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Objective  To comparatively investigate the inorganic composition and crystallographic properties of cortical and 

cancellous bone via thermal treatment under 700 ℃.  Methods  Thermogravimetric measurement, infrared spectrometer, 

X-ray diffraction, chemical analysis and X-ray photo-electron spectrometer were used to test the physical and chemical 
properties of cortical and cancellous bone at room temperature 250 ℃, 450 ℃, and 650 ℃, respectively.  Results  The 

process of heat treatment induced an extension in the a-lattice parameter and changes of the c-lattice parameter, and an increase 

in the crystallinity reflecting lattice rearrangement after release of lattice carbonate and possible lattice water. The mineral 
content in cortical and cancellous bone was 73.2wt% and 71.5wt%, respectively. For cortical bone, the weight loss was 6.7% at 

the temperature from 60 ℃ to 250 ℃, 17.4% from 250 ℃ to 450 ℃, and 2.7% from 450 ℃ to 700 ℃. While the weight loss 

for the cancellous bone was 5.8%, 19.9%, and 2.8 % at each temperature range, the Ca/P ratio of cortical bone was 1.69 which 

is  higher than the 1.67 of stoichiometric HA due to the B-type CO3
2- substitution in apatite lattice. The Ca/P ratio of 

cancellous bone was lower than 1.67, suggesting the presence of more calcium deficient apatite.  Conclusion  The collagen 
fibers of cortical bone were arrayed more orderly than those of cancellous bone, while their mineralized fibers ollkded similar. 

The minerals in both cortical and cancellous bone are composed of poorly crystallized nano-size apatite crystals with lattice 
carbonate and possible lattice water. The process of heat treatment induces a change of the lattice parameter, resulting in lattice 

rearrangement after the release of lattice carbonate and lattice water and causing an increase in crystal size and crystallinity. 

This finding is helpful for future biomaterial design, preparation and application. 
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INTRODUCTION 

Mineral, collagen, and water are the major 

components of natural fresh bone, in which the total 

organic matrix, water and carbonate account for  

about 25 wt%, 9.7 wt%, and 5.8 wt%, respectively. 

The mineral as the main part of natural bone is 

composed of nano apatite crystals (-25nm in length), 

which is about 60 wt% in fresh bone and 70 wt% in 

dry bone. Compared with sintered HA ceramic, the 

crystallinity of bone apatite is only 33%-37%
[1]

. The 

carbonate ion is known as a substitute both for OH 

(Type A substitution) and phosphate groups (Type B 

substitution) in the apatite crystal structure
[2]

. 

Water in bone exists in cells, fluid, collagen, and 

bone mineral-apatite crystals. The interaction of 

water with mineral and collagen is critical to the 

mechanical behavior of fresh bone
[3]

. There are many 

types of water which are present in bone
[4-7]

, such as 

free water, the structural water forming hydrogen 

bonds within the triple helix of collagen molecules 

and crystal water bonding to apatite surface or in the 

crystal lattice, etc. Evidence for an architecture and 

distribution of water in bone by nuclear magnetic 

resonance (NMR) has recently been published
[8-11]

. 

The release of water from hard tissues is a continuous 

and gradual process involving the breakage of hydrogen 

bonds formed by loosely and strongly bound water and 

water diffusion out of the biological system
[12]

. The 

energy to remove water is in the following order: free 

water <water loosely bound to surface of collagen 

<water trapped inside collagen molecules <water bound 

to surface of mineral apatite <water imbedded in the 

lattice of apatite <structural water in collagen
[13]

. 

According to the results of previous researches, the free 

water and loosely bound water can be released easily 
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and water bound to surface of crystals is lost at a 

temperature below 200 ℃[14]
. 

Because of the poor crystallinity of bone apatite, 

determination of its characteristics deduced from 

diffractomeric techniques is complicated. Most 

researches on the X-ray diffraction of heat treated or 

burned bone are focused on the variation of 

composition and crystallinity at high temperature 

(700-1 300 ℃)
[15-18]

. In the high temperature range, 

water, carbonate and collagen have been fully 

removed. These investigations are based on the fact 

that the heated bones cause a sharpening of 

diffraction patterns, contributing to the increased 

crystallite size and rearrangement of bone apatite. 

However, little attention has been paid to 

comparative study on inorganic composition and 

crystallographic properties of cortical and cancellous 

bone under 700 ℃. It is natural to expect that 

systematic and detailed structural studies of the bone 

mineral will lead to a better understanding of its 

effect on the physical and biological properties of 

natural bone. Furthermore, it can provide useful data 

for the design and development of biomaterials 

dedicated to the repair and replacement of bone and 

to the induction of bone formation. 

In this paper, porcine cortical bone and cancellous 

bone were processed as specimens and treated at 

250 ℃, 450 ℃, and 650 ℃, respectively. Different 

analytical methods were used to investigate the 

microstructure, weight change accompanying the 

release of water of different types and lattice 

carbonate with increasing temperature, phase 

composition and crystallinity, apatite crystal size and 

lattice parameters, as well as the element binding 

energy. The investigation will be helpful for future 

biomaterial design, preparation and application. 

MATERIALS AND METHODS 

Sample Preparation   

As the porcine bone is much similar to human 

bone, the femurs of mature healthy pigs were chosen 

to prepare the specimens. Before section, the 

periosteum and endosteum were removed to obtain 

the bone fragments including cortical and cancellous 

bone. The diaphysis fragments were sectioned in 1 

mm slice, washed with acetone for 3 times and 

deionized water for 3 times, and boiled in 

CHCl3/CH3OH (3/1, v/v) solution for 24 h to remove 

lipid. The degreased samples were washed with 

deionized water and heated at 90 ℃ for 24 h, then 

cooled to room temperature. Powder samples were 

also prepared by grinding in an agate mortar and 

sieved via 220-mesh. 

The cortical and cancellous parts of the bone 

section were separated as a pair of specimen, and 

these samples were sintered in a muffle furnace at 

temperatures of 250 ℃, 450 ℃, and 650 ℃, 

respectively by a heating rate of 0.05 ℃/s and kept at 

the target temperature for 4h. After heat treatment, 

the samples were cooled down to the room 

temperature in a desiccator. The samples of cortical 

bone (CO) and cancellous bone (CA) dehydrated at 

250 ℃, 450 ℃, 650 ℃ were abbreviated for CO250, 

CO450, CO650, and CA250, CA450, and CA650, 

respectively. 

SEM Observation 

The surface morphologies of the cortical and 

cancellous bone slices were observed by scanning 

electron microscopy (SEM, HITACHI S3 400, Japan) 

at 20 kV after surface gold sputtering. The bone 

sections were fixed with 1% volume fraction of 

glutaraldehyde, subjected to graded alcohol 

dehydration, rinsed with isoamyl acetate and dried at 

critical point. 

TG Analysis 

Thermogravimetric (TG) measurements were 

performed with a Netzsch TG 209 F1 instrument 

(Netzsch, Germany) in nitrogen atmosphere. TG 

curves were taken in the range of 40 ℃ to 700
 ℃ at a 

heating rate of 10 ℃/min. 

XRD Analysis 

The powders of cortical and cancellous bone were 

tested by an X-ray diffractometer (XRD, X’Per Pro 

MPD, Philips, The Netherlands) with Cu Kα 

radiation (λ=0.154 nm). Each sample was scanned at 

2θ from 10° to 60° with a scanning rate of 3°·min
-1

. 

Wet-synthesized hydroxyapatite as the control was 

prepared according to a previous study
[19]

.  

FTIR Analysis 

The Fourier transform infrared (FTIR) analyses of 

the cortical and cancellous bone powders were 

performed with a Perkin-Elmer 6 000 FTIR 

spectrometer (Perkin Elmer Co., USA) in a 

wave-number range of 500-4 000 cm
-1

, using the 

transmission spectroscopy method. 

Chemical Analysis 

The contents of Ca and P in samples were 

measured by wet chemical method. Samples were 

dissolved in concentrated HNO3/HCl solution. The 

amount of Ca was determined by complex-ometric 

titration with EDTA in alkaline solution of KOH ( pH 
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≥12.5). The amount of P was measured indirectly by 

phosphomolybdate technique. The solution was 

boiled and precipitator was added. The amount of P 

was conversed by the mass of the precipitation. The 

procedure was according to China Standard GB/T 

1871.1-1995. 

XPS Analysis 

XPS analysis was conducted on a Kratos XSAM800 

X-ray Photoelectron Spectrometer (KRATOS, England) 

with a double anode Mg-Ka-X-ray (1253.6 eV) and a 

detector. A concentric hemispherical analyzer was 

operated in the constant analyzer transmission mode 

to measure the binding energies of emitted 

photoelectrons. The binding energy scale was 

calibrated by the Ag3d5/2 peak at 368.3 eV, and the 

linearity was verified by the Cu2p3/2 peak at 932.7 

eV, respectively. Survey spectra were collected from 

0 to 1 100 eV, and middle-resolution spectra were 

collected for C1s, N1s and Ca2p peaks. All spectra 

were referenced by setting the hydrocarbon C1s peak 

to 284.8 eV to compensate for residual charging 

effects. Data for percent atomic composition and 

atomic ratios were calculated using the 

manufacturer- supplied software. 

RESULTS AND DISCUSSIONS 

SEM Micrographs  

The SEM micrographs of cortical and cancellous 

bone are shown in Fig. 1. It can be seen in Fig. 1 (a, 

b) that the collagen fibers of cortical bone were 

arrayed more orderly than those of cancellous bone, 

and the mineralized fibers looked similar as shown 

in Fig. 1(c, d).  

 

FIG. 1. SEM photographs of the cortical bone (a, c) and 

cancellous bone (b, d). 

 

 
 

FIG. 2. TG curves of the cortical bone (CO) and cancellous bone (CA) from the room temperature to 700 ℃. 

 

TG Curves 

Figure 2 shows the TG curves of cortical bone (CO) 

and cancellous bone (CA) heated from the room 

temperature to 700 ℃. The first stage of weight loss 

from 60 ℃ to 250 ℃ represents the dehydration 

process. Mostly the adsorbed and loosely bound water 

removes from surface of samples. The second stage 

corresponding to the fast weight loss appears in the 

temperature range from 250 ℃ to 450
 ℃, indicating a 

process of degradation and combustion of organic 

components, especially the collagen fibers, as well as 

the release of some strongly bounded crystal water. At 

the third stage from 450
 ℃ to 700 ℃, the weight loss 

rate decreases and the weight loss is very slow above 

550 ℃. The weight loss at this stage should be the 

volatilization of lattice carbonate and the release of 

possible lattice water. The TG curve or the trend of 

weight loss for both cortical bone and cancellous bone 

looks similar, but the amount of weight loss at each 

stage is somewhat different. For cortical bone, the 

weight loss is 6.7% at the first stage, 17.4% at the 

second stage and 2.7% at the third stage. This process is 

similar to the TG plot reported by Enzo et al.
[20] 

who 
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studied ancient human bone mainly referring to the 

cortical bone. However, the weight loss for the 

cancellous bone is 5.8%, 19.9 %, and 2.8% at each stage. 

As a result, the mineral content in cortical bone and 

cancellous bone is 73.2wt% and 71.5wt% respectively 

and the former is a little higher than the latter.  

 

 

 

FIG. 3. XRD patterns of cortical bone (A): (1) CO, (2) 

CO250, (3) CO450, (4) CO650; cancellous bone 

(B): (1) CA, (2) CA250, (3) CA450, (4) CA650; 

and 650 ℃ comparison (C): (1) CO650, (2) 

CA650, (3) synthetic HA sintered at 650 ℃.  

XRD Patterns 

Figure 3 shows the XRD patterns obtained from 

the cortical and cancellous bone. Before heat 

treatment, both cortical and cancellous bone present a 

typical poorly crystallized XRD pattern of HA in a 

hexagonal symmetry (ref.: JCPDS no.9-432). The 

peaks at 2θ = 25.8º (002), 28.1º (102), 29º (210), 31.8º 

(211), 32.9º (300), 34.1º (202), 39.6º (310), 46.7º (222), 

49.5º (213) and 53.2º (004) exist in all samples. The 

peak intensity or crystallinity of these bone samples 

increases with the temperature of heat treatment, but 

the increase is not obvious below 650 ℃ as shown in 

Fig. 3(A, B). When treated at 650 ℃, the crystallinity 

of cortical bone (i.e., the cortical bone apatite) is more 

similar to that of the synthetic HA, both are higher 

than that of cancellous bone. The better crystallinity 

reflects the greater regularity of atomic arrangement, if 

the crystal size of cortical bone apatite is not larger 

than that of cancellous bone apatite.  

The diffraction peaks of both bone samples before 

heat treatment or dehydration are broad and diffuse, 

indicating the low crystallization degree of bone 

apatite crystals which are in nano range with very 

small crystal size. The XRD patterns of both cortical 

and cancellous bone exhibit no obvious change at 

room temperature, 250 ℃ and 450 ℃. This means 

that the adsorbed water and loosely bounded water 

have little influence on the crystal structure of bone 

apatite. When the treating temperature increases from 

450 ℃ to 650 ℃, the peak intensity or crystallinity of 

bone apatites enhances obviously, mainly ascribed to 

the growth and rearrangement of apatite crystals and 

partly due to the complete disappearance of collagen 

fibers and the release of lattice carbonate groups and 

lattice water. The loss of lattice carbonate or water 

could certainly promote the lattice rearrangement and 

change the size of the bone apatite crystals (the 

distance between neighboring lattice sites is affected) 

as has been observed in dehydrated enamel and 

precipitated apatites
[14]

. This result agrees with the 

finding of Hiller et al.
[21-22]

 by X-ray scattering 

technology and that of Benmarouane et al.
[23] 

by 

neutron diffraction to study bone change during 

experimental heating. 

A semi-quantitative relationship between peak 

width and crystallite size D (diameter of the 

coherently scattering domains) is given by the 

Scherrer equation
[24]

. Since in bioapatite crystals, the 

largest dimension is usually parallel to the c-axis, the 

variations in (002) data are related to lattice 

parameters along the crystal length. Therefore, the 

characteristic peak at 25.8° for (002) plane was used 

to calculate the size of apatite crystals, according to 

the Scherrer formula D = kλ/ ( β1/2 cosθ) where D is 

the average crystal size; k is a constant depending on 
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crystal habit (here chosen as 0.89); λ is the 

wavelength of X-ray radiation (1.542 Å); β1/2 is the 

half width of the diffraction peak (rad); and θ (°) is 

Bragg angle. The half width of the instrument is 

taken into account, giving a value of 0.0937. The 

apatite lattice parameters and average crystal size of 

different samples calculated using XRD data are 

shown in Table 1. 

It can be seen from Table 1 that the apatite 

crystal size of both cortical bone and cancellous bone 

is in nano scale (about 17-18 nm) and increases 

gradually with the treating temperature. The apatite 

lattice parameters of a and c in all samples are slightly 

smaller than that of synthetic HA. The process of heat 

treatment causes an extension in the a-lattice 

parameter and changes the c-lattice parameter without 

regular pattern. This is usually associated with an 

increase in the crystallinity, reflecting lattice 

rearrangement after the release of lattice carbonate and 

lattice water and an increase of crystal size, imparting 

greater stability to the structure. The fact has also been 

confirmed by Rogers
[15]

 and Pasteris
[25]

. 

IR Spectra 

Lebon
[26]

 and Thompson
[27]

 have studied bones 

using Fourier transform infrared spectrometry and 

monitored the changes of FTIR spectral features 

relating to the evolution of mineral properties. The IR 

spectra obtained from our samples of cortical and 

cancellous bone are shown in Fig. 4 (A, B). All the 

samples show the following apatite characteristic 

bands: 1 028-1 100 cm
-1

 (v3, P-O stretch), -960 cm
-1

 

(v1 sym, P-O stretch), -603 cm
-1

 (v4, P-O stretch), 

-564 cm
-1

 (v4, P-O stretch and P-O bending). The 

bands at 1 630-1 660 cm
-1

 are related to organic 

tissue and water, the band intensity decreases 

with the treating temperature. The broad bands 

around 3 400 cm
-1

 are attributed to water. The peaks 

at 3 573 cm
-1

 and 632 cm
-1

 in Fig. 4A belong to the 

OH stretching mode of apatite. 

The bands from 1 400-1 550 cm
-1 

and the peak at 

874 cm
-1

 can be assigned to CO3
-2

 groups according 

to previous reports
[28-29]

. After heat treatment 

above 450 ℃, the organic components in bone 

samples have been fully removed, the residual bands 

around 1 630-1 650 cm
-1

 can be only assigned to 

water, and the bands from 1 400-1 550 cm
-1 

and the 

peak at 874 cm
-1

 should be only caused by lattice 

carbonate groups. 

It can be seen from Fig. 4C that both the bone 

apatite and the synthetic hydroxyapatite contain the 

vibration bands of phosphate groups, hydroxyl 

groups and water, and the synthetic HA holds higher 

crystallinity as shown by the clear band-splitting at 

1 030-1 100 cm
-1

. However, the synthetic HA does 

not show the vibration of carbonate groups, and the 

water band intensity of bone apatites is higher than 

that of synthetic HA. The X-ray diffraction pattern 

(Fig. 3) and infrared spectra (Fig. 4) indicate that the 

apatite of animal origin can preserve its HA structure 

via heat treatment, which is in agreement with the 

report by Haberko et al.
[30]

. 

Chemical Analysis 

The content of Ca and P and the Ca/P molar ratio 

are listed in Table 2. The Ca/P ratio of cortical bone is 

1.69 which is higher than that (1.67) of stoichiometric 

HA. The biological apatite is always carbonate 

substituted, the location of CO3
2-

 groups on the 

phosphate site in apatite lattice can explain why the 

value of Ca/P ratio is higher than 1.67. There is 

general agreement that the carbonate ions can 

substitute both for the OH groups (Type A 

substitution) and the phosphate groups (Type B 

substitution) in the apatite crystal structure
[2]

, and 

these structural substitutions will result in 

characteristic IR signatures: Type A carbonate 

substitution produces a doublet bands at about 1 545 

and 1 450 cm
-1 

(asymmetric stretching vibration, v3) 

and a singlet band at 880 cm
-1 

(out-of-plane bending 

vibration, v2), and Type B carbonate substitution has 

bands at about 1 455, 1 410, and 875 cm
-1

 

respectively. The IR peak at 875 cm
-1

 in Fig. 4C (1, 

2) indicates that the minerals of both cortical and  

TABLE 1 

Apatite Crystal Size D (nm) and Lattice Parameters Calculated from High-Resolution XRD Using the Scherrer Equation 

Sample 
Lattice Parameters 

(Å) 
Crystal Size D (002) 

(nm) 

 a c  

CO 9.39474 6.87902 17.48 

CO250 9.39549 6.87923 18.02 

CO450 9.40791 6.87652 19.76 

CO650 9.41094 6.88102 20.63 

CA 9.40493 6.87512 17.08 

CA250 9.40702 6.88138 18.14 

CA450 9.41019 6.87807 19.87 

CA650 9.41235 6.87406 21.02 

Synthetic HA 9.41433 6.88096 29.21 
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FIG. 4 IR spectra of cortical bone (A): (1) CO, (2) CO250, 

(3) CO450, (4) CO650; cancellous bone (B): (1) CA, 

(2) CA250, (3) CA450, (4) CA650; and 650 ℃ 

comparison (C): (1) CO650, (2) CA650, (3) 

synthetic HA sintered at 650 ℃. 

cancellous bone are carbonate-substituted apatite. 

Carbonate substitution can cause crystal disorder, 

resulting in decrease of apatite crystallinity that is one 

of the reasons why biological apatites are poorly 

crystallized. The fact that Ca/P ratio of cortical bone 

is higher than that (1.65) of cancellous bone may 

result from more Type B CO3
2-

 substitution in 

cortical bone than in cancellous bone, which is in 

accordance with the higher peak intensity at 875 cm
-1

 

of cortical bone [Fig. 4C(1)]. The Ca/P ratio of 

cancellous bone is lower than 1.67 of stoichiometric 

HA, suggesting that the apatite in cancellous bone is 

a kind of more calcium deficient apatite. 

TABLE 2 

The Content of Ca, P, and Ca/P Molar Ratio 

Sample Ca (%) P (%) Ca/P 

CO650 38.01 17.43 1.69 

CA650 37.12 17.36 1.65 

XPS Spectra 

 

 

FIG. 5. XPS spectra of cortical bone (A): (1) CO, (2) 

CO250, (3) CO450, (4) CO650 and cancellous 

bone (B): (1) CA, (2) CA250, (3) CA450, (4) 

CA650. 

Figure 5A shows the XPS spectra of the cortical 

bone samples having major peaks associated with 

C1s, Ca2p, P2p, N1s and O1s at 285, 347, 133, 400, 

and 531 eV, respectively. The XPS spectra of 

cancellous bone are similar to the major peaks of 

cortical bone. It should be noted that the intensity of 
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N1s peak at 400 eV decreases with treating 

temperature and the peak disappears above 450 ℃, and 

although the C1s peak also decreases with the treating 

temperature, it still exists even above 450 ℃, as 

shown in Fig.5A(3, 4) and Fig.5B(3, 4). This 

indicates that the organic component such as protein 

and collagen has been fully removed above 450 ℃ 

and lattice carbonate groups are present in the apatite. 

Table 3 gives the element binding energy of 

cortical and cancellous bone treated at different 

temperatures. The difference of binding energies for 

Ca, P, O elements is less than 0.6 eV, indicating 

slightly change or modification in chemical 

environment of apatite structure. This is in agreement 

with the rearrangement of apatite crystal structure 

during heat treatment. The binding energy of N 

element is similar below 250 ℃ and no data are 

detected above 450 ℃.

TABLE 3 

The Element Binding Energy of Cortical Bone and Cancellous Bone at Different Treating Temperature. 

 CO CO 250 CO 450 CO 650 CA CA 250 CA 450 CA 650 

Ca 347.0 346.9 347.3 347.0 347.1 347.4 347.5 347.2 

P 133.2 133.1 133.6 133.3 133.5 133.8 133.6 133.5 

O 530.8 530.8 531.1 530.9 530.9 531.2 531.2 531.0 

N 399.6 399.6 0.0 0.0 399.6 399.9 0.0 0.0 

 

CONCLUSION 

The finding s from this study demonstrated that after 
the removal of the organic component such as protein 
and collagen above 450 ℃, lattice carbonate groups 
were present in the apatite crystal structure. The 
minerals in both cortical and cancellous bone were 
composed of poorly crystallized nano-size apatite 
crystals with lattice carbonate and possible lattice 
water. The mineral content in cortical bone was 
slightly higher than that in cancellous bone. The 
adsorbed water and loosely bounded water had little 
influence on the crystal structure of bone apatite. 
However, the effect of the release of lattice carbonate 
and water on crystallographic properties of cortical 
and cancellous bone was obvious. For design and 
preparation of bone biomaterials, the inorganic 
component should mimic the composition and crystal 
structure of bone apatite. The result is helpful for 
future biomaterial design, preparation and 
application. And, further study should focus on the 
determination of lattice water and the function of 
lattice water on the growth of biological apatite 
crystals. 
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