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Abstract

The water content of the wood cell wall has been investigated, for modem and waterlogged 

archaeological wood samples, by differential scanning calorimetry (DSC) and inverse 

chromatography (IC). DSC was used to measure the amount of water in the wood that did 

not freeze on cooling to -  40® C, in samples dried to different water contents. The unfrozen 

water was found by plotting the heat of melting of ice in the sample against the fractional 

water content. For modem woods, the unfrozen water contents (UFW) were in the range

0.28 to 0.34 g water / g wood. For the archaeological woods, the UFW ranged from 0.534 

up to 1.2 g water / g wood. IC was performed with chromatographic columns made of 

powdered wood, using ethylene glycol, diethylene glycol, sugars and narrow molecular 

weight distribution dextran standards as probe molecules to determine the water content of 

the wood cell wall. For the modem woods examined, these gave results similar to those of 

DSC in that no variation with wood density was found, but the results are higher. Packing 

columns with waterlogged archaeological wood proved to be very difficult, and no definitive 

results for the water content of the cell wall were obtained. The wood columns were also 

used to study the penetration, size exclusion and adsorption of polyethylene glycols (PEGs) 

and salts with the cell wall. PEGs showed a variety of elution behaviours, from size exclusion 

to adsorption. In balsa wood, and in all the archaeological woods studied, PEGs were 

adsorbed. It is suggested that this was adsorption onto the lignin. Salts were excluded from 

the wood pores to a degree dependent on their concentration and position in the lyotropic 

series. The implications for the conservation of waterlogged archaeological wood are 

discussed.
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Preface

“It seems, generally speaking, that out o f the work being done on the problems o f 

waterlogged wood, far too large a proportion is allotted to treatment alone. The objects for 

treatment are too frequently looked upon as just porous material to be impregnated, 

stabilized or hardened. In other words, the cure is started before the patient and his most 

common diseases have been sufficiently studied. It is in fact necessary that the wood in need 

o f treatment should be explored intensively and extensively before much more thought is 

given to methods o f treatment, and it should be studied not just as a substance, but as a very 

large group o f substances, enormously variable in nature and conditions. ”

(Christensen 1970)
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

The main aim of this investigation is to improve our understanding of the conservation of 

waterlogged archaeological wood, by studying the interactions of wood, water and the 

water-soluble materials used to conserve such wood, in the belief that this will enable better 

results to be obtained with present materials and techniques of conservation, and in the hope 

that better materials might be identified.

This raises the question of why undertake such an investigation: is there any need for this 

work, what are the potential benefits, and specifically, what are the benefits to archaeology. 

The last part of this introductory section sets out the reasons for the investigation, the 

rationale behind choosing the methods used, and the potential benefits that could result. But 

first it is necessary to establish the significance of archaeological wood, the need for it to be 

conserved, and whether or not research is needed to improve on current methods for its 

conservation.
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1.2 The significance of waterlogged archaeological wood

To interpret the past, archaeology depends almost entirely on the cultural remains which 

happen to have been preserved, although evidence from other disciplines - geology, 

environmental biology, soil science and geography - is also important. Most archaeology has 

been, and still is, concerned with “dryland” sites. In temperate climates, such as Britain and 

most of north-west Europe, wood is rarely preserved on such sites except as mineralised 

traces on metal artefacts, and stains in post-holes. The biased view of material culture that 

emerges has been pointed out (Coles 1986). Thus on dry sites, 80-100% of preserved 

materials will be inorganic, whereas on a wetland site, such material would account for 10- 

25% of the total, the remainder being organic: wood, skins, fabrics, horn, as well as 

environmental evidence, for example, pollen and insect exoskeletons. Depending on the 

nature of the site and on the preservation conditions, the proportions of the different organic 

materials may vary quite largely. The excavation of wetland sites offers an opportunity to 

gather better “evidence of the past, and a better documentation than has been retrieved from 

the desiccated and eroded landscapes in the past century” (Coles 1986). If we can also 

conserve such material adequately, the material wUl be available for study and research, and 

help fill in the gaps in our knowledge of the use of such material in antiquity. So little has 

been preserved of domestic items or wooden structures, that there are precious few 

typologies to fall back on - often we have little idea what date or function to ascribe to 

wooden objects.
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Waterlogged archaeological wood and other organic materials are also found elsewhere, for 

example in urban areas such as the London waterfront, where excavation is necessary 

because of development. They are also encountered as stray finds in peat-cutting, and in 

crannogs (lake-dwellings) and shipwrecks. Depending on the nature of the site and the 

preservation conditions, the proportions of the different organic materials may vary widely, 

but in some instances, eg Flag Fen (Taylor 1993), and Biskupin in Poland (Piotrowski 1990) 

the amount of wood that has been preserved is staggering.

Whilst organic materials other than wood are also preserved and have archaeological 

significance, filling in our knowledge of the available animal and plant resources and the 

methods used to exploit them, wood has particularly high archaeological information content 

(Groves, 1993 ; Goodbum 1990 ; Nayling 1989). It can be used for dendrochronological 

dating, and species identification. We can see how timber species were selected for particular 

purposes; the form and woodland environment of the “parent tree” from which the wood 

was cut; and woodland management practice (for example, coppicing or pollarding). Wood 

also contains information about the methods of conversion and fashioning: splitting, sawing, 

adze / axe marks (often with “signatures” allowing the individual blades and their sharpening 

to be observed), laying out marks, drill-holes, wear and compression from use, as well as the 

form and function of the finished object. However, our knowledge of past uses of wood is so 

meagre that often we do not know what the function of a particular object was, and little idea 

of its age unless it was found in a dateable archaeological context (Sheridan 1996). But we 

do know that wood was used for a wide range of domestic, agricultural, military, and
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industrial and ritual items, as well as for structures and vehicles.

1.3 Waterlogged archaeological wood: the need for conservation

The archaeological potential of wet site archaeology has led to a great expansion in the 

number of such sites being excavated throughout the world over the past 40 years. The 

advent of scuba diving gear has enabled archaeologists to work under water to the same 

standard as on land and numerous underwater sites and shipwrecks have been excavated as a 

result. Coles found 47 sites being excavated in Europe and America, and more are to be 

found world-wide (Coles 1989). Nayling identified 438 sites from different periods that had 

produced structural timbers in Britain between 1968-1987. Of these, only at 117 had the 

wood been kept for conservation (Brown, Watkins et al. 1993).

The lack of conservation facilities for the substantial quantities of large structural timbers, as 

opposed to wooden artefacts which were normally conserved as a matter of course (Nayling 

1989), and the appreciation of the archaeological information content of the wood gave rise 

to the “Guidelines on Waterlogged Wood: the Recording, Sampling, Conservation and 

Curation o f Structural Wood” (Coles 1990). These outline criteria for the retention of 

structural timbers for conservation, on the basis of their ability to explain the nature of the 

site, local or national significance, or their potential for display or education. In 1993, English 

Heritage established the York Archaeological Wood Centre to act as the first centre to 

undertake the necessary work, and others have since been established in England and Wales.
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In 1992, the National Museums of Scotland purchased a large freeze drier to tackle the 

backlog of structural timber which had been acquired. Originally the intention had been to 

treat the wood by the acetone/rosin method that had been developed there, but this could no 

longer be carried out for safety reasons. Few structural timbers had been adequately 

conserved from Scottish sites, and it would be good to redress this situation. Freeze drying 

after polyethylene glycol impregnation was identified by Watson (Watson 1989) as the most 

cost-effective method. It is now generally accepted as the method of choice (Brown, Watkins 

et al. 1993), except in the case of large structures - such as the Mary Rose - which it is not 

feasible to fit into a freeze drier.

Some archaeologists have long appreciated the need to conserve the objects they excavate. 

Flinders Petrie, one of the founders of modem archaeology and Edwards Professor of 

Egyptology at University College London, stated in 1904:

“The preservation of the objects that are found is a necessary duty of the finder. To disclose 

things only to destroy them... is a hideous fault.” (Petrie 1904).

However, with the quantities of wood excavated in the recent past, and the cost of 

conserving - and storing - them, it is obviously not practicable to conserve it all (Price 1990); 

some must be discarded. It may be possible to preserve some in-situ, or by re-burial, and 

these are active areas of current research (Coles, B 1995); (Caple 1993). In-situ preservation 

is not an option for all sites; many are under threat, mainly from water abstraction.
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development or erosion. Coles (Coles, B 1995) lists 11 different threats to wetlands. Wooden 

structures and artefacts need to be excavated before they disappear. There is also a need to 

build on the impetus that wetland archaeology has given, and to be prepared for future finds 

from research and developer-funded excavations. There will therefore be a need to conserve 

wooden artefacts and structural timbers for the foreseeable future, as a permanent archive for 

study and display, for the training o f future archaeologists and archaeological wood 

technologists, and for general education.

1.4 The current state of conservation techniques for waterlogged archaeological wood 

Aim of conservation
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Figure 1. External volumetric shrinkage of waterlogged wood after Jones and Rule, 

1991, and Mikolaychuk, 1997
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The major problem of waterlogged wood is that, if left to dry without treatment, it shrinks far 

more than modem wood. This is shown in Figure 1, where the external volumetric shrinkage 

of modem and archaeological samples measured by Jones and Rule 1991 and Mikolaychuk 

1997 have been plotted as a function of the density of the wood, based on oven-dry weight 

per waterlogged volume. The data of others show similar large shrinkage for degraded wood 

(Hoffinann, Peek et al. 1986; Imazu, Morgos et al. 1999). They plot their results as a 

function of maximum water content rather than green density. If Hof&nann’s data are 

converted to a density basis, the data fall very close to those of Jones and Rule shown above, 

but with a greater scatter, presumably because his samples came from several sites, had 

different growth rates and different ash contents. The greater shrinkage of hardwoods than 

softwoods shown above can also be seen in other data(Imazu, Morgos er al. 1999).

However, for both softwoods and hardwoods, the more deteriorated the wood, the lower the 

density, the greater the porosity and maximum water content, and the greater the shrinkage. 

Dean lists 23 references to the greater shrinkage of waterlogged archaeological wood 

compared to modem wood of the same species (Dean 1993) The main aim of conservation 

is to prevent this shrinkage.

Barbour (Barbour and Leney 1982) has shown, for a sample of very deteriorated 

waterlogged red alder, that the overall extemal volumetric shrinkage can be divided into:
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• that caused by collapse of the gross capillary system of the wood as a result of surface 

tension forces acting on the weakened cell walls

• that caused by shrinkage of the cell wall itself

These two causes require different remedies. To prevent collapse it is necessary either to 

replace all the gross capillary water with a solid, or to remove this water by means which 

reduce the surface tension effect, ie freeze drying, supercritical drying, or replacement of the 

water with solvents with lower surface tension. To prevent cell wall shrinkage, it is necessary 

to introduce materials into the cell wall to replace the cell wall water.

The more deteriorated the wood the greater its loss of strength (Schniewind 1990), and a 

second aim of conservation is to provide enough strength to enable the object to be handled.

Deterioration proceeds differently in different woods (Hof5nann and Jones 1990): some tend 

to be homogeneously decayed, for example hazel and alder, whereas others have a resistant 

core surrounded by a degraded outer layer. Most archaeological wood samples have a very 

soft outer layer. Much of the information content of waterlogged archaeological wood is 

preserved in this surface, which - as with most archaeological materials - is the most 

degraded and vulnerable part. The shape and form of the object is also of considerable 

importance. Other research, ie dendrochronology and species identification, requires more or 

less destructive sampling, typically cross-section(s) or shavings.
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Wood swells during waterlogged burial (Barkman 1973). As we cannot identify the original 

size and shape of the object in most cases, it is generally accepted that conservation should 

aim to “ stabihse the shape, dimensions and surface features of the wood” (Spriggs 1990). 

Other factors, such as weight, colour and strength of the treated wood are also important, as 

is plasticity in timbers that have been distorted by the over-burden during burial, that may 

need re-shaping for reconstruction (Gregson 1973). It is also considered important that 

treatment should be reversible, to allow removal if the imprégnant should prove unstable in 

the long term. However, it is doubtful whether reversibihty is a feasible proposition for large 

projects, such as the conservation of ships.

There would be Httle point in applying conservation treatments that do not achieve a certain 

standard of dimensional stabihsation, or preserve enough of the surface features. What these 

standards should be is debatable, but an anti-shrink efihciency (ASE) - the differential 

decrease in shrinkage of a treated and untreated sample on a percentage basis - of 75% or 

more has been described as acceptable (Grattan, McCawley et al. 1980), and the degree of 

surface cracking - along or across the grain - will affect the preservation and value of surface 

detail.

1.5 Effectiveness and limitations of current treatment

The International Council for Museums, (ICOM), Waterlogged Archaeological Organic

18



Materials Working Group, (WOAM), is one of the most active of the ICOM working groups 

set up to improve methods of conservation and provide a means of disseminating information 

between laboratories at an international level. Concern about the standard of treatments 

applied to waterlogged archaeological wood led the group to set up the International 

Comparative Wood Treatment Study (Grattan 1989), in which different laboratories treated 

samples of a range of waterlogged archaeological woods and the results were then assessed. 

The treatments were mostly of the generally accepted best method (polyethylene glycol 

aqueous solution followed by freeze drying) but with variations in molecular weight and 

concentrations of polyethylene glycol (PEG), and mixed grade single-stage impregnation 

treatments or two-stage treatments for low and high molecular weights of PEG. Other 

methods were also used, including acetone/rosin, radiation polymerisation of styrene 

polyester resin in-situ, freeze drying after impregnation with PEG from t-butanol solution or 

isopropyl alcohol, and of course air drying.

The study concluded:

• the PEG pre-treatment should be based on the degree of degradation of the wood; 

low molecular weight PEG was best for less degraded wood, high molecular weight 

for more degraded

• PEG methods not employing freeze drying were less successfiil

• PEG 4000 impregnation from t-butanol gave generally very good results

• the presence of high molecular weight PEG in mixed-grade treatments seemed to 

reduce the anti-shrink efficiency of low molecular weight PEG in less deteriorated 

woods
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• the wood samples varied in their response to treatments

• radiation polymerisation increased the shrinkage of less degraded woods

This does not provide a quantitative assessment of the success rate for treatment. A further 

international comparative study was instituted, confined to PEG/freeze drying treatments 

(HofiQnann and Fortuin 1991), but similar in nature with dififerent laboratories undertaking 

treatment on a range of samples. The results were assessed on a subjective scale on the basis 

of shrinkage and the presence or absence of cracks, and it was found that:

• softwoods were easier to treat than hardwoods

• about 33% of hardwood samples and about 20% of sofl;wood samples were deemed 

“unacceptable” as a result of shrinkage and/or cracking

• about 33% of hardwood samples treated showed longitudinal and/or cross-grain cracks

These results were obtained with relatively small samples - the results with large timbers 

would be expected to be much worse.

This was published in 1991, shortly before this research began, and indicated that there was a 

real need to improve treatment methods. That this was the case is shown by the continuing 

research carried out; for example Jensen, Bojesen-Koefoed et al. 1994, Panter 1994, Watson 

1996, Kaye and Cole-Hamilton 1993. As a result, treatments have probably improved since 

then, but are they yet as good as we would want? The conservation of waterlogged
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archaeological wood is an expensive procedure: it should be carried out to the best possible 

standards - otherwise it is a waste of time, effort and money, to say nothing of the 

irreplaceable archaeological material. At the time the results of the survey seemed adequate 

reason to undertake some research. The question then was -what research to undertake?

1.6 Choice of research topic

It is all very well to decide to investigate the conservation of waterlogged archaeological 

wood, but it is notoriously diflScult to formulate approaches to the investigation of the 

conservation of any archaeological material. One starting point of course is to avoid those 

areas one knows others are investigating, to avoid duplication. Many empirical studies of the 

effectiveness of treatments for waterlogged archaeological wood had been and were being 

carried out. It was clear from ICOM WOAM meetings and other contacts that others were 

investigating:

• the critical conditions for freeze drying large oak timbers

• sorption of various small molecules in modem beech veneer

• an NMR study of the freeze drying process

• supercritical drying of waterlogged archaeological wood

• diffusion rates of PEG into waterlogged archaeological wood

• microscopic observation of PEG penetration into waterlogged wood

• conservation with sugars.

21



1.61 Methods of analysis: bulking experiments

To try and improve conservation treatments, a common method is to carry out bulking 

experiments, to measure the effect of solution concentration on the anti-shrink efficiency. 

Such studies are invaluable, and indeed for large projects such as the conservation of ships’ 

hulls must be considered necessary on pilot-scale tests before treatment of the main hull 

commences (Jones and Rule 1991). However, such empirical studies rarely lead to 

improvements in our understanding of what is actually happening, that might allow for 

significant advances in techniques or materials to be made. Often the results of empirical 

experiments cannot be explained with current models. For example, Hoffinann (Hoffinann 

1984) found that it required a 50% solution of PEG 200 to dimensionally stabilise the sound 

core of oak timbers, but could not explain why this should be so much higher than the value 

expected, about 30%, equivalent to the normal water content of the cell wall of sound oak. 

Again, Hoffinann (Hoffinann 1994) found that his samples would only take up 81-86% of the 

theoretically possible maximum concentration of sucrose, while PEG 400 and 600 uptake 

was considerably higher, at 83-101% of the theoretical maximum. This difference, and the 

difference in uptake of PEG according to degree of degradation, could not be explained.
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1.62 Methods of analysis: chemical and microscopic analyses

Many chemical and microscopic analyses had already been carried out on wood of different 

degrees of degradation (HofiQnann 1982 ; Grattan and Mathias 1986 ; Blanchette and 

HofiQnann 1994). Although extremely useful in other ways, on their own such studies help 

little in formulating treatments, as has been pointed out (Grattan and Mathias 1986).

1.63 A method of calculating pre-treatment solutions for freeze-drying

At about that time. Cook and Grattan introduced a computer programme they had devised to 

calculate PEG solution concentrations for the pre-treatment of waterlogged archaeological 

wood before freeze drying (Grattan 1988; Cook and Grattan 1990). This was based on the 

assumptions that:

• a low molecular weight PEG was needed to replace the water in the cell wall, to 

prevent cell wall shrinkage. This should be equivalent to the fibre saturation point 

of the wood.

• An amount of high molecular weight PEG was needed to replace the material lost 

to degradation.

Earlier work (Cook and Grattan 1984) had shown that degraded wood needed up to twice as 

much low molecular weight PEG as sound wood, on a dry weight of cell wall basis. To
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calculate the fibre saturation point of degraded wood, ie the amount of water in the cell wall, 

they recommended the use of the relationship between density of wood and fibre saturation 

point of sound wood, measured by a variant of the solvent exclusion technique by Feist and 

Tarkow, 1967 using PEGs as molecular probes. However, a “PEG coefficient” was 

introduced to allow the PEG concentration to be varied by a factor of 1-2, at the whim of the 

conservator. It was assumed that on fi-eezing and fi-eeze drying, all the low molecular weight 

PEG would end up in the cell wall.

Several questions arose:

• is the fibre saturation point of waterlogged archaeological wood the same as that of 

modem wood, and does it vary in the same way with density?

• what is the distribution of PEG between the solution and the water in the cell wall of 

archaeological wood?

• does the distribution vary with species and degree of degradation?

• what are the effects of fi-eezing and PEG concentration on the distribution?

• how are other molecules, for example sugars, distributed between the cell wall water and 

the solution?

It seemed that what was needed, and would be very usefial, would be to find ways to measure 

the fibre saturation points of samples of waterlogged woods, and to determine the 

distribution of various molecules between the cell wall water and the solution, ie the partition
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coefiScients of the molecules between the two phases.

The microscopic determination of the distribution of PEG in the cell wall by Young and Sims, 

1989 mentioned above showed that the distribution varied with species and degree of 

degradation of the wood. However, it was not possible to make a quantitative analysis, and 

the method could only be used with PEG, or presumably molecules similar to PEG. A better 

method would be applicable to many classes of molecule, would provide quantitative data on 

the partition coefiBcient, and would be relatively easy to apply to a homologous series of 

molecules varying in molecular weight. The method of Feist and Tarkow had been used to 

measure the partition coefficients of narrow molecular weight fractions of PEG between 

water and the wood cell wall (Tarkow, Feist et al. 1966). A similar method had been used 

with wood pulps by Stone and Scallan, 1967, but using sugars and dextrans as probe 

molecules. Both involved so-called batch equilibrium experiments in which the sample was 

exposed to a solution of known concentration of the probe molecule. In the Stone and 

Scallan experiments, the change in concentration of the external solution after reaching 

equilibrium was used to determine the quantity of water in the pulp cell wall that was 

available to dilute the probe molecule. However, Tarkow, Feist et al postulated that the cell 

wall acted as an “ideal osmometer”, and measured the final concentration in the external 

solution and the amount of PEG and water in the wood (including the lumen). They then 

assumed that the PEG in the water in the wood was associated with water in the same ratio 

as in the external solution, and found the non-solvent water by a simple calculation. Quite 

why they should have gone to the trouble of extracting the PEG from the wood when the
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Stone and Scallan method does not require it was unclear to me then, but I now suspect the 

reason. This is discussed further, in Chapter 4.

Either of these methods could have been used, but would have been extremely laborious, 

requiring very precise and accurate measurement of concentrations, especially with very 

degraded wood of very high water content. Different calibration curves would be needed for 

each molecular probe, and material might leach from the wood and interfere with the analysis. 

It could not be applied to unextracted wood. Some early work of my own (Skinner 1994) 

demonstrated to me the difBculties associated with such batch methods.

To measure the PEG solution concentrations in these early experiments I had been using size 

exclusion chromatography. The similarity in the phenomenon of size exclusion in the column 

and in the experiments suggested that columns made of powdered wood might be a suitable 

method of measuring the partition coefiScients, and of measuring fibre saturation points. A 

survey of the literature found that this had been carried out successfully with cotton 

(Bredereck and Bluher 1992) and I decided that this would be my main method of 

investigation. Ahlgren (Ahlgren, Wood et al. 1972) had shown that grinding wood to 

different particle sizes before measuring the non-solvent water with dextrans had no effect on 

the results, and others had demonstrated that the results of such chromatographic 

investigations gave similar results to batch (equilibrium) methods. I believed that inverse 

chromatography, ie using chromatography to investigate the nature of the medium, rather 

than to measure the probe molecules, held several great advantages. These were:
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• many different molecules could be tested: anything that produced a signal with the 

refractive index detector of the chromatographic equipment

• the wood need not necessarily be extracted

• the effects of changes in temperature, pH and ionic strength could be measured

• it would be possible to use (expensive) narrow molecular weight fractions, as only very 

small quantities would be required

• microbial growth was not likely to be problematic

• degradation of the probe molecules was not likely to occur

All scientific work requires corroboration. Indeed the work of Feist, Tarkow and 

Southerland has not been corroborated to my knowledge. Stone and Scallan measured the 

fibre saturation point of their pulp samples by the porous pressure plate method, in which 

gas pressure is applied to a porous ceramic plate on which the wet sample is placed. This 

allows the effective control of the water activity in the high pressure region near saturation, 

and they found a plateau region in the water content / water activity curve which 

corresponded well with the non-solvent determinations they had made. However, this 

method was very slow. It has been applied to wood (Cloutier and Fortin 1991), but the 

system can take several months to come to equilibrium.

Fibre saturation points in whole wood had also been determined by pulsed nuclear magnetic 

resonance spectroscopy, and I made early attempts to use this method with waterlogged 

archaeological wood (Skinner, 1994 ). However, a search of the “grey” area of literature -
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unpublished doctoral theses - found that a study of NMR of water in waterlogged 

archaeological wood from the Mary Rose had already been carried out (Bannister 1990). He 

concluded that the fibre saturation point of waterlogged archaeological wood was the same 

as that of modem wood, about 0.4 g water / g wood, although in very degraded wood it 

might be lower. This was at odds with the findings of other workers. For example, Hofifinann 

(Hofiftnann 1984) had found that the equilibrium moisture content of waterlogged 

archaeological oak was higher the more degraded the wood.

Simpson and Barton 1991 measured the fibre saturation point (FSP) of some modem woods 

using differential scanning calorimetry to determine the amount of water that did not freeze 

when the samples were frozen to -40 degrees C.

The FSP values were found to be related to those measured by a traditional method, the 

intersection of the shrinkage/moisture content curves as the wood was dried - the shrinkage 

intersection point (SIP) method (Kelsey 1956). DSC would be a good method to apply in a 

preliminary survey of FSP values in waterlogged archaeological wood: to test Bannister’s 

findings, and as corroboration of chromatographic results: only small samples were required, 

no extraction would be necessary, and access to the equipment easier than was the case with 

NMR.
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1.7 Aims and objectives of study

This section sets out the aims and objectives of the proposed study.

1. To investigate, using DSC, variation, if any exists, of the fibre saturation point of 

waterlogged archaeological wood.

2. To investigate, using DSC, any variation found in FSP values for waterlogged 

archaeological wood with the degree of degradation, for at least one species, preferably 

oak.

3. To measure the partition coefficients of PEGs, sugars, and other selected molecules 

between water and wood cell walls by inverse chromatography.

4. To measure the fibre saturation points of waterlogged modem and archaeological woods 

by inverse chromatography, and determine any relationship to wood density.

5. To use the information gained to formulate pre-treatment concentrations of bulking agents 

for waterlogged archaeological wood, and if time allows, test these with bulking experiments.
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CHAPTER 2 REVIEW OF AVAILABLE EVIDENCE

2.1 Introduction

The amount of water in the cell wall of wood and other cellulosic materials has been the 

subject of extensive investigation over the past one hundred years. This is because the water 

content - which is dependent on the ambient humidity - affects the physical properties of 

these materials, and thus is vitally important in their use for construction and manufacture, 

their handling properties, and in processing. In the context of waterlogged archaeological 

wood, the water content of the cell wall is particularly important to the extent that it 

contributes to shrinkage: this is what I hope to establish.

The literature covering this area is very extensive. This review is therefore not 

comprehensive; much of the early literature is out-dated. For example, I have excluded the 

early nuclear magnetic resonance (NMR) investigations of water in wood using continuous 

wave spectrometers as these have been surpassed by pulsed NMR methods. I have tried to 

restrict the evidence to often-quoted papers, with sound methodology and modem 

instrumentation.

To begin with, it is necessary to outline the structure and composition of modem and 

waterlogged archaeological wood.
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2.2 Structure and composition of wood 

2.21 Gross structure

This is merely an outline to establish salient aspects of the subject; extensive information can 

be found in, for example, Jane 1956 and Fengel and Wegener 1984. By wood in this context 

is meant the material forming the trunks and/or branches of trees. Wood is a capillary porous 

material, consisting of the dead walls of the cells from which it was formed. Growth occurs in 

the cambial layer, in the outer portion of the trunk.

The function of the trunk is to support the crown of the tree, and to conduct water and 

nutrients to and from the crown. This conduction occurs in the sapwood, or outer layers of 

the trunk. In many species but not all, sapwood eventually becomes heartwood as the result 

of the deposition of insoluble compounds, and the growth of obstructions called tyloses 

within the conducting elements.

There are two main categories of wood: softwoods (Gymnospermae: Coniferales) or 

coniferous woods, and hardwoods {Angiospermae: Dicotyledonae) or deciduous woods, 

which differ in their basic structure. In softwoods, the conducting elements are called 

tracheids, and consist of long tapering cells aligned in the vertical axis of the trunk. The cell 

walls vary in thickness and the cells in diameter, depending on the time of year at which they 

are laid down: earlywood consists of large diameter, thin walled tracheids, whereas in
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latewood the cell walls are thicker and the cell diameters smaller. In the radial direction, the 

tracheids are interspersed with structures termed rays, which consist of a variety of cell types 

- tracheids, parenchyma, - and may include resin canals, depending on species. The void 

volume of the rays may account for up to 8% of the total void volume of softwood (Stamm, 

1964a). Communication between the tracheids, and between ray cell and tracheids is 

accomplished by openings in the cell walls termed pits. Between tracheids, these may have a 

central plate or torus which can become attached to the edges of the opening, thus blocking 

it. This is termed aspiration, and makes the wood less permeable. This often occurs when 

wood is dried, but can be prevented by freeze drying, or solvent replacement. Tracheids are 

usually 2.5 - 7 mm long, but vary considerably in cell wall thickness and lumen diameter; this 

is reflected in the density of the wood. An average cell wall thickness might be about 3-4 

microns.

The structure of hardwoods is much more complex: there is greater differentiation. 

Conduction is provided by elements termed vessels, and strength is provided by thick-walled 

cells termed fibres. Parenchymatous cells are fi*equent, and the ray structures more 

complicated, some being very large indeed: for example the giant rays in oak are visible to the 

naked eye. In hardwoods, the rays may provide a more effective route for penetration than in 

softwoods. The size and distribution of vessel elements varies widely: early wood vessels may 

be very large and concentrated near the beginning of the year’s growth, and summerwood 

vessels small (ring-porous woods), or all the vessels may be evenly distributed and of similar 

size (difluse-porous woods). Adjoining vessel elements are separated by structures termed
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perforation plates: these may be simple (open), scalariform or reticulate. In heartwood, the 

vessels may be blocked with tyloses, which are thin membranous in-growths from adjacent 

cells which effectively prevent the passage of gases or liquids. Communication between cells 

is again through openings in the cell walls called pits. These are smaller than in softwoods. 

The fibres are also shorter than the tracheids of softwoods, being 1-2 mm in length. Cell wall 

thickness varies widely, and again is reflected in the wood density.

Apart from heartwood and sapwood, both softwoods and hardwoods may contain reaction 

wood. This is produced in response to gravitational or wind stress. In hardwoods, this is 

produced on the upper sides of branches, for example, and is termed tension wood, whereas 

in softwoods it is produced on the underside, and is known as compression wood. Reaction 

wood differs in structure and composition from normal wood.

In summary, wood is a highly porous material with a void volume ranging from 30-80% 

depending on the wood density. Its permeability is reduced by the small apertures connecting 

the volume elements amongst which the void volume is dispersed. The average cell wall 

thickness is reflected in the wood density. Softwoods and hardwoods have different 

structures - the latter are more complex and variable.
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2.22 Composition of the wood cell wall

Chemical analysis has established the composition of the wood cell wall (Fengel and Wegener 

1984). The main constituents are cellulose, lignin and polyoses (hemicelluloses); minor 

constituents are very variable from species to species and are termed extractives.

Cellulose is a linear polymer formed of 0-1-4 linked anhydroglucose units. Formed in vivo

from soluble reagents, the resulting chains slowly develop crystallinity and are insoluble in 

water and most normal solvents. The chains adopt a degree of supra-molecular structure, 

being arranged into micro-fibrils which then assemble into fibrils. The final dimensions vary 

depending on the source. In wood they are 3-4 nm in width; in the primary cell wall they are 

1.8-2 nm (Chanzy 1990). Natural cellulose has a particular conformation and unit cell - 

cellulose-1. Other polymorphs exist, for example treatment with concentrated alkali produces 

cellulose-2, which has a different unit cell as shown by X-ray diffraction. Cellulose is a semi

crystalline polymer: only part of it is arranged in a regular crystal array. The remainder 

produces no X-ray diffraction pattern and is termed amorphous. The degree of crystallinity 

varies with cellulose from different sources, for example cotton cellulose is more crystalline 

than cellulose in wood. The non-crystalline material is largely accounted for by the surface 

cellulose chains, and crystallinity varies from a “few per cent in the case of Valonia cellulose 

[which are 20 nm in width] to more than 70 % with primary wall cellulose” (Chanzy 1990). 

Various models exist of the arrangement of the polymer chains in the crystal and in the 

amorphous areas and their relationship. Cellulose is weakly ionic, with a small negative
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charge due to ionisation of carboxylic acid groups (Sjoestroem 1989).

Lignin is thought to be a random three-dimensional cross-linked amorphous polymer of 

considerable complexity (Goring 1989). It is laid down between the cellulose fibrils in the 

wood cell wall fi’om soluble pre-cursors. The monomeric units are based on phenylpropane. 

The composition of lignin varies between species, and with its position within the cell wall of 

wood. Lignin contains phenolic hydroxyl groups which are ionised at a pH of 7-8 or 9.5- 

10.5, depending on the polarisability of other substituent groups (Sjoestroem 1989), the 

former apparently being less in quantity.

The polyoses (hemicelluloses) are carbohydrates, but difier in size, composition, and degree 

of organisation to cellulose. Most are relatively short chains, often branched, of various 

sugars: pentoses, hexoses, hexuronic acids, and deoxy-hexoses (Fengel and Wegener, 1984). 

Typical constituents are: xylose, glucose, glucuronic acid, mannose, galactose, and 

galacturonic acid. The composition and amount of polyoses varies between hardwoods and 

softwoods, and between species. Major classes are: xylans, mannans, glucans, galactans and 

pectins. The polyoses are the most highly charged components of wood.

Wood contains a number of smaller molecules which are generally known as extractives. 

These are substances such as sugars, resins, resin acids, fats, alcohols, terpenes and 

terpenoids, fiavanoids, alkaloids, and tannins. They are soluble to difiFerent extents in the 

various solvents used to extract them.
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2.23 Structure of the wood cell wall

The wood cell wall consists of a series of layers which surround the cell cavity or lumen. At 

the junction of two cells, is the middle lamella, a layer which binds the cells together. This 

consists almost entirely of lignin and is thicker at the cell comers where several cells come in 

contact. Inside this layer lies the primary wall, which is the first layer laid down in the cell. It 

contains a small amount of cellulose, but is heavily lignified. Together, the middle lamella and 

the primary wall compose what is termed the compound middle lamella. Inside this is the 

secondary cell wall, divided into two layers SI and S2. The fibrils in these layers are arranged 

in lamellae, and with particular angles to the cell axis. The S2 layer is variable in thickness, 

and accounts for most of the variation in wood density. A third layer S3 is present in 

parenchyma cells. The innermost layer, the tertiary wall (T) is adjacent to the lumen. This 

appears to be quite heavily lignified, and is often warty in appearance. The wall layers differ 

in composition, not only in percentages of cellulose, polyoses and lignin, but also in their 

precise chemical nature. Thus the middle lamella consists mainly of syringyl lignin in birch, 

whereas the secondary wall contains largely guaiacyl lignin, and the secondary walls of black 

spmce and spruce contain more phenolic hydroxyl groups than the compound middle lamella. 

The cell comers are particularly lignin rich (Fengel and Wegener 1984). The amount, type 

and distribution of lignin varies significantly between softwoods and hardwoods: the former 

are more heavily lignified and contain mainly guaiacyl lignin, as opposed to hardwoods which 

contain mainly guaiacyl-syringyl lignin. The amount and variety of polyoses also varies
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between the wall layers, and the distribution, proportions and types vary from species to 

species (Fengel and Wegener 1984). Hardwoods contain more polyoses than softwoods; in 

particular they may contain up to 30% of glucuronoxylan.

2.3 Degradation of waterlogged archaeological wood

The extensive wood technological literature deals with the structure and properties of 

modem wood. Because of the various processes of degradation, archaeological wood 

exhibits different properties, although superficially retaining the original appearance. Figure 

1 showed the shrinkage properties of one hardwood and one softwood species; large 

differences are revealed. Are there patterns in the other properties of waterlogged 

archaeological wood, consistent with this difference in shrinkage? What are the causes and 

results of degradation?

Archaeological wood will be subject to the normal processes of wood decay before burial, 

and this should be borne in mind. Animal and insect attack, soft rot, brown rot, white rot, and 

damage by ultraviolet light may affect wood on land; timber in the sea may be attacked by 

shipworm.

The causes and effects of decay of wood during burial have been investigated by microscopy 

(Blanchette et al, 1990) and microscopy combined with chemical analysis (Hofifinann 1982). 

In anaerobic waterlogged conditions, most of the decay is caused by erosion and tunnelling
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bacteria. These degrade the secondary cell wall S2, leaving eventually amorphous lignin 

residues of the S2 in the network of preserved compound middle lamellae. The result, which 

is generally confirmed (Grattan and Matthias, 1986 ; Hofifinann 1982; Hedges 1990), is that 

cellulose and polyoses are degraded and the amount of lignin is thereby apparently increased, 

although in fact it is just preferentially preserved.

Hofifinann has argued that while the results of chemical analysis have not yet been translatable 

into recommendations for treatment, it is only a matter of gathering enough information and 

the relationship between treatment and chemical changes will become apparent. Grattan and 

Matthias, 1986 suggest a more pragmatic approach: that the results of degradation can be 

generalised into a measurement of the percentage material loss of the wood, and that this can 

be used, in conjunction with empirical evidence of the effect of treatments, to produce 

suitable recommendations. I tend to agree with Grattan: while chemical analysis gives useful 

insights, it does not help to formulate treatments, as we have little knowledge of how these 

changes might influence the interactions of materials or process variables with degraded 

wood. The same arguments can be applied to microscopic observations: interesting but of 

limited practical value at present. As Florian (Florian 1990) has pointed out, as degraded 

wood is mostly lignin, treatments should be designed to stabilise lignin, rather than cellulose. 

What are the interactions of common preservatives with lignin as opposed to cellulose? At 

present, I do not think we know.

As well as the material losses of polyoses and cellulose occurring in the cell wall in
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waterlogged archaeological wood, some increases in material are also observed. In particular, 

the ash content increases; it may be as high as 10% by weight. As wood is shghtly charged, it 

acts as an ion exchange material, and its salt content increases. Some salts appear to be 

precipitated in the cell wall, for example ferric salts, and replace the wall constituents. Other 

salts may be unstable m the presence of oxygen and high humidity, for example pyrites, and 

these can disrupt the wood after treatment. The effect of soluble salts on treatment is not 

known; usually an attempt is made to remove them by washing or soaking.

The macroscopic progress of the degradation in wood of several species has been 

investigated by microscopy and chemical analysis (Hofi&nann and Jones 1990). The progress 

of decay was found to occur differently in different species, depending to some extent on 

their permeability. Some woods, such as oak, are well known to produce timbers with quite 

different degrees of deterioration, the inner core being little degraded and surrounded by a 

heavily degraded shell of variable depth. HofBnann, 1984 has shown that these two sorts of 

decayed wood respond quite differently to treatment with different grades of PEG. The 

treatment of large timbers is in any case more difficult, and one cannot extrapolate simply 

fi’om small, homogeneous samples to large, heterogeneous ones.

The physical and mechanical properties of waterlogged archaeological wood have been 

reviewed by Schniewind (Schnievvind 1990). The property of excessive shrinkage of 

waterlogged archaeological wood has already been mentioned. The material losses mentioned 

above, mainly of the fibrous cellulose and polyoses, result in a loss of strength (in tension.
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compression, bending or impact) which relates to the loss of density of the wood. Degraded 

waterlogged wood is very weak and is easily damaged by careless handling, making treatment 

even more problematic. The soft outer layers are easily damaged by erosion. This can happen 

in stirred treatment tanks: for example, in the acetone/rosin process, a saturated solution of 

rosin in acetone was used to impregnate the wood after it had been dehydrated with acetone, 

and the excess rosin particles impinging on the soft surface of the wood produced a rounding 

effect on surface detail. Very degraded wood requires strengthening during or after treatment 

to enable it to be handled or reconstructed.

A noticeable reduction in crystallinity of the remnant cellulose has also been observed in some 

cases (Rosenqvist 1975), but not all. Preston, 1977 found that three samples of waterlogged 

archaeological hardwoods all showed little remaining cellulose, which was “feebly crystalline” 

on X-ray diffraction, whilst a specimen of softwood fi*om the same site contained cellulose in 

similar amounts to modem wood, but “unusually highly crystalline”. He states that the water 

content of the wood was 600%, but it is unclear to which sample this refers. Does this 

observation indicate a general difference between softwood and hardwood degradation 

patterns, resulting from the protection of softwood cellulose by the more stable softwood 

lignin? There is not enough evidence to come to a firm conclusion.

Schniewind, 1990 also concluded that the hygroscopicity of degraded archaeological wood is 

increased, as shown by the sorption isotherm for oak heartwood from the Bremen cog 

(Muhlethaler 1973), and the sorption isotherm for degraded waterlogged red alder found by
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Barbour (Barbour and Leney 1982). This is discussed further together with other evidence.

To summarise, wood is degraded mainly by bacteria in anaerobic waterlogged environments. 

Decay proceeds from the outer surface towards the core, and results in the loss of polyoses 

and cellulose, whilst lignin tends not to be degraded. There are differences between species, 

cell types, and wall layers in the rate and extent of deterioration. The end results are a loss of 

material, loss of strength, and increased void volume, all of which produce a greater tendency 

for collapse of the void volume to occur on drying in air. The remaining cell wall may be 

more hygroscopic as a result of loss of crystallinity, ie it has become more amorphous. Salts 

may be deposited in the cell walls or gross capillary structure of the wood, depending on the 

environment.

2.4 Wood-water interactions

The interactions of wood - and other cellulosic materials - and water have been researched 

and written about extensively over the past hundred years, and yet no general agreement 

exists as to how these may best be understood or analysed. While the action of water as a 

plasticiser of wood and cellulose has been widely recognised, the significance of this in 

interpreting hydration phenomena in wood has been largely ignored. A recent book on wood- 

water relations (Skaar 1988) does not even mention the existence of glass transitions in 

wood, far less how they are eiffected by moisture. This section will review traditional views of
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hydration in wood and cellulosic materials, and try to show how these may be re-interpreted 

using a polymer science approach, in terms of the plasticising action of water and the 

resulting glass transition phenomena.

Much of the literature on this subject is concerned with discussions of “bound” water. This is 

a vague concept and means different things to different people. A review of early work in this 

area is provided by Boesen 1970, and this Illustrates the problem of definition quite well.

2.41 Sorption isotherms

If a sample of dry wood (or some other hygroscopic material) is exposed to ambient 

conditions of relative humidity, it will adsorb moisture fi"om the air and gain weight. If the 

weight gain is plotted against the relative humidity (RH) as this is gradually increased at 

constant temperature, the resultant curve is called the sorption isotherm. In the case of 

increasing RH, the isotherm is termed the adsorption isotherm; for decreasing RH the 

desorption isotherm is obtained. There are difficulties in this technique: it is difficult to 

establish an absolute dry weight, and it is difficult to control the RH at high levels. (The 

relative humidity is simply the ratio of the measured absolute moisture content to the 

saturated moisture content of air at that temperature, generally expressed as a percentage. 

Near saturation, small differences in temperature have large effects on the saturated moisture 

content). It is also difficult to establish a steady weight at any particular RH. Equilibrium 

takes some time to achieve, particularly with larger specimens. The steady state moisture
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content at a particular RH is the equilibrium moisture content (EMC) at that RH. It is also 

possible to measure sorption isotherms in this way for other gases than water vapour, for 

example alcohols or the inert gases such as nitrogen.

Different types of materials have been found to have different forms of sorption isotherms, 

and these have been categorised. The sorption isotherms for water on wood and other 

cellulosic materials are of Type 2. This is a sigmoid isotherm, initially convex to the RH axis, 

but becoming concave to the RH axis at higher relative humidity.

43



<
a
a.
U)
a.
DKm
5
2

45

40

35

30

25

20

15 Mercerised cotton

10

5
Scoured cotton

0
400 20 60 80 100

R E L A T I V E  H U M I D I T Y ,  p e r c e n t

Figure 2. Sorption isotherms for scoured and mercerized cotton. From Urquhart, 1959

I have chosen to use this diagram (Figure 2), taken from Urquhart 1959, because cotton is 

almost pure cellulose, and provides a basis for comparing different methods, without the 

complications of the multi-component nature of wood. As can be seen the moisture regain, 

equivalent to the EMC, of scoured cotton (a mild treatment to remove extractives) is less
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than that of mercerized cotton at all RH values, by about a factor of 2. Mercerization is a 

treatment with concentrated sodium hydroxide solution, which changes the structure of the 

cellulose from cellulose-1 to cellulose-2. The upper curves for each material are the 

desorption isotherms (for removal of water), and the EMC at any RH is higher for desorption 

than for the adsorption isotherms (increasing moisture), shown by the lower curves for each 

material This is termed hysteresis, and is common to all cellulosic materials, as well as many 

other natural and synthetic polymeric materials. Several explanations have been given:

• failure to reach true equilibrium

• availability of hydroxyl groups for binding water

• stresses induced by swelling

It should be pointed out that the EMC is the result of a dynamic equilibrium between the 

rates of water vapour addition to and removal from the material: all of the water is freely 

available for exchange with the environment. The equilibrium is affected by the partial 

pressure of water vapour in the atmosphere, ie the RH, which determines the chemical 

potential of the water.

The reason for the great interest in such sorption isotherms is that they provide a means of 

predicting the moisture content of a material in response to changes in ambient levels of RH. 

Tiemann, amongst others, noticed that the water content of wood affected its strength 

properties:
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“ in drying a piece of wet wood . there will be period during which the strength remains 

constant, although varying degrees of moisture are indicated. As soon as free water has 

disappeared and the cell walls begin to dry, the strength begins to increase. This point I 

designate the fiber saturation point” (Tiemann 1906).

The effect of moisture content on the strength of wood is illustrated in Figure 3 below.
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Figure 3. Effect of moisture content on elastic modulus of wood. From Kollman and 

Cote, 1984.

The definition of the fibre saturation point is often given as the point at which the cell cavities 

contain no water, but the cell walls are saturated, a condition that can hardly exist in reality, 

but still a useful concept. It is apparent that the strength properties of wood are affected by 

the water content of the cell wall, and not by the water in the cell cavities (except below the 

freezing point of water). Figure 3, from (Kollman and Cote 1984), showing the change in the
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elastic modulus o f wood with moisture content, would indicate a fibre saturation point of 

between 0.3 and 0.4 g water per gram o f wood. The strength o f  wood is not a good method 

o f determining FSP, as wood is very variable. Defects can seriously affect its strength, as can 

density. Other methods are therefore more widely used. One such is to measure the heat 

released when water is added to or removed from cotton or wood. This is the heat o f 

wetting. The reaction o f  wood and water is exothermic, ie releases heat (energy) and the 

wood -water mixture is therefore a state o f lower energy.

Figure 4 shows the heat released or removed on adsorption or desorption o f water from 

cotton, as found by Morrison and Dzieciuch 1959. The value o f  12 caFg for the initial heat o f 

wetting is similar for all cellulosic materials, and is in the range o f  energies found for 

hydrogen bonds. It is therefore assumed that water and cellulose interact by hydrogen 

bonding with the hydroxyl groups o f the glucose monomers.
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Figure 4. Heat of wetting of cotton, after Morrison and Dzieciuch, 1959
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As the water content o f the cotton increases, the heat released by adding more water is less, 

until a point is reached where no heat is released. This is equivalent to the fibre saturation 

point as found by the sorption isotherm. No difference was found between desorption or 

adsorption. (Other workers had found hysteresis in the heats o f wetting, but this was ascribed 

to changes in the hygroscopicity induced by drying samples at high temperature).

Morrison and Dzieciuch used the thermodynamic data o f Figure 4 to determine the 

thermodynamic properties o f the cellulose-water system. The differential free energy, 

enthalpy and entropy are shown in Figure 5.
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Figure 5. Thermodynamic properties of cellulose-water system, after Morrison and 

Dzieciuch, 1959

Morrison and Dzieciuch concluded that as the enthalpies o f  sorption did not show hysteresis, 

then hysteresis in the sorption curves must be an entropy phenomenon, caused by different 

structural arrangements o f  the cellulose for desorption or adsorption, the cellulose being
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more disordered on the desorption side o f  the hysteresis loop.

2.42 Effect of temperature

The effects o f  temperature on the sorption o f  water by cotton are shown in figure 6, from 

Urquhart 1959.
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Figure 6. Effect of temperature on sorption of cotton, 10 -50 deg C, from Urquhart, 

1959

As can be seen, the sorption decreases with temperature in this range o f  10® to 50*̂  C. This is 

understandable as the result o f the increased tendency for water to vaporise at higher
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temperatures. At higher temperatures still, however, an interesting phenomenon was 

observed (Urquhart 1959). As the temperature is increased in the range 50^-110° C, the 

sorption isotherms begin to cross over at higher humidity, and the total sorption, and the 

FSP, increases.
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Figure 7. Effect of temperature on sorption of cotton, 50-110 deg C, from Urquhart, 

1959

This is contrary to expectations: as we have seen, adsorption is exothermic, ie heat is given 

off when water is adsorbed by cotton. The sorption should therefore decrease when the 

temperature is raised, as indeed it does in the range 10°-50° C. This new phenomenon was 

explained in terms o f  the number o f  hydroxyl groups in the cotton that were available for 

sorption: these increased under the influence o f  high temperature and humidity. It had been
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found that sorption of cotton was decreased by drying at high temperature, and increased by 

heating at high humidity.

Similar results have recently been reported (Benczedi, Tomka et al. 1998 a; Benczedi, Tomka 

et al. 1998 b) for starch, a polymer also consisting of glucose units, but linked differently to 

the units in cellulose. Unlike cellulose, intra-crystalline swelling occurs on sorption of water, 

as shown by X-ray diffraction, and eventually the starch goes into solution. However, the 

similar chemical composition suggests there are also many similarities in sorption behaviour.
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Figure 8. Adsorption isotherms for amorphous starch, from Benczedi, Tomka etaL, 

1998b

Figure 8 shows the isotherms measured by Benczedi, Tomka et al. 1998 b. The axes are on a 

different basis: ai is the water activity, which is much the same as the fractional relative
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humidity, and <j>\ is the volume fraction of water adsorbed in the starch. The authors in these

two papers show that the sigmoidal isotherm is the result of two processes: at low humidity 

and temperature, water is adsorbed into a polymer glass, whilst at high temperature and 

humidity, adsorption is occurring into a solution of starch chains in water. For cotton, the 

EMC was considered as a ftinction of the RH, but it is also possible to consider the RH as a 

function of the cotton-water concentration., ie the availability or activity of the adsorbed 

water as a function of EMC. For starch, the authors concluded that for water in starch glass, 

the rate of increase of water activity decreased as the concentration of water in the starch 

increased, but in the solution or “melt” the rate of increase of the water activity increased as 

the concentration of water increased. This resulted in the sigmoidal isotherm. Furthermore, 

the point of inflexion in the isotherm at which this transition occurred coincided with the 

glass transition measured at that starch-water composition. Hysteresis was not considered, as 

only adsorption isotherms were measured.

Earlier, it was mentioned that cellulose is a semi-crystalline polymer, with amorphous areas 

which do not give an X-ray diffraction pattern as they possess no regular lattice structure. It 

has been shown that it is in the amorphous fraction of cellulose that sorption of water occurs, 

by hydrogen bonding to the hydroxyl groups of the glucose units. The amorphous fraction, 

and the crystallinity, of cellulose vary, and the sorptive capacity of the cellulose varies in 

proportion (Zeronian, Coole et al. 1983). The nature of these amorphous areas is uncertain, 

and the subject of current interest (Hishikawa, Togawa et al. 1999). They may be 

disorganised cellulose chains on the surface of crystallites, between crystalhtes, or a
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combination. However, it is thought that the cellulose chains in the amorphous areas also 

pass through the crystallites. Since water does not penetrate the crystallites, as shown by lack 

of effect of water on the X-ray diffraction pattern and therefore the crystal structure, 

dissolution of the cellulose does not occur.

While crystals typically exhibit a melting temperature, amorphous materials tend to form 

glasses, which are highly viscous liquids. As a glass-forming material is cooled, its viscosity 

(its resistance to flow) increases, until a point is reached at which the viscosity is so high 

(typically 10*̂  poise for a wide range of glass-forming materials (Pryde 1966)) further large- 

scale molecular motion is effectively prevented. As a result, the modulus of elasticity of the 

substance rapidly increases as the temperature is lowered.
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Figure 9. Effect of temperature on the elastic modulus of a glass forming material, from 

Cowie, 1991
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Figure 9, from Cowie 1991, illustrates the effect of temperature on the elastic modulus of 

polystyrene, a semi-crystalline polymer, as well as the stress-train curves for the polymer in 

the glassy ( a ) ,  leathery ( b ), rubbery ( c ) and viscous ( d ) states of decreasing viscosity. 

The stress-strain curves indicate that in the glassy state, the material is almost perfectly 

elastic. The glass transition occurs in the leathery region, where the elastic modulus changes 

rapidly with temperature, and the polystyrene begins to show visco-elastic behaviour as the 

temperature is increased. The stress-strain behaviour of dry and moist wood show exactly the 

types of behaviour illustrated above in (a) and (b) (Koliman and Cote 1984).

There are several theories of the glass transition ((Eisenberg 1984), of which the free volume 

theory is the easiest to understand. Because of imperfect packing of molecules, there wül be 

an amount of unoccupied volume in the material. This is the free volume. As the temperature 

is increased above the glass transition, the free volume and the volume occupied by the solid 

will both increase as thermal energy increases molecular kinetic energy. However, below the 

glass transition, the free volume will be constant, as large-scale molecular motion is 

prevented by the very high viscosity. This is illustrated in figure 10 for a hypothetical 

material, taken from Cowie 1991.
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Figure 10. Effect of tem perature on free volume, from Cowie, 1991

The thermal expansion coefficient is greater above the glass transition than below it. Free 

volume theory predicts that the void volume of glassy polymers will be about 2.5%

(Eisenberg 1984). It is interesting to note that Stamm found the void volume of oven-dry 

wood substance, ie the material of the wood cell wall, to be about 1-2% (Stamm, 1964a).

The glass transition temperature of polymers is also affected by solvent molecules, as was 

found for water in starch (Benczedi, Tomka et al. 1998b), ethylene-vinyl alcohol co-polymers 

and methanol (Samus and Rossi 1996), and for the amorphous components of wood (Salmen 

1990a). The effect of water on wood components is illustrated in Figure 11, from (Salmen 

1990a).
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Figure 11. Effect of moisture content on the glass temperatures of wood components, 

according to Salmen, 1990a

The thermal expansion of cotton, as measured by the increase in cross-sectional area, is 

illustrated in Figure 12, taken from Urquhart 1959.
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Figure 12. Effect of temperature on regain and swelling of cellulose, from Urquhart, 

1959

56



Also shown is the regain (FSP) at the various temperatures. It can be seen that cellulose 

contracts as the temperature rises to about 55® C, and then expands as the temperature rises 

further. The latter can be explained on the basis that the cellulose is above its glass 

temperature. To explain the contraction as the temperature is raised to 45® C is rather more 

difficult, but fortunately not impossible.

In their analysis of sorption in amorphous starch, Benczedi et al (Benczedi, Tomka et a l 

1998a) found that the density of starch passed through a maximum at low moisture contents. 

This was explained as anti-plasticization of the starch by the water: water molecules formed 

bridges between adjacent starch chains. Thus although the glass temperature is decreased, the 

elastic modulus of the starch is increased in the low moisture content range, as the cohesion 

is increased by hydrogen bonds between adjacent chains. As well as causing a maximum in 

the density, the authors stated that anti-plasticization also produces a minimum in the gas 

permeability and permeation rates of gases in polymers.

Cellulose also passes through a maximum in density at low moisture contents 

(Venkateswaran 1970 ; Hermans 1946): the moisture content at which the maximum occurs 

depends on the degree of crystallinity for a variety of cellulosic materials. In wood, a 

maximum in the elastic modulus occurs at about 8 % moisture content, as shown in Figure 3. 

This is attributed to the bridging of cellulose chains by hydrogen bonded water molecules. 

These water molecules are “tightly and irrotationally bound to the wood structure”
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(Anagnostopoulou-Konsta and Pissis 1989), as shown by a dielectric study of the hydration 

process in wood. Salmen has measured the external tangential thermal expansion of water- 

saturated spruce wood. His results (Salmen 1990b) are shown in Figure 13.
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Figure 13. Thermal expansion of water-saturated spruce wood, (from Salmen, 1990b)

This is similar to the thermal expansion of cotton shown previously, although not so 

pronounced. This may be because some of the swelling has occurred into the cell lumina, 

rather than externally. The temperature of maximum contraction is higher than in cotton. 

Salmen attributed the effect to softening of the lignin, but this seems debatable in view of the 

similarity to cotton. The assignment of thermal transitions in wood is difficult, as glass 

temperatures are dependent on the frequency at which they are measured, and a variety of 

secondary transitions also occur.

The broad transition in wood that occurs between 50° and 120° C is commonly assigned to 

lignin (Kelley, Rials et al. 1987). It may be that the transitions of cellulose and lignin are 

coupled. The sorption of water by the cellulose, lignin and hemicellulose of wood has been

58



measured on the isolated components (Christensen and Kelsey 1959). It was found that the 

sorption of whole wood could be replaced by the sum of its components, although the 

sorption of the components depended on the method of extraction. It is questionable how 

meaningfiil such an analysis is, and one can also debate the value of glass temperature 

measurements on isolated wood components. The components of wood are intimately 

connected within the cell wall, with a variety of bonds amongst them (Erins, Cinite et al. 

1976). The structure of wood is not yet well enough known at this level of detail. Wood, like 

other complex systems, may be more than the sum of its parts.

Glass transitions are important in the water relations of cellulose and wood. They probably 

account for the unusual effects on rates of sorption in wood as the thickness of the cell wall, 

and the initial conditioning of the sample are varied (Christensen 1967). They probably 

account for the appearance of so-called case 11 diffision, and the dependence of sorption on 

the geometry of the specimen, as shown in other polymers (Samus and Rossi 1996).

Can they explain hysteresis? Watt, 1980 suggested that hysteresis could be explained as a 

result of a coupled difiusion-relaxation effect in swelling systems, without mentioning glass 

transitions as such. Hysteresis was due to the different structural arrangements of the 

polymer. This seems a reasonable interpretation, especially when the anti-plasticization and 

decreased permeability of the polymer at low solvent concentrations is an added factor.

The decreased permeability of the polymer glass as the density increases, in the region of low

59



sorption, followed by limited dissolution of the polymer chains in solvent in the amorphous 

areas above the point of plasticization, would account for the shape of the sorption isotherm 

of cellulose, wood and other polymers exhibiting sigmoidal sorption curves. However, it is 

unlikely that an analysis of the type made by Benczedi, Tomka et al. 1998b will be possible 

for wood because of its complex composition, although it would be interesting to see such a 

study on cellulose. For wood, it seems, sorption isotherms will remain empirical, but useful 

nonetheless. For that reason I have not discussed the many theoretical models and equations 

that have been put forward to explain sorption curves in wood. Many have several adjustable 

parameters, and appear to be merely exercises in curve-fitting. Reviews are provided by 

(Skaar 1988) and (Venkateswaran 1970).

2.43 Conclusions

The interactions of water with wood are the result of hydrogen bonding with the polymer 

chains in the amorphous fi*action of wood. In the dry state, wood is a multi-component cross 

linked polymeric system, and the amorphous components of the cellulose, the hemicelluloses 

and the lignin are in the glassy state. As water is added, heat is evolved, and the water 

molecules are irrotationally bound to the polymer chains, forming bridges. As the water 

molecules penetrate the fi*ee volume of the polymers, the density increases, and the elastic 

modulus of the wood increases. This is anti-plasticization. At a moisture content of about 

12% in wood, additional water begins to plasticize the wood, as water molecules form a 

solution with the polymer chains, pushing them further apart, increasing the fi'ee volume, and
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allowing greater motion of the polymers. Swelling occurs, and the elastic modulus begins to 

fall. Complete dissolution is prevented by cross-links, or by the polymer chains passing 

through crystalline phases. The water is not bound in any permanent sense, but is freely 

exchangeable with water in the atmosphere. Different “states” of water in wood as it is dried 

merely reflect the state of the wood polymers, and in particular the state of the polymers in 

the amorphous areas. There is some doubt as to whether different states of water persist in 

the cell wall in the water-saturated state, as the rates of exchange are very high. A recent 

molecular dynamics simulation of water in polyvinyl alcohol hydrogel showed no evidence for 

different states of water above the freezing point, and only two states below it (MuUer-Plathe 

1998). However, on the macroscopic scale, containment in different areas of the wood may 

produce different populations of water, as shown by NMR evidence (Menon, Mackay et al. 

1987). Glass transitions of its polymeric constituents dominate the interactions of water with 

wood.
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2.5 Methods of determining fibre saturation points in wood

Stamm reviewed nine methods of determining fibre saturation points in wood (Stamm 1971). 

These include measurement of the adsorption isotherm. Stamm pointed out the difficulty of 

estimating the fibre saturation point fi"om adsorption data. Because of the difficulty of 

controlling relative humidity at values approaching a relative humidity of 100%, and the 

condensation of water in the cell cavities at such RH according to the Kelvin equation 

relating condensation in pores to their effective diameter, FSP values fi*om sorption data must 

be estimated by extrapolation fi'om lower RH. As the sorption curve is curving upwards at a 

steep angle at that point, it is therefore very difficult to establish its intersection with the 

moisture content axis.
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Figure 14. Sorption isotherms for wood. From Stamm, 1971.
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Figure 14 shows sorption isotherms for wood (basswood, Tilia sp.). The upper curve is for 

desorption from the green (never dried) condition, and it shows a higher FSP (40%) than the 

lower curves for adsorption/desorption after oven drying the wood (32%). This is equivalent 

to 0.4 and 0.32 g water / g wood, respectively. This is common behaviour, and occurs in 

almost all cellulosic materials, and can be reproduced in part in dried wood by prolonged 

heating in water, or by steaming.

Sorption isotherms are laborious, and together with above dififieulties, not suitable for the 

measurement o f FSP in waterlogged archaeological wood. Flowever, for normal wood they 

give consistent results, and the results coincide well with other traditional methods. For the 

wood pulps produced to make paper by various methods, the results from sorption isotherms 

do not agree with other more modern methods.
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Figure 15. Shrinkage of modern hazel wood, Corylus avellana
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A second method reviewed by Stamm is the most commonly used of the traditional methods: 

the shrinkage intersection point (SIP) method (Kelsey 1956). As wood is dried, not only do 

its strength properties change, but there is a concomitant shrinkage, and that it is primarily 

what is interesting from the viewpoint of conservation. Figure 15 shows a shrinkage 

intersection point plot for a sample of modem hazel. The upper curve depicts the shrinkage in 

the tangential direction; the lower is the shrinkage in the radial direction as the wood was 

dried. Straight lines have been drawn through the data, and intersect the moisture content 

axis at about 0.34 g water / g wood. This is taken to be the fibre saturation point. Some 

shrinkage is evident above the FSP, particularly in the tangential direction - this could be 

caused by compression set as the outer layers of the specimen dried below the FSP before the 

inner portion. FSP values of wood measured in this way are generally consistent, except in 

the case of wood prone to collapse of the lumina, in which case excessive shrinkage occurs 

above the “real” FSP. I found this to be the case with balsa (Ochroma lagopus) when I 

attempted to apply the method to that wood - as well as collapse, the specimen warped, 

cracked and buckled. Similar effects would be observed with waterlogged archaeological 

wood, especially the more degraded samples, mling out the use of this method for such 

wood.

Stamm (Stamm 1964a) pointed out that the swelling or shrinkage of wood that we observe 

may not be the tme shrinkage or swelling of the cell wall. As the cells are effectively hollow 

cylinders, the external swelling will only be correct if the cell lumen remains constant. In 

some woods, swelling occurs mostly into the lumina; in others it occurs mostly outwardly.
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The external volumetric shrinkage of wood is highly correlated with the wood density, denser 

woods swelling more. Deviations from this behaviour can be accounted for by either collapse 

of the cell cavities, causing increased shrinkage, or the deposition of water-soluble extractives 

in the cell wall, which would decrease shrinkage. An equation describing the relationship 

between the fibre saturation point (Mf), the specific gravity of the wood (Gf) of the swollen 

wood, and the percent external volumetric shrinkage (Svf) (Skaar 1988) is:

S v f  — M f  ♦ O f

Good correlation between volumetric shrinkage and specific gravity has been found in a 

number of studies eg Stamm and Loughborough 1942, except for woods prone to collapse, in 

particular Australian eucalyptus (Chafe 1986). Measurement of external volumetric shrinkage 

provides similar results for fibre saturation point to sorption studies, except for those woods 

which tend to collapse. It is therefore not suitable for waterlogged archaeological wood.

2.51 Non-solvent water

A third method reviewed by Stamm was the non-solvent method. This was based on the 

work of Aggebrandt and Samuelson 1964. The method is based on the idea that if a sample 

of water-saturated material is exposed to a solution of known concentration of a solute, the 

water in the sample will dilute the solute only if the solute can penetrate the water held, ie
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sorbed within the material. Using molecular probes o f different molecular weight, and 

therefore size, the amount o f sorbed water in the specimen for each probe can be measured 

from the change in concentration o f the external solution. Probes that were completely 

excluded from the sorbed water would give a measure o f the fibre saturation point. They 

used narrow molecular weight fractions o f  polyethylene glycol as probes, as these were non

ionic, and not repelled by the negative charge o f  the fibres they were investigating.

Their results are shown in Figure 16.
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Figure 16. Non-solvent water of cotton and spruce

Also shown are the results o f Tarkow, Feist el al. 1966 for green (never dried) Sitka spruce 

cross-sections extracted with boiling water. The cotton B used by Aggebrandt and 

Samuelson was a sample which was extracted with alcohol and ether, and boiled with 1% 

sodium hydroxide. The maximum value o f  non-solvent water found, about 0.4 g water / g 

cotton, should be compared with the sorption curve o f  Urquhart, 1959 (Figure 2) which 

shows a maximum o f about 0.2 g/g. Whether or not this represents a difference between the
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cotton samples, the methods, or the pre-treatment of the samples is unclear. For a sample of 

kraft paper, Caulfield reported that the FSP found by the sorption isotherm, extrapolated to 

high humidity using the Bradley equation for polar sorption (Bradley 1936), and the non

solvent water methods were almost identical (Caulfield 1980).

Tarkow, Feist et al measured the non-solvent water in their sample of Sitka spruce by 

proposing that the cell wall would act as an “ideal osmometer”. They therefore measured the 

ratio of PEG/water in the wood and in the external solution, and used these to compute the 

non-solvent water. This seems unnecessarily laborious compared to the simple calculation 

used by Stone and Scallan 1967, which involves measuring only the initial and final solute 

concentrations in the external solution, and the water content and weight of the sample. The 

results shown for Sitka spruce are higher than those found by sorption or SIP measurements, 

but after kiln drying the FSP of Sitka spruce was found to be lower, and almost identical to 

the sorption or SIP results (Feist and Tarkow 1967). They attributed the difference between 

green wood and dried wood to the development of crystallinity in the wood on drying, as had 

been noted in cotton. Feist and Tarkow also measured the non-solvent water of woods of 

different density, including balsa: their results are shown below. Figure 17.
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Figure 17. Variation in FSP with wood density

Also shown are the data o f  Vorreiter 1963, measured by traditional methods. Both sets o f 

data show a clear trend for FSP to increase with decreasing density o f the wood. It is 

interesting to contrast this to the investigation o f  the relationship between shrinkage and 

wood density o f Stamm and Loughborough 1942, which shows no such trend: the scatter o f 

points appears almost random, except for woods with a high content o f extractives. If there 

was a relationship between FSP and wood density it would be expected to show in the data.

Some values o f non-solvent water o f wood in the literature seem very high. Ahlgren, Wood 

et al, 1972 reported values o f 0.82 and 0.74 g / g for aspen {Populus tremuloides) early 

wood and late wood respectively. For Douglas fir {Pseudotsuga menziesii) the values found 

were 0.62 and 0.54 for the same tissues. Extraction with benzene I ethanol was found to 

reduce the FSP. This was attributed to dispersal o f hydrophobic extractives over the internal
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surface of the wood. These values are much higher than those found by Feist and Tarkow, 

and extraction has been shown to increase the swelling of wood by water in other cases 

(Mantanis, Young et al. 1994).

Measurement of non-solvent water has the advantage that it can be used on wood in the 

never-dried condition, although extraction is necessary to avoid leaching. It is essential that 

the probe molecule does not adsorb onto the wood. I made several attempts to measure non

solvent water by the method of Stone and Scallan, but using PEGs as probe molecules. Every 

time I got negative values of non-solvent water. At the time I ascribed this to poor 

experimental technique, but now I am not so sure this was the case. It might be better to use 

dextrans as probe molecules. However, it is an experimentally demanding technique requiring 

high levels of precision and accuracy. For wood pulps it gives higher values of the FSP than 

older methods, perhaps because the wood is in the super-swollen state. Salmen 1985 has 

stated that the stiffiiess of cellulose decreases considerably at high water contents, “reached 

only when it is immersed in water”.

2.52 Non-freezing water

Stamm recounts an attempt he made to measure the amount of water in wood that did not 

freeze, by measuring the expansion of water-saturated wood in a dilatometer (Stamm 1971). 

At the time, the results were put aside as they appeared to be too high. However, they fall in 

the same range as the non-solvent water FSP measurements. The technique used seems very
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cumbersome, but the method seems promising in theory. It is assumed that the non-freezing 

water is the water interacting with the wood.

The non-frozen water at - 4.5  ̂C in cotton was measured using calorimetry by Magne and 

Skau 1952. For raw and purified (by extraction with ethanol and 1% sodium hydroxide)

Acala cotton, a value of 21.5% non-freezing water was found in desorption. This agrees well 

with the sorption curve FSP for raw or purified cotton. The value of 45% non-freezing water 

for mercerised cotton also agrees well with sorption data.

For measurements made in adsorption, variable results were found, which were attributed to 

a hysteresis effect, possibly caused by a lack of homogeneity of the water distribution in the 

sample.

Differential scanning calorimetry (DSC) was used to measure the amount of non-frozen 

water in cotton (Nelson 1977). He plotted the heat of melting of ice, in samples of decreasing 

water content, against the water content. The water content below which no freezing water 

was present was found to be 18% for cotton, in fairly good agreement with sorption data, 

and with the results of other workers. Hatekeyama, Nakamura et al. 1990 reported a value of 

0.20 g water / g cellulose for non-freezing water in cotton linters. Nelson also measured the 

non-freezing water in wood (kraft) pulps, and obtained values of 21% for hardwood, and 

25.5% for softwood pulps, which are low compared to sorption or non-solvent water results. 

Nelson considered that this non-frozen water represented bound water only, and that there
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was a second type of water in the cotton cell wall, which did freeze, as a non-solvent water 

content value for a cotton sample had been published as being 50% (Carles and Scallan 

1973). This was termed “free” water, as opposed to bulk water outside the cell wall.

To investigate this “free” cell wall water. Nelson plotted the temperature of the peak maxima 

of the ice melting endotherms against the water content. The temperature was found to drop 

as the water content fell. From this, it seems, he calculated the amounts of free and bound 

(non-freezing) water in the cotton. On plotting the fractional free water content against the 

total water content, a transition was observed which, it was stated, corresponded to the fibre 

saturation point of the sample, approximately 50%.

This analysis, it seems to me is quite wrong. The peak maxima are not the correct indicators 

of melting temperature in differential scanning calorimetry. As DSC is a dynamic method, the 

extrapolated onset of melting should be assessed, by finding the intersect of the baseline with 

the tangent to the leading edge of the peak (Williams and Hirsh 1986 ; Graham, Zulfiqar et 

al. 1989). Peak broadening occurs as a result of heat transfer problems in larger samples 

(Williams and Hirsh 1986), and the peak maxima correspondingly shift to higher 

temperatures as the water content increases. The effect is greater at higher scanning rates.

I therefore discount this idea of “free” water, although further evidence for it is claimed from 

nuclear magnetic resonance (NMR) studies of water in cotton (Froix and Nelson 1975). 

This I would dispute, as it is based on a simplistic deconvolution of the components of the
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free induction decay of the magnetisation induced in the sample, rather than a rigorous 

quantitative measurement of the relaxation rates of the water proton magnetisation, which is 

a non-trivial process (Menon, Mackay et al. 1987). NMR has been used to study water in 

wood (Araujo, MacKay et al. 1992 ; Argyropoulos and Morin 1995 ; Flibotte, Menon et al. 

1990 ; Hsi, Hossfield et al. 1977 ; Li, Henrikson et al. 1995 ; Taylor, Tepfer et al. 1983 ; 

Vriesenga, Chandrasekaran et al. 1983 ; Whittall and MacKay 1989), but as its application to 

waterlogged archaeological wood is discussed in the next section, it will not be discussed 

here.

Simpson and Barton 1991 used DSC to measure the non-freezing water in wood and found 

good agreement with SIP measurements of the fibre saturation point in the same woods.

Another major method reviewed by Stamm is the porous plate method (Stone and Scallan 

1967). This method overcomes the difficulty of controlling the humidity at high levels by use 

of a porous plate upon which the sample is placed, and applying a gas pressure from above. 

The water in larger capillaries is then forced out of the sample. As the pressure is increased, 

smaller capillaries will be emptied. Gas pressures o f4, 20, 50, and 200 psi (pounds per square 

inch) were used to obtain relative vapour pressures of 0.9900, 0.9975, 0.9990, and 0.9998. 

Sorption of water at lower relative vapour pressures was measured over saturated salt 

solutions in the normal way. The samples used were microtome sections. An inflection point 

in the desorption curve was found to occur at a relative vapour pressure of 0.9975, 

corresponding to a capillary radius of less than one micron, smaller than any of the

72



permanent pores in wood. The results were compared with, and showed excellent agreement 

with, the results of non-solvent water determinations using dextrans as probe molecules.

Other workers have used this or similar methods with wood (Cloutier and Fortin 1991 ; 

Hernandez and Bizon 1994). The results are generally in good agreement with the non

solvent water determinations of FSP, ie slightly higher than traditional methods. It would be 

useful to use on waterlogged archaeological wood, but the samples are slow to reach 

equilibrium, and therefore the method is somewhat impractical for testing a large range of 

samples.

Stamm, 1971, reviews a few other methods of determining the FSP of wood, but they are not 

discussed here. Most are based on measuring changes in the properties of wood as a function 

of its moisture content, for example electrical conductivity, and are unlikely to prove useful in 

investigating waterlogged archaeological wood.

2.53 Bulking experiments

Another method of measuring the amount of water in the cell wall of wood is by bulking 

experiments, as suggested by Cowling and Stamm 1963 in a purely theoretical paper, 

although their concern was more in determining the pore size distribution in the cell wall of 

wood. Bulking experiments can be used to assess cell wall penetration, and give an estimate 

of the water content of the cell wall. They may be viewed as a variant of the non-solvent
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water technique in which the measurement of the penetration of the probe molecule into the 

wood cell wall is measured by its ability to depress the cell wall shrinkage when the wood is 

dried. The properties of the probe molecules and their interaction with wood are therefore 

important. According to Cowling and Stamm, the molecules should be:

• available in a range of narrow molecular weight fractions

• miscible with water in all proportions to allow complete replacement of the cell wall water

• of known molecular size and shape

• non-selectively adsorbed relative to water in the cell wall

The latter property was suggested as it was thought that this would inhibit penetration by 

“diminution of the effective diameter” of the pores in the cell wall.

Cooper, Ung et al. 1991 used a similar method, but measured the penetration of the probe 

molecules into the wood by soaking or vacuum impregnating wood in solutions of PEG of 

different molecular weight. The wood samples were then compressed to expel the solution 

from the cell lumina, and the change in PEG concentration monitored with a refractometer. 

After some time, the solution concentrations, which increased with time, were found to level 

off, and the change in concentration was used to calculate the distribution coefficient of PEG 

between the lumen and the cell wall. The time taken to reach equilibrium was very rapid, of 

the order of minutes, and bulking was observed with PEG of molecular weight of 4840- 

8000, designated PEG 8000, with an anti-shrink efficiency in aspen ( Populus tremuloides )
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o f  58.3 % for a 20 % solution.
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Figure 18. Results of Cooper, Ung, et al. 1991, for non-solvent water of 

wood

Cooper, Ung et al. also measured the molal partitioning constants. Km, for the distribution o f 

the PEGs between the lumen and the cell wall, assuming a “fractional” fibre saturation point 

o f  0.6. Values for Km ranged from 0.93 for ethylene glycol to 0.20 for PEG 8000 in 

trembling aspen.

The results for bulking found by Cooper, Ung et al. suggest that PEG o f molecular weight 

8000 may penetrate the cell wall, and they refer to early work by Stamm, who reported 

finding significant bulking with PEG o f molecular weight o f 58000 (Stamm 1964 b). 

However, Stamm later showed that this was caused by degradation o f the PEG when the 

solutions were heated (Stamm 1968).
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The PEG 8000 used by Cooper et al was in fact of molecular weight range 4840-8000 

(Cooper, Ung et a l 1991) according to the manufacturer.

A more recent study (Yamaguchi, Ishimaru et a l  1999) has shown that de-polymerisation of 

PEG occurs at high temperatures in wood bulking experiments. The low molecular weight 

PEGs produced then caused bulking of the cell wall. At low temperatures, where PEG should 

be more stable, the apparent bulking effect of high molecular weight PEGs (MWt 8500 and 

21700) was ascribed to water being trapped in the cell wall by PEG coating the inner surface 

of the lumen. PEG 600 and cell wall extractives were found to decrease the rate of moisture 

difiusion out of wood (Chen, Choong et al. 1995). This emphasises the difiBculties of using 

bulking studies to assess cell wall penetration in modem wood; in archaeological wood the 

difficulties are compounded by collapse of the lumina.

Sadoh (Sadoh 1967) measured the dimensional changes of wood as a result of impregnation 

with polyethylene glycol. Solutions of 30% PEG 600 were found to produce ASE of more 

than 90% in a softwood, (Chaemaecyparis obtusa), while a hardwood, (Fagus crenatd) 

required treatment with a 40% solution. This corresponded to PEG contents in the woods of 

20 and 40% respectively.

Cooper (Cooper 1991), introduced the concept of water potential to the studies of the 

replacement of water in the cell wall of wood by chemicals. This is a usefirl concept, based on 

thermodynamics, which enables comparisons of the activity of water in solutions, wood, and
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the vapour phase to be made. Other workers have also used water potential (Cloutier and 

Fortin 1991 ; Jensen 1997). The latter found very good agreement with the water potential 

of wood, as measured by its sorption isotherm, with the replacement of water in the wood 

cell wall by various water-soluble compounds whose water potential was measured by the 

vapour pressure over their solutions, from adsorption measurements over the entire 

concentration range.

A series of papers (Ishimaru 1976 ; Ishimaru and Takahashi 1977 ; Ishimaru and Asai 1986 ; 

Ishimaru, Inoue et al. 1986) are concerned with the adsorption of PEGs onto wood from 

solution in benzene, toluene or other organic solvents. The wood was swollen with dimethyl 

sulphoxide after extraction with alcohol / benzene. The swelling agent was replaced with the 

organic solvent. The amounts adsorbed were up to 120 mg / g wood. It seems to me that 

these studies bear little relevance to the sorption of PEGs from water into wood, as the 

properties of PEG in benzene or toluene are different from those in water (Kawaguchi, Imai 

et al. 1997 ; Liu and Parsons 1969); in particular the size of the PEG molecule is much larger 

in water.

All these methods require that the wood be extracted to prevent interference with analysis of 

the solutions.
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2.54 Inverse chromatography

Inverse chromatography has been used to investigate the penetration of PEG, sugars, and 

other small organic molecules in cotton. Early work by Rowland and Bertoniere 1976 used 

long columns of chopped cotton. Elution volumes were measured relative to the elution of 

glucose, and the columns had very short lives, often blocking after only a few measurements 

were made. Interesting observations were made on the relative elution volumes of a range of 

small molecules.

Bertoniere, King et al. 1986 investigated the effect of ammonia treatment on cotton, using 

columns made of chopped cotton. Untreated cotton was found to have pore volume of 0.295 

ml water / g cotton. Ammonia treatment was found to increase the pore volume. A value of 

0.23 ml water / g cotton was reported by Stanonis and Rowland 1979. Bredereck and Bluher 

1992 investigated the effect of various treatments on the pore volume of cotton, using 

250mm long columns of 4mm internal diameter, packed with cotton circles of the same 

diameter. The pore volume was found by extrapolation of the linear portion of the elution 

volume curve to zero molecular weight. Untreated cotton was found to have a pore volume 

of 0.48 ml/ g cotton. Mercérisation was found to decrease the pore volume, as was ammonia 

treatment. This is not in agreement with other findings.

Berthold and Salmen 1997 investigated the pore volume of wood pulp fibres using inverse 

chromatography. Pore volumes of 1.1 and 1.2 ml / g pulp were reported for bleached and
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unbleached pulps respectively. This agreed well with values of pore volumes of pulps in the 

literature. The authors suggested that the values of pore water found by the water retention 

value (WRV) method, the non-solvent water (NSW) method, and inverse chromatography 

(ISEC) measured different things: WRV measured bound water + pore water + surface 

water; NSW measured bound water and pore water; whereas ISEC measured only pore 

water. However, the elution volume of glucose was used to determine the total accessible 

water in the pulp pores; it seems unlikely that this is correct.

2.55 Measurement of cell wall penetration

While bulking can be used to assess cell wall penetration, as discussed above, it is also 

possible to make direct observations of cell wall penetration by staining. This has been carried 

out for the penetration of PEG into the cell wall of modem wood (Young and Sims 1989), 

and for waterlogged archaeological wood (Hofiftnann 1984 ; Young and Sims 1989). For the 

modem wood, the penetration of macroscopic samples with dimensions approximating those 

expected in artefacts was contrasted with the penetration of cross-sections.

2.56 Conclusions

The variability of the cellulosic materials examined by the various authors makes it difScult to 

come to any firm conclusions about the real values of the ESP, or the agreement between
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methods. Even for cotton, wide ranges of FSP are found for what are apparently similar 

materials, although it is often not possible to be certain of the material, or the treatment it has 

undergone. Sorption isotherms indicate 0.2 g / g for natural cotton, and non-solvent water 

estimates for cotton are usually about 0.4 g / g .  Non-freezing water determinations agree 

with the sorption isotherms, about 0.2 g / g. In view of these difidculties, it is vital to confirm 

results with more than one technique.

Inverse chromatography gives a range of different values for cotton, but it seems likely this is 

caused by difficulties involved in determining the end-points of the exclusion limit and the 

total accessible pore volume, for which a variety of methods have been used. For 

investigating the penetration of water-soluble molecules into the cell wall, IC is a promising 

method, if these difficulties can be resolved.

2.6 Evidence on variation in the fibre saturation point of waterlogged archaeological 

wood.

2.61 Evidence from nuclear magnetic resonance spectroscopy

Bannister, 1990 carried out a fascinating NMR study of water in waterlogged wood. This 

includes a review of previous NMR studies of wood and cellulose. NMR has been used, 

apparently successfully, to characterise the various fractions of water in fresh timbers
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(Flibotte, Menon et al. 1990 ; Menon, Mackay et al. 1987). As Bannister points out:

“The NMR properties o f water in wood are complex and need careful interpretation. 

Nevertheless, they provide useful and probably unique insights into the molecular dynamics 

o f water within the system. ”

Bannister used three methods to investigate the “bound” water content of waterlogged wood 

samples from the Mary Rose. The first was measurement of the amplitude of the free 

induction decay (FID) of samples of waterlogged archaeological wood as they were dried 

out to various levels, both at temperatures above and below the freezing event induced by 

cycling the temperature between 27® and -43® C. He found that, as the water content was 

reduced, the FID amplitude, measured after sufficient time for the magnetisation of the sohd 

wood components to decay, decreased in value. A plot of the amplitude above the freezing 

event against the sample weight was linear and intercepted the sample weight axis at the 

sample dry weight. A plot of the difference in amplitude above and below the freezing event, 

gave a parallel straight line, which intercepted the sample weight axis at a higher weight. This 

represents the weight of wood plus the weight of unfrozen water, and was taken to be a 

measure of the fibre saturation point of the wood. This was found to be:

“approximately 0.4 g /g , and within experimental error is equivalent to the value found in 

fresh wood. ”
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The value found in fresh wood is given in a reference to Stamm (Stamm, 1964a), which 

seems rather odd. Elsewhere a value of 0.38 g/g is quoted for fresh wood, referred to Skaar 

(Skaar, 1972). Both of these books quote a broad range of fibre saturation points for fresh 

wood. Elsewhere, he quotes the work of Hsi et a l, 1977, who give a value for 0.38 g/g 

wood, or 27.5% water by weight, as the fibre saturation point for milled northern white 

cedar, based on the appearance of a second transverse relaxation time at that water content, 

which was ascribed to the appearance of free water in the wood, and the lack of freezing 

water in the wood at lower water contents. They suggest that the fibre saturation point, 

found by traditional methods, of this wood is 0.38 g/g, and refer the value of 27.5% to 

Stamm (Stamm, 1964a).

I believe that there is some confiision here as to the basis of moisture content: Stamm gives 

his moisture contents as % of the oven dry weight of wood, not as % water by weight. The 

range of FSP for wood given by Stamm range from 21-32 %, ie 0.21 - 0.32 g water / g 

wood, as measured by adsorption isotherms (Stamm, 1964a, table 8-4 and figure 8-2). The 

figure of 0.38 g/g comes from the calculation 27.5/(100-27.5) = 0.38.

This is not to say that the work of Hsi et al is incorrect, but that to conclude that there is 

agreement between their result for the FSP by NMR methods and that found by extrapolation 

of the adsorption isotherm to unit relative vapour pressure is quite wrong. From their data, it 

would be hard to define the FSP as precisely as they have. One would expect the FSP of this 

wood, measured by adsorption from the dry state, to be in the region of 25-30%, ie 0.25 -
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0.30 g water / g wood.

Returning to Bannister’s thesis, one must question the precision of the freezing curve 

experiments: there are only three significant experimental points on the graph, which should 

significantly limit the precision of the experiment. Elsewhere in his thesis, Bannister refers to 

freezing curves experiments

“it can be estimated from freezing curves that 14-20% o f the water within the wood... will 

constitute a bound phase

As at that point he is discussing results for a sample of poplar with initial water content of 

4.2 g/g, we could calculate this range to be 0.59 - 0.84 g/g; if, however he was alluding to a 

different timber, say of initial water content 3.0 g/g, then the range would be 0.42 - 0.6 g/g. 

This seems rather broad in range, and certainly indicates that there is room to doubt the 

assertion that the unfrozen water content of waterlogged wood is the same as that of fresh 

wood. Bannister should have carried out freezing curve experiments on fresh wood of the 

same species as a control. If other freezing curve experiments had been carried out, the range 

of values of unfrozen water content should have been reported.

Bannister used a second method to investigate the FSP of waterlogged archaeological wood, 

that of relaxation time analysis. This has been shown to able to distinguish between the 

“bound” and free water in fresh wood. This proved not to be the case for archaeological
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woods, and he was unable to come to any firm conclusions as the relaxation times, and their 

amplitudes, in these samples could not be satisfactorily explained. The results themselves 

remain very interesting. Archaeological wood samples are likely to contain metallic ions fi*om 

the burial environment: their ash contents may be as high as 50% by weight of the wood 

(Watson 1996). Some of these ions are paramagnetic, and affect the relaxation rates of the 

wood proton magnetisation (Argyropoulos and Morin 1995). This has been a problem for 

magnetic resonance imaging of archaeological wood (Cole-Hamilton, Chudek et al. 1990). 

Bannister found no difference in the FID of archaeological samples treated or untreated with 

ethylene diamine tetra-acetic acid (EDTA) intended to complex and remove these minerals. 

This may merely have indicated that the EDTA was ineffective. The presence of the minerals 

may account for the abnormal behaviour of the water proton relaxation rates observed.

The third method used was to measure the self-difiusion coefficient (SDC) of water in 

samples as they were dried out. A plot of the observed SDC relative to that of bulk water 

against the inverse of sample water content gave a straight line, which could be fitted 

assuming a “bound” water content of 0.38 g/g, and that the reduction in SDC was caused by 

rapid exchange between a “bound” and fi*ee fi*action of water. However, the apparent 

orientational dependence of the amount of bound water, and the lack of temperature 

dependence for the activation energy of the SDC called into doubt the reason for the 

decreased SDC observed. Bannister concluded that the reduction was probably caused by 

both the existence of a bound fi*action and the obstruction effect, which has been shown by 

others to be a major reason for the reduced SDC observed in other systems (Li et al. 1995).
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The quantitative result given above is therefore questionable, although it does agree well with 

the freezing curve result. The two experiments were carried out on samples of poplar.

The conclusion is that while Bannister’s work is a valuable and interesting contribution, it 

cannot be taken as sound evidence that the FSP of waterlogged archaeological wood is the 

same as that of fresh timbers. It does indicate that the use of freezing curves might be a good 

method of measuring the fibre saturation point of such material.

2.62 Other evidence: sorption isotherms of archaeological wood

Schniewind 1990 has reviewed the physical and mechanical properties of buried wood, 

including their moisture sorption. He tabulates 13 samples of wood and their equilibrium 

moisture contents at 98-100% RH, which can be considered as FSP values. These range from 

26.8% to 60%, with a substantial number of oak specimens falling in the range 29.5% - 

38.7%.

It is interesting to look at these individual cases. The low FSP values for the oak specimens 

were almost all samples whose adsorption isotherms were determined by Kommert, 1980. 

These samples had an initial moisture content of 8 -10%, but were then carefully dried to 

constant weight before the adsorption isotherms were determined. Despite this treatment, 

they still show a greater FSP than the control sample of fresh oak, for which she found an 

FSP of 30.82%. Of course, to measure adsorption isotherms, one must first dry the sample.
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Another sample from Schniewind’s table is that of oak from the Bremen cog, whose 

desorption isotherm was determined by Noack. The desorption isotherm is higher than the 

sorption isotherm of recent oak also shown, and the shrinkage from saturated humidity to an 

RH of 60% of the Bremen cog oak heartwood is twice that of modem oak (Mulethaler, 

1973).

Hofi5nann,1984 has published desorption isotherms for a series of oak samples of different 

degrees of degradation. These show that the equihbrium moisture contents of all these 

archaeological samples are higher than those of recent oak at the same RH, and consistently 

higher the greater the degree of deterioration.

Barbour, (Barbour and Leney, 1982) measured the desorption and adsorption isotherm of 

another sample on Schniewind’s table, that of a sample of degraded red alder, Alnus rubra. 

This sample was freeze dried before measurement to avoid collapse, and shrinkage 

measurements of similar freeze dried samples were also taken. Both the FSP (60% ) and the 

cell wall shrinkage were found to be 21.5%, nearly twice that of normal wood of the same 

species (12.6%). It is interesting to note that the shrinkage does not seem to correspond to 

the relationship between density and shrinkage foimd in fresh wood, where a linear 

relationship was found (Stamm and Loughborough 1942), from which the shrinkage of this 

low density alder (maximum water content 510%, green volume specific gravity of 0.173) 

should be much reduced, in spite of the increased fibre saturation point. From the equation:
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S v f — M f *  G f

the shrinkage should be 60*0.173 = 10.38%. This could be because the cell lumina do not 

remain constant in size on shrinkage.

In conclusion, the evidence from sorption isotherms, either from adsorption from the dry 

state, desorption from the waterlogged state or adsorption/desorption after freeze drying, 

indicates that the FSP of waterlogged archaeological wood is increased above that of fresh 

wood of the same species. There is evidence that the equilibrium moisture content is higher 

for more degraded wood. Such evidence as there is suggests this increase in FSP causes 

increased cell wall shrinkage on drying. There is not enough evidence from the NMR work to 

form a general conclusion; however the NMR work does suggest that the measurement of the 

unfrozen water content of waterlogged archaeological wood might provide a good method of 

measuring its fibre saturation point if the method could be carried out with precision. For 

waterlogged wood conservation, the fibre saturation point measured in desorption is more 

relevant in any case, and since freezing is often a part of the treatment, a knowledge of the 

unfrozen water content would be generally useful.

2.63 Evidence from bulking experiments

Bulking experiments can provide a measure of the water content of the cell wall, as discussed
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for modem wood. In waterlogged archaeological wood, collapse of the cell lumina occurs on 

air-drying in deteriorated wood as the cell walls are too weak to withstand the tension 

stresses. Air-drying after impregnation can only be useful in assessing bulking of the cell wall 

in relatively sound wood that does not collapse. For sound oak heartwood ftrom the Bremen 

cog, Noack found that a 60% solution of PEG was needed to satisfactorily bulk the cell wall, 

as opposed to the 40% solution needed for modem oak (Muhlethaler 1973). HofiOnann 

carried out extensive studies on air-drying oak after PEG impregnation, and found similar 

results for relatively sound oak heartwood: PEG solution concentrations of at least 50% were 

needed to obtain high anti-shrink efiSciencies. The relationship between solution 

concentration and bulking effect does of course depend on the void volume of the wood, as it 

affects the PEG to wood cell wall ratio. The lumen volume in the fibres of sound 

archaeological oak may be very small, especially if swelling of the cell wall into the lumen 

occurs, as has been shown (Hofifinann and Jones 1990). It may be necessary to achieve high 

loading of PEG into the lumen to achieve a high enough concentration of PEG in the cell wall 

on drying in these cells. As they are probably responsible for most of the swelling and 

shrinkage of the wood, this effect could be very important.

Few studies have been published of the bulking effect of PEGs followed by fi*eeze-drying. 

Grattan 1982 measured the bulking effect of PEG and fireeze-drying for a number of 

relatively undegraded woods. His results are shown below.
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Figure 19. Bulking efficiency of PEG and freeze-drying, after Grattan 1982

The ASE values o f over 100% indicate that, after treatment, the wood is more swollen than it 

was in water. This is not unimportant. Hoffmann also observed swelling o f  waterlogged 

archaeological wood in PEG solutions above the water-swollen dimensions (Hoffmann 

1984); the effect was much greater with more degraded wood samples. This was not found 

for modern wood samples (Sadoh 1967). Dean does not report any ASE values o f over 

100% in her study o f ffeeze-drying after PEG or polyoxyethylene polyoxypropylene glycol 

(Breox 50WPAG) impregnation (Dean, Jones et al. 1997). No explanation can be offered, 

but it is a matter that should be investigated.
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The results show that the amount of PEG in the wood required to give an ASE of 100% 

varies: the less degraded samples (elm, willow, Populus 2, with typical maximum water 

contents of 135 - 200%) need about 25%, while the more degraded ( Populus 1, maximum 

water content 450%), require about 120% PEG in the wood by volume. Grattan concluded 

that the fibre saturation point of the degraded wood was higher, and that this should be 

investigated.

It is also possible that the difference is due to the volumetric properties of the solutions on 

fi'cezing: different solution concentrations are needed to achieve the same PEG loadings in 

the woods because of their different void volumes. The expansion of PEG solutions on 

fi'cezing is very concentration dependent (Ambrose 1990). This is one of the problems of 

using bulking experiments to assess the water content of the cell wall as a fimction of 

degradation of the wood. However, the measurement of bulking is useful in assessing cell 

wall penetration.

2.64 Other measurements of cell wall penetration of PEG

The penetration of PEG into the cell wall of wood has also been investigated by staining with 

cobalt thiocyanate, in the absence of water (Young and Wainwright 1982). It was found that 

PEG 3350 could not penetrate the cell wall of the Populus spp. samples used - these are 

actually the same as the samples used in the fi'ceze-dried bulking experiments of Grattan that 

have just been discussed. PEG 400, on the other hand, was found distributed within the
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secondary cell wall, but not the compound middle lamella or cell comers. PEG 540 blend, a 

mixture of PEG 1450 and PEG 300, was found to have better access to the middle lamella, as 

shown by increased inhibition of the fluoresence of the cell wall in that area when stained 

with cobalt thiocyanate. The staining results correlated well with the anti-shrink efficiency 

(ASE) of the PEG treatments: better incorporation of PEG into the cell wall produced higher 

ASE. It was concluded that cell wall impregnation was more important for this wood. The 

differing degrees of penetration of different molecular weights of PEG in the compound 

middle lamella and cell comers was attributed to different cell wall pore diameters.

A second study (Young and Sims 1989), using a slightly different staining technique, 

compared the penetration of PEGs into the cell wall of samples of sound wood with 

longitudinal dimensions several times greater than the maximum fibre length with the 

penetration of PEG into cross-sections cut to less than the fibre length in the same direction. 

This was done to assess the importance of access to the cell wall from the cell lumina rather 

than directly into cut portions of the cell wall. The difference - higher penetration in cross- 

sections as opposed to longer samples - was found to be considerable for some species but 

much less so for others. The difference in cell wall accessibility in cross-sections and larger 

specimens was attributed to the anisotropy of the cell wall capillary network, which was 

ahgned with the longitudinal axis of the cell lumina. Penetration in the larger samples 

depended on access from the lumina, and penetration into the cell wall required diffiision 

perpendicular to the orientation of the cell wall capillaries. In some samples, such as red 

alder, difiusion seemed to be limited to a portion of the cell wall next to the lumen.
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Samples of deteriorated archaeological wood were also investigated, and similar results were 

found, although accessibility was generally improved. However, for fibres of white oak in 

cross-sections, very little impregnation even with PEG 200 was found, as shown by the lack 

of inhibition of the natural fluoresence.

For both sound and deteriorated woods, concentration and molecular size effects were found 

to be important for cell wall penetration, although all woods took up nearly the maximum 

possible amount of solution. There is some correlation between cell wall penetration and 

wood density, at least for the hardwood species. Higher concentration (30% solutions) were 

needed to effect maximum cell wall penetration, and the molecular size that could penetrate 

the cell wall was found to vary fi*om species to species, and to depend on the degree of 

degradation. Hofifinann, 1984 reported similar findings.

These results are interesting, but they are not direct measurements of cell wall penetration. 

They depend on quenching of the fiuoresence of the wood, which is due to its lignin content. 

To quench this, the PEG-cobalt thiocyanate complex must interact in some way with the 

lignin, possibly by electrostatic or hydrogen bonding. There may be a threshold value for the 

concentration of such complexes before quenching can be observed. There might also be 

differences between the samples in their accessibility to the cobalt thiocyanate.

More recently, a study of PEG penetration and bulking of the cell walls of pine (Pinus 

sylvestris) was made using transmission (TEM) and scanning transmission electron
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microscopy (STEM) with energy-dispersive spectroscopy (EDS) (Wallstrom and Lindberg 

1999; Wallstrom 1998). Cell wall penetration was correlated with cell wall bulking, and PEG 

200 and glycerol penetrated and bulked the cell wall to a greater degree than PEG 1500 or 

pentaerythritol. Differences were found between the cell wall distribution off PEG in dried 

and never-dried wood: in the former, the PEG distribution was not homogeneous, and this 

was attributed to damage of the cell walls by drying stresses. Evidence was found that 

penetration of chemicals from the lumen into the cell wall occurred fastest through the pit 

membranes and via the middle lamella, rather than from the lumen directly through the 

secondary wall.

2.65 Conclusions

These studies show that the penetration of PEG into the cell wall of waterlogged 

archaeological and modem wood vary with species, degree of degradation, concentration of 

the solution, and PEG molecular weight. Penetration also depends on the dimensions of the 

specimen, and on whether it occurs from the lumen, or into a cut transverse surface. It might 

therefore be expected that only those differences which did not depend on the gross 

morphology of the wood would appear in studies of non-solvent water in wood, using PEGs 

of different molecular weights, in static experiments with cross-sections, or in inverse 

chromatography with wood particles. Such experiments will only measure the penetration of 

PEG into wood substance, and ignore the effects of features such as tyloses, pits, and 

impenetrable cell wall layers that may inhibit diffusion in large samples. However, such 

experiments would then provide a means of assessing the importance of the other factors.
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CHAPTER 3 DIFFERENTIAL SCANNING CALORIMETRY OF WATER IN 

WATERLOGGED ARCHAEOLOGICAL WOOD

3.1 An initial survey of the variation in unfrozen water content of waterlogged 

archaeological wood.

3.11 Materials and methods

3.12 Wood samples

Modem wood samples were kindly supplied by the Royal Botanical Gardens, Edinburgh. 

These were air dried for about two years. For this investigation, sections were cut from the 

end of the logs and saturated with water under vacuum in the usual manner. No attempt was 

made to remove extractives; however, all these samples leached material into the water in 

which they were soaked.

Archaeological samples were obtained from a variety of sources: a sample of birch {Betula 

spp.) from a peat bog near Golspie, Sutherland of uncertain date; a sample of rowan (Sorbus 

aucuparia), a sample of hazel (Corylus avellana) and a sample of degraded oak {Quercus 

spp.) heartwood from an excavation in the Kilmartin valley, Argyll, all Early Bronze Age in 

date; a sample of oak sapwood from an excavation on the London waterfront, (Roman); and 

a sample of alder {Alnus spp.) from Oakbank Crannog, Loch Tay. This was all wood thought
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not suitable for conservation because of lack of information content. The wood was washed 

with tap water and stored in deionised water prior to analysis. Thin tangential longitudinal 

strips, about 1-2 mm thick, were cut from the bulk wood, cut into 2mm squares, and allowed 

to air dry for various periods of time before being loaded by forceps into weighed sample 

pans and hermetically sealed by crimping. Several hours at least was allowed before 

scanning. Total wood sample weights were always less than 15 mg, and usually less than 10 

mg. Calibration with SPS water shows a linear response up to at least 18 mg for bulk water - 

see below.
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3.13 Differential scanning calorimetry (DSC)

Figure 20. The differential scanning calorimeter

DSC was carried out on a Perkin-Elmer DSC-7 calorimeter. A general view o f the 

equipment, with liquid nitrogen reservoir, cooling controller, calorimeter, and analyser is 

shown in Figure 20. Hermetically sealed aluminium sample pans were used throughout. These 

are shown in Figure 21, in front o f the close up view o f the sample cells in the DSC, with the 

cover drawn back to allow viewing. The calorimeter was cooled with nitrogen gas from a 

liquid nitrogen reservoir and cooling accessory, and dry nitrogen gas was used as a purge 

gas. Data was acquired on a computer with Perkin-Elmer Thermal Analysis software version 

3.1. A baseline was scanned using two empty pans; this was stored in the computer and 

subsequently subtracted from the DSC output before analysis.
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Peak areas were analysed using the same software. This integrates the area between the scan 

and a chosen baseline, and divides the heat measured by the weight recorded previous to the 

scan. Samples were cooled at a nominal rate o f 10 degrees C/ minute, but since the weather 

was very warm during the period o f investigation and the cooling system struggled to cope, it 

is doubtful whether this rate was often achieved. Samples were cooled until after a freezing 

event was seen to occur, then warmed to -10 degrees before scanning at the chosen rate 

Repeated scans o f  the same sample were found to be highly repeatable if the sample was not 

removed from the DSC , but very slightly less so if removed and replaced. Care was taken in 

placing the sample pans in the DSC, and in aligning the covers in the same orientation.

#  _  ♦

Figure 21. Close-up view of the DSC sample-holders and sample containers
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3.14 Water

Calibration of the calorimeter was carried out with super purity solvent (SPS) water for 

chromatography.

3.15 Weighing

Weighing was carried out on five-figure balance (Sartorius). Sample pans were kept clean by 

using forceps and placing the pans on a clean ceramic tile. Repeated weighing of the same 

object fi*om day to day showed that the balance was quite stable. Repeated measurements of 

the same object were found to agree to within ± 0.00003 gm or better. In later work, a six 

figure balance was hired as the five figure balance had disappeared with its owner to a 

different research establishment. This made an improvement to the results, with some of the 

regression coefficients for the analyses reaching an impressive 0.9999.

3.16 Drying

After scanning, pans with wood samples were pierced twice with a scalpel and dried in an 

oven at 105 degrees C for at least 24 hours. This was found to be sufficient to establish a 

steady weight for these small samples.

98



3.17 Data analysis

Plots o f  the data were made using Deltagraph, a software package, and regression analysis 

was carried out using Lotus 1-2-3 spreadsheets, using spreadsheet formulae as provided by 

Jack, 1995. This gives formulae for calculating the standard errors o f the slopes and 

intercepts o f regression lines, Sb and Sa, which on calculation give smaller values for the error 

than the standard error o f the estimate, Sy,x . To avoid underestimating the errors involved the 

higher figure has been quoted. Other statistical tests were made using Minitab software.

3.2 Results

3.21 Calibration with SPS water
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Figure 22. Calibration with SPS water
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Simpson and Barton 1991 stated that the heat o f  melting o f ice, AHm<ice), in their calorimeter 

approached the accepted value o f 333.6 J/g as the scanning rate approached zero. However, 

their published results for the plots o f  AHrri(obs) against the water content as percent o f 

sample weight, when extrapolated to 100% water, give a value o f about 300 J/g, which 

suggests their machine was out o f calibration. A careful calibration was carried out using SPS 

water, and the effects o f  variation in scanning rate on AHni(ice) observed.

Figure 22 shows the plot o f the total heat o f melting against mass o f  sample for SPS water at 

a scanning rate o f  4 degrees C / minute. The error bars show the standard error for three 

replicate scans o f  each sample. The plot is linear up to the largest sample size used here, 

18.26 mg. AHni(jce) was found to be 346.9 J/g, with a regression coefficient o f  0.9997. 

Similar plots were obtained for single scans at scanning rates o f 2, 4 , 8 ,  16 and 32 degrees C 

per minute.
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Figure 23. Effect of scanning rate
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The estimated AHm(ice) for each scanning rate is shown in Figure 23. The error bars show the 

standard error of the slopes from the regression. As can be seen, AHni(ice) approaches the 

value of 333.6 as the scanning rate approaches zero, as expected, showing that the DSC is 

well calibrated. To minimise any difficulties that could result if AHni(ice) in wood is closer to 

that of the equilibrium value of 333.6 J/g than the value of bulk water at that scanning rate - 

which might be possible as the water is distributed in small volumes - a scanning rate of 2 

degrees C / minute was used in this study. However, one would expect the real (equilibrium) 

AHm(ice) in wood samples to be that observed in bulk water at the scanning rate used, unless 

there water was contaminated.
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3.22 DSC scans of wood samples.
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Figure 24. DSC scan of archaeological birch heartwood, water content 780%

Figure 24 shows a DSC scans o f a sample o f archaeological birch. The endothermie peak 

starting at about 0 degrees C represents the melting o f  ice, and there is no sign o f any 

significant reduction in the melting point by, for example, soluble salts. The small peak on the 

low temperature side o f the main peak is o f  interest. Simpson and Barton ascribed such peaks 

to a layer o f water sandwiched between the frozen and unfrozen water within the wood. Such 

double peaks have been observed in other materials and in samples o f pure water. Williams 

and Hirsh 1986 have shown that in wood these peaks can be avoided by coating the sample 

with clarified butter, and therefore suggest that they are caused by water condensation on the 

inner surface o f the sample pan, which because o f temperature gradients freezes at a slightly
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lower temperature. Such procedures as coating the samples would not be suitable if one 

needs to weigh the sample accurately. The peaks cause no difficulties in calculations of the 

peak areas, and can therefore be ignored.

To determine the effect of scanning rate on AHni(ice) for water in wood samples, samples of 

an archaeological sample of alder {Alnus spp.) were dried to various water contents, and 

scanned repeatedly at different rates. (It had been observed that repeated scans of the same 

sample gave very repeatable results for the measurements of peak areas).

The observed heats of melting per gram of sample were found to be less than that of water. 

A simple hypothesis is that the reduced heat of melting is caused by the affect on the sample 

weight of components which do not contribute to the melting endotherm, namely unfrozen 

water and the wood itself. In that case.

AHm̂ observed) ~ Nfs*AHm(ice)

a n d  AHm^observed) /AH m ^ice) hdf\v /M s

a n d  Ms*^ AHm^observed) /  AH m ^ice) -Mfw

— Mw - Mufw

a n d  h/Ig* A  Hm^observed) * AH m ^ice) “ h/lufVv * AHm ^ice)

a n d  h fs*  AHm(observed)/^dwood Nf\v*^AHm(ice)/hÆwocd”Alufw*  ̂AHm^jce)/h^wood (1 )
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where AHm(observed) is the heat of melting per gram of sample, J/g sample

AHm(ice) is the heat of melting of ice, J/g

Mfw is the mass of free water, g 

Ms is the mass of the sample, g 

Mw is the mass of water in the sample, g 

Mufw is the mass of unfrozen water, g 

Mwood is the mass of wood, g

A plot of the heat of melting per gram of wood against the water content in gram water per 

gram of wood will give a straight line with a slope equal to AHm(ice), and an intercept giving 

the UFW content in g water / g wood. Variation in the scanning rate should therefore 

produce lines of different slope if the heat of melting of ice in the wood is the same as that of 

bulk water. This was found to be the case, but the lines are too close together to show 

graphically. The results are therefore presented in Table 1, which also shows the effect on the 

apparent UFW content.
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Table 1 : Effect of scanning rate on estimate of unfrozen water and apparent heat of melting 

of ice in archaeological wood samples {Alnus sp.), from regression analysis of plots of heat 

of melting /g  of wood against water content, g water / g wood.

Scanning

rate

degrees C/ 

min

Unfrozen

water,

g water / g 

wood

Standard

deviation

Heat of 

melting,

J/g water

Standard

deviation

1̂

2 0.549 0.0424 333.33 2.53 0.9

99

8

4 0.547 0.0391 336.005 2.35 0.9998

8 0.551 0.0655 338.797 3.973 0.9996

16 0.609 0.0788 346.92 4.943 0.9993

32 0.586 0.1261 352.449 8.005 0.9985

The results are similar to those for pure water, and I conclude that, at least in samples of 

archaeological wood, the appropriate value for the heat of melting of ice is that for pure 

water at that particular scanning rate. In view of this finding, a higher scanning rate than that 

used in this study should probably have been used to optimise peak measurement, as 

suggested by Williams and Hirsh , and to save time. However, this analysis was not available
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at that time.

3.3 DSC analysis of unfrozen water in samples of modern and archaeological woods.
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Figure 26. DSC scans of modern alder, 

Alnus glutinosa.
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Figure 25. DSC scans of archaeological 

wood, Sorb us aucuparia

Figures 26 and 25 show scans of modem and archaeological wood samples, at a scanning 

rate of 2 degrees C per minute, as they were dried to various water contents.
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We can see little variation in the temperature at which melting begins, and the peak areas 

decrease as expected as the wood is reduced in water content. Plots of the data, as AHm(obs) 

per gram of sample against the fractional water content (wt water/wt sample), give straight 

line plots, as shown in Figures 27 and 28.
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Figure 27. Observed heat of melting versus water content for modern alder
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Figure 28. Observed heat of melting versus water content for archaeological oak
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The plots of both modem and archaeological samples extrapolated to a fractional water 

content of 1, ie pure water, give the expected value for the heat of melting of ice, within 

experimental error. The results of similar plots and regression analyses of these and the other 

samples examined are shown in Table 2.

Table 2. Unfrozen water content of modem and archaeological woods, estimated by the 

regression of the observed heat of melting of ice per gram of sample against the water 

content, (weight of water / total sample weight).

Sample Intercept, wt water/wt 

sample

Unfrozen water, 

g water/ g wood

Standard

error

r '

Modern

oak, Quercus robur 0.2189 0.280 0.023 0.987

alder, Alnus glutinosa 0.2560 0.344 0.013 0.998

birch, Betula pendula 0.2552 0.343 0.013 0.999

balsa, Ochroma lagopus 0.2387 0.314 0.008 0.999

Archaeological

birch, Betula spp. 0.3480 0.534 0.038 0.990

rowan, Sorbus aucuparia 0.3534 0.546 0.014 0.998

hazel, Corylus avellana 0.3859 0.628 0.032 0.989

oak, Quercus spp. 0.3999 0.666 0.032 0.974

oak, Quercus spp. 0.4083 0.690 0.021 0.993

aider, Alnus spp. 0.4648 0.868 0.025 0.996
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Furthermore, plots of AHm/ g wood against the water content in g water / g wood also give 

straight lines, as shown in Figures 29 and 30.
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Figure 29. Heat of melting/ g wood versus water content, g/g, for modern balsa.
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Figure 30. Heat of melting / g wood for archaeological birch
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Table 3 shows the results of regression analysis of these plots, with the results of Table 2 for 

comparison. The slopes of these plots are consistent with the expected value of AHm(ice) at 

this scanning rate, (342 J/g), but do show a tendency to fall below this value.

Table 3. Unfrozen water content (UFW) of modem and waterlogged archaeological woods 

as estimated by the two methods, ie the regression of observed heat of melting of ice per 

gram of sample against fractional water content, (Method 1), or the regression of heat of 

melting of ice per gram of wood on the water content, g water / g wood , (Method 2).

Sample Method 1 
UFW, g/g SE r '

Method 2 
UFW, SE r: Slope=AHm(ice

Modern

oak 0.280 0.023 0.987 0.286 0.05 0.993 326.8 ± 13

alder 0.344 0.013 0.998 0.357 0.02 0.999 338.4 ± 4.2

birch 0.343 0.013 0.999 0.343 0.003 0.999 330.6 ± 2.2

balsa 0.314 0.008 0.999 0.312 0.04 0.999 337.5 + 2

Archaeological
birch 0.534 0.038 0.990 0.532 0.05

Mean
SE

0.999

333.33
2.8

332.7 ±4.1

rowan 0.546 0.014 0.998 0.569 0.04 0.999 340.8 ± 2.7

hazel 0.628 0.032 0.989 0.620 0.17 0.998 342.5 ± 6.7

oak 0.666 0.032 0.974 0.678 0.041 0.999 334.2 + 3.8

oak 0.690 0.021 0.993 0.705 0.07 0.995 341.3 + 10

alder 0.868 0.025 0.996 0.876 0.041 0.999 336.3 ±2.3

Mean
SE

337.97
2.0
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The differences in the calculated values of the slopes between the two sets of samples were 

tested for significance of the difference using the Mann-Whitney test. This gives a test result 

of w = 16 and P=0.2410 for a 95% confidence interval. There is no evidence therefore to 

reject the null hypothesis that there is no difference between the medians of the two samples.

However, earlier work has shown that the heat of melting of ice in wood samples should be 

that of the scanning rate used. The data was therefore re-analysed by fitting the data to 

equation 1, assuming either that AHni(ice) in wood samples was 333.6 or 342 J/g. The 

resulting estimates of the UFW content are shown in Table 4. No significant changes in the 

correlation coefficients were observed.
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Table 4. Unfrozen water contents (UFW) of modem and archaeological wood samples 

calculated by forcing the slope in the equation for the regression of the calculated heat of 

melting of ice per gram of wood on the water content, gram water / gram wood, on the 

estimated unfrozen water contents, to the equilibrium heat of melting of pure water (333.6 

J/g), or the heat of melting of ice (342 J/g) as measured at the scanning rate used, 4 degrees 

C / minute, from the calibration curve with pure water.

Sample AHm = 342 J/g AHm = 333.6 J/g From regression AHm from regression

Modern UFW, g/g UFW, g/g UFW, g/g J/g

oak 0.309 0.296 0.286 326.8

alder 0.369 0.339 0.357 338.4

birch 0.356 0.347 0.343 330.6

balsa 0.369 0.260 0.312 337.5

Archaeological

birch 0.621 0.538 0.532 332.7

rowan 0.586 0.481 0.569 340.8

hazel 0.602 0.481 0.620 342.5

oak 0.778 0.664 0.678 334.2

oak 0.699 0.649 0.705 341.2

alder 0.942 0.843 0.876 336.3
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Forcing the use of either value of the heat of melting of ice, not surprisingly, has a significant 

effect on the calculated UFW content for both modem and archaeological woods, but does 

not greatly reduce the difference between the two groups, even using one value for one 

group and another for the other to mimimise the difference.

3.4 Discussion

There are dangers in using extrapolations of data, as one cannot be sure that the line remains 

consistently straight. However, in view of that lack of evidence for any non-linearity in any of 

the plots, and because there is no obvious reason to believe that the lines curve in either 

direction in the area of low water contents, I conclude from the plots shown here that the 

UFW content of modem and archaeological wood samples is invariant with water content 

above a certain level, and that the UFW content of archaeological samples is significantly 

higher than those of air dried modem samples. This study would have benefited if more 

points had been obtained in the low water content region. However, from the point of view 

of conservation, we are interested in the UFW content at high water contents, and I suggest 

these data strongly support the contention that this is much higher in degraded archaeological 

samples than in modem wood.

Measurements of UFW in various materials have been used to estimate so-called bound 

water. Franks 1986 has discussed the difficulties involved in the concept of water binding, 

and the effects of increases in viscosity on the rate at which water can freeze in concentrated
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phases as the temperature is reduced. This is undoubtedly a difiBcult area, and the identity 

and meaning of UFW contents is unclear, certainly in wood.

The freezing and melting of water in wood is a complex issue, and numerous studies have 

been made. Many of these are related to the supercooling of water in living plant tissue, 

where intact cell membranes affect the freezing process and which are not really relevant to 

archaeological wood, although they may shed light on the various processes. There are 

several factors which should be taken into account.

Firstly, as water-saturated wood is frozen, the increase in volume will cause pressure to build 

within the wood. Robson and Petty 1987 measured pressures up to 3.3 MPa inside samples 

of coniferous wood on freezing. One might expect this pressure to crush the cell walls and 

express water from the pores within the walls, to become frozen. Since it might be expected 

that the cell walls of degraded wood would be easier to crush, their water content would be 

expected to be reduced more than that of normal wood whose walls were more resistant to 

the pressure.

On the other hand, since archaeological specimens are more plastic, they might be able to 

accommodate the swelling pressure of the ice by relaxing more than modem wood. The fact 

that the sample of balsa, with relatively thin cell walls, gave an UFW content similar to the 

other modem woods suggests that the relative strength of the cell walls of modem and 

archaeological samples is not the reason for the higher UFW contents of the latter. This was a
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surprising result: balsa was chosen as it had been reported to have a relatively high FSP, and 

a range of modem woods with different FSP values was desirable to test for a relationship 

between UFW content and FSP.

Secondly, the vapour pressure of ice is lower than that of supercooled water, and it is 

expected that this will produce a dehydrative stress on the cell walls, leading to a reduction in 

their water contents. George and Burke 1977 have demonstrated this effect for modem 

wood samples, and the phenomenon of coldness shrinkage is well known. Whether or not it 

occurs in archaeological wood samples remains to be seen. The result of such an effect would 

be that the cell walls would be left with an equilibrium water content below the saturated 

value, the level of which would depend on the sorption isotherm at that temperature. 

MacKenzie 1975 has demonstrated this effect for relatively simple systems. It should be 

pointed out here that the melting and freezing curves he found for various materials were 

equilibrium values, and melting of ice occurred over a range of temperatures. This is very 

different to what was found with wood here, where the onset melting temperature of the ice 

appears to remain constant at about 0 degrees C, as shown by the DSC scans. The effects of 

dehydrative stress might take some time to become significant. Wood takes some time to 

reach equilibrium in sorption experiments. If samples were held at low temperature for 

variable lengths of time before scanning, perhaps some effect might be observed, but the time 

periods necessary make this impractical to carry out. Storing samples elsewhere, for example 

in solid carbon dioxide, and scanning after varying times might be better. The scans reported 

here were run a few minutes after the occurrence of the freezing event had been observed on
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the heat-flow indicator of the DSC, depending on how quickly the sample could be cooled to 

-40 degrees C.

Thirdly, the presence of small soluble organic or inorganic molecules or ions might affect the 

apparent UFW content. On freezing, these would form a freeze-concentrated solution, and 

might remain unfrozen or form a glass or eutectic, depending on the temperature and the 

properties of the solution. If this had occurred in these samples to any significant extent, one 

would have expected to see some evidence of a reduction in the melting temperature of the 

frozen water, or a reduction in the observed heat of melting from the heat of dilution of the 

concentrated phase. None was observed.

Lastly, the freezing and melting behaviour of water in pores should be considered. 

Ishikiriyama et ah (Ishikiriyama, Todoki et al. 1995a) ; (Ishikiriyama, Todoki et al. 1995b), 

have investigated this for water in pores of rigid silica gels and in non-rigid poly (methyl 

methacrylate) dialysis membranes, where the pores collapse on drying, using DSC . They 

found that the melting and freezing temperatures for freezable pore water depended on the 

size of the pore. However, although it might be considered reasonable to assume a pore size 

for modem wood of about 4 nm from solute exclusion studies, and from the results of 

Ishikiriyama et al a melting temperature for water in the pores of about -30 degrees C, we 

have little knowledge of the pore sizes to be found in archaeological wood. My attempts to 

duplicate the work of Ishikiriyama et al in wood samples have not been successful in 

showing any pore water melting in wood. The scan in figure 24 suggests a broad endotherm
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below about -15 degrees C, corresponding to pores with radii from 2 to 4 nm. This however, 

has since been shown to be an artefact resulting from a poor baseline - similar results were 

found with controlled pore glass. A DSC scan of porous glass with a narrow pore size 

distribution produced results consistent with their theory. A difference in the size of pores 

between modem and archaeological woods could be significant in determining the unfrozen 

water content, but it is impossible to say how and to what extent in view of the lack of 

information.

To what extent can the UFW contents of wood be considered measures of their FSP values? 

This study is inconclusive on that question. For the samples of modem wood studied here, 

the values are consistent with published values for the FSP from other methods, except for 

the value for balsa wood, which is much lower than the value found by determination of the 

non-solvent water content (Feist and Tarkow 1967), or by more traditional methods 

(Vorreiter 1963). It may be that this particular sample has had some special heat treatment, or 

this may represent a difference between UFW and FSP. The values for UFW found here are 

consistent with the observations of Barbour, Hoffnann and Cook already mentioned, and I 

would like to point out that inspection of the shrinkage curves for an oak heartwood sample 

from the Bremen cog (Muhlethaler 1973) suggest a shrinkage intersection point value for the 

FSP of about 0.6 g/g. This would be entirely consistent with the values of UFW of 

archaeological oak samples found here.
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3.5 Conservation implications

Cook and Grattan 1984 found empirically that the bulking necessary for degraded 

archaeological wood was about twice that found for modem woods. This factor can be 

varied when estimating solution concentrations for wood using the PEGCON program, as it 

is incorporated in the PEG coefiScient. This study suggests that the level of the coefiScient 

should be about 2 to achieve adequate bulking. However, there may well be other constraints 

in the freeze-drying process that place a limit on this, for example the need to control the 

expansion that occurs on freezing, and the temperature at which freeze-drying can be carried 

out from a practical standpoint.

3.6 Conclusions

The UFW values of modem wood samples measured by DSC were found to be consistent 

with their published FSP values, apart from a sample of balsa. UFW values for a range of 

archaeological wood samples are generally in agreement with other evidence suggesting the 

equilibrium moisture contents of archaeological woods are higher than normal wood of the 

same species. During the course of the work, it was apparent that the UFW values related to 

the density of the wood, estimated from the maximum water content as measured during this 

survey. However, it was difQcult to ensure that measurements were taken at “tme” high 

water contents, because of the small sample size and large surface to volume ratio which 

could create errors from excess surface water. Further work is required to show how UFW
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may vary in timbers with wood with different degrees of degradation, and woods in which 

deterioration proceeds in a difhise manner, resulting in evenly degraded wood, and what this 

would mean for treatment. It is also important to find some corroborative evidence to show 

that the method is measuring the fibre saturation point of the wood. It might also be useful 

to measure anatomically distinct areas of wood to see if variation in UFW occurs between for 

example, oak wood with giant rays and without.
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3.7 Radial variation in unfrozen water content in waterlogged archaeological timbers

To assess the variation in UFW contents across timbers, samples of waterlogged oak and 

alder were selected as species representing even and uneven degradation processes. They also 

happen to be the two most common archaeological species, at least in Scotland. The oak 

sample {Quercus spp.) was from a burnt mound site in Inverness, dating to the late Bronze 

Age. The alder {Alnus spp.) was a core taken from a timber from an early medieval site in 

Islay. The oak sample was split into two in a transverse direction, to give matching profiles 

across the timber. One half was used to produce samples at 0.5 cm intervals for determination 

of UFW across the timber from the soft outer edge into the hard central core, while the other 

was cut up into matching samples for water content estimation. These were weighed, oven 

dried at 105 degrees C, and then re-weighed in the normal way. This was intended to provide 

a check to see whether or not DSC could be used as a reliable means of measuring maximum 

water contents, and thereby assess degradation. For the alder, samples were taken at 1 cm 

intervals radially across one half of the timber.

3.8 Results

3.81 Maximum water contents of oak from oven drying and DSC

The maximum water contents, Umax, found by oven-drying macro-samples and by DSC are 

shown in Table 5, together with the UFW contents at those points in the section.
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Table 5. Radial variation in Umax and UFW across an oak timber

Position U m a x , DSC, % U m a x , oven, % UFW, g/g r?

0.0 cm 687 993 0.69 0.999

0.5 cm 1103 1369 0.89 0.999

1.0 cm 1618 1424 0.90 0.999

1.5 cm 1196 1332 0.66 0.999

2.0 cm 1319 1005 0.61 0.999

2.5 cm 822 571 0.46 0.999

3.0 cm 406 477 0.41 0.999

3.5 cm 346 396 0.40 0.999

4.0 cm 237 245 0.38 0.996

While the results are in quite good agreement, some of the DSC measurements appear rather 

high even for waterlogged wood. This is presumed to be the result of excess water (which 

was always about in preparing the samples) and their high surface to volume ratio. Others are 

low, which is probably the result of drying while getting the samples into their containers. 

The values obtained from the oven dried samples are the ones used in the subsequent 

analysis. The regression coefficients are extremely high: these results were obtained with a
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six figure balance.

It is apparent that there is a correlation between the maximum water content o f the wood and 

its UFW content. It is possible to convert the maximum water content values into wood 

densities on a green volume basis, assuming that the density o f  wood substance is 1.5 g/cc. 

This is shown in Figure 31, where the wood density is plotted against UFW content for these 

oak samples.
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Figure 31. UFW variation with wood density for waterlogged archaeological oak

The results can be used to estimate the relative amounts o f  cell wall shrinkage and collapse 

o f  the void volume o f  wood as a function o f  density, using the data o f  Jones and Rule 1991, 

to measure the combined volumetric shrinkage caused by these separate factors.
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Figure 32. Shrinkage and collapse in waterlogged archaeological oak

This depends on the cell wall shrinkage being equivalent to the volume o f  water in the cell 

wall, as estimated by the UFW content. It should be noted that Barbour (Barbour and Leney 

1982) found higher cell wall shrinkage for a sample o f  deteriorated red alder than that 

predicted by this simple assumption.

These results can also be used to calculate the variation in the UFW, amount o f wood, 

amount o f free water, and the amount o f PEG solution at any point in the wood. Making 

some assumptions about the distribution o f PEG between the solution and the cell wall in the 

wet state, and then on freezing, it would then be possible to calculate the anti-shrink 

efficiency o f  various solution concentrations. For the simplest case that all the PEG or other
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material ends up in the cell w all ASE values for different solution concentrations are shown 

below as a function o f  specific gravity o f  oak wood.
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Figure 33. Effect of UFW and PEG concentration

This shows that for wood o f different degrees o f  degradation, very different PEG solution 

concentrations are needed to prevent cell wall shrinkage. It seems very unlikely that any one 

PEG concentration will produce a high ASE in both degraded and relatively undegraded oak, 

which, according to the above model, would require 10% and 30% PEG solution 

concentrations respectively. There are o f  course complications that have not been considered 

in this simple model, for example, the swelling o f  archaeological wood that occurs in PEG 

solutions, and the expansion o f water on freezing and its amelioration by PEG.
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The same method could easily be applied to other materials, such as leather or horn, for 

which we have little information on water contents, (freezing or unfrozen), or the amount o f 

bulking agent needed to prevent shrinkage for material in different conditions.

It is interesting to compare the results for variation o f UFW with density for archaeological 

oak with those o f others for the fibre saturation point o f  fresh wood.
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Figure 34. Variation in the fibre saturation point of fresh wood, after Vorreiter, 1963 

and Feist and Tarkow, 1967

As can be seen the trends are very similar, although o f course the causes might not be. Siau, 

1984 suggests that wood with thinner walls has a higher fibre saturation point as it is less able 

to resist swelling. Variations in extractives would also cause variations in fibre saturation 

point.

125



For waterlogged archaeological wood, a number of mechanisms might be suggested. The 

loss of secondary wall as degradation proceeds would leave behind only the primary cell wall 

- middle lamella, which has a different composition, being heavily lignified, and this may have 

a different fibre saturation point.

As the cellulose of waterlogged archaeological wood is degraded, the degree of 

polymerisation of the cellulose drops. This would cause a decrease in its glass transition 

temperature. This is indeed indicated by the results of thermo-mechanical analysis 

(Mikolaychuk and Leonovich 1997). I have attempted to repeat the work of Kelley, Rials et 

al. 1987, who found transitions in DSC scans of modem wood which they attributed to glass 

transition phenomena, but without success. On looking closer at their results, I am not 

surprised, as the level of difference they found would not be detectable with the equipment 

and sample sizes I have been using. An alternative approach is being sought to investigate 

whether or not any change in the glass transitions of wood have occurred as a result of 

degradation, and whether or not these can be related to variation in the UFW content of the 

wood.

Another possible explanation is that as the wood is degraded, the number of charged groups, 

such as carboxyls, increases, and this could result in increased swelling and water content 

because of the Donnan effect. This has been observed in pulp fibres (Grignon and Scallan 

1980).
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3.82 Results for alder sample.

The results for alder indicated no great variation in UFW or Umax across the sample, and are 

not shown. However, this suggests that the wood can be treated with a single solution 

concentration of PEG to achieve a satisfactory level of anti-shrink efficiency.
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CHAPTER 4 INVERSE CHROMATOGRAPHY ON WOOD

4.1 Introduction

Normally, column chromatography is used to separate, identify, or measure the concentration 

or molecular weight of the samples introduced to the column. The technique depends on the 

ability of the column to separate molecular species by partitioning of the sample between the 

solvent flowing through the column - the mobile phase - and the material packed into the 

column - the stationary phase. Various modes of separation are used, making use of different 

inter-molecular effects to produce partitioning of the sample: adsorption, size exclusion, 

hydrophobic interaction, or ion exchange. The mobile phase, the solvent, may be constant in 

composition (isocratic) or solvent composition may vary with time (gradient elution). The 

solvent may be a liquid, a gas, or a supercritical fluid.

In inverse chromatography (IC), on the other hand, the elution of molecules from the column 

is used to define characteristics of the packing material, for example the pore volume of 

porous materials such as cotton, wood pulps, and stone. IC has been used to investigate the 

interactions of molecules with the packing material. Some examples are: the adsorption of 

PEGs from benzene onto wood; the effects of slight variation in chemical composition of the 

probe molecules on their interaction with cotton; and the effect of variation in the 

hydrophilic/hydrophobic properties of the packing material on the elution of PEGs. The 

surface properties of wood have been measured by inverse gas chromatography.
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It is generally accepted that the measurement of partition coefficients by inverse 

chromatography gives similar results to those of batch equilibrium methods, and there is 

experimental evidence to show this. This indicates that the conditions within an efficiently 

operating column produce a state of “quasi-equilibrium” between the solute in the mobile 

phase and that within the stationary phase, which reproduces the static equilibrium 

distribution or partitioning of solute between the phases in a batch equilibrium experiment.

Inverse chromatography offers a range of advantages over the batch equilibrium method. In 

the latter method a sample of the solid is exposed to a solution of known concentration of the 

probe molecule and allowed to come to equilibrium. The external solution concentration is 

then measured and the ratio of initial and final concentrations used to compute the partition 

coefficient. One therefore needs to measure the change in concentration of the external 

solution very accurately. For a range of solutes, this would require a calibration curve for 

each, and possibly even different equipment. There can be problems with biological growth, 

loss by evaporation, or thermal degradation of the solute. In capillary porous materials which 

must be kept wet to preserve their hydration properties, such as wood pulps, the amount of 

solid compared to solvent in the wet sample may be very small, demanding even greater 

levels of accuracy. Generally, materials such as wood must be extracted to remove 

constituents that might leach into the solution, and this effect may vary with temperature or 

solvent ability of the solute. The effects of changes in pH and ionic strength would be difficult 

to study, as the extraneous materials needed to control these parameters may well interfere
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with the concentration measurements.

Most if not all of these problems can be avoided by inverse chromatography. Biological 

growth should not occur, as the solvent should be de-gassed to remove oxygen; thermal 

degradation is unlikely (but not impossible) in the short time the solute is exposed; extraction 

can be confined to that produced by washing the material with enough solvent to produce a 

steady baseline. There is no need for calibration curves -  all that is required is an efiScient 

column, a universal detector, such as a refractive index detector, and a reliable pump to 

control the flow rate of solvent through the column.

The normal method of chromatographic analysis is to inject a small sample of material to be 

analysed onto the top of the chromatographic column and measure the time the solute takes 

to elute from the other end. However, there are other methods of sample application and 

analysis. Both frontal analysis and displacement development (Tiselius and Claesson 1942); 

(Claesson 1948) have been used to analyse mixtures, and can be used to determine the effects 

of concentration on the partition coefficient, and of competition between solutes for sorption 

sites within the column packing material, respectively. In analysing the interactions of wood 

with polymers and other cell wall bulking agents as in the conservation of archaeological 

wood, such information would be very interesting. These methods are discussed further later.

Inverse column chromatography has one major disadvantage. That is the need to pack an 

efficient column. As I can confirm, this is no simple task, particularly with soft materials such
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as degraded waterlogged wood. Of course this raises two questions - what is an efficient 

column, and how can we teU that a column is working? Fortunately, because of the 

importance of chromatography as a method of analysis of widespread importance, much has 

been done in the development of theory and practice in this area.

4.2 The theory of chromatography

This thesis is concerned largely, but not exclusively, with the measurement of pore volumes 

in the cell wall of wood. As discussed in Chapter 2, the non-solvent water of cellulosic 

materials in batch equilibrium experiments has been found to vary with the molecular weight 

of the probe molecule. Higher molecular weight probes are excluded from the pores, while 

lower molecular weight probes have more and more access to the pore water according, 

apparently, to their size, or at any rate some function of their molecular weight. This method 

of measuring non-solvent water is in fact a measurement of the equilibrium partition 

coefficient K between the two phases, ie the concentration of the probe in the external 

solution and in the solvent-saturated pore volume:

K  C pores /  C external solution

A chromatographic column consists of the column, with a total volume V t. the solid material 

occupying a volume Vm, pores in the solid material with a volume V?, and solvent occupying 

a volume Vq. Thus we have:
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V t — Vo +  Vp +  V M

If we inject a smaU sample, diluted in solvent, into the top of the column, with solvent 

flowing through the column at a steady rate, the initial shape of the zone of sample might 

approximate a square wave. Under the influence of random diSusion processes within the 

column, as the zone travels down the column under the influence of the imposed solvent 

flow, this zone will become spread out, eventually forming a Gaussian (bell-shaped) curve. 

As they travel down the column, individual molecules in the sample will tend to distribute 

(and re-distribute) themselves between the volume of solvent external to the pores and the 

solid material, and the volume of solvent contained in the pores. They might also adhere 

(adsorb) to the internal surfaces of the pores. The length of time they are removed from the 

volume V o of solvent external to the pores and the solid matrix, by whatever mechanism, will 

determine the relative retardation of the sample, and the peak will be eluted at some volume 

V e . We can therefore define four classes of V e :

V e = Vo (for molecules excluded from the pores)

V e  =  > V o  <  Vp +  Vo (for molecules with access to the pores)

Ve = Vo + Vp (for molecules eluting with the solvent)

Ve = > Vo + Vp (for molecules eluting after the solvent).

And the following definitions of the chromatographic partition coefficient, Kgpc:
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K gpc = ( V e -  Vo)/ (V?); V e < V q + Vp (for size exclusion, K gpc = 0 to 1)

K gpc = ( V e - (Vp + V q) )  / (Vp); V e > Vp + V q (for adsorption in pores, K gpc >1)

And for any molecule eluting at volume Ve:

V e =  V q +  K gpc* Vp

4.3 Mechanism of size exclusion: the athermal case.

The simple definition of the equilibrium constant K given above reflects the balance of the 

chemical potential of the solute in the two phases under consideration. The chemical potential 

is the sum of enthalpic and entropie components. In systems where the enthalpic components 

of the potential are low and negligible, the distribution of the solute will therefore depend on 

the entropie changes involved in moving fi"om one phase to another. Systems in which only 

weak attractive forces operate between solvent, solute and matrix should faU into this 

category; good examples would be non-polar polymers in non-polar solvents where only Van 

der Vaals and London dispersion forces are acting.

Entropy is a measure of the degree of randomness. In the constrained volume of pores of
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whatever shape or complexity but of a size comparable to the molecule, the entropy of a 

molecule will be diminished by the loss of degrees of freedom of the molecule: there will be a 

number of unavailable conformations. This loss of conformations can be calculated for chain 

molecules confined in particular pore geometries, modelling the molecules as random walks. 

From this, the variation in K with molecular weight, or chain length can be calculated. As the 

chain length increases, so does the loss of conformational entropy. The results are very 

similar to those found by chromatography or batch equilibrium experiments; large molecules 

have lower K values than smaller ones, and are eluted at lower volumes from the column. It 

seems likely that for these athermal systems, the mechanism of size exclusion can be ascribed 

to this entropie effect alone.

4. 4 Partitioning in aqueous systems

In aqueous systems of polar molecules, partitioning is likely to be more complicated, as there 

will be enthalpic (energy) contributions to the equilibrium constant: solute-solvent, solute- 

matrix, and solvent matrix forces will all be important. These will involve hydrogen bonding, 

polarisation, and possibly electrostatic forces if any of the components are charged. 

Hydrophobic effects may occur if any component is non-polar to any extent. No general 

theory exists to my knowledge that takes into account all these possibilities or their effect on 

the partition coefficient. Obviously the range of behaviour to be expected is large and will 

vary from system to system, and may vary with molecular weight, as the effect of end-groups 

is reduced as chain length increases in polymers. It is unlikely that partitioning in such
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systems is governed solely by entropie factors. As pointed out by Franks (Franks, 1983, p. 

38) equilibrium constants are also free energies, and these may mask a variety of enthalpic 

and entropie contributions, which tend to cancel each other out in the free energy.

4.5 Chromatography in practice

There are three parameters that need to be measured to determine K gpc- These are V e, V o, 

and Vs.

Ve - the elution volume of the injected sample molecule, is simply given by the median of the 

elution peak that is recorded by the detector as the zone passes out of the column. This is 

also known as the retention time, or volume (assuming constant flow). For symmetrical 

peaks, this is equivalent to the peak crest.
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Figure 35. Measurement of elution volume of peak
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Figure 35 shows a typical nearly symmetrical peak, and the related elution volume, measured 

at the peak crest.

Measurements of Vo and V s, are more problematic. V q is usually measured from the elution 

volume of a molecule known to be too large to enter any pore in the packing material. In 

practice, some separation of polymers on the basis of size occurs even for excluded 

molecules. This has been shown by chromatography in columns with non-porous glass beads 

(Basedow, Ebert et al. 1980), and the effects can be related to the entropie exclusion of the 

molecules from the walls of the channels between the pores through which the solvent flows. 

A series of excluded molecules differing in size is therefore a better indicator of this 

parameter.

Measurements of Vs, the volume accessible to the solvent, are usually made by using a 

marker that is expected to elute at the same volume as the solvent because of its similar size 

and chemical composition. Typical examples -with water as the solvent - are deuterium oxide, 

glucose, and methanol. These may not be very accurate, depending on the system. An 

alternative method is to use the density and weight of the packing material (without pores) to 

compute the volume occupied by the matrix, ie Vm. Using the relation:

V t ~  Vn +  Vp +  V M
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it is then possible to calculate the pore volume V ? if V o is known, and so calculate Vs. In any 

case, this is a good check on the use of markers such as deuterium oxide or methanol.

4.51 Measurement of column efficiency

As the injected sample travels down the column, it forms the familiar bell-shaped curve as a 

result of the random difiRision processes that occur. The resulting peak therefore has a mean 

(the elution volume measured at the peak crest) and a variance, ie the mean squared deviation 

from the mean. The narrower the peak, the more peaks can be fitted into a given volume, and 

the more efficient the column. Peak width is therefore a measure of column efiSciency. One 

such measure is termed “number of theoretical plates, N,” as it was originally derived from 

studies which related separation power to the number of equilibration steps that had occurred 

within the column (Giddings, 1991). Normally the peak width is measured at half the peak 

height and termed W1/2 . This is presumably to avoid problems with tailing peaks or difficulties 

in determining the beginning and end of the peak. A numerical constant is added to take this 

into account in measuring the variance. As the peak width is compared to the elution volume, 

measured column efficiencies vary from peak to peak.
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Figure 36. Measurement of column efficiency and peak asymmetry

Figure 36 shows the same peak as in the previous figure but on an expanded time scale. The 

peak width for this peak was found to be 64 seconds at half the peak height, and the elution 

time was 907 seconds. The column efficiency was calculated by (Giddings, 1991)

N  = 5.54(Ve/W ,q/

which for this column (Column PCS4) gave a value of N = 1112. Other columns were not as 

good - mostly giving values of N = 200 - 500.

The method of measuring peak asymmetry is also shown in the above figure. It is given by
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the ratio of the leading and tailing half-widths of the peaks measured from the peak crest, at 

one-tenth of the peak height. Peak asymmetry (As) is given by:

As = b/a

For this peak, the value of As was found to be 1.08. Peaks for excluded molecules tended to 

higher values, often being in the range 1.2-1.4.
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4.6 Materials and methods

4.61 Chromatographic equipment

The chromatographic equipment consisted of a double head mechanical reciprocating pump 

(Pye-Unicam 4015), a Rheodyne 7125 injection valve and a Knauer type 180 differential 

refractive index detector. The chromatograms were recorded on an integrating chart recorder 

(Pye-Unicam), and latterly, also with a 16-bit analogue -to-digital converter (ADC- 16, 

Picolog) coupled to a computer to enable the chromatograms to be manipulated to measure 

column efficiency, asymmetry, and for illustration. A column oven was used to control the 

temperature of those columns that could fit in it. As the results are heavily dependent on a 

constant flow rate this was monitored continually by directing the flow from the detector into 

a 50 ml burette in such a way that the drops fell straight to the bottom of the burette without 

touching the sides. In this way flow rates could be measured to an accuracy of about 0.1 ml / 

50 ml. In between measurements it was necessary to allow the walls of the burette sufficient 

time to drain.

4.62 Columns

Initially, powdered wood was dry-packed in stainless steel columns of various diameters. For 

wet packing, 10 mm internal diameter glass columns were used as this enabled one to see 

how packing was proceeding. Two sorts of glass columns were used. The best were
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Superformance 280 mm long columns. These have superb end-fittings which reduce band 

spreading, but comprise a cartridge system housed in an acryhc water jacket - they will not fit 

in a column oven. The temperature was controlled (up to a limit of 60 degrees C) by 

circulating water fi*om a thermostatically-controlled water circulator through the jacket. 

Unfortunately, the end-fittings are easily broken, and at a vital stage in the project spare parts 

became unavailable for a long period. The other glass columns used were Omnifit 250mm 

long glass columns, which could be fitted into the column oven. Both types had adjustable 

end-pieces, allowing the columns to be packed to different depths.

4.63 Wood samples

Named samples of modem wood were obtained from the Royal Botanical Gardens, 

Edinburgh. They were inspected in cross-section for reaction wood: all that were used 

appeared not to have any, judging by the symmetry, shape and distribution of the annual 

rings. They were then air-dried. A commercially available wood flour was used in the initial 

experiments. This is a mixture of white European softwoods, according to the manufacturer. 

Samples of waterlogged archaeological wood were from a variety of sources: these were 

kept wet, but received no other treatment before processing. The oak samples and the balsa 

wood were all heartwood; for the other woods the material used consisted of a mixture of 

heartwood and sapwood.
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4.64 Wood processing

The commercial wood flour was extracted in a Soxhlet apparatus with water for about 24 

hours, before being dried in the oven and packed into stainless steel columns. Air-dried 

woods of known species were ground with a belt sander and the particles collected, washed 

in running tap water and sieved on stainless steel mesh. The fi-action between 75-150 microns 

was collected for packing. This was extracted in boiling water until a clear supernatant was 

produced, to reproduce as far as possible the thermal history of the wood samples examined 

by Tarkow et al Waterlogged archaeological samples were processed in a domestic food 

blender - with the harder samples a preliminary operation was needed to reduce the wood to 

small shavings. No extraction was performed other than washing with cold tap water. All the 

samples were examined under the microscope to ensure that they constituted a representative 

sample of wood cell types and lacked any foreign particles.

4.65 Column packing procedures

Dry packing of the stainless steel columns was simply achieved by placing a small quantity of 

(dry) wood powder in the empty column and tapping the base of the column vigorously 

several times. This procedure was repeated until the column was flill. Flow of solvent was 

then established through the column and a test chromatogram run. The problem with this 

technique is that it is difficult to remove all the air fi*om the column; this problem was 

overcome by adding a small quantity of non-ionic detergent to the solvent, which resulted in
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a stream of air bubbles being released. The consequences of this action are discussed in the 

results section.

Wet packing was carried out using a slurry of particles and a packing reservoir attached to 

the empty glass columns. Flocculation was avoided by using 1 M sodium chloride as solvent. 

The particles were then packed into the column using pure water pumped by the 

chromatographic pump. (This was done to enable the pressure to be monitored to safeguard 

the glass columns, which could withstand 40 bar (Omnifit) or 100 bar (Superformance). 

Blockages could occur, and two columns were in fact broken). For the modem woods, 

especially those of higher density, this was quite successful The flow rate was kept high, up 

to 10 ml/min. For the archaeological samples, such high flow rates soon led to blockage of 

the column as the soft particles were compressed into an impenetrable mass: lower pumping 

rates had to be used, typically 3-4 ml/min. this was disappointing, as I had hoped that the 

experience of packing a large number of modem wood columns would carry over, making 

packing the archaeological samples easier. This was not the case - the archaeological samples 

needed a completely different approach.

Wet packed columns at that stage always contained a large quantity of water, and it was 

necessary to compress the particle bed. To avoid cmshing the particles, this was done by 

adding a light weight (100-200 g) to the top of the column and gradually squeezing out the 

excess volume, using large pore fiits to allow the water to flow out easily. This took several 

hours. Columns were then washed out with solvent, either SPS water or 0.05 M sodium
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sulphate, until the baseline became steady, and a test chromatogram run. Many attempts were 

discarded in the initial stages, but the procedures got better with experience.

4.66 Polymers standards

As this project was conducted on a part-time basis and extended over several years, a variety 

of narrow molecular weight distribution polymer standards were used, from a variety of 

sources, eg Polymer Laboratories (PL), Phenomenex, and American Polymer Standards 

Corporation (APSC). The latter were the cheapest and supply the widest range. Such 

standards are very expensive, and this limited the number of types of polymer standards that 

could be included in this study to two: polyethylene glycols and dextrans. The polydispersity 

(Mw/Mn) of the standards varied from 1 to 1.4 for the PEGs and 1.3 to 1.7 for the dextrans. 

The sugars used (glucose, sucrose, rafiSnose and stachyose) are monodisperse. Other 

dextrans were obtained from Sigma Chemical Company: these were much cheaper and could 

be bought in substantial quantities - they would be useful for batch equilibrium 

measurements. Their molecular weights had been measured by low angle light scattering: 

these values were found to correspond well to the values found by calibration with gel 

permeation chromatography on a commercial size exclusion column (PL - Aquagel -OH-40), 

as shown below:
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Figure 37. Chromatography of dextran standards and dextrans from Sigma on PL 

Aquagel OH - 40 column

The equations represent the best fit to the data computed using the Malquardt-Levenburg 

algorithm. As can be seen there is very little difference. The peaks for the Sigma dextrans 

appeared no different to those o f the dextran polymer standards.

Estimates o f the sizes o f the molecules were calculated from the intrinsic viscosity data 

supplied by APSC, using the formula (Kuga, 1981):

R = 0.541 *(MWt*IV) 1/3
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where R is the “radius o f  the equivalent sphere” and IV is the intrinsic viscosity (in ml/g).
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Figure 38. Estimated radii of sugars, PEGs, and dextrans

The resulting radii are shown below with the identification codes or names o f the probe 

molecules together with their molecular weights (Table 6).
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Table 6: properties of probe molecules used in this study

Code; name Mp M\v/Mn IV(dL/g) radius. Angstroms

Glucose 180 1 0.012 3.25
Sucrose 342 1 0.016 4.42
RafiSnose 504 1 0.020 5.43
Stachyose 667 1 - 6.6*
Dextrans
DXTIK 1000 1.33 0.041 8.66
DXT3K 2800 1.33 0.048 12.86
DXT4K 3400 1.33 0.055 14.36
DXT6K 4440 1.7 0.070 17.01
DXTIIK 9900 1.46 0.095 24.6
DXT44K 40900 1.29 0.205 51.01
DXTI02K 87500 1.59 0.293 74.04
Ethylene glycol 62 1 0.022 2.78
Diethylene glycol 106 1 0.026 3.52
PEGs
PEG 194 194 1 0.029 4.47
PEG 400 400 1.1 0.038 6.22
PEG 610 610 1.11 0.042 7.4
PEG 975 975 1.09 0.052 9.29
PEG 1500 1500 1.06 0.067 11.67
PEG 2010 2010 1.07 0.079 13.6
PEG 2500 2500 1.08 0.09 15.27
PEG 3330 3300 1.08 0.107 17.80
PEG 5250 5250 1.16 0.13 22.11

• from (Bredereck and Bluher, 1992).

A few other polymer standards were used in this study, but no information on their intrinsic 

viscosity was available, and they have not been included in the table.

A particular problem arose with the dextran standard DXT3K. When eluted with pure water 

as solvent, from either wood columns or commercial SEC columns, it behaved as a very 

much larger molecule. In 0.05M sodium sulphate, this behaviour was less frequent, but still 

occurred. The elution volumes of this standard have therefore mostly been omitted from the 

data presented here. This phenomenon was annoying, as it leaves a large gap in the elution 

volume curves, but there were no alternatives. I presume the behaviour was the result of

aggregation.
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Other chemicals used, such as salts and n-alcohols, were analytical grade reagents from 

various sources. Super-purity solvent (SPS) water was used for elution, sometimes with the 

addition of 0.05M sodium sulphate. This concentration can only be approximate, as the 

solvent was de-gassed under vacuum, with concomitant loss of water vapour.

Samples were injected as 10 or 20 micro litre (nominal) volumes using a sample loop, and a 

sample concentration of 0.5% by weight (in the solvent being used for elution) was normally 

used. This is equivalent to 5 mg / ml. For ethylene glycol, diethylene glycol, sugars and 

dextrans, the sample concentration had no measurable effect on the elution volume in the 

range 5-40 mg / ml. The flow rate had no effect on the elution volumes in the range examined 

of 0.2 ml / minute to 1.4 ml / minute.
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4.7 Results

4.71 Measurement of fibre saturation points: modern wood samples
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Figure 39. Elution of EG, DG, sugars and dextrans from column PCS4

Figure 39 shows the chromatograms o f ethylene glycol (EG), diethylene glycol (DG), sugars 

and dextrans from a column o f modern Picea sitchensis, (Sitka spruce) at 30° C. The solvent 

was 0,05 M sodium sulphate.
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As can be seen, the heights o f the various peaks vary because o f  the different response o f the 

detector to the various molecular probes, and the beginnings and ends o f the peaks move 

along the elution time axis. The flow rate was 1 ml / minute. To emphasise the difference in 

peak crests and peak shapes, the chromatograms have been normalised. The results are 

shown in Figure 40.

<v
c  0 . 8 -o

^  0 .6 -  UrnO
8

T 3

0.4-

I 0.2

o
Z

0.2
650 700 750 800 850 900 950 1000

Elution time, seconds 
Normalised chromatograms for a column,
PCS4, Picea sitchensis, modern.
Temperature 30 degrees C; flow rate
ImFmin; solvent 0.05M sodium sulphate.

Ethylene glycol

Diethylene glycol

Glucose

Sucrose

Raflfinose

Stachyose

DXTIK

DXT4K

DXT6K

D X T l l K

DXT44K

DXT102K

Figure 40. Normalised chromatograms from column PCS4
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The chromatograms o f the various molecules can be seen to be almost symmetrical, and it is 

noticeable that while the beginnings and ends o f most o f the peaks move along the elution 

time axis, the ends o f  the peaks for DXT6-102 are essentially identical. While the peak crests 

for DXT6-102 are different, this is mainly the result o f distortion o f  the peak shape. When the 

elution volumes o f  the peak crests are plotted as a function o f molecular weight on a semi- 

logarithmic scale, this leads to a tailing off o f the elution volumes in the high molecular 

weight region, rather than to a straight cut-off. This is shown below.
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Figure 41. Elution volumes as a function of molecular weight, column PCS4

The fitted curve follows the equation shown in the figure, calculated by the Malquardt- 

Levenburg algorithm, which is a least-squares minimisation routine. The result o f  the tailing
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off of the elution volumes at high (excluded) molecular weights is that the pore volume is 

over-estimated and leads to an over-estimate of the fibre saturation point. The different 

elution volumes of the excluded molecules are the result of two factors. The first is that there 

may be a separation mechanism operating in the channels between the wood particles, similar 

to the size exclusion mechanism operating in the pores. This should not cause asymmetry. A 

second mechanism is that the channels will vary in diameter as the particles are irregular in 

shape, and probably imperfectly packed. If the channel diameters are of the same order as the 

size of the molecules, some separation should result as different sizes of molecules will have 

access to a different fi*action of the channels. This could cause asymmetry, the degree 

depending on the variance in size of the channels. It is difficult to define the exclusion limit 

precisely. In better columns with higher plate numbers and narrower peaks, the exclusion 

limit would be clearer. The asymmetry effect would be limited to one-half of the peak width.

Inspection of the original chromatograms suggests that the cut-off occurs at about DXT4K, 

which has a very asymmetric peak. Use of the elution volume of DXT4K as the exclusion 

limit can be forced on the curve-fit, and this has been done.
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Figure 42. Elution volumes corrected for asymmetry, column PCS4

This makes a significant difference to the calculated fibre saturation point. However, it is still 

higher than that found by traditional methods.

For the definition o f the other end o f the elution volume curve, it has been assumed in the 

above analysis that ethylene glycol (EG) represents a point close to the elution volume o f the 

solvent. It may be that this is an overestimate. EG and diethylene glycol may in fact be being 

adsorbed, and therefore eluted at a greater volume than the solvent, although they fall nicely 

on the fitted curve. This may be accidental. To investigate this end o f  the curve, the elution 

volumes o f  n-alcohols were measured, as well as a wider range o f dextrans, on a column for 

which the unfrozen water content o f the wood had been measured. This was a commercial
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wood flour, a mixture o f white European softwoods, which was used in many o f the initial 

chromatography experiments.
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Figure 43. Elution of EG, DG, sugars, dextrans and n-alcohols from column 

WF4

As can be seen, the elution o f  the n-alcohols (in order o f increasing molecular weight, 

methanol, ethanol, 1-propanol, 1-butanol, 1 -pentanol) shows the reverse trend to the sugars 

and dextrans; elution volume increases with increasing molecular weight. In fact, the peaks in 

the chromatograms o f the n-alcohols become broader as the elution volume increases. Both 

o f these are indicative o f adsorption. The elution volume o f  methanol is only slightly greater 

than that o f ethylene glycol.
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It is concluded that the solvent, water, elutes at a volume in between these. In fact, curves 

fitted to the data for alcohols, and the combined EG,DG, sugar and dextran data cross over 

at a point close to a molecular weight of 18, the molecular weight of water, for all the 

columns examined in this way.

The extended range of molecular weights of dextrans used in the WF4 column also 

demonstrates a continuing slow change in the elution volume of the excluded molecules, even 

up to a molecular weight of 168000. Thus the exclusion limit does probably faU in the range 

given by DXT4K to DXT6K, with molecular weights of 3400 and 4440, and sizes estimated 

as 14.36 and 17.01 Angstroms, respectively. This is in good agreement with other estimates 

of the size of molecule that can penetrate the wood cell wall, eg (Tarkow, Feist et al. 1966).

To compare the inverse chromatography results with those for non-solvent water 

experiments, it is necessary to calculate the partition coefficients of the various molecules, 

and convert these into inaccessible water values based on the weight of wood in the column. 

For the above column, the partition coefficients calculated are shown below.

155



o
&

2.500  

2.000

1.500 

1.000 

0.500  

0.000

•

•

•
•

"l 1
■

■
■
1 1

1------

EG, DG, sugars, dextrans 

n - alcohols

Column WF4. o f  n - alcohols, (methanol,

ethanol, 1-propanol, 1- butanol); 
ethylene glycol, (EG), diethylene glycol, (DG), 
glucose, sucrose, raffinose, stachyose, dextrans 
DXT1-102K, and dextrans with MWt up to 
168000.

— o 8 8 8— o  o^  o i
8

8I
Molecular weight

Figure 44. Partition coefficients of EG, DG, sugars, dextrans, and n-alcohols

The partition coefficient for 1- pentanol is not shown to keep the scale reasonable; its value is 

about 6. Why alcohols should show adsorption rather than size exclusion is not certain, but it 

is possibly due to hydrophobic interaction with the wood substrate. It has certainly been 

noticed in other work that alcohols are difficult to remove from wood (Hoffiuan, Hossfield et 

al. 1980). They can be desorbed by washing with water, which is what the partition 

coefficients indicate. With these partition coefficients it is possible to calculate the non

solvent water, knowing the weight o f  wood in the column (6.378 g wood).
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Figure 45. Non-solvent water of wood flour and eotton

The results are compared to those o f  Aggebrandt and Samuelson for eotton and polynosic 

fibre (a type o f rayon or regenerated cellulose). The fitted curves are my own, and good 

correspondence is found between the wood and cotton, except that at low molecular weight, 

their non-solvent water values are higher. This is probably the result o f the different 

procedures, but the curve should extrapolate to zero at the molecular weight o f  water, not 

zero as appears to be the case in the data for cotton.
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It is important to establish, however, that the results are in fact related to the amount o f 

wood in the column. This has been attempted by making three columns o f the same wood, 

with the same column dimensions, but differing in the amount o f  wood. The wood chosen for 

this experiment was modem oak, Quercus rohur.
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Figure 46. Elution from columns of oak, Quercus robur
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The columns were Omnifit columns with fixed end-pieces, giving a total column volume o f 

17.4 ml. Conversion o f the data into partition coefficients and division by the weight o f wood 

per column gives a measure o f the accessible pore water in the wood for each column as a 

function o f  molecular weight o f the probe molecules. This is the inverse o f  the non-solvent 

water.
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Figure 47. Inaccessible pore water in oak, Quercus robur
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Furthermore, we can use the weight o f wood in the column and the specific gravity o f wood 

substance, ie wood cell walls without pores, to find the volume o f the wood substance in the 

columns. These should extrapolate to the total volume o f the column, 17.4 ml, when the 

weight o f  wood in the column is zero.
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Figure 48. Volume of wood in columns, versus weight

For the purpose o f this exercise a specific gravity o f  1.5 has been used for the wood 

substance. The three points obtained do indeed extrapolate to the total volume o f  the column.
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This is good evidence that the measurements being made are indeed related to the pore 

volume of the wood, and not merely to separation in the channels between the particles, 

which can happen. One early column of waterlogged archaeological wood that I made, which 

gave apparently good chromatograms, was found to contain only 0.1 grams of wood, but 

gave a value of pore volume of about 0.5 ml. The results were very repeatable, but in fact 

only represented the separation effect in the mobile phase between the wood particles.

Results for the other modem woods investigated are shown later, when the elution curves of 

EG, DG, sugars and dextrans are used as a reference curve to interpret the elution of PEGs 

from the columns. The results are all quite similar, and the estimated fibre saturation points 

are shown below, as a fimction of the green density of the wood, together with the UFW 

contents as measured previously.
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Figure 49. Fibre saturation points of modern wood samples

It is obvious that the FSP values found by inverse chromatography are higher than the UFW 

contents. This is in agreement with the results o f others who have found that non-solvent 

water determinations gave higher values than traditional methods such as shrinkage 

intersection points. There is no correlation with density, contrary to the results o f  Feist and 

Tarkow 1967 and Vorreiter 1963. The results shown above are tabulated below.
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Table 7. FSP of modern wood samples by DSC and inverse chromatography

Wood species Specific gravity, green volume UFW, g /g NSW, g /g

Ochroma lagopus .11 0.314 0.43

Corylus avellana 0.35 n/a 0.49

Alnus glutinosa 0.37 0.344 0.46

Picea sitchensis 0.38 n/a 0.51

Betula pendula 0.52 0.343 n/a

Quercus robur 0.60 0.280 0.52

4.72 Fibre saturation points of archaeological wood

The same methods were used to attempt to measure the fibre saturation points of 

waterlogged archaeological wood samples, except the wood was not extracted other than by 

washing with cold water as it was chopped up in a food processor. Great difiBculty was 

experienced in packing the columns. The high flow rates used to pack columns of modem 

wood resulted in blocking of the gel bed, probably as the result of compaction of the more 

plasticised wood particles. As a result, the columns were not as efiScient, and it was even
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more difficult to define the exclusion limit.
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Figure 50. Normalised chromatograms from column PSAl

Figure 50 shows some typical chromatograms. The peaks do not move along the elution time 

axis, although the peak crests show displacement. This could be mainly the result o f 

asymmetry. The peaks are in any case very broad, and the column efficiency correspondingly 

low. When the results are plotted as peak crest as a function o f molecular weight, a typical 

elution curve results, but with a very poorly defined exclusion limit. I have therefore not 

estimated any fibre saturation points for the waterlogged archaeological wood samples, 

which is rather unfortunate. Better methods o f processing the wood and packing the columns
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are needed. I had thought that gaining a lot o f experience in packing columns o f  modern 

wood would enable columns o f waterlogged archaeological samples to be packed relatively 

easily - this proved not to be the case. However, the columns are not completely useless, as 

we shall see. Plotting the peak crests against molecular weight gives a fairly normal elution 

curve, although poorly defined at the exclusion limit.
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Figure 51. Elution of sugars and dextrans from column PSAl

From the weight o f wood in the column, it seems likely that the fibre saturation point is 

indeed higher, but the uncertainty about the exclusion limit makes any such estimate very 

dubious. Similar results are found for other archaeological wood columns. These will be 

shown later, in the section on elution o f  PEGs.
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4.73 Elution of polyethylene glycols

In some initial experiments, columns were dry-packed, which led to a problem with air in the 

columns. A simple solution was found: the columns were washed with a non-ionic detergent. 

This resulted in a stream o f air bubbles being released from the column. It also produced 

straightforward elution curves for the polyethylene glycols, which were the only probe 

molecules being used at that time. However, later columns were not treated in this way, and 

the elution o f  PEGs was found not to be so simple.
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Figure 52. Elution of PEGs, sugars and dextrans from column WF4

The elution o f  the PEGs, in the absence o f  treatment with the non-ionic detergent, Lissapol
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N, falls close to the elution curve for sugars and dextrans in the low molecular weight range, 

but at high molecular weights, above MWt 1000, the elution volumes diverge. The PEG 

peaks also become broader, and above a molecular weight of about 8000 become too broad 

and low to be measured. After treatment of the column with the non-ionic detergent, the 

elution of PEGs falls onto the same curve as the dextrans and sugars over the whole 

molecular weight range. As suggested by Gorbunov, Solov'eva et al. 1986, this is probably 

due to hydrophobic interaction of the PEGs with the wood. Since it is not found with pure 

cellulose, as in cotton, it is probably with some other wood constituent, most likely the lignin.

It seems therefore that the PEGs, above a certain weight, are being adsorbed onto the wood. 

As the elution volumes fall below the elution volume of the solvent, however, some size 

exclusion must also be occurring, presumably in the amorphous fraction of the cellulose. This 

makes it very difficult to measure partition coefficients, as does the broadness and asymmetry 

of the PEG peaks: the elution volumes shown above are the peak crests, but the peaks are 

quite distorted.

This particular column was made from the commercial wood flour. What would be the results 

with particular species of wood? Is this adsorption of PEGs a general phenomenon, or does 

the effect vary between wood species? If it is due to adsorption to the lignin, what will 

happen when most of the cellulose is removed, as it tends to be in deteriorated wood?
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Figure 53. Elution of PEGs, sugars and dextrans from balsa column OL3

The elution o f PEGs relative to the elution curve o f sugars and dextrans for a column made 

o f  balsa {Ochroma lagopus) is shown in Figure 53. The adsorption o f  PEGS starts at a low 

molecular weight, about PEG 194, and the peaks become too broad to be discernible above a 

molecular weight o f  1000. The sugars and dextrans are eluted in size exclusion mode as 

normal. The columns illustrated here are the best for each wood species; however, the 

adsorption behaviour o f the PEGs has been observed in several columns o f  each wood 

species, and the effects are quite repeatable, and consistent for each species.

Figure 54 shows the elution o f PEGs, sugars and dextrans from a column o f Corylus 

avellana, column CAM2.
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Figure 54. Elution of PEGs, sugars, dextrans and alcohols from column 

CAM2

Once again, elution o f  the PEGs exhibits adsorption, although it is not as strong as for the 

alcohols. The adsorption starts at about the same molecular weight as in the balsa column, 

and the peaks become too broad to measure at about the same molecular weight as was 

found there. Balsa and hazel are both hardwoods, and the adsorption o f PEGs follows similar 

patterns in the two woods. Is this common to all hardwoods? Softwoods and hardwoods 

have different lignin compositions, and this may affect the elution behaviour o f  the PEGs. The 

elution behaviour o f  PEGs on modern oak discounts this hypothesis, as the PEGs show a 

similar pattern to that found in column WF4, and also in columns made from Pinus sylvestris 

and Picea sitchensis^ which will be seen later.
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Figure 55. Elution of sugars, dextrans and PEGs from oak, column QRM3

In the columns made from waterlogged archaeological wood, PEGs have always been found 

to be adsorbed. The woods examined have been Quercus spp., Corylus avellana, Betula 

spp., Alnus spp., and Pinus sylvestris, generally several columns o f  each wood. Although 

these columns were not efficient enough for fibre saturation point estimates to be made, they 

clearly show the différence between size exclusion o f  the sugars and dextrans, and the 

adsorption behaviour o f the PEGs. The results are illustrated with two columns in the next 

two figures.
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Figure 56. Elution from column of archaeological oak
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Figure 57. Elution from archaeological pine column
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The data in figure 56 can be used to put limits on the fibre saturation point of the 

archaeological oak. Assuming that the exclusion limit has not changed fi’om that of modem 

oak (as shown in the upper fitted curve) the pore volume would be estimated at 2.1 ml, and 

the fibre saturation point would be about 0.64 g water / g wood, using the lower fitted curve 

would give a pore volume of about 3.2 ml, and a fibre saturation point of 0.97 g water / g 

wood. Both of these are reasonable, considering that the inverse chromatography method 

gives higher results than the UFW content method. For the pine sample, the fibre saturation 

points would be 0.91 or 1.18 g water / g wood. These values are significantly higher than for 

columns of modem wood, but they should be treated with caution because of the poor quality 

of the columns.

Both columns show that PEGs are adsorbed, and the adsorption increases rapidly from 

molecular weight 194 upwards. Similar results were found in all other waterlogged 

archaeological samples examined. Because of the uncertainty regarding the pore volume, it is 

not possible to calculate the partition coefficients, but, by inspection, they range from about 1 

to 2 for PEGs of molecular weight 194 to 1000.

These are of course the dilute solution partition coefficients, and they would be expected to 

change as the concentration was increased. This has not been investigated in this study, 

although attempts were made to measure the effects of concentration by frontal analysis, 

using increasing concentration of PEG 400 up to 20%. Unfortunately, this was done in a 

column which had been subject to treatment with Lissapol N. The PEGs were eluted in size 

exclusion mode, and the results are therefore irrelevant. Nevertheless, it was shown that the
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method could be made to work, and provide a means o f measuring the effects o f 

concentration.

4.74 Effect of temperature

The fibre saturation point o f  wood was found to vary with temperature by Stamm (Stamm, 

1964a), by about 0.1% per 10 degrees C. Water-saturated wood also shrinks and then swells 

as the temperature increases, as shown by Salmen (Salmen 1990 b). These effects are slight, 

but it was o f  interest to see whether or not they could be observed in the elution curves o f 

sugars and dextrans from columns o f  wood.
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Figure 58. Effect of temperature on elution of sugars, dextrans and PEGs
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As shown above, despite very careful measurement o f  the flow rate, no discernible effect o f 

increase in temperature on the elution curve for sugars and dextrans could measured by this 

technique. This is probably the result o f its inherent inaccuracy. However, there is a 

discernible effect on the elution o f PEGs. At the higher temperature, the adsorption is 

increased. This is a sign o f  hydrophobic interaction (Gorbunov, Solov'eva et al. 1986), as 

normally adsorption should increase with decrease in temperature (Guttman, Di Marzio et al. 

1996), as the molecules lose energy. The results above are for a modem wood in which the 

PEG adsorption was already quite strong, f  he effect o f temperature on the elution o f PEGs 

from woods such as oak and pine, where the adsorption is not so strong was investigated in a 

similar fashion.
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Figure 59. Effect of increasing temperature on elution from modern oak

The fitted curve in the above diagram shows the elution curve for EG, DG, sugars and
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dextrans at 30° C. The temperature was increased to 80 degrees allowing several hours at 

each temperature. The results indicate that there is little change in the elution o f PEGs until 

the temperature reaches 65° C. This might suggest that the change is due to an alteration in 

the wood, rather than a change in the solution properties o f  the PEGs. To test this, the 

temperature was reduced, and the elution volumes measured as the temperature was lowered. 

If  the change was due to a alteration in the solution properties o f  the PEGs, then the elution 

volumes should return to their previous values immediately.
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Figure 60. Effect of lowering temperature

The results indicate that the elution volumes did not return their original values, which 

indicates a change in the wood.
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This might be the result o f the glass transition o f lignin, which for water-saturated wood 

occurs at about 65° C, according to Salmen 1984.

Similar results were found for other woods showing the same slight adsorption o f PEGs as 

oak, for example Pinus sylvestris.
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Figure 61. Effect of temperature on elution from pine

Quite why the different woods should exhibit different behaviour with regards to PEGs is a 

mystery. It could possibly be related to wood density, pH, or composition. However, for all 

the waterlogged archaeological woods examined, the PEGs always appear to be adsorbed in 

much the same way.
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4.75 Effect of salts and pH

One aim of the project was to examine how the interactions of water-soluble compounds was 

affected by salts and pH, since these are common variables in materials from different sites. 

Attempts to measure changes in elution curves at different pH were hampered by dififîculties 

in finding a buffer that covered a suitable range of pH. Also, there are theoretical difficulties 

in determining what concentration of buffer is required to affect a particular change of pH 

inside the pore volume, as well as in the external solution, as these are known to differ 

(Scallan 1990). No change in elution volume was found for any of the buffers or pH values 

tested, but the concentrations used were low.

To enable future work in this area, the elution of simple salts from columns of Picea 

sitchensis was studied. Salts have a bulking effect on the cell wall of wood, but the method is 

not used as the salts tend to cause corrosion, and are not very effective. Injection of dilute 

salt samples gives very sharp peaks on these wood columns. While the elution volumes of 

dextrans and sugars are not affected by increases in the concentration of the injected sample 

in the range 5-40 mg / ml, or rather no change can be detected with these columns, the 

elution volumes of simple salts, on the other hand, are strongly affected by the concentration 

of the injected sample in the same range.

According to Stamm, (Stamm 1934), the bulking efficiency of salts depends on the degree to 

which they depress the relative vapour pressure and on their solubility in water. Stamm
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discounted the idea o f  Donnan effects in the interactions o f wood and salts as he considered 

the degree o f charge in wood to be too slight to have any appreciable effect on the 

distribution o f  charged ions between the pore and the external solution (Stamm 1964a). 

However, it is now reasonably well established that Donnan equilibrium effects do indeed 

affect the distribution o f  ionic species between the cell wall o f wood and an external solution 

(Cooper 1991a ; Cooper and Roy 1994); o f  cellulose (Scallan 1987) and o f pulp fibres 

(Towers and Scallan 1996), although the latter are more highly charged. Stamm found that 

the bulking effect o f salts followed the lyotropic series (Stamm 1934). The elution o f salts in 

the lyotropic series was therefore measured as a function o f  the coneentration o f the injected 

samples.
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Figure 62. Elution of potassium salts as a function of concentration
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The results o f Figure 62 should be compared with those o f Figure 41, which shows the 

elution o f EG, DG, sugars and dextrans on the same column. The elution o f  the salts covers 

the same volume as the pore volume found with sugars and dextrans, but also appears to 

include exclusion from the channels in between the wood particles. The elution o f the 

potassium salts does indeed correspond to the lyotropic series. As Stamm found, potassium 

thiocyanate is the best bulking agent, as it is able to access all the water in the wood cell wall. 

However, its effectiveness as a bulking agent (an ASE o f 50%) is limited by its solubility in 

water. The solvation o f ions, and indeed the lyotropic series are not well understood, but the 

water potential o f the salts are well known, as they are used to control RH over their 

saturated solutions.
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Figure 63. Elution of chloride salts as a function of concentration
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The elution of chloride salts is similar, but the accessible pore volume is limited by the 

chloride anion. It is noticeable that the divalent cations achieve the maximum accessible pore 

volume at lower concentrations than the monovalent cations. This is probably the result of 

more effective screening of the negative charges in the wood because of their higher charge 

density. The charge density of anions may also account for the variability seen in their ability 

to access the pore water.

The elution of salts provides a quick and easy means of measuring the accessibility of the 

salts to the water in the wood cell wall. Once calibrated against a column of a standard of 

known ionic charge, this could provide a relatively easy method of measuring the charge on 

any porous material. It would also be useful for measuring the penetration of wood- 

protecting salts into the wood cell wall, in the absence of compHcating, but of course real and 

important, factors such as the gross structure of the wood. From the point of view of the 

present work, it provides a means of assessing what concentrations of particular salts to use 

to produce given concentrations inside the cell wall. However, time has not allowed this to be 

followed up.
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4.76 Elution of other water-soluble compounds

The elution of other water-soluble compounds, particularly those used in conservation, is 

obviously of some interest. The elution of a variety of these has been examined, but because 

of the variety of columns on which these tests have been run, it is difficult to present the 

results. Sugars and sugar alcohols (mannitol, sorbitol) have been used widely in the 

conservation of waterlogged archaeological wood, and they elute, according to their 

molecular weight, exclusively in size exclusion mode. This accords well with their bulking 

efficiency, once their solubility is taken into account. Various other molecules have been 

tested. Pluracol 824, for example has been used to conserve wood/metal composite objects 

(Cook, Dietrich et al. 1984). Its bulking efficiency is similar to that of PEG 400. It is a 

melamine modified polypropylene glycol. This was found to be adsorbed relative to water in 

waterlogged archaeological oak columns. Polyalkylene glycols (PAGs) have been tested as 

bulking agents for waterlogged archaeological wood (Poumou, Moss et al. 1998): these are 

strongly adsorbed relative to water, more strongly adsorbed in waterlogged archaeological 

oak columns than PEG 200. The bulking efficiency of Breox 50W200, with a molecular 

weight of 200, was not as good as PEG 200, despite their similar molecular weights. This 

was said to be due to poor penetration of the polymer into the wood. While only a limited 

number of compounds have been tested in this way, in fixture inverse chromatography should 

prove a useful tool for investigating new molecules.
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4.77 Discussion

The variable nature of the interactions of PEGs and wood uncovered by the technique in this 

study was quite surprising, in particular the extent of adsorption relative to water. The results 

are contrary to those of Tarkow, Feist et al. 1966, although the modem woods in this study 

were extracted in a similar fashion by boiling in water. Tarkow et al used cross-sections of 

wood rather than wood flour, and it may be that the increased cut surface of cell walls 

exposed in the smaller particles increased the amount of adsorption (Tarkow and Southerland 

1964). However, I do not believe this to be the case because of the diflSculties I experienced 

in trying to repeat their work. Their work should be repeated, using cross-sections exposed 

to dextrans and to PEGs. Adsorption of PEGs from water onto wood has been reported 

recently (Yamaguchi, Ishimaru et al. 1999a), and was found to increase with temperature. 

This is in accord with this study.

The reason for the adsorption, and its increase with temperature, could well be due to 

hydrophobic interaction. The solution properties of PEG have been investigated in numerous 

studies, but the most relevant is that of Eagland (Eagland, Crowther et al. 1993), who 

measured the partial base molal volume and heat of dilution of PEG as a function of 

molecular weight. In the range of molecular weights investigated, which is similar to the 

range used in conservation, and used in this study, the solution properties of PEG change
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quite dramatically. In fact, his results bear a striking resemblance to the elution curves for 

PEG from wood, which even appear to reproduce the anomalies he observed. Eagland 

concluded that for PEGs of low molecular weight, ie 200 to 4000, hydrophobic interaction 

controls the solution behaviour of the PEGs, but that higher polymers adopt a helical 

conformation, as has been suggested by others (Graham, Zulfiqar et al. 1989). Hydrophobic 

interaction increases with temperature, as does the adsorption of PEG to wood.

However, it is also apparent that some change occurs in the wood as the temperature is 

raised, and this occurs at about 65® C. It has been found that the wood surface energy 

changes at about the same temperature, as found by dynamic contact angle wetting studies 

(GunneUs, Gardner et al. 1994). This was found to be a hydrophobic transition, caused by the 

migration of non-polar groups or non-polar extractives to the wood surface, and occurred at 

the same temperature as the lignin glass transition. As this study has shown, the resulting 

change in the wood continues for some time after cooling it to room temperature, which 

would suggest that it is caused by slow molecular rearrangements, rather than deposition of 

extractives. Other studies have shown similar effects of temperature with other PEG-polymer 

interactions (Gorbunov, Solov'eva a/. 1986).

More recently, the sorption of aromatic hydrocarbons to wood has been investigated 

(Mackay and Gschwend 2000). The authors point out that the sorption of organic
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compounds to wood can be understood in terms of the isolated wood components, cellulose, 

lignin, and hemicellulose. These differ in their hydrophobicity, and this is reflected in their 

cohesive energy densities, which are stated to be 14.5 - 16.5 cal/cm  ̂for cellulose and 10-12 

cal/cm^ for lignin. The sorption of hydrophobic compounds to wood may be described by 

wood-water partition coefiScients which are in fact the result of partitioning only to the lignin, 

and depend on the lignin content of the wood. It seems very likely that this is the case with 

PEG and wood, and in particular waterlogged archaeological wood, where the adsorption of 

PEG is stronger than it is with undegraded wood.

The question that this raises is: is adsorption a good thing fi*om the point of view of 

conservation? For a homogenous material it might be, but if, like wood, there is a possibility 

of competition between phases for the bulking agent, that might reduce the effectiveness of 

the bulking agent. It seems possible that strong adsorption might also reduce the rate of 

penetration of the bulking agent by diffusion through water-saturated wood. It certainly 

results in retarded elution under conditions of flow in chromatography. The rates of difRision 

of the n-alcohols in water and in water-saturated wood have been measured (Fukuyama and 

Urakami 1982). Methanol, which it has been shown m this study is only slightly preferentially 

adsorbed relative to water in wood, was shown to diffuse easily in both the longitudinal and 

tangential directions in wood. The higher alcohols, ethanol, propanol and butanol, showed 

hindered diffusion in wood compared to in water. This may have been merely the result of 

their increased molecular weight, but this seems unlikely.
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Dean (Dean 1993) studied the difîusion of PEGs and polyoxyethylene polyoxypropylene 

glycols (Breox 50WPAGs) in waterlogged archaeological wood. The difhision rates were 

measured as a function of molecular weight, and it was found that, although the difihision 

rates decreased with increased molecular weight in water, this effect was much greater in 

water-saturated wood, and particularly pronounced in the tangential direction. Dean 

concluded that the hindered difdision was caused by structural blocking of the difhision path. 

This requires further investigation: it could be caused by adsorption. Non-ionic detergents 

block adsorption of PEGs in modem wood; however, I have not investigated this in 

archaeological samples. It would be interesting to test the diflRision coefficients of PEGs in 

the presence and absence of non-ionic detergents.

The mechanism of size exclusion, which applies to all the sugars, dextrans, and sugar alcohols 

examined in this study, is still a matter of interest in the literature (White and Deen 2000).

The columns studied here are unlikely to shed any light on the theory, as they are too 

inefficient. It must be emphasised that the partition coefficients measured here are the dilute 

solution partition coefficients. It is known that there are concentration effects on these 

(Brannon and Anderson 1982), and these could and should be measured by frontal analysis.
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4.78 Conclusions

The inverse chromatography results for modem wood confirm the results found by DSC for 

the lack of variation with density of the water content of the wood cell wall. Sugars, 

dextrans, sugar alcohols are all subject to size exclusion fi"om the pore volume of wood. 

PEGs on the other hand, tend to show adsorption: this effect varies fi*om species to species 

for modem wood samples. In waterlogged archaeological wood samples, only relatively 

strong adsorption of PEGs has been observed. Salts are excluded fi’om the pore volume of 

wood in relation to their position in the lyotropic series, and dependent on their 

concentration.
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CHAPTER 5 SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FUTURE 

WORK

5.1 Summary and conclusions

The purpose of this section is to pull together the various strands of the work described. The 

use of DSC to measure the UFW of modem and waterlogged archaeological woods 

suggested that there was no variation in the fibre saturation point of modem wood samples 

with wood density. This was confirmed by inverse chromatography, using sugars, dextrans, 

ethylene glycol and diethylene glycol as probe molecules. For waterlogged archaeological 

wood, DSC found higher fibre saturation points than for modem wood species, and the 

reasons why this might be so have been discussed. It was not possible to confirm this with 

inverse chromatography because of the difficulty experienced in packing columns with 

waterlogged degraded wood. The precision of the method is not high, but could be improved 

by using longer columns, and better packing. The major limitation is the small pore volume of 

the wood, which limits resolution. The elution of strongly adsorbed species cannot be 

observed in isocratic elution, as the peaks become too broad and cannot be distinguished.

The elution of PEGs fi*om modem woods showed a range of elution behaviours, fi’om slight 

adsorption for molecular weights of 1000 and above, to adsorption beginning at a molecular 

weight of 194. This was thought to be caused by adsorption on the lignin content of the 

wood, and the result of hydrophobic interaction. The adsorption increased as the temperature 

was raised, which again could be the result of hydrophobic interaction, or the result of the
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glass transition temperature of the lignin being reached. It seems at least possible that the 

reduced diffiision coefficients of PEGs and similar molecules in wood are caused by this 

adsorption: this requires further investigation.

The elution of salts was found to be very concentration dependent, and was interpreted as 

being the result of a Donnan equilibrium, caused by the weak charge of the wood polymers 

interacting with the salt ions. This effect should also apply to ionic polymers.

The variation in fibre saturation point of oak of different degrees of degradation was 

measured by DSC. A simple model suggested that the observed variation would require 

different solution concentrations of PEG or other bulking agent to achieve adequate cell wall 

bulking for degraded outer shell of oak, and the sound inner core. However, the difficulties 

found in packing columns of waterlogged archaeological wood meant that it was not possible 

to measure partition coefficients of PEGs in these woods, and the simple model was not 

taken any further. In any case, the partition coefficients that would have been measured 

would have been only the dilute solution partition coefficients. Higher concentrations would 

need to be studied to complete the investigation. This was not achieved, as a great deal of 

time was required to unravel the unexpected complexities of the elution behaviour of PEGs 

fi*om the various wood samples.

5.2 Suggestions for future work

The methods used here could, and I believe, should be applied to other waterlogged organic 

materials, such as horn and leather. There is a vast literature on the properties and
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degradation of wood, and on wood conservation, but little fundamental work has been 

carried out on other waterlogged archaeological materials.

The present work should be developed. New methods of packing, and longer columns, would 

give more precise results for the inverse chromatography. The effect of concentration on the 

elution of size excluded and adsorbed molecules should be investigated by frontal analysis. 

The relationship between adsorption and diflhision should be studied. The fibre saturation 

points found by inverse chromatography should be confirmed by non-solvent water 

determinations using dextrans as probe molecules. Finally, a model should be developed to 

predict the anti-shrink efficiency of bulking agents from the results obtained, and tested 

against bulking experiments.
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