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Abstract

Mangrove wood fiber (MF) was treated at four different temperatures (120 °C,
140 °C, 160 °C and 180 °C) in order to improve its compatibility with poly-
mer matrix. The chemo-structural, thermal and morphological characteristics of
untreated and treated MF were analyzed. The chemical composition of the treated
MF showed an increase in cellulose content from 46 to 56% at 120 °C, which
decreased at further heating. The non-cellulosic constituents of the fiber were
removed as indicated by the reduction in magnitude of absorbance peaks mainly at
3343 cm™! and 1027 cm™! in Fourier transform infrared spectroscopy. The X-ray
diffraction depicted increased crystallinity with increased temperature due to the
conversion of amorphous cellulose and some hemicelluloses to crystalline struc-
tures. Color spectroscopy showed higher values of lightness (L*) at 120 °C and
140 °C, with a corresponding increase in chroma coordinate a* and decrease in b*
due to the chemical changes that occurred during the heat treatment. Surface mor-
phology by field emission scanning electron microscopy revealed that heat treatment
exposed the inner fibrillar feature of fiber, thereby increasing the roughness of the
fiber surface. Thermogravimetry analysis further indicated that heat-treated MFs are
more stable. Heat treatment improved the tensile strength and modulus of compos-
ites as fiber loading increased, while the flexural strength and modulus also showed
the same trend. SEM images of tensile fractured surface indicated that the interfa-
cial interaction between the matrix and untreated MF is weaker than the heat-treated
specimens.
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Introduction

As a result of the increase in environmental awareness, exhaustion of petro-
leum resources and health-related challenges, the past few years have witnessed
a tremendous shift toward the development of new materials derived from bio-
renewable sources. Nowadays, natural fibers [1-3] are fast evolving as potential
substitutes to inorganic/synthetic materials for various applications as building
materials and automotive components. There is also a dare need to replace petro-
leum-based materials with environmentally friendly and sustainable resources.
Recently, modifications of thermoplastics by cellulose-based fillers are creating
considerable interest especially due to more favorable processing effect (being
non-abrasive when compared to mineral-filled materials) [4]. In addition, natural
fibers pose some economic advantages when compared to synthetic/inorganic fib-
ers as a result of their abundance, biodegradability, recyclability and lower cost.
These advantages make them relevant and widely accepted by automobile, tex-
tile and construction industries [5—7]. The exceptional mechanical and physical
properties exhibited by lignocellulose fibers, combined with their low density,
make this new form of fiber an excellent material for composite reinforcement.
Hydrophilic natural fibers have the limitation of incompatibility with a hydropho-
bic plastic matrix. Hence, there is poor adhesion and inability to transfer stress
from the matrix to the fiber, thereby reducing the mechanical strength and ductil-
ity. In view of this shortcoming, it is important that natural fibers are subjected
to surface modification to enhance the compatibility and adhesion between fibers
and matrices. Chemical surface treatments including alkali, silane, acetyl, ben-
zyl, acryl, permanganate, peroxide and isocyanate had been reported [8, 9]. The
accompanied by-products of these chemical treatments posed some threats to the
environment. On the other hand, physical treatments of natural fibers such as heat
and plasma are environmentally friendly, as they do not discharge any by-product.
During heat treatment of wood, the cell wall components in all mass of the
wood sample are modified. This enhances durability, increases dimensional sta-
bility and reduces shrinkage and swelling due to moisture absorption [10]. Heat
modification of wood fiber has an affirmative outcome on its strength properties
since the wood’s hydrophilicity is lowered and the maximum amount of water is
reduced. Increased amount of bound water reduces the hydrogen bonding within
the organic polymers of the cell wall, thereby reducing the strength of wood,
which is related to covalent and hydrogen intrapolymer bonds [11, 12]. It has
been reported that at temperatures above 150 °C, the physical and chemical prop-
erties of wood fiber are permanently changed and the strength properties start
to weaken [13]. Chemical composition, physical (color), thermal properties and
morphological structure of the fiber can be measured to figure out their capability
to be utilized as a reinforcing material/filler in biocomposite applications [14].
Mangroves are hard woody plants dominating the coastal areas of tropical and
subtropical regions. Mangroves covered approximately 60-75% of the world’s
tropical and subtropical coastlines [8]. Malaysia has about 645,852 hectares of
mangroves, the third largest in the Asia pacific region, and Peninsular Malaysia
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has one of the most diverse mangrove assemblages in the world, with at least 38
exclusive and 57 non-exclusive and associate mangrove species. Mangroves have
evolved a suite of adaptations to cope with extreme environmental conditions
that include high salinity, strong winds, tidal variations, high temperature and
anaerobic tidal swamps [15]. In recent years, the ecological, environmental and
socioeconomic importance of mangroves have been emphasized by international
agencies, governments, local authorities, non-government organizations (NGOs),
coastal communities and scientists [16]. To the author’s knowledge, research on
the utilization of thermally treated mangrove fiber (MF) as a reinforcement mate-
rial in polymer composite is rather rare.

Furthermore, high-density polyethylene (HDPE) is one of the most widely used
plastic materials. The highly crystalline nature of HDPE is responsible for its higher
density and stiffness, as well as its low permeability and high chemical resistance.
Previous researches have indicated that the addition of natural fibers, such as jute,
flax, mica and sisal fibers, into HDPE matrix resulted improved impact, tensile and
flexural strengths of HDPE [7, 16]. Generally, high fiber content produced mate-
rials with high rigidity. In the study of wood sawdust/high-density polyethylene
(HDPE) composites by Bouafif et al., it was observed that the tensile modulus of
elasticity (MOE) of composites increased steadily with wood fiber content from
0.85 GPa for neat HDPE to 1.75 GPa for the resultant composites with 45% wood
content [17]. Lafia-Araga et al. also reported an enhancement in tensile modulus,
flexural strength, flexural modulus and a decrease in tensile strength, as wood con-
tent increased in heat-treated Red Balau wood sawdust/low-density polyethylene
(LDPE) composites [18]. Owing to the excellent processing properties of HDPE and
the relative abundance of MF, combining thermally modified MF with HDPE, will
lead to a new product which combines the strength of wood with the ease of pro-
cessing and aesthetic characteristics of plastics. This will offer a unique and durable
product that extends the applications of HDPE beyond its normal usage because of
the improved properties conferred by the wood. Therefore, in this study, fibers from
mangrove stem were thermally modified at four different temperatures and different
techniques were used to characterize the lignocellulosic fibers in order to determine
the chemical composition, chemical structure, morphology, crystallinity index and
thermal stability. Further, the consequence of thermal modification on tensile and
flexural properties of mangrove fiber-reinforced HDPE were examined. This study is
aimed at determining the optimal treatment temperature of lignocellulosic mangrove
fiber and to explore the reinforcing potential of utilizing heat-modified MF in wood
thermoplastic composites (WTCs) via tensile and flexural characterizations.

Materials and methods
Materials
The stem of mangrove wood, Rhizophora stylosa (spotted mangrove), used as raw

material was obtained from Matang mangrove Eco-Educational Centre, Perak,
Malaysia. The raw wood was processed by chipping and crushing into wood
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particle at Fiber and Biocomposite Centre (FIDEC) of the Malaysian Timber
Industries Board (MTIB), Banting, Selangor, Malaysia.

Preparation of mangrove fiber

The mangrove particle was sieved to obtain an average particle size of 0.75 mm
(mesh size 27) and dried in a vacuum oven at 80 °C for 24 h to a constant weight
in order to reduce the moisture content in the fiber. The vacuum-dried fiber was
later treated at four different temperatures of 120 °C, 140 °C, 160 °C and 180 °C
in an oven under anoxic condition to avoid oxidation and ignition. Therefore, a
nitrogen gas at a flow rate of 100 ml/min for 1 h was used as the inert carrier gas.
Mangrove fibers were labeled as UNM for untreated fiber and TM120, TM 140,
TM160 and TM 180 for mangroves treated at 120 °C, 140 °C, 160 °C and 180 °C,
respectively.

Preparation of mangrove fiber/HDPE composite

Composites of untreated and treated were prepared based on the optimal treatment
temperature (120 °C) of MF. The pre-mixed portions of MF/HDPE were blended in
a twin-screw laboratory compounder (model Brabender KETSE 20/40, Germany)
with each screw having a diameter of 20 mm and a L:D (length to diameter ratio) of
40. The compounding was done at a screw speed of 80 rpm, while the temperatures
of the six heating zones were set at 150, 155, 160, 165, 170 and 175 °C. These heat-
ing zones produced the actual melt temperature of between 181 and 184 °C. The
long strands of extruded composites leaving the circular die of 3 mm were pelletized
after cooling in a laboratory pelletizer into a length of about 6 mm. Untreated and
treated composites were prepared at 10 wt%, 20 wt% and 30 wt% of MF. Drying of
the pelletized extrudates was done in a vacuum oven at 80 °C for about 24 h before
being injection molded into dumbbell-shaped tensile test specimens in conformance
with ASTM D 638 standard. The model of the injection molding machine was Boy
55 M, Germany, a 55-tonne clamping force injection molding machine in which the
mold used for preparing tensile tests specimens was single gated with four cavities.
The processing temperature was set between 160 and 190 °C, and the mold tempera-
ture was set at 20 °C. The screw speed was maintained at between 30 and 50 rpm at
injection pressure of 100—120 bar and cooling time of 120 s.

Characterization of mangrove fiber
Chemical composition

The chemical composition was determined by chemical analysis using the method
described by Van Soest [19, 20].
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Chemical structure

The chemical structure of untreated and treated samples were recorded using the
Perkin-Elmer 400 (USA) Fourier transform infrared spectra (FTIR) spectrometer
within 4000-650 cm™! (wavenumber range) at a resolution of 4 cm™! and a total
scan of 16.

Color spectroscopy

Colors of mangrove fiber were determined using the CIELAB procedure with a
three-axis system: lightness (L*)=0% (black) to 100% (white), a* =green (—a) to
red (+a), b*=blue (—b) to yellow (+b). The colors were quantified using an opti-
cal spectroscopy instrument (model AvaSoft© 8.5.0-2016 Avantes), Netherland. For
any measured color of lightness (L*), the coordinates (a*, b*) locate the color on
a rectangular coordinate grid perpendicular to the L* axis. On the horizontal axis,
+a* indicates a hue of red—purple; —a*, bluish-green. On the vertical axis, +b*
indicates yellow and —b*, blue. Six samples of each of the untreated and treated
mangrove fibers were measured, and the average of four reproducible measurements
was presented.

Crystalline structure

The crystallinity of mangrove fibers pre- and post-heat treatment was measured by
X-ray diffraction (XRD). The sample of the mangrove fiber was set on the sample
compartment and flattened to obtain total and unvarying exposure. Samples were
analyzed using an Empyrean diffractometer (PANalytical, Netherlands). The anal-
ysis was carried out at room temperature with a monochromatic CuKal radiation
source (1=0.154060 nm) in the step-scan mode at 40 kV, 40 mA with 26 angle
ranging from 10° to 50° with a step size of 0.02° and scanning time of 5 min. Per-
centage of crystallinity was evaluated to characterize samples’ crystallinity (using
the Highscoreplus software).

Surface morphology

Hitachi field emission scanning electron microscopy (FESEM) model SU8220
(Japan) was used to examine the surface morphology of the mangrove fibers and the
fracture surfaces of the tensile test specimens. The effect of the heat treatment at dif-
fering temperatures was investigated using a comparison of the untreated and treated
samples. Thin layer of platinum was applied unto MF and fractured surfaces with
the aid of a vacuum sputter applicator in order to enhance the quality of the SEM
images.

Thermogravimetry analysis (TGA)

The thermogravimetry analyses of the untreated and treated samples were measured
using a Perkin-Elmer TGA 6 (USA) in a ceramic crucible. About 6-12 mg was the
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amount of sample used for each measurement. All measurements were evaluated by
subjecting the sample to heating, from a temperature of 50 °C to 900 °C at a heat-
ing scan rate of 20 °C/min under a pure nitrogen environment at a gas flow rate of
20 ml/min.

Characterization of MF/HDPE composites
Tensile properties

Tensile experiments were carried out in line with ASTM D 638 standard [21]. A
universal tensile testing machine, modeled Instron 5567, USA, was used with an
attached 10 kN load cell and a mechanical extensometer at 5 mm/min (unvarying
cross-head speed) at 25 °C. The tensile modulus was calculated at 0.5% strain. At
least, ten samples were evaluated for each test. The presented results were taken
from the mean of a minimum of six reproducible data.

Flexural properties

This test was carried out with the tensile instrument on a three-point bending mode
in accordance with ASTM D 790 standard [22]. Using a span of 50 mm, the injec-
tion molded dumbbell-shaped specimens were measured with a maximum deflection
of 30 mm and a cross-head speed of 1.31 mm/min. Equation (1) was used to calcu-
late the speed of the cross-head.

2
ZL 6d 1)
where L specimen’s support span, d specimen’s depth/thickness and Z is the strain-
ing rate of the outer fiber (equal to 0.01). L was fixed at 50 mm. Ten samples were
examined. The presented results were generated from the mean of a minimum of six
reproducible data.

Results and discussion
Characterization of MF
Chemical composition

The chemical constituents of the (MF) are presented in Table 1. The main composi-
tions of mangrove fibers are cellulose, hemicellulose, lignin, inorganic content (ash)
and others. Other constituents of this fiber include very small quantity of starch, free
sugars, proteins, holocelluloses, several mineral salts and extractives such as waxes,
fatty alcohols and different esters [23, 24]. As illustrated in Table 1, the highest cel-
lulose content of ~ 56 wt% was obtained at TM 120 while UNM contains 46.19 wt%
of cellulose. Furthermore, the cellulose contents decrease during subsequent heat
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Table 1 Chemical composition of mangrove fibers

Mangrove fiber Cellulose (Wt%) Hemicellu-  Lignin (wt%) Ash (wt%) Others (Wt%)
lose (wWt%)

UNM 46.19 21.12 30.18 0.95 1.56
T™120 56.21 21.83 20.17 0.95 0.84
T™M140 53.93 22.73 20.88 1.04 1.42
TM160 50.50 2221 21.91 1.04 4.34
TM180 48.06 13.54 27.21 1.13 10.06

modification. As it can be observed in Table 1, the hemicellulose contents of the
mangrove fiber are slightly increased to about 21.8 wt% in TM120 compared with
UNM. On the other hand, hemicellulose content was drastically reduced to about
14 wt% at TM180. This reduction shows the lack of crystalline nature of hemicellu-
loses and their sensitivity to dehydration at high temperature [13] However, 30 wt%
of lignin content in the untreated fiber was reduced to~20 wt% at 120 °C but
slightly increased upon further heat treatment to 27.21 wt% at TM180. It could be
observed that at high temperature, the amount of lignin increased while the amount
of carbohydrates decreased. The increase in lignin content does not connote the for-
mation of lignin during the heating process but the reduction in other wood com-
ponents as suggested by Kamdem et al. [25] Also, some of the thermal degradation
products of carbohydrates may be retained in the lignin fraction [13].

Chemical structure

FTIR was carried out on samples of mangrove fibers in order to examine any
change in the chemical structure as a result of the thermal modification. Figure 1
shows the typical infrared spectra of mangrove fiber treated at different tempera-
tures. All samples presented similar spectra at two main absorbance peaks, both
at higher (wavenumber range 3500-2900 cm™') and lower (wavenumber range
1700-900 cm™!) regions of wavenumbers. There is a noticeable decrease in the
intensity of the absorbance peaks after treatments which indicate chemical struc-
ture’s transformation of the fiber. At the specific peak of 3343 cm™, there is reduc-
tion in the intensity of absorption peaks from UNM through TM180. The specific
peaks at 3343 cm™~! and 2902 cm™! are equivalent to OH absorption and prominent
CH stretching absorptions, respectively, in cellulose and lignin. The intermolecular
H bonds involving C6 positions (primary OH group) in lignin result in the forma-
tion of crystalline regions and contribute to the OH bond at 3419/3351 cm™' [26].
The band sighted at 1732 cm™! is a characteristic of C=0 stretching of acetyl as
well as ester groups of hemicellulose or the ester linkage of carboxylic acid groups
in the p-coumeric components of lignin, while the decrease in the carbonyl band at
1732 cm™! indicated hemicellulose degradation [14, 27]. The band at 1594 cm~ s
attributed to C=C aromatic stretching or bending vibration of lignin. The diminu-
tion of the water IR absorption band at 1640 cm™' compared to the C=C skeletal
vibration band at 1594 cm™' indicates the drying phase [28]. The band 1504 cm™!
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Fig. 1 FTIR absorbance peaks of untreated and treated mangrove fibers

that could be seen in all spectra is ascribed to the aromatic C=C stretching from the
aromatic ring of lignin [29]. The peaks at 1315 cm™!, 1225 cm™! and 1027 cm™! are
ascribed to amorphous cellulose II, C—O—-C aryl alkyl ether of cellulose/lignin and
aromatic C-O stretching in cellulose I/cellulose 11, respectively [30, 31].

Color spectroscopy

Color spectroscopy is aimed at measuring the impact of thermal treatment on the
chemical constituents of MF, irrespective of the color impression of the individ-
ual observer by means of objective numbers. Figure 2 shows the average color
studies of untreated and treated mangrove fibers as quantified by the CIELAB
method. In MF, there is a noticeable increase in the CIE lightness color coordi-
nate at TM120 (L*=~56%) from~49% in UNM. L* decreased with increased
process severity which is ~54%, 41% and 35% in TM 140, TM160 and TM 180,
respectively. The L* values of TM120 and TM140 are higher than the untreated
which indicate that the colors of these treated samples are slightly lighter than
UNM fiber. The results show that the reflectance difference of mangrove fiber
after heat treatment is larger than that of untreated. These color differences are
due to the extraction of un-cellulosic materials such as lignin, hemicellulose,
pectin, wax and other impurities after treatment. Thus, the light cellulosic color
is an advantage to the mechanical properties of fiber composite, as the crys-
talline cellulose, which will impart strength to the composite system is being
exposed to the surface of MF fiber [32]. This is expected to enhance better com-
patibility between the MF and the matrix, thereby improving the stress transfer
efficiency of the MF fiber, resulting in improved mechanical property. However,
the L* values of TM160 and TM 180 are lower than UNM which indicate darker
coloration of the fibers at these treatment temperatures. The darker shades are
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due to the existence of colored degradation materials that were formed from
hemicelluloses and extractives; these probably participate in the formation of
color in thermally modified wood. These same conditions were also reported in
the previous literature [33]. On the other hand, TM 180 showed the highest value
of a* (8.9%) because of the presence of high extractives contents compared to
other fibers. Therefore, extractives are important factors determining changes
in a*. The b* values of 17.29%, 16.38%, 16.14%, 16.21% and 14.95% were
obtained in UNM, TM 120, TM 140, TM160 and TM 180, respectively. According
to Liu [34], the changes in b* are related to changes in lignin content during heat
treatment.

Surface morphology

Figure 3 shows the scanning electron microscopy (SEM) micrographs of man-
grove fibers. The surface morphology of UNM appears smooth due to the pres-
ence of foreign materials (impurities) on the fiber surface. However, the treated
fibers have rough surfaces which are a likely indication of the partial removal of
the outer non-cellulosic layers; these outermost layers are composed of materi-
als such as hemicelluloses, lignin, pectin, wax and other impurities [14]. From
the SEM micrograph, TM120 showed evidence of open fissures that will prob-
ably enable considerable interlocking of the required matrix during polymer
composite production. The surface appearance of TM140 is corrugated, which
may not provide adequate interfacial adhesion during fiber composite produc-
tion. Also, TM160 has rough surfaces without any evidence of opened fissures
to allow adequate adhesion between the fiber and the intended polymer matrix;
TM180 has rougher, closed and degraded surface.
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Fig.3 SEM micrographs of a UNM, b TM120, ¢ TM140, d TM160 and e TM180

Crystalline structure

The crystalline structures of mangrove fibers were analyzed by X-ray diffraction as
shown in Fig. 4. The XRD patterns of these mangrove fibers are elucidated by two
characteristic peaks, which were observed at the 26 position of the XRD diffracto-
gram, the first peak was noted at about 17° and the second strong peak was at about
24°. The similar characteristic peaks of the cellulose at about 24° appear in all sam-
ples. According to Thambiraj and Shankaran [35], the peak around 24° is attributed

13000

10400

7800
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Fig. 4 X-ray diffractogram of mangrove fibers
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(Crtof mngrove iery Mangrove iber )
UNM 49.52
TM120 50.67
TM140 51.77
TM160 56.03
TM180 61.08

Table 3 TGA data of mangrove Mangrove fiber T, (°C) T T (°C)

fibers p
UNM 269.07 371.46 371.41
TM120 277.28 372.35 374.65
TM140 266.59 369.45 370.38
TM160 250.34 372.58 372.46
TM180 299.90 383.05 375.61

to the typical lattice structure of cellulose indicating the characterization pattern of
the amorphous phase. However, the intensities of the peaks at 24° increased with
temperature increase, an evidence of changes in wood crystallinity [36] with insig-
nificant differences in the peak intensities of UNM, TM120 and TM140. A less
defined peak of about 17° appears in all spectra of the mangrove fiber before and
after treatment confirming the results from the contribution of amorphous cellulose
and other amorphous components (mainly lignin and hemicellulose) as reported
by Maache et al. [2]. Table 2 illustrates the crystallinity indices of mangrove fibers
treated at varying temperatures. In this study, the cellulose crystallinity increased as
temperature increased. The crystallinity index of UNM is~49%, which increased
to~51% in TM120 to~61% in TM180. Generally, the amorphous parts of cellulose
are hydrolyzed first, leaving a residue of cellulose with increased degree of crystal-
linity [25]. As a result of heat modifications, it is observed that hemicelluloses and
less ordered cellulose of the mangrove fiber deteriorate, and as a result, the degree
of cellulose crystallinity increased. It was suggested by Pereira et al. [33] that amor-
phous cellulose and some hemicellulose are changed to crystalline structures. Also,
the high amount of crystallinity could be as a result of crystallization of amorphous
portions due to the re-arrangement/re-orientation of molecules of cellulose within
these portions [37].

Thermal stability

The TGA characterization data of mangrove fibers are shown in Table 3 while the
thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) analy-
sis curves are illustrated in Fig. 5a, b, respectively. In TGA, two stages of decom-
position are seen, the first stage of decomposition occurred at the region of about
150 °C due to the loss of moisture from the mangrove fiber by evaporation. The
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Fig.5 a TGA and b DTG thermograms of untreated and treated mangrove particles as a function of
modification temperature

second stage occurred at the range between 257 and 390 °C, this is attributed to
the decomposition of hemicellulose, cellulose and lignin. Generally, hemicellulose
decomposes at 150-350 °C, cellulose decomposes between 240 and 350 °C, and
lignin decomposes between 250 and 500 °C [38].

From the TGA curves, the onsets of degradation (7, of mangrove fibers are
observed at temperatures of about 269-300 °C, an indication of hemicellulose degra-
dation and the onset of cellulose decomposition. The 7. of UNM is~270 °C and
shifted to a higher temperature at TM 120, TM 140, TM160 and TM 180 to =277 °C,
267 °C, 250 °C and 300 °C, respectively. Consequently, the 50% mass loss of UNM,
TM120, TM140, TM160 and TM180 occurred at temperatures of about 371 °C,
372 °C, 369 °C, 372.6 °C and 383 °C, respectively. The maximum degradation tem-
perature (7,) is a temperature that illustrates the highest mass loss which represents
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the peak point in the derivative curves. In order to have a comprehensive view of
mass loss caused by temperatures, the derivative curves obtained by the calculation
of deriving weight loss against temperature data are given in Fig. 5b and Table 3.
Mangrove fiber being a chemically active lignocellulose material decomposed in the
range of 150—400 °C. The highest mass loss (main peak) of mangrove fiber occurred
at temperatures between 370 and 376 °C. The Tp of UNM, TM 120, TM140, TM160
and TM180 are about 371 °C, 375 °C, 370 °C, 372 °C and 376 °C. Hence, it can be
deduced that mangrove fibers are thermally stable with TM 120 and TM 180 showing
the highest resistance to heat degradation. This is also an evidence of the high con-
tent of lignin observed in the chemical content of mangrove fiber (Table 1).

Characterization of MF/HDPE composites
Tensile properties

Figure 6 depicts the influence of MF content on the tensile strength of MF/HDPE
composites. The ratio of the force required to break a sample to its cross-sectional
area is referred to as the tensile strength of a material. It represents the maximum
load that a material can hold while still performing its designated role. The results
obtained show that heat treatment had positive influence on MF/HDPE composites
to a certain extent. The values of the ¢ are 19.13, 18.20 and 18.14 MPa for 10, 20
and 30% by weight of untreated composites, respectively. Meanwhile, the treated
composites recorded higher values of 20.39, 20.26 and 18.80 MPa at 10, 20 and
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Fig.6 Tensile strength and tensile modulus of untreated and treated MF/HDPE composites
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30% by weight of treated composites, respectively. These results are also buttressed
by SEM images Fig. 7a, b. The images of the untreated composites reveal irregular
fractured surfaces with clean and uncoated fibers as a result of the incompatibility
of the fiber and HDPE matrix. On the other hand, fiber pullouts are not so promi-
nent in treated composites compared to the untreated composites and the fibers are
seen to be attached to and embedded within the matrix. These show evidences of
enhanced wetting of the heat-treated MF by the HDPE matrix. These observations
are the reason for the higher tensile strength and modulus obtained for heat-treated
mangrove composites [38]. Nevertheless, the o of both untreated and treated com-
posites decreased with the increase in weight fraction of fiber content owing to
agglomeration of fiber within the matrix as revealed in Fig. 7c, d. This may be due
to the inability of the matrix to completely wet wood fibers, leading to an increase
in fiber—fiber contact (Fig. 7d), and consequently, premature failure as wood content
increases [38]. It could also be likened to the poor fiber-matrix interaction, resulting
in poor interfacial interaction as tensile strength depends strongly upon the filler-
matrix adhesion at the interface [39, 40]. The percentage decrease obtained for
untreated composites is about 7%, 11% and 12%, as against 1%, 2% and 9% obtained
for treated composites at 10 wt%, 20 wt% and 30 wt%, respectively, compared to the
o of pure matrix (20.6 MPa). The decrease in maximum tensile stress indicates that
fiber particles debonded from the matrix before or at the start of plastic deformation.
Due to the debonding, the strain constraint is released; therefore, tensile yield stress
is reduced [41].

Fig.7 SEM micrographs of tensile fractured specimen of untreated and treated MF/HDPE composites: a
10 wt% untreated, b 10 wt% treated, ¢ 30 wt% untreated and d 30 wt% treated MF/HDPE
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The secondary axis of Fig. 6 depicts the tensile modulus of untreated and heat-
treated MF/HDPE composites. Tensile modulus data are used to measure the
resistance of a material to deformation during the application of external forces. It
is effectively a measure of the stiffness of a material. Generally, tensile modulus
increases with the increase in wood contents. Therefore, composites of higher fiber
loading are able to withstand more force/load. An increasing trend of E was noted
in untreated composites at all fiber loadings, with percentage increase of 29%, 74%
and 97% for samples containing 10%, 20% and 30% by weight of MF, respectively,
compared to the neat HDPE matrix (0.462 GPa). An increase in modulus of treated
composites relative to the untreated indicates better adhesion/wetting of the fiber by
the matrix. A percentage increase of 40% at 10 wt%, 76% at 20 wt% and 140% at
30 wt% is obtained for heat-treated composites relative to the neat HDPE due to
enhanced interaction between the MF and HDPE matrix.

The bar chart of tensile strain of the untreated and treated composites is illus-
trated in Fig. 8. Tensile strain is the strain correlating to the yield point. It is also
known as elongation at break. Generally, the inclusion of fiber reduced the tensile
strain of the composites. Increasing the amount of filler in composites decreased
the amount of polymer available for elongation and increased the possibility of fiber
agglomeration [39]. In the case of MF/HDPE composites, the & of untreated com-
posites is higher than the treated. The values obtained for the & of both untreated
and treated composites are ~ 14.5%, 10.3%, 7.4% and 14%, 9.9%, 7.2% for 10 wt%,
20 wt% and 30 wt%, respectively. These observations show little significant differ-
ence in the € of both composites.

Flexural characteristics

A material’s resistance to bend is known as the flexural characteristics. Flexural
strength increases with the increase in filler loading. The introduction of wood fibers
renders the flexible HDPE matrix inflexible; hence, flexural strength is increased.
As shown in Fig. 9, the flexural strength of both untreated and treated compos-
ites increased as fiber content increased. Treated composites show higher flexural
strength with an increasing trend of about 8%, 29% and 42% at all filler loadings of
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Fig. 8 Tensile strains of untreated and treated MF/HDPE composites
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Fig.9 Flexural strength and flexural modulus of untreated and treated MF/HDPE composites

10%, 20% and 30% by weight, respectively, relative to the pure HDPE (20.219 MPa).
Meanwhile, the untreated composites exhibit about 7%, 13% and 29% increase in
10 wt%, 20 wt% and 30 wt%, respectively, when compared to the pure HDPE. These
observations may be due to the reinforcing effects of MP on HDPE which led to an
increase in the transfer of stress from the fibers to the matrix [38] as well as pos-
sible enhanced adhesion on the part of the treated composites. The flexural moduli
of untreated and treated composites are also shown on the secondary axis in Fig. 9.
These results show the same trend as flexural strength.

Flexural displacement reduces as the filler content increases. This is due to the fact
that natural fibers exhibit less strain at break than the matrix. Hence, the addition of
natural fillers renders the matrix more rigid by decreasing the flexibility of the polymer
chain, thereby leading to reduced flexural displacement. Figure 10 shows the flexural
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Fig. 10 Flexural displacement of untreated and treated MF/HDPE composites
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displacement of untreated and treated composites. The displacement of pure HDPE,
10%, 20% and 30%, by weight of untreated composites is 0.073, 0.071, 0.067 and
0.06 GPa, respectively. Meanwhile, those of the treated composites were found to be
0.069, 0.065 and 0.06 GPa as fiber loading increased. These show an improved wetta-
bility of heat-treated MF by the HDPE, thereby not yielding to bending as the untreated
counterparts. However, the same flexural displacement was recorded for both untreated
and treated composites at 30 wt%.

Conclusions

The hydrophilicity of mangrove fibers was successfully improved by heat treatment.
The results obtained showed the removal of hemicellulose, lignin, pectin, waxy sub-
stances and impurities from the outer surface of the mangrove cell wall, thereby indi-
cating an effective heat treatment. The chemical composition of the MF revealed an
increased amount of cellulose content at 120 °C. FTIR spectroscopy indicated chemo-
structural changes, while the highest thermal stability was observed at 120 °C and
180 °C. The crystallinity index and morphological changes occurred at different treat-
ment temperatures. These results showed that these characterizations are important fac-
tors in establishing the properties of the fiber.

The tensile modulus of both untreated and treated MF/HDPE composites increased
with increase in MF content, while the tensile strength and strain were found to
decrease. It is worthy to note that treated composites showed better tensile properties
relative to the untreated ones. The flexural strength and modulus of both untreated and
treated MF/HDPE composites increased with the increase in MF content, while the
flexural displacement reduced. This is as a result of the reinforcing impact of the wood
fiber on the matrix. Here, the treated composites exhibited higher flexural strength and
flexural modulus than the untreated ones. From the analysis of fractured surfaces, the
main causes of failure were identified in MF/HDPE composites. In the untreated com-
posites, debonding, fiber pullouts and non-uniform distribution of fibers in the matrix
were prominent, whereas fibers delamination and fibers attachment to the matrix were
seen in the treated composites, thus indicating an enhanced interfacial adhesion.
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