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Abstract 

The thermal degradation of poly(a-methylstyrene) in solution was investigated at 

various temperatures (150-225 C) and polymer concentrations (2.00-20.0 g/L) at 6.8 MPa 

(1 000 psig). The molecular weight distributions (MWDs) of the reacted polymer at these 

conditions were examined at four different residence times. Experimental data indicated that 

the polymer degraded to its monomer, a-methylstyrene. No other degradation products 

were observed. Continuous-mixture kinetics was used to examine the MWDs and to obtain 

the rate coefficient for degradation and its activation energy. The rate was first-order in 

polymer concentration with a rate constant at 225 C of 0.01 min-' and an activation energy of 

66.5 kJ/mol (1 6.0 kcal/mol). The maximum conversion observed at 275 C was 1.2 YO. 

Hydrogen-donor solvent, tetralin, had no effect on the degradation. 
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mendation, or favoring by the United States Government or any agency thereof. The views 
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United States Government or any agency thereof. 
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Introduction 
The study of degradation and stabilization of polymers is important both 

from practical and theoretical viewpoints1 . Among the various applications, 

degradation can be used to recycle waste plastics2, and in conjunction with 

chromatography to characterize polymeric structure3. Early investigations 

centered on investigating the yield of monome&, and rate of change of average 

molecular weight. The rate equations were typically based on free-radical 

mechanisms5. A few other studies addressed the kinetics of polymer degradation 

quantitatively by combining theoretical and experimental investigation&-8. 

These studies involved experimental parameters for intermediate and final 

products. 

Though thermal degradation has been investigated extensively under 

pyrolysis conditionsg- 10, commercial application has been hindered due to low 

heat transfer rates and high viscosity of the melting polymer. Reactor design is 

also complicated because degradation rates depend on reactor geometry and 

stirring rates11. Though thermal degradation in solution is less affected by these 

problems, there have been few studies of such solution processes. Recently, 

degradation of polystyrenel2, poly(a-methylstyrene)13, and poly(p- 

methylstyrene)14 was studied in various solvents. Degradation of poly(& 

methylstyrene) was observed to be independent of the solvent, while for other 

polymers the process was affected by the solvent. These studies did not 

determine the rate coefficients or their dependence on temperature. In our 

laboratory the degradation of poly(styrene-allyl alcohol)l5 was studied in t- 

butanol, and also in the presence of a hydrogen-donor solvent, tetralinl6. The 

conversion increased with tetralin concentration. Rate coefficients at several 

temperatures were obtained from the experimental data using continuous-mixture 
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kinetics. The activation energy for random scission was 35 kcaUmo1, while the 

energies of activation for the specific products were in the range of 4-8 kcal/mol. 

The continuous-mixture concept provides a simple and effective procedure 

to investigate the kinetics of polymer degradation based on the change in 

molecular weight distributions (MWDs). Continuous-mixture models have been 

used to determine the kinetics for the liquefaction of coal17, for 

oligomerization18, and polymer degradationls. 

The objective of the present work is to determine degradation behavior of 

poly(a-methylstyrene) (PAMS) in toluene at 1000 psig (6.8 MPa) at various 

temperatures (150-225 C )  and to identify specific scission products. The rate 

coefficients are determined by applying the moment theory to the MWD of the 

reacted polymer, and the energy of activation is obtained from the temperature 

dependence of these coefficients. 

Compared to other studies, the present approach has certain advantages. 

Polymer degradation occurs in a single phase, ensuring that the reactants and the 

products have the same residence time in the steady-flow reactor. The residence 

time is easily varied by controlling the flow rate. The effluent is analyzed to yield 

MWD’s as a function of time of reaction. As the temperature is uniform for all 

fluid elements, determining the temperature dependence of the rates is 

straightforward. Finally, the application of continuous-mixture kinetics provides 

the mathematical framework for quantitative interpretation of the experimental 

data 

3 



Experiments 

Pretreatment of PAMS 

PAMS of number average molecular weight 685 (determined by vapor phase oxidation by 

the manufacturer) was obtained from Aldnch Chemical Company, Inc. The MWD of PAMS 

was obtained by dissolving 0.0200 g of PAMS in 10 mL of tetrahydrofuran (THF) and 

analyzing the sample by gel permeation chromatography (GPC). The result in Figure 1 

indicates a number average MW of 700. Figure 1 shows many peaks in the lower MW range 

of the raw PAMS that may interfere with the product(s) of reaction. To eliminate these low 

M W  peaks, the polymer was fka~tionated'~ by dissolving 50 grams of polymer in 500 mL of 

toluene at 35 C. Then a sample of 750 mL of n-butanol, a precipitating agent, was slowly 

added to this solution. During this process, the solution was continuously stirred and heated 

to 45 C. Approximately 30 grams of the high molecular weight polymer precipitated and was 

dried in an oven to constant weight. The MWD of the treated polymer is shown in Figure 2, 

indicating the number-average M W  is 39,100. 

Degradation of PAMS 

The thermal degradation of the treated PAMS in solution was conducted in a steady-state 

plug-flow reactor at high temperatures and high pressures. Detailed descriptions of 

apparatus and experimental procedure are provided elsewhere2'> *'. All the experiments were 

conducted in the liquid phase so that the reaction products remain in solution. The relatively 

low temperatures result in low conversion and negligible repolymerization. 
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Treated PAMS was dissolved in toluene to the desired concentration (2.00 - 20.0 g/L) at 

35 C .  This solution is passed through a tubular-flow reactor maintained at constant pressure, 

6.8 MPa. The temperature of the reactor is increased to the desired level by a controller. The 

solution flows through the high-temperature reactor under pressure, is cooled by a water cool 

heat-exchanger, and flows through a pressure-reduction valve. The flow rate is controlled by 

a rotameter placed after the pressure-reduction valve. Thermal degradation experiments at 

each temperature and polymer concentration are performed at four different flow rates (6,9, 

12,20 mL/rnin at STP conditions). The residence time in the reactor is calculated by 

determining the density of the solvent at reactor conditions (using the Lee-Kesle8* equation). 

At each condition, two effluent samples of 10 mL each were taken for analysis. 

Analysis of degradation products 

The sample of 10 mL is concentrated to 2 mL by evaporating the toluene at 70 C under 

vacuum. This remaining liquid is dissolved in THF (Baker Analyzed) and a sample of 100 

pL of the solution injected into the GPC coupled with a HPLC (Hewlett-Packard 1050) 

system. Three PLgel columns (Polymer Lab Inc.) of 300 mm x 7.5 mm of 100,500, and lo4 

A pore size, packed with cross-linked poly(styrene-divinyl benzene) are used in series for 

efficient separation. The HPLC system consists of a sample loop of 100 pL, a gradient 

pump that pumps THF at a constant flow rate of 1.0 d m i n ,  and an on-line UV detector at 

230 nm for the absorbance of the sample. Various wavelengths were investigated in the range 

of 220-330 nm, and 230 nm was chosen because of a strong absorbance and separation of the 

poly (a-methylstyrene), a-methylstyrene, and toluene peaks. GPC measurements were 
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also made with ethyl acetate as the solvent and the chromatographs obtained were similar to 

those obtained with THF as the solvent. 

Polystyrene standards (MW ranging from 162 to 1.5 million) from Polymer Lab Inc. were 

dissolved in THF and injected into the HPLC-GPC for peak position calibration. Styrene 

and a-methylstyrene were dissolved in THF, analyzed in the GPC, and the calibration was 

extended to lower M W  range. The monomer peak was also calibrated quantitatively by 

injecting known amounts of a-methylstyrene in the GPC, yielding a standard deviation of 

the peak areas of 34%. 

Mechanism 

The thermal-degradation mechanism for polymers depends on molecular structure and 

experimental conditions. Two extremes exist, pure random degradation and pure 

depolymerization. Random degradation of a polymer occurs by bond scission at any 

position along the chain backbone. Depolymerization occurs by scission at the chain-end, 

which for homopolymers yields monomers. 

For the reacted polymer, Figure 3 shows two distinct peaks in the MWD below 1500. 

To identify these peaks, the effluent of the GPC analysis was separated based on retention 

time, and the samples were analyzed by GC-MS. The GC-MS analysis confirmed that the 

peak at MW = 1 18 was a-methylstyrene. The peak at MW = 1170 was positively 

identified as a non-reaction product, dioctyl phthalate (MW = 390). Due to its molecular 

size, this compound appears at MW = 1170. This was confumed by measuring the retention 

time of pure dioctyl phthalate (Aldrich Chemical Company, Inc.) in the GPC. Often used as 
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a pla~ticize2~, the dioctyl phthalate detaches unreacted from the chain at the reaction 

temperatures and is nearly constant in amount at all residence times. 

Figure 4 compares the polymer portion of Figure 2 and Figure 3. The dioctyl phthalate 

peak is removed fiom Figure 4 since it is a non-reaction product. The change in the fmt 

moment (which corresponds to the average molecular weight) of the unreacted polymer 

would be noticeable (even at low conversions) if random scission is significant. Calculations 

for the curves in Figure 4 show that the first moment of the reacted polymer ( M W  = 

190,000) is nearly unchanged from that of the unreacted polymer (MW=190,200) at the 

experimental conditions of Figure 5. Thus one can conclude that the thermal degradation of 

PAMS at low conversion is by pure depolymerization with chain-end scission yielding a- 

methylstyrene according to the reaction : 

PAMS a-methylstyrene 

Theoretical Model 
4 4 s  

Continuous-mixture kinetics for polymer degradation uwe used in our earlier work to 

study the random-chain degradation and chain-end scission of poly(styrene-allyl a l c ~ h o l ) ' ~ ~ ' ~ .  

Since no random-chain scission occurs at the low conversions in the present study, a model 

accounting only for specific chain-end scission is developed. 



The polymer solution is considered to be a complex mixture with a large number of 

different size molecules, whose distribution is described by a continuous variable such as 

M W .  We define A(x) to be a polymer molecule with molecular weight x. With specific 

degradation to x1 ( M W  of a-methylstyrene), one can write the polymer degradation as 

A (x') + A (XI ) + A (x' - X I  ) 

The time-dependent MWD of A(x) is defined as p(x,t) based on molar concentration. The 

rate coefficient of degradation is k(x), and v(x1, x' ) is the fraction of A(x') that cracks to 

A(xl). When the reaction is first-order (verified experimentally) two rate equations are 

required to describe A (xI ) and A (x' - XI ). 

For A(x' -x ,) : 

00 

(2) dp(x' t ,  = -k(x)p(x, t) + I k(x' )p(x' , t)v(x - x l ,  x' )dx' 
dt X 

For A(x,-): 

Here, ql(xl, t) is the MWD of the specific product a-methylstyrene of M W  XI. The rate 

coefficient k(x) generally depends on x. However, Wang et ai.'', Madras et a1.l6, and 

McCoy'* assumed k to be independent of x and successfully modelled their data. Assuming 

k independent of x adequately describes the current experimental data. 

The stoichiometric kernels are defined to satisfy normalization and symmetry conditions : 
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v(x' -XI ,  x' ) = 6(x - (XI -xl)) 

v(x, , XI ) = 6(x - XI) 
(4) 

( 5 )  

We assume that all products of the scission are completely dissolved in the solution and no 

repolymerization occurs. The batch reactor equation can be written as follows : 

w 

= kp(x' , tP(x - x1)dx' dq, (xr t) 

dt X 

The initial condition is 

q1 (x, 0) = 0 

The moment operation defined as 

applied to equation (6) yields 

This is solved with the initial condition 

p (0) (0) = p b"' 
For special cases for j = 0, 1,2 the above equations are solved to yield 

qf'(t) = kpf't 

q?'(t) = kx,p:+ 

ql" (0 = kx, P o  (11) 2 (0)t 

The average M W  and variance are calculated from the first and second moments as follows: 

(9) 
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which indicate that the MWD for a-methylstyrene is, ideally (in absence of chromatographic 

dispersion), a delta function and the first moment is the M W  of the compound. These 

equations are consistent with the model derived by Wang et al." when the rate of random 

scission approaches zero (k, + 0). 

Results and Discussion 

The experimental data for the degradation of PAMS at the five temperatures and three 

concentrations were analyzed to obtain rate coefficients at each condition. Since the reactor 

can be considered a steady-state plug-flow reactor, we represent time, t, by the residence 

time, z = reactor volume/volumetric flow rate, and determine the rate coefficients for specific 

degradation by rewriting equation 9, 

q = kpr (14) 

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

concentration of the a-methylstyrene (moVL). Molar concentration is the zeroth moment 

(gk) of the MWD divided by the MW. As the zeroth moment is the area under the curve, 

the area of the a-methylstyrene peak was determined by numerical integration. Only the 

first half of the a-methylstyrene peak is visible because the peak of toluene overlaps the 

other half of the a-methylstyrene peak. The symmetry of the a-methylstyrene peak was 

tested by injecting a-methylstyrene in the GPC. Hence the amount of a-methylstyrene is 

determined by doubling the area under the half-peak of a-methylstyrene. The plots of q 

versus p, shown in Figures 5-6, confrm the linear relationship for the experimental 
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conditions. The slope of the line gwes the rate coefficient for specific degradation, k. The 

line passes through the origin confirming that there is no overlap of the toluene peak in the 

first half of the a-methylstyrene peak. 

The dependence of the rate coefficient on the temperature and on concentration of the 

polymer is shown in the Tables 1-2. Figure 7 and Table 2 show that the rate constants are 

independent of polymer concentration, codinning that the reaction for PAMS to a- 

methylstyrene is first-order at 150 C. The rate-coefficient dependence on temperature is 

shown in Figure 8, where the slope of the line corresponds to an activation energy of 66.5 

kJ/mol for the degradation of PAMS to a-methylstyrene. 

An estimate of 1.2% for the conversion of PAMS to a-methylstyrene at 275 C and z = 

23.8 min was obtained by the following formula: 

C O * C c l r t ~ ~ f i ~ . )  . .  
The first moment of the molar distribution is the mass tWsh&im of the polymer and thus 

the above equation represents conversion based on the hctional weight loss. 

There was no effect of the hydrogen-donor solvent, tetralin, on the degradation of PAMS 

to a-methylstyrene at 225 C. This is consistent with the results of Murakata et 

observed that there was no effect of solvent on the degradation of PAMS. 

who 

Conclusion 

The thermal degradation of solubilized PAMS (in toluene) in a steady-state, tubular-flow 

reactor was studied at various polymer concentrations and temperatures. The results are 

interpreted by considering that the polymer degrades by chain-end scission to a- 

methylstyrene. A continuous-mixture model was used to quantify the experimental data and 
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determine rate constants. The effect of temperature on the rate coefficients was significant 

with an activation energy of 66.5 kJ/mol(l6 kcal/mol). There was no effect of the hydrogen 

donor solvent, tetralin, on the degradation. 
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Table 1. Rate coefficients for degradation of PAMS to a-methylstyrene at various 

temperatures at a constant polymer concentration of 2.00 g/L. 
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Table 2. Rate coefficients for degradation of PAMS to a-methybtyrene at various polymer 

concentration at constant temperature of 150 C. 

Polymer Conc. k (xlO3) 

(g/L) (Urnin) 
I 

2.00 1.04 
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Figure captions 

1. MWD of untreated PAMS. 

2. MWD of treated PAMS. 

3. Experimental results of MWD at 473 K, 6.8 MPa, and z = 23.8 min. 

4. MWDs before and after thermal degradation at 473 K, 6.8 MPa, and z = 23.8 min. 

5. Plots of the ratio, q/p, for a-methylstyrene at various temperatures with constant polymer 

concentration (2.00 g/L). 

6. Plots of the ratio, q/p, for a-methylstyrene at various polymer concentrations at a constant 

temperature (150 C). 

7. Plot of polymer concentiation versus specific rate constant indicating fmt-order 

dependence. 

8. Arrhenius plot for specific degradation rate constant. 
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