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Hydroxyapatite (HAp) has been synthesized by a hydrothermal treatment in the presence of a Gemini cationic surfactant. This
process is a new strategy of synthesis and mainly consists of two parts, i.e., an ordinary hydrothermal treatment and a liquid-
solid-solution reaction (LSS strategy). Crystalline HAp nanorods or nanogranules with length of 50-180 nm and width of 30-
40 nm were produced by ordinary hydrothermal treatment. By contrary, HAp spheres with a 3D architecture were fabricated
with Gemini cationic surfactant by LSS strategy. For Gemini cationic surfactant concentration of 0.05%, spherical HAp particles
with an average diameter of 1.7 μm were obtained.

1. Introduction

Hydrothermal method, a common way to prepare HAp,
involves chemical reactions occurring in an aqueous solution
at high temperature and pressure. The hydrothermal method
could be considered as a chemical precipitation method in
which the aging process is carried on inside an autoclave or
pressure vessel [1]. It has been proved that HAp nanorods
obtained by the hydrothermal method are highly crystalline
and stoichiometric [2]. The purity and Ca/P of HAp sharply
increased with hydrothermal temperature [3].

It was difficult to control the shape, size, and size distribu-
tion of nanoparticles prepared by the hydrothermal method.
To overcome this drawback, the use of organic modifiers or
surfactants was proposed. Jiang et al. proposed a soft way
for the preparation of HAp of different shapes by using a
combination of Na2EDTA and citric acid (CA) at pH = 3:60
[4]. CA was selected due to its selective adsorption on various
surfaces; the other was that F- is a growth inhibitor for the
FHAp. Zhu et al. produced rod-like HAp nanoparticles with
different aspect ratios in the presence of N-[(2-hydroxy-3-
trimethylammonium) propyl] chitosan chloride (HTCC) as

a template and by varying reaction conditions, e.g., pH, tem-
perature, and PO4

3-/HTCC ratio [5].
The ordinary hydrothermal method has many weak-

nesses, for instance, uneven heating and difficulty in obtain-
ing controlled dispersion of HAp. Carrying out the
synthesis in an aqueous phase leads to a solid with small
particles, which tends to agglomerate into larger aggregates.
Hence, their application is limited. To address this issue, we
propose a new type of liquid-solid-solution (LSS) assisted
hydrothermal method to synthesize monodispersed HAp
nanoparticles.

In 2005, Wang et al. [6] proposed a LSS phase transfer
strategy to produce multifunctional nanocrystals with differ-
ent chemical properties. LSS strategy involves an oil-water
interface controlled reaction system made of three phases
(liquid, solid, and solution) and two interfaces (liquid-solid
and solid-solution). In this system, H2O, C2H5OH, RCOOH,
and (RCOO)nM form a three-phase reaction system. The pri-
mary solution phase was made up of H2O and C2H5OH in
which the precursors of the inorganic salts were dissolved.
The solution phase was composed of C2H5OH and RCOOH,
and the solid phase consisted of (RCOO)nM.

Hindawi
Journal of Nanomaterials
Volume 2020, Article ID 6173867, 7 pages
https://doi.org/10.1155/2020/6173867

https://orcid.org/0000-0001-7256-3935
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6173867


Based on the LSS strategy, Wang et al. [7] synthesized
homogeneous HAp nanorods at 80-200°C for about 8-10h.
The obtained samples had tunable size, aspect ratio, and sur-
face properties. Sodium oleate and oleic acid were mixed with
C2H5OH under stirring. Afterwards, Ca(NO3)2 was added to
form a liquid phase (C2H5OH/oleic acid) and a solid phase
(sodium oleate). After the exchange between Ca2+ and Na+,
calcium dioleate was formed. Finally, Na3PO4 was added to
the system to react with calcium dioleate. As a result, they
successfully obtained HAp nanocrystals highly homogenous
in size and narrow size—and length—distributions. To fur-
ther control the surface properties, they changed the reaction
temperature. The results showed that the HAp nanorods had
a stable hydrophobic surface at high temperature, since the
oleic acid monolayer complexed on the HAp outside surface.
Yet, the HAp had an unstable hydrophilic surface because of
adsorption of a bilayer of linoleic acid on the HAp surface.
Sun et al. [8] synthesized a series of monodisperse HAp
doped with selenium based on the LSS strategy. The synthe-
sized pure nanorod HAp was located with the width of
around 8nm and length of around 150nm. It was notewor-
thy to find that the width of the obtained nanorods became
smaller and the ends of them became sharp compared to pure
HAp, though the length of them had no significant change.
Huang et al. [9] synthesized HAp nanorods codoped with
Eu3+ and F− (FAp:Eu3+) through the LLS strategy to control
their size and morphology. The rod-like FAp:Eu3+ structures
having a smooth surface with diameters of about 15–20 nm
and 1engths of about 50–100nm were obtained. This regular
nanostructure makes FAp:Eu3+ possess great potential for
application in the biomedical fields.

Gemini surfactants are a new type of surfactants, in
which two traditional surfactant molecules are connected
by a spacer group at the hydrophilic head groups or in close
proximity to the head groups. They have advantages over the
other monomeric surfactants due to their unique self-
assembling ability. We have reported a biomimetic fabrica-
tion of HAp with a hollow spherical three-dimensional
architecture with polyoxyethylene chain-containing quater-
nary ammonium salt cationic Gemini surfactant [C12C2C12
(EO)] as the template [10].

For reasons dissolved above, in this work, we prepared
HAp by the LSS assisted hydrothermal strategy and using a
new kind of hyperbranched Gemini quaternary ammonium
(PCD) as the template. PCD is a macromolecular cationic
surfactant, which has 4 ionic head groups (Figure 1).

2. Materials and Methods

2.1. Synthesis of HAp by the Ordinary Hydrothermal Method.
In a typical experiment, an appropriate amount of PCD was
dissolved in 35mL 0.17mol/L (NH4)3PO4 solution and mag-
netically stirred to form solution A. Solution B was made of
35mL 0.28mol/L Ca(NO3)2. Then, solution A was added to
solution B under magnetic stirring, and the pH was adjusted
to 10.50 with ammonium hydroxide. When the process was
finished, stirring was continued for 0.5 h. The reaction prod-
uct was transferred to a 100mL autoclave at 180°C for 10h.
The samples were recovered by centrifugation and washed

three times with cyclohexane and absolute ethanol, respec-
tively. Finally, the powders were dried at 50°C for 1-2 days.

2.2. Synthesis of HAp by the LSS Strategy. 3.2 g sodium linole-
ate was dissolved in 8mL oleic acid under stirring for 2 h.
Then, 32mL C2H5OH was added dropwise to the mixed
solution under stirring for 15min to form a suspension.
Afterwards, 15mL 0.28mol/L Ca(NO3)2 solution was added
to the obtained suspension under stirring. A stable yellow
suspension resulted after 1 h under stirring. As a result, a
three-phase system made of a liquid phase (C2H5OH/oleic
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Figure 1: Structure of PCD.
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Figure 2: XRD patterns of obtained samples at different conditions.
(a) The absence of PCD; (b) 0.005%; (c) 0.05%.
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Figure 3: FTIR spectra of samples obtained at different conditions.
(a) The absence of PCD; (b) 0.005%; (c) 0.05%.
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acid), a solid phase (sodium oleate), and a solution phase
(Ca(NO3)2) was formed. After the exchange between Ca2+

and Na+, calcium dioleate was formed. In the next step, an
appropriate amount of PCD was added to 15mL 0.17mol/L
(NH4)3PO4 solution under magnetic stirring for 30min;
then, (NH4)3PO4 solution was added to the resulting solution
under stirring, and white flocs were formed. The stirring was
continued for 5min. Then, the product was transferred to a
100mL autoclave at 180°C for 10h. After cooling to room
temperature, the product was centrifuged and washed three
times with cyclohexane and absolute ethanol, respectively.
Finally, the powders were dried at 50°C for 1-2 days.

2.3. Characterization. The phase of obtained samples was ana-
lyzed by X-ray powder diffraction (XRD, Philips X’Pert MPD,
Philips Company, Netherlands). The diffraction peak at 2θ =
25:8° was chosen for calculation of the crystallite size because
it was sharper and isolated from others which is (002) Miller’s
plane of the hydroxyapatite crystal. The degree of crystallinity
(Xc) was evaluated by using the following equation [11]:

Xc =
0:24
β002

� �3
, ð1Þ

where β002 is the full width at half maximum (°) of (002)
Miller’s plane.

The chemical composition of powders was tested by
Fourier transform infrared spectroscopy (FT-IR, Nicolet
Avatar 360, Thermo-Scientific Ltd., USA). The morphology
of particles was studied using a Field Emission Scanning
Electron Microscope (FESEM, JEOL 7500F, JEOL Company,
Japan). The conductivities of solutions with different PCD
concentrations were measured by a conductivity meter
(DDS-307A). Based on the conductivity data, a graph was
prepared to obtain the cmc value at 37°C, based on the critical
turning point.

3. Results and Discussion

3.1. Synthesis of HAp by the Ordinary Hydrothermal Method

3.1.1. The Structural Characterization of Sample. The XRD
patterns of HAp in different situations are shown in
Figure 2. The XRD peaks at 2θ = 25:9°, 31.8°, and 32.9° corre-
spond to the (002), (211), and (300) lattice planes of the HAp
phase. Figure 3 illustrates the FTIR spectra of HAp. The band
shapes of samples a, b, and c were basically consistent. The
bands at 3569 and 633 cm-1 correspond to the stretching
and twisting vibrations, respectively, of OH groups. The
two bands at 3436 and 1630 cm-1 were attributed to H2O
adsorbed on the HAp surface. The nonsymmetrical vibration
bands at 1093 and 1039 cm-1 are assigned to PO4

3- while the
bands at 604 and 567 cm-1 were attributed to the flexural
vibration of PO4

3- [12].
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Figure 4: SEM images of obtained samples with different PCD concentrations at 180°C for 10 hours: (a) the absence of PCD; (b) 0.003%;
(c) 0.005%; (d) 0.01%.
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3.1.2. The Morphology of Samples. Figures 4(a)–4(d) depict
the SEM images of HAp powders obtained in different
reaction systems. The control products display a rod-like
structure of different sizes (50-180 nm length, 30-40 nm
width). HAp particles are arranged in dens agglomerates.
When PCD was used as the template, some changes occurred
during the synthesis. On the one hand, the particles are less
agglomerated. On the other hand, the length and length/dia-
meter (L/D) ratio are lower. When the PCD was 0.003%,
most products were of 180 nm in length and 40-50 nm in
width (L/D = 3:6-4.5). When the mass fraction of PCD was
0.005%, the HAp particles were shorter (100 nm in length,
40-50 nm width, L/D = 2-2.5), although a few granular prod-
ucts also existed. Further increasing concentration to 0.01%
led to a large number of granular HAp (50nm length,
40 nm width, L/D = 1:25). In general, the use of PCD resulted
in a decrease in the L/D ratio, the shape of solids varying
from long rod-like to pellet.

3.1.3. Mechanism of Synthesis. The crystal structure of HAp
belongs to the hexagonal system, every unit cell having 10
Ca2+, 6 PO4

3-, and 2 OH-. When the sample is prepared by
the classical hydrothermal treatment, two types of Ca2+-
based complexes are formed. One is Ca-P6O24, which grows
along the c-axis, and the other is OH-Ca6, which grows along
the a- and b-axes [13].

As shown in Figure 5, PCD interacts with PO4
3– and OH-

through electrostatic interactions and stereochemical inter-
action. The macromolecular rigid long chain changed into
an extended chain, as a result of the decrease in surface
energy. The extended chain interacted with PO4

3– by inter-
molecular forces to form a 2D structure. Then, the 3D rod-
like products were formed by self-assembly of the 2D
structure via the hydrogen bonds. Finally, the Ca precursor

was added to the system to promote nucleation of the HAp
crystals and then their growth during the hydrothermal treat-
ment [5]. At a high concentration of PCD, the concentration
of PO4

3-/OH- is at the interface of organic/water. During the
hydrothermal treatment, the HAp crystals grew along the a-,
b-, and c- axes. Yet, the growth along the c-axis was inhibited
to some extent, resulting in spherical or short rod particles.
Since the particles are small, the specific surface area is low
and surface energy is higher, which creates favorable condi-
tions for the particles to agglomerate.

To further study the growth process of HAp crystals, an
experiment was designed to prove the interaction between
PCD and PO4

3-, OH-, and Ca2+, as shown in Table 1
(SðNH4Þ3PO4ð0:06mol/LÞ = 10:33ms · cm−1).

When the temperature was constant, several factors, such
as the number of ions, ionic charge, and mobility ratio,
affected the conductivity of the solution. From the results
listed in Table 1, it is evident that increasing the concentra-
tion of PCD leads to an increase in SPCD. However,
SðNH4Þ3PO4−PCD was slightly lower than the sum of SðNH4Þ3PO4
and SPCD, namely, SðNH4Þ3PO4−PCD ≠ SðNH4Þ3PO4

+ SPCD. The

Table 1: Electrical conductivity of PCD solution and (NH4)3PO4-
PCD solution (25°C).

Electrical conductivity (ms·cm-1)
C(PCD)/(wt)

0.003% 0.01% 0.03%

SPCD 0.05 0.07 0.08

S1 = S NH4ð Þ3PO4−PCD 10.30 10.26 10.20

S2 = S NH4ð Þ3PO4
+ SPCD 10.38 10.40 10.41

ΔS = S2 − S1 0.08 0.14 0.21

Rod-like particles

Crystal nucleation

PCD template Extended chains

Washing

Ca(NO3)2(NH4)3PO4

Hydrothermal treatment growth of nuclei

N(CH3) OH–

Ca2+PO4
3–

Figure 5: Preparation of rod-like HAp nanoparticles using hydrothermal treatment in the presence of PCD as a Gemini cationic template.
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result is explained by the ability of PCD cationic surfactant to
attract PO4

3- and OH- anions, which limited the mobility
between PO4

3- and OH-. As the concentration of PCD
increased, the difference between the two values of conduc-
tivity gradually increased from 0.08 to 0.21ms·cm-1. Hence,
the intermolecular forces between ions gradually strengthen
as the PCD concentration increases.

3.2. Synthesis of HAp in LSS Strategy

3.2.1. The Structural Characterization of Samples. As can be
seen from Figure 6, the diffraction peaks of hydroxyapatite
obtained at different concentrations of PCD were basically
the same. The peak at 2θ = 32:1° became broader and less
intense as a result of increasing the concentration of PCD.

Therefore, the size and crystallinity of HAp decrease.
According to the calculation of crystallinity, the crystallinity
(Xc) is 15.45, 13.67, and 8.46, respectively, which decreases
with the increase of PCD concentration.

The FTIR spectra depicted in Figure 6 show the charac-
teristic vibration bands of HAp. The absorption peak at
3427 cm-1 is due to the vibration of O-H bonds involved in
a H bond network with water absorbed on the surface of
samples [14]. The bands at 2925 and 2854 cm-1 are attributed
to the stretch vibration of C-H bonds. The bands at 1097 and
1032 cm-1 belong the threefold degenerate antisymmetric
stretching vibrations of P-O bond in PO4

3-, whereas the band
at 962 cm-1 [15] comes from the threefold degenerate sym-
metric stretching vibration of P-O bond in PO4

3-. The bands
at 603 and 567 cm-1 are due to the bending vibration of
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Figure 6: XRD pattern (a) and FTIR spectra (b) of samples obtained with different PCD concentrations at 180°C for 10 hours: (A) the absence
of PCD; (B) 0.05%; (C) 0.5%.
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Figure 7: SEM images of obtained samples with different concentrations of PCD at 180°C for 10 h: (a, b) the absence of PCD; (c, d) 0.01%;
(e, f) 0.05%; (g, h) 0.5%.
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PO4
3-. Moreover, two small bands at 1552 and 1448 cm-1

appeared in the spectrum and are assigned to the vibration
of –O-O- and –COO-, respectively [16].

3.2.2. The Morphology of Samples. Figure 7 displays the mor-
phology and size of HAp particles depending on the concen-
tration of PCD. Figures 7(a) and 7(b) show that the control
samples display uniform rods with 0.6-2μm in length,
25 nm in width, and L/D = 24-80. Because the oleic acid
monolayer complexed on the surface and formed a mono-
layer, HAp has a stable hydrophobic surface. Figures 7(c)
and 7(d) show that particles with a near-spherical morphol-
ogy and size of 1.8μm were formed when 0.01% PCD was
used in the synthesis. Interestingly, when a concentration of
0.05% PCD was used, rods with a length of 0.7μm gathered
into spheres with a diameter of 1.7μm and homogeneous
distribution (Figures 7(e) and 7(f)). Further increase in
PCD concentration to 0.5% caused a decrease in size
(1.0μm) of the spherical HAp particles. This was likely due

to the fact that the structural unit of HAp crystal decreased
to 0.5μm (Figures 8(g) and 8(h)).

3.2.3. Mechanism of Synthesis. As shown in Figure 8, an ion-
exchange reaction occurred between sodium oleate and
Ca(NO3)2 with the formation of calcium dioleate. The PCD
cationic surfactant, which can autoassemble in spherical
micelles, attracts PO4

3- by electrostatic interactions [17].
Since PCD is hydrophilic and insoluble in oleic acid, the
spherical micelles are not damaged. When the phosphate-
containing solution is added to calcium dioleate, it immedi-
ately attracts calcium dioleate. Rod-like HAp particles grown
along the c-axis were formed due to the presence of spherical
micelle flower-like HAp appearance. The hydrophobicity of
HAp was induced by the alkyl chain of oleic acid. We could
obtain a mass of HAp at the bottom of the container; the
reason was the incompatibility between their hydrophobic
surface and polar alcohol. As the PCD concentration
increases, crystal growth along c-axis is prevented. Hence,

CH3(CH2)7CH=CH(CH2)7COOH + C2H5OH (Liquid)

Liquid-solid interfaces

Ion exchange

Complexation
Ca2+O=C

O O
2

Ca

(O = C)

Na (Solid)

+

Solid-solution interfaces

(Solution)

Spherical micelle

Vesiculation

PCD

Elec
tro

sta
tic

ad
sorptio

n

OH
–

PO 4
3–

Crystal growth

Figure 8: LSS strategy to HAp with Gemini surfactant as template.
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spherical HAp particles made of short rods as structural
units were formed.

4. Conclusion

In summary, we prepared rod or sphere HAp particles by the
LSS assisted hydrothermal method. The control of shape and
size of the HAp particles was achieved by the LSS strategy.
More specifically, the morphology, size, and structural orga-
nization of HAp particles were well controlled by changing
the concentration of the Gemini cationic surfactant during
the LSS synthesis. The results revealed the formation of
particles of 50-180 nm in length and 30-40 nm in width.
Moreover, the reorganization of one-dimensional HAp
nanoparticles from one-dimensional into three-dimensional
architecture was promoted by this innovative strategy.
Therefore, at a concentration of PCD of 0.05%, spherical
HAp nanoparticles with narrow size distribution and average
size of 1.7μm were obtained. The difference between them
was due to the shape of the micelles in the solution. The for-
mer had rod-like shape while the latter had spherical shape.
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