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Abstract: The aim of this study was to incorporate carbonate ions (CO3
2–) into the 

hydroxyapatite (HA) crystal structure followed by investigation on the effect of different 
carbonate to phosphate (CO3

2–/PO4
3–) ratios on the phase purity, crystal structure as well 

as CO3
2– content present in the apatite structure. CO3

2– substitution has been proposed 
to enhance the performance of HA-based material, particularly on the physico-chemical 
properties. Three different compositions of carbonated hydroxyapatite (CHA) powder with 
different CO3

2–/PO4
3– ratios (namely, CHA 1:1, CHA 2:1 and CHA 4:1) were chemically 

synthesised by nanoemulsion method at 37°C and characterised for their physico-chemical 
properties. Results demonstrated that all as-synthesised powders formed single phase 
B-type CHA without any additional phases. Interestingly, an increasing amount of CO3

2– 
substituted into the apatite structure gives rise to the formation of CHA structure with 
a variation on their cell parameters and the degree of crystallinity. An increase in the 
CO3

2–/PO4
3– ratio was also found to lead a higher amount of CO3

2– content present in the 
as-synthesised powder (in a range of 4 wt % to 10 wt %), which is comparable to the CO3

2– 
content found in the human bone mineral.
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1. INTRODUCTION

Hydroxyapatite (HA), Ca10(PO4)6(OH)2 is one of the calcium-phosphate-based 
materials, which had been widely used as bone and dental materials due to its  
affinity to the mineralised phase of natural human bone and tooth. HA also 
demonstrated to have a good biocompatibility, bioactivity and osteoconductivity 
properties.1,2 Despite its advantages, HA has been reported to have significant 
drawbacks, where its resorption in vivo is too sluggish to induce the formation of 
new bone tissue and in terms of composition, HA is lacking of minor trace elements 
found in native bone, i.e. carbonate (CO3

2–), orthosilicate (SiO4
4–), magnesium ion 

(Mg2+), cobalt ion (Co2+), strontium ion (Sr2+) and zinc ion (Zn2+).3 Besides, HA is 
also known to possess low mechanical properties, due to its brittleness, rigid, lack 
of strength and low wear resistance which limits its application for load-bearing 
applications.1,4

In recent years, researchers worldwide have been realised that the mineral 
phase of human bone is not solely calcium phosphate, but also composed of a 
number of ions, where CO3

2– is the most abundant species (2 wt % to 10 wt %)  
found in native bone.5,6 The incorporation of CO3

2– ions in HA was reported 
to increase the dissolution rate and solubility, which directly enhances its 
osteointegration rate.7 Thus, carbonated hydroxyapatite (CHA) seems like a 
promising bone material since its chemical composition is more akin to the main 
inorganic mineralised part of the native bone mineral as compared to stoichiometric 
HA.8,9 

The classification of CHA usually depends on the mode of CO3
2– 

substitution in the apatite structure, either the CO3
2– ions substituted into hydroxyl 

(OH–) or phosphate (PO4
3–) sites forming A- or B-type CHA, respectively.10  

According to literature, B-type CHA is the preferable CO3
2– substitution, which 

commonly found in young native bone with the ratio of A/B in the range of 0.7 
and 0.9.11 The ratio varies depending on the individual’s age. For instance, a higher 
A/B ratio was observed in old bone tissue and this is referred as A-type CHA, 
whereas B-type CHA is typically found in young bone tissue.12 Various synthesis 
routes used to produce CHA-based materials, including hydrothermal, sol-gel, 
precipitation, mechano-chemical, mechanical activation and nanoemulsion 
method.13 Among these methods, nanoemulsion is one of the promising methods 
in synthesising B-type CHA nanopowder with low crystallinity.14 Besides that, 
this method is commonly selected because of its simple process, availability of the 
equipment and also simply adjustable parameters with potentially good yields.15
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Therefore, the present work aims to study the effect of varying carbonate 
to phosphate (CO3

2–/PO4
3–) molar ratios on the physico-chemical properties of 

CHA powder. Several characterisation techniques were applied to analyse the 
produced powders such as X-ray diffraction (XRD) analysis, carbon, hydrogen 
and nitrogen (CHN) analysis, Fourier transform infrared (FTIR) spectroscopy 
and field emission scanning electron microscopy (FESEM) equipped with energy 
dispersive X-ray (EDX) analysis.

2. MATERIALS AND METHODS

2.1 Powders Synthesis

CHA powder with three different CO3
2–/PO4

3– ratios (namely, CHA 1:1, CHA 
2:1 and CHA 4:1) were produced by direct pouring nanoemulsion method. High 
grade purity of starting materials comprising di-ammonium hydrogen phosphate 
((NH4)2HPO4), calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) and ammonium 
bicarbonate ((NH4)HCO3) were used in this study. To prepare CHA 1:1, two 
aqueous solutions of (NH4)2HPO4 and (NH4)HCO3 were firstly prepared separately 
by dissolving in 60 mL deionised water. The calcium source (Ca(NO3)2.4H2O) 
was then prepared by dissolving in 100 mL acetone and directly poured into the 
previously mixed solution. The mixture was continuously stirred for 60 min to 
obtain a homogenous mixture. The pH of the mixture was carefully adjusted to 
pH 11 by adding 1 M sodium hydroxide (NaOH). Milky-waxy white mixture was 
subsequently filtered and washed with deionised water three times to remove any 
residues. The filtered cake was dried in the oven at 90°C for 24 h. Lastly, the dried 
cake was then crushed and sieved (using 90 µm siever) prior to physico-chemical 
characterisations. Similar preparatory procedure was carried out for CHA 2:1 and 
CHA 4:1 by changing the amount of CO3

2–.

2.2 Characterisation Techniques

The phase formation and crystallinity of the as-synthesised CHA powders with 
different CO3

2–/PO4
3– ratios produced were identified by XRD (Bruker D8 XRD) 

with a copper anode (Cu Kα, λ = 1.5406 Å) as X-ray source. The reflection 
patterns were fixed from 2-Theta, 2 θ = 20° to 70° with a step size of 0.02°. Phase 
determinations were made accordance to reference pattern of stoichiometric HA 
(ICDD [International Centre for Diffraction Data] file no. #09-0432). The mode 
of CO3

2– substitution (i.e., A- or B-type CHA) within the apatite structure was 
confirmed by FTIR spectroscopy. The FTIR spectra were scanned four times at 
wavelength intervals from 400 cm–1 to 4,000 cm–1 in transmittance mode (% T). 
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The amount of CO3
2– content present in the produced powders was calculated from 

the percent weight of carbon examined by CHN analysis (Perkin-Elmer series 2, 
2400 CHNS/O). Field emission scanning electron microscopy (Zeiss Supra 55VP 
FESEM) was used to evaluate the morphologies of as-synthesised CHA powders. 
EDX was then used to roughly identify the ratio of calcium to phosphate of the 
produced powders.   

3. RESULTS AND DISCUSSION

The XRD pattern of as-synthesised CHA powder with different CO3
2–/PO4

3– ratios 
are shown in Figure 1. Based on the diffraction peaks, all the as-synthesised CHA 
powders exhibited a single HA (ICDD file no. #09-0432) phase without any 
formation of secondary phases such as calcium carbonate (CaCO3) and/or calcium 
oxide (CaO) found.8 Eight typical peaks of HA were detected within the range  
20° ≤ (2 θ) ≤ 70°, e.g. at 2 θ = 26°, corresponded to (002), three overlapping peaks 
at 2 θ = 32° to 34° which represents (211), (300) and (202), 2 θ = 40° indexed 
to (310), 2 θ = 47° to 53° indexed to (222), (213) and (004), respectively.16 It is 
noticed that the incorporation of CO3

2– into apatite structure had slightly altered the 
crystal lattice resulting in the contraction of a-axis and extension of c-axis relative 
to the standard reference of pure HA (a = 9.418 Å, c = 6.884 Å), indicating the 
formation of B-type CHA for all CHA produced powders.17,18

By comparing the XRD pattern of as-synthesised CHA powders produced, 
it was observed that the peaks slightly shifted to lower angle (2 θ), particularly 
between 25° < (2 θ) < 35° with increasing of CO3

2– addition during synthesis. 
These peaks shift strongly relates to alteration in the crystal lattice because of 
CO3

2– substitution into the HA crystal structure. Among the produced powders, 
CHA 4:1 also showed a decrease in the crystallinity, as observed by the broadening 
of the pattern. This is believed due to the high amount of CO3

2– substituted into 
the apatite structure. A similar observation was previously reported in our work 
published elsewhere.19

Regardless of the CO3
2–/PO4

3– ratios investigated, the amount of CO3
2– 

substituted in the produced powders falls in a range of CO3
2– found in human 

native bone (2 wt % to 10 wt %). The trend of CO3
2– detected (as shown in  

Table 1) supports the XRD analysis discussed earlier.
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Figure 1: XRD patterns of as-synthesised CHA powder by varying CO3
2–/PO4

3– ratios.

Table 1: Lattice parameter, c/a ratio and CO3
2– content of as-synthesised CHA powders.

Sample A = b(Å)b c(Å)b c/a ratio Amount of CO3
2– (wt %)

HA (#09-0432) 9.418 6.884 0.731 –

CHA 1:1 9.432 6.886 0.730 4.200

CHA 2:1 9.413 6.886 0.732 4.860

CHA 4:1 9.410 6.906 0.734 9.250

The FTIR spectra of as-synthesised CHA powders with different  
CO3

2–/PO4
3– ratios are shown in Figure 2. Based on the spectrum, it is confirmed 

that all the produced powders remained as B-type CHA, represented by the typical 
band B-type CO3

2– detected at 870 cm–1 to 875 cm–1, 1,410 cm–1 to 1,430 cm–1 and 
1,450 cm–1 to 1,470 cm–1.20,21 The typical bands of A-type CHA, which normally 
occur at 877 cm–1 to 880 cm–1, 1,500 cm–1 and 1,540 cm–1 to 1,545 cm–1 were not 
found.10,22 This result is in acceptable agreement with reported literature indicating 
that B-type CHA (CO3

2– replacing PO4
3–) can be prepared by precipitation reaction 

in a liquid solution, while A-type CHA (CO3
2– replacing hydroxyl) formed by 

high temperature reaction of HA with a dry carbon dioxide (CO2) atmosphere.23,24 
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Interestingly, it is also noticed that the intensity of CO3
2– bands increased 

proportionally with increasing CO3
2–/PO4

3– ratios, which is consistent with the 
previous results demonstrated in XRD and CHN analyses. Additionally, the 
bands were detected at about 473.10 cm–1, 565.74 cm–1, 602.92 cm–1, 983.9 cm–1 
and 1,032.92 cm–1 are attributed to the characteristics bands of the PO4

3– groups. 
The broad bands in the regions of about 3,300 cm–1 to 3,600 cm–1 and 1,600 cm–1 
to 1,700 cm–1 show the existence of the hydroxyl groups (OH–), illustrating the 
absorbed and occluded water, respectively.25
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Figure 2: FTIR spectra of as-synthesised CHA powder with variant CO3
2–/PO4

3– ratios.

The morphologies of as-synthesised CHA powders are shown in 
Figure 3. It is observed similar morphologies of agglomerated nanoparticles for  
all produced powders. This phenomenon is probably due to the Van der Waals 
force of attraction between the fine nanoparticles.13 The finer the particles, the 
higher the surface energy; therefore, the higher the tendency of the particles to be 
attracted to each other, resulting in a high degree of agglomeration. As a result,  
it is difficult to determine the actual size of the individual particles using FESEM.
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Figure 3: FESEM micrograph of the as-synthesised CHA powders (a) CHA 1:1,  
(b) CHA 2:1 and (c) CHA 4:1 at magnification of 1.00 K×.

EDX analysis was then carried out to confirm the existence of Ca, 
phosphorus (P), carbon (C) and oxygen (O) in the as-CHA powder synthesised 
with different CO3

2–/PO4
3– ratios (as shown in Table 2). The incorporation of CO3

2– 
into the crystal structure had affected the Ca/P ratio, where the ratio is found 
relatively higher (> 1.67) than the standard stoichiometric HA for all produced 
powders.26 It is also observed that the amount of phosphorus reduced accordingly 
with the increasing amount of CO3

2–/PO4
3– ratios. This is due to the replacement 

of PO4
3– groups by CO3

2– ions into the apatite structure. Thus, it can be concluded 
that the introduction of a higher amount of CO3

2– during synthesis attributed to the 
higher percentage of CO3

2– substituted into the lattice structure.

Table 2: EDX analysis of as-synthesised CHA powders with different CO3
2–/PO4

3– ratios.

Elements (wt %)
Samples

CHA 1:1 CHA 2:1 CHA 4:1

Calcium (Ca) 27.32 23.44 26.20

Phosphorus (P) 14.14 13.51 11.38

Carbon (C) 4.74 6.72 6.90

Oxygen (O) 53.79 56.34 55.52

Ca/P ratio 1.93 1.74 2.30

4. CONCLUSION

B-type CHA powder with different CO3
2–/PO4

3– ratios have been successfully 
synthesised using direct pouring nanoemulsion method at ambient temperature. 
The incorporation of higher CO3

2–/PO4
3– ratio into the apatite structure resulted in 

reduced crystallinity of the powder and concentration of PO4
3–, indicating a higher 

amount of CO3
2– had successfully substituted into the structure. 
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