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Abstract The influence of poly(ethylene glycol) (PEG) on
thermal characteristics and thermal degradation of poly(-
vinyl chloride)/poly(ethylene oxide) (PVC/PEO) blends
was investigated by differential scanning calorimetry and
dynamic thermogravimetry. The thermal degradation
characteristics of PEO remain unchanged upon PEG
addition, while for all other investigated blends their values
decreased, particularly at higher PVC content. Kinetic
analysis of the non-isothermal degradation of investigated
PVC/PEO/PEG blends was performed using isoconver-
sional Friedman method in combination with the multi-
variate nonlinear regression method. The PEG addition
lowers the values of the activation energies of PVC/PEO
blends. The kinetic analysis indicated four-stage degrada-
tion mechanism for all investigated blends.

Keywords Kinetic analysis - Multivariate nonlinear
regression method - Poly(ethylene glycol) - Poly(ethylene
oxide) - Poly(vinyl chloride)

Introduction

Poly(vinyl chloride) (PVC) is one of the most important
thermoplastics and has a wide applicability due to its good
compatibility with a range of different additives. Because
of today’s environmental requirements, it is necessary to
reduce the amount of biologically non-degradable plastic
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waste. Hence, conventional additives for PVC, such as
potentially harmful low molar mass compounds (phtha-
lates) or polymeric modifiers (chlorinated polyethylene),
can be replaced with non-toxic and biodegradable materials
such as poly(ethylene glycol) (PEG) and poly(ethylene
oxide) (PEO). PEG refers to an oligomer (molecular weight
below 20,000), and PEO is polymer of ethylene oxide
commercially available in the wide range of molecular
weights (20,000-8,000,000) [1]. Besides the differences in
molecular weight, PEG and PEO have different end
groups; PEG has —OH and PEO has —CHj3; end group. PEO
is known as semicrystalline, biocompatible, biodegradable,
non-ionic and water-soluble polymer of considerable
industrial significance which finds applications in many
different branches of industry [2]. Likewise, PEG is used as
lubricant, intermediate, binder, solvent, carrier and coating
in the cosmetic, pharmaceutical, paper, food, textile and
chemical specialty fields [3]. Regardless PEG and PEO are
used in different applications and have different physical
properties (e.g., viscosity) due to chain length effect; their
chemical properties are nearly identical.

Although the effect of PEG addition on the thermal
properties of PVC blends has already been studied [4, 5],
there is a lack of compliance. Pielichowski [4] added PEG
to PVC blends, and through the increase of initial
decomposition temperature and suppression of low
molecular volatile products, emission concluded that PEG
improves their thermal properties. However, Wu et al. [5]
10 years later utilized PEG for highly efficient dechlori-
nation of PVC at atmospheric pressure. Latter authors
confirmed the effects of PEG by comparing the thermal
degradation behaviors of PVC and PVC/PEG blends, i.e.,
observing shift to lower values of the characteristic
degradation temperatures of PVC (Ts¢, Tinax)-
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Therefore, in this work, the influence of PEG on thermal
properties of PVC/PEO blends was investigated by dif-
ferential scanning calorimetry (DSC) and non-isothermal
thermogravimetry (TG) in an inert atmosphere. The results
of the non-isothermal thermogravimetry are often used for
the determination of thermal stability of polymers and
kinetic analysis [6]. 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. Hence,
additional goal of this study is to calculate the true kinetic
triplets of the non-isothermal degradation of PVC/PEO/
PEG blends. For this purpose, isoconversional Friedman
(FR) method [7] in combination with the multivariate
nonlinear regression method was used.

Experimental
Materials

The powders of PEG (M, = 3400), PEO (M, = 100,000)
and PVC (M, = 86,000) were purchased from Sigma-
Aldrich and Solvin, respectively. PVC/PEO blends of dif-
ferent compositions with the addition of 10 mass% PEG
(100/0/10, 80/20/10, 60/40/10, 50/50/10, 40/60/10, 20/80/
10 and 0/100/10) were prepared by mixing polymer pow-
ders in a laboratory extruder (Dynisco, Qualitest North
America) at 160 °C and screw speed 180 rpm. The samples
were hot-pressed after extrusion at 120 °C for 30 s. In
order to prevent thermal degradation of PVC, during the
sample preparation 2 mass% Ca/Zn stabilizer (Reapack
B-NT/7060) was added. PVC/PEO/PEG blend 100/0/10
could not be prepared due to thermal degradation during
extrusion.

Differential scanning calorimetry

The thermal characteristics of PVC/PEO/PEG blends were
investigated by means of differential scanning calorimetry
(Mettler Toledo DSC 823°) in the nitrogen atmosphere
(50 cm® min~!). The calibration was performed with
metallic indium. For the determination of glass transition
temperature (7,), the samples of approximately 20 mg
were pressed in aluminum pans and heated at a rate of
20 °C min~! 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 7, was determined
from second heating cycle according to international
standard ISO 11357-2 [8] as the extrapolated onset tem-
perature (7o), as midpoint temperature (7r,,) and as the
extrapolated end temperature (7.¢,). Corresponding change
of the specific heat capacity (Acp) was determined as well.
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The melting point of the samples of approximately 10 mg
was determined from DSC curves obtained at the heating
rate of 10 °C min~' from 25 to 120 °C according to
international standard ISO 11357-3 [9], as the extrapolated
onset temperature (T¢in), as peak temperature (Tpy,) and as
the extrapolated end temperature (7esy,). Corresponding
heat of fusion (AH;) as the area under the peak to the
baseline was determined as well.

Thermogravimetric analysis

Thermogravimetric measurements of the PVC/PEO/PEG
blends were taken by using PerkinElmer Pyris-1 TGA
thermobalance at the heating rates of 2.5, 5, 10 and 20 °C
min~' in a temperature range 50-650 °C under a steady
flow of nitrogen (20 cm® min~'). Samples weighing
approximately 10 mg were used for the analysis. To
evaluate the thermal stability of the investigated polymers,
different criteria can be used. From thermogravimetric
curves (TG) (mass versus degradation temperature) and
corresponding derivative thermogravimetric curves (DTG)
(mass loss rate versus temperature), the following charac-
teristics were determined: the onset temperature (Typser)s
the temperature at 5 % mass loss (7s¢,), the temperature at
the maximum degradation rate (Ty.), the maximum
degradation rate (R.x), the conversion at the maximum
degradation rate of (otmax), the final mass (my) and the mass
loss (Am) for the corresponding degradation steps.

Kinetic analysis

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

%gﬁ%:A-exp(—%> (@) (1)

where o is the degree of conversion, f3 is the linear heating
rate (°C min~ '), T is the absolute temperature (K), R is the
general gas constant (J mol ™! Kil), and ¢ 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 isoconversional methods
[10-13]. Namely, this dependence is considered as reliable
criterion of the process complexity and isoconversional
methods are considered as the most reliable methods for
the calculation of E and E versus o dependence of ther-
mally activated reactions [10—13]. If E does not depend on
o, the investigated process is simple (overall single stage)
and can be described by unique kinetic triplet. Otherwise,
the process is complex and the shape of the E versus «
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curve indicates the possible reaction mechanism [10-13].
Therefore, E values and E versus o dependence have been
calculated by means of isoconversional method which can
determine them without knowledge or assumption of
kinetic model (model free). On the other hand, they do not
give any information about A and f{o). Hence, in this study,
the kinetic analysis was performed using model fitting
multivariate nonlinear regression method. A series of
reaction types is listed in Table 1. This list contains classic
homogeneous reactions and typical solid reactions. In
comparison with the known reaction types [12, 13], the list
is extended with the combined autocatalytic types C1 and
Cn [14]. The degradation kinetics parameters were evalu-
ated by using the Netzsch Thermokinetics 3.1 software.

Isoconversional methods

Isoconversional methods enable determination of FE
directly from experimental o—7 data (x = (mg — m)/
(mo — my), where mg, m and m; refer to the initial, actual
and residual mass of the sample obtained at several heating
rates without the knowledge of f(x). Isoconversional
Friedman (FR) method has been used. FR method is a
linear differential method based on Eq. (2):

rates should be straight lines whose slopes allow calcula-
tion of E by means of FR method.

Results and discussion
Differential scanning calorimetry

The thermal stability of each polymer in the blend can be
significantly changed due to possible interaction of the
polymer blend components and their degradation products.
Differential scanning calorimetry is one of the techniques
that can be utilized to study interaction in polymer blends
by monitoring the shift of the characteristic transition
temperatures. The results of the DSC investigation of PVC/
PEO/PEG blends are shown as normalized DSC curves.
The DSC heating curve of PVC/PEO/PEG blend 0/100/10
shows one glass transition temperature (7,) at —56 °C
(Teig), —51 °C (Ttng) and —45 °C (Teg,) (Fig. 1) and one
endotherm (7},,) which represents the melting of the crystal
phase of semicrystalline PEO at 60 °C (T¢im), 68 °C (Tpm)
and 79 °C (Tety) (Fig. 2). The DSC curve characteristics of
other investigated blends are shown in Table 2. The
exception is PVC for which determination of T, in blends

da Err is not possible due to overlap with an latter endotherm. By

In {ﬁ d_T} =InA +1Inf(x) — RT (2) increasing PVC content, T, of PEO remains unchanged,
while 4c, decreases. Figure 2 shows the comparison of

The plots In[f(dov/dT)] versus 1/T obtained for  normalized DSC curve characteristics of PVC/PEO blends

o = const. from o—T curves recorded at several heating  with and without PEG addition. Glass transition
Table 1 Reaction types and corresponding reaction equations de/dt = —Aexp(E/RT)f(e,p), where e is start concentration of the reactant

(e = 1—u) and p is concentration of the final product (p = a) [14]

Code fle.p) Reaction type

F1 e First-order reaction

F2 e’ Second-order reaction

Fn e n th-order reaction

R2 2e'7? Two-dimensional phase boundary reaction

R3 3¢ Three-dimensional phase boundary reaction

)| 0.5/(1 —e) One-dimensional diffusion

D2 —1/In(e) Two-dimensional diffusion

D3 1.5¢3e 3 — 1) Three-dimensional diffusion (Jander’s type)

D4 1.5/ = 1) Three-dimensional diffusion (Ginstling—Brounstein type)

B1 ep Simple Prout-Tompkins equation

Bna e"p* Expanded Prout-Tompkins equation (na)

Cl-X e(l 4 KcatX) First-order reaction with autocatalysis through the reactants, X
X = a product in the complex model, frequently X = p

Cn-X e"(1 + KcatX) n th-order reaction with autocatalysis through the reactants, X

A2 2e(—In(e))"? Two-dimensional nucleation

A3 3e(—ln(e)2/ 3 Three-dimensional nucleation

An ne(—ln(e))(“_l)/ " n-dimensional nucleation/nucleus growth according to Avrami—Erofeev
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Fig. 1 Normalized DSC curves of PVC/PEO/PEG blends: glass
transition temperatures (7,) (a) and temperatures of melting (Ty,) (b)

temperature of PEO expressed as T}, does not change by
PEG addition, while for the blend 80/20/10 is increased by
4 °C toward T, of PVC (Fig. 2a). On the other hand, the
melting temperatures of all investigated samples expressed
as Ty and Ty, remain unchanged, while Tesy, and AH,, as
well decrease by increasing PVC content (Table 2). By
PEG addition, the melting temperatures of all investigated
samples expressed as T, decrease; therewith, the maxi-
mum reduction showed blends with a higher PVC content
(Fig. 2b). The depression of temperatures of melting at
higher PVC content (80 %) indicates that PVC/PEO/PEG
system is only slightly miscible in the melt.

(@)
—45 -

(&)
<, 55 :
I\E

—o— PVC/PEO
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W(PEO)/%

Thermogravimetric analysis

It was shown in our previous study [15] that the PVC and
PVC/PEO blends degrade through two main stages, while
the degradation of PEO occurs through one main degra-
dation stage. The non-isothermal thermogravimetric curves
and corresponding derivative thermogravimetric curves of
PVC/PEO/PEG blends obtained at 2.5 °C min~" are shown
in Fig. 3a and b, respectively. Collected data from TG/
DTG curves (Table 3) were used to assess the effect of
PEG addition on the degradation pattern of PVC/PEO
blends. PEO with PEG addition (0/100/10) exhibits only a
single-stage degradation that occurs between 367 °C
(Tonser) and 450 °C. The peak temperature is observed at
388 °C, and the mass loss at the end of this stage is found
to be 96.5 %. On the other hand, a two-stage degradation
pattern is seen in the case of all PVC/PEO/PEG blends and
occurs between 252 and 279 °C (Tyusey) in the first degra-
dation stage and between 411 and 418 °C in the second
degradation stage. As the PEO content is increased, the
characteristic degradation temperatures of PVC/PEO/PEG
blends (Tsq,, Topsetr Imax) are increased, which is in
accordance with our previous study [15]. The mass loss in
the first degradation stage, Am, increased linearly as the
PEO content increased in the blend, while mass loss in the
second degradation stage decreased. As expected, the final
mass losses in the first and second stage decreased linearly
as the PEO content increased.

Comparison of the thermal degradation characteristics
of PVC/PEO blends with and without PEG addition at the
heating rate of 2.5 °C min~' (first degradation stage) is
shown in Figs. 4 and 5. The characteristic degradation
temperatures of PEO remain unchanged upon PEG addi-
tion, while for all other investigated blends the latter
temperatures decreased, particularly at higher PVC content
(Fig. 4). Other thermal degradation characteristics of PVC/
PEO blends, i.e., Ry, Am and m; upon PEG addition
remain almost unchanged. Once again, exception of this
pattern is sample with highest PVC content (80/20/10)
which showed greater mass loss and smaller final mass
than that of the PVC/PEO blend without PEG addition

(b) 657
e
l\w
55 T T T T 1
0 20 40 60 80 100

W(PEO)/%

Fig. 2 Comparison of normalized DSC curve characteristics of PVC/PEO blends with and without PEG addition: midpoint glass transition
temperatures (T1,g) (a) and extrapolated onset temperatures of melting (Teim) (b)
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Table 2 The DSC curve characteristics of PVC/PEO/PEG blends

Curve characteristic PVC/PEO/PEG
100/0/10 80/20/10 60/40/10 50/50/10 40/60/10 20/80/10 0/100/10
T,/°C Teig - —56 -53 —54 —56 -55 —56
Ting - =55 —49 -50 =51 -50 —51
Tty - —44 —43 —44 —45 —44 —45
Acy/J g='°C™! - 0.03 0.05 0.04 0.07 0.09 0.10
Tw/°C Teim - 59 59 59 59 59 60
Tom - 66 63 64 66 67 68
Tetm - 71 69 71 73 76 79
AH /T ¢! - —42.2 —76.2 —96.6 —104.2 —1325 —161.2
(@) 100 a significant dechlorination degree of PVC. The fact that
PVC sample with PEG addition (100/0/10) could not be
907 prepared due to thermal degradation during extrusion
80 1 0100110 confirms latter conclusions.
70 The TG/DTG curves scanned at higher heating rates (5,
60 - 20/80/10 10 and 20 °C min~") are similar to those at 2.5 °C min~'
&; 50 | 40/60/10 and shifted to highe.r. temperatures. At higher heating rates,
g 40 co5010 polymer decomposition processes are more vigorously and
consequently result to higher maximum rates of
30 1 60140710 degradation.
20 0/20/10
10 -
Non-isothermal degradation kinetics analysis
%50 150 250 350 450 550 650
Temperature/°C By using isoconversional FR method in combination with
the multivariate nonlinear regression method, in our pre-
(b) o vious study [16] kinetic analysis of PVC/PEO blends
oy indicated four-stage degradation mechanism, except for
0/100/10 PVC sample which showed five-stage degradation mech-
~ 21 20/80/10 anism. Collected data from non-isothermal thermogravi-
t -3 metric analysis of PVC/PEO/PEG blends were used to
OE ] 40/60/10 assess the effect of PEG addition on the degradation
3 mechanism of investigated blends. Firstly, the dependence
E -5 1 80120710 of E on « is established using FR method. For each selected
6 | sodrto 50/50/10 o= con§t., the correspond'ing plots according to Egs. (2)
are obtained and from their slopes values of E are calcu-
1 lated. The dependence of E on o evaluated at whole con-
-8 4 version range by means of FR method is shown in Fig. 6. It
. can be concluded from Fig. 6 that E depends on « in a
50 150 250 350 450 550 650 whole conversion range for all investigated samples, which

Temperature/°C

Fig. 3 TG (a) and DTG (b) curves of the thermal degradation of the
PVC/PEO/PEG blends at the heating rate of 2.5 °C min™"

(Fig. 5). These results are consistent with the work of
Wu et al. [5] where the addition of PEG shifted charac-
teristic degradation temperatures of PVC to lower values
and also resulted in higher mass loss which strongly proved

may be result of complex mechanism of degradation. Since
E depends on a, the process cannot be described adequately
by a single reaction model and a single pair of Arrhenius
parameters. It is advised to resort to a multistep kinetic
analysis that would yield an individual reaction model and
a pair of Arrhenius parameters for each of the reaction
steps. Such an analysis can be accomplished by using the
model fitting multivariate nonlinear regression method

@ Springer
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Table 3 Characteristics of thermal degradation curves of PVC/PEO/PEG blends (heating rate 2.5 °C min~")

PVC/PEO/PEG Ts4/°C Tonsed°C Tmax/°C Runax/% min™" Omax mg % Aml%
First stage
100/0/10 - - - - - - -
80/20/10 251 252 278 3.60 0.48 304 69.6
60/40/10 258 264 291 4.40 0.56 24.2 75.8
50/50/10 261 270 291 4.60 0.51 21.1 78.9
40/60/10 264 272 301 3.90 0.51 17.6 84.4
20/80/10 275 279 323 2.30 0.39 14.1 85.9
0/100/10 353 367 388 7.00 0.62 34 96.5
Second stage
100/0/10 - - - - - - -
80/20/10 - 414 452 0.7 0.93 124 18.0
60/40/10 - 411 441 0.6 0.91 9.6 14.6
50/50/10 - 415 446 0.6 0.92 8.3 12.9
40/60/10 - 418 447 0.5 0.93 7.3 10.2
20/80/10 - 415 438 0.3 0.96 8.1 6.0
0/100/10 - - - - - - -
Fig. 4 Comparison of the (a) (b)
thermal degradation 360 - 360
characteristics of PVC/PEO
blends with and without PEG
addition at the heating rate of 390 —o—PVC/PEO 320 |
o =1 1 o
2.5 °C min~ " (first degradation o o— PVC/PEO/PEG g
stage): the temperature at 5 % 8
mass loss (T’s¢,) (a), onset = 280 4
temperature (7,,se) (b) and the
temperature at the maximal rate
of degradation (7 ,.x) (€) 240 T T T \ 240 T T T T !
0 20 40 60 80 100 0 20 40 60 80 100
W (PEO)/% W (PEO)/%
(c)
380
Q
R 320
E
260 T T T T 1
0 20 40 60 80 100
W (PEO)/%

[12, 13]. The presence of two or more inflection points or
maxima for all investigated samples (Fig. 6) indicates that
degradation takes place at least in three main steps. Like-
wise, it can be concluded that the PEG addition lowers the
values of the activation energies of PVC/PEO blends as
shown for sample 80/20/10 in Fig. 7.

In our previous study [16], we have concluded that from
the kinetic point of view PEO degradation can be

@ Springer

adequately described by a four individual reaction models
and pairs of Arrhenius parameters. Upon detailed exami-
nation of apparent activation energy of degradation of PEO
with PEG addition calculated by Friedman method
(Fig. 6), one can notice four areas with different E values.
As expected, other investigated samples also showed four
different areas of apparent activation energy (Fig. 6). To
justify the occurrence of the four stages of the degradation,
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Fig. 5 Comparis.on of the (a) s (b) 100
thermal degradation
characteristics of PVC/PEO 90
blends with and without PEG _
addition at the heating rate of e 67 ¢—PVC/PEO < 80
2.5 °C min~"' (first degradation = —6—PVC/PEO/PEG Ny
stage): the maximum s E .
degradation rate (R,.x) (@), the % 4 ]
mass loss (Am;) (b) and the &
final mass (my) (c) 60 1
2 - T T T 1 50 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
W (PEO)/% W (PEO)/%
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& 20
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0 T I T T l
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W (PEO)/%
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Conversion, o

Fig. 6 Dependence of E on o determined by Friedman method of
PVC/PEO/PEG blends

a deconvolution procedure described in details by
Perejon et al. [17] has been performed. MagicPlot Pro
computer program and different fitting functions (Gaussian
and Lorentzian) have been used for the deconvolution
process. The fitting results for the two selected samples
(50/50/10 and 0/100/10) are given in Fig. 8. Figure 8
shows experimental DTG curves (circles) at 2.5 °C min~},
fitted (dotted) and cumulative (solid lines) curves. Cumu-
lative curves are obtained by the summation of individual
fitting curves. It is obvious from Fig. 8a that PEO (sample
0/100/10) DTG curve can be well fitted with four functions
whose cumulative curve fits experimental one, supporting
the above-mentioned conclusion that its thermal degrada-
tion can be adequately described by a four individual

00 01 02 03 04 05 06 07 08 09 1.0
Conversion,a

Fig. 7 Comparison of the dependence of E on o determined by
Friedman method of PVC/PEO 80/20(/10) blend with and without
PEG addition

reaction steps. Similar results are obtained for other PVC/
PEO/PEG blends (Fig. 8b) and support earlier indications
obtained by Friedman method.

In order to find the most probable kinetic model of
thermal degradation of PVC/PEO/PEG blends, the multi-
variate nonlinear regression as the method of analysis was
employed. Analysis was based on the results of the acti-
vation energy from Friedman method as well as on the
shape and slope of experimental points and isoconversional
lines from Friedman plots. In case of multistep reactions,
only few can be said about the reaction type of the indi-
vidual reaction steps. For the start reaction, information can

@ Springer
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Fig. 8 Overlay of experimental DTG curves (circles) at

2.5 °C min™", fitted (dotted) and cumulative (solid lines) curves for
PVC/PEO/PEG blend 50/50 (a) and 0/100/0 (b)

be gained by means of the Friedman analysis. If the
experimental points at the start of the reaction
(o = 0.02-0.10) show a lower slope than the isoconversion
lines, this is a indication of the presence of a diffusion
reaction. On the other hand, if the experimental points at
the start of the reaction have a steeper slope than the iso-
conversional lines, this is a indication of the presence of an
autocatalytic activated reaction (reaction type C) [18].
Applying the statistical criteria, F test and correlation
coefficient, and especially similarity of obtained E with
E calculated by Friedman method made it possible to find
best fit of the f(o) function that describes kinetic model of
degradation. Table 4 shows apparent activation energy
values obtained by the FR method for each degradation
stage. The results of calculations for the most probable
kinetic models on the basis of F test and correlation coef-
ficient are summarized in Table 5. Finally, Fig. 9 shows
the comparison of experimental points and curves
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calculated from multivariate nonlinear regression for the
PVC/PEO/PEG blends 80/20/10, 50/50/10 and 0/100/10.
The best fit between the experimental data and the
assumed kinetic models for PEO sample (0/100/10) was
obtained for the four-stage degradation mechanism with
consecutive reactions A - B - C - D — E. Since the
remaining mass of the samples does not depend on the
heating rate (Fig. 9), multistep unbranched reactions are
present [18], in this case with consecutive reactions as well
as PEO without PEG addition [16]. For investigated PVC/
PEO/PEG blends, the best fit between the experimental
data and the assumed kinetic models was also obtained for
the four-stage degradation mechanism (Fig. 9a, b), which
was confirmed by the high correlation coefficient above
0.9998. The apparent activation energy of the first stage of
thermal degradation of investigated PEO (Fig. 6) amounts
in the range 0.0-146.0 kJ mol™' and reveals diffusion
character (D4). Likewise, the apparent activation energy of
thermal degradation of investigated PVC/PEO/PEG blends
amounts in the range 85.3-105.4 kJ mol™' and reveals
diffusion character (D4) with high probability (Table 4).
Exception of this pattern is sample with highest PVC
content (80/20/10) which may be described by the reaction
of n-th order with autocatalysis (Cn). In our previous study
[16], all investigated PVC/PEO blends in the first stage of
thermal degradation revealed diffusion character (D4). In
this case, PEG addition evidently altered probable degra-
dation mechanism from D4 to Cn at this stage. This is
consistent with the conclusions made by the differential
scanning calorimetry and thermogravimetric analysis and
strongly proves that PEG addition enhances dechlorination
degree of PVC. Regarding the autocatalytic effect of the
Cn model, in our previous study [16], we described the
thermal degradation of PVC sample and PVC/PEO blends
with higher PVC content by the reaction of n-th order with
autocatalysis (Cn). These results are in accordance with the
well-known fact that dehydrochlorination process (most
important successive stage of the PVC degradation) is
described as fast, autocatalytic reaction. In our opinion, as
we concluded in our previous study [16], Cn kinetic model
reasonably describes dehydrochlorination of PVC and
PVC/PEO blends with higher PVC content as well, both
mathematically and functionally. Similar conclusion can be
made by this study in which it was demonstrated that PEG
addition evidently enhanced dechlorination degree of PVC
in the PVC/PEO blends (autocatalytic activated reaction).
The apparent activation energies obtained by Friedman
method indicated that the first stage of the degradation of
all others samples might occur by diffusion mechanism. At
the first stage, at low conversion degrees on Friedman plot,
the experimental points showed a lower slope than the
isoconversion lines, which is in accordance with results of
nonlinear regression. At the beginning of degradation,
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Table 4 Range of apparent activation energy values of thermal degradation of PVC/PEO/PEG blends obtained by Friedman method (in

kJ mol™1)
Stage of reaction PVC/PEO/PEG

100/0/10 80/20/10 60/40/10 50/50/10 40/60/10 20/80/10 0/100/10
Stage 1 - 95.4-101.5 89.2-149.4 89.7-152.0 95.0-133.0 73.6-129.4 0.0-146.0
Conversion range - 0.00-0.10 0.00-0.15 0.00-0.05 0.00-0.05 0.00-0.10 0.00-0.02
Stage 11 - 109.4-118.7 101.9-107.4 95.3-100.0 110.4-121.4 132.0-153.0 194.0-205.6
Conversion range - 0.10-0.35 0.15-0.65 0.05-0.45 0.05-0.50 0.10-0.50 0.02-0.25
Stage 111 - 110.2-138.5 112.8-117.8 102.5-123.2 124.7-158.6 161.8-176.9 181.6-192.0
Conversion range - 0.35-0.80 0.65-0.85 0.45-0.75 0.50-0.80 0.50-0.85 0.25-0.90
Stage IV - 158.3-258.0 150.0-197.8 139.0-224.7 162.0-228.0 121.6-263.0 0.0-205.0
Conversion range - 0.80-1.00 0.85-1.00 0.75-1.00 0.80-1.00 0.85-1.00 0.90-1.00

Table 5 Most probable kinetic models of thermal degradation of PVC/PEO/PEG blends according to F test and correlation coefficient obtained

by using multivariate nonlinear regression method

Stage of reaction = Parameter PVC/PEO/PEG
100/0/10  80/20/10 60/40/10 50/50/10 40/60/10 20/80/10 0/100/10

Stage 1 E/kI mol™' - 100.0 £ 03 956 £ 0.6 90.5 + 04 1054 £ 24 853 4+0.3 47.8 £ 0.0
log A, - 6.4+ 0.0 53 4+0.0 4.8 + 0.0 13.5 £ 0.5 434+ 0.0 0.6 + 0.0
n - 0.3 £ 0.0 - - - - -
Model - Cn D4 D4 D4 D4 D4

Stage II Eo/kJ mol™! - 1119 £ 1.1 1022 £05 954 +0.3 1105 £ 0.3 1434 £ 0.6 198.6 £ 0.8
log A, - 7.1 +£02 6.5+ 0.0 5.7+ 0.0 7.3 +£0.0 9.8 £ 0.0 134 + 0.0
n - 0.9 + 0.1 1.0 £ 0.0 0.9 + 0.0 1.6 £ 0.1 0.7 £ 0.0 1.1 £0.0
Model - Cn Cn Cn An An An

Stage III Ea/kl mol™! - 1287 £09 1173 £ 0.7 1222 £ 223 1577 £ 2.8 1659 £ 0.0 191.8 £ 0.9
log A - 9.1 £0.0 7.6 £ 0.1 8.1 £0.1 11.0 £ 0.2 10.4 + 0.0 12.6 + 0.0
n - 1.3 +£0.0 28+ 1.0 1.5+ 0.0 2.0+ 0.0 3.8+ 04 14 £ 0.0
Model - Cn An Cn Cn An An

Stage IV EJkI mol™' - 2271 +£2.6 19554+20 2204 +£25 2253+35 231.6+18 36.6+3.7
log A4 - 13.7 £ 0.2 11.5 £ 0.1 134 + 0.2 13.7 £ 0.2 14.5 + 0.1 -23+05
n - 1.6 £ 0.0 1.5+ 0.0 1.9 £ 0.0 1.9 £ 0.0 2.6 £0.0 0.5+ 0.0
Model - Fn Fn Fn Fn Fn An

Correlation coefficient, 2 - 0.99984 0.99991 0.99992 0.99985 0.99997 0.99999

there is a solid or high viscosity melt system and the mass
transfer processes became rate determining. Hence, the
decomposition products must diffuse to the surface to be
evaporated and diffusion of the volatile products toward
the surface is rate-controlling process for the first stage
[19]. In case of sample with highest PVC content (80/20/
10), autocatalytic dehydrochlorination process of PVC
became rate-controlling process for the first stage.

The second stage of thermal degradation of PEO sample
with PEG addition may be described by Avrami-Erofeev
reaction type (An) with higher E value which amount in the
range 194.0-205.6 kJ mol~'. These results are in accor-
dance with the literature [16, 20] where the An is

considered to be the best suited kinetic model for the
description of thermal degradation of PEO. Furthermore,
the second stage for the PVC/PEO/PEG blends with
highest PEO content (40/60/10 and 20/80/10) may be
described by the An reaction type which corresponds to the
thermal degradation process of PEO, while samples with
the highest PVC content (50/50/10, 60/40/10 and 80/20/10)
may be described by reaction of n-th order with auto-
catalysis (Cn) which corresponds to the dehydrochlorina-
tion process of PVC. The apparent activation energies of
this stage are slightly larger and amount in the range
95.4-143.4 kJ mol'. Evidently, as the PEO content
increased the probable mechanism changed from the
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Fig. 9 Comparison of experimental data (points) and best fitted kinetic models (solid lines) calculated from multivariate nonlinear regression
method for the PVC/PEO/PEG blend 80/20/10 (a), 50/50/10 (b) and 0/100/10 (c)
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reaction of n-th order with autocatalysis (Cn) to the
Avrami-Erofeev reaction type (An). These results are
consistent with our previous work [16], except for sample
40/60/10 where PEG addition changed probable mecha-
nism from the Cn to the An reaction type (Table 4).

The apparent activation energy of the third stage of
thermal degradation of investigated PEO sample with PEG
addition amounts in the range 181.6-192.0 kJ mol™" and
can be described by the reaction of the Avrami—Erofeev
reaction type (An). However, the third stage of thermal
degradation of PVC/PEO/PEG blends occurs by the
Avrami-Erofeev reaction type (An) and by the reaction of
n-th order with autocatalysis (Cn). If compared to our
previous study [16], PEG addition randomly changed
probable mechanism of thermal degradation of PVC/PEO
blends as follows: samples 50/50/10 and 40/60/10 changed
from the An to the Cn reaction type, sample 20/80/10
changed from the Cn to the An reaction type, while
probable mechanism of samples 80/20/10 and 60/40/10
remains unchanged (Table 4). The apparent activation
energies of this stage are in the range of 117.3-165.9 kJ mol "
and are higher if compared to the previous stage.

The final fourth stage of thermal degradation of PVC/
PEO/PEG blends is described by the reaction of n-th order
(Fn) with the apparent activation energies in the range
36.6-231.6 kJ mol ™! (Table 4). This is in accordance with
our previous work [16]. However, the final stage of thermal
degradation of PEO sample with PEG addition occurs by
the Avrami-Erofeev reaction type (An) with the apparent
activation energy in the range 0.0-205.0 kJ mol™'. The
Avrami-Erofeev coefficient of thermal degradation of PEO
sample at this stage amounts 0.5 (Table 4), and it is iden-
tical to the referent value (n = 0.50; Ags) [21]. This fact
would support the assumption that the PEG addition to the
PEO sample altered the final stage of thermal degradation
which now takes place through a mechanism of nucleation
and growth of nuclei by a diffusion-controlled process. If
compared to the previous stages, latter stage showed the
highest apparent activation energy values. Higher values
could be accounted by the higher collision frequencies at
the higher degradation temperatures [22]. Finally, the
comparison of apparent activation energy values obtained
by isoconversional methods and by multivariate nonlinear
regression method for all degradation stages confirmed the
fit of most probable kinetic models (Tables 4 and 5).

Conclusions

The influence of PEG addition on thermal characteristics
and thermal degradation of PVC/PEO blends was investi-
gated by differential scanning calorimetry and non-
isothermal thermogravimetry in an inert atmosphere.

Characteristic transition temperatures, i.e., T, and Tj,, of
PEO sample do not change by PEG addition, while for the
PVC/PEO blends, T, values increased and T, values
decreased with higher PVC content. PEO sample with PEG
addition exhibits only single-stage degradation, while a
two-stage degradation pattern is seen in the case of all
PVC/PEO/PEG blends. The thermal degradation charac-
teristics of PEO remain unchanged upon PEG addition,
while for all other investigated blends, their values
decreased, particularly at higher PVC content, which is in
accordance with literature where the addition of PEG
shifted characteristic degradation temperatures of PVC to
lower values and also resulted in higher mass loss.

In order to find the most probable kinetic model of
thermal degradation of PVC/PEO/PEG blends, isoconver-
sional Friedman method in combination with the multi-
variate nonlinear regression as the method of analysis was
employed. The kinetic analysis indicated four-stage
degradation mechanism with consecutive reactions which
was confirmed by the high correlation coefficient. The
apparent activation energy of the first stage of thermal
degradation of investigated samples revealed diffusion
character (D4). Exception of this pattern is sample with
highest PVC content (80/20/10) which may be described by
the reaction of n-th order with autocatalysis (Cn). The
second stage of thermal degradation of PEO sample with
PEG addition and blends with highest PEO content (20/80/
10 and 40/60/10) may be described by the An reaction
type, while samples with the highest PVC content (50/50/
10, 60/40/10 and 80/20/10) may be described by Cn reac-
tion type. The third stage of thermal degradation of
investigated blends occurs by the An and Cn reaction type.
If compared to our previous study, PEG addition changed
probable mechanism of thermal degradation of PVC/PEO
blends from the Cn to the An reaction type and vice versa.
Exceptions of this pattern are samples 80/20/10 and 60/40/
10 whose probable mechanisms remain unchanged. The
final fourth stage of thermal degradation of PVC/PEO/PEG
blends is described by the reaction of n-th order (Fn),
except for the PEO sample with PEG addition which
occurs by the An reaction type. The final stage showed the
highest apparent activation energies. These values are
within the range of the results determined by employed
isoconversional Friedman method.
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