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Kinetics of the initial degradation of poly(1,3-phenylene isophthalamide) and of 
poly(chloro-2,4-phenylene isophthalamide) has been studied by TG in inert as well as 

oxidative atmospheres. The information derived from the kinetic data is in agreement with 
our earlier reported studies on the degradation mechanism of these polyamides. The dif- 
ference-differential method of Freeman--Carroll is shown to have problems when applied 
to high-char forming polymeric materials. The isoconversion method of Ozawa involving 
simple computations based on a particular reaction extent, is considered suitable for 
studying the complex degradation behavior of high-temperature and high-char forming 
polymer systems. Using this procedure, an activation energy of 215-230 k J/mole is ob- 
tained for the initial degradation of the studied aromatic polyamides in inert and oxidative 
environments. 

Recently we have reported on the thermal degradation mechanism of poly(1,3 o 

phenylene isophthalamide) and poly(chloro-2,4-phenylene isophthalamide) [1] based 

on the pyrolysis studies using gas chromatography (GC), Fourier transform infrared 

spectroscopy (FT-IR), mass spectroscopy (MS), combined GC/FT-IR, GC/MS, and 

thermogravimetric analysis (TG). We proposed that the two polymers had similar 

degradation mechanisms since they involved breaking of all the chemical bonds 

(except the benzene ring), format ion of water, and subsequent hydrolyt ic  reactions. 

In order to substantiate the similari ty of the degradation mechanism of these poly- 

amides, it was desirable to study the kinetic aspects of the thermal- and thermo- 
oxidat ive decompositions. 

There is numerous literature on the kinetic investigations by TG of polymers, 
especially the addit ion polymers. However, there are hardly any reports on the kinetics 
of thermal decomposit ion of high-temperature and high-char forming polymeric 
materials such as aromatic polyamides, polyamide-imides, and phenolics. High-char 

yield, typical ly 50-80% at 700 ~ , and the nature of weight loss pattern in these mate- 
rials can present dif f icult ies in evaluating the degradation kinetics. 

~Presented at the 11th North American Thermal Analysis Society (NATAS) meeting in New 
Orleans, LA, Oct. 18--21, 1981. 
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In this article we describe some of the useful information that could be derived 
from the kinetic data from TG technique regarding the degradation mechanisms of 
poly(1,3-phenylene isophthalamide) and poly(chloro-2,4-phenylene isophthalamide). 
A critical evaluation of the kinetic data by two commonly used procedures is also 
presented for these speciality polymers. 

Experimental 

The two polyamides were analyzed using TG at several constant heating rates 
(1 to 50 degree/rain) in argon as well as in oxygen media. The experiments were 
performed with a Perkin Elmer TGS-2 instrument using about 5.2 mg of sample. 

E v a l u a t i o n  o f  k ine t i cs  

There is numerous literature on the evaluation of kinetic parameters of polymer 
degradation reactions by TG. The majority of the methods are derived from the 
formal kinetic equation: 

de 
- -  = k f ( e )  ( 1 ) 
d t  

where f(e) depends on the reaction mechanism and is often assumed to be of the 
form (1 - e)n; e is the degree of conversion, t the time, k the rate constant, and n 
the order of reaction. 

The temperature dependence of the rate constant is obtained by the application 
of Arrhenius equation: 

where A is the frequency factor or pre-exponential factor, E the activation energy and 
T the temperature in Kelvin. Substituting (2) in (1), equation (3) is obtained 

d e - A e x p ( - R - E - 7  ~ ) ( 1 - e ) n d t  (3) 

The expression (3) can be integrated or differentiated to give equations describing 
the TG curve. Derivations by Ozawa [2] and Coats and Redfern [3] are popular 
examples of the integral method where weight-time curves are evaluated directly. 
Method of Freeman and Carroll [4] is one of the most popular differential methods 
that utilize the rate of weight ross. 

The difference-logarithmic form of Eq. (3) is used in the Freeman-Carroll method. 

( �88 <" Z~ In de = nz~ In (1 -- e) - A -~_- 
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Thus from the TG data at a constant heating rate, " n "  and " E "  can be obtained 

from the slope and intercept of a plot of A In (d-4---~,) vs. A In ( 1 - ~ )  at constant 
HI .  - -  

A (-~). Knowing these parameters, the value of " A "  can be obtained from Eq. (3). 

For the determination of kinetic data, the method of Freeman and Carroll [4] is 
most frequently used although uncertain or meaningless values could be obtained 
due to a number of reasons such as the invalidity of f(e) as (1 - ~)n, dependence 
of the weight loss pattern on heating rate and other experimental factors, and the 
difficulties encountered in computing the three difference functions. 

Critical assessment and comparison of the different methods have been carried out 
by various workers [5-9] .  Thus, Flynn and Wall [5] conclude that integral and dif- 
ferential methods involving a single TG curve appear to be applicable only to those 
systems in which the isothermal order is known and the materials volatilize by the 
same simple kinetic process. Moreover, it was suggested that only those methods in- 
volving different heating rates, such as that derived by Ozawa [9] can give the "correct 
value" of activation energy in the cases of "varying order" and to some extent, resolve 
cases of "varying activation energy" in which several competing reactions occur. 

At a constant rate of heating ~ (= d~l~-),-- Eq. (3) can be written as: 

d T d ~ - = ( ~ - ) e x p ( - R ~ l ( 1 - ( x ) n  (5) 

Eq. (5) upon integration could be represented in the following form: 

In [ ( 1 -  ~x)n] ~ In ( - ~ ) -  In /3-  5 .33 -  1.05 (~E-~) 

The above expression for several heating rates at constant e becomes 

In/3---constant + 1.05 (E_) ( 1 )  (6) 

Therefore, a plot of In/~ vs. -!-has a slope of 1.05 .E_. 
T R 

Thus, by plotting logarithmic heating rate vs. reciprocal temperature, at a fixed 
fractional degradation, the energy of activation can be calculated. This method is 
simple and widely used for determining activation energies from TG investigations 
of polymer degradation reactions. However, this involves the assumption that f(e) 
is independent of thermal history. 

Results and discussion 

(A ) Freeman-Carrol l  procedure 

Figure 1 shows the TG curves of poly(1,3-phenylene isophthalamide), PPI, and 
poly(chloro-2,4-phenylene isophthalamide), PCI, at a heating rate of 10 degree/min in 
an argon atmosphere. The weight loss due to degradation of these materials begins in 
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Fig. 1 TG and DTG of poly(1,3-phenylene isophthalamide) and poly(chloro-2,4-phenylene iso- 
phthalamide) in an argon atmosphere at a heating rate of lO~ 

the v ic in i ty  of 400 ~ and reaches its maximum rate at about 15% conversion. Beyond 
this region the rate of weight loss decreases cont inuously due to the complex char 
forming mechanisms. As a result of  this it was realized that the kinetics be evaluated 
only in the (x = 0 to 15% range which predominant ly represents the thermal break- 
down of the linear polyamide. 

Figure 2 shows the Freeman-Carrol l  plots for the init ial degradation (e = 0 to 
15%) of PPI and PCI in an argon atmosphere. The data points are found to be 
scattered significantly. As a check on the val idi ty of the procedure, the method was 
applied to the thermal degradation of polystyrene (NBS Standard 706); a material 
well studied by several investigators. As shown in Figure 3, the straight line is obtained 
only in the 25 to 85% conversion range, below this the points do not fall on the 
straight line and at higher conversions, the data points deviate from the line. In the 
(x = 25 to 85% range, an activation energy, E, of 224 k J/mole is obtained which is 
w i th in  the wide range of values of E (164-252  k J/mole) reported for polystyrene 
[10]. [ I t  is to be noted that our purpose of determining the activation energy for 
polystyrene is simply to show the l imitat ions of Freeman-Carrol l  method. We do not 
necessarily imply that this E value of 224 k J/mole for polystyrene is the most 
appropriate; i t  wi l t  depend upon the precision of  computat ion, the range of  used, and 
the experimental variables. Most of the published data reveal E = 155--200 k J/mole 
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Fig. 2 F r e e m a n - C a r r o l l  p lo t  at cons tan t  A ( 1 / T )  f o r  the in i t ia l  (0- -15%) degradat ion  o f  the t w o  

po l yamides  in argon,  at a heat ing rate o f  l O ~  
a) p o l y ( 1 , 3 - p h e n y l e n e  isophtha lamide)  n = 0 .80,  E = 89  k J t m o l e ,  A = 2 .6  X 10 13 r a i n -  t 

b)  p o l y ( c h l o r o - 2 , 4 - p h e n y l e n e  isophtha lamide)  n = 0 .81 ,  E = 82 kJ /mo le ,  

A =  1 . 9 X  10 ] 3 m i n  - 1  
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Fig. 3 F r e e m a n - C a r r o l l  p lo t  f o r  the thermal  degradat ion  o f  po l ys t y rene  (NBS 706)  in argon,  

at a heat ing rate o f  l O ~  AE  = 226  k J / m o l e  
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for the polystyrene degradation. Using the isoconversion method (to be described in 
Section B) we obtain E = 175(+8) k J/mole for the thermal degradation of poly- 
styrene and this value can be considered quite reliable.] Interestingly enough, 
Anderson and Freeman [11] have also reported that the Freeman-Carroll plot for 
polystyrene and polyethylene shows linearity only in the e = 15 to 95% and e = 35 
to 95% range, respectively. Based on these facts and our experience with other 
polymers, it appears that generally the data points that fall on the straight line of 
Freeman-Carroll plot originate from the conversion range where'the rate of weight 
loss increases linearly with temperature (Fig. 4). This range could represent somewhere 

!2 
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Fig. 4 Differential thermogravimetric analysis curve of polystyrene (NBS 706) in argon, at a 
heating rate of 10 ~ 

between 15 to 95% weight loss in the case of non-char forming polymers. Using the 
above described criterion for PPI and PCI, only about 5% of the weight loss region 
would be expected to f i t  into a Freeman-Carroll plot. It not only explains the scatter 
observed in Fig. 2 but also indicates that the kinetic parameters evaluated from such a 
narrow conversion range (i.e., about 5%) are questionable. 

Due to the heterogeneous nature of the polymer degradation [12] and the com- 
plexities of the char forming reactions, one has to be cautious in attaching any theo- 
retical significance to the kinetic parameters for the decomposition of these poly- 
amides. Nevertheless, the similarity of the kinetic data for PPI and PCI, i.e., reaction 
order (n)~-0.8, activation energy (E)~-84 k J/mole, and pre-exponential factor 
(A)--~2X 1013 min - 1 ,  strongly suggests that the two polymers undergo similar 
degradation mechanisms. Therefore, regardless of the reliability of the kinetic 
parameters for the thermal breakdown of poly(1,3-phenylene isophthalamide) and 
poly(chloro-2,4-phenylene isophthalamide) by the Freeman-Carroll procedure, we 
conclude that the two materials involve closely related mechanisms. 
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(B )  O z a w a ' s  p r o c e d u r e  

In accordance with the isoconversion method of Ozawa [9], Fig. 5 shows a plot 
of logarithmic heating rate vs. reciprocal temperature for PPI and PCI in the e = 0 
to 15% range. The nearly parallel straight lines for the initial 15% degradation indicates 
that the degradation mechanism of each polyamide does not change in that range 
and that the two polyamides degrade basically by similar mechanisms [13]. Activation 
energies of 215(-+8) and 230(-+8) k J/mole are calculated (linear regression analysis) for 
the initial degradation of PPI and PCl, respectively. Mechanistic studies on the thermal 
degradation of these two aromatic polyamides reported earlier by us [1] suggested 
random scission of the chain by homolytic and hydrolytic cleavages. According to the 
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F i g .  5 Logarithmic heating rate vs. reciprocal absolute temperature for the two polyamides 
in argon 

- - - - -  poly(1,3-phenylene isophthalamide) AE = 215(_+8) k J/mole 
- -  poly(chloro-2,4-phenylene isophthalamide) AE = 230(_+8) k J/mole 
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Fig. 6 Logarithmic heating rate vs. reciprocal absolute temperature for poly(1,3-phenylene iso- 
phthalamide) in argon ( ) and oxygen (-  - - )  
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critical analysis of methods for kinetics evaluation by Ozawa [9], the values of E 
obtained by the present procedure should be closer to the true activation energies for 
these two polyamides which involve two competing degradation mechanisms. 

Now regarding the effect of oxygen on the degradation behavior of these materials, 
it appears that oxygen does not influence the initial degradation significantly. The 
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Fig. 7 Logarithmic heating rate vs. reciprocal absolute temperature for poly(chloro-2,4-phenylene 
isophthalamide) in argon ( ) and oxygen ( - - - )  

plots of log/3 vs. 1_ for poly(1,3-phenylene isophthalamide) are quite similar in argon 
T 

and oxygen up to about t0% conversion after which the polymer char burns in oxygen 
(Fig. 6). Poly(chloro-2,4-phenylene isophthalamide), possesses much higher thermo- 
oxidative resistance and, as shown by the Fig. 7, its initial degradation mechanism 
is virtually unaffected by the presence of oxygen. 

Conclusions 

Kinetic studies on the initial degradation of poly(1,3-phenylene isophthalamide) 
and poly(chloro-2,4-phenylene isophthalamide) by TG, have suggested that the two 
materials undergo closely related degradation mechanisms that are not affected by 
oxygen to any significant extent. This information agrees with our earlier studies 
on the degradation of these polyamides. Regarding the evaluation of kinetics by TG 
for high-char forming polymeric materials, it appears that the Freeman-Carroll 
procedure is not only diff icult to apply but also could provide false data. The iso- 
conversion method of Ozawa is simple and reliable and is especially advantageous for 
studying the high-char forming polymers. 
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Zusammenfassung -- Die Kinetik der Anfangsphase des Abbaus von Poly(l.3-phenylen-iso- 
phthalamid) und Poly(chlor-2.4-phenylen-isophthalamid) wurde in inerter und oxydierender 
Atmosphere thermogravimetrisch untersucht. Die aus den kinetischen Daten erhaltenen Informa- 
tionen stimmen mit unseren fr0her verSffentlichten Untersuchungen Liber den Abbaumechanismus 
dieser Polyamide Liberein. Es wird gezeigt, dass die Anwendung der Methode von Freeman- 
Carroll auf stark teerbildende polymere Substanzen problematisch ist. Die einfache, auf einem 
bestimmten Reaktionsgrad sich beziehende Berechnungen in sich einschliessende Inversions- 
methode nach Ozawa wird als zur Untersuchung des komplexen Abbauverhaltens von stark teer- 
bildenden und Hochtemperatur-Polymersystemen geeignet angesehen. Bei Anwendung dieses 
Verfahrens wird fLir die Anfangsphase des Abbaus der untersuchten aromatischen Polyamide in 
inerter und oxydierender Atmosphere eine Aktivierungsenergie von 215-230 kJ/mol erhalten. 

Pe31oMe - -  KMHeTHKa peaKu.vu4 HaqanbHoro paaJlo)KeHVlFi nonvl-l,3-~eHvlneHvl30~Ta.rlbaMvlAa 14 
nonH-2,4-dpeHHneHM3OqbTanbaiH/J.a 5slna H3yqeHa MeTO~,OM TF S HHepTHO~ H OKVlC/'II4TenbHOVI 
aTMocqbepax. Flony4eHHa~ npM 3TOM 14HqbOpMau.vlR cornacyeTca c paHee npoeep.eHHbiM~ aBTO- 
paMH 14CC/le/~.OBaHVlFIMVl MexaHI43Ma pa3~o>KeHH~ 3TMX non14aMi4/].OB. FIOKa3aHO, qTO npt4MeHeHHe 
A14qbqbepeHu,14anbHoro MeToAa qbpl4MeHa-Kapponna K BbICOKooSyI'rI14Balou414MCR nOJ'lMMepHblM 
BeLu.eCTBaM RBn~eTC~ HeonpaB/],aHHblM. 1/13OKOHBepCl4OHHbI~I MeTO/~ O3aBbl, BKnloqa~OLI414~l 
npocToe BS=~cneNHe Ha OCHOBe OCO60~t cTeneH14 peaKu.~H, CqHTaeTcR npMeMneMbIM AnR H3V- 
HeHHR CnO~KHOFO pa3Jlo)KeH~lR BblCOKOTeMnepaTypHblX M BblGOKOO6yFR14BalOlU,14XCFI nOnHMepblX 
CHCTeM. VlcnoJabayR 3TOT MeTOA 6blno nonyqeHo 3Ha4eH~e 3HepFHH aKT14BBLLHH paBHOe 215--230 
K~;~/MOJ'Ib /].nR peaKu, HH Haqa,qbHOrO pa3no~KeHMR 14ccne~OBaHHblX apOMaTI4qeCKI4X nonl4aMM~.OB 
B 14HepTHO~114 OK14Cn14TenbHOI~ aTMOC~0epax. 
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