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Model 

Abstract-The objective of this work was to develop a kinetic analysis method by using a dynamic model that ac- 
counts for the thermal decomposition behavior of polymers with the variation of the conversion. The proposed meth- 
od was applied to predict the thermal decomposiEon of polyet?nylene. The kinetic analysis was studied by conventional 
thermogravimetric technique with various heating rates in nitrogen atmosphere. To verify the appropriateness of the 
proposed method, the results from this work were compared with those of various analytical methods and the 
literatul-e. The TG data were also compared with the values calculated by using the kinetic parameters fi-om the dy- 
nanic method. It was found that the dynamic method gave a reliable value of kinetic parameters, and the activation 
energy and the reaction order of thermal decomposition of high-density polyethylene were larger than those of low- 
density and linear low-density polyethylene. 
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INTRODUCTION 

Thermogravimetdc analysis (TGA) cannot be used to elucidate 
clearly the mechanism of thermal decomposition of polymer Ne- 
ve~heless, the derivation of kinetic data in the sindy of polymer de- 
composition using TGA has received increasing attention in the 
last decade [Jimenez et al., 1993; Salin et al., 1993; Albano and 
Freitas, 1998], because it gives reliable information on the activa- 
tion energy, the overall reaction order and the preexponential fac- 
tor. 

Recently, much effort has been devoted to developing a new 
raathenratical method for kinetic analysis using TGA [Kim, 1991; 
Nam and Seferis, 1992; Chen et al., 1997]. However, most of  it 
involves some degree of approximations and simplicatiorlS. In gen- 
eral, the approaches calculate a set of kinetic constants for each 
heating rate and sometimes set the reaction order to unity. More- 
over, rite kinetic analysis methods using TGA mostly cannot yield 
intbrmation on the thermal decomposition behavior of polymers 
at a desired time. Denq et al. [1997] developed a l:~rallel compe- 
titive reaction model based on the assumption that the rate con- 
stsnt at any weight loss fraction is approximately equal to the rate 
constant of its neighboring weight loss fi-actiorl, which accounts for 
the type of bond scission and rite state of a scission of  rite poly- 
meric chain at any time. Oh et al. [1999] proposed the numerical 
method to solve rite thermal decomposition rate equation based 
on the kinetic model ofDenq et al. 

In this work, the method of kinetic analysis using a dynamic 
model that accounts for the continuous thennal decontposition be- 
havior of polymer at any time was propose& The proposed meth- 
od was applied to predict the thermal decomposition of  high-den- 
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sity polyethylene (HDPE), low-density polyethylene (LDPE) and 
linear low-density polyethylene (LLDPE). In addition, various 
analytical methods reported in the literature [Coats and Redfern, 
1964; Friedman, 1964; Ozawa, 1965; Cooney et al., 1983; Kim, 
1995; Oh et al., 1999] were used in the comparative work for the 
kinetic analysis results obtained from this work. To verify the ap- 
propriateness of the proposed method, the results from figs work 
were compared with those of the l i terate  [Jellinek, 1950; Urzen- 
dowski and Guenther, 1971; Mucha, 1976; Wu et al., 1993; West- 
erhout et al., 1997]. The TG data were also coml~tred with the val- 
ues calculated by using the kinetic parameters from the dynamic 
method. 

EXPERIMENTAL 

The kinetics of thermal decomposition of  polyethylene for non- 
isothermal conditions have been investigated thelmogravimetri- 
cally. The thermogravimetric analysis was performed with a Shi- 
madzu TG model TGA-50. The HDPE (TR480-BL), LDPE 
(LD01A), and LLDPE (LL04) fi-om commercial grade (fi-om Dae- 
lim Co., Ltd., Korea), whose densities are 0.954, 0.922, and 0.923 
g/cm 2 and melt indexes (M.I.) 0.1, 0.3, and 1.0g/10cm, respec- 
tively, were studied at various heating rates between 10• and 
50A0.5 K/min. The initial mass of the sample was 24.0+1 mg. The 
thelmobalance measured mass to 0.001 mg, with an accuracy of 
+1%. The experiments were carried out in a nitrogen almosphere 
with a flow rate of 25 ml/min and a purge time of 20 min. 

KINETIC ANALYSIS 

1. Development of Dynamic Method 
1-1. Kinetic Model 

In the kinetics of thermal decomposition of polymer using TGA, 
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it is usual to assume that the rate of decomposition dWdt is pro- 
portional to the concentration of material which has to react There- 
fore, by power law model it can be expressed as 

dcr 
d-T =K(1 cO" (1) 

where K, n and 0~ are the rate constant (1/min), the overall re- 
action order and the weight loss fraction, respectively. The tem- 
perature dependence of the rate constant K may be described by 
the Arrhenius expression as follows: 

K=A exp(- E/RT) (2) 

Combining Eqs. (1) and (2), the overall decomposition rate of 
polymer is given by Eq. (3). 

dc~ 
dt =A exp(-E/RT)(1 -c0" (3) 

where A, E, T and R are the preexponential factor (1/min), the ap- 
parent activation e~ieigy (J/inol), the reaction temperature (K), mid 
the gas constant (8.314 J/mol �9 K), respectively. However, A is not 
strictly constant but depends, based on collision theory [Turn, 
1 994], on T 05. Therefore, if the basic Eq. (3) is taken and a heating 
rate [3=dT/dt (K/min) is employed, it can be shown that 

dC~dt ~ ~ (4) 

If the temperature rises with a constant heating rate [3, and the 
kinetic parameter at any weight loss fraction is approximately 
equal to that of its neighboring weight loss fraction, then by dif- 
ferentiation of Eq. (4), 

d2c~ 1 dc~ 
aT ~ -~(-d-Tin(1-cr l(-clc~+---~E +~ T \  aT) RT ~ i] (5) 

Eqs. (4) and (5) give the following expressions for n and E. 

\dT')  \ d t J  R T ' - ~  T '](1-c~) 
n (6)  

E = RT in A:T,a(1 c~y~ (7) 

If the factor As is determined, the n and E values at any weight 
loss fraction can be obtained from Eqs. (6) aid (7) by numerical 
method. The average reaction order and activation energy can be 
calculated from Eqs. (8) and (9) as follows: 

Jq 

Er~(c~, ~-,) 
n.~o (8) % 

Jq 

EE,(< ~-~) 
~=1 

Eo.~ - (9) 

where c(/is the final weight loss fraction and N denotes the 

total number of TG data. 
1-2. Determination of Factor A0 

The maximum decomposition rate occurs at a temperature T~ 
defined by setting d2c(/dT 2 to zero. Therefore, Eq. (5) at maximum 
rate gives 

A0 in E 1 -1 = RT~+ +{T,. (10) -~-T,, exp( E/RT,,)n(1 o~,y -t 

where 0t is the weight loss fi-action at the tempera~Jre T,,. Using 
Murray and YVhite's expression [1955], integration of Eq. (4) re- 
sults in 

1 [ 1 7 a0R ,~F 5RTq ( R ~ )  
n - 1  L 1 - - T / - ]  exp - (11) 

If Eq. (10) is conlbined with Eq. (11 ), die following result is ob- 
tained [Kissinger, 1957]: 

n(1 o~.)'-'=n (n 1)(I+RT'~12E) (12) 

Eq. (12) does not contain the heating rate [3 except as T~ varies 
with heating rate. The product n ( 1 - % y  -1 is not only independent 
of [3, but is nearly equal to unity. By substituting this value in Eq. 
(10) and taking the logarithm, one obtains 

in ~ =ln A~ +~lnT,, - l n ( ~ T  +~) RT,,E (13) 

InEq. (13), In(E/RT~+I/2) is very small as compared with In 
Ao+3/2In T,,. Thus, a plot of In [3 against 1/T,, will give a straight 
line with slope -E/R from which the activation energy E at maxi- 
mum rate can be calculated, and In A0 can be calculated from T~ 
and the hitercept of the Y axis. 
2. Differential Methods 
2-1. Freeman-Carroll Method [Cooney et al., 1983] 

This technique involves taldng the basic Eq. (3) in the loga- 
rithmic form and utilizing the rates of weight loss at different tem- 
perature as follows: 

A ln(~)=l lAln(1 o : ) ( ~ ) ~ ( 1 )  (14) 

In this work, in order to remove the discontinuities in the treat- 
ment of data, from Eq. (14)we have 

A ln(dc6/dt) _nA ln(1 -c~) E (15) 
A(1/T) A(l/T) R 

To evaluate the constants in Eq. (15), A ln(dg/dt)  A(1/T) is plotted 
A ln(1 - ~ )  

against 
A(1/T) 

2-2. Flynn-Wall Method [Kim, 1995] 
From Eq. (3), it can be shown that 

dct A exp( F/RT)(1 cO" (16) 
dT [3 

Since the maximum rate occurs when d20t/dT2=0, differentiation 
of Eq. (16) with respect to T and setting the resul~ig expression 
to zero gives 
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(E) E _A -RT-~ nRT~(1-cGy '-~ [3 exp (17) 

where H~ is tile peak height of DTG curve at peak temperature. 
Substituting Eq. (17) into Eq. (16) yields the expression for the re- 
action order as follows: 

E(1 - c4,,) 
n (18) 

RT~,H,,, 

Also, tile activation energy can be calculated fi-om two peak teln- 
peramres at different heating rates as in the following: 

=R( T,,,:T,,a ~ln~(~(1-cq~ay :(T,~a~ 
E \T,,,~ W,,aJ [\[3~7\1 cG~) \T,,,~JJ 

~ R - -  in -- - -  (19) 
o~-To~ [3~ o~ 

where subscripts 1 and 2 refer to different heating rates. There- 
fore, the activation energy and the reaction order can be obtained 
from Eq. (18) and (19). 
2-3. Friedman Method [Friedman, 1964] 

Tiffs method utilizes tile following logaIittmlic differential equa- 
tion derived from Eq. (3). 

F(c0=~] dc~ A r ( 1 - c  0" --~Jr~ exp (E)dT  (26) 

The variables given in Eq. (26) may be selmmted and integrated 
to give in logarithm form as the following: 

logF(cr = l o g ( ~ )  -log[3 +logp(~T ) (27) 

Using Doyle's approximation for the integral which allows for E/ 
RT>20, then logp(E/RT) may be expressed as 

logp(E/RT)~2.315 0.4567E/RT (28) 

Eq. (27) now becomes 

logF(o:)~log(-~) -log [3 -2.315 -0.4567(~TT ) (29) 

Tile apparent activation energy E carl therefore be obtained fionl a 
plot of log[3 against l/T, for fixed 0~ the slope of such a line is 
given by - 0.4567E/R. 
4. Paral le l  Compet i t ive  React ion  M o d e l  [Oh et al., 1999] 

The thermal decomposition rate equation that accounts for each 
of three reaction orders can be wrflIen as 

in =hi{A(1 c0 "} RT (20) dor ~dc~ K +K~(1-o0+K~(1-o02 u Pa~ ~ (30) 

For fixed ~ the fn-st tellI1 OIl the fight-t~Kt side of Eq. (20) is con- 
stant Thus, using this equation it is possible to obtain values for 
E over a wide range of conversion from slope -E/R by plotting 
ln(dogdt) against 1/T. Rearrangeraent of the first tenn on the fight- 
hand side of Eq. (20) gives 

In{A(1 -o0  ~ } =In A+n ln(1-09 (21) 

The next step is to obtain the value of In{A(1-00 "} for various 
heating rates at a given o~ and plot this value against In(1 - ~) to 
hopefully yield a sWaight line with slope n and intercept lnA. 
3. Integral  M e t h o d  
3-1. Coats-Redfem Method [Coats and Redfem, 1964] 

After taking the integral approximation and logarithm of Eq. 
(16), tile following equations can be obtained: 

ln{1 -(1T~(1 -n)-c0 * "[_ AR~" 2RTN -E  |=ln-~[1-T)+~- ~, forn#l  (22) 

and 

{ } AR for n=l  (23) in - l n ~ :  c0 =ln-~T(1 2RT~+-E 
E J  RT' 

Thus plot of 

n{ Y =-1 1 -(1 -c0 * vs. - for n#l  (24) 
T 2 (1 -n) T' 

Y = - I  _in( c0 vs. ~, 

results in straight lines with slopes equal to -E/R for tile cor- 
rectly chosen values ofn. 
3-2. Ozawa Method [Ozawa, 1965] 

The integrated expression of Eq. (16) is obtained as 

where K0, K~ and K2 are the summations of rate constants (1/min) 
that represent the zero-order, first-order, and second-order reac- 
tions, respectively. Oh et al. [1999] used the optimization tech- 
nique to estimate these rate constants. Tile optimization problem 
can be formulated by the form 

Minimize f(K) =(c~o-cg(K)y (31 a) 

Subjectto I~_>0;i 0, 1, 2 (31b) 

where K denotes the rate constant vector which consists of K0, 
K~ and K> In Eq. (31a) % is the weight loss fraction obtained by 
thennogravimeliic analysis and 0~c is file weight loss fi-action cal- 
culated by the 4th Runge-Kutta integration method from Eq. (30) 
and K. Tile average reaction order and rate constant carl be ob- 
tained from Eqs. (32) and (33) as the following: 

no~, - (32) 
09 

K~, - -  (33) 
(1 -c0  "~ 

In Eq. (32) P0, P~ and P2 are the relative contributions to the entire 
thermal decomposition rate for the zero-order, first-order and sec- 
ond-order reactions, respectively, and calculated by Eq. (34) as the 
following: 

K~,(1 cQ" 
P, ~ (34) 

2K,(1 c O" 
n=O 

The activation energy can be calculated by using the Arrhenius 
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Fig. l .  Typical TG (a) and DTG Co) curves for the polyethylene 
samples in N: atmosphere at heating rate of 30 K/min. 

equation fron~ K ~  and absolute teraperaane. 

RESULTS AND DISCUSSION 

Fig. 1 shows the typical TG and DTG curves of HDPE, LDPE 
and LLDPE in nitrogen atmosphere at a heaN~g rate of 30 K/rain. 
It is seen from this figure that the thermal decomposition of LDPE 
took place most rapidly, and the reaction shifted to a low temper- 
a~re with the extent of branching, as HDPE chains are not bran- 
ched at all and LDPE, LLDPE chains have some branches. And 
each of the TG curves are smooth with one inflection point d u ~ g  
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Fig. 2. Plot of l f r  vs. In ~ for the determination of factor, Ao. 

Table l .  Determination of factor A~ in Eq. (4) 

Factor, A0 
Material 

[3 : 20 K/nfin [3 : 30 K/min [3 : 50 K/min 

HDPE 3. lx 101~ 3.2x 10 ~ 3.1x 10 ~ 
LDPE l a x  10 z~ 1.4x10 ~~ 1.3x 10 ~ 
LLDPE 1. lx 10 n 1.1 xl0  n 1.1x 10 n 
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Fig. 3. Activation energy upon weight loss fraction for the ther- 
mal decomposition of polyethylene. 

reaction. There is just one peak in the DTG curve for each poly- 
ethylene, so that only one kind of reaction occurs in pure nibo- 
gen [Chen et al., 1997]. Fig. 2 shows the plot of 1/T~ against In 
[5 to calculate the factor A0 in Eq. (13). The plots on this figure 
result in straight line with slol:eS equal to -E/R, thus the activa- 
tion energy E at maximum decomposition rate can be easily ob- 
tained The factor Ao can be calculated fi-on] T~ and the intercept 
of the Y axis. The results are summarized in Table 1. The activa- 
tion energies upon weight loss fraction obtained from this work are 
shown in Fig. 3. In this work, Eqs. (6) and (7) could not give 
reasonable results for thermal decomposition at a heating rate of 
10 K/min because TG data were biased by noise where the ther- 
mal decomposition rate was slow. As can be seen, the activation 
energies for the thermal decomposition of polyethylene were little 
affected by heating rates. Also, the dynamic method gave appa- 
rent activation energies of 333-343 kJ/mol, 188-199 kJ/mol and 
219-230 kJ/mol for HDPE, LDPE and LLDPE, respectively. Fig. 
4 shows the decomposition reaction order upon weight loss fi-ac- 
tion. As shown in this figure, the overall reaction order was also 
little affected by heating rates. The average activation energy and 
reaction order calculated from Eqs. (8) and (9) are summarized 
in Table 2. Murty et al. [1998] reported that the difference of ther- 
mal decomposition for HDPE, LDPE and LLDPE could be clue 
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Fig. 4. Overall reaction order upon weight loss fraction for the 
thermal decomposition of polyethylene. 

Table 2. Kinetic parameters determined by dynamic method 

Material Heating rate, Average reaction Average activation 
[3 (K/rain) order, n energy, E (kJ/raol) 

HDPE 20 0.98 (0.28) 338 
30 0.93 (0.24) 338 

50 0.96 (0.30) 338 
I.DpE 20 0.64 (0.24) 196 

30 0.54 (0.19) 196 

50 0.45 (0.30) 196 
LLDPE 20 0.67 (0.26) 227 

30 0.60 (0.19) 225 
50 0.47 (0.33) 225 

The values in the parentheses are the staztdard deviations. 

to the differences in their branching. Table 2 indicates that branch- 
ing has a clear influence on the idnetic parameters. The activation 
energy increases in rite following order: HDPE>LLDPE>LDPE. 
Also the reaction order of HDPE is the largest, which implies that 
the reaction order increases with the extent of branching. Accord- 
ing to Denq et al. [1997], the thermal decomposition by zero-order 
reaction indicates the weight loss by monomer scission from the 
polymer drain end and sraall molecule scission fi-c~n a side chain. 
The thermal decomposition by first-order indicates the weight loss 
by the random scission of a main chain, and thermal decompo- 
sition by the second-order reaction indicates the weight loss related 
to the intermolecular transfer and scission. Titus, we ttfiz~k that 
the reaction order of the thermal decomposition of LDPE and 
LLDPE t~avmg some branches is lower than HDPE. Fig. 5 shows 
the TG data and the values calculated by using 4th Runge-Kutta 
numerical integration to verify the performance of the proposed 
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Fig. 5. Comparison of TG data (solid line) and calculated values 
(dotted line) from the numerical integration for the ther- 
mal decomposition of polyethylene. 

method. Computations performed were based on the kinetic para- 
metes of Table 2. It is seen that the conlputed values agree vmy 
well with the TG data. 

For the pl~pose of comparison, the kinetic analysis results from 
the analytical methods reported in the literature are summarized 
in Table 3. Flynn-Wall method gave apparent activation energies 
of 243-277 kUraol, 186-210 kJ/raol and 189-275 kJ/raol, and the 
overall reaction orders of 0.03-0.12, 0.04-0.16 and 0.03-0.13 for 
HDPE, LDPE and LLDPE at the maximum thermal degradation 
rate, respectively. However, this method uses only one point, i.e., 
the point of maximum rate, and is therefore regarded in some 
respect as having limited applicability. The Friedman method gave 
the overall reaction orders of 3.82, 2.14 and 2.45 for HDPE, 
LDPE and LLDPE, while the activation energy upon fractional 
weight loss is shown in Fig. 6. Front Fig. 6, it was found that the 
tendency of activation energy for each polyethylene was similar 
to the results from dynamic method, that is, the activation energy 
increases with the extent of branching. The Coats-Redfem meth- 
od gave the apparent activation energies of 123-229 kJ/mol, 124- 
302 kJ/raol and 140-295 kJ/inol for HDPE, LDPE and LLDPE 
at various heating rates. This technique has been applied to TG 
data and the best fit values for each heating rate determined em- 
ploying reaction order n of 0, 0.5, 1.0, 1.5 and 2.0. The best overall 
fit values were obtained by using n=1.0. Fig. 7 shows the activa- 
tion energy upon fi-actional weight loss by the Ozawa method. 
From this figure, the activation energies of  201-258 kJ/mol, 125- 
203 kJ/mol and 144-218 kJ/mol for HDPE, LDPE and LLDPE 
were obtained. It was also found fi-ont tim figta-e that rite activation 
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Table 3. Kinet ic  parameters  using the various analyt ical  methods  

Method 
Reaction order, n Activation energy, E (kJ/mol) 

HDPE LDPE LLDPE HDPE LDPE LLDPE 

Differential method 

Freelnan-Can-o11 

at 10 K/min 0.67 

at 20 K/min 0.91 

at 30 K/min 1.32 

at 50 K/min 1.70 

Flyrm-Wall 

at 10 K/min 0.12 

at 20 K/min 0.07 

at 30 K/min 0.05 

at 50 K/min 0.03 

Friedman 3.82 

0.81 0.70 321 296 321 

0.97 0.79 421 413 446 

1.16 1.01 486 412 473 

1.15 1.03 561 388 376 

0.16 0.13 252 186 189 

0.09 0.07 277 210 275 

0.06 0.06 273 209 271 

0.04 0.03 243 191 225 

2.1d 2.d5 164-288 168-234 173-250 

Integral method 

Coats-Redfern 

at 10 K/min 

at 20 K/min 

at 30 K/min 

at 50 K/min 

Ozawa 

1.0 1.0 1.0 

Pm-alle1 competitive reaction method 

123 124 140 

162 228 197 

221 247 224 

229 302 295 

210-258 125-203 144-218 

Oh 

at 10 K/min 0.66 0.86 0.80 

at 20 K/min 1.21 0.54 0.56 

at 30 K/min 1.32 0.41 0.83 

at 50 K/min 1.63 0.42 0.52 
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Fig. 6. Act ivat ion energy upon fractional w e i g h t  loss according 
to Friedman's  method.  

energy of  the lhel~lal decomposition of  HDPE was larger than that 

o f  LDPE and LLDPE.  

As shown m Table 3, there are trelnendous variations depend- 
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ing upon the mathematical approach taken in the analysis. These 

observations clearly indicate the problems in the selection mid uti- 
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Table 4. Kinetic parameters for the thermal degradation of 
polyethylene reported in the literature 

Reference 
Reaction order, n Activation energy, 

E (kJ/mol) 

HDPE LDPE HDPE LDPE 

Mucha [1976] 0.0-1.0 0.0-1.0 330-247 "'~ 163-230 ;s 

Urzendowski and 1.0 1.0 304 ~ 290 ~ 
Guenther [1971] 1.0 1.0 320 b 303 b 

Wu et al. [1993] 0.74 0.63 234 v 206 v 

Westerhout et al. [1997] 1.0 10 220 b 241 bx 

1.0 201 b~ 
Jellinek [ 1950] 0.0 192-27& 

~Activation energy decreases with increasing molecular weight of 
sample. 
Measured in a nitrogen environment. 

~Measttred in a vacuum environment. 
dDifferent initial molecular weight distributions. 
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E ~  
tL, 
K 
K, 

K 

N 
n 

rb~ 
P 

lization of different analytical methods to solve the thermal decom- 

position of polymer. And because of the wide variations with var- 
ious heating rates in a single heating rate technique, it was felt that 
the best methods for analyzing the data were the methods using 
data collected at various heating rates such as the Friedman and 
Ozawa methods. However, though the single heating rate expeli- 
meat has been used in the suggested dynamic method, the kinetic 
analysis results from ffais method were little affected by heating 
rates. 

Finally, to verify the appropriateness of the results obtained 
tu this work,  the kinetic parameters reported in the literature are 
summarized in Table 4, which shows that the proposed method 

gave reliable kinetic lzarameters for thermal decomposition of poly- 
ethylene. 

CONCLUSIONS 

A kinetic analysis method using a dynamic model which ac- 
counts for the ttlennal decomposition of polymer at any time was 
developed in this work. From the idnetic parameters reported in 
the literature, it was found that the proposed method gave reliable 
kinetic parameters for thelmal decomposition of polyethylene. And 
from the comparison of  the TG data and the values calculated 
using the kinetic parameters obtained by the dynamic method, it 
was seen that the computed values agree very well with the TG 
data. The kinetic analysis using the various analytical methods 
showed the tremendous variations depending upon the mathemati- 
cal approach taken in the analysis. Because of the wide variations 
in the kinetic parameters obtained with the single heating rate ex- 
periments, the use of  a multiple heating rate technique was felt 
to represent more realistically the thermal decomposition of poly- 
mer. By using our method, we calculated the apparent activation 
energies of  the thermal decomposition of  HDPE, LDPE and 
LLDPE to be 333-343 kJ/mol, 188-199 kJ/mol and 219-230 kJ/ 
mol, while the reaction order of HDPE was the lagest. It was also 
found that branching has a clear influence on the idnetic ~ -ame-  
ters. 

NOMENCLATURE 

R 
T 

To 
T~z, T~2: 

t 

pre-exponential factor [min 1] 
propomonal factor [min-ZK -~ 5] 

apparent activation energy [kJ/mol] 
average activation energy [kJ/mol] 
the peak height of DTG curve at peak temperature 
rate constant [min ~] 
the summation of  rate constants of/th-order reaction 
[minq 
the rate constant vector which consists of K0, K~ and 

K2 
the total number of  TG data 
apparent reaction order 
average reaction order 
the relative contribution to the entire thermal decom- 
position rate 

: gas constant [8.3136 J/mol �9 K] 
: absolute temperature [K] 

temperature at 0~ 0 [K] 
tempera~are at the maximum decomposition rate for 
different heating rates [K] 
time [min] 

Greek Letters 
(X 

% 

F 

degree of conversion 
the weight loss fraction calculated by numerical method 
the weight loss fi-action obtained by themlogravimet- 
ric analysis 
the final weight loss fraction 
the weight loss fraction at T~, 
heating rate [K/min] 

Subscripts 
0 : value at the zero-order reaction 
1 : value at the first-order reaction 
2 : value at the second-order reaction 
m : value at the maximum decomposition rate 

REFERENCES 

Albano, C. ~1cl de Fieitaz, E., '~ Evaluation of the 
Kinetics of Decomposition of Polyolefln Blends:' Polym. Degrad 
Stab., 61,289 (1998). 

Chen, K. S., YeN R. Z. and Chang, Y. R., "Kinetics of Thermal De- 
composition of Styrene-Butadieale Rubber at Low Healing Rates 
in Nitrogen and Oxyge1~' COMBUSTION AND FIMMF, 108, 408 
(1997). 

Coats, A. W. and Redfem, J. R, "Kinetic Parameters fi-om Themlo- 
gmvimetaic Data~'Nature, 201, 68 (1964). 

Cooney, J. D., Day, M. and Wiles, D. M., "Thermal Degradation of 
Poly(ethylene Terephthalate): A Kinetic Analysis of Themlogl-avi- 
metric Data~' J AppI. Potym. Sci., 28, 2887 (1983). 

Denq, B.-L., Clfiu, W-Y ~1cl Lin, K.-E, "Kinetic Model of Thennal 

Degradation of Polymers for Nonisothemml t~-ocess~' d~ Appt. 
Polym. Sci., 66, 1855 (1997). 

Friedman, H. L., "Kinetics of Themml Degradation of Ch~--Foimmg 

Kol~an J. Chem. Engc(VoL 17, No. 5) 



496 J. ~V Park et al. 

Plastics from Thermogmvimett?/,' ,L Polym. Sei. Part C, 6, 183 
(1964). 

Jeltinelq H. H. G., 'qlaermal Degradation of Polystyrene and Polyeth- 
ylene. Part III:' ,L Potym. Sci., 4, 378 (1950). 

Jimenez, A., Berenguer, ~,  Lopez, J. and Sanchez, A., "Thermal De- 
gradation Study of Poly(vinyl chloride): Kinetic Analysis of Ther- 
mogra,/mletric Dats J Appt. Polym. Sei., 50, 1565 (1993). 

Kira, S., "Pyrolysis of Scrap Tire Rubbers:' Ph.D. Thesis, University 
of Wisconsin-Madison, U.S.A. (1995). 

Kim, Y. S., "Analysis of Plastics Pyrolysis in a Thermogravimetric An- 
alyzer by an Arrhenius-type Rate Equation Including the Effect of 
Transfer Lag:'I-tWAHAKKONGHAK, 29, 503 (1991). 

Kissinger, H. E., "Reaction Kinetics in Differential Thermal Analysis:' 
Anat. Chem., 29, 1702 (1957). 

Mudla, M., "Themlogl~vimetfic Studies on the Polymethylene and 
Polyethylene:',/:. Polym. Set Syrup., 7, 25 (1976). 

Murray, R and White, J., "Kkletics of the ThemM Decomposition 
of Clay. 2. Isothermal Decomposition of Clay MinelalS:' Tram. 
Brit. Cerarn. Soc., 54, 151 (1955). 

Mtuty, M. V. S., Gmlke, E. A. and Bhattacharyya, D., "Iiffluence of 
Metallic Additives on Thermal Degradation and Liquefaction of 
High Density Polyethylene:'Polym. Degrad 5'tab., 41, 421 (1998). 

Nam, J.-D. and Seferis, J. C., "GeneMized Composite Degradation 

Kinetics for Polymeric Systems under Isothermal and Nonisother- 
real Condifions:',L Potym. Sci.,Polym. Phys., 30, 455 (1992). 

Oh, S.C., Lee, H. R, Kim, H.T. and Yoo, K.O., "Kinetics of 
Nonisothelmal Thermal Degradation of St3a-ene-Butadiene Rub- 
beF,,' Korean,L Chem. Eng., 16, 543 (1999). 

Ozawa, rE, "A New Method ofAnalymng Thermogravimetric Data:' 
Bull. Chem. Soa Jpn., 38, 1881 (1965). 

Salin, L. M. and Seferis, J. C., ~'Kinetic Analysis of High-Resolution 
TGA Variable Heating Rate Data:' ~ Appt. Potyrn. Sei., 47, 847 
(1993). 

Turn, S. R., "An Introduction to Combustion: Concepts and Appli- 
cations;' McGraw-Hill (1994). 

Urzendows!d, S. R. and Guenther, A. H., "Kinetics Constants of Poly- 
meric Materials fi~m Thermogravimetric DaN' o~ Thermal. Anat., 
3,379(1971). 

Westethout, R. W J., Waanders, J., Kuipers, J. A. M. and van Swaaij, 
W. R M., "Kinetics of the Low-Teanperamre Pyrolysis of Poly- 
ethene, Polypropene, and Polystyrene Modeling, Experimental De- 
termination, and Comparison with Literature Models and DarN' 
Ind Eng. Chem. Res., 34, 1955 (1997). 

Wu, C.-H., Chang, C.-Y., Hol, J.-L., Shill, S.-M., Chen, L.-W. and 
Chang, E-W., "On the Thermal Treatment of Plastic Mixtures of 
MSW: Pyrolysis Kinetics:' Waste Manage., 13, 221 (1993). 

September, 2000 


