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1. Introduction
The growing demand for more sustainable engi-
neering materials has increased interest in fiber-
reinforced polymers based on natural reinforce-
ments and recyclable matrices. In this context,
natural fiber-reinforced composites (NFRCs)
have emerged as a promising alternative to con-
ventional composites reinforced with synthetic
fibers, since they can offer lower density, re-
duced environmental impact, and good specific
mechanical properties for semi-structural appli-
cations [1, 2].
Among thermoplastic matrices, polypropylene
(PP) is particularly attractive because of its
low density, low cost, and compatibility with
established industrial processes such as extru-
sion and injection molding. However, the per-
formance of PP-based natural fiber composites
remains strongly dependent on fiber dispersion,
interfacial adhesion, moisture sensitivity, and
microstructural variability driven by processing
conditions. In addition, the effects of hybridiza-
tion and reprocessing are not yet fully clarified,
especially when different fiber systems are com-
pared under the same manufacturing and testing
conditions.

Within this framework, this thesis investigates
polypropylene-based composites reinforced with
pineapple fibers (PF), jute fibers (JF), and their
hybrid PF/JF combinations, considering both
virgin and mechanically reprocessed materials.
The objective is to provide a consistent experi-
mental comparison of these systems and to as-
sess how fiber type, fiber content, hybridiza-
tion, and reprocessing affect consolidation qual-
ity, physical behavior, and mechanical perfor-
mance. To this end, the study is based on melt
compounding in a twin-screw extruder followed
by injection molding, and on a characterization
campaign including density measurements, ten-
sile, flexural, and impact testing, water uptake
experiments, and SEM observations of fracture
surfaces.

2. Materials and methodology
The investigated systems were polypropylene
(PP)-based composites reinforced with pineap-
ple fibers (PF), jute fibers (JF), and PF/JF hy-
brid combinations, with neat PP used as the
baseline reference. The composite set included
both single fiber and hybrid formulations at two
reinforcement levels (15 and 30 wt%). In addi-
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Material Family Density Tensile Flexural Impact Water uptake
PP virgin ✓ ✓ – ✓ –

PF15(1) virgin ✓ ✓ ✓ ✓ ✓
PF15(2) virgin ✓ ✓ ✓ ✓ –
PF30 virgin ✓ ✓ ✓ ✓ ✓
JF15 virgin ✓ ✓ ✓ ✓ ✓
JF30 virgin ✓ ✓ ✓ ✓ ✓

HYB15 virgin ✓ ✓ ✓ ✓ –
HYB30 virgin ✓ ✓ ✓ ✓ –
PPR recycled ✓ ✓ – ✓ –

PF15(1)R recycled ✓ – – – –
PF15(2)R recycled ✓ ✓ – ✓ –
PF30R recycled ✓ ✓ – ✓ –
JF15R recycled ✓ ✓ – ✓ –
JF30R recycled ✓ ✓ – ✓ –

HYB15R recycled ✓ ✓ – ✓ –
HYB30R recycled ✓ ✓ – ✓ –

Table 1: Summary of the investigated formulations and corresponding experimental datasets.

tion, for selected systems, mechanically repro-
cessed (recycled) counterparts were produced to
evaluate the effect of reprocessing on consolida-
tion and final properties. A summary of the in-
vestigated formulations and corresponding ex-
perimental datasets is reported in Table 1. The
material ID in the left column of Table 1 shows
the type of fiber and its content in the compos-
ite (e.g. JF15 is PP reinforced with 15 wt.%
jute fibers, while HYB30 shows a hybrid rein-
forcement content of 30 wt.%). The "R" suffix
indicates a recycled composite.
The materials were produced by melt com-
pounding in a twin-screw extruder followed by
injection molding of the test specimens. After
the first processing cycle, selected materials were
reprocessed and injection molded again to quan-
tify the impact of reprocessing on consolidation
and performance.
Characterization combined physical, mechani-
cal, and microstructural analyses (see Table 1).
Density measurements were used to compare ex-
perimental and theoretical values as an indirect
indicator of consolidation quality. Mechanical
performance was evaluated through tensile (ISO
527), flexural (ISO 178), and impact (ISO 180)
tests. Moisture sensitivity was assessed via wa-
ter uptake at different temperatures, and SEM
observations of fracture surfaces were used to
support the interpretation of the mechanical re-
sults.

3. Results and discussion
The results of this study are presented by fo-
cusing on the most representative indicators of

processing quality, mechanical performance, and
microstructural integrity. In particular, the dis-
cussion is centered on density, tensile modulus,
tensile strength, and impact toughness, since
these parameters most effectively capture the
main effects of fiber type, fiber content, hy-
bridization, and reprocessing. Density was se-
lected as an indirect indicator of consolidation
quality, tensile modulus to highlight the stiffen-
ing effect of the reinforcement, tensile strength
to quantify the maximum stress sustained un-
der quasi-static loading, and impact toughness
to assess the loss of fracture resistance after re-
processing. These results are further supported
by water-uptake measurements and SEM obser-
vations, which help relate macroscopic behavior
to the underlying microstructure.

3.1. Processing quality
Density measurements proved to be a useful first
indicator of consolidation quality. As shown in
Figure 1, deviations between experimental and
theoretical density were associated with differ-
ences in impregnation efficiency and void con-
tent, with larger discrepancies generally corre-
sponding to poorer consolidation. This effect
became more relevant at higher fiber content,
where the increase in melt viscosity made wet-
ting and compaction more difficult. In con-
trast, the recycled composites systematically ex-
hibited higher density than their virgin coun-
terparts, indicating a clear densification effect
after reprocessing and suggesting a reduction
in macroscopic porosity. This trend was espe-
cially evident for the 30 wt% single-fiber sys-
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tems, whereas it was more limited for the 15
wt% formulations and for the hybrid materials,
which already showed relatively good consolida-
tion in the virgin state.
An additional result concerns the comparison
between PF15(1) and PF15(2), which high-
lighted the strong influence of compounding
strategy. Although both formulations had the
same nominal composition, they showed differ-
ent density levels and distinct fracture surface
features, confirming that feeding strategy and
mixing efficiency can significantly affect the fi-
nal microstructure.

Figure 1: Experimental and theoretical density
of neat PP, virgin composites, and recycled com-
posites.

3.2. Tensile behavior
The tensile results highlighted a clear reinforce-
ment effect relative to neat PP, together with
marked differences among fiber families and
processing conditions. As shown in Figure 2,
JF-based composites tended to provide slightly
higher stiffness than PF systems at the same
fiber content, indicating a more effective elastic
contribution under the adopted processing con-
ditions. Conversely, PF-based systems reached
higher tensile strength at both 15 and 30 wt%
(Figure 3), suggesting a more favorable balance
between reinforcement efficiency and resistance
to premature crack initiation in the present
dataset.
Increasing fiber content from 15 to 30 wt% pro-
duced a consistent stiffening effect and increased
density, confirming that the elastic response be-
came progressively more influenced by the rein-
forcement. However, the higher reinforcement
level also made the composites more sensitive
to defects and local stress concentrations, espe-
cially in terms of strength and strain at break.

Hybridization provided an intermediate and, in
some cases, well-balanced response. In particu-
lar, at 30 wt%, the hybrid system showed com-
petitive tensile behavior, indicating that com-
bining PF and JF can promote effective stress
redistribution when the microstructure is suffi-
ciently homogeneous.
The comparison between virgin and recycled
composites showed that reprocessing did not
produce a uniform effect on tensile performance.
In general, recycled materials often retained,
and in some cases slightly increased, tensile
modulus (Figure 2), consistently with the densi-
fication observed in the density measurements.
By contrast, tensile strength did not show the
same systematic improvement (Figure 3), sug-
gesting that while improved consolidation can
contribute positively to stiffness, local fiber dam-
age, interfacial modifications, and matrix degra-
dation may limit the preservation of strength [3].

Figure 2: Tensile modulus of neat PP, virgin
composites, and recycled composites.

Figure 3: Tensile strength of neat PP, virgin
composites, and recycled composites.

3.3. Impact behavior
In contrast to tensile behavior, the impact re-
sults revealed a different response across the in-
vestigated formulations. As shown in Figure 4,
the 30 wt% composites generally outperformed
the corresponding 15 wt% systems, indicating
that the higher reinforcement level could en-
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hance impact resistance under the tested con-
ditions. Among all the materials, PF30 showed
the highest impact toughness, suggesting that
the PF-based system provided the most favor-
able balance between reinforcement and energy
absorption in the present dataset.
The hybrid composites exhibited an intermedi-
ate response. Although hybridization led to a
balanced overall behavior, the impact perfor-
mance of the hybrid systems did not exceed that
of the best PF-based formulation. This suggests
that, under the adopted processing and testing
conditions, combining PF and JF did not pro-
duce a marked advantage in notch-impact resis-
tance.
The comparison between virgin and recycled
composites showed a much more consistent
trend than in tensile loading. After reprocessing,
impact toughness decreased for every recycled
formulation, even when density increased. This
indicates that the densification observed after
reprocessing was not sufficient to preserve frac-
ture resistance under dynamic loading. Rather,
the results suggest that impact performance af-
ter recycling was governed by additional dam-
age mechanisms, such as fiber shortening, local
interfacial modifications, and matrix embrittle-
ment [3].
Overall, these findings show that reprocessing
improved consolidation but simultaneously re-
duced the ability of the material to absorb im-
pact energy. As a result, impact toughness
emerged as the most sensitive property for de-
tecting the negative effects of recycling in the
investigated composites.

Figure 4: Izod impact toughness of neat PP, vir-
gin composites, and recycled composites.

3.4. Water uptake and microstruc-
ture

Water uptake measurements and SEM observa-
tions were used to complement the mechanical

results by providing additional insight into mois-
ture sensitivity and fracture surface morphology.
In particular, the water uptake curves shown in
Figure 5 help clarify the role of fiber content and
temperature on moisture sensitivity, while the
SEM comparison in Figure 6 supports the inter-
pretation of the main microstructural trends.
The water uptake results confirmed the expected
sensitivity of natural fiber-reinforced systems to
moisture exposure [4]. For both PF- and JF-
based composites, increasing fiber content led to
higher long term mass uptake, consistent with
the greater fraction of hydrophilic reinforcement
and the higher probability of interfacial path-
ways for moisture transport. As expected, in-
creasing the immersion temperature from 20 ◦C
to 60 ◦C accelerated the absorption kinetics and
amplified the differences among formulations,
making the role of fiber type and content more
evident.
At 20 ◦C, the overall trend remained more
gradual, with the 30 wt% formulations showing
higher long term uptake than the correspond-
ing 15 wt% systems. At 60 ◦C, the separa-
tion among the curves became clearer, confirm-
ing that elevated temperature enhances mois-
ture diffusion and increases the sensitivity of the
response to local defects and interfacial disconti-
nuities. Overall, these results are consistent with
the hydrophilic nature of the fibers and with the
role of processing quality in controlling the ac-
cessibility of moisture to the composite interior.
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Figure 5: Water uptake as a function of immer-
sion time for the investigated composite formu-
lations at 20 ◦C (top) and 60 ◦C (bottom).

SEM observations further supported the inter-
pretation of the physical and mechanical results.
As shown in Figure 6, only the JF-based com-
posites are reported here as a representative ex-
ample; however, similar trends were also ob-
served for the PF-based systems. In particu-
lar, the comparison between virgin and recy-
cled JF composites highlighted a reduction in
macroscopic voids after reprocessing, in agree-
ment with the density increase measured for the
recycled materials. By contrast, for the hybrid
systems the differences between virgin and recy-
cled conditions appeared less pronounced, con-
sistently with the smaller density variations al-
ready discussed in the previous section.
At the same time, the SEM evidence suggests
that improved densification did not necessar-
ily lead to better overall performance, since the
reduction in impact toughness after recycling
points to additional microstructural changes,
such as fiber damage or interfacial modifications.

Figure 6: SEM micrographs of tensile fracture
surfaces comparing virgin (left) and recycled
(right) JF-based composites at low magnifica-
tion (30 wt% fiber content).

Overall, the water uptake and SEM results con-
firm that the behavior of the investigated com-
posites was governed not only by composition,
but also by the effects of processing history on
consolidation, moisture transport, and fracture
mechanisms.

4. Conclusions
This work provided a consistent experimen-
tal assessment of polypropylene-based compos-
ites reinforced with pineapple fibers, jute fibers,
and their hybrid combinations, considering both
virgin and mechanically reprocessed materials.
Overall, the results showed that the final behav-
ior of these systems is governed not only by nom-
inal composition, but also by the strong interac-
tion between processing quality, microstructural
integrity, and reinforcement architecture. This
confirms the importance of controlling disper-
sion, consolidation, and interfacial quality when
designing PP-based natural fiber composites, in
agreement with the trends reported for similar
PF- and JF-reinforced systems [5].
Overall, these results support the feasibility of
using PF-, JF-, and hybrid-reinforced PP com-
posites as promising lightweight and more sus-
tainable material solutions, while also showing
that recycling strategies must be carefully op-
timized to preserve damage tolerance and long
term performance.
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