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ABSTRACT

Synthesis of hydroxyapatite (HA) was attempted through a room-temperature reaction of calcined eggshell with phosphoric

acid. Ball-milled, calcined eggshell powder, which has a specific surface area of 31.6 m2/g, was mixed with various concentrations

of phosphoric acid at room temperature. The mixtures showed high reactivity and a vigorous exothermic reaction ; the reacted

samples showed both Ca(OH)
2
 and CaHPO

4
 crystal phases. After heating at temperatures above 400oC, an HA crystal phase was

observed in all samples. The calcined eggshell showed a pure CaO single phase, while the Ca(OH)
2
 phase was only observed in

the wet, ball-milled calcined powder. The degree of formation of the HA crystal phase increased as the phosphoric acid concen-

tration and the heating temperature were increased. A mixture with 50 wt% phosphoric acid concentration showed a well-devel-

oped HA crystal phase after heat treatment at 800oC, while the formation of a more intensive amorphous phase was observed in

the products of the room-temperature reaction.
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1. Introduction

patite is the major mineral composing hard tissues,

such as bone and dentin in the human body. The bio-

mineralization of apatite is usually a self-remodeling pro-

cess guided by osteoblast cells and proteins. Because apatite

materials have high bio-compatibility, they are often called

bio-materials. These materials utilize apatite mineralized

on their surfaces as an interface to integrate spontaneously

with living tissue.1-5) In particular, calcium phosphate

ceramic materials are an important subject in bio-material

research.

Hydroxyapatite powders are mainly used as a source

material to form sintered bodies and polymer composites.

Certain applications depend on the HA structure, crystallin-

ity, particle size, and morphology.6-7) Synthesis methods for

HA include precipitation, the sol-gel method, the micro-

emulsion method, the solid-phase reaction method, the

hydrolysis method, the microwave irradiation method, and

many other synthetic methods. However, the three main

methods (sol-gel method, precipitation method, and micro-

emulsion method) result in the formation of non-stoichio-

metric products. The low crystallinity of the product mate-

rial is due to experimental conditions such as pH,

temperature, or contamination of the reactants, whose ions,

sodium, potassium, nitrate, and chloride show strong affin-

ity with HA. Non-stoichiometric apatite and stoichiometric

HA have the same crystal structures.8-14) Even though HA

has high bio-compatibility, its use as a single material for

growing artificial bone is restricted, because it is a brittle

ceramic.15-16) For this reason, HA is used to prepare compos-

ite materials, such as HA coatings, for placement on tita-

nium metal. This process has recently been studied to

compensate for the short-comings of HAs.15-17)

Calcium phosphates were recently synthesized using nat-

ural calcium sources. In the studies that were conducted,

several natural materials such as tuna bones, cuttlefish

bones, oyster shells, cockle shells, and eggshells were used

to improve the bio-compatibility.18-23) In particular, eggshell

was transformed to a pure CaO powder using a simple heat

treatment. Calcium phosphates such as tri-calcium phos-

phate (TCP) and hydroxyapatite thus have been synthe-

sized through a soft solution process using eggshell.21-22)

In this study, nano-sized CaO powders obtained by wet-

milled, calcined eggshell were used as a starting powder.

The processed powders were reacted with various concen-

trations of phosphoric acid solution at room temperature

without any other media. The possibility of synthesizing HA

at low temperature, combined with the use of low concentra-

tion phosphoric acid solutions, was thus examined.

2. Experimental Procedure

Washed raw eggshells were calcined in an air atmosphere

at 900oC for 4 h. The calcined eggshells were wet ball-milled
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to break down the agglomerated powders. The wet milling

process was performed using an isopropyl alcohol solvent

(IPA, 99.5%, Daejung Chemicals & Metals CO., LTD,

Korea) and zirconia ball media for 24 h. The volume ratio of

calcined eggshell to IPA was 1 : 1. The milled powders were

dried at 80oC for 48 h. The main reaction for obtaining HA is

induced by combining the processed powders with phos-

phoric acid solutions of various concentrations (10 wt%,

30 wt%, 50 wt%). The phosphoric acid solutions were made

by mixing D.I. water with a phosphoric acid reagent (85wt%

in H
2
O, DC Chemical Co. Ltd.). The prepared phosphoric

acid solutions were manually mixed with the processed

powders at a 1:1.5 weight ratio. After mixing, all samples

were completely dried at room temperature, and then the

powders were subjected to heat treatment at temperatures

ranging from 200oC to 800oC with a heating rate of 3oC/min

and holding time of 4 h. The development of crystalline

phases in the as-synthesized powders was determined using

X-ray diffraction (XRD, X'pert-pro MPD, PANalytical, Neth-

erlands). The morphological characteristics of the calcined

eggshell before and after wet milling were determined using

field emission scanning electron microscopy (FE-SEM, S-

4800, Hitachi, Japan). The specific surface area of the cal-

cined and wet-milled eggshell was observed using an Auto-

mated Surface Area & Pore Size Analyzer (Quadrasorb SI-

Kr, Quantachrome Instruments, USA). The pyrolysis and

synthesis behavior of the samples reacted at room tempera-

ture were monitored by a thermogravimetric analysis/differ-

ential scanning calorimetry (TGA/DSC, TG2171, Thermo

Cahn Corp., USA) in an air atmosphere at temperatures up

to 900oC with a heating rate of 10oC /min.

3. Results and Discussion

According to the previous study, raw eggshells before cal-

cination display a main crystal phase of CaCO
3
.23) Calcined

eggshell showed a single CaO crystal phase in XRD obser-

vation. This is presumed to be because the main ingredient

of eggshell is CaCO
3
, which decomposes. However, after the

wet milling process, the calcined eggshell powders showed

CaO and Ca(OH)
2
 phases. XRD patterns before and after

wet milling of the calcined eggshell are shown in Fig. 1.

After milling the calcined eggshell powders, the specific sur-

face areas of the pre- and post-wet milling powders increased

substantially from 1.199 m2/g to 31.566 m2/g. The change in

specific surface area led to a reaction of the calcined egg-

shell powders with water molecules from the air or the

hydroxide ions inside the IPA (C
3
H

8
O), allowing for the for-

mation of the Ca(OH)
2
 phase. SEM images of the calcined

eggshell before and after wet milling are shown in Figs. 2

and 3. Before wet milling, the powders showed high agglom-

eration; after the wet milling process, however, agglomera-

tion significantly decreased.

When mixing the calcined eggshell powders with solutions

of various concentrations of phosphoric acid (10 wt% to 50

wt%), exothermic reactions were observed, with the amount

of heat released by the reaction being directly dependent on

the concentration of phosphoric acid. The results of changes

in the crystal phase in relation to the reaction of the pow-

ders with phosphoric acid solutions of various concentra-

tions and in relation to the temperature of the heat

treatment are shown in Figs. 4 to 6. In the samples used to

evaluate the reaction at room temperature between phos-

phoric acid solutions of 10 wt% to 30 wt% and calcined egg-

shell powders, Ca(OH)
2
 was observed as the major crystal

Fig. 1. XRD patterns of (a) pre-wet milling and (b) post-wet
milling eggshells calcined at 900oC for 24 h.

Fig. 2. SEM morphologies of pre-wet milling eggshell calcined at

900oC.
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phase, while CaHPO
4
 appears as a minor crystal phase.

These results can be attributed to the low concentration of

phosphoric acid solution used in the reaction; there were not

sufficient phosphate ions for complete reaction with the pre-

pared powders, and this in turn led to a reaction of the pow-

ders with the D.I. water in the solution, generating the

Ca(OH)
2
 crystal phase. On the other hand, the powders

reacted with the 50 wt% concentration phosphoric acid solu-

tion displayed CaHPO
4
 as the major crystal phase. All the

powders heat treated at 400oC displayed the HA crystal

phase. The presence of the HA crystal phase increased as

the temperature increased. The mixture with 50 wt% phos-

phoric acid concentration (Fig. 6) showed a relatively well

developed HA crystal phase after heat treatment at 800oC,

while some amorphous phase material was observed in the

room-temperature reactants.

The simultaneous TGA/DSC results of the powders

reacted with 10 wt% to 50 wt% concentrations of phosphoric

acid solution, heated from room temperature to 900oC, are

shown in Fig. 7. As can be seen in these results, endother-

mic reactions were observed, with weight reductions notice-

able for temperatures in the range of 400oC to 500oC and at

temperatures over 600oC. Through an analysis of the TGA/

DSC results and the XRD patterns, it is speculated that

Ca
5
(OH)(PO

4
)
3
 is generated at these temperatures in a two-

step reaction.

In the first step, Ca(OH)
2
 undergoes a decomposition

phase and reacts with CaHPO
4
 in a temperature range of

400oC to 500oC, generating HA.

Fig. 3. SEM morphologies of wet-milled eggshell calcined at
900oC.

Fig. 4. XRD patterns of wet-milled calcined eggshell pow-
der mixtures with 10 wt% phosphoric acid solution
according to heating temperature (JCPDS Card No. :
77-0128, 72-0156, 86-1201).

Fig. 5. XRD patterns of wet-milled calcined eggshell pow-
der mixtures with 30 wt% phosphoric acid solution
according to heating temperature.

Fig. 6. XRD patterns of wet-milled calcined eggshell pow-
der mixtures with 50 wt% phosphoric acid solution
according to heating temperature.
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2Ca(OH)
2(g)

+ 3CaHPO
4(g) 

or H
3
PO

4
 

→ Ca
5
(OH)(PO

4
) + 3H

2
O

(g)
 (1)

At 400oC to 500oC, in the case of the lower concentration of

phosphoric acid precursor (Fig. 7(a)), an increase in weight

is observed. This is the result of a higher quantity of

Ca(OH)
2
 particles, which is due to the low concentration of

the phosphoric acid solution. At 400oC, the XRD pattern

shows a significant decrease of the Ca(OH)
2
 peaks, which

further validates the idea that these particles undergo

decomposition starting at this temperature. For heat treat-

ments of 400oC and above, the XRD analysis shows the

presence of Ca(OH)
2
 peaks. It is assumed that the un-

reacted calcium components such as calcium oxide react

with the humidity in the air during the XRD analysis pro-

cess, due to their high reactivity. In addition, the TGA/DSC

results showed an increase in weight at around room tem-

perature for all samples. It is speculated that, because of the

high specific surface area of the CaO powders, the mixtures

react with the humidity in the air, producing the Ca(OH)
2

phase.

In the second step, CaHPO
4 
is decomposed at a tempera-

ture of over 600oC. While undergoing decomposition, CaH-

PO
4
 reacts with the unreacted CaO generated during the

first step between 400oC to 500oC through the decomposi-

tion of Ca(OH)
2
, leading to the synthesis of HA.

2CaO
(g)

+ 3CaHPO
4(g) 

→ Ca
5
(OH)(PO

4
) + H

2
O

(g)
 (2)

According to the XRD patterns of the powders reacted at

room temperature, using higher concentrations of phos-

phoric acid solution can lead to the formation of more CaH-

PO
4 
than Ca(OH)

2
. The weight change of the sample reacted

with the 50 wt% phosphoric acid solution consequently saw

a faster increase at temperatures over 600oC than did the

samples reacted with the low concentration (10 wt% and 30

wt%) phosphoric acid solution. CaHPO
4
 is not observed in

the XRD patterns of the powders subjected to heat treat-

ment at and above 400oC. This contradicts the results of the

TGA/DSC analysis, which showed that CaHPO
4 
should still

be present in the powders at these temperatures. The rea-

sons for this discrepancy are the fast heating rate of the

TGA/DSC analysis (10oC/min) and also the absence of long

holding time. The slower heating rate of the synthesis pro-

cess (3oC/min), combined with the longer holding time, allow

for the possibility of reaction between the Ca(OH)
2 
(between

400oC and 500oC) or CaO (above 600oC) and the CaHPO
4
,

which subsequently leads to the synthesis of HA.

SEM images of nano-sized calcined eggshell powders

reacted with the phosphoric acid solution of 50 wt% concen-

tration at room temperature and the same powders after

heat treatment at 800oC are shown in Fig. 8. It can be

observed that the powders display both needle shaped and

plate shaped particles. The XRD pattern analysis results

displayed in Fig. 6 show that, at room temperature, the

CaHPO
4
 crystal phase is formed in combination with the

Ca(OH)
2
 crystal phase. Based on the XRD patterns (Fig. 6),

it is assumed that the needle shaped particles are CaHPO
4

Fig. 7. TGA/DSC results for as-reacted calcined eggshell pow-
der mixtures with (a) 10 wt%, (b) 30 wt% and (c) 50
wt% phosphoric acid solutions. Fig. 8. SEM morphologies of eggshell powder mixtures reacted

with 50 wt% phosphoric acid solution: (a) as-reacted
at room temperature and (b) after heat treatment at
800oC.



208 Journal of the Korean Ceramic Society - Tae-Sung Kang et al. Vol. 52, No. 3

while the plate shaped particles belong to the Ca(OH)
2
 crys-

tal phase. In the case of the sample heat treated at 800oC, it

can be observed that the thickness of the needle shape par-

ticles increased, showing a submicron size. This increase is

presumed to be caused by the merging of neighboring parti-

cles, which retain their needle shapes while the crystal

phase changes from CaHPO
4
 to HA.

4. Conclusions

Wet-milled, calcined eggshell powders displayed a high

specific surface area of 31.566 m2/g. Due to the specific sur-

face area of the powders, they are more prone to react with

moisture in the air, and the surface powders tend to become

Ca(OH)
2
. The amount of CaHPO

4
 crystal phase, another

reactant between calcined eggshell (CaO) and phosphoric

acid at room temperature, depended on the concentration of

the phosphoric acid solution. In the case of samples heat

treated at 400oC and higher, the powder mixtures displayed

a HA crystal phase. The formation of the HA crystal phase

depended on the phosphoric acid concentration and the heat

treatment temperature. The reaction, at room temperature,

between the milled eggshell powders and the phosphoric

acid solution with 50 wt% concentration resulted in the for-

mation of needle and plate shaped particles. Needle shaped

particles were also observed after heat treatment at 800oC,

showing an HA crystal phase of submicron size.
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