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Abstract
Hydroxyapatite (HA) has been vigorously studied for orthopedic and dental applications due to its excellent bioactivity, 
osteoconductivity, and osteoinductivity. This study aims to present a simple room-temperature aqueous precipitation method 
for obtaining carbonated HA nanoparticles of high purity from biowaste chicken eggshells. Biowaste chicken eggshells were 
used for preparing HA through aqueous precipitation method. Moreover, mulberry leaf extract was used as a template to 
regulate the morphology, size, and crystallinity of HA. All produced nanocrystalline HA powders exhibited rod-like particle 
agglomerates of a size below 100 nm. The HA particles synthesized with the mulberry leaf extract showed higher crystal-
linity and slightly decreased crystallite sizes compared to the samples prepared without adding the extract. Carbonate peaks 
observed for the specimens closely matched those of A- and B-type carbonates, which can contribute to the low crystallinity. 
Notably, the HA synthesized from the eggshell powders contains several important trace elements such as Mg and Sr, which 
are beneficial to the overall biological performance as biomaterials. The morphology, size, structure, and composition of 
the obtained HA products are similar to those of natural bones, and consequently, the products show potential as a material 
for biomedical applications.
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1 Introduction

Hydroxyapatite [HA,  Ca10(PO4)6(OH)2], the major compo-
nent of human bones, has been widely used in medical and 
dental applications because of its superior biocompatibility, 
osteoconductivity, and bioactivity [1]. Generally, HA is used 
in the coating of metallic implants, alveolar bridge augmen-
tation, orthopedics, maxillofacial surgery, and drug delivery 
systems [2]. In addition, it has been applied as a host mate-
rial for lasers, gas sensors, and catalysts [3]. The biologi-
cal and mechanical properties of synthetic HA are strongly 
influenced by its particle size, morphology, chemical 

composition, and crystalline structure, which depend on 
synthesis parameters [4].

Mineral crystals in human bones are nanosized with a 
very large surface area. Their compositions differ slightly 
from stoichiometric HA because of the presence of impu-
rities such as carbonate, chloride, magnesium, and stron-
tium in human bones. In particular, natural bones contain 
carbonated HA with 2–8% carbonate by weight [5–7]. 
Recently, nanocrystalline HA (nano-HA) has attracted atten-
tion because of its excellent biocompatibility, affinity for 
biopolymers, and high levels of osteoconduction and oste-
ointegration [8, 9]. A recent study also showed retardant 
effects of nano-HA particles on cancer cells [10]. Therefore, 
the development of nano-HA powders with a precise control 
over particle size, morphology, crystallinity, and chemical 
composition is becoming increasingly important. In the past 
decade, nano-HA powders have been synthesized using vari-
ous methods such as solid-state reactions, aqueous precipita-
tion, sol–gel, and hydrothermal reactions [11–15].

Recently, considerable interest has arisen in a natural-
resource-based approach to the design and manufacture of 
nanobiomaterials because of their availability, low cost, and 
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eco-friendliness. In this study, eggshell biowaste was used 
as the Ca source for preparing nano-HA powders using the 
aqueous precipitation method. The eggshell contains sev-
eral trace elements, which remain in the synthesized HA 
powder, making it akin to human bones. In addition, the 
mulberry leaf extract was added as a template. In the past 
decade, biopolymers such as collagens, gelatin, and peptides 
have attracted extensive interest regarding the regulation of 
the morphology, size, and crystallinity of HA [16–18]. In the 
present study, the natural mulberry leaf extract used is bio-
degradable, biocompatible, water soluble, and inexpensive 
in comparison to other biodegradable polymers. Moreover, it 
has been shown to inhibit oxidative modification of low-den-
sity lipoproteins [19] and displays anti-inflammatory effects, 
suppressing the proinflammatory gene expression [20]. The 
prepared HA powders were characterized by X-ray diffrac-
tion, scanning electron microscopy, and Fourier transform 
infrared spectroscopy to explore their structural properties.

2  Materials and methods

Eggshells were collected, cleaned thoroughly with water, 
dried overnight at 45 °C in an oven, and then crushed and 
powdered using an agate mortar. Thereafter, 2 g of the 
resulting powder was dissolved in 20 ml of a 1:3 hydro-
chloric acid/water solution. Then, 0.1 g of the mulberry leaf 
extract was added to 20 ml of the above eggshell solution 
and stirred gently but thoroughly. Subsequently, 0.8 ml (i.e., 
Ca/P molar ratio = 1.67) of 85% phosphoric acid was added 
gradually to the stirred mixture. Ammonium hydroxide was 
used to adjust the pH to 10. To study the effect of the mul-
berry leaf extract on the characteristics of synthesized HA, 
a solution without the extract was used as a control. All 
reactions were aged independently at room temperature over 
different reaction times (10 min, 1 h, and 24 h). Thereafter, 
the obtained powder was separated from the liquid phase by 
filtration, rinsed with deionized water, and dried at 45 °C for 
24 h prior to examination.

Sample phases were identified by X-ray diffraction (XRD) 
with Cu Kα radiation (XRD-6000, Shimadzu, Japan). The 
phases were identified by comparing experimental X-ray 
diffractograms to standards compiled by the Joint Commit-
tee on Powder Diffraction Standards. The morphology of 
the microstructure was studied by field emission scanning 
electron microscopy (FE-SEM; JSM-7401F, JEOL, Japan). 
Mean particle dimensions were estimated by an image analy-
sis of SEM micrographs. For this purpose, the dimensions 
of all samples were calculated from the measurements of 
30 randomly selected individual particles. The elemental 
compositions of the products were qualitatively identified 
by energy-dispersive X-ray spectroscopy (EDS) in the SEM. 
FTIR (FTS-40, Bio-Rad, USA) was performed in the region 

of 600–4000 cm−1 on the powdered samples. To gain infor-
mation on the phase transformation of the obtained HA, 
thermal analysis (TG–DTA; SDT-Q600, TA Inc., USA) was 
performed in a nitrogen atmosphere from room temperature 
to 1400 °C at a heating rate of 10 °C/min. 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.

From the XRD data, the crystallinity (Xc) of the HA par-
ticles was calculated according to the equation as follows 
[21]:

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.

The crystallite sizes of the synthesized HA particles can 
be evaluated by measuring the full width at half maximum 
(FWHM) according to the Scherrer formula [22]:

where Xs is the average crystallite size (nm), λ is the wave-
length of X-ray radiation (1.5406 Å), FWHM is for the dif-
fraction peak under consideration (rad), and θ (degree) is 
the Bragg angle. The (002) diffraction peak was selected for 
the calculation of the crystal size because it was isolated and 
sharper than others and showed the crystal growth along the 
c axis of the HA crystalline structure.

3  Results and discussion

3.1  X‑ray diffraction analysis

XRD patterns of the HA powders synthesized with and 
without the mulberry leaf extract by aqueous precipitation 
at room temperature for different reaction times (10 min, 
1 h, and 24 h) are shown in Fig. 1. As can be observed, the 
HA powders synthesized with and without the mulberry leaf 
extract have similar XRD patterns. All major peaks of HA 
are evident in the XRD patterns without any unknown 
peaks, indicating that all samples were predominantly HA 
and the use of the mulberry leaf extract did not hinder the 
formation of HA phases. These six XRD patterns showed 
broad diffraction peaks, suggesting a poorly crystallized HA 
phase. The presence of these broad peaks may show that tiny 
crystallites of HA were formed. Accordingly, the crystal-
lographic structure of the synthesized HA is similar to that 
of natural bones.

Xc = 1 −
V112∕300

I300

,

Xs =
0.9�

FWHM cos �
,
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The crystallinity of the synthesized HA particles was cal-
culated from the XRD data, as shown in Table 1. For each 
type of the HA powder with and without the mulberry leaf 
extract, the crystallinity of the synthesized particles slightly 
increased with the increasing aging time. The samples pre-
pared using the mulberry leaf extract showed higher crys-
tallinity. The poorly crystalline nature of the prepared HA 
may be due to the low-temperature process used in this 
study. This structure is expected to be more active under a 
metabolic activity than the fully developed crystalline HA 
structure, which is considered to be nonsoluble in the physi-
ological environment [23]. In addition, the crystallite sizes 
of the synthesized HA powders were calculated using the 
characteristic peak (002) by the Scherrer formula, as shown 
in Table 1. These results indicate that average crystallite 
sizes slightly increased with longer aging times and slightly 
decreased with the addition of the mulberry leaf extract. 
This is consistent with the observation of Sadjadi et al. 
[24], who found that nano-HA composite synthesis can be 
performed at room temperature by a mimetic method using 

wheat starch as a templating agent and the crystallite size 
increases as the immersion time increases. In the present 
study, the crystallite sizes in the obtained HA powders are 
19.0–21.5 nm for the control sample and 12.6–14.3 nm for 
the sample prepared using the mulberry leaf extract.

3.2  Morphology and characterization

Figure 2 represents the SEM micrographs of HA prepared 
for different aging times in the presence and absence of the 
mulberry leaf extract. SEM analysis of samples revealed that 
the synthesized nano-HA powder exists as rod-like particle 
agglomerates with a size below 100 nm. The importance of 
nanoparticles lies in their inherently large surface-to-vol-
ume ratio relative to that of larger particles [25]. These high 
surface areas are accompanied by van der Waals interac-
tions, which result in a strong tendency to agglomerate. In 
the control group, there was a slight increase in the size of 
these rod-like particles from 58.3 nm in length and 24.8 nm 
in diameter to 67.8 nm in length and 26.7 nm in diameter 
(Fig. 2a–c) when aging for 10 min to 24 h. For the syn-
thetic HA crystals developed by adding the mulberry leaf 
extract (Fig. 2d–f), the particle size increased from 45.5 nm 
in length and 14.1 nm in diameter to 52.2 nm in length and 
18.0 nm in diameter with increasing aging time from 10 min 
to 24 h. The sample prepared using the mulberry leaf extract 
showed a relatively smaller particle size in the present study.

Crystallization is a process considered in terms of 
nucleation and crystal growth. According to classical 
nucleation theory, heterogeneous nucleation always occurs 
earlier than homogeneous nucleation in a supersaturated 
solution because of the lower free energies of nuclei on 
the surface of foreign bodies [26]. In the present study, the 
mulberry leaf extract in the solution provided nucleation 
sites for the HA nuclei. Mineral nuclei gradually grew on 
the surface of the mulberry leaf extract, leading to the for-
mation of HA crystals. The addition of the mulberry leaf 
extract to the Ca/P reaction solution leads to the forma-
tion of a larger number of nuclei and, therefore, smaller 
HA crystallite and particle sizes. Son et al. [27] obtained 
similar results and indicated that the size of HA nanopar-
ticles slightly decreased when increasing the content of 
the β-cyclodextrin template. Moreover, the same behavior 
was observed in another study [28], which investigated the 

Fig. 1  XRD patterns of the HA powders synthesized with and with-
out the mulberry  leaf extract by aqueous precipitation at room 
temperature for different reaction times. a Without mulberry  leaf, 
10 min, b without mulberry leaf, 1 h, c without mulberry leaf, 24 h, 
d with mulberry leaf, 10 min, e with mulberry leaf, 1 h, f with mul-
berry leaf, 24 h

Table 1  The crystallinity, 
crystallite size and Ca/P 
ratio of HA synthesized 
using mulberry leaf extract 
by aqueous precipitation at 
room temperature for different 
reaction times

The HA prepared without using mulberry leaf extract was used as a control

Aging time Crystallinity, Xc (%) Crystallite size, Xs (nm) Ca/P ratio

Control Mulberry leaf Control Mulberry leaf Control Mulberry leaf

10 min 14.0 17.6 19.0 12.6 – –
1 h 16.5 20.8 19.4 13.6 – –
24 h 17.0 22.3 21.5 14.3 1.41 1.50
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morphologies of as-prepared apatite nanocrystals using 
heparin as a template; the results illustrated that more 
heparin molecules led to a bigger steric hindrance, which 
seriously disturbed the growth of apatite crystals. In this 
study, since calcium ions are easily dispersed in the solu-
tion at the molecular level, HA nanoparticles are formed 
through interaction with the template [27]. Therefore, the 
HA synthesized by adding mulberry leaf extract in this 
experiment has greater crystallinity and smaller grain size.

The literature reports that HA crystals in natural bones 
have a needle- or rod-like shape, 40–60 nm in length and 
10–20 nm in width [29]. In the present study, the size of 
rod-like HA prepared in the presence of the mulberry leaf 
extract falls above the range of natural bones. The nano-
structure of bone-substituting material is closely related 
to good bioactivity and osteoconductivity. Synthetic HA 
composed of nanosized crystals can lead to an increase in 
osteoblast functions [30].

EDS from SEM (Fig. 3 and Table 2) revealed the pres-
ence of Ca, P, O, and a small amount C in 24-h aged sam-
ples, including HA prepared in the presence and absence 
of the mulberry  leaf extract. The Ca/P molar ratios 
(Table 1) calculated from the integrated intensities of Ca 
and P spectral lines were found to be 1.41 for the control 
group and 1.50 for its mulberry leaf extract counterpart, 
lower than the ideal ratio of 1.67. The calculated Ca/P 
ratio is significant and fits quite well with that of biologi-
cal apatite, which ranges from 1.50 to 1.85 [31]. A small 
amount of C in the EDS spectrum confirms the presence 
of a carbonate group in the sintered sample, as shown in 
the FT-IR spectra.

Fig. 2  SEM images of the HA powders synthesized with and without 
the mulberry  leaf extract by aqueous precipitation at room tempera-
ture for different reaction times. a Without mulberry leaf, 10 min, b 
without mulberry leaf, 1 h, c without mulberry leaf, 24 h, d with mul-

berry  leaf, 10 min, e with mulberry  leaf, 1 h, f with mulberry  leaf, 
24 h, and g higher magnification with mulberry leaf, 10 min, the rep-
resentative rod-shaped particles of individual HA are marked with a 
dashed line

Fig. 3  EDS analyses for the HA powders synthesized with and with-
out the mulberry  leaf extract by aqueous precipitation at room tem-
perature for 24 h. a Without mulberry leaf and b with mulberry leaf

Table 2  The chemical composition (at%) for the HA powders synthe-
sized with and without the mulberry leaf extract by aqueous precipi-
tation at room temperature for 24 h

Element Control Mulberry leaf

Ca 10.00 15.85
P 7.07 10.60
O 60.06 51.76
C 22.87 21.79
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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. 
Biological HA obtained from biowaste eggshells has the 
advantage of preserving the chemical elements of the pre-
cursor material. The presence of several trace elements 
does not alter the basic crystallographic characteristics of 
HA but can improve the overall biological performance of 
the implant material [32, 33]. The presence of these ions 
is usual in biological apatites (Table 2). These elements 
play an essential role in the behavior of biological apatites 
since they contribute to metabolism in the human body 
and cell adhesion. For example, Mg plays an important 
role in bone metabolism, and its depletion causes bone 
fragility and bone loss [34]. Sr increases osteoblast rep-
lication, differentiation, and bone matrix mineralization 
[35, 36]. Sr has also been experimentally incorporated into 
calcium phosphates and bioactive glasses to enhance bone 
formation [36, 37]. Consequently, Mg and Sr present in 
the HA structure are of great interest for the development 
of artificial bones.

In the process of HA synthesis, the mulberry leaf extract 
plays a role as a template. However, it is not necessary to 
remove it in the final product. The HA product with mul-
berry leaf extract can exert its anti-inflammatory effect, 
which can contribute to its clinical performance when used 
as a bone filling material.

3.3  Fourier transform infrared analysis

Figure 4 shows FT-IR spectra of HA synthesized for 24 h in 
the presence and absence of the mulberry leaf extract. Both 
HA powders have similar FT-IR spectra, indicating that they 
have the same functional groups present in the HA nanopar-
ticles. The bands assigned to  OH−,  PO4

3−,  CO3
2−, and  H2O 

are present. FT-IR peaks at 1059 cm−1 are due to  PO4
3−. 

The peak positions for the  OH− group are at 704, 3742, and 
3854 cm-1. The bands at 2851 and 2920 cm−1 are attributed 
to the asymmetric stretching of  CH2 and  CH3 [38]. Also, 
bands corresponding to  CO3

2− can be seen at 880, 1406, and 
1527 cm−1, suggesting that the powder may have a carbon-
ate-substituted HA structure. Carbonate groups can partially 
substitute for  OH− (A-type) and/or  PO4

3− (B-type) in the 
lattice of synthetic HA [39]. In the present study, the peak 
at 1406 cm−1 was characteristic for B-type carbonate-con-
taining HA, while A-type carbonates were characterized by 
peaks at 880 and 1527 cm−1. Bony natural apatites contain 
carbonate ions in significant amounts, from about 2–8 wt% 
[40]. In general, carbonated HA shows favorable biological 
properties and is reported to have an appropriate absorbance 
time period and good bone formation ability [41].

3.4  Thermal behavior

It is necessary to study the thermal behavior of the synthe-
sized nano-HA powder because nano-HA can be used in 
various forms such as powder/particulate for drug delivery, 
filling bone voids, or coating metallic prostheses, especially 
in the temperature range 400–1200 °C [42]. Figure 5 shows 
the TGA/DTA thermogram of the as-prepared HA powder 
with the added mulberry leaf extract synthesized by aqueous 
precipitation at room temperature for 24 h. The TGA curve 

Fig. 4  FT-IR spectra of the HA powders synthesized with and with-
out the mulberry  leaf extract by aqueous precipitation at room tem-
perature for 24 h. a Without mulberry leaf and b with mulberry leaf

Fig. 5  TGA and DTA curves of the HA powders synthesized with the 
mulberry  leaf extract by aqueous precipitation at room temperature 
for 24 h
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of the as-prepared HA showed that the weight loss occurring 
up to around 155 °C was caused by the release of physically 
adsorbed and interstitial  H2O molecules, while the weight 
loss in the range of 155–669 °C was due to the removal of 
crystallized water. In the DTA curve, an endothermic peak 
at 744 °C could be explained as a result of gradual dehy-
droxylation and/or decarboxylation of the HA phase, which 
was also observed by Zhang et al. [43]. An endothermic 
peak was detected at around 847 °C, which was estimated 
to be the phase transformation of HA into the β-TCP phase, 
whereas the last peak involves the decomposition of HA/β-
TCP to the α-TCP phase [44, 45].

4  Conclusions

This is the first report on the production of nanosized car-
bonated HA powders by the aqueous precipitation method 
at room temperature using eggshell waste as the Ca source 
and adding mulberry leaf extract as a template. Our results 
indicate the following important points:

1. The HA powders that were synthesized with and without 
the mulberry leaf extract show similar XRD patterns and 
no other crystalline phase is observed besides HA. The 
broad peaks in the XRD patterns point out the tiny size 
and poor crystallinity of the HA, which is similar to a 
natural bone mineral.

2. The crystallinity of the synthesized HA particles 
increased slightly with an increase in aging time from 
10 min to 24 h, and the samples prepared using the mul-
berry leaf extract displayed higher crystallinity. In addi-
tion, average crystallite sizes were slightly increased by 
a longer aging time and slightly decreased by adding the 
mulberry leaf extract.

3. Based on the SEM images, all the nano-HA powders 
presented as rod-like particle agglomerates with a size 
below 100 nm. For the HA crystals developed by adding 
mulberry leaf extract, the particle size increased from 
46.7 nm in length and 13.3 nm in diameter to 66.7 nm 
in length and 20.0 nm in diameter with increasing aging 
time from 10 min to 24 h.

4. ICP-AES evaluations showed the presence of Ca (31.2 
wt%), P (14.7 wt%), Mg (0.329 wt%), and Sr (0.038 
wt%) in the HA synthesized from mulberry leaf extract.

5. All HA powders synthesized in the presence and absence 
of the mulberry leaf extract show similar FT-IR spectra. 
The carbonate peaks observed for the specimens closely 
matched those of A- and B-type carbonates, which could 
contribute to their low crystallinity.

6. In the DTA curve for the HA synthesized from adding 
mulberry leaf extract, the phase transformation of HA 
into the β-TCP phase was detected at around 847 °C, and 

the decomposition of HA/β-TCP to the α-TCP phase was 
observed above 1122 °C.
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