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1. CHEMISTRY

The major chemical component of aliving tree is water, but on a dry weight
basis, al plant cell walls consist mainly of sugar-based polymers (carbohydrates)
that are combined with lignin with lesser amounts of extractives, protein, starch,
and inorganics. The chemical components are distributed throughout the cell wall,
which is composed of primary and secondary wall layers. Chemical composition
varies from plant to plant, and within different parts of the same plant. Chemical
composition aso varies within plants from different geographic locations, ages,
climate, and soil conditions.

There are hundreds of reports on the chemical composition of plant material. In
reviewing this vast amount of data, it becomes apparent that the analytical procedures
used, in many cases, are different from lab to lab, and a complete description of
what procedure was used in the analysisis not clear. For example, many reports do
not describe if the samples were pre-extracted with some solvents before analysis.
Others do not follow a published procedure, so comparison of datais not possible.

This chapter will present a general description of the chemistry of plant com-
ponents followed by suggested analytical procedures that could be used by al future
laboratories so that consistent, comparable results may be obtained. The final section
will be alisting of the chemical components of many different types of plants.

1.1 Carbohydrates

1.1.1 Holocellulose

The carbohydrate portion of the vast mgjority of plants is composed of cellulose
and hemicellulose polymers with minor amounts of other sugar polymers such as
starch and pectins. Table 5.1 shows the chemical analysis of the major components
of plant fibers. The combination of cellulose and the hemicelluloses are called
holocellulose and usualy accounts for 65-70 percent of the plant dry weight. These
polymers are made up of simple sugars, mainly, b-glucose, b-mannose, b-gal actose,
D-Xylose, L-arabinose, b-glucuronic acid, and lesser amounts of other sugars such
as L-rhamnose and p-fucose. Table 5.2 shows the sugar content of different plant
holocelluloses. These polymers are rich in hydroxyl groups, which are responsible
for moisture sorption through hydrogen bonding.

1.1.2 Cellulose

Cellulose is the most abundant organic chemical on the face of the earth. It isa
glucan polymer of p-glucopyranose units, which are linked together by b - (1—4)-
glucosidic bonds (Figure 5.1). Actualy the building block for cellulose is cellobiose,
since the repeating unit in cellulose is a two-sugar unit. The number of glucose units
in acellulose molecule is referred to as the degree of polymerization (DP), and the
average DP for plant cellulose ranges from alow of about 50 for a sulfite pulp to
approximately 600, depending on the determination method used (Stamm, 1964).
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Table 5.1 Chemical Composition of Some Common Fibers (% of total)

Type of Fiber : Cellulose Lignin Pentosan Ash Silica
Stalk fiber

Rice 2848 12-16 23-28 18-2¢ 9-14

Wheat 29-51 16-21 26-32 4.5-9 3-7

Barley 3145 14-15 24-29 5-7 - 3-6

Qat 3148 16-19 27-38 6-8 4-6.5

Rye 33-50 16~-19 27-30 2-5 0.5-4
Cane fiber

Bagasse 32-48 18-24 27-32 1.5-5 0.7-3.5

Bamboo 2643 21-31 1526 1.7-5 0.7
Grass fiber.

Esparto 33-38 17-19 27-32 6-8 —_

Sabai — 22 24 6 —_
Reed fiber

Phragmites communis 4446 22-24 20 3 2
Bast fiber

Seed flax 43-47 21-23 24-26 5 —_

Kenaf 44-57 15-19 22-23 2-5 —

Jute 45-63 21-26 18-21 0.5-2 —_

Hemp 57-77 &-13 14-17 0.8 _

Ramie 87-91 - 5-8 —_ —_
Core fiber

Kenaf 37-4% 15-21 18-24 2-4 —

Jute 41-48 21-24 18-22 0.8 —_
Leaf fiber : ‘

Abaca (Manila) 56-63 7-9 15-17 3 —

Sisal (agave) 47-62 7-9 21-24 0.6-1 —
Seed hull fiber

Cotton 85-90 0.7-1.6 1-3 0.8-2 —
Wood fiber

Coniferous 4045 26-34 7-14 <1 —_—

Deciduous 3849 23-30 19-26 <1 —

Table 5.2 Sugar Content of Selected Plant Holocelluloses

Sugars Present, %

Fiber Glucose Xylose Galactose Arabinose  Mannose
Cotton 92.0 - — —
Southern Pine 49.0 5.4 2.4 18.2
Aspen 53.3 18.5 1.0 — 1.4
Bambeo 52.0 21.7 —_ 0.8

Bagasse 47.4 27.6 — 1.7 —
Kenaf 472 17.7 1.4 0.8 14
Jute 63.8 13.1 1.2 -— 0.6
Penny Wort 38.0 3.5 2.8 0.8 2.9
Water Hyacinth 37.2 8.7 5.0 11.4 1.4

This would mean an approximate molecular weight for cellulose ranging from about
10,000-150,000.
Cellulose molecules are randomly oriented and have a tendency to form intra-
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Figure 5.1 Partial structure of cellulose.

crystalline regions are formed. Most plant-derived cellulose is highly crystalline and
may contain as much as 80% crystalline regions. The remaining portion has a lower
packing density and is referred to as amorphous cellulose. Table 5.1 shows the range’
of average cellulose contents for a wide variety of plant types (Atchison, 1983). On
adry weight basis, most plants consist of approximately 45-50% cellulose. This
can vary from a high (cotton) of almost 90% to a low of about 30% for stalk fibers.

The cellulose content of many different types of plantsis listed in the table at the
end of this chapter.

1.1.3 Hemicelluloses

In general, the hemicellulose fraction of plants consists of a collection of polysac-
charide polymers with a DP lower than cellulose and containing mainly the sugars
D-Xylopyranose, pb-glucopyranose, p-galactopyranose, L-arabinofuranose, b-man-
nopyranose, and D-glucopyranosyluronic acid with minor amounts of other sugars
(Figure 5.2). They usually contain a backbone consisting of one repeating sugar unit
linked b -(1-4) with branch points (I-2), (1-3), and/or (1-6).
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Figure 5.2 Partial structure of glucuronoxylan, a hardwood hemicellulose.

Hemicelluloses usually consist of more than one type of sugar unit and are
sometimes refereed to by the sugars they contain, for example, galactoglucomannan,
arabinoglucuronoxylan, arabinogalactan, glucuronoxylan, glucomannan, etc. The
hemicelluloses a so contain acetyl and methyl substituted groups.

The hemicelluloses from bamboo consist of a backbone polymer of p-xylopyr-
anose, linked b -(I-4) with an average of every eight xylose units containing aside
chain of d-glucuronic acid attached glycosidically to the 2-position of the xylose
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sugar (Bhargava, 1987). The hemicelluloses from kenaf also contain a backbone
polymer of p-xylopyranose with side chains of b-galactose and L-arabinose (Cun-
ningham et a., 1986).

One of the main hemicelluloses from softwoods contains a backbone polymer
of Dp-galactose, b-glucose, and b-mannose (§jdstrom, 1981). The gal actoglucoman-
nan is the principal hemicellulose (ca. 20%), with a linear or possibly slightly
branched chain with b -(1-4) linkages. Glucose and mannose make up the backbone
polymer with branches containing galactose. There are two fractions of these poly-
mers differing by their galactose content. The low galactose fraction has aratio of
galactose:glucose:mannose of about 0.1:1:4, while the high galactose fraction has a
ratio of 1:1:3. The p-galactopyranose units are linked as a single-unit side chain by
a (I-6) bond. The 2- and 3-positions of the backbone polymer have acetyl groups
substituted an average of 3—4 hexose units. Another major hemicellulose polymer
in softwoods (5-10%) is an arabinoglucuronoxylan consisting of a backbone of b -
(1-4) xylopyranose units with (I-2) branches of p-glucopyranosyluronic acid on
the average of every 2-10 xylose units and the (1-3) branches of |-arabinofuranose
on the average of every 1.3 xylose units.

The maor hemicellulose from hardwoods contains a backbone of b-xylose units
linked b -(1-4) with acetyl groups at C-2 or C-3 of the xylose units, on an average
of 7 acetyls per 10 xylose units (S§j6strom, 1981). The xylan is substituted with side
chains of 4 -O- methylglucuronic acid units linked to the xylan backbone through a
link (I-2) with an average frequency of approximately 1 uronic acid group per 10
xylose units. This class of hemicelluloses is usualy referred to as glucuronoxylans.
Hardwoods a so contain 2-5% of a glucomannan composed of b -b-glucopyranose
and b -b-mannopyranose units linked (1-4). The glucose: mannose ratio varies
between 1:2 and 1:1, depending on the wood species.

The major hemicellulose from kenaf is similar to a hardwood xylan (Duckart et
al., 1988). It has a backbone of b -(1-4) p-xylopyranose with side chains of 4 -O-
methylglucuronic acid linked (I-2) with an average frequency of 1 uronic acidgroup
per 13 xylose units. There are terminal rhamnose and arabinose units linked (1-3),
but the nature of the glycosidic linkage is unknown. The magor hemicellulose from
bamboo is composed of a backbone of b -(14) p-xylopyranose residues with an
average of every eighth xylose unit containing a side chain of p-glucuronic acid,
attached glycosidicaly to the 2-position of the xylose unit (Bhargave, 1987).

The detailed structures of most plant hemicelluloses have not been determined.
Only theratio of sugars these polysaccharides contain have been studied. Table 5.3
shows the sugar analysis of the two major hemicelluloses from severa types of plant
stalks (Jones et a., 1979). The table at the end of this chapter lists the sugars present
in awide variety of plant sources.

1.1.4 Pentosans
Part of the hemicellulose fraction consists of pentose sugars, mainly p-xylose

and L-arabinose. The polymers containing these five carbon sugars are referred to
as pentosans. ldentification of this fraction in a plant material has been important
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Table 5.3 Sugar Content of Selected Plant Stalk Hemicelluloses

Sugars Present %

Fiber Glucose =~ Xylose Galactose Arabinose Mannose
Corn
Hemicellulose A 10.9 70.5 — 4.3 —
Hemicellulose B 12.1 43.8 3.6 9.7 1.0
Bagasse
Hemicellulose A 6.1 60.9 trace 3.5 trace
Hemicellulose B 13.9 33.0 3.6 .0 2.7
Sunflower
Hemicellulose A 18.0 5.8 —_ 0.9 21.8
Hemicellulose B 11.8 24.5 3.6 3.4 126

to indicate its potential utilization for furan-type chemicals. It is therefore common
to see tables of chemical composition data include pentosan content.

1.2 Lignin

Lignins are amorphous, highly complex, mainly aromatic, polymers of phenyl-
propane units. Lignins can be classified in severa ways but they are usually divided
according to their structural elements (§j0strom, 1981). All plant lignins consist
mainly of three basic building blocks of guaiacyl, syringyl, and p -hydroxyphenyl
moieties, athough other aromatic type units also exist in many different types of
plants (Figure 5.3). There is awide variation of structures within different plant
species. The phenylpropane can be substituted at thea, b, and g positions into various

combinations linked together both by ether and carbon to carbon linkages (see Figure
5.4).

C—C_C CH,0 €% ,0 OCE ,
a B Y

CH OH
Phenylpropane unit Guaiacyl Syringyl

Figure 5.3 Building blocks of lignin.

Lignins from softwoods are mainly a polymerization product of coniferyl acohol
and are called “guaiacyl lignin.” Hardwood lignins are mainly “syringyl-guaiacyl
lignin” as they are a copolymer of coniferyl and sinapyl acohols. The ratio of these
two variesin different lignins from aratio of 4:1to 1.2.

Lignins found in plants contain significant amounts of constituents other than
guaiacyl- and syringyl-propane units (Sarkanen and Ludwig, 1971). Lignin from
corn contains vanillin and syringaldehyde units along with substantial amounts of
p -hydroxybenzaldehy de. Bamboo lignin is a mixed dehydration polymer of
coniferyl, sinapyl, and p -coumaryl acohols (Bhargava, 1987). A recent study showed
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Figure 5.4 Partial structure of one type of lignin.

that the lignin from kenaf contains a very high level of syringyl functionality (Ralph
et al., 1995).

Lignininwood is distributed throughout the secondary cell wall with the highest
concentration in the middle lamella. Because of the difference in the volume of

middle lamella to secondary cell wall, about 70% of the lignin is located in the
secondary wall.

The function of lignin in plants is as an encrusting agent in the cellulose/hemi-
cellulose matrix It is often referred to as the plant cell wall adhesive. Both lignin
and extractives in plants reduce the digestibility of grassesto animals (Jung et al.,
1993). Ligins are also associated with the hemicelluloses, in some cases forming
lignin-carbohydrate complexes that are resistant to hydrolysis even under pulping
conditions.

1.3 Inorganics

The inorganic content of a plant is usually referred to as ash content, which is
an approximate measure of the mineral salts and other inorganic matter in the fiber

after combustion at atemperature of 575 + 25°C. The inorganic content can be quite
high in plants containing large amounts of silica.

1.4 Proteins
Proteins are polymers of amino acids that are normally high in concentration in

young growing cells but can also be found in some plants in high concentration
throughout their life cycle. Proteinsinclude enzymes and toxins as well as those
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involved in wound responses and pathogen resistance (liyamaet al., 1993). Pathogen
resistance proteins are related to the structural proteins that are thought to provide
the framework, in addition to the microfibrillar phase, onto and around which the
various non-cellulosic polysaccharides are arranged.

Three classes of structura proteins have been identified and classified on the
basis of their repeating amino acid sequences (liyama et al., 1993). These three are:
hydroxyproline-rich glycoproteins, the glycine-rich proteins, and the proline-rich
proteins. The hydroxyproline-rich glycoproteins are usually associated with L-ara
binose and p-galactose. The glycine-rich and the proline-rich proteins lack N -glyc-
osylation sites in their primary sequence.

In wood, the protein content of the cell isusually lessthan 1% but can be much
higher in grasses. The protein content is often reported as part of the lignin content
if the laboratory personnel are not aware of its presence in the plant tissue when
doing alignin determination, since both protein and lignin are isolated in the sulfuric
acid procedure.

1.5 Extractives

The extractives area group of cell wall chemicals mainly consisting of fats, fatty
acids, fatty alcohols, phenols, terpenes, steroids, resin acids, rosin, waxes, etc. These

chemicals exist as monomers, dimers, and polymers. They derive their name as
chemicals that are removed by one of severa extraction procedures.

2. SAMPLING PROCEDURE

In reporting the chemical content of a plant, it is very important to report as
much information about the samples as possible. Since the chemical content of a
given species may vary depending upon the growing conditions, harvesting times
of the year, etc., it iscritical to report these conditions along with the chemical
analysis. It is also important to report the exact analytical conditions and procedures
used. Thisway, it may be possible to reproduce the results by other workersin
different laboratories. Without this information, it is not possible to compare data
from different laboratories.

The following information should accompany each chemical analysis.

(1) Source of the plant

(a) Place of the growth

(b) Year of the growth

(c) Age of the plant

(d) Condition of the soil and fertilizers applied
(2) Sampling

(a) Different anatomical parts

(b) Degree of biological deterioration if any

(c) Samplesize

(d) Drying method applied

(e) Time of year the sample was taken
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(3) Analytical procedure used
(4) Reporting technique

All of the above mentioned criteria could contribute in one way or another toward
variations in chemical analyses. Every criterion is as important as the other.

3. ANALYTICAL PROCEDURES
3.1 Extraction
3.1.1 Scope and Summary
Plant materials = Extractives + holocellulose + lignin + inorganic (ash)

This method describes a procedure for extraction of non-wood fiber for further
analysis, such as holocellulose, hemicellulose, cellulose, and lignin analysis.

Neutral solvents, water, toluene or ethanol, or combinations of solvents are
employed to remove extractives in agro-based fibers. However, other solvents rang-
ing from diethyl ether to 1% NaOH, etc. could be applied according to the nature
of extractives.

3.1.2 Sample Preparation

It is highly recommended to have a fresh sample. If not, keep the samplein a
refrigerator to avoid fungal attack. Peel off the bark from the stem and separate the
sample into component parts. Dry samples are oven dried for 24 hours (usualy at
105°C) before milling. Wet samples can be milled while frozen in order to prevent
oxidation or other undesirable chemical reactions. Samples are ground to pass 40

mesh (0.40 mm) using a Wiley Mill.
3.1.3 Apparatus

- Buchner funnel
- Extraction thimbles, ASTM 170-220 or Pyrex ™ 33950-MEC E or-MC.

- Extraction apparatus, extraction flask, 500 mL, Soxhlet extraction tube

- Heating device, heating mantle or equivalent

- Bailing chips, glass beads, boilers or any inert granules for taming boiling action
- Chemical fume hood

- Vacuum oven

3.1.4 Reagents and Materials

- Ethanol (ethyl acohol), 200 proof ethanol

- Toluene, reagent grade
- Toluene—ethanol mixture, mix one volume of ethanol and two volumes of toluene
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3.1.5 Procedures

Weigh 2-3 g of sample into severa covered (yet ventilated) preweighed extrac-
tion thimbles. Place the thimbles in a vacuum oven not hotter than 45°C for 24 h,
or to a constant weight. Cool the thimbles in a desiccator for one h and weigh. Then,
place the thimbles in Soxhlet extraction units. Place 200 mL of the toluene—ethanol
mixture* in a 500 ML round bottom flask with several boiling chips to prevent
bumping. Carry out the extraction in a well ventilated chemica fume hood for 24
h, keeping the liquid boiling so that siphoning from the extractor is no less than four
times per h. After extraction with the toluene:ethanol mixture, take the thimbles out
of the extractors, drain the excess solvent, and wash the samples with ethanol. Place
them in the vacuum oven overnight at temperatures not exceeding 45°C for 24 h.
When dry, remove them to a desiccator for one h and weigh. Generally, the extraction
is complete at this stage; however, the extractability depends upon the matrix of the
sample and the nature of extractives. Second and third extractions using a different
polarity of solvents may be necessary. Browning (1967) suggests 4 h of successive
extraction with 95% alcohol. TAPPI Standard T 264 (TAPPI, 1988) designates two
successive extractions, 4 h with ethanol, followed with distilled water for 1 hour.

Pettersen et al. (1991) extracted pine samples with acetone/water, followed by the
toluene—ethanol mixture.

3.2 Ash Content

3.2.1 Scope

The ash content of fiber is defined as the residue remaining after ignition at 575°
+ 25° C (1067° + 5°F) for 3 h, or longer if necessary to burn off al the carbon. It
isameasure of mineral saltsin the fiber, but it is not necessarily quantitatively equal
to them. Fiber, like wood and pulp, is ashed at a lower temperature than paper
(925°C) to minimize the volatilization of inorganic compounds.

3.2.2 Sample Preparation

Obtain a representative sample of the fiber, preferably ground to pass a 40-mesh
screen. Weigh, to 5 mg or less, a specimen of about 5 g of moisture-free fiber for
ashing, preferably in duplicate. If the moisture in the sample is not known, determine
it by drying a corresponding specimen to constant weight in avacuum oven at 105

+ 3°C.
3.2.3 Apparatus

- Crucible. A platinum crucible or dish with lid or cover is recommended. If platinum
is not available, silica may be used.

* OSHA Standard for occupational exposure to Benzene is 29CFR 1910.1028 which became effective
as of 12/10/87. Benzene is an OSHA regulated chemical and no longer used due to the health hazard.
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.Analytical balance with a sengitivity to 0. mg.
. Electric muffle furnace adjusted to maintain a temperature of 575 * 25°C.

3.2.4 Procedure

Carefully clean the empty crucible and cover, and ignite them to constant weight
in a muffle furnace at 575 + 25°C. After ignition, cool dightly and place in a
desiccator. When cooled to room temperature, weigh the crucible and cover on the
analytical balance.

Place all, or as much as practicable, of the weighed specimen in the crucible.
Bum the fiber directly over alow flame of a Bunsen burner (or preferably on the
hearth of the furnace) until it iswell carbonized, taking care not to blow portions
of the ash from the crucible. If a sample tends to flare up or lose ash during charring,
the crucible should be covered, or at least partially covered during this step. If the
crucible is too small to hold the entire specimen, gently burn the portion added and
add more as the flame subsides. Continue heating with the burner only aslong as
the residue burns with aflame. Place the crucible in the furnace at 575 + 25°C for
aperiod of at least 3 h, or longer if needed, to burn off al the carbon.

When ignition is complete, as indicated by the absence of black particles, remove
the crucible from the furnace, replace the cover and allow the crucible to cool
somewhat. Then place in adesiccator and cool to room temperature. Reweigh the
ash and calculate the percentage based on the moisture-free weight of the fiber.

3.2.5 Report

Report the ash as a percentage of the moisture-free fiber to two significant figures,
or to only one significant figure if the ash is less than 0.1%.

3.2.6 Precision

The results of duplicate determinations should be suspect if they differ by more

than 0.5 mg.
Additiona Information

1. Since the ignition temperature affects the weight of the ash, only values obtained
at 575 £+ 25°C should be reported as being in accordance with this method.

2. In this procedure, the temperature of ignition has been specified at 575 + 25°C,
the same as given in TAPPI Standard T 211, “Ash in pulp.”

3. Similar Method: Australia, APPITA, P 3m.
Related Methods: ASTM D 1102; Canadian, C.P.P.A., G-10.

4. Porcelain crucibles can also be used in most cases for the determination of ash.

5. Specia precautions are required in the use of platinum crucibles; alist of rulesto
follow is given by Pierce and Haenish (1948).

6. If the fiber ash isto be analyzed to determine its various constituents, wet ashing
isrecommended by Phifer (1957).

7. Dataon the volatility of some ash constituents of wood pulp are reported by Bethge
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(1960). They report significant losses in sodium, calciums, irons and copper at
temperatures of more than 600°C.

3.3 Preparation of Holocellulose (Chlorite Holocellulose)

3.3.1 Scope

Holocellulose is defined as a water-insoluble carbohydrate fraction of plant
materials. According to Browning (1967) there are three ways of preparing holocel-
lulose and their modified methods: (1) Chlorination method (also ASTM Standard
D1104); (2) Modified chlorination methods; and (3) Chlorine dioxide and chlorite
methods. The standard purity of holocellulose is checked following lignin analysis.

3.3.2 Sample Preparation

The sample should be extractive and moisture free and prepared after procedure

3.1. If Procedure 3.1 is skipped for some reason, the weight of the extractives should
be accounted for in the calculation of holocellulose.

3.3.3 Apparatus

.Buchner funnel
.250 mL Erlenmeyer flasks

.25 mL Erlenmeyer flasks
.Water bath

.Filter paper
- Chemical fume hood

3.3.4 Reagents

- Acetic acid, reagent grade
- Sodium chlorite, NaClO,, technical grade, 80%

3.3.5 Procedure

To 2.5 g of sample, add 80 mL of hot distilled water, 0.5 mL acetic acid, and
1 g of sodium chloritein @250 mL Erlenmeyer flask. An optiona 25 mL Erlenmeyer
flask isinverted in the neck of the reaction flask. The mixture is heated on a water
bath at 70°C. After 60 min, 0.5 mL of acetic acid and 1 g of sodium chlorite are
added. After each succeeding hour, fresh portions of 0.5 mL acetic acidand 1 g
sodium chlorite are added with shaking. The delignification process degrades some
of the polysaccharides, and the application of excess chloriting should be avoided.
Continued reaction will remove more lignin but hemicellulose will also be lost
(Rowell, 1980).

Addition of 0.5 mL acetic acid and 1 g of sodium chlorite is repeated until the
fibers are completely separated from lignin. It usually requires 6 h of chloriting, and



96 PAPER AND COMPOSITES FROM AGRO-BASED RESOURCES

the sample can be left without further addition of acetic acid and sodim chlorite
in the water bath overnight. At the end of 24 h of reaction, cool the sample and filter
the holocellulose on filter paper using a Buchner funnel until the yellow color (the
color of holocellulose is white) and the odor of chlorine dioxide are removed. If the
weight of the holocellulose is desired, filter the holocellulose on atarred fritted disc
glass thimble, wash with acetone, vacuum-oven dry at 105°C for 24 h, placein a
desiccator for an hour and weigh. The holocellulose should not contain any lignin
and the lignin content of holocellulose should be determined and subtracted from
the weight of the prepared holocellul ose.

3.4 Preparation of a -Cellulose (Determination of Hemicellulose)
3.4.1 Scope

The preparation of a -cellulose is a continuous procedure from Procedure 3.3.5
in pursuit of the ultimately pure form of fiber. The terms; a -cellulose, b -cellulose,
g-cellulose, cellulose, cellulose |, cellulose 11, cellulose 111, cellulose 1V, cellulose
V are defined in ASTM 1695-77. The term hemicellulose was introduced by Schulze
[Schulze, E. Ber., 24, 2274(1891)] and defined as the cell-wall components that are
readily hydrolyzed by hot dilute mineral acids, hot dilute alkalies, or cold 5% sodium
hydroxide.

3.4.2 Principle of Method

Extractive-free, lignin-free holocellulose is treated with sodium hydroxide and
then with acetic acid, with the residue defined as a -cellulose. Thus the last fraction
gives the hemicellulose content.

3.4.3 Apparatus

A thermostat or other constant-temperature device will be required that will
maintain atemperature of 20 £ 0.1°C in a container large enough to hold a row of
at least three 250 mL beakers kept in an upright position at all times.

Filtering Crucibles of Alundum™ or fritted glass thimbles of medium porosity.

3.4.4 Reagents

 Sodium hydroxide solution, NaOH, 17.5%, and 8.3%
 Acetic acid, 10%, mix one part by weight of glacial acetic acid with nine parts of
distilled water.

3.4.5 Procedure

-« Weigh out about 2 g of vacuum-oven dried holocellulose and place into a 250-mL
glass beaker provided with a glass cover. Measure 25 mL of 17.5% NaOH solution
in a graduated cylinder. and maintain at 20°C.
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- Add 10 mL of 17.5% NaOH solution to the holocellulose in the 250-mL beaker,
cover with a watch glass, and maintain at 20°C in the water bath. Manipulate the

holocellulose lightly with a glass rod with the flat end so that all of the specimen
becomes soaked with the NaOH solution.

- After 2 min, manipulate the specimen with the glass rod by pressing and stirring
until the particles are separated from one another. After the addition of the first
portion of 17.5% NaOH solution to the specimen, at 5 minintervals, add 5 mL
more of the NaOH solution and thoroughly stir the mixture with the glass rod,
until the NaOH is gone.

- Allow the mixture to stand at 20°C for 30 min, making the total time for NaOH
treatment 45 min.

- Add 33 mL of distilled water at 20°C to the mixture. Thoroughly mix the contents
of the beaker and alow to stand at 20°C for 1 h before filtering.

- Falter the cellulose with the aid of suction into the tarred, alkali-resistant Alundum
or fitted-glass crucible of medium porosity.

- Transfer all the holocellulose residue to the crucible, and wash with 100 mL of
8.3% NaOH solution at 20°C. After the NaOH wash solution has passed through
the residue in the crucible, continue the washing at 20°C with distilled water,
making certain that all particles have been transferred from the 250-mL beaker to
the crucible. Washing the samplein the crucible is facilitated by releasing the
suction, filling the crucible to within 6 mm of the top with water, carefully breaking
up the cellulose mat with aglass rod to separate any lumps present, and again
applying suction. Repeat this step twice. The combined filtrate at this stage of the
procedure may be set aside for the determination of b -cellulose.

Pour 15 ML of 10% acetic acid (at room temperature) into the crucible, drawing the
acid into the cellulose by suction but, while the cellulose is still covered with acid,
release the suction. Subject the cellulose to the acid treatment for 3 min from the
time the suction is released, then apply suction to draw off the acetic acid. Without
releasing the suction, fill the crucible amost to the top with distilled water at 20°C
and allow to drain completely. Repeat the washing until the cellulose residue is free
of acid as indicated by litmus paper. Give the cellulose a final washing by drawing,
by suction, an additional 250 ML of distilled water through the cellulose in the
crucible. Dry the crucible on the bottom and sides with a cloth and then, together
with the weighing bottle in which the sample was originally weighed, place it
overnight in a vacuum oven to dry at 100-105°C. Cool the crucible and weighing
bottle in a desiccator for 1 h before weighing.

3.4.6 Calculation and Report

Calculate the percentage of a -cellulose on the basis of the oven-dry holocellulose
sample:

c-cellulose, percent = (W2/WI) x 100

W2 = weight of the oven-dry a -cellulose residue
W1 = weight of the original oven-dry holocellulose sample.
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3.5 Preparation of Klason Lignin
3.5.1 Scope

Klason lignin gives a quantitative measure of lignin and is not suitable for the
study of lignin structures and some other lignins such as cellulolytic enzyme lignin,
or Bjorkman (milled wood lignin) should be prepared (Sjostrém, 1981) for the
study of lignin structure. About 10-15% of Klason lignin of non-wood sources
could be protein, and the protein content should be subtracted from the Klason
lignin value applying the Kjeldahl procedure (Procedure 3.6). This procedureis a
modified version of TAPPI T222 acid-insoluble lignin in wood and pulp (TAPPI,
T-222, 1988). The lignin isolated using this procedure is also called sulfuric acid
lignin.

3.5.2 Apparatus

- Autoclave

- Buchner funnel

- 100 mL centrifuge tube, Pyrex™ 8240

- Desiccator

- Glassrods

- Water bath

- 60 mL syringe

- Glass fiber filter paper, Whatman Cat. No. 1827-021, 934-AH
- Glass microfiber filter, 2.1 cm

3.5.3 Reagents

Sulfuric acid, H,SO,, 72% and 4% by volume
Fucose, 24.125% in 4% H,SO,[w/w]

3.5.4 Procedure

Prepare samples by Procedure 3.1.5 and dry the sample at 45°C in a vacuum
oven overnight. Accurately weigh out approximately 200 mg of ground vacuum-
dried sample into a 100 mL centrifuge tube. To the sample in a 100 mL centrifuge
tube, add 1 mL of 72% (w/w) H,SO,for each 100 mg of sample. Stir and disperse
the mixture thoroughly with a glass rod twice, then incubate the tubes in a water
bath at 30°C for 60 min. Add 56 mL of distilled water (use a 60-mL syringe). This
results in a 4% solution for the secondary hydrolysis. Add 1 mL fucose internal
standard (this procedure is required only if five sugars are to be analyzed by HPLC
as apart of the anaysis).

Autoclave at 121°C, 15 psi, for 60 min. Remove the samples from the autoclave
and filter off the lignin, with glass fiber filters (filters were rinsed into crucibles,
dried and tarred) in crucibles using suction, keeping the solution hot. Wash the
residue thoroughly with hot water and dry at 105°C overnight. Move to a desiccator,
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and let it sit 1 h and weigh to five places. Calculate Kason lignin content from
weights.

3.5.5 Interference by Protein in Klason Lignin Determinations

Condensation reactions involving protein can cause artificialy high Klason lignin
measurements when tissues containing significant protein contents are analyzed, as
in the case of non-wood fibers.

The Forest Products Laboratory (FPL) conducted a study (1994) on protein
content as a function of growth on kenaf. A trend is apparent: although mature kenaf
contains less protein, a greater percentage of this protein is condensed by acid
hydrolysis than that of the younger kenaf. Asa result, the positive interference from
protein remains significant even in the less proteinaceous mature samples. It is
reasonabl e to assume that the same proteins are condensed in samples harvested at
either sample time. The ratio of structural protein to total protein increases with
increasing maturity. A final note in this regard: hot acid detergent (Goering and Van
Soest, 1970) extracted hay gave a protein of 4.3% as compared to 18.5% for raw
hay. The initial impression might be that positive interference from. protein is thereby
substantially reduced. However, structural proteins are the most likely candidates to
be resistant to extraction. Thus, if structura proteins do tend to condense under acid
hydrolysis conditions, the outcome for hot acid detergent extracted materials may
be similar to that of the more mature kenaf samples.

3.6 Nitrogen Content
3.6.1 Protein Determination by Kjeidahl Method

3.6.1.1 Scope

An FPL study on kenaf showed that by separate Kjeldahl (1883) analysis, 32%
of nitrogen was found in Klason lignin and 68% in the hydrolysate of acid hydrolysis.
Investigators at the USDA, Dairy Forage Laboratory developed (Goering and Soer,
1970) the acid-detergent lignin procedure where the detergent removed the protein
and other acid-soluble materials that would interfere with the lignin determination.
Further study is desired in this area.

This Kjeldahl method was modified at FPL (Moore and Johnson, 1967) in 1967,
and further modification was achieved in 1993 for use in determination of the amine
and amide nitrogen content in nonwood fibers. The organic compound is digested
with concentrated sulfuric acid, which converts combined nitrogen into ammonium
sulfate. The solution is then made alkaline. The liberated ammonia is then distilled,
and the amount determined by titration with standard acid. It is directly applicable
to amines and amides but not to nitro-, 8zo-, and azoxy-compounds. These |atter
compounds must be reduced (Zn-Hg amalgam and acid or salicylic acid, sodium
thiosulfate and acid) before the Kjeldahl treatment. The protein content is then
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obtained by multiplying the percent nitrogen in an aliquot of fiber by an empirical
factor of 6.25.

3.6.1.2 Sample Preparation

Prepare samples by Procedure 3.1 and place in avacuum oven at 45°C overnight.
Place the sample in a desiccator prior to actual chemical analysis. A quality control

sample of bL-Norvaline (%N = 11.96%) and a blank sample should be carried out
through this entire procedure.

3.6.1.3 Apparatus

- Burette, 10, 25, or 50 mL

- Desiccator

- Erlenmeyer flask, 250 mL

- Micro—Kjeldahl digestion apparatus

- MicroKjeldahl digestion rack, Labconco 7053-S10

- Heating element, Labconco 7053-S10

- Kjeldahl flasks, 30 mL, 100 mL, or 125 mL, Pyrex™ and Kimax
- MicroKjeldahl distilling apparatus, Thomas Scientific

- Micro—Kjeldahl distilling unit, 7052-J10

- Ditilling unit, 7052-J20

- Steam generator, ASTM, 7052-J30

Immersion heater, ASTM, 7052-J40

Note See ASTM E 147 for detailed dimensions of the apparatus.

3.6.1.4 Reagents

- Boric acid, H,BO,

- Copper sulfate, CuSO,5H,0

- Hydrochloric acid, HCI, 0.01 N

- Mixed indicator (Place 200 mg of bromocresol green and 40 mg of methyl red in
100 mL volumetric flask. Dissolve and fill up to mark with 95% ethanol.)

- pL-Norvaline, 99%, Aldrich 85,162-0

- Potassium sulfate, K,SO,

- Sodium carbonate, NaCO,

- Sodium hydroxide, NaOH

- Sulfuric acid, H,SO,

- Sodium thiosulfate, anhydrous, Na,S,0,

- Mercury (1) oxide, red, HgO

3.6.1.5 Procedure

Digestion: Weigh approximately 100 mg of sample to the nearest 0.1 mg into
30 mL Kjeldahl flask. Add 5 g of K.SO,per gram of sample and 250 mg CuSO5H,0
per gram of sample to each flask. Next, add 10 mL of conc. H,SO, per gram of
sample. Place specimens on low heat at first and cook until all black carbon has
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disappeared and the solution appears tint in color. Kenaf fiber requires about 2 h for
complete digestion, while 10 mg of pL-Norvaline should be fully digested within 1 h.

Note: the weight of sample should be adjusted depending upon the nitrogen
content followed by the size of Kjeldahl flask. More sulfuric acid may be
needed and distilled water may be added to rinse the sample. For nitro-, azo-
or azoxy-compounds: 1 ML 5% sdicylic acid in H,SO,and wait 30 min, add
100 mg Na,S,O,wait 10-15 min and proceed with digestion. For amine and
amide compounds: skip the step above and start with 650 mg of K,SO,, 16
mg of HgO, 1 ML of H,S0, proceed with digestion.

Digtillation and Titration: Close the upper stopcock (sample stopcock), open
the lower (vacuum) stopcock and pull distilled water, from alarge beaker submerged
to the condenser tip, by suction and close the lower stopcock. Open the upper
stopcock and fill the still with distilled water. Repeat this process until approximately
1-2 liters of water have been washed through the entire system. The lower drain
spout is connected to an aspirator via a water trap, and waste water is removed after
the rinsing. Add 5 ML of 4% boric acid and 5 drops of the mixed indicator to a
250 ML Erlenmeyer flask. Dilute with 20 mL of distilled water (the solution should
be green) and submerge the tip of the condenser in the solution. Open the upper
stopcock and quantitatively transfer the digested sample from the Kjeldahl flask to
the still. Also rinse the filling cup to insure the complete transfer (Caution: when
rinsing, the flask will become hot and sulfuric acid fumes may be emitted). Close
the upper stopcock and fill the cup with 28 ML of 40% NaOH. If the filling cup
cannot hold the full volume of NaOH, open the stopcock dlightly and transfer the
remaining NaOH to the cup. Close the stopcock immediately once the NaOH has
completely drained. Replace the rubber stopper and plug in the heating cail.

Distill until the volume in the Erlenmeyer flask has doubled. The solution should
be blue in color. Lower the flask and rinse the condenser tip. Remove the rubber
stopper and turn off the heating coil. Allow the sample to cool. Titrate the distillate
from blue to a green endpoint with the standardized 0.01N HCIl solution. Calculate
the percent of nitrogen in the sample as follows:

mL HCI (sample — blank) X (normality of HCI) 14.0067 x 100
sample weight in mg

%N =

% Protein = 6.25 X %N

3.7 Determination of Methoxyl Groups
3.7.1 Scope

Methoxyl groups (-OCH.,) are present in the lignin and polysaccharide portions
of plants. Methoxyl groups occur in lignin and lignin derivatives as side chains of
aromatic phenylpropanes and in the polysaccharides mainly as methoxy-uronic
acids. Methoxyl content is determined by some modification of the origina method
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of Zeisel (1886) and an instrument method such as gas chromatography, HPLC
or infrared. Thisis a modified version of ASTM, D1166-84, Standard Test Method
for Methoxyl Groupsin Wood and Related Materials (ASTM, 1960), TAPPI T 2
wd-72 Methoxyl Group in Wood, and T 209 wd-79 Methoxyl Content of Pulp and
Wood (TAPPI, 1988). Related materials can be found in the following references:
Friedrich (1927), Clark (1929), Viebtck and Schwappach (1930), Peniston and
Hibbert (1939), Bailey (1942), and Samsel (1942).

3.7.2 Principle of Method

In the original method of Zeisel (1886), the methyl iodide was absorbed in an
alcoholic solution of silver nitrate. The solution was diluted with water, acidified
with nitric acid, and boiled. The silver iodide was removed by filtration, washed,
and weighed in the manner usual for halide determinations. A volumetric modifica-
tion is based on absorption of the methyl iodide in a known volume of standard
slver nitrate solution and titration of the unused silver nitrate with standard potas-
sium thiocyanate solution (ferric alum indicator solution). In this procedure, the
methyl iodide is collected in an acetic acid solution of potassium acetate containing
bromine.

CH,I + Br, — CH,Br + IBr

IBr + 2Br, + 3H,0 — HIO; + SHBr

The excess bromine is destroyed by addition of acid, and the iodate equivalent of
the origina methoxyl content is determined by titration with sodium thiosulfate of
theiodine liberated in the reaction

HIO, + SHI — 31, + 3H,0

One methoxyl group is equivalent to six atoms of iodine and, consequently, a
favorable analytical factor is obtained.

3.7.3 Sample Preparation

The sample is dried, ground, and extracted accordingly prior to the actual analysis
taking place.

3.7.4 Apparatus

.Reaction flask

.Heat source-A micro burner
.Vertical air-cooled condenser
. Scrubber

.Absorption vessels
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3.7.5 Reagents

Bromine, liquid

Cadmium sulfate solution—dissolve 67.2 g of CdSO—4H,0in 1L of water.
Carbon dioxide gas

Formic acid, 90%

Hydroiodic acid

Phenal

Potassium acetate solution in acetic acid—anhydrous potassium acuate (100g) is
dissolved in 1 L of glacial acetic acid
Potassium iodide solution-dissolve 100 g of KI in water and diluteto 1 L

Sodium acetate solution—dissolve 415 g of sodium acetate trihydrate in water and
diluteto1L

Sodium thiosulfate solution (0.1N)—Dissolve 25 g of Na,S,0,-H,0O in 200 mL of
water and diluteto 1 L

Starch indicator solution (10 g/L)
Sulfuric acid—Mix one volume of H,SO,(sp gr 1.84) with nine volumes of water

3.7.6 Procedure

Weigh the sample (about 100 mg of fiber or 50 mg of lignin) accurately in a
gelatin capsule and place with the capsule in the reaction flask. Place in the reaction
flask 15 ML of HI, 7 g of phenol, and a boiling tube. Place in the scrubber a mixture
of equal volumes of CdSO, solution and Na,S,0,. The volume of solution should
be adjusted so that the inlet tube of the scrubber is covered to a depth of about 4
mm. Adjust the flow of CO,to about 60 bubbles per minute through the scrubber.
Bring the contents of the flask to reaction temperature. Adjust the rate of heating so
that the vapors of the boiling HI rise about 100 mm into the condenser. Heat the
flask at reaction temperature for 30—45 min, or longer if necessary, to remove
methoxyl-containing substances or other interfering substances that usualy are
present in the reagents.

Let the distilling flask cool below 100°C. In the meantime, add to 20 ML of the
potassium acetate solution about 0.6 mL of bromine, and mix. Add approximately
15 mL of the mixture to the first recelver and 5 mL to the second, and attach the
receiver to the apparatus. Seal the ground-glass joint with a small drop of water
from aglass rod.

Remove the distilling flask and introduce the test specimen. Immediately recon-
nect the flask and seal the ground-glass joint with a drop of molten phenol from a
glass rod. Bring the contents of the flask to reaction temperature while passing a
uniform stream of CO,through the apparatus. Adjust the rate of heating so that the
vapors of the boiling HI rise about 100 mL into the condenser. Continue the heating
for atime sufficient to complete the reaction and sweep out the apparatus. Usually,
not more than 50 min are required.

Wash the contents of both recelversinto a 250-ML Erlenmeyer flask that contains
15 mL of sodium acetate solution. Dilute with water to approximately 125 mL, and
add 6 drops of formic acid. Rotate the flask until the color of the bromine is
discharged, then add 12 more drops of formic acid and alow the solution to stand
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for 1 to 2 min. Add 10 mL of KI solution and 10 mL of H,SO,, and titrate the
liberated iodine with Na,S,O,solution, adding 1 mL of starch indicator solution just
before the end point is reached, continuing the titration to the disappearance of the
blue color.

3.7.7 Calculation and Report
Methoxyl, % = (VN x 31.030 x 100)/(G x 1000 x 6) = (VN/G) x 0.517

V = milliliters of Na,S,0, solution required for the titration,
N = nomality of Na,S,0, solution, and
g = grams of moisture-free sample.

3.8 Determination of Acetyl by Gas-Liquid Chromatography (GLC)
3.8.1 Scope

The aiphatic acyl groups in woods and grasses are acetyl and formyl groups
which are combined as 0 -acyl groups with the polysaccharide portion. There are
basically three ways of determinations: (1) Acid hydrolysis-sample is hydrolyzed
to form acetic acid; (2) Saponification—acetyl groups are split from polysaccharides
with hot alkaline solution and acidified to form acetic acid; and (3) Transesterifica-
tion—sampleis treated with methanol in acid or alkaline solution to form methyl
acetate; acetic acid and methyl acetate are analyzed by gas chromatography.

This procedure is an application of saponification.

CH,COOR + 3NaOH — 3CH,COONa
CH,COONa + H* — CH,COOH

3.8.2 Sample Preparation

Weigh an oven-dried sample in a long handled weighing tube and transfer it to
an acetyl digestion flask and add four boiling chips. Pipette 2 mL 1 N NaOH solution
to wash down the neck of the flask. Connect the reaction flask to a water cooled
reflux condenser. Reflux for 1 h, heating the flask in a phosphoric acid bath with a
Bunsen burner. Pipette 1 mL of propionic acid (internal standard) into a 10-mL
volumetric flask. Quantitatively transfer the liquid from the reaction flask to the
volumetric. Wash the reaction flask and the solid residue with severa portions of
distilled water. Add 0.2 mL of 85% phosphoric acid and make to volume with
distilled water. This solution may be filtered through a small plug of glass wool to
remove solid particles.

Analyze the sample by GLC and determine the average ratio. Milligrams of
acetic acid are determined from the calibration curve.
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3.8.3 Reagents

Internal Standard Stock Solution: Weigh 25.18 g of 99+% propionic acid in 500
mL volumetric flask, make to volume with 2% formic acid. Internal Standard
Solution: Pipette 10 M-L stock solution into a 200-mL volumetric flask; make to
volume with distilled water.

Acetic Acid Standard Solution: Weigh 100 mg 99.7% glacial acetic acid into a
100-ML volumetric flask; make to volume with distilled water.

NaOH Solution 1 N: Weigh 4 grams NaOH; dissolve in 100 mL distilled water.

3.8.4 Gas Chromatography

Column: Supelco 60/80 Carbopack C/0.3% carbowax 20M/0.1% H,PO,— 3 ft-
1/4 inch O. D. and 4 mm I. D.; Oven temperature 120°C; Injection port 150°C;
F.I.D. 175°C; Nitrogen 20 mL/min.

The ratio of the area is determined by dividing the peak area of the acetic acid
by the area of the propionic acid (internal standard).

The average of the ratios is used to determine mg/mL of acetic acid from the
calibration curve.

Preparation of a Calibration Curve: Pipette 1,2,4,6, and 8 mL of standard
acetic acid solution into 10-mL volumetric flasks. Pipette 1 mL of propionic acid
internal standard into each sample, then add 0.2 mL 85% phosphoric acid. Make to
volume with distilled water. Analyze each solution six times by GLC. Calculate the
ratios by dividing the peak area of the acetic acid by the peak area of the propionic
acid (internal standard). Plot the average ratios against milligrams per milliliter of
acetic acid. The results may be reported as acetic acid:

g/, Acctic acid found X W0mL 45 _ g7 A ceric acid or as Acetyl

sample weight (mg)

72
mo/mlL found x lOrr%L x 0.7172 % 100 = %Acetyl
- sample weight (mg)

4. CHEMICAL PROPERTIES OF FIBERS

The following table is a compilation of the chemical composition of some non-
wood and wood materials. The data include different anatomical parts of the non-
wood plants such as bast fibers, cortex, etc. It should be known that this data was
collected from different timesin different places using a variety of analytical pro-
cedures. The lignin contents of non-wood materials are generally lower than those
of woods, but the pentosan and extractive contents are higher.

According to an FPL study on kenaf, the lignin content increases whereas the
extractive content decreases as a function of growth. Extractive content of cores
could be as much as twice of the bast fibers within the given plant. The extractives
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content could be twice that of at the top of the plant than at the bottom of the plant
in both core and fiber. Details of variations based on growth were seen in Chapter
2. The general sources of variations on chemical compositions can be outlined as
follows.

(1) Location—a growing season for an annual plant could be anywhere between 80 to
200 days. The height of kenaf could reach from 1 m to 3 m per year.

2) Cultivars—different varieties of species. Tainung grows tallest.

3) Conditions, types of sil, fertilizer applied, moisture, temperature, etc.

4) Sampling procedure-top of the plant vs. bottom.

(
%
(5) Analytical procedure
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