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Abstract. This work aims to isolate and characterize crystalline cellulose
nanofibers from a tropical bamboo named guadua angustifolia. A nanofiber extrac-
tion methodology was developed that includes: i) a thermomechanical pretreat-
ment by steam explosion, ii) an acid hydrolysis phase, and iii) a disintegration
phase using a supermasscolloid grinder. The nanofibers were evaluated for their
morphology (SEM) and (AFM), functional groups (FTIR), thermal degradation
(TGA) and crystallinity index (XRD). The diameters of the nanofibers ranged
from 20 to 60 nm. FTIR analysis determined an effective removal of functional
groups characteristic of non-cellulosic compounds such as lignin and hemicellu-
lose. The nanofibers showed greater thermal stability in relation to themicrofibers.
The crystallinity index was 75%, evidencing the effectiveness of the methodology
to obtain crystalline nanocellulose.
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1 Introduction

Thermoplastic matrices have usually been reinforced with synthetic fibers of glass, car-
bon, aramid, and nylon due to their high mechanical and thermal properties [1, 2].
Additionally, their low density enables the design of lightweight structural components
in the automotive, construction and sports equipment industries. But, one of the problems
with this type of material is the disposal of the large amount of waste generated. Lately,
there is an increase in regulations focused on sustainable production [1, 3], providing
an opportunity for the development of renewable resources to replace the economic
dependence on non-renewable resources.

For this reason, the useof renewable resources (plant residues) is the focus of attention
for the development of more sustainable materials as a responsible production strategy
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for the success of a circular economy [4, 5]. These initiatives focus on the development of
cellulose nanofibers as an alternative reinforcement for polymericmatrices. Plant species
such as sisal, kenaf, abaca, bamboo, flax, coconut, fique, banana, among others, offer
advantages of high availability [3, 6], biodegradability [3, 6], high specific properties
[2, 6], low cost [3], low abrasion during processing [2, 6], recyclability [2, 6] and lower
energy consumption during processing [2]. Guadua angustifolia Kunth (GAK), known
as “natural glass fiber”, grows in Central and South America. It is one of the largest
and most resistant bamboo species in the world. Its mechanical strength is associated
with the cellulose content (>50%), strategically located within the culm [7]. When
subjected to thermo-mechanical pre-treatment, the nanofibers are ordered as individual
entities and offer better reinforcement capabilities in composites [8], as it increases the
confinement and toughness of the fiber and slows down crack propagation. The removal
of non-cellulosic elements present in the cellulosic matrix of the plant allows obtaining
composites with greater mechanical and thermal resistance, low density, and lightness
[4]. This article presents a process of isolation of CNFs. The analyses include their
morphology by AFM, functional groups by ATR-FTIR, thermal properties by TGA, and
crystallinity index by XDR.

2 Materials and Methods

2.1 Materials

The raw material was bamboo culms of the genus “Guadua”, species “angustifolia Kun-
th” (GAK). As a control sample, microfibers obtained mechanically without the use
of reagents were isolated, hereinafter referred to as GAKM fiber. This extraction was
performed according to the procedure proposed by Ogawa et al. [9]. All reagents used
for nanofiber isolation were of analytical grade.

2.2 Isolation of CNF’S

Pretreatment. GAK microfibers were pretreated by a thermomechanical process
(steam explosion), hereafter referred to as GAKS fibers. This pretreatment uses steam
pressure and temperature to process vegetable raw materials to degrade hemicellulose,
soften lignin and decrease the lateral connection strength of the fibers.

Hydrolysis. For the isolation of CNFs, GAKS were dried in an oven at 80 °C for 10
h. Subsequently, they were crushed and sieved according to ASTM E 11–95. For the
first treatment of KOH 5 wt.% the ratio is 1:60 (g:mL) at room temperature for 3 h
and constant agitation. Then washing with water to neutral pH. The insoluble residue
after washing and filtering is carried to the next step. For treatment with 1 wt.% sodium
chlorite at pH 5 (with glacial acetic acid) for one hour at 70 °C with constant agitation
and a ratio of 1:40 (g:mL). It was then washedwith water to neutral pH. For the treatment
with KOH 5 wt.% at room temperature for 14 h the ratio was 1:40 (g:mL). Then washed
with water until neutral pH. Finally for treatment with 1 wt.% HCl at 80 °C for 2 h, the
ratio was 1:40 (g:mL) with constant agitation.

Disintegration. Cellulose free of lignin, hemicellulose, and other cell wall compounds
of the GAK biomass were mechanically disintegrated in a Supermasscolloider, Masuko
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Sangyo, model: MKCA6-2, with a diameter of 150 mm, entering a cellulose suspension
at 2% w/w, until it was reduced to nanometric sizes (diameter 5–60 nm). Finally, 0.1%
films were prepared with distilled water and a solution of the CNFs filtered through a
vacuum manifold system. The drying process was at 50 °C in an oven for 3 days.

3 Characterization of Microfibers and Nanofibers

3.1 Atomic Force Microscopy (AFM)

The morphology of the CNFs was analyzed by atomic force microscopy. Samples were
dissolved in distilled water at concentrations of 0.01% w/w and 0.025% w/w, then
sonicated in an Elma Elmasonic P30H type ultrasonic bath at room temp. to disperse
the nanofibers. A Bruker BioScope Catalyst microscope mounted on a Leica DMI 4000
B inverted fluorescent confocal laser scanning microscope was used. It was treated by
fluorescence microscopy at 495 nm.

3.2 Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The chemical composition and their interactions in the GAKS, GAKM and CNF
microfibers were analyzed by ATR-FTIR. An IR Tracer-100 spectrometer provided by
Shimadzu, equippedwith anATR single reflection device and a type IIA crystal diamond
mounted on tungsten carbide with a resolution of 4 cm-1 in 256 scans.

3.3 Thermogravimetric Analysis (TGA)

Thermal stability of GAKS, GAKM and CNF microfibers was evaluated by TGA using
a TG 209 F3 Tarsus equipment with Netzch Proteus® software. Measurements were
done on 5–10 mg samples, heated in nitrogen atmosphere (99.5% N) to avoid oxidation.
The temp. Profile was from 25 °C to 800 °C with a heating rate of 10 °C min−1.

3.4 X-Ray Diffraction (XDR)

The samples were X-rayed using Panalytical X’Pert Pro MPD equipment with Cu-Ka1
radiation filtered with Ni (k = 1,540 nm) at 45 kV and 40 mA. The data collected in
reflection mode at 2H diffraction angle from 5 to 60 in steps of 0.02626.

4 Results and Discussion

4.1 Morphology of CNFs

Downscaling to nanometers is evident in the CNFs, Fig. 1, due to disintegration by the
treatments employed.

The treatment exposes the fibers to a rupture of their bonds due to hydrolysis. The
homogenization process increases the fibers surface areas as more functional groups are
exposed to the surface, creating interactions in the interfacial regions, and ensuring that
applied forces are transferred to the CNFs nanoparticles [10].
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Fig. 1. AFM images of CNFs obtained from GAK biomass.

4.2 Removal of Non-cellulosic Elements (ATR-FTIR)

The corrected and normalized infrared spectra GAKM and CNF are presented in Fig. 2.
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Fig. 2. FTIR spectrum of GAKM and CNFs microfibers.

In the FTIR spectra was observed reduction in the intensity of vibrations corre-
sponding to hemicelluloses and lignins of the pretreated microfibers. The combination
of higher stiffness and lower moisture absorption is a characteristic for polymeric matrix
reinforcing fibers, indicating the success of thermomechanical pretreatment. The effects
will be confirmed by a TGA analysis.

Figure 2 shows FTIR spectra for the CNFs. The first alkaline treatment is not able to
change the internal chemical components of the fiber, but it removes certain functional
groups present in the plant and even changes the morphology of its surface. Within the
spectrum, the peak at 1731 cm−1 represents ester bonds of the carboxylic group of the
ferulic and p-coumaric acids of hemicellulose, the elimination of this peak after the
first treatment is associated with the alkaline treatment with KOH, while the peak at
1512 cm−1 is associated with the C = C stretching of the aromatic rings of lignin, the
notorious elimination in the spectra from the acid NaCl2 treatment denotes a correct
removal of lignin through acid hydrolysis, the peak at 1239 cm−1 is attributed to the
acyl-oxygen stretching vibration (CO-OR) in hemicellulose and lignin so its elimination
represents the successful removal of these two components of the cell wall of the fiber
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[11]. Thus, the removal of the lignin functional groups from the nanofibers cell wall is
confirmed.

4.3 Thermogravimetric Analysis

Figure 3 shows the thermal degradation of GAKS, GAKM fiber bundles and their
derivatives.
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Fig. 3. Thermograms a) TGA and b) DTG of GAKS, GAKM and CNFs microfibers.

The first stage of mass loss occurred in the range of 25 to 120 °C, for the two types
of microfibers and corresponds to moisture evaporation (Fig. 2). The lowest mass loss,
during this stage, was for GAKS microfibers. This result confirms that the pretreatment
producedmore hydrophobic fibers. In the DTG analysis, it was observed that the thermal
decomposition of the GAKS microfibers reached its maximum level of degradation at
336 °C, while the GAKM microfibers was at 300 °C. This second peak of higher intensity
corresponds to the degradation ofα-cellulose [12]. A shift of the shoulder associatedwith
the depolymerization of hemicellulose and pectins from 270 °C in GAKM microfibers
towards 295 °C for GAKS bundles was also observed. This result evidence that the
pretreatment removed non-cellulosic components, especially hemicellulose and pectins
ratifying the results of the FTIR analysis. After the sequence of treatments, the CNFs
showed a thermal degradation peak at 329.9 °C. In Fig. 3, minor evaporative weight
loss (about 1.36%) is observed in the fibers subjected to hydrolysis. In the second stage,
lignin and hemicellulose decomposition was observed, as predicted by Darus et al. [13].
The ash content of the microfiber was higher than the original biomass, about 21.96%;
since an increase in the percentage of cellulose.

4.4 Crystallinity Index (CrI)

The CNFs presented a high crystallinity index in the range between 40–60%. The chem-
ical processes that delignify the sample promote more crystalline regions, in the same
way the mechanical milling process increases the crystallinity index in certain regions
of the sample because the ICr tends to increase proportionally with the number of pass
cycles, due to the forces acting in favor of the amorphous cellulose shortening. The ICr
obtained between 75.1% and 76.5% confirms a correct development of the process in
favor of the crystallinity of the samples (Fig. 4).
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Fig. 4. XRD of BNF from GAK

5 Conclusions

Analteration of the original structure of the fibrous bundlewas obtained by the separation
and removal of the non-cellulosic components during the extraction process. The ATR-
FTIR, TGA analyses confirmed the removal of hemicelluloses and lignins from the
pretreatedmicrofibers by steam explosion. These structural changes result inmicrofibers
that combine stiffness, strength and lower moisture absorption, fundamental aspects for
a fiber reinforcing polymeric matrices. The isolation method combining pretreatment,
acid hydrolysis and disintegration led to obtain crystalline nanocellulose with diameters
between 20 and 60 nm from a tropical bamboo species (guadua angustifolia kunth).
XRD confirmed the obtaining of nanocelluloses with high crystallinity index between
75–76%. It is demonstrated that it is possible to isolate high quality nanocelluloses to
be used as reinforcements in bio composites, which will add value to this plant species
abundant in the tropical regions of South America.
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