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Abstract

Nanosize hydroxyapatite powder synthesized indirectly from eggshells is used to produce 3D porous scaffolds. They
are fabricated via a polymeric sponge method. X-ray diffraction (XRD) and transmission electron microscopy (TEM)
are used to characterize the phase composition and grain size of the scaffolds, respectively. The results showed that the
prepared powder is composed of pure hydroxyapatite with a grain size ranging between 35 and 122 nm. The prepared
scaffolds calcined at 1250 °C for 2 h possess interconnected porosity (=73 %). The studied scaffolds showed suitable
mechanical strength necessary for bone tissue engineering. Their crushing and bending strengths were 0.82 MPa and
1.72 MPa, respectively. Thin film XRD, SEM and EDS confirmed the presence of a rich bone-like apatite layer post-

immersion in SBF on the scaffold’s surface.
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I. Introduction

All around the world millions of tonnes of eggshells are
thrown away as waste material every year from hous-
es, restaurants, hatcheries and bakeries. Thus the utiliza-
tion of eggshell waste will lead to a direct impact on both
the national economy and environmental pollution of the
country. According to Food and Agriculture Organiza-
tion (FAO) estimation, Egypt’s egg production during
the period 2000 to 2012 expanded from 177 000 t to reach
310000 t, making this country the third largest producer in
the Africanregion !. The eggshell represents approximate-
ly 11 % of the total weight of the egg. Itis composed of cal-
cium carbonate (94 % ), magnesium carbonate (1 %), calci-
um phosphate (1 %), organic matter (4 %) and some trace
elements such as Mg2+, Na*, Sr2*+ and Si2+, which have
an important role in bio-mineralization during bone for-
mation 2-3. Because of the natural biological origin of the
eggshell, it produces hydroxyapatite (HA) having crys-
talline structure and composition similar to human bone #.
Such properties have qualified eggshell for use as a promis-
ing raw material for biomedical applications.

Direct and indirect conversion methods are used to syn-
thesize HA from eggshells 43. The direct conversion pro-
cess is carried out by means of hydrothermal methods 6 7.
On the other hand, the indirect process consists of two
steps. In the first step, calcium precursor is prepared from
the eggshell, and in the second step it is converted into
HA. A number of preparation techniques have been used
to synthesize HA such as, mechano-chemical, wet precip-
itation, sol-gel, and microwave irradiation 489, Ho et
al. 10 applied the solid state reaction technique to prepare
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HA. They heated the eggshell powders (used as a source of
calcium) with dicalcium phosphate dihydrated (DCPD) at
1150 °C for 3 h with a heating rate of 10 °K/min.

Chaudhuri et al. 11 prepared nano-crystalline HA from
eggshell and dipotassium phosphate (K,HPO,). They
claimed that the prepared HA is very pure and it has a
regular and uniform grain size. Many authors used or-
ganic modifiers such as ethylenediaminetetraacetic acid
(EDTA), citric acid, and polystyrene sulfonate for the syn-
thesis of HA. They showed that the morphology of the
HA nanostructure depends on the modifier used 12-14.

Mondal er al. 15 prepared nano-hydroxyapatite with
grain size of 78.31 nm from eggshell with the wet precip-
itation method. They dissolved the eggshell powder in
dilute HNOj acid, then they added 0.6 M diammonium
hydrogen phosphate solution dropwise with continuous
stirring for 1 h.

Lee et al. 16 and Lee et al. 17 synthesized HA from cal-
cined eggshell and phosphoric acid. Lee ez al. 16 mixed cal-
cined eggshell with phosphoric acid with a mixing ratio of
1.0: 1.2 CaO: phosphoric acid. They added polyethylene
glycol (PEG) to the slurry to produce a finer crystallite
size. They showed that the addition of PEG produced a
homogeneous precursor with a grain size of 80100 nm.
Lee et al. 17 claimed that their HA powder calcined in air
for 2 h possessed a grain size of 50— 80 nm. Adak et al. 18
converted calcined eggshell into calcium nitrate before the
reaction withammonia and diammonium hydrogen phos-
phate solutions. They produced Ca-deficient HA pow-
der with a crystallite size of 70—80 nm; calcination tem-
perature was 900 °C. On the other hand, the grain size
of HA powder calcined at 900 °C for 1 h synthesized by
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Prabakaranand Rajeswari 19 was 88 nm. They used the hy-
drothermal method and cationic surfactant cetyltrimethy-
lammonium bromide (CTAB) as a template to synthesize
nano hydroxyapatite from calcined eggshell.

Porous HA scaffolds were fabricated by means of many
techniques to meet the structural and mechanical require-
ments of tissue engineering. Scaffolds must have a highly
porous surface with highly interconnective pores. Con-
ventional methods of porous scaffold fabrication include
sponge replica, sol-gel casting methods, solvent casting/
porogen leaching 20, thermally induced phase separa-
tion freeze-drying 2022, and gas foaming/porogen leach-
ing 23,24, Recently, automated computer-controlled fab-
rication techniques like rapid prototyping (RP) have been
used in biogenic scaffold preparation 25-27.

The present study aims at the fabrication of porous 3D
HA scaffolds with an interconnected pore structure via the
polymeric sponge method. The HA powder is prepared
indirectly from eggshell powder and the physical, thermal
and mechanical properties of both HA powder and scaf-
folds are studied. In addition, the produced HA scaffolds
studied 77 vitro and mechanically evaluated. In the present
study, eggshell biowaste is converted to nano-hydroxyap-
atite porous scaffolds that mimic the structure and biolog-
ical function of natural bone with a cheap and eco-friendly
method, which is, to our knowledge, a new and novel ap-
plication for hydroxyapatite prepared from eggshell.

I1. Materials and Methods

(1) Materials

Eggshell was collected from bakery shops, orthophos-
phoric acid H3PO, (Elgoumhouria Co. for trading
Medicines Ameria Cairo, Egypt), ammonia solution
NH,OH (Wessex House, Shaftesbury, Dorset, UK-
Molekula), polyvinyl alcohol LR (Laboratory Rasyan),
distilled water, highly dense polyethylene sponge, syn-
thetic sponge and reagent-grade NaCl, NaHCO;, KCl,
NazHPO4'2H20, MgC126H20, CaClz, and Na2504
were used in the present study

(2) Methods

(a) Preparation of calcium oxide from eggshell

The egg shell was collected, washed with distilled water,
dried, then crushed and calcined at 900°C for 2h with
heating rate of 5°K/min in presence of an air stream to
avoid carbon fixation during the calcination process. The
decomposition of eggshell (CaCO3) to CaO takes place

according to the equation:
CaCO; %" Ca0+CO,

The calcined material (CaO) was stored in an airtight
desiccator to minimize any possible exposure to moisture

(b) Preparation of bydroxyapatite powder

The freshly prepared CaO was mixed with the stoi-
chiometric amount of distilled water (about 32.15 ml
H,0/100 g CaO) to prepare Ca(OH),, according to the
equation:

CaO+H,0 — Ca(OH),
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0.5 M Ca(OH), suspension and 0.3 M orthophospho-
ric acid were prepared with the appropriate dilutions.
The 0.5 M Ca(OH), suspension was vigorously stirred at
70°Cfor 1 h, and the 0.3 M H3PO solution was added, at
the end of the stirring time dropwise with a slow stirring
rate. The pH of the solution was kept in the range 10.5 - 11
with the addition of ammonia solution. After complete ad-
dition of the H3PO acid solution, an additional vigorous
stirring was carried out for 1 hat 70 °C. The formed slurry
was left at room temperature overnight for aging. The ex-
cess ammonia solution obtained over the white precipitate
powder was poured and the precipitate was washed with
distilled water to remove the NH,* ions. The precipitate
was dried at 105 °C for 24 h. The HA formation reaction
took place according to the following equation:

1OCa(OH)2 +6H3 PO4 — Calo(PO4)6(OH)2

The formed powder was calcined at different firing tem-
peratures ranging from 500 up to 1100 °C for 2h with a
heating rate of 10 °K/min. The calcined powder was finely
ground completely to pass a 90-micron sieve.

(c) Preparation and sintering of bydroxyapatite scaffolds

A set of cubic and rectangular specimens, with dimen-
sions of 10x 10x 10 mm and 50 x 15 x 10 mm respectively,
were cut from pieces of high-density polyethylene sponge.
Specimens were immersed in the HA slurry under vacuum
for 3 h to form porous HA scaffolds by firing. The soaked
samples were dried slowly at50 °Cfor 6 h, then at 80 °Cfor
6 h and finally at 110 °C overnight. To accelerate the oxi-
dation of the formed carbon produced by the sponge fiber
and to sweep the gases formed, the samples were fired up
to 600 °C under static air. A slow heating rate was adopt-
ed at low temperature to prevent the bodies cracking dur-
ing the burnout process, i.e. a rate of 2 °K/min from room
temperature to 600 °C followed by a higher rate of 5°K/
min to the sintering temperature. The samples were fired
at 1250 °C with a soaking time of 2 h.

(d) Acellular in vitro test

HA scaffold specimens with 10 x 10 x 10 mm3 were im-
mersed in simulated body fluid (SBF) for 1,3,6,12hand 1,
3,7,14, 21, 28 days at 37 °C. The samples were immersed
in SBF with ion concentrations nearly equal to that of hu-
man blood plasma 28 under static conditions at a concen-
tration of approximately 0.01 g/ml of solution. 1 gm of the
sample was immersed in 100 ml SBF at pH 7.4 and the tem-
perature was kept at 37 °C during the test. After immers-
ing process, the concentration of both calcium and phos-
phorusions in the solution was analyzed. The microstruc-
ture of the immersed samples was investigated by means
of SEM attached to EDS, while the formed apatite layer
on the surface of scaffolds was characterized using thin-
film XRD analysis.

(e) Characterization

Bulk density and apparent porosity of the fired spec-
imens were evaluated using the Archimedes method
(ASTM C-20). The phase composition of the samples was
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analyzed using x-ray diffraction (XRD) using monochro-
mated CuK, radiation (D 500, Siemens, Mannheim, Ger-
many). The microstructure of the samples was investi-
gated by means of scanning electron microscopy (SEM;
Model XL 30, Philips, Eindhoven, Netherlands). Bend-
ing strength was measured in a three-point bending test
on a universal testing machine (Model 4204, Instron
Corp., Danvers, MA) at a crosshead speed of 0.5 mm/min
and support distance of 40 mm. At least ten specimens
were measured for each data point. Mercury porosimetry
(Model Poresizer 9320, Micromeritics, USA) was used to
measure the samples” average pore size. The calcined HA
powder was investigated with a transmission electron mi-
croscope JEOL, JEM-2100-HR, Japan to determine the
grain particle size.

FTIR analysis of HA powder was carried out using a
FT/IR- 6100 Fourier transform Infrared Spectrometer
from JASCO, thermal analysis of the as-prepared HA
powder was investigated with a Q 600 thermogravimetric
analyzer (sample heated from room temperature up to
1000 °C at a heating rate of 5 °C), The crushing strength of
the calcined scaffolds was measured using LR/OK plus
10 KN (2248 16 F apparatus with crosshead travel of
950 mm and speed range of 0.01 mm/min, the apparent
density of HA powder was determined with a Quan-
tachrome instrument (Corporation Upyc 1200eV 5.03).
The change in the concentration of Ca and P ions was
determined with an Inductively Coupled Plasma Spec-
trometer (ICP), Model Ultima-2, JY 2000-2, France,
while the apatite layer formed on the surface of the im-
mersed samples in SBF was characterized using thin-film
XRD (X’Pert Pro. PANIxtical, target Cu-K , with second
monochromator Kt=45 mA; 4, Holland).

III. Results and Discussion

(1) Crude eggshell

The XRD pattern of the crude eggshell, Fig. 1, shows that
it composed completely of calcite. The characteristic peak
of calcite at d = 3.03985A is present as a sharp peak. It in-
dicates the pronounced crystallinity of the calcite phase
close to the values obtained from the JCPDS (005 -0586)
standard data. Fig. 2 reveals the porous nature of the raw
eggshell. The figure shows that the calcite crystals are ar-
ranged in layers and the pores are round and homoge-
neously distributed in the matrix. Itisindicated from Fig. 3
that the eggshell consisted of an outer porous calcareous
layer, and a fibrous shell membrane.

(2) As-prepared and calcined HA powder

The thermogravimetric analysis (TGA) of the as-pre-
pared HA is shown in Fig. 4. The weight loss was observed
to occur in three steps. The first step occurred between
room temperature and 300 °C and is due to the evapora-
tion of weakly entrapped water. It was found to be 5.56 %.
The weight loss in the second step was found to be 0.91 %.
It is observed between 300 and 500 °C. It could be due
to the interstitial water during the conversion of HPO 42
to P,O,4 429, The third weight loss step is observed be-
tween 500 and 1000 °C. It may be due to both the dehy-
droxylation and the formation of the PO,3- ion in addi-
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tion to the decarboxylation and the release of carbon diox-
ide 3.
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Fig.1: XRD patterns of the crude eggshell and HA calcined at
different firing temperatures for 2 h.
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Fig. 3: SEM micrograph of the crude eggshell.

The as-prepared powder was calcined at 500°, 700°,
900°, 1000° and 1100 °C for 2 h. Fig.1 shows the XRD
patterns of the calcined powders. It indicates that the pow-
der is composed completely of HA phase. The indexed d-
spacing of the samples was found to be very close to the
values obtained from the JCPDS (009 —0432) standard da-
ta. It was noticed that the intensity and sharpness of the
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peaks increased with the increase in the calcination tem-
peratures.
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Fig. 4: TGA graph of the as-prepared HA powder.

The bands of the FTIR spectrum of the eggshell cal-
cined at 900 °C are shown in Fig. 5. The spectrum shows
the typical bands of HA. The absorption; bending; <
4bands of PO43 ion appeared at 1041.37, 603.61 and
570.83 cm-1, respectively. On the other hand, 7y PO,
symmetrical stretching mode can be observed at 964 cm-1.
The surface hydroxyl groups of CaHPO, are detected at
3574.41 cm~1. While the band (shoulder) that appeared at
1093.44 cm! is assigned to degenerate t3 PO 43 asymmet-
ric stretch 3931 Two undefined bands were obtained at
2919.7 and 2851.24 cm!.
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Fig. 5: FTIR spectrum of HA powder calcined at 900 °C for 2 h.
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The TEM observations, Fig. 6, revealed that the grain size
of HA powder calcined at 900 °Cfor 2 hranges between 35
and 122 nm. The obtained grain size is smaller than or close
to that obtained by many authors 15-19,

200kx

100 ym

Fig. 6: TEM of HA powder calcined at 900 °C for 2 h.

(3) HA porous scaffolds

Bone has a three-dimensional (3D) configuration; ac-
cordingly, 3D scaffolds must be used so that new tis-
sue can be grown in a 3D manner 32. The structure of
the fabricated HA scaffold calcined at 1250°C for 2h
is shown in Fig. 7. The figure shows rounded intercon-
nected macropores with a diameter ranging between 20
and 420 um. The formed pore shape and distribution
maintained the initial sponge structure. It can be noticed
that some of the pores seemed to be blocked, but they
contain nanopores as indicated by Fig. 8. The scaffolds’
pore area, median pore diameter, bulk density, bending
strength, crushing strength and apparent porosity are
given in Table 1. The development of an interconnected
pore structure is an essential feature for the bio-scaf-
folds. They enhance the implant attachment by allowing
the new bone tissue infiltration. Kim and Mooney 32
showed that biocompatible scaffolds should have high
porosity with an interconnected pore network for cell
growth and flow transport of nutrients and metabolic
wastes. The apparent porosity of the calcined scaffolds
is 73 % with a median pore diameter of 41.72 um. We
believe that the calcined HA scaffolds satisfy the require-
ments for biocompatible scaffolds.

Table 1: Pore area, median pore diameter, bulk density, apparent porosity, bending strength, and crushing strength of

calcined HA scaffolds.
Pore area, orlg/[jilr?lr;ter Bulk density, | Apparent porosity,| Bending strength, | Crushing strength,
m?/g P ’ g/cm? % MPa MPa
pm
3.76 41.72 0.98 £0.11 73+£19 1.72 £ 0.11 0.82 £0.01
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Fig. 7: SEM of the HA scaffold calcined at 1250 °C for 2 h.

Fig. 8: SEM micrograph showing the nanopores and the intercon-
nected porosity of the HA scaffold.

The XRD pattern of the HA scaffolds calcined at 1250 °C
for 2 h is characterized by sharp peaks of HA phase with
no secondary phases present, which indicates that the scaf-
folds are composed of pure HA phase, Fig. 9.

The mechanical properties of the scaffolds used in bone
tissue engineering are an important issue. They should be
maintained for sufficient time until the formed new bone
can supportitself; during the process of osteoblast growth,
proliferation and differentiation. The studied scaffolds
showed a crushing strength value of 0.82 + 0.01 MPa and
a bending strength of 1.72 + 0.11 MPa. In agreement with
Lorenzo et al. 33, we believe that pore area has the dom-
inant influence on the mechanical properties of the ob-
tained scaffolds.

Fig. 10 shows the mean value of Ca and P ions concen-
tration (mg/L) as a function of the immersion time in the
SBE. The results reveal that the Ca and P ion concentra-
tions decreased considerably during the first week owing
to the consumption of such ions in the formation of ap-
atite on the surface of the scaffolds. From the second to
the fourth week the decrease in the Ca*2 and P*3 ion con-
centration is nearly stable, which revealed that the maxi-
mum amount of apatite precipitate has deposited on the
HA scaffold surface in the first week and transformed into
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stable bone-like apatite crystals. The thin-film XRD pat-
tern of the HA/scaffold surface confirms the above-men-
tioned result, Fig. 11. The figure shows the deposition of a
hydroxyapatite layer on the HA/scaffold surface. It shows
that the deposited HA layer has a hexagonal structure with
the main diffraction peaks at 25.9° (002), 31.8° (211), 32.2°
(112),32.9°(300), 34.0° (202) and 39.9° (130) [according to
ICDD PDF- 00-009-0432].
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Fig. 9: XRD pattern of the HA scaffolds fired at 1250 °C for 2 h.
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Fig. 11: Thin-film XRD pattern of the HA scaffold surface; im-
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242 Journal of Ceramic Science and Technology —S.M. Naga et al.

The SEM micrograph of the HA scaffolds immersed in
SBF for four weeks is shown in Fig. 12a. It could be seen
that the surface of the scaffolds is completely covered with
fine flake-shaped apatite grains. It demonstrates the good
homogeneity distribution of the apatite particles on the
scaffold surface. The SEM/EDS analysis of the indicated
region is shown in Fig. 12b. The figure indicates the pres-
ence of Ca*Z and P+4 ions. The Ca/P ratio confirmed the
formation of stoichiometric apatite (1.67).
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Fig. 12: SEM micrograph of the HA scaffold immersed in SBF for
4 weeks (a) and energy-dispersive XRD spectra (EDS) of immersed
HA scaffold surfaces; immersed in SBF for 4 weeks (b).

IV. Conclusions

1 Nano-sized hydroxyapatite powder with a grain size
ranging between 35 and 122 nm was prepared from
eggshells according to the indirect method.

2 The prepared powder is composed of HA, and it is
stable up to 1100 °C.
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3 The scaffolds calcined at 1250 °C for 2 h possess an ap-
propriate architecture suitable to meet both the biolog-
ical and mechanical requirements for scaffolds used in
bone tissue engineering.

4 On the basis of the study results, it could be inferred
that the prepared hydroxyapatite scaffolds synthesized
from egg shells have great potential for use as an eco-
nomical biomaterial.
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