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In this paper, a novel method for calculating degradation kinetics is presented. The method has been
applied to the thermal dehydrochlorination of two different samples of PVC. It has been observed that
this dehydrochlorination is complex and involves two different processes. A model that accounts for the
entire dehydrochlorination is proposed. This model involves nucleation and growth and diffusion
controlled mechanisms. The kinetic parameters are obtained from linear heating rate, isothermal and
sample controlled thermal analysis experiments. Kinetic results obtained from the macroscopic thermal
analysis measurements demonstrate the correlation between the kinetics of the thermal dehydrochlo-
rination of PVC and the structure of this macromolecule.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(vinyl chloride) (PVC) is one of the most common polymers
because its properties and low cost and, therefore, it has been
extensively studied in literature. Due to the low thermal stability of
this polymer, many studies deal with its thermal degradation. In
general, it is established in literature that the thermal decomposi-
tion of PVC takes place in two processes [1e6]. The first one
corresponds almost exclusively to a side group elimination or
dehydrochlorination of the PVC leaving a conjugated polyene
structure. Most of the Cl is released as HCl that represents up to 99%
of the total volatiles; this HCl is accompanied with a small amount
of hydrocarbons, mainly aromatics such as benzene [3e5,7e16].
The relatively low thermal stability of PVC has been attributed by
many researchers to the presence of thermally labile structural
segments or defects that are responsible of this instability. Among
those defects, the most important ones are structural defects such
as branching, tertiary chlorine, unsaturations, oxygen containing
groups, head-to-head structures and polymerization residues
[14,17e32]. Due to the importance of defects from the point of view
of the thermal degradation of PVC, several articles deal with the
formation of these defects in PVC macromolecules [18,31,33].
Additionally, some authors have recognized the importance of the
secondary molecular structure, namely the tacticity governed
microstructure, on the thermal degradation of PVC. Thus, it has
been claimed that the GTTG� conformer of themm triads that occur
ueda).

All rights reserved.
in mmr segments of the polymer are responsible of the thermal
instability [34e37].

The kinetics of the thermal dehydrochlorination of PVC has
been extensively studied in literature using both isothermal and
linear heating rate methods [12,13,38e57]. It is striking the very
broad dispersion of results in terms of kinetic parameters repor-
ted in these papers. Most of the kinetic studies of thermal
dehydrochlorination of PVC assume an n order kinetic model for
the analysis [12,13,38e55,58e62]. Additionally, some authors
have used a more complex approach by proposing either two
consecutive [8,13,50] or two competitive [49] n order kinetic
models. The use of n order kinetic equations for describing solid
state reactions is a very simple assumption commonly used in
thermal degradation of polymers. Thus, it is assumed that the
reaction rate is proportional to the reacted fraction (or unreacted
material) to the power of n, where n is the reaction order. From
the formal point of view, the n order kinetic model has only
physical meaning for n values equal to 1, 3/4 and ½. For these
values, the n order kinetic model corresponds to a phase
boundary controlled reaction contracting in one, two and three
dimensions, respectively. Intermediate values could correspond to
a mixed situation due to, for example, mixtures of particles with
different morphologies [63]. In any case, for most of the polymer
degradation studies, the n order kinetic models are used just as
a fitting function without physical meaning. In fact, the n
parameter might have any value that fits the experimental curves,
and no conclusions are drawn from the obtained values. It is
worth noting that the assumption of a kinetic mechanism
produces a significant effect on the kinetic parameters, i.e. acti-
vation energy and pre-exponential factor, resulting from the
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kinetic analysis. Thus, if an incorrect kinetic model is assumed,
the resulting parameters will also be erroneous. Recently, it has
been reanalyzed the kinetics of the thermal dehydrochlorination
of PVC and it has been concluded that, despite the general
believe, this process cannot be described by an n order kinetic
model but by a mechanism of nucleation and growth of nuclei
[56]. More recently, Simoes et al have reached a similar conclu-
sion in terms of the kinetics of this thermal degradation reaction
when studying different PVC samples [57]. Nevertheless, the
nucleation and growth of nuclei model does not describe the
entire dehydrochlorination process, and deviations in the activa-
tion energy and the Arrhenius pre-exponential factor for large
values of a, i.e. a > 0.7, are observed. In addition, non-conven-
tional thermal methods such as constant rate thermal analysis
[64,65], stepwise isothermal analysis [65] and high-resolution
thermogravimetry [66], that provide a better resolution power
than conventional procedures, have shown that the thermal
dehydrochlorination of PVC is not a simple process but a complex
one that involves two weight steps. These two weight steps have
been attributed to different syndiotacticities in the PVC macro-
molecules, in agreement with results obtained from FTIR [66].

The objective of the present work is the study of the thermal
dehydrochlorination of two different samples of PVC and the
proposal of a kinetic mechanism that accounts for the entire
complex process. Kinetic parameters will be obtained from linear
heating rate, isothermal and sample controlled thermal analysis
experiments.
2. Theoretical

In a solid state reaction, the general kinetic equation that
describes the reaction rate is usually written as follows:

da
dt

¼ Aexpð�E=RTÞf ðaÞ (1)

where a is the reacted fraction, t is the time, da/dt is the
reaction rate, A is the Arrhenius pre-exponential factor, R is the
gas constant, E the activation energy, T is the process temperature
and f(a) accounts for the reaction rate dependence on a. The
kinetic model, f(a) is an algebraic expression which is usually
associated with a physical model that describes the kinetics of
the solid state reaction. Table 1 shows the functions corre-
sponding to the most commonly used mechanisms found in
literature.

Recently, it has been reported that a modified SestakeBerggren
equation, i.e. f(a) ¼ c � am (1 � a)n, with values for n and m in the
range from 0.4 to 0.8 and �1 and 0.7, respectively, not only fits
every kinetic ideal model proposed for solid state reactions, but
the deviations of the ideal kinetic models due to, for example,
inhomogeneities in particle size and shape [63]. Thus, the use of
this equation does not limit the kinetic analysis to the use of only
Table 1
Algebraic expressions for the f(a) functions for themost commonmechanisms in solid stat

Mechanism

Phase boundary controlled reaction (contracting area, i. e. bidimensional shape)
Phase boundary controlled reaction (contracting volume, i. e. tridimensional shape)
Unimolecular decay law (instantaneous nucleation and unidimensional growth)
Random instant nucleation and two-dimensional growth of nuclei (AvramieErofeev e
Random instant nucleation and three-dimensional growth of nuclei (AvramieErofeev
Two-dimensional diffusion (bidimensional particle shape)
Three-dimensional diffusion (tridimensional particle shape) Jander equation
ideal kinetic models that might yield erroneous results. Thus, it
has been stated in literature that if the kinetic model is discrim-
inated from a predefined set of kinetics models, one of them will
be the “best model” even if the set does not contain the true
model [67]. This is especially important for the analysis of real
samples. The kinetic models reported in literature have been
proposed by assuming ideal conditions in terms of reaction
driving force and particle size and shape. Thus, it has been
observed that deviations from these ideal situations will definitely
produce a change in the form of the f(a) functions, and the
experimental curves could not be properly fitted by the ideal
models. Nevertheless, the use of the modified SestakeBerggren
equation instead of the equations corresponding to ideal models
will fit the data, not only, when they are described by one of the
proposed ideal kinetic models, but when they follow a different
mechanism not corresponding to any of the ideal ones. Thus,
equation (1) can be written as

da
dt

¼ cAexpð�E=RTÞ amð1� aÞn (2)

Equations (1) and (2) are general expressions that describe the
relationship among the reaction rate, reacted fraction and
temperature independently of the thermal pathway used for
recording the experimental data. In the case that the experimental
data were recorded at a constant heating rate b ¼ dT/dt, equation
(2) would be written as follows:

da
dT

¼ cA
b
expð�E=RTÞ amð1� aÞn (3)

For experiments performed under isothermal conditions, the
sample temperature is rapidly increased up to a certain tempera-
ture and maintained at this temperature while the reaction
evolution is recorded as a function of the time. Under these
experimental conditions, the term Aexp(�E/RT) remains constant
at a value k, and therefore equation (2) becomes:

da
dt

¼ ck ðaÞmð1� aÞn (4)

Sample Controlled Thermal Analysis (SCTA) is another alternative
approach which is attracting a rising interest for decomposition
reactions.[64,68e70] In SCTA experiments, the evolution of the
reaction rate with the time is predefined by the user and, most
usually, it is maintained at a constant value, C ¼ da/dt, along the
entire process. In this case, the technique is named Constant Rate
Thermal Analysis (CRTA). This way, by selecting a decomposition
rate that is slow enough, the mass and heat transfer phenomena
occurring during the reaction are minimized, what is an useful
asset when dealing with reactions as complex as polymer pyrolysis.
Thus, the results obtained by CRTA are more representative of the
forward reaction than those resulting from more conventional
methods [68,69,71e73].
e reactions and their corresponding equivalent modified SestakeBerggren equations.

Symbol f(a) Equivalent reduced
SestakeBerggren
equation

R2 ð1� aÞ1=2 ð1� aÞ1=2
R3 ð1� aÞ2=3 ð1� aÞ2=3
F1 ð1� aÞ ð1� aÞ

quation) A2 2 ð1� aÞ ½�lnð1� aÞ�1=2 2:079ð1� aÞ0:806a0:515
equation) A3 3 ð1� aÞ½�lnð1� aÞ�2=3 3:192ð1� aÞ0:748a0:693

D2 1=½�lnð1� aÞ� 0:973ð1� aÞ0:425a�1:008

D3 3 ð1 � aÞ2=3=2 ½1� ð1 � aÞ1=3� 4:431ð1� aÞ0:951a�1:004
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Under constant rate thermal analysis (CRTA) conditions, equa-
tion (2) becomes:

C ¼ cAexpð�E=RTÞðaÞmð1� aÞm (5)

2.1. Model free methods

Model free methods are used for determining the activation
energy as a function of the reacted fraction without any previous
assumption on the kinetic model fitted by the reaction. The Fried-
man isoconversional method [74] is a widely used differential
method that, unlike conventional integral model free methods,
provides accurate values of activation energies even if the activa-
tion energy depends on the reacted fraction [75].
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Fig. 1. Thermogravimetric curves in its integral (top) and differential (bottom) forms corres
linear heating rates. The dots are the experimental curves while solid lines are the theo
contribution of the two processes to the overall reactions are represented by the dashed li
Equation (1) can be written in logarithmic form:

ln
�
da
dt

�
¼ lnðAf ðaÞÞ � E

RT
(6)

Moreover, at a constant value of a, f(a) would be also constant and
equation (6) would be written in the form:

ln
�
da
dt

�
a
¼ Const� Ea

RTa
(7)

The activation energy at a constant a value, Ea, can be determined
from the slope of the plot of the left hand side of equation (7), that is
the logarithm of the reaction rate at a constant value of a, against
the inverse of the temperature at the same value of a.
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3. Experimental

Two samples of PVC with different molecular weight purchased
from Aldrich have been used in this study:

Sample 1 (Aldrich 389323): average Mn w47,000; average Mw
w80,000; fine powder.
Sample 2 (Aldrich 346764): average Mn w99,000; average Mw
w233,000; fine powder.

The samples were used as received without any further
modification.

A homemade thermogravimetric instrument that allows
working, not only under conventional linear heating and
isothermal conditions, but also under sample controlled thermal
analysis conditions has been used for the present study. A detailed
description of the instrument can be found in references [64,65]. In
order to avoid heat and mass transfer phenomena, very small
amounts of sample were used. Thus, about 10 mg and 25 mg of
sample were used for the experiments under conventional condi-
tions (linear heating rate and isothermal) and sample controlled
thermal analysis conditions, respectively. Additionally, the repro-
ducibility of the measurements was checked by repeating
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Fig. 3. Activation energy values as a function of the reaction progress obtained by
means of the model free method for the PVC sample 1.
experiments with different amounts of material. In the case of the
sample controlled conditions, a slightly larger amount of sample
was used to obtain a better control of the reaction rate. Neverthe-
less, it has to be taken into consideration that under these
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Fig. 5. Thermogravimetric curves obtained under linear heating rate conditions at
(a) 20 and (b) 40 K min�1 for the PVC sample 1. Experimental curves are represented
by points while the theoretical reconstructed ones are represented by lines.
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experimental conditions, the heat and mass transfer phenomena
are minimized because the reaction rate is controlled all over the
process. All experiments were performed in nitrogen atmosphere
(flow: 100 cc min�1).

The evolved gas analysis was performed under high vacuum
using another homemade instrument with a reactor and a quad-
rupole mass spectrometer (Prism, Pfeiffer) [76]. In this case, 3.5 mg
of sample was used for the experiment.
4. Results

Fig. 1 shows the thermogravimetric curves, in its integral and
differential forms, corresponding to the thermal dehydrochlorina-
tion of PVC sample 1 under different linear heating rates. Weight
losses have been normalized, as it is commonly done for kinetic
analysis of solid state reaction, and the process is described in terms
of reaction fraction or a. Nevertheless, the weight loss for all curves
in Fig. 1 was about 59% that is the stoichiometric value corre-
sponding to the release of HCl due to total thermal dehydrochlo-
rination of PVC, in agreement with previous literature data
[3e5,7e16]. It is quite clear from Fig. 1 that curves show
a shoulder for all heating rates. This behaviour suggests a complex
dehydrochlorination mechanism. In addition the evolution of the
HCl mass signal recorded bymass spectrometry as a function of the
temperature shows that HCl is evolved in two overlapping stages
(Fig. 2), corresponding to bothweight losses in the TG traces (Fig.1).
It is noteworthy to point out that, although thermogravimetric
results show that both processes are not totally resolved (Fig.1), the
shoulder is observed at a reacted fraction, a, roughly closed to 0.6
independently of the heating rate selected, what suggests that
thermal dehydrochlorination of PVC takes place through two
independent reactions. This behaviour is not consistent with the
proposal of Wu et al. [49] that consider that the thermal dehy-
drochlorination of PVC is described by two competitive processes.
In the case that a solid state reaction is described by two compet-
itive processes with different kinetic parameters, the contribution
of each of themwill depend on temperature and due to the fact that
a change in the heating rate produces a shift in the average
temperature at which the process takes place, the contribution of
each individual process to the overall reaction will be different for
the different heating rates [75]. Moreover, the activation energy
values plotted in Fig. 3 as a function of the reaction progress as
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Fig. 6. Isothermal experiment at 543 K for the PVC sample 1. Experimental curve is
represented by points while the theoretical reconstructed one is represented by a line.
The inset figure shows a detail of the initial part of the degradation curve.
calculated bymeans of themodel freemethod previously described
in the theoretical section seems to support this conclusion. Thus, it
is clear from Fig. 3 that the activation energy remains near constant
at a value close to 125 kJ/mol until the reacted fraction at the
shoulder is reached, while for higher values of a the activation
energy sharply increases up to values larger than 190 kJ mol�1. It
would be expected that these two limit values of the activation
energy would be close to the activation energies corresponding to
every one of the two independent overlapping reactions.

Taking into account the above considerations, the total reaction
rate would be given by the addition of the two reaction rates cor-
responding to each independent process multiplied by the fraction
representing the contribution of each of them to the overall
decomposition reaction. From the kinetic point of view, the total
reaction ratewould be formulated, according to equation (3), by the
following equation:

da
dT

¼ 1
b

h
l1c1A1expð � E1=RTÞam1

1 ð1� a1Þn1

þl2 c2A2expð � E2=RTÞam2
2 ð1� a2Þn2

i
(8)

where the subscripts 1 and 2 refer to the first and second process,
respectively, l1 and l2 being the contribution fraction of the first and
second process to the overall reaction. It is evident that l1 and l2
must accomplish the following relationships:

l1 þ l2 ¼ 1 (9a)

l1a1 þ l2a2 ¼ a (9b)

All the parameters in equation (8) are identified by comparing the
experimental curves with those resulting from solving equations
(8) and (9) using iterative optimization. Thus, a nonlinear least-
squares algorithm is used to determine the variable parameters, i.e.,
l1, (c1A1), E1, m1, n1, l2, (c2A2) E2, m2 and n2, which minimize the
values of the objective function F given below (equation (10)).

F ¼
XN
j¼1

XMj

i¼1

1
Mj

 �
da
dT

�experimental

j;i
�
�
da
dT

�calculated

j;i

!2

(10)
460 480 500 520 540 560 580 600 620 640 660
0.0

0.2

0.4

0.6

0.8

1.0

α

T (K)

Fig. 7. Sample controlled thermal analysis curve resulting from the thermal dehy-
drochlorination of PVC sample 1 at a constant reaction rate of 6 � 10�3 min�1.
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where N is the total number of experimental curves, j is the curve
index, i is the experimental point index, Mj is the total number of
experimental points in the experimental curve j, ðda=dTÞexperimental

j;i
is the experimental value corresponding to the curve j in the point i,
and ðda=dTÞcalculatedj;i is the calculated value for the curve j in the
point i.

The experimental curves included in Fig. 1 have been simulta-
neously fitted from the above analysis procedure leading to the
following kinetic parameters: l1 ¼ 0.657(i.e.; 65.7%),
E1 ¼ 113.1 kJ mol�1,(c1A1) ¼ 6 � 1010 min�1, n1 ¼ 1.16, m1 ¼ 0.683,
l2 ¼ 0.343(i.e.; 34.3%), E2 ¼ 202.1 kJ mol�1, (c2A2) ¼ 1017 min�1,
n2 ¼ 1.36, and m2 ¼ �1.88. It must be pointed out that the two
values of activation energies obtained roughly agree with those
calculated from the Friedman method for low and high values of
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alpha, respectively (Fig. 3) as previously forecasted. Fig. 4 shows the
comparison of the modified SestakeBerggren f(a) functions
resulting from the kinetic analysis with some of the conversion
functions often used in the literature, which are listed in Table 1. It
is clear from this figure that the conversion function associated
with the thermal degradation of PVC closely follows for the first
process a nucleation kinetic model, in particular a A2 model.
Besides, the second process follows a diffusion kinetic model,
although it cannot be properly described by any of the ideal ones.

The simulation of curves obtained with the calculated kinetic
parameters is a useful method for checking the results obtained by
this kinetic analysis. Thus, sets of curves have been simulated
assuming identical heating conditions as those used in the exper-
iments and the kinetic parameters obtained from the kinetic
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analysis. The simulations have been performed by numerical inte-
gration of equation (8). As it is shown in Fig. 1, both the recon-
structed (simulated) and the experimental curves overlap,
validating the kinetic parameters obtained from the analysis. To
further check the kinetic parameters, other linear heating rate
experiments at 20 and 40 K min�1 have been recorded (Fig. 5).
These curves are perfectly matched by the simulated curves con-
structed by assuming these linear heating rate conditions and the
kinetic parameters obtained from the kinetic analysis. An addi-
tional test was performed by recording an isothermal experiment
at 543 K (Fig. 6). As in the previous cases, a curve has been simu-
lated with the calculated kinetic parameters and for a constant
temperature of 543 K and the resulting curve also perfectly
matches the experimental data (Fig. 6). Finally, it has been
considered of interest to perform an experiment under Sample
Controlled Thermal Analysis (SCTA) conditions. Thus, Fig. 7 includes
the experimental curve resulting from the thermal dehydrochlo-
rination of PVC at a constant reaction rate of 6 � 10�3 min�1. It has
been stated in literature that the SCTA method provides a much
better resolution power for the kinetic model of solid state reac-
tions than conventional linear heating or isothermal conditions
[70,77]. Thus, the shape of the curves is very much dependent on
the kinetic model followed by the process, unlike curves under
linear heating rate conditions that always have a sigmoid shape.
The SCTA experiment corresponding to the dehydrochlorination of
the PVC shows for the initial part a temperature decrease until
a certain conversion value is reached, followed by a rising until
completing the reaction. Thus, the curve falls back on itself upon
achieving the preset constant rate. This shape is very characteristic
of a nucleation and growth mechanism [70,77,78]. For the second
process at higher temperature, it is hard to discriminate the shape
of the curve because there is still some overlapping, although
smaller than in conventional linear heating experiments, with the
other process. In any case, it seems to have a sigmoid shape that is
characteristic of diffusion controlled mechanisms [70,77]. Thus,
a curve was simulated using the kinetic parameters obtained from
the above analysis and assuming SCTA conditions identical to those
of the experimental curve in Fig. 7. The resulting simulated curve
matches very nicely the experimental one, validating the kinetic
parameters. The fact that the kinetic parameters obtained from
a set of linear heating rate curves are able to reconstruct curves
obtained under quite different heating conditions, i.e. other linear
heating rates, isothermal and sample controlled, not only validates
the kinetic parameters, but also suggests that mass and heat
transfer phenomena have been successfully minimized, because
otherwise the shapes of the curves would be influenced by the
experimental arrangement.

A similar study has been performed on PVC sample 2. Fig. 8
includes the TG-DTG traces obtained for this sample under
different linear heating rates. Curves look quite similar to those
corresponding to the sample 1 despite their different weight
numbers. As for sample 1, identical kinetic analysis procedure was
performed. The activation energy values as a function of the reac-
tion progress obtained by means of the model free method
described in the theoretical section are included in Fig. 9. As for
sample 1, the activation energy does not remain constant for all the
values of the reacted fraction indicating that it is a complex process,
and the activation energy that remains almost unchanged at about
122 kJ mol�1 for values of the reacted fraction smaller than 0.6
increases sharply up to more than 190 kJ mol�1 for larger values of
the reacted fraction (Fig. 9). The kinetic analysis described in the
experimental section yields the following kinetic parameters:
l1 ¼ 0.629, E1 ¼ 114.5 kJ mol�1, (c1A1) ¼ 6 � 1010 min�1, n1 ¼ 1.19,
m1 ¼ 0.695, l2 ¼ 0.371, E2 ¼ 202.0 kJ mol�1, (c2A2) ¼ 1017 min�1,
n2 ¼ 1.27, and m2 ¼ �1.41. These kinetic parameters are quite
similar to those obtained for sample 1. In addition, Fig. 10 shows the
comparison of the modified SestakeBerggren f(a) functions
resulting from the analysis with some of the conversion functions
in Table 1. As also observed for sample 1, it is clear from this figure
that the conversion function associated with the thermal degra-
dation of PVC closely follows a A2 nucleation kinetic model for the
first process and a diffusion controlled model for the second one. In
this latter case, although the shape is characteristic of the diffusion
models, it does not match any of the ideal ones.

The set of curves simulated by assuming the kinetic parameters
resulting from the analysis closely match the experimental curves
in Fig. 8, validating the analysis. In addition, it was considered of
interest, as for sample 1, to obtain a set of curves under different
experimental conditions than those used for the kinetic analysis.
Thus, four curves, two under linear heating rate conditions, i.e.
b ¼ 20 and 40 K min�1 (Fig. 11), another under isothermal condi-
tions, i.e. T ¼ 543 K (Fig. 12), and the last one under sample
controlled conditions, i.e. C ¼ 6 � 10�3 min�1 (Fig. 13) were
obtained experimentally. The fact that the curves simulated using
the kinetic parameters obtained from the previous analysis match
those obtained experimentally (Figs. 11e13) confirms the validity of
the kinetic parameters.

These results contrast with those previously reported in litera-
ture, that describe the thermal dehydrochlorination of PVC by
means of n order kinetic model. Nevertheless, it has to be taken into
consideration that in those previous studies an n order kinetic
model had been assumed. In fact, these n order kinetic models are
generally used for describing polymer degradation reactions.
Nevertheless, this assumption is not necessarily true, and it has
been shown in previous works that, while some polymer degra-
dation reactions could be described by an n order model, other,
such as that of polyethylene, follow quite different kinetic models
[79]. Several authors have already warned about the risk of
assuming predefined kinetic models for solid state reactions
[67,80,81]. Thus, even when the kinetic model is selected from
a limited number of models, necessarily, one of them will provide
the best fit even if it is not the true one [67]. The very broad
dispersion of data reported in literature for the thermal dehydro-
chlorination of PVC can be understood by considering that the
resulting activation energy and pre-exponential factor are very
much dependent of the kinetic model assumed.

In the present study, it has been clearly shown that the PVC
dehydrochlorination is a complex process involving two different
chlorine groups. Both groups might be related to sequences with
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Fig. 12. Isothermal experiment at 543 K for the PVC sample 2. Experimental curve is
represented by points while the theoretical reconstructed one is represented by a line.

Fig. 10. Comparison of the modified SestakeBerggren f(a) functions resulting from the
kinetic analysis (points) with some of the conversion functions often used in the
literature and listed in Table 1 (lines). a) first process and b) second process.
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different tacticities in agreement with previous papers that claim
a significant contribution of the stereochemical composition on the
degradation rate. Thus, it has been reported that an increase of
polymer syndiotacticity provokes a decrease of labile chlorine
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Fig. 11. Thermogravimetric curves obtained under linear heating rate conditions at (a)
20 and (b) 40 K min�1 for the PVC sample 2. Experimental curves are represented by
points while the theoretical reconstructed ones are represented by lines.
groups [32,34e37]. Recently, it has been studied the tacticity of
quite different pure PVC samples by FTIR and it has been concluded
that the ratio between syndiotactic short sequences and syndio-
tactic long sequences are in the range from 1.86 to 1.44, while these
ratios are coincident with the two weight losses observed for the
dehydrochlorination by high-resolution thermogravimetry [66].
Those ratios are consistent with the percentages obtained in the
present paper for the two processes, i.e., 65.7% and 62.9% for the
first one and 34.3% and 37.1% for the second one, suggesting
a different stereochemistry for two different chlorine groups that
contribute to each of them. The kinetic study has shown that both
dehydrochlorination processes follow a different kinetic model.
Thus, the first one involves a nucleation and growthmodel whereas
the second one involves a diffusion controlled model. Both
processes overlap from the first stages of degradation (Figs. 1 and
8), but the contribution of the nucleation and growth one is
much larger in the lower temperature range, while the higher
temperature range is almost totally described by the diffusion one.
It is quite interesting that one of these two processes takes place
through a nucleation and growth model. As a matter of fact, these
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Fig. 13. Sample controlled thermal analysis curve resulting from the thermal dehy-
drochlorination of PVC sample 2 at a constant reaction rate of 6 � 10�3 min�1.
Experimental curve is represented by points while the theoretical reconstructed one is
represented by a line.



Fig. 14. Optical micrograph of the PVC sample 1 dehydrochlorinated (a) up to an extend of 70% and (b) totally dehydrochlorinated.
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kind of kinetic models are commonly found in crystallization
processes but are rarer for other solid state reactions. Nevertheless,
processes such as the reduction of V2O5, Fe2O3, and Fe3O4 [78,82] or
the thermal decomposition of nickel nitrate [83] follow this kind of
kinetic model. The thermal dehydrochlorination of PVC is the only
example, to our knowledge, in which this kind of kinetic model has
been reported in the field of thermal degradation of polymers. From
the physical point of view, the nucleation and growth model
implies that the reaction starts in discrete points, called nuclei, and
the progress of the reaction follows from these nuclei into the rest
of the material. This result agrees with the assumption that PVC
decomposes starting from irregularities or defects where the
chlorine groups are especially labile. Thus, these defects can act as
the nuclei where decomposition starts, while the decomposition
continues in two dimensions along the rest of the sample. This
kinetic model is in agreement with the fact that lower syndio-
tacticity involves larger concentration of structural defects [32,66].
From the practical point of view, it is quite significant that the
thermal dehydrochlorination follow such kinetic model. Thus, it
means that if the material goes through a high temperature event
during processing, recycling or any application, the nucleation and
growth process will be already initiated and the degradationwill be
speeded up. This behaviour can be illustrated with the SCTA
experiments in Figs. 7 and 13, where the reaction rate has been
automatically maintained constant along the entire process. Thus,
at the beginning of the dehydrochlorination, temperature has to be
increased up to a relatively high value to initiate the process, while
once this first stage is surpassed, the temperature has to decrease
for maintaining the reaction rate constant. Furthermore, the second
dehydrochlorination process was described by a diffusion
controlled process. This diffusion controlled process was also
confirmed by observations with the optical microscope. Thus,
Fig. 14a includes the micrograph of the PVC sample 1 dehydro-
chlorinated up to an extend of 70%, that corresponds to the first part
of the second process, while Fig. 14b includes the micrograph cor-
responding to the same sample totally dehydrochlorinated. The
sample partially dehydrochlorinated shows the presence of a large
number of bubbles all over the sample, while the sample totally
dehydrochlorinated has a globular or foam type structure with an
apparent density of 0.1 g cm�3. Thus, during the last part of the
dehydrochlorination, it seems that HCl gasses are occluded within
the material due to the formation of a carcass that hinders the gas
release. Therefore, in this stage, the diffusion of the gas from the
bulk to the surface is the limiting parameter of kinetics. Finally,
after the total dehydrochlorination, the foam or globular structure
is preserved. This finding agrees with the results of Dadvand et al.
[10] that, after studying the thermal dehydrochlorination of PVC by
gas chromatography and mass spectrometry, suggest that certain
degree of cross-linking is developed impeding the escape of the HCl
in the final stage of dehydrochlorination. As a matter of fact, in PVC
the cross-linking, whereby there is a creation of bonds between
two adjacent polymer chains, generates a more compact, less easily
volatilized structure [84]. Interestingly, a similar behaviour has
been reported for the pyrolysis of rice husk, where a high thermal
stability SieO carcass is formed and gives rise to diffusion
controlled process, in such a way that the resulting material pres-
ents a typical globular structure [85]. From the practical point of
view, the presence of this diffusion controlled process determines
the globular like or foammicrostructure of the residue. As a matter
of fact, some authors have proposed the pyrolysis of PVC as
a procedure to prepare porous carbon materials without further
activation [86].

In conclusion, the thermal dehydrochlorination of PVC is
complex and involves two different processes: a first process with
an activation energy of about 114 kJ mol�1 that follows a nucleation
and growth type kinetic model and a second process with an
activation energy of about 202 kJ mol�1 that follows a diffusion
controlled kinetic model. The first process that follows a nucleation
and growth mechanism could be related with the presence of the
well described labile sites in PVC where the reaction starts and
follows from these nuclei into the rest of the material. The second
process follows a diffusion controlled model that was supported by
microscopic observation of the material that shows the formation
of bubbles due to the release of the HCl during the last steps of
dehydrochlorination. The kinetics of two samples with different
molecular weight resulted quite similar.
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