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Banana plant waste, as lignocellulosic fiber, was treated with alkaline pulping and steam explosion to
produce banana fibers and banana microfibrils. The chemical composition of the ensuing fibers and
microfibrils was determined. The chemical modification, with maleic anhydride, of the produced par-
ticles was further carried out. The FT-IR analysis and scanning electron microscopy observations of the
resulting modified and unmodified banana fibers were investigated. Composite materials were processed
from these natural unmodified and maleated lignocellulosic fibers using polyethylene as the polymeric

gg;g:sr;m trix composites matrix. The thermal and mechanical properties were studied by differential scanning calorimetry (DSC)
Fibers and tensile tests, respectively. The morphology of processed composites was studied by scanning elec-

tronic microscopy (SEM). Better compatibility and enhanced mechanical properties were obtained when
using banana microfibrils. The chemical composition of fibers, in terms of lignin and cellulose, as well as
their degree of crystallinity, were found to have a strong influence on the mechanical properties of the

Microfibrils
Polyethylene
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Mechanical properties composites.
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1. Introduction

It is well known that over the past few decades, polymers
have replaced many conventional materials in various applications,
which is obviously due to the advantages of polymers over conven-
tional materials (Georgopoulos, Tarantili, Avgerinos, Andreopoulos,
& Koukios, 2005). Polymers can be modified by the use of fillers and
reinforcing fibers to suit the high strength/high modulus require-
ments. Fiber-reinforced polymers offer additional options over
other conventional materials when specific properties are required
and find applications in diverse fields, ranging from appliances to
spacecraft (Nabi Saheb & Jog, 1999).

Natural fiber is a reinforcement which has recently attracted
the attention of researchers because of its advantages over the
other established materials (Bledzki & Gassan, 1999; Nabi Saheb
& Jog, 1999). Natural fibers are composed of various organic mate-
rials (primarily cellulose, as well as hemicelluloses and lignin) and
therefore their thermal treatment leads to a variety of physical and
chemical changes (Georgopoulos et al., 2005).

The strength of short-fiber-reinforced composites is highly
dependent on the degree of interfacial adhesion, whereas the mod-
ulus is controlled by the fiber orientation (Maldas & Kokta, 1993).
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An important factor which influences the fracture properties is the
aspect ratio. In short-fiber-reinforced composites, a critical length
of the fiber is required to develop its fully stressed condition in
the polymer matrix (Nabi Saheb & Jog, 1999). An improved combi-
nation of fiber and polymer is achieved by impregnation of fibers
with polymers compatible with the matrix. An effective method of
chemical modification of natural fibers is graft co-polymerization.
The resulting co-polymer displays the characteristic properties of
both fibrous cellulose and grafted polymer (Dale Ellis & O’Dell,
1999; Patil, Gajre, Dusane, Chavan, & Mishra, 2000).

In an effort to improve the mechanical properties of recycled
high-density polyethylene/wood fiber (HDPE/wood) composites,
Selke, Yam, and Nieman (1989) investigated the use of several addi-
tives with possible effect on the fibers/matrix adhesion or fibers
dispersion into the matrix. They found that maleic anhydride mod-
ified polypropylene appears especially promising, since its use at
a concentration of 5% in composites with 30% wood fibers results
in an increase in tensile strength and elongation at break. Similar
results were found in the study of Dalvag, Klason, and Strom vall
(1985), who also reported that the composites’s elastic modulus
remained unchanged.

In the recent years, an increased interest in obtaining compos-
ite materials with organic micro (nano) reinforcement has been
observed. This can be explained by the extraordinary properties
induced in polymers by the nano-metric size reinforcement and by
the favorable effects on the environment (Panaitescu et al., 2007).
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Cellulose microfibrils with diameters of 50-5000nm have
already been prepared (Chakraborty, Sain, & Kortschot, 2005;
Nakagaito & Yano, 2004). Cellulose microfibrils with micron and
submicron diameters were prepared by mechanical treatment of
pulp fibers and were used for micro (nano) composites prepa-
ration (Nakagaito, Iwamoto, & Yano, 2005). The great advantage
of using cellulose microfibrils for polymers reinforcement arises
from the remarkable mechanical properties of such fibers. How-
ever, cellulose microfibrils do not develop in polymer composites
their reinforcement capacity because of poor adhesion to com-
mon non-polar matrices (Panaitescu et al., 2007). The presence of
absorbed water and hydroxyl groups reduces the ability of cellulose
microfibrils to develop good interface adhesion to most polymer
matrices (Laka & Chernyavskaya, 1996). To avoid these drawbacks,
cellulose microfibrils can be submitted to specific surface modifi-
cations by physical, physicochemical, or chemical treatments (Laka
& Chernyavskaya, 1996; Maskavs, Kalnins, Laka, & Chernyavskaya,
2001).

In a previous work (Habibi, El-Zawawy, Ibrahim, & Dufresne,
2008), cotton stalk, rice straw, bagasse and banana were used with-
out modification as fiber reinforcement. The results indicate that for
better polymer-fiber bond we have to use a modified polymer in
the presence of a compatibilizer. In the present work, a decision was
made to modify the lignocellulosic fibers in a trial to match a good
fiber-polymer bond without addition of a compatibilizer. Accord-
ing to that, polymer composites from polyethylene (PE) and two
types of lignocellulosic fibers from waste biomass were prepared
and characterized. Banana plant waste, as the biomass material,
was treated chemically and physicochemically, by alkaline pulp-
ing and steam explosion, to produce lignocellulosic fibers (BF) and
lignocellulosic microfibrils (BMF). To enhance the compatibility of
the produced fibers and microfibrils with the PE matrix, chemical
modification for the alkaline pulping banana and steam-exploded
banana were carried out with maleic anhydride (MA). The efficiency
in PE composites with various concentrations of banana fibers (BF)
and microfibrils (BMF) was investigated by morphostructural and
physicomechanical characterization.

2. Experimental
2.1. Materials and chemicals

Commercial high-density polyethylene (PE) (density
0.922g/cm3) was used as the polymer matrix. Maleic anhy-
dride (MA) was purchased from s.d. Fine-Chem Ltd., and xylene
was purchased from Surechera Products Ltd. (UK). All materials
were used without further purification.

Banana plant waste was used as the biomass raw material source
for the natural lignocellulosic fibers. It was pulped with 10% sodium
hydroxide (NaOH) to produce banana fiber (BF) and steam exploded
to produce banana microfibrils (BMF). The fibers and microfibrils
used in this study were chemically characterized for holocellulose
(TAPPI T257 om-85), Klason lignin (TAPPI T222 om-88) and ash
content (TAPPI T211 om-85).

2.2. Fiber preparation

2.2.1. Pulping

Banana fiber (BF) was prepared applying the alkaline pulping
process. The pulp was prepared from the banana plant waste on an
electrically heated rotatory autoclave. The pulping conditions were
as follows: total chemicals as NaOH was 10% (w/w), and liquor to
fiber ratio was 10:1. The cooking cycle employed at (a) time from
room temperature to 170°C was 1h, and (b) time for cooking at
170°Cwas 2 h.

2.2.2. Steam explosion

Steam explosion technology involves treating various biomass
feedstocks with saturated steam at various reaction times. In steam
explosion the biomass is pressurized with steam for a short time
and then explosively discharging the product to atmospheric pres-
sure, which results in a sudden decomposition. This explosive
discharge changes the starting material (solid) into fibrous mulch
producing cellulosic microfibrils.

Steam explosion of the banana plant waste (BPW) sample was
carried out in a 25-1 batch reactor located at the Thomas M. Books
Forest Products Center, Blacksburg, VA. The procedure reported by
Jeoh & Agbelvor (2001) was used in this study. About 1 kg of BPW
sample was weighed and loaded into a 25-1 batch steam explosion
chamber and the ball valve was closed. Saturated steam was admit-
ted into the chamber and the biomass temperature was raised to
220°C. When the material attained the reaction temperature, tim-
ing of the reaction was started. For this experiment, 240 s was used
for the reaction. After 240s, the release valve was opened which
caused a rapid reduction in pressure, explosive decomposition and
disintegration of the biomass material. The steam explosion cham-
ber was washed with water to recover any residual fiber trapped
in the unit. The sample was bagged and stored in a cold room until
the time of polymer composite preparation.

2.3. Preparation of maleated lignocellulosic fibers

The modification of BF resulting from pulping and BMF result-
ing from steam explosion was conducted in a round flask in the
presence of a solvent. The reaction procedure used for synthesiz-
ing maleated lignocellulosic fiber and microfibrils was as follows:
250ml of solvent (xylene) was placed in a 500ml round flask
fixed with a condenser and stirred to 100 °C. After reaching this
temperature, 67-70g of MA, 3 g of either BF, or BMF, and 1g of
sodium hypophosphite monohydrate were placed in the flask. The
reaction was carried out for 2 h at 100°C. After the reaction, the
mixture was filtered to isolate the reacted BF and BMF, subjected
to Soxhlet extraction with xylene for 24 h to remove the unreacted
anhydride, and oven dried at 70°C for 24 h. The reaction product
thus obtained was characterized by FT-IR and scanning electron
microscopy (SEM).

2.4. Composites preparation

The incorporation of lignocellulosic fibers and maleated fibers
into the PE was carried out thorough mixing at high temperature, in
xylene, for sufficient time to achieve the maximum possible disper-
sion. PE was first soluble in 10% (w/v) Xylene at high temperature
then the fibers were mixed with the soluble polymer with stirring
until homogeneity. After mixing, the samples were left to cool at
room temperature and left overnight to solidify then put into a steel
mould and left for 5 min in the hydraulic press, preheated at 130°C
to form films of ~0.6 mm thickness.

2.5. Characterization and properties

2.5.1. FT-IR spectra

FT-IR spectroscopy was used to confirm whether an esterifica-
tion reaction occurred between BF and/or BMF and MA. Also, it was
used to access the crystallinity index of the fiber and the maleated
fiber according to O’Connor, DuPré, and Mitcham (1958), which is
based on the ratio of the absorbance of the bands at 1429 (CH,
scissoring) and 893 cm™! (C1y group vibration).

The IR spectra of BF, BMF, maleated banana fiber (M-BF) and
maleated banana microfibrils (M-BMF) were performed using a
Thermo-Nicolet Model 670 Instrument (Thermo Electron, Inc.,
Madison, WI). The result of FT-IR spectrum of MA was taken from
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Table 1

Chemical analysis, crystallinity index and geometrical characteristics of banana microfibrils resulting from the steam explosion of the banana plant waste (BMF) and banana
fibers resulting from the alkaline pulping of the banana plant waste with 10% NaOH (BF).

Unbleached banana fibers Holocellulose (%) Lignin (%) Ash (%) Crystallinity index Diameter (pm) Length (um) Aspect ratio (I/d)
BMF 52.76 23.22 19.02 1.75 8.25 35.96 4.36
BF 82.1 8.50 9.60 1.25 13.16 175.2 13.31

the literature (Kazayawoko, Balatinecz, & Woodhams, 1997) and
was obtained with a Bruker FT-IR unit, Model IFS 85.

2.5.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to investigate the
morphology of the different types of materials, i.e. BF, BMF, M-BF
and M-BMF, and the filler/matrix interface by using a JEOL JXA-
840 A electron microprobe analyzer (JEOL USA Inc., Peabody, MA).
The specimens for the polymer composites were frozen under lig-
uid nitrogen, fractured, mounted, coated with gold/palladium and
observed using an applied tension of 30 kV.

2.5.3. differential scanning calorimetry (DSC)

DSC experiments were performed using a DSC Q100 differential
scanning calorimeter (TA Instruments, USA), where the samples of
the polymer composites were heated from 40 to 200°C at a heating
rate of 10°C/min. The melting temperature Ty, was taken as the
peak temperature of the melting endotherm.

2.5.4. Tensile tests

The mechanical behavior of the composites prepared with dif-
ferent fibers was analyzed with a LLOYD Instrument, Model LR
10K with a load cell of 1000 N. Experiments were performed with
a crosshead speed and distance between jaws of 5 mm/min and
50 mm, respectively, at room temperature, 25 °C. The dimensions
of the test samples were: length 100 mm, width 16.5 mm and thick-
ness below 1.0 mm. Young’s modulus and tensile strength were

Em

Banana alkaline pulp

calculated on the basis of initial sample dimensions, and the results
were averaged over five measurements.

3. Results and discussion
3.1. Fibers characterization

The chemical characterization revealed the proportion of each
component of the fibers from agricultural residues. Results are col-
lected in Table 1 and indicated much lower hollocellulose content
for the BMF compared to BF. It is ascribed to the degradation of the
amorphous part of the cellulose during the steam explosion pro-
cess which can be noticed from the SEM observation of alkaline
and steam-exploded banana fibers in Fig. 1. A closer look at the
microfibril surface of the steam-exploded banana fibers at higher
magnification shows that many terraces, steps, and holes form by
the explosion technology. We propose that these changes result
from the removal of very reactive amorphous cellulose from the
surface. In addition, the steam explosion process induces a re-
condensation of the lignin onto the fibers as shown from the higher
lignin content for BMF (Table 1), and hence a higher ash content.
During the alkaline pulping, the lignin dissolved and separated in
the black liquor.

Moreover, the SEM images obtained for these samples revealed
the distribution of fiber diameters. The average diameter for the
BMF resulting from the steam explosion was 8.25 pm, while it was

WD = 10mm EHT = 15,00 kv Signal A = SE2
e sr puste-zn Dele 5 Jan 2008

Ste ploed banana

Fig. 1. SEM for alkaline pulping banana and steam-exploded banana.
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13.16 pm for BF resulting from alkaline pulping (Table 1). Also, the
length of the fibers decreased upon steam explosion treatment, and
hence the aspect ratio I/d for BF was 13.31 and it was significantly
higher than the I/d of BMF, 4.36 (Table 1).

The changes in cellulose structure induced by the different treat-
ments were also corroborated by other physicochemical properties,
such as the crystallinity index. The results indicated that the crys-
tallinity index for the BMF resulting from the steam explosion of the
banana is higher than for the BF resulting from the alkaline pulping
of the banana (Table 1). This can be attributed to the partial removal
of the amorphous cellulose domains induced by the steam explo-
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Fig. 3. FT-IR for (a) BMF and (b) M-BMF.

sion treatment and hence to the ensuing increase of the degree of
crystallinity.

3.2. Characterization of maleated fiber and microfibers

3.2.1. FT-IR spectra

Figs. 2(a) and 3(a) show the absorption spectra of untreated BF
and BMEF, respectively, in the 4000-400 cm~! region. The absorp-
tion band at 3422 and 3345cm™!, for BF and BMF, respectively,
may be due to various hydroxyl (OH) stretching vibrations. The
OH compounds may include absorbed water, aliphatic primary
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Scheme 1. Reaction between cellulose and maleic anhydride.
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Fig. 4. SEM for maleated banana fiber (M-BF) and maleated banana microfibrils (M-BMF).

and secondary alcohols found in cellulose, hemicellulose, lignin,
extractives; and carboxylic acids in extractives (Khan, Idriss Ali, &
Basu, 1993; Kolboe & Ellefsen, 1962). The absorption band near the
OH stretching vibrations, at 2918 and 2904 cm~! for BF and BMF,
respectively, may be associated to CH stretching vibrations. Kolboe
and Ellefsen (1962) suggested that the bands in the 1644 cm™!
region for cellulose may be attributed to C=0 stretching vibration
of the alpha-keto carbonyl. The presence of the bands at 1323 and
1318 cm™!, for BF and BMF, respectively, may be attributed to the
lignin (syringic group). According to the literature (Ibrahim, 2000),
the peaks at 1170-1040 cm~"! arise from the ether linkage.

Figs. 2(b) and 3(b) represent the FT-IR spectra for maleic anhy-
dride treated BF and BMF, respectively. According to the literature
(Kazayawoko et al., 1997), pure MA contains a large number
of bands. It was mentioned that the appearance of bands in
the 3100-2600cm~! region are due to the CH stretching vibra-
tions of CH,. The anhydride carbonyl symmetric and asymmetric
stretching vibrations are characterized by absorption bands in
the 1870-1770cm™! region. The bands near 1710cm~! may be
ascribed to carboxyl groups present in maleic anhydride. The bands

in the 1400-1300 cm~! region are due to the CH deformation vibra-
tions of CH,, while the bands in the 1200-1000 cm~"! region may
possibly be due to the CH rocking vibrations of CH,, and also to C-C
stretching vibrations.

The esterification of BF and BMF with MA was studied. Since the
ester function groups absorb in the 1750-1720 cm~! region, the fol-
lowing discussion will focus on that region. Figs. 2 and 3 show the
FT-IR spectra of both untreated BF and BMF, as well as M-BF and
M-BMF. As may be seen from the comparison of the FT-IR spec-
tra, there is an emergence of a new and well-defined absorption
band at 1710 and 1711 cm™!, for M-BF and M-BMF, respectively.
It may be attributed to carbonyl stretching vibrations of carboxyl
groups present in the maleated product. The presence of this band is
therefore attributed to the esterification reaction between hydroxyl
groups of both BF and BMF and anhydride groups of MA as pre-
sented in Scheme 1.

3.2.2. SEM of maleated BF and BMF
The morphological structure for the modified alkaline-pulped
and steam-exploded banana were studied. Fig. 4 illustrated the
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Table 2

Melting temperature (Ty,) of PE-based composites reinforced with lignocellulosic

fibers, unmodified and modified, using data obtained from the DSC curves.

Sample Fiber content (wt%) Tm (°C)

PE 0 1334
20 1313

BF? 40 132.5
60 1309
20 1334

BMPF> 40 1323
60 1324
20 132.0

M-BF¢ 40 131.7
60 131.8
20 1344

M-BMF4 40 1321
60 1329

2 BF: banana fiber from alkaline-pulped banana.

b BMF: banana microfibrils from steam-exploded banana.

¢ M-BF: maleated banana fiber.

4 M-BMF: maleated banana microfibrils.
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90

and (b)

SEM for the maleated banana fibers and microfibrils, which showed
different morphological structures between the maleated banana
fiber (M-BF) resulting from the modification of alkaline-pulped
banana and maleated banana microfibrils (M-BMF) resulting from
the modification of steam-exploded banana. The treatment with
MA results in a dramatic reduction of the particle size for the steam-
exploded banana compared to the pulped banana, 2.75 and 5.5 um,

respectively (Fig. 4).
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3.3. Characterization of PE-lignocellulosic composites

3.3.1. Thermal analysis

The melting characteristics of PE-based composites reinforced
with BF, BMF, M-BF and M-BMF obtained from DSC analysis are
presented in Table 2. The melting of the unfilled PE revealed an
endothermic event with an endothermic peak centered at 133 °C.
A two-step melting was observed (diagram not shown). The reason
for a two-step melting could be melt recrystallization during the
heating rate, secondary nucleation of crystals in polymer materials
caused by impurities or induced by a dual population of crystallite
sizes. The appearance of the two-step melting peaks may over-
come by changing the DSC program by applying heating, cooling
then reheating again. Because of this complex endothermal peak,
the degree of crystallinity of the samples was not determined. The
addition of the fibers or maleated fibers in PE did not change sig-
nificantly the melting temperature. However, it is observed that
the addition of banana fibers obtained by alkaline pulping (BF and

—_—— i
T00pm =00

BOprn : =750

40% BMF-PE

Fig. 8. SEM for 40% BF and BMF with the PE.

M-BF) tend to slightly decrease the melting point compared to the
neat matrix and microfibrils reinforced composites.

3.3.2. Mechanical properties of PE composites

Raj, Kokta, Dembele, and Sanschagrain (1989) investigated the
influence of using various dispersing aids (stearic acid and mineral
oil) and a coupling agent (maleated ethylene) in cellulose fiber-
reinforced polypropylene composites. They came to the conclusion
that the chemical bonding between the anhydride and the hydroxyl
groups caused a better stress transfer from the matrix to the fibers,
leading to a higher tensile strength.

In the present study, composite materials were prepared using
PE as matrix. For PE-based composites, BF, BMF, M-BF and M-BMF
were used as fiber reinforcement. The evolution of the mechanical
properties, viz. Young’s modulus and tensile strength, as a function
of the fiber content are shown in Figs. 5 and 6, respectively. The
Young’'s modulus for unmodified BMF reinforced composites was
found to be higher compared to unmodified BF-based composite
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(Fig. 5a) which may be a consequence of the higher degree of crys-
tallinity of BMF compared to BF, 1.75-1.25, respectively (Table 1),
while the Young’s modulus decreases for both M-BF and M-BMF
reinforced composites due to the decrease in their degree of crys-
tallinity (crystallinity index for both is 1.0).

On the other hand, the strength (Fig. 6) clearly increased as the
fiber contentincreased in case of unmodified BF and BMF, except for
the addition of 60 wt% of fibers. In contrast it tends to decrease upon
the addition of 20 wt% of maleated fibers in both the cases of M-BF
and M-BMF. These results show that the addition of 20% maleated
fiber results in a better adhesion between the filler and the matrix
compared to the untreated fiber and thus a better stress transfer
from the matrix to the filler. This can be ascribed to the reduction
of the particle size for the maleated fibers as reported from SEM
observations (Fig. 4). It was mentioned by Fua, Fengb, Laukec, and
Maid (2008) that the mechanical properties of particulate-polymer
composites depend strongly on the particle size, particle-matrix
interface adhesion and particle loading. For the particle size, it has
an obvious effect on the mechanical properties (Fua et al., 2008).
Stiffness or Young’s modulus can be readily improved by adding
either micro- or nano-particles (Fu & Lauke, 1998; Wang, Berry,
Braden, & Bonfield, 1998; Zhu, Yang, Yin, & Qi, 1999). Young’s
modulus is the stiffness (the ratio between stress and strain) of a
material at the elastic stage of a tensile test. It is markedly improved
by adding micro- and nano-particles to a polymer matrix since hard
particles have much higher stiffness values than the matrix.

On the other hand, the strength of a material is defined as the
maximum stress that the material can sustain under uniaxial ten-
sile loading. For micro- and nano-particulate composites this relies
on the effectiveness of stress transfer between matrix and fillers.
However, strength strongly depends on the stress transfer between
the particles and the matrix. For well-bonded particles, the applied
stress can be effectively transferred to the particles from the matrix

60pm x750

20% M-BF-PE

100pm X300

40% M-BF-PE

(Hsueh, 1987); this clearly improves the strength (Ou, Yang, & Yu,
1998; Zhuetal., 1999). However, for poorly bonded micro-particles,
strength reductions occur by adding particles (Fu & Lauke, 1998;
Liang, Li, & Tjong, 1997). Moreover, Pukanszky and Voros (1993)
mentioned it clearly that for a given particulate volume fraction, the
composite strength increases with decreasing particle size. Smaller
particles have a higher total surface area for a given particle loading.
This indicates that the strength increases with increasing surface
area of the filled particles through a more efficient stress transfer
mechanism. To conclude, particle size clearly has a significant effect
on the strength of particulate-filled polymer composites, which
generally increases with decreasing size.

The elongation at break of the material increased in the presence
of the fiber and the maleated fibers for low content level, as can be
seen from Fig. 7. At high filling level, it decreases. It can be noticed
that the BMF and the M-BMF have the highest elongation at break
compared to the BF and M-BF. Furthermore, higher tensile strength
is obtained when using BMF instead of BF. One possible explana-
tion, as derived from Table 1, is that BMF has the highest lignin
content, which could probably act as a natural lubricant facilitating
the fiber dispersion within the polymer matrix. Other explana-
tion for improving the strength can be derived from the fact that
lignin can be act as compatibilizing agent in PE blends (Aradoaei,
Darie, Constantinescu, Olariu, & Ciobanu, 2010; Pucciariello, Villani,
Bonini, D’Auria, & Vetere, 2004).

The fracture surfaces for the 40 wt% lignocellulosic filler rein-
forced composites were examined using SEM for both BF and
BMEF. Other composites were examined as well (i.e. 20 and 60 wt%
fibers contents), but the results were found to be most apparent
for the 40 wt¥% fiber content level. Whereas a rather smooth frac-
ture surface was seen for unfilled PE, fiber pull out as well as
holes, especially for BF, resulting from fiber delamination were
observed for the composites reinforced with unmodified fibers

000 %300

20% M-BMF-PE

" P, )
100um %300

40% M-BMF-PE

Fig. 9. SEM for 20 and 40% M-BF and M-BMF with the PE.



M.M. Ibrahim et al. / Carbohydrate Polymers 81 (2010) 811-819 819

(Fig. 8). Normally, pulled-out fibers and gaps in the interfacial zone
are observed when the adhesion between the fibers and the matrix
is not sufficient, and this suggests poor fiber-matrix compatibil-
ity. In contrast to unmodified fiber-PE composites, maleated fibers
(20 wt%) in PE-based composites were found to be coated by the
matrix (Fig. 9). This indicates that the fibers are more compatible
with the PE matrix and a continuum between both components is
observed. No pull-out of the fibers was observed. The same obser-
vations were reported for the composite materials reinforced with
40 wt% fibers, but with a starting of the formation of holes, which
lead to a decrease in the adhesion between the maleated fibers and
the PE matrix and hence a decrease in the tensile strength.

4. Summary and conclusion

Lignocellulosic fillers extracted from banana plant waste were
prepared from either an alkaline pulping treatment or steam explo-
sion. They were used to reinforce a polyethylene matrix. With
maleic anhydride, the particle size was reduced for the steam-
exploded banana fiber compared to the alkaline-pulped banana
fiber. The addition of 20% maleated fiber results in a better adhesion
with the polymer matrix, and thus better tensile strength, while for
further fiber concentration it seems to lose its flexibility and lead
to poor adhesion with the polymer matrix. It can be assumed that
the increased phase adhesion results in better properties no matter
of the lower particle size. In addition, it was shown that the higher
crystallinity of the steam-exploded banana fiber results in a higher
modulus, and also the higher lignin content for the steam-exploded
banana fiber facilitate the fiber dispersion into the polymer matrix
and results in a higher tensile strength and a higher degree of crys-
tallinity to the resulted composite.

Acknowledgement

The authors gratefully acknowledge funding support for this
work from the French Ministry of Foreign Affairs (Imhotep Program
12437TE and EGY/FR2-001).

References

Aradoaei, S., Darie, R., Constantinescu, G., Olariu, M., & Ciobanu, R. (2010). Modified
lignin effectiveness as compatibilizer for PET/LDPE blends containing secondary
materials. Journal of Non-Crystalline Solids, 356, 768-771.

Bledzki, A. K., & Gassan, J. (1999). Composites reinforced with cellulose based fibers.
Progress in Polymer Science, 24(2), 221-274.

Chakraborty, A., Sain, M., & Kortschot, M. (2005). Cellulose microfibrils: A novel
method of preparation using high shear refining and cryocrushing. Holz-
forschung, 59, 102-107.

Dale Ellis, W., & O’Dell, J. L. (1999). Wood-polymer composites made with acrylic
monomers, isocyanate, and maleic anhydride. Journal of Applied Polymer Science,
73(12), 2493-2505.

Dalvag, H., Klason, C., & Strom vall, H. S. (1985). The efficiency of cellulosic fillers
in common thermoplastics. 2. Filling with processing aids and coupling agents.
International Journal of Polymeric Materials, 11(1), 9-38.

Fu, S. Y., & Lauke, B. (1998). Characterization of tensile behaviour of hybrid short
glass fibre calcite particle ABS composites. Composite Part A, 29A, 575-583.
Fua, S.-Y., Fengb, X.-Q., Laukec, B., & Maid, Y.-W. (2008). Effects of particle size, par-
ticle/matrix interface adhesion and particle loading on mechanical properties of

particulate-polymer composites. Composites: Part B, 39, 933-961.

Georgopoulos, S. Th., Tarantili, P. A., Avgerinos, E., Andreopoulos, A. G., & Koukios, E.
G.(2005). Thermoplastic polymers reinforced with fibrous agricultural residues.
Polymer Degradation and Stability, 90, 303-312.

Habibi, Y., El-Zawawy, W. K., Ibrahim, M. M., & Dufresne, A. (2008). Process-
ing and characterization of lignocellulosic fibers from Egyptian agro-industrial
residues reinforced polyethylene. Composites Science and Technology, 68,
1877-1885.

Hsueh, C. H. (1987). Effects of aspect ratios of ellipsoidal inclusions o n elastic
stress transfer of ceramic composites. Journal of the American Ceramic Society,
72,344-347.

Ibrahim, M. M. (2000). Preparation of cellulose and cellulose derivative azo com-
pounds. Cellulose, 9, 337-349.

Jeoh, T., & Agbelvor, F. A. (2001). Characterization and fermentation of steam
exploded cotton gin waste. Biomass Bioenergy, 21(2), 109-120.

Kazayawoko, M., Balatinecz, J. ], & Woodhams, R. T. (1997). Diffuse reflectance
Fourier transform infrared spectra of wood fibers treated with maleated
polypropylenes. Journal of Applied Polymer Science, 66, 1163-1173.

Khan, M. A., Idriss Ali, K. M., & Basu, S. C.(1993). IR studies of wood plastic composites.
Journal of Applied Polymer Science, 49, 1547-1551.

Kolboe, S., & Ellefsen, O. (1962). Infrared investigations of lignin. A discussion of
some recent results. Tappi, 45, 163-166.

Laka, M. G., & Chernyavskaya, S. A. (1996). Physicomechanical properties of com-
posites containing “thermocell” microcrystalline cellulose as filler. Mechanics of
Composite Materials, 32, 381-386.

Liang, J. Z, Li, R. K. Y., & Tjong, S. C. (1997). Tensile fracture behaviour and morpho-
logical analysis of glass bead filled low density polyethylene composites. Plastics
Rubber and Composites Processing and Applications, 26, 278-282.

Maldas, D., & Kokta, B. V. (1993). Current trends in the utilization of cellulosic mate-
rials in the polymer industry. Trends in Polymer Science, 1(6), 174-178.

Maskavs, M., Kalnins, M., Laka, M., & Chernyavskaya, S. (2001). Physicomechan-
ical properties of one-dimensional periodic structures by transmission of
laser-excited wide-band acoustic pulses. Mechanics of Composite Materials, 37,
159-166.

Nabi Saheb, D., & Jog, J. P. (1999). Natural fiber polymer composites: a review.
Advances in Polymer Technology, 18(4), 351-363.

Nakagaito, A. N., Iwamoto, S., & Yano, H. (2005). Bacterial cellulose: The ultimate
nano-scalar cellulose morphology for the production of high-strength compos-
ites. Applied Physics Part A: Materials Science & Processing, 80, 93-97.

Nakagaito, A. N., & Yano, H. (2004). The effect of morphological changes from pulp
fiber towards nano-scale fibrillated cellulose on the mechanical properties of
high-strength plant fiber based composites. Applied Physics Part A: Materials
Science & Processing, 78, 547-552.

O’Connor, R. T., DuPré, E. F., & Mitcham, D. (1958). Application of infrared
absorption spectroscopy to investigations of cotton and modified cottons. I.
Physical and crystalline modifications and oxidation. Textile Research Journal, 28,
382-392.

Oy, Y., Yang,F.,&Yu,Z.Z.(1998). Anew conception on the toughness of nylon 6/silica
nanocomposite prepared via in situ polymerization. Journal of Polymer Science
Part B: Polymer Physics, 36, 789-795.

Panaitescu, D. M., Donescu, D., Bercu, C., Vulnga, D. M., Iorga, M., & Ghiurea, M. (2007).
Polymer composites with cellulose microfibrils. Polymer Engineering and Science,
47,1228-1234.

Patil, Y. P., Gajre, B., Dusane, D., Chavan, S., & Mishra, S. (2000). Effect of maleic anhy-
dride treatment on steam and water absorption of wood polymer composites
prepared from wheat straw, cane bagasse, and teak wood sawdust using novolac
as matrix. Journal of Applied Polymer Science, 77(13), 2963-2967.

Pucciariello, R., Villani, V., Bonini, C., D’'Auria, M., & Vetere, T. (2004). Physical prop-
erties of straw lignin-based polymer blends. Polymer, 45, 4159-4169.

Pukanszky, B.,& Voros, G.(1993). Mechanism of interfacial interactions in particulate
filled composites. Composite Interfaces, 1, 411-427.

Raj, R. G., Kokta, B. V., Dembele, F., & Sanschagrain, B. (1989). Compounding of cel-
lulose fibers with polypropylene: effect of fiber treatment on dispersion in the
polymer-matrix. Journal of Applied Polymer Science, 38(11), 1987-1996.

Selke, S., Yam, K., & Nieman, K. (1989). ANTEC'89 Society of Plastics Engineers, (pp.
1813-1815).

Wang, M., Berry, C.,, Braden, M., & Bonfield, W. (1998). Young’s and shear moduli
of ceramic particle filled polyethylene. Journal of Materials Science Materials in
Medicine, 9, 621-624.

Zhuy,Z. K., Yang, Y., Yin, ]., & Qi, Z. N. (1999). Preparation and properties of organosol-
uble polyimide/silica hybrid materials by sol-gel process. Journal of Applied
Polymer Science, 73, 2977-2984.



	Banana fibers and microfibrils as lignocellulosic reinforcements in polymer composites
	Introduction
	Experimental
	Materials and chemicals
	Fiber preparation
	Pulping
	Steam explosion

	Preparation of maleated lignocellulosic fibers
	Composites preparation
	Characterization and properties
	FT-IR spectra
	Scanning electron microscopy
	differential scanning calorimetry (DSC)
	Tensile tests


	Results and discussion
	Fibers characterization
	Characterization of maleated fiber and microfibers
	FT-IR spectra
	SEM of maleated BF and BMF

	Characterization of PE-lignocellulosic composites
	Thermal analysis
	Mechanical properties of PE composites


	Summary and conclusion
	Acknowledgement
	References


