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Abstract: Several composites were prepared based on a polypropylene random copolymer (PPR) and
different amounts of date stone flour (DSF). This cellulosic fiber was silanized beforehand in order to
reduce its hydrophilicity and improve the interfacial adhesion with the polymer. Other composites
were also obtained, including a sorbitol derivative as an effective nucleant. Films made from these
composites were prepared using two different thermal treatments, involving slow crystallization and
rapid cooling from the melt. Scanning electron microscopy was used to evaluate the morphological
features and the DSF particle dispersion within the PPR matrix. X-ray diffraction experiments and
differential scanning calorimetry tests were employed to assess the crystalline characteristics and for
the phase transitions, paying especial attention to the effects of the DSF and nucleating agent on PPR
crystallization. An important nucleation ability was found for DSF, and evidently for the sorbitol
derivative. The peak crystallization temperature upon cooling was considerably increased by the
incorporation of either the nucleant or DSF. Additionally, a much higher proportion of orthorhombic
crystals developed in relation to the monoclinic ones. Moreover, the mechanical responses were
estimated from the microhardness experiments and significant improvements were found with
increasing DSF contents. All of these findings indicate that the use of silanized DSF is a fairly good
approach for the preparation of polymeric eco-composites, taking advantage of the widespread
availability of this lignocellulosic material, which is otherwise wasted.

Keywords: polypropylene random copolymer; date stone flour; sorbitol derivative; X-ray diffraction;
differential scanning calorimetry; microhardness

1. Introduction

In recent years, there have been growing concerns regarding sustainability and preser-
vation of the environment. These issues, together with the reduction of petroleum sources
and the new and more stringent conservational regulations, have increased the need
for new environmentally friendly materials that will contribute to achieving a circular
economy.

One of the possibilities in this direction is the use of so called eco-composites or green
composites containing natural fibers [1–8]. These fibers are naturally abundant, easily
accessible, and there are many types, meaning they are valuable alternative resources, with
the additional advantage that they require little energy for their eventual processing [8].
They represent, therefore, valuable alternatives to the use of more traditional fillers, such
as calcium carbonate, silica, glass fiber, and carbon nanotubes [1,9–13], which involve
additional difficulties in recycling.

Those eco-composites, however, have certain drawbacks, mainly related to the great
variations in their properties (depending on the kind of fiber, environmental conditions, and
processing procedures [8,9]), their poorer processability, and because they may also require
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particular compatibilization methods, depending on the polymeric matrix employed [1,9].
Using specific compatibilizers or suitable modification of the filler by appropriate chemical
treatments will overcome some of these drawbacks. These chemical treatments aim to
reduce the hydrophilicity of the cellulosic fibers and to improve the interfacial adhesion
with the polymeric component.

One of the fillers of plant origin is date stone flour (DSF), a lignocellulosic material
resultant from date fruit, which is readily obtainable in North African regions. Only a few
studies have reported on polymer composites containing DSF [9,14–17], which discussed
the compatibilization problems mentioned above and employed a compatibilizer.

Regarding the polymer matrix, polypropylene, PP, is an extensively used polyolefin
material, due to its good price–performance balance. This feature makes it an attractive
offering, with uses in a number of sectors, as well as mass consumption and engineering
applications [18]. The considerable development of PP has mainly been due to the different
structures and morphologies that it can generate by altering synthesis and processing
conditions via the presence of foreign surfaces in the PP matrix [19,20].

Increasing interest has been devoted in recent years to composites of PP and natural
fibers, addressing various aspects of fiber reinforcement, the different fiber properties, the
incorporation and treatment of the fillers, and nucleation details, among others [21–27].

Among PP polymers, there is a special classed named polypropylene random copoly-
mer (PPR), which according to standard ASTM F2389, is based on propylene and at least
one comonomer, with propylene being above 50% of the composition. The most usual
comonomers are ethylene or 1-butene, and their presence involves certain decreases of the
glass transition and melting temperatures and of the crystallinity and rigidity in relation to
the properties exhibited by PP homopolymers [28–31].

The aims of this study are the preparation, characterization, and preliminary evalu-
ation of the properties of various composites based on a PPR as the polymer matrix and
containing different amounts of DSF as the plant fiber filler. Moreover, the effects of the
addition of a sorbitol derivative, as a nucleant and clarifying agent, are also investigated.
The characterization process includes scanning electron microscopy (SEM) to evaluate
the filler particle dispersion in the PPR matrix, as well as X-ray diffraction experiments
and differential scanning calorimetry (DSC) tests to assess morphological and crystalline
features and phase transitions, paying especial attention to the effects of the DSF and
nucleant on the crystallization capability. In addition, microhardness experiments are
carried out to preliminarily estimate their mechanical responses.

2. Materials and Methods
2.1. Materials and Chemicals

The polymer used in this investigation was a polypropylene–ethylene random copoly-
mer (PPR), synthesized by a Ziegler-Natta catalyst (from Repsol, Madrid, Spain) and with
an ethylene content of 3.8 wt.%. The molar masses, measured by gel permeation chro-
matography, were Mw = 415 Kg/mol and Mn = 97 Kg/mol, with a polydispersity ratio of
Mw/Mn = 4.3.

The sorbitol derivative incorporated into PPR was Millad 3988 (1,3:2,4bis (3,4dimethyl-
benzylidene) sorbitol), which was used as a nucleant and clarifying agent, supplied by
Milliken Chemical.

The cellulosic fiber used was date stone, obtained from Deglat-Ennour (Wargla, Al-
geria), the chemical composition of which was determined according to the Technical
Association of the Pulp and Paper Industry (TAPPI) test [32,33]. The obtained results are
presented in Table 1.

Table 1. Chemical composition of date stone flour (wt.%).

Cellulose Lignin Hemicellulose Ash Extractable Water

42.6 16.3 19.2 2.2 14.8 4.9
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Vinyltrimethoxysilane was selected for the modification of the DSF particles. It was
purchased from Aldrich and used as received.

2.2. Chemical Modification of Date Stone

To enhance the interfacial adhesion with the polymer, the silanization method was
selected from the different chemical treatments commonly used to reduce the hydrophilicity
of cellulosic fibers; thus, the chemical modification of date stone, leading to the date stone
flour (DSF), was performed using silane [34]. For this, 100 g of the date stone flour was
incorporated into a methanol/water (90:10) (w/w) mixture by application of continuous
stirring using a magnetic bar for 12 h and at room temperature (25 ◦C). Afterwards, the
resultant mass was filtered and dried at 80 ◦C. A dry pristine flour was then obtained.
On the other hand, 5% vinyltrimethoxysilane was dissolved in a similar methanol/water
mixture (90:10) (w/w) as before, while the pH was adjusted to 4 by adding acetic acid by
applying continuous stirring for 10 min and at a temperature of 25 ◦C. The previously
dried flour was immersed in the prepared solution and stirring was applied for 12 h at
25 ◦C. Next, it was filtered and dried at 80 ◦C for 12 h and a dry silanized date stone flour
was obtained. In the following, and for simplicity, DSF will be used to refer to this modified
date stone flour.

2.3. Preparation of Composites and Films

The composites of PPR and DSF, with and without nucleating agent (Millad 3988),
and with the presence of 0.1 wt.% of antioxidant additives (Irganox 1010 and Irgafos 168)
to prevent thermo-oxidation of PPR, were prepared using a Brabender, with a screw speed
of 40 rpm, mixing time of 12 min, at a temperature of 180 ◦C.

The formulations for different composites and the sample code nomenclature are
shown in Table 2.

Table 2. Sample code nomenclature and formulations of the different composites.

Sample Code
Composition (wt.%)

PPR DSF Millad

PPR 100 0 0
PPR-D5 95 5 0
PPR-D15 85 15 0
PPR-D25 75 25 0

PPRN 99.8 0 0.2
PPRN-D5 94.8 5 0.2

PPRN-D15 84.8 15 0.2
PPRN-D25 74.8 25 0.2

The films used for subsequent characterization were obtained from the different
composites by compression molding in a Collin press between hot plates at 180 ◦C and
with a pressure of 25 MPa for 3 min. Then, two different thermal treatments were applied.
The first was a slow cooling from the melt to room temperature at the inherent cooling
rate of the press after the power was switched off (cooling rate around 1 ◦C/min), while
maintaining the pressure constant at 25 MPa. This thermal treatment was called S. The
second procedure involved a relatively rapid cooling (around 100 ◦C/min) from the melt
to room temperature by refrigerating the press plates with cooling water. This second film
treatment was named Q. The film thickness was around 250 µm.

2.4. Scanning Electron Microscopy

The morphology of the samples was analyzed at room temperature in an PHILIPS
XL30 ESEM environmental scanning electron microscope (Leuven, Belgium) operating at
25 kV, using a secondary electron (SE) detector. The samples were cryofractured using
liquid nitrogen before analysis.
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2.5. X-ray Diffraction Experiments

Conventional wide-angle X-ray diffraction patterns were recorded in reflection mode
using a Bruker D8 Advance diffractometer provided with a PSD Vantec detector (from
Bruker, Madison, Wisconsin). Cu Kα radiation (λ = 0.15418 nm) was used, operating at
40 kV and 40 mA. The parallel beam optics were adjusted using a parabolic Göbel mirror
with a horizontal grazing incidence Soller slit of 0.12◦ and an LiF monochromator. The
equipment was calibrated with different standards, namely Al2O3 (Corundum) and Cr2O3.

The X-ray crystallinity was determined by subtracting the corresponding amorphous
component taken from the profile of a totally amorphous elastomeric PP sample [35,36].

2.6. Differential Scanning Calorimetry

The phase transitions were studied by DSC in a TA Instruments Q100 calorimeter
connected to a cooling system and under nitrogen purge. Different cooling rates from the
melt were tested, ranging from 40 to 1 ◦C/min. The application of higher cooling rates
was not possible since the calorimeter loses temperature control before the crystallization
exotherm occurs. The subsequent melting curves were registered in the temperature range
of −20 to 180 ◦C at a scanning rate of 20 ◦C/min. The sample weights were about 5 mg.
The values of Tc and Tm were obtained from the peak maxima of the exothermic and
endothermic events, respectively.

For the determination of the DSC crystallinity, a value of 160 J/g [37,38] was used as
the enthalpy of fusion of a perfectly crystalline material.

2.7. Microhardness

The microhardness (MH) measurements were performed with a Vickers indentor [39].
The MH values were estimated from the following expression [40]:

MH = 2 sin 68◦ (P/d2) (1)

where P is the contact load (in N) and d is the length of the diagonal of the indentation
surface (in mm). Diagonals were measured in the reflected light mode within 30 s of
load removal using a digital eyepiece equipped with a Leitz computer–counter–printer
(RZA-DO). All of the measurements were carried out with a load of 0.981 N and a contact
time of 25 s at room temperature. Five measurements were performed in different parts
of the film for each specimen. The mean values of MH and their corresponding standard
deviation were then estimated.

3. Results
3.1. Scanning Electron Microscopy

Figure 1 shows the SEM images obtained for the three PPR composites at two different
magnifications. The images taken from the fracture surface reveal proper dispersion of
the particles even with high loads of DSF. The spherical shape of the particles can also be
deduced, with an average size of around 10 microns. Several voids can be seen after sample
fracture, which could indicate inefficient interactions between the modified microparticles
and the polymeric matrix. The results showing the great nucleating effect of DSF (see
below) are, however, indicative of either good dispersion or suitable interactions.

3.2. X-ray Diffraction

The X-ray diffractograms for the different samples under the two thermal treatments
are shown in Figure 2, indicating the presence of more than one crystalline form. The
interesting polymorphism exhibited by isotactic PP is well documented, which depends
mainly on the polymerization method, molecular features, thermal history, and on the use
of different nucleants. Three main polymorphs, all showing the 31 helix conformation, are
reported in [41–46], named as α, β, and γ modifications. Moreover, a mesomorphic phase
can be obtained under fast quenching conditions [20,41–44,47].
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Additionally, a new trigonal lattice was recently reported for isotactic propylene
copolymers with high comonomer contents of 1-hexene or 1-pentene, and also in ter-
polymers with both 1-pentene and 1-hexene or with 1-pentene and 1-heptene as the
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comonomers [48,49]; all these copolymers and terpolymers are prepared with metal-
locene catalysts.

Among those polymorphs, the α-form, with a monoclinic unit cell, is the thermody-
namically most stable crystal modification of isotactic PP. On the other hand, the γ-form,
with an orthorhombic structure, is favored by low molecular weights and in copolymers
with α-olefins, as well as for samples polymerized by metallocenic catalysts.

Figure 2a shows the diffractograms corresponding to the rapidly cooled specimens
of virgin PPR and to the three composites with DSF. The neat PPR-Q sample exhibits the
diffractions typical of the α-form, with the most prominent ones appearing at values of
2θ = 14.1◦, 16.9◦, 18.7◦, 21.1◦, 21.8◦, and 25.6◦, corresponding to crystalline planes of (110),
(040), (130), (111), (131)/(041), and (060), respectively. In principle, only slight changes
occur in the diffractograms due to the addition of DSF.

The situation is different for the slowly cooled samples, as can be observed in Figure 2c;
diffractions characteristic of the γ polymorph can be clearly observed, together with those
of the α modification. Most of diffractions for the γ crystals almost overlap completely in
the 2θ position with those from the α crystallites, with the clear exception of diffraction γ

(117), which appears to be well isolated at 2θ = 20.2◦.
In fact, the relative percentage of the γ polymorph can be determined [43] by using

the following equation:
fγ = 100 . Iγ(117)/(Iγ(117) + Iα(130)) (2)

where Iγ(117) and Iα(130) are the intensities of the diffractions γ (117) and α (130) appearing at
2θ angles of 20.2◦ and 18.7◦, respectively. The results for the γ fraction are discussed below.

Regarding the samples nucleated with Millad, the corresponding diffractograms
for the two thermal treatments, Q and S, are presented in Figure 2b,d, respectively. No
important differences were observed for the Q samples in relation to the profiles for the
non-nucleated samples. Diffractograms of the slowly cooled S samples, however, indicated
that the γ content had increased in these PPRN specimens.

Figure 3a,b show the variations in the percentages of γ modifications, which were
obtained using Equation (2), as functions of the filler content (DSF and Millad nucleant) for
the Q and S thermal treatments, respectively. Focusing attention on the PPR Q specimens,
the γ percentage is rather small in virgin PPR (around 4%), although it increases with the
DSF content in the sample to around 11% for specimen PPR-D25. The initial γ content
for the Q specimen of sample PPRN, which was nucleated with Millad, can be seen to
be significantly higher at around 16%, although the percentage clearly decreases with
increasing DSF content, in such a way that similar values can be seen for samples PPR-D25
and PPRN-D25.

The fact that the γ proportion decreases with increasing DSF content in the PPRN-Q
samples is attributed to the reduction of the nucleation ability caused by the presence of
DSF (see below), since the general trend is that the γ percentage clearly increases with the
nucleation ability.

The γ content was considerably higher for the slowly cooled S samples, as observed in
Figure 3b. Again, the γ percentage was higher for sample PPRN (around 84%) compared
with the 62% for virgin PPR; however, the γ fraction remained approximately constant
with increasing DSF content in the nucleated samples, while it clearly increased in the
non-nucleated samples, so that again samples PPRN-D25 and PPR-D25 displayed rather
similar γ contents.

It is well known that sorbitol derivatives, such as Millad, exhibit considerable po-
tential as nucleating agents and additionally act as excellent clarifiers when incorporated
(usually in small amounts) into a polyolefin matrix; thus, they are known to increase the
nuclei density, leading to very small spherulites, so that the transparency is considerably
improved [50]. Moreover, they enhance the γ modification in PPR copolymers [51].



Polymers 2021, 13, 2957 7 of 16

Polymers 2021, 13, 2957 7 of 16 
 

 

The γ content was considerably higher for the slowly cooled S samples, as observed 
in Figure 3b. Again, the γ percentage was higher for sample PPRN (around 84%) com-
pared with the 62% for virgin PPR; however, the γ fraction remained approximately con-
stant with increasing DSF content in the nucleated samples, while it clearly increased in 
the non-nucleated samples, so that again samples PPRN-D25 and PPR-D25 displayed ra-
ther similar γ contents. 

It is well known that sorbitol derivatives, such as Millad, exhibit considerable poten-
tial as nucleating agents and additionally act as excellent clarifiers when incorporated 
(usually in small amounts) into a polyolefin matrix; thus, they are known to increase the 
nuclei density, leading to very small spherulites, so that the transparency is considerably 
improved [50]. Moreover, they enhance the γ modification in PPR copolymers [51]. 

The results in Figure 3 also indicate that the DSF cellulose fiber considerably increases 
the γ content. Moreover, one reason for the constancy of the γ fraction in the S specimens 
of PPR-N may be related to the fact that the maximum value of the γ content [52] able to 
be developed in this specific matrix under these crystallization conditions could have been 
reached. 

Another feature that can be derived from the diffractograms in Figure 2 is the deter-
mination of the X-ray crystallinity. As mentioned in the Materials and Methods, this was 
performed by subtracting the corresponding amorphous component taken from the pro-
file of a totally amorphous elastomeric PP sample. The X-ray crystallinity results as a func-
tion of the fillers content (DSF and nucleated with Millad additive) are shown in Figure 
4a,b for the Q and S thermal treatments, respectively. For the non-nucleated Q samples, 
the crystallinity is approximately constant at around 0.57. In contrast, sample PPRN-Q 
exhibits higher crystallinity (0.60), although this parameter decreases with the DSF con-
tent, with the values approaching those of the non-nucleated samples at high DSF com-
positions. 

Again, these distinct behaviors are attributed to changes in the nucleation ability 
caused by the presence of DSF. 

 
Figure 3. Variations in the percentages of γ modifications as functions of the filler content (DSF and 
Millad nucleant): (a) Q sample; (b) S sample. 

0 5 10 15 20 250

20

40

60

80

100

0 5 10 15 20 25 0

20

40

60

80

100
a)

Q samples

 PPR-N samples
 PPR samples  

pe
rc

en
t g

am
m

a

fillers content (wt.%)

b)

S samples

 PPR-N samples
 PPR samples

fillers content (wt.%)

Figure 3. Variations in the percentages of γ modifications as functions of the filler content (DSF and
Millad nucleant): (a) Q samples; (b) S samples.

The results in Figure 3 also indicate that the DSF cellulose fiber considerably increases
the γ content. Moreover, one reason for the constancy of the γ fraction in the S specimens
of PPR-N may be related to the fact that the maximum value of the γ content [52] able
to be developed in this specific matrix under these crystallization conditions could have
been reached.

Another feature that can be derived from the diffractograms in Figure 2 is the deter-
mination of the X-ray crystallinity. As mentioned in the Materials and Methods, this was
performed by subtracting the corresponding amorphous component taken from the profile
of a totally amorphous elastomeric PP sample. The X-ray crystallinity results as a function
of the fillers content (DSF and nucleated with Millad additive) are shown in Figure 4a,b
for the Q and S thermal treatments, respectively. For the non-nucleated Q samples, the
crystallinity is approximately constant at around 0.57. In contrast, sample PPRN-Q exhibits
higher crystallinity (0.60), although this parameter decreases with the DSF content, with
the values approaching those of the non-nucleated samples at high DSF compositions.

Again, these distinct behaviors are attributed to changes in the nucleation ability
caused by the presence of DSF.

The behavior is different for the S samples: the initial crystallinity for the specimens
without DSF is significantly higher than the one for the Q counterparts, although it de-
creases in both series of samples with increasing DSF content (from 0.62–0.63 to around
0.59). The estimated error in these results is in the order of 0.02.

3.3. DSC Results

Considering the previous X-ray outcomes, DSC experiments were performed with
several objectives—as attempts to simulate the Q and S thermal treatments and to study
the influence of DSF and Millad nucleant on the thermal transitions of PPR and on its
nucleation ability.

As mentioned in the Materials and Methods, it is not possible to use cooling rates
higher than 40 ◦C/min, since the calorimeter loses temperature control before the crys-
tallization exotherm occurs; therefore, different cooling rates from the melt were tested,
ranging from 40 to 1 ◦C/min. Figure 5 show the curves from cooling from the melt at 40,
10, and 1 ◦C/min for the PPR and PPR-N samples. The outstanding nucleation ability
of both the Millad nucleant and the DSF can be readily observed. In fact, Figure 6 repre-
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sents the variations in the peak crystallization temperature with the cooling rate for the
different samples.
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(a) Q samples; (b) S samples.
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Figure 5. DSC cooling curves for the different samples: (a–c) curves from cooling of the melt at 40,
10, and 1 ◦C/min, respectively, for the PPR samples; (d–f) curves from cooling of the melt at 40, 10,
and 1 ◦C/min, respectively, for the PPR-N samples. The curves for sample PPR are also included in
the diagrams for the nucleated samples as references in order to better quantify the nucleation ability.
All curves were normalized to the actual polymer content in the sample.
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Figure 6. Variations in the peak crystallization temperature with the cooling rate for the different
samples.

An almost logarithmic variation was obtained in all of cases and a decrease in the peak
crystallization temperature of about 16–17 ◦C can be observed, passing from 1 to 40◦/min.
Evidently, this is an obvious consequence of the differences in cooling rate.

More relevant information can be deduced from Figure 7 when considering variations
in the peak crystallization temperature with the filler content. Regarding the non-nucleated
PPR samples, the observed behavior for all cooling rates is a remarkable increase in tem-
perature when passing from PPR to PPR-D5, followed by a small but noticeable additional
increase with increasing DSF content. For the nucleated PPRN samples, a well different be-
havior can be observed. A maximum value of Tc

peak was obtained for the sample without
DSF, which decreases initially with the DSF content, although small increases can again
be noticed at higher DSF contents. The conclusion from these results is that an important
nucleation ability is achieved from the addition of DSF.
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Figure 7. Variations in the peak crystallization temperature with the filler content (DSF and Millad)
for the three indicated cooling rates, cx, with x in ◦C/min.



Polymers 2021, 13, 2957 10 of 16

This nucleation capability can be more clearly observed in Figure 8, representing
the variation with the DSF content of the difference between the peak crystallization
temperature of a certain sample and that of the neat PPR specimen at the cooling rate of
10 ◦C/min. An increase as large as 6 ◦C can be observed when passing from virgin PPR to
PPR-D5, with further, much smaller increases for the higher DSF contents. These increases
are considerably greater than the ones reported for composites of PP and DSF [9].
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Figure 8. Variations with the DSF content in the differences between the peak crystallization temper-
ature of a certain sample and that of the PPR specimen for the cooling rate of 10 ◦C/min.

Comparison with the nucleated sample leads to the conclusion that the nucleation
ability for a 25 wt.% DSF is approximately 55% of that for the Millad nucleant. This is
quite a remarkable finding, as the extraordinary nucleation ability of Millad is well known
(obviously, it has to be also considered that the Millad amount was only 0.2 wt.%). Another
aspect shown in Figure 8 is that the addition of DSF to PPRN leads to an initial decrease in
Tc

peak of around 2.7 ◦C. It follows that the presence of DSF reduces the nucleation ability
in relation to Millad alone, most probably arising from the contacts with the polymer
matrix between Millad and DSF. Additionally, the adsorption of nucleation agents on
the filler particles is another reason for the reduction in Tc

peak. On the other hand, the
nucleation ability of these PPRN samples seems to increase slightly at higher DSF contents,
as mentioned above.

After the aforementioned cooling experiments, the subsequent melting curves were
registered at a scanning rate of 20 ◦C/min. Figure 9 shows the melting curves after cooling
from the melt at 40, 10, and 1 ◦C/min, respectively. After cooling at 40 ◦C/min, a small
shoulder can be observed in the low-temperature region of the endotherms, which is more
noticeable in the specimens with filler (either Millad or DSF). The shoulder increases greatly
in intensity as the cooling rate decreases, and also with increasing DSF contents in the
non-nucleated samples. In fact, it becomes predominant in all samples with filler, i.e., in
the composites. This shoulder is known to arise from the melting of the orthorhombic
γ modification [52–54], which melts at lower temperatures than the α form since the γ

crystals are smaller in size, displaying less stability than the monoclinic ones, so that their
melting temperatures are lower [52], even though they develop at higher temperatures.
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Figure 9. DSC melting curves for the different samples: (a–c) melting curves at 20 ◦C/min after
cooling from the melt at 40, 10, and 1 ◦C/min, respectively, for the PPR samples; (d–f) melting curves
at 20 ◦C/min after cooling from the melt at 40, 10, and 1 ◦C/min, respectively, for the PPR-N samples.
All curves are normalized to the actual polymer content in the sample.

Although it is difficult to deconvolute the melting curves in order to estimate the rela-
tive contents of the two polymorphs (especially because the profiles are non-symmetric),
a rough determination of those contents can be made, which is easier when high pro-
portions of γ crystals are present. For instance, the DSC results for samples PPR-D25
and PPRN-D25 after cooling at 1 ◦C/min were 78 and 82% of γ crystals, respectively.
These values are in very good agreement with those derived from the X-ray results (see
Figure 3b) for the S samples, where the cooling rate was also around 1 ◦C/min.

Another aspect deduced from the DSC curves in Figure 9 is that the melting temper-
atures of the composites are slightly higher than those of pristine PPR, particularly for
the Millad nucleated samples. This is especially evident for the melting after cooling at
1 ◦C/min (Figure 9c,f), where differences as high as around 10 ◦C can be seen for the melt-
ing of the orthorhombic phase and around 4 ◦C in the melting for the monoclinic crystals.
Obviously, the main reason for this is the previous crystallization at higher temperatures,
owing to the very important nucleation ability of both the Millad nucleant and DSF.

3.4. Microhardness Results

Microhardness, MH, is a rather valuable mechanical parameter in polymer science. It
is based on determining the ability of a certain material to plastic deformation, meaning
that it provides a measure of strain on a local scale. Moreover, MH comprises a complex
combination of different properties in relation to the viscoelastic behavior of the sample,
including the modulus of elasticity, toughness, yield strength and strain hardening. There is
a direct relation between the MH and elastic modulus [55,56]. In addition, MH experiments
can be used as an easy and fast method for the determination of possible inhomogeneities
derived in the processing of composite polymers and blends [36,57,58].
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The MH values for the different Q and S samples are shown in Figure 10. Focusing
firstly attention on the non-nucleated samples, a clear increase in MH can be observed
with the incorporation of DSF for the Q specimens, which is noticeably dependent on the
content. Consequently, DSF particles play a reinforcement role in the PPR matrix. The
increase is by about 15% when passing from PPR to PPR-D25. Similar improvements in the
elastic modulus have been reported before for composites of PP and DSF [9].
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Figure 10. MH values for the different samples under the Q and S processing conditions.

The S specimens of the non-nucleated composites show a somewhat more complicated
behavior, since the presence of DSF considerably modifies the PPR crystalline features
in these samples. Details such as the degree of crystallinity, type and proportion of the
polymorphs, as well as the lamellar thickness in the crystallites are also very important
in the final rigidity exhibited by a polymeric material [39,57–59]. It should be mentioned
that although crystallinity values for the S samples are higher than for the Q ones, their
dependence upon DSF content is completely different (as seen in Figure 4). In the former a
decrease is observed, while in the latter the crystallinity remains almost constant across the
entire DSF interval. At the end, the combined effect of those two variables (DSF content
and crystallinity) leads to rather constant MH values for these non-nucleated S samples.

Another difference is related to the contents in the polymorphs; most of the crystallites
are monoclinic in the Q samples and orthorhombic in the S ones, as can be deduced
from Figure 3. It has been described that the major presence of γ crystallites enhances
the mobility in the amorphous regions compared with that promoted by the monoclinic
crystals [59]. Accordingly, the γ crystals make a smaller contribution to the stiffness
of the sample and then to microhardness than the monoclinic α crystals. All of these
characteristics are responsible for the fact that the intrinsic reinforcement effect of DSF
incorporation does not compensate for the reduction in the composites arising from the
increase in γ content, furthermore showing a decrease in crystallinity.
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In the nucleated composites, an initial increase in MH is observed at the lowest DSF
load, independently of the thermal treatment applied. Nevertheless, the MH decreases at
the higher contents. For a given processing condition (Q or S), the reduction in crystallinity,
which is more important as DSF content is raised, again provokes this MH loss. Higher
proportions of orthorhombic crystals in the S-nucleated composites lead to smaller MH
values than those exhibited by the Q-nucleated specimens, in spite of the crystallinity being
higher in the former than in the latter. Again, the presence of DSF is not able to balance the
damage to the stiffness caused by the loss in PPR crystalline characteristics.

On the other hand, the homogeneity in the samples is found to be rather good, judging
from the values of the standard deviation of the MH tests (see Materials and Methods);
thus, the standard deviation, represented by the error bars in Figure 10, is always below 4%.

4. Conclusions

Several eco-composites were prepared from a polypropylene random copolymer and
different amounts of date stone flour. The cellulosic fiber was silanized beforehand in
order to reduce its hydrophilicity and to enhance the interfacial adhesion with the polymer.
Additionally, similar composites were also obtained, including a sorbitol derivative (Millad
3988) as an effective nucleant. Films produced using two different thermal treatments
(a slow cooling, S, and a rapid cooling, Q, from the melt) were analyzed.

The proper dispersion of the particles within the PPR composites, even at high loads
of DSF, was revealed in the SEM images. The spherical shape of the particles was also
identified, with an average size of around 10 microns.

Rapidly cooled specimens of the non-nucleated samples crystallized mainly under the
monoclinic α form, while the orthorhombic γ polymorph was predominantly obtained in
the slowly cooled samples, with the amount increasing with the DSF content. The γ crystals
were also clearly favored by the presence of the sorbitol derivative nucleant. Furthermore,
the degree of crystallinity in these non-nucleated Q composites remained rather constant
with the DSF content. These crystallinity values were lower than those found in the non-
nucleated S composites, for which a significant reduction in the crystallinity degree was
noticed with increasing DSF composition.

DSC experiments at different cooling rates from the melt proved the outstanding
nucleation ability of both the Millad nucleant and DSF; thus, increases in the peak crystal-
lization temperature by as much as 6 ◦C were observed when passing from pristine PPR to
PPR-D5 at a cooling rate of 10 ◦C/min, with smaller increases for higher DSF contents.

Comparison with the nucleated samples led to the conclusion that the nucleation
ability for 25 wt.% DSF was approximately 55% of that for the Millad nucleant. It has to be
considered, however, that the Millad content was only 0.2 wt.%. This is a rather remarkable
finding, since the extraordinary nucleation ability of Millad is well known.

The subsequent melting experiments revealed that a shoulder occurred in the low-
temperature region of the endotherms, which was more appreciable in the specimens
containing filler (either Millad or DSF). The shoulder increased greatly in intensity as the
cooling rate decreased and as the DSF contents in the non-nucleated samples increased,
becoming predominant in all samples containing filler. This shoulder arises from the
melting of the orthorhombic γ modification, which melts at lower temperatures than the
α crystallites. Moreover, melting temperatures in the composites are slightly higher than
those for neat PPR and particularly in those incorporating the Millad nucleant.

Increases of about 15% were found in the microhardness values of the rapidly cooled
Q specimens when passing from PPR to PPR-D25. The behaviors for the slowly cooled
specimens and all nucleated samples were somewhat more complicated, since there was
an additional important factor to consider—changes in the PPR crystalline characteristics.
The presence of DSF was not able to balance the damage caused in stiffness by the loss in
PPR crystalline features. The MH measurements allow for the homogeneity of the DSF
dispersion in the composites to be assessed through their low standard deviations, which
are always kept below 4%.
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All of these findings point out that silanized DSF can turn out to be a fairly good
approach for use in polymeric eco-composites, taking advantage of the availability of
lignocellulosic materials, which are otherwise wasted.

Author Contributions: Conceptualization, A.B., E.B.-B., R.K., R.B., M.L.C. and E.P.; methodology,
A.B., E.B.-B. and E.P.; formal analysis, E.B.-B., A.B. and E.P.; resources, R.K., E.B.-B., M.L.C. and E.P.;
writing—original draft preparation, E.P.; writing—review and editing, A.B., E.B.-B., R.K., R.B., M.L.C.
and E.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AEI/FEDER, UE (grant number MAT2016-79869-C2-1-P),
and CSIC (grant number 2020AEP129).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Processing of films and the SEM and X-ray measurements were carried out by
the Characterization Service at ICTP-CSIC. The authors are grateful for the help and advice received.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. La Mantia, F.P.; Morreale, M. Green composites: A brief review. Compos. Part A 2011, 42, 579–588. [CrossRef]
2. Scaffaro, R.; Maio, A.; Gulino, E.F.; Alaimo, G.; Morreale, M. Green Composites Based on PLA and Agricultural or Marine Waste

Prepared by FDM. Polymers 2021, 13, 1361. [CrossRef]
3. Bogoeva-Gaceva, G.; Avella, M.; Malinconico, M.; Buzarovska, A.; Grozdanov, A.; Gentile, G.; Errico, M.E. Natural fiber

eco-composites. Polym. Compos. 2007, 28, 98–107. [CrossRef]
4. Vaisanen, T.; Haapala, A.; Lappalainen, R.; Tomppo, L. Utilization of agricultural and forest industry waste and residues in

natural fiber-polymer composites: A review. Waste Manag. 2016, 54, 62–73. [CrossRef]
5. Koronis, G.; Silva, A.; Fontul, M. Green composites: A review of adequate materials for automotive applications. Compos. Part B

2013, 44, 120–127. [CrossRef]
6. Ramamoorthy, S.K.; Skrifvars, M.; Persson, A. A Review of Natural Fibers Used in Biocomposites: Plant, Animal and Regenerated

Cellulose Fibers. Polym. Rev. 2015, 55, 107–162. [CrossRef]
7. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37,

1552–1596. [CrossRef]
8. Ramesh, M.; Palanikumar, K.; Reddy, K.H. Plant fibre based bio-composites: Sustainable and renewable green materials. Renew.

Sustain. Energ. Rev. 2017, 79, 558–584. [CrossRef]
9. Hamma, A.; Kaci, M.; Pegoretti, A. Polypropylene/date stone flour composites: Effects of filler contents and EBAGMA

compatibilizer on morphology, thermal, and mechanical properties. J. Appl. Polym. Sci. 2013, 128, 4314–4321. [CrossRef]
10. Gachter, R.; Muller, H. Plastics Additives, 3rd ed.; Gachter, R., Muller, H., Eds.; Hanser Verlag: Munich, Germany, 1990.
11. Cerrada, M.L.; Benavente, R.; Pérez, E. Effect of short glass fiber on structure and mechanical behavior of an ethylene-1-octene

copolymer. Macromol. Chem. Phys. 2001, 202, 2686–2695. [CrossRef]
12. Serrano-Garcia, W.; Jayathilaka, W.A.D.M.; Chinnappan, A.; Tran Thang, Q.; Baskar, C.; Thomas, S.W.; Ramakrishna, S. Nanocom-

posites for electronic applications that can be embedded for textiles and wearables. Sci. China Technol. Sci. 2019, 62, 895–902.
[CrossRef]

13. Tran, T.Q.; Lee, J.K.Y.; Chinnappan, A.; Jayathilaka, W.A.D.M.; Ji, D.; Kumar, V.V.; Ramakrishna, S. Strong, lightweight, and highly
conductive CNT/Au/Cu wires from sputtering and electroplating methods. J. Mater. Sci. Technol. 2020, 40, 99–106. [CrossRef]

14. Alawar, A.; Hamed, A.M.; Al-Kaabi, K. Characterization of treated date palm tree fiber as composite reinforcement. Compos. Part
B 2009, 40, 601–606. [CrossRef]

15. Kaddami, H.; Dufresne, A.; Khelifi, B.; Bendahou, A.; Taourirte, M.; Raihane, M.; Issartel, N.; Sautereau, H.; Gerard, J.-F.; Sami, N.
Short palm tree fibers—Thermoset matrices composites. Compos. Part A 2006, 37, 1413–1422. [CrossRef]

16. Al-Khanbashi, A.; Al-Kaabi, K.; Hammami, A. Date palm fibers as polymeric matrix reinforcement: Fiber characterization. Polym.
Compos. 2005, 26, 486–497. [CrossRef]

17. Bendahou, A.; Kaddami, H.; Sautereau, H.; Raihane, M.; Erchiqui, F.; Dufresne, A. Short palm tree fibers polyolefin composites:
Effect of filler content and coupling agent on physical properties. Macromol. Mater. Eng. 2008, 293, 140–148. [CrossRef]

18. Karian, H.G. Handbook of Polypropylene and Polypropylene Composites, 2nd ed.; Karian, H.G., Ed.; Marcel Dekker: New York, NY,
USA, 2009.

http://doi.org/10.1016/j.compositesa.2011.01.017
http://doi.org/10.3390/polym13091361
http://doi.org/10.1002/pc.20270
http://doi.org/10.1016/j.wasman.2016.04.037
http://doi.org/10.1016/j.compositesb.2012.07.004
http://doi.org/10.1080/15583724.2014.971124
http://doi.org/10.1016/j.progpolymsci.2012.04.003
http://doi.org/10.1016/j.rser.2017.05.094
http://doi.org/10.1002/app.38665
http://doi.org/10.1002/1521-3935(20010901)202:13&lt;2686::AID-MACP2686&gt;3.0.CO;2-L
http://doi.org/10.1007/s11431-018-9436-6
http://doi.org/10.1016/j.jmst.2019.08.033
http://doi.org/10.1016/j.compositesb.2009.04.018
http://doi.org/10.1016/j.compositesa.2005.06.020
http://doi.org/10.1002/pc.20118
http://doi.org/10.1002/mame.200700315


Polymers 2021, 13, 2957 15 of 16

19. Arranz-Andrés, J.; Suárez, I.; Benavente, R.; Pérez, E. Characterization and properties of ethylene-propylene copolymers
synthesized with homogeneous and supported metallocene catalyst in the whole range of compositions. Macromol. Res. 2011, 19,
351–363. [CrossRef]

20. Pérez, E.; Gómez-Elvira, J.M.; Benavente, R.; Cerrada, M.L. Tailoring the formation rate of the mesophase in random propylene-
co-1-pentene copolymers. Macromolecules 2012, 45, 6481–6490. [CrossRef]

21. Danyadi, L.; Renner, K.; Szabo, Z.; Nagy, G.; Moczo, J.; Pukanszky, B. Wood flour filled PP composites: Adhesion, deformation,
failure. Polym. Adv. Technol. 2006, 17, 967–974. [CrossRef]

22. Vardai, R.; Lummerstorfer, T.; Pretschuh, C.; Jerabek, M.; Gahleitner, M.; Pukanszky, B.; Renner, K. Impact modification of
PP/wood composites: A new approach using hybrid fibers. Express Polym. Lett. 2019, 13, 223–234. [CrossRef]

23. Zhu, J.; Zhu, H.; Njuguna, J.; Abhyankar, H. Recent Development of Flax Fibres and Their Reinforced Composites Based on
Different Polymeric Matrices. Materials 2013, 6, 5171–5198. [CrossRef]

24. Bledzki, A.K.; Mamun, A.A.; Volk, J. Physical, chemical and surface properties of wheat husk, rye husk and soft wood and their
polypropylene composites. Compos. Part A 2010, 41, 480–488. [CrossRef]

25. Peltola, H.; Paakkonen, E.; Jetsu, P.; Heinemann, S. Wood based PLA and PP composites: Effect of fibre type and matrix polymer
on fibre morphology, dispersion and composite properties. Compos. Part A 2014, 61, 13–22. [CrossRef]

26. Bouza, R.; Marco, C.; Ellis, G.; Martin, Z.; Gomez, M.A.; Barral, L. Analysis of the isothermal crystallization of polypropy-
lene/wood flour composites. J. Therm. Anal. Calorim. 2008, 94, 119–127. [CrossRef]

27. Huang, L.; Wu, Q.; Li, S.; Ou, R.; Wang, Q. Toughness and crystallization enhancement in wood fiber-reinforced polypropylene
composite through controlling matrix nucleation. J. Mater. Sci. 2018, 53, 6542–6551. [CrossRef]

28. Shin, Y.W.; Uozumi, T.; Terano, M.; Nitta, K.H. Synthesis and characterization of ethylene-propylene random copolymers with
isotactic propylene sequence. Polymer 2001, 42, 9611–9615. [CrossRef]

29. Gahleitner, M.; Jaaskelainen, P.; Ratajski, E.; Paulik, C.; Reussner, J.; Wolfschwenger, J.; Neissl, W. Propylene-ethylene random
copolymers: Comonomer effects on crystallinity and application properties. J. Appl. Polym. Sci. 2005, 95, 1073–1081. [CrossRef]

30. Yu, L.; Wu, T.; Chen, T.; Yang, F.; Xiang, M. Polypropylene random copolymer in pipe application: Performance improvement
with controlled molecular weight distribution. Thermochim. Acta 2014, 578, 43–52. [CrossRef]

31. Caveda, S.; Pérez, E.; Blázquez-Blázquez, E.; Peña, B.; van Grieken, R.; Suárez, I.; Benavente, R. Influence of structure on the
properties of polypropylene copolymers and terpolymers. Polym. Test. 2017, 62, 23–32. [CrossRef]

32. Bodirlau, R.; Spiridon, I.; Teaca, C.A. Chemical investigation of wood tree species in temperate forest in East-Northern Romania.
Bioresources 2007, 2, 41–57. [CrossRef]

33. Madhu, P.; Sanjay, M.R.; Jawaid, M.; Siengchin, S.; Khan, A.; Pruncu, C.I. A new study on effect of various chemical treatments
on Agave Americana fiber for composite reinforcement: Physico-chemical, thermal, mechanical and morphological properties.
Polym. Test. 2020, 85, 106437. [CrossRef]

34. Hong, C.K.; Hwang, I.; Kim, N.; Park, D.H.; Hwang, B.S.; Nah, C. Mechanical properties of silanized jute-polypropylene
composites. J. Ind. Eng. Chem. 2008, 14, 71–76. [CrossRef]

35. Mansel, S.; Pérez, E.; Benavente, R.; Pereña, J.M.; Bello, A.; Röll, W.; Kirsten, R.; Beck, S.; Brintzinger, H.H. Synthesis and
properties of elastomeric poly(propylene). Macromol. Chem. Phys. 1999, 200, 1292–1297. [CrossRef]

36. Prieto, O.; Pereña, J.M.; Benavente, R.; Pérez, E.; Cerrada, M.L. Viscoelastic relaxation mechanisms of conventional polypropylene
toughened by a plastomer. J. Polym. Sci. Part B Polym. Phys. 2003, 41, 1878–1888. [CrossRef]

37. Krache, R.; Benavente, R.; López-Majada, J.M.; Perena, J.M.; Cerrada, M.L.; Pérez, E. Competition between α, β, and γ polymorphs
in a β-nucleated metallocenic isotactic polypropylene. Macromolecules 2007, 40, 6871–6878. [CrossRef]

38. Bond, E.B.; Spruiell, J.E.; Lin, J.S. A WAXD/SAXS/DSC study on the melting behavior of Ziegler-Natta and metallocene catalyzed
isotactic polypropylene. J. Polym. Sci. Part B Polym. Phys. 1999, 37, 3050–3064. [CrossRef]

39. Fonseca, C.; Pereña, J.M.; Benavente, R.; Cerrada, M.L.; Bello, A.; Pérez, E. Microhardness and thermal study of the annealing
effects in vinyl alcohol-ethylene copolymers. Polymer 1995, 36, 1887–1892. [CrossRef]

40. Baltá-Calleja, F.J. Microhardness relating to crystalline polymers. Adv. Polym. Sci. 1985, 66, 117–148.
41. Natta, G.; Corradini, P. Structure and properties of isotactic polypropylene. Stereoregul. Polym. Stereospecif. Polym. 1960, 15, 40–51.

[CrossRef]
42. Miller, R.L. On the existence of near-range order in isotactic polypropylenes. Polymer 1960, 1, 135–143. [CrossRef]
43. Turner-Jones, A.; Aizlewood, J.M.; Beckett, D.R. Crystalline forms of isotactic polypropylene. Makromol. Chem. 1964, 75, 134–158.

[CrossRef]
44. Brückner, S.; Meille, S.V.; Petraccone, V.; Pirozzi, B. Polymorphism in isotactic polypropylene. Prog. Polym. Sci. 1991, 16, 361–404.

[CrossRef]
45. Lotz, B.; Wittmann, J.C.; Lovinger, A.J. Structure and morphology of poly(propylenes): A molecular analysis. Polymer 1996, 37,

4979–4992. [CrossRef]
46. Varga, J. Supermolecular structure of isotactic polypropylene. J. Mater. Sci. 1992, 27, 2557–2579. [CrossRef]
47. Polo-Corpa, M.J.; Benavente, R.; Velilla, T.; Quijada, R.; Perez, E.; Cerrada, M.L. Development of the mesomorphic phase in

isotactic propene/higher alpha-olefin copolymers at intermediate comonomer content and its effect on properties. Eur. Polym. J.
2010, 46, 1345–1354. [CrossRef]

http://doi.org/10.1007/s13233-011-0407-x
http://doi.org/10.1021/ma3012834
http://doi.org/10.1002/pat.838
http://doi.org/10.3144/expresspolymlett.2019.19
http://doi.org/10.3390/ma6115171
http://doi.org/10.1016/j.compositesa.2009.12.004
http://doi.org/10.1016/j.compositesa.2014.02.002
http://doi.org/10.1007/s10973-007-8908-8
http://doi.org/10.1007/s10853-018-1996-y
http://doi.org/10.1016/S0032-3861(01)00511-0
http://doi.org/10.1002/app.21308
http://doi.org/10.1016/j.tca.2013.11.009
http://doi.org/10.1016/j.polymertesting.2017.06.008
http://doi.org/10.15376/biores.2.1.41-57
http://doi.org/10.1016/j.polymertesting.2020.106437
http://doi.org/10.1016/j.jiec.2007.07.002
http://doi.org/10.1002/(SICI)1521-3935(19990601)200:6&lt;1292::AID-MACP1292&gt;3.0.CO;2-G
http://doi.org/10.1002/polb.10579
http://doi.org/10.1021/ma0710636
http://doi.org/10.1002/(SICI)1099-0488(19991101)37:21&lt;3050::AID-POLB14&gt;3.0.CO;2-L
http://doi.org/10.1016/0032-3861(95)90936-V
http://doi.org/10.1007/BF02731859
http://doi.org/10.1016/0032-3861(60)90021-5
http://doi.org/10.1002/macp.1964.020750113
http://doi.org/10.1016/0079-6700(91)90023-E
http://doi.org/10.1016/0032-3861(96)00370-9
http://doi.org/10.1007/BF00540671
http://doi.org/10.1016/j.eurpolymj.2010.03.014


Polymers 2021, 13, 2957 16 of 16

48. Poon, B.; Rogunova, M.; Hiltner, A.; Baer, E.; Chum, S.P.; Galeski, A.; Piorkowska, E. Structure and properties of homogeneous
copolymers of propylene and 1-hexene. Macromolecules 2005, 38, 1232–1243. [CrossRef]

49. García-Peñas, A.; Gómez-Elvira, J.M.; Barranco-García, R.; Pérez, E.; Cerrada, M.L. Trigonal δ form as a tool for tuning mechanical
behavior in poly(propylene-co-1-pentene-co-1-heptene) terpolymers. Polymer 2016, 99, 112–121. [CrossRef]

50. Wang, K.; Zhou, C.; Tang, C.; Zhang, Q.; Du, R.; Fu, Q.; Li, L. Rheologically determined negative influence of increasing nucleating
agent content on the crystallization of isotactic polypropylene. Polymer 2009, 50, 696–706. [CrossRef]

51. Horvath, Z.; Menyhard, A.; Doshev, P.; Gahleitner, M.; Friel, D.; Varga, J.; Pukanszky, B. Improvement of the impact strength of
ethylene-propylene random copolymers by nucleation. J. Appl. Polym. Sci. 2016, 133, 43823. [CrossRef]

52. Hosier, I.L.; Alamo, R.G.; Esteso, P.; Isasi, J.R.; Mandelkern, L. Formation of the alpha and gamma polymorphs in random
metallocene-propylene copolymers. Effect of concentration and type of comonomer. Macromolecules 2003, 36, 5623–5636.
[CrossRef]

53. Cerrada, M.L.; Pérez, E.; Benavente, R.; Ressia, J.; Sarmoria, C.; Vallés, E.M. Gamma polymorph and branching formation as
inductors of resistance to electron beam irradiation in metallocene isotactic polypropylene. Polym. Degrad. Stab. 2010, 95, 462–469.
[CrossRef]

54. Barranco-García, R.; López-Majada, J.M.; Martínez, J.C.; Gómez-Elvira, J.M.; Pérez, E.; Cerrada, M.L. Confinement of iPP
crystallites within mesoporous SBA-15 channels in extruded iPP-SBA-15 nanocomposites studied by Small Angle X-ray scattering.
Micropor. Mesopor. Mat. 2018, 272, 209–216. [CrossRef]

55. Lorenzo, V.; Perena, J.M.; Fatou, J.M. Relationships between mechanical-properties and microhardness of polyethylenes. Angew.
Makromol. Chem. 1989, 172, 25–35. [CrossRef]

56. Baltá-Calleja, F.J.; Rueda, D.R.; Porter, R.S.; Mead, W.T. New aspects of the microhardness of ultraoriented polyethylene. J. Mater.
Sci. 1980, 15, 765–772. [CrossRef]

57. Engel, P.A.; Derwin, M.D. Indentation Test for Polymer-Film-Coated Computer Board Substrate. In Microindentation Techniques in
Materials Science and Engineering; Blau, P.T., Lawn, B.R., Eds.; Special Technical Publication 889; American Society for Testing and
Materials: Philadelphia, PA, USA, 1986; pp. 272–285.

58. Cerrada, M.L.; Benavente, R.; Pérez, E. Crystalline structure and viscoelastic behavior in composites of a metallocenic ethylene-1-
octene copolymer and glass fiber. Macromol. Chem. Phys. 2002, 203, 718–726. [CrossRef]

59. López-Majada, J.M.; Palza, H.; Guevara, J.L.; Quijada, R.; Martínez, M.C.; Benavente, R.; Pereña, J.M.; Pérez, E.; Cerrada, M.L.
Metallocene copolymers of propene and 1-hexene: The influence of the comonomer content and thermal history on the structure
and mechanical properties. J. Polym. Sci. Part B Polym. Phys. 2006, 44, 1253–1267. [CrossRef]

http://doi.org/10.1021/ma048813l
http://doi.org/10.1016/j.polymer.2016.07.009
http://doi.org/10.1016/j.polymer.2008.11.019
http://doi.org/10.1002/app.43823
http://doi.org/10.1021/ma030157m
http://doi.org/10.1016/j.polymdegradstab.2010.01.013
http://doi.org/10.1016/j.micromeso.2018.06.032
http://doi.org/10.1002/apmc.1989.051720103
http://doi.org/10.1007/BF00551744
http://doi.org/10.1002/1521-3935(20020301)203:4&lt;718::AID-MACP718&gt;3.0.CO;2-S
http://doi.org/10.1002/polb.20781

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Chemical Modification of Date Stone 
	Preparation of Composites and Films 
	Scanning Electron Microscopy 
	X-ray Diffraction Experiments 
	Differential Scanning Calorimetry 
	Microhardness 

	Results 
	Scanning Electron Microscopy 
	X-ray Diffraction 
	DSC Results 
	Microhardness Results 

	Conclusions 
	References

