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Impact of Maleic Anhydride, Nanoclay, and Silica on
Jute Fiber-reinforced Polyethylene Biocomposites
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Jute fiber/polyethylene biocomposites were prepared using a hot press
molding technique. The effects of maleic anhydride, clay, and silica on the
physical, mechanical, and thermal properties of jute fiber-reinforced
polyethylene (PE) biocomposites with different fiber loadings (5, 10, 15,
and 20 wt.%) were investigated. The biocomposites were characterized by
Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and thermogravimetric analysis (TGA). The
mechanical properties were determined using a universal testing machine.
The biocomposite specific surface area, pore volume, and pore size were
investigated using the Brunauer-Emmett-Teller (BET) equation. Because
of the Si-O-Si stretching vibration, the peak representing the O-H group
significantly decreased in the range of 3200 to 3600 cm™. Jute fiber/PE
Maleic anhydride silica composite (JFPEMASC) showed smoother
surfaces, which indicated good distribution and better interfacial bonding
between the fibers and matrix. The jute fiber/polyethylene/silica
composites had a higher surface area and pore volume, with a lower pore
size. JFPEMASC was more thermally stable than the other composites,
with higher activation energy. JFPEMASC had the highest Young's
modulus among all the biocomposites.
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INTRODUCTION

Natural fibers derived from annually renewable resources can be used as
reinforcing fillers for composite materials. Natural fiber-reinforced composites have
gained increased attention from researchers because of their advantages (Jahangir et al.
2012), including their renewable and environmentally friendly nature (Ali et al. 1994;
Pankaj et al. 2013). Natural fiber-reinforced composites are used in the automotive,
electronics, and engineering sectors (Baiardo et al. 2004). However, the use of natural
fibers such as jute, sisal, flax, hemp, coir, wood, kenaf, cotton, and banana in bio-based
composites has quickly expanded into construction materials (Ray et al. 2001). Natural
fibers have some advantages such as abundant availability, low cost, low density, and
sufficient mechanical properties compared with synthetic fibers (Mishra et al. 2003).

In recent years, the use of natural fibers as a reinforcement has gradually increased
and is replacing the use of conventional inorganic fibers in polymer matrix composites.
Among natural fibers, jute fiber is abundantly available for widespread cultivation in Asia
(Elsayed et al. 2012). Moreover, jute fiber is inexpensive, lightweight, tough, and has good
mechanical and thermal properties compared with other natural fibers such as sisal, flax,
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hemp, cotton, and wood (Zaman et al. 2010). The conventional uses of jute fibers include
floor coverings, packaging material, handicrafts, and textiles (Pankaj et al. 2013).
However, the drawback of jute fiber is its hydrophilic nature, which is attributable to the
presence of hemicellulose and cellulose molecules. Partially biodegradable polymers may
be obtained from renewable resources, and they can be synthesized from petro-based
chemicals or microbial-synthesized in the laboratory (Rahman et al. 2008).

Polyethylene (PE) is one of the most widely used polymers, both in developed and
developing countries, and it has advantages economically and ecologically, as well as
higher thermal stability (Rahman et al. 2010). Polyethylene (PE) possesses a variety of
exceptional properties such as low density, high surface hardness, better abrasion
resistance, good flex life, and exceptional electrical properties compared with other
thermoplastics (Kabir et al. 2010). The hydrophilic nature of jute fiber and its hydrophobic
polymer matrix create weak resistance to moisture absorption, and therefore contribute to
the lower mechanical properties of jute fiber-reinforced composites (Saheb and Jog 1999;
Mohanty et al. 2005). To overcome this problem, the PE matrix can be modified with
maleic anhydride to enhance the hydrophobicity of PE. The hydrophobic PE helps to
increase the fiber-matrix interaction which reflected on physical, mechanical, and thermal
properties of PE biocomposites (Doan et al. 2007).

Polymer/clay biocomposites are a new class of materials that enhance the properties
of lower filler loaded biocomposites compared with conventional filler composites
(Garcia-Lopez et al. 2003). Clay is one of the best reinforcements for polymers because of
its high characteristic ratio, but untreated clay is not easily incorporated into polymers
because of its hydrophilicity (Liu et al. 2005). Modified nanoclay-reinforced polymer
composites and their laminates enhance the physical, mechanical, and thermal properties
of composites even at low filler quantities (Hossen et al. 2015).

SiO2 particles are another significant reinforcement material for polymer
composites (Kageyama et al. 1999; Kawashima et al. 2000; Wilder et al. 2003; Yu et al.
2005). Silica improves the elongation to the break point in polymer composites. Mark et
al. (1997) reported enhanced mechanical, thermal, and optical properties after
incorporating silica particles into the fiber and polymer matrix. The silica particle in the
polymer matrix is vital in improving the properties of the composites (Lin et al. 2009).

The present work investigates the impact of maleic anhydride, clay, and silica on
the physical, thermal, and mechanical properties of jute fiber-reinforced polyethylene
biocomposites. The surface area, total pore volume, and adsorption pore radius of the
biocomposites was also reported.

EXPERIMENTAL

Materials

The polyethylene used as the matrix material was manufactured by Siam
Polyethylene Co., Ltd., Bangkok, Thailand. Maleic anhydride (C4H203) was supplied by
Marck Schuchardt OHG 85662 (Hohenbrunn, Germany). Nanoclay, Nanomer 1.30E, and
montmorillonite clay surface modified with 25 to 30 wt. % octadecylamine was supplied
by Sigma-Aldrich (St. Louis, MO, USA). Silicon dioxide (SiOz2; ~99%) was supplied by
Sigma-Aldrich. Jute fibers were collected from the Bangladesh Jute Research Institute
(BJRI), Dhaka, Bangladesh.
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Composite Preparation

The middle parts of the jute fibers were chopped into 4 mm-long pieces. The
chopped jute fibers were placed in an air convection oven for drying at 75 °C for 24 h. The
fibers were mixed thoroughly with PE granules in different weight fractions based on fiber
mass, and then maleic anhydride (MA), clay, and silica were added in a fixed weight
fraction, as shown in Table 1. The mixture was placed in a mold and placed in a hot press
for composite preparation at a temperature of 190 °C and under a pressure of 7 MPa.

Table 1. Different Weight Fractions (wt. %) of Jute Fiber/PE/MA/Clay/Silica for
Biocomposite Preparation

Jute flber{PE Jute flber/PE Jute fiber/PE Maleic Jute fiber/PE Maleic
composite Maleic anhydride hvdride cl : hvdride sil :
Jute (JFPEC) composite anhydri FeP(I:EEl/lyAcompOSIte anhydri It:epsllzll\cjlicomposne
fiber (JEPEMAC) S cC) S SC)
0,
(wt. %) PE PE MA PE MA Clay PE MA Silica
(wt. %) (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %)
5 95 93 2 91 2 2 92 2 1
10 90 88 2 86 2 2 87 2 1
15 85 83 2 81 2 2 82 2 1
20 80 78 2 76 2 2 77 2 1

Microstructural Analysis
Fourier transform infrared (FTIR) spectroscopy

The infrared spectra of the JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC were
recorded on a Shimadzu FT-IR 81001 Spectrophotometer (Kyoto, Japan). The obtained
spectra are described in the Results and Discussion section. The transmittance range of the
scan was 4000 to 500 cm 2.

Scanning electron microscopy (SEM)

The fracture surfaces of the tensile specimens of the JFPEC, JFPEMAC,
JFPEMACC, and JFPEMASC were examined using a Hitachi (TM 3030) supplied by
JEOL (Tokyo, Japan) and a pitch emission scanning electron microscope (SEM). The SEM
specimens were sputter-coated with gold prior to observation.

Adsorption isotherm

The nitrogen adsorption isotherms of JFPEC, JFPEMAC, JFPEMACC, and
JFPEMASC were performed using a Quantachrome 4200e physicosorption analyzer
(Florida, USA). The specimen (0.7368 g) was used at a constant machine temperature of
77 K under liquid nitrogen. The composites were degaussed at 350 °C in a vacuum for
1.5 h before the nitrogen adsorption isotherm was assembled. The specimen surface area
and pore volume was analyzed using the Brunauer-Emmer-Teller (BET) equation, as
follows,

Sger = W (1)
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where Sger is specific surface area (m?/g), Vim is the monolayer value (cm®/g), Acs is the
settlement area of a molecule of nitrogen (m?/mol), No is Avogadro’s number, and M is the
molecular weight of nitrogen (g/mol).

Thermogravimetric analysis (TGA)

The thermal stability of specimens was examined using a Perkin Elmer thermal
analyzer (Boston, USA). The specimen was heated from room temperature to 800 °C at a
heating rate of 10 °C/min under Nz using a flow rate of 30 mL/min. The activation energy
was calculated from TGA graphs based on the equation as follows:

In (ln i) = g—; + constant 2

Tensile test

Tensile tests were done according to ASTM D 638-01 (2002) using a Shimadzu
MSC-5/500 universal testing machine (Kyoto, Japan) operating at a crosshead speed of 5
mm/min. The specimen dimensions were 115 mm (L) x 6.5 mm (W) x 3.1 mm (T).

RESULTS AND DISCUSSION

Fourier Transform Infrared Spectroscopy

The FTIR spectra of JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC at 15 wt.%
fiber loadings are shown in Fig. 1. An absorption band in the region of 3600 to 3200 cm™*
is a characteristic stretching vibration of hydrogen bonds in O-H groups (Othman et al.
2006), and it was common to the JFPEC, JFPEMAC, and JFPEMACC spectra. The
stretching vibration of O-H groups decreased because of the chemical modification by
maleic anhydride with clay and silica. The absorption band of the C-H stretching vibration
of methyl and methylene groups in cellulose and hemicelluloses showed its peak intensity
at 2914 to 2846 cm™* (Sinha and Rout 2008). The peaks at 1638, 1648, and 1646 cm!
indicated the absorbed water in crystalline cellulose (Seki 2009), and the peak in the region
at 1471 cm™* reflected O-CHs stretching of the aromatic ring in lignin (Yang et al. 2007).

Transmittance (%)

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

Wave numbers (cm™)

Fig. 1. FTIR spectra of a) JFPEC, b) JFPEMAC, c) JFPEMACC, and d) JFPEMASC
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The peak intensity at 1265 cm™! was assigned to the C-O stretching vibration of the
acetyl group in lignin and hemicelluloses (Sinha and Rout 2008; Rosa et al. 2010). The
absorption band of the Si-O-Si stretching vibration of JFPEMASC had their characteristic
peaks at 1091 to 1028 cm™! (Lai et al. 2015), whereas the absorption band at 802 cm™! was
related to the Si-O asymmietric stretching vibration (Wang et al. 2013). Because of the Si-
O-Si stretching vibration, the peak representing the O-H group significantly decreased
from 3600 to 3200 cm™!. The silica replaced the hydrogen atom in OH groups to produce
Si-O-Si stretching vibration that reduced the OH group’s intensity (Sadek et al. 2013). This
decreased the C-H stretching vibration, O-CHs stretching, and C-O stretching vibration.
The JFPEMACC had a peak region at 1089 to 1020 cm™! for C-H deformation on the alkyl
groups bond, whereas the absorption band occurred at 1026 cm™! for the C-O stretching
vibration of the JFPEC and JFPEMAC, which belonged to polysaccharides in cellulose
(Liuetal. 2009; Atuanya and Ibhadode 2011; Deka and Maji 2013). However, JFPEMASC
showed Si-O-Si stretching vibration, as confirmed by peaks at 1091 and 1028 cm™! (Fig.

1(d)).

Scanning Electron Microscopy

The interfacial bonding between the jute fiber, PE matrix modified by maleic
anhydride, clay, and silica nano filler were investigated by SEM (Fig. 2). There was a
significant difference in the interface interaction of jute fiber, modified PE matrix with
clay, and jute fiber, modified PE matrix with nanosilica in the composite system. As shown
in Figs. 2(a) and (b), there were uneven surfaces, pullout traces of fiber with void spaces,
and agglomeration in the composites (Hossain et al. 2011; Islam et al. 2011). The images
indicated that there was weak interface bonding and poor distribution between the fibers
and matrix. In addition, Fig. 2(c) shows good interface bonding and a lower number of
pullout traces of fiber. Moreover, Fig. 2(d) shows a smoother surface and lower
agglomeration compared with Figs. 2(a), (b), and (c), respectively. Figure 2(d) indicates
that there was good distribution and better interfacial bonding between the fibers and
matrix. The strong interfacial bonding between the fiber and PE matrix was caused by the
surface modification of jute fiber with maleic anhydride and silica particles (Bikiaris et al.
2005; Ahmed et al. 2014).

The silica particles were integrated into the jute fiber and matrix to reduce the
agglomeration and increased surface morphology of the composite, as shown in Fig. 2(d).
Figure 2(d) clearly shows that silica improved the morphological properties compared with
Figs. 2(a), (b), and (c). Enhanced morphological properties were also reflected in the
mechanical and thermal properties of the composites (discussed below).

Adsorption Isotherm

The nitrogen adsorption isotherms of JFPEC, JFPEMAC, JFPEMACC, and
JFPEMASC are shown in Fig. 3. The specific surface areas were measured based on N2
sorption at 77 K, using the Brunauer-Emmer-Teller (BET) model (Lowell et al. 2004). The
specific surface areas of JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC were 3.184,
5.770, 6.983, and 9.268 m?/g, respectively, which indicates an enhanced surface area of
JFPEMASC compared with the other specimens. Because of the good distribution of clay
and silica in the composites, they enhanced the compatibility between the fiber and
matrices. The enhanced compatibility decreased the surface void and improved their
accessibility for nitrogen adsorption.
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Fig. 2. SEM images of the fracture surfaces of a) JFPEC, b) JFPEMAC, ¢) JFPEMACC, and
d) JFPEMASC

The specific surface area and total pore volume of composites significantly
increased, whereas the adsorption pore radius decreased (Table 2). The isotherm patterns
showed the presence of a hysteresis loop, the characteristic feature of the type 1V isotherms
according to the original IUPAC classification (Sing et al. 1985; Kaneko 1994). The
adsorption isotherms indicate that the pores were mesopores (> 2 nm but < 50 nm) (Sing
et al. 1985; Leofanti et al. 1998).

The N2 adsorption isotherm initially had an increasing section up to P/P, = 0.20,
and after that, it showed a slightly straight section, ranging up to P/Po = 0.40. Finally, the
isotherm exhibited an enhanced sweep slightly near the saturation pressure. A comparable
pattern of isotherm was observed for JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC,
with the initial rising section extending up to P/Po = 0.40, 0.40, 0.40, and 0.30, respectively.
The improvement in the N2 adsorption at optimal P/P, values was observed for
JFPEMASC. This could be caused by the effect of maleic anhydride and silica on the
composite system, maximizing the specific surface area and average pore volume with
lesser pore size, as reflected in the SEM images.
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Fig. 3. Nitrogen adsorption isotherms of JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC

Table 2. Specific Surface Area, Total Pore Volume, Adsorption Pore Radius, and
Type of Isotherms for JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC

Sample Names Specific Surface | Total Pore Volume Adsorption Pore Type of
Area (m?/g) (cclg) Radius (nm) Isotherms
JFPEC 3.2 1.7 2.3 v
JFPEMAC 5.8 3.7 1.7 1Y
JFPEMACC 7.0 4.9 1.8 1Y
JFPEMASC 9.3 7.4 1.6 1Y

Thermogravimetric Analysis (TGA)

The thermal stabilities of JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC are
shown in Fig. 4. The thermal stability of JFPEMASC significantly increased compared
with JFPEC, JFPEMAC, and JFPEMACC. There were three stages of weight loss for the
composites; the first stage of weight loss occurred at temperatures lower than 200 °C,
which corresponded to the dehydration of the moisture content. The second stage of weight
loss occurred between 200 and 310 °C, which corresponded to the degradation of cellulose
and hemicellulose (Chen et al. 2015). The third stage of weight loss occurred above
380 °C, which represents lignin and polymer degradation (Kabir et al. 2013; Chen et al.
2015). The weight loss of JFPEC, JFPEMC, JFPEMCC, and JFPEMSC were 7.13%,
4.52%, 4.43%, and 2.91%, respectively. There was no degradation up to 160 °C, and the
initial decomposition started at 323, 343, 360, and 381 for JFPEC, JFPEMAC,
JFPEMACC, and JFPEMASC, respectively (Islam et al. 2011). The final decomposition
(Tr) of JFPEMASC was higher than of JFPEC, JFPEMAC, and JFPEMACC (Table 3). The
bonding compatibility of JFPEMASC was higher than that of JFPEC, JFPEMAC, and
JFPEMACC because of the important role of clay and silica in the composite system, which
is discussed in the SEM results.
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The TGA curve showed that JFPEMASC was more thermally stable than the other
composites. The activation energy of JFPEMASC was significantly higher than that of
JFPEC, JFFEMAC, and JFPEMACC. Higher activation energy showed higher stability of
the composites.
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Fig. 4. TGA curves of JFPEC, JFPEMAC, JFPEMACC, and JFPEMASC

Table 3. Thermal Characteristics of JFPEC, JFPEMAC, JFPEMACC, and
JFPEMASC

Activation

Wamples | (Cp | (Cp | TCOF W0t | ok | o E. (Kimo)
JFPEC 323 454 502 92.87 79.43 8.52 223.08
JFPEMAC 343 447 506 95.48 84.12 11.18 242.95
JFPEMACC 360 443 517 95.57 87.50 11.23 246.99
JFPEMASC 381 438 532 97.09 94.54 7.49 310.28

aTemperature corresponding to the beginning of decomposition
® Temperature corresponding to the maximum rate of mass loss
¢ Temperature corresponding to the end of decomposition

4 Mass loss corresponding to the beginning of decomposition

€ Mass loss corresponding to the maximum rate of mass loss
fMass loss corresponding to the end of decomposition

Tensile Properties

The tensile strength and Young’s modulus of the different fiber loadings for JFPEC,
JFPEMAC, JFPEMACC, and JFPEMASC are shown in Fig. 5. The tensile strength and
Young’s modulus gradually increased up to a 15% fiber loading and then decreased for all
composites with higher fiber loadings. This result reflects the weak interfacial bonding,
lower compatibility, and higher agglomeration between the fiber and matrices. The
composition at 15 wt.% jute fiber was the best of those tested. Among the composites,
JFPEMASC showed the maximum tensile strength compared with JFPEC, JFPEMAC, and
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JFPEMACC. The tensile strength increased significantly when silica and maleic anhydride
were added to the fiber and PE matrix. Clay and silica improved the interfacial bonding
between the fiber and PE matrix because of the surface modification of PE matrix with
maleic anhydride that reduced the void spaces (Bikiaris et al. 2005). Jute fiber-reinforced
polyethylene biocomposites showed better tensile strength compared to treated jute
composites with tensile strength of 17 MPa (Patel et al. 2008). For tensile modulus, jute
fiber-reinforced polyethylene biocomposites showed higher values compared to treated
fiber biocomposites with 0.9 GPa (Saravana Bavan and Mohan Kumar 2014).

However, JFPEMASC had the highest Young’s modulus, followed by JFPEC,
JFPEMAC, and JFPEMACC. This result was due to higher compatibility between the fiber
and matrix in the composite system; silica acted as a reinforcement in the fiber and matrix.
The agglomeration of fiber-matrix interaction increased the rate of decreased in tensile
strength and Young’s modulus in higher fiber loading (20wt.%) (Deshmukh et al. 2010).

3o T#—JFPEC 14 —*—JFPEC
" e—JFPEMAC ~  |-m=JFPEMAC
s 28 JFPEMACC g 12 JFPEMACC
S 26 = JFPEMASC © | =«=JFPEMAS
< ‘g 1
= 24 =
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3 =
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() 20 v 0.6
S 18 =
S S04
2 16 8°

14 0.2
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Fiber Loadings % Fiber Loadings %

Fig. 5. Variation of tensile strengths and Young’s modulus at different fiber loadings for JFPEC,
JFPEMAC, JFPEMACC, and JFPEMASC

CONCLUSIONS

1. Jute fiber/polyethylene biocomposites were prepared using a hot press molding
technique, and the physical, mechanical, and thermal properties of biocomposites with
different fiber loadings (5, 10, 15, and 20 wt.%) were examined.

2. The stretching vibration of O-H groups in treated biocomposites decreased due to the
chemical modification by maleic anhydride with clay and silica compared to the
untreated composites.

3. The SEM images of the treated biocomposites showed that the fiber and matrix
interaction was stronger compared to untreated one. This was due to the incorporation
of silica particles into the jute fiber and matrix that reduced the agglomeration and
improved the surface morphology of the biocomposite.

4. JFPEMASC showed the highest specific surface area and average pore volume with
lower pore size followed by JFPEC, JFPEMAC, and JFPEMACC.
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5. The bonding compatibility of JFPEMASC was higher than that of JFPEC, JFPEMAC,
and JFPEMACC which improved the thermal stability of the treated biocomposites.

6. The incorporation of clay and silica improved the tensile strength and modulus of the
treated biocomposites due to the strong interfacial bonding between the fiber and PE
matrix.

7. This biocomposites can be applied in interior and exterior usage as well as used as
construction materials.
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