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ABSTRACT: Reactive extrusion was employed to graft
itaconic anhydride (IA) onto polyethylene, using thermally
induced peroxide decomposition. It was found that an
increase in IA concentration lead to an increase in the
degree of grafting (DOG), but only up to 6 wt % IA. Using
di-cumyl peroxide (DCP) as the initiator resulted in a
higher DOG compared to di-tert-butyl peroxide (DTBP)
and required less reaction time to achieve the same DOG.
However, raising the IA concentration also resulted in an
increase in cross-linking. Increasing the initiator concentra-
tion from 0.2 to 2 wt % resulted in a higher DOG. How-
ever, 5 wt % initiator showed similar results compared to
using 0.2 wt % due to termination by disproportionation,

which has been shown to be more prevalent at high initia-
tor concentrations. Degradation was clearly observed by
the inability to form a continuous extrudate during extru-
sion as well as discolouration. A residence time of more
than 50 seconds, using DCP and 120 s for DTBP didn’t
offer any further increase in the DOG and also resulted in
more pronounced degradation. Optimizing grafting is
therefore a trade-off between maximal DOG and minimiz-
ing side reactions. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 116: 3118–3126, 2010
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INTRODUCTION

Increased environmental awareness has spurred de-
velopment of products and processes that are more
environmentally friendly. Many alternatives to syn-
thetic polymers have been considered, such as poly-
saccharides, lipids polyesters and proteins, which
can be extracted from plant or animal sources to be
used as precursors to plastic materials.

In addition to fully bio-derived polymers, syn-
thetic polymers may also be blended with bio-
derived polymers to reduce the environmental
impact of synthetic materials while utilizing abun-
dant natural resources. However, these kinds of
blends are often incompatible. One solution to
increase the compatibility is to graft these polymers
onto each other. Unfortunately, synthetic polymers
and the bio-derived polymers are often nonreactive
in their native states.1–3 One solution is to functional-
ize the synthetic polymer to increase its reactivity
towards bio-derived polymers.

Melt grafting functional monomers onto polyole-
fins is a well known area and a vast amount of
work has been done in the area of grafting maleic
anhydride onto polyethylene and polypropylene.4,5

In the context of functionalising a synthetic poly-
mer for further reaction with proteins, it is important
that the selected functional group be reactive
towards both the synthetic polymer and the protein.
Polyolefins, such as polyethylene and polypropylene
can be modified using certain anhydrides and malei-
mide-type chemical groups. These groups are, are
also the best chemical reagents to react with amino
acids, such as cystein and lysine.6,7 Monomers that
have been used for grafting onto polyolefin include
maleic anhydride (MAH),8–15 glycidyl methacry-
late,16 citraconic anhydride,17 itaconic anhydride
(IA)18 and itaconic acid,19–30 however, not all of
these are reactive towards proteins.
Maleic anhydride (MAH) has been widely used as

a monomer in modification reactions of polyole-
fins.14,31–37 MAH grafted polyoefins have shown
great importance as compatibilizers in polymer mod-
ification, as adhesion promotes for polymers and as
bonding agents for polymers and metals.33 However,
reaction with amino acid compounds resulted in
unstable amide bonds that can easily be hydrolyzed
below a pH of 5.20 This makes it less suitable for fur-
ther reactions with proteins.
On the other hand, IA is a harmful compared to

MAH and can also be prepared from renewable
sources.27,30 It has been found that IA is extremely
stable when reacted with proteins, between pH
1 and 12 and is also stable at high temperatures
(� 70 �C).20 IA can used for acetylating lysine,
tyrosine and cystein.20
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The objective of this research was to explore reac-
tive extrusion as a means to functionalize polyethyl-
ene using IA. Reactive extrusion has great prospect
in modifying polyethylene compared to solution
methods, as it can easily deal with highly viscous
materials.38 This study investigates the effect of ini-
tiator concentration, monomer concentration and res-
idence time on the degree of grafting (DOG) of IA
onto polyethylene, using free radical grafting.

EXPERIMENTAL

Materials

Materials used in this study are listed in Table I,
along with their relevant properties.

Preparation

Several experiments were undertaken in this study
and are summarized in Table II. The objective of the
experimental work was to assess how variances in
composition (% IA, % free radical initiator) and resi-
dence time affect the DOG as well as side reactions
that may occur.

All chemicals were used as received from the
manufacture, with no further purification done.
Samples were first weighed and then thoroughly
mixed in a laboratory mixer for about 4–5 minutes
until the mixture of polymer, monomer and initiator
were uniform. The material was compounded in a
ThermoPrism TSE-16-TC twin-screw extruder using
a flat temperature profile of 160�C and a screw
speed of 65 rpm, unless otherwise stated.

Formulation parameters (Experiments 1–5)

It is well-known that the concentration of reagents
will influence the grafting process.9,11–13,39 In these
experiments the peroxide (0.2–5%) and monomer
concentrations (0.2–10%) as well as the peroxide
type (di-tert-butyl peroxide and di-cumyl peroxide)
were varied.

Residence time

The residence time inside the reactor is a well-
known parameter that will affect conversion. In
these experiments, residence time in the extruder
was increased up to 250 s by varying the number of
extrusions performed in series. The formulations
used were according to those specified in experi-
ments 1 to 4 in Table II.

Characterization

The grafting process was assessed in terms of:

• The DOG (grams monomer reacted per gram
polymer).

• Gel content or cross-linking (percentage insolu-
ble polymer).

• Chemical properties.

TABLE I
Summary of Materials Used

Material Supplier
Boiling

point (�C)
Melting

point (�C)

Melt flow
index

(g/10 min)

Decomposition
temperature

(�C)

Solubility
parameter
(J cm�3)0.5

Half life,
t1/2 (min)

150 �C 200 �C

Linear low density
polyethylene (LLDPE)
(COTENETM 3901)

ICO Polymers 4.0 16.1

Itaconic anhydride (95%) Sigma-Aldrich 114 66 14.6
Di-tert-butyl peroxide (95%) Sigma-Aldrich �40 111 15.3 18 0.35
Di-cumyl peroxide (98%) Sigma-Aldrich 39 130 17.4 9.2 0.25

TABLE II
Summary of Experimental Design

Experiment number Peroxide type

Composition (wt %)

IA PE Peroxide

1 DTBP 0.2 99.6 0.2
4 95.8
6 93.8
8 91.8

10 91.8
2 DTBP 0.2 97.8 2

4 94
6 92
8 90

3 DCP 0.2 99.6 0.2
4 95.8
6 93.8
8 91.8

10 89.8
4 DCP 0.2 97.8 2

4 94
6 92
8 90

10 88
5 DTBP 0.6 94.4 5

4 91
6 89
8 87
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The procedures followed are described in more
detail below:

Reaction product purification

Purification of the graft copolymer is required before
chemical titration. The purpose of purification is to
remove unreacted monomer. Raw samples were
boiled in xylene, precipitated using acetone and
recovered using filtration. The precipitate was subse-
quently washed using fresh acetone and dried under
vacuum at 60�C.9,12

Chemical titration

Chemical titration of the polymer was done to mea-
sure the DOG as well as the % monomer reacted.9,12

Purified polymer was firstly dissolved in boiling xy-
lene and a few drops of water were added to hydro-
lyse the anhydride functionality. Secondly, 0.05 M
potassium hydroxide in methanol (KOH) was added
to react with the hydrolysed anhydride. Using phe-
nolphthalein as an indicator, samples were back
titrated with 0.03 M trichloroacetic acid solution in
xylene.

Gel content analysis

The gel content test method has been taken from the
ASTM standard D2765-95. The rational of doing the
test is to measure the insoluble polymer fraction as a
result of cross-linking. The soluble fraction was
extracted using boiling xylene in a soxhlet extractor.
A ratio of sample to solvent of 1 : 100 was used to
ensure complete dissolution of the soluble fraction.
Extraction is performed over 12 h, followed by
drying.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Bio-Rad
FTS40A. FTIR operated using a single beam of neon
laser infrared spectrometer with resolution 4 cm�1

and 30 scans per spectrum. Dry air was supplied to
make sure the optics were in proper working order
and to pulse the interferometer. Samples were pre-
pared by compressing homogeneous KBr/polymer
blends to produce transparent discs. Discs were kept
in desiccators to avoid exposure to humidity.

RESULTS AND DISCUSSION

Formulation parameters

Two types of peroxides, namely di-tert-butyl perox-
ide (DTBP) and di-cumyl peroxide (DCP) were
tested using a flat temperature profile of 160�C

throughout the extruder. The results obtained are
shown in Figure 1.
From Figure 1 it can be seen that increasing the IA

concentration leads to an increase in DOG up to 6
wt % IA, for DTBP and an apparent 10 wt % IA for
DCP. It has previously been shown for MAH sys-
tems that an increase in MA concentration typically
intensifies hydrogen abstraction from the PE back-
bone and therefore increase the DOG.35,40 However
it is clearly shown, that above 6 wt % IA, the DOG
almost plateaus. At low IA concentration, initiator
dissociation leads to a high concentration of polyeth-
ylene radicals. This reaction is followed by a cross-
linking or disproportioning reaction. It was shown
that using 2 wt % peroxide and 0.6 wt % IA, the
DOG was low. At low IA concentration, the proba-
bility of IA being in close proximity to macro radi-
cals, at the moment of their formation is low, lead-
ing to an increased probability of chain scission.
However, high monommer concentration may lead
to the formation of many other polyethylene and IA
radicals.41 This lead to either homopolymerisation or
grafting, hence the plateau at higher monomer
concentrations.
It was also found that the DOG was higher using

DCP compared to DTBP. The half life of DTBP is
longer than DCP, and may therefore not be com-
pletely utilized during the reaction.40 DCP has also
been shown to be more effective in the introduction
of long chain branches in linear PE compared to
DTBP.42

The half life of DCP is shorter than DTBP, conse-
quently, under experimental conditions, DBTP will
decompose slower, yielding lower concentrations of
initiator radicals, resulting in a lower DOG.14 In

Figure 1 The effect of monomer concentration on the
DOG at 2 wt % peroxide.
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addition, it has been shown that because DTBP has
a higher volatility and a lower decomposition tem-
perature, it results in more radical species, such as:
�OC(CH3)3 and �CH3.

26 Consequently, more poly-
ethylene macro-radicals can be formed early in the
extruder’s feed zone, before the mixture being com-
pletely homogenized. These radicals are preferably
recombined with each other, leading to a high yield
of cross-linked polymer and a low DOG.

Initiator concentration is among the most impor-
tant parameters affecting grafting. From Figure 2 it
can be seen that at the DOG increased with increas-
ing monomer concentration. The graph also shows
that the DOG is at a maximum when the peroxide
concentration is 2 wt %. Theoretically, higher perox-
ide concentrations should results in a higher DOG.
At higher peroxide concentrations, more radicals
will form and consequently, more radicals are avail-
able for reaction, leading to a higher DOG.13,41 How-
ever, above 2 wt % peroxide, severe cross-linking
may occur. Cross-linking is mainly caused by combi-
nation of PE-IA� radicals with PE� radicals. This
was clearly shown in the experimental work when 5
wt % DTBP was used. It was found that the pressure
in the extruder increased, indicative of a viscosity
increase, most likely due to cross-linking. In addi-
tion, it was found that at a very low concentration of
monomer (0.2 wt % IA) and 5 wt % DTBP, a contin-
uous extrudate could not be formed and that it was
easily breakable. The reduction in mechanical prop-
erties of the extrudate is most likely due to a chain
scission process, leading to polymer degradation. At
lower monomer concentration, there will be a lower
probability of monomer molecules being at close
proximity to macro-radicals at the time of formation,

increasing the probability of chain scission and con-
sequently mechanical property reduction.13

From Figure 3 it can be seen that at as the mono-
mer concentration was increased the degree of cross-
linking also increased. By increasing the monomer
concentration, cross-linking and disproportionation
are promoted, as discussed earlier. Also, DTBP
resulted in higher cross-linking compared to DCP,
which is consistent to what was discussed earlier.

Residence time

The effect of prolonged residence time on the DOG
is shown in Figures 4 and 5 when using DTBP and
DCP at various concentrations. The residence time
was increased by performing multiple extrusions in
series. Each extrusion had an average residence time
of about 50 seconds.
From Figure 4(A) it can be seen that the DOG

gradually increases and reaches a plateau after about
125 seconds, when using more than 4 wt % IA and
DTBP as initiator. On the other hand, from Figure
4(B), it can be seen that, when using DCP, the DOG
quickly plateaus after about 50 seconds, irrespective
of the percentage IA used. This is because DCP has
a shorter half life than DTBP, therefore requiring
less reaction time. DCP is less prone to induce
decomposition than DTBP, making the DOG of IA
onto PE using DCP slightly higher compared to
using DTBP.40 However, in both cases, increasing IA
resulted in a higher DOG. Furthermore, for both per-
oxides, 6 wt % IA seemed optimal, since above that,
no significant increase in grafting was observed.
It was therefore concluded that when using DTBP,

a longer residence time is required to reach similar

Figure 2 Graph of IA wt % concentration vs. DOG at dif-
ferent peroxide concentrations.

Figure 3 Gel content as a function of IA concentration at
different initiator used.
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DOG compared to DCP. It would therefore be more
efficient to use DCP in a commercial environment.
This furthermore, as shown earlier, that DCP gener-
ally leads to higher degrees of grafting, further sup-
porting its use as the preferred initiator.

In Figure 5, the effect of residence time on the
DOG is shown, using 0.2 wt % initiator. It can be
seen that, at low monomer concentration, the differ-
ence between DTBP and DCP is less prominent. It
was found that the DOG plateaus after about 80 s
using either DTBP or DCP as initiator. In both cases,
the DOG is lower than compared to using 2 wt %
IA, and DTBP resulted in slightly lower DOG com-
pared to DCP, which is consistent with earlier
experiments. The reason for this observation is that
at higher initiator concentration, more polyethylene
radicals are formed, leading to the higher degree of
grating. However, using lower initiator concentra-
tions, requires less reaction time to reach the maxi-
mum DOG, all be it lower. Final process design
would therefore be a trade off between higher DOG
and shorter reaction times.

The lack of grafting at longer residence time
would suggest either a lack of monomer or initiator.

Considering the excess monomer used, and the
DOG achieved, one can conclude that in either case
the initiator would have been mostly consumed after
the second extrusion pass. Initiator consumption
could be a result of either grafting or side reactions,
as further explained in light of the reaction kinetics.

Reaction kinetics

Several studies have proposed reaction mechanisms
for grafting monomers to polyolefins and it now well
known.5,43 In general terms, it is well known that:

• Initiator decomposes into free radicals,
• The free radicals may be consumed by dismuta-
tion reactions or

• Initiate grafing,
• Initiate homopolymerisation of the monomer,
• Cause chain scission (degradation) or
• Cause cross-linking.

Some authors have also refined the reaction
kinetics scheme specifically for MAH32,24,44,24 and
are shown as follows:

Figure 4 Graph of residence time vs. DOG using 2 wt % (A) DCP or (B) DTBP.

Figure 5 Graph of residence time vs. DOG using 0.2 wt % of (A) DCP or (B) DTBP.
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Thermal decomposition of the initiator : I�!kd 2R �
Radical attack onto polymer : R � þP�!ktr RH þ P �

Initiation of grafting : P � þM�!kg PM �
Reaction with impurities : P � Im �!ki1 PIm

PM � þIm �!ki2 PMIm

Termination : P� þ P0 � �!kt Pþ P0

PM� þ P0 � �!kt PMþ P0

PM� þ PM0 � �!kt PMþ PM0

Cha and White24 have shown that the kinetic
equations based on this scheme can be simplified to
that shown in eq. (1), assuming steady state produc-
tion and consumption for various radical species
and f ¼ ½P��

½PM��. Homopolymerization of IA is not
expected since the reaction is carried out well above
the ceiling temperature (90�C29).

� d

dt
½M� ¼ kg

1þ f
�

ffiffiffiffiffiffiffi
2kd
kt

s
1� kim½Im�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8kdkt½I�
p

( )
½I�1=2½M� ð1Þ

d

dt
½M� ¼ koverall½I�1=2½M�

In eq. (1), ki1 and ki2 have been lumped into a sin-
gle term, kim.

Cha and White24 have estimated reaction constants
for MAH grafted polypropylene, initiated by 2,5-di-
methyl-2,5-bis-(t-butylperoxy) (DBHA) or 2,5-di-methyl-
2,5-bis-(t-butylperoxy) hexane (DBHY). They have

found that the constant
kg
1þf �

ffiffiffi
1
kt

q
was 0.011 and 0.061

(L/mole-sec)1/2 for DBHA and DBHY respectively. In
addition, based on extrusion conditions employed in

their study, kim½Im�ffiffiffiffiffiffiffiffi
8kdkt

p was estimated to be � 0.1 L/mol.

Considering the IA grafting system of this study,
a plot of initial monomer concentration vs initial
reaction rate produced a straight line, as shown in
Figure 6. The initial rate of reaction can be calculated
from the rate data in Figure 5. The slope of this line
represents the combined rate constants as described
in eq. (1), using a constant initial initiator concentra-
tion of 0.2 wt %. Knowing that kd ¼ 109 s�1 and kd
¼ 194.8 s�1 for DCP and DTBP respectively, koverall
for the IA system was estimated to be 0.21and 0.14
(mol/L)3/2, which is in the same order of magnitude
than that estimated by Cha and White for MAH.
However, the value is greatly dependant on the
assumed value for initiator decomposition efficiency

and the extent of side reactions ( kim½Im�ffiffiffiffiffiffiffiffi
8kdkt

p ). It is well

known that the initiator decomposition efficiency is

greatly influenced by factors such viscosity of the
reaction mixture and may vary by an order of mag-
nitude between systems.43

From eq. (1), it is clear that the overall reaction
constant will be influenced by the initiator decompo-
sition rate (kd), its efficiency and the extent of side
reactions with impurities (kim). Initiator decomposi-
tion in turn is influenced by reaction temperature
and other processing variables. During extrusion the
reaction mixture may only reach the set temperature
slowly (measured temperature profile was within
5�C of set point), leading to much slower than
expected rate of initator decomposition. Impurities,
such as free radical scavengers may also greatly
affect the overall rate of reaction in the extruder. All
of these not accounted for in eq. (1).
Jugging solely on the data presented in Figures 4

and 5, one would expect the initiators to have a very
short half life, where in fact, both DCP and DTBP
have halve lives of several hundred seconds at 160�C.
One could therefore only conclude that side reactions
such as inefficient initiator decomposition, cross-link-
ing and the influence of free impurities were the
main influence of the observed reaction behavior.

Chemical structure

The physical properties of polymeric systems
depend, in the first instance, on the chemical constit-
uents and the configuration of the macromolecules.
Under certain conditions, IA can be hydrolyzed,
leading to ring opening, rendering it unable for fur-
ther reaction with proteins. The objective of this sec-
tion was therefore to use FTIR analysis to confirm
that IA was indeed grafted and to asses the structure

Figure 6 Comparison of the initial rate of reaction (Rg)
using DCP (*) and DTBP (h) using an initial initiator
concentration of 0.2 wt %.
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of the grafted molecule. Figure 7(A) is used as a ref-
erence for pure LLDPE in the FTIR analysis.

In Figure 7(B) the absorption spectrum of grafted
PE is shown, after water was added to the sample
while dissolved in xylene. This would ensure that
any anhydride would be hydrolysed to the corre-
sponding carboxylic acid. It can be seen from the fig-
ure that an additional absorption peak appeared at
1690 cm�1, which is indicative of the occurrence of a
carboxylic acid structure (from the IA) in the poly-
mer backbone after grafting.46 This indicated that IA
was grafted, and that anhydride hydrolysis has
occurred.

In Figure 7(C), the spectrum of grafted itaconic an-
hydride (PE-g-IA) is shown. It can bee seen that the
peak at 1690 cm�1, as mentioned earlier, has been
eliminated, but a new peak at 1781 cm�1 can be
observed. This peak is indicative of the anhydride
group grafted onto the polymer backbone. It can
therefore be concluded that the grafting has indeed
occurred and that the grafted monomer is still in the
anhydride form.

Thermal degradation

Polymers are prone to degradation during exposure
to high temperatures for a prolonged period of time.
Mechanical properties, such as tensile strength,
Young’s modulus and ductility of the sample are
related to the extent of degradation. It has previ-
ously been shown that by increasing the processing
time, a decrease in tensile modulus, tensile strength
and ductility was observed.47 It has been shown that
thermal degradation of polymers can occur via side
group elimination, random scission and depolymer-
ization. For polyethylene, thermal degradation
mostly occurs via a free radical mechanism, leading
to random chain scission and cross-linking.48

DTBP and DCP initiators were tested for their
effect on mechanical property degradation after

varying reaction times. It was observed from previ-
ous experiments that significant discolouration
occurred after extrusion, which is often indicative of
degradation. Samples were extruded five times and
test pieces were injection molded after each extru-
sion. Three reactions may occur during extrusion:
grafting (main reaction), chain scission and cross-
linking (side reactions). These three reactions affect
the mechanical properties of the modified polymers
and will be discussed as later.

Tensile strength

From Figure 8, it can be seen that when using DCP
and DTBP, the tensile strength decreased slightly
with increasing reaction time. The reduction of the
tensile strength is mainly due to chain scission
becoming more severe over time. Cross-linking also
increased with increasing reaction time, which is
expected to increase tensile strength. However, the
effect of chain scission was shown to be the over ri-
ding effect. Therefore, if grafting disrupts crystallin-
ity, a reduction in tensile strength can be expected.
Similar results was observed by Chodak in his work
on maleic acid grafted PE.47

Young’s modulus

From Figure 8, it can be seen that the Young’s mod-
ulus remained relatively constant with increasing
reaction time for the both peroxides used. Modulus
is typically less affected by a reduction in chain
length, especially above the critical chain length of

Figure 7 FTIR spectra for (A) pure LLDPE, (B) hydro-
lysed IA grafted LLDPE, and (C) IA grafted LLDPE.

Figure 8 Graph illustrating the influence of residence
time on the tensile strength and Young’s modulus of IA
grafted PE.
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the polymer in question. Cross-linking, on the other
hand is expected to lead to an increase in modulus,
in the absence of chain scission. The relative small
change in modulus is therefore indicative of the two
reactions leading to opposite results.

Ductility (elongation at break)

Ductility is a measure of the degree of plastic defor-
mation that has been sustained at fracture. Ductility
may be expressed quantitatively as either percent
elongation or as percent reduction in area. In this
study, the ductility of the polymer will be presented
as percentage elongation at break. The effect of resi-
dence time on the ductility of the polymers is shown
in Figure 9.

From Figure 9, it can be seen that the ductility of
the samples decreased significantly after the first
extrusion, where after it increased slightly with
increasing residence time. DTBP resulted in slightly
higher elongation at break values after the first four
extrusions. Side reactions, like cross-linking, lead to
reduced chain mobility, thereby reducing possible
chain extension, hence lower elongation.

When the change in mechanical properties is com-
pared to the data observed regarding gel content
analysis, it can be seen that DTBP-samples had a
higher gel content compared to DCP-samples.
Higher gel content should result in lower elongation,
but the reverse is observed here. It can therefore be
concluded that degradation was the overriding effect
causing the change in mechanical properties, despite
cross-linking.

Evidence of degradation was further supported by
a gradual color change after each extrusion. It was

observed that with increasing number of extrusion
cycles (reaction time) specimens were getting darker,
taken as indicative of greater degradation. FTIR also
revealed some degradation peaks at three points,
shown with the dotted boxes in Figure 7(C). The sig-
nificance of each of peaks is summarized in Table
III.
The peaks observed in the degradation of the

polyethylene are similar to other work, where car-
bonyl and hydroxyl bands were observed due to the
thermal decomposition (oxidation) of polyethylene.
In light of all the results discussed, it can therefore

be concluded that DCP is more effective an initiator
because:

• It leads to higher DOG compared to DTBP at all
levels monomer and initiator tested.

• The degradation of mechanical properties is less
when DCP is used due to the lower occurrence
of cross-linking in the DCP-initiated samples.

• FTIR analysis revealed that for both types of
peroxides, chain scission of PE occurred.

CONCLUSIONS

It was concluded that under the conditions tested,
IA was successfully grafted onto PE using a perox-
ide initiator. The resulting functional group was
found to be in the anhydride form, as apposed to
the hydrolysed carboxylic acid form.
Melt grafting required a reaction temperature

above the melting temperature of the PE (Tm ¼
86�C) and IA (Tm ¼ 66�C) and the decomposition
temperature of the initiator. It was concluded that a
higher DOG can be achieved by increasing the initial
monomer concentration, up to a limiting concentra-
tion. When using 2 wt % peroxide, the limiting con-
centration was found to be 6 wt % IA and above
this point no improvement in DOG was achieved.
Increasing the initial monomer concentration was
also shown to increase cross-linking with an evident
from an increase in gel content. Cross-linking may
lead in reducing processability of the polymer.
It was found that DCP is much more effective at

grafting, compared to DTBP because DTBP is more
prone to induce side reactions. Furthermore, it was

Figure 9 Graph illustrating the influence of residence
time on the percentage strain of IA grafted PE.

TABLE III
Main Absorption of Polyethylene in the IR Region and

their Assignment

Band (cm�1) Assignment

908 Polyethylene unsaturation peak49

1721 Carbonyl band50

3633 Hydroxyl band50
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shown that the initiator concentration also had a
pronounced effect on melt grafting. High initiator
concentrations lead to increase polymer degradation,
while at very low concentration, the probability of
grafting is reduced, further promoting the more
likely chain scission reaction. Therefore, from this
investigation, 2 wt % initiator was found to be
optimal.

At 2 wt % initiator, DCP required less time to
reach a maximum DOG compared to DTBP and the
maximum DOG with DCP is also higher. Using 2 wt
% DCP required 80 s reaction time, compared to 125
seconds, when using DTBP. When using 0.2 wt %
initiator, the difference between using DTBP and
DCP is that DCP leads to only a slightly higher
DOG. At this peroxide concentration both systems
required about 80 s reaction time to reach a maxi-
mum DOG.

It was concluded that insufficient residence time
lead to a low DOG. To this extent, 168 s resulted in
the highest DOG, corresponding to four extrusions
in series. However, it was also found that an
increase in residence time resulted in an increase in
polymer degradation.
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