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Synthetic calcium phosphate, particularly hydroxyapatite (HA), has 
been used in various medical applications due to its biocompatibility 
and bioactivity. With time, increased interest in the development of HA 
from natural resources has started to emerge to produce more 
sustainable biomaterial precursors. HA has been successfully prepared 
from biogenic waste as the calcium precursor via extraction of calcium 
oxide from eggshells, seashells, and animal bones (cow, chicken, fish) 
via the wet method. The dry process, particularly solid-state reaction, 
has been least preferred due to the tendency of powder contamination 
and non-homogeneous powder mixing. However, with the proper 
processing regime, this method can produce pure HA on a mass scale 
with improved properties as it does not require precise control 
conditions. In this work, HA was synthesised from eggshell wastes 
through mechanochemical activation and heat treatment processes. 
The calcium precursor in pure calcium carbonate (CaCO3) was 
extracted from eggshells through calcination. Then, the Calcium 
Hydrogen Phosphate Dihydrate (DCPD) as phosphorus precursor was 
added to the calcined eggshells via a simple mechanochemical route for 
2 hours, and the obtained powder mixture was subjected to heat 
treatment at 800°C to obtain pure HA. XRD analysis confirmed the 
formation of phase pure HA in the synthesised powder with an average 
crystallite size of 26.35 ± 0.1 nm and an average agglomerated particle 
size of 520 nm. Energy Dispersive X-ray (EDX) analysis has validated 
the elemental composition of synthesised HA with a Ca/P ratio of 1.76, 
which closely resembles pure HA with a Ca/P ratio of 1.67. Hence. 
through calcination, eggshell waste in pure CaCO3 form has been 
successfully utilised as a sustainable calcium precursor in producing 
HA via a dry method approach with high potential as a biomaterial for 
biomedical applications and has indirectly contributed to cost 
reduction of materials processing. 
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1. Introduction 
Calcium Phosphate (CaP) has been an interesting substance in many branches of study including biology, 
chemistry, geology and medicine due to its abundance in nature and existence in living organisms [1]. Note that 
the majority of calcium in the human body is stored in bone tissue as nanometric crystals of a calcium phosphate 
compound with properties resembling those of hydroxyapatite (HA). Hence, HA with the chemical composition of 
Ca10(PO4)6(OH)2, is the most significant among the calcium phosphate compounds as its composition is found close 
to the dominant inorganic component of human body hard tissues such as bone, dentin, and enamel [2]. 
Furthermore, it is the most promising material for replacing bone grafts because of its excellent adhesion to the 
surface of bodily tissue [3]. However, it should be mentioned that calcium phosphate in bone is similar but not 
identical to the mineral HA due to the presence of significant amounts of carbonate ions and traces of other ions 
substituted into its structure [4]. 

Various techniques have been developed over the years to prepare HA. Generally, the raw materials used to 
synthesise HA originate from an inorganic precursor or natural organic-based resources, including conversion 
from marine coral derivates to natural HA with acceptable porosity [5]. Nevertheless, both types of biomaterials 
are equally bioactive and biocompatible. 

HA can be converted from natural bio-sources such as bovine bones, fish bones, cuttlefish shells, oyster shells 
and coralline via solid-state processing. These biological compounds are generally denoted as calcium-deficient 
and contain a wide variety of relatively small amounts of substitute atoms or groups such as carbonate, Na, Mg 
and Sr ions [5], [6]. The primary advantage of using bones from animal species is their inherent morphology and 
pore structure, similar to human bone. However, problems do arise due to the variable nature of the bone's 
physical and chemical properties. Unlike eggshells, the continuous use of some of these resources may lead to 
their extinction, for example, in the case of corals, as they have a slow growth rate [6]. 

HA and its precursors can be converted from biological resources and grouped into three types: bone, plants 
and biogenic. In this case, bones present mammalian (bovine, sheep, pig), chicken and fish bones, while biogenic 
sources are eggshells, seashells and conversion from marine coral derivates to natural HA with acceptable 
porosity. These biological compounds denoted as calcium deficient, contain a wide variety of relatively small 
amounts of other substitute atoms or groups such as carbonate, Na, Mg and Sr ions [6], [7]. It was reported that 
the biomolecule amount of these waste materials influenced the latter product's shape, size and crystal 
morphology, reflecting their applications.  

To date, eggshell waste composed predominantly of CaCO3 (~ 94 %) have been used as a raw material or 
direct source of calcium precursor to synthesise HA. In addition, the remnants of several trace elements from the 
eggshells' natural biological origin, e.g. K, Na, Mg, Si and Sr, in the crystalline structure of synthesised HA make its 
composition similar to human bone. Generally, HA is produced using commercial analytical grade calcium and 
phosphorus compounds that are relatively expensive. However, growing interest in using more sustainable 
precursors to produce biomaterials is pushing towards reusing and recycling biogenic waste. Thus, these 
drawbacks justify using natural resources as precursors in the synthesis of HA, as it is both sustainable and cost-
effective. Besides that, the HA synthesised from eggshells demonstrated superior sinterability and better 
morphology when compared with HA synthesised from other sources [8]-[10]. Regarding cell culture, HA 
synthesised from eggshells showed a better cell response because the different elements inherent in eggshells 
could induce a better guide signal for the cells to adhere and migrate [11].  

HA derived from eggshell can be synthesised by microwave irradiation precipitation, ball milling and attrition 
milling processes and solid-state reactions However, it is reported that this milling process induced the risk of 
contamination that affects the purity of the end product [12]. As a result, the dry method, particularly the solid-
state method, has received the least attention, probably because of the difficulty in obtaining homogeneous HA 
composition and the small diffusion of ions within the solid phase. However, this method is suitable for the mass 
production of highly crystalline HA powders with good morphology [13] and mechanical properties as it does not 
require precise control conditions [14].  

In previous research, by modifying the milling process to minimise contamination, the eggshell-derived HA 
powders were fabricated using a solid-state reaction using eggshell in CaO as the source of calcium precursor [6]. 
In another research, nanostructured flower-like agglomerated particles of eggshell-derived HA have successfully 
been prepared via a simple solid-state route through attrition milling [15]. Based on these studies, mixing the 
starting materials is vital for homogenisation before the structural transition occurs during heat treatment. With 
a proper processing regime, the dry method can produce pure HA on a mass scale with good morphology [10] and 
mechanical properties as it does not require precise control conditions [14]. 

Raw eggshells are rich in calcium carbonate and can be easily converted into HA through environmentally 
sustainable processes. Therefore, this research aims to produce HA using eggshell waste as a source of Ca 
precursor in the form of CaCO3 as an alternative to conventional HA bioceramics produced by using 100% 
synthetic chemicals, besides exploring the potential of the dry method in preparing eggshell-derived HA with 
better mechanical properties through the optimisation of its mechanochemical and sintering parameters. This 
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work synthesises HA from eggshell waste through mechanochemical activation (ball milling) and heat treatment 
processes. Ball milling is proposed as the mechanochemical activation method. It is efficient in grain size 
reduction, and this technique is reasonably straightforward, with low-temperature processing and easy 
composition control. 

2. Methodology 
In this work, HA was synthesised via a solid-state reaction method through mechanochemical activation (ball 
milling) and heat treatment. The waste chicken eggshell was collected from the University of Technology Mara 
(UiTM) student canteen in Shah Alam, Selangor. The waste eggshells were initially cleaned, and the inner 
membrane layer was removed by rinsing with distilled water. After that, it was dried in an oven at 60 °C for 24 
hours to remove the residue and odour from the waste eggshell. Before calcination, dried eggshells were crushed 
and ground into a fine powder consistently with a pestle and mortar. The eggshell was then calcined in a furnace 
at a rate of 5°C/min at the temperature of 700 °C for 2 hours to obtain pure calcium carbonate, CaCO3 which was 
then used as a calcium precursor to synthesis HA. To initiate the solid-state reaction, the calcined eggshell powder 
in the form of CaCO3 was mixed with phosphate precursor, dicalcium phosphate dihydrate (DCPD), and ethyl 
alcohol at the existing calcium and phosphorus (Ca/P) ratio of 1.67 under magnetic stirring conditions. The 
eggshell was then ball milled for 2 hours to induce a homogeneous starting material and fine particle mixture. The 
ball mill was set to 400 rpm, with one repetition. The ball and the mixture weight ratio were kept at 2:1. After the 
milling process, the eggshell powder was sieved through a 212 mm mesh sieve to ensure the homogeneity of the 
milled powder. The mixture was then heat treated at a rate of 5°C /min for 5 hours at a temperature of 800 °C to 
obtain pure HA powder. Fig. 1 shows the process flowchart in pure HA preparation. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

  

                          
Fig. 1 Flowchart of preparation of HA powder using CaCO3 from eggshell well as calcium precursor 

For characterization, thermogravimetric analysis (TGA) is used to measure the material's thermal stability, 
reaction temperature, and the proportion of volatile components by measuring the weight change. At the same 
time, a sample is heated at a constant rate. In this study, approximately 23 mg of eggshell powder was heated at a 
room temperature of 30-1000˚C. In a nitrogen atmosphere, a heating rate of 5˚C/min was applied at a 60 mL/min 
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flow rate. The TGA data was used to determine the purity and composition of materials, drying and ignition 
temperatures, and compound stability temperatures.  

The phase composition of HA powder was determined using X-ray diffraction (XRD) analysis to indicate the 
formation of highly crystalline pure HA powder. The parameter employed rate is 2°C/min for the diffraction range 
of 2θ° at 10° to 70°. The XRD was done on the powder mixture before and after heat treatment for 2 hours, 4 hours 
and 6 hours to examine the phase difference before heat treatment.  

The average crystallite size for each sample was then calculated by applying Scherer's equation. 
 

0.9
cos

t λ
β θ

=  (1) 

 
where t is the average crystallite size, λ is the wavelength of the XRD radiation, β is the full width at half maximum 
(FWHM) value of the measured diffraction peak, and θ is the diffraction angle of the investigated peak. 

Scanning Electron Microscope (SEM) analysis was conducted to visualise the particle size [16] and the surface 
morphology of the synthesised HA powder. Meanwhile, Energy Dispersive X-ray (EDX) analysis helps to 
determine the calcium and phosphorous (Ca/P) ratio based on atomic percentage. The sputter coater coats the 
sample's surface to lower the charging effect for better imaging. Previous studies' literature reported that the 
sputter coating prevents the specimen from charging due to the concentration of static electric fields, which would 
otherwise occur [17].  

3. Results and Discussion 
Fig. 2 shows the TGA curve of the calcined eggshell and DCPD powder mixture. The first step showed a 1.53% 
weight loss at the midpoint of 39.57˚C. The weight loss was correlated to the elimination of moisture from the 
sample. According to other researchers, it happened because of the evaporation of adsorbed water [18]. Next, the 
weight loss of 55wt% at midpoint 452.07˚C was due to reduced organic matter. The prominent weight loss over 
the temperature range 650-710oC indicates that the partial reaction between CaCO3 of the eggshell and 
CaHPO42H2O has occurred [15]. Eventually, the completed reaction between CaCO3 and DCPD was indicated by 
negligible weight loss beyond 762.17oC. Hence, it is confirmed that the phase transformation to pure HA took place 
beyond this temperature, and this finding justifies the chosen calcination temperature of 800 °C that was carried 
out in this work. 
 

 
Fig. 2 TGA graph of eggshell powder mixture (CaCO3 and DCPD) 

Fig. 3(a) illustrates the XRD pattern for raw eggshell with the presence of predominant peaks of Calcium 
Carbonate (CaCO3) known as Calcite, which is well-matched with the Joint Committee on Powder Diffraction 
Standards (JCPDS) Card Number 01-085-1108. Calcite is the form of CaCO3 which contains a high percentage of 
calcium in waste eggshell [6], [10], [36] whereby the particles are highly crystalline with a trigonal structure of 
crystal system (recheck). Some diffraction peaks of raw eggshells also matched with Whitlockite Ca3(PO4)2 (JCPDS 
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Card Number 00-055-0898). Fig. 3(b) shows the XRD peaks of eggshells upon calcination at 700 °C. The XRD 
analysis indicated that the only inherent crystalline phase of pure CaCO3 remained at a 2θ angle of 29.7°. This 
phase stability suggests that complete decomposition to CaCO3 has taken place. 

Meanwhile, the XRD results in Fig. 3(c) showed that high phase purity of HA was observed in the heat-treated 
synthesised powder as demonstrated by the prominent peaks that belong to the HA group which are (002), (211), 
(112), (300) and (202) planes. These XRD peaks matched the peak position well with the standard HA phase from 
JCPDS card number 01-074-9944. In previous research by Ramesh et al. [14], which also used CaCO3 from 
eggshells as a calcium precursor, pure HA was also obtained after the combination of 2 hours of attrition milling 
(400 rpm) and calcination at 800°C. Munira Khalid et al. [19] reported a similar result stating that heat treatment 
contributes to the formation of high purity of HA in the literature for the effect of heat treatment on the synthesis 
of HA from eggshell powders. Besides that, the sharp and intense XRD peaks of HA planes prove that the produced 
HA powder was crystalline and corresponds to the hexagonal crystal structure of HA.  

 

 
Fig. 3. XRD patterns of (a) raw eggshell; (b) calcined eggshell; and (c) HA powder  

(c) 

(a) 

(b) 
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In addition to the phases present, three principal planes that corresponded to pure HA which are (211), (300), 
and (112) planes, were used to calculate the average of HA crystallite size (Fig. 3(c)). The average HA crystallite 
size was found to be 26.35 ± 0.1 nm. The crystallite size was smaller than in past studies using eggshells as a Ca 
precursor. In contrast, the evaluated crystallite size of HA was 54.6 nm via attrition milling at a similar milling 
time [6]. According to Poppy Puspitasari et al. [20], the larger crystallite sizes may be caused by agglomeration 
and influenced by the sintering process [15], [20]. However, in this work, the finding must be attributed to the ball 
milling process, resulting in a smaller crystallite size than manual grinding [21]. 
 

  
(a) (b) 

Fig. 4 SEM images of (a) Calcined eggshell and DCPD mixture; and (b) HA powder at 300x magnification 

Fig. 4(a) shows the SEM image of the HA powder sample (after heat treatment at 800 °C), while the powder 
mixture (CaCO3 and DCPD) sample (before heat treatment) SEM image is shown in Fig. 4(b) under a magnification 
of 300x. It was observed that after 2 hours of ball milling, the calcined CaCO3 with DCPD mixture showed dispersed 
powder and soft agglomerates of powder particles. SEM images in Fig. 4(b) reveal the agglomeration of loosely 
packed smaller particles. It is known that the heat treatment process promotes the agglomeration in particle size, 
forming a bigger particle due to the rise of crystallinity degree [22]. A. A. Hamidi et al.  described similar results 
and reported that the morphology shape of the powder tends to form agglomerate, contributing to the particles' 
non-uniform size. ImageJ software was used in this study to calculate the average particle size for both samples. 
As the results, this study justified the obtained average particle size of HA was bigger than the powder mixture, 
which is approximately 0.52 ± 0.02 μm and 0.14 ± 0.02 μm, respectively. This finding agrees with other works 
claiming that further heat treatment will result in bigger particle sizes of HA powder [19]. Besides that, it is 
expected that as the crystallite size of particles increases, the particle sizes observed by SEM analysis will also 
increase, as observed by Guihun Jiang [22].  

The elemental composition and the weight and atomic percentages of present elements were tabulated in 
Table 1. Validation of HA synthesis had been proven with the presence of Ca, P, O, and C. The same elemental 
composition was reported in the previous studies where the HA represents the appearance of Ca, P, O, and C [19], 
[24], [25]. These elements are also the essential mineral constituents for bone growth [26]. Ca helps to reduce 
osteoporosis [27], P assists in bone resorption [28], and O helps in accelerating bone fracture healing [29]. The 
ca/P ratio for the observed HA powder was 1.76, which closely resembles the HA for human bone as the Ca/P 
ratio for perfect HA is well-known to be 1.67 [26], [30], [31].   Previous studies show that a high deviation [32] in 
the Ca/P ratio can be due to the lack of proper heat distribution [33], [34]. According to Rameez Saeed et al. [35], 
the oxidising conditions and fluctuating calcination temperature in the furnace were thought to be the causes of 
the impurity phases. Generally, this finding has indirectly supported that homogeneous HA could be attained via 
the solid-state method via a proper and sufficient mixing of the starting materials before the structural transition 
takes place during heat treatment. 

Table 1 The elemental composition of eggshell-derived HA samples at different milling times 
Ball milling (hours) C O P Ca Ca/P ratio 

2 5.89 56.61 13.14 24.36 1.85 

4. Conclusions  
Pure HA powder was successfully synthesised using sustainable calcium precursor, CaCO3 which is derived from 
calcination of raw eggshells at 700 °C via the combination of mechanochemical activation for 2 hours and heat 
treatment at 800°C for 5 hours. XRD peaks that belong to the pure HA phase were observed for the synthesised 
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powder. The synthesised HA crystallite size was found to be 26.35 nm, which is smaller than HA derived by the 
attrition milling process at similar parameters. This finding confirmed the viability of the dry method through ball 
milling in producing HA with small particle sizes. SEM images revealed that the CaCO3 with DCPD mixture before 
heat treatment showed dispersed and soft agglomerates of powder particles, while the obtained HA powder had 
the agglomeration of loosely packed smaller particles. This observation has justified heat treatment's influence in 
inducing the densification of produced powder particles. The average particle size for HA is 520 nm, while for the 
powder mixture, the value of particle size observed is 140 nm. Besides that, the presence of the significant 
constituents of HA, which are Ca, P, O, and C, were detected in the obtained HA powder and yielded the 
stoichiometric ratio for Ca/P of 1.76, which is closest to the theoretical value of 1.67. The results supported the 
idea that this straightforward method of 2 hours of mixing and heat treatment can produce HA powder with good 
physical properties. This result is significant in expanding the potential of HA powder from a sustainable precursor 
and straightforward approach as an ideal alternative for cost-effective, biocompatible biomaterials for biomedical 
applications. 
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