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Cell Wall Structure of Various Tropical Plant
Waste Fibers™!
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ABSTRACT

A comparative study of the structure and organization of the primary and secondary walls in different
types of tropical plant waste fibers was carried out using transmission electron microscopy (TEM). The
thickness of each layer was also measured using Image Analyzer. TEM micrographs haveconfirmed that
cell wall structure of all six types of tropical plant waste fibers (empty fruit bunch, oil palm frond, oil
palm trunk, coir, banana stem and pineapple leaf) has the same ultrastructure with wood fibre. The fibers
consisted of middle lamella, primary and thick secondary wall with different thickness for different types
of fibers. The secondary wall was differentiated into a S; layer, a unique multi-lamellae S, layer, and Ss

layer.
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1. INTRODUCTION

One unique plant cell structure is in the cell
walls that are formed from cellulose in fibril
form. Cell wall is said as non living entity that
supports protoplast and gives shape to the cells
form other than strengthens the cells. Cell wall
is dynamic structure that grows up and has the
ability to change its composition and shape.
This structure plays an important role in plant
production, communication among cells, physi-
ology and environment adjustment (Dickison
2000).

Woody cell walls are composed of cellulose,

hemicelluloses, lignin and pectic substances as
main components. Each of these has been in-
tensively studied for many years (Harada 1964;
Donaldson 1992; Koch & Kleist 2001; Morvan
et al,, 2003). All of these research agreed that
the wood wall cell consisted of primary and
secondary layers. It consists of outer layer (S)),
middle layer (S), and inner layer (Ss) with dif-
ferent microfibril orientation. Nevertheless the
knowledge of their biosynthesis, structure,and
properties as well as their three dimensional as-
sembly in the cell wall is not well understood.
Research on this topic is difficult because of the
diverse ultrastructure of cell walls between spe-
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cies, plant tissues, cells within tissues, and even
between different motphological regions of a
cell wall (Grunwald et al., 2002).

Major tropical plant waste (oil palm, coir, ba-
nana, pineapple, etc), have attracted worldwide
attention as a potential as raw material for val-
ue-added products for food (animal feed, micro-
crystalline cellulose, chemical products,and de-
rivatives) and non-food (conventional compo-
sites, polymer composites, charcoal, filters, sol-
vents, activated carbon, pulp and paper, etc.)
industry. The easy availability as a renewable
(resource), easy processability, light weight, re-
active surface chemistry, non-hazardous, re-
cyclables, and bio-friendly characteristics offers
a number of opportunities in forms of optimized
performance, cost effectiveness, controlled bio-
degradability, and environmental considerations
of plant wastes products.

The economic utilization of these fibers will
be beneficial because these plant wastes can-
create great environmental problems. In Malay-
sia, with such large area of plantation oil palm
(4 million ha), coconut (140 thousands ha.), ba-
nana (34 thousands ha.) and pineapple (15 thou-
sands ha) (MOA 2006), a large quantity of cel-
lulosics and non-cellulosic raw material gen-
erated during harvesting. The fundamental as-
pects considered in theprevious literature, with
other fibers have been reported extensively
(Balashov er al., 1956; Fengel & Shao 1984;
McNeil ef al., 1984; Bai et al., 1998; Donald-
son 1996) except for oil palm, banana stem, and
pineapple leaf fibers. Only the chemical compo-
sition and anatomy of these fibers have already
been reported (Mansor & Ahmad 1991; Cor-
deiro et al., 2004; Mishra et al., 2004; John et
al., 2005). Until now, however, no research re-
ported to evaluate the cell-wall structure of
these major plant waste fibers (oil palm, coir,
banana stem, pineapple leaf) in Malaysia until
now.

The objective of this research is to analyze
the cell wall structure of six different types of
plant waste fibers (empty fruit bunch, oil palm
frond, oil palm trunk, coir, banana stem, and
pineapple leaf) by studying the differences of
these fibers in terms of structure, size, and cell
wall form. These structures are very important
to study on the connections and contributions of
them towards the strength of these plants.

2. MATERIALS and METHODS

Small samples either fresh from living trees
or from previously dried material were taken
from oil palm [Elaeis guineensis] fibers (empty
fruit bunch, oil palm frond & oil paim trunk),
coir (Cocos nucifera L.) fiber, banana (Musa
paradisiaca) from family Musaceae stem and
pineapple (Ananas cosomus) leaf. After appro-
priate washing, all samples were not fixed in
any fixative as they were dehydrated in a grad-
ed ethanol series and embedded in epoxy resin
(Epon). Ultrathin sections of the epoxy-embedd-
ed samples were cut transversely with Sorvall
ultra microtome (MT 500) and stained with 2%
uranyl acetate and Reynolds lead citrate fol-
lowed by observation with transmission electron
microscopy (TEM)[Phillips CM12]. The thick-
ness of cell wall layer was measured using
Image Analyzer (SONY model SSC-DC398P).

3. RESULTS and DISCUSSION

3.1. Multilayered Structure of Fibre
Cell Wall

Cell wall structure of plant fibres [empty fruit
bunch (EFB), oil palm frond (OPF), oil palm
trunk (OPT), coconut husk (coir), banana stem
(BS) and pineapple leaf (PALF)] can be seen
clearly and comprehensively using transmission
electron microscope {TEM). The electron micro-
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Fig. 1. Transmission ¢lectron micrograph of ultrathin sections of various types of plant fibers. a) EFB (3400x);
b) OPF (3400x); c) OPT (2600x); d) Coir (3400x); ¢) BS (3400x); f) PALF (3400x). a~f (5 pm).

scopic observations were restricted mainly to
the walls of fibers within the vascular bundles.
Generally, plant fibre shows great variability in
size, shape, and cell wall structure (Fig. 1 and
Fig. 2). All of these fibre structures are almost
round in shape except for bamana stem fibre
with polygonal in shape (Fig. le). Fibre wall is
very thick especially in OPT fibre (Fig. 1c).

In composite technology, these structures will
also give high toughness cause by weak inter-
face between cell wall layers that is support by
Gordon-Cook Theory. Strengthening mechanism
in certain composite depends on the stress trans-
fer from the matrix substance (resin) to the
fibre. According to this theory, in fiber rein-
forced composites, the interface area acts as
stopping cracks that build the toughness of the
composites.

3.2. Primary Wall

The primary cell wall is a thin layer produc-
ed by cell division and the subsequent growth
of xylem mother cells. The wall layers (primary
and secondary walls) clearly distinguish in ul-
trathin transverse sections of fibers. The primary
wall of plant fibers appeared as a solid boun-
dary of the cell. The middle lamella which
glues the adjacent cells together showed clear
transition to the adjacent primary wall layers
(Fig. 2a, 2c & 2e). The thickness of the layer
that has been measured randomly showing that
thickness of primary wall has the range between
0.11~0.47 um. OPT fibre is found to have the
thickest primary wall (Fig. 2¢) while coir has
the thinnest primary wall.

Certain primary wall can be differentiated
clearly between middle lamella but there are
some cells that have both cell layers that were
hard to differentiate (Fig. 2d). Usually lamella-
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Fig. 2. Ultrathin sections showing primary and secondary wall layering. a) EFB (17 000x) (1; b) OPF (17 000x);
c) OPT (6000x); d) Coir (17 000x); ¢) BS (17 000x); f) PALF (17 000x). a, b, d, e, & f (1 pm);
¢ (2 pm). P = primary wall; ML = middle lamella; S; Sy & S; = outer, middle, and inner layers of

secondary wall.

tion in primary wall is not very clear. Primary
wall that is next to middle lamella is difficult to
be separated because these two layers have
maybe the same chemical composition (Eames
& MacDaneils 1974).

3.3. Secondary Wall

Secondary wall is a thick layer deposited in-
side the primary wall. It consists of Si, S» and
S; layers. S; layercan be seen clearly in all
TEM micrographsfor all types of fibre. General-
ly Sywall is known as the brightest layer of the
wall (Fig. 2e). This is because this layer is be-
lieved to have the lowest lignin concentration in
comparison with other layers. Micrographs ac-
quired shows that S; layer in all types of fibre
can be recognised and differentiates from S,
layer (Fig. 2a~2f). The S, layer is approx-

imately 0.08 ~1.59 um in width and OPT fibre
have the thickest S; layer. Then, OPT fibre is
believed to have resistance towards transwall
fracture unlike other fibre. S; layer will limit
maximum shear forces in middle lamella during
axial compression by restricting the maximum
diameter increase of the S, layer. This layeralso
acts as effective protection layer towards intra-
wall cracksalong the border between middle la-
mella and S; layer (Booker & Sell 1998).
The S; layer is reinforced by microfibrils that
usually lie from 5~30 degrees to the axis and
about forty times thicker than any other layers
(Sjostrom 1993). Among all the plant fibre stu-
died, OPT fibre is found to have the thickest S,
layer that is 3.43 um. While coir fibre is found
to have the thinnest S, layer. OPT fibre is esti-
mate to have the highest strength. This i1s be-
causethe fibre strength is dependent on the cel-
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Fig. 3. Transverse section of a multi-layered fiber wall at high magnification showing secondary wall layers a)
EFB (75 000x); b) OPF (75 000x); c) OPT (18 000x) ; d) Coir (75 000%) ; e) BS (45 000%) ; f) PALF
(75 000x). a, b, d, e, & f (200 nm); ¢ (I um). S; S; & S3 S; = outer, middle, and inner layers of
secondary wall.

lulose microfibril that is aligned parallel to fibre
axis on S, layer. This fibre strength is presumed
in parallel with the stem’s needs to support the
weight and height of the tree plus to ensure the
efficiency of water transportation and nutrient
from the roots to the upper part of the tree.
S; layer plays an important role in a few
processes such as pulpand paper making and
genetics engineering but this layer has received
less attention because of the difficulties in stu-
dying them. Observation acquired in this re-
search show proof of the existence of the differ-
ent S; layer in plant fibre (Fig. 3a~3f). TEM
micrographs show that the different plant fibre
has different Ss thickness. Previous study has
reported that P. radiata tracheid also shows var-
iability in the thickness of S; layer (0.06~0.3
um) (Singh et al., 2002). They suggested that an
irregular thickness of S; layer is maybe suited

to relieve the pressure of the axial compression
force on the tracheid wall than that of uniform
thickness. OPT fibre has the thickest S; layer
(2.37 pm) compared to other plant fibre (Fig.
3¢). Therefore, this fibreis believed to have
more resistance to collapse caused by water ten-
sion and buckling. Water from the ground that
is taken by roots in trees has to reach certain
height, especially in tall forests trees to reach
the crown. The force needed to take water to
these heights can produce tremendous tension in
plant cell wall. S; layer is said to have micro-
fibril angle perpendicular to S, microfibril angle
so this layer can minimize the effect of tension
towards S, layer and all walls during the water
transportation. Being the innermost layer, the
Sslayer also can be a barrier to some chemical
treatment process such as pulping, preservation,
and modification (Blanchette ez al, 1990).
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4. CONCLUSIONS

Research on ultrastructure of plant fibre can
be concluded as such:

i) From the electron micrographs acquired
can be stated that all cell wall structure of plant
fibre (EFB, OPF, OPT, Coir, BS, PALF) have
the same ultrastructure with wood fibre that is
composed of primary (P) and secondary wall
(Sl, Sz and S3).

i) Tropical plant fibre shows quite high vari-
ety in terms of size, shape, and cell wall struc-
ture. All fibre structure is formed in almost
round shape except for cell wall structure of ba-
nana stemthat is polygonal in shape.

iii) OPT fiber consists of the thickest primary
and secondary wall layers.
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