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Comparative synthesis ways for preparing HA (Ca;o(PO4)s(OH),) nanoparticles in presence of hexamethylene-
tetramine (HMTA) and cetyltrimethylammonium bromide (CTAB) were carried out. The reactions were per-
formed in a Teflon-lined stainless-steel reactor at 120 °C during 12 h. The effects of the additive concentration
and the cooling mode (fast and slow) were analyzed. The obtained powders were characterized by X-ray

Diffraction (XRD), Raman Spectroscopy, Dynamic Light Scattering (DLS) and Scanning Electron Microscopy
(SEM). The two hydrothermal ways carried out for preparing HA nano powders produced a pure crystalline
phase of HA. When the fast cooling mode was used, the obtained particles exhibited smaller mean particle sizes.
The highest concentrations of used additives (HTMA or CTAB) resulted in opposite effect on the obtained mean
particle size of HA particles. These observations were associated to the different behavior of these additives in

the HA formation processes.

1. Introduction

Hydroxyapatite (HA, Ca;o(PO4)¢(OH)), is a calcium phosphate
having a similar chemical composition to the inorganic component of
bone and teeth. This material is currently used in various forms as a
bone substitute due to its properties of biocompatibility, bioactivity and
osteoconduction [1,2]. However, nanostructured hydroxyapatite
powder has become one of the most useful functional materials in
various fields in recent years [3] due to its composition and structure.
Owing to their high ion-exchange capacities [4] and strong surface
adsorption abilities that result from their surface groups and special
chemical constitutions, HA nanomaterials have been widely used in
high-capacity drug loading [5-7], protein purification [8], and in-
organic and organic pollutants removal from water [9]. Also, as a
constituent of composite materials for bone regeneration it has a key
role as a bioactive phase [10-13].

The morphology, shape and size of nanoparticles determine the field
of application or their suitability for certain needs. Given the im-
portance in controlling the crystalline structure and morphology of HA
particles, the implementation of reproducible synthesis techniques be-
comes crucial. Many methods are known for obtaining HA crystals,
namely mechano-chemical [4], sol-gel [4], chemical precipitation [4],
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hydrothermal [2,14,15], microemulsion [16], ultrasonic irradiation
[17] and microwave irradiation [18]. Among them, the hydrothermal
method is appropriate for HA nanoparticle synthesis as it yields crys-
talline HA in a single step under relatively mild reaction conditions
[19]. Furthermore, the method allows modifying both size and mor-
phology of the particles by means of the activity of different additives
present in the reaction medium. Among the major variables that govern
a solvothermal process (nature of reactants, solvent, temperature,
pressure, pH and time), the relevance of the cooling rate has not been
given serious attention [20]. However, it has been shown that rapid
cooling leads to particles of smaller sizes and with higher concentra-
tions of surface defects [21]. Then, as the degree of crystallinity of the
material is affected along with the creation of surface defects, rapid
cooling is expected to increase the biointegration ability of HA nano-
particles synthesized under hydrothermal reaction conditions.

A further relevant aspect of the solvothermal synthesis of hydro-
xyapatite, is that nanoparticles with different morphologies, such as
spheres, needles, rods, fibers and plates, can be obtained. Such
morphologies are achieved using suitable additives that control and
lead crystal growth. Among these, cetyltrimethylammonium bromide
(CTAB) is a biocompatible cationic surfactant that can be used as ad-
ditive in many aqueous synthetic methods [22-24]. CTAB ionizes in
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aqueous solution generating positively charged monomers, which self-
assemble into micelles that act as nucleating sites for (PO,)* and Ca2™
ions on their surfaces to produce HA crystals through a precipitation
process [24]. Y. Wang et al. synthesized HA nanoparticles with uniform
morphologies and controlled size (mean size about 15 X 150 nm) by
low-temperature hydrothermal method in presence of CTAB [23]. Also,
Yang et al. prepared HA particles with different morphology as sphere-
like colloid, nano-needle to lamellar-like using CTAB/citrate solutions
in various concentrations [22]. On the other hand, hexamethylenete-
tramine (HMTA) is a compound with a cage like structure, which as
ligand, presents great versatility allowing different coordination modes.
HMTA is highly soluble in water and polar organic solvents, and is a
good H-bond acceptor [25]. This cyclic aliphatic amine ((CH)eN4),
which has been used for the synthesis of many nanostructured ceramic
materials, is seldom used for the synthesis of HA. The article by Andrés-
Vergés et al. may have been the first report on the use of HMTA in the
synthesis of HA in aqueous medium at 90 °C [26]. The main interest in
HMTA resides in its hydroxide anion-generating activity, as it renders
ammonia (along with formaldehyde) by means of the hydrolysis reac-
tion that takes place under hydrothermal conditions, gradually raising
the pH in the reaction medium [27-29]. Although it has not been
clearly demonstrated, HMTA may also have a role as a structure di-
recting agent.

In this context, the aim of this work was to synthesize HA nano-
particles with controlled morphology under hydrothermal conditions in
presence of cetyltrimethylammonium bromide and hexamethylenete-
tramine. The effect of the cooling rate on particle size of the obtained
powders was also studied. This work brings new comparative per-
spectives concerning the influence of CTAB and HTMA on size and
shape of HA nanoparticles obtained under hydrothermal conditions.

2. Materials and methods

Calcium hydroxide (Ca(OH),, Merck), orthophosphoric acid
(H3PO,4, 85%, Merck), hexamethylenetetramine (HMTA, Biopack) and
cetyltrimethylammonium bromide (CTAB, Cicarelli) were used as pre-
cursors for the synthesis of HA. Fig. 1 shows the followed experimental
procedures (with HTMA or CTAB) and Table 1 the selected nomen-
clature according to the Ca?" to PO,> molar ratio, additive used and
reactor cooling conditions.

Ca(OH), H;PO,
(A) (B)
HMTA CTAB
Hydrothermal
reaction
120°C/ 12h
pH6-7

Slow cooling (S) Fast cooling (F)

Wash / Dry

= Characterization

Fig. 1. Flow chart of the experimental procedures for the HA synthesis by using (A)
HTMA and (B) CTAB as additives.

DRX, Raman S.,
SEM. DI.S
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Table 1
Hydrothermal HA synthesis conditions from Ca(OH), and H3PO4 at 120 °C during 12 h.

# Nomenclature Ca(OH),: Additive Ca(OH),:Additive Cooling rate

H3PO,4 (molar)

(molar)
1 F 5:3 - - Fast
2 S Slow
3 HF05 HMTA 1:0.5 Fast
4 HF1 1:1
5 HS05 1:0.5 Slow
6 HS1 1:1
7 CF1 CTAB CMC Fast
8 CF2 2 x CMC
9 Cs1 CMC Slow
10 GCs2 2 x CMC

CMCcrag = 1 mmol/L.
2.1. HA synthesis with HTMA (Procedure A)

Different concentrations of HTMA were used in this set of synthesis.
Suspensions of Ca(OH), in distilled water were prepared with Ca* to
HMTA molar ratios of 1:0.5 and 1:1. Then, a H3PO4 solution (6 mol/L)
was slowly added and the reaction mixture was stirred during 5 min.
The pH of the resulting mixture was 6. (Fig. 1 (A) solid-line way).

2.2. HA synthesis with CTAB (Procedure B)

A series of synthesis were made with CTAB as additive. A suspension
of Ca(OH), in distilled water was prepared. Then, CTAB was added to a
6 mol/L H3PO, solution in two concentrations: one in the critical mi-
cellar concentration (CMC = 102 M) and the other at 2 x 102 mol/
L. The phosphoric acid solution (containing CTAB) was slowly poured
into the Ca(OH), suspension and the resulting mixture was stirred
during 5 min. The pH of the final mixture was 6. (Fig. 1 (B) dot-line
route).

For both synthesis paths, prepared mixtures were transferred to a
120 mL Teflon-lined stainless-steel reactor, which was put into a fur-
nace for the hydrothermal treatment. For fast cooling, the reactor was
withdrawn from the furnace after 12 h at 120 °C and was immersed in
an ethylene glycol bath at 0-4 °C. A cooling rate of 2 °C/min was esti-
mated from temperature and time experimental data. In the case of
slow cooling, the reactor was kept 12 h at 120 °C and was then cooled
to room temperature inside the furnace. In this case, a cooling rate of
0.1 °C/min was estimated from experimental data. Moreover, reaction
mixtures without additives were performed following this two cooling
procedures as reference syntheses. The final pH measured was 9 for
both preparations. In all cases, the obtained products were centrifuged
at 5000 rpm, washed with distilled water and dried at 60 °C.

Crystalline HA identification was carried out by X-ray diffraction
(XRD) in a PANalytical diffractometer with Cu-Ka radiation (wave-
length: A = 1.54050 A) at 40 kV and 30 mA. Diffractograms were re-
corded between 20° and 80° 20 at a goniometer speed of 1°/min. The
mean crystallite size (t) of the particles was calculated from the XRD
line broadening measurement using Scherrer equation:

091
"~ Beosd (€8]

Where 7 is the crystallite size of the synthesized HA, A is the wavelength
(Cu-Ka), B is the full width at half-maximum of the (002) peak and 0 is
the corresponding diffraction angle. Raman microspectrometric ana-
lyses of HA powders were performed on a multichannel Renishaw In
Via Reflex microspectrometer. Excitation was provided by the 785 nm
line of an Ar laser. To enhance the signal-to-noise ratio, 30-50 scans
were accumulated, each one having a 15s exposure to laser power
ranging between 30 and 300 mW. Raman spectroscopy contributed to
the HA phase identification in the samples.
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Fig. 2. XRD patterns of the obtained powders: a) fast cooling mode (F series); b) slow
cooling mode (S series).

Dynamic light scattering (DLS) was performed on powder samples
with a Malvern Zetasizer nano S90 with a 532 nm laser. Powders were
dispersed in isopropyl alcohol (5 pg in 10 mL) and sonicated for 2 h
before each measurement for particle size distribution determination.

Particle morphologies were evaluated by means of scanning elec-
tron microscopy (SEM) in a FEI Nanolab 200 FIB/microscope operating
at 5kV. For this purpose, drops of powder dispersions in 2-propanol
were deposited on glass slides. After solvent evaporation, the samples
were coated with a thin gold layer and examined under different
magnifications.

3. Results and discussion

The two hydrothermal routes carried out for preparing HA nano
powders produced a pure crystalline phase of HA, as identified by XRD
analysis. Fig. 2 shows the X-ray diffraction patterns corresponding to
the obtained samples (Table 1). The XRD patterns of samples synthe-
sized in the absence of additives (S, F) and in the presence of HMTA
(HFO05, HF1, HS05, HS1) and CTAB (CF1, CF2, CS1, CS2) revealed the
characteristic peaks of HA, in good agreement with the JCPDS 09-0432
file. No significant differences were observed with respect to the signal
positions for HA. This may be due to the wide peaks, in accordance with
the characteristics of the crystalline nano powders. No preferential
growth of the crystals with respect to the use of one additive or another
is observed, given that it can be detected by the relative intensities of
the signals.

The Raman spectra of the obtained HA powders are shown in Fig. 3.
In these spectra, the very strong PO, characteristic peak at 961 cm ™ *,
associated with the totally symmetric stretching mode (v;: P-O) of the
tetrahedral PO4 group in HA, which is present in the spectra of the
samples from all preparations, can be observed. Other bands of lower
intensity such as those observed between 450 and 431 cm™ %,
610-581 cm ™! and 1030-1070 cm ™' are due to internal vibrational
modes of the phosphate groups in HA: doubly degenerate bending mode
(v2: O-P-0), triply degenerate bending mode (v4: O-P-O) and triply
degenerate asymmetric stretching mode (v3: P-O) respectively. A very
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Fig. 3. Raman spectra of the HA powders: a) fast cooling mode (F series); b) slow cooling
mode (S series).

small signal at 1090 cm ™! appears only in the samples obtained using
high concentration of HTMA in the synthesis (HF1 and HS1 samples).
This signal can be assigned to the vz P—O stretching mode of the
HPO,2~ group in tricalcium phosphate (TCP) phase [30]. This means
that the addition of HTMA into the reaction mixture in high con-
centration during the (A) synthesis procedure could generate TCP as
secondary phase. Anyway, the signal is of very low intensity and the
possible presence of crystallized TCP results insignificant, and is below
the detection limit of XRD [30]. All these observations are in agreement
with the conclusions derived from the XRD patterns confirming the
synthesis of crystalline hydroxyapatite.

As was mentioned previously, the surface defects that may be cre-
ated by rapid cooling of the reaction mixture, are expected to increase
the biointegration ability of HA nanoparticles. The features of all ob-
tained XRD spectra are similar. This fact strengthens the idea that
cooling modes would only influence the final size of the obtained
particles. It is a common practice in hydrothermal synthesis to let the
reactor cool slowly, inside the furnace, after a dwell-step at high tem-
perature. In such conditions, the formed particles have enough time to
grow and crystallize, so all crystalline particles are obtained. However,
if smaller particles are sought, fast cooling is the appropriate way to
follow. Fig. 4 shows the effect of cooling rate on morphological features
of obtained F and S samples. As can be seen in the images, S sample
shows agglomerates of 200-600 nm, while the F sample shows discrete
particles with a mean size between 100 and 150 nm with few clusters.

Fig. 5 shows the obtained curves from DLS measurements, to ana-
lyze the influence of cooling rate (Fig. 5a), and the effect of type and
concentration of additive (Fig. 5b and c). Bimodal size distributions
were observed for most samples, in which the high particle-size peak
corresponds to clusters of smaller particles. Table 2 summarizes the
data extracted from particle size distribution curves.

As shown in Fig. 5a and Table 2, according to DLS measurements,
the average size of HA particles was increased more than 80% (106
to195 nm) when the reactor was cooled slowly (S) with respect to the
measured particle size of the rapidly cooled sample (F). In other words,
particle growth is stopped by rapidly cooling the reactor. After this
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Fig. 4. SEM micrographs of HA particles: a) sample S

(slow cooling mode), b) sample F (fast cooling

mode).

Analysis of DLS data where 1st and 2nd peaks refer to the low and high particle-size

peaks, respectively.

1st peak 2nd peak

FWHM Peak Volume (%) FWHM Peak Volume (%)

(nm) (nm) (nm) (nm)
S 78 195 20 292 663 80
F 36 106 31 172 473 69
HF05 23 61 74 99 226 26
HS05 76 183 23 283 591 77
HF1 129 289 42 351 831 58
HS1 51 121 11 285 449 89
CF1 83 192 15 82 738 85
Cs1 94 194 15 329 872 85
CF2 27 79 39 120 310 61
CS2 71 163 32 333 688 68
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Fig. 5. Particle size distribution curves determined by DLS: a) HA particles obtained
without additives, S and F samples, b) HA particles obtained with CTAB and fast cooling
mode, ¢) HA particles obtained with HMTA and fast cooling mode.

FWHM: full width at half maximum.

observation, a fast cooling mode was the selected way for the synthesis
of HA in the presence of either CTAB or HMTA.

Sample CF1, in which CTAB was used in the critic micellar con-
centration (1 mmol/L), is composed of high average-size particles
within a fairly broad size distribution (Fig. 5b). The minimum average
particle size is 192 nm, but majority of particles are forming agglom-
erates of 740 nm average size. However, when the CTAB concentration
was doubled (CF2 in Fig. 5b), smaller particles with an average particle
size of 79 nm were obtained. Agglomerates of ~ 300 nm were also
detected. This is in agreement with the reports of Ma et al. who showed
that the particle size of HA decreased with increasing concentrations of
CTAB [31].

On the other hand, the presence of HMTA (HFO05) in the reaction
medium led to a significant decrease in particle size with respect to
sample F, which was obtained without additives. Moreover, the size
distribution shows two highly narrow peaks with most of particles
(> 70%) within the smaller sizes (~ 60 nm average size) of the dis-
tribution and representing the smallest particle size attained in this
work (Fig. 5¢). When the concentration of HMTA was doubled (HF1),
the average particle size increased dramatically, showing an opposed
trend to the observed and reported effect of CTAB.

Regarding the role of the additives, that of CTAB is ascribed to the
formation of micelles in solution which provide sites for the hetero-
geneous nucleation of hydroxyapatite. In aqueous solutions, the am-
monium moiety in CTAB attracts and concentrates phosphate anions,
which trigger HA nucleation and crystallization. When the concentra-
tion of CTAB is increased above the CMC, the availability of micelles in
solution is also increased, as well as the number of nuclei. Then, the
increase in the nuclei concentration leads to a decrease in the average
size of final particles.
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On the other hand, the role of HMTA on the hydrothermal synthesis
of crystalline materials is not fully understood. Although this cyclic
tetra-amine has been largely used in the synthesis of zinc oxide na-
nostructures by chemical bath deposition (CBD) and hydrothermal
treatments, conclusions therein have been extrapolated to the synthesis
of HA. Two possible mechanisms of action have been proposed for
HMTA in hydrothermal syntheses long time ago and the discussion is
still under debate. It has been suggested that HMTA provides HO ™ ions
by means of its slow thermal decomposition into formaldehyde and
ammonia. The slow rise in pH would be responsible for the precipita-
tion/crystallization of inorganic materials in hydrothermal reactions
[32,33]. In addition, some authors have proposed that HMTA plays a
key role as a structure directing agent by complexing ions or adsorbing
to specific (non-polar) crystallographic planes of the growing crystal
[34]. In order to clarify the effect of HMTA, an aqueous solution of the
amine was prepared in this work and treated at 120 °C for 12 h inside
the reactor. After the hydrothermal treatment, the pH was observed to
rise from 7 to 9. This increase in pH confirms the decomposition of
HMTA at high temperature under hydrothermal conditions, but does
not rule out its coordination to cations in solution. As was mentioned
above, in samples HS1 and HF1 the possible formation of TCP as sec-
ondary phase may be due to lower availability of Ca®** when the
Ca®*:HMTA ratio was 1:1. Fig. 6 illustrates comparatively the behavior
of each additive for the synthesis of HA. It is worth to note that the
observed effect of CTAB (sample CF2) on reducing the mean particle
size of HA with respect to sample F, was not as significant as the effect
of HMTA (sample HF05).

Fig. 7 shows the crystallite size calculated from Scherrer equation of
all obtained HA samples. The crystallite sizes were of 36 and 31 nm for
S and F samples, respectively. Then, it could be said that the fast cooling
rate led to slightly smaller HA nanocrystals. The same effect can be
observed between samples HS05/HF05 and HS1/HF1. However, pow-
ders obtained by using CTAB showed the largest crystallites. The effect
of CTAB could be due to the fact that it generates a higher ordered
environment before the precipitation process. So, in fast cooling mode,
the crystal is formed from this order, while in the slow cooling mode,
dissolution-precipitation processes could take place and consequently
crystallite size is reduced.

Ceramics International xxx (XXxXX) XXX—XXX
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Fig. 7. Crystallite size (nm) of HA samples determined from Scherrer equation.

4. Conclusions

Hydroxyapatite nanoparticles were synthesized by a hydrothermal
method with Ca(OH), and H3PO, as starting materials. Two types of
additives were used: (A) hexamethylenetetramine (HMTA) and (B) ce-
tyltrimethyl ammonium bromide (CTAB). Based on electron micro-
scopy and DLS assays, it was demonstrated that particle size may be
tuned by controlling the cooling rate of the reactor. In addition, the use
of HMTA or CTBA allows the synthesis of well dispersed HA particles in
the nanometer scale. In particular, the use of HMTA in a Ca%?":HMTA
1:0.5 M ratio led to a narrow size distribution of 60 nm average size
particles. The highest concentrations of used additives (HTMA or CTAB)
showed opposite effects on the final particle size. These observations
were associated to the different behavior of these additives in the HA
formation process. The effect of CTAB on reducing the mean particle
size of HA with respect to obtained sample without additive was not as
significant as the effect of HMTA.
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