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This article presents the surface modification of sisal
(Agave sisalana) fibers by alkalization to tune up mechan-
ical limitations of natural fibers-reinforced polymer
composites associated with poor fiber-polymer matrix
compatibility. Upon surface treatment, the fibers were
surface coated with polyaniline through in situ oxidative
polymerization to further enhance resistance to water
absorption by introducing hydrophobic polymer back-
bone. Based on the results from spectroscopic and
microscopic analyses, surface modification through alka-
lization is an effective approach to remove lignin and
hemicellulose from the surface of sisal fibers. It also
enhanced fiber-polymer matrix compatibility assured by
a significant increase in tensile strength. Polyaniline
deposition on the surface of sisal fibers was successful
to introduce hydrophobic polymer backbone to the
system to enhance resistance to water absorption,
thereby increasing tensile strength significantly. POLYM.
COMPOS., 00:000-000, 2017. © 2017 Society of Plastics
Engineers

INTRODUCTION

Conducting polymers with polyaromatic backbone
such as polypyrrole (PPy), polyaniline (PAni), and poly-
thiophene (PTh) and their derivatives have captured the
attention of scientific community owing to their extraordi-
nary properties, including, but not limited to, the follow-
ing: conductive coatings, rechargeable batteries, and ion-
exchange characteristics. PAni is among the most widely
used conducting polymers due to its oxygen and moisture
stability and potential applications in many fields [1-3].
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Even though PAni has very high chemical flexibility, the
poor processability and low mechanical properties [4] limit
some industrial applications. To further exploit the fascinat-
ing features of PAni, various approaches have been tested,
including copolymerization, doping with functionalized
protonic acids [5], blending with polymers [6-8], and
coating on fibrous materials [9]. These processes offer
better mechanical strength and improve processability of
PAni [4, 10-12].

In the past few decades, an increasing interest arose to
develop polymer-based composites reinforced with natural
fibers which date back to the beginning of human civiliza-
tions when straw or grass was used to reinforce raw bricks
from clay. Fibrous materials such as sisal, hemp, jute, and
kenaf are progressively gaining ground in industrial appli-
cations for being plentiful, low environmental impact and
presenting fairly good mechanical properties [13, 14].
Among various lignocellulosic fibers, sisal possesses inter-
esting features, such as fairly coarse, moderate mechanical
strength, resistance to deterioration in salt water, and low
cost. These fascinating properties rendered sisal fiber
as good reinforcing material in polymer matrices to make
useful composites [15].

However, application of natural fibers as reinforcement
for polymer composites has certain shortcomings: high mois-
ture uptake and water absorption cause swelling which dete-
riorates mechanical strength and shortens the lifespan of
composite materials [14, 16]. To make good use of sisal fiber
as reinforcement in polymer composites, fiber-surface treat-
ment must be carried out to obtain an enhanced interface
between the sisal fiber and polymer matrices. Consequently,
a surface modification through alkalization is desired to
improve the affinity and adhesion between the surface of nat-
ural fiber and polymer-matrix phase [17], besides to removal
of lignin, waxy substances, and other surface impurities.



Fiber-reinforced conducting polymer composites can
be synthesized by in situ chemical oxidation [18-20],
emulsion [21], electrochemical [22], and dispersion poly-
merization [23]. The in situ deposition of polymers on
surface substrates has emerged as promising method to
alleviate processability issues associated with polyaniline
and prevent formation of aggregates [24] to maximize
surface area. This can be achieved by mixing all compo-
nents before polymerization or intercalation of monomer
or oxidant into substrate followed by addition of second
reactant.

Therefore, the work presented here is primarily centered
to study the influence of surface modification by alkaliza-
tion and polyaniline deposition on the surface of sisal fibers.
Besides, effects of surface modification and polyaniline
deposition on water absorption and mechanical properties
of sisal fibers were investigated using Fourier-transform
infrared spectroscopy (FTIR), ultraviolet—visible spectros-
copy (UV-Vis), energy-dispersive X-ray spectroscopy
(EDX), optical microscopy, scanning electron microscopy
(SEM), and tensile testing machine.

EXPERIMENTAL METHODS

Reagents

The following reagents were of analytical grade and
used without further purification: aniline (CgH;N), ferric
chloride hexahydrate (FeCl;.6H,0), hydrochloric acid
(HCl), sodium hydroxide (NaOH), and acetone (C5;HgO)
purchased from Merck Chemical Co. (Germany) through
a local agency.

Materials

Sisal (Agave sisalana) was obtained from Mekelle,
Northern Ethiopia. The fibers were extracted using man-
ual process [25], and then they were air dried and washed
with double distilled water, followed by acetone and
finally dried in air at room temperature [26].

Surface Modifications

Sisal fibers were subjected to chemical cleaning pro-
cess and soaked in 2 M NaOH solution for 2 h at room
temperature [27, 28]. After surface modification through
alkalization, fibers were washed thoroughly in pure water
to remove excess alkali solution from the surface of the
fibers and rinsed again with double distilled water [29].
Then, surface-modified sisal fibers were filtered on What-
man filter papers and oven dried at 60°C for 48 h [30].

Surface Coating of Sisal Fibers With Polyaniline

Five grams of sisal fibers was acidified in 0.2 M HCl
solution to soak uniformly and facilitate diffusion of the
monomer [31]. A 100 mL of 0.5 M aniline solution was
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added to the flask containing acidified fiber on continuous
stirring to maintain uniformity throughout the system.
Equal volume of 0.5 M FeCl;-6H,0 oxidant solution was
added to the mixture dropwise to initiate in situ oxidative
polymerization and the reaction was allowed to continue
for 12 h at room temperature [32]. Polyaniline-coated
sisal fibers were filtered, and then washed with dilute
HCI solution followed by double distilled water repeat-
edly until the filtrate became colorless to remove mono-
mer and remaining oligomer impurities. Finally, it was
oven dried at 60°C for 72 h [4].

Characterization and Testing

Fourier-Transform Infrared (FT-IR) Spectroscopy.
Bruker Vector 22 Fourier-transform infrared spectrometer
was used to record the spectra of untreated sisal fibers
(USF), alkali-treated sisal fibers (TSF), and polyaniline-
coated sisal fibers, PAni/USF, and PAni/TSF, samples to
analyze the chemical structure of the fibers. Powder KBr
disk technique was used in a spectral range of 4000-
400 cm ™.

Color Fastness Tests Coupled With UV-Visible
Spectroscopy. PAni/USF and PAni/TSF were soaked in
distilled water, nonphosphate detergent, and chloroform
separately and subjected to color fastness test in Mesdan
Auto Wash with a speed of 40 rpm at 60°C for 90 min
washing time. The outwash was only used to extract the
PAni from fibers; the amount of extracted PAni was then
tested using PerkinElmer Lambda 9 UV-visible spectro-
photometer in the wavelength region of 200-750 nm.

Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray (EDX) Spectroscopy. Morphology
of free sisal fibers (USF and TSF) and polyaniline-coated
sisal fibers (PAni/USF and PAni/TSF) were observed
using a highly customizable scanning electron microscope
(JSM-IT300LV, JEOL, USA) coupled with a port for ana-
lytical attachment of energy-dispersive X-ray (EDX)
spectrometry. The samples were gold coated by sputtering
technique to avoid charging.

Fiber Fineness and Mechanical Property Testing. Fibers
were photographed using Leica optical microscope fitted
with a camera. The microscope had image analysis soft-
ware which allowed measurement of the fiber diameter at
various points. The diameter presented was an average of
measurements taken at four different locations along the
fiber length. Breaking load and extension at break of orig-
inal length of 25 mm fiber samples were performed on
Tinius Olsen H1KS single fiber strength testing machine.

Water Absorption Tests. Water absorption studies
were performed using ASTM D 570-98 method with
some modifications. Water absorption tests of untreated,
alkali-modified, and polyaniline-coated sisal fibers were

DOI 10.1002/pc



d
= - wy .I
E «‘
| e 1598 ]'u'ﬁ.
. 1m3s 1" 11 14401060
[ 1 ! 1
a124 | b
' y
. 2900 i J i !
3300 137 1e60 v
l’.’ 'l‘ .I ) Wl
1443
V
10, , 4
et 1005 ] A AW A
a 3400 W, NVl
- y 1
G /1 179 N ol dil
430
1}
1732 { 1240
w000 3060 . 2000 N 1ol “an0

Wavenumber[rm 1]

FIG. 1. FT-IR spectra of (a) USF, (b) TSF, (c) PAni/USF, and (d)
PAni/TSF. [Color figure can be viewed at wileyonlinelibrary.com]

carried out by taking 1 g of each sample. Each sample
was completely soaked in double distilled water at 25°C
for about 12 h. At the end of the immersion periods, the
specimens were removed from water, the surface water
was wiped off using cotton cloth, and the wet-weight val-
ues were determined and reported in weight percent.

RESULTS AND DISCUSSION

Fourier-Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of USF, TSF, and polyaniline-coated
sisal fibers (PAni/USF and PAni/TSF) are presented in Fig.
1. A comparison of the spectra of USF, TSF, PAni/USF, and
PAni/TSF reveals several peaks in common. The bands at
2913, 2905, 2900, and 2895 cm ™' for USF, TSF, PAni/USF,
and PAni/USF, respectively, correspond to the C—H stretch-
ing vibrations of aliphatic hydrocarbons [33]. The peaks at
1732, 1730, 1737, and 1735 cm”! correspond to the carbonyl
stretching vibrations [34] of hemicellulose and lignin from
sisal fibers. The absorption bands of TSF and PAni/TSF of
C=O0 stretching at 1730 and 1735 cm™ ' (Fig. 1b and d) are
less intense compared to the bands of USF and PAni/USF,
which clearly suggests that there is partial removal of hemi-
cellulose from the surface of the fiber upon application of
alkali treatment [14]. There is one notable difference
between USF and TSF (Fig. 1a and b). A very strong peak at
1240 cm ™' in USF was totally disappeared from TSF sam-
ple. This strong absorption peak represents C—O stretching
vibration of aryl groups from lignin which was removed on
chemical treatment from T'SF [35].

Polyaniline coating onto the surface of USF and TSF
has revealed appearance of unique peaks. Strong bands
lying between 1150 and 1160 cm™' in PAni/USF and
PAni/TSF are characteristic features of PAni conductivity
as a result of electron delocalization [36]. Deposition of
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polyaniline on the surface of sisal fibers signifies pres-
ence of benzoid ring (N=B=N) around 1440-1443 cm !
[37] and quinoid ring (N=Q=N) vibration from 1556 to
1560 cm ™', indicating that PAni is in its oxidized form,
emeraldine salt [38, 39]. There are no benzoid and
quinoid bands on USF and TSF. This further confirmed
that polyaniline was successfully coated on the surface of
sisal fibers.

Moreover, characteristic peaks of N—H stretching
vibration of amine groups from PAni/USF and PAni/TSF
appear around 3300 and 3320 cm ™', respectively, signify-
ing deposition of polyaniline on the surface of the fibers
[40]. Comparing the FT-IR spectra of free sisal fibers
with polyaniline-coated ones, there is remarkable differ-
ence in the higher absorption bands. Free fibers (Fig. la
and b) have bands in common above 3400 cm”~ ! which
belongs to the O—H stretching vibrations of intermolecu-
lar and intramolecular H bonds from cellulose. The effect
of surface modification of sisal fibers through alkalization
is clearly visualized by exposing cellulose compared to
untreated fibers as the O—H absorption band of TSF is
more intense to that of USF [14].

Color Fastness Coupled With UV-Visible Spectroscopy

Color fastness, a term usually used in the context of tex-
tiles, was applied to sisal fibers coated with polyaniline by
washing in water and nonphosphate detergent solution. All
the samples did not show any sign of loss of color as evi-
denced by no color change of the filtrate which was visually
identified. Contrary to this, color change was easily
observed from greenish to blue on the surface of the sisal
fibers when washed in the later solution which is a confir-
mation that emeraldine salt has changed to emeraldine base.
It is obvious that the detergent employed is alkaline media,
approximately pH > 10, causing deprotonation of polyani-
line and, consequently, a color change occurred [18, 41,
42]. Washing polyaniline-coated sisal fibers in chloroform
solution gave greenish filtrate solution alongside fading
polyaniline color on the surface of the fibers.

The filtrate obtained after washing was subjected to
UV-vis spectroscopy to establish the concentration of PAni
which is a reflection of color fastness. As the samples where
water and detergent were used to wash had insignificant
color change, their results were neglected and only filtrates
from the samples washed with chloroform were tested. In
the UV—visible absorption spectra of PAni/USF and PAni/
TSF filtrate from chloroform solution, there are three
distinct bands. The peak characteristic around 300 nm (Fig.
2d) belongs to m—m* transition of benzoid ring of PAni
backbone and a peak at 475 nm assigned to the polaron—m*
band. There is one peak at 680 nm peculiar to PAni/TSF
belonging to m—polaronic transitions which is absent in all
the other forms. The last two bands are clear evidences con-
firming PAni exists in its green, conducting emeraldine salt
[43, 44]. It is worthy to compare the absorption spectra of
PAni/USF and PAni/TSF (Fig. 2c and d), which clearly
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FIG. 2. UV-Vis spectra of (a) PAni/USF in water, (b) PAni/USF in
nonphosphate detergent, (c) PAni/USF in chloroform, and (d) PAni/TSF
in chloroform. [Color figure can be viewed at wileyonlinelibrary.com]

shows remarkable differences. The shift of m—m* and
polaron—n* to the lower band and the absence of a peak
around 680 nm in PAni/USF (Fig. 2¢) is an indication of
poor surface interaction between the fiber and PAni. This
phenomenon is resulted in high-energy transitions which
causes disappearance of m—polaron band [45]. The filtrate
from PAni/USF washing in nonphosphate detergent gives
diffuse and broadened peak around 300 nm (Fig. 2b). There
is no any sort of absorption peak for PAni/USF in distilled
water (Fig. 2a). It is a confirmation that PAni is insoluble in
water.

Surface Morphology

Comparison of the micrographs of untreated (USF) and
chemically modified sisal fibers (TSF) (Fig. 3a and b) shows
a considerable difference. The surface morphology of USF
revealed a major section of the surface is irregular with a
variety of debris, cracks, voids, and entanglements. Unlike
USF, SEM micrograph of TSF indicates the surface is clean
with a reduced debris, microcracks, and overgrowths. This is
absolutely due to the removal of lignin and part of hemicellu-
lose as a result of surface modification through alkalization
from the surface and the interspaces [46]. The corresponding
EDX spectra of USF (Fig. 4a) further confirmed existence of
impurities such as aluminum and sulfur incorporated with
the fiber. These impurities may be introduced from reactants,
solvents, and the fiber itself.

The SEM micrographs of PAni/USF and PAni/TSF
(Fig. 3c and d) shows that surface of PAni/USF and
PAni/TSF is relatively clean which has changed a lot
compared to that of USF. This morphological variation
might be as a result of surface deposition of polyaniline
on sisal fibers. Of course, SEM microstructure of PAni/
TSF is very clean compared to the other microstructures.
This may suggest surface modification through alkaliza-
tion is efficient to remove surface impurities, voids, and
cracks. The EDX spectra (Fig. 4c and d) further proved
impurities such as aluminum and sulfur were successfully
removed during the process of in situ oxidative polymeri-
zation. These spectra confirmed polyaniline was success-
fully deposited on the surface of sisal fibers, which show
detection of intense chlorine and nitrogen from polyani-
line backbone [45].

FIG. 3.
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SEM micrographs of (a) USF, (b) TSF, (c) PAni/USF, and (d) PAni/TSF.
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FIG. 4. EDX spectra of (a) USF, (b) TSF, (c) PAni/USF, and (d) PAni/TSF. [Color figure can be viewed at

wileyonlinelibrary.com]

Fiber Fineness and Mechanical Properties

The mean value of diameters measured using comput-
erized image analysis software for sisal fibers of USF,
TSF, PAni/USF, and PAni/TSF was 291, 249, 282, and
262 pm, respectively. These values are in good agreement
with results found in other research works which ranges
from 100 to 300 pm [13, 47-49]. Each diameter of a
given fiber (Fig. 5) revealed that there is slight variation
among the measured values throughout the given length.
Even though it is difficult to conclude that surface modi-
fication through alkalization is a prominent factor that
significantly affects the diameter [50], the mean value of
measured diameters was greatly reduced to 249 um
compared to that of USF which is 291 pm. This might be
associated with the removal of lignin, hemicellulose, and
waxy substances.

One of the main difficulties in engineering applications of
lignocellulosic fibers is lack of precise measurement of diam-
eter as they are nonuniform throughout the length. This in
turn causes heterogeneity on cross-sectional area and
common mechanical properties [51, 52]. Most natural fibers
generally possess variable and irregular cross-sections which
can lead to errors in computation of mechanical properties.
Theoretically, sisal fibers are assumed as solids and their
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cross-section is nearly cylindrical in shape. Cross-sectional
area (A) of sisal fibers was calculated using Eq. 1 [53]:

d2
A=n—

1 ey

where A is the cross-sectional area and d is the diameter
of sisal fibers under study.

Elongation at break is a parameter used to analyze how
much natural fibers are resistant to an applied load. TSF
was found to have the highest elongation of 3.9% (Table 1).

FIG. 5. Optical microscopy image of (a) USF, (b) TSF, and (c) PAni/
TSF. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1. Physical and mechanical properties of USF, TSF, PAni/
USF, and PAni/TSF.

Diameter, Cross-sectional Elongation Water absorption
Sample pm area, mm? at break, % (12 h), %
USF 291 0.067 2.5 20.9
TSF 249 0.049 39 9.8
PAni/USF 282 0.063 2.8 35
PAni/TSF 262 0.054 3.1 2.52

The surface modification by alkali treatment on the fiber is
responsible for enhanced elongation at break [54].

The tensile strength results of free and polyaniline-
coated sisal fibers are summarized in Fig. 6. It is interesting
to note that TSF showed higher tensile strength than USF
and polyaniline-coated sisal fibers, PAni/USF, and PAni/
TSF, this could have resulted from the fact that tensile
strength is a factor of fiber diameter where thinner fibers
have higher strength. The same argument is true when
PAni/USF tensile strength is compared to PAni/TSF [48,
55, 56].

Water Absorption

The water absorption values of USF, TSF, and PAni-
coated sisal fibers calculated by the weight difference are
presented in Table 1. The results show that USF absorbs
more water suggesting that the surface chemistry is
extremely hydrophilic due to the presence of hydroxyl
rich cellulose giving high affinity to take up high amount
of moisture [57, 58]. The water absorption was drastically
reduced from 20.9% to 9.8% after surface treating the
fibers. This is a clear indication that alkalization process
reduces the water absorption which could probably be
attributed to removal of lignin from the fibers [46].
Coating the fibers with polyaniline was a better method
of reducing the fiber water absorption as compared to
surface treatment, as PAni/USF samples had much lower
absorption of 3.5% compared to TSF 9.8%. Lowest
absorption was obtained on combining surface treatment
with polyaniline coating, the PAni/TSF absorption was

2.52% [59].

Tensile slrength at break, N/mm’

=
o

- o s
m o =
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209
USF TSF PAnI/USF PARUTSF

FIG. 6. Tensile strength at break of free and polyaniline-coated sisal
fibers. [Color figure can be viewed at wileyonlinelibrary.com]
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CONCLUSIONS

Based on the results from different characterization
techniques such as FT-IR, UV-vis, and EDX confirmed
that in situ oxidative polymerization is successfully
proved to introduce polyaniline on the surface of sisal
fibers which further proved to enhance resistance to water
absorption, thereby enhancing mechanical strength.

Surface modification upon alkalization assured certain
percentages of impurities, variety of microcracks, and over-
growths were successfully removed from the surface of sisal
fibers. This process showed a significant increase in resis-
tance to water absorption. It was also successful enough to
enhance fiber—polymer matrix compatibility upon subse-
quent polyaniline coating. Both polyaniline coating and sur-
face modification enhanced resistance to water absorption
along with mechanical behavior of composites compared to
bare sisal fibers.

Therefore, sisal fibers reinforced polyaniline composite
can be future foundations for different applications such
as water treatment systems, electromagnetic shielding,
and electronics.
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