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Four different alkaline treatments for isolation of cellulose microfibrils from vascular bundles of banana
rachis were comparatively studied. Isolated cellulose microfibrils were characterized using high perfor-
mance anion exchange chromatography for neutral sugar composition, as well as attenuated total reflec-
tion Fourier transform infrared spectroscopy, transmission electron microscopy, X-ray and electron
diffraction and solid-state 13C NMR. The cellulose microfibrils treated with peroxide alkaline, peroxide
alkaline–hydrochloric acid or 5 wt% potassium hydroxide had average diameters of 3–5 nm, estimated
lengths of several micrometers. Although the interpretation of their structure is difficult because of the
low cristallinity, X-ray diffraction, 13C NMR and ATR-FTIR results suggested that cellulose microfibrils
from banana rachis could be either interpreted as cellulose IV1 or cellulose Ib. The specimens treated with
a more concentrated KOH solution (18 wt%) were still microfibrillated but their structure was converted
to cellulose II.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Banana plant farming is one of the main agro-industries in
Colombia. This activity generates a considerable amount of fibrous
residues as rachis. This residue is the bunch axis in the plant that
is cut after harvesting and usually left in the soil plantation. How-
ever, the vascular bundles of this material have received attention
as new reinforcing agents in the elaboration of composite materials
(Faria, Cordeiro, Belgacem, & Dufresne, 2006) or for the isolation of
cellulose microfibrils (Zuluaga, Putaux, Restrepo, Mondragon, &
Gañán, 2007).

Cellulose, the most common organic substance in nature, is the
main structural component that confers strength and stability to
the plant cell walls (Dufresne, 2006). It is found in the cell walls
as a network of microfibrils embedded in a non-cellulosic matrix
(Rondeau-Mouro et al., 2003).
008 Published by Elsevier Ltd. All r
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Several processes are used to extract highly-purified microfibrils
from the cell wall. They are generally based on successive chemical
and mechanical treatments. Chemical treatments with alkaline
solutions at different concentrations were used to isolate microfi-
brils from sugar beet (Dinand, Chanzy, & Vignon 1999; Dufresne,
Cavaillé, & Vignon, 1997), potato tuber cells (Dufresne, Dupeyre,
& Vignon, 2000) both cladodes and spines from Opuntia ficus-indica
(Malainine et al., 2003), prickly pear fruits of O. ficus-indica (Habibi,
Heux, Mahrouz, & Vignon, 2008), lemon and maize (Rondeau-
Mouro et al., 2003), soybean (Wang & Sain, 2007), sisal (Morán,
Alvarez, Cyras, & Vázquez, 2008) and hemp fiber (Wang, Sain, &
Oksman, 2007). These treatments led to partial separation of the
microfibrils from the cell wall, taking advantage of its relatively
low lignin and hemicellulose content. However, none of these
works analyzed the influence of several alkaline solutions at differ-
ent concentrations on the structure and morphology of isolated cel-
lulose microfibrils. In addition, to improve the individualization of
the microfibrils, several mechanical treatments such as cryocrush-
ing (Chakraborty, Sain, & Kortschot, 2005) and Manton-Gaulin
homogenizing (Dufresne et al., 1997; Turbak, Snyder, & Sandberg,
1983) have been used, yielding highly viscous suspensions of indi-
vidual cellulose microfibrils. Another mechanical route consists in
homogenizing cellulose using a Waring Blender equipment after
ights reserved.
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oxidation mediated by the 2,20,6,60-tetramethylpiperidine-1-oxyl
(TEMPO) radical (Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006).

In order to investigate the potential of cellulose microfibrils iso-
lated from vascular bundles of banana rachis as reinforcement in
biocomposite applications (Azizi Samir, Alloin, & Dufresne, 2005;
Hubbe, Rojas, Lucia, & Sain, 2008; Yano & Nakahara, 2004), this
study was focused on the effect of different chemical treatments
on microfibrils structure. Chemical modifications in the samples
after the various extraction and purification treatments were ana-
lyzed using high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) and attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR).
Morphological analysis of isolated microfibrils was performed by
transmission electron microscopy (TEM). In addition, X-ray diffrac-
tion (XRD) was used to follow the fibrous transformation of native
cellulose I into cellulose II. Finally, solid-state 13C NMR was used to
monitor the structural changes that took place in the samples
depending on the extraction treatments.

2. Experimental

2.1. Materials

Banana rachises were obtained from the Uraba region in Colom-
bia. First, they were washed with distilled water for 10 min, fol-
lowed by an extraction either by biological retting (Gañán, Cruz,
Garbizu, Arbelaiz, & Mondragon, 2004a; Gañán, Zuluaga, Vélez, &
Mondragon, 2004b) or by mechanical processing (Tilby, 1994), in
order to isolate the vascular bundles. The vascular bundles were
cleaned with fresh water and dried at 90 �C overnight. For microfi-
bril isolation, the vascular bundles were cut into 100–300 mm
pieces, and these chunks were ground to pass a 2.0 mm size sieve.
The chemical composition of vascular bundles is 48.7 wt% cellu-
lose, 16.1 wt% hemicelluloses, 12.2 wt% lignin and 7.9 wt% ash on
a dry weight basis.

2.2. Isolation of cellulose microfibrils

Cellulose microfibrils were prepared using different combina-
tions of chemical and mechanical treatments. The treatments and
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Fig. 1. Scheme for isolation of cellulose microfibrils from vascular b
codifications of the samples are summarized in Fig. 1 and described
in the following. The main objective of these treatments was to
eliminate non-cellulosic components such as pectic substances,
hemicelluloses and lignin.

The samples labeled PA and PA–HCl were treated with 0.5 M
NaOH solution (300 mL) under mechanical stirring at 30 �C for
18 h. Then, the insoluble residue was treated with 0.5 M NaOH
and 3 wt% H2O2 solution (200 mL) at 45 �C for 14 h. For the sample
labeled PA, a second treatment with 2 M NaOH solution (200 mL) at
55 �C for 2 h was used, whereas in order to remove mineral traces in
the sample named PA–HCl, the step with 2 M NaOH was replaced
by 2 M HCl (200 mL) at 80 �C for 2 h (Dinand et al., 1999).

To prepare the sample labeled KOH-5, a 5 wt% KOH solution
(300 mL) was vigorously stirred at room temperature for 14 h.
Then, the insoluble residue was delignified with 1 wt% NaClO2

(200 mL) at pH 5.0, and adjusted with 10 wt% acetic acid, at
70 �C for 1 h. A second treatment with KOH solution (200 mL) un-
der the same conditions as in the first step was used. Finally, a
1 wt% HCl solution (200 mL) at 80 �C for 2 h was added to remove
mineral traces. For samples labeled KOH-18, the concentration of
KOH was increased from 5 to 18 wt% but the same conditions of
time, temperature and volume were used.

At each step of the different treatments, the insoluble residue
was extensively washed with distilled water for several hours, un-
til pH was neutral. All samples were homogenized in a Waring
blender for 10 min at a concentration between 3 and 4 wt%.

2.3. Scanning electron microscopy (SEM)

SEM was used to investigate the microstructure and the surface
morphology of vascular bundles of banana rachis. Samples were
embedded in paraffin wax and air-dried overnight. Transverse sec-
tions were cut using a rotary microtome. Thicker sections were
coated with gold/palladium using an ion sputter coater and ob-
served with a Jeol JSM 5910 LV microscope operated at 15 kV.

2.4. Neutral sugar composition

Samples were hydrolyzed by adding approximately 50 mg of
the material to 0.5 mL of 72 wt% sulfuric acid. The mixture was
banana rachis
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Fig. 2. (a) SEM micrograph of the vascular bundles in banana rachis and (b)
micrograph at higher magnification. mf, macrofibrils; cw, cell wall; ml, middle
lamella.
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heated in a water bath at 30 �C for 1 h and then diluted to 4 wt%
sulfuric acid concentration with deionized water. The diluted mix-
ture was then heated at 105 �C for 150 min in closed tubes, before
ice cooling.

An analysis of monosaccharides on the hydrolyzed sample was
performed using high performance anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD). The equip-
ment consisted of a Dionex GP50 gradient pump, ED50
electrochemical detector, AS50 autosampler and a CarbopacTM PA1
column. Samples injected into the system were eluted with
0.004 M NaOH (carbonate-free and purged with helium) with
post-column addition of 0.3 M NaOH at a rate of 1 mL/min. Run
time was 45 min, followed by 8 min elution with 0.5 M NaOH solu-
tion to wash the column and then 15 min elution with 0.004 M
NaOH solution to re-equilibrate the column. The analysis was
quantified against three separated standard solutions using the
ChromeleonTM computer software. The quantified monosaccharides
were arabinose, rhamnose, glucose, xylose and mannose. The
monosaccharide purity of the isolated samples was determined
as the percentage composition of the quantified monosaccharides
based on a weight/weight ratio.

2.5. Attenuated total reflection Fourier transform infrared
spectroscopy

Infrared spectroscopy experiments were conducted using a FTIR
spectrometer (Nicolet 6700 Series) equipped with a single-reflec-
tion ATR and a type IIA diamond crystal mounted in tungsten car-
bide. The diamond ATR had approximately 0.5 mm2 sampling area,
where a consistent reproducible pressure was applied to every
sample. Infrared spectra were collected at 4 cm�1 resolution and
256 scans were carried out.

2.6. Transmission electron microscopy

The samples obtained after chemical and mechanical treat-
ments were diluted using distilled water and sonicated to achieve
a good dispersion. Drops of each suspension were deposited onto
glow-discharged carbon-coated electron microscope grids and
negatively stained with 2 wt% uranyl acetate. Unstained specimens
were also prepared for electron diffraction and observed under low
illumination at low temperature (�180 �C). All samples were ana-
lyzed using a Philips CM200 ‘Cryo’ microscope operating at an
acceleration voltage of 80 kV for imaging and 200 kV for diffrac-
tion. Images were recorded on Kodak SO163 films and diffraction
patterns on Fujifilm imaging plates, read using a Fujifilm BAS
1800 II bio-imaging analyzer.

2.7. X-ray diffraction

Cellulose microfibrils suspensions were centrifuged at
13,400 rpm and the pellets were allowed to dry on a teflon surface.
The resulting films were X-rayed using a Philips PW3830 generator
operating at the Ni-filtered CuKa1 radiation wavelength
(k = 1.542 Å). Powder diffraction patterns were recorded on Fuji-
film imaging plates and read using a Fujifilm BAS 1800 II bio-imag-
ing analyzer.

Diffraction profiles were obtained by radially integrating the
intensity of the powder diffraction diagrams. The diffraction peaks
were fitted using pseudo-Voigt functions.

2.8. CP/MAS 13C nuclear magnetic resonance

Solid-state 13C NMR spectra were recorded on a Bruker AV-400-
WB spectrometer with a triple probe channel of 4 mm, with rotors
of ZrO and a stopper of Kel-F at room temperature. The speed of
rotation was 8 kHz and the pulse sequence employed was cross-
polarization (CP-MAS) 1H 13C, using a spectral width of 35 kHz, a
contact time of 3 ms and a relaxation time of 4 s with decoupling
1H. The scan amount was 2048. The chemical shift was established
in relative ppm to tetramethylsilane (TMS) as primary reference
and the signal of adamantine CH2 (29.5 ppm) was used as second-
ary reference. The deconvolution in C1 region in all spectra was
performed by assigning Lorentzian line shapes.

3. Results and discussion

SEM micrographs in Fig. 2 illustrate the architecture of the
cross-section area of vascular bundles isolated from banana rachis.
As observed in other natural fibers (Engels & Jungs, 1998; Gritsch,
Kleist, & Murphy, 2004; Satyanarayana, Pillai, Sukumaran, Rohatgi,
& Vijayan, 1982; Zhong, Burk, & Ye, 2001), they are constituted by
elementary fibers (Fig. 2a). As previously reported, each elemen-
tary fiber consists of helical spirals, namely the macrofibrils (mf).
As shown in Fig. 2b, a thick cell wall (cw), generally containing
non-cellulosic polysaccharides, is observed. This cell wall has a
width ranging from 1 to 2 lm (Gañán et al., 2008). Also in
Fig. 2b, the middle lamella (ml), largely consisting of pectinaceous
substances, can be seen. It can be recognized as a thin layer be-
tween two adjacent elementary fibers (Dickinson, 2000).
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The individualization of cellulose microfibrils from banana re-
sources was based on protocols combining chemical and mechan-
ical treatments. During chemical treatments, constituents like
pectins and hemicelluloses were hydrolyzed by the action of alka-
line solutions, whereas lignin was removed during additional steps
using sodium chloride or hydrogen peroxide (Fig. 1). To improve
and achieve an acceptable dispersion level in the solution, mechan-
ical homogenization with a Waring blender was also used for all
samples.

The monosaccharide composition of vascular bundles and iso-
lated cellulose microfibrils is reported in Table 1. With exception
of PA treatment, these results indicate that sequential extractions
contributed to remove quite well arabinose and rhamnose. Analy-
sis by HPAEC-PAD after hydrolysis of the samples using sulfuric
acid revealed that glucose was the predominant monosaccharide.
Noticeable amounts of non-cellulosic sugars as xylose and man-
nose were also detected. The resistance to extraction with alkali
of these sugars that are the main constituents of hemicelluloses
is due to the association between xyloglucan and cellulose that is
very strong. Xyloglucan probably binds not only to the surface of
cellulose microfibrils, but it can also be entrapped within the
microfibrils (Habibi et al., 2008; Kacuráková, Capek, Sasinková,
Wellner, & Ebringerová, 2000; Liu et al., 2006). Xylans, xyloglucans,
and glucomannans are all able to bind onto cellulose fibrils in a
manner similar to the interchain bonding of cellulose itself (Renard
& Jarvis, 1999). As can be seen in Table 1, KOH-18 samples exhib-
ited minor quantities of xylose, thus indicating that removal of xy-
lose increased with a higher concentration of KOH. These results
are in agreement with the work by Hayashi, Marsden, and Delmer
(1987). These authors reported that concentrated alkali solutions
were effective to dissolve xyloglucan from the macromolecular
complex of etiolated pea stem. This is because concentrated solu-
tions, which cause microfibril swelling, allow the extraction of
xyloglucan; with mild alkali the complex between xyloglucan
and cellulose could not be broken.

FTIR spectroscopy is an appropriate technique to establish the
variations introduced by different treatments on the chemical
structure of the isolated samples. Fig. 3a shows ATR-FTIR spectra
of the vascular bundles and isolated cellulose microfibrils after
alkaline treatments. The broadened band of the OH-stretching at
around 3650–3000 cm�1 is observed in all spectra. The two small
bands at 3487 and 3442 cm�1 in KOH-18 samples (Fig. 3b) have
been assigned to intramolecular hydrogen bonding in cellulose II
(Sao, Mathew, & Ray, 1987). The vibration at 2850 cm�1 originating
from CAH stretching in lignin and waxes was eliminated after the
different chemical treatments (Gañán et al., 2004a; Gañán et al.,
2004b; Xu et al, 2007a; Xu et al, 2007b). The shoulder at
1732 cm�1, that represents vibrations of acetyl and uronic ester
groups of hemicelluloses or ester linkage of carboxylic group of
the ferulic and p-coumaric acids of lignin, was significantly reduced
(Sun, Sung, Liu, Fowler, & Tomkinson, 2002; Sun, Xu, Sun, Fowler, &
Baird, 2005). This fact indicates that the different treatments nearly
cleaved this ester bond from non-cellulosic components.
Table 1
Relative monosaccharide composition (wt%) in isolated cellulose microfibrils

Sugar (%) Chemical treatmentsa

Vascular bundles PA

Arabinose 12.97 ± 4.49 2.75 ± 0.10
Rhamnose 1.06 ± 0.56 nd
Glucose 52.04 ± 2.29 73.05 ± 1.62
Xylose 24.54 ± 5.29 16.25 ± 0.95
Mannose 4.08 ± 1.62 7.06 ± 0.85

nd, not detectable.
a Corresponding to cellulose microfibrils isolation methods described in Fig. 1.
Fig. 3a clearly shows that KOH-5 and KOH-18 treatments re-
moved most of the lignin, as seen by the elimination of vibrations
at 1594 cm�1 (aromatic ring vibrations), 1509 cm�1 (aromatic
rings vibrations), 1460 cm�1 (CAH deformations) and 1235 cm�1

(guaiacyl ring breathing with stretching C@O), 787 cm�1 (CAH
deformations) (Gañán et al., 2004a; Gañán et al., 2004b; Sun,
Sun, Zhao, & Sun, 2004). However, the PA and PA–HCl samples
showed slight changes in intensity at 1594 and 1460 cm�1 after
treatment, suggesting that they still contained small amounts of
residual lignin (Bolaños, Felizón, Heredia, Guillén, & Jiménez,
1999; Sun, Tomkinson, Mao, & Sun, 2001; Xiao, Sun, & Sun 2001;
Xu, Sun, Sun, Fowler, & Baird, 2006). In particular, these vibrations
were not present in KOH-5 and KOH-18 samples. This fact suggests
that KOH-5 and KOH-18 treatments removed lignin more effi-
ciently than PA and PA–HCl treatments. Sun et al. (2004) demon-
strated that the method with sodium chlorite was more efficient
than that with hydrogen peroxide to remove lignin.

Fig. 3b and c shows an enlargement of the 3400–3100 cm�1 and
1000–700 cm�1 regions of ATR-FTIR spectra, respectively. The
absorbances at 3271 and 3241 cm�1 of OH stretching were not
clearly evidenced, because of interfering contributions from a vari-
ety of stretching modes in the amorphous region (Liang & March-
essault, 1959). Nevertheless, the absorption band at 711 cm�1

assigned to Ib cellulose was detected (Fig. 3c), meaning that the
isolated cellulose microfibrils were rich in the Ib phase (Kataoka
& Kondo, 1996).The absorption band at 750 cm�1, assigned to Ia,
was not seen clearly in this study.

In all spectra, the band near to 1043 cm�1 (CAOAC stretching)
is due to presence of xylans associated with hemicelluloses
(Albersheim, 1976; Xu et al., 2007a; Xu et al., 2007b). This suggests
that xyloglucans are strongly bound to cellulose microfibrils, as
above mentioned. Interestingly, drastic change in intensity at
1102 cm�1 for the sample treated with 18 wt% KOH was observed
(Fig. 3a). This can be associated with changes in the hydrogen
bonding system (Higgins, Stewart, & Harrington, 1961; Xiao
et al., 2001), and it possibly indicates the transition from cellulose
I to cellulose II, as also suggested by XRD data presented below.

Results from XRD analyses are presented in Fig. 4. The diffrac-
tion patterns of PA, PA–HCl and KOH-5 samples are very similar
and exhibit several broad peaks. By comparison with the spectrum
of native cellulose I (using the indexation of Sugiyama, Vuong, &
Chanzy 1991) the peak at the lowest angle can be described as
the overlapping of 1�10 and 110 reflections. Then, with increasing
diffraction angle, 102 and 200 and finally 004 reflections are ob-
served. The general aspect of the spectra and, in particular, the
overlapping of 1�10 and 110, suggest that the structure of the
microfibrils corresponds to cellulose I, quite resembling cellulose
IV1, a less ordered form of cellulose I (Lai-Kee-Him et al., 2002;
Wada, Heux, & Sugiyama, 2004). The XRD spectrum of sample
KOH-18 is substantially different and resembles those reported
for samples of viscose rayon (Hindeleh, 1980). The microfibrils
thus consist of cellulose II crystallites. This spectrum displays a
peak at about 12�, indexed 1�10, and two more intense reflections,
PA–HCl KOH-5 KOH-18

nd nd nd
nd nd nd
77.71 ± 1.11 73.91 ± 1.28 80.14 ± 0.79
16.12 ± 0.97 19.11 ± 0.64 11.92 ± 0.29
5.97 ± 0.39 5.85 ± 0.09 7.83 ± 0.42



Fig. 3. FTIR spectra of isolated cellulose microfibrils after different treatments: (a)
vascular bundles (VB), peroxide alkaline (PA), peroxide alkaline–hydrochloric acid
(PA–HCl), potassium hydroxide 5 wt% (KOH-5) and potassium hydroxide 18 wt%
(KOH-18). (b) Absorption bands at 3241 and 3271 cm�1 correspond to Ia and Ib,
respectively (c) Absorption bands at 750 and 711 cm�1 correspond to Ia and Ib,
respectively.

Fig. 4. X-ray diffraction spectra recorded from films of cellulose microfibrils
prepared by different treatments: peroxide alkaline (PA), peroxide alkaline–
hydrochloric acid (PA–HCl), potassium hydroxide 5 wt% (KOH-5), potassium
hydroxide 18 wt% (KOH-18). The indexation is that defined in Sugiyama et al.
(1991).
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indexed 110 and 200. In principle, in XRD patterns recorded from
perfectly isotropic cellulose II powders, these two reflections
should have similar intensities. The fact that, in our spectrum,
the intensity of 110 is slightly higher than that of 200 reflection
may be explained by a preferential orientation of the microfibrils
during the drying of the film.

As XRD spectra of samples PA–HCl and KOH-5 are very similar
to that of PA-treated cellulose, we can deduce that no significant
changes in crystallite size occurred during these treatments.

A comparison of the morphology of cellulose microfibrils iso-
lated by different chemical treatments is presented in Fig. 5, where
TEM micrographs recorded from negatively stained specimens are
shown. The micrographs reveal that the degree of aggregation and
shape of the fibrils are different. Fig. 5a (PA) and c (KOH-5) show
loose networks of 40–60 nm-wide bundles of microfibrils and indi-
vidual microfibrils whose diameter was estimated to be about
5 nm from enlarged TEM images. The length of the microfibrils
could be estimated to a few micrometers, resulting in a practically
infinite aspect ratio (Azizi Samir, Alloin, Paillet, & Dufresne, 2004).
In contrast, Fig. 5b shows that PA–HCl treatment longitudinally
cuts the cellulose microfibrils. This feature is typical of cellulose
samples treated with strong acids that preferentially degrade the
disordered regions along the microfibrils, resulting in shorter whis-
ker-like nanocrystals (Azizi Samir et al., 2005; Lai-Kee-Him et al.,
2002). Fig. 5d shows the morphology of sample corresponding to
KOH-18 treatment. In contrast with other results reported in liter-
ature (Dinand, Vignon, Chanzy, & Heux, 2002), the higher KOH con-
centration did not result in a destruction of the cellulose
microfibrils. The specimen is still microfibrillar. Several bundles
are observed, and seem to contain shorter microfibrils.

Selected area of electron diffraction patterns recorded at low
temperature on bundles of unstained cellulose microfibrils treated
with 5 wt% and 18 wt% KOH, respectively, are shown in Fig. 6. The
electron diffraction diagram recorded from sample KOH-5 can be
indexed as that of cellulose I, with a strong and narrow 004 reflec-
tion on the meridional axis, and diffuse 1�10, 110 and 200 reflec-
tions on the equatorial axis (Fig. 6a). In agreement with the



Fig. 5. TEM micrographs of negatively stained preparations of cellulose microfibrils isolated after different treatments: (a) peroxide alkaline (PA); (b) peroxide alkaline–
hydrochloric acid (PA–HCl); (c) potassium hydroxide 5 wt% (KOH-5) and (d) potassium hydroxide 18 wt% (KOH-18).

Fig. 6. TEM images of unstained bundles of cellulose microfibrils prepared using alkaline treatments KOH-5 (a) and KOH-18 (b). Inset: corresponding cellulose I and cellulose
II fiber electron diffraction patterns, respectively, recorded at low temperature from the selected circular areas indicated in the image.

56 R. Zuluaga et al. / Carbohydrate Polymers 76 (2009) 51–59
interpretation of the XRD spectrum of the KOH-5 sample, the fact
that 1�10, 110 reflections are overlapping suggests that the struc-
ture is resembling that of cellulose IV1.

Interestingly, both TEM images and X-ray/electron diffraction
data concur to show that the microfibrillar nature of the KOH-18
sample was preserved while cellulose was converted to allomorph
II. Other cases of fibrous mercerization of native cellulose have
been reported in literature, in particular during alkaline treatments
of Valonia (Chanzy & Roche, 1976) and ramie cellulose (Okano and
Sarko; 1985; Nishiyama, Kuga, & Okano, 2000). It was shown that
the parallel-to-antiparallel reorganization of cellulose chains could
be initiated in the amorphous regions of alkali-swollen microfi-
brils. The molecules from adjacent cellulose I microfibrils with
opposite chain polarity could then rearrange and crystallize into
antiparallel cellulose II upon washing in water. A similar phenom-
enon could occur in the KOH-18 sample because the defibrillating
mechanical homogenization was performed after the chemical
treatments.
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The 13C NMR spectra of samples, PA, PA–HCl and KOH-5
(Fig. 7a) are quite similar. They are particularly broad and quite dif-
ferent respect to highly crystalline samples. The region between 60
and 70 ppm is assigned to C6 of the primary alcohol group. The
next cluster of resonances, between 70 and 81 ppm, is attributed
to C2, C3 and C5. The region between 81 and 93 ppm is associated
with C4 and that between 102 and 108 ppm with C1, the carbon
anomeric.

The broader C1 resonance associated to the disordered chains
dominates the shape of all spectra. Nevertheless, when the C1 re-
gion is enlarged and these values are used to deconvolution with
Lorentzian lineshapes (Fig. 7b), signals at 104 and 106 ppm are
clearly separated, indicating that the samples are rich in cellulose
Ib (Newman, 1997), in agreement with ATR-FTIR results. In addi-
tion, the central peak at 105.4 ppm could be possibly assigned to
a less ordered state and/or surface chain contributions (Wada, Oka-
no, Sugiyama, & Horii, 1995). The resonances of cellulose occur at
89.2 ppm (core chains) and 84.8–84.2 ppm (surface chains) for
C4, and 65.3 ppm (crystalline cellulose) and 63–62,9 ppm (amor-
phous cellulose) for the C6. The resonances of C2, C3 and C5 over-
lap and appear at 75.3 ppm and 72.9–72.7 ppm. It is apparent that
Fig. 7. Comparison of the solid-state 13C NMR spectra of the isolated cellulose
microfibrils after different treatments: (a) peroxide alkaline (PA), peroxide alkaline–
hydrochloric acid (PA–HCl), potassium hydroxide 5 wt% (KOH-5) and potassium
hydroxide 18 wt% (KOH-18); (b) enlarged C1 region of the spectra indicated by the
rectangles in Fig. 7a together with the signal deconvolutions.
there are no difference in supermolecular structure between the
three samples. However, it is difficult to interpret these compli-
cated 13C NMR patterns; they are quite similar to pattern of cellu-
lose IV1 (Isogai, Usuda, Kato, Urdu, & Atalla, 1989; Wada et al.,
2004).

The 13C NMR spectrum of sample KOH-18 (Fig. 7a) is typical of
cellulose II, denoted by an increase in the intensity of the peak near
107.3 ppm, attributed to the C1 of the crystalline part of cellulose II
(Atalla & VanderHart, 1999; Chanzy & Roche, 1976). In addition,
the multiplicity of C1 resonances obtained after deconvolution
arises from magnetically non-equivalent sites within crystalline
domains. The transition is also identified by an increase in relative
intensity of the signal at 62.8 ppm, that is associated with the
amorphous regions of cellulose, and a decrease of the signal at
65.3 ppm associated with the crystalline regions of cellulose I. Both
signals are assigned to C6 of the primary alcohol group (Atalla &
VanderHart, 1984).

The region between 73.2 and 76.9 ppm, attributed to C2, C3 and
C5, presents variations when viewed together with spectra of sam-
ples KOH-5, PA and PA–HCl. These changes may occur because of
variations in hydrogen bonding patterns, as confirmed by ATR-FTIR
spectra, allowing the chain adopting a new molecular
conformation.

The results of diffraction, 13C NMR and ATR-FTIR methods sug-
gest that cellulose microfibrils isolated from banana rachis can cor-
respond to cellulose IV1, a structural form where the order of the
chain direction is retained but the fibrillar sample contains crystal
domains that are too narrow. Likewise, we consider that the struc-
ture is quite similar to cellulose Ib, as reported by Helbert, Sugiy-
ama, Ishihara, and Yamanaka (1997) in fungal cell walls and
confirmed later by Wada et al. (2004) and Newman (2008).
4. Conclusions

In this work, four different treatments for cellulose microfibrils
isolated from banana rachis were evaluated. By means of SEM, ion
chromatography, ATR-FTIR, TEM, electron and X-ray diffraction, it
was possible to study the effect of the treatment on the morphol-
ogy and structure of the resulting products. ATR-FTIR confirmed
the partial removal of hemicelluloses. The resistance to extraction
with alkali of non-cellulosic components like xylose appears to be
due to the strong association of xyloglucans and cellulose. Xyloglu-
cans probably bind not only to the surface of microfibrils but they
can also be entrapped within the microfibrils. Furthermore, the
appearance in all ATR-FTIR spectra of the band near to
1043 cm�1 (CAOAC stretching) is undoubtedly due to the presence
of xylans associated with hemicelluloses. The electron and X-ray
diffraction diagrams of KOH-18 sample have revealed that microfi-
brillar bundles consist of cellulose II crystals, while KOH-5, PA and
PA–HCl samples contain reflections associated with cellulose IV1.
The microfibrillar appearance was retained even when cellulose
II was formed after strong alkali treatment. This can be related to
the swelling of the initial fibers in concentrated alkali solutions,
followed by chain reorganization and recrystallization during sub-
sequent washing.

The crystallinity of the cellulose samples obtained was not high
which could induce significant line broadening and difficult inter-
pretation of 13C NMR spectra. However, these patterns resemble
typical patterns of cellulose IV1. The 13C NMR spectrum of sample
KOH-18 is typical of cellulose II, denoted by an increase in the
intensity of the peak near 107.3 ppm, attributed to the C1 of the
crystalline part of cellulose II.

Results of diffraction, 13C NMR and ATR-FTIR methods suggest
that cellulose microfibrils isolated from banana rachis correspond
to cellulose IV1 and are quite similar to cellulose Ib.
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