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Abstract. Calcium phosphate based biomaterials are widely used in dentistry and as a bone substitutes
in orthopedic applications. Calcium pyrophosphate (CPP) — a type of calcium phosphate and a shortest
linear polyphosphate can also be used as a bone graft. Successive applications of theses materials depend
on the degree of bio-resorption, mechanical strength and bio-compatibility. Zinc improves the bone activity
of osteoblast, promotes the bone regeneration and also stimulates enzyme activity. In the present study
Zn doped calcium pyrophosphate dihydrate (Zn-CPPD) nanoparticles were synthesized using surfactant
mediated approach with varying [Zn]/[Ca] molar ratio as 0% (pure CPPD), 2%, 5% and, 10%. The crys-
talline nature and the average crystallite size was studied by Powder XRD. Zinc doping was confirmed by
EDAX. The TEM study indicated that pure and Zn doped CPPD nanoparticles were in the range from
4 nm to 40 nm. The presence of various bonds was confirmed by FT-IR spectroscopy. The amount of water
of hydration and the thermal stability was studied by thermo-gravimetry. Formation of other phases on
heating CPPD at 900 °C and 1250 °C were identified by the powder XRD. Substitution of Zn content

significantly affects the crystallinity and thermal stability of nanoparticles. The results are discussed.

1 Introduction

With continuous advances in the field of implantable cal-
cium phosphate based biomaterials have made impres-
sive progress with regard to their biocompatibility and
their ability to promote tissue formation [1]. Being similar
to bone in composition and having bioactive properties,
these materials are widely used as bone substitutes in den-
tistry and orthopedic applications [2]. Bioactive property
is attributed to the surface composition and the struc-
ture of these bio-materials is similar to the mineral phase
of bone. Other applications of calcium phosphates in-
clude repair of periodontal defects, sinus lifts, tooth re-
placement, spine fusion, ear and eye implants, and de-
livery systems of drugs [3]. A detailed review is written
on this material by LeGeros [4]. Calcium pyrophosphate
(CPP) — a shortest linear polyphosphate can also be used
as a bone graft material [5]. Sintered dicalcium pyrophos-
phate (SDCP), a synthetic compound, has been proven to
be more bio-compatible to bone tissue than hydroxyap-
atite [1]. Successive applications of these materials depend
on the degree of bio-resorption, mechanical strength and
bio-compatibility. Various factors such as chemical compo-
sition, physical characteristics and crystal structure affect
the biological behavior of calcium phosphate materials [6].
In addition to that shape and size of the material plays
an important role in the biological behavior of these ma-
terials [7]. Nano-size S-TCP (tri-calcium phosphate) has
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an advantage over micro size powders leading to increase
mechanical properties and sinterability; in addition, its
degradability can be regulated [8].

Influence of the inclusion of trace elements on the phys-
ical and/or chemical properties of the bio-ceramics has
also been studied. Out of many trace elements, zinc is re-
ported to be involved in bone metabolism. In case of bone-
repairing, zinc improves the bone activity of osteoblast
and promotes bone regeneration [9]. Apart from this, zinc
is also an essential trace element in a variety of cellular
processes including DNA synthesis, behavioral responses,
bone formation, bone growth and wound healing [10]. Var-
ious divalent metal ions such as Zn, Sr, Mg, Mn and Tb
doped TCP, hydroxyapatite, biphasic and calcium phos-
phate nanoparticles are well studied [11-17]. Recently,
degradation and mineralization of calcium polyphosphate
doped with various ions is reported [18]. Zn has a small
ionic radius (0.074 nm) than calcium (0.099 nm) and based
on the inter-atomic potential studies it might be thought
to replace calcium in CPP with no dramatic effect on the
structure [19)].

The high surface-to-volume ratio present in nanopar-
ticles is expected to alter its physical and chemical
properties for different applications. Recently, calcium,
manganese, cerium and titanium and cobalt -iron mixed
pyrophosphate nanoparticles have been synthesized and
well studied [20-23]. Looking at the applications of Zn
doped calcium pyrophosphate as an important biomate-
rial, the present authors have synthesized pure and 2%,
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5% and 10%Zn doped CPPD nanoparticles by using sur-
factant mediated approach and characterized by EDAX,
powder XRD, TEM, FT-IR and TGA. The effect of heat-
ing at different temperatures on the structure was studied
by powder XRD.

2 Experimental technique

Surfactant mediated approach, discussed in detail else-
where [24], was used to synthesize pure and Zn doped
CPPD nanoparticles. The 0.5 M aqueous solutions of cal-
cium nitrate tetra-hydrate (Ca(NO3)24H20) and ZnCly
were prepared in such a way that the [Zn]/[Ca] molar ra-
tio varied as 0% (pure CPPD), 2%, 5%, 10%. The 0.25 M
aqueous solution of sodium pyrophosphate (NaysP207)
was added in a drop-wise manner into the mixture of
Ca(NO3)24H50, ZnCly and surfactant with constant stir-
ring at 50 °C. The water to surfactant ratio was main-
tained as 5:1. A non-ionic surfactant octoxynol 9 was used.
The resulting precipitates were quickly filtered; washed
with the deionized water and air dried. AR grade chemi-
cals were used for the synthesis. The synthesized pure and
Zn-CPPD nanoparticles were heated by placing them in
ceramic crucibles in a muffle furnace. The samples were
heated at 900 °C for one hour and samples were heated at
1250 °C for 15 min, where two different forms of calcium
pyrophosphate, namely §-CPP and a-CPP, are found to
be stable.

The powder XRD was carried out on Philips X’pert
MPD system using Cu Ka radiation. The EDAX analysis
was carried out on Philips ESEM EDAX XL-30. The TEM
images were recorded on Philips-Tecnai using EHT poten-
tials of 200 kV. The thermo-gravimetry was carried out
using Netzsch Geratebau GmbH in the atmosphere of ni-
trogen from room temperature to 700 °C. The FT-IR spec-
tra were recorded in KBr medium using Thermo-Nickolet
6700 set up in the range from 400 cm~! to 4000 cm™—!.

3 Results and discussion

3.1 Powder XRD

The powder XRD was carried out to study the crystalline
nature of the nanoparticles and to estimate the average
crystallite size. Figure 1a shows the powder XRD patterns
for pure and Zn doped CPPD nanoparticles. The peak
broadening in XRD pattern of pure CPPD reflects the
nano-crystalline nature of the sample. The powder XRD
data were analyzed by computer software Powder-X. The
triclinic system was found with unit cell parameters as,
a = 7365 A b=28287T A ¢ =6691 A a = 102.96°,
[ = 72.73° and v = 95.01°, which corresponds to that of
the reported in the literature [25]. From Figure la, one
can notice that the addition of small molar percentage
of Zn affects the crystallinity in significant manner; the
crystallinity of non-calcined Zn-CPP are found to be low
since the diffraction peaks of the doped samples exhibit
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Fig. 1. (Color online) (a) XRD pattern of pure and Zn doped
CPPD nanoparticles, (b) XRD pattern of 900 °C heated CPP
nanoparticles and (¢) XRD pattern of 1250 °C heated CPP
nanoparticles.

comparatively low intensity, relatively broad and more dis-
torted nature than pure CPPD nanoparticles. This result
is in good agreement with the result obtained by Stanic
et al. [26], LeGeros et al. [27] and Ren et al. [28] for
hydroxyapatite nanoparticles. Substitution of Zn in cal-
cium phosphate markedly reduces the crystallite size and,
therefore, causes a reduction of crystallinity which is well
studied [29,30]. Usually, the isomorphic substitutions of
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different size of ions in the lattice of calcium phosphate
based bio-materials are expected to disturb the crystalline
distances among the constituent atoms, as a result it is
often observed by the changes in the lattice parameters
and in terms of the shift of the XRD peaks. Nevertheless,
the perturbation of the structure depends on the doping
amounts and on the size differences of the ions involved.
In any case, a certain trend towards less sharp XRD peaks
is expected. Masala et al. [19] have reported this nature
for Zn doped CPP, in terms of the relative stability of the
complexes formed by Zn and Ca with pyrophosphate. As
binding constant of Zn in aqueous solution is 8.7 and it is
6.8 for Ca, therefore, Zn can compete with Ca for bind-
ing pyrophosphate even at a very low concentration and
this results in decreased crystallinity [19], whereas, some
authors [18] have explained on the basis of the difference
in ionic radii of calcium (0.099 nm) and zinc (0.074 nm).
Based on crystal structure theory one can expect that if
the radii of doped ions are much smaller, it is easy to fill
them in the vacancy or interstitial sites of crystal lattice
presenting as interstitial solid solution, but these doped
ions in an interstitial sites force the crystal to lose certain
electric charges needed to maintain its electric neutral-
ity, which causes equivalent charge ions to disengage and
creates more vacancies for point defects [18]. Recently, it
is reported that low crystalline material has higher bio-
activity, which is favorable to its nano-bio-effects [14]. Fig-
ures 1b and 1c exhibit the powder XRD patterns of heated
nanoparticles samples of pure and Zn doped CPPD at
900 °C and 1250 °C, respectively. Heated samples show
sharper peak than those of as prepared samples, which
indicates larger crystallite size and higher degree of crys-
tallinity. This result is consistent with the theory that the
particle size is proportional to crystallinity. Scherrer’s for-
mula was used to calculate the average crystallite size for
pure CPPD and it is found to be 4 nm, 76 nm, 119 nm for
as synthesized nanoparticles, 900 °C and 1250 °C heated
samples, respectively.

It can be noticed from Figure 1b that, for pure CPPD
heated samples at 900 °C, all the reflections of 3-CPP are
present. Tetragonal system was identified with unit cell
parameters a = b = 6.684 A, ¢ = 24.145 A (JCPDS No. 20-
0024) [31]; whereas, the doped CPPD showed additional
reflections and alterations in the intensity of some calcium
pyrophosphate peaks. The additional low intensity peaks
around 21.543° (d = 4.12) and 24.90° (d = 3.57) (marked
with small arrows in figure) are observed, which are due
to (=1 =1 1) and (—1 —1 2) reflections of CaZny (P204)2
(JCPDS No. 84-1569) [32] and the strongest reflection at
29.680° (d = 3.01) due to (0 1 2) plane of CaZny (P204)2
is overlapped by (0 0 8) reflection of 5-CPP.

Figure 1c shows the XRD pattern of the sample heated
at 1250 °C, which shows all the characteristic reflec-
tions of a-CPP with orthorhombic structure (JCPDS
No. 09-0345) [33]. The intensity of reflection at 29.677°
(d = 3.01) (indicated by small arrow in figure) due to
(2 3 0) is found to be increased with increase in doping
concentration, which is the characteristic peak of CaZn,
(P20y4)2 as described earlier in the previous paragraph.

Table 1. Atomic and weight % of Zn obtained through EDAX.

Sample Atomic %  Weight %
2%Zn doped CPPD 0.34 1.09
5%7Zn doped CPPD 0.58 1.98
10%Zn doped CPPD 1.32 4.40

Table 2. Remaining weight percent at 100 °C and 600 °C
obtained from thermo-grams.

Remaining Remaining

Sample weight % at  weight % at
100 °C 600 °C
Pure 92.32 66.87
2%7Zn doped CPPD 87.98 81.43
5%7Zn doped CPPD 91.51 84.63
10%Zn doped CPPD 94.67 87.56

The intensity of a-CPP characteristic peak at an angle
26.696° (d = 3.30) due to (0 3 1) reflection is found to be
decreased with increase in doping concentration.

3.2 EDAX analysis

The EDAX analysis was carried out to confirm the Zn
doping. It showed that the doped samples were composed
of calcium, phosphorous and oxygen with a small percent-
age of Zinc. The amount of Zn increased as the [Zn]/[Ca]
molar ratio increased, which ensured that the doping was
achieved successfully. Table 1 shows the atomic percent
and weight percent of Zn obtained for doped samples by
using this analysis.

3.3 TEM analysis

The TEM analysis was carried out to confirm the particle
size and morphology of the samples. The pure and Zn
doped samples showed the variation of particle size from
4 nm to 40 nm. The particle size was not affected by the
amount of Zn doping. Figures 2a and 2b shows the TEM
images of pure and 10%Zn doped CPPD nanoparticles,
respectively, which shows nearly spherical morphology.

3.4 TGA analysis

The TGA analysis was carried out to find out the ther-
mal stability of the samples. Figures 3a and 3b shows
the thermo-grams of pure CPPD nanoparticles and 2%Zn
doped CPPD nanoparticles. On heating, the samples
started loosing their thermal stability by giving up water
molecules and achieved the anhydrous states over 300 °C
and remained stable up to the end of the analysis. Table 2
gives the values of remaining weight percent at 100 °C
and 600 °C, it is found to be increased as the doping con-
centration increased. The stability was increased as zinc
content increased in the CPPD nanoparticles. This may
be due to the decrease in the lattice energy on substitution
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Fig. 2. (a) TEM image of pure CPPD nanoparticles and
(b) TEM image of 10%Zn doped CPPD nanoparticles.

of Zn in CPPD giving stabilizing effect, which corresponds
to the results obtained by Simkiss and Taylor [34]. It was
found that pure and Zn doped samples were containing
two water molecule associated with them.

3.5 FT-IR spectroscopy

The FT-IR spectroscopy was carried out to confirm the
bonds present in the samples. Figure 4a shows the FT-IR
spectra of pure and doped CPPD. In all spectra, the sim-
ilar bands are present, though, with increased transmit-
tance values as doping concentration increases. This can
be attributed to the small variations in the sample sur-
face composition [35]. The broad absorption occurring at
3417.5 cm~! is due to -OH stretching vibration, which
supports the result obtained from TGA that all sam-
ples contain water molecules. The absorption observed
at 1645.3 cm ™! is attributed to O-H plane bending. As
the strength of P-O bond in the P-O-P bridge is weaker
than in the (PO3)?~ 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 (PO3)?~ radical are gen-
erally observed in the frequency areas 1100-1000 cm ™!,
1000-900 cm ™!, respectively; in the present investigation
it is observed around 1136.9 cm~! and 924.7 cm ™!, respec-
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Fig. 3. (a) Thermo-gram of pure CPPD nanoparticles and
(b) thermo-gram of 2%Zn doped CPPD nanoparticles.

tively, for pure CPPD [21]. Asymmetric P-O-P bridge vi-
bration is observed at 740.7 cm™!. Metal-oxygen stretch-
ing vibration is observed at the 563.9 cm~!. Figure 4b
shows the FT-IR spectra of pure CPPD samples recorded
after heating at 900 °C and 1250 °C and compared with
as synthesized nanoparticle samples. The broadening of
the absorption bands disappears in the FT-IR spectra of
the sample heated at 900 °C and 1250 °C, which shows
the effect of crystallite size on the absorption in FT-IR
spectra.

4 Conclusions

Pure and doped CPPD nanoparticles were synthesized
using surfactant mediated approach. The peak broadening
in powder-XRD pattern of pure CPPD nanoparticles sug-
gested the nano-structured nature with triclinic system
and the average particle size was estimated to be 4 nm
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Fig. 4. (Color online) (a) FT-IR spectrum of pure and doped CPPD nanoparticles. (b) FT-IR spectrum of pure and heated

CPPD nanoparticles.

by applying Scherrer’s formula and it was found to be
76 nm and 119 nm for 900 °C and 1250 °C heated CPPD
nanoparticles, respectively. Crystallinity was found to be
decreased with increasing the zinc doping concentration.
The TEM confirmed that the particles were of spherical
morphology and the particle size varied between 4 nm to
40 nm, which was not affected by amount of dopant. Heat-
ing of pure CPPD nanoparticles at 900 °C and 1250 °C
temperatures in a furnace yielded g-CPP and «o-CPP
phases of CPP, respectively, which was confirmed by the
Powder XRD; whereas the doped samples showed addi-
tional reflections of CaZny(P204). The FT-IR study con-
firmed the presence of pyrophosphate, metal-oxygen and
O-H bond in the structure. The nano-structured nature
of the samples introduced broadening in the absorption
bands in the FT-IR spectra of non-calcined samples. TGA
confirmed the dihydrate form of CPP and higher stability
of pyrophosphate compound. Substitution of Zn content
significantly affects the crystallinity and thermal stability.
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