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ABSTRACT

he ever-increasing environmental constraints over waste disposal led us to study the feasibility of valorizing

bagasse/ polypropylene composites via nanosilica and mercerization treatments. Water absorption and thickness
swelling of the nanocomposites improved due to the barrier properties of nanosilica particles. FTIR spectra
revealed decreased hydroxyl groups as well as carbonyl groups disappearance after alkali treatment. Except for
impact strength, the combined nanosilica-mercerization treatment could enhance the mechanical performance of
the biocomposites. Thermogravimetric analysis showed higher degradation temperatures and residual char yields
after the combined nanosilica-mercerization treatment. Furthermore, differential scanning calorimetry indicated
that the individual mercerization and nanosilica treatments had no distinct effect on the thermal performance of
the composites, whereas the combined treatment brought about marked improvements in the given properties, e.g;
melting and crystallization temperatures and crystallinity rate. The present study introduces a novel technique to
valorize a totally waste-based bagasse/ polypropylene composite material holding a promising potential for various
industrial applications. Polyolefins J (2025) 12: 61-71

Keywords: Waste plastic; sugar cane residue; nano SiO,; alkalization; synergistic effects.

INTRODUCTION

Production of waste-based natural fiber polymer
composites has globally gained significant attention
in recent years [1-3]. The hygroscopic nature of
wood fibers causes poor interfacial adhesion between
the natural fibers and the polymer matrix creating
favorable conditions for fungal attack [4-6]. Therefore,
the surfaces of lignocellulosic fibers require treatment
to reduce their hygroscopicity. Alkali treatment can
dissolve wax, pectin, and lignin present on fiber
surfaces, thus introducing more accessible hydroxyl
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moieties on natural fibers. The hydrogen bonds in
cellulose and hemicellulose are broken due to the
given treatment, leading to rough fiber surfaces. Alkali
converts hydroxyl groups to RO™, engendering reduced
water absorption in natural fibers according to the
following reaction [7,8]:

(1

Wood-OH + NaOH — Wood-O-Na+ H,0 +impurities (wax, pectin, and lignin)

Mercerization has been reported to improve mechanical
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performance, slenderness and surface fibrillation
in lignocellulosic fibers [9]. Additionally, alkali
treatment could improve thermal stability as a result
of hemicellulose dissolution, being the most thermally
degradable component of natural fibers [10].

Nanoparticles are gaining more importance in
recent years to render novel properties to wood
plastic composites [11,12]. Nanosilica is one of
the most promising nanoparticles due to numerous
positive effects it provides for composites, e.g., cost
effectiveness, nontoxicity, environmental-friendliness,
and improved thermal and mechanical performance
[13, 14]. Low amounts (1-2 wt.%) of nano silica were
reported by [15] to increase some of the mechanical
properties of rice husk flour/polypropylene
composites, whereas the higher amounts of the
mentioned nanomaterial (3-4 wt.%) improved the
composites water absorption. The incorporation of
nano-montmorilonite and nanosilica in to rice straw/
polypropylene composites could enhance tensile and
flexural moduli; however, the impact strength was
considerably reduced [16].

To the best of the authors' knowledge, this is the
first study reporting the synergistic effects of alkali
and nanosilica treatments on the overall properties
of bagasse/recycled polypropylene nanocomposites.
A wide range of analyses including physical and
mechanical tests as well as SEM, FTIR, TGA, and
DSC were conducted to fully understand and analyze
the mentioned structure-property relationships.

EXPERIMENTAL

Material
The bagasse fiber (sugarcane residue) was provided
from Khuzestan Dash Laleh Nasr Co., Iran.
Polypropylene (PP) grade V30G was purchased from
Maroon Petrochemical Co., Iran, and Maleic anhydride
grafted ploypropylene (MAPP), as the compatibiliser,
was purchased from Aria Polymer Pishgam, Iran. The
technical specifications of the mentioned polymers are
given in Table 1.

Nanosilica was provided from Degussa Co.,

Table 1. Polymer specifications.

Material Melt flow index Density

(g/10min) (g/lcm?3)
Polypropylene-V30G 16 0.9
Maleic anhydride grafted 10 0.95
Polypropylene
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Germany, and sodium hydroxide (99%) was purchased
from Merck Co., Germany.

Preparation of bagasse fibers

The fibers first underwent a one-hour soak in hot
water. They were then left to air-dry for a period of
72 hours. After this, the fibers were placed in an oven
and dried at a temperature of 103°C for 24 hours.
Following this drying process, the fibers were fed
into a rotary chipper for further processing. From the
resulting material, the 30-100 mesh size fraction was
selected to be used in subsequent experiments.

For mercerization treatment, the fibers were
immersed in a 5% sodium hydroxide solution at room
temperature. After 2 hours, the fibers were washed and
rinsed with distilled water. The washed fibers were
then air-dried for a period of three days. After the
fibers underwent the final oven-drying at 103°C for
24 hours, the treated bagasse fibers were packed and
sealed in plastic bags for any further processing steps.

Production of recycled polypropylene

The polypropylene extrusion process was conducted
at a temperature of 190°C with a single screw extruder
having 5 thermal zones manufactured by Pouya
Polymer Amirkabir Iran Co., Iran. The resulting
material was cut in to recycled PP granules. These
granules were then pulverized and sealed in plastic
bags for further steps.

Composite fabrication

The composite materials were first placed in an oven
and dried at a temperature of 103°C for 12 hours. After
the drying process, the materials were sealed in plastic
bags. This was done to prevent any potential changes
in the moisture content of the materials.

The dried materials were then weighed precisely to
the nearest 0.001 gram and mixed based on the weight
percentages specified in Table 2. This mixing process
was carried out in a rotary mixer, manufactured by
Santam Co. in Iran, for a duration of 5 minutes.

The resulting mixed material was then placed into a
mold with dimensions of 28%28x1.3 c¢cm. This mold-
filled mixture was then pressed using a hydraulic
hot press, also provided by Santam Co. in Iran. The
pressing was done at a temperature of 185°C, under a
pressure of 35 bar, for a duration of 18 minutes.

Characterization of composite materials
Physical properties
Water absorption (WA) and thickness swelling (TS)
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Table 2. Composite formulations.

el G Fiber content PP content Coupling agent content Treatment Nano
(wt.%) (wt.%) (wt.%) (wt.%)
PMB 50 48 2 Untreated 0
PMBA 50 48 2 treated 0
PMBNs 50 44 2 Untreated 4
PMBANSs 50 44 2 treated 4

characterizations were performed on the samples
in accordance with ASTM D7031-11 standard
specifications. These tests were conducted with 5
replicate samples and calculated based on Equations
2 and 3.

my

%l A = (’"""djx 100 )

Where: m and m, represent composites wet and oven-
dried weights

t —t

%TSz( w d]xlOO 3)
td

Where: ¢ and ¢, represent composites wet and oven-

dried thicknesses

Mechanical properties

The unnotched impact and bending strengths of the
samples were evaluated following the ASTM D256
and ASTM D790 standard test methods, respectively.
These tests were carried out, using an Instron testing
machine model 4489 with five replicate samples for
each measurement.

Fourier transform infrared spectroscopy (FTIR)

The untreated and alkali treated fibers were analyzed
by a Fourier transform infrared spectroscopy system.
Specifically, a Tensor 27 IR spectrophotometer
manufactured by Bruker Co. in Germany was used for
this analysis. The FTIR scans were performed over a
transmittance range of 4000 to 370 cm™.

Scanning electron microscopy (SEM)

The fractured surfaces of the composites were scanned
using scanning electron microscopy (SEM). This test
was carried out to study the fiber-polymer interfaces
and also morphology of the treated and untreated
composites. The SEM instrument used was a MIRA 111
model, manufactured by Tescan Co and the fractured
surfaces were coated with a thin layer of gold before
scanning.

Polyolefins Journal, Vol. 12, No. 1 (2025)

Thermogravimetric properties (TGA)
Thermogravimetric analysis was carried out on the
samples using a thermal gravimetric analyzer Model
STA 504, manufactured by Bahr, Germany. During
the TGA analysis, the composite samples were heated
from 25°C to 600°C at a rate of 10°C per minute.

Differential scanning calorimetry (DSC)

The composite samples were analyzed using a Q600
differential scanning calorimeter (DSC) from TA
Instruments, USA. Each sample, weighing 15 £+ 0.2
mg, underwent the DSC characterization. The DSC
analysis was conducted under a nitrogen atmosphere
with heating rate of 10°C/min. As the endothermic
polymer melting peak covers the exothermic peak
of the initial stage of wood degradation, all the
measurements were conducted twice. Thus, the
measurements are for the second runs, i.e., second
heating run after cooling step, where the exothermic
effect does not repeat.

Statistical analysis

The statistical analysis was done using a completely
randomized factorial design, which was implemented
using SPSS software. One-way analysis of variance
(ANOVA) was employed to analyze the data. The
means were then grouped via Duncan's Multiple
Range Test (DMRT) at 95% confidence level.

RESULTS AND DISCUSSION

Physico-mechanical Properties

Water absorption and thickness swelling

There is similar WA and TS trends in the studied
composite formulations (Figure 1). The untreated
bagasse fiber composites (PMB) presented the highest
WA rates (8%) as a result of the hydrophilic nature of
cellulosic bagasse fibers[17]. The incorporation of 4
wt.% nanosilica in to the composites (PMBNs) resulted
in a slight reduction of WA and TS rates. Nanosilica
prevents from water ingress in to composites due to its
barrier properties[18]; it also fills the micro and nano
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voids existing in the composite matrix, leading to
reduced physical properties[11]. Mercerization could
slightly reduce WA and TS rates in PMBA composites
vs. the untreated PMB ones. The reason behind this
is the reduction of polar hydroxyl moieties brought
about by alkali treatment which entails stronger
chemical affinity between the now less polar bagasse
fibers and the apolar polypropylene matrix[19].
PMBANSs composite exhibited the lowest WA (7%)
and TS rates (<4%). Except for WA and TS rates of
PMBA composites, there were significant differences
between the WA and TS rates of PMBANSs and those
of all the other composite formulations.

Flexural strength

Flexural strength presented a statistically significant
improvement in PMBA composites vs. the reference
ones (Figure 2). Gwon reported that mercerization
improvements the mechanical performance of natural
fiber composites by both enhanced mechanical
interlocking and chemical bonding[20]. Nanosilica
had almost no statistically significant effect on the
composites; the weak chemical affinity of nanosilica
and polyproplene and also the agglomeration of
the given nanoparticles brought about by Van der
Waals and electrostatic forces can play a role in this
phenomenon[21]. PMBANS composites (vs. PMBA
ones) showed a very slight increase in flexural
strength. This can be due to the formation of a more
homogeneous fiber-polymer interaction[22-24].

Modulus of elasticity

The MOE of PMBNs composites is almost identical
to that of the reference ones showing no significant
improvements (Figure 3). Figure 3 also displays

WA (%)
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2 4
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PMB PMBNs PMBA PMBANS

Composite formulations

Figure 1. Water absorption and thickness swelling of the
studied composites.
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Figure 2. Flexural strength of composite formulations.

enhanced MOE values for the mercerized PMBA
samples (vs. the reference); however, the long error
bar in PMBA may indicate that the values are more
spread out and less reliable. The MOE of PMBANSs
composites is slightly higher than PMBA ones; this
can be relative to the improved interfacial adhesion
due to the addition of nanosilica and the entailing
better stress transfer in the polymer matrix [25].

Impact strength

The impact strength values of PMBNs and PMBANSs
composites did not show any significant difference
with that of the reference formulation (Figure 4).
The restriction of polymer chain movements due to
the effect of nanoparticles may undermine the ability
of composites to absorb the applied impact energy.
Moreover, the presence of nondispersed fiber bundles
and voids would adversely affect impact strength
[26-28]. Archival publications present contradictory
findings regarding the impact strength of wood-
plastic composites, indicating a need for further
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Figure 3. Modulus of elasticity of various samples.
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Figure 4. Impact strength of composite formulations.

investigation. Additionally, the unnotched impact
strength test is significantly influenced by the surface
properties of composite samples; in cases where
a hard and rigid substance is present on the sample
surface, an increase in impact strength is anticipated
[29,30]. Mercerization leads to strong but rigid fiber-
polymer phases, and therefore the composites would
be fractured at relatively lower impact energy rates
[29]. Consequently, the PMBA composites exhibited
the lowest impact strength (7.23 kJ/m).

FTIR results

The infrared spectrum (Figure 5 and Table. 3) indicates
that the band at 3440 cm™!, which corresponds to the
stretching of hydroxyl (-OH) groups in the bagasse
fibers, has a lower intensity of absorbance in the
treated fibers vs. the untreated ones. This is due to a
reduction in the number of bagasse hydroxyl groups
after NaOH treatment [31,32]. The C-H stretching
of aromatic methyl and methylene moieties present
in lignin appeared as the strong peaks at 2921 cm’!
[33]. Mercerization had trace effects on the removal
of lignin components in the fibers, as the peaks did not
show significant differences between the treated and
untreated bagasse fibers. The vibrational stretching

Table 3. FTIR analysis of fibres.

of unconjugated carbonyl functional moieties (C=0)
existing in hemicelluloses is detected with the
absorption band observed at 1736 cm™ [34]. Based on
Figure 5, this band has disappeared in the alkali-treated
fibers, demonstrating the removal of hemicellulose
components by this treatment [35,36]. The peak at 1432
cm’ is the stretching of C-H bonds in the amorphous
and crystalline regions of the cellulose chains. After
mercerization, this peak has shifted to 1429 cm™ and
also increased in intensity. This can be ascribed to the
release of C-H groups from the fiber surfaces due to
the alkali impact [37]. The absorption peak observed
at 1047 cm™! is attributed to the stretching vibrations
of the C-C and C-O bonds present in hemicellulose
xylan, as well as the C-O-C bonds in the glycosidic
linkages of hemicellulose components [38]. This
peak has exhibited a remarkable increase in intensity
following the alkali treatment indicating a marked
increase in intensity following the alkali treatment.
The observed increase in the intensity of the 1047 cm’!
peak can be attributed to the fibrillation phenomenon
induced by the NaOH treatment. This chemical
treatment has the effect of opening up the interwoven
cellulose and hemicellulose chains, thus creating the
aforementioned stretching bonds (i.e., C-C, C-O,
and C-O-C) more accessible and prone to absorb the
infrared light during the FTIR analysis [39].

Scanning electron microscopy
The fracture surface of the PMB sample (Figure
6a) exhibits some gaps and cavities, indicating fiber
pull-outs. This suggests a weak interfacial adhesion
between the fibers and the matrix leading to impaired
mechanical properties of the PMB composites.
While Figure 6b shows that nanosilica has
agglomerated in some areas holding the potential
to adversely affect the properties of the PMBNS
composites, the fracture surfaces also reveal some
positive attributes. Although a few cavities are

:T::::‘(Zm_1) Functional group Reference
3440 Vibrations of the hydrogen-bonded hydroxyl group [35]
2921 C-H stretching in aromatic methoxyl group and methylene group [55]
1736 Acetyl and uronic ester groups attached to hemicellulose [56]
1605 OH bending of water in hemicellulose [35]
1462 The C-H bending and C-O stretching frequencies of hemicellulose [37]
1248 The acetyl groups of the hemicelluloses [35]
1047 C-O and C-C stretching band of xylanes C-O-C stretching of the glycosidic linkage in hemicellulose [57]
893 The C-H bending of amorphous and crystalline cellulose [39]
829 CH-bending vibration [58]
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0.20 As observed in Figure 6¢, the PMBA composites
0.18 Bagasse untreated display a reduced number and size of cavities caused
0.16 Bagass treated by fiber pull-outs, compared to the PMB formulation.

2z 0141 A This indicates better bonding between the fibers and
§ 0.12 4 the polymer in the PMBA composites than in the PMB
E 0.10 ones. Additionally, Alkali fibrillation of the fibers in
& 0034 the PMBA composites could increase the accessible
< 0.06 hydroxyl groups on fiber surfaces, leading to improved
004 4 bonding of fibers and the incorporated coupling agent
002 4 m present in the given composites [40].
0.00 . Figure 6d illustrates a fairly uniform and smooth

4500 4000 3500 3000 2500 2000 1500 1000 500 O
Wave number (cm™)

Figure 5. FTIR spectra of mercerized and untreated
bagasse fibers.

present due to fiber pull-outs, there are also instances
of fiber fractures, which indicate better fiber-
polymer entanglement in the PMBNS samples; this
corroborates the enhanced physical and mechanical
properties of the mentioned composites.

SEM MAG: 1.00 kx Det: InBeam MIRA3 TESCAN
WD: 6.03 mm BI: 7.00

View field: 208 um | Date(m/d/y): 09/11/18

SEM MAG: 200 x WD: 7.86 mm MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV. 200 pm

Date(m/d/y): 09/05/18 Bl: 15.00

surface, indicating good fiber encapsulation by the
polymer and adhesion between the fiber and polymer
phases. There are almost no visible gaps or cavities
between the two components, suggesting a well-
integrated composite structure. As also seen in Figure
6d, the presence of fiber fracture areas suggests that
the incorporation of nanosilica particles has enhanced
the mechanical and interfacial characteristics of the
material.

n

z %lomeration '

SEM MAG: 1.00 kx Det:
WD: 11.66 mm Bl: 10.00
View field: 208 ym _|Date(m/dly): 09/12/18

- - % pos T
SEM MAG: 200 x WD: 5.06 mm
Det: SE SEM HV: 15.0 kV 200 pm
Date(m/dly): 09/05/18 BI: 15.00

Figure 6. SEM micrograph of (a) PMB, (b) PMBNs, (c) PMBA, (d) PMBANs composites.
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Table 4. TGA analysis of bagasse fiber/polypropylene composites.

Sample code T, T, T, T,(°C) T. (°C) (°C) T, Char (%)
PMB 2421 321 4215 320.1 448.3 450.1 12.5
PMBA 242 321 4214 319.7 448.3 450 11.8
PMBNs 2421 320.5 433.7 321.6 448.5 449.5 14.6
PMBANs 2423 322.1 447.2 323.2 449 449.1 14.7

T=initial decomposition temperature, T, =first decomposition temperature, T ,=second decomposition temperature, T, =temperature at
10% weight loss, T, =temperature at maximum degradation, T, = temperature at 50% weight loss.

Thermal results

7GA

As indicated in Table 4, the thermal degradation
of bagasse fibers (T,) initiated at about 240°C
[41], which is due to the low thermal degradation
threshold of holocellulose polymers and lignin. The
degradation temperature of hemicellulose is between
150-350°C, cellulose is around 275-350°C, and
lignin starts to thermally degrade at 250-500°C [42].
Therefore, the primary contributors to the initial stage
of thermal degradation in the given composites are
cellulose, hemicellulose, and lignin polymers [43].
Mercerization partly reduced the thermal properties of
PMBA formulation, as a result of the decreased lignin
content. TGA analysis also infers that the addition of
nanosilica by itself can somewhat increase the T,
T, and T of PMBNs composites versus those of
the PMB and PMBA formulations, whereas T, and T,
were negatively affected, which needs to be further
studied.

Several mechanisms have been proposed to explain
the enhanced thermal stability observed in the studied
nanocomposites. First the silicate layers of the
nanoparticles elongate the twisted pathways, hindering
the diffusion of heat and combustible volatiles [44,
45], and also the addition of nanosilica results in the
formation of a protective char layer over the composite
materials. This delays the burning process of the
underlying layers, bringing about enhanced thermal
properties for the studied composite formulation
[46]. Last but not least, the nanosilica particles limit
the chain mobility of the matrix polypropylene; this
interaction-induced restriction of chain mobility
improves the overall thermal properties of the given
formulation [47].

Table 5. DSC analysis of bagasse fiber/polypropylene composites.

Except for T,, the combined treatment of
mercerization and nanosilica exhibited a synergistic
effect, leading to an increase in the T, T, T, T,
T

.o and char yield rates of PMBANSs formulation.
DSC

The findings (Table 5) suggest that the process of
mercerization may have a minor negative impact on
the thermal properties of PMBA composites. This is
likely due to the presence of lignin, which functions
as a binding agent between the fibers. The lignin acts
as a barrier, preventing the sodium hydroxide used
in the mercerization process from fully ingressing
these areas of the composite material[48,49]. Higher
amounts of alkali were found to remarkably impair
the thermal properties. This is due to the combined
effects of the transformation of cellulose and changes
in crystallinity [50,51]. Additionally, the blocking
effect of the wood fibers on the polymer crystallization
could lead to the lower crystallinity rates observed in
WPCs [50]. The DSC results showed that nanosilica
particles act as nucleating agents, promoting crystal
growth and likewise, increasing the crystallization and
strength of the composites. The addition of nanosilica
strengthened the bond between the polyethylene matrix
and bagasse fibers, and also incrementally improved
the crystallinity and thermal properties of the given
nanocomposite [52]. The DSC analysis also indicated
that the combined nanosilica and alkali treatments
could noticeably improve the overall thermal
indices mentioned in Table 4. Othman postulated
that the partial dissolution of wax, oil, lignin, and
hemicellulose is responsible for such changes [53].
Vidyashri et al. (2019) reported that the accessibility
of nanosilica to the alkali-exposed cellulose hydroxyl

Sample code T (°C) T,(°C) X, (%) AH_(jlg) AH_ (ilg)
PMB 171.2 1215 30.1 65.1 60.1
PMBA 170.0 121.2 30.1 64.9 59.5
PMBNs 171.2 121.3 29.5 64.6 59.8
PMBANSs 1715 124.9 31.4 66.1 60.4

Polyolefins Journal, Vol. 12, No. 1 (2025)
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groups could lead to enhanced thermal performance of
the studied nanocomposites [54].

CONCLUSION

This study reports the effects of nanosilica and
alkali treatment on the overall properties of recycled
polypropylene/bagasse composites. WA and TS of
the nanocomposites improved due to the blocking
properties of nanosilica platelets. Furthermore,
alkaline treatment reduced the hydroxyl groups
present in bagasse fibers, as confirmed by FTIR
analysis, and further improved the water resistance.
Unlike PMBNs composites, flexural strength and
modulus of elasticity of PMBANSs enhanced due to the
modification of the bagasse fiber surfaces by alkali.
The impact strengths of PMBA composites were
lower than those of reference ones due to the impaired
impact energy absorption of the strong fiber-polymer
interfaces in the former composites. The impact
strength values of PMBNs and PMBANSs composites
did not show significant differences with that of the
reference formulation. The thermal properties of
PMBA and PMBNSs had no significant improvements
whereas PMBANs composites showed significantly
better overall thermal properties. The results of
this study indicate that combined nanosilica-alkali
treatment of natural fiber polymer composites holds
a promising potential to synergistically valorize the
structural properties of the given bio-nanomaterials,
transforming them into high-performance, and
likewise eco-friendly materials for various industrial
purposes.
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