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Abstract
This article describes the results of an investigation on the influence of loading silane treated
sugar cane bagasse (SB) on the morphology and properties of recycled polypropylene (rPP). The
samples are prepared through melt extrusion followed by injection moulding. The Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD)
results show that SB-rPP composites have a fairly strong interfacial interaction and a change in
crystallization for the highest containing SB composite, however, some fibre pull-outs are observed
as the SB content is increased. The interaction influences the thermal and mechanical properties
of the samples in a complex way. There are strong indications of a stronger interfacial interaction
on the highest containing SB composite, which is supposedly accountable for the increased crystallinity and melting temperature.
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1. Introduction
Interest in composite materials reinforced with natural fibres has recently increased considerably due to some
natural benefits of the fibres. These materials present low cost, low density, high specific properties and are
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biodegradable [1]-[4]. Other necessary properties related to processing include lower equipment abrasion and
lower energy consumption. For these reasons natural fibres reinforced polymers have dominated applications
such as furniture, architectural materials and lately in automotive industry in commercial marketplaces [5]-[7].
Subsequently, natural fibers, such as sisal, banana, wood, jute, kenaf, hemp, pineapple and rice husk, have been
successfully used to improve the mechanical properties of plastic composites [8] [9]. Amongst all the materials,
sugar cane bagasse has been receiving attention in the world lately due to large availability and rate of production, which is roughly 1.7 × 103 tons/year. Brazil was recorded as the latest largest producer of sugar cane with
635 million tons in 2011, of which 27.6% (175 million tons) was converted into sugar cane bagasse [10]. The
low economic value of sugar cane bagasse had encouraged to be applied mainly for fuel in order to produce energy, contributing to the greenhouse effect. Of late, studies have reported the use of sugar cane bagasse fibers as
filler in thermoplastic composite, in which composites with different mechanical properties were developed
[11]-[14].
Neto et al. [15] used sugar cane bagasse as a filler in composites having recycled high-density polyethylene
(PEr) as matrix. Because of the poor interaction between fibers surface and the PEr, the surface of bagasse was
chemically modified. The modification consisted of washing with water at 80˚C, a mercerization process using
sodium hydroxide and acetylation reaction with acetic anhydride. Morphological analysis indicated that the
chemical modification of sugar cane bagasse increased the compatibility between matrix and reinforcement.
Tensile, flexural, and impact tests showed that the mechanical properties of the composite were improved due to
the presence of the fibers. The similar observations were found in the study of Huang et al. [16]. The latter studied the properties of sugar cane bagasse/poly(vinyl chloride) (PVC) composites. Sugar cane bagasse (SB) was
pre-treated by mechanical activation (MA) using a self-designed stirring ball mill and a surface modification by
using aluminate coupling agent (ACA). Both untreated and treated SBs were used to produce composites with
PVC as polymer matrix. SB showed that MA enhanced the condensation reaction between ACA and hydroxyl
groups of the SB fibres, which increased the hydrophobicity of SB. The mechanical properties of both the PVC
composites reinforced by SB with and without ACA modification increased with increasing milling time. They
attributed the increase to the improved interfacial adhesion and a better dispersion of SB. Wang et al. [17] studied green composites of Poly (Lactic Acid) and sugar cane bagasse residues. Twin-screw extrusion was used to
prepare the composites consisting of PLA and three types of sugar cane bagasse residues (up to 30 wt.%) derived from different steps of a biorefinery process. Each residue had different composition, particle size and
surface reactivity due to chemical and biological (enzyme, microbes) treatments that the biomass was subjected
to. The effects of different residue characteristics on properties, crystallization behaviours and morphologies of
PLA composites were investigated in the presence of a 2% coupling agent. The results indicated that in the
presence of the 2% coupling agent improved mechanical properties of PLA composite, while PLA composite
with fermentation residue exhibited the minimum strength properties.
Nonetheless, the greatest drawback to the utilization of natural fibers is related to matrix/filler adhesion due to
the fact that natural fibers are hydrophilic and the polymeric matrix is hydrophobic, yielding composites with
poor mechanical properties. In order to overcome the problem, many papers have reported that the modification
of fibers surface increases the compatibility between the matrix and the reinforcement. In fact, most of these
publications have used the same treatments, which are alkaline, acetylation and bleaching [18] [19]. The following work will give more information about mechanical and thermal properties of silane treated sugar bagasse-recycled polymer composites.
One of the important commonly applied commercial polymer that received a minimum attention as a matrix
of sugar bagasse filler is polypropylene (PP). PP is widely used in packaging and in a variety of other applications due to their great potential in terms of barrier properties, brilliance, dimensional stability and processability.
As the use of the material widens, the waste disposed of into the environment also escalates. It is for that reason
recycled PP (rPP) is used in this study. Besides, rPP has higher biodegradation rate compared to PP [20].

2. Experiments
2.1. Materials
SB was supplied by a farm in Craddock near Port Elizabeth, South Africa. 3-aminopropyl tri-ethoxysilane was
purchased from Sigma Aldrich, South Africa. All chemicals were used as received without further purification.
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2.2. Methods

2.2.1. Silane Treatment of Sugar Bagasse
1% solution 3-aminopropyl tri-ethoxysilane (A1100) was prepared by mixing the silane with an ethanol/water
mixture in the ratio 6/4. The pH of the solution was adjusted to 4 with acetic acid. The SB was soaked in the solution and allowed to stand for 2 hours. The silane solution was drained out and the fibres were washed with distilled water. Finally the SB was dried in an oven at 70˚C until completely dry.
2.2.2. Extrusion of rPP with SB Fibres
A co-rotating twin-screw extruder (CTE-20, Coperion, China) equipped with a main feeder and side feeder as
well as a strand pelletizer with an L/D ratio of 40 was employed to compound the rPP and SB. SB and rPP were
dried in a convection oven at 40˚C for 24 h before extrusion. The temperature profile during extrusion was set
from 160˚C - 170˚C and screw speed was maintained at 40 rpm.
2.2.3. Preparation of Composites
BOY 22M (Germany) injection moulding machine was used to form dumbbell of rPP/SB composites.

2.3. Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR of the samples were carried out on a Spectrum 100 FTIR (Perkin Elmer, Waltham, MA, USA). The range
used was between 500 and 4000 cm−1.
2.3.2. X-Ray Diffraction Analysis (XRD)
XRD patterns of the samples were recorded using Philips PW 1830 X-ray diffractometer with Cu Kα radiation
(λ = 0.154 nm). The crystallinity index (CI) was determined by using XRD deconvolution method.
2.3.3. Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was carried out with a Perkin Elmer Pyris 1 TGA. The analyses were done under
flowing nitrogen at a constant flow rate of 20 mL∙min−1. The samples (5 - 10 mg) were heated from 25˚C 600˚C at a heating rate 10˚C∙min−1.
2.3.4. Differential Scanning Calorimetry
The DSC analyses were performed on a Perkin Elmer Pyris-1 differential scanning calorimeter (Waltham, Massachusetts, USA). The analyses were performed under flowing nitrogen (20 mL∙min−1). The instrument was
calibrated using the onset temperatures of melting of indium and zinc standards, as well as the melting enthalpy
of indium. 5 - 10 mg samples were sealed in aluminium pans, heated from 0˚C to 160˚C at a heating rate of
10˚C∙min−1, and cooled at the same rate to 0˚C. For the second scan, the samples were heated and cooled under
the same conditions. The onset and peak temperatures of melting as well as crystallization enthalpies were determined from the second scan. At least three different samples from each composite were analysed, and the average and standard deviation values for each property were calculated.
2.3.5. Mechanical Properties
The tensile strength of the composite samples were measured according to ASTM methods D882 (E) using an
Instron model 3369 testing machine (Instron, Morwood, Massachusetts, USA) at a strain rate of 10 mm∙min−1.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM)
Figure 1 shows the fractured SEM images of the composites with different sugar cane bagasse contents at 100
and 50 µm in alphabetical order of each sample. It is possible to see the isolation of fibre in the 5% SB composites and a trapped broken fibre by rPP matrix at interface (Figure 1(A) and Figure 1(B)), which suggests that
the SB is well dispersed in rPP matrix with a strong interaction at interface. The 15% SB (Figure 1(C) and Figure 1(D)) composite indicated more fibre ends trapped into the rPP matrix. However, there are some of fibre
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Figure 1. SEM images of the fractured surface of rPP composites.

pull-outs and breakage of fibres. More fibre ends appeared in the highest SB containing composites (indicated
by the arrows) with the larger fibre pull-outs, although some remained trapped in rPP. The pull-outs in both 15%
and 25% SB (Figure 1(E) and Figure 1(F)), containing composites occurred adjacent to a trapped fibre, which
suggests that fibre-fibre poor interaction is likely responsible for pull-outs over the rPP-SB interaction.

3.2. X-ray Diffraction (XRD)
Figure 2 shows XRD patterns of rPP and SB-rPP composites. Table 1 summarizes the crystallinity index values
calculated by using Equation (1).
X XRD =

ΣAcryst
ΣAcryst + ΣAamorp

(1)

where Acryst and Aamorp are the fitted areas of the crystal and amorphous domains, respectively.
Pure rPP showed well known prominent peaks in the 2θ range of 15 - 30, which correspond to monoclinic
α-crystalline phase [21]. In the case of composites same numbers of peaks are observed in the same range,
which suggest that these contained mainly α-crystalline phase. However, the difference lies in the relatives’ intensities of the reflection peaks. There is a general decrease in intensities with the addition of SB, further more
(130) and (131) reflection peaks become broader in the presence of SB. In fact, Table 1 suggests that the difference in intensities could emanate from a reduced crystallinity of rPP. In contrast, the spectrum of SB-rPP 25 wt.%
indicated a new peak at 2θ around 16 and improved intensities of (110) and (040) reflection peaks. The similar

727

T. E. Motaung et al.

Figure 2. X-Ray diffraction profiles of rPP and SB-rPP composites.
Table 1. Summary of crystalline index values by deconvolution method.
Sample

Ac

At

CI (%)

rPP

44,451

98,939

31

SB-rPP 5 wt.%

37,115

111,345

25

SB-rPP 15 wt.%

37,040

157,907

19

SB-rPP 25 wt.%

32,616

83,869

28

results were observed by Mi et al. [22] and Motsoeneng et al. [23]. The former examined crystallization and interfacial morphology of bamboo fiber-reinforced PP, while the latter studied the effect of doping different nucleating agents on crystalline phase of impact polypropylene. Both studies attributed the observation to a considerable increase in amount of β-crystal formation produced in the PP. That could be the case in our results, possibly at 25% SB the more of silanol linkages interacted strongly with rPP and ultimately the polymer chain segments undergone transcrystallization process which favoured β-crystals growth.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)
Figure 3 shows FTIR spectra of rPP and rPP-composites. As it was expected, all the spectra showed typical
peaks of PP [24]. For instance, large four peaks in wave number range 3000 - 2800 cm−1 represent CH3 asymmetric, CH3 symmetric stretching, CH2 asymmetric and symmetric stretching vibrations respectively. While
those at 1102, 1222 and 1258 cm−1 caused by C-C asymmetric stretching, C-H wagging and CH3 asymmetric
deformation vibrations respectively.
The addition of SB decreased the intensities of most peaks, more evident from approximately 800 to 1100
cm−1, and an appearance of new peak at 1022 cm−1. Some of the peaks from the spectrum of SB-rPP 25 wt.% in
the range are either not observed or much less intense. The decreased intensities could be due to the reorientation of polymeric chains as the results of interaction with SB fibres, whereas the significant intensity reduction
in SB-rPP 25 wt.% spectrum could either be attributed to a change in crystal structure observed in XRD and/or a
strong interfacial adhesion. The appearance of the new peak could results from the interfacial interaction between rPP and siloxane bridges of the natural fibres [25].

3.3. Thermogravimetric Analysis (TGA)
Figure 4 shows the thermal degradation and derivatives curves (DTG) of the investigated samples. The TGA
curves of the composites indicate two decomposition steps for all samples with the magnitude of the first step
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Figure 3. FTIR spectra of the of rPP and composites.

Figure 4. TGA and DTG curves of rPP and the SB-rPP composites.

closer to the amount of sugar cane bagasse. That is confirmed by well resolved DTG’s first and second peaks
around 340˚C and above 400˚C respectively. The two decomposition steps could, therefore, be attributed to the
sugar cane bagasse and matrix decompositions respectively. The addition of SB significantly increased the
thermal stability by approximately 50˚C difference compared to the pure rPP. This is further indicated in DTG
by the shift of the major peaks, attributed to rPP degradation, to higher temperatures. Contrary to our trend,
some researchers observed a decrease in thermal stability of SB-PP composites and related the observations to
lower thermal decomposition temperatures of SB and moisture content [7] [26]. In our case, the silane functionalization probably formed siloxane bridges between the natural fibres and rPP as indicated by literature [25].
As a result, the bridges altered the interfacial chemistry of SB and rPP to yield thermally stable intermediates
during the degradation. Possibly more of siloxane bridges were formed with an increase in SB content, and enhanced the interfacial interaction which favored higher thermal stability. The results complement SEM which
indicated a strong rPP-fibre interaction throughout the SB contents and pull-outs at an adjacent fiber. The highest containing SB composites appeared to be beyond a critical concentration of siloxane bridges which could
account for the slight drop in the thermal stability.

3.5. Differential Scanning Calorimetry (DSC)
The DSC curves for the samples are shown in Figure 5 and the melting, degree of crystallinity and enthalpy
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characteristics are summarized in Table 2. The degree of crystallinity, χc, of samples was calculated according
to the following equation:

χc =

∆H m 100
×
∆H ∞ w

(2)

The melting enthalpy of 100% crystalline polymer, ∆H∞, was taken as 207 J∙g−1 for rPP [20].
A correction for diluting effect linked to the filler incorporation in the matrix was made when calculating the
normalised melting enthalpy ∆H mnorm of the composites, where w is the weight fraction of the polymer matrix.
From Table 2 it can be seen that the melting temperature (Tm) of rPP and all rPP composites was similar
within experimental uncertainty (Table 2), except a slight increase in the highest containing sugar bagasse
composite. The observed melting enthalpy, as expected, decreased with an increase in sugar cane bagasse content. This was the result of a decrease in the amount of polymer in the composites. The χc and normalized enthalpy values for the composites generally decreased with the SB content, except SB-rPP 25 wt.% which indicated an increase. The decrease is normally attributed to an increase in elastomeric phase of the polymer in the
presence of fibre. As for the increase in melting enthalpy and melting temperature of SB-rPP 25 wt.%, the
change in crystalline structure as confirmed by XRD and strong interaction at rPP-fibre interface as opposed by
fibre-fibre interaction from SEM could account for the observations.

(

)

3.6. Mechanical Properties
The influence of sugar cane content on the modulus, stress and elongation at break of the different composites
are shown in Figure 6. The composites show a linear increase in Young’s modulus with an increase in SB con-

Figure 5. DSC of rPP composites.
Table 2. Summary of DSC melting and crystallization peak temperatures and enthalpies for all the investigated samples.
Second heating
Sample

Tp,m(˚C)

∆H

obs
m

-1

(J g )

∆H mnorm (J∙g−1)

χc/%

rPP

164.2 ± 0.4

80.0 ± 1.3

80

38.6

SB-rPP-5 wt.%

163.9 ± 0.7

66.9 ± 1.5

70.4

34

SB-rPP-15 wt.%

163.9 ± 0.5

52.5 ± 1.7

61.8

29.9

SB-rPP-25 wt.%

166.4 ± 0.2

48.4 ± 0.2

64.5

31.2
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(a)

(b)

(c)

Figure 6. Young’s modulus, stress and Elongation at break of rPP composites.

tent (Figure 6(a)). The increase in Young’s modulus in the presence of a natural fibre is normally attributed to
high modulus of the fibre compared to a thermoplastic matrix [4] [7] [8]. However, the persistent increase in
modulus with an increase with the fibre content is rare in literature. In most cases modulus of sugar cane-thermoplastic composites drops at about 20 wt.% regardless of a treatment [11]-[13]. The strong interaction between
rPP and SBin the current study, as proven by SEM, FTIR and TGA, likely promoted stress transfer at the interface to increase moduli for all SB contents. Stress at break increased at the lowest SB content and slightly decreased to almost constant value with an increase in SB content (Figure 6(b)). The initial increase could be attributed to a dispersion of the fibre and a strong interfacial adhesion. Whereas clustering of fibre ends and the
pull-outs may account for the observed decrease.
The elongation at break of all SB-rPP composites decreases with an increase in SB content, although the effect is less significant in the highest containing SB composite (Figure 6(c)). That may result from the presence
of the SB in the polymer matrix which increased the number of defect points to initiate and propagate stress
cracking in the polymer matrix. As a result, the material will lose its drawability and elongation at break will
decrease. In addition, DSC indicated the decrease in crystallinity in the presence of SB, while XRD showed
some changes in crystalline structure. It is therefore safe to assume that the changes in crystallinity and crystalline structure seem to have occurred at an expense of the loss in number of tie chains which lead to reduced
elongation at break values.

4. Conclusion
Sugar cane bagasse-recycled polypropylene composites were successfully prepared by aninjection moulding
technique. SEM analysis showed evidence of strong rPP-SB interface despite fibre pull-outs at higher SB contents. XRD results showed that the addition of SB decreased crystallinity and induced β-crystal growth in the
highest SB containing composite. The β-crystal formation led to an improved crystallinity of the composite.
FTIR analysis indicated that an addition of SB decreased intensities of most peaks and the observation was pronounced in the highest SB containing composite. The addition of SB improved thermal stability of all composites and the higher SB containing composite was the most thermally stable. The interaction of SB with the
polymer led to the improved crystallinity, melting temperature and mechanical properties.
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