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a b s t r a c t

The non-isothermal combustion of animal bones was investigated by simultaneous thermogravimetric
and differential thermal analysis (TG–DTA), in the temperature range �T = 20–650 ◦C. The full kinetic
triplet (A, Ea and f(˛)) for the investigated process was established, using different calculation proce-
dures: isoconversional (model-free) and the Kissinger’s methods. The non-isothermal process occured
through three reaction stages (I, II and III). Stage I was described by a reaction model, which contains
two competing reactions with different values of the apparent activation energy. The autocatalytic two-
parameter Šesták–Berggren (SB) model (conversion function f(˛) = ˛0.62(1 − ˛)3.22), best described the
second (II) reaction stage of bone samples. This stage, which corresponds to the degradation process
of organic components (mainly collagen), exhibited the autocatalytic branching effect, with increasing
complexity. Stage III, attributed to the combustion process of organic components, was best described

1.5
inetic analysis
utocatalytic

by an n-th reaction order model with parameter n = 1.5 (f(˛) = (1 − ˛) ). The appearance of compensa-
tion effect clearly showed the existence of three characteristic branches attributed to the dehydration,
degradation and combustion processes, respectively, without noticable changes in mineral phase. The
isothermal predictions of bone combustion process, at four different temperatures (Tiso = 200, 300, 400
and 450 ◦C) were established in this paper. It was concluded that the shapes of the isothermal conversion
curves at lower temperatures (200–300 ◦C) were similar, whereas became more complex with further

to or
temperature increase due

. Introduction

Bone is a complex composite material consisting of approx-
mately 10% water, 30% organic phase (mainly collagen fibrils)
nd 60% inorganic material (predominantly carbonated hydroxyap-
tite) [1]. It serves a number of functions, such as providing the cells
ound in the marrow that differentiate into blood cells, and also act-
ng as a calcium reservoir. Nevertheless, its primary purpose is to
rovide mechanical support for soft tissues and serve as an anchor

or the muscles that generate motion [2]. Materials derived from
one have potential for applications in many areas spanning the

iomedical [3–6], environmental [7,8] and industrial [9,10] fields.
range of experimental techniques have been employed in the

tudies of bones and bone derived materials, including scanning
lectron microscopy (SEM) [11–13], X-ray diffraction (XRD) [14–16],

∗ Corresponding author. Faculty of Physical Chemistry, Department of Dynamics
nd Matters Structure, University of Belgrade, Studentski trg 12-16, P.O. Box 137,
1001 Belgrade, Serbia. Tel.: +381 11 2187 133; fax.: +381 11 2187 133.

E-mail address: bojanjan@ffh.bg.ac.rs (B. Janković).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.06.016
ganic phase degradation.
© 2009 Elsevier B.V. All rights reserved.

and infrared spectroscopy (IR) [17–20], as well as the thermal anal-
ysis (TG/DTA) [21,22].

Thermal analysis can provide valuable information regarding
the organic and mineral content of bones. Thermal methods have
been applied for the characterization of bones from various species
[23–25], dating of archaeological samples [21] and for the char-
acterization of both the organic and inorganic phases for the
development of synthetic analogues [26]. However, although ther-
mal analysis methods can also be useful for obtaining informations
about reaction kinetics [27,28], they were seldom used to describe
kinetics of bone samples combustion.

In the literature, information about the estimated values of com-
bustion kinetic parameters can be found for different bone like
materials. The effect of bone char initial surface area and heating
rate on the production of carbon-free bone ash was investigated
[29], as well as kinetics of meat and bone meal products (MBM)

thermal degradation [30–35] since co-firing with coal in combus-
tion plants represent a promising way of MBM disposal. However,
the composition of both bone char and MBM differ significantly
in comparison to raw powdered animal bone, for which complete
kinetic analysis was not found.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:bojanjan@ffh.bg.ac.rs
dx.doi.org/10.1016/j.tca.2009.06.016
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Generally, the main reasons for measuring rates of reactions
re to obtain information about the reaction mechanism, which
ay prove useful in modifying the course of the reaction, predict-

ng the behavior of similar reactions, and/or in kinetic parameters
etermination which may allow determination of reaction rates
nder different conditions by interpolation or extrapolation [36].
he reaction mechanism, can usually only be inferred from the over-
ll picture constructed from the results of the mathematical side of
inetic analysis (determination of the kinetic (reaction) model) and
s much complementary evidence (e.g., spectroscopy, chemical and
tructural analysis, etc.) as possible.

The major goal of the present work was the investigation of
inetic properties of the animal (beef) bones non-isothermal com-
ustion processes. From the obtained experimental data full kinetic
riplet (pre-exponential factor (A), the apparent activation energy
Ea) and analytical form of reaction model function, f(˛) or g(˛))
ere established. Furthermore, the kinetic triplet was estimated
sing the isoconversional (Friedman (FR) [37], Flynn–Wall–Ozawa
FWO) [38,39] and Kissinger–Akahira–Sunose (KAS) [40,41]) and
he Kissinger’s [40] methods in combination with the compos-
te differential method I [42] and differential master plot method
42,43].

. Materials and methods

.1. Bone sample

The sample used in this study originated from bovine (femur)
ones. Bones were cleaned from meat, cut into smaller pieces,
oiled in distilled water in order to remove fat and subsequently
ried in the oven at 80 ◦C. Fraction of particle size 45–200 �m,
btained by milling and sieving, was used for the TG–DTA measure-
ents. The details about sample preparation and characterization

re published elsewhere [44].

.2. Thermal measurements

Simultaneous differential thermal analysis (DTA) and ther-
ogravimetric analysis (TGA) were performed on STA-1000

imultaneous Thermal Analyzer, Stanton Redcroft, UK. The bone
amples with approximately m ≈ 5–10 mg were heated at three dif-
erent heating rates ˇ = 2.5, 5 and 20 ◦C min−1, in air atmosphere (air
ow ϕ = 20 ml min−1) in the temperature range of �T = 20–650 ◦C.

. Kinetic analysis

Kinetic analysis of combustion process is traditionally expected
o produce an adequate kinetic description of the process in terms of
he reaction model and of the Arrhenius parameters using a single-
tep kinetic equation in the following form:

d˛

dt
= k(T)f (˛) (1)

here t is the time, T is the temperature, ˛ is the extent
f conversion (for a gravimetric measurement, ˛ is defined by
= (mo − mt)/(mo − mf) where, mo is the initial mass, mt is the mass

t time t (or temperature T) and mf is the final mass) and f(˛) is the
unction of reaction model. The temperature dependence of the
ate constant is introduced by replacing k(T) with the Arrhenius
quation, which gives
d˛

dt
= A exp

(
− Ea

RT

)
f (˛) (2)

here A (the pre-exponential factor) and Ea (the apparent activa-
ion energy) are the Arrhenius parameters and R is the gas constant.
Acta 495 (2009) 129–138

If the temperature of the sample is changed by a controlled
and constant heating rate, ˇ = dT/dt, the variation in the extent of
conversion can be analyzed as a function of temperature, this tem-
perature being dependent on the time of heating. Therefore, the
rearrangement of Eq. (2) gives

ˇ
d˛

dT
= A exp

(
− Ea

RT

)
f (˛). (3)

As the studied compounds have complex structures, it can be
hypothesised that several steps with different energies will be
involved. If a process involves several steps with different appar-
ent activation energies, the relative contributions of these steps
to the overall reaction rate will vary with both temperature and
the extent of conversion. This means that the effective activation
energy, determined from the analysis of the results, will also be a
function of these two variables.

An alternative approach to kinetic analysis is the model-free
methods that allow for evaluating the Arrhenius parameters with-
out choosing the reaction model. The isoconversional methods
make up the best representation of the model-free approach.

These methods yield the variation of the effective activation
energy as a function of the extent of conversion (˛). The knowledge
of the dependence Ea on ˛ allows detecting multi-step processes
and predicting the reaction kinetics over a wide temperature range.
The efficacy of the isoconversional analysis originates from its abil-
ity of disclosing and handling the complexity of the respective
processes. As a matter of fact, the isoconversional analysis provides
a fortunate compromise between the oversimplified but widely
used single-step Arrhenius kinetic treatments and the prevalent
occurrence of processes whose kinetics are multi-step and/or non-
Arrhenius [45].

3.1. Isoconversional (model-free) methods

The differential isoconversional method suggested by Friedman
(FR) [37] is based on Eq. (3) that leads to:

ln
[

ˇi

(
d˛

dT

)]
= ln[Af (˛)] − Ea

RT˛
(4)

where T˛ is the temperature at which the system approach a con-
version ˛, and ˇi is the actual heating rate. For a constant ˛, a plot
of ln[ˇi(d˛/dT)] versus 1/T˛ should be a straight line whose slope
allows the calculation of the apparent activation energy.

The integral isoconversional methods are based on the integra-
tion of Eq. (3):

g(˛) = A

ˇ

∫ T

0

exp
(

− Ea

RT

)
dT = AEa

ˇR
p(x) (5)

where x = Ea/RT and p(x) is the so-called temperature or exponen-
tial integral which cannot be exactly calculated [46,47]. Actually,
integral methods differ depending on the approximation of this
integral. One of them is that given by Flynn and Wall [38] and Ozawa
[39], which relies on Doyle approximation [48]:

ln p(x) = −5.331 − 1.052x (6)

Taking logarithms in Eq. (5) and substituting in Eq. (6) we have:

ln ˇ = ln
AEa

Rg (˛)
− 5.331 − 1.052

Ea

RT
(7)

For a constant conversion, a plot of ln ˇ versus 1/T, from the data at

the different heating rates, leads to a straight line whose slope pro-
vides Ea calculation. This method is known as Flynn–Wall–Ozawa
(FWO) method.

In the Kissinger–Akahira–Sunose method (KAS) [40,41], the
expression p(x) is expressed using the Coats–Redfern approxima-
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Fig. 1. TG and DTA curve for the combustion process of bovine bone sample in an
air atmosphere recorded at ˇ = 5 ◦C min−1.
B. Janković et al. / Thermoc

ion [49]:

(x) ∼= exp(−x)
x2

(8)

ubstituting this into Eq. (5) and taking logarithms we obtain:

n

(
ˇ

T2

)
∼= ln

(
AR

Eag(˛)

)
− Ea

RT
(9)

plot of ln(ˇ/T2) versus 1/T for a constant conversion gives the Ea

t that conversion.

.2. Kissinger (peak) method

Kissinger’s method assumes that the reaction rate has maxi-
um value at the peak temperature (Tp) [40]. This assumption also

mplies a constant extent of conversion (˛) at Tp. In many cases,
he extent of conversion (˛p) at Tp varies with the heating rate
nd hence raises doubt about grouping this method into isocon-
ersional category. The Kissinger’s equation [40] can be presented
n the following form:

n

(
ˇ

T2
p

)
= ln

(
AR

Ea

)
− Ea

RTp
(10)

his method provides the value of A apart from the value of the
pparent activation energy Ea. Here one gets single value of Ea using
q. (10).

.3. Composite differential method I

The composite methods presuppose one single set of Arrhenius
arameters for all conversions and heating rates. In this way all the
xperimental data can be superimposed in one single master curve.

Composite differential method I [42] is based directly on Eq. (3)
nd can be presented in the following form:

n

[
ˇ(d˛/dT)

f (˛)

]
= ln A − Ea

RT
(11)

or each form of f(˛), the curve ln[ˇ(d˛/dT)/f(˛)] versus 1/T was
lotted for the experimental data obtained at the different heating
ates. We then chose the kinetic model for which the data falls in a
ingle master straight line and which gives the best linear correla-
ion coefficient. A single set of Arrhenius parameters, Ea and A, can
e obtained from the slope and the intercept of the straight line.

The commonly used differential (f(˛)) and integral (g(˛)) expres-
ions for different reaction models are applied in this work [50,51].

.4. Differential master plot method

Once the apparent activation energy has been determined it
s possible to find the kinetic model which corresponds to the
etter description of the experimental data issued from the TG
xperiments. Using as a reference point at ˛ = 0.5, the following
ifferential master equation is easily derived from Eq. (3) [42,43]:

f (˛)
f (0.5)

= (d˛/dt)
(d˛/dt)0.5

exp(Ea/RT)
exp(Ea/RT0.5)

(12)

here (d˛/dt)0.5, T0.5 and f(0.5) are, respectively, the reaction rate,
he temperature reaction and the differential function of reaction

odel at ˛ = 0.5.
The left hand-side of Eq. (12) is a reduced theoretical curve which
s characteristic of each kinetic function. The right hand-side of the
quation is associated with the reduced rate and can be obtained
rom experimental data if the apparent activation energy is known.
omparison of both sides of Eq. (12) tells us which kinetic model
escribes an experimental reaction process.
Fig. 2. DTG curves for the combustion process of bovine bone samples in an air
atmosphere recorded at the different heating rates (ˇ = 2.5, 5 and 20 ◦C min−1).

4. Results

From the characterization approach, the X-ray diffraction (XRD)
analysis of investigated bone sample confirmed that the hydroxya-
patite (HAP) is the major crystalline phase present [44]. The bands
characteristic for carbonate substituted HAP were also detected in
IR spectra, with the addition of amide I, II and III bands and bands
characteristic for –CH2, carbonyl group and hydrogen-bonded H2O
molecules [44]. The specific surface area of the bone sample was
found to be rather small 0.1 m2 g−1 [44], which is in accordance
with dense bone structure built up from nanosized HAP crystals
and collagen fibers.

As expected, the combustion of animal bones under non-
isothermal conditions is a rather complicated process especially
due to the various kinds of molecules which are present in the
investigated samples.
Fig. 1 shows the example of TG–DTA curves, recorded in
air atmosphere, for the investigated sample of animal bones at
ˇ = 5 ◦C min−1, whereas Fig. 2 represents the DTG curves at all con-
sidered heating rates (ˇ = 2.5, 5 and 20 ◦C min−1).
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Table 1
The parameters of the reaction steps for bovine bone samples heated at the different heating rates (2.5, 5 and 20 ◦C min−1).

Stage ˇ (◦C min−1) Data from TG–DTA curves Data from TG–DTG curves

Ti (◦C)a Tf (◦C)a �mt (%)b <�mt> (%)c Tp (◦C)d mp (%)e Ti (◦C)a Tf (◦C)a �mt (%)b <�mt> (%)c Tp (◦C)d mp (%)e

I 2.5 18.1 190.9 7.1 7.5 50.6 2.0 18.1 188.2 7.0 7.4 49.9 1.9
5 19.1 203.0 7.0 57.8 2.3 19.1 201.4 6.9 56.6 2.2

20 19.5 232.7 8.4 83.1 3.6 19.5 226.1 8.3 82.9 3.5

II 2.5 190.9 361.2 25.2 24.8 320.8 16.8 188.2 365.9 25.5 25.4 319.8 16.6
5 203.0 377.7 25.5 337.4 17.7 201.4 382.3 26.1 336.2 17.6

20 232.7 426.9 23.8 388.0 18.6 226.1 435.0 24.5 359.3 13.6

III 2.5 361.2 563.2 8.7 9.6 419.8 5.8 365.9 563.2 8.3 9.0 397.1 3.1
5 377.7 633.5 9.5 429.5 5.3 382.3 633.5 9.0 413.5 3.0

20 426.9 594.6 10.5 476.1 4.8 435.0 594.6 9.7 474.4 3.7

a Ti and Tf—temperatures at the beginning and at the end of each reaction step, according to DTA or DTG curves, respectively.
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the temperature integral p(x) in Eq. (5)), but less accurate than the
derivative-based Friedman (FR) method.

From Fig. 3, for three reaction steps of bone sample, the following
dependencies of Ea, FR on ˛ can be observed:
b �mt—the total mass loss corresponding to each step.
c 〈�mt〉—average value of �mt values.
d Tp—the peak temperature corresponding to the “maximum” in DTA or DTG curv
e mp—the total mass loss from the beginning of heating until the maximum rate o

The inspection of DTA curve for the bone sample shows one
ndothermic peak in the temperature range of approximately
T = 20–125 ◦C and several exothermic peaks in the temperature

ange �T = 175–500 ◦C. The first of these peaks is a small, with
axima at 190–230 ◦C. The second exothermic peak is a complex

ne with two distinctive maxima. The third broad peak appears in
he temperature range of approximately �T = 400–480 ◦C. The DTG
urves for bone samples clearly show three groups of peaks with
ifferent intensities which corresponds to the considered reaction
teps (steps I, II and III) (Fig. 2).

The main parameters of the above-mentioned steps for the
nvestigated system are listed in Table 1.

Comparing the thermal combustion data of bone samples
Table 1), it can be noticed that the most significant difference is
elated to the stages II and III, concerning the values of Ti, Tf, �mt,
mt〉 and Tp.

From Fig. 1, it can be seen that the bone sample lost mass up to
10 ◦C when heated in air atmosphere. This mass loss was asso-
iated with loss of water (stage I, Table 1). In addition to bone
ineral and organic matrix, water is an abundant component of

one, accounting for up to 10% by weight. Much of this water occurs
n the pore spaces between the mineral phosphate surface and the
ollagen, responsible for nutrient diffusion and contributing to the
iscoelastic properties of the material. Fig. 1 shows mass loss in the
emperature range from 210 to 380 ◦C in air. In this range, mass loss
an be associated primary with thermal decomposition of organic
hase (stage II, Table 1). It can be pointed out, that in this stage, the

oss of bulk water can be followed by deeper dehydration, with the
oss of the ordered hydration shell that has been proposed to medi-
te the interactions between the mineral and collagen components
f bone [52]. Also, it can be pointed out, that the high organic con-
ent samples usually lost carbon dioxide in two stages [53]. In an
xidizing atmosphere the organic phase is expected to be removed
p to 600 ◦C [23].

.1. Model-free analysis

The dependence of the apparent activation energy (Ea) values
n the extent of conversion (˛) for the investigated process was
valuated from the straight line slope of the correspondent FR (Eq.
4)), KAS (Eq. (9)) and FWO (Eq. (7)) isoconversional methods. The
esults obtained for bone combustion process are shown in Fig. 3.
In presented figure, we can observe a strong dependence of Ea

alues on ˛ for considered bone sample. Ea values determined by
eans of integral isoconversional methods (Ea,KAS (�) and Ea,FWO

©)) are in good agreement, but they are different from that deter-
ined by Friedman differential method ((Ea,FR) (�)). It has been
considered step.

shown that the existence of significant differences between Ea,FR
and Ea calculated using all integral isoconversional methods are
due to the way of deriving the relations, which ground the integral
methods. These relations are derived considering that the activation
parameters do not depend on the extent of conversion. Obviously,
if Ea and A depend on the extent of conversion (˛), these deriva-
tions are not correct. Therefore, in such cases, the Friedman (FR)
method, which uses directly the equation of reaction rate, is rec-
ommended [54]. The susceptibility of the Friedman (FR) method
to errors arising from experimental noise can be effectively miti-
gated if the rate of data recording during experiments is high so
that the raw data can be significantly smoothed prior to the appli-
cation of the derivative-based Friedman technique. So with proper
smoothing of the data, the Friedman technique seems to be a reli-
able technique in all cases. Among the two integral isoconversional
methods used in this work, the kinetic measurements and predic-
tions from the KAS method seem to be much more accurate than
the FWO method (which includes a very crude approximation of
Fig. 3. Dependence of the apparent activation energy (Ea) on the extent of conver-
sion (˛) evaluated from the FR, KAS and FWO methods, for combustion process of
bovine bone sample (reaction steps are designated as I, II and III).
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It can be seen from Table 3 that Ea value calculated by Kissinger’s

method is lower and higher than corresponded values of Ea

obtained by the Friedman’s isoconversional method for regions I

Table 2
The values of intercept (a), slope (b) and linear correlation coefficient (r) of the trend
lines related to the branches 1, 2 and 3, for corresponding reaction steps of bovine
bone samples.

Branch Bovine bone
B. Janković et al. / Thermoc

a) For step I, Ea, FR abruptly increases from 70.2 ± 9.3 kJ mol−1 (for
˛ = 5%) to 212.4 ± 9.9 kJ mol−1 (for ˛ = 15%). These results show
that the water molecules are strongly bounded in bone struc-
ture, and in such a manner the higher value of Ea is needed
for the liberation of water. In order to get a better insight in
water binding with different structural components of bone, it is
necessary to perform a detailed spectroscopic study (for exam-
ple, the nuclear magnetic resonance (NMR) measurements)
[55–57]. However, in accordance with the available literature
[55,56], we may suppose that the obtained values of Ea in the
range 70.2 ≤ Ea,FR ≤ 93.3 kJ mol−1 can be attributed to the liber-
ation energy of bulk water which fills the pores of the calcified
matrix. It can be pointed out, that these values of Ea are much
higher than values of Ea needed for pure desorption of water
molecules from bone surface. The relatively wide range of the
apparent activation energies (Ea,FR = 70.2–93.3 kJ mol−1) can be
probably attributed to the existence of pore size distribution in
our investigated bone sample. In addition, with increasing of T
and ˛, the higher value of Ea (Ea,FR = 212.4 kJmol−1 for ˛ = 15%) is
needed for the liberation of structural water molecules tightly
bound to bone components. These water molecules probably
occupy the vacancies created by substitutions and defects in
the crystal lattice of apatite structure. Furthermore, the role
of mentioned water molecules is probably stabilizing the local
structure forming the hydrogen-bonding bridges between sur-
rounding ions [58–60]. Hydrogen-bonded water-bridges also
have role of stabilizing the collagen triple helix [58], conse-
quently the higher value of Ea is necessary.

b) For step II, Ea,FR decreases from 139.4 ± 5.2 kJ mol−1 (for ˛ = 20%)
to 78.0 ± 6.1 kJ mol−1 (for ˛ = 75%). This step represents the pro-
gressive decomposition of organic components, mainly collagen
structure.

c) For step III, Ea,FR almost linearly increases from
90.7 ± 7.8 kJ mol−1 (for ˛ ≈ 78%) to 122.8 ± 9.4 kJ mol−1 (for
˛ = 95%). The mineral content was derived from the mass
remaining at about 600 ◦C, after all the organic material had
been removed. It can be pointed out, that since there was no
loss of mass beyond 600 ◦C, it was assumed that the remaining
mass consists only of HAP and of no organic matter. At temper-
atures greater than 600 ◦C, combustion of carbonate may occur.
In our previous study, a small weight loss (1.88%) observed in
the temperature range 640–900 ◦C, without notable peak in the
DTA curve, was attributed to the carbonates combustion [44].
This process, however, was not observed in experimentally
obtained TG–DTA–DTG curves presented in this study, as the
experiments were conducted up to 600 ◦C.

The additionally explanation connected with the above-
entioned reaction step can be obtained by further kinetic analysis.

rom the above strong ˛ dependence of Ea values shows that all
eaction steps of bone sample exhibit complex mechanisms.

According to Vyazovkin and Sbirrazzuoli [61] a generalized lin-
ar relationship can be established between pre-exponential factor
nd apparent activation energy as:

n A�
∼= a + bEa,� (13)

here a and b are constant parameters or compensation coeffi-
ients.

This relationship has been known as the compensation effect.
he compensation effect can be used to find out whether the varia-

ions of apparent activation energy with different factors (�), which
roduce a change in the kinetic parameters, has a physical back
round or they are caused by variations of process conditions or cal-
ulation manipulation. According to Eq. (4), the constant ln[Af(˛)]
an be determined from the intercept of each isoconversional line.
Fig. 4. The plots of ln[Af(˛)] versus apparent activation energy (Ea) at the different
extent of conversion for the investigated combustion process (three characteristi-
cally reaction branches (I, II and III) are presented in the same figure).

The plots of ln[Af(˛)] versus Ea for the investigated process are
shown in Fig. 4.

The presented plots show three different processes, at the start,
at the middle and at the last part of the reaction (three branches),
respectively. It can be deduced that the non-isothermal animal
bones combustion in air atmosphere divided into three distinctive
areas in the term of the extent of conversion. It can be seen from
the established plots, that the first branch [(1)] is completely inde-
pendent from other two branches (branches [(2)] and [(3)]) (Fig. 4).
The trend lines marked with (�), (�) and (©) are related to the con-
versions lower than 0.15, conversion values in range 0.20–0.75 and
conversion values higher than 0.75, respectively.

The values of intercept (a), slope (b) and linear correlation coef-
ficient (r) related to the above linear curves are listed in Table 2.

The difference between parameter values (a, b) for these lines,
implies that the investigated process at lower, medial and upper
values of conversion follows different routes. In fact, Fig. 4 and the
results which are listed in Table 2, suggest three different processes,
at the beginning, in the middle, and at the end of the reaction. It can
be observed that the processes described by the branches [(2)] and
[(3)] are linked and mutually dependent.

Table 3 shows the values of kinetic parameters calculated by the
Kissinger’s peak method for the investigated process in air atmo-
a/min−1 b/mol kJ−1 r

1 3.3898 0.2529 1.0000
2 −8.8494 0.2555 0.9970
3 1.5158 0.1652 0.9977
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Table 3
The values of kinetic parameters (Ea , A) calculated by the Kissinger’s (peak) method, for the considered reaction steps (peaks I, II and III) of bovine bone samples.

M −1 −1

ak III

K 8.6 ±
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(�) symbol) fits onto just one master straight line, for third stage
of combustion process. It can be seen from Fig. 5 that all points are
placed around/on the same line only for n = 1.5.
ethod Ea (kJ mol )

Peak I Peak II Pe

issinger 53.7 ± 0.7 88.6 ± 0.9 13

nd III, respectively (Fig. 3). For region II, the value of Ea calculated
y the Kissinger’s method is in good agreement with values of Ea

alculated by the Friedman’s method at approximately ˛ = 0.55.

.2. Determination of reaction mechanism

To calculate the pre-exponential factor from the apparent activa-
ion energy obtained from the isoconversional procedure (FR, KAS
r FWO method), firstly we determined the kinetic model which
etter fits with the experimental results. We used the compos-

te differential method I and the differential master plot method.
or kinetic model derivation, we used several proposed theoretical
eaction mechanisms like n-th reaction order, autocatalytic, diffu-
ion, nucleation (Avrami-Erofeev) and contraction. These models
ave not been described here because they are widely documented

n the literature [50,51].
The kinetic model which best describe the complex combustion

rocess is searched for stages II and III. Because of existing the very
arge variation of Ea on ˛ (from 70.2 to 212.4 kJ mol−1) in the first
eaction stage, the determination of kinetic model can be unreliable,
ince in that case the calculated values of Ea and A, do not represent
he real values of kinetic parameters.

By introducing the various analytical forms of f(˛) functions for
nalyzed kinetic models [50,51] in Eq. (11) at all considered heating
ates, we selected an autocatalytic two-parameter Šesták–Berggren
SB) [62] model f(˛) = ˛0.62(1 − ˛)3.22 for the second stage of bone
ombustion process.

Fig. 5 shows how all the data for the SB reaction model with
arameters m = 0.62 and n = 3.22 (full square (�) symbol) fits onto

ust one master straight line, for the second combustion stage of
one sample. It can be seen that large deviations from the single
aster curve do not exist.
Furthermore, the overall differential kinetic parameters (Ea,
) for this model (Ea = 91.8 ± 0.3 kJ mol−1, lnA = 17.68 (A in
in−1), r = −0.9918) are similar to the values of kinetic param-

ters obtained by the Kissinger’s method (Table 3). Criado et

ig. 5. Composite differential method analysis of non-isothermal TG data (2.5, 5 and
0 ◦C min−1) based on Eq. (11) for the second (II) and the third (III) reaction stage.
he filled symbols correspond to the differential data, for SB reaction model with
= 0.62 and n = 3.22 (symbol (�)) and n-th order reaction model with n = 1.5 (F1.5)

symbol (�)).
A/min

Peak I Peak II Peak III

1.9 7.86 × 107 2.74 × 108 2.85 × 109

al. [42] demonstrate that for the thermal decomposition of
solid samples, composite methods allow us to differentiate
between models that can correctly reproduce the thermal pro-
cess despite having different kinetic parameters. According to
these authors, the model in which the data are grouped together
in just one straight line (Eq. (11)) is the correct one and the
kinetic parameters obtained from this straight line are the real
ones.

In order to confirm the established kinetic model for the second
reaction stage, we used the differential master curves. Fig. 6 shows
the theoretical and experimental differential curves established
using Eq. (12). The experimental curves are shown for calculated
overall apparent activation energy from composite differential
method I.

It can be seen that the experimental master curves at consid-
ered heating rates fits very well the theoretical master curves for
the SB model with increasing trend of both kinetics exponents (m
and n). The values of SB parameters calculated from the composite
differential method I (m = 0.62; n = 3.22) represent the average val-
ues of SB parameters obtained from the differential master curves
at different heating rates.

Furthermore, by introducing the various analytical forms of f(˛)
functions [50,51] in Eq. (11) at all considered heating rates, we
selected an n-th reaction order model with n = 1.5 (f(˛) = (1 − ˛)1.5)
for third reaction stage.

Fig. 5 shows how all the data for the n = 1.5 models (full circle
Fig. 6. A comparison of the theoretical differential master plots of f(˛)/f(0.5) versus
˛ (full lines) with the experimental master curve at the considered heating rate, for
the second (II) reaction stage of bovine bone samples. The symbols correspond to
experimental data determined using Eq. (12), with value of the apparent activation
energy obtained from composite differential method.
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Fig. 7. The experimental and simulated reaction rate versus the extent of conversion
at ˇ = 5 ◦C min−1 and 20 ◦C min−1, for the second (II) and third (III) reaction stages.
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in Fig. 8. The shapes of the isothermal conversion curves at lower
temperatures (200–300 ◦C) were similar, whereas became more
complex with further temperature increase due to organic phase
decomposition (Fig. 8). These results are in a good correlation with

F

he continuous (full and dash) lines represent the experimental data. The full and
mpty symbols represent the simulated data using Eq. (3), for the kinetic parame-
ers obtained by the composite differential method I and f(˛) functions for reaction

odels: SB (m = 0.62, n = 3.22) and F1.5.

From the parameters of this straight line, the kinetic parame-
ers were evaluated obtaining, Ea = 109.4 ± 0.4 kJ mol−1, ln A = 17.68
A in min−1); (r = −0.9942). The values of kinetic parameters calcu-
ated by composite differential method I are in disagreement with
alues of kinetic parameters evaluated from Kissinger (model-free)
ethod (Table 3). Namely, the composite kinetic method is a more

ensitive on drastically change in the rate-limiting step of the con-
idered reaction, for difference from the kinetic methods which
ses the peak temperature value (Tp). In the case of model-free peak
ethods, Tp represents the peak temperature at different heating

ates, and the extent of conversion related to the peak is known to
hange with the heating rate [63]. Also, compared to the isocon-

ersional methods (like as Friedman method), the peak methods
ave a limitation because it produces only a single value of Ea for
he whole process. As a result, the obtained value is sound only if
here is no variation of Ea,˛ with ˛ throughout the process. Unfor-
unately, such variations are quite typical and the model-free peak

ig. 8. Predictions of the isothermal combustion kinetics of bovine bone samples at 200,
Acta 495 (2009) 129–138 135

methods are not capable of detecting them. Therefore, the Ea val-
ues obtained by the model-free peak methods should generally be
treated with extreme caution, unless an isoconversional method
has demonstrated Ea,˛ be independent of ˛.

Because of the these facts, we can conclude that the values of
kinetic parameters obtained by the Kissinger (model-free) peak
method are less accurate than values of kinetic parameters calcu-
lated from the composite method.

Fig. 7 shows the comparison of experimental and simulated
reaction rate versus extent of conversion at heating rates of
ˇ = 5 ◦C min−1 and ˇ = 20 ◦C min−1, for the second and third reac-
tion stage. For reaction rate calculation (Eq. (3)), the values of kinetic
parameters obtained by the composite method were used.

Fig. 7 demonstrates that the above established kinetic parame-
ters reproduces the experimental data excellently, which indicates
that the SB(m, n) and F1.5 kinetic models are appropriate for
describing the second and third reaction stages, respectively.

In order to confirm the relevance of this study, the obtained val-
ues of the apparent activation energy were used for predictions of
isothermal bone combustion process. The sole evaluation of Ea,˛

dependence is sufficient to predict the isothermal kinetics from
non-isothermal data. In this work, we are applied the so-called
“isothermal predictions”, which means that the non-isothermal
kinetic parameters can be used to simulate the variation of the
extent of conversion (˛) versus time (t) for a given (constant) tem-
perature (Tiso) without knowledge of the reaction model [64–66].
The isothermal predictions of bone combustion process, at four
different temperatures (Tiso = 200, 300, 400 and 450 ◦C) using the
kinetic parameters evaluated for ˇ = 2.5 ◦C min−1 [65] are presented
non-isothermal experimental TG curves.

300, 400 and 450 ◦C using the kinetic parameters evaluated for ˇ = 2.5 ◦C min−1.
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. Discussion

The general discussion of the obtained results for animal bones
ombustion can be summarized in the following few items:

(A) Water is of significant importance for the living bone, and
s one of its major components. Bone water occurs at various loca-
ions and in different binding states. From TG–DTA curve (Fig. 1)
t can be observed that about 5% of the mass sample represents
he most loosely associated water completely evaporates at around
00 ◦C, which correspond to increasing value of Ea in the range
.05 ≤ ˛ ≤ 0.10 (Fig. 3). This water represents the bulk water which
lls the pores of the calcified matrix making up the Haversian
nd lacuno-canalicular system [67]. Crystal-bound structural water
robably occupies vacancies in the imperfect carbonated apatite
rystal lattice, providing structural stability by forming hydrogen-
onding bridges between neighboring ions. The presence of this
ater can explain why the value of Ea abruptly increases up to

12.4 kJ mol−1 at ˛ = 0.15 (Fig. 3). This sub-step covers the tem-
erature range from 120 to approximately 200 ◦C. As expected,
ollagen which has water intimately associated with its structure
ehydrated in this reaction stage (stage I, Fig. 3).

The steady increase in Ea up to ˛ = 0.15 means that reaction
odel which contains parallel reactions is probably the most appro-

riate for the first reaction stage of bone sample [68,69]. This model
t least contain two parallel reactions with different apparent acti-
ation energies. However, it could be more of them if any of these
ehydration processes are influenced by distribution of the appar-
nt activation energies on the precursor, what is the case with
ehydration process from mineral phase. The increasing depen-
ence Ea on ˛ for the first stage (stage I, Fig. 3) can be attributed
o competing reactions [68]. In our case, we have the competing
ehydration reactions from the mineral and organic matrix com-
onents of bone. When competing reactions occur, the one with

ower apparent activation energy dominates at lower heating rates
under dynamic conditions). If Ea strongly depends on ˛, it means
hat the investigated change is complex and cannot be described
y a rate equation with only one reaction step (Eq. (3)) [54].

(B) Considering bone collagen, it is presumable that its thermo-
tability is dependent not only on the molecular integrity of
ollagen itself, but also on the degree of mineralization or on inter-
ctions between mineral crystals and collagen molecules.

It can be pointed out that, the active, thermally labile domain in
ollagen is localized near the C-terminus of the molecule [70,71]
he site where cross-links between adjacent collagen molecules
re situated [67]. In addition, the backbone of the protein starts
o break into fragments [72] between 200 and 350 ◦C, perhaps after
25 ◦C (for conversion value at ˛ = 0.20) when the DTA exothermic
eak begins to increase and when the mass loss slope in TG plot is

arger (Fig. 1). This situation corresponds to the degradation stage
f organic matrix in the range 0.20 ≤ ˛ ≤ 0.75 (stage II, Fig. 3). It
as shown, that the bone samples with low organic content, when
eated in air, liberated the carbon dioxide in the temperature range
00 ◦C ≤ T ≤ 500 ◦C, i.e. more precisely at T = 349 ◦C [23]. This tem-
erature corresponds to transition region between stages II and III in
ig. 3 at about ˛ ≈ 0.70–0.75. We can observe in Fig. 3 a continuous
ecrease in Ea values in the ˛ range 0.35 ≤ ˛ ≤ 0.65, which indicates
further degradation of organic phase and separation of smaller

ide chains from the carbon backbone of molecule. It can be pointed
ut, that the mineral in bone is located mainly between collagen
bers. Only a small amount of hydroxyapatite crystallites is located

n the gap zones [73] between successive tropocollagen molecules

74]. However, mineral additionally stabilizes cross-linked collagen
n bone. In our previous paper, the higher mineralized structures

hich have lower organic content were detected [44]. From these
acts, we can explain the relatively high value of Ea at the start of
egradation stage of organic phase (Ea = 139.4 kJ mol−1) (Fig. 3).
Acta 495 (2009) 129–138

From the previously obtained results, we show that the
autocatalytic two-parameter Šesták–Berggren (SB) model for
f(˛) = ˛0.62(1 − ˛)3.22 can best describe the second reaction stage.
The kinetic parameters, m and n define the relative contributions
of the acceleratory and decay (“termination”) regions of consid-
ered process. In SB model, the parameter m is related to the growth
dimensionality or branching ratio, while parameter n represents the
reaction order. In this mechanism, the reaction rate is accelerated by
the intermediate degradation products. Namely, the auto-catalyzed
systems are characterized by the formation of some intermediate
species which significantly accelerates the reaction. The increas-
ing value of the kinetic exponent m indicates a more important
role of the degradation products on the overall kinetics. It seems
that a higher value of the kinetic exponent n > 1 means increasing
complexity. The branching effect can be attributed to the role of
the hydroxyapatite crystals as fracture centers [73]. The absence of
these fracture centers (which involves the higher thermal stability
of collagen) is characteristic of the non-mineralized collagen tissue.
For our bone sample we have the opposite case, which can be seen
from XRD data [44]. The existence of fracture centers causes the
lower number of collagen cross-links, which probably has for a con-
sequence the acceleration of degradation process and contribute in
decreasing of Ea values (stage II, Fig. 3).

However, the temptation to equate parameters m and n with
a definite collagen degradation mechanism should be avoided, and
too much physical significance should not be attached to the numer-
ical values of what is essentially a phenomenological convenience.
In particular, this warning applies to processes exhibiting a complex
behavior. Therefore, it seems that meaningful conclusions concern-
ing the real mechanism of the process should always be based
on other types of complementary evidence, including microscopic
observations, mass spectroscopy (MS) together with all other rele-
vant information.

(C) The interpretation of the DTA curve must be related to the
way in which the sample was prepared. It has been stated by
Nielsen-Marsh et al. [75] that bone shows different thermal behav-
ior if it is ground or studied in larger pieces and this affects the
shape of the DTA curve.

In our analysis the particle sizes of the bone samples are higher
than 44 �m (45–200 �m) so that the degradation and combustion
processes happen as two separated single thermal transformation.
If the particle sizes of the samples are less than 44 �m, the degra-
dation and combustion processes of collagen occurs as a single
thermal tranformation [75]. In that case, they cannot be distin-
guished one from another at a specific temperature because both
processes contribute simultaneously to the exothermic peak [75].
In Fig. 1, on the presented DTA curves, we can observed the sec-
ond exothermic peak, which is clearly separated from the first
(degradation) exothermic peak. The second exothermic peak can
be attributed to the combustion process of collagen in the temper-
ature range 350 ◦C ≤ T ≤ 600 ◦C (which corresponds to ˛ = 0.75–0.95
for stage III (Fig. 3)).

The third (III) reaction stage of bone sample was best described
by an n-th reaction order model (f(˛) = (1 − ˛)n) with n = 1.5. This
reaction model can be evaluated from the model of Šesták and
Berggren for m = 0. If n = 1.5 and m = 0, it has the limit of a frac-
tional order reaction [76,31]. The calculated value of n for the
combustion stage (for n = 1.5) is almost half the value than cor-
responding n value calculated for the degradation stage (n = 3.22),
which indicates that the complexion of combustion stage is upon
lower level than degradation stage. It can be noted that the reac-

tion order and the Šesták–Berggren models (with m = 0) can lead
to very different values, while this was not the case with a real
single reaction order mechanism. The complexity of the mecha-
nism can only be deduced from the variation of the kinetic order
n, in the reaction order models, but no additional information on
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he mechanism can be obtained. Only the differences between the
esults obtained with the reaction order and the Šesták–Berggren

odels, supported by different hypotheses, should indicate that a
ore complex phenomenon is involved. The Šesták–Berggren (SB)
odel (with m /= 0), also led to approximately constant values for

he pre-exponential factor and various values of the kinetic expo-
ents m and n, and in such a case, the SB model can be used only

or the modelling purposes.
The degradation and combustion processes (II and III) are linked

onsecutively at data point ˛ = 0.75 (Fig. 3). This behavior can be
een in Fig. 4, where branches 2 and 3 corresponds to the degra-
ation and combustion stages, respectively. In addition, because
he compensation coefficients corresponding to all the three stages
re different (Table 2) one may conclude that three reaction stages
annot be unified by simple kinetic model.

From the results given above, it can be pointed out that the
egree of mineralization and the particle size of the investigated
one samples, can strongly influence the analytical form of the
unction of reaction mechanism (f(˛)) for degradation and com-
ustion stage.

The results obtained from isothermal predictions of bone
ombustion process can have a potential application in various
elds of material science and technology where the relationship
etween temperatures of bone combustion and corresponding
eaction times are useful. For example: comparison of different
one samples, production of biogenic hydroxyapatite, production
f bone-derived sorbents for environmental applications, etc.

. Conclusions

In this study, TG–DTA techniques were applied for kinetic anal-
sis of the non-isothermal combustion process of animal bone
amples. Different computation methods for the determination of
inetic parameters (A, Ea) were used. It was found that the inves-
igated combustion process of bone samples is a complex, and
ccurred through three reaction stages (designated as stages I, II
nd III).

The first stage was described by reaction model, which con-
ains two competing reactions with different values of the
pparent activation energy. The autocatalytic two-parameter

ˇesták–Berggren (SB) model for the mechanism function in the
orm f(˛) = ˛0.62(1 − ˛)3.22 best described the second reaction stage.
he second stage represented the degradation process of organic
omponents (mainly collagen), which exhibits an autocatalytic
ranching effect (m = 0.62) with increasing complexity (n = 3.22).

From the interpretation of the TG–DTA curves, the third reac-
ion stage was attributed to the organic phase combustion process.
his stage was best described by an n-th reaction order model with
= 1.5 (f(˛) = (1 − ˛)1.5). The calculated value of n for the combus-

ion stage (n = 1.5) was almost half the value than corresponding
value calculated for the degradation stage (n = 3.22), which indi-

ates that the complexion of combustion stage is on a lower level
han the degradation stage, probably arises from the bond strength
oint of view.

The values of kinetic parameters calculated by the composite dif-
erential method I were in good agreement with values of kinetic
arameters obtained by differential isoconversional (Friedman’s)
ethod, for the second reaction stage of considered bone samples.

he appearance of compensation effect, clearly showed the exis-
ence of three characteristic branches attributed to the dehydration,

egradation and combustion processes, respectively.

The isothermal predictions of bone combustion process, at four
ifferent temperatures (Tiso = 200, 300, 400 and 450 ◦C) were pre-
ented in this paper. It was concluded that the shapes of the
sothermal conversion curves at lower temperatures (200–300 ◦C)

[
[
[
[
[
[
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were similar, whereas became more complex with further temper-
ature increase due to organic phase decomposition.
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