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ABSTRACT: Composites were fabricated with poly(lactic acid) and oil-palm empty-fruit-bunch (EFB) fibers with extrusion; this was
followed by an injection-molding technique. Before compounding, the surface of the fiber was modified through ultrasound and pol-
y(dimethyl siloxane) (PDMS). The influences of the ultrasound and PDMS on the water absorption and biodegradability of the com-
posites were investigated. Additionally, the composites were buried under soil for 6 months, and their biodegradability was assessed
through different characterization techniques, such as tensile testing and weight loss and diffussability measurement. The changes on
the surface of the fibers due to treatment were examined by scanning electron microscopy analysis, and the influences on the biode-
gradability of the composites were observed. Functional group analysis and possible changes before and after degradation were also
examined by a Fourier transform infrared spectrophotometric technique. The results analyses revealed that the treatment of fibers
improved the density of the fibers and reduced the water uptake of the composites. The overall weight loss due to soil burial testing
was found to be maximum for the untreated-fiber-based composites (6.8%), whereas the ultrasound- and silane-treated composites
showed the minimum value of weight loss (3.7%). The deterioration of the tensile strength due to degradation was found to be at a
maximum for the untreated-fiber-based composite (27%), whereas the ultrasound- and silane-treated-fiber-based composites showed

a minimum value of 8%. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42784.
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INTRODUCTION

Over the years, a lot of disturbance and damage has been expe-
rienced by the ecosystem as a result of advancing technology,
which has promoted the use of more nondegradable materials.
This threat to the environment has become huge, to the extent
that much legislation on sustainability to favor the environment
is being enacted by the day. Manufacturing industries, especially
the packaging, construction, and automobile industries, are,
therefore, involved in a compulsory search for new environmen-
tally friendly biodegradable alternatives that can effectively
replace their conventional synthetic nonbiodegradable counter-
parts. Thus, the production of cheap and environmentally com-
pliant engineering materials is being sought as the most feasible
and convenient alternative." This could be possible through the
incorporation of natural fiber as reinforcements in polymer
composites for the fabrication of degradable plastic composites.”
On the basis of these advantages of natural fibers, which also
include low cost, biodegradability, low density, and desirable
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mechanical properties, several composites materials have been
fabricated. Natural fibers, such as jute, sisal, hemp, pineapple,
coir, abaca, date palm, kenaf, and oil-palm empty-fruit-bunch
(EFB) fibers, have been used for composite fabrication.?

EFB fiber is a hard and tough fiber, which is in many ways sim-
ilar to coir fiber,® and the surface of EFB fibers has many pores;
these offer it great interlocking properties with the polymer
matrix during composite fabrication. However, the presence of
its porous surface morphology could lead to high water absorp-
tion by capillary action whenever it is exposed to water.” More-
over, the hydrophilic tendencies of EFB fibers could lead to
poor interfacial bonding between the fibers and the matrix dur-
ing composite fabrication.® It is, therefore, necessary to apply
appropriate surface modification through physical or chemical
processes to enhance the adhesion between the hydrophilic
fibers and the hydrophobic matrix.> One chemical treatment
method that has proven to have a high effectiveness for fiber
surface modification is treatment with ultrasound and silane
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coupling agents.”® In a different study, alkali treatment was car-
ried out followed by silane modification of EFB-fiber-based pol-
y(lactic acid) (PLA) composites.9 Result analysis revealed
improved interfacial adhesion as result of enhanced mechanical
properties of the formulated biocomposite. Similar results were
obtained by other researcher for PLA-based biocomposites.'
Except for the interfacial adhesion between the fibers and
matrix, the brittleness of the PLA-based composites were found
to be reduced through an increase in toughness due to the
incorporation of different fibers as fillers for PLA-based
composites.'!

On the other hand, PLA is a thermoplastic polymer that is
degradable. It possesses desirable mechanical properties, and it
has begun to be produced on a large scale through the fermen-
tation of lactic acid from corn followed by chemical polymeriza-
tion. The degradability of PLA comes from its ability to be
broken down into carbon dioxide, water, and some other
smaller molecules in the environment' within a period of sev-
eral months to around 2 years. Other petroleum-based plastics,
however, need 500-1000 years to fully degrade in the environ-
ment. Although the biodegradation of PLA and its composites
is often said to be a complex phenomenon with a relatively
slow rate, PLA can, however, be biodegraded into water and
carbon dioxide under composting conditions.'>'? The degrada-
tion process can be enhanced by the stimulation of an acidic or
basic environment and in the presence or with contact with
high moisture and high temperature."*'> The hydrolytic degra-
dation of PLA-based rice hull composites were analyzed, and
the result show that degradation depended mostly on a higher
water temperature.'® The molecular weight of PLA decreased
from 153.1 kDa to 10.7 kDa with hydrolysis of the ester group.

Biodegradation studies of polymer composites have revealed
that moisture absorption is a common phenomenon with all
composites a humid atmosphere or whenever they are
immersed in water. This often leads to degradation at the inter-
facial regions of the fiber and matrix and creates reduced stress-
transfer efficiency and a possible subsequent reduction in both
mechanical and dimensional properties.” Generally, the diffusion
of moisture in polymer composites is governed by three mecha-
nism vis-a-vis the flow of water molecules into the microcracks
between the polymer chain and the transport of water through
capillarity action into cracks and gaps at the fiber—matrix inter-
facial region."” This is often due to poor mechanical bonding
during composite fabrication and, last, the transport of micro-
cracks within the composite, arising from fiber swelling within
the composite. These factors could instigate undesired degrada-
tion of composite materials if they are not properly managed.

The objective of this study was to investigate the role of fiber
treatment in the degradation behavior of PLA and its compo-
sites with EFB fibers through water uptake and soil burial analy-
sis. EFB fibers, which were surface-modified through concurrent
ultrasound and poly(dimethyl siloxane) (PDMS) treatment,
were incorporated into a PLA matrix for degradation analysis.
The effects of fiber treatment on the biodegradation of the com-
posites and the consequences of biodegradation on the mechan-
ical properties of the composite were also investigated.
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Materials

EFB fibers were collected from LKPP Corp. Sdn. Berhad Kuan-
tan (Malaysia). PLA (3051D biopolymer grades of Nature
Works Ingeo) was purchased from Unic Technology, Ltd.
(China). The supplied PLA had a melt flow index density of
30-40 g/10 min (190°C/2.16 kg), a melting temperature of 160—
170°C, a density of 1.24 g/cm’, and a molecular weight of
204,453 g/mol. Sodium hydroxide (analytical grade), acetic acid,
and acetone were procured from Merck (Germany), whereas
PDMS was purchased from Sigma Aldrich. PDMS is a colorless
liquid with a viscosity of 3.0 cSt, a relative density of 1.0 g/cm’
(at room temperature), a flash point of 85°C, and a boiling
point of 177°C/760 mmHg.

Methods

Fiber Treatment and Composite Fabrication. The treatment of
EFB fiber was carried out through modification with ultrasound
followed by silane treatment. For ultrasound treatment, the
fibers were weighed and put into a beaker containing a solution
of 2 wt % NaOH to maintain a fiber-to-water ratio of 1 : 20.
The beaker and its content were placed inside an ultrasound
bath (CREST Ultrasonics), and treatment was conducted at
90°C for 100 min at an ultrasound power of 9 W/cm®. The
treated fibers were thoroughly washed in a water flow to remove
excess alkali. As washing was continued, a few drops of a very
dilute acetic acid solution were added until the waste wash
water no longer revealed signs of alkalinity, that is, until pH 7
was reached. Furthermore, ultrasound-treated empty-fruit-
bunch fibers (UTFs) were treated with PDMS. For this treat-
ment, the fibers were soaked in a solution of water and acetone
(50 : 50 v/v) containing 1% PDMS for a period of 2 h. To pre-
vent adverse effects due to the higher amount of silane on the
mechanical properties of the formulated composites, 1% of sil-
ane was used.'® Silane-treated empty-fruit-bunch fibers (STFs)
were left in air for 24 h to complete the condensation reaction,
after which they were dried in an oven for 8 h at 60°C and
stored in plastic bags for further analysis. The dried fibers were
cut into a length of 2-3 mm for the compounding process. The
diameters of the untreated fibers were 0.14-0.15 mm, whereas
the diameters of the treated fibers were found to be 0.11-
0.12 mm.

The composites were fabricated from untreated or treated EFB
fibers and PLA, with each composite category containing 30 wt
% fiber. A primary screening of the extrusion process was car-
ried out to understand the maximum loading of the fiber that
could easily be extruded. We found that up to 30% fiber could
be loaded into PLA with a smooth extrusion process. Greater
fiber loadings were found to be difficult to extrude. The fibers
(90 g) were mixed with PLA (210 g) and were fed into the
extrusion process at 190°C. The extruded samples were cut to
2-3 mm in size and fed into injection-molding process at the
same temperature. Samples prepared for further studies
included raw empty-fruit-bunch fibers (RFs), UTFs, STFs, pure
PLA, poly(lactic acid)/raw empty-fruit-bunch composites
(PRFCs), poly(lactic acid)/ultrasound-treated empty-fruit-bunch
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composites (PUTFCs), and poly(lactic acid)/silane-treated
empty-fruit-bunch fiber/poly(lactic acid) composites (PSTFC).

Mechanical Testing. Tensile testing was conducted on the PLA/
EFB composites before and after degradation tests. The prepara-
tion of the tensile test samples was carried out according to ASTM
638-08. The dimensions of the samples were 125 X 12.5 X
33 mm’. Testing was carried out on tensile samples with a
65-mm gauge length with a Shimadzu universal tensile machine
(model AG-1) with a 5-kN load cell running at a crosshead speed
of 10 mm/min. The averages were taken for five replicate samples
to obtain the tensile strength (TS) and tensile modulus (TM) for
each category of composites.

Scanning Electron Microscopy (SEM). The surface morphol-
ogy of the EFB fibers before and after modification and the
surface morphology of the tensile samples of the PLA/EFB
composites before and after exposure to natural degradation
conditions were examined. The observation was carried out
with the help of a Zeiss EVO 50 scanning electron micro-
scope. The test samples were initially air-dried to make them
moisture-free, after which they were sputter-coated with gold
before SEM observation to prevent electrical discharges dur-
ing testing.

Fourier Transform Infrared (FTIR) Spectroscopy. Functional
group analysis was carried out for the EFB fibers before and
after modification. This was also performed for a representative
PLA/EFB composite before and after exposure to natural degra-
dation conditions. An FTIR spectrophotometer (model
THERMO) fitted with OMNIC software was used to obtain the
IR spectrum with the standard KBr technique with a scanning

wavelength range of 700-4000 cm ™.

Density Measurement. Density measurement was conducted
for the RFs, UTFs, and STFs and their respective composites to
obtain the mass occupied by a unit volume of the sample. Den-
sity measurement was carried out with the help of a gas pyc-
nometer (model Mycromeritics, AccuPyc 11 1340). Inert helium
gas was allowed to pass through each sample, which weighed
about 2—4 g. From the density data, the volume fraction of the
void (V,) within the composites was calculated with eq. (1):*

szl—pc (Wﬁber + Wmatrix) (1)
Pfiber

Pmatrix

where p, is the composite density; Wiper Winatrio Pfiber and
Pmatrix are the weight percentages of the fiber (%), the weight
percentage of the matrix (%), the density of the fiber (g/cm’),
and the density of the matrix (g/cm3 ), respectively.

Water Uptake Analysis. Water uptake analysis was carried out
on an injection-molded tensile sample of the PLA/EFB compos-
ite to study the moisture resistance capacity of the composites
with respect to the fiber treatment. The tensile samples were
immersed in distilled water at room temperature for a period of
150 days. The initial weight of the samples was noted before
immersion, and the weights were taken for each sample at regu-
lar time intervals. The water uptake (%) was determined from
eq. (2) as follows:
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Wi—=W;
2 100 2)
W,

i

Moisture content (%)=

where W; is the initial weight taken for the sample before
immersion and Wy is the final weight after immersion for a par-
ticular period.

Soil Burial Analysis. Outdoor soil burial analysis was carried
out by the placement of the tensile samples of the PLA and
PLA/EFB composites under soil for a period of 6 months. Test
samples were buried at a depth of 10 cm with a regular supply
of water to keep the soil moist. The samples were taken out at
regular time intervals for SEM examination. After the burial
period, the samples were washed with distilled water, lightly
wiped with tissue paper, and dried to a constant weight at 60°C
before measurements were taken for the final weight. The over-
all weight loss (Wj.) with respect to soil burial was determined
as follows:

Vvinitial - Wﬂnal

Wioss = X100 (3)

initial

where Wi, is the weight of the sample before soil burial and
Whinar is the weight of the sample after soil burial. Tensile testing
was conducted on samples after the burial period as described
previously. Because water absorption is one of the major con-
tributing factors toward the natural degradation of polymer
composites, the diffusion coefficient for each composite cate-
gory was also calculated with eq. (4) as follows:"®

L ) : ( Mﬁnal_Minitial )2 (4)
4Mm \/ﬁ vV Linitial

where h is the thickness of the sample (mm), Miyiia and Mg
are the mass concentrations of moisture before and after analy-
sis, respectively; M, represents the level of saturation; and il
and tg,, represent the initial and final times of analysis, respec-
tively. By plotting the graph of the mass gain due to water sorp-
tion versus the square root of time, the diffusion coefficient can
be evaluated as the slope of the line:*

Diffusion coefficient=n (

ho\2
Diffusion coefficient=n ( M ) (Slope of regression line)*  (5)

m

RESULTS AND DISCUSSION

FTIR Analysis of the Fibers

The FTIR Spectra for the RFs, UTFs, and STFs are illustrated in
Figure 1. Spectra for the fibers before and after surface modifi-
cation were observed to be similar in many ways. Some of the
conspicuous peaks included the broad peak at 3500-3200 cm ™ ';
this represented the characteristic stretching vibrations of
bonded —OH groups (circled). The peak around 2925 cm™'
represented the stretching vibrations of the methyl and methyl-
ene components of the EFB fibers. The splitting observed for
this peak with respect to the treated EFB fibers suggested a cer-
tain structural modification to the fiber; this was perhaps due
to the removal of certain noncellulosic components from the
fibers after treatment. Specifically, the spectrum for the STF
fibers also revealed a certain peak at 864 cm™ ', which is often
attributed to Si—O asymmetric stretching in Si—O—Si or cellu-
lose —O—Si bonds.”' The presence of this peak suggested that
some condensation reactions might have occurred between the
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that the chemical composition is restructured to become less sus-
ceptible to biodegradation. For the STFs in Figure 2(iii), the
2918  3200-3500 impartation of PDMS on the fiber surface manifested in the
/ - form of light films upon the opened pore spaces. This was signif-
ot icant because it helped to weaken the hydrophilic tendencies of
the fiber through a reduction in the number of persistent
hydroxyl groups on the fiber surface via a condensation reaction.
The compatibility between the PLA matrix and EFB fibers, there-
fore, increased more.”” In effect, the biodegradation of compo-
sites reinforced with these fibers could be greatly reduced, and
they would also reveal a reduced weight loss, even after exposure
to environmental conditions, as reported elsewhere.**

"'3200-3500

Absorbance (a. u.)

T T T T T T
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™')
Figure 1. FTIR spectra of the RFs, UTFs, and STFs.

cellulose —OH groups of the fiber and hydrolyzed silane
because of the treatment with PDMS. A similar peak was also
observed for silanized jute fibers by other researchers.”> Overall,
the most conspicuous change to the spectra of the RFs with
respect to fiber treatment was the disappearance of the peak
around 1729 cm™! from the spectra of the UTFs and STFs.
This peak was attributed to the carbonyl (C=O) stretching of
the acetyl and carboxylic acid components of the hemicellulose
and lignin portions of the EFB fibers.”> The disappearance of s ey,
this peak could be attributed to the removal of a reasonable — Mag= 300X 1Probe= 50pA _ WD=7.0mm i
portion of hemicellulose and lignin from the EFB fibers with
respect to surface modification. Furthermore, this suggests that
surface modification might have enhanced the ionization of
EFB —OH groups to alkoxide, as stated in the literature.” The
presence of a large number of cellulose hydroxyl groups in natu-
ral fibers was the major contributing factor toward the fiber
hydrophilic tendencies. Ionization of these hydroxyl groups
therefore reduced the inherent hydrophilic properties of the
fibers. This was a highly desirable phenomenon because the
reduced hydrophilicity of the EFB fibers due to fiber treatment
could enhance the compatibility between the fiber and hydro-
phobic polymer matrices. Moreover, there was a higher possibil-

ity for reduced biodegradation of composites when the — . Tobon ook WO a0
reinforcing fibers were surface-modified.**

SEM Analysis of the Fiber

Figure 2 shows the SEM images of the RFs, UTFs, and STFs. The
surface of the RF [Figure 2(i)] was composed of covered pores
with a large portion of debris on the surface. Some of the materi-
als covering the fiber surface might include noncellulosic substan-
ces, such as pectin, wax, and lignin. UTFs [Figure 2(ii)] can,
however, be seen to reveal open pores with cleaner and rougher
surface morphologies. This indicated that certain proportions of
noncellulosic materials were removed through ultrasound treat-
ment. The removal of these materials was necessary to enhance
the EFB/PLA interfacial adhesion as it facilitated the bonding
reaction and mechanical interlocking between the fiber and

EHT = 5.00 kV Signal A = SE1 Date 1 Juims PR

matrix due to exposure of the fiber cellulosic —OH to PLA — Mag= 300X IProbe= 50pA  WD=8.0mm
matrix.** Furthermore, the removal of the noncellulosic compo-
nents could lead to the structural modification of the fiber such Figure 2. SEM images for the (i) RFs, (ii) UTFs, and (iii) STFs.

MA‘d\T%u"} WWW.MATERIALSVIEWS.COM 42784 (4 of 11) J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42784
1


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table I. Densities Values Measured for the EFB Fiber and PLA/EFB
Composites

Fiber Density Composite Density
code (glem®) code (g/em®)
RF 1.3910 PLA 1.2576
UTF 1.4916 PRFC 1.3003
STF 1.4672 PUTFC 1.3207
PSTFC 1.3438

Density of the Fibers and Composites

The density values measured for the RFs, UTFs, STFs, PLA,
PRFCs, PUTFCs, and PSTFCs are presented in Table I. Among
the fiber types, the UTFs possessed the highest density followed
by the STFs, and the lowest density belonged to the RFs. The
higher density of the UTFs compared to the RFs could perhaps
have been due to the removal of noncellulosic portions, such as
lignin, waxes, and hemicellulose from the fiber after treatment
with ultrasound. This might have led to some structural modifi-
cations within the fiber and favored the crystalline cellulose,
causing it to rearrange in a more ordered structural manner.
The reordering could, therefore, increase the bulk density by
reducing the surface volume.”**” As for the lesser density of the
STFs compared to the UTFs, the reason for this could be associ-
ated with some direct condensation reaction; this might have
occurred between the silane (PDMS) and cellulose —OH groups
of the fiber, as reported elsewhere for silanized jute fibers.*”
Most often, silane treatment tends to reduce the number of
available crystalline cellulose through a certain disruption of the
cellulose arrangement. This could, therefore, favor more of the
amorphous cellulose and invariably leads to the reduced overall
fiber density.*®

On the other hand, the density of PLA and the composites can
be seen to follow the order PLA < PRFC < PUTFC < PSTFC.
Obviously, all of the composite possessed higher densities than
PLA; this could have been due to the higher density of the EFB
fibers (1.3910, 1.4916, and 1.4672 g/cm3 for the RFs, UTFs, and
STFs, respectively) compared to PLA (1.2576 g/cm’). This also
conforms to the finding of other researchers, who reported
higher densities of composites with increasing fiber content,*®
and therefore associated the increasing density with the higher
density of the fiber at a higher loading. However, among the
composite categories, the treated fiber composites possessed
higher densities. This suggested the effective removal of less sig-
nificant noncellulosic components from the fiber surface and
might have increased the surface adhesion between the PLA and
the fiber. This increased interfacial adhesion through reduced
fiber size (diameter) could permit more of the fiber to occupy a
lesser volume. Thus, the overall bulk density of the composites
based on the treated fibers could, therefore, be higher than
those of the composites based on untreated fibers.”® We also
found that the PSTFCs possessed higher densities than the
PUTEFCs. The reason for this could have been due to the greater
possibility for the transcrystallinity of the STFs within the poly-
mer matrices; this often made the density of the STF-based
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composites to be notably raised. The transcrystallinity of kenaf
fibers within the polypropylene matrix was also reported

elsewhere.?’

FTIR Analysis of the Composites

Because all of the buried composites revealed similar spectra, an
exemplary spectrum for the most degraded composite (PRFC)
before and after soil burial is presented in Figure 3. The general
observed peaks included a broad peak from 3500 to 3200 cm ™',
which represented H-bonded —OH stretching. This was shifted
to a higher wavelength with a broader peak after the degrada-
tion test; this suggested an increase in the number of hydrogen
bonds, perhaps because of interactions between —OH groups of
the fiber and water molecules during the analysis period. Dur-
ing composite fabrication, surface interaction between the PLA
and EFB fibers often arise as a result of hydrogen bonding
between the EFB —OH groups and C=0 from the ester linkage
in PLA.” One could, therefore, suggest that the biodegradation
of the PLA/EFB composites might have occurred through the
cleavage of the hydrogen bonding. The cleavage of this bond
invariably led to the presence of excess polar hydroxyl groups
on the composite interface when it was being solvated by water
in the soil. Thus, hydrogen bonding with water was favored.
The peak around 2900 cm ™' was assigned to the C—H stretch-
ing vibrations of the methyl and methylene components of the
EFB fiber cellulose and hemicellulose. This was observed to
have shifted to a lower wavelength after biodegradation and
suggested the possible degradation of a certain portion of the
amorphous components of the EFB fibers during the soil burial
period. The appearance of the peak around 1600 cm ™! after the
soil burial period suggested that the hydrolysis of ester bonds in
PLA might have produced some byproducts of degradation on
the composite surface. The other observable change to the spec-
trum after biodegradation was the disappearance of the
shoulder peak at 1128 cm™'; this represented the C—O stretch-
ing of carboxylic acid and esters. This was attributed to the
hydrolysis of the PLA ester bonds, which may have led to cleav-
age at the chain ends of PLA during soil burial. This might also
have partly contributed to the degradation observed for the
PLA/EFB composite as revealed by the SEM images.

3200-3500

Absorbance (a. u.)

2949
Befi
efore “

¥ T p T ¥ T T T T T T T Y
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)
Figure 3. FTIR analysis of the PRFC before and after soil burial analysis.
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Figure 4. SEM images of the (i) PLA, (ii) PRFC, (iii) PUTFC, and (iv) PSTFC before soil burial.

SEM Analysis of the Composites

The SEM images of the outer surfaces of the PLA, PREFC,
PUTEC, and PSTEC tensile samples before soil are shown in
Figure 4. As expected, the surface of the PLA matrix was
smooth to a large extent; this was perhaps due to the absence
of reinforcing fillers in the sample. The surfaces of the PRFCs
and PUTFCs were, however, composed of some opened pores.
The greater number of pores and defects were found on the sur-
face of the PRFCs; this indicated the improper encapsulation of
the RFs by the PLA matrix. This suggested that there was poor
wetting of the RF surface by the matrix during compounding;
this was perhaps due to possible low interfacial adhesion
between the surfaces of the hydrophilic fiber and its hydropho-
bic matrix counterpart.’® The surfaces of the PUTFCs and
PSTFCs were interestingly seen to reveal almost no opened
pores; this suggested improved mechanical interlocking between
the fiber and matrix. This might have been possible with the
help of surface modification, which led to improved compatibil-
ity between the surfaces of the fiber and matrix, as reported
elsewhere.”
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On the other hand, the surface morphologies of the PLA,
PRFCs, PUTFCs, and PSTFCs after partial degradation due to
soil burial are revealed by the SEM images in Figure 5.
As shown in these images, degradation began from the surface
inward; this indicated that the depth of degradation experienced
by each composite category depended on the susceptibility of its
surface. The surface of the pure PLA [Figure 5(i)] was relatively
smooth with not much significant degradation except for some
slight surface erosion; this might have arisen from processing
and handling during analysis. Most often, microorganisms that
degrade PLA are not readily distributed in the natural environ-
ment, as explained in the literature.>® This might, therefore,
have reduced the susceptibility of PLA to microbial attack dur-
ing the soil burial period. However, for all of the composites
containing EFB fibers, various degrees of degradation were
observed. This suggested that presence of EFB fibers and the
interface of the EFB/PLA composite might have provided an
avenue for water ingression into the composite and facilitated
the growth of microbes; this, thereby, led to the gradual degra-
dation of the matrix, as reported by other researchers.’'
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Figure 5. SEM images of the (i) PLA, (ii) PRFC, (iii) PUTFC, and (iv) PSTFC after soil burial.

Significant partial degradation was observed for the composites
in the order PRFC > PUTFC > PSTFC. As a general observation,
most of the microorganisms that are found in soils are mostly
active toward hemicellulose, especially when environmental con-
ditions are suitable for their growth.”” This could have been the
reason for the reduced biodegradation, as revealed by the
treated-fiber-based composites; this was perhaps due to the ini-
tial removal of certain proportions of the hemicellulose during
fiber treatment. Furthermore, the increased compatibility and
interfacial bonding of the treated fiber with the PLA matrix
might have served to strengthen the fiber-matrix interface and,
thereby, prevented the ingress of water and restricted microbial
growth on the composite surface. The slow degradation of
PSTFC among other composites was, however, noteworthy and
could be accrued to the condensation reaction; this reduced the
number of pendant hydroxyl groups on the fiber surface as
described previously. The fiber, therefore, became more hydro-
phobic as a result of the hydrophobic characteristics imparted
by PDMS. With this, water molecules were effectively prevented
from hanging on the composite surface such that there was no
suitable environment for microbial growth on the composite
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surface.’” In general, the nature of fiber modification and the
nature of the surface were the major factors that influenced the
biodegradation of the composites.

Weight Loss

The effect of soil burial on the overall weight loss of the PLA/
EFB composites is summarized in Figure 6. Comparing the
weight loss of these composites with that of the pure PLA
matrix, we observed that there was reduced weight loss with
respect to that of pure PLA (<1%) compared to the compo-
sites. The weight losses of the composites were in the order
PRFC > PUTFC > PSTFC. The overall weight losses were 6.8,
5.0, and 3.7% for PRFC, PUTFC, and PSTFC, respectively.
Because water sorption is one of the determinant factors for the
degradation of the composites with respect to soil burial, the
reduced weight loss of the treated-fiber-based composites, espe-
cially PSTFC, were attributed to the same effect discussed in the
previous section. The diffusion of water into the composite
could provide a suitable environment that could promote
microbial activities and the hydrolysis of the composite mate-
rial. The very low weight loss observed for PLA indicated
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Figure 6. Effect of soil burial on the weight loss of the PLA and PLA/EFB

composites.

T
PSTFC

reduced degradation of PLA, perhaps because of the slow
hydrolysis rate of PLA, especially at reduced temperatures, as
reported elsewhere.”> On the other hand, the incorporation of
EFB fibers increased the overall weight loss for the composites.
This indicated that the presence of natural fibers raised the
water sorption and created a rougher platform that could sup-
port the growth and activity of the microbes on the composite
surface.” The possible mechanism of degradation of the com-
posites could be depicted, as illustrated in Scheme 1.

Tensile Properties

Figure 7 shows the effect of soil burial on the tensile properties
of PLA and its composites with treated and untreated EFBs.
Both TS and TM followed the same pattern. There were observ-
able decreases in TS and TM after the soil burial period. The
largest drop in properties was obtained from the untreated fiber
composite (PRFC), which showed up to about 27 and 35%
reductions in TS and TM, respectively. This suggested that
PRFC was more vulnerable to biodegradation compared to the
treated fiber composites. This was attributed to the combined
effect of the hydrolysis of the PLA matrix and the degradation
of the PLA/EFB interface. As explained previously, the exposure
of the EFB fibers on the surface of PRFC promoted the sorption

0 /O—H E0 o

=, EE—— CH
J’L C4Hy HiiCo ;&“ _— H11C5+0 CiHy

HyC; O ¢
0 H/G\HD
Ester group H/ H

0
H 0
s » HiCs 0«_0ng —_— )L + HCy~OH
o | HiCs OH
WooR 1155
Carboxyl end group Alcohol end group

Scheme 1. Possible mechanism of degradation of the PLA-based
composites.
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of moisture by the composite. It also led to the formation of
microcracks on the composite surface. The diffusion of water
through these cracks via capillarity action adversely damaged
the fiber—matrix interface and weakened the bond between the
fiber and the matrix. In effect, the tensile properties of the com-
posite were adversely affected.® In general, the observed
decrease in the mechanical properties of the composites after
degradation was associated with the possible presence of the
void within the composite, especially for the untreated-fiber-
based composites. The presence of these voids could have been
a result of poor interfacial interlocking between the fiber and
polymer matrix. These voids could, therefore, serve as concen-
tration points for stress, such that there was a higher tendency
for composite failure.

Void Content and Water Uptake Analysis

To establish the level of interfacial adhesion in the composites,
the percentage void content was calculated with eq. (1). We
found that the void contents of the composites were 4.22, 0.69,
and 0.02% for PRFC, PUTFC, and PSTFC, respectively. Evi-
dently, the number of voids in the composites was in the order
PSTFC < PUTFC < PRFC. This explained the reason for the

90
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Tensile strength (MPa)
8
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2800 -
2600 4 [ZZZ] Before
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2200
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Samples
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Figure 7. Effect of soil burial on the (i) TS and (ii) TM of the PLA and
PLA/EFB composites.

PSTFC
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higher weight loss and larger percentage drop in the mechanical
properties of the untreated-fiber-based composites (PRFCs). As
water molecules diffused into these voids, the initial fiber—
matrix adhesion became increasingly weakened; this led to the
reduced mechanical properties in the composites. A similar
observation was also reported by other researchers.”**** Fur-
thermore, as reported in previous section, the rate of water dif-
fusion into these cracks through the pore holes on the
composite surface determined to a larger extent the rate of swel-
ling within the composite. Swelling then caused the fibers to be
forced out of the matrix, leaving behind holes, as revealed by
the SEM images. These holes, therefore, hindered the effective
transfer of stress along the composite length during mechanical
testing and led to reductions in the tensile properties.

The water uptake values for the PLA and PLA/EFB composites
are shown in Figure 8. Water sorption for all of the samples
was observed to increase linearly as the soaking period increased
with the initial rapid water uptake at the early stage of soaking.
The water uptake depended on the hydrophilic nature of the
fibers, the amount of fiber loading, the exposed area, the void
content inside the composite, the surface protection, and inter-
facial adhesion between the fibers and the matrix.’® There are
three concepts established for the water uptake mechanism
based on the relative mobility of the penetrant and the polymer
segments because of their Fickian, anomalous, and intermediate
behavior. According to Fickian behavior, the water uptake fol-
lowed a faster rate followed by an equilibrium trend of absorp-
tion. The absorption decreased slowly as the soaking period
increased further and tended toward saturation after a pro-
longed soaking period, conforming to a Fickian diffusion
process. A similar phenomenon was also observed for kenaf-
fiber-reinforced polypropylene composites during water absorp-
tion analysis by some other researchers.”**”?® All of the
composites could also be seen to absorb more water compared
to pure PLA, and the trend of water absorption for the compo-
sites was in the order PRFC > PUTFC > PSTFC. This phenom-
enon was attributed to the water uptake properties of the EFB
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fibers. Natural fibers manifest hydrophilic tendencies because of
their abundant hydroxyl groups, which are able to interact with
water molecules. The reduced water absorption was observed
treated-fiber-based composites, with the largest
reduction obtained from the STF composite (PSTFC). This was
attributed to reduced hydrophilicity of the EFB fibers with
respect to surface modification through ultrasound and silane
treatment. The inherent hydrophilic nature of natural fibers
often leads to swelling and increased water absorption of their
thermoplastic composites when they are exposed to moisture.
Worst still is the condition if there is poor adhesion between
the fiber and polymer matrix.*>*® Thus, the surface modifica-
tion of the EFB fibers might have led to improved fiber—matrix
interaction and effective bonding of the PLA matrix on the sur-
face of the fiber, such that number of available pores through
which water could diffuse into the composites was reduced.
Interestingly, the silane-treated composites (PSTFC) revealed the
lowest water absorption; this was perhaps due to the hydropho-
bic nature of PDMS combined with the coupling effect it ren-
dered to the fiber—matrix interface. The coupling effect of
PDMS might have enhanced the effective shielding of the EFB
fibers by the PLA matrix such that few or no pores were opened
for water diffusion into the composite. Also, the water-repelling
tendency of PDMS might have prevented water molecules from
hanging onto the composite surface and, thereby, reduced its
absorption. This conformed to the suggestion elsewhere that a
reduction in composite water absorption is highly achievable,
mainly with compatibilizers, which tend to react with the —OH
groups of the fiber.*’ On the other hand, the higher water
absorption noticed for the untreated fiber composite (PRFC)
could have been a result of the possible incomplete encapsula-
tion of the RFs by PLA during compounding. This might have
arisen from poor bonding at the interface of the untreated EFB
fibers and the PLA matrix; this, thereby, led to exposure of the
many fibers on the composite surface and a larger possibility
for microvoids on the composite surface. The availability of
more polar hydroxyl groups of the fibers on the surface of
PRFC could, therefore, have been responsible for the formation
of hydrogen bonds with water. Furthermore, the microvoids
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served as diffusion points through which water molecules could
flow into the composite and, thereby, increased the swelling and
thickness of the composite.*?

Furthermore, the diffusivity of water into the composites during
soil burial period was calculated with eq. (4). Figure 9 repre-
sents the diffusion coefficient for each composite category on
the basis of Fick’s law of diffusion. The diffusivity of water into
the samples followed the order PLA < PSTFC < PUTFC < PRFC.
The reduced diffusivity of water into the STF-based composite
(PSTFC) indicated the increased hydrophobicity of the compo-
sites with respect to fiber treatment with silane. The condensa-
tion reaction between the silane and hydroxyl groups of the
fiber cellulose might have reduced the hydrophilic properties of
the fibers and, thereby, reduced their tendency for water absorp-
tion. Overall, reduced water absorption would have helped
restrict the swelling of the fibers within the composite, such
that the mechanical properties could be retained, as confirmed
by the tensile test results. This was because swelling often has
adverse effects on the mechanical properties of natural fiber-
reinforced composites. Composite swelling and fracture was
reported elsewhere when kenaf fiber composites prepared with
tributyl citrate plasticized cellulose acetate were immersed in
water, and the resulting effect was reported to be reduced
mechanical properties.” Similarly, from the mechanical proper-
ties results obtained herein, 27 and 35% reductions in TS and
TM were observed for the PRFC compared to 8 and 11% (TS)
and 9 and 17% (TM) reductions observed for PSTFC and
PUTEG, respectively; this indicated a low level of swelling in the
treated-fiber-based composites. This explained the improved
retention of mechanical properties in the treated-fiber-based
composites even after environmental exposure. Moreover, this
might have been due the reduced disruption of the fiber—matrix
interfacial adhesion of the composites due to less moisture
absorption. The effects of other environmental factors and
microbial activities on the treated fiber composites might also
have been greatly reduced. This could perhaps have been due to
the proper encapsulation of the fiber by the matrix because of
the improved mechanical interlocking between the treated fibers
and the polymer matrix.

CONCLUSIONS

EFB- and PLA-based composites were prepared through extru-
sion and injection-molding techniques. Before compounding,
surface modification was performed through ultrasound and
PDMS to improve the interfacial adhesion between the fibers
and the matrix. The influence of surface treatment in terms of
wettability and natural degradation stability was assessed by var-
ious testing methods. The surface treatment was found to cause
structural changes in the fiber, as confirmed by SEM and FTIR
analysis. The density of the fibers was found to be improved by
the treatment. The reduced water absorption was observed for
the treated-fiber-based composites because of the improved
interfacial adhesion between the fibers and the matrix. The
deterioration of the tensile properties was found to be maxi-
mum for the case of the RF-based composite, whereas PDMS
treatment was found to decrease the initial water absorption of
the PRFCs and thereby reduce the overall weight loss on one
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side. Tt also helped to retain the tensile properties of the com-
posite on the other side. Thus, PDMS was active in preventing
the undesirable biodegradation of the EFB/PLA composites.
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