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Abstract—Being no more use than fertilizer, eggshells are generally considered as garbage. A large number of
eggshell wastes are produced from food processing, baking, and hatching industries every year. As a bio-
waste, the eggshell with porous structure can still be fully utilized. In this study, eggshell was used as calcium
source and template to induce hydroxyapatite (HA) mineralization in hydrothermal reaction. The effects of
different calcium sources and phosphorus sources on the morphology and structure of HA were examined.
The synthesized particles have been characterized by X-ray diffraction, Fourier transform infrared spectros-
copy, and scanning electron microscopy apparatuses. The results showed that the porous of eggshell was ben-
eficial for the infiltration of soluble phosphorus and slowly synthesis of HA under hydrothermal conditions.
Porous eggshells and creatine phosphate disodium tended to induce the mineralization of spherical HA. Thus
HA derived from biological sources can be a possible material in converting bio-waste into value added prod-

ucts by a simple and effective way.

DOI: 10.1134/S1063774520070299

INTRODUCTION

Eggshell is a common biological mineral. Chemi-
cal composition of eggshell crust is calcium carbonate
(94%), magnesium carbonate (1%), calcium phos-
phate (1%), and organic matter (4%) [1]. The hardness
of eggshells is guaranteed by the calcium carbonate. At
the same time, the eggshell is also a porous material.
Though these minerals are occasionally used as a fer-
tilizer due to their high content of calcium and nitro-
gen, most of them are discarded as waste. Because of
high quality calcium source, eggshell as bio-waste is
used to preparation of HA with low cost and at the
same time recycling of eggshell also could be taken
care of [2]. Hydroxyapatite with chemical composi-
tion of Ca;,(PO,)c(OH), is a very promising natural
reinforcing material for polymers due to its high stiff-
ness and strength. It is, in fact, the prime inorganic
constituent (65—70%) of bone and hard tissue matrix
that is indirectly bound to collagen through some non-
collagenous proteins such as osteocalcin, osteopontin,
or osteonectin in nanocrystal form [3]. Synthetic HA
have attracted much attention as a reinforcing material
in biomedical applications because of its excellent
functional properties including biocompatibility,
osteoconductivity, nontoxicity, and bioactivity [4, 5].

A number of synthetic routes were developed for
preparing HA powders, such as mechanochemical,
sol—gel, chemical precipitation, hydrothermal, and
micro-emulsion methods. Among the various syn-

thetic routes, the hydrothermal method was proven to
be an effective and convenient way to prepare HA
samples with controllable morphologies and architec-
tures [6]. Because eggshell was a good calcium source
and this source could be utilized for synthesis of HA.
HA and B-tricalcium phosphate (B-TCP) ceramics
was fabricated using recycled eggshell calcined at
1000°C followed by reaction with phosphoric acid [7].
Benefiting from Mg as well as carbonates, the as-pre-
pared HA particles derived from eggshell possess high
level of bioactivity [8]. The obtained HA are ideal for
biomedical applications and will therefore have great
scope to be utilized as a biomaterial in various bone
tissue engineering applications and drug delivery [9].
More recently, nano-sized HA particles were synthe-
sized via hydrothermal treatment of eggshell and sev-
eral biomolecules obtained from waste materials
(pomelo, grape, and sweet potato peel extracts) [6].
These materials offer promising opportunities for the
bio-waste. Besides, the use of “biological apatite”
containing some trace elements as bone substitutes,
instead of “chemical apatite,” would be much benefi-
cial for bone defect healing [10].

In the present investigation, an attempt is made to
synthesize HA powder from eggshells. In the process
of hydrothermal synthesis, the original eggshell pow-
ders (CaCO;) and calcined eggshell powders (CaO)
which were used as the calcium source, respectively.
The eggshell has biological activity, which provides a
possibility for the synthesis of bioactive HA by using
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eggshell as a calcium source. Meanwhile, porous egg-
shells contribute to the synthesis of HA with large sur-
face area. It is beneficial to increase the application of
synthetic HA in anhydrous treatment and drug
release. Eggshells are both reactants and templates
during the synthesis process which increase the space
for waste utilization. Inorganic phosphorus source
(NaH,PO,) and organic phosphorus source (creatine
phosphate disodium, CPDS) are used as phosphorus,
respectively. Under the hydrothermal process, the
hydrolys can be adjusted to control the hydrolysis rate
of CPDS which determines the morphology, size, and
structure of the calcium phosphate products [11].
Through hydrothermal reaction, different phosphorus
supplement will help to synthesize HA with special
function and structure. This study shows a great
potential for the conversion of eggshell waste into
highly valuable compounds using a simple and effec-
tive way.

MATERIALS AND METHODS

All chemicals used in the experiments were of ana-
Iytical grade and used without further purification.
Aqueous solutions were prepared by ultrapure water.

Reactors Preparation

Hen’s eggshells were collected as bio-wastes and
immersed in boiling water to remove the inner mem-
brane and surface contaminants for 30 min. Then egg-
shells were dried in vacuum oven for 5 h at 60°C. After
preliminary pretreatments, eggshells were crushed and
powdered using an agate mortar. Then the powders
were sieved by a 300 mesh sieve. Eggshell powder was
selected as calcium source and used with three ways in
the section of experiments: CaO, CaCO;, and solution
with CaCl,. The details were summarized as follow.
(1) Eggshells were calcined in a muffle furnace at
900°C for 2 h to decompose organic matter and con-
vert CaCO; into CaO. Then CaO powders were
installed by a sealed reagent bottle. (2) CaCO; were
selected from original eggshells powders after being
sieved. (3) The solution with CaCl, was prepared by
12 M HCI hydrolyzing 2.7 g eggshells for 3 h at room
temperature; The supernatant was collect by centrifu-
gation (5000g) for 10 min which pH values were also
adjusted to 7 by NaOH solution and fixed volume to
250 mL. The concentration of Ca’" ion in the final
solution was about 0.1 M.

HA Preparation

In this section, NaH,PO, and CPDS were used as
phosphorus sources to prepare HA, respectively. The
stoichiometric ratio of Ca/P was about corresponding
to 1.67. The details of the process were as follows:
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(1) 80 mL 0.06 M of NaH,PO, solutions were
selected, and 0.5 g CaO powders were added to the
solution. After 30 min magnetic stirring, the pH value
of the suspension were adjusted to 11 by NaOH solu-
tion.

(2) 0.5 g CaCO; was added to 80 mL 0.06 M of
NaH,PO, solution and severed as calcium source.
After 30 min magnetic stirring, the suspension was
applied to synthesis HA particles.

(3) 40 mL solutions with CaCl, and 40 mL 0.06 M
CPDS solutions were selected, respectively. After mix-
ing, the solutions were used to form HA particles by
hydrothermal reaction.

(4) For comparison, the control HA particles were
also prepared by anhydrous CaCl, and CPDS under
identical experimental conditions.

After stirring, the above mixtures were transferred
into a 100 mL Teflon-lined stainless steel autoclave
which was kept at 120°C for 24 h. After cooling to
room temperature, the white precipitates were col-
lected by centrifugation (10000g) for 10 min and
supernatants were discarded. The obtained particles
were washed three times with ethanol and distilled
water, dried in a vacuum oven at 60°C for 24 h. And,
HA particles were collected, and named HA-1, HA-2,
HA-3, HA-4, respectively.

Powder Characterization

The morphologies of raw eggshell powders and
synthesized samples were characterized by scanning
electron microscopy (SEM, SU-1510), Fourier trans-
form infrared (FT-IR, Nexus 870) and X-ray powder
diffraction (XRD, MAP18XAHF), respectively. FT-IR
spectrum of synthesized sample was recorded in the
4000—400 cm™! region with 4 cm~' resolution by KBr
pellet technique to evaluate functional group of the
samples. While their crystalline phases and compo-
nents were determined by XRD with the 26 range
between 10°—80° at a step sampling interval of 0.02°.
Identification of phases were achieved by comparing
the diffraction pattern of obtained particles with rele-
vant JCPDS standards (card no. 04-0932 for HA and
37-1497 for CaO). The morphology of particles was
examined by SU-1510 SEM after being sputter-coated
with a thin layer of gold nanoparticles. UV—Vis spec-
trum of eggshell solution dissolved by HCI was
recorded by a spectrophotometer (TU-1901).

RESULTS AND DISCUSSION

The morphology of eggshell was determined by
SEM technique and presented in Fig. 1. It is easy to
find eggshell powders irregularly morphologies in
Fig. la. There are many pores distributed over the
entire eggshell architecture. The size of the pores is
different. These pores also can function as exchanger
of matter between the outside and inside of eggshells
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while having enough strength to prevent crack from
collision. The pores will be helpful to mineralization
of HA when original eggshell powders are acted as cal-
cium source. Because of the 3D porous structure, egg-
shell can store the active material and absorb the solu-
ble substances contain phosphorus and serve as an
excellent template of nanomaterial synthesis [12].
According to the relevant literature [13], the eggshell
accounts for 11% of the total egg weight and is com-
posed by calcium carbonate, calcium phosphate,
organic matter and magnesium carbonate. To deter-
mine the crystalline phase of as-collected eggshells,
XRD patterns data were collected in 26 range of 20°—
80° with a scan rate of 4 deg/min shown in Fig. 1b.

X-ray diffraction pattern of eggshell shows a major
peak at 20 = 29.58° and indicates that calcite is a major
phase of the eggshell which corresponds to the JCPDS
files for calcite (PDF no. 05-0586). FT-1R spectrum
(Fig. 1¢) of raw eggshell shows peaks at 716, 874, and
1425 cm~! which are the characteristic peaks of cal-
cite-type calcium carbonate. At the same time, the
evident peaks were the two corresponding to the reso-
nance of amide group (amide C=0 and C—N stretch,
at 1800—1500 cm™! of the spectrum) which suggests a
major protein component [ 14, 15].

Calcium chloride solution was prepared by dissolving
eggshell powders with HCI solution. After centrifugation,
the resulting solution was evaluated by UV—Vis spectros-
copy. Because of many biomolecules in the eggshell,
there is an obvious absorption peak (275 nm) in
UV-—Vis spectrum of solution (Fig. 2a). The peak at
about 275 nm belongs to the T—m* transition of tyro-
sine, tryptophan, or phenylalanine residues of pro-
teins. This result is consistent with the above result of
FT-IR spectrum of raw eggshell which further con-
firms that the solution contains protein. Also, the pro-
tein can mediate the formation of HA [16]. After cal-
cination, the material appears a porous appearance,
white color and fragile consistence. The correspond-
ing X-ray diffraction pattern Fig. 2b (calcined egg-
shell) shows reflections corresponding to JCPDS file
(PDF no. 37-1497) for CaO and no other species is
found. CaO phase with 20 values of 32.38°, 37.48°,
53.98°, 64.28° and 67.48° are found. It is implied that
the CaCO; is completely transformed into CaO
phase [17].

The morphologies of particles which were prepared
by using a hydrothermal method with different cal-
cium and phosphorus source at 120°C for 30 min was
characterized by SEM. According to above results,
calcined eggshell most is CaO. Calcium hydroxide
(Ca(OH),) is immediately formed when CaO is mixed
with NaH,PO, aqueous solution. With the hydrother-
mal method, HA is formed. The reaction can be
described by the Egs. (1) and (2).

CaO0 + H,0 — Ca(OH),, (1)
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Fig. 1. Raw eggshell: SEM image (a), XRD pattern (b),
and FT-IR spectrum (c).

10Ca(OH), + 6H,PO, )
—5 Cayy(PO,)(OH), + 18H,0.

From Fig. 3a, it is not difficult to find that the syn-
thesized particles are sheets. Most of sheets are about
2—5 um in length and 1-2 pum in width while CaO is
severed as calcium source. When original eggshell
powders being selected as calcium source, the synthe-
Vol. 65
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Fig. 2. UV—Vis spectrum of solution of eggshell which dis-
solved by HCI (a) and XRD pattern of calcined eggshell (b).

sized particles are composed of porous spherical parti-
cles with the radius about 10 um (Fig. 3b).

As we know, the POi_ ions can be produced by the
hydrolysis of CPDS under hydrothermal conditions,
so CPDS can be used as a biocompatible phosphate
source for the synthesis of calcium phosphate salts
materials. Compared with traditional phosphate salts,
the use of CPDS as the organic phosphorus source can
effectively prevent the rapid aggregation of HA [18].

Because containing a large amount of calcium car-
bonate, Ca?" ions and soluble protein are left in the
solution after HCI dissolving eggshell powder. When
above solution is used as calcium source and CPDS as
the organic phosphorus source under hydrothermal
condition, the synthesized particles are partially
spherical with a radius of about 2—3 pm which are
constructed by the self-assembly of regular hexagonal
HAs (Fig. 3c). These results indicate that CPDS plays
an important template role in the formation of HA
hierarchically porous hollow microspheres [19].
Because of highly negatively charged groups, CPDS
has a high affinity to calcium ions. At the same time,
CPDS molecules with hydrophilic and lipophilic
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groups tend to form spheres by self-assembly. With the
addition of calcium oxide the solution pH value
increasing, CPDS gradually decomposed and slowly

released POi_ ions under hydrothermal conditions. As
a result, Ca—CPDS complexes are formed which
appearing as nanospheres. Subsequently, with Ca?*
and dangling phosphate groups on their surfaces,
these nanospheres provide nucleation sites for HA for-
mation, presumably by electrostatic attraction with

POi_ and/or Ca?*. HA crystals thus nucleate on the
nanospheres and grow into shells, with the nano-
spheres becoming cores. With the continuous hydroly-
sis, CPDS is finally hydrolyzed thoroughly. Ca—
CPDS cores gradually are decomposed, thereby form-
ing hollow HA shells. Simultaneously, the proteins
retained in the reaction system can also become nucle-
ation sites. Under synergistic effect of protein and
CPDS, the formation of HA can be effectively regu-
lated. This results are very consistent with the related
literatures [20, 21].

As a comparison, anhydrous CaCl, which was used
as calcium source and CPDS could also successfully
synthesize hollow spherical HA under hydrothermal
condition (Fig. 3d). From the SEM image, there are
too much broken hollow microspheres with about
1.5 um in diameter and 500 nm in wall thickness.

The eggshell with porous structure was crushed
into powders and used to synthesize HA as calcium
sources. This synthetic method has some advantages.
First, the eggshell as a waste is fully utilized to avoid
environmental pollution. Then, original eggshell pow-
ders sever as organic calcium source. The HA obtained
by this synthetic method can avoid the introduction of
too many chemicals and conforms to the concept of
green chemistry. Last, porous structure is helpful
NaH,PO, solution to penetrate in to the interior of
particles and dissolution-precipitation reaction take
place [22].

FT-IR spectra of the obtained products which
derived from differential calcium and phosphate
sources were shown in Figs. 4a, 4b. From the spectra,
it is easy to find that the typical bands at 1033 and

1093 cm~! can be assigned to POi_ anti-symmetric
stretching vibrations and the bands at 561 and 606 cm™!

stand for POf[ anti-symmetric bending vibrations.
Additionally, the 963 cm~! band is due to the symmet-

ric stretching vibrations of POi_ [18, 23], indicating
the presence of HA. The broad band extending from
2500 to 3600 cm™! is attributed to the v3 and vl
stretching modes of the H,O molecules. The band at
1642 cm~! is owned to the v2 bending mode of the
H,0 molecules. Furthermore the characteristic bands

of the CO§_ are identified by characteristic peaks at
1457, 874, and 714 cm™~! in Fig. 4a. Because of eggshell
powders used as calcium sources, it is possible leaving
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Fig. 3. SEM images of HA particles: (a) HA-1, (b) HA-2, (c) HA-3, and (d) HA-4.

a small amount of eggshell powders in HA-1 particles.
While CaO acted as calcium sources, it is sensitive to
CO, that may be present in the atmosphere and acted
as a precursor during the course of the mixing reac-
tion. CO, dissolved in alkaline solutions and resulted

in CO? substitution in the OH~ or PO} sites in the
HA crystal lattice, thereby forming an carbonated HA
[24—-26].

To clearly characterize the crystal structure of the
samples with respecting to different calcium sources
and phosphorus sources,the XRD patterns of were
shown in Figs. 5a, 5b. All the samples show the dif-
fraction patterns corresponding to the hexagonal
phase of HA and according to the standard card of HA
(JCPDS file, PDF no. 09-0432).0On the whole, the
characteristic peaks of HA are correlated to the (hkl)
indices (002), (211), (300), and (202).The peaks at
26.61° and 30.31° are consistent with (002) and (211)
of hexagonal HA. However, the intensity of diffraction
peaks is varied with different synthetic methods. When
CaO and CaCOj; used as raw materials, the character-
istic diffraction peaks of HA partials are sharp and
obvious. Also, the characteristic peak of calcite, dif-
fraction peaks 26 = 29.35° (JCPDS file, PDF no. 72-1652)
is found (Fig. 5a). The results are consistent with
FT-IR spectrum (Fig. 3a). However, some of the pre-
dominant HA diffraction peaks in the XRD pattern of
HA-3 and HA-4 (Fig. 5b) are obscure, indicating low
crystallinity.

From the FT-IR, XRD results, it is concluded that
HA is successful synthesized. The morphology and
phase of prepared HA particles are significantly influ-
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Fig. 4. FT-1IR spectra of HA particles: (a) HA-1, HA-2,
(b) HA-3, HA-4.
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Fig. 5. XRD patterns of HA particles: (a) HA-1, HA-2,
(b) HA-3, HA-4.

enced by different calcium source and phosphorus
source with the hydrothermal reaction mode.

CONCLUSIONS

In this study, chicken eggshells were used as cal-
cium source to synthesize HA powders via a simple
hydrothermal method. Meanwhile, in order to investi-
gate the effects of different phosphorus sources on the
structure and morphology of HA, NaH,PO,, and
CPDS were selected as phosphorus sources, respec-
tively. The results show that eggshell powders are
excellent templates for the synthesis of spherical
hydroxyapatite. CPDS which acted as phosphorus
source can release phosphate to synthesize HA with
special morphology under hydrothermal conditions.
But from the cost of synthesis, eggshell will become
the best choice for the synthesis of HA in the future.
The obtained products can be a potential material for
biomedical applications.
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