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a b s t r a c t

During the reactive processing of HD Polyethylene molecules are known to form branched structures,
eventually resulting in a MFI decrease. This phenomenon was studied by experiments in a twin-screw
extruder and measurement of the MWD by SEC-MALS. A Monte Carlo simulation model has been
setup to calculate the MWD and branching distribution. The model includes both branching and random
scission. Branch points are assumed to be created by coupling of vinyl ends of linear PE to secondary
radical sites on PE backbones, yielding tertiary radical sites that undergo termination by dispropor-
tionation. This mechanismwas recently proposed by Camara et al. [1]. Comparing the computed MWD to
SEC-MALS data allowed determining the kinetic coefficients of the branching and scission reactions.
Random scission turns out to be weak but still significant to prevent the formation of an extended MWD
tail. For the found parameters perfect agreement was found between measured and computed MWD for
various initial peroxide concentrations. These findings contribute to a better fundamental understanding
of the simultaneous branching and scission during PE modification. It forms a firm support of the vinyl
end to secondary radical coupling branching mechanism. Furthermore, it is shown that the MC simu-
lations provide explicit branching topologies as a basis for predicting, for instance, complex rheological
behavior of the modified polymer melt (Read et al. [2]).

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

To improve product quality, industrially produced linear homo-
and copolymers of Propylene and Ethylene are commonly sub-
jected to chemical modification in extruders, chemically initiated
by radical forming species like peroxides. It is commonly observed
(Iedema et al. [3]) that Polypropylene simply degrades, as seen by
an increase in the melt flow index (MFI). Obtaining branch points
by chemical processing of PP requires special strategies (El Mab-
rouk et al. [4]). In radical modification PE branched structures are
spontaneously created, eventually resulting in an MFI decrease.
Terminal double bonds present in virgin PE take part in the system
of radical reactions (Camara et al. [1]). Many other experimental
results confirming branching are available in the open literature
[5e15]. The effect of branching topology induced by reactive pro-
cessing of polyolefin elastomer was undertaken recently by Liu
et al. [16]. A number of modeling studies have been undertaken
describing the development of the full distributions of molecular
All rights reserved.
weight (MWD) and degree of branching (DBD) during the
controlled degradation of PE [5,8e15]. Most of these papers make
strongly simplifying assumptions, especially to deal with the
problem of simultaneous scission and branching. Tobita [17e26]
has presented a rigorous treatment of the latter problem indeed,
using a special Monte Carlo simulations approach, but this
approach does not fully address all the features of the PE modifi-
cation problem.

The Monte Carlo simulation model reported here presents an
approach that is equally rigorous as Tobita’s, but in addition covers
all the aspects of the full PE modification reaction system. For the
first time, in this type of modeling, reactions are accounted for by
radical groups that are created by scission or hydrogen abstraction
and unsaturated groups, initially present in unmodified PE. This
required developing a completely new Monte Carlo sampling
scheme. The MC simulation model is validated to new data from PE
modification experiments in a ZSK200 twin-screw extruder at
Sabic Research. Thus, the model leads to a more quantitative un-
derstanding of the kinetic mechanisms involved, especially with
respect to the way branches are created. This issue has been dealt
with before in an electron paramagnetic resonance (EPR) spec-
troscopy study devoted to PE modification [1]. Our work confirms
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the findings from this study, be it in an entirely different manner.
Moreover, the model allows computing the complete molecular
weight and branching distribution. Thus, it directly gives access to
finding the explicit branching topologies [27] that are so crucial for
the hydrodynamic and rheological behavior [2,16]. In a recent Sci-
ence paper [2] this MC simulation method has been shown, for the
case of low-density Polyethylene, to successfully predict the com-
plex melt rheology. The branching mechanism adopted in the
present study is one of a few having been proposed in the literature
[5e15]. These mechanisms have also been explored by us using an
extended version of the MCmodel in a sensitivity study. The results
of this study will be reported in a future paper.

In this paper the PE modification process is treated in a compre-
hensive manner as a system with simultaneous chain scission and
branching. In general, such problems are not so easily solved using a
deterministic population balance approach [27e29]. The main dif-
ficulty is attributed to the fact that the fragment size distribution
resulting from the scission of branched polymer molecules depends
on their size and number of branch points, but also on the branching
topology in itself. In the context of PE modification this problem has
been recognized and explicitly discussed by Gloor and Hamielec [7].
However, they did not solve the problem, but describe scission of the
chains as if they were linear. Later, the group of Brandolin [5]
addressed PE modification modeling using probability generating
functions, again assuming linear scission. Most recently, the same
group treated the problem while explicitly accounting for terminal
unsaturation, but without the random chain scission reaction. By
using a statistical approach, we avoid the explicit fragment size
distribution problem encountered in the population balance.

This paper is structured as follows. First the experimental
equipment with the ZSK200 twin-screw extruder and the charac-
terization instruments like the SEC-MALS is presented. Then the
model is introduced by presenting all the reactions involved. The
population balance is inferred from this reaction system and it
turns out to be a 6-dimensional one, if all the reactive groups are
accounted for. The Monte Carlo simulation model to solve this
problem is presented in the form of a flow diagram containing al-
gorithms based on various probabilities. The values of the proba-
bilities are shown to follow from balance equations of all the
reactive groups involved based on reaction kinetics. The MWD’s
resulting from the simulations are compared to those from SEC-
MALS. Finally, the interesting branching distribution is discussed.

2. Experimental

2.1. Extrusion experiments

A High-Density Polyethylene grade from Sabic, PE 539123, was
subjected to varying peroxide concentrations between 0.1 and 0.4
weight per cent in a ZSK200 twin-screw extruder. The peroxide
used was Perkadox (coated on Polypropylene grains), the average
barrel temperature was maintained at 210 �C and the average re-
action time 30 s.

2.2. SEC-MALS

We have employed SEC-MALS to determine the MWD of the
linear unmodified PE and the branched PE samples. Using size
exclusion chromatography, the macromolecules are separated ac-
cording to hydrodynamic volume. In combination with light scat-
tering, the absolute molar mass can be determined at each
retention volume. Thus, the effect that branched polymer mole-
cules have higher mass than linear ones is accounted for [30].
Employing SEC-MALS for determining the Molecular Weight Dis-
tribution of PE requires special high-temperature equipment and
careful handling to avoid degradation. The procedure as described
in Tackx & Tacx [30], for low-density Polyethylene, has now been
applied to the present PE samples and it was carried out in the same
laboratory (DSM Resolve, Geleen, NL). The polymer samples were
dissolved (0.9 mg/ml) in 1,2,4-trichlorobenzene (TCB), which was
distilled prior to use, over a period of 4 h at 150 �C and stabilized
with butylated hydroxytoluene (BHT) at a concentration of 1 mg/
ml. The solutions were filtered at high temperature (150 �C) using a
millipore filtration setup (1.2 mm) positioned in a Hereous LUT oven
operating at 150 �C.

The separation of the polymer according to molar mass is per-
formed with a Polymer Laboratories PL GPC210. This SEC system is
operated at high temperature (column compartment at 160 �C,
injector compartment at 160 �C, and solvent reservoir at 35 �C), and a
flow of 0.5 ml/min. Eluent is 1,2,4-trichlorobenzene. Two Polymer
Laboratories SEC columns with large particle size (PLGel mixed A-LS
20 mm columns) in series are used to minimize shear degradation of
highmolar mass polymer chains [31]. The light scattering detector (a
WYATT DAWN EOS multi-angle laser light scattering detector) is
placed in line between the SEC and the refractive index detector. The
useddn/dc¼0.097ml/g. ThemeasuredMWD’s arepresented inFig. 9.

2.3. Determination of end groups and unsaturations

Proton NMR and FTIR have been used to identify end groups and
unsaturations. For NMR all the samples were dissolved at 120 �C in
TCE containing di-tertbutylparacresol (DBPC) as stabilizer. The 1H
NMR spectra were recorded at 120 �C on a 500 MHz instrument.
Both branching and unsaturations (trans, chain end and side
groups) have been determined by FTIR, using a Perkin Elmer
Spectrum One. The presence of vinyl end groups has been identi-
fied, decreasing from 13C]C per 105 C-atoms for untreated PE, to 6
for the highest peroxide concentrations.

3. Modeling

3.1. Dimensionality and reaction mechanisms

The reaction mechanisms involved in the controlled degrada-
tion of PE will be listed in this section. The major part of these re-
actions with PE has been reported elsewhere [5e15]. The reaction
equations are expressed in terms of a 6-dimensional distribution
variable representing all the polymer molecules acting in this
radical system: Pn,b,v,p,s,t. This dimensionality is not an a priori given,
but it follows from the mechanisms that we want to account for in
our model, as shown below. The indices refer to, resp.: n, number of
monomer units, b, number of branch points, v, number of terminal
unsaturations (vinyl end), p, number of primary radical sites, s,
number of secondary radical sites, t, number of tertiary radical sites.
These 6 properties together form the minimum set, since on the
one hand they represent the macromolecular descriptors that we
are interested in (numbers of units and branch points), and on the
other they determine the molecule’s reactivity (vinyl groups). Note
that we account for ‘multiradical’ molecules, although in this case
of relatively mild PE degradation quantities of molecules withmore
than one radical may be still relatively low. Multiradicals are
becoming important, if the focus is shifted to gelation, as has been
reported in previous work [32].

3.2. Reactions taken into account in the model

The following list of reaction mechanisms involved in PE modi-
fication represents the initiation, propagation and termination re-
actions that are commonly supposed to be acting in radical induced



Fig. 1. Hydrogen abstraction.

Fig. 3. Disproportionation of primary macroradicals and other macroradicals, leading
to vinyl groups.

P.D. Iedema et al. / Polymer 54 (2013) 4093e4104 4095
degradation of polyolefins. Reactions involving macromolecules
are depicted in Figs. 1e5.

Peroxide dissociation

I2!kd 2I� (1)

Hydrogen abstraction by initiator radicals (Fig. 1)

Pn;b;v;p;s;t þ I�!nkht Pn;b;v;p;sþ1;t (2)

Henceforth, we will employ a shorthand notation, in which only
the properties involved in the reaction will be written. Thus, reac-
tion Eq. (2) becomes:

Pn;s þ I�!nkht Pn;sþ1

Hydrogen abstraction by molecules with primary radical sites
(Fig. 2):

Pn1;s1 þ Pv2;p2!
n1khtp

Pn1;s1þ1 þ Pv2þ1;p2�1 (3)

Disproportionation of molecules with primary radical sites and
other macroradicals, leading to vinyl groups (Fig. 3):

Pv1;p1 þ Pv2;p2!
p1p2ktd Pv1þ1;p1�1 þ Pv2;p2�1 (4a)

Pv1;p1 þ Pv2;s2!
p1s2ktd Pv1þ1;p1�1 þ Pv2;s2�1 (4b)

Pv1;p1 þ Pv2;t2!
p1t2ktd Pv1þ1;p1�1 þ Pt2;p2�1 (4c)

Scission and branching are assumed to be taking place according
to the mechanisms described below. It may be realized that
regarding branching a number of mechanisms has been proposed
in the literature on PE modification [5e15]. The choice we have
made here, vinyl to secondary radical coupling, is based on a
sensitivity study using an extended version of the MC model. The
results of this study will be reported in a future paper.

Chain scission at secondary radical sites (Fig. 4):

Pn;b;v;p;s!
sf ðn;n1;b;b1;topologyÞks Pn1;b1;v1;p1;s1

þ Pn�n1;b�b1;v�v1þ1;p�p1þ1;s�s1�1 (5)
Fig. 2. Hydrogen abstraction by primary macroradicals yielding secondary macroradicals.
Vinyl group coupling to secondary radical site yielding tertiary
radical sites (Branch formation, Fig. 5)

Pb1;v1;s1;t1 þPb2 ;v2;s2;t2!
v1s2kvs Pb1þb2þ1;v1þv2�1;s1þs2�1;t1þt2þ1 (6)

3.3. Discussion of the reaction mechanisms

As regards the hydrogen abstraction reactions, Eqs. (2) and (3),
note that the reaction rate is proportional to the number of
monomer units in the dead polymer molecule, n; index s is
increased by one, referring to the increase of the number of sec-
ondary radical sites. The 3 disproportionation reactions take place
between all of the 3 radical site types, Eq. (4). Reactions between
primary radical sites and all radical sites are yielding vinyl groups.
Consequently, in the reaction equations the index referring to
unsaturations on one of the molecules increase by one, while the
number of radical sites on both decrease by one.

Scission is assumed to take place at a secondary radical site (Eq.
(5)). Note that scission is responsible for molecular size reduction,
but by creating fragments with reactive groups that may take part
in a subsequent branching reaction, they indirectly contribute to
size growth. The rate coefficient, apart from the Arrhenius coeffi-
cient, ks, contains a complex function due to the branched structure,
which will be explained below. The scission reaction according to
Eq. (5) yields fragments with primary radical sites and vinyl groups,
which is reflected in the sum of index values of the fragments,
p1 þ (p � p1 � 1) ¼ p þ 1, resp. v þ 1, while the sum of indices
referring to the secondary radical sites is diminished by one: s � 1.
The rate function in Eq. (5) clearly illustrates the complexity of the
random scission of branched structures. The deterministic solution
of this problem [27e29] has been extensively addressed and an
important difficulty was found to deal with the scission rate, which
is different for polymers of different dimensions. This rate turns out
to be a function of: a) the numbers of monomer units and branch
points on both the original polymer molecule (n,i) and the frag-
ments (m,j); and b) the branching topology of the original polymer
Fig. 4. Random scission of secondary macroradical leading to a primary radical and a
vinyl end.



Fig. 5. Vinyl group coupling to secondary radical site yielding tertiary macroradical
branch points.
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structure. This scission function, f(n,m,i,j,topology), is not a priori
known. It may be approximated by an empirical equation, as has
been done for other (simpler) systems. However, as we will discuss
below, the present case allows separating the scission and
branching problem without loss of generality.

Branch points are created as tertiary radical sites by reactions
according to Eq. (6) by the coupling between vinyl groups and sec-
ondary radical sites. This reaction has been proposed recently [1]. It
contributes to branching and growth of molecules without pre-
requisite scission.

3.4. Monte Carlo simulation model

3.4.1. Solution strategy
The 6-dimensional population balance resulting from the reac-

tion mechanisms taken into account does not have to be solved in
this high-dimensional form. In the first place we will separate the
scission from the branching problem. This is allowed since all bonds
between monomer units constituting the polymer present in the
reactor are supposed to be equally intensively exposed to the
scission reaction. The problem is then reduced to characterizing the
linear scission fragments according to scission kinetics and subse-
quently constructing the branched polymers according to the
branching kinetics. The latter process is depicted in Fig. 6. It should
be noted that this represents a simulated growth process that
nevertheless includes all the essential elements of the real growth
process. The lengths of the linear segments and the nature of their
end points are those of the linear PE molecules after scission.
Therefore, some of the vinyl ends may originate from the virgin PE
material, while others may have resulted from scission and sub-
sequent termination. Note furthermore, that the secondary radical
P(n1,v1,b1)

P(n2,v2,b2)

P(n1+n2, v1+v2-1,b1+b2+1)

k’vs

Fig. 6. Simulated growth step of branched molecule by coupling of vinyl end to
secondary radical site on chain backbone. Number of secondary radical sites pro-
portional to number of monomer units in molecule, n. Length of linear segments and
end type (vinyl or saturated) representative of the state after scission. Here, v1 ¼ 2,
b1 ¼ 3; v2 ¼ 3, b1 ¼ 8; after reaction step v ¼ 4, b ¼ 12. Created branch point is
highlighted.
sites are not explicitly featuring in this model representation. For
the model it is sufficient to ensure that any monomer unit of a
polymer molecule has equal probability of becoming a secondary
radical site and undergo a subsequent branching reaction. Conse-
quently, the reactivity of a molecule is proportional to its number of
monomer units.

3.4.2. Determining length distribution of PE segments after scission
The characteristics of the linear PE segments are obtained in an

efficient manner using a semi-analytical approach developed by us
before [27,28]. The required equations have been listed in Table 1.
They employ the average probability of a bond between monomer
units to undergo scission, also called the scission density, rs. Since
scission takes place at secondary radical sites, the instantaneous
rate of the scission reaction equals ksl

s
1ðtÞ. Here, ls1ðtÞ represents

the total concentration of secondary radical sites that follows as a
first moment from the original 5-dimensional concentration dis-
tribution as:

ls1 ¼
XN
s¼0

s
XN

n;b;v;p;t

:::::
XN

Pn;b;v;p;s;t (7)

The total molar number of scissions is calculated by integrating
ls1ðtÞ over reaction time and then the scission density follows after
division by the total number of monomer units, m1:

rs ¼ ks
m1

Zs

0

ls1dt (8)

Here m1 is defined as:

m1 ¼
XN
n¼1

n
XN

b;v;p;s;t

:::::
XN

Pn;b;v;p;s;t (9)

Note that the total number of monomer units remains constant
during the modification process.

In view of the reactions involved, hydrogen transfer (by initiator
and primary radicals), termination and vinyl to secondary radicals
site coupling, ls1ðtÞ obeys the following balance:

dls1
dt

¼ khtm1I
� þ khtpm1l

p
1 � ls1

n
ks þ ktdl

p
1 þ ktds

�
lp1 þ ls1 þ lt1

�

þ ktdtl
t
1 þ kvsmv1

�o

(10)

Here I� denotes the peroxide radical concentration, described by
the balance equation:

dI�

dt
¼ 2kdI2ð0ÞexpðkdtÞ � khtmI� � kim

vI� (11)

I2(0) denotes the initial peroxide concentration, while the
exponential function refers to the 1st-order decay of the I2-con-
centration according to the dissociation reaction, Eq. (1). The two
last terms express the peroxide radical consumption by the
hydrogen abstraction and the terminal unsaturation activation re-
action, resp. The further moments in the equations above are
derived from the 5-dimensional distribution as:

Total number of terminal unsaturation (vinyl groups):

mv1 ¼
XN
v¼0

v
XN

n;b;p;s;t

:::::
XN

Pn;b;v;p;s;t (12)

Total number of primary radical sites:



Table 1
Equations from the semi-analytical approach describing fractions of chains with varying numbers of scission points and
length distributions of chains [27,28].

Weight fractions of chain fragments with 0, 1 and 2 scission end points
pwt
i ¼ PN

n¼ 1 fiðnÞPnn=m1
f0ðnÞ ¼ expð�nrsÞ
f1ðnÞ ¼ 2=nrs � 2ð1þ 1=nrsÞexpð�nrsÞ
f2ðnÞ ¼ ð1� 2=nrsÞ þ ð1þ 2=nrsÞexpð�nrsÞ
Length distributions of chain fragments with 0, 1 and 2 scission end points
pwtðnj0Þ ¼ Pnn expð�nrsÞ=

PN
n¼ 1 Pnn expð�nrsÞ

p0ðnj1Þ ¼ 2rs expð�nrsÞ
PN

n0 ¼n Pn0 ; pwtðnj1Þ ¼ p0ðnj2Þ=PN
n¼1 p

0ðnj1Þ
p0ðnj2Þ ¼ r2s n expð�nrsÞ

PN
n0 ¼nðn0 � nÞPn0 ; pwtðnj2Þ ¼ p0ðnj2Þ=PN

n¼1 p
0ðnj2Þ

Conditional number fractions of chains ending with 0 and 1 scission points
f ð1j0;nÞ ¼ 1� expð�nrsÞ; f ð0j0; nÞ ¼ 1� f ð1j0;nÞ
f ð1j1;nÞ ¼ 1� 1� expð�nrsÞ=nrs; f ð0j1;nÞ ¼ 1� f ð1j1;nÞ
pnrðijjÞ ¼ PN

n¼ 1 f ðijj;nÞPnn=m1
Conditional length distributions of chains ending with 0 and 1 scission points
pnrðnj0;0Þ ¼ Pn expð�nrsÞ=

PN
n¼1 Pn expð�nrsÞ

pnrðnj1;0Þ ¼ expð�nrsÞ
pnrðnj0;1Þ ¼ pnrðnj1;0Þ
p0ðnj1;1Þ ¼ rs expð�nrsÞ

PN
n0 ¼nðn0 � nÞPn0 ; pnrðnj1;1Þ ¼ p0ðnj1; 1Þ=PN

n¼1 p
0ðnj1;1Þ

m0 ¼ PN
n¼1 Pn; m1 ¼ PN

n¼1 Pnn
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lp1 ¼
X

p
X

:::::
X

Pn;b;v;p;s;t (13)

N

p¼0

N

n;b;v;s;t

N

Total number of tertiary radical sites:

lt1 ¼
XN
t¼0

s
XN

n;b;v;p;s

:::::
XN

Pn;b;v;p;s;t (14)

These moments follow from the following set of balance
equations.

Primary radical sites:

dlp1
dt

¼ ksl
s
1 þ kim

v
1I

� � lp1

n
khtpm1 þ ktd

�
lp1 þ ls1 þ lt1

�
þ ktdsl

s
1

þ ktdtl
t
1

o

(15)

Secondary radical sites:

dls1
dt

¼ khtmI� þ khtpmlp1 � ls1

n
ks þ ktdl

p
1 þ ktds

�
lp1 þ ls1 þ lt1

�

þ ktdtl
t
1 þ kvsmv1

o

(16)

Tertiary radicals:

dlt1
dt

¼ kvsl
s
1m

v
1 � lt1

n
ktdl

p
1 þ ktdsl

s
1 þ ktdt

�
lp1 þ ls1 þ lt1

�o
(17)

Terminal vinyl groups

dmv1
dt

¼ ksl
s
1 þ ktdl

p
1

�
1
2
lp1 þ ls1 þ lt1

�
þ khtpmlp1 � mv1kvsl

s
1 (18)

Note that since branch points are created by termination of
tertiary radicals the consumption term in Eq. (17) represents the
rate of creation of branch points, b. This quantity is related to the 6D
concentration distribution after:

mb1 ¼
XN
b¼0

b
XN

n;v;p;s;t
:::::

XN
Pn;b;v;p;s;t (19)

Furthermore, as generally in radical systems the concentration
of macroradicals is sufficiently low to permit a quasi-steady state
approximation, which renders the accumulation term, dx/dt, equal
to zero. Thus, from Eq. (17), we see that the branch point creation
rate is well approximated by:

dmb1
dt

¼ kvsl
s
1m

v
1 (20)

3.4.3. Model to create branched molecules from linear segments
after scission

The linear PE segments with characteristics according to Table 1
now have to be combined in order to construct the branched
molecules. This branching problem in the model representation of
Fig. 6 may be formulated as the following population balance in 3
dimensions: chain length, n, number of vinyl ends, v, and number of
branch points, b:

dPðn; v;bÞ
dt

¼k0vs
Xn�1

n0

Xv
v0

Xb
b0

n0ðv� v0 þ 1ÞPðn0; v0;b0Þ

� Pðn� n0; v� v0 þ 1;b� b0 � 1Þ � k0vsm
v
1m1nvPðn; v;bÞ

(21)

Here, the rate coefficient represents the effective rate coeffi-
cient by which smaller molecules ‘re combined to larger ones by
connecting them through branch points. Taking the summation of
Eq. (21),

PN
n¼1

PN
v¼0

PN
b¼0 bdPðn; v;bÞ=dt should reproduce the

same rate of creation of branch points as Eq. (20). Therefore, the
effective branching coefficient, kvs’, is related to the kinetic coef-
ficient by:

k0vs ¼ ls1
m1

kvs (22)

Solving the 3D-population balance Eq. (21) in a deterministic
manner would require sophisticated means to compute the
convolution term as shown by us elsewhere [29]. At this point we
decided to obtain the solution by a Monte Carlo sampling method.
This method has been applied on a similar, but simpler problem
before [19]. We have now developed a new method based on the
same principles.

The linear PE segments after scission are called primary polymers
[17]. A flow chart of the algorithm is shown in Fig. 7. The procedure
starts with one primary polymer in generation 0. It may be con-
nected in two ways: somewhere along its backbone to the end
points of other primary polymers and at its end points to an



Fig. 7. Flow chart of the Monte Carlo simulation model. The algorithm starts in generation nG ¼ 0 with one primary polymer. This and all subsequent primary polymers may have
branch points on their backbone (open thin circles) or at its two end points (open fat circles). This is determined in the terminal branch point loop. Once the branch points are
identified (denoted by black circles), they enter into the 2 different blocks for the next generation as terminal or as backbone branch points. Within the blocks the lengths as well as
the branch points for the next generations are determined, using the probability distributions from the kinetic model and Table 1.
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arbitrary unit on the backbone of other primary polymers. Deter-
mining the two types of connectivity takes place in the two blocks
of Fig. 7. Some tasks performed in these loops are common, some
others are specific. We will first address the two common tasks:
determining whether an end point of a primary polymer is a branch
point and computing the number backbone branch points on a
primary polymer.

3.4.4. End point connectivity
The primary polymer in generation 0 and all other primary

polymers, connected by backbone or end point, may have branch
points on their end point. As goes from Fig. 7, for each backbone
connected primary polymer two end points are to be evaluated, for
each end point connected chains just one. The connectivity of an
end point is determined as follows. An end point may only become
connected as a vinyl end reacting with a secondary radical. Such a
vinyl endmay have been present from the start as an initial one, not
having undergone scission, or be created by scission.

In the case of a non-scission end we need the initial fraction of
all end points being a vinyl end, r¼(0), as well as the probability
that this type of vinyl end has reacted to a connection point.
The concentration of such vinyl ends, mv01 , being consumed by the
branching reaction, is described by the balance:

dmv01
dt

¼ �kvsmv01 ls1 t ¼ 0 : mv01 ð0Þ ¼ 2r¼ð0Þm0ð0Þ (23)

Here, m0(0) is the concentration of polymer chains at t ¼ 0 as
defined by:

m0ð0Þ ¼
XN

n;b;v;p;s;t

:::::
XN

Pn;b;v;p;s;tð0Þ (24)

The amount of terminal vinyl groups from virgin PE reacting to

branch points thus equals kvs

Z s

0
mv01 ls1dt. Hence, the probability

that a chain end, not having undergone scission, is an originally
present vinyl end converted into a branch point, r1, follows as:

r1 ¼
kvs

Zs

0

mv01 ls1dt

mv01 ð0Þ r¼ð0Þ (25)
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If the chain end happens to be created by scission, then there is a
probability that it changes into a vinyl end that reacts with a sec-
ondary radical site and becomes a branch point. This sequence of
reactions is shown in Fig. 8. Upon scission an amount of vinyl ends is

directly created, equal to ks

Z s

0
ls1dt, apart from the same amounts of

primary radicals. As described by Eq. (2) primary radical sites
terminate bydisproportionation andhydrogenabstraction reactions,
a part of this indirectly yielding vinyl ends. This fraction is given by:

r2 ¼

Zs

0

lp1

�
ktd

�
1
2
lp1þls1þlt1

�
þkhtpm1

�
dt

Zs

0

lp1

n
khtpm1þktd

�
lp1þls1þlt1

�
þktdsl

s
1þktdtl

t
1

o
dt

(26)

Furthermore, the fraction of terminal vinyl groups originating
from scission reacting to branch points is given by:

r3 ¼
kvs

Zs

0

mv1l
s
1dt

Zs

0

�
ksl

s
1 þ ktdl

p
1

�
1
2
lp1 þ ls1 þ lt1

�
þ khtpm1l

p
1

�
dt

(27)

Here, it should be noted that the concentration of the vinyl ends
created by scission and consumed by the branching reaction, mv1, is
given by Eq. (18), if this differential equation is solved for an initial
condition mv1ð0Þ ¼ 0. Thus, the overall probability of a scission end
to become a branch point follows as:

r4 ¼ ð0:5r2 þ 1Þr3 (28)

The determination of terminal branch points is required in both
the terminal branch and the backbone branch loop. The number of
such branch points connects the primary polymers of generation nG
to an equal number of primary polymers in generation nG þ 1.
The latter primary polymers are evaluated by entering the subse-
quent part of the algorithm in the terminal branch point loop
(see Fig. 7).
secondary radical site

branch point, r4 = 0.5(r2+1)r3

r21-r2

r3

0.5

0.5

0

2 dtks

scission points:

Fig. 8. Sequence of reactions following the scission of a chain at a secondary radical
site. Vinyl ends are formed both directly upon scission as via primary radicals.
Ultimately they may form a branch point, with a probability r4 (Eq. (28)).
3.4.5. Backbone connectivity
The primary polymer in generation 0 and all other primary

polymers, either connected by backbone or end point, may have
branch points on their backbone. This depends on the probability of
a monomer unit of being a branch point, also called the average
branching density, rb, according to Eq. (20) defined as:

rb ¼ mb1
m1

¼ kvs
m1

Zs

0

ls1m
v
1dt (29)

The actual number of branch points, b, depends on rb and on the
sampled chain length, n, and follows by sampling from a binomial
distribution:

pðbjn; rbÞ ¼
�
n
b

�
ðrbÞbð1� rbÞn�b (30)

The determination of backbone branch points is again required
in both the terminal branch and the backbone branch loop. The
number of such branch points connects the primary polymers of
generation nG to an equal number of primary polymers in genera-
tion nG þ 1. The latter primary polymers are evaluated by entering
the subsequent part of the algorithm in the backbone branch point
loop (see Fig. 7).

3.4.6. Terminal branch point loop
The procedure, also for the first segment, to determine its

eventual connectivity at end points or backbone as well as its
length, is depicted in the terminal branch point loop block in Fig. 7.
This procedure is applied to the first primary polymer and to those
sampled as being attached at an arbitrary unit at their backbone
(black dots). Note that the primary polymer of generation 0 obvi-
ously has no such point as it does not possess a primary polymer of
a previous generation to which it is attached.

Now first, the nature of the end points of the primary polymer,
scission or non-scission, has to be determined. For both the gen-
eration 0 primary polymer as for a backbone connected primary
polymer this happens by a sampling procedure that starts by
picking an arbitrary unit along the backbone of the primary poly-
mer. In the case of a backbone connected chain this obviously is the
connection point. Then a procedure is applied to check whether
scission has taken place at either side, given the scission probability
rs from Eq. (8). The result of this procedure is obtained using the
semi-analytical method [27,28] and is shown in Table 1 as the chain
length weighted probability distribution of finding i scission ends
(i ¼ 0, 1 or 2), pwt(i). If finally the nature of the end points is known,
scission or non-scission, the probability that they are branch points
follows using the probabilities r1 and r4 obtained above, by Eqs. (25)
and (28), resp. The task is performed by picking a random number,
0 < r < 1, and for a branch point to exist requiring that r < r1 (non-
scission) or r < r4 (scission).

The length of the (first) primary polymer, n, is determined in
relation to the previously sampled number of scission points, i, by
sampling from the distribution pwt(nji) also shown in Table 1.
Finally, the number of backbone branch points follows from n and
the branching density rb using Eqs. (29) and (30).

3.4.7. Backbone branch point loop
Any primary polymer may turn out to possess branch points on

its backbone, as identified in the above procedure, Eqs. (29) and
(30). To such branch points primary polymers are attached by
one of their end points. Hence, the characteristics of such primary
polymers belong to the class of those that possess at least one
branch point. In the backbone branch point loop the length, the
number of backbone branch points and the connectivity of the



Fig. 9. Molecular Weight Distributions of 5 HD Polyethylene (PE 539123) samples from
SEC-MALS, one unmodified, four modified with different peroxide concentrations. The
leftmost distribution (dotted line) represents the untreated PE. The MWD’s of the 4
samples chemically modified in the ZSK200 twin-screw extruder show a broadening
and a higher dispersity index with increasing peroxide concentration.
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second end point have to be determined. The branch point of the
attached end necessarily has to be created from a previous vinyl
end. Again, it is important to know whether it originates from
scission and subsequent reaction to a vinyl end, or it represents an
initially present vinyl end, not resulting from scission. The identity
of the attached end of the primary polymer, scission or no scission,
determines the other end’s connectivity and its length [27,28].

The following question now arises. Given the fact that the
attached end of the primary polymer is a branch point, what is the
probability that it is a scission or non-scission point? Since all
branch points come from vinyl ends, the answer must be that this
probability is equal to the ratio between the amounts of the two
different types of vinyl ends reacting to branch points. The total
amount of terminal vinyl groups originating from scission reacting
to branch points is calculated as follows, see also Fig. 8. The total
amount of scission ends produced, either terminal vinyl or as

primary radicals, is equal to 2ks
Z s

0
ls1dt. Since the fraction of all

scission ends reacting to branch points has been derived above as r4
according to Eq. (28), the total amount of branch points originating

from scission is equal to 2r4ks
Z s

0
ls1dt. Now, the amount of initially

present terminal vinyl groups in virgin PE reacting to branch points

has from Eqs. (23) and (24) been calculated to equal kvs
Z s

0
mv01 ls1dt.
Table 2
Kinetic data and concentrations for ZSK200 twin-screw extruder conditions.

Rate coefficient/species concentration

Initial initiator concentration
PE density
Number average MW virgin PE (average chain length)
PE concentration (m1/nn)
PE concentration (r/M, M ¼ 28)
Initial fraction vinyl chain ends
Conversion of vinyl ends
Average res. time ZSK200 twin-screw extruder
Initiator dissociation (Perkadox 14, 210 �C)
Hydrogen abstraction by initiator radical
Hydrogen abstraction by primary radical
Disproportionation coefficients (primary, secondary, tertiary radicals)
Vinyl to secondary radical coupling
Random scission
Thus, the probability that a branch points originates from scission
becomes:

r5 ¼
2r4ks

Zs

0

ls1dt

2r4ks
Zs

0

ls1dt þ kvs

Zs

0

mv01 ls1dt

(31)

Once the identity of the attached end of the primary polymer,
scission or no scission, is known the other end’s identity and its
length may be determined. These properties are obtained by
sampling from conditional distributions that have been derived
from the semi-analytical approach before [27,28], see Table 1. The
number weighted (superscript nr) probability pnr(ijj) represents the
chance, for a primary polymer under the condition that its sam-
pling end equals j (¼ 0 for non-scission, 1 for scission), that the
other chain end’s identity equals i. If the scission/non-scission
identity of the other end points is known, scission or non-
scission, the probability that they are branch points again follows
using the probabilities r1 and r4 obtained above, by Eqs. (25) and
(28), resp. A branch point is present, if a random number r
(0 < r < 1) [<r1 (non-scission) or < r4 (scission). The length, n,
follows by sampling from the conditional length distribution
pnr(nji,j) (i, j are 0 or 1), see Table 1. Finally, as in the other loop, the
number of backbone branch points follows from n and the
branching density rb using Eqs. (29) and (30).

4. Results and discussion

4.1. SEC-MALS data

The measured SEC-MALS curves for a High-Density PE-grade
from Sabic, PE 539123, subjected to varying peroxide-
concentrations in the ZSK200 twin-screw extruder between
0.0012 and 0.0048 kmol/m3, are shown in Fig. 9.

4.2. Starting conditions simulations

Simulations have been performed using the measured Molec-
ular Weight Distribution of the untreated Polyethylene sample as
the input distribution (Fig. 9). We have assumed ideal mixing, so
the system is acting as an ideally mixed batch reactor. In practice,
non-ideal mixing might be at hand, as was the case in the (strong)
degradation of Polypropylene in our previous study [3]. However,
in the present case of mild modification of PE ideal mixing seems to
be a good assumption.
Symbol Value Units

I2(0) 0.0012e0.0048 kmol.m�3

r 750 kg.m�3

Mn (nn) 16.7 (596) kg.mol�1

m0 1.6 � 10�3 kmol.m�3

m1 26.8 kmol.m�3

r¼(0) 0.1
h¼ 0.23e0.79
s 30 s
kd 1 s�1

kht 10 m3.kmol�1 s�1

khtp 0 m3.kmol�1 s�1

ktd, ktds, ktd, 1013 m3.kmol�1 s�1

kvs 3.5 � 108 m3.kmol�1 s�1

ks 0e7.5 � 104 s�1



Fig. 10. aed. MWD’s for samples 1e4 with varying initiator concentration, I2(0). MWD
of unmodified PE is shown (in gray) for reference. The MC simulations assuming vinyl
to secondary radical coupling with kvs ¼ 3.5 � 108 m3.kmol�1 s�1 and random scission
with ks ¼ 7.5 � 104 s�1 show excellent agreement with the SEC-MALS measurements of
modified PE (black drawn curves).
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Some of the input data have been inserted as fixed values, like
the density of the modification conditions, r ¼ 750 kg/m3, from
which the first moment as defined by Eq. (9) is calculated as m1 ¼ r/
M ¼ 26.8 kmol/m3 (M ¼ 28, molecular weight of Ethylene). It has
been assumed that 10% of the linear chain ends carries a terminal
double bond. This value is based on the FTIR measurements.
The starting concentration of initiator, I2(0), was varied around
those applied in the PE modification experiments. Reaction time, s,
was not varied, but constantly taken as 30 s, according to the ex-
periments. The initiator dissociation rate was assumed to invariably
equal that of Perkadox at 210 �C. Neither the coefficient of hydrogen
abstraction was varied, whose value was taken from our previous
PP degradation study to be constantly 10 kg/(kmol.m3). Hydrogen
abstraction by primary radicals has been attributed a negligible
role, since not many primary radicals are present. The only source
of these radicals is random scission, which will turn out to be at a
low level, as is shown below. The kinetic coefficients for vinyl to
secondary radical coupling, kvs, and for scission were used as
adjustable parameters to attain the best fit with experimental data.
All these data have been summarized in Table 2.

4.3. Simulation results

MC simulations generate populations of around 600,000 mol-
ecules. The numbers of monomer units and primary polymers
(equal to number of branch points plus 1) of each molecule are
registered. The MWD is constructed as a histogram with (loga-
rithmic) molecular weight bins. Concerning the shape of the
MWD’s the simulations have revealed the following. The MWD
appears to be most susceptible for the vinyl to secondary radical
coupling coefficient, kvs, while the role of scission turned out to be
minor, although not negligible. Varying the scission coefficient
appears to be important to find a better fit in the tail of the MWD.
As regards the coupling coefficient, kvs, the best MWD fit was found,
for the 4 different initiator concentrations, for a value of
3.5 � 108 m3.kmol�1 s�1. Note that according to the branching
mechanism vinyl ends are consumed and changed into branch
points. According to the kinetic model during the modification
process between 23% (I2(0) ¼ 0.0012 kmol m�3) and 79%
(I2(0)¼ 0.0048 kmolm�3) of these vinyl ends is consumed, which is
in agreement with the FTIR measurements. Fig. 10 shows the 4
MWD’s from simulations and SEC-MALS. The MWD of virgin PE is
shown for reference. The molecular weight averages have been
summarized in Table 3. One may observe that through chemical
modification the MWD of PE becomes broader; the long tail does
not undergo a major change. For all of the concentrations an almost
perfect fit is found between measured and simulated MWD. This
confirms the importance of the vinyl to secondary coupling
mechanism in PE modification, as was experimentally found in an
entirely different way, in the EPR-study by Camara et al. [1].

The role of scission is shown in Fig. 11, where we plotted the tail
of the MWD’s for initiator concentrations I2(0) ¼ 0.0024 and
0.0048 kmol kg�1. From the SEC-MALS curves one may conclude, as
far as the accuracy of the data permits, that the tail of the MWD
hardly is changed during the modification process. If in the simu-
lations scission is assumed to be absent, as in the study by Bran-
dolin et al. [5] the tail of the MWD is clearly extended to much
higher weights, around 2�107. Since, we do not see this in the SEC-
MALS, it must be concluded that scission is acting here and pre-
venting tail extension. This is confirmed by considering the average
MW values in Table 3. The values obtained with MC assuming
scission are generally closer to the measured MW, than those
assuming scission to be absent. We found, from the 4 measured
MWD’s, that a value of the scission coefficient, ks, equal to
7.5�104 s�1 leads to the best fit for the MWD tail. This corresponds
to an average scission probability, rs, for the highest initiator con-
centration of 1.3 � 10�5 (scission events per monomer unit). This is
a factor 20 lower than the average branching density (see below), rb.

Finally, the branching density as a function of molecular weight
is calculated from the Monte Carlo simulations. This density



Table 3
Number (Mn) and weight (Mw) average molecular weights and dispersity index (Ð) for virgin (sample 0) and modified (samples 1e4) PE according to the SEC-MALS mea-
surements and the MC simulations (with/without scission). These are the averages of the MWD’s shown in Fig. 10.

Samples Units

0 1 2 3 4

SEC-MALS SEC-MALS MC scis. MC
non- scis.

SEC-MALS MC scis. MC
non- scis.

SEC-MALS MC scis. MC
non- scis.

SEC-MALS MC scis. MC
non- scis.

Mn 16.7 14.5 17 17 16.4 17.4 17.4 16.4 18.1 18.2 11.2 18.5 18.6 kg.mol�1

Mw 116 123 124 129 136 122 142 136 141 159 150 150 180 kg.mol�1

Ð 7.0 8.5 7.3 7.5 8.3 7.0 8.0 8.3 7.8 8.7 13.4 8.1 9.7

Experimental values are in bold.
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distribution is derived from the 3-dimensional concentration dis-
tribution P(n,v,b) as formulated in Eq. (21):

rbðnÞ ¼ 1
n

XN
v¼0

XN
b¼0

bPðn; v; bÞ (32)

This rb(n) is derived from the populations of generated mole-
cules by collecting both the numbers of branch points (one less
than the number of primary polymers) and the numbers of
monomer units of all molecules in a molecular weight interval.
Summing up both numbers and taking the quotient provides the
branching density for that interval. The resulting branching density
distribution is shown for two initiator concentrations in Fig. 12.
Note that the averages for the branching density, rb, according to Eq.
(29), amount to 1.6 � 10�4 (sample 2) and 2.8 � 10�4 (sample 4).
One observes a maximum of the branching density at around an
MWof 300 kg.mol�1. Due to this shape the longest chains, having a
Fig. 11. a,b. Effect of scission on the tail of the MWD, for two initiator concentrations.
The measured MWD (SEC-MALS) does not show a significantly extended tail. If no
scission is assumed in the MC simulations, the tail is clearly extended. Assuming mild
scission, with ks ¼ 7.5 � 104, a fair agreement between the tails of the measured and
calculated MWD is obtained; kvs ¼ 3.5 � 108 m3.kmol�1 s�1.
lower branching density, possess around 180 branch points (sam-
ple 4). The lower branching density at longer chain lengths also
implies that the increase of chain length by branching for those
chains is somewhat less significant.

Finally, in Fig. 13 we show the branched architecture of one
example molecule from the population (typically 600,000 mole-
cules) for the conditions of sample 4. This molecule counts 82,551
monomer units, 30 branch points. The lengths of the 31 primary
polymers are shown. The generation at which the primary poly-
mers are becoming attached is indicated with lines of decreasing
thickness; in this example it took 7 generations to produce the
molecule. It contains two very long molecules, one introduced in
generation 0 (length 46,792) and one in generation 5 (12,471). The
attachment of one small segment (37) in generation 7 concludes
the process. The first primary polymer possesses a non-connected
scission point. The generation 1 primary polymers of lengths x
and y are connected by a (former) scission point. Note, that with a
scission probability, rs, of around 10�5 onewould expect on average
just one scission point for this molecule, as compared to the total of
three in this case. In this molecule all the vinyl ends have been
converted into branch points. No unreacted vinyl ends are present
anymore, although this would have been possible.

The attachment of one small segment (37) in generation 7
concludes the process. The first primary polymer possesses a non-
connected scission point. The generation 1 primary polymers of
lengths 112 and 148 are connected by a (former) scission point.
Note, that with a scission probability, rs, of around 10�5 one would
expect on average just one scission point for this molecule, as
compared to the total of three in this case. In this molecule all the
vinyl ends have been converted into branch points. No unreacted
Fig. 12. Branching density as a function of MW from Monte Carlo simulations for
conditions of sample 2 and 4. The effect of scission is small. Average branching density
rb equals 1.6 � 10�4 (sample 2) and 2.8 � 10�4 (sample 4). The maximum number of
branch points per molecules for the longest chains is around 180.
kvs ¼ 3.5 � 108 m3.kmol�1 s�1.
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Fig. 13. Example molecule for sample 4, monomer units: n ¼ 82,551, branch points:
b ¼ 30. Primary polymers of subsequent generations in decreasing thickness. Two long
chains: generation 0: 46,972, generation 5: 12,471; last generation (7): small branch
(37). Two H-shape branching structures visible. Three scission points, two connected,
one non-connected. No unreacted vinyl ends.
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vinyl ends are present anymore, although this would have been
possible.

The example of the branched architecture of a molecule created
by chemical modification of PE shows that the MC model gives
access to properties of importance for characterization and
rheology that are based on the branching topology. In Iedema
et al. [27] for different branched polymer topologies we have
shown how to infer the contraction factor of the radius of gyration
as well as rheological qualifiers (seniority, priority) from pop-
ulations of topologies using graph theory. The same procedure has
been followed in a recent Science paper [2], where it was shown
how the generated populations of branching topologies are
employed for predicting the complex rheological behavior of the
polymer melt.

Although in the present PE modification study the branching
distribution in itself was not directly experimentally verified, the
underlying kinetic mechanism leading to the specific branching
topology has indeed been validated through our MC model. Hence,
we conclude that the above mentioned topology-based properties,
accessible through available computational methods, possess a
clear kinetic basis. Moreover, since these properties in themselves
are amenable to experimental verification, as was shown by Liu
et al. [16], such calculations would form an interesting extra link to
experimental data.

5. Conclusions

PE modification experiments have been carried out within a
ZSK200 twin-screw extruder with Perkadox 14 as the peroxide
used. The MWD of the virgin PE and the treated samples were
obtained with SEC-MALS. With FTIR and NMR the presence of vinyl
end groups was identified, amounting to about 10% of all chain
ends. A Monte Carlo simulation model computing MWD has been
constructed allowing for all of the usual modification reactions:
initiator dissociation, hydrogen abstraction, termination by
disproportionation. The existence of random scission has also been
accounted for. This gives rise to ‘primary polymers’, the usual [17]
linear building blocks of the MC simulation, that have undergone
scission and therefore have lengths depending on the number of
scission ends. Several branching mechanisms have been proposed
for PE modification before [5e15], but here we assume that the
most important branching reaction is the coupling of a vinyl end to
a secondary radical site. This yields a tertiary radical branch point
that is converted in a non-radical site by disproportionation.

The rate coefficients for vinyl to secondary radical coupling and
for random scission, kvs and ks resp., have been employed as
adjustable parameters to fit the calculated MWD’s to those
measured by SEC-MALS. Perfect agreement was found for the
complete experimental series with different peroxide concentra-
tions using the values kvs ¼ 3.5 � 108 m3kmol�1 s�1 and
ks ¼ 7.5 � 104 s�1. The latter value corresponds to relatively mild
scission, which was seen to explain the apparently unchanged
shape of the MWD tail in the SEC-MALS results. The fact that we
could reproduce the MWD’s with just one branching mechanism,
being the vinyl to secondary radical site coupling, is well in line
with an earlier study of PEmodification by EPR [1]. In another study
of PE modification [5] random scission has been completely
ignored. Although we did not find this mechanism to dramatically
affect the main part of the MWD, our findings do not justify
ignoring scission.

TheMCmodel allows computing the average numbers of branch
points and branching density as a function of the molecular weight.
Interestingly, a maximum in the branching density was found at
around an MW of 300 kg.mol�1. Due to this effect the maximum
number of branch points found in the longest molecule is around
180 (highest initiator concentration). The average probability of a
monomer unit to become a branch point turns out to be a factor 20
higher (rb ¼ 2.8 � 10�4) than the probability to undergo a scission
reaction (rs). The branching distribution could not yet be compared
to experimental data from SEC-MALS or NMR. However, our model
allows computing branching topologies, as was shown by an
example molecule, which form the computational basis for infer-
ring properties like radius of gyration contraction factors and
rheological qualifiers. Hence, the explicit branching topologies
form an extra link to experimentally accessible properties. In
forthcoming publications we will more thoroughly investigate the
branching distribution using direct or indirect experimental infor-
mation concerning branching (topologies). This would include
studies of PE modification, where a certain amount of initial
branching is present. The MC model is easily extendable to incor-
porate such a condition.
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