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APPLIED CHEMISTRY

Thermal Degradation of Polystyrene by Lewis Acids in Solution

Vishal Karmore and Giridhar Madras*

Department of Chemical Engineering, Indian Institute of Science, Bangalore, 560 012 India

The degradation of polystyrene in various Lewis acids [aluminum chloride, ferric chloride, boron
triflouride etherate, and tin(IV) chloride] at different temperatures (75-125 °C) has been studied
in this work. The evolution of the molecular weight distribution (MWD) has been modeled using
continuous distribution kinetics with a stoichiometric kernel for random chain scission. The
degradation rate was the highest in the presence of aluminum chloride. The reactions were also
carried out at different aluminum chloride concentrations, and the degradation rate was
proportional to the fourth power of the Lewis acid concentration. The activation energy of
polystyrene degradation in the presence of aluminum chloride, determined from the temperature
dependence of the degradation rate coefficient, was 7.7 kcal/mol.

Introduction

The study of polymer degradation is important be-
cause of its applications in polymer recycling, durability,
and characterization. A variety of plastic waste recycling
methods have been established, and new recycling
approaches are being developed to avoid the dumping
of polymers in landfills. Most of the investigations on
the degradation of polymers, however, are by pyrolysis
at very high temperatures. Because of inherent prob-
lems with high viscosity,1 commercialization of the
process is lacking. Degradation of polymers in solution
has been proposed to amend some of the problems
encountered in pyrolysis.1,2 The thermal degradations
of polystyrene (PS),3 poly(styrene-allyl alcohol),4 poly-
(methyl methacrylate),5and poly(vinyl acetate)6 in solu-
tion have been investigated.

The catalytic degradation of polystyrene in the pres-
ence of activated charcoal has been studied.7 The
degradation of polystyrene has also been investigated
in silica-alumina,8 HY, and HZHM-5 catalysts.9 Gas-
eous products were obtained over the catalysts, but a
pronounced deactivation of the catalysts occurred through
the deposition of coke. All of the above reactions were
carried out by pyrolysis at high temperatures. Polysty-
rene degradation was investigated in the presence of
aluminum chloride at 50 °C, and a linear decrease in
molecular weight was observed.10 Pulanskzy and co-
workers11 investigated the degradation of polystyrene
in the presence of Lewis acids. However, all of the above
studies were conducted on the polystyrene melt. To the
best of our knowledge, no comprehensive study has been
conducted on the degradation of polystyrene in solution
in the presence of Lewis acids.

The objective of the present work is to study degrada-
tion of PS by Lewis acids in chlorobenzene at various
temperatures and at various mass concentrations of
Lewis acid. A continuous kinetics model for the degra-

dation of PS has been used that satisfactorily explains
the experimental observations. The experimental ob-
servations can be explained by random chain scissions
that are first-order in polymer concentration and fourth-
order in Lewis acid concentration.

Experiments
Materials. Polystyrene (Mn ) 200 000, polydispersity

) 1.4) was used in the experiments. Chlorobenzene,
aluminum chloride, ferric chloride anhydrous, stannous
chloride [tin(IV) chloride], and boron trifluoride etherate
(all from Aldrich Chemicals) were used in the degrada-
tion experiments.

Degradation Experiments. The degradation of
polystyrene was carried out in a round-bottomed flask
with continuous stirring at various temperatures
(75-125 °C). The temperature was controlled to within
(1 °C of the set point with an on-off controller
(Thermotherm). The reactor was charged with 100 mL
of chlorobenzene, and the temperature was raised to the
reaction temperature. The required amount of Lewis
acid (1-2.7 g/L) and 0.2 g of polystyrene were added to
the reactor. Samples of 1 mL were taken at regular
intervals for subsequent analysis. Control experiments
were conducted without the acids, and no degradation
of polystyrene was observed at the investigated tem-
peratures. On the basis of triplicate experiments, the
uncertainty in the rate coefficients was judged to be less
than 5%.

GPC Analysis. The samples were analyzed by GPC
at 50 °C with THF (Merck) as the eluent at a flow rate
of 1 mL/min. Three columns (HR4, HR3, HR0.5) (300
mm × 7.5 mm) packed with cross-linked polystyrene-
divinyl benzene were used in series for efficient separa-
tion of molecular weight. The refractive index was
continuously monitored with a differential refractometer
(Waters R401) and converted to a MWD with a calibra-
tion curve based on polystyrene standards (Waters).12

Theoretical Model
Polymers can undergo chain scission to form lower-

molecular-weight (MW) products. Chain scission can
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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. Continuous distribution kinetics
considers the polymer to be a mixture of a large number
of different-sized molecules with the MW x as a continu-
ous variable

The catalytic degradation of polystyrene11 involves an
initiation step in which the hydrogen atom attached to
the benzyl carbon is abstracted as a hydride ion. The
resulting polymeric carbocation undergoes â-scission,
resulting in a decrease in the molecular weight. Reac-
tions A and B represent ion formation resulting from
attack of Lewis acid and binary fragmentation of the
resulting polymeric carbocation, P+(x′), at random points
along the chain forming the ion. The governing popula-
tion balance equation for reactions A and B in a batch
reactor can be expressed as13

where the kernel Ω(x,x′) determines the distribution of
scission products and is given by 1/x′ for random
scission. The rate coefficients are assumed to depend
linearly on the molecular weight, that is, k1(x) ) k1x and
k2(x) ) k2x. The moment operation, defined by p(n)(t) )
∫0

∞xnp(x,t) dx, applied to eqs 1 and 2 yields

The initial conditions for eqs 3 and 4 are p(n)(t)0) ) p0(n)
and p+(n)(t)0) ) 0. Assuming that the change in the
carbocation concentration with time is negligible, d(p+)(n)/
dt ) 0, one obtains

Substituting this result into eq 3 yields

Equation 5 for the zeroth moment, n ) 0, is dp(0)/dt )
-k1p(1)C4, which can be solved with the initial conditions
to obtain

The first moment, n ) 1, from eq 5 is

Equation 7 indicates that p(1) is constant () p0
(1)), i.e.,

the mass of the polymer is conserved. The ratio of the
first moment to the zeroth moment gives the number-
average molecular weight of the polymer, Mn ) p(1)/p(0).
Thus, eq 6 can be rewritten as

Results and Discussion

The degradation of polystyrene in different Lewis
acids was investigated at three different temperatures
in the range 75-125 °C. Equation 8 depicts the varia-
tion of the number-average MW with reaction time and
acid concentration. Figure 1 shows a plot of (Mn0/Mn) -
1 versus time for different Lewis acids [aluminum
chloride, ferric chloride, boron triflouride etherate, and
tin(IV) chloride], each at a concentration of 2 g/L at 100
°C. The slopes of the lines give the corresponding
degradation rate coefficients. The degradation rate
coefficients, kc, are 9.28 × 10-4 s-1 for AlCl3, 1.67 × 10-4

s-1 for FeCl3, 9.5 × 10-5 s-1 for SnCl4, and 4.16 × 10-5

s-1 for boron triflouride etherate. Thus, the order of
activity of the Lewis acids is AlCl3 . FeCl3 > SnCl4 >
boron triflouride etherate. Among the chlorides, Al, Fe,
and Sn have electronegativities of 1.61, 1.83, and 1.96,
respectively, indicating that the degradation rate is
dependent on the electronegativity of the Lewis acid.
This phenomenon indicates that the catalytic degrada-
tion of polystyrene commences with an elimination of
hydrogen atom from the benzyl carbon and that the
Lewis acid, depending on its electronegativity, promotes
the elimination of the hydrogen atom. Because the
degradation rate of polystyrene was greatest in the
presence of aluminum chloride, the effects of concentra-
tion and temperature on the degradation rate were
studied for this Lewis acid.

Figure 2 depicts the variation of the number-average
MW with reaction time t in the presence of aluminum
chloride at a concentration of 1.5 g/L (0.01125 mol/L)
for different temperatures. The degradation rate coef-
ficients, kc, obtained from the slopes are 1.6 × 10-4, 3.35
× 10-4, and 6.4 × 10-4 s-1 at 75, 100, and 125 °C,
respectively. These rate coefficients are substantially
higher than the rate coefficients observed for polysty-

Figure 1. Plot of (Mno/Mn) - 1 versus θ at 100 °C with different
Lewis acids at 2 g/L concentration: 9, aluminum chloride; b, ferric
chloride; 2, stannous chloride; 1, boron trifluoride etherate.
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rene in solution at 300 °C investigated by Chiantore
(1.33 × 10-5 s-1)14 and Madras (7.5 × 10-5 s-1).15

Figure 3 shows the temperature dependence of the
rate coefficients in an Arrhenius plot. The activation
energy is obtained from the slope and corresponds to
7.7 kcal/mol, which is comparable to the activation
energies reported by others14,15 for the solution degrada-
tion of polystyrene (between 200 and 300 °C).

The time variation of (Mn0/Mn) -1 for different
aluminum chloride concentrations between 1 and 2.7
g/L at 100 °C was also investigated. The rate coef-
ficients, kc (× 10-4), obtained were 0.53, 1.17, 3.18, 4.95,
9.28, 23.8, and 36.8 s-1 for aluminum chloride concen-
trations of 1.0, 1.25, 1.5, 1.75, 2.0, 2.4, and 2.7 g/L,
respectively. As defined in eq 8, θ ) kct, and a plot of
(Mn0/Mn) -1 versus θ should fall on a straight line
independent of the aluminum chloride concentration.
This is shown in Figure 4, wherein all of the data points
fall on a single line (within experimental error). Equa-
tion 8 establishes that kc ) k1Mn0C4, indicating that a
plot of kc vs C4 should be a straight line with a slope of
k1Mn0. The linear plot of the rate coefficient with the
fourth power of the aluminum chloride mass concentra-
tion is shown as an inset in Figure 4. The degradation
rate of polystyrene is proportional to the fourth order
of the Lewis acid concentration, indicating that the

mechanism underlying the degradation might be com-
plex. Further studies on polystyrene degradation in the
presence of other Lewis acids and the products of
scission have to be examined before a mechanism can
be proposed to explain the dependence of the degrada-
tion rate coefficient on the fourth order of the Lewis acid
concentration.

Conclusion

The effect of various Lewis acids on the thermal
degradation of polystyrene was investigated. An ionic
mechanism of degradation was proposed, and the deg-
radation rate coefficients were determined by using a
continuous distribution kinetic model. The degradation
rate was enhanced by several orders of magnitude in
the presence of the acids. Among the investigated acids,
aluminum chloride was found to promote the maximum
degradation rate for polystyrene. The effects of temper-
ature and concentration on the degradation rate were
also investigated in the study. The activation energy for
degradation was 7.7 kcal/mol, and the degradation rate
was proportional to the fourth power of the aluminum
chloride mass concentration.
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