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Abstract
The increasing generation of polylactic acid (PLA) based 3D printing wastes has driven the need for
sustainable strategies to improve properties of recycled materials. This study focuses on the effect of
low natural fiber concentration in enhancing mechanical and rheological properties of recycled PLA
(rPLA). Agave Americana fibers at 1, 2, and 3 wt.% were used as reinforcement for the PLA-based bio-
composite films. The composites were fabricated via extrusion and mechanical properties such as
tensile, impact, and flexural were analysed. Melt flow rate (MFR), Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscope (SEM) were used to understand the samples
behaviour. Results obtained demonstrated significant recovery in mechanical properties for composites
at 1 wt.% fiber loadings. Increasing fiber content up to 3 wt.% led to decline in tensile and flexural
properties due to poor interfacial bonding and void formation, as confirmed by SEM observations. FTIR
analysis show the presence of hydroxyl groups in agave fiber and its bio-composites, indicating weak
fiber-matrix adhesion. This was further supported by MFR values that increased with the addition of
fibers, resulting in lower viscosity. This was directly attributed to enhanced flowability induced from PLA
chain scission and shear thinning behaviour.

1. Introduction
Additive manufacturing, also known as 3D printing, is a transformative technology that constructs three-
dimensional objects by adding material layer by layer, based on a Computer Aided Design (CAD) model.
Unlike traditional manufacturing methods, 3D printing allows rapid fabrication of complex structures and
highly customized products, tailored to specific needs and preferences [1, 2]. Since its commercialization
in the 21st century, 3D printing has seen significant growth in both application and technological
advancement, making it a versatile tool across various industries such as agricultural, medical,
automotive, aerospace, engineering, and consumer goods [3, 4].

Fused Deposition Modelling (FDM), is a 3D printing method, widely used in printing polymer-based
materials such as polylactic acid (PLA) [5, 6]. PLA is one of the most extensively utilized materials in
FDM due to its excellent printability, and on top of all that favourable biodegradability and sustainability
position it among the most desirable raw materials. Produced from renewable resources such as
sugarcane and cornstarch, PLA has increasingly replaced many conventional polymers derived from
fossil fuels. In recent years, PLA production has been increasing rapidly and is expected to exceed
2.4 million metric tons by 2027 [7].

Despite its advantages, 3D printing waste generated from PLA has been increasing rapidly. Common
forms of waste include discarded prints, support structures, and failed iterations, many of which are
ultimately landfilled [8]. The degradation of PLA in landfill environments is generally slower and less
efficient than in composting systems due to the absence of optimal conditions such as elevated
temperatures and adequate oxygen availability [9]. A study by Agwuncha et al. [10] reported that under
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real-world landfill conditions, no changes or degradation was observed for pristine PLA even after 13-
week (91 days) burial period.

Therefore, recycling plays a crucial role in mitigating waste generated from PLA-based 3D printing.
Recycling not only reduces landfill accumulation but also minimize dependence on pristine raw
materials, thereby contributing to a more sustainable manufacturing cycle. This approach aligns with the
circular economy model, which promotes the continuous use and reuse of materials across multiple
stages and life cycles rather than disposal after a single use [11]. Over the past decades, researchers
have actively explored the potential of recycling PLA filaments as a strategy to reduce plastic waste. For
instance, Oladapo et al. [12] examined the possibility of achieving net-zero waste in additive
manufacturing, finding that producing recycled filament consumes less energy than creating pristine
PLA, which results in lower greenhouse gas emissions.

However, the primary limitation of recycled PLA (rPLA) compared to pristine PLA (oPLA) is its reduced
mechanical properties. This includes lower tensile strength, fatigue strength, and hardness, which are
critical for the structural integrity of 3D printed parts [7]. While rPLA can serve as an alternative to
pristine PLA, its properties require appropriate modification and control through methods such as
blending with pristine materials, reinforcing with natural fibers [13], altering printing parameters, and
using additives to enhance its performance. Incorporating natural fibers into recycled polylactic acid
(PLA) can significantly enhance its mechanical, rheological and thermal properties, making it a more
viable material for various applications, including additive manufacturing [14–18].

Faidallah et al. [19] reported that rPLA reinforced with 7 wt.% hemp fibers achieved a tensile strength of
38.8 MPa, which is a 29% increase over pristine PLA filaments and a 26% improvement compared to
rPLA without reinforcement. Wang et al. [20] incorporated abutilon fibers with PLA, that resulted in
improved thermal stability and crystallization of PLA. This was linked to natural fibers acting as
nucleating agents, enhancing the crystallization and thermal stability of PLA. The use of natural fibers
like cocoa pod husk and dragon fruit root not only improved the mechanical properties but also
enhanced the biodegradation rate of PLA biocomposites, demonstrating a 6.4% weight loss in soil within
15 days [21].

Among many fibers reported, agave fibers are one of the less explored reinforcement in PLA for 3D
printing filaments [22]. Agave americana is a succulent plant from the Agavaceae family, native to
Central America and Mexico. It has been successfully introduced and extensively cultivated in tropical
and subtropical regions worldwide, and capable of achieving yields exceeding 300 tons per hectare per
year [23, 24]. The fibers from this plant are commonly used in rope making and textile production.
However, only approximately 4 wt.% of the harvested leaves is converted into commercially valuable
products. Agave fibers primarily consist of cellulose (68.4%), followed by hemicellulose (15.7%) and
lignin (4.9%), with the remaining 11.06% comprising fructans, pectins, and other simple carbohydrates
[23].
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Hence, this study aims to investigate the potential of agave fibers as a sustainable reinforcement to
enhance the properties of rPLA. agave fibers will be utilised as reinforcement to enhance the mechanical
and physical performance of rPLA for FDM applications. The influence of different fiber loadings will be
systematically examined to determine their effects on the composite behaviour and filament quality. The
developed rPLA–agave biocomposite filaments are expected to provide a more sustainable and
biodegradable alternative for 3D printing materials while simultaneously valorising agricultural waste.

2. Materials and Methods

2.1. Raw Materials Preparation
The agave fibers (AF) were derived from the Agave Americana plant. The plant was cut and peeled, then
dried for one week at 60°C. Waste materials were removed using distilled water, after which the fibers
were dried for four hours at 80°C. Finally, the dried fibers were milled in a labratory ball mill until the
desired fraction below 250 µm was obtained. The PLA used in this study was an iPLA type (with MFR:
24.7 g/10 min, 2.16 kg, 210°C), specifically designed for 3D printing. Recycled PLA was obtained by
reprocessing the extruded pristine PLA filaments using the same equipment and parameters as during
the filament preparation.

2.2. Filament Fabrication
Prior to extrusion, pristine PLA and rPLA was dried at 60°C for 24 hours, while agave was dried at 70°C
for 72 hours. The rPLA/agave composites were produced using a Labtech 26–44 (Labtech Engineering,
Thailand) type 26 mm screw diameter twin screw extruder with an L/D ratio of 48, zone temperatures
between 180–210°C and a screw speed of 10 rpm. AF content was kept at 1, 2, and 3 wt.% and particular
attention was given to ensure uniform dispersion of the fibers throughout the PLA matrix. The composite
blends were subjected to air cooling and subsequently fed into a granulator, where they were pelletized
into cylindrical-shaped granules. The granules were then melted and pushed through the filament
extruder, producing filaments with specified diameter of 1.75 mm.

2.3 FDM Printing
The specimens were printed on an open work area Craftbot Plus (Craftbot Hungary) 3D printer. The
printer has an all-metal hot end and the tray is covered with Kapton film. The GCODE for the 3D printer
was created using the Craftware slicer software version 1.23 released by Craftbot. The specimens were
printed with a temperature head of 215°C and a table temperature of 60°C. The nozzle is made of 0.4
mm in diameter copper and the layer thickness is 0.2 mm, with a printing speed of 60 mm/s. Samples
were printed in three different dimensions to suit tensile, bending and impact test standard. The test
specimen is composed of a total of 20 layers, arranged perpendicular to each other at 45° and − 45°.
Pristine PLA and rPLA specimens without reinforcement were printed as control sample and marked as
oPLA and rPLA-A0, respectively. Composites containing 1, 2, and 3 wt.% agave fibers were printed and
designated as rPLA-A1, rPLA-A2, and rPLA-A3, respectively.
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2.4 Mechanical Testing
Tensile, flexural and Charpy impact tests were carried out on the 3D printed specimens in according to
MSZ EN ISO 527, MSZ EN ISO 178, and MSZ EN ISO 179, respectively. Tensile properties, including
modulus of elasticity, tensile strength, and elongation at break, were determined using an Instron 3366
universal testing machine (Instron Inc., Norwood, MA, USA) at a crosshead speed of 300 mm/min and a
gauge length of 100 mm. The same testing machine was used for the three-point bending tests,
conducted with a support span of 64 mm and a test speed of 20 mm/min. The Charpy impact tests were
performed using a Ceast Impactor II impact tester (Instron Inc., Norwood, MA, USA) equipped with a 5 J
pendulum, with the support span set at 64 mm. All mechanical tests were carried out under standard
laboratory conditions, and at least five specimens were tested for each condition to ensure accuracy.

2.5 Scanning Electron Microscopy (SEM)
The surface morphology of the 3D printed samples was investigated using Scanning Electron
Microscopy (SEM). SEM was conducted using a Zeiss Sigma 300 VP equipped with a secondary electron
(SE) detector. The measurements were performed at an accelerating voltage of approximately 1 kV,
eliminating the need for a conductive coating on the samples. This approach provides more accurate
particle dimension measurements. Broken test pieces from Charpy impact test were used for this
investigation.

2.6 Fourier Transform Infrared Spectroscopy (FTIR)
The chemical structure of all the samples was analyzed by Fourier Transform Infrared Spectroscopy
(FTIR) with attenuated total reflectance (ATR) diamond accessory. The spectra were obtained using 64
scans at a spectral resolution of 4 cm⁻¹ over the wavenumber range of 4000–500 cm⁻¹

2.7 Melt Flow Rate (MFR) Testing
The flow behaviour and processability of the created PLA/agave composites were studies via Melt Flow
Rate (MFR) analysis. The test was performed with a Ceast MF10 device, at 210°C temperature with 2.16
kg standard applied load. Results were recorded in g/10 min.

3. Results and Discussion

3.1 Mechanical Properties of rPLA/agave Composites

3.1.1 Tensile Strength Analysis
Tensile properties of oPLA and rPLA samples are presented in Fig. 1. A reduction of approximately
38.9% in tensile strength was observed after extrusion, with values decrease from 62.8 MPa for oPLA to
38.4 MPa for rPLA-A0. The modulus of elasticity also reduced from 2791 MPa (oPLA) to 1911 MPa
(rPLA-A0). This can be attributed to the increase in the crystallinity of PLA due to recycling. Recycling
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often leads to reduction in molecular weight, where the polymer chains become more mobile, allowing
them to rearrange into more crystalline structures [25]. This was also proved from slight reduction in
elogation at break for rPLA-A0 sample as shown in Fig. 1(c). The increase in crystallinity can lead to
brittleness, which reduces the elongation [26].

The addition of 1 wt.% agave fiber significantly enhanced the tensile strength of rPLA-A1 to 58.5 MPa,
corresponding to an increase of approximately 52.3%. Similarly, the elastic modulus improved by about
55%. These results suggest that the mechanical performance was nearly recovered to that of the oPLA,
with only a marginal difference of 6.9%. The increase in tensile strength with 1 wt.% agave fibers may be
due to fibers acting as stress transfer agent improving stiffness and strength. However, further addition
of agave fibers to 2 wt.% and 3 wt.% reduced the tensile strength to 43.6 MPa and 35.4 MPa,
respectively. A total of 39.5% in reduction was observed with addition of agave fibers from 1 wt.% to 3
wt.%. The tensile strength of PLA composites generally increases with fiber loading up to a possible
optimum point, followed by a subsequent decrease [27].

3.1.2 Impact Strength Analysis
The impact strength of pristine PLA, recycled PLA as well as agave fiber reinforced PLAs are presented
in Fig. 2. Pristine PLA exhibits highest impact strength of 16.67 kJ/m², while recycling leads to a
reduction of approximately 18.5%, decreasing the value to 13.59 kJ/m². The results correlates to tensile
strength of the specimens that showed similar patern, where recycling leads to thermal degradation and
chain scission resulting in molecular weight reduction. While tensile properties are influenced by load
transfer efficiency, impact strength is governed by energy absorption mechanisms; however, both are
adversely affected by processing temperatures. Similar results were reported by Chien et al. [25], who
investigated the mechanical properties of 3D printed PLA-Wood fiber composites. The study reported
noticeable reduction in impact strength after two times recycling. Analysis from gel permeation
chromatography (GPC) revealed deterioration in molecular weight of PLA matrix and an increase in
crystallinity.

Referring data presented in Fig. 2, reinforcement with 1 wt.% agave fibers shows minimal increase in
impact strength with values of 13.62 kJ/m² (rPLA-A1). This represents an increase of approximately
0.2%, which is considered negligible. This suggests limited effectiveness of the fibers in enhancing
energy absorption, likely due to insufficient fiber–matrix interaction and ineffective stress transfer
mechanisms at low fiber content. Subsequent increase in fiber loadings (2 wt.% and 3 wt.%) showed a
pronounced reduction in the impact strength to 13.17 kJ/m² (rPLA-A2) and 10.06 kJ/m² (rPLA-A3). A
total reduction of about 26.1% was observed with increased fiber loadings from 1 wt.% to 3 wt.%. This
indicates a decrease in toughness of the specimens, possibly due to void formation and stress
concentration sites caused by poor interfacial bonding [28]. These findings are consistent with the SEM
observations, where fiber pull out, interfacial gaps and voids were evident in samples with higher fiber
loadings (Fig. 4).
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3.1.3 Flexural test results
Flexural strength and modulus are an important measure of the load-bearing capacity and stiffness of
the developed composites under bending condition. Figure 3 represents flexural strength, modulus, and
deflection of the composite samples. Results obtained correlates with the tensile and impact properties
reported, where recycling reduces the flexural strength and modulus up to 29.1% and 19.3%, respectively.
Addition of 1 wt.% agave fiber partially recovers the flexural strength up 26.5%. The flexural strength of
oPLA remains the highest with 98.85 MPa, followed by rPLA-A1 and rPLA-A2, which values at 88.61 MPa
and 75.35 MPa. The observed partial recovery in strength indicates the potential of recycled PLA for 3D
printing applications and suggests that 1 wt.% fiber loading as optimum condition for this composite
system. A study conducted by laylamia et al. [29] reports optimal flexural strength in bio epoxy
composite occurs at 30 wt.% of Agave waste flower stalk fibers addition, attributing this to uniform fiber
dispersion and strong interfacial bonding. However, the enhancement in strength at low fiber loading (1
wt.%) in the present study may be linked to initial contribution of fibers to load-bearing and stiffness
enhancement, instead of strong fiber-matrix adhesion.

The flexural strength and modulus of the composites samples at higher fiber loading (3 wt.%) continues
to deteriote to 60.65 MPa, which is significantly lower than the recycled PLA without reinforcement
(70.07 MPa). However, further increases in fiber content lead to a deterioration in mechanical
performance, attributed to poor interfacial bonding, and crack formation. Another parameter worth
noting is the deflection of the samples, which can be observed in Fig. 3(c). Pristine PLA indicates highest
deflection (7.81 mm), which decreases upon recycling, suggesting reduction in ductility due to polymer
degradation. Incorporation of agave fiber at low loadings (1 wt.%), decreases the deflection to 5.74 mm,
representing the lowest value among all samples. This behaviour indicates reduction in deformability,
where the fibers restricts polymer chain mobility, limiting deformation under applied load. However, the
subsequent increase deflection for rPLA-A2 and rPLA-A3, may be related to the poor dispersion of the
fiber that weakened internal structure, allowing greater deformation under load.

3.2 Surface morphology of rPLA/agave composites
The fracture surfaces of FDM-printed rPLA/agave fiber composites after impact testing were examined
using SEM. Figures 4 illustrate the morphology of the samples at low and high magnifications. Based on
Fig. 4(a), rPLA without reinforcement exhibits a brittle fracture behaviour with uniform fracture surface.
The printed roads and inter-road boundaries are clearly visible indicating limited resistance to impact
loading, which was also evidenced by reduced tensile, flexural and impact properties of the recycled
PLA. Meanwhile, rPLA-A1 (Fig. 4(c)) exhibits increased surface roughness, where the inter-road
boundaries are not visible, which can be associated with increased energy dissipation during fracture. At
higher magnifications (Fig. 4(d)), although the fiber dispersion seems good, the interfacial bonding
remains limited as early signs of fiber pull out seems present. This is in accordance with the mechanical
tests results, where stiffness increases but impact strength shows insignificant increment.
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Increasing fiber loadings to 2 wt.% (Fig. 4(f)) and 3 wt.% (Fig. 4(h)) showed changes in the
microstructure where increased voids and cracks are observed within the fracture surface, that became
more irregular and heterogenous. High-magnification images further revealed interfacial gaps, and
enlarged pull-out cavities, indicating weakened interfacial bonding due to insufficient matrix wetting and
non-uniform fiber dispersion. These defects subsequently promote stress localization and premature
crack initiation, offsetting the potential benefits of increased fiber content. Similarly Ramirez et al. [30]
examined the fracture surface morphology of neat PLA and its composite systems using SEM and
reported observations consistent with the present findings. The incorporation of 1 wt.% sisal fibers
resulted in increased surface roughness, which became more pronounced with higher fiber loadings. The
SEM micrographs revealed evident fiber detachment and voids formed by fiber pull-out, indicating weak
interfacial adhesion between the fibers and the PLA matrix.

3.3 Fourier Transform Infrared Spectroscopy (FTIR)
analysis
FTIR spectra of raw agave fiber, pristine PLA, recycled PLA and its bio composites are shown in Fig. 5.
The finding confirms presence of lignocellulosic components, namely cellulose, hemicellulose and lignin
in the raw fiber. A broad absorption band at 3285 cm⁻¹ is observed in the raw fiber sprectrum, which is
attributed to the O–H stretching vibration of the hydroxyl group (OH) present in cellulose [31]. However,
this peak is not seen in any of the biocomposite samples, likely due to decreased water content due to
extrusion process [32]. Additionally, the peak at 2918 cm⁻¹ in the raw fiber corresponds to C–H
stretching vibration group of cellulose in the fiber. The peak at 1594 cm− 1, close to the 1600 cm− 1 could
be attributed to C = O stretching of the amide group in hemicellulose. A notable peak at 1027 cm− 1

indicates C–OH stretching of lignin, similar to which had been reported by da Silva Neto et al. [23].

Meanwhile, the pristine PLA shows characteristics peaks of CH2 stretching bands at 2998 and 2940 cm− 

1. High intensity C = O stretching bands are also present at 1750 cm− 1, along with CH2 bending bands at

1451 cm− 1 [23]. Bands at 1178 and 1080 cm− 1 can be associated with C-O-C bending. Peaks at 865 and
750 cm− 1 represent the crystalline and amorphous fractions of pristine PLA, respectively [33]. The
spectrum of recycled PLA (rPLA-A0) and the bio-composites showed similar peaks to pristine PLA, as
depicted in Fig. 5. This may be due to the low concentrations of agave fibers used, preventing significant
changes in the chemical structure of the PLA. Nevertheless, changes in the peak intensity at 1750 cm− 1

can be noticed as the fiber concentrations increased in the bio-composites, corresponding to the fiber-
matrix interaction. Similar findings were reported by Palaniappan et al. [34], who investigated the effects
of incorporating peanut hull (AHL) particles into PLA for production of 3D printing filament. The study
observed a decrease in the peak intensity at 1745 cm⁻¹ with increasing AHL content, which was
attributed to the interaction between the carbonyl groups of the PLA matrix and the hydroxyl groups of
the AHL particles.
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3.4 Rheological Properties of PLA/Agave Composites
MFR is a critical parameter in 3D printing as it affects material’s extrudability and printability. The flow
behaviour of oPLA, rPLA-A0, rPLA-A1, rPLA-A2, and rPLA-A3 blends, were analysed via MFR before
printing the test pieces. Results obtained were plotted in Fig. 6. The MFR values shows increasing trend
with the addition of agave fibers, which consequently indicates the reduction in viscosity. The value
increases from 24.7 g/10 min for pristine PLA, up to 50.25 g/10min for composites with 2 wt.% of fibers
(rPLA-A2). Slight decrement was observed in sample with 3 wt.% agave fibers, where the MFR value is at
46.9 g/10 min at 3 wt.% (rPLA–A3).

Results obtained deviates from conventional expectations, where increasing fiber concentration usually
leads to increase in viscosity, mainly due to reduced flowability [35]. However, PLA based natural fiber
composites doesn’t always behave in a similar way, as several factors may affects its melt flowability
such as moisture content of fibers and PLA chain scission induced by thermomechanical processing.
This is evident from study done by Mazzanti et al. [36], who analysed effects of hemp fiber addition on
stability of PLA in the molten state. The study shows increased MFR values with addition of hemp fiber
and linked this with moisture trapped in the fibers that promote hydrolysis of PLA chains during thermal
processing.

In the present study, FTIR spectrum of raw agave fiber (Fig. 5) showed a broad O–H peak around 3285
cm⁻¹ which confirms the presence hydroxyl groups. In addition, the reduction in the peak intensity
around 1750 cm− 1 in the biocomposite spectra further suggest the interaction between hydroxyl groups
of agave fiber and carbonyl groups of PLA [37]. Hydroxyl groups makes agave fibers hydrophilic and
retain residual moisture even after drying process. Hence during thermal processing, these hydroxyl-
bearing fibers promotes degradation of ester linkages in PLA, resulting in chain scission [38]. PLA chain
scission subsequently leads to molecular weight reduction and enhances polymer chain mobility,
thereby increases the MFR values (reduced viscosity).

On the other hand, the increase in MFR value may also be linked with shear thinning behaviour during
melt processing [39]. Fibers in the PLA acts as stress concentrators, help aligning polymer chains under
shear, thus increasing flowability. The slight reduction in MFR value at 3 wt.% fiber (rPLA-A3) is likely due
to the onset of fiber agglomeration that hinder polymer chain mobility and reduce flowability. The
rheological properties of the biocomposites are consistent with mechanical tests results, where only
minimal increase in tensile strength were observed at low fiber loading, followed by deterioration as fiber
concentration increased. This further proves that, the increase in MFR value had been caused by PLA
chain scission, rather than improved fiber dispersion or processability. Overall, this characteristic is
advantageous for 3D printing applications, as higher MFR value facilitates extrusion and printability of
the composite samples.

4. Conclusion
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This study investigates the potential to enhance properties of recycled PLA via addition of low
concentration of agave fibers, while simultaneously reducing environmental impact by eliminating the
use of chemical treatments. Results obtained demonstrated significant recovery of tensile strength up to
52.3% for recycled PLA with 1 wt.% of agave fiber addition. Similarly, addition of 1 wt.% agave fiber
partially recovers the flexural strength up 26.5%, indicating effective stress transfer. This suggests that
low fiber loading can effectively compensate performance deterioration associated with recycling. In
contrast, higher fiber loading at 2 and 3 wt.%, reduces the tensile, impact and flexural properties of the
composites, attributed to limited interfacial adhesion and defect formation as proved by SEM images.
The poor interfacial addition was further supported by FTIR results, where absence of significant
chemical interaction was observed. These findings indicate that low concentration of agave fiber offers a
simple and sustainable strategy in improving properties of recycled PLA.

5. Limitation and Recommendation
This study is limited by the absence of direct molecular weight analysis. Present study primarily
dependent on MFR and FTIR results to predict the molecular degradation of the bio-composites. Future
work should include Gel Permeation Chromatography test to determine molecular weight
characterization before and after recycling as well as composite fabrication. Although chemical
treatment of fibers was intentionally avoided in this study to reduce environmental impact, future work
may include surface modification as a comparative approach to evaluate its effect on composite
performance.
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Figure 1

Tensile properties of oPLA and recycled PLA (rPLA) composites reinforced with varying agave fiber
loadings: (a) tensile strength, (b) modulus of elasticity, and (c) elongation at break.
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Figure 2

Impact strength of pristine PLA (oPLA), recycled PLA (rPLA-A0) and PLA/agave fiber composites (rPLA-
A1, rPLA-A2, rPLA-A3)
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Figure 3

Flexural properties of PLA and recycled PLA (rPLA) composites reinforced with varying agave fiber
loadings: (a) flexural strength, (b) flexural modulus, and (c) deflection at maximum bending.
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Figure 4

SEM micrographs of fracture surfaces of (a, b) recycled PLA (rPLA), (c, d) rPLA–A1 (1 wt.% agave fiber),
(e, f) rPLA–A2 (2 wt.% agave fiber), and (g, h) rPLA–A3 (3 wt.% agave fiber) at low and high
magnifications, respectively.
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Figure 5

FTIR spectra of raw agave fiber, pristine PLA, recycled PLA and rPLA-agave bio-composites.
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Figure 6

Melt Flow Rate (MFR) of pristine PLA, recycled PLA and its composites
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