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Abstract.  Eggshell is a waste material after the usage of egg. In this work, biowaste chicken eggshells were used 
for preparing carbonated hydroxyapatite (HA) nanoparticles of high purity through aqueous precipitation method at 
room temperature. The eggshell-derived HA will be a cost-effective bioceramics for biomedical applications and an 
effective material-recycling technology. Additionally, mulberry leaf extract was used as a template to regulate the 
morphology, size and crystallinity of HA, and the effects of pH value were also examined. Characterization of the 
samples was performed by X-ray diffraction (XRD) and Fourier transform infrared (FT-IR) spectroscopy. Scanning 
electron microscopy (SEM) was used to determine the size, shape and morphology of HA. The results indicate that 
only one phase of HA were synthesized in the both absence and presence of mulberry leaf extract at pH of 7 and 
above, while DCPD or DCPA/DCPD phase was observed at pH 4 condition. The crystallite sizes of the HA samples 
obviously decreased when adding mulberry leaf extract as a template, while they decreased gradually as the solution 
pH levels increased. With increasing pH level from 7 to 14, the rod-like HA nanoparticles gradually changed to 
spherical shape at pH 14. Note that, the obtained product is Mg and Sr containing A- and B-type carbonate HA at 
alkaline pH and it can be a potential material for biomedical applications. 
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1. Introduction 
 

Hydroxyapatite (HA, Ca10(PO4)6(OH)2), which is the material most similar to the inorganic part 

of bones and teeth, has been vigorously investigated as implant materials for orthopedic and dental 

applications due to its excellent bioactivity, osteoconductivity, and osteoinductivity (Best et al. 

2008). It is also confirmed that HA bioceramics show no toxicity, inflammatory response, 

pyrogenetic response (Habib et al. 2012). Besides, it has also been applied as an adsorbent in 

environmental protection (Vega et al. 2003), for progressing chromatography and other fields 

(Neira et al. 2009). In the past years, several synthesis techniques using a range of different 
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reactants (Ca and P) have been developed for preparing HA powders, including solid state 

reactions, aqueous precipitation, sol-gel, and hydrothermal (Tas 2000, Liu et al. 2001, Wu et al. 

2011, 2013, Ho et al. 2013). 

Natural bone minerals are nano-structured and non-stoichiometric HA of dimensions 20 nm in 

diameter and 50 nm long with carbonate. From bionics viewpoint, synthetic apatites to be used for 

repairing damaged hard tissues are expected to have characteristics closer to those of biological 

apatite in both composition and structure (Han et al. 2002). Nano-sized HA exhibits much 

enhanced bioactivity and osseointegrative properties than the coarser crystals because of its grain 

size, large surface area to volume ratio and ultra fine structure similar to biological apatite (Liu et 

al. 2003). Furthermore, the carbonate ion in human bone is in significant amount, from about 3 to 

8 wt% (Tadic et al. 2002). The carbonated HA has been reported to have appropriate absorbance 

time periods and good bone formation ability (Matsuura et al. 2009). 

In the current research, we made an effort to preparing HA powders using eggshells as a 

calcium source by develop clean, non-toxic and environmentally friendly techniques. The avian 

eggshell represents 11% of the total weight of the egg and is composed predominantly of calcium 

carbonate (94%), calcium phosphate (1%), organic matter (4%) and magnesium carbonate (1%) 

(Krishna et al. 2007). Notably, using a synthetic HA containing trace elements (Mg and Sr) as 

bone substitutes, instead of one without them, would be much beneficial for bone defect healing 

(Boutinguiza et al. 2012). 

In this study, aqueous precipitation method was adopted for the fabrication of nano-HA 

powders with different pH values. The precipitation method is simple, cheap and easy application 

in industrial production. Moreover, mulberry leaf extract was added as a template. This natural 

mulberry leaf extract is biodegradable, biocompatible, water soluble and inexpensive in 

comparison to other biodegradable polymers. Nano-sized HA crystals with controllable size and 

shape can be synthesized by use of templates (Deng et al. 2013). In the present investigation, the 

synthesized powder was characterized by X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and Fourier transform infrared (FT-IR) spectroscopy techniques to explore their structural 

properties. 

 

 

2. Materials and methods 
 

Biowaste chicken egg shells were firstly cleaned with water and dried overnight at 45°C in an 

oven. It was then crushed and powdered using an agate mortar. Afterwards, 2 g of that powder (the 

calcium carbonate contained in the eggshell is about 94%) was dissolved in 20 ml hydrochloric 

acid/water solution. For studying the effect of the mulberry leaf extract template on the structure 

and morphology of synthesized HA, 0.1 g of mulberry leaf extract in 20 ml of the above eggshell 

solution was prepared and stirred gently but thoroughly. Phosphoric acid (i.e., Ca/P molar ratio = 

1.67) was added little by little to the stirred mixture. In whole process, the reaction temperature 

was kept at 25°C. In order to investigate the effects of pH values on phases of the final product, 

ammonium hydroxide (NH4OH) was used to adjust the solution pH at 4, 7, and 10, while KOH 

was added to adjust the solution pH at 14. Also, for studying the effect of the mulberry leaf extract 

on the characteristics of synthesized HA, the solution without containing mulberry leaf extract was 

used as a control. The raw HA materials were obtained by the direct precipitation method at 25°C 

for 24 h. After reaction, the as-prepared powders were separated from liquid phase by filtration, 

rinsed with deionized water, and dried at 45°C for 24 h. The reactions of HA formation procedures 
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that occurred are based on the following equations 

CaCO3 + 2HCl → CaCl2(aq) + CO2 + H2O 

10CaCl2(aq) + 20NH4OH + 6H3PO4 → Ca10(PO4)6(OH)2 + 20NH4Cl + 18H2O 

X-ray diffraction (XRD; XRD-6000, Shimadzu, Japan) measurements were carried out with 

CuKα radiation to characterize the crystalline phase of produced powders. The diffractograms 

were scanned in a 2θ range of 20-50° at a rate of 2°/min. The morphology of the synthetic powders 

was observed by a field emission scanning electron microscopy (FE-SEM; JSM-7401F, JEOL, 

Japan). The elemental analysis was carried out using an energy dispersive X-ray spectroscopy 

(EDS) attached to the SEM. SEM technique was employed to observe the particle size of each 

synthesized HA powder. For this, the dimensions (length and diameter) of each sample were 

calculated from measurement of 30 randomly selected individual particles. Fourier transform 

infrared (FT-IR; FTS-40, Bio-Rad, USA) spectroscopy was performed on finely ground powder 

within scanning range of 600-4000 cm
−1

 to identify the characteristic peaks of product. In order to 

evaluate the composition of the synthesized powders and the presence of heavy metals, inductively 

coupled plasma-atomic emission spectrometry (ICP-AES; 725, Agilent Co., USA) analysis was 

performed. 

The isolate peak (002) plane was used to estimate the crystallite size of HA phase using the 

well-known Scherrer formula as followed (Fathia et al. 2008) 

Xs = 
cosθ FWHM

0.9λ
 (1) 

where Xs is the average crystallite size (nm); λ is the X-ray wavelength (1.5406 Å ); FWHM is the 

full-width at half-maximum (rad), and θ (degree) is the Bragg angle related to the diffraction peak 

under consideration. 

From the XRD data, the crystallinity (Xc) of HA nanoparticles was calculated according to the 

following equation (Landi et al. 2000) 

Xc = 

300

112/300

I

V
1  (2) 

where I300 is the intensity of (300) diffraction peak and V112/300 is the intensity of the hollow 

between (112) and (300) diffraction peaks of HA. 

 

 

3. Results and discussion 
 

3.1 X-ray diffraction analysis 
 

Fig. 1 shows X-ray diffraction patterns of synthesized powders with and without adding 

mulberry leaf extract by aqueous precipitation at room temperature under different pH values. In 

the XRD pattern of the powders prepared without adding mulberry leaf extract after precipitation 

for 24 h at pH 4, in Fig. 1(a), the crystal structure was detected with mixed phases of dicalcium 

phosphate dehydrate (DCPD; CaHPO4•2H2O) and dicalcium phosphate anhydrate (DCPA; 

CaHPO4). When the mulberry leaf extract was added, as shown in Fig. 1(b), DCPD was the major 

phase prepared in the reaction solution at pH 4. Because the low pH provided limited amount of 

OH
−
, DCPA or DCPD crystals would nucleate and grow in the solution (Sadat-Shojai et al. 2012).  
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(a) Without adding mulberry leaf extract 

 

(b) With adding mulberry leaf extract 

Fig. 1 XRD patterns of the synthesized powders by aqueous precipitation at room temperature under 

different pH values 

 

 

It has demonstrated that the DCPD has played the vital role in the formation of metabolic, non-

metabolic stones, bones and teeth (Sivakumar et al. 1998). 
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In reaction solutions both with and without adding mulberry leaf extract at pH of 7 and above, 

only single-phase HA was observed, and DCPD as well as DCPA peaks were not detected. Some 

authors have also reported the precipitation of calcium phosphate phases instead of HA at below 

pH 9 (Afshar et al. 2003, Wang et al. 2010, Girija et al. 2012). At lower pH levels, DCPA and 

DCPD become more stable in comparison to HA because of the solubility relationship for calcium 

phosphates (Bohner 2000). According to Sadat-Shojai et al. (2012), acting as an intermediate 

phase during the synthesis of HA under low pHs, DCPD or DCPA must first grow at non-alkaline 

pH. In an early work (van Kemenade and de Bruyn 1987), at pH of 7.4 and above, crystalline HA 

is the most stable calcium phosphate. A large source of OH
−
 groups and ion driving force are the 

key factors to forming HA crystal (Zhang et al. 2011). Cox et al. (2014) reported that it is 

necessary to control and maintain an alkaline pH above 10 when using calcium nitrate tetrahydrate 

(Ca(NO3)2•4H2O) and ammonium phosphate dibasic ((NH4)2HPO4) as initial reagents to form HA 

crystals. Using the same initial reagents as above, Wang et al. (2010) also acquired similar results, 

demonstrating that phase pure HA was identified at pH 10. In this work, phase pure HA could be 

precipitated at the range of pH 7 to 14 at room temperature using eggshell as the Ca source. 

Moreover, detailed investigations on the diffractograms of pure HA in both Figs. 1(a) and (b) 

revealed that these patterns did not much differ from each other, except in peak broadening and 

peak intensity, indicating differences in crystallinity and crystallite size. It may mean that although 

the absence or presence of mulberry leaf extract did not affect the phase purity of HA samples 

synthesized under different pH values, the samples prepared using mulberry leaf extract had 

slightly higher crystallinity. Note that this crystallographic structure of low crystallinity and small 

crystallite sizes is more similar to natural bone mineral. The poorly crystalline HA structure is 

expected to be more active in metabolic activity than the perfect crystalline structure which is 

considered to be nonsoluble in physiological environment (Kim et al. 2000). 

The crystallite sizes of the synthesized HA particles were calculated using the characteristic 

peaks by Scherrer formula. The result showed that average crystallite sizes decreased gradually as 

the solution pH levels increased for samples with and without adding mulberry leaf extract, as 

shown in Table 1. Cox et al. (2014) asserted that with increasing the pH level of solution, 

supersaturation is decreased, resulting in a reduction of subsequent crystal nucleation and growth. 

The crystallite sizes in the obtained HA powders was around 18.5-29.1 nm for the control samples, 

and 11.8-14.6 nm for the counterpart samples prepared using mulberry leaf extract. Kamalanathan 

et al. (2014) reported that the crystallite size of HA derived from eggshells as a calcium precursor 

by precipitation method at a pH level greater than 10.5 was about 35.3 nm, which was greater than 

that made in the current study. Note that, the crystallite sizes of the HA samples obviously 

decreased when adding mulberry leaf extract as a template, which is also smaller than that 

obtained by microwave irradiation route with crystallite sizes in the range of 21-27 nm (Krishna et 

al. 2007, Siddharthan et al. 2009). Sadjadi et al. (2010) investigated the synthesis of bone-like HA 

nanorods in wheat starch matrix as a template agent via a biomimetic process. Their results also 

showed that average crystallite sizes are slightly decreased by using more template of starch. 

The templates containing polar functional groups such as COOH and OH are useful 

components in the formation of nano-sized HA because these ionizable side groups provide a 

greater affinity to positive calcium ions and the nucleation of HA crystals in the solution 

(Mollazadeh et al. 2007, Wang et al. 2009). In other words, calcium ions easily dispersed in a 

solution at the molecular level because of the interaction within the template and could form the 

HA nanoparticles (Son and Kim 2013). Therefore, the HA synthesized by adding mulberry leaf 

extract in this experiment has greater crystallinity and smaller crystallite sizes. 
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Table 1 The crystallinity, crystallite size and Ca/P ratio of HA synthesized using mulberry leaf extract by 

aqueous precipitation at room temperature under different pH values. The HA prepared without using 

mulberry leaf extract was used as a control 

 pH 4 pH 7 pH 10 pH 14 

Crystallinity, Xc (%) 
Control – 22.2 17.0 23.2 

Mulberry leaf – 25.4 22.3 23.3 

Crystallite size, Xs (nm) 
Control – 29.1 21.5 18.5 

Mulberry leaf – 14.6 14.3 11.8 

Ca/P ratio 
Control 0.86±0.07 1.22±0.02 1.41±0.03 1.47±0.03 

Mulberry leaf 0.93±0.02 1.25±0.05 1.50±0.08 1.51±0.04 

 

 

3.2 Morphology and characterization 
 

The SEM morphologies of the HA particles prepared in the absence and presence of mulberry 

leaf extract at pH 4, 7, 10 and 14 are shown in Figs. 2(a) and (b), respectively. At pH 4, Fig. 2(a) 

shows that the DCPD+DCPA particles synthesized at pH 4 without adding mulberry leaf extract 

have flake-shape structure, while Fig. 2(b) presents that the particles prepared with adding 

mulberry leaf extract are irregular-shaped DCPD. The morphologies of the HA particles prepared 

in the absence and presence of mulberry leaf extract at pH 7 and above are also shown in Figs. 2(a) 

and (b), respectively. Note that, a switch from micrometric particles to nanometric ones suddenly 

occurred through an increase in pH from 4 to 7. At pH 7, the HA particles exhibited rod-like 

particle agglomerates with a size of below 100 nm. The agglomeration behavior observed by SEM 

can be linked with high particle energy associated with nano-sized crystallites causing them to 

clump together. With increasing pH level from 7 to 14, the particle sizes of the HA gradually 

decreased, as shown in both Figs. 2(a) and (b). The nanoparticles synthesized at stronger alkaline 

conditions (pH 14) were short rod shape or close to spherical in shape and less than 50 nm in size. 

According to the literature (Sadat-Shojai et al. 2012), the crystallites can grow to form spherical 

nanoparticles or at most very short nanorods at high pH value. In the present study, the spherical 

form was more significant in the sample prepared in the presence of mulberry leaf extract. This 

observation suggests that the presence of mulberry leaf extract has influence on the morphology of 

the product. Based on the author's knowledge, this type of nano-HA rod-like or spherical shape 

structure by mulberry leaf extract addition with precipitation method has never been reported 

before. 

To further verify the formation of nano-HA particles, EDS analysis were applied to characterize 

their chemical composition. Fig. 3 shows the EDS spectra of the calcium phosphate synthesized 

with and without adding mulberry leaf extract under different pH values. As expected, EDS 

spectra showed that the main elements of the final product were Ca, P, C and O. The Ca/P atomic 

ratio is much lower than that of stoichiometric HA, as shown in Table 1. The negative deviation 

from the stoichiometric value (1.67) can be ascribed to the presence of calcium-deficient 

structures. The calcium-deficient HA can have a Ca/P ratio as low as 1.5 (Dorozhkin and Epple 

2002), which is very close to that of HA prepared at higher pH levels in the presence of mulberry 

leaf extract. A small amount of C in the EDS spectra confirms the presence of carbonate group in 

the samples, which will be discussed in the following section. 

Chicken eggshells contain trace elements, such as Mg and Sr, which are also found in human  
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(a) Without adding mulberry leaf extract 

 

(b) With adding mulberry leaf extract 

Fig. 2 SEM images of the synthesized powders with and without adding mulberry leaf extract by aqueous 

precipitation at room temperature under different pH values 

 

 

bone. The natural biological origin of eggshells results in produced HA with a composition similar 

to that of human bone, with considerable benefits to overall physiological function following  
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(a) Without adding mulberry leaf extract (b) With adding mulberry leaf extract 

Fig. 3 EDS analyses of the synthesized powders with and without adding mulberry leaf extract by aqueous 

precipitation under different pH values 

 

 

implantation (Göller et al. 2005, Siddharthan et al. 2009). The measurements of elemental 

composition by the ICP-AES method showed the presence of Ca (31.2 wt%), P (14.7 wt%), Mg 

(0.329 wt%) and Sr (0.038 wt%) in the synthesized HA using mulberry leaf extract after 24 h at 

pH 10. These elemental substitutions play an important role in bone formation. Magnesium (Mg) 

has been proved to influence bone mineral metabolism, formation and crystallization processes 

(Rude et al. 2009). In addition, because strontium (Sr) is chemically closely related to calcium 

(Ca) (Li et al. 2007), it is easily introduced as a natural substitute for calcium in HA. There has 

been increasing awareness of the biological role of Sr, indicating that it could improve the bone 

strength and provide benefits in the treatment of osteoporosis (Dahl et al. 2001). 
 

3.3 Fourier transform infrared analysis 
 

Fig. 4 shows FT-IR spectra of synthesized particles with and without adding mulberry leaf 

extract as a template under different pH values. At pH 4, in the FT-IR spectra of Figs. 4(a) and (b), 

the absorption band or a weakly expressed shoulder at around 787 and 1124 cm
−1

 could be due to 

HPO4
2−

 group of DCPD or DCPD/DCPA (Baskar et al. 2011). At pH 7 and above conditions, the 

bands assigned to OH
−
, PO4

3−
, CO3

2−
 and H2O are present. The band positions for the OH

−
 group 

are at 704, 3742, and 3854 cm
−1

. The bands for the PO4
3−

 and CO3
2−

 groups in the synthetic 

carbonated HA can be clearly identified. The band observed at 1059 cm
−1

 belongs to the PO4
3−
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group. The band positions for the CO3
2−

 group are at 880, 1406, and 1527 cm
−1

, which suggest that 

the powder may have carbonate-substituted HA structure. The CO3
2−

 ions generated from CO2 in 

the reaction solution can substitute OH
−
 (A-type) or PO4

3−
 (B-type) in the crystal lattice (Xiao et 

al. 2008). In the present study, the peak at 1406 cm
−1

 were characteristic for B-type carbonate-

containing HA, while A-type carbonate were characterized by the peak at 1527 cm
−1

. Non-

stoichiometric carbonated HA is the main mineral components of human and animal hard tissues, 

which are increasingly used as biocompatible materials for medical uses (Ivanova et al. 2001). 

 

(a) Without adding mulberry leaf extract 

 

(b) With adding mulberry leaf extract 

Fig. 4 FT-IR spectra of the synthesized powders with and without adding mulberry leaf extract by aqueous 

precipitation at room temperature under different pH values 
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4. Conclusions 
 

The current research provides an environmentally beneficial and cost effective method of 

producing nano-sized carbonated HA powders utilizing an eggshell waste and adding mulberry 

leaf extract as a template through aqueous precipitation method under different pH values. Our 

results indicate the following important points: 

• At the condition of pH 4, DCPD or DCPA/DCPD phase was observed. At the pH of 7 and 

above, only one phase of HA were synthesized in reaction solutions both with and without adding 

mulberry leaf extract. 

• Although the absence or presence of mulberry leaf extract did not affect the phase purity of 

HA samples synthesized under different pH values, the samples prepared using mulberry leaf 

extract had slightly higher crystallinity. 

• The crystallite sizes in the obtained HA powders was around 18.5-29.1 nm for the control 

samples, and 11.8-14.6 nm for the counterpart samples prepared using mulberry leaf extract. The 

crystallite sizes of the HA samples obviously decreased when adding mulberry leaf extract as a 

template, while they decreased gradually as the solution pH levels increased. 

• With increasing pH level from 7 to 14, the particle sizes of HA gradually decreased. The HA 

particles exhibited rod-like particle agglomerates at pH 7, while short rod or spherical shape at pH 

14. Especially, the spherical form was more significant in the sample prepared in the presence of 

mulberry leaf extract. 

• The elemental compositions evaluated by the ICP-AES showed the presence of Ca, P, Mg and 

Sr in the HA synthesized at pH 10 with adding mulberry leaf extract. 

• At pH 7 and above conditions, the bands assigned to OH
−
, PO4

3−
, CO3

2−
 and H2O are present. 

The HA nanoparticles synthesized in the present study can be corresponded to the A- and B-type 

carbonated structures. All HA powders synthesized in the absence and presence of mulberry leaf 

extract have similar FT-IR spectra. 
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