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Hydroxyapatite (HAp) nanorods with uniform morphology and controllable size were successfully
synthesized by precipitating Ca(NO;),4H,O and (NH,4),HPO, in the presence of cetyltrimethylammo-
nium bromide (CTAB) and polyethylene glycol 400 (PEG 400) as cationic surfactant and non-ionic co-
surfactant, respectively, under hydrothermal conditions. The effect of hydrothermal temperature on the
composition, morphology and size of HAp particles was studied using X-ray diffraction (XRD), Fourier
transform infrared spectrometry (FTIR) and scanning electron microscopy (SEM). Results revealed that
the morphology and size of HAp particles can be effectively controlled by the presence of CTAB and
PEG surfactants. In addition, the temperature of the hydrothermal treatment plays an important role in
controlling the morphology and size of HAp particles. The aspect ratio of rod-like particles increases with
the increase in the hydrothermal temperature. Moreover, the crystallinity of HAp powders increases with
the increase in the hydrothermal temperature. The template action of CTAB and the co-template action of
PEG 400 used to regulate the nucleation and crystal growth are also discussed.
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1. Introduction

Hydroxyapatite (Ca,o(PO,)s(OH),, HAp) nanoparticles have been of great interest
because their mineral components are similar to human hard tissues [1-3]. Synthetic
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HAp has excellent biocompatibility and bioactivity, thus it is used in the reconstruc-
tion of damaged bone or teeth [4, 5]. The principal limitation in its clinical use as
a load bearing implant is its mechanical brittleness. Generally, the fracture strength
and fracture toughness of ceramic materials are effectively improved by dispersing
rod-like crystals and thin filaments into the bulk materials. Thus, HAp rod-like crys-
tals and whiskers do appear to be useful as materials for improving the mechanical
properties of synthetic biomaterials, etc. [6—8].

It is well-known that the strength of ceramic fibres and whiskers is size-
dependent. As the diameter or length decrease, the strength of ceramic fibres and
whiskers increases. Moreover, their physical properties such as fracture toughness and
fracture strength depend on the crystal structure, composition and sizes [9].

HAp can be synthesized by many chemical processing routes such as solid state
reaction [3, 10], coprecipitation and hydrothermal technique [11, 12]. Solid state reac-
tions usually give stoichiometric and well-crystallized products but they require rela-
tively high temperatures and long heat-treatment times. Moreover, the sintering capac-
ity of such powders is usually low and ultimately results in inferior mechanical
properties of the sintered matrices [8, 12]. In the case of coprecipitation, nanometer
size powders can be prepared. However, their crystallinity and Ca/P ratio depend
mainly upon the preparation conditions and are in many cases lower than for well-
crystallized stoichiometric HAp. The hydrothermal technique usually results in HAp
powders with a high degree of crystallinity and the Ca/P ratio close to the stoichiome-
tric value [8, 12]. However, the obtained powders have typical agglomeration and
their size distribution is relatively wide. Therefore, the size distribution of HAp powd-
ers cannot be well controlled using the normal hydrothermal method [12]. A newly
developed hydrothermal technique that is used to synthesize nanopowders, nanorods
and nanoneedles [1, 8, 13] is the surfactant-assisted hydrothermal method. This me-
thod inhibits the excess agglomeration of the particles, since the surfactants can adsorb
on the surface of particles. In addition, the surfactants can serve as a versatile “soft”
template for the synthesis of 1 D nanostructured materials [8, 14]. Furthermore, the
hydrothermal treatment can effectively increase the crystallinity of the product [8].

In this study, hydroxyapatite nanorods with uniform morphology and controllable
size have been successfully synthesized in the presence of cetyltrimethylammonium
bromide (CTAB) acting as a soft template and polyethylene glycol 400 (PEG 400)
acting as a co-template. Also, the effect of hydrothermal temperature on the composi-
tion, morphology and size of hydroxyapatite particles is investigated.

2. Experimental

Materials and methods. The starting materials used in this study were calcium ni-
trate tetrahydrate (Ca(NO;),"4H,0) (Merck Prolabo 22 384.298), diammonium hydro-
gen phosphate (NH4),HPO,) (Merck Prolabo 21 306.293), cetyltrimethylammonium
bromide (CTAB) (Merck 102342) and polyethylene glycol (PEG 400) (Merck
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807485). All chemicals were of analytical grade. The Ca/P molar ratio was equal to
1.67 (stoichiometric ratio of HAp).

Ca(NO,), solution (B) (NH,),HPO, + CTAB solution A
adding PEG 400 pH adjustment | acetic acid
t0o 4.5

adding solution B to A
(dropwise)

pH adjustment to 7

hydrothermal treatment
in an autoclave
at 90, 120, and 150 °C for 22 h

centrifuging, washing three
times with deionized water

ammonia

A

| oven drying at 90 °C |

HAp powders

Fig. 1. The process flowchart for synthesis of HAp nanorods

The general procedure was the following: 0.03 mole of (NH4),HPO, and 0.021
mole of CTAB were dissolved in 125 ml of deionized water. The solution was stirred
for 30 min with a magnetic stirrer to ensure that the cooperative interaction and self-
assembly process were completed. Then the pH value was adjusted to 4.5 by adding
pure acetic acid. After that, 0.05 mole of Ca(NO3),-4H,0 was dissolved in 175 ml of
deionized water and 50 ml of PEG 400 was simultaneously added to the solution un-
der constant stirring for 30 min. Then the mixed solution of Ca(NO3),-4H,0 and PEG
400 were added to the latter dropwise under continuous magnetic stirring in air. pH of
the solution was adjusted to 7 using ammonia. The final milky suspension was trans-
ferred to a stainless steel autoclave, sealed tightly and hydrothermally treated in an
oven at 90, 120 and 150 °C for 22 h. The resulting precipitates were separated from
the suspension by centrifuging, washed three times with deionized water to remove
the residual CTAB and PEG 400, and then oven dried at 90 °C for 22 h to yield white
powders. The flowchart for HAp nanorod synthesis is shown in Fig. 1.
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Characterization. The crystallographic structural analysis was carried out by
X-ray diffraction (XRD) method using a D4 Bruker powder diffractometer with
monochromatic CuK,, radiation (1 = 1.5406 A) over the 26 range of 10-70° at a scan
rate of ldeg/min in the Guinier geometry. The operational voltage and the current
were 40 kV and 30 mA, respectively. Fourier transform infrared (FT-IR) spectroscopy
(Bruker IFS 48) was used to identify the functional groups. The potassium bromide
(KBr) disk technique was used for the analysis, using 2 mg of HAp powders com-
pacted under hydraulic pressure with 200 mg of KBr . The spectrum was recorded in
the 4000400 cm ' region with 2 cm ' resolution averaging 100 scans.

The morphology and size of HAp particles were investigated by a XL30 Philips
scanning electron microscopy (SEM). The powders for SEM analysis were prepared
by sprinkling the dried HAp onto one side of a double adhesive tape, which was stuck
to an aluminum stub. The stub was then gold coated using EMITECH K450X (Eng-
land) to a thickness of 20-30 nm and examined with an accelerating voltage of 20 kV.

3. Results

Typical XRD patterns of the HAp samples obtained at 90, 120 and 150 °C are
shown in Fig. 2. Phase identification of the synthesized powders was accomplished by
comparing the experimental XRD patterns with the database compiled by the Joint
Committee on Powder Diffraction Standards (JCPDS), namely the following card
numbers: 9-432 for HAp, 9-169 for whitlockite (B-Caz(PO,),) and 9-80 for monetite
(CaHPO,). In general, the XRD patterns exhibit characteristic peaks of HAp but some
differences may be observed. The XRD pattern of the HAp powder obtained at 150 °C
(Fig. 2, curve A) contains sharp peaks which can be perfectly matched to crystalline
HAp with no additional peaks, while those obtained at 120 °C and 90 °C (curves B
and C) contain some peaks corresponding to whitlockite and monetite structures. At
150 °C, no impurity other than HAp is detected by the XRD, which indicates that the
product is monophase of HAp. Thus we may conclude that HAp powders do not crys-
tallize completely below 150 °C.

There is also a sign of directional growth in the XRD patterns. In a standard HAp
pattern, the intensity of diffracted X-rays corresponding to the (211) and (002) planes
are assumed to be 100 and 40 units, respectively, thus the ratio /11102 is equal to
2.5. In HAp powder synthesized at 150 °C, the diffraction peak corresponding to (002)
is sharp, and its relative intensity is far greater than the standard value (/51/lyo;
= 1.85). This indicates that the (002) surface is more fully grown in this sample; in
other words, HAp nanorods are oriented to grow along the ¢ axis. For the HAp sam-
ples obtained at 120 °C and 90 °C, the I11)//(002) ratios are 2.1 and 2.2, respectively.
The results indicate that in all samples, the longitudinal direction of rod-like HAps is
[002], and the directional growth along the ¢ axis is more prominent in HAp powders
synthesized at 150 °C as will be seen in the SEM photographs.
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Fig. 2. Typical XRD patterns of HAp powders obtained at:
150 °C (A), 120 °C (B) and 90 °C (C)
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Fig. 3. Typical FTIR spectra of HAp powders obtained at:
150 °C (A), 120 °C (B) and 90 °C (C)

Figure 3 shows typical FTIR absorption spectra of the HAp samples synthesized at
90, 120 and 150 °C. In general, the FTIR spectra of all samples display the same pro-
file. In all these HAp powders, absorption peaks at 1460, 882 and 670 cm ' are as-
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signed to carbonate ions [15, 16] which reveal that a certain level of carbonate substi-
tution takes place in these samples, although this is not shown by the XRD phase
analysis. The carbonate ions may come from a reaction between atmospheric carbon
dioxide and solution during the synthesis process. The C—H stretching vibration bands
appearing at 2851 and 2916 cm ' are attributed to residual CTAB [9, 17] which show
that the organic surfactant has not been completely washed away and remains in the
obtained samples.

By a simple heat treatment (1 h at 450 °C), the residual organic materials will be

removed. The characteristic bands for PO; appeared at 471.2 (v, PO, [18]), 565 and
602.7 (v, PO; [19]), 962 (v; PO; [5, 19]), 1031 and 1095 (v; PO; [20]), and
1248 cm™' (P-O stretching vibration of PO} [21]). The band at 1382 cm ' is assigned

to the N—O stretching mode of NO; [22]. A broad band at 1633 and 3197 cm™' corre-
sponds to adsorbed water [9, 23], while the broad band at 3401 cm™' may come from
the H,O lattice because this band exists in the range of 35503200 cm ' for hydrated
H,O [9]. The medium band at 1355 is attributed to OH in-plane bend [9]. Two me-
dium sharp peaks at 633 and 3570 cm ' attributed to vibrational [24] and structural
OH™ [20, 23] modes are better visible and sharper in the HAp sample obtained at
150 °C (Fig. 3, curve A) compared with the product obtained at 120 °C (Fig. 3, curve
B), whereas for powders synthesized at 90 °C they are relatively indistinct (Fig. 3,
curve C) which indicates a lower crystallinity of the product obtained at lower hydro-
thermal temperatures. Overall, it could be deduced that the crystallinity of the obtained
powders increases with the increase in the hydrothermal temperature.

To screen the influence of surfactants on the morphology and size of HAp parti-
cles, the synthesis process was conducted with and without CTAB and PEG 400. Fig-
ure 4 shows the SEM micrographs of the sample synthesized at 150 °C in the absence
of CTAB and PEG 400 and those obtained at 90, 120 and 150 °C in the presence of
CTAB and PEG 400. As shown in the Fig. 4a, in the absence of both CTAB and PEG
400, the HAp particles are spherical with the diameter of about 50-80 nm. On the
other hand, from the SEM photographs of HAp powders synthesized at 150 °C in the
presence of both surfactants (Fig. 4b), the HAp particles have uniform, long, rod-like
morphology with the typical diameter of about 50—80 nm and the average aspect ratio
of about 16-20. For the HAp sample obtained at 120 °C (Fig. 4c), the rod-like parti-
cles with the mean particle size of about 80—120 nm in diameter and the aspect ratio of
about 810 are clearly observed, but they are aggregated. At 90 °C, the product shows
a plate-like structure and rod-like particles with the aspect ratio of about 6 and crystal
diameter of about 100—120 nm, randomly distributed in the sample shown in Fig. 4d.
HAUp particles obtained at 150 °C are much thinner and longer; besides, nanorods have
a more uniform size distribution, and are much more separated from each other com-
pared with HAp samples obtained at 120 °C and 90 °C. Thus, we can conclude that
the hydrothermal temperature plays a key role in the control of the crystal morphology
and the crystal size.
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Fig. 4. Typical SEM photographs of the HAp powders obtained at 150 °C in the absence of CTAB
and PEG 400 (a), in the presence of CTAB and PEG 400 at 150 °C (b), 120 °C (c), 90 °C (d)
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4. Discussion

High temperature and high pressure of hydrothermal treatment could have two ef-
fects on the final products. Firstly, they might cause some fibres to aggregate, but the
interaction between the aggregates would be so weak that they would tend to dissolve
in the aqueous system. Secondly, they might raise the solubility of HAp to some ex-
tent and accelerate the dissolution and crystallization process. Also, the hydrothermal
treatment can effectively increase the crystallinity of the product [8, 25].
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Fig. 5. The transition from a spherical micelle to a long rod-
or thread-like micelle at high enough concentrations

The effect of CTAB on the HAp crystallization system is thought to act as a soft
template [5, 8, 9], resulting in epitaxial growth of the product [S5]. CTAB is a cationic
surfactant and its critical micelle concentration (CMC) is 0.03% (0.9-1.0 mM) [9, 26].
Above the CMC, a transition from spherical micelles to rod-like micelles occurs and
the size of micelles increases as the CTAB concentration increases, eventually result-
ing in long, flexible, thread-like micelles [27], as shown in Fig. 5. Micellar growth can
be considered to arise from two mechanisms. In one mechanism, there is an internal
driving force causing the formation of large aggregates with a different geometry. In
the other mechanism, micellar growth is induced by intermicelle repulsions allowing
a better packing of the micelles. This will occur at high concentrations, when the mi-
celles come in direct, close contact. In our system, with the CTAB concentration of
0.168 M, micellar growth could easily result in long rod-like micelles. In an aqueous
system, the CTAB would ionize completely and result in a cation with a tetrahedral
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structure. Meanwhile, the phosphate anion has also a tetrahedral structure [5, 9]. Be-
cause of the complementary relationship between the charge and the stereochemistry,
a process called molecule recognition could be realized at the inorganic/organic inter-
face [28]. Thus, in that case, CTAB could be well incorporated in the phosphate anion
[5]. When Ca®" solution is added to PO} solution, Cag(PO,), clusters tend to form on

the rod-shaped micellar surface, due to the conformation compatibility between the
identical, hexagonal shapes of the micelles and the Cay(PO,)s clusters. During the
hydrothermal stage, CTAB-HAp complexes are formed and they coalesce to form
nanorod structures. The micelles act as nucleating sites for the growth of HAp crystals
[29, 30].

Particle formation is a very complex process, involving nucleation, growth, coagu-
lation and flocculation. Addition of PEG can affect the nucleation during the crystalli-
zation process. After nucleation, PEG can influence particle growth, coagulation and
flocculation [25]. Among common water soluble polymers, PEG is one of the most
flexible polymers in an aqueous medium because of the flexible ether linkages in its
backbone and the absence of bulky side groups. Thus, it is sterically less hindered in
the aqueous medium [31, 32]. PEG can modify or control the surfaces of the nanome-
ter crystals. In addition, PEG is a non-ionic surfactant able to form long chain struc-
tures in aqueous solution [9], and therefore it acts as a co-template. It has been re-
ported that the PEG molecule has the ability to chelate Ca** [33, 34]; therefore, PEG
—OH can attract Ca’" released from Ca(NOs),"4H,0 to form the bond of PEG-O-
Ca’~O-PEG, then PEG-O-Ca*~O-PEG reacts with the PO released from

(NH4),HPO, to produce HAp crystal nuclei [33]. Moreover, the most important role of
the surfactant is to inhibit the excess aggregation of CTAB micelles, because the sur-
factant could absorb on the surface of particles. As a result of their adsorption, an elec-
trical double layer develops on the surfaces of solids or liquids. Adsorbed surfactant
layers may involve micellar type structures and induce the formation of long, rod-like
micelles. Therefore, we can reasonably assume that the template and co-template ac-
tion endow the surfactants with the capability to control the crystallization and growth
processes.

5. Conclusions

The morphology and size of hydroxyapatite crystals can be controlled by the pres-
ence of CTAB surfactant and PEG 400 cosurfactant under hydrothermal conditions.

The temperature of hydrothermal treatment plays a key role in the control of the
morphology and size of the HAp crystal.

The high crystallization and homogeneity in the size distribution and the shape of
the product obtained at 150 °C are attributed to the hydrothermal treatment and the
soft template of the surfactants. The longitudinal direction of nanorods is [002], as
confirmed by the XRD pattern of the samples.
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The FTIR analysis proved that the products are carbonated apatite, although it was
not shown by the XRD analysis. Since CHAp is known to be a better biomaterial than
pure HAp, due to the similarity to the composition of biological apatite [23], the HAp
powders obtained in this study are expected to show excellent bioactivity.

Using HAp nanorods as raw materials is an effective way to obtain dense bioce-
ramics with good mechanical properties. Therefore, the obtained HAp nanorods may
be used as strength-enhancing additives for the preparation of HAp ceramics or bio-
compatible nanocomposites with improved mechanical properties.
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