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A new iterative model-free (isoconversional) method with integration over a given range of conversion
for determination of the activation energy using non-isothermal data recorded at several heating rates
has been suggested. The advantages of applying this method in comparison with often used linear and
nonlinear isoconversional methods are put in evidence. The suggested method was applied to experimen-
tal non-isothermal data for degradation of polyvinyl chloride, decomposition of ammonium perchlorate
and crystallization of poly(ethylene terephthalate) melt. The so obtained values of the activation energy
were compared with those resulting from other methods of analysis.
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1. Introduction

Under non-isothermal conditions at a linear heating rate, the
kinetics of heterogeneous reactions is usually described by the rate
equation:

da da E
T =Bar = A (@exp (—ﬁ) (1)

where « is the degree of conversion, t is the time, T is the tempera-
ture, B is the linear heating rate, A is the pre-exponential factor, E is
the activation energy, f{«) is the differential function of conversion
and R is the gas constant.

Starting with this equation, various procedures for evalu-
ating the kinetic triplet (A, E, fla)) were developed. As has
results from some critical analyses [1-14], the correct determi-
nation of non-isothermal kinetic parameters involves the use
of experimental data recorded at several heating rates. These
data have allowed applying the isoconversional (model-free)
methods in assessing the activation energy on the conversion
degree that can be correlated with the investigated process
mechanism. Isoconversional procedures are classified as either
linear or nonlinear. In the linear procedures, from which we
mention Friedman (FR) [15], Flynn-Wall-Ozawa (FWO) [16,17],
Kissinger-Akahira-Sunose (KAS) [18], Li-Tang (LT) [19,20], the
activation energy is evaluated from the slope of a straight line, while
in integral [21-25] and differential [26] nonlinear procedures the
activation energy is evaluated from a specific minimum condition.
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Both linear and nonlinear procedures may be either differential or
integral according to the equation that underlies them, namely Eq.
(1) or its integral form:

where g(«) is the integral conversion function and I(E,, Ty ) is the
temperature integral that cannot be exactly resolved.

The linear methods use some simple approximations of the tem-
perature integral, like those suggested by Doyle [27] and Coats and
Redfern [28], which exhibit a relative low accuracy. On the other
hand, the integral nonlinear procedures allow using more pre-
cise approximations of this integral, like the rational expressions
given by Senum and Yang [29]. Therefore, the application of inte-
gral nonlinear procedures leads to accuracy values of E. However,
in comparison with linear methods, the use of nonlinear methods
need a longer computational time. An attempt to outrun this disad-
vantage was performed by Gao etal. [30] who suggested aniterative
procedure in which is assumed the reaction order model.

The derivation of equations that underlie the integral linear
or nonlinear procedures assumes the independence of the activa-
tion parameters (E and A) on the conversion degree. On the other
hand, it was pointed out [3,31-34] that when E depends on «,
some important differences exist between E values determined by
differential and integral isoconversional methods. In such a case,
the differential isoconversional methods, like FR [15] and nonlin-
ear differential [26] methods, as well as the modified (advanced)
nonlinear method suggested by Vyazovkin [24] are recommended
as the results obtained by integral isoconversional methods are
dependent on the history of the system in the range 0-« [4]. For
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some cases in which activation energy changes with conversion
degree, the dependence of E, on lower limit of integral was also
put in evidence [35] by applying LT method.

Because differential methods employ instantaneous rate values,
itis sensitive to inherent noise and tends to be numerically unstable
[36]. The corresponding errors could be reduced by smoothing of
the experimental data. In order to eliminate this systematic error,
Vyazovkin [24] suggested a modification of the integral nonlin-
ear method previously worked out by him [21], which consists in
determining the integral I(E, Ty ) over a small A« range (modified
nonlinear method). Budrugeac [26] pointed out that for Ax — 0,
the E, values obtained by this method are practically equal to those
obtained by FR method. Recently Cai and Chen [37] suggested a iter-
ative linear integral isoconversional method for E, evaluation that
also uses the integration over a small A« range and leads to correct
values of the activation energy in much less time than Vyazovkin
method.

In this paper, a new iterative integral isoconversional method
with integration over a given range of conversion will be suggested.
It will pointed out the following advantages of this method: the
applicability for large and small A« ranges; the possibility of using
of precise approximations for temperature integral, even the val-
ues of this integral obtained by numerical integration performed by
Mathematica software system; put in evidence the importance of
lower limits of integration for E, evaluation when E depends on «;
the method can be applied even when the initial temperature cor-
responding to o =0 is randomly choice from the range 0 - minimum
onset temperature; the application of this method in certain favor-
able cases could indicate the range of conversion degree in which
the kinetics of the complex investigated process is determined by
a certain step characterized by activation parameters that do not
depend on «.

2. Theoretical part

The integration of Eq. (1) for the limits «1(T7) and «»(T), and
constant heating/cooling rate leads to:

g(o2) ~ glen) = 2/:2 [exp (~ )| ar 3)

In the integral linear isoconversional methods, as FWO [19,20] and
KAS [21], as well as in nonlinear integral isoconversional method
suggested by Vyazovkin [21], it is considered the case in which
o1 =0. In such condition, fOT‘ [exp(—E/RT)]dT ~ 0 [38] and Eq. (3)
turn into Eq. (2).

The integral temperature from the right member of Eq. (3) can
be expressed as [25]:

11 = [ [ ()|

- /0T1 {exp (7%)] dT = %[P(Xz)*P(M)] (4)

where x = E/RT.

From the numerous approximations suggested for p(x) in Sec-
tion 3, we will use the four order approximation given by Senum
and Yang [29], which exhibits a very high accuracy (the relative
error lower than 0.6% for x> 1):

eX x3 4+ 18x% + 86x + 96
p(x)zi V) 3 2
X x% 4+ 20x3 + 120x4 + 240x + 120

Eq. (3) can be written as:

(5)

p(x2) — p(x1)
(T2 = T1) [exp (-5 ) ]
(6)

glag) — gl )=%(T2_T1) [exp <_RET2)}

from which it results:

B A E
In =In +In Ry — — 7
T,-T glaz) —glay) ' RT, )
T2 [ exp(—E/RT)|dT
S, lexoE/RD)] E_ p0g)-plx)

where R;= .Considering

(T-T1)[exp(~E/RT2)] — R (T,—T1)[exp(—E/RT;)]
that 1 =0, T; =Ty (onset temperature of the considered process)
and R; =1, this relation turn into:
B A E
T-T, gl RT ®)
Eq.(8)was derived by Kennedy and Clark [39] by integration of rate
Eq. (1) assuming T=const. and introducing in the obtained relation
B=T-Ty/t. As was recently noted by Ortega [40] the derivation of
Eq. (8) is conceptually erroneous because, in non-isothermal con-
dition, the change of variable t with T must be performed before
the integration of Eq. (1) considering T=const.
According to relation (7):
din (B/ (T - T1)) dInR; dInR; )
=- - =Ekc —R—F——=
d (1/T2) d(1/1,) d (1/T,)
where Exc=—R(dIn(B/T, —T1))/d(1/T;)) is the activation energy
corresponding to a procedure based on the relation:

n B _ In A _E
T,-Ty = glaz)—glay) RT,
This is similar with that derived by Kennedy and Clark [39].

In order to evaluate the activation energy using Eq. (9), the fol-
lowing iterative procedure is proposed:

In

1 (10)

I. For R;=const., by plotting In(8/(T, —T;)) vs. 1/T, activation
energy E(V) =Eyc is obtained from the slope of this straight line.
II. EM being introduced in the expression of R;, the value of E) is
evaluated from the slope of the straight line (In(8/(T, — T1)) — In
R[) VS. ]/Tz.
1I. Let E@) replace E(V) and repeat the step Il until |(E(*1) — E1)); < 0.1
k] mol-1.

In comparison with integral isoconversional methods, like FWO
and KAS methods, the above suggested iterative procedure exhibits
the advantage of the possibility of using for temperature integral
one of the more precise approximations or the values of this integral
exactly numerically evaluated by Mathematica software system.
Another advantage is that this procedure can be applied for all
ranges of Ac, even small A« ranges.

Obviously, E = Egc for R;=const.=C. In order to put in evidence
the cases in which this condition is respected, we will consider that
for relative small range of T, (in the experimental cases which will
be analyzed in Section 3: AT, <50K), the exact value of I(E, T, T;)
is proportional with the following gross approximate expression
of the temperature integral suggested by Mianowscki and Radko
[41]:

IE. T, T1) ~ Clr(E. T2, Ti) = € { T [exp (—%)}
2

o ()]

As we will show in Section 3, C* value exhibits a relative standard
deviation around the average value lower than 4%.

Substituting the expression (11) in the relation of R;, the condi-
tion R;=C becomes:

T,(C* - C) {exp (—R%)} +T {C {exp (‘R%ﬂ
o [exp (_%)H:O (12)
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Table 1

The values of the activation energy obtained by isoconversional methods for thermal degradation of PVC.

o Emr (Kfmol=')  Epwo (Kfmol~1)  Egss (kjmol-1) Enpny (KJmol=1)  Ep (T; =0K) (k] mol-1) Eir (T; =400K) (kfmol~')  Ep (Aa=0.05) (kJmol-1)
0.10 104.2 + 2.0 105.1 + 4.2 102.0 + 44 102.0 102.2 + 4.6 102.1 + 4.6 107.5 + 7.2
0.20 1015+ 2.2 1049 + 2.8 101.7 + 3.0 101.7 102.7 + 2.8 102.6 + 2.8 103.2 + 2.7
0.30 1019 + 3.2 1056 + 1.9 1023 £ 2.0 102.3 102.5 +£ 2.0 1024 £ 2.0 1079 = 5.0
0.40 101.0 =+ 3.9 1049 + 1.8 1015+ 19 101.5 1024 + 1.9 1024 + 1.9 101.6 + 4.8
0.50 101.8 + 4.5 105.3 + 2.1 102.8 + 2.3 102.8 102.2 + 2.6 1022 + 2.6 103.9 + 9.4
0.60 103.2 +£ 5.7 1054 + 2.5 101.8 + 2.6 101.8 1023 + 3.2 1023 £ 3.2 101.1 +£ 5.8
0.70 105.2 + 6.4 105.8 + 3.2 102.2 + 3.2 102.2 102.4 + 4.1 1024 + 4.1 105.2 + 9.8

The indexes FR, FWO, KAS, NL-INT and IT refer to the isoconversional methods FR, FWO, KAS, nonlinear integral method (Senum-Yang approximation for the temperature

integral) and the suggested iterative method, respectively.

It follows that E = Exc for:

C=C* and T; =0 (13)
Consequently, the relation:
B A E
In—=In—— — — 14
Ty g(a) RTy (14)

could be used for evaluation of E from the slope of the straight
line In(B/Ty) vs. (1/T,) only if the conditions (13) are carried out.
The possibility of using this isoconversional method was previously
discussed by Popescu and Segal [42].

As was above mentioned, the suggested iterative method can be
applied for all ranges of Ao =y — .

If E does not depend on «, it is expected that the activation
energy evaluated by this method is independent on A« and is
closed to that obtained by all differential and integral isoconver-
sional methods. It is also expected that, for o1 =0, the iterative
method leads to correct value of E for constant or random choice
of Ty values in therange 0 < T; < T((Jrr?s'gt), where Tg‘;‘:g is the onset
temperature corresponding to the minimum used heating rate.

When E depends on ¢, it is expected that for a very small value
of Ax and a given «, E evaluated by iterative method to be close
to that obtained by differential isoconversional methods. On the
other hand, in this case, for 0 < Ty « T{mey, the value of E for agiven
o, must be closed to that obtained by the integral isoconversional
methods, like FWO, KAS and nonlinear integral methods.

Finally, we will discuss the applicability of the suggested iter-
ative method for the evaluation of the apparent activation energy
corresponding to non-isothermal crystallization from melts. Vya-
zovkin and Sbirrazzuoli [43,44] pointed out that the more popular
representatives multiple heating rate methods FWO [16,17] and
Kissinger [45] cannot be directly applied for such processes because
these methods require taking the logarithm of § that exhibits a
negative value. Therefore, for the processes occurring on cooling,
reliable values of E are obtained by differential isoconversional
method of Friedman [15] and/or the modified nonlinear method
of Vyazovkin [24] in which the integration of rate equation id per-
formed for small A« range.

Eq.(7)thatgrounds the suggested iterative method permits sub-
stitution of negative value of 8 because during cooling T, <T; and
consequently B/(T, —T;) and R; have positive values. In order to
apply this method, the numerically calculated values of the tem-
perature integral could be used. For E<0 and |E/R| in the range
6x103-37 x 103K, a very 7goocl agreement between the numeri-
cally calculated values of fﬂz [exp(fE /RT)] dT and those evaluated

using Senum-Yang approximation was obtained. Consequently,
the Senum-Yang approximation of temperature integral can be
also used in such cases. For a given T, p(x»)/p(x1) increases with
T1, and for high values of T; at which a1 =0: p(x3) — p(x1)~p(x3).
Consequently, for such values of T :

(15)

ster) = 5@~ 520 (777

Considering the simple approximations of the temperature integral
suggested by Doyle [27] and Coats and Redfern [28]:

E E
lnp(m) =—5.331—1.052R—T2 (16)
and

E R*TZ E
P(wm) =% o (o) 4
respectively, the following relations result:
AE E

In(—f) = In Pw} ~5.331 - 1052 (18)

B { AR } E
In <_T22 =In “F@l RS (19)

Consequently, FWO and KAS integral isoconversional methods,
based on Egs. (18) and (19), respectively, can be used for eval-
uation of activation energy corresponding to the crystallization
from melt. Obviously, if E depends on conversion degree, as was
observed for majority crystallization from melt (see for example
Refs. [43,44,46]), for a given «, the value of activation energy deter-
mined by these integral methods differs than that evaluated by a
differential isoconversional method.

3. Applications

The applicability of the suggested iterative isoconversional pro-
cedure for some ranges of A«a, o1 =0 and some choices of T; was
checked for the following cases: (a) the non-isothermal degra-
dation of polyvinyl chloride (PVC) that exhibits a large range of
o in which E = constant; (b) the non-isothermal decomposition of
ammonium perchlorate (AP) characterized by a strong dependence
of E on «; (c) crystallization of poly(ethylene terephthalate) (PET)
melt.

(a) Non-isothermal degradation of PVC

The TG curves recorded in air static atmosphere at 2, 3, 4, 5 and
10Kmin~!, and corresponding to thermal degradation of a sort of
pure PVC with average molecular weight of 172,000 were reported
in a previous paper [47]. In a next work [3], we applied the isocon-
versional methods (FR, FWO, KAS, integral nonlinear method) and
obtained that for 0 <« < 0.70 the activation energy does not depend
on the conversion degree. In Table 1 there are given the values of E
obtained by these methods as well as those resulted using the sug-
gested iterative method for Aa=0.05; T; =0K and T; =400K (at all
considered heating rates, and o =0 for T; <460K). One notes that,
for a given «ry, only two iterations are necessary. The inspection of
this table shows that, in the limits of inherent experimental errors,
a good agreement among the E values determined by all consid-
ered isoconversional methods was obtained. However, the relative
higher values of E obtained by FWO method could be explained
by worst approximation for temperature integral on which this
method is based.
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Fig. 1. The dependencies of Exc, E and R; on Ty, for non-isothermal degradation of
PVC and a =0.3.
(a) (m) Exkc vs. T1; O Evs. Ty ; (b) (M)R; vs. Ty.

In the range 0 < Ty < T™™ and a given ay, C* does not depend
on T; (for ap=0.1: C*=0.03702 +0.00080; for ay=0.3: C* =
0.03966 + 0.00088; for o =0.6: C* = 0.04012 +0.00091), but C*
increases with a.

Fig. 1 shows the dependencies of Exc, E and R; on T; for a3 =0.3;
similar dependencies were obtained for each conversion degree
from the range 0.05 < &, < 0.70. The considered T; values are lower
than Tg‘;&). The inspection of this figure shows that:

(1) Egc decreases with Ty, while E is practically independent on this
temperature.

(2) The dependencies Egc vs. T; and R vs. T are correlated, namely
the increase of R; corresponds to the decrease of Ec.

(3) Rj=C=C*for T; =0K.

The statements (1) and (2) put in evidence the importance of the
term R(d In R;/d(1/Ty)) from Eq. (9), which grounds the suggested
iterative method.

As it was noted above, it is expected that the iterative method
is also applicable for random choice of Ty from the range 0 < Ty <
Téﬁ‘slé‘t). Table 2 lists the results obtained for some conversion degrees
and random choice of T;. As an example, in Fig. 2 is presented
the corresponding curves [In(8/(To3 —T1)) —InR;] vs. (1/Tp3) for
oy =0.3.Foreacha(=ay),In B/(T, — T1) vs.(1/Ty)isnot a straight line,
but after two iterations the linearization of [ln(,B/(Tz —T1))—In R,}
vs.(1/T,) was obtained. The last necessary iteration leads to E values
close to those listed in Table 1.

(b) Non-isothermal decomposition of AP

In this section, the suggested iterative procedure will be applied
to the experimental data distributed to the participantsin the ICTAC
Kinetic Project [48] for the decomposition of AP at the heating rates
of 2.52, 5.16, 7.58, 10.49, 12.79, and 15.45 Kmin~!. The values of

Table 2
The values of activation energy obtained by random choice of T; for non-isothermal
degradation of PVC.

o T; for B=2; 3; 4; 5 and 10 Kmin~' K E (kJ mol~1)

121.7 £ 67.9
102.2 + 4.6
102.2 + 4.6
26.8 +£62.8
88.6 + 7.1
101.8 +£ 2.3
102.1 £ 2.5
102.1 £ 2.5
18.0 £73.3
724 £19.2
984 + 1.7
100.7 + 1.2
100.8 + 1.3
1008 £ 1.3
56.2 + 44.9
1024 + 1.8
1024 £ 1.9
49.7 +£ 453
101.8 + 2.7
102.3 + 2.6
102.3 + 2.6
119.8 £ 69.5
102.2 + 3.2
1023 £33
1023 £ 3.3
61.0 + 32.7
102.6 + 4.1
102.4 + 4.1
102.4 + 4.1

Iteration

(=}

0.1 50; 400; 155; 95; 320

0.2 376; 33; 139; 286; 87

0.3 450; 10; 200; 350; 80

0.4 376; 33; 139; 286; 87

0.5 391; 27; 169; 258; 92

0.6 23;420; 123, 64; 317

0.7 341; 49; 154, 246; 46

WN L OWNRLOWN—RLONL,OULA,WNLODNWN=ON—=

Iteration O corresponds to R; = 1.

—m—iteration 0 (R=1)
0.5+ —e— iteration 1
g —/\— iteration 2
-1,0 —O— iteration 3
-1,5 1
_2]0 -
2,54

(BT, T )-nR,

B e e e e e e L A e
182 184 18 188 190 192 194 196

1000/T, ; T, /K

0.3’

Fig. 2. The dependencies In(8/(T, — T1)) — InR; vs. (1/T) for non-isothermal degra-
dation of PVC and «;=0.3 (T; =450; 10; 200; 350 and 80K for 2; 3; 4; 5 and
10K min~', respectively).



12 P. Budrugeac / Thermochimica Acta 511 (2010) 8-16

m iterative method for T = 0K

O NL-INT
A iterative method for T =483.15 K

12010

110—(%)A

EfkJ.mol”
| ]

100 ~

90 L L |

Fig. 3. Dependence on conversion degree of the apparent activation energy of AP
decomposition evaluated by means of iterative method for T; =0Kand T; =483.15K,
and NL-INT method.

the activation energy determined by linear and nonlinear isocon-
versional methods were reported by the participants at this Project
in the Refs.[2,49]. Subsequently [25], the kinetic analysis of these
non-isothermal data put in evidence the high differences between
E values determined by differential and integral isoconversional
methods. It was obtained [25] that the activation energy changes
strongly with the conversion degree, and the shape of Eg;r (E eval-
uated by a differential method) vs. « curve is different than Ej;;; (E
evaluated by an integral method) vs. « curve.

The results obtained by iterative, FR and FWO methods are com-
paratively presented in Figs. 3 and 4.

According to the results presented in Fig. 3, the E values deter-
mined by iterative method for Ty in the range 0 < T; < T(()‘r?sl:t) are
closed to those obtained by nonlinear integral isoconversional
method (NL-INT with Senum-Yang approximation for temperature
integral). This can be explained by the fact that, for a given ¢, E
evaluated by both methods reflects the history of the system in the
range O-c. Unlike the integral isoconversional methods, the differ-
ential isoconversional methods and the methods which use small

130 -
| . . o
120 =
a0 R 000000 4 OO
] a0 .'.' .Qi’ ]
110 - ﬁf
| n

100

E/kJ.mol”
(@]
N %o

90 4 B jterative method for Ac=0.01

| = Eo O Eer
OOCQQ-..
80
41—
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
o

Fig. 4. Dependence on conversion degree of the apparent activation energy of
AP decomposition evaluated by means of iterative method for Ao =0.01, and FR
method.

125

120

E,.=116.1+6.2 kJ.mol”

115 4

110 S

E/kJ.mol”

105 S

E,,=102.6+4.2 kJ.mol”

100

Fig. 5. Dependence on E - evaluated by iterative method vs. «; for oy =0.4 (AP
decomposition).

ranges of A« leads to “punctual” values of activation energy, which
are in good agreement (see Fig. 4). Therefore, when E depends on o,
for a given «, Egy and E;,, exhibit different values, as was obtained
for decomposition of AP (Figs. 3 and 4). On the other hand, it is
expected that in such cases, E evaluated by iterative method for a
given a(=w;,) to be dependent on «1. Such a dependence for «; =0.4
is illustrated in Fig. 5.

We also note that E (evaluated by iterative method for A =0.01)
vs. « curve is not so smooth like Egg vs. o curve (see Fig. 4). This
could be do to the accuracy of T evaluation for such small range of
the conversion degree.

The application of the iterative method for oq=0.05
and «p=025, and for ;=040 and @;=0.80 leads to
E=842+32KkImol~! and E=117.5+5.3k]mol"!, respectively.
These values are in good agreement with those shown in Fig. 4.
Therefore, the use of the suggested iterative method could indicate
the range in which the kinetic of a complex process is deter-
mined by certain step characterized by activation parameters
independent on ¢.

Fig. 6 shows the dependencies of Exc, E and R; on T; from
the range 0 < T; < Tc(,g‘;:t) for o, =0.2; similar dependencies were
obtained for each conversion degree. In the mentioned range of
T1, C* does not depend on Tj, but depends on «;, (for o =0.2:
C* = 0.04424 + 0.00118; for a; =0.5: C* = 0.03988 + 0.00106; for
a3=0.75: C* =0.04129 +0.00108). As it was expected, E deter-
mined by iterative method is in good agreement with that obtained
by NL-INT method. The remarks (1-3) performed for PVC degrada-
tion are also valid for kinetic analysis of AP decomposition.

Table 3 lists the results obtained for some conversion degrees
and random choice of T;. As an example, in Fig. 7 is presented
the corresponding curves [In(8/(To2 —T1)) —InRy] vs. (1/Tp>) for
o=0.2. It was obtained once again that, for each o(=a3),
In B/(T, —Ty) vs. (1/T;) is not a straight line, but after the first
iteration the linearization of [In(B/(T, — T1)) —InR;] vs. (1/Ty) was
achieved.
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Fig. 6. The dependencies of Exc, E and R; on Ty, for AP decomposition and «, =0.2.
(a) (M) Exc; O E; (b) (a)R:.

Table 3

0~
-1 4
o
£
A
l—.ﬁ B
™
=
£ -3+
=
=
c J
-4 —— iteration 0 (R=1)
—&— iteration 1
—— iteration 2
1 —O— iteration 3
-5 T * T 71 T T+ 1 T T
1,68 1,70 1,72 1,74 1,76 1,78 1,80 1,82 1,84
1000/T, ; T, /K

Fig. 7. The dependencies In B/(T, — T1) —InR; vs. (1/T,) for AP decomposition and
a=0.2(T; =473.15;73.15; 373.15; 223.15; 273.15and 203.15 K for 2.52; 5.16; 7.58;
10.49; 12.79 and 15.45 Kmin~!, respectively).

(c) Crystallization of PET melt

The investigated PET with 0.7% TiO, was produced by Hoechst-
Germany. The main characteristics of this material are density
1.418 gcm~3; melting point 255 °C; « relaxation temperature eval-
uated by DSC measurement performed at of 10Kmin~!: 85.1°C
(for PET this is essentially the glass transition temperature); crys-
tallinity evaluated by DSC measurements: 32.8 + 1.7%.

DSC 204 F1 Phoenix apparatus, produced by Netzsch-Germany,
was used to study the PET non-isothermal crystallization. Each DSC

The values of activation energy obtained by random choice of T; for non-isothermal decomposition of AP.

% Ty for B=2.52; 5.16; 7.58; 10.49; 12.79 and 15.45 Kmin~! K

Iteration

E (kJmol-1) Exas (k] mol-") Envr® (K mol-)!

0.1 450.00; 50.00; 225.00; 345.00; 110.00; 87.00

0.2 473.15; 73.15; 373.15; 223.15; 273.15; 203.15

0.3 95.35; 150.50; 320.64; 70.00; 225.84; 482.00

0.4 252.00; 11.00; 125.70; 400.85; 60.15; 300.00

0.5 10.20; 415.25; 223.38; 333.10; 120.73; 93.55

0.6 60.61; 395.20; 275.00; 133.52; 254.77; 400.00

0.7

440.00; 25.07; 320.00; 215.63; 88.47; 155.00

0.8 260.00; 377.75; 115.42; 301.15; 55.00; 450.00

N = OWN—_OWN—RLON—LONRLOWN~LOMWN=ONMAWN=O

34.4 + 40.0
98.0 +£ 2.2
1064 + 2.6
106.5 + 2.7
106.5 + 2.7
47.6 + 41.7
91.0 £ 2.7
97.4 £ 2.0
97.7 £ 2.1
97.1 £ 2.1
148.6 £ 32.3
941 +24
944 +24
944 + 24
127.2 £ 36.3
101.6 £2.9
101.6 + 2.9
110.7 + 38.3
108.0 +£ 3.7
108.0 + 3.7
143.1 £ 28.6
110.7 £ 4.1
110.8 + 4.1
110.8 + 4.1
58.8 + 30.2
112.1 £ 4.3
1122 £ 4.3
1122 £ 4.3
123.1 £ 35.8
1134 + 4.5
1134 £ 4.5

106.5 + 2.8 106.9

98.7 £ 23 99.1

938 +£24 94.3

101.0 + 3.0 101.6

106.9 + 3.9 108.0

1104 + 4.1 110.8

111.8 £ 4.3

112.2

103.0 + 4.5 113.5

Iteration O corresponds to Ry =1.

3 Enpnt Was evaluated using Senum-Yang approximation for the temperature integral.
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Fig. 8. Non-isothermal melt crystallization exotherms of PET.

analysis was performed in Ar flow (purity 99.999%; 20 mLmin~'),in
an aluminum pan. The experiment started with heating the sample
having ~11 mg, from room temperature to 280°C, where it was
held for 10 min to eliminate small residual crystals. Then, the melt
was cooled to crystallize at constant cooling rate (the experiments
were performed at the following cooling rates: —2.0, —5.0, —10.0
and —12.5Kmin~1). It is noteworthy that each sample was used
only once.

The crystallization exotherms of PET at the used four different
cooling rates are shown in Fig. 8. Clearly, the exothermic curve
becomes wider and shifts to the lower temperature regime as the
absolute value of cooling rate increases. These data were used for
evaluation of the relative degree of crystallization as a function of
temperature by applying the formula:

[t (dHc/dT)dT
oT) = e ————— (20)
J+= (dHc/dT)dT

Tonset

where Topset and T, are the crystallization onset and end tempera-
ture, H is the enthalpy of crystallization.

Fig. 9 shows a=«(T) curves, evaluated considering the sig-
moidal baseline of curves from Fig. 8, which keeps into account
the change of heat capacity as a result of crystallization. These
data were used for evaluation of E vs. o curve by the following
isoconversional methods: FR, iterative method for small values of
Aa (0.01 < Aa <0.05), iterative method for T; > Tég‘;:t), iterative
method based on Eq. (18) and iterative method based on Eq. (19).
The obtained results are shown in Fig. 10. Similar shape of E vs. o
curve was previously reported by Vyazovkin and Sbirrazzuoli [46].
The differences between our results and that obtained by these
authors could be due to different sorts of PET.

Our results are restricted to « < 0.5 because for higher values of
conversion degree, E values evaluated by all mentioned methods
exhibit relative standard deviation higher than 10%, which could
be due to the complexity of the investigated process.

The inspection of this figure shows that:

1.0+
0.9 +
0.8
0.7 4
0.6 4
0.5 4
3
0.4 4
0.3 4
0.2 4
0.1 1
0.0 5
T T T T T T T T T 1
160 180 200 220 240
e
Fig. 9. « as a function of temperature for crystallization of PET.
-50 4
gﬁ% 5
%; 2585 ¢
-100 +$
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wx XX %
g XX
= % X X Ja) Aan
<] x X na 2%
E 125 % ao B8
= % al
= al
il X 8 s}
-150
°1® = FR
14 © iterative method for 0.01<Ac<0.05
%% o iterative method for T =600 K
-175 -
¥ method based on eqn. 18
| %3 A method based on egn. 19
-200 - T T T T T T T T T T
0,0 0.1 0,2 0,3 0,4 0,5
o

Fig. 10. Dependence on conversion degree of the apparent activation energy of PET
crystallization evaluated by means of FR, iterative method and methods based on
Egs. (18) and (19).
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Fig. 11. The dependencies In(8/(To2s — T1)) — In Ry vs. (1/To2s5) for crystallization of
PET and a; =0.25 (T; =626; 700; 650 and 680 K for 2; 5; 10 and 12.5 Kmin~!, respec-
tively).

(1) The apparent activation energy evaluated by all methods
increases with the conversion degree.

(2) The values of E obtained by FR method and iterative method for
small values of A« are in a very good agreement.

(3) For a given o, Epr~E; (small>Aw)>E; (Eq. (18))>E; (Eq.
(19))=E; (T; =600K).

These results confirm the previously ones [3,31,32,34,50]
according to which when E depends on «, some important dif-
ferences exist between E values determined by differential and
integral isoconversional methods. As it was above mentioned, in
such cases, the application of differential isoconversional methods
as well as the modified (advanced) nonlinear method suggested
by Vyazovkin [24] is recommended. The statement (2) shows that
this recommendation can be extended to iterative method for small
Aa. The differences between E values obtained by iterative meth-
ods based on Eqgs. (18) and (19) could be explained by the different
approximations of the temperature integral.

For crystallization from melt, it is also expected that the itera-
tive method is applicable for random choice of T; with condition
Ty > T A check of this is shown in Fig. 11. The correspond-
ing values of E for iterations 0; 1 and 2 are —92.8 + 16.4k] mol~;
—125.8+1.1kJmol-'and —126.2+0.9kJmol~!, respectively. The
last value of E is equal with that obtained by iterative method for
T1 =600K and iterative method based on Eq. (19) (see Fig. 10).

4. Conclusions

1. Using the integration of the general reaction rate for a given
range of the conversion degree and constant heating/cooling
rates, a new iterative isoconversional procedure to evaluate the
activation energy from non-isothermal data recorded at several
heating/cooling rates was worked out.

2. In comparison with often used linear integral isoconversional
methods (FWO, KAS), the suggested iterative method remove the
errors in activation energy evaluation due to the use of very sim-

ple approximate expressions of the temperature integral, which
permit the determination of activation energy from the slope of
a straight line.

3. The suggested iterative method is wide applicable no matter how
little or how great the considered conversion range is, and is
capable of providing valid values of the activation energy even
if the latter strongly varies with the conversion degree.

4. In comparison with nonlinear isoconversional methods, which
also allow using high accurate expressions of the tem-
perature integral, the suggested iterative method is lower
time-consuming.

5. The suggested method was checked for non-isothermal degrada-
tion of PVC, which exhibits a constant value of activation energy
for a large range of conversion degree, for decomposition of AP,
which exhibits a strong dependence of activation energy on the
conversion degree, and crystallization of PET melt.

6. It was pointed out that the suggested iterative procedure could
be useful for finding the conversion degree range for a rate-
determining step.
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