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Abstract

Synthetic nanoscale calcium deficient hydroxyapatite (CDHA) particles were synthesized
using a co-precipitation technique from aqueous solution of calcium nitrate tetrahydrate and
diammonium hydrogen phosphate at pH 8.5 at room temperature. No decomposition of
CDHA into other phases was observed till 650°C in air for 1h. The product was evaluated
using different techniques such as transmission electron microscopy (TEM), X-ray diffraction
analysis (XRD), and and Fourier transform infrared spectroscopy and Raman spectroscopy.
The chemical structural analysis of the obtained product was achieved by using X-ray
photoelectron spectrometer (XPS). After heat treatment at 650°C for 1hour and ageing for 24
h, the product was collected as free flowing white nanopowder with 85% yield.

Keywords: Bioceramics, Calcium Deficient Hydroxyapatite, Nanorods, Bone
Regeneration, X-Ray Diffraction.

1. Introduction

During the last few decades, considerable attention has been focused on the synthesis of
various nanoceramic biomaterials for biological applications. Among others, calcium
phosphate (CaP) bioceramics are well recognized for their use in bone repair applications for
use as bulk defect fillers, injectables, the hard phase of biocomposites and coatings on
implants because of their excellent biocompatibility and osteoconductivity. There are several
kinds of CaP structures which characteristically form a class of compounds named
as'apatites'[1]. The common formula Ca,,_(HPO,),(PO,),..(OH),., is for non-stoichiometric
apatite, while CaPs have a Ca/P molar ratio in the range of 0.5 [Ca(H,PO,),] to 2.0
[Ca,(PO,),0]12,3].

Hydroxyapatite [HA] is analogous to biological apatite, the principal mineral constituent of
teeth and bone and has attracted much attention in orthopaedic science inrecent years as a
bone replacement and reinforcement material in biomedical composites. because of its
biocompatibility, bioactivity and low solubility in wet media. Such nano-bioceramics have
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been utilized as a scaffold material to encourage new bone growth for osteographical
coatings on metal implants and as a bulk bone fillers [4-7]. Calcium deficient
hydroxyapatite, CDHA) has also attracted much attention as component of bone
cements; regulating particle properties is frequently used to control cement setting
behaviour. CDHA has s high solubility rate in body fluids compared to crystalline
stoichiometric HA. Natural bone consists of calcium defecient HA (Ca:P molar ratio less
thanl.67) and has high ion exchange power for numerous cations. In addition, It
possessed very high surface area than pure HA and tricalcium phosphate that could be
beneficial for bone replacement applications. The use of CDHA in gas sensing and
electrical conductivity makes it a potential candidate [8-9]. Thus, CDHA is extremely
useful as an ion-exchange media for the distillation of water and soil contamination with
heavy metals [10-14].

Multiple techniques have been used for the synthesis of CDHA. The most common
methods are wet precipitation process, microwave synthesis and continuous
hydrothermal flow synthesis [15-19]. The major aim of this study is to synthesize
crystalline and phase pure CDHA nanopowder using coprecipitation method and to
improve the physical and chemical properties of the synthesized materials for better
biomedical applications.

2. Materials and Methods
2.1. Chemicals

Calcium nitrate tetrahydrate [Ca(NO3)..4H,0, 99%] Alpha and diammonium hydrogen
phosphate [(NH.):HPO., 98%)] were purchased from Alpha Aesar, UK. Ammonium
hydroxide solution (NH4OH, 28%) was purchased from VWR International Company.

2.2. Synthesis Methods for Nanopowders
2.2.1. Synthesis of Stoichiometric Nano-Hydroxyapatite

Coprecipitation is one of the oldest methods used for the synthesis of HA nanoparticles.
These reactions involve a mixture of soluble calcium and phosphorous sources and the
addition of base to result in precipitation of crystalline HA. In the experimental process,
0.3 M diammonium hydrogen phosphate solution was added drop wise to 0.5 M calcium
nitrate solutions at room temperature by keeping the Ca:P molar ratio 1.67. The pH of
the solutions was kept at pH 11 by adding 10.0 ml of ammonium hydroxide solution.

2.2.2. Synthesis of Calcium Deficient Hydroxyapatite

Calcium deficient hydroxyapatite was prepared at room temperature using
coprecipitation route. In this process, 0.3 M diammonium hydrogen phosphate solution
and 0.48 M calcium nitrate solutions were used by keeping the Ca:P molar ratio: 1.6.
The pH of the reaction mixture was kept above pH 8.5. For this purpose, 5.0 mL of
ammonium hydroxide solution was added to both calcium nitrate and diammonium
hydrogen phosphate solutions, respectively. The resulting suspension was centrifuged,
washed and freeze-dried for 24 h under a vacuum of 0.3 Pa. The product obtained was
a fine white powder with ~ 80 % vyield.
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2.3 Characterization
2.3.1. Chemical analysis

Chemical analysis of CDHA sample was done using a Thermo Scientific X-ray
photoelectron spectrometer (XPS) with a two chamber vacuum system with maximum
power of 72 W. The X-rays were focused at the source in the range of 30-400 um. The
spectra were collected initially using survey scans at 150 eV. The spectral intensity of
the Ag 3d 5/2 peak from clean metal sample was >2.5 Mcps at FWHM of 1.0 eV. The
XPS spectra were processed using Casa™ software.

2.3.2. Transmission Electron Microscopy

Transmission electron microscopy was used to analyse the particle morphology. A small
amount of sample was dispersed in methanol solution and ultrasonicated for two
minutes to yield a very dilute suspension and a few drops of the resulting suspension
were then deposited on a carbon-coated copper grid. The grid was dried prior to use in
a double tilt holder of the TEM. Image J version 5.0 software was used for assessing
size of particles.

2.3.3. X-ray Diffraction

Bruker AXS D4 Endeavour diffractometer was used for XRD analysis of all samples. The
data was analysed in 26 range from 5 to 80° with a scanning step of 0.04° and a count
time of 2 sec/step using Cu-Ka radiations (A = 1.5406A°). DIFFRACP"S Eva software was
used for the phase analysis of the data by spectral matching with standards patterens.
The crystallite sizes were calculated by using Debye-Sherrer equation [20].

2.3.4. FTIR Spectroscopy

The chemical structural properties of the nano-HA were probed using a Nicolet 6700
FTIR. The sample was prepared by grinding with KCI and pressing into a transparent
disc. The spectra were collected from 400 — 4000 cm™ with a resolution of 4 cm™. A
background spectrum was collected using a carbon black powder.

2.3.5. Raman Spectroscopy

A Confocal Raman DXR Spectrometer was used. The powder Sample was deposited
onto 316L stainless steel block using a spatula. 316 L block was wiped clean first using
distilled water then acetone prior to sample analysis. The data was collected using 780
nm laser, 10 X Lens with the scan time of 90 seconds for each sample.

3. Results and Discussion

TEM images of the as synthesized powder revealed small agglomerates and average
length along the longest axis of each particle was ca. 120 + 20 nm and 20 £ 5 nm along
the smaller axis (200 particles sampled) as seen in Figure 1 (a) and (b). TEM analysis
suggested that particles increase in size after heat-treatment as shown in Figure 1 (c)
and (d).
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Figure 1. TEM images of as precipitated (a) and heat treated (b) calcium deficient
hydroxyapatite samples with scale bars 500 nm and 100 nm, respectively, made via
coprecipitation method.

XRD measurments were performed to assess the crystallinity and phase purity of pure
HA and CDHA samples. The XRD patterns in all samples confirmed that the samples
were crystalline in nature. A broad XRD peak patterns for the as precipitated HA
powders suggested an apatite like structure. It was observed that CDHA sample had
structural identification with pure HA. While the observed sharp peaks in XRD patterns of
the heat- treated HA at 650°C for 1 hour had shown increase in intensity as compared to
CDHA as shown in Figure 2.
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Figure 2. XRD patterns of pure HA and calcium deficient hydroxyapatite samples made via
coprecipitation method.

FTIR analysis was used to identify different type of functional groups in calcium
phosphates samples [21] as shown in Figure 3. The peaks in FTIR data at 3420 and
632 cm corresponded to stretching vibrations of the hydroxyl group in CDHA. Peaks
at 1453 and 1414 cm™ corresponded to the stretching mode of vibrations for some
carbonate substitutions.
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Figure 3. FTIR spectra of of pure HA and calcium deficient hydroxyapatite samples made
via coprecipitation method.

The absorption peak at 875 cm* was ascribed to the P-O-H vibration in the HPO,*
group which confirms the formation of calcium deficient HA [22,23]. Peak at 1031 cm’
lcorresponds to the P-O asymmetric stretching mode of phosphate, whilst the peaks
at, 534 and 466 cm corresponded to O—P-O linkage.

In order to supplement crystallographic data and detect substitutions in the apatite
lattice, raman spectroscopy was performed for both pure HA and CDHA samples. The
peak at 965cm™ corresponded to a symmetric stretching mode of the P-O bands in
phosphate [24]. Peaks at 610 and 483 cm™ are likely corresponded to the bending mode
of the O-P-O linkage in phosphate as in Figure 4.
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Figure 4. Raman spectra of pure HA and calcium deficient hydroxyapatite samples made
via coprecipitation method.
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A chemical analysis of CDHA sample was performed by using XPS analysis. The XPS
survey spectrum of calcium deficient HA is shown in Figure 5. A small C 1s peak was
also observed along with the expected Ca, P and O peaks, which was due to carbon
tape used for all analysis. The peaks at 134 eV corresponded to P 2p spectra of
hydroxyapatite. The binding energy values for O 1s and Ca 2p were measured as 532
and 347 eV, respectively [25,26]. The Ca/P elemental ratio in the analysed sample was
similar to the expected value of 1.5.
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Figure 5. XPS survey spectrum of calcium deficient HA

4. Conclusions

In summary, coprecipitation reactions were successful in synthesizing stoichiometric HA
and calcium deficient HA from calcium ion [Ca(NOs)..4H.0] and phosphate ion source
[(NH4)HPO. ] as starting material at room temperature. Hence the current work deals
with the preparation of synthetic calcium phosphates with optimal properties closer to
natural materials (bone and teeth) for use as nanopowders in various biomedical
applications.
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