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Abstract: In this article, the effect of the addition of halloysite nanotube (HNT) on the mechanical
and thermal stability of polypropylene (PP) and PP/kenaf fiber biocomposites has been investigated.
Different volume contents of HNTs ranging from 1 to 10 vol.% were melt mixed with PP and PP/kenaf
fibers. The volume content of kenaf fibers was kept constant at 30%. The morphology of HNTs within
the PP matrix has been studied via scanning electron microscopy (SEM). The morphological results
revealed that HNT was uniformly dispersed in the PP matrix already at a low concentration of 1 and
2 vol.%. The mechanical properties of the manufactured nanocomposites and hybrid biocomposites
such as Young’s modulus, tensile strength, elongation at break, flexural modulus, flexural strength,
and notched Izod strength have been measured. The results show that Young’s modulus and strengths
have been improved along with the addition of low content of HNTs. Moreover, the gain of notched
Izod impact strength obtained by the addition of short kenaf fibers was maintained in hybrids with
low concentrations of HNTs. Finally, the thermogravimetric analysis shows that at 10% and 50%
weight loss, the thermal degradation rate of the PP and PP/kenaf biocomposites decreased by the
addition of HNTs.

Keywords: halloysite nanotube; nano-biocomposites; mechanical properties; creep behavior;
thermal stability

1. Introduction

Halloysite nanotubes have a high amount of 1D nanotubular structures with high
length-to-diameter ratio and low hydroxyl group density on the surface [1]. The HNT contains
nanotubes and nanoplatelets of halloysite and similarly to montmorillonite, it has two layers of
aluminosilicate. The HNTs contained in this nanoclay offer numerous benefits due to their high
mechanical strength, thermal stability, and biocompatibility [2]. HNTs have been combined with
polymers to obtain efficient nanocomposites (NCs) with superior advantages such as reinforcing effects,
enhanced flame retardancy, and reduced thermal expansion [3,4]. There have been many reports on the
influence of HNTs on the physical performance of the polymer matrix. NCs based on polypropylene
(PP) and HNTs have been manufactured via melt blending processing [5]. In this case, the thermal
stability of the NCs has been improved along with an increase in the content of HNTs. Lecouvet et al. [6]
have proposed a water-assisted extrusion as a novel processing route to fabricate PP/HNTs NCs.
The results showed that the NCs prepared via this novel method are promising candidates for flame
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retardant applications. Besides, Wang and Huang [7] have prepared a PP/HNTs nanocomposite through
water-assisted injection molding and compression molding. The HNTs showed a direct stabilizing
effect on the PP, which related to the interaction between PP macromolecules and the HNT surface.

Fiber-reinforced polymer hybrid NCs exhibit numerous exciting potential applications in
economical and ecological technologies [8–10]. Both thermoplastic and thermoset have been combined
with natural fibers and nanofillers to obtain polymer hybrid NCs [11]. Saba et al. [12,13] have studied
the effect of nanofillers on the physical, structural, and thermomechanical properties of kenaf/epoxy
composites produced via the hand lay-up method. Moreover, using the hot compression method,
polymer hybrids with natural fibers and nanoclay have been prepared from PP, kenaf/coir fiber,
and montmorillonite [14]. The interfacial interactions and adhesion of fiber and polymer matrix
have been improved in the presence of nanofillers in polymer hybrid NCs. Piekarska et al. [15] have
prepared a hybrid nanocomposite based on polylactide (PLA) reinforced with organic nanofillers
(montmorillonite and calcium carbonate nanoparticles) and cellulose fibers. The research depicted that
all nanofillers caused an increase in the storage modulus values below the glass transition temperature.
Roy et al. [16] have presented a synergistic effect of short jute fiber and nanoclay on the mechanical
and thermal properties of natural rubber composites. The dynamic mechanical properties and thermal
stability of natural rubber/nanoclay/jute fiber hybrid composites improved synergistically. Besides,
carbon nanotubes have been added to polymer composites based on natural fibers to improve the
mechanical, thermal, and visco-plastic properties of the composites [17–23]. Similar synergistic effects
in terms of mechanical performance in short fiber composites with PP matrix were investigated by
Franciszczak et al., however, without the use of nanofiller [24]. Kord et al. [25] have studied the effect
of multiwall carbon nanotubes (MWCNTs) on the dynamic mechanical properties of PP/reed flour
composites. The obtained results revealed that the storage modulus increased with the addition of
MWCNTs, while the damping properties decreased with the incorporation of MWCNTs. Moreover,
the mechanical properties of PP/kenaf fiber showed an increment in the presence of MWCNTs [26].

The main objective of this study is to present the effect of HNTs on the mechanical, morphological,
and thermal properties of PP/kenaf fiber. To the authors’ best knowledge, there are no reports studying
the influence of HNTs on the mechanical performance of a PP/kenaf fiber composite. The proposed
hybrid nano-biocomposites have been used in applications where extreme mechanical properties, high
flame retardancy, and reduced thermal expansion are required. These samples can apply in household
products, the automotive industry, and marine and aircraft interior parts.

2. Materials and Methods

2.1. Materials

Polypropylene produced by Basell-Orlen, type HP400R (injection molding grade homopolymer),
was used as the matrix. Its typical customer applications are furniture and housewares.
This homopolymer exhibits good stiffness and high fluidity of Melt Flow Rate (MFR) = 25 and Melt
Volume Rate (MVR) = 34 (230 ◦C/2.16 kg). Kenaf was planted and its fibers were prepared by water
retting processes at a pilot plant in the farm of Khartoum University (Khartoum, Sudan). The processing
relied on manual decortication of the bast of the outer bark of the harvested stems, which were subjected
to water treatment. Afterward, they were dried at room temperature. Obtained single fibers were
1.2–1.5 m long of a bright hue containing little amounts of darker bark residues. Kenaf fibers were
mechanically cut into 2 mm lengths at EKOTEX, Namysłów, Poland. Figure 1 shows the morphology
of PP/kenaf biocomposites at different magnifications. HNT (under the trademark “Dunino”) in the
form of a powder containing rod-shaped HNTs of diameter 100–140 nm and length 1–5 µm, bulk
density 450–600 g/dm3 was obtained from Intermark (Gliwice, Poland). Figure 2a,b shows the scanning
electron microscopy (SEM) images of the HNT at various magnifications.
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Figure 1. Morphology of PP/kenaf (70/30 vol.%) biocomposites at different magnifications (a) ×250,
(b) ×1 k.

Figure 2. Morphology of halloysite nanotube with visible HNTs at different magnification (a) ×10 k,
(b) ×50 k.

2.2. Sample Preparation

To prepare the PP/HNTs NCs and PP/kenaf/HNTs hybrid nano-biocomposite, first, the PP/HNTs
(60/40 vol.%) masterbatch with 3 vol.% of maleic anhydride-grafted PP (MAH-g-PP) in the PP matrix
was manufactured to provide a good distribution of HNTs as well as enable easy feeding by the
compounding. The proportional content of MAH-g-PP concerning reinforcement was kept for all
manufactured composites. From the previous study [27], the optimum results for the mechanical
properties of composites reinforced with cellulose-based fibers were obtained with fiber contents
of ~30% of volume. The PP matrix composites for injection molding in the automotive industry
are reinforced with 20–40 wt.% of natural fibers (~15–30 vol.%). PP/kenaf (30 vol.%) can be easily
injection molded and higher volumetric contents of fibers reduce the flow of molten compound, thus
hindering the injection process. Therefore, in this study, the PP/kenaf (30 vol.%) is used as a reference
composite, and then, the effects of the addition of different weight percentages of HNTs (1, 2, 5,
and 10 vol.%) in this compound are studied. Kenaf fibers were dried in a drying oven at 103 ◦C for
about 16 h prior to the compounding. For melt mixing of PP, kenaf, and HNTs, a twin-screw extruder
(counter-rotating, L/D = 23, D = 34 mm, tight intermeshing twin-screw extruder, Labor extruder
LSM30 Leistritz, Nuremberg, Germany) was used. Kenaf fibers and PP (mixed with HNT masterbatch
and MAH-g-PP) granulates were simultaneously fed into the extruder from two gravimetric feeders.
The compositions of the PP/HNT nanocomposites (NCs) and PP/kenaf/HNT nano-biocomposites,
as well as the reference PP/kenaf biocomposite, are listed in Table 1. The temperature was set from 120
to 200 ◦C with a 10 ◦C increment on each heating zone, and the screw speed was 50 RPM. The extruded
strand of each polymer compound was cooled in a water bath and subsequently was pelletized. Then,
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the granules were dried for 16 h at 103 ◦C before processing by injection molding. The temperature
was set from 140 to 200 ◦C with a 10 ◦C increment on each heating zone. The melt flow rate was kept
at 20 ccm/s and the mold temperature was set to 10 ◦C.

To set the weight contents of constituents used by composite manufacturing from the planned
volume contents, the following calculations using Equations (1)–(4) were done.

The theoretical density of the composite was calculated according to:

ρTcomp. = ϕm × ρm + ϕf × ρf +ϕn × ρn (1)

The weight content of the PP matrix was calculated according to:

mwt-% =
ϕm × ρm

ρTcomp.
(2)

The weight content of the kenaf fibers was calculated according to:

fwt-% =
ϕf × ρf

ρTcomp
(3)

The weight content of the cellulose microfiller was calculated according to:

nwt-% =
ϕn × ρn

ρTcomp
(4)

where ϕm is volume content of matrix, ϕf is volume content of kenaf fibers, ϕn is volume content of
HNT nanoclay, ρm is the density of PP matrix, ρR fib. is the density of kenaf fibers, and ρn is the density
of HNT nanoclay. It is worth mentioning that MAH-g-PP wax compatibilizer has the same density as
the PP matrix, which simplifies the calculations.

Table 1. Different compositions of PP/HNTs nanocomposites, PP/kenaf/HNTs nano-biocomposites,
and reference PP/kenaf fiber biocomposites.

Specimens PP
(V%)

MAH-g-PP
(V%)

Kenaf
(V%)

HNT
(V%)

PP+MAH-g-PP
(wt.%)

Kenaf
(wt.%)

HNT
(wt.%)

PP 100 0 0 0 100 0 0
PP/HNT(1) 98.92 0.08 0 1 97.26 0 2.74
PP/HNT(2) 97.85 0.15 0 2 94.61 0 5.39
PP/HNT(5) 94.62 0.38 0 5 87.18 0 12.82

PP/HNT(10) 89.25 0.75 0 10 76.31 0 23.69
PP/kenaf(30) 66.75 2.25 30 0 63.78 36.22 0

PP/kenaf(30)/HNT(1) 66.67 2.33 30 1 61.86 35.64 2.5
PP/kenaf(30)/HNT(2) 65.60 2.40 30 2 60.00 35.07 4.93
PP/kenaf(30)/HNT(5) 62.37 2.63 30 5 54.75 33.48 11.77
PP/kenaf(30)/HNT(10) 57 3.00 30 10 46.99 31.13 21.88

2.3. Characterization

2.3.1. Mechanical Properties

The tensile properties of the samples were measured using an Autograph AGS-X plus (Shimadzu,
kyoto, Japan) tensile testing machine equipped with a 10 kN Shimadzu load cell, a contact extensometer,
and the TRAPEZIUM X computer software (Shimadzu, Kyoto, Japan), operated at a constant crosshead
speed of 1 mm/min. Measurements were performed at room temperature with a gauge length of
50 mm. According to EN ISO 527 standard, the tensile modulus, tensile strength, and elongation at
break of the NCs were determined. Ten individual injection molded samples were measured for each
type of manufactured material, and the results were averaged to obtain the arithmetic mean value.
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2.3.2. Thermogravimetric Analysis

Thermo-oxidative stability of the specimens was carried out using thermogravimetric analysis
(TGA 92-16.18 Setaram, Caluire-et-Cuire, France). Measurements were performed in an oxidizing
atmosphere, i.e., dry, synthetic air (N2:O2 = 80:20 vol.%). The study was conducted in the temperature
range of 20 to 700 ◦C at the heating rate of 10 ◦C/min. Measurements were performed following the
PN-EN ISO 11358:2004 standard.

2.3.3. Izod Impact Strength

The notched impact strength was evaluated using the Izod method according to EN ISO 180/A on
a Type B5102 apparatus manufactured by Zwick, Germany. The A-notch was prepared on specimens
for the Izod test using a dedicated notching machine. All samples were tested at room temperature of
23 ◦C. The values present the averaged results for 10 tests carried out for each type of material.

2.3.4. Creep Test

The creep tests were carried out on tensile specimens using a Shimadzu universal testing machine.
The first mode of the creep test was done by straining the specimens with a velocity of 1mm/min
until reaching 1% of strain. Afterward, the sample was kept strained at 1% for 10 min and tensile
stress was recorded. In the second mode of the creep test, the samples were strained with a velocity of
1mm/min until reaching the set stress value and the reached stress was maintained for 10 min and
after that, the achieved strain was recorded. The PP/HNTs NCs were strained until reaching 20 MPa,
while PP/kenaf/HNTs hybrid biocomposites were strained until reaching 35 MPa (all hybrids and
reference biocomposite) and 50 MPa (hybrids with 1 and 2 vol.% of HNT and reference biocomposite).
Five samples were used for each material and mode of testing and the results were averaged.

3. Results and Discussion

3.1. Morphological Evaluations

Figure 3a–d depict the morphology of different content of HNTs (1, 2, 5, and 10 vol. %) in PP
matrix. It is clear that at low concentrations of nanofiller (1 and 2 vol.%), HNTs have been regularly
dispersed in the polymer matrix and agglomerates were not found. This homogenous distribution
confirms that HNTs and PP were well mixed, which might be improved owing to the addition of
MAH-g-PP connecting with HNTs. At high concentrations of nanofiller (5 and 10 vol.%), minor
agglomeration within the polymer has been observed. The presence of agglomerated clusters leads to
a smaller surface area of HNT inclusions per volume, thus weakening the interface strength between
HNTs and the PP matrix. These agglomerates act as crack initiators during composite deformation;
therefore, their presence corresponds to the reduction in the strength of PP with 10 vol.% of HNTs.
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3.2. Mechanical Properties

Figure 4 depicts the averaged stress–strain curves of manufactured composites tested in tensile
mode. The Young’s modulus of PP increases after the addition of HNTs. Already after adding 1 vol.%
of HNTs, the gain of Young’s modulus is 14% concerning the neat PP matrix. The higher the content of
HNTs, the greater the Young’s modulus of PP/HNTs NCs, which is increased by ~60% with 10 vol.% of
HNTs. The Young’s modulus of PP increases up to ~260% with the addition of 30 vol.% of short kenaf
fibers in PP. Nevertheless, in the case of hybrids, the addition of HNTs increases further the Young’s
modulus of the composite by 3%, 5%, 9%, and 13% in the case of adding the 1, 2, 5, and 10 vol.% of
HNTs, respectively. The increase in Young’s modulus is attributed to Young’s modulus of the filling
material, its volumetric content, and shape. It is calculated for very low deformations; therefore, it is
not affected by the quality of filler–matrix interphase or the presence of agglomerates. However, these
two factors play a more vital role in tensile strength [27]. It can be seen in Table 2 that the tensile
strength of PP/HNTs NCs is enhanced by 5% and 3% with the addition of 1 and 2 vol.% HNTs to the
pure PP matrix, respectively. Their ductility is also not reduced as they all break at around ~30% of
strain. This gain can be attributed to reduced creep by the presence of HNT nanoclay or increased
crystallinity owing to the nucleating effect of HNTs [28–30]. However, further addition of HNTs
diminished the gain and for 10 vol.% content of HNTs, the tensile strength is even reduced by 7%,
while the strain to break is reduced to 2.8%. The decrease in ductility of PP with a higher content of
HNT nanoclay is related to the low structural ductility of its HNTs and nanoplates. Therefore, even the
addition of MAH-g-PP compatibilizer, which develops interphase on the surface of HNTs, does not
prevent them from debonding from the PP matrix at higher strains. Furthermore, the higher amount of
agglomerates at higher volumetric content of HNTs can be a substantial factor of property loss since
agglomerates act as stress risers and debond from the matrix at earlier strains than well-distributed
particles with fully developed interphase [27].

Adding 30 vol.% of short kenaf fibers as the main reinforcement increases the tensile strength
by 85%. Further addition of HNTs of 1 and 2 vol.% minutely improves this property, but further
addition of HNTs to 5 and 10 vol.% reduces tensile strength by 8% and 21%, respectively. This can
be an effect of both HNTs’ agglomerates as well as the reduced flow of molten compound during
processing (compounding and injection molding) resulting in increased shear forces, which shorten
kenaf fibers to a greater extent. It can be therefore concluded that adding higher contents of HNTs is
counterproductive and the addition of 1 and 2 vol.% of HNTs into the matrix gives a desirable effect on
tensile performance, as shown in Figure 4.

Figure 5 presents the averaged flexural stress–strain curves of all manufactured composites
evaluated in a 3-point bending test. The flexural modulus rises after the addition of HNTs in a similar
manner as in the case of the tensile Young’s modulus. The flexural modulus of NCs with respect
to native PP is improved by 7%, 17%, 30%, and 44% for 1, 2, 5, and 10 vol.% of HNTs, respectively.
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The reference biocomposite reinforced with 30 vol.% of short kenaf fibers gives, however, almost a
3-fold increase in flexural modulus and further addition of HNTs improves it by 3%, 4%, 11%, and 19%
for 1, 2, 5, and 10 vol.%, respectively. Flexural strength is increased in PP/HNTs composites by 4%,
9%, and 12% for 1, 2, and 5 vol.% of HNTs, respectively. For 10 vol.% of HNTs, the flexural strength
is slightly lower than for 5 vol.%, and the ductility of nanocomposite is reduced as it starts to break
at ~7% strain, while other NCs were not breaking at up to 15% of testing strain. However, it is seen
that the improvement in flexural strength is higher than in the case of tensile strength, which is an
effect of the mode of the 3-point bending test, in which the upper volume of the bent bar is subjected to
compression, while the lower part is subjected to straining. This is a typical behavior observed even
by filling the material with high-modulus low aspect ratio particles [27]. The twice higher flexural
strength than the pure PP matrix is obtained by reinforcing it with 30 vol.% of short kenaf fibers.
By the addition of HNT nanoclay to the PP/kenaf biocomposite, the gain in terms of flexural strength is
as minor as in the case of tensile strength. Namely, improvement by ~2% is achieved with up to 2 vol.%
of HNTs and higher contents reduce the flexural strength and strain to breakage. This, as mentioned
before, is likely to be caused by shortening of kenaf fibers induced by reduced melt flow by composite
processing at higher filler contents.Materials 2020, 13, x FOR PEER REVIEW 8 of 15 
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Table 2. Mechanical properties of PP, PP/HNTs NCs, PP/kenaf, and PP/kenaf/HNTs hybrid biocomposites.

Specimens
Young’s

Modulus
(GPa)

Tensile
Strength

(MPa)

Tensile
Strain

(%)

Flexural
Modulus

(GPa)

Flexural
Strength

(MPa)

PP 1.55 ± 0.08 27.2 ± 0.6 29.5 ± 1.5 1.42 ± 0.09 40.9 ± 0.8
PP/HNT(1) 1.76 ± 0.09 28.6 ± 0.4 29.8 ± 2.4 1.52 ± 0.04 42.5 ± 0.8
PP/HNT(2) 1.77 ± 0.04 28.2 ± 0.3 26.0 ± 8.9 1.65 ± 0.05 44.4 ± 0.4
PP/HNT(5) 1.86 ± 0.11 27.3 ± 0.1 25.0 ± 8.3 1.84 ± 0.07 45.7 ± 0.4

PP/HNT(10) 2.46 ± 0.35 25.5 ± 0.3 2.8 ± 0.2 2.05 ± 0.05 45.6 ± 0.8
PP/kenaf(30) 5.70 ± 0.27 50.4 ± 0.3 2.3 ± 0.1 5.46 ± 0.06 79.2 ± 0.8

PP/kenaf(30)/HNT(1) 5.87 ± 0.23 50.6 ± 0.4 2.3 ± 0.1 5.64 ± 0.05 80.9 ± 0.8
PP/kenaf(30)/HNT(2) 6.00 ± 0.05 50.7 ± 0.5 2.2 ± 0.1 5.66 ± 0.10 80.7 ± 0.4
PP/kenaf(30)/HNT(5) 6.23 ± 0.24 46.5 ± 0.6 1.8 ± 0.1 6.08 ± 0.02 76.6 ± 0.4

PP/kenaf(30)/HNT(10) 6.44 ± 0.23 39.6 ± 0.5 1.2 ± 0.1 6.51 ± 0.08 67.3 ± 0.7

3.3. Impact Properties

Figure 6 shows a comparison between the Izod notched impact strength of all manufactured NCs,
hybrid biocomposites, and the reference biocomposite and pure PP matrix. It can be seen that the
addition of HNTs reduces notched impact strength. The reduction is greater the higher the content
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of HNTs is in polypropylene. It is reduced by 5%, 14%, 18%, and 56% for nanocomposites with
1, 2, 5, and 10 vol.% of HNTs, respectively. Although, in some cases, the nanofillers improve the
impact strength by increased crystallinity or a favorable change in crystal morphology [28], as well
as other mechanisms reducing microcracking [31,32], their high modulus combined with low aspect
ratio may also lead to reduction in impact strength, as in the case of reinforcing with fillers of higher
magnitude [26,27]. In turn, reinforcing the PP matrix with short kenaf fibers gives ample rise of
notched impact strength by 29%. This is a typical gain, which can be obtained with this amount of
kenaf fibers in the PP matrix when a MAH-g-PP compatibilizer is used [33]. The improvement is
kept by an additional 1vol.% content of HNTs; however, further addition diminishes the achieved
gain by 2%, 18%, and 33% for 2, 5, and 10 vol.% of HNTs, respectively. This can be caused by already
mentioned agglomerates of HNTs as well as the increased shortening of kenaf fibers.
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3.4. Creep Test

The results of creep testing are given in Table 3. The first mode of testing, in which the sample
was strained up to 1% of strain and held for 10 min, shows that the HNT-based NCs achieve up to 33%
higher stresses than the neat PP matrix. The stresses reached by nano-biocomposites are way higher
and are almost thrice higher than for the unreinforced PP matrix. For hybrids, it can be observed that
1 and 2 vol.% addition of HNT increases the stress by 1% and 2%, respectively, which was already
observed at tensile testing. However, it is the second mode of testing at which samples were strained
until they reached a set value of stresses, which was held for 10 min, that shows a clear reduction in
creep under load. The reached strains for PP/HNTs NCs after subjecting them to 20 MPa stress in
10 min timespan are reduced by 12%, 18%, 27%, and 39% for 1, 2, 5, and 10 vol.% of HNT contents,
respectively. In hybrids that were subjected to 35 MPa of stress for 10 min, the strain with respect to
the reference PP/kenaf biocomposite is reduced by 2%, 6%, 3%, and 13% for 1, 2, 5, and 10 vol.% of
HNTs, respectively. It must be however noted that the hybrid with the addition of 10 vol.% of HNT
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broke before reaching 10 min exposure to 35MPa stress. Therefore, only hybrids with additional 1 and
2 vol.% of nanoclay were tested for the stress of 50 MPa. In that testing, the aforementioned hybrids
obtain a reduction in strain by 8% and 13%. This experiment proved that nanoclay reduces creep
under the load of the matrix, which was found in previous research work by Merijs-Meri et al., among
others [34,35]. The reduction in creep enables the reaching of higher material strengths because it
reduces the relaxation of stresses; however, the additional content of nanofiller may lead to shortening
of primary reinforcing fibers during processing. This is faced in the hybrid composites with higher
contents of nanofiller; therefore, the benefit of reduced creep under load becomes overcome with the
negative effect of shortening of kenaf fibers and the occurrence of HNT agglomerates.

Table 3. Creep test results for the PP, PP/HNTs NCs, PP/kenaf biocomposite, and PP/kenaf/HNTs
nano-biocomposites.

Specimens

Stress (MPa)
Strained to 1%
and Held for

10 min

Strain at the End (%)
Strained to 20 MPa

and Held for 10 min

Strain at the End
(%) Strained to

35 MPa and Held
for 10 min

Strain at the End (%)
Strained to 50 MPa

and Held for 10 min

PP 11.1 ± 0.3 2.97 ± 0.17 - -
PP/HNT(1%) 12.4 ± 0.4 2.62 ± 0.08 - -
PP/HNT(2%) 12.6 ± 0.3 2.44 ± 0.12 - -
PP/HNT(5%) 13.1 ± 0.7 2.15 ± 0.03 - -

PP/HNT(10%) 14.7 ± 0.2 1.81 ± 0.04 - -
PP/kenaf 32.5 ± 0.3 - 0.98 ± 0.02 2.84 ± 0.64

PP/kenaf/HNT(1%) 32.7 ± 0.3 - 0.96 ± 0.03 2.62 ± 0.86
PP/kenaf/HNT(2%) 33.0 ± 0.4 - 0.92 ± 0.07 2.47 ± 0.74
PP/kenaf/HNT(5%) 32.3 ± 0.4 - 0.95 ± 0.02 -

PP/kenaf/HNT(10%) 28.6 ± 0.2 - 0.85 * ± 0.71 -

* Break before reaching 600 s of holding time.

3.5. Thermal Stability

Weight loss and its derivative curves for PP, PP/HNTs NCs, and PP/kenaf/HNT nano-biocomposites
in an oxidizing atmosphere have been plotted in Figure 7a–d. Moreover, Table 4 presented the
temperatures related to the 5%, 10%, and 50% of mass loss for PP, PP/kenaf, and its NCs. Neat PP
shows a mass loss of 5% at 271 ◦C. The thermal stability of PP was improved with the addition of
HNTs in the matrix. One can observe that at 10% and 50% of weight loss, the values of temperatures
increase along with the increase in the content of HNTs. In Figure 7b, the shift in values of derivative
of mass loss for the NCs is because one of the components has higher thermal stability. As represented
in Table 4, the thermal stability of the PP/kenaf improved from 359 to 374 ◦C at 50% of mass loss, along
with the addition of 5 vol.% of HNT.

Table 4. Characteristic temperatures of the thermo-oxidative decomposition of the NCs.

Specimens T5% (◦C) T10% (◦C) T50% (◦C)

PP 271 286 340
PP/HNT(1%) 272 289 371
PP/HNT(2%) 269 288 373
PP/HNT(5%) 278 305 396
PP/HNT(10%) 281 320 430

PP/kenaf 278 295 359
PP/kenaf/HNT(1%) 271 291 360
PP/kenaf/HNT(2%) 267 289 365
PP/kenaf/HNT(5%) 266 290 374

PP/kenaf/HNT(10%) 268 291 374
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4. Conclusions

HNTs used as an additional component to short kenaf fibers in hybrid nano-biocomposites present
potential for improvement of their mechanical properties. The reduction in creep by the addition
of HNT is the main factor for this improvement. It must be, however, heeded that the addition of
higher amounts of HNTs leads to increased shortening of fibers during the processing of such hybrid
composites which, in turn, results in the reduction in their mechanical performance. These two
opposing effects of nanoclay addition shall be, therefore, taken into account while looking for their
optimal content in developed hybrid composites. The manufactured hybrid nano-biocomposites
with additional 1 and 2 vol.% of HNTs have slightly improved Young’s modulus and strengths as a
result of noticeably reduced creep. Moreover, they maintained the notched impact strength of their
reference biocomposite without HNT. Moreover, the combination of HNTs and kenaf fibers caused the
improvement of the thermal stability of PP, especially at higher temperatures. It may be assumed that
other grades of nanoclays have the potential of a more significant increase in properties and that the
proposed route of manufacturing using a nanoclay masterbatch during compounding presents a facile
way for developing of these emerging hybrid nano-biocomposites.

Author Contributions: P.F. wrote the final draft of the manuscript and he was responsible for planning the
experiment, manufacturing of the composites, and discussion of the results; I.T. was responsible for the
manufacturing of the composites, testing, preparing the literature review, and writing the paper; M.B. performed
the creep tests; S.P. supervised the discussion on the results, writing—review and editing; A.M. responsible for
data curation and participated in the discussion of the results; E.P. participated in the discussion of the results and
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was co-financed by the National Science Center in Poland, project Preludium
2014/15/N/ST8/03468.



Materials 2020, 13, 4459 12 of 13

Acknowledgments: The authors would like to express their appreciation to Khartoum University, Sudan for
supplying raw kenaf fibers and EKOTEX for cutting them, as well as HSH Chemie Poland for supplying Clariant
Licocene 7452 and PRACHT GROUP for the long-term loan of the Arburg Allrounder 270 S 350-100 injection
molding machine. The study was partially done using open-source software installed on Linux: LibreOffice suite
(calculations and text editing), QtiPlot (graphs), and GIMP (picture editing).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Joussein, E.; Petit, S.; Churchman, J.; Theng, B.; Righi, D.; Delvaux, B. Halloysite clay minerals-a review.
Clay Miner. 2005, 40, 383–426. [CrossRef]

2. Liu, M.; Jia, Z.; Jia, D.; Zhou, C. Recent advance in research on halloysite nanotubes-polymer nanocomposite.
Prog. Polym. Sci. 2014, 39, 1498–1525. [CrossRef]

3. Du, M.; Guo, B.; Jia, D. Newly emerging applications of halloysite nanotubes: A review. Polym. Int. 2010, 59,
574–582. [CrossRef]

4. Zubkiewicz, A.; Szymczyk, A.; Franciszczak, P.; Kochmanska, A.; Janowska, I.; Paszkiewicz, S. Comparing
multi-walled carbon nanotubes and halloysite nanotubes as reinforcements in EVA nanocomposites. Materials
2020, 13, 3809. [CrossRef]

5. Du, M.; Guo, B.; Jia, D. Thermal stability and flame retardant effects of halloysite nanotubes on poly(propylene).
Europ. Polym. J. 2006, 42, 1362–1369. [CrossRef]

6. Lecouvet, B.; Sclavons, M.; Bourbigot, S.; Devaux, J.; Bailly, C. Water-assisted extrusion as a novel processing
route to prepare polypropylene/halloysite nanotube nanocomposites: Structure and properties. Polymer
2011, 52, 4284–4295. [CrossRef]

7. Wang, B.; Huang, H.X. Effects of halloysite nanotube orientation on crystallization and thermal stability of
polypropylene nanocomposites. Polym. Degrad. Stabil. 2013, 98, 1601–1608. [CrossRef]

8. Saba, N.; Tahir, P.M.; Jawaid, M. A review on potentiality of nano filler/natural fiber filled polymer hybrid
composites. Polymers 2014, 6, 2247–2273. [CrossRef]

9. Majeed, K.; Jawaid, M.; Hassan, A.; Abu Bakar, A.; Abdul Khalil, H.P.S.; Salema, A.A.; Inuwa, I. Potential
materials for food packaging from nanoclay/natural fibres filled hybrid composites. Mater. Design. 2013, 46,
391–410. [CrossRef]

10. Haq, M.; Burgueño, R.; Mohanty, A.K.; Misra, M. Hybrid bio-based composites from blends of unsaturated
polyester and soybean oil reinforced with nanoclay and natural fibers. Compos. Sci. Technol. 2008, 68,
3344–3351. [CrossRef]

11. Dong, C. Review of natural fibre-reinforced hybrid Composites. J. Reinf. Plast. Comp. 2018, 37, 331–348.
[CrossRef]

12. Saba, N.; Paridah, M.T.; Abdan, K.; Ibrahim, N.A. Dynamic mechanical properties of oil palm nano
filler/kenaf/epoxy hybrid nanocomposites. Constr. Build. Mater. 2016, 124, 133–138. [CrossRef]

13. Saba, N.; Paridah, M.T.; Abdan, K.; Ibrahim, N.A. Physical, structural and thermomechanical properties of
oil palm nanofiller/kenaf/epoxy hybrid nanocomposites. Mater. Chem. Phys. 2016, 184, 64–71. [CrossRef]

14. Islam, M.S.; Hasbullah, N.A.B.; Hasan, M.; Talib, Z.A.; Jawaid, M.; Haafiz, M.K.M. Physical,
mechanical and biodegradable properties of kenaf/coirhybrid fiber reinforced polymer nanocomposites.
Mater. Today Commun. 2015, 4, 69–76. [CrossRef]

15. Piekarska, K.; Sowinski, P.; Piorkowska, E.; Haque, M.M.U.; Pracella, M. Structure and properties of hybrid
PLA nanocomposites with inorganic nanofillers and cellulose fibers. Compos. Part A-Appl. S. 2016, 82, 34–41.
[CrossRef]

16. Roy, K.; Debnath, S.C.; Das, A.; Heinrich, G.; Potiyaraj, P. Exploring the synergistic effect of short jute fiber
and nanoclay on the mechanical, dynamic mechanical and thermal properties of natural rubber composites.
Polym. Test. 2018, 67, 487–493. [CrossRef]

17. Fu, S.; Song, P.; Yang, H.; Jin, Y.; Lu, F.; Ye, J.; Wu, Q. Effects of carbon nanotubes and its functionalization on
the thermal and flammability properties of polypropylene/wood flour composites. J. Mater. Sci. 2010, 45,
3520–3528. [CrossRef]

18. Farsi, M.; Sani, F.M. Effects of multi-walled carbon nanotubes on the physical and mechanical properties
of high-density polyethylene/wood flour nanocomposites. J. Thermoplast. Compos. 2014, 27, 1139–1154.
[CrossRef]

http://dx.doi.org/10.1180/0009855054040180
http://dx.doi.org/10.1016/j.progpolymsci.2014.04.004
http://dx.doi.org/10.1002/pi.2754
http://dx.doi.org/10.3390/ma13173809
http://dx.doi.org/10.1016/j.eurpolymj.2005.12.006
http://dx.doi.org/10.1016/j.polymer.2011.07.021
http://dx.doi.org/10.1016/j.polymdegradstab.2013.06.022
http://dx.doi.org/10.3390/polym6082247
http://dx.doi.org/10.1016/j.matdes.2012.10.044
http://dx.doi.org/10.1016/j.compscitech.2008.09.007
http://dx.doi.org/10.1177/0731684417745368
http://dx.doi.org/10.1016/j.conbuildmat.2016.07.059
http://dx.doi.org/10.1016/j.matchemphys.2016.09.026
http://dx.doi.org/10.1016/j.mtcomm.2015.05.001
http://dx.doi.org/10.1016/j.compositesa.2015.11.019
http://dx.doi.org/10.1016/j.polymertesting.2018.03.032
http://dx.doi.org/10.1007/s10853-010-4394-7
http://dx.doi.org/10.1177/0892705713515899


Materials 2020, 13, 4459 13 of 13

19. Kordkheili, H.Y.; Farsi, M.; Rezazadeh, Z. Physical, mechanical and morphological properties of polymer
composites manufactured from carbon nanotubes and wood flour. Compos Part B-Eng. 2013, 44, 750–755.
[CrossRef]

20. Ashori, A.; Sheshmani, S.; Farhani, F. Preparation and characterization of bagasse/HDPE composites using
multi-walled carbon nanotubes. Carbohydr. Polym. 2013, 92, 865–871. [CrossRef]

21. Shen, X.; Jia, J.; Chen, C.; Li, Y.; Kim, J.K. Enhancement of mechanical properties of natural fiber composites
via carbon nanotube addition. J Mater Sci. 2014, 49, 3225–3233. [CrossRef]

22. Nourbakhsh, A.; Ashori, A.; Kargarfard, A. Evaluation of multiwalled carbon nanotubes as reinforcement
for natural fiber-based composites. Polym. Compos. 2016, 37, 3269–3274. [CrossRef]

23. Yaghoobi, H.; Fereidoon, A. Evaluation of Viscoelastic, Thermal, Morphological, and Biodegradation
Properties of Polypropylene Nano-Biocomposites Using Natural Fiber and Multi-Walled Carbon Nanotubes.
Polym. Compos. 2018, 39, E592–E600. [CrossRef]
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