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Mathematical Modeling of the Grafting of Maleic

Anhydride onto Polypropylene

Reinaldo Giudici

Summary: A kinetic model for the free radical grafting of maleic anhydride (MAH)

onto polypropylene (PP) was developed. The model is able to predict the effect of

MAH and initiator concentrations on the grafting degree as well as the changes in the

polymer molecular weight distribution during the grafting process. Simulation

results are validated by comparison with data from different sources, showing that

the model is able to represent reasonably the main trends of the experimentally

measured variables both in batch (internal mixer, static film) and in continuous

processing (twin-screw extruder), under different conditions. Model predictions are

also compared well with a Monte Carlo simulation previously presented in the

literature for the same process.
Keywords: grafting; kinetic model; maleic anhydride; modeling; polypropylene
Introduction

The functionalization of polypropylene

(PP) with polar monomers such as maleic

anhydride (MAH) by reactive extrusion

has received much attention in the past

decades. By this method, some properties

of PP such as polarity, chromaticity, adhe-

sion with metal, glass or ceramic, and com-

patibility with polyamides and polyesters

could be greatly improved.[1]

Maleation of PP involves grafting of

MAH onto polypropylene in the presence

of organic peroxides whose decomposition

acts as a source of free radicals. This process

has been studied experimentally under high

temperatures (molten polymer) in batch

(torque rheometer, ampoules, films, etc.)

and continuous reactors (single-screw

and twin-screw extruders, mini-extruders).

There are also some studies of grafting in

solution. Whatever the case, free radical

initiated grafting of PP is accompanied by

scission reactions, thus changing the mole-

cular weight distribution and the rheologi-
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cal characteristics of the polymer. Given

the number of different variables involved,

e.g., peroxide type and concentration,

MAH concentration, reaction time, tem-

perature, rotation speed, sequence of reac-

tant feedings, presence of stabilizers, etc.,

and their interactions, it is difficult to to find

the optimal conditions for this process.[2]

Bettini and Agnelli[2,3] studied the

maleation of PP in a torque rheometer by

changing MAH and peroxide concentra-

tion, rotation speed and reaction time

according to a factorial design of experi-

ments. They measured the amount of

grafted MAH and the melt index of the

polymer, and analyzed the results in terms

of a surface response empirical model.

Martinez et al.[4,5] studied the process both

inmelt and in solution (in xylene) according

to a Box-Wilson type expanded factorial

design, changing MAH and peroxide con-

centrations and reaction time. The results

for degree of grafting were analyzed by

surface response methodology. Machado

et al.[6,7] studied the process in a continuous

twin-screw extruder and measured the

degree of grafting and dynamic viscosity

for samples taken along the extruder. Shi

et al.[8] measured grafting degree and

MWD of PP maleated in a twin-screw
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extruder. They also tried to characterize the

chemical structures found in the grafted

polymer by electrospray ionization-mass

spectrometer (ESI-MS) and used this

information to propose a tentative mechan-

ism for the process. Heine et al.[9] used

C13-NMR to characterize different poly-

olefins grafted with MAH, and discussed

possible mechanism steps to explain the

observed structures. Trolez et al.[10]

analyzed experimental data of grafting of

MAH onto PP showing that the number

of grafted chains are higher than the

number of radicals generated by peroxide

decomposition, that would be an evidence

of the occurrence of chain transfer reac-

tions between grafted radicals and polymer

molecules. Severini et al.[11] studied graft-

ing of MAH in vapor phase onto PP films

and measured polymer MWD and char-

acterized the chemical structures by infra-

red spectroscopy (IR-ATR). Almost all

previously cited work discussed the possible

steps involved in the grafting mechanism in

order to explain the experimental observa-

tions.[2,3,6–11] In general, the occurrence of

the following reaction steps is admitted:

initiator decomposition, hydrogen abstrac-

tion, beta-scission of the radicals generated

by hydrogen abstraction, reaction of MAH

with the radical, chain transfer to polymer

molecules. It is also well accepted that there

is no possibility for the homopolymeriza-

tion of MAH to occur at higher tempera-

tures, due to the ceiling temperature (i.e.,

MAH propagation is thermodynamically

disfavored at high temperatures). Further-

more, it is well known the strong tendency

of the PP radicals generated by H-abstrac-

tion undergo beta-scission, thus reducing

the molecular weight (as in the process to

produce controlled rheology PP).

On the other hand, there are also some

controversial issues. Bettini and Agnelli[2]

performed comparative experiments with

and without adding MAH under similar

conditions and observed higher melt

indexes (i.e., lower molecular weights) in

the samples processed in the presence of

MAH. Similarly,Machado et al.[7] observed

stronger decreases in dynamic viscosity for
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maleated PP than for PP processed with

only peroxide, again indicating the syner-

gistic effect of MAH grafting and scission.

On the other way, Severini et al.[11]

observed higher degree of degradation in

PP processed without MAH. Ho et al.[12]

found out that at low concentrations of

MAH and initiator (dicumil peroxide,

DCP), the presence ofMAH could enhance

the degradadtion of PP during processing,

but the PP degradation can be also reduced

at higher MAH concentrations. These

differences have been ascribed to the

differences in processing conditions.

Although several works have discussed

the possible reactions of the mechanism of

MAH grafing onto PP, that could quali-

tatively explain the experimental obser-

vations, there are comparatively few

published works regarding the modeling

and simulation of this process focused in a

quantitative, rather than only qualitative,

interpretation of the results. Cha and

White.[13] presented a kinetic scheme in

which the following steps are considered:

(a) initiator decomposition; (b) hydrogen

abstraction from both ungrafted and

grafted polymer chains; (c) grafting of

MAH; (d) reaction of polymeric radicals

with impurities; (e) termination between

polymeric radicals. This kinetic scheme,

however, is not able to explain the occur-

rence of a maximum in the degree of

grafting as a function of MAH concentra-

tion for a given peroxide concentration, as

observed experimentally. In addition, scis-

sion step (responsible for the decreasing in

the polymer molecular weight) is not

considered in this scheme, although also

observed experimentally.

A more comprehensive kinetic scheme

and simulation model was proposed in

the work by Zhu et al.[1] They considered

the following steps: (1) peroxide decom-

position forming primary radicals; (2)

hydrogen abstraction by the primary radi-

cal from either tertiary or secondary carbon

of PP, given tertiary and secondary back-

bone radicals, respectively; (3) consump-

tion of MAH by side reaction with primary

radicals; (4) beta-scission of tertiary radi-
, Weinheim www.ms-journal.de
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cals, forming chain-end radicals; (5) graft-

ing of MAH onto tertiary, secondary, and

chain-end radicals; (6) termination by

combination of two secondary radicals,

forming crosslinkings; (7) termination by

disproportionation between any two radi-

cals. They simulated the grafting process

using a Monte Carlo algorithm in which a

large number of initial polymer chains

(10,000) is considered, and the occurrence

of the different reaction events is decided

by comparing randomly generated numbers

and the probability of each reaction based

on the rate constants and concentrations.

Their simulation results were successfully

compared with the experimental data of

isotactic PP maleation reported by Shi

et al.[8]

Monte Carlo simulation, such as that

used in thework ofZhu et al.,[1] is a powerful

simulation tool that is able to predict the

individual structure of each polymer chain,

but at a cost of much larger computational

effort than that of a deterministic simulation.

For computationally more intensive appli-

cations, such as those required in process

optimization and control, deterministic

models based on solving mass balance

equations are definitely preferred. The

present work aims at presenting a determi-

nistic simulation model for the grafting of

MAH onto PP that is able to correctly

represent the trends of the main process

variables and to provide meaningful quanti-

tative predictions. The kinetic scheme

considered is similar (but not exactly equal)

to that used in Zhu et al.[1] and other

previously published works. The model
Figure 1.

Pictorial representation of radical types.[14]
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results are validated by comparison of

experimental data from different authors.
Model Development

The following reaction steps are considered

in the mechanism:

(1) Initiator (peroxide) decomposition,

forming primary radicals (initiator frag-

ments)

I �!kd ð2f ÞR�
o (i)

(2) Hydrogen abstraction (chain transfer to

polymer), forming backbone radicals:

R�
0 þ Ps �!

kfp;0
Sþ Rb�

r (ii)

Rb�
r þ Ps �!

kfp
Pr þ Rb�

r (iii)

Re�
r þ Ps �!

kfp
Pr þ Rb�

r (iv)

(3) Beta-scission of backbone radicals,

forming a dead chain and a chain-end

radical:

Rb�
r �!kcs Re�

s þ Pr�s (v)

(4) Grafting of maleic anhydride (A),

forming grafted radicals:

R�
o þA �!

ka;0
RA�

o (vi)

Rb�
r þA �!ka RAb�

r (vii)

Re�
r þA �!ka RAe�

r (viii)
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(5) Chain transfer of the grafted radicals to

polymer chains:

RA�
o

RAb�
r

RAe�
r

0
@

1
Aþ Ps �!

kfp0 S
Pr

� �
þ Rb

r (ix)

(6) Termination between two radicals of

any type:

R�
o

Rb�
r

Re�
r

RA�
o

RAb�
r

RAe�
r

0
BBBBBB@

1
CCCCCCA

þ R�
o Rb�

s Re�
s RA�

o RAb�
s RAe�

s

� �

�!kt
S

Pr þ Ps

Prþs

0
@

1
A ðxÞ

The notation adopted and the main steps of

this kinetic scheme are most based on the

work of Hamielec et al.[14,15] Figure 1 shows

a pictorial representation of the different

polymeric radical types considered.

Differently from the work of Zhu

et al.,[1] the proposed model does not

distinguish between hydrogen abstraction

in secondary and tertiary carbon of a PP

chain. This consideration allows for some

model simplification and was adopted

because these events does not strongly

affect the MWD and the grafting degree.

Considering this kinetic scheme, and taking

into account the pseudo-steady-state

hypothesis for all free radical species, the

following mole balances for a batch reactor

can be written:

initiator
dI

dt
¼ �kdI (1)

free MAH

dA

dt
¼ �ka;0ARo � kaAðY0e þ Y0bÞ

(2)

grafted MAH

dAg

dt
¼ þkaAðY0e þ Y0bÞ

(3)
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0 ¼ dRo

dt

¼ þ2fkdI � kfp;0Q1Ro � kaARo

� ktRoRtot (4)

0 ¼ dRb
r

dt

¼ :kfp;0RorPr þ kfpY0brPr þ kfpY0erPr

þ kfp0rPrðRAo þ Y0Ab þ Y0AeÞ
� kfpR

b
rQ1 � kcsR

b
r � kaARb

r � ktR
b
r Rtot

(5)

0 ¼ dRe
r

dt

¼ þkcs
X1
s¼rþ1

Rb
s

s
� kfpR

e
rQ1 � kaARe

r

� ktR
e
rRtot (6)

0 ¼ dRAo

dt

¼ þka;0ARAo � kfp0Q1RAo

� ktRAoRtot (7)

0 ¼ dRAb
r

dt

¼ þkaARb
r � kfp0Q1R

Ab
r

� ktR
Ab
r Rtot (8)

0 ¼ dRAe
r

dt

¼ þkaARe
r � kfp0Q1R

Ae
r � ktR

Ae
r Rtot (9)

dPr

dt
¼ �kfp;0RorPr � kfpY0brPr � kfpY0erPr

� kfp0 ðRAo þ Y0Ab þ Y0AeÞrPr

þ kcs
X1
s¼rþ1

Rb
s

s
þ kfpQ1ðRb

r þ Re
rÞ

þ kfp0Q1ðRAb
r þ RAe

r Þ þ ktðRb
r þ Re

r

þ RAb
r þ RAe

r ÞRtot

(10)

where Ag is grafted MAH, A is the free

(unreacted) MAH, I is the initiator

(peroxide), Rrk is a k-type radical of size

r, Q1 is the first moment of polymer chains

(¼total number of monomeric units in the

polymer chains per unit volume of PP)
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defined by:

Q1 ¼
X1
r¼1

rPr (11)

Termination by disproportionation

(rather than by combination) is assumed

in Equation (10). The zero-moment for the

different radical types are defined as:

Y0b ¼
X1
r¼1

Rb
r Y0e ¼

X1
r¼1

Re
r

Y0Ab ¼
X1
r¼1

RAb
r

Y0Ae ¼
X1
r¼1

RAe
r

(12)

and the total radical concentration is

Rtot ¼ Ro þ Y0b þ Y0e þ RAo þ Y0Ab

þ Y0Ae (13)

Using (12) in Equation (5), (6), (8) and

(9), results:

0 ¼ dY0b

dt

¼ kfp;0Q1Ro þ kfpQ1Y0e

þ kfp0Q1ðRAo þ Y0Ab þ Y0AeÞ

� kcsY0b � kaAY0b � ktY0bRtot (14)

0 ¼ dY0e

dt

¼ þkcsY0b � kfpQ1Y0e � kaAY0e

� ktY0eRtot (15)

0 ¼ dY0Ab

dt

¼ þkaAY0b � kfp0Q1Y0Ab

� ktY0AbRtot (16)

0 ¼ dY0Ae

dt

¼ þkaAY0e � kfp0Q1Y0Ae

� ktY0AeRtot (17)
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Combining Equation (4), (7), and (14) to

(17), the total radical concentration is:

Rtot ¼ Ro þ Y0b þ Y0e þ RAo þ Y0Ab

þ Y0Ae

¼

ffiffiffiffiffiffiffiffiffiffiffi
2fkdI

kt

s
(18)

The degree of grafting (% wt) is

calculated as:

grafting degree ¼ 98Ag

42Q1
(19)

where 98 and 42 are the molecular weights

of MAH and of PP monomeric unit.

In order to calculate the degree of

grafting, it suffices to solve the following

subset of equations: ordinary differential

Equation (1), (2) and (3), and algebraic

Equation (4), (7), (14)–(18). A standard

fourth-order variable-step Runge-Kutta-

Gill method was used to solve numerically

the ODE system and the algebraic

equations are used to calculate the con-

centration of the different radical types at

each time step.
Modeling the Molecular Weight
Distribution

In order to evaluate the molecular weight

distribution of the polymer during the

grafting process, it is necessary to solve

the balance for the dead polymer species,

Equation (10). By combining Equation (5),

(6), (8), (9) and (10), results:

dPr

dt
¼ kcs �Rb

r þ 2
X1
s¼rþ1

Rb
s

s

 !
(20)

From Equation (5), (14) and (10), the

concentration of b-type radicals of size r,

Rb
r , and the concentration of dead polymer

chains of size r, Pr are related by:

Rb
r

Y0b
¼ rPr

Q1
(21)
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and substituting in (20) gives:

dPr

dt
¼ kcsY0b

Q1
�rPr þ 2

X1
s¼rþ1

Ps

 !
(22)

Let one define the degree of scission u

by:

du

dt
¼ kcsY0b

Q1
(23)

The degree of scission, u, is the fraction

of the initial monomeric units that experi-

enced scission, and is related to the

number-average chain length rn and the

initial number-average chain length rno by:

u ¼ ð1=rnÞ � ð1=rnoÞ (24)

Equation (25) can be written as:

dPr

du
¼ �rPr þ 2

X1
s¼rþ1

Ps

 !
(25)

Considering the long chain hypothesis

and the continuous variable approximation,

one may define the weight fraction of

polymer chains with size r, at a degree of

scission u, w(r,u)¼ r Pr/Q1, so that, Equa-

tion (28) can be finally rewritten as:

1

r

dwðr; uÞ
du

¼ �wðr; uÞ þ 2

Z1
r

wðs; uÞ
s

ds (26)

This is the same equation derived by

Saito[17,18] for randompolymer chain scission

by radiation, and also derived by Hamielec

et al.[14] and Triacca et al.[19] for visbreaking

of polypropylene (free-radical controlled

degradation of PP). The analytical solution

of this integro-differential equation for a

given initial MWD w(r,0) is:[18]

wðr; uÞ

¼
(
wðr; 0Þþur

Z1
r

2þ uðs� rÞ
s

wðs; 0Þds
)
e�ur

(27)

Equation (23) can be solved simulta-

neously with ODEs (1), (2) and (3) to

obtain the degree of scission u at each time.
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If the initial MWD w(r,0) of the polymer is

known, Equation (27) can be used to

evaluate the change in MWD during the

grafting process and the final MWD. If only

the molecular weight averages, rather than

the full MWD of the initial polymer, is

known, Equation (24) can be used to obtain

the number average of the grafted polymer.

Note that the model developed consid-

ers the simultaneous occurrence of grafting

and scission, and it reduces to the limit-

ing case of pure scission for A¼ 0 (proces-

sing PP with peroxide in the absence of

MAH).
Results and Discussion

In this section the model is tested for a

number of different experiments reported

in the literature for grafting of MAH

onto PP. The values of the kinetic para-

meters used in the simulations are shown in

Table 1, andmost of themwere obtained by

fitting the model results to experimental

data from literature[8,13] using least squares

criterion and Levenberg-Marquardt opti-

mization method.

Comparison with Experimental Data

Reported by Shi et al.[8]

Shi et al.[8] reported experiments of grafting

of MAH onto PP carried out in a co-

rotating twin-screw extruder at 180–190 8C
using residence times about 2 minutes,

using different amounts of initiator dicumil

peroxide (DCP, 0.6–5.0% wt) and maleic

anhydride (MAH 0.5–11%wt). Figure 2

presents the comparison of experimental

and simulated values of degree of grafting

and average molecular weight. An increase

in the DCP concentration causes an

increase in the grafting degree. The effect

of MAH concentration on the grafting

degree is complex: for lower values, there is

a considerable increase in grafting degree

as the amount of MAH increases, up to a

peak value; thereafter, it drops continu-

ously with increasing MAH concentration,

thus showing an opposite effect. The peak

increases for higher DCP concentrations
, Weinheim www.ms-journal.de
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Table 1.
Rate constants used in the simulations.

Rate constant Unit Value (185 8C) Source Value (230 8C) Source

f – 0.6 adopted 0.6� 2a) adopted
kd s�1 4.9� 10�2 (DCP) ref. [1] 6.1� 10�1 (DBHA) ref. [13]
ka,0 L mol�1 s�1 7.00� 10þ6 NLR 7.67� 10þ6 NLR
ka L mol�1 s�1 2.73� 10þ4 NLR 2.99� 10þ4 NLR
kfp,0 L mol�1 s�1 2.58� 10þ4 NLR 3.05� 10þ5 NLR
kfp L mol�1 s�1 2.58� 10þ3 NLR 3.05� 10þ5 NLR
kcs s�1 2.10� 10þ3 NLR 2.10� 10þ3 NLR
kfp’ L mol�1 s�1 0. adopted 0. adopted
kt L mol�1 s�1 1.99� 10þ8 ref. [1] 2.56� 10þ9 NLR

DCP¼ dicumil peroxide DBHA¼ 2,5-di-methyl-2,5-bis-(t-butylperoxy) hexane;
a) DBHA is a bifunctional initiator that contains two peroxide groups per molecule and generates 4 radicals per

fragmented initiator molecule. This effect can be account for using an artificially doubled value for the
efficiency, or equivalently, by changing the effective stoichiometric coefficient (2f) to (4f) in reaction step (i);

NLR¼ nonlinear regression (model fitting to experimental data from ref. [8] at 185 8C, Figure 2(a), and from ref.
[13] at 230 8C, Figure 4(a)).
and shifts to the higherMAH concentration

direction as the DCP concentration is

increased. The model is able to represent

satisfactorily such complex trends.

Figure 3 presents the joint effects of

MAH and DCP concentrations on the

degree of grafting and on molecular weight,

as three dimensional plots similar to those

shown by,[1] showing that the predictions of

the present deterministic model are quite

similar to those from the Monte Carlo
Figure 2.

Comparison between model predictions (curves) and e

co-rotating twin-screw extruder at 180–190 8C, residenc
concentration in the grafting degree. (b) Number-averag

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
model proposed by Zhu et al.[1] This

complex behavior on the effect of MAH

concentration can be explained by the

mechanism. In terms of the consumption

of MAH, reaction steps (vii) and (viii) that

are responsible for grafting compete with

step (vi) that spends MAH without effec-

tively graft it onto a polymer chain. Besides,

steps (vi) and (ii) evidence a competition

between MAH and the polymer chains to

react with the primary radicals generated
xperimental data (points) obtained by Shi et al.[8] in

e time 2 minutes. (a) Effect of initial MAH and DCP

e molecular weight as a function of grafting degree.

, Weinheim www.ms-journal.de
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Figure 3.

Joint effect of MAH and DCP concentrations on the grafting degree (left) and on the number-average molecular

weight (right), as predicted by the proposed model.
by peroxide decomposition. Higher MAH

contents favor step (vi) against step (ii),

thus reducing the MAH incorporation to

the polymer chains; on the other way, for

lower MAH concentrations the primary

radicals would attack preferentially the

polymer chains, increasing the number of

polymeric radicals responsible for the graft-

ing reaction. Figure 3 also shows the

effect of MAH and DCP concentrations

on the number-average molecular weight.

In these simulations, an initial polymer

with rno¼ 65000 and polydispersity 4.2 was

considered, as reported by Shi et al.[8]

Under the studied conditions, increasing

MAH concentration difficults the occur-

rence of scission, so that the absence of

MAH would favor scission. This reduction

in PP degradation caused by the presence of

MAH can be interpreted by the mechan-

ism: MAH converts the backbone radicals

otherwise prone to scission into a nonscis-

sionable grafted radical (b’ type), prevent-

ing it from undergo degradation. In this

way, grafting is competing with scission

process. Figure 2(b) shows the comparison

of the model predictions with the experi-

mental data from Shi et al.[8] for number-

average molecular weight.

In general, given the similarities be-

tween the proposed model and the model
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
presented by Zhu et al.,[1] the quality of the

predictions are analogous. Nonetheless,

there are some differences in the formula-

tion of these models, not only in some

details of the kinetic scheme, but also the

simulation approach used (Monte Carlo

versus deterministic approch).Monte Carlo

simulation such as used by ref. [1] provides

more details of individual chain structures,

but at a cost of much more demand on

computer memory and simulation time.

Oppositely, deterministic approach is far

more preferred in applications that require

repeated simulations, such as optimization

and control.

Comparison with Experimental Data

Reported by Cha and White[13]

Cha andWhite[13] studied grafting of MAH

onto PP in both an internal batch mixer

(Brabender Plasti-Corder) during 10 min-

utes and in twin-screw extruder (Japan

Steel Works Tex 30), at 230 8C and rotation

speed 100 rpm. In the extruder the flow rate

was 6 kg/h and the average residence time

185 s. Figure 4(a) presents the experimental

results (points) for degree of grafting as a

function of initial concentrations of MAH

and peroxide (DBHA, 2,5-Di-methyl-2,

5-bis-(t-butylperoxy) hexane, Lupersol

101), for the runs carried out in the internal
, Weinheim www.ms-journal.de
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Figure 4.

Comparison betweenmodel predictions (lines) and experimental data (symbols) from Cha and White[13] obtained

in (a) batch internal mixer (230 8C, 100 rpm, batch time 600 s) and obtained in (b) twin-screw extruder (230 8C,
100 rpm, residence time 185 s).
mixer (a) and in twin-screw extruder (b).

Simulations results are presented as lines in

the same plots. In the model calculations,

an ideal plug-flow behavior was assumed

for the flow in the extruder, using the resi-

dence time in place of the batch time. The

model reproduces reasonably the trends

of the experimental results, showing the

existence of a maximum in these curves.

Note that the data of Cha and White[13]

were obtained at 230 8C and those of Shi

et al.[8] were taken at 185 8C, thus the

necessity of using different sets of rate

constants, as shown in Table 1.

Comparison with Experimental Data

Reported by Severini et al.[11]

Severini et al.[11] studied the MAH grafting

in gaseous phase on to PP films in presence

of peroxide at 120 8C. Peroxide was depos-

ited onto the surface of PP films by eva-

poration of a solution in toluene. These

films were put in an oven under nitrogen

atmosphere with MAH vapor. MWD

curves were measured by gel permeation

chromatography (GPC) for the following

samples: (1) virgin PP with Mn¼ 257 000

and Mw¼ 231 000; (2) PP processed by 30
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and 60 minutes using 0.62%wt benzoil

peroxide (BPO) and 0.2% wt MAH con-

tent; and (3) PP processed by 30 minutes

with 0.62%wt benzoil peroxide without

MAH. Figure 5(a) shows the comparison

between the experimental MWD curves

and the corresponding curves simulated

using Equation (30) considering the MWD

of the virgin PP as the initial distribution.

The model correctly predicts the shift of the

MWD curves towards the lower molecular

weights as a result of the occurrence of

scission. However, the quantitative agree-

ment between simulated and experimental

MWD curves is not good. This is probably

due to a non-perfect mixing of the reactants

within the whole polymer film, as the

reactants took contact with the film surface,

so the diffusion of MAH and BPO into the

filmmay be not complete. The simplest way

tho take this segregation into account in the

model calculation is to admit that there

exist two regions in the processed film:

one region that took contact with the

reactants and suffered grafting and scission,

and another one that did not, so remained

as the initial PP. Assuming this simple two-

region segregated model, the final MWD of
, Weinheim www.ms-journal.de
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Figure 5.

Comparison between model predictions and experimental data from Severini et al.[11] Symbols are experimental

data: (^) virgin PP; (s) maleated PP; (~) PP processed without MAH. Lines are predicted MWD from Equation

(27) (left) and from Equation (28) (right): (----) maleated PP; (–—) PP processed without MAH.
the whole film will be given by:

wðr; uÞ
¼ ywðr; 0Þ þ ð1� yÞ

�
(
wðr; 0Þþur

Z1
r

2þuðs�rÞ
s

wðs; 0Þds
)
e�ur

(28)

where y is the weight fraction of the film

that remained unchanged (undegraded PP)

and (1� y) is the fraction of the original

polymer that took contact with the reac-

tants and underwent scission (degraded

PP). This approach introduces only one

additional parameter, the unchanged frac-

tion of the original polymer (y). This very

simple segregation model was also used by

Iedema et al.[16] and can be seen as a

simpler version of the equation used by

Soares et al.[20] to simulate bad mixing in

visbreaking of PP. Using this simple

segregation model, the fitting of the experi-

mental MWDobserved by Severini et al.[11]

is significantly improved, as shown in

Figure 5(b).

In the presence of MAH, the degree of

scission was lower than that in the absence

of MAH. This shows the effect of degrada-

tion hindrance caused by the grafting of

MAH. According to the kinetic scheme,

step (vii) competes with the scission step
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
(v), and grafted radicals do not undergo

scission. Under the absence of MAH,

scission may occur at more intense way,

resulting in a MWD shifted towards lower

molecular weights.
Conclusions

Akinetic model was proposed and tested to

represent the main trends in the process of

free radical grafting of maleic anhydride

(MAH) onto polypropylene (PP) in melt.

The model is able to predict the effect of

MAH and peroxide concentrations on the

grafting degree as well as the changes in the

polymer MWD. The predictions are similar

to those from a Monte Carlo model

previously reported in the literature[1] for

the same process. The proposed determi-

nistic model is based on the numerical

solution of mass balances and reaction

kinetics, so it is less computationally de-

manding than a Monte Carlo model.

Simulation results were compared with

experimental data from different litera-

ture data,[8,13] under diverse conditions.

Full molecular weight distributions ob-

tained in vapor phase grafting of MAH

on PP film[11] was correctly reproduced by

the simulation by adopting a simple segre-

gation model.
, Weinheim www.ms-journal.de
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