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Abstract 
 

In this study, Agave fibers (Agave tequilana Weber 
var. Azul) were surface treated with maleated 
polyethylene (MAPE) to increase the polymer-fiber 
compatibility with two main objectives: 1) to improve the 
mechanical properties of composites produced by 
rotational molding, and 2) to increase the fiber content in 
the composite. The rotomolded composites were produced 
at 0, 10, 20, 30 and 40% wt. of fiber contents (treated or 
untreated) and characterized in terms of morphology and 
mechanical properties (impact, tensile and flexural). The 
results show that the MAPE surface treatment was 
successful by causing a better fiber distribution and a 
more uniform composite morphology allowing the 
possibility to use higher fiber contents in rotational 
molding. At low fiber contents (10 and 20% wt.), the 
mechanical properties were improved (up to 52%) in 
treated fiber composites (TFC) compared to the neat 
polymer and untreated fiber composites (UFC). Although 
the mechanical properties of TFC decreased at high fiber 
contents (30 and 40% wt.), they were substantially higher 
than UFC (about 160%, 400% and 240% for impact, 
tensile and flexural properties, respectively). 
 

Introduction 
 

For many years natural fibers have received the 
attention of researchers due to their ecological character, 
biodegradability, low costs, non-abrasive nature, safe 
handling, high filling levels, low energy consumption, 
high specific properties, low density and wide variety of 
fiber types [1]. However, the inherent polar and 
hydrophilic nature of lignocellulosic fibers and the non-
polar characteristics of most thermoplastics results in 
different levels of incompatibility and compounding 
difficulties leading to non-uniform fiber dispersion within 
polymer matrices, thus limiting their efficiency [2]. 
Therefore, it is necessary to use physical or chemical 
treatments to improve the matrix-fiber compatibility. 

Coupling agents are materials with intermediate 
properties between those of the fibers and the matrices. 
One of the most used coupling agent is maleic anhydride 
(MA) grafted polymers to chemically interact with the 
hydroxyl groups of fibers and physically interact with the 
matrix leading to better interface bonding and mechanical 
properties of the composites. In some cases, the fibers and 

polymer matrices were mixed with the coupling agents by 
melt mixing (internal mixer or extruder) [3-6], while in 
others (as rotomolding) the untreated fibers were 
immersed in MA solutions (toluene or trichlorobenzene) 
to have better fiber impregnation before being dry-
blended [7-9]. 

Rotational molding is used to produce hollow pieces 
as tanks, automotive parts, toys and many other items. It is 
an attractive alternative to injection and blow molding 
because the molds are inexpensive and the process can 
handle complex shapes with a wide range of part sizes and 
variable thicknesses [10]. Nevertheless, the low-shear 
characteristics of rotomolding limit the amount of fiber 
that can be added to produce good composite materials, as 
most researchers used fiber contents much less than 30%. 
In this case, fiber surface treatment is seen as a good 
alternative to improve the properties of rotomolded 
composites and the maximum amount of fiber. 

In order to solve this problem, Raymond and 
Rodrigue [8] proposed a surface treatment of maple wood 
particles using maleated polyethylene (MAPE) in solution 
for composites of linear medium density polyethylene 
(LMDPE) produced by rotational molding. In this case, 
not only the mechanical properties in terms of modulus 
(49%) and strength (27%) were improved, but also the 
possibility to increase the maximum wood content up to 
25 wt% due to better dispersion and adhesion of the wood 
particles in the polymer matrix.   

In this work, LMDPE was used to prepare 
rotomolded composites with agave fibers up to 40% wt. 
The fibers were treated with a solution of maleic 
anhydride grafted polyethylene to improve their 
compatibility with the matrix and to determine the 
optimum fiber content in terms of mechanical properties. 
 

Materials 
 

The polymer matrix was R093650 linear medium 
density polyethylene (LMDPE) with a melt flow index of 
5 g/10 min (2.16 kg/190°C) and a density of 0.93 g/cm3 
(Polímeros Nacionales, México). As reinforcement, agave 
fibers (Agave tequilana Weber var. Azul) were obtained 
from a local tequila company (Jalisco, Mexico). For 
surface treatment, sodium hydroxide (NaOH, Analytyka, 
Mexico), maleated polyethylene (MAPE, Polybond 3009, 
Addivant, USA) and mixed xylene isomers (Karal S.A. de 
C.V., México) were used.  
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Experimental 
 

Fiber surface treatment  
In order to remove impurities and pith, agave fibers 

were washed in a Sprout-Waldron refiner (D2A509NH) 
with two discs of 30 cm in diameter, one fixed and the 
other rotating at 1770 RPM. Then, the fibers were placed 
in a centrifuge and were sun dried for 48 hours, grinded 
and sieved to keep only particles between 297 and 400 
µm.  

Surface treatment of the agave fibers was performed 
in two steps. The first step was standard mercerization 
mainly to have better access at the hydroxyl (–OH) groups 
and be more reactive [11]. The fibers were placed for 15 
min in 2% NaOH at 25°C with high intensity mixing. The 
material was then rinsed at least 6 times with distilled 
water and dried overnight in an oven at 80°C. The second 
step was MAPE treatment. For this purpose, 1% wt. 
MAPE was dissolved in xylene at 90°C. The alkali pre-
treated fibers were left for 30 min in the solution at the 
same temperature under high intensity mixing. After 
filtration, the treated fibers were dried 5 days at 80°C in 
an oven. In each step, the fiber content was 10% wt. in 
each solution, according to Cisneros-López et al. [9]. 
 
Composites preparation 

To produce the parts, the treated (TF) and untreated 
(UF) fibers were dried overnight at 80ºC to remove 
humidity. Then, blends with a total weight of 400 g of 
materials (LMDPE with 0, 10, 20, 30 and 40% of TF or 
UF) were prepared by dry-blending using an industrial 
blender (JR Torrey PL12) for 7 minutes. 

Production of rotomolded parts was carried out in a 
laboratory-scale rotational molding machine with a 
cylindrical stainless steel mold of 3.6 mm wall thickness 
and a diameter of 19 cm with an overall length of 25.5 
cm. Before loading the material, a demolding agent (CP-
500) was applied to the internal surface of the mold. The 
material was then introduced into the mold to produce 
parts with an approximate wall thickness of 3 mm. Then, 
the charged mold was closed, mounted on the rotating 
arm, and introduced into the oven which was previously 
heated at 260°C. The mold was kept rotating for 20 min at 
260°C (heating cycle). Afterwards, the mold was removed 
from the oven and cooled by forced air for 25 minutes 
(cooling cycle). Finally, the mold was opened and the part 
was demolded. During all the process (heating and 
cooling) a rotational speed ratio of 1:4 was used with a 
major axis speed of 3.5 rpm according to López-Bañuelos 
et al. [12]. 

 
Fourier Transform Infrared Spectroscopy (FTIR) 

To evaluate changes in the functional groups on the 
fibers after surface treatment, Fourier transform infrared 
spectroscopy spectra were recorded using a Spectrum 100 
Fourier transform infrared spectrometer (Perkin-Elmer, 
USA) with ATR accessories. Each spectrum was obtained 

from 50 scans at a resolution of 4 cm-1 from 4000 to 650 
cm-1 

 
Morphological characterization 

Composite samples were cryogenically fractured 
(liquid nitrogen) and their exposed surfaces were coated 
with Au under vacuum during 120 s using a SPI Module 
Sputter Coater. TF and UF were also prepared. Then, 
micrographs were taken on a scanning electron 
microscope (SEM) TESCAN MIRA3 LMU at different 
magnifications to characterize the state of fiber 
adhesion/dispersion in the matrix. Images of the fibers 
(TF and UF) were also taken. 
 
Mechanical properties of composites 

Tensile properties were measured on an Instron 
model 3345 universal testing machine with a 1000 N load 
cell. Type V samples were cut in the rotomolded parts 
according to ASTM D638. The crosshead speed was set at 
5 mm/min and room temperature. The reported values for 
modulus and strength are based on the average of at least 
five samples. 

Flexural tests were performed at room temperature 
using a crosshead speed of 2 mm/min on an Instron 
universal tester model 3345 with a 1000 N load cell 
according to ASTM D790. At least five samples were 
used to report the average and standard deviation for 
modulus and strength. 

Charpy impact strength was determined by an Instron 
Ceast model 9050 impact tester. The specimens were 
prepared according to ASTM D6110. The samples were 
notched by a manual sample notcher Instron Ceast 6897 at 
least 24 hours before testing. 

 
Results and Discussion 

 
Fourier Transform Infrared Spectroscopy (FTIR) 

In Figure 1, clear differences could be seen between 
the FTIR spectra of UF and TF. In this case, spectra of TF 
show two strong peaks at 2916 and 2849 cm-1 that are 
almost inexistent for UF. These peaks are characteristics 
of alkane groups associated with the polyethylene chains 
of MAPE that were grafted on the fiber surface as 
expected [8,13]. 

 
Morphology 

Figure 2a shows SEM micrographs of UF and TF 
surfaces. The surface of UF is very rough, while the 
surface of treated particles is smoother which confirms 
again that MAPE was effectively grafted on the fiber 
surface. The MAPE layer the on agave fiber surface is 
believed to have penetrated the fiber porosity (mechanical 
anchoring) as well as chemically grafted (chemical 
anchoring), both phenomena have a positive effect on the 
fiber-matrix interactions in terms of adhesion and 
dispersion [14]. 
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Figure 1. FTIR spectra of UF (above) 

and TF (below). 
 

 
Figure 2. SEM images of (a) UF and TF surface 

and (b) state of adhesion in UFC and TFC. 
 
For the composite samples, SEM images are 

presented in Figures 2 and 3. In general, the micrographs 
reveal that homogeneous distribution of the TF in the 
matrix was achieved, indicating that good processing 
conditions were used. Nevertheless, voids and fiber pull-
out could be seen in composites based on untreated fibers 
(UFC) which is not the case for TFC.  

Figure 2b clearly shows changes at the fiber-matrix 
interface of UFC and TFC, confirming again that surface 
treatment was effective. This observation suggests that 
MAPE treatment allows to have a better compatibility 
between the fibers and the polymer by creating a layer 
acting as a bridge between both materials [15]. 

Figure 3 shows the structure of UFC and TFC. Once 
again, composites made with TF showed the best 
interfacial morphology: a good fiber distribution and 
fiber-matrix contact: voids, defects, and fiber pull-out 

were almost inexistent. Also, it is possible to appreciate 
that low fiber content (10-20%) produced the best 
morphology, indicating that an optimum fiber content 
exists to get well distributed fibers in the matrix for 
rotomolded composites. Higher fiber contents can be 
used, but generally leads to lower mechanical properties 
due to fiber agglomeration and porosity limiting 
interfacial stress transfer and promoting crack 
initiation/failure in the composites [16]. Nevertheless, a 
clear improvement (due to the applied treatment) can be 
seen in the TFC morphology, especially at high fiber 
content (30-40%) in terms of better contact between TF 
and LMDPE [8]. 

 

 
Figure 3. SEM images of UFC and TFC structure. 
 

Tensile properties 
Tensile moduli of the composites are presented in 

Figure 4a to compare with the tensile modulus of neat 
LMDPE (172 MPa). It was observed that for UFC, the 
highest modulus was obtained at 10% of UF content (196 
MPa). For TFC, the optimum modulus was observed at 
20% of TF (263 MPa), which represents a modulus 
increase of 53% with respect to LMDPE and 41% with 
respect to UFC. The tensile modulus decreased at 30 and 
40% of fiber content, probably due to the rotomolding 
process nature and fiber agglomeration as discussed in 
previous sections. Although for higher fiber contents (30-
40%) the modulus values were lower than neat LMDPE, 
the use of TF provided significant increases compared to 
their untreated counterparts. For example, TFC with 40% 
of TF improved its tensile modulus by up to 400% (from 
18 to 91 MPa). Also, the modulus of TFC at 40% of fiber 
content (91 MPa) was even higher than the modulus of 
UFC at 30% of fiber content (84 MPa). This behavior 
shows the possibility to increase by around 10% the fiber 
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content for TFC at all fiber contents due to the MAPE 
treatment. 

 
Figure 4. Tensile modulus (a) and strength (b) of the 

rotomolded composites. 
 
Tensile strength results (Figure 4b) for UFC showed 

that in general, the tensile strength decreased due to poor 
adhesion between the untreated fibers and LMDPE. 
Tensile strength decreased from 20.7 MPa for neat 
LMDPE to 1.3 MPa UFC at 40% of UF content. Similar 
to tensile modulus, at lower fiber content (10-20%), the 
surface treatment produced substantial increases in 
strength for TFC compared with LMDPE and UFC. For 
example, at 20% TFC, the tensile strength increased by 
37% (from 17.4 to 23.8 MPa) with respect to UFC and 
15% (from 20.7 to 23.8 MPa) with respect to LMDPE. 
Once again, these results indicate that good fiber-matrix 
interaction was achieved [17]. At higher fiber content (30-
40%), the composites showed the same trend as moduli: 
even if the strength was lower than LMDPE, the tensile 
strength value for TFC was substantially higher than UFC. 
At 40%, TFC produces a 400% increase which can be 
associated with better affinity, compatibility and adhesion 
between the fibers and the matrix. Similar results were 
obtained by Gañán and Mondragon [18] who reported that 
fique fibers treated with acrylic acid had higher tensile 
strength (44%) at 30% content. 

 
Flexural properties 

Figure 5a shows the flexural modulus of composites. 
Similar trends as tensile modulus results were obtained. 
Flexural moduli of 10% TFC presented an increase of 
20% with respect to LMDPE. At high fiber contents (30-
40%) a decreased in moduli was observed. Nevertheless, 
the 30% TFC has a modulus 116% higher than UFC. 

 
 

 
Figure 5. Flexural modulus (a) and strength (b) of the 

rotomolded composites. 
  
Flexural strength of the composites is presented in 

Figure 5b. The flexural strength of UFC showed a 
decreasing trend with fiber content. Once again, the 
results show that MAPE treated composites (20% TFC) 
showed flexural strength improvements by up to 17% 
compared to 20% UFC (20.5 MPa). At higher fiber 
contents (30-40%) substantial increases were found in 
comparison with UFC as reported for tensile strength. At 
30% TFC the flexural strength increased by 104% (from 
4.8 to 9.8 MPa). In the case of 40% TFC the flexural 
strength increased by 240% (from 1.5 to 5.1 MPa) in 
comparison with UFC. As stated above, these increases 
can be attributed to the MAPE treatment improving the 
fiber-matrix adhesion, as well as better fiber distribution 
producing more homogeneous composites with better 
mechanical properties. Similar results were reported by 
Farsi [19] for beech/polyethylene composites produced by 
injection molding. 

 
Impact strength 

Impact strength results are shown in Figure 6 and 
similar trends as tensile and flexural results was obtained. 
For UFC, impact strength increased by 35% at 10% UF 
(from 121 to 164 J/m) compared to neat LMDPE. A low 
(10-20%) fiber content has a positive effect on the 
composite impact strength, but higher content decrease 
the values since lower fiber contents are easier to 
distribute in the matrix (as shown in the morphology 
section) leading to higher probability for crack initiation 
and failure of the composites [16]. Unlike the values 
reported at 10 and 20% TFC, the effect of treatment is 
most significant at higher fiber content. Substantial impact 
strength increases were found for TFC at high fiber 
contents (30-40%). The 40% TFC showed improvements 
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by up to 160% (from 22.3 to 58 J/m) with respect to 40% 
UFC (but 52% less than LMDPE). Mohanty and Nayak 
[20] reported an increase of 6% in impact strength for 
30% MAPE treated bamboo composite (compared with 
untreated) and a decrease of 5% with respect to neat 
polyethylene. This behavior could be related to the fiber 
chemical treatment giving better fiber distribution and 
better fiber-matrix adhesion, both controlling the strength 
of materials. However, with increasing fiber content, the 
probability of fiber agglomeration also increases, creating 
regions of stress concentration requiring less energy to 
initiate or propagate cracks [20]. 

 
 

Figure 6. Impact strength of the rotomolded composites. 
 

Conclusions 
 

In this work, natural fiber polyethylene composites 
were produced by rotomolding. In particular, surface 
treatment of agave fibers was performed by a combination 
of mercerization and maleated polyethylene in solution. 
From the samples produced (up to 40% wt.), a complete 
morphological and mechanical characterization was done. 

The results showed that the surface treatment 
produced a better fiber distribution and consequently a 
more uniform composite morphology without voids and 
gaps between the fibers and the matrix, allowing the 
possibility to use higher fiber contents (up to 40% wt.) 
with acceptable mechanical properties. The treatment also 
improved the fiber-matrix interface quality (adhesion, 
wettability, compatibility) leading to better mechanical 
properties. As a result, rotomolded agave fiber composites 
were significantly improved. Impact strength was higher 
for UFC at low fiber contents, but at high fiber contents 
this property substantially dropped (from 150 J/m to 20 
J/m). But for treated fibers, the impact strength remained 
close to 60 J/m. Tensile modulus and even tensile strength 
were higher for TFC compared to the neat matrix at 10 
and 20% wt., while remaining at acceptable values at 30 
and 40% wt. Similar results were observed for flexural 
properties. In general, MAPE fiber treatment in solution 
can be a good alternative to melt processing via extrusion 
to produce high fiber content composites by dry-blending 
combined with rotational molding to get acceptable 
properties. 

 

Acknowledgements 
 
One of the authors (E.O. Cisneros-López) 

acknowledges the financial support of the Mexican 
National Council for Science and Technology 
(CONACyT #400517) for a scholarship. Also, the 
technical help of Dr. Martín Flores and Sergio Oliva of 
the Materials Science Graduate Programs (University of 
Guadalajara, CUCEI) for their assistance in SEM analysis 
was highly appreciated. 

 
References 

 
1. A. Ashori, Bioresource Technol. 99, 4661 (2008). 
2. A.K. Bledzki and J. Gassan, Prog. Polym. Sci. 24, 

221 (1999). 
3. M. Khalid, S. Ali, L.C. Abdullah, C.T. Ratnam and 

S.Y. Thomas-Choong, Int. J. Eng. Technol. 3, 79 
(2006). 

4. T.J. Keener, R.K. Stuart and T.K. Brown, Compos. 
Part A-Appl. Sci. 35, 357 (2004). 

5. J.Z. Lu, Q. Wu and I.I. Negulescu, J. Appl. Polym. 
Sci. 96, 93 (2005). 

6. X. Zhao, R.K.Y. Li, S.L. Bai, Compos. Part A-Appl. 
Sci. 65, 169 (2014). 

7. S. Mohanty, S.K. Verma, S.K. Nayak and S.S. 
Tripathy, J. Appl. Polym. Sci. 94, 1336 (2004). 

8. A. Raymond and D Rodrigue, SPE-ANTEC Tech. 
Papers. 72, 2367 (2014). 

9. E.O. Cisneros-López, J. Anzaldo, F.J. Fuentes-
Talavera, R. González-Núñez, J.R. Robledo-Ortíz 
and D. Rodrigue, Polym. Compos. On-line first DOI: 
10.1002/pc.23564 

10. G. Gogos, Polym. Eng. Sci. 44, 388 (2004). 
11. C. Qin, N. Soykeabkaew, N. Xiuyuan and T. Peijs, 

Carbohydr. Polym. 71, 458 (2008). 
12. R.H. Lopez-Bañuelos, F.J. Moscoso, P. Ortega-

Gudiño, E. Mendizabal, D. Rodrigue and R. 
Gonzalez-Nuñez, Polym. Eng. Sci. 52, 2489 (2012). 

13. A.N. Benítez, M.D. Monzón, I. Angulo, Z. Ortega, 
P.M. Hernández and M.D. Marrero, Measurement. 
46, 1065 (2013). 

14. P.J. Jandas, S. Mohanty and S.K. Nayak, J. Clean. 
Prod. 52, 392 (2013). 

15. B. Wang, S. Panigrahi, L. Tabil and W. Crerar, J. 
Reinf. Plast. Comp. 26, 447 (2007). 

16. H.H. Zhang, Y. Cui and Z. Zhang, J. Vinyl Addit. 
Techn. 19, 18 (2013). 

17. A. Verdaguer and D. Rodrigue, SPE-ANTEC Tech. 
Papers. 72, 2021 (2014). 

18. P. Gañán and I. Mondragon, J. Mater. Sci. 9, 3121 
(2004). 

19. M. Farsi, J. Reinf. Plast. Comp. 29, 3587 (2010). 
20. S. Mohanty and S.KNayak, J. Reinf. Plast. Comp. 29, 

2199 (2010). 

SPE ANTEC™ Indianapolis 2016 / 1733


