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ABSTRACT

The main objectives of this work were to £ind out:

(a) how the stable isotope ratios in wood constituents such

as cellulose and lignin vary with changing climate;

(b) whether such variations can be applied to the study of

past climate.

Initially rings from a New Zealand grown Pinus radiata (Monterey
pine) were studied since this is a complacent tree which grows
throughout the year and hence over a wide temperature range.

In crder to accurately determine the stable isotope ratios in
wood compcnents the following techniques were developed:

(a) the preparation of wcod constituents on a small scale;

(b) the determination of 5D values in waters;

(c) the determination of 8D values in plant materials;

(d) the determination of §13c values in plant materials.
Several possible methods for measuring D/H ratios for cellulose are
discussed. It was decided to use a technique which involves heating
cellulose with a standard water to fix the D/H ratio of the
exchangeable hydrogens. Using this method relative 6D values have
been determined to a precision of #* 0.93kx>(l g). The 813¢ method was
developed sc that the 13¢ content of cellulose and lignin samples
could be determined to * 0.04ekx>(l ag).

A new procedure for determining § values from raw mass
spectrometer results is outlined.

8D determinations on cellulose samples from three growth rings



iii
in a specimen of Pinus radiata show that the non-exchangeable
hydrogens of cellulose are more than Zdvoo depleted in the summer as
compared with the winter. These 8D values appear to vary with the
annual temperature cycle, but in the opposite sense to that expected
from thermodynamic considerations. 6180 determinations on the same
samples show a summer/winter variation of about 23kx> and in the
opposite direction to the summer/winter variation in the 8D
determinations.

The 6D results from Pinus radiata cellulcse are compared with
8D determinations on cellulose from other trees.

It is concluded that all the measurements to date suggest that
an increase in temperature results in a decrease in the D/H ratio of
the non-exchangeable hydrogens in cellulose. The results impiy a
temperature coefficient of about - f?oo per oC, which is opposite tco
that found for precipitation (+ 5.63Qx> per oC). This temperature
effect will only be useful for past climate studies if 8D variations
due to meteoric and/or leaf transpiration changes can be corrected for.
This may be possible using 6180 determinations.

A new model to explain the effects of environmental changes cn
the magnitude of carbon isotopic fractionation in C, plants is
presented and discussed.

813¢ determinations on both cellulose and lignin from the same
Pinus radiata that was used for the 8D determinations show an
enrichment of about f?oo in suamer wood as compared with winter wood.
This summer/winter variation is probably mainly due to changes in air
temperature affecting the magnitude of carbon isotope fractionation
during photosynthesis. The lignin variations are similar, but
significantly displaced in time with respect to the cellulose

variations. This is probably the result of secondary lignification.
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813c values for cellulose prepared from individual rings in a
sample of dendrochronologically dated Pseudotsuga menziesii (Douglas
fir) are compared with meteorological observations during growth. A
correlation between the 6!3C values and mean late spring/early summer
temperature is discussed. The temperature coefficient for this
correlation is + 0.2??00 per oC, which is in good agreement with the
Pinus radiata results.

Similar determinations on individual rings from Pinus radiata
are difficult to interpret in terms of climatic changes because of a
relatively large depletion in 13¢c towards the centre of the tree studied.
A similar depletion in 13¢ was observed for cellulose prepared from a
carbon-14 dated Agathis australis (New Zealand kauri) which grew during
the last 1000 years. However, no such "age" effect was observed when
§'3¢c values were determined for cellulose samples prepared from two
dendrochronologically dated Pinus longaeva (Bristlecone pine) trees
which also grew during the last 1000 years.

The short-term fluctuations in the cellulose §!3C curve for
Agathis australis are probably temperature related, and therefore
represent a record of warm and cold periods in New Zealand's climate.
This record is discussed together with information available from other
sources. It is concluded that the fluctuations in New Zealand's
climate during the last millenium were basically similar to those in
the climate of North-western Europe.

The §'3C variations in Pinus longaeva cellulose appear to be
climate related, although in the opposite sense to the Agathis
australis variations. These 8'%C variations in lower forest border

Pinus longaeva significantly correlate with upper tree line ring width

variations for the same species. It is proposed that changing water

stress is the underlying cause of the 8!'%c variations. If this is the



case, the correlation may be the result of a correspondence between
periods of water stress at the lower forest border and warm periods
at the upper tree line.

It is cencluded that '3¢/'2C ratios in both cellulose and
lignin vary with changing climate. Results from Pinus radiata and
Pseudotsuga menziesii indicate a temperature dependence of about
+ O.23kx> per Cc. However, other results from Pseudotsuga menziesii
and Pinus longaeva indicate that, in some situations, this effect is
dominated by a larger and opposite effect, attributed in this work to
water stress.

Thus there is little doubt that §!3C variations in the wood
components from each tree ring sequence studied reflect climatic
changes in that particular area. For some trees the effect of plant
physiological changes on such variations is little understood. At
present, those trees growing in expcsed situaticns with a plentiful
water supply appear to hold mcst promise for elucidating past climate

data from measurements of 13C/:2C ratios.
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PART I

INTRODUCTION



CHAPTER 1 GENERAL INTRODUCTION

Climatic changes cre having an increasing effect on Man's
activities. Population growth demands that more marginal agricultural
land is brought into production and that water supplies are more fully
utilised. Thus the recent drought in the marginal grazing lands south
of the Sahara has caused wide-spread famine, while more rain than
normal in Australia has resulted in disastrous flooding. The long dry
spell in North-western Europe has severely tested resources designed
to provide a continuous water supply. Even small changes in long
term mean annual temperatures such as the 1 to 20C cooling between the
Medieval Warm Period and the Little Ice Age have leit their mark on
Man's history (see, for example, Lamb 1965).

Attempts have been made to set up mathematical models of the
climate system with the aim of predizting future climate (e.g. Mason
1976, Gordon and Davies 1975). Such models, however, are only as
good as the information available to put into them. There is an
abundance of data available concerning recent climate, but in most
parts of the world few meteorological records longer than 100 years
exist. For information concerning climate changes that occurred
before records began, proxy methods must be employed.

Palaeoclimatic information has been obtained from, for example,
historical records (e.g. Lamb 1965, Ladurie 1972), changes in the
abundance or distribution of plants and animals (e.g. LaMarche 1973,
Van der Hammen 1974), changes in sea levels {e.g. Morner 1974),
changes in glaciers (e.g. Ladurie 1972), and the composition and

stratigraphy of sediments (e.g. Kukla 1%75).



Urey (1947, 1948) first suggested that past temperatures might be
reconstructed from the isotcpic composition of marine carbonates. Since
then, Emiliani (e.g. 1955, 1966), Shackleton (e.g. 1975) and other

workers have produced palaeotemperature curves from measurements of

lB0/160 ratios in foraminifera from ocean cores. The oxygen isotope

palaecthermometer has recently been applied to speleothems (Hendy 1969,
Duplessy et al. 1971, Thompson et al. 1974, 1976). Variations in the
oxygen isotopic composition of ice freom the CGreenland and Antarctic
ice sheets have also been correlated with climatic changes (Dansgaard
et al. 1969, Epstein et al. 1970, Johnsen et al. 1972). Such studies
have enabled scientists to more accurately assess the effect on
climate of, for example, variations in the Earth's orbit (see, e.g.,
"Hays et al. 1976).

However, there is a dearth of accurate information concerning the
smaller fluctuations in climate that have occurred since the last ice
age. Historical records have been used to investigate recent climatic
changes in some parts of the Northern Hemisphere (e.g. Lamb 1965), and
variations of '®0/'®0 ratios in ice and lake sediments have provided
additional information (e.g. Dansgaard et al. 1975, Morner and Walli
1977). However, much more data from all over the world will be
required before climatic changes can be unambigucusly correlated with
such phenomena as the solar cycle or large volcanic eruptions (e.g.
Schneider and Mass 1975). Also, the effect on futurs climate of
increased carbcn dioxide concentration and aeroscls in the atmosphere
(e.g. Broecker 1975) can only be properly assessed aiter the underlying
reasons for the world's past climatic changes have been evaluated. The
prediction of future climatic extremes is of particular importance.

For example, is the north-east of the United States likely to have an

even colder winter than the one it has just experienced? If such an

event could be forecast, appropriate measures could be taken befcrehand.



During the last few years some palaeoclimatologists have been

turning to tree rings. The science of dendrochronology has been

developed to date the wood making up each tree ring accurately to the

nearest vear. Chronologies have been built up from several different

species of tree in various parts of the world. A chronology based on

Pinus longeava, which has been developed at the University of Arizona,

goes back more than 8000 years (Ferguscn 1968, 1972). Moreover, trees

that are not sensitive enough for dendrochronological study can be

carbon-14 dated to within a few decades. The relationships between

ring-width variations and climate have been carefully studied by

dendroclimatologists. Correlations are often complex, but some worth-

while palaoclimate data has been elucidated using multi-variate

statistical analysis and computers (e.g. Fritts 1976, LaMarche 1974).
This thesis is concerned with assessing the possibilities of

obtaining past climate data from the variation of stable isotope

ratios in the constituents of dendrochronologically or carbon-14

dated wood.



CHAPTER 2 TREE PHYSIOLOGY AND BIOCHEMISTRY

Before any relationships between climate and stable isotope
variations in wood can be properly assessed, the physiology and

biochemistry of wood formation must be considered.

2.1 WOOD STRUCTURE

Fig. 1 is a diagrammatic representation of a cross-section
through a woody stem showing four seasons' growth. The xylem is the
water—-conducting tissue which makes up the woody centre of a tree.
The phloem is the food-conducting tissue under the bark. Between
the xylem and the phloem is a layer of narrow, thin-walled cells
called the vascular cambium. These cells are able to divide to make
new xylem and phloem cells. All plants with bark also have a cork
cambium where the bark is formed.

The annual rings of conifers (gymnosperms) are made up mostly of
tracheids, which are long, thin, vertically-orientated cells with
relatively thick lignified walls. Eariywood consists of tracheids
which are wider and thinner-walled than those in latewcod. In
consequence earlywood tends to be lighter in cclcur than latewood so
that growth rings are usually readily distinguishable.

The annual rings of angiosperms are made up mostly of vessels,
which are thin-walled cells of relatively large diameter. They are
normally much shorter than the fibre tracheids which are also usually
present. For some trees in this group (e.d. caks) the demarcation of
successive rings can be very distinct due to the formation of a

narrow band of exceptionally large earlywood vessels.
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Mature trees normally contain a core of dead wood round the pith.
This heartwood only provides the tree with mechanical support. The
region of xylem between the heartwood and the vascular cambium is often
lighter in colcur and is known as sapwood. This wood is used for
water conduction and the storage of reserve photosynthates. The
sapwood region varies from only a few growth rings in some species to
nearly 200 in others (Isenberg 1963).

For diagrams and further details concerning wood structure see,

for example, Isenberg (1963), Zimmerman and Brown (1971) or Kozlowski

(1971).

2.2 THE FORMATION CF TREE RINGS

Most mature trees in the temperate zones normally produce only
one ring each year. However, multiplg rings can be formed during the
same season and sometimes certain rings can be completely missing
along portions of the tree axis. Multiple rings are especially common
in sub-tropical and tropical trees possessing intermittent shoot
growth. In such situations a new growth ring often forms corresponding
to each new flush of growth (Zimmerman and Brown 1971).

The actual period of wood deposition is under hormonal control.
Thus for northern temperate species cambial activity is initiated each
spring by auxin which is produced in the developing buds and trans-
located down the stem (Leyton 1272). In many seedlings and young trees
any condition that enhances bud break, rapid shoot growth or continued
leaf development results in high levels of auxin production and large
diameter cells of the earlvwood type. Conversely, low temperatures,
drought, or short photovericds which adversely affect shoot extension
and leaf development lower the levels of diffusible auxin and bring
about smaller or radially flattened tracheids of the latewood type.

This mechanism is, however, probably too simplified to account for the



camplicated patterns of cellular differentiation in older trees.
Seasonal levels of other types of growth promoters and inhibitors
must also be important in controlling growth ring formation
(Zimmerman and Brown 1971).

Because of the above considerations the period of cambial
activity can vary from year to year as a function of differences in

the yearly climates, differences in environment from one site to the

next and differences in species. For most temperate grown conifers

such variations for a particular tree are small and growth occurs
over a similar period each year. For example, ring growth in
high-elevation, drought-subjected Pinus longaeva occurs for
approximately 45 days. Cambial activity ceases even though
er7ironmental factors appear favourable (Fritts 1976). On the other
hand, the cambium of Pinus radiata grown in New Zealand does not
experience full dormancy although for a short period during the winter
no new xylem cells are produced (Barnett 1971). The growing season
for most temperate species is somewhere between these two extremes.
In most trees growth, which is most active during the early part
of the season, slows down as the season progresses until it ceases
totally. The tree's cambium remains dormant until the next spring.
Usually growth is most vigorous and the active season longest for
young trees, while it is less vigorous and the season shorter for old
trees. Thus in Pinus longaeva the period of cambial activity is

47-56 days for young trees and 35-43 days for cld trees (Fritts 1976).

2.3 PHOTOSYNTHESIS AND RESPIRATION

Photosynthesis is the process by which greemn plants use energy
from sunlight to manufacture carbohydrates from carbon dioxide and
water. Oxygen is given off as a by-product. In trees the water is

translocated from the roots (see section 2.4) while the carbon dioxide



is absorbed from the air via the leaf stomata.

There are two different pathways for photosynthetic carbon
dioxide fixation. C,; plants (e.g. most trees) utilize the Calvin
cycle in which ribulose-1 , 5-diphosphate (RuDP) carboxylase is the
carboxylating enzyme (fig. 2). On the other hand, the initial
carboxylating enzyme in C, Plants is phosphoenolpyruvate (PEF)
carboxylase (see fig. 3). A third type, the CAM plants, utilize both
RuDP carboxylase and PEP carkoxylase. C;, C, and CAM plants can be
distinguished partly by measuring their carbon isotope compositions
(e.g. Lerman 1974a). Carbon dioxide fixation has been discussed in
detail by many authors including Zelitch (1971), Black (1973) and
Kelly et al. (1976).

Respiration occurs continuously in all living cells during both
the day and the night. 1In photosynthetic material like leaves
respiration in the light is often 3 to 5 times that in the dark. This
is due toc photorespiration which is specifically associated with
substrates produced during photosynthesis. Normal "dark" respiration
also occurs in the light, but is a very different biochemical process.
Dark respiration involves the breakdown of starch or glucose whereas
glycolate is the primary source for photorespiration. Carbon dioxide
is a product of both types of respiration (Zelitch 1971).

In trees the rate of gross photosynthesis increases rapidly with
temperature to a maximum after which further moderate increases in
temperature have little effect. Total respiration increases steadily
with temperature even after photosynthesis has reached a maximum. This
means that net photosynthesis (gross photosynthesis - total respiration)
increases with increasing temperature up to a maximum after which it
decreases with any further increase in temperature (see fig. 4). The
optimum temperature for net photosynthesis is normally in the range

15 to 30°C (15 to 20°C for temperate plants) (Fritts 1976).
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Fig. 3. Carbon dioxide fixation in C, plants.

10



mg. COo/ gm.dry weight / hr.

11

1.8
T T
Estimated gross
phctosynthesis (summer) /
o /
/
/
1.4 /
] / /
/ /
/ /
— / Net
photosynthesis
/ (summer)
/
1.0 — /
/
] /
/
/
. /
.6 ] / \
\
/ \
] Respiration \
\
/ \
2/ \
\
\
| | 1 | |- L |
O 10 20 30

Temperature °C

Fig.4. The relationships between temperature and estimated gross
photosynthesis, net photosynthesis and respiration for Pinus longaeva
during sunmer (after Fritts 1976).



12

Apart from temperature the rate of net photosynthesis is

controlled by a number of other factors. External factors include

light (intensity and quality), carbon dicxide concentration , wind
velocity, water supply and nutrient supply. Internal factors include
the age cf the leaf, chlorophyll content, enzyme factors, leaf water
content, leaf structure and stomatal aperture. Many of the internal
factors will change in response to external factors (Heath 1969).

For further information one of the many bocks and reviews on
photosynthesis and respiration shculd be consulted (e.g. Zelitch 1971).
Fritts (1976) includes a more detailed discussion of the variocus

factors affecting photosynthesis and respiration in trees.

2.4 TRANSLOCATION

Water, taken into a tree through the roots, ascends via the
xylem to the leaves. This process is driven by evaporation from the
leaves and is regqulated by the opening and closing of leaf stomata,
although some water is also lost from the epidermal cells. Trans-
piration during the day (mainly through open stomata) usually removes
moisture faster than it is absorbed by the roots and so the tree's
trunk shrinks. During the night the leaf stomata are closed and
transpiration is normally reduced such that water replenishment
exceeds loss and the trunk expands. Temperature changes, humidity,
solar radiation levels and wind speed all markedly affect transpiration
rates. (Fritts 1976).

Photosynthates (mainly sucrcse) from the leaves are transported
in the phloem. Unlike transport in the xylem the translocation that
occurs in the phloem is bidirectional. Thus mature leaves can
translocate to developing leaves above or to the stem and roots below

(Larson 1972).

Since photosynthesis often produces more carbohydrates than the
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phloem can export, the excess is stored by the leaves in the form of
starch, ready for translocation during the night after photosynthetic
activity has stopped. Photosynthates are also stored for short or
extended periods as starch or lipids in the stem and roots. Although
wood formaticn generally occurs during periods of maximum
photosynthetic activity, in some trees it can also occur during
periods when net photosynthesis is negative, presumably utilizing

stored photosynthates (Fritts 1976). Thus it is conceivable that, if

a conifer carries out much net photosynthesis during the winter months
when there is no cambial activity, some of the wood it lays down in
the spring may have originated from winter photosynthates. This could
explain why ring widths in some low-altitude, arid-site conifers can
be correlated with climatic conditions during the 9 to 10 month period
prior to growth (Fritts 1976).

In straight grained wood photosynthates tené& to be translocated
vertically so that they are used by cambial tissues and roots
directly below their branches of origin. In trees exhibiting spiral
grain translocation tends to occur irn a spiral direction. Thus those
portions of an annual ring formed by cambial tissmes in the path of
translocation streams from heavily foliated branches are often wider

than other portions of the same ring (Fritts 1976).

2.5 WOOD COMPOSITION

All woods contain the same major components as shown in fig. 5.
About 50% of the wood is normally cellulose. The structure and

properties of this substance are discussed in section 6.2. A variable

proportion (~15%) of other polysaccharides known as hemicelluloses, are

also always present. For detailed discussions cn: these wocod components

reviews by Schuerch (1963) and Timell (1964, 196%) should be consulted.

A further ~30% of woocd is lignin, which is & complex three
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dimensional polymer consisting of substituted phenyl propane residues

attached to cellulose molecules. A proposed structure is shown in

fig. 6 (Brauns and Brauns 1960). Lignin preparations contain mixtures

of aromatic compounds formed from the phenyl propane residues.
Coniferyl alcohol and syringaldehyde (see fig. 7) are examples of
such compounds (Yudkin and Offord 1973). Sarkanen (1963) and Brauns
and Brauns (1960) discuss lignin in detail.

Finally, 211 woods contain extraneous components which are not
considered essential parts of the cell wall (Browning 1967). For
a detailed discussion concerning extraneous components see Buchanan
(1963).

The relative proportions of these wood components depend on the
species and also vary within a particular tree (Browning 19€7). Such
variations in composition occur not only across individual rings
(i.e. earlywood compared with latewood), but also up and down and
radially across the tree (Narayanamurti and Das 1955). The chemical

composition of wood can also vary with age (e.g. Hans 1971, Harwood

1971).
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PART II

GENERAL EXPERIMENTAL PROCEDURES



CHAPTER 3 MASS SPECTROMETRIC MEASUREMENTS

3.1 THE MASS SPECTROMETER

Unless otherwise indicated the isotope ratics reported in this

thesis were determined using a Micromass 602C. This is a precision

double collector mass spectrometer designed for the measurement of
isotopic enrichment, or depletion, of a sample gas relative to a

reference gas. The instrument in our laboratory is a Siamese 602C

fitted with two analysers: one for masses 2 to 80, but designed

specifically for D/H analysis on hydrogen gas; the other for isotopic
analyses of gases with masses 24 to 80, for example, carbon dioxide,

sulphur dioxide and nitrogen. In both analysers the ion beams are

collected in two Faraday bucket collectors. Full specifications fecr

this mass spectrometer can be obtained from VG Isotopes (see, e.g.,

1974).

A considerable length of time was spent setting up and tracking
down all the faults in our instrument partly because of the damage it
received in transit. This meant that some of the earlier D/H
measurements had to be carried out using the Micromass standard 602C
at the Institute of Nuclear Sciences, Lower Hutt. The use of their
Nuclide Associates (model 6-60-RMS) mass spectrometer for carbon
dioxide isotopic analyses was also important during the initial stages
of this work although all these earlier measurements were later
repeated using our more precise Micromass 602C.

All mass spectrometric results are expressed as the per mil

difference between the isotopic ratio of the samwle (B) and the

19
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standard (A):

§ = GA(B) = [Y——;——Z]xlooo (%/o00) (1)

where Y and Z are the true isotopic ratios in the sample and standard

respectively.

3.2 CALCULATION OF 8§ VALUES

When using the Micromass 602C* a sample gas and a reference gas
are connected to each side of the inlet system. The amounts of each
gas flowing into the analyser are adjusted to be the same. With the
mass spectrometer set on reference, the ratio control box is adjusted
until a reading is obtained on the chart recorder. Then the mass
spectrometer is switched over to the sample side and, if necessary,
the ratio offset control is adjusted to bring the recorder pen back
on scale. The Micromass 602C incorporates a digital integrator to
obviate the need for measurement from the chart recorder and to
improve the accuracy of such measurements. Thus, after setting the
integrator delay control to a suitable value, the mass spectrometer
is switched to automatic and the digital integrator readings for the
reference (R) and the cample (S) are noted for several consecutive
change-overs, the number depending on the accuracy of measurement
required. Fig. 8 shows a typical chart recorder trace for 84S
determination.

The enrichment (8) of the sample with respect to the reference
can then be calculated. A widely accepted method (A.T. Wilson,
personal cocmmunication; J.R. Hulston, personal ccmmunication) for

carrying out such calculations is outlined in the Micromass Instruction

*
Full details concerning the cperation of the Micromass 602C are given
in the Micromass Instruction Manuval.
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Manual. However, a close examination of this method showed it to be

statistically incorrect (C. Dyson, personal communication), so a new
method was worked out as outlined below.

For each sample measured in the mass spectrometer the following

quantities are noted:

Rc = 10" x ratio control box setting (the coarse isotopic ratio);
Ro = 10" x ratio offset control setting;
R, RZ""'Rn-l' Rn = digital integrator readings for reference

gas (the fine isotopic ratio):;

1! SZ""'Sn

S
-1’ n

digital integrator readings for sample
gas.

For a series of readings starting and ending with a reference,

i.e. R, Sl, R,, S2""'Rh—1’ Sn—z' Rn (see fig. 8);

R + R
ak - s - 1 2
take X, 1 >
r'Rz + R,
X, = 85, - 2 !

: : Rn—1 M Rh
X = 8 - |—— (ii)
n-1 n-1 2

This gives n - 1 values of x which are indeperdent estimations of the

difference between sample and reference ("S - R").

n-1

1x

- 1

Thus, the mean value of x, x = — (iii)

- Ry + R, fo....t R+ AR
Also, the mean value of R, R = —

(iv)
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SR (ino/oo) = __o__- x 1000 (v)
R + R
c
n-1
J x-x°

The variance, 02 = - S (vi)
a n-2

However this value is artificially low because each value of x is

smoothed. Thus a statistical correction factor must be applied and the

true variance, o? = 2—02 (vii)
o 3 a
V//_EEW
le)
Then, the standard error, G = ———B—::l- x 1000 (viii)
(Rc + R)

The above method should be changed slightly if it is preferred to
start the mass spectrometer on the sample instead of the reference gas.
Thus, for a series of readings starting and finishing with a samgle,

the general term in equation (ii) should be changed to

- | TR ()

which gives the maximum number of independent values for x.
Alternatively for a series of readings starting with a reference

and finishing with a sample the general term in (ii) should be changed

to

= |3 1 - |1 . 3
xn-1 - [; Sn-l * 4 Sé] [; Rn-l T2 Ré] (x)
which gives the maximum number

of independent values for x in this case.

Similarly for a series of readings starting with a sample and

finishing with a reference the general term in (ii) should be changed to
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S LY LA I L T (xt)
Apart from its statistical correctness the above method has a
further advantage over the old method in that it corrects for any linear
drift of S and R. BAlso the method gives some correction for variable

drift since three consecutive readings are taken to compute each x
value.

§ values calculated using the method outlined above are essentially
the same as those calculated using the old method (as described, for
example, in the Micromass Instruction Manual). However, Gm values are
normally slightly larger if the former, more statistically correct
method is used.

In this work 5R values and 4S values were generally used to
compute 6D and 6“° (for 6!% determinations). Initially the calculatiors
were carried out using an IBM 11-30 computer (see program and example

of printout in appendix B). Later a programmable calculator (Texas

Instruments SR 52) was used.

3.3 ISOTOPE RATIO MEASUREMENTS ON CARBON DIOXIDE

3.3.1 Notation and Sumbols

All carbon dioxide isotopic ratio determinations are expressed
in terms of § as defined in section 3.1.

In this section the following notations are used for the sample:

Y,, = isotopic abundance ratio 13C/IZC;
v, = " " " 170/160;
Yle = " " " 180/160;
v - rmolecules of mass 45 ;

45 molecules of mass 44
v - Molecules of mass 46 .

46 rolecules of mass 44



The corresponding values for the standard are denoted by Z, using the

same subscripts.

Thus from equation (i) we get

= _ x 1000 (xii)

and similar relationships for &“®, &!'3, &7, §18

Y', z' and &' generally refer to measured, uncorrected values.

3.3.2 Corrections
Since the Micromass 602C can measure values of 8“° and 6%% to
+ 0.02 (1 Gm) it was necessary to consider possible sources of error.
To convert &' (the measured uncorrected value) to §, the

following equation was used:

§ = §&' (Cp x Cy x C,) + ¢ (xiii)
where CT = tail contribution correction factor;

CM = memory effect " " ;

CV = valve-mixing " " ;

CE = zexo enrichment " " .

(a) Tail contribution, Cm. This arises because the "tail" of the

<4

large mass 44 ion peak tends to overlap the relatively small mass 45
and 46 ion peaks, causing the measured § values to be too small. An
analysis of the carbon dioxide spectrum of our instrument was

complicated by the existence of a negative electron peak between the

mass 44 and mass 45 peaks. However, the tail contribution to mass 45

25
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*
was clearly less than l%bo and most prcbably iess than O.53bo.

The tail contribution of mass 44 to mass 46 was undetectable. Thus

’ 1}
c, for 8“5 was ~ 1.0005 and ¢, for 6"®  was < 1.0002.

(b) Zero enrichment, CE' Instrumental factors may lead to a small,
but constant, zero enrichment value which should be subtracted from
§' value for a sample/reference analysis. This factor was measured by
equilibratirg the sample between the two parts of the mass spectro-

meter inlet system. For our instrument CE was less than 0.0f?oo and

therefore nc correction was necessary.

(c) Memory effect, CM' This can be produced by carbon dioxide gas
adsorption cnto the metal surfaces of the inlet system or analyser
chamber. Under normal operating conditions with clean dry carbon
dioxide CM was less than 1.001 for our instrument. Samples of carbon
dioxide contaminated with water prcduced a significant lasting memcry
effect which could only be eliminated by a very long pump-out time or

preferably a bake-out of the analyser and inlet systems.

(d) Valve-mixing, CV. The cross-mixing correction factor for the

changeover valve on the Micromass 602C is less than 1.001 (VG Isotopes

1974).
Thus, in equation (xiii),

45
CT

R

1.0005, c;5< 1.0002;
C. < 1.001;
C.. < 1.001;

c. < 0.02%0o0.

*
Bridger et al. (1973} found a tail contribution of O.f?oo for the
Micromass 602C.
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This means that for differences between reference and sample of
up to % ld?oo, s = 6“5' and 8“8 = 6"6' within the precision of the
mass spectrometer (% 0.029bo). For differences of up to * 253bo
correction factors CM and CV may become significant and therefore the
error of measurement will be slightly greater than % 0.0zabo.

For a fuller discussion of mass spectrometer correction factors
see Mook (1968), Deines (1970), and Mook and Grootes (1973). For

further details concerning isotope measurement with the Micromass

602 series of mass spectrometers see VG Isotopes (1974).

3.3.3 Evaluation of &' and 8!8

(a) Ion collector considerations. When the Micromass 602C is set up

on mass 45 the minor collector collects ions of mass 45 and the major
ions of mass 44. However, when it is set up on mass 46 the minor

collector collects ions of mass 46 and the major ions of both mass

44 and mass 45.

Thus, Y' _ molecules of mass 45 _ v .
! molecules of mass 44 us’
a z'_. = z
an 45 45

’
Therefore, from (xii), &%5% = &"°

(xiv)
However, Y = molecules of mass 46
eVeXy fye T molecules of mass 44 + molecules of mass 45
Y
= 48
1+ Y“5
. - ’ -
ie. ¥ .= Y o (1 +Y.) (xv)
] . .
and Zl’6 = Zx+G (1 + Zus) (xvi)

From (xii), 6"® —5— | * 1000
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Using (xv), (xvi), (xii) and (xiv) this becomes

[
45
Z,c- )

1
6“6 = 6&6
1+ 2,

]
(1 + 10738"% )

For natural samples with a range of up to Soabo in 3¢ and 18O,
measured on a mass spectrometer accurate to * 0.023bo, this

relationship simplifies to

’ []
&% = g4s + ZQSG“S (xvii)

(b) Isotopic ion considerations. The ion beams of masses 44, 45 and

46 consist of several different ions originating from the following

molecules:
mass 44 - 1!2¢ 1%g 16O;
mass 45 -~ 3¢ 1869 160’ 125 164 170;
mass 46 - !2¢ l¢g 190, 135 164 170’ 120 175 174,

The absolute abundances of these molecules in natural Co, are given by

Bowen (1966).

Thus, the relationships between the Y values defined in section

3.3.1 are:

13~ 164 164 12, 16~ 17
Y,s = C O O + C 0 0] = Y, + 2Y17 (xviii)
12, 16, 16
C O o)

126 165 185 , 135 164 174 4 124 175 174
and Y =

46 125 164 16,

— 2 .
= 2Y,, + 2Y,,Y, . + Y], (xix)

s s _ -3 45
From (xii), Y5 = Z,5 (107°.¢ + 1)

. ..
(The formulae for Yoer Yi3¢0 ¥,., Y, 4 are similar.)
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Substituting into equation (xviii) and rearranging,

§13 = 45 §4s - 17 5 s17

Craig (1954b) and Bigeleisen (1952) have shown that the enrichments

for 170 and !%0 differ by about a factor of 2. Thus,

Z . z (xx)

246 22,2,
§18 = . o4s = — . 813
2y T %13%14 ue ~ “13

(xxi)

Finally, the general equations for 6!'% and 6'® can be obtained

from (xiv), (xvii), (xix), (xx) and (xxi) with approximations:

= - ) 2 2z
613 _ st(zus zl3zl7 Z17ZI+GI 6155' _ 46 17 ,3"}6,
2,,(22,4 + 2,,2,,) z (22, +2.,2.)

(xxii)
z . 2, (2, = 2Z ) ,

46 46 45 46 17 45 ..

and &!% = . 6 + — . ¢ (xxiii)

(22,4 + 2,32, (22,4 * 213%)5)

These equations are accurate to better than # 0.0f?oo for § values

up to * 50%0c0 relative to the standard (Mook 1968).

3.3.4 Calculations of 63 and &'°® equations for the internal
standard, Waikato FPinus radiata (WPR)*

A large quantity of standard carbon dioxide gas (WPR) was
prepared and stored in a 9 litre glass bulbk as described in section

12.5. A sample of WPR measured cn the Nuclide Associates mass

*
All stable isotope standards discussed in this section are defined
in appendix A.
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spectrameter at the Institute of Nuclear Sciences against their Te

Kuiti limestone carbon dioxide gas standard (TKL—COZ)* gave the

following results:

84S - 22.97%¢0

548 - 10.22%00

i

Using the formulae of Craig (1957) which apply to TKL-CO, as

*
well as PDB-CO, (Blattner and Hulston 1975),
13 - - o
GTKL(WPR) 24.18 /oo and
18 _ _ o
‘STxL—coz (WPR) 10.45 /00
From equation (va),T knowing that

813 (TkL) = - 1.67%00  and

PDB
18 o SR
— = - 4. t

GPDB-COZ(*KL co,) 4.17 /00 (Craig 1957), we ge

13
Spo PR - _ 25.81%00 (xxiv)

and

18 - o XXV

GPDB_c02 (WPR) 14.587/00 (xxv)

. o
Using these values, which are correct to t C.2/0o0 (M.K. Stewart,

personal communication 1276), an approximate equation for WPR can be

calculated.

(a) Calculation of approximate equations. Craig (1957) gives the

following absolute isotopic ratios for his PDB-CO, gas standard:

*
All stable isotope standards discussed in this section are defined
in appendix &.

See appendix C.
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Z13 = 0.0112372
217 = 0.0003800
Zla = 0.0620790

13
1000 + SPDB (WPR)

1000

Therefore, 213(WPR) . Z13(PDB)

0.0109472 (from equation (xxiv))

0.0020487 (from egquation (xxv))

Z1 8 (WPR)
. - ig 1957
217(PDB COZ) Zle(PDB—COZ) (Craig )

0.0003772

Similarly, Z1e(WPR)

Also, 217(WPR)

]

From equation (xviii), since the relationship is the samre for

the Z values,
Z“S(WPR) = 0.0117016
From equation (xix),
Z,¢ (WPR) = 0.00410580

Thus for WPR, substituting in equations (xxii) and (xxiii), we get

[ ’
13 - - 45 _ 46 .
GWPR(B) 1.06855 GWPR(B) 0.0345 GWPR(B) (xxvi)
and
18 - ue' us' i
GWPR(B) = 1.00105 6WPR(B) + 0.00956 GWPR(B) (xxvii)

where B is the sample measured against WPR.

(b) Correction of the approximate equation ior 83, In order to

accurately relate WPR to the PDB scale several portions of the

*
international standard NBS 21 were analysed and §'% values were

*
See appendix A.
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calculated using equation (xxvi).

Table 1. Measurement of NBS 21 against WPR (§!3%)

Standard 13 +g*9
6WPR(B) o /00
- 2.31 £ 0.01
NBS 21 - 2.28 £ 0.01
(Spectroscopic graphite) - 2.31 £ 0.01
- 2.30 £ 0.02
Mean value * G+ - 2.30 £ 0.01
From the measurements shown in table 1,
«13 a - - o
OWPR(NB~ 21) 2.30 /oo
Since,
13 9 - - o
GPDB (NBS 21) 28.19 /oo (Mook 1968)
using formulae (xLii) and (xn._v),§
8§13 (wpR) = - 25.953bo (xxviii)

PDB
which will be more accurate than equation (xxiv).

When equation (xxviii) is used to recalculate Zy31 245 and Zygr

equation (xxvi) becomes
1 1]
13 _ - 45 _ 46 .
GWPR(B) = 1.06857 GWPR(B) 0.0345 GWPR(B) (xxix)

whilst equation (xxvii) is unchanged.
The difference between equations (xxvi) and (xxix) is too small to

change equation (xxviii) when this relation is recalculated using

*
Om = standard error (see section 3.2).

.i.

0 = standard deviation.

§See appendix C.
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(xxix) instead of (xxvi).

Substituting equations (xxviii) and (xxix) into formula (xu.v),§

! ?
13 - 45 - 46 -
GPDB(B) 1.0408 6WPR(B) 0.0336 SWPR(B) 25.95 (xxxx)

This is the equation used throughout this thesis for determining §13
values on a PDB scale from direct isotopic measurements on carbon
dioxide samples using WPR as the reference gas.

As a further check several samples of NES 20 were analysed+

using the method of McCrea (1950).
Equation (xxx) has been used to calculate the 83 values

displayed in table 2.

Table 2. Measurement of NBS 20 against WPR (813

H
Q
N
(o}
o

. 13
Standard GPDB{B) o

NBS 20 - 1.13 £ 0.01

(Solenhofen limestone) -1.12 * 0.01

mean value * GO - 1.14 * 0.03

Thus,

813 (nBs 20) = - 1.14  0.03%00

PDB

This compares with the value - 1.06 0.0é%km) given by Craig (1957).

The small discrepancy between these two values may be due to cerrection

See appendix C.

*
Seec appendix 2.

+By Mr. D.A. Burns.
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factors which become non-negligible when reference and sample §13

values differ by as much as 2§3bo. (See discussion in section 3.3.2.)

(c) Correction of the approximate equation for §t8, Only two

accurate determinations of 8"® for NBS 20-CO, against WPR were made.
These were used in conjunction with equation (xxvii) to obtain the

values displayed in table 3.

Table 3. Measurement of NBS 20-CO, against WPR (§'°%)

18 _ +
Standard SWPR(NBS 20 C02) + Om

+ 10.57 * 0.02

NBS 20
+ 10.52 * 0.02
mean value + 10.55
Thus,

18 - o
- = + .
GWPR(NBS 20 COZ) 10.55 /o0

o 18 . _ - o .
Since GPDB_COZ(NBS 20-Co,) 4.14 * 0.09 (Craig 1957), using

formulae (xLii) and (va),T

18 - - i
GPDB_COZ(WPR) 14.54 (xxxi)

which is only slightly different from equation (xxv).

Using (xxxi) to recalculate Z

18’ “us

177 Z and qu, equations

(xxvii), (xxix) and (xxx) are unchanged. Substituting egquations

(xxvii) and (xxxi) in formula (va),+ we get

! '
18 - 46 45 _ s
GPDB-COZ(B) = 0.9865 GWPR(B) + 0.0094 SWPR(B) 14.54 (xxxii)

See appendix C.
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. - * 3 .
(d) Using SMOW as the international standard for 8!8, Equation

(xxxii) can be used for determining §'® values on a PDB-CO2 scale from
direct isotopic measurements on any sample using WPR as the reference.

1f 6'® values on a SMOW scale are required the fcrmulae of Mook (1968)

can be used:

18 - 18

Somow B) = 1.0305 8.7 (B) + 30.5, and
18 _ A&ls8 L s
Sppp (B = GPDB_COZ(B) + 10.1; i.e.
18 — 18

8 cpon (B) = 1-0305 GPDB_COZ (B) + 40.9

Substituting this equation in (xxxii),

18 - ue' 4s' it s
GSMOW(B) = 1.0166 GWPR(B) + 0.0097 6WPR(B) + 25.9 (xxxiii)

3.4 ISOTOPE RATIO MEASUREMENTS ON HYDROGEN

All hydrogen isotopic ratio determinations are expressed in terms

of & as defined in section 3.1.

3.4.1 Corrections

The Micromass 602C includes an H: correction control to
electronically compensate for the H: contribution to the mass 3 peak.
Using this control, changes in sample pressure produce an error of less
than O.lo/oo on enrichments up to lOOo/oo (VG Isotopes 1974). Since
the mass spectrometer can measure § values to only % 0.33“1)(1 Gm)
this error is normally negligible.

The zerc enrichment factor (see section 3.3.2.b) for hydrogen in
our instrument was normally less than 0.5?00. However, larger values
were experienced necessitating a correction to the measured § value.

Corrections for tail contribution, mamory effect and valve

*
See appendix A.



36

mixing were negligible for enrichments of up to ~20d3bo.

3.4.2 Standards

Wl, W1A, W2 and W3 (see secticn 5.5) were measured against
themselves and the international standards V.SMOW, NBS 1, NBS 1A and

SLAP. The results are shown in table 4.

Table 4. Intercalibration of water standards for 8D determinations

standard’ 8Dy (700) 8Dy g0y (700) aetgfmfﬁztizns v.smow £ (700)
Wl 0 - 40.7 3 -

Wl - 4.2 - 44.7 3 -

w2 -141.9 -176.9 3 -

w3 -318.0 -345.8 3 -

V.SMOW  + 42.5 0 3 0

NBS 1 - 7.0 - 47.4 3 - 46.7 £ 1.3
NBS 1o -150.6 -185.2 3 -182.5 t 1.6
SLAP -403.0 -427.3 3 -426.8 * 3.8

In additicn a sample of Wl was measured at the Institute of
Nuclear Sciences, Lower Hutt, against V.SMOW and their internal
standard INS-6 with the following results (M. Cox, perscnal

communication 1975):

8D (W1) = - 41.0%00

V.SMOW(direct measurement)

I

8D (W1) - 40.9%0

V.SMOW (via INS-6)

These water standards are defined in appendix A.

*
Values given by the International Atomic Erergy Authority (personal
communication 1973) with standard deviations. Other published values

include those of Craig (1961), Hagemann et al. (1970) and Coplen and
Clayton (1973).



These values are in good agreement with those in table 4. In this
thesis all 8D measurements expressed with respect to SMOW have been

calculated assuming that

s (W1) = - 40.7%0c0 (see table 4).

DSM.OW
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CHAPTER FOUR THE PREPARATION OF WOOD CONSTITUENTS

ON A SMALL SCALE

For this work on dissected individual tree rings it was necessary
to develop new techniques for preparing cellulose and lignin from small
quantities of wood (sometimes less than 0.05 g). The methods finally

decided upon are described in this chapter.

4.1 PRELIMINARY TREATMENT OF WOOD

Wood chips (matchstick size) were ground to sawdust in a Wiley
mill* and about 0.5 g was placed in a small glass extraction tube
plugged by glass wool (see plate 1.2). The sawdust was extracted with
2:1 benzene/ethanol for 24 hr and then with 95% ethanol for a further
24 hr using a Soxhlet apparatus. Up to 8 tubes were supported above
the bottom of the extraction chamber using glass wool. This allowed

good drainage of solvent from the tubes between siphonings and hence

a thorough extraction.

4.2 PREPARATION OF HOLOCELLULOSE

Holocellulose was prepared using a considerably scaled down
version of the chlorite method of Jayme and Wise as described by

Green (1963a).
Air-dried extracted wood (~0.l1 g) was suspended in 5 ml of
distilled water in a 10 ml Erlenmeyer flask. The flask was heated to

~70°C on a hot-plate in a fume cupboard. Glacial acetic acid (~0.02 ml)

Intermediate model; A.H. Thomas number 3383-L40;

filter number 20 was
used.



Plate 1
1.1 Willstatter filter funnel.

1.2 Sawdust extraction tube.
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was added, followed by technical grade sodium chlorite (~0.05 g), and
fhe flask was covered with a watch-glass. After 40 to 60 min at ~70°%¢
fresh portions of glacial acetic acid (~0.02 ml) and sodium chlorite
(~0.05 g) were added, and the heating was continued. A total of 4 or
5 steps were generally required, with a total reaction time of 4 to
5 hr. The residues were either white or slightly yellow.

Up to 15 samples were reacted simultaneocusly using one hot-plate.

The product mixtures were filtered using a Willstatter filter
funnel (see plate 1.1) and the holocellulose was thoroughly washed
with cold distilled water. Each sample was air-dried before placing
it in a sample bottle.

Holocellulose prepared using this method consists predominately
of cellulose, but also contains a small quantity of hemicelluloses.
However, it is often referred to as "cellulose" rather than the

strictly correct "holocellulose".

4.3 PREPARATION OF LIGNIN

Lignin was prepared using a scaled down varsion of the method of
Adams (1965).

Extracted wood (~0.2 g) was digested for 3 hr in 60 ml of hot
distilled water in a boiling water bath to keep it at about lOOoC.
The suspension was filtered using a Willstatter filter funnel (see
plate 1.1), washed and allowed to dry in air. The sample was then
transferred to a small sample bottle with a watch-glass cover. 3 ml
of cold 73% sulphuric acid was added and stirred for at least 1 min.
The sample bottle was clamped in a water bath at 18 - 20°C and left
for 2 hr with frequent stirring. The mixture was then washed into a
250 ml Erlenmeyer flask and diluted to 3% acid concentration using
110 ml distilled water in total. The flask was placed on a hot-plate

and boiled for 4 hr. HNear constant volume conditions were maintained
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by the frequent addition of hot distilled water. The insoluble

lignin was allowed to settle before filtration through a fritted

dglass crucible. It was thoroughly wached with hot distilled water

and air-dried.

4.4 PREPARATION OF EXTRACTIVES

The preparation of wood extractives was based on the methods of
Selleby (1960) and Kurth (1939).

Sawdust (~10 g) was placed in a cellulose extraction thimble and
extracted for 24 hr in a Soxhlet apparatus with diethyl ether (~200 ml),
purified using the technique of Vogel (1956). The ether solution was
rotary-evaporated to about 10 ml, transferred to a sample bottle and

allowed to evaporate to dryness in air (~2 weeks).
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CHAPTER 5 THE DETERMINATION OF 8D VALUES

FOR WATERS

5.1 THE REDUCTION SYSTEM

Water was reduced to hydrogen in a uranium reducticn system based

on that used by Friedman (personal communication). However, many

modifications in apparatus and technique were tried before the system
described in this chapter was finalised. The vacuum line is shown in

plate 2 and fig. 9.

The uranium pump used in this line has been discussed by Friedman

and Hardcastle (1970).

5.1.1 Working up the Uranium

Large uranium turnings were broken up under liquid nitrogen (to
make them brittle) using a cast-iron mortar and pestle. The smaller
pieces were sieved out and stored for use in uranium pump F2 (fig. 9).
Concentrated nitric acid was poured onto the larger pieces (~100 g) in
a fume cupboard. The reaction was allowed to proceed until the surface
of the uranium was clean (~1 min). A large excess of cold water was
then added quickly and the turnings were washed several times with
distilled water. After rapid drying between filter papers the
uranium was introduced into a clean silica furnace (plate 3.3), blown
onto the vacuum line (fig. 9) and evacuated as soon as possible since
it reacts slowly with air and water at room temperature.

The uranium for pump F2 was worked up in the same way except that
the smaller pieces take longer to clean with concentrated nitric acid

(3-5 min). The uranium in both Fl1 and F2 was evacuated for at least



Plate 2

Water reduction vacuum line.
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14 hr before use.

5.1.2 Conversion of Water into Hydrogen

The water sample to be analysed was sealed into a fine capillary

tube, scratched with a glass knife and placed in a breaker tube, which

was then attached to the vacuum line (see fig. 9). After evacuation

through S1 the capillary tube was broken and the sampie was frozen

into trap Tl. With 3-way stopcocks S4 and S5 open to the uranium

pump F2, S3 was opened (S2 closed) and the water was allowed to distil

onto the uranium in F1 (at ~800°C). The hydrogen produced reacted

with the uranium in F2 (at ~BOOC) to give uranium hydride. Liquid
nitrogen around trap T2 held back any unreacted water or other
impurities. The mercury level in the constant volume manometer was

kept near position A to minimise the "dead" space. The reaction was
allowed to proceed until the vacuum gauge needle had almost returned
to its fully evacuated position. The latter process tock anything
from 15 min up to 2 hr depending on the state of the uranium in

pump F2.

Normally freshly cleaned uranium turnings had to be activated
before use by raising and lowering the temperature of the furnace
surrounding them while keeping them in contact with hydrogen gas.

Such turnings then reacted very gquickly with hydrcgen. Gradually,
however, they changed to finely divided uranium dust which took longer
to react and also tended to blow out of the pump to places where it
could have introduced a memory effect. Thus the tube containing the
uranium was removed from the vacuum line, cleaned out, and the uranium
replaced after every 12 or so samples.

On the completion of the reaction trap T2 was pumped out via S4
while the yield of hvdrogen was determined using the constant volume

manometer. The hydrogen was driven off the uranium by heating to
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o . . .
~700 C. The maximum possible quantity of hydrogen was removed from

the pump tube by lowering the mercury in the manometer to level C.
After 5 min S5 was rotated so that the hydrogen in the manometer
could pass into a sample bottle (plate 3.1) attached at J2. The
mercury level in the manometer was then raised to level A to ensure

that the sample bottle was as full as possible.

5.1.3 Special Precautions Necessary when wWorking with Uranium

A problem associated with using uranium in vacuum lines is its
pyrophoric nature when clean and dry. On one occasion air was
inadvertantly let into furnace Fl while it was hot. This caused a
highly exothermic reaction which almost immediately cracked the silica
tube containing the uranium, thereby letting in more air and speeding
up the reaction still further. The main danger of such an incidert,
apart from the risk of fire, is the release of finally divided
radioactive uranium particles into the atmcsphere.

On a smaller scale care must be taken when changing the uranium
pump (F2) since finely divided uranium can react exothermically wich
air even at room temperature.

It should also be noted that the uranium required to £ill furnace
Fl produces a reasonable amount of radiation (~15u Ci). In addition
the uranium nitrate in solution after reaction with nitric acid is very
highly toxic.

Depleted uranium turnings (i.e. with most of the 235y jcotopes
removed) were used in this study. However, information concerning body
burdens, etc., is only readily available for natural uranium (99.28%
238y; 0.72% 235U)* - some of this informaticn is listed below.

%
(a) Unat effective enerav = 4.43 MeV (o radiation); other a,

Information from U.S. Dept. of Commerce (1953}).
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Plate 3
Hydrogen gas sample bottle.
Sample bottle for weighing
small quantities of water

before reduction to hydrogen.

Silica uranium furnace tube in
water reduction vacuum line.
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B and Y radiations are emitted by daughter products

in the uranium decay series.

(b) Unat maximum permissible body burden = 5 x 10~° M C.+

(c) Unat (soluble) maximum permissible concentration in

- 1 . *
water = 5 x 10 “uC per cm® (critical organ: kidneys ).
(d) Unat (insoluble) maximum permissible concentration in

*
air = 7 x 10°!! U C per cm3+ (critical organ: lungs ).

5.1.4 Wwater Reduction Line Characteristics

Two experiments using samples of standard water W1l were carried
out before the procedure described in section 5.1.2 was standardised.

First, the length of heating (at ~700°C) of uranium pump (F2) was
varied to test for isotcopic equilibration of hydrogen in the heat
gradient between the pump and the monometer. Fig. 10 shows that
equilibration was complete after ~5 min, but fractionation effects
occurred if the equilibration time was less than 5 min.

Secondly, the degree of vacuum attained (as indicated by the
vacuum gauge needle) before stopping thz water to hydrogen reaction
was varied, keeping the eguilibration time nearly constant. It was
found that fracticnation effects could occur if the vacuum gauge
neeéle was not allowed to return to close to the backing pressure

reading.

5.2 YIELD DETERMINATIONS

These were carried out to an estimated accuracy of * 2% using
small aliquots of water weighed in the vessel shown in plate 3.2.

-

The results in table 5 show that, witkin the accuracy of

*Information from U.S. Dept. of Commerce (1953).

TInformation from University of Waikato Radiation leaflet (see
bibliography).
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measurement, the reduction line converts water quantitatively to

hydrogen.

Table 5. Hydrogen yields from the water reduction line

Weight of water sample Wl (g) Yield of hydrogen (%)
0.01420 100
0.00654 100
0.00699 100

5.3 REPRODUCIBILITY

In order to establish whether the age of the uranium pump (F2)
had any effect on the 8D values obtained, several samples of standard
W1l were run consecutively using a f£resh uranium pump. The
reproducibility in 6D of the first 6 samples was * 0.33bo (1 0), which
is the same as that for the mass spectrometer (1 om is generally
+ 0.33kxﬂ. The reproducibility in 6D of the first 12 samples was
generally % O.S%bo (1 o), there being a slight tendency to more
positive values of 8D as the uranium pump was used. If the uranium
pump was used more than 12 times on the same sample, the trend to
more positive values of 8D continued although the reproducibility of a
short consecutive series of samples remained about * O.S?ﬂm:(l 0). On
one occasion the same uranium pump was used more than 60 times. The
reproducibility for this set of runs was better than #* 2?700 (1 0).

Thus for best reproducibility the uranium pump should be changed about

every 6 runs. In this study it was normally changed about every 12 runs.

To reduce the error of measurement that arises from the above
considerations, when unknown samples were measured against hydrogen

from standard W1 at least 3 aliqucts of the latter were xrun through

the reduction line with each batch of samples. The &D values of the
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unknown samples were then expressed against the mean 6D value of the
aliquots of W1.

An overall long-term reproducibility for &D measurements on waters
was not accurately computed using a secondary standard. However, most
water samples were run two or more times on different occasions. From
these results an overall reproducibility of #* 0.73bo (1 o) was
estimated.

The reproducibility was less than this if samples of widely
differing 8D were run through the reduction line consecutively. This
is because of the existence of a memory effect of ~l?kx: per 2003@0
difference between consecutive samples. Most samples measured had

8D values within SO?th of each other, so this effect could usually

be neglected.

5.4 STORAGE OF SAMPLES

In general hydrogen gas was stored in sample bottles with greased
stopcocks (see plate 3.1) at roocm temperature for up to 3 days before
measurement. Storage of hydrogen from standard water Wl for varicus
lengths of time up to 4 days at room temperature had no detectable
effect on the 6D value obtained. Longer storage times (more than 7
days) gave unreliable results. However, storage of hydrogen for as
short a time as 3 days often proved impractical because of mass
spectrometer breakdowns. Thus a break-seal bottle (fig. 11) was
designed for storage of hydrocgen samples for long periods of time.
Storage times of up to 8 months in these bottles had no detectable

effect on the 8D values.

5.5 PREPARATION AND STORAGE OF WATER STANDARDS wl, W14, w2, W3

The primary internal standard Wl was made up from local distilled
water. This was sealed intc a large number of glass McCartney bottles.

For added security against exchange each bottle top was sealed with a
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coating of wax* before storage in a cupboard. Standard W1A was made
up some time later from local distilled water to supplement primary
standard Wl. Standard W3 was made up in a similar fashion from
distilled Antarctic glacier water. Standard W2 was made up by mixing

Wl and W3.

* 3 . .
Paraffin wax and bees' wax mixed in a 2:1 ratio.
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CHAPTER 6 THE PROBLEM OF DETERMINING 6D VALUES

FOR PLANT MATERIAL

6.1 INTRODUCTION

Despite the large number of 6D determinations that have been made
since the first precise measurements by Friedman (1953) more than 20
years ago, very few research workers have attempted to measure D/H
ratios in plant material.

The first extensive study was carried out by Schiegl and Vogel
(1970). They dried their samples of whole plant material at 105°¢
(1 hr) before combustion in oxygen and subsequent reduction to
hydrogen. They found that the hydrogen of both marine and land plants
contained several percent less deuterium than the waters in which they
grew. The deuterium contents of coal and oil (Schiegl and Vogel 1970),
peat (Schiegl 1972), and growth rings in trees (Schiegl 1974) have
been measured using the same techniques.

Libby and Pandolfi (1974a, 1974b, 1974c) used a different method
for their 6D determinations. They liberated hydrogen by heating the
raw sawdust with powdered uranium. However, their more recent 8D
determinations (Libby et al. 1976, Libby and Pandolfi 1976) were
carried out by ccmbusting the samples and then reducing the water to
hydrogen.

Smith and Epstein (1970) used the latter technique. They found a
depletion in deuterium of 552&x> for whole plants with respect to
environmental water.

All the above techniques involve the preparation of hydrogen from

whole plant material. This limits the usefulness cf the results
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obtained since variations between samples may be due to variations in
the proportions of the different chemical constituents in the plant
(see section 2.5). Recent studies (e.g. Smith and Epstein 1970,
Epstein et al. 1976) have shown that individual fractions of the same
Plant material have widely differing deuterium contents. For example,
Pinus radiata ether extractives are more than 1003@x> depleted in
deuterium with respect to cellulose (see section 9.5.2).

An additional limitation of the above work is the probability of
isotopic exchange. Exchangeable hydrogen atoms are not only present
in cellulose (see section 6.2), but also in whole plant material
(e.g. Sumi et al. 1964). Thus the measured D/H ratio of a piece of
plant material will be partly dependent on the last water it came into
contact with. This could well be the water vapour in a labcratory
atmosrhere.

Because of the above considerations, it was decided to carry out
8D determinations only on the individual chemical constituents of
p-ant material,with due regard to isotopic exchange problems. HMost
work was done on cellulose since it is common to all phctosynthetic
plants. However, the problem of obtaining meaningful &éD values for
other plant constituents, e.g. lignin, was also considered (see

section 10.2).

6.2 THE PROPERTIES OF CELLULCSE

Cellulose is a polysaccharide containing long un-branched chains
made up of glucose units, each one joined by a B-glycoside linkage to
C-4 of the next (see fig. 12). Physical methods give molecular
weights for cellulcse ranging from 250,000 to greater than 1,000,000
(Morrison and Boyd 1966). Wood celluloses have molecular weights as
high as 2,700,000 (Goring and Timell 1960). Full discussions

§ 3 - £
concerning the structure of cellulose can be found in the works of
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Ott et al. (1954) and Bikales and Segal (1971).

Native cellulcse basically consists of molecules, hydrogen-bonded
together in both crystalline and amorphous regions. For example, two
types of cellulose O-H groups can be distinguished from vapour-phase
deuteration studies monitored by infrared spectroscopy. First, there
are those O-H groups *that are hydrogen-bonded in an irregular,
disordered, amorphous manner, and, secondly, there are those O-H
groups that are hydrogen-bonded in a regular, ordered, crystalline

manner. Each type gives characteristic absorption bands in the

infrared (Mann 1971).

6.2.1 Exchange Properties

The exchange reaction between the O-H hydrogens of cellulose and
either deuterium oxide or tritium oxide has been widely studied (e.g.
Frilette et al. 1948, Mann and Morrison 1956, Lang and Mason 1960).
The general character of this exchange reaction (see fig. 13) is
essentially similar for all celluloses and is little affected by
moderate changes in pH and temperature. The initial fast exchange
of the amorphous O-H hydrogens is virtually complete in the first
30 min. Thereafter the amount of exchange increases much mcre slowly
as the crystalline O-H hydrogens react. The intercept value (see
fig. 13) for accessibility is generally in the range 71 to 76.5% for
a regenerated cellulose and 39 to 44% for a native cellulose (Jeffries
1964). Mann (1971) summarizes the results of other workers in a table
showing the percentage of disordered O-H groups in various types of
cellulose.

Several workers have tried unsuccessfully to completely deuterate
all the O-H groups in the crystalline regions of cellulose (Frilette
et al. 1948, Mann and Marrinan 1956, Jeffries 19€3). Sepall and Mason

(1961b) report that they managed to exchange all the O-H groups in
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cellulose prepared from acetate grade soft wood pulp after 100 wetting
and drying cycles using tritiated water at lOOOC. Prolonged soaking
(64 days) of wood cellulose in tritiated water at 1oo°c exchanged more
than 80% of the O-H groups (Sepall and Mason 1961b). Wadhera and
Manley (1965) have carried out similar experiments using cellulose
from acetate grade soft wood pulp. They agreed with Sepall and
Mason (1961b) that after 100 cycles at lOOOC there was no further
exchange. However, they report that not all the O-H hydrogens were
exchanged at this temperature. 100% reaction was not achieved even
after 100 wetting and drying cycles at 120°. Extrapolation of
accessibility measurements, based on one 4 hr immersion in tritiated
water at various temperatures ranging from 100 to 175°C, suggested

that 100% reaction of the O-H hydrogens of wood cellulose may be

achievable in one wetting and drying cycle at 190°¢ (Wadhera and

Manley 1965).

6.2.2 The Hydrogen Atoms in Cellulose

Studies such as those described above have shown that there are
effectively three types of hydrogen in cellulose: first, the C-H
hydrogens (70%) which are non-exchangeable with any surrounding water;
secondly, the readily exchangeable O-H hydrogens (~15%) in the
amorphous regions of the cellulose; and, thirdly, the O-H hydrogens
{(~15%) which are bound up in the crystalline regions and consequently
only exchange very slowly with water. Therefore the cellulose in a
sample of plant material will contain C~H hydrogens whecse D/H ratio
should have remained unaltered since it was synthesised. The D/H ratio
of the readily exchangeable O-H hydrogens will be dependent on the
deuterium content of the last water that they came into contact with.
The D/H ratic of the remaining O-H hydrogens may reflect the deuterium

content acouired during cellulose synthesis in the plant.
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It was decided to concentrate on developing a method for

determining the D/H ratio of the C-H hydrogens in cellulose. This

meant that, first of all, the O-H hydrogens had to be either removed

by a substitution reaction or exchanged to a known 6D value. Because
of such problems as those discussed in the previous paragraphs, the

production of a tri-substituted derivative of cellulose, using a

substituent containing no hydrogen atoms, was first attempted.
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CHAPTER 7 THE ATTEMPTED PREPARATION OF TRI-SUBSTITUTED

CELLULOSE DERIVATIVES

Cyrot (1959) gives a comprehensive list of cellulose derivatives.

The few that may possibly be of use for replacing the O-H hydrogens

in cellulose are considered in this chapter.

7.1 NITRATION

Cellulose can be nitrated such that less than 4% of the O-H
hydrogens remain (Green 1963c). It was decided not to consider this
method further for two reasons: first, because of the dangers involved in
combusting highly explosive cellulose trinitrate in oxygen (Green
1963c); and, secondly, the possibility that the very strong acid
mixture required for the reaction would exchange some of the C-H
hydrogens. Recently, however, Epstein and co-workers (1976) have
overcome the problems involved in using the nitration technique. They
claim to be able to determine the deuterium content of the C-H

hydrogens in cellulose to a precision of #* 2%@0.

7.2 TRIFLUOROACETYLATION

A literature search revealed no claims to have synthesised a fully
trifluoroacetylated cellulose. However, Segal et al. (1961) claim to
have produced a fully esterified n-heptafluorcbutyl cellulose ester.
They also claim to have used trifluoroacetic anhydride in pyridine to
produce a trifluorocacetylated cellulose having a degree of substitution
of from 1 to 2 trifluorocacetyl cgroups per glucose unit.

Geddes (1956) has made a detailed study of the action of pure

trifluorocacetic acid on cellulose and cellobise. Dissolution of the
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cellulose occurred after a period of swelling and micellar dispersion.
He suggests that some esterification takes place possibly by a
mechanism involving the formation of an intermediate addition
compound. He further concludes that the rate of esterification
of primary O-H groups is more rapid than that of the secondary O-H
groups. Valdsaar and Dunlap (1952) have also studied the dissolution
of cellulose in trifluoroacetic acid, but they suggest that the
reaction goes no further than the formation of an addition
compound.

The trifluorcacetylation of small carbohydrate molecules is much
better documented (Bourne et al. 1950, Bonner 1961, Anderle and Kovad
1970). Esterification is affected by warming the appropriate
hydroxy-compound with trifluoroacetic anhydride in the presence of dry
sodium trifluoroacetate (Bourne et al. 1950). The ester must be
isolated under anhydrous corditions. Bourne et al. (1950) distilled
the reaction mixture several times with dry carbon tetrachloride to
remove excess trifluoroacetic anhydride and trifluoroacetic acid.

They tiien extracted the ester from the residual sodium trifluoroacetate
using the same solvent or dry petroleum. By this means several fully
trifluorcacetylated sugar derivatives including D-mannitol
hexakistrifluoroacetate and dulcitol hexakistrifluorocacetate were
obtained crystalline. This method, after modification, was later
applied to other hydroxy-compounds (Bourne et al. 1958). The
trifluorcacetates were reasonably stable when pure and dry, but
hydrclysed very rapidly in the presence of water (Bonner 1961).

Other workers have prepared trifluoroacetyl polycl derivatives
in solution for use in gas-liquid chromatography. Shapira (1969) and
Anderle and Koval (1.970) left the sugars overnight in contact with
trifluoroacetic anhydride in pyridine. Tamura and Imanari (19€7) used

trifluoroacetic anhydride in methyl cyanide or tetrahydrofuran.
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7.2.1 Experimental

Trifluorocacetylation of cellulose was first attempted using
trifluoroacetic anhydride in pyridine (after Segal et al. 1961,

Shapira 1969, and Anderle and KovaC€ 1970). The pyridine to be used

(80 ml) was first dried by refluxing it for 1 hr with barium oxide

(15 g). 1 ml of this dry pyridine was added to holocellulose (0.05 g -
prepared from Pinus radiata as described in section 4.2) in a vial.
Trifluoroacetic anhydride (1 ml) was added and the firmly capped vial
was left overnight. The cellulose,which had swelled up and turned
light brcwn, but had not dissolved, was filtered, washed with pyridine
and then with n-hexane, and left to dry overnight in an oven (75 to
80°C) before weighing. The resulting increase in weight cf the
cellulose to 0.09 g suggested that it had been partly
trifluoroacetylated. However, the product was contamirated with a
brown substance. This is probably the compound referred to by Bourne
et al. (1950) who state that a mixture of pyridine and

trifluoroacetic anhydride rapidly darkened and left a brown solid when
distilled. However, in view of the number of workers who have used
such mixtures experiments were continued.

The above technique was repeated using merxcerised cotton* and
cupra-ammonium rayon in the hope that these less crystalline celluloses
would be more susceptible to trifluoroaéetylation. In one experiment
a reaction mixture of trifluorocacetic anhydride (2 ml) and a trace of
pyridine (0.1 ml) was used. In another, the reaction was carried out
as before except that the vial was kept at OOC. All reaction mixtures
were left overnight and then treated as described above except that the

products were dried at 105°c for 3 days. Very little increase in

Treated with 1 M sodium hydroxide at room temperature for 15 min.
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weight was observed.

The method described by Segal et al. (1961) was then reproduced

more closely. Dry pyridine (8 ml) and trifluoroacetic anhydride

(1 ml) were reacted with mercerised cotton (1.2 g) for 2 hr at 50°c.
The dark brown mixture produced was filtered and washed with pyridine
and then n-hexane before drying at 60°C for 2 days and weighing. A
weight increase was observed (as found by Segal et al. 1961), but this
was, most likely, mainly the result of contamination by the brcwn
solid produced when a mixture of pyridine and trifluoroacetic
anhydride is heated (see above discussion and Bourne et al. 1950).

The method of Bourne et al. (1950) was next attempted.
Holocellulose (0.05 g) was mixed with sodium trifluorocacetate (0.15 g)
and trifluoroacetic anhydride (3.5 ml), and refluxed for 24 hr. No
change was observed except a slight yellowing. The problem here may
have been the presence of small quantities of water associated with
the cellulose since the latter was only oven-dried at 6OOC. The work
of Lang and Mason (1959) shows that cellulose can only be properly
dried if it is evacuated for a long period at an elevated temperature
(e.g. ~60 hr at 7OOC). Thus it would be interesting to repeat this
experiment using a completely dry sample of cellulose.

Finally, a method based on the observations of Geddes (1956) was
investigated. Holocellulose (0.018 g) was mixed with trifluoroacetic
acid (1.5 ml) and trifluorocacetic anhydride (1 ml), and gently
refluxed under a calcium chloride drying tube for 3 days. The
cellulose swelled up and turned brown, but did not dissolve. This
method was then repeated but this time a stoppered vial at room
temperature was used. The cellulose again swelled up, but did not
dissolve even after 9 days. When a sample of cellulose (0.0l g) was
treated with trifluoroacetic acid (2.5 ml) at rocm temperature the

swelling was more pronounced than in the previous experiment and after
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9 days there were signs that a little of the cellulose had dissolved.
Moreover, a sample of Whatman's filter paper cellulose (0.0l g), placed
in trifluoroacetic acid (2.5 ml) at room temperature, disintegrated
after 24 hours and completely dissolved after 5 days at room
temperature. Geddes (1956) suggested that such dissolving is due to
partial trifluoroacetylation of the cellulose. (See also the
discussion at the start of this section.)

Steelink and Jensen have also recently attempted the synthesis
of fully trifluorocacetylated cellulose. They used a mixture of
trifluoroacetic acid and trifluoroacetic anhydride (Steelink and
Jensen, unpublished, 1976). However, rigorous analysis of the
reaction prcduct showed it to be polymerised cellulose. All attempts
to reduce this effect proved fruitless (C. Steelink, personal

communication 1976).

7.2.2 Conclusion

Thus it seems that so far all attempts to fully trifluorocacetylate
cellulose have been unsuccessful, and so this method does not prcmise
to be a viable technique for replacing the O-H hydrogens in cellulose.
This conclusion was arrived at after many months of work (see above
summary) which included an exhaustive review of the literature.

The claim of Segal et al. (196l) to have synthesised a fully
esterified n-heptafluorcbutyl cellulose ester seems questionable since
it is based solely on a weight increase which may be partly due to
impurities produced by the interaction of the reactants. In any case
the combustion of the product, in the manner normally employed for
isotope determinations, would probably be difficult since when held in

a flame it melted, but did rot burn (Segal et al. 1961).
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7.3 TRICHLOROACETYLATION

Full trichloroacetylation of cellulose seemed less likely than
full trifluoroacetylation because of the size of the substituent
groups. However, it was attempted.

Dry pyridine (8 ml) and trichloroacetyl chloride (1 ml) were
added to mercerised cotton (0.1l g after drying at 105°C for 1 hr) and
left in a stoppered vial at room temperature for 30 min. The reaction
mixture was then filtered, washed with pyridine and n-hexane, left to

dry in an oven at 60°C (2 days), and weighed. ©No increase in weight

was observed.

7.4 METHODS INVOLVING THE DEGRADATION OF CELLULOSE

Methods by which cellulose can be degraded have been reviewed.
These include microbiological degradation (Gasgoine and Gasgoine 1960,
Reese 1963) and the effect of strong acid or strong alkali (Bikales
and Segal 1971). Using such methods glucose or a mixture of
oligosaccharides could be produced. The latter could then be fully
trifluoroacetylated using the method of Bourneet al. (1950).

A more promising, but longer, method might be to first prepare
O~cellobiose octaacetate by the reaction between cellulose, acetic
anhydride and concentrated sulphuric acid (Braun 1944). This has the
advantage that the crystals of octaacetate (formed in 35 to 37% yield)
produced are reasonably pure. These crystals could be reacted with
sodium in methanol to give crystals of cellobiose (91% yield) (Braun

1244). The method of Bournz et al. (1950) could then be used to

synthesise fully trifluorocetylated cellobiose.
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CHAPTER 8 EXCHANGE METHODS FOR CELLULOSE &D

DETERMINATIONS

An alternative approach to the problem of determining the D/H
ratio of the C-H hydrogens in cellulose is to exchange the O-H
hydrogens to a known 8D value. Unfortunately this has not yet proved
possible using water alone (see chapter 6). The various solvents for

cellulose were therefore considered before further investigating the

exchange reaction with water.

8.1 EXPERIMENTS WITH CELLULOSE SOLUTIONS

The objective of the work described in this section was to find
out if it was possible to exchange all the O-H hydrogens by dissolving
cellulose in a solvent and later reprecipitating it.

The various cellulose solvents are considered in detail by Ott et

al. (1954) and Bikales and Segal (1971).

8.1.1 "Cuen" Complexing

The copper complex of 1,2-diaminoethane ("Cuen") was synthesised
using standard water W1A and the method of Jayme and Lang (1963).
Holocellulose standard Cl1/10 (0.05 g) was dissolved in 0.5 M Cuen
solution (5 ml) by stirring for 30 min at room temperature. 1 M
hydrochloric acid (17 ml - prepared by diluting concentrated
hydrochloric acid with standard water W1lA) was then added slowly with
stirring (5 min) to reprecipitate the cellulose. This cellulose was
such that it clogged up the sinters used for filtration. Therefore the
mixture was centrifuged and the supernatant decanted off. The cellulose

residue was washed 3 times with standard water W1A and left overnight at
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room temperature in contact with W1lA (~30 ml) in a stoppered tube.
The wet sample was then introduced into a combustion line, dried,
combusted and the deuterium content of the water measured as
described in chapter 5. Two further samples of the same cellulose
were treated according to the procedure described above except that
standard waters W2 and W3 were used instead of WI1A.

The 8D values obtained from the above experiment were compared
with those obtained by exchanging cellulose standard C1/10 with the
same three water standards (~5 ml) at 92 * 2°c. After 3 days the
water was decanted off and the wet samples were inserted into the

combustion line as quickly as possible. D values were determined as

described in chapter 5.

Table 6. A comparison of the Cuen and exchange water methcds for
exchanging the O-H hydrogens in cellulose

8D, (Yoo) of 8D (Yoo) of
Standard 6D, . (Yoo0) stafdard C1/10 staidard C1/10
water Wl
after Cuen after exchagge
treatment at 92 * 2°C
* *
Wla - 4.2 -9 + 3
* *
W2 - 176.9 - 40 - 40
* *
W3 - 345.8 - 77 - 93

The results displayed in table 6 show that the Cuen treatment had
exchanged a smaller proportion of the O-H hydrogens in cellulose
standard C1/10 than heating at S92 % 2°C in the presence of water for
3 days. Therefore it is most likely that the crystalline regions in

cellulose are less affected by the Cuen solution process than by the

*
These measurements were made before the problems involved in the

determination of 8D values using a combustion line had been completely

resolved (see section 8.3). Thus they are only correct to * 3700
(1 o).
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prolonged heat treatment. Such solutions in Cuen are considered to
contain cellulose micelles (Jolley 1939). Probably only the glucose
units in the micellar surface (presumably from the amorphous regions

of the celiulose) are involved in complex formation with Cuen (Jolley

1939).

8.1.2 Other Solvents

In view of the results discussed above and since the solution
processes are similar, it is unlikely that dissolwving cellulose in any
of the many other possible transition metal complexes (Ott et al. 1954,
Bikales and Segal 1971, Jayme and Lang 1963) will exchange a significant
proportion of the O-H hydrogens in the crystalline regions.

The use of strong acids to dissolve cellulose may be more hopeful.
Scme degradation generally occurs, and with sulphuric and phosphoric
acids esterification takes place to some extent (Jayme and Lang 1963).
This may, however, help to open up the crystalline regions and so
facilitate the exchange of more C -H hydrogens. Cellulose can be

regenerated from such solutions simply by diluting them with water.

8.2 OTHER METHODS

One promising method for fixing the D/H ratio of all the O-H
hydrogens involves preparing a derivative and then regenerating the
cellulose. Thus cellulose triacetate could first be prepared using,
for example, the method of Tanghe et al. (1963). Treatment of the
triacetate with sodium hydroxide using the conditions described by
Green (1963b) regenerates the cellulose.

Alternatively cellulose trinitrate, prepared, for example, as
described by Green (1963c) might prove a more suitable intermediate.
Denitration can be accomplished using ammeonium hydrosulphide. However,

some degradaticn occurs and the final cellulose contains about 1%
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nitrogen.

At this stage, however, it was decided to develop the method by
which mest of the O-H hydrogens in cellulose are exchanged with a
standard water at elevated temperatures. This method is discussed in
detail in the next section. Friedman and co-workers (personal
communication) have been developing a similar technique for

exchanging samples of extracted wood.

8.3 THE EXCHANGE WATER METHOD

8.3.1 Description

Each sample of holocellulose (0.01 to 0.02 g) was sealed up with
standard water (~5 ml) in a glass vial (plate 4). This vial was
pPlaced in a metal tube (plate 4) which was then left in an oven at
92 * 2°C. After 3 days the vial was removed and placed in a second
oven at 25°C. After 24 hr the vial was cracked open, the water
decanted off, and the wet cellulose rapidly transferred to a
combustion line (fig. 24). It was freeze-dried (21 * 3 hr) w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>