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glycol) (PEG) and poly(ethylene oxide)s (PEO) was investigated by differential scanning calorimetry,
FT-IR spectroscopy and dynamic thermogravimetry. Kinetic analysis of the non-isothermal degradation
was performed using isoconversional (Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose and Friedman)
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the rate constants have been calculated. The relation between the heating rate, the degradation rate and
molecular weight for all investigated samples has been established.
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1. Introduction

Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) are
the most commercially important polyethers. PEG refers to an
oligomer (molecular weight below 20,000) and PEO is polymer of
ethylene oxide commercially available in the wide range of molec-
ular weights (20,000-8,000,000) [1]. Besides the differences in
molecular weight PEG and PEOs have different end groups; PEG has
-OH and PEOs have -CH3 end group. PEO is semi-crystalline, bio-
compatible, biodegradable, non-ionic and water-soluble polymer
of considerable industrial significance which finds applications in
many different branches of industry [2]. Although PEG and PEO are
used indifferent applications and have different physical properties
(e.g. viscosity) due to chain length effects, their chemical properties
are nearly identical. PEG is a component of many pharmaceu-
tical and cosmetical products. PEO is currently also used in the
pharmaceutical industry in applications such as controlled-release,
solid-dose matrix systems, transdermal drug delivery systems and
mucosal bioadhesives [3]. In recent time hot melt extrusion, pro-
cess commonly used in plastic industry, is becoming accepted for
preparation of some kinds of pharmaceutical products. Based on
knowledge from the plastic industry, formulators extrude combi-
nations of drugs, polymers and plasticizers into various final forms
toachieve desired drug-release profiles. PEO is a very suitable mate-
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rial for hot melt extrusion due to its very good processability in
different processing conditions, where polymer of low molecular
weight can act as a plasticizer for high molecular weight polymer.
Crowley et al. [3] have used PEO of molecular weight 100,000 as
plasticizer for PEO 1,000,000 and found out that low molecular
weight PEO degrades more rapidly than higher molecular weight
one. Since hot melt extrusion exposes polymer to elevated temper-
atures, a good knowledge of thermal characteristics and stability of
the material is very important.

The results of the non-isothermal thermogravimetry (TG) are
often used for determination of thermal stability of polymers
and kinetic analysis. Kinetic analysis aims to calculate kinetic
parameters of the investigated process, i.e. the activation energy
(E), the pre-exponential factor (A) and kinetic model (f{«)), the
so-called “kinetic triplet”. Kinetic analysis of the non-isothermal
degradation of PEG and PEO of different molecular weights has
already been studied. Wang et al. [4] have calculated E values
for PEO of M,y =20,000 by isoconversional Ozawa method [5] as
266.4+4.3k]mol~1, but not the kinetic model, f{r). Pielichowski
and Flejtuch [2] have used isoconversional Flynn-Wall-Ozawa
method [5,6] and found an increasing dependence of E on conver-
sion, « in the whole conversion range. By applying the non-linear
regression method and F-test they have concluded that R3 kinetic
model gives the best fit of the non-isothermal degradation of PEO.
Audebert and Aubineau [7] have obtained E value of 200 k] mol~!
for PEO of M, = 27,000 by using Flynn-Wall-Ozawa method. Cala-
horra et al. [8] have obtained E value 129kJmol~! assuming F1
kinetic model for PEO of M, =365,000. Barbadillo et al. [9] have
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found that the reaction order models are not applicable for kinetic
description of the non-isothermal degradation of PEGs of M,, from
1500 to 3000. These results for the non-isothermal degradation
of PEG and different molecular weight PEOs are inconsistent and
meaningful kinetic conclusion concerning cannot be drawn. One
of the major goals of this article is to calculate the true kinetic
triplets of the non-isothermal degradation of different molecular
weight PEOs. For this purpose, isoconversional Flynn-Wall-Ozawa
(FWO0), Kissinger-Akahira-Sunose (KAS)[10,11] and Friedman (FR)
[12] methods in combination with the invariant kinetic parameters
(IKP) method [13] and Pérez-Maqueda criterion [14] were used in
accordance with the algorithm suggested by Budrugeac [15].

2. Experimental
2.1. Materials

The powders of PEG and PEO with different viscometric average
molecular weights (My) as follows: PEG (3400), PEO 1 (1 x 10°), PEO
3(3x10°),PEO10(1 x 108), PEO 50 (5 x 106) were purchased from
Sigma-Aldrich.

2.2. Differential scanning calorimetry

The thermal characteristics of PEG and PEO were investigated by
means of the differential scanning calorimetry (Mettler Toledo DSC
823¢), in the nitrogen atmosphere (50 cm? min~1). The calibration
was performed with metallic indium. The samples of approxi-
mately 25 mg were pressed in aluminium pans. For determination
of glass transition temperature (Tg) the samples were heated at a
rate of 20°Cmin~! from —90 to 120°C, cooled at the same rate
to —90°C and reheated to 120°C. The samples were kept at —90
and 120°C for 10 min. The Ty was determined from second heating
cycle as the onset temperature, Tgnser), and as the temperature at
which the change of the specific heat capacity is equal to the half
of its maximal value, Tg(midpoint)-

The melting point of polymers was determined from DSC curves
obtained at the heating rate of 10°Cmin~! from 25 to 120°C, as
the onset temperature Tponser) and as the temperature in the
endotherm peak, Try(max)-

2.3. FT-IR spectroscopy

FT-IR spectra of investigated polymers were recorded on
PerkinElmer Spectrum One FT-IR spectrometer by the Horizontal
Attenuated Total Reflectance (HATR) technique. The internal reflec-
tion crystal, made of zinc selenide, had a 45° angle of incidence
to the IR beam. Spectra were acquired in the measurement range
4000-450cm~! at the room temperature. Signals were collected

in 10 scans at a resolution of 4cm~! and were rationed against a
background spectrum recorded from the clean, empty cell at 25°C.

2.4. Dynamic thermogravimetry

The thermal degradation of PEG and PEOs was investigated by
using PerkinElmer Pyris 1 TGA thermobalance. The studies were
carried out in nitrogen flow (30 cm3 min—!) at the heating rates of
2.5,5and 10°Cmin~! in the temperature range 50-500 °C.

To evaluate the thermal stability of the investigated polymers
different criteria can be used. From TG and DTG curves the following
characteristics were determined: the temperature at 5% mass loss
(Ts%), the temperature at the maximal rate of degradation (Tmax),
the maximum rate of degradation (Rmax), the conversion at the
maximum rate of degradation (om,x) and the final mass loss ().

3. Kinetic analysis

The non-isothermal TG data can be used for the kinetic analy-
sis of the investigated process. Kinetic analysis of the solid-state
reactions that are ruled by a single process is based on Eq. (1):

do _ ,do E
T E:A-exp (—ﬁ) fla) (1)

where « is the degree of conversion, 8 is the linear heating rate
(°Cmin~1), T is the absolute temperature (K), R is the general gas
constant (Jmol~! K~1) and t is the time (min). It is suggested that
prior to any kinetic analysis one should investigate the complexity
of the process by determining the dependence of E on « by iso-
conversional methods [16]. Namely, this dependence is considered
as reliable criterion of the process complexity [16] and isoconver-
sional methods are considered as the most reliable methods for
the calculation of E and E vs. o dependence of thermally activated
reactions [16,17]. If E does not depend on «, the investigated pro-
cess is simple (overall single-stage) and can be described by unique
kinetic triplet. Otherwise, the process is complex and the shape of
the E vs. a curve indicates the possible reaction mechanism[16,17].
Therefore, E values and E vs. @ dependence have been calculated by
means of isoconversional method which can determine them with-
out knowledge or assumption of kinetic model (model-free). On
the other hand, they do not give any information about A and fla).
Hence, in this article the kinetic analysis is performed according
to algorithm proposed by Budrugeac [15]. The application of this
algorithm begins with isoconversional methods in order to estab-
lish the dependence of E on «. It was shown that in cases when
E does not depend on «, the IKP method associated with the cri-
terion of the independence of kinetic parameters on the heating
rate (Pérez-Maqueda et al. criterion) is recommended for evalu-
ation of the kinetic triplet without any assumptions concerning
kinetic model [15].

Table 1
Algebraic expressions for flar) and g(«) for the most frequently used mechanisms [20,21].
Mechanism Symbol fla) gla)
Reaction order model Fn? 1—a)m —In(1—a),forn=1(1-(1-a)"D)/[(—n+1),forn+ 1
Random nucleation and growth of AmP (0.5<m<4) m(1—a)[—In(1 —a)]E-1/m [=In(1 — )] Y/m
nuclei (Avrami-Erofeev eq.)
1D diffusion (parabolic law) D1 1/2a o?
1D diffusion (bidimensional particle D2 1/[-In(1 — )] (1-a)n(1 —a)+a
shape)
1D diffusion (tridimensional particle D3 (B(1—a)?P)/2[1 - (1 —a)'3]) [1-(1—a)P)?
shape) (Jander eq.)
1D diffusion (tridimensional particle D4 3/2[(1—a)~ 1B =1]) (1-2a3)— (1 —a)??
shape) (GinstlingBrounshtein eq.)
Power law Pz zall-1/2 allz
Prout-Tomkins PT o(l-a) In (a¢/1-a)

3 n=1/2 corresponds to phase boundary controlled reaction (contracting area) and n=2/3 corresponds to phase boundary controlled reaction (contracting volume).
b m=1,2,3 or 4 when the growth rate of nuclei is proportional to the interphase area and can be 0.5; 1.5 or 2.5 in some cases of diffusion controlled growth rate of nuclei.
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Fig. 2. The normalized DSC curves of PEG and PEOs; endotherms.

3.1. Isoconversional methods

Isoconversional methods enable determination of E directly
from experimental «-T data («=(mg—m)/(mg—ms), where mg,
m and my refer to the initial, actual and residual mass of
the sample) obtained at several heating rates without the
knowledge of fla). Isoconversional Flynn-Wall-Ozawa (FWO),
Kissinger-Akahira-Sunose (KAS)) and Friedman (FR) methods have
been used.
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Fig. 4. The FT-IR spectra of PEG and PEOs.
FWO method is a linear integral method based on Eq. (2):
_ AEiso Eiso
log B = log Re(al) —2.315 - 0.4567 RT 2)
KAS is a linear integral method based on Eq. (3):
/3 _ AR Eiso
T2 ~ " Eg(a) RT 3
FR method is a linear differential method based on Eq. (4):
da] Eiso
In [ﬂﬁ] = InA +Inf(e) - -5 (4)

The plots log 8 vs. 1/T, In(B/T2) vs. 1/T and In[B do/dT] vs. 1/T
obtained for o = const. from a-T curves recorded at several heating
rates should be straight lines whose slopes allow calculation of Ejq,,
by means of FWO, KAS and FR method, respectively.

3.2. Invariant kinetic parameters (IKP) method

IKP method also requires several «-T curves recorded at differ-
ent heating rates and can be used only if the E does not depend on
o, what must be previously checked by isoconversional methods.
IKP method gives values of the invariant kinetic parameters, Ej,y
and A;,y, which correspond to the true kinetic model that describes
the investigated process at all heating rates [18]. It is based on the
existence of the linear compensation effect (Eq. (5)) between E and
In A obtained for the same TG curve by various theoretical kinetic
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Fig. 3. The dependence of DSC curves characteristics of PEG and PEOs on molecular weight.
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Fig. 5. (a) TG and DTG curves of dynamic thermal degradation of PEG and PEOs. (b) DTG curves of dynamic thermal degradation of PEG and PEOs at the heating rate of

5°Cmin~"'.
models:

InA=a*+b*E (5)

where a” and b" are the compensation effect parameters.
These values of E and In A are obtained from the slope and inter-

ceptofplots In[g(«)/T?] vs. 1/Tby using model-fitting Coats-Redfern
(CR) method [19] according to Eq. (6)

AR E

1 8@
BE

=In

T2

RT (6)

(7)

for each theoretical kinetic model, g(«), and each heating rate, S.
Algebraic expressions for the most frequently used mechanisms are
shown in Table 1.

If the compensation effect exists, the straight lines InA vs. E
should be obtained for each heating rate and should intersect in
a point that corresponds to the true values of E and InA for the
true kinetic model, which are called the invariant kinetic param-
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eters, Ej,, and Aj,, by Lesnikovich and Levchik [13]. Due to the
fact that certain variations of the experimental condition deter-
mine region of intersection, the intersection is only approximate.
Therefore, in order to eliminate the influence of experimental con-
ditions on determination of E;,, and A;y,, they are determined from
the slope and intercept of the supercorellation relation (Eq. (8)):

a* = InAjpy — b*Ejny (8)

Introducing Ej,, and Aj,, in Eq. (1) [20] gives numerical values of
kinetic model, fi,,, (). The shape of experimental curves fi,, (o) vs. o
suggests the algebraic expression of f{«) corresponding to analysed
process. The correctness of kinetic analysis is checked by Pérez-
Magqueda et al. criterion [14]. This criterion states that only in the
case of true flar) all experimental data (at all heating rates) lie on the
single straight line In[(da/dt)/f(ce)] vs. 1/T whose slope and intercept
give the true values of the activation energy and pre-exponential
factor. If the experimental results In[(do/dt)/f(c)] vs. 1/T are spread
in separate lines for each heating rate, the considered f{o) does not
fulfil the criterion, i.e. it is not capable to fit experimental results.
Finally, if the correct kinetic triplets have been determined, E and
E;s, values should be similar.

4. Results and discussion
4.1. Differential scanning calorimetry

The results of the DSC investigation of PEG and PEOs are shown
as normalized DSC curves. The DSC heating curves show one glass
transition temperature (Tg) at —56°C (onset) or at —52°C (mid-
point) (Fig. 1) and one endotherm which represents the melting of
the crystal phase of semi-crystalline polymer (Fig. 2). The excep-
tion is PEG for which determination of T is not possible. Tg of
PEOs remains unchanged by increasing molecular weight while
Acp increases, as well as the melting temperatures (Trm ) of all inves-
tigated samples from 57 to 63 °C (Tiy(onset))» OF from 63 to 73°C
(Tm(max))» as shown in Fig. 3. Pielichowski and Flejtuch [22] have
investigated the influence of the molecular weight of PEG (from
1000 to 35,000) on the melting and crystallization behaviour by
means of DSC in dynamic mode at different heating rates. They
have found an increased tendency of higher molecular weight PEGs
towards the formation of crystalline phase owning to their lower
segmental mobility and more convenient geometrical alignment
and increase in Ty, with increase of molecular weight.

4.2. Fourier transform-infra red spectroscopy

FT-IR spectra of the PEG and PEOs are presented in Fig. 4. Char-
acteristic absorption bands have been identified as follows: C-0,
C-C stretching, CH, rocking at 840 cm~!, CH, rocking, CH, twist-
ing at 960cm~1, C-0, C-C stretching, CH, rocking at 1058 cm™1,
C-0, C-C stretching at 1097 cm~!, C-O stretching, CH, rocking at
1145cm1, CH, twisting at 1241 and 1278 cm~!, CH, wagging at
1341 cm~! and CH; scissoring at 1466 cm~!. There is no difference
in FTIR spectra of PEG and PEOs due to their different molecular
weights. The presence of the triplet peak of the C-C, C-O stretching
vibration in the region of wave numbers from 1000 to 1200 cm™!
is the evidence of existence of crystalline phase and it was found in
all spectra. Pielichowski and Flejtuch [2] have investigated thermal
degradation of PEO (M, = 13,060) by coupled techniques TG/FT-IR
and TG/MS and have found out that main degradation prod-
ucts are ethyl alcohol, methyl alcohol, alkenes, non-cyclic ethers,
formaldehyde, acetic aldehyde, ethylene oxide, water, CO and
CO,.

Table 2
Dependence of the thermal degradation characteristics of PEG and PEOs on M,.
Sample M,-10-° Tsy (°C) Tmax (°C) Rmax (% minq) Omax mg (%)
Heating rate, 8=2.5°Cmin!
PEG 0.034 358 386 7.58 0.66 14
PEO 1 1 355 393 7.51 0.65 4.4
PEO 3 3 358 393 7.28 0.64 3.9
PEO10 10 356 392 7.06 0.63 35
PEO50 50 359 395 7.45 0.65 44
Heating rate, 8=5°Cmin~"!
PEG 0.034 374 410 15.0 0.62 1.1
PEO 1 1 369 406 14.2 0.63 4.4
PEO 3 3 369 405 13.7 0.64 3.9
PEO10 10 372 408 139 0.64 43
PEO50 50 364 403 135 0.65 3.9
Heating rate, 5=10°Cmin~"!
PEG 0.034 391 426 274 0.60 1.9
PEO 1 1 383 419 289 0.57 43
PEO 3 3 383 419 27.5 0.58 3.5
PEO10 10 381 417 26.2 0.59 3.6
PEO50 50 378 418 28.0 0.63 33

4.3. Dynamic thermogravimetry

The results of dynamic thermal degradation of PEG and PEOs in
the thermobalance are thermogravimetric (TG) (mass loss vs. tem-
perature) and derivative thermogravimetric (DTG) curves (mass
loss rate vs. temperature) shown in Fig. 5(a) and (b). From TG and
DTG curves it is evident that thermal degradation of investigated
polymers occurs through one degradation step in temperature
region from 330 to 450°C. TG curves move towards higher tem-
peratures by increasing the heating rate.

The characteristics of TG and DTG curves, Tsg, Tmax, Rmax, ®max
and my¢ (Table 2) depend on the heating rate. The thermal stability,
represented as Tsy, does not significantly change with molec-
ular weight. The maximal degradation rate (Rmax) for PEG and
PEOs occurs at Tmax =386 and Tax =393 £ 1 °C, respectively, while
Tmax for PEG was 8°C higher than for PEOs at the heating rate
10°Cmin~!. Obviously, the heating rate influences the degrada-
tion rate of investigated polymers in a different manner. Rpyax was
achieved at conversion of around 60% for all investigated samples
and heating rates. The final mass losses of approximately 1.5% for
PEG and 4.0% for PEOs are independent of molecular weight and
heating rate.

4.4. Kinetic analysis

Kinetic analysis is presented on a sample PEO 1, while the results
for other samples are given in corresponding tables and figures.
Firstly, the dependence of Ejs, on « is established using isocon-
versional methods. For each selected « = const., the corresponding
plots according to Egs. (2)-(4) are obtained and from their slopes
values of Ejs, are calculated, respectively. The dependences of Ej,
on « evaluated by means of FWO (a), KAS (b) and FR (c) method are
shown in Fig. 6(a)—(c), respectively.

It is concluded from Fig. 6 that E;y, is practically independent
on « in a conversion range from 0.04 < o < 0.94 for all investigated
samples. This means that from the kinetical point of view investi-
gated process is simple (one-step process) and can be described by
unique kinetic triplet. This is in an agreement with investigation of
Madorsky and Strauss [23] who have established that PEO decom-
posesinasingle-stage by random scission of the chain links without
chain-end-initiaded depolymerization. The average E;s, values in
the conversion range 0.04 <« <0.94 are shown in Table 3.

Kinetic data obtained at very high « values (here over 0.94) are
not reliable due to deviation of actual temperature from preset one
that may invalidate any evaluation of kinetic parameters [24].
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Fig. 6. The dependence of Ejs, on « evaluated by means of FWO (a), KAS (b) and FR (c) method for the non-isothermal degradation of PEG and PEOs.

Since E does not depend on «, IKP method can be used for evalu-
ation of true kinetic triplet. E and In A values needed for IKP method
were evaluated by CR method. By using Eq. (5) the existence of the
compensation effect between values of E and InA obtained by CR
method is checked. Fig. 7(a) shows the compensation relationship
for the non-isothermal degradation of PEO 1.

From the slopes and intercepts the so-called compensation
parameters a  and b’ are obtained for each heating rate. Only
values of E and InA from g(«) that show correlation coefficient
r2>0.99 at all heating rates have been used for calculation of a'
and b". Furthermore, these lines intersect in a very small region
(Fig. 7(b)) what indicates that the non-isothermal degradation of

Table 3
The average E;js, values obtained by FWO, KAS and FR methods for PEG and PEOs.

PEO 1 really is one-step process. Intersection of these lines depends
on experimental conditions, so the calculation of the invariant
kinetic parameters, E;,, and A;,y is performed using the supercor-
relation relation (Eq. (8)). Fig. 8 shows that between compensation
parameters a and b supercorrelation relation really exists and
from the slope and intercept of the straight lines E;,, and A;,, are
obtained, respectively. In the same way, for all other investigated
samples the existence of the compensation effect between E and
InA and one-step process are confirmed. Calculated values of Ej,
and A;,y for all samples are shown in Table 4.

The values of Ej,, are in a good agreement with E;s, values
obtained by isoconversional, especially by Friedman method (see

Sample

PEG PEO 1 PEO 3 PEO 10 PEO 50
Conversion range 0.04 < <0.94? 0.04 < <0.94 0.04 < <0.94° 0.04 <0 <0.942 0.04 < <0.94?
FWO

Eiso (kJmol-1) 1129433 175.6+1.4 181.9+1.8 187.6+2.6 207.5+7.6
2 0.98550 0.99996 0.99189 0.98636 0.97501
KAS
Eiso (K mol-1) 107.6+3.3 1725415 180.1+1.8 1863 +2.6 207.1+82
2 0.98215 0.99995 0.99066 0.98433 0.97894
FR
Eiso (KJmol-1) 1162+7.6 172.7£10.0 182.4+7.6 187.7+8.5 204.0+16.1
2 0.98856 0.99770 0.98937 0.99078 0.98355

2 Conversion, .
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Table 3). Similar behaviour has already been observed for other
polymers and polymeric materials [15,18,25]. Values of E;,, and
Ajny allow numerical determination of fi,, () by introducing them
into Eq. (1). Fig. 9 shows fi, () vs. o curves for PEO 1. The curves
exhibit the maximum as well as for all other samples considered in
this work.

These curves are compared with the curves flar) vs. o of the
theoretical kinetic models (Table 1). Only Avrami-Erofeev kinetic
models and Prout-Tomkins (PT) autocatalytic model exhibit max-
imum. It is well known that the true kinetic model should give
E value similar to those obtained by isoconversional methods. PT
model gives average E of 657 k] mol~! value in the conversion range
0.50 <@ <0.94 (up to @=0.50 CR method can not use PT model).
Avrami-Erofeev A1.5 model gives average E value of 184 k] mol~!

1.8
B/ Cmin’'
— 25— 5---:10

Lo}

0.6

0.4 1

0.2 1

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Conversion, ot

Fig. 9. The experimental dependence of fi, (o) vs. o for PEO 1.

for PEO 1, the closest to isoconversional ones. This suggests that the
non-isothermal degradation of PEO 1 occurs through mechanism
like those represented by the Avrami-Erofeev equations. However,
as expected, any theoretical Avrami-Erofeev kinetic model (Eq. (9))
cannot fit exactly the experimental fi,,(c) vs. o curve:

fla) =

Therefore, it was necessary to calculate the empirical kinetic
models that will fit exactly the experimental f,,(a) vs. @ curve, i.e.
to calculate empirical parameters m and p for those models. The

m(1—oa)[-1n(1 - o) 9)

Table 4

Values of invariant kinetic parameters for PEG and PEOs.
Sample PEG PEO 1 PEO 3 PEO 10 PEO 50
Conversion range 0.04 < <0.94° 0.04 < <0.94° 0.04 <o <0.94° 0.04 < <0.94° 0.04 < <0.942
Ejny (KJ mol~1) 115.6 171.8 181.7 187.3 203.9
In Ajpy (min—') 28.4 28.4 30.2 31.2 342
r? 0.99992 0.99992 0.99267 0.99285 0.99999

2 Conversion, .
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obtained by introducing Eq. (9) into Eq. (1). If p=1—-1/m, then
empirical fla) corresponds to the theoretical Avrami-Erofeev
kinetic model. Values of the parameters m and p of empirical kinetic
models for PEG and PEOs are shown in Table 5.

The criterion by Pérez-Maqueda et al. was applied on the calcu-
lated empirical kinetic models (average values were considered).
This criterion states that only in the case of true kinetic model all
experimental results, at all heating rates, lay on the single straight
line whose slope and intercept give the true values of the E and
InA (Fig. 10). It is evident that calculated empirical kinetic models
fulfil this criterion for all investigated samples (12 ~0.99, Table 6)
and from their slopes and intercepts the true values of E and InA
are obtained (Table 6). These E values are in a very good agreement
with Ejs, values. Theoretical kinetic models from Table 1 do not
fulfil Pérez-Maqueda et al. criterion since the calculated data are
spread in different lines.

The goodness of fit for each theoretical and empirical kinetic
model in the conversion range 0.04 <« <0.94 was estimated by

Table 5
The parameters m and p of empirical kinetic models for PEG and PEOs.
B (°Cmin~') PEG PEO 1 PEO 3 PEO 10 PEO 50
m p 2 m p 2 m p 2 m p r? m p 72
2.5 3.29 0.65 0.98508 2.66 0.42 0.97676 2.44 0.33 0.97557 2.53 0.29 0.97625 248 0.31 0.97279
5 2.97 0.64 0.99128 2.63 0.38 0.97533 2.68 0.30 0.98199 2.32 0.30 0.97107 2.35 0.29 0.97415
10 3.27 0.58 0.99205 2.59 0.36 0.97279 2.45 0.31 0.97902 2.53 0.26 0.97101 233 0.22 0.99101
AvV? 3.18 0.62 0.98947 2.63 0.38 0.97467 2.52 0.32 0.97886 2.46 0.28 0.97277 2.39 0.25 0.97932
2 Average values of the parameters m and p.
0.0 Table 7
Results of F-test for theoretical end empirical kinetic models.
fla) F;?, Sample
-1.0 1 PEG PEO 1 PEO 3 PEO 10 PEO 50
EKMP 1.00 1.00 1.00 1.00 1.00
s A0.5 1.45 1.57 1.70 1.66 1.31
E -2.0 4 Al=F1 1.26 1.22 1.20 113 147
= Al.5 1.62 1.41 1.21 1.26 2.12
'E A2 3.73 1.87 143 1.68 3.13
':E A25 3.20 2.55 1.80 2.34 4.49
3 -3.0 A3 438 343 2.31 442 6.20
< A4 7.48 5.79 3.74 5.61 10.65
£ R2 4.67 3.20 2.18 3.06 5.87
R3 54.17 34.70 140.48 32.80 62.52
4.0 1 F2 185.76 144.09 101.61 150.51 190.16
F3 68.30 55.36 40.47 58.65 68.02
D1 12.99 11.89 9.67 13.04 11.86
D2 40.12 33.52 25.16 37.32 39.13
5.0 ! ' T D3 40.97 14.89 11.37 15.78 16.72
1.40 1.45 1.50 1.55 1.60 D4 7.77 7.13 5.80 7.62 713
1000K/T P2 76.26 58.01 40.72 59.54 75.68
P3 59.30 45.15 31.71 46.06 57.83
Fig. 10. Pérez-Maqueda et al. criterion applied on the empirical kinetic model for P4 49.11 37.59 26.35 67.77 48.10
PEO 1. a Flfp,nfl’n71=1-69; n=41; p=0.05.
b EKM = empirical kinetic model.
parameters m and p are calculated for each heating rate from the
intercepts and slopes of plots Y vs. In[-In(1 —«)] (Eq. (10)): using the residual sum of squares (Eq. (11)):
do/dt E; n 2
Y=Inz / — 1Ay + 2 = Inm + (= In(1 - ) (10) q__1 Z (dﬂ) _ (‘L“) (11)
- ] n-1 1 dt exp dt / model
i=

where n is the number of data points (in our case n=41), (da/dt)exp
the experimental and (do/dt)0de; the calculated values, respec-
tively. Since the minimum value of 2 does not necessarily indicate
“the most probable” kinetic model, we have performed the so-
called F-test (Eq. (12)):

52
J
Fj= 2 > F1_pn-1,n-1

min

(12)

where SZ. is the minimum value of all sz and Fi_pp_1n_1isa
percentile of the F-distribution for (1 — p)100% confidence proba-
bility. According to F-test, only those reaction models which obey
Eq. (12) should be discriminated as giving sz that are significantly

larger than Srznin and therefore not belonging to the set of “the best
fit” models. The reaction models which obeyed Eq. (12) fit experi-
mental data as accurately as the model that gives Srznin [26]. Fj values
in Table 7 show that from the point of view of F-test the empirical

Table 6

Values of E and In A corresponding to empirical kinetic models for PEG and PEOs.
Sample Conversion, o fla) E (kJ mol~1) InA (min~1) r2
PEG 0.04<a<0.94 3.18(1 — a)[—In(1 — )]062 116.9 18.6 0.98641
PEO 1 0.10<a <0.90 2.63(1 —a)[—In(1 — )]-38 1729 28.5 0.99074
PEO 3 0.10 <« <0.90 2.52(1 —a)[-In(1 — a)]%32 181.4 30.1 0.98863
PEO 10 0.10 <w<0.90 2.46(1 — a)[—In(1 — a)]028 188.0 31.3 0.98976
PEO 50 0.10<« <0.90 2.39(1 —a)[—In(1 — )]°2® 201.4 33.7 0.99404
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Fig. 11. Dependence of k on T for PEG and PEOs.

and theoretical Avrami-Erofeev kinetic models are “the most prob-
able” ones (A0.5, A1 and A1.5 for PEG and PEO 1; A1, A1.5 and A2
for PEO 3; A0.5, A1, A1.5 and A2 for PEO 10; A0.5 and A1 for PEO
50).

The corresponding E and InA values for these “the most prob-
able” theoretical kinetic models calculated using CR method are
shown in Table 8. Since these E values significantly differ from Ej,
values (except E value corresponding to A1.5 for PEO 3), it is our
opinion that empirical kinetic models are the best description of
the investigated process.

Table 8
E and In A values for “the most probable” theoretical kinetic models.
Sample Kinetic model E (kJ mol~1) In (A/min~1) r?
PEG A0.5 590.7 103.1 0.99941
Al 289.7 50.2 0.99939
Al5 189.3 32.0 0.99949
PEO 1 A0.5 574.1 101.2 0.99951
Al 281.5 48.7 0.99948
Al5 183.9 31.1 0.99946
PEO 3 Al 277.8 48.1 0.99902
Al5 181.4 30.6 0.99897
A2 1333 31.8 0.99989
PEO 10 A0.5 560.2 98.8 0.99929
Al 274.5 47.5 0.99926
Al5 179.3 30.3 0.99922
A2 131.7 215 0.99918
PEO 50 A0.5 551.8 97.3 0.99975
Al 2703 46.8 0.99974

Finally, the true values of E and In A allow calculation of the rate
constant, k (k=A-exp(—E/RT)) for the non-isothermal degradation
of PEG and PEOs (Fig. 11).

At the lower heating rate (2.5°Cmin~!) samples with higher
molecular weight show lower k values than those with lower
molecular weight. The results reverse with the increase of the heat-
ing rate, so at the heating rate of 10°C min~! samples with higher
molecular weight show higher k values compared to samples with
lower molecular weight. This is in accordance with results obtained
from TG and DTG curves (Table 2).

5. Conclusions

DSC and FT-IR spectroscopy show that all investigated samples
are semi-crystalline polymers. The glass transition temperatures of
PEOs are independent of their molecular weight while the change
of specific heat capacity in glass transition increases with molecular
weight. The melting temperatures of PEG and PEOs shift towards
higher temperatures by increasing molecular weight. The thermal
degradation of those polymers investigated by dynamic TG shows
that PEG and PEOs degrade in one degradation step in tempera-
ture region from 330 to 450°C. According to characteristics of TG
and DTG curves it could be concluded that thermal degradation
of PEG and PEOs occurs in the same temperature region almost
independently of molecular weight. The empirical kinetic triplets
for the non-isothermal degradation of PEG and PEOs were cal-
culated by combined use of isoconversional Flynn-Wall-Ozawa,
Kissinger-Akahira-Sunose and Friedman methods and invariant
kinetic parameters method associated with the criterion of the
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independence of kinetic triplet on the heating rates. It was found
that samples with higher molecular weight degrade slower at the
lower heating rates, while at higher heating rates samples with
higher molecular weight degrade faster than those with lower
molecular weight.
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