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Abstract: Hydroxyapatite (HAp) of different morphologies was prepared by the direct decomposition
of calcium lactate pentahydrate chelates using dipotassium hydrogen phosphate under hydrothermal
conditions. The proposed technique allows for precise control of the HAp crystals morphology and
product purity, which are necessary for biomedical applications. The synthesis parameters such as
reagent concentrations, pH, reaction time, temperature, pressure, and stirring rate were optimized in
order to produce calcium phosphates (CaPs) ceramics with restricted morphologies and composition.
As a result, we obtained hydroxyapatite in the form of whiskers, hexagonal rods, nano particles,
flowers, and cylinders. The products were characterized according to their structure (FTIR and XRD),
morphology (SEM), and functional properties, i.e., the specific surface area. The obtained results
indicate that the reagent concentration and pH values have the greatest impact on the HAp properties;
however, the proper combination of all the mentioned parameters should be considered when there
is a need for a bioceramic with defined physicochemical properties and an appropriate morphology.

Keywords: hydroxyapatite; whiskers; hexagonal rods; calcium lactate pentahydrate;
hydrothermal synthesis; biomaterials

1. Introduction

In materials science, bioactive calcium phosphates (CaPs) ceramics have attracted
great attention from researchers, mainly because of their biocompatibility and chemical and
crystallographic similarities with the minerals in human hard tissues. Due to its unique
physicochemical and biological properties, hydroxyapatite (HAp), (Ca1o(PO4)s(OH),),
occupies a special place among calcium phosphates [1-4]. This biomaterial is one of the
main components of human bones and teeth, and because of its excellent biocompatibility it
is extensively used in implantology [5,6]. HAp is characterized by a high biotolerance and
controlled resorption in the tissue environment, as well as an ability to create a permanent
and strong connection with the surrounding bone tissue. Synthetic hydroxyapatite can
be applied as a reinforcement for orthopedic biomaterials composed of polymers, thus
providing better mechanical properties for the polymeric matrix. Regarding this aspect,
synthetic HAp in a fibrous form is of particular importance compared to the currently
available fibers [7-9].

The applications of hydroxyapatite are wide ranging, as it is used in various fields
including technical and medical industries. Therefore, HAp can be utilized as a component
of bone fillers and bone supplements, as well as an implant coating to facilitate osseointegra-
tion and osteointegration [10]. Moreover, HAp reduces dental caries in dental cements and
pastes, toothpastes, and chewing gums [11-14], while in cosmetic products it can play the
role of a tooth whitener, skin cleaner, or agent for hair dyes [15]. In pharmacology, hydrox-
yapatite nanoparticles can be useful for drug delivery [16-18] or as a system for controlled
drug release [19]. From a technical point of view, HAp is used in chromatography [20],
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catalysis [21], and systems for wastewater and soil treatment as an adsorbent of heavy
metal ions [22,23]. Additionally, a photocatalytic effect of alumina/TiO, /hydroxyapatite
composites in air filters was found. These composites are efficient in absorbing and de-
composing CO, and they are thus promising in terms of reducing automotive exhaust
pollutants [24].

The chemical methods used for the production of HAp can be divided into two cat-
egories: dry methods involving solid phases, including reactions at high temperatures
and pressures [25,26], and wet methods based on the precipitation of components from
aqueous solutions. The dry methods group of synthesis techniques includes chemical
precipitation [27], hydrolysis [28], sol-gel [29], hydrothermal [30,31], emulsion [32], and
sonochemical methods [33,34]. With an aim of controlling the process of ceramic forma-
tion, the hydrothermal processing method seems to be the perfect solution. During this
procedure, the hydroxyapatite is precipitated from an overheated solution, which allows
researchers to regulate of the rate and uniformity of crystallization. As a result, it is possible
to produce ceramics with a specified size and morphology [35].

The influence of different conditions of hydrothermal synthesis, such as temper-
ature or pH on the HAp morphology has been the subject of various studies [36-43];
however, none of them have dealt with the synthesis procedure presented in this pa-
per. Liuetal. [36] showed the influence of time and pH on the hydrothermal reaction
of Ca(OH), and CaHPO,4-2H,0. Different conditions of pH = 6-14 and temperature in
the range of 60-140 °C have been tested, and the authors concluded that pH value is an
important parameter influencing the HAp morphology.

The effects of time, temperature, and pH on the reaction of Ca(NOs3),-4H,O with
(NH4),HPO4 under hydrothermal conditions were investigated by Ebrahimi et al. [37]. The
authors presented the influence of pH values on the crystallinity, particle size, and yield of
HAp. They observed that the yield of a reaction increased in alkaline conditions and pH
strongly affected the size and crystallinity of HAp. Similar studies on the morphology of
HAp obtained by a hydrothermal reaction of Ca(OH), and Ca(NO3),-4H,O were reported
by Ortiz et al. [38]. The authors showed an important effect of H* on the morphological
and crystallographic characteristics of HAp. Their results proved that the nanoparticles’
appearance and phase composition change depending on the pH, and they also showed a
strong relation with the amount of H+ and OH- ions. Suchanek et al. studied the influence
of pH on the structural and morphological evolution of CaPs particles [39]. The authors
found that the kind of synthesized calcium phosphates strongly depends on the pH. In
accordance with the solubility phase diagram for CaPs, at a pH lower than 4.2, the least
soluble (i.e., most stable) compound is monetite (dibasic calcium phosphate anhydrous,
DCPA), while for pH values higher than 4.2, HAp is the most thermodynamically stable
phase. On the other hand, Kati et al. [40] presented a report on the effects of reaction time
and heat treatment of hydroxyapatite obtained during the reaction of Ca(NO3),-4H,O and
P,05 in the hydrothermal process. The authors noted that as the synthesis time increased,
more agglomerates appeared. Additionally, Kusnieruk et al. [41] found that for the reaction
between Ca(OH); and H3POy, the average HAp size can be controlled by the proper choice
of synthesis conditions such as time, temperature, and pressure. The effects of the initial
Ca?* ion concentration, pH, and Ca/P ratio on the structural characteristic and morphology
of HAp whiskers were investigated by Zhang et al. [42] for a reaction between Ca(OH),
and H3POy. The authors noticed that at a low pH and with low Ca/P values, branch-like
whiskers and irregular plate-like particles were synthesized, while high pH values favored
the creation of lath-like hydroxyapatite at high Ca/P ratio.

A complex study by Roeder et al. included the effects of the heating rate, stirring rate,
and temperature of the process for the reactions of DL-lactic acid (C3H¢O3), Ca(OH),, and
H3POy. The authors observed that the temperature and reaction heating rate had only a
comparably minor effect on the width of HAp whiskers [43].

The presented work is a part of our extensive research on the use of calcium lactate
pentahydrate and different phosphate precursors for the hydrothermal synthesis of hydrox-
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yapatite. It should be emphasized that the choice of this synthesis technique is because of
the possibility of controlling the HAp crystal morphology and resulting product purity,
which are the most important requirements for biomedical applications. In our previous
works [44,45] we investigated HAp fabrication using calcium lactate pentahydrate and
orthophosphoric acid and the effects of the process parameters such as reaction time and
temperature on HAp morphology and phase composition.

In this work, we followed another procedure for HAp synthesis, which is a direct
reaction between calcium lactate pentahydrate and dipotassium hydrogen phosphate. We
planned, as before, to examine the effects of different factors on HAp characteristics, such as
reagent concentrations, pH, reaction time and temperature, pressure, and stirring rate. The
general reaction during the hydrothermal synthesis of hydroxyapatite from calcium lactate
pentahydrate and dipotassium hydrogen phosphate is presented below (reaction 1). The
synthesis is based on the thermal decomposition of calcium chelates in specific conditions
(high temperature up to 200 °C and high pressure up to 20 bar). In the first step of the
process calcium ions Ca?* are formed (reaction 2), which next react with the phosphate
groups (PO43~) and hydroxyl groups (OH™) (reaction 3) [43,44,46], as is shown below:

10[CH;CH(OH)COO],Ca-5H,0 + 6K,HPO, — Caig(PO4)s(OH), + 12CH;CH(OH)COOK + 8CH;CH(OH)COOH +3 H,O 1)

[CH;CH(OH)COO],Ca-5H,0 — Ca?* + 2CH;CH(OH)COO™ + 5H* + 50H™  (2)

10 Ca®* + 6 PO4>~ + 20H™ — Cayo(PO4)s(OH), (3)

To the best of our knowledge, no data about hydrothermal synthesis with the di-
rect use of calcium lactate pentahydrate and dipotassium hydrogen phosphate have been
published, nor data about the exploration of the effect of reaction conditions on hydrox-
yapatite morphology and its phase composition. Regarding potential HAp application in
the biomedical field, it is of particular importance to produce material with the desired
structure, the possibility of chemical modification, and durability. In the case of apatites,
for example nanosized HAp particles, they are characterized by high specific surface area
which facilitates modification, while bigger whisker-shaped particles offer structural re-
inforcement in polymeric biocomposites. Thus, our goal was to study possibilities for
HAp production with different morphologies for use in the biomedical field. The ceramics
obtained in our study were described using the following techniques: scanning electron
microscope (SEM), scanning transmission electron microscopy (STEM), X-ray diffraction
method (XRD), Fourier transform infrared spectroscopy (FTIR), and Brunauer-Emmett-
Teller (BET) surface area analysis. The crystal lattice parameters were determined in order
to check the occurrence of differences in hydroxyapatite with different morphology. The
obtained results allow the identification of optimal reaction parameters, which enable
obtaining Hap with a specific morphology.

2. Materials and Methods
2.1. Materials

The synthesis was carried out using the following substrates: calcium lactate pentahy-
drate CgH19CaOg4-5H,0 (pure p.a., CAS: 5743-47-5) and dipotassium hydrogen phosphate
K,HPO; (pure p.a., CAS: 7758-11-4) from Chempur® Chemical Company, Poland. All
materials were of analytical grade and used without any additional purification procedures.

2.2. Synthesis of HAp

HAp was fabricated using the hydrothermal method, similar to our previous stud-
ies [44,45]. Syntheses were carried out in various conditions using a stainless steel reactor
(Bﬁchiglasuster®, miniclave steel type 3/300 mL, 100 bar, Biichi AG, Uster, Switzerland).

For all syntheses, the concentration of Ca?* ion was in the range of 0.025 to 0.2 mol/ dm?,
and the Ca/P molar ratio in the reaction mixture was 1.67, which is equivalent to that of
stoichiometric HAp. The calcium lactate pentahydrate was dissolved in deionized water
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and then dipotassium hydrogen phosphate was added. When a homogenous mixture
was obtained, nitric acid was added to avoid the precipitation of calcium phosphate. The
prepared reaction mixture was poured into a reaction vessel and during hydrothermal
synthesis, the temperature and pressure inside the reactor were continuously monitored.
The reactor with the heating assembly was placed on the magnetic stirrer (IKA®, RH basic,
Staufen, Germany) with a heating temperature ranging between 50 and 320 °C and a speed
ranging from 100 to 2000 rpm. Upon completion of each reaction, the vessel was cooled
to ambient temperature (~25 °C) overnight. The product was then filtered off, washed
quickly with deionized water four times, and finally dried in the air in the laboratory dryer
(KCW-100, PREMED, Marki, Poland) at 100 °C for at least 20 h. Reaction conditions were
controlled by a heating assembly (800W, Termtech, Warsaw, Poland Bristol, UK), tempera-
ture controller (RE72, LUMEL), thermocouple (TP-234k-b-200, Czaki® Thermo-Product,
RASZYN-Rybie, Poland), and the installed manometer. All parameters of the heating pro-
cess (e.g., temperature and heating time) were additionally controlled by Program Lumel
Process 1.2 (Lumel S.A, Zielona Gora, Poland). The pH of the solution at start and end
of the reaction was measured with a glass pH electrode (Eutech Instruments, Singapore,
CyberScan PCD 6500) at 25 °C.

During the reaction, the effect of parameters such as: (a) Ca?* ions concentration
(0.025-0.2 mol/dm?), (b) time of reaction (1, 3, and 5 h), (c) temperature (110-200 °C) and
pressure of reaction (2-20 bar), (d) stirring rate, and (e) pH of mixture reaction (3.48-11.01)
was investigated.

2.3. Characterization
2.3.1. Morphology and Compositional Analysis

To define the microstructure (shape and grain size) of the CaPs ceramics, scanning
electron microscopy with field emission was applied (Nova NanoSEM 200, FEI, Brno,
Czech Republic). Samples were mounted on aluminum stubs using carbon double-sided
adhesive tape, those in nanometric sizes were additionally coated using a plasma coater
(EM SCD500, Leica) that applied 25 nm of gold film. The SEM observations were performed
in low vacuum conditions using backscattered electrons at 15 kV accelerating voltage (to
observe elongated and fibrous particles) or in high vacuum conditions using secondary
electrons detector (to observe nanometer particles) at 18.5 kV accelerating voltage.

Additionally, the scanning electron microscope was retrofitted by adding a two-
segment solid-state STEM detector to allow for transmission observations. Powder samples
were placed on copper grids with carbon films and were observed at 15 and 20 kV acceler-
ating voltage.

2.3.2. X-ray Diffraction Method (XRD)

The phase composition of synthesized powders was characterized by powder X-ray
diffraction (XRD) (D8 Advance, Bruker-AXS, Karlsruhe, Germany) in the Bragg—Brentano
geometry. Measurements were carried out at 20 from 5 to 120° at a step width of 0.01°
and rate of 2 s/step under ambient conditions using Cu-Ka (A = 0.154 nm) as a radiation
source at a current of 40 mA with a voltage of 40 kV. The obtained XRD patterns were
identified with reference to the Crystallography Open Database (COD) using DIFFRACplus
EVA-SEARCH software. The quantity of each phase was calculated by the Rietveld method
using “DiffracPlus Topas” software. Before X-ray analysis, all HAp samples were lightly
ground manually with a mortar and pestle.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR Analysis)

The infrared spectra were recorded on a Bruker TENSOR 27 instrument equipped
with a DLaTGS detector. Powder samples were analyzed in the transmission mode with
the following instrumental settings: wavenumber range 400-4000 cm !, number of scans
64, and spectral resolution 4 cm~!. Each sample was measured twice to check the repeata-
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bility. The baseline correction procedure was applied to the presented spectra with Opus
7.2 software.

2.3.4. Brunauer-Emmett-Teller (BET) Surface Area Analysis

The specific surface area of samples was determined with the BET method using
Gemini VII 2390t Micromeritics instrument (Norcross, GA, USA). The nine-point nitrogen
adsorption and desorption isotherm were registered in the pressure range of 0.05-0.25 p/p°,
where p and p° are the equilibrium and the saturation pressure of adsorbates at the temper-
ature of adsorption, respectively. The measurements were performed at the temperature
of liquid nitrogen. Before the measurement, samples were degassed at 105 °C in nitrogen
atmosphere for 1 h in order to dry and purify the investigated materials.

3. Results

Depending on the hydrothermal process parameters, products with different phase
compositions and different morphologies can be obtained. In this section, we present the
results of systematic studies on the hydrothermal process in relation to reagent concentra-
tion, time and temperature of the process, pH, and the stirring rate. Optimal conditions for
the synthesis were identified.

3.1. Identification of the Optimum Ca®* lons Concentration and Time of Reaction

Aiming at identification of the optimum Ca?* ions concentration and time of reaction,
the effect of these two parameters on the morphology and phase composition of HAp
was determined for the process carried out at 200 °C under a pressure of 20 bar and
stirring rate of 250 rpm. The pH of the starting solution oscillated around values of 4. The
variable factors were as follows: Ca2?* concentration was 0.025 mol/dm?, 0.05 mol/dm?,
0.1 mol/dm?3, 0.15 mol/dm?, and 0.2 mol/dm?; the reaction time was 1 h, 3 h, and 5 h for
each Ca?* concentration (Table 1).

Table 1. The effect of Ca?* concentration and reaction time on the morphology and phase composition
of the obtained products (reaction temperature 200 °C, pressure 20 bar, stirring rate of 250 rpm, and
the reaction heating rate of 2.5 °C/min).

moCl7c21:n3 pH before Synthesis Ti;n € Le;‘ith W;?nth Phase Composition (Form)
0.025 3.65 14.44-54.54 1.11-4.44 HAp (whiskers)
0.05 3.99 6.18-56.82 0.66-1.72 HAp (whiskers)
0.1 3.61 1 6.82-27.27 0.91-2.77 HAp (hexagonal rods)
0.15 3.27 11.11-52.22 1.11-4.0 HAp (hexagonal rods)
02 322 12.72-57.77 0.45-1.55 7.2;251\?0133&(}(1;?;%22?3;:32{5)
0.025 4.40 5.45-66.67 0.44-2.44 HAp (whiskers)
0.05 4.01 11.11-88.89 0.91-1.82 HAp (whiskers)
0.1 3.20 3 12.22-55.55 0.44-1.55 HAp (hexagonal rods)
0.15 3.56 4.54-33.33 0.91-3.2 HAp (hexagonal rods)
0.2 3.38 5.91-27.27 0.66-2.72 HAp (hexagonal rods)
0.025 4.11 10.0-77.27 0.91-1.82 HAp (whiskers)
0.05 4.53 4.54-44.44 0.44-1.11 HAp (whiskers)
0.1 3.65 5 4.54-22.72 0.45-1.82 HAp (hexagonal rods)
0.15 3.44 5.91-27.27 0.91-2.27 HAp (hexagonal rods)

0.2 3.24 5.33-21.11 0.44-1.33 HAp (hexagonal rods)
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In this part of the study, we used SEM, XRD, and IR spectroscopy to identify the
differences between the obtained HAp ceramics, as well as the physical adsorption method
to follow changes in the specific surface area.

The comparison of SEM images of products obtained during 5 h of synthesis at
different Ca?* concentrations is shown in Figure 1.

Figure 1. SEM images of products obtained in hydrothermal synthesis (200 °C, 20 bar, and 5 h)
for different Ca2* concentrations: (a) 0.025 mol/dm?, (b) 0.05 mol/dm?3, (c) 0.15 mol/dm?, and
(d) 0.2 mol/dm3 (magnification of 2500 ).

The observed influence of calcium ions concentration on the HAp’s appearance
was the same for all reactions carried out at 200 °C, 20 bars, and reaction time 1-5 h.
Two different morphological forms were identified. The products in the form of whiskers
were obtained for Ca?* ion concentration of up to 0.05 mol/dm?, while for Ca?* ion con-
centration of more than 0.1 mol/dm?, hexagonal rods were observed (Table 1, Figure 1).

The Ca?* ion concentration also affected the dimensions of the particles. As the
concentration increases, the length of the whiskers or rods decreases. The mean length
of the whiskers prepared in a time of 5 h at Ca?" ion concentrations up to 0.05 mol/dm?
(4-77 um) was higher than the length of hexagonal rods prepared at Ca** ion concentration
of 0.1-0.2 mol/dm? (4.5-21.1 um).

The SEM images of products obtained during the different times (1, 3, and 5 h) and
with Ca?* ion concentrations of 0.025 mol/dm3 and 0.2 mol/dm? are presented in Figure 2.
Therefore, the influence of the reaction time can be estimated.
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Figure 2. SEM images of products obtained in hydrothermal synthesis (200 °C, 20 bar) for whiskers
at Ca2* 0.025 mol/dm3: (a) 1 h, (b) 3 h, and (c) 5 h. Additionally, for hexagonal rods at Ca?t
0.2 mol/dm?3: (d) 1h, () 3h, and (f) 5h (magnification of 2500).

As shown in Table 1 and Figure 2, the reaction with a Ca?* ion concentration of
0.025 mol/dm?3 led to products in the shape of whiskers regardless of the reaction time,
which only influenced the length of the obtained particles (increase), whereas for the
reaction conducted with a Ca%* ion concentration of 0.2 mol/dm?3, the reaction products
were formed as hexagonal rods. In contrast to the above results, in this case, as the reaction
time increases, the length of the obtained particles decreases. Additional study with STEM
device for materials obtained during 5 h of synthesis (Figure S1, Supplementary materials)
resulted in the observation that both whiskers and hexagonal rods have a smooth surface
and clear contours.

Figure 3 presents the XRD patterns of HAp synthesized at different Ca?* ion concen-
trations (200 °C and 5 h). According to the phase analysis, the patterns of all powders are
nearly the same and typical for pure hydroxyapatite (hexagonal and P 63/m space group).
The database card number (COD) of the compounds used to identify the phase composition
in the samples are listed in Table 2. The shape of the diffraction patterns indicates a high
degree of crystallinity in the materials under study. A slight increase in an intensity of the
peak (300) at 20 = 32.9° in the sample with 0.025 Ca?* probably is caused by the texturing
of long whisker particle samples. The synthesized hydroxyapatite is mainly oriented along
the c-axis direction of the hexagonal crystal structure [47].
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Figure 3. XRD patterns of synthesized HAp powders obtained in hydrothermal synthesis (200 °C, 20
bar, 250 rpm, and 5 h) at different Ca?* jon concentrations.

Table 2. Effect of Ca®* ion concentration on the lattice parameters of the phases in the synthesized
ceramic powders (for all samples: reaction conditions 200 °C, 20 bar, 250 rpm, and 5 h).

Ca*2 Ion Concentration

mol/dm>3 Phase Composition COD Crystal Lattice Parameters
a=b c v
(A) (A) (A3)
0.025 HAp 9001233 [48] 9.41660 6.87450 52791
0.05 HAp 9011092 [49] 9.42400 6.87900 529.09
0.15 HAp 9011092 [49] 9.42400 6.87900 529.09
0.2 HAp 9002214 [50] 9.43940 6.88610 531.36

* cell volume.

Figure 4 shows the XRD patterns of powders with 0.025 and 0.2 mol/dm?3 Ca?* ion
concentrations obtained with different reaction times and at the temperature of 200 °C. The
database card numbers (COD) of the compounds used to identify samples as well as lattice
parameters of the present phases are listed in Table 3. The measurements showed that in the
case of powder with 0.025 mol/dm? the Ca* ion concentrations, the reaction time did not
significantly affect the phase composition and the crystal structure of samples. All powders
represent XRD patterns characteristic for hydroxyapatite (hexagonal and P 63/m) with a
strong tendency to the orientation of crystallites. A more noticeable effect of the reaction
time on the phase composition was observed when the Ca?* ion concentration was 0.2. In
this case, after 1 h of reaction, the major component was hydroxyapatite (92.35%) and the
small peaks corresponding to the monetite phase (DCPA, triclinic, P-1, 7.65%) were visible.
The extension of the reaction time allowed us to obtain pure hydroxyapatite (hexagonal
and P 63/m). Additionally, with an increase in the reaction time, the XRD patterns shifted
to lower 20 values. The a and ¢ parameters increased; therefore, cell volume also increased,
which may indicate the formation of hydroxyapatite with carbonate groups.
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Figure 4. XRD patterns of powders with (a) 0.025 and (b) 0.2 mol/ dm?® Ca®* ion concentrations
obtained with different reaction times and at a temperature of 200 °C.

Table 3. Effect of the reaction time on the lattice parameters of the phases present in the synthesized

powders at 200°C.
Ca?* Ton Concentration 3 Crystal Lattice Parameters
mol/dm3 Time Phase Composition CcCOD a b c V*
A) (A) (A) (A3)
1h HAp 9001233 [48] 9.41660 9.41660 6.87450 52791
0.025 3h HAp 9001233 [48] 941660 941660 687450  527.91
5h HAp 9001233 [48] 9.41660 9.41660 6.87450 527.91
1h HAp 9011092 [49] 9.42400 9.42400 6.87900 529.09
0.2 DCPA 9007619 [51] 6.91000 6.62700 6.99800 309.28
3h HAp 9011092 [49] 9.42400 9.42400 6.87900 529.09
5h HAp 9002214 [50] 9.43940 9.43940 6.88610 531.36

* cell volume.

The FTIR spectra of materials obtained during 5 h hydrothermal synthesis carried
out at 200 °C and different Ca?* concentrations of (a) 0.025 mol/dm?, (b) 0.05 mol/dm?,
(¢) 0.1 mol/dm?3, (d) 0.15 mol/dm?, and (e) 0.2 mol/dm? are shown in Figure 5.
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Figure 5. IR spectra of materials obtained from the solution with the Ca* concentration of
(a) 0.025 mol/dm?3, (b) 0.05 mol/dm?, (c) 0.1 mol/dm3, (d) 0.15 mol/dm?, and (e) 0.2 mol/dm3
(5hand 200 °C).

The identified IR bands assignments for the hydroxyapatites under investigation
are presented in Table S1 [52,53]. The materials showed almost all characteristic bands
for hydroxyapatite [54]. The sharp band at about 3571 cm ™! is related to the vibrations
of hydroxyl groups on the HAp surface, while the bands observed around 3415 cm™!
and 1631 cm~! proved the presence of water in the structure. Medium bands in the
range of 872-878 cm ™!, assigned to v3 C-O (CO3%~) vibrations, are a singular proof of
the carbonate ion’s presence in the obtained ceramics. The other bands related to CO32~
around 1462 cm~! are fairly visible. The four vibrational modes of phosphate ions were
also identified at v; 962 cm™!, v, 473 cm ™!, v3 1092 + 1031 cm ™!, and v4 603 + 562 cm ™.
The band at about 634 cm ™! can be assigned to both the O-H and labile PO43~ [55]. The
shoulder observed at around 1210 cm~! for almost all materials—except of those obtained
at 0.15 and 0.2 Ca?* concentration—can be assigned to the stretching vibration of P = O. A
very weak band at around 427 em s probably due to impurities in HyPO, ™ or P,O,4.

When comparing the resulting IR spectra, the following observations can be formulated:

(@) Theband at 867 cm™! is the most intensive for the material Ca* 0.05 and 1 h;

(b) A change in the band at 872 cm~!—for samples with Ca?* ion concentrations of
0.1, 0.15, and 0.2 mol/dm3—is less clear and shifted to the higher wavenumber
of 876 cm~1;

(¢) Insampleswith Ca?* jon concentrations of 0.025 and 0.05 mol/dm?, both the 1105 cm !
and 1090 cm~! bands are visible, while for the rest of the tested materials only one
signal around 1092 cm~! was identified;
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transmittance (translated)

The split of the band at 1031 cm~! was observed for materials with Ca?* ion con-
centrations of 0.025 and 0.05 mol/dm? and for two bands in samples with Ca?* ion
concentrations of 0.1, 0.15, and 0.2 mol/dm3;

The bands at 1143 cm~! and 1207 cm ™! are visible for the sample with Ca2* ion
concentration of 0.025 mol/dm?3; for the rest of the tested materials the bands are less
visible or were not identified at all;

Higher intensity of the band at 962 cm~! for the materials with Ca?* ion concentrations
of 0.025 and 0.05 mol/dm?;

Slight changes in the bands related to OH groups in the range of 3400-300 cm~!. For
samples with CaZ* ion concentrations 0.1, 0.15, and 0.2 mol/dm?3, an additional band
at around 3468 cm ! is present.

Below, the IR spectra for materials with different Ca?* ion concentrations and the

same time of the reaction (1 h) were presented (Figure 6). It was observed that the band
related to OH groups is broader for material with Ca?* 0.05 mol/dm3. Moreover, the band
at 1206 cm ™! in material with Ca?* 0.2 mol/dm? disappeared. Similar to the above results,
a split of the signal at 1031 cm ™! for two bands at 1048/1026 cm ™~ was observed, and the
band at 963 cm ! related to P-O stretching vibration is of lower intensity for materials with
Ca?* 0.2 mol/dm3, like in the case of a band corresponding to carbonate ions at around

876 cm 1.
3500 3000 2500 2000 1500 1000 500
1 N | N | : 1 N | ) | ' |
3413 cm™
——0.05Ca’", 1h )
2+ I 876 cm
——0.2Ca", 1h 1048 cm'[[1026 cm™
I ' | ' | ! I ' | ! | ! |
3500 3000 2500 2000 1500 1000 500

wavenumber (cm’1)

Figure 6. IR spectra of materials prepared with Ca?* concentration of 0.05 mol/dm3 and 0.2 mol/dm?
(1 h and 200 °C).

The specific surface area was determined by the Brunauer-Emmett—Teller (BET)

method [56]. The adsorption of gases in multimolecular layers Brunauer—-Emmett-Teller
(BET) theory aims to explain the physical adsorption of gas molecules on a solid surface
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and is the basic analytical technique for the determination of the specific surface area of ma-

terials [57]. For synthesized hydroxyapatite of different morphologies and prepared during

a 5 h reaction at a temperature of 200 °C, the specific surface area (SpgT) was obtained.
Spgt decreased with increasing concentration of Ca?*, due to the grain growth of HAp:

- Whiskers obtained at Ca2* of 0.05 mol/dm? Sggr was 6.6538 + 0.0503 m?2/ g
- Hexagonal rods obtained at Ca?* of 0.2 mol/dm? Sgp was 0.9310 + 0.0146 m?/ g
- Nano rods obtained at Ca®* = 0.05 mol/dm? Sggt was 71.3623 =+ 0.2185 m?/ g.

Based on these obtained results, it is possible to identify the optimal concentration of
calcium and reaction time to obtain pure hydroxyapatite with the desired morphology. The
optimal conditions for obtaining whiskers are a Ca?* ion concentration of 0.05 mol/dm?
and a reaction time of 5 h, whereas the optimal conditions for obtaining hexagonal rods are
a Ca®* ion concentration of 0.2 mol/dm? and a reaction time 5 h. A shorter reaction time
results in the formation of monetite, which is an intermediate product during the reaction.

3.2. Identification of Optimum of Temperature and Pressure of Reaction

In order to identify the optimum temperature and pressure of the reaction and the
effect of these two parameters of the reaction on the appearance of CaPs ceramics, we ex-
amined materials synthesized under the following permanent conditions: reaction time of
5h, Ca?* ion concentration of 0.05 mol/dm?, and stirring rate 250 rpm. The variable param-
eters were temperatures of 110 °C, 130 °C, 150 °C, 170 °C, and 200 °C with corresponding
pressures of 20 bar, 2 bar, 4 bar, 6 bar, and 10 bar, respectively

The results for the materials obtained at the above conditions are presented in Table 4;
SEM images are shown in Figure 7.

Table 4. The parameters of the CaPs ceramics obtained during hydrothermal synthesis at different
temperatures and pressure (reaction conditions: Ca?* 0.05 mol/dm3, reaction time 5 h, 250 rpm, and
reaction heating rate 2.5 °C/min).

Temperature Pressure Length Width Phase Composition
(@] (bar) (um) (um) (Form)
200 20 5.45-45.45 0.45-2.27 HAp (whiskers)
170 10 5.45-33.33 0.45-1.82 HAp (whiskers)
150 5.45-53.33 0.45-1.82 HAp (whiskers)
130 4 5.45-50.0 0.45-2.27 HAp (whiskers)
110 2 318-21.36 0.45-1.36 81.40% Monetite (plate formations),

18.60% HAp (whiskers)

The whiskers were obtained in all the syntheses, regardless of the temperature and
pressure during the reaction (Figure 7a—d). The mean length of the whiskers ranged from
5.45 to 53.33 um, except for particles fabricated at 110 °C (Figure 7e) where the length was
of the smallest values ranging from 3.18 to 21.36 um.

Figure 8 presents the XRD patterns for the obtained ceramic powders. The XRD
analysis indicates that the main product of the synthesis conducted at the low temperature
of 110 °C and pressure of 2 bars was monetite (triclinic and P1), 81.4%. In this case, the
hydroxyapatite (hexagonal and P 63/m) appeared as a second phase in the amount of
18.6%. The increase in the temperature (above 130 °C) and the pressure (above 4 bar)
led to products with a content of 100% hydroxyapatite (hexagonal and P 63/m). We
have observed that all the diffraction peaks were narrower when increasing the synthesis
temperature and pressure. This implies that the samples were of higher crystallinity and
crystallite size. Moreover, the increase in the 2 and the c lattice structure parameters with
temperature and pressure was observed (Table S52), which can indicate a formation of the
carbonated HAp.
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Figure 7. SEM images of products obtained in hydrothermal synthesis (reaction conditions: Ca?*
0.05 mol/dm?3, 200 °C, 5 h, and 250 rpm): (a) 200 °C and 20 bar, (b) 170 °C and 10 bar, (c) 150 °C and
6 bar, (d) 130 °C and 4 bar, and (e) 110°C and 2 bar.(Magnification of 2500 x.)
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Figure 8. XRD patterns of powders obtained at different temperature and pressure (reaction condi-
tions: Ca2* 0.05 mol/dm?, 200°C, 5 h, and 250 rpm).
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Based on the obtained results, it is possible to identify the optimum temperature and
pressure of the reaction for obtaining pure HAp, which was a temperature of 200 °C and
a pressure of 20 bar. We have observed that the efficiency of the reaction increases with
increasing temperature.

3.3. Identification of the Optimum Stirring Rate during the Reactions

After investigation on the optimum stirring rate during the reaction, the effect of
this parameter on the character of calcium phosphates ceramics was determined. The
stirring rate during hydrothermal synthesis, i.e., the main factor controlling the area of
reagent’s contact, obviously should have a significant impact on HAp morphology. The
effect of the stirring rate on the phase composition and morphology of prepared products
was determined for materials obtained at the following conditions: Ca®* 0.05 mol/dm?,
reaction time 5 h, reaction temperature of 200 °C, pressure of 20 bar, and variable stirring
rates of 0 rpm, 62.5 rpm, 125 rpm, 250 rpm, 750 rpm, and 1000 rpm. Reaction parameters,
morphology, and phase composition results are presented in Table 5.

Table 5. The parameters of the CaPs ceramics obtained during hydrothermal synthesis at different
stirring rates (reaction conditions: Ca?* 0.05 mol/dm3, reaction time 5 h, 200 °C, pressure 20 bar, and
reaction heating rate 2.5 °C/min).

Stirring Rate Length Width Phase Composition
(rpm) (um) (um) (Form)
0 6.66—44.44 0.22-1.11 HAp (whiskers, flowers, chrysanthemums)

62.5 4.89-54.54 0.22-1.11 HAp (whiskers, flowers, chrysanthemums)
125 4.09-50.0 0.45-2.72 HAp (whiskers)
250 11.78-43.18 0.22-2 HAp (whiskers)
500 5.91-66.67 0.45-3.33 HAp (whiskers, flowers, cylinders)
750 5.45-27.27 0.45-2.72 HAp (whiskers)

1000 5.45-27.77 0.45-1.82 HAp (whiskers, flowers, cylinders)

The products” morphologies are shown in Figure 9. During the reaction without stirring
(Figure 9a), HAp is represented by three morphological forms: whiskers (6.66-44.44 pm),
flowers, and particles similar to chrysanthemums. The same was observed for the process
with slow mixing (stirring rate of 62.5 rpm), which led to the formation of whiskers
(4.89-54.54 um), flowers, and chrysanthemums (Figure 9b).

The most homogeneous product in the form of the whiskers was obtained for higher
stirring rates of 125 rpm (4.09-50.0 um) (Figure 9c), 250 rpm (11.78-43.18 pm) (Figure 9d),
and 750 rpm (5.45-27.27) um) (Figure 9e). As expected, too high stirring rate will mainly
affect the length of the particles, and this was proven for the products obtained at a stirring
rate of 1000 rpm, which presented as short whiskers (5.45-27.77 um). For this material,
other particles also formed in the shape of flowers and cylinders (Figure 9f).

The XRD patterns obtained for the powders are presented in Figure 10. The lattice
parameters of the present phases are included in Table S3. The XRD analysis showed that
the stirring rate did not affect the phase composition of synthesized powders. All the
obtained XRD patterns were characteristic of hydroxyapatite (hexagonal and P 63/m), and
no impurities were detected. What can be clearly seen is that the shape of the peaks was
nearly the same, and their high intensities indicate a high degree of crystallinity. Almost all
the synthesized powders (except of materials obtained at a stirring rate of 1000 rpm) had a
strong tendency for orientation, which is demonstrated by the increased intensity of the
(300) peak at 20 = 32.9°. When the stirring rate increases, the a2 and ¢ parameters decrease.
Additionally, the cell volume of obtained hydroxyapatites also decreases.
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Figure 9. SEM images of products obtained in hydrothermal synthesis (200 °C, 20 bar, 5 h, and
Ca®* 0.05 mol/dm?) at stirring rates (rpm): (a) 0, (b) 62.5, (c) 125, (d) 250, (e) 750, and (f) 1000 rpm
(magnification of 2500x).
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Figure 10. XRD patterns of powders obtained at different stirring rates (reaction conditions: 200 °C,
20 bar, 5 h, and Ca2* 0.05 mol/dm?3).
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Based on the obtained results, the optimum stirring rates for the reaction can be
identified. The most homogeneous product in the form of the HAp whiskers, without any
agglomerates, can be obtained with a stirring rate of 250 rpm.

3.4. Identification of Optimum pH of Mixture Reaction

In this paper, we also investigate the influence of pH of the reaction mixture on the
appearance and crystallinity of ceramics. Thus, we chose the following permanent reaction
conditions to be tested: Ca2* 0.05 mol/dm?3, reaction time of 5 h, temperature of 200 °C,
and stirring rate 250 rpm. For the materials obtained under this procedure, we performed
only morphological (SEM) and structural (XRD) characterization.

The results for the examination of the relationship of CaPs ceramic’s phase composition
and shape to the pH with the starting reaction solution are presented in Table 6, and the
SEM images of the obtained HAp are shown in Figure 11.

Table 6. The parameters of the ceramics obtained during hydrothermal synthesis at different pH
(reaction conditions: Ca%* 0.05 mol/dm?, reaction time 5 h, 200 °C, pressure 20 bar, 250 rpm, and
reaction heating rate 2.5 °C/min).

pH Length (um) Width (um) Phase Composition (Form)
3.48 8.89-40.91 0.91-2.27 HAp (hexagonal rods)
4.0 18.88-77.77 0.91-2.72 HAp (whiskers)
452 3.33-26.66 0.44-1.11 HAp (whiskers)
4.75 18.6 -53.64 0.44-1.77 HAp (whiskers)
4.83 4.09-13.64 0.91-1.82 HAp (whiskers)
5.06 2.22-9.10 0.22-0.91 HAp (whiskers)
5.57 94.44-138.89 nm 34.6-49.8 nm HAp (nano)
9.02 50.0-93.75 nm 37.1-55.8 nm HAp (nano)
11.01 41.7-88.89 nm 41.7-50.0 nm HAp (nano)

Figure 11. SEM images of HAp obtained using hydrothermal synthesis (Ca?* 0.05 mol/dm3, 200 °C,
and 20 bar): (a) pH 3.48, (b) pH 4.04, (c) pH 4.52, (d) pH 4.83, (e) pH 5.06, (f) pH 5.57, (g) pH 9.02,
and (h) pH 11.01. (a—e) Magnification of 2500 and (f-h) magnification of 100,000 x ).

Figure 11 shows the SEM microphotographs obtained for different pH conditions.
For most products, the SEM images were taken at 2500 x magnification, while in the
case of nano-HAp, the magnification was 100.000x. The purpose this comparison was to
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present the possibility of obtaining HAp with different morphologies under the proposed
reaction conditions.

The hexagonal rods (8.89-40.91 um) were obtained only for the product synthesized
from starting solutions with a pH of 3.48 (Figure 11a). The whiskers were identified in
material prepared at pH ranging from 4.04 to 5.06 (Figure 11b—e), whereas the nano-HAp
was produced when the pH of the starting solution was kept in the range of 5.57-11.01
(Figure 11f-h). The general observation for this part of our research is that as the pH
increases, the length of the whiskers decreases.

The XRD patterns of the obtained HAp are shown in Figure 12. The XRD analysis on
this part of the ceramic material (reaction conditions: CaZ* 0.05 mol/dm?3, 200 °C, 5 h, and
20 bar) revealed that regardless of the pH, the only phase presented in the samples was
hydroxyapatite (hexagonal and P 63/m).

pH=11.01
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pH=9.02
A T .
pH=5.57
T | S
pH=5.06 M
A 2 A A A A
pH=4.83 M
A P S ) A {
pH=4.52 I
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pH=4.04
J o d " UUL. N 1 e
pH=3.48
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Figure 12. XRD patterns of powders obtained at different pH (reaction conditions: Ca®* 0.05mol/dm?3,
200 °C, 5 h, and 20 bar).

It was noticed that the pH mostly affects the cell parameters and the crystallite size
(Table 7)—with an increase in the pH, the cell volume decreases. Decreasing of the a and ¢
parameters may indicate the formation of HAp without carbonate groups in the structure
(2 and ¢ decreased). The lowering and widening of the peaks with increasing pH confirms
the reduction in their crystallinity and grain size.

By changing the pH of the mixture reaction, it is possible to control the morphology of
the resulting hydroxyapatite. Based on the obtained test results, it is possible to identify
the optimal pH of a mixture reaction for obtaining HAp in the form of hexagonal rods,
which is pH = 3.48 (Ca?* ion concentrations 0.05 mol/dm?, temperature of 200 °C). In the
pH range of a mixture reaction from 4.0 to 5.06 it is feasible to obtain HAp in the form
of whiskers. Additionally, by increasing the pH, it is possible to influence the length of
whiskers. The optimum pH for whiskers fabrication is about 4.5, because at this pH value,
the cloudiness of the solution disappears due to the addition of a sufficient amount of nitric
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acid. Finally, in the pH range of 5.57-11.01, nano-HAp can be obtained. A higher pH is
more advantageous due to its higher reaction efficiency.

Table 7. Effects of the pH on the lattice parameters of the identified phases (reaction conditions: Ca%*
0.05 mol/dm?3, 200 °C, 5 h, 250 rpm, and 20 bar).

COD Crystal Lattice Parameters

pH Phase Composition a=b c Vv *

@A) A) (A%
11.01 HAp 9001233 [48] 9.41660 6.87450 527.91
9.02 HAp 9001233 [48] 9.41660 6.87450 527.91
5.57 HAp 9001233 [48] 9.41660 6.87450 527.91
5.06 HAp 9011092 [49] 9.42400 6.87900 529.09
4.83 HAp 9011092 [49] 9.42400 6.87900 529.09
4.52 HAp 9002214 [50] 9.43940 6.88610 531.36
4.04 HAp 9002214 [50] 9.43940 6.88610 531.36
3.48 HAp 9002214 [50] 9.43940 6.88610 531.36

* cell volume.

4. Discussion

Our goal in this study was to investigate the influence of synthesis conditions on the
properties of calcium phosphates ceramics. It was already proven that the hydrothermal
process parameters, such as the concentration of the calcium precursor, can have a signifi-
cant impact on the crystallite size, specific surface area, phase composition, or crystal lattice
parameters of apatite ceramics [58,59].

The potential application of hydroxyapatite and other apatites is strongly dependent
on their morphology. We observed that this feature was the most affected by the process
parameters, and we will focus on its variation at first. Andrés-Vergés et al. [59] noticed
that hydrothermal decomposition of calcium chelate can be used to synthesize needle
crystals of HAp, while the temperature and pH of the reaction mixture influence both the
diameter and length of the resulting HAp crystals. According to Table 1, the concentrations
of Ca®* ions influence the morphology of the obtained HAp in two ways. At low Ca?*
concentrations of 0.025-0.05 mol/dm?, a small number of nuclei are formed, which results
in slower crystallization and the formation of elongated whiskers in the range of crystal
lattice parameters of a = b 9.41660-9.42400 (A), ¢ 6.87450-6.87900 (A), and 527.91-529.09 V
(A3). On the other hand, at higher calcium ion concentrations of 0.1-0.2 mol/dm?, a large
number of nuclei formed resulting in faster crystallization and the formation of numerous
short hexagonal rods with the crystal lattice parameters of a = b 9.42400-9.43940 (A),
¢ 6.87900-6.88610 (A), and 529.09-531.36 V(A3). Similar observations were presented by
Roeder et al. [43], who investigated the formation of HAp whiskers by changing the heating
rate, stirring rate, and reaction temperature; therefore, the parameters mostly affected the
release rate of the calcium ions. Our results also showed that as the Ca?* concentration
increases, the length of HAp particles decreases, which is in line with previous studies.

Additionally, the pH of the solution has a pronounced influence on the morphology
of the obtained CaPs, as is shown in Table 7, where the results of the morphological
investigation with varied pHs were presented. We observed that at an initial pH of about
3.48 it was possible to obtain pure HAp in shape of hexagonal rods. As the pH increases to
the values in the range of 4.0-5.06, the shape of HAp changes and whiskers are formed.
A further increase in pH (pH = 5.57-11.01) results in a reduction in particle size and
formation of nano-HAp with crystal lattice parameters of a = b 9.41660 (A), ¢ 6.87450 (A),
and 527.91 V (A3).
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By analyzing the rest of the process conditions, i.e., reaction time and temperature, we
observed that they do not affect the morphology of apatite ceramics; however, it should
be emphasized that reaction time is linked with the Ca?* concentration. The correlation
of these two parameters will result in different HAp morphologies. Regarding the phase
composition, we have observed no influence of the reaction time or Ca?* concentration on
the phase composition of the obtained ceramics, in contrast to changing the synthesis tem-
perature. Each reaction led to pure hydroxyapatite, regardless of the reagent concentrations
and reaction times. The only exception was the process performed for 1 h and at 0.2 Ca2",
which resulted in a mixture of HAp (hexagonal rods) and monetite (plate formations).
This is probably because too high Ca?* concentration and too short reaction time are the
parameters that hinder HAp crystal formation. It is likely that monetite crystals require less
energy (lower temperature) and a shorter time to be formed. Moreover, for temperatures
above 130 °C pure HAp was identified, while for the synthesis conducted at 110 °C, HAp
was in the minority (18.60%) and the monetite represents the major phase at 81.40%. This is
another proof that less stable monetite also require less energy for crystallization compared
to hydroxyapatite.

Infrared structural investigation of the obtained ceramics demonstrated that the ma-
terials showed almost all the characteristic bands for hydroxyapatite. It should be noted
that the shape of the most prominent band on the IR spectra, which is the one observed
at around 1031 cm ™! related to PO43~, differs for the materials depending on the Ca?*
concentration and reaction time. For those with concentrations higher than 0.10 mL/ dm3
of Ca®* ions, the band is separated into two at 1023 cm~! and 1047 cm~!, which is the
sign that the surrounding of PO,>~ is different as well. The presence of medium bands in
the range of 872-878 cm ™!, which are assigned to vz C-O (CO327) vibrations, is a singular
proof of the carbonate ion’s presence in the synthesized HAp.

When analyzing the XRD data, we noticed that while increasing the Ca?* concentration
a slight shift of diffraction peaks to the left side can be observed, which is a consequence of
the increase in the a and the c crystal lattice parameters and phase cell volume (Table 2).
The possible explanation is that the incorporation of carbonate groups in the place of
hydroxyl or/and phosphate groups led to a change in the a and ¢ parameters [60]. As was
previously reported, the XRD patterns for hydroxyapatite particles displayed a stronger
preference for (300) reflection (26 = 32.9°), which become stronger with the growth of the
crystallite’s sizes. Moreover, hydroxyapatite crystals may be grown in different directions
under hydrothermal reaction conditions, which is equal to their anisotropy, and has also
previously been observed by others [39].

An important feature of the fillers is the specific surface area (Sppr), which is also
strongly related to the possibility of further modification and resorption ability. Our results
showed that the specific surface area of apatite ceramics changed with the concentration of
Ca®* ions and resulting from the different ceramics” morphologies. Spgt decreased with an
increasing concentration of Ca?*; alow Ca2* concentration of 0.05 mol/dm?3 led to an Sggr
of 6.6538 + 0.0503 m2/ g (whiskers), while the highest of the tested Ca?* concentrations
(0.2 mol/dm?) reduced Sggt to the value of 0.9310 4 0.0146 m2/ g (hexagonal rods), whereas
for nanorods obtained at Ca* = 0.05 mol/dm?, the Sgpt was 71.3623 + 0.2185 m2/ g, which
is more or less obvious considering the size of HAp particles.

A very important process parameter, the stirring rate, was found to strongly affect
the morphology of CaP ceramics. The most homogeneous product in the form of the HAp
whiskers was obtained at higher stirring rates of 125 rpm and 250 rpm, while lower or
higher stirring rates resulted in the mixtures different morphological forms. This is an
obvious effect of different environments for crystals formation—insufficient contact area at
a low stirring rate (the same environment) or a higher stirring rate (short time of reagent’s
contact) will yield various crystal forms.

Our results proved that the HAp morphology can be easily controlled by changing
the Ca?" ion concentration, pH, the reaction temperature, and the stirring rate. In this
way, it is possible to obtain hydroxyapatite of different morphologies such as whiskers,
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hexagonal rods, nano-HAp, and more complex forms (e.g., flowers and chrysanthemumes).
After careful evaluation and comparison of all the results we can propose the following
range of parameters for obtaining whiskers: concentrations of Ca?* ions in the range of
0.025-0.05 mol/dm3, reaction time of 5h, pH in the range of 4.0-5.06, temperature of 200 °C,
and pressure of 20bar. In the case of other morphological forms of HAp, the permanent
parameters are the reaction time of 5 h, reaction temperature of 200 °C, and pressure of
20 bars. Therefore, when keeping the above conditions, hexagonal rods are possible to
prepare at concentrations of Ca?* ions in the range of 0.1-0.2 mol/dm3 and pH at a low
level of not more than 3.5. When nano-sized HAp particles are desired, it is necessary to
keep the Ca®* concentration at the low level of 0.05 mol/dm? and pH in the range of 9-11.

A general conclusion is that comparing to the procedure with orthophosphoric acid as
a phosphorous precursor, the reaction reported here, with dipotassium hydrogen phosphate,
is more effective for controlling the ceramics’ characteristics [44]. We can also conclude that
Ca®* concentration is one of the most important parameters to be considered, regardless of
the reaction type. Regarding the temperature of the process, in previous study [44,45] only
a high temperature of 200 °C led to HAp whiskers, in contrast to the results reported here,
which is another proof that this procedure allows for controlling ceramics’ appearance and
phase composition.

5. Conclusions

In this paper, hydroxyapatite was successfully prepared in the reaction between cal-
cium lactate pentahydrate and dipotassium hydrogen phosphate. HAp whiskers, hexago-
nal rods, and nano particles were obtained under the hydrothermal method. The advantage
of the proposed method is the facile but accurate control of the HAp crystal morphology
in order to produce materials in a desired form, which could be potentially used in the
biomedical field.

The effect of reagent concentrations, reaction time, pH, temperature, pressure, and
stirring rate on HAp morphologies and composition was investigated. The results of the
study showed that the main influences on the morphology are the concentration of Ca?*
and pH. Parameters such as temperature, stirring rate, and pressure have lower impact on
ceramics morphology.

The measurements showed that the optimal reaction parameters for obtaining whiskers
are CaZ* 0.05 mol/dm?, reaction time 5 h, reaction temperature of 200 °C, pressure of 20 bar,
stirring rate of 250 rpm, and pH = 4.5. For hexagonal rods the optimal parameters are Ca2*
0.2 mol/dm?, 5 h, 200 °C, 20 bar, 250 rpm, pH = 4.5. For nano HAp the optimal parameters
are CaZ* 0.2 mol/dm3, 5 h, 200 °C, 20 bar, 250 rpm, and pH = 11.0.

This investigation can have a great impact in the development of biomaterials for
orthopedic applications. Our optimized method results in hydroxyapatite of different
forms such as whiskers, hexagonal rods, and nanoparticles that can be used as functional
fillers in composites for medical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13050793 /s1, Figure S1: STEM images of products obtained
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of the synthesis temperature and the pressure on the lattice parameters of the phases present in
the synthesized powders (reaction conditions: CaZ* 0.05 mol/dm3, 200°C, 5 h, 250 rpm). Table S3:
Effect of the stirring rate on the lattice parameters of the phases present in the synthesized powders
(reaction conditions: Ca?* 0.05 mol/dm?3, 200 °C, 5 h, 20 bar).
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