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Calcium phosphate based biomaterials play important roles in clinical applications.
Calcium pyrophosphate (CPP), a kind of calcium phosphate, can be used as a bone
substitution material as well as a bone graft. Because of its similarity to inorganic
component of bone and teeth it can be used for surface coating of metallic dental and
orthopedic implants. In the present study, calcium pyrophosphate dihydrate (CPPD)
nanoparticles were synthesized using surfactant mediated approach. Crystalline nature
and average crystallite size was studied using Powder XRD. The CPPD nanocrystallites
were found to be triclinic from powder XRD. The TEM study indicated that CPPD
nanoparticles were in the range of 13 nm to 20 nm. The presence of various bonds
was confirmed by FTIR spectroscopy. The amount of water of hydration and the
thermal stability was studied by thermogravimetry. The variations of various dielectric
parameters with the frequency of applied field in 3.2 kHz to 32 MHz range and within
a temperature range from 60°C to 120°C were studied. The formation of other phases
such as -CPP and a-CPP on heating of CPPD at 900°C and 1250°C, respectively,
were studied by the Powder XRD. The results are discussed.

Keywords: Nanoparticles; biomaterials; TEM; TGA; FTIR; powder XRD; dielectric
study.

1. Introduction

Calcium phosphate based biomaterials play an important role in clinical
applications, especially, as a bone substitution material’ and as a mild abrasive
agent in dentifrices.? These materials being biocompatible, provoke little, inflam-
matory response and connect readily with the bony structure. As a result, they have
received considerable attention as bone substitution.® The chemical compositions,
physical characteristics and crystal structures certainly play important roles in the
biological behaviors of calcium phosphate compounds.* The biological response of
B-calcium pyrophosphate (3-CPP, 3-CasP207) for new bone formation is quite
similar to that of the hydroxyapatite.® Sintered dicalcium pyrophosphate (SDCP),
a synthetic compound, has been proven to be more biocompatible to bone tissue
than hydroxyapatite. CasP2O7 with addition of sodium phosphate ceramic is

53


http://dx.doi.org/10.1142/S0217984911025419

54 S. R. Vasant €& M. J. Joshi

developed as a bioresorable bone substitute material.” Also, other applications
of calcium phosphates include repair of periodontal defects, sinus lifts, tooth
replacement, spine fusion, ear and eye implants, and delivery systems of drugs.®
A detailed review on calcium phosphate based osteoinductive materials is written
by LeGeros.? Altogether, the deposition of CPPD crystals is responsible for the
diseases like pseudogout, an acute arthritic attack with pain and inflammation of
joints'%1! and Coffin Lowry Syndrome (CLS), a heritable disorder characterized
by pronounced mental retardation and vertebrae abnormalities.'?!3 Brown et al.'*
have reported the synthesis of different twenty-five calcium pyrophosphates, among
them eight containing ammonium, ten containing potassium and two pairs of
dimorphic-hydrated CPP. CPP exists in three polymorphic forms, a-CPP, -CPP
and ~-CPP, each of which is meta-stable at room temperature and formed
progressively upon thermal heating of calcium hydrogen phosphate dihydrate
(CHPD).1®

CaHPO, - 2H50 &O% CaHPO, 360_—45OOC> amorphous — CasP2O7 %
Y — Ca2P207 &O% 5 - Ca2P207 Lllgloc) o — C32P207 135—209 melt. (1)

To the best of the present authors’ knowledge, no major work has been reported
on the synthesis and characterization of pyrophosphate nanoparticles, except
the recent reports of synthesis and characterization of CPPD nanoparticles,'®
manganese pyrophosphate,!” cobalt-iron pyrophosphate!'® and cerium and titanium
pyrophosphates.'?

The high surface-to-volume ratio present in nanoparticles is expected to alter
its properties and applications. In the present investigation, nanocrystalline CPPD
has been synthesized by the surfactant mediated approach and characterized by
TEM, powder XRD, FTIR, TGA and dielectric studies. The other phases of CPP,
such as -CPP and a-CPP, were obtained on heating the nanoparticles of CPPD
at different temperatures and were identified by powder XRD.

2. Experimental Technique

Surfactant mediated approach proposed by Uota et al?® was used to prepare
CPPD nanoparticles. An equal amount of 0.25 M aqueous solution of sodium pyro-
phosphate (NayP207) and 0.5 M aqueous solution of calcium nitrate tetrahydrate
(Ca(NO3)2-4H20) were prepared. NasP2O7 solution was added in a drop-wise
manner into the mixture of Ca(NOjs)s2-4H20 and surfactant with constant stirring
at 50°C. The water to surfactant ratio was maintained at 5:1. A non-ionic surfactant
Octoxynol-9 was used. The resulting precipitates were quickly filtered, washed with
deionized water and air-dried. The AR grade chemicals were used for the synthesis.

In order to obtain different forms of CPP, the synthesized CPPD nanoparticles
were heated by placing them in ceramic crucibles in the muffle furnace. The
samples were heated at 900°C for one hour and at 1250°C for 15 minutes. At these
temperatures, two different forms of CPP are reported as stable.!® For heating the
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samples, Therelek furnace was used with graphite rod at a maximum temperature of
1500°C. The powder XRD was carried out on PHILIPS X’PERT MPD using Cu-K,
radiation. The computer software powder-X was used to analyze the data. The TEM
images were recorded on PHILIPS TECNAI using EHT potentials 200 kV. The
FTIR spectrum was recorded on Thermo Nicolet 6700 in the range of 400 cm ™!
to 4000 cm~! using KBr medium. The thermogravimetry was carried out using
NETZSCH Geratebau GmbH in the atmosphere of nitrogen in the range of room
temperature to 700°C with a heating rate of 15°C/minute. The dielectric study was
carried on pelletized samples by using SOLARTRON IMPEDANCE GAIN PHASE
ANALYZER SI-1260 in the frequency range from 3.2 kHz to 32 MHz.

3. Results and Discussion

Two common polymorphs of CPPD were identified, which are triclinic CPPD
(t-CPPD)?! and monoclinic CPPD (m-CPPD).!* Both forms have been observed
in vivo by Pritzker?? and the existence of a third hexagonal polymorph was also
suggested.?? The structure of -calcium pyrophosphate was studied by Webb et al.2*

and a-calcium pyrophosphate was studied by Hill.??

3.1. Powder XRD

Figure 1(a) shows the powder XRD pattern of CPPD nanoparticles. The peak
broadening in XRD pattern reflects the nanocrystalline nature of the sample.
Scherrer’s formula was applied to estimate the average crystallite size as follows:

Average crystallite size = 0.9\// cos 8, (2)

where 0.9 = constant, A = 1.5418 A (wavelength of X-ray radiation), 8 = full width
at half maximum, and 6 = diffraction angle.

The average crystallite size for CPPD nanoparticles was found to be 4 nm,
whereas, it was found to be 76 nm and 119 nm for the samples heated at 900°C
and 1250°C, respectively.

The powder XRD data were analyzed by computer software Powder-X. The
triclinic system was found with unit cell parameters, a = 7.365 A, b = 8.287 A,
c = 6.691 A, o = 102.96°, 3 = 72.73° and v = 95.01°, which correspond to
that reported in the literature.2! Therefore, the CPPD nanoparticles are termed as
t-CPPD. Figure 1(b) shows the powder XRD pattern of nanocrystalline t-CPPD
heated at 900°C for 1 hour. The planes assigned to the reflections closely matched
those of reported S-CPP and the tetragonal structure was identified with unit cell
parameters, a = b = 6.684 A, ¢ = 24.145 A (JCPDS No. 20-0024).2* Figure 1(c)
shows the powder XRD pattern for the sample heated at 1250°C for 15 minutes.
The orthorhombic structure with unit cell parameters, a = 8.524 A, b=12646 A,
¢ = 5.309 A was found. The reflections in Fig. 1(c) closely matched with the
standard reflections of a-CPP (JCPDS No. 09-0345).2% It was noted that on heating
t-CPPD nanoparticles, the phase transitions into S-CPP and «-CPP occurred
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Fig. 1. Powder XRD patterns of pure and heated nanocrystalline CPPD.

and, moreover, the reflections in the powder XRD patterns became more sharp,
indicating highly crystalline nature and larger crystallite size.

3.2. TEM study

The morphology of t-CPPD nanoparticles as well as the particle size was studied
by TEM. Figure 2 shows the TEM image of t-CPPD nanocrystalline particles with
different morphologies and the particle size varies between 13 nm to 20 nm as
marked on the micrograph.

3.3. FTIR spectroscopy

Figure 3 shows the FTIR spectrum of t-CPPD nanocrystalline particles. The broad
absorption occurring at 3417.5 cm™! is due to —OH stretching vibration. The



Synthesis and Characterization of Nanoparticles of Calcium Pyrophosphate 57

Fig. 2. TEM image of CPPD nanocrystalline particles.
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Fig. 3. FTIR spectrum of CPPD nanocrystalline particles.
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absorption observed at 1645.3 cm™! is attributed to OH plane bending. As the
strength of P-O bond in the P-O-P bridge is weaker than in the (PO2)?~ radical,
the stretching frequencies of the P-O—P bridge are expected to be lower than those
in the (PO2)~2 radical. The asymmetric and symmetric stretching frequencies of
the (PO2)?~ radical are generally observed in the frequency areas 1200-1000 cm ™1,
1000-800 cm ™!, respectively.'® In the present investigation, it is observed around
1136.9 em ™! and 924.7 ecm ™!, respectively. Asymmetric P-O-P bridge vibrations
are observed at 740.7 cm~'. Metal-oxygen stretching vibrations are observed at the

563.9 cn 1.

3.4. TGA study

Figure 4 shows the thermogram of a t-CPPD nanocrystalline sample. From the
thermogram, it can be observed that the sample expels all water molecules slowly
on heating around 200°C and becomes anhydrous. The anhydrous sample remains
stable up to 700°C, which shows high stability of the compound.'® From the
thermogram, it has been estimated that two water molecules are attached with
the nanocrystalline samples, which confirms the dihydrate form of CPP. Table 1
shows theoretically calculated weight percent and experimentally obtained weight
percent at different temperatures.

The kinetic and thermodynamic parameters for the dehydration of t-CPPD
nanocrystalline samples were evaluated from the thermogram. For the estimation
of the kinetic parameters, the Coats and Redfern relation?® was used, which is
discussed in detail elsewhere.?” Thermodynamic parameters for the dehydration
of t-CPPD nanocrystalline sample were calculated using the standard formulae.?®

g 4007 o o
.L;h ° Mm% g 0C e
Fo-

0

0

i T T ] T T \
100 200 00 400 00 600 700

Temperature"

Fig. 4. Thermogram of t-CPPD nanocrystalline particles.
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Table 1. Theoretically and experimentally obtained weight percent at different temperatures.

Temperature Theoretically calculated  Experimentally observed
(°C) Substance (weight %) (weight %)
Room temperature  CaaP207- 2H20 100 100
210°C CaxP207 87.58 88

Table 2. Values of thermodynamic and kinetic parameters of CPPD nanoparticles.

Kinetic parameters Thermodynamic parameters

Activation energy (F) = 10.45 kJ/mole Standard change in enthalpy
(A#H°) = 18.53 J/mole

Frequency factor (A) = 1.0646 x 102 Standard change in entropy
(A#S°) = 1.343 kJ /Kmole

Order of reaction (n) =0 Standard change in Gibbs
free energy (A#G°) = —8.810 kJ/mole

Table 2 gives the values of different kinetic and thermodynamic parameters. The
positive values of standard change in enthalpy (A# H°) and standard change in
entropy (A#S°) and the negative value of standard change in Gibbs free energy
(A#G°) suggested that the reaction will be spontaneous at higher temperatures.’

3.5. Dzelectric study

Bian®® have reported the microwave dielectric properties of CPP. Parekh and
Joshi®! have reported dielectric study of the gel-grown m-CPPT (monoclinic
calcium pyrophosphate tetra hydrate) crystals. Investigation of dielectric properties
is of special interest for some biomaterial applications because it has been reported
that electrical field can accelerate the healing of fractures in bones.?? Also an
electrical stimulation enhances the rate of bone growth for bone grafts in spinal
fusion.?® Looking at this, variations in the dielectric constant, the dielectric loss,
the AC conductivity and the AC resistivity values with the frequency of applied
field in the 3.2 kHz to 32 MHz range is explored. The same experiment was carried
out at various temperatures ranging from 60°C to 120°C by heating the samples
using small resistive heater attached to the sample holder.

Figure 5(a) shows the variations of dielectric constant with frequency of applied
field. It can be noticed from the figure that the dielectric constant decreases as
the frequency increases. Initially, the dielectric constant decreases rapidly with
increasing frequency and then slowly decreases at higher frequency. This type of
behavior indicates higher space charge polarizability of the material in the low
frequency region. As the frequency increases, the dipoles cannot comply with the
varying external field and, therefore, the polarization decreases and hence the value
of dielectric constant decreases as the frequency increases.?* It is found that as
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Fig. 6. Variation of AC conductivity with frequency of applied field for different temperatures.

the temperature increases, the dielectric constant decreases which may be due to
the dehydration process. There is ion—dipole interaction between dipole moments
of water molecules and the effective lattice charges.?® Thermal energy releases the
water molecules from the sample in the dehydration process. The dielectric losses
of the samples reflect the chemical and microstructural quality of the samples.
Figure 5(b) shows the variation of dielectric loss (tand) with frequency of applied
field. As the temperature increases, the dielectric loss decreases.

The values of AC resistivity and AC conductivity have been calculated using
the standard formulae.? Figure 6 shows the frequency dependence of the real part
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of AC conductivity at different temperatures. The AC conductivity increases as the
frequency of the applied field increases but as the temperature increases, the AC
conductivity decreases which may be due to the loss of water.?” The reverse nature
was observed for the AC resistivity.

4. Conclusion

CPPD nanoparticles were synthesized using surfactant mediated approach. The
peak broadening in powder-XRD pattern suggested the nanostructured nature
with triclinic system and the average particle size was estimated to be 4 nm.
From the TEM, it was confirmed that the particle size varied between 13 nm to
20 nm. Heating of t-CPPD nanoparticles at 900°C and 1250°C temperatures in a
muffle furnace yielded S-CPP and a-CPP phases of CPP, respectively, which was
confirmed by Powder XRD. FTIR study confirmed the presence of pyrophosphate
bonds, metal-oxygen bonding and O-H bond in the structure. TGA confirmed
the dihydrate form of CPP and also the kinetic and thermodynamic parameters
were calculated for dehydration from the thermogram, which suggested the high
thermal stability of the sample. The variation of dielectric constant and dielectric
loss suggested that both of the quantities decreased as the frequency increased.
The AC conductivity increased as the frequency of applied field increased. The
temperature had pronounced influence on the dielectric properties because of the
dehydration process.
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