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ABSTRACT

The complexity of the chemical makeup of wood is such that it is very
difficult to define the inter-relationship of the various major components.
This thesis has endeavoured to outline inconsistencies found by various
researchers with respect to C-14 activity measurements on whole wood and
chemical fractions of wood.
Wood chemistry literature has been surveyed extensively in an attempt
to clarify the relationship between the major components of wood from different
tree species.
Many pretreatment techniques used to isolate an uncontaminated chemical
wood fraction for C-14 activity measurements have been described in the liter
ature.

Several of these techniques have been studied with respect to both

fresh and degraded wood in order to compare their efficiency in isolating a
viable chemical fraction which is free of any possible contaminating components.
It has been concluded that, because of the variability in chemical makeup of
wood from different tree species, the only reliable chemical fraction is pure
cellulose.
The problem of solvent retention in wood after extraction processes has
been examined using C-14 labelled solvents, and a method minimizing solvent
retention has been proposed.
The structure of a series of fossil wood samples has been examined using
techniques such as X-ray diffraction spectrometry, and it has been found that
the degree of structural degradation can be measured.

The results are in

conclusive with regard to the categorization of possible degradation mechanisms,
but they indicate that the possibility exists that some categorization may be
obtained from a more detailed study.
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1.

INTRODUCTION

1.1 General Outline
The interpretation of any measurement of C-14 activity can often be
complicated by the fact that the sample's carbon isotopic composition has
been altered.

There are three basic mechanisms by which this could occur

( 1) :

i)

Isotopic exchange with environmental carbon

ii)

Isotopic fractionation as a result of decay

iii)

Contamination with foreign carbon of different C-14
concentration

The aim of this investigation is to examine the major chemical pro
cesses occurring in contemporary wood, and the changes made in the
structure and composition of the wood by environmental degradation pro
cesses.

From this information, general environmental mechanisms can be

recognized, and an evaluation of existing chemical pretreatment pro
cedures used in the measurement of the C-14 activity of both contemp
orary and fossil wood can be made with regard to points (ii) and (iii)
above.
The method of radiocarbon dating, using the radioactive C-14 iso
tope which is formed in the upper atmosphere by cosmic ray neutrons,
was proposed by W.F. Libby, who made the following hypotheses (2):
i)

The number of C-14 atoms produced in the upper atmosphere is
almost equal to the number of cosmic ray neutrons retained
by the earth.

ii)

Provided the cosmic ray flux has remained essentially
constant for the last ten to twenty thousand years, the
amount of C-14 decaying per unit time is just equal to
the amount of C-14 produced per unit time.

iii)

The C-14 in the atmosphere will rapidly be converted to
C1402 which will quickly become uniformly distributed
throughout the atmosphere.

. . 2/
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iv)

The C 1402 will become incorporated in plants, then in
animals feeding on the plants, thus spreading C-14
through all living things

v)

The atmospheric C^4 02 will enter into an exchange
equilibrium with the carbonate and bicarbonate present
in the surface waters of the ocean

vi)

vii)

viii)

The tissues of living animals or plants are in a constant
state of equilibrium with the cosmic ray produced C-14
When a plant or animal dies, there is no replacement of
C-14, and the amount remaining diminishes as the C-14
decays
By knowing the activity of C-14 in equilibrium with living
tissues, and by determining the half-life of the C-14
isotope, it would be possible to determine the time in
terval between the present and the death of the tissue.
C-14 ages and activity determinations are carried out and reported

subject to certain conventions (3, 4).

The net C-14 activity, measured as

counts per minute, is related to the net activity of a M o d e m standard,
representing the C-14 activity of the atmosphere without any artificial
influences.

The reference year is taken as 1950, and the conventional

standard used is 95% of the activity in 1950 of NBS Oxalic acid.

This

value was obtained by correlating the oxalic acid.activity with that of
wood grown in 1890.

Since living organic matter is built up using

various biochemical pathways, carbon isotope fractionation will occur,
and the amount of fractionation can be measured mass spectrometrically
by determining the relative proportion of the natural C-12 and C-13 iso
topes.

According to Craig (5), the enrichment or depletion of C-14 in

a given compound should be almost exactly twice that of C-13 in both
equilibrium and rate reaction isotopic effects.

The per mill depletion

or enrichment of C-13 with respect to an international standard, which
is a Cretaceous belemnite from the Peedee formations of Southern
Carolina (PDB), is expressed as follows:

-. 3/
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R - R
6C13 = — -— K

x 1000

O

where R is the ratio of the C-13/C-12 concentrations of the sample, and
R

o

is the ratio of the C-13/C-12 concentrations of PDB.
The 6C13 value used for the oxalic acid standard is 6C13 = -19%«

with respect to PDB, and the oxalic acid activity is normalized to this
value using the following formula:
2(19 + 6C13)

0.95

1000

a on

where A

is the normalized Modern standard value, and A

is the oxalic

vJ A

vJIN

acid activity, in counts per minute.

This activity AQ^ depends on the

year of measurement (y), and should be corrected for decay between 1950AJX
and the year (y) of actual counting.

The Absolute Standard activity is

given by:
eA(y-1950)

AABS

ON

where A = 1/8267 yr-1 .
By convention, the C 13 isotopic fractionation in all samples,
irrespective of environment, is taken into account by normalizing to
-25%*the postulated mean value of terrestrial wood.
A

where A

1

SN

2(25 + 6C13)
-

1000

is the normalized sample activity, and A
JiN

is the measured
O

sample activity.
The C-14 half-life is by convention taken to be 5568 years, though
the most precisely measured value is 5730 ± 40 years.

The age (t) of a

sample before 1950 AD is therefore given by:
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SN (in 1950)
Aq n (in 1950)

-8033 ln

L~

Since both sample and standard are both measured at virtually the
same time, correction to 1950 A .D. activity does not need to be made for a
conventional age.

The standard error usually quoted is based on the

number of accumulated counts of the sample, oxalic acid, and background,
plus additional errors caused by inaccuracies in voltage, pressure,
temperature, dilution etc.
The relative depletion or enrichment in C-14 of a sample with respect
to the Modern standard can be defined as:

x 1000%*
x 1000%«

and

Thus the conventional radiocarbon age can be expressed as:
-8033 In

r 1 + DC14!
DC14

L

1000

J

For studies such as correlation of C-14 ages with tree ring ages,
an age correction needs to be made.

If a tree ring grown in year x is

measured in year y, the age corrected activity is A

.

The

u

formulae then used are:
6C14

As

eX(y-x) -1

x 1000%«

ABS

SNQ

and

-l

x 1000%.

ABS
Using the 5730 year half-life.

(X = l/8267yr *) the sample age is

calculated from:

.M

5.

t

1.1.1

-8267

ln 1+ A

1000

Atmospheric C-14 Fluctuations.
In 1955, Suess (7) found a decrease in the atmospheric C-14 con

centration of approximately 2%, caused by the production of carbon
dioxide with no C-14 activity from the burning of fossil fuels.

This

atmospheric C-14 dilution could be documented for the period from 1890.
In 1957, Rafter and Fergusson (8) showed that the concentration of C-14
in the atmosphere was increasing because of the use of nuclear weapons.
In 1958, de Vries (9) found that the concentration of atmospheric C-14
had fluctuated due to natural causes by approximately 2% during the period
from the 16th to the 19th century.

This effect was found from measure

ments of C-14 activity in precisely dated tree ring samples.

Since

then, many researchers have studied the relationship between C-14 ages
and tree ring ages because of the important geophysical implications
arising from discrepancies between them.

Most of this work has been

carried out on trees growing in the northern hemisphere, and the main
species studies have been Sequoia3 Douglas fir, bristlecone pine, and
various species of oak.
tree ring

Jansen (10) determined the C-14 activity of

samples taken from a 100 year old kauri.

He found simil

arities in C-14 activity to results obtained from the northern hemi
sphere, though there were differences in detail.

Most of the early C-14

determinations were carried out on total wood, without removing any of
the chemical components.

Wilson (11) extracted organic components from

the outer heartwood rings of Sinus radiata using acetone, then ethyl
acetate in a Soxhlet apparatus.

The wood sample used was of such an age

that the original wood was grown before 1950, while heartwood formation was

. . 6/
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still occurring when the tree was felled.

He found that the C-14

activity of the heartwood extractives could not be distinguished from
the C-14 activity of the cellulose in the same ring.

He concluded that

less than 6% of the carbon in the extractives from the outer ring of the
heartwood comes from the atmosphere in the year of its conversion from
sapwood to heartwood.

This seemed to indicate that the extractives being

deposited in the heartwood of Pinus radiata were formed from sapwood
components.

Jansen (12) reported C-14 determinations on seven tree ring

samples from a Sequoia gigantea that were originally measured by Willis

et at. (13).

Five of the results showed no significant discrepancies,

but the other two showed quite large discrepancies.

In the same publi

cation (12) Jansen quotes a series of measurements carried out on the same
section of kauri as referred to above (10), but from the opposite side of
the tree.

The results indicates a discrepancy of 15-27%o

to an age difference of 120-220 years.

, corresponding

He also mentions a section of rimu

(Daorydium eupressinwv) that was collected for measurements.

Because of

the relatively large amounts of rosin observed in-the samples, the rosin
was extracted from the ground wood by leaching with ethyl acetate for
several days.

C-14 activity measurements on total wood, rosin, and rosin

free residue (referred to in the publication as cellulose) were carried
out.

Large differences in C-14 activity were found between the rosin

and the rosin free fraction, but no significant differences were found
between total wood and the rosin free fraction.
Further studies by Jansen (14) using a section of rimu showed a
significant difference between the C-14 activity of total wood and rosin
free wood in two out of five samples measured.

It was assumed that the

disagreement could be accounted for if younger extractives or precursors were
deposited into the older wood during heartwood. formation.

*•
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*

The chemical fraction of wood containing all of the carbohydrates (cellulose,

hemicelluloses and pectic substances) is known as holocellulose.

7.
In 1969 Olsson

et dl. (15) reported determinations made on a tree

section containing 75 tree rings.

The wood for each sample was pulverized,

and treated with acetone, then with a 1:2 mixture of ethanol and benzene
for 20 hours.

The wood was then washed with water for 20 hours.

The

extract from the acetone and ethanol-benzene treatments was evaporated at
a temperature less than 40°C, dissolved in diethyl ether, and dried.
Portion of the remaining wood was treated with sodium chlorite and acetic
*

acid at an elevated temperature to isolate holocellulose (16).

The

results are reproduced in Table 1, and indicate that the components extracted
with solvents had the highest C-14 activity, though the extracted wood
and the holocellulose only showed a significant difference in one case,
U-594 to 596, and this could be possibly explained by assuming that this
sample contained the sapwood-heartwood boundary.

A section of

Fitzroya

cupressoides from Argentina, assumed to have been felled in 1934 was used
for a series of determinations.

"Cellulose" and "lignin" fractions were

prepared using the method of Olson and Broecker (1), (Fig. 1).
results are reproduced in Table 2.

The

One of the "lignin" results (U-509),

and the untreated wood result (U-667) seem to be anomalous.
A further series of tree ring samples were obtained from a section
of

Pinus (sp.) from northern Sweden (17).

Table 3.

The results are reproduced in

Portion of the wood was treated as described above (16), and

another portion

was treated with dilute HC1 solution, the wood was then

rinsed and treated with 1% NaOH solution.
acidified, and rinsed.

The NaOH soluble extract was

It was noted that the results indicated radial

movement of extractive materials through the cellular framework of the
wood.

The NaOH treatment

younger extractives.

also obviously did not remove all of the

Table 4, reproduced from Olsson

et al. (shows re

sults obtained from portions of the main tree trunk as was used for the

. . 8/
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Sample
Po

r t io n

#

1

L ig n i n

Figure 1

;

P

o r t io n

# 2

Ce ll u l o s e

Method of isolation of "lignin" and "cellulose" from
wood samples (1).

. . 9/

xylem refers to the wood cells of the tree, as distinct from the bark cells

9.
TABLE 1 Comparison of tree ring fractions (1)
*

A in %, ;

6C13%o
Lab. No.

Sample

Extract

U-643

Tree ring 69

-24.5

U-644

-75, xylem

-32.0

U-645

formed 1960

-27.9

Tl/2 = 5730 yr.

Extracted Wood

Holocellulose

620 ± 9
645 ± 10
554 ± 8

-1966

U-626

Tree ring 59

-21.9

U-627

-69, xylem

-25.1

U-628

formed 1950-

-28.5

-27 ± 7
-31 ± 6
119 ± 7

1955

U-594

Tree ring 44

-20.7

U-595

-49, xylem

-25.0

U-596

formed 1935-

-28.2

-28 ± 7
-21 ± 5
117 ± 6

1941

U-597

Tree ring 26

-23.7

U-598

-31, xylem

-25.2

U-599

formed 1917

-26.8

-22 ± 6
7 ± 5
10 ± 5

-1922, heart
wood formed
1960-1965

U-629

Tree ring 0-

-23.2

U-630

10, xylem

-25.7

U-631

formed 1891-

-26.2

8 ± 6
13 ± 5
-14 ± 6

1901, heart
wood

*

6C13 measurements indicate the ratio of C12/C13 with respect to PDB (13).

10 .

results in Table 2.

The samples U-2281 to U-2283 were treated using

TABLE 2 Comparison of tree ring fractions (2)

Lab No.

Age before
A.D. 1934

U-509

649-645

U-650

Age BP
(1950)

6C14%

Substance

SC13 %©

663

Lignin

-24.2

-10.5

-12 ± 5

644-640

658

Lignin

-23.4

-20.1

-23 ± 5

U-508

634-630

648

Cellulose

-21.3

-17.3

-25 ± 5

U-668

629-625

643

Cellulose

-22.9

-16.5

-21 ± 5

U-667

629-625

643

Xylem

-24.1

-13.1

-15 ± 5

£\/o*

the method of Olson and Broecker (1), though the two cellulose fractions
received slightly different treatments.
ceived the same treatment as in Table 1.

The three other samples re
The results seem unusual in that

the holocellulose and extracted wood samples seem to give anomalous re
sults even though the method of producing the "cellulose" is essentially
the same.

The only differences are that the method outlined by Wise et at.

uses acetic acid in the cellulose isolation technique.
Lerman, Mook, and Vogel (18), studied the C-14 activity of tree ring
samples collected from several different continents in both the northern and
southern hemispheres in order to define secular fluctuations and geographical
distribution of atmospheric C-14.

For each analysis, about 25 g. of wood

was split into small splinters and treated using solutions of 4% HC1 and
1% NaOH.

The average yield of dry material obtained was about 60% of the

initial dry weight.

The results obtained indicated that the average C-14

concentration in the southern hemisphere is 4.5 ± 1%
the northern hemisphere.

lower than that in

The species of trees used varied considerably,

. . 11 /

11 .

consisting of both softwoods and hardwoods, though the results obtained
seem to fit quite well statistically.

TABLE 3 Comparison of tree ring fractions (3)

Age corrected excess in activity of Pinus wood, A.D. 1945-50
Lab. No.

Substance

6C13%„

A %0 T/2 = 5730

Prepared in

U-2168

Holocellulose

-22.8

-35.6 ± 7.8

Ornskoldsvik

U-2169

Extracted wood

-23.1

-42.0 ± 7.0

Ornskoldsvik

U-2170

Extract

-27.4

+145.8 ± 10.2

Ornskoldsvik

U-2171

Extracted wood
(ins.)

-25.1

-13.9 ± 6.7

Uppsala

Extract (sol.)

-13.6

+114.3 ±22.2

Uppsala

U-2172

TABLE 4 Comparison of tree ring fractions (4)

Lab. No.

Age before
A.D. 1934

Age BP
(1950)

Substance

Age corrected excess
6C 1 3%c

6C14%o

A%o

U-2281

619-610

630.5

Lignin

-24.6

-17.3

-18 ± 9

U-2282

619-610

630.5

Cellulose w

-22.8

-17.9

-24 ± 9

U-2283

619-610

630.5

Cellulose y

-22.9

-22.6

-27 ± 9

U-2284

589-580

600.5

Holocellulose -22.4

- 2.7

- 8 ± 5

U-2285

589-580

600.5

-24.6

- 6.3

+ 7 ± 5

U-743

589-580

600.5

Extracted
wood
Extract

-25.1

+20.4

+21 ± 8

•
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Dendrochronology (the study of chronological sequence of annual
growth rings in trees), was initiated in 1901 by A.E. Douglass, an
astronomer interested in sunspots.

Since then, in the south western

United States, tree ring studies have been conducted on Douglas fir
(Pseudotsuga menziesii)3 ponderosa pine (Pinus ponderosa)3 pinyon pine
(Pinus eduZis)3 Rocky Mountain juniper (Junipevus scopuZorum)3 the giant
sequoia (Sequoia gigantea)3 limber pine (Pinus fZexiZis) , and bristlecone pine (Pinus aristata)

(19).

The most thoroughly studied tree

species has been the bristlecone pine, from the White Mountains of eastern
California.

In 1972, Ferguson (20) reported a bristlecone pine chron

ology spanning almost 8200 years.

La Marche and Harlan (21) produced

an independent bristlecone pine chronology in order to test the accuracy
of the original results.

They concluded that there was no error in

calendar dates covering 5400 years.
Suess (22) derived a calibration curve relating C-14 activity to
bristlecone pine chronology spanning the period from 5200 B.C. to the
present.

Each sample measured weighed 20 g. and consisted of bundles of

ten annual tree rings.

The wood was fragmented into toothpick size

splinters, and was extracted with acetone in a Soxhlet extractor, then was
treated with aqueous NaOH followed by treatment with HC1 (23).

The

calibration curve from 2000 B.C. was stated to be accurate to within less
than 100 years.

This curve contains a large number of wiggles, which

means that it is possible to obtain several corrected ages from one con
ventional C-14 age.
Alternative calibration curves have been produced by several re
searchers, including Damon et aZ.

(24), Ralph et al.

(25), Switsur (26),

. . 13 /
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and Clark (27).

The curve of Ralph et al. has kinks similar to those

of Suess, while the others tend to be more smooth.

If these kinks re

flect actual C-14 variations, the presence of these is important to
geophysical studies, but is bothersome to archaeologists trying to obtain
a corrected calendar age for their results.

Clark (27) selected 83

groups of tree ring results with the same mid-point date, results coming
from different laboratories, with most having been corrected for isotopic
fractionation.

He found that statistically the variation between these

replicate dates on contemporaneous samples was much greater than expected
from the quoted standard errors.

It is interesting that all of the

laboratories involved in these studies use essentially the same basic
pretreatment technique, which is alternate leaching using HC1, NaOH, and
HC1.

In some cases (23), a preliminary extraction using organic sol

vents is used, bu

in the case of bristlecone pine, this extra treatment

does not seem to be a significant factor with regard to agreement or
disagreement between laboratories.

In fact, because of the kinks in some

curves and the smoothness in others, it becomes difficult to ascertain
whether these are genuine or are reflecting an inadequacy in the pre
treatment technique.

As mentioned above (17), Olsson et al. found in

adequacies in the acid-alkali-acid technique, but also reported dis
crepancies with different types of "cellulose" preparation.
Bannister and Damon (28), when preparing a primary tree ring standard
for C-14 dating, conducted a study of techniques based on alternate acid
and alkali treatments.

The wood used in the study was from a Douglas-fir

(Pseudotsuga menziesii)

(Mirb. Franco), which had been precisely dated

using dendrochronological techniques.

Blocks of 10 rings, dated from

1846 to 1855 A.D. were split into matchstick size fragments which were

. . 14 /

14 .

thoroughly mixed and divided into 31 lots of 40 grams.

The different

pretreatment methods studied were as follows:
i)

A standard technique was used so that a comparison could be
made.
The wood was dried overnight at 100°C, then was
extracted using a 1:2 alcohol-benzene mixture for 4 hours in
a Soxhlet extractor.
The wood was then dried, boiled for 1
hour in water, then boiled in IN HC1 for 1 hour. The wood
was then washed with distilled water and dried. A weight loss
of 7.5% was found on drying, a loss of 1.1% on extraction,
and a loss of 16.3% on treatment with IN HC1. The total weight
loss was 24.9%.

ii)

The wood was boiled in 6N HC1, washed with water, boiled in 2%
NaOH, washed with water, rinsed with IN HC1, rinsed with dis
tilled water, then dried. A weight loss of 34.8% was obtained
on hydrolysis with the HC1, and a loss of 10% was obtained with
the NaOH treatment.
The total loss was 44.8%.

iii)

The wood was boiled in 2% NaOH, washed with water, boiled in
6N HC1, washed with water, rinsed with distilled water and dried.
A weight loss of 25.5% occurred on boiling in 2% NaOH, together
with a loss of 24.8% on boiling in 6N HC1, giving a total weight
loss of 50.3%.

iv)

The wood was boiled in IN HC1, washed with water, boiled in 2%
NaOH, washed with water, rinsed with IN HC1, then with distilled
water, and dried.
A weight loss of 19.5% occurred on boiling
in IN HC1, together with a weight loss of 5.8% on boiling in
2% NaOH.
The total weight loss was 25.3%.

v)

The wood was dried overnight at 100°C in an oven, then was boiled
in IN HC1 for half an hour.
The sample was rinsed with cold
distilled water three or four times, then was boiled in 2% NaOH
for half an hour, washed with cold IN HC1, rinsed thoroughly
with distilled water, and dried overnight in an oven at 100 C.
A weight loss of 5.4% occurred on drying together with a loss of
10.1% on boiling in IN HC1, and a loss of 5.8% on boiling in 2%
NaOH. The total weight loss was 21.3%.

The method chosen for pretreatment was method (v), because the weight
loss, being similar to that obtained using the standard method, seemed to
indicate that extractives had been removed without removing cell wall
material.

The actual results obtained do not seem to be consistent with

each other, and a probable reason for this would be the size of the sample
fragments (i.e. matchstick size).

There is a reasonable chance that in
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some of the cases the reagents have not penetrated throughout the wood.
These results also cannot be reconciled with the fact that the Douglasfir cellular structure contains a large number of resin canals, and it
would be logical to assume that more extractive material would be re
moved by extraction with the alcohol-benzene mixture.
The hesitancy expressed by many researchers towards the use of organic
solvents in removing possible mobile extractive materials in wood is
caused by the possibility of retaining foreign carbon in the sample.
Jansen (29) used C-14 labelled solvents in order to examine the possible
transfer of carbon from solvent to wood.

Various common solvents were used

in a Soxhlet extractor, and the extracted wood was then dried at normal or
reduced pressure, at temperatures of 90°C and 120°C for different lengths
of time in a heated vacuum dessicator, a general purpose laboratory drying
oven, and an oven with temperature control within 0.1°C.

He found a

carbon transfer of up to several percent occurring with a general purpose
oven, but less than 0.5% with a controlled oven.

If dry samples were

placed in an oven with samples still drying, solvent exchange took place
rapidly.

The possibility of C-14 contamination resulting from the use of

organic solvents will be discussed in Chapter 3.
Cain and Suess (23) in a study of the C-14 content of tree rings from
various species, came to the following conclusion:
"This work and other experimental evidence obtained in part by other
laboratories, shows that tree rings reflect the average radiocarbon content
of global atmospheric carbon dioxide accurately within several per mill.
In rare cases deviations of up to 10%* may be possible.

This means that

a typical single radiocarbon date for wood or charcoal possesses an in
trinsic uncertainty (viz. an estimate 'one sigma error' in addition to all
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the other errors) of the order of ± 50 years.

This uncertainty is in

dependent of the absolute age of the sample".

Cain and Suess also showed from C-14 measurements on tree rings from
four oak trees and an elm tree, that there is quite a significant in
corporation of foreign carbon into the wood of a growing tree at the time
when sapwood changes into heartwood.

They found that their normal treat

ment of acetone extraction followed by alkali and acid washes did not
remove the younger material.

Preparation of holocellulose by alternate

chlorination and sulphonation gave much more acceptable results.

It was

also noted that different tree species may have different mechanisms of
heartwood formation.
Tans (30) determined the C-14 content of selected wood samples from
an America oak
treatments
i)
ii)
iii)

iv)

(Querous rubra L.)3 split down to matchstick size.

The

were as follows:

No treatment at all
Treatment using 4% HC1 at 80°C for 24 hours
Treatment with successive 4% HC1 (80^C, 24 hr),
4% NaOH
several hrs.), each step separated by thorough washing with
demineralized water
Extraction using a 2:1 mixture of benzene-ethanol for
several hours, rinsing with ethanol, treatment with sodium
chlorite solution and acetic acid, followed by treatment
with 4% NaOH (80°C, 24 hr.) and 4% HC1 (80%C, several hrs.).
The last three steps were separated by washing with demin
eralized water.

Treatments for (i) and (ii) showed more C-14 activity than (iii) and
(iv) across the sapwood-heartwood boundary (1962-63 A.D.), though treat
ment (iii) also showed more C-14 activity than treatment (iv).

It was

postulated that this could be caused by the fact that lignin is added to
the wood cell structure in later stages of cell growth, since in certain
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parts of the northern hemisphere C-14 levels are higher in August than
in March-April.

It was also postulated that many observed discrepancies

in C-14 activity from wood grown in the same year could be caused by the
environment in which the tree was growing, or by the time of year of growth.
Baxter

and Farmer (31) determined the C-14 activity of recent tree

rings in order to assess the value of different extraction techniques in
pretreating wood for analysis.

Single tree ring samples from a Scottish

Silver Fir (Abies nobilis) from Glengarry forest, Invemessshire, was planted
in 1937 and felled in 1970.

The wood shavings were given alternate 24

hour extractions using acetone and 40/60 petroleum ether in a Soxhlet
extractor.

The wood was then dried at 100°C for 24 hours, and boiled

successively in 4% HC1 and 1% NaOH solutions for 4 hours at a time, foll
owed by acidification with dilute HC1.

Cellulose fractions were obtained

by bleaching the ether-extracted wood, and were charred at 500°C prior
to combustion.
with 72% H 2 SO4 .

Lignin was obtained by treating the ether-extracted wood
The results obtained indicated a significant difference

between the C-14 activities of the "cellulose" and whole wood fractions
in some cases only.
Pearson et al.

(32) carried out C-14 activity measurements on a 1,200

year section of a 2,990 year floating tree ring chronology derived from
sub-fossil oaks.

The chronology was based on about 300 trees and was

replicated at all points.
increments.

Measurements were made on contiguous 20 year

The wood was reduced to shavings and treated according to

the method of Olsen and Broecker (1) to isolate holocellulose, then was
charred at 450°C prior to combustion to produce C02 .

The results

obtained indicated that C-14 activity, when plotted against tree ring
age formed a smooth curve that was not significantly different from a
straight line.

. . 18/

18 .

It can be seen from the examples given above that the problem of
obtaining a chemical fraction of wood having a C-14 activity represent
ative of atmospheric C-14 activity at the time of growth is a complex
one that still has not been adequately solved.

In some cases definite

contamination effects are indicated, while in others no contamination
effects are evident.

The physiology of individual trees needs to be taken

into account so that an adequate standard treatment can be formulated.
If there is no possible standard treatment then some criteria need to be
established so that discrepancies between samples can be minimized.

1.1.2.

Carbon isotopic fractionation effects in wood.

As was mentioned previously, the amount of carbon isotopic fraction
ation occurring in nature can be measured by determining the C-12/C-13
ratio mass spectrometrically and by relating this value to the C-12/C-13
ratio of the PDB standard.
It has been stated (33) that there are two basic photosynthetic
pathways in the growth mechanism of plants.

The traditional pathway of

Calvin, followed by trees and most other plants, can be assigned an
average 6C13 value of -27%o with respect to PDB.

The Hatch-Slack cycle,

associated with grasses such as sugar, maize etc., can be assigned an
average 6C13 value of -13%« with respect to PDB.

Some succulent plants

seems to have the property of fixing carbon by both pathways.
6C13 value assigned to these is -18%«.

The average

There is a reasonable spread of

6C13 values in each category, and there is evidence to assume that this
is caused by both physiological and environmental factors.
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In a table constructed by Polach (3), the average 6C13 value for
pure cellulose is given as -20 ± 2%0 , that for fossil wood is given
as -24 ± 2%•, and that for tree leaves is given as -27 ± 2%• .
results obtained by Olsson et al. 3 (15,17)
6C13 values can be reproduced

(Table 5).

considered as being ± 0,2%o .
TABLE 5:

From

(Tables 1 to 4), the following
Errors in measurement can be
.

Comparison between 6C13 values from wood fractions (15,17).

Untreated wood

Extracted
wood

Holocellulose

Lignin

-32.0

-24.5

-24.2

-28.5

-25.1

-21.9

-23.4

-25.0

-20.7

-24.6

-26.8

-25.2

-23.7

-26.2

-25.7

-23.2

-27.4

-23.1

-21.3

-25.1

-24.6

-22.9

00
1

eg

-27.9

CN

-24.1

Extract

-22.8
*

-22.8
-22.9
-22.4

Mean

-27.2 ±1.2

-25.8 ± 2.9

-22.6 ± 1.1

-24.1+0.6

The values seem to indicate that some component is removed from the
extracted wood other than lignin in the preparation of holocellulose.

It

may have been that some so-called "extractive" materials such as rosins
etc., were not removed by washing with acetone and water.
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Suess (34) has listed a long series of C-14 activity and 6C*3 re
sults on tree rings from both bristlecone pine and European oak samples.
These determinations were over a period from 1965 to 1977.

Most of the

6C13 values for bristlecone pine vary from about -19%o to -22%®

.

There

are quite a few anomalous values, but these are explained by fraction
ation occurring during counting gas preparation.
changed in approximately 1967.

The technique was

The European oak samples have 6C13 values

ranging from about -23.4%® to -27.8%*

.

Lerman et oil. (18) measured the C-14 concentration and <5C13 values
of tree rings from a large variety of tree species from both the southern
and northern hemispheres.

The 6C13 values vary quite considerably, and

the accuracy of each measurement is quoted as ± 0.05%o.

If some of the

6C13 values from the CO2 used for C-14 activity measurements are categ
orized in terms of the tree from which samples were taken, and locality,
and mean values for each series are calculated, the following results
are obtained:

Douglas-fir (Pseudotsuga menziesii') y Arizona, U.S.A.
Mean of 9 results, 6C^3 = -23.0 ± 0.8%o .
Douglas-fir (Pseudotsuga m e n z i e s i y _, Colorado, U.S.A.
Mean of 11 results, 6C13 = -21.9 ± 0.3%..
Sequoia gigantea_, California, U.S.A.
Mean of 14 results, <5Q13 = -21.2 ± 0,5%o .
Fir, Bayern C, Bavarian forest, Germany.
Mean of 7 results, 6C*3 = -24.6 ± 0.8%->.
Pinus pinea3 Capetown, South Africa.
Mean of 4 results, 6C13 = -24.7 ± 0.7%0 . .21/
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Fitzroya oupressoides> Los Alerces FII, Argentina.
Mean of 9 results, 6C13 = -23.7 ± 0.3%«.

Populus balsamifera3 Trondheim, Norway.
Mean of 15 results, ÖC13 = -25.6 ± 0.6%«.

Nothofagus dombeyi, Nahuel Huapi B, Argentina.
Mean of 11 results, 6C13 = -24.5 ± 0.3%«.
Oak, Spessart forest, Germany.
Mean of 6 results, 6C13 = -25.9 ± 0.5%«.

The results as a whole do not seem to correlate with tree ring age,
even though some trends may be present.

They also do not seem to

correlate with climate, though the results in most cases indicate that
hardwoods have a more negative 6C13 value than softwoods.

The standard

deviation for each series is larger than the error quoted for a single
measurement, and this also varies from tree to tree.
Baxter and Farmer (31), in their work mentioned previously, quoted
6C13 results (error = ± 0.1%o) on their tree ring ‘samples, and the mean
values for each tree species are as follows:
Scottish silver fir (Abies nobilis)> Glengarry forest, all fractions
were taken into account (whole wood, extractive free wood, cellulose,
lignin).
Mean of 22 results, 6C13 = -28.4 ± 0.5%o .
Oak, Forest of Dean, Gloucestershire, England, cellulose fractions.
Mean of 4 results, 6C13 = -24.5 ± 0.3%o .

Pinus radiata, Rotorua, New Zealand, cellulose fractions.
Mean of 14 results, 6C*3 = -25.0 ± 0.6%o .
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These results do not seem to indicate the trend of more negative
6C13 values for hardwoods rather than softwoods.
Pearman et al.

(35) determined 6C13 values for a series of tree ring

samples taken from two King Billy pines (Arthrotaxis selaginoides D. Don^_,
growing within 200 metres of each other in a natural forest in northern
Tasmania.

The bulk of the measurements were carried out on whole wood

samples, since it was maintained that the effects of extractive materials
would be constant throughout the wood and would not affect long term
trends.

They found a significant correlation between <5C13 values and

regional temperature on a time-scale longer than 5-10 years.
Tans (30) has conducted a series of very detailed experiments on
tree ring samples from two oak trees (Querous rubra)3 looking at vari
ations in individual tree rings, preferring an acid-alkali-acid treatment
to the cellulose isolation treatment.

He found quite significant vari

ations even in individual tree rings, concluding that each fibre may have
its own individual 6C13 identity. He also concluded that long term global
trends could not be readily discerned.
Wilson and Grinsted (36) conducted

C-12/C-13 determinations on

cellulose and lignin fractions of tree rings from a specimen
pine (Pinus radiata).

of Monterey

They found a depletion in C-13 for late wood

compared with early wood, for both cellulose and lignin, and considered
that the variations in 6C13 found were caused by changes in air temper
ature affecting one or more of the biochemical reactions leading to
cellulose and lignin.

They postulated a temperature coefficient of at

least 0.2%«, per °C for both cellulose and lignin.

They also found that

there were differences in the 6C13 values for cellulose and lignin, mainly
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Alpha cellulose has been classified as being cellulose with a minimum

degree of polymerization of about 200.
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in late wood, and ascribed this to differences in atmospheric temp
erature when these materials were being formed (since lignin formation
usually occurs after the wood cellular structure has been laid down).
Jansen (37) obtained 9 6C13 values from a New Zealand kauri

(Agathis australis)3 and these varied from about -25.5%0 from a ring
dated to approximately 1050 AD, to about -20.5%* from a ring dated to
approximately 1600 AD.

This variation was interpreted as being caused

by the fact that a younger tree obtains its CO2 at a lower height above
the ground than an older one.

A

Pinus radiata specimen from a well-

ventilated location near Wellington, New Zealand, gave the following
6C13 values:
Wood from centre (1880-83), 6C13 =

-29.2 ± 0.5%».

Wood from outside (1955-59), 6C13 = -23.7 ± 0.5%».
-25.1 ± 0.5%..
These results could indicate the influence of non-cellulosic
materials in the older wood since the effect of incorporation of CO2
depleted in C-13 because of its closeness to ground level should not apply
in a well-ventilated area.
Yapp and Epstein (38) measured C-12/C-13 ratios on samples of
cellulose nitrate prepared from a series of tree ring samples from ancient
wood.

Extractives were first removed from the wood by benzene-methanol

extraction, and the extractive free wood was nitrated using the method of
*

Timell (39), who maintained that alpha cellulose could be effectively
isolated by this technique.
from 0.4% to 37.6% by weight.

The yields of alpha cellulose obtained varied
They maintained that no correlation in

6C13 values could be made with climatic changes.
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These examples indicate that the carbon isotopic fractionation
effects occurring in wood are extremely difficult to interpret and seem
to depend largely on the micro-environment associated with tree growth,
which could affect the chemical composition of the wood in such a way
that variations in 6C13 are noticeable even between individual cellular
structures.

1.1.3.

Problems associated with the C-14 dating of fossil wood.

In previous sections of this Chapter, problems associated with C-14
and C-12/C-13 ratio determinations on wood from trees that were mostly
still living at the time of sampling were outlined.

When similar determ

inations are to be made on wood that has been buried for varying periods
of time, and has beenunder the influence of many different environmental
conditions, the problems may be greatly magnified.

The relationships

between the chemical components in a "fresh" wood sample are not adequately
known, so when C-14 age determinations are made on fossil wood, an
additional series of unknown relationships could be possible.

The tech

niques of pretreatment for the possible removal of carbon-containing
material that could have been incorporated in wood are virtually the same
as those quoted previously, which means that pretreatment becomes
essentially a hit or miss situation.
Most pretreat ment techniques involve the varying acid-alkali-acid
washing techniques mentioned previously.

Some radiocarbon laboratories

use organic solvents to remove extractive materials, though most do not.
The method outlined by Olson and Broecker (1) is becoming more and more
popular, and researchers such as Yapp and Epstein (38), and Grinsted (40)
have followed standard wood chemistry techniques, which will be mentioned
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in more detail in Chapter 3.
Degradation of the chemical components of fossil wood depends to
a large extent on the environment directly associated with the wood,
and not on the age of the sample or the period of time in which the
sample was buried.

Hence another critical factor in sample pretreatment

is the degree of wood degradation that has occurred.

Mild pretreatment

techniques may not remove foreign carbon-containing material, while
rigorous techniques may remove everything, leaving nothing to date.
Schultz (41) outlined a technique which consisted of grinding the
wood sample into small fragments and washing the sample with carbon
tetrachloride to remove resins.

The sample was then dried, refluxed with

1.25% H2SO4 solution for 1 hour, and filtered through a fritted glass
filter funnel, washed with several portions of distilled water and dried
under vacuum.

The residue was refluxed with 1.25% NaOH solution for 1

hour, then was filtered through a fritted glass filter funnel, washed
with several portions of distilled water and dried under vacuum.

The

crude cellulose obtained was treated with Sweitzer’s reagent (Cu(OH)2NH4OH)
and undissolved solids were removed using a centrifuge.
precipitated from solution by acidification.

Cellulose was

The cellulose was washed

several times with distilled water, 95% ethanol, and diethyl ether, and
was then dried under vacuum.

This method suffers from one major dis

advantage, in that if the crude cellulose is relatively impure, or if the
cellulose structure has been extensively degraded, yields will be poor.
Another method which yields a relatively pure cellulose fraction
has been outlined by Arslanov and Gromova (42).

100 g. dry wood is crushed

and treated with 1.5 1. of 3% HNO3 at 75-85°C for 2 hours.

The wood

is then washed with warm distilled water and boiled in 1 M NaOH solution.
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The residue is washed with warm distilled water and then is boiled in
IM HC1, is rinsed with distilled water, and is dried.

This method too

is only useful when cellulose in the sample is in a relatively undegraded
state.
Possible contamination material incorporated into fossil wood samples
needs to be more adequately identified than it is at the moment.

Pre

treatment techniques are often used blindly in the hope that the con
taminant will be successfully removed from the sample.

In this context

the safest pretreatment techniques to use are also the ones that are
likely to completely solubilize the sample, leaving nothing left to date.
Recognition of the presence or absence of contaminating material is
presently achieved by isolating a series of fractions, obtaining C-14
ages for each, and comparing the results.

If the ages for all fractions

agree, it can be assumed that no contamination exists.

Examples of this

type of approach are shown in Tables 6 and 7, the data being extracted
from McDougall et at. (43).

Fossil wood samples from the Auckland district,

New Zealand, were examined, and a series of chemical fractions were
isolated from each.

The results shown in Table 6 indicate the absence of

contamination, as they all seem to belong to a single homogeneous popu
lation.

Three wood samples from this locality (ANU-31, 256, 257) were

used in this study.
The results shown in Table 7 are from four wood samples (ANU-9, 32, 34,
36).

ANU-32, 34 and 36 were slightly discoloured, but well preserved wood

samples, while ANU-9 had an outer section that was normal in appearance,
but a core that was hard and brittle.

If the original result for ANU-9

is discarded, the other values form a statistical series around the mean,
.,
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TABLE 6:

Results obtained for location N42/371528

Lab. Code

Treatment

ANU-31

C-14 Age BP

None

26,420 ± 850

31S

NaOH soluble

27,950 ± 610

31L

Lignin

28,150 ± 650

311

NaOH insoluble

27,510 ± 500

31C1

Cellulose

26,590 ± 1150

31C2

Cellulose

25,840 ± 330

31R1

Rosin

27,000 ± 700

31R2

Rosin (repeat combustion)

26,820 ± 800

256

None

26,900 ± 800

257

None

26,480 ± 800

Error weighted mean for series: 26,910 ± 190

however there is some element of doubt because of the anomalous value
obtained for ANU-9.

Only a small amount of contamination with contemp

orary carbon-containing materials is needed to produce a 42,000 year age
from material that is beyond the C-14 range (i.e. >50,000 years).
The techniques used to produce the chemical fractions mentioned in
Table 6 and 7 are standard techniques that have been discussed previously.
NaOH soluble and insoluble fractions were prepared using the standard
acid-alkali-acid technique.

Cellulose and lignin fractions were isolated

using the technique described by Olson and Broecker (1).

Rosins and other

extractable materials were isolated by extraction with ethyl acetate and
acetone.
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TABLE 7:

Lab. Code

ANU-9

Results obtained for location N42/273424

Treatment

C-14 Age BP

NaOH and HC1 wash (soft
outer portion)

31,000 ± 1000

9W

Repeat combustion on above

38 390
J ’

9C

Cellulose

43,620 ± 1400

9L

Lignin

42,130 ± 2000

-3100

32SW

Softwood (without treatment)

32H

Heartwood (without treatment)

36,330

2100

32 S

NaOH soluble

38,450

1800

321

NaOH insoluble

40,670

1800

32CL

Cellulose and lignin

41
880
41,880

+200°
_2800

34

No treatment

> 36,400

36

No treatment

> 33,500

> 36,400

Error weighted mean for above series (except ANU-9): 41,750 ±

700

A group of logs buried by deposition of beach sands along the north
coast of New South Wales gave ages of 20,000 to 30,000 years BP on un
treated materials (44).

The interstadial sea level event these logs

were meant to record was believed to be much older than this.

The sands

the logs were buried in were cemented into solid rock-like deposits by
humic material transported by ground water.

Chemical fractionation of some

of these logs has yielded vastly different ages, ranging from 11,000 BP
for extractive materials to Background for a cellulose fraction.

No

chemical technique has yielded a fraction giving a viable age for all
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s a m p l e s , and t h e p r o b le m h a s n o t y e t b e e n s o l v e d .
Be cause o f t h e d i f f i c u l t y

i n d e f i n i n g t h e c o m p o s i t i o n and s t r u c t u r e

of d i f f e r e n t wood t y p e s , t h e r e l a t i o n s h i p b e tw e e n a sample o f f o s s i l
wood and t h e e n v i r o n m e n t d i r e c t l y a s s o c i a t e d w i t h i t
at.

can o n l y be g u e s s e d

A r e l a t i v e l y b a s i c u n d e r s t a n d i n g o f p o s s i b l e wood d e g r a d a t i o n

m ech an ism s, and t h e r o l e p l a y e d by t h e s u r r o u n d i n g e n v i r o n m e n t i n e i t h e r
p r e v e n t in g o r sup p lem en tin g d e g r a d a ti o n i s bad ly needed in o r d e r to e v a lu a te
t h e u s e f u l n e s s o f f o s s i l wood i n s u p p l y i n g v i a b l e C-14 a g e s .

I t is be

coming more and more o b v i o u s t h a t i n d i v i d u a l s a m p l i n g s i t e s must be
e v a l u a t e d i n d e p e n d e n t l y , and s p e c i f i c t r e a t m e n t s s h o u l d be d e s i g n e d t o
c a t e r f o r t h e p o s s i b l e p r o b l e m s t h a t c o u l d be a s s o c i a t e d w i t h e a ch s i t e .

1.2

O u tlin e of the i n v e s t i g a t i o n .
In o r d e r t o c l a r i f y t h e r e l a t i o n s h i p b e tw e e n wocJd components and t h e

v a r i a t i o n i n c o m p o s i t i o n b e t w e e n wood t y p e s , c h e m i s t r y l i t e r a t u r e h a s
been e x t e n s i v e l y su rv e y e d .

E x p e r i m e n t a l work h a s b e e n c o n f i n e d t o t h o s e

t e c h n i q u e s wh ic h c o u l d be u s e d t o c a t e g o r i z e d i f f e r e n c e s b e tw e e n wood
types, define s tr u c tu r e ,

and p o s s i b l y i d e n t i f y f o r e i g n o r g a n i c m a t e r i a l s .

The v a r i o u s p r e t r e a t m e n t t e c h n i q u e s m e n t i o n e d p r e v i o u s l y hav e b e e n s t u d i e d
w i t h r e s p e c t t o b o t h c o n t e m p o r a r y wood and d e g r a d e d wood i n o r d e r t o
compare t h e i r e f f i c i e n c y i n i s o l a t i n g a r e l i a b l e d a t i n g f r a c t i o n .
A samp le o f v e r y o l d wood was t r e a t e d w i t h C-14 l a b e l l e d s o l v e n t s i n
o r d e r to a s s e s s th e degree of s o lv e n t r e t e n t i o n o c c u rr in g w ith e x t r a c t i o n
processes.
A s e r i e s o f wood s a m p l e s was ex amined m i c r o s c o p i c a l l y so t h a t a v i s u a l
a p p r e c i a t i o n o f s t r u c t u r a l d e g r a d a t i o n c o u l d be o b t a i n e d .

X-ray d i f f r a c t i o n

t e c h n i q u e s w er e us e d i n an a t t e m p t t o q u a n t i f y t h e d e g r e e o f d e g r a d a t i o n

. . 30 /

30.

of these samples, and these results were correlated with analytical
determinations so that some idea of the possible mechanisms associated
with degradation could be obtained.
A study of the separation of size fractions in cellulose solutions
was made using chromatography with controlled pore glass beads, so that
the degree of cellulose depolymerization could be defined.

The viscosity

of the cellulose solutions was such that great difficulty was experienced in
passing the solutions through the glass columns.
Infra red spectroscopy of wood samples using KBr discs was looked at,
but there was a distinct lack of definition in the peaks obtained.
Some cellulose derivations and cellulose solvents were prepared, but
great difficulty was experience«/ in carrying these preparations out to
literature specifications.

2.

THE STRUCTURE OF WOOD AND THE RELATIONSHIP BETWEEN ITS MAJOR COMPONENTS

2.1

The major components of wood.
' The elemental composition of oven-dry wood is (45):
Carbon

-

Hydrogen
Oxygen

49.5%
6.3%

-

44.2%

Small amounts of nitrogen (0.1 - 1.0%) and some mineral elements such as
calcium, magnesium and potassium, may be present.
The principal organic components of wood are cellulose, hemicelluloses,
lignin and extractives.

Lignin is predominantly aromatic in nature and can

be considered as being a generic name for a series of aromatic polymers whose
composition varies according to tree species (46).

Cellulose and the
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hemicelluloses are polysaccharides, but while cellulose is composed
solely of molecules of glucose, the hemicelluloses are composed of
glucose as well as other hexoses, pentoses and uronic acids.

The approx

imate proportions of cellulose, hemicelluloses and lignin in oven dry
wood are (47):
Cellulose

- 40 to 45% in both softwoods and hardwoods

Lignin

- 25 to 35% in softwoods, 17 to 25% in hardwoods

Hemicelluloses

- 20% in softwoods, 15 to 35% in hardwoods

Wood almost always contains in widely varying amount^ organic compounds
that are collectively known as extraneous materials or extractives (47).

The

name is based on their possible extraction from wood using hot or cold water,
or organic solvents such as methanol, ethanol, benzene, acetone, ethyl acetate
and diethyl ether.

Extractives are compounds of varying chemical composition

such as gums, resins, fats, waxes, sugars, oils, starches, alkaloids and
tannins. The proportion of extractives varies from less than 1% (e.g. poplar)
to more than 30% (in some eucalypts) of the oven-dry weight of wood.

Variations

in the amount of extractives present may exist not only between species, but
also within a single tree, mainly between sapwood and heartwood.

The ex

tractives are not part of the wood substance, but are deposited in the cell
lumina and cell walls.

Cellulose is essentially a linear polymer composed of ß-D-glucose
residues linked together to form straight chains by (1
bonds (48).

4) - glycosidic

From stereochemical evidence, the most likely subunit for

the cellulose molecule is the anhydrocellobiose unit, with empirical
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formula {CgHiiOs}.

{C12H2 0 ^ 1 0 •

{CgHijOg}.

If the degree of poly

merization of the cellulose molecule is considered to be the number of
anhydroglucose units in the molecule, then n is equal to (D.P.-2)/2.
The empirical formula given above corresponds to cellotetraose, with an
approximate chain length of 20 x 10 1°m (48.

Marrinan and Mann (49) have com

pared X-ray diffraction and infra red spectroscopy data for crystalline
D-glucose polymers starting with cellotetraose, and have shown similar
lateral stacking conditions of the glucose monomer to those found in a
semicrystalline polymorph of cellulose produced by mercerization or re
crystallization from a solvent such as cuprammonium hydroxide.

The average

degree of polymerization of wood cellulose seems to be between 8,000 and
10,000.

These values were obtained from weight-average data using a

light scattering technique (48).

Therefore cellulose could possibly

exist within a degree of polymerization range from 4 to 10,000, giving
— 10

possible chain lengths ranging from 20 x 10

—7

m to 50 x 10

m.

From conformational

studies, the glucose residues in cellulose are present in the chair con
figuration, so that all three hydroxyl groups occupy equatorial positions
(50).
The hemicelluloses are a group of polysaccharides consisting of a
combination of various monosaccharides with different linkage types.

They

can be polymers of one specific monosaccharide, or polymers containing a
mixture of monosaccharides.

They can also be linear polymers, or polymers

with numerous side chains, and the degree of polymerization can vary con
siderably.

The monosaccharides most frequently observed among the hydro

lytic products of hemicelluloses are decribes in Figure 2.

Each of these

compounds can exist in two stereoisomeric forms (a or 8). depending on
the position of the H and OH groups with respect to the Cl carbon.
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Figure 2:

Monosaccharides commonly found as building blocks in hemicelluloses.
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Meier (51) hydrolysed polysaccharide components of spruce (Pioea abies
Karst) , and Beech (Fagus sylvatica L.)3 and obtained the results shown
in Table 8.

TABLE 8:

Comparison of monosaccharide composition
between a hardwood and a softwood

Species

glucose

galactose

mannose

arabinose

xylose

Spruce (Picea abies Karst)

70.1

2.1

17.2

1.3

8.7

Beech

57.4

1.6

4.9

1.0

35.1

(Fagus sylvatica L.)

The difference in monosaccharide composition is most likely due to
the difference in hemicellulose composition and concentration.
The hemicelluloses are essentially non-fibrous polymers with no
ordered or "crystalline" structure.

The average degree of polymerization

is about 150 (though some authors have quoted D.P’s of up to 500), and
they are soluble in cold NaOH solutions.

They are also rapidly hydrolysed

by hot dilute acids.
The most important hemicellulose in coniferous woods is a glucomannan with a degree of polymerization varying from about 60 to 140
(Figure 3).

The ratio of glucose residues to mannose residues is about

1:3 to 1:4, with some galactose residues present in amounts ranging from
zero to 15%.

Glucomannans extracted with organic solvents from pine wood

have been partially acetylated.

Structural determinations have indicated

that the polymer is essentially a straight chain in which the glucose and
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Figure 3: Glucomannan found in coniferous woods.

mannose residues are linked by (1

4) - linkages, and the galactose

residues are probably bound by (1 -* 6) - linkages (52).

The glucose and

mannose units in the polymer seem to be randomly distributed, and this is
supported by the fact that glucomannan fractions isolated from the same
wood sample had varying glucose to mannose ratios.

Meier (53) extracted a

galactoglucomannan from a pine holocellulose with hot water and found,
using a periodate oxidation method, that all acetyl groups in the polymer
were linked to carbon atoms 2 or 3 of mannose residues.
Another very important hemicellulose type in coniferous woods in the
arabino-4-Q-methylglucuronoxylan (Figure 4).

This polymer contains

arabinose, 4-0-methylglucuronic acid and xylose residues in the approximate
proportions of 1:1.5:7.5.

It has a degree of polymerization of about 120,

and the basic structure consists of a backbone of 3- (l-*4)- linked xylose
residues.

L-arabinofuranose residues are linked to carbon atom 3 of some

of the xylose residues in the average ratio 1:^5, and 4-0-methylglucoronic
acid residues are linked to carbon atom 2 of every fifth xylose residue
(54).
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— o

—

Figure 4:

o—

Arabino-4-0- methylglucuronoxylan found in conifer woods.

Arabinogalactans occur in coniferous woods, usually in amounts of less
than 1% of the dry weight of the wood, though in certain larches, con
centrations of up to 16% arabinogalactans have been obtained.

These

polymers can contain from 5% to 20% arabinose residues distributed among
the galactose residues.
readily soluble in water.

The polymers tend to be highly branched and are
The galactose residues are mainly linked to each

other by 3"(l-*3) - and ß— (l-*6) - linkages.

The arabinose residues are

present in both the furanoside and pyranoside form and are linked by either
(l-*3) - linkages to each other or by (l-*6) - linkages.

In coniferous woods

a partly esterified polygalacturonic acid, an arabinan and a galactan are
present in very small quantities.
In angiosperms, 4-0-methylglucuronoxylan is quantitatively by far the
most important hemicellulose (Figure 5).

It consists of about 200 ß-(l->4) -

linked xylose units with a 4-0-methyglucuronic acid residue substituted at
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ori

OH

Figure 5:

4-0-methyglucuronoxylan found in angiosperms.

carbon atom 2 of every tenth xylose unit.

About seven out of ten xylose

units carry an 0-acetyl group, preferentially at carbon atom 3, but to a
minor extent, at carbon atom 2 (52).

A glucomannan is also present in

angiosperm woods, but it differs in structure from the glucomannans in
coniferous woods, and contains no galactose residues.

The ratio of glucose

to mannose varies from 1:1 to 1:2, and the hexose residues are linked by
3 - (l-*4) - linkages.
Cellulose and the hemicelluloses have been classified according to
their solubility in NaOH solutions (55), and three classifications were
recognized:
i)

ii)

iii)

a-cellulose, which consists of fibrous, well-ordered cellulose
with a minimum degree of polymerization of about 200.
It is
insoluble in 17.5% NaOH solution at 20°C
ß-cellulose, which consists of disordered cellulose chains
having a degree of polymerization of between 10 and 200.
It is
soluble in 17.5% NaOH at 20°C, but can be precipitated on
acidification.
3-cellulose is not normally found in healthy
wood, but occurs in varying amounts in wood pulps, suggesting
that it is a degradation product of a-cellulose
y-cellulose, which is soluble in 17.5% NaOH solution at 20°C,
and remains in solution.
The y-cellulose fraction is essentially
composed of the hemicelluloses and low molecular weight oligo
saccharides .

38.
Lignin is predominantly aromatic in nature and can be considered
as being a generic name for a series of aromatic polymers whose composition
varies according to trees species (46).

These aromatic polymers are built

up mainly from phenylpropane building blocks (56).

They are not hydrolysed

by acids, they are readily oxidisable, they are soluble in hot sodium
hydroxide and sodium bisulphite solutions, and they easily form condensation
products with phenols and thio compounds.
Lignin is formed after the wood cell wall has reached maturity, filling
spaces between polysaccharide fibres in order to cement and anchor the fibres
together, to protect them from physical and chemical breakup.

The mech

anism of formation of lignin is not clearly known, but it has been shown
that potential intermediate compounds can be synthesized from carbohydrate
precursors.

Nord (56) describes the formation of lignin as a series of

four distinct steps:

i)

co2

photosynthesis^
aromatization

ii)
iii)
iv)

dimerization
polymerization^

carbohydrates
primary building blocks
secondary building blocks
lignin

This type of mechanism must involve the functioning of several different
enzyme systems, each exerting an influence on the substrate in an organized
and integrated sequence.

The synthesis of shikimic acid as an intermediate

(Figure 6) has been proposed as the condensation of a triose derived from
glucose by glycolysis, with a tetraose derived via a pentose phosphate
pathway (56).
D-glucose, uniformly labelled with C-14 was fed to a Norway spruce
tree, lignin from the cambium was isolated, and was found to be radioactive.
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Figure 6:

Formation of lignin.

Specifically labelled shikimic acid (positions 2 and 6) was introduced into
a growing sugar cane plant.

After several days of metabolism, the leaves

were removed, and the stem of the plant was cut, dried and pulverized.
The resulting powder was thoroughly extracted with water, and it was found
that the radioactive material was incorporated into the non-water-extractable
components of the stem.

The greatest extent of radioactivity was found

in isolated Klason lignin (56).

Vanillin was isolated by nitrobenzene

oxidation and activity was mostly found in positions 2 and 6.

The most

common primary building blocks for the formation of lignin seem to be pcoumaryl alcohol, coniferyl alcohol, sinapyl alcohol and syringyl alcohol.
The principal intermediate in lignin formation seems to be the quinone
methide structure.

Quinone methides will react readily with compounds such

as methanol (Figure 7), coniferyl alcohol, phenols and sugars, as well as
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Figure 7:

Reaction of quinone methide with methanol.

polysaccharides.

This constitutes a mechanism by which lignin can be

grafted onto polysaccharides.

Electron paramagnetic resonance studies (57)

have indicated that stable free radical intermediates such as semiquinones
or hydroquinones, exist in lignin.

Figure

mediates that can be formed from coniferyl
5-position.

8 illustrates a series

of inter

alcohol through reactions in the

Freudenberg (58) has stated that about 45% of coniferyl alco

hol units (I) react in the 5-position during lignification, and this
position can be involved in three different functions to form intermediates.
Compound (II) is formed when one coniferyl

alcohol unit is linked

by de-

hydrogenative condensation to the 8-carbon

atom of the side-chain

of

another unit.
oxygen.

Compound (III) is formed by etherification with one phenol

Compound (IV) can be formed by diphenyl bonds.

The other primary

building blocks for lignin can also form similar intermediates to those
formed from coniferyl alcohol.
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Intermediates in lignification formed from coniferyl alcohol.

Lignin from various sources can be identified by the composition of
residues produced by nitrobenzene oxidation.

The main residues from

conifers are vannillin and p-hydroxybenzaldehyde.

Lignin from broad leaved trees

yields a significant amount of syringaldehyde as well as
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v anillin.

L i g n i n from g r a s s e s c o n t a i n s m a i n l y p - c o u m a r y l a l c o h o l r e s i d u e s

( 5 9 ) , w h i l e l i g n i n from sphagnum and „ p h r a g m i t e s m oss es c o n t a i n s a h i g h c o n t e n t
o f p - h y d r o x y p h e n y l and c a r b o n y l g r o u p s ( 6 0 ) .
e x t r a c t e d fr om l i g n i n s

2.2

S y r i n g y l r e s i d u e s can be

from b r o a d l e a v e s t r e e s

(61).

Wood s t r u c t u r e
The wood c e l l w a l l can b e c o n s i d e r e d a s c o n s i s t i n g o f a two p h a s e

s y s t e m , a mesh-work o f l o n g t h i n t h r e a d s

(cellulose)

embedded i n a m a t r i x

o f e n c r u s t i n g s u b s t a n c e s ( h e m i c e l l u l o s e s and l i g n i n ) .

The m a t r i x o r e n 

c r u s t i n g s u b s t a n c e s i n t h e c e l l w al l a r e d i s o r d e r e d , o r " a m o r p h o u s" ,
w h e r e a s t h e fram ework o f c e l l u l o s e i s a g g r e g a t e d i n t h e form o f f i b r i l l a r
bundles or u n i ts .

I n 1937, F r e y - W y s s l i n g p r o p o s e d t h e e x i s t e n c e o f m i c r o 

f i b r i l s a s s t r u c t u r a l u n i t s o f c e l l u l o s e , and t h e s e wer e l a t e r d e f i n e d as
_

h a v i n g an i n d e f i n i t e l e n g t h , w i t h t h e i r w i d t h v a r y i n g from 100 t o 300 x 10

-10

m.

S i n c e t h e n i t h a s b e e n p r o p o s e d by F re y -W y s s Li n g and o t h e r a u t h o r s from
e le c tr o n microscope d a ta ,
fib rils)

th at the sm allest

f i b r i l l a r units

(elementary

hav e a w i d t h o f 3oR, w h i c h a l l o w s 40 c e l l u l o s e m o l e c u l e s t o be

pa ck ed t o g e t h e r p a r a l l e l t o e a c h o t h e r .

Th es e e l e m e n t a r y f i b r i l s

form u n i t s

h a v i n g a w i d t h o f 120&, known a s m i c e l l e s , and t h e i n t e r f a c e s b e tw e en t h e
elem entary f i b r i l s
polysaccharides.

c o n ta in e i t h e r l e s s ordered c e ll u lo s e chains or o th er
Fo u r o f t h e s e m i c e l l e s a r e comb in ed , a l s o w i t h d i s 

o rd ere d p o ly o se s forming i n t e r f a c e s between each m i c e l l e , to c o n s t i t u t e a
m icrofibril.

Each m i c r o f i b r i l i s s u r r o u n d e d by d i s o r d e r e d l i g n i n and he mi -

c e llu lo s e chains.

Along t h e l e n g t h o f t h e m i c r o f i b r i l a r e a l t e r n a t i n g

ordered ( " c r y s t a ll in e " )

and d i s o r d e r e d

("amorphous") r e g i o n s .

r e g i o n s seem t o h a v e a l e n g t h o f a b o u t 300 x 10
most l i k e l y

-10

m.

The o r d e r e d

The d i s o r d e r e d r e g i o n s seem

(47) t o c o n s i s t o f t e r m i n a t i n g c e l l u l o s e c h a i n s i n t e r s p e r s e d
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with unbroken chains and much smaller chains of non-glucose sugars.

This

type of structure is in accordance with the biosynthesis mechanisms
mentioned previously.

If glucose units are added into microfibril chains,

the disordered regions can be reasonably explained (62).
The hemicelluloses do not seem to be ordered in structure, and these
polysaccharides contain many side chains.

Albersheim (63) studied the

relationship between cellulose and hemicelluloses in the primary cell wall
of sycamore cells which were grown in suspension in a culture medium.

He

found that enzyme degradation of the cell-wall polymers produced some
oligosaccharides containing fragments of more than one polysaccharide, and
postulated covalent bonding between non-cellulosic polysaccharides.

He

has formulated a model which also postulated linkages between cellulose and
hemicelluloses by means of hydrogen bonding.

Asunmaa and Schwab (64) have

examined aspen holocellulose samples using electron microscopy, and have
identified bonding and branching to produce a network type structure in the
polysaccharide fibrils.

Lignin-hemicellulose bonding is a popular theory,

and this will be mentioned in more detail.
The most feasible structure for the lignin polymer seems to be a 3dimensional network structure consisting of short linear chains crosslinked by a variety of interchain covalent bonds (61), though endwise poly
mer type lignins have also been postulated by some authors.

Some authors

have produced substantial evidence for lignin-carbohydrate bonds (65),
while others (61) consider the network structure of lignin - lignin covalent
bonds to predominate.

Nelson and Schuerch (66) showed from hemicellulose

extraction studies on white birch (Betula papyrifera Marsh) using dilute
NaOH solutions, that if lignin-hemicellulose bonds were present they were
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saponified so rapidly that the slower process of diffusion of NaOH through
the wood completely obscured any indication of their presence.
The major difficulty to analysis of lignin has been the extraction of
lignin in such a manner that it is not significantly altered in structure.
Milled wood lignin, extracted from the wood after 20 to 40 hours of grinding
in a vibratory ball mill seems to be the least altered form of lignin
separated so far, though this has not been substantially proved.

Bland (67)

has shown that milled wood lignin is extracted from the middle lamella and
not from the cell walls.
Brauns (68) obtained a material that could be partially extracted using
water and other organic solvents such as an ethanol-benzene mixture or
acetone.

Brauns lignin seems to be mostly present in heartwood, and it has

been found that the amount of this material increases drastically from
sapwood to heartwood in conifers.

Parenchyma cells located at the sapwood-

heartwood boundary exude Brauns lignin together with heartwood extractives
(61).

Wilson (11), as mentioned previously, found that the C-14 activity

of the heartwood extractives could not be distinguished from the C-14 activity
of the cellulose in the same ring.

He concluded that less than 6% of the

carbon in the heartwood extractives in the outer ring of the heartwood
comes from the atmosphere in the year of its conversion from sapwood to
heartwood.

This seems to suggest that the sapwood of

Pinus radiata always

contains the material which will be converted to the heartwood extractives
when that portion of the tree is converted from sapwood to heartwood.

This

mechanism has not been shown to occur in all species, though it has been
postulated that Brauns lignin consists of degradation products of the
original lignin (lignin precursors), and that it is part of originally in
soluble lignin that has been rendered soluble through hydrolytic processes
associated with ageing of tissue (69).

Hence the apparent lignin content
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of aged tissue should be less than that found in relatively young, mature
tissue.

Campbell and McDonald (70,71) found that on delignification of

European beech (Fagus sylvatica) and Sitka spruce (Pioea sitohensis) by
aqueous solutions of sodium chlorite buffered at pH6.3, at 70°C, there is
significant loss of polysaccharide to a certain stage, then further de
lignif ication causes appreciable polysaccharide losses.

The limiting stage

is 1.5% for beech and 4% for spruce.
From the evidence obtained so far from literature sources, it seems
that an approximate classification of three states of lignin existence in
wood can be postulated:
i)

Lignin polymerized to form a network of structure of lignin lignin covalent bonds.

ii)

Slightly degraded lignin, or lignin precursors that have been
concentrated in the heartwood of many species. Most of the
evidence for this lignin type has been found by examination of
conifers (56, 64, 68).

iii)

Lignin composed of endwise type chain polymers bonded to poly
saccharide cell wall components, so that removal of this type
of lignin from wood results in removal of polysaccharides.

Figure 9.

Schematic representation of cell wall layers (57)
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The cell wall (Figure 9) usually consists of five layers, which are:
i)

The middle lamella, which is the outer layer of the cell wall,
and is the layer that is first formed in the cambium. It is
initially very thin, but becomes thicker as the cell matures,
with the deposition of lignin. The middle lamella has generally
been regarded as being free from cellulose since no micro
fibrillar structure has been observed on microscopic examination
of delignified wood samples (72). The most workable definition
of the middle lamella has been that it is the intercellular
region between adjoining primary cell walls. Kibblewhite and
Thompson (73) examined a resin canal complex isolated from
slash pine chlorite holocellulose and found the middle lamellae
of the outer parenchyma cells was a complex structure containing
intercellular membranes, cellulosic and intercell wall fibrils.
The intercellular membranes encapsulate two or more cells and
consist of one or more intact ancestral walls.

ii)

The primary wall is a thin layer just inside the middle lamella
consisting of an irregular network of microfibrils which is
loosely structured and is capable of easily undergoing plastic
deformation. The approximate orientation of the fibre network
is at right angles to the fibre direction along the inner surface
of the wall, but differs considerably from this orientation
along the outer surface. This property can be explained by the
multinet hypothesis put forward by Roelofsen and Houwink in 1933.
They stated that the microfibrils are deposited in an initial,
approximately transverse orientation to the major cell axis and
during surface growth become progressively disoriented from this
direction, so that the oldest microfibrils (those on the outer
surface) are most changed in orientation from their initial
transverse arrangement (74).

iii)

The secondary wall is composed of three layers which have been
designated as outer (Si), middle (S2) , and inner (S3). The Si
layer is thin and consists of about 4 to 6 lamellae. It has a
crossed microfibrillar texture with its lamellae exhibiting an
alternating left-handed and right-handed helical arrangement.
In each lamella, the helical angle is about 50 to 90 , as
measured from the longitudinal axis of the cell, and the lamellae
are symmetrically disposed about the longitudinal axis.
The S2 layer is thick and varies in thickness between earlywood and latewood.
It consists of numerous concentric lamellae,
about 600 to 700$. thick, of which the microfibrils are oriented
at only a small angle to the longitudinal cell axis, the angle
usually being less than 30 .
The S 3 layer is usually the thinnest of the three, and
contains up toQ6 lamellae. The angle of microfibrils varies from
about 50 to 90 , and their arrangement is also alternating left
handed and right handed helices. The angle between crossed microfibrils is usually 20 to 30 , and sometimes as much as 50 . The
microfibrils are relatively loose textured in comparison with those
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in the S2 layer.
present.
iv)

In some species the S 3 layer may not even be

The cell lumen may contain a granular layer or thin membrane
with the appearance of being covered with warts, hence it has
been called the warty layer. In some species, such as beech
and cedar, the warts may be large enough to be seen with an
ordinary microscope (47) . This layer forms during the final
stages of cell wall development, and is regarded as a structure
arising from the dying protoplasm. The chemical composition of
this layer is not fully known, but extraction of wood surfaces
with water or neutral organic solvents entirely removes it from
the cell structures.
Cell development can be separated into four stages, which are cell

production, enlargement or surface growth, cell wall thickening and lignification.

When lignification is completed, the protoplasm is usually con

sumed, leaving the mature cell devoid of nucleus and protoplasm, and hence
biologically dead. The warty layer is formed in this final stage.

In

softwood tracheid cells it has been observed that the time required for all
development stages to be completed was about twenty days.
The actual structure and appearance of the cell itself in wood varies
according to the species of tree.
cells of hardwood species.

Cells of softwood species differ from

Softwoods are mainly composed of tracheids,

which are long, narrow tube-like cells with closed and pointed or blunt ends.
The cell walls of tracheids may be thin or thick, and usually contain dis
continuities known as pits.

As well as tracheid cells, softwoods may con

tain a small number of rectangular parenchyma cells, which also contain pits.
Some softwood species may contain a small number of ray tracheids, which
may resemble parenchyma cells, but are irregular in shape with pits that are
similar to those of long tracheids.

The majority of hardwood cells are

long and narrow with closed and pointed ends and are much shorter than soft
wood tracheids.

These cells are called fibres, and their cell wall thick

ness can vary considerably depending on the species.

Rectangular paren

chyma cells may also be present, as well as a small number of cells with open
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ends, called vessel members or vessel segments.

Vessel members are

generally shorter than fibres, but vary in size and shape.
and narrow, and some are short and wide (47).

Some are long

In some hardwood species,

tracheids may also be present, but these are morphologically different
from softwood tracheids.

Pits are abundant in all cell types, especially

in vessel members and tracheids.
The softwood tracheids are arranged in quite uniform rows in the radial
direction, from the pith of the tree to the periphery, whereas the arrange
ment is random in the tangential direction.

The first tracheids formed in

a growing season have the greatest fibre width and the thinnest cell walls.
As the growing season progresses, the radial width of the fibres decreases
and the cell wall thickness increases.
or early-wood zone.

This corresponds to the springwood

The growth zone following shows a quite pronounced de

crease in radial width and increase in cell wall thickness.
known as the summerwood, or latewood zone.

This zone is

The pits found in tracheids are

essentially circular openings in adjacent cell walls, spanned by a thin
membrane.

These pits serve as a translocation pathway between tracheids,

and there can be from 50 to 300 pits per tracheid in springwood, with a
smaller number in summerwood.

The tracheid pits of coniferous woods are

almost exclusively localized on the radial cell walls, and are more numerous
at the ends than in the middle parts, and they are always formed in pairs
on adjacent cell walls.

The mechanism inducing two neighbouring cells to

build a pit at the same place and at the same time is not known, but there
must obviously be some protoplasmic connection between adjacent cells (51).
The hardwood fibres are arranged less perfectly than softwood tracheids
and are interspersed with both parenchyma cells and vessels.

The vessels

are set one above the other to give a reasonably continuous structure, and
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there is a considerable amount of variation in size and distribution
between hardwood species.

The pits of hardwoods are much smaller than the

pits of softwoods, and exist between each combination of cell types (e.g.
fibres, fibres and pores, fibres and parenchyma cells etc.).
Tree growth can be considered as occurring via two mechanisms; growth
in length (primary growth), and growth in diameter (secondary growth).
Primary growth takes place at the tips of the main stem, branches and
roots.

Secondary growth takes place at the cambial region, which consists

of microscopic tissue, and is situated between the wood and bark structures
of the tree.

Cell division to form wood cells (xylem) and bark cells

(phloem) is accomplished within this region.

Cell development can be sep

arated into four stages, which are cell production, enlargement or surface
growth, cell wall thickening, and lignification.

The stage of enlargement

takes place by stretching of the primary wall, which loosens the micro
fibrillar network and tends to reorientate the microfibrils in the
direction of elongation.

The increase in cell volume leads to restriction

of the protoplasm to an inner lining of the cell lumen, and the formation
of sap cavities (vacuoles).

At the end of the enlargement stage, the

boundaries of the new cells consist solely of primary wall.
the secondary wall by the protoplasm then follows.

Formation of

Certain areas of the

primary wall remain very thin, and these areas constitute primary pit
fields.

Pit fields are not covered during deposition of the secondary wall,

and these areas finally become pits, with their structure depending on
the manner in wich the secondary wall is deposited.

Deposition of the

secondary wall is thought to occur progressively in both directions from the
centre of the cell to its ends.

The lignification stage of development

involves chemical alteration of the wall, which seems to occur first at cell
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corners, then extends simultaneously to the middle lamella and the
secondary wall.

The chemical components of the cell wall have been studied, and
differences between the various layers have been determined using tech
niques such as staining, chromatography, spectrography, chemical analysis
of isolated cells at various stages of development, dissolution of non
lignin compounds, microdissection followed by chemical analysis, ultra
violet and fluorescence microscopy, and selective attack by fungi.

From

these studies it has been shown that the middle lamella contains no cellu
lose, but consists mainly of lignin and pectic substances.

The primary

wall in its initial stage consists mainly of cellulose with some hemicelluloses present.

This layer then acquires large deposits of lignin

during the lignification process.

The polysaccharide composition of the

middle lamella and primary wall combined is about 40% cellulose and 60%
hemicelluloses.

The secondary wall contains a smaller proportion of lignin

(about 1-20%), and a relatively large proportion of cellulose (about 60%).
Because of the relative thickness of the secondary wall, most of the lignin
in the cell wall (about 60%) is contained there even though its relative
content is about 10 to 20%.
Springwood and summerwood tracheids in conifers also show differences
in polysaccharide distribution.
thickness of the S2 layer.

This is a result of the difference in

The summerwood tracheids, having a much thicker
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S2 layer contain a larger relative concentration of glucomannan and a smaller
relative concentration of glucorono-arabinoxylan.

Small variations of

polysaccharide distribution within a single tree can also be caused by age,
internal growth stresses and external micro environmental conditions.

Abnormalities in wood can be caused by environmental influences on
living trees or by natural growth characteristics such as knots.

The main

abnormalities occurring in trees are deviations from typical tree form;
spiral grain and other grain deviations, abnormal arrangement of growth
rings; disruption of the continuity of inner wood tissues; abnormal colour;
abnormalities caused by wounding of the tree; the formation of reaction
wood.

Reaction wood structure and formation will be the only abnormality

considered in detail as its formation has the most direct effect on the
structure and composition of the wood cell wall.
divided

Reaction wood can be

into two types, these being compression wood and tension wood.

Compression wood is formed on the lower side of leaning softwood stems, while
tension wood is formed on the upper side of leaning hardwood stems.

They

are both contained in the side of the stem where the growth rings become
wider.

Compression wood is darker than the surrounding normal wood, usually
being reddish-brown in colour, and its growth rings seem to be composed en
tirely of latewood.

The shape of compression wood tracheids is circular, often

leaving inter-cellular spaces between them, and they are shorter than normal
tracheids by about 30 per cent.

Compression wood tracheids do not contain

the inner S 3 layer in their cell wall, and the outer Sj layer is thicker
than normal.

Compression wood contains more lignin and less cellulose than

normal wood, and this extra lignin is deposited as a layer between the Sj
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and S2 layers.

The hemicellulose component of compression wood also con

tains more galactan and less galactoglucomannan than normal (74, 75).
The appearance of compression wood is relatively non-lustrous, and
there is a decrease in contrast between earlywood and latewood.

Its

density is greater than that of normal wood, though it is much weaker with
regard to modulus of elasticity, impact strength and tensile strength.
Tension wood also has a higher density than the surrounding normal
wood, and it has a shiny appearance.

It is as a rule lighter in colour

than normal wood, though in certain tropical and Australian species it is
darker.

The walls of tension wood fibres

are abnormally thick, sometimes

filling the entire lumen or reducing it to a mere slit.

The inner layer of

these walls has a glassy or gelatinous appearance, replacing either the S3
layer or both the

and Sj layers; occasionally the S3 layer may be present.

Microfibrils in the gelatinous layer tend to be oriented parallel to the cell

axis.

Tension wood generally contains more cellulose and less lignin than normal wood,
the higher cellulose content being due to the composition of the
layer.

gelatinous

This layer also has a higher "degree of crystallinity" or degree of

ordering than normal wood.

Tension wood has a higher specific gravity and

longitudinal shrinkage than normal wood.

The higher specific gravity may

be explained on the basis of the thicker walls of gelatinous

fibres.

The

abnormal shrinkage is more difficult to explain, but may be caused by changes
in cell wall chemistry.

Electron microscope studies on transverse ultrathin

sections of tension wood that have been embedded in methacrylate, have in
dicated that the gelatinous layer is porous, with a honey-combed texture
in which cellulose lamellae appear to be connected at irregularly spaced in
tervals.

Electron photomicrographs of dry wood do not have this porous

appearance (47).
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The relative concentrations of lignin, cellulose and hemicelluloses
in normal wood, compression wood, and the wood directly opposite the
compression wood (opposite wood) have been studied in conifers by Timell
(76).

He found that the opposite wood, which usually has much narrower

than normal growth rings, has a similar composition to that of normal wood,
indicating that the mechanism causing the formation of reaction wood is
specific, even though opposite wood has an abnormal structure.

The data

obtained by Timell is as follows (Table 9).
Compression wood has been produced artifically by the use of the growth
hormone indoleacetic acid (77), though tension wood could not be artificially
produced by this substance.

It has been suggested that tension wood is

formed under conditions of hormone depletion and compression wood is formed
under conditions of hormone excess.

2.3

Wood cell biosynthesis
The biosynthesis of cell-wall polysaccharides has not been well under

stood, but it has been established that a monosaccharide must exist in an
activated form, in a "high-energy" compound, to enable the enzyme to transfer
it to some acceptor and to lengthen the chain by a series of subsequent
transfers for the eventual formation of a polymer.

Colvin (78) introduced

three categories into which the study of the formation of cellulose micro
fibrils as physical entities in biological systems may be divided:
a)

The biochemical pathways leading from glucose or other substrates
to the activated monosaccharide residue which is incorporated
into a ß - (1 -> 4)- polyglucosan.

b)

The physical mechanisms whereby the activated precursor is in
corporated into the insoluble microfibril, which involve the
addition of the precursor to a second chemical phase, and the
control of the transverse dimensions of microfibrils to fairly
close limits.
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Table 9:

Relative concentration of wood components in various
types of wood

Species
and
Wood

Sugar residues (%)

Lignin
(%)

Galactose

Glucose

Mannose

Arabinose

Xylose

Opposite wood

30.0

2.4

66.1

18.0

2. 1

11.4

Side wood

30.1

2.1

67.9

17.0

2.0

11.0

Compression wood

38.9

16.6

57.5

12.2

1.6

12.1

Core wood (1-10 rings)

32.6

3.8

62.9

17.2

2.4

13.7

Core wood (11-19
rings)

30.0

2.3

66.5

17.5

2.1

11.6

Opposite wood

28.7

3.3

60.8

18.8

2.9

14.2

Side wood

28.3

3.9

60.3

18.6

2.8

14.4

Compression wood

38.9

20.1

53.7

9.3

3.0

13.9

Opposite wood

28.3

2.3

65.4

17.2

2.0

13.1

Side wood

28.0

3.7

64.7

16.0

2.5

13.1

Compression wood

37.0

17.7

52.1

10.3

2.4

17.5

Opposite wood

28.3

2.8

64.9

17.1

3.4

11.8

Side wood

27.7

2.9

64.2

17.6

3.4

11.9

Compression wood

38.8

20.3

53.3

10.4

2.5

13.5

Opposite wood

30.1

3.0

65.4

19.1

2.7

9.8

Side wood

30.9

3.0

66.0

19.2

2.2

9.6

Compression wood

39.3

20.3

53.0

11.7

1.9

13.1

Abies balsamea

La nix iavicina

•

P i c e a mariana

Pinus resinosa

Tsuga canadensis
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c)

The mechanisms whereby the growing tip of a microfibril may
have its direction of elongation altered so that the completed
microfibril is oriented as a component of a complex, interlocking
system.
These mechanisms do not include the purely rheological
reorientation of completed microfibrils after deposition, as a
response to strains in the wall.

Many researchers have supported the assumption that the activiated mono
saccharide could be a hexose phosphate.

They have suggested that the bac

terium Acetobacter xylinium, which produces cellulose extracellularly, has
an intracellular pool of fructose-6-phosphate, fructose 1, 6-diphosphate,
glucose-l-phosphate, and glucose 6-phosphate in equilibrium with one another.
From this pool hexose phosphate molecules are drained off to be incorporated
into cellulose after crossing the bacterial cell membrane.

The pool is re

plenished by direct phosphorylation of preformed hexose molecules and by
hexose phosphates arising from operation of a strong pentose cycle.

The main

reservation concerning this hypothesis is that so far no one has demonstrated
the formation of cellulose from these compounds either by whole cells or in
cell-free systems in spite of many attempts (78).
Sugar nucleotides have been found in living plant cells and have been
postulated as providing the activated compound for polysaccharide bio
synthesis.

Experiments have been carried out showing that some micro-organisms

can form a polysaccharide from uridine diphosphate D-glucose or thymidine
diphosphate D-glucose (79).

From

experiments with plant preparations, it

was postulated that cellulose biosynthesis occurred by the following mechan
ism (80):
i)
ii)

GTP + y-D-glucose 1 phosphate > GDP-D-glucose + PP
n (GDP-D-glucose) + acceptor

acceptor {(1 -* 4) - ß - D - g l u c o s e +nGDP

where GDP is guanosine diphosphate

GTP is guanosine triphosphate
PP is pyrophosphate.
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Although guanosine diphosphate is presumably formed in the reaction that
begins with the triphosphate, it has not been identified as a product.
Uridine diphosphate was also shown to be effective in the biosynthesis of
polysaccharides from plant tissues, but the (1 -* 4)- 3- linkage was not
always evident.

If the above mechanism is accepted as the pathway re

sulting in the formation of plant cell-wall polysaccharides, then uridine
triphosphate would seem to be the most effective precursor for the hemicelluloses, and guanosine triphosphate would be most effective for cellulose.
Reaction - (i) would be catalysed by specific pyrophosphorylases, while
specific transferase enzymes would be active in the polymerization step (ii).

Cellulose and the hemicelluloses are synthesized within the cell

wall.

The cell wall

lies outside the cytoplasm membrane, which defines

the boundary of the cell itself.

The wall is freely permeable to virtually

all molecules, but the cytoplasm membrane is only selectively permeable.
Water diffuses through the membrane by osmosis, increasing the pressure
within the cell and pressing the membrane against the cell wall.

The membrane

is elastic, and if it were not restrained by the wall, it would burst.

The

rate at which the wall yields to pressure determines the rate at which the
cell enlarges and the rate at which the plant as a whole grows.

For cellu

lose and hemicelluloses to build onto the cell wall structure, they must be
transferred from the inner region of the cell, through the cytoplasm membrane.
Colvin (78) proposed an intermediate compound consisting of activated glucose
(glucose plus an organic base), and a lipid, which has been identified as a
long chain (about 30 carbons) polyhydroxy alcohol which is sparingly soluble
in water, and this lipid acts as a carrier of the activated glucose men
tioned above across the cell wall.

All present evidence is consistent with

the conclusion that the formation of cellulose microfibrils by animal,
bacterial, fungal and plant cells under widely diverse conditions occurs
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outside the cytoplasm membrane of the cells.
ditions in which they are formed vary widely.

Even so, the local con
In the mantles of tunicates

the formation of microfibrils apparently takes place in a dilute dis
persion of glycoproteins in sea water.

In bacteria the cellulose micro

fibrils are formed in a medium of up to 10% carbohydrate.

In fungi and in

plant cells the microfibrils are formed in a dense, insoluble matrix of
ill-defined polysaccharides.

Considering the diversity of conditions under

which they are formed, the similarity of morphology among cellulose micro
fibrils is remarkable (81).

From observations using electron microscopy

(82), it has been found that the length of a fully extended polyglucosan
chain may exceed the length postulated by D.P. calculations (up to 15,000,
corresponding to a length of about 7.5y) from cellulose in solution by
several orders of magnitude.

This discrepancy may be caused either by the

breaking up of very long glucosan chains during the process of solution, or
individual chains may be terminated during the process of tip growth and
begun again.

If the latter mechanism occurs, then there must be a mechanism

for inserting the end of a new chain, otherwise repeated termination of
adjacent chains would gradually lead to a dimunition in the diameter of the
microfibril, and this does not appear to happen (81).

Two general mechan

isms of extracellular formation of the cellulose microfibril have been
proposed, though neither has gained universal acceptance.
The first mechanism, proposed by S. Hestrin and co-workers, involves
the prior synthesis of a soluble, high polymeric intermediate from an acti
vated monomeric precursor.

A (1 -* 4)

polyglucosan chain of high mole

cular weight is synthesized either on or in the cytoplasm membrane where the
enzymes are anchored.

This high-molecular-weight polyglucosan is then re

leased from the cell membrane and transported, probably by a process of
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diffusion, from the site of its synthesis to the point where the micro
fibril is to be formed.

At this point of deposition the polyglucosan

chains are fully extended and aligned parallel to each other by dispersion
forces and hydrogen bonding between chains to form insoluble microfibrils.
Either during or after the crystallization process, the insoluble micro
fibrils may become oriented.

Proof of the occurrence of this mechanism

depends on verification of the presence of a soluble high-polymeric inter
mediate.

Circumstantial evidence has been found from studies using the

techniques of electron microscopy and filtration, though no direct evidence
has yet been produced.

One

fact that even short chains

objection

to this mechanism stems from the

of (1 -► 4) -8 linked glucose residues are quite

insoluble, but if the mechanism is to be applicable, the (1 -*■ 4) -8 linked
chain must be soluble long enough for it to diffuse away from the wall to
the site of deposition, uncoil to an extended form, then associate with
others.

A second objection is that by definition the hypothesis of a high

polymeric intermediate in cellulose microfibril formation requires a slowly
tapering or frayed tip in order to provide the continuity required by the
high tensile strength of these entities.

However, the majority of experi

mental investigations of the shape of cellulose microfibril tips on unde
graded material have shown that their ends are quite blunt, and cannot have
been formed by crystallization of extended high-polymer chains.

A further

general argument against this mechanism is the observation that microfibrils
frequently coil about each other.

Such coiling of separate microfibrils

would be most unlikely if they were formed by the crystallization of a
high polymer.
The second mechanism was proposed in an attempt to circumvent the
difficulties implicit in the mechanism described above.

This mechanism
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suggests that a precursor, which is on or outside the cytoplasm membrane
and contains an activated glucose residue, transfers the glucose by
means of an extracellular enzyme to the end of a (1 -* 4) -3- polyglucosan
chain already incorporated into a microfibril.

Each of the polyglucosan

chains in the microfibril elongate more or less in unison by this means,
and therefore the tip of the microfibril as a whole lengthens without
tapering.

No free, soluble polymer is required as an intermediate, and the

newly polymerized, single glucose residues at the tip of the microfibril may
be expected to fit quickly into the lattice structure of a crystallite.

Under

this scheme, the polymerization of the glucose residue into a chain and its
crystallization into a lattice might be considered to be nearly simul
taneous events.

Occasionally some residues may be twisted, misplaced in,

or omitted from a lattice leading to the less periodic regions within the
microfibril that have been called "amorphous".

If some chains on one side

of a growing microfibril elongate somewhat faster than the chains on the
opposite side, because of a gradient of precursor, enzyme, or inhibitor, then
the microfibril will bend.

If no gradient of this type exists, the micro

fibril will be straight (as is commonly observed).

No direct evidence is

available for this mechanism, but it is consistent with or capable of ex
plaining the following observations:
a)

The blunt tip growth of cellulose microfibrils, since all
chains elongate by the addition of single, new residues at
about the same rate, and therefore the tips of the micro
fibrils show a truncated appearance.

b)

Occasional chain termination within a microfibril.

c)

Nonanastomoses and simultaneous coiling of separate microfibrils about each other. Since each member of a bundle
of elongation microfibrils will always be separate under
this mechanism, there is no possibility of fusion of micro
fibrils during elongation.
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d)

Formation and elongation of microfibrils remote from the
surfaces of the cytoplasm membranes of cells.
Since
the precursor is of low molecular weight, and is presumably
polar, solubility and rate of transport would not be ex
pected to restrict the formation of microfibrils to areas
close to the membrane.

e)

Occasional sharp alterations in the direction of orientation
of individual microfibrils or those in bundles.
Such changes
may reflect only small differences in rates of growth of the
chains within microfibrils.

The above mechanism has the advantage of explaining why cellulose micro
fibril formation is usually irreversible.

In a chemical sense this mechanism

is a heterogeneous one, and the final product of the reaction is part of an
insoluble second phase.

Soluble, activated glucose residues are effectively

removed from the system and incorporated into the solid microfibril.

The

growth of the microfibrils is "driven by this phase separation and will be
essentially irreversible, except under special conditions".
Neither of the two mechanisms mentioned above is wholly satisfactory,
as there is no direct unequivocal evidence for a high-polymeric intermediate.
Its existence is unlikely on solubility grounds, and because of the shape
of the tips of growing microfibrils.

Even though most observations on the

growth of cellulose microfibrils are satisfactorily explained by the second
mechanism, precise and definite knowledge of the key intermediate, which is
a lipid-glucoside effecting the transfer process of the activiated glucose
from within the cytoplasm membrane to the cell wall, has not been obtained.

2.4

Polymorphs of cellulose

It has been postulated that cellulose can exist in several crystalline
polymorphic forms.

Most of the data collected has come from X-ray dif

fraction measurements, and the correlation of data for the various polymorphs
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does not produce a very clear picture.

Ellefsen and T^nnesen (83) state:

"If cellulose were a high polymer with preference for perfect
crystallization, it would not have the flexibility necessary for arranging
itself into useful structures comprising fibrils and fibres.

In dis

cussing the polymorphic forms of cellulose it therefore seems correct to
keep in mind these points of view.
systems or models meant here.

In no case are perfect crystalline

However, the fact that the different forms

of cellulose obtained by various treatments can be classified as belonging
to different crystalline modifications is of benefit to a general understanding
of cellulose structures and of their reactions to chemical and physical
treatments.

It may also be that some of the modifications to be dealt with

may be proved finally to be more or less ordered forms of one or the other
(i.e. they are not true polymorphic forms)".
Mikhailov (84) considers that the cellulose polymorphs differ not by
phase structure, but by the configuration of units in the macro-molecular
chain, each species having its own equilibrium form.

Mikhailov measured the

heat of solution of cellulose fibres in 34% aqueous solutions of quaternary
ammonium bases of the type ^ 2 ^ ) 3 C5H 5 NOH, achieving an accuracy of
measurement of 1-2%.
Six polymorphs of cellulose have been proposed and the data available
has been summarised (83).
i)

The polymorphs are:

Cellulose I, which occurs in most natural forms of cellulose.

unit cell is said to be monoclinic in nature.

The

Meyer and Misch (85) proposed

the following unit cell dimensions:
a = 8.35A,

b - 10.3$. (fibre axis),

c = 7.9$, 3 = 84°.

Wellard (86)

found significant variations in unit cell calculations, using a number of
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different types of cellulose I.

Wellard’s values for the a axis vary

between 8.17 and 8.28&, for the c axis between 7.75 and 7.96&, and for
the 8 angle between 81.8 and 83.6°.
at 10.3^.

The value for the b axis was kept

Other authors came up with varying results, and the most re

liable average values seemed to be (83):
a = 8.2Ä,
ii)

b = 10.3&,

c = 7.9Ä, 8 = 83°

Cellulose II is representative of the regenerated forms of

cellulose, cotton or wood pulps treated with strong NaOH solutions, and
saponified cellulose derivatives.
a = 8.14Ä,

b = 10.3Ä,

The average unit cell dimensions are:

c = 9.14&,

8 = 62°

Wellard (86) found quite significant variations in the X-ray diffraction
measurements of a large number of cellulose II samples.

The a axis varied

between 7.83 and 8.06&, the c axis varied between 9.08 and 9.38^, and 8
angles were found in the range between 61.75 and 63.80°.

Wellard concluded

that there was a significant difference between the 8 angles of mercerized
and regenerated celluloses, with lower angles found for the mercerized
specimens.

The values for the mercerized samples were very close to those

found for cellotetraose and cellopentaose.
iii)

Cellulose III can be prepared by treating cellulose I or cellulose

II with liquid ammonia or anhydrous ethylamine.

The unit cell parameters

according to Legrand (87) are:
a = 7.74Ä,

b = 10.30Ä,

c = 9.96Ä, 8 = 58°

A hexagonal or tetragonal unit cell seems to fit the data better than the
monoclinic unit cell, and Wellard (86) has concluded that the correct cell
would be the hexagonal one.

Wellard also concluded that the molecular
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arrangement of cellulose III prepared from cellulose I is different to the
molecular arrangement of cellulose III prepared from cellulose II.
Marrinan and Mann (88) deuterated cellulose III samples produced from
cellulose I and cellulose II, and showed that different infra red spectra
were obtained for the two cellulose sources.

Absorption bands in the 3u

region, due to OH and CH stretching vibrations, were studied.

The deuter-

ations procedure was adopted so that OH groups in the more disordered regions
of the cellulose chains were converted to OD groups, which did not con
tribute to the spectral bands studied.

The average values obtained for the

cellulose III unit cell were:
a = 7.8Ä,
iv)

b = 10.3&,

c = 10.oX, 3 = 58°

Cellulose IV has been obtained by different procedures, each

involving a high temperature treatment.

Cellulose IV can be prepared from

cellulose II by heating in glycerol at 250 to 280°C.

It could only be

prepared from cellulose I by first preparing cellulose III, then heating in
glycerol at 250 to 280°C (88).

It was also found that infra red spectra on

deuterated samples were different according to whether cellulose I or
cellulose II was used as source material.

A rhombic unit cell was proposed

for cellulose IV, and the average values obtained for the unit cell para
meters were:
a = 8.1Ä,
v)

b = 10.3Ä,

c = 7.9Ä, 8 = 90°

Cellulose X has been prepared by reacting cellulose with HC1

having a concentration range of 38.0 to 43.3%.

The reaction was quenched

by pouring the reaction mixture into a large volume of distilled water and
neutralizing with Na2C0 3 .
fine powder.

The dry cellulose product was in the form of a

The morphological structure of this form of cellulose seems

to indicate that it is a degraded form.

Viscosity measurements in cupri-

ethylenediamine hydroxide have indicated that the degree of polymerization
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of cellulose X samples was as low as 15 to 20.
On the basis of experiments carried out with HC1 solutions of
different strengths, it was postulated that different lattice structures
occurring were due to different degrees or types of swelling.

At low

HC1 concentrations, the cellulose I lattice was obtained, and intermicellar swelling was taking place.

At higher HC1 concentrations, the

cellulose II lattice was obtained, and intramicellar swelling was taking
place.

At very high concentrations (fuming HC1), the cellulose X lattice

was obtained, and an intermediate cellulose-acid complex was assumed.
The most probable structure for the cellulose X modification is a
unit cell of the same dimensions as the cellulose IV structure, but with
a different cellulose chain arrangement.
vi)

Amorphous cellulose has been produced by grinding native cellulose

in a vibratory ball mill.

Its X-ray diffraction pattern shows no peaks

due to "crystalline" or ordered structure.

X-ray amorphous cellulose has

a low degree of polymerization, though some authors have stated that it can
be "recrystallized" back to the crystalline state (83).

This hardly seems

likely if the cellulose chains have been broken down significantly in length.
The X-ray diffraction patterns for the various cellulose polymorphs,
as well as that for wood are shown in Figure 10.

The X-ray diffraction

pattern for wood seems to be somewhat similar to that for cellulose IV.
Some authors consider that the cellulose structure for wood is a disordered
form of the cellulose I structure.

Another explanation seems to be that

intermicellar separation, caused by interpenetration of hemicelluloses, is
the reason for this "disordered" structure.
Work on amine cellulose complexes (89) has indicated that there was a
linear increase in the interplanar distances of the 101 planes with an
increasing number of carbon atoms in the unit cell (see Table 10).
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TABLE 10

Interplanar distances for amine-cellulose complexes (89)

Type

101 Interplane Distance (&)

Cellulose I

6.14

+ hydrazine

9.76

+ ethylenediamine

11.86

+ tetramethylenediamine

14.15

Figure 11 shows the linear relationship between mono-amine and
diamine 101 interplanar distances, and the number of carbon atoms in
the chain.

C RTOMS //v CHFUN
Figure 11:

Effect of amine chain length on the 101 interplanar spacing.

66.

Howsmon and Sisson (90) postulated that the amine molecules caused
the cellulose chains to move apart

(causing swelling) , and formed across

links between the chains by hydrogen bonding.

This type of interchain

hydrogen bond rearrangement seems to be a more feasible explanation of
X-ray diffraction and infra red spectroscopy observations than classi
fication into distinct groups of crystalline structures.
Figure 12 shows the interrelationship between the various polymorphic
forms.

The only two changes that are essentially irreversible are those

between cellulose I and cellulose II, and cellulose I and cellulose X .

Cellulose

Figure 12:

x

Transition possibilities between the various types of
crystalline cellulose (38).
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From the evidence collected, it seems that a more satisfactory
arrangement of the cellulose structures would be to split them into two
groups - those derived from cellulose I and those derived from cellulose
II (Figure 13).

Cellulose I

T

Cellulose III

Cellulose II

V
Cellulose III
II

Y
Cellulose IV

Cellulose IV

Y

amorphous
cellulose

Cellulose X

amorphous cellulose
Figure 13:

Alternative arrangement of cellulose types.

The difference between the cellulose I and cellulose II structures can
be postulated as being caused by a change in the intrachain hydrogen bonds
(91), or bonds between successive glucose units.

The complexes formed from

these initial structures can be postulated as stretching or possibly changing
the interchain hydrogen bonds, ultimately leading to amorphous cellulose,
showing maximum disorder.

2.5

Degradation processes in wood
Degradation of cellulose in nature is very dependent on the morphology

of the cellulose, since accessibility to the active areas of the cellulose
chains such as the hydroxyl groups or glucosidic linkages depends on the
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steric properties of the cellulose chains (92).

Weakening of interchain

cellulose bonds would provide access to chemical reagents so that weakening
of intrachain bonds, attack on glucosidic linkages and decrease in chain
length could occur.

In wood, the packing of cellulose microfibrils

in

lignin and hemicelluloses together with the presence of certain extractives
may also control the susceptibility of the cellulose framework to attack.
Mechanisms of the degradation of wood may involve attack by bacteria,
fungi, insects, marine organisms, fire chemicals, weathering, or may involve
mechanical wear (47).
Bacteria and other lower forms of microorganisms such as actinomycetes can be roughly classified into four groups for comparison as agents
in the degradation of wood (93).
i)

These groups are:-

Those bacteria which affect the permeability to liquids of wood,

but have no significant effect on strength properties.

The permeability of

wood may be increased by the utilization of nutrients found in the
of the cell wall.

layer

Ray parenchyma cells may also be attacked so that nutrients

are removed and permeability is increased.

The clearing of pit chambers may

also occur to provide increased permeability to liquids.
ii)

Bacteria which attack the wood cell walls, and hence affect the

strength properties of the wood.
is usually relatively slow.

The decay rate from this type of attack

Cell wall damage that occurs usually takes

the form of erosion troughs, depressions in the cell wall, or submicroscopic

rearrangement of cellulose in the secondary wall.

Widening of pit

cavities may occur, which may ultimately cause breakdown in the cell wall
structure.
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iii)

Bacteria which, functioning as an integral part of the total

microflora of wood, contributes towards ultimate breakdown.
probably the most common form of bacterial decay of wood.

This is
These bacteria

may act as initiators of degradation by providing nutrients for wood
destroying fungi, detoxifying the wood, or removing preservatives to pave
the way for wood destroying fungi.
iv)

Passive bacteria having no effect on the wood itself, but

affecting other bacterial colonies by antagonistic activities.
Fungal attack in living trees usually occurs only in the heartwood.
Sapwood may be invaded only after the decay of the heartwood is well advanced.
A reason for this could be that the heartwood tends to lose its durability
and extractive toxicity with age, and contains less moisture, so that more
air can be obtained by the fungi for growth and activity.

Essential re

quirements for fungi are food, moisture, air and temperature.

Fungi are re

produced by spores, which usually consist of a single cell and are 5 to 10
microns in length.

If the spores of fungi fall on a suitable substratum

they germinate when moistened,
out.

the spore wall bursts and a germ tube grows

This germ tube elongates by apical growth to become a hypha.

hypha then branches out and permeates the substratum.

The

Nourishment is

obtained by fungi by absorption through the walls of their hyphae, and their
food materials are dissolved by enzymic activity.

Fungi that attack only

cellulose and associated polysaccharides cause the wood to darken in colour,
shrink, and break up into brick shaped pieces which crumble easily into a
brown powder.

These are referred to as brown rot fungi.

Some fungi (found

mostly in hardwoods) can break down lignin as well as polysaccharides,
causing the wood to become lighter in colour, eventually reducing it to a
fibrous whitish mass.

These fungi are commonly known as white rot fungi.
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Another type of fungal decay is soft rot, most commonly found in hardwoods.
Wood with soft rot fungi present is of a dull, darkish colour and has a
cheesy consistency when moist (94).

The hyphae of soft rot fungi are about

0.5 microns in diameter, and grow in the lumen.

They pass through the cell

wall into the lumen of an adjacent cell, or develop "T" branches in the S2
wall layer of the same cell or a neighbouring cell.

The branches grow in

the direction of microfibrillar orientation.
Fungal attack may cause deep seated dark staining in wood.

The fungi

responsible for this type of attack derive their nourishment from the re
serve food material (starches and sugars) stored in living cells, and they
normally develop only in sapwood.

The hyphae of these fungi often pass

from one cell to another through pits.

Some are capable of penetrating the

cell walls, though they make extremely fine bore holes.

The sap stain fungi

usually produce a bluish tinge in the wood, though this has no appreciable
effect on the strength of working properties of the wood.
Wood destroying insects react to and depend for their nutrition on
compounds contained in the wood or produced by micro-organisms in the wood.
Nutrition of wood destroying insects depends on nitrogen compounds in the
wood.

Termites feed on cellulose, though their physiological requirements

and behaviour may vary greatly (94).

Attack by various types of insects

may provide sites for attack by fungi and micro-organisms.
Polysaccharides are solubilized by fungi and micro-organisms through
the use of specific enzymes.

The mechanism of enzymic hydrolysis involves

attack by a series of enzyme components in sequence.
ponents are collectively known as cellulase.
i)

These enzyme com

The components are:

An enzyme required for attack on crystalline cellulose (Cl)
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ii)
iii)
iv)

Endo - (1

4) -3- glucanases

Esco - (1 -► 4) -3- glucanases
3 - glucosidases

The Cl enzyme opens up the cellulose chains, making the glucosidic
bonds accessible to 3-glucanase.

The 3-glucosidases finally break up the

smaller hydrolysis products left to form glucose (95).
Chemical degradation of wood polysaccharides usually occurs by
hydrolysis, though photochemical degradation can occur.

Thermal degradation

may occur at temperatures about 120°C, causing depolymerization of the
cellulose.
Acid hydrolysis of wood involves attack on the glucosidic bonds in the
amorphous or less well ordered regions (96).

The reaction is initially

quite fast, but becomes very slow, since once the amorphous regions have
become hydrolysed, the subsequent attack is on the ends of crystallites
at a much reduced rate.

The rate determining step is electron transfer to

the glycosidic oxygen.
. Alkaline hydrolysis occurs in a stepwise manner, removing one glucose
unit at a time, converting it to soluble D-glucoisosaccharinic acid.

This

process occurs until it is interrupted in a particular molecule by an

irreversible stabilization reaction causing the cellulose molecule to be
come resistant to any further erosion.

This stabilization reaction seems

to arise by a saccharinic acid arrangement of the reducing end group in
cellulose (97).
It has been shown (98) that iron in an acidic environment will oxidize
and depolymerize cellulose and hemicelluloses.

The mechanism is a free
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radical one, leading to the formation of hydrogen perioxide.
i)
ii)
iii)

Mn++ 02

M

n+

00 .

Mn+00. + RH
H00. + H20

H202

+

HO.

No evidence of this type of degradation occurring in nature has been
found.
The degradation of lignin occurs mostly in nature as a result of en
zymic activity (56),
linkages are cleaved.

A loss of methoxyl groups occurs, and certain ether
Products obtained are converted to vanillic acid,

which is a major component of the degradation products.

The micro

biological decay finally leads to an accumulation of relatively refractory
organic material which are grouped under the name of humus.

The next

predominant functional group in humic acids is the carboxyl

group, and

the concentration of

methoxyl groups is significantly less in humic acids

than in lignins (99).

3.

EVALUATION OF WOOD TREATMENT TECHNIQUES

3.1

Solvent extraction and retention of solvents in wood.
The experiments outlined in this section involved extraction of wood

(ground to -20

in a Wiley mill) for a minimum of 6 hours in a Soxhlet

extractor with a 2:1 benzene-ethanol mixture, followed by a 6 hour ex
traction with 95% ethanol, followed by a 6 hour extraction with distilled
water (100).

A more polar solvent was used in each successive extraction

so that removal of the previous solvent was maximized.

The extracted

material was then isolated from the solvent by evaporation under vacuum.
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The amounts of extractive material obtained from wood differing in both
type and degree of degradation are shown in Table 11.

Moisture determin

ations were carried out on all samples, so that amounts of extractives
obtained are listed as a percentage by weight of oven dry wood.

The

variations in the amount of extractives found in "fresh" wood is well

TABLE 11:

Extractives obtained from both "fresh" and fossil wood

% Material Extracted

Wood Type

c 8h 6/c 2h 5o h

c 2h 5o h

h 2o

Total

Black bean (Castanospermum
10.2

7.6

1.1

18.9

(Nothofagus grandis)

6.1

1.6

8.8

16.6

(Pinus radiata D. Don)

0.6

0

0.8

1.4

1.3

1.5

0.5

3.3

Fossil wood from river bank, N.S.W.

2.4

0.7

2.3

5.4

Fossil wood, base of swamp, N.S.W.

0.5

0.3

1.7

2.5

Fossil wood, humate sands, N.S.W.

2.2

1.8

4.6

8.6

Fossil wood, sed. deposits, Tas.

6.5

0.9

5.7

13.1

australe A. Cunn.)

Pine

Pacific Maple (Acer macrophyllum
PurshO

indicated in these results.

The fossil wood samples do not indicate any

significant removal or addition of extractive materials,but they could have been
oxidised so that their solubilities were affected.
In order to evaluate the problem of solvent retention in wood samples,
a sample of degraded driftwood found buried in humate sands along the
northern coast of New South Wales (44) was crushed to -20/^.

750 ml of a
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2:1 mixture of benzene were prepared and doped with 0.12 ml of a C-14
5

active toluene standard, having an activity of 6.62 x 10

dpm/ml.

The

final activity of the benzene/ethanol mixture was approximately 100 dpm/ml.
Approximately 38 g of the wood was extracted with the solvent in a Soxhlet
extractor for 6 hours.

The solvent was removed, then 750 ml. of ethanol

were added and extraction was continued for another 6 hours.

The ethanol

was removed and the sample was extracted with distilled water for 6 hours.
The sample was then removed from the Soxhlet extractor, excess water was
removed by vacuum filtration using a buchner funnel, and the wood was
dried under vacuum at room temperature.
The 8 activity of the wood sample, before and after extraction with C-14
active solvent, was measured in a scintillation counter, but the results
were inconclusive.

The size of the wood sample measured was 0.3 g and the

counter was approximately 10% efficient.

Hence the counter was not sensitive

enough to pick up any activity caused by retention of the solvent in the
sample.

Fifty ten second readings were taken for each sample.

Values

obtained are shown in Table 12.

TABLE 12:

Activity measurement of wood.

Before extraction

After extraction

Background

18.3 ± 1.48 cpm

19.45 ± 1.53 cpm

Background + wood

17.7 ± 1.46 cpm

20.89 ± 1.58 cpm

Background 4- Std. CFR2

59.66± 2.68 cpm

56.06 ± 2.59 cpm
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The standard used (CFR2) had a surface area of 1.767 cm2 , and the
total activity of the material is approximately 240 cpm/cm2 .
the total activity should be approximately 420 cpm.

Therefore

The values obtained

in the experiment for the standard were 41.5 cpm before extraction and
36.6 cpm after extraction.
tained from the counter.

Hence approximately 10% efficiency was ob
To obtain a significant reading above back

ground (at least 4 standard deviations), the wood would need an increase
in activity of about 6 cpm.

Since 1 ml of solvent would have an activity

measurement of 10 cpm above background, it would be relatively impossible
to measure any activity due to solvent retention in the sample,
A radiocarbon age was determined for this sample, and the result was
compared with previous results obtained for the same sample (44).

The

sample was previously dated as ANU-971, and the apparent age obtained for
extractive free wood was 35,160 ± 1600 years BP.

The apparent age obtained

for the sample subjected to the labelled solvent was 27,710 ± 700 years BP.
From a table prepared by Polach (3), this age difference is approximately
equivalent to the effect caused by the incorporation of 1% "Modern" material
(i.e. material with a C-14 activity of approximately 15 dpm/g),
The experimental results indicate that solvent extraction of wood samples
using the procedure outlined in this section would not affect C-14 activity
determinations because of the solvent retention effects.

3.2

Comparison of chemical fractionation techniques.
The basic method used for chemically fractionating wood samples to

separate extractives and holocellulose was derived from Whistler

(100).

The samples were cleaned and crushed to -20tt, then extracted successively
with a 2:1 benzene-ethanol mixture, 95% ethanol, and distilled water, each
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for 6 hours in a Soxhlet extractor.
vacuum at room temperature.

The samples were then dried under

The extractive free samples were suspended in

800 ml of hot water in a 2 1. Erlenmeyer flask, and 3 ml glacial acetic
acid were added.

For a 25 g sample, 7.5 g technical grade NaC102 were

added, the flask was stoppered with an inverted 50 ml Erlenmeyer flask,
and was heated on a steam bath for about 1 hour.

A further 3 ml acetic acid

was then added, together with 7.5 g NaC102, and the flask was again heated
on the steam bath for 1 hour.

If the colour of the wood in the flask had

not lightened perceptibly to a light yellow or almost white colour, the
treatment was repeated.

Most samples only required about 2 hours treatment,

but the very degraded samples were not very susceptible to this treatment,
and only a slight lightening of colour was observed.

This delignification

step using NaClÜ2 was taken cautiously so that the minimum amount of poly
saccharide degradation occurred.

Hence, the holocellulose separated from

the very degraded samples was quite impure.

Table 13 lists the composition

in percent of the fractions obtained from four undegraded wood samples,
each result being corrected for wood moisture content.

TABLE 13:

Fractionation of undegraded wood samples.

% extractives

% holocell.

% "lignin"

18.9

67.5

13.6

Pacific maple (Acer m a c r o p h y l l u m
Pursh)

3.3

83.3

13.4

Pine

1.4

86.4

12.2

16.6

59.8

23.6

Sample

Black bean (C a s t a nospermum
austvale A. Cunn)

(Pinus ra d i a t a D. Don)
(Nothofagus grandis)
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The variation shown in this Table between species is quite significant,
and highlights the difficulty in choosing one fractionation technique for
all types of wood, especially if solvent extraction is not carried out.
Since the approximate amount of cellulose in oven dry wood is quoted as
being 40-45% (47), the amount of hemicelluloses contained in the holocellulose fractions vary considerably.
The same procedures were carried out on fossil wood samples, and the
results are shown in Table 14.

TABLE 14:

Fractionation of fossil wood samples

Sample

% Extractives

% holocell.

% "lignin"

Fossil wood, river bank N.S.W.

5.4

56.4

38.2

Fossil wood, base of swamp,
N.S.W.

2.5

27.7

69.8

Fossil wood, humate sands,
N.S.W.

8.6

54.2

37.2

13.1

45.1

41.8

Fossil wood, sed. deposits,
Tas.

In each case, the holocellulose isolated from these samples was far
from satisfactory in appearance, each being quite dark in colour.

The

amount of material dissolved (% "lignin") indicates the presence of relatively
large amounts of degraded material.
An undegraded softwood sample was treated by the following
method (100) in order to isolate crude cellulose from holocellulose.
i)

20 g air dry holocellulose was added to a 1 7. wide mouth screw cap
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bottle.

1 7. of 12% NaOH solution was added, and a stream of dry nitrogen

was bubbled through the sample for about 1 minute.

The bottle was closed

with a polyethylene liner, and was rotated slowly end over end for about
8 hours.
ii)

The sample was filtered by suction on a C porosity fritted

glass Buchner funnel in such a way that a minimum amount of air was sucked
through the filter.
iii)

The residue was transferred back to the bottle, and about 1 Z. of

7% NaOH solution was added.

Three extractions of about 8 hours each were

carried out in this manner.
iv)

The sample was filtered as before, and the residue was washed with

5% NaOH solution, then with cold water.

The residue was then stirred

briefly with 1 molar HC1 solution, and was allowed to stand for 10 minutes.
v)

The sample was filtered, washed thoroughly with distilled water,

and air dried.

. Pinus radiata holocellulose yielded 11.5 g of dry material, which is
equivalent to 49.7% of the total wood.
In order to test a method of crude cellulose isolation from a hardwood
holocellulose, black bean holocellulose was treated in the following
manner:

20 g holocellulose was placed in a 1 Z. Erlenmeyer flask fitted in
such a way that dry nitrogen could be bubbled through the contents.

The

following extractions were then carried out, the flask being periodically
shaken.
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i)

850 ml boiling water for 1 hour.

ii)

500 ml cold 4% NaOH for 4 hours.

iii)

iv)
v)

500 ml hot 10% NaOH for 4 hours (the sample was
placed on a steam bath).
500 ml 18% cold NaOH for 4 hours.
500 ml 24% cold KOH for 2 hours

The sample was filtered and washed with distilled water several times,
then with 1 M HC1, and finally with distilled water.

The sample was then

air dried.
The yield of dry, black bean cellulose was 12.9 g.

This represented

43.5% of the total wood.
This method of crude cellulose isolation from undegraded wood is extremely
time consuming when all the steps are taken into consideration, but a
standard technique such as this is badly needed in order to assist in re
solving many of the discrepancies being found in C-14 activity measurements
on tree ring samples.
- The cellulose isolation technique for hardwoods was carried out on the
degraded wood holocellulose samples mentioned previously.

In each case a

significant loss occurred, but the products looked much more like cellulose.
Each sample yielded a product representing approximately 20% of the total
wood.
A

portion of Nothofagus grandis was treated using the technique derived

by Bannister and Damon (28) as a comparison.

The product was reddish brown

in colour, indicating that quite an amount of lignin and extractives were
present, and represented 57.5% of the total wood.

This product was then

subjected to
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solvent extraction.

Benzene/ethanol extraction yielded 1.0% of the total

wood, ethanol extraction yielded 0.2%, and water extraction yielded 4.4%.
Hence the product from the technique of Bannister and Damon still contained
5.6% extractive material.

The sodium chlorite oxidation technique was then

carried out on this product, and the holocellulose obtained yielded only
38.9% of the total wood.

Hence much of the polysaccharide component was

lost during this treatment.
A portion of Nothofagns grandis was treated using the technique of
Arslanov and Gromova (42).

The product was almost white, indicating that

delignification was almost complete.
of the total wood.

The yield of product was only 38.7%

This technique was also carried out on a very degraded

wood sample collected from the bottom of a swamp on the New South Wales
Coast.

No insoluble product was collected, indicating that this method is

suspect with degraded samples.

3.3

Isotopic fractionation of wood components.

Isotopic fractionation difference in
examined using samples of degraded wood.
Sample A

various wood components was
6C13 values were as follows:

(Fossil wood from a river bank, N.S.W.)

Total wood:

6C13

=

-24.8 ± 0.2%.

Benzene/ethanol extract:

6C*3

=

-25.7 - 0.2%.

Ethanol extract:

6C13

=

-24.8 i 0.2%.

Water extract:

6C 13

= — 22.5 ±

Holocellulose:

6C13

=

0.2%.

-22.5 - 0.2%.

Results are quoted with respect to the PDB standard. Measurements
were carried out using a Micromass mass spectrometer.
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Sample B

(Fossil wood from a swamp, N.S.W. coast).

Total wood:

6C^3

=

—27.7 ± 0.2%*

Holocellulose:

6C^3

=

-25.8 ± 0.2%*

Facilities were not available for a detailed study to be made using
<5C13 determinations, but there seems to be sufficient evidence to indicate
that C-13 fractionation could be a useful indicator of different synthesis
mechanisms and origins of various wood components.

4.

STRUCTURAL PROPERTIES OF FOSSIL WOOD.

4.1

Moisture content.
The amount of moisture contained in a wood sample under equilibrium

conditions can be used to indicate the degree of degradation of the sample.
The more active sites that are available in the wood, the more the moisture
uptake.

Kawai (101) indicates that three mechanisms occur on uptake of

water vapour towards saturation:
i)

ii)

iii)

The first water adsorbed is hydrogen-bonded to the reactive
groups of the cellulose molecules.
Water is adsorbed between cellulose chains which cause the
wood to swell.
The swelling of the wood fibres reaches a limiting value, but
large quantities of additional water are condensed in the fibre
by capillary condensation.

Moisture determinations were carried out using a Mettler moisture
determination balance.

The samples were weighed to constant weight.

producibility was found to be approximately ± 0.3%.
results obtained is shown in Table 15.

Re

A cross section of

Each of the samples was allowed

to equilibrate in the laboratory at room temperature for at least 1 hour before
the measurements were carried out.
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TABLE 15:

Moisture determinations on a series of wood samples.

Sample

%

Moisture

Cellulose powder (Chromatographic grade)

4.7

Black bean (Castanospermum australe A. Cunn.)

8.0

Pacific maple (Acer macrophylZum Pursh)

8.3

Pine (Pinus radiata

8.6

D. Don)

(Nothofagus grandis)

7.5

Fossil wood 1 (ANU-31) (43)

9.2

Fossil wood 2 (ANU-1052)

6.2

Fossil wood 3 (ANU-1054)

7.2

Fossil wood 4 (ANU-971) (44)

10.5

Fossil wood 5 (ANU-1454)

10.2

Fossil wood 6 (ANU-205)

15.4

Fossil wood 7 (ANU-1571)

11.5

Foss.il wood 8 (ANU-1880)

15.3

Fossil wood 9 (ANU-1890)

15.6

Fossil wood 10 (Linda, Tas.)

8.0

The undegraded wood samples all give values of 7.5 to 8.6% moisture,
while the 10 fossil wood samples have values ranging from 6.2% moisture to
15.6% moisture.

These values will be correlated with results from other

methods in order to define degrees of structural deformation.
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4.2

Carbon, hydrogen and nitrogen analyses.

Tsoumis (47) states that the carbon, hydrogen and nitrogen contents
of oven-dry wood are as follows:
%C

=

49-50%

%H

=

'v 6%

%N

=

^ 0.1%

Carbon, hydrogen and nitrogen analytical results for the samples listed
previously, are listed in Table 16.

The variation again is quite con

siderable.
TABLE 16:

Carbon, hydrogen and nitrogen analyses

Sample

%C

%H

%N

C/H ratio

Cellulose powder (chromatographic grade)

46.8

5.9

-

7.9

Black bean (Castanospermwn australe A. Cunn.)

46.9

5.3

-

8.8

Pacific Maple (Acer macrophyllum

48.3

5.4

-

8.9

50.1

6.4

-

7.8

52.0

5.4

-

9.6

Fossil wood 1 (ANU-31) (43)

59.9

6.9

-

8.7

Fossil wood 2 (ANU-1052)

52.4

6.4

-

8.2

Fossil wood 3 (ANU-1054)

52.6

6.2

-

8.5

Fossil wood 4 (ANU-971) (44)

56.7

5.6

-

10.1

Fossil wood 5 (ANU-1454)

49.9

4.2

-

11.9

Fossil wood 6 (ANU-205)

59.5

5.8

-

10.3

Fossil wood 7 (ANU-1571)

59.8

4.7

-

12.7

Fossil wood 8 (ANU-1880)

55.0

5.2

-

10.6

Fossil wood 9 (ANU-1890)

54.6

4.9

-

11.1

Fossil wood 10 (Linda, Tas.)

49.0

5.2

Pine (Pinus radiata

D. Don)

(Nothofagus grandis)

Pursh,/

9.4
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4.3

Structure determination using X-ray diffraction.

X-ray diffraction was studied as a means of measuring the amount of
cellulose degradation occurring in a wood sample.

The technique has been

used widely in cellulose chemistry to define the different cellulose
structures, and to provide some measurement of the degree of crystallinity
in a sample by using a sample of amorphous cellulose and a sample of native
cellulose as standards.
Samples were prepared by pressing 1 g of sample (-20//) using a pressure
of about 2,500 psi.

A thin wafer was produced which could be inserted

into the X-ray diffractometer quite easily.

Peak heights were measured

from the base of the peak in relative units (number of divisions on the chart
paper) as a semi-quantitative measurement of relative

intensities.

The

results were found to be quite reproducible.
The cellulose powder sample produced peaks at 20 values of 14.9°, 16.6°,
22.7° and 34.3°.

This corresponds very well with the literature values for

the cellulose I diffraction pattern.

The major peaks found in the wood

samples were 20 values of 15.6 to 15.8° and 22.3 to 22.5 degrees.

Diffraction

patterns for the samples listed previously are illustrated in Figures 14-18.
The diffraction patterns were run under exactly the same conditions, and
peak heights were determined as a means of providing a semi-quantitative
measure of the degree of degradation of the cellulose fibres in the wood.
Since both lignin and the hemicelluloses are essentially non-ordered, the
diffraction patterns are providing a definition of the cellulose structure
in the wood samples.

Peak height values for the two major peaks in the

diffraction patterns of the samples studied previously are shown in Table
17.

.. 85/

85.

Cellulose: P o u d e r

Figure

14:

X-ray d i f f r a c t i o n

p a t t e r n s o f c e l l u l o s e p ow d e r and u n d e g r a d e d wood.
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Figure 15:

X-ray diffraction patterns of undegraded and degraded wood samples
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20°

Figure 16:

X-ray diffraction patterns of degraded wood samples.
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Figure 17:

X-ray patterns of degraded wood samples.
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Figure 18:

X-ray patterns of degraded wood samples.
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TABLE 17:

X-ray diffraction peak height values.

Sample

Relative Peak Heights
20 = 15.6-15.8°

20 = 22.3-22.5°

-

83.8

10.2

26.8

Pacific maple (Acer m a c r o p h y l l w n .Pursh)

9.5

30.0

Pine (Pinus radiata D. Don)

7.0

23.8

6.4

21.5

6.0

7.5

Fossil wood 2 (ANU-1052)

10.5

22.2

Fossil wood 3 (ANU-1054)

7.8

23.8

Cellulose powder (Chromatographic grade)
Black bean (Castanospermum aus tv ale A. Cunn.)

(Nothofagus grandis)

Fossil Wood 1 (ANU-31) (43)

Fossil wood 4 (ANU-971) (44)

-

3.0

Fossil wood 5 (ANU-1454)

-

-

Fossil wood 6 (ANU-205)

-

-

Fossil wood 7 (ANU-1571)

-

-

Fossil wood 8 (ANU-1880)

-

-

Fossil wood 9 (ANU-1890)

-

-

Fossil wood 10 (Linda, Tas.)

5.8

17.5

Three basic structural states can be observed from the values shown in
Table 17:
i)
ii)

iii)

Both peaks exist - the sample is structurally sound.
Only the peak at 20 = 22.3 - 22.5° exists - the sample is partially
degraded.

Neither of the peaks exist - the sample has no "crystalline" or
ordered structure at all. It is interesting to note that in the
case of the peak at 20 = 15.5 - 15.8 , the relative peak heights
do not vary a great deal. The peak is either present or absent.
In the case of the peak at 20 = 22.3 - 22.5 , the peak height
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varies considerably, and is always present if the wood
has any structure or binding between fibres left. Most
of the samples having neither of these peaks can be easily
crushed into a powder.
In Table 17, fossil wood samples 1,2 and 10 can still be considered
to be structually sound.

Samples 4 and 6 are quite well degraded, but

still have the appearance of wood.

Samples 5,7,8 and 9 have no structural

properties at all left.

4.4

Microscopic examination of fossil wood samples.
Transverse, radial and tangential thin sections of a series of fossil

wood samples were prepared and compared with similar sections of undegraded
wood samples using 80x magnification.

A similar classification could be

made to that in the previous section.

Fossil wood samples possessing two

peaks in their X-ray diffraction patterns were structurally similar to un
degraded wood samples.

Samples possessing only one X-ray diffraction peak

showed definite gaps in their fibrillar structure in the tangential sections.
The horizontal rays also indicated a certain loosening in the radial sections.
Deposition of dark brown substances could also be seen in the radial sections.
No real distinction could be made within the classification.
It was not possible to produce adequate thin sections for those samples
possessing no peaks in their X-ray diffraction patterns.

The sections

seemed to have a similar structural appearance, but each structural unit
that could be observed seemed to be bordered by dark brown to black amorphous
material.

No fibrillar type structure could be observed.
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4.5

Determination of the degree of polymerization of cellulose in
fossil wood samples.

It was decided to look at techniques of separating cellulose into
size fractions in an attempt to ascertain the amount of depolymerization
occurring in various samples.

The most promising technique appeared to

be chromatography using controlled pore glass beads.
decided upon for initial studies were
and 2000 x 10

troughly

270 x 10

-10

The pore sizes

-i°
m, 1000 x 10 • m, r

corresponding to the average molecular

sizes of

d,ß, and V cellulose.
To be able to use this technique, it was necessary to prepare a
cellulose solution.

The most useful derivative of cellulose that is soluble

in organic solvents is cellulose trinitrate, and attempts were made to
prepare the trinitrate using a mixture of fuming HNO3 and P2O5 as the
nitrating agents (100).

Eight samples were nitrated with varying success.

The theoretical nitrogen concentration in cellulose trinitrate is 14.1%, but
the most common concentration obtained was 13.8 to 13-9%.
The nitrating mixture was prepared by slowly adding 404 g P2O5 to 100 g
of fuming
additions.

nitric acid in an ice bath, stirring or shaking thoroughly between
The solution was then filtered through glass wool.

reagents in the mixture are:

The active

HNO3 - 64%, H 3PO4 - 26%, P2O5 - 10%.

The sample was dried so that the moisture content was below 2% • 1 g of
sample was added to 100 ml of reagent at 0°C, and kept for at least 2 to
3 hours with occasional stirring.

The sample was filtered using a sintered

glass crucible to remove the maximum amount of acid, and was then trans
ferred to 300 ml of cold water (0°C) with thorough stirring.

The water was

changed several times, then was removed, and the sample was given three
5 minute treatments with 200 ml batches of boiling water.

The product was
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rinsed with methanol and dried under vacuum.
Attempts were made at dissolving one of the cellulose nitrate samples
in acetone to determine the most useful concentration for chromatography.
Initially 1 g of cellulose nitrate was added to 100 ml of acetone, but the
cellulose nitrate did not dissolve.

1 g of cellulose nitrate was finally

dissolved in 500 ml of acetone (a concentration of 0.2%), and it was found
that the solution was difficult to handle because cellulose nitrate pre
cipitated quite easily.

This solution was also quite viscous.

A saturated solution of cadmium oxide in 30% ethylenediamine solution
was studied as a solvent for cellulose (102), but it was almost impossible
to obtain a satisfactory solution.

5.

SUMMARY, CONCLUSIONS, AND INTERPRETATION OF EXPERIMENTAL RESULTS

5.1

Treatment of undegraded wood for C-14 activity determinations.

In Chapter 1, the problems associated with the interpretation of C-14
activity measurements on wood samples was discussed.

The examples quoted

showed that a large variety of wood treatment techniques were used, and
in most cases, the possibility of anomalous results being obtained existed.
The chemistry of wood is so complicated and variable that an attempt needed
to be made with regard to understanding some of the chemical problems so
that most of the uncertainties associated with the chemical treatment
techniques could be removed.
Since the most inert, and therefore the most reliable chemical component
of wood is cellulose, this is the component that should provide the most
reliable C-14 activity measurements.

Since the origin of some of the hemi-

celluloses may not be the same as the origin of the cellulose building blocks.
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thereliabilityof holocellulose fractions could be open to doubt.
Alkaline hydrolysis of wood or cellulose samples is not reliable in the
presence of air, and this needs to be carried out in an atmosphere of
dry nitrogen.
It is concluded that one of the few treatment techniques that isolates
the most reliable wood fraction is the technique described in Chapter 3.
This technique is very time consuming, but should be reliable enough to
be used as a standard technique.

5.2

Treatment of fossil wood samples for C-14 age determinations

An additional problem occurring with fossil wood samples is associated
with the degradation of the original components of the wood.

As the com

ponents degrade, the possibility of incorporation of foreign organic
materials linking with more active molecular end groups becomes real.

An

attempt has been made to define the degree of structural degradation in
fossil wood samples so that these samples can be more easily categorized in
terms of the reliability of any C-14 activity measurement.

The 10 samples

quoted in Chapter 4 can be categorized in the following manner:
i)

Those samples that are still structurally similar to undegraded
wood samples.
The results obtained for fossil wood sample 1
fit the series obtained for undegraded wood except for the fact
that the carbon and hydrogen analyses give anomalously high values
This would indicate that the relative proportion of oxygen is
slightly lower than normal.
Sample 2 can be considered to fit
the series in all regards, as does sample 3. Hence there is the
possibility of an environmental mechanism occurring, resulting in
reduction rather than oxidation of the wood components.

ii)

Those samples that have undergone degradation, but some structure
still exists.
Samples 4 and 6 have a higher moisture content and
% carbon content than normal, and have a slightly higher C/H ratio
No distinct oxidation processes are obvious, but there is a slight
increase in the relative proportion of oxygen.
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iii)

Completely degraded samples with no definable structure. The
results of sample 7 indicate the possibility of an anaerobic
degradation process, while samples 5,8 and 9 indicate no change
in the relative proportion of oxygen, or a slight increase. The
moisture content of these samples is higher than normal.

These results are inconclusive with regard to the categorization of
possible degradation mechanisms, but they indicate that the possibility
exists

that some categorization may be obtained from a more detailed study.

No means of

identifying

the incorporation of foreign organic materials

into fossil wood has been obtained, but it can be concluded that any
structurally degraded sample could be open to doubt.

Hence moisture content

determinations may ,be helpful, and X-ray diffraction data can define the
degree of degradation.

C-14 age determinations on degraded wood samples

must be regarded as questionable unless there is some undegraded material
remaining that can be isolated.

Hence, the chemical isolation technique

outlined in Chapter 3 is still the most reliable3since there is more chance
of isolating any remaining undegraded cellulose.
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