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Catalytic Degradation of Polystyrene: Modeling
of Molecular Weight Distribution
Ioana A. Gianoglio Pantano, Mariano Asteasuain, Mónica F. Dı́az,
Claudia Sarmoria, Adriana Brandolin*
Two of the most abundant polymers in household waste streams, PS and PE, may be recycled
by compatibilization through a Friedel-Crafts alkylation. This reaction produces a graft
copolymer PE-g-PS that improves the properties of the blend, but simultaneously degrades
PS chains. Since the copolymer efficiency as a compati-
bilizer depends both on the molecular weight and MWD
of its two blocks, the operating conditions for the copo-
lymer synthesis must be carefully tuned. To aid in this
task, we present a preliminary mathematical model that
focuses on the effect of the catalyst and cocatalyst of the
Friedel-Crafts alkylation on the MWD of the PS chains.
The model’s predictions are shown to agree with exper-
imental data.
Introduction

The recycling of thermoplastic polymers is an attractive

approach to the reduction of plastic waste accumulation.

However, sincemostwastestreamscontainseveraldifferent

immiscible thermoplastics, the task requires implementing

either separation protocols or compatibilization methods.

The latter strategy may be achieved in several ways, one of

which is the reactive processing of the mixed polymers in

conditions that promote the synthesis of a graft copolymer

that could act as a compatibilizer. Since polystyrene (PS) and

the polyolefins (PO) are two of the majority components in

household plastic waste streams, there is an interest in

developing strategies for dealingwithmixtures of these two

types of resins. Several authors have reported the use of

Friedel-Crafts alkylations to achieve the reactive compati-

bilization of mixtures of PS and PO.[1–6] The reported

alkylation reaction, catalyzed by aluminum chloride (AlCl3)

andstyrene(S),producesagraftcopolymerthat improvesthe
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properties of the blend.[1,3,4] The appropriateness of the

copolymer as a compatibilizer depends strongly on the

molecularweightandmolecularweightdistribution (MWD)

of its twoblocks. Experimental evidence indicates thatunder

typical processing conditions PE is practically unchanged.

Unfortunately, the same reaction conditions that promote

the synthesis of the graft copolymer also lead to PS

degradation.[7–10] Balancing the two types of reaction

requires careful tuning of the reaction conditions, a task

for which a mathematical model could prove very useful.

In a preliminary model published previously, we con-

sidered PS degradation in the presence of AlCl3 only.
[11] That

model was able to predict the evolution of PS average

molecularweightsduring the reaction. Ina secondmodelwe

considered the effect of processing PE and PS in the presence

of both AlCl3 and S. Here, the PE/PS grafting reaction

competed with degradation reactions.[12] In this case, we

wereable to accurately predict themass ofgraftedPS, aswell

as the average molecular weights of PS during the reaction.

However, since the final properties of the treated mixture

depend not only on average molecular weights but also on

the complete MWD, it would be extremely useful to add the

capabilityofpredictingMWDtoourpreviousgraftingmodel.

In this work, as a first step in the construction of a

complete mathematical model of the graft reaction, we
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have studied the degradation of PS in the presence of a

catalyst (AlCl3) anda cocatalyst (S) appropriate for a Friedel-

Crafts reaction. The objective is to be able to predict the

MWD of the degraded PS. We use the complete kinetic

mechanism proposed by Gianoglio Pantano et al.[12] except

for the steps describing PE grafting. In order to achieve the

MWD prediction we apply a transform technique to

the mass balances derived from the proposed kinetic

mechanism. The chosen transform is the probability-

generating function (pgf). This transformation results

in pgf balances for the MWD expressed in number

fraction distribution (MWDn), weight fraction distribution

(MWDw), or differential-log distribution (dW/d log10 M).

Initial pgf values are calculated from the initialMWDof the

PS obtained from size-exclusion chromatography (SEC)

measurements. In order to obtain the MWD of the

modified polymer, the pgfs calculated from the balances

are inverted numerically using the method reported in

Asteasuain et al.[13] for the inversion of the pgf of polymeric

systems.
Table 1. Kinetic model.

Kinetic equation

chain scission through weak links (I):

PS xð Þ þ A �!kS1w PS x�y�1ð Þ þ PS yð Þ þ Aþ B; x ¼ 2; . . . ;1 ð
chain scission through weak links (II):

PS xð Þ þ Aþ S �!kS2w PS x�y�1ð Þ þ PS yð Þ þ Aþ Bþ S; x ¼ 2; . .

chain scission through normal links (I):

PS xð Þ þ A �!
kS1n

PS x�y�1ð Þ þ PS yð Þ þ Aþ B; x ¼ 2; . . . ;1 ð
chain scission through normal links (II):

PS xð Þ þ Aþ S �!kS2n PS x�y�1ð Þ þ PS yð Þ þ Aþ Bþ S; x ¼ 2; . .

formation of indane skeleton:

PSðxÞ þ A �!kIn PSðx�1Þ þ Aþ B; x ¼ 2; . . . ;1 ð5Þ
chain combination (I):

PSðxÞ þ PSðyÞ þ A �!kc1 PSðxþ yÞ þ A; x ¼ 2; . . . ;1 ð6Þ
chain combination (II):

PSðxÞ þ PSðyÞ þ A þ S �!kc2 PSðxþ yÞ þ Aþ S; x ¼ 2; . . . ;1
styrene polymerization:

PSðxÞ þ Aþ S �!
kp

PSðxþ 1Þ þ A; x ¼ 1; . . . ;1 ð8Þ
catalytic system deactivation:

catalyst decomposition:

A �!ki Ai ð9Þ
catalyst-styrene reaction:

Aþ S �!
kd

Ai þ Si ð10Þ
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Mathematical Model

Our previousmodel of the graft copolymerization of PS and

PE[12] included thedegradationofPS in thepresenceofAlCl3.

In that work we used the well-knownmethod of moments

to calculate the PS averagemolecular weights. Here we use

the samekineticmechanism, inwhichwe consider that the

reaction of PS with AlCl3 alone or with the system AlCl3/S

leads initially to the elimination of a PS phenyl group,

generating a benzenemolecule and a polymeric carbonium

ion. Afterward, the carbonium ion may induce chain

scission inPS. This scission is assumed tobeproducedby the

cleavage of two types of PS links: ‘‘weak’’ and ‘‘normal.’’

Chain combination is also considered, as well as the

formation of indane structures in the backbone. Besides

taking part of scission and combination reactions, S may

also polymerize. Finally, the proposed mechanism takes

into account the deactivation of the catalytic system. All

these steps are summarized in Table 1, together with the

corresponding reaction rates. The latter are indicated as Ri,
Ri

R1ðxÞ ¼ kS1wfwA
2x PSðxÞ

1Þ
R2ðxÞ ¼ kS2wfwA

2S2x PSðxÞ

. ;1 ð2Þ
R3ðxÞ ¼ kS1nfnA

4x PSðxÞ

3Þ
R4ðxÞ ¼ kS2nfnA

4S1x PSðxÞ

. ;1 ð4Þ
R5ðxÞ ¼ kInA

2x PSðxÞ

R6ðx; yÞ ¼ kc1A
2x PSðxÞ y PSðyÞ

R7ðx; yÞ ¼ kc2;1A
2S1 þ kc2;2A

4S4
� �

x PSðxÞ y PSðyÞ

ð7Þ
R8ðxÞ ¼ 2kpA

2S2PSðxÞ

R9 ¼ kiA

R10 ¼ kdA
2S3
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where i is the equation number. Additional details about

the kinetic mechanism can be found in our previous

work.[12]

In Equation 1–10, shown in Table 1, PS(x) is a PS

moleculewith xmonomeric units, S is a styrenemolecule,

A is an active catalyst molecule, Ai and Si are the inactive

catalyst and cocatalyst molecules, and B is a benzene

molecule.

We assume that PS(x) has x reactive sites for every

reaction except the one shown in Equation 8, where it may

only react through two sites. All reactions are first-order

with respect to the reactive sites. The reaction orders with

respect to the catalyst and cocatalyst concentrations

together with the kinetic rate constants were estimated

in a previous work.[12]

The process is considered to be carried out in a constant

volume, stirred batch reactor at isothermal conditions. The

mass balances for the species that take part of the reactions

described in Equation 1–10 are presented in Equation 11–

14. In what follows, we omit the use of brackets to indicate

the molar concentration of each species.
Mass Balances

PS Molecules with x Monomeric Units (x¼ 1, . . ., 1):
www.M
dPSðxÞ
dt

¼�
X4
i¼1

RiðxÞ 1�dx;1
� �

þ 2
X1

y¼xþ1

Vðx; yÞ

�
X4
i¼1

RiðyÞ�R5ðxÞ 1�dx;1
� �

þ R5 xþ 1ð Þ

�R8ðxÞ þ R8ðx�1Þ�
X1
y¼1

R6ðx; yÞ þ R7ðx; yÞð Þ

þ 1

2

Xx�1

y¼1

R6ðx�y; yÞ þ R7ðx�y; yÞð Þ 1�dx;1
� �

(11)
Benzene:
dB

dt
¼
X1
x¼2

X5
i¼1

RiðxÞ (12)
Styrene:
dS

dt
¼ �

X1
x¼1

R8ðxÞ�R10 (13)
Catalyst:
dA

dt
¼ �R9�R10 (14)
aterialsViews.com

Macromol. React. Eng.

� 2011 WILEY-VCH Verlag Gmb
In the above equations, V(x, y) is a function that

determines the distribution of scission products; it

is given by 1/y for random scission.[14] We have

neglected the difference in molar mass between benzene

and styrene.

As discussed in a previous work,[11] PS contains weak

links that undergo scission more easily, and normal

links that resist scission better. We showed in that work

that the relative number of each kind of link can be

calculated as:
2011, 5

H & Co
fw ¼ ew
en þ ew

¼ ewP1
x¼ 1

xPðxÞ�
P1
x¼ 1

PðxÞ
¼ 1�fn (15)
where fwis the fractionofweak linksand fn is the fraction

of normal links.

The time evolution of the concentration of weak links

(ew) can be expressed as:
dew
dt

¼ � kS1wA
2 þ kS2wA

2S2
� �

ew (16)
Equation 15 and 16 must be solved together with the

mass balances of the species (Equation 11–14). The initial

concentration ofweak links, ew(0), is required as input data

by the model.
Method of Moments

Since homopolymer molecules may have a degree of

polymerization ranging from one to infinity, the resulting

set of mass balances is infinite. In order to reduce the size

of the system, the method of moments may be applied.

This results in a finite set of equations, the solution of

which allows calculation of average properties.[12] In order

to use the method, it is necessary to apply moment

definitions to the mass balance equations. Given a

population of PS molecules with a length distribution,

and the molar concentration of PS molecules with

length x is PS(x), the ath-order moment of the distribution

is defined as
Ma ¼
X1
x¼1

xaPS xð Þ (17)
Usually the first three moments of the distribution are

enoughto calculateaverageproperties, suchasMn orMw. In

order to apply the method of moments, the mass balances

for themacromolecular speciesaremultipliedbyxa,a¼ 0,1,

2, and then added up for all allowable values of x. The result

is rearranged in terms of moments, so as to obtain a set
, 243–253
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of differential equations for the ath order moments.

Other balance equations may also be rewritten in

terms of moments. The resulting equations for the system

PS/AlCl3/S are:

Benzene:
dB

dt
¼
h
fw kS1wA

2 þ kS2wA
2S2

� �
þ fn kS1n A

4 þ kS2n A
4S1

� �
þ kIn A

2
i
M1

(18)
Styrene:
dS

dt
¼ �2kp A

2S2 M0 � R10 (19)
0th-order moment:
dM0

dt
¼
h
fw kS1w A2 þ kS2w A2S2
� �

þ fn kS1n A
4 þ kS2n A

4S1
� �i

M1�2M0ð Þ

� 1

2
kc1 A

2 þ kc2;1 A
2S1 þ kc2;2 A

4S4
� �

M2
1

(20)
1st order moment:
dM1

dt
¼�

h
fw kS1w A2 þ kS2w A2S2
� �

þ fn kS1n A
4 þ kS2n A

4S1
� �i

M1

� kIn A
2 M1 þ 2MSkp A

2S2 M0

(21)
2nd order moment:
dM2

dt
¼
h
fw kS1w A2 þ kS2w A2S2
� �

þ fn kS1n A
4 þ kS2n A

4S1
� �i

�M3

3
�M2 þ M1

3

� �
þ kIn A

2 �2M2 þ M1ð Þ
þ kc1 A

2 þ kc2;1 A
2S1 þ kc2;2 A

4S4
� �

M2
2

þ 2kp A
2S2 2M1 þ M0ð Þ

(22)
Fraction of weak links:
fw ¼ ew
M1�M0

¼ 1�fn (23)
One should note that in general, when solving for

the 2nd PS moment, the 3rd-order moment appears

in the equation. In the above equations this was

avoided by estimating its value using a closure
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technique.[15] This technique makes it possible to

obtain expressions of the higher order moments in

terms of the known lower order ones. In this model

we use the expression corresponding to a log-normal

distribution (Equation 24).
2011, 5
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M3 ¼ M0
M2

M1

� �3

(24)
Since the actual shape of the MWD is unknown before-

hand, the result is an approximation.

From the moments of the distribution, it is possible to

calculate Mn and Mw as follows:

Number-average molecular weight:
Mn ¼ 104
M1

M0
(25)
Weight-average molecular weight:
Mw ¼ 104
M2

M1
(26)
pgf Transform

The method of moments may be considered a transform

technique that changes a very detailed but unsolvable

system of infinite equations into a lumped system of finite

size that can be solved, producing useful results in terms of

the lumped variables. Other transform techniques may be

applied for the same purpose, giving other useful results.

One of such transform techniques employs pgfs. This

method allows calculation of the complete MWD of the

treated polymer.[13,16]

The pgf for the length distribution of PS is defined as:
fj zð Þ ¼
X1
x¼1

pj xð Þzx j ¼ 0; 1; 2 (27)
where z is thedummytransformvariable, 0�jzj�1,pj(x)

is the j probabilitymass function of the length distribution

of PS,with j taking the values of 0 (numeric), 1 (weight), and

2 (chromatographic). If PS(x) represents the molar concen-

tration of the PS molecules of size x, then the probability

mass fractions are defined as:
pj xð Þ ¼ xj PS xð ÞP1
x¼ 1

xj PS xð Þ
¼ xj PS xð Þ

Mj

x ¼ 1 . . .1; j ¼ 0; 1; 2

(28)
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Please note that the resulting expressions are written in

terms of the moments Mj ( j¼ 0,1,2), defined earlier in the

text.

The MWD may be expressed in several forms:

number fraction, weight fraction, or differential

log distribution, which we will indicate as n(x), w(x)

and dW/d log10 M(x). Number and weight probability

mass functions are equivalent to n(x) and w(x),

respectively. On the other hand, the chromatographic

probability mass function [p2(x)] is related to dW/d log10
M(x) by
dW
�

@ Mð

@ Mð

www.M
dlog10 M xð Þ ¼ 1

log10 e

p2ðxÞM2

M1
(29)
In order to transform the mass balances using pgf,

every term in Equation (11) is multiplied by xazx, a¼ 0, 1,

2, and added up for all possible values of x. The result

is reordered in terms of the moments defined in

Equation (17) and the pgf defined in Equation (27),

yielding a system of differential equations for the

different pgf. For our particular system, the differential

equations for the three pgf transforms are shown in

Equation 30–32.

Number pgf
0f0 zð ÞÞ
@t

¼
fw kS1w A2 þ kS2w A2S2
� �

þfn kS1n A
4 þ kS2n A

4S1
� �

" #

�M0 �z
@f0 zð Þ
@z

þ 2
f0 zð Þ�z

z�1

� �

þ kIn A
2 1�zð ÞM0

@f0 zð Þ
@z

þ kc1 A
2 þ kc2;1 A

2S1 þ kc2;2 A
4S4

� �
� zM0

@f0 zð Þ
@z

M0

2
z
@f0 zð Þ
@z

�M1

� �
�kp A

2S2 M0f0 zð Þ 1�zð Þ

(30)
Weight pgf
1f1 zð ÞÞ
dt

¼
fw kS1w A2 þ kS2w A2S2
� �

þfn kS1n A
4 þ kS2nA

4S1
� �

" #

� �zM1
@f1 zð Þ
@z

þ2 M1
f1 zð Þ
z�1

þ zM0
1�f0 zð Þ
z�1ð Þ2

 ! !

þ kIn A
2M1 1�zð Þ @f1 zð Þ

@z
�f1 zð Þ

z

� �
þ kc1 A

2 þ kc2;1 A
2S1 þ kc2;2A

4S4
� �

�M2
1 z

@f1 zð Þ
@z

f1 zð Þ�1ð Þ
� �

þ kp A
2S2 M1f1 zð Þ z�1ð Þ þ zM0f0 zð Þð Þ

(31)
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Chromatographic pgf
2011, 5
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2 zð ÞÞ
t

¼
2

fw kS1w A2 þ kS2wA
2S2

� �
þfn kS1n A

4 þ kS2nA
4S1

� �
" #

z�1ð Þ2

� M2f2 zð Þ z�1ð Þ2 þ 2M1f1 zð Þ z�z2ð Þ
þM0 f1 zð Þ�1ð Þ zþ z2ð Þ

 !

�
h
fw kS1w A2 þ kS2w A2S2
� �

þ fn kS1n A
4 þ kS2nA

4S1
� �i

zM2
@f2 zð Þ
@z

þ kIn A
2 M2

@f2 zð Þ
@z

1�zð ÞþM1
f1 zð Þ
z

�2M2
f2 zð Þ
z

� �
þ kc1 A

2 þ kc2;1 A
2S1 þ kc2;2A

4S4
� �

� zM1M2
@f2 zð Þ
@z

f1 zð Þ�1ð Þ þ M2f2 zð Þð Þ2
� �

þ kp A
2S2 M2f2 zð Þ z�1ð Þþz 2M1f1 zð ÞþM0f0 zð Þð Þð Þ

(32)
Equation 30–32must be solvednumerically. The result is

the value of each of the three pgf at given values of the

dummy variable z. The number, weight and chromato-

graphic probabilitymass functions,whichare related to the

MWD as explained before, are recovered through the

inversionof thepgf transforms. Sinceonlydiscretevaluesof

thepgfareavailable, numerical inversion is theonlyoption.

Several methods are available. Each of these methods uses

as input the pgf evaluated at a specific set of values zi, zi2 Z,

with Z defined differently in each inversionmethod. Hence,

Equation30–32have tobediscretized in termsofevery zi2Z

inorder toobtain thepgfvaluesneeded to recover theMWD

from the transform domain.

The inversionmethod used in this work is an adaptation

of the one originally proposed by Papoulis[17] for the

inversion of Laplace transforms. Details of the adaptation

may be found elsewhere.[13] This particular method was

selected because it provides satisfactory results with a

computational effort that is modest compared to that

required by other inversion methods. The result of the

inversion is a discrete set of values of the sought MWD. It

hasbeen foundpreviously[13] that thebest results are found

when recovering each distribution from its own pgf. For

example, it is best to recover n(x) from f0(z).

The inversion method recovers the probability mass

fractions from their pgf transforms by means of the

inversion formula shown in Equation 33,
pjðxÞ ¼ aT l e�rxð Þ; j ¼ 0; 1; 2 (33)

–rx
In this equation, l(e ) is a vector of dimension Nþ 1

whose ith element is a Legendre polynomial of order 2i – 2

evaluated at e–rx, where r is a real number. The Legendre
, 243–253
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polynomials can be calculated recursively using the

following relationships,[17] where ld(s) is a Legendre

polynomial of order d:
b

Tab

Par

ins

env

PS

rea

tem

sam

init

init
l0ðsÞ ¼ 1
l1ðsÞ ¼ s
ðd þ 1Þldþ1ðsÞ ¼ ð2d þ 1ÞsldðsÞ�dld�1ðsÞ

(34)
Additionally, the elements of vector a can be calculated

by solving the following system of linear equations
Aa ¼ b (35)
whereA is a lower triangularmatrixwhose elements are

defined as follows:
Ak;m ¼ ðk�mþ 1Þm�1

2ðk�1=2Þm
m ¼ 1; . . . ; k; k ¼ 1; . . . ;N þ 1

with

ðjÞt ¼
1 t ¼ 0

jðjþ 1Þ . . . ðjþ t�1Þ t > 0

�
(36)
and b is a vector of scaled values of the pgf evaluated at

equidistant points in a logarithmic scale, as indicated in

Equation (37):
i ¼ rpjðziÞ; zi ¼ e�ð2i�1Þr ; i ¼ 1; . . . ;N þ 1; j ¼ 0; 1; 2

(37)
Both the scaling of the pgf and the separation between

the zi points are determined by the parameter r.

Both N and r are parameters of the inversion method.

Choosing appropriate values for them is essential for a

suitableperformanceof the inversionmethod. Inaprevious

work[13] we found that good results are obtained by

calculating r as a function of x according to Equation (38):
r ¼ lnð2Þ=x (38)
le 2. Experimental conditions for the PS/AlCl3/S reactions.[7]

ameter

trument

ironment

ction time

perature

ple withdrawal times

ial catalyst concentration

ial cocatalyst concentration
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The value ofN can be selected as the one that minimizes

the sum of squares of the difference between the curves

calculatedwith two successive values ofN, according to the

criterionproposedbyAsteasuainet al.[13] Theapplicationof

this criterion resulted in the value of N¼ 4 for all cases

analyzed in this work. It can be seen from Equation 37 and

38 that the inversion method needs nev¼ 3 � (Nþ 1) pgf

evaluations for each value of x at which the three

probabilitymass fractions (number,weight, and chromato-

graphic) are computed. Therefore, the value of nev and the

number of points at which the MWD will be recovered

determine how many pgf differential equations should be

solved.

The mathematical model of the system is composed by

the set of equations required to compute the average

properties, Equation 14, 16, 18–26, plus the

equations needed for the calculation of the MWD,

Equation 30–32 discretized in terms of the zi 2 Z,

Equation 33–38 for the inversion method and

Equation 29 for calculating dW/d log10 M. This differen-

tial-algebraic equations system (DAE) was implemented

and solved numerically using abuilt-inmethod suitable for

stiff systems (DASOLV) available within the commercial

software gPROMS (Process Systems Enterprise, Ltd.). This

software allowsperforming simulation activities involving

complex mathematical models with a large number of

equations and variables. Besides, external routines devel-

oped by us in FORTRAN were linked to the gPROMS model

for some ancillary calculations related to the initial values

of the pgf and the evaluations of the derivatives of the pgf

with respect to the dummy variable z. Typical CPU times

used in the simulation of MWD averaged 27 s on a desktop

PC equipped with Intel Core 2/2.66GHz/3 GB RAM.
Experimental Section

In order to validate the proposed model, experimental data

obtained in our laboratory were used. Commercial PS (Mw:

271 000g �mol�1, Mn: 136 000g �mol�1) was treated with a wide

range of AlCl3 and S concentrations, as shown in Table 2. The
Value

batch mixer Brabender Plastograph W50

N2 atmosphere

Mw ¼ 271 000, Mn ¼ 136000

22 min

200 8C

intermediate and final times

0.1, 0.3, 0.5, 0.7, and 1wt.-% of AlCl3

0.0, 0.3, and 0.6wt.-% of S
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reaction was carried out in a batch mixer (Brabender Plastograph

W50) at 200 8C and under nitrogen atmosphere. The mixing

procedurewas performed at 60 rpm for 22min. Averagemolecular

weightsandMWDsof all sampleswereobtainedbySEC inaWaters

Scientific Chromatograph model 150-CV. Average molecular

weights obtained for the PS/AlCl3/S experiments were published

previously,[7] as well as experimental evidence of the degradation

of PS and the compensating effect of S. Reported data correspond to

averages of several replications for each data point, ensuring an

error levelwithin the instrument accuracyof�5%.MWDswerenot

publishedbefore. TheMWDof themeasurement thatwasclosest to

the average of the replications of each data point was selected as

representative of each set.
Figure 1. Normalized Mw for PS treated with AlCl3 and S in S/A
ratios different from unity. Lines:model predictions (– 0.0/0.3; – –
0.6/0.3; — 0/0.5; — 0.3/0.5); symbols: experimental (* 0.0/0.3;
* 0.6/0.3; & 0/0.5; & 0.3/0.5).
Results and Discussion

In order to solve the proposed model and obtain the MWD,

the kinetic parameters previously obtained through an

optimal fit to experimental average molecular weight data

were used.[12] These parameters are shown in Table 3.

We used the value of the initial concentration of weak

bonds, ew(0), that was previously determined[11] to be

0.01mol L�1. The reported parameters allow the model to

calculateaveragemolecularweights,producingpredictions

that agree with experimental data within a 20% error. This

was accomplished by using the moments calculated from

the corresponding moment equations. Those same

moments could in principle be calculated also by algebraic

manipulation of the estimated MWD. Although this

procedure suffers from significant error propagation, it

may provide an indirect proof of the reasonableness of the

MWD calculation. With that inmind, we corroborated that

the two theoretical predictions ofMw for the system AlCl3/

PS agreed within 20% for most of the catalyst concentra-

tions. The largest differences inMw estimationswere found

for the high catalyst concentration of 0.7%, where both the
Table 3. Kinetic parameters used in the model.[12]

Parameter Value

kS1w 2.522� 102M
�2 min�1

kS1n 7.149� 101M
�4 min�1

kIn 2.000� 100M
�2 min�1

kc1 1.031� 10�2
M
�3 min�1

ki 1.000� 10�3 min�1

kS2w 9.260� 106M
�5 min�1

kS2n 4.067� 104M
�4 min�1

kc2,1 8.544M
�4 min�1

kc2,2 9.266� 108M
�9 min�1

kp 7.158� 107M
�4 min�1

kd 1.329� 107M
�4 min�1
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experimental and calculated Mw are small, below the

detection limit of the SEC instrument used.

For the systems AlCl3/PS and AlCl3/S/PS, we calculated

average molecular weights at different reaction times for

various AlCl3 concentrations and the corresponding dW/d

log10 M at 3min reaction time. The model captured the

complex behavior ofMw, which depends on the concentra-

tions of both the catalyst (AlCl3) and cocatalyst (S). Thismay

be observed in the examples shown in Figure 1 and 2,

where the experimental values are compared with model

predictions.

Wemayobserve in Figure1 that in theabsenceof Sandat

the operating conditions used, Mw tends to decrease with

respect to the initial value. Themodel successfully predicts
Figure 2. Normalized Mw for PS treated with AlCl3 and styrene in
S/A ratios close to unity. Lines: model predictions (– – 0.3/0.3; —
0.6/0.5); symbols: experimental (* 0.3/0.3; & 0.6/0.5).
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Figure 3. Normalized dW/d log10 M for various [AlCl3] after 3min
of reaction for the system PS/AlCl3. Lines: experimental; symbols:
model predictions.

Figure 4. Normalized dW/d log10 M of PS treated with 0.1% of
AlCl3 and two levels of styrene at 200 8C and 8min reaction time.
Gray line: experimental virgin resin, black line: experimental
modified resin, symbols: simulated modified resin.
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that this decrease is sharp during the first few minutes of

the reaction. The Mw of PS decreases moderately for 0.3%

of AlCl3, indicating that cross-linking may be ignored

and that chain scission is present. When the content of

AlCl3 increases to 0.5%, PS chain scission becomes more

evident. For even higher catalyst concentrations, not

shown in the figure (1.0–1.5%), it was reported that Mw

drops dramatically to a tenth of its initial value.[18] Chain

scission of PS in the presence of Lewis acids has been

attributed to a beta cleavage mechanism.[7–10] This kind

of secondary reaction is undesirable for the blend

compatibilization at which we aim, since it not only

worsens the properties of the blend by reducing the size

of the PS blocks, but also competes with the sought

copolymerization reaction.[18]

The addition of S counteracts the described behavior to

some degree, sometimes even permitting Mw to increase.

However, if one continues to add S, Mw tends to decrease

again. When the S/A ratios differ from unity, as in the

examples in Figure 1, Mw tends to decrease. When the S/A

ratios approach unity, as in the examples in Figure 2, Mw

increases. These results suggest that the presence of S may

give rise to one omore extra reactions that counteract beta

cleavageandcompetewith it.Asdiscussed inDı́azetal.[7] PS

macromolecules are expected to react almost instanta-

neously with AlCl3. In consequence, S should react with

macrocarbocations and unsaturated species formed during

scission. It is known that S may polymerize under the

influence of heat alone, via a free radical mechanism.

As no increment in Mw was observed at very low AlCl3
contents for S concentrations of 0.3 and 0.6%, the

contributionof free radical polymerizationcanbediscarded

at the operating conditions used. Styrene may also react

with a macrocarbocation to generate species of higher

molecularweight via cationic polymerization. The reaction

in Equation 8 is a lumped representation of this reaction.

More details on the chemical reactions involved may be

found elsewhere.[7] The presence of this reaction could

explain the evolution of Mw for S/A¼ 0.3/0.3 and 0.6/0.5

that is shown in Figure 2. Here, the final Mw values are

up to 60% higher than the one corresponding to the

pristine PS. As shown in Dı́az et al.,[7] at these S/A ratios

the concentrations of macrocarbocations and of S are of

the same order of magnitude. This suggests that the S/A

ratio may govern the competition between scission and

polymerization reactions, and as a result only the addition

of an appropriate amount of S is effective in reducing the

degradation of PS.

Figure 3 shows the experimental dW/d log10 M of

samples that have reacted for 3min in the presence of

different concentrations of AlCl3 only, compared with

the theoretical predictions obtained in this work. To ease

the analysis, all curves have been normalized so that

themaximumheight isunity. Itmaybeobserved thatas the
Macromol. React. Eng. 2011, 5, 243–253
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concentration of AlCl3 increases, the experimental dis-

tribution shifts toward the lower molecular weights. This

indicates that at the reaction conditionsusedPSdegrades in

thepresence of the catalyst. The experimental distributions

alsowiden, showingan increase inpolydispersity. This is an

indication that the chain combination reactions are not

negligible, and that the process cannot be described as a

purescissionone.Themodelpredictionsagreewellwiththe

observed behavior. The calculated curves not only shift

toward lower molecular weights but also widen as the

concentrationof catalyst increases. Theagreementwith the

experimental curves is very good if one considers that the

model constants were fitted only to Mw, and not to the

distribution curves. Similar results were obtained for other

reaction times.

We also used the proposed model to simulate the MWD

for PS treated with 0.1, 0.3, 0.5, 0.7, and 1.0wt.-% AlCl3 and

either 0.3 or 0.6wt.-% S for reaction timesofup to22min.As

an example, we show in Figure 4–8 the calculated and

experimental dW/d log10M for all the reactingmixtures. All
Figure 5. Normalized dW/d log10 M of PS treated with 0.3% of
AlCl3 and two levels of styrene. Experimental conditions and
symbols as in Figure 4.

Figure 6. Normalized dW/d log10 M of PS treated with 0.5% of
AlCl3 and two levels of styrene. Experimental conditions and
symbols as in Figure 4.
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results are shown at 8min of reaction except in the case

of Figure 7 (a). For that figure, the molecular weight

at 8min dropped below the detection limit of the

instrument, so results at 5min are shown instead. No

experimental values above the instrument detection

limit are available for the conditions of Figure 8 (a) at

any reaction time, so only the estimated dW/d log10 M

is shown. In all the figures the dW/d log10 M of the

pristine polymer is also shown for comparison. Model

predictions agree well with the experimental data,

although some deviations occur, in particular in the low-

molecular-weight region.

Figure 4 and 5 correspond to cases where the catalyst

concentration is very low, producing only a slight

modification of the pristine PS. It may be observed that

themodel predicts correctly theminimal degree of change

produced under these conditions. In the absence of S the

modification is larger at the same AlCl3 concentrations.

For example, the curve corresponding to 0.3% of AlCl3
2011, 5, 243–253
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Figure 7. Normalized dW/d log10 M of PS treated with 0.7% of
AlCl3 and two levels of styrene at 200 8C. (a) At 5min of reaction
and 0.3% S; (b) at 8min of reaction and 0.6% S. Symbols as in
Figure 4.

Figure 8. Normalized dW/d log10 M of PS treated with 1.0% of
AlCl3 and two levels of styrene. Experimental conditions and
symbols as in Figure 4.
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in Figure 3 departs significantly from the one

corresponding to the virgin resin. By contrast, the

curves corresponding to modified and virgin resin in

Figure 5 are very close. This is an indication of the

compensating effect of the addition of the cocatalyst to

the system.

In the case of Figure 6, corresponding to a catalyst

concentration of 0.5wt.-%, the model is able to predict

correctly both thewideningof thedistributionand the shift

of the peak for both concentrations of cocatalyst. It can be

seen that for a 0.6wt.-% S the model can predict

qualitatively the increase in the fraction of high molecular

weight molecules, even if the calculated Mw for that

particular time is not exact (see Figure 2).

In Figure 7 we show the results of dW/d log10 M for

material treated with 0.7wt.-% of catalyst and two

concentrations of S. It may be observed that for 0.3wt.-%

S the model predicts a shift of the MWD in the direction of

the low-molecular-weights, although the shift is smaller
Macromol. React. Eng.

� 2011 WILEY-VCH Verlag Gmb
than the one experimentally found. For 0.6wt.-% S,

calculated and experimental shifts coincide and are less

pronounced than for 0.3wt.-% S. This smaller shift

agrees with the effect of the ratio S/A on Mw shown

in Figure 1 and 2 for other catalyst concentrations.

Finally, the results for PS treated with 1wt.-% AlCl3 are

shown in Figure 8. It can be seen that for 0.3wt.-% S

the calculated MWD shows an important shift in the

direction of the lower molecular weights, indicating a

large decrease in the molecular weight. This agrees

with the experimental results, although for the

reasons already discussed the experimental curve is not

available. For S concentrations of 0.6wt.-%, as in the

previous cases, themodel predicts adequately the change

suffered by the MWD, but a deviation is observed in

the high molecular weight region, where concentrations

are underestimated. This agrees with the underestima-

tion of average molecular weights at this time reported

elsewhere.[12]
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Conclusion

We propose a model for the catalytic degradation of PS in

presence of AlCl3/S that may calculate both average

molecular weights and complete MWD through the

application of the moment and the pgf techniques. The

model was validated experimentally, showing that its

predictions are in agreement with experimental data.

Although it is relatively simple, the model is successful in

reproducing a very complex behavior. In the presence of S it

is necessary to accountnot only for the competing effects of

the scission and combination reactions but also for the S

polymerization reactions in order to explain the changes

observed intheMWD.According to theobserved results, the

ratio S/A is the variable to be manipulated in order to

control degradation during processing at the studied

temperature. If the objective is to use Friedel-Crafts

alkylations for compatibilization purposes, the mass ratio

of AlCl3 to S should be kept close to unity to minimize

degradation of PS. In a graft copolymerization setting, this

would be important to minimize the competition between

the grafting and degradation reactions, improving the

compatibilizing capacity of the copolymer.
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