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Abstract

Pure and Zn> " and/or F~ doped hydroxyapatite (HA) were synthesized by the precipitation method and detection of ion incorporations into the
HA structure was investigated by a non invasive Fourier transform infrared (FTIR) spectroscopic technique. The synthesized materials were
sintered at 1100 °C for 1 h. The Zn>" addition amount was kept constant at 2 mol% whereas F~ amount was changed. The weight fractions of
the HA and CaO were calculated by Rietveld analysis by using GSAS. Co-doping of Zn*" and F~ ions increased the stability of HA. A detailed
analysis of FTIR spectroscopy was performed to observe whether HA structure was formed or not. The bands corresponding to the (PO3")
functional group and (OH™) functional group were observed. Moreover, the ion incorporation into the HA structure and the amount of the ions
were analyzed by FTIR spectroscopy. The OH...F bands were observed at 711 cm™" and 3543 cm™'. The Zn—O stretching band was observed at
3403 cm™! and 433 cm™!. The area calculation under the OH...F bands and (OH") stretching and librational modes of the bands revealed that as
the F~ amount increased, the area under the bands at 711 cm™" and 3543 cm™' increased whereas the area under the (OH™) stretching and
librational modes of the bands decreased due to the fact that F~ ion replaced with (OH™) ion in HA structure. All these results showed that Zn>*
and F~ ions were successfully incorporated into the HA structure. Moreover, the amount of F~ ions in the HA structure was successfully
confirmed by determination of the area under the F~ and (OH™) related bands.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Hydroxylapatite (HA) has the chemical formula
Ca;o(PO4)s(OH),. It has the Ca/P ratio of 1.67. It is a ceramic
material and similar to bone mineral in terms of structural and
mechanical properties [1]. HA has a structure that enables
some ion incorporations. These ion incorporations result in
changes in its mechanical and biological properties. Among
these ions, KT, Na®, Mn?*, Ni2*, Cu®**, Co?*, Sr*™,
Ba2*t, Pb*+, Cd%*, Y3+, La®*, Fe? ™, Zn®*, Mg®*, Ce*™,
AP can substitute with Ca® " ion. As, P, Si, V, Cr, (CO3")
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can substitute with (PO?[) jon and F~, CI", O*~, OH™, Br™ can
substitute with (OH™) ion [2—4]. A study reported that doping
of Zn>" ions into HA (with an amount of between 0.6 and
1.2 wt%) helped cell proliferation [5]. Addition of Zn*"
increases the alkaline phosphatase activity which is an
indicator of cell functionality [6].

Addition of F~ decreases the solubility of the HA and
increases its density after the sintering. The increase in density
results in improvement in strength and hardness by two or four
fold with respect to pure HA [7]. Moreover, crystallinity is
improved by addition of F~. Therefore, it is being used in
osteoporosis therapy [7-9]. Furthermore, F~ doped HA
increases the collagen synthesis and alkaline phosphatase
activity thus affects the cell proliferation indirectly.

FTIR spectroscopic technique is applied to HA to detect the
specific bands in HA structure. These bands correspond to the
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(PO3™) functional group with four different vibrational modes
(1, V2, U3, 1) and (OH™) functional group with two different
vibrational modes (librational and stretching) [10-12]. The
detection of these two functional groups is the indicator of
formation of HA structure. Besides these two functional
groups, in some previous studies, the bands related to the
residual compounds such as (CO37) [13,14], H,0 [14], (NO3)
and (NH;) [14,15] were observed. However, when the
samples were calcined at 900 °C for 2 h, the bands related to
H,O0, (CO%‘), (NO3) and (NH,") disappeared [15].

FTIR studies of the doped HA samples were also performed.
Additional peaks were observed according to the type of bond
and type of ion. Kim et al. investigated the effect of F~ ion on
HA and alumina composites and FTIR analysis was done for
them [16]. Moreover, in a study, 50 mol% F~ substituted HA
and pure HA were synthesized by precipitation method and
sintered at 1100 °C for 3 h [11]. According to FTIR results,
dried samples had a spectra like partially carbonated hydrated
HA [11]. Moreover, the F~ doped sample did not show any of
(OH") peaks [11]. However, an additional peak was observed
for fluoridated samples [11]. Fluoride addition also resulted in
a shift towards the lower wavenumbers in (OH™) stretching
peak. As the F~ amount increased in the samples, the intensity
of the bands related to F~ binding increased, whereas the
intensity of the band corresponding to the (OH™) librational
band decreased [11,12]. In another study, fluoridated HA was
synthesized by a sol-gel method. After synthesis, heat treat-
ment was applied to the samples at 850 °C for 3 h [17]. It was
stated that F~ ion addition affected the (PO3~) and P-O bonds
which resulted in a hydrophilic HA structure [17]. OH...F
bond gave a negative charge on the HA surface. Therefore,
protein adsorption and cell attachment improved. Fathi and
Zahrani studied the fluoridated HA synthesized by a mechan-
ical alloying method [18] and observed some bands corre-
sponding to (HPO?;_) ion [18]. It was also stated that (HPO%‘)
ion could substitute with phosphate ions easily. Kannan et al.
synthesized fluoride and chloride co-substituted HA, chlora-
patite and fluorapatite by precipitation method and the samples
were sintered at 900 °C for 2h [15]. According to FTIR
results, HA related bands were observed for only dried (not
sintered) samples. In the samples of chlorapatite and fluor-
apatite, no (OH") related bands were observed as expected
[15]. In another study ZnO nanopowders were investigated by
FTIR spectroscopy [19] and, Zn—O symmetrical stretching
band was observed in triaqua(l,10—phenanthroline—kzN,N’)
(sulfato-kO)zinc(II) which is abbreviated as (TPZS) with the
formula of (ZHSO4(C12H8N2)(H20)3) [20]

In the present study, Zn®>" and F~ ions were co-doped into
HA structure by changing F~ amount. A detailed FTIR
spectroscopic analysis of Zn®>" and/or F~ doped HA structure
was performed for the first time. Samples were synthesized by
precipitation method and sintered at 1100 °C for 1 h. Presence
of phases in the samples was determined by X-ray diffraction
(XRD) method. Moreover, besides the presentation of the
observed bands, the differences between the concentrations
with addition of ions were introduced by calculation of the area
under the FTIR spectral bands related to the ion addition.

2. Experimental

Precipitation method was used to produce pure HA samples
[21,22]. The precursors for this method were calcium nitrate
tetrahydrate (Ca(NOs),-4H,0) and diammonium hydrogen
phosphate ((NH4),HPO,) obtained from Merck, Germany.
These two powders were dissolved separately in distilled
water with different amounts to obtain a theoretical Ca/P ratio
of 1.67 and were stirred for 1 h. At the end of 1h stirring,
some ammonia solution (NH,OH, (Merck, Germany)) was
added to the solution with (NH4),HPO,. Then, Ca
(NO3), -4H,0 solution and some ammonia solution were
added dropwise to adjust the pH level between 11 and 12.
The final mixture was heated until it was boiled to speed up the
reaction and the boiled mixture was left for stirring overnight.
After 1 day of aging, this mixture was filtered and a wet cake
was obtained. The wet cake was dried overnight at 200 °C to
remove excess water and ammonia. The dried samples were
sintered at 1100 °C for 1 h. In addition to precursors of Ca
(NOs3), - 4H,0 and (NH,4),HPO,, zinc nitrate hexahydrate (Zn
(NO3y), - 6H,0) for Zn> ™" doped samples and ammonium
fluoride (NH4F) for F~ doped samples were used. Table 1
summarizes the amounts of doping in terms of mole percen-
tage for all samples.

The phases present in the samples were observed by XRD
analysis by a Rigaku DMAX 2200 device and the percentage
of the phases was detected by Rietvelt refinement analysis by
using GSAS (The General Structural Analysis System) com-
puter program. Cu-Ka radiation at 40 kV/40 mA was used for
XRD analysis. The samples were scanned from 20° to 60° in
26 with a scanning step size of 2.0°/min. To compare the
positions of diffracted planes, Joint Committee on Powder
Diffraction Standards (JCPDS) files were used.

FTIR spectroscopic technique was used to identify the
presence of bonds formed in the pure and doped HA structures
[23-26]. The samples were first crushed with a mortar and
pestle. Then, the prepared powders were mixed with exten-
sively dried potassium bromide (KBr) with 1 to 100 weight
ratio. The prepared powder mixtures were dried in vacuum by
freeze drying for 1 day. Then, the samples were cold pressed
for 8 min to obtain transparent pellets. The spectra were
recorded from 4000 cm™' to 400 cm™' using a 100 scan on
Spectrum One Spectrometer (Perkin Elmer, Norwalk, CT,
USA). In order to be sure that there is no variation due to
the sample thickness, three different spectra were collected

Table 1
Naming, percentages of doping by mole and Ca/P ratio for prepared samples.

Sample ID Zn>* (mol%) F~ (mol%) Ca/P
Pure - 0 1.67
27n 2 0 1.63
1F - 1 1.67
2.5F - 2.5 1.67
SF - 5 1.67
27n1F 2 1 1.63
27Zn2.5F 2 2.5 1.63
27n5F 2 5 1.63
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Fig. 1. X-ray diffraction patterns of (a) HA Reference (JCPDS#: 9-432), (b)
pure HA, and (c) SF.

from the different pellets belonging to same sample and
checked that they were identical. The average of these three
spectra was then used for further studies. For each experi-
mental group, three independent samples were prepared and
their average FTIR spectra values were compared with each
other. For the analysis of infrared spectral data, Perkin Elmer
Spectrum One software package was used. Statistical analysis
of FTIR studies were done by using Minitab Statistical
Software, USA. Paired t test was applied to the samples and
p < 0.05 was accepted as a significant difference.

3. Results and discussion

XRD results of the samples pure HA and 5F are presented in
Fig. 1. According to Fig. 1, all samples showed the same
pattern with HA reference pattern that was obtained from
Standard HA (JCPDS#: 9-432) [4]. The samples 2ZnlF,
27Zn2.5F and 2Zn5F had the XRD spectra similar to XRD
spectra of SF which did not contain any additional phase (“c”
in Fig. 1). However, the samples 2Zn, 1F and 2.5F had XRD
spectra similar to XRD spectra of pure HA which contained an
additional peak that corresponded to the CaO phase (“b” in
Fig. 1). CaO phase was formed by the incorporation of Zn>™"
ions into HA hexagonal structure [27]. When Zn** ion
replaced Ca®* ion in HA, Ca’" ions detached from HA
structure to form CaO. Therefore, it may be the reason of CaO
presence in the samples doped with Zn®" ions. When XRD
spectra of fluoridated samples were investigated, it can be said
that CaO phase disappeared in 5F and Zn>" and F~ co-doped
samples. It is due to the fact that F~ makes the HA structure
more stable. Therefore, presence of other phases was inhibited.

Co-doping of Zn®>" and F~ ions resulted in further increase in
stability of HA.

A detailed FTIR spectroscopic analysis was applied to the
samples to observe the changes with F~ and Zn*" addition
separately and together by comparing with pure HA as the
control. Changes in the spectra of doped samples when
compared with pure HA spectra were the indicator of
successful incorporation of the Zn>" and F~ ions into the
HA structure.

FTIR absorbance spectra for pure HA in 4000-400 cm™"
region is presented in Fig. 2. The peaks specific to HA
structure are seen in this spectra. Moreover, the peaks assigned
in HA absorbance spectra are seen in Table 2. The band
corresponding to the functional group of (PO37) with vibra-
tional mode of v; was observed at 960 cm™ . Moreover, other
vibrational modes of (PO?;_) functional group were observed at
473 cm™" for v,, 1045 and 1091 cm™' for v;, 568 and
601 cm™" for vy, respectively. Functional groups of (OH™)
were observed in two different modes which were librational
mode at 632cm™' and stretching mode at 3571 cm™’,
respectively.

Fig. 3A shows the FTIR absorbance spectra for pure HA
and F~ and/or Zn®" doped samples in 3600-3320 cm™'
region. The band observed at 3571 cm™" in pure HA spectra
is assigned to the stretching vibration of the structural (OH™).
By the addition of 2 mol% Zn*>* into HA, the band shifted to
3570 cm™! [11,13-15,17]. Moreover, 1 mol % addition of F~
ion resulted in a shift to 3570 cm™'. As the amount of F~
increased in the samples, the bands gradually shifted to the
smaller wavenumbers (it became 3569 em™! for 2.5F and
3567 cm™" for 5F, respectively). Zn>" and F~ doped samples
followed the same trend as F~ doped samples followed. The
shifts in the absorptions are indicator of changes in structure,
conformation and intermolecular interaction [28]. In this study,
the wavenumbers decreased with increasing F~ amount in
band at 3571 cm™". The shifts in the wavenumbers of the band
at 3571 cm™' stemmed from the increase in number of
hydrogen bonds between F~ ion and H atom of (OH™) ion
with F~ addition (Fig. 3A). Intensity of the peaks at 3571 cm™'
decreased with increasing F~ amount in the samples (Fig. 3A)
[22]. This is due to the fact that F~ ion replaces the (OH™) ion

ABSORBANCE (Arbitrary Units)
W

4000 3200 2400 1800 1400 1000 600
WAVENUMBER (cm')

Fig. 2. FTIR absorbance spectra of pure HA in 4000400 cm™" region.
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Table 2
Assignments of FTIR absorption bands of pure HA after sintering at 1100 °C
for 1 h in 4000400 cm™ region [14,17-19].

Peak no. Functional groups Vibration mode Wavenumber (cm™")
1 (PO,)*~ Vi 960
2 (PO4)*~ Vs 473
3 (PO,)*~ V3 1045, 1091
4 (POL*~ Vs 568, 601
5 OH™ Librational 632
6 OH™ Stretching 3571
7 OH...F 711, 354
8 Zn-0 Stretching 3403, 433

in the structure of HA. As the F~ amount in the samples
increased, the concentration of (OH™) ion in the structure of
HA decreased due to the replacement with F~ ion which
resulted in a decrease in the intensity of the peaks at
3571 cm™ [29]. This was the indicator of successful incor-
poration of F~ ion into the structure of HA. Differences in the
intensities and the area under the bands were strongly related
with the concentration of the functional groups [30,31].
Therefore, area under the peak at 3571 cm™' was also
calculated for all samples and the results were represented in
Fig. 4A. This figure showed that there is a statistical difference
between pure HA, 2.5F, and 5F, and in between 2.5F and 5F.
Moreover, 2Zn5F sample had significantly lower (OH™) band
area at 3571 cm™' than that of the pure HA, 2ZnlF and
27n2.5F samples. This indicates that the concentration of
(OH™) functional group decreased in the sample 2Zn5F due to
the replacement of F~ group with (OH™) group [30,31]. The
changes in the area under the peak at 3571 cm™' suggested that
F~ ion addition with the amounts of 1 mol%, 2.5 mol% and
5 mol% was succeeded.

Another important band in F~ doped samples is at
3543 cm™'. This band corresponds to the bond OH...F.
Therefore, this band was only seen in F~ doped samples.
A small shift was seen in sample of 5F (at 3542 cm™Y).
A relatively high amount of shift was observed for 2Zn5F (at
3538 cmfl). The shifts to the lower wavenumbers with
addition of F~ ion are also related with an increase in the
number of hydrogen bonds between F~ ion and H atom in
(OH") ion [29,30]. As the F~ amount increased in the HA
structure, the number of hydrogen bonds between F~ ion and
H atom in (OH") ion increased which resulted in a decrease in
wavenumbers of the band at 3543 cm™" (Fig. 3A) [30,31].
Moreover, in Fig. 3A, samples without F~ ion (Pure HA and
27n) do not have any bands at 3543 cm™' as expected. The
band at 3543 cm™ is the evidence of the successful incorpora-
tion of F~ ion into the structure of HA.

The area under the band at 3543 cm™ was also calculated
for F~ doped samples. Fig. 4B represents the area under the
band which corresponds to the OH...F bond. According to
Fig. 4B, the area under the band at 3543 cm~! increased with
F~ amount in the samples. The increase in the area becomes
significant for the sample of SF when comparing with 1F and

1
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Fig. 3. FTIR absorbance spectra of pure HA, F~ and/or Zn>* doped samples
(A) in 36003320 cm™" region. (Normalization was done with respect to the
band at 3575 cm™"), (B) in 1400-800 cm™" region. (Normalization was done
with respect to the band at 2820 em™), (C) in 760—400 cm™! region.
(Normalization was done with respect to the band at 490 cm™").

2.5F. For the samples doped with Zn** and F~ ions, a
significant increase is seen between 2ZnlF and 2 Zn2.5F,
and between 2Zn2.5F and 2Zn5F. The difference in the area
under the band at 3543 cm™! is the evidence of successful
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Fig. 4. (A) The OH™ stretching band area at 3570 cm™' for pure and Zn>*
and/or F~ doped samples, (B) The OH...F band area at 3543 em™ for pure and
Zn*" and/or F~ doped samples, (C) The OH...F band area at 711 cm™' for
pure and Zn>* and/or F~ doped samples, (D) The OH™ librational and area at
632 cm™" for Pure and Zn*>* and/or F~ doped samples (* denotes p < 0.05 and
** denotes p < 0.01).

incorporation of F~ ion into the HA structure with the ion
amounts of 1 mol%, 2.5 mol% and 5 mol%.

In Fig. 3A, the band at 3403 cm™' is seen only in Zn**
doped samples. Therefore, this band was assigned to the Zn-O
symmetrical stretching. F~ doping resulted in a shift to the
smaller wavenumbers in Zn—-O symmetrical stretching
band. The band at 3403 cm™' is the indicator of successful
incorporation of Zn>" ion into the HA structure.

F~ addition resulted in small shifts to the higher wavenum-
bers at bands 1091 and 1045 cm™!. However, no significant
change was observed for the band at 960 cm™' (Fig. 3B).
Moreover, the intensities and the areas under these three bands
did not change with Zn>* and/or F~ addition. However, for
the samples of Pure HA and 2Zn, there are some differences in
the area under the bands at 1091, 1045 and 960 cm™". There is
a significant decrease in the area under these (PO3") related
bands in 2Zn spectra when compared with those in pure HA
spectra. This is due to the fact that some Zn’' ions may
replace with P> ions in the (PO?;_) or may distort P> ions
and break the bonds between P> and 0*~.

The bands between the wavenumbers of 711 and 727 cm™
correspond to the bond OH...F. The band at 711 cm™" shifted
to an higher wavenumber with F~ and Zn®" addition. In
Fig. 3C, the bands at between 711 and 727 cm™' can be seen
clearly. Shifts in wavenumbers to the low frequencies can be
interpreted as the increase in the strength of hydrogen bonds in
the structure and increase in bond formation in the structure
[32,33]. However, for the band at 711 cm™!, there was an
increase in wavenumbers by Zn’>" and F~ addition which is
inconsistent with other F~ and (OH™) related bands.

The area under the band at 711 cm™" was also calculated for
F~ doped samples. The results were represented in Fig. 4C.
According to Fig. 4C, there is an increase in the area under the
band at 711 cm™' as a result of F~ addition. Significant
increase is seen between the samples 1F and SF, and also
2.5F and 5F. In F~ and Zn*™" doped samples, the changes in
the area values are significant for all samples [12]. The
increase in the area under the band at 711 cm™" is indicator
of an increase in the concentration of F~ functional group in
HA structure [31,34]. Like the band at 3543 cm™, the band at
711 em™" is the indicator of successful addition of F~ ion into
the HA structure.

The band at 632 cm™" corresponding to (OH™) librational
mode was shifted to 635 cm™' by 2 mol% Zn*" addition [15].
F~ ion doping also increased the wavenumber of the pure HA.
The increase in wavenumber with F~ ion amount was also seen
in F~ and Zn*" doped samples. The shifts to higher
wavenumbers with F~ and Zn®>" ion addition at 632 cm™
band show inconsistent pattern with the OH...F and (OH")
stretching bands observed between 3600 cm™" and 3403 cm™!
[32,33].

In Fig. 4D, although a decrease in (OH™) librational band
area with F~ addition is observed, changes in the areas do not
have significant meanings. However, when Zn>" ion is
incorporated into the HA structure, it results in significant
changes in the areas under the band at 632 cm™". The decrease
in the band areas at 632 cm™' with F~ addition is seen in F~
and Zn*" co-doped samples in Fig. 4D. Comparing with
(OH™) stretching band, (OH™) librational band was affected
less by F~ addition.

No significant difference in the wavenumbers was detected for
the bands at 601 and 568cm™" which corresponded to (PO3")
with vibrational mode of v,. Another band related with (PO3")
group was detected at 473 cm™' which corresponded to the
vibrational mode of v, [19]. There was not any significant shift

1
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for the band at 473 cm™ (Fig. 3C). The bands at 601, 568 and
473 cm™" have nearly the same intensities in all samples. This is
an indicator of the fact that Zn>* and F~ addition did not affect
these (PO3") related bands. These three bands at 601, 568 and
473 cm™' are also the evidence of formation of HA structure
with the solution precipitation method.

There was a small band at 433 cm™' in Zn®" containing
samples (Fig. 3C) [20]. Therefore, this band was assigned to
Zn—0O symmetrical stretching band. Insignificant fluctuations
between Zn”>" doped samples were seen around this band.

1

4. Conclusion

Pure HA, Zn>" and/or F~ doped HA samples were
synthesized by precipitation method. XRD results showed that
HA and trace amount of CaO phase were detected in all
samples except for Zn’* and F~ co-doped samples and SF
sample. The intensity of CaO phase increased when Ca>™ ion
introduced to the system was increased. (PO?;_) related bands
detected at 1091, 1045, 960, 601, 568 and 473 cm™! and
(OH™) related bands detected at 632 (librational) and 3571
(stretching) cm™" are the indicator of the fact that HA synthesis
was successful. Moreover, the bands at 3543 and 711 cm™!
were detected in F~ doped samples. The detection of these
bands showed the fact that F~ ion was accepted by the
structure of HA. The decrease in the intensities and/or areas
of the (OH") related bands with the F~ ion addition showed
that (OH™) ion replaced with F~ ions. Furthermore, the bands
at 3403 and 433 cm™' were detected only in Zn>" doped
samples. This situation showed that Zn>" was incorporated
into the HA structure successfully. The results also showed
that Zn>" and F~ ions can be incorporated to HA structure
successfully. HA gains different mechanical and biological
properties according to the amount of addition and type of
these ions. Therefore, detection of the amount of these ions in
the HA structure by FTIR spectroscopy was important in terms
of monitoring the differences in mechanical and biological
properties of HA by ion addition.
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