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Abstract The use of composites made from non-biode-
gradable conventional plastic materials (e.g., polypropyl-
ene, PP) is creating global environmental concern.
Biodegradable plastics such as poly(butylene succinate)
(PBS) are sought after to reduce plastic waste accumula-
tion. Unfortunately, these types of plastics are very costly;
therefore, natural lignocellulosic fibers are incorporated to
reduce the cost. Kenaf fibers are also incorporated into PP
and PBS for reinforcing purposes and they have low den-
sities, high specific properties and renewable sourcing.
However without good compatibilization, the interfacial
adhesion between the matrix and the fibers is poor due to
differences in polarity between the two materials. Maleic
anhydride-grafted compatibilizers may be introduced into
the system to improve the matrix-fiber interactions. The
overall mechanical, thermal and water absorption proper-
ties of PP and PBS composites prepared with 30 vol.%
short kenaf fibers (KFs) using a twin-screw extruder were
being investigated in this study. The flexural properties for
both types of composites were enhanced by the addition of
compatibilizer, with improvements of 56 and 16 % in
flexural strength for the PP/KF and PBS/KF composites,
respectively. Good matrix-fiber adhesion was also
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observed by scanning electron microscopy. However, the
thermal stability of the PBS/KF composites was lower than
that of the PP/KF composites. This result was confirmed by
both DSC and TGA thermal analysis tests. The water
absorption at equilibrium of a PBS composite filled with
KFs is inherently lower than of a PP/KF composite because
the water molecules more readily penetrate the PP com-
posites through existing voids between the fibers and the
matrix. Based on this research, it can be concluded that
PBS/KF composites are good candidates for replacing PP/
KF composites in applications whereby biodegradability is
essential and no extreme thermal and moisture exposures
are required.

Keywords Poly(butylene succinate) - Polypropylene -
Natural fiber - Compatibilizer - Interface

Introduction

At present, conventional plastic materials such as poly-
propylene (PP) play an essential role in consumers’ lives
due to their excellent properties. PP exhibits good strength,
lightweight, it is easily processed and economical as well.
However, the overly wide consumption of plastics in the
packaging, agricultural and automobile industries has many
implications for the environment. Environmental issues
related to the disposal of these non-degradable plastics
have attracted increasing concern over the past few decades
[1]. Plastics that are not discarded properly not only
threaten ecosystems but also pose dangers to human life.
Therefore, industrialists and scientists have sought more
environmentally friendly alternatives to conventional
plastics for their products. Using biodegradable plastics is
one of the most viable long term ways to reduce plastic
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waste accumulation compared to landfill, recycling and
incineration methods.

Polybutylene succinate (PBS) is an aliphatic thermo-
plastic polyester with many interesting properties including
biodegradability, low processing temperature and good
mechanical properties [2]. PBS is synthesised by the
reaction of the glycol 1,4-butanediol and the aliphatic
succinic acid [3]. The degradation of PBS occurs by
hydrolysis, whereby the polymer structure is chemically
broken down through the metabolism of biological
enzymes or microorganisms to form water and carbon
monoxide [4, 5]. This material can be degraded in a variety
of environments, such as in compost, moist soil and sea-
water [6]. There are several promising markets for PBS,
including packaging films, disposable cups and plates,
landfill covers and other low-stress-bearing applications.

Although PBS possesses many attractive properties, it
has not yet gained a positive reputation in the market due to
its relatively high cost. The incorporation of low-cost
natural fibers in PBS composites is able to mitigate this
problem by reducing the overall price of the composite
material [7]. Natural fibers namely sisal, jute, hemp, flax
and kenaf have often been incorporated into various
polymer matrices for reinforcement purposes [2, 8]. The
primary advantages of using these fibers in plastics are
their low densities, low cost, high specific properties and
renewable sourcing [9, 10]. In addition, these natural fibers
can be naturally degraded by microorganisms.

There have been many reports in the last few decades on
the enhancement of composite properties through the
incorporation of short natural fibers due to their better pro-
cessing and easy dispersion [2, 5, 7-11]. However, natural
fibers such as kenaf, have very polar hydroxyl groups [2].
This hydrophilic fiber induces higher moisture absorption in
the composites and it is detrimental to the compatibility with
hydrophobic polymer matrix [1, 9, 12, 13]. Stronger inter-
facial adhesion between the fiber and the polymer matrix can
be promoted through the addition of compatibilizers [9]. As
mentioned by Varga et al. [14] and Mohanty et al. [15],
compatibilizers can connect the matrix to the fibers with
hydrogen or even covalent bonds. For example, the hydro-
philic —OH groups in kenaf fibers (KFs) could react with
MAPP to form ester linkages. This would in turn, improve
the mechanical properties of the composites through better
interfacial adhesion.

The aim of this study is to investigate the mechanical,
thermal and water absorption properties of PBS composites
upon the incorporation of short KFs. The properties of the
biodegradable PBS/KF composites were compared to
properties of cheaper conventional PP/KF composites. This
comparison between the properties of the PP/KF compos-
ites and PBS/KF composites is made in order to investigate
the possibility of replacing non-degradable PP composites
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with PBS composites in the aforementioned applications.
This paper also examined the role of the compatibilizer in
enhancing the mechanical properties. The morphologies of
the composites were also examined by SEM to study the
interfacial adhesion between the PBS and PP matrices and
the KFs.

Experimental
Materials

The PP used was the impact copolymer TITANPRO SM
950, manufactured by Titan Petchem (M) Sdn Bhd
(Malaysia). Polybond 3200, a maleated polypropylene
(PP-g-MA) obtained from Chemtura Company (Canada)
was used as a compatibilizer in this study. The MAH
content of the PP-g-MA was 1 wt %, and the polydispersity
index calculated from M,/M,, was 7.9. PBS with the trade
name of Bionelle 1020 was obtained from Showa High
Polymer (Japan). Kenaf fibers, approximately 2—4 m long,
were supplied by the National Kenaf & Tobacco Board
(LKTN) (Malaysia). Maleic anhydride (MA) (99 %) and
dicumyl peroxide (DCP) (98 %) from Sigma-Aldrich were
used for the preparation of the PBS-g-MA compatibilizer.
Table 1 summarizes the properties of the raw materials
specified by the manufacturers’ material datasheets.

Kenaf Fiber Preparation

Long bundles of KFs were cut into shorter sections
approximately 1 cm in length using metal paper cutters.
These fibers were then fed into a grinder with a fixed 3 mm
diameter sieve. The moisture was removed by drying the
fiber in a vacuum oven at 80 °C for 24 h before com-
pounding. The length distribution of 200 randomly selected
fibers collected before and after the compounding process
was measured using an image analyzer model SXGA with
stereo-zoom and analysis software VIP Plus. The fiber
length distribution before and after compounding is shown
by a frequency distribution graph. The fibers from PP/KF
and PBS/KF composites were extracted using the dissolu-
tion method where the xylene solution was used to dissolve

Table 1 Material properties of raw materials

Materials MFI (g 10 min™") Density
(2.16 kg, 190 °C) (g cm™)
PP 21 0.90
PBS 25 1.25
PP-g-MA 115 0.91

Data from manufacturer
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the PP matrix while the chloroform solution was used to
dissolve PBS matrix. The critical length of the fibers, /., to
strengthen a material to its maximum potential is estimated
by Eq. 1,

I, = (“;’d> (1)

where ois the tensile strength of the fiber, d is the diameter
of the fiber, and .. is the shear strength of the bond between
the matrix and the fiber.

PBS-g-MA Preparation

The grafting reaction was conducted in a Haake Polydrive
Mixer Rheomix R600/610 with two counter rotating roller
blades at a temperature of 130 °C and a rotor speed of
50 rpm. PBS, MA and DCP were premixed at a ratio of
100:5:1 phr before being fed into the mixer. The grafted
polymer was refluxed in chloroform for 1 h before being
filtered into cold methanol to form a white precipitate. The
precipitate was then washed repeatedly with fresh metha-
nol to remove any unreacted MA. The polymer was col-
lected and dried in a vacuum oven at 80 °C for 24 h [16].

FTIR Spectrometry

Solid PBS-g-MA was used as a compatibilizer in this
study. An FTIR spectrometer (Perkin Elmer System 2000)
was used to analyze the MA powder and the purified PBS-
g-MA. The powder was mixed with KBr before being
compressed under a constant pressure of 3.45 x 10° Nm™>
for 1 min to form thin pellets. The spectra were obtained in
transmission mode at a resolution of 4 cm™" with 32 scans
per sample in the mid-IR range of 600-4,000 cm™".

Composite Production

Table 2 shows the formulations for each compound. Pre-
determined processing parameters were selected for the
compounding process. A twin screw counter-rotating
extruder machine (Model PSW30) was used for mixing the
matrix with the natural fiber. The mixing temperature for
the PP composites was fixed from zone 1 to zone 10 at

155-175 °C and the screw speed was maintained
at 100 rpm. As for PBS, the temperature was fixed at
110-130 °C and the screw speed was maintained at
50 rpm. The side feeder was used for feeding the KFs into
the melt blend within the extruder.

Mechanical Testing

The samples for testing flexural strength were prepared using
a hot compression molding machine (Kao Tieh Gotech).
A mold with specific dimensions of 120 x 12 x 3 mm®
(length x width x thickness) was used for the sample
preparation. For PP composites, the molding cycle involved
5 min for preheating, 3 min for compression under pressure
6.89 x 10° Nm~? and 5 min for cooling. For PBS com-
posites, the molding cycle involved 10 min for preheating,
4 min for compression under pressure and 4 min for cooling.
The temperatures for upper and lower mold were 185 and
130 °C for PP and PBS composites, respectively. Prior to
testing, the specimens were conditioned at room temperature
in a desiccator for 24 h.

Flexural tests were performed in three-point bending
mode using a Universal Testing Machine (UTM, Instron-
3366) at a crosshead speed of 5 mm/min and span length of
50 mm. The static bending tests were performed according
to ASTM D 790-10. For every set of formulations,
5 specimens were tested to determine the average proper-
ties. The tests were conducted at a standard laboratory
atmosphere of 23 °C (£2 °C).

Thermal Analysis

The crystallization and melting behaviors of the compos-
ites were determined using a Perkin Elmer DSC-7. An
initial scan was conducted on samples weighing 10-15 mg
at a temperature range of 30-200 °C with a heating rate of
10 °C/min under a flow of nitrogen gas. The temperature
scan was then continued with cooling to 30 °C and sub-
sequent heating to 200 °C in the second scan. The melting
point, T,,,, and heat of fusion, AH,,, were evaluated from
the maximum point of the endothermic peak and the area
under the DSC curves from the second scan. The degree of
crystallinity, y. was calculated from Eq. 2:

Table 2 Formulations for the

PP/KF and PBS/KF composites Denotations Matrix (vol.%) KF (vol.%) PP-g-MA (vol.%) PBS-g-MA (vol.%)
PP 100 - - -
PP/KF 70 30 - -
PP/KF/MA 65 30 5
PBS 100 - - -
The vol.% of KF reported was PBS/KF 70 30 - -
the amount of dry fiber in the PBS/KF/MA 65 30 _ 5

compound
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For pure PP or PBS,

AH
1. (%) = —’(; x 100 %

AH

and for KF-filled composites,

AH,
1.(%) = !

Rk 100 % )

where AH is the heat of fusion for PP, PBS and the
composites. AH? is the heat of fusion for 100 % crystalline
PBS (AH,oy = 110.3 J/g) [17] or for 100 % crystalline PP
(AH;oo = 207.1 J/g) [18]. W, is the weight fraction by
unity of the KFs in the composite.

The thermal decomposition stabilities of PBS compos-
ites were analyzed using thermogravimetric analysis Perkin
Elmer TGA on samples weighing 1015 mg. The heating
rate was 10 °C/min over a temperature range from 30 to
600 °C, under purging nitrogen of 20 ml/min.

Water Absorption Test

The water absorption behavior was tested according to
ASTM D 570. The flexural test specimens were dried in a
vacuum oven until a constant weight was attained prior to
the test. All specimens were immersed in distilled water at
ambient temperature for 60 days. At predetermined inter-
vals, specimens were removed from the water and the
surfaces were blotted with a clean cloth before the sample
weights were measured. The average values of results from
6 specimens were attained. The water uptake at a given
time interval was determined using Eq. 3:

W, — Wy
d

M (%) = x 100 (3)
where, M,, is the water absorption at a given time, ¢, and W,
and W, are the weight of specimen before and after
immersion respectively.

The diffusion coefficient, D, can be calculated from the
initial slope of the plot of water uptake against time using
Eq. 4:

nh2 (M 2 — M 1 )2

= (4)
16M2 (/* — 1))

where M;, and M, are the water content at time ¢; and 7,
respectively. M,, is the maximum water content, also
known as equilibrium water content, and 4 is the thickness
of the sample.

Scanning Electron Microscopy

A morphological study of the fractured surface was per-
formed by taking scanning electron micrographs at

@ Springer

60

Before compounding

201 ® After compounding with PP
40 4 After compounding with PBS
30 4

Frequency

20 4
10 1

oL ‘,H“[lll... ,,,,,,,,,,,,,,,,,,,,,,,,,

Range of fiber length (mm)

2.80-3.19
4.00-4.39

Fig. 1 Fiber length distribution before and after compounding

predetermined magnifications using a field emission scan-
ning electron microscope (FESEM, model VPFESEM
Supra 35VP). Prior to SEM observations the specimens
were sputter coated with gold—palladium sputter coater
Polaron Sc515 to prevent electrical charging. The mor-
phological study was used to observe the matrix-fiber
interfacial adhesion.

Results and Discussion
Fiber Length Distribution

Processing equipment such as the twin screw extruder
imposes stresses and high shearing upon the fibers that is
sufficient to cause mixing, fiber breakage and bundle sep-
aration [19]. Most of fiber breakage occurs in the transition
element of a twin screw extruder. Screw designs that have
greater residence times and mixing capabilities induce
more fiber breakage [20]. The extent of fiber breakage
during compounding is crucial, as the fiber length deter-
mines the reinforcing capabilities of the fiber. The distri-
bution plots of the KF lengths before and after
compounding are shown in Fig. 1. Prior to processing,
94 % of the short KFs fell mostly within the range of
1.5-3.5 mm. However for both the PP and PBS compos-
ites, the majority of these fibers broke into shorter lengths
ranging from 0.4 to 0.8 mm after subjected to mixing
process. A narrower fiber length distribution after pro-
cessing was also observed.

Characterisation of PBS-g-MA (FTIR)

The in situ melt grafting of MA onto the PBS matrix was
performed in a Haake Rheomixer. The graft content of the
compatibilizer is affected by many factors including the
concentration of maleic anhydride and dicumyl peroxide,
the temperature and the residence time [9]. Selecting the
optimum conditions for the grafting process is crucial in
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Fig. 3 Flexural strengths and moduli of the PP/KF and PBS/KF
composites

synthesising a compatibilizer with sufficient graft content.
As proposed by Carlson et al. [21], only a small amount
(3-5 wt %) of anhydride grafted onto the polymer chain is
required to improve the interfacial adhesion of the com-
posite components. This result is confirmed in this study as
the addition of 5 % PBS-g-MA in the composite was found
to improve the fiber-matrix interfacial adhesion substan-
tially. [7].

After purification, the PBS-g-MA was analyzed by
FTIR. The IR spectrum is presented in Fig. 2. The
absorptions at 1,713 and 1,780 cm ™! are the characteristic
bands of the acid carbonyls and anhydride carbonyls
respectively [21]. The band for the succinic anhydride
group band observed at 1,780 cm™' of PBS-g-MA spec-
trum confirms the reaction in the grafting process. The
graft content determined from the acid titration method as

2400 2000 1800 1800 1400 1200 1000 800 000

Wavenumber (cm™)

suggested by Thirmizir et al. [5] was found to be
1.20 4 0.05 %.

Flexural Properties

The flexural properties of the PP/KF and PBS/KF com-
posites are represented in Fig. 3. The flexural strength of
neat PP is 41.35 MPa. A 43 % reduction in flexural
strength was apparent for the PP composite upon the
addition of 30 vol.% KF. This downward trend in flexural
strength was also observed for the PBS/KF composites.
With the addition of the KFs into the PBS matrix, the
flexural strength deteriorated from 40.5 to 37.3 MPa, a loss
of 7.9 %. The strength of the kenaf-filled composites
decreased due to the weak interfacial bonding between the
hydrophilic kenaf fibers and the hydrophobic PP or PBS
matrices. Weak matrix-fiber interfaces act as stress con-
centration sites for fracture in the composites during
mechanical testing [22, 23, 25]. The decrease in strength
may also be attributed to detrimental microcrack initiation
upon the incorporation of the kenaf fibers [10]. In addition,
severe fiber attrition during compounding reduced the
reinforcing capability of the fibers, as mentioned previ-
ously in “Fiber length distribution” section. The composite
properties are a function of fiber length because the stress
imposed on the short fiber ends cannot be neglected. Fiber
breakage should not shift the distribution below the critical
fiber length, as this will reduce the reinforcing capability of
the fiber [1]. When the fiber lengths are below the critical
fiber length, the stress transfer from the matrix to the fiber
is insufficient to enhance the material fracture strength.
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If the interfacial shear strength is equal to matrix shear
strength as estimated from the von-Mises yield criterion,
using polymer tensile strength of 17.5 MPa (for PP) and
34.0 MPa (for PBS) obtained from our previous findings,
the shear strength of the bond between the matrix and the
fiber is measured to be 10.1 and 19.6 MPa respectively.
With the assumption that the kenaf fiber strength is about
215 MPa as reported by Edeerozey et al. [24] and that the
“diameter” of the fiber bundle is 70 pm as obtained from a
study by Thirmizir et al. [5], the critical fiber length is
approximately 1.490 mm for the PP composites and
0.768 mm for the PBS composites.

The majority of the fiber lengths after compounding
were found to be in the range of 0.5-0.7 mm as presented
in Fig. 1. Approximately 68 % of the fiber lengths in the
PBS composites fall were above the critical fiber length,
while for the PP composites, merely 10 % of the fiber
lengths fall were above the critical fiber length. This
indicates that the short fibers in the PP composite are
unable to transfer stress effectively, in agreement with the
significant reduction in flexural strength obtained for the
PP/KF composite. To strengthen the PP composites
through the incorporation of KFs, longer fiber lengths must
be maintained.

Additionally, the critical value /. is inversely propor-
tional to the interfacial strength between the matrix and the
fibers [1]. Poor interfacial bonding between the matrix and
the fibers may result in voids or stress concentrators in the
composite within a continuous phase. These ‘gaps’ affect
the mechanical properties of the composites as demon-
strated by Baiardo et al. [1]. Hence, good interfacial
bonding between the fiber and the matrix is especially
important for composites with shorter fibers. The better
interfacial adhesion observed in composites with compat-
ibilizers will reduce the minimum critical fiber length
required for effective stress transfer in high loading
applications.

The interactions between the matrix and the natural
fiber, could be promoted with the addition of MA-g-com-
patibilizers as demonstrated by the increase in flexural
strength. This result is similar to the findings of Kim et al.
[26]. The flexural strength of the PBS-g-MA compatibi-
lized PBS/KF composite was found to be the highest. The
addition of PBS-g-MA into the composite system has
induced an increase of 16.5 % in flexural strength com-
pared to the composite without compatibilizer.

The flexural modulus of PP composites increased by
126 % from 0.6 to 1.3 GPa upon the addition of the KF.
The compatibilized PP/KF composite exhibited the highest
flexural modulus of 1.7 GPa. The flexural modulus of the
PBS/KF composite with the Compatibilizer exhibited some
improvement as well, reaching 1.5 GPa. When natural
fibers such as kenaf were incorporated into composites, the
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segmental movement of the polymer chains was hindered.
Hence, the composites become stiffer, increasing their
flexural moduli. The increase in flexural moduli is also
attributed to the existing chemical constituents in KFs such
as lignin, which binds the kenaf fibers together, and cel-
lulose, which stiffens the kenaf fiber cell wall [27].
Although PBS/KF composites possessed lower flexural
modulus than PP/KF composites, the flexural strength of
PBS/KF composite was reportedly higher. This was
because the fiber length is also a critical factor in rein-
forcing a composite. Although the KF was able to con-
tribute to the stiffness of the composite, the better
reinforcing effects could be achieved if the average fiber
length exceeds the critical fiber length.

The flexural strength and modulus increase upon the
addition of the compatibilizer because of the high degree of
interactions between the KFs and the matrices. The poly-
mer matrix adhered well to the KFs, hindering the move-
ment of the polymeric chains in the composites. According
to Varga et al. [14], compatibilizers can connect the matrix
to the fibers with hydrogen or even covalent bonds. This
would improve the mechanical properties of the compo-
nents through improved interfacial adhesion as the load can
be transferred from the matrix to KFs more efficiently.
Additionally, the overall increase in the modulus of filled
composite is in agreement with reports by Ratto et al. [28].
Better wetting of the KFs by the matrix in the compatibi-
lized system was observed in the SEM micrographs (see
Figs. 7b, 8b), which exhibited better matrix-fiber contact
and fewer interfacial voids.

Crystallization and Melting Behavior

Thermal results including melting temperature (T,,) and
crystallization temperature (T.) obtained through DSC are
displayed in Table 3. PP and PBS are semicrystalline
polymers that consist of amorphous and crystalline regions
in the structure. The T, temperature observed for the PP
was higher than that for the PBS. These matrices had
crystallization temperature of 118.2 and 77.0 °C, respec-
tively. The T. shifted to higher temperature after the

Table 3 Effects of KFs and compatibilizers on the crystallization and
melting behavior of the PP and PBS composites

Sample T. (°C) T (°C) xe (%)
PP 118.2 163.8 39.9
PP/KF 119.2 162.2 34.7
PP/KF/MA 119.2 161.4 342
PBS 77.0 1153 58.1
PBS/KF 81.4 114.5 51.8
PBS/KF/MA 81.6 114.1 70.6
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addition of the KFs. This shift in T, was related to crys-
tallization rate and extent of crystallinity as mentioned by
Kim et al. [6]. These T, temperatures were unchanged upon
the addition of MA-grafted compatibilizers to the com-
posite. The melting temperatures of the PP and PBS
composites were not significantly altered through the
addition of KFs and compatibilizers. Similar trend were
reported by Kim et al. [26] for bio-flour filled PP com-
posites. The Ty, values of the PP composites were also
higher compared to those of the PBS composites.

The crystallinity of the PP composites, y. decreased
upon the addition of KFs because the natural fibers restrict
the molecular motion of the matrix, preventing the for-
mation of PP crystallites and confining the polymer chain
orientation [10, 13]. On the contrary, the structure of PBS-
g-MA increased the crystallinity of the composite [29].
This suggested that the composites compatibilized with
PBS-g-MA have higher crystallization behavior than non-
compatibilized composites. According to Kim et al. [26],
the higher crystallinity of composites with MA was con-
tributed from the better dispersion of the compatibilizer in
the matrix as well as higher chain branching of MA.

Thermal Degradation

The weight loss versus temperature curves of the PP/KF
and PBS/KF composites obtained from TGA are illustrated
in Fig. 4. Three distinct regions can be observed in these
curves. The initial weight loss occurred between 50 and
100 °C. This small drop in weight resulted from the loss of
moisture from the KFs. In the second stage from 200 to
400 °C, the main degradation of all three components, PP,
PBS and KF was observed. KF was degraded within the
range of 244-372 °C, followed by neat PBS within the
range of 343-443 °C and neat PP within the range of
374-483 °C, accordingly. The final region consists of
residual carbon species from the degraded KFs. [30].

The thermal stability degradation curves of the PP/KF
composites falls between that of the PP matrix and the KFs.
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Fig. 4 TGA thermograms of the PBS/KF composites
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Fig. 5 DTG thermograms of the PBS/KF composites

Similar finding were discovered for the PBS/KF compos-
ites. The thermal stability of the composites is reduced due
to the incorporation of the KFs. The lower onset degrada-
tion temperature of KF contributed to the lower thermal
stability in KF incorporated composites. An analogous
trend was reported by Lee et al. [12] in their research on
PBS composites with natural bamboo fiber.

From the derivative weight plot in Fig. 5, two main peak
temperatures are observed. The PP matrix degrades at a
peak temperature of weight loss at 454 °C while for PBS
matrix, the peak temperature of weight loss was at 414 °C.
This is due to the low thermal stability of PBS matrix as
compared to PP matrix. The KF had the lowest peak
temperature at 355 °C. Therefore, the introduction of KFs
inherently reduces the thermal stability of the composites.
For the KF-filled composites, the first shoulder peak in the
temperature range of 350-370 °C indicates the degradation
of cellulose, hemicelluloses and lignin from the KFs and
the second prominent peak corresponds to the depolymer-
isation of the PP or PBS matrix (refer Table 4) [31].
Table 4 summarizes the peak temperatures of the com-
posite specimens, including the neat PBS and KFs in the
DTG curves from Fig. 5. For PBS composites filled with
KF composites, the primary peak representing the degra-
dation of KF was reported to be higher than the actual

Table 4 Peak temperatures from derivative weight curves for the PP/
KF and PBS/KF composites

Sample Primary peak Secondary peak
temperature (°C) temperature (°C)

KF 56.25 355.74

PP 453.74 -

PP/KF 350.99 465.73

PP/KF/MA 351.27 469.12

PBS 413.88 -

PBS/KF 370.84 403.08

PBS/KF/MA 367.71 404.48
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degradation temperature for KF whereas the secondary
peak representing the degradation of PBS was reported to
be lower than the degradation temperature for neat PBS.
This is because the less thermally stable KF can be com-
pensated by the PBS matrix while the higher thermal sta-
bility of the PBS matrix was compromised by the existence
of KF [9]. The primary peak temperature for PBS/KF
composites was higher than PP/KF composites although
the pure matrices showed the opposite trend.

It is interesting to note that the compatibilized PBS
composite has lower peak temperature than uncompatibi-
lized composite. This trend was not observed in PP com-
posite. Araujo et al. [32] mentioned that the greater
interaction between fiber and matrix could promote the
degradation process of the two components. The reason to
that was the rapid degradation of one component would
accelerate the thermal degradation of neighboring compo-
nent. Another valid reason for the less stable MA com-
patibilized PBS composite was the presence of peroxide
residue used for grafting process. This is possible as the
MA-g-PBS was self-synthesised.

Water Absorption Behavior

Although KFs are relatively cheap and are promising
materials for incorporation in biodegradable composites
such as PBS, its hydrophilic nature may render the com-
posites high in moisture absorption. In this study, the
moisture absorption behavior of PBS and PP filled with
KFs was investigated. The percentage of water absorbed
was plotted against the square root of time as represented in
Fig. 6. The moisture uptake increased with the square root
of time for PP and PBS composites. Water absorption for
all the composites occurred predominantly within the first
100 h. Once the samples reached water saturation, the
absorption rates slowed down and finally reached equilib-
rium. This demonstrates that the pattern of the water
absorption curve followed Fick’s second law [33].

The values of D and M,, (Egs. 3, 4) for the PP/KF and
PBS/KF composites are tabulated in Table 5. The equi-
librium moisture uptake, M,, for neat PP and PBS were
very low due to the hydrophobic nature of the materials.
The addition of KFs to the PP and PBS matrices increased
the values of D and M,, dramatically. Higher water diffu-
sion was observed in the composite due to the tendency of
the KFs to absorb water. The accessible hydroxyl groups in
the cellulose fiber have been reported to promote hydrogen
bonding with water molecules, thus, increasing the mois-
ture content [34, 35]. The reduced intermolecular bonding
between the fiber and the matrix could lead to deterioration
of the mechanical properties for the wet composites
[9, 12, 36] Some literature reports have indicated that better
interaction of natural fiber and polymer matrix with the
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Fig. 6 Water absorption curves of the PP/KF and PBS/KF compos-
ites over 60 days of water immersion

presence of a compatibilizer could reduce the existing gaps
between the fiber and the matrix, thus restricting the pathway
for water within the composite [37]. This finding was also
observed in the compatibilized PP/KF composites. Com-
patibilizers create better interaction between the matrix and
the fiber. Hence, fiber wetting by the PP matrix was more
effective. The better encapsulation of the fiber by matrix
inherently reduces the water absorption of the composite by
suppressing the number of accessible hydroxyl groups when
the composite is exposed to water [38]. Furthermore, the
formation of ester linkages between the MA functional
groups and the hydroxyl groups of the KFs could contribute
to the lower water uptake by the composite, as mentioned by
Mohanty et al. [15]. The PBS/KF composites had lower
water absorption at equilibrium compared to the PP/KF
composites. This is probably due to the larger separation
between the fiber and PP matrix which could act as capil-
laries for water to travel across the bulk of the PP/KF com-
posites. High water absorption in composites causes
undesirable losses in material mechanical properties. The
mechanical properties after water absorption will be the
subject of our forthcoming publications based on the
hydrolytic degradation of these composites at various tem-
peratures. These detrimental effects are derived from deb-
onding, delamination and cracking in composites subjected
to prolonged immersion in water [39].

Morphological Analysis

The SEM micrographs in Figs. 7, 8 reveal KFs protruding
from the fractured surfaces of the PP and PBS composites.
Poor interfacial adhesion was clearly observed in the small
gaps between the matrix and the fibers for the PP/KF
composites without the addition of PP-g-MA (see Fig. 7a).
Similar debonding of the fibers from the matrix was also
observed in the PBS/KF composites as indicated in Fig. 8a.
As discussed previously, the PP and PBS matrices have
low compatibility with KF due to differences in polarity.
Therefore, these matrices were unable to provide good
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Table 5 Time taken to achieve equilibrium, water absorption at equilibrium (M,,,) and diffusion coefficient (D) obtained from water absorption

testing of the PP/KF and PBS/KF composites

Sample Time taken to achieve Water absorption at Diffusion coefficient, Slope of log (M/M,,,)
equilibrium, ¢, (h) equilibrium, M,, (%) D (x107'2 m%s) vs. log t, n
PP 147 0.10 £ 0.01 0.10 = 0.01 0.380
PP/KF 803 17.82 £ 045 1.26 £ 0.15 0.713
PP/KF/MA 625 11.13 £ 0.53 0.87 £ 0.12 0.582
PBS 250 0.97 £ 0.03 1.45 £ 0.21 0.486
PBS/KF 369 6.37 £ 0.29 247 £0.20 0.729
PBS/KF/MA 323 5.56 £ 0.24 2.07 £ 0.20 0.568

Lo}

Fig. 8 SEM micrographs of the flexural fracture surface of the PBS/KF composites a without PBS-g-MA and b with PBS-g-MA

wetting for the fibers without the introduction of a
compatibilizer.

Compatibilizers were introduced to promote better
adhesion between the fibers and the polymer matrix. As a
result, the fiber-matrix gap was nearly absent, clearly
showing that PP-g-MA and PBS-g-MA do induce better
wetting of the KFs with the matrix, as shown in Figs. 7b,
8b respectively. As reported by Bledzki et al. [38], fiber
pull out and debonding during fracture were reduced
tremendously due to the compatibilization effect. Stronger

interaction may effectively transfer and disperse stress,
thus improving the mechanical properties of the compos-
ites, as seen in Fig. 3 [2, 22].

Conclusions
The flexural strengths of PP and PBS composites deteriorated

with the addition of KFs to the systems. However, the flexural
strength improved significantly with the aid of MA-grafted
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compatibilizers. This is mainly due to improved interfacial
bonding between the matrix and the fibers. The flexural
moduli were also found to increase in KF-filled composites.
However, there were several disadvantages to incorporating
natural fibers such as kenaf in a composite. The thermal sta-
bility was reduced and the water absorption rate was greater
for the composites with addition of KFs. With compatibili-
zation, the thermal stability of a composite was maintained,
but the water uptake was reduced, even with prolonged
immersion in water. PBS composites possessed higher flex-
ural strength and lower water absorption at equilibrium as
compared to PP composites. However, the PBS composites
had lower thermal degradation temperature as proven from the
TGA analysis. These results display the potential utility for
PBS composites in replacing PP composites in applications
that do not require extreme thermal exposure and where bio-
degradability is of crucial consideration.
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