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ABSTRACT
On the basis of the generalized equation of the kinetics of solid state reactions and the method
of Friedman, a new approach for determination of the kinetic models and the thermal
parameters of processes of mass destruction was developed. The approach is based on kinetic
calculations using pooled data obtained from experiments at different heating rates and
regression analysis. With the new approach, the reliability of the determination of the
activation energy and the choice of kinetic function is increased by checking the significance
of the parameters determined and kinetic model adequacy.
Effective filtration of the experimental data was developed, as well as a suitable method
for calculating the conversion rate which leads to increased precision of the identification and
the parameterization of the models of the reaction process.
A study on the kinetics of non-isothermal decomposition of calcium carbonate was
carried out. The results were compared to these obtained by other methods. They indicated
that the research approach was correct and the results obtained are of high precision and
reliability.
Keywords: non-isothermal kinetic, velocity of conversion, pooled data, calcium carbonate.
1. INTRODUCTION
The kinetic analysis of thermal processes of transformation of solids has attracted the
scientific interest of many researchers in the recent 60 years1-47. The interest was fully
justifiable due to the possibilities to identify the kinetic models of decomposition of solids,
studies on kinetics and thermal parameters of the processes, etc.
The methods of thermal analysis (TA) are most often related to processes of solid state
decomposition. Despite that kinetic studies can be carried out by different methods,
thermogravimetry is the most often used one. It involves studies on the processes of
transformation at constant (isothermal analysis) or changing temperature with time (nonisothermal analysis). It has been proved1,2 that usually non-isothermal kinetics don't lead to
the same results as isothermal kinetics.

The reliability of the results obtained from kinetic studies depends on the quality of the
experimental data and method of investigation3,4. The quality can be improved by using
modern apparatuses and software.
Numerous methods of analysis were developed3-21 with high degree of approximation of
experimental data3. For the differential methods of thermal analysis, the precision of the
kinetic analysis is determined mainly by the resolution in the determination of the conversion
degree. There are two main reasons for errors. The first one is due to external ‘noise’ during
the experiment and determination resolution. The second one occurs at the beginning and at
the end of the TG curves when the process proceeds at the smallest rate12,13 and is due to the
thermal processes occurring simultaneously, usually at the end of the first step of the process
and at the beginning of the next one.
The present paper discusses first several of the most well-known iso-conversional
methods. Then, the method of thermal analysis suggested is presented by pool data,
effectively filtered and at conversion rates determined with higher resolution. The new
approach is then tested with an example of thermal analysis of calcium carbonate. Its
superiority is demonstrated experimentally.
2. THEORY
Generally, the kinetic equation of the single-step process can be written as follows3:
d
 k (T ) f   h P  ,
(1)
d
where for TG data, α represents the degree of conversion of the process studied which is
calculated by the formula
m  m
,
(2)
τ  i
mi  mf
where mi, mf and m are the initial, final and current sample mass at moment , respectively,
for the process studied;
d
 v – reaction rate;
d
k(T) – rate constant k for the process described by the Arrhenius equation5:
k (T )  A exp E / RT  ,

(3)

where E is the activation energy; A - the pre-exponential factor; T - the absolute temperature
and R is the gas constant;
h(P) is a function that takes into account the influence of pressure on the rate of
conversion; f(α) is a function involved in the kinetic model and its general formula is
represented by the function of Šestak and Berggren (SB)23,24:

f     m (1 –  )n – ln1 –   p ,

(4)

where the exponents m, n and p are integer or fraction numbers specific for each kinetic
process. Depending on them, the kinetic models can be classified into seven categories
described in Table 1.
If we substitute k(T) in equation (1), we will obtain:
vα 

d
 A exp  E / RT  f ( ) h( P) ,
d

and with the addition of the SB function

(5)

Table 1. Description of the mechanism of rate-limiting stage, using combination of exponents of m,
n and p23
Symbol

m

n

p

Mechanism of the rate-controlled stage

S0

No

No

No

one-dimensional moving of interface boundary or evaporation of flat surface

Sn

No

Yes

No

two- and three-dimension moving of interface boundary (cylindrical or
spherical symmetry) or nth kinetics order

Sm

Yes

No

No

formation of nuclei on power or exponential law, latter stage of linear growing
of the nuclei, one-dimension diffusion (parabola law)

Sp

No

No

Yes

two-dimensional diffusion (cylindrical symmetry) and three-dimensional
diffusion (the Ginstling–Brounstein equation)

Smn

Yes

Yes

No

formation of nuclei on exponential law, branching (the Prout–Tomkins
equation) or growing of spherical nuclei on diffusion mechanism

Snp

No

Yes

Yes

two- and three-dimensional growing of nuclei (the Avrami–Erofeev equation),
acceleratory or deceleratory rate of nuclei growth

Smp
Smnp

Yes
Yes

No
Yes

Yes
Yes

still unjustified
Universal mechanism. Undetermined complicated case, unjustified yet

vα 

d
 E  m
n
p
 A exp 
  (1 –  ) – ln1 –   h( P)
d
RT



(6)

Friedman8,9 suggested equation (5) (without h(P)) for the determination of the activation
energy. The analysis is based on the logarithmic form of equation (5):

ln(v , i )   ln(A)  ln f  i  

E
RTα, i

(7)

and using iso-conversional analysis. The precision of the kinetic analysis is based mainly on
the resolution in the determination of vα. The errors observed are most often due to external
‘noise’ during the experiment and the method of determination of vα. These errors are most
often observed at the beginning and the end of the TG curves when α changes at slower rate.
Proposed are several approaches to numerical smoothing and differentiation of
thermogravimetric data10,11. Smoothing and filtering may introduce a systematic error (shift)
in the smoothed data that would ultimately convert into a systematic error in the values of
kinetic parameters3. For this reason, the method of Friedman is comparatively rarely used12,13
and with well-shaped vα-curves.
The error of the determination of vα can be partially overcome if the rate of temperature
changes β = dT/d is kept constant during the experiment. Then the kinetic equation (4) can
be written as follows:

d A
 E 
 exp  a  f   ,
dT 
 RT 

(8)

and, after some transformations, it is obtained


g ( )  
o

T

d
A
 E 
  exp – a  dT .
f ( )  T
 RT 
o

(9)

Table 2. Kinetic functions f() and g() and the corresponding residual variance sr2 , obtained with pooled data
from thermal decomposition of calcium carbonate over the conversion interval 0.10 ≤≤ 0.90 and β = 3, 6, 9, 12,
15 and 10\15 (K min-1). The rank of the first three most probable reaction mechanisms are indicated in brackets

Symbol

Name of the kinetic
function

g() function

E is calcu- E=189.931
lated
(kJ mol-1)

F1/3

one-third order

(3 / 2)(1   )1 / 3

1  (1   )2 / 3

0.3941(1)

0.4116(1)

F3/4

three-quarters order

4(1   )3 / 4

1  (1   )1/ 4

2.6039

6.4407

F3/2

one and a half order

2(1   )3 / 2

(1   ) 1/ 2  1

15.781

24.129

F2

second order

(1   )

(1   )  1

3.2692

38.159

F3

third order

(1 / 2)(1   ) 3

(1   ) 2  1

100.41

81.7443

 3/ 2

0.9900(3)

3.3794

1

2

1/ 2

P3/2

the Mampel power law (2 / 3)

P1/2

the Mampel power law 2 1 / 2

 1/ 2

6.8311

47.654

P1/3

the Mampel power law 3 2 / 3

 1/ 3

9.5154

81.720

P1/4

the Mampel power law 4 3 / 4



11.131

104.69

E1

exponential law

A1, F1 KJMAa-equation

1/ 4



ln 

17.379

206.81

(1   )

 ln(1   )

5.7027

11.903

2.6242

3.1646

2.0620

1.9195(2)

2.1534

4.6321

2.4654

8.2527

A3/2

KJMAa-equation

(3 / 2)(1   ) ln(1   )1/ 3

A2

KJMAa-equation

2(1   ) ln(1   ) 1/ 2

A3

KJMAa-equation

3(1   ) ln(1   ) 2 / 3

A4

KJMAa-equation

4(1   ) ln(1   )3 / 4

 ln(1   ) 2 / 3
 ln(1   )1/ 2
 ln(1   )1/ 3
 ln(1   ) 1/ 4

the Prout-Tomkins
equation
R1,F0 power law

 (1   )

ln /(1   )

4.0395

9.5367

(1   )



2.1000

4.6934

R2,F1/2 power law

2(1   )1/ 2

1  (1   )1/ 2

0.7695(2)

2.0841(3)

R3,F1/3 power law

3(1   ) 2 / 3

1  (1   )1/ 3

1.8472

4.8149

(1 / 2)

2

17.380

206.81

 ln(1   ) 1

  (1   ) ln(1   )

4.6970

677.57

1  1    

20.718

52.746

11.636

38.708

75.992

121.81

2.0232

8.9592

1  2 / 3  (1   ) 2 / 3 2.2911

11.579

Au

0

D3

parabola law
the Holt (Valensi)
equationb
the Jander equation

D4

VGB equationb

D5

ZLT equationc

1  2 / 3  (1   ) 2 / 3
3 21   1 3  1 1
3 21   4 31   1 3  1 1 1   1 3  1 2

D6

the Anti-Jander (KUd)
equationd

3 21   2 31   1 3 1

D7

the Anti-GinstlingBrounstein eq.e

3 21  1   1 3  1

D8

anti-ZLT equationc,e

D1
D2

a

f() function

sr2 x104 for applied f()

3 21   2 3 1  1   1 3 1

1

13 2

1   

13



1

2

3 21   4 3 1  1   1 3  1 1   1 3 1 2

2.2751

3.5258

KJMA – the Kolmogorov, Johnson, Mehl and Avrami equation; b VGB – the Valensi, Gisling and Brounstein equation28;
ZLT– the Zhuravlev, Lesokin and Tempelman equation; d KU – the Komatsu and Uemura equation; e functions f() are
corrected.
c

The left hand side integral is denoted as function g(α) and it can be solved either for some
particular cases of f(α) or numerically25,26. The most often expressions of the reaction
functions f(α) and their integral forms g(α)27-31 are given in Table 2. The table corrects some
inaccuracies for f(α) given in some publications. For this reason, they were solved on the basis
of kinetic functions g(α) published in Refs 32 and 33.
The right hand side integral in equation (5) (the Arrhenius integral) can be solved
approximately5-7,34,49,50 or numerically3,4,25,26. To identify the kinetic models and their
parameters, the solutions of Coats – Redfern (CR)5, Madhusudanan – Krishnan – Ninan
(MKN)6, Tang et al.19, Wanjun7, etc. are widely used.
To find the thermodynamic parameters and to perform kinetic identification, based on
data from thermal analysis, iso-conversional methods are widely used. By these methods,
several experiments are carried out at different βj. Then the data corresponding to the same
conversion degree αi are treated separately14,15. The most popular approximate
iso-conversional methods, used for calculation of activation energy are:
-Kissinger-Akahira-Sinose (KAS)21, based on the relationship:

 j 
E
ln 2   CKAS( )   ;
T 
RTα, i
 α, i 
- Flynn-Wall-Ozawa (FWO)16:
ln j   CFWO ( )  1.0516

E
;
RTα, i

(10)

(11)

- Tang et al.19:

 j
ln 1.89466100
T
 α, i


Eα

  CT ( ) – 1.00145033RT ;
α, i



(12)

- Starink17, 18:

 j
ln 1.92
T
 α, i


Eα

  CS ( i ) – 1.0008RT ;
α, i



(13)

- Madhusudanan – Krishnan – Ninan (MKN)6:
 g ( ) 
E
ln 1.9215   CMKN ( i ) – 1.12039 α .
Tα, i
 Ti


(14)

These and the other approximate methods were developed in the early years when neither
computers nor software for numerical integration were applicable. Modern integral methods
make use of numerical integration that allows solution of integrals with very high precision.
Recently, numerical methods for iso-conversional analysis have been developed3,4,25,26.
The integral iso-conversional methods assume that  is constant throughout the entire
experiment, which is not always feasible and affects the accuracy of thermal analysis results.
Additional errors are generated by the approximate solution of the Arrhenius integral (9) and
the empirical and semi-empirical character of the CR5, MKN6, Tang19, Wanjun7, KAS21,
FWO16, Starink17,18, and others. These problems are non-existent with the differential
iso-conversional methods.

3. DESCRIPTION OF THE NEW APPROACH TO KINETIC ANALYSIS
3.1. Preparation of experimental data for analysis
In this paper, we denote V() as a relative rate of conversion:
V() = v()/h(P, )

(15)

3.1.1.Two-way filtering the TG-experimental data.
We offer filtration of the experimental data on the sample mass mexp is described by the
following relationships:

mif,fw  K f,2i miexp  2(1  K f,i )mif,-1fw  (1  K f,i ) 2 mif,-fw
2
2 b, fw
mif,bw  K f,2i miexp  2(1  K f,i )mif,bw
1  (1  K f,i ) mi  2

mif,work

mif,fw  mif,bw
,

2

;

(16)

(17)

where the indices (f), (fw), (bw), (exp) and (work) denote the filtered value, forward, backward,
experimentally obtained and working value, respectively.
The filter coefficient Kf,i is defined by the formula
K f,i 

 i
Θf   i

,

(18)

where f is the time constant of the filter. At f = 0 (Kf,i = 1), the filter is fully permeable for
the experimental data while at f  ∞ (Kf,i = 0) it is fully impermeable.
The filter coefficient depends on the time step ∆ti. For real-time experimental data (read
at constant time intervals), Kf will be constant.
The use of two-way filtering suppresses the high frequency deviations of mi which would
affect the determination of Vα,i. Furthermore, systematic errors, originating from forward
filtering are partially offset by the systematic errors resulting from backwards filtering. This
offset is most comprehensive when  vs  reaction curve has a sinusoidal profile.
Two-way filtering improves accuracy in determining the peak temperature and the
calculated energetic parameters. Numerous studies with model and experimental TG-data
have shown that the highest quality filtering can be attained at Kf = 0.10 ÷ 0.50 and it
depended on the data quality and the interval between adjacent data points.
Instead of miexp , fully equivalent results can be obtained by filtering the degree of
conversion iexp .
3.1.2.Determination and smoothing of Vα.
The determination of Vα is usually carried out on-line by the method of Oiler or other off-line
methods by reduction of the TG-data to a polynomial model of αi for the whole range of the
process studied or portions of it9-11. The model obtained is then differentiated. These methods,
however, lead to substantial lack of precision.
In the proposed approach, the correlation of V,i vs i is calculated by first modeling the
relationship of i vs i by a second order polynomial. That polynomial is determined for each
point i by means of regression analysis with the addition of two symmetrical 2w points in the
field [(i-w), (i+w)].

  Ai  Bi   w   Ci   w 2 .
  [i – w, i+ w], w = 1, 2,..

w ≤ i ≤ N - j.

(19)

At moment i (data point i), the relative rate of conversion will be
Vα, i  Bi  2Ci  i   w  h( P, i )

(20)

If w = 1, then the model covers the three data points and, therefore, Vα,i will be the exact
rate. At w > 1, Vα,i determined according to (20) diverged from the real rate but the plot Vα,i
versus i was smoother. If the experimental data in the model are a subset of the TG data set
and their number is relatively small, then it is necessary to determine Vα,i at w = 1 while with
the full set of TG data points for the process studied, w can be selected according to the
quality of the TG experiment and the desired quality of the dependence Vα,i vs i.
In a properly chosen combination of Kf (f) and w, line Vα is smooth to the desired level
without affecting significantly the trajectory.
3.2. Differential method of kinetic analysis
The supposed approach is derived by suggesting that in the constant range of variation of ,
the kinetic triplet (the frequency factor, the reaction model, and the activation energy) keep
constant values.
After implementing the adopted name of equation (14) in equation (5) and then finding
the natural logarithm, the following expression is obtained:
E
ln(Vα )  ln( A)  a  m ln( )  n ln(1 –  )  p ln– ln1 –   ,
(21)
RT
which can be presented in the form
y  B  Df1  mf2  nf3  pf4 ,

where

(22)

y  ln(Vα );

B  ln(A);

D  E a R ;

f 2  ln( );

f 3  ln(1   );

f 4  ln– ln1 –  .

f1  1/ T ;

For l experimental points 1  l, it is necessary to solve a system of equations to find the
coefficients B, D, m, n, p, the system represented in matrix form49 is:
z = Ua,

(23)

where U is the Information (Fisher) matrix:

l

 l

 i 1

 l
U  
 i 1
 l

 i 1
 l


 i 1

l

 f1,2i

 f1,i f 2,i  f1,i f 3,i

i 1
l

f 2,i

f 4,i

i 1
l

i 1
l

 f1,i f 2,i 
i 1
l

f 3,i

l

 f 2,i

i 1
l

f1,i

l

 f1,i

i 1
l

f 2,2i

 f 3,i
i 1
l

i 1
l

 f 2,i f 3,i
i 1
l

 f1,i f 3,i  f 2,i f 3,i  f 3,2i
i 1
l

i 1
l

i 1
l

i 1

i 1

i 1

 f1,i f 4,i  f 2,i f 4,i  f 3,i f 4,i



i 1


l

f
f
1
,
i
4
,
i


i 1

l

 f 2,i f 4,i 
i 1

l


f
f
3
,
i
4
,
i


i 1

l
2
 f 4,i  ;
i 1

l

 f 4,i

a  B D m n p T
is the transposed matrix of the unknown coefficients of the equation (21);

(24)

(25)

l
z   y i
 i 1

l

l

l

l



i 1

i 1

i 1

i 1



 yi f1,i  yi f 2,i  yi f 3,i  yi f 4,i , T .

(26)

If some of the coefficients m, n, p are missing from the S functions, these members of
matrix a will fall off while the members containing the corresponding values f2,i, f3,i, f4,i related
to the missing coefficients will fall off from matrices U and z. For example, if m and n are
missing, then the members containing f2,i and f3,i will fall off and matrices (24-26) will be
reduced to:

a  B D p T ;
 l
z    yi
i 1

l

 yi f1,i

l



i 1



 yi f 4,i ,

i 1

T

;

l
l


l
 f1,i
 f 4, i 
i 1
i 1


 l

l
l
U   f1,i  f1,2i
f
f
 1,i 4,i 
 i 1
i 1
i 1
 l

l
l


2
 f 4,i  f1,i f 4,i  f 4,i 
i 1
i 1
 i 1


The coefficients B, D, m, n, p can be found by regression analysis. The linear least
squares solution46 is

 

a  UT U

1 T

U z  CUT z ,

(27)

where C  UT U 1 is the covariant matrix.
For statistical assessment of the values, it is necessary to calculate the experimental
variance sε2 . Since repeating experiments at the same point known to be impractical, sε2 is
calculated for a range of points outside the reaction process where V changes randomly. This
range can be either before or after the reaction process (Fig. 1, Kf = 1.0) and is determined
usually subjectively. For a range (or ranges) containing q points:
q

 Vα, i  V  2

sε2  i 1

ε

,

(28)

q

where  = q - 1;

Vα 

The residual variance

s r2

Vα, i
i 1

q
can be calculated by the formula

sr2  RSS / νr ,

(29)

where
l



RSS   Vα, i  Vˆα, i
i 1

2

(30)

is the residual sum of squares;
r = l – k; k – number of coefficients for the kinetic equation studied (k = 3-5); Vˆ - the value
of the relative rate of conversion, calculated by the mathematical model used.
Model adequacy was determined by the F-test

F

sε2

(31)
sr2
If F  1 the model is always adequate. Otherwise F is compared to its tabulated value
FT = F(,r,), where  is the significance level selected. If F  FT then the model is
adequate.
The significance of the coefficients of the kinetic model selected was determined by the
t-test (criterion of Student). Its experimental value ti required to find the significance of the
coefficient ai is calculated by the following formula:
ti 

ai
,
ci, i sε

(32)

where ci,i is the corresponding diagonal element of the corresponding covariance matrix.
The value of ti calculated was compared to the tabulated value tT = t(,). If ti  tT then
the coefficient ai is considered to be significant and should stay in the model. Otherwise, ai is
assumed to be comparable to the experimental error and can be omitted from the model.
Using the Student criterion, the allowable deviations of the regression coefficients
calculated B, D, m, n, p can be determined, as well as the energetic parameters of change of
the entropy, change of the enthalpyand change of the Gibbs free energy.
With high quality data, about 3-6 S-models turn out to be adequate, with the first several
ones having almost the same residual variance s r2 .
3.3.Kinetic analysis with single experiment and pooled data
Analysis of data from a single experiment (se), show that usually the highest s r2 has the Smnp
model. For most of the adequate models, the regression coefficients have no physical
meaning. Unsatisfactory results are often obtained from studies using pooled data from two
experiments (most often from at different heating rates ).
Using pooled data (pd) from two or more experiments, the activation energy Epd, preexponential factor Apd and the power coefficients involved (some among mpd, npd, ppd),
calculated for the adequate models, were found to be real values. An essential feature of the
adequate models is that if the values of s r2 for them are very close to each other, then the
values of Epd obtained will be almost equal and the values of Apd will be of the same order.
Using pooled data, every f() function from Table 2 can be identified by the empirical
kinetic method.
Since the left hand side integral in equation (9) cannot be solved by analytical methods
with the general expression of the f(α) function, then full kinetic analysis of data pooled from
different experiments cannot be carried out with the integral function g(α). Even with data
from a single experiment, the structure of models E1 and Au (Table 2) is incongruous with
linear least squares solution.
The determination of Epd by the method suggested can be performed both for a wide
range of the process studied (e.g. 0.10  α  0.90) and a narrow portion of it:

   0   .

(33)

With decreasing α, the dependence of activation energy on the type of model is reduced.
If α is small enough, then it could possibly contain only one point of each data series (with
its own ) for which α  α0. In this particular case, the method is equivalent to the
iso-conversional model free method of Friedman3. With more than one data point, the
advantage of the approach suggested is that the experimental data are utilized to much fuller

extent, which gives multifold reduction of the influence of random errors. This operation
eliminates tedious interpolation in the absence of appropriate values for α.
4. INSTRUMENTATION
The differential methods of kinetic calculations developed and the comparison of the results
obtained with these calculated by some of the well-known methods will be illustrated using
the thermogravimetric degradation of calcium carbonate in air.
Using an apparatus for complex thermal analysis STA 449 F3 Jupiter (NETZSCH –
Germany), the thermogravimetric (TG) curves of CaCO3 (Sigma-Aldrich, cat. No 202932))
were registered under the following conditions: temperature interval of the experiment 296 –
1123 (K); samples mass about 6 (mg) (thermo-scale precision 0.001 (mg)); heating rates () –
3, 6, 9, 12 and 15 (K min-1), as well as an experiment at 10\15 (K min-1) (started with
10 (K min-1), the heating rate was abruptly changed to 15 (K min-1) in on-line mode at
α  0.5); crucible – Pt with a lid and an opening; environment – synthetic air (flow rate
30 (ml min-1)); pressure - 101.325 (kPa).
Aiming to illustrate the method, the objects selected for the studies were substances of
analytical purity used as references to control the precision of the thermo-scales and the
temperature in the practical thermal analysis.
5. RESULTS AND DISCUSSION
The thermal degradation of CaCO3 proceeds by the following mechanism:
CaCO3(s) CaO(s) + CO2(g) - Q

(33)

For solid-state decompositions the pressure dependence of pressure on the d/d can be
presented as follows:
h(P) = 1 – P/Peq,

(34)

where P and Peq are respectively the partial and equilibrium pressure of the gases product3. At
atmospheric pressure Peq = 101.325 (kPa)45, PCO 2 = 0.039 (kPa), h(P) = 0.9996 is obtained.
Calcium carbonate thermal degradation has been studied by a number of
researchers1,2,22,35-43. The results from the ICTAC Kinetic Project2,22 confirmed the belief that
a single kinetic triplet (E, A and reaction model) should uniquely characterize a single
reaction.

Fig. 1. Effect of filtering of the TG-experimental data on the smoothing of the - and
V-curves of CaCO3 ( = 15 (deg min-1), t  0.00667 (min), w = 1)

Figure 1 shows the effect of filtering of the TG-experimental data on the smoothing of the

- and V-curves. As can be seen with a reduction of Kf from 1.00 to 0.15, the smoothing of

experimental data is improved without leading to a changes in the trend of primary data in the
field 0.05    0.95. Analysis carried out with test and real data showed that the kinetic
studies with data adjusted with Kf = 0.15, relative error values of kinetic parameters obtained
are less than 1.0%. When Kf = 0.05 smoothing leads to distortion and when is one way (line
Kf = 0.15 fw’) introduce a systematic error (shift) in the smoothed data that would ultimately
convert into filtering an errors in the values of kinetic parameters. Marked in the figure are the
ranges which can be used to calculate experimental variance sε2 .
Part of the results obtained from kinetic analysis with single experiments, carried out at
different  and S-models are presented in Table 3. Those results presented were obtained with
the Smnp model which usually leads to gives the highest degree of adequacy. The correlations
between the experimental data and the Smnp model is illustrated in Fig. 2A, where the data
were obtained at  = 15 (K min-1). These results indicate that the higher degree of adequacy
does not correlate to reproducibility of the results in different β values.
Table 3. Parameters of the kinetic model Smnp for thermogravimetric degradation of calcium
carbonate for single experiments, carried out at different heating rates and 0.10   0.90
 (K min-1)
3
6
9
12
15
10\15

E (kJ mol-1)

A (min-1)

m

n

p

sr2 x104

-36.9
443.2
266.5
-182.8
14.4
131.0

7.46.10-01
2.74.10+22
1.19.10+13
1.13.10-10
2.01.10+00
1.44.10+06

0.027
-2.071
-1.986
-0.684
0.472
-4.863

0.629
0.793
0.962
1.012
0.390
2.099

1.109
0.880
1.577
2.338
0.393
4.945

0.0053
0.0491
0.0144
0.0793
0.0399
0.0770

Fig. 2. Lines of the experimental data and these of model Smnp (0.10    0.90)

A- with single experiment data, = 15 (K min-1) (a - experimental data, b - model line); B - with pooled
data from experiments a-f: (a -  = 3 (K min-1), b -  = 6 (K min-1), c -  = 9 (K min-1), d  = 12 (K min-1), e -  = 15 (K min-1), f -  = 10\15 (K min-1), and g - model line

Table 4 shows the results from the kinetic analysis carried out with pooled data ( = 3, 6,
9, 12, 15 and 10\15 (K min-1), 0.10    0.90) and consolidated data ranges intended for
statistical processing. The calculated allowable deviations of the parameters are omitted. The

models are sorted by sr2 . Again, although with little advantage, the highest rank reveals the
kinetic model Smnp. The kinetic studies performed with great number of numerous and
experimental kinetic data show that the most adequate model in more than 95 % of the cases
was Smnp-model. The plots obtained by Smnp with pooled data and for the individual
experimental sets are presented in Fig. 2B.
It is obvious from Table 4 that the adequate models (the first five ones) gave practically
the same values of the pooled activation energy Epd and the pooled pre-exponential factor Apd
which guaranteed the reliability of these results. In the cases when Epd values obtained by the
different significant S-models were notably different, the value obtained by the most adequate
model was taken.
Table 4. Parameters of S-kinetic models of thermogravimetric degradation of calcium
carbonate obtained with pooled data ( = 315 (K min-1), 0.10    0.90)
No

S-model

1
Smnp
2
Sn
3
Snp
4
Smn
5
Smp
6
Sp
7
Sm
Average №1-5

Epd (kJ mol-1)

Apd x 10-9 (min-1)

mpd

npd

ppd

sr2 x 104

Adequacy

189.931
189.934
189.920
189.937
189.934
191.953
188.934
189.931

1.671
1.696
1.592
1.579
1.697
1.437
0.909
1.647

1.0052
0.0163
0.8441
0.2044

0.6914
0.2976
0.3176
0.3111
-

0.9875
0.0161
-0.8017
-0.1758
-

0.3493
0.3501
0.3561
0.3561
0.3673
0.8357
1.2540

Yes
Yes
Yes
Yes
Yes
No
No

Since models Sp and Sm did not obey F-test of adequacy by a small value, the values of
Epd and Apd determined by these models are very close to these obtained by the other models.
Fig. 3 shows graphically the dependences of the activation energies on the degree of
conversion o, determined by different methods. The results were obtained using
experimental data taken at  = 3, 6, 9, 12 and 15 (K min-1), while the method suggested
involves the data from the experiment at  = 10\15 (K min-1). Each value of Epd calculated by

Fig. 3. Activation energy of the process of non-isothermal degradation of calcium carbonate,
calculated by different methods (results, obtained by KAS, Tang and Staring methods
are practically equal)

the method suggested was obtained with the set of data points where  = o  0.025. This
range contains an average of 550 data points (about 90 points from each experiment). The
results are given for model Smnp, which had the least sr2 for all the calculation procedures.
Close to these values were obtained with the other adequate S-models in Table 1. It can be
seen from the results presented in Fig. 3 that that the change of Epd does not show variation of
values characteristic for the determination by the method of Friedman. This is due to the large
number of data points taken from each experiment, which prevents the random fluctuations of
the data at certain point.
The higher values of E obtained by the method suggested (as well as these obtained by
the method of Friedman), to our opinion, was due to the lack of approximations, characteristic
for the methods using g().
Comparatively good results were also obtained by the empirical kinetic method and
pooled data for the f()-models in Table 2. In a very narrow range (  0), all the models
may possibly have the same sr2 -which confirms the independence of the iso-conversional
methods on the model type. At  > 0.01, the universal Smnp-model gives more accurate
results.
The values of sr2 for the kinetic functions f() obtained by the empirical kinetic method
with pooled data over the conversion interval 0.10 ≤≤ 0.90 are presented in Table 2. These
values indicate that the highest ranks have the functions F1/3, R2 and P3/2 which have close
values of the corresponding sr2 ,while the calculated activation energies E were 193.506,
206.944 and 221.223 (kJ mol-1) and the pre-exponential factors A were 1.656, 7.392 and
5.553×109 (min-1), respectively. For the F1/3 function, the result is very close to the values
reported by Burnham1,2,20.
In studies performed by iso-conversional methods, the final result obtained is usually
assumed to be the average arithmetic value Eavr which is then used to determine the kinetic
model of the process or for other purposes. The present studies carried out by the method
suggested showed that the mean Eavr obtained from Epd,i differs from Epd obtained from the
data over the whole range. In the example with 0.10 ≤≤ 0.90 discussed,
Eavr=192.621 (kJ mol-1) (Fig. 3), while Epd =189.931 (kJ mol-1) (Table 4). This is considered to
be due to the non-linearity of the functions and the kinetic models.
When it is necessary to adapt the reaction process to the most proper kinetic function
shown in Table 2, the empirical kinetic method can be used for the f() models over pooled
data and given E = Epd. Table 2 shows the values of sr2 obtained by kinetic calculations using
each f() function over the conversion interval 0.10 ≤  ≤ 0.90. It can be seen from the results
obtained that the highest rank had the function F1/3 (A = 1.059×109(min-1), sr2 = 0.4116 ×10-4)
since the value of sr2 is significantly less than these for the following functions A2
(A = 1.822×109 (min-1), sr2 = 1.9195 ×10-4) and R2 (A = 8.803×108 (min-1), sr2 = 2.0841
×10-4). This was considered enough to assume that the F1/3 function is the most adequate
reaction model for the thermal degradation of CaCO3.
The correctness of the selection of model function can be improved by assuming that the
function f() selected is a special case of some class of S-functions. In the example discussed,
the F1/3 function belongs to the class Sn-functions. The following final results were obtained
0.6114
0.759
with this function: Epd  189.931-0.764
) 109 (min-1) [ ln(Apd)=
/kJ mol-1 , Apd= (1.6948-0.5495
21.2508 ± 0.3081 ],

mpd = 0.2936 ± 0.0045,

average

change

of

the

entropy


 ΔS pd



1
- 116.27 3.12(J K-1mol-1) , average changes of the enthalpy  ΔH pd  191 .74  6.12 (kJ mol ) ,

changes of the Gibbs free energy ΔGpd
 308 .48  6.60 (kJ mol 1 ) .

0.955
If Kf = 0.40 and w=3, results for Sm functions are: Epd  190.493-0.920
(kJ mol-1) , Apd=
0.9024

(1.6352 -0.5842
) 109 (min -1) , [ln(Apd)=21.2153 ± 0.4932 ], mpd = 0.2891±0.0084, ΔS pd
 - 114.45


 305 .93  11.79 (kJ mol 1 ) .
 191 .51  11.14 (kJ mol 1 ) and ΔGpd
 11.08(J K-1mol-1) , ΔH pd

If Kf = 1.00 (unfiltered data) then kinetic analysis of the proposed method can not be
done.
6. ALGORITHM FOR KINETIC ANALYSIS BY THE METHOD SUGGESTED
The studies carried out can be summarized into the following algorithm:
1. For each TG experiment:
1.1. Vα()-data are determined by modeling the data on the degree of conversion α()
obtained by Kf = 1 and w = 1 (equations (27) and (28)). Received Vα() are considered as
experimental;
1.2. The range (ranges) of points by which the experiment variance will be determined
(Fig. 1). The data at these points (Vα,i) is saved to a common database for calculation of the
variance sε2 ;
1.3. Filtering with suitable filter coefficient Kf is performed (equations (16) and (17))
until a Vα(t)-curve with proper suppression of the high-frequency disturbances is obtained
without significant displacement of the newly obtained curve from the non-treated one;
1.4. Vα()-curve is smoothed by recalculating (equations (19) and (20)), involving
suitable number of 2w points, adjacent and symmetric to the point studied to avoid random
inaccuracies;
It is recommended that the values of Kf and w are the same for all experiments.
1.5. The data range is determined for the process studied or for an order of a multiorder
process (0.000 ≤ α ≤ 1.000). The data at these points (αi, Vα,i, Ti, β) are saved to a common
database for kinetic calculations;
2. The databases of pooled data for kinetic calculations and calculation of the
experiment variance are loaded;
3. The whole reaction range (0.000 ≤ α ≤ 1.000) is divided into N sub-ranges. For each
sub-range, the basic degree of conversion 0,i and the range of points i is determined
(equation (33)) at constant step between the points:

0,i  i /( N  1) ;

  0.5 /( N  1) ;

i-1, 2…, N.

(35)

4. In each sub-range, kinetic calculations are carried out by the empirical kinetic method
with S-functions (equations (14)-(17)). The activation energy for the ith sub-range Epd,i is
assumed to be one obtained by the S-function with the least sr2 ;
5. The results are analyzed. If the values of Epd,i care acceptably close in some region
αr,I  αr,f, then it is assumed that the process in this region is described by one function. The
reaction range might possibly contain more than one region of this kind;
6. In the region selected αr,I  αr,f, kinetic calculations are carried out with S-functions
(equations (21)-(27)). The activation energy of the region Epd is assumed to be the value
obtained by the S-function with the least sr2 ;
7. For the determination of the most adequate f() function from Table 2, calculations
by the empirical kinetic method are carried out at the E = Epd determined. The most

appropriate kinetic function is assumed to be the one with the least sr2 . If several functions
with very close sr2 are found, then the choice of f() is not fully unambiguous;
8. For the kinetic function selected, Apd and (if the products of conversion are gases) the


mean energy parameters: change of the entropy ΔS pd
, changes of the enthalpy  ΔH pd
and

changes of the Gibbs free energy ΔGpd
are determined;

9. If better model identification and parameterization precision is required, additional kinetic
calculations should be performed with a differential S-function appropriately selected from
Table 1. These calculations should be performed under a constant E = Epd as used in Step 7.
For the selected S-function, the available power factors (mpd, npd, ppd), Apd, and (if the



products of conversion are gases) the mean energy parameters ΔS pd
,  ΔH pd
and ΔGpd
are
determined.
Depending on the purpose of kinetic studies, some stages of the algorithm may be
omitted.
The proposed procedure is performed through computers. The sequence of calculations
are conducted in interactive It is relevant to point out that the computation time is absolutely
negligible, if compared with the time required for the classical calculation.
The proposed approach for differential non-isothermal kinetic studies has been adapted
for kinetic decomposition and analysis of complex processes of destruction with the
implementation of distributed activation energy model (DAEM). This version is applied to
kinetic studies of chitin and chitosan46,47.
7. CONCLUSIONS
A review of the basic methods of non-isothermal analysis was carried out. The main
advantages of the method of Friedman for kinetic calculations are discussed. The essential
problems of the method are in the quality data on conversion rate. An attempt was made to
overcome this problem by effective two-way filtering of the data on experimental mass (or the
degree of conversion) using a two-capacitive low past filter. By filtering with this filter, the
high frequency disturbances are suppressed without significant effect on the shape of the
filtered data curve (Fig. 1). To a great extent, this makes the data on the conversion rate
suitable for kinetic calculations. Further improve and smooth of the conversion rate data was
suggested by deriving a third order polynomial for the conversion degree at each data point
involving reasonable number of adjacent points followed by differentiation of the polynomial.
Based on the fundamental equation of Šestak and Berggren, a regression analysis was
developed to determine the parameters of the kinetic equation. An approach for determination
of the significance of the regression coefficients and the adequacy of the kinetic model were
suggested.
Proposed approach was tested by kinetic studies using data from TG non-isothermal
degradation of calcium carbonate. Comparative calculations were performed by the well
known iso-conversional methods. It was shown that using kinetic data from single
experiments and S-functions (Table 1), the parameters calculated did not have physical
meaning despite the model adequacy (Table 3). When kinetic calculations with pooled data
from several experiments at different heating rates were carried out, the parameters obtained
were shown to be correct and comparable to the results obtained by other methods (Table 4).
It was shown that the iso-conversional method of Friedman can be regarded as a particular
case of the method suggested.

Kinetic analysis was carried out with pooled data and the f()-functions shown in
Table 2. It was demonstrated that when activation energy Epd is defined the kinetic function of
the reaction process can be determined with higher precision.
Some inaccuracies in the f(α)-function found in certain publications have been corrected
in Table 2.
A multi-variant algorithm of kinetic analysis by the method suggested was formulated.
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