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ABSTRACT

In this work the first study of the kinetics of the pulping of Saudi Arabian wheat

straw 1s presented. The rate constants and activation energies for the delignification and

dissolution of carbohydrates (in the presence of sodium hydroxide) have been obtained,
and the values suggest strongly that the mechanism for pulping involves physical

diffusion-controlled processes.

Delignification was found to occur in two distinct stages. The initial rate is higher

and the process has a low activation energy‘(14 + 3 kJ mol!), consistent with a
diffusion-controlled mechanism. The subsequent stage occurs after 90% delignification

and is slower with an activation energy of 31.5 + 6 kJ mol”. The value of the activation

energy indicates that this process is also diffusion-controlled.

The dissolution of carbohydrate was also observed to occur in two stages. The
initial process has an activation energy of 36 + 3 kJ mol™ and is followed by a slower

process with an activation energy of 73.5 + 39 kJ mol™. These values also indicate that

the rate-determining step involves a high element of physical diffusion from the wheat

straw,

Anthraquinone, widely used as a catalyst in the wood pulping industry, was found

to have only a marginal effect on the rate of delignification of the wheat straw, but had

a significant effect on the stability of the dissolved lignin at temperatures above 80 °C.

It has been observed that the molar mass of the dissolved lignin decreases as the

severity of the process increases. This decrease in molar mass was catalysed by

anthraquinone and resulted in complete degradation of lignin at 170 °C in 1.5h. These

changes in lignin were monitored using FTIR, UV, and NMR spectroscopy.

The results from these studies were used to develop a qualitative mechanism for

the pulping of wheat straw by sodium hydroxide.

This work is of current industrial relevance in some countries because of the
renewed interest in finding uses for waste straw instead of burning it in fields, which

causes detrimental environmental consequences due to CO, and smoke emission.

Production of paper and other cellulosic materials are the potential outlets.
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1 INTRODUCTION

1.1 General Introduction

The increasing demand of cellulose pulp for various end uses for paper and paper
products necessitates continually searching and investigating all possible sources and

means of production of fibrous raw material which could be capable of providing pulp

(Mansour, 1985).

To supply future demand for pulp, the world's virgin forests will continue to be
exploited, (Earl, 1975) and the fast growing, tropical single species plantations hold out
the possibility of producing very large annual increments of timber over rotations of 6-8
years. In addition, it is expected that recycled paper products will increasingly be used to
satisfy some of the world's demand for pulp. However, recycled pulp 1s normally suitable
only for low grade paper and board and recychng has to meet the basic cost of
collecting, sorting and de-inking. Cereal straw is considered to be another important
possible source of pulp in the future (Staniforth, 1979).

The FAO (Food and Agricultural Organization) Annual Pulp and Paper Capacity

- Survey for 1988 provides estimates of pulp capacity for all non-wood fibrous materials,
mcluding agricultural residues. In 1988, the total world capacity to produce all types of
paper pulp was 173.4 million tonnes, of which the non-wood pulp capacity as
agricultural residues was 15.5 million tonnes (nearly 9%). Different types of non-wood
raw matenals are used of which only 35% is used from straw composing 15% bagasse,

11% from bamboo and just 8% from cereal straw fibres (FAO report 1988/1994).

Agricultural residues, particularly bagasse and rice straw, have become increasingly
prominent sources of non-wood raw material for use in pulp and papermaking industries

in recent times (Atchison, 1974; Aggrawala, 1971; Clark and Bagby, 1970 and Lintu,
1978).

Presently the most notable areas in which straw and bagasse are used in the
production of pulp and paper are China and India, where the total pulping capacity for
these materials is estimated to be as high as 8.9 million tonnes for China (about 52% of
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the world capacity) and two million tonnes for India (about 13% of the world capacity)
(FAO report 1988-1994).

Paper-making from wheat straw has long been carried out in China, India and
other European countries. The manufacture of pulp and pulp products from wheat straw
was carried out i most. wheat-producing countries (Percival, 1974). However, the
number of factonies for processing cereal straw into pulp and pulp products has been

decreasing in many parts of the world in recent years (Wiseman, 1996).

Pulp and paper can be made from many different non-wood fibrous plants, but
whether or not a plant is well suited for this purpose depends largely on the shape of its
cells. The suitability of pulp for making various types of paper is determined by the
characteristics of a raw materials and the pulping processes used. One of the main
characteristics of the raw material in determining its suitability for various papers 1s the
fibre length. Most agricultural residues contain shorter fibres than those obtamed from
hardwood. Agricultural residues, particularly cereals and straws (particularly rice and

wheat straws) have more in common with hardwood pulp than with the longer fibres m

pulp from softwood conifers (Tabb, 1974).

Straw requires less power than wood in the pulp preparation stage and the lower
lignin content of straw compared with wood enables it to be digested with smaller
amounts of chemicals (Staniforth, 1979). Straw is rich in extraneous cells which have no
value for papermaking. Shortness in fibre length and presence of cells other than fibrous
cells both create problems in pulp processing. The chemical composition of straw also

depends on the soil condition (Staniforth, 1979). The high silica content in straws creates
difficulties both in papermaking and in chemical recovery. Evaporator additives (Misra,
1972), the desilication of black liquor (El-Ebiary, 1983), and sludge sedimentation and
separation methods are needed to deal with the silica in strawpulping (Mansour, 1985).

The high content of hemicellulose, which 1s readily dissolved i the caustic liquor used

for pulping, is also a factor.

The hemicellulose content, particularly the pentosan fraction, is high in straw. The

presence of high pentosan content causes distinct swelling of the fibre walls and makes

the pulp respond easily to refining action and consequently the stock rapidly attains the
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required degree of hydration and fibre bonding properties. This particular chemical
characteristic of straw pulps leads to energy savings and is considered a major advantage

over the use of conventional wood pulps.

The paper made from chemical straw pulp is characterized by more uniform
formation, better surface smoothness and good ik receptivity (Kar et al, 1986 and
Xiangju, 1986 and Lachenal et al., 1977).

1.2 Wheat and Its Classification

Among the world’s crops, wheat is pre-eminent both in regard to its antiquity and
its importance as a food of mankind. It is one of the most valuable cereals in many of the
countries of the world. All wheats, whether wild or cultivated, belong to the genﬁs
T riti&um of family Gramineae, the grass. Triticum is only one of some 600 genera

belonging to this great family, which itself comprises well over 5000 species.

1.2.1 Growth

Wheat plants when fully headed-out are commonly from 2-5 ft. high but may be as
short as 1 ft. or less when grown under very dry conditions or considerably over 5 ft.

height under conditions that are exceptionally favourable for vegetative growth (Pal,
1966 and Kipps, 1970).

1.2.2 Stems

The culms or straws are erect, elastic, cylindrical and more or less furrowed with
smooth surfaces. When ripe, the colour of most wheats 1s a pale yellow. In normally-

grown wheat plants, the majority of the culms possess six nodes, although straws with
seven and also with five nodes are not uncommon. The nodes are solid and constricted,

although outwardly they appear enlarged, see Figure 1.1A and 1.1B (Peterson, 1965 and
Percival, 1974). |
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This appearance is due to the swollen base of the leaf sheath covering the node.

The mternodes of mature wheat stems are hollow in most species and varieties

(Peterson, 1965).

1.2.3 Fibres/Cell Wall

The plant cell is surrounded by a wall in nearly all stages of its development and

the wall is an integral part of the plant cell. It 1s generally recognized that there are two

kinds of wall, primary and secondary.
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Figure 1.2 Secondary cell wall structure. A cross section of a fibre cell to illustrate the structure of its
secondary wall. Typically the secondary wall consists of three layers, which differ from each other
primarily in the orientation of their cellulose microfibrils. Cellulose microfibrils are highly ordered
within any given layer of the secondary wall, but the orientation is different in each layer (Fosket, 1994).

N

The primary cell wall is laid down during cell growth, whereas the secondary wall
is deposited after growth has ceased. Usually, the secondary wall (Figure 1.2) 1s very
much thicker than the primary wall. Primary and secondary walls also differ m their

chemical composition, thickness and physical properties. The following is the polymeric

composition of primary and secondary walls:

* Polysacchandes
* Cellulose

* Hemicellulose

* Lignin

* Pectin

* Protein

In straw, the cell wall contents predominate with a low level of cell content most

probably made up of dehydrated cytoplasmic materials. The cell consists mamly of
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cellulose, hemicellulose and lignin, where the cellulose forms a skeleton which is
surrounded by other substances functioning as matrnx (hemicellulose) and encrusting
(lignin) materials (Haygreen and Bowyer, 1971). However, the description by Van Soest
(1982) states that the matrix 1s made up of cellulose, hemicellulose and lignin together
with various low levels of gums, waxes and ash. It 1s clear that the biochemistry of the

components and their interactions m the cell wall matrix 1s not yet completely

understood.

Middle lamella pectin

FFFFFF

S5 }Middle lamella

> Primary wall

Pectin

Bl } Plasma membrane

Cellulose
Hemicellulose

Figure 1.3. Hemicellulose xyloglucans adhere tightly to the surface of the cellulose microfibrils and
cross link them. The cellulose microfibrils probably are completely coated with hemicellulose chains.
The pectins are considered to form separate network of fibrous molecule that interdigitate with the

cellulose-hemicellulose network, except in the regions of muddle lamella, which 1s composed of
primarily pectin (Fosket,1994).

The physical properties of cell walls arise from the nteractions of the non-
cellulosic polysaccharides with the cellulose microfibrils. Cellulose microfibrils
individually are very strong, but they are not continuous around the circumference of the
cells: however, the microfibrils are embedded within somewhat amorphous, gelatinous,
pectins. Hemicelluloses, which are also fibrous, cover the cellulose microfibrils to which

they are held by hydrogen bonds. The structure shown in Figure 1.3 represents a
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simplified model for the structure of a cell wall showing the interactions of the three

classes of polysaccharides (Panshin and de Zeeuw, 1964).

Short chains and low molecular weight hemicellulose are also part of the cell wall

structure. The hemicellulose serves as the connecting agent that links or bonds

microfibrils together (Stamn, 1964).

In regions of the fibre wall that are partially rich in cellulose. microfibrils tend to
aggregate mn ribbonlike masses, called lamellae, which become larger than the microfibrils
such that their arrangements can be distinguished with the microscope after the lamellae
have become more or less separated by beating. Within the fibre wall, the lignin is

distributed between the lamellae (Macdonald and Franklin, 1969).

The fine structure of the primary wall 1s a sparse arrangement of cellulose
microfibrils around the long axis of the cell in a very thin gel-like matrix which
constitutes the bulk of this layer. Like the surrounding middle lamellae, the primary wall

consists principally of amorphous lignin, but also contains pectic materials and

hemicelluloses (Rollins and Tripp, 1961).

Figure 1.4. The Wheat Straw Fibre (Roelefsen, 1959 and Mansour, 1985).
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The structure of fibres from wheat straw has been studied in detail (Roelefsen,
1959) (Figure 1.4), who reported that the structure in straw fibre is similar to that
normally found in coniferous tracheids and wood fibres. Any differences in papermaking
properties between all these kinds of fibres are not due to the differences in microscopic

structure of the cell wall but to differences in the dimension of the fibres and their

chemical constitution (Mansour, 1985).

1.2.4 Wheat Straw Composition And Uses

Wheat straw 1s a heterogeneous material. As noted earlier, the morphological
components of straw consists of the stem separated at intervals by nodes. At the nodes a
sheath that ends in a leaf blade is formed around the stem. Seed hulls (glumes) and
foreign material are found in straw bales (Mansour, 1985; TAPPI, 1978 and Xiangju,

1986).

In general, the threshed grain of a wheat crop is of greater value than all the other
parts of the wheat plant. However, the straw (including stems, leaves and chaff) also has
value because of its agricultural and industrial uses. The main uses of wheat straw on the

farm are as feed and bedding for livestock, as protection of the soil against wind or water
" erosion and for incorporation into the soil to improve its structure and fertility
(Percival,1974). There are many wheat-growing regions where the quantity of straw
produced is in excess of that which is needed for farm use and straw becomes available

for mdustrial uses.

The stems of the wheat plant are of much more value than the chaff and dried
leaves for industrial uses. The surface contour of wheat straw 1s smooth, making no
place for foreign matter to adhere (Ibrahim and Fouad, 1973). The average percentage of

cells content in wheat straw are reported as follows when the cross section of the stem is

viewed under the microscope (Jayme and Harders-Steinhauser, 1941):

* Bast and Sclerenchyma fibres 50%
* Epidermus cells 15%
* Vessels 3%
* Parenchyma 30%
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Thé epidermal, vessel and parenchyma cells are considered as extraneous celis
other than fibrous cells and as such have no papermaking value. They adhere to each
other forming aggregates even after beating (Mansour, 1985). Undoubtedly the presence
of these extraneous cells present difficulties for bleaching processes. They form together
with epithelial cells, the so called grit, and are removed by centricleaners. Removal of
epithelial cells is observed to improve bleaching. Many parenchyma and epidermis cells
are said to be lost during pulp washing (Mansour, 1985).

Wheat 1s a major agricultural crop in Saudi Arabia, which is among the leading
countries of the world for the production of wheat crop producing about 4 million tonnes
per year (Statistical Year Book, 1988). It yields a large amount of wheat straw as by-
product which was estimated to be 3.6 million tonnes in 1987 (Fakeeha et al., 1990). A
small portion of wheat straw is used for animal foddenng but nearly 70% 1s bumt. In the
late 1970’s, about 5-6 million tonnes of cereal straw was produced each year in the U.K,,
which was largely disposed of by burning in the field (Staniforth, 1979); however, this
practice is now banned because of widespread concern about the danger and nuisance
posed (Larken, 1984). By the early 1990’s, UK. wheat straw production was 12-14
million tonnes a year. The unutilized straw could be used in the production of cellulosic

matenal via pulping.

The overall composition of wheat straw varies according to its nature. For the
denoded Saudi Arabian wheat straw used in this work, the dry weight composition was
determined according to the TAPPI, standard method (Wood and Kellogg, 1988) to be:

* Moisture content 7.06%

* Ash 6.53%

* Lignin 22.94%

* Pentosans 33.33%

* a-Cellulose (by difference) 30.14%
1.2.5 Strawboards

Strawboards are manufactured from straw by pulping it in dissolved chemicals that
soften the lignin and other cementing material and free the cellulose fibres (the straw may

21



or may not be cut into small pieces before cooking). The cooking is usually done with
live steam, and may be carried out under pressure in closed digesters or at atmospheric
pressure in open vats (Peterson,1965). The chemicals that are generally used are
quicklime (Ca0O), sodium hydroxide (NaOH) and sodium sulfite (Na,SO,). Sodium
sulfite is often used in combination with sodium carbonate (Na,CO,), and sodium
hydroxide is sometimes used in combination with sodium sulfide (Na,S) or with

anthraquinone as catalyst. Vanous other chemicals are also used for pulping straw

(Peterson, 1965).

The strawboard products are rough, yellowish-brown, stiff thick papers which are
used for several different purposes. The thinner material is rolled on reels and is generally
used to make the corrugated medium for paper boxes (cartons). The thicker strawboard
1s used for making tubular and cylindrical articles such as the open tubes used for mailing
papers, etc., and there are a great variety of closed or covered cylindrical containers

serving much the same purpose as do metal canisters or glass jars (Percival, 1974).

1.2.6 Building Boards

Two kinds of pulps, a hydrated and an unhydrated pulp, are prepared for the
manufacture of various types of building board from straw. Hydrated pulp is prepared in
the same manner as for strawboard including the relatively long period of beating the
pulp m the water. In the unhydrated pulp, the straw is cooked for a shorter time in less
concentrated chemicals and,.instead of being beaten in water, it is refined in machines
using other methods for freeing the fibres. The hydrated and unhydrated pulps are
pumped and stored separately in tanks and then chemicals such as rosin may be added

for sizing and alum may be used for precipitating the sizing to make the board water-

resistant (Percival, 1974).

The two kinds of straw pulps are blended with other pulps such as wood pulp in

any desired proportions to produce various types of building boards. Adhesive may be
used to cement together layers of pulp. The surface of the building board can also be

treated and finished in various ways.
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1.2.7 Paper

Wheat straw is one of the many non-wood sources of pulp for papermaking. To
make good paper from straw, the pulp must be much freer from lignin and other non-
fibrous materials than when used i making strawboard and building board and for many
of the finer sorts of paper the pulp must be bleached. The straw is cooked with the same
of chemicals as in the manufacture of strawboard, but the delignification process is

carried further and additional chemicals are employed.

Paper made from bleached strawpulp is usually hard, smooth and brittle and these
characteristics are useful to blend with wood pulp producing paper of better formation
and smoother surface than most of the combinations of wood pulps alone. In some
countries, especially in Europe and South America, nearly 75% of straw pulp is used in
blends of pulp for making high-grade bond, writing, book, magazine, waxing, memo and
other types of paper (Aronovsky, 1952).

Among the many methods of preparing fine pulp from straw, a popular method 1s
the sulfate or Kraft process. The cut, cleaned straw is cooked under pressure in a mixed

aqueous solution of sodium sulfide and caustic soda. The cooked straw is washed,
- screened and passed through other cleaning processes. The resulting pulp is bleached in a
single stage with calcium hypochlorite and then washed, which gives a somewhat higher
yield of bleached pulp than other methods.

However, the attention in pulp industry currently i1s focussed on developing

methods for minimizing pollution and saving energy, because an iherent disadvantage of
the Kraft process is the unpleasant odour emitted to the surroundings and the water
pollution problems caused by bleached plant effluent. Therefore, an increasing interest is

directed toward the development of sulfur-free pulpmng and chlorine-free bleaching
processes (Sjostrom, 1981).




1.3 Chemistry Of Straw

The variations in chemical composition of straw greatly influence the condition and
the amount and kind of chemicals used for the pulping of straw. The differences in yield
of pulp, papermaking behaviour and variations in the physical properties of paper can

often be traced to the variations in the chemical composition of straw.

1.3.1 Extraneous Substances

These are all non-cell wall components which can be extracted with such neutral
solvents as hot water, alcohols, benzene, ethers, and acetone. Generally 3-10% of straw
substances dissolve. This fraction is termed extraneous materials. The organic
compounds present are low molecular weight carbohydrates, terpenes, aromatic and
aliphatic acids, alcohols, tannins, colour substances, protein, lignin, alkaloids and soluble
lignins. In addition, straw contains various other organic compounds, and small
quantities of silica which has several undesirable effects: it blunts cutting machiney,
reduces digestibility, interferes with pulping processes and renders combustion more
difficult (Staniforth, 1979 and Smithson, 1958). The extraneous compounds of straw are
 of importance as they are the source of many straw by-products, lend straw its resistance
to insects and decay, inhibit pulping and bleaching in some instances and give straw 1ts
odour, taste and colour (Macdonald and Franklin, 1969 and Smithson, 1958).

1.3.2 Polysaccharides

The polysaccharides of straw are high molecular weight carbohydrates yielding
simple sugars such as glucose, mannose and xylose upon hydrolysis with acid. The major
polysaccharide component of straw is cellulose and the rest is mixture of short chain
polysaccharides, hemicellulose. These components taken together make up the fraction
termed holocellulose, which is, in effect, the total polysacchandes portion of extractive-
free straw. Hemicellulose in straw is composed mamly of polymers of xylose.

Hemicellulose dissolves in caustic soda whereas cellulose is largely insoluble. In this

work the soluble material is referred to as ‘carbohydrate’, in accordance with current

usage (Lawther et al., 1995).
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1.3.3 Cellulose

Cellulose is the most abundant organic chemical in the world and is the major
component of the cell walls of plant fibre. On complete hydrolysis it yields only the
monosaccharide sugar D-glucose. Cellulose is isolated from the straw in an impure state,

since it is associated with closely related polymers of mannose and xylose. Cellulose is a

highly crystalline material.
The following factors make cellulose desirable for manufacture into paper:

* It is abundant, reproducible, easily harvested and 1s a low cost matenal.

* It always occurs in a fibrous form which possesses extremely hugh tensile

strength.
* It has a great affinity for water, which facilitates the mechanical preparation of

fibres.

* It is naturally whute.

* It is insoluble in water and neutral organic solvents.

* 1t is resistant to many chemicals, which permits its isolation and purification
from wood, agricultural residues etc., the most common sources of cellulose

(Sjostrom, 1981).

Cellulose represents 40-43% of wheat straw (Pomeranz, 1978). It 1s unsuitable as a
human food and is relatively inert in dough; cellulose has been viewed as an undesirable
component in wheat products. Very little specific information 1s available concerning the
occurrence, physical and biochemical properties and constitution of wheat cellulose

because cellulose can be obtained more economically from wood or cotton and, as such,

the industrial utilization of wheat cellulose has not been vigorously pursued (Jones, 1955
and Friedmann et al., 1967).

The observance of the occurrence of a-glucan in the water-soluble polysaccharides
derived from the wheat flour has shown that there is a possible link between cellulose
and pentosans. A possible hypothesis is that those hemicelluloses which cannot readily be

extracted from plant material by aqueous alkali are merely entrapped m a cellulose matrix

(Whistler and Hilbert, 1945). The exact mode by which cellulose and the pentosans are
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synthesized by plants has not been thoroughly investigated; one hypothesis, that

pentosans are formed directly from hexoses through the process of oxidative
decarboxylation, is supported by the observation that free fructose and fructan in wheat

stem decreases as lignification progresses and hemicellulose content increases

(Kostrubin, 1955).

1.3.4 Chemical Structure Of Cellulose

The chemistry of cellulose started in 1838 with Payen, who showed by elemental
analysis that plant tissues contain a major component having 44.4% carbon, 6.2%
hydrogen and 49.3% oxygen, which is equivalent to an empirical formula of formula
weight 162. Since its molecular weight in practice is much greater than 162, it was
evident that cellulose is a polymer comprising a large number of repeating units

(Macdonald and Franklin,1969). These units were derived from condensation of D-

glucose.

D-glucose is depicted in simplest fashion as shown m Figure 1.5. The molecular
form 3, refers to the position of the OH group on carbonyl 1. When the group is on the
opposite side of the chain from the hemiacetal ring (C1-O-C5), the sugar 1s called f3;

when on the same side as the ring it is a.

H _.~OH
|
CHO '
i ¢ —on — c—on
|
OH — CI: —H OH— (::--—- H
:
H— J;-—-OH H—C—OH |
H— 'C — OH H— ? 0
cHoH (iZHon
O-D-Glucose,aldehyde form B-D-Glucose, hemiacetal for
Figure 1.5 a-D-Glucose, aldehyde form 3-D-Glucose, hemiacetal form

(Macdonald and Franklin, 1969).
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Cellulose can be hydrolyzed to D-glucose (Figure 1.6). The number of
anydroglucose repeating units in a given cellulose molecule is commonly designated as
degree of polymerization (DP). The molecular weight of cellulose is therefore equal for

all practical purposes to 162 DP.

-+ IlH20
Y _ >nCgH)50q
) s hydrolysis
(C6H1005)n D-Glucose
\H - nH20
N—— nC6H1206
condensation

Figure 1.6 The hydrolysis of cellulose to D-Glucose
(Macdonald and Franklin, 1969).

The presently accepted values for DP of cellulose are 1000 to 15000 (molecular
weight 162,000 to 2,430,000) depending on the source and extent of degradation of the
_ specimen and also on the method used for determining DP (Macdonald and Franklm,
1969).

Cellulose consists of anhydroglucopyranose units which are joined to form a
molecular chain. Therefore, cellulose is also called a linear-polymer glucan with a

uniform chain structure. The units are bound by [(-(1-4) glycosidic linkages. Two

adjacent glucose units are linked by elimination of one molecule of water between their

hydroxylic group at C-1 and C-4.

Cellulose possesses one reducing end and one non-reducing end (Figure 1.7). The

reducing end is the C-1 position, where the ring structure may 1somerize to the aldehyde
form. There are OH groups at both ends of the cellulose cham; these OH groups show a

different behaviour. The C-1-OH is an aldehyde hydrate group deriving from the ring
formation by an intramolecular hemiacetal linkage. That i1s why the OH group at the C-1
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end has reducing properties, while the OH group at the C-4 end of the cellulose chain is

an alcoholic hydroxyl and therefore non-reducing (Conrad, 1971) (Figure 1.7).

CHOH

/0

% REDUCING END GROUP

(POTENTIAL ALDEHYDE;
H
H O HoH
@ aa~"
H CHOh ™

Figure 1.7 Forms of cellulose (a) Cellobioses, Haworth form (4-O-glucopyranosyl- D-glucopyranoside.
(b) Cellulose, Haworth form (n=DP= degree of polymerization=1,000 to 15,000). (¢) Cellulose, chatr
- form (Macdonald and Franklin, 1969).

1.3.5 Physical Organization Of Cellulose Molecules

Cellulose molecules exist in a highly organized state in the form of fibril elements
which, in turn, are organized to form the various cell walls of a fibre. The insolubility of
cellulose in water and dilute aqueous alkali despite the presence of five oxygen atoms for
each six carbons atoms is due to the extensive hydrogen bonding between (as well as

within) the individual cellulose chains. This inter- and intramolecular bonding of cellulose

is responsible for the physical, mechanical and chemical behaviour of cellulose, including

its solubility.

Cellulose is highly crystalline as a result of the extensive hydrogen bonding but the
degree of crystallinity varies greatly depending on the proposed methods for molecular
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arrangement. An 1idealized representation of a cellulose crystal units cell is that of Mayer-

Misch based on X-ray and electron diffraction measurements (Conrad, 1971) (Figure
1.8)

Figure 1.8 Unit cell of cellulose (Macdonald and Franklin, 1969)

1.3.6 Degradation Of Cellulose

The primary objective of most pulping and bleaching 1s to produce the highest
possible yield of cellulose (and associated carbohydrates) with the least amount of

degradation. However, considerable hydrolytic and oxidative degradation cannot be

avoided.

The glycosidic bonds of cellulose are susceptible to both alkaline and acid
hydrolysis. Hydrolytic scission is activated by the presence of certamn oxygen groups and
each scission of the acetal link produces two new hydroxyl groups, one of which is a

potential reducing group. Carboxyl and carbonyl groups along a cellulose chain appear
to increase the rate of acid hydrolysis (Macdonald and Franklin,1969).
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Alkaline hydrolysis tends to be effective in all celluloses because alkalis have good
swelling power and hence are able to penetrate the well-ordered (crystallite) regions.
However, in acid hydrolysis the swellng power is much reduced and the degree of

crystallinity of the cellulose determines the effectiveness of hydrolysis.

1.3.7 Hemicellulose

Hemicellulose refers to mixtures of low molecular weight polysaccharides which
are closely associated in plant tissues with cellulose. Hemicelluloses constitute about
one-quarter of perennial plants and about one-third of annual plants (Conrad,1971). The
name hemicellulose was proposed by Schulze in 1918 to designate those polysaccharides
extractable from plants by alkaline solutions.

Hemicelluloses are usually extracted from plant tissue after removal of lipid and
lignin. Lipids and lignin removal exposes the hemicellulose, permitting its easy
dissolution in alkali and their separation in relatively pure condition (Conrad,1971).

They are found to be located in the middle lamellae and throughout the bulk of the
~ plant fibre with some evidence for concentration towards the outer regions of the fibres.
The parenchyma cells of the plant contain a greater percentage of hemicelluloses than do
the fibre elements (Conrad,1971, Macdonald and Franklin, 1969). In their natural state,

the hemicelluloses are generally considered to be non-crystalline.

The nomenclature for describing the hemicelluloses and pentosans is rather
complex because of the number and complexity of the sugar moieties of which they
comprise. Yet, for description purposes and because of the multiplicity of names used by
various authors to describe certain pentose-containing polysaccharides, the term

hemicellulose is generally used to refer to the water-insoluble polysaccharides (Aspinall,

1959).

The hemicelluloses are classed as non-cellulosic mn nature to differentiate the

system from that of cellulose, though D-glucose polymers are found in hemicelluloses as

well as in cellulose. It is now known that hemicelluloses are not precursors of cellulose
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and have no part in cellulose biosynthesis, but rather represent a distinctly separate
group of polysacchanides which are independently produced in plants as structural
components of the plant cell wall and make up a portion of the intercellular material

called the middle lamella (Conrad,1971).

Hemicelluloses, composed largely of anhydro-D-xylose umits, are widely
distributed in the plant kingdom as cellular components and frequently they are referred
to as plant cementing tissue (Smith and Montgomery, 1959). As far as the function of
hemicelluloses 1n plants 1s concemned, evidence has indicated that once formed they are
stable products of metabolism and their function appear to be purely structural (Whistler

and Young, 1960). The common sugars which are structural units of hemicellulose

polymers are shown in Figure 1.9.

CH,OH CH,OH
__HO OH H ——0 OH

kQOH H
OH H

H H OH

D-mannose D-glucose

D-galactose D-galacturonic acid D-glucuronic aci

H / .. OH
/ N

NoH B

CHOH H oy

H

i

4-O-methyl-D-glucuronic acid L-arabmose

Figure 1.9 Monomeric units found in hemicellulose (Sjostrom, 1981).

Upon hydrolysis, hemicellulose and pentosans yield derivatives of pentoses and

hexoses. The monomeric units frequently found in the wheat pentosans and
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hemicelluloses are the pentose sugars D-xylose and L-arabinose (Figure 1.9). In
addition, certain hexose sugars and their derivatives have been reported which include D-
galactose, D-glucose, D-glucuronic acid and 4-O-methyl-D-glucuronic acid. In general,
the hemicelluloses and pentosans which may be derived from cereals and grasses are
characterized by the presence of L-arabinofuranose residues linked as single-unit side

chains to a backbone of D-xylopyranose residues (Aspinall, 1959).

Recent work suggests that hemicellulose 1s mainly composed of polymers of
pentosans made up of linked xylose units as a backbone with some arabmose single units

as side chains (Macdonald and Franklin, 1969 and Lawther et al, 1995).

Historically, the hemicelluloses were defined as that portion of the carbohydrates
fraction of which could be more easily hydrolyzed by acids than cellulose. The use of
alkali for the extraction of hemicelluloses has been most common. Lipids are usually
removed by extraction with a hot azeotropic mixture of benzene and ethanol, and lignin
is then often removed from the plant using sodium chlonte and acetic acid. Although
some hemicelluloses are water soluble after isolation, they are not generally water
extractable from plants prior to delignification. Annual plants are considered to be an

excellent source of hemicellulose.

Alkaline extraction of the holocellulose is effective and the results of extraction
depends on the type of alkali used, concentration and sequence. Ideally, total
delignification of extractive-free wood or straw will result in a residue, holocellulose,
comprising the total carbohydrate fraction (cellulose plus the hemicellulose).

1.3.8 Straw Hemicellulose

Many investigators have studied wheat straw hemicelluloses and generally agree
that the structure contains a normal xylan backbone branched through position of xylose
with side chains that end in L-arabinose. The presence of D-galactose, D-glucose and D-
glucuronic acid have been reported in various concentrations by several mvestigators

(Aspmall and Mahomed, 1954; Roudier, 1953 and Ehrenthal et al.,1954).
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Figure 1.10 Diagrammatic structure of wheat straw hemicellulose. A represents L-arabinofuranose; X,
D-xylopyranose;, MG, 4-methyl-D-glucuronic acid. Subscripts refer to carbon atoms at which adjacent

sugars are joined (Pomeranz, 1973).

The extraction of wheat straw with hot alkali gives a polymer composed primarily
of xylose and arabinose (Roudier, 1953), whereas cold extraction gives rise to

polysaccharides containing galactose and glucose as well (Pomeranz, 1978).

The structural studies using the classic organic chemical techniques of oxidation
and methylation followed by hydrolysis, separation of cleavage products by
chromatography, analysis by spectrophotometric methods and isolation of crystalline
derivatives show that wheat straw hemicellulose 1s a highly branched polysaccharide
(Dubois et al, 1956 and Pomeranz, 1978). Although, the structure for wheat straw
hemicellulose has not yet been proved conclusively, the evidence indicates that the

structure shown in the Figure 1.10 is plausible (Aspinall, 1959 and Pomeranz, 1978).

1.3.9 Significance Of Hemicellulose In Pulping

The effects of pulping reagents on hemicellulose are important not only from the
standpoint of yield but also on the papermaking properties of the resultant pulps, as these

properties depend on the amount, type, structure, degree of polymerization and location
of the various hemicellulose component polymers (Macdonald and Franklin,1969). A
very positive role is exerted by hemicellulose on fibre properties and bonding behaviour
of papermaking fibres. It is considered that hemicellulose has an influence on water
retention, swelling and plasticization of fibres by water. The presence of hemicellulose

reduces the time and power required to soften and fibrillate fibres during mechanical
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action in water, and the fibres are susceptible to absorption and swelling in water because

of their general lack of crystallinity, and their irregular (and in some cases branched)

molecular configuration.

The plasticization, partial water solubility and high surface area promoted by
hemicellulose within fibres and on fibre surfaces lead to increased fibre-fibre contact
during paper and paper formation and drying. Both the area of bonding and the bond

strength per unit area appear to be increased by the presence of hemicellulose, though

too high a hemicellulose content can be detrimental (Conrad,1971).

Hemicelluloses are also useful in that the pentosans fraction may be converted by

distillation with strong mineral acids into furfural which is used to make valuable furan

derivatives of industrial importance.

Although the presence of hemicellulose in papermaking is desirable, there are also
certain drawbacks. The high degree of bonding produces papers of low opacity, that are

hard and brittle mn structure and low in absorbency. High hemicellulose content results in

pulps of low drainage rate during washing and papermaking operations (Mansour, 1985).

Hemicellulose is closely related to cellulose in chemical structure and therefore

exhibits a similar pattern of chemical reactions and degradations. In the solid phase, the
rate of reaction of hemicellulose will be greater than that of cellulose because of greater
accessibility of the hemicellulose as a result of its amorphous nature and location in the

outer regions of the fibre (Macdonald and Franklin,1969 and Conrad,1971).

1.4 Lignin

Lignin is a complex, systematically-polymerized, highly aromatic substance which

occurs in plants in close association with cellulose and hemicellulose polysaccharides.
Lignin forms a cementing matrix that holds together the cellulose fibnls in the tracheid
cells and between the tracheids cells and imparts considerable mechanical strength and

permits the growth of plant structures. It provides a measure of hydrostability that is

highly advantageous and may be associated with water-conducting tissues in bulk.
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Lignin 1s basically an aromatic polymer comprising a heterogeneous, branched
network system with no evident simple repeating unit and of high molecular weight. The
system is amorphous and is possibly chemically bonded to the hemicellulose, although all
work to prove chemical bonding has so far been inconclusive (Macdonald and
Franklin 1969). It is emphasized that lignin is not designated as one individually defined
compound, but rather 1t is a collective term for a group as similar very large molecules
which are structurally closely related to one another, in a way analogous to certain other
natural polymenzation products such as cellulose and starch. Hence lignin occurs in
many living plants and grasses, but its composition differs in all. Lignin is insoluble in
water, iIn most organic solvents and in concentrated sulfuric acid. It exhibits a
characteristic UV absorption spectrum and produces characteristic colour reactions

when treated with a variety of phenols and aromatic amines.

The study of lignmn is of considerable importance because greater understanding of
the properties and reactions of lignin would be of significant assistance in improving the
pulping and bleaching industries, in which huge quantities of lignin are obtained as a by-
product in the form of so called black hiquors, which are either bumed or lost in pulp mill
effluents. It is natural that attempts were made to exploit this potentially valuable raw
material as a great potential source of organic chemical by-products. However, such
- utilization required some fundamental information on the chemical properties of the
material. Thus in 1893, the Swedish scientist Peter Klason (the “father of lignin
chemistry’’) initiated the first intensive and extensive investigation of lignin chemistry by

studying one of the common commercial by-products, lignosulfonic acid.

The following are the valuable contributions of Klason to our knowledge of the

chemistry of lignins:

* He developed the first method for the quantitative determination of lignin in plants,

* He was the first to isolate lignin by applying sulfunc acid.

* He discovered that if coniferyl alcohol was treated under the same conditions as those
used in the sulfite process of pulping wood, this alcohol would be converted to a sulfunic
acid possessing many properties similar to those of lignosulfonic acid.

* He was the first to suggest that the parent structure of lignin mght be a phenylpropane
denivative of the coniferyl type, a hypothesis which 1s still widely accepted.
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1.4.1 Isolation Of Lignin

Lignin cannot be isolated from plants in substantial yield without degradation of its
structure because 1t is susceptible to condensation reactions. Because of the variety of
lignified plants in nature, of differences in their chemical compositions and even of
differences between young and mature plants of the same species, many different
methods of isolation have been recommended (Conrad, 1971; Brauns, 1952 and
Sjostrom, 1981). The quantitative isolation of the lignin from the plant material has been
achieved by the complete removal of the nonlignin components. For the removal of
extraneous substances that might interfere in the lignin determination, pre-extraction is
recommended. Typical treatments include washing with organic solvents (such as ether,
alcohol, acetone or a mixture of acetone and benzene), cold or hot water, cold dilute

alkali, or dilute acid. Some of these pretreatments are obviously not without effect on the

lignin itself.

The direct method of quantitative isolation of lignin is by using either strong
sulfuric acid or hydrochloric acid to dissolve the carbohydrates of plants leaving the
lignin as a dark residue. This method is known as the Klason method, which 1s widely
used to estimate the lignin content of straw and pulp. The varnious pulping and bleaching

~ processes are generally used to dissolve lignin in order to liberate and clean cellulose

fibres, rather than to isolate lignin for research purposes.

As far as lignin structural studies are concemed, there are other methods for

isolation of lignin retaining its original structure such as “Cellulolytic Enzyme Lignin”
(CEL) where the polysaccharides are removed by enzymes and another one is Bjorkman

lignin, alternatively referred as “milled wood lignin” (MWL), which 1s considered as the
best preparation and is widely used for lignin structural studies (Sjostrom, 1981).

1.4.2 Physical Properties Of Lignin

Lignin is a colourless material, which, when exposed to air, particularly in the

presence of sunlight tends to become yellow. Thus, newsprint, which is made of
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mechanically separated fibres from which lignin has not been removed, has short

longevity (Haygreen and Bowyer, 1971).

Lignin is thermoplastic, i.e., it becomes soft and pliable at higher temperatures and
hard again as cooling occurs. This charactenstic of lignin is basic to the manufacture of
the hardboard and other densified pulp products (Haygreen and Bowyer, 1971;
Brauns, 1952 and Gonng, 1971).

Because of differences between lignins isolated from various plant sources and the
alteration in the chemical constitution of lignin when 1t 1s treated with chemical reagents,
it is important to note both the identity of the plant species and the method of isolation
employed. For example, lignin preparations isolated by the usual chemical treatments are
no longer thermoplastic. They have no melting point. When treated, they decompose and
finally char, leaving a highly surface-active charcoal. They are insoluble in all common
organic solvents and in cold dilute alkali. All the native and enzymatically-liberated
lignins isolated have been found to be light tan to almost white amorphous powders
which are soluble in MeOH, EtOH, dioxane, acetone, pyridine. dilute NaOH and glacial

acetic acid, but insoluble in ether, benzene, petroleum ether and water.

In the isolation procedure the relative molar mass (molecular weight) of lignin can

decrease because of degradation or increase because condensation may occur. Both
effects may be present in the same sample. This, coupled with the difficulty of removing
a large portion of the lignin without severe degradation, has made molecular weight
determinations on isolated lignin very difficult to interpret. One view might be that a
large sample of lignin exists as network polymer of virtually mfinite molecular weight.
Molecular weight determined on solutions of isolated lignins may not have any
relationship to the molecular weight of protolignin. Swelling and solubility behaviours of
lignin in plants is not inconsistent with the concept of an infinite-network polymer.
Lignin fractions having low molecular weight are soluble in solvents with a wider range

of solubility parameters and hydrogen-bonding capacities compared with the fractions

with higher molecular weights.

Most molecular weight values for isolated lignins are in the range of 1000 to
12000, depending on the extent of chemical degradation and/or condensation during
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isolatton. Whether lignin is optically active is still debatable. All structures tentatively
suggested for lignin contain asymmetric carbon atoms. However, the observed
nonactivity of lignin does not preclude the presence of asymmetric centres in the

structure (Conrad, 1971).

Based on X-ray diffraction evidence, lignin is non-crystalline; however, UV
spectroscopy shows that lignin has some orientation in the middle lamellae. Lignin in
plants acts like a capillary gel in that it can be swelled and has strong absorptivity
properties for chemicals and gases. The observation that wood exhibits the same X-ray
diffraction pattern as isolated wood cellulose would seem to indicate that the lignin in
wood has no effect upon the diffraction. This would imply that lLignin is ideally
amorphous, i.e., it is not constructed of regularly arranged units, but that its structure
forms a shapeless mass. Being amorphous, lignins do not have melting point, but they

appear to soften and develop adhesive powers over a temperature range of about 70-110

°C.

Isolated lignins have the ability to act as dispersing agents for colloidal systems and
are used in oil-well drlling muds and for the dispersion of pigments (Brauns,1952).

The teéhnique of UV absorption spectroscopy has been applied extensively in
lignin research furnishing characteristic feature for lignin which are utilized for structural
and chemical reaction studies. Most native and enzymetically liberated lignin exhibit the
characteristic absorption peak at 280 nm which has been used to measure the
concentration of lignin in solution; although the peak at 200 to 210 nm is less affected by
lignin condensation and carbohydrate byproducts (Figure 1.11) (Nord and Stevens, 1958

and Conrad, 1971).

The maximum at 280 nm persists in spite of any alteration to the material as caused

by methylation, acetylation and treatment with sodium hydroxide.
Solvents for low molecular weight lignin include dioxane, pyridine, acetone and

phenol. Generally, solubility of isolated lignin is related to the method of isolation. Some
isolated lignins resist solution in any solvent (Macdonald and Franklin,1969).
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Figure 1.11 UV absorption spectra of native lignin. Absorptivity of 1% solution in a 1 cm thick cell
(Conrad, 1971).

L

1.4.3 The Formation And Structure Of Lignin

Studies of lignin formation have been useful in explaining the possible structure of
lignin. Although a large number of plant constituents have been postulated as lignin
precursors, in most cases the evidence supporting hypotheses has been meagre. The most
tenable theory would appear to be that lignin 1s a polymer of some compound or
compounds with a phenylpropane skeleton (Conrad,1971 and Sjostrom, 1981).

For the formation and structure of lignin, investigations conducted by Erdtman
(1930) were of great important. He studied the oxidative dimenzation of various phenols
in the biogenesis of natural products and reached the conclusion that lignin must be

formed of the coniferyl alcohol type (Figure 1.12) via enzymatic dehydrogenation.
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Figure 1.12 (Sjostrom, 1981).

The lignin precursors p-coumaryl, coniferyl and sinapyl alcohols (Figure 1.12) are
formed from glucose by a variety of enzymatic reactions involving oxidation, reduction,
amination, deamination, decarboxylation, etc. The D-glucose generated in photosynthesis
is transformed first to heptose phosphate derivatives which then cyclize to 5-
dehydroquinic acid. The reaction sequence leads ultimately to phenylalanine with
shikimic and phenylpyruvic acids as intermediates. This series of reactions is known as

the shikimic acid route. It is reported that in the graminae, on the other hand, lignin is
“also formed through an altemative pathway proceeding via tyrosine (p-
hydroxyphenylalanine). Phenylalanine is deaminated to cinnamic acid which then acquires
aromatic hydroxyl and methoxyl groups. The final precursors are formed after reduction
of the carboxyl group to a primary alcohol (Sjostrom, 1981). The precursors are

probably present in the cambial tissues of gymnosperm as glucosides and become

liberated by the action of a f3-glucosidase (Figure 1.13).
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Figure 1.13 (Sjostrom, 1981)
Simplified reaction route illustrating the formation of lignin precursors.1,5-Dehydroquinic acid; 2,
shikimic acid; 3 phenylpyruvic acid; 4, phenylalanine; 5, cinnamic acid; 6, ferulic acid (R;=H and R, =
OCH;); sinapic acid (R; =R, = OCH3); and p-coumaric acid (R;=R,=H); 7, coniferyl alcoho!l (R,;=H and
R,=0OCHs), sinapyl alcohol (R;=R,=0OCH3) and p=coumaryl alcohol (R;=R;=H), 8, the corresponding

glucosides of 7.

1.4.4 Chemical Structure Of Lignin

The structure of lignin (largely speculative) is that of a complex polymer whose

complexity is due less to the multitude of its monomeric units, and more to the variety of

ways in which these units may be joined (Sarkanen, 1963).

Nevertheless, the principal structural elements in lignin have been largely classified

as the result of detailed studies on isolated lignin preparations from the CEL and
Bjorkman methods using specific degradative techniques based on oxidation, reduction
or hydrolysis under acidic and alkaline conditions. Much effort has been directed toward
the clarification of the biosynthesis of lignin. Detailed identification of the reaction
products has been possible by novel chromatographic techniques and spectroscopic
methods developed during the last two decades (Casey, 1980).
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That lignin qis a random polymer in which the phenylpropane building units are
bonded to each other with ether and carbon-carbon linkages has been largely confirmed

by chemical reactions, model compound reactions and the isolation of intermediates and

lignin degradation products from both biochemical and chemical studies (Macdonald and
Franklin, 1969).

Although accurate data for elementary compositions of all lignins are still not
available, it is generally agreed that isolated lignins, regardless of their source or the
isolation procedure employed contain only the elements carbon, hydrogen and oxygen.

Elementary and functional groups of analysis of lignin preparation give a range of values,

the average formula bemng: C,H, 2,0, ,, (OCH, ),

The functional groups of lignin are generally believed to include methoxyl, phenolic
hydroxyl, primary and secondary alcoholic hydroxyl, benzyl alcohol groups, ether groups
(aryl ethers and coumarin structures), carbonyl, carboxyl and conjugated carbonyls and
other doubly bonded groups (Conrad,1971). The methoxyl group 1s considered to be the
most characteristic structural feature of lignin. Based on biochemical synthesis and

chemical studies of lignin, the speculative structures in the following Figure 1.14, shows

the basic structural groups of which lignin is believed to be constructed (Freudenberg,
. 1964) (Figure 1.14)
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Figure 1.14 Structural group related to lignin (Conrad, 1971, Macdonald and Franklin, 1969 and
Freudenberg, 1964).

Freudenburg (1964), who did much of the biochemical work, has postulated the
structural units of lignin and has shown how they may be joined together. The proposal
received support based on NMR spectra of softwood lignin (Macdonald and

Franklin, 1969).

1.4.5 Phenylpropane - The Basic Structural Unit Of Lignin

There is considerable evidence that lignin consists mainly, if not entirely, of
phenylpropane derived monomeric units as shown in Figure 1.15 The fact that p-
hydroxybenzyl (a), vanillyl (b) and syringyl (c) dertvatives have been obtained from the
various types of lignin (Conrad,1971) clearly indicates that the benzene ring carries a

hydroxyl group (or etherified hydroxyl) at the position para to the chain and either zero,
one or two methoxyl groups at the position ortho to the phenolic oxygen function

(Sarkanen and Ludwig, 1971).
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Figure 1.15 (Sarkanen and Ludwig, 1971).
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1.4.6 Modes Of Combination Of Phenylpropane Units

It is generally accepted that in the lignin macromolecule, the monomeric
phenylpropane units are joined together by both ether linkages and by C-C bonds. The
C-C bonds are highly resistant to chemical degradation and constitute the main factor
retarding the conversion the lignins to monomeric units dunng reactions of ethanolysis,
hydrogenation etc. (Sjostrom, 1981). The following structures (Figure 1.16) shows
where one head-to-head type is a biphenyl linkage in which two benzene rings are joined

via a 5-5 bond (A); tail-to-tail linkage might involve an a-a-combination (B); a head-to-

tail linkage would be exemplified by a B-5-combination (C).

Fthereal linkages may unite phenylpropane (D) units at just simple one-point

combination which include a [-4-ether linkage (E) as is typified in the guaiacyl glycerol-

B-arylether structure widely recognized as present in lignin (F) .
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Figure 1.16 (Sjostrom, 1981).

Multiple points of attachment of phenylpropane units involving both ether and C-C
linkages are those found in the benzofuran type (G) and in the pinoresinol-type (H)
structures which are also believed to be present in the lignin.

However, it should be noted that proof of the existence of many of linkages in

lignin is still lacking. They are speculative, suggested to explain certain aspects of the
observed chemical behaviour of lignin (Sarkanen and Hergert, 1971).
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1.4.7 Nature Of Polymer Chain

Most natural as well as synthetic polymers are constructed according to a head-to-
tail principle, but the evidence seems to indicate that this is not entirely the case with
lignin. The knowledge of lignin in situ is too meagre to justify any specific conclusion of
lignin structure as a whole. However, the swelling and solubility characteristics of the
lignin in wood conforms to the idea of an infinite network (Conrad,1971). All extant

experimental results seem consistent with the concept that a substantial portion of the

lignin in situ exists in the form of a three-dimensional cross-linked structure which

becomes degraded to fragments of finite size by the cleavage of certain cross-linkages

(Sarkanen and Hergert,1971).

1.4.8 Hypothetical Lignin Structure

A tentative structure illustrating the constitution of spruce lignin has been

proposed by Freudenberg and Neish (1968) who concluded that in spruce milled wood
lignin about one-half of the phenylpropane units are jomed to each other by C-C bonds,
whereas the others are joined by ether bridges in the following proposed lignin structure

~ of spruce (Figure 1.17). The structure is not meant to be quantitative, but merely

indicative of the possible nature of lignin.

It is evident from the following structure of lignin that the basic phenylpropane
structures are methoxylated and are held together by dialkyl and alkyaryl ethers and C-C

bonds. There is no evident pattern in the sequence of linkages which is consistent with

the proposed random polymerization of coniferyl alcohol.
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Figure 1.17 Partial structure of spruce lignin (Freudenberg and Neish, 1968).

1;4.9 Lignin-Carbohydrate Linkage

~ Lignin does not occur alone in nature but rather it coexists with the polysaccharide
fraction of the cell-wall components. However, this does not necessarily imply that a
chemical bond joins the lignin to the polysaccharides mn the plant. Two theores are
postulated in this regard. One is that, the carbohydrate of the plant is mechanically

47



enclosed by the encrusting material, lignin which is known as the mechanical
encrustation theory. The other one is that a real chemical linkage exists between the
carbohydrate and the lignin (Conrad, 1971 and Brauns, 1952). It was reported that
almost all of the lignin and carbohydrate in different plants, softwood (angiosperm),

hardwood (gymnosperm) and grass (graminaceous) plants exist in a state of chemical

combination and contain structurally different molecular species of hemicellulose and

lignin (Merewether, 1960 and Sarkanen and Hergert, 1971).

1.5 Kinetics

Delignification is a major chemical process in pulping and the kinetic studies on

delignification have been developed for a long time based on measurement of the weight of

removed lignin (Sabatier et al, 1993).

There are numerous studies on the kinetics of wood pulping (Kraft pulping)
particularly by Russian workers and early work by Klenert (Pen et al, 1989; Klemert,
1966; Lemon and Teder, 1973; Kerr, 1970; Obst, 1985; Yan, 1980; Yan and Johnson, 1981
and Rekunen et al., 1980). A mathematical formulation was given as follows for the pulping

~ kinetics of wood delignification which was shown to take place in three different stages or

phases (Dolk et al., 1989).

3
— -kt -kt -Kqt -~k 4t
w, = X ae " =ae " ta, e +a; e,

i=]

where wy is the weight fraction of the insoluble residual lignin, a; 1s the maximum fraction

of lignin removal achievable in each phase (Xa; = 1 since w, = 1 for t = 0) and k; is the
corresponding reaction rate constant (Sabatier et al, 1993). For example m the
delignification of softwood by the Kraft pulping process, the three kinetically distinguishable

phases are:

* A fast, initial delignification phase, where a portion of lignin is removed with a high
consumption of alkali (Wilder and Daleski, 1964 and 1965 and Kleppe, 1970).
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* A slower, bulk delignification phase which is observed to begin at higher
temperature (140°C) and during this phase the main part of lignin is removed and the
consumption of alkali is lower than in other phases (Kerr, 1970 and Rekunen et al., 1980).

* A very slow, the residual delignification phase, where the lignin removal slowed
down (Shah et al., 1991 and Kondo and Sarkanen, 1934). It was thought that this phase
involved inextricably bound lignin (Macdonald and Franklin, 1969) or modified lignin
grafted on the cellulose crystallite (Wilson and Procter, 1970).

As far as straw is concerned, an extensive literature survey reveals that a number of
kinetic studies have been done on alkaline straw pulping by other workers, particularly
Chinese (Hongguang and Guangrui, 1986 and Fang et al,, 1991) and some work by
Russian workers on wood (Pen et al, 1989). However, none of the studies on straw have
been sufficiently comprehensive to elucidate the overall reaction mechanism for soda
pulping and none has been on Saudi wheat straw, which has a higher than average lignin
content (~ 23%) compared with wheat straws from other countries (~ 20%). The lack of
the knowledge of the kinetic behaviour during straw pulping restricts efficient control of
the cook. An improperly operated cooking process may bring the cook to the residual
phase and there is a danger of a serious loss in pulp yield. Therefore, an in-depth kinetic
~ study has been undertaken here to investigate the effects of cooking time, temperature,
alkali consumption and presence of anthraqumone (AQ) catalyst on the rate of
delignification, carbohydrate dissolution and caustic consumption as they are important

parameters in alkaline pulping (Shah et al., 1991).

1.6 Scope Of This Work

The work to be reported here is on the pulping of wheat straw from Saudi Arabia.
Kinetic studies have been carried out to find the rate of the delignification and

carbohydrate dissolution at various times (from Smin to 6h) using different levels of

caustic soda over a range of temperatures (from 25 to 170 °C). The subsequent products

were analyzed systematically by FTIR, UV, NMR (solid-state and in solution)

spectroscopies and molar mass determination (GPC) to follow the physical and chemical

changes occurring in the delignification.

49



