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Abstract In the last years several composites and
high performance materials with woody and non-
woody natural fibers have been developed. In this
study, a morphological study of agricultural residues
as rachis from Musaceae plants cultivated in Colom-
bia has been carried out. Fibrous structures as fiber
bundles, elementary or ultimate fibers and even
cellulose microfibrils grouped together into microfi-
bril bundles have been observed. Both biological
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retting and chemical procedures like alkali treatments
combined with alkaline peroxide and acid addition
have been used. Different microscopic techniques as
optical (OM), confocal (CM), scanning electron
(SEM), and atomic force (AFM) ones have been
used for analysis of isolated samples. A hierarchical
arrangement from conducting tissues and fiber bun-
dles to cellulose microfibrils in Musaceae rachis has
been noted. All of these structures can be isolated by
biological and chemical processes at the correspond-
ing arrangement level. This means that Musaceae
rachises constitute a source of new interesting
biodegradable raw materials with multiple possibil-
ities in dimensions and morphologies for several
industries. A strong presence of crystal structures
exists on fiber surfaces, being their occurrence related
to the maturate state of rachis samples. Additionally,
a top-down scheme is proposed for understanding the
structuration of rachis at each length scale.
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Abbreviations

AFM  Atomic force microscopy

CM  Confocal microscopy

FTIR Fourier transform infrared spectroscopy
OM  Optical microscopy

SEM  Scanning electron microscopy
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b Fiber bundles

Pq Parenchyma

ct Conducting tissues
mf Macrofibrils

Introduction

Nowadays, vegetable sources can be used to develop
materials with high performance (Qian et al. 2004;
Greil et al. 2004; Hoppe and Petrova 2004), even it is
recognized by institutions like the National Academy
of Science of USA, which declares that “hierarchical
structures in biology as a guide for new materials
technology” should be used (National Academy of
Science 1994). This tendency is associated with
particular advantages that combine low density with
good mechanical properties, low cost and biodegrad-
ability (Qian et al. 2004; Greil et al. 2004; Hoppe and
Petrova 2004). Other important aspect is associated
with the mimics of their hierarchically built anato-
mies developed and optimized in a long-term evolu-
tion process (Hoppe and Petrova 2004). Wood and a
wide variety of non-woody plants offer multiple
possibilities in dimensions, composition and mor-
phology of fibrous structures (Schurz 1999) than can
be useful for pulp and paper making industries
(Cordeiro et al. 2004), novel microcellular ceramics
with unidirectional porous structures (Qian et al.
2004; Hoppe and Petrova 2004; Qian et al. 2005) or
nanocellulosic fiber composites (Malainine et al.
2005; Kvien et al. 2005). The tubular cell disposition
of wood for example offers an opportunity to use
infiltration with gas, liquid (Greil et al. 1998) or sol-
gel techniques (Drosched et al. 2000) to transform the
bioorganic source into cellular ceramic reinforcement
for composites materials useful for many applications
that include high-temperature resistance gas filters,
catalyst support, heat insulation components or struc-
tural applications (Qian et al. 2004; Greil et al. 1998).
Additionally, natural fiber bundles are broadly
evaluated as reinforcement for recyclable composites
in transport applications (Joshi et al. 2004; Rouison
et al. 2006) or for production of environmental
friendly polymers (Sun and Tomkinson 2003).

Plants are characterized by the presence of several
hierarchically ordered structures ranging from
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millimeter, fiber bundle, up to nanometer scale,
cellulose microfibrils, and all of these structures are
constituted by cellulose joined to non-cellulosic
components as hemicellulose, lignin, pectins and
proteins.

In this environmental tendency, agricultural wastes
present a vast potential being a cheap feedstock due
to the huge amount generated all around the world as
it happens with wheat straw (Sun and Tomkinson
2003), sugarcane (Baudel et al. 2005) or Musaceae
residues (Gaifian et al. 2004). In the case of Colom-
bian Musaceae crops more than four millions tons of
agricultural residues per year are generated. In spite
of this, few morphological studies about this kind of
materials have been developed (Gafian et al. 2004;
Pothan et al. 2006; Jimenez et al. 2005). Many
applications could be envisaged by taking advantage
of their hierarchical constitution that include cellu-
losic microfibrils and other components. This study is
focused to investigate the fibrous structure of agro-
industrial residues like rachis of two different Mus-
aceae plants cultivated in Colombia. Using an up-
bottom approach, rachises, fiber bundles and con-
ducting tissues, elementary or ultimate fibers, micro-
fibrils bundles and cellulose microfibrils have been
isolated. Techniques as optical (OM), confocal (CM),
scanning electron (SEM) and atomic force (AFM)
microscopies have been used. Biological retting and
chemical process using alkali treatment combined
with alkaline peroxide and acid addition have been
utilized to isolate the above outlined products.

Experimental
Samples

Maturate rachises from two types of Musaceae plants
cultivated in Colombia were the raw material of this
work. They were collected two or three days after
fruit harvesting. Two commercial Musaceae plants as
banana (Musa AAA, cv “Valery”)) and plantain
(Musa AAB, cv “Dominico Harton”) were used.
Fiber bundles were extracted from these rachises by
biological retting using an innocule composed by
fusarium spp, trychoderma spp and acidogenic and
metanogenic bacterias. The inocule was obtained by
previous fermentation of several Musaceae rachises.
Rachis sample was put in a flask and a 5 L fresh
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water solution with 10 wt% of innocule was added.
Fiber bundle samples were obtained at different
exposure times from 10 days to 60 days. These fiber
bundles isolated were cut into small portions between
100 mm and 300 mm using a milling machine, and
then cleaned with toluene-ethanol using Soxhlet
extraction for 6 h, and then exposed to sequential
alkali solution treatments. Scheme 1 shows details of
each step and indicates the residue obtained in each
steps. Three residues were obtained and they are
named as residue 1, 2 or 3, according with sequential
step. Some of them were combined with the addition
of few amounts of H,0,, see procedure A, and HCI,
see procedure B. These processes were followed in
according with Sun et al. (2004, p. 331). Before
morphological analysis, each sample was dried at
105 £ 5 °C during 24 h.

Sample test methods

Rachises and fiber bundles were analyzed using an
optical microscope, Leica MLDL, in transmission
mode 1, a confocal laser scanning microcope, Leica
DM RXE-TCS SP2 and scanning electron micros-
copy, Jeol JSM 5910 LV. In this case, the samples
were coated with gold using the sputtering technique.
Cellulose microfibrils were observed using atomic
force microscopy, NanoScope IIla, Multimode™
from Digital Instruments, in tapping mode. A drop

of each suspension (A or B) was put down onto
freshly cleaved mica and left to dry in a silica gel
ambient for 12 h. Both height and phase images were
captured. A resonance frequency of 200 kHz, and a
spring constant of 12-103 N/m were used.

Fiber bundles and both residues 3 were analyzed
using Fourier transform infrared spectroscopy
(FTIR), Perkin Elmer PC1600. This test was useful
to identify the nature of non-organic components on
the surface of different samples. Spectra were taken
at a resolution of 4 cm™! with twenty scans for each
specimen. For each material, five samples were
tested.

Results and discussion

Musaceae crops grow in tropical and humidity areas.
As it can be seen in Figs. 1-3, both banana and
plantain plants have an important amount of vascular
bundles that are formed by conducting tissues (ct) and
fiber bundles (fb). Parenchyma cells are observed
nearly to vascular tissues. Fiber bundles are formed
by elementary or ultimate fibers with cell wall
thickness higher than that of other parenchyma cells
(see Fig. 2a, b). These micro-structural aspects are
related with their function in the plant: the paren-
chyma cell acts in storage activities, conducting
tissues in conduction functions and elementary fibers
inside fiber bundles acts as support (Dinwoodie

| Biological retting: Fiber bundle |

A

Toluene: Etanol (2:1 v/v) for 6 h

| Dewaxed |

A

A

Ultrasonic treatment

| Water-soluble free sample |

v
| 300 mL 0.5 M NaOH |
l Residue 1

| 200 mL 0.5 M NaOH - 3 wt% H,0, |

Residue 2

| 200 mL2‘ M NaOH |

Residue 3

Procedure A: Alkali

v

| 300 mL 1 M NaOH |

l Residue 1
| 200 mL 0.5 M NaOH - 3wt% H,0, |

Residue 2

| 200 mL‘2 M HCI |

Residue 3

Procedure B: Alkali + HCI

Scheme 1 Isolation steps for Musaceae rachis fibrous configuration
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Fig. 1 OM micrograph with details of a half cross-section of
banana maturate rachis. ct, conducting tissue; pq, parenchyma;
fb, fiber bundle. Scale bar: 100 pm
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Fig. 2 Detail of cross section of Musaceae maturate rachis.
200x. (a) banana maturate rachis, (b) plantain maturate rachis.
ct, conducting tissue; pq, parenchyma; fb, fiber bundle

2002). Other kind of plants such as rattan genus
Calamus (Tomlinson et al. 2001) or sugarcane (Dong
et al. 1997) also present similar structures. Fiber
bundles and conducting tissues can be isolated from
rachis using processes as hand scrapping, mechanical
decortication and biological retting. Figure 4a, b
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Fig. 3 SEM micrograph of a half cross-section of plantain
maturate rachis

ct

Fig. 4 Confocal micrograph of fiber bundle isolated from
banana maturate rachis

shows a CM image of a fiber bundle isolated by
biological retting. As shown in Fig. 4a, conducting
tissues appear still together with fiber bundle, which
suggests that this process is non-homogeneous to
obtain a complete separation of fiber bundles. This
fact is related with their position on the rachis
transversal section, as shown in Figs. 1-3. Conduct-
ing tissues with spiral structural backbone have a
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Fig. 5 OM micrographs of fiber bundles residues 1 obtained
from plantain maturate rachis exposed both treatments. 500x.
(a) Procedure A, (b) Procedure B

roughly diameter larger than that of elementary fibers
(see Fig. 3). Comparable tissues have been observed
by Yu et al. (2005, p. 5689) and Liu et al. (2005, p.
25) during cellulose isolation of wheat straw. As
shown in Fig. 5b, elementary or ultimate fibers inside
the fiber bundles are disposed parallel to the axis of
the rachis. This aspect is one of the large anisotropy
characteristics observed in the rachis fibrous struc-
ture. This arrangement has been observed for both
Musaceae rachises.

For elementary fiber isolation, different chemical
treatments can be utilized. One of them is an alkali
process using several steps. In this work, alkali
treatment has been combined with alkaline peroxide
and hydrochloric acid addition. Both treatments are
described in Scheme 1 and correspond to procedure
A and procedure B, respectively. Three different
residues for each procedure have been analyzed using
optical microscopy (Figs. 5-6), scanning electron
microscopy (Figs. 7-8) and atomic force microscopy
(Fig. 8).

Fig. 6 OM micrographs of fiber bundles residues 2 obtained
from plantain maturate rachis exposed both treatments. 500x.
(a) Procedure A, (b) Procedure B

Fig. 7 SEM micrograph of fiber bundles residue 3 obtained
from plantain maturate rachis exposed of procedure A

After first alkaline step, both residues 1 show
fibrillation (see Fig. 5). The fibrillation increases with
the following alkaline peroxide step, as shown in
Fig. 6. Additionally, the residues have more fibril
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Fig. 8 SEM micrographs of fiber bundles residue 3 obtained
from banana maturate rachis exposed at of procedure B

aggregation than fiber bundles (Fig. 4b). These
phenomena have been related with the progressive
dissolution of non-cellulosic components as pectins
and hemicellulose, and a small portion of lignin
(Kondo and Sarkanen 1984; Hult et al. 2001). This

Fig. 9 AFM micrographs
of both fiber bundles
residues 3 obtained from
banana maturate rachis. (a)
Procedure A, (b) Procedure
B

Data type
Z range

dissolution increases during the alkaline peroxide step
and a progressive separation of elementary fibers takes
place (Fig. 6). These elementary fibers have rough
diameter between 10 pm to 20 um. Both chemical
procedures attack primary cell wall and even second-
ary cell wall (Fig. 6). Thus, macrofibrils (mf) showing
a helicoidal arrangement inside the secondary cell wall
is observed (Fig. 5b). This disposition has been
observed for both Musaceae samples.

Both residues 3 for all Musaceae samples analyzed
in this study are basically formed by macrofibrils
isolated with rough diameter less than 1 pm (Figs. 7,
8). According with Fig. 8, macrofibril bundles are
conformed by a hierarchical arrangement of macro-
fibrils. Microfibril bundles with rough diameter of
40 nm to 60 nm (Fig. 9a) and even cellulose micro-
fibrils with rough diameter around 5 to 10 nm
(Fig. 9b) are observed. Both procedures are effective
to isolate cellulose microfibrils, specially from

Height
55.00 nm

Data type
Z range

robd. 002
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primary cell wall of banana and plantain samples.
Additional steps, using mechanical equipment as
homogenizer machine could be risen the amount of
cellulose microfibrils.

During each extraction step, matrix residues joined
to cellulose fibrous structures are observed (Figs. 6—
8). This indicates that non-cellulosic components are
strongly joined to cellulose along of fibrous structures
that form the rachis.

Additionally, Fig. 10 reveals a strong presence of
crystal structures on fiber surface that are associated
with mineral salts present in the cell walls. Moreover,
as shown in Fig. 11, FTIR spectra of fiber bundles and
both residues 3 present vibrations around 670, 617 and
560 cm™ !, all of them being related to calcium oxalate
salts. This kind of biomineral is common in plants
(Monje and Baran 2005) as Musaceae (Osuji and
Ndukwu 2005). Small vibration in 1700 cm ™' region
is observed, but it could be affected by non-cellulosic
component still present. Their occurrence on residue
surface is related to the maturate state of vegetable
(Dickison 1990), and treatment conditions used as
alkali dosage or hydrogen peroxide concentration, that
contribute to their precipitation (Sjode et al. 2005;
Ulmgren and Radestrom 2000). This observation
agrees with Dufresne et al. (1997, p. 1185), who
found that chemical treatments are not enough for
fully removal of these crystals.

All observations indicate that the hierarchical
arrangement of the rachis offers several fibrous
structures that each could be useful for many
applications. Scheme 2 proposes a top-down

Fig. 10 SEM micrograph of crystals on fiber bundles residue 3
obtained from banana maturate rachis exposed at procedure B

Transmittance

T T T
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 11 FTIR spectra of banana fiber bundles and their both
residues 3. (—) fiber bundle, (- —) Procedure A, (- — -)
Procedure B

approach for the structuration at several scales of
the rachis and its fibrous structures. They can be
grouped in two levels: microscopic level formed by
vascular bundles and elementary fibers, and nano-
scopic or ultrastructural level formed by macrofibrils,
microfibril bundles and cellulose microfibrils. This
scheme suggests that several reinforcements with
different aspect ratio and their composites with a
broad range of mechanical properties could be
obtained starting from Musaceae rachis wastes. For
completion of ultrastructural level shown in
Scheme 2 we have also made use of models
presented by other authors (Emons and Mulder
1998; Fengel and Wegener 1983; Bruck et al. 2002).

Conclusions

In this study, the fibrous structure of rachis residues
has been analyzed. For this, two types of Musaceae
maturate waste rachises have been used. A hierarchi-
cal structure has been demonstrated by microstruc-
tural analysis using different microscopic techniques.
All results suggest that these fibrous structures can be
grouped at two levels: microscopic level formed by
conducting tissues, fiber bundles and their elementary
fibers, and nanoscopic or ultrastructural level where
cellulose microfibrils are grouped in microfibril
bundles. Both plant structural levels have been
isolated. Thus, using of controlled treatments can
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Microfibril (5-10 nm)

Polyoses
4 /' .\\‘I Lignin

Microfibril bundles

(40-60 nm) Primary cell wall

Secondary cell wall

———

Macrofibril

Macrofibril
(1 pum or less)

—

Scheme 2 Diagram of Musaceae rachis fibrous configuration

allow to isolate fibers at different scales that can be
useful to develop traditional natural fiber composites
but also new nanocomposites based on cellulose
microfibrils useful for new applications in several
industrial sectors.

A strong presence of crystal structures on fiber
surface has been observed. FTIR analysis suggested
that it can be related with calcium oxalates. Their
occurrence on residue surfaces is related to the
maturate state of samples, also suggesting that both
treatments are not enough for their fully elimination.

Additionally, a top-down scheme has been pro-
posed for understanding the structuration of rachis at
each length scale.
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