
Green Process Synth 2018; 7: 122–131

Batool Reyhaniyan Zavareh, Alireza Salehirad* and Saeed Mirdamadi

Effects of using the liquid phase method on the 
physicochemical, mechanical, and bioactivity 
properties of hydroxyapatite/calcium aluminate 
bioceramic nanocomposites
DOI 10.1515/gps-2016-0188
Received October 30, 2016; accepted March 1, 2017; previously 
published online May 19, 2017

Abstract: In this research, 80  wt.% hydroxyapatite 
(HA)/20 wt.% calcium aluminate (CA) bioceramic nanocom-
posites were synthesized by using three liquid phase green 
methods. X-ray diffraction, energy dispersive X-ray spectro-
scopy, and field emission-scanning electron microscopy 
were conducted for the characterization of nanocomposites. 
To study the mechanical (compressive strength, flexural 
strength, and hardness) and physical (density, porosity, and 
water adsorption) properties of nanocomposites, these mate-
rials were sintered by spark plasma technique, after which 
the desired properties were measured. To study the bioac-
tivity of samples, SBF vitro test was used. After reviewing 
the obtained data, results showed that the bioactivity and 
mechanical properties of the synthesized HA/NA nanocom-
posites were improved compared with those of the nano-
components that form them and those of similar micro-scale 
composites. The measured maximum compressive strength, 
flexural strength, and hardness of the synthesized nanocom-
posites were 440 MPa, 137 MPa, and 202 HV, respectively. The 
corresponding amounts for hydroxyapatite nanoparticles 
were 350 MPa, 115 MPa, and 124 HV, respectively.

Keywords: bioceramic; calcium aluminate; hydroxyapa-
tite; nanocomposite; synthesis method.

1  Introduction

Hydroxyapatite, Ca10(PO4)6(OH)2, is a natural mineral found 
in the inorganic components of bone and tooth enamel. The 

main characteristic of hydroxyapatite (HA) is its bioactivity, 
which gives it the ability to chemically and directly bond 
with the body’s cells. Despite the high bioactivity proper-
ties of HA, it does not have good mechanical properties and 
it is sensitive to the growth of crack in wet environments 
[1]. One method to improve the mechanical properties of 
HA is by compositing it with other bioceramics in the nano-
scale. Often, HA bioceramics are composited with neutral 
bioceramics with high mechanical properties. Such ceram-
ics as alumina [2–5], Zirconia [6–9], and Titania [10–12] 
are neutral biocomposites that are typically composited 
with hydroxyapatite. Calcium aluminate (CA) is another 
bioceramic with many biological and medical applica-
tions. CA is assessed as a biomaterial because of its physi-
cal, mechanical, and overall biocompatibility properties. 
Owing to their unique hardening/curing characteristic and 
relevant microstructure, calcium aluminate-based materi-
als have shown great potential as possible biomaterials [13]. 
CA bioceramics belong to the chemically bonded ceramics 
known as inorganic cements [13].

Beherei et  al. [14] were the first to synthesize HA/
CA composites in the micro-scale through the solid-state 
method. They obtained an 80 wt.% HA/20 wt.% CA com-
posite with improved mechanical properties and bioactiv-
ity compared with other components. Recently, Oliveira 
et al. [15] reported the structural and mechanical proper-
ties of HA synthesized through two methods (mechanical 
and chemical deposition), and compared these properties 
with those of commercial HA. Furthermore, they added 
synthetic and commercial HA separately with weight per-
centages of 1, 2, 4, 6, and 10 wt.% to the CA cement, after 
which they investigated the mechanical and biological 
properties of the composites. They reported that these syn-
thesis routes were effective in the preparation of HA and 
that adding it to CA cement increased sample interaction 
with the SBF solution, thus reducing overall porosity and 
pore size due to the deposition of apatite into the sample. 
In addition to the biological properties, the mechanical 
properties of CA cement also increased. In the mentioned 
article, samples were in the micro-scale and the HA and 
CA were mixed mechanically [15].
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The main aim of the current study was to improve the 
mechanical (compressive strength, flexural strength, and 
hardness) and physicochemical properties of hydroxyapa-
tite. This objective was achieved by using CA nanoparticles 
or its precursor, which resulted in the creation of HA/CA  
nanocomposites using three different liquid phase 
methods as follows:
1.	 mixing the HA nanoparticles with the CA nanoparti-

cles in the liquid phase (method 1);
2.	 mixing the HA precursor with the CA nanoparticles 

(method 2); and
3.	 mixing the CA precursor with the HA nanoparticles 

(method 3).

In addition to improving the mechanical and physico-
chemical properties of HA, its bioactive properties were 
also improved because the CA used as a bioceramic at the 
nano-scale had better biocompatibility.

Using the liquid phase method in synthesizing nano-
composites has many advantages, including low cost, low 
energy consumption, simplicity, easy control of reaction 
conditions, and environmental compatibility.

2  �Materials and methods
2.1  Materials

All chemicals used, including calcium nitrate tetrahydrate, alu-
minum nitrate nonahydrate, phosphoric acid (85%), ammonium 
hydroxide (25%), citric acid monohydrate, and ethylene glycol GR, 
were purchased from Merck (Stuttgart, Germany). The HA:CA weight 
ratio was 4:1 in all synthesized nanocomposites.

2.2  �Synthesis of hydroxyapatite and calcium aluminate 
nanoparticles

2.2.1  Synthesis of hydroxyapatite nanoparticles: HA was prepared 
according to the method described by Kong et al. [16]. To an aqueous 
solution of 0.5  m Ca(NO3)2.4H2O, H3PO4 with a Ca/P molar ratio of 
1.67  was added and the obtained solution was stirred for 30  min. 
Then, ammonia solution was used to initiate precipitation. The 
resulting precipitate was washed with distilled water and dried at 
70°C for 24 h to obtain the nanoparticles.

2.2.2  Synthesis of calcium aluminate nanoparticles: CA was 
synthesized based on the procedure reported by Gaki et  al. [17]. 
An aqueous solution was prepared containing Ca(NO3)2.4H2O and 
Al(NO3)3.9H2O with Ca:Al molar ratio of 1:2 in 100 ml distilled water. 
Citric acid (Cit) was added to the solution (molar ratio of Cit:total 
cations was one). Ethylene glycol (EG) in an EG:Cit molar ratio of 
2:1 was added to the obtained solution. The resulting solution was 

continuously stirred at 80°C until a viscous gel was obtained. The 
obtained gel was dried at 150°C for 24 h and calcined at 900°C for 3 h.

2.3  Synthesis of nanocomposites

2.3.1  Method 1: mixing hydroxyapatite nanoparticles with 
calcium aluminate nanoparticles in the liquid phase: The desired 
nanocomposite was synthesized by mixing HA and CA nanoparticles 
in the liquid phase. Specifically, HA (80 wt.%) and CA nanoparticles 
(20 wt.%) were mixed in distilled water. The mixture was continuously 
stirred for 24 h and dried in an oven at 100°C.

2.3.2  Method 2: mixing the hydroxyapatite precursor with the 
calcium aluminate nanoparticles: To prepare the HA precursor, 
all the steps in preparing the HA nanoparticles (stated in Section 
2.2.1) were performed, except drying. The defined amount of CA 
nanopowder in the distilled water, which was steadily stirred for 
2 h, was added to the wet HA precursor. Here, the amount of the raw 
materials must be quantified so that the weight ratio of HA to the 
added CA in the mixture should be 4:1. The resulting mixture was 
stirred for 4  h and then placed in oven at 70°C for 24  h. The main 
points of this method were the nanoparticle mixture stirring speed 
and time, because at a longer time and a higher stirring speed, the 
HA precursor would be converted to the other phase of calcium 
phosphate called brushite.

2.3.3  Method 3: mixing the calcium aluminate precursor with 
the hydroxyapatite nanoparticles: For the preparation of the 
CA precursor, all the steps of synthesizing the CA nanoparticles, 
presented in Section 2.2.2, except calcination, were performed. The 
appropriate amount of HA nanoparticles was added to the obtained 
precursor in the liquid phase, after which the mixture was stirred for 
24 h. After drying, the resulting sample was calcined at 900°C for 3 h.

Other methods were used for these experiments, but all of them 
failed. One of these methods involved adding the HA nanoparticle to 
the gel obtained in the CA precursor preparation. Given that the gel 
structure was destroyed by adding the HA nanoparticle, a black solid 
was produced after calcination. In another method, the HA nanopar-
ticle was added to the solution a few minutes before the gel forma-
tion; however, the HA nanoparticle was dissolved, which may be due 
to the presence of citric acid in the solution. HA is unstable in citric 
acid and may be dissolved in this solution depending on the citric 
acid concentration.

2.4  Characterization

Phase analysis of samples was performed by X-ray diffraction (XRD) 
technique on an EQUINOX Model 3000 (Inel Company, France) with 
Kα. λ = 1.541874 Ǻ. The morphologies of the samples were investi-
gated using a field emission scanning electron microscope (FE-SEM, 
Mira Model, Tskan, Czech Republic). For cooking the samples under 
40 MPa and for heating SPS, an SPS 20T-10 Model was used (Serial 
No. EF120311, Easy Fashion Co.). SPS temperature was measured by 
using an optical pyrometer, RAYR312MSCL2G. Heat treatment was 
carried out in a vacuum condition at a heating rate of 50°C/min and 
at standing time of 5 min at a temperature of 1050°C. The strength 
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of sintered samples was calculated using 1161°C ASTM standard. a 
SANTAM device was used in measuring the flexural strength of the 
sintered samples, and the Micro Vickers method was used to measure 
the hardness of the samples. Density, porosity, and water absorption 
was calculated by using Archimedes method.

2.5  Bioactivity

To verify the bioactivity properties of the samples, the SBF simulated 
body test was used. In this study, as suggested by Kokubo et al. [18], 
1 g of each sample was immersed in the solution of a simulated body 
for 10 days and then rinsed with distilled water several times before 
drying at 70°C for 12 h. The samples were analyzed under FE-SEM.

3  �Results and discussion

3.1  �Sample characterization

Figure 1 illustrates the XRD patterns for the as-synthesized 
HA and CA nanoparticles as well as the nanocomposites 
synthesized by three different methods. The XRD pat-
terns of as-synthesized HA nanoparticles are shown in 
Figure  1(1). According to (JCPDS pdf No. 0740-086-00), 
the diffraction peaks at 2θ of 25.80°, 28.85°, 32.13°, 33.83°, 
39.93°, 46.60°, 49.66°, 53.28°, and 63.91° prove the HA nan-
oparticle formation and demonstrate that other calcium 

salts have not been formed. After using the XRD data and 
Scherer equation, the average crystallite size is obtained 
as 9 nm. The sizes of the as-synthesized HA lattice para-
meters are obtained as a = 9.424 Ǻ and C = 6.879 Ǻ, indicat-
ing that the crystal structure of HA is hexagonal.

Figure 1(2) displays the XRD pattern of the CA nano-
particles. Diffraction peaks at 2θ positions of 21.98°, 30.07°, 
35.53°, 37.29°, 47.20°, 60.49°, and 63.72° are assigned to 
the CA phase in accordance with (JCPDS PDF No. 0134-
070-00). Average crystallite size for CA is calculated to be 
15 nm. Meanwhile, based on the XRD pattern of the nano-
composite synthesized by method 1 [Figure 1(3)], the dif-
fraction peaks of the HA phase in the 2θ positions of 25.90°, 
28.16°, 29.07°, 32.02°, 34.17°, 39.83°, 46.97°, 49.58°, 53.43°, 
and 64.08° are clearly defined according to (JCPDS PDF No. 
0740-086-00). In the XRD pattern of the nanocomposite, 
reflections related to CA are not recognizable due to the 
overlapping that occurs with the HA diffraction peaks. The 
remarkable thing about CA nanoparticles is that they are 
treated with hydration when they mix with water depend-
ing on such conditions as time and temperature durability 
in water. One of the CA hydration products with a meta-
stable structure is C2AH8. This product is usually created 
at 20°C to 30°C [19]. This phase and the AH3 phase are 
observed in the XRD patterns in accordance with (JCPDS 
PDF No. 0008-012-00) and (JCPDS PDF No. 0146-003-00), 
respectively. Using Scherer equation, the average crystal-
lite size calculated by the most intense peak is 7 nm.

The XRD pattern of the nanocomposite obtained 
through method 2 [Figure  1(4)] exhibits similar phases 
with the samples prepared by method 1. The remarkable 
thing about this method is that many peaks overlap with 
one another. Using Scherer equation, the average crystal-
lite size is calculated to be 6 nm. Meanwhile, in the XRD 
patterns of the synthesized nanocomposites by using 
method 3 [Figure  1(5)], new diffraction peaks at 2θ of 
13.40°, 16.84°, 21.70°, 25.69°, 27.67°, 30.89°, 32.29°, 34.22°, 
35.43°, 37. 23°, 39.65°, and 40.85° are observed, thus con-
firming the presence of tricalcium phosphate as the main 
phase matched with (JCPDS PDF No. 0941-001-00). This 
finding may be due to the calcination of the mixture at a 
high temperature (900°C for 3 h), which causes the con-
version of a huge amount of HA to the tricalcium phos-
phate phase. In the XRD patterns, reflections related to 
CA were covered by tricalcium phosphate and HA peaks; 
although it is difficult to detect this phase, EDX data can 
confirm its presence in the nanocomposite. The average 
crystallite size determined from the most intense diffrac-
tion peak is 32 nm.

The FE-SEM images for the as-synthesized HA and 
CA nanoparticles and the nanocomposites synthesized 
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Figure 1: XRD patterns for HA (1), CA, (2) and nanocomposites syn-
thesized by method 1 (3), method 2 (4), and method 3 (5).
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by the three different liquid phase methods are presented 
in Figure 2. As shown in Figure 2(1), the as-synthesized 
HA has a narrow particle size distribution in the range of 
30 nm–40 nm. In addition, porosity is low and the mor-
phology of particles is spherical. EDX results of as-synthe-
sized HA (Figure 3A) are very close to the calculated values, 
suggesting that HA is synthesized with high purity. In the 
HA formula, Ca5(PO4)3(OH), the molar ratio of calcium to 
phosphate is 1.67, and the molar ratio obtained from EDX 
data is calculated as 1.60.

The FE-SEM image of the CA nanoparticles 
[Figure 2(2)] represent spherical particles with narrow size 
distribution between 35  nm–45  nm. The EDX spectrum 
of the sample is exhibited in Figure 3B. The Ca/Al molar 
ratio from the EDX analysis of as-synthesized CA (0.57) 
is in good agreement with this ratio in the CA formula, 
CaAl2O4 (0.5). Meanwhile, the FE-SEM image of the nano-
composite synthesized by method 1 (Figures 2 and 3) dis-
plays low porosity, good particle size distribution in the 
range of 35  nm–40  nm, and spherical morphology. The 
EDX analysis of the sample (Figure 3C) represents ele-
ments that form CA and HA.

According to the FE-SEM image of the nanocomposite 
prepared by method 2 [Figure 2(4)], particle size distribu-
tion is in the range of 45  nm–50  nm, and the morphol-
ogy of the particles is spherical. In the EDX spectrum of 
the nanocomposites (Figure 3D), the existence of Ca, Al, 
and P elements are well confirmed. The FE-SEM image 
[Figure  2(5)] and EDX spectrum (Figure 3E) of the nano-
composite synthesized by method 3 can be described 
as follows. The structure and morphology of this nano-
composite is different from those of the two other nano-
composites. This difference is due to the formation of 
tricalcium phosphate and high-temperature calcination. 
The composite particles are agglomerated with size dis-
tribution of 80  nm–110  nm. They do not have a specific 
morphology. In the EDX analysis of the nanocomposites, 
components are well specified, but the calculation of the 
ratios is difficult due to other phases.

3.2  �Physical and mechanical properties

The physical and mechanical properties of HA and other 
nanocomposites are listed in Table 1. According to Table 1, 
with the formation of the HA/CA composite, the physical 
and mechanical properties of HA are changed. Moreover, 
the nanocomposites have higher density and lower poros-
ity, compared with HA. Reducing porosity in nanocom-
posites reduces the amount of water absorption in them. 
The mechanical properties of the nanocomposites are 

also higher compared with those reported for CA nano-
particles. Among nanocomposites, the nanocomposite 
synthesized by method 1  has better mechanical proper-
ties. Due to the presence of calcium phosphate in the 
structure of the nanocomposite obtained by method 3, its 
applications is different from the nanocomposite synthe-
sized by method 1. For example, method 3 can be used as 
a drug-delivery system, whereas method 1 can be used for 
implant covers.

For comparative purposes, the structural and mechan-
ical properties of the synthesized HA/CA bioceramic nan-
composites and other samples reported in previous studies 
are summarized in Table 2. As shown in Table 2, all the HA/
CA nanocomposites synthesized by liquid phase methods 
1, 2, and 3  have smaller particles and better mechanical 
properties compared with the HA/CA micro-scale compos-
ites reported in previous studies [14, 15].

3.3  �Bioactivity behavior

By comparing the FE-SEM images of HA nanoparticles 
before [Figure 2(1)] and after soaking in SBF solution 
[Figure 4(1)], we can conclude that apatite has grown on 
HA. The morphology of HA nanoparticles before the bio-
activity test is spherical, but after soaking in the SBF solu-
tion, it appears as a sponge that represents the growth 
of apatite. It should be noted that determining the bio-
activity behavior of samples by using FE-SEM images is 
qualitative, although semi-quantitative EDX analysis is 
commonly used to confirm such a behavior. As the base 
material in this sample consists of HA nanoparticles and 
apatite in the SBF test is created on the sample surface, we 
cannot use semi-quantitative EDX analysis to calculate the 
approximate amount of apatite growth; however, we can 
infer from the FE-SEM images that the apatite has grown 
well on HA nanoparticles and that the nanoparticles have 
a very good bioactivity.

Meanwhile, the morphology of CA nanoparticles 
before soaking in the SBF solution [Figure 2(2)] is spheri-
cal; after the bioactivity test [Figure 4(2)], it appears in 
sheeted form, which indicates the presence of apatite. As 
specified in EDX analysis (Figure 5B), in the nanoparticles 
of CA that are under the SBF test, some amount of phos-
phorus is observed due to growth of apatite on its surface. 
The FE-SEM images of the nanocomposites synthesized by 
method 1 [Figure 4(3)] show the presence of apatite with 
sheeted morphology. Such images indicate the good bio-
activity properties of the nanocomposites. SEM images of 
the nanocomposite synthesized by method 2 [Figure 4(4)] 
also show the presence of apatite, and the morphology 
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Figure 2: FE-SEM images of samples before immersion in SBF.
(1) HA, (2) CA, (3) nanocomposite obtained by method 1, (4) nanocomposite obtained by method 2, and (5) nanocomposite obtained by method 3.
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Figure 3: EDX spectra for samples before immersion in SBF.
(A) HA, (B) CA, (C) nanocomposite synthesized by method 1, (D) nanocomposite synthesized by method 2, and (E) nanocomposite synthe-
sized by method 3.
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Figure 4: FE-SEM images for samples after immersion in SBF.
(1) HA, (2) CA, (3) nanocomposite obtained by method 1, (4) nanocomposite obtained by method 2, and (5) nanocomposite obtained by method 3.
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Figure 5: EDX spectra of samples after immersion in SBF.
(A) HA, (B) CA, (C) nanocomposites synthesized by method 1, (D) nanocomposites synthesized by method 2, (E) nanocomposites synthesized 
by method 3.
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Table 1: The physical and mechanical properties of as-synthesized hydroxyapatite and nanocomposites.

Sample Density Water adsorption Porosity Hardness (HV) Flexural strength (MPa) Compressive strength (MPa)

Hydroxyapatite 3.025 0.29 0.008 124 115 350
Nanocomposite (method 1) 3.11 0.15 0.006 202 135 440
Nanocomposite (method 2) 3.08 0.18 0.007 194 124 400
Nanocomposite (method 3) 3.115 0.14 0.006 200 137 430

of the formed apatite is sheeted. Based on the images, 
apatite formation is sporadic, irregular, and incomplete. 
The FE-SEM images of the nanocomposites synthesized 
by method 3 before [Figure 2(5)] and after [Figure 4(5)] the 
bioactivity tests indicate that the cavities in the images 
are filled with very small spherical particles. These parti-
cles are most likely the apatite formed due to the sample 
immersion in the SBF solution. Figure 5C–E shows the 
EDX spectra for the synthesized nanocomposites after 
immersion in the SBF solution.

4  �Conclusion
In comparison with the solid-state method, liquid phase 
methods used in this work have advantages, such as sim-
plicity, low energy consumption, low-cost, easy control 
of reaction conditions, easy access to nanoparticles, and 
environmental compatibility. Moreover, the compressive 
strength of the synthesized nanocomposites is signifi-
cantly increased compared with composites reported in 
previous studies due to the synthesis routes employed 
[14, 15]. Comparing the SEM images after soaking revealed 
that the nanocomposites obtained from methods 1 and 3 
exhibited good bioactivity. The nanocomposite fabricated 
via method 1 has a high concentration of apatite. Mean-
while, in the nanocomposite obtained by method 3, as 
can be seen, all the cavities are filled with apatite and an 
integrated surface is created. One of the main reasons for 
the good bioactivity of the nanocomposite synthesized 

through method 3 is the existence of two phases of HA and 
tricalcium phosphate in the sample [20]. Apatite growth in 
the nanocomposite synthesized via method 2 is scattered 
and incomplete. It should be noted that all results of the 
FE-SEM images are qualitative; to verify them, semi-quan-
titative EDX analysis can be used. By using EDX data and 
FE-SEM images, we can conclude that the nanocompos-
ites synthesized by methods 1 and 3 present good bioactiv-
ity, and that the nanocomposite prepared by method 2 has 
relatively weak bioactivity.
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