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ARTICLE INFO ABSTRACT

This study evaluated the effect of sodium hydroxide mercerized bagasse fiber (BF) on the mechanical and
thermal properties of polypropylene composites reinforced with hybrid BF/calcium carbonate (CaCO3). Samples
were fabricated with a compression molding machine and characterized for tensile, flexural, and thermal
properties. Hybrid composites with mercerized BF (HMC) exhibited improved mechanical properties than the
unmercerized hybrid composite (UHC), single-component composite (SC) and control sample. Additionally,
TGA/DTG analysis revealed that the HMC were more thermally stable in comparison with other samples.
Crystallinity index of HMC was about 24% higher than UHC, as indicated by XRD analysis. SEM images showed
good interfacial adhesion in the morphology of HMC compared to UHC, which contributed to the improved
thermal and mechanical properties exhibited by HMC. These results indicated that mercerization treatment and
reinforcement hybridization could be utilized for improving the thermal and mechanical responses of natural
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fiber reinforced polypropylene composites.

1. Introduction

Polymer matrix composites are characterized by moderate stiffness,
low cost, and simple manufacturing principles. They can be reinforced
with particles and fibers in either synthetic or natural form. Commonly
used particulate fillers include calcium carbonate [1], talc [2], and si-
lica [2]. Due to environmental awareness and the finite availability of
petroleum-derived fibers, research attention has been shifted to natural
fibers. More so, they are characterized by low cost, light weight, high
specific modulus, renewability and biodegradability [3,4]. Thus, these
advantages make them highly competitive reinforcing materials in
polymer composites.

Despite the advantages offered by natural fiber composites, in-
compatibility between the polymer matrix and fiber surface has been
identified as major challenge in the processing of polymer composites
containing natural fibers [3]. This results in wetting problem, weak
interfacial adhesion, and limited stress transfer between the two in-
terfaces, which greatly impacts strength development. However, some
treatment protocols have been developed to alleviate this challenge,
which include use of compatibilizers [5], coupling agents [6,7], and
mercerization treatment [3,4].
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Coupling agents such as coconut oil [7] and 3-(trimethoxysilyl)
propyl methacrylate [8] have been used for enhancing compatibility
between natural fibers and polymer matrices. Although improved
properties are reported, there is a limit to this improvement. Due to
aggregation not all the fibers are exposed to the coupling agent. Thus,
fiber adhesion to the matrix may not be fully developed [9]. Fiber-
matrix interfacial adhesion has also been improved using compati-
bilizers like polyethylene co-acrylic acid [5], maleic anhydride [10],
and maleic anhydride grafted polypropylene [11]. The efficacy of
compatibilizers is, however, limited by their dispersion on the fibers.
Non-uniform dispersion negatively impacts fiber/matrix interfacial
adhesion and limits the properties of the composites [9].

Mercerization is an alkali treatment process that is used to reduce
lignin, hemicellulose, wax and oils that are present on the surface of
fibers [3]. In addition, other changes that occur in the fiber include
increased surface roughness, enhanced wettability, and decreased
moisture absorption. This treatment, therefore, increases interfacial
bonding strength and enhances the mechanical properties of the com-
posites [3,4]. The effectiveness of the mercerization treatment depends
on the concentration of the alkali, type, treatment time, and tempera-
ture [3,4]. Different alkalis have been investigated but sodium
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hydroxide (NaOH) is widely used [3,4,12].

Several types of natural fibers and their derivatives, such as jute
[13], kenaf [14], sisal, palm kernel shell [15], coconut shell [16], and
bagasse [17-19], have been investigated as reinforcements in polymer
matrix composites. Bagasse is a bio-product of sugarcane fiber obtained
after the extraction of cane juice from sugarcane. However, this bagasse
is mainly utilized as a form of fuel in the sugarcane mill furnaces de-
spites its low caloric power. Therefore, its incorporation into polymer
composites is considered as a viable option for ameliorating the chal-
lenges of disposing bagasse fibers.

In a report, the effect of pulverized bagasse fibers on the tensile and
hardness properties of polyester composites was investigated. The au-
thors concluded that these properties were greatly enhanced at 10 wt%
bagasse reinforcement [17]. Similarly, another research investigated
the toughness of bagasse/polyester composites by means of Charpy test.
Results from the work showed that the fibers increased the notch
toughness of the composites [20]. Other studies on bagasse fiber/
polypropylene composites showed that the fibers increased tensile
stiffness [18,19].

Other than the aforementioned treatment protocols, hybridization
of reinforcements is another alternative that is actively being in-
vestigated. It involves the incorporation of more than two types of re-
inforcement materials into a polymer matrix. Thus, the composite
possesses a synergy of the individual advantages of each reinforcement,
enhanced performance and reduction in production cost [21]. Hy-
bridization also offers an opportunity to tune the properties of the re-
sulting composite [22]. Some previous studies have shown that hy-
bridization improves some mechanical properties of polymer
composites [21-23]. However, no such studies exist on hybrid bagasse
fiber/CaCO3 polypropylene composites.

Based on these earlier studies, the present research was carried out
to develop hybrid polypropylene composites using synthetic CaCO3; and
chemically modified bagasse fiber reinforcements. The hybrid re-
inforcements are expected to give a favorable synergy to enhance the
thermal and mechanical properties of polypropylene composites. The
effect of mercerization treatment of bagasse fibers on the properties of
the composites was also investigated.

2. Materials and methods

The materials that were used for this research are as shown in
Table 1. The chemicals were procured from allied stores in Edo State,
Nigeria while the homopolymer polypropylene (PP) from REPOL, a
Reliance Polymer Product Manufacturer in India was obtained from
chemical and allied store in Lagos State, Nigeria. The bagasse strands
were acquired from a farm plantation in Akure, Ondo State, Nigeria.
Calcium carbonate (CaCO3) powder with an average particle size of
~10pum was procured from Pascal Scientific in Akure, Ondo State,
Nigeria.

Table 1
Raw materials and chemicals used.
Raw materials Molecular weight Chemical Appearance
(g/mol) formula
Homopolymer PP 42.080 CsHg Solid
Bagasse fiber - - Solid (strands)
Dioctyl phthalate 390.564 Co4H304 Liquid
(DOP)
Calcium carbonate 100.087 CaCO3 Powder
(CaCo03)
Zinc stearate 632.332 CseH7004Zn Powder
Sodium hydroxide 39.997 NaOH Solid
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2.1. Mercerization of bagasse fiber

The as-received bagasse fibers (BF) were washed thoroughly with
distilled water and dried in a KX350A KENXIN drying oven for 24 h at
60°C to condition the fibers and reduce the moisture content.
Mercerization treatment was carried out on a part of fibers by treating
them with 1M NaOH at 50 °C for 4h in an ultrasonic water bath fol-
lowed by washing with distilled water to attain a neutral status as
confirmed by a litmus paper test. The mercerized (treated) fibers after
washing were later oven-dried at 60 °C for a further 24 h. The remaining
fibers were used in the unmercerized (untreated) form. Images of the
as-received bagasse and mercerized BFs are shown in Fig. 1(a) and (b).
Prior to the fabrication of the composites, the mercerized and un-
mercerized fibers were conditioned in an oven at 30 °C for 2 h.

2.2. Composite development

Composites were developed with a compression molding machine
after compounding the CaCO3/BF in various weight percent (wt.%)
based on the predetermined proportions of 3, 6, 9, 12 and 15 wt.% of
CaCO3 with respect to the total weight of the composite (polypropylene,
CaCO3 and BF). Both mercerized/treated and unmercerized/untreated
fibers were used for producing separate sets of the hybrid composites.
Molding was done at 4 MPa and 160 °C for 10 min. In addition to the
compositions above, selected single-component samples were devel-
oped for comparison as follows: low content mercerized bagasse (LB);
high content mercerized bagasse (HB); low content CaCOs filler (LF)
and high content CaCOj filler (HF). The formulations are shown in
Table 2. After the molding process, samples were removed from mold
and allowed to cool at room temperature. For single-component Sam-
ples LB and HB, only mercerized fibers were used.

2.3. Characterization of samples

2.3.1. Flexural test

Three-point bend test was performed on the test samples in com-
pliance with ASTM D790-15 standard. The length, width and thickness
of the specimen were 120, 12.7 and 3.2 mm, respectively. The test was
performed on INSTRON 5980-series Floor Model Universal Tester at a
crosshead speed of 0.3 mm/mm and strain rate of 10~ >/s. The test was
stopped when the specimen reached 5% deflection or breaks before 5%
deflection. The experiment was carried out at room temperature of
22 + 2°C. Six repeatability tests were conducted for each sample and
their mean values were used in this study to ensure accuracy and re-
liability of test results.

2.3.2. Tensile test

Tensile test was performed in compliance with ASTM D638-14 test
standard. The specimen's overall length, gauge length, width and
thickness were 115, 33, 10 and 5 * 1 mm, respectively. The test was
performed using INSTRON 5980-series Floor Model Universal Tester at
a fixed crosshead speed of 10 mm/min. The experiment was carried out
at room temperature of 22 + 2’ C. Six repeatability tests were con-
ducted for each sample and their mean values were used in this study to
ensure accuracy and reliability of test results.

2.3.3. Fracture surface characterization

The fractured surfaces of the samples were examined by means of
Phenom ProX scanning electron microscope (SEM) with operated at
15kV. The samples were washed, cleaned thoroughly, air-dried and
gold coated to make them conductive before SEM observation using
Quorum coating machine (Q150RES).

2.3.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) and derivative thermogravi-
metric analysis (DTGA) were done using a TGA6 thermogravimetric
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Fig. 1. Images of (a) unmercerized bagasse fibers (b) mercerized bagasse fibers.

Table 2
Composite formulation.
Sample Weight PP (g) CaCO3(g) Bagasse DOP (g) Zinc
fraction of fiber (g) stearate
CaCO3 (wt. (€]
%)
A 3 400 15 85 3 1.5
B 6 400 30 70 3 1.5
C 9 400 45 55 3 1.5
D 12 400 60 40 3 1.5
E 15 400 75 25 3 1.5
LF 3 485 15 - 3 1.5
LB 0 475 - 25 3 1.5
HF 15 425 75 - 3 1.5
HB 0 415 - 85 3 1.5
Control  Control 500 - - 3 1.5

analyzer (Perkin Elmer) under nitrogen atmosphere with a flow rate of
20 mL/min and 10 °C/min heating rate over a temperature range of
50 °C-850 °C. A test sample of 5 mg was used for each run.

2.3.5. X-ray diffraction (XRD) study

Shimadzu X-ray diffraction equipment (LabX XRD-7000) under
CuKa radiation [A = 1.5418 10\] was used to identify the phases in the
developed composites. Scanning was done between 26 = 10-50° at a
scanning speed of 4 deg/min.

3. Results and discussion
3.1. Flexural strength at peak

Fig. 2 shows the peak flexural strength of both mercerized and
unmercerized BF/CaCO; hybrids, single-component composites, and
the control sample.

For the hybrid composites, the flexural strength increased as the
proportion of the CaCOj3 increased from 3 to 15wt.% for both mer-
cerized and unmercerized BF addition. However, it was observed that
mercerized BF hybrid composites possessed higher flexural strength
than those of unmercerized BF hybrid composites. The mercerized BF
reinforced hybrid composites also exhibited higher flexural strength
compared with single-component composites (Samples LF, HF, LB, and
HB), as well as the unreinforced polypropylene (control sample).
Sample E (with 15 wt.% blend of CaCO3 and mercerized BF) possessed
the highest flexural strength value of 21.75MPa compared to
17.51 MPa from similar composition with unmercerized Sample E.
Compared with the 9.44 MPa recorded for the control sample, the
flexural strength of Sample E (with mercerized BF) was 130% higher.
This could be attributed to the short fiber interlocked with CaCO5 and
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Fig. 2. Plot of flexural strength of samples.

the matrix, which enhanced good interfacial adhesion and effective
stress transfer at the interface. This explanation is in line with the re-
sults and submission of some previous works [21,24].

3.2. Flexural modulus

Fig. 3 shows the plot of flexural moduli of the samples. All the
composite samples exhibited higher flexural moduli than the control
sample.

An initial increase in moduli was observed for Samples A to C, for
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Fig. 3. Flexural moduli of composite and control samples.
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both mercerized and unmercerized BF hybrids. However, the flexural
moduli of Samples D and E showed a decline. For the hybrid samples,
those with mercerized fibers had higher moduli compared with their
counterparts containing unmercerized fibers. This observation is similar
to the results presented in Fig. 2. The modulus of mercerized Sample C
was 70% higher than the 290.56 MPa of the control sample. This en-
hancement could be attributed to the good interfacial adhesion between
the reinforcements and matrix. This finding also agreed with the reports
of previous researchers [1,20].

Considering the samples with single reinforcement, it was observed
that low wt.% of either BF or CaCO3 gave the best results. It was noted
in the literature [25] that flexural modulus was high for low filler
loading and decreased as filler loading increased for fly ash-filled
polypropylene composites. This implied that stiffness was enhanced by
low composition of the individual reinforcement. In this group, the
highest modulus of 375.45 MPa was from Sample HF (3 wt% CaCO3),
followed by Sample LB (3 wt.% BF). Comparing all the samples, the
hybrid composites yielded higher moduli values.

3.3. Tensile strength at peak

Fig. 4 shows tensile strength at peak for all the samples. Similar to
the results of flexural strength, the tensile strengths of the hybrid
samples increased from Sample A through E, as the fraction of CaCO5
increased.

Also, mercerized Sample E possessed the highest tensile strength of
about 75 MPa. This similar trend was observed for the single-compo-
nent composites, where the tensile strength of Sample HB (48.84 MPa)
was higher than the other samples in this group. This was due to good
interfacial adhesion that existed at this higher fiber loading. The un-
reinforced polypropylene possessed the least value of about 30 MPa and
the percentage enhancement of the tensile strength at peak between the
best sample and the control was 150%. This suggested that hybridiza-
tion in composite development is a good approach to strengthening
composite materials.

3.4. Tensile modulus

Fig. 5 shows the tensile modulus against reinforcement content for
mercerized and unmercerized BF/CaCO3 hybrid and single-component
composites as well as control sample. It was noticed that all the com-
posites displayed higher modulus than the unreinforced polypropylene
sample. However, hybrid composites showed outstanding performance
than the single-component composites.

It was observed that the tensile moduli of mercerized BF/CaCOs5
composite samples increased from Sample A to D before this property
decreased in Sample E. On the other hand, moduli of unmercerized BF/
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Fig. 4. Tensile strength at peak of composite and control samples.

Polymer Testing 76 (2019) 192-198

(=2}
(=3
(=]

B Treated
B Untreated

w S 4
(=3 (=3 (=3
o S (=}

Tensile modulus (MPa)
& 4
[=3
o

D E LB

Sample

HB LF HF Control

Fig. 5. Tensile moduli of samples.

CaCO3 composite samples increased from Sample A through C, before
decreasing from Sample D to E. This implied that the tensile modulus
enhancement was achieved within this range of reinforcement contents
similar to what was obtained in Fig. 2.

It could be seen from the trend of the results that both flexural and
tensile strengths (Figs. 1 and 4) increased as the reinforcement content
in hybrid composites increased in which the influence of the CaCO3 was
highly significant but the reverse was the case for both flexural and
tensile moduli (Figs. 2 and 5) in which the best modulus was achieved
at an optimum reinforcement content within 9 and 12 wt.%. At these
contents, the effect of the BF was highly significant on the enhancement
(Table 2). The results, therefore, revealed that enhancement in strength
was highly supported by particulate CaCOs3, a synthetic particle while
enhancement in modulus was highly supported by BF, a natural fiber
when used in the mercerized condition. Therefore, surface modification
is an essential production process for natural fiber application in
composite development for improved properties. This is in agreement
with the findings and conclusion from the works of some previous au-
thors [19,24].

Hybrid composite Sample D (with 12 wt.% CaCOj3) gave the best
tensile modulus value of 477.95 MPa. This finding was due to the sy-
nergetic effects of the incorporated CaCOs3 and mercerized BF that
yielded improvement in the tensile modulus of the composites, how-
ever, further increase in the filler/fiber content tended to reduce the
strengthening capacity. The trend of this study was found similar to the
research carried out by Leong et al. [26], which showed that at high
filler loading with the intention of replacing talc with CaCOs, the tensile
modulus of polypropylene composites gradually decreased as the
CaCO;3 content increased. Also, considering the single-component
composites, they also performed considerably well because of high
compatibility of the reinforcement at the interface. However, the un-
reinforced polypropylene gave the least outcome with value of
319.72 MPa while the high CaCOj reinforced composite (HF) gave the
best tensile modulus among the single-component composites with a
value of 365.75MPa which can be attributed to the stiffness and ri-
gidity of the reinforcing filler. The percentage enhancement of the
tensile modulus peak between the best sample and the control is given
as 49.49%.

3.5. X-ray diffraction study

To compare the effect of mercerization, representative X-ray dif-
fraction patterns of mercerized and unmercerized Sample E are pre-
sented in Fig. 6. The patterns showed the signature crystalline peaks of
the polypropylene (PP) matrix. A summary of the crystalline peaks and
their assigned crystallographic planes, according to the results in Ref.
[27], are outlined in Table 3. Other than the PP peaks, the peak
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Fig. 6. X-ray diffraction patterns of mercerized and unmercerized bagasse/
CaCO3 hybrid composites.

appearing at 20 = 42.95° was assigned to CaCO3 [15]. Most of the high
intensity crystalline peaks appeared between 20 = 14.05°-42.95°,
whereas the amorphous peaks of PP were at 20 = 20.45° (117 plane)
and 27.25° (220 plane).

It was also observed that characteristic biomass peaks, usually seen
at 20 = 16.80° and 22.30° [27,28] were not distinctly clear and ap-
peared to have overlapped with PP peaks. Furthermore, the diffracto-
gram of the hybrid sample with mercerized bagasse appeared sharper
with higher intensities than the unmercerized sample. This implied that
the mercerization treatment impacted more crystallinity to the mer-
cerized sample, which agreed with the result presented in Refs. [19,24].

To support this observation, the crystallinity indices of Sample E
with both mercerized and unmercerized fibers were evaluated by de-
convoluting the diffractograms presented in Fig. 6 using Lorentzian
profiles. Peak 26 = 42.95° was excluded from deconvolution being that
it was assigned to CaCOj3. Peak deconvolution was done using Microsoft
Excel and the crystallinity index was calculated using the following
expression [27]:

_ Acrystalline

Crystallinity index (%) X 100

4

total

where Acrysanine is the summation of areas of the deconvoluted crys-
talline peaks and A, is the total area of the estimated profile of all the
peaks after deconvolution (see Fig. 7). Results showed that the mer-
cerized fiber sample had the higher index of 63.97% compared with the
51.50% exhibited by the sample with unmercerized fiber. This result,
therefore, indicated that mercerization increased the crystallinity of the
sample. This could be ascribed to the elimination of the amorphous
regions, such as lignin and hemicellulose covering the external surface
of the fiber cell wall and exposed the fiber short-length crystallite [3,4].

3.6. Thermo-gravimetric analysis (TGA)

Fig. 8 (a) shows the TGA thermographs of the samples. The inter-
pretation of the legend are as follows treated hybrid (mercerized
Sample E), untreated hybrid (unmercerized Sample E), control sample,
bagasse fiber (Sample HB), and calcium carbonate (Sample HF). The
plots showed that all the composites exhibited better thermal stabilities
compared to the control sample. Three degradation stages were noted
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Fig. 7. Deconvoluted X-ray diffractograms of Sample E containing (a) mercer-
ized fiber (b) unmercerized fiber.

from the thermographs. The first degradation temperature ranged from
50 to 150 °C, which could be ascribed to the evaporation of moisture
and other volatile matter. The second degradation stage was observed
at a temperature range of 150-250 °C, which indicated the loss of
hemicellulose content. The third stage at about 250-400 °C was at-
tributed to the degradation of cellulose and lignin [21].

Between the two variants of Sample E (treated hybrid and untreated
hybrid), unmercerized Sample E degraded at a lower temperature
compared to the mercerized variant. This could be ascribed to the
higher hydrophilicity and higher amorphous content of the BF in the
unmercerized state. The highest thermal stability was seen in mercer-
ized Sample E due to its higher crystallinity. The single-component
composites (Samples HB and HF) had higher thermal resistance than
the control sample. Of all the samples, mercerized Sample E, with hy-
brid reinforcement, possessed better thermal stability than the single-
component composites due to hybridization.

Fig. 8 (b) shows the derivative thermo-gravimetric analysis of the
samples in Fig. 8 (a). All the composites had higher degradation tem-
perature than the control sample. It was also observed that the hybrid
composites (both variants of Sample E) possessed higher degradation
temperature compared to the single-component samples. Mercerized
Sample E (treated hybrid) had the optimum degradation temperature
with a value of 329 °C, followed by unmercerized Sample E (untreated

Table 3
Data of crystalline peaks, planes, and crystallinity indices of a representative hybrid composite sample (Sample E with mercerized and unmercerized bagasse fibers).
Plane 110 040 030 111 041 060 220 Crystallinity index (%)
With mercerized BF 20 () 14.05 16.82 18.52 21.30 21.85 25.65 28.85 63.97
With unmercerized BF 26 (") 14.05 16.85 18.65 21.05 21.95 25.45 29.20 51.50
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Fig. 8. (a) TGA thermographs and (b) Derivative TGA thermographs of selected
samples.
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hybrid) with a value of 321 °C. The unreinforced polypropylene (control
sample) displayed the lowest degradation temperature of 285 °C.

3.7. Fracture surface characterization

Fig. 9 shows the fracture surfaces of mercerized and unmercerized
Sample E, as well as the control sample. From the image of the hybrid
mercerized composite in Fig. 9 (a), micro voids were virtually absent,
and fiber-matrix de-cohesion was not observed. These observations
strongly suggested that a strong interfacial interaction existed between
the fiber and the matrix. Similar microstructural observations have
been observed with use of compatibilizers [5,10] and mercerization
treatment [1]. Furthermore, enhancement in the results of the me-
chanical characterizations in Figs. 2 and 4 are in good agreement with
this observation from the SEM image. However, for the hybrid non-
mercerized composite in Fig. 9 (b), evidences of fiber pull-out (white
arrow) and micro-voids (black arrow) could be seen. This is an in-
dication of the poor interfacial interaction between the matrix and the
unmercerized fibers. The image of the fractured surface of the un-
reinforced polypropylene, as shown in Fig. 9 (c), was relatively rough,
an evidence of brittle fracture. Therefore, it was concluded from these
observations that mercerization treatment resulted in enhanced inter-
facial bonding between the fibers and the polymer matrix.

4. Conclusions

The investigation into the influence of mercerization of BF and
hybridization of reinforcements on the mechanical and thermal re-
sponses of polypropylene composites revealed that:

i. Samples from mercerized BF/CaCO3 hybrid reinforcement gave the
best results in mechanical properties. Improved mechanical prop-
erties were achieved in hybrid composites than the single-

Fig. 9. SEM images of fracture surfaces of (a) hybrid mercerized composite (b) hybrid non-mercerized composite (c) unreinforced polypropylene.
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component samples and the control. This implied that the hy-
bridization created favorable synergy between the two reinforce-
ments to produce enhanced mechanical properties that were su-
perior to that of single-component composites.

. Mercerization treatment was an effective approach for enhancing

the crystallinity of BF due to the reduction in lignin and hemi-
cellulose contents, as well as retention of the cellulose constituents
of BF. The treatment also aided the development of good interfacial
adhesion at the fiber/matrix interface, as observed in the mechan-
ical test results and SEM images.

TGA/DTG thermograms and XRD diffractograms confirmed an in-
crease in thermal stability, degradation temperature and crystal-
linity of the mercerized BF/CaCO3 hybrid composites.

SEM images revealed good interfacial adhesion in the morphology
of the mercerized hybrid composite compared to the unmercerized
hybrid composite sample.

Data availability

The raw/processed data required to reproduce these findings cannot

be shared at this time as the data also forms part of an ongoing study.
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