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Asuspension solid-state grafting approach was employed to prepare a functional
PP (FPP)-methacryloxyethyltrimethyl ammonium chloride grafted PP (PP-g-(St-
co-DMC)). The non-isothermal crystallization kinetics of pure PP and

FPP/PP(10/90) blends have been investigated under non-isothermal conditions by 
differential scanning calorimetry (DSC). The Avrami analysis modified by Mandelkern
and a method combined with Avrami and Ozawa equations were employed to describe
the non-isothermal crystallization kinetics of samples. Ultimately it was shown that the
nucleation in FPP/PP blends facilitated by the electrostatic interactions between the
quaternary ammonium cations resulted in high crystallization rates during the 
crystallization process. However, electrostatic interaction became stronger as the
amounts of DMC increased, chain diffusion and mobility of the crystallizable segments
diminished, and thus the crystallization process was slowed down when FPP (DGFPP
= 13.23%) was added. In addition, the activation energy for the transport of the 
polymeric segment to the growing crystal surface was also obtained according to the
Kissinger method.

INTRODUCTION

Polypropylene (PP) is one of the
most widely used olefin polymers.
However, the high crystallinity and
non-polarity of PP lead to lower
impact strength, poor compatibility
and adhesion towards other 
materials; thus constraining its
applications. To improve the 
performance of PP, a number of
modifying approaches have been
explored. Among them, copolymer-
ization and grafting are typical
methods [1]. As the physical 
properties of polymeric materials
strongly depend on their
microstructure and crystallinity,

studies on the crystallization 
behaviours as well as their relations
with the mechanical properties of
modified PP have been carried out
extensively by many researchers [2-
11]. Particular attention has been
paid to the crystallization behaviour
of modified PP via grafting by
maleic anhydride [12-16]. Qi et al.
[17] prepared PP-g-MAH by 
reactive processing. The isothermal
crystallization kinetics of PP-g-
MAH was investigated by DSC.
The results showed a remarkable
decrease in the rate of crystalliza-
tion of the grafted polypropylene
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compared with PP. The crystallization rate of PP-g-
MAH and Avrami exponent, n, decreased with the
increased temperature. Yu et al. [13] studied the
isothermal and non-isothermal crystallization kinetics
of maleic anhydride grafted polypropylene. Under
both conditions, the introduction of pendant groups
along the PP chains increased the crystallization rate
and did not influence the crystallization type. Zhang
et al. [18] studied the crystallization of PP-g-AA, and
found that PP-g-AA displayed different crystalliza-
tion modes from that of PP. 

Up to now, the grafting of cationic vinyl
monomers with quaternary ammonium groups onto
the surface of PP has seldom been reported in the 
literature. In this work, the grafting of cationic vinyl
monomer with quaternary ammonium groups,
methacryloxyethyltrimethyl ammonium chloride
(DMC), onto the isotactic polypropylene (iPP) 
granule was performed via suspension solid-state
grafting method. Furthermore, non-isothermal 
crystallization kinetics of FPP/PP (10/90) blends was
investigated using differential scanning calorimetry
(DSC). Moreover, the reasons for the differences in
crystallization behaviours between pure PP and
FPP/PP (10/90) blends are also given, in which the
non-isothermal behaviour of the blends was 
theoretically and practically significant.

EXPERIMENTAL

Materials
Commercial spherical iPP granules (T30S) were 
provided by YanShan Petrochemical Co. Ltd.;
methacryloxyethyltrimethyl ammonium chloride
(DMC) (Industrial grade aqueous solution) was 
provided by Wuxi Chemical Reagents Co. and was
used as received, with schematic structures shown in
Figure 1; St (Fuxing Chemical Factory, Beijing,

Figure 1. The schematic structures of methacryloxy-
ethyltrimethyl ammonium chloride (DMC).

China) was used as received; benzoyl peroxide
(BPO) was recrystallized in methanol-chloroform
mixture and dried at 60ºC under vacuum.

Grafting Procedure
The iPP granules (2.0 g) were swollen in styrene 
solution containing BPO, and then were immersed in
DMC aqueous solution in a 250-mL four-neck round
bottom flask with a condenser and a stirring device.
The system was deoxygenated by bubbling nitrogen
for 1 h. The grafting reaction was carried out by 
placing the reactor in an oil bath at 90ºC under a
nitrogen atmosphere. The grafted PP was carefully
washed with boiling water for 0.5 h removing DMC
homopolymer, and then it was purified by Soxhlet
extraction in acetone for 36 h in order to eliminate
polystyrene (PS) and poly(styrene-co-DMC). The
purified samples were vacuum dried at 80ºC for 24 h.

The samples with different degrees of grafting
were synthesized by controlling the reaction time at
0.5 h and 4.0 h. The degree of grafting was calculat-
ed by the following equation:

Degree of grafting (DG) (%) = (Wg-W0)/W0×100

where W0 and Wg are the weights of sample before
and after grafting, respectively.

Hydrophilicity 
In order to determine the equilibrium water absorben-
cy gravimetrically [19], the dry samples were
immersed into distilled water and kept for 24 h at
room temperature, the samples were taken out, the
surface of the grafted sample was wiped with filter
paper in order to remove the free water and then the
swollen samples were weighed. The swelling 
percentage was determined by the equation:  

Swelling (%) = (Ws-Wd)/Wd× 100, where Ws and
Wd are weights of the swollen and initial samples,
respectively. 

FPP/PP Blends Preparation
The FPP was blended with PP (the weight ratio of
FPP/PP was 10/90) in a single-screw extruder (type
XJ-20, Scientific Research Instrument Factory, Jilin
University, Jilin, China). Before being extruded, FPP
and PP were dried at 80ºC for 4 h. The mixtures of
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FPP and PP were extruded at 180ºC under a screw
rotating speed of 20 rpm. The extruded samples were
cooled and then granulated.

Non-isothermal Crystallization Kinetics 
The non-isothermal crystallization kinetics was 
investigated using a Perkin-Elmer DSC-7 thermal
analyzer. All samples were heated to 220ºC at a rate of
40ºC/min and held in the molten state for 5 min to
eliminate the influence of thermal history. Afterwards,
the samples with the weights of about 7.0 mg were
cooled to room temperature at the rates of 5ºC/min,
10ºC/min, 15ºC/min, and 20ºC/min. All operations
were carried out under nitrogen environment.

Morphologies
The morphologies of the resins on thin films were
studied by using an optical polarizing microscope
(type 59-XA, Yongheng Optical Instrument
Company, Shanghai, China) with a Mettler FP-90
automatic hot-stage thermal controller. The samples
were sandwiched between microscope cover slips,
melted at 200ºC for 5 min in a separate hot stage, and
then rapidly moved to another hot stage which was
equipped with the microscope and which was set to
the crystallization temperature (126ºC).

RESULTS AND DISCUSSION

Preparation of FPP
Figure 2 shows the IR spectra of pure PP and FPP.
Compared to pure PP, the typical absorption peak at
1720 cm-1 represents the carbonyl group which origi-
nates from DMC, the absorption peak at 1600 cm-1

represents the backbone stretching of the aromatic
ring of styrene. The peaks at 2720 cm-1 are attributed
to the characteristic absorptions of the PP skeleton.
The above results provide sufficient evidence of the
PP being grafted with DMC. 

Hydrophilicity of FPP Samples
Table 1 shows the hydrophilicity of the samples 
indicating that the swelling percent increases gradual-
ly with increasing the grafting yield, and therefore the
hydrophilicity of the grafted samples is enhanced. The
possible explanation is that quaternary ammonium 

Figure 2. The IR spectra of the pure PP and FPP.

groups on DMC chains is strongly hygroscopic, and
the higher the grafting yield, the more quaternary
ammonium groups exist in PP matrix, so the higher
grafting yield samples are more hydrophilic.

Non-isothermal Crystallization Analysis
From a technological point of view, non-isothermal
crystallization conditions approach more closely to
industrial conditions of polymer processing, so that
the study of crystallization of polymers under non-
isothermal conditions is of great practical importance.
At the same time, because of more discrepancies in
crystallization rates of the samples at very high or
very low crystallization temperatures, the isothermal
measurement is often restricted to narrow temperature
windows. Consequently, non-isothermal crystalliza-
tion is often conducted to complement the isothermal
data. 

The non-isothermal crystallization of FPP/PP
blends was investigated under different cooling rates.

Table 1. The hydrophilicity of the samples.
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Degree of grafting
(%)

Swelling percent
(%)

0 (PP)
3.0
13.2

0.00
0.91
7.36



The exothermal curves of heat flow developing with
temperature are recorded as shown in Figure 3. The
parameters obtained from Figure 3 are shown in
Table 2. 

As it is observed from Table 2, Tc of all samples
decreases with increased cooling rates. The reason is
that the molecular chain cannot enter crystal-grain
when temperature is lowered too fast, so polymers
crystallize under higher degree of supercooling.

Under the same cooling rate, FPP/PP blends have
higher Tc compared to PP, so FPP/PP blends can 
crystallize at higher temperature. This means that the
degree of supercooling required for crystallization is
reduced because of the introduction of DMC.
However, the Tc for FPP/PP blend (DGFPP: 13.2%)
was lower than that of FPP/PP blend (DGFPP: 3.0%),
because higher amounts of DMC on FPP may hinder
the chain diffusion into the growing nuclei.

Iranian Polymer Journal / Volume 18 Number 7 (2009)584
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(a) (b)

(c)

Figure 3. DSC cooling traces of PP and FPP/PP blends recorded at different cooling rates:
(a) pure PP, (b) FPP/PP (DGFPP: 3.0%), and (c) FPP/PP (DGFPP: 13.2%).



Relative crystallinity at any crystallization temper-
ature, X(t), can be taken from the ratio between the
integral area at temperature T and the whole crystal-
lization area.

(1)

where T0 is the crystallization onset temperature; T∞
is the end crystallization temperature; t is the crystal-
lization time, and dHc is the crystallization enthalpy
in infinitesimal temperature section dT. 

Figure 4 shows the development of relative degree
of crystallinity as a function of temperature for 
samples at various cooling rates. The plots of X(t) vs.
T for PP is similar to that of FPP/PP blends. It can be
observed that all these curves have the same sigmoid
shape, implying that only the lag effect of cooling 
rate on crystallization is observed. In Figure 4, 
crystallization temperature at the same crystallinity
decreases with increasing of the cooling rate. The 
reason is that molecular chain possesses good fluidity
and diffusibility at lower cooling rate, therefore, the
samples can have higher crystallinity at higher 
temperature. Two different methods are used to 
discuss the non-isothermal crystallization kinetics in
the paper.

Mandelkern Analysis in Non-isothermal
Crystallization
Mandelkern [20] considered that the primary stage of
non-isothermal crystallization could be described by
the Avrami equation, which was based on the assump-
tion that the crystallization temperature was constant.
Mandelkern obtained the following equation: 

(2)

(3)

where X(t) is relative crystallinity at crystallization
time, t, Zt is the composite rate constant, and n is the
Avrami exponent. Here, n represents the nucleation
mechanism and growth dimension. Considering the
character of non-isothermal crystallization, a new
kinetics parameter, Zc, was introduced: 

(4)

where D is the cooling rate. According to eqn (3),
plots of log[-ln(1-X(t))] vs. log t are shown in 
Figure 5. Each curve shows only the linear portion.
The parameters n, Zc, and t1/2 shown in Table 2 are
obtained from Figure 5. Because the non-isothermal
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Samples
(degree of grafting)

D
(K/min)

n Zc t1/2

(min)
Tp

(ºC)
R

DG = 0% (PP)

5
10
15
20

3.056
3.929
3.729
3.747

0.725
0.960
1.077
1.103

1.501
1.011
0.673
0.537

115.12
111.26
109.00
107.47

0.9976
0.9996
0.9998
0.9998

DGFPP = 3.0%

5
10
15
20

3.230
4.110
4.438
3.992

0.940
1.099
1.199
1.216

0.983
0.727
0.495
0.343

120.01
116.30
114.12
112.96

0.9965
0.9988
0.9978
0.9981

DGFPP = 13.2%

5
10
15
20

3.487
4.360
3.701
3.649

0.849
1.041
1.148
1.156

1.139
0.839
0.517
0.407

119.81
116.19
113.77
111.88

0.9974
0.9983
0.9985
0.9989

R denotes correlation coefficient.

Table 2. Avrami parameter of PP and FPP/PP (10/90) blends from DSC non-isothermal crystallization exothermic
peaks.
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crystallization is a temperature-changing process, the
Avrami exponent, n, does not have the same physical
significance as in the isothermal crystallization. The
former would be a summary value of n in the whole
temperature range of the exotherm. It is shown from
Table 2 that n values of PP vary from 3.06 to 3.93, and
those of FPP/PP blends range from 3.23 to 4.44,
which means the addition of FPP with quaternary
ammonium groups has little influence on the 

crystallization mode of PP crystallites. 
The larger the Zc value, the higher would be the

crystallization rate. At the same cooling rate, the
much higher Zc of FPP/PP blends compared to that of
PP is an indication that the quaternary ammonium
groups on FPP can prompt crystallization effectively
because of the increase in nucleus density. The value
of t1/2 decreases with increased cooling rate, because
of quick freezing of chain mobility at higher cooling

Non-isothermal Crystallization Kinetics of Cationic ... Liu G et al.
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(a) (b)

(c)

Figure 4. Development of relative crystallinity with temperature for non-isothermal crystallization PP
and FPP/PP blends: (a) pure PP, (b) FPP/PP (DGFPP: 3.0%), and (c) FPP/PP (DGFPP: 13.2%).



rates. In addition, the crystallization rate of FPP/PP
blend (DGFPP: 13.2%) is lower than that of the blend
(DGFPP: 3.0%).

Combined Avrami and Ozawa Equations 
In order to find a more accurate method to describe
the non-isothermal crystallization process, Mo et al.
[21] have proposed a different equation to study the
non-isothermal crystallization by combining the

Avrami and Ozawa equations to obtain the following
equations: 

(5)

(6)

By defining α = n/m, the ratio between the Avrami
and Ozawa exponents and F(T) = [K(T)/Zt]1/m, 

Non-isothermal Crystallization Kinetics of Cationic ...Liu G et al.

Iranian Polymer Journal / Volume 18 Number 7 (2009) 587

  

 

(a) (b)

(c)

Figure 5. Plots of log[-ln(1-X(t))] as a function of log t for PP and FPP/PP blends at different
cooling rates: (a) pure PP, (b) FPP/PP (DGFPP: 3.0%), and (c) FPP/PP (DGFPP: 13.2%).

DmTKtnZt ln)(lnlnln −=+
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Mo et al. have obtained the following expression:

(7)

The parameter F(T) is the value of cooling rate, which
has to be chosen at specific crystallization time and
when the measured system amounts to a certain
degree of crystallinity. The smaller the value of F(T),
the higher would be the crystallization rate. Therefore,

F(T) has a definite physical meaning. 
At different relative crystallinities of samples

(X(t): 20%, 40%, 60%, and 80%), the plots of ln D vs.
ln t according to eqn (7) are shown in Figure 6. Using
linearity fitting with these data, we can obtain a series
of lines with -α as the slope and lnF(T) as the 
intercept. The values of α and F(T) are also listed in
Table 3. At a certain relative crystallinity, a high value
of F(T) means a high cooling rate needed to reach X(t)

588 Iranian Polymer Journal / Volume 18 Number 7 (2009)

Non-isothermal Crystallization Kinetics of Cationic ... Liu G et al.

tTFD ln)(lnln α−=

  

 

(a) (b)

(c)

Figure 6. Plots of ln D versus ln t for PP and FPP/PP blends: (a) pure PP, (b) FPP/PP
(DGFPP: 3.0%), and (c) FPP/PP (DGFPP: 13.2%).



at a specific time, which reflects the difficulty of its
crystallization process. Table 3 shows that the value
of F(T) increases with increasing relative crystallinity,
and the crystallization rate of FPP/PP blends is higher
than that of the pure PP. In addition, in the blends in
which different degrees of grafted FPP were added,
the various trends of the crystallization rate were the
same as the conclusion proposed by Mandelkern
analysis.

During the non-isothermal process, the crystalliza-
tion rate of the FPP/PP blends was found to be higher
than that of pure PP, showing a rather rapid process of
non-isothermal crystallization and higher rates of
crystallization. The possible explanation is that the
facility of nucleation in FPP/PP blends provided by
electrostatic interactions between the quaternary
ammonium cations might result in higher crystalliza-
tion rates, while at the same time the decreased chain
diffusion has a reverse effect. In another word, the
quaternary ammonium groups on FPP affect the 
crystallization process of the PP in two opposite 
directions, i.e. promoting the nucleation and 
hindering the transport of the chain molecules
towards the growing nuclei. In this study, small
amounts of incorporated DMC on FPP appear to have
little effect on the chain regularity and these units

appear to function as nucleating agents during the
crystallization process. It means the quaternary
ammonium groups on FPP contribute to the 
acceleration of crystallization. However, the 
electrostatic interaction between the quaternary
ammonium cations becomes stronger with increased
DMC concentration, which may disturb the chain-
packing regularity and make the backbone more rigid,
and chain diffusion and mobility of the crystallizable
segments diminish. With stronger interaction, the
slower would be the crystallization rate [22], and thus
the crystallization process for the blend is slowed
down (DGFPP: 13.2%). In addition, in a temperature
changing process, the non-isothermal crystallization
becomes complicated and it needs further studies. 

Furthermore, according to the above results, 
crystallinity should decrease with increasing the 
content of FPP in FPP/PP blend because DMC
destroys the integrity of PP chain and decreases the
activity, leading to less crystallite formation in the
blend. Besides, the crystallization rate is decreased
when more FPP is added, because electrostatic 
interaction between the quaternary ammonium
cations becomes stronger with the amounts of DMC
increasing, and as a result the chain diffusion and
mobility of the crystallizable segments diminish.
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Samples
(degree of grafting)

X(t)
(%)

α F(T) R

DG = 0% (PP)

20
40
60
80

1.355
1.299
1.288
1.252

6.026
8.511

10.765
12.735

0.9866
0.9932
0.9945
0.9930

DGFPP = 3.0%

20
40
60
80

1.270
1.251
1.232
1.220

4.121
5.433
6.486
7.586

0.9360
0.9587
0.9661
0.9747

DGFPP = 13.2%

20
40
60
80

1.368
1.355
1.355
1.348

4.243
5.495
6.792
8.222

0.9992
0.9996
0.9996
0.9998

Table 3. Non-isothermal crystallization kinetics parameters from combination of the Avrami
and Ozawa equations.

R denotes correlation coefficient.



Activation Energy
The activation energy for the transport of a polymeric
segment to the growing crystal surface ΔEτ can be
determined using Kissinger approach [23] by calculat-
ing the variation of TP with the cooling rate D from
the following relation:

(8)

where R is the gas constant and Tp is the crystalliza-
tion peak temperature. Graphs of ln(D/Tp

2)] vs. 1/Tp
are shown in Figure 7. The slope of the curve 
determines -ΔEτ/R. Activation energy,  ΔEτ, can be
obtained as shown in Table 4. 

It is observed from Table 4 that the activation 
energy of FPP/PP blend (DGFPP: 13.2%) is higher
than all other samples, which means diffusion and
mobility of the crystallizing elements across the phase 

Figure 7. Kissinger plot for evaluating non-isothermal 
crystallization activation energy.

boundary become difficult and thus the crystallization
rate is slower for FPP/PP blend (DGFPP: 13.2%) than
that for the blend (DGFPP: 3.0%). 

Figure 8. The polarized micrographs of PP and FPP/PP
blends (magnification ×100) at 126ºC: (a) pure iPP and (b)
FPP/PP (DGFPP: 13.2%).
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Samples 
(degree of grafting)

DG = 0%(PP) DGFPP = 3.0% DGFPP = 13.2%

ΔEτ (kJ/mol)
R

-230.3
0.9934

-235.9
0.9937

-203.7
0.9899

Table 4. ΔEτ of PP and FPP/PP (10/90) blends.

R denotes correlation coefficient.

 

 

(a)

(b)



Morphologies
Figure 8 shows the polarized micrographs of PP and
FPP/PP blend (DGFPP: 13.2%) during isothermal
crystallization process at 126ºC. The FPP/PP blend
shows that the number of effective nuclei obviously
increases, and the spherulite size decreases, indicat-
ing that DMC chain on FPP acts as a heterogeneous
nucleating agent, and the quaternary ammonium
groups accelerate the nucleation.

CONCLUSION

In this paper, we have investigated the non-isother-
mal crystallization kinetics of FPP/PP (10/90) blends
using differential scanning calorimetry. The Avrami
and Mo’s method were employed to describe the
non-isothermal crystallization kinetics of samples.
The conclusion shows that the crystallization rate of
FPP/PP blends is higher than that of pure PP.
However, the crystallization process is slowed for the
blend as the degree of grafting increases. Polarized
micrographs show that FPP acts as a heterogeneous
nucleating agent in the blends. In addition, the 
activation energy for the transport of the polymeric
segment to the growing crystal surface has also been
obtained according to the Kissinger method.
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