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Abstract

Hydroxyapatite (HA) is one of the most popular biomaterial which has a wide variety of applications.
Although HA biomaterials superior properties, dissolution behavior and implant stability properties of
HA needs to be improved. One of the promising solution for these problems is incorporating Flourine
(F) and Zinc (Zn) ions into HA structure. Sol-gel technique which has an effortless process control
procedure, emerged as an ideal candidate for producing ion doped HA powders. Pure, F and Zn
substituted HA powders obtained through sol-gel technique and SEM, EDX, XRD and FTIR analysis
were performed. Results showed that F and Zn substitution into HA lattice was successful.
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1. Introduction

Hydroxyapatite (HA), Caio(POa4)s(OH)2 is one of the most known calcium phosphates that has
numerous field of applications as implant or coating material. Some of the known applications of
HA are bone fillers, biocompatible scaffolds [1], tissue repairing [2], and drug delivery systems
[3]. Besides its excellent bioactivity, osteoconductive properties, chemical component and
mechanical properties of HA shows great similarity with human bone. Synthetic HA has a Ca/P
stoichiometric ratio of 1.67 and exhibits a special hexagonal crystal structure that has a P63/m
space group [4-(Koutsopoulos, 2002]. Unlike synthetic HA, biologic apatites can have different
stoichiometric phases. Main reason of this situation was considered ion substitutions which
changes chemical composition of apatites. One of the best example for this case is human bone
mineral which consists of trace elements such as Na, Mg, Zn, Sr, K, F, Cl and Si [4]. During the
substitution cations generally takes place of Ca*? ions in the lattice, and anions replaces OH sites.

As coating material, HA has been coated onto titanium (Ti) implants and often used dental and
orthopedic applications. This was due to improve implant stability properties and reducing the time
which is necessary for implant-tissue osseintegration process [5]. Studies showed that HA coatings
improved the osseointegration time and bonding ability of Ti implants [6]. But there were some
properties in HA coatings which needs to be improved. There were two cases for HA coating
systems. First case was about the coating which has low dissolution property and remains stable
during the implantation period and perform as a stable bioactive interface between implant material
and tissue. Second case was about coatings which is almost temporary and has a high dissolution
rate. In this case coatings were prompting fast bone tissue growth towards implant surface and in
progress of time implant material bonds with tissue directly [7]. One must produce a thick coating
in order to obtain stability and prevent direct contact of bone tissue with metallic implant surface.
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But with increasing coating thickness, possibility of coating delamination also increases.

Plasma spraying known as one of the most popular method for producing HA coatings. Also there
are various other methods like magnetron sputtering, electro chemical deposition, pulsed laser
deposition and sol-gel technique. Sol-gel method differs from other methods with the privilege of
producing both HA coating and HA powder. Also, sol-gel technique provides chemical purity and
low temperature during producing of coating or obtaining powder material. More over sol-gel
technique is suitable for producing HA with ion substitution.

lon substitutions in HA emerged as one of the promising approach for improving dissolution
behavior and osseintegration process. Fluoridated hydroxyapatite (FHA) is one of the approach for
improving dissolution resistance of HA [8]. FHA was considered too has a biocompatibility as
much as HA. Therefore, application of thinner coatings of FHA, can solve the delamination
problem that can be seen in thick coatings. When the risk of delamination decreases, coating life
span increases which is the key feature for coating stability [6]. Another approach for HA coatings
IS improving osseintegration process time with ion substitution. One way to increase
osseintegration is promote bone cells to settle on the implant surface and make strong bonding with
the implant material. Zinc emerged as one of the promising candidate which has a prompting effect
on bone tissue formation and osteoblast activity [10]. Studies revealed that releasing of Zn ions has
a positive effect on bone formation on implant material surface [11].

In this study, ion substituted HA powders produced via sol-gel technique. For ion substitution F-
and Zn+2 were chosen in order to obtain a powder mixture which is capable of both reducing
dissolution rate and improving bone formation behavior.

2. Materials and Method

In order to produce pure HA powders with sol-gel technique calcium nitrate tetra hydrate (Ca
(NO3),.4H,0) used as Ca source, di-ammonium hydrogen phosphate ((NH,),HPO,) used as P
source and ammonium hydroxide (NH,OH) used for adjusting pH value. The composition ratio of
Ca/P adjusted 1.67. Ca(NO3),.4H,0 and (NH,),HPO, dissolved in distilled water in separate
container. Both solutions stirred vigorously for 2 hours and added NH,OH for adjusting pH value
between 11-12. After that Ca(NO3),.4H,0O solution added into the (NH,),HPO, solution with a
rate of 5ml/min. After that, solution take a milk-white color and stirred for 2 hours. After this step
solution heated to 90°C and kept stirred for 1 hour. With the end of the stirring process solution
aged in room temperature for 24 hours. After aging process solution filtered and dried in 70°C for
3 hours. After the drying, HA powders heat treated in 1000°C for 3 hours. For producing F~
substituted HA powder, ammonium fluoride (NH4F) added in to P source with a P/F ratio of 4.
And for producing Zn*? substituted HA powders zinc nitrate hexahydrate (Zn(NO3),.6H,0) was
added into Ca source with a Ca/Zn ratio of 10. Other steps were same for preparation of substituted
HA powders.
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Scanning electron microscopy (Carl Zeiss 300VP SEM) analysis were performed for HA powders
produced via sol-gel technique in order to observe powder morphology and chemical compound.
For chemical characterization X-Ray Diffracion analysis (PANalytical Empyrean X-Ray
Difractometer) were performed with a Cu K.

Fourier Transformed InfaRed Spectrometer (FTIR) analyis were performed with Agilent Cary 660.
Analysis were carried out for both doped and undoped HA powders with a wavenumber range of
400-4000 cm™.

3. Results

3.1 SEM Analysis

SEM images obtained for all powders and chemical analysis were performed based on that images.

Figure 1 shows the SEM image and chemical analysis of pure HA. As can be seen in Figure 1, pure
HA powders formed a cluster like scattered formation. Chemical analysis revealed that there is no

element other than Ca, P and O which are the main components of pure HA.

b)

Element Weight % Atomic %
|OK 42.29 62.84

P K 16.83 12.92

CaK 40.88 24.25

~ Figure 1. a) SE images and EDX spectrum of the precipitated and sintered pure HA b) EDX
results of same sample

Figure 2 shows the SEM image and chemical analysis of F substituted HA.
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b
Element  Weight % Atomic %
OK 32.89 52.61
FK 2.45 3.31
P K 14.94 12.34
CaK 49.72 31.75

" Figure 2. a) SE images and EDX spectrum of the precipitated and sintered F substituted HA b)
EDX results of same sample

Figure 2 showed that F doped HA powders formed a cluster like scattered formation same as pure
HA powders. Chemical analysis proved the existence of F beside Ca, P and O elements.
Figure 3 shows the SEM image and chemical analysis of Zn substituted HA.

b
Element  Weight % Atomic %
OK 48.03 68.31
o B, i, S 15.76 11.58
‘ CaK 34.17 19.40
o B S PR ZnK| 2,04 0.71

“Figure 3. a) SE images and EDX spectrum of the precipitated and sintered Zn substituted HA b)
EDX results of same sample

Figure 3 showed that Zn doped HA powders formed a cluster like scattered formation same as pure
HA and F doped HA powders. Chemical analysis proved the existence of Zn beside Ca, P and O
elements.

3.2 XRD Analysis

XRD analysis were performed with a range of 20 to 60 26 degrees. Figure 4 shows the XRD
patterns of heat treated pure HA, F~substituted HA and Zn*? substituted HA powders.
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Figure 4. XRD patterns of heat treated a) pure HA b) F substituted HA and c) Zn substituted HA
powders.

As can be seen in the XRD patterns, because of the annealing process at 1000°C, all powders
showed a crystalline phase. Pure HA and F- doped HA powder patterns exhibit only HA phase,
while Zn+2 doped HA powder patterns show both HA and B-Tri Calcium Phosphate (B-TCP). It is
also clear that in Zn+2 doped HA powder, ratio of HA phase is higher than B-TCP phase. Peaks at
25.79, 31.78, 32.14 and 32.93 degrees which corresponds to lattice parameters (002), (121), (112)
and (300) indicates the presence of HA phase. And peaks at 27.84, 31.07 and 34.42 degrees which
corresponds to (214), (0210) and (220) reflections indicates the presence of B-TCP phase

3.3 FTIR Analysis

In order to confirm ion substitution in the HA structure, pure HA and ion substituted HA powders,
FTIR analysis were performed. Figure 5 shows the FTIR spectra of annealed pure HA powder.
FTIR measurements showed peaks around 550-630 cm™ and 900-1100 cm™. Also another
observable peak detected around 3570 cm™,
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Figure 5. a) and b) FTIR spectra of heat treated pure HA powder.

Figure 6 shows FTIR spectra of heat treated F substituted HA powder. As can be seen in Figure 6,
new peaks appeared at 674 and 720 cm™ while the peak around 630 cm™ disappeared. In addition
to that 960 and 3568 cm™ peaks which was clear in pure HA powder shifted to new positions as

964 and 3543 cm?.
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Figure 6. a) and b) FTIR spectra of heat treated F doped HA powder.

-0,0025

Figure 7 shows FTIR spectra of annealed Zn substituted HA powder. It can be seen in Figure 7.a
that pure HA powder peaks shifted to 1087,1022 cm™ and peak at 960 cm™ decreased and shifted
to 964 cm™. Also pure HA peak at 560 cm™ decreased and broadened. Another difference with HA
powder was observed peak at 3569 cm1 , as the peak in Zn substituted HA powder shifted to 3570
cm* position. Also a new peak emerged at 3407 cm® position which can be seen in Figure 7. b.
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Figure 7. a) and b) FTIR spectra of heat treated Zn doped HA powder.

4. Discussion

HA powder morphology is one of the important properties in determining the microstructural
formation of HA ceramics which effects the biological, physical and mechanical properties of
implant materials [12]. As can be seen in Figure 1.a, Figure 2.a) and Figure 3.a, all of the HA
powders formed a cluster like scattered formation that have different powder sizes. The powders
look like to be of crushed angular shape and images revealed that bigger HA particles are consisted
of agglomerated fine particles. This results showed that the annealing temperature which was used
in this study is enough to sinter these agglomerated particles. The EDX spectrum of pure HA
powder shown in Figure 1.b, showed existence of Ca, P and O elements. In Figure 2.b, in addition
to Ca, P, and O, existence of F element detected with a molar ratio of %3.31, as expected. And
Figure 3.b showed that addition to Ca, P and O, Zn element was observable with a molar ratio of
%0.71. Ca/P ratios showed difference for all powders. This phenomenon attributed to non-
homogenous particle distribution. Interestingly only Zn doped HA powders showed Ca/P ratio of
1.67.

XRD patterns of heat treated HA powders are shown in Figure 4. As can be seen pure HA and ion
substituted HA powders show high intensity which is a sign of high crystallinity. There were no
other phases detected from HA and TCP, according to XRD patterns. Kuriakose, T. Anee, et al.
produced HA powder via sol-gel technique and sintered product at different temperatures [13].
They confirmed that, as dried powders showed low rate intensity and powders that sintered at
higher temperatures showed higher intensity which is also concluded as evidence of higher
crystallization rate. Pure HA powder spectra in Figure 4.a showed all the characteristic peaks of
HA structure with an unknown peak around 37 degrees. Kurtz, S. M. [14] observed same peak in
HA structure and identified it as a result of CaO phase with a very low rate. Chew, WJ Kelvin, et
al. [12] revealed that HA powders obtained via sol-gel technique shows decomposition of HA
above 1200°C. Because of that CaO phase which identified in pure HA powder must be product or
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remnant of sol-gel process. Figure 4.B show the spectra of F doped HA powders and it is almost
same with pure HA powder XRD patterns. Miao, Shundong, et al.[11] sintered F doped HA
powders at 600° C and obtained an XRD pattern which has only HA formation with high
crystallinity. Previous studies showed that after the heat treatment of F containing HA powders at
800°C, a small amount of B-TCP phase could be observed which a product of decomposition is of
HA. XRD spectra in Figure 4.b showed a small peak around 31 degrees which is identified by
Kurtz, S. M. [14] as the existence of small amount B-TCP phase. Figure 4.c shows the XRD pattern
of Z doped HA powders which actually consist of HA and 3-TCP phases. Norhidayu, D. et al. [15]
proved that XRD patterns of Zn doped powders that calcined at 700 and 800°C showed TCP phase.
Also it was noted that with the increasing calcination temperature concentration of TCP phase
increased. Xiao, Xiufeng, et al. [16] stated that after heat treatment at 800°C, Zn doped HA powders
transformed into Zn doped B-TCP powders. Also it was observed that with the increasing Zn
fraction, B-TCP phase peaks increased. Thus it was concluded that with the increasing amount of
Zn incorporated to lattice, thermal stability of Zn doped HA powder decreases. As can be seen in
Figure 4.c, in our study Zn doped HA powders that was heat treated at 1000°C showed TCP phase
which was agreeable with the literature. It can be said that high heat treatment temperature resulted
with high TCP phase concentration.

XRD analysis revealed that the all samples are consisted of HA and/or TCP phases. In order to
confirm that F and Zn incorporation into the apatite structure, FTIR analysis needs to be performed.
FTIR spectra which is obtained from pure HA powders shown in Figure 5. Lala, S., et al.[17]
analyzed undoped HA powder with FTIR and our results were agreeable with that study. In our
study Figure 5 revealed, typical v3 asymmetric P-O stretching mode at 1090 and 1023 cm™, v1
symmetric P-O stretching mode at 960 cm™, and O-P-O bending mode v4 at 560 and 599 cm™.
In addition to that O-H bending peak at 630 cm™ and O-H stretching peak at 3568cm™ are
characteristic peaks for stoichiometric HA [13]. No other peaks observed in FTIR analysis for pure
HA powder. Figure 6 shows the FTIR spectra of F doped HA powder which has a few differences
from HA powder. Firstly, peaks at P-O peaks at 1090, 1023, and 599 cm™ are same as pure HA,
and at 964 and 566 cm™* showed a small shift. In addition to that, with the incorporation of F to HA
lattice, O-H peak which was in 630cm™ disappeared and a new peaks appeared at 674cm™ and
between 720 and 746 cm™, also peak at 3568cm™ decreased and a new peak emerged because of
OH-F stretching at 3543cm™ which is similar with the studies made by Zhang, Sam, et al.[18] and
Wang, Jian, et al.[19]. When OH- was partially replaced with F- ions, OH-F stretching bands
appeared in the spectrum [19]. Figure 7 shows the FTIR spectra of Zn doped HA powders which
has similarities with pure HA powder. P-O stretching peaks at 1022 and 1087cm shifted very little
and 599cm peak remained same position according to pure HA powder spectra in Figure 6.A.
With the incorporation of Zn, O-H bending peak at 630cm™ and P-O stretching peak around 960
cm! decreased and broadened as a sign of decrease in crystallization which agree with results of
XRD patterns in Figure 4 [18]. As the peak at 960 cm™ decreased, new slight P-O peaks appeared
at 946 and 971 cm™ as a sign of B-TCP existence which is similar with the previous studies in the
literature [20] Also as can be seen in Figure 8.b O-H stretching peak at3569cm™ remained same
but a new O-H peak emerged at 3407 cm™ as a result of Zn incorporation which is also supported
by the studies in literature [20, 21].
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Conclusions

Pure HA and ion doped HA powders successfully produced by sol-gel technique. SEM analysis
revealed that all the powders showed an angular shape that consist highly agglomerated nano
particles as an effect of high annealing temperature and had different Ca/P ratios. According to
EDX analysis Zn, F elements were found in substituted HA samples and XRD analysis revealed
that Zn and F ions are in the HA crystal structure because of these elements were not observed in
the XRD spectra. Although EDX analysis proved Zn and F content in doped HA powders, XRD
analysis showed that undoped and F doped HA powders consist only crystalline HA phase while
Zn doped HA powder has both HA and B-TCP phase as expected. No other phases detected that
includes F or Zn. FTIR analysis confirmed that F and Zn ions incorporated to HA and B-TCP lattice
structure as a sign of successful element doping procedure.
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