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ABSTRACT

Wood is a highly variable and complex material that has different chemical, physical and anatomical
properties that influence its commercial value. This review therefore, explains the wide variability
between anatomical and chemical properties of wood and their practical implication in pulp and paper
production. In papermaking, fibres are the cell elements that impart strength to the paper sheet. The function
of the vessel element is to conduct water and dissolved minerals from the roots to the higher parts of the
plant. Generally, lingnocellulose materials from wood and non-wood plant consist of lignin, hemicelluloses,
extractive and some inorganic matter. Information on the chemical composition is important in deciding the
techno-commercial suitability, pulping method and paper strength of a particular wood material.
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INTRODUCTION

A comprehensive knowledge of the characteristics
of any material is essential for its best utilization.
This is especially true for wood because of its
cellular nature and its complex cell wall structure.
One of the greatest architects of our time, Frank
Lloyd Wright, put it best in 1928: “We may use
wood with intelligence only if we understand
wood” (Jozsa and Middleton, 1994). Resource
Managers and Foresters, who wish to maximize
forest values, need to understand not only the
principles of tree growth, but also some of the
macroscopic and microscopic  features that
determine wood (Jozsa and Middleton, 1994).

Wood is a hard, fibrous tissue found in many trees.
It has been used for hundreds of thousands of years
for fuel, construction and industrial raw materials. It
is an organic and natural composite of cellulose

fibres embedded in a matrix of lignin which resists
compression. Wood is sometimes defined as the
only secondary xylem in the stems of trees (Hickey
and King, 2001). It is the single most important raw
material in pulp and paper production and therefore
has to play a major role in industrial and economic
growth of a nation.

Among many indices that made wood a valuable
raw material valued for pulp and paper production,
the anatomical and chemical composition of wood
stand out. Though many works have been carried
out on the potentials of many wood species for pulp
and paper production, no detailed review of the
anatomical and chemical properties have been
documented to serve as the benchmark for
researchers and pulp and paper producers for
selecting any wood material for paper production.
This paper therefore, attempts to review the major
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anatomical and chemical properties of wood and
their practical implications in pulp and paper
making. This is expected to serve as a guide to the
pulp paper Producers, Researchers and young
Scientist who are in dare need for screening
lignocellulosic materials for pulp and paper
production.

Anatomical Characteristics of Wood and their
Practical Implication in Pulp and Paper
Production

Wood anatomy has to do with the arrangement of
the cellular structure of the wood and this has a
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great implication on their end-use. For example,
several researchers have revealed that the
characteristics of wood pulp and the products made
from them are determined by the properties of wood
used as raw material and their anatomic,
morphological and chemical properties as well.
Some of the anatomical properties of importance in
the selection of a lignocellulosic material are
presented in Table 1, 2 and 3 with their discussions
thereafter.

Table 1: Fibre Dimensions of Hard Wood Species suitable for Pulp and Paper making

Fibre Sources Fibre Diameter Lumen Cell wall Sources

Length (um) Diameter Thickness

(mm) (Hm) (Hm)
Delonix regia 1.34+0.14  39.42+3.51 26.83+2.75  6.49+0.87 Riki, 2018
Ficus exasperate 1.07+0.28 24.52+15.19 14.05+0.22  5.47+7.23 Anguruwa, 2018
Ricinodedron heudelotti 1.40+0.17  41.40+11.7 32.3+11.0 4.60+1.15 Ogunleye et al., 2016
Gerdenia ternifolia 1.18-150 22.80-31.00 5.21-7.45 12.80-16.30  Noahetal., (2015
Ficus mucoso 1.5-1.7 27.4-30.1 1.4-55 19.0-39.4 Adejoba and Onilude, 2012)
Aningeria robusta 1.66-193 26.42-32.57 5.48-7.50 14.51-18.33 Ajala and Noah, (2019)
Fiji Pinuscaribaea 2.4 0.045-0.047  0.04-0.06 0.036-0.037 FAO (1975)

Table 2: Average Fiber Dimensions of Soft Wood Species suitable for Pulp and Paper making

Fibre Sources Fibre Diameter Lumen Cell wall Source
Length  (um) Diameter  Thickness
(mm) (km) (Hm)

Coniferous trees 3.7 32.43 15.30 13.17 As., 2002

(Softwood e.g Pinus Caribeae, Picea
brewerian,Cedrus alantica, Abies magnifica,
Juniperus communic, Metasequoia
glyptostroboides etc)

Table 3: Fibre Dimensions of some Non-wood plant materials suitable for Pulp and Paper making

Fibre Sources Fibre Diameter Lumen Cell wall ~ Sources

Length  (um) Diameter  Thickness

(mm) (Hm) (Hm)
Oryza sativa (Rice straw) 0.89 14.80 6.40 4.20 Ahmet et al., 2004
Hibiscus cannabinus (Kenaf - bark) 2.32 21.9 11.9 4.2 Ververis et al., 2004
Hibiscus cannabinus (Kenaf- core) 0.74 22.2 13.2 4.3 Ververis et al., 2004
Hibiscus cannabinus (Kenaf -whole) 1.29 221 12.7 4.3 Ververis et al., 2004
Panicum virgatum (Switch grass) 1.15 131 5.8 4.6 Ververis et al., 2004
Triticum aestivum (Wheat straw) 0.74 13.2 4.0 4.6 Deniz et al., 2004
Secale cereale (Rye straw) 1.15 14.7 4.2 11 Eroglu, 1998
Gossypium Spp (Cotton stalks) 0.83 19.6 12.8 3.4 Ververis et al., 2004
Thaumatococcus daniellii (Miraculus 2.68 15.61 10.11 2.75 Oluwadare and Sotannde, 2006

Berry)
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Vessel elements and Parenchyma cells

In papermaking, fibres are the cell elements that
impart strength to the paper sheet. The function of
the vessel element is to conduct water and dissolved
minerals from the roots to the higher parts of the
plant. As result, the primary cell wall is partly
strengthened, or almost entirely covered with a
lignified secondary wall. Large vessel elements
cause a vessel-picking problem in papermaking
when hardwoods are used (Panula-Ontto et al.,
2007). On the contrary, the function of
parenchyma cell in plant is to store water, nutrient
and assimilated products. In papermaking,
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parenchyma cells with spherical and small cells are
considered to decrease the raw material quality
(Karjalainen et al., 2012). Parenchyma has low
density and decreases the bulk density of the chip
charge to the pulp digester. It also consumes
chemicals without participating in paper strength
and it makes pulp water drainage more difficult.
The proportion of parenchyma cell in fibres used for
papermaking is between the range of 20 — 50%
(Veveris et al., 2004). The image of the vessel
element and parenchyma cell is presented in figure
1.

Figure 1: Image of fibre, vessel element and parenchyma cell in a Cynara cardunculus plant.

Sources: (Quilho et al., 2004).

Fibre Length

Fibre length has been described by Dinwoodie
(1965) as one of the major factor controlling the
strength properties of paper. Others include fibre
density and fibre strength. According to him, fibre
length is associated with the number of bonding site
available on an individual fibre. Montigny and
Zoborowski (1982) showed that there is a simple
straight line relationship between the fibre length
index of pulp and the tearing strength of the paper.
This was confirmed by Seth and Page (1988) while
working on the dependence of tearing resistance on
fibre length, they showed that tearing resistance and
to a lesser extend folding endurance are basically
dependent upon the fibre length. Fuwape et al.,
(2010) reported that long fibres have a strong

positive correlation with tearing strength only
without any clear relationship with other paper
properties.

Fibre Diameter

Fibre diameter is the thickness of individual fibres,
its measurement is used to determine the end-use of
the fibres. Fibre diameters are determined by the
dimensions of the cambial fusiform cells from
which they are derived and by the process that
occurs during cell differentiation (Ridoutt and
Sands, 1993; Ridoutt and Sands, 1994; lzekor and
Fuwape, 2011). In paper production, the importance
of fibre diameter is usually based on its relationship
with fibre length. This is otherwise called
slenderness ratio or felting rate.
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Lumen Width

Lumen is the inside space of a tabular structure.
Lumen width is the distance between the diameters
of the fibre. Lumen width has an effect on the
pulping process. Larger lumen width gives better
pulp beating because of the penetration of liquid
into empty spaces of the fibres (Emerhi, 2012).

Cell-wall thickness

Cell-wall thickness is one of the significant fibre
dimensions that determine the choice of a fibrous
raw material for pulp and paper production. The
thickness of cell-wall increases with the age of the
tree. Atchinson and McGovern (1993), showed that
most non-wood fibres are thin-walled which
invariably lower the coarseness of their pulp.
Research shows that the thin-walled fibres are very
important in the manufacture of many grades of
papers. Variations in fibre wall thickness from tree
to tree and within individual trees are similar to the
patterns of variation in density as a result of the
close relationship between these two wood
properties (Bhat el al., 1990).

Derived fibre morphologies

Some common derived fibre morphologies used in
assessing the fibre of lignocellulosic materials for
pulp and paper productions are discussed below:

Slenderness Ratio

Slenderness ratio, which is also termed felting
power, is inversely proportional to the fibre
diameter. It described the value obtained from the
ratio of fibre length to fibre diameter. Generally, it
is stated that if the slenderness ratio of fibrous
material is less than 70, it is stated that it is not
valuable for quality pulp and paper production
(Veveris et al.,, 2004). This is because a low
slenderness ratio means reduced tearing resistance,
which is partly due the short thick fibres do not
produced good surface contact and fibre-to-fibre
bonding (Ogbonnaya et al., 1997). This expression
for slenderness ratio is stated in equation 1.

_ fibre length
Slenderness ratio = — -
fibre diameter

.eqnl

Flexibility ratio

This measures the ratio of lumen to fibre diameter.
It is one of the important factors which determine
the suitability of pulp for paper making. It
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expressed the actual proportion of lumen out of a
total circumference of a fibre in percentage.
Flexibility according to Stamn (1964), and Amidon
(1981), is the key to the development of burst and
tensile strength as well as the development of the
paper properties that affects printing. The
expression for flexibility ratio is stated in equation
2.
Fexibility ratio

lumen width 100
" fibre diameter 1

Based on flexibility ratio, Bektals et al.

(1999), classified into the following four groups.

SR <¢ ) s A

High elastic fibres: This represents woods with
flexibility ratio greater than 75%. Density of such
wood is low, usually less than 0.45g/cm® thin-
walled and large lumen. Fibres of such wood can
collapse easily and flatten to produce good surface
area contact, thus, there is a good fibre-fibre
bonding.
Elastic fibres: This constitutes woods with fibre
flexibility between 50-75%. Density is medium
with cell-wall and lumen of equal dimension. The
fibre collapsed partially to give relative contact and
fibre bonding.
Rigid fibres: This constitutes woods with fibre
flexibility between 30-50%. The cell-walls are
thicker with medium to high density fibres seldom
flatten and have poor surface contact and fibre-to-
fibre bonding.
High rigid fibres: Wood with fibre flexibility less
than 30%. This is generally applicable to over
matured tress. Fibres are very thick-walled with
narrow lumina, very poor surface contact and fibre-
to-fibre bonding.
Runkel ratio
This measures the amount of wood in respect to the
cavity or lumen of the fibre. It is twice the thickness
of the cell-wall divided by the width of the lumen as
shown in equation 3.
Runkel ratio

2 x cell wall thickness

Tmon width e €qn 3

Ademiluyi and Okeke (1977), classified fibre value
according to the runkel ratio and concluded that as
Runkel ratio increases, the paper quality produced
decreases with Runkel ratio less than one being the
best while those greater than one are of poorer
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quality. Fibres with Higher Runkel ratio are stiffer,
less flexible and form bulkier paper of low bonded
areas than fibres with lower Runkel ratio (Veveris et
al., 2004).

Chemical Components in Wood and Their
Practical Implication in Pulp and Paper
Production

Chemical composition of candidate plant gives an
idea of how feasible the plant is as a raw material
for papermaking. The fibrous constituent is the most
important part of the plant. Since plant fibres
consist of cell walls, the composition and amount of
fibres is reflected in the properties of cell walls
(McDougall et al, 1993). Generally,
lingnocellulose materials from wood and non-wood
plant consist of cellulose, lignin, hemicelluloses,
extractive and some inorganic matter. Information
on the chemical composition is important in
deciding the techno-commercial suitability, pulping
method and paper strength of a particular wood
material (Abdul-Khalil et al, 2010). Some of the
chemical components that are of significance in the
selection of a raw material for pulp and
papermaking are discussed below:

HC
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Lignin

Lignin contents in different woods range between
25-35% in softwoods and 18-25% in hardwoods
(Biermann, 1996) while, non-wood fibres contain
between 5-23% lignin (Goring, 1971) as presented
in Table 4. Lignin is considered as an integral part
of the wood and is highly valued in service. It is
only in pulping and bleaching that lignin is more or
less released in degraded and altered form (Kock,
2006). Because of its importance in pulp and
papermaking, several advances have been made
towards its removal during pulping processes. Some
of these include the use of 75% sulphuric acid
(Klasson lignin method), the use of solvents like
sodium hydroxide or in conjunction with sodium
sulphide (sodium lignin method) and the use of
organosolvents (Milled wood lignin method). The
ease of delignification of the material during the
chemical pulping process can be estimated from
lignin content (Mossello et al., 2010). However, it
requires high chemical consumption and or reaction
time during pulping process in some plants (Abdul-
Khalil et al., 2010).

(JH

w@”
Rt o

Figure 2: Chemlcal structure of lignin (Kock, 2006).

Cellulose

This is the chief component of plant fibres used in
pulping and the most abundant natural polymer in
the world. It is made of 40-45 % of wood dry
weight. It is the main component of the fibre wall
and the skeletal polysaccharide of cell walls
(Marius du Plessis, 2012 ). Actually, the building

block of cellulose is cellobiose since the repeating
unites two sugar units. The number of glucose units
in cellulose molecule is referred to as the degree of
polymerization (DP) that is above 10,000 in native
wood but less than 1,000 for highly bleached kraft
pulp. Hydrogen bonding between cellulose
molecules results in the high strength of cellulose
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fibre which will lead to increase of fibre strength
(Biermann, 1996; Rowell et al., 2000).

Cellulose being the major constituent
of papermaking is expected to be in high quality
and its quality depends on the raw material and
pulping methods. In terms of physical attributes,
one of the most important ways in which the
individualized fibers in pulp are different in
comparison to the wood from which they originated
is the great increase in surface area per unit of dry
mass, i.e. specific surface area. Studies have shown
that the specific surface area of never-dried pulp
fibers can be more than 100 square meters per gram
(Stone and Scallan 1966). Mechanical pulping
processes tend to separate the fiber material into a
wide range of sizes, due to partial breakage of many
of the individual tracheids and libriform fibers. By

H OH CH,0H
OH/ N\ H /‘_1\
/ }0_/

H Y0
CH,0H H OH
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contrast, chemical pulping operations tend to leave
the fibers relatively intact. Chemical pulping also
tends to increase the flexibility and conformability
of never-dried fibers (Tam Doo and Kerekes 1982;
Paavilainen 1993). One of the most dramatic
consequences of such changes is that kraft fibers
more readily flatten into a ribbon-like form under
compression and shear forces in the wet state.
Flexible, ribbonlike fibers tend to form stronger
inter-fiber bonding, compared to relatively stiff
fibers, in which the open lumen structure may
persist during papermaking (Hubbe et al., 2007).
Alpha (o) cellulose is the purest form of cellulose. It
is insoluble and can be filtered from the solution
and washed prior to use in the production of paper
or cellulosic polymers. A high percent of alpha
cellulose in paper will provides a stable, permanent
material.

H o OH CHH
/0. OH
| /| |

N\ Al

Figure 3: Structural arrangements of cellulose in wood.

Source: (Bowyer and Smith 1998).

Hemicellulose

Hemicelluloses constitutes about 15 - 30 % of dry
wood but have shorter chain of polysaccharides (DP
of only 50 - 300) compared to cellulose (Biermann,
1996). The main function of hemicelluloses is to
increase fibre-to-fibre bonding but at a higher
amount, tends to lower the strength properties of
paper. Starch is often added to pulp to accelerate the
strength of paper with about similar mechanisms of
effect as the hemicelluloses (Biermann, 1996).

Hemicellulose is an important component in plant
fibre and it contributes to paper properties. During
pulping and fibre recycling, it could be removed by

either its degradation or release. Although it is less
important than the cellulose content in pulp,
hemicellulose in  pulp brings an important
contribution to pulp quality and its prospective loss
raises some concerns (Lima et al., 2003; Wan et al.,
2010). Firstly, hemicellulose can enhance pulp
beatability, because its abundant end groups are
more accessible to water molecules compared to
cellulose (1). Secondly, hemicellulose in chemical
pulp, serving as an inter-fibre binding agent,
improves the strength properties of paper products,
including tensile, tear, and burst (Lima et al., 2003).
In addition, hemicellulose can slow down the
deterioration of fibres during manufacturing and the
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subsequent commercial circulation of paper (Wan et
al., 2010). Thus, the hemicellulose loss from pulp
has negative effects on the pulp and paper
properties (Hu et al., 2013). The average value of

CH,OH
o )—0
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hemicellulose that constitute good quality paper is a
function of the raw material, quantity and method of

pulping.

Figure 4: Structural arrangements of Hemicellulose wood. Source: (Bowyer and Smith 1998).

Effects of Hemicellulose Loss on the Strength
Properties

The reductions of strength properties with
hemicellulose loss are shown in Figure 5. When the
hemicellulose loss was 4%, the burst, tear, and
tensile indices decreased by 3.5%, 6.7%, and 9.1%,
respectively. However, the burst, tear, and tensile
indices dropped by 66.7%, 58.0%, and 60.0%
respectively, when the hemicellulose loss reached
73%. Similar losses were also observed by Wan et

100

01 Air penmeabeity
A Bulk

PPS roughness

Air permeability [mm/Pa's)

al., (2010). There are three possible explanations for
the decrease in the strength properties of pulp with
hemicellulose loss. One is that the hemicellulose
loss decreases the number of free hydroxyl groups
on the fibre surface and then reduces the hydrogen
bond strength between fibres (1). Another possible
explanation is that the hemicellulose loss decreases
the fibril surface area accessible to water molecules
and fibre surface charge, which changes fibre
swelling and flexibility (Lyytikainen et al., 2011).

Bulk [cm’/g]
PPS roughness [mm]

Hemicellulose loss [%)
Figure 5: Effects of hemicellulose loss on the strength properties of paper (Hu et al., 2013)
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Extractives

Extractives is the extraneous plant component that
is generally present in small to moderate amounts
and can be isolated by organic solvent or water
(Mossello et al., 2010). It contains less than 10 % of
the dry weight of wood (Marius du Plessis, 2012).
These are generally the heterogenous groups of
compounds of lipophilic and hydrophilic including
terpenes, fatty acids ester, tannins, volatile oils,
polyhydric alcohols and aromatic compounds.

High extractive content lowers pulp yield, impacts
on the brightness of unbleached pulp and increases
chemical demand of pulping and bleaching
chemicals (Little et al. 2003). Generally, the
presence of extractives in woody materials increases
the consumption of pulp reagent and reduces yields.
For this reason, material with little or no extractive
content is desirable (Rodra-gueza et al., 2008).
Inorganic content

The inorganic constituent of lignocellulosic material
is usually referred to as ash content which is
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considered the residue remaining after combustion
of organic matter at a temperature of 525+25 °C
(Rowell et al., 1997). The ash content consist
mainly the metal salts such as silicates, carbonates,
oxalates and phosphate of potassium, magnesium,
calcium, iron and manganese as well as silicon.
Normally, they are deposited in the cell walls,
libriform fibres and luminar of parenchyma cells
and in the resin canals and ray cells (Sjostrom,
1993). High ash content is undesirable during
refining and recovery of the cooking liquor (Rodra-
gueza et al., 2008). For example high silica content
can complicate the recovery of chemical during
pulping. Nitrogen in the spent liquor can lead to
generation of NOx in the chemical recovery
furnace while potassium in the fibre can combine
with chlorine KCI leading to corrosive effect on
metal parts in the furnace and boiler (Salmenoia and
Makela, 2000).

Table 4: Percentage Chemical Composition of Non-wood fibres

Plant Species Lignin Cellulose a-

Hemi- Ash Silical Sources

Cellulose  Cellulo
se

Palm fruits fibres 1850 37.01 - 68.52 064 - Sridach et al., 2010
Pineapple leaf 10.5 - 73.4 80.5 2.0 - Abdul-Khalil et al., 2006
Banana stem 18.6 - 63.9 65.2 - - Abdul-Khalil et al., 2006
Rice straw (whole) 17.2 48.2 35.6 70.9 16.6 149 Ahmet et al., 2004
Oil palm frond 20.5 - 49.8 83.5 2.4 - Abdul-Khalil et al, 2006
Kenaf 19.20 - 46.75 71.80 140 0.28 Dutt et al., 2009
Hemp 1850 - 46.75 71.80 156 0.35 Dutt et al., 2009
Wheat straw 15.3 - 38.2 74.5 4.7 - Deniz et al., 2004

CONCLUSION and paper production and distinguish it from other

The anatomical and chemical properties of wood
and the products made from them are determined by
the properties of wood used as raw material, these
are the ultimate factors that determine the overall
properties of wood as valuable raw material for pulp
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