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Abstract: Biomaterials for bone engineering applications are eagerly developing as traditional bone 

grafting methods show several drawbacks after and during operation. Eggshell waste contains high 

calcium suitable for developing biomaterials in hard tissue engineering as bone made up of calcium and 

phosphate. The precipitation method is one of the synthesis methods to produce calcium phosphate 

(CaP). In this work, calcium source was extracted from eggshell waste while phosphate source was 

from ortho-phosphoric acid. The synthesized CaP powder was calcined at different temperatures. X-ray 

diffraction (XRD) analysis shows two types of CaP patterns are hydroxyapatite (HA) and β-Tricalcium 

phosphate (β-TCP). Fourier transform infrared (FTIR) shows phosphate ion band in every sample while 

scanning electron microscopy (SEM) shows the transformation of structure from needle-like to more 

fluffy and rounded-edge structure from uncalcined to 1000°C. From the results obtained, CaP extracted 

from eggshell waste was successfully synthesized from the precipitation method. This method 

contributes to the materials processing cost reduction and increases the application of natural materials 

instead of synthetic ones. 
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1. Introduction 

Bone is a dynamic and highly vascularized tissue that exhibits the unique capacity to 

remodel and heal without leaving scars. It provides structural support for the body and acts as 

a mineral reservoir as well [1,2]. Besides, the bone is living tissue that is the hardest among 

other connective tissues in the body [3]. Bone comprises 50 to 70% mineral, 20 to 40% organic 

matrix, 5 to 10% water, and <3% lipids [4–6]. But, it does not mean bone cannot be injured or 

affected by diseases. Once a fracture or disease occurs on bone, bone grafting becomes the 

option of regenerating the bone. Bone graft is a surgical procedure to reconstruct bone after 

trauma, infection, or disease, improve bone healing response, and regenerate bone tissue 

around implanted devices [7–9]. The three main types of bone graft are autografts, allografts 

and xenografts. Autografts or autologous grafts are the gold standard in bone grafts as they 

contain both standards in bone grafts since it contains both osteogenic cells and an 

osteoconductive mineralized extracellular matrix where these can grow and proliferate. 

Autografts are harvested bone tissues from the same patient for transplanting to the place it is 

needed [10,11]. However, this type of graft’s major drawback is a secondary surgical operation 

performed at the tissue harvest site that may result in complications such as donor side damage, 

defect, traumatize, and morbidity [10]. To overcome this problem, allografts being introduced. 
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Allografts are bones from a donor of the same species for bone graft procedure. 

Allograft provides an alternative option for the treatment of complicated bony defects. 

However, allografts lead to other problems, including the risk of infections, an immune 

response of host tissue, disease transmission, and limited biological and mechanical properties 

[12,13]. Then, a bone donor from different species being introduced, known as xenograft. 

Cruciate ligament from porcine and dog tibia being used for bone grafting process. However, 

due to high immunity, insufficient biomechanical qualities, and foreign body reaction, this type 

of bone graft is abandoned as it creates a new problem rather than developing a new solution 

from limitations in autograft and allograft [7,14]. From all the disadvantages of autografts, 

allografts and xenografts, biomaterials are introduced to overcome that issue. 

Biomaterials is a systemically and pharmacologically inert substance designed for 

implantation within or incorporation with living systems [15,16]. In simple terms, biomaterials 

are any material, natural or human-made, consisting of a whole or part of a living structure or 

biomedical device that performs, enhances, or replaces a natural function [17]. Calcium 

phosphate (CaP) is one of the biomaterials that researchers eagerly develop due to its suitability 

to be used as a carrier for drugs, non-viral gene delivery, antigens, enzymes, and proteins 

[18,19]. Besides, CaP also an excellent material in bioactivity and biocompatibility [20]. Based 

on industry trends, the CaP market size value in 2018 was over USD 640 million and is 

expected to increase by over 5% in 2025 [21,22]. From this trend, CaP is still relevant to be 

produced due to its market demand. Three types of CaP show high research interest. These are 

hydroxyapatite (HA), tricalcium phosphate (TCP), and biphasic calcium phosphate (BCP). In 

bone engineering application, calcium phosphate from HA, TCP, and BCP becomes a choice 

as it calcium to phosphorus (Ca/P) ratio in the range of bone Ca/P ratio 1.37 to 1.87 [23,24]. 

To produce CaP, calcium and phosphate precursor must be mixed together through the 

precipitation process with an additional pH adjuster to make sure the solution in the alkaline 

pH range.  Calcium precursors in this research work from chicken eggshell waste converted to 

calcium oxide (CaO). Eggshell waste contains a high percentage of calcium contains (94-97%) 

in calcium carbonate (CaCO3) or also known as calcite form [25,26].  To date, eggshells can 

serve as a promising biomaterials source because of their continuous resource compared to 

other natural sources of CaP like bovine bones and corals. Obtaining CaO is essential as it is a 

raw material for producing CaP that will be further synthesized through various synthesis 

methods such as precipitation, sol-gel, etc., in the manufacturing of scaffolds or any other 

biomedical needs [27–30].  

This research work focused on the synthesis of CaP from chicken eggshells as the 

source of calcium precursor with phosphate precursor from ortho-phosphoric acid and 

additional ammonia solution that act as pH adjuster. The chemical, physical, and morphological 

properties of the materials were studied. 

2. Materials and Methods 

2.1. Sample preparation. 

The collected eggshells were washed and immersed in boiling water for 30 minutes to 

remove any surface contaminants. Next, these eggshells were dried in the oven for 3 hours 

before crushed into smaller flakes using alumina mortar. Then, these eggshell flakes were 

calcined at a temperature of 900°C for 4 hours in the furnace for a complete transformation of 

CaCO3 into CaO powders to ensure complete carbon dioxide removal (CO2) [31]. 
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2.2. Synthesis of CaP. 

CaP powders were prepared by using the wet chemical precipitation method. CaO 

powders obtained were introduced into a beaker containing 250 ml of distilled water and stirred 

for 30 minutes at a temperature of 60°C. The powder was ultimately dissolved by warming the 

solution. 

CaO + H2O = Ca(OH)2  

Then, 14.7 ml of ortho-phosphoric acid (H3PO4) dissolved in 250 ml of distilled water 

were added into the suspension and continue to be stirred until temperature up to 80°C 

producing white-colored precipitate. Next, ammonia solution (NH3) was added as a pH 

adjustment until the suspension’s pH reached 9-12. The reacted suspension, which was milky, 

was left resting (aging) in the fume cupboard for 24 hours before the precipitation product was 

filtered.  

3Ca(OH)2 + 2H3PO4                    Ca3(PO4)2 + 6H2O 

The solid white product collected from filtration was oven-dried at a temperature of 

80°C for 2 hours. The product was then rinsed with distilled water and filtered again to dissolve 

any unreacted phosphate during the reaction process. Later, the product was oven-dried at a 

temperature of 100°C for 2 hours. The agglomerated white powder was crushed using a mortar 

and sieved until the size powder’s average obtained was ≈ ≦60 µm. Lastly, the synthesized 

powder was calcined at various temperatures of 600, 700, 800, 900 and 1000°C for 3 hours at 

5°C/min of heating and cooling rates. The calcined powder was roughly crushed in a mortar 

and pestle to get the final refine powder.  

2.3. Characterization. 

2.3.1. X-ray diffraction (XRD). 

The phase analysis of calcined powders was determined under XRD analysis. All the 

uncalcined and calcined powders were placed into the sample holder. This instrument works 

with voltage and the current setting of 30 kV and 40 mA, respectively, and uses Cu-Kα 

radiation (λ=0.15406 nm). For qualitative analysis, XRD diagrams were recorded in 2θ=10°-

100° at a step size of 0.02°, and the step time is 2s per step. Then, the lattice parameters and 

atomic position were refined by using OriginPro 2018 and X'Pert HighScore software 

programs.  

2.3.2. Fourier transform-IR (FTIR). 

The functional group of synthesized calcium phosphate powders was obtained using an 

FTIR spectrometer. All powder samples must be finely ground to reduce scattering losses and 

absorption band distortions. Attenuated Total Reflection (ATR) powder technique was used 

with range 600 to 4000 cm-1; accommodation 32 scan and resolution of 4 cm-1.  

2.3.3. Scanning electron microscopy (SEM). 

Morphological analysis of the powder samples was examined under SEM with high 

magnification, and EDX was performed to determine each sample’s percentage composition. 

All samples were double-coated by gold using a sputter coater on the surface to create a 

conductive layer and reduce the samples' charging. 

NH3 
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3. Results and Discussion 

3.1. Characterization of CaP. 

3.1.1. X-ray diffraction (XRD) analysis. 

 The identification of the crystalline phase of uncalcined and calcined CaP powders at a 

temperature range from 600 to 1000°C was conducted by X-ray diffraction to confirm the phase 

existence. The diffraction patterns are shown in Figure 1. 

 
                                             (a)                                                                                  (b) 

Figure 1. XRD pattern for a sample at different temperatures. (a) HA pattern; (b) TCP pattern. 

The crystalline phase of HA powder confirmed the formation of an amorphous CaP 

precursor, as shown by significant peaks appear at (111), (002), (211), (112), (130), (213), 

(004), (323), (323), (210), (401), (313), (321) and (333) planes respectively in accordance to 

JCPDS file no. 74-0566. The characteristics of XRD patterns of hexagonal symmetry HA 

powder were identified at a temperature range from 0 to 700°C. The sharp peaks are obtained 

at 2θ value of 26°, 32°, 46°, 49°, 57°, and 64° indicates complete crystallization of the 

synthesized HA. Moreover, the broad peaks indicating low crystallinity of HA are obtained at 

2θ values of 30°-35°, 49°-53°, and 64° as a result of impurity in synthesized HA powder. 

Besides, it is confirmed that there is no other crystalline phase, and there are no concurrences 

of secondary phases other than HA during HA formation. Furthermore, the HA's peaks were 

further reduced, indicating the gradual disappearance of HA and the appearance of β-TCP as a 

secondary phase. When heat-treated at 700°C, these peaks biphasic can be discovered where 

at 2θ value of 25°, 33°, and 46° for HA whereas β-TCP peaks started to appears at 28°, 32°, 

and 36°. The new peaks of β-TCP match the JCPDS file no. 70-2065 belongs to the 

rhombohedral symmetry. As the temperature increase from 700 to 1000°C, the appearance of 

β-TCP peaks getting more distinct at (122), (211), (0210), (300) and (220) planes, respectively. 

According to previous works, the sharper peaks of higher calcination temperature 

results indicate the higher crystallinity structure obtained. Besides, the formation of β-TCP may 

arise due to multiple variables during the synthesis process, such as chemical impurity, the 

concentration of aqueous solutions, processing pH, including calcination temperature [32]. In 
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addition, the profile of synthesized HA and β-TCP was in agreement with the profile of the 

commercial calcium phosphates. The reaction at 600°C showed the formation of HA with no 

other phase also at 700°C, although there is a small quantity of β-TCP. At the temperature of 

800°C, the synthesized powder showed that β-TCP is easily formed at the beginning of higher 

heat treatment and remains the main phase until temperature reaches 1000°C. Other related 

works found that the HA phase can stabilize up to 1300°C [33]. The duration of calcination, 

which is 3 hours, did not significantly affect the crystalline powder produced than calcination 

temperature, which plays a crucial role in this experiment. It implies that, heat treatment must 

be performed at a minimum temperature of 600°C, as stated by previous works, to ensure 

complete removal of any organic substances and residue from the experiment's synthesized 

part [30]. Plus, higher calcination temperature can promote to more stable crystal with higher 

intensity of final products.   

3.1.2. Fourier transform-IR (FTIR) analysis. 

 Fourier transform infrared (FTIR) spectrometry was analyzed to determine the 

functional group of both simultaneously uncalcined and calcined CaP. Figure 2 shows the IR 

spectra of both uncalcined (0ºC) and calcined CaP from 600 to 1000ºC. 

 
Figure 2. FTIR pattern of CaP powder at different temperatures. 

Based on Figure 2, the FTIR pattern of uncalcined CaP shows broadband from 3599 to 

2745 cm-1 indicates the presence of adsorbed water in the surface of the CaP particle due to 

moisture as the sample not being calcined [34,35]. From this broadband, it has been attributed 

as H-bonded water of humidity [36]. After CaP being calcined, this band disappears as heat 

removes water from the sample. Carbonate ion, CO3
-2, bands were spot for temperature 0°C at 

1451 and 879 cm-1 where it can be ascribed to B-type carbonate substitution on phosphate ion 

sites [37]. The presence of signals from the carbonate vibrations is typical of natural phosphates 

and can be associated with the phosphate groups' substitution by the carbonate ones inside the 

crystals [38]. Type B apatite has better bioactivity and is better for bone replacement due to its 

similarity to biological apatites in human bone [39]. For samples at temperatures 600 to 

1000°C, CO3
-2 band does not appear. CO3

-2 is caused by an atmosphere-opened reaction that 

allows CO2 incorporation into the particle's surface. After calcination, it is possible to observe 

a decrease in these bands' intensity because adsorbed groups tend to be eliminated at high 
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temperatures [34]. For phosphate ion PO4
-3 band, 1138 and 1013 cm-1 shows v3 antisymmetric 

stretching while 970 cm-1 shows v1 symmetric stretching [40,41]. v2 symmetric bending and v4 

antisymmetric bending cannot be detected as the scanning range of this sample is 600 to 4000 

cm-1 while v2 and v4 state around 599 to 460 cm-1. However, the characteristic band position 

for the CaP band position can still be detected at 1138, 1013, and 970 cm-1, which shows all 

this sample is in CaP form [38]. The band at 753 cm-1 indicates α-pyrophosphate, α- P2O7
-4 and 

when CaP being calcined to a temperature above 900°C this band disappears. The band at 731 

cm-1 shows P2O7
-4 ion, where the intensity of this peak increase with the increasing calcination 

temperature. This peak becomes sharper by calcined the sample, which agrees with converting 

hydrogen phosphate ion, HPO4
-2 to β-TCP after calcination at 600 to 1000°C [42,43]. 

3.1.3. Scanning electron microscopy (SEM) analysis. 

The morphological analyses of CaP powders were shown in Figure 3, which reveals the 

favorable outcome in the synthesis of CaP particles with an average 60µm particle size in this 

experimental work. Morphology samples that did not experience heat treatment (Figure 3a) 

reveal petals and needle-like shapes for the most part. It also tends to become a more fibrous 

cluster due to poor crystallization due to low calcination temperature.  

  

  

  
Figure 3. SEM image for CaP after calcined at different temperature: (a) 0°C; (b) 600°C; (c) 700°C; (d) 800°C; 

(e) 900°C; (f)1000°C. 

Moving on to a temperature range of 600°C to 800°C (Figure 3b, c, d) showed the 

samples transform to more fluffy and rounded-edge, which is a typical morphological pattern 

for calcium phosphate powder that contains HA. Other related works also justify this pattern 

as a rice-like pattern that is formed by many agglomerations [27]. This emphasizes that 

morphology transformation is mainly due to the effect of high calcination temperature. As 
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mentioned, temperature affects crystal growth because of molecules' faster movement, 

resulting in them evaporating rapidly. Figure 3e responds to expectation where the 

agglomeration samples display irregular, more connected shapes starting to welded together. 

Pointed to the fact that at 1000°C, starting the formation of inter-particle necks and will grow 

along with the increase in temperature up to 1200°C, and the pore is starting to shrink [44]. 

Table 1. EDX analysis for CaP powder at different calcination temperatures. 

Sample Element Atomic% Weight% Ca/P 

0°C 
Ca 61.96 67.83 

1.63 
P 38.04 32.17 

600°C 
Ca 60.58 66.53 

1.54 
P 39.42 33.47 

700°C 
Ca 59.70 65.72 

1.48 
P 40.30 34.28 

800°C 
Ca 57.14 63.42 

1.36 
P 42.86 36.58 

900°C 
Ca 54.79 61.07 

1.21 
P 45.21 38.93 

1000°C 
Ca 53.77 60.08 

1.16 
P 46.23 39.92 

 

EDX analysis in Table 1 confirms the purity of the materials being composed solely of 

Ca and P and O and H. Even though the EDX analysis is qualitative. It can help identify the 

calcium and phosphorous ratio from the atomic percentage (atom %) [45]. The results of Ca/P 

ratio were calculated for all samples obtained, mainly calcium-deficient HA in which 

comparable to CaP found in bone and teeth. CaP with Ca/P ratio that is less than 1.5 would be 

likely less stable. This is because the higher Ca deficiency that leads to the imperfection of the 

structure [46]. The samples at temperature 600 and 1000°C display a Ca/P ratio <1.5, leading 

to the formation of β-TCP in which proved in XRD analysis where β-TCP starting to appear at 

700°C. The presence of β-TCP in calcium phosphates powder can be benefited for its good 

solubility and degradation rate, which it can be chosen as starting materials for bioresorbable 

graft. 

4. Conclusions 

 Calcium phosphate (CaP) is successfully synthesized through the precipitation process 

using eggshell waste treated with calcium oxide (CaO) as calcium precursor and ortho-

phosphoric acid as phosphate precursor with additional ammonia solution that acts as pH 

adjuster. For XRD analysis, two types of CaP can be detected: hydroxyapatite (HA) and β-

Tricalcium phosphate (β-TCP). FTIR analysis shows H- band, CO3
-2, PO4

-3, P2O7
-4 that occur 

due to different samples' calcination temperatures. SEM shows a needle-like shape for 

uncalcined CaP to more fluffy and rounded-edge for CaP calcined at 600 to 800°C, an irregular, 

more connected shape starting to weld together for sample 900°C and transform to inter-

particle necks for 1000°C. Ca to P ratio (Ca/P) resulted in a 1.16 to 1.63 Ca/P ratio. The 

synthesized CaP powder with calcined CaP powder at 600 to 700°C suitable for biomedical 

implant in hard tissue engineering application based on its Ca/P ratio. 
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