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ABSTRACT 
Disposal of plastic waste is a worldwide problem that has prompted investigation of 

plastics recycling, including thermolysis methods. Most basic research on degradation, however, 
is for single polymers. Waste streams usually contain mixtures of polymers and it may be costly 
to separate them prior to degradation. Degradation rates depend on the mixture type, and adding 
another polymer can increase, decrease, or leave unchanged the degradation rate of the first 
polymer. Determining the decomposition mechanisms for polymer mixtures is of great interest 
for polymer recycling. In this study, we present techniqucs to determine the degradation kinetics 
of solubilized binary polymer mixtures by examining the time evolution of molecular-weight 
distributions (MWDs). Because the reaction mechanism for polymer degradation involves 
radicals, we have developed an approach fiat accounts for the elementary reactions of initiation, 
termination, hydrogen abstraction. and chain scission. We determined the concentration effect of 
poly(a-methyl styrene) (PAMS) on the random-chain degradation of polystyrene dissolved in 
mineral oil at 275 O C  in a batch reactor by evaluating the time evolution of the MWDs. 
Molecular-weight moments yielded expressions for the number- and weight-average MW and 
degradation rate coefficients. The experimental data indicated that the interaction of mixed 
radicals with polymer by hydrogen abstraction caused the random-chain scission degradation 
rate of polystyrene to decrease with increasing PAMS concentration. 

INTRODUCTION 
The rate of polymer degradation can be modified by the addition of conventional free- 

radical initiators, oxidizers or hydrogen donors but it might be easier to alter the degradation rate 
by blending two polymers (Gardner e t  al., 1993). Degradation studies by pyrolysis of polymer 
mixtures have reported varied results. For example, some reports indicated a significant 
interaction between polystyrene and polyethylene (Koo and Kim, 1993; Koo et al., 1991; 
McCaffrey et al., 1996). while others observed no interaction between these polymers (Roy et 
al., 1978; Wu et al., 1993). The pyrolytic polystyrene degradation rate was significantly 
enhanced in the presence of p~ ](methyl acrylate) and poly(huty1 acrylate) at 430 "C (Gardner et 
al., 1993). Richards and Salter (1964). on the other hand, observed that the rate of polystyrene 
degradation decreased with increasing molecular weight (MW) of added PAMS. These reports 
suggest the need for an analysis of the underlying reaction mechanisms. 

Degradation of polymers in solution has been proposed to ameliorate problems 
encountered in commercial applications (Sato et al., 1990). The degradation of polystyrene 
(Murakata et al., 1993; Madras et al., 1996~).  poly(styrene-allyl alcohol) (Wang et al., 1995). 
poly(methy1 methacrylate) (Madras et al., 19963). PAMS (Madras et al., 1996b) in solution have 
been investigated. No studies on the degradation of polymer mixtures in solution, however, have 
been reported. 

EXPERIMENTS 
The HPLC (Hewlett-Packard 1050) system consists of a 100 p L  sample loop, a gradient 

pump, and an on-line variable wavelcngth ultraviolet (UV) detector. Three PLgel columns 
(Polymer Lab Inc.) (300 mm x 7.5 mm) packed with cross-linked poly(styrene-divinyl benzene) 
with pore sizes of 100, 500, and 10,000 A are used in series. Tetrahydrofuran (HPLC grade, 
Fisher Chemicals) was pumped at a constant flow rate of 1.00 mL/min. Narrow MW 
polystyrene standards of MW 162 to 0.93 million (Polymer Lab and Aldrich Chemicals) were 
used to obtain the calibration curve of retention time versus MW. which was stable during the 
period of the experiments. The calibration curve, modeled as a second-order polynomial, 
indicates a higher accuracy in the measurement of lower MW polymers. 

The thermal decomposition of polystyrene in mineral oil was conducted in a 100 mL 
flask equipped with a reflux condenser to ensure the condensation and retention of volatiles. To 
observe a significant effect of PAMS on the conversion, polystyrene of high MW was chosen. 
60 mL of mineral oil (Fisher Chemicals) was heated to 275 OC. and various amounts (0 - 0.60 g) 
of monodisperse PAMS (MW = 11.000, Scientific Polymer Products), and 0.12 g of 
monodisperse polystyrene (MW = 330,000, Aldrich Chemicals) were added. The temperature of 
the solution was measured with a Type K thermocouple (Fisher Chemicals) and controlled 
within f 1 OC by a Omega CN-2042 temperature controller. Samples of 1.0 mL were taken at 
15 minute intervals and dissolved in 1.0 mL of tetrahydrofuran (HPLC grade, Fisher 
Chemicals). The chromatograph obtained by injecting 100 pL of this solution into the HPLC- 
GF'C system was converted to MWD. The peaks of the reacted polystyrene, PAMS, and the 
oligomers were distinct, so that moments could be calculated by numerical integration. Because 
the solvent mineral oil is UV invisible, its MWD was determined with a refractive index (RI) 
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detector. No change in the MWD of mineral oil was observed when the oil was heated for 3 
hours at 275 O c  without polystyrene. 

THEORETICAL MODEL 
According to the Rice-Herzfeld mechanism, polymers can transform without change in 

MW by hydrogen abstraction. Their radicals can also undergo chain scission to form lower MW 
products, or undergo addition reactions yielding higher MW products. Chain scission can occur 
either at the chain end yielding a specific product, or at a random position along the chain 
yielding a range of lower MW products. 

In the present treatment, two common assumptions simplify the governing equations. 
The long-chain approximation (LCA) (Nigam et al., 1994; Gavalas, 1966) postulates that the 
initiation and termination rates are negligible because such events are infrequent compared to 
hydrogen abstraction and propagation-depropagation chain reactions. The quasi-stationary state 
approximation (QSSA) applies when radical concentrations are extremely small and their rates of 
change are negligible. The proposed scheme, based on the Rice-Herzfeld concept (Nigam et al., 
1994) of chain reactions, includes the important elementary steps involving radicals. 

The degradation rate of polymer A undergoing random-chain scission is influenced by 
polymer B undergoing chain-end scission. We represent the reacting polymer A and its radicals 
as PA(x) and R'(x) and their MWDs as p~(x.1) and r(x,t), respectively, where x represents the 
continuous variable, MW. As the polymer reactants and random scission products are not 
distinguished in the distribution kinetics model, a single MWD, p~(x.1). represents the polymer 
in the mixture at any time, t. The initiation-termination reactions are represented as 

kr 

ki 

kh 

kH 

P*(x) 0 R'(x') + R'(x-x') (1) 

where ($ represents a reversible reaction. The reversible hydrogen abstraction process is 

PA(x) o R ' ( x )  (2) 

The depropagation chain reaction is 

The polymer B, the chain-end radical, the specific radical. and the specific product are 
represented as P,(x), R,'(x). R,'(x), Qs(xs), respectively. and their corresponding MWDs as 
h(x.1). re(x,t). rs(x,t) and qs(xs.t). The formation of chain-end radicals by a reversible nndom- 
scission initiation-termination reaction is 

kfs 

kts 
PB(X) 0 &'(x) + R,'(x - x') (4) 

Hydrogen abstraction by the chain-end radical is considered reversible, 

kHe 
The chain-end radical c m  undergo radical isomerization via a cyclic transition state to form a 
specific radical, 

kih 

kiH 
%'(x) R;(x) (6 )  

The depropagation reaction yields the specific product and a chain-end radical from a specific 
radical, 

where xs is the MW of the specific product. 
The interaction of the two degrading polymers is through hydrogen abstraction 

(McCaffrey et al.. 1996) represented as a reversible disproportionation reaction. The end radical 
of polymer B combines with polymer A lo form an intermediate radical complex that undergoes 
transformation to polymer B and a radical of polymer A, 

kd kD 

kD kd 
&'(x) + PA(x') Q R;(X + X') 0 PB(X) + R'(X') (8) 
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Including the intermediate complex, R:. facilitates the formulation of the population balance 
equations for the reversible disproportionation. If R: is ignored in equation 1.8, the forward and 
reverse. rate coefficients would be kd and kD, respectively. 

With the aid of Table 1, the rate expressions and moments can be formulated. Based on 
LCA, kf , kfs, k, and kt, are set to zero. The zeroth moments for the polymer, radicals and the 
monomer, p(W, do), q(0) are defined as 

p(O)(t) = Jr p(x,t) dx 

do)(t) = Jam r(x,t) dx 

q(O)(t) = J; q(x,t) dx 

PB (0) ( t a )  = PB,('), pA(''(t+) = pA,(')and r("(ta) = 0 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

The initial conditions for moments are 

When QSSA holds, 
dr"'/dt = dr,(')/dt = dr,")/dt = dr,")/dt = 0 

Algebraic manipulations yield 

and a plot of In (p"? p&") is  linear in time with slope kr. 

The molar concentration is related to the mass concentration, p(')= M,p('), by the average MW, 
Mn. 

The proposed mechanism represents the interaction of radicals of two reacting polymers 
and shows how the polymer undergoing chain-end scission affects the degradation rate of the 
polymer undergoing random-chain scission. The degradation rate coefficient is a function of the 
added polymer concentration, and also depends on the temperature and pressure. This can 
explain the varied results found in experiments for degradation rates in polymer mixtures. 

RESULTS 
We have measured the influence of PAMS mass concentration on polystyrene 

degradation at 275 OC. Because polystyrene degrades by random-chain scission and PAMS 
degrades by chain-end scission, the polystyrene degradation rate is given by Eqs 14 and 15. The 
random-scission degradation rate coefficient, kr. was determined from the experimental data by 
analyzing the time dependence of the polymer-mixture MWDs. Because the mass of specific 
products formed by polystyrene chain-end scission at 275 OC for 10 hours is less than 2% 
(Madras et al.. 1996~).  we consider that polystyrene degrades solely by random-chnin scission. 

Polystyrene degrades rapidly at low reaction times due to weak links in the polymer chain 
caused by side-group asymmetry or chain-branching (Chiantore et al., 1981; Madras et al., 
1996~).  The weak and strong links in polystyrene can be represented by additive distributions, 
so that the total molar concentration, p ,~~~ t (O) ,  of the polymer is the sum of the molar 
concentrations of the weak, p ~ ~ ( ' ) ,  and strong links, PA(O) (Madras et al., 1996~).  As the weak 
link concentration is approximately two orders of magnitude smaller than the strong link 
concentration. only the random rate coefficients of strong links are examined in this study. The 
initial molar concentration of the strong links in polystyrene, PAO(~) .  is determined from the 
intercept of the regressed line of the p ~ ~ ~ ~ ~ ) / p ~ ~ ~ ~ ( ~ ~  data for t L 45 minutes (Figure 1). The 
slopes, corres ondin to the rate coefficient for random scission, kr , are determined from the 
plot of In (p$)/p~&')) versus time, as given by Eq 14. Madras et al. (1997) show how data are 
analyzed when the polystyrene degradation rate coefficient is a function of MW, is . ,  k,(x). 
Equation 15 explains how the polystyrene degradation rate coefficient depends on PAMS 
concentration. The polystyrene degradation rate coefficient, kr. decreases with increasing PAMS 
mass (or molar) concentration. This is consistent with the experimental data (Figure 2 and inset). 

The hypothesized interaction of the degrading polymers is through the free radicals and 
their rates of hydrogen abstraction. When 4 = kD = 0, the two polymers react independently and 
the moment equations are identical to those derived for a single polymer undergoing chain-end 
scission or randomchain scission (Madras and McCoy, 1997) . The rate coefficient for random- 
chain scission of polystyrene is a function of the PAMS mixture concentration through the 
fundamental radical rate parameters, k,. k,,. k,,, k,, k,. and the initial number-average molecular 
weight of PAMS (Eq 15). The addition of PAMS inhibits the random-chain scission of 
polystyrene, similar to the effect on hydrogen-donors on the degradation of polystyrene (Madras 
and McCoy, 1997). 
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Figure 1. Plot of In (pA(0)/pA&O)) versus time for polystyrene degradation at 275 "C for 

0 Polystyrene ( 2 L )  only; A Polystyrene (2 g/L) + PAMS (2 gL); + Polystyrene (2 g/L) 
+ PAh4S (5 g/L): =Polystyrene (2 &) + PAMS (10 &). 

four PAMS concentrations. 
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Figure 2. Effect of PAMS mass concentration. pg&'), on the rate coefficient of random 
chain scission, k,, of polystyrene at 275 "C plotted as k, versus 11 pBo('), as 
given by equation 1.45. The inset shows k,versus pBo('). 
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