y — Ca9(PO4)s(OH),
+18H,0 (2)

10(CaNO03)24H>0 + 6(NHy),HPO4 + SNH4,OH
— Ca9(P0O4)6(OH), + 20NH4NO3 + 46H,0  (3)
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Table 3. Amount (pesos) necessary to produce 1 kg of nanophosphate calcium by using three different methods.

Synthesis method

Amount to produce 1 kg

Wet precipitate according to equation 1
Wet precipitate according to equation 2
Sol - gel employing equations 3 and 4
Dry method employing equation 5

$812.68
$2,685.00
$1,824.96
$3.832.93

Reactions for the sol-gel synthesis method
according to Sanosh et al. (2009):

H3;PO4+3NH,OH — (NH4)3PO4+3H,0 (4)

6(NH4)3PO4 +10Ca(NO3)24H,0 —
Ca10(PO4)¢(OH)y + 20NH4sNO3  (5)

The last two reactions are consecutive, since they
belong to the same method.

Reaction required for the dry method according to
Fihri et al. (2017):

3Ca3(P0O4); + 3Ca0O — Cajo(PO4)s(OH)y (6)

In the previous comparison it is clear that the most
economical option turns out to be equation one
(synthesis by wet chemical precipitation), however,
for the eventual case that this nanoparticle is oriented
to commercial application, a lower price will be
necessary, so the production cost needs to be
recalculated but using industrial grade reagents. By
doing so, a decrease of 89.4% is achieved. In this
way the nCF production cost will be $ 85.90 / kg.
This relative low price is in agreement with many agro
inputs used as soil amendment or soil fertilizer.

4 Discussion

The results of this work agree with previous reports
where the particle size of nCF is closely related
to the speed of agitation during the reaction, for
instance Afshar et al. (2003) pointed out that it is
best to perform a powerful and high-speed mechanical
agitation, therefore, the speed of agitation during the
wet chemical synthesis reaction is a critical step in
that process and has an impact on the performance
of the reaction. In an analogous way, Azizieh et al.
(2011) reported that by increasing the rotational speed,
as a result of greater heat input, the grain size of

WWW.rmiq.org

the base alloy increased and simultaneously more
shattering effect of rotation was observed, causing a
better nanoparticle distribution.

When performing the synthesis of magnetite NPs,
Alvear et al. (2017) established a directly proportional
relationship between the yield and the agitation
speed of the reaction. Their results indicate that
the production of FezO4 NPs occurs in accordance
with the theory of nucleation and crystal growth,
showing that increasing the speed of agitation rises
the nucleation speed, and consequently the reaction
performance. These authors also mention that a high
speed of agitation tends to obtain smaller and more
uniform particles, as it happened in the present work
when performing the synthesis of the nCF. In this
way it was demonstrated that the 1000 rpm agitation
speed generated the maximum yield for both stirring
types, and better uniformity in NPs size with average
diameters of 15-20 nm.

In relation to the aforementioned, Salimi er al.
(2012) studied the effect of agitation speed, type of
agitation and temperature, on the size and morphology
of nCF, but using the sol-gel technique. They found
that by increasing the force of agitation, the dissipation
energy of the system was increased, generating great
turbulence in the mixing zone and increasing the
nucleation rate, in addition, the large aggregates
were fractionated. These results coincide with those
obtained in the present work regarding particle size,
since the mechanical agitation produced ~ 33% of
particles with a diameter between 15-20 nm, while
the magnetic agitation produced 29%. The range of
particle sizes obtained for both types of agitation was
10 to 45 nm, however, the predominant size was 15 to
20 nm.

The present study reveals that nCF synthesis of
by mechanical agitation produces the same quantity
of precipitates (50 g / L of solution) as the magnetic
agitation, therefore, both processes have a 100 %
efficiency in the reaction, which may be due to the fact
that that the same speed is used. This is comparable
with Alvear et al. (2017) and Yusoff et al. (2018), who
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also found that the increase of energy in the system by
mechanical agitation, induces that the reagents have
better distribution in the solution, which causes greater
nucleation due to the increase in collisions of the
nuclei, thus improving the performance of the reaction
and accelerating precipitation.

In this report the sample was dried at 110 °C
because with that temperature it was possible to
evaporate the residual moisture in less time, however,
previous work suggests to calcinate the sample at high
temperatures (~ 600-1200 °C) in order to increase
the crystallinity of hydroxyapatite NPs (Meejoo et
al., 2006), by reducing the amount of water in
the structure to increase the intensity and resolution
of narrow diffraction peaks. Moreover, this can be
associated with mass transport due to the coalescence
of hydroxyapatite grains (Kamieniak et al., 2017).

On the other hand, Abidi and Murtaza (2013)
studied the wet chemical precipitation reaction,
finding that the optimum temperature for a
stoichiometric ratio of hydroxyapatite NPs is 600
°C. An analogous result to that described above
for thermal treatment of this type of NPs was
reported by Sanosh et al. (2009). They incinerated the
hydroxyapatite powders obtained by synthesis using
the sol-gel technique, from 65 °C to 800 °C, thereby
finding an increase in crystallite size from 18 nm to 61
nm. However, we believe that these high temperatures
are not sustainable, since the costs of the process are
increased considerably by the concept of energy for
heating.

Regarding to the ZP response (Figure 8), the
nCF obtained by means of mechanical and magnetic
agitation, Mayoral et al. (2014) and Ortiz et al. (2016)
point out that NPs in suspension with charges outside
the range + 30 mV are more stable due to the repulsion
by the effect of surface charges, tending to repeal each
other which eludes aggregation, however, when the ZP
values approach zero, agglomeration of nanoparticles
is favored. On the other hand, NPs with a ZP between
-10 and +10 mV are considered neutral, while NPs
with ZP greater than +30 mV or less than -30 mV
are considered strongly cationic and strongly anionic,
respectively.

Since most cell walls and membranes are
negatively charged, ZP can affect the tendency of NPs
to penetrate the membranes, consequently, cationic
NPs generally show a greater toxicity associated with
the breakdown of the cellular wall (Clogston and Patri,
2011). According to that statement the NPs obtained in
this trial will tend to agglomerate, because ZP values
of -20 mV to -14 mV were obtained for mechanical

and magnetic agitation respectively, however, Berg
et al. (2009) stated that this characteristic can be
modified if the suspension is adapted, also affecting
the dispersion and stability of the suspension.

The results showed that the obtained particles have
a negative charge, in a similar way to soil clay, this
indicates in turn that nCF would have the capacity
to attract other soil nutrients in the form of cations
such as Mg*?, Na*2, K* and NH;, which supports to
retain and maintain these elements on the ground for
longer periods improving the nutrient status of plants
and crops (Kottegoda et al., 2016).

Regarding the toxicity potential of NPs to humans
and ecosystems, as nanoparticle size decreases, the
surface to volume ratio increases exponentially, which
make these particles more reactive and toxic, since
by reducing their size, their ability to penetrate plant
and animal tissues increases (Sajid et al., 2015). Ionic
dissolution and particle-induced generation of reactive
oxygen species (ROS) are equally a significant mode
of action for toxicity, while physical damage to cell
membrane are associated to partially soluble Cobalt
oxide NPs (Sharan et al., 2019). ROS production may
lead to an unspecific oxidation of cell membranes,
proteins, nucleic acids, and chloroplast pigments. The
accumulation of ROS is caused by an imbalance
between ROS production and the capacity of the
antioxidant system to inactivate them.

In plants, the root growth of radish, rape canola,
ryegrass, lettuce, corn, and cucumber species were
inhibited upon exposure to 2000 mg/L nano-sized
Zn and ZnO. By applying nano-sized Zn (zinc, 35
nm) and ZnO (zinc oxide, 20 nm) the germination of
ryegrass and corn was also inhibited (Nhan le ez al.,
2015). In the case of the nCF, no scientific evidence
was found on their probable phytotoxicity; on the
contrary, nCF are used to immobilize heavy metals
in the soil and water, preventing their absorption by
plants (Geebelen et al., 2002; Yang et al., 2016; Guo
etal., 2019).

According to Bala et al. (2014), there is a low
possibility that the nCF generates bioaccumulation
and / or phytotoxicity, since in its research with
chickpea, the HRTEM miracles detected only traces
of the material in the treated plants with 1 mg/mL. It
is believed that most of the nanoparticle applied was
used by the tissues of the plant for their metabolic
processes since it was observed an increase in the
growth rate of the plant with respect to the control.
For this reason, it is considered that the nanoparticles
of nCF have great potential in the future of agriculture
and more work is needed in this regard.
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Conclusions

The present study provides evidence that the
preparation of nCF can be feasible by simple low
environmental impact procedures of reduced cost,
without calcining the sample. Quantitative yields of
nCF were achieved by means of wet precipitation
using mechanical agitation to control the size of
the nanoparticle. The process reported here could be
scalable to produce nCF that has commercial potential
as a nanofertilizer for the agricultural sector.
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