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ABSTRACT

The Coats—Redfern and the Romero et al. integral discrimination methods are compared
through kinetic analysis of thermogravimetric data. Both are used to determine the kinetic
model an obtain kinetic parameters from a — T data generated from a wide range of kinetic
parameters and nine different kinetic models.

The Romero et al. method allows determination of the kinetic model in all cases. The
Coats—Redfern method does not allow discrimination between most of the models.

When the kinetic model is known, both methods calculate kinetic parameters with
accuracy.

INTRODUCTION

The practical importance of thermal decomposition kinetics in solids has
led to a very extensive effort to understand the mechanisms which control
these reactions.

Thermogravimetric (TG) analysis is the experimental method most com-
monly used for determining the model which best describes the decomposi-
tion reaction.

Several techniques [1-6] are used to analyse weight loss vs. temperature
data obtained using TG. The most common of these techniques is the one
developed by Coats and Redfern [1].

In this paper, conversion vs. temperature data are generated using differ-
ent models and kinetic parameters at different heating rates. These data are
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used to compare the Coats—Redfern technique with the one proposed by
Romero et al. [6] so that the advantages of each can be established.

Coats—Redfern method

The mathematical description of solid weight loss during heating can be
represented with an Arrhenius-type reaction equation

%‘-;‘— = A exp(~ E/RT)f(a) (1)
If the reaction is carried out at a constant heating rate 8, defined as
we can use « and T to remove the time dependence in eqn. (1)
da 4
ar B exp(— E/RT )f(«) (3)
and then integrate the equation
A T o

a)=—| exp(—E/RT)dT 4

-[f()g()B-/;"o p(—E/RT) (4)

We can then apply the Coats-Redfern approximation, supposing
(1—-2RT/E) =1, to obtain
gla) . AR _E
=1n BE ~ RT (5)
A linear regression of this expression is required to obtain kinetic parame-
ters. The A and E values can be estimated from the values of the slope and
the intercept.

In

Romero et al. method

By using several heating rates, it is possible to split the temperature and
conversion influences in a two-part analysis. The first is at constant temper-
ature and the second at constant conversion [6].

Points that correspond to the same temperature for a set of a—7 experi-
mental curves at different heating rates are used to study the conversion
influence. Each of these points corresponds to a time ¢ obtained from eqn.
(2). The a—t data have to fulfil the condition

gla) =Kt (6)
where
fTA exp(—E/RT) dT
T,
K _

i T—T, (7)
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Using the Coats—Redfern simplification to integrate eqn. (7), we obtain
the relationship between the kinetic constant K and the slope of eqn. (6) K ;

_ Kni(T'R—T'TE))E(l_ 2§T) (8)

Assuming (1 -2RT/E)=1, K, values can be used to obtain 4 and F
by taking into account the Arrhenius equation

K A E
In == - -+ 9
"E E RT )
The temperature influence is obtained by analysis at constant conversion,
i.e. using temperature values for a given conversion in a set of a-T

experimental curves. From eqn. (5) we obtain
B A/E_E
RT? g(a) RT

It is possible to obtain values for the kinetic parameters for any given
constant a.

K

In (10)

GENERATION OF a-T DATA

In order to compare the Coats—Redfern and the Romero et al. methods,
sets of a—T data were generated at five different heating rates (0.5, 1, 2, 5
and 10 K min™!). Simpson’s rule (AT = 0.1-0.25 K) was used to integrate
the right side of eqn. (4) and to obtain the a—7 data.

With E =30 kcal mol™! and 4 =10° min~!, nine sets of experimental
a—T data were obtained, corresponding to each of the models in Table 1.
From these data it was possible to determine the influence of the conversion
on the method of discrimination.

In order to determine the influence of the kinetic parameters on the
method of dicrimination, three sets of generated a—T data with different
kinetic parameters were used with the R3 model. The initial kinetic parame-
ters for each set were E = 10 kcal mol™! and 4 =100 min~?!; E = 30 kcal
mol ! and 4 =10° min™!; and E =70 kcal mol™! and 4 =10’ min~".

ANALYSIS OF THE a-T DATA

Analysis of the kinetic data by the Coats—Redfern method requires only
one of the a—T curves from each set. In this paper the curves used were for
B=1K min~!, but curves for different heating rates yield similar results.

Applying the Romero et al. method requires the set of five a—T curves.



78

[ (@ -1D~1l /(@ =T1) €l (A170w008 Teouayds) [eUOISUSIIP-9aIY ], (9)
[,(»-D-1k P =1 d (Answioag [eoupurAs) [euotsuswmp-om], ()
o JUBISUOD) ™ (19pI0 019Z) [euoIsUsWIP-auQ (8)

uonoeal Arepunoq aseyq
[ge®-D—-¢/PT-1]% [I-¢/-(=1) £d (Anpwo003 reousyds) UOISNYJIp [EUOISUSWIP-33IY], (9)
+(0—Du(v—1) (@ —=Du-1 7a (Anowosd [eoupun£o) 11odsuen) feuotsuswp-om 1, (q)
/P = 1a Hodsuern [euolsuawip-auQ (v)

uorsnyyIy
el(® ~Dul] - /[0 —Dur—1(® —1)¢ £d 14018 13[oNU [FUOSUSWIP-301Y ], (3)
2@ = )ug] - l®—=Dur=1(» - 1)t d qimo018 1eponu [euoIsusunp-om, (q)
(o —Dug— -1 d uoneapnu wopury (&)

1018 2[ONU PUE UOTIBIPNN

(0)3 (o) [oquikg WSTUBYOAW 218y

S[OpOW JUAIAJJIP JO SUOTIOUNJ UOISISAUC))

1dT4VL



79

0001 6660 8660 666'0 6660 L66°0 1660 £66'0 P66°0
6'6Z 6T SLT P'p1 8l ¥l ¥'€ $9 oSt (_[ow ey 7

saLs $a 89 SATE a4 0z 9L z-"PI 0z'0 74 0T (,_ww) p 78z £a
6660 0001 6660 8660 6660 6660 9860 166°0 £66°0 y
90¢ 662 €87 b1 1yl 81 3 $'9 2SL  (,_jow feoy) F

93 0’1 1%: K] sHEY €T ar#d SEl z-dAvl 610 a6l () 9Lz Ta
6660 6660 000°t 966'0 8660 0001 £26°0 8860 166°0 . A
61¢ £1€ 66T 7St gyl 9'cL 9E L9 Tl ( _[ow [eay)

99 9'1 93 ¥'L sa¢8 §97 L vel T-AECl 61°0 R (_umw) y £9 1a
6660 866'0 ¥66°0 000°1 6660 £66°0 966'0 L66°0 L66°0 4
2’65 9L ors 6'6C 987 9’57 06 0s1 8T€  (,_jow uoy) 7

vig L1 €1d L'L €1F 0°T s3I €8 548y +d 68 €1 301 LAY (o) ¥ 081 €4
6660 6660 1660 6660 000°1 L66°0 £66°0 v66°0 $66°0 ¥
$19 09 o'LS o'1E 662 0Lz €6 €61 g€ (,_jow jeox) 7

vid 9°s YT 8T gII 9P A €1 savy sa61 LE1 Aart (A8T (,_um) pr £L1 4]
6660 6660 6660 L66°0 866'0 0001 1660 766°0 7660 g
9'99 v's9 L'T9 6'7¢ 43 667 9'6 6'sT Lve (1w eoy) g

SIH vy S1A 6T yIa gL 9q LT % A s €8 ' o KA (ave (,_unw) p 1931 4
6860 936°0 8L6°0 $66°0 1660 9160 6660 6660 6660 4
£evl 6LET £LTl 9L LI 079 €L TP 788 ( _jousjeoy) g

SEA 9P PEI TT €9 vt LA U6 SId €L vId 9T sa 91 634 8T wZace (,_um) p 001 €4
€660 066°0 £86°0 L66'0 v660 7860 666'0 000°1 6660 4
9'801 I'sol L6 €95 LES oLy 881 267 LTy (_jow [eoy) 7

973 §°T ST L'E €24 8'S 719 8¢ 13 L6 013 9T a9 s 6L v U () y 1941 zd
1860 $L6'0 £96°0 066°0 7860 956°0 000’1 6660 6660 4
L'y 9'sh S 8T 67T T6l 2L €L %67 (,_[ow [BoxY) 7

6369 6322 b Rard £9 69 £ 8T Lave £6°0 1'91 SATS (,_um) p oLz 14

syutod (U 0 =}

£a a ia £ ety I8 €4 74 4 Lo om0 —g

[epow paqoid raquunn Ppow anyy

S[OPOW UI9MIIQ UONBUTLILIOSIP POYIdW LIaJPay pue $180))

237dvL



80

sjutod -» jo raqunu jussardar sasoyjusred ur sanfep

6660 866°0 v66°0 000'L 6660 £€66°0 $66°0 $66°0 9660 e (S11) 4
9LIT €yIT T°L01 6°6S TLS 0'1$ 9'81 g0t 799 09 (, ~Tow [e3Y) 7
914 6'1 SI4 69 $1d $°9 94 L'8 HTY §4 96 14 d°ee 8 6¢ . 01 (;-um)
666°0 866'0 ¥66°0 0001 666°0 £66°0 966°0 L660 L66°0 - (081) 4
76S 9'LS 1849 6'6T 9'82 96T 0’6 oSt 8'Ce 0t (,_fow [es)) 7
PiA Ll ETALL €14 01 s ¢£°8 SA 8 vd 68 £l d01 LA vT 901 (, um) p
666°0 8660 $66°0 0001 666'0 €660 L66°0 L66°0 L6670 o (18T7) 4

¥ 0T 861 981 66 S'6 ¥'8 &4 194 801 o1 (- Tow 1eay) 7

94 9 9 e 9HT1 YL 879 et T—dTt (434 T8 001 (,_umm)
€a za 1a £d od x| €4 7 4 gnpea sorourered
[PPON iy anoury

S[opow snoweA 9y} Juisn paje[nofed sivjourered onoUNY (poYIoW UIDJPIY PuUE S1EOD)

€ 4'1dV.L



81

Coats—Redfern method

Table 2 shows the calculated kinetic parameters and the correlation
coefficients obtained when each of the nine kinetic models is used to fit the
a-T data generated from each of the nine kinetic models. The kinetic
parameters obtained when the probed model is the best fitting one are very
close to the initial values. In practice, however, the initial values and/or
kinetic model are obviously unknown. The only way to discriminate between
models is by the value of the correlation coefficient, but this is so high in all
cases that choosing between models is impossible.

Table 3 shows the kinetic parameters obtained for each of the nine
models used to fit the a—7 data generated with the R3 model and three
different combinations of kinetic parameters. Again, discrimination between
the models is difficult.

Romero et al. method

From an analysis at constant temperature, a—7 data corresponding to a
given set were fitted using eqn. (6). Table 4 shows the results of fitting data
generated with E =30 kcal mol ™!, 4 =10° min~ ! and g(a) =1 — (1 — a)*>.
In all of these cases, discrimination between models is achieved by com-
paring the correlation coefficients. The kinetic parameters are obtained from
the slopes generated with each model and using eqns. (8) and (9) (see Table
5).

It is clear that the kinetic parameters that are most like the initial ones are
the parameters obtained when the R3 model is used. However the value of
the correlation coefficient is insufficient for discrimination between the nine
models. An analysis at constant conversion is necessary to obtain the kinetic
parameters and compare these with those obtained in the analysis at
constant temperature.

Table 6 shows the E and A/g(a) values obtained when eqn. (10) is
applied to fit data generated at five different constant conversions. The
correlation coefficient is 1.000 in all cases. The E values are very close to
those obtained in the analysis at constant temperature with g(a) correspond-
ing to the R3 model.

Table 7 shows the A values at any given constant a and considering the
nine possible models. All the A values are around 10° and the influence of «
is not pronounced. However, 4 decreases for the F, R1 and R2 models and
increases for the D models with increasing a. The A values for R3 are
similar to those obtained at constant temperature for any conversion level.

The R1 and R2 models also generate A values which are close to the
initial values but very different from those obtained in analysis at constant
temperature (see Table 5).
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TABLE 5
Kinetic parameters from analysis at constant temperature, using egns. (8) and (9)
Model E A r
(kcal mol 1) (min 1)

F1 35.64 1.65 E8 0.9960
F2 19.04 1.62 E3 0.9874
F3 13.53 26.65 0.9707
R1 21.50 5.14E3 0.9878
R2 27.43 2.09 E5 0.9991
R3 29.87 833 ES 1.0000
D1 43.75 9.80 E9 0.9850
D2 49.49 3.15 Ell 0.9916
D3 52.29 1.57 E12 0.9943
TABLE 6
Romero et al. method: analysis at constant conversion
a E A/g(a)

(kcal mol ™) (min~1)
0.1 29.87 0.24 E8
0.3 29.85 0.73 E7
0.5 29.86 0.40 E7
0.7 29.84 024 E7
0.9 29.84 0.15 E7
TABLE 7
Pre-exponential factor from an analysis at constant conversion
Model Ax107% (min~1)

a=01 a=03 a=05 a=0.7 a=09

F1 2.53 2.6 2.77 2.89 3.45
F2 7.79 436 3.33 2.63 228
F3 11.30 5.18 3.54 2.55 1.98
R1 2.40 .20 2.00 1.68 1.35
R2 1.23 1.19 1.17 1.08 1.03
R3 0.83 0.82 0.82 0.79 0.80
D1 0.24 .66 1.00 117 1.21
D2 0.12 0.37 0.61 0.81 1.00
D3 0.08 0.25 0.44 0.61 0.83

Comparing the E values in Table 6 with those in Table 5 is usually
sufficient to indicate the true model. If this were not possible, comparing 4
values would allow discrimination between models. Table 8 shows kinetic
parameters obtained from a-7 data generated for nine different models
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TABLE 8

Influence of the kinetic model on the calculated kinetic parameters (initial parameters:
E =30 kcal mol~}, 4=10° min~1)

Model E (kcal mol™") AX107¢ (min™")
Analysis with Analysis with Analysis with Analysis with
T constant « constant T constant « constant

F1 28.67 29.87 0.38 0.82

F2 27.04 29.84 0.14 0.81

F3 27.35 29.89 0.17 0.88

R1 29.58 29.87 0.69 0.82

R2 29.65 29.87 0.72 0.82

R3 29.70 29.89 0.75 0.84

D1 29.83 29.87 0.81 0.83

D2 29.84 29.88 0.82 0.83

D3 29.87 29.88 0.83 0.83

TABLE 9

Influence of the initial kinetic parameters on the calculated parameters (data generated with
the R3 model)

E (kcal mol™1) A (min~1)
Initial Calculated Initial Calculated
Analysis with Analysis with Analysis with Analysis with
T constant a constant T constant a constant
10 9.80 9.85 102 0.67 %102 0.71 X 102
30 29.70 29.89 106 0.75 %108 0.84x%10°
60 59.46 59.82 107 0.75x107 0.85%x10’

using E = 30 kcal mol~! and A =10° min~!. In all cases, discrimination
between models is easy and, as can be seen in Table 8, the kinetic parame-
ters obtained are very close to the original ones.

Table 9 shows the kinetic parameters obtained from a-7 data corre-
sponding to the R3 model and three different combinations of initial
parameters. Discrimination between models is easy, and the kinetic parame-
ters obtained from both analyses at constant temperature and at constant
conversion are very similar. The lower the E and /or A value, the greater the
error with respect to the true value. However, the errors are not excessive in
any case.

CONCLUSIONS

The Coats—Redfern method is useful for calculating kinetic parameters
when the kinetic model is known, but that is not always the case.
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The Romero et al. method allows discrimination between models in all
cases, and the calculated kinetic parameters are very close to the true values.

LIST OF SYMBOLS

A = frequency factor (min~"')

E = activation energy (kcal mol ')

f(a) = conversion influence on the rate of decomposition
gla) = [da/f(e)

K = reaction rate constant (min~)

R = gas constant (kcal mol™! (K1)

T = temperature (K)

t = time (min)

Greek letters

a fractional conversion
B = heating rate (K min~')

Subscripts

observed from non-isothermal data

ni
0 = initial
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