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This chapter includes overall chemical composition of
wood, methods of analysis, structure of hemicellulose
components and degree of polymerization of carbohy-
drates. Tables of data are compiled for woods of several
countries. Components include: cellulose (Cross and
Bevan, holo-, and alpha-), lignin, pentosans, and ash.
Solubilities in 1% sodium hydroxide, hot water, ethanol/
benzene, and ether are reported. The data were col-
lected at Forest Products Laboratory (Madison, Wis-
consin) from 1927-68 and were previously unpublished.
These data include both United States and foreign
woods. Previously published data include compositions
of woods from Borneo, Brazil, Cambodia, Chile, Co-
lombia, Costa Rica, Ghana, Japan, Mexico, Mozam-
bique, Papua New Guinea, the Philippines, Puerto Rico,
Taiwan, and the USSR. Data from more detailed anal-
yses are presented for common temperate-zone woods
and include the individual sugar composition (as glucan,
xylan, galactan, arabinan, and mannan), uronic anhy-
dride, acetyl, lignin, and ash.

THE CHEMICAL COMPOSITION of wood cannot be defined pre-
cisely for a given tree species or even for a given tree. Chemical
composition varies with tree part (root, stem, or branch), type of
wood (i. e., normal, tension, or compression) geographic location, cli-
mate, and soil conditions. Analytical data accumulated from many
years of work and from many different laboratories have helped to
define average expected values for the chemical composition of wood.
Ordinary chemical analysis can distinguish between hardwoods (an-
giosperms) and softwoods (gymnosperrns). Unfortunately, such tech-
niques cannot be used to identify individual tree species because of
the variation within each species and the similarities among many
species. Further identification is possible with detailed chemical anal-
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ysis of extractives (chemotaxonomy). Chemotaxonomy is discussed
fully elsewhere in the literature (1, 2).

There are two major chemical components in wood: lignin (18–
35%) and carbohydrate (65– 75%). Both are complex, polymeric ma-
terials. Minor amounts of extraneous materials, mostly in the form
of organic extractives and inorganic minerals (ash), are also present
in wood (usually 4– 10%). Overall, wood has an elemental composi-
tion of about 50% carbon, 6% hydrogen, 44% oxygen, and trace
amounts of several metal ions.

A complete chemical analysis accounts for all the components of
the original wood sample. Thus, if wood is defined as part lignin,
part carbohydrate, and part extraneous material, analyses for each of
these components should sum to 100%. The procedure becomes
more complex as the component parts are defined with greater detail.
Summative data are frequently adjusted to 100% by introducing cor-
rection factors in the analytical calculations. Wise and coworkers (3)
presented an interesting study on the summative analysis of wood
and analyses of the carbohydrate fractions. The complete analytical
report also includes details of the sample, such as species, age, and
location of the tree, how the sample was obtained from the tree, and
horn what part of the tree. The type of wood analyzed is also impor-
tant; i.e., compression, tension, or normal wood.

Vast amounts of data are available on the chemical composition
of wood. Fengel and Grosser (4) made a compilation for temperate-
zone woods. This chapter is a compilation of data for many different
species from all parts of the world, and includes much of the data in
Reference 4. The tables at the end of this chapter summarize these
data.

Chemical Components

Carbohydrates. The carbohydrate portion of wood comprises
cellulose and the hemicelluloses. Cellulose content ranges from 40
to 50% of the dry wood weight, and hemicelluloses range from 25 to
35%.

CELLULOSE. Cellulose is a glucan polymer consisting of linear
chains of 1,4-β β-bonded anhydroglucose units. (The notation 1,4-ββ
describes the bond linkage and the configuration of the oxygen atom
between adjacent glucose units.) Figure 1 shows a structural diagram
of a portion of a glucan chain. The number of sugar units in one
molecular chain is referred to as the degree of polymerization (DP).
Even the most uniform sample has molecular chains with slightly
different DP values. The average DP for the molecular chains in a
given sample is designated by ~.
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Goring and Timell (5) determined the ~ for native cellulose
from several sources of plant material. They used a nitration isolation
procedure that attempts to maximize the yield while minimizing the
depolymerization of the cellulose. These molecular weight determi-
nations, done by light-scattering experiments, indicate wood cellu-
lose has a ~ of at least 9,000-10,000, and possibly as high as 15,000.
A DP of 10,000 would mean a linear chain length of approximately
5 µm in wood.

The ~ obtained from light-scattering experiments is biased up-
ward because light scattering increases exponentially with molecular
size. The value obtained is usually referred to as the weighted ~
or ~.. The number average degree of polymerization ~.) is usu-
ally obtained from osmometry measurements. These measurements
are linear with respect to molecular size and, therefore, a molecule
is counted equally as one molecule regardless of its size. The ratio
of ~W to ~n is a measure of the molecular weight distribution.
This ratio is nearly one for native cellulose in secondary cell walls of
plants (6). Therefore, this cellulose is monodisperse and contains mol-
ecules of only one size. Cellulose in the primary wall has a lower IJF
and is thought to be polydisperse. (See Reference 7 for a discussion
of molecular weight distribution in synthetic polymers. )

Native cellulose is partially crystalline. X-Ray diffraction exper-
iments indicate crystalline cellulose (Valonia uentricosa) has space
group symmetry P21 with a = 16.34, b = 15.72, c = 10.38 Å, and γγ
= 97.0° (8). The unit cell contains eight cellobiose moieties. The
molecular chains pack in layers that are held together by weak van
der Waals’ forces (Figure 2a). The layers consist of parallel chains of
anhydroglucose units, and the chains are held together by intermo-
lecular hydrogen bonds. There are also intramolecular hydrogen
bonds between the atoms of adjacent glucose residues (Figure 2b).
This structure is called cellulose I.

There are at least three other structures reported for modified
crystalline cellulose. The most important is cellulose II, obtained by
mercerization or regeneration of native cellulose. Mercerization is
treatment of cellulose with strong alkali. Regeneration is treatment
of cellulose with strong alkali and carbon disulfide to form a soluble
xanthate derivative. The derivative is converted back to cellulose and
reprecipitated as regenerated cellulose. The structure of cellulose II
(regenerated) has space group symmetry P2 1 with a = 8.01, b =
9.04, c = 10.36 Å, and γ γ = 117.1°, and two cellobiose moieties per
unit cell (9). The packing arrangement is modified in cellulose II,
and permits a more intricate hydrogen-bonded network that extends
between layers as well as within layers (Figure 3). The result is a
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more thermodynamically stable substance. Evidently, all native cel-
lulose have the structure of cellulose I.

Cellulose is insoluble in most solvents including strong alkali. It
is difficult to isolate from wood in pure form because it is intimately
associated with the lignin and hemicelluloses. Analytical methods of
cellulose preparation are discussed in the section on “Analytical Pro-
cedures. ”

HEMCELLULOSES. Hemicelluloses are mixtures of polysaccha-
rides synthesized in wood almost entirely from glucose, mannose,
galactose, xylose, arabinose, 4-O methylglucuronic acid, and galac-
turonic acid residues. Some hardwoods contain trace amounts of
rhamnose. Generally, hemicelluloses are of much lower molecular
weight than cellulose and some are branched. They are intimately
associated with cellulose and appear to contribute as a structural
component in the plant. Some hemicelluloses are present in abnor-
mally large amounts when the plant is under stress; e.g., compression
wood has a higher than normal galactose content as well as a higher
lignin content (11). Hemicelluloses are soluble in alkali and easily
hydrolyzed by acids.

The structure of hemicelluloses can be understood by first con-
sidering the conformation of the monomer units (Figure 4). There
are three entries under each monomer in Figure 4. In each entry,
the letter designations D and L refer to a standard configuration for
the two optical isomers of glyceraldehyde, the simplest carbohydrate.
The Greek letters α α and β β refer to the configuration of the hydroxyl
group at carbon atom 1. The two configurations are called anomers.
The first entry is a shortened form of the sugar name. The second
entry indicates the ring structure. Pyranose refers to a six-membered
ring in the chair or boat form and furanose refers to a five-membered
ring. The third entry is an abbreviation commonly used for the sugar
residue in polysaccharides.
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Figure 4. Monomer components of wood hemicelluloses.

Figure 5 shows a partial structure of a common hardwood hemi-
cellulose, O-acetyl-4-O-methylglucuronoxylan. The entire molecule
consists of about 200 β β-D-xylopyranose residues linked in a linear
chain by (1 + 4) glycosidic bonds. Approximately 1 of 10 of the xylose
residues has a 4-O-methylglucuronic acid residue bonded to it
through the hydroxyl at the 2 ring position. Approximately 7 of 10
of the xylose residues have acetate groups bonded to either the 2 or
3 ring position. This composition is summarized in Figure 5 in an
abbreviated structure diagram. Hardwood xylans contain an average
of two xylan branching chains per macromolecule. The branches are
probably quite short (12).

Table I lists the most abundant of the wood hemicelluloses. The
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methods used for the isolation and structural characterization of each
of these materials are beyond the scope of this chapter (13-15).

Lignin. Lignin is a phenolic substance consisting of an irregular
array of variously bonded hydroxy- and methoxy-substituted phe-
nylpropane units. The precursors of lignin biosynthesis are p-cou-
maryl alcohol (I), coniferyl alcohol (II), and sinapyl alcohol (III). I is

a minor precursor of softwood and hardwood lignins; II is the pre-
dominant precursor of softwood lignin; and II and III are both pre-
cursors of hardwood lignin (15). These alcohols are linked in lignin
by ether and carbon–carbon bonds. Figure 6 (15) is a schematic
structure of a softwood lignin meant to illustrate the variety of struc-
tural components. The 3,5-dimethoxy-substituted aromatic ring
number 13 originates from sinapyl alcohol, III, and is present only
in trace amounts (<1%) (16). Figure 6 does not show a lignin-car-
bohydrate covalent bond. There has been much controversy con-
cerning the existence of this bond, but evidence has been accumu-
lating in its support (15, 17).

A structure proposed for hardwood lignin (Fagus silvatica L.) is
similar to that of Figure 6, except that there are three times as many
syringylpropane units as guaiacylpropane units (18). These moieties
are derived from III and II, respectively. The ratio of syringyl to
guaiacyl moieties is often obtained by measuring the relative amounts
of syringaldehyde (3, 5-dimethoxy-4-hy droxybenzaldeh yde) and va-
nillin (4-hydroxy-3-methoxybenzaldehyde) generated as products of
nitrobenzene oxidation of lignin (19). A better method is to determine
the products formed from the two types of moieties on permanganate
oxidation of methylated lignins (20).

Lignin can be isolated by one of several methods. Acid hydro-
lysis of wood isolates Klason lignin, which can be quantified (see
“Analytical Procedures”), but is too severely degraded for use in
structural studies. Björkman’s (21) milled wood lignin procedure
yields a lignin that is much less degraded and is, thus, more useful
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for structural studies. The following are examples of the weight av-
erage molecular weight of lignins isolated by using the milled wood
lignin process: spruce [Picea abies (L.) Karst. ], 15,000; and sweetgum
(Liquidambar styraciflua L.), 16,000 (22). These values are lower
than the molecular weight of the original lignin because fragmenta-
tion of the lignin molecules results from the ball milling procedure.
Lignin for structural studies can also be obtained by enzymatic hy-
drolysis of the carbohydrate (23). Wood is ground in a vibratory ball
mill and then treated with cellulytic enzymes. The isolated lignin
contains 12– 14% carbohydrate.

Methoxyl content is used to characterize lignins. Elemental and
methoxyl analysis of spruce (Picea abies (L.) Karst.) milled wood
lignin indicates a composition C9H 7.92O 2.40(OCH3)0.92 (15, 24). Beech
(Fagus silvatica L.) milled wood lignin has a composition
C 9H 7.49O 2.53( O C H3)1.39 (24). This information helps lignin chemists
understand what precursors were used for the biosynthesis of lignin.
An excellent, comprehensive book on lignin is edited by Sarkanen
and Ludwig (25).

Extraneous Components. The extraneous components (extrac-
tives and ash) in wood are the substances other than cellulose, hemi-
celluloses, and lignin. They do not contribute to the cell wall struc-
ture, and most are soluble in neutral solvents. The detailed chemistry
of wood extractives can be found elsewhere (26). A review of extrac-
tives in eastern U.S. hardwoods is available (27).

Extractives— the extraneous material soluble in neutral sol-
vents —constitute 4– 10% of the dry weight of normal wood of species
that grow in temperate climates. They may be as much as 20% of
the wood of tropical species. Extractives are a variety of organic com-
pounds including fats, waxes, alkaloids, proteins, simple and complex
phenolics, simple sugars, pectins, mucilages, gums, resins, terpenes,
starches, glycosides, saponins, and essential oils. Many of these func-
tion as intermediates in tree metabolism, as energy reserves, or as
part of the tree’s defense mechanism against microbial attack. They
contribute to wood properties such as color, odor, and decay resis-
tance.

Ash is the inorganic residue remaining after ignition at a high
temperature. It is usually less than 1% of wood from temperate zones.
It is slightly higher in wood from tropical climates.

Carbohydrate and Lignin Distribution
Carbohydrates. The morphological parts of the cell wall of a

conifer are shown in Chapter 1, Figure 1b. Most of wood carbohy-
drate is in the massive secondary wall, particularly in S2. Young tra-
cheids have been isolated (28) at various stages of cell wail develop-
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ment, and then the separated fractions were analyzed for the five
wood sugars. Table II lists the results obtained by using this method
on birch (Betula verrucosa Ehrh.) and Scots pine (Pinus sylcestris
L.) (29) fibers. The values are relative and sum to 100% for a given
morphological part. This method has difficulty in distinguishing the
presence of the very thin S3. A tentative volume ratio was determined
for the lignin-free layers of the pine and birch fibers by using pho-
tomicrographs of transverse sections. Taking the proportion to be
middle lamella + primary cell wall (ML + P): S1:S2:S3, the values are
2:10:78:10 for pine fibers (28) and 3:15:76:6 for birch (29). Assuming
the density of the cell wall to be constant, the volume ratios become
a comparison of amounts of polysaccharide in each layer.

Lignin. The distribution of lignin in the different morpholog-
ical regions of wood microstructure has been studied using UV mi-
croscopy (30). In spruce (Picea mariana Mill. ) tracheids, it was de-
termined that 72% and 82% of the lignin was in the secondary cell
walls of earlywood and latewood, respectively (31). The remainder
was located in the middle lamella and cell comers. In birchwood
(Betula papyrifera Marsh.), 71.3% of the lignin was of the syringyl
type and was found in the secondary walls of the fibers (59.9%) and
ray cells (11.4%), An additional 10.9% of the lignin was of the
guaiacyl type and was found in the secondary walls of the vessels
(9.4%) and the vessel middle lamella (1.5%). The remainder (17.7%)
was mixed syringyl- and guaiacyl-type and was in the fiber middle
lamella (32), Caution is needed in interpreting the syringyl/guaiacyl
distribution in hardwood lignins; methoxyl analyses of isolated mor-
phological parts of oak fibers and vessels indicates a rather uniform
syringyl/guaiacyl content (33).

Analytical Procedures

Carbohydrates. There are a number of analytical determina-
tions associated with the carbohydrate portion of wood.

HOLOCELLULOSE. Holocellulose is the total polysaccharide (cel-
lulose and hemicelluloses) content of wood, and methods for its de-
termination seek to remove all of the lignin from wood without dis-
turbing the carbohydrates. The procedure generally used (34) was
adopted as Tappi Standard T9m1 (now useful method 249), and as
ASTM Standard D 1104.2 Extracted wood meal is treated alternately
with chlorine gas and 2-aminoethanol until a white residue (holocel-
lulose) remains. The acid chlorite method is also used (3). T h e

1 Tappi Standards are maintained by the Technical Association of Pulp and paper
Industry, Atlanta, Ga.

2 ASTM standards are maintained by the American Society for Testing Materials.
Philadelphia, Pa.
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product, called chlorite holocellulose, is similar to chlorine holocel-
lulose. The chlorite method removes a fraction more of the hemi-
celluloses than the chlorine method.

ALPHA CELLULOSE . Alpha cellulose is obtained after treatment
of the holocellulose with 17.5% NaOH (see ASTM Standard D 1103).
This procedure removes most, but not all, of the hemicelluloses.

CROSS AND BEVAN CELLULOSE. Cross and Bevan cellulose con-
sists largely of pure cellulose, but also contains some hemicelluloses.
It is obtained by chlorination of wood meal, followed by washing with
3% SO2 and 2% sodium sulfite (Na2SO 3 water solutions. The final
step is treatment in boiling Na2SO3 solution. The absence of a char-
acteristic red (angiosperm) or brown (gymnosperm) color developed
in the presence of chlorinated lignin signals complete lignin removal.
For a discussion of the method and its modifications, see Reference
35.

KÜRSCHKER CELLULOSE. Kürschner cellulose is obtained by re-
fluxing the wood sample three times for 1 h with a 1:4 volume mix-
ture of concentrated nitric acid and ethyl alcohol (37). The washed
and dried residue is weighed as Kürschner cellulose. The product
contains a small amount of hemicelluloses. [The cellulose determined
for the Ghanan and Russian woods (see in Tables VI and XI) is Kürsch-
ner cellulose]. The method is not widely used because it destroys
some of the cellulose and the nitric acid/alcohol mixture is potentially
explosive.

PENTOSAN. Pentosan analysis measures the amount of five-
carbon sugars present in wood (xylose and arabinose residues). Al-
though the hemicelluloses consist of a mixture of five- and six-carbon
sugars (see discussion of hemicelluloses), the pentosan analysis re-
ports the xylan and arabinan content as if the five-carbon sugars were
present as pure pentans. Pentoses are more abundant in hardwoods
than softwoods; the difference is due to a higher xylose content in
hardwoods (see Table XIII for examples).

Tappi standard T 223 outlines the procedure for pentosan anal-
ysis. Briefly, wood meal is boiled in 3.85 N HCl with some NaCl
added. Furfural is generated and distilled into a collection flask. The
furfural is determined calorimetrically with orcinol–iron(III) chloride
reagent. Another method also generates furfural, and the furfural is
determined gravimetrically by precipitation with 1,3,5-benzenetriol.
These and other methods of pentosan analysis are described and
discussed in Browning’s book (36).

CHROMATOGRAPHIC ANALYSIS OF WOOD SUGARS. This analysis re-
quires acid hydrolysis of the polysaccharide to yield a solution mix-
ture of the five wood sugar monomers, i.e., glucose, xylose, galac-
tose, arabinose, and mannose. The solution is neutralized, filtered,
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and the sugars chromatographically separated and quantified. Gen-
erally this method is accepted as the standard of hydrolysis (37). In
this procedure, wood meal is treated with 72% H2SO4 at 30 °C for 1
h to depolymerize the carbohydrates. Reversion products (recom-
bined sugar monomers) are further hydrolyzed in 3% H2SO4 at 120
°C for 1 h. The solution is then filtered, and the solid residue is
washed, dried, and weighed as Klason lignin (see “Lignin” later). The
filtrate is neutralized with barium(II) hydroxide or ion exchange
resin. The individual sugars are separated by paper, liquid, or gas
chromatography (GC). Paper chromatography has been the standard
method for many years and all the individual sugar data and hemi-
cellulose data reported in the tables of this chapter were obtained by
this method [adopted as Tappi Provisional Test Method T 250 (37)].
This method uses a modified form of the Somogyi calorimetric assay
for reducing sugars (38). Timell (39) reports a calorimetric method in
which the reducing sugars are reacted with 2-aminobiphenyl hydro-
chloride. There are many other assay methods for reducing sugars.

Sugar separation by GC requires the preparation of volatile de-
rivatives. Tappi Test Method T 249 pm–75 uses the alditol acetate
derivitization (40). Peracetylated aldonitrile (41) or trimethylsilane
(42, 43) derivatives can also be prepared and separated by GC. Wood
sugar analysis by GC may be useful for specialized problems, but the
derivitization steps make it a time-consuming method for routine
work.

High performance liquid chromatography (HPLC) is currently
the most efficient means for routine separation and quantification of
the five wood sugars (44). In this case, no derivitization is necessary,
and separation is achieved using water as an eluent. Detection is by
a differential refractometer.

URONIC ACID. Uronic acid is determined by measuring carbon
dioxide (CO2) generation when wood is boiled with 12% HCl (45).
Results from this, method may be somewhat high because of CO2

evolution from material containing carboxyl groups other than uronic
acid. A method developed by Scott (46) is rapid and selective. The
sample is treated with 96% H2SO4 at 70 °C, and a product, 5-formyl-
2-furancarboxlic acid, is derived from uronic acids. This compound
reacts selectively with 3,5-dimethylphenol to yield a chromophore
absorbing at 450 nm.

ACETYL CONTENT. The acetyl content of wood is determined by
saponification of the sample in 1 N NaOH, followed by acidification,
quantitative distillation of the acetic acid, and titration of the distillate
with standard NaOH (47). A modification here (Forest Products Lab-
oratory) enables acetic acid determination by using GC with propa-
noic acid as an internal standard. This modification eliminates the
tedious, time-consuming distillation step.
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WOOD SOLUBILITY IN l% NAOH. Wood extraction procedures in
1% NaOH (Tappi Standard T 212) extract most extraneous compo-
nents, some lignin, and low molecular weight hemicelluloses and
degraded cellulose. The percent of alkali-soluble material increases
as the wood decays (48). The extraction is done in a water bath main-
tained at 100 °C.

Lignin. The lignin contents of woods presented in the tables
of this chapter are Klason lignin, the residue remaining after solu-
bilizing the carbohydrate with strong mineral acid. The usual pro-
cedure, as in Tappi Standard T 222 or ASTM Standard D 1106, is to
treat finely ground wood with 72% H2SO4 for 2 h at 20 °C, followed
by dilution to 3% H2SO4 and boiling or refluxing for 4 h. An equiv-
alent but shorter method treats the sample with 72% H2SO4 at 30 °C
for 1 h, followed by 1 h at 120 °C in 3% H2SO 4 (50). In both cases
the determination is gravimetric.

Softwood lignins are insoluble in 72% H2SO4 and Klason lignin
provides an accurate measure of total lignin content. Hardwood lig-
nins are somewhat soluble in 72% H2SO4, and the acid-soluble por-
tion may amount to 10-20% of the total lignin content (51). The acid-
soluble lignin can be determined spectrophotometrically at 205 nm
(51, 52). (Table XIV contains lignin values that add the acid-soluble
component measured at 205 nm to the Klason lignin. Lignin contents
of hardwoods in all the other tables are low).

METHOXYL . Methoxyl groups are determined by a modified
method (53). Methyl iodide is formed by hydrolysis of the methoxyl
groups of wood lignin in hydriodic acid and is distilled under CO2

into a solution of bromine and potassium acetate in glacial acetic acid.
Bromine oxidizes iodide to iodate which is then titrated with standard
thiosulfate. The method is difficult and time-consuming, and some
experience is necessary before satisfactory results can be obtained.
Details are in ASTM Standard D 1166 and Tappi Standard T 209
(withdrawn in November 1979). Additional discussion can be found
in Reference 54.

Extraneous Components
Wood Solubility. The solubility of wood in various solvents is

a measure of the extraneous components content. No single solvent
is able to remove all of the extraneous materials. Ether is relatively
nonpolar and extracts fats, resins, oils, sterols, and terpenes. Ethanol/
benzene is more polar and extracts most of the ether-solubles plus
most of the organic materials insoluble in water. Hot water extracts
some inorganic salts and low molecular weight polysaccharides in-
cluding gums and starches. Water also removes certain hemicellu-
loses such as the arabinogalactan gum present in larch wood (see Ta-
ble I).
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ETHANOL/BENZENE. The solubility of wood in EtOH/benzene
(benzene is a known carcinogen; toluene can be substituted) in a 1:2
volume ratio will give a measure of the extractives content. This
procedure is Tappi Standard T 204 and ASTM Standard D 1107. The
wood meal is refluxed 6-8 h in a Soxhlet flask, and the weight loss
of the extracted, dried wood is measured. Sometimes the lignin,
carbohydrate, and other components are determined on wood that
has been extracted previously with EtOH/benzene (see Table XIII).

DIETHYL ETHER. The solubility of wood in diethyl ether is de-
termined in the same way as EtOH/benzene solubility.

Ash Analysis. Ash analysis is performed according to Tappi
Standard T 15 and ASTM Standard D 1102. In these standards ash
is defined as the residue remaining after dry ignition of the wood at
575 °C, Elemental composition of the ash is determined by dissolving
the residue in strong HNO3 and analyzing the solution by atomic
absorption or atomic emission. The inorganic elemental composition
of wood can be determined directly by neutron activation analysis.
(Table XV contains elemental data using both methods).

Silica (SiO2 content in wood can be determined by treating the
ash with hydrofluoric acid (HF) to form the volatile compound silicon
tetrafluoride (SiF4, The weight loss is the amount of silica in the
ash. Silica is rarely present in more than trace amounts in temperate
climate woods, but can vary in tropical woods from a mere trace to
as much as 990. More than 0.5% silica in wood is harmful to cutting
tools (55).

Moisture Content. The moisture content of wood is deter-
mined by measuring the weight loss after drying the sample at 105
°C. Unless specified otherwise, the percent of all other chemical
components in wood is calculated on the basis of moisture-free wood.
Moisture content is determined on a separate portion of the sample
not used for the other analyses.

Recent Improvements in Techniques
The data reported in this chapter were obtained using standard

methods. The methods are routine but require much care and time.
Some methods have been replaced by better, more efficient methods.
For example, the holocellulose, cellulose, and pentosan tests have
been replaced by the single five-sugar chromatographic test. The
five-sugar test procedure gives more detailed information in a shorter
time. The recent change from paper chromatography to HPLC has
improved the efficiency of this test. The test for Klason lignin remains
in use, as do the acetyl, methoxyl, and uronic acid tests.

Analytical instruments and data processors have helped to re-
move some of the tedium and to shorten analysis time. The result
has been an increase in the number of analyses performed. More
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significant is the detail possible with advanced instruments. For ex-
ample, HPLC can separate and quantitate individual uronic acids.
This provides more detail of hemicellulose composition. The struc-
ture of lignin can be probed further by mass spectrometry and high-
resolution NMR spectrometry. Wood extractives can be isolated and
characterized by capillary GC/mass spectrometry. A new mass spec-
trometer has two or more mass analyzers and eliminates the often
limiting chromatographic separation step.

More systematic wood composition studies are needed in the
future. It would be useful to study the composition of a select number
of prominent species and note the content variability with tree parts,
climate, soil conditions, and age.

Tables of Composition Data
Tables III–XIV are organized geographically and list chemical

composition data for woods from various countries. The data as pub-
lished originally were of interest to the local pulp and paper indus-
tries. This compilation provides a worldwide view of wood compo-
sition. Most of the data were obtained using similar test methods
(Tappi Standards). When it is known that other test methods were
used, the method is footnoted in the tables. Most of the values re-
ported from all sources had one or two figures beyond the decimal
point. Except for the ether solubility and ash values (usually less than
1%), values have been rounded off to the nearest percent because
this reflects the precision of the sampling and assay methods.

The data in Table III have not been published previously. The
same test methods were used for all tree species in Table III. Most
of these methods were developed at the laboratory and were later
adopted as Tappi standards. Tables IV–XII contain similar data ob-
tained in many test laboratories. The three Taiwanese sources contain
data for more than 400 trees. The trees selected for inclusion in Table
X were those described in a book published by the Chinese Forestry
Association (56). Table XII contains data on trees of unrecorded or-
igin. Except for Tectonia grandia, the species reported do not appear
in the other tables.

Tables XIII and XIV present more detailed analyses of woods:
Table XIII contains data on 30 North American species, and Table XIV
contains data on 32 species from the southeastern United States. The
lignin values in Table XIV are the sum of Klason and acid-soluble
lignins. Pectin (Table XIV) is mainly galacturonic acid. It is the mea-
sured total uronic acid value minus the estimated glucuronic acid
value. Glucuronic acid content can be estimated from the xylan con-
tent by assuming a ratio of xylose to 4-O-methylglucuronic acid of
10:1 (see Table I and Figure 5). The reported values of the carbo-
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hydrate components in Table XIV have been adjusted by a hydrolysis-
loss factor. This factor was calculated for each species, such that the
sum of total extractives, lignin, cellulose, hemicellulose, and ash
equals 100%. The hemicellulose components were calculated using
the adjusted value of the five individual sugars and the measured
values for acetyl and uronic acid.

Table VII reports the trace element composition of some woods.
Calcium, potassium, magnesium, and phosphorus are the principal
trace elements in temperate woods. The three tropical woods have
a higher potassium and magnesium content and a lower calcium con-
tent than the temperate woods.

Table XVI is a summary of average wood composition in 13 coun-
tries. The mean, standard deviation, and number of data are tabu-
lated for carbohydrate, lignin, and ash compositions. Hardwoods and
softwoods are separated when both are available. All other values are
only for hardwoods. Be careful comparing values between countries
because techniques and methods vary. For example, the mean hol-
ocellulose content of Costa Rican hardwoods is 78.1%, higher than
that of woods from Brazil (71.7%) and Mexico (67.8%). The holocel-
lulose determined for the Costa Rican hardwoods probably contained
some lignin. The mean value of Taiwanese hardwood holocellulose is
obviousiy high (83.3%) because the means for holocellulose and lignin
sum to 108%.
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