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Abstract Hydroxyapatite (HA) of Ca(I)4Ca(II)6(PO4)6(OH)2 is a biomaterial that is currently

being developed for several biomedical applications, such as for the reconstruction of hard tissues

of human bones and teeth. HA can be synthesized from raw materials that are easily found in large

quantities in the world, such as eggshells. However, due to its low mechanical properties, the doping

of metal ions of Mg in its structure is needed to improve the physical properties of HA. Five sets of

HA-Mg composites with HA synthesized from eggshells and various MgO concentrations of 0.25,

0.50, 0.75, and 1.00 mol% were prepared by the hydrothermal method at 90 �C for 24 h to observe

the effect of the amount of Mg doping on the structural, morphological, and mechanical properties

of HA-Mg composites. Doping of Mg ion in HA has increased the secondary phase formation of

whitlockite and enlarged the hardness value. The maximum hardness value of 88.7 HV was

obtained from the highest Mg concentration of 1.00 mol%.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biomaterials are materials that are widely developed as basic
materials for various medical applications because of their bio-
compatibility, bioactivity, and non-toxicity properties

(Yazdani et al., 2018). Hydroxyapatite (HA) with the chemical
formula Ca(I)4Ca(II)6(PO4)6(OH)2 is a biomaterial that is cur-

rently being developed as a substitute for hard tissues, such as
human bones and teeth in the field of orthopedics and den-
tistry (Wang et al., 2010). HA can assist in the integration pro-
cess and new bone growth without disturbing the fibrous tissue

progression (Rodrı́guez-Lugo et al., 2017). HA can be synthe-
sized from raw materials that are easily found in large quanti-
ties in nature such as eggshells, limestone, coral, snail shells,

and fish bones. For example, eggshells are found every day
in several million tons as waste from the food industry or
households and usually discarded without being processed,

causing environmental problems during the biodegradation
process. Eggshells constitute 11% of the total egg weight and
mostly contain calcium in the form of CaCO3 (Wu et al.,
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2016). Eggshell contains 94 to 97% CaCO3 can be used as a
good source of HA synthesis (Noviyanti et al., 2020).

HA has a unique chemical structure with two different Ca

positions. Its unique structure allows the substitution of
cations and anions to modify various properties of materials
as well as to extend the functionality of HA in biomedical or

other fields (Webster et al., 2004). The substitution of cations
and anions in the HA structure is carried out by taking into
account the size and electronegativity of the ion to be substi-

tuted in order to occupy and substitute Ca (I) or Ca (II).
One of the properties of HA that limits the improvement of
its function, especially in the medical field which needs to be
modified is the mechanical properties of HA, namely the low

strength of HA under applied compressive and tensile forces.
For application needs in the biomedical field, HA must meet
certain standard parameters, including good mechanical prop-

erties (Chakravarty et al., 2020). Structural modifications such
as the substitution of cations or anions can be employed to
increase the mechanical strength. Several studies have been

reported that the morphology, stability, structure and mechan-
ical properties of HA can be improved by doping metal ions
(Gayathri et al., 2018). Metal ions that can be substituted into

the HA structure are Zn (Li et al., 2008, Gross et al., 2013), Sr
(Kaygili and Keser, 2015), Ag and Cu (Bostancioglu et al.,
2017), Mn, Ni, Fe, Co (Robles-Águila et al., 2017) Ti
(Jiraborvornpongsa et al., 2019), Mo (Jiraborvornpongsa

et al., 2019), Te (Yahia et al., 2017), Se (Wu et al., 2020),
and Ce (Priyadarshini et al., 2017).

The magnesium (Mg) ion is a metal ion that is essential for

human metabolism and is naturally found in the bones and tis-
sues of human teeth. Important cell osteogenic activity in cal-
cium phosphate-based cement can be regulated by regulating

the content of Mg ions in cement (Zhang et al., 2015). The
magnesium ion is also very interesting to study as a metal
ion that is substituted for HA. Based on ab initio simulations,

the substitution of Mg to HA (Mg-HA) at a concentration of
25% Mg/Ca has increased the elastic properties of HA (Aryal
et al., 2015). The mechanical properties and osteogenic activity
of Mg-HA can be regulated by adjusting the Mg/Ca content to

get good results when applying this Mg-HA material as a bone
repair material (Li et al., 2020). Magnesium is also known to
not only improve the mechanical properties of HA but also

reduce the sintering temperature for densification (Montoya-
Cisneros et al., 2017).

Apart from doping, mechanical properties can also be mod-

ified by applying appropriate synthesis methods to regulate
morphological distribution, grain size and pore size. Several
synthesis methods have been developed to produce HA, both
pure HA and HA with metal ions doping, including using

the precipitation method (Latocha et al., 2019, Tan et al.,
2008), sol-gel method (Ben-Arfa et al., 2017, Gozaliana
et al., 2011), hydrothermal (Noviyanti et al., 2020), wet chem-

ical method (Stipniece et al., 2014), solid state reactions
(Tardei et al., 2006), and microwave irradiation (Yedekçi
et al., 2021). In our recent study (Noviyanti et al., 2020), HA

was synthesized from chicken eggshells using a hydrothermal
method at a lower temperature (90 �C) than previous studies
(Wu et al., 2013, Li et al., 2020). This research has produced

HA material with most of the promising mechanical properties
due to its high purity and crystallinity.

Here we report the properties of HA doped with Mg syn-
thesized by hydrothermal method to obtain HA-Mg material
which has good mechanical properties for use in various med-
ical purposes. HA is synthesized from chicken eggshells which
are easily found in large quantities in Indonesia.

2. Experimental method

2.1. The synthesis of HA-Mg composites

The main part of HA, namely CaO powder, is synthesized

from chicken eggshells by a simple process, as reported in
our previous study (Noviyanti et al., 2020). This CaO powder
was mixed with diammonium hydrogen phosphate with a Ca/P

mole ratio of 1.67 then dissolved in a 0.2 M NaOH solution
(pa Merck) which was added subsequently with MgO (pa
EMSURE� Germany). Five sets of HA-Mg composites with

various MgO concentrations of 0.25, 0.5, 0.75, and 1.00 mol
% were prepared to observe the effect of the amount of Mg
doping on the structural, morphological, and mechanical
properties of HA-Mg composites. All HA-Mg composites were

then named HA-Mg0.25, HA-Mg0.50, HA-Mg0.75, and HA-
Mg1.00 for MgO concentrations of 0.25, 0.50, 0.75, and
1.00 mol%, respectively. For comparison, the synthesized

HA without the addition of Mg is called HA. All HA-Mg com-
posite sets were then synthesized by hydrothermal method by
heating at 90 �C for 24 h.

2.2. The characterization of structure, morphology, and

mechanical strength of HA-Mg composites

The entire synthesized HA-Mg was washed with DM water to
neutral pH, dried at 100 �C for 1 h to remove water, and then
sintered at 1000 �C for 5 h. The structure, morphology, and
physical properties of all samples were characterized by

XRD (Rigaku), FTIR (PerkinElmer Spectrum 100), and
SEM-EDX (JEOL JSM-IT100 SEM), respectively. The grain
size in all samples was analyzed using ImageJ software. The

concentrations of Ca and Mg of the final samples were deter-
mined using energy dispersive X-ray spectroscopy (EDS).

The mechanical strength of Mg-HA was carried out by

hardness testing on pellet samples that had been pressed and
sintered at a temperature of 1000 �C using a Vickers hardness
(HV) machine (Acme Automatic Digital Micro Hardness Ser-
ies, LECO).

3. Results and discussion

3.1. Structure and morphology of HA-Mg

XRD patterns of HA and all Mg-HA composites of HA-

Mg0.25, HA-Mg0.50, HA-Mg0.75, and HA-Mg1.00 are
shown in Fig. 1.

All main peaks of HA with hexagonal structure and the

space group of P63/m are observed. The characteristic peaks
of apatite phase are shown at 2h of 25.7�, 31.7�, 33.0�, and
39.7� as matched with standard JCPDS file number of 9-

0432. Impurity peaks of C3O8P2 was observed in HA samples.
For all HA-Mg composite samples, the secondary phase of
Whitlockite, with the molecular formula of Ca18Mg2H2(PO4)14
and hexagonal structure with the space group of R3c are also
discovered. The main peaks of HA are shifted slightly in



Fig. 1 XRD pattern of HA and HA-Mg0.25, HA-Mg0.50, HA-

Mg0.75, and HA-Mg1.00.

Table 1 Content of whit-

lockite in various HA-Mg.

Samples Whitlockite/%

HA 00.0

HA-Mg0.25 22.0

HA-Mg0.50 35.3

HA-Mg0.75 18.8

HA-Mg1.00 53.2
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HA-Mg samples to be 26�, 32�, 34� and 40� (Kanasan et al.,
2018). The shift of the main peaks of HA due to the Mg con-
tent in the HA-Mg sample causes a slight contraction in the a-

axis dimensions. Similar results were also reported in previous
studies (Stipniece et al., 2014). The main peaks of whitlockite
are located at 2h in between 31� and 40� (Guo et al., 2018).
The formation of whitlockite as a secondary phase appears

to be due to the presence of magnesium, as also reported in
previous studies (Trinkunaite-Felsen et al., 2014). The presence
of two phases in HA-Mg composites, namely the HA phase

and the whitlockite phase, is not actually a disadvantage
because the appearance of these two phases allows an
increased benefit of the material for biomedical applications.

It is because materials with HA and whitlockite phases are
reported to have excellent biocompatibility and show the
increased ability for osteogenesis and mineralization (Hodge

et al., 1938, Guo et al., 2018). It is already known that materi-
als with whitlockite phase are harmless to the human body,
proven to have been widely used in the field of pathology, espe-
cially in dental calculus and has an crucial influence on the

development of hard tissue (Jang et al., 2015). The percentage
contents of whitlockite phase of HA-Mg samples are shown in
Table 1 (Trinkunaite-Felsen et al., 2014). The highest content

of whitlockite phase is found in HA-Mg1.00. The low percent-
age content of whitlockite phase in HA-Mg0.75 is probably
due low surface homogeneity. Synthesis temperature and pres-

ence of Mg ion are known to trigger the formation of whitlock-
ite simultaneously in the formation of HA.

The shift of the HA peak to the higher angle occurs owing
to differences in atomic size between Mg2+ ions and Ca2+

ions, where Mg2+ ions have smaller ionic radii of 0.72 Å com-
pared to Ca2+ of 1.00 Å, which allows Mg ions to enter the
HA structure (Chen et al., 2018). The change in lattice param-

eters in the a/b plane is slightly larger than that in the c plane,
which strengthening the substitution of Mg ions in Ca ions
located in the a/b plane. Mg doping in HA may result in the

formation of shorter Mg–O bonds as explained in the previous
research (Aryal et al., 2015). When defects and disorders
occurred in the crystal structure of HA, the ratio of the major

and minor axis changed, the crystallinity and grain size
reduced. The crystallinity of synthesizing HA was calculated
from the XRD data using the following equation Eq. (1)
(Pal et al., 2017).

Xc ¼ 100� I300 � V112=300

� �
=I300 ð1Þ

where I300 is the intensity of the diffraction peak at the (300),
V112/300 is the intensity of the (112) and (300), respectively.

The crystallite size of Mg-HA nanoparticle is estimated by
Scherrer’s formula. The lattice parameter, crystal size, and
crystallinity of HA and HA-Mg listed in Table 2.

Fig. 2 shows the FTIR results of HA and HA-Mg compos-
ites. It is found that the addition of the Mg dopant does not
significantly change the appearance of the HA spectrum.

The presence of a slightly widened -PO4 group is detected at
500–700 cm�1 due to the substitution of Mg ions, as men-
tioned in previous studies (Ben Moussa et al., 2018). In HA-

Mg, the -PO4 group appears at around 1200 cm�1 originated
from the vibration of the secondary phase whitlockite
(Suchanek et al., 2004). The higher the concentration of Mg
ions added, the band change at the peaks in 945, 974, 988,

1117 and 1152 cm�1 increases (Stipniece et al., 2014). How-
ever, because the concentration of Mg is much smaller than
10%, it is difficult to observe the shifts in wave numbers and

changes in band intensity. The peaks for whitlockite are in
the range of 917 and 870 cm�1 as P-OH bond in HPO4

2-, which
is present in the structure, as also mentioned in the previous lit-

erature (Wang et al., 2020). The typical O-H cluster can be
seen in 3500–3700 cm�1. Meanwhile, the characteristic twin
band of Mg-O is also observed at 1450 cm�1 from all HA-
Mg samples (Noviyanti et al., 2020). The presence of the

Mg-O band in HA can be explained because HA is synthesized
from eggshells which naturally contain Mg even though in very
small amounts.

The morphology of HA-Mg composites has been examined
through SEM analysis, as seen in Fig. 3. It is found that the
grain size of HA-Mg composites escalated with increasing

Mg contents. The agglomeration occurred progressively as
an increase of Mg in the composite indicated that the Mg
dopant may improve the mechanical structure of the HA



Table 2 Lattice parameters of HA and HA-Mg.

Lattice Parameter Crystal size (nm) Crystallinity/%

Sample a = b/Å c/Å

HA 9.4220(1) 6.879(1) 62.32 93.25

HA-Mg0.25 9.4148(1) 6.876(1) 62.41 92.68

HA-Mg0.50 9.4162(2) 6.866(1) 71.69 93.60

HA-Mg0.75 9.4166(1) 6.854(1) 80.49 90.16

HA-Mg1.00 9.4166(1) 6.851(1) 62.93 93.25

Fig. 2 IR Spectrum of HA, HA-Mg0.25, HA-Mg0.50, HA-

Mg0.75, and HA-Mg1.00.
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and HA-Mg composites. This behaviour complies with the
crystal size of samples as listed in Table 2. The grain size in
all samples was also analyzed using ImageJ software. It is

found that the particle diameter increased slightly with increas-
ing Mg concentration as shown in Table 3.

The shape of HA also changed with the Mg-substitution.

The shape of HA grains looks like a cube and relatively homo-
geneous, while the morphology of HA-Mg formed agglomer-
ates with the shape and size are not homogeneous. The grain
shape appears to transform from round to slightly elliptical,

while the grain boundaries tend to be stretched, corresponding
to the crystal lattice alteration which tends to extend only in
the a/b plane. Changes in the shape of HA particles are also

very possible due to differences in whitlockite phase content
in each sample, as mentioned in the previous report (Jang
et al., 2015).

From EDS characterization, the Ca/P ratios of HA, HA-
Mg 0.25, HA-Mg0.5, HA-Mg0.75, and HA-Mg1.00 are found
to be 1.67, 1.65, 1.60, 1.57 and 1.76, respectively. The actual

value of Ca/P ratio of HA-Mg0.75 was the smallest compared
to other HA-Mg composites. This is probably related to the
smallest percentage of crystallinity shown in Table 2.
3.2. The mechanical properties of HA-Mg

The mechanical properties of HA-Mg were examined in terms
of the hardness (Vickers hardness/HV). Hardness is one of the
essential parameters for comparing material properties. For

this material, hardness tests are carried out to find the suitabil-
ity of the clinical use of biomaterials (Roop Kumar and Wang,
2002). Mg ions can improve the mechanical properties of HA

(Lala et al., 2017). The relationship of the hardness value with
the concentration of Mg doping ion on HA is shown in Fig. 4.
The higher the Mg doping concentration, the higher the value

of HA-Mg hardness. This behaviour is in accordance with our
findings in the morphology of HA-Mg composites. The addi-
tion of Mg ions to HA changes both the grain shape and the

pore shape with the higher the Mg ion content the rounder
the pore. This is thought to strongly influence the improve-
ment of the mechanical properties of HA-Mg, as shown in pre-
vious studies (Veljović et al., 2011). The addition of

magnesium with a concentration of 1.00 mol% can improve
the hardness of HA up to 88.7 HV. The hardness of HA was
doubled by adding 1.00 mol% of Mg to HA. The trend of

HA values will continue to increase with the addition of Mg.

4. Conclusion

HA-Mg composites with CaO powder prepared from chicken
eggshells are successfully synthesized by a hydrothermal
method at 90 �C for 24 h in order to study effect of Mg ion

substitution to HA on their structure, morphology, and hard-
ness. The concentrations of Mg are 0.25, 0.50, 0.75 and
1.00 mol%. It is found that with increasing the Mg concentra-

tion, the content of the whitlockite phase increased. The grains
tended to form ellipses and the grain size also escalated with
increasing Mg content. The higher the Mg doping concentra-
tion, the higher the HA-Mg hardness value. The maximum

hardness value of 88.7 HV was obtained from the highest
Mg concentration of 1.00 mol%. This fact is verified by
decreasing the lattice parameter a/b after Mg doping. It fits

perfectly with the change in morphology of HA-Mg which
becomes slightly to be more elliptical, with shorter grain
boundaries. This alteration is possible, which is a strong reason

for the increase in hardness in HA-Mg, apart from the nature
of Mg and whitlockite content.
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Fig. 3 The SEM micrograph of HA, HA-Mg 0.25, HA-Mg0.50, HA-Mg0.75, and HA-Mg1.00.

Table 3 The particle size diameter

of HA-Mg composites.

Samples Particle Diameter/lm

HA

HA-Mg0.25

HA-Mg0.50

HA-Mg0.75

HA-Mg1.00

0.69 ± 0.15

0.78 ± 0.11

0.91 ± 0.27

0.98 ± 0.26

1.06 ± 0.22

Fig. 4 Dependence of hardness to Mg content/mol of HA-

Mg0.25, HA-Mg0.50, HA-Mg0.75, and HA-Mg1.00.
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Petrović, R., Janaćković, D., 2011. The effect of the shape and size

of the pores on the mechanical properties of porous HAP-based

bioceramics. Ceram. Int. 37, 471–479. https://doi.org/10.1016/j.

ceramint.2010.09.014.

Wang, C., Jeong, K.-J., Park, H.J., Lee, M., Ryu, S.-C., Hwang, D.Y.,

Nam, K.H., Han, I.H., Lee, J., 2020. Synthesis and formation

mechanism of bone mineral, whitlockite nanocrystals in tri-solvent

system. J. Colloid Interface Sci. 569, 1–11. https://doi.org/10.1016/

j.jcis.2020.02.072.

Wang, P., Li, C., Gong, H., Jiang, X., Wang, H., Li, K., 2010. Effects

of synthesis conditions on the morphology of hydroxyapatite

nanoparticles produced by wet chemical process. Powder Technol.

203, 315–321. https://doi.org/10.1016/j.powtec.2010.05.023.

Webster, T.J., Massa-Schlueter, E.A., Smith, J.L., Slamovich, E.B.,

2004. Osteoblast response to hydroxyapatite doped with divalent

and trivalent cations. Biomaterials 25, 2111–2121. https://doi.org/

10.1016/j.biomaterials.2003.09.001.

Wu, S.-C., Hsu, H.-C., Hsu, S.-K., Chang, Y.-C., Ho, W.-F., 2016.

Synthesis of hydroxyapatite from eggshell powders through ball

milling and heat treatment. J. Asian Ceram. Soc. 4, 85–90. https://

doi.org/10.1016/j.jascer.2015.12.002.
Wu, S.C., Tsou, H.K., Hsu, H.C., Hsu, S.K., Liou, S.P., Ho, W.F.,

2013. A hydrothermal synthesis of eggshell and fruit waste extract

to produce nanosized hydroxyapatite. Ceram. Int. 39, 8183–8188.

https://doi.org/10.1016/j.ceramint.2013.03.094.

Wu, V.M., Ahmed, M.K., Mostafa, M.S., Uskoković, V., 2020.
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