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Kinetic equations proposed in the literature for thermal decomposition reactions may be 
approximated at low conversions by the relation: ~o = Dp(x). This equation reveals three kinds 
of behaviour under isothermal conditions, as evidenced in the {hermal dehydrochlorination of 
polyvinylchloride. The kinetic parameters were determined with a computing program and its 
performances were tested. The calculation method was applied to some polyvinylchloride 
macromodels. 

Study of the thermal decomposition of polymers is very important if we are to 
establish the causes of their thermal instability. 

The thermal degradation of polyvinylchloride begins at temperatures over 
373 K, although the linear and regular structure of the macromolecular chain 
implies good thermal stability. This instability may be attributed to some labile 
structures (tertiary chlorine, internal double bonds, chloromethyl branches, end 
groups, etc.) appearing in the polymerization process or during polymer processing 
[1-3]. On the other hand, the tacticity in polyvinylchloride may influence the 
thermal degradation mechanism [4, 5]. 

In order to provide evidence of the importance of these structural defects, the 
thermal degradation of polyvinylchloride must be followed at the lowest possible 
temperatures. At such temperatures, the dehydrochlorination rate being very low, 
the conductometric method for the detection of evolved hydrogen chloride is 
adequate from the aspect of precision. 

The thermal degradation of polyvinylchloride may be carried out under 
isothermal conditions, or under non-isothermal conditions at a constant heating 
rate. The meain deficiency of the isothermal method results from the fact that the 
sample is slow to attain the working temperature. In this way the kinetic analysis of  
the degradation process is' difficult [6, 7]. The requirement of remaining in the low 
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temperature range under non-isothermal conditions at the available heating rates 
involves the study of thermal degradation at low conversions (2-3%). 

Theoretical 

The theoretical study starts from the following separable differential equation: 

d~ 
at - k (T ) f ( cO  (1) 

where e is the conversion, T is the absolute temperature, k ( T )  is the reaction 
constant and f(~) is the conversion function. 

The temperature-dependence of the reaction constant is given bY the well-known 
Arrhenius relation: 

k ( T )  = Z exp ( -  E / R T )  

where Z is the frequency factor, E is the activation energy and R is the ideal gas 
constant. 

Integrating of Eq. (1) for non-isothermal measurements at a constant heating 
dT, 

rate,/? = ~ -  leads to 

= i dot _ Z E  F(ct) f (~t) fiR p(x) (2) 

E ~ e - jdu"  where x = ~ and p(x) = 

The functions F(~) and p(x) are designated as the conversion integral and the 
temperature integral, respectively. 

The function f(~) in Eq. (1) specifies the particular type of kinetic mechanism. 
Numerous such functions have been proposed in the literature, which may be 
justified theoretically and/or experimentally [8]. 

The most usual conversion functions with the corresponding conversion 
integrals and the first two terms of the power series expansion are listed in Table 1. 

Models I, li b and III d were tested for polyvinylchloride dehydrochlorination 
[9 11] (Table 1). 

If the experimental study is made at low conversions, we keep only the first term 
from this power series expansion of the function F(0t). In this way, the following 
relation can be written: 

Z E  
act b = ~-R P(X) (3) 

where a and b are characteristic parameters for each particular mechanism. 
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Table 1 Main conversion functions and conversion integrals in thermal degradation 

I. Reaction order model 

1 - ( 1  _ = ) 1 - .  n 
f ( ~ )  = ( l - ~ ) n ;  F(~) - - ~+  = ~ z + . . .  

1 Z 

II. Reactions controlled by nucleation 

~t I - m  
a) f(at) = r~"; F(at) = 1--L---~, m < 1 

{I1 --II ~2 - -n  

b ) f ( a )  = ~ tn(1-~) ' ;  F(~t) = 1 - n  + m 2 ~ n _  .. + " " " 

I / 2 < n <  1; 0.556 < m<0 .774  

III. Reactions controlled by nucleation followed by nucleus volume increase 
a) Introduction period 

f (~ )  = ~t3/*; F(~) = 4~ 1/4 
b) Bidimensional nucleus g o w t h  (Avramt equation) 

.f(~) = (1 - ~ ) [ -  In (1 - ~e)] 1/2 ; 

F ( ~ ) = 2 [ - i n ( 1 - ~ ) ]  ~ / 2 = 2 , j ~  1 + ~ + . . .  

c) Tridimensional nucleus growth 

f ( e )  = (I - e)[-" in (1 - e)]2/3 ; 

) F(c0 = 3 [ - I n  (1 -~)]1,3 = 3 1 + 6 4~ 

d) General case 
n - 1  

f(cc) = (1 + c 0 [ - l n ( l - ~ ) ]  , ; 

F(oO=n[- ln (1-~)] ' l "=n~( l+~+. . . )  

IV. Reactions controlled by nucleation followed by linear nucleus growth 

a) Concatenated growth with ramification possibilities 

f ( ~ )  = - 

Explosive reactions: f (~ )  = c~ n (n > 1) 

The conversion function cannot  be applied to the initial stages. 

b) Nuclei capable of  ramification and interaction during growth 

f ( a )  = a(l  - ~) 
The same observation as above 

V. Reactions controlled by diffusion 

a) Unidimensional transport  with constant  diffusion coefficient (parabolic law) 
~2 

f (~ )  = ~ - ' ;  F(~) = - -  
2 

Sintering phenomena 
0~ " + 1  

f (~ )  = ~ - " ; F ( ~ ) = n ~ l ;  0 < n < l  
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b) Bidimensional  t ranspor t  

f ( ~ )  = [ -  In (1 - c0] - i ; 

1 1 3 
F(~) = ~ + ( 1 - c 0 1 n ( 1 - c 0  = ~ 2 +  gc~ + . . .  

c) Tr id imens iona l  t r anspor t  in a sphere  Jander  equa t ion  
f ( c 0  = (1 - ~)~/3[(I --00 -1 /3-  I]--I; 

{~ } ~2 4~3 
F(~) = 3 [1 +(1-c0z/3]-(1-~)1/3 = _ + _ _  + ... 

6 27 

Gins t l i ng -Brouns t e in  equa t ion  
f ( ~ ) = [ ( l - c O  1 / 3 - 1 ] - 1 ;  

3 ~2 1 = = __ + __~3+ . F(~) ~[1 - ( 1  - c02/3]-- C~ 6 27 "" 

Relation (3) can be put in the following form: 

~b = Dp(x) (3) 

ZE 
where D - 

flRa" 
The differential equation corresponding to Eq. (3) is 

dc~ k(T)  gl-b (4) 
dt ab 

which is certainly applicable for low conversions. 
From Table 1, for all models excepting the Jander and Ginstling-Brounstein 

models, it is found that ab = 1. The differential Eq. (4) takes the simplest form in 

this case: 

d~ 
_ k ( T ) ~ - b  (5) 

dt 

The relation ab --- 1 will be considered in the following calculations, in order to 
specify the value of Z. 

Equation (4) shows the existence of  three types of  behaviour at low conversions 

under isothermal conditions: 
l) The dehydrochlorination rate increases with increasing conversion (b < 1). 

This is the case for reactions controlled by nucleation followed by increase of  the 
nucleus volume. 

2) The dehydrochtorination rate is constant (zero-order kinetics; b = 1). This 
behaviour is characteristic for the reaction order model. 

3) The dehydrochlorination rate decreases with increasing conversion (b > 1 ), the 
case for reactions controlled by diffusion. 
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All these types ot 19ehaviour have been found in different studies regarding the 
thermal degradation of polyvinylchloride at low conversions [12]. In this context, 
Eq. (5) offers a possibili~ for quantitative analysis of the process. 

As the reaction order model is widely used, we shall point out some consequences 
resulting from the above-mentioned analysis. 

a) The system behaviour is not dependent on the reaction order at low 
conversions; consequently, this parameter will not be determined from this stud3t. 

b) The constancy of the decomposition rate under isothermal conditions is a 
natural (mathematical) consequence of the conversion function structure. In order 
to explain the constancy of the decomposition rate of dehydrochlorination at low 
conversions, a mechanism of the regeneration of defects was proposed [13]. 

At the end of these considerations, it may be noted that the experimental 
determination of b from relation (3) does not permit establishment of the kinetic 
mechanism type without ambiguity. Indeed, the conversion functions: 

and 
f ( e )  = x/~ (1 - e)" 

f (~)  = (1 - e ) [ -  In (1 - 0t)]- 1/2 

lead to the same approximative expression: 

F(~) ="~ V/2 

Determination of kinetic parameters 

For determination of the kinetic parameters of polyvinylchloride dehydro- 
chlorination, the following approximation was used for p(x) [14]: 

= 1 - (6) 
p(x) x 

representing the first two terms from the asymptotic expansion of function p(x). 
On substituting (6) into (3) and taking logarithms, we obtain: 

b l n e - 2 1 n T =  f lEa  1-  - ~ - T  

The value ofb is estimated by trial; the plot b In c - 2 In Tvs. 1/Tis a straight line. 
For this purpose a program in FORTRAN language was prepared. The values of b 
were successively tested from 0.1 to 3.0 with a step of 0.1 (30 values). 

The regression line was determined for each value of b utilizing the least square 
method. The deviation from linearity is given very well by the expression: 

L =  
n 
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where e,i is the relative error against the regression line and n is the number of 
experimental data. 

The program takes the value ofb corresponding to Imin. The kinetic parameters E 
and Z were evaluated with this value of b. The program performances were tested 
by using relation (3) and calculating the theoretical curves for different values of the 
kinetic parameters. The approximation proposed by Zsak6 [15] for p(x) was used in 
these calculation in order to increase the accuracy. 

The values found in this way 

e-X 
p ( x )  - 

(x + 2) ( x -  d)' 

16 
where d -  were introduced as input data. The program gave 

x 2 - 4x + 84 
practically the same values of the kinetic parameters as those generated by the input 
data (Table 2). 

Table 2 Testing of program performances estimating the kinetic parameters. Arbitrarily chosen kinetic 
parameters for the generation of the input data: b = l . l ;  E =  175.52 k J/tool; 
Z = 3.36.1013 rain -1. Kinetic parameters obtained from data processing via Eq. (3): b= 1.1 ; 
E = 175.68 kJ/mol; Z = 3.53.1013 min -1 

T,~ 
~,% 

input data calc. data 

182.5 0.0159 0.0159 
184.0 0.0184 0.0184 
185.5 0.0212 0.0212 
187.0 0.0245 0.0244 
188.5 0,0282 0.0282 
190.0 0,0324 0.0324 
192.0 0,0391 0.0391 
193.5 0.0448 0.0449 
195.0 0,0515 0.0515 
196.0 0.0564 0.0564 
197.0 0.0617 0,0618 

Experimental 

Copolymers of vinylchloride with 3-chloro- 1-pentene (H2) [ 16, 17], isopropenyl 
chloride (C1T) [18] and 4-chloro-1-pentyne (C1 A) [19] were utilized as macromodels 
with controlled structural defects for polyvinylchloride (Table 4). 

The dehydrochlorination of the samples by thermal degradation was performed 
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oy using equipment described previously [7], with 0.2 g samples. The linear heating 
rate was 45 deg/min, obtained by means of a linear temperature programmer. The 
amount of hydrogen chloride evolved was measured continuously by conductome- 
try. The degree of dehydrochlorination or the conversion, ct%, was determined as 
the ratio between the hydrogen chloride evolved and the total amount available in 
the polymer. 

The labile chlorine contact was determined by phenolysis [20]. 

Results and discussion 

The time-dependence of the conversion for the macromodels is presented in Fig. 
1. In these macromodels for polyvinylchloride, the structural defect content 
decreases in the following sequence: Hr  > Clr > C1A, the thermal stability indicates 
the same sequence. Thus the conclusion can be drawn that the nature of the 
structural defect will have the greatest influence on the thermal stability of the 
samples, at least in the earlier stages of the dehydroch|orination. 

Since the first stage of dehydrochlorination is characterized by very low 
activation energies, this domain must be defined as precisely as possible. From this 
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30 40 50 
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Fig. 1 Experimental curves of PVC rnacromodel dehydrochlorination in inert 

1 - macromodel with H r ;  2 - macromodel with Clr;  3 - macromodel with C1A 
atmosphere. 
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point of view, for a careful analysis of the data it is ncessary to exclude from the 
calculations conversions below 0.013%. 

The kinetic parameters obtained in this way led to the theoretical conversions via 
Eq. (3). These conversions were then compared with the experimental ones (Table 
3). It is evident that the agreement is good. 

The kinetic parameters of the macromodels are given in Table 4. (Two 
measurements were considered for each sample.) Sample C1A exhibits different 

Table 3 Comparison between experimental data and values computed via Eq. (3) (sample CIT) 

T, ~ Relative error, % 
theor, exper. 

152.0 0.0220 0.0215 - 2.28 

154.0 0.0276 0.0260 - 6.24 

155.5 0.0327 0.0320 - 2.27 

157.0 0.0387 0.0380 - 1.92 

158.5 0.0458 0.4650 1.54 

160.0 0.0541 0.5450 0.81 

165.0 0.0933 0.0987 5.47 

166.5 0.1100 0.1200 8.64 

168.0 0.1290 0.1400 8.08 

170.0 0.1590 0.1600 5.73 

171.5 0.1860 0.1800 - 3.48 

174.5 0.2550 0.2600 2.08 

176.0 0.2970 0.2870 - 3.55 

177.5 0.3470 0.3350 - 3.45 

179.0 0.4040 0.3750 - 7.66 

Table 4 Kinetic parameters of the macromodels 

Comonomer E, Z, E In Z 
Sample b 

content, % kJ/mol min-  1 b- b 

HT 

Cl T 

Cl,t 
first stage 

second stage 

first stage 

second stage 

3.67 ~ 1.1 175.52 3.35.10 is 159.56 

0.9 138.32 5.15' 1011 153.69 

2.00 a 1.2 184.63 1.35" 10 TM 153.86 

1.2 199.34 5.74' 1019 166.12 
0.20 b 

0.9 131.87 3.71 �9 1013 146.52 

2.0 180.04 1.15- 1014 90.02 

0.9 153.36 4.15.1016 170.40 

1.9 183.88 1.69' 1017 96.78 

32. 5 

30.0 
34.8 

37.9 

34.7 

18.5 

42.5 

20.9 

a determined via N M R  measurements, 

b determined via labile chlorine content. 
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behaviour .  The kinetic pa rame te r s  for this sample  change suddenly  at  a cer tain 

tempera ture .  

The ac t iva t ion  energies ob ta ined  for  the m a c r o m o d e l s  are  qui te  s imilar  to the 

values found  for po lyv iny lch lor ide  [21, 22]. The  existence o f  two stages in the 

dehydroch lo r ina t i on  process  has  been po in ted  out  in the l i tera ture  for  less stable 

samples  [23]. Table  4 reveals tha t  the fol lowing re la t ion holds  be tween the kinetic  

pa ramete r s  o f  samples  H r and  C1 r and  those o f  the second stage o f  thermal  

decompos i t ion  o f  CI a : 

E 1 _ In Z 1 _ b 1 

E 2 In Z 2 b2 

This re la t ion reveals  a new type o f  compensa t ion  effect. A deta i led  analysis  o f  

different types o f  i soparamet r i ca l  re la t ions  was m a d e  by Lesnikovich  and  Lechik 

[24]. F o r  the momen t ,  we are  no t  able to state whether  the compensa t ion  effect we 

have observed  is true. A l though ,  m e t h o d  o f  the de te rmina t ion  o f  the kinetic  

pa ramete r s  p rovides  very good  verif icat ion on testing, this fact canno t  const i tu te  a 

decisive proof .  A systemat ic  s tudy o f  this p h e n o m e n o n  would  p rov ide  new d a t a  in 

this respect.  
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Znsammenfassung - -  In der Literatur vorgeschlagene kinetische Gleichungen fiir thermische 
Zersetzungsreaktionen k6nnen bei niedrigen Konversionen mit der Gleichung ct b = Dp(x) gen/ihert 
werden. Diese Gleichung offenbart unter isothermen Bedingungen drei Verhaltensweisen, wie an der 
tla�9 Dehydrochlorierung yon Polyvinylchlorid bewiesen wird. Die kinetischen Parameter 
wurden mittels eines Computerprogrammes ermittelt und ihre Leistungsf/ihigkeit iiberpriift. Das 
Rechenverfahren wurden an einigen Polyvinylchloridmakromodellen getestet. 

Pe3toMe - -  K~lneT~lqecrne ypaanean~, npe~o~euab ie  a ~nTepaxype ~az pearttn~ TepMrlqecroro 
pa3~ox~enna, MOFyT 6blXb npn nnarofi cxenenn tIpeapameHna omlcaubl ypaaaenneM ~b = Dp(x). ~)TO 
ypaBnenge nogaau~aeT a~pn paaan~abix xaparTepa TepMaqecroro noae~enns a naoTepMntlecrax 
yc~oaaax, rat  aTO 6btno ~aora3ano aa npnMepe TepMn~ecroro ~era~pox~opnpoaanna aonnannn~x~o- 
prima. KrmeTnqecrne napaMexp~ 6bi~n oNpeRenenu c noMom~io MaxeMarHqecrofi nporpaMMbl, 
~e~cxarle roTopo,~ 6bl~O ncnuTano. MeTO~ pac~exa 6ua  np~Meaen ~a~ neKozop~,ix MarpoMoae~e~ 
no~aarmanx~opr~aa. 
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