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This article reports a physicochemical comparison of synthetic and biological Hydroxyapatite (HAp).
Eight samples were separated into two groups: bio and commercial hydroxyapatite (bio-HAp and
commercial-HAp). The bio-HAp group containing defat, alkaline, and calcined samples taken from bovine
bone were obtained by using three different treatments, in order to establish their effect on the final
product quality. The commercial-HAp group, from different sources: NIST, sigma, apafill G, coralina, and
biograft, were analyzed and compared with the bio-HAp results. Thermogravimetric analysis (TG) was
used in order to establish thermal degradation of the samples; structural behavior was then analyzed by
X-Ray Diffraction (XRD) to found the crystalline phases, as well as the crystalline quality. Fourier
Transform Infrared Spectroscopy (FTIR) was performed in order to identify the corresponding HAp
functional groups within the samples. The surface morphology was analyzed by Scanning Electron Mi-
croscopy (SEM) and the elemental composition was established by using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES). It was found that the calcination process obtains HAp with
comparable quality to the commercial samples. A crystallinity greater than 62% after the alkaline process
was found. Additionally, the surface of the alkaline sample presents a transition behavior between dense
and porous morphology.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bone is a living tissue, which is basically composed of an organic
phase (20e30 wt%), an inorganic phase (60e70 wt%) and around
5 wt% of water. The organic matrix is composed mainly of collagen,
but there are other compounds in small concentrations, such as
lipids and non-collagenous proteins. The organic phase provides
elasticity, flexibility, and resistance to the bone. On the other hand,
hydroxyapatite (HAp) e chemical formula Ca10(PO4)6(OH)2 e is the
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main component of the inorganic matrix. There are other ions, such
as magnesium, fluoride, and sodium that form the minor compo-
nents of the inorganic matrix; the whole matrix gives hardness and
stiffness to the bone [1e6].

The understanding of both bone components is important for
biomedical applications such as prosthesis and partial bone
replacement among others [3,7e9]. The main component of the
inorganic matrix (HAp) has gained significant attention due to its
excellent biocompatibility, bioactivity, non-inflammatory behavior,
non-immunogenicity, and high osteoconductive and/or osteoin-
ductive nontoxicity properties, as well as its easy processing
[3,4,10e12]. Thanks to these properties, HAp has been widely used
in dental applications and hard tissue surgery, in part due to its
ability to bond with bone tissue after the procedure [13e15].
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However, HAp does not have the required mechanical properties
for such applications; typically, its use demands the capacity to bear
a high load. In relation to this point it is important to note that there
have beenmany attempts to reinforce and combine HApwith other
ceramics, polymers and bioactive glasses in order to improve the
mechanical and biological properties through a composite of ma-
terials [14,16].

HAp can be obtained from natural and synthetic sources, and
these have been used for bone replacement and ingrowth. The
synthetic HAp has a stoichiometric distribution of its components;
for this reason it does not have the same mineral traces of natural
bone. The mineral traces play an important role in the osteointe-
gration process. Therefore, HAp from natural sources, e.g., coral and
bovine bone is more similar to human bone tissue. Synthetic HAp,
unlike HAp from natural sources (bio-HAp), does not have the same
behaviors in different applications [3,7,9,10,17].

There are different production methods for both HAp types:
hydrothermal, mechano-chemistry, microwave irradiation, pre-
cipitation, solegel, hydrolysis, and micro-emulsion methods,
among others, that have been used to obtain synthetic HAp [19]. In
the natural HAp case, calcination, chemical, and thermal treat-
ments have been used to remove the organic material in order to
prevent infections, disease transfer, and immunological defensive
reactions [3,8,18,20]. In most cases, bovine bone has been used as
the HAp source for medical applications [10].

N.A.M. Barakat et al. [3] proposed three methodologies to clean
bovine bone in order to establish a good process to eliminate the
organic materials present in a sample. This study showed that by
means of the thermal decomposition treatment produced
carbonate-free HAp with better crystallinity than both the
subcritical and alkaline treatments. On the other hand, D. Tadic and
M. Epple [12] reported a complete study of different types of
commercial calcium phosphates used in bone substitution from
different sources (synthetic, animal and human), and the
manufacturing processes. They reported that in some cases there
are different HAp phases depending on the sample, e.g. tricalcium
phosphate (TCP), octacalcium phosphate (OCP), calcium oxide
(CaO), and in some cases, organic material like collagen and
bioactive.

In this paper a comparison between the physicochemical
properties of HAp obtained from bovine bone (bio-HAp) and
commercial-HAp is reported. Three samples obtained from bovine
bone by means of different treatments: defat, alkaline, and calcined,
and five commercial samples obtained from companies and uni-
versities: NIST, sigma, apafill G, coralina, and biograft, were studied
in order to establish the differences among the samples. By using
TG analysis the mass loss as a function of the temperature was
obtained in order to determine the presence of water and organic
material in the samples. The structural characterization was per-
formed by using XRD and FTIR techniques. The presence of HAp
phase, the crystallite quality, as well as crystallinity percentage
were determined by XRD. FTIR was used to identify the corre-
sponding functional groups of HAp, and also to identify if carbon-
ates and organic material are present. SEM analysis was performed
in order to determine the morphology of the samples. Elemental
analysis was carried out with ICP-OES in order to establish the
mineral content in the samples.

2. Material and methods

8 different bio-HAp and commercial-HAp samples were studied.
The bio-HAp group was comprised of 3 biological samples obtained
from bovine bone using different treatments: 1) Treatment to
remove fat: defat, 2) Alkali treatment: alkaline, and 3) Thermal
treatment: calcined. All these samples were obtained from cortical
bovine bones (2 years old) collected from the local slaughterhouse
(folio number SDA-537295, 2011).

The commercial-HAp group comprised of 5 samples from
different sources: 1) 1400 standard of bone ash certified by the
National Institute of Standards & Technology: NIST, 2) Commercial-
HAp from Sigma Aldrich (289396-synthetic): sigma, 3) Apafill G
(Reg. No. 76LYC e synthetic, Centro de Biomateriales of La Habana
UniversityeBiomat): apafill G, 4) Coralina (HAP-200 e Reg. No.
47.174.92 e marine corals, Centro Nacional de Investigaciones
Científicas e La Habana, Cuba): coralina, and 5) Biograft
(Ref. 16140301, SN. 806330, LOT. DR-0005-08, human bone powder
1 cc): biograft, were analyzed.

2.1. Bone cleaning process

One of the most important procedures to obtain pure HAp from
biological sources is the bone cleaning process; it aims to remove
organic compounds such as fat and protein. In order to prepare bio-
samples (bio-HAp), the first step in all cases was to cut the bone
into smaller pieces and manually remove adhering soft tissue.
Thereafter, the fluids in bone, marrow, and any remaining soft
tissue were eliminated by boiling these small pieces of bone in
deionized water during 30 min. The bone was then subjected to
vacuum drying and a milling process using a stainless steel mill
(Oster-USA) until powder was fine enough to pass through a mesh
100 (149 mm) sieve. After that, the three different processes
mentioned above: defat, alkaline, and calcined were carried out
respectively.

Process 1 e Defat: this consists in the removal of fat from the
bone with solvents; firstly, the bone powder was treated with pe-
troleum ether with constant agitation at 30 �C and then it was air-
dried. After this step, the dried bone powder was immersed in
acetone under ultrasound for 2 h, and after that, the powder was
dried in a vacuum oven at 1.33 Pa and 70 �C for 5 h.

Process 2 e Alkaline: the bone powder was treated with sodium
hydroxide solution at 8% p/v changing pH and temperature in order
to eliminate proteins present in the bone. The powder was dried in
a vacuum oven at 1.33 Pa and 70 �C for 5 h.

Process 3 e Calcined: the bone powder sample was heated from
room temperature to 400 �C using a heating rate of 0.4 �C/min, and
then from 400 to 900 �C using a heating rate of 1.4 �C/min. It was
kept at this temperature for 3 h. The first ramp was to eliminate the
organic materials without promoting the generation of carbonate
phases; the second part of the ramp was to obtain the desirable
HAp quality [8]. These temperatures ensure both the presence of
the HAp phase, and that there will not be any organic material
remaining [8].

All bio-samples were obtained after basic cleaning process. After
the cleaning, samples were subject to different processes as follow:
defat sample consist of bone with process 1, alkaline sample ob-
tained after apply process 1 and process 2, and calcined sample
obtained after apply process 1 and process 3.

2.2. Commercial sample preparation

The particle size of commercial samples was reduced until they
passed through a mesh 100 (149 mm) sieve. In all cases, the samples
were milled in an Agatha mortar.

2.3. Thermal behavior: TG analysis

The thermogravimetric curves and their derivative in relation to
temperature were obtained by using TG Q500 equipment (TA In-
struments). The sample mass was 12.0� 1.0 mg of each sample and
these were placed in the platinum crucible of thermobalance (TA
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Instruments, USA). The samples were heated from room tempera-
ture to 800 �C, at a heating rate of 10 �C/min; the measures were
carried out in a constant N2 flow. The TG data was processed using
the Universal Analysis 2000 TA software.

2.4. Phase composition: XRD

X-ray diffraction was used to determine the presence of crys-
talline phases in the bio and commercial dry samples. Powder
samples (mesh 100) were densely packed in an Al holder. X-ray
diffraction patterns of the samples were carried out on a Rigaku
Miniflex diffraction instrument operating at 35 kV, 15 mA with Cu
Ka radiation wavelength of l ¼ 1.5406 �A. Diffractograms were ob-
tained from 10 to 70� on a 2q scale with a step size of 0.02�. The
software used to analyze the spectrum was MDI Jade 5.0 (free
version).

2.5. Functional groups: FTIR analysis

In order to obtain the functional groups present in the bio- and
commercial-HAp samples FTIR Spectrum GX (Perkin Elmer) appa-
ratus was used. Two milligrams (2 mg) of each sample was mixed
with 98 mg of KBr (Potassium Bromide) powder. The Infrared
spectraweremeasured inMedium Infrared (MIR) between 400 and
4000 cm�1 with a resolution of 4 cm�1.

2.6. Surface microstructure: SEM

Morphologic analysis of all samples was carried out in a Jeol JSM
6060LV Scanning Electron Microscope. The analysis was performed
Fig. 1. Thermogravimetric curves of a) bio-HAp, b) commercial-HAp, and
using 20 kV electron acceleration voltages. Prior to the analysis, the
samples were fixed on a copper specimen holder with carbon tape
and covered with gold thin film in order to make them conductive
before testing.

2.7. Elemental composition: ICP-OES

This technique was used to analyze the elemental composition
in both the commercial and bio samples. Thermo iCAP 6500 Duo
View equipment was used. 0.1 g of each sample was digested in
nitric acid (Baker 69e70%) and it was made by triplicate. Upon
return to the ground state, the elements excited by the argon
plasma were then identified by their characteristic emission
spectra. Emission intensity was then converted to elemental con-
centration by comparing to a standard curve.

3. Results and discussion

3.1. Thermal degradation analysis

TG is an excellent tool to determine the different thermal
changes that take place in samples associated with the degradation
of different phases (organic and inorganic). Fig. 1a, b show the mass
loss as a function of the temperature in both the bio- and
commercial-HAp samples respectively, and Fig. 1c shows the
weight loss and its derivative behavior in the defat, alkaline, and
biograft samples. As it is well known, one of the most important
points in the case of HAp used in medical or dental applications is
its degree of safety that is directly related to the absence or
harmlessness of organic materials. Fig. 1a shows the bio samples:
c) weigh loss and its derivate of defat, alkaline and biograft sample.



Fig. 2. X-ray diffraction patterns for a) bio-HAp and b) commercial-HAp.

Table 1
FWHM values from bio- and commercial-HAp samples for the main planes.

Sample (002) (211) (112) (300) (310)

Bio-HAp Defat 0.50106 0.68826 0.66585 0.9793 0.82818
Alkaline 0.38338 0.19616 0.72203 0.56995 0.739
Calcined 0.22018 0.21457 0.18268 0.21872 0.22318

Commercial-HAp NIST 0.18732 0.19772 0.18241 0.20933 0.24003
Sigma 0.19475 0.19719 0.18782 0.20712 0.22452
Apafill G 0.19511 0.19288 0.1873 0.19788 0.19492
Coralina 0.22652 0.23746 0.1772 0.22182 0.21774
Biograft 0.333 0.67429 0.27997 0.6047 1.00178
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the calcined sample exhibited only around 1% of matter loss that is
directly related to the moisture content, while the alkaline sample
showed a loss of mass of 10.06% (4.60% moisture, and 5.46% cor-
responded with some fractions of fat and protein). A loss of 32.57%
(moisture, fat, and protein) was found in the defat sample. On the
other hand, Fig. 1b shows that the commercial samples did not
exhibit a significant mass loss (around 1e3%): the same result as
was found in the calcined sample (Fig. 1a), this is related with
moisture content. However, in the biograft case, there was a loss of
mass of 27.51% mass loss (moisture, fat, and protein). According to
this TG analysis, it is clear that this commercial sample still has an
important amount of organic compounds. Fig. 1c shows the
changes in weight as a function of the temperature as well as its
first derivative for defat, alkaline, and biograft samples. The defat
and biograft samples exhibited the most significant changes above
200 �C; this may be due to the degradation of organic material [21].

According to L.F. Lozano et al. [21], the changes in the loss of
mass located between 220 and 570 �C correspond with the
degradation and combustion processes of collagen. In the case of
Table 2
Crystallinity percent of bio- and commercial-HAp.

Sample Defat Alkaline Calcined N

Crystallinity (%) 66.81 80.21 88.35 8
the defat sample these processes occurred between 180 and 570 �C.
Meanwhile, the biograft sample showed this phenomena but pre-
sented two peaks within this range of temperature: one located at
272 �C, which is related to the collagen degradation and the second
located at 333 �C which corresponds with protein denaturalization
or de-branched. Finally, the alkaline sample did not show this
behavior, but it presented a peak around 695 �C that corresponds to
the dissociation of carbonated apatite in the calcium carbonated
form (CaCO3) [11,12]. This result is indicative that the alkaline
process removed a part of the organic matrix.

3.2. Structural characterization

3.2.1. Crystalline phases presence
XRD is an excellent technique to determine the crystalline

phases present in any sample, and it is indicative of the chemical
structure. Fig. 2a and b show the XRD patterns of the bio and
commercial samples, respectively. In these figures, the vertical dash
lines are included that correspond to the comparisonwith JCPD file
No. 09-432 of pure HAp. All samples in Fig. 2 consist of a pure HAp
phase. The XRD patterns in Fig. 2 show the most intense peaks
corresponding to (002), (211), (112), (300), and (310) planes. The
crystallinity was established using the full width at half maximum
(FWHM) value of the main XRD peaks as (002), (211), (112), (300),
and (310) (Table 1). This parameter is inversely proportional to the
average crystalline size according to the Scherrer equation
[12,22,23]; indicating that for FWHM small values, the crystallite
size increases as well as the crystallinity. From XRD patterns the
crystallinity percent was determine and it is shown in Table 2. This
parameter defines minimal medical requirements for coatings ac-
cording to the ASTM and ISO norms [24].
IST Sigma Apafill G Coralina Biograft

3.72 91.76 73.98 84.07 61.64



Fig. 3. Infrared spectra of a) bio-HAp and b) commercial-HAp.

Fig. 4. SEM micrographs of a) bio-HAp (defat e alkaline e calcined) and b) commercial-HAp (NIST e sigma e apafill G e coralina e biograft), respectively.

A.L. Giraldo-Betancur et al. / Current Applied Physics 13 (2013) 1383e1390 1387
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In the commercial-HAp samples, all of them have similar high
crystallinity quality, except for the biograft sample. The biograft had
similar crystallinity quality to the defat and alkaline samples whose
behavior resembled that found in the TG analysis.

In Fig. 2a calcined sample exhibited the most defined peaks in
comparison with the defat and alkaline samples. According to
FWHM values obtained for these samples, shown in Table 1, the
calcined sample presents the best crystallinity quality followed by
the alkaline and defat samples. Moreover, the commercial-HAp
samples, except biograft, have a high crystallinity and presented
well-defined peaks as in the calcined sample (bio-HAp) as it is
shown in Fig. 2b. The behavior of the defat, alkaline, and biograft
samples could be associated with the organic material present in
the samples. The calcined, NIST, sigma, apafill G, and coralina sam-
ples had similar FWHM values in each analyzed plane, while the
values of the defat, alkaline, and biograft samples had differences
among the studied planes.

3.2.2. Functional groups
In order to obtain more information about the components and

the functional groups present in the samples, FTIR spectroscopywas
used as a complementary technique to XRD. The IR spectra of all the
samples are shown in Fig. 3. The IR spectrum of each sample shows
the characteristic bands of the HAp structure. The absorption peaks
located at 3571 cm�1 (n3), and 632 cm�1 (nL) were attributed to the
structural hydroxyl groups (OH�) and the peaks located at 1103 and
1040 cm�1 (n3), 960 cm�1 (n1), 602 and 564 cm�1 (n4), and 474 cm�1

(n2) correspond with the phosphate group ðPO4
3�Þ [25]. These

characteristic bands are typical of hydroxyapatite and these were
present in the IR spectrum of the samples with different intensities
and broad of peaks. In some samples a trace of water molecule
incorporated into the structure appears with a broad band and a
variable intensity between the 3200e3600 cm�1 (stretching mode)
and 1600e1700 cm�1 (bending mode) ranges [11].

Fig. 3a shows that in the calcined case, the absorption bands are
more defined in comparison with the other bio-HAp samples,
Fig. 5. Major elemental content in a) bio-H
indicating that the calcined sample had a high degree of crystal-
linity as was shown using XRD in Fig. 2a; also it confirms the
removal of the organic matrix [6]. In Fig. 3b, commercial-HAp
samples show the typical HAp spectrum well defined as in the
calcined sample, except in the biograft case. The biograft sample
presented non-well defined peaks that correlate with its low de-
gree of crystallinity. The same result was found for the defat sample.

On the other hand, the IR spectra presented a carbonate
contribution ðCO3

2�Þ at 1470 cm�1 (n3), and 860 cm�1 (n2) in all
cases [24]. The defat and biograft samples presented absorption
bands at 1549 cm�1 that correspond to the amide II (60% NeH
bending mode, and 40% CeN stretching mode), and 1240 cm�1 that
correspond to the amide III (30% CeN stretching mode, 30% NeH
bending mode, 10% C]O stretching mode, 10% O]CeN bending
mode and 20% other) [6,26], corroborating the presence of organic
material in these samples.

3.3. Morphological characterization

SEM analysis is an excellent tool to study the morphology of the
samples at a microscopic level. Fig. 4 shows the SEM images of the
studied samples. The morphology differences of the bio-HAp
samples are shown in Fig. 4a; the defat sample presents a dense
surface, which corresponds with the presence of organic material.
In the alkaline sample the surface begins to show some pores but is
still dense though less than the defatted sample. In the calcined
case, the surface presents the characteristic morphology of HAp
without organic material [8]. The calcined sample shows a surface
with pores that corresponds to the elimination of collagen (organic
material) with the heat treatment. According to C.Y. Ooi et al. [8],
this behavior corresponds to an interconnecting porous network
that is suitable for bone in-growth.

In the commercial-HAp cases the morphology of all samples are
similar to the calcined sample. However, the commercial samples
have a smaller pore size (the diameter of the pore measured in SEM
images is based on the cross section), as seen in Fig. 4b, this
Ap and b) commercial-HAp samples.



Fig. 6. Ca/P ratio of a) bio-HAp and b) commercial-HAp samples.

Table 3
Minor elemental content in bio- and commercial-HAp samples.

Sample Al (mg/Kg) Ba (mg/Kg) Cu (mg/Kg) Fe (mg/Kg) K (mg/Kg) Mn (mg/Kg) Ni (mg/Kg) Zn (mg/Kg)

bio-HAp Defat 6.6 � 0.21 294.08 � 4.74 1.07 � 0.76 31.36 � 0.1 345.27 � 5.06 e e 79.46 � 0.98
Alkaline 6.66 � 0.32 241.99 � 1.56 5.22 � 2.01 83.33 � 14.5 e e e 135.81 � 0.25
Calcined 20.01 � 1.27 265.58 � 13.15 9.05 � 0.22 42.71 � 0.45 228.14 � 6.84 1.25 � 0.04 139.38 � 6.05

Commercial-HAp NIST 270.53 � 4.45 240.76 � 5.16 2.7 � 0.01 645.45 � 17.18 e 17.44 � 0.11 5.8 � 0.54 180.87 � 3.38
Sigma 5.72 � 0.6 e e 11.57 � 1.45 e e e 3.66 � 0.08
Apafill G 103 � 2.9 150.3 � 5.02 15.33 � 0.46 137.17 � 4.86 e 59.73 � 1.97 e 24.88 � 1.16
Coralina 14.29 � 0.28 8.49 � 0.11 3.98 � 0.88 25.98 � 0.33 e e e 6.94 � 0.26
Biograft 6.62 � 0.92 1.62 � 0.07 e 16.69 � 1.42 e e e 119.05 � 2.64
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behavior is not present in the biograft sample. The morphology of
the biograft presents a dense surface along with the defat (Fig. 4a)
that confirms the presence of organic material.

3.4. Elemental composition

Theelementarycompositionof the sampleswas investigatedwith
ICP-OES. Results of minor andmajor elemental content are shown in
Fig. 5 and listed in Table 2, respectively. The main components of the
samples are calcium and phosphorus and their Ca/P ratio are shown
in Fig. 6. Asminor components of themajor elemental content in the
samples there aremagnesiumand sodium. The samples showedonly
slight variations in the minor components of the major elemental
content in the results. Fig. 5a and b shows that calcium and phos-
phorous are the major elemental content present in the samples and
their variations depend on the source [10]. Moreover, traces of
aluminum, barium, copper, iron, potassium, manganese, nickel, and
zinc were detected as indicated in Table 2.

It should be emphasized that the samples from a natural source
exhibited the mineral traces own of bone, as it was expected; how-
ever, none of the following elementswere found in the sigma sample:
magnesium, barium, copper, potassium, manganese, and nickel. This
indicates that this sample was obtained by a chemical process
(Table 3).

The Ca/P ratios, in Fig. 6, do not show a tendency. In general, the
Ca/P ratio values are above 3, except for the defat sample [8]. Fig. 6a
shows Ca/P ratios between 2.8 and 3.4 and Fig. 6b presents Ca/P
ratios between 3 and 3.2 that correspond with non-stoichiometric
HAp’s. This variation of the Ca/P ratio is correlated with the ionic
interchange in the HAp structure and due to presence of the other
minerals or the coexistence of other minor calcium phases. The
most common calcium phases present in the HAp samples are the
calcium oxide, hydroxide or carbonate [10].

4. Conclusions

The calcined, NIST, sigma, apafill G, and coralina did not show
thermal changes related with the organic phases and calcium car-
bonate after TGanalysis. Organicdegradation in thedefat andbiograft
samples was found. Three bovine bone samples under the defat,
alkaline, and calcined processeswere compared. After the calcination
process the organic material was removed. It was found that this
process is an appropriate manner to obtain crystalline HAp with the
minor and major elements that appear in natural bone tissue. Ac-
cording to XRD analysis both the defat and biograft samples, in
comparison with the other samples, have the lowest crystallinity
quality and crystallinity percentage. The functional groups own of
HAp in bio and commercial samples were found. The samples pre-
sented a carbonate contribution and it was not detected in XRD
analysis. Absorption bands in 1549 and 1240 cm�1 corresponding to
the amide II and amide III respectively, were present in the defat and
biograft samples. A dense surface on both the defat and biograft
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samples was found in SEM micrographs. In calcined, NIST, sigma,
apafill G, and coralina the interconnecting porous networks are pre-
sent. The surface of the alkaline sample showed a transition behavior
between dense and porous morphology. According to ICP-OES
analysis calcium and phosphorous are both present as a major
elemental content while magnesium and sodium are present as
minors of the major elemental content. Bio-HAp with similar phys-
icochemical properties to commercial-HAp was obtained after
applying the alkaline and calcinedprocesses. The temperature during
the calcined process is an important factor as a high temperature of
calcination forms different HAp phases.
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