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a b s t r a c t

We model the effect of the catalyst AlCl3 on polystyrene (PS). Detailed experimental studies were
previously carried out on the effect of AlCl3 on PS, as part of an effort to understand how to minimize the
degradation of PS during the Friedel–Crafts alkylation performed to obtain a graft copolymer from
immiscible blends of PS and a polyolefin (PO). In the present work three mathematical models for the
catalytic degradation of PS are proposed, all of which consider that reaction starts with the elimination of
a phenyl group from the PS chain, followed by either chain scission or a change in the chain structure.
The models vary in the way they consider the strength of the main chain bonds, or the reactivity of
modified PS chains. Kinetic parameters for each model are estimated. Although the three proposed
models could be used to represent our own experimental data, one is more accurate. Experimental data
from other authors are used to evaluate its capabilities. Based on the predictions of the better model, we
discuss conditions to minimize PS scission, such as operating at low temperatures and AlCl3 concen-
trations, and using short processing times.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The disposal of waste plastics has become a critical worldwide
problem. That is why the development of recycling techniques has
generated great interest in terms of both environmental solution
and resource recovery. Moreover, recycling contributes to saving
non-renewable raw material consumed in the production of
plastics.

The plastics waste stream is composed mainly of commodity
thermoplastics such as polyolefins, polystyrene, and polyvinyl-
chloride. These polymers can be recycled by several methods, such
as reprocessing, chemical conversion, or incineration with energy
recovery among others. In order to avoid the costs associated to the
separation of the waste stream into its components, there is great
interest in developing processes applicable to mixtures of poly-
mers. Since the polymer species that coexist in the plastic waste are
generally immiscible, straightforward blending is impractical. Any
attempt at mixing in the molten state results in phase separation,
which in turn leads to poor mechanical properties of the solidified
blend. In this context, it is necessary to consider compatibilization.
This is a useful technique to obtain a synergetic combination of
polymer properties [1]. It can be achieved by many methods, but is
: þ54 291 4861600.
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mostly promoted through copolymers capable of interacting with
the different polymer phases. The compatibilizer can be added to
the polymer blend or generated in situ through a suitable chemical
reaction [2,3]. The latter would be an example of recycling through
chemical conversion.

In the case of polystyrene (PS) and polyolefins (POs), two very
common components of household waste streams, it is possible to
produce a PS-g-PO copolymer using a Friedel–Crafts alkylation
reaction [1,4–6]. This reaction is catalyzed by a Lewis acid such as
aluminum chloride (AlCl3) and a cocatalyst. Although several
kinetic mechanisms have been proposed, the process is not yet
completely understood. Under the usual reaction conditions PS
degradation due to chain scission has been reported to occur
together with the alkylation reaction [7–10]. This undesirable
secondary reaction competes with the main copolymerization
reaction, degrading the PS and worsening the properties of the PS/
PO blend. Since the alkylation takes place at high temperatures
(z200 �C), one should consider that the observed scission may be
due to both thermal and catalytic mechanisms.

Both thermal and catalyzed degradation of PS have been widely
studied and reported in the literature. Thermal degradation has
received more attention [11–17]. Regarding that process, several
authors [11–14,20] have proposed the presence of weak links in PS,
randomly distributed along the polymer chain, associated with
abnormal structures created during polymerization. The existence of
weak links was confirmed by Chiantore et al. [11] and Madras et al. [13].
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Under various experimental conditions they observed that the degra-
dation of PS takes place in two distinct stages, one much faster than the
other one. The experimental evidence collected by these authors
indicates that the fraction of weak bonds in PS is relatively small. The
exact nature of these bonds is not completely understood[11]. From the
point of view of degradation studies, their main feature is that they are
thermally labile. Catalytic degradation has also received attention. A
wide range of catalysts that promote degradation have been investi-
gated. In the case of acid catalysts, the ones relevant to the process we
study in this work, several kinetic mechanisms as well as mathematical
models have been proposed [7–10,18–21]. Some authors have reported
crosslinking of polystyrene in the presence of an acid catalyst [10,18],
while others have discarded the reaction as negligible [7]. Many of
these works were analyzed by Broadbelt [22] in a review of catalytic
resource recovery from waste polymers such as polyethylene, poly-
propylene and PS.

Pukánszky et al. [8] studied the catalytic effect of strong Lewis
acids on PS melts, reporting an evident molecular weight
decrease. They postulated a mechanism for this chain scission
that involved hydride abstraction in the polymer chain by the
action of the Lewis acid and the b cleavage of the resulting benzyl
cation. Their reaction mechanism was used afterwards by Kar-
more and Madras [9], who investigated the degradation of PS by
Lewis acids in solution. They developed a mathematical model for
the number-average molecular weight that explained their
experimental observations.

Another reaction mechanism was proposed by Nanbu et al. [10]
for the bulk degradation of PS in the presence of an excess of AlCl3.
In their mechanism the catalyst forms a complex with water in the
presence of moisture traces. The halogen atoms in the catalyst exert
a strong pull on the oxygen electrons of the water molecules. As
a result, the water protons become weakly bonded to the oxygen
[23–25], allowing them to interact with a side-chain phenyl group.
The elimination of the phenyl group follows, producing a benzene
molecule and a polymeric carbonium ion. The latter induces two
reactions: scission of the polymer main chain and formation of an
indane skeleton (see Fig. 1) due to intramolecular rearrangement.
These conclusions were supported by IR and 1H NMR data analyses
[10]. Formation of indane skeletons was also reported in several
works that dealt with catalytic degradation of PS in the presence of
other acid catalysts [19–21]. Both the degraded PS and the volatile
products generated during the process were analyzed. These works
reported detection of indane derivatives in the volatile products by
GC–MS, and determination of the presence of indane structures in
the degraded PS by means of NMR. Theoretical studies of interac-
tions between AlCl3 and aromatic rings suggested that Lewis acids
not only generate an electrophile but also have an important role in
the activation of the aromatic substrate prior to the electrophile
attack [26,27]. This agrees with the mechanism reported by Nanbu
et al. [10]. The concentration of AlCl3 does not necessarily remain
constant during a modification treatment, as it has been reported
that at typical processing conditions this Lewis acid decomposes,
even in non-aqueous media [28,29].

Our long-term goal is developing an experimentally validated
model of the compatibilization of PS and POs using the Friedel–
Crafts reaction in the presence of AlCl3. Industrially, or at
Fig. 1. Indane skeleton.
technological scale, such a reaction would be carried out in bulk in
order to avoid the use of solvents. For this reason, in this work we
focus on bulk treatments. As a first step in the development of
a comprehensive model, we study the effect of the catalyst on each
of the components of the polymeric blend. In the present work, we
study the simpler process of bulk degradation of PS in the presence
of AlCl3. We evaluate different kinetic mechanisms in order to
develop an experimentally validated mathematical model of this
particular process. First, experimental data obtained in our labo-
ratory are used to evaluate the models proposed by Karmore and
Madras [9] and by Nanbu et al. [10]. We find that the first one is
inappropriate for our data. Using the second one as a starting point,
we propose three mathematical models of increasing accuracy.
Model I considers chain combination, catalyst decomposition,
elimination of phenyl groups followed by random chain scission
and formation of an indane skeleton in the polymer chain. Model II,
besides the above reactions, assumes that the formation of an
indane group in the polymer chain results in a less reactive chain.
Model III adds to Model I the assumption of different scission rates
for the ‘‘weak’’ and ‘‘normal’’ links. For each model, the moment
technique is applied to simplify the mass balance equations and
facilitate the estimation of the kinetic rate constants.

One of the models is selected, and its capabilities are tested
using experimental data reported in the literature by Pukánszky
et al. [8] as well as Karmore and Madras [9].

2. Mathematical models

2.1. Mathematical Model I

2.1.1. Kinetic mechanism I
For this simplified mechanism the following global reactions are

considered:

Elimination of phenyl group followed by random chain scission

PðxÞ þ A /
k1 Pðx� y� 1Þ þ PðyÞ þ Aþ B x ¼ 2;.;N (1)

Elimination of phenyl group followed by formation of indane
skeleton

PðxÞ þ A /
k2 Pðx� 1Þ þ Aþ B x ¼ 2;.;N (2)

Chain combination

PðxÞþPðyÞþA/
k3

PðxþyÞþA x ¼ 1;.;N; y ¼ 1;.;N (3)

Catalyst decomposition

A /
ki

Ai (4)

In the above equations, P(x) is a polystyrene molecule with x
monomeric units, A is an active catalyst molecule, Ai is an inactive
catalyst molecule, and B is a benzene molecule.

We assume that each monomer unit is a reactive site, reactions
represented by Eqs. (1)–(3) are of first order with respect to the
reactive sites, molecules with indane groups are as reactive as
molecules without them, and the catalyst decomposes (Eq. (4))
through a first-order reaction [29]. The kinetic rate constant of the
scission reaction is defined as a contribution of two terms in order
to improve the model sensitivity, k1 ¼ k11Aa þ k12Ab. In this
equation, a and b are the orders of the reaction with respect to the
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concentration of catalyst. Similarly, the formation of an indane
skeleton (Eq. (2)) is of order g with respect to the concentration of
catalyst, while chain combination (Eq. (3)) is of order 3.

A batch isothermal operation is considered and constant reac-
tion volume is assumed. The mass balances for reactions repre-
sented by Eqs. (1)–(4) are presented in Eqs. (7)–(10). Brackets are
omitted when expressing species molar concentration.

Catalyst

dA
dt
¼ �kiA (5)

Benzene

dB
dt
¼
�

k11Aa þ k12Ab
�XN

x¼2

xPðxÞ þ k2Ag
XN
x¼2

xPðxÞ (6)

PS molecules with x monomer units (x ¼ 1,.,N)

dPðxÞ
dt
¼
�

k11Aaþk12Ab
�24�xPðxÞ

�
1�dx;1

�

þ2
XN

y¼xþ1

Uðx;yÞyPðyÞ

3
5þk2Ag��xPðxÞ

�
1�dx;1

�

þðxþ1ÞPðxþ1Þ
�
þk3A3

2
4�xPðxÞ

XN
y¼1

yPðyÞ

þ1
2

Xx�1

y¼1

yðx�yÞPðyÞPðx�yÞ
�
1�dx;1

�35

(7)

where U(x,y) determines the distribution of scission products and is
given by 1/y for random scission [30]. The difference in molar mass
between benzene and styrene is neglected.

The above mass balance equations are infinite in number. Then,
the well-established moment technique is used to calculate average
properties. For that purpose, moment definitions are applied to the
polymer length.

The ath-order moment for PS length distribution is defined by

Ma ¼
XN
x¼1

xaPðxÞ (8)

Experimental data consist of number- and weight-average molec-
ular weights. Therefore, to calculate them it is necessary to obtain
expressions for the zeroth, first- and second-order moments.

In order to transform the mass balance shown in Eq. (7), all
terms in that equation are multiplied by xa and then added up for
all polymer lengths. Eq. (6) can also be rearranged as a function of
the zeroth and first-order moments, since their definitions appear
directly in those balances.

Benzene

dB
dt
¼
�

k11Aa þ k12Ab
�
ðM1 � Pð1ÞÞ þ k2AgðM1 � Pð1ÞÞ (9)

0th-order moment

dM0

dt
¼
�

k11Aaþk12Ab
�
ðM1þPð1ÞÞþk2AgPð1Þ�k3A3M2

1
2

(10)
1st-order moment

dM1

dt
¼�

�
k11Aaþk12Ab

�
ðM1�Pð1ÞÞ�k2AgðM1�Pð1ÞÞ (11)

2nd-order moment

dM2

dt
¼
�

k11Aa þ k12Ab
��
�M3

3
�M2 þ

M1

3
þ Pð1Þ

	

þ k2AgðM1 � 2M2 þ Pð1ÞÞ þ k3A3M2
2 (12)

In the above equations P(1) is a PS molecule where x ¼ 1, and is
included in the derivations for completeness. However, since its
concentration is much smaller than that of the set of all P(x), its
value has been neglected in the calculations.

It should be noted that when solving for the 2nd-order moment,
the 3rd-order moment appears in the equation. A closure technique
was used as an approximation to estimate it [31]. This yields
expressions of the higher order moments as functions of the known
lower order ones. An approximate solution results if the type of
distribution is not known. In this model, the expression corre-
sponding to a log-normal distribution is used (Eq. (13)).

M3 ¼ M0

�
M2

M1

	3

(13)

The following measurable quantities may be calculated from the
resulting moments.

Number-average molecular weight

Mn ¼ 104
M1

M0
(14)

Weight-average molecular weight

Mw ¼ 104
M2

M1
(15)

As input data the model requires the mass of PS together with its
initial number (Mn) and weight (Mw) average molecular weights,
mass of catalyst, operating temperature and residence time.
Parameter values, such as kinetic rate constants and the exponents
a, b, g and 3, were estimated by fitting the model to experimental
information.
2.2. Mathematical Model II

2.2.1. Kinetic mechanism II
In order to evaluate whether indane groups are as reactive as

phenyl groups in scission and/or combination reactions, a mathe-
matical model considering that indane groups are less reactive was
proposed. Then, PS molecules are allowed to react while the
number of indane groups on them is lower than an upper limit, TL.

Elimination of phenyl group followed by random chain scission

Pðx; rÞ þ A /
k1 Pðx� y� 1; r � sÞ þ Pðy; sÞ þ Aþ B

x ¼ 2;.;N; r ¼ 0;1;.; TL � 1 ð16Þ

Elimination of phenyl group followed by formation of indane
skeleton
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Pðx; rÞ þ A /
k2 Pðx� 1; r þ 1Þ þ Aþ B
x ¼ 2;.;N; r ¼ 0;.; TL � 1 ð17Þ

Elimination of phenyl group followed by chain combination

Pðx; rÞ þ Pðy; sÞ þ A /
k3

Pðxþ y� 1; r þ sþ 1Þ þ Aþ B

x ¼ 1;.;N; y ¼ 1;.;N; r ¼ 0;1;.;TL � 1;

s ¼ 0;1;.;TL � 1: ð18Þ

Catalyst decomposition

A /
ki Ai (19)

In the above equations, P(x,r) is a PS molecule with x monomeric
units and r indane groups, A is an active catalyst molecule, Ai is an
inactive catalyst molecule, and B is a benzene molecule.

TL is assumed to be a fixed value, and is a parameter to be
estimated. In what follows, we discriminate the P(x,r) molecules
into two types: reactive molecules, R(x,r), with a number of indane
groups lower than TL, and non-reactive molecules, N(x,r), with TL or
more indane groups.

As before, the kinetic rate constant of the scission reaction is
defined as a contribution of two terms in order to improve the
model sensitivity. In particular, this kinetic rate constant is defined
as k1 ¼ k11Aa þ k12ekeA. As in the previous model, the rates of
reaction for the formation of an indane skeleton and for chain
combination depend on Ag and A3, respectively.

Catalyst

dA
dt
¼ �kiA (20)

Benzene

dB
dt
¼
�

k11Aaþk12ekeA
�XN

x¼2

XTL�1

r¼0

xRðx;rÞþk2Ag
XN
x¼2

XTL�1

r¼0

xRðx;rÞ

þk3A3

2

XN
x¼1

XTL�1

r¼0

xRðx;rÞ
XN
y¼1

XTL�1

s¼0

yRðy;sÞ ð21Þ

Reactive PS molecule with x monomer units and r indane groups
(x ¼ 1,.,N; r ¼ 0,.,TL � 1)

dRðx;rÞ
dt

¼
�

k11Aaþk12ekeA
�8<
:�xRðx;rÞ

�
1�dx;1

�

þ2
XN

y¼xþ1

XTL�1

s¼r
U½ðx;rÞ;ðy;sÞ�yRðy;sÞ

9=
;

þk2Ag��xRðx;rÞ
�
1�dx;1

�
þðxþ1ÞRðxþ1;r�1Þ

�
þk3A3

2
4�xRðx;rÞ

XN
y¼1

XTL�1

s¼0

yRðy;sÞ

þ1
2

Xx

y¼1

Xr

s¼0

yðy�xþ1ÞRðy;sÞRðx�yþ1;r� sÞ

3
5 ð22Þ

Non-reactive PS molecule with x monomer units and r indane
groups (x ¼ 1,.,N; r � TL)
dNðx;rÞ
dt

¼ k2Agðxþ1ÞRðxþ1;r�1Þdr;TL
þk3A31
2

Xx

y¼1

Xr�1

s¼1

yðy�xþ1ÞRðy;sÞRðx�yþ1;r�sÞð23Þ

As done in Model I, the moment technique is used to reduce the
number of mass balance equations. Moment definitions are
applied to the polymer length, both for reactive and non-reactive
molecules. The ath-order moment for the length distribution of
reactive PS molecules is defined by Ma ¼

PN
x¼1

PTL�1
r¼0 xaRðx; rÞ

and for the length distribution of non-reactive PS molecules by
La ¼

PN
x¼1

P2TL�1
r¼ TL xaRðx; rÞ.

In Eqs. (22) and (23) all terms are multiplied by xa and then
added up for all polymer lengths. Eq. (21) can also be rearranged as
a function of M0 and M1, since their definitions appear directly.

The moment balance was carried out for both types of mole-
cules, considering that a fraction of each molecule is produced for
each proposed reaction. The fraction of each kind of molecule is
defined as follows:

fr1 ¼
TL � 1

TL
¼ 1� fn1 (24)

fr2 ¼
TL � 1

2TL
¼ 1� fn2 (25)

where fr1 and fn1 are the fractions of reactive and non-reactive
molecules, respectively, produced during the indane skeleton
formation reaction. fr2 and fn2 are the fractions of reactive and non-
reactive molecules produced in the chain combination reaction.

Benzene

dB
dt
¼
�

k11Aa þ k12ekeA
�
ðM1 � Rð1;0ÞÞ

þ k2AgðM1 � Rð1;0ÞÞ þ k3A3M
2
1

2

(26)

0th-order moment

dM0

dt
¼
�

k11Aa þ k12ekeA
�
ðM1 þ Rð1;0ÞÞ

� k2Ag

�
M1

TL
� Rð1;0Þ

	
þ k3A3M2

1

�
TL � 1

4TL
� 1

	
ð27Þ

dL0

dt
¼ k2AgM1

TL
þ k3A3M2

1
ðTL þ 1Þ

4TL
(28)

1st-order moment

dM1

dt
¼ �

�
k11Aa þ k12ekeA

�
ðM1 � Rð1;0ÞÞ

� k2Ag

�
M2

TL
þM1

TL � 1
TL

� Rð1;0Þ
	

þ k3A3

"
�M1M2 þ

 
M1M2 �

M2
1

2

!
TL � 1

2TL

#
ð29Þ

dL1

dt
¼ k2AgM2 �M1

TL
þ k3A3

 
M2M1 �

M2
1

2

!
TL þ 1

2TL
(30)
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2nd-order moment

dM2

dt
¼
�

k11Aaþk12ekeA
��
�M3

3
�M2þ

M1

3
þRð1;0Þ

	

þk2Ag



�M3þðM1�2M2Þ

TL�1
TL
þRð1;0Þ

�

þk3A3

"
�M3M1þ

 
M3M1þM2

2�2M2M1þ
M2

1
2

!
TL�1
2TL

#

(31)

dL2

dt
¼ k2AgðM3 � 2M2 þM1Þ

TL

þ k3A3

 
M3M1 þM2

2 � 2M2M1 þ
M2

1
2

!
TL þ 1

2TL

(32)

In this model R(1,0) is treated in the same way as P(1) in Model I.
The closure relationships corresponding to log-normal distri-

butions are used for both reactive and non-reactive PS molecules.
Then, third-order moments are calculated, as explained before, by:

M3 ¼ M0

�
M2

M1

	3

and L3 ¼ L0

�
L2

L1

	3

(33)

Average molecular weights involve both the reactive and the
non-reactive molecules.

Number-average molecular weight

Mn ¼ 104
M1 þ L1

M0 þ L0
(34)

Weight-average molecular weight

Mw ¼ 104
M2 þ L2

M1 þ L1
(35)

As input data the model requires the mass of PS, its initial average
molecular weights, mass of catalyst, operating temperature and
residence time. The model also requires the value of the upper limit
of indane groups per PS molecule, TL. This value, together with the
parameter values such as kinetic rate constants and the exponents
a, 3 and g, was estimated for an accurate fit of the experimental
information.
2.3. Mathematical Model III

Experimental data show a rapid decrease in molecular weights
at the beginning of the reaction. This fact may be explained by the
cleavage of a limited number of weak links present in the PS
structure which have a lower activation energy, and therefore
a faster scission rate, than the remaining PS normal links [11,13].
Then, the initial number of weak links is considered to be a prop-
erty of each particular virgin PS polymer, because it depends on the
conditions under which it was polymerized. In order to include
weak links into the model, Kinetic mechanism I is adopted, but
taking into account the difference in bond strength by means of
different scission rates for weak and normal links.

The relative number of each kind of link is defined as follows:

fw ¼
ew

esþew
¼ ewPN

x¼1ðx�1ÞPðxÞ ¼
ewPN

x¼1 xPðxÞ�
PN

x¼1 PðxÞ (36)
fs ¼ 1� fw

where fw is the fraction of weak links and fs is the fraction of normal
links.

Catalyst

dA
dt
¼ �kiA (37)

Benzene

dB
dt
¼
�

fwk1wAa þ fsk1sAb
�XN

x¼2

xPðxÞ þ k2Ag
XN
x¼2

xPðxÞ (38)

Weak links

dew

dt
¼ �k1wAaew (39)

PS molecules with x monomer units (x ¼ 1,.,N)

dPðxÞ
dt
¼
�

fwk1wAaþ fsk1sA
b
�24�xPðxÞ

�
1�dx;1

�

þ2
XN

y¼xþ1

Uðx;yÞyPðyÞ

3
5þk2Ag��xPðxÞ

�
1�dx;1

�

þðxþ1ÞPðxþ1Þ
�
þk3A3

2
4�xPðxÞ

XN
y¼1

yPðyÞ

þ1
2

Xx�1

y¼1

yðy�xÞPðyÞPðx�yÞ
�
1�dx;1

�35

(40)

Eq. (39) is solved analytically, for a non-zero a coefficient, to
obtain ew, which then is replaced in Eq. (36). The result is:

Fraction of weak links

fw ¼

�
ewð0Þeðk1wðAa�Að0ÞaÞÞ=aki

�
PN

x¼1 xPðxÞ �
PN

x¼1 PðxÞ (41)

As in the previous models, the moment technique is used. There-
fore, moments defined in Eq. (8) were applied to Eq. (40). Eqs. (38)
and (41) can be also rewritten in terms of moments.

Benzene

dB
dt
¼
�

fwk1wAa þ fsk1sAb
�
ðM1 � Pð1ÞÞ þ k2AgðM1 � Pð1ÞÞ

(42)

0th-order moment

dM0

dt
¼
�

fwk1wAa þ fsk1sAb
�
ðM1 þ Pð1ÞÞ þ k2AgPð1Þ

� k3A3M2
1

2
(43)



Fig. 3. Mw vs. time at various concentrations of AlCl3. Lines: Model I, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).
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1st-order moment

dM1

dt
¼ �

�
fwk1wAa þ fsk1sAb

�
ðM1 � Pð1ÞÞ � k2AgðM1 � Pð1ÞÞ

(44)

2nd-order moment

dM2

dt
¼
�

fwk1wAa þ fsk1sAb
��
�M3

3
�M2 þ

M1

3
þ Pð1Þ

	

þ k2Agð � 2M2 þM1 þ Pð1ÞÞ þ k3A3M2
2

(45)

fw ¼

�
ewð0Þeðk1wðAa�Að0ÞaÞÞ=aki

�
M1 �M0

(46)

As in the previous two models, the value of P(1) was neglected in
the calculations.

In this model, a closure relationship corresponding to log-
normal weight distribution is also considered. The third-order
moment was calculated as expressed in Eq. (13). Average molecular
weights were calculated as in Eqs. (14) and (15).

As input data the model requires the mass of PS, its initial
average molecular weights, mass of catalyst, operating temperature
and residence time. The model also requires the value of the initial
number of weak links. This value, together with the remaining
parameter values, was estimated by fitting the model to experi-
mental information.

3. Experimental data

In order to validate the models, we used experimental data
obtained in our laboratory [7]. Briefly, a molten commercial PS
(Lutrex HH-103, Unistar S.A., Mn ¼ 136 000, Mw ¼ 271000) was
treated with 0.1, 0.3, 0.5, 0.7 and 1 wt% of AlCl3. The reaction was
performed in a batch mixer at 200 �C and 60 rpm under N2

atmosphere for 22 min. Samples were withdrawn periodically
during mixing. Average molecular weights were analyzed by
Fig. 2. Mn vs. time at various concentrations of AlCl3. Lines: Model I, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).
Size Exclusion Chromatography (SEC) using a Waters Scientific
Chromatograph model 150-CV. The solvent used was 1,2,4-
trichlorobenzene, with 0.0125 wt% 2,6-di-tert-butyl-p-cresol added
as antioxidant. The injection temperature was 135 �C. Several
replications were averaged for each data point, ensuring an error
level within the instrument accuracy of �5%.

The reaction gases collected from the mixer’s headspace during
blending were analyzed by Gas Chromatography–Mass Spectros-
copy (GC–MS) [7]. We used a GC–MS instrument model Clarus 500
(Perkin Elmer). The analytical column connected to the system was
a PE-5MS capillary column (60 m � 0.25 mm ID, 0.25 mm film
thickness). In the full-scan mode, electron ionization (EI) mass
spectra in the range of 35–200 (m/z) were recorded at an electron
energy of 70 eV. Compounds were identified with the help of the
NIST library, available in the instrument.

The main volatile product formed was benzene, detected at all
catalyst concentrations. Other six derivatives of benzene and indane
were detected at higher catalyst concentrations: ethylbenzene,
Fig. 4. Mn vs. time at various concentrations of AlCl3. Lines: Model II, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).



Fig. 5. Mw vs. time at various concentrations of AlCl3. Lines: Model II, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).

Fig. 7. Mw vs. time at various concentrations of AlCl3. Lines: Model III, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).
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ethylmethylbenzene, indane, 1-methyl indane, and two isomers of
dimethyl indane. The concentration of every volatile product
increased with catalyst concentration. These observations support
those proposed kinetic mechanisms that involve elimination of
phenyl groups as a starting step, followed by chain scission reactions
and the formation of indane groups [10,19–21]. More details on the
experiments may be found elsewhere [7].
4. Parameter estimation

The three proposed mathematical models have parameters that
need to be estimated, namely the kinetic rate constants and other
values such as the initial number of weak links. For this task we
used the commercial software gPROMS (generalized PROcess
Modelling System) and the experimental data described above.

The parameter estimation was performed by evaluation of the
following objective function [32]:
Fig. 6. Mn vs. time at various concentrations of AlCl3. Lines: Model III, symbols:
experimental measurements (C 0.1, - 0.3, 0.5, A 0.7, : 1 wt% AlCl3).
ObjF ¼ N
2

lnð2pÞ
þ1
2

minq

8<
:
XNE

i¼1

XNVi

j¼1

XNMij

k¼1

2
4ln
�

s2
ijk

�
þ

�
~zijk� zijk

�2

s2
ijk

3
5
9=
; ð47Þ

where N is the total number of measurements, q is the set of model
parameters to be estimated, NE is the number of experiments, NVi is
the number of variables measured in the ith experiment, NMij is the
number of measurements of the jth variable in the ith experiment,
sij

2 is the variance of the kth measurement of variable j in experi-
ment i, and, ~zijk and zijk are the kth measured and calculated values
of variable j in experiment i, respectively. The variance was speci-
fied as constant, with different values for different experiments.
5. Results and discussion

The effect of AlCl3 on the degradation of PS was studied by
analyzing the change of Mn and Mw with time. This is shown in
Figs. 2–7 for catalyst concentrations between 0.1 and 1 wt%. The
plots show a rapid initial decrease of molecular weights for all
concentrations of catalyst, decrease that is more pronounced for
higher concentrations. After this first stage, the molecular weights
remain almost constant for the lower concentrations of AlCl3, 0.1–
0.5 wt%, while for 0.7 wt% the molecular weights continue
decreasing. For 1 wt% of AlCl3 the degradation is so fast that after
a few minutes the molecular weights fall below the detection limit
Table 1
Estimated parameters – Model I.

Parameter Value

k11 (scission) 2.27 � 105 M�2 min�1

k12 (scission) 1.63 � 1014 M�4 min�1

k2 (indane formation) 2.36 � 104 M�1 min�1

k3 (chain combination) 6.141 � 107 M�3 min�1

ki (catalyst decomposition) 1.029 min�1

a (scission) 2
b (scission) 4
g (indane formation) 1
3 (chain combination) 2



Table 2
Estimated parameters – Model II.

Parameter Value

k11 (scission) 5.40 � 106 M�2 min�1

k12 (scission) 4.5951 � 10�9 min�1

ke (scission) 2.592 � 105 M�1

k2 (indane formation) 1.775 � 103 M�1 min�1

k3 (chain combination) 1.414 � 103 M�2 min�1

ki (catalyst decomposition) 1.2594 min�1

a (scission) 2
g (indane formation) 1
3 (chain combination) 1

Fig. 8. Mn (C) and Mw ( ) vs. time. Lines: Model III, symbols: experimental
measurements from Pukánszky et al. [8].
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of the instrument, making the data unreliable for a proper model
evaluation.

The resulting parameters for each model are shown in Tables 1–3.
For Models I and III, scission rate dependence on the fourth power of
the catalyst concentration is in agreement with reported kinetic
mechanisms in similar conditions [9]. This high-order coefficient
may indicate a complex degradation process. For Model II, the
maximum number of indane groups was TL ¼ 24. In the case of
Model III the initial concentration of weak links was estimated to be
0.09998 M, which is 1.031 �10�5 mol weak links/g PS.

Figs. 2 and 3 show the variation of the average molecular
weights (Mn and Mw, respectively) with reaction time, both
experimental and estimated with Model I. The model predicts the
trends of the experimental data. It considers that the scission rate
consists of two terms which show different dependence on the
catalyst concentration. As indicated in Table 1, one term was esti-
mated to be of second order, representing the effect of low catalyst
concentration on molecular weight, and the other term was esti-
mated to be of fourth order, representing the high catalyst
concentration effect. However, it is not able to predict the change in
the slope of the molecular weight vs. time curves after the initial
stage that occurs for the higher concentrations of catalyst. In those
cases the experimentally observed molecular weights continue
decreasing instead of remaining constant.

Figs. 4 and 5 show experimental and calculated molecular
weights as functions of reaction time for Model II. This model fits
the experimental data for low concentrations of catalyst (0.1–
0.5 wt%). The fast molecular weight stabilization, not displayed by
Model I results, may be explained not only by the higher catalyst
decomposition rates but also by the assumption of the generation
of non-reactive PS molecules. Even though the accuracy is
improved with respect to the previous model, Model II is not able to
predict the molecular weight decrease when high concentrations of
catalyst, 0.7 and 1 wt%, are used. The reason may be that this model
predicts that the fast catalyst decomposition stops PS from reacting
at long times.
Table 3
Estimated parameters – Model III.

Parameter Value

k1w (weak link scission) 4.83 � 108 M�2 min�1

k1s (normal link scission) 3.97 � 1013 M�4 min�1

k2 (indane formation) 9.885 � 107 M�2 min�1

k3 (chain combination) 2.603 � 107 M�3 min�1

ki (catalyst decomposition) 1.203 � 10�1 min�1

a (weak link scission) 2
b (normal link scission) 4
g (indane formation) 2
3 (chain combination) 2
Model III predictions are shown in Figs. 6 and 7. This model is
able to describe the molecular weight behavior in the entire time
range: at short reaction times, the decrease in the molecular weight
may be explained by the cleavage of weak links. After that, when
the catalyst concentrations are low (0.1–0.5 wt%), molecular weight
remains constant, due to the opposing effects of the chain combi-
nation and scission reactions. When the catalyst concentrations are
high (0.7–1 wt%), molecular weight continues to decrease due to
the cleavage of the normal links. For catalyst contents of 1 wt% the
predicted average molecular weights fall below the instrument
detection limit just as the experimental ones do.

In order to evaluate the accuracy of Model III, experimental data
from Pukánszky et al. [8] and Karmore and Madras [9] were used. It
should be noted that these experiments were carried out at
different temperatures and assay conditions. Karmore and Madras
[9] worked with PS in solution at 75, 100 and 125 �C, at two
different AlCl3 concentrations. In both cases the AlCl3/PS ratio was
close to unity. These authors only evaluated the evolution of Mn. On
Fig. 9. Mn vs. time at various temperatures and two AlCl3 concentrations. Lines: Model
III, symbols: experimental measurements from Karmore and Madras [9] (A 75 �C –
1.5 g l�1, - 100 �C – 1.5 g l�1, C 125 �C – 1.5 g l�1, 100 �C – 2 g l�1).



Table 4
Estimated parameters. Evaluation of Model III.

Karmore and
Madras [9],
75 �C

Karmore and
Madras [9],
100 �C

Karmore and
Madras [9],
125 �C

Pukánszky
et al. [8],
180 �C

k1w (M�2 min�1) 61.8 302.9 6.65 � 102 8.54 � 106

k1s (M�4 min�1) 0 392 1.22 � 103 1.44 � 1012

k2 (M�2 min�1) 2.75 102.3 1.12 � 102 2.62 � 106

k3 (M�3 min�1) 2 40.07 56.0 7.104 � 106

ki (min�1) 5.69 � 10�14 9.81 � 10�14 3.36 � 10�12 0.3
ew initial (M) 2.40 � 10�5 2.40 � 10�5 2.40 � 10�5 0.107
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the other hand, Pukánszky et al. [8] worked with molten PS at
180 �C. Since the experimental conditions are so different from the
ones used in our own experiments, we could not apply the
parameters estimated in Section 4. New values for the kinetic rate
constants and initial concentration of weak links were estimated
for each experimental set, using the reaction orders that we
had estimated previously. Results are shown in Figs. 8 and 9 and in
Table 4.

Fig. 8 shows a good model fit for the data of Pukánszky et al. [8].
The model shows a minimum in Mw at short times and a subse-
quent increase to reach a plateau at 10 min. This could be explained
by the balance between chain scission and combination reactions at
different times. Unfortunately there are not enough experimental
Mw measurements to completely validate the model predictions at
short times. However, Pukánszky et al. [8] reported torque
measurements that show a minimum at short times, consistent
with our predictions.

Fig. 9 shows the model predictions for the data of Karmore and
Madras [9]. The agreement with experimental measurements is
very good. As may be seen, the slopes of the molecular weight
curves are not as steep as the ones observed in the experiments
reported by Pukánszky et al. [8]. This may be attributed to the fact
that the experiments were carried out in solution, avoiding
incomplete mixing problems. Even though Karmore and Madras [9]
reported many experimental data at various temperatures, the lack
of experimental Mw values restricts the importance of this evalu-
ation because Mn may be calculated accurately with a simple
model.

In Table 4 we show estimated rate constants. They are consis-
tently increasing with temperature. Estimated initial weak link
concentration is similar in all Karmore and Madras [9] experiments.

6. Conclusions

Three mathematical models for the catalytic degradation of PS
with AlCl3 as catalyst were developed and compared. Model
parameters, such as kinetic rate constants, reaction orders and
specific additional constants were estimated for each one.

The three models consider the reactions of chain scission,
formation of indane groups, chain combination and catalyst
decomposition, with the production of benzene as a by-product. It
must be noted that catalyst decomposition and benzene production
are consistent with experimental evidence.

Despite being derived from similar kinetic mechanisms, all three
mathematical models show an important difference in accuracy. In
general, estimated parameters are different in value. At low catalyst
concentrations all models show similar acceptable trends. In this
concentration range molecular weights decrease only at short
reaction times, something that can be explained by the cleavage of
weak links present in PS. At high catalyst concentrations, molecular
weights continue decreasing after the initial drop. This could only
be explained by Model III, because it allows the cleavage of normal,
and thus stronger, links. Therefore, Model III was selected as the
model that fitted better our experimental data. It was also able to
represent satisfactorily experimental data reported in the literature
for different reaction conditions [8,9] after performing suitable
parameter estimations.

The experimental evidence analyzed in this work indicates that
in order to minimize PS decomposition one should operate at low
temperatures and AlCl3 concentrations. It is also desirable to avoid
long processing times, so as to preserve the normal links from
scission. However, when considering the production of PS-g-PO
copolymer other considerations will be important, since the
optimal conditions for the grafting reaction will not necessarily
coincide with those that minimize scission as a stand-alone reac-
tion. It will be necessary to find operating conditions to optimize
grafting while minimizing the secondary scission reaction. In order
to accomplish this task, a more complete model that includes both
the degradation and graft reactions is needed. Work is under way in
this direction, using Model III as a starting point.
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