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Abstract 

The effect of a hydrogen-donor solvent (tetralin) on the thermal degradation of 

poly(styrene-allyl alcohol) in solution was investigated in a steady-state tubular flow 

reactor at 1000 psig (6.8 MPa), at various tetralin concentrations (0-50 %), polymer 

concentrations ( 1-4 g/L), and temperatures (1 30-200 C). The molecular weight 

distributions of the emuent at each condition were examined as a fbnction of residence 

time by gel permeation chromatography. In the presence of tetralin, the polymer degrades 

by depolymerization to specific low molecular weight compounds and by random chain 

scission. No reaction was observed in the solvent 1-butanol in the absence of tetralin. The 

experimental data were interpreted with a rate expression first-order in polymer 

concentration based on continuous mixture kinetics, and rate coefficients were determined 

for the specific and random degradation processes. Activation energies were in the range 

of 5-10 kcaVmol for specific degradation and 33 kcdmol for the random degradation 

process. A plot of rate coefficients versus tetralin concentration indicates a fist-order rate 

at low tetralin concentrations and a zero-order dependence at high tetralin concentrations. 



In fro duction 

The thermal degradation of polymers is of considerable importance fiom both 

practical and theoretical points of views (Allen and Edge, 1992): 

the degradation of polymers in high-temperature environments can limit their 

applications (Hawkins, 1984); 

induced degradation can potentially be used in recycling waste plastics (Powell, 1990; 

Miller, 1994); 

thermal degradation by pyrolysis coupled with gas chromatography is an important 

analytical procedure for identitj?ng polymeric structure (Flynn and Florin, 1985). 

Thermolytic degradation of polymers is similar in some respects to other important 

thermal decomposition processes, e.g., petroleum cracking and coal thermolysis. All these 

processes involve complex mixtures, both as reactants and as products. 

Simha and Wall (1958) and Jellinek (1955) did some early work on the 

degradation of polymers by measuring the yield of monomer, rate of decrease of molecular 

weight, and rate of volatilization. They developed rate expressions using tiee-radical 

mechanisms. This research was later followed by Madorsky (1964) who reviewed data on 

rates, activation energies, and experimental methods for thermal degradation for a variety 

of polymers. Later, Jellinek (1978,1983) edited two books that analyze and critique 

various methods for measuring degradation rates. Recently, Hamid et al. (1992) published 

a comphrensive book on degradation. 

A few experimental and theoretical investigations address the kinetics and 

mechanisms of polymer degradation (Reich and Stivala, 1971; Hawkins, 1984; Kehlen et 

al., 1988). These studies involved the determination of the average molecular weight 
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(MW) of the polymer or the molecular weight distribution (MWD), and the identification 

of intermediate and final products. Various mechanisms and rate equations for each 

mechanism were proposed (Jellinek, 1983; Ziff and McGrady, 1985, 1986). The treatment 

of the general set of equations for initiation, propagation, transfer, and termination 

reactions can be classified by two approaches: 

a. 

b. 

A statistical theory of random breaking of links (Simha and Wall, 1958; Wall, 

1962; Jellinek, 1978) was proposed, and all reactions that form the intermediates 

and the species were assumed to start From a monodisperse sample (single MW). 

The desired fbnctions were either obtained by probability considerations of 

breakage of links, or by the solution of differential rate equations. However, since 

these theories were derived for a monodisperse polymer, it is difficult to extend the 

theories to polydisperse polymers. 

Pyrolytic thermal degradation is a two phase process, with higher MW species 

remaining in the condensed phase and the lower MW compounds evaporating. 

Gordon (1961) and Boyd (1970) conducted experiments by evaporating the 

monomer tiom a polydisperse sample. They showed that the form of MWD 

remains unaltered through a mild degradation, but shifts to lower MW values. 

Though these two approaches are useful for studying polymer degradation, one 

cannot easily use them to obtain kinetic parameters. However, due to the advance of 

technology in analytical instrumentation, dynamic MWD data can be obtained by gel 

permeation chromatography (GPC) or other means (Cooper, 1989). The polymer 

degradation usually occurs in a polydisperse mixture, and observing the temporal change 

of MWD caused by degradation affords a means to test kinetic models. A continuous- 

mixture approach is applicable for these cases, since it is based on mass balance equations 

that govern the temporal change of a distribution function (Ark and Gavalas, 1966; Cheng 

and Redner, 1990). 
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This approach for polymer degradation was theoretically investigated by Ziff and 

McGrady (1 985,1986). McCoy (1993) proposed a Framework for the continuous kinetics 

for addition and decomposition reactions in reversible oligomerization. Prasad et ai. 

(1 986) presented a continuous kinetics model for coal liquefaction, and Wang et al. (1 994) 

applied continuous kinetics to coal thermolysis. Recently, Wang et al. (1995) investigated 

the degradation of poly(styrene-allyl alcohol) at various temperatures in t-butanol, and 

measured the rates of both specific and random scission. 

To our knowledge, there is little information on the effect of hydrogen-donor 

solvents on polymer degradation in the liquid phase. However, the effect of hydrogen- 

donor solvents has been investigated for coal liquefaction. The extensive literature on this 

subject, including generally accepted pathways for hydrogen transfer fiom a donor 

solvent, was summarized by Chawla et al. (1989). Tetralin is widely accepted as a 

hydrogen-donor solvent, though its involvement in the liquefaction process of coal is quite 

complex (Orchin et al., 1948; Curran et al., 1967). The major product of tetralin 

conversion is naphthalene. Various other hydrogen-donor solvents have been studied. 

Kuhlmann et al. (1985) showed that 1,2,3, lob-tetrahydrofluoranthene had a hydrogen- 

donor capability nearly 20 times that of tetralin for the liquefaction of bituminous coal, 

while 9,1 O-dihydrophenanthrene was found to have a hydrogen- donor capability nearly 40 

times that of tetralin (Whitehurst et al., 1980). Kamiya et al. (1983) later showed that 

hydrogen-donor capability is also dependent on the solid, since 9,1 O-dihydrophenanthrene 

was an order of magnitude more reactive than tetralin for the liquefaction of brown coal, 

while it was only 3-4 times more reactive for the decomposition of benzylphenylacetate. 

All these reactions were carried out at about 450 C and under hydrogen pressure. 

Recently, Oviawe et al. (1993) measured the relative rate constants for hydrogen transfer 

for four different hydrogen-donors, namely, 9,1 O-dihydrophenanthrene, indan, 1,2,3,4- 

tetrahydroquinoline, and tetralin at lower temperatures (300 C and 400 C) for the 
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decomposition of benzylphenylether under inert atmosphere. They found that the rates are 

only slightly different. 

Our present objectives are to investigate the effect of various parameters such as 

the concentration of the hydrogen-donor solvent, tetrdin, the temperature, and residence 

time on both specific and random degradation of a soluble polymer. The reaction order of 

the rate of degradation is determined for polymer and tetralin concentrations. The 

experimental data are obtained by employing a steady state reactor, and the products 

analyzed using HPLC-GPC. An unique feature is the high pressure of the experiments, 

ensuring the reactions take place in the liquid phase. The experimental data for MWD's are 

interpreted by means of continuous-mixture kinetics. 

Experiments 

Pre-treatment of the polymer 

The polymer used in this study is poly(styrene-allyl alcohol) (Polysciences, Inc.) of 

the number-average molecular weight 1100. The polymer is pretreated to remove 

components in the lower molecular weight range, which would interfere with the analysis 

of the product peaks. A detailed explanation of the pre-treatment is also given by Wang et 

al. (1995). To pretreat the polymer, 50 grams of the polymer was dissolved in 500 ml of 

tert-butanol in a 2 liter flask. Distilled water serves as a precipitating agent and is added 

drop by drop to the polymer solution. The polymer solution, heated to 40 C on a heating 

plate, is continuously stirred with a magnetic stirrer. M e r  50-100 ml of water has been 

added, the polymer starts to separate from the solution, and begins to precipitate as a 

swollen phase at the bottom of the flask. Another 1250 ml of distilled water is slowly 

added to this solution. The liquid phase is decanted and the precipitate is dried in an oven 

at 60-65 C for 2-3 hours until a constant weight is obtained. The precipitate (which is the 

pretreated polymer) is blanketed under nitrogen in a closed bottle to avoid oxidation. This 



method of pretreating polymers follows the method reported by Kamide and Matsuda 

(1989). The number average molecular weight of the treated sample is 1640. 

Degradation experiments 

The experiments were carried out at high pressure, 1000 psig (6.8 m a ) ,  to 

prevent the vaporization of the solvent, l-butanol, at high temperatures and to ensure that 

the reaction of the polymer occurs in the liquid phase. The tubular flow reactor (stainless 

steel) was 0.45 m long with ID 0.029 m. The detailed apparatus and the operation 

procedure were described in Zhang et al. (1992) and Wang et al. (1993). The apparatus 

can be divided into four sections: feed and pressurizing section, extraction section, 

temperature-control section, and the sample collection section. A piston-type (Tobul 

Accumulators) accumulator of a liquid volumetric capacity of one gallon was filled with 

the polymer solution and pressurized to 1000 psig with nitrogen. A preheater coil is 

wound around the reactor and this assembly is placed in an electric furnace. A 

thermocouple is placed in the reactor to continuously monitor the temperature of the 

flowing fluid. The temperature is controlled by a PID temperature controller (Omega 

Model - 2000) and recorded on a chart recorder (Varian Model 9176). The pressure is 

measured with a pressure gauge (Ashcroft). 

The polymer solution is prepared by dissolving the polymer in 1-butanol at a 

known concentration. The polymer solution flows through the reactor, a water cooled 

heat exchanger, two pressure reduction valves placed in series, and finally exits through a 

rotameter. The flow rate (and hence the residence time of the fluid in the reactor) is 

controlled by the rotameter. Degradation experiments were carried out at three different 

polymer concentrations, four different temperatures, and four different tetralin 

concentrations to study the effects of these parameters on the rate of polymer degradation. 

At each condition, the experiment was conducted at four different residence times (Le., 

four different flow rates). Since the flow rates were measured at ambient conditions, the 
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residence times for each temperature were corrected with the density calculated fiom Lee- 

Kesler equation (Lee and Kesler, 1975). After reaching steady state, two 20 mi samples 

were collected at each residence time for the HPLC-GPC analysis. Experiments of 1- 

butanol and 10 to 50% tetralin, in the absence of poIymer, were conducted at 150 to 200 

C to investigate interactions between the solvents. The GPC analysis of samples fiom 

these experiments indicated no products. 

The significant difference of these experiments compared to pyrolysis experiments 

in gas or vacuum is that all the reactions take place in the liquid phase, and thus the 

residence time for both the reactants and products is the same. Further, the mild 

temperatures limit the amount of random chain scission and eliminate repolymerization. 

Analysis by HPLC-GPC 

Before analyzing the effluent sample by HPLC, one needs to concentrate the 

sample and dissolve the reactant and products in tetrahydrofuran. Hence, 20 ml of the 

effluent sample is concentrated to 4 ml by evaporating the l-butanol under vacuum at 353 

C. To ensure that boiling the polymer solution (with and without tetralin) at 353 K 

produced no reaction, samples before and after evaporation were tested in the HPLC. No 

change was observed. 

The molecular weight distribution of the effluent samples was determined by gel 

permeation chromatography (GPC) using PLgel columns (Polymer Labs) in a high 

performance liquid chromatograph (Hewlett Packard lOS0). For this purpose, two 

columns packed with crosslinked poly(stryene-divinyl benzene) of 100 and 5 0 0  A pore 

size, respectively, were used in series after a guard column. Tetrahydrofuran (THF, HPLC 

grade, Fisher Chemicals) was continuously pumped through the columns at a constant 

flow rate of 1 mumin. A sample of 100 microliters was injected at the start of each run and 

the ultraviolet detector was used to measure the absorbance of the compounds in the 



effluent samples. The wavelength of 254 nm was chosen since this wavelength provided 

the maximum absorbance of the reactant and products. 

A final check for the HPLC-GPC measurement was to ensure that there was no 

association in solution or of column adsorption (Yau et al., 1979). This was accomplished 

by running preliminary experiments at various injection volumes, and velocity ranges, and 

by changing the mobile phase from THF to pyridine. No significant change in the MWD 

was observed in any of these cases. 

The molecular weight corresponding to the retention time in the columns was 

calibrated with polystyrene samples obtained from Polymer Lab. The calibration procedure 

is described in detail by Wang et ai. (1995). 

Mechanism 

The mechanism of degradation of polymer is similar to that of Wang et al. (1995). 

The thermal degradation of the polymer is of two kinds: random scission at any position 

along the polymer chain, and specific scission leading to specific products. Both types of 

scissions occur in the degradation of poly(styrene-allyl alcohol), as seen fiom Figure 1, 

which is the MWD plotted as concentration distribution (g& MW) versus Loglo MW. 

The figure shows three distinct peaks in the molecular weight range 100-500 indicating 

specific scission products. The higher MW range peak shifts to a lower MW range relative 

to the feed polymer indicating random scission. 

Though only three distinct peaks are observed in the figure, we expect the 

formation of styrene, since it was observed by Wang et al. (1995). The styrene peak 

should appear at a MW of 104. However, since tetralin and styrene have comparable MW 

of 132 and 104, respectively, the peaks of these two compounds are superimposed. 

Lacking a method to distinguish styrene fiom tetralin, we therefore removed this peak 

From the chromatogram and its subsequent analysis. The remaining peaks in the effluent 



chromatograms were approximately of M W  162, 222, and 486, respectively, and are 

proposed to be the oligomer of an allyl alcohol and a styrene molecule (SA), and an 

oligomer of two allyl alcohols and one styrene molecule (ASA), and a trimer of SA 

((SA)3). Any allyl alcohol (A) produced during the degradation would evaporate during 

the sample preparation. 

The specific products other than the monomer are produced by intramolecular 

transfer, as described by Madorsky (1 964) for the degradation of polystyrene. Wang et al. 

(1995) suggested a mechanism based on chain scission for the formation of S, SA, and 

ASA. 

Theoretical Model 

The theoretical model is similar 3 the one proposed by Wang et ai. (1995). The 

MWD of the feed polymer is described by a gamma distribution. The parameters of the 

gamma distribution are obtained by calculating the zeroth, first, and the second moments 

of the experimental peak. This gamma distribution is used as the initial MWD in the 

kinetics model. 

Continuous Kinetics for Polymer Degradation 

A continuous mixture can be defined as a mixture of a very large number of 

different-size polymer molecules, whose distribution can be examined by a continuous 

index like the molecular weight. We assume that all the degradation products are dissolved 

in solution, that no repolymerization reactions occur, and that the flow reactor can be 

treated as a steady-state plug-flow reactor. Model equations based on continuous kinetics 

for polymer degradation were developed by Wang et al. (1995). 
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Resulfs and Discussion 

For the degradation of poly(styrene-allyl alcohol) in the presence of t-butanol, both 

random and specific scission of the polymer occurred at 130-200 C and 1000 psig (Wang 

et al., 1995). However, in the present case of 1-butanol solvent, no degradation of the 

polymer was observed at these conditions in the absence of tetralin. This suggests that t- 

butanol acted as a mild hydrogen-donor. The chemistry of alcohols (Morrison and Boyd, 

1966) suggests that the dehydration of the alcohol depends upon the ease of formation of 

the carbonium ion (a group of atoms that contains a carbon atom bearing only six 

electrons). During the process of dehydration, the carbonium ion loses a hydrogen ion to 

form the alkene. The ease of dehydration, according to Morrison and Boyd (1966), 

indicates that t-butanol is dehydrated more easily than 1-butanol, and therefore acts as a 

mild hydrogen-donor. 

An experimental MWD and model simulation are presented in Figure 2. As 

explained earlier, a peak of styrene has been removed since the peak of tetralin is 

superimposed on it. The three distinguishable peaks, SA, ASA, (SA)3, are the products of 

specific chain scission. The same products (S, SA, ASA, (SA)3) are produced with either 

t-butanol or 1 -butanol plus tetralin. 

The parameters in the model are the parameters of the gamma MWD describing 

the feed polymer and the rate coefficients for specific and random degradation. The rate 

coefficients for specific degradation are determined fiom the equation (Wang et al., 1995): 

q =  k i p t  (1) 

where p is the feed concentration (mom), t is the residence time, and q is the 

concentration of the specific product (mol&). These concentrations are the zeroth 

moments of their MWDs divided by MW. Since the zeroth moment is the area under the 

curve, the area of each specific product peak was determined by numerical integration 
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using the trapezoidal rule. The plots of q versus p, shown in Figures 3-4, tend to confirm 

the linear relationship for the experimental conditions. The slope of the line gives the rate 

coefficient for specific degradation, ki. The rate coefficients for random degradation are 

obtained by fitting the experimental MWD data of random degradation with gamma 

distribution parameters, using the relationship derived by Wang et al. (1995). 

The dependence of the specific and random degradation rate coefficients on the 

temperature, concentration of the polymer, and concentration of the hydrogen-donor 

solvent (tetralin) are shown in the Tables 1-3. The rate constants are independent of 

polymer concentration (Figure 5), confirming that the reactions for both specific and 

random degradation are first-order. This is consistent with the assumption of Wang et al. 

(1 995). 

The dependence of the rate coefficients on temperature is shown in Figures 6-7, 

and correspond to activation energies for random and specific degradation as given in 

Table 4. The dependence of the rate constants on the concentration of tetralin is shown in 

Figures 8 and 9 for ki and k ,  respectively. The plots are of the Langmuir type, first order 

at low tetralin concentrations and zeroth order at high tetralin concentrations, and were 

modeled by the following equation: 

k =  k J ,  
1 + kr2G 

where k is the rate constant and Ct is the vol% of tetralin. Parameters ktl and kt2 are 

obtained by plotting the inverse of the rate versus the inverse of tetralin concentration and 

are given in Table 5 .  Tetralin is essential for the degradation of the polymer. A tetralin 

concentration of 25% produces rate coefficients nearly an order of magnitude higher than 

the rate coefficients obtained by Wang et al. (1995), who degraded the same polymer 

using t-butanol without tetralin. However, the activation energies for the specific and 
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random degradation of the polymer by l-butanol and 25% tetralin are comparable to the 

activation energies for the specific and random degradation of the polymer by t-butanol. 

Rough estimates for the conversion of the polymer to specific products were 1-3 

% for the l-butanol and 5% tetralin system at 150 C, and 10-14% for the l-butanol and 

25% tetralin system at 200 C. The conversion in the former case corresponds 

approximately to the conversion obtained by Wang et al. (1995) for the degradation of the 

polymer in t-butanol in the absence of tetralin. 

Conclusion 

The thermal degradation of solubilized poly(styrene-allyl alcohol) in a steady-state 

tubular flow reactor has provided reaction rate data for a range of operating conditions. 

The reaction was carried out by dissolving the polymer in 1-butanol and conducting 

experiments at various polymer and hydrogen-donor (tetralin) concentrations, and at 

different temperatures. It was found that the polymer degrades to four specific products 

whose h4W' is less than 500, and the MWD of the reactant polymer shifts to lower MW 

indicating the occurrence of both specific and random scission of the polymer. A 

continuous-mixture model satisfactorily describes the experimental data. The effect of 

temperature on the rate coefficients was significant for both specific and random 

degradation with the activation energies of 5-10 kcdmol and 33 kcaYmol, respectively. 

The effect of tetralin concentration was first-order at low concentration and zero-order at 

high tetralin concentration. Tetralin was necessary for the degradation of the polymer and 

the rate coefficients were nearly an order of magnitude higher than the coefficients 

reported for the degradation of polymer in t-butanol without tetralin. This indicates that 

hydrogen-donor solvents may be used to advantage. 
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Table 1 .  Rate coefficients (l/sec) for specific and random degradation of the polymer at 

various temperatures and at a constant polymer concentration of 2 g/L and a tetralin 

concentration of 25%. 

Temperature k for SA 

(x103) 

1130 I 1.68 

k for (SA)3 

(x103) 

3.36 

4.05 

5.85 

7.14 

I150 

kr (xlO4) 

0.22 

2.1 

18 

130 

1 1.89 

200 

I170  

5.95 

13.9 

k for ASA 

(x103) 

2.52 

3.09 

4.68 

6.43 
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Table 2. Rate coefficients (Usec) for specific and random degradation of the polymer at 

various polymer concentrations and at a constant temperature of 150 C and a tetralin 

concentration of 25%. 

4.2 

4.05 

3.9 

Polymer Conc. I 
2.3 

2.1 

2.3 

1 

2 

4 

k for SA 

(X 103) 

1.73 

1.89 

1.75 

k for ASA 

(x 103) 

3 

3.09 

2.89 

17 

k for (SA)3 

(x103) 

kr 

( ~ 1 0 4 )  



Table 3. Rate coefficients (l/sec) for specific and random degradation of the polymer at 

various tetralin concentrations and at a constant temperature of 150 C and a constant 

polymer concentration of 2 g/L. 

Tetralin 

Conc. 

5 %  

10 Yo 

25 'Yo 

50 'Yo 

~ 

k for SA k for ASA k for (SA)3 kr 

(~103) (x103) (~103) (x104) 

0.58 1.6 1.78 0.4 

0.8 2.3 2.5 1 .o 

1.89 3.09 4.05 2.1 

2.09 3.57 4.9 2.5 



Table 4. Activation energies for specific and random degradation 

Random degradation 



Table 5.  Parameters for the dependence 

tetraiin concentration. 

Specific Product 

SA I 1.33 

ASA I 5.59 

14.96 

Random degradation I 1.07 

of rate coefficients 

kt2 

(l/vol%) 

0.043 

0.138 

0.085 
~~ 

0.012 

of polymer degradation on 



Figure Captions 

1. The MWD before and after thermal degradation ( : chromatograph before 

degradation, - : Gamma Distribution fit ; A : chromatograph after degradation at 150 

C, 25% tetralin, and residence time of 42.51 min. ; ...... .. : Gamma Distribution fit). 

2. Comparison of experimental results of MWD with model simulation at 150 C, 25% 

tetralin, and at four residence times (42.51 min, 28.34 min, 21.25 min, 12.75 min). 

3. The plot of q/p for the three specific products and residence time to determine the rate 

coefficients at different temperatures. 

4. The plot of q/p for the three specific products and residence time to determine the rate 

coefficients at different tetralin concentrations. 

5. Plot of the specific degradation coefficients (l/sec) versus polymer concentration to 

determine the order of the rate of degradation of the polymer. 

6. Arrhenius plot of the specific degradation coefficients versus temperature to determine 

the activation energies of the specific degradation for each product. 

7. Arrhenius plot of the random degradation coefficients versus temperature to determine 

the activation energies of random degradation of the polymer. 

8. Plot of the specific degradation coefficients (l/sec) versus tetralin concentration. 

9. Plot of the random degradation coefficients (Vsec) versus tetralin concentration. 

Legend for Figures 3, 4, 6, 8 : 
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Figure 1. The MWD before and after thermal degradation ( rn : chromatograph before 

degradation, - : Gamma Distribution fit ; A : chromatograph after degradation at 150 

C, 25% tetrdin, and residence time of 42.51 min. ; ...... .. : Gamma Distribution fit). 
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Figure 2. Comparison of experimental results of MWD with model simulation at 150 C, 

25% tetralin, and at four residence times (42.51 min, 28.34 min, 21.25 mh,  12.75 min). 
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Figure 3. The plot of q/p for the three specific products and residence time to determine 

the rate coefficients at different temperatures. 
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Figure 4. The plot of q/p for the three specific products and residence time to determine 

the rate cafjbicients at different tetralin concentrations. 
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Figure 5. Plot of the specific degradation coefficients (Vsec) versus polymer concentration 

to determine the order of the rate of degradation of the polymer. 



-7 

6 . 5  - 

- 6 -  

-4s t 
0.0021 0.0022 0.0023 0.0024 0.0025 

1fr (W 

Figure 6. Anhenius plot of the specific degradation coefficients versus temperature to 

determine the activation energies of the specific degradation for each product. 
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Figure 7. Arrhenius plot of the random degradation coefficients versus temperature to 

determine the activation energies of random degradation of the polymer. 
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Figure 8. Plot of the specific degradation coefficients (l/sec) versus tetralin concentration. 
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Figure 9. Plot of the random degradation coefficients (l/sec) versus tetralin concentration. 


