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Abstract This article focuses on the study of the thermal,

vibrational, structural, and morphological changes of

hydroxyapatite from bovine bone obtained by a three-step

process: calcination at two different low heating rates (2.5

and 5 �C/min), at different temperatures ranging from 600

to 1100 �C, and cooled in the air furnace. Differential

scanning calorimetric and thermogravimetry showed that

for T[ 700 �C, no organic compounds were present in the

bone matrix. Scanning electron microscopy images showed

that the heating rates affect the morphology of the samples.

The primary porosity originated by the presence of fat and

protein disappears after the coalescence of the poly-hy-

droxyapatite crystals, and for T[ 800 �C, a disorder–order

transition (poly-crystal–single crystal) occurs. Full-width at

the half-maximum of X-ray diffraction patterns indicated

that the heating rate affects the structure of the BIO-Hap.

Diffraction peak corresponding to calcium carbonate dis-

appears from X-ray patterns of the samples calcined above

700 �C. The disorder–order (poly-crystal–single crystals)

transition occurs for T[ 900 �C. Raman experiments

showed that for T[ 700 �C, no organic phases are present

in the samples. Dihydroxylation of hydroxyapatite is pre-

sent for temperatures up to 800 �C originated Whitlockite.

The same thermal conditions during sample calcination

process were assured by using a controlled computer

system.

Introduction

Hydroxyapatite or bio-hydroxyapatite is usually obtained

by the so-called ‘‘calcination’’ method, with different

variations such as heating rate and the final calcination

temperature. There is a growing demand for bioactive

ceramics for medical applications. Autografts are the per-

fect choice for bone replacement or repair. The disadvan-

tage of autografts (availability and post-operative pain) and

allografts (potential infectivity) have made the investiga-

tion in biomaterials for medical applications focus on

xenografts (Tadic and Epple [1]). Xenografts (animal bone,

e.g., bovine) are an alternative as a biomaterial for bone

substitution with reserves about the immune response by

the receptor. Other alternatives are synthetic materials, but

these materials lack osteoinductive properties and have

poor mechanical properties [2, 3], as well as, different

elemental chemical compositions [4].

Hydroxyapatite (HAp) has been used for orthope-

dic/dental implants because of its similar chemical com-

position and structure of the mineral phase of human bone.

It can promote sufficient new bone formation for the firm
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Nacional Autónoma de México, Campus Juriquilla,

Querétaro, QRO, Mexico

2 Departamento de Ingenierı́a Molecular de Materiales, Centro

de Fı́sica Aplicada y Tecnologı́a Avanzada, Universidad

Nacional Autónoma de México Campus Juriquilla,
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attachment of juxtaposed bone. Vertebral bone and teeth

are composed of carbonated HAp [Ca10 (PO4, CO3)6(-

OH)2], type I collagen, and water that contribute to the

properties of bone. Natural HAps contain carbonate groups

like human bone and teeth.

In recent years, the use of bio-HAp has increased. Due

to this, biomaterial also has others elements that are

present in the human HAP. Although ions are found in

the bone in small amounts, these ions are very important

in biological reactions related with bone metabolism [5].

The main advantages of bio-HAp are lower costs, high

availability, and are easier to obtain. Figuereido et al. [2]

studied the chemical and structural properties as well as

the porosity of human and animal cortical bones calcined

at 600, 900, and 1200 �C. It was found that if the calci-

nation temperature increases, the crystalline quality and

crystal size increase, while the porosity exhibits an

opposite trend. Ooi et al. [6] studied the properties of

porous HAp produced by heat treatment (annealing) of

bovine bone obtained for temperatures between 400 and

1200 �C. It was found that ‘‘as-received’’ bovine bone

contains organic compounds that, upon annealing at

temperatures above 600 �C, were removed from the

matrices. On the other hand, according to their results,

bovine bone annealed between 800 and 1000 �C showed

the characteristics of a natural bone with the intercon-

necting pore network being retained in the structure.

However, in both studies, the effects of cooling rate on

the structural and microstructural properties of annealed

samples were not studied in detail.

Commercial BIO-HAp has been studied by Figuereido

et al. [3], fourteen different samples used in dentistry, three

of them based on HAp and the others based on calcium

carbonate. They found significant differences regarding

particle size, crystallinity, porosity, pore size distribution,

surface area, and mineral content, which imply that it is

necessary to carry out more clinical experiments. On the

other hand, Giraldo-Betancur [4] studied physicochemical

properties of commercial HAp and made a comparison

with Bio-HAp obtained by a defatting and calcination

process obtained at 900 �C. They found using TGA that

some commercial HAp contains organic materials such as

fat and protein, while in the case of BIO-HAp obtained up

to 600 �C, fat and collagen were removed. HAp from the

National Institute of Standards and Technology (NIST) was

used as a reference. By FTIR, they observed that NIST has

protein residues. Sofronia et al. [7] studied the thermal and

optical behaviors of commercial and natural HAps (bovine)

using DSC and TGA: They found that for samples calcined

at 800 �C, no organic compounds or carbonates are pre-

sent, which implies that this temperature is adequate to

obtain samples without organic compounds and carbonates.

In this case, no information about the thermal profile and

calcination sintering time or the cooling process was

reported.

The structural changes as a function of the temperature

and sintering time have been reported by Kusrini and

Sontang [8]. They observed that the XRD profile of BIO-

HAp was dependent on the sintering temperatures as there

was a substantial increase in peak intensity and a marked

decrease in FWHM when the sintering temperature

increased up to 800 �C, and then the FWHM decreased

steadily as the sintering temperature approached 800 �C.

At temperatures higher than 800 �C, the FWHM exhibits

an opposite trend. However, the information regarding the

thermal profile and sintering time was not reported, and

this fact affects the physicochemical properties of the

sample.

The vibrational spectroscopy as Raman has been used to

determine alteration in the bone composition that takes

place during calcination. Penel et al. [9] studied the

intravital composition and structure of membranous bone

by Raman microspectroscopy. It was found that the com-

position and structure of all of the biomaterials studied

were stable. Recently, Gamsjaeger et al. [10] used Raman

spectroscopy to study the bone quality in trabecular bone of

children and young adults. This study provided information

on mineral/matrix ratio, mineral maturity/crystallinity,

relative pyridinoline, collagen cross-link content, relative

proteoglycan content, and relative lipid content. Kozielski

et al. [11] used Raman microscopy and mapping to deter-

mine the content of mineral and organic components as

well as the orientation of collagen fibers in spongy human

bones.

Different works related to the calcination process have

been reported. However, the influence of the cooling rate

on the physicochemical properties of BIO-HAp has

received some importance. Recently, Ramirez-Gutierrez

et al. [12] reported the influence of the cooling rate of

bovine BIO-HAp for calcinate sample at 900 �C and

heated at 5 �C/min that were subsequently cooled in air,

water, liquid nitrogen, and furnace air. They reported that

crystallographic characteristic of the BIO-HAp depends on

the cooling rate. High crystallinity was obtained for sam-

ples obtained at a low cooling rate (furnace air).

The objective of this work was to study the physico-

chemical changes that take place in BIO-HAp obtained by

a hydrothermal and incineration process, at two different

heating rates: 2.5 and 5 �C/min, for samples calcined at

700, 800, 900, 1000, and 1100 �C and cooling in furnace

air [12]. Thermal changes due to the calcination in bovine

bone powder were studied using DSC and TGA. Structural

transformation during calcination (700–1100 �C) was

studied using X-ray diffraction. Microstructural changes

were studied using SEM images, and vibrational analysis

was done using Raman spectroscopy.
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Materials and methods

Materials

Samples were obtained from cortical bovine bones (2-year

old) collected from the local slaughterhouse (folio number

SDA-537295-98, 2011) located in Queretaro city, Mexico.

Thermal analysis of bone powder

In order to develop an experimental process to obtain Bio-

HAp using fresh bovine bone, it is very important to

determine its chemical composition and their thermal

behaviors. For this reason, the thermal behaviors of r bone

powder were studied using differential scanning calori-

metric and thermogravimetric analysis. Bone is formed by

organic materials such as protein and fat and inorganic

materials formed mainly by HAp and some calcium salts.

Thermal behavior: TG analysis

The thermogravimetric curves as well as their first

derivative as a function of temperature were obtained by

using TG Q500 equipment (TA Instruments). The sample

mass was 12.0 ± 1.0 mg and this was placed in the plat-

inum crucible of thermobalance (TA Instruments, USA).

The samples were heated from room temperature to

1100 �C, at a heating rate of 2.5 and 5 �C/min (low cooling

rate). The measurements were carried out in a constant N2

flow. The TG data were processed using the Universal

Analysis 2000 TA software.

Thermal behavior: DSC analysis

The DSC measurements were performed in a DSC-Q100

TA Instruments calorimeter in modulated mode. Indium

metal was used to calibrate the DSC system in relation to

temperature and enthalpy. The MDSC curves were per-

formed under nitrogen atmosphere (50 mL/min). The

samples were prepared in an aluminum hermetic DSC

capsule.

The sample mass was fixed in 6.0 ± 0.1 mg, and an

empty capsule was used as a reference. The samples were

tested in MDSC ramps from 30 to 1100 �C, at a heating

rate of 2.5 and 5 �C/min with 0.796 �C and 60 s of

amplitude and period, respectively. The samples were

analyzed in duplicate.

Figure 1a shows a characteristic TGA analysis of bone

powder without removing water, fat, and protein as a

function of the temperature, as well as its first derivative,

and Fig. 1b shows the MDSC analysis of the same sample,

as well as its first derivate using a ramp at a heating rate of

5 �C/min. As is well known, TGA gives information about

the parentage of components, its interaction, and also the

structural transformation that takes place as the result of the

heating process, commonly referred to as degradation of

different phases (organic and inorganic). Taking into

account the temperature in which thermal events occur, and

the transformation associated with each event, it is possible

to determine the calcination temperatures to obtain BIO-

HAp.

According to the DSC-TG and DTG curves shown in

Fig. 1, the mass loss of 22.65 % of the bone powder

sample takes place during the four stages: -2.43 % up to

211 �C due to loss of physisorbed water and to decompo-

sition of a part of the organic matter; -15.46 % in the

temperature range 211–645 �C, due to liberation of

chemically bonded water, decomposition of the organic

matrix and part of carbonates; -3.22 % for temperatures

between 645 and 846 �C, attributed both to decarboniza-

tion, process that can continue up to 900–1000 �C with

different intensities depending on the source of the sample

[13] and beginning of the dehydroxylation processes with

Fig. 1 a shows a characteristic TGA analysis of bone powder without

removing water, fat, and protein as a function of the temperature, as

well as its first derivative, and b shows the MDSC analysis of the

same sample as well as its first derivate using a ramp for a heating rate

of 5 �C/min
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-1.38 % for dehydroxylation and decomposition for

T[ 860 �C.

In all the above works, the heating rate, as well as the

cooling process, has not been taken into account. In the

case of heating, the heat capacity of the sample that is in

direct relation to the chemical composition affects the

temperature of each one of the thermal events. During

calcination, it is clear that there exists a water loss,

degradation of fat and protein, organic decomposition, loss

of inorganic materials, HAp transformation, and in the case

of cooling effects on the physicochemical properties, no

information is available.

Three-step process to obtain bio-hydroxyapatite

Taking into account the thermal processes that occur dur-

ing the calcination process, a new process was developed to

obtain BIO-HAp, but now controlling the calcination and

cooling (sintering times) process in the furnace air. Fig-

ure 2a shows the three-step process used to obtain BIO-

HAp.

Slices of bovine bone obtained from the central part of

the femur (cortical bone, 2-cm thickness) were used to

obtain bone powder; adhering soft tissues were removed

manually. After this, the fluids in bone, marrow, and any

remaining soft tissue were eliminated by boiling at high

pressure (154 �C, 4 atm-Hydrothermal process) using an

autoclave in deionized water during 40 min. This process

was repeated three times until obtaining bone slices with

low organic compounds.

The bone slices were then subjected to vacuum drying at

60 �C for 120 h, in order to denaturalize the protein and

facilitate the milling process. Next, dry slices of bone were

reduced to small particles 2–5 mm using pressure. Milling

process was used to reduce the particle size using a ring

powdering system (Vymsa, Peru). Powder bio-HAp was

obtained using the US mesh 100 (147 lm) and smaller

particles were obtained from the plate. This process is

called pretreatment in the flow diagram of Fig. 2a.

The bone powder obtained after using the procedure

described above can be considered a hydrothermal cleaning

focused in the partial removal of organic materials.

Process 1 Hydrothermal defatted: this consists in the

partial removal of fat and protein fractions from the bone

powder, using only water as a solvent. First, the bone

powder US mesh 100 (147 lm) was heated at 154 �C and

4 atm for 30 min using a 100 g/1 L of deionized water.

This process was carried out three times in order to avoid

the use of petroleum ether. Finally, the sample was washed

twice with boiling water (92 �C), and was dried in a vac-

uum furnace at 90 �C for 8 h. A sample obtained using

petroleum ether was also used in order to compare the

processes.

Processes 2 and 3 in fact, are the calcination process that

includes the cooling process, as shown in Fig. 2a. Process

2 First, all the samples were calcined at 5 �C/min until

reaching 600 �C, in order to produce a decomposition of

the organic phase. The inset in Fig. 2b shows the SEM

image of BIO-HAp-600, which shows no porosity due to

the presence of some remnants of fat and proteins. After

this process, two different calcination temperatures were

used in this study for 2.5 and 5 �C/min, and five different

final calcination temperatures at 700, 800, 900, 1000, and

1100 �C.

Fig. 2 a Block diagram of the three-step process to produce BIO-

HAp, for samples cooled in furnace air. b Shows the thermal profile

used to obtain the calcined samples at 2.5 and 5 �C/min for the

heating and isothermal temperature at 930 �C. b Also shows the

cooling rate for each of the studied samples. The inset in this

figure corresponds to the SEM image of sample calcined at 600 �C
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Process 3: the cooling process in furnace air. It has been

shown that the cooling process affects the structural and

microstructural (morphological) properties of the BIO-

HAp (Ramirez-Gutierrez et al. [12]). For this reason, in this

study, the cooling process was carried out in furnace air,

which means a low cooling rate. The calcination process

was carried out as follows:

Calcined: Fig. 2b shows the thermal profile used to

obtain the calcined sample called BIO-HAp-5-1100 that

corresponds to a sample obtained at 5 �C/min and calcined

at 1100 �C. The calcination process (Thermal profile) for

2.5 and 5 �C/min was divided into five regions (see

Fig. 2b): For Region I, the hydrothermal defatted bone

powder sample was heated from room temperature to

600 �C at a heating rate of 5 �C/min. For Region II, after

the sample reaches 600 �C, it is kept at this temperature for

3 h (isothermal conditions), in order to remove some

fractions of fat and protein. For Region III, two different

heating rates of 2.5 and 5.0 �C/min were used until the

sample reached the following temperatures: 700, 800, 900,

1000, and 1100 �C. For Region IV, the sample was kept at

each one of these temperatures for 3 h (isothermal condi-

tions). For Region V, the furnace is turned off, and the

samples are cooled in furnace air (inside of it). The first

ramp (Region I) was used to eliminate the organic mate-

rials and the second part of the ramp was used to study the

influence of the heating rate and final temperature on the

physicochemical properties of BIO-HAp [8]. Calcination

process was carried out in a Furnace Felisa, Mexico.

Surface microstructure: SEM

Morphologic analysis of all Bio-HAp-2.5 and BIO-HAp-

5.0 samples obtained at different heating rates as well as

the commercial sample was carried out in a Jeol JSM

6060LV Scanning Electron Microscope. The analysis was

performed using 20 kV electron acceleration voltages.

Before 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.

Raman spectroscopy

Crystalline BIO-HAp 1000, as well as sponges, was studied

using Raman spectroscopy. Vibrational studies of bone

sponges were carried out using a Labram model

microspectrometer (Senterra, Bruker). A notch filter sepa-

rated the Raman signal from laser excitation. The Raman

signal was processed by a spectrograph equipped with an

air-cooled CCD detector. The Raman spectra were excited

by a helium–neon laser (785 nm) with an output of 25 mW

reaching the sample. The long working distance of the 209

microscope objective gave a spot size of the order of a few

micrometers. The overall spectral resolution was 2 D/cm.

For bone studies, spectral acquisitions were performed in

the range of 300–1800 and 2700–3100 D/cm.

Bio-HAp structural characterization: XRD

X-ray diffraction technique was used to determine the

crystalline phases in the BIO-HAp obtained at 2.5 and

5 �C/min as well as a BIO-HAp from NIST (National-REF:

USA) and defatted samples obtained by hydrothermal

called HTP-HAp and the soxhlet process called SP-HAp

that were used as references. BIO-HAp powder samples

(mesh 100) were densely packed in an Al holder. X-ray

diffraction patterns of the samples were carried out on a

Rigaku Ultima IV diffraction instrument operating at

35 kV, 15 mA with CuKa radiation wavelength of

k = 1.5406 Å. Diffractograms were obtained from 5� to

80� on a 2h scale with a step size of 0.02.

Elemental composition: ICP-OES

This technique was used to analyze the elemental compo-

sition of both the commercial and biosamples. Thermo

iCAP 6500 Duo View equipment was used. 0.1 g of each

sample was digested with nitric acid (Baker 69e70 %) and

it was made in triplicate. Upon return to the ground state,

the elements excited by the argon plasma were then iden-

tified by their characteristic emission spectra. Emission

intensity was then converted to elemental concentration by

comparing to a standard curve.

Results and discussion

ICP composition analysis

Table 1 shows the chemical composition of Bone (bone

powder), powder bone with the thermal process, BIO-HAp

obtained at 600 �C, and BIO-HAps obtained at 700, 800, 900,

1000, and 1100 �C. The increase in the composition of the

calcined samples up to 700 �C is due to the extraction of fat

and protein from the bone matrix. This result confirmed that

hydrothermal process proposed in this study does not remove

these important ions. Giraldo-Betancur et al. [4] studied the

chemical composition of calcined samples at 900 �C, addi-

tional to elements shown in Table 1 and found Ba

(265.58 ± 13.15 mg/kg). Also, Fe was found in almost twice

the amount that could be originated by the milling process.

Morphological analysis

Figure 3a, c, e, g, and i shows the SEM images of BIO-

HAp samples obtained at 2.5 �C/min, and Fig. 3b, d, f, and
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h shows the SEM images of BIO-HAp obtained at 5 �C/

min and calcined at 600, 700, 800, 900, 1000, and 1100 �C.

Sample calcined at 600 �C still exhibits the presence of fat

and protein, and the interconnected porousness that con-

stitutes the organic phase (as shown in Fig. 2b). For sam-

ples calcined at 700 �C (Fig. 3a, b) and according to DSC

analysis, almost all fat and protein were removed, origi-

nating the apparition of microholes. Particles that form

BIO-HAp are in the range of submicron and present a non-

regular shape. When the treatment temperature is 800 �C,

particles become semi-spherical, and there is an apparent

porosity increase, these semi-spherical particles are inter-

connected (Fig. 3c, d). When the temperature is between

800 and 900 �C (Fig. 3e, f), the formation of cumulus due

to the coalescence of the surface interfaces is evident for

the sample heated at 2.5 �C/min and in the case of samples

heated at 5 �C, this event occurs before 900 �C. Here, it is

important to recall that the porosity at this temperature

does not correspond to the original porosity of the bone;

this porosity appears due to the formation of cumulus. In

the case of the sample heated at 5 �C/min and 900 �C
(Fig. 3f), there exists a ‘‘poly crystal coalescence,’’ which

originated the apparition of single crystals of BIO-HAp. At

this point, the concept of porosity does not have any phy-

sics sense because the porosity here corresponds to the

space between submicron HAp crystals.

When the temperature increases up to 1000 �C (Fig. 3g,

h), the cumuli formed by HAp heated at 2.5 �C/min coa-

lesces to form single particles that exhibit some growing

habits; these particles exhibit hexagonal structure charac-

teristic of HAp. For samples heated at 5 �C/min, the

apparition of large single crystal with a preferential

orientation (exe c) governs the HAp formation. For

1100 �C (Fig. 3i, j), it is clear that the coalescence of the

HAp particles produces single crystal of HAp. Together

with the single crystals, also appear other structures which

will be identified in the following sections. According to

these results, it is evident that the heating rate plays an

important role in the morphology changes of the BIO-HAp.

Here, it is also evident that due to the coalescence of the

poly-crystalline BIO-HAp, the porosity corresponds to the

inter-crystal spaces.

Crystalline phases

The structural transformation that takes place in the Bio-

HAp as a function of the heating rate and for different

calcination temperatures is studied using X-ray diffraction.

Figure 4a shows the XRD patterns of a calcined sample at

600 �C at 5 �C/min, bone powder with soxhlet process

(SP-HAp, Fig. 4b), bone powder with the hydrothermal

process (HTP-HAp, Fig. 4c), and bone powder (Fig. 4d).

The SP and HTP processes do not affect the structure of the

HAp, but a very important point here is that by using the

HTP, it is possible to produce defatted samples without the

use of solvents such as hexane or petroleum ether. The

sample obtained by calcination at 600 �C exhibits more

relative crystallinity due to the increases in the sample

concentration, because according to the TG analysis,

around 18 % of fat and protein had been degraded and

removed from the sample. No structural changes occur in

this case. The followings crystalline structures are in these

samples: In Fig. 4a, vertical lines correspond to the

diffraction peaks for pure HAp (PDF-84-1998), and in

Table 1 Chemical elemental composition of bone powder, bone powder with the thermal process, BIO-HAp obtained at 600 �C, and BIO-HAps

obtained at 700, 800, 900, 1000, and 1100 �C

Traces

(mg/kg)

Bone HTP 600 �C Heating

rate (�C/min)

700 �C Calcination

800 �C
900 �C 1000 �C 1100 �C

Fe 9.89 16.63 17.07 2.5 17.02 20.95 12.51 12.05 17.02

5.0 17.22 20.95 12.08 15.37 15.43

Al 33.98 21.73 32.27 2.5 45.55 48.60 38.23 31.50 40.37

5.0 32.55 44.81 29.36 35.91 28.36

Zn 90.71 78.54 130.96 2.5 129.41 92.38 92.25 67.38 65.59

5.0 113.33 92.06 83.97 92.26 81.88

K 414 147 211 2.5 232 240 223 181 207

5.0 218 225 207 213 169

Mg 3050 2720 3820 2.5 4180 4440 4130 4170 4100

5.0 3870 4310 4140 4230 3940

Na 6690 5460 7490 2.5 10170 7300 8610 8210 8210

5.0 8020 8550 7100 7190 8110

HTP hydrothermal process
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Fig. 4b vertical lines correspond to the diffraction peaks for

Calcite (CaCO3, PDF 01-0837). In order to have a good

identification of each peak, Lanthanum hexaboride powder

from the National Institute Standards and Technology

(NIST), (Standard Reference Material 660a) was used as an

internal standard in all of the X-ray diffraction patterns.

Fig. 3 a–j SEM images of BIO-HAp taken at 10009 for samples heated at 2.5 and 5 �C/min for 700–1100 �C
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Figure 5a shows the X-ray diffraction patterns of Bio-

HAp obtained at 2.5 �C/min and Fig. 5b for samples

obtained at 5 �C/min (heating rate) for 700, 800, 900, 1000,

and 1100 �C. HAp with PDF 84-1998 is identified in all

cases for temperatures up to 700 �C; Calcium carbonate

disappears for samples heated at 2.5 and 5 �C/min. All

samples in Fig. 5 consist of HAp phase. The XRD patterns

in Fig. 5 show the most intense peaks corresponding to

(002), (211), (112), (300), and (310) planes. A detailed

inspection of these patterns showed the existence of three

peaks located at (300), (1 1 12), and (1 2 11), that are

identified with the PDF-09-0169 as Whitlockite [Ca3(-

PO4)2], that corresponds to HAp dehydroxylate only for

T[ 800 �C. This fact can be confirmed by the analysis of

Fig. 1a in which for T\ 800 �C it was found a loss of

around 1.54 % that corresponds to the dehydroxylate HAp.

In order to determine the effect of the temperature and

the heating rate, the changes in the crystallinity were

established using the full-width at half-maximum (FWHM)

value of the main XRD peaks (211). This parameter is

inversely proportional to the average crystalline size

according to the Scherrer equation [1, 14]; indicating that

for FWHM small values, the crystallite size increases as

well as the crystallinity. From XRD patterns for samples

obtained at two different heating rates, it is possible to

obtain the FWHM values. Figure 6 shows the FWHM for

the [121] peak located at 31.79 in 2h scale as a function of

the temperature for samples heated at 2.5 and 5 �C/m.

According to this data, it is clear that the FWHM does not

exhibit a lineal relationship as a function of temperature for

samples obtained at 2.5 �C/min and in the case of samples

obtained at 5 �C/min it behaves as a logistic curve. At

900 �C for samples obtained at 2.5 �C/min, the coales-

cence phenomenon is present, and it involves the loss of

Fig. 4 a Shows the X-ray diffraction pattern of BIO-HAp obtained at

600 �C, b soxhlet process, c hydrothermal process, and d bone

powder without treatment

Fig. 5 a X-ray diffraction patterns of BIO-HAp obtained at 2.5 �C
and b for samples obtained at 5 �C/min, for samples calcined at 700,

800, 900, 1000, and 1100 �C

Fig. 6 Shows the FWHM for the [121] peak for samples obtained at

2.5 and 5 �C/min, inset in this figure corresponds to the separation

between polycrystalline and crystalline phases
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crystallinity. Above this temperature all samples corre-

spond to the crystalline phase of BIO-HAp. For samples

obtained at 5 �C/min, the crystalline phase appears around

900 �C. As mentioned before, the changes in the FWHM

behave as a logistic curve, characterized by a Gaussian

curve for its first derivative. The maximum value in this

curve (inset in Fig. 6) corresponds to the separation

between polycrystalline and crystalline phases. Here it is

very important to clarify that due to the use of powder

technique, sometimes there is a misinterpretation because

the pattern exhibits the whole set of peaks. However, by a

detailed examination of the SEM images and the behaviors

of the FWHM, the existence of a crystalline phase for

samples obtained at 5 �C/min and temperatures up to

938 �C is clear. Kusrini and Sontang [6] and Ooi et al. [8]

found the X-ray patterns of BIO-HAp were dependent on

the sintering temperature. As the temperature increases

from 500 to 800 �C, the FWHM decreases; but for sinter-

ing temperatures up to 800 �C the FWHM exhibits an

opposite trend. This result is in disagreement with our

findings. In the study above, no data about the temperature

process and time uses were reported, and it is also possible

the calculation does not take into account the disorder–

order transition in the case of samples heated at 5 �C/min.

Fig. 7 a and b correspond to

the Raman peak for powder

bone powder; c and d for

samples calcined using both

heating rates and 1100 �C, and

e and f show the

dehydroxylation of

hydroxyapatite
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Raman characterization

The bands in Raman spectra of bone powder with the

hydrothermal process and HAp obtained at 600 �C with a

heating rate of 5 �C/min (BIO-600-5) are shown in Fig. 7 a

and b, respectively [10, 11, 15]. The phosphate group

PO3�
4

� �
has four internal vibration modes: m1 (960 cm-1),

m2 (430 cm-1), m3 located at 1030 and 1045 cm-1 and a

broad peak located at 1076 cm-1, and m4

(*587–604 cm-1) amide I, amide III. Phe (phenylala-

nine), CH stretching, and bending (fat) were identified. The

internal modes of the carbonate group CO2�
3

� �
located at

1068 cm-1 (m1 mode of B-type carbonate) and 1102 cm-1

(mode of A-type carbonate) were detected in these sam-

ples. Figure 7c and d corresponds to the Raman spectra of

samples calcined at 700, 800, 900, 1000, and 1100 �C/min

for 2.5 and 5 �C/min heating rate. In these figures, letter A

corresponds to the O–H stretching, B through E corre-

sponds to m3, m1, m4, and m2, of the phosphate group

PO3�
4

� �
. No calcium carbonate was identified for

T[ 800 �C for both heating rates. In Fig. 5, the existence

of Whitlockite that occurs due to the dehydroxylation of

HAp was identified. In Fig. 7e and f for the O–H stretching

in the Raman peak located at 3572 cm-1 for samples

heated at 2.5 �C/min, no change was observed. However,

for samples heated up to 1000 �C, this peak undergoes a

strong change evidencing this phenomenon.

Conclusions

According to the experiments mentioned above for samples

cooled in furnace air, and using low heating rates, the

three-step process allows the obtainment of BIO-HAp with

different physicochemical properties. The hydrothermal

process can remove fat and protein from the bone. The first

part of the calcination process allows the complete removal

of fat and almost all protein from the bone. During the first

isotherm of the process, more protein is removed from the

bone. From the SEM images for both heating rates 2.5 and

5 �C/min and for temperatures from 700 to 1100 �C, it is

possible to determine that the heating rate affects the final

morphology of the BIO-HAp. A coalesce phenomenon due

to the increase of temperature appears for samples heated

between 800 and 900 �C for both heating rates, which

changes the porosity of the BIO-HAp. Here it is important

to recall that the primary porosity corresponds to the space

occupied by fat and protein, and the secondary porosity is

related to the coalescence phenomenon. For temperature

around 1000 �C gives as a result, the origin of single

crystals of HAp. According to X-ray diffraction patterns,

the calcination samples obtained at 600 �C are composed

mainly of HAp and calcium carbonate that disappear after

700 �C. Whitlockite [Ca3(PO4)2] that corresponds to HAp

dehydroxylate appears for T[ 800 �C. FWHM for the

most intense peak showed that the heating rate affects the

crystalline quality of the BIO-HAp and that the increases in

this parameter in the case of samples heated at 2.5 �C/min

are reflecting the carbonate decomposition. The analysis of

the FWHM behaviors showed that for T[ 938 �C for

samples heated at 5 �C/min, the crystallinity of BIO-HAp

has a disorder–order (polycrystal–crystal) transition.

Raman analysis showed that the calcination process

removes the organic compound from the bone matrix and

also it was able to determine the dehydroxylation of HAp

for some fraction of the samples heated at 5 �C/min.

Finally, it is crucial to bear in mind that the thermal his-

tories are necessary in order to determine the physico-

chemical changes that take place during a calcination

process.
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