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Abstract
Moisture content control is a very effective way of protecting timber. Treatments with environmentfriendly, biodegradable tall oil are known to reduce the capillary water uptake of pine sapwood
greatly, but despite the good results achieved there have been two problems that limit the use of tall
oil for wood protection, the large amount of oil needed and the tendency for the oil to exude from the
wood. This work was undertaken in order to obtain an understanding of the mechanism of wood
protection by means of crude tall oil (CTO) and to find technical solutions to the main problems
limiting its use for industrial wood protection.
It is shown that the emulsion technique is one way of solving the first problem, as it provides high
water-repellent efficiency at considerably lower oil retention levels. The fact that water is used as a
thinner in this technique instead of the commonly used organic solvents is beneficial from
environmental, economic and safety points of view.
It is also shown that although the drying properties of CTO are inadequate for use as such in wood
preservation, its oxidation and polymerization can be accelerated considerably by means of iron
catalysts, which prevent the oil from exuding out of the wood. This also increases the water repellent
efficiency of CTO treatment.
Most impregnation oils do not dry when applied in large quantities, because they hinder the
diffusion of air through the wood, which supplies the necessary oxygen. Limiting of the oil uptake by
the means of the emulsion technique disturbs the airflow to a lesser extent, and thus enhances the
drying process. Hence, both the emulsion technique and the use of an iron catalyst improve both the
water-repellent efficiency of tall oil treatment and the rate of drying of the oil, thus solving the two
main problems related to wood impregnation with tall oil in one single-stage treatment which can be
used in existing wood preservation plants. This is advantageous from both an industrial and an
economic point of view.

Keywords: crude tall oil, emulsions, environment, moisture content control, wood
protection

“And God said unto Noah, …
Make thee an ark of gopher wood; rooms shalt thou
make in the ark, and shalt pitch it within and without
with pitch.”
(Gen. 6:13-14)

Dedicated to my baby daughter Maija

6

Acknowledgements
The research work reported here was carried out at the Fibre and Particle
Engineering Laboratory in the Department of Process and Environmental
Engineering, University of Oulu, during the years 2001-2007.
First of all, I would like to express my gratitude to my supervisor, Professor
Jouko Niinimäki, for his encouragement and guidance during this work and for
the opportunity to work in his group. I also wish especially to thank my coauthors Petteri Piltonen, M.Sc. (Sci.), and Mikko Nelo, M.Sc. (Sci.), for their
teamwork, encouragement and assistance. I know I’m not the easiest person to
work with, but you survived. I also thank my co-authors at the Department of
Chemistry, and similarly Mr. Jani Österlund for his help with the experimental
work.
I am most grateful to the reviewers of this thesis, Hannu Boren, research
director at the Kymenlaakso University of Applied Sciences, and Associate
Professor Nasko Terziev of the Swedish University of Agricultural Sciences, for
their comments, and Mr. Malcolm Hicks for revising the English language of the
manuscript.
Thanks are extended to all my colleagues and friends in the Fibre and Particle
Engineering Laboratory for the pleasant and amusing working atmosphere.
People are always the best part of a workplace. Special thanks go to all the “girls”
who worked in the laboratory during these years for nice chats and possibilities
for opening out and even gossiping a little.
The research project was financed for the most part by the Academy of
Finland (research programme on Sustainable Use of Natural Resources,
SUNARE) and the Finnish Graduate School in Environmental Science and
Technology (EnSTe), for which I am most grateful. I also appreciate the award of
personal grants from the Ahlström Foundation, the Tauno Tönning Foundation
and the TES Foundation.
Finally, I wish to express my warmest thanks to my family and friends, who
have instructed me (sometimes far too much), encouraged me and supported me
during the time I have been working on this thesis.
Oulu, 8 January 2008

Anna Koski

7

8

List of original papers
This thesis is a summary of the work published in the following papers, which are
referred to in the text by the following Roman numerals:
I

Hyvönen A*, Piltonen P & Niinimäki J (2005) Biodegradable substances in wood
protection. In: Jalkanen A & Nygren P (eds) Sustainable use of renewable natural
resources – from principles to practices. University of Helsinki, Department of Forest
Ecology Publications 34: 209-221.
II Hyvönen A*, Piltonen P & Niinimäki J (2006) Tall oil/water - emulsions as water
repellents for Scots pine sapwood. Holz als Roh- und Werkstoff 64(1): 68-73.
III Hyvönen A*, Nelo M, Piltonen P, Hormi O & Niinimäki J (2007) Using iron catalyst
to enhance the drying properties of crude tall oil-based wood preservative. Holz als
Roh- und Werkstoff 65(2): 105-111.
IV Hyvönen A*, Piltonen P, Nelo M & Niinimäki J (2005) Wood protection of tomorrow
– potential of modified crude tall oil formulations in wood protection. In: Meriläinen
P, Sivula L & Oikari A (eds) Science for Sustainability. Proceedings of the Seventh
Finnish Conference of Environmental Sciences, May 12-13, 2005, Jyväskylä. Finnish
Society for Environmental Sciences. University of Jyväskylä: 35-38.
V Hyvönen A*, Nelo M, Piltonen P & Niinimäki J (2007) Using the emulsion technique
and an iron catalyst to enhance the wood protection properties of tall oil. Holz als
Roh- und Werkstoff 65(3): 247-249.
VI Vähäoja P, Piltonen P, Hyvönen A*, Niinimäki J, Jalonen J & Kuokkanen T (2005)
Biodegradability studies of certain wood preservatives in groundwater as determined
by the respirometric bod oxitop method. Water, Air & Soil Pollution 165(1-4): 313324.
*Anna Koski née Hyvönen

The present author was the primary author of Papers I-V, and a co-author of Paper
VI.
The first publication, Paper I, provides a review of wood protection with
biodegradable substances, emphasizing the important role of water in wood
deterioration and methods for protecting wood from moisture variations. The
paper was written by the present author and modified in co-operation with the coauthors.
Paper II describes the designing and performing of the experiments together
with the second author. The results were analysed and reported by the present
author.

9

The designing and experimental work related to Paper III was carried out by
the first two authors, and the reporting and analysis of the results and the writing
of the paper were the work of the present author.
Paper IV describes the designing and performing of the laboratory
experiments together with the second author, and again the results were analysed
and reported by the present author.
The experiments reported in Paper V were designed and carried out by the
present author together with the second and third authors. The present author was
responsible for the analyses and reporting.
In Paper VI the present author participated in designing the experiments and
reporting on them.

10

Contents
Abstract
Acknowledgements
7
List of original papers
9
Contents
11
1 Introduction
13
1.1 Background ............................................................................................. 13
1.2 The research challenge............................................................................ 16
1.3 Initial assumptions .................................................................................. 16
1.4 The aims and hypotheses ........................................................................ 18
1.5 Research environment and methodology ................................................ 18
1.6 Results..................................................................................................... 20
1.7 Outline of the thesis ................................................................................ 20
2 Prevention of wood deterioration
23
2.1 Purpose.................................................................................................... 23
2.2 History of wood protection ..................................................................... 25
2.2.1 Stories of the Great Flood............................................................. 25
2.2.2 Development of wood technology 2000 BC – 1750 AD .............. 26
2.2.3 The Industrial Revolution............................................................. 28
2.2.4 The development of wood preservatives ...................................... 29
2.2.5 Development of treatment processes............................................ 31
2.3 Principles of wood preservation.............................................................. 34
3 Treatments to reduce wood/water interactions
37
3.1 Wood/water interaction ........................................................................... 37
3.1.1 General ......................................................................................... 37
3.1.2 Contact angle................................................................................ 40
3.1.3 Capillary pressure and the Kelvin equation.................................. 40
3.1.4 Wood moisture content and decaying fungi ................................. 42
3.2 Treatment methods.................................................................................. 43
3.2.1 Surface coatings ........................................................................... 47
3.2.2 Dimensional stabilizers ................................................................ 47
3.2.3 Water repellents ............................................................................ 50
3.2.4 Environment-friendly, biodegradable water repellents................. 52
4 Crude tall oil for wood protection
55
4.1 General.................................................................................................... 55
4.1.1 Sources, production and utilization of crude tall oil..................... 55
11

4.1.2 Chemical composition and characterization of crude tall
oil.................................................................................................. 57
4.2 Tall oil as a wood protection agent.......................................................... 59
4.2.1 Wood extractives and natural durability ....................................... 59
4.2.2 Effect of tall oil on the biological durability of wood .................. 60
4.2.3 Effect of tall oil on water repellency ............................................ 61
4.3 Problems related to the use of tall oil for wood protection ..................... 62
4.4 Development of a wood protection process using tall oil ....................... 62
4.4.1 Reducing the amount of oil needed .............................................. 62
4.4.2 Enhancing the drying properties of crude tall oil ......................... 65
4.4.3 Enhancing the wood protection properties of tall oil.................... 67
4.4.4 Biodegradability of tall oil-based wood preservatives ................. 75
4.4.5 Practical applications.................................................................... 76
4.5 Considerations concerning tall oil for wood protection .......................... 77
5 Summary
81
6 Recommendations for future work
85
References
87
Original papers
99

12

1

Introduction

1.1

Background

Timber is a sustainable, economical, completely renewable, CO2-neutral organic
material which requires less energy to process than other construction materials. It
is also a strong, aesthetically pleasing and highly durable material when properly
maintained and used. But under certain conditions of exposure or use – and
particularly when it becomes wet - it can decompose rapidly due to organic decay
brought about by fungal micro-organisms in the presence of adequate moisture
and air for an extended period of time (Sell & Leukens 1971) or to various effects
of combinations of light, water, mechanical forces and heat, subsumed under the
blanket term weathering (Anon. 1975). The deterioration of wood is thus caused
by a combination of biological, chemical and physical processes, with water
playing an important role in every case. The decay and discoloration caused by
fungi, and to a lesser extent by bacteria, are a major source of loss in both timber
production and the various uses of wood. To ensure a long, useful and safe life in
certain end-use situations, timber needs protection from the hazards of fungal
decay and weathering.
The classical concept of wood preservation is based on the principle of
toxicity, i.e. impregnation with biocides (containing creosote, arsenic, zinc,
copper, chromium, etc.) to prevent biological degradation. For environmental
reasons, however, both traditional wood preservation and the use of natural
tropical hardwood species are nowadays subject to political and consumer
constraints. The European directive on the use of biocides places restrictions on
the quantities of active substances, above all arsenic, that can be used in wood
preservation, and their fields of application (EU 2003). Apart from the risks
involved in using such materials, there is increasing concern over the problems
entailed in disposing of the timber at the end of its commercial lifetime.
Furthermore, wood treated with common preservatives is classified in Finland as
hazardous waste (Ministry of the Environment 2001). These considerations have
encouraged researchers and the wood protection industry to look for new
alternatives.
Wood is an important resource for Europe, especially for the Nordic countries
and Austria, where the forest cover has been expanding every year, and it has
significant potential as a resource for the European bio-economy. Wood products
13

are familiar to consumers and represent a sustainable life-cycle, but this also
means that systems enhancing the durability of wood should be sustainable in
terms of both their production and use. In addition to this, the treated wood
products should at the end of their life be suitable for use as secondary fibre
sources by related industries or for energy production by combustion or
composting without involving any problems of residual chemicals arising from
their treatment. The increased environmental awareness in recent years and the
consequent spread of policies favouring the use of renewable resources and
environment-friendly chemicals have led to an increased interest in “nonbiocidal”, more environment-friendly methods of wood protection, even the use
of biodegradable substances. There is a growing need to develop technologically
and economically reasonable solutions to this problem.
Wood extractives are known to be the principal source of natural decay
resistance in wood (Scheffer & Cowling 1966), acting as natural wood
preservatives, as it were, and the use of tall oil as a protective agent has been
deemed promising because its precursors are extractives to be found especially in
coniferous trees. Similar substances such as conifer pitch and tar have been used
through the ages in shipbuilding, for instance. Tar production is known to have
existed in Finland since before the 16th century, and tar became the most
important export product for the Oulu region at one stage.

14

Fig. 1. A tar boat coming to the Koivukoski lock in Kajaani (Published by permission of
the National Board of Antiquities).

The use of local timber species with enhanced qualities achieved by means of
natural, domestically produced chemicals would be the ultimate solution to the
need for environmentally friendly, protected wood products. Both crude tall oil
and pine timber are produced a large quantities in Finland, although admittedly
crude tall oil is of little use in its raw state at present and requires further
distilling. By combining these Finnish resources – high quality pine timber and
crude tall oil – it should be possible to create environment-friendly,
biodegradable, durable and safe water-repellent wood products.
Our knowledge of wood preservation with tall oil is rather sparse, however,
and more research is still needed. Before any real interest can be shown in the use
of this substance for industrial wood protection, the problems limiting its use have
to be solved.
This work was undertaken in order to improve the possibilities for exploiting
crude tall oil for industrial wood protection. The aims were to obtain an
understanding of the wood protection mechanism involved and to find technical
15

solutions to the main problems limiting the use of tall oil for industrial wood
protection.
1.2

The research challenge

Despite the good results achieved in wood protection with crude tall oil, there are
two problems that limit its use on an industrial scale, the large amount of oil
needed and the tendency for the oil to exude from the wood. The high retention
levels increase the weight of the wood and may make it impractical and
uneconomical to produce and use, while the tendency to exude from the wood
arises from the high amounts of oil especially in the surface layers of the wood
and because the lack of oxygen inside the wood prevents polymerization of the
tall oil, causing the unpolymerized oil to exude with time to form a pitch-like
surface. This restricts the applications of wood products treated with tall oil. It
would be advantageous from an industrial and economic point of view if both
these problems could be solved in a one single-stage treatment.
The most important driving forces behind this research and the reasons for
undertaking it may be summed up as follows:
1.
2.
3.
4.

1.3

There is a need and demand for an environment-friendly wood protection
method because of the banning of classical wood preservatives.
There is a need to develop technologies in which renewable materials are
used rather than non-renewables, thus promoting sustainable development.
There is a need to increase our knowledge of the use of tall oil for wood
preservation.
There is a lack of technical solutions to the main problems related to wood
protection with tall oil from an industrial and economic point of view.

Initial assumptions

Once the problems to be considered had been identified, the next step was to
focus the research appropriately. For practical purposes, this was done by making
certain choices and assumptions beforehand. All the assumptions were
nevertheless grounded in existing knowledge and common-sense demands that
selected phenomena and processes should be implemented in mill-scale trials as
well. The assumptions and their justifications were as follows:

16

1.

2.

3.

4.

5.

In spite of the fact that there might be better alternatives among the natural
oils for use as a wood protective agent, crude tall oil (CTO) was chosen for
investigation here. Although about 2 million t of CTO is refined per year
globally (Gullichsen & Lindeberg 1999), there is little use for it in its raw
state today, so that it is distilled to tall oil fatty acids, tall oil rosin, tall oil
heads and tall oil pitch. In their evaluation of the water-repellent properties of
various oils, resins and waxes, Borgin and Corbett (1970a,b,c) found that no
single component can meet all the requirements for a top-quality water
repellent and concluded that the surface coatings or impregnants used for the
treatment of wood must therefore be made from a blend of oils, resins and
waxes. Unlike other natural oils, CTO already contains all the components
needed for a good water repellent: oils, resins and waxes.
Scots pine sapwood was used in the experiments, as Finland has vast reserves
of high-quality wood of this species. In addition, Scots pine is the only
species that is impregnated in Finland, since spruce is very hard to
impregnate and birch is less durable than pine even when impregnated.
Emphasis was to be placed on the simplicity and low cost of the treatment. It
would be beneficial for the technical solutions to the main problems to be
realizable in a single stage, cheap and suitable for use with the existing
processes and equipment. Extra heating or expensive chemicals should be
avoided.
Sustainability should be aimed at. The tall oil-based wood preservatives
should obey the rules of green chemistry and engineering if they are to be
sold as natural, environment-friendly products. The basic principle of green
chemistry is that no harmful chemicals should be either used or generated
when new products are designed, produced, used or discarded. Hence the raw
materials and possible by-products involved in the production of the tall oilbased wood preservative should be harmless to the environment.
It would not be possible to test wood all the properties of the treated wood
within this project, nor would it be necessary to do so. The contribution
should be focused on the main issues: the water-repellent efficiency of the
treatment and the drying properties of the oil.

17

1.4

The aims and hypotheses

The main hypothesis of the research reported here was as follows:
Crude tall oil (CTO) is an environmentally friendly, biodegradable substance
that can be used for wood protection. The problems related to its use for this
purpose can be solved in a technologically and economically reasonable manner
while obeying the basic rules of green chemistry and engineering.
The aim of this thesis was to solve the problems related to wood protection
with crude tall oil by testing the following sub-hypotheses:
1.
2.
3.

1.5

The emulsion technique is a potential method for reducing the high quantities
of oil required to protect wood from water uptake.
The oxidation rate of pure crude tall oil can be enhanced by means of iron
catalysts, to the extent that its exudation from the wood can be prevented.
It is possible to enhance the drying properties of the emulsion oil phase and
also maintain the high water-repellent efficiency, i.e. solve the two main
problems related to wood impregnation with tall oil in one single-stage
treatment.

Research environment and methodology

The experimental work was carried out in the form of laboratory tests at the
Department of Process and Environmental Engineering and the Department of
Chemistry, University of Oulu. The main step in this research was the design and
construction of the experimental pressure impregnation equipment (Fig. 2), in
which the most common wood impregnation processes used in industry could be
performed under controlled conditions in order to ensure relevant conclusions.

18

Fig. 2. The vacuum-pressure wood impregnation equipment.

There are various properties of the treated wood that could have been studied, but
in order to keep the research reasonable in size only the most important ones were
selected, mainly water-repellent efficiency and the drying behaviour of the oil.
The details of the sampling and measurement arrangements are presented in each
of the papers II-VI.
It is known, that both, wood and crude tall oil are a very heterogeneous
materials. This heterogeneity of the wood matrix and crude tall oil mainly
contributes to the chemical doses, reaction kinetics, energy efficiency of the
emulsion production and impregnation time. However, the variations are not
considered to have any significant influences on the main results of this thesis,
and the conclusions of the research are applicable also to the industrial scale
wood protection.

19

The general research methodology used here, which could apply irrespective
of the subject studied, was based on the following main steps:
1.
2.
3.
4.
5.
6.
7.

1.6

Identification of the problems,
Examination of the literature,
Selection of the background assumptions,
Statement of the hypothesis,
Testing of the hypothesis,
Discussion of the results,
Formulation of conclusions.

Results

The results of this doctoral thesis improve our understanding of wood protection
with crude tall oil and extend our possibilities for using this method without
encountering the problems that can arise from the high quantities of oil required
or its exudation from the wood. The results can also be applied to other semidrying oils. This work does not deal with all the problems related to this subject,
and the solutions presented here are not the only ones.
1.7

Outline of the thesis

The experimental part of this work was designed to find solutions to the main
problems limiting the use of tall oil for wood protection, as presented in Fig. 3.
Paper I summarizes our existing knowledge of environment-friendly methods of
wood protection and discusses the philosophy of the aim of wood protection
nowadays. Paper II presents one solution to the first main problem, the large
amount of oil needed. Paper III deals with the second problem, the tendency for
oil to exude from the wood, and suggests a solution. The possibilities for
combining the solutions presented in Papers II and III are examined in Papers IV
and V, and finally the question of biodegradability, a very important property
when developing environment-friendly wood protection methods or substances, is
studied in Paper VI.

20

Fig. 3. Schema for the research – issues to be addressed and their distribution among
the published papers.

The first chapter of this summary has described the research environment, the
problems to be investigated and the initial assumptions. The purpose, history and
main principles of wood preservation will be discussed in Chapter 2, while
Chapter 3 will concentrate on the important role of water in wood deterioration
and methods for protecting wood from moisture variations. Chapter 4 will focus
on the use of crude tall oil for wood protection, introducing the problems related
to its use and presenting alternative solutions to them. Other considerations
relevant to the use of tall oil in wood protection will also be discussed. Most
important findings will be summarized in Chapter 5, and recommendations for
future work will be put forward in Chapter 6.
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2

Prevention of wood deterioration

2.1

Purpose

Timber is a sustainable, economical, completely renewable, CO2-neutral organic
material which requires less energy to process than other construction materials. It
is also a strong, aesthetically pleasing and highly durable material when properly
maintained and used. But under certain conditions of exposure or use – and
particularly when it becomes wet - it can be decompose rapidly due to organic
decay or natural weathering agents.
Decay results from the action of fungal micro-organisms in the presence of
adequate moisture and air for an extended period of time (Sell & Leukens 1971).
The fungi that degrade wood may be classified as brown rot, white rot, soft rot,
stain or mould according to the type of degradation they cause (Bowyer et al.
2003). Decay fungi (brown rot and white rot) cause significant softening or
weakening of the wood, often to the point where its physical and mechanical
characteristics are completely destroyed. Soft rot fungi typically attack wood that
is very wet, and also weaken the wood and gradually degrade it from the surface
inwards. Staining fungi create a bluish or blackish colour and thus detract from its
appearance and value, but they do not have a serious effect on its strength or
physical integrity. Moulds occur only on exposed surfaces and may discolour
products in use, but do not affect their strength.
Weathering is a blanket term that covers the various effects of combinations
of light, water, mechanical forces and heat (Anon. 1975). The process occurs
through photo-oxidation of the surface catalyzed by the ultraviolet (UV) radiation
in sunlight, and it is increased by other processes such as washing by rain,
changes in temperature, changes in moisture content and abrasion by windblown
particles. The weathering of wood involves changes in colour, roughening and
checking of the surfaces, loss of surface fibres and warping. (Anon. 1975, Anon.
1999, Feist 1983)
Thus the deterioration of wood is caused by a combination of biological,
chemical and physical processes, with water playing an important role in every
case. The decay and discoloration caused by fungi, and to a lesser extent by
bacteria, are the major source of loss in both timber production and the various
uses of wood. To ensure a long, useful and safe life in certain end-use situations,
timber needs protection from the hazards of fungal decay and weathering.
23

Improved utility has been the purpose of wood protection since man first
supported wooden structures on stones to keep them dry or daubed wood with oil
of cedar to prevent its decay. Construction techniques that keep the wood dry still
remain the most important practice for preserving wood, while chemical or
modification treatments make its use possible under an increasing variety of
conditions. Preservatives make wood toxic to organisms that might use it for food
or shelter, while water repellents and dimensional stabilizers retard the moisture
changes that may take place in wood, fireproofing agents reduce the spread of
flames and prevent the wood from supporting its own combustion, while other
chemicals or treatments modify its characteristics for special applications. The
increasing interest in aesthetics has favoured treatments that enhance the natural
beauty of wood. All these treatments may be said to enable wood to compete
successfully with other materials on the commercial markets.
Wood preservation can greatly increase the serviceability of wood, although
we should not forget the philosophy regarding the durability of materials
expressed by Clark in 1868:
“Though sometimes, in ignorance, the perishable character of all
surrounding things may be lamented, yet on the other hand, it must not be
forgotten that perpetual destruction and perpetual renewal are in reality the
essential causes of all life, beauty and harmony.”
The degradable nature of wood, treated or untreated, may prove in the long run to
be its greatest asset (Graham 1973). Although it is a perishable material, this can
be seen as an advantage, in that it can be disposed of in the environment at the
end of its useful life (Hill 2006). Its molecular constituents are broken down by
natural processes and assimilated into nutrients. It is obviously not desirable,
however, that this should occur while the wood is still in use.
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2.2

History of wood protection

2.2.1 Stories of the Great Flood
“And God said unto Noah, …
Make thee an ark of gopher wood; rooms shalt thou make in the ark, and
shalt pitch it within and without with pitch.”
(Gen. 6:13-14)
“Some carried pitch, and some carried oil.
Some carried timber, and some carried nails.
Some cut wood, and some nailed wood.
Sixty lengths by sixty lengths the boat did grow.
Six decks below, six decks above, twelve decks in all.
I drafted plans, I showed where each board should go.
I showed where pitch must go.
Three times we pitched the outside in the seams.
Three times inside in the seams.”
“Pitch for the hull I poured into the kiln
and ordered three full volumes of oil
to start with and two times three more yet.
For what is security?”
(Translations of Gilgamesh, TABLET XI, Column II)
Perhaps the oldest records of wood preservation can be found in the stories of the
Great Flood sent by God, or the gods, to destroy civilization as an act of divine
retribution, a widespread theme in the world's cultures past and present. The
stories of Noah and his pitched ark in the Book of Genesis, and Utnapishtim’s
pitched ship in the Epic of Gilgamesh are among the most familiar versions of
these myths. The latter comes to us from Ancient Sumerian and was originally
written on 12 clay tablets in cuneiform script. It describes the adventures of the
historical King of Uruk (somewhere between 2750 and 2500 BC). The most
complete version of the epic was preserved on eleven clay tablets in the collection
of the Assyrian King Ashurbanipal, who lived in the 7th century BC. It is
considered to be the oldest recorded piece of literature (Fig. 4). (See Dundes
1988, Encyclopædia Britannica 2006, Wikipedia 2006.)
25

Fig. 4. The "Deluge Tablet" (Tablet 11) of the Epic of Gilgamesh in Akkadian
(© Trustees of the British Museum).

2.2.2 Development of wood technology 2000 BC – 1750 AD
The following early historical records of the development of wood technology
have been collected mostly by Robert D. Graham (1973), and also by Roger M.
Rowell (2006a, 2006b), Osmo Suolahti (1961) and Panu Kaila (2000).
In ancient Africa the natives would harden their wooden spears by placing a
straight, sharpened wooden stick on the glowing coals and then pounding the
burnt end with a rock, repeating this process many times until the end was sharp
and hard. It took thousands of years before it was understood that it was pyrolysis
of the hemicelluloses, producing furan resins, which, combined with carbon and
compression, resulted in this extremely hard composite (Rowell 2006a, 2006b).
The ancient Egyptians took advantage of the tremendous swelling pressure of
wood when using dry-to-wet wooden wedges to split giant granite boulders from
the side of a quarry for their obelisks (Rowell 2006a, 2006b).
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The Vikings burned the outside of their ships to make them water-resistant,
without knowing anything about hydrophobicity or the insulating properties of
charred wood (Rowell 2006a, 2006b).
In the eastern part of the Mediterranean around 2000 BC the first ploughs
were being used to cultivate the land, the potter’s wheel was coming into
widespread use, metallurgy was developing, writing and the early alphabets were
emerging, and sea trading was becoming well established. Wooden ships had
become the principal means of transportation and were to remain so for nearly
4000 years. The continued expansion of population and shipping around the
shores of the Mediterranean during the next thousand years inevitably led to a
scarcity of durable shipbuilding timber and a need emerged for the preservation of
non-durable species.
In the Nile Valley the early Egyptian belief in life after death led to the
erection of huge stone monuments and equally monumental efforts to preserve the
bodies of men and animals, and also wood, by daubing with natural oils.
The rise of Greece about 1000 BC was accompanied by the increasing use of
durable wood and the development of construction practises aimed at keeping the
wood dry, either by placing wooden pillars on stones, or by placing stones on top
of the pillars to shield them from rain.
By 72 AD the records of Pliny the Elder, an early Roman naturalist, show that
a basis for wood technology and preservation had been established. The
susceptibility of sapwood to rotting had been recognized, for instance, as had its
vulnerability to woodworm, the durability of cypress, cedar, ebony, lotus, box,
yew and juniper, which do not age or experience decay, and it had been observed
that trees under the water of the Red Sea could remain free of rot for 200 years
and that timber that was well smeared with cedar oil did not suffer from maggots
or decay. A Roman architect recorded use of the lees of oil to preserve timber
from all manner of worms, noted that pitch would defend it against water and
recounted that a wooden tower that had been thoroughly daubed with alum would
not catch fire when under siege.
There are also historical records of wood preservation on the other side of the
world. It is known that the Chinese treated timber with sea water or salt water
thousands of years ago in order to increase its durability (Suolahti 1961).
Marine borers were reported in 1560 to have caused damage to wooden piles
in the earthen dykes of Holland, and the damage was so extensive by 1700 as to
threaten the inundation of the country. 100 ships of the Spanish Armada were
destroyed by shipworm in the West Indies in 1590, and at one stage the Royal
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Navy in Great Britain was faced with a timber shortage that was aggravated by
external (marine borers) and internal decay (dry rot). The general introduction of
copper sheathing into the Navy during the American Revolution finally put an
end to the external threat, but dry rot remained unmastered to the end. Albion
(1926) noted that the timber problem was prominent among the causes of the
delays which furthered the progress of American independence. The interest in
wood preservation which had been stimulated by the frantic search for solutions
to timber problems during the 200 years for which national survival rested
heavily on the durability of wooden ships was stimulated further in the early
1800s and maintained for another 100 years by the search for suitable
preservatives for railway sleepers (Graham 1973).
The records of wood protection in Northern Europe include references to the
famous 17th century German chemist Glauber, who treated wood by carbonizing it
and then tarring it, and finally immersing it in wood acid. In the mid-18th century
it was noticed in Sweden that the logs in a copper mine had become free of decay
on account of their contact with a vitriol solution (Kaila 2000). Copper or iron
vitriol is still used as a additive/preservative in the traditional Swedish red paint.
2.2.3 The Industrial Revolution
A period of significant advances in the industrial processing of wood occurred
during the Industrial Revolution, the major technological, socioeconomic and
cultural change that began in Britain in the late 18th and early 19th century and
spread throughout the world. Among these advances was the construction of
railways, which created a need for sleepers for the tracks and points. In addition,
the development of telecommunications led to a need for telegraph poles. As
industrial technology advanced, wood was used more frequently in exterior
structural applications. Species of wood that did not possess inherent resistance
properties proved unsuitable for these purposes, however, due to biological attack,
creating a need for preservative treatments. Above all, the maintenance of the
huge, expanding railway systems led to the recognition of the need for more
durable sleepers (Freeman et al. 2003, Graham 1973).
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2.2.4 The development of wood preservatives
The earliest U.S. patent for a wood preservative was issued to Dr. Wm. Crook in
1716 for “…Oyle or Spirit of Tarr…” Mercuric chloride and copper sulphate were
also first recommended during the 18th century, while zinc chloride was proposed
as a wood preservative in 1815 (Freeman et al. 2003). The early patents dealt
primarily with poisonous substances and coatings to shield wood from the effects
of water.
The development of more effective wood preservatives demanded an
explanation for how these chemicals could protect wood from fungi. The dangers
entailed in some treatments became all too apparent from one experiment in
which green railway sleepers were treated by placing a dry powder containing
salt, arsenic and mercuric chloride in holes in the wood. The arsenic and corrosive
sublimate effloresced from the ties, and when cattle came and licked them
because of the salt they died, so that the track was strewn with dead cattle for
kilometres on end (Graham 1973).
The use of coal tar creosote was patented by Franz Moll in 1836. Creosote oil
had originally been used to preserve meat on sea voyages (Greek kreas sozo, meat
preservative), but it was already being used to protect wooden ships by 1796. In
the early 19th century creosote was made from beech wood tar, and its distillation
from coal tar started later. Because of the expansion of the railways creosote
became one of the most widely used wood preservatives in the world. (Freeman
et al. 2003, Kaila 2000)
Copper naphthenate has been used as a wood preservative since 1889. It was
first used in Germany and has been in commercial use since 1911. Another
historically important preservative, patented in 1928, is pentachlorophenol (PCP
or Penta), a crystalline compound formed in the reaction of chlorine with phenol.
It is a widely used oil-borne preservative (Freeman et al. 2003).
The story of CCA began in 1933, when an Indian timber engineer, Sonti
Kamesam, made a discovery that saved the lives of countless coal miners: that the
injection of arsenic and copper into timber beams will prevent them from rotting.
Arsenic, a classical poison, kills wood-eating insects, while copper kills fungi.
Kamesam's special trick was to add chromium to this formula, thereby binding
the two toxic metals to the wood cell walls. The result was stronger roofs in the
damp underground tunnels through which coal was extracted. Kamesam's
invention not only extended the life expectancy of miners in India but it also
saved money and trees. CCA has been the major preservative in use since that
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time. (Anon. 1986, Cooper 1999, Kamesam 1934, Murphy 1998, Steingraber
2004)
Another major arsenic-based preservative, ammoniacal copper arsenate
(ACA) was standardized in 1950 and was modified in the 1980s by replacing
some of the arsenic with zinc, to yield ACZA (Freeman et al. 2003).
The Osmose Wood Impregnating Company was started by Dr. Carl
Schmittutz in the early 1930s to exploit patents on a preservative process using
sodium fluoride, potassium bichromate, sodium arsenate and dinitrophenol,
known in the industry as FCAP (fluor chrome arsenate phenol). Penetration of
these preservatives into green wood or wood of high moisture content was
achieved through a process of diffusion, or osmosis. One early commercial use of
this preservative in the U.S. was a timber dipping and stacking process used at
coal mines. (McNamara 1990, Osmose 2006)
Borates are a group of old preservatives that were rediscovered in the 1980s,
including salts such as sodium octaborate, sodium tetraborate, and sodium
pentaborate, which are dissolved in water. Boron compounds offer some of the
most effective and versatile wood preservative systems available today,
combining the properties of broad-spectrum efficacy against decay, fungi and
insects with low mammalian toxicity. The stumbling block is that they remain
soluble in water and readily leach out of the treated wood if it gets wet. (Anon.
1986, Anon. 2005, Borax 2006)
Recent restrictions on the use of toxic preservatives (EU 2003) have led the
wood preservation industry to develop a range of substitutes based on organic or
inorganic formulations, such as alkaline copper quaternary ammonium
compounds (ACQ), copper azoles (CBA-A, CA-B) and copper-HDO (Anon.
2004). General opinion is that there are problems related to the stability of copper
within the wood, however.
Legislation is now moving towards the registration of wood preservative
chemicals (REACH regulations, EU 2006), with certain requirements placed upon
determination of the environmental impacts of their use (Hill 2006). These
requirements will inevitably lead towards increased costs in the development of
new biocides, and it is most unlikely that any of these will be developed
specifically for wood preservation.
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2.2.5 Development of treatment processes
Timber preservation has a long history, but it has only developed as an industry
over the last two centuries. The industrial revolution and innovations such as
Stephenson’s locomotive led to the development of pressure vessels, and in 1831
a method for applying wood preservative by pressure in a sealed iron vessel was
patented by a Frenchman named Bréant. Prior to this most preservatives were
applied by a simple brush-on method. (Hughes 2004) The first successful
preserving process, Kyanizing, introduced by Kyan (1832) for use in the early
treatment plants in the United States, involved the soaking of wood, canvas or
rope in dilute aqueous solutions of mercuric chloride. In the Margary process
(1837), wood was soaked in solutions of copper sulphate, but it was the Burnett
process (1838), in which wood was impregnated with zinc chloride in water under
pressure, that eventually became the principal method for treating railway
sleepers in the U.S. until the 1920s. (Graham 1973)
A pressure impregnation process for the application of the coal-tar creosote
patented by Moll in 1836 was in turn patented by John Bethell in 1838. Known as
the Bethell, or full-cell process, it was the first significant use of pressure for
wood treating operations and marked a major step forward in wood preservation
history (Freeman et al. 2003). This process, which became the basis for the
present-day pressure-based wood preserving industry, employs an initial vacuum
period followed by filling of the cylinder with preservative and a further pressure
period to inject it. A modern-day modification, the modified full-cell (Fig. 5),
employs an initial vacuum of lower intensity and shorter duration along with a
final vacuum period. The name “full-cell” is derived from the fact that the wood
cells are full of preservative at the end of the process. There are five distinct
stages in the modified full cell process (as presented in Anon. 1986 and Anon.
1988, for instance):
1.

2.

Initial vacuum. The timber is loaded into the treatment vessel, which is
sealed. An initial vacuum withdraws air from the wood cells, minimizing
their resistance to the entry of the preservative. Most treatment specifications
require a vacuum of 80–85% (0.15–0.2 bar) to be maintained for between 15
minutes, for small-dimension, permeable timber, and one hour, for largedimension, less permeable timber.
Flooding with preservative. The treatment vessel and timber are flooded with
preservative while the vacuum is maintained.
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3.

4.
5.

Pressure period. The vacuum is then released and a hydraulic pressure of
between 10 and 16 bar is applied by means of a pump and maintained for the
time specified in the treatment schedule. Alternatively, the pressure is
maintained until the required amount of preservative to achieve the specified
retention level has been forced deep into the wood. The pressure period can
range from 1 to 3.5 hours depending on the dimensions and permeability of
the timber. If the timber is such that there is difficulty in obtaining the desired
uptake, the treatment is continued to the point of “refusal”, i.e. the pressure is
maintained until no further preservative is taken up by the timber.
Preservative drain. The pressure is released and the remaining preservative
transferred from the treatment vessel to the storage tank.
Final vacuum. The treatment vessel is evacuated and the vacuum released
when the gauge reaches 0.15–0.2 bar, or after 15 minutes, whichever occurs
first. This final vacuum will remove excess preservative from the surface
layer of the wood and reduce any dripping which might occur when the
treated timber is removed from the cylinder.

Fig. 5. Diagrams of the full cell vacuum pressure impregnation process (modified from
Anon. 1988 (left), Anon. 1986 (right)).

Several wood treating processes and some new chemicals were introduced in the
following decades. The Boucherie Process developed in 1839 provided the basis
for modern-day sap displacement methods and is still used in Europe. In sap
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displacement the preservative is applied to one end of the log via a cap which fits
over the end (Anon. 1986). Pressure is applied to the cap which forces the
preservative along the log, while the sap is pushed out at the other end. In 1874
Julius Rütgers of Mannheim, Germany, developed a process for treating wood
with zinc chloride and creosote, which was later modified by J.B. Card and used
to treat railway sleepers until the mid-1920s. Other full-cell treatment methods
were developed in the late 19th and early 20th centuries but are no longer in use.
Boulton published his classic work “On the Antiseptic Treatment of Timber” in
1884, providing the basis for the Boultonizing process for seasoning wood, or
Boulton drying. (Freeman et al. 2003)
With the high price of creosote oil making the related process expensive, an
empty-cell process was developed by Max Rüping of Germany and patented in
1902. This employs an initial application of air pressure before filling the cylinder
and a higher pressure to inject the preservative. After release of the pressure, the
air in the wood cells expands and the excess preservative in the cell lumen is
“kicked back”, resulting in a much lower level of retention than in conventional
full-cell treatment. A vacuum period applied after removal of preservative
solution completes process. This step reduces the amount of entrapped air and
hence the bleeding of preservative, yielding a much cleaner treatment. A second
empty-cell treatment, patented by C.B. Lowry in 1906, has atmospheric pressure
as the initial air pressure, and when the pressure is released after the pressure
period, the air in the lumen expands, forcing the preservative out and leaving the
lumen almost empty, although the cell walls are thoroughly treated. Both
processes provide for the impregnation of wood with relatively large amounts of
creosote and subsequent withdrawal of part of the oil, giving a lower final
retention of preservative than in the Bethell Process. The empty-cell process is
used when deeper penetration but less retention is required. (Anon. 1986,
Freeman et al. 2003, Graham 1973)
Many modifications to the basic full-cell and empty-cell processes have been
used to treat wood. The Oscillating Pressure Method (OPM), employing rapid
cyclical oscillations between vacuum and pressure, has been used to treat
refractory wood species, while a multi-Lowry process, the Alternating Pressure
Method (APM), was developed to treat green or partially seasoned wood with
CCA. The High Pressure (HP) method was developed in Australia to treat railway
sleepers at high pressure (69 bar). The Pulsation Process is similar to the APM
Process except that the pressure is never fully reduced to atmospheric during the
cycle and is increased during each oscillation. The use of an overlaying oil
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treatment on wood already treated with waterborne preservatives constitutes the
Royal Process that is in use in Scandinavia, and approaches such as the MSU
Process, the Multiple-Phase Pressure (MPP) Process, the MCI Process, the Cellon
and the Dow Processes have also been introduced. (Freeman et al. 2003) The
Vacuum Processes (e.g. the Double Vacuum Process) are used for the controlled
application of organic solvent preservatives to building timber in millwork
applications and to produce inexpensive fence posts. These processes are
essentially similar to high-pressure full-cell treatment except that a lower vacuum
and pressure can be used because the organic solvent preservative readily
penetrates the timber (Anon. 1986).
2.3

Principles of wood preservation

The prevention of wood degradation is based on the idea of interfering with the
basic physiological requirements for the growth and development of microorganisms, including (Fig. 6): favourable temperatures, an adequate supply of
oxygen, at least a certain amount of moisture, suitable nutrition, and certain
essential growth factors or vitamin and mineral constituents (Stamm 1964). If
steps can be taken to ensure that any of these requirements fails to be met, the risk
of attack by wood degrading organisms will be eliminated.

Fig. 6. Factors contributing to the risk of wood decay (modified from Anon. 1988).
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The classical concept of wood preservation is based on the principle of toxicity
(elimination of suitable nutrition), while impregnation with biocides (containing
creosote, arsenic, zinc, copper or chromium, for example) will prevent biological
degradation. The European directive on the use of biocides places restrictions on
the quantities of active substances, above all arsenic, that can be used in wood
preservation and their fields of application (EU 2003). The wood treatment
industry in the US and Canada have also begun a transition away from CCA, as
the Environmental Protecting Agency (EPA) in the US and Health Canada’s Pest
Management Regulatory Agency (PMRA) have banned the use of CCA
preservatives containing arsenic in residual structures as of 1st January 2004
(EPA 2006, PMRA 2005). Furthermore, wood treated with common preservatives
is classified in Finland as hazardous waste (Ministry of the Environment 2001).
Apart from the risks involved in using such materials for treatment purposes,
there is increasing concern over problems appearing in the disposal of timber
after the end of its commercial lifetime. Systems enhancing the durability of
wood should be sustainable in both production and use. In addition to this, treated
wood products should at the end of their life be suitable for energy production by
combustion or composting, or for use as a secondary fibre source by related
industries, without presenting any problems related to residual chemicals from
their treatment.
It is possible, however, to use other methods than the application of toxic
chemicals to ensure that conditions do not meet the basic requirements of microorganisms. Controlling the temperature or removing the oxygen supply are
generally not good practical means of preventing the deterioration of wood, but
control of the moisture content by restricting the wetting of wood is a more
practical and effective means of protection. The water availability to fungi
influences the wood deterioration process to a large extent and is therefore the
most important factor in wood conservation.
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3

Treatments to reduce wood/water
interactions

3.1

Wood/water interaction

3.1.1 General
The wood cell walls are mainly composed of polymers with hydroxyl or other
oxygen-containing groups which attract moisture through hydrogen bonding.
Lignin (to a small degree), hemicelluloses, the non-crystalline portion of the
cellulose, and the surfaces of the cellulose crystallites are all responsible for
moisture uptake in wood. Three forms of water exist in wood:
–
–
–

free water,
bound water, and
water vapour.

Free water, or capillarity water (Fig. 7), is the liquid water that fills the lumen, the
driving force for which is absorption by capillary action, which is comparable to
the way a sponge soaks up water. These water molecules are not bound to the
wood. Bound water is found in the cell wall, where it is adsorbed through the
attraction of water molecules to the hydroxyl groups and bound to these groups
through either monomolecular or polymolecular adsorption, implying that either
one or more water molecules may be bound to a single hydroxyl group (Fig. 8).
The bonding is stronger in monomolecular adsorption than in polymolecular
adsorption, so that it takes more effort to remove the last water molecule from a
hydroxyl group. Water vapour is water in its gaseous phase, which is located in
the cell lumina and cavities within the cell walls. (Banks 1973, Bowyer et al.
2003, Siau 1971, Skaar 1988)
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Fig. 7. Examples of the moisture content of wood (modified from Anon. 1988).

Fig. 8. Polymolecular and monomolecular bonding of water to the cellulose chain.

The amount of water in wood or a wood product is usually termed the moisture
content (MC) and is defined as the weight of the water expressed as a percentage
of the moisture-free or oven-dry (OD) weight of the wood.
MC =

where
MC is the moisture content (%),
mw is the weight of wet wood (g),
md is the weight of dry wood (g).
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( mw − md )
md

× 100% ,

(1)

As water is adsorbed into it, the cell wall increases in volume almost
proportionally to the volume of water added (Stamm 1964). This swelling
increases until the cell wall is saturated with water (fibre saturation point, FSP),
see Fig. 7. Any water available beyond this point will remain as free water in the
void structure and not cause any further swelling. This process is reversible, since
below the fibre saturation point wood shrinks as it loses moisture. Wood is an
anisotropic material, which means that it shrinks and swells to different extents in
three anatomical directions (Fig. 9), shrinking most in the direction of the annual
growth rings (tangentially), about one-half as much across the rings (radially) and
only slightly along the grain (longitudinally) (Anon. 1999). As the S2 layer of the
wood cell wall is generally thicker than the other layers combined, the molecular
orientation of this layer largely determines how shrinking occurs. Most of the
chain molecules in the S2 layer are oriented almost in parallel to the long axis of
the cell (with microfibril angles of 10-30°). When water enters between the
cellulose chains in the S2 layer it forces the chains apart, causing transverse
(radial and tangential) swelling, while any change in the longitudinal direction
will be minor. (Bowyer et al. 2003, Siau 1984) Stresses will arise in the wood due
to moisture gradients between the surface and the interior, and unbalanced
stresses can result in surface warping, twisting and checking.

Fig. 9. Characteristic shrinkage and distortion of portions of a log of wood as affected
by the direction of the growth rings (Anon. 1999).
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3.1.2 Contact angle
The necessary conditions for existence of a contact angle were first stated by
Thomas Young in 1805. An attractive force exists between a solid and a liquid in
contact with it, the net value of this force being determined by the relative
magnitudes of the cohesive forces within the liquid and the adhesive forces
generated between the solid and liquid. Where the adhesion of the liquid to the
solid is equal to or greater than the cohesion of the liquid, a drop of liquid
implanted onto the solid will spread spontaneously. The angle between the solid
and the liquid at the solid/liquid/air interface, termed the contact angle, will then
be zero. If the liquid/solid adhesion is less than the liquid cohesion, the drop of
liquid will not spread but will stand on the surface, making a finite contact angle
with it (Fig. 10). Contact angle between water and a treated surface is the most
direct indicator of water repellency, the tendency for the surface to resist
interaction with water (Rowell & Banks 1985).

Fig. 10. Contact angle between a drop of liquid and a solid surface.

3.1.3 Capillary pressure and the Kelvin equation
Wood is a capillary porous medium, the pore structure of which is defined by the
lumina of the cells and the cell wall openings (pits) interconnecting with them
(Fig. 11). The main routes for liquid penetration are provided by these capillaries.
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Fig. 11. Intertracheid conifer bordered pits, left (Butterfield & Meylan 1980), and crosssection of a tracheid showing open and aspirated bordered pits, right (Ilvessalo-Pfäffli
1995, modified from Knuchel 1954).

With the exception of the unique case where the contact angle (θ) is equal to 90°
(cos θ = 0), any liquid contained in a cylindrical capillary of uniform bore will
have a curved surface. The pressure difference, or capillary pressure (PC), across
this curved surface can be defined by Jurin’s equation, derived from the Kelvin
equation (Adam 1963):
PC =

−2γ L cos θ
,
r

(2)

where
PC is the capillary pressure,
γL is the liquid surface tension,
θ is the liquid/solid contact angle,
r is the capillary radius.
The pressure gradient set up by the pressure difference acts so that liquid is forced
into the capillary spontaneously for θ values less than 90°, while conversely,
when θ is greater than 90° an external pressure larger than PC must be applied to
drive liquid into the capillary (Adam 1963, Rowell & Banks 1985). Although the
structure of wood departs significantly from a simple cylindrical capillary model,
the general principles of capillary penetration hold and the magnitude of PC
remains functionally related to the cosine of the contact angle (Adam 1963).
In systems involving water as the liquid phase, surfaces forming contact
angles of less than 90° are said to be wettable or hydrophilic, whereas those
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giving rise to contact angles greater than 90° are said to be water-repellent or
hydrophobic (Rowell & Banks 1985).
3.1.4 Wood moisture content and decaying fungi
Fungi can only cause serious damage to wood when the moisture content is above
the fibre saturation level (26% to 32% of the dry wood weight, depending on
species). This amount of moisture cannot be acquired as water vapour absorbed
from humid air, however, as the moisture content of wood exposed only to
atmospheric water vapour normally ranges from 8% to 15% (Levi 1973), but can
only exist in green wood or as a result of exposure to liquid water. Wood is
protected very effectively from deterioration as long as its moisture content is
maintained below its fibre saturation point (FSP). Optimal wood moisture levels
for most wood-degrading fungi lie between 40% and 80% (Scheffer 1973).
Another important factor is the availability of the water in the wood to the fungi.
Water activity (aw), which is defined as the vapour pressure of water over the
substrate divided by the vapour pressure of pure water, can be used to determine
to what extent the water can be used by the fungi (Griffin 1981, Zabel & Morrell
1992).
According to the general rule set out by Cartwright and Findley (1958),
microbiological degradation can occur only if the wood has a moisture content
exceeding 20% of its oven-dry weight. Although this is substantially below the
approximate 30% minimum required for fungal decay, a lower moisture content
still is advisable, because this provides a margin of safety in the event of the
material not drying uniformly (Scheffer 1973). The most widely used and
effective means of protecting wood is to dry it soon after it comes from the tree,
and thereafter to take appropriate precautions to keep it dry when handling it and
making use of it. When a safe moisture content cannot reasonably be assured,
treatment with preservatives, surface coatings or water repellents is usually the
logical alternative.
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3.2

Treatment methods

In order to stabilize wood as far as possible, it must be protected from moisture
variations. Various structural and chemical methods can be used to accomplish
this, at least in theory. It was already known in Greece around 1000 BC that
wooden pillars can be kept dry by mounting them on stones. This is structural
wood protection, or wood protection by design. One widely used structural
method involves surface coatings, although the most successful involve the
application of water repellents and dimensional stabilizers.
Rowell and Banks (1985) divided treatments designed to reduce the tendency
for wood to take on moisture and change its dimensions into two categories:
water repellents and dimensional stabilizers. The effectiveness of a water
repellency treatment can be defined as its ability to prevent or control the rate of
liquid water uptake in both the cell wall and the capillaries. In contrast, the
effectiveness of a dimensional stabilizing treatment can be defined as its ability to
reduce the swelling and shrinking of wood due to moisture absorption. Since only
water that has penetrated into the cell wall can cause swelling, free liquid water in
the capillaries is permissible. Dimensional stability depends more on the extent
than the rate of water uptake, and some treatments can reduce both swelling of the
wood and the rate of water uptake. Typical swelling trends over time for untreated
and hypothetically treated wood specimens are shown in Fig. 12 (Rowell &
Banks 1985). The upper curve shows how an untreated specimen will quickly
take up water through capillary action and swell to its maximum extent, while the
lower curve shows the theoretical impact on a treated wood specimen. The
reduced rate of water uptake indicates increased water repellency, while the
reduced extent of swelling indicates greater dimensional stability.
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Fig. 12. Hypothetical swelling over time for water repellency and dimensional stability
treatments (modified from Rowell & Banks 1985).

Treatments for water repellency and dimensional stability can be further classified
into the three types as shown in Fig. 13 (Rowell & Banks 1985). Type I
treatments reduce the rate of moisture uptake but the extent of swelling is
ultimately nearly the same as for untreated wood. Such a treatment would
improve water repellency but not dimensional stability. Type II reduces the extent
of swelling but not the rate at which the wood takes up moisture. This would
improve dimensional stability but not water repellency. A type III treatment, on
the other hand, will reduce both the extent and the rate of swelling and improves
both water repellency and dimensional stability.
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Fig. 13. Hypothetical wood treatments for: water repellency (type I), dimensional
stability (type II), water repellency and dimensional stability (type III) (re-drawn from
Rowell & Banks 1985).

The principles of intervention in wood-water interactions are illustrated in Fig.
14, in which the cases (untreated and treated wood) are presented simply at the
lumen and cell wall level. In an untreated cell wall the water molecules absorbed
into the wood settle between the wood polymers, forming hydrogen bonds
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between the hydroxyl groups and the individual water molecules. In addition to
the division of treatments into water repellents and dimensional stabilizers
(Rowell & Banks 1985), Sailer and van Etten (2004) distinguished two principal
types of treatment: those which do not cause changes within the cell walls of the
wood and those which do cause changes. The latter are also known as wood
modification treatments.

Fig. 14. Forms of intervention in wood-water relations (modified from van Eckeveld
2001).
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3.2.1 Surface coatings
The use of surface coatings is based on the formation of a surface film of
polymeric material such as varnish, lacquer or paint. As long as the coating film is
perfect and has no cracks, openings or other imperfections, water will not
penetrate into the wood - or at least any penetration will be very slow, depending
on the permeability of the film to liquid water or water vapour. In practice,
however, there is no such thing as a perfect film. Microscopic cracks develop
more or less rapidly depending on the severity of exposure to weathering. Once a
crack has developed, nothing can stop the penetration of water, which in most
cases lifts the surrounding film, widens the cracks and accelerates the destruction
of the film (Borgin 1961).
The main reason for this destructive process is the phenomenon of
preferential wetting: water has much higher affinity for wood than does the
coating film. As a result, the stronger wood-water hydrogen bonding displaces the
weakly bonded film deposits from the wood surface. This type of process is to a
certain extent dependent on the mechanical strength of the film, but it cannot be
prevented if the wood is exposed to water for a sufficiently long time (Borgin
1961).
3.2.2 Dimensional stabilizers
While effective as water repellent treatments in some cases, external and internal
coatings give only low dimensional stability. There are many ways of controlling
the dimensional changes in wood, ranging from species and geometric selection
through cross-lamination and the reduction of hygroscopicity to various chemical
methods (Rowell & Banks 1985).
By combining all the art and science of wood recorded from ancient times up
to the present (see section 2.2.2, Development of wood technology 2000 BC –
1750 AD), it has been discovered that if you change the chemistry of wood you
change its properties, and that leads to a change in performance. It was on this
foundation that the science of chemical modification was born (Rowell 2006a).
A treatment that reduces the tendency for wood to take on water may result in
a reduction in the extent of cell wall water uptake, and thus in a reduction in
shrinking and swelling. Optimal treatments of this type would remove the
hydroxyl groups from the cell wall polymers, and thus remove the sites for
hydrogen bonding to water (Fig. 14). Removal of the hydroxyl groups is
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theoretically possible through reductive reactions; but these would destroy the
wood (Rowell & Banks 1985).
In the chemical modification process the timber is treated with a chemical
that produces changes in its cellular structure (Anon. 2003a), either by new
chemical bonding within that structure (the direct method), or by blocking
chemical and physical processes with a non-bonded material (the indirect
method). The hydroxyl groups play the leading role in many chemical
modification reactions, i.e. the chemical added to the wood participates in a
reaction with a hydroxyl group within the wood structure. In this case the wood
reacts in the manner of an alcohol. The result is a strong covalent bond (similar to
the bonds holding the atoms in the wood together), which is fairly stable. This
produces a new form within the wood structure and alters the properties of the
original material. Modification may lead to the reduction of OH groups, cell wall
bulking (which leaves the cell wall permanently swollen), cross-linking and/or
undesired cleavage of the chains. The decrease in the number of accessible OH
groups leads to limited interaction with water and improved dimensional stability.
Often the treated wood is no longer recognised as a nutrient medium by the
enzyme systems of degrading fungi, or else the lowered equilibrium moisture
content no longer promotes decay (Homan & Jorissen 2004). However, chemical
treatments involve the risk of damage to the wood as a result of unfavourable
process parameters or aggressive agents such as alkaline or acidic catalysts
(Donath 2004).
Many chemicals have been used to modify wood. The main reaction types
are: chemical cross-linking, where the structural units of the wood cell walls are
bound together chemically, polymerizing addition, in which the chemicals react
with a hydroxyl group and then polymerize, and single-site addition, where the
chemicals react with a single hydroxyl group (Anon. 2003, Rowell & Banks
1985).
Acetylation is one of the most thoroughly examined chemical wood
modification methods, the processes involved in which were described early in
the 20th century. First performed by Fuchs in Germany in 1928, the process results
in the substitution of the wood hydroxyl groups by acetyl groups. This is a singlesided addition reaction, which means that one acetyl group replaces one hydroxyl
group, with no polymerization. As a result, the wood is less hygroscopic. It is also
known that acetylation is able to impart a significant degree of decay resistance to
wood, although considerably less is known about the mechanism(s) by which this
takes place. One hypothesis is that acetylation changes the chemical nature of the
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wood substrate, in that hydrophilic OH groups are replaced by acetyl groups, and
as a consequence various fungal enzyme systems are no longer capable of
recognizing the substrate and hence cannot break down the wood cell wall
polymers. In addition, acetylation improves the UV resistance of wood without
changing its original colour. (Hill 2006, Homan & Jorissen 2004, Rowell 2006a,
Rowell 2006b, Stamm 1964)
Furfurylation (modification with furfuryl alcohol resin) is also known to be
an efficient method of obtaining wood products of high dimensional stability.
Furfuryl alcohol is a renewable chemical derived from furfural, produced from
hydrolysed biomass waste (e.g. bagasses, molasses, sugar canes, corn cobs,
sunflowers, or birch chips). The acid catalyst reaction chemistry of furfuryl
alcohol in wood is very complex in nature, and the reaction results in a densely
branched and cross-linked furan polymer linked to the wood cell wall polymers.
(Goldstein 1960, Hill 2006, Homan & Jorissen 2004)
A wide range of silicon compounds (silicons, siloxanes, silanes) are available
on the market for use as hydrophobation agents, for instance, but they are also
suitable for wood modification. Various studies have shown that it is possible to
modify wood by impregnation with silicon compounds, leading to a subsequent
reaction (see Donath 2004, Donath et al. 2006a, Donath et al. 2006b, Hill 2006,
Sèbe & DeJéso 2000). It is known, for example, that both the water repellent
efficiency of the treatment and its antifungal effect can be increased with
multifunctional silane systems containing alkyl and amino groups (Donath et al.
2006b).
Instead of using a chemical to produce a change in the wood structure, it is
also possible to use heat to effect changes. This is called heat treatment, or
thermal wood modification. Most of the thermal treatments involve controlled
pyrolysis, the wood being heated (> 180°C) in the absence of oxygen (O2), but
there are various processes (the Thermowood process in Finland, the Plato
process in Holland, the Retification and Perdure processes in France, and the Oil
heat treatment in Germany) which are either performed in gaseous atmospheres
(nitrogen, oxygen, water steam) or in oil (rape seed oil, linseed oil or sunflower
oil) at temperatures between 150°C and 250°C. The mechanism imparting a
reduction in hygroscopicity is partial degradation of the hemicellulose
components of the wood cell wall and to some extent of cellulose and lignin. The
reduced number of free hydroxyl groups makes the wood cell structure less
accessible to water, and heat treatment also lowers the equilibrium moisture
content, improves dimensional stability and promotes resistance to wood49

destroying fungi. These changes are dependent on the temperature used and the
length of the treatment period, but the more effective the treatment is in altering
the above-mentioned properties, the greater will be the loss in terms of the
strength properties of the wood. (Stamm 1964, Viitaniemi & Jämsä 1996;
Syrjänen 2001, Jämsä & Viitaniemi 2001, Militz & Treerdsma 2001, Vernois
2001, Rapp & Sailer 2001, Homan & Jorissen 2004, Hill 2006)
There are many other wood modification methods in existence in addition to
those mentioned above, but acetylation, furfurylation and heat treatment are the
ones with the greatest potential inform an industrial point of view. There has been
considerable commercial activity in the commodity product wood modification
sector over the past decade, largely focused in Europe, reflecting the changes in
the legislative climate affecting the wood protection industry (Hill 2006).
Thermal wood modification has been commercialised in Finland, Holland, France
and Germany at least, acetylation in Holland and Sweden and furfurylation in
Norway.
3.2.3 Water repellents
The rate of water uptake can be considerably reduced either by providing a water
barrier, or by rendering the wood hydrophobic, although very few materials are
truly hydrophobic (Borgin & Corbett 1970a). Depending on the amounts used,
water repellents applied to wood fill in the cell lumina or are deposited on the
external pore surfaces and to some extent on the internal ones (Fig. 14) and
thereby impart hydrophobic properties to the wood surface. This means that water
cannot spontaneously penetrate the wood pores through capillary action and the
rate of water absorption is thus limited (Banks & Voulgaridis 1980). It is not
possible to make the cell wall inert to water without wood modification, however.
Also, wood treated with water repellent and exposed to water will swell to the
same extent as untreated wood in the course of time. Although water repellents do
not stop all water absorption, they are an excellent treatment for wood used out of
doors, because they inhibit the absorption of liquid water at times of rain while
still allowing the wood to dry after rain (Anon. 1999). The reduction in the
average moisture content and the period of time when the wood is wet enough to
allow attack by micro-organisms will slow down the rate of fungal attack (Stamm
1964, Feist & Mraz 1978). Bacterial attack is favoured by the presence of free
water, and a certain amount of free water is necessary for optimal fungal growth
(Rowell & Banks 1985).
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An idealized model of wood treated with water repellent would be an
envelope of cells evenly coated with a hydrophobic layer surrounding an
untreated core. As the surfaces of the cells within the treated zone are
hydrophobic, liquid water is unable to penetrate unless an external pressure
greater than the capillary pressure is applied (Rowell & Banks 1985).
Theoretically, a coherent monomolecular layer should be sufficient to induce this
effect (Razzaque 1982). Provided the hydrophobic layer remains intact, deep
penetration of the wood with the hydrophobic deposit should be unnecessary. In
practice, however, it has been found that deeper or complete impregnation leads
to a more durable effect (Borgin 1965). This is probably due to the fact that the
deposit in immediate contact with the water source is gradually degraded. Where
deep impregnation is achieved, fresh, undegraded deposits are continually being
exposed, offering extended protection (Razzaque 1982).
Water repellents are usually non-chemically bonded, complex blends of
various materials such as waxes, oils, natural or synthetic resins, fungicides or
insecticides and solvents (Borgin & Corbett 1970a, Feist & Mraz 1978, Razzaque
1982, Williams & Feist 1999). They are applied to wood, usually by immersion or
vacuum impregnation, as solutions in organic solvents (Rowell & Banks 1985).
According to Razzaque (1982) these water repellent substances seem to be
bonded to the cell wall only by relatively weak Van der Wall forces.
Several researchers, including Banks & Voulgaridis (1980) and Feist & Mraz
(1978), have shown that the treatment of wood with non-chemically bonded water
repellents of this kind gives significant control over water uptake for a reasonable
period of time. Banks and Voulgaridis (1980) reported that the eventual loss of
water repellent effectiveness may be associated with failure of the bond between
the cell wall and the deposit, resulting largely from degradation of the wood
surface. The phenomenon of preferential wetting as described above may also
occur in wood treated with water repellent. When the water repellent material is
exposed to water for a sufficient length of time, the hydrophobic substances will
be displaced by the water, thus detracting from the performance of the treatment.
The weak Van der Waals wood-deposit bond is then replaced by a stronger woodwater hydrogen bond (Banks 1973, Razzaque 1982).
The promising effect of water repellents in preventing wood from reaching
high moisture contents led to the development of preservative-water repellent
mixtures (Archer & Cui 1997, Belford & Nicholson 1969, Cui & Archer 1997,
Fowlie et al. 1990 and Zahora & Rector 1990). By adding water repellents to the
common wood preservatives, more dimensionally stable products with reduced
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moisture variations and increased biological durability can be achieved.
Moreover, the leaching of toxic preservatives into the environment can be
reduced (Treu et al. 2004). The Royal treatment process, developed by Bror Olof
Häger, represents a combination of this kind, as it consists of a period of
impregnation with a water-soluble preservative followed by an oil impregnation
period (Treu et al. 2001).
3.2.4 Environment-friendly, biodegradable water repellents
Many water repellents, like the classical wood preservatives, have the drawback
of being detrimental to the environment. Increased environmental awareness in
recent years, and the consequent spread of policies favouring the use of renewable
resources and environment-friendly chemicals, have led to increased interest in
“non-biocidal”, more environment-friendly wood protection methods, even the
use of biodegradable substances. The term “non-biocidal” includes natural oils,
waxes, silicones, resins, polymers, chemical modification and heat treatments
(Militz 2001). Our present knowledge of the use of biodegradable substances for
wood protection is summarized in Paper I.
Biodegradable substances are often associated with environment-friendly
products, which can be broken down by natural processes into more basic,
innocuous components. Such products are usually broken down by bacteria, fungi
or other simple organisms. If substances are very toxic to these organisms,
biodegradation is not possible. According to this definition most chemicals are
ultimately biodegradable, but the rate of breakdown varies considerably. The rate
is not as important, however, as what the product breaks down into. The ideal
final products of any complex would be carbon dioxide (CO2) and water (H2O),
but where many more complex chemicals are concerned this is difficult. The
banned hazardous and toxic pesticide DDT, for example, is biodegradable,
although only rather slowly, but a more serious problem is that its breakdown
products, DDD and DDE, are even more toxic and dangerous than the original
DDT. Thus, even though a product may be biodegradable, it may not be
environment-friendly (Anon. 2002, Anon. 2003b). In the present context,
therefore, the term “thoroughly biodegradable substance” may be taken to mean a
substance which breaks down completely, and whose breakdown products are not
toxic.
More environment-friendly water repellents such as extractives from trees
and natural resins have been successfully tested in the laboratory (Voulgaridis
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1993, Voulgaridis 2001, Passialis & Voulgaridis 1999, Var & Öktem 1999,
Voulgaridis & Passialis 1999), and studies have been undertaken to investigate the
water repellency and dimensional stability of wood treated with natural oils
(Anon. 1999b, Borgin 1961, Borgin & Corbett 1970, Paajanen et al. 1999, Van
Eckeveld 2001, Van Eckeveld et al. 2001a, Van Eckeveld et al. 2001b) and the
biological efficacy of these substances (Anon. 1999b, Jermer et al. 1993, Sailer et
al. 1998, Paajanen et al. 1999, Ritschkoff et al. 1999, Van Acker et al. 1999,
Sailer & Rapp 2001). Natural oils appear to be capable of preventing water
uptake by wood, and their chemical and physical composition is promising (Sailer
et al. 2000). In addition, unsaturated oils (such as drying oils) can oxidize when
exposed to oxygen from the air (Porter et al. 1981, Porter & Wujek 1984), which
results in a more protective layer on the surface of the wood. The most commonly
studied natural oils available for wood protection purposes have been linseed oil
and tall oil.
Natural oils can be divided into drying, semi-drying and non-drying oils.
Drying oils such as linseed oil oxidize to form a tough elastic film when exposed
to air, semi-drying oils oxidize more slowly and will polymerize in the course of
time due to reactions with oxygen, but the oil film usually remains tacky, while
non-drying oils do not dry or form a film even on lengthy exposure to air. The
degree of unsaturation in an oil determines its drying characteristics and can be
found by adding iodine (I2). The iodine value (IV) of an oil is the amount of
iodine required to saturate its double bonds (g I2/100 g oil). High iodine values >
140 are typical of drying oils, and low ones < 125 of non-drying oils, with the
iodine values of semi-drying oils lying between the two (Wicks et al. 1992). Tall
oil is a semi-drying oil, the typical iodine value of its fatty acids being 125-130,
or somewhat less for crude tall oil. This indicates slow drying. The greatest
difference between these two common natural oils that can be used for wood
protection purposes, linseed oil and tall oil, is that linseed oil contains much
greater amounts of polyunsaturated fatty acids such as linolenic and linoleic acid.
Polyunsaturated fatty acids are considerably more reactive than monounsaturated
fatty acids, mainly because their alpha hydrogens are much more acidic.
Environment-friendly, biodegradable substances are highly suitable for wood
protection when the aim is to prevent moisture uptake by the wood, as they enable
the wood moisture content to be kept below 20%, which does not meet the
requirements for wood degradation by fungi. These substances cannot compete
with biocides in terms of the biological durability of wood that is in contact with
the ground or with water, however (Hazard class 4 in EN 335-1/2/3), where
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moisture levels in the wood are permanently over 20%. If one wants a product as
durable as biocide-treated wood, and maybe also maintenance-free, the structural
material may have to be plastic, steel, aluminium or concrete, for instance. But
then the price might be higher. On the other hand, there is a demand for
environment-friendly wood products that are created from renewable raw
materials using sustainable, clean production methods even though the product is
not so durable. Some form of compromise has to be made.
In spite of the fact that there might be better (at least better drying)
alternatives among the natural oils for use as a wood protective agent, crude tall
oil (CTO) was chosen for examination here. Little use can be found for CTO in its
raw state today, so that it is mostly distilled further. In their evaluation of the
water-repelling properties of various oils, resins and waxes, Borgin and Corbett
(1970a, b, c) found that no single component can fulfil all the requirements for a
top quality water repellent and concluded that the surface coatings or impregnants
used for the treatment of wood must therefore be made from a blend of oils,
resins and waxes. Unlike other natural oils, CTO already contains all these.
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4

Crude tall oil for wood protection

4.1

General

4.1.1 Sources, production and utilization of crude tall oil
Crude tall oil (CTO) is a major chemical by-product of the kraft pulp industry. Its
name comes from the Swedish word for pine, "tall", and indicates that the
primary source is pine. During the kraft pulping process based on coniferous
wood some of the extractives (resin and fatty acids) released from the wood react
with the alkaline pulping liquor to form sodium soaps. These soaps dissolve in the
pulping liquor but float to the surface upon concentration of the liquor. The tall oil
soap is separated from the black liquor by skimming and is further treated with
sulphuric acid to form CTO (see Drew & Propst 1981, Gullichsen & Lindeberg
1999, McSweeney 1989, McSweeney et al. 1987).
The average yield of CTO is in the range of 30-50 kg/t of pulp, which
corresponds to 50-70% of the initial amount in the raw material used for pulping
(Alen 2000). This CTO is a saleable product for a pulping mill, but represents
only about 1-1.5% of the mill’s total revenue (Gullichsen & Lindeberg 1999).
With the closing of the circulations in kraft pulp mills, the role of the CTO plant
has become more important, as it is a major source of sulphur for addition to the
process and a part of the mill’s waste handling and removal system. The
availability of tall oil for a mill is greatly dependent on the wood species used for
pulping, the growth conditions of the trees and the method and duration of storage
of the logs and chips. Even among extractives-rich pine species, however, there is
significant variation in the availability of tall oil (see Alen 2000, Drew & Propst
1981, Gullichsen & Lindeberg 1999, Holmbom & Ekman 1978, McSweeney
1989, McSweeney et al. 1987).
About 2 million t of CTO are refined globally per year (Gullichsen &
Lindeberg 1999). There is little use for it in its raw state today, but it is purified
and fractioned by vacuum distillation to the yield following base products (Fig.
15):
–
–
–
–
–

tall oil fatty acids (TOFA),
tall oil rosin (TOR),
distilled tall oil (DTO),
tall oil heads, and
tall oil pitch.
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Fig. 15. Simplified diagram of the tall oil distillation process (modified from Anon.
2006, McSweeney et al. 1987, McSweeney 1989)

Tall oil products have a wide range of applications, and the various base products
can be further refined into a wide variety of products and formulations. Tall oil
fatty acids are used in paint vehicles, soaps/detergents, printing inks, foam
inhibition agents, lubricants, greases, flotation agents and industrial oils. Tall oil
rosin has traditionally been used as a paper size, but this use is declining. Other
applications include alkyd resins, printing inks, adhesives, emulsifiers, paint and
lacquer vehicles and soaps. Tall oil pitch has some special applications as an
asphalt additive and in rust protection, printing inks and oil-well drilling muds,
but its primary use is still as a sulphur-free fuel. (Alen 2000, Gullichsen &
Lindeberg 1999)
CTO can also be used as a lime kiln fuel, which is an attractive alternative
when it is of poor quality. It can replace the primary fuel oil partially or totally
and has almost the same heat value and combustion properties (Gullichsen &
Lindeberg 1999). Emission trading has further increased the attractiveness of this
alternative nowadays.
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4.1.2 Chemical composition and characterization of crude tall oil
The dark-coloured crude tall oil (CTO) is not composed of pure triglycerides like
other vegetable oils, but is rather a mixture of fatty acids, rosin acids and
unsaponifiable substances, e.g. sterols, waxes and hydrocarbons. The precursors
of CTO are the extractives found especially in coniferous trees. Pine typically
contains extractives such as free resin acids, fatty acids in the form of glycerides,
and terpenes. The extractives also contain neutrals or unsaponifiables that are
primarily alcohols of various kinds.
Several carboxylic acids, fatty acids and rosin acids are found in crude tall
oil. The predominant fatty acids, contributing the bulk of the observed physical
and chemical properties, are oleic and linoleic acids (Duncan 1989), whereas the
main resin acids are abietic-type acids and pimaric-type acids (Soltes & Zinkel
1989), see Figs. 16 and 17.

Fig. 16. Fatty acids.

Fig. 17. Resin acids.
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CTO varies considerably in composition and quality depending on the location of
the mill, time of year, growing cycle of the tree, tree species, ageing of the wood,
amount of heartwood, pulping conditions, handling and storage of the wood and
the efficiency of the system used to recover the tall oil (see Drew & Propst 1981,
Gullichsen & Lindeberg 1999). Furthermore, storage of CTO leads to
esterification of the sterols and other alcohols with fatty acids (Holmbom 1978,
Holmbom & Avela 1971a, Holmbom & Avela 1971b, Holmbom & Stenius 2000),
which will reduces the number of acids it contains and increase its
hydrophobicity.
A commonly used measure of tall oil quality is the acid number (AN), which
indicates the number of carboxylic acid groups (total fatty and resin acid content).
Mills that use only pine have the highest quality CTO, with AN values of 160-165
mg KOH/g oil, whereas mills that use 50% or more hardwood in their furnish
have a CTO with an AN of 125-135. Analyses of CTO samples from different
parts of the world are presented in Table 1, where the CTO from the south-eastern
United States referred to is an example of a very high quality product with pine as
the wood furnish, while the Scandinavian example is from a mill using a mixture
of pine, spruce and birch. The composition of extractives in hardwoods can have
detrimental effects on the quality of CTO end products (Gullichsen & Lindeberg
1999). Many mills in Finland have recently moved towards softwood pulping
only, replacing birch pulp with imported eucalyptus pulp, which has improved the
quality of their CTO.
Table 1. Composition of CTO (modified from McSweeney et al. 1987).
South-eastern

Northern USA

USA

and Canada

Pine

Scandinavia
Pine/ Birch

Typical
values

Acid number

165

135

150

132

100–175

Saponification number

172

166

169

142

120–180

Rosin acids,%

40

30

31

23

0–70

52

55

56

57

20–70

8

15

13

20

10–30

Abietic acid
Pimaric acid
Fatty acids,%
Oleic acid
Linoleic acid
Unsaponifiables,%
Sterols
Waxes
Hydrocarbons
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4.2

Tall oil as a wood protection agent

4.2.1 Wood extractives and natural durability
Wood extractives are known to be the principal source of decay resistance in
wood (Scheffer & Cowling 1966), i.e. they act as natural wood preservatives. The
use of tall oil as a wood protective agent is interesting because its precursors are
the extractives found especially in coniferous trees. Dorado et al. 2001, Harju et
al. 2002, Harju et al. 2003, Kennedy et al. 1995, Martínez-Iñigo et al. 1999,
Turner & Conradie 1995, Venäläinen 2002 and Windeisen et al. 2001, among
others, have investigated the effects of various wood extractives against wooddecaying fungi. Some compounds have a protective effect, whereas others can
serve as nutrients for the fungi.
According to Zabel & Morrell (1992), there are four major groups of
heartwood extractives that include compounds known or believed to contribute to
the natural durability of wood: polyphenols, terpenoids, tropolones and tannins. In
the case of Scots pine the relevant groups of extractives are stilbenes and
terpenoids (Venäläinen 2002). Pinosylvin (PS), and its derivates pinosylvin
monomethylether (PSM) and pinosylvin dimethylether (PSD) represent stilbenes
and are typical of the heartwood of Pinus species. Venäläinen et al. (2003),
studying the relationships between decay resistance and chemical and physical
wood characteristics found that the most promising characteristics appeared to be
the concentrations of pinosylvin (PS) and pinosylvin monomethyl ether (PSM),
while Celimene et al. (1999) reported that in addition to PS and PSM, pinosylvin
dimethylether (PSD), which incidentally can also be isolated from tall oil (Conner
1989), is similarly effective against fungi.
Harju et al. (2002) noted that resin acids inherently protect the woody
substrate as a result of their toxic effects, and that resin impregnation may act as a
non-toxic, waterproofing layer that prevents fungal penetration and growth within
wood. It has also been suggested that resin acids may provide resistance against
decomposition as a result of their hydrophobic properties rather than their general
toxicity (Eberhardt et al. 1994). Gref et al. (2000) proposed that resin acids play a
significant role in decay control in Scots pine wood, but Venäläinen et al. (2003)
and Harju et al. (2002) concluded that, although important for the active defence
of living trees, resin acids seem to play only a weak role in passive defence. The
active defence mechanisms only occur in the living parts of the tree and involve
the formation of toxic chemicals in response to various types of stimulus, such as
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mechanical wounding, whereas in the passive defence system the components are
always in place, e.g. the toxic extractives present in wood (Laks 1991).
The wood extractives that render decay resistance can be complex mixtures
with a number of components that have some biocidal activity. Due to this
synergistic effect, it may be difficult to determine in which component or
components the primary cause of decay resistance lies. Several compounds that
are not strong decay retarders individually may occur together in the same wood
and contribute greater resistance than the sum of their separate effects (Scheffer
and Cowling 1966). The inhibitory effect of resin acids and other fungicidal
extractives, however, can be overcome by decay fungi if nutrients such as
triglycerides are available in the wood (Gref et al. 2000).
4.2.2 Effect of tall oil on the biological durability of wood
Investigations have already been made into the possible use of tall oil as a wood
protection agent. Paajanen & Ritschkoff (2002) studied the influence of crude tall
oil on the growth of fungi and found it to inhibit the growth of three decay fungi
in culture media, the brown rot fungi Coniophora puteana and Poria placenta and
the white rot fungi Coriolus versicolor, and a similar effect was found by
Alfredsen et al. (2004), who screened the potential of certain commercially
available refined tall oils with different chemical compositions as potential wood
protection agents. Their filter paper assay showed a decrease in growth rate but no
total inhibition for any of the tall oils tested. Those with a higher resin acid
content were more effective than those with a lower content. Thus efficacy
seemed to be dependent on the quantity of resin acids in the tall oil. According to
Paajanen & Ritschkoff (2002), tall oil inhibits the growth of brown rot fungi more
than that of white rot fungi, but Alfredsen et al. (2004) discovered opposite effect.
This may reflect the variations in the composition and quality of tall oil
mentioned earlier.
The results presented by Alfredsen et al. (2004) indicate that Scots pine
sapwood treated with tall oil belongs to roughly the same durability class as
untreated Scots pine heartwood, between grades 3, slightly durable, and 4,
moderately durable (EN 350-1). The investigations of Anon. (1999b), Paajanen et
al. (1999), Ritschkoff et al. (1999) and van Acker et al. (1999) indicate a potential
for tall oil as a wood protective agent when used in above-ground conditions (EN
335-1/2/3).
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Jermer et al. (1993) tested the effect of tall oil derivatives against biological
degradation, and compared them with preservatives in current use. Their field test
showed two tall oil derivatives to be almost equally as effective against decay as
CCA and creosote, the retention quantities applied to the wood were extremely
high. Terziev (2006) has presented similar results, claiming that stakes treated
with crude tall oil at a retention of more than 400 kg/m3 showed a decay rate of 0
after five years of ground contact, similar to the situation with CCA.
In general, it was expected in the above studies that the efficacy of tall oils
against the biological deterioration of wood would be related to the chemical
compositions of the oils, but in fact the strongest effect is most probably related to
their hydrophobic properties. It is very important, of course, that the impregnant
itself does not greatly increase the attraction of decaying organisms to the wood.
4.2.3 Effect of tall oil on water repellency
Treatments with environment-friendly, thoroughly biodegradable tall oil are
known to greatly reduce the capillary water uptake of pine sapwood (Anon.
1999b, Paajanen et al. 1999, van Eckeveld 2001, van Eckeveld et al. 2001a, van
Eckeveld et al. 2001b). It was noted by van Eckeveld et al. (2001b) in their
studies of the effects of three tall oils on water repellency that all of them greatly
reduced capillary water uptake by the wood, while the results of swelling
measurements carried out by Paajanen et al. (1999) indicated that crude tall oil
treatment has a substantial effect on the dimensional stability of wood. In
addition, contact angle measurements showed that impregnation with crude tall
oil clearly improve the hydrophobic properties of wood. This was particular
evident after ageing in a weather chamber, whereupon a more water-repellent
coating had developed on the surface of the wood.
In conclusion, since tall oil treatment reduces capillary water uptake in wood
and also imparts hydrophobic properties to the wood surface, water cannot
spontaneously penetrate the wood pores through capillary action and the rate of
water absorption is limited. This reduces the average moisture content of the
wood, and also the period of time for which the wood is wet enough to allow
attack by micro-organisms, and thus reduces the risk or rate of fungal attack. This
means that tall oil has considerable potential as an alternative wood preservative
to those used today.
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4.3

Problems related to the use of tall oil for wood protection

Despite the good results, there are two problems that limit the use of tall oil for
wood protection: the large amount of oil needed and the tendency for the oil to
exude from the wood. Especially when tall oil is used as a biocide, the amount of
oil needed to achieve total sapwood penetration is high, and the higher the
amount of biocide is, the more effective is the treatment. On the other hand, high
retention levels increase the weight of the impregnated wood, and may make it
impractical and uneconomic to produce and use. When tall oil is used as a water
repellent, however, a smaller amount of oil may suffice as its efficiency is not
necessarily dependent on a certain oil retention level.
The tendency for tall oil to exude from the wood arises from the high
amounts used and the lack of oxygen inside the wood, which prevents
polymerization and oxidation of the oil, causing the unpolymerized oil to exude
with time to form a pitch-like surface. This also restricts the applications of wood
products treated with tall oil.
4.4

Development of a wood protection process using tall oil

4.4.1 Reducing the amount of oil needed
The problems related to high oil retention levels in the wood can be solved with
an appropriate process technique. The retention level can be controlled by
changing the process parameters (duration, pressure, temperature) or liquid
properties (viscosity, concentration). In Paper II the dilution of the tall oil was
chosen as the method of controlling retention, allowing total sapwood penetration
to be achieved with smaller amount of oil. For effective treatment, the oil must
penetrate through the entire microstructure of the wood, reaching the free surfaces
in particular, in order to give it long-term hydrophobic properties. Also, water was
used as a thinner instead of the more commonly used organic solvents, on the
grounds of environmental concerns, cost and safety. Oil-water emulsions make it
possible to use oily water repellents in aqueous situations and to use both water
and oil-soluble additives. Furthermore, emulsions are easy to handle (during and
after the impregnation process), the surfaces of the products will be cleaner and
they will be easier to paint than in the case of wood treated with pure CTO.
The aim of the work reported in Paper II was to investigate the water
repellent efficiency of crude tall oil and emulsions containing it, and the
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possibilities for reducing the amount of oil used by means of the emulsion
technique. Scots pine sapwood samples were impregnated with tall oil
formulations and the levels of water absorption and degrees of water repellent
efficiency (DE) were determined with cyclical wetting and drying tests. High
water repellent efficiency means low water uptake by the wood samples (100%
means that no change occurred in the specimen, and 0% means that the treated
specimen changed as much as the untreated controls). The results support the
theory that tall oil treatment reduces the water uptake of pine sapwood, and the
tall oil emulsion treatments gave almost as good water repellent efficiencies as
pure tall oil, even when the oil retention values were considerably lower (Fig. 18 21), showing that the total amount of oil used could be halved. The short-term
performance was slightly better in the case of emulsions, and the improvement in
long-term performance due to the wetting and drying cycles was higher, although
the long-term performance (DE96 after six wetting and drying cycles) remained
better with CTO. In summary, the emulsion technique was shown to be a potential
method for reducing the amount of oil needed to protect wood from water uptake.

Fig. 18. Degree of efficiency after the initial wetting and drying cycle, measured after 1
hour of water immersion (Paper II).
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Fig. 19. Degree of efficiency after the initial wetting and drying cycle, measured after
96 hours of water immersion (Paper II).

Fig. 20. Degree of efficiency after six wetting and drying cycles, measured after 1 hour
of water immersion (Paper II).
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Fig. 21. Degree of efficiency after six wetting and drying cycles, measured after 96
hours of water immersion (Paper II).

4.4.2 Enhancing the drying properties of crude tall oil
The tendency of oil to exude from the wood arises because the lack of oxygen
inside the wood prevents polymerization of the tall oil, causing the
unpolymerized oil to exude from the wood with time, to form a pitch-like surface.
Naturally, the chemical composition of crude tall oil also influences the oil drying
process. The problem has been solved by using maleic anhydride to bind the oil
within the wood (Paajanen et al. 1999), by controlling the ratio of resin to fatty
acids in the preservative (WO Patent 03/024680, Carlsson 2003) or by controlling
the ratio of carboxylic acids and possibly adding a siccative (FI Patent 97707,
Paajanen & Ritschkoff 1997). Under WO Patent 04/022291 the viscosity of the
preservative is increased at low temperatures by forming calcium or aluminium
soaps of the tall oil fatty and resin acids, so that the preservative solution remains
within the wood (Hotanen et al. 2004). Neutral agents, unsaponifiables, are also
added to the solution to bind the free carboxylic acids as esters. A similar practice
is also described in WO patent 03/024681, where calcium and aluminium salts are
used to thicken the tall oil and possibly also work as siccatives/catalysts for
oxidative cross-linking of the fatty acids in the oil (Johansson 2003). Finally,
there is a possibility to achieve a non-tacky surface and reduce the oil exudation
problem by decreasing the amount of oil in the surface layers of the wood with an
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appropriate process technique. However, the obverse is that the water repellency
also decreases.
Crude tall oil exudation can be prevented by enhancing its oxidation and
polymerization. The work in Paper III was undertaken in order to obtain an
understanding of the drying of crude tall oil and methods for improving it,
including examining the potential of iron for catalyzing the CTO oxidation
process. The drier metals used with oils are usually transition metals Mn (n = 2-4),
most commonly cobalt, manganese and zirconium, but iron (Fe3+) can also be
used. This offers great benefits when trying to create an environment-friendly,
economically viable wood preservative, since iron is non-toxic and much cheaper
than the common catalyst metals. It is known, however, that an excess of metal
catalyst can cause the reaction rate to slow down (van der Berg 2002), and
therefore the optimum amount of iron catalyst needed to be determined. The
results proved that the drying properties of pure CTO are too low for it to be used
as such in wood preservation, but its oxidation rate can be greatly enhanced by
means of iron catalysts (Fig. 22), to the extent that its exudation from the wood
can be prevented. As expected, the measurements also indicated that the highest
amount of iron does not give the best oxidation result but rather there is an
optimum somewhere in between. It should be noted that the composition of the
CTO (e.g. the amounts of residual lignin and carboxylic acids present) can vary
greatly between mills, and also changes during storage. Thus the amount of iron
catalyst determined here was suitable for the particular batch of crude tall oil and
may not be the optimum for tall oils from other sources. In practice, the precise
amount of iron catalyst should be determined separately for each batch. Instead of
qualitative analysis with differential scanning calorimetry (DSC), for instance,
this determination can be performed by a simple inclined plane method developed
as part of the present research. The results in Paper III enhance our knowledge of
the drying process of tall oil-based wood preservative and increase our
possibilities for exploiting this substance and other semi-drying oils for wood
protection without encountering oil exudation problems.
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Fig. 22. DSC diagrams (110°C air flow) indicating the oil oxidation rate (Paper III). The
higher the curve is, the faster the sample is oxidized.

4.4.3 Enhancing the wood protection properties of tall oil
It would be advantageous from an industrial and economic point of view to be
able to solve both problems related to wood protection with crude tall oil in a one
single-stage treatment. The studies in Papers IV and V were therefore undertaken
in order to improve the possibilities for exploiting tall oil and other semi-drying
oils for wood protection without encountering the problems that arise from the
high quantities of oil required or its exudation from the wood. The aim was to
investigate whether these problems can be solved with one single treatment, i.e.
whether it is possible to enhance the drying properties of the emulsion oil phase
and also maintain the high water-repellent efficiency. The methods used for
enhancing the drying properties were different in the two papers, however.
The water repellent formulations examined in Paper V were based on tall oil
fatty acids (TOFA), which are chemically more homogeneous and easier to
handle than crude tall oil (CTO). It was assumed that as the dominant
physicochemical properties of these oils are alike, they would behave similarly in
the various processes and tests. Two of the emulsions were detergent-protected
(sodium dodecyl sulphate, SDS) and two polymer-protected (poly(vinyl)alcohol
PVA). Iron catalyst was added to one sample of each emulsion. The absorptions,
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oil retentions and degrees of water repellent efficiency (DEt) for the tall oil
formulae studied in Paper V are shown in Table 2. In spite of the fact that oil
retention was higher in the TOFA treatment than in the emulsion treatments, the
efficiencies of these treatments are of the same order. The results support the
theory presented in Paper II that the emulsion technique is a potential way of
reducing the amount of oil needed. As indicated in Table 2, the iron catalyst
which accelerates the drying of the oil also improves the water repellent
efficiency. van Eckeveld et al. (2001b) have reported that continued cross-linking
of oil (i.e. drying) during repeated wetting and drying will improve the water
repellency of the treatment. In their tests oxidation took place without any
catalyst, however. It is suggested in Paper II that acceleration of the drying
process by oil modification would also increase its efficiency, and the results
presented in Papers IV and V confirm this suggestion. It seems, however, that if
the oil is properly dried (solidified) at the beginning of the test, the above
improvement in water repellency through oxidative cross-linking of the oil when
exposed to air during the wetting and drying cycles will probably not occur. It
should be mentioned that untreated control samples normally increase their water
uptake during the cycles, but for some reason this did not happen in the present
emulsion test series (Paper V), which had a reducing effect on the long-term DE
values of the emulsion treatments. Surface-active agents also affect the water
repellent efficiency, as shown in Table 2, where PVA are shown to have given
higher efficiencies than SDS. It is known that different surface-active agents
influence the physical properties of emulsions (e.g. viscosity, particle size
distribution) differently, and thereby the penetration and spread of such emulsions
within the wood structure.
Table 2. Degree of water repellent efficiency (DEt) of tall oil-treated pine sapwood
samples measured after 1 and 96 hours of water immersion (Modified from Paper V).
Treatment

Absorption

Retention

Degree of efficiency [%]
After initial cycle

After four cycles

DE1

DE96

DE1

DE96

After six cycles
DE1

DE96

TOFA-SDS

671

255

82

60

73

52

70

49

TOFA-SDS-Fe

623

218

92

64

89

60

89

60

TOFA-PVA

555

223

88

62

88

57

86

54

TOFA-PVA-Fe

603

243

94

67

92

63

92

64

TOFA*

437

386

90

67

91

67

92

70

* Different test series, lower pressure used
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The water absorption of the wood samples during the seventh wetting and drying
cycle is plotted against the square root of time in Fig. 23. Penetration dominated
by diffusion gives a linear curve in this situation (van Eckeveld 2001). Since the
capillaries of the wood are more or less closed due to the oil treatment, diffusiondominated water uptake can be expected. All the treatments except TOFA-SDS
show a very clear linear water uptake dominated by diffusion (R2>0.99). The
TOFA-SDS emulsion has hydrophilic parts and it is also more generally in a nonsolid form than the others. Thus it cannot prevent water uptake by capillarity as
well as the other emulsions. The solid oil closes the capillaries more completely
than that in a liquid state, and also prevents capillary water uptake in the long
term.

Fig. 23. Water uptake by tall oil-treated pine sapwood in the seventh wetting and
drying cycle.

To demonstrate the effect of the iron catalyst on oil drying, this was measured by
means of compression tests performed on the treated wood samples. Due to the
high degree of oil drying, the pressure needed in the test was higher than that used
in previous studies (Sailer 2001, Treu et al. 2004). As seen in Fig. 24, the addition
of an iron catalyst increases the rate of oil drying and thus reduces the amount of
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oil squeezed out as a result of compression. Moreover, the use of PVA as a
surfactant has an effect in preventing exudation. Probably due to the more
uniform penetration, oil drying is better. The decrease in oil pressed out is not a
function of the original level of retention (cf. Table 2). Treu et al. (2004) note in
their discussion of oil drying that when an oil dries a netted hard film is formed.
This is an irreversible process. Thus, if any exudation of oil exists, it means that
the oil has not dried completely at any stage. The results show that due to the iron
addition, the oil within the wood had almost completely dried (less than one
percent squeezed out when PVA was used as a surfactant). Most oils do not dry
when impregnated into wood in large quantities, however, because the oil
hampers the diffusion of air through the wood, which supplies the necessary
oxygen. By limiting the oil uptake, a less interrupted air flow can be achieved,
and thus the drying process will also be enhanced. Hence both the emulsion
technique and the use of an iron catalyst will improve both water repellency and
the rate of oil drying. Experience suggests that these same phenomena can be said
to occur when treating wood with CTO.

Fig. 24. Amounts of oil pressed out of the samples during the compression test
(Paper V).
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The results in Paper V show that it is possible to combine the use of an iron
catalyst to enhance the drying properties of the oil with the emulsion technique to
reduce the amount of oil needed. In addition to enhanced drying properties, the
iron catalyst also considerably improved the water repellent efficiency.
In addition to the enhanced drying properties and water repellent efficiencies
of tall oil-based wood protection formulations, the emulsion properties are
significant as well. The viscosities, average particle sizes and widths of the
particle size distributions of the emulsions studied in Paper V are presented in
Table 3 and the volume fractions of the particle sizes in Fig. 25. The viscosities of
the emulsions were measured with a Brookfield DV II+ Viscometer and the
particle size distributions with a Multi-Wavelength Particle Size Analyzer,
Beckman Coulter LS 13 320. There were no significant differences in viscosity
between the four emulsions, all being in the range 60-85 cP. The viscosity
increased on the addition of the iron catalyst, however, when SDS was used as a
surface-active agent, and correspondingly decreased in the case of the PVA
emulsions. The iron addition increased the average particle size of the emulsions
and also widened the particle size distributions and rendered them more uniform.
It is good to mention here that iron addition increases the viscosity of pure tall oil,
but decreases the viscosity of emulsions.
Table 3. Properties of the tall oil emulsions.
Emulsions

Viscosity (cP)

Average particle size (μm)

Distribution width (μm)

TOFA-SDS

65

1.723

2.894

TOFA-SDS-Fe

85

2.463

7.735

TOFA-PVA

75

1.668

3.144

TOFA-PVA-Fe

60

1.981

5.198
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Fig. 25. Typical particle size distribution of a tall oil-based emulsion.

The physical properties, particle size distribution and rheology of emulsions may
be at least as important for practical applications as their two-phase structure.
Dispersions prepared by mixing or homogenization rarely result in particles of
uniform size. Instead, the distribution of particle sizes is heterogeneous, and this
has a significant effect on the quality of the emulsion. The aim is usually to
produce as small droplets as possible. The size of the particles in an emulsion is a
function of the nature of the phases, the quantity and type of surface-active agent
and the processing techniques (Bennett et al. 1968). Increasing the amount of
surfactant in the emulsion and/or the mechanical energy put into the system
during preparation will result in a smaller particle size. The resistance to flow, i.e.
viscosity, is also one of the most important properties of an emulsion, from both a
practical and a theoretical point of view, and the particle size distribution has a
great effect on this viscosity. The viscosity of an emulsion increases with a
decrease in particle size or in the width of the particle size distribution. (see
Becher 2001, Pal 1996, Schramm 1992) In the case of the SDS emulsions used
here, however, the iron addition increased both the average particle size and the
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width of the distribution, but the viscosity of the emulsion increased, although it
had been expected to decrease. The reason for this may lie in electrostatic
interactions within the emulsion. PVA emulsions are neutral to these, but SDS
emulsions are not. The differences in viscosity between these four emulsions did
not vary significantly, however. A third important property of an emulsion is its
stability. Emulsions have to be stable for a certain period of time, i.e. the droplet
size must not increase during storage. An emulsified product loses a great deal of
its appeal if it separates into two layers or changes in consistency. Emulsion
stability is favoured by a small droplet size and high viscosity. From the point of
view of the ultimate use of tall oil emulsions, namely wood preservation, which
dictates the properties necessary for an acceptable product (emulsion), there are
certain contradictions in this. The primary objective of producing a tall oil
emulsion is to obtain a product that can be used in wood preservation, preferably
without heating, and stability is a very important factor because it is economically
necessary to re-circulate the excess emulsion to the next impregnation batch. A
small particle size, which leads to high emulsion stability, is an important factor,
too. Particles should be small enough to flow through the wood structure, i.e. the
wood cells and their interconnecting pits. In addition, a fairly free-flowing
emulsion is desirable. High viscosities, which, as with small particle size, lead to
high stability, may cause problems in wood impregnation processes, however.
The viscosity of an emulsion should be low enough to provide easy penetration
into the wood. Once the emulsion is applied to the wood structure, the oil should
easily separate from the water phase due to evaporation, and ideally, it should be
deposited deep within the capillary structure of the wood and plug the bordered
pits in particular. Thus certain compromises have to be made in order to achieve
the optimum composition and properties in an emulsion.
In the case of the emulsions in which SDS was used as the surface-active
agent, the retention of tall oil did not correlate with the concentration of the
formula, the theoretical tall oil retentions being 40% of the absorption, whereas
the actual tall oil retentions attained were on average between 35% and 38% of
the absorption (see Table 2). Similar results were achieved in the case of crude
tall oil emulsions in which SDS was used as a surface-active agent (Paper II). One
explanation for this might be that pine wood acts like a filter for emulsion
droplets, as Rapp and Peek (1995) found with water-borne resins. In the case of
PVA emulsions, however, the retention of tall oil did correlate exactly with the
concentrations. The main routes for liquid penetration into wood are provided by
the capillaries, i.e. the lumina of the cells and the interconnecting cell wall
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openings (pits). When studying the particle size distributions of the emulsions it
can be seen that approximately 10% of the TOFA-SDS-Fe particles were of size
4-8 μm (Fig. 25 and Table 3), which might indicate filtration, as the size of the
openings of the bordered pits, which are the important limiting factor for liquid
flow through the wood, are presumably smaller than this. From the data available,
Siau (1971, 1984) stated that the effective radius of the pit openings (openings
between microfibrils in the margo) of softwood vary in the range 0.01-4 μm,
depending on the species, the condition of the pits and the method of
measurement. It should be noted that in some cases the diameter of the pit
aperture could be the limiting factor for flow. There are also studies in which the
importance of flow through bordered pits is believed to be overestimated, so that
there exists (as part of the natural variability in wood microstructure) outer
perforation of the pit membrane, which enlarges the flow path (e.g. Olsson 1999).
The particle size of a TOFA-SDS emulsion is smaller than that of a TOFA-PVAFe emulsion, however, and thus the filtration tendency cannot clearly explain the
difference between the actual and theoretical retentions. This brings out another
possible explanation, that SDS emulsions are not as stable as PVA emulsions. The
SDS emulsion may break up during the pressurized wood impregnation process
and/or penetration into the wood, causing higher water penetration than oil
penetration. There is also a third possible explanation for the difference between
the theoretical and actual retentions. The proportion of retention and absorption of
TOFA was 88%, which points to tall oil exudation and/or evaporation during
drying of the wood samples. This may also have happened in the case of the SDS
emulsions. The reason why the PVA emulsions act differently could be that PVA
has film-forming and gluing properties, which hinder the evaporation/exudation
of tall oil during the drying stage relative to TOFA and TOFA-SDS emulsions.
In conclusion, it is obvious that certain compromises have to be made in
order to achieve the optimum composition and properties in a tall oil emulsion for
wood protection purposes. More research is needed in this field, especially
concerning the behaviour of tall oil emulsions during the wood impregnation
process. For effective treatment, the oil must penetrate through the entire
microstructure of the wood, but the filtration mentioned above is not necessarily a
negative phenomenon, as it leaves more oil in the surface layers of the wood,
which will increases the water repellency of the surface. It should be
remembered, however, that water repellency, and thus oil, is also needed deeper
within the wood, so that filtration is positive only to a certain degree.
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4.4.4 Biodegradability of tall oil-based wood preservatives
Pure groundwater is one of our most important natural resources. In order to
protect water sources, it is important to examine the behaviour of possible
pollutants in an aqueous environment. Typical wood preservatives such as
creosote oil, CCA and PCPs have caused various environmental hazards, and
several instances of contamination have been caused by careless use of
preservatives and/or location of a wood preservation plant in a groundwater area
or close to rivers and lakes (see Lesage & Jackson 1992, Lyytikäinen et al. 2001).
The biodegradability of tall oil-based wood harvester hydraulic oils and chain
oils has already been studied (Lauhanen et al. 2000, Kuokkanen et al. 2001,
Kuokkanen et al. 2004, Vähäoja et al. 2005a, Vähäoja et al. 2005b), but wood
preservation with tall oil is a fairly new application, and research into its
environmental aspects is still needed. It was this that aroused our interest in
determining the biodegradation of various wood preservatives, mainly tall oilbased ones, in a groundwater environment and under the OECD 301 F standard
conditions in water, thus producing more information on their environmental
effects (Paper VI). The determinations were carried out by the respirometric BOD
OxiTop method, and the results showed that both natural wood preservatives,
including tall oil and linseed oil, and the most common raw materials used for tall
oil-based wood preservatives were moderately biodegradable in a groundwater
environment and that their biodegradation was better under the OECD 301 F
standard conditions, where additional amounts of minerals and microbes were
present. Notable in the paper VI is that the oxidation of Fe-salt of tall oil fatty
acids remarkably decreases the biodegradation rate of oil. This can be seen as an
advantage, when tall oil is used for wood protection purpose. The reason to this
decrease might be the oil solidification. There were also differences between the
biodegradations of certain tall oil fatty and resin acid mixtures and tall oil fatty
acid esters, but they were not that significant. Creosote oil, the traditional wood
preservative, had no aptitude for biodegradation in groundwater, but some
biodegradation ability was shown in the standard tests. Hence, it can be said to be
very slowly biodegradable.
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4.4.5 Practical applications
The wood protection method presented here enables the two main problems
related to wood impregnation with tall oil to be solved in one single-stage
treatment which can be implemented at already existing wood preservation plants.
This is advantageous from the industrial and economic point of view.
Wood treatment process with crude tall oil emulsion differs from existing
processes mainly in preparation of the treatment solution and finishing treatment.
It is possible to use commercial emulsions, but in order that the process would be
economically and environmentally viable, the excess emulsion and also washing
waters should be reusable and/or recyclable. Problem with commercial emulsions
is that the properties of emulsion might change during the wood treatment
process, and therefore the reusability is difficult. Another problem might arise due
to the formation of the washing waters. The finishing treatment, where treated
wood and the treatment equipment are washed simultaneously with water, is
effective. The excess of emulsion on the wood surfaces can be washed easily out.
The washing water can be used in the emulsion preparation process. Therefore,
for practical reasons in situ emulsion preparation is recommended, and in that
case new emulsification process is needed. However, if stable and easily reemulsifiable commercial emulsions are available, the process is not needed.
It‘s important to settle the treated wood before oven-drying. This settling time
and slow pre-drying in relatively low temperature insure that the evaporating
water does not push the oil out of the wood. The drying temperature has an effect
of the rate of oil oxidation, and thus the colour of the wood. The higher the drying
temperature is the faster is the oil oxidation and the darker is the colour of the
wood. The high temperatures (> 100 °C) are not necessarily needed, if the time is
not the limiting factor.
The stability of emulsion influences not only the absorption, but also the
finishing treatment and the drying behaviour of the treated wood. The finishing
treatment of instable emulsion is hard to perform, and there might be oily and
pitch-like emulsion residuals on the wood surfaces. Stable emulsion with low
viscosity is easier to handle, the impregnated samples and the equipments are
much easier to clean, and also, the stability of emulsion oil phase within the wood
during drying is higher.
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4.5

Considerations concerning tall oil for wood protection

Wood preservation is a way of increasing the biological durability of wood by
adding chemicals having a biocidal effect. The effects of such treatments are
clearly dependent on the concentrations, so that at specific biocide levels fungi
are either killed or their ability to obtain nutrients through their enzymatic
functions is inhibited. Non-biocidal treatments act quite differently, however.
Mechanisms such as moisture exclusion or hydrophobation retard or prevent
colonization by fungi. Since these treatments are only effective above a certain
level or when a certain degree of substrate modification is reached (heat
treatment), it is seldom possible to establish a dose-response curve (van Acker &
Stevens 2000). Thus it is clearly more important to estimate the service life of
wood products in different hazard classes than to look for total efficacy. Most
non-biocidal treatments are linked to biological hazard class 3 (van Acker &
Stevens 2000), where the general service situation is above ground, with exposure
to outdoor conditions, and the general moisture level is frequently above 20%
(EN 335-1/2/3).
Environment-friendly, thoroughly biodegradable, natural oily substances,
including tall oil, are highly suitable for wood protection when the aim is to
prevent moisture uptake by the wood. These substances enable the wood moisture
content to be kept below 20%, so that the requirements for degradation by fungi
are not met. On the other hand, they cannot compete with biocides in terms of the
biological durability of wood that is in contact with the ground or water (hazard
class 4), where moisture levels in the wood are permanently over 20%.
With the preservatives that were previously in common use, wood can
achieve a service life of 50 some years, but the importance of this could be
questioned. Even if the life expectancy of an impregnated railway sleeper were 50
years, it might be destroyed by mechanical wear much earlier than this. Creosoted
wooden poles become hollow upon ageing, since the biocide-impregnated
sapwood is undamaged but the naturally durable heartwood that is difficult to
impregnate is totally destroyed. An additional consideration is that wood treated
with common preservatives is classified as hazardous waste. Does the life
expectancy of garden furniture have to be so long, for instance? Without
maintenance, wood will eventually become grey or cracked in any case, and what
is more important nowadays, fashions change. Could a 10-year service life be
long enough? This would allow timber to be protected with environment-friendly,
thoroughly biodegradable substances in order to meet the requirements of various
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end-use situations and ensure that the treated wood is both “fit for the purpose”
and has a useful and safe life cycle, including production, use and eventual
disposal.
Both crude tall oil and pine timber are produced in large amounts in Finland.
By combining these resources it should be possible to create durable, waterrepellent, environment-friendly, biodegradable wood products with good aesthetic
properties in this country.
It has been shown that tall oil treatments reduce the water uptake of pine
sapwood, and that almost equal water repellent efficiencies can be achieved with
tall oil emulsion treatments as with pure tall oil, even at considerably lower rates
of oil retention, so that the total amount of oil required could be halved. Thus the
emulsion technique is a potential method for reducing the amount of oil needed to
protect wood from water uptake. Improved water repellent efficiencies may be
connected with increased hydrophobicity of the surfaces and/or the degree of oil
drying, but materials such as CTO and TOFA are not usually truly hydrophobic,
with a water/solid contact angle of more than 90° (Borgin & Corbett 1970a). Thus
the increased hydrophobicity only retards the rate of water uptake in the
capillaries. It can be assumed from the results presented in Paper V that the
degree of oil drying has an effect on water repellency. Solid oil closes the
capillaries more completely than liquid oil and also prevents capillary water
uptake in the longer term. It should be noted that treatments with tall oil
emulsions above all reduce the rapid water uptake through capillary action that
occurs at the beginning of water immersion (high short-term performance). The
hydrophobation and closing or filling of the capillaries slows down the rate of
water uptake, but the extent of that uptake may still be equal to that of untreated
wood over a longer period of time by virtue of diffusion (lower long-term
performance). This is a common fact that applies to many other water repellents
as well.
As mentioned earlier, most oils do not dry when impregnated into wood in
large quantities, because the oil hampers the diffusion of air through the wood,
which supplies the necessary oxygen. By limiting the oil uptake using the
emulsion technique, a less interrupted air flow can be achieved, and thus the
drying process will also be enhanced. Hence both the emulsion technique and the
use of an iron catalyst will improve both the water repellency and the rate of oil
drying.
According to Razzaque (1982), the effectiveness of a water repellent
treatment is probably dependent on both the amount of deposit and its precise
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location within the treated wood. It is assumed in Paper II that the effectiveness of
tall oil emulsion treatment, where the amount of deposit is lower, may be based
more on the location of the oil within the wood. Emulsion-treated wood possesses
larger amounts of empty space within its structure for liquid water to penetrate
than does wood treated with pure CTO or TOFA, where these are filled with oil.
The water uptake of emulsion-treated wood might even be lower, however, which
would indicate that the routes by which liquid water penetrates the wood were
being closed. As the timber dries after treatment, the emulsion breaks up during
evaporation of the water and its oil phase is deposited within the inner surface of
the lumina, thus plugging the pit membranes and/or increasing the hydrophobicity
of the capillary surfaces. Polymerization and drying of the oil during this process
greatly increases the efficiency of the treatment. Belford & Nicholson (1969) and
Lukowsky (2002), among others, have deduced a similar pit plugging
phenomenon, but with different materials.
The main routes for the penetration of liquid into wood are provided by the
capillaries; namely the lumina of the cells and the cell wall openings (pits)
connecting them. Moisture absorption is very low in the heartwood, since the pits
are permanently aspirated (closed), the extractives are deposited on the pit
membranes and the pore size is smaller. Sapwood pits also aspirate during drying
of the wood, but not permanently. If the tall oil deposit can be positioned on the
membranes of aspirated sapwood pits, they remain in an aspirated state due to a
“glueing” effect, and water uptake is considerably reduced. According to
Lukowsky (2002), it may be assumed that the resin, in this case tall oil, is
preferentially deposited in the pit membranes, for as the treated wood dries, the
remaining resin solution in the lumen will withdraw to the smallest available
capillary, in accordance with the Kelvin equitation, and as the pores of the pit
membrane are the smallest capillaries in the lumen, the pits will be plugged by the
remaining resin deposits. A notable factor here is that tall oil consists of the same
components as heartwood extractives, which are the principal source of decay
resistance in the heartwood. It can also be estimated that wood extractives
deposited on the pit surfaces may dissolve in an oily impregnant and thus interact
with it. Due to this high natural durability and the low moisture absorption rates
that make heartwood difficult to impregnate, wood protection is usually aimed at
enhancing the durability of sapwood. The use of this method, as presented in
Papers I-VI, increases the durability of the sapwood and also makes the wood
more homogeneous, while – crucially – allowing the wood to be burned after the
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end of its useful life. In simple terms, the aim of this method is to turn the
sapwood artificially into heartwood.
Thus the field of wood protection has turned full circle since biblical times
and the days of Noah’s pitched ark …
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5

Summary

The research reported here was based on the hypothesis that environmentfriendly, biodegradable crude tall oil (CTO) can be used for wood protection and
that the related problems can be solved by obeying the rules of green chemistry
and engineering. This work was undertaken in order to improve the possibilities
for exploiting crude tall oil for industrial wood protection, with the aims of
obtaining an understanding of wood protection by means of crude tall oil and
finding technical solutions to the main problems limiting its industrial use for this
purpose.
The classic approach to wood preservation is based on the principle of
toxicity. Wood impregnation with biocides (containing creosote, arsenic, zinc,
copper, chromium etc.) prevents biological degradation, but the European
directive on the use of biocides place restrictions nowadays on the active
substances that can be used in wood preservation, above all arsenic, and their
fields of application. Furthermore, wood treated with common preservatives is
classified as hazardous waste. Increased environmental awareness in recent years,
and the consequent spread of policies favouring the use of renewable resources
and environment-friendly chemicals have led to an increased interest in “nonbiocidal”, more environment-friendly methods of wood protection, even the use
of biodegradable substances. Systems enhancing the durability of wood should be
sustainable in both production and use. In addition to this, the treated wood
products should, at the end of their life, be suitable for energy production by
combustion or composting or for use as a secondary fibre source by related
industries, without presenting any problems of residual chemicals arising from the
treatment.
In addition to toxicity, the prevention of wood degradation can also be based
on the idea of interfering in the basic physiological requirements for the growth
and development of micro-organisms, including favourable temperatures, an
adequate supply of oxygen, at least a certain amount of moisture, suitable
nutrition and certain essential growth factors. By changing the circumstances in
the wood, e.g. keeping the moisture content below 20%, one can ensure that the
requirements for degradation are not met. Controlling the moisture content with
water repellents is an effective way of protecting timber. Although water
repellents do not stop all water absorption, they are an excellent treatment for
wood that is to be used out of doors, because they inhibit the absorption of water
at times of rain and yet allow the wood to dry after rain. The reduction in average
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moisture content and in the length of time for which the wood is wet enough to
allow attack by micro-organisms slows down the rate of fungal attack.
Treatments with environment-friendly, biodegradable tall oil are known to
reduce the capillary water uptake of pine sapwood greatly, but despite the good
results, there are two problems that limit the use of tall oil for wood protection,
the large amount of oil needed and the tendency for the oil to exude from the
wood. The high retention levels increase the weight of the wood, and may make it
impractical and uneconomical to use. It is shown here that the emulsion technique
is one way of solving this problem, as it allows high water repelling efficiency to
be achieved at considerably lower oil retention levels. In this technique water is
used as a thinner instead of the commonly used organic solvents, which is
beneficial from the environmental, economic and safety points of view. Oil-water
emulsions make it possible to use oily water repellents in aqueous situations and
to use both water and oil-soluble additives. Furthermore, emulsions are easy to
handle (during and after the impregnation process), the surfaces of the products
are cleaner and they are easier to paint than wood treated with pure CTO.
The tendency for oil to exude from the wood arises from the large amounts of
oil used and the lack of oxygen inside the wood, which prevents polymerization
of the tall oil, causing the unpolymerized oil to exude with time to form a pitchlike surface. This restricts the applications of wood products treated with tall oil.
It is shown here that the drying properties of CTO are too low for use as such in
wood preservation, but the rate of CTO oxidation and polymerization can be
enhanced considerably by means of iron catalysts (Fe3+), thus preventing the oil
from exuding out of the wood.
At the same time it is shown that the addition of catalysts to enhance the
drying rate of tall oil also increases the water repelling efficiency of tall oil
treatment. Most oils do not dry when impregnated into the wood in large
quantities, because the oil hinders the diffusion of air through the wood, which
brings the needed oxygen. Upon limiting the oil uptake by the means of the
emulsion technique the airflow is less disturbed, and thus the drying process is
enhanced. Hence, both the emulsion technique and use of an iron catalyst can
improve both the water repelling efficiency of tall oil treatment and the rate of oil
drying. This method enables the two main problems related to wood impregnation
with tall oil to be solved in one single-stage treatment which can be used in
already existing wood preservation plants. This is advantageous from the
industrial and economic point of view.
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Wood can be protected with environment-friendly, biodegradable tall oil in
order to meet requirements of various end-use situations, ensuring that the treated
wood is “fit for the purpose” and that it has a useful and safe life cycle, including
production, use and eventual disposal.
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Recommendations for future work

The main problems related to wood protection with tall oil, the large amount of
oil needed and the tendency for the oil to exude from the wood, have been solved,
and the results are promising: tall oil treatment obviously increases the durability
and usability of wood. There is therefore real industrial interest in this method.
The background to it nevertheless needs to be studied more deeply.
The reason for the increased durability of wood is thought to be the
positioning of tall oil droplets in the optimum places within the wood matrix,
plugging the sapwood pits and preventing water uptake. It would be important to
know how the emulsion droplets flow and position themselves within the wood
matrix, and also whether it is possible to contribute to this positioning. The
tendency of these substances to be filtered by wood is a highly critical, but not
widely known phenomenon, especially in the case of natural oil impregnation,
although also in traditional methods. Future studies should concentrate on the
effect of process parameters such as pressure, temperature and time, and also
emulsion properties such as volume fraction, stability, viscosity and particle size
distribution on the penetration and filtration of crude tall oil through the structure
of wood, and the localization of the oil within the wood. The possibilities for
modelling these phenomena might also be an interesting research topic.
Moreover, crude tall oil can vary considerably in composition and quality,
e.g. the amounts of residual lignin and carboxylic acids, depending on the
location of the mill, time of year, growing cycle of the tree, tree species, ageing of
the wood, amount of heartwood, pulping conditions, handling and storage of the
wood, and also in relation to the efficiency of the system used to recover the tall
oil. In addition, rosin acids have a tendency to crystallize and settle out from
crude tall oil. These variations in composition and quality have a great effect on
emulsion formation and behaviour, and also on the amounts of additional
chemicals needed. It would therefore be important to find out how the
concentrations of different tall oil fractions (resin acids, fatty acids and
unsaponifiables) affect the emulsion preparation process and emulsion stability.
Threshold values should be determined for concentrations which generate a
decrease in emulsion quality.
As mentioned earlier, crude tall oil has an effect on the biological durability
of the wood. This results from the chemical composition of crude tall oil.
Through oil modification this chemical composition is changed and it can be
assumed that this has an effect on the biocidal properties of oil. Therefore decay
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tests are required. Studying the drying behaviour of treated wood is as important
as the wetting behaviour. Also the dimensional changes, cracking, and mechanical
properties as well as colour changes, greying, and UV resistance of tall oilimpregnated wood should be studied.
Oil-water emulsions make it possible to use oily water repellents in aqueous
situations, and also to use both water and oil-soluble additives. This field is still
open for new supplementary research. The combining of crude tall oil treatment
and wood cell wall modification with water or oil-soluble substances would be
worth studying. Furthermore, an interesting research topic could arise from the
possibilities for applying this method to other natural oils, especially semi-drying
oils.
In conclusion, despite the fact that the main problems related to wood
protection with tall oil can be solved, further investigations are still needed.
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