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Abstract: Behaviour pattern of degradation of plastic material is very important in industrial applications. 

Activation energy is hindering factor in the degradation process of plastic materials. This is the very important 

in the selecting the plastic materials. In this study objective is activation energy could be predicted as the 

function of temperature and time. Experiment results of heated polypropylene plastic pieces (3×15cm) for 0-8 

hours have presented the effect of isothermal temperature. In this study the average weight loss range were 0.3 

– 0.4 % at end of 8 hours at 80,100,120,140˚C temperature.  In this generated model combination of 

arrahenious model new models. Order of n could be calculated using experimental data and using created 

model. Finally activation energy was expressed by the temperature and time parameters. Generated new model 

related to prediction of activation energy in the polypropylene plastic.  

Keywards: Weight loss, polypropylene, Activation Energy 

 

I. Introduction 
The global production of plastic in year 2000 was reached to 150 million tons and the estimated yield 

of plastic waste was 105 million tons [1]. Plastic product consists polymer molecules, filler material, additives, 

processing aids, residual monomer, impurities and catalysts and other supportive substances used in 

polymerization processes and impurities in major and minor materials. Leaching of the non polymeric 

substances (NPS) in plastic has significant affected to pollution to ecosystem and develop heath problems [2]. 

Polypropylene becomes one of most useful thermoplastic material in petroleum era since its excellent 

cost/performance balance, versatile properties, good process ability and low density.In Sri Lanka 500,000 metric 

tons of virgin plastic are imported to the country 70% producing plastic products for local market and 30% for 

export market[3].  

Arrhenius equation and mass loss function based mathematical models have been developed for 

studying the kinetics of polymer degradation in a range of temperature from 25° C to 700° C  using TGA [15-

21]. Arrhenius equation was found in 1910 for chemical reactions of liquid state, when rector’s proprieties   do 

not change with the time [4]. However in the degradation process rectors propertied are changes with time. 

The equation (1) represents the isothermal kinetic models of polymer degradation as a multiplication of 

Arrhenius equation and mass loss functions [5]. 

 
𝑑𝛼

𝑑𝑡
= 𝐾 𝑇 𝐹(𝛼) ……………………… . . . (1) 

The equation (2) defines the rate constant (K) at absolute temperate (T) and the equation (3) defines mass loss 

function 𝐹(∝). 

𝐾 𝑇 = 𝐴𝑒−
𝐸

𝑅𝑇 ………………………… . . (2) 
 

𝐹(𝛼) = (1 − 𝛼)𝑛 ……………………… . (3) 

The terms A, E, R,T, 𝛼   and n  are frequency factor (Arrhenius constant), activation energy, universal gas 

constant (8.3134 Jmol
-1

 K
-1

), absolute temperature,  mass loss and   order of reaction respectively. The equation 

(4) defines (𝛼),where Wo , Wt and Wf   are initial mass, the mass at time “t” and final mass respectively. 

 

𝛼 =
(𝑊0−𝑊𝑡)

(𝑤0−𝑤𝑓 )
............................................(4) 

The substitution of equation (2) and (3) to the equation (1) yields the equation (5). It represents the rate of 

weight loss at the given movement at a given temperature. 

 
𝑑𝛼

𝑑𝑡
=  1 − 𝛼 𝑛 𝐴𝑒−

𝐸

𝑅𝑇 ………………… .  5  
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Linearity of Arrhenius equation is limited to very narrow range of weight   loss (0-0.4), (0.4-0.6), (0.6-

0.9) when the range of loss of weight nearly up to zero to 0.3% as w/w% [6]. It indicated low linearity of 

Arrhenius equation for the full range of weight loss(α) from zero to 1.The objective of this study is to develop a 

mathematical model for kinetic of weight loss of plastic under isothermal condition below the melting point.  

 

II. Methodology 

Polypropylene based plastic boxes used in ice cream manufacturing industry was selected for 

investigating the mass loss behaviour at different temperatures. Dumbbell shapes samples were prepared using 

dumbbell cutter and average thickness of sample was 0.2mm. A set of samples was placed in oven set at a 

specific temperature for studying the mass loss under isothermal condition. Three samples were taken out at one 

hour intervals and placed in a desiccators allowed for cooling to room temperature over 24 hours to determine 

weight and density. The weight of samples were used to calculate average weight loss. Density measurements 

were obtained using density balance-(Model D125). The study was carried out four different isothermal 

temperatures at 100,120,140˚C.   

Theory 

The terms A and E in equation (5) are characteristic constant at constant temperature and hence the second 

component in the equation (5) represents the rate constant of weight loss process.  The substitution of rate 

constant (k) to the equation (5) and rearrangement yields the equation (6).  

𝑘 = 𝐴𝑒−
𝐸

𝑅𝑇  
𝑑𝛼

𝑑𝑡
= 𝑘(1 − 𝛼)𝑛  

 
1

(1−𝛼)𝑛
 𝑑𝛼 = 𝑘𝑑𝑡..............................(6) 

If A and E are time depending functions the integration of equation (6) is not possible without knowing the time 

dependency parameters of  k. 

The kinetic of weight loss of plastics depend on the amount of low molecular mass organic compounds and path 

length of microscopic channel system within the plastic matrix, strength of interactions, and segmental mobility 

of polymer chains. The formation of microscopic cavities and channels during the evaporation of volatile 

component will change the microscopic environment. It is assumed that the formation of microscopic cavities 

and channels facilitate the free movements of rest mass of volatile substances within the wo-wf  mass range. 

The equation (7) is a rearrangement of equation (6) to express the rate constant as a product of rate of mass loss, 

 
𝑑𝛼

𝑑𝑡
  and  

1

(1−𝛼)𝑛
  

 

                                       
1

(1−𝛼)
 ×  

𝑑𝛼

𝑑𝑡
 =  𝑘 ′...........................................(7) 

If n=1, 

𝑘 ′ =  
1

(1−𝛼)
 ×  

𝑑𝛼

𝑑𝑡
 .............................................(8)

 If n=2, 

𝑘 ′ =  
1

(1−𝛼)
 ×  

1

(1−𝛼)
 ×  

𝑑𝛼

𝑑𝑡
 ..............................(9) 

If n=3, 

                                      𝑘 ′ =  
1

(1−𝛼)
 ×  

1

(1−𝛼)
 ×  

1

(1−𝛼)
 ×  

𝑑𝛼

𝑑𝑡
 .............(10) 

 

The  
1

1−𝛼
  represents 

 𝑊𝑜−𝑊𝑓 

 𝑊𝑡−𝑊𝑓 
 and it can be defined as the total mass of low molar mass compounds to the unit 

mass of low molar mass compounds present at temperature T and time t. It is defined as ∅ in equation (11). 

                                                  ∅ =  
1

1−𝛼
 ......................................(11) 

The equation (7) can also be written as in equation (12), where i =m-1.   

𝑘′ =  
1

1 − 𝛼
 
𝑖

 
1

1 − 𝛼
 
𝑑𝛼

𝑑𝑡
…………… (12) 

The 
d

dt


 in equation (12) represents instantaneous rate of weight loss. The product of  

1

1−𝛼
  and 

𝑑𝛼

𝑑𝑡
  in equation 

(12) is rearranged to yield the equation (13) 

𝜔 =  
1−𝛼

 
𝑑𝛼

𝑑𝑡
 
 ……….,............................. (13) 
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The 𝑘′ in equation (14) function of time ∅𝑖 , 𝜔 are function of time. 

𝑘′ =
∅𝑖

𝜔
………………………………… . (14) 

The value of 𝑘′ in equation (14) represents the instantaneous state of the material at a unite time during 

the weight loss at a temperature T. The formation of microscopic cavities during the weight loss is assumed to 

extent the path length and connectivity between microscopic channels.  

It is assumed that the size of cavity is comparable with molecular volume of volatile substance caused for 

weight loss. The path length is defined as the distance to be moved through microscopic channel from the 

original location of low molar mass molecule to the interface between the substrate and surrounds. Heat is used 

at a point in order to break interactions and   move the volatile molecules throughout the path length. Heat 

requirement at unit time during the weight loss is assumed to be increased. 

The product of RT represents the thermal energy of one mole of substance in gas phases at temperature T and 

hence the product of  𝑘′ and RT is assumed to be the instantaneous rate of thermal energy utilization for one 

mole of substance responsible to the weight loss. The equation (15) represents instantaneous rate of thermal 

energy utilization for one mole of low molar mass substance at weight loss. The unit of   𝐸𝑖𝑛𝑠
𝑖  is j mol

-1 
h

-1
 or j 

mol
-1 

s
-1

. 

𝐸𝑖𝑛𝑠
𝑖 =

∅𝑖

𝜔
𝑅𝑇…………………… (15) 

Instantaneous rate of thermal energy utilization is a function of microscopic environment of the 
system during 

the weight loss. Hence, the equation (16) defines the rate of thermal energy utilization with time during the 

weight loss.  

The effect of microscopic cavity formation and interconnecting to form microscopic channel system 

during the weight loss are assumed to be large change in microscopic environment of plastic texture in order to 

increase the randomness and path length of low molar mass volatile molecules within the microscopic channel 

system. The thermal energy utilization for the weight loss due to low moral mass substances in plastic material 

is assumed to be in exponentially increasing order with the weight loss. The collisions between volatile 

molecules and air in the microscopic channels may retard the molecular movements of volatile molecules. 

Hence, these factors are significant to exponential decay of the amplitude of instantaneous rate of weight loss 

with the cavity formation. Therefore instantaneous microscopic changes significantly affect to the instantaneous 

rate of thermal energy utilization during the mass loss process at temperature T. Therefore exponential 

relationship can be express between  𝐸𝑖𝑛𝑠
𝑖   and (1 − 𝛼)𝛾 . It can be express in equation (17) as follows. The 

exponential term of equation (17) represents unit less quantity and hence the unit of 
  
𝜑 

 
is the unit of  𝐸𝑖𝑛𝑠

𝑖  (j 

mol
-1 

h
-1

 or j mol
-1 

s
-1

). 

 

𝐸𝑖𝑛𝑡
𝑖 = 𝜑𝑒𝜀(1−𝛼)𝛾      ............................................ (17) 

The terms   𝜀, 𝜑, &  𝛾 are characteristic constants for the plastic material in order to determine  𝐸𝑖𝑛𝑠
𝑖   at a given 𝛼 

and temperature. The equation (15) and (17)  are combined to yield  the  equation (17.1) 
∅𝑖

𝜔
𝑅𝑇 = 𝜑𝑒𝜀(1−𝛼)𝛾   ........................................ (17.1) 

𝑙𝑛  
𝑅𝑇∅𝑖

𝜔
 = 𝜀 1 − 𝛼 𝛾 + 𝑙𝑛𝜑 …………… (18) 

Equation (18) shows a liner relationship at a specific value of i and γ. The gradient and intercept of the linear 

plot of 𝑙𝑛  
𝑅𝑇∅𝑖

𝜔
  vs  (1 − 𝛼)𝛾   at the specific values  𝑖   and  𝛾  represent  𝜀   and  𝑙𝑛(𝜑 ) respectively. The 

following algorithm is used to calculate the specific values of  𝑖 and 𝛾   using computer program. 

 

 
Figure1 - Algorithm related to i and γ determination computer program 
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The numerical value of i and  𝛾  are substituted to equation 17.1 to derive the rate low of weight loss under 

isothermal condition. The substitution of equation 13 to the equation 17.1 yields the equation  18. 1. 

 
dα

dt
 =

φ

RT
 ∅−neϵ(1−α)γ

……………………… . (18.1)              

 

The   
φ

RT
   represents the rate constant, kTin equation 18.1, of weight under isothermal condition when the   n 

and  𝛾  are know. 
dα

dt
 = kT  ∅−neϵ(1−α)γ

……………………….  (18.2)           

 

III. Result And Discussion 
Figure 2 shows the effect of heating temperature and number of heating-time on the bulk density of commercial 

polypropylene product at room temperature. 

 

 
Figure 2: Plot of Bulk Density (g/m

3
) of commercial polypropylene vs heating time. 

 

As shown in figure 2, the density of the sample at room temperature at the end of the successive 

hearting time has exponentially decreased. The figure 3 shows the weight loss of samples at the end of the 

hearting time. The expansion of samples and evaporation of volatile substances take please during the heating 

time. Weight loss and cavity formation during the heating time have caused to lower the density of sample. 

Contractions take place during the cooling to room temperature. As show in the figure 2, the decreasing trend of 

density of sample at room temperature at the end of the heating and cooling is due to the prominent effect of the 

volume of the microscopic cavity over the contraction. Weight loss increases in parabolic pattern with the 

hearting time. It indicates the development of barriers for weight loss with the hearting time.  

 

 
Figure 3: Weight loss at four different temperatures with hearting time. 
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Figure 4 shows the liner relationship between  𝑙𝑛  
𝑅𝑇∅𝑖

𝜔
  and  (1 − 𝛼)𝛾   as given equation (18) at 80,100,120, 

140˚C temperature. Table 1 shows the   characteristic values for i, 𝛾,𝜀 𝑎𝑛𝑑 𝜑 at the  four different temperatures 

at the highest of correlation  coefficient. When the  𝑙𝑛  
𝑅𝑇∅𝑖

𝜔
  shows a liner relationship with  (1 − 𝛼)𝛾 . 

 

 

Figure 4 shows the liner relationship between 𝑙𝑛  
𝑅𝑇∅𝑖

𝜔
  and   (1 − 𝛼)𝛾  at 80,100,120, 140˚C temperature. 

 

Table 1: shows the   characteristic values for  𝑖, 𝛾, 𝜀 𝑎𝑛𝑑 𝜑 at the four different temperature. 
T n i = m-1 𝛾 ε ln𝜑 R2 Equation 

100°C 6 5 -0.022 199.2 -192.8 0.99831 
ln  

3101.1

 1 − 𝛼 5
 
𝑑𝛼

𝑑𝑡
 = 199.2(1 − 𝛼)−0.022 − 192.8 

 
120°C 6 5 -0.025 177.3 -170.8 0.99511 

ln  
3267.4

 1 − 𝛼 5
 
𝑑𝛼

𝑑𝑡
 = 177.3(1 − 𝛼)−0.025 − 170.8 

 140°C 7 6 -0.03 208 -201.2 0.99688 
ln  

3433.7

 1 − 𝛼 6
 
𝑑𝛼

𝑑𝑡
 = 208(1 − 𝛼)−0.03 − 201.2 

 
 

Integration of equation 18.2 using  i  and 𝛾  at 120°C 

 
1

(1 − 𝛼)6𝑒
−177 .7

(1−𝛼)0.025

𝛼

0

𝑑𝛼 =  𝑘𝑡𝑑𝑡
𝑡

0

………… . . (18.3) 

Integration of  left hand side of  the equation  (18.3)  is very  complicated and too long .Thus  left hand side 

equation  was separated  into  two parts and integration  was done as follows using  MATLAB  mupad software. 

Expansion of first part is given below  
1

(1−𝛼)6 = 𝑎0 + 𝑎1𝑥 + 𝑎2𝑥
2 + 𝑎3𝑥

3 + 𝑎4𝑥
4 + 𝑎5𝑥

5 + 𝑂(𝑥6)..............(A) 

Where; 

 𝑎0 = 1  ,     𝑎1= 6         𝑎2 = 21     𝑎3 = 56    𝑎4 = 126    𝑎5 = 252     

𝑂 = 𝑟𝑒𝑠𝑡 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 
1

(1 − 𝛼)6
= 1 +  6x +  21𝑥2  +  56𝑥3  +  126𝑥4  +  252𝑥5  +  O(𝑥6) 

Expansion of second part is given below 
1

𝑒

−177 .7

(1−𝛼)0.025

=  𝑏0 + 𝑏1𝑥 + 𝑏2𝑥
2 + 𝑏3𝑥

3 + 𝑏4𝑥
4 + 𝑏5𝑥

5 + 𝐺(𝑥6).............(B) 

Where;   

𝑏0 = 6.69684 × 10−78 ,  𝑏1 = − 2.97507 × 10−77 ,   𝑏2 = 5.08366 × 10−77   

  𝑏3 =  − 4.04151 × 10−77 ,  𝑏4 = 1.3522 × 10−77,  𝑏5 = − 6.88022 × 10−79  

𝐺 = 𝑟𝑒𝑠𝑡 𝑓𝑢𝑐𝑡𝑖𝑜𝑛  
1

𝑒
−177 .7

(1−𝛼)0.025

=  6.69684 × 10−78 −  2.97507 × 10−77𝑥 + 5.08366 × 10−77𝑥2 − 4.04151 ×   10−77   𝑥  3  

+  1.3522 ×  10−77𝑥4 −  6.88022 ×  10−79𝑥5 +  𝐺(𝑥6) 
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The product of equation(A) and(B)  yields  the overall  term  to be integrated of the   equation 18.3. 
1

(1−𝛼)6𝑒

−177 .7

(1−𝛼)0.025

=   𝑎0 + 𝑎1𝑥 … . +𝑂(𝑥6) ×  𝑏0 + 𝑏1𝑥 + ⋯ + 𝑏5𝑥
5 + 𝐺(𝑥6)    

1

(1−𝛼)6𝑒

−177 .7

(1−𝛼)0.025

= 𝑐0 + 𝑐1𝑥 + 𝑐2𝑥
2 + 𝑐3𝑥

3 + 𝑐4𝑥
4 + 𝑐5𝑥

5 + 𝐻(𝑥6)............(C) 

Where; 

 𝑐0 = 6.69684 × 10−78  , 𝑐1 = 1.04303 ∗ 10−77 , 𝑐2 =  1.29659*10−77  

 𝑐3= 1.48622*10−77 ,  𝑐4=1.63608*10−77  ,       𝑐5 = 1.75883 ∗ 10−79  

𝐻 = 𝑟𝑒𝑠𝑡 𝑓𝑢𝑐𝑡𝑖𝑜𝑛  
1

(1−𝛼)6𝑒

−177 .7

(1−𝛼)0.025

= 6.6968 × 10−78 + 1.0430 × 10−77𝑥 + 1.2965 × 10−77  𝑥2 + 1.4862 + 10−77𝑥3 +

1.6360 × 10−77  𝑥4 + 1.7588 × 10−77  𝑥5 + + 𝐻(𝑥6)  ....................(C’)   

The integration of right side of equation (C’) without the rest function gives approximate solution to the 

integration of left side of the same equation. 

 
1

(1−𝛼)6𝑒

−177 .7

(1−𝛼)0.025

𝛼

0
𝑑𝛼 =  2.9313𝑥6 +  3.2721𝑥5 +  3.7155𝑥4 +  4.3219𝑥3 +  5.2151𝑥2  +  6.69684𝑥 ∗

10−78= k120t..................................................(19) 

Equation (19) can be rearranged in order to yield equation (19.1) ,where 𝐾120
,,

 is 
𝐾120

10−78   .The higher order of  𝛼 in 

the integration solution given in equation (19) are neglected and the solution is considered to limit first two 

terms of weight loss (𝛼). The equation (23) is the integration solution of Arrhenius equation for the weight loss 

of plastics.  

The highest correlation for the linearity   of Arrhenius equation was found to be at first order (equation (23)) 

with respect to the (1-α) at three different temperatures. The plot of [ − ln 1 − 𝛼  ]with  time  in figure 5  shows 

the deviation of Arrhenius equation when the weight loss  is closes to unity . 

− ln 1 − 𝛼 = 𝑘𝑡..............................................................  (23). 

 

Table 2: Gives Simplified equations with their coefficients. 
Temperature Equation KT

′′  KT 

100°C 16.90𝑥 + 13.56𝑥2 =  K100°C …… 20 . 3.849 × 10−88  5.9773 × 10−88 

120°C 6.70𝑥 + 5.22𝑥2    =  K120°C ..........(21). 1.508 × 10−78  2.033 × 10−78  

140°C 4.64𝑥 + 1.76𝑥2  =  K140°C ............(22). 1.008 × 10−91 1.3415 × 10−91 

 

.  

Figure 5:-The plot of [ − ln 1 − 𝛼  ] with  time at different temperatures . 

 

Table 2 shows the comparison of experimental time with the time calculated by proposed model at 99% and 

95% level of confidential interval and time calculated by the Arrhenius equation when the heating temperature 

is 80°C. 

Table 3 shows the comparison of experimental time with the time calculated by proposed model and the 

Arrhenius equation when the heating temperatures of 100,120,140°C. The rate constant 
𝜑

𝑅𝑇
 calculated from the in 

equation (18.1) 
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Table 3- Compression of time taken to reach the given values of 𝛼  at 100°C, 120°C, 140°C. 
 Time(hours)  

Arr. 
 Experimental 

 
Proposed model Arrhenius  

equation 

 α  for 100°C. 
0 0 0 0.0 
0.3347 1 1.3 0.4 
0.4733 2 2.1 0.6 
0.5797 3 2.8 0.9 
0.6693 4 3.5 1.1 
0.7483 5 4.2 1.4 
0.8198 6 4.9 1.7 
0.8854 7 5.6 2.8 
0.9466 8 6.3 2.9 
α  for 120°C. 

 

   
0 0 0 0 
0.3521 1 1.6 0.4 

0.4980 2 2.5 0.7 

0.6099 3 3.4 0.9 
0.7043 4 4.3 1.2 
0.7874 5 5.2 1.5 
0.8626 6 6.1 2 
0.9317 7 7.0 2.7 
0.9960 8 7.9 5.5 
α for 140°C. 

 

   
0 0 0 0 
0.3742 1 1.4 0.49 
0.5292 2 2.1 0.79 
0.6481 3 2.7 1.1 
0.7483 4 3.3 1.5 
0.8367 5 3.8 2.0 
0.9165 6             4.4 2.9 
0.9899 7 4.8 8.5 
1.0000 8 5.0  11.5 

 

The gradient of the plot of   (𝑎𝑥 + 𝑏𝑥2) with time gives the  𝐸𝑇
′′   to cal calculate the magnitude of KT. The KT 

values can b calculated from  
𝜑

𝑅𝑇
 as shown in equation (18.1). Table 4 shows the comparison between 𝐾𝑇  values  

obtained from  the gradient   of the plot of (𝑎𝑥 + 𝑏𝑥2) with the time and calculated from  
𝜑

𝑅𝑇
 

 

Table 4 : Comparison between 𝐾𝑇   values  obtained from  the gradient   of the plot. 
Temperature  𝐾𝑇   from the gradient   𝐾𝑇  𝑓𝑟𝑜𝑚 

𝜑

𝑅𝑇
 

100°C 3.849 × 10−88  5.9773 × 10−88 

120°C 1.508 × 10−78  2.033 ×  10−78 

140°C 1.008 × 10−91 1.3415 × 10−91 

 

IV. Conclusions 

A model is developed to explain the kinetic of weight loss of plastic in full range of α from 0 to 0.9. 

Arrhenius fist order   kinetics is limited to narrow range of α. The basis of model is formation of microscopic 

cavities and channels within the matrix of plastics during the weight loss. The model is tested using commercial 

polypropylene product (ice cream box) plastic exposing to 100˚C, 120˚C and 140˚C temperatures. Kinetic 

equation derived from the model shows polynomial relationship of weight loss with time. It is approximated to 

get a simplified equation in 𝑎𝑥 + 𝑏𝑥2 = 𝐾𝑇
′′𝑡   to calculate the time required to reach the given weight loss. The 

rate constant calculated from 
𝜑

𝑅𝑇
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