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Graft Copolymers for Blend Compatibilization:
Mathematical Modeling of the Grafting Process

Ioana A. Gianoglio Pantano, Mariano Asteasuain, Claudia Sarmoria,*

Adriana Brandolin

The grafting of PE onto PS through a Friedel-Crafts reaction, which results in a mixture
of PE-g-PS copolymer, unmodified PE, and modified PS, is investigated. The copolymer
may be suitable for compatibilization of immiscible mixtures in the household plastic

waste stream, where PE and PS are majority
components. Since the compatibilization effect
depends on the composition and block lengths
in the copolymer, a model is presented for pre-
dicting the complete molecular weight distri-
bution of the homopolymers and the chemical
composition distribution of the graft copolymer.
The model has potential for application in an
optimization tool for the compatibilization pro-
cess, as it is able to account for the opposing
effects of competing reactions that characterize
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the graft reaction.

1. Introduction

Urban plastic waste streams are composed mainly by
polystyrene (PS) and polyolefins (PO), such as polyethylene
(PE) and poly(propylene) (PP). For example, the US
Environmental Protection Agency reports!*! that in the
United States in 2009 12 wt% of the municipal solid wastes
(MSW) were plastic residues. When broken down by
composition, those plastic residues contained 38.6% PE,
18.5% PP, 8.3% PS, and 11.8% PET. That same year, in Buenos
Aires City (Argentina) almost 20% of MSW were plastics,
containing 67.5% PE, 5.7% PP, 10.2% PS, and 10.4% PET.[?! In
both examples, more than half of the plastic wastes were
composed by PO, and the proportion of PS was significant.
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The relative amount of plastics present in MSW poses a
challenge for the local authorities responsible for solid
waste management and sanitation, since discarded plastics
take up large volumes in disposal sites due to their low
density. An interesting alternative to disposal is plastic
waste recycling, an approach that aims at converting waste
into aresource. This alternative is not free of drawbacks. For
instance, traditional recycling methods require the pre-
vious separation of resins, since mixtures of different
polymers are often immiscible and show poor mechanical
properties. PS and PO are an example of such immiscible
polymer pairs. Methods that would allow recycling
these resins together, avoiding the separation step, could
save both time and money. A possible method of achieving
this is the introduction of a compatibilizer to promote
adhesion between phases, so as to improve the mechanical
properties of the material.** Such an additive could be a
copolymer, for example, that is obtained by grafting
one of the immiscible homopolymers on the other one.
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To achieve the compatibilization, the copolymer could
either be added to the mixture or generated in situ
through reactive processing.[*°!

There are reports in the literature about the synthesis of
PE-g-PS copolymers from mixtures of PS and PE through
Friedel-Crafts alkylations using a strong Lewis acid as
catalyst.”2l It has been reported that the use of a
cocatalyst such as styrene improves the yield of the
reaction.®>?2?] The studies conducted by Diaz et all>*?
on the reaction between PS and PE in the presence
of the catalytic system AlCl;/styrene revealed that
shorter homopolymer molecules increase the amount of
copolymer formed. However, compatibilization is more
effective when the copolymer contains long homopolymer
blocks.”! These authors also found that at their operating
conditions PE only participated in the grafting reaction,
while PS was also involved in chain scission and chain
combination.*****! In their works it was observed that
the relative concentrations of the catalyst and cocatalyst
influence the yield of the grafting reaction, the composition
of the copolymer and the extent of the PS degradation
process.

Given the number of variables and their opposing
effects on the quantity and quality of the compatibilizing
copolymer produced, finding the optimal operating condi-
tions for the synthesis of the compatibilizer is not trivial.
A mathematical model of the process would be a useful
tool to aid in this task.

If we were to set up a mass balance for every molecular
species present in the reacting system, an infinitely large
system of equations would result because the degree of
polymerization of PE, PS, and PE-g-PS chains ranges from
1 to infinity. Several transformation methods may be
applied to this system in order to limit its size. One of
them, the method of moments, allows calculation of
several average molecular properties from the moments
of the size distribution. Another one, the probability
generating function (pgf) approach, is appropriate for
obtaining the complete molecular weight distribution
(MWD) and the chemical composition distribution (CCD)
by applying the univariate and bivariate forms of the
transform, respectively.

In previous works we modeled the copolymerization
reaction taking into account the degradation of PS
in the presence of AlCl;.[*>®1 In these works the
method of moments was applied in order to predict
the mass of grafted PS and the average molecular
weights. Both quantities agreed well with experimental
data. On the other hand, the pgf technique in its
univariate form was successfully applied to predict
the complete PS MWD during its degradation process
in the presence of AlICl; and S.*7! First, the pgf
transform was applied to the mass balances derived
from the proposed kinetic mechanism, resulting in
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pgf balances for the MWD expressed in number
fraction distribution, weight fraction distribution or
differential-log distribution. The set of pgf balances
constituted an initial value problem, which was solved
numerically. The experimental MWD of the unmodified
PS obtained from size exclusion chromatography (SEC)
were used to calculate the necessary initial values. The
second step was the numerical inversion of the pgfs
calculated from the balances, producing as a result
the MWD of the modified polymer. The inversion
formula used in this work was the one proposed by
Papoulis*®! for Laplace transforms, and adapted by
Asteasuain et al.*>2% for the inversion of pgf of MWD
in polymeric system:s.

In this context, we present a mathematical model of
the graft copolymerization reaction between PS and PE,
achieved through a Friedel-Crafts alkylation with AICl;
and styrene (S) as catalytic system. The model properly
describes the MWD and the CCD by applying the
univariate and bivariate pgf techniques. Kinetic para-
meters for the graft and PS side reactions were estimated
previously,*>*®! using experimental data obtained in our
laboratories. It should be noted that experimental data on
complete MWD were not used in the parameter estimation;
only average molecular weight data were used for that
purpose.

2. Mathematical Model

In a previous work™® we presented a preliminary
mathematical model for the grafting process that accounts
for the graft copolymerization of PS and PE as well as
PS degradation reactions. In that work, the method of
moments was used to calculate the mass of copolymer
generated and the average molecular weights of PS. We also
estimated the kinetic rate constants for the proposed
reactions using experimental molecular weight data. In
this section we present the description of the complete
mathematical model that includes not only the calculation
of those average properties but also the detailed prediction
of MWDs.

The kinetic mechanism considered in this work is
the same that was proposed previously.[16] In order
to obtain a mechanism as simple as possible, the
grafting reaction produced by a Friedel-Crafts alkylation,
which has been reported to involve several steps and
intermediate compounds,“‘“ is assumed to occur in
a single step involving PS, PE, AlICl;, and either S
or benzene. Table 1 shows the kinetic equations con-
sidered in the model. This kinetic scheme involves PE-PS
grafting (Equation 1 and 2), PS side reactions (Equation 3—
10), and deactivation of the catalytic system (Equation 11
and 12). It is assumed that either benzene or S takes
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Table 1. Kinetic Model.

I. A. Gianoglio Pantano, M. Asteasuain, C. Sarmoria, A. Brandolin

Step Reaction No.
graft reactions
PsX+PEy+A+B@>GX+1,y+A X=1,...,00; y=1,...,00 (1)
PsX+PEy+A+sE»GX+1y+A x=1,...,00; y=1,...,00 (2)
PS side reactions
chain scission through weak links I) PSy+ A by PSy y 1 +PS,+A+B x=2,...,00 (3)
chain scission through weak links II) PSy+A+S Fszy PSx—y-1+PSy+A+B+S x=2,...,00 (4)
chain scission through normal links I) PSy + A Fsin PSy_y_1+PS,+A+B x=2,...,00 (5)
chain scission through normal links II) PSy+A+S Fson PSy_y_1+PS,+A+B+S x=2,...,00 (6)
formation of indane skeleton PSy + A o, PSy 1 +A+B x=2,...,00 (7)
chain combination (1) PS, +PS, + A% PS, +A Xx=2,... 00 (8)
chain combination (II) PSy +PS, +A+S te, PSyiy+A+S x=2,...,00 (9)
styrene polymerization PS, +A+S5S f, PSyj1+A x=1,...,00 (10)
catalytic system deactivation
catalyst decomposition AL Al (11)
catalyst-Styrene reaction A+S NN +Si (12)

part in the grafting reactions. The former appears in the
reactive mixture as a product of several of the side
reactions induced in PS by AlICl;. Once reacted, the
molecules of S or benzene are assumed to become part
of the synthesized copolymer, where they are regarded as
styrene monomeric units. The PS side reactions have
already been described in another work,*”! where we
modeled the complete MWD during PS degradation using
the pgf technique.

In Equation 1-12, PS and PE chains with degree of
polymerization x are indicated as PS, and PE,. Similarly, G,,,
is a PE-g-PS copolymer molecule made up of x styrene
monomeric units and y ethylene monomeric units. Finally,
S is a styrene molecule, A is an active catalyst molecule, A;
and S; are the inactive catalyst and cocatalyst molecules,
and B is a benzene molecule.

The kinetic rate constants were estimated in a previous
work.*®! The process is considered to be carried out in
a constant volume, stirred batch reactor at isothermal
conditions. It is also assumed that shorter polymer
molecules are more reactive toward grafting than longer
ones, in qualitative agreement with reported data.**!
As discussed in previous works,*>*”2%! PS chains contain
several weak links that are easier to break than the
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remaining normal links. This difference in bond strength is
also considered in the model.

Taking into account the above assumptions, the
mass balances for the species that take part in the reactions
described in Equation 1-12 lead to Equation 13-16 which
represent the system of equations to be solved and their
corresponding initial conditions.

PS molecules with x monomeric units (x=1, ..., c0):
dpcft(t) = VPS; PS(0) = PSO (13)

PE molecules with x monomeric units (x=1, ..., 00):
det(t) = VPE; PE(0) = PEO (14)

PE-g-PS graft copolymer molecules with x styrene
monomeric units and y ethylene monomeric units
(x=2,..,00,y=1,...,00):

da(t) _ VG; G(0)=0 (15)

dt
.‘\
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www.MaterialsViews.com



Graft Copolymers for Blend Compatibilization:. ..

Other components:

ax(t) . B
~3 = VX X(0)=X0 (16)

where PS(t) and PE(t) are vector arrays of infinite size, G(t)
is a matrix array with an infinite number of rows and
columns and X(t) is a vector of length 4. Each element of
PS(t), PE(t), and G(t) contains the molar concentration of
the individual species that has the degree of polymeriza-
tion indicated by its subscripts. For example, element PS,
of vector PS(t) is the concentration at time t of the
PS chain with x monomeric units. Similarly, element G,
of matrix G(t) is the concentration of the PS-g-PE chain
with blocks of length x (PS) and y (PE). Vector X(t)
contains the remaining concentrations necessary for
the mass balances: those of benzene, styrene, catalyst
and weak links, respectively. Finally, the various V
vectors (VPE, VPS, VG, and VX) contain the reaction
velocity terms. Further details about the expressions
for the elements of these arrays are presented in the
Appendix.

2.1. Method of Moments

Since the degree of polymerization of homopolymer and
copolymer molecules may range between one and infinity,
there are infinitely many mass balance equations. In order
to reduce the size of the system, the well-known method of
moments is used to calculate average properties. For that
purpose, moment definitions are applied to the polymer
distributions.

Taking advantage of vectorial notation, it is possible

to define the vectors M™ = [MS MPS MES]" and

M = [MEE, MPE, MPE]" for the moments of orders 0, 1,
and 2 of PS and PE mass distributions, respectively, as:

MS = (xX%)Ps a=0, 1, 2 (17)
M = FEY'PE a=0,1,2 (18)

In the above expressions, the infinitely sized vectors x{z,
j=PS, PE are defined as

(XZS)T = [(Ms)a (2Ms)* -+ (xMs)” ] 1<x<o0
(19)
CEET = [(Mp)* (2Mg)® -+ (xMg)* -] 1<x<oo
(20)

where Ms and Mg are the molecular weights of the PS and
PE monomers, respectively.

'a\
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The moments just defined involve a single variable,
namely, the degree of polymerization. It is possible to
define double moments involving two variables in an
analogous way. In this work we are interested in using as
variables the number of styrene and ethylene monomeric
units in a graft copolymer. For example, the 1st, 2nd order
moment for the PE-g-PS graft copolymer mass distribution
is defined by

Ly = (x%)"G(SF) (21)

All I, moments with a=0,1,2 and b=0,1,2, which
compose matrix array I, are defined similarly.

Average molecular weights for PE and PS homopolymers
and the amount of grafted PS, for which experimental data
is available, may be calculated in terms of several moments
of their mass distributions. The corresponding expressions
used in this work are

Number-average molecular weight for PS and PE
homopolymers:

Y
M, =2 j =PS,PE (22)
MJ
0
Weight-average molecular weight for PS and PE homo-
polymer:

M
g2 P
MW_MJi j=PS,PE (23)

Concentration (wt%) of grafted PS:

Lo

Gr =100 ——+7"——=
MS(t=0)

(24)

It is also possible to calculate the number and
weight-average molecular weights for the graft co-
polymer. Even though we have no experimentally
measured values against which model predictions could
be compared, these calculated quantities have value for
the insight they provide. The expressions used in this
work are

— I I
C — 10 +1lo1

n

= _hot+2L;+1Io>

= 25
v Lio+1Ioz (25)

oo

In order to transform the mass balances to include
moments, vectorial Equation 13 is premultiplied by
either (%)%, (x£5)T or (x5°)", while vectorial Equation 14 is
premultiplied by either (x5F)", (x2F)™ or (x5F)". As a result of
those operations, balance equations for the first three
moments of the length distributions are obtained. Simi-
larly, Equation 15 is premultiplied by either (x§°)", (x£%) or
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(x5%)" and postmultiplied by either (x5F)T, (x3%)", or (x5E)" to
obtain balance equations for the nine I, , moments. After
rearranging terms, the following system of equations
results

a-order homopolymer moments, a=0,1,2

PS
det(t) _ VMPS; MPS(O) _ MOPS (26)
PE

a™ — b™-order copolymer moments, a =0,1,2; b=0,1,2
1(0) = 0 (28)

Besides, the elements of the vector array VX in
Equation 16 can be put in terms of vectors M*® and M'%,
obtaining the new vector array VMX. With this substitu-
tion, Equation 29 results,

Other components:

dx(t) . B
~3~ = VMX;  X(0) =X0 (29)

The elements of vectors VMX, VM, VMFE, and VI are
detailed in the Appendix.

2.2. Probability-Generating Function (pgf) Transform

The above method of moments is a transform technique
that changes an unsolvable, detailed, infinitely sized
system of equations into a finite-size lumped system that
can be solved to give useful results. Other transform
techniques may be applied in order to yield different
useful information. One of the applicable transform
techniques uses pgf, both univariate and bivariate.
Inversion of the pgf allows recovering the MWD of the
unreacted homopolymers and the CCD of the synthesized
graft copolymer.

The method applied is similar to that applied in a
previous work.!*”) First, mass balances were transformed to
obtain pgf balances. Univariate pgf are used as transforms
of the MWD of the homopolymers, while bivariate pgfs are
employed for the CCD of the graft copolymer. A detailed
description of the application of this technique is given
elsewhere.[*92%22] For this system we employ the following
pgf definitions.

Homopoymer pgf:

#(2) = [p(2), ¢, (2),dh(2)],  j=PS,PE (30)
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with
Pl(z) = 2'p), a=0,1,2 (32)
Copolymer pgf:
Yoo(2) Vo1(2) o,(2)
V(z1,22) = | V10(2) V11(2) V1,(2) (32)
Vo0(2) ¥21(2) ¥,(2)
with
Vap(21,22) =21 P,p22  a=0,1,2; b=0,1,2
(33)

where the vector arrays z, z,, z,, and p,, and the matrix
array pgp are defined as

2 =[zt 2 ... X ..] 1<x<oo (34)
zi=[z2 22 ... Z ..] 1<x<o (35)
z=[2z2 22 ...z ...] 1<x<o (36)

] 1<x<o

@) = [ P

(37)
[Pap(1,1) Pap(1,2) ... Pap(l,y) ..
pa,b(z’ 1)
1<x<
pa,b =
1<y<o
Pap(x,1) Pap(X,y) ...
(38)

Inthese equations, z;are the dummy transform variables,
0<|z|< 1, and p{](x) is the “a” probability function
of the length distribution of the homopolymers, while
Pap(xy) is the “a,b” probability function of the length
distribution of the copolymer. They may be calculated
through Equation 39-41 as follows:

ps  XPS,

¢ = a=0,1,2 (39)
XPE
PE __ a __
¢ = a=0,1,2 (40)
XYG
pab:I—“”’ a=0,1,2; b=0,1,2 (41)
’ ab

.“\
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where XPS,, XPE,, and XYG, ;, are defined as

(XPS,)" = [(Ms1)?PS;  (Ms2)?PS, (Msx)?PS,

(XPE,)" = [ (M51)®PE; (Mg52)°PE, (Mgx)*PE,

[ (Ms1)*(Mg1)°Gyy  (Ms1)*(Mg2)°Ga
(Ms2)*(Mg1)° G, 4

XYG,), = :

(Msx)* (Mg1)"Gyr

Replacing Equation 39-41 in Equation 31 and 33, the
following pgf expressions are obtained.

PS pgf:
ps z) — 2 XPSa a=0,1,2 (45)
a Mgs Pt
PE pgf:
¢ (2) = 2'XPE, o (46)
a MEE =
Copolymer pgf:
T
Vap(21,22) = (21))1(# a=0,1,2; b=0,1,2
a,
(47)

The pgf qb](‘)(z) are the transforms of the homopolymers’
MWD expressed in number fraction, since plo is the number
fraction MWD (i.e, n*(x) = p5’, = PSx/My). Accordingly,
¢71(z) are the transforms of the MWD expressed in weight
fraction (i.e, w™(x) = ptS, = MsxPS,/M5®) and &, (2) are the
transforms of the MWD expressed as what we refer to as
chromatographic fraction (ie., ¢®(x) = (Ms)>x*PS,/M?S).
The chromatographic distributions are related to the
differential log distributions by

AW /dlog, MO)™ =~ () M2
B0 B log,,(e) JVISIVI:}L)S
and
PE
AW /dlog, M) = — = () o

- log,,(e) o Mg Mi*

In the case of the copolymer, the different combinations
of values of a and b lead to several different pgf, each of
them being the transform of different representations of

'a\
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-] 1<x<oo (42)

-] 1<x<o0 (43)

the copolymer bivariate MWD (also referred to as CCD in
this work). In this work we only consider v/ (21,2,), which is
the transform of the copolymer MWD expressed in number
fraction as

nPE—g—PS(X’y) _ POOx.y _

To transform the mass balances using pgf, every term
in Equation 13 and 14 is multiplied by x“z*, and added up
for all possible values of x. In the same way, every term
in Equation 15 is multiplied by z¥z} (in the general case
the multiplication would be by x®y?zXz), but since we
consider only the number distribution, a=0 and b=0)
and added up for all possible values of x and y. The result
is reordered in terms of the moments and the pgf,
yielding a system of differential equations for the different
pgf. For our particular grafting process, the corresponding
equations are

Copolymer number distribution pgf:

3(IooVoo(21,2 MPS
HMloooozs, 22)) °§t( 122)) 2A(Bkgs + Skgs) 715571
PS 4PS PE ' (48)
% (M5’ (21)) IVI_O(MPE PE(2,))
0z, M11>E o %o (ZZ)
PE number distribution pgf:
3(MPSPS (2
My (2) ";;" @) _ —2A(Bkgs + Skgs)
MEME e )
MMZE (Mg"¢g' (2))
PE weight distribution pgf:
(MPEGEE (7
(M1 (2) atl @) _ —2A(Bkgp + Skgs)
(50)
MgsMgE (MPE PE(Z))
MsMEPE VT
¢ Macromolecular
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PE chromatographic distribution pgf:

O(MZE43" (2))

. — —2A(BRyp + Skys)

(51)
MESME

X
MsMPE

(M35 (2)

PS number distribution pgf:

A @) (kﬂwfwAz +kszwaAzsz>

at
+kslnan4 + ksannA4S

[ | () o)
0z z—1

d(ME¢5°(2))
Z

+ kipA2 g (1-2)

I(Mc¢5° (2))

z
AMESS @) (2 *

x (RtA? + ko 1A%5 + kep 2 A*S*) 2 %

PS
My

Ms
+ 2kpA?S2(z — 1) (M 6% (2))

MES (M) oM ()

~ 2A(kgoB + kesS) iy e .

PS weight distribution pgf:

d(Mll)S(bES(Z)) _ fw(kslwA2 + ksZwAZSZ)

dt -

+fn(kslnA4 + ksZnA4S)

IMESE(2) | 2(MEg(2)
~z 0z + (z—1)

2Msz(ME° — (M*¢5°(2)))
! (z— 1)

+knA2 [9 (MP¢1°(2))

-0 - )]

0z z
+ (k1A% + kep 1 A%S + kep pA%S?)

() [ 0B ) )

0z 0z ﬁs

+2kpA2S? [(MES@ES(2)) (z — 1) + Msz(M5S¢5 (2)) ]

MPS(MPE)Z B(MPS PS(Z))
—2A(kypB + kgsS) —2 0/ YL 7L
( g g ) Ml;SMEE 9z

(53)
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PS chromatographic distribution pgf:

fw (kslwA2 + ksZWAZSZ)

MBS P (2)
ot o
+fn (k1nA% + kanA%S)
AMPGPE(2) | 2(ME5(2))
0z (z—1)
_ 4zMs (M (2))
* (z— 1)
N 2(z + 22) (M) ((MES 955 (2)) — MES)
L (z—1)° ]
PS ,PS
a2 [EEEO) )y L a2 - 20|
M 95 (2) [ AMGS 95 (2)  Mp®
kclAz + kcz,lAZS z 0z (Z 0z B WS)
+
he A4S 2 (a(Mi’%{S (z))) 2
0z
2Ms (M3¢85 (2))

+2kpA%8? | (z — 1) (MES¢55(2)) + 2
+(Ms)? (M35 (2))

2
(st + ) MEOIEY SO0
MESMEE dz

(54)

Equation 48-54 must be solved and the resulting pgf
must be inverted numerically to obtain the MWD of each
homopolymer and the CCD of the copolymer.

The inversion method of univariate pgf used in this work
is an adaptation of the method originally proposed by
Papoulis™*® for the inversion of Laplace transforms.[**2°]
Bivariate pgf inversion was carried out by means of the
approach recently proposed by Asteasuain and Brando-
1in.*?) The inversion methods and the grid of molecular
weights at which the MWD and CCD are to be calculated,
determine the number of elements and their values of
arraysz, zj, and z,, at which the pgf transforms are required.
Equation 46-52 must be parameterized for each of these
values. The size of the mathematical model is mostly
dependent on the number of pgf equations. In this work, the
model consisted in more than 800 000 differential algebraic
equations.

The complete procedure for inversion to obtain the
number fraction MWD, n*®9%5(x,y), from q0(21,2,) is
carefully developed in the literature.?? This inversion

.‘\
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method recovers the probability mass fractions from their
pgf transforms by means of Equation 55-58.

nPE-g-PS (X,y) — (1n)(g2/))2 VTDV (5 5)

where v is a vector that may be calculated by solving the
following system of linear equations:

Clv=P G) (56)

In Equation 56, P(1/2) is a vector containing Legendre
polynomials of order 2n (n=0...N) and C is a lower-
triangular matrix whose elements c ,,, are defined as

k=0,...,n; n=0,...,N

B k (k—m+1),
Ckﬁn*n;m

(57)

Besides, D is a matrix that contains the bivariate pgf
values corresponding to each (z;,z,) pair:

Vo,0(210,221)

Vo0(211,221)

Y0,0(Z10,220)

Vo.0(211,220)

Vo,0(Z10,22n)
D—

Vo,0(Z1n:220)  Vo,0(Z1n, Z21)

The mathematical model of the system is composed
by the set of equations required to compute the average
properties, Equation 22—29, plus the equations needed for
the calculation of the pgf, Equation 48—54 parameterized
for the z;, the equations of the inversion method of
the bivariate pgf, Equation 55-58, and the equations
for the inversion method of the univariate pgf for
recovering the homopolymers’” MWD. This differential-
algebraic system of equations (DAE) was implemented
and solved numerically using the commercial software
gPROMS (Process Systems Enterprise, Ltd.). This software
allows performing simulation activities involving
complex mathematical models with large numbers of
equations and variables. The built-in method DASOLV
was employed to solve the DAE system.[?*] This is a
variable-step and variable-order method, suitable for
rigid systems such as those discussed in this work.
Besides, external routines developed in FORTRAN were
linked to the gPROMS model for some ancillary calcula-
tions related to the initial values of the pgf and the
evaluations of the derivatives of the pgf with respect to
the dummy variable z.

Vo.0(211,Z2n)

Vo,0(Z1n, Zon)
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3. Results and Discussion

In order to solve the proposed model and obtain
the MWD, the kinetic parameters obtained in a previous
work!*®) were used. They are shown in Table 2. They
correspond to a reaction carried out in a batch mixer
at 190°C under N, atmosphere and a ratio PS/PE of
20/80 wt%.[°!

In what follows, we show the model predictions for
homopolymer MDW and copolymer CCD. All curves have
been normalized so that the maximum height is unity. The
reaction conditions are indicated in Table 3.

As mentioned earlier, Diaz et al.l>*** reported that
for the reaction between PS and PE in the presence
of the catalytic system AlCl;/styrene the two homo-
polymers were not equally active: while PE was only
involved in the grafting reaction, PS was also subjected
to several side reactions including chain scission and
chain combination. As the reaction advanced, the
MWD of PS shifted toward lower molecular weights,
while that of PE remained unchanged.”! Bearing those
observations in mind, our kinetic model includes side
reactions for PS only.

— e—(2j+l)ln(2)/x

le
2y = e~ @2y (58)
j=0,...,N

Table 2. Model kinetic parameters.

Parameter Value

6.263 x 10°L* mol *min~*
1.553 x 10°L*mol > min*
4.261°mol 2 min?
1.21L*mol *min?
3.39 x 10 2L?mol ?min?
871 x 10 °L3*mol *min?*
1.00 x 10 >min?*

1.56 x 10°L> mol > min~*

6.87 x 102L*mol *min~*
1

kg (copolymerization)

kgs (copolymerization)
ks1w (PS chain scission)
ks1n (PS chain scission)

ki (Indane formation)

ke (PS chain combination)
k; (catalyst decomposition)
kso>w (PS chain scission)
kson (PS chain scission)
Re21 (PS chain combination) 7.23 x 10 2L*mol *min~
7.83 x 10°L° mol " min™*
1.21 x 10°L*mol *min *
1.329 x 10’ L*mol~* min~*

kez2 (PS chain combination)

ky, (PS polymerization)

k4 (catalyst-cocatalyst
reaction)
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Table 3. Conditions used for the graft reaction experiments.[o!
1,0 % a)
Parameter Value E:]I \
PE PE T 7 @
— —] ; \
neat PE M,, = 52000; M, = 16700 . |
neat PS M. =271000; M.> = 136000 v R @f‘ 1
(=2} "‘.
PS/PE 20/80 Wt% g )i 5
0.4
reaction time 10 min ° _,@ E
initial styrene 0.3 wt% - ,.1‘5' \
concentration ﬁéﬁ Y
initial AlCl 0.1 wt% 00 EewewEes® g
concentration 0.3 wt% T L T — T
. 20 25 30 35 40 45 50 55 60
0.5 wt% log(M)
0.7 wt%
1 wt% o o b)
1.5 wt% .ﬁ hﬁ.’
reaction batch mixer at 190°C 0.8 o q \‘.‘
conditions under N, atmosphere ."j . Ee
= 06 d \
E,r o | E]
T I \
o4 g o |
In Figure 1 we show a comparison between the ¢ / q
experimental and calculated dW/dlog;, M of each homo- 024 - ,;5 d
polymer at initial reaction time, and the calculated A ,.,w; *
distributions after a 10 min reaction. Part (a) of the figure Y Y0 R pp—— Lo esssseding
corresponds to PS, and part b to PE. It may be observed that i . i i i i i i
the MWD of both virgin resins are calculated accurately 25, @0 35 ML S B0 65 61 85 1D
log(M)

with the model. After a reaction time of 10 min, the model
predicts a MWD shift to lower molecular weights in the PS
homopolymer, indicating a predominance of scission over
chain combination and homopolymerization. On the other
hand, the model predicts a negligible change in the MWD
of the PE homopolymer, which is consistent with the
experimental observation that PE only takes part in the
grafting reaction, suffering neither scission nor chain
combination.

Copolymer CCD resulting from the grafting process
presented similar shapes for all catalyst concentrations.
Figure 2 shows a representative result, calculated for
0.7 wt% catalyst concentration. As may be observed in the
figure, the distribution of PS segments is bell-shaped, while
the distribution of PE segments shows a maximum in the
low-molecular-weight region. This is the expected behavior
since the model considers that shorter PE molecules are
more reactive toward grafting. In the case of PS this effect is
attenuated because the rate of formation of the graft
copolymer is proportional to the number of monomeric
units in the PS homopolymer.

We have found that all CCD show signs of inaccuracy in
the high molecular weight region, probably due to error
propagation inherent to the numerical inversion method
used.[24-2]

Figure 1. (@) PE and (b) PS Homopolymers dW/dlog,, M for
material treated with 1% AICl; and 0.3% S. Line: experimental
at t=o0, symbols: calculated, [J: t=0omin, @: t=10min.

uolPely Jaquinu

Figure 2. Copolymer CCD at 0.7wt% AICl; and 0.3wt% S at final

reaction time, t =10 min.
Jesels
Met oS
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max

number fraction/number fraction

T
25 3,0 35 4,0 4,5 5,0
PE log (M)

104 P)

—0.1%
0,8 - -=---0.3% ! N

max

06 --- 1%

number fraction/number fraction

0,4
0,2 4
00  zmeemeer” -
T M T T T . . . . i ] ‘ T
30 35 4,0 4.5 5,0 55 6,0
PS log(M)

Figure 3. Number MWD corresponding to one of the copolymer
blocks at various [AICL]. (a) constant-weight PS block
(170 ooo g- mol™); (b) constant-weight PE block (570 g- mol™").

The graft copolymers consist in PE blocks grafted onto
PS blocks. In Figure 3 we show the calculated MWD
of one of the copolymer blocks for a fixed length of the
other one. This is equivalent to a selecting one of
the contour curves in the 3D plots of the CCD at different
AlCl; concentrations, such as the one shown in Figure 2
for 0.7% AlCl;.

The effect of the concentration of catalyst is illustrated
in Figure 3. In Figure 3a, the distributions of the PE blocks
are identical, as expected since in this model PE only
participates in the grafting reaction. However, Figure 3b
shows that the number MWD of the PS block is sensitive
to the concentration of catalyst. The distributions shift
toward the lower molecular weights. This is probably due
to the degradation of PS, which leaves shorter molecules
available for grafting.
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4, Conclusion

We propose a model for the synthesis of graft PS/PE
copolymer for blend compatibilization capable of calculat-
ing copolymer CCD and homopolymers MWD using the
pgf technique. Even though the kinetic constants of the
model were obtained by fitting average molecular weights,
the predictions of the MWD of the homopolymers agree
very well with experimental measurements. The trends
observed in the calculated CCD and MWD are consistent
with reported experimental data.

The proposed model has potential as a component of an
optimization tool for the compatibilization process because
it is able to account for the opposing effects of competing
reactions that characterize the studied graft reaction. This
tool would aid the search of operating conditions under
which one could synthesize a sufficient amount of a graft
copolymer with appropriate block lengths to optimize the
compatibilization. The model also helps understand several
aspects of this complex process.

To be able to avoid resin separation to a large degree,
a compatibilization method that includes other
significant components in MSW streams, such as PET and
PP, should be devised. In this context, the strategy and
the model discussed in this work are but a first step in
that direction.

Appendix

Mass Balances

In what follows, the elements of each vector and matrix
used in Equation 13-15 are presented.
Molar concentrations of PS homopolymer chains:

PST = [PS1,PS,,...,PSy, .. ], x=1,...00 (A1)

Molar concentrations of PE homopolymer chains:
PE" = [PEy, PE,, ..

LPE..], x=1..00 (A2

Molar concentrations of PE-g-PS copolymer molecules:

-G]_,]_:O G1‘2:0 .. Gly:O
Gy1 G Ga3
G3,1 Gg,z G3,3 o e e
G= G4‘1 G4,2 G4$3 oo e cee |y
Gxy
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The model considers that the minimum length of the
PS blocks in the copolymer is x=2. However, in order
to make matrix G compatible with the different vector-
matrix operations involved in the model equations, a row
corresponding to copolymer molecules with PS blocks of
unit length has been added, with zero concentration.

Other molar concentrations:

=[B,S,A, ey] (A4)

For the reaction arrays, the elements of VPS, VPE, and VG
have the following general expressions:

6 6
VPS, = > Ri(X)(1 — 8x1) +2 Z Qx,y) > Riy)
i=3 y=x+1 i=3
—R7( )( —8x1)+R (X+1)—R10(X)
+R10 X*l Rng +R9(Xy))
y=1 (A5)
1X 1
+§ZR8 X — y,_)/ —5)(41)
Z Ri(x,y) +R2(x,y))
y=
VPE, = ) (R1(y, X) + Ra(y, X)) (A6)
y=1
VGyxy =Ri(x—1,y) +R2(x - 1,y) (A7)

The reaction velocity vector VX has four elements. It is
expressed as

r oo 7 0 X T
> LR 2 Ri(x.y)
X=2i=3 x=1y=1
VX = | = S Rio(X) =Rz — 3 S Ra(x,) (A8)
x=1 x=1y=1
_Rll - R12
L —Tsw€w -

In the above equations, the reaction rate terms R;
correspond to the rate of reaction of the ith reaction in
the kinetic mechanism in Table 1. They are defined as

Ri(x,y) = 2f,kgsABXPS,PE, (A9)
Ry(x,y) = 2fykgsASXPS,PE, (A10)
R3(X) = Rs1nfwA>XPSy (A11)
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R4 (X) = kpnfuwA?S*XPS, (A12)
Rs(x) = ksinfnA*XPSy (A13)
Rs(X) = konfnA*SXPS, (A14)
R7(x) = ki A%XPS, (A15)
Rg(x,y) = kaA’XPS,yPS, (A16)
Ro(x,y) = (ke21A%S + kep ,A*S*)XPS, yPS, (A17)
Rio(x) = 2k,A%S?PS, (A18)

The orders of the reactions with respect to the different
reactants were those previously reported.[**¢]

PSO and PEO are the vectors of the initial molar
concentrations for the homopolymers PS and PE.
X0 = [0, So, [AlCl3],, ewp] is the vector that contains the
initial molar concentrations of benzene, styrene, catalyst,
and weak links.

The factor f, that appears in Equation A9 and A10 takes
into account the difference in reactivity of polymer chains
of different lengths. The expression we adopted for
this factor is f; = 1/(M. M. ), where M.’ and M." are the
number-average molecular weights of PS and PE, respec-
tively. The consequence of the use of this expression is that
in our model shorter chains are more reactive toward
grafting than longer ones, a trend that agrees qualitatively
with reported data.[*°!

The function Q(x, y) determines how the scission
products are distributed. In this work we assumed random
scission, for which Q(x, y) = 1/y.?”! Finally, the fraction of
weak (f,,) and normal links (f,) is calculated as

Ew Ew

= o0 o0
Entew S yPS,— 3PS,
x=1

x=1

fw= (A19)

=1-f,

Method of Moments

In what follows, the elements of each vector V used in
Equation 26-28 are presented:

VME® = [fu(ksiwA® + ksawA?S?) + fr(ksinA® + ksonA%S*)]

MPS 1 (MPS)2
—L —2MES ) — S (Re1A? + Rep 1AS + Rep n A*SH) 2
><<MS > 2( A" + Rep 1 + Re22 ) M
MPSMPE
— 2A(kgB + kgsS) — 555
g. g PS—PE
MM, M,

(A20)

M VWQS
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VMES = — [fu (Rs1wA? + RsowA?S?) + fn (RsinA* + RsonA%SH) | MES

MESMES
MM M

(A21)

— kinA?ME® + MskpA2S?ME® — 2A(kgsS + kgpB)

VME® = [fuA? (ksiw + RsowS?) + fnA* (Rsin + ksonS*)]

MPS M MPS
X (_ —3]\2 - M3+ 53 L ) + kinA?(—2M5® + MsM?)
S

MBS 2
+ A% (Rey + k2 1S + keo pA?S?) (ﬁ)
s

+ kpA?S? (2MME® + MEMY®)

MPSMPE
— 2A(Skgs + Bkgp) —— sz
MM, M,
(A22)
MPSMPE
VMgF = —2A(RgsB + RgsS) —— 5555 (A23)
MM, M,
MPSMPE
VM = —2A(RgsB + RgsS) —— 555 (A24)
MM, M,
MPSMPE
VMEE = —2A(kgsB + kysS) —ps2pp (A25)
2 g g MSM};SMiE
MESMEE
VIO‘O = ZA(kgBB + kQSS)W (A26)
MPS MPE
VI o = 2A(kggB + k S(—2+MPS>7° A27
1,0 ( gB gs ) Ms 1 M}:lsMiE ( )
MPSMPE
VIO’]_ = ZA(kQBB + kQSS) ﬁ (A28)
MM’ M,
MPS MPS
V1,1 = 2A(kggB + k S(—2+MPS)71 A29
1,1 ( gB gs ) MS 1 ]\_/IPS]\_/IPE ( )

n n

MI;S PS PS MgE
VIp0 = 2A(kgsB + kgsS) (ﬁs +2M,” + MsM, ) —P5—PE

Mn Mn
(A30)
MPSMPE
Vo, = 2A(kgsB + kysS) —5—55 (A31)
MM, M,
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PS

M
VMX; = [fwA?(ks1w + RsawS®) + fnA* (ksin+ ks2nS*)+ kind?] Wls

— 2kypABfy ME;AA:@E
(A32)
VMX, = —k,AS?Mg® — R1p — 2kgsA5f,A%]:IgE (A33)
VMX3; = —R11 — Ri» (A34)
VMXy = —Tewew (A35)

The selected moment definitions correspond to mass
distributions, not to length distributions. Since the latter
appear in some of the terms in the original mass balances
(Equation A5-A19), a factor 1/M; is used to make the
conversion between mass and length distributions.
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