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Abstract

The objective of this work was to extract sugar bagasse cellulose nanofibres by using three differ-
ent processes, namely: mechanical fibrillation, bleaching and mild acid hydrolysis. Cellulose nano-
fibres with diameters in the nano range and estimated lengths of several micrometers were ob-
tained from SB. Fourier transform-infrared (FTIR) spectroscopy analysis confirmed the removal of
hemicellulose and lignin components by alkali/bleaching and acid hydrolysis. XRD results showed
an increase in crystalline which resulted from the removal of lignin and hemicellulose, especially
after mercerization and mild acid hydrolysis. Moreover, the extracted cellulose nanofibres were
used to reinforce poly(ethylene oxide) (PEO). PEO was dissolved in water and mixing with the cel-
lulose nanofibres suspension followed by casting. The nanocomposites were characterized by us-
ing FTIR analysis, thermogravimetric analysis, X-Ray diffractometry and tensile tester. The ther-
mal stability of the nanocomposites was enhanced depending on the treatment of the SB fibres.
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1. Introduction

In the past years, cellulose nanofibres (CNF) garnered much interest as one of the reinforcements of various
polymeric materials. This resulted from their unique and attractive properties such as biodegradability, biocom-
patibility, renewability, abundance, high aspect ratio and light weight [1]. Cellulose nanofibers can be extracted
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from variety of cellulose-containing sources like jute, flax, ramie, and hemp and by-products of agricultural
crops via various methods. It is web-like network of cellulose fibrils composed of the amorphous and crystalline
domains [2] [3]. Generally, there are two processing routes adopted to extract cellulose nanofibres from various
sources, namely: mechanical and chemical routes [4] [5]. These treatments may be used individually or in com-
bination depending on the quality and dimensions of the product.

The focus of this work is to extract cellulose nanofibres from sugarcane bagasse and its application in the
preparation of poly(ethylene oxide)-based nanocomposites films. PEO is the most used synthetic polymer owing
to its biocompatibility, non-toxicity and biodegradability [6]. It has been extensively used as a coating material
to generate surfaces that resist non-specific protein adsorption and medical applications. PEO was used in this
study due to its versatile applications and solubility in water to aid in the dispersion of the cellulose nanofibres ex-
tracted using three different processing methods (SuperMassColloider, mercerization, and mild acid hydrolysis).

Very few studies have reported the cellulose nanofibre materials from sugar bagasse residues [7] [8]. Sugar
bagasse fibres are sugarcane industry byproduct left after the juice extraction. In South Africa about 22 million
tons of sugarcane per year is milled, producing a waste of about 3.3 million tons of dry sugar bagasse fibres [9]
[10]. These dry fibres are usually used to produce furfural, pulp and paper with a quite significant amount re-
maining. The remaining amount is often dumped or burned. Nevertheless, sugar bagasse is one of the attractive
cellulose nanofibre sources since it contains higher content of cellulose (44.9% - 45%). In this study, cellulose
nanofibres are extracted from sugar bagasse by SuperMassColloider, mercerization, bleaching and mild acid
hydrolysis, respectively. There are no studies based on the comparison of the SB nanofibres reinforced nano-
composites from different procedures.

Therefore, the main objective of this work was to extract cellulose nanofibres by using different processing
procedures, namely: mechanical fibrillation, bleaching and acid hydrolysis, and to prepare PEO/SB cellulose
nanofibres composite films. The extracted cellulose nanofibres were characterized by SEM, XRD, FTIR and
thermogravimetric (TGA) analysis and the properties of the nanocomposites were established by FTIR analysis,
thermogravimetric (TGA) analysis, X-Ray diffractometry (XRD) and tensile tester.

2. Experiments
2.1. Materials and Methods

99.9% NaOH pellets, 98% NaClO,, 85% KOH and 98% H,SO, were obtained from Minema, South Africa.
Sugar cane bagasse (SB) was supplied by a farm in Craddock near Port Elizabeth, South Africa. PEO in powder
form with M, of 2000 KDa was supplied by Sigma Aldrich, South Africa.

2.2. Mechanical Fibrillation

The SB fibre were ground into powder and passed through 1 mm sieve. Subsequently, the fibres were soaked in
distilled water for 24 hours for hydration to ensure the swelling of the fibre cell wall. The soaked SB fibres were
then passed continuously up to 500 times (SB500) through SuperMassColloider (SMC). The SMC consists of
two stone grinding disks rotating at 2500 rpm and the gap disks were set at approximately 100 um. A zero gap
was determined right at the contact position before loading SB.

2.3. Bleaching of Fibres

The fibres were soaked in distilled water and followed by SMC treatment for 500 times. Meanwhile, the fibres
were dried in oven for 24 hours at 50°C and then treated with 2wt% NaOH, 2wt% NaClO, and 2wt% KOH, re-
spectively, for 1 hour at 80°C. Each treatment was repeated two times with filtering and rinsing with distilled
water until neutral pH was achieved. The fibres were then oven dried at 40°C for 48 hrs before acid hydrolysis.

2.4. Acid Hydrolysis

The alkali treated SB fibres were further subjected to a mild acid hydrolysis. A diluted sulphuric acid (50%) was
used for acid hydrolysis under strong mechanical stirring for 30 min at 40°C. The reaction was stopped by add-
ing distilled water into the suspension. Subsequent washing by successive centrifugation at 10°C and 5000 rpm
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for 30 min, followed by dialysis against distilled water to achieve neutral pH.

2.5. Preparation of the PEO Composites

The composites of PEO (poly(ethylene oxide)) and fibres were prepared by adding the solution suspensions of
fibres (5 wt%) to a PEO solution dissolved in distilled water under vigorous mechanical stirring for 4 hours at
room temperature and subsequent sonication for 10 min for better dispersion. The mixture was then poured in a
petri dish and dried in a desiccator for a week for complete water evaporation.

2.6. Characterization Techniques

Chemical compositions of the SB fibres were determined according TAPPI standards, Lignin and cellulose
(TAPPI-T222 om-88), and hemicellulose (TAPPI T19m-54).

2.7. Scanning Electron Microscopy (SEM)

The micrographs of the SB fibres and PEO composites were taken by FESEM. The samples were fractured and
sputter-coated with gold before the micrographs were taken. The SEM micrographs were taken using an FEI
Quanta 200 (FEI Co., Eindhoven, the Netherlands) electron microscope operated at an accelerating voltage of 20
kV.

2.8. X-Ray Diffraction Technique (XRD)

X-Ray diffraction data was collected on a Phillips PW 1830 X-ray diffractometer, at scanning rate of 0.5 using
CuKa radiation with a wavelength of 1.54 Armstrong. The diffraction intensities were recorded 20 range be-
tween 2 and 80°.

2.9. Fourier Transform-Infrared Spectroscopy (FTIR)

FTIR data of SB fibres, and PEO composite films was obtained using a Perkin Elmer Spectrum 100 FTIR spec-
trometer fitted with a PIKE Miracle™ ATR. A minimum of 32 scans were collected at a resolution of 4 cm ™.

2.10. Thermogravimetric Analysis (TGA)

TGA results were collected on Perkin Elmer Pyris 1 TGA thermogravimetricanalyzer at a heating rate of 10°C
min*. Samples in the range of 5 and 10 mg were heated from 25°C to 600°C under nitrogen flow at 20 ml-min ™.

2.11. Tensile Properties

Tensile testing was carried out using an Instron tensile tester at a crosshead speed of 10 mm-min~. The samples
were prepared by cutting the rectangular strips from the films with the width of 0.5 mm. The total number of 5
samples was used with their average values reported.

3. Results and Discussion
3.1. Chemical Compositions of Sugar Cane Bagasse

The chemical composition of the SB fibres at different treatment stages obtained by TAPPI standard methods
are depicted in Table 1. Cellulosic fibres consist of mostly cellulose, hemicelluloses and lignin. Hemicellulose
and lignin serve as the cementing layer of cellulose microfibrils. The foremost step to obtain cellulose nanofi-
bres is to remove both lignin and hemicelluloses. In Table 1, the untreated raw sugar cane bagasse (SB) dis-
played a high percentage of cellulose (~50%) and hemicellulose (~49%), with low content of lignin (~3%). The
mechanical treatment with SMC for 500 times (SMC500) resulted in a slight decrease in lignin and hemicellu-
lose, exposing more cellulose (54%). Upon bleaching, hemicellulose and lignin dissolve leaving behind highly
crystalline cellulose. It is recognized that the alkali treatment solubilize hemicellulose and lignin, whereas
bleaching removes mostly lignin. In general, the cellulose content increased following the order of treatments
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Table 1. Fractions of principal constituents of sugar cane bagasse before and after treatments.

Sample Lignin (%) Cellulose (%) Hemicellulose (%)
SB 250+1.34 49.75+1.14 48.41+0.75
SB500 1.80+0.13 54.90 £ 0.18 42.80+1.81
Cellulose 0.7+0.51 95.0+0.11 480+0.12
Nanocellulose 0.41 +0.52 97.0+0.22 2.60+1.31

from SMC to the mild acid hydrolysis. Moreover the hemicellulose and lignin content decreased following these
treatments. This can clearly be seen after acid hydrolysis, the cellulose content increased from 50% to 97%, and
decreased in lignin content from 49% to 2%. It is clear that the mechanical treatment serves as useful mecha-
nism for defibrillation of fibre bundles and as a result exposing most of the fibre constituents for other treat-
ments.

3.2. Scanning Electron Microscopy (SEM)

The SEM micrographs of sugar cane bagasse (SB) and the 500 times treated SB with SMC (SB500) are shown
in Figure 1. Figure 1(a) and Figure 1(b) revealed small lumps on the surface of the SB fibres which can be re-
lated to the presence non-cellulosic components (hemicellulose, lignin and extractives) [11]. The mechanical de-
fibrillation of the fibres resulted in reduction of the fibres size (Figure 1(c) and Figure 1(d)). This is as a result
of mechanical shears associated with SMC set at a minimum gallery breaking the cementing materials, primarily
lignin and hemicelluloses, on the surface of the fibres. It can be seen that the defibrillation reduced the size of
the fibres to the few thousands of nanometre, but the fibers were fibrillated only at the surface in Figure 1(d).
The bleached fibres are represented in Figure 2. The alkali and bleaching treatments further reduced the size of
the fibres with a considerable defibrillation of the fibres (Figure 2(a) and Figure 2(b)). The fibres appeared as
agglomerated with a leaf like-shape due to the treatment partially removing the remaining non-cellulosic com-
ponents. Acid hydrolysis is known to dissolve the amorphous regions of the fibres depending on the acid con-
centration, time and temperature [12] [13]. In this study, mild acid hydrolysis conditions were utilized to evalu-
ate the impact of SMC to produce nanocellulose. After acid hydrolysis, there was a quite size reduction of fibres
of the compared to the bleached and other treatments (Figure 2(c) and Figure 2(d)). The fibres appeared as ag-
glomerated nanofibrils with the size ranging from few nanometers to several microns. This can be related to the
partial removal of the amorphous regions by acid hydrolysis exposing more cellulosic regions as confirmed by
chemical analysis [12].

3.3. X-Ray Diffraction (XRD)

The XRD patterns of SB and treated sugar cane bagasse fibres are shown in Figure 3(a) and Figure 3(b). All
investigated samples displayed two characteristic peaks of the natural fibres at about 26 = 15°, 23" attributed to
the (110) and (002) reflections, respectively [14] [15]. There is no doublet at 26 = 22.6° which confirms that the
SB fibres belong to the cellulose type | [15]. The intensity of the peak at 26 = 22.6° becomes more intense upon
the chemical treatments whereas it decreased for the mechanical fibrillated fibres. This could be attributed to the
effect of each treatment on the crystallinity of the material. To confirm this effect, two different methods were
used to calculate the crystallinity index (Cl) of the SB fibres [16] [17]. The first method is XRD peak height
method where CI was calculated from the height of the maximum peak and the height of the minimum peak.
The second method consists of crystallinity being determined using XRD deconvolution method. This is done
by taking the amorphous and crystalline contribution to the diffraction intensity. It can be seen that the crystal-
linity was decreased after SMC treatment, whereas the bleaching and hydrolysis increased the crystallinity
(Table 2). This underpinned the fact that the SMC breaks most of the amorphous regions leaving behind highly
crystalline cellulose. To further evaluate the structural changes imposed by these treatments the mean size of the
cellulose crystallite domains (D) was established by Scherer equation [18]:
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Figure 1. SEM images of untreated sugar bagasse (a) (b), and 500 times SMC treated SB
(©) (d).
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Figure 2. SEM images of bleached SB (a) (b) and hydrolyzed SB (c) (d).
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Figure 3. XRD spectra of SB, SB500, cellulose and nanocellulose fibres.
Table 2. Crystallinity index (%) of raw, alkali and acid treated sugar cane bagasse.
Sample CI* (%) CI° (%)
SB 43 51
SB500 32 45
Cellulose 66 73
Nanocellulose 69 78

“Crystallinity index determined by XRD deconvolution method; °Crystallinity index determined by XRD peak height method.

where k is the shape factor whose value can be approximated to be 0.89, g is the line width in radians at half
maximum intensity of the reflection (002), A is the wavelength of the radiation used 1.54 and ¢ is the Bragg an-
gle of reflection (002). The crystallite sizes were 3.3, 3.1, 4.0 and 4.3 nm for the SB, SB 500, cellulose and
nanocellulose, respectively. Similar results were reported by Zhao et al. [19] using ball milling on cellulose pulp.
They, however, ascribed their observations to a reduction of long range order. Moreover, Avolio et al. [18] also
found similar results after the ball milling treatment without a clear explanation. In Figure 3(b), the diffraction
peak (002) at approximately 26 = 22° shift to higher angles with an order of treatments, suggesting a decrease in
lattice parameters attributed to the elimination of defects. It seems as if the SMC and removal of hemicellulose
and lignin reduce long range order that led to a decrease in the lattice parameters [19].

In all nanocomposites XRD profiles there is well-defined crystalline peaks around 26 = 19°, and 23° (Figure
4). These intense diffraction peaks around 19 and 23° can be assigned to characteristic (120) and (112/004) re-
flections of PEO (Zhou, Chu, Wu & Wu, 2011). The crystallinity indices of the composites calculated with
similar methods as the SB fibres are illustrated in Table 3. In both methods, the crystallinity index values (CI)
increased by addition of the SB fibres, except for the PEO/untreated SB based composite. Islam et al. [20] found
the similar observation when studying the influence of alkali treatment on the interfacial and physico-mechanic-
cal properties of industrial hemp fibre reinforced polylactic acid composites. The observation was attributed to
the presence of a large content of lignin which negatively influenced the nucleating ability of the raw fibres. In
the current study, it seems as though both lignin content and particles size played an important role on the crys-
tallinity, hence PEO/SB SMC500 rendered an improved crystallinity compared to PEO/SB. In the case of
bleached and hydrolysed nanofibres based composites the removal of lignin and hemicellulose obviously pro-
moted trans-crystallization of the polymer chains [21].

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

In order to understand the changes in chemical structures of the SB at various stage of the treatments infrared
spectra analysis were carried out (Figure 5(a) and Figure 5(b)). As discussed in XRD results, SB is composed
of cellulose, hemicellulose and small content of lignin. The SB fibres displayed the characteristic bands at 3400,
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Figure 4. X-ray diffraction spectra of PEO, PEO/SB, PEO/
SB500, PEO/cellulose and PEO/nanocellulose composites.
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Figure 5. FTIR spectra of untreated SB, SB500, cellulose and nanocellulose fibres.

Table 3. Crystallinity index (%) PEO and PEO composites.

Sample CI* (%) CI° (%)°
PEO 86 83
95/5 wiw PEO/SB 79 73
95/5 w/w PEO/SB500 88 84
95/5 w/w PEO/Cellulose 91 85
95/5 w/w PEO/nanocellulose 92 80

“Crystallinity index determined by XRD deconvolution method. °Crystallinity index determined by XRD peak height method.

2920 cm * and 1051 cm* for O-H stretching, vibration of OCH; and OH stretching of primary alcohol. The
other bands at 1728, 1510, 1426 and 1252 cm * attributed to C=0 stretching, phenyl vibrations, C-H aliphatic
axial deformation and C-O stretching of phenols consecutively [22]. The peaks at 1252, 1510 and 1728 cm*
corresponding to the phenyl vibrations and carbonyl group associated with the presence of lignin and hemicel-
lulose in the SB fibres. After the mechanical treatment with SMC for 500 times (SB500) the intensities of these



T. E. Motaung, T. C. Mokhena

bands (similar to the untreated SB) were significantly increased. These can be related to the defibrillation of the
fibres and perhaps an exposure of mainly cellulose. In the case of the alkali/bleached SB fibres, the bands re-
lated to the phenyl group disappeared confirming the removal of lignin and hemicellulose as depicted by
chemical composition analysis. Acid hydrolysed fibres displayed similar bands as alkali/bleached fibres. This
can be related to similar chemical compositions of the resulting fibres after these treatments. It can clearly be
seen that the resulting crystalline cellulose fibrils (nanocellulose) band around 1000 and 3400 cm* due to the
isolated cellulose component. These bands could be associated with glucose units (with three additional hy-
droxyl groups) exposed on the cellulose backbone structure.

PEO displayed the characteristic peaks at 2984, 1336, 1097, 958, and 840 cm* related to CH stretching, CH,
wagging, C-O-C stretching, CH, rocking and twisting, and C-O-C bending, respectively (Figure 6) [23]. The
OH stretching absorption was negligible due to high molecular weight PEO used in this study [23]. Similar
peaks were depicted in the case of the all investigated composite samples. Because the content of the SB fibres
was too small compared to the high molecular weight PEO, there was no clear peak absorptions related to the
SB nanofibres from various treatment stages.

3.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis and differential thermogravimetry curves (DTG) of the untreated SB, SB500, cel-
lulose and nanocellulose are shown in Figure 7(a) and Figure 7(b), respectively. The SB and SB500 revealed
two degradation steps around 380°C and 470°C as confirmed by DTG curves. These steps clearly indicate that
the SB and SB treated by SMC 500 times composed of various components which degrade at different tempera-
tures. The first degradation step is ascribed to a partial degradation of lignin and thermal depolymerisation of the
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Figure 6. FTIR spectra of PEO, 95/5 w/w of PEO/SB, PEO/SB500, PEO/cellulose and PEO/
nanocellulose composites.
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Figure 7. TGA and DTG profiles of untreated SB, SB500, cellulose and nanocellulose fibres.
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hemicellulose, while the second step is attributed to the degradation of cellulose and the remaining lignin [24].
The alkali/bleached (cellulose) and hydrolysed fibres (nanocellulose) showed a single degradation step around
470°C. The single degradation step of the bleached (cellulose) and hydrolysed (nanocellulose) SB fibres con-
firms the removal of cementing layer (lignin, hemicellulose and extractives), which agrees with FTIR and XRD
results. The cellulose showed a significant increase in the thermal stability contrary to nanocellulose. The in-
crease in thermal stability of cellulose could be related to the removal of lignin and hemicellulose while the de-
crease in thermal stability of nanocellulose could possibly be due to either catalysis introduced by sulphate
groups or the size of the fibres [25] [26]. It is recognized that acid hydrolysis via sulphuric acid introduces large
number of sulphates ions on the surface of the nanofibrils, and the removal of these ions requires less energy
compared to the hydroxyl groups [7]. This results in a decrease in thermal stability of the hydrolysed nanofibres.
Moreover, smaller particles result to a large number of free end chains where the decomposition easily occur [25]
[26].

All the treated SB fibres based composite samples showed a single degradation step at temperature around
400°C, Figure 8(a), which is associated with the polymer segments volatilization due to chain scission of the
backbone. The untreated SB based composites displayed low thermal stability than pure PEO and other compos-
ite samples. In the case of treated fibres (SMC, bleaching and acid hydrolysis), there is an increase in thermal
stability (clearly seen in DTG curve Figure 8(b)) due to the thermally stable fibres reducing the chains mobility
and inhibiting the chain scission during the degradation process. The fibres may inhibit the flow of the thermal
labile free radicals during the propagation of the degradation processing protecting the polymer to degrade at
higher temperatures. However, the low thermal stability of untreated SB fibres based composites may be due to
the presence of a large content of thermally unstable hemicelluloses which catalysis the degradation processes of
the polymer [7].

3.6. Tensile Properties

The tensile properties of the composites depend on the orientation of the filler, content and size as well as the
interaction between filler and polymer matrix (Fu, Feng, Lauke & Mai, 2008). The tensile properties of the PEO
and PEO composites are shown in Table 4. The higher modulus of SB, SB500 and celluloses resulted in im
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Figure 8. TGA and DTG profiles of PEO, 95/5 w/w of PEO/SB, PEO/SB500, PEO/cellulose
and PEO/nanocellulose composites.

Table 4. The tensile properties of PEO and PEO composite samples.

Sample Jot/MPa E/MPa &n/%
PEO 43+0.6 043+0.12 9.6+13
95/5 w/w PEO/SB 45+0.3 0.65+0.10 85+15
95/5 w/w PEO/SB500 52+04 0.87+0.20 7510
95/5 w/w PEO/Cellulose 4905 0.79+0.09 6.5+0.5
95/5 w/w PEO/nanocellulose 50+05 0.70 £0.02 80 07

)
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proved Young’s modulus (E) of composites than PEO. It can be seen that the tensile strength (6t) of the compos-
ites increased slightly compared to the pure PEO. As mentioned, the tensile properties of the composite depend
on several factors such as the type, size, concentration, shape and orientation of the filler that cannot be singled
out [27] [28]. These factors are further influenced by interaction between the polymer matrix and the filler as
well as the dispersion and the amount of particle agglomeration [27] [28]. Tensile strength was increased
whereas elongation at break (e,) decreased, which may be attributed to a better stress transfer between the matrix
and the filler as a result of good interaction.

4. Conclusion

SMC successfully separated and exposed the fibres constituents making it easier for bleaching and hydrolysis
treatments to remove lignin, hemicellulose and other extractives. Furthermore, SMC reduced crystallinity and
partially increased the thermal stability. SEM indicated continuous decrease in particle sizes following an order
of treatments. Bleaching increased both thermal stability and crystallinity while hydrolysis reduced thermally
stability significantly. This was due to the introduction of the sulphates ions on the surface of the fibres which
comprised the thermally stability of the fibres. It was clear that the modification of SB could render improve-
ment in some properties of some polymer matrices given the current environmental crisis and economy. The SB
fibres extracted through different treatments were successfully incorporated in PEO via solution casting. XRD
confirmed that the fillers did affect the crystallization behaviour of PEO after the treatment of the fibres. The
thermal stability of the PEO was improved depending on the treatment of the SB fibres. The tensile strength and
Young’s modulus were improved regardless of the treatment of the SB fibres. This resulted from a good interac-
tion between the polymer and filler as well as the stiffness of the filler.
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