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Abstract

Polypropylene (PP) grafted with p-hydroxy-N-phenyl maleimide (pHPMA) was prepared by melt reactive extrusion in a twin
screw extruder in presence of dicumyl peroxide as initiator. The content of pHPMA was varied from 1.0 up to 4.0 wt%. The
grafted PP was characterized by FTIR, melt flow index (MFI), contact angle measurements, mechanical testing and thermogra-
vimetric analysis (TGA). The non-isothermal crystallization kinetics of the neat PP and grafted PP were investigated using
differential scanning calorimetry. The results showed that the MFI of the grafted PP (PP-g-pHPMA) was higher than that of PP
homopolymer. The contact angle of the grafted PP was found to be decreased by increasing the monomer percent up to 3.0 wt%.
Further increase of the monomer leads to an increase in the contact angle which may be attributed to the non-homogeneous
distribution of the pHPMA grafted chains onto the PP surface. The thermal stability was enhanced by increasing the content of
pHPMA. Grafting has not significantly affected either the tensile strength or elongation at a break point. A noticeable change in
crystallization behavior of PP matrix has been observed upon grafting.

Keywords Polypropylene - 4-Hydroxy phenylmaleimide - Reactive grafting - Contact angle - Thermal stability - Non-isothermal

crystallization

Introduction

Polymer research has been changed significantly in the last
few decades, as the number of new polymers introduced into
polymer research field has been reduced and this led to in-
crease the need to improve the performance of the existing
polymers. Several techniques, such as chemical modification,
blending, and reinforcement, have been applied in order to
improve them.

Recently, polypropylene (PP) has been extensively used in
a wide range of applications due to its versatility and low cost
although it has some limitations such as low thermal stability
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and non-polar nature which limit its interaction with other
products. So, the chemical modification of polypropylene
through grafting with reactive monomers is necessary to en-
hance its properties and increase its compatibility by
imparting a variety of functional groups to its surface [1] with-
out affecting the nature of its backbone [2—6]. Grafting reac-
tions are usually in solution [2-9], in the solid state [10, 11] or
in the melt [12-20] and they require the presence of organic
peroxides, such as dicumyl peroxide or benzoyl peroxide,
which act as initiators to the grafting reaction.

Nowadays, melting by reactive extrusion is the most wide-
ly applied industrial method for grafting reactions due to its
low cost compared to the solution method which costs a lot
due to large quantities of the solvent consumed; which limits
its use in large scale productions. In the reactive extrusion
method, the polymer, monomer, and initiator are mixed to-
gether in an extruder at above the polymer softening temper-
ature. On the other hand, the reactive extrusion method has a
disadvantage of secondary reactions for the PP like f3-
scissions due to the elevated temperatures used in the extru-
sion process [12, 17-20], which lead to decrease of the mo-
lecular weight compared to those obtained from the solution
method.
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Maleic anhydride (MA) and its iso-structural analogues
such as N-substituted maleimides are successfully used as
reactive monomers for the graft modification of a wide range
of polyolefins such as polypropylene, as the introduction of
MA or one of its derivatives to the non-polar backbone
of polypropylene, overcomes the disadvantage of low
surface energy of the polymer, improves its surface hy-
drophilicity, increases its compatibility with polar materials,
and enhanced its thermal stability, hence increases its applica-
bility [12, 17-21].

Maleimide and its N-substituted derivatives proved to have
the ability to be polymerized free radically, in spite of a 1,2-
disubstituted ethylenic structure, to give thermally stable poly-
mers, particularly polymers derived from monomers contain-
ing aromatic substituent [21-26].

In the present work, polypropylene (PP) was grafted with
p-hydroxy-N-phenyl maleimide (P HPMA) via reactive extru-
sion, using dicumyl peroxide (DCP) as an initiator, which can
improve the polarity and the thermal properties of the PP. The
pHPMA feed was varied from 1.0 to 4.0 wt%, while DCP was
fixed at 0.1 wt%. The prepared PP-g-pHPMA copolymers
were characterized by melt flow index (MFI), contact angle,
tensile test and thermogravimetric analysis (TGA) to investi-
gate the effect of pHPMA content on all these properties. The
non-isothermal crystallization of PP-g-pHPMA was studied
by DSC.

Experimental
Materials

Polypropylene (PP) was provided by Rabigh Refining &
Petrochemical Co., it showed to have MFI of 5.5g/10 min
(230 °C/ 2.16Kg). Dicumyl peroxide, bis(1-methyl-1-phenyl
ethyl) peroxide, was purchased from Sigma-Aldrich
(Gillingham, UK). Maleic anhydride was purchased from
ALPHA CHEMIKA (India). p-Hydroxy aniline, acetic anhy-
dride, anhydrous sodium acetate and n-hexane were obtained
from Sigma-Aldrich (Gillingham, UK) and used as received
without further purification.

Synthesis of p-hydroxy-N-phenyl maleimide (pHPMA)

p-Hydroxy-N-phenylmaleimide (pHPMA) was prepared accord-
ing to Scheme 1 as described previously [26-28]. In a brief,
0.1 mol of p-hydroxy aniline dissolved in 100 cm® of diethyl
ether was added drop-wise to 0.1 mol maleic anhydride dis-
solved in 100 cm? of toluene. The reaction mixture was stirred
at room temperature for 1 h, and the stirring was continued for
24 h. The canary yellow precipitate was filtered, washed with
acetone and water, then dried. The melting point (mp) of the
obtained product (p-hydroxy maleanilic acid) is 201-202 °C.
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A mixture of 10.0 g p-hydroxy maleanilic acid, 5 g freshly
fused sodium acetate, and 50 ml of acetic anhydride was heat-
ed for 0.5 h at 90 °C. Then the reaction mixture was precipi-
tated by pouring slowly into an ice-water. The precipitate was
filtered, washed with sodium bicarbonate solution and water,
and then dried. The obtained solid was recrystallized twice
from 2-propanol and finally dried in a vacuum oven at
65 °C for 24 h to give a pale yellow powder of p-hydroxy-
N-phenyl maleimide (mp 158 °C).

Reactive extrusion

Grafting of pHPMA onto PP was carried out in a brabender
plasticorder (torque rheometer) twin head extruder.
Polypropylene pellets containing 1.0, 2.0, 3.0 and 4.0 wt%
pHPMA and 0.1 wt% dicumyl peroxide, as initiator, were
introduced in barrel and kept at 200 °C for 10 min, and the
screw speed was 70-80 rpm.

All grafted PP copolymers were refluxed in xylene for 4 h
and then precipitated in acetone to remove the non-reacted
monomers, excess of initiator or oligomers if formed during
processing. After that, they were dried in a vacuum
oven at 70 °C for 24 h to constant weights. The per-
centage of grafting (%G) was determined gravimetrically
from the following relation:

Wo—Wo)

%G:( W, 100

where W, and W, are the weights of the original and grafted
PP, respectively.

The calculated percentages of grafting were found to be
0.94,1.91, 2.83 and 3.93%, which are in good agreement with
feed ratio of pHPMA based on PP, and labeled here as PP-g-
pHPMA-1, PP-g-pHPMA-2, PP-g-pHPMA-3 and PP-g-
pHPMA-4, respectively.

Characterization of grafted PP
FTIR

The Fourier transform infrared (FTIR) of the grafted PP thin
films was conducted with a FTIR spectrometer (Shimadzu
800, Kyoto, Japan) in the range 500-4000 cm .

Melt flow index

Melt flow indices (MFI) of pure PP and PP graft copolymers
were obtained by MP1200-melt indexer at 230 °C and 2.16 kg
load. The basic unit has dimensions of 458 mm width x
394 mm depth x 521 mm height of basic unit; it uses a
three-zone band heater, instead of the more common two zone
band heater, in order to increase the temperature stability of
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Scheme 1 Synthesis route of p-hydroxy—N-phenyl maleimide

the machine. Samples were prepared from extruded polymers
by compression using a hot press at 200 °C at 60 MPa for
1 min, then cooled under pressure to ambient temperature.

Contact angle measurement

The sessile drop technique was used to measure the contact
angles using KYOWA contact angle meter equipped with
software for drop-shape analysis. A 4.0 puL droplet of filtered,
deionized distilled water was placed on the surface of the
samples at room temperature. The angle between the baseline
of the drop and the tangent at the drop boundary was mea-
sured, using a direct reading goniometry telescope, with a
magnified image of the droplet displayed on a screen. The
drop shape was solved numerically and fitted by means of
mathematical functions. Each reported value is the average
of five independent measurements. The contact angle was
evaluated by applying the following equation:

6 =2 tan"'(2h/w) (1)

where, 6 is the contact angle, / is the height and w is the width
of the droplet that were measured from the photograph and
from the geometric considerations.

Mechanical testing

The tensile strength of all samples was measured two times for
each sample at room temperature according to ASTM D638-1
using dumbbell specimens on LMF-L20KN universal testing
machine with a cross head speed of S0 mm/min.

Thermogravimetric analysis

Thermogravimetric analysis was performed on TGA Q500
thermal analyzer under nitrogen atmosphere. Samples weight
of 2-4 mg were measured from room temperature to 600 °C at
a heating rate of 10 °C/min.

Differential scanning calorimetry

Non-isothermal crystallization was carried out using a TA Q20
differential scanning calorimeter under a purge of nitrogen. The
instrument was calibrated using high purity indium and zinc
standards. Approximately 12 mg samples were melted at
195 °C for 3 min in order to eliminate any previous thermal
history; then they were cooled to 50 °C with cooling rates 5.0,
7.5, 10, 15 and 20 °C/min. The exothermic crystallization peaks
were recorded as a function of temperature. Melting of the
investigated samples was also studied in the temperature range
from 30 to 190 °C at a heating rate of 10 °C/min.

Results and discussion
FTIR analysis
Figure 1 shows the FTIR spectra of neat PP and grafted PP

with 1.0, 2.0, 3.0 and 4.0 wt% pHPMA. Compared with neat
PP, the obvious appearance of new absorption bands in the
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Fig. 1 Infrared spectra of pure PP and PP-g-pHPMA
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Scheme 2 Reaction mechanism
for grafting of p-hydroxy phenyl
maleimide (pHPMA) onto
polypropylene

1/2 ROOR

— RO
mv)\/}\)\ PP

-ROH H

Dicumyl peroxide,
R=Ph-C(CH3)2-

Y

A

B-scission

O
| N
(6]
(0] N )
OH
PP-g-pHPMA

grafted PP at 1709 and 1508 cm™, corresponding to the
stretching vibrations of -C=0 of imide ring and C=C of aro-
matic ring, respectively, could be assigned to pHPMA grafted
chains. Further, the intensity of these bands increases with
increasing the percentage of grafting, confirming the grafting
of pHPMA onto PP skeleton since the unreacted monomer
and homopolymer had been removed by purification. The
extent of grafting of PP can be expressed by carbonyl index

) (6]
o

n
OH
PP-g-pHPMA

(CI), which represents the ratio of absorbance at 1709 cm !

(A;799), characteristic of the carbonyl of imide groups, to that
at 1167 cm™' (A;;47), characteristic of the CH; groups of PP
repeating units. The obtained CI values were found to be 0.64,
0.77,0.98 and 1.36 for PP-g-pHPMA-1, PP-g-pHPMA-2, PP-
g-pHPMA-3 and PP-g-pHPMA-4 copolymers, respectively.
The mechanism of grafting of the pHPMA onto PP could be
assumed as shown in Scheme 2.

Table 2 Contact angle of pure PP and grafted PP.

Table 1 MFI of pure PP

and PP grafted with Sample code MFI (g/10 min) Sample code Contact angle (degree)
different wt% of
pHPMA PP 9.5 PP 73.2+1.1
PP-g-pHPMA-1 114.1 PP-g-pHPMA-1 70.0+0.5
PP-g- pHPMA-2 59.7 PP-g-pHPMA-2 66.8+0.3
PP-g- pHPMA-3 61.3 PP-g-pHPMA-3 58.3+0.1
PP-g- pHPMA-4 64.8 PP-g-pHPMA-4 81.8+0.3
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Rheological characterization

The melt flow index (MFI) of the neat PP and grafted PP was
measured and the results are shown in Table 1. It can be
observed that the MFI increased from 5.7 for PP up to
114.1 g/10 min upon grafting of PP with 1.0% wt pHPMA
(sample PP-g-pHPMA-1), indicating that the grafting process
causes a great reduction in the viscosity. By increasing the
grafting of PP with 2% wt pHPMA, the MFI declined to
52.6 g/10 min then increased with increasing the amount of
pHPMA up to 4.0 wt%. Generally, MFI is a direct indication
of melt viscosity and, hence, depends on average molecular
weight. MFI can also be influenced by other factors such as
molecular weight distribution, degree of long chain branching
and degree of cross-linking. However, the impact of feed
pHPMA on MFI is not clear. The increment of the MFI values
of PP upon grafting, which depends on the content of
pHPMA, may be attributed to the decrease of the molecular
weight of PP as the result of main chain secession that oc-
curred during free radical initiated pHPMA-grafting PP. The
observed reduction in the MFI of the graft PP with 2.0 up to
4.0 wt% pHPMA may be due to some sort of crosslinking
formation between PP matrix polymeric chains. This is con-
sistent with the previous finding of grafting of maleic anhy-
dride onto PP [29, 30]. Generally, it was concluded that the
melt flow properties of grafted PP, irrespective of pHPMA
content, is better than neat PP.

Contact angle measurement

The polarity of the neat PP and graft PP films was measured
by the contact angle of distilled water on the sample films and
the results are shown in Table 2. As can be seen, the contact
angle for a neat PP film was found to be 73.2+1.1°. The
contact angle of the graft PP decreased to 58.3+0.1° with
increasing feed of pHPMA up to 3.0 wt%, but it increased
up to 81.8 +0.3° with increasing pHPMA to 4.0 wt%. These
results suggested that the functionalization of polypropylene
surface with pHPMA grafted chains has led to an increase of
the hydrophilic character of the PP, while the increase of con-
tact angle of PP grafted with 4.0 wt% pHPMA may be due to

100
< (@)
= 804 —rF
< —— PPg-pHPMA-1
o —— PPg-pHPMA-2
® g0 { —— PPgpHPMAZ
; — PP-g-pHPMA-4
)]
£ 40
=
‘©
£ 20 -
7}
[1'4

0 -
3.0
b

2.5 4 (®)
—_ — P
O 59 —rPosPmas
e, < —— PP-g-pHPMA-2
o~ —— PP-g-pHPMA-3
‘d'; 15 4 —— PPgpHPMA4
2
w® 1.0 4
e
S 05 -
o

0.0

_0-5 il 1 1

100 200 300 400 500

Temperature (°C)

Fig. 2 TGA (a) and DTGA (b) curves of PP and graft PP with different
amounts of pHPMA

pHPMA homopolymerization [31, 32] and some sort of the
crosslinking formation of PP polymeric chains.

Mechanical testing

The tensile strength and elongation % at the break point of PP
and its graft products are shown in Table 3. The results show
that the tensile strength and the elongation of PP slightly de-
creased with increasing the grafting of PP up to 2.0 wt% of
pHPMA. This is probably due to the slight degradation of the
PP matrix, resulting essentially from chain-scissions that oc-
curs during grafting in the molten state. With the increase of
pHPMA content up to 4.0 wt%, the tensile strength and the
elongation slightly showed to an increase. Such behavior
could be ascribed potentially to the cross-linking of polymeric
chains of PP matrix.

Table 3  Tensile strength and elongation % of pure PP and graft PP

grafted with different wt% of pHPMA Table 4 Thermal parameters of PP and PP-g-pHPMA copolymers
Sample code Tensile strength (MPa) Elongation at break (%) Sample code T; (°C) Tmax (°C) Tso (°C)
PP 25.42+0.33 4.8+03 PP 275 364 371
PP-g-pHPMA-1  23.25+0.38 25402 PP-g-pHPMA-1 300 400 395
PP-g-pHPMA-2  22.67+0.31 12+04 PP-g-pHPMA-2 310 412 397
PP-g-pHPMA-3  2420+0.18 3.6+0.6 PP-g-pHPMA-3 325 420 409
PP-g-pHPMA-4  27.14+£042 2.0+0.2 PP-g-pHPMA-4 375 459 448
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Fig. 3 DCS curves of neat PP and grafted PP with different amounts of pHPMA (a) heating and (b) cooling

Thermogravimetric analysis

The TGA and their corresponding derivative curves (DTGA) of
the PP and grafted PP are presented in Fig. 2. As can be seen,
the thermograms of the neat and grafted PP exhibited the same
profile and the thermal degradation occurs via one step. The
values of the initial decomposition temperature (7}), the maxi-
mum rate of decomposition temperature (7,,.¢) and the temper-
ature at which half of the material decomposes (7s() of the
investigated samples are summarized in Table 4. As obvious,
a considerable enhancement in the thermal stability of PP ma-
trix was occurred upon grafting, as mirrored from the shift of 7,
Tinax. and T'sq. Such behavior might be attributed to the effect of
crosslinking of polymeric chains that occurs upon grafting and/
or the presence of a relatively more stable poly (pHPMA)
grafting chains onto the PP skeleton, which improved the ther-
mal stability [27, 33-35]. In the case of PP-g-pHPMA-4, the
onset degradation temperature is increased by about 100 °C
compared to neat PP.

Melting and non-isothermal crystallization

DSC was used to characterize the influence of pHPMA content
on crystallinity and transition temperatures of grafted PP

Table 5 Melting peak, crystallization maximum temperature and
melting and crystallization enthalpies at heating and cooling rates of
10 °C/min

Sample code Tm (°C) AH,, (J/g) T, (°C) AHy J/g) Xc (%)*

PP 169.5  75.0 1139 776 37.1
PP-g-pHPMA-1 164.5  76.5 1145 773 37.4
PP-g- pHPMA-2 1643  71.3 1153 73.0 35.6
PP-g- pHPMA-3 1663 743 1157 762 37.6
PP-g- pHPMA-4 165.5  69.0 116.5 733 36.5

*Percentage of crystallinity calculations are based on AH,, for 100%
crystalline PP being equal to 209 J/g [36]. Consideration was taken to
the grafted PP containing different amount of pHPMA
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copolymers. The heating and cooling DSC traces for neat PP
and grafted PP recorded at a rate of 10 °C/ min are shown in
Fig. 3. From these curves, several parameters; namely, the melt-
ing point maximum temperature (7,), the exothermic temper-
ature peak of crystallization (7¢), melting enthalpy and crystal-
lization enthalpy are derived and summarized in Table 5. It can
be seen that the melting temperature of the PP matrix decreases,
while the crystallization temperature increases with the
pHPMA grafting chains and an increase in its content. The
increase of T, upon increasing the content of pHPMA suggests
that the pHPMA grafting chains exerts a nucleating effect in the
PP crystallization process and lowers the nucleation energy. On
the other hand, the decrease of melting may be due to decrease
in size and imperfection of PP spherulites as the result of
pHPMA grafting onto PP matrix. Similar observations are
found in several PP blends and PP graft copolymers [36—40].
In terms of the melting and crystallization enthalpies, the
pHPMA content does not significantly change their values,
indicating that all PP graft copolymers, irrespective of PP con-
tent, exhibit comparable degree of crystallinity (Table 5).

Typical DSC non-isothermal crystallization curves of neat
PP and PP-g-pHPMA-4 at various cooling heating rates are
shown in Fig. 4. The crystallization data at different cooling
rates are summarized in Table 6. For both neat PP and PP-g-
pHPMA-4 copolymer, increasing cooling rate results in the
decrease of T, which may be due to a larger supercooling at
higher cooling rates [40, 41]. At a given cooling rate, T, of
grafted PP is higher than that of pure PP. This indicates that the
grafted PP can crystallize more easily.

The relative degree of crystallinity as a function of temper-
ature was obtained by integration of the exothermic peaks
during the non-isothermal scans in Fig. 4. The results are
represented graphically in Fig. 5. It can be seen that the higher
the cooling rate, the shorter is the time for the completion of
crystallization. Furthermore, all curves for PP and grafted PP
exhibit only one stage (primary crystallization); the secondary
crystallization is less significant. This is consistent with the
previous findings [42—44].
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Fig. 4 Non-isothermal melt-crystallization exotherms at different cooling rates (a) PP and (b) PP-g-pHPMA-4

The crystallization half-time, t; », can be estimated from the
time at which the extent of crystallization is half completed
(Table 6). The result clearly indicates that the value of t;,,
decreased with increasing cooling rates, suggesting that the
crystallization rate for all the grafted samples increased with
increasing cooling rates (Fig. 6). It is also shown that, at any
given cooling rate, the t; » value of the grafted PP is lower than
that of neat PP. Such short crystallization time suggests that
the pHPMA grafted chains likely plays a role in nucleation
effect. These results are consistent with the observation report-
ed in many grafted PP systems [45, 46].

The crystallization rate parameter (CRP) is used to quanti-
tatively compare non-isothermal crystallization rates, which
can be determined from the slope of a plot of 1/t;, versus
the cooling rate (Fig. 6); obtained CRP values are listed in

Table 6. The higher value of CRP means a higher rate of
crystallization. As seen in Table 6, the CRP value of the
grafted PP is higher than that of pure PP.

The non-isothermal crystallization kinetics was analyzed
using the Avrami equation, proposed by Jeziorny [43, 44]:
X, = l-exp(—K,t") (2)
where n is the Avrami exponent, K, the Avrami rate constant
and X; the relative crystallinity at time t. At a given cooling
rate, the values of n, K; can be determined from the slope and
intercept of the plots of log[— /n (1 — X;)] against logt (Fig. 7).
The obviously good linearity for all plots reflects the adequa-
cies of the modified Avrami equation to describe the non-
isothermal crystallization for neat PP and its graft copolymers.

Table 6 Avrami parameters, t;,

and CRP of the neat PP and PP-g- ~ Sample code ¢ T AH, tip 1/t CRP n K.
pHPMA-4 O O (min) (min"")
PP 5 118.6 77.0 2.20 0.455 53x1072 442 0463
7.5 116.6 77.6 1.70 0.589 448  0.689
10 113.9 66.0 1.52 0.660 4.57  0.791
15 111.3 76.4 1.05 0.955 3.87 0.958
20 109.3 76.0 0.80 1.245 3.55  0.999
PP-g-pHPMA-4 5 120.3 76.4 1.72 0.582 63x1072% 412 0590
7.5 118.2 76.6 1.260 0.794 4.08 0.982
10 115.7 71.7 0.990 1.010 338  0.998
15 113.6 68.9 0.800 1.250 3.65 1.025
20 111.6 733 0.640 1.563 3.07  1.048
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Considering the influence of cooling rate (¢), Jeziorny [44]
proposed a corrected rate parameter K, which is expressed in
the eq. (3):

logK
logK, = 0821
¢

Based on egs. (2) and (3), the values of n and K, were
calculated and the results are presented in Table 6. The average
n values of neat PP and PP-pHPMA-4 are found to be 4.2 and
3.7, respectively, suggesting that the non-isothermal melt crys-
tallization of the grafted PP copolymer follows a heterogeneous,

(3)

instantaneous nucleation and the three-dimensional spherulitic
growth, as occurring in PP homopolymer [47, 48]. Furthermore,
the K. values of the PP-g-pHPMA-4 were enhanced compared
to the neat PP, suggesting acceleration of crystallization of the
PP upon grafting.

Friedman [49] and Vyazovkin [50-52] developed the dif-
ferential isoconversional method for evaluating the effective
activation energy for the non-isothermal crystallization pro-
cess. According to Friedman, the effective activation energy
(AExy) can be calculated as a function of the relative crystal-
linity according to the following equation:

Fig. 6 Plots of 1/t;, against 1.8
cooling rates of neat PP and PP-g-
pHPMA-4 1.6 |
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Fig. 7 Avrami plots for melt crystallization of (a) PP and (b) PP-g-pHPMA-4 at different cooling

dXt AEX{
In{ — | = constant—
RT

o (4)
where dX/dt is the instantaneous crystallization rate for a giv-
en relative crystallinity X, AEy, is the effective activation
energy for the crystallization process, R is the universal
gas constant, and T is the temperature. At a given X,
the AEy,; can be calculated from the slope of the plot of
In(dX/dt) versus 1/T for a set of cooling rates (Fig. 8).
The AEy, values determined for various values of X}, in
the range 0.05 to 0.95, are derived and represented graphically
in Fig. 9. It is obvious that the AEy; has a negative value,
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Fig. 8 Friedman isoconversional plots of (a) PP and (b) PP-g-pHPMA-4

indicating that the crystallization rate increases with decreas-
ing temperature, which is the characteristic feature of
the crystallization region that corresponds to tempera-
tures higher than that of the maximum crystallization
rate, and that the crystallization process of polymer is
a barrierless and spontaneous process [52, 53]; the
higher the AEjy,, the more difficult is the transport of
macromolecular segments to the growing surface. In
Fig. 9, the plots show that the effective activation
values of PP homopolymer and PP graft copolymer
are comparable, inferring that both polymers may proceed
with similar crystallization mechanism.
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Conclusions

In this work, PP grafted with various amounts of pHPMA
(1.0, 2.0, 3.0 and 4.0 wt%) were prepared by reactive extru-
sion using brabender plasticorder twin head extruder. The ob-
tained PP grafted copolymers were characterized by MFI,
contact angle measurements, tensile test, TGA and DSC.
The results showed that the graft PP exhibits high MFI com-
pared with neat PP and whose values depend on the amount of
pHPMA. The contact angle of the graft PP gradually de-
creases with pHPMA content up to 3.0 wt%, suggesting that
the modification of PP surface with pHPMA grafted chains
could lead to increase the hydrophilic character of the PP.
Unexpectedly; graft PP sample with 4.0 wt% pHPMA exhib-
ited a high value of the contact angle compared to neat PP.
This may be due to the non-homogeneous distribution of the
grafted chains of pHPMA on the PP surface. It was observed
that the tensile strength and the elongation slightly decrease
with increasing pHPMA content up to 3.0 wt% and then
slightly increase upon grafting of PP with 4.0 wt% pHPMA.
The reduction in the tensile properties was probably due to a
slight degradation of PP matrix that occurs upon grafting in
melt state. TGA results showed that the thermal stability is
enhanced upon the incorporation of pHPMA grafted chains.
The DSC results showed that the melting temperature of the
graft PP decreases, while the crystallization temperature in-
creases and becomes narrow with increasing the extent of
grafting. No considerable change in the crystallinity was ob-
served for the graft PP compared with that of neat PP.

The non-isothermal crystallization of PP grafted with
4.0 wt% pHPMA (PP-g-pHPMA-4) as well as PP were inves-
tigated using DSC at different cooling rates 5, 7.5, 10, 15, and
20° C/min, and have been described using Avrami model. The
average n values of neat PP and PP-g-pHPMA-4 are found to
be 4.19 and 3.66, respectively, suggesting that the non-
isothermal melt crystallization of the graft PP follows a

@ Springer

heterogeneous nucleation and three-dimensional spherulitic
growth, as occurring in the neat PP. The effective activation
energy of the crystallization process (AEy,) was calculated by
Friedeman isoconversional method. It was found that the
AEy; values are increased with the advance of the crystalliza-
tion process.
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