#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Synthesis of nano-hydroxyapatite using emulsion,
pyrolysis, combustion, and sonochemical methods
and biogenic sources: a review

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 3548

Md. Kawcher Alam,?® Md. Sahadat Hossain, 22 Md. Kawsar,2?
Newaz Mohammed Bahadur® and Samina Ahmed { *a©

Hydroxyapatite (HAp) is comparable to materials in bone because its chemical components are similar to
those contained in animal bone, and thus, its bioactive and biocompatible properties are similar. There
are applications for HAp and relevant calcium phosphate in the medical and industrial sectors, and due
to the rising demand for HAp nanoparticles, considerable work has been performed to develop a variety
of synthetic pathways that incorporate scientifically and practically novel aspects. Numerous studies have
been conducted to examine how changes in reaction parameters will successfully influence crucial HAp
features. HAp can also be synthesized from biogenic sources such as HAp-rich fish scales or animal
bones as an alternative to chemical precursors. Various preparation techniques produce crystals with
varying sizes, but it has been found that nano-sized HAp exhibits a greater number of bioactive

properties as compared to micron-sized HAp. Rather than considering conventional methods, this
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Accepted 6th January 2024 review focuses on alternative approaches such as emulsion, pyrolysis, combustion, and sonochemical

methods along with waste bio-sources (biogenic sources) to obtain HAp. We summarize the currently

DOI: 10.1039/d3ra07559 accessible information pertaining to each synthesis process, while also focusing on their benefits and
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1 Introduction

Hydroxyapatite (HAp) is a synthetic bioactive substance used in
cutting-edge hard tissue engineering due to its strong chemical
connection with bone tissue, and it is employed as a reliable
bone transplant material.* The bioactivity of HAp facilitates
bone regeneration, and its chemical composition is comparable
to the mineral component of genuine bone.>* Naturally occur-
ring CaP is typically HAp that is carbonated and calcium-
deficient, with a Ca/P ratio of less than 1.67.>° Due to its great
osteogenic potential, superior biocompatibility, and affinity for
biopolymers, considerable research has been conducted on
synthetic HAp for many years.” ™

The mineral component of bone is most closely related to the
CaP salt hydroxyapatite (Ca;o(PO,)s(OH),), which is the most
thermodynamically stable crystalline form of CaP in bodily
fluid.*»** Among the numerous HAp forms, research has been
conducted on nanosized HAp, also known as HAp nanoparticles
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(NPs) with proper shapes.* It is generally established that bio-
ceramics with composition and structure similar to those of
bone minerals can more easily stimulate osteointegration and
subsequent bone tissue growth.” According to reports, nano-
sized HAp-based ceramic biomaterials are substantially more
bioactive and resorbable than micron-sized ceramics.”>” With
nanosized HAp, researchers can more easily comprehend the
mechanism and create more optimal biomedical devices, such
as implant coverings,'® bone scaffolds," and bone fillers.”***

Due to HAp's significance in tissue rejuvenation and as
a drug carrier, numerous techniques for creating HAp NPs have
been documented. For HAp to be effectively used in biological
applications, particle size and shape are two critical consider-
ations.?” While HAp production and particle size have been well-
researched, there are surprisingly few studies that discuss how
HAp is controlled by its morphology.”® The methods mainly
used for the synthesis of HAp NPs include solid state,> mech-
anochemical,” chemical,*® hydrolysis,” sol-gel,*® pyrolysis,*
combustion,*® sonochemical,* and emulsion.*?

All of these techniques are used for the synthesis of HAp with
different particle sizes and morphologies. To modify the Ca/P
ratio of 1.67 for prepared HAp, the preferred approach is that
of wet mechano-chemical, and if this ratio is not maintained,
then the process will yield B-tricalcium phosphate (TCP) as the
second phase.*® HAp can also be obtained from biogenic sour-
ces, such the bones of animals and fish scales, as an alternative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the diverse techniques employed
in the synthesis of nano-HAp.

to chemical synthesis. However, these require extensive chem-
ical treatment to remove organic compounds or unwanted
parts.

Researchers found that the bones of most animals contain
nanosized HAp, which possesses an increased capacity for bio-
resorbability as compared to micron-sized HAp, and therefore,
there has been considerable interest in developing nanosized
HAp.*** In comparison to micron-sized HAp, nanosized HAp
exhibits greater bioactivity and biocompatibility. Similar to
biological apatite, nanosized HAp releases calcium ions simi-
larly and much more quickly as compared to larger crystals.***”
Additionally, nano-sized HAp enhances cellular activity and cell
proliferation during bone formation, and therefore, it is an
ideal biomaterial for bone implants.

To create a formation of HAp that is similar to the HAp in
animal bone and teeth, many characteristics have been
explored.*® Synthetic bone implantation offers enormous pros-
pects for medical care, and regeneration of bone defects has
evolved to be a common transplant procedure, with blood
transfusions being the most common.**** This review focuses
on the emulsion, combustion, pyrolysis, and sonochemical
methods of HAp synthesis. Biogenic sources are also discussed,
in addition to conventional synthesis processes (Fig. 1).

The emulsion method involves creating a stable emulsion of
water and oil, emulsified with an agent, and introducing HAp
precursors, which will result in the formation of nano-HAp parti-
cles within the emulsion system.** The thermal decomposition of
organic precursors, either by pyrolysis or combustion, produces
nano-HAp. Pyrolysis occurs without oxygen, while combustion
occurs with oxygen, resulting in nanostructured HAp.**

Bacteria, fungi, or plants are biological organisms that can
be used as biogenic sources that function as templates or
nucleation sites to synthesize nano-HAp, resulting in the
generation of nanostructured particles.** Sonochemical
methods induce acoustic cavitation in a liquid medium via
high-intensity ultrasound, which leads to the development of
nanostructured HAp particles, facilitated by the presence of
localized heated regions and elevated pressure.**

2 Methods of synthesis for HAp NPs

Numerous methods are used to synthesize synthetic HAp: solid
state,> mechanochemical,”® chemical,”® hydrolysis,” sol-gel,*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pyrolysis,” combustion,* sonochemical,® and emulsion.*?
Another widely available source of HAp is bio-resources derived
from biogenic sources.® Although this is not a synthesis
method, bio-resources are very important for safe applications
in different biomedical fields. In addition to producing distinct
crystalline phases of HAp and B-TCP, each of these processes
produces HAp with varied sizes and morphologies.*® To deter-
mine the distinctions and complications of each approach in
the preparation of HAp crystals, each synthesis method was
evaluated.

2.1 Emulsion method

In the emulsion system (Fig. 2), two or more immiscible liquids
consisting of a disperse phase and continuous phase, which is
generally oil and water where liquid droplets are dispersed in
a liquid medium.*® The emulsion can be W/O or O/W based on
the types of disperse and continuous phases. When oil is
distributed into water, then the resulting emulsion is called ‘oil
in water,” but in the case of ‘water in oil,” the roles of oil and
water are reversed.*’~*°

Micro- or macro-emulsions can also be used, depending on
the extent of the incorporated water. A macro-emulsion
contains a relatively higher volume of water than a micro-
emulsion.*>* The reaction mechanism of the emulsion method
depends on the collision of water droplets. When two water
droplets come in contact, the reaction is completed. HAp is
formed using an emulsion technique that yields uniform
particle size with a large surface area.”*** In an emulsion
approach, one of the precursors is initially combined with the
emulsion medium, and the reaction is then continuously stir-
red until the necessary Ca/P adjustment is made. Finally, the
finished product can be separated from the emulsion medium
using a demulsifier or centrifugation.*

HAp has been synthesized from Ca(OH), and H;PO,, with
the use of glycerin as the emulsion medium. The resultant
particles were calcined at 600-800 °C to confirm the thermal
stability at different phases. If the reaction temperature and pH
are maintained at 37 °C and 10, respectively, the final product
will be a long-lasting apatite phase. However, a Ca/P ratio lower
than 1.67 and pH below 7.4 will form TCP or dicalcium phos-
phate dihydrate (DCPD).”” Kimura et al. synthesized a multiple
emulsion (w/o/w) to produce microsized HAp crystals using
dipotassium hydrogen phosphate [K,HPO,] solution, benzene,
and Ca(NOs),-4H,0 as the water, oil, and water phases,
respectively. X-ray diffraction (XRD) patterns ensured that the
synthesized products were composed of porous microspheres
smaller than 3 um in size.

sources
EZ}’ E>| irring b| PH ‘E:> Centrifugation p| Filtration
SOUrces: Powder C:{ Calcination }(::1 Drying ‘

HAp

Emulsion
medium

Fig. 2 Synthesis of HAp using the emulsion method.
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Table 1 Synthesis of HAp using emulsion method from different Ca and P sources with relevant properties

Ca source Ca(OH), CaCl,-2H,0
P source H3;PO, (NH,4),HPO,
Reaction temperature (°C) 37 30-80
Reaction pH 10 —
Morphology Rod shape Spherical
Amorphous/crystalline Crystal Amorphous
Size from XRD (nm) 800-1300 —

Size from TEM“ (nm) = Less than 70
Size from SEM 0.5-3 um Less than 70 nm
Sintering temperature (°C) 1300 450-750
References 63 64

“ L = length, W = width, and D = diameter.

For a full day at 323 K, a multilayered emulsion experiment
was conducted. One-phase HAp was manufactured at an initial
pH level of 12, and the crystalline phase was changed according
to the initial pH of the internal water phase. The product con-
sisted of porous microspheres less than 3 um in size, and the
nanospheres that composed the microspheres were smaller
than 120 nm in size. The main advantage of this technique was
that the product can be obtained at low reaction tempera-
tures.*®** Mesoporous HAp was prepared from Ca(NO3),-4H,0
and H;PO, using a double emulsion technique according to the
following reaction:*®

10C3.(NO3)24H20 + 6H3PO4 + 20NH4OH -
Cal() (PO4)6(OH)2 + 20NH4NO3 + 22H20 (1)

A freeze-drying process was developed to synthesize macro-
porous HAp granules using camphene as a porogen material.>®
Gonda et al. developed an alternative emulsion technique to
synthesize microporous HAp granules, although these granules
were not suitable for tissue engineering applications because of
their small internal pores.® The effect of reaction temperature
and Ca/P ratio on the properties of HAp particles was also
monitored when surfactants were used as the emulsion
medium, and CacCl,-2H,0 and (NH,),HPO, were used as the
reactants. A calcium-deficient amorphous phase final product
was obtained, and it was observed that high calcination
temperatures reduced the surface area of the particles. It was
also found that a Ca/P ratio of 2.00 encouraged low crystallinity
and the formation of TCP.*

Another biomaterial with biocompatibility and bioactivity
similar to that of HAp is B-TCP. B-TCP and o-TCP can be ob-
tained along with HAp as the second and third phase. If the
reaction Ca/P ratio is maintained at less than 1.67 and the pH is
lower than 7.4 in a glycerol/water emulsion, the apatite phase
breaks down into 3-TCP. A weak crystalline apatite structure was
observed for synthetic calcium phosphates, and they appeared
to be a nearly pure B-TCP phase when the temperature was
elevated to 800 °C. Different phases of HAp, TCP, or biphase
calcium phosphate (BCP, which contains HAp and TCP) can be
obtained by altering the pH value, Ca/P ratio, and adding
glycerol.””
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Ca(NO;), 4H,0 Ca(NOj,), 4H,0 Ca(NO;), 4H,0

(NH,),HPO4 K,HPO, (NH,),HPO,
25-30 100 25-30

7-11 9-12 —
Spherical/nanorod Porous microspheres Short rod shape
Crystal Crystal Crystal
Rod: L: 200-280 100 D: 10-30

W: 20-25

Spherical: D: 20-35

— 3 um —

— — 600

50 65 66

Somnuk et al. discovered that producing HAp particles at
a high Ca/P molar ratio of 2.00 caused a sizable amount of B-
TCP to be produced. There was no impact of the initial Ca/P
molar ratio modification on particle size.** Metal-doped HAp
NPs can also be prepared by the emulsion technique. Chen et al.
developed an emulsion approach that was used to prepare gold
nanorod (GNR)-doped HAp microspheres, and their micro-
structure and photo-thermal properties were examined. Nano-
emulsification was used to create single-phase Sr-substituted
HAp that can be used to immobilize Sr radioactive isotopes.
According to certain reports, adding strontium to HAp widens
the crystal size distribution.®* A few examples are registered in
Table 1.

The results in Table 1 indicate that the synthesized HAp
reached an amorphous phase when CacCl,-2H,0 was utilized as
the Ca source. The morphology of the generated HAp was also
influenced by the sintering temperature, because a high
temperature produces a rod-shaped crystal.

2.2 Pyrolysis method

The pyrolysis method is a technique where a precursor chemical
is sprayed into the hot zone of an electric furnace.**” Particles
then form through an aerosol method, whereby they are
generated by the conversion of a liquid/gas into a particle.®®* It
also involves the generation of gas vapors, because the reaction
of the initial solution as it is sprayed into a flame using an
ultrasonic generator and high temperature is responsible for
the formation of NPs.”””* The final product is found in an
aggregated form due to the spray pyrolysis process. The differ-
ence between the pyrolysis and combustion method is that the
pyrolysis technique does not use any type of fuel that is mixed
with the reactant solution.””® The pyrolysis method is visual-
ized in Fig. 3.

Using the spray pyrolysis method with calcium phosphate,
calcium nitrate tetrahydrate, and diammonium hydrogen
phosphate as the precursors, HAp phases were obtained.
Reactants were mixed at 1100 °C with a carrier gas to produce
the final powder. Field emission scanning electron microscopy
(FESEM) characterization indicated that the HAp powder was
composed of micron-sized spheres.” Spray pyrolysis was also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synthesis of HAp using the pyrolysis method.

used to synthesize HAp with a combination of calcium acetate
and diammonium hydrogen phosphate, and the atomised
reactant solution was heated at 500-1000 °C. At the lowest
temperature, the dominant HAp phase was not present,
according to the XRD pattern.”

A method of pyrolysis was used that employed a high-
temperature flame spray to produce nano-sized HAp crystals,
with preliminary reactants of calcium nitrate (Ca(NOj3),-4H,0)
and di-ammonium hydrogen phosphate ((NH,),HPO,). After
post-treatment at 600-1000 °C, the morphology and mean
diameters of the HAp crystals produced from the polyethylene
glycol (PEG) spray solution ranged from rod-shaped to spherical
and were 32-213 nm in size, respectively. It was discovered that
while non-spherical forms and aggregated structures were
found in the powders synthesized from PEG solution, spherical
shapes and micron-sized crystals were produced when PEG
solution was not used.”

Another technique for producing HAp crystals smaller than
one micron is known as drip pyrolysis on a fluidized bed. Using
the drip pyrolysis method, Nakazato et al. conducted the reac-
tion at 640-840 °C. According to the data from an SEM study, at
640 °C, most of the particles were greater than 40 mm in size,
and at 840 °C, the majority of the particles were less than 10 mm
in size.”” The spray pyrolysis technique is limited because it can
only produce HAp with large surface areas, and therefore, salt-
assisted decomposition is used to overcome this limitation.
Salt-assisted decomposition of spray pyrolysis adds a salt,
NaNOg3, to force NP formation, and a final product was obtained
after removing the salts. When salt was added in concentrations
ranging from 1 to 50 weight percent, the shape of the particles
changed from sphere to rod, and 5 weight percent of NaNO;
caused a reversible decrease in particle size.”

Using a dewaxing technique with a solution of calcium
phosphate and PEG, nano-sized HAp crystals were produced.
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When a calcium phosphate solution containing PEG was
sprayed at 1100 °C, loosely packed HAp crystals smaller than
a micron in size were created. However, when dewaxed at 650 ©
C, the crystals were entirely reduced to nano size, whereas
micron-sized carbon-free particles were left intact. The average
particle size range of the specimens was 1.94 &+ 0.71 pm.”

When Ca(N03), and (NH,)2HPO, were used as the initial
reactants in the spray pyrolysis method, B-TCP was discovered
as the second phase. The resulting powder's crystalline phases
were revealed by the XRD pattern to be HAp and a small amount
of B-TCP, although it is challenging to discern their overlapped
reflections because of the low crystallinities and the presence of
B-TCP reflections nearby. When the temperature in the upper
furnace was lower than 850 °C, B-TCP was found in the powders.
When the higher furnace temperature was increased to 900 °C,
only HAp was present, and raising the upper and lower furnace
temperatures improved the crystallinity of the resulting HAp
powder.*® A few examples appear in Table 2.

The results shown in Table 2 suggest that when phosphoric
acid (H3PO,) was used as the phosphate source, the final
product was formed as nanocrystallite rod-shaped HAp. This
indicates that the morphology and crystallite size rely on the
phosphate source of the precursors.

2.3 Combustion method

An exothermic reaction in an aqueous medium between an
organic fuel such as glycine or urea and a suitable oxidant is the
combustion technique used for the production of HAp.*>"*” The
solution combustion method is suitable for producing HAp
with excellent mechanical properties because the particles
formed are denser and nanosized.*® In the combustion
synthesis process, the raw components are each separately
dissolved in a solvent before being combined and heated in
a furnace. Agglomerates of particles that can be broken down by
attrition are obtained as the final result.*

Due to the exothermic nature of the process, the reaction can
begin at nearly room temperature without the need for addi-
tional heat.****** Because temperature rises in direct proportion
to reaction duration, high reaction temperatures are ideal for
separating undesirable contaminants. The particle size of the
final product is very small because rapid cooling prevented the
particles from growing.?> Using glycine and urea as organic fuels
during combustion, calcium nitrate and diammonium
hydrogen orthophosphate were converted into HAp. For the

Table 2 Synthesis of HAp using pyrolysis method from different Ca and P sources with relevant properties

Ca source Ca(NO;),-4H,0
P source H;PO,
Reaction temperature (°C) 700
Reaction pH —
Morphology Rod shape
Amorphous/crystalline Crystal
Size from XRD —

Size from TEM (nm) 20-40

Size from SEM 200 nm
Sintering temperature (°C) —
References 81

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ca(NO3),-4H,0 Ca(NO;),-4H,0 Ca(NO;),
(NH,),HPO, (NH,),HPO, (NH,),HPO,
— 200-400 640-840
1.5 — —

Hollow spherical Rod shape Flat shape
Crystal Crystal Crystal

— 42 nm —

35-100 213 —

1.94 pym — 10-40 um
1100 1000 940

82 83 84
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Table 3 Synthesis of HAp using combustion method from different Ca and P sources with relevant properties

Ca source Eggshell Ca(NO3),-4H,0 Ca(NO3),-4H,0 Ca(NO3), Ca(NO3),

P source (NH,),HPO, (NH,),HPO, (NH,),HPO, (NH,)H,PO, (NH,)H,PO,
Reaction temperature (°C) 70 500 300-700 500 600

Reaction pH 9.5 — — 7.4 3.5

Morphology Spherical Spherical Porous foam-like shape Rectangular Isometric spherical
Amorphous/crystalline Crystal Crystal Crystal Crystal Crystal

Size from XRD (nm) 44 in diameter — 17-18 33 —

Size from SEM — 5-200 um 31-50 nm — 70-100 nm

Size from DLS — — — — —

Sintering temperature (°C) 900 1230 900-1040 — 1000-1200
References 95 89 93 30 92

urea and glycine system, the combustion temperature was
found to be 896 °C and 1035 °C. The types of powders formed
depend on the composition of the fuel, and a lack of fuel at low
flame temperature resulted in HAp with a high surface area, but
powders with weak porous agglomerates were produced in the
fuel-rich reaction.

It was noted from the SEM micrograph that as the fuel-to-
oxidizer ratio rises, the proportion of porosity or void volume
also increases.”® Microwave-assisted combustion is a perfect
candidate for HAp synthesis because it offers high crystallinity
at low temperatures. Heat is produced inside the molecule due
to the successive transfer of radiation. The XRD result for
microwave-assisted HAp crystals showed a sharp peak at 600 °C
after calcination.® HAp can also be synthesized from eggshells
by employing citric acid as the combustion fuel, and HAp was
found to be the predominant phase with satisfactory crystal-
linity. The absence of an XRD peak at 37.36° confirmed the
absence of Ca0.”” HAp was also produced with CaO by main-
taining the combustion temperature at 500 °C for 15 min and
using calcium nitrate and dihydrogen ammonium phosphate as
the reactants and urea as the combustion fuel, and the XRD
pattern indicated the presence of CaO with the main HAp
phase.®®

Kavita et al. used different chemical reagents and combus-
tion times to synthesize pure crystalline HAp, using calcium
acetate and diammonium phosphate as the main chemical
precursors.” A modified combustion synthesis method was
used to create calcium phosphate-based bioceramics by
employing succinic acid and citric acid alone and in combina-
tion as fuels.®® According to powder X-ray diffraction (PXRD),
citric acid or succinic acid alone will produce the HAp phase,
while a combination of citric acid and succinic acid will produce
the B-TCP phase.” The temperature at which HAp breaks down
into TCP and calcium oxide was observed to be reduced when
the carbonate content of the HAp lattice increased.

The carbonated apatite formed by mixed fuel completely
transformed into B-tricalcium phosphate at 900 °C, which may
suggest that there is a greater carbonate component.'*>'** Hong
et al. mentioned that the surface area of metal containing HAp
decreased with increasing combustion temperature.'®
However, Venkatachari et al. supported the opposite outcome,
which was that due to the rapid reaction, the surface area of
zirconia powder increased as the furnace temperature increased

3552 | RSC Adv, 2024, 14, 3548-3559
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Fig. 4 Synthesis of HAp using the combustion method.
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in metal nitratesoxalic dihydrazide aqueous combustion.’® An
X-ray diffractogram showed that CaHPO, is produced when
NH,OH is employed as a basic solvent and EDTA is used as
a complexing agent at a reaction temperature of 60 °C. However,
at calcination temperatures, CaHPO, can fuse with the
production of B-TCP. At 800 °C, the pure phase powder is
produced, and it is stable up to 1200 °C. When the material is
further calcined at 1300 °C, there is negligible conversion to a-
TCP.' A few examples are listed in Table 3.

The data in Table 3 show that the size of the produced crystal
is significantly influenced by the reaction temperature and pH
of the reaction process. High reaction temperatures and low pH
values result in smaller HAp nanocrystals. The combustion
method is presented here in Fig. 4.

2.4 Sonochemical method

Sonochemistry is the study of molecules that undergo chemical
reactions as a result of the use of strong ultrasonic radiation (20
kHz to 10 MHz). Because the generated particles are small in
size, with great uniformity and sphericity, and a greater crys-
talline percentage and specific area with low agglomeration,
sonochemical methods are used in HAp synthesis.'*>'* In the
case of sonochemical synthesis, the precursor solutions are first
combined while being continuously stirred. The reaction
medium is then placed into a program-controlled microwave
reactor with sonochemistry assistance. The medium is typically
maintained between 50 and 80 °C, and a high-intensity ultra-
sonic probe is used to adjust the frequency.’"'*7%*
Varadarajan et al. found that increased crystal aspect ratios
with needle-like morphologies resulted from ultrasonication,
which can increase the degree of nano-crystallinity in HAp that
is lacking in calcium.'**'*® HAp was produced from Ca(NOj3),
and (NH,),HPO, using the sonochemical approach at
a frequency of 20 kHz. The XRD pattern of synthesized HAp

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shows that the crystals are small and highly pure. All samples,
however, showed four faint B-TCP peaks, indicating the pres-
ence of contaminants in the synthesised HAp. The nanoplate-
like morphology of the synthesized HAp particles, which have
sizes ranging from 8 to 50 nm, was validated by TEM images.
Interestingly, with a sonication time of 20 min, there were
clearly smaller diameters (8 nm) and reduced powder agglom-
eration rates.'’®

Using a homogeneous precipitation method in an ultra-
sound field, nanosized platelike HAp was synthesized. The
synthesized HAp nanorods were approximately 500 nm long
with a diameter of approximately 100 nm. The resulting dif-
fractogram demonstrated that the sonochemically synthesized
HAp is monophase, and there were no other diffraction maxima
except the maxima that corresponded to the HAp structure. A
comparison of sonochemical precipitation and ordinary
homogeneous precipitation without ultrasound shows that the
sonochemical method yields monophase HAp with controlled
morphology and crystal size."® Through an expedited sono-
chemical procedure, calcium-deficient hydroxyapatite (CDHAp)
NPs with a Ca/P ratio of 1.6 were created.

Calcium nitrate and diammonium hydrogen phosphate were
used in the synthesis, which was carried out in an ultrasonic
bath with a fixed frequency of 135 kHz and 250 W power. It was
noted that as the reaction temperature increased during
precipitation, the size of the crystallites also increased.
However, it has been shown that when precipitation occurs as
a result of ultrasonication, the crystallite size increases for the
first 60 minutes of ultrasonication before beginning to decrease
for the next 60 minutes, and then increases once more. Without
ultrasonication, non-homogeneous morphologies  were
observed in the TEM micrograph for the particles, whereas
uniform rods for 90 minutes and needle-like protrusions for 120
minutes of ultrasonication were observed.'*

Phosphoric acid and calcium carbonate particles derived
from eggshells were used in the sonochemical production of
bio-based HAp NPs. In this process, calcium and phosphorus
were obtained from eggshell particles and phosphoric acid
solution, respectively. The produced HAp particles were crys-
talline, porous, and thermally stable to at least 750 °C, accord-
ing to the TEM data.* The general reactions are presented as

eqn (2)-(4):
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Fig. 5 Synthesis of HAp using the sonochemical method.

CaCO; — CaO + CO,1 )
Ca0 + H,0 — Ca(OH), 3)
5Ca(OH), + 3H;PO, — 1Ca;o(PO,)(OH), + 9H,0 (4

Using a microwave-assisted sonochemistry technique,
carbonated HAp nanopowders were created. The effects of
microwave and ultrasonic irradiation on the crystallinity,
morphology, Ca/P molar ratio, specific surface area, and dis-
persibility were investigated and contrasted with the traditional
precipitation methods. In approximately 5 minutes, well-
crystallized nanopowders were produced with a high yield of
98.8%. Rod-like HAp crystallites with a diameter of approxi-
mately 8 nm and a length of approximately 30 nm were
successfully dispersed during simultaneous microwave and
ultrasonic irradiation.**?

There were four tiny peaks of B-TCP for all samples when
calcium nitrate and di-ammonium hydrogen phosphate were
used as the primary precursors with natural latex rubber,
indicating the presence of contaminants in the synthesized
HAp. Variations in the Ca/P ratio due to the development of
complexes with trace elements present in natural latex rubber
led to the formation of an impurity phase. The major HAp
phase did not significantly vary at different ultrasonic irradi-
ating times. HAp and B-TCP phases were mixed together in the
XRD pattern. In the absence of natural latex rubber, the
pattern thus unequivocally supports the existence of a mixed
phase of non-stoichiometric HAp."** A few examples appear in
Table 4.

The reaction temperature influences the morphology of the
final product, as the data indicated that a reaction temperature
at approximately 80 °C will produce rod-shaped HAp. The
sonochemical process is shown in Fig. 5.

Table 4 Synthesis of HAp using sonochemical method from different Ca and P sources with relevant properties

Ca source Ca(NO3),-4H,0 Ca(NO3),-4H,0 Caz(NO,), 4H,0 Eggshell Ca(NO3),

P source (NH,),HPO, (NH,)H,PO, (NH,),HPO, H,PO, (NH,),HPO,

Reaction temperature (°C) 25 88 — 25-30 80

Reaction pH — — 10 — 10.8

Morphology Nanoplate-like shape Rod-like shape Needle-like shape Needle-like shape Rod-like shape

Amorphous/crystalline Crystal Crystal Crystal Crystal Crystal

Size from XRD (nm) 36-44 Diameter 100 24-26 — 29

Length 500

Size from TEM (nm) 8-50 diameter 0.34-0.47 50 30-50 8 in diameter
30 in length

Sintering temperature (°C) 1200 — 700 750 —
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3 Biogenic source/bio-source
derived

Biogenic sources are satisfactory alternatives for synthesizing
biocompatible and bioactive biomaterials for use within the
human body because of their unique features.">™" It is a priority
for today's researchers to develop methods for the proper utili-
zation of waste materials so that they can be transformed into
effective products. HAp can be synthesized from natural and
synthetic sources, and natural materials are the most beneficial
and cost-effective."*® Eggshells, fish bones, and mussel shells are
potential sources of raw materials for the preparation of
HAp."">*** Eggshells are composed of calcite, whereas the
cuttlefish bone is made of aragonite, but mussel shells are
composed of a combination of calcite and aragonite.***

Fish scales, fish bones, and bones from cows and pigs are
animal waste materials that have been utilized to obtain HAp.
One technique that has been used to recover HAp from bio-
waste is simple heat degradation. A straightforward technique
called thermal breakdown is used to create HAp from pig bones.
Bone sludge, or deproteinized and defatted bone pulp, is the
basic material. Bone sludge was subjected to a two-stage calci-
nation process to prepare HAp.** Using physical, chemical, and
thermal procedures, animal bones are converted into desired
biogenic HAp (BHAp). The nonstoichiometric crystalline struc-
ture of BHAp, which results from the replacement of ions, is one
of its most alluring characteristics.**®

Biogenic calcium carbonates are very useful for the prepa-
ration of biocompatible HAp. Most of the HAp produced from
biogenic origin is calcium deficient or contains metal ions as
impurities, such as Mg in eggshell-derived HAp."* Amorphous
calcium carbonate can also be derived from different types of
ocean fishes.” HAp was produced by heating fish bones at
1000 °C under normal atmospheric pressure. The formed flakes
were ball-milled at 300 rpm to obtain the desired particle
size.''™'** In Zaria, Nigeria, HAp was prepared from the waste
bones of animals and catfish. After cleaned bones were sintered
at 900 °C, the attained powders were introduced into a sieve.
Ferro et al. described that the conversion of eggshells into HAp
required more energy as compared to the conversion from
cuttlefish bones because the reaction mechanisms are totally
different for both of these materials.'*”

Rodica et al. obtained rod-shaped HAp from eggshells and
di-base ammonium phosphate [(NH,),HPO,] using microwave
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radiation for the perfect growth of crystals. The processing
temperature was maintained at a maximum of 200 °C to inhibit
the formation of B-TCP, and the highest calcium percentage was
96.38 wt% in pre-calcined samples."® Brushite and ammonium
calcium phosphate monohydrate were observed as the inter-
mediate phases from XRD patterns when the reaction occurred
at room temperature. However, nearly pure HAp was found
when the sample was subjected to oven-drying temperatures.
The XRD peaks also indicated that a drying temperature of 100-
150 °C favoured crystal formation."*

Satisfactory thermal durability was obtained from HAp
synthesized from bovine bone, whereas thermal instability was
observed and residues of tricalcium phosphate (TCP) HAp were
produced from caprine and galline bones following heat treat-
ment over 700 °C. The porous nature of the bone samples was
supported by the discovered microstructures and low relative
density. Bovine and caprine bones heated to specific tempera-
tures produced a porous HAp body with hardness values that
are similar to those of human cortical bones. For the generation
of a fully formed crystalline HAp phase, the optimal calcination
temperatures for galline and caprine bones were determined to
be 700 °C and 750 °C, respectively.**® A few examples are shown
in Table 5.

Depending on whether it is produced from natural sources
or synthetic compounds, HAp can exhibit various morphol-
ogies. Apatite crystals created in a biological system differ from
crystals produced using various methods requiring synthetic
precursors.”® Because of their larger surface area and lower
crystallite size, the apatite crystals produced in living systems
can absorb a greater number of ions. Because of the presence of
trace amounts of metal ions, the HAp prepared from mamma-
lian bone is a non-stoichiometric material.*** For the purpose of
creating scaffolds for directed bone regeneration, the cortical
portion of femoral bones is used. It is already well established
that the organic portion of a bone enables regulation of crys-
tallite size, size distribution, and lattice orientation during
biomineralization processes and also aids in regulating the
thickness of apatite crystals.**>*%*

Bio-waste, mainly the bones of cattle, has been used to
extract natural HAp. Thermal decomposition, subcritical water,
and alkaline hydrothermal processes have all been used to
prepare natural HAp. Given that the resulting HAp particles
assume a nanorod form and an average length of 300 nm,
thermal decomposition results in improved morphology.*** To

Table 5 Synthesis of HAp using biogenic resources from different Ca and P sources with relevant properties

Ca source Eggshells Snail shells Eggshells Eggshell Cockle shells

P source H;PO, (NH,),HPO, (NH,),HPO, H;PO, KH,PO,

Reaction temperature (°C) — 40 30-120 80 —

Reaction pH 8.8-9.0 — 8.5 9-11 —

Morphology — Needle-like/rod-like shape Flake-like — Needle-like shape
Amorphous/crystalline Crystal Crystal Crystal Crystal Crystal

Size from XRD — 12-17 nm 100 pm 20.25 nm —

Size from SEM — — 2 pm 30-80 nm —

Sintering temperature (°C) 1100-1300 — 975 — —
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obtain weakly crystalline porous HAp with a mean crystal size of
12 nm, bovine bones were chemically treated to remove
unwanted organic materials before being sintered overnight at
500 °C.*** After being calcined at 950 °C, phase-pure crystalline
HAp was created, although it contained a variety of trace
components.

Subcritical water extraction of collagen at 275 °C and basic
hydrothermal hydrolysis of the organic matrix at 250 °C are the
two different methods used to extract the pure crystalline phase
of HAp. However, the easiest method that can be used to obtain
pure HAp is thermal degradation of collagen and other organic
matter at 750 °C.”** The sintering temperature significantly
affects the physical and chemical characteristics of HAp
synthesized from bovine bone, and it has been observed that
1000 °C is not favourable for the formation of HAp crystals
because the crystallinity increases with the sintering tempera-
ture from 600 to 900 °C, and HAp degrades into other
substances at temperatures greater than 1000 °C.*** According
to a chemical examination of the filtrate from sample washing,
CaO was formed as a secondary phase as a result of the calci-
nation process at 1200 °C.

Nanosized amorphous HAp was produced from bovine bone
that was reacted with Ca(NOj3), when the bone was burned in an
open environment after being ball-milled and basified to pH
10 ."” Nanosized erratically shaped HAp was found when camel
and horse bones were sintered at 700 °C for two hours. The
crystal size of HAp synthesized from camel bones was 97 nm,
and 28 nm for horse bones. The findings from this synthesis
process show that for sintering crystalline HAp from camel and
horse bones, the Ca/P ratios should be 2.036 and 2.131,
respectively.*® Pig bone was used to produce pure crystalline
HAp with a rod-like morphology. Prior to pre-treatment, clean
and dried pig bones were calcined at 600, 800, and 1000 °C. The
Ca/P ratio of a sample after 1000 °C calcination was 1.88.%3%°

Another method used for producing HAp from pig bone
waste employed thermal annealing at temperatures between
600 and 1000 °C. The microscopic structure of the as-
synthesised HAp was determined by SEM and TEM examina-
tion to be a rod-like morphology with a length of 38-52 nm. As
a result, bio-waste such as pig bones can be used to create
porous HAp scaffolds instead of using the customary, tradi-
tional chemical technique.'** Waste pigeon bones were heated
to 850 °C before being cold-pressed into NPs and then re-
sintered at 850, 950, 1050, and 1150 °C to create naturally
produced nano-HAp. The average particle size of the pigeon-
derived nano-HAp produced in a ball mill ranged from 50 to
250 nm."*?

Around the world, several million tons of eggshells are
produced as bio-waste. To stop the spread of dangerous infec-
tions into the environment that could harm human health,
eggshells must be properly managed as a hazardous waste.
Eggshells are an efficient natural source that can be used for
HAp production, and therefore, it was encouraged to explore the
use of eggshells as a reliable source of calcium in order to
support the value-added notion with a sustainable and regen-
erative element.'*® Wet chemical precipitation was used to
create HAp, utilizing calcium oxide from eggshells along with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phosphoric acid. It was calculated that the molar ratio of
calcium oxide to phosphoric acid was 2: 1. For six hours, the
reaction was run at 120 °C. The calcination temperature was
800 °C to obtain the greatest beneficial effects on the particles
and their homogeneity."** DCPD and eggshell powders were
combined, and then ball-milled and heated to create HAp
powder. The milled sample was sintered at 1000 °C for 1 hour to
initiate the creation of the HAp phase, and the milled sample
was then sintered at 1000 °C for 10 hours to produce HAp in the
pure phase. Additionally, the final products composed of
biphasic calcium phosphate were produced simply by ball-
milling for 5 hours and then heating for 1 hour at 1000 °C.***

A broad range of solid-state techniques have been used for
the large-scale synthesis of HAp from eggshells. However, the
main disadvantage of these technique is the emergence of
secondary phases, such as B-TCP, which evolved because of its
irregular phase properties.”****” Utilizing eggshell waste and
H;PO, as precursors, Lee et al. successfully manufactured pure
HAp and B-TCP. To transform CaCO; into CaO, cleaned
eggshells were initially sintered at 900 °C for this study.™®

The entire procedure can be described by the following
reactions:

CaCO; — CaO + CO, (5)
2Ca0 + H3PO, — CaHPO, + Ca(OH), (6)
5CaHPO, + 5Ca(OH), + H;PO, — Ca;o(PO4)s(OH), + 8H,0(7)

Homogeneous mixing of the primary raw reagents with
suitable thermal treatment of eggshells are key factors in
producing pure HAp from the direct conversion of CaCO;. A
single-phase HAp with an average crystal size of 54.6 nm was
produced by applying the following procedure. The organic
components were entirely removed from the eggshell powder by
initial calcination at 700 °C for two hours. After being further
calcined at 800 °C, the wet attrition milled eggshell powder was
combined with DCPD' in a process represented by the
following reaction:

6C3HPO42H20 + 4C3.CO3 -
Cao(PO4)s(OH), + 4CO, +4H,O  (8)

The consumption of fish and crustaceans leads to the
accumulation of huge amounts of Ca- and HAp-rich feces.
Calcium, phosphate, and carbonate are abundant in fish bones,
which can be utilized to produce HAp. As a result, several
beneficial chemicals have been created using marine fish waste.
Fish bones or comparable sources are cleaned with hot water,
steam, or various alkaline solutions to remove proteins and
other organic contaminants before the conversion into HAp.***
To produce HAp, the bones are heated to a high temperature
during calcination after the protein mass has been removed.

Bigeye tuna (Thunnus obesus) bones underwent alkaline
hydrolysis with NaOH and were then thermally calcined at 900 ©
C for 5 hours to release carbonated HAp. When compared to
HAp produced from other sources, such as pig or bovine bones,
tuna bone HAp was more thermally stable up to 1200 °C.*** Pure
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HAp was prepared from the scales of nilotica fish using an
alkaline heat-treatment process. Fish scales that had been
thoroughly cleaned and dried were deproteinized and then
boiled with 50% sodium hydroxide at 100 °C for one hour to
produce HAp." To create pure HAp scaffolds, Rocha et al.
hydrothermally transformed fresh cuttlefish bones into HAp.**
Shi et al. also used a hydrothermal procedure to produce HAp
microspheres from cuttlefish bones.***

The ultimate output of the synthesis process is flawless
nanocrystals, which are produced when eggshells and phos-
phoric acid are used as sources of Ca and P, respectively.
Conversely, HAp that was extracted from snail shells likewise
produced perfectly formed nanosized crystals. The utilization of
biogenic sources for calcium phosphate synthesis is presented
in Fig. 6.

4 Conclusion

To obtain crystalline HAp, the different approaches require
different processing variables such as pH, Ca/P ratio, reaction
temperature, sintering temperature, and reaction time. A
balanced Ca/P molar ratio and reaction pH must be maintained
according to the desired procedure because these are the most
crucial parameters. Chemical modifiers, such as pyrolysis,
emulsion, combustion, and sonochemical, are used in some
processes to accelerate the reaction. Thus, homogeneous HAp
crystals of various sizes and morphologies can be produced.

The most optimal processes for creating HAp with a wide
surface area and ideal crystal size are pyrolysis and combustion.
Even though the emulsion technique is less expensive than
some other processes, it is nonetheless difficult to perform
because the finished product must be separated from the
medium. There are other options, such as obtaining HAp from
a natural source, that can bypass the issues associated with
producing synthetic HAp. Fish scales and animal bones can
serve as a suitable source of HAp because they include all the
beneficial components needed to improve the biological effects
of HAp.

Author contributions

Md. Kawcher Alam collected the data, and wrote the draft and
original manuscript. Md. Sahadat Hossain conceived and
designed the review, analysed the data, and assisted in writing
the manuscript. Md. Kawsar assisted in collecting the data.
Newaz Mohammed Bahadur and Samina Ahmed supervised the
findings of this work. Samina Ahmed supervised the overall
work and managed the required facilities.

3556 | RSC Adv, 2024, 14, 3548-3559

View Article Online

Review

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are grateful to the Bangladesh Council of Scientific
and Industrial Research (BCSIR) authority for financial support
through R&D projects (ref. no. 39.02.0000.011.14.134.2021/900;
Date: 30.12.2021) and (ref. no. 39.02.0000.011.14.157.2022/172;
Date: 10.11.2022). Md. Kawcher Alam wishes to thank the
Department of Applied Chemistry and Chemical Engineering,
Noakhali Science and Technology University, Noakhali, Ban-
gladesh for approving the M.S. thesis program.

References

1 S. L. Pandharipande and S. S. Sondawale, Int. J. Sci. Eng.
Technol. Res., 2016, 5, 3410-3416.

2 S. M. Zakaria, S. H. Sharif Zein, M. R. Othman, F. Yang and
J. A. Jansen, Tissue Eng., Part B, 2013, 19, 431-441.

3 E. S. Ahn, N. J. Gleason, A. Nakahira and ]. Y. Ying, Nano
Lett., 2001, 1, 149-153.

4 E. M. Rivera, M. Araiza, W. Brostow, V. M. Castano,
J. R. Diaz-Estrada, R. Hernandez and J. R. Rodriguez,
Mater. Lett., 1999, 41, 128-134.

5 M. Vallet-Regi and J. M. Gonzalez-Calbet, Prog. Solid State
Chem., 2004, 32, 1-31.

6 A. Mirten, P. Fratzl, O. Paris and P. Zaslansky, Biomaterials,
2010, 31, 5479-5490.

7 P. O'Hare, B. ]J. Meenan, G. A. Burke, G. Byrne, D. Dowling
and J. A. Hunt, Biomaterials, 2010, 31, 515-522.

8 I. M. Pelin, S. S. Maier, G. C. Chitanu and V. Bulacovschi,
Mater. Sci. Eng., C, 2009, 29, 2188-2194,

9 D. Z. Chen, C. Y. Tang, K. C. Chan, C. P. Tsui, H. F. Peter,
M. C. Leung and P. S. Uskokovic, Compos. Sci. Technol.,
2007, 67, 1617-1626.

10 L. Chen, J. M. Mccrate, J. C. Lee and H. Li, Nanotechnology,
2011, 22, 105708.

11 A. Rabiei, T. Blalock, B. Thomas, J. Cuomo, Y. Yang and
J. Ong, Mater. Sci. Eng., C, 2007, 27, 529-533.

12 P. Malmberg and H. Nygren, Proteomics, 2008, 8, 3755-
3762.

13 D. L. Batchelar, M. T. Davidson, W. Dabrowski and
I. A. Cunningham, Med. Phys., 2006, 33, 904-915.

14 M. P. Ferraz, F. ]J. Monteiro and C. M. Manuel, J. Appl
Biomater. Biomech., 2004, 2, 74-80.

15 Z. Dong, Y. Li and Q. Zou, Appl. Surf. Sci., 2009, 255, 6087~
6091.

16 S. V. Dorozhkin, Acta Biomater., 2010, 6, 715-734.

17 Y. Wang, L. Liu and S. Guo, Polym. Degrad. Stab., 2010, 95,
207-213.

18 D. Arcos and M. Vallet-Regi, J. Mater. Chem. B, 2020, 8,
1781-1800.

19 C. Shuai, W. Yang, P. Feng, S. Peng and H. Pan, Bioact.
Mater., 2021, 6, 490-502.

20 M. Kikuchi, Biol. Pharm. Bull., 2013, 36, 1666-1669.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra07559a

Open Access Article. Published on 22 gennaio 2024. Downloaded on 03/04/2026 16:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

21 N. M. Puvad, R. A. Haq, H. M. Noh, H. Z. Abdullah,
M. L Idris and T. C. Lee, Mater. Today: Proc., 2020, 29,
233-239.

22 S. Xu, J. Long, L. Sim, C. H. Diong and K. Ostrikov, Plasma
Processes Polym., 2005, 2, 373-390.

23 A. Haider, S. Haider, S. S. Han and I.-K. Kang, RSC Adv.,
2017, 7, 7442-7458.

24 X. Guo, H. Yan, S. Zhao, Z. Li, Y. Li and X. Liang, Adv.
Powder Technol., 2013, 24, 1034-1038.

25 B. Nasiri-Tabrizi, P. Honarmandi, R. Ebrahimi-Kahrizsangi
and P. Honarmandi, Mater. Lett., 2009, 63, 543-546.

26 L. Stipniece, K. Salma-Ancane, N. Borodajenko,
M. Sokolova, D. Jakovlevs and L. Berzina-Cimdina, Ceram.
Int., 2014, 40, 3261-3267.

27 W.-J. Shih, Y.-F. Chen, M.-C. Wang and M.-H. Hon, J. Cryst.
Growth, 2004, 270, 211-218.

28 K. Agrawal, G. Singh, D. Puri and S. Prakash, J. Miner. Mater.
Charact. Eng., 2011, 10, 727-734.

29 T. Yokota, M. Honda and M. Aizawa, Phosphorus Res. Bull.,
2017, 33, 35-40.

30 R. Narayanan, V. Singh, T. Y. Kwon and K. H. Kim, Key Eng.
Mater., 2008, 396-398, 411-419.

31 W. Kim and F. Saito, Ultrason. Sonochem., 2001, 8, 85-88.
32 A. Mushtaq, R. Zhao, D. Luo, E. Dempsey, X. Wang,
M. Z. Igbal and X. Kong, Mater. Des., 2021, 197, 109269.

33 S. V. Dorozhkin, Tissue Regeneration: Where Nano-structure
Meets Biology, 2014, vol. 2, p. 219.

34 S. Gyorgy, Z. Karoly, P. Fazekas, P. Németh, E. Bodis,
A. Menyhard, L. Kotai and S. Klébert, J. Therm. Anal
Calorim., 2019, 138, 145-151.

35 D. Veljkovi¢, B. Jokic, I. Jankovic-Castvan, I. Smiciklas,
R. Petrovi¢ and D. Janackovi¢, Key Eng. Mater., 2007, 330,
259-262.

36 R. Rial, M. Gonzalez-Durruthy, Z. Liu and ]J. M. Ruso,
Molecules, 2021, 26, 3190.

37 Z.Li, P. Wang and Z. Wu, J. Mater. Sci., 2005, 40, 6589-6591.

38 E. Kolanthai, K. Ganesan, M. Epple and S. N. Kalkura,
Mater. Today Commun., 2016, 8, 31-40.

39 Structural and Functional Adaptive Artificial Bone: Materials,
Fabrications, and Properties - Feng - 2023 - Advanced
Functional Materials, Wiley Online Library, https://
onlinelibrary.wiley.com/doi/abs/10.1002/adfm.202214726,
accessed 31 December 2023.

40 C. Shuai, B. Peng, P. Feng, L. Yu, R. Lai and A. Min, J. Adv.
Res., 2022, 35, 13-24.

41 M. U. Munir, S. Salman, A. Thsan and T. Elsaman, Int. J.
Nanomed., 2022, 17, 1903-1925.

42 D. G.Filip, V.-A. Surdu, A. V. Paduraru and E. Andronescu, J.
Funct. Biomater., 2022, 13, 248.

43 M. Ammar, S. Ashraf and J. Baltrusaitis, Ceramics, 2023, 6,
1799-1825.

44 A. Ruffini, S. Sprio, L. Preti, A. Tampieri, A. Ruffini, S. Sprio,
L. Preti and A. Tampieri, in Biomaterial-supported Tissue
Reconstruction or Regeneration, IntechOpen, 2019.

45 T. Laonapakul, Eng. Appl. Sci. Res., 2015, 42, 269-275.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

46 N. K. Sarathchandraprakash, C. Mahendra, S. J. Prashanth,
K. Manral, U. V. Babu and D. V. S. Gowda, Asian J. Exp.
Chem., 2013, 8, 30-45.

47 H. Khalid and A. A. Chaudhry, in Handbook of Ionic
Substituted Hydroxyapatites, Elsevier, 2020, pp. 85-115.

48 A. K. Nayak, Int. J. ChemTech Res., 2010, 2(2), 903-907.

49 S. Bose and S. K. Saha, Chem. Mater., 2003, 15, 4464-44609.

50 Y. Sun, G. Guo, D. Tao and Z. Wang, J. Phys. Chem. Solids,
2007, 68, 373-377.

51 M. J. Phillips, J. A. Darr, Z. B. Luklinska and I. Rehman, J.
Mater. Sci.: Mater. Med., 2003, 14, 875-882.

52 C. Yang, P. Yang, W. Wang, S. Gai, J. Wang, M. Zhang and
1. Lin, Solid State Sci., 2009, 11, 1923-1928.

53 G. C. Koumoulidis, A. P. Katsoulidis, A. K. Ladavos,
P. J. Pomonis, C. C. Trapalis, A. T. Sdoukos and
T. C. Vaimakis, J. Colloid Interface Sci., 2003, 259, 254-260.

54 1. Kimura, Res. Lett. Mater. Sci., 2007, 2007, 1-4.

55 H. Zhou and J. Lee, Acta Biomater., 2011, 7, 2769-2781.

56 S. Bose and S. K. Saha, Chem. Mater., 2003, 15, 4464-4469.
57 B.-H. Chen, K.-I. Chen, M.-L. Ho, H.-N. Chen, W.-C. Chen
and C.-K. Wang, Mater. Chem. Phys., 2009, 113, 365-371.

58 H. C. Shum, A. Bandyopadhyay, S. Bose and D. A. Weitz,
Chem. Mater., 2009, 21, 5548-5555.

59 1. Jeong, H.-S. Yu, M.-K. Kim, J.-H. Jang and H.-W. Kim, J.
Mater. Sci.: Mater. Med., 2010, 21, 1335-1342.

60 Y. Gonda, K. Ioku, Y. Shibata, T. Okuda, G. Kawachi,
M. Kamitakahara, H. Murayama, K. Hideshima,
S. Kamihira and I. Yonezawa, Biomaterials, 2009, 30,
4390-4400.

61 S. Jarudilokkul, W. Tanthapanichakoon and
V. Boonamnuayvittaya, Colloids Surf., A, 2007, 296, 149-153.

62 S. Chen, X. Du, T. Wang, L. Jia, D. Huang and W. Chen,
Ceram. Int., 2018, 44, 900-904.

63 B.-H. Chen, K.-I. Chen, M.-L. Ho, H.-N. Chen, W.-C. Chen
and C.-K. Wang, Mater. Chem. Phys., 2009, 113, 365-371.

64 S.  Jarudilokkul, w. Tanthapanichakoon and
V. Boonamnuayvittaya, Colloids Surf., A, 2007, 296, 149-153.

65 1. Kimura, Res. Lett. Mater. Sci., 2007, 2007, 1-4.

66 X. Ma, Y. Chen, J. Qian, Y. Yuan and C. Liu, Mater. Chem.
Phys., 2016, 183, 220-229.

67 A.Fihri, C. Len, R. S. Varma and A. Solhy, Coord. Chem. Rev.,
2017, 347, 48-76.

68 M. Sadat-Shojai, M.-T. Khorasani, E. Dinpanah-Khoshdargi
and A. Jamshidi, Acta Biomater., 2013, 9, 7591-7621.

69 M. Vallet-Reg1, M. T. Gutiérrez-Rios, M. P. Alonso, M. 1. De
Frutos and S. Nicolopoulos, J. Solid State Chem., 1994, 112,
58-64.

70 N. A. S. Mohd Pu’ad, R. H. Abdul Haq, H. Mohd Noh,
H. Z. Abdullah, M. I. Idris and T. C. Lee, Mater. Today:
Proc., 2020, 29, 233-239.

71 P. Majeri¢ and R. Rudolf, Materials, 2020, 13, 3485.

72 K. Itatani, T. Tsugawa, T. Umeda, Y. Musha, I. J. Davies and
S. Koda, J. Ceram. Soc. Jpn., 2010, 118, 462-466.

73 N. S. Sambudi, S. Cho and K. Cho, RSC Adv., 2016, 6, 43041~
43048.

74 J. S. Cho and S. H. Rhee, Key Eng. Mater., 2012, 493, 215-
218.

RSC Adv, 2024, 14, 3548-3559 | 3557


https://onlinelibrary.wiley.com/doi/abs/10.1002/adfm.202214726
https://onlinelibrary.wiley.com/doi/abs/10.1002/adfm.202214726
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra07559a

Open Access Article. Published on 22 gennaio 2024. Downloaded on 03/04/2026 16:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

75 W. Widiyastuti, A. Setiawan, S. Winardi, T. Nurtono and
H. Setyawan, Front. Chem. Sci. Eng., 2014, 8, 104-113.

76 J. S. Cho and Y. C. Kang, J. Alloys Compd., 2008, 464, 282-
287.

77 T.Nakazato, S. Tsukui, N. Nakagawa and T. Kai, Adv. Powder
Technol., 2012, 23, 632—639.

78 G.-H. An, H.-J. Wang, B.-H. Kim, Y.-G. Jeong and Y.-H. Choa,
Mater. Sci. Eng., A, 2007, 449-451, 821-824.

79 J. S. Cho and S.-H. Rhee, J. Eur. Ceram. Soc., 2013, 33, 233-
241.

80 M. Aizawa, T. Hanazawa, K. Itatani, F. S. Howell and
A. Kishioka, J. Mater. Sci., 1999, 34, 2865-2873.

81 G.-H. An, H.-J. Wang, B.-H. Kim, Y.-G. Jeong and Y.-H. Choa,
Mater. Sci. Eng., A, 2007, 449-451, 821-824.

82 J. S. Cho and S.-H. Rhee, J. Eur. Ceram. Soc., 2013, 33, 233-
241.

83 J. S. Cho and Y. C. Kang, J. Alloys Compd., 2008, 464, 282—
287.

84 T. Nakazato, S. Tsukui, N. Nakagawa and T. Kai, Adv. Powder
Technol., 2012, 23, 632-639.

85 H. A. Batista, F. N. Silva, H. M. Lisboa and A. C. F. M. Costa,
Ceram. Int., 2020, 46, 11638-11646.

86 S. K. Pratihar, M. Garg, S. Mehra and S. Bhattacharyya, J.
Mater. Sci.: Mater. Med., 2006, 17, 501-507.

87 S. C. Cox, R. I. Walton and K. K. Mallick, Bioinspired,
Biomimetic Nanobiomater., 2015, 4, 37-47.

88 S. Sasikumar and R. Vijayaraghavan, Ceram. Int., 2008, 34,
1373-1379.

89 M. Canillas, R. Rivero, R. Garcia-Carrodeguas, F. Barba and
M. A. Rodriguez, Bol. Soc. Esp. Ceram. Vidrio, 2017, 56, 237-
242.

90 N. Bovand, S. Rasouli, M. R. Mohammadi and D. Bovand, J.
Ceram. Process. Res., 2012, 13, 221-225.

91 L. A. Chick, L. R. Pederson, G. D. Maupin, ]J. L. Bates,
L. E. Thomas and G. ]J. Exarhos, Mater. Lett., 1990, 10, 6-12.

92 S. K. Ghosh, S. Datta and S. K. Roy, Trans. Indian Ceram.
Soc., 2004, 63, 27-32.

93 S. K. Ghosh, S. K. Roy, B. Kundu, S. Datta and D. Basu,
Mater. Sci. Eng., B, 2011, 176, 14-21.

94 S. Lamkhao, M. Phaya, C. Jansakun, N. Chandet,
K. Thongkorn, G. Rujijanagul, P. Bangrak and
C. Randorn, Sci. Rep., 2019, 9, 4015.

95 S. Sasikumar and R. Vijayaraghavan.

96 R. Ramakrishnan, P. Wilson, T. Sivakumar and I. Jemina,
Ceram. Int., 2013, 39, 3519-3532.

97 M. Kavitha, R. Subramanian, R. Narayanan
V. Udhayabanu, Powder Technol., 2014, 253, 129-137.

98 J. C. Merry, L. R. Gibson, S. M. Best and W. Bonfield, J.
Mater. Sci.: Mater. Med., 1998, 9, 779-783.

99 Y. Doi, T. Shibutani, Y. Moriwaki, T. Kajimoto and
Y. Iwayama, J. Biomed. Mater. Res., 1998, 39, 603-610.

100 P. W. Brown and B. Constantz, Hydroxyapatite and Related
Materials, CRC Press, 1994.

101 H. M. Myers, Calcium Phosphate Biomaterials in Preventive
and Restorative Dentistry, Karger, Farmington, CT, 1991,
pp. 154-171.

and

3558 | RSC Adv, 2024, 14, 3548-3559

View Article Online

Review

102 C. S. Hong, P. Ravindranathan, D. K. Agrawal and R. Roy, J.
Mater. Res., 1994, 9, 2398-2403.

103 K. R. Venkatachari, D. Huang, S. P. Ostrander,
W. A. Schulze and G. C. Stangle, J. Mater. Res., 1995, 10,
748-755.

104 R. Ghosh and R. Sarkar, Mater. Sci. Eng., C, 2016, 67, 345-
352.

105 G. E. Poinern, R. K. Brundavanam, N. Mondinos and
Z.-T. Jiang, Ultrason. Sonochem., 2009, 16, 469-474.

106 J. Klinkaewnarong and S. Utara, Ultrason. Sonochem., 2018,
46, 18-25.

107 M. De Campos, F. A. Miller, A. H. A. Bressiani,
J. C. Bressiani and P. Greil, J. Mater. Sci.: Mater. Med.,
2007, 18, 669-675.

108 S. Utara and ]J. Klinkaewnarong, Ceram. Int., 2015, 41,
14860-14867.

109 N. Varadarajan, R. Balu, D. Rana, M. Ramalingam and
T. S. S. Kumar, J. Biomater. Tissue Eng., 2014, 4, 295-299.

110 M. Jevti¢, M. Mitric, S. ékapin, B. Jancar, N. Ignjatovi¢ and
D. Uskokovi¢, Cryst. Growth Des., 2008, 8, 2217-2222.

111 T. A. Hassan, V. K. Rangari and S. Jeelani, Int. J. Nano
Biomater., 2014, 5, 103-112.

112 Z. Zou, K. Lin, L. Chen and ]J. Chang, Ultrason. Sonochem.,
2012, 19, 1174-1179.

113 S. Utara and ]. Klinkaewnarong, Ceram. Int., 2015, 41,
14860-14867.

114 N. Varadarajan, R. Balu, D. Rana, M. Ramalingam and
T. S. Kumar, J. Biomater. Tissue Eng., 2014, 4, 295-299.

115 N. L. Agbeboh, I. O. Oladele, O. O. Daramola, A. A. Adediran,
O. O. Olasukanmi and M. O. Tanimola, Heliyon, 2020, 6,
€03765.

116 P. A. Forero-Sossa, I. U. Olvera-Alvarez, J. D. Salazar-
Martinez, D. G. Espinosa-Arbelaez, B. Segura-Giraldo and
A. L. Giraldo-Betancur, Mater. Charact., 2021, 173, 110950.

117 P. K. Gautam, A. Singh, K. Misra, A. K. Sahoo and
S. K. Samanta, J. Environ. Manage., 2019, 231, 734-748.

118 S. Mondal, G. Hoang, P. Manivasagan, M. S. Moorthy,
H. H. Kim, T. T. V. Phan and ]J. Oh, Mater. Chem. Phys.,
2019, 228, 344-356.

119 M. Albéric, C. A. Stifler, Z. Zou, C.-Y. Sun, C. E. Killian,
S. Valencia, M.-A. Mawass, L. Bertinetti, P. U. Gilbert and
Y. Politi, J. Struct. Biol.: X, 2019, 1, 100004.

120 D. Nuifiez, E. Elgueta, K. Varaprasad and P. Oyarzan, Mater.
Lett., 2018, 230, 64-68.

121 F. Cestari, G. Chemello, A. Galotta and V. M. Sglavo, Ceram.
Int., 2020, 46, 23526-23533.

122 S. H. Saharudin, J. H. Shariffuddin, N. I. A. A. Nordin and
A. Ismail, Mater. Today: Proc., 2019, 19, 1208-1215.

123 G. S. Kumar, A. Thamizhavel and E. K. Girija, Mater. Lett.,
2012, 76, 198-200.

124 L. Addadi, S. Raz and S. Weiner, Adv. Mater., 2003, 15, 959-
970.

125 N. 1. Agbeboh, I. O. Oladele, O. O. Daramola, A. A. Adediran,
O. 0. Olasukanmi and M. O. Tanimola, Heliyon, 2020, 6(4),
E03765.

126 E. S. Akpan, M. Dauda, L. S. Kuburi, D. O. Obada and
D. Dodoo-Arhin, Results Phys., 2020, 17, 103051.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra07559a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 22 gennaio 2024. Downloaded on 03/04/2026 16:57:50.

(cc)

Review

127 A. C. Ferro and M. Guedes, Mater. Sci. Eng., C, 2019, 97,
124-140.

128 C. R. Dumitrescu, I. A. Neacsu, V. A. Surdu, A. I. Nicoara,
F. Iordache, R. Trusca, L. T. Ciocan, A. Ficai and
E. Andronescu, Nanomaterials, 2021, 11, 2289.

129 S. Ramesh, Z. Z. Loo, C. Y. Tan, W. K. Chew, Y. C. Ching,
F. Tarlochan, H. Chandran, S. Krishnasamy, L. T. Bang
and A. A. Sarhan, Ceram. Int., 2018, 44, 10525-10530.

130 J. C. Hiller, T. J. Thompson, M. P. Evison, A. T. Chamberlain
and T. J. Wess, Biomaterials, 2003, 24, 5091-5097.

131 N. Sykaras and L. A. Opperman, J. Oral Sci., 2003, 45, 57-73.

132 M. R. Urist, Science, 1965, 150, 893-899.

133 K. Verdelis, L. Lukashova, J. T. Wright, R. Mendelsohn,
M. G. E. Peterson, S. Doty and A. L. Boskey, Bone, 2007,
40, 1399-1407.

134 N. A. Barakat, M. S. Khil, A. M. Omran, F. A. Sheikh and
H. Y. Kim, J. Mater. Process. Technol., 2009, 209, 3408-3415.

135 R. Murugan, S. Ramakrishna and K. P. Rao, Mater. Lett.,
2006, 60, 2844-2847.

136 E. Kusrini and M. Sontang, Radiat. Phys. Chem., 2012, 81,
118-125.

137 S. Rakmae, C. Lorprayoon, S. Ekgasit and N. Suppakarn,
Polym.-Plast. Technol. Eng., 2013, 52, 1043-1053.

138 S. S. Rahavi, O. Ghaderi, A. Monshi and M. H. Fathi, Russ. J.
Non-Ferrous Metals, 2017, 58, 276-286.

139 E. A. Ofudje, A. Rajendran, A. I. Adeogun, M. A. Idowu,
S. O. Kareem and D. K. Pattanayak, Adv. Powder Technol.,
2018, 29, 1-8.

140 A. J. Salinas and M. Vallet-Regi, RSC Adv., 2013, 3, 11116-
11131.

141 T. Laonapakul, Eng. Appl. Sci. Res., 2015, 42, 269-275.

142 F. Sharifianjazi, A. Esmaeilkhanian, M. Moradi,
A. Pakseresht, M. S. Asl, H. Karimi-Maleh, H. W. Jang,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

M. Shokouhimehr and R. S. Varma, Mater. Sci. Eng., B,
2021, 264, 114950.

143 S.-C. Wu, H.-K. Tsou, H.-C. Hsu, S.-K. Hsu, S.-P. Liou and
W.-F. Ho, Ceram. Int., 2013, 39, 8183-8188.

144 S. Ummartyotin and B. Tangnorawich, Colloid Polym. Sci.,
2015, 293, 2477-2483.

145 S.-C. Wu, H.-C. Hsu, S.-K. Hsu, Y.-C. Chang and W.-F. Ho, J.
Asian Ceram. Soc., 2016, 4, 85-90.

146 H.G.Zhang and Q. Zhu, J. Mater. Sci.: Mater. Med., 2006, 17,
691-695.

147 K. Teshima, S. Lee, M. Sakurai, Y. Kameno, K. Yubuta,
T. Suzuki, T. Shishido, M. Endo and S. Oishi, Cryst.
Growth Des., 2009, 9, 2937-2940.

148 S.]J. Lee and S. H. Oh, Mater. Lett., 2003, 57, 4570-4574.

149 S. Ramesh, A. N. Natasha, C. Y. Tan, L. T. Bang, C. Y. Ching
and H. Chandran, Ceram. Int., 2016, 42, 7824-7829.

150 S. K. Kim, P. J. Park and Y. T. Kim, Korean J. Life Sci., 2001,
11, 97-102.

151 J. Venkatesan, Z. J. Qian, B. Ryu, N. V. Thomas and
S. K. Kim, Biomed. Mater., 2011, 6, 035003.

152 S. Kongsri, K. Janpradit, K. Buapa, S. Techawongstien and
S. Chanthai, Chem. Eng. J., 2013, 215, 522-532.

153 J. H. G. Rocha, A. F. Lemos, S. Agathopoulos, P. Valério,
S. Kannan, F. N. Oktar and J. M. F. Ferreira, Bone, 2005,
37, 850-857.

154 Y. Shi, T. Pan, W. Zhu, C. Yan and Z. Xia, J. Mech. Behav.
Biomed. Mater., 2020, 104, 103664.

155 K. Salma-Ancane, L. Stipniece and Z. Irbe, Ceram. Int., 2016,
42, 9504-9510.

156 B. O. Asimeng, D. W. Afeke and E. K. Tiburu, in
Biomaterials, IntechOpen, 2020, pp. 121-130.

157 M. A. M. Castro, T. O. Portela, G. S. Correa, M. M. Oliveira,
J. H. G. Rangel, S. F. Rodrigues and J. M. R. Mercury, Bol.
Soc. Esp. Ceram. Vidrio, 2022, 61, 35-41.

RSC Adv, 2024, 14, 3548-3559 | 3559


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra07559a

	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review

	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review
	Synthesis of nano-hydroxyapatite using emulsion, pyrolysis, combustion, and sonochemical methods and biogenic sources: a review


