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Abstract

Nano-sized calcium hydroxyapatite, [Ca;o(PO4)s(OH),] has been synthesized by the sol-gel combustion method using calcium nitrate
and di-ammonium hydrogen phosphate as precursors in the aqueous medium. Triethyl phosphite was used as a phosphate precursor for
alcohol mediated combustion. The aqueous and alcohol media were employed for the investigation of combustion synthesis in the
presence of various fuels such as urea, glycine, alanine, hydrazine and hexamine. The metal-to-fuel ratio in the synthesis was maintained
at 1 to facilitate complete combustion and the Ca/P ratio was maintained at 1.67 to aid the stoichiometric formation of hydroxyapatite.
The combustion products were calcined at 800 °C for 10 h and were characterized by powder XRD, FT-IR, HR-SEM and HR-TEM
techniques. All the five fuels used under the alcohol mediated combustion, resulted in forming phase pure hydroxyapatite; whereas the
aqueous mediated combustion method yielded biphasic calcium phosphate containing Cao(PO4)s(OH), and -TCP depending on the

nature of the fuel.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite [Ca;o(PO4)¢(OH)>] (HA) has been one
of the most important biomaterial used in biomedical
applications due to its bioactivity, biocompatibility, osteo-
conductivity and non-toxicity. In addition, these synthe-
sized hydroxyapatite materials possess reasonably a good
structural and chemical resemblance to the human bone
[1-3]. These properties make hydroxyapatite a superior
and highly bio-compatible biomaterial for both the hard
and soft tissues. Some of its major biomedical applications
include its capacity to serve as matrices for drug release
control, owing to its potency to adsorb and desorb
bioactive molecules, surface coatings for orthopedic and
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dental implants, and as bioceramics for fragment replace-
ment [4-7].

Various synthetic routes are available for hydroxyapatite
preparation, including mechanochemical synthesis [8] and
various techniques of wet synthesis chemistry, such as direct
precipitation from aqueous solutions[9,10], electrochemical
deposition[11], sol-gel methods [12,13], hydrothermal synth-
esis [14,15], emulsion or micro emulsion routes [16] and
surfactant assisted routes [17] have been attempted. The
structural properties of synthesized hydroxyapatite; such as
crystallinity, morphology and particle size determine its
application. Among the other processes reported in the
literature, synthesizing hydroxyapatite by the combustion
method is one of the most promising techniques, due to its
simple way of synthesizing bioceramics of relatively high
porosity, and cost effective strategy [18].

Combustion synthesis has been considered as an sig-
nificant and facile route for of synthesizing and processing
advanced transition metal oxides [19,20], catalysts [21,22],
composites [23], phosphors [24,25], inter-metallic [26] and
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nanomaterial [27,28]. In addition, propulsion chemistry
involves processes that concern thermally induced exothermic
redox reactions taking place between the oxidant and fuel,
under a suitable reaction temperature. Solution combustion
synthesis is an emerging method of producing homogeneous,
pure and nano-crystalline materials at low reaction tempera-
tures, and is considered to be a better method than other
conventional processes. This method involves combustion by
heating the corresponding metal precursors and fuel in a
stoichiometric ratio.

Usually nitrates are widely used as oxidizers and organic
fuels such as urea [28], glycine [29], hexamethylene tetra-
mine (HMT) [30], asparagine, serine [31], methyl cellulose
[32], ammonium acetate, ammonium citrate and ammo-
nium tartarate [33], citric acid [34], tartaric acid [35] amines
[36], and hydrazides [18] have already been used in the
solution combustion methods. Various transition metal
oxides, such as Al,O;, SiO,, CeO,, ZrO,, Fe,0;, TiO,,
metal doped metal oxides [18], pervoskite oxide materials
[37], refractory materials like CaO, and MgO [38], lumi-
nescent materials such as rare earth metal doped Y,O; [39]
and insulating oxide such as ZnO [40] have already been
synthesized using a different variety of fuels.

The basic concept of combustion synthesis involves the
thermo-chemical reactions used in the field of propellants
and explosives chemistry. During the synthesis of hydro-
xyapatite, the metal-to-fuel ratio is normally made to be
unity, while the Ca>*/PO3~ ratio is maintained at 1.67.
Stoichiometric metal to fuel ratio is an important para-
meter for facilitating stable combustion and the formation of
hydroxyapatite materials with minimum carbon deposits,
owing to the maximum heat energy involved in the process.
Excess metal (oxidizer)-to-fuel ratio leads an incomplete
reaction, resulting in carbon deposits. The major gaseous
products of combustion reaction are CO,, H;O and N..
The stoichiometric ratio (M/F) of a metal(M) to fuel(F)
mixture can be obtained using the total oxidizing and reduc-
ing valences of the reactants, which serve as numerical
coefficients for stoichiometric balance and the same can be
expressed as follows [41]:

M/F=>3" (coefficients of elements in the molecular formula
of the oxidizer salt) x (valency)/ > (coefficients of elements
in the molecular formula of the fuel) x (valency) where, M=
metal nitrates or oxidizer and F=Fuel.

Recently several papers have reported the combustion
method for the synthesis of hydroxyapatites for the past
two decades. Hydroxyapatites have been synthesized using
the polymeric combustion process, using Ca(NO3), - 4H,O
and triethyl phosphate as precursor [42]; In addition,
modified self-propagating combustion synthesis using
calcium nitrate, diammonium hydrogen orthophosphate
(DAP) as precursors and urea as an organic fuel [43]; by
citric acid sol-gel combustion method [44]; employing urea
and glycine as fuels [45] have been attempted. Besides,
hydroxyapatite nanotubes were also synthesized, using
sol-gel auto-combustion method with a porous anodic
aluminum oxide (AAQO) template [46].

However, there have been only a few reports available
on the synthesis of hydroxyapatite via the combustion
route [42-46]. Moreover, in particular, the information
regarding the influence of employing various fuels on the
morphological properties of hydroxyapatite in a given
medium during synthesis has not been explored through-
out the literature.

In the present sturdy, sol-gel combustion synthesis of
hydroxyapatite, have been carried out to investigate, (i) the
influence of aqueous and alcohol medium on the hydro-
xyapatite phase formation, (ii) the nature of combustion
by choosing the variety of organic fuels such as glycine,
alanine, urea, hydrazine and hexamine (iii) the influence of
maintaining stoichiometric composition of metal to fuel
ratio and stoichiometric composition of Ca/P to synthesize
stoichiometric hydroxyapatite and (iv) employing acidic
conditions by adding Conc. nitric acid in both aqueous
and alcohol media in preventing carbon deposition during
the combustion process due to its oxidizing property.

2. Materials and methods
2.1. Experimental methods

2.1.1. Aqueous mediated sol-gel combustion synthesis of
hydroxyapatites

Calcium nitrate, Ca(NO3),-4H,0O (Sigma-Aldrich) and
di-ammonium hydrogen ortho-phosphate [(NH4)>HPO,]
(SRL Chemicals) were used as calcium and phosphate
precursors for the synthesis of hydroxyapatites. To a
stoichiometric amount of calcium nitrate in double dis-
tilled water, a calculated amount of aqueous ammonia
(SRL Chemicals) was added in drops until the pH of the
solution attained 11. After adjusting the pH of the
solution, a stoichiometric amount of di-ammonium hydro-
gen phosphate in double distilled water was added in drops
from the burette very slowly (0.5 ml/min) into the beaker
while stirring its contents with the magnetic stirrer.
Adequate care was taken to maintain the pH of the
reaction mixture above 10.5-11. The milky suspension
formed, was stirred continuously for about 3 h.

The milky white precipitate was then dissolved by using
Conc. nitric acid (Merck) and the pH was dropped to
about 1, resulting in the formation of a clear transparent
solution. The solution obtained was concentrated by
heating it to about 110 °C. Subsequently, a calculated
amount of urea (Merck) was added as fuel to the above
concentrated solution, and the contents were stirred for
about 10 min at room temperature. The white viscous sol
thus formed was further combusted in a muffle furnace,
normally in the temperature range of 180—450 °C at a rate
of about 2 °C/min. After the combustion process was over,
the heating was continued to reach 500 °C and the same
temperature was maintained for 20 min followed by cooling
to room temperature. The sample thus obtained was finely
ground, dried at 110 °C for 24 h and calcined at 800 °C for
10 h. Thus, by adopting the above procedure but by
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varying the fuels such as glycine, alanine, hexamine and
hydrazine hydrate (SRL Chemicals) a number of hydro-
xyapatites were synthesized. In all the above processes of
synthesis, the metal-to-fuel ratio and the Ca/P ratios were
maintained at 1:1 and 1.67 respectively. The general
flowchart for the process is shown in Fig. 1.

2.1.2. Alcohol mediated sol-gel combustion synthesis of
hydroxyapatite

Calcium nitrate, Ca(NO3),-4H,0O (Sigma-Aldrich) and
triethyl phosphite (Sigma-Aldrich) were used as calcium
and phosphate precursors respectively. Triethyl phosphite
of the desired molar composition was dissolved in 97 ml of
ethanol (Merck); 3 ml of deionized water was added to the
solution and stirred for 3 h. The vanishing smell of triethyl
phosphite indicates the completion of its hydrolysis. To
this solution, a stoichiometric amount calcium nitrate
dissolved in double distilled water was added drop wise,
(0.5 ml/min) while stirring. After the addition of the
phosphate precursor, a clear homogeneous solution was
formed; it was stirred for 12 h at room temperature.

The clear solution was concentrated by heating it to
about 110 °C, and the given fuel was added to the clear
and concentrated solution which led to the formation of
the gel. Ethanol insoluble fuels were dissolved in small
amounts of water prior to its addition to the sol solution,
so as to form the gel. The gel thus obtained was combusted
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Fig. 1. The typical flow chart representation of hydroxyapatite synthe-
sized by aqueous mediated sol-gel combustion method using various
fuels.

in a muffle furnace heated to 500 °C at a rate of about
2 °C/min. The heating was continued till 500 °C, and the
same temperature was maintained for 20 min. Subse-
quently, the product obtained after the combustion was
allowed to cool to room temperature, finely ground, dried
at 110 °C for 24 h and calcined at 800 °C for 10 h. Thus, a
series of hydroxyapatites were synthesized in the above
manner by adopting the above procedure using different
fuels such as glycine, alanine, hexamine and hydrazine
hydrate, (SRL Chemicals). The metal-to-fuel ratio and the
Ca/P ratios were maintained at 1:1 and 1.67 respectively in
all the samples, prepared using various fuels. The general
flowchart for the process is shown in Fig. 2.

2.1.3. Synthesis of hydroxyapatite by sol-gel method

The sol-gel synthesis of phase pure hydroxyapatite has
been reported elsewhere [12,13]. Hydroxyapatite material
has also been synthesized in the present investigation
through the sol-gel method, for the purpose of comparison
by adopting the procedure referred to in the literature.
Calcium nitrate, Ca(NOs3),-4H,O (Sigma-Aldrich) and
di-ammonium hydrogen ortho-phosphate [(NH4)>,HPO,]
(SRL Chemicals) were used as the calcium and phosphate
precursors for the synthesis of hydroxyapatites. A stoichio-
metric amount of calcium nitrate was dissolved in double
distilled water, and a calculated amount of aqueous
ammonia (SRL Chemicals) was added in drops to main-
tain the pH above 11. After adjusting the pH of the
solution, a stoichiometric amount of di-ammonium hydro-
gen phosphate (Ca/P=1.67) was dissolved in double
distilled water and the same was added in drops from the
burette at a flow rate of about 0.5 ml/min into the beaker
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Fig. 2. The typical flow chart flow chart representation of hydroxyapatite
synthesized by alcohol mediated sol-gel combustion method using
various fuels.
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while stirring its contents with magnetic stirrer at room
temperature. Adequate care was taken to maintain the pH
of the reaction mixture above 10.5-11 by the proper
addition of aq. ammonia. The milky suspension was
formed, after the continuous addition of phosphate spe-
cies, and the stirring was continued for about 6 h to ensure
that proper mixing takes place. This was followed by
ageing for 24 h at room temperature. Subsequently, the
precipitate formed was filtered through whatman filter
paper, and washed with double distilled water, and dried
at 110 °C for 24 h. The samples were then finely ground,
and calcined at 800 °C for 10 h, at ambient conditions.

2.2. Characterizations

The phase composition and crystallinity of the calcined
samples were analyzed using the powder X-Ray diffraction
technique. Guiner powder diffractometer SAIFERT BYZ
2002 MODEL was used for recording the 2 theta values
ranging from 20 and 70 deg using Cu K, (A=1.54056 A°)
as a source radiated at 30 kV and 20 mA. The obtained
ASCII. data was analyzed using origin 8 software. The
peak indexing was done by using standard data from the
JCPDF Card no. #09-0423 and other calcium phosphate
cards were used for the analysis. The least square method
was used to refine the unit cell parameters. Infrared spectra
were recorded using Thermo-Nicolet IR 2000 IR spectro-
meter for determining the various group frequencies and
chemical structure for the synthesized and calcined hydro-
xyapatite samples. The samples were scanned at the
frequency range of 4000 to 400 cm™', by averaging 16
scans at a resolution of 4 cm ™. The particle morphology
of the calcined hydroxyapatite powder samples was inves-
tigated by using the FEI Quanta FEG 200—High Resolu-
tion Scanning Electron Microscope (HR-SEM) operated at
20 kV and 30 kV. The microstructures and morphological
features of the alcohol mediated combustion synthesized
hydroxyapatites were studied with a High Resolution
Transmission Electron Microscope (HR-TEM; JEOL
JEM-2100 F), equipped with an energy-dispersive X-ray
spectroscopy (EDS, JEOL JXA-840) with an operating
voltage of 200 kV.

3. Results
3.1. Powder X-Ray diffraction (PXRD)

The X-Ray powder diffraction patterns for the hydro-
xyapatites, prepared through both aqueous and alcohol
mediated combustion routes and calcined at 800 °C, show
that the hydroxyapatites are quite crystalline in nature, as
it is evident from the enhanced intensity of the diffraction
peaks as shown in Figs. 3 and 4.

The characteristic XRD patterns of the hydroxyapatites
synthesized by both aqueous and organic mediated com-
bustion processes are identified and indexed by comparing
with the standard JCPDF card no. (09-0432). The
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Fig. 3. X-Ray diffraction pattern of aqueous combustion mediated synthesis

of hydroxyapatite using various fuels such as glycine, alanine, urea, hydrazine
and hexamine. [H-Hydroxyapatite, T-Tricalcium phosphate].
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Fig. 4. X-Ray diffraction pattern of alcohol mediated combustion synthesis of
hydroxyapatite by using various fuels such as glycine, alanine, urea, hydrazine
and hexamine. [H-Hydroxyapatite, T-Tricalcium phosphate].

diffraction patterns at 20=37.347, 53.856 (04-0777) and
20=18.08, 34.088 (04-0733) are completely absent, sug-
gesting the absence of corresponding CaO and Ca(OH),
phases.

The peak broadening of the diffraction reflection have
been used to estimate the crystallite size in a direction
perpendicular to the crystallographic plane based on
Scherer’s formula as represented:

Xs = 0.94/(FWHM x cos 0)

where Xg—crystallite size (nm), A—wavelength of the
monochromatic x-ray beam (nm), FWHM—Full width
at half maximum for the diffraction peak under considera-
tion (rad) and 6—diffraction angle [47].
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The presence of tricalcium phosphate (f-TCP) can be
identified in the case of an aqueous mediated combustion
product, depending on the nature of fuel used. This can be
identified by comparing the XRD data with the standard
JCPDF card no. 09-0169.

The HAP/TCP phase percentage can be obtained by the
relative intensity ratio (RIR) as mentioned elsewhere
[48,49]. This can be achieved by comparing the intense
peak of the hydroxyapatite and the TCP corresponding to
the hkl values of (211) and (0210).

Relative Intensity Ratio (RIR) = Ig_tcp/(Iaap +1Ip—tcp) x 100

The above ratio indicates the extent of the phase purity
of the hydroxyapatite samples, prepared via aqueous and
organic mediated combustion methods using various fuels.
The RIR parameter for samples synthesized through the
organic mediated combustion method was found to be less
than 0.3 suggesting the presence of phase pure hydroxya-
patites. However, a comparison of the RIR values of the
hydroxyapatite obtained via aqueous mediated combus-
tion method, suggests that hydrazine and hexamine have
produced a relatively less amount of TCP, when compared
with the other fuels, as shown in Table 1.

The fraction of the crystalline phase (X.) or degree of
crystallinity for the hydroxyapatites obtained through the
combustion process, calcined at 800 °C for 10 h, can be
evaluated from the following equation:

Xe = 1=(V112/300/1300)

where I3go is the intensity of (300) diffraction peak and
V112300 18 the intensity of hollow between (112) and (300)
diffraction peak of the hydroxyapatite [50].

The unit cell parameters were indexed using a hexagonal
unit cell with the P65/m (No.176) and lattice parameters of
a=b=9.432 A°, c=6.881 A° and Z=1.The least squared
refined lattice parameters, for the hydroxyapatite samples
prepared through aqueous and organic mediated routes
have been listed in Tables 1 and 2 respectively. The lattice
parameters were determined by using the formula [51]:

1/d* = 4/3[* + hk +k? /a’]+ 12/

Table 1

The equation employed to obtain the volume of the unit
cell is given below:

V =a’c*sin60°orV = /3/2a’c

The calculated values of the average crystallite size (Xj),
the fraction of the crystalline phase (X.), relative intensity
ratio (RIR), and the approximate particle diameter calcu-
lated from SEM similar to the procedure adopted by
S.K.Ghosh et. al. [45], in addition to the lattice parameter
for the hydroxyapatite synthesized using aqueous and
alcohol mediated synthesis using different fuels are shown
in Tables 1-4 respectively.

Table 2
Crystallite size and approximate particle diameter calculated from SEM,
for hydroxyapatites synthesized by aqueous medium using different fuels.

Fuel Avg. crystallite size calculated for miller =~ Approximate
planes (nm) particle diameter
(nm)
002 310 222 213
Glycine  34.8 41.4 42.7 39.0 50-400
Alanine  32.5 39.7 37.1 38.0 70-250
Urea 38.0 36.5 39.0 37.8 75-300
Hydrazine 34.0 38.0 34.1 46.0 50-250
Hexamine 47.9 33.7 46.0 46.6 80-300
Table 3

Relative intensity ratio, crystallinity degree and lattice parameter of
hydroxyapatites synthesized by alcohol medium using different fuels.

Fuel Relative intensity Crystallinity Lattice parameters

ratio (RIR) degree

HAP/TCP (Xc) % a ¢ (nm) Volume

(nm) (A%’

Glycine  99.8/0.2 82 0.9462 0.6890 534.2
Alanine  99.9/0.1 68 0.9473 0.6900 536.3
Urea 99.9/0.1 96 0.9470 0.6906 536.4
Hydrazine 99.4/0.3 93 0.9473 0.6890 535.5
Hexamine 99.8/0.2 98 0.9462 0.6902 535.1
Sol-gel*  99.9/0.1 82 0.9420 0.6866 527.7

*Refer 2.1.3. Synthesis of hydroxyapatite by sol-gel method.

Relative intensity ratio, crystallinity degree and lattice parameters of hydroxyapatites synthesized by aqueous

medium using different fuels.

Fuel Relative intensity ratio
(RIR) HAP/TCP

Crystallinity
degree (Xc) %

Lattice parameters

a (nm) ¢ (nm) volume (A°)?
Glycine 64/36 84 0.9451 0.6880 532.2
Alanine 53/47 93 0.9451 0.6920 5353
Urea 72/28 89 0.9430 0.6880 529.8
Hydrazine 90/10 68 0.9460 0.6900 534.8
Hexamine 85/15 98 0.9432 0.6890 530.8
Sol-gel* 99.9/0.1 82 0.9420 0.6866 527.7

*Refer 2.1.3. Synthesis of hydroxyapatite by sol-gel method.
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Table 4
Crystallite size and approximate particle diameter calculated from SEM,
for hydroxyapatites synthesized by alcohol medium using different fuels.

Fuel Avg. crystallite size calculated for miller ~ Approximate
planes (nm) particle diameter
(nm)
002 310 222 213
Glycine  46.8 51.6 44.1 44.1 90-300
Alanine  42.8 41.7 32.7 41.2 150-500
Urea 49.9 434 458 35.1 80-300
Hydrazine 36.0 30.8 40.2 323 90-290
Hexamine 43.4 32,5 29.3 30.2 90-270
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Fig. 5. FT-IR spectrum of hydroxyapatite synthesized by aqueous phase
sol-gel combustion method using various fuels such as (a) glycine,
(b) alanine, (c) urea, (d) hexamine and (e) hydrazine, dried at 110 °C for 24 h.
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Fig. 6. FT-IR spectrum of hydroxyapatite synthesized by alcohol phase
sol-gel combustion method various fuels such as (a) glycine, (b) alanine,
(c) urea, (d) hydrazine and (e) hexamine, dried at 110 °C for 24 h.
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Fig. 7. FT-IR spectrum of hydroxyapatite synthesized by aqueous phase
sol-gel combustion method various fuels such as (a).glycine, (b).alanine,
(c). urea,(d).hexamine, and (e).hydrazine calcined at 800 °C for 10 h.

o0 /T

Transmittance (%)

glveine
alanine
urea
hvdrazine
hexammine

3000

T T T

T
2500 2000

Wavenumber (cm)

Y T * T

T T
4000 3500 1500 1000 500

Fig. 8. FT-IR spectrum of hydroxyapatite synthesized by alcohol
mediated sol-gel combustion method various fuels such as glycine,
alanine, urea, hydrazine and hexamine, calcined at 800 °C for 10 h.

3.2. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of hydroxyapatites synthesized by
both aqueous and alcohol mediated combustion methods
and dried at 110 °C for 24 h are shown in Figs. 5 and 6.
The broad bands in the wave number range from
3573 cm ™! to 2500 cm ~'; and a relatively intense peak at
632 cm ! arises from the stretching and vibrational modes
of the OH groups. The band at 1635 cm ' is derived from
the v, bending modes of the H,O molecules. The band at
3573 cm ™! is assigned to the non-hydrogen bonded OH
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stretching mode, usually assigned to the hydroxyl group of
hydroxyapatite and the band centering at 3447 cm™ ',
arises due to the hydrogen bonded OH stretching. How-
ever, it can be inferred that the water content of the

samples prepared through alcohol mediated combustion

synthesis is comparatively less. The peaks at 1090 cm ™'

and about 1034 cm~! band arise due to the triply degen-
erate vy antisymmetric PO stretching mode of PO; . The
963 cm ™' band arises from the nondegenerate PO sym-
metric stretching mode v; PO3~. The 603cm~' and

Fig. 9. SEM Micrographs of hydroxyapatites synthesized by alcohol mediated sol-gel combustion method using (a) glycine (b) alanine (c) urea

(d) hydrazine (e) hexamine as fuels.
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567 cm~' bands arise from the components of triply The less intense bands in the 2077 cm ™ 'and 2003 cm !
degenerate v, OPO bending mode of PO3~ and the region arise due to overtones and combination of the v
472 cm™! arise due to the doubly degenerate v, OPO and v; PO3~ modes. The well resolved bands at about
bending mode of PO~ [52,53]. 1416 cm~" and 1451 cm " in the spectra are attributed to

Fig. 10. SEM Micrographs of hydroxyapatites synthesized by aqueous phase sol-gel combustion method using (a) glycine (b) alanine (c) urea
(d) hydrazine (e) hexamine as fuels.
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the v, mode of CO3 ™. The less intense peak at 878 cm ™!,

assigned to the B-type of carbonate substitution, as its
intensity is obscured by the HPO3;~ bands in the same
region. The bands at 1419 cm™' and 1458 cm™' corre-
spond to v; mode of CO3~ which may be designated as
“B-type carbonate” that replaces PO; ™~ ion in the hydro-
xyapatite lattice. The weak band at 1541 cm™' corre-
sponds to the A-type of carbonate substitution,
suggesting that some of the OH ions in the hydroxyapatite
lattice were replaced by carbonate ions and is compara-
tively less [54].

As the calcination temperature is increased to 800 °C,
the crystallinity of the sample also increases. This is evident
in Figs. 7 and 8 from the appearance of bands with
enhanced sharpness and resolution. The peaks around
3200 cm ™! to 3700 cm~! and 1600 cm ™! to 1700 cm ™!,
have become less intense for the calcined samples, con-
firming that the loss was mainly due to the desorption of
irreversibly adsorbed water molecules on to the surface of
the ultrafine pores of the hydroxyapatite solid [55]. The
fact that the peak intensity at 3572 cm ™' and 632cm ™!
has been increased after calcination, suggests the augmen-
ted crystallinity of hydroxyapatite material with the tem-
perature. The 472 cm ™! band, which arises from v, PO3~
has been found to be exhibited by all the samples.
Hydroxyapatite samples synthesized through the aqueous
mediated route using fuels such as glycine, alanine and
urea contains tri-calcium phosphate (TCP) as a secondary
phase in addition to hydroxyapatite. The formation of
biphasic mixture can be confirmed from the appearance of
a broad peak around 970 cm ™' along with the comple-
mentary evidence from the X-ray diffraction patterns. The
band at 1416 cm ' and 1451 cm~! which corresponds to
the v, mode of CO3~, becomes less intense on increasing
the calcination temperature. The fact that even the samples
synthesized using glycine, alanine and urea under the
aqueous and alcohol combustion method contains
CO2~ bands, even after the calcination at 800 °C. This
indicates the strong replacement of PO~ by CO3~ in the

3

-

50 nm

hydroxyapatite lattice. The calcined samples of hydroxya-
patite prepared through the organic mediated combustion
method exhibit well resolved and sharper peaks corre-
sponding to PO3~ in comparison with those prepared
through the aqueous mediated route.

3.3. Scanning electron microscopic analysis

The morphological images obtained using the HR-SEM
analysis for the hydroxyapatites synthesised through aqu-
eous and alcholic mediated routes calcined at 800 °C for
10 h are shown in the Figs. 9 and 10. The HR-SEM images
show the presence of hydroxyapatite particles, having a
cylinderical morphology and non-uniform particle sizes
ranging from 30-200 nm. However, a flake like morphology
was clearly visible in the case of hydroxyapatite particles
prepared by the aqueous mediated route using glycine
and urea as fuels. Further, the HR-SEM images also
displays the presence of the agglomeration of particles in
the sample prepared via both aqueous and alcohol mediated
routes.

3.4. Transmission electron microscopic analysis

Hydroxyapatite samples prepared using urea as a fuel,
and calcined at 800 °C were chosen for HR-TEM analysis,
owing to the phase purity and a quite good morphological
properties based on the XRD and HR-SEM results.
Figs. 11 and 12 display the HR-TEM, SAED images
and EDS profiles of hydroxyapatite synthesized through
alcohol mediated combustion method using urea as fuel.
The images exhibit the formation of hydroxyapatite
particles with non-uniform size distribution. The bright
field (BF) image of the aggregates has flake shape with a
minimum size of 50 nm and a maximum of 150 nm, and
the morphology corresponds to that obtained from the
HR-SEM results. The selected area diffraction (SAED)
pattern shows spots and ring patterns indicating the

4@ a2

Fig. 11. TEM Micrographs of hydroxyapatite synthesized by alcohol mediated sol-gel combustion method using urea as fuel.
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Fig. 12. (a)Selected area electron diffraction studies (SAED) and (b) EDS of hydroxyapatite synthesized by alcohol mediated sol-gel combustion method

using urea as fuel.

polycrystalline nature of the hydroxyapatite, however it
also shows the random orientation due to the agglomera-
tion of platelets. Strong reflection at dyp,=0.345 nm,
d»11=0.281 nm, d;;,=0.278 nm and d,y»=0.263 nm are
clearly visible in the diffraction patterns. The Ca/P ratio of
1.6 obtained from the EDS analysis is comparable with the
theoretical values of Ca/P=1.67.

4. Discussion

The aqueous mediated precipitation for the formation of
hydroxyapatite using Ca (NOj3),-4H,0 and (NH4),HPO,
as precursors can be represented using a stoichiometric
equation as:

10 Ca (NO3)2 . 4H20 + 6(NH4)2HPO4 +8 NH4OH - Ca1 0
(PO,)s(OH), + 6H,0 +20NH,NO;

During the precipitation process, the formation of
hydroxyapatite normally proceeds under alkaline condi-
tions above pH > 11, and the predominant species
stabilized under this condition will be the triply charged
anion PO3[3,56]. The formed precipitates would be
dissolved using Conc. HNOj; and the concentrated solution
was mixed then with the corresponding fuel to subject
them to combustion under acidic conditions.

The aqueous based combustion can be represented using
the stoichiometric equation as follows:

10 Ca (NO3), - 4H,0 + 6(NH,),HPO, + 11.1 NH,CH,COOH
+80,— Cayo (PO)(OH)»+21.55 N»+93.5 H,0+22.2 CO,

10 Ca (NO;), - 4H,0 + 6(NHy),HPO,+ 10 CH;CH (NH,)
COOH 4220, Cayo (PO,)g(OH), 4+ 21N, + 101 H,O
+30C0,

10 Ca (NO3), - 4H,0 4 6(NH,),HPO, + 16.67 NH,CO
NH2+802—>C310 (PO4)6(OH)2 +32.67 N2
+99.34 H0+16.67 CO,

10 Ca (NO3), - 4H,0+ 6(NH,),HPO, + 25 NH, - NH, - H,O
+ 802 —Ca 10 (PO4)6(OH)2 + 41 Nz + 141 Hzo

10 Ca (NO3), - 4H,0+6(NH,),HPO,+0.417 C¢H 2N, +
14.250,— Cayo (PO4)s(OH)» + 16.834N, +68.502 H,O+
5.004 CO,

The carbon or coke formation during the combustion
process is predictable, and the same further leads to the
formation of amorphous hydroxyapatite. Additional heating
treatment through calcination of the above samples would
enhance the crystallinity of the hydroxyapatite phase.

In case of ethanol-mediated combustion process, the sol
formed was concentrated under 110 °C while the pH was
adjusted to acidic conditions. Subsequently, it was fol-
lowed by the addition of given fuel resulting in the
formation of the sol, which was then subjected to combus-
tion. Hydrazine and hexamine are soluble in ethanol,
which makes them homogeneous throughout the reaction
medium and facilitate the combustion completely. As
glycine, alanine and urea are slightly soluble in ethanol,
a trace amount of water was added to dissolve the fuel
prior to its dissolution in ethanol, which resulted in
homogeneous reaction medium facilitating complete
combustion.

The ethanol based process for the preparation of
hydroxyapatite in general is expected to precede in general
as follows [57]:

P(OR);_,(OH),+Ca(NO3),_,(OR),— (OR),(NO3),_y-
Ca-O-HPO(OR);_ v +H,0+ROH

The sol thus formed resulted in the formation of
hydroxyapatite on subsequent combustion. The ethanol
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based combustion for various fuels can be represented by
the following stoichiometric equation as follows:

+111.75 H,O+58.2 CO,

10 Ca (NOs), - 4H,0+6 P(OCH,CH3);+ 10 CH;CH
(NH,) COOH + 10105 —Ca;o (PO4)s (OH),+ 15N,
+119H,0 + 66CO,

10 Ca (NO3), - 4H,0+6 P(OCH,CHs);+ 16.67 NH,CONH,
+44.0050, - Cayo (PO,)s (OH), +26.67N,+117.34H,0
+52.67CO,

10 Ca (NO3)2 . 4H20+ 6 P(OCHzCH3)3 +25 NH, - NH,- Hzo
4570, Cayo (PO)s(OH), +35 Na+159 H,0+36 CO,

10 Ca (NO3), - 4H,0 +6 P(OCH,CH3);4+0.417 CgH N, +
35.7530,— Ca (PO,)s(OH), +10.834N,+86.502 H,O
138.502 CO,

However, the TCP formation in ethanol mediated
combustion is comparatively less (< 0.3% of TCP/
HAP) when compared to aqueous mediated combustion
process( > 47% of TCP/HAP) using alanine as fuel.

It can be inferred that the lattice parameters ‘a’ (nm), ‘c’
(nm), and volume (A°)’ as computed from the XRD
analysis remains the same, irrespective of the medium
and fuel used. However, the ratio of HAP/TCP varies
with the nature of fuel and medium used for the combus-
tion process. The lattice parameter computed from the
XRD data for the hydroxyapatite material synthesised
through sol-gel method and calcined at 800 °C for 10 h for
the purpose of reference has shown that a=0.9420 nm,
¢=0.6866 nm and V=>527(A°)’. This observation is con-
sistent with the standard JCPDF card number 09-0432.
In addition, it can be comprehended that the lattice
parameters of the samples synthesized by the combustion
route using alcohol medium are comparable with those of
the samples prepared through the sol-gel method. The
above fact establishes that the hydroxyapatites derived
from the alcohol mediated combustion route are on par
with those of the sol-gel derived samples.

The X-ray diffraction patterns of hydroxyapatites
synthesized through alcohol mediated combustion (Fig. 8
and Table 3) has been compared with the report on the
sol-gel method adopted elsewhere by Dean-Mo Liu et. al
[57]. The results indicate the superiority of the current
strategy in producing phase pure hydroxyapatite particles,
with a relatively lesser average particle size (less than
50 nm) than reported [57].

Further, it is a known fact that hydroxyapatite generally
decomposes to form CaO and TCP at higher calcination
temperatures [3,58], according to the following scheme:

Cajg (PO4)s(OH),— 2B Cajz (POy4)2+CasO (POy)+H0
Cam (PO4)6(OH)2 d 2ﬁ C'dg, (PO4)2 + CaO + H2O

Dean-Mo Liu et. al., further shows the formation of
p- TCP at 800 °C, whereas such decomposition is com-
pletely absent in the present investigation at 800 °C. The
above fact can be confirmed by the absence of independent
peaks corresponding to CaO peaks 20=37.347 and
20=153.856 with reference to the standard JCPDF Card
no. 04-0777. Thus, the alcohol mediated combustion
strategy adopted under the given conditions could be
considered to be offer thermal stability to the hydroxya-
patite samples.

The average crystallite size calculated from the XRD
patterns and the approximate crystallite size calculated
from HR-SEM analysis are given in Table 5. It can be
inferred from the table that the particle sizes of hydro-
xyapatites prepared by all the five organic fuels have an
average crystallite size much lesser than (around 50 nm)
that measured using the SEM analysis. This suggests that
in general, the agglomeration of particles cannot be
excluded in all the samples. It is a well known fact that
the particle size calculated through the XRD corresponds
to average individual particles. Hence the particle size of
about 50 nm obtained through the XRD could be con-
sidered in preference to that obtained through the
HR-SEM in the present investigation. Moreover, HR-TEM
images of urea further confirm the flake like morphology
already established through the HR-SEM image.

In general, Conc. HNOj is known for dissolving the gel
and to maintain the acidic condition throughout the
reaction medium facilitating the combustion processes.
However, in the present study it can be inferred that
addition of Conc. HNOs is also found to serve as an excess
oxidizer for the combustion process, thereby reducing the
carbon formation in the combusted product.

It can also be inferred that the nature of fuels plays an
important role in controlling the stoichiometric of the
hydroxyapatite formed. The fact that the hydroxyapatite
synthesized using hydrazine and hexamine as fuels has
produced relatively less amount of TCP, when compared
with the other fuels due to the relatively lower decomposi-
tion temperature as shown in Table 5. Hydrazine hydrate
as a fuel decomposes easily to form nitrogen or ammonia,
hydrogen and water at lower temperature. Hexamine
having high molecular weight and high energy density of
about 30.57 mJ/kg; added to the combustion process as a
fuel, burns smokeless leading to combustion without
carbonaceous residues [59]. The Table 5 further indicates
that the decomposition temperature of glycine and alanine
are higher than the urea, hydrazine and hexamine and
hence therefore the latter fuels can be considered to
facilitate the combustion at higher temperatures.

In an aqueous medium the relative binding strength of
amino acids as organic fuel such as glycine, alanine towards
calcium may also lead to the formation of monomeric,
dimeric and trimeric complexes at the time of combustion
[60]. Since the relative binding strength of alanine with
Ca’™ is higher than that of glycine, the latter facilitates the
decomposition reaction of calcium deficient apatite leading
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Heat of combustion, decomposition temperature and energy density for five organic fuels used for combustion synthesis of hydroxyapatites.

Fuel Glycine Alanine Urea Hydrazine hydrate Hexamine
Molecular weight (g/mol) 80.1 90.1 60.1 50.06 140.2
Heat of combustion (kJ/mol) —974.1 —1621 —634.1 —613 —4288
Decomposition temperature (C) 814 260 153 135 175
Energy density (mJ/Kg) 12.16 17.99 10.55 12.25 30.57

towards the formation of TCP. The above fact could very
well be justified by the %HAP/TCP ratio of 53/47 for
alanine and 64/36 for glycine as can be referred from the
Table-1. Urea reacts with Ca(NOs),-4H,O to form an
adduct, Ca(NOy),-4[N,H,4CO], thus facilitating the com-
bustion process of the non-stoichiometric apatite in addi-
tion to the stoichiometric hydroxyapatite. It can be
reasonably speculated that addition of nitric acid to
dissolve the sol, with the subsequent addition of organic
fuels such as glycine, alanine and urea would have caused
the binding of fuel with calcium in the aqueous medium.
Consequently, combustion could have led into the forma-
tion of biphasic mixtures.

However, in case of the alcohol mediated combustion
process, the addition of a trace amount of water to
hydrolyze the triethyl phosphite does not have much
bearing on the hydroxyapatite formation, irrespective of
the fuel added. The mechanism for the formation of
alcohol based hydroxyapatite formation could be
explained, based on the equations given below [61]:

Ca(NO3)2 . 4H20 + C2H5OH - Ca(NO3)2(OC2H5)x + Hzo
P(OCHQCH3)3 + HQO - HPO(OCH2CH3)3 + C2H5OH

HPO(OCH,CH3); + H,0 — HPO(OCH,CH3),_.(OH),
+ XC2H5OH

2HPO(OCH,CH3),_ ,(OH), + Ca(NO3),(OC,Hs),, —
Ca[OPO(OCH,CH;),_ (OH),],+2H "

Triethyl phosphite undergoes hydrolysis on the addition
of a trace amount of water and the hydrolyzed phosphite
interacts with the calcium ions to form calcium phosphate
intermediate through a condensation polymerization reac-
tion. This calcium phosphate intermediate was then made
acidic by adding conc. HNOj; which would completely
hydrolyze the triethyl phosphite to form ethanol as solvent
and the combustion would have facilitated the stoichio-
metric hydroxyapatite formation thereby generating a
stable and phase pure hydroxyapatite.

5. Conclusion

The proposed method of producing hydroxyapatite
bioceramics conserves time and energy, involves a simple
and easy procedure, in comparison with the existing wet
and dry chemical methods. This investigation leading, to
the comparison of various fuels in two different media, is

the first of its kind in the existing literature reports, and
could pave the way for broader knowledge about this
system. On comparing both the aqueous and alcohol
mediated combustion processes, the latter proves to be a
promising route to produce phase pure hydroxyapatite.
Among the five organic fuels employed, the hydrazine
based aqueous mediated combustion process yielded
nearly a phase purity of 90%. The rest of the five organic
fuels have been found to be ideal for the organic mediated
route, producing phase pure hydroxyapatite, with the
formation of a negligible amount of TCP <0.3%. In
addition, to the best of our knowledge, the current strategy
is the first of its kind in reporting the synthesis of hydro-
xyapatite in acidic environment through an alcohol mediated
combustion method, resulting in phase pure hydroxyapatite,
with a relatively smaller average particle size(less than 50 nm)
than reported throughout the literature. Moreover, the present
strategy holds the advantage of both the ethanol based sol-gel
and combustion methods, and further possesses the potential
to be scaled up to synthesize phase pure and nano-sized
hydroxyapatite.
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