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a b s t r a c t

The non-isothermal crystallization behaviour of Mg–Al layered double hydroxide (LDH)/polypropylene
(PP) nanocomposites prepared by melt-dispersion was investigated through differential scanning
calorimetry and discussed in comparison with that of montmorillonite (MMT)/PP ones. Combined effects
of the LDH interlamellar modification and blending the PP with maleic anhydride-grafted PP (PP-g-
MAH) and maleic anhydride-grafted poly(styrene-co-ethylenebutylene-co-styrene) (SEBS-g-MAH) were
eywords:
ayered double hydroxide
olypropylene
anocomposites

analysed. Different approaches were applied to determinate the crystallization kinetic parameters. The
nucleation activity parameter indicated that LDH particle resulted active for heterogeneous nucleation of
PP. Overall; the crystallization rate constant of the PP increased in presence of LDH in a similar extension
that in presence of MMT nanoparticles. By applying an isoconversional method to the calorimetric data it
was found that the effective activation energy decreased because of the effect of the nanoparticles and its
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. Introduction

Polypropylene (PP) is widely used in industry due to its well-
alanced physical and mechanical properties, as well as to easy
rocessing at a relatively low cost. The application of PP, however,
as been limited by its high flammability, tendency to brittleness
t temperatures below its glass transition temperature and low
tiffness particularly at elevated temperatures. Traditionally, com-
ounding PP with different inorganic particles has been of wide

nterest and it has been an effective way to improve thermal and
echanical properties of this polymer.
Nanocomposites consisting of PP matrix and natural or synthetic

ayered minerals like clays have been attracted much interest of
esearchers on the last decade. Mostly focused on cationic clays
1,2], and particularly on smectite-type layered silicates, clay-based
llers have recently been extended to the family of layered dou-
le hydroxides (LDH) [3] and different approaches to prepare LDH
anocomposites have been described in previous papers [4–10].
DHs are a family of lamellar compounds containing exchangeable

nions in the interlayer space (anionic clays). The structure con-
ists of brucite-like sheets of typical thickness 0.5 nm, in which
artial substitution of trivalent for divalent metallic ions results

n a positive charge compensated by anions within interlayer gal-

∗ Corresponding author. Tel.: +34 937398158; fax: +34 937398101.
E-mail address: monica.ardanuy@upc.edu (M. Ardanuy).
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ng trends with the crystallization degree depending of the nanocomposite

© 2008 Elsevier B.V. All rights reserved.

eries. The general formula is: [M1−x
2+ Mx

3+(OH)2][Ax/n
n−·mH2O],

here M2+ and M3+ are di- and trivalent metal cations, respectively,
hat occupy octahedral positions in the hydroxide layers, and An−

s an interlayer anion [11]. The nature of the layer metal ions can be
hanged among a wide possible selection and the interlayer anion
an be also chosen among inorganic or organic species.

The melt-mixing preparation procedure of polymer/LDH
anocomposites include the LDH particle organophillization, con-
isting in swelling via ion exchange process with an anionic
urfactant, followed by dispersion into a polymer matrix by apply-
ng high local shear stresses in a melt-mixer dispositive. These
rganophillized particles display an expanded crystalline structure
ecause of the higher free volume of the interlamellar organic ion
8–10].

Owing to the low polarity of PP, it is usually necessary to
se polar compatibilizer agents to promote strong interactions
etween the polymer melt and the particles, which ideally cause
ffective platelet dispersion within the melt matrix by shear and/or
longational mixing forces. Graft copolymers combining an iden-
ically or miscible part with functional groups capable to interact
ith the inorganic particle surface are usually used as compatibi-

izer [12–14].

Different studies have been focused on the effect of montmo-

illonite (MMT) and other smectite clays on the crystallization
ehaviour of PP nanocomposites. Most of them reported like sil-

cate layers are active substrates for the heterogeneous nucleation
f PP and PP-g-MAH. As a consequence, the polymer crystallization

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:monica.ardanuy@upc.edu
dx.doi.org/10.1016/j.tca.2008.09.016
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ate increases and the degree of surpercooling required for crys-
allizing decreases [10,15–18]. Differences in the Ozawa’s exponent
etween PP and PP/clay nanocomposites indicated different mech-
nisms of crystal growth caused by the clay layer presence. The PP
rystallization activation energy is usually found to decrease due to
rganophillized clay.

As far as we know, no studies about the effects of Mg–Al LDH
anoparticles on the crystallization behaviour of PP have been pub-

ished. In the present paper, different PP/Mg–Al LDH and PP/MMT
anocomposites were prepared via melt mixing, and compara-
ively investigated their non-isothermal crystallization behaviour.
he influence of different polymeric compatibilizers was also
nalysed. The nucleation activity of the particles, as well as the non-
sothermal crystallization kinetic parameters, were determined
nd discussed. In addition, the activation energy was analysed
hrough a differential isoconversional method.

. Experimental

.1. Materials

Isotactic poly(propylene) Isplen PP 050 (MFI = 5.7 g/10 min) pro-
ided by Repsol-YPF (Puertollano, Spain) was used as a polymer
atrix.
Three different polymer modifiers were used: maleic anhydride-

rafted polypropylene (PP-g-MAH) (Epolene G-3003) supplied
y Eastman Chemical; maleic anhydride grafted-poly[styrene-
-(ethylene-co-butylene)-b-styrene] triblock copolymer SEBS-g-
AH supplied by AKelastomer (Tuftec M1913) and poly(ethylene

erephthalate-co-isophthalate) (PET) manufactured by Catalana de
olímers SL (El Prat de Llobregat, Spain).

Synthetic hydrotalcite supplied by Ciba (Hycite 713) with for-
ula [Mg0.7Al0.3(OH)2](CO3)0.15·nH2O was used as Mg–Al LDH

recursor.

.2. Hydrotalcite and montmorillnonite organophillization

Organophillized hydrotalcite (HTDS) was prepared in two steps,
ombining the reconstruction method and the ion exchange one
11,19]. Firstly, calcined HT was stirred with NaCl salt in an aqueous

olution to form LDH with chloride anions (HTCl). In a second step,
he HTCl paste was stirred in a sodium dodecylsulfate aqueous solu-
ion at 80 ◦C for 3 days, employing a dodecylsulfate concentration
wo times that of the theoretical ion exchange capacity of HTCl. A
hite precipitate (the organophilic LDH) was isolated by filtration,

w
c
c
m

able 1
ample nomenclature, chemical composition and crystallization and melting characterist

ample Composition (wt.%) Crystallization

Tc (◦C) T

P PP 113.2 6
PHT PP/HT (90/10) 115.8 6
PHTDS PP/HTDS (90/10) 118.6 3
PMHTDS PP/PP-g-MAH/HTDS (88/2/10) 126.7 5
PMHTDSD PP/PP-g-MAH/HTDS (94/1/5) 125.0 5
PSHTDS PP/SEBS-g-MAH/HTDS (88/2/10) 118.6 4
PSHTDSD PP/SEBS-g-MAH/HTDS (94/1/5) 119.1 4
PMMT PP/MMT (96/4) 118.2 3
POMMT PP/OMMT (96/4) 119.8 3
MMMT PP/PP-g-MAH/MMT (94/2/4) 118.8 4
MOMMT PP/PP-g-MAH/OMMT (94/2/4) 118.9 2
PMMT PP/PET/MMT (91/5/4) 122.8 3
POMMT PP/PET/OMMT (91/5/4) 125.5 3
MPMMT PP/PP-g-MAH/PET/MMT (89/2/5/4) 122.5 3
MPOMMT PP/PP-g-MAH/PET/OMMT (89/2/5/4) 125.1 3
ca Acta 479 (2008) 45–52

ashed with deionized water, dried under vacuum at 65 ◦C for 24 h
nd stored in a dessicator.

A fine high-purity bentonite fraction, rich in calcium MMT, was
btained from bentonite (natural clay from Minas de Gador, Spain)
nd ion-exchanged with undecyl ammonium chloride (OMMT)
ccording to a previously published procedure [20].

.3. Nanocomposite preparation

PP nanocomposites were prepared by melt-dispersion. A co-
otating twin-screw extruder (Collin ZK-35) with D = 25 mm and
/D = 36 was used. Intensive dispersive mixing was assured by
eans of three kneading blocks inserted in the screw configura-

ion. A barrel temperature profile was selected from 150 ◦C at the
olymer feeding to 190 ◦C at the end. Layered particles were fed

n the extruder thought a feeding port located at a distance of 12D
rom the polymer feeding. Vacuum devolatilization was applied at a
istance of 24D. The screw speed was fixed at 60 rpm. Under these
onditions, the melt temperature measured at the die was never
igher than 200 ◦C. A circular cross-section die of 3 mm diameter
as employed. The extrudate was cooled in a water bath and pel-

etised. The composition of the resultant nanocomposites is shown
n Table 1.

.4. Measurement procedure

Differential scanning calorimetry (DSC) technique was used
o perform non-isothermal crystallization experiments on the PP
anocomposites. A PerkinElmer Pyris 7 calorimeter was used. Cal-

bration of the instrument was done using standard samples of In
nd Pb. The sample mass was typically 10 mg. Once the sample
hermal history was erased for 3 min at 200 ◦C, cooling cycles were
onducted from 200 to 30 ◦C, applying different cooling rates rang-
ng from 5 to 40 ◦C/min. All runs were carried out in a stream of
ried nitrogen. After each cooling, a heating run between 30 and
00 ◦C was performed at 10 ◦C/min. The crystallinity was calculated
ccording to the following equation:

m = �Hm(mc/mp)
�H0

100 (1)
here �Hm was the melting enthalpy measured in the heating or
ooling experiments, �H0 is the theoretical enthalpy of PP 100%
rystalline (�H0 = 207.1 J/g [21]), mc is the mass of the sample and
p is the mass of PP in the sample.

ics at 10 ◦C/min.

Melting

k − Tc (◦C) �w (◦C) Xc (%) Tm (◦C) Xm (%)

.3 5.0 55.9 164.7 55.3

.7 5.0 56.1 164.0 55.8

.9 3.1 59.0 163.7 58.5

.3 4.3 60.3 165.3 64.2

.1 4.7 62.0 165.5 65.5

.9 3.6 60.0 163.9 62.1

.4 4.5 61.2 164.6 62.5

.5 3.1 54.6 163.1 59.8

.5 3.1 56.8 164.7 56.5

.3 4.4 56.9 163.4 61.0

.9 3.3 58.9 162.9 57.2

.5 4.6 58.8 165.1 58.5

.0 2.8 57.7 164.4 61.3

.2 3.3 62.2 163.7 59.0

.0 2.5 63.4 163.7 59.3



chimic

T
o
i
a
o
�

3

fi

�

l
b

l

w
w
p
p
w
t
w
P

c

B

a
G
a

T

m
c
t
e
4

s
k
i
c

1

w
t
d

s
e

[

l

w
C

fi
b

l

b

l

l

l

w
e
m

i
h
o
t
m
T
a
o

s
i
t

l

w
o
f
s
t
m
t
r
p
l

d
t
d
c
d
c
U
i

E

w
a
b
r
m

M. Ardanuy et al. / Thermo

Also, the following parameters were measured: Tk − Tc and �w,
c being the crystallization peak temperature and Tk the intercept
f the base line with the tangent of the exotherm. This value gives
nformation about the overall crystallization rate. �w is the width
t half height of the exotherm peak. As a general rule, a lower value
f Tk − Tc means faster overall crystallization rate, whereas a greater
w value implies a broader crystalline size distribution.

. Theoretical background

The Dobreva and Gutzow’s nucleation activity parameter of the
ller is defined as [22]:

= B∗

B0
(2)

The parameter B can be experimentally obtained from crystal-
ization experiences through the following relationship proposed
y Dobreva and Gutzow:

og q = const − B

2.3�T2
(3)

here q is the crystallization rate, �T is the undercooling (Tm − Tc)
ith Tm the polymer melting temperature and Tc the crystallization
eak temperature. In Eq. (2) B* represent the value of B when the
olymer crystallizes in presence of a nucleation substrate, and B0

hen there is no nucleation agent. The value of � can vary from 1
o 0. It decreases as the nucleation activity increases. The approach
as successfully applied to evaluate nucleating rate differences of

P containing different mineral fillers [20,23–27].
From the definition of B, the polymer crystal surface energy (�)

an be estimated:

= 16��3V2
m

3kTm�S2
mn

(4)

nd the lamella thickness (L), from the variant of the
ibbs–Thomson equation for a crystal of large lateral dimensions
nd finite thickness:

m = T0
m

[
1 − 2�e

L�Hm

]
(5)

In the above equations, k is the Boltzman’s constant, Tm the PP
elting temperature, �Hm the PP melting enthalpy and �e the spe-

ific surface energy. The PP molar volume (Vm) can be taken equal
o 28 cm3 mol−1, the molar entropy (�Sm) 24.2 J K−1, the Avrami
xponent n = 3, and the melting temperature at equilibrium (T0

m)
79 K [25].

The Avrami equation was extended by Ozawa [28] to develop a
imple method to characterize the non-isothermal crystallization
inetics assuming that the crystallization process is the result of an
nfinite number of isothermal crystallization steps. The degree of
onversion at temperature T, X(T), can be calculated as

− X(T) = exp
[−K(T)

qm

]
(6)

here the rate constant K(T) is a function of the overall crystalliza-
ion rate and m (Ozawa exponent) depends on the crystal growth
imensionality.

Plots of log[−ln(1 − X(T))] versus log q at a given temperature
hould ideally result in straight lines, from which K(T) and m param-
ters are obtained.

Ziabicki proposed a different variation of the Avrami’s equation

29]:

n[−ln(1 − Xt)] = ln Zt + n ln t (7)

here Zt is a function related to the overall crystallization rate.
onsidering the non-isothermal character of the crystallization, the

H
i
a

n

a Acta 479 (2008) 45–52 47

nal form of the parameter characterizing the kinetics was given
y Jeziorny [30]:

n Zc = ln
Zt

q
(8)

Liu and Juang [31] proposed a different theoretical kinetic model
ased on the combination of Ziabicki’s and Ozawa’s approaches:

n Zt + n ln t = ln K(T) − m ln q (9)

n q = 1
m

ln
[

K(T)
Zt

]
− n

m
ln t (10)

n q = ln F(T) − b ln t (11)

here F(T) = [K(T)/Zt]1/n refers to the crystallization kinetic param-
ter and b is the ratio of the exponents. Thus, a lower value of F(T)
eans a higher crystallization rate.
Despite Kissinger’s method has been widely applied in evaluat-

ng the activation energy of the crystallization processes, Vyazovkin
as recently demonstrated its inapplicability on the processes that
ccur on cooling [32]. In this sense, reliable values of the effec-
ive activation energy can be obtained by using the isoconversional

ethods developed by Vyazovkin [32–34] and by Friedman [35].
hese methods have been demonstrated to be appropriate to char-
cterize the effective activation energy (E�) on processes that occur
n cooling.

In this paper, the Friedman method was used, due mainly to the
implicity of the method. This method has been used successfully
n obtaining results on the effective energy barrier of PP/surface-
reated SiO2 nanocomposites [27] and aromatic polyesters [36].

The Friedman equation is expressed as

n
(

dX

dt

)
X

= constant − �EX

RTX
(12)

here dX/dt is the instantaneous crystallization rate as a function
f time at a given conversion X. According to this method, the X(t)
unction obtained from the integration of the experimentally mea-
ured crystallization rates is initially differentiated with respect to
ime to obtain the instantaneous crystallization rate, dX/dt. Further-

ore, by selecting appropriate degrees of crystallinity (i.e. from 1
o 95%) the values of dX/dt at a specific X are correlated to the cor-
esponding crystallization temperature at this X, i.e. TX. Then, by
lotting the left hand side of Eq. (12) with respect to 1/TX a straight

ine must be obtained with a slope equal to EX/R.
Depending on the cooling rate, the same value of the relative

egree of crystallinity (˛) is accomplished at different tempera-
ures. According to Vyazovkin and Sbirrazzuoli [34], T versus ˛
ependence can be obtained by using an average temperature asso-
iated of the same value of relative degree of crystallinity (˛). This
ependence allows correlate the E� with temperature. These plots
an be used in evaluating Hoffman-Lauritzen parameters (Kg and
*). The temperature dependence of the effective activation energy

s defined as

�(T) = U∗ T2

(T − T∞)2
+ KgR

T2
m − T2 − TmT

(Tm − T)2T
(13)

here U* is the activation energy of the segmental jump, T∞ is
hypothetical at which viscous flow ceases (usually taken 30 K

elow the glass transition temperature, Tg), Tm is the equilib-
ium melting temperature and Kg is a kinetic parameter. This
ethod was successfully used by Achilias et al. [37] to estimate the

offman–Lauritzen parameters from the overall rates of the non-

sothermal crystallization of poly(propylene terepthalate) (PPT)
nd poly(butylene 2,6-naphthalate) (PBN).

Recently, Vyazovkin and Dranca [38] applied this method to
on-isothermal data on both melt and glass crystallization and
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hese authors recommend the use of the melt and glass crystal-
ization data as way of improving the precision and accuracy of
he aforementioned approach to estimating the Hoffman–Lauritzen
arameters. Nevertheless, taking into account that the main objec-
ive of this paper is to elucidate the effects of the LDH nanoparticles
n the non-isothermal crystallization kinetics of PP, we have con-
idered enough to compare the resulting parameters obtained for
he melt crystallization data.

. Results and discussion

.1. Nucleation activity

In general, the presence of LDH and MMT particles resulted in
igher crystallization peak temperature (Tc) of PP when cooled

rom the melt (Fig. 1), indicating some nucleation activity. Concern-
ng PP/LDH nanocomposites, as can be seen in the values compiled
n Table 1, the effect is more noticeable for the composites contain-
ng the organophillized Mg–Al LDH (HTDS) than the pure one (HT),
ndicating a more favourable crystal structure in HTDS than in HT
o nucleate the PP crystallinity. The value of the lattice parameter c
corresponding to three times the spacing d between two consecu-
ive layers of the LDH) determined by X-ray scattering, passed from
2.9 Å in HT to 84.6 Å in HTDS. This cell expansion of the nanopar-
icle could be the reason for a higher nucleation rate of the PP-�

onoclinic crystal.
The effect of the polymer compatibilizer was found to be rele-

ant. On one hand, the PP-g-MAH copolymer promoted an increase
f 8 ◦C in the Tc values (samples PPMHTDS and PPMHTDSD),
isplaying the combination of HTDS particles with PP-g-MAH
opolymer certain synergistic effect. In this sense, it has been
eported that small amounts of PP-g-MAH could act as nucleating
gents in PP [39]. On the other hand, SEBS-g-MAH did not display
nfluence on the PP crystallization temperature (samples PPSHTDS
nd PPSHTDSD). The miscibility of PP-g-MAH in PP matrix could
xplain the greater influence excerted by this compatibilizer com-
ared with SEBS-g-MAH one.

Concerning PP/MMT composites, different influences were
bserved depending on the composition. In the same way that
DH particles, MMT promoted the increasing of the PP crystal-
ization peak temperature. The increase was slightly higher for the
rganophillized montmorillonite (OMMT). Contrarily to that found
n PP/LDH nanocomposites, no effect of PP-g-MAH compatibilizer
n the Tc value of PP/MMT nanocomposites was observed. Never-
heless, PET compatibilizer increased Tc value dramatically, mainly
n the samples containing organophillized clay (OMMT). Similar
esults have been reported in PP/PET composites with other fillers
26], revealing nucleation activity of PET for PP.

Differences in the shape of the non-isothermal crystallization
SC signal resulted depending on the nanocomposite composition.
rom them, information about differences in the overall crystalliza-
ion rate and crystal size distribution of the nanocomposites was
btained (Table 1). While pure Mg–Al LDH particles did not change
he PP overall crystallization rate nor the crystalline size distribu-
ion, the organophillized ones caused a remarkable increased in
he overall crystallization rate as well as a narrower crystalline
ize distribution, as revealed from the lower Tc − Tk and �w val-
es. In general, when the compatibilizers were in the formulation
he former effect was less marked, revealing that both the LDH
rganophillization and the polarity of the PP matrix had oppo-

ite influence on the crystallization behaviour. Unlike in PP/LDH
anocomposites, in PP/MMT ones the influence of both the particle
rganophillization and the compatibilizer presence was evident in
erms of increased overall crystallization rate and narrower crys-
alline size distribution.

i
c
t
a

ig. 1. DSC crystallization thermograms for (a) PP/LDH nanocomposites. (b) PP/MMT
anocomposites and (c) PP-PET/MMT nanocomposites, at cooling rate 10 ◦C/min.

The average crystalline fraction developed during non-

sothermal crystallization of PP was slightly higher in the
omposites than in the pure polymer, which can be explained due
o the effect of shifting the crystallization onset to higher temper-
tures (Table 1).
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Table 2
Crystallization characteristics obtained by DSC.

Sample Activity
parameter, �

Crystal surface energy,
� (10−6 J cm−2)

Lamellar thickness,
L (10−9 m)

PP 1.00 2.11 4.71
PPHT 0.83 1.99 4.91
PPHTDS 0.87 2.01 4.43
PPMHTDS 0.47 1.67 4.06
PPMHTDSD 0.57 1.78 4.14
PPSHTDS 0.82 1.98 4.72
PPSHTDSD 0.82 1.97 4.38
PPMMT 0.92 2.05 4.35
PPOMMT 0.70 1.88 4.44
BMMMT 0.69 1.89 3.96
BMOMMT 0.78 1.97 4.53
BPMMT 0.75 1.93 4.57
B
B
B
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g
indicating differences on nuclei formation and spherulite grow of
POMMT 0.69 1.87 3.75
MPMMT 0.76 1.96 4.46
MPOMMT 0.69 1.90 4.53

As expected from the nucleation activity of both kinds
f nanoparticles, values of �-parameter resulted lower in the
anocomposites than in pure PP (Table 2). Similar results were
btained with surface-treated SiO2 nanoparticles (� 0.85) [27] or
ther particles like talc (� 0.32) [23] or magnesium hydroxide (�
.52) [24].

For LDH nanocomposites, the values of activity parameter were
imilar for both untreated and organophillized LDH particle. The
ffect of the compatibilizer polymers on the �-parameter was
ound to be different depending on the nature of the backbone.

hereas PP-g-MAH resulted in a dramatic lowering of � value,
EBS-g-MAH showed no influence on this parameter. From these
ifferences, one could accept that the high nucleation activity of
P-g-MAH should be due to its backbone molecular characteristics
i.e. low molecular weight) but not to interactions coming from the

aleic anhydride group.
As a consequence of the differences in nucleation rate, both the

alculated surface energy and the lamella thickness of PP crystal
ecreased in the nanocomposites (Table 2). Lower values of the
ucleation activity parameter resulted in lower values of both crys-
al surface energy as well as lamella thickness.

Regarding MMT, the calculated � values showed that the nucle-
tion rate increased in this group of nanocomposites as follows:
P < PPMMT < BMOMMT < BMPMMT < PPOMMT < BMPOMMT.
herefore, the organophillization of the clay with undecyl ammo-
ium affected the PP nucleation activity (PPMMT > PPOMMT
nd BMPMMT > BMPOMMT). As a consequence, both the surface
nergy and the calculated thickness value of PP crystal resulted
ower in the nanocomposites prepared with organophillized MMT
han in pure PP. When PET was used as a compatibilizer, the
ucleation activity resulted improved, leading to a reduction of

value. This effect was particularly remarkable in composites
ontaining OMMT nanoparticles. However, combination of PET
nd PP-g-MAH did not result in further improvement. From these
esults, we can conclude that both LDH as MMT particle induce
ner crystallinity in PP.

.2. Analysis of crystallization kinetics

According to the analysis proposed by Ozawa, plots of
og[−ln(1 − X(T)] versus log q resulted in straight lines with par-
llel relationship in the range between 116 and 122 ◦C (Fig. 2). From

hem, the kinetic parameters m and K(T) were calculated (Table 3).

In general, the crystallization rate constant K(T) of PP at a
xed temperature resulted increased with the presence of both
DH and MMT particles. The effect was found more noticeable

P

a
i

ig. 2. Ozawa plos of log[−ln(1 − X(T)] versus log q for non-isothermal crystalliza-
ion of (a) PP and (b) PPHTDS nanocomposite.

ith the organophillized ones. The influence of the compatibi-
izer followed different trends. Whereas formulations containing
P-g-MAH displayed the lower K(T) values, the PET containing
MT nanocomposites displayed the highest K(T) values. Further-
ore, no effect attributed to SEBS-g-MAH could be observed. These

esults seem to indicate that the studied nanoparticles, specially the
rganophillized ones, as well as the compatibilizers induce differ-
nces in the PP crystal growth rate.

The values of Ozawa exponent (m) for PP/LDH and PP/MMT
anocomposites at a fixed temperature were in general higher than
he obtained for neat PP. Moreover, these differences increased
n nanocomposites with presence of the organophillized particles.
herefore the type of nucleation and the growth mechanism of crys-
als in PP resulted strongly affected by the presence of these layered
articles.

The kinetic parameters obtained from Ziabicki analysis are pre-
ented in Table 4. As could be expected, the value of Zc increased
ith increasing cooling rates. Furthermore, for lower cooling rates

from 5 to 30 ◦C), Zc resulted higher on nanocomposites compared
ith neat PP, confirming that, in general, the crystallization process

f PP was accelerated because of the presence of LDH nanoparticles
Fig. 3).

Although the n exponent displayed a wide range of values, in
eneral, at a fixed cooling rate, were higher for the nanocomposites,
P by the effects of the layered particles.
The F(T) values obtained from Liu et al analysis (Table 4) system-

tically increased with the relative degree of crystallinity. Moreover,
n general, at same relative degree of crystallinity, the values of F(T)
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Table 3
Kinetic parameters of non-isothermal crystallization of PP/LDH and PP/MMT
nanocomposites at different temperatures obtained from Ozawa analysis.

Sample T (◦C) K(T) (min−m) m

PP 116 2,512 4.10
118 457 4.01
120 174 4.16

PPHT 116 1,514 3.63
118 603 3.61
120 309 3.80

PPHTDS 118 83,176 4.80
120 23,988 5.01
122 2,042 5.02

PPMHTDS 118 29,512 3.44
120 5,754 3.28
122 5,248 3.56

PPSHTDS 116 741,310 5.00
118 77,625 5.00
120 33,113 5.30

PPMHTDSD 116 9,121 2.42
118 3,981 3.20
120 1,230 3.30

PPSHTDSD 116 331,131 4.44
118 44,668 4.33
120 24,547 4.58

PPMMT 118 56,234 4.79
120 4,266 4.72
122 912 4.94

PPOMMT 118 3,235,937 5.64
120 117,490 5.22
122 10,233 5.16

BMMMT 118 6,310 3.64
120 1,288 3.58
122 933 3.91

BMOMMT 118 363,078 4.43
120 11,482 4.84
122 1,023 4.40

BPMMT 120 16,218 3.47
122 3,236 3.47
124 741 3.65

BPOMMT 122 20,417 3.33
124 16,218 3.86
126 2,188 3.99

BMPMMT 120 7,079 3.20
122 2,570 3.39
124 955 3.81

B

f
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r
n
f
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a
p
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Table 4
Non-isothermal crystallization kinetic parameters obtained form Ziabicki and Liu et
al. approaches for PP and PP/LDH nanocomposites.

Sample Ziabicki Liu et al.

q (◦C/min) n Zc (min−n) Xt (%) F(T) B

PP 5 5.74 0.35 20 7.54 1.31
10 5.81 0.83 40 9.58 1.29
20 5.47 1.09 60 11.25 1.30
30 5.08 1.12 80 13.20 1.33
40 4.47 1.11

PPHT 5 3.60 0.64 20 6.62 1.33
10 3.55 1.01 40 8.67 1.29
20 5.09 1.11 60 10.28 1.27
30 4.62 1.14 80 12.06 1.27
40 4.69 1.13

PPHTDS 5 4.82 0.76 20 4.76 1.37
10 4.70 1.16 40 5.93 1.37
20 5.59 1.21 60 6.89 1.39
30 5.19 1.18 80 8.17 1.43
40 4.50 1.15

PPMHTDS 5 2.89 0.81 20 4.39 1.06
10 2.72 1.09 40 5.81 1.09
20 2.54 1.12 60 7.03 1.13
30 2.40 1.10 80 8.58 1.20
40 2.31 1.06

PPSHTDS 5 2.69 0.98 20 2.93 1.06
10 2.40 1.14 40 3.99 1.18
20 2.38 1.14 60 4.96 1.23
30 2.24 1.11 80 6.11 1.30
40 2.17 1.09

Fig. 3. Variation of the Zc parameter calculated from Ziabicki analysis versus cooling
rate for PP and PP/LDH nanocomposites.
MPOMMT 122 32,359 3.53
124 28,840 4.23
126 10,000 4.98

or LDH nanocomposites are lower than of neat PP, mainly for the
amples with organophillized particles (Fig. 4). This means that to
each the same degree of crystallinity, X(T), the crystallization time
eed by nanocomposites respect to neat PP is shorter, decreasing as

ollows: PP > PPHT > PPMHTDS ∼ PPHTDS > PPSHTDS. These results
re in agreement with the ones obtained from Ozawa and Ziabicki
pproaches analysed above, and indicate like both LDH and MMT
articles, contribute to increase the overall crystallization rate of PP.
imilar results were found in nanocomposites with MMT particles
15–18] or other nanoparticles [27].
.3. Activation energy

The dependence of crystallization activation energy of PP on the
xtent of relative crystallization degree calculated using the Fried-

Fig. 4. Variation of the F(T) parameter calculated from Liu et al. analysis versus the
relative degree of crystallinity for PP and PP/LDH nanocomposites.
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ig. 5. Dependence of the effective activation energy on the relative extent of crys-
allization (isoconversional analysis) for PP and PP/Mg–Al LDH nanocomposites.

an’s method is presented in Fig. 5. A growing trend of �E against
he conversion degree can be observed for all studied samples.
n addition, remarkable differences in the trends for the differ-
nt nanocomposites resulted. In this sense, it is noticeable that
n PPHTDS nanocomposite the �E value at the conversion onset
s approximately 60 kJ mol−1 lower than that of the neat PP, but
t reaches almost the same value at the end of the crystallization,
ndicating that the organophillized LDH particles are more effec-
ive in decreasing the activation energy at the early stages of the
P crystallization. By the other hand, pure LDH particles followed
n opposite behaviour. From these results, it can be stated that the
rganophillized LDH particles induce easier crystallization in PP,
ither from the kinetics or from the energy point of view.

As aforementioned, an average temperature associated of the
ame value of relative degree of crystallinity (˛) has been used
o evaluate the T versus ˛ dependence and to correlate the effec-
ive activation energy with temperature (Fig. 6). These plots have
een used in evaluating the Kg and U* parameters by Eq. (13)
34]. The graphics software Origin 7.0 has been employed to per-
orm a non-linear curve fitting procedure. The theoretical lines fit
he experimental data with the coefficient of determination (r2)
round 0.975. The fit yields the following parameters for pure PP:

g = 11.1 × 105 K2, U* = 15.3 kJ mol−1. Meanwhile pure Mg–Al LDH
articles contributed to decrease these values (Kg = 7.2 × 105 K2,
* = 2.3 kJ mol−1 for PPHT) the organophillized ones acted in oppo-
ite way, being Kg = 17.7 × 105 K2, U* = 44.1 kJ mol−1 for PPHTDS. The

ig. 6. Dependence of the effective activation energy on average temperature for PP
nd PP/Mg–Al LDH nanocomposites.
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se of the combined PP-g-MAH and the organophillized Mg–Al
DH particles didn’t cause significant changes on these parameters
Kg = 10.5 × 105 K2, U* = 16.4 kJ mol−1 for PPMHTDS). These support
he aforementioned effects of the organophillized Mg–Al LDH par-
icles on the non-isothermal crystallization kinetics of PP.

. Conclusions

The non-isothermal crystallization behaviour of PP/LDH and
P/MMT nanocomposites was studied. The analysis of the nucle-
tion activity indicated that both LDH and MMT particles are active
ubstrates for the heterogeneous nucleation of PP. The copolymer
P-g-MAH contributed to increase the nucleation activity in PP/LDH
anocomposites but displayed no appreciable effect on PP/MMT
nes.

Kinetics parameters obtained from Ozawa and the other
on-isothermal crystallization approaches provided an adequate
escription of the non-isothermal crystallization behaviour of PP
anocomposites. After the Ozawa analysis, the crystallization rate
onstant K(T) increased in PP with the presence of both kind of
anoparticles, mainly with the organophillized ones. Values of Zc

nd F(T) obtained from Ziabicki and Liu et. analysis, respectively,
upported the Ozawa results.

The effective activation energy decreased because of the effect of
he nanoparticles. In addition, its value displayed different growing
rends with the crystallization degree depending of the nanocom-
osite composition. The organophillization of the LDH particles had
emarkable influence, not only on the dependency of the PP effec-
ive activation energy with the relative extent of crystallization, but
lso on its kinetics parameters.
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