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Calcium phosphate (CaP) nanoliquid fertilizers have shown great potential in improving nutrient uptake

efficiency by providing a controlled and sustained release of calcium (Ca) and phosphate (P) ions. In this study, we
successfully synthesized highly pure calcium phosphate nanoparticles with a uniform size of a few tens of
nanometers using a simple and cost-effective method. By incorporating triethanolamine (TEA) as a complexing
and stabilizing agent, we significantly reduced the synthesis temperature, leading to lower energy consumption and
production costs while ensuring excellent nanoparticle quality. The resulting nano-hydroxyapatite
(Caio(PO4)s(OH)2) exhibited a high surface area, promoting gradual nutrient release and improved bioavailability
for crops. This straightforward approach offers a scalable and economically viable route for producing advanced

nanofertilizers tailored for sustainable agriculture.
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Introduction

Calcium phosphate nanoparticles, particularly in the
form of hydroxyapatite (HAp; Caio(PO4)s(OH)2 or
Cas(PO4);sOH), are increasingly recognized as an
innovative solution for sustainable agriculture through
their application in nanoliquid fertilizers. These
nanoparticles are designed to address critical challenges
associated with traditional fertilizers, such as nutrient
leaching, low bioavailability in alkaline soils, and
inefficient phosphorus uptake by crops. Research shows
that CaP nanoparticles can serve as a slow-release source
of both calcium (Ca) and phosphorus (P), essential
nutrients for plant growth, thus improving nutrient use
efficiency and minimizing environmental impact [1]. The
nanoscale size of CaP particles enhances their solubility
and facilitates better plant absorption compared to bulk
materials, making them particularly valuable for crops in
phosphorus-deficient or alkaline soils, where traditional
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phosphates are less effective. Moreover, CaP
nanoparticles are known to promote root and shoot
growth, increase chlorophyll content, and support
microbial activity in the rhizosphere, further boosting
plant health and yield. In addition, studies suggest that
CaP nanofertilizers can mitigate abiotic stresses, such as
drought, by maintaining plant osmotic balance and
enhancing root structure, which is vital for water uptake
[2].

A very early study in 2011 involving the use of nano
hydroxyapatite (HAp) as a Nitrogen (N) carrier through
their combination with Urea (U) was provided by
Kottegoda et al. and evidenced significantly slower N
release by the hybrid nanostructure (Nanohybrid)
compared to conventional Urea [3]. This group used a wet
chemical method to evenly distribute the nano HAP from
a solution of calcium hydroxide (Ca(OH),) and
orthophosphoric acid (H3;PO4) 85% with the molar ratio of
Ca:P maintained at 1.67. The average size of the nano
HAp was less than 100 nm in diameter.
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A study by Elsayed’s group in 2022 also suggested
that HAp nanoparticles can release P more slowly than
other types of fertilizer delivery systems while the P in
nano HAp remains more mobile than the immobilized P in
soil [4]. According to them, hydroxyapatite nanoparticles
were synthesized based on wet chemistry from CaCl,.2H-
10 solution and NH4H,POj4 solution maintained at a ratio
of 1.67. The average size of HAP nanoparticles was about
24 nm.

HAp nanoparticles were synthesized as described by
Mateus et al. [5] using aqueous solutions of calcium
hydroxide (Ca(OH)2), phosphoric acid (H3PO4), 85% and
a surfactant, SDS (sodium dodecylsulphate), as starting
reagents. In this experiment, Ca:P molar ratio was
maintained at 1.67. The reaction takes place according to
the equation:

6H;5PO4 + 10Ca(OH)2 — Calo(PO4)6(OH)2 + 18H,0.

Hydroxyapatite nanoparticles obtained had different
types of microspheres.

Another study by Marchiol et al. explored the
potential application of HAp nanoparticles in the
germination process of tomato plants [6]. They
synthesized HAp nanoparticles by chemical method from
H3PO4 solution added to Ca(CH3COO), solution
maintaining the pH at a constant value of 10 by adding
NH4OH. The HAp nanoparticles were reported to have a
size of ~50 nm as observed by TEM.

Some studies reported in the literature showed that the
presence of calcium phosphate precipitation is a complex
phenomenon leading to the formation of different phases:
brushite, or dicalcium phosphate dehydrate (DCPD),
octacalcium phosphate (OCP), hydroxyapatite (HAp) or
calcium-deficient hydroxyapatite (CDHA) depending on
the experimental conditions [7-9]. The main conditions
influencing calcium phosphate precipitation are
temperature, phosphate and calcium concentrations, pH,
ionic strength and the precipitation duration [10-12]. The
characteristics of calcium phosphate phases formed in
different physico-chemical conditions and their chemical
reactions are summarized in Table 1.

The reaction time and temperature are important
factors affecting the crystallinity of the precipitating
phase. The co-precipitation method for synthesizing
Hydroxyuapatite in the studies of Amik Kumar Nayak et
al., Bouyer E et al. and Ferraz MP et al. [14-16] requires a
reaction period of 1-6 hours for precipitation, with
additional aging of 12-24 hours to enhance crystallinity

and phase purity, a pH typically 9-11, and reaction
temperature 25-90°C.

In light of their potential benefits, CaP nanoliquid
fertilizers are a promising tool for enhancing agricultural
productivity and aligning with global sustainability goals,
reducing dependency on large quantities of conventional
chemical fertilizers and lessening nutrient runoff and soil
degradation. Therefore, this report's specific tasks include
synthesizing apatite nanoparticles in the presence of
Triethanolamine (TEA) surfactant and analyzing their
structural properties. Our group wanted to use the wet-
chemical precipitation method in the presence of
surfactants to conduct initial research on the application of
large quantities of HAp nanoparticles with the highest
uniform shape and size as fertilizer for plants.

I. Materials and Methods

All chemicals used in this study were Ca(OH),, H3;PO4
and Triethanolamine (TEA). Calcium hydroxide
(Ca(OH)>, 96.0% pure) was purchased from Fisher
Scientific (Honeywell Fluka, USA). Phosphoric acid
(H3PO4, 85.0% pure) and Triethanolamine (TEA) were
purchased from Petronas (Malaysia). All solutions were
prepared with deionized (DI) water (18 MV cm) from a
Milli-QTM Water System.

Samples of calcium phosphates were obtained by
chemical precipitation from aqueous solutions. They are
named 1A, 1B and 1C equivalent to three ways to prepare.
The mass of the substances is taken based on the molar
ratio of Ca(OH), and H3PO4 being 1.5. So the masses of
Ca(OH), and H3PO4 are 4.73 g and 4.17 g respectively.

For sample 1A, 35 g H,O was added to 4.73 g
Ca(OH), while stirring vigorously for about 15 minutes at
80-100 °C. Then, cool to room temperature, 4.17 g H3PO4
(85%) was slowly added drop by drop to the aqueous
suspension of Ca(OH),. The mixture was stirred for 1h at
room temperature, obtaining a white solution with a final
pHof 12+ 0.5.

After preparing sample 1A, we added one more
surfactant TEA weighing 10 g to obtain Sample 1B. The
pH of Sample 1B was 11 + 0.5 having the white
suspension.

For sample 1C, we added surfactant TEA (10g) to the
Ca(OH), aqueous solution prepared at 80-100°C. Then,
lowering it to room temperature, we slowly added
dropwise H3POj (4.17 g). The white solution obtained had
apH of 9.5+ 0.05.

Table 1.

Characteristics of calcium phosphate phases with different formation conditions: molar ratio of Ca:P, pH and
solubility at 25 °C [13].

Ca/P molar Solid phase /Formula Solubility at | Formation conditions:
ratio p 25 °C (g/L) (pH-Temperature (C))
1.0 Solid phase /Formula ~0.088 2.0-6.0
1222 Dicalcium phosphate dehydrate (DCPD), mineral (If;r;?ltr:g 5-12
- brushite/ CaHPO4.2H,O . Always metastable
precisely
3 Amorphous calcium phosphates _ )
157167 | (ACPs)/CagH,(PO4),.nH,0, n=3-4.5; 15%20% H,0 |~ *-00%4 6.5-9.3
Calcium-deficient hydroxyapatite (CDHA)/Ca;o- _
1.67 (HPOR)(POs)s(OH)s. (0<x<1) 0.0003 9.5-12




Thi My Anh Nguyen, Thanh Sinh Do, Thai Thinh Le, Thi Kim Xuan Nguyen, Cong Danh Nguyen, Nhi Kieu Vo, etc.

The white aqueous solutions of the three samples
obtained were washed using de-ionized water and dried in
the oven at 80°C for 24 h.

Based on the results of phase analysis and particle size
distribution, the sample exhibiting the most homogeneous
phase composition and the smallest particle size was
selected for scale-up. The synthesis was subsequently
performed at 20 times the original batch size to further
evaluate the reproducibility, phase stability, and size
uniformity of the HAP nanoparticles at a larger scale.

The products were characterized using X-ray
Diffraction (XRD), Scanning electron microscopy (SEM),
and Fourier transform infrared spectroscopy (FTIR)
techniques.

The XRD patterns were recorded using the Empyrean
X-ray Diffractometer from PANalytical. The data were
acquired using Ni filtered copper Ka radiation in a step-
by-step mode with initial 20 =3°, final 20 = 60°, step
20 = 0.02°and time per step = 1.2s.

The morphology and particle size of the synthesized
samples were observed using the SEM technique
(FESEM, Hitachi-S4800, Japan), which is equipped with
energy dispersive spectroscopy (EDS).

FTIR spectra were taken on a FTIR spectrometer
(Perkin Elmer, Ltd., Buckinghamshire, UK) using KBr
pellets. The discs were scanned over the range 4000 to
400 cm™ with a total of 20 scans at a resolution of
+4 cm™.

The particle size distribution of the synthesized CaP
nanoparticles was analyzed using a Horiba LB-550
Particle Size Analyzer, which operates based on dynamic
light scattering (DLS) principles. Measurements were
conducted at a fixed scattering angle of 90° and at a
controlled temperature of 25°C. The instrument provided
high-resolution size distribution data, allowing for the

$-4800 20.0kV

accurate determination of particle homogeneity and
aggregation behavior in the suspension.

II. Results and Discussion

Figure 1 shows the flower-shaped morphology of the
particles in 1A, 1B and 1C samples after synthesizing at
room temperature. SEM images of 1A and 1B samples
have similar morphology and particle distribution. These
two samples have many particles aggregated together with
sizes ranging from 50 nm to 200 nm. In the image of
sample 1C, the precipitate particles are less cohesive, 30-
50 nm in size as measured in Fig. 2. These flower-shaped
particles are connected in a long row.

From the EDX analysis as shown in Fig. 2, the
characteristic peaks of Ca, P and O are present with the
atomic and weight percentages which provides the mean
relative calcium to phosphate ratios as depicted in Table
2.

Table 2 represents the elemental composition of the
1A, 1B and 1C samples after synthesizing with their
corresponding calcium to phosphate (Ca/P) ratios
obtained by energy dispersive X-ray analysis. Weight
percentage (Wt%) and atomic percentage (At%) were
considered to give Ca/P approximations. From the data of
Table 1, calculated Ca/P ratios in atomic (At %) for the
samples 1A, 1B and 1C were 1.47, 1.52 and 1.57
respectively.

Comparatively, the atomic Ca/P ratios of three
samples were close to the experimental Ca/P ratio of 1.5
for all the samples investigated in this study.

-

7.9mm x90.0k SE(M)

Fig.1. FE-SEM images of samples 1A, 1B and 1C.
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S-4800 20.0kV 7.9mm x120k SE(M)

400nm
Fig. 2. FE-SEM of nanoparticles image was magnified for
samples 1C.

Table 2.
Calcium/Phosphate ratios in Weight % and Atomic %.
Sample 1A 1B 1C

Calcium (Wt %) 23.13 28.84 31.99
Phosphate (Wt %) 12.22 14.64 15.78
Ca/P (Wt %) 1.89 1.96 2.02
Calcium (At %) 11.19 14.67 16.70
Phosphate (At %) 7.60 9.63 10.64
Ca/P (At %) 1.47 1.52 1.57

According to the powder X-ray diffraction (PXRD)
pattern analysis shown in Figure 4 of three synthesized
samples, the different phases of calcium phosphate can be
obtained, depending on the experimental conditions. All

three samples display the XRD patterns characterized by
a baseline indicative of poorly crystalline materials. The
XRD data for the precipitate particles exhibits weak and
broad reflections, which were produced at room
temperature through an acid-base neutralization reaction.
So the presence of amorphous phases (ACp,
Ca3(PO4)2.nH20) alongside crystalline phases was
observed in all three synthesized samples.

The pattern 1A shows a mixture of some different
phase structures, however, pattern 1B shows a mixture of
three phases and only one phase in pattern 1C.

XRD pattern of sample 1A reveals the presence of
five phases, namely: Brushite Ca(HPO4)(H20), (JCPDS
01-072-1240); Calcium hydrogen phosphate CaHPO,
(JCPDS 00-001-0653); Calcite CaCO; (JCPDS 01-086-
4274); Calcium hydroxide Ca(OH). (JCPDS 04-006-
9147) (excess amount of Ca(OH),) and Hydroxyapatite
(HAp) Cas(PO4);0H (JCPDS 00-001-1008). That
indicates the crystallization of calcium phosphates from
aqueous solutions involving some structures at a Ca/P
ratio of 1.5 and pH of 12. These phase structures will
always metastable for these formation conditions
according to Table 1. With the conditions of Ca/P = 1.5
and pH =9-12, calcium phosphate phases in the form of
Amorphous calcium phosphates (ACPs) or in the form of
Calcium-deficient hydroxyapatite
(CDHA)/Caix(HPO4)x(PO4)s-x(OH)2-x (0<x<1)
according to Table I of Sergey V. Dorozhkina [13].

However, adding surfactant TEA after preparing
sample 1A to obtain sample 1B resulted in forming three
phases, namely: Monetite HCa(PO,), Calcite CaCO3 and

Element | Weight % | Atomic %
C 10.16 16.01
0 54.48 65.18
P 12.22 7.60
Ca 23.13 11.19
Element | Weight % | Atomic %
C 10.31 17.18
O 46.20 58.51
P 14.64 9.63
Ca 28.84 14.67
Element | Weight % | Atomic %
C 11.05 19.12
0 41.17 53.52
P 15.78 10.64
Ca 31.99 16.70

Fig. 3. EDX analysis on surfaces of 1A, 1B and 1C samples.
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Fig. 4. Powder X-ray diffraction pattern of three samples 1A, 1B and 1C, Reference code of Hydroxyapatite:
00-001-1008.

HAp Cas(PO,4)30H. For sample 1C, when adding
surfactant TEA to the Ca(OH), aqueous solution prepared
at 80-100 °C and finally adding dropwise H3PO4, we
obtained just one phase HAp. The XRD pattern of the
sample 1C did not point out the presence of any phases
other than HAp with all peaks matching to the JCPDS 00-
001-1008 for HAp. This is in contrast to the results on the
phase formation of calcium phosphate which depends on
the initial crystallization conditions demonstrated in Table
1. The reaction time and temperature are also important
factors which are consistent with previous studies [14-16].
The reaction time in our study is 1 hour for precipitation,
with a pH of 9.5, and reaction temperature 80—-100°C.

The order in which the surfactant TEA is added to the
reaction solution also affects the crystallization of the
phases. When TEA is added at the end of the reaction, we
get three phases (in Sample 1B), but when it is added
immediately after the Ca(OH), solid solution, we get only
one phase (in Sample 1C).

The crystallite size of the hydroxyapatite (HAp)
sample (coded as 1C) was estimated using the Debye—
Scherrer equation, which relates the broadening of
diffraction peaks in the XRD pattern to the average size of
crystalline domains:

D=(K*A)/ (P * cosd)

Where:

D is the average crystallite size (nm),
- K is the shape factor (typically 0.9),- 4 is the X-ray
wavelength (0.15406 nm for Cu Ka radiation),

- p is the full width at half maximum (FWHM) of the
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selected diffraction peak in radians,

- 0 is the Bragg angle, i.e., half of the 26 diffraction angle.
In this study, two prominent diffraction peaks were

selected for crystallite size estimation at 20 = 26.00° and

20 = 32.35°, corresponding to strong reflections typically

associated with HAP. The detailed crystallite sizes were

calculated in Tableau 3:

Table 3.
Detailed crystallite size analysis for two prominent peaks
in the XRD pattern of Hydroxyapatite (HAp) in sample
1C.

20 (°) FWHM (°) Crystallite Size (nm)
26.00 0.2759 29.55
32.35 1.1167 7.41

The diffraction peak at 26.00° exhibits a relatively
narrow width, indicating a larger average crystallite size
of ~29.55 nm. In contrast, the peak at 32.35° is
significantly broader, yielding a crystallite size of
~7.41 nm, suggesting the presence of nanocrystalline
domains or amorphous character within the material.

These results confirm that the synthesized HAp
sample consists of a mixture of nanocrystalline and
amorphous phases, which is consistent with low-
temperature synthesis routes and supports its potential
application as a nano-fertilizer due to high surface area
and potential bioactivity.

The FTIR (Fourier-transform infrared spectroscopy)
analysis of the three samples revealed distinct functional
groups of hydroxyapatite nanoparticles (PO,*~, P-O, O—
P-0) (Fig. 5) [15-17].
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Fig. 5 Fourier Transform Infrared (FTIR) spectrum of the
synthesized samples 1A, 1B and 1C.

The provided FTIR spectrum consists of three
different samples (1C - red, 1B - blue, 1A - black). The
characteristic functional groups of Hydroxyapatite (HAP)
are identified in Table 4:

The FTIR analysis confirms the presence of
functional groups characteristic of hydroxyapatite in all
three samples. Sample 1A (Black spectrum) exhibits all
fundamental phosphate and hydroxyl peaks, while the
weak or absent carbonate peaks suggest that it is pure
hydroxyapatite. Sample 1B (Blue spectrum) shows strong
carbonate peaks (~870 cm™, ~1410-1460 cm™),
indicating B-type carbonate substitution, where CO3*~
replaces PO,*". This composition is more similar to
biological apatite found in bone mineral [18-20]. Sample
1C (Red spectrum) features sharper and more intense
phosphate peaks, suggesting higher crystallinity or
reduced carbonate substitution. Therefore, it is likely
synthetic hydroxyapatite with high purity.

To produce a sufficient amount of material (> 1 kg)
for analysis, the quantities of precursors were scaled up
20-fold compared to the initial laboratory-scale
preparation. Specifically, 94.6 g of Ca(OH), was
dispersed in 700 g of deionized (DI) water under vigorous
stirring at 80-100 °C. Subsequently, 200 g of
triethanolamine (TEA) was added directly to the hot
Ca(OH), suspension. After cooling to room temperature,
83.4 g of H3PO, (85% purity) was slowly introduced

dropwise under continuous stirring. The resulting
suspension was white in color and exhibited a pH of
9.5+ 0.05.

The upscaling of sample 1C synthesis was performed
to evaluate the stability, phase uniformity, and particle
size distribution consistency of the hydroxyapatite (HAP)
nanoparticles under near-industrial production conditions.
This scale-up strategy enabled a more comprehensive
assessment of the reproducibility of the chemical
precipitation method and the effectiveness of TEA as both
a chelating and stabilizing agent at larger batch volumes.
Maintaining homogeneous dispersion, controlled particle
morphology, and high crystallinity during scale-up is
critical for the potential application of HAP nanoparticles
in various fields, including agriculture and biomedical
engineering.

For particle size measurement by dynamic light
scattering (DLS), the HAP suspension of the initial
laboratory-scale sample 1C was supplemented with 1.1 g
of Tween 20 dispersant, corresponding to 2% of the total
solution mass. For the upscaled sample 1C (20-fold
increase), 22 g of Tween 20 was added to maintain the
same 2% concentration relative to the total solution
weight. The DLS particle size distribution of these two
samples is illustrated in Figure 6.

The particle size distribution of hydroxyapatite (HAp)
nanoparticles synthesized from Ca(OH),, H,O, TEA and
H3;PO, with Tween 20 as dispersant was measured by
DLS. The results from three independent measurements
consistently showed a narrow and symmetric distribution
centered around 10-12 nm. The cumulative undersize
curves exhibited a sharp increase, indicating a highly
uniform particle size population with minimal
agglomeration. The average particle size was
approximately 11 nm, with negligible presence of
particles larger than 100 nm. The addition of Tween 20
effectively stabilized the nanoparticles in aqueous media,
preventing aggregation during synthesis and storage. The
polydispersity index (PDI) was low (< 0.1), confirming
the monodispersity of the suspension. These results
suggest that the synthetic method produced high-purity,
well-dispersed HAP nanoparticles suitable for further
applications in nanotechnology and agriculture.

Table 4.

Comparative Table of Functional Groups in the FTIR Spectrum of Hydroxyapatite (HAP).

Wavenumber (cm™) | Functional Group | Vibration Mode Assignment
~560-600 PO, v4 bending Phosphate group (O-P-O)
~630 OH~ Vibrational mode | Hydroxyapatite hydroxyl (-OH) group
870 CO.2- v, out-of-plane Carbonate group (A- or B-type
3 bending substitution) [18-20]
_ 4 V1 symmetric . .
960 PO, stretching Phosphate group in hydroxyapatite
~ . 5 V3 asymmetric )
1020-1100 PO, stretching Phosphate group (P-O)
- o . vz asymmetric Carbonate group (A- or B-type
1410-1460 COs stretching substitution) [18-20]
~3570 OH~ Stretching Hydroxyapatite hydroxyl (-OH) group
~ 3420 - 1640 H,0 H-O-H bending Adsorbed water molecules
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Fig. 6. Dynamic light scattering (DLS) particle size
distribution of HAp nanoparticles synthesized in sample
1C: (Left) Initial laboratory-scale sample 1C, (Right)
Upscaled sample 1C (20-fold increase).

The results from the SEM imaging, XRD analysis,

FTIR spectroscopy, and DLS measurements of sample 1C
collectively confirm the multifunctional role of
triethanolamine (TEA) when introduced into the aqueous
Ca(OH); solution. TEA acts simultaneously as a chelating
agent and a stabilizer during the hydroxyapatite (HAp)
synthesis process, fulfilling three critical functions:
(i) Chelation: TEA forms stable complexes with calcium
ions (Ca2"), regulating their availability and preventing
premature precipitation, thereby enhancing uniform
nucleation.
(ii) pH Stabilization: TEA buffers the reaction medium,
maintaining a stable pH that is essential for controlled
nucleation and subsequent growth of HAp crystals.
(ii1) Morphological Control: By moderating ion activity
and reaction kinetics, TEA significantly influences
particle size, morphology, and crystallinity, leading to
improved control over the structural characteristics of
HAp.

Collectively, these mechanisms contribute to the
enhanced quality, uniformity, and reproducibility of the
synthesized HAp nanoparticles.

Conclusion

In this study, calcium phosphate (CaP) nanoparticles,
primarily nanocrystalline hydroxyapatite (Cas(PO4)3OH)
and amorphous calcium phosphate (ACp,
Ca3(PO,4),'nH,0), were successfully synthesized using a
simple, cost-effective wet-chemical precipitation method.
The incorporation of triethanolamine (TEA) as a chelating
and stabilizing agent played a crucial role in achieving
high-purity nanoparticles. TEA facilitated controlled
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calcium ion (Ca?*) release by forming stable complexes,
effectively regulating the nucleation and growth processes
of hydroxyapatite. Additionally, its ability to maintain a
stable pH throughout the reaction ensured excellent phase
purity. TEA also influenced particle morphology, yielding
uniformly shaped nanoparticles with optimal size
distribution — critical for their effectiveness as nano
fertilizers. This straightforward and low-cost synthesis
approach provides a scalable route for producing high-
purity CaP nanoparticles, offering great potential for
sustainable agricultural applications.
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Txi Mi An Hryen, Txanb Iline [o, Tait Txius Jle, Txi Kim Cyan HryeH,
Konr lan Hryen, Hi K’ey Bo, Hrok Tyan An Maii
Bucokouucrtuii HaHo-ripokcuanatTut (CaP), cunTe3oBaHuii npu
Hu3bKill Temneparypi (< 100°C): nepcnekTUBHUI KaHAUAAT I
MAaCOBOT0 BUPOOHUIITBA HAHOAO0PUB

Jocnionuysxi 1abopamopii Caieoncvko2o ucokomexnonoziunozo napky, m. Txy vk, m. Xowumin, B emnam,
ntmanh.shitp@tphcm.gov.v

Hanopinki no6pusa Ha ocHOBI ¢ocdary kanpwio (CaP) neMOHCTPYIOTh 3HAYHUIA MOTEHLIAN y IiIBUIICHHI
e()eKTUBHOCTI 3aCBOEHHS MOXXMBHUX PEUYOBUH 3aBISKH KOHTPOJIHOBAHOMY Ta IIPOJOHIOBAHOMY BHBIJIBHEHHIO
ioniB kajbiito (Ca) Ta docdaty (P). ¥ naniii poboTi Oyyio yCHIlTHO CHHTE30BAHO BUCOKOUYUCTI HAHOYACTHHKH
docdary kanbLito 3 OJHOPIAHUME PO3MIpaMH Ha PiBHI KiIBKOX AECITKIB HAHOMETPIB, BAKOPUCTOBYIOYH MTPOCTHI
1 exoHOMi4WHO BHrimHWII Meton. Beenmenns tpueranonaminy (TEA) sk KOMILIEKCOYTBOPIOBAJBHOTO Ta
CTabiJIi3yI040ro areHTa JIajio 3MOTY CyTTEBO 3HH3HUTH TEMIIEPATypy CHHTE3Y, 1110 3MEHILIJIO eHepreTHYHI BUTPaTH
Ta co0iBapTiCTh BUPOOHUIITBA MpH 30epeKeHHI BUCOKOT SIKOCTI HAaHOYacTHHOK. OTpUMaHM HAaHO-TiPOKCHATIATUT
(Caio(PO4)s(OH)2) xapakTepu3y€eThCsi BEIHKOK MUTOMOIO MOBEPXHEIO, MO CHPUSIE MOCTYIIOBOMY BHBIIBHCHHIO
NOKMBHUX EJIEMEHTIB Ta MiJIBHUIICHIH O0i0I0CTYMHOCTI UIsi POCIHMH. 3alpoNOHOBaHUII mMmiaxXin 3abesmedye
MaciTaboBaHy Ta €KOHOMIYHO IOIUIBHY CTpAaTeTiio OJep)KaHHS CyYacHHX HAHONOOpPUB, OPIEHTOBAHHX Ha
HOTPEOH CTANOTO CLTBCHKOTO TOCHOAAPCTBA.

Keywords: nano-ripokcuanatut (CaP); HaHOmOOpWBa; HU3BKOTEMIIEPATYpPHHUH CHHTE3; TpHETAaHOJIAMIiH
(TEA); craine cijibCbKe rocroiapcTBO; KOHTPOJIbOBAHE BUBLIBHEHHS I0KMBHUX PEYOBUH.
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