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a  b  s  t  r  a  c  t

Uniaxial  cellulose  fabric Sterculia  urens  reinforced  poly  (lactic  acid)  (PLA)  matrix  biocomposites  were
prepared  by  a two-roll  mill.  In  order  to assess  the  suitability  of Sterculia  fabric  as reinforcement  for
PLA matrix,  the  PLA/Sterculia  fabric  biocomposites  were  prepared.  Tensile  parameters,  such  as  maxi-
mum  stress,  Young’s  modulus  and  elongation-at-break,  were  determined  using  the  Universal  Testing
Machine.  The  effect  of alkali  treatment  and  silane-coupling  agent  on  the  tensile  properties  of  PLA-based
biocomposites  was  studied.  The  results  of  thermogravimetric  analysis  show  that  uniaxial  treatment  of  the
eywords:
niaxial cellulose fabric Sterculia urens
oly (lactic acid)
olymer–matrix biocomposites
urface treatments
orphology
echanical properties

fabric  can  improve  the  degradation  temperature  of  the  biocomposites.  Moreover,  morphological  studies
by scanning  electron  microscopy  confirmed  that better adhesion  between  the  uniaxial  fabric  and  the
matrix  was  achieved.  It was  established  that  standard  PLA  resins  are  suitable  for  the  manufacture  of
S. urens  uniaxial  fabric  reinforced  biocomposites  with  excellent  engineering  properties,  useful  for  food
packaging.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Nowadays, there has been a dramatic increase in environmen-
ally friendly products and technologies. Biocomposites, where
ither the reinforcing cellulose fibre or matrix (or ideally both),
re derived from natural and renewable resources, have a signifi-
ant role to play in the next generation of sustainable materials.
hese materials help reduce fossil CO2 emission, preserve non-
enewable resources, increase sustainability and in most cases,
an be biodegradable. Due to their outstanding properties, such
s low cost, ease of processing, light weight, low maintenance
ost etc., plastics in general and polymer composites in particular,
nd immense applications in fields such as automotive, aerospace,

ransportation, sports, agriculture etc. Unfortunately, plastics and
omposites made from synthetic and non-degradable polymers,
ose severe environmental problems in their disposal. Hence,

∗ Corresponding author at: Department of Polymer Technology, Tshwane Univer-
ity  of Technology, CSIR Campus, Building 14D, Private Bag X025, Lynwood Ridge,
retoria 0040, South Africa. Tel.: +27 737901178; fax: +27 0841 4924.

E-mail addresses: jayaramphd@gmail.com, jayaram.materialscience@gmail.com
J.  Jayaramudu).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.02.002
polymer scientists and engineers, all over the world, now focus
on the development of environmentally friendly plastics and bio-
composites with balanced properties (Cheung, Ho, Lau, Cardona, &
Hui, 2009; Mohanty, Misra, & Drzal, 2002; Mukherjee & Kao, 2011;
Omar Faruka, Andrzej, Bledzkia, Hans-Peter Fink, & Mohini, 2012;
Satyanarayana, Arizaga, & Wypych, 2009).

In recent years, because of their outstanding properties, the
usage of biodegradable polymer-based biocomposites is increasing
rapidly. The performance of a polymer biocomposite depends not
only on the selection of their components, but also on the interfa-
cial interactions between matrix and filler. In order to meet specific
needs, it is sometimes necessary to modify the matrix and the rein-
forcement. Reinforcement of biopolymer, with natural fibres, is the
future of “green composites” that will address many sustainability
issues. Amongst the available biopolymer, PLA is the most exten-
sively used natural resource-based polymer produced at a large
scale of over 140,000 tonnes per year (Shen, Worrell, & Patel, 2009).
PLA, a biodegradable thermoplastic polymer with high strength and
modulus, is a perfect eco-friendly material for many studies dur-

ing the past decade. This is because of its potential in renewable
engineering materials and food packaging (Nampoothiri, Rajendran
Nair, & John, 2010). PLA provides good aesthetics and easy pro-
cessability in most equipment (Lim, Auras, & Rubino, 2008). In

dx.doi.org/10.1016/j.carbpol.2013.02.002
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.02.002&domain=pdf
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rocessing and manufacturing, the price and inherent brittleness
re the limitations for its wide practical applications. In the last
ecade, natural fibre reinforced PLA-based biocomposites have
een widely investigated by the polymer scientists in an effort
o make them to compete with non-renewable petroleum-based
roducts. The type of fabric/fibres used plays an important role in
he fibre/matrix adhesion and thereby affects the mechanical per-
ormance of the biocomposites. In order to make the composites
nvironmentally friendly, natural fibres/fabrics can be used as the
einforcement (Huda, Drzal, Mohanty, & Misra, 2007; Jayaramudu,
eevan Prasad Reddy, Babu Rao, & Varada Rajulu, 2009; Ku, Wang,
attarachaiyakoop, & Trada, 2011; Lee & Wang, 2005; Oksman,
krifvars, & Selin, 2003; Petersen et al., 1999; Rowell, 2001; Tokoro
t al., 2008; Xu, Wang, Teng, & Yu, 2008; Zhong, Li, Yu, & Tan, 2011).
avid, Tom, Walther, and Lotte (2003) determined the mechani-
al properties of the PLA/jute fibre composites and reported that
he tensile strength of composites was significantly higher than
hose of neat PLA. But the elongation-at-break of the composites
s still very low (at about 2%). Masud, Lawrence, Amar, and Misra
2008) studied the effect of fibre surface-treatment on the prop-
rties of laminated PLA/kenaf fibre composites. The results show
hat silane-treated fibres reinforced composite and alkali-treated
bre reinforced composite offered superior mechanical proper-
ies when compared to that without fibre treatment. Hu and Lim
2007) reported that alkali treatment significantly improved the
ensile properties of hemp fibre reinforced PLA when compared to
hose untreated. The composites with 40% volume fraction of alkali-
reated fibre have the best tensile properties. The tensile strength
nd tensile modulus of the composites with 40% treated fibre are
4.6 MPa  and 85 GPa respectively, which are much higher than neat
LA, especially for the tensile modulus which is more than twice
hat of neat PLA (35 GPa). Researchers have attempted various sur-
ace treatments (Gassan & Bledzki, 1999) of which alkali treatment
sing sodium hydroxide (NaOH) has been found to be the most
easible (Ray, Sarkar, Basak, & Rana, 2004). Huda, Drzal, Mohanty,
nd Misra (2008) treated kenaf fibre with NaOH in order to pro-
uce kenaf fibre reinforced PLA composites, using film stacking.
hey reported a 34% increase in flexural strength, 69% increase
f flexural modulus and a 50% increase in impact strength (IS)
hen compared to the composites with untreated kenaf fibre. Khan

nd Hassan (2006) studied the effect of amino-based silane cou-
ling agent on the performance of jute polycarbonate composites.
sing Fourier transform infrared (FTIR) spectra, they confirmed the

ormation of Si OH bonds between the fibres and the coupling
gent.

The mechanical properties of composites depend on the ori-
ntation of the reinforcement towards the stress direction. If the
einforcement is composed of uniaxial fibres, then their orienta-
ion can be achieved accurately with ease. Rarely, some natural
abrics exist with the fibres arranged in a uniaxial fashion. Recently,
ew uniaxial fabrics Grewia tilifolia (Jayaramudu, Guduri, & Varada
ajulu, 2010), Cordia dichotoma (Jayaramudu et al., 2011) and
olyalthia cerasoides (Jayaramudu, Jeevan Prasad Reddy, Guduri, &
arada Rajulu, 2009) are some of the examples of uniaxial fabrics

hat were identified. Of recent, new uniaxial fabric, Sterculia urens
as identified and its properties studied (Jayaramudu, Guduri, &
arada Rajulu, 2009).

The aim of the present work is to report the preparation and
haracterization of new types of environmentally friendly biocom-
osites. In the present paper, PLA, a biodegradable polymer was
sed as the matrix material and biodegradable uniaxial natural
abric S. urens as reinforcing material. The uniaxial fabric S. urens

einforced PLA biocomposites were prepared by a two-roll mill.
he effect of surface-treatment method on untreated, alkali-treated
nd silane-coupling agent-treated indicated significant changes in
he morphological characteristics of the biocomposites. The effect
Polymers 94 (2013) 822– 828 823

of fabric surface-treatments on the mechanical and thermal prop-
erties of the biocomposites were studied, in order to ascertain
whether the PLA and S. urens fabric system could effectively be used
for making biocomposites suitable for packaging applications.

2. Experimental

2.1. Materials

The PLA used in the study is a commercial grade (PLA 2002D),
obtained from Nature works LLC, USA. It had a d-isomer content
of about 4%; weight average molecular weight, MW = 235 kg/mol;
density = 1.24 g/cm 3; glass transition temperature, Tg ≈ 60 ◦C; and
melting temperature, Tm ≈ 153 ◦C. Before use, PLA was  dried at
60 ◦C under a vacuum for 36 h. The chemicals: sodium hydroxide
(NaOH) and coupling agent ((3-aminopropyl)triethoxysilane) (CA)
were obtained from Merck. Natural fabric S. urens with a thickness
of 0.16 mm was  used as the reinforcement. In order to protect the
tree, the fabric was  separated from its branches only as described
elsewhere (Jayaramudu, Guduri, et al., 2009). The extracted fabric
was washed thoroughly in distilled water, and allowed to dry for
seven days in the sun. This fabric was  dried for one day in a vacuum
oven, prior to using it as reinforcement.

2.2. Surface treatment with alkali and silane-coupling agent
(SCA)

Uniaxial fabric S. urens was treated with 5% aq sodium hydroxide
(NaOH) solution at room temperature, maintaining a liquor ratio
of 20:1. Fabrics were immersed in the alkali solution for 30 min
in order to remove the hemicellulose and other greasy materials.
Then, the fabrics were washed repeatedly with water in order to
neutralize NaOH. Finally, the fabrics were washed with distilled
water and dried (Jayaramudu, Guduri, et al., 2009). A portion of the
dried alkali-treated uniaxial fabric S. urens was  treated with silane-
coupling agent solution (diluted to 1% using acetone). Fabrics were
dipped in the silane-coupling agent for 6 h and dried in hot air oven
at 60 ◦C for 1 h. Then, uniaxial fabric S. urens was cut to an average
length of 5 ± 3 mm.  Then two types of fabrics surface-treatment
methods were used to improve the interfacial bonding properties
between S. urens fabric and PLA matrix.

2.3. Composites preparation

The uniaxial fabric S. urens and PLA were blended using a two-
roll plastics mill at 160 ◦C for 10 min  and the volume percent of the
uniaxial fabric S. urens was  20%. The composites obtained were then
moulded into sheets by hot pressing at 180 ◦C and 20 MPa  for 4 min,
followed by cooling to room temperature at 5 MPa  (Tao, Yan, &
Jie, 2009). The sheets were prepared for structural characterization
thermal and tensile properties measurements.

2.4. FTIR spectral analysis

Untreated, alkali-treated and silane-coupling agent treated fab-
ric samples were cryogenically cooled and powdered. This powder
was mixed with KBr and pellets were prepared by employing a
hydraulic press. The FTIR spectra of these samples were recorded
in the 4000–500 cm−1 region, on a Perkin Elmer 16PC FT-IR instru-
ment with 32 scans in each case, at a resolution of 4 cm−1.

2.5. Microscopic analysis
Surface morphologies of the fabric and the tensile fabric pull-out
from the biocomposites were examined using a Scanning Electron
Microscope (SEM) Model JSM 820 microscope (Akishima, Japan).
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ig. 1. FTIR spectra of the composites with (a) untreated, (b) alkali-treated and (c)
lkali with silane-coupling agent treated. (For interpretation of the references to
olor in figure legend, the reader is referred to the web  version of the article.)

he SEM fractured surfaces were prepared in a cryo-break fracture
the “dog-bone” test specimens were stored in liquid nitrogen for at
east 10 min, then removed and immediately broken). The samples

ere gold-coated by an electro deposition technique in order to
mpart electrical conduction before SEM studies. The optical micro-
rams of the fabrics were recorded using a Leica DMLP polarized
ptical microscope.

.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed on Q100
hermogravimetric analyzer (Tainstsh, USA) at a heating rate of
0 ◦C/min. Samples were examined under nitrogen (80 ml/min),
ver a temperature range from ambient to 600 ◦C.

.7. Tensile properties

Tensile stress and tensile modulus were determined using
nstron 3369 Model UTM. The crosshead speed for tensile test was

aintained at 5 mm/min. In each case, 10 samples were tested and
he average is reported.

. Results and discussion

.1. Functional group analysis
To investigate the structural changes in the S. urens fabric of
he untreated, alkali treated and treated with silane-coupling agent
amples were characterized by FTIR spectrometer. The spectra of

ig. 2. Scanning electron micrographs of: (a) untreated, (b) alkali-treated and (c) alkali 

agnification.
Polymers 94 (2013) 822– 828

untreated fabric (neat) and alkali-treated fabric in the presence
of silane-coupling agent, show similar bands (corresponding to
hemicellulose, lignin and cellulose) except for the disappearance
of the band at 1720 cm−1 when the fabric was treated with alkali.
This band corresponds to the C O stretching of the hemicellulose
present in the untreated fabric. The disappearance of C O stretch-
ing indicates that the hemicellulose has been removed after alkali
treatment of the fabric. Furthermore, no appreciable changes in the
spectra of the fabric in the presence of coupling agent were noticed,
however the silane-coupling agent treated S. urens fabrics reveal
absorption peaks at around 766 cm−1 (refer to Fig. 1), which is
attributed to a Si C stretching bond (Ishida & Koeing, 1776). Again,
the band around 860 cm−1 corresponds to the Si OH bond which
confirms the fact that OH group of silane reacts with cellulose.
Similar observation was  made by Khan and Hassan (2006) in the
case of jute fibres. The bands at 860 cm−1 appeared very weak due
to the fact that the spectra were taken for bulk samples, whereas
the silane coupling agent used was  only 1% and it reacts only with
groups on the surface of the fabric.

3.2. Surface analysis of the fabric

3.2.1. Morphological analysis
The SEM images and optical photographs of the untreated,

alkali treated and silane-coupling agent treated uniaxial fabric S.
urens are shown in Figs. 2 and 3 respectively. From Fig. 2(a)–(c),
it can be observed from the micrographs that the fibres in the
fabric became thin due to the removal of alkali soluble compo-
nents and many shallow grooves were formed on the surface when
silane-coupling agent was  used. Jayaramudu, Guduri, et al. (2009)
previously reported that hemi-cellulose of S. urens fabric was  elim-
inated, following alkali treatment. Rout, Tripathy, Nayak, Misra,
and Mohanty (2001) reported SEM studies of the alkali-treated coir
fibres. They reported the progressive changes in the surface of coir
fibres by SEM due to the removal of greasy material from the sur-
face, as a result of alkali treatment. This resulted in the fabric surface
becoming rough following on alkali treatment. In addition, struc-
tural changes in the fabric due to, alkali and silane-coupling agent
treatments, is confirmed by the FTIR spectra (refer to Fig. 1).

Polarized optical photographs (POM) of S. urens fabrics:
untreated, alkali treated and silane-coupling agent-treated is
respectively presented in Fig. 3(a)–(c). POM image of the untreated
fabric (Fig. 3(a)) was  found to be diffuse. This may  be the result
of the presence of amorphous hemicellulose layer on the sur-
face of the fabric. However, the photographs (Fig. 3(b)) of the
alkali-treated fabric are found to be sharp. This is because of the
elimination of the hemicellulose content upon alkali treatment.
From the photographs (Fig. 3(c)), it is clear that fabrics treated

with silane-coupling agent showed very thin and rough surfaces.
Similarly, the bonding was  strong when alkali treatment with cou-
pling agent was employed. The results of FTIR (refer to Fig. 1) prove
that chemical bonding does exist, thereby improving the surface

with silane-coupling agent treated used natural fabrics of Sterculia urens at same
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Fig. 3. Polarized optical photographs of Sterculia urens natural fabric: (

nterfacial bond strength between silane-treated fabric and the
atrix (PLA).

.3. Tensile properties

The tensile modulus, strength and elongation-at-break for dif-
erent fabric contents of the PLA/S. urens fabric biocomposites,
efore and after alkali treatment and in the absence or presence
f the silane-coupling agent, are presented in Table 1. For compari-
on, these values for the untreated and alkali-treated fabric are also
resented in Table 1. In order to probe the effect of coupling agent
n the properties of the neat and alkali treated fabrics, their tensile
roperties were also studied. From Table 1, it is evident that for the
eat and alkali-treated fabrics, the silane-coupling agent had little
ffect on the maximum stress (it increased only from 10 to 11 and
8.9 to 20.34 MPa, respectively). This may  be due to the fact that
hanges were taking place only on the surface and not in the bulk.
urthermore, for the neat and alkali-treated fabrics, the modulus
as found to increase considerably, whereas the elongation-at-

reak decreased marginally when silane-coupling agent was  used.
his is due to the fact that as modulus is an initial property within
he elastic limit, the slight increase in rigidity might have enhanced
t. From Table 1, it is further evident that the tensile strength
f the alkali-treated fabrics increased from 10.0 MPa (untreated)
o 18.9 MPa  on alkali treatment. Similarly, the Young’s modulus
ncreased from 640.7 MPa  to 2018.6 MPa  on alkali treatment. This
ncrement in tensile properties is attributed to the elimination of
he amorphous hemicellulose content on alkali treatment.

In the case of the PLA-biocomposites (untreated and alkali-
reated fabrics), the tensile strength and the modulus also increased
ppreciably. For these biocomposites, alkali treatment improves
he fabric surface adhesion characteristics by removing natural and
rtificial impurities. This is understandable as the weak amorphous
emi cellulose and lignin contents decrease on alkali treatment.

ayaramudu, Guduri, et al. (2009) already reported that the surface
f these fabrics became rough and thin on alkali treatment, due to

he elimination of hemicellulose and soluble lignin. The improve-

ent of tensile strength and modulus is due to the improved
abric–matrix adhesion by the surface treatments. Natural and
rtificial impurities can be removed (the weak amorphous hemi

able 1
aximum stress, Young’s modulus, and elongation-at-break of untreated, alkali-treated a

Sterculia urens fabric Maximum stress (MPa) 

Without SCA With SCA 

Untreated 10.0 11.0 

Alkali treated 18.9 20.34 

PLA/untreated biocomposites 58.2 62.1 

PLA/biocomposites treated by alkali 69.1 78.4 

CA = silane-coupling agent.
reated, (b) alkali treated, (c) alkali with silane-coupling agent treated.

cellulose and lignin contents) and a rough surface morphology is
obtained by surface treatments (refer to Fig. 4(b)). On  the other
hand, for the PLA-based biocomposites, when the silane-coupling
agent was used, the modulus increased remarkably. Khan, Mina,
and Drzal (2000) made a similar observation in the case of jute-
polycarbonate composites. They reported that the tensile strength
and modulus of jute-polycarbonate composites increased by 28%
and 70%, respectively, when amino based silane-coupling agent
was used. In the present study, a similar enhancement of 13% and
40% was  observed when a silane-coupling agent was  used. How-
ever, no significant change in elongation-at-break was observed for
the PLA-based biocomposites. The improved bonding between the
fabrics and PLA matrix by the silane-coupling agent may  be respon-
sible for this behaviour. PLA-biocomposites morphology plays an
important role in improving the mechanical properties of the PLA
biocomposites.

3.4. Morphology of the composites

The morphologies of uniaxial fabric S. urens PLA-based biocom-
posites (untreated, alkali treated and silane-coupling agent treated
natural fabric S. urens PLA biocomposites) were studied. Interfa-
cial studies were carried out in order to investigate the interaction
between uniaxial fabric S. urens/matrix (PLA) by SEM studies. In
general, there is clear pull out, detachment and debonding of some
of the S. urens, which indicates a poor interfacial adhesion of the
untreated S. urens with the PLA matrix.

It can be seen in Fig. 4(a) that the fabrics are detached from
the matrix surface due to the poor interfacial bonding, splitting in
the inner fabrics, fabrics breakage and void formation on the resin
surface. Such an observation proves that there is a poor interac-
tion between fabrics and matrix. According to Mohanty, Misra, and
Drzal (2001),  such waxy substance contributed to the ineffective
fibre–matrix bonding and poor surface wet out. This is due to the
presence of polar groups in the matrix and the cellulosic fabrics. It
is an indication of crack deflection, where the crack path is changed

by the fabrics and directed along the fabric surface. This leads to fab-
rics deboning, which is an indication of matrix separation around
the fabrics as crack front intersects the PLA/S. urens fabrics inter-
face. This clearly indicates that bonding is poor. In addition, empty

nd coupling agent treated PLA/Sterculia urens natural fabric biocomposites.

Young’s modulus (MPa) Elongation-at-break (%)

Without SCA With SCA Without SCA With SCA

640.7 870.04 2.0 1.82
2018.6 2693.3 2.4 2.29
3180.9 4120.6 3.7 4.2
4207.5 5904.7 5.0 5.4
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ig. 4. Scanning electron micrograph of fractured surfaces (cross-section) of PLA/S
omposites and (c) PLA/alkali with silane-coupling agent fabric biocomposites at di

abric where the matrix was not able to penetrate in the envelope of
he fabric is observed, resulting in low mechanical properties (refer
o Table 1). This confirms the explanation advanced earlier.

Furthermore, Fig. 4(b) shows the alkali-treated fabric biocom-
osites with almost no signs of fabric debonding, detachment or
ull-out as the alkali-treated surface of the fabric became rough.
his result suggests that interfacial adhesion between the S. urens
abric and PLA matrix has become highly favourable and strong,
ollowing treatment of fabrics with alkali (NaOH). These observa-
ions indicate that the bonding between the reinforcement and the

atrix had partially improved when compared with untreated bio-
omposites. The elimination of the greasy material (waxy layer and
mpurities) in the S. urens fabric by alkali treatment led to increased
oughness of fabric surface, as the hemi-cellulose and some part of
he lignin were removed, as a result, the fabric became thin and
hen created a good interlocking mechanism with the surface of
LA matrix.

In Fig. 4(c), a better dispersion is observed in PLA/alkali-treated
ith silane-coupling agent fabric biocomposites, prepared by using

he treated fabric with silane-coupling agents, respectively. The
redominantly polar silane-coupling agent makes good dispersion
ith the polar fabric, due to the dipole–dipole attraction and hydro-

en bonding, resulting in effective Van der Waals forces. More
nterestingly, fabric skin formation was observed on the surface of
he matrix. These observations indicate that the bonding between
he fabric and the matrix is good and it shows flower-like structure
n some parts of the PLA/S. urens fabric composites surface, when
ressed during sliding. This type of structure is hereby reported
or the first time in natural fabric composites as far as we know.
imilarly, the bonding was strong when alkali treatment with
ilane-coupling agent was employed. The predominantly polar
ature of the silane-coupling agent is believed to be responsible for
he improvement of the interfacial bonding in the composites. Fur-
hermore, matrix skin formation was observed on the surface of the
abrics. These observations indicate that the bonding between the
abric and the matrix is good. This confirms the findings of Colom,

arrasco, Pagcs, and Canavatc (2003) who studied the effect of dif-

erent chemical modifications on the interfacial characteristics of
spen fibre-reinforced high-density polyethylene composites. They
bserved that silane was a better coupling agent than epolene. This
lia urens composites: (a) PLA/untreated biocomposites; (b) PLA/alkali-treated bio-
t magnifications.

was attributed to the fact that in composites modified with epolene,
adhesion occurs due to multiple mechanisms of adsorption and
inter diffusion, whereas the composites treated with silane showed
a chemical mechanism of adhesion with the formation of covalent
bonds, in addition to hydrogen bridges which would lead to greater
adhesion between the fibres and the matrix. Similarly, the bonding
was strong when alkali treatment with silane-coupling agent was
employed. The predominantly polar nature of the silane-coupling
agent is believed to be responsible for the improvement of the inter-
facial bonding in composites. This observation gives direct evidence
about the adhesion improvement at the interface in the presence
of reactive silane-coupling agent. These arguments are reflected
in all the mechanical properties investigated. In good agreement
with SEM study, the mechanical properties of PLA/S. urens fabric
biocomposites prepared using silane-coupling agents are signifi-
cantly higher than the control, untreated S. urens fabric PLA matrix
biocomposites (refer to Table 1).

3.5. Thermogravimetric analysis

The thermal stabilities of neat PLA and PLA-based biocomposites
were investigated for the weight loss as a function of tempera-
ture by thermogravimetric analysis under nitrogen flow. The TGA
curves shown in Fig. 5 reveal the thermal stability of neat PLA, S.
urens uniaxial fabric reinforced PLA biocomposites. From the TGA
thermograms of neat PLA, PLA biocomposites and its fabric treated
composites (as seen in Fig. 5), indicated that neat PLA degraded at
around 300 ◦C. Generally, S. urens fabrics degrade through three
main stages: the first stage below 150 ◦C is mainly due to the
removal of the moisture absorbed, the second; thermal degradation
occurs between 190 and 350 ◦C and is mainly related to the degra-
dation of cellulosic substances such as: hemicellulose and cellulose
and the third stage (350–500 ◦C) is attributed to the degradation of
non-cellulosic materials in the fabric (Huda et al., 2007). As seen
in Fig. 5, the biocomposites with neat PLA show lower degradation
temperature than the untreated fabric biocomposites. This is due to

the decrease in molecular weight of PLA when the composites are
processed on a two-roll mill. The incorporation of S. urens fabrics
in PLA the matrix has also affected the thermal degradation tem-
perature. Thermal degradation temperature of the biocomposites
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Satyanarayana, K. G., Arizaga, G. G. C., & Wypych, F. (2009). Biodegradable compos-
Fig. 5. Thermogravimetric curves of neat PLA and PLA-biocomposites.

ith surface treatment increased when compared to that of the
iocomposites without surface treatment (untreated fabric). The
hemical bond between S. urens fabrics and PLA matrix enhanced
he interfacial adhesion and consequently the thermal degradation
emperature increased. Conversely, the thermal degradation tem-
erature of the biocomposites with silane-coupling agent treated
abric is lower than that of the biocomposites with alkali-treated
. urens fabric. The result indicated that the stability of the inter-
ace bond between silane-coupling agent treated S. urens fabric and
LA matrix is worse than that of the interface bond between NaOH
reated S. urens fabric and PLA matrix.

. Conclusions

Environmentally friendly biocomposites of alkali and silane-
oupling agent treated uniaxial fabric S. urens reinforced PLA matrix
iocomposites were prepared on a two-roll mill. Results showed
hat surface treatment improves the compatibility between the PLA

atrix and the reinforcing S. urens fabric. It is also observed that
hen the alkali-treated fabric and silane-coupling agent were used,

he mechanical properties increased. The mechanical and thermal
roperties of the alkali-treated and treated with silane-coupling
gent biocomposites are better than that of untreated fabric bio-
omposites and the neat PLA matrix. The thermal behaviours of PLA
nd PLA-based biocomposites, consequently, confirm the improve-
ent in the thermal properties because of the improved adhesion

etween the fabrics and the agents (alkali and silane-coupling
gent). SEM micrographs indicate that the bonding between the
. urens fabric and the matrix was enhanced by alkali treatment
nd silane-coupling agent. Alkali treatment in the presence of a
ilane-coupling agent, gives rise to matrix skin formation, flower-
ike structure on the surface of the fabric, indicating good bonding
etween the reinforcement and the matrix.
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