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Ziegler-Natta isotactic polypropylene (iPP) wasmelt mixed with four different nucleating agents (carbon nanotubes (CNT), carbon
nanofibers (CNF), lithium benzoate (LiBe), and a sorbitol derivative (Millad)) in order to study their effect on the crystallization of
iPP. It was found that the four different nucleating agents promote the alpha crystalline form. At 0.01 wt%, the carbon nanoparticles
produced the higher crystallization temperature “𝑇

𝑐
” (∼119∘C), whereas, at 0.10 wt%, LiBe and Millad produced a markedly higher

𝑇
𝑐
(∼125∘C). 𝑇

𝑐
of pure iPP was 111∘C. With 0.1 wt% nucleating agent, at 120∘C, the crystallization half-life time of PP, when using

LiBe or Millad, was 15 times faster than for pure PP, whereas, when using carbon nanoparticles, it was 20–25 times faster. At 135∘C,
with 0.01 wt% nucleating agent, the isothermal crystallization process of iPP was completed after 25min, as well as with Millad.
With LiBe, it was completed after just 15min and, with any of the carbon nanoparticles, it was practically over after only a couple
of minutes.

1. Introduction

Isotactic polypropylene is an important polyolefin used in the
globalmarket due to the combination of very good properties
and low cost. However, because of polypropylene being a
semicrystalline polymer, many of its properties depend on its
crystalline characteristics, which can bemodified bymeans of
different methods and techniques.The addition of nucleating
agents, for example, will induce a more uniform crystal size
and crystal structure. This in turn, will induce a higher
crystallization temperature, which eventually will result in
shorter molding cycles. Improvements in the mechanical
and thermal properties include increased modulus without
sacrificing impact strength, increased thermal stability [1,
2], and increased clarity for special visual effects when
concerning the optical properties [3].

Polypropylene with its relatively slow crystallization rate
and crystal size from 50 to 150 𝜇m, and depending on the par-
ticular characteristics of the polymer and thermal treatment,
has a typical white appearance. But, by decreasing the crystal
size below the wavelength of visible light, polypropylene
becomes quite transparent [1, 4, 5]. When the nucleating
agent reduces the crystal size of the polypropylene to such
an extent, the agent is also known as a clarifier. Clarified
polypropylene presents higher clarity and improved polymer
strength. This makes the polymer a promising substitute
of polystyrene in some applications. Currently, clarified
polypropylene finds application in housewares, containers,
blow molded bottles, medical syringes and vials, thermo-
formed containers, and extruded and blown films [6].

In addition to the above-mentioned effects, the content
of alpha, beta, and gamma crystalline forms can also be
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Table 1: Comparison of size and surface area of the four different nucleating agents.

CNT CNF LiBe Millad
𝐿 (𝜇m) 10 20 — —
𝐷 (𝜇m) 0.050 0.120 10.0 15.0
𝜌 (𝜇g/𝜇m3) 2.1 × 106 2.1 × 106 1.1 × 106 1.1 × 106

Approximately
Vol of 1 particle (𝜇m3) 0.02 0.23 524 1,767
Wt of 1 particle (𝜇g) 4.12−8 47.50−8 5.76−4 19.40−4

Number of particles in 100mg 2.43+12 21.10+12 1.74+8 0.51+8

Surface area of 1 particle (𝜇m2) 1.60 7.5 314 707
Surface area in 100mg (𝜇m2) 3.81+12 1.59+12 5.45+10 3.64+10

Ratio of surface areas∗ 100 40 1.5 1
∗Ratio of surface areas of the different nucleating agents, to Millad, when having 100mg of each, taking the surface area of 100 mg of Millad as 1. For example,
100mg of CNT will have 100 times the surface area of 100mg of Millad.
CNT and CNF were considered as cylinders and LiBe and Millad as spheres for the calculation of volume, weight, and surface area.
—: at any wt%, there will always be between 30 and 100 times more surface area in carbon nanoparticles than in LiBe or Millad.

altered by selecting the appropriate nucleating agent [7, 8].
In the last 10 years, carbon nanostructures such as carbon
nanotubes (CNT) and carbon nanofibers (CNF) have been
used as effective nucleating agents for polypropylene [9, 10].
Some authors have reported that the addition of nanotubes
from 0.1 to 5wt% increased the crystallization temperature
of PP composites with respect to the pure PP and enhanced
the mechanical, electrical, and thermal properties [11, 12].

This paper examines the nucleating ability of very small
amounts of CNT, CNF, dimethylbenzylidene sorbitol (Mil-
lad), and lithium benzoate (LiBe) for the crystallization of an
isotactic Ziegler-Natta polypropylene.

2. Experimental

2.1. Materials. The isotactic polypropylene (iPP) used in
this study was a Ziegler-Natta polypropylene from Indelpro,
Mexico, with an average molecular weight (MW) of 300,000,
molecular weight distribution (MWD) of 3.4, and melt flow
index (MFI) (at 230∘C with 2.16 kg) of 11 g/10min. This
iPP presented a crystallization temperature (𝑇

𝑐
) and melting

temperature (𝑇
𝑚
) of 111 and 160∘C, respectively.

Chemicals used as nucleating agents were multiwalled
carbon nanotubes (CNT), from NanoLab, USA; carbon
nanofibers (CNF), Pyrograf III, from Applied Sciences,
USA; lithium benzoate (LiBe), with a melting point of
∼370∘C, fromMicronisers Ltd., Australia; and 1,3:2,4-bis(3,4-
dimethylbenzylidene sorbitol), Millad 3988 (Millad), with a
melting point of ∼250∘C, fromMilliken, USA.

ConsideringCNTandCNFwith a rod-like form andLiBe
and Millad with a quasi-spherical form, Table 1 presents a
comparison of their approximate size and geometric charac-
teristics.

2.2. Preparation of Composites. iPP composites with 0.1 wt%
of each nucleating agent were prepared in a 250 cm3 capacity
mixing chamber with roller type rotors, coupled to a Braben-
der torque rheometer.The composites were prepared viamelt

mixing for a period of 12min, at 170∘C and 50 rpm rotor
speed.

These composites with 0.1 wt% of nucleating agent were
then used as master batches and diluted for the preparation
of the 0.001, 0.01, 0.05, and 0.08wt% of nucleating agent.

2.3. Characterization

2.3.1. Differential Scanning Calorimetry (DSC). DSC mea-
surements were performed on a Perkin Elmer DSC 7, Pyris,
under a nitrogen flow. Weight of each sample was always
10 ± 1mg.

The effect of the different nucleating agents on the rate
of crystallization and on the nucleating efficiency of the dif-
ferent nucleating agents was studied via dynamic conditions,
whereas the effect of the different nucleating agents on the
kinetic characteristics of the process of crystallization was
studied via isothermal conditions.

2.3.2. Dynamic Crystallization. The crystallization tempera-
ture (𝑇

𝑐
) was calculated as follow: samples were first heated

from room temperature to 200∘C at 10∘C/min and held there
for 3min to erase any thermal history. The samples were
then cooled down to 50∘C at −10∘C/min. From this cooling
process, the temperature at the maximum peak was taken as
𝑇
𝑐
.

2.3.3. Isothermal Crystallization. These were carried out at
various isothermal temperatures ranging from 115 to 127∘C.
All samples were first heated to 200∘C at 10∘C/min and
held there for 3min to erase the previous thermal history.
Subsequently, they were cooled at −50∘C/min to the desired
isothermal temperature and held at that temperature until
complete crystallization.

2.3.4. PolarizingOpticalMicroscopy (POM). Crystallinemor-
phology of iPP and its composites was investigated through
a Mettler Toledo FP900, coupled to a Zeiss contrast phase
microscope. Additionally, a Samsung video camera model
SCC-131A was attached to the microscope. The amplification
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Figure 1: WAXD diffractograms of iPP composites at 0.1 wt% of nucleating agent.

used was 10x times 20x. The experiments were performed
using isothermal crystallization. Samples were heated to
200∘C at a heating rate of 10∘C/min and held there for 3
minutes to remove thermal history and then cooled down
to 135∘C at −20∘C/min. The samples were then held at 135∘C
for 30min. All experiments were run in air atmosphere. The
time, at which each sample reached 𝑇

𝑐
, was designated as

time zero (𝑡
0
). In each case, a photograph was taken at time

zero; thereafter, a new photograph was taken, either every
30 sec, 15 sec, or more often, depending on how fast the
crystallization occurred.

2.3.5.Wide Angle X-Ray Diffraction (WAXD). The crystalline
structure of all samples was assessed using X-ray diffraction
analysis. In this case, the composites with 0.1 wt% of additive
were selected to determine the crystal type induced by the
addition of the different nucleating agents.The XRD analyses
were carried out in a Siemens D5000 diffractometer, from 5

to 35 in 2𝜃. Disc shaped samples of 25mm in diameter and
1mm thick were analyzed.

3. Results and Discussion

3.1. Crystalline Structure of iPP Composites. To study the
effect of the different nucleating agents on the polymorphism
of iPP, all samples were examined by means of WAXD. It was
reasoned that if therewas any formation of beta crystals by the
incorporation of the nucleating agents, this phenomenonwill
be more evident at the highest concentration.Thus, the X-ray
analysis was carried out on the composites with 0.1 wt% of
nucleating agent. Figure 1 shows the WAXD patterns of pure
iPP and iPPwith nucleating agents. It can be observed that the
four composites display the same characteristic diffracting
peaks corresponding to the planes (110), (040), and (130) of
the 𝛼-form, whereas the peak corresponding to the plane
(300), characteristic of the 𝛽 form (at around the 16.0∘ on the
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Figure 2: Variation of the crystallization temperature (𝑇
𝑐
) of iPP

with the nucleating agents concentration (0.001, 0.01, 0.05, and
0.10 wt%).

2𝜃 range), is absent.This confirms thatMillad, LiBe, CNF, and
CNT are 𝛼-nucleating agents for iPP.

In this respect, it has been reported that Millad and CNT
are not able to induce the 𝛽 form [13–15], while there is no
reported data for the CNF and LiBe. Furthermore, it can be
observed in Figure 1 that there was an increase of the (040)
plane at the expense of the (110) plane. The LiBe nucleating
agent induces the greatest displacement to the alpha form,
while Millad exerts an effect comparable to that of the carbon
nanoparticles.

In this respect, the crystallinity degree (𝑋
𝑐
) of the com-

posites was also determined from the X-ray diffractograms.
This crystalline content was obtained from the total area
under the diffractograms, after subtracting the area corre-
sponding to the amorphous phase [16].

The 𝑋
𝑐
% values are included inside the WAXD plots

of Figure 1. Note that these crystalline degrees (𝑋
𝑐
%) were

obtained on samples with 0.1 wt% of nucleating agent. For the
pure polymer, the crystalline content was found to be 42.0%
and, in general terms, it can be said that the incorporation
of the studied nucleating agents slightly increased the 𝑋

𝑐
%

of the carbon nanoparticles composites (by ∼1.5 percentage
point, i.e., 42.0 to 43.5), whereas it markedly increased the
𝑋
𝑐
% of the LiBe and Millad composites (by ∼7.0 percentage

points, i.e., 42.0 to 49.0).

3.2. Nonisothermal Crystallization Behavior of iPP Compos-
ites. Table 2 presents the particular crystallization temper-
atures of the iPP composites with the different nucleating
agents.

Additionally, Figure 2 presents the effect of the different
nucleating agents on 𝑇

𝑐
, as a function of concentration,

in nonisothermal experiments. CNT and CNF showed a
strong nucleating effect at very low concentrations (0.001

Table 2: Crystallization temperature (∘C) of the iPP composites as
a function of the nucleating agent concentration.

Nucleating agent
concentration, wt% Millad LiBe CNF CNT

0.001 111 111 117 116.6
0.01 110 116 119 118.5
0.05 111 123 119.5 120
0.10 124 125 120 120.5

and 0.01 wt%), increasing the crystallization temperature up
to 119-120∘C; but this effect leveled off; that is, the carbon
nanoparticles reached their saturation point and𝑇

𝑐
remained

at ca. 120∘C even at the highest concentration (0.10 wt%).
LiBe, on the other hand, started to have an effect on the

crystallization temperature at a slightly higher concentration
and, thereafter, even surpassed the effect of the carbon
nanoparticles, reaching a crystallization temperature above
124∘C at 0.10 wt% [17]. Finally, Millad showed no effect at
the low concentrations but showed an excellent effect on
increasing𝑇

𝑐
at the highest concentration (0.10wt%) equaling

the effect of LiBe.
Polypropylene is known to present polymorphism which

depends on the catalysts and polymerization conditions used
during its synthesis. Its chain structure can contain randomly
distributed stereo and/or regio defects. In this sence, van der
Meer et al. [18] found that the crystal growth rate decreases
linearly with the fraction of defects, but it is more affected by
the presence of regio defects than stereo defects.

While studying the crystallinity and mechanical prop-
erties of metallocene catalyzed polypropylene, De Rosa et
al. [19] found that the presence of rr defects affects its
polymorphism and mechanical properties, inducing the for-
mation of gamma type crystals. The authors found that
when the concentration of rr defects is low (3-4%), the
polymer presents a melting temperature above 130∘C and
mechanically the polymer behaves as a stiff thermoplastic
material. But if the concentration of rr defects is greater (4–
6%), the melting temperature lies between 115 and 120∘C and
the polymer behaves as a flexible thermoplastic material.

On the other hand, Krache et al. [7] studied the effect of
nucleating agents on the polymorphism of metallocene and
Ziegler-Natta polypropylenes and found that the formation
of beta type crystals depends on the type and concentration
of nucleating agent, as well as on the cooling rate. As a
result, the decreased tacticity of metallocene polypropylene
in combination with the effect of nucleating agents renders
a more complex morphology than that in the Ziegler-Natta
polypropylene. In the metallocene samples, the stereo defects
are randomly distributed and therefore are more likely to be
incorporated within crystals.

This explains why 𝑇
𝑐
of Ziegler-Natta iPP composites

is higher than that of metallocene iPP composites reported
elsewhere [5]. On the other hand, Beck [20] found that
the type of structure of the nucleating agent determines its
effectiveness. In this sense, it is known that some nucleating
agents of PP act via epitaxial interactions such as benzoic
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Table 3: Nucleating efficiency [%] of the four different nucleating
agents on iPP composites as a function of concentration.

Nucleating agent
concentration, wt% Millad LiBe CNF CNT

0.001 1 1 24.6 20.9
0.01 2 15 30.7 28.3
0.05 10 40 32.6 33.8
0.08 26 49 34.6 35.1
0.10 45 52 35.7 36.3

acid and its salts [21]. The more ordered structure of Ziegler-
Natta iPP, as compared to that of metallocene iPP, favors
the crystallographic interactions with nucleating agents, as
observed in the 𝑇

𝑐
results presented herewith, particularly

with those agents that have similar unit cell structure to that
of PP, as LiBe [22]. The carbon nanoparticles, due to their
very high surface area, reach the saturation point very rapidly;
the great number of nuclei sites overcomes the difference
in the crystallizable block segments of the polymer. This
would explain why, at very low concentrations, the carbon
nanoparticles perform better in Ziegler-Natta iPP than in
metallocene iPP. In this case, due to the small number
of nuclei particles, the effect of the crystallizable polymer
segments length is dominant.

3.3. Nucleating Efficiency in terms of 𝑇
𝑐
. There are two

ways of assessing the nucleating efficiency of additives for
polypropylene, depending on the way the crystallization
takes place. One is when the crystallization is carried out
under dynamic conditions, where the measured parameter
is the crystallization temperature and the simplest way is
to establish an arbitrary scale [20] or use Fillon’s method
[23].This method defines the ideal situation of self-nucleated
polypropylene and takes the crystallization temperature of
the self-nucleated PP (𝑇

𝑐
2max

) as the upper limit (100%), which
in this case was taken as 138∘C [13, 24, 25]. However, the
crystallization temperature of the pure polymer (𝑇

𝑐
1

) is the
lower limit (0%), and in this case it was taken as 110∘C. Thus,
the nucleating efficiency is given by

NE = 100 ∗
𝑇
𝑐NA
− 𝑇
𝑐
1

𝑇
𝑐
2max
− 𝑇
𝑐
1

, (1)

where 𝑇
𝑐NA

is the measured crystallization temperature with a
particular nucleating agent.

Self-nucleation studies for polypropylene [13, 24, 25] give
values for 𝑇

𝑐
2max

(the upper limit) between 137 and 140∘C for
a Ziegler-Natta iPP, that is, approximately 25 to 28 degrees
above the crystallization temperature of the pure polymer. In
the present study,𝑇

𝑐
2max

of iPPwas taken as 138∘C.This value is
an average of 28 degrees above the crystallization temperature
of the pure polymer (𝑇

𝑐
1

= 110∘C).
Following (1), the efficiency of the nucleating agents is

presented in Table 3.
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The resulting nucleating efficiencies are not especially
high. Higher results have been reported [25–27], but what
has to be kept in mind is that the highest nucleating agent
concentration used was 0.1 wt%, which is lower than that
reported in many similar studies, especially for Millad and
LiBe [28, 29].

However, it is worth to emphasize the good nucleating
efficiency of Millad and LiBe when used at a concentration
of 0.1 wt% as shown in Table 3 and Figure 3.

What is clear from Figure 3 is that the carbon nanopar-
ticles apparently tend to reach their saturation point at very
low concentrations, 0.01–0.05wt%, where their NE reaches
a maximum of ca. 30–35%. Millad and LiBe, on the other
hand, seem to be very poor nucleating agents at the low
concentrations studied but easily surpass the NE of the
carbon nanoparticles at concentrations above 0.10 wt%. At
0.10 wt%, Millad and LiBe do not even seem to be near their
saturation point.

The above mentioned could be because, at any weight
concentration, the number of carbon nanoparticles surpasses
the number of Millad or LiBe particles by approximately 6
orders of magnitude (Table 1). That is, at the low concentra-
tions used in this study, the number of Millad or LiBe nuclei
is still very small compared to the number of CNT or CNF
nuclei. And it is until the Millad or LiBe nuclei population
increases when these start to show the strong nucleating
effect. The small number of Millad or LiBe particles, at the
lower concentrations, gives rise to the large spherulite sizes
observed in Figure 5.

The crystallization kinetics of the PP compositions stud-
ied was carried out based on the Avrami model. This theory
has been often used to analyze the crystallization of PP [19–
21]. This model does not account for the secondary crystal-
lization, but it has been found that secondary crystallization
is not relevant in PP [8].
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Figure 4: (a) Variation of the relative crystallinity versus time, of pure PP and PP with 0.1 wt% nucleating agent. (b) Avrami plots of pure PP
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To study the isothermal crystallization, the following
equation, derived from the Avrami model, was used:

𝛼 = 1 − exp (−𝐾𝑡𝑛) ,

1 − 𝛼 = exp (−𝐾𝑡𝑛) ,

ln (1 − 𝛼) = −𝐾𝑡𝑛 󳨀→

− ln (1 − 𝛼) = 𝐾𝑡𝑛,

ln [− ln (1 − 𝛼)] = 𝑛 ⋅ ln (𝐾𝑡) ,

ln [−ln (1 − 𝛼)] = 𝑛 ⋅ ln (𝑡) + 𝑛 ⋅ ln (𝐾) ,

(2)

where 𝛼 is the weight fraction that has passed from the
amorphous to the crystalline state, as a function of the time
𝑡. 𝐾 is the Avrami constant and 𝑛 is the Avrami exponent.
𝐾 and 𝑛 are used to interpret the nucleation mechanism and
the overall crystallization rate of the polymer. 𝐾 and 𝑛 are
obtained from a plot of ln[− ln(1 − 𝛼)] versus ln(𝑡). Figures
4(a) and 4(b) show the Avrami plots for the PP compositions
studied.

Values of 𝐾, 𝑛, and 𝑡
1/2

are presented in Table 4. The
fractional 𝑛 values are accounted for in the Avrami theory
by assuming some overlapping of primary nucleation and
growth [22]. 𝑛 values obtained are between 2.0 and 3.0 for
all the PP compositions studied.

The effect of the nucleating agents is clearly seen in
the development of the crystallization rate (Table 4). The
crystallization rate—measured by the half-life time of crys-
tallization, which was determined experimentally—for the
given temperature of 120∘C, indicates an increase in the
velocity of crystallization induced by the nucleating agent

Table 4: Crystallization temperature 𝑇
𝑐
, Avrami’s constant 𝐾,

Avrami’s exponent 𝑛, and crystallization half-life time 𝑡
1/2

for
PP at different temperatures. In all cases, the nucleating agent
concentration was 0.1 wt%.

Sample 𝑇
𝑐
[∘C] 𝑛 𝐾 𝑡

1/2
[min]

PP

115.0 2.58 0.17 1.7
117.0 2.71 0.052 3.2
120.0 2.61 0.002 8.2
122.0 2.49 0.0018 10.5

PP-CNT

115.0 2.84 74.11 0.17
120.0 2.74 37.19 0.32
125.0 2.48 6.002 0.59
127.0 2.58 0.606 0.82

PP-CNF

115.0 3.10 134.32 0.18
120.0 2.98 48.0 0.41
125.0 2.52 3.7 0.87
127.0 2.65 1.79 1.39

PP-LiBe

120.0 2.76 13.82 0.52
122.0 2.67 4.74 0.81
125.0 2.74 0.67 1.49
127.0 2.58 0.08 2.34

PP-Millad

118.0 3.47 19.45 0.40
120.0 2.50 9.14 0.52
125.0 1.93 1.15 2.52
127.0 2.05 0.05 4.80

(Table 4). With CNT and CNF, it increases by a factor of 20–
25, compared to the pure PP and, with either LiBe or Millad,
it increases by a factor of 15.
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Figure 5: Crystallization process and crystal size of pure iPP and nucleated iPP composites at 135∘C, with 0.01 wt% of nucleating agent.

The spherulitic growth rate and number of nuclei are
reflected in the Avrami constant 𝐾. In this case, the higher
𝐾 values indicate a higher number of nuclei for the PP
compositions with carbon nanoparticles [2].

3.4. Spherulite Growth of iPP in Composites during Isother-
mal Crystallization. After assessing the different nucleating
agents by their influence on the crystallization temperature,
nucleating efficiency, and crystallization half-life time, their
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effect on the crystal size and crystallization rate of iPP is now
examined. In this case, the nucleating agent concentration
was 0.01 wt%.

Results show that, in the case of the PP composites, the
main difference in nucleating activity is as follows. (1) At
0.10 wt%, the nucleating effect of Millad and LiBe is superior
to that of both CNF and CNT. (2) But, at 0.01 wt%, the
nucleating effect of carbon nanoparticles is superior to that
of Millad or LiBe.

The analysis of spherulitic growth under optical micros-
copy was carried out at 135∘C. This temperature was chosen
simply because, at lower temperatures, the observed changes
occurred very rapid.

Figure 5 shows the photographs of pure polypropylene
and composites during isothermal crystallization at 135∘C.

It can be observed in Figure 5 that, after 5min, the
crystal concentration in the carbon nanoparticles composites
appears higher than for the LiBe composite. For the Millad
composite, on the other hand, there is no nucleating effect at
all and the crystal size remains approximately the same as that
of the pure polymer.

Looking at the photographs, it can be assumed that the
crystallization process of the pure polymer is completed after
25min; and the same can be said of the Millad composite.

The crystallization process of the LiBe composite, on the
other hand, is completed around 10–15 minutes. Thereafter,
the two remaining photographs at 20 and 25min look very
similar.

On the contrary, the crystallization process for the carbon
nanoparticles composites is practically over after only a
couple of minutes. The process is so fast that five minutes
appear too long to differentiate the process.

But considering the effects of the studied nucleating
agents on the crystallization temperature, the nucleating
efficiency, and the crystallization half-life time, it can clearly
be assumed that, at this low concentration of 0.01 wt%,
the carbon nanoparticles are right at their saturation point,
whereas LiBe and Millad are far below this point.

It has been reported [30] that PP/CNT nanocomposites,
with CNT contents above those studied here (0.25 and
0.5 wt%), have higher nucleation density (number of nuclei
in the polymer mass that give rise to crystals) than the pure
PP and that not every nanotube can act as a nucleating site
during crystallization. The authors commented that it seems
that a minimum size of nanotube stack is needed to provide
nuclei for crystal formation. In our case, nanocomposites
containing lower CNT and CNF contents (0.01 wt%) showed
similar nucleation densities. It appears then that, as shown
in our crystallization temperature, nucleating efficiency, and
crystallization half-life time results, the carbon nanoparticles
reach their saturation point at very low concentration.

4. Conclusions

The effect of different nucleating agents (carbon nanotubes,
carbon nanofibers, lithium benzoate, and a sorbitol deriva-
tive) on the crystallization of Ziegler-Natta iPP was studied.

It was found that the four different nucleating agents
promote the alpha crystalline form.

At the lower concentrations studied (0.001–0.01 wt%), the
carbon nanoparticles produced the higher 𝑇

𝑐
, whereas, at the

highest concentration (0.1 wt%), lithium benzoate and the
sorbitol derivative produced a markedly higher 𝑇

𝑐
.

With 0.1 wt% nucleating agent, at 120∘C, the crystalliza-
tion half-life time of PP, when using LiBe or Millad, was 15
times faster than for pure PP, whereas, when using carbon
nanoparticles, it was 20–25 times faster.

At 135∘C, with 0.01 wt% of nucleating agent, the crystal-
lization process of the Millad composite, as well as the pure
polymer, is completed after 25min. But the crystallization
process of the LiBe composite is completed after only 15min,
and that of the carbon nanoparticles composites is practically
over after only a couple of minutes.

The carbon nanoparticles reach their saturation point
at very low concentration, namely, 0.01–0.05wt%, whereas
the LiBe and Millad did not even appear to have reached
their saturation point at the highest concentration studied
(0.1 wt%).
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