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Several biomaterials have been developed in recent decades for various orthopedic and dental applications with
hydroxyapatite (HAP, Ca, (PO, (OH), being an integral one owing to its structural similarity to human bone.
Different methods have been explored for the fabrication of HA. Therefore, in this study, we have synthesized HA
utilizing two methods namely- refluxing sol-gel and microwave route using the same precursors at different
sintering temperatures. A comparative analysis of the phase formation of HA was carried out using XRD, FI-IR, TG-
DTA, SEM-EDAX, *'P NMR, and BET analyses. The average crystallite size and degree of crystallinity increased with
sintering temperature. FT-IR spectra indicated the presence of carbonate in the sol-gel method and were absent in
the microwave method. The weight loss of the samples was observed at 100-400 °C synthesized by both routes.
Spherical-shaped particles were formed in sol-gel whereas it was rod-shaped in microwave synthesis. A doublet
peak was analyzed in *P NMR spectra due to the change in the oxidation state of phosphorous and the surface area
of the samples was determined by the BET method. Hence, the study proves that different morphological HA can
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be synthesized through various methods.
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Introduction

Hydroxyapatite is one of the important materials that can substitute
natural bone in various orthopedic and dental applications. The
past few decades have seen an extensive amount of research in
hydroxyapatite owing to its unique properties and structural,
chemical and biological similarity to the human bone.
Hydroxyapatite (HAP, Ca, (PO,) (OH),) is a thermodynamically
stable inorganic compound in different physiological conditions,
thus can be used as a suitable bioactive material for various bone
graft applications [1]. HAP crystallizes in a hexagonal lattice with a
stoichiometric ratio of Ca/P ratio of 1.67. An excellent property
required for a biomaterial is biocompatibility which is present in
HAP. Moreover, the osteoconductive property (ability to form a
bond with natural bone) of HAP make it highly functional to act
as a suitable coating on metal implants and helps in bone tissue
repair. Therefore, HAP is attracting a huge amount of interest
among researchers to study the further modifications achievable
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in order to enhance its properties [2].

HAP is widely used for various applications as suitable bone grafts
and as an effective coating on implants. The biodegradability and
bioactivity of HAP is significantly better than nanoparticles making
it a more feasible option for biomedical applications. When
compared to TiO,, carbon dots, carbon nanotubes and magnetic
particles, HAP is less toxic and more soluble. All these features
make HAP a potential candidate for drug delivery applications [3].
Moreover, various ionic substitutions are possible in HAP as
calcium, phosphate and hydroxyl groups can be easily replaced by
other ions. These substitutions help to improve the properties of
HAP such as its poor mechanical strength can be overcome by
functionalizing HAP using carbon nanotubes. Similarly, magnetic
properties can be imparted to HAP by using magnetic particles
which also act as a powerful tool for targeted drug delivery [4].

Different synthesis methods have been employed for the fabrication
of hydroxyapatite such as solid-state reaction, co-precipitation,
sol-gel, hydrothermal and microwave irradiation [5]. Among these,
sol-gel route and microwave assisted technique have received much
attention. Sol-gel synthesis have attracted a great deal of interest
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owing to the inherent advantages in the making of glass, ceramic
and glass-ceramic powders. The ability to form highly crystalline
nanosized particles and thin films, high purity, low synthesis
temperature is some of the advantages. Furthermore, molecular-
level mixing of the precursors results in a higher degree of chemical
homogeneity of the synthesized powders. Additionally, HAP
synthesized by sol-gel have shown greater bioactivity due to the
presence of ions in the crystal lattice. Metal alkoxides (for eg:
tetraethyl orthosilicate for introducing silicon) and metal salts (for
eg: calcium nitrate and triethyl phosphate for introducing calcium
and phosphorous respectively) are most widely used precursors
for the synthesis. Sol-gel is a versatile method for synthesis that
helps in the formation of thin film coatings on metal substrates,
thereby making HAP highly effective in implant applications [6].

Microwave irradiation is a notable technique which involves the
conversion of electromagnetic energy to heat. Uniform transfer of
energy is achieved throughout the heating process, therefore
enhancing the reproducibility of the synthesis which further
improves the yield and purity of the product [7]. This also require
less processing time while compated to other methods. Itis a cost-
effective and eco-friendly process which helps to obtain controlled
size, morphology and highly crystalline products. The control of
morphology is very important when considered the wide range of
applications available to utilize the properties of HAP. Moreover, it
provides the synthesis of materials with shorter processing time,
lower energy consumption with uniform heating and improved
efficacy [8]. The choice of precursors also has a great deal of influence
on the various parameters regarding the formation of HAP. As the
precursors are changed, it would lead to different reactivity and that
can severely impact the processing time and homogeneity of the
final product. In general, phosphorous compounds such as
phosphoric acid, triethyl phosphite, triethyl phosphate and
phosphorous pentoxide are considered for the production of HAP.
The proper mode of synthesis along with the suitable precursors
can help in the development of nanosized highly crystalline
hydroxyapatite [9].

In this investigation, the synthesis of HAP is carried out using two
methods: sol-gel and microwave-assisted methods, and then a
comparative study is carried out using various characterisation
techniques such as XRD and FT-IR. The thermal stability of the
samples was analysed by TG-DTA. The structural and
morphological studies were done by SEM analysis. The impact of
aging time during the sol-gel method was studied using *'P NMR
and the specific surface area was determined using BET analysis.

Materials and Methods

Calcium nitrate tetrahydrate [Ca (NO,),. 4H,0 (99%) SDFCL],
tricthyl phosphite [P(OCH,CH,), (98%) Sigma Aldrich] and
ethanol [CH,CH,OH].

Preparation of HA
Sol-gel method

A refluxing-based sol-gel route was utilized for the fabrication of
pute HAP using calcium nitrate and triethyl phosphite as Ca and P
resources respectively. First of all, solutions of 0.6 M triethyl
phosphite and 1 M calcium nitrate are prepared in ethanol. The
stoichiometric ratio of Ca/P is maintained at 1.67 throughout the
synthesis. Triethyl phosphite was hydrolyzed by refluxingit at 70°C
for 8 hours. The prepared ‘Ca’ solution was added dropwise to the
above refluxed ‘P’ solution. The solution mixture was again refluxed
at 80°C for 16 hrs. This is performed to improve the hydrolyzation
and reactivity of the precursors. After that, the sol is evaporated to
obtain the gel. The obtained gel is further dried and sintered at
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Figure 1: Images of synthesized HAP powder by both
the methods

900°C for 2 hrs to obtain powdet.

Microwave assisted method

The microwave-assisted synthesis of HAP was carried out using a
household microwave oven (IFB) operated under 900W power
with a 2.4 GHz frequency. An equal volume of precursor solutions
containing 1M of calcium nitrate and 0.6 M of triethyl phosphite
were taken and the stoichiometric ratio of Ca/P was maintained at
1.67. The pH was adjusted to 8-10 using aqueous ammonia
solution. Then, the prepared solution mixture was kept for
magnetic stirring for 2 hrs. After that the resulting mixture was
keptinside a microwave oven at continuous heating for 10 minutes.
The final product obtained was filtered and washed thrice with
distilled water. The calcined powders were obtained after sintering
them at 900°C for 2h. The images of the synthesized powders is
depicted in figure 1.

Characterization of prepared HAP

The crystallinity of the samples was studied using X-ray
diffractometer (XRD, Bruker D8 Advance) using Cu-Koa radiation
of 1.5406 A with 20 range from 10 to 80°. The thermal analysis of
the samples was carried out using Universal V4.5A TA Instruments
workstation with a heating rate of 20°C/minute up to 1200°C. The
characteristic functional groups for the formation of pure HAP
were analysed by Fourier transform infrared spectroscopy with ATR
mode (FT-IR: Shimadzu model) in the range 4000 to 400 cm™.
The surface morphology and topography of sintered samples were
analysed by Scanning electron microscopy (SEM, Model: Hitachi
54800). All samples were placed on copper sample holders and
gold sputtering is carried out to avoid the accumulation of
electrostatic charge. The energy dispersive X-ray (EDX) spectra were
obtained by a standard unit attached to the SEM. The mechanism
of the formation of HAP and the effect of aging time was studied
using *'P NMR spectroscopy (Bruker Avance I1I 400 MHz). The
surface area of the powders and the pore size distribution were
analyzed (Model: AutosorbiQ), Quantachrome USA). The samples
wete initially degassed at 150°C for 2 hr and the adsorption/
desorption isotherm using nitrogen gas were studied at 300°C.
The specific surface area was determined using BET (Brunauer-
Emmett-Teller) method.

Results and Discussion
X-Ray Diffraction Studies

X-ray diffraction is an excellent technique to identify the crystalline
phases in a sample and to analyze the crystal structure of a particular
component. Figure 2(A and B) shows the diffraction patterns
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Figure 2: XRD pattern of HAP synthesized by A) sol-gel, B) microwave methods. C) crystallite size and D)
crystallinity of HAP at different sintering temperatures

obtained for the HAP samples synthesized by sol-gel and
microwave routes respectively. All diffraction peaks obtained exactly
matched with the standard pattern of hexagonal structure HAP
(JCPDS: 09-432) for both the routes of synthesis. The significant
peak positions wete obsetved at 20 - 25.98°, 31.83°, 32.13°,32.94°
which indicates the major evidence for the formation of HAP [10].
Atlower temperatures, amorphous peaks were obtained especially
for raw and 300°C sintered samples which accounted for the fact
that sintering temperature does affect the crystallinity. At 600°C,
when synthesised by sol-gel method, the characteristic peak of HAP
was formed with a slight peak broadening which is due to the
small amount of amorphous nature present in the sample. But, in
the case of the microwave method, a higher degree of amorphous
nature was present in the sample as a broad peak was obtained at
600°C. All these findings corroborate the fact that weaker intensity
and broadening of the peaks corresponds to the less crystallinity
of the material along with the possibility of the formation of
nanosized particles. The same can be further proved by calculating
the degree of crystallinity () ) using the equation below [11].

23
_ (0.244
X“_( [ )
wherte B is the FWHM (Full Width at Half Maximum) of the
particular peak. The peaks became narrower and well-defined at

higher sintering temperatures which accounted for the improved
crystallinity of the material. Crystallinity improved at higher sintering
temperatures due to the growth of the crystal and the
decomposition of the carbonate content from the lattice. There is
no significant change in the crystallinity from 900 to 1200°C as a
majority of carbonate has been eliminated from the lattice below
900°C itself [12]. Crystallization occurs due to the change in the
phosphate tetrahedral structure from the amorphous state and the
charge is balanced using an anion addition. At higher temperatures,
hydroxylated amorphous state is formed by which more charge
carriers can be delivered by hydroxyl ions which makes the
crystallization easier [13]. The effect of crystallinity and crystallite
size of the synthesized HAP at different sintering temperatures is
represented in figure 2 (C and D).

At 900°C, in the sol-gel method of synthesis, well-defined highly
crystalline HAP is obtained. Similarly, in the microwave-synthesised
route, the characteristic HAP was present with a high degree of
crystallinity. However, a small amount of B-TCP is also present at
29°for the sample sintered at 900°C, while the presence of B-TCP
was seen only at 1200°C in the sol-gel route. Furthermore, the
dominant peak in the microwave method at 1200°C is -TCP along
with the less intense HAP. This can be attributed to the fact that 3-
TCP crystallises at higher temperatures above 1100°C as reported
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earlier [14]. Moreover, a small amount of CaO was present when
sintered at 1200°C in the sol-gel route, while it is present by 900°C
in microwave method and previous reports already suggest that
CaO can be present even at 900°C. The presence of CaO at higher
temperatures is due to the decomposition of HAP (a) into B-TCP
(b) and CaO (c) as expressed below [15].

Ca, (PO,),(OH),— 3Ca,(PO,), + CaO + H,0
@) () ©

The existence of CaO impurity phase reduces the biocompatibility
of HAP. This is because CaO dissolves in water to form calcium
hydroxide which in turn increases the pH value. This will result in
the failure of the implant and obstruct bone formation on the
surface of the implant. Hence, it is highly essential to eliminate the
secondary phase of CaO. This can be overcome to a greater extent
by adding dilute solution of HCI, which converts CaO into CaCl,
and it can be removed by filtration [16]. The presence of the small
shoulder peak at 29° also prove that the decomposition of HAP
takes place at higher temperatures by the loss of hydroxyl groups
and thereby results in the formation of other phosphates. The
same phenomenon occurs more significantly in microwave method
as the dominant peak at 1200°C is B-TCP [17].

The average crystallite size of the samples was calculated using
Scherrer equation:
_ kk
b ocos @

where ‘D’ is the crystallite size, k is the constant and is equal to 0.9,
A is the wavelength of the monochromatic X-ray (1.54 A), O is the
diffraction angle (°) and P is the FWHM of the peak taken under
consideration. The diffraction peak at 20 = 26° which corresponds
to the (002) plane was utilized for the determination of the crystallite
size as it is a sharp peak and is isolated from others. The (002)
plane shows the growth of the crystal through the c-axis of the
HAP crystal structure [18]. It can be seen that as the sintering
temperature increased, the peaks became narrower which in turn
decreased the FWHM values of the peaks and hence the crystallite
size increased. The crystallite size increased from 20 to 40 nm when
the temperature increased from 600 to 900°C. Diffusion is the
major phenomenon that results in crystallization, hence as the
sintering temperature increased, the rate of diffusion of the atoms
enhanced which further improves the growth of the crystal and
results in larger crystallite size [19].

From the XRD results, it is evident that 800-900°C is the optimum
temperature range required to obtain crystalline HAP.

FT-IR Analysis

The FT-IR spectroscopy was used to detect the characteristic
functional groups present in the samples. Figure 3 (A and B)
represents the FT-IR spectra of the samples synthesized by sol-gel
and microwave methods sintered at different temperatures
respectively. The characteristic chemical groups of HAP which
includes PO,*, OH and CO,* were present in all the samples. The
tetrahedral symmetry of HAP produces four different vibrational
modes namely- symmetrical stretching vibrational mode at 960 cm-!
(non-degenerated mode, v,), doubly degenerated bending
vibrational mode at 460 cm™ (v,), asymmetrical stretching triply
degenerated vibrational mode at 1010-1130 cm™ (v,) and triply
degenerated bending vibrational mode at 550-600 cm™ (v,). These
modes of phosphate group were present in all the samples which
confirms the structure of HAP [20].

HARP consist of two types of OH" groups which corresponds to
134
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Figure 3: FT-IR spectra of HAP at different
temperatures, A) sol-gel route, B) microwave method

the two different types of water present. One is present in the
apatite structure and its characteristic bending and stretching
vibrational bands are present at 630 and 3570 cm'respectively. For
the raw sample a broad peak is seen which becomes narrower on
increasing the sintering temperature which is a characteristic feature
of HAP. It indicates a higher degree of crystallinity at higher
temperatures which was also evidenced by XRD results. The other
one is lattice water which consist of a broad band region in the
range of 1600 and 3300-3500 cm. At higher temperatures,
dehydration occurs due to heating and the intensity of these bands
diminishes and gets eliminated. The presence of hydroxyl group
can be seen when synthesised by both the routes [21].

The band present at 1470 cm™ is associated with stretching
vibrational mode and the band at 860 cm™ belongs to the bending
vibrational mode of CO_* group respectively. When synthesised
by sol-gel method, a highly intense carbonate peak is obtained at
1470 cm for the raw sample which might be due to the intetaction
with carbon dioxide present in atmosphere. The intensity of the
peak decreased with higher sintering temperature as carbon dioxide
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is a volatile gas and hence gets easily eliminated [22]. In the
microwave method of synthesis, only a small shoulder peak of
carbonate is present for the raw sample as the synthesis is taking
place in a closed environment with a short duration of time (10
min) which reduces the possibility of the interaction with carbon
dioxide. The intensity of the peak drastically reduced and vanishes
at higher temperatures. Hence, it can be proved that carbonated
apatite can be produced using sol-gel technique while compared to
the microwave method. Carbonated apatite is more applicable for
orthopaedic applications as human bone contains small amount
of carbonate and helps in improving the osteoconductive potential
of HAP [23].

Thermal analysis

Thermo gravimetric analysis (TGA) provides information regarding
the weight loss of the powders whereas differential thermal analysis
(DTA) provides details of the type of reaction the raw samples
undergo with an increase in temperature. The thermal stability of
HAP raw powder is illustrated in figure 4A, when synthesised by
sol-gel method. The figure depicts a weight loss of 30 % between
0 to 200°C which corresponds to the loss of adsorbed water. The
same is also reflected with the presence of a sharp endothermic
peak in DTA curve at the same region. During thermal treatment,
HAP go through two main processes which include dehydration
and dihydroxylation [24]. Dehydration is the removal of adsorbed
water which takes place at less than 200°C and the same can be
corroborated from FT-IR spectra also as no band of adsorbed
water is visible at 300°C and higher. Dihydroxylation is the removal
of structured water which takes place between 250 to 600°C and
the same can be evidenced by the IR spectra as the hydroxyl peaks
gets narrower at higher temperatures. After 600°C no significant
weight loss is observed which prove the greater stability of HAP at
temperatures 700°C and above [25].

In the microwave method also (figure 4B), the weight loss of the
raw HAP is similar to the TGA curve of the sol-gel method. An
endothermic peak at about 600°C was observed due to the
formation of apatite from other phosphates. No other significant
change was observed in the samples when treated at higher
temperatures.

P NMR spectroscopy

The possible mechanism of the formation of HAP when
synthesised by sol-gel can be analysed using *'P NMR (figure 5).
Sol-gel method consist of two main processes which include
hydrolysis and polycondensation. Hydrolysis is the step that is
carried out to improve the dispersion ability of the precursor in the
solution. Hence, triethyl phosphite reacts with ethanol to form
diethyl phosphate. The alkoxide ligands (-OR) gets protonated as
a result of hydrolysis followed by the subsequent elimination of
the charged ligand (-OR+) culminating in the nucleophilic addition
of negatively charged hydroxyl group to the positively charged ‘P’
(reactions a) and b)) [26]. This will then act as the pronounced site
for the addition of Ca ions and finally ‘sol’ is formed. The final
step is the polycondensation of the ‘sol’ which occurs by evaporation
and results in the formation of intermediate Ca-O-P bonds. Finally,
‘gel’ is formed which is then heated to obtain the powder. The
same mechanism can be explained using NMR spectra. In the figure,
it can be seen that non-hydrolyzed ‘P” has only one peak which
corresponds to the oxidation state of ‘P’ which is +3. Upon
hydrolysis, triethyl phosphite (a) changes to diethyl phosphate (b)
and the oxidation state increases to +5. This is represented in the
equation 1 provided below. The same can be observed in the spectra
as a doublet peak is present at -0.5 and -2.2 ppm. After the addition
of the Ca ions, the ‘sol’ is aged for 16 hours and the spectrum is
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Figure 4: TGA and DTA curve of raw HAP powder,
A) sol-gel and B) microwave route

analyzed. We can see that on interaction with calcium nitrate (d), a
Ca-O-P bond is formed and the peaks gets shifted to the -more
negative region as the aging time increases, which implies the
shielding effect. It is because diethyl phosphate forms a chelating
complex (e) with calcium (equation 2) and thus the apatite structure
is formed [27].
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SEM analysis

Scanning Electron Microscopy is used to obtain the morphological
characteristics of the samples. Fig, 6 shows the SEM micrographs
of the samples. The samples sintered at 900 °C were taken for the
analysis. When synthesised by sol-gel, spherical round-shaped
morphology was found for the particles. The particles were also
agglomerated non-uniformly. Various parameters such as aging
time and addition time play an important role in deciding the
shape of the particles. It has been reported that quick addition of
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Figure 5: Effect of aging time in sol-gel synthesis
depicted by *P NMR spectroscopy

phosphorous precursor into the ethanolic solution of Ca(NO,),
helps in the formation of a spherical shape [28]. In the case of
microwave method of synthesis, rod-shaped morphology was
found which clearly indicates that the shape can be controlled by
changing the synthesis conditions. The size and shape also influence
the osteoblast proliferation and osteogenic potential in
biocompatibility evaluation. According to the findings by Turk
et.al., rod-like shaped nanoparticles show a decreased osteoblast
proliferation which results in the failure of the material to actas a
suitable coating on implants. When the shape of the particles is
spherical, more osteogenic expression is observed, making them
suitable for various applications [29]. Increasing the duration of
the synthesis time can bring changes to the morphology of the
particles. This is because nucleation and growth of the crystals take
place dynamically due to fast oscillation of ions in the solution,
making only a part of the crystal to grow, thus the formation of
nanorods [30].

The corresponding EDAX spectra was also obtained for the samples
which confirmed the presence of Ca, P, O elements. The Ca/P ratio
of both the samples were found to be in the range of 1.65 ~ 1.66
which was approximately equal to the stoichiometric ratio of
biological apatite (1.67).

BET analysis

The porosity characteristics such as specific surface area and pore
size are important parameters that determine the effectiveness of a
suitable biomaterial. The 900°C sintered powders were taken for
analysis. The nitrogen adsorption/desorption isotherms of HAP
synthesised by both the methods were shown in figure 7. A type
1V isotherm with a typical hysteresis loop is present which arises
due to capillary condensation, thereby specifying the presence of a
mesoporous structure (2-50 nm) [31]. The specific surface area
increased from 17.5 to 22.8 m’g! for microwave and sol-gel
synthesis routes respectively. Microwave irradiation causes
aggregation of particles which decreases the surface area. Also, as
the synthesis time increases, consolidation of more particles take
place due to continuous microwave treatment which also
contributes to the increase in the surface area [32]. A sharp increase
in the range of 0.99 P/ P, suggest a broader pore size distribution
(figure 6B). In the case of sol-gel method, a wider pore size
distribution in the range of 20 nm was found, whereas pore size
distribution was in the range of 35 nm in the case of microwave
method. Higher surface area results in smaller pore size as they
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Figure 6: SEM and EDAX images of A) sol-gel derived
HAP, B) microwave derived HAP
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follow an inverse relationship with each other. Higher surface area
can help in introducing more active sites in HAP which in turn
helps in improving its potential as suitable drug carriers for various
applications [33]. In our future research, we aim to develop HAP
coatings on titanium implant by spin-coating method followed by
drug loading on HAP for various biomedical applications.

Conclusion

The synthesis of HAP was carried out successfully using both sol-
gel and microwave methods, which helps to obtain phase pure
crystals. Carbonated apatite was formed using sol-gel route whereas
no substitution was present in the microwave method. Carbonate
content is more beneficial for various applications, thereby making
sol-gel a feasible method for HAP production. CaO, the secondary
phase usually formed which also hinder its biocompatibility can be
eliminated through refluxing sol-gel synthesis as it is only present
at very high temperature. Another advantage of using sol-gel
method is that it does not require the need of any special equipment
unlike microwave method. HAP synthesised by both methods
were also found to be thermally stable at elevated temperatures.
Spherical and rod-shaped morphology were observed by SEM
micrographs. Thus, it can be concluded that even though HAP can
be synthesized by microwave and sol-gel routes, refluxing based
sol-gel method provide far more advantages that is necessary for
improving the potential of HAP as a suitable coating material on
implants and as a drug carrier for bone regeneration applications.
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