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Implication of Chemical Deterioration on Mechanical Performance of Wood

Abstract

The oak wood of the 17" century warship Vasa has shown significant changes in the
chemical and mechanical properties as compared to recent oak. The most important
factors contributing to these changes are the incorporation of iron compounds during
waterlogging and the uptake of polyethylene glycol (PEG) in the course of the
preservation treatment. To investigate the effect of iron-dependent oxidative
degradation reactions, samples of recent birch, pine and oak were impregnated with
aqueous iron(ll) chloride solution and thereafter exposed to air or pure oxygen at
controlled relative humidity in long-term experiments, followed by tensile strength
(TS) measurements. Iron-impregnated samples exposed to oxygen displayed significant
effects already after one week and with a reduction in TS of ~50% after one year.
Samples treated with additional PEG displayed less reduction in TS. The extent of
oxidative degradation was monitored quantitatively following the O, consumption in
closed vials with different relative humidity (RH), as a function of time. For oak, the
initial O, consumption was high and declined with time. After 200 d, the accumulated
0, consumption was 0.3-0.4 mmol-(g wood)™. The formation of carbon dioxide and
oxalic acid was positively correlated with RH. Samples kept for 1500 d at RH55% had
accumulated 0.044 mmol oxalic acid-(g wood)™, which equals the average oxalic acid
content in the interior of Vasa oak. FT-IR analysis on iron(Il) impregnated samples and
on Vasa wood showed an increased signal intensity at 1710 cm™, assigned to carbonyl
functions, in samples with reduced TS. The signal at 1710 cm™ is not primarily related
to oxalic acid. The results show that chemical changes and mechanical performance of
iron contaminated wood are strongly correlated and that the state of degradation is
observable using IR spectroscopy. Overall, the results confirm that iron compounds
have a detrimental effect in wood and indicate that PEG might act as an antioxidant in
oxidative degradation processes. Concerning the Vasa, it may be concluded that most
degradation related to iron compounds and oxidative processes has taken place during
the first period of conservation when the wood was exposed to oxygen in a still very
humid state. Thus, the current rate of oxidative degradation under the present relatively
dry museum conditions should be relatively low.

Keywords: Wood, iron(ll), Fenton, tensile strength, oxalic acid, infrared spectroscopy, principal
component analysis.
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1 Introduction

1.1 Aim

The main topic of this thesis is the effects on wood caused by iron compounds
in terms of chemical and mechanical changes. The investigations regarding the
chemical deterioration started when salt precipitations were found on the
surfaces of the Swedish warship Vasa — one of the largest conserved wooden
maritime objects in the world. However, it is verified that the strength of the
Vasa wood has reduced to more than half of that of recent oak (Bjurhager et
al., 2012). It is also affirmed that the presence of iron compounds in
waterlogged archaeological wood is an issue of great importance for future
conservation and stability. Iron compounds are abundant in the wood of the
Vasa and it is spread throughout the cell walls of the wood (Almkvist &
Persson, 2011). One hypothesis is that reactions catalyzed by iron compounds
are the main cause of degradation of the wood. Iron compounds in Vasa occur
partly as visible salt precipitation (e.g.natrojarosite, rozenite and melanterite)
on the surfaces of the timber and loose wooden objects (Sandstrom et al.,
2002) and partly as integrated iron compounds which are present throughout
the timber (Hafors, 2001).

It has been known since the end of 19" century that iron(ll) can act
catalytically with oxygen to create strong oxidative conditions which can effect
organic material (Fenton, 1894). In Fenton type of reactions reactive hydroxyl
radicals (HO) are formed, which are able to attack organic substances and
break C-C bonds which become smaller molecules by an oxidative reaction.

Analyses of Vasa wood indicate conditions favoring the action of oxidative
reactions referred to 10 % content of water and accessible oxygen and iron.
The Vasa wood is more acidic and the content of iron and sulfur is higher than
recent wood. Besides these facts, the Vasa is treated with polyethylene glycol
(PEG) during the conservation which also has affected the wood in different
ways. In general, breaking of bonds of wood components would lead to loss in
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mechanical strength. One sensitive tool to measure wood degradation is tensile
strength (TS). Basically, TS gives information regarding the degree of physical
change of material which has been subjected to abnormalities. TS of wood is
influenced by many factors such as the content of cellulose, the length and
orientation of fibres in the cell walls (Fu & Lauke, 1996). Changes of these
parameters will affect the average strength of the wood. Archaeological wood
often behaves differently compared to recent wood. A model study of the Vasa
wood regarding the impact of iron ions and oxygen on recent wood was
performed. The changes that took place were similar to those observed in the
Vasa wood which could give information about the degradation mechanisms
involved. This is particularly important for large structures such as Vasa as
well as any other large structures that contain curvatures which are often
parallel to the longitudinal direction of the wood (Figure 1). Extended
degradation with decrease in mechanical performance would eventually lead to
rupture of the planks and beams.

Figure 1. Lower gun deck inside the Vasa shows some of the knees with obvious bends and
curvatures. These huge logs are the supporting parts for shelf clamps and the frame mounted
outside with iron bolts.

1.2 Salvation

As a matter of fact, the modern and scientific history of the ship began 50 years
ago when it was brought to the surface after 333 years on the seabed in the
Stockholm harbor. At the salvation of the Vasa the chemical conditions
changed dramatically. As soon as the Vasa broke the water-line the conditions
changed from anaerobic to aerobic, which probably started a number of
chemical reactions. Relatively high concentrations of iron compounds in the
wooden timbers of the ship and the change in oxygen concentration made
oxidative chemical reactions suddenly possible. To prevent an immediate
drying of the timber and crack formation the Vasa was sprayed by water with
fire-hoses, and later a sprinkler system was adapted to keep the wood wet
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(Hafors, 2010). Accumulated sediment on the surface of the wood was washed
away. The wooden surface was revealed and it became unprotected against the
surrounding air.

Figure 2. A picture when Vasa stood on the pontoon for restoration at Beckholmen (right). The
spraying of PEG and borax started by the people inside and outside the ship by hand (left)
(Photos: Swedish National Maritime Museum).

1.3 Conservation

It was important to choose a conservation agent which was available, easy to
use, reversible, non-toxic and affordable. After preliminary experiments it was
decided that polyethylene glycol (PEG) would be the best choice as a
dimension stabilizing agent to protect the Vasa from cracks and dimension
changes despite little was known about PEG in this kind of application at that
time.

The treatment period after the salvage can be divided into three periods: the
wet period, the drying period and the period on display in the new museum hall
from 1990. During the wet period the ship was sprayed for almost 18 years
with an aqueous solution of PEG and borax. Borax (Na,B,O-)/boric acid
(H3BO3) was added to prevent fungal growth. The hull was sprayed with PEG
with an average molecular weight of 1500 g-mol™ at the beginning followed by
PEG 600 was added (1971) to prevent cracks and shrinkage more effectively
(Hafors, 2001; Hafors, 1990). 1979-1990 the ship was left to dry to a mean
water content of ca 10 % before it went to public display in 1990 in the present
museum hall.

1.4 Brief historical dictum and present state

Every culture in the human world demands its own identification. In order to
obtain these identifications, incidents and experiences during the course of
history of that particular culture will build up the people’s conception. During
the 17" century, Sweden was one of the main actors in the thirty-year war in
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Europe (1618-1648). King Gustavus Adolphus Il was an excellent strategist
and during his rule large parts of Scandinavia, parts of Russia, Poland and
Germany were conquered. To maintain the ascendancy of the empire, the
control of the Baltic Sea was of highest strategic importance (Glete, 2006). The
success of this task depended on the latest war technology of those days. Five
large and powerful warships were ordered by the king and the pearl of this
armada would have been the Vasa (the king’s family name). The Vasa,
unfortunately, wrecked at its maiden voyage in 1628. Almost all of the cannons
were salvaged during the following decades. However, the remains of the ship
fell in oblivion for centuries. During 1950s, she was discovered by Anders
Franzén and the Vasa was salvaged in 1961.

After the salvage an extensive conservation work was at head. The ship was
taken to a nearby dock at Beckholmen where a detailed archaeological
examination was undertaken. In 1962, the Vasa was moved to another dock
nearby there the conservation work was undertaken and in 1988 the Vasa was
brought to its final destination at the present museum hall which still was
incomplete at that time (Figure 3). The Vasa with its approximately 1000
tonnes is mounted on regular hard standings fit with wooden cubes. The
climate conditions were unstable in the museum hall regarding temperature and
humidity which led to a massive fluctuation. Considering the size and weight
of the Vasa, probably significant amounts of water were transported in and out
of the wood. However, after a very rainy summer in year 2000, it was decided
to optimize the conditions in the museum hall. Today the climate in the
museum is controlled and regulated to a relative humidity (RH) of 55 % and
the temperature is kept at 19 °C. The lights are damped to avoid a photo-
catalytic degradation.

Figure 3. The Vasa in its present display at the Vasa museum. Relative humidity and
temperature are regulated but the platform it stays on is still the same as during the conservation
period (Photo: Swedish National Maritime Museum)
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2 Chemistry and mechanical strength

2.1 Wood

Wood probably is one of the most important materials in human history. It has
been used as fuel or material for structures as houses, bridges, wagons etc. for
very long time. 300 000 years old tools and weaponry made of wood have been
found (Fengel & Wegener, 1984).

The cross-section of a tree stem is divided into different parts with specific
task and properties. From the most inner part, the pith to most outer bark,
heartwood, sapwood, cambium and phloem are lined up (Figure 4A). The
heterogeneous chemical composition of wood is made up by four main
components i.e. cellulose, hemicelluloses, lignin and extractives. The amount
and type of every single component depend on species and geographical origin.
Wood consists of two main groups, softwood (coniferous) and hardwood
(deciduous). Wood from softwood trees have a more simple macro-structure
than hardwoods by less number of cell types and combinations of them (Fengel
& Wegener, 1984). The macro-morphology of wood consists of two major
parts with different properties. The outer and inner parts are called sapwood (a
mixture of dead and living cells) and heartwood (dead tissue, closer to the pith)
respectively (Bowes, 2010). Heartwood is an important factor for mechanical
stability of wood (Long et al., 1981).

At micro scale the wood cell walls are divided into three main layers,
called S1, S2 and S3 (Wu et al, 2009; Wimmer & Lucas, 1997).
Approximately 80% of the wood cell wall consist of the S2 layer (Jager et al.,
2011) and an impact in this region would cause a significant change in
mechanical performance. The so-called microfibril angles (MFA) is a term
used to denote the angle between the orientation of cellulosic microfibrils in
the S2 layer and the long axis of the cell (Barnett & Bonham, 2004). This angle
is almost perpendicular to the fiber axis for S1 and S3 which results in large
angles while the direction of micro-fibrils in the S2 layer is almost parallel to
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cellular axis and thereby a small MFA which seldom exceeds 30°, Figure 4B,
(Bjurhager, 2011). These fibres contain mainly of cellulose, which is built up
of D-anhydroglucopyranose (glucose) residual monomers polymerized by 1-4
B-glycosidic bonds (Henriksson & Lennholm, 2009; Fengel & Wegener, 1984).
The high degree of polymerization (DP) of cellulose chains and the strong
hydrogen bonds between the chains make this polymer crystalline. The
structure of crystals are uniform which make them more resistance against
chemical attacks than amorphous structures (disordered)(Harvey & Freedland,
1990). This property makes cellulose a very important component regarding
the mechanical strength of wood.

(A) (B) (€

Radial O_H

OH 1/0“/

OH
1-4 B-Glycosidic bond
OH

FSSSSSSSSSSSS
T

Figure 4. General illustration in macro-scale of a piece of wood trunk showing the structure.
From the taper of the wooden sector at the radial direction pith, heartwood, sapwood, cambium,
phloem and outer bark is revealed (A). The three main parts of wood cell walls S1, S2 and S3, are
illustrated in (B).The 1-4 g-glycosidic bond between two glucose monomers shows the principle
cellulose polymerization (C).

Two hardwood species, oak (Quercus robur) and birch (Betula pendula),
and one softwood, pine (Pinus sylvestris) wood were used in this study.
Heartwood from oak and pine has a darker tone in color and the threshold
between heartwood and sapwood are more pronounced compared to birch. This
is probably caused by the amount of extractives (extractable compounds)
which increases during heartwood formation by the plant to protect itself
against fungi. The darker color of heartwood is due to the formation of
polyphenols (Jansson; et al., 2009).
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2.2 lron

2.2.1 lIron chemistry

The most common oxidation state of iron found in nature is +Il and +I1I as
minerals e.g. hematite (Fe,O3), magnetite (Fe3O,) and pyrite (FeS,)
(Greenwood & Earnshaw, 1997) but it also rarely occurs as iron with an
oxidation number of +IV (Schwertmann & Cornell, 2000). The corrosion of
metallic iron under wet conditions is relatively fast as the oxides do not form
any protective sheet to provide protection against further oxidation. Thereby
metallic iron often fades away completely from its origin form.

In chemical contexts the oxidation of metallic iron to iron(lll) proceeds in
two steps. In the first step iron oxidizes to its +11 oxidation state because it is
favored thermodynamically. Thereafter further oxidation to iron(l11) is possible
when the conditions so allow. However, presence of iron in waterlogged
archaeological wood has always been and still is a challenge for conservators
to deal with.

2.2.2 Iron as a catalyst

Several studies have shown that iron(ll) ions together with a peroxide may
catalyze oxidative reactions (Mayer & Jarrell, 1996; Emery & Schroeder,
1974; Stumm & Lee, 1960; Bawn, 1953; Weiss, 1953). It is also established
that wood deteriorating microorganisms such as brown-rot seem to utilize the
catalyzing ability of iron to produce radicals for their purpose (Kerem et al.,
1999; Hyde & Wood, 1997; Wood, 1994; Schmidt, 1981). According to
Neevel (1995) iron(ll) in wood have two pathways for degradation of
cellulose. Iron may catalyze the production of superoxide radicals (O,”) and
further formation of organic radicals (Eq. 1; 2; 3 & 4) or, if hydrogen peroxide
is available, through Fenton type of reactions to produce the highly reactive
hydroxyl radical, HO" (Eg. 5). These reactions are dependent on the availability
of both iron(Il) and oxygen.

Fe**(aq) + 0,(g9) » Fe**(aq) + 037 (aq) (Eq. 1)
Fe3*(aq) + 05, (aq) + RH - Fe?**(aq) + HOO® + R* (Eq. 2)
R* + 0,(g) » ROO" (Eq. 3)
ROO*+ R'H - ROOH +R" (Eq. 4)
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The overall Fenton reaction:

Fe?*(aq) + H,0,(aq) + H*(aq) » Fe3* (aq) + HO* + H,0
(Eq.5)

It is known that iron has a deteriorating effect on wood (Marian & Wissing,
1960). Around nails and bolts used to keep wooden structures together, one
might observe that wood often is affected and seems to be degraded (Baker,
1974). The wood is darker in color around the iron nails which is an indication
of the complex of iron ions and tannic acid found in the wood.

2.2.3 Iron in Vasa wood

The Vasa was held together by iron bolts. These and other iron objects aboard
were completely corroded during the time on the seabed. This is the source of
the content of iron in the wooden hull of the Vasa found today. At micro-scale
view of the Vasa wood, iron is distributed mostly in lumen and the cell walls as
nano-precipitants (10-100 nm) (Almkvist & Persson, 2011). The oxidation
reaction of iron depends on factors such as oxygen concentration, pH and
temperature (Stumm & Lee, 1961). At the seabed, the oxygen concentration
was very low — a condition that suddenly changed when the hull was brought
to the surface (Figure 5). According to the descriptions above initially the metal
objects oxidized into iron(ll) ions (Eq. 6). Eventually hydrated iron(ll) ions
diffused into the timber whereas iron(ll) sulfides, pyrite, FeS, and rust
(iron(11) (hydro)oxides) remained in the surface region (Fors & Sandstrom,
2006).

2Fe (s) + O, (g) + H,O — 2Fe2+(aq) + OH(aq) (Eq. 6)

2Fe” (ag) + ¥20,(q) + 5H,0 — 2Fe(OH)s(s) + 4H " (aq) (Eq. 7)

According to Almkvist and Persson (2011) iron(lll) compounds are
dominating in the surface area while at larger depths a mixture of iron(l1l) and
iron(1l) is present. One explanation to the differences of iron oxidation state of
in-/exterior part of the wood could depend on mobility of iron(Il), iron(l1l)
compounds and oxygen in wet wood. In other words, the wood was
impregnated by iron(l1) compounds in the beginning of its period of wreckage
on the seabed. Furthermore, it is more difficult for air to diffuse into large
beams of wood which limits the oxygen availability and thereby iron(ll) has
been preserved inside the wood until present days. Despite a rigorous control
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of the climate regulations, iron bolts (ca. 5500) used during the 1960’s, to hold
the ship assembled, are heavily corroded today and replacement program is in
progress.

Surface e B A

<2-8 ppm O,
WW

Figure 5. An illustration showing the oxygen content at depth of the Baltic Sea.

2.3 Polyethylene glycol (PEG)

2.3.1 Chemistry of PEG

PEG is a polymer made of several repeated monomers of ethylene oxide with
hydroxyl groups at the ends. The mean number of monomeric units in the
polymer is denoted “n”. In the case of Vasa, PEG 600, 1500 and 4000 was
used which give mean n values of 13, 34 and 90, respectively (Figure 6). It is
important to stress that “n” is a mean number and that a technical product
includes many different polymer lengths.

H,
HO C H
¢ o
H,
n

Figure 6. General chemical formula for polyethylene glycol.

19



The physical properties of PEG are dependent on the mean polymer chain
length. The state of aggregation, viscosity and melting point are some of these
parameters. It behaves as an oily liquid for average molecular weight (AMW)
less than 600 while the aggregation state of PEG with higher AMW is solid at
ambient room temperature with a waxy character. The hygroscopic property of
PEG is negatively correlated to its AMW (Martelli & Laurindo, 2012) which
was considered when PEG 4000 was used as the last treatment on the
outermost surface of the Vasa.

PEG is soluble in both water and organic solvents (Roberts et al., 2002), it
is non-toxic and easy to work with. This has led to a vast usage of PEG in
different disciplines. In conservation science one of the most important
parameters which always must be considered is the reversibility of the material
used to protect the objects. This was one of the most important properties of
PEG as the conservation agent for the Vasa. However, in general terms, when
introducing a substance into wood the complex structure and matrix of wood
make the substance almost impossible to remove completely (Christensen et
al., 2012).

2.3.2 PEG degradation

PEG can be degraded to shorter chains by oxidative reactions. According to
Han et al. (1995) PEG is susceptible to free radicals which results in
depolymerization and a shortening of the polymer chain. One such oxidation
reaction is described by Kerem et al. (1998). At conditions similar to those
found in the Vasa wood i.e. high acidity and presence of iron and oxygen, PEG
could undergo degradation which leads to low molecular organic molecules.
By loss of a hydrogen atom from a carbon adjacent to an ether oxygen in the
chain a highly reactive polymeric radical is formed. The PEG chain could
undergo a so called hydrogen abstraction (Han et al., 1995) and can be lost if
the conditions are oxidative or induced to sufficiently high temperatures. The
surrounding oxygen, iron and the acidic condition could then allow a so called
B-scission to proceed (Figure 7). Most of the products formed were identified
by Almkvist and Persson (2008c) with NMR and mass spectroscopy when
PEG was treated with Fenton reagent’s. These end products were also found
from degraded PEG of the Vasa. Moreover, PEG can experience photo-
degradation, radiolytic degradation and persulfate-induced degradation
(Mkhatresh & Heatley, 2004) which will not be discussed further here
(Appendix 4).
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Figure 7. A possible degradation process is via -scission or direct oxidation by oxygen of PEG
chain (Kerem et al., 1998). The conditions are comparable to those in the Vasa wood (Almkvist &
Persson, 2008c).

2.3.3 PEG in the Vasa wood

Waterlogged wood artifacts should be kept wet until conservation, since
uncontrolled drying can lead to irreversible cellular collapse (Smith, 2003).
PEG was used as a replacement of the water in the wood to stabilize the
microstructure of the wood due PEGs many physical and chemical properties
(Hoffmann et al., 2004; Seborg & Inverari.Rb, 1962).

PEG is not uniformly distributed in the wood. At sites where the wood was
less microbially degraded PEG penetrated only a few centimeters from the
surface, see Figure 8, whereas at sites with a higher level of degradation, PEG
have diffused effectively (Hafors, 2001) due to increased porosity and void
volumes. Analyses of PEG show often a mixture of PEG with different AMW
(Almkvist & Persson, 2008c). The oxidative conditions in the Vasa probably
have degraded PEG. If the degradation of PEG is severe enough and low
molecular weight (LMW) PEG (<600) is formed it will become liquid
(Mortensen et al., 2007) which is more hygroscopic (Martelli & Laurindo,
2012) leading to increase mobility. However, one theory is that the wood could
act as a chromatographic packing material, which separate molecules with
different molecular weights. If this is the case in principle the formed LMW
PEG could penetrate deeper into the wood.

Figure 8. The distinct borderline where PEG has slowed down diffusion into the wood (arrows)
is obvious shown from a core sample from Vasa (65701).
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2.4 Acids in waterlogged wood of Vasa

The pH of aqueous extracts from milled wood in this context was informative.
Previous studies showed that aqueous extracts from Vasa, often from degraded
sites, showing a drop in pH by 2 units relative to recent oak wood (Almkvist &
Persson, 2008a). Aqueous extracts from untreated oak, birch and pine wood
have, at standard conditions, pH around 4-5 (Fengel & Wegener, 1984) where
oak is one the most acidic among them. The acidity of oak is probably
attributed by the relatively high concentrations of acetic and formic acid. The
origin of acetic acid is due to hydrolysis of acetyl ester functional groups of
hemicelluloses while the origin of formic acid is still unknown (Gibson &
Watt, 2010). Generally hardwood is slightly more acidic than softwood due to
more occurring acetyl ester groups on their hemicellulose.

Chromatographic analyses of aqueous extracts from the Vasa wood show
significant amounts of oxalic acid. Oxalic acid is a weak acid with dissociation
constants of pK,; = 1.25and pK,, = 3.81 (David R. Lide, 2005). Thus, the low
pH values for these samples are most probably caused by high concentrations
of oxalic acid. Approximately 55 pmol oxalic acid-(g dry wood)™ was found in
the interior parts of the wood from sites with severe chemical degradation
(Almkvist & Persson, 2008a). Usually oxalic acid is associated to wood
degrading microorganisms utilizing it to deteriorate the wood components in
chemical attacks (Kaneko et al., 2005; Hyde & Wood, 1997; Micales, 1994;
Green et al., 1991; Schmidt, 1981), but this can hardly be the case of Vasa
wood. The latter statement refers to the establishment that the microorganism
degradation activity of the Vasa during the time on the seabed, when oxygen
was restricted (Blanchette et al., 1990), was primarily from the erosion bacteria
(EB). These bacteria consume the wood components at a rather slow rate of the
wood components. Furthermore, the Vasa wood was mostly affected in the
outer centimeters by erosion bacteria (Bjordal et al., 2000).

Oxalic acid form fairly strong complex with iron(l11). This property affects
the oxidative reactions caused by the presence of iron depending on the oxalic
acid concentration (Zuo & Hoigne, 1992). According to Tanaka et al. (1994)
the catalytic activity of iron is regulated by the concentration of oxalic acid and
at a certain range this activity is highly promoted. This thesis will discuss the
formation of oxalic acid in recent wood impregnated with iron(ll) chloride.

2.5 Tensile strength (TS)

Tensile strength is the measure of a material’'s mechanical resistance against a
known external force pulling it apart. The dimensions of a specimen,
deformation and load, are parameters which are important in order to describe
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the mechanical properties of that particular material (Bjurhager, 2011). TS (o)
is calculated by the ratio of force (F) per area (A) affected by the force. The
results are obtained by plotting tensile stress (o) as a function of strain (g). The
experiment provides several kinds of information. At the start the material is
elastic which means as long as the function is linear, a reversible deformation
is possible (Figure 9A). The latter statement follows Hooke"s law which could
be described as “An Ideal material will behave reversibly in its shape
(elasticity) as long as the applied force on to that material is limited, and the
extended distance of the material is proportional to that force”. This parameter
is the slope of the linear relationship in the beginning of the force applied and it
is called Young’s modulus (E). Young's modulus provides information about
the materials resistance against applied force. At a certain point created by a
continuation of the force the material will undergo an irreversible deformation
which at last will break apart (Figure 9B). In principle the general illustration
in Figure 9 can be solved by the simple linear relationc = E - &.
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Figure 9. 4n example of a chart showing the tensile stress ¢ as a function of strain e.

TS of wood attributes mainly from cellulosic fibres in the cell walls of the
wood (Fengel & Wegener, 1984). The mechanical properties of wood are
related to the orientation of the fibers, fiber length and the matrix system of
cellulose polymers in the secondary cell walls (Fu & Lauke, 1996). The TS is
often low when significant damages on cellulose microfibrils in S2 layers of
the cell walls are present (Rowell, 1990). The MFA of the fibers is an
important factor and in principle describes the elasticity of a material subjected
to force given as Young’s modulus (Eder et al., 2013).

Regarding the Vasa wood, an issue is the addition of PEG and the effects it
has on mechanical strength. This has been studied by compressive tests on
Vasa wood (Ljungdahl & Berglund, 2007) and longitudinal TS test on both
Vasa wood and recent oak (Bjurhager et al., 2010). It was shown that the
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compressive strength in the radial direction of Vasa wood is on average
reduced by 50 % compared to recent oak wood (Ljungdahl & Berglund, 2007).
However, no change in longitudinal TS was obtained from PEG impregnated
recent oak. Although the overall TS of the Vasa wood had reduced heavily it
was shown that the TS is more reduced toward the interior where no/low
content of PEG is present (Bjurhager et al., 2012).
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3 Materials and methods

3.1 Sample preparation

3.1.1 Solid samples

The samples were prepared from tree logs of European oak (Quercus robur),
birch (Betula pendula) and pine (Pinus sylvestris). The planks were obtained
from commercial workshops. Both heartwood and sapwood from pine were
chosen. The wood types used were sound and without any visual knots with
normal annual rings. The wooden planks were divided into different sections in
longitudinal direction (e.g. A, B, C,...). From every section blocks with a size
of 200 x 20 x 15 mm in the longitudinal, tangential and radial direction,
respectively, were sawed out in such a way that the same annual rings were
represented in both sides. It is important that each sample should have the same
property all over because wood is a heterogeneous material. Furthermore,
studies have shown that micro-fibril angles (MFA) decreases in the wood cell
wall for the cells closer to the pit (Barnett & Bonham, 2004; Lichtenegger et
al., 1999). To summarize, the samples have been made of three sections, one
section in each end for grip and a mid-section for measurement of TS. Each
block produced five samples where three, randomly chosen, were used for
treatment with iron(Il) chloride and the other two were used as their
corresponding references (paper I).

ED— ¥

Figure 10. The untreated “dog bone” shape made of oak.
Pieces of the size 50 x 15 x 4 mm in longitudinal, radial and tangential

direction, respectively, from each wood type i.e. oak, birch and pine (both
heart- and sapwood) from the same logs as the “dog bone” samples were

25



treated with iron(Il) chloride (section 3.1.2). One group of samples treated in
this way contained only oak wood was conditioned at different RH and used to
measure oxygen consumption. Group of samples made of pine, birch and oak
were conditioned at RH 55% and thereafter the change of oxygen
concentration was measured. It shall be emphasized that the procedures were
performed in anaerobic conditions.

3.1.2 Impregnation of solid samples

Solutions of iron(ll) chloride were prepared from deionized water and
degassed by nitrogen to remove dissolved oxygen before use. The samples
were immersed in the solution and a mild vacuum (200 mbar) was introduced
to allow better penetration. This procedure was repeated five times. After
impregnation the samples were dried at predetermined RH until the change in
weight per day was stabilized. According to Simpson (1998) EMC of wood is
different depending on the pathway to reach the preferred RH. The EMC of
wood is higher when wood lose water and vice versa. Figure 11 illustrates this
effect by displaying the EMC as a function of RH. However, it must be
stressed that all the conditioning processes in this study were performed
equally. Moreover, a group of oak samples were post-treated in a solution of
aqueous PEG with AMW of 600 (Aldrich) with a concentration of 30 % (w/v).

EMC (%)

RH (%)
Figure 11. A general illustration showing the hysteresis effect. The crosshatched double arrow
show different EMC for the same value of RH.

3.1.3 Extraction of wood powder

Oak wood was ball milled and sieved to 60 mesh (250 um). The powder was
Soxhlet extracted in a series of solvents at different steps to rinse and dissolve
the extractives. The powder was rinsed with three solvent mixtures,
acetone/water 7:3 vlv, toluene/ethanol 2:1 v/v and isopropanol/NaOH
(Lindfors et al., 2008). The residual sample was dried until the weight
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difference per day stabilized. The extract from oak powder after the last step in
the extraction procedure had a high pH compared to aqueous extract from fresh
oak. The wood powder was stirred in a buffer of acetic acid/acetate buffer at
pH ~ 4 for two days to stabilize the pH. Samples from each extraction step
were impregnated with iron(l1) chloride as described above.

3.2 Analyses

3.2.1 pH measurement and ion exchange chromatography

Milled wood samples were soaked in deionized water. The suspension was
sonicated and pH was measured with micro combination electrode (Hamilton
Spintrode) immersed directly in the suspension before separation. The extracts
were separated from the solid parts by centrifugation (3000 rpm, 5 min) and
filtration. The low molecular organic acids were determined with Dionex (ICS-
90 and ICS 2000) ion chromatograph assembled with ionpac AG14A-5um
guard column (3x30mm), ionpac AS14A-5um column (3x150 mm) and anion
micro membrane suppressor 4mm AMMS 300. The aqueous extracts were
eluted with a mixture of sodium carbonate (8 mM) and sodium
hydrogencarbonate (1 mM) by a rate of 0.5 ml-min™. The extracts were
analyzed by Innventia AB, Stockholm, Sweden and Department of Soil and
Environment, Swedish University of Agricultural Sciences, Uppsala (both
laboratories are accredited).

3.2.2 Flame atomic absorption spectrophotometry

In order to measure the total concentration of iron in the wood it was necessary
to dissolve the wood. To achieve this, the impregnated wood was fragmented
and boiled in nitric acid (65 %, analytical grade, Merck) until it was completely
dissolved. The remaining solution was diluted quantitatively and iron was
measured by flame atomic absorption spectrophotometry.

The sample solution was aspired into flames and the element of interest
(iron) was atomized at high temperature (2000-3000 K). The excited atoms of
iron absorb light at a well-defined wavelength (248.3 nm). The burner head
had a length of 10 cm. Beer-Lambert’s law was obeyed and thereby a direct
proportionality between concentration and absorbance was established.

3.2.3 Tensile test

Part of this testing was performed with an Instron universal testing instrument
5566 and part on a Shimatzu Autograph AGS-X tensile instrument. Both were
equipped with a load cell of 10 kN and set to a pulling rate of 1 mm-min™. A
video extensometer registered and measured the strain of the sample. Prior to
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the testing, the mid-sections sizes of every sample were measured with a digital
Vernier caliper. The samples were pulled apart until breakage. The force used
to break the wooden “dog bones” was registered (Figure 12).

Load cell
10kN
Shimatzu Autograph
AGS-X
Applied force Tensile instrument
] The sample is

pulled apart

l until breakage

Video extensiometer

Figure 12. An image of Shimatzu autograph AGS-X showing the assembly of the “dog bone”
shaped samples. The video extensometer measures the change of distance between the marks
when the sample is exposed to applied force.

3.2.4 Non-invasive quantitative O, and CO, measurement

Oxygen

In order to have control of the initial and final quantity of O,, pieces of iron(ll)
impregnated wood were incubated in vials equipped with special sensors. A
smaller vial filled with saturated salt solution was placed adjacent to the
samples to keep the desired relative humidity (Rockland, 1960). The partial
oxygen pressure in the headspace was regularly measured. The sensors were
excited at a wavelength (1) in the range of blue light. The active element in the
sensors is made of a ruthenium(I)-polypyridyl complex integrated in polymer
films. The excitation and decay time (t) of the luminophores are detected by an
optical oxygen meter Fibox3 from PreSens precision sensing GmbH
(Matthiesen & Wonsyld, 2010). The Fibox3 uses dynamic (collisional)
fluorescence quenching based on the Stern-Volmer equation (Demas et al.,
1995; Klimant & Wolfbeis, 1995; Carraway et al., 1991). This means that the
decay time of the fluorescence is directly proportional to the oxygen pressure.
Thus, it can be recalculated to oxygen concentration (Klimant et al., 1995).
The measuring range is 0-200 ppm with an accuracy of +2 ppm. The
methodology has been utilized to measure O, concentrations in situ or
incubated archaeological wood (Matthiesen & Wonsyld, 2010).
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Figure 13. An illustration of the reaction vials prepared for O, monitoring.

Vasa samples

Seven core samples from different location of the Vasa were collected
manually with a sampling drill. These sites were at places where earlier
samplings have been made. The length (L) and diameter (@) of the samples
were in the ranges 35-85 mm and 5 mm respectively. The cylindrical wooden
samples were wrapped in plastic foil and dark sample tubes for transport. To
avoid void volumes as much as possible NMR tubes (6.5-pp-7; Wilmad-
labglass), fit the sample size, were used. The tubes were equipped with O,-
sensors and samples. To protect the samples from surrounding air the tubes
were filled with paraffin wax. The samples were divided to an outer (A) and
inner (B) part.

— Paraffin wax

Disuniter

Sample

— 0, sensor

Figure 14. sampling sites at the Vasa and measuring tube.
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3.2.5 Carbon dioxide

The concentration of CO, in the head-space of the samples was analyzed by
careful opening of the vial in a 500 ml glass container connected to an
environmental gas monitor (EGM-4) based on non-dispersive infrared light
(www.ppsystems.com). The samples remained for two hours until equilibrium.
CO, was measured by directing the gas in the jar into the instrument.

3.2.6 Nuclear magnetic resonance (NMR)

The concentration of low molecular acids and soluble carbohydrates in
aqueous extracts was determined by NMR. Milled wood was soaked in D,0.
The extract was separated by centrifugation. A 30 mM Trimethylsilyl
propanoic acid (TMS-P) solution was added to the extract. The samples were
analyzed with Bruker Avance IlIl 600 MHz instrument at 303.15 K. The
integration of peaks where used to quantify the acids and carbohydrates.

3.2.7 Fourier Transform InfraRed (FTIR)

Core samples from different location of Vasa were received. These samples
were previously studied and were properly characterized by the mean of acid,
iron and sulfur content, holocellulosic AMW distribution and pH (Bjurhager et
al., 2012)(Innventia AB) (Appendix 2). Sample 65695 was obtained from a
large beam in the cargo hold of the ship adjacent to an iron bolt, 60 mm.
Sample 65698 was collected from the middle part of the ship in the orlop deck,
53 mm, and the last sample 65701 was drilled manually from the port side in
the back of the ship, 80 mm. The samples were divided depending on
coloration and chemical characters. 1 mm sheet from different positions on the
core were epilated with a scalpel. The samples were milled and placed in a
desiccator which was evacuated for two days in order to remove water.

Four additional samples in the form of “dog bones” used for TS tests by
Bjurhager et al. (2012) sawed from a large block of oak received from the
orlop deck of the ship. This block had gone through the same conservation
treatment as the rest of the ship (PEG, drying and relative humidity at 55%
etc.). Samples were taken by cutting a piece at the breakage edge. The same
preparations were performed as mentioned above.

Iron(l1) chloride impregnated fresh oak used to determine the TS in the
previous study (paper 1) was subjected to sampling with a scalpel. In order to
remove water more efficiently some of the samples were incubated together
with D,O. Ground dry samples and potassium bromide (KBr) in the ratio of
1:100 were mixed and exposed to a pressure of 10 ton for four minutes in order
to prepare a KBr tablet (Figure 15).
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Figure 15. An illustration of sample preparation of Vasa core samples for FTIR analysis. The
length and depth of sampling of the cylindrical sample were determined and denoted as surface
and inner part.

Data analysis

All collected spectra were baseline corrected by a spline function using five
predetermined points (paper V). A normalization of the peaks was performed
such that all spectra were fixed at 1507 cm™. The deconvolution of the spectra
was calculated by the use of the Fityk® software (Wojdyr, 2010) utilizing a
Gaussian function for the shape and area of the peaks. A Levenberg-Marquadt
algorithm was used for the final fit of the curves of interest. The width and
position of Gaussian peaks were locked to maintain the same data treatment
function for all spectra.

The obtained data from peak areas and other corresponding parameters such
as pH, TS, AMW, iron content etc. were input to the computer programming
SIMCA-P 12.0° for multivariate data analysis.
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4 Results and discussion

4.1 Iron in fresh wood

In order to mimic the Vasa wood in terms of iron content, impregnation tests
were performed. The total content of iron in oak treated in aqueous solution
with different iron(Il) concentrations was analyzed by atomic absorption
spectrophotometry.

Table 1. The total iron content (mg-g™) in dissolved wood
after impregnation in aqueous iron(ll) chloride solution at
different concentrations.

Species FeCl, (aq)
(mM)
50 100 500
Oak 2.8 (-) 57 (1.0 13.8()
Birch 3107 39(04) 13.7(07)
Pine- heartwood 3.2(0.7) 4.8(1.2) 18.8 (2.4)
Pine- sapwood 2.6 (0.7) 5.1(0.4) 24.6 (2.7)

The values in parentheses are standard deviations.

It was found that wood impregnated with an 100 mM aqueous iron(ll)
chloride solution gave concentrations near the levels found in Vasa wood, ca. 5
mg-g™, (Almkvist & Persson, 2008a). It was not only the total content of iron
in the wood which was the issue in this study, it was also a matter of
penetration and accumulation pattern of iron in the cell walls. The impregnated
wood was subjected to scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS) which confirmed the presence of iron in the samples
(paper 1). Analyses of different parts of iron(ll) impregnated wood by AAS
(paper I11) show that iron was distributed homogeneously throughout the
samples. Only oak showed a significant difference between outer and inner
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parts in terms of iron concentration. The cellular deposits of iron in the cell
walls shows close similarity to the Vasa wood (Almkvist & Persson, 2011).
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Figure 16. SEM images of iron(ll) impregnated oak at 1000 (A) and 10000 times (B)
enlargement. EDS spectra (below) show a higher content of iron in the cell wall (CW) compared
to the middle lamella (ML).

4.2 Tensile tests

Mechanical properties of wood may change when exposed to different
conditions. A previous study of oak wood from the Vasa showed that TS
decreased more than 50 % compared to fresh oak wood (Bjurhager et al.,
2012). According to Bjurhager (2011) both recent and Vasa oak display a
linear relationship between axial TS (o) and strain (¢) (reversible deformation)
followed by negligible plasticity. Similar results were obtained in this study.
The values from untreated samples were used as references and regarded as
normal. The average for 148 oak references had the following mechanical
parameters, TS = 110+14 MPa, Young's modulus (E) = 13+2 GPa and strain =
0.940.1 %. These values indicate that the wood used for mechanical tests was
in good condition and proper to use.

Non-exposed samples showed no significant reduction in TS but as soon as
the wooden samples were exposed to oxygen the deterioration started. The
results showed a fast reduction of longitudinal TS at the beginning of the
exposure, Table 2. Time of exposure and concentration of oxygen are important
factors for the deterioration of impregnated wood. Basically, as long as there
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are organic substances in sufficiently close to iron and oxygen, the oxidative
reactions would continue. In pure oxygen the rate of degradation is higher and
the deterioration processes behave exponentially as a function of time. After
one month and one year the longitudinal TS reduced to 17 and 35, %
respectively, for samples exposed to air (Table 2). It should be emphasized that
these samples were preconditioned in pure N, for one week. The values for
samples with no preconditioning in N, during the wet period the reduction of
TS became 3 and 1.5 times greater after one week and one month respectively
(Table 2 & Table 5). This means that presence of water during the initial
exposure to oxygen decreases the deterioration processes significantly. In pure
oxygen the samples display a more accelerated degradation.

Table 2. Results from the TS test on oak samples with different pre-treatments in terms of
oXygen exposure.

Pretreatment Exposure Relative Significance
Wetting, drying, oxygen Pure N,  Air Pure 0, change, TS % level
and FeCl,

Water (refs untreated) - Week - -1 NO
dry samples - - Year -7 NO
FeCl, (Direct tensile tests) - - - 6 NO
FeCl, (refs untreated) Week - - -7 NO
FeCl, (refs untreated) Week Week - -6 NO
FeCl; (refs untreated) Week  Month - -17 <0.1%
FeCl; (refs untreated) Week Year - -35 <0.1%
FeCl, (refs untreated) - - Week -19 NO
FeCl; (refs untreated) - - Month -30 <5%
FeCl; (refs untreated) Week - Year -50 <0.1%

References are untreated

The rate of degradation is important when it comes to preservation of
wooden artifacts. One issue to understand is the present rate of degradation of
Vasa wood. However, iron(ll) impregnated fresh oak show a 50 % reduction of
axial TS after exposure to pure O, for one year. It seems that the rate of TS
reduction is strongly dependent on time and oxygen concentration. The
reduction of TS was relatively fast in the beginning but declined exponentially
with time. This becomes more clear when TS is plotted as a function of
logarithmic exposure time (Figure 17). This plot shows a linear relationship
between exposure time and relative change in TS. For comparison, the TS data
from the Vasa is added in the chart (paper I). It shows that the mechanical
decline is not as severe as the model experiments. This result is probably
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because of the extreme conditions recent wood went through and the oxygen
availability was definite. The large beams in the Vasa containing high
concentration of PEG in the surfaces might limit the diffusion of oxygen into
the wood. As the chart shows the concentration of oxygen at the initial time
determines the course and rate of mechanical degradation. Thereby the amount
of oxygen in the wood of Vasa might not have reached the levels as high as the
model samples. However, the exponential relationship of deterioration to time
strongly suggests that the present degradation rate in the Vasa wood may
indeed be very slow.
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Figure 17. Relative change in TS as a function of time for iron(ll) impregnated oak exposed to
air (O) and pure oxygen (=). The triangle (A) denotes the TS of Vasa oak after 50 years in air
(Bjurhager et al., 2012).
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The longitudinal TS of iron(11) impregnated oak show clearly the impact on
wood when both iron and oxygen are present. Many artifacts within and around
the ship were made of other species than oak. Theoretically any wood species
should act similar to oak wood regarding oxidative degradation. Generally
speaking as it was mentioned in section 2.1, the cellulose in common wood
species such as pine and birch function similarly as in oak wood, although
there are differences in their arrangement, orientation and their relative
amounts.

The mechanical parameters for untreated birch and pine used as references
behave similar to oak with a slightly higher tensile stress, Youngs modulus
and strain (paper IIl1). The average mechanical TS for birch had the highest
values among the wood species studied (Appendix 1). This might be caused by
the MFA of the birch. It has been shown that Young’s modulus increases when
MFA of the cell walls decreases (Eder et al., 2013). A comparison of the two
hardwoods, oak and birch, shows somewhat different Youngs modulus. Birch
wood gave a Young's modulus value of ca. 13 GPa whereas this parameter for
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oak wood was 16 GPa. However, the relative TS of birch and pine treated with
iron(I) chloride and air exposure for one month show similar degradation as
oak in this study, Table 3.

Table 3. The result of TS for iron(ll) impregnated birch
and pine wood after one month in air.

wood-type TS [%] Significance level
Birch -17 <1%
Pine-heartwood -16 <1%
Pine-sapwood -15 <1%

4.2.1 Post-treatment by PEG

One important result in this study is the TS of samples post-treated with PEG.
Bjurhager et al. (2010) showed that TS from fresh oak wood impregnated with
PEG 600 was not affected in the longitudinal direction and in fact it increased
in one case. However, no iron was present in those samples. With the gained
experiences from the results concerning iron(ll) and O, what would the effect
be if PEG was added to oak wood pretreated with iron(11)?

The results of the longitudinal TS of samples treated with iron(Il) and PEG
600 after 30 days of air exposure showed no reduction (Table 4). This result is
good news for the Vasa. This result strongly indicates that PEG as conservation
agent for Vasa was a fortunate decision regarding the longitudinal strength
even though compressive tests showed a 50 % reduction in the transverse
direction compared to recent oak (Ljungdahl & Berglund, 2007). Therefore,
PEG might quench the radicals and thereby protect the cellulose from
depolymerization. A previous study (Almkvist & Persson, 2008b) showed that
low molecular PEG was found in Vasa wood sites with low pH and high
content of iron. The diffusion of PEG has been limited in the wood of the Vasa
(Hafors, 2001) and tensile tests from PEG rich outer parts towards low PEG
content inner parts indicate a correlation to the average longitudinal TS
(Bjurhager et al., 2012). Another cause could be that PEG limits the diffusion
of oxygen into the wood. According to Mexal et al. (1975) the mass transport
of oxygen in the medium of PEG decreases with increasing concentration and
AMW. This is rather important in this study because the rate of degradation is
dependent on the concentration, the diffusion and mass transport of oxygen
molecules.
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Table 4. Iron(ll) impregnated and PEG 600 treated oak showing
the effect on tensile strength.

Pretreatment Time in Relative

Significance
) change, level
oak wood Air TS % eve
FeCl, + PEG 600 Month -4 NO
FeCl, + PEG 600* Month 29 <0.1%

*References treated in FeCl, solution

4.2.2 The effect of RH

The samples conditioned at RH 98 % without any pre-treatment in N, resulted
to a TS reduction of 18 % after one month compared to the references. The
result can be compared to samples conditioned at RH 55 % for the same period
of time. The TS for samples at RH 55% show a reduction of 27 % in air (Table
5). The difference between these samples is the amount of water in the wood. It
seems that water is a hampering factor in the degradation process.

Table 5. TS of iron(Il) impregnated oak exposed in the air during
one week and one month at RH 55 % and 98 %.

Pretreatment Time in Relative

Significance
) change, level
oak wood Air TS % eve
FeCly, RH 55% Week -18 <1%
FeClz; RH 55% Month -27 <0.1%
FeClz; RH 98% Month -18 <0.1%

4.3 Chemical implications

4.3.1 Oxygen consumption

The reduced strength of iron(I1) impregnated wood is exclusively caused by the
presence of oxygen indicating that the degradation is mostly due to oxidative
reactions. A direct monitoring of oxygen uptake by impregnated wood was,
therefore, performed. The results show that iron(ll) impregnated wood
consumed more oxygen than untreated ones. Among the wood species oak
consumed more oxygen than the others with a consumption of approximately
500 pmol O,:(g dry wood)™ during one year. The O, consumption rate
declined exponentially as a function of time (Figure 18A). After 30 days birch
and pine had consumed approximately 40-50 pmol O,-(g dry wood)™ while,
for oak wood, this value was ~120 umol O,-(g dry wood)™ (Figure 18B). The
different oxygen consumption of the wood species studied suggests that the
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overall chemical degradation is different although the reduction of TS is
comparable. Oxygen consumed by oak may also be oxidations of other non-
stabilizing components which are absent in e.g. birch and pine wood.
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Figure 18. Consumed O, from iron(Il) impregnated and incubated (A) oak during 1 year and

(B) oak, birch and pine during 30 days.

Matthiesen and Wonsyld (2010) emphasized that one of the drawbacks of
non-invasive oxygen technique is that the measurements are static and it is
impossible to have a wet-dry cycle. To overcome this problem O, consumption
of several impregnated oak wood samples with different RH were monitored. It
showed that, after 30 days, samples in dry condition (RH 43 %) consumed
most oxygen. However, after 200 days the total amount of consumed oxygen
was highest from samples treated at RH 75 % (Table 6). These results imply
that, in long term perspective, conditions at lower RH (<55 %) are less
deteriorating for oak when iron and oxygen are present.

Table 6. The cumulative O, consumption by iron(11) impregnated oak conditioned in
different RH shows the values after 30, 80 and 200 days.

O, consumption

(umol-g*)
RH (%) 30days (SD) 80 days (SD) 200 days (sD)
43 94 43 141 185 262 334
55 89 6.0 133 6.2 267
75 82 2.9 200 14.7 397 18.0
85 80 5.1 193 28.8 394 40.8
98 69 4.0 138 8.8 319 13.8
100 69 5.2 150 8.5 370 10.9
A3rer 7 3.4 - -
98¢t 15 47 28 6.6 34
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At the start when O, is introduced the interaction between iron and O, is
faster in dry wood. However, in wet conditions perhaps accumulated water in
the void volumes may dissolve O, and limit the availability of O,. One might
keep in mind that the RH adjustments for these samples started from wet
condition and the samples were dried until stabilized weight at satisfied RH
(see section 3.1.2). This pathway was deliberately chosen because of the
history of the Vasa where the wood went from wet to dry conditions.

4.3.2 Vasa wood

Four samples from the Vasa showed much higher oxygen consumption than
other samples. After 35 days, all available O, in the sample tubes were
consumed. A rate of 0.15 pmol-g™-day™ O, was measured from the sample
65875A (0-27 mm) which is the sample with the highest oxygen consumption
(Figure 19). A comparison to adjacent samples (65361; 65518 and 65702)
characterized earlier (Bjurhager et al., 2012; Almkvist & Persson, 2008a)
showed that neither pH (~4) nor the content of acids (<2 mg-g™*) can explain
the high consumption of O,. However, the total iron content is extreme (50
mg-g™) which might explain the high oxygen consumption rate in this sample.
The results urge to complementary chemical analyzes to explain the high
consumption of O,.

Next the sample, 65873 A & B, 25 and 11 mm from the surface,
respectively, are compared to sample 65007. An increasing gradient of iron
content toward the depth and decreasing concentration of PEG in this region
may be the cause for high O, consumption. This sample behaves similar to
those of model experiments. Finally, the sample 65876B which probably
contained high concentrations of both iron and low molecular acids as
mentioned previously consume O, at levels as 65873 A & B. The comparable
and corresponding sample to 65876B is 65003, and it contained high
concentrations of iron (4.2 mg-g™) and oxalic acid (61 pmol-g™). All analytical
values and site pictures for the samples are given in Appendix 2&3.

Although some of the core samples from Vasa consume oxygen at a higher
rate than others they consumed far less oxygen than the model samples. A
comparison of the values in Table 6 and Figure 19 show that the oxygen
consumption of Vasa wood samples is only 10 % of those of iron(ll)
impregnated recent oak. The oxygen consumption of the model samples is
decreasing with time. This indicates that Vasa wood after ca. 50 years in air
has already passed the period of high oxygen consumption which probably
peaked soon after the salvage.
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Figure 19. Consumed O, from core samples obtained from different sites of Vasa.

4.3.3 CO, emission

At the end of every observation of O, measurements the amount of CO,
evolved was analyzed. The emitted CO, from oak after 30 days is significant at
all RH levels studied. However, after 200 days exposure in air, there is an
obvious increase in CO, emission with increasing RH (Table 7). A low RH (43
%) hardly any CO, was detected although the amount consumed O, under dry
condition during the first month was higher than under wet conditions, Table 6.

Table 7. The absolute value of emitted CO, at 30
and 200 days treated in varies RH.

CO,
(umol-g™)

RH (%) 30 days 200 days
43 4 (3) 6 (4)
55 26 (6) 776

Untreated (55) 3 3

75 25 () 98 (8)
85 31(3) 120 (6)
98 379 238 (39)
100 29 (10) 233 (35)

The molar ratio of emitted CO, and consumed O, after 30 and 200 days are
shown in Figure 20. They indicate that under wet conditions most of the
consumed oxygen, ~70-80 %, is converted to CO, (RH 98 & 100%). CO; is
kind of indicator toward a complete oxidation process of organic materials.
These results imply that the oxidation of organic components is promoted
when water is abundant.
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Figure 20. The molar ratio between emitted CO, and O, for iron(ll) impregnated oak
conditioned in a RH range between 43 % and 100 %.

The total emitted CO, for iron(ll) impregnated birch and pine at RH 55%
after one month is approximately '; of that of oak. One explanation might be
that oak contains more wood extractives and these are prone to oxidize and
form CO; in an oxidative environment. A comparison between the hardwoods,
oak and birch, shows that the consumption of oxygen and formation of CO, is
higher for oak in both cases although the amount of iron(ll) in the woods is
similar (Table 8).

Table 8. The molar concentration of CO, formed after
30 days and corresponding total iron concentration in
different wood species.

CO; ironget
(umol-g™) (mg-g)
Birch 8(1) 3.1(<0.05)
Ref. 4
Pinereartwood 7(<1) 5.2 (< 0.05)
Ref. 4
Pinesapwood 10 (< 1) 5.4 (<0.05)
Ref. 6

4.3.4 Acid formation

An observation of the total amount of low molecular organic acids shows that
the concentration of all acids analyzed in this study have increased
significantly where acetic and oxalic acid are the dominating ones. Time in air
and the presence of iron(ll) are probably two of the factors which contribute
most to the acid formation. Formic and oxalic acid seems to increase faster in
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wet conditions while acetic and glycolic acids are not affected by the variation
in RH during 200 days of air exposure.

Table 9. Amount of low molecular organic acids and soluble carbohydrates from iron(ll)
impregnated oak for different RH after 200 and 1500 days in the air. The values are obtained by
quantitative *"HNMR and IEC.

RH / time Acetic  Formic Glycolic  Oxalic soluble pH
(% - Days) acid acid acid acid carbohydrate
pmol-g™* mg-g*

55%-1500 94 (1) 6 (0.9) 7@ 44 (1) 80 (9) 2.4
43%-200 56 2) 2 (0.3) 3 (05) 12 (1) 30 (1) 25
55%-200 86 (15) 2 (0.2) 4 (2 12 (2) 34 (4) 24
75%-200 105 @4) 2 (0.1) 2 (0.2) 13 (0.3) 41 (9) 2.6
85%-200 65 (14) 2 (0.3) 2 (1) 13 06) 28 (1) 2.6
98%-200 51 (18) 4 (1) 2 (1) 22 (2) 26 (6) 2.6
100%-200 60 (25 5 (1) 3 15 (4) 22 (3) 31
Recent oak* 2 0.1 n.a. 0.2 0.9 3.9

*The values are brought from Almkvist and Persson (2008a)

Oxalic acid is probably the main substance contributing to the low pH
observed in aqueous extracts of Vasa wood. This was illustrated in previous
studies by Bjurhager et al. (2012) which showed clearly that analysis from
different depths in wood from the Vasa has a negative correlation with the
concentration of oxalic acid and pH.

The pH values for all wood samples impregnated with iron(Il) chloride
decreased after 30 days in the air and it was kept during the rest of the
experiment time. This result is in accordance with the content of oxalic acid
analyzed. The total content of oxalic acid is dependent on time of exposure in
air. Oxalic acid seems to be formed as soon as oxygen is available. The
formation rate of oxalic acid compared to the rates of oxygen consumption and
TS reduction, indicate that oxalic acid is an end product formed in a secondary
reaction.

The amount of oxalic acid formed in oak is twice the amount formed in
birch and pine after 200 days. The pH of all the iron(ll) impregnated samples
decreased by 1-2 pH units. The results show that the formation of oxalic acid in
birch and pine increased more between 30 and 200 days compared to oak
although the total amounts are lower for birch and pine, Table 10. However, the
presence of iron(ll) compounds seems to promote the formation of oxalic acid
and drop in pH. The amount of oxalic acid in pine sapwood is higher than the
corresponding heartwood. This could depend on different composition of sap-
and heartwood. Pine heartwood contains aromatic compounds of different
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stilbenes such as pinosylvin, which is a phenolic fungicide found only in the
heartwood of pine (Jansson; et al., 2009; Fengel & Wegener, 1984). According
to Rossi et al. (2013) stilbenes could partly act as natural hydroxyl radical
scavengers and thereby limit the deterioration process and the corresponding
end products.

Table 10. The content of oxalic acid from iron(ll) impregnated wood after
exposure to air during 30 and 200 days.

Wood-type Time in air Oxalic acid pH
(days) (umol-g™)

Oak

Ref. 30 2 3.7

Iron(ll) 30 4 (<0.1) 25

Iron(ll) 200 14 (-) 2.4

Iron(ll) 500 26 (0.6) 25

Iron(ll) 1500 44 (1.2) 25

Birch

Ref. 30 <01 45

Iron(l1) 30 1 (<0.5) 2.5

Iron(l1) 200 6 (<0.5) 2.6

Pine-heartwood

Ref. 30 <01 4.6

Iron(l1) 30 0.5 (< 0.5) 2.5

Iron(l1) 200 4 (<05) 2.7

Pine-sapwood

Ref. 30 0.1 4.2

Iron(l1) 30 1 (<05) 2.5

Iron(11) 200 7 (<0.1) 2.6

A long term study of the release of oxalic acid in impregnated oak wood
treated at two different RH, 55 and 98 %, showed that the total amount of
oxalic acid is raised to levels equal to those found in Vasa wood. 44.5 pmol-g™
oxalic acid was obtained for samples treated at RH 55 % which is comparable
to degraded core samples from the Vasa (50 pmol-g™) (paper II). The same
amount of oxalic acid was formed in oak samples treated at RH 98 % after only
1.5 years. This result shows that wet conditions promote the formation of
oxalic acid. This indicates that the oxalic acid found in Vasa wood may have
formed during the wet period immediately after the ship was salvaged. With an
uncontrolled climate and iron(ll) and oxygen available the formation of oxalic
acid was unavoidable.
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Figure 21. Molar concentration of oxalic acid as a function of time for iron(I1) impregnated oak
samples at RH 55 % (4) and 98 % (O).

According to Varela and Tien (2003) and Shimada et al. (1997) oxalic acid
in an oxidative environment oxidizes to CO, by scavenging the reactive radical
electron from e.g. a hydroxyl radical and thereby two CO, and a superoxide
radical is formed which could reduce iron(ll1) to iron(ll) to close the catalytic
circle.

(C00)3™ + HO* + 0, - 2C0, + 03~ (Eq. 9)

The concentration of formed oxalic acid and CO, in iron(ll) impregnated
wood seems to be positively correlated (Figure 22). Stoichiometrically, all
formed CO, does not come from oxalic acid and this indicates that other
components might oxidize in a similar way. Hydroxyl radicals are very
reactive and if they are formed, bonds will probably be broken not only in
oxalic acid but also in other organic substances. Another observation is the
relationship between extractives, oxalic acid and CO,. It is obvious that the
presence of extractives affect the formation of oxalic acid and thereby the
formation of CO,. However, recent oak impregnated with iron(ll) produced
most oxalic acid after 30 days. Oak pretreated with acetone (step 1) and
impregnated with iron(ll) display a lower concentration of oxalic acid
nonetheless somewhat higher CO,. Further solvent treatments of oak shows
that as the concentration of extractives reduces the formation of oxalic acid and
CO, becomes closer to the levels of birch and pine.
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Figure 22. The relationship between CO, and oxalic acid for different wood types after 30 days
of air exposure. Result from Soxhlet extracted and iron(I1) chloride treated oak are inserted.. Step
1, 2, 3 denotes oak extracted with acetone/water 7:3, Toluene/ethanol 2:1 and 2-propanol/1%
NaOH respectively.

4.4 Carbohydrates

Analysis of iron(ll) impregnated oak showed an increase of soluble
carbohydrates by 90 times after 1500 days in air compared to recent oak (Table
9). This result implies that wood polymers have broken up into smaller ones,
more hydrophilic and water soluble substances as end products of degradation
reactions from wood components are formed. Previous studies (Bjurhager et
al., 2012; Almkvist & Persson, 2008c; Lindfors et al., 2008) showed, through
size exclusion chromatography (SEC) on Vasa wood, that the average
molecular weight (AMW) distribution of holocellulose is significantly shifted
toward more LMW peaks. Similar deteriorations are obtained for iron(ll)
impregnated oak exposed to air (paper I). These results strongly suggest that
the degradation mechanisms occurred in the presence of iron(ll) in the Vasa
which are similar to model experiments in this study.

4.5 Changes in FTIR spectra

The FTIR spectra from iron(ll) impregnated oak wood, Vasa wood and
untreated oak wood were collected. The IR absorption bands for all of the
samples show general wavenumbers typically for oak wood. However, at a
further close examination of the spectrum it was obvious that Vasa wood
differed significantly. Bands in the region 1800-900 cm™ containing absorption
bands from single wood components C-C, C-H and C-O stretching and
bending were changed. At 1736 cm™ corresponding to the characteristic band
for unconjugated carbonyl (C=0) stretching attached to xylan seems to both
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changing in intensity and shifting towards lower wavenumbers (Emandi et al.,
2011; Colom et al., 2003). Spectra of the samples 65695, 65698 and 65701
taken 30-50 mm from the nearest surface indicate several differences to spectra
from recent oak (Figure 23). These differences are (i) at 1738-1700 cm™
underlying bands result in band broadening (ii) the band at 1620 cm™ has
increased in intensity (iii) a new band at 1398 cm™ has raised and (iv) the
broad band at 1240 cm™ has to some extent split.

——Recent oak

——65695 35-50 mm
——65698 35-50 mm
——65701 30-50 mm

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm?)

Figure 23. Spectrum of three Vasa samples combined with recent oak. The spectrums are data
treated by baseline correction and normalization at 1507 cm™.

Spectra from surface region of these samples contained extensive amount of
PEG which made the bands originating from wood component impossible to
evaluate. The bands from PEG not only overlaps the absorption bands from
wood, but also make the powder samples impossible to dry probably due to
PEGs hygroscopic properties. According to Lappi et al. (2004) H,O has a
strong band at 1638 cm™ and can be observed as a broad band in the spectra
from samples with additional PEG (Figure 24 D).

This method could possibly be utilized to make a gradient of the PEG from
outer parts to inner parts. FTIR analysis is fairly sensitive to the presence of
free water which must be removed from the samples as much as possible. This
is especially important for this study where the changes at the range 1750-1600
cm™ are often the case. Moreover, a describable way to recognize the
absorption bands is to analyze the individual components of wood (Figure 24).

To interpret the spectra from Vasa oak and model samples comparable
multivariate data analysis was applied. Secondary derivative function was used
to the normalized and baseline corrected data to spectra in order to determine
and pinpoint underlying peaks. The data were brought to Fityk programming
for deconvolution of the peaks and thereby peak properties such as peak area,
height and shifts were determined. Recent oak was used as a standard for
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fitting. 23 Gaussian peaks in the range 1800-1200 cm™ provided the best fit
with satisfactory statistical features.
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Figure 24. FTIR spectra of lignin (A), crystalline cellulose (B) and xylan (C) yielded
conventionally from birch, FTIR spectrums of surface area of Vasa wood and pure PEG 4000

D).

Principal component analysis (PCA) was used to classify and discriminate
occurred FTIR data from wood samples. This method help to create a
regression model which could be used to predict the conditions of the wood
(Eriksson et al., 2001). However, the PCA of data from TS and corresponding
FTIR data provided four PCs for best prediction (Figure 27). The cross
validation (CV) of these data suggests that the four components explain 85 %
(0.85) of the model by the cumulative R-square (R?). The Score plot of the first
and second principal component show a clear separation between the Vasa
samples and model oak. A line through the origin of the corresponding loading
plot towards the point of TS was drawn. The positions of the points occurred
from different bands in perpendicular relation to this line determine the
correlation relationship to the TS. However, the bands 1742 and 1710 cm™
strongly correlates the peak areas against reduced TS (Figure 25). The
negatively correlated peak area of 1710 cm™ to TS gives an indication that
when carbonyl-and carboxylic groups expand it leads to reduced strength of
wood (paper IV). The band 1742 cm™ is positively correlated to TS.
Furthermore, the position of these two bands together with nearby bands in the
loading plot determined the grouping in the score plot.

48



1755 1670
5 0401 B 1650 .
4 0,30
3 1376
2 0,20 15&?‘90
1202
L < 1425 1624
0,10 .
5 = 1242 e
B 0,004
2 010, TS 1432
3 1%42
Vasa samples 020
4 i
1270 13333%°
5 030 1226
8 765 -4-32-1012 3456 7 8 030 020 010 -000 010 020 030
1] pl1]

Figure 25. PCA score plot shows the separation of Vasa and model samples (A). The
corresponding loading plot (B) shows that the bands at 1742 cm™ and 1710 cm™ are most
correlated to Tensile strength.

Another overview of the score plot contained only the first PC, provided
interesting and clearer information. The alignment of the Vasa and model
samples suggest a gradient of degradation caused by exposure time (Figure 26).
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Figure 26. The score plot for the first PC of modelled (O_#days) and Vasa samples (V#) data
set regarding tensile strength.
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Iron(11) impregnated recent oak (O_#d) show that with time in air the wood
properties approach those of the Vasa samples. O_0d is the sample with no
exposure in oxygen. The position of this point in the score plot is clearly
separated from those exposed to air and Vasa samples. This means that oxygen
plays a central role in deterioration reactions of wood shown in previous
sections, and PCA analysis of FTIR data seems to be an excellent
complementary method. The samples V4_A and O_peg_1500 (red ring, Figure
26) position in the score plot are close to each other. The TS values for these
two samples were missing but it shows that they are comparable by the
information obtained by FTIR. This is an indication that the deteriorations of
PEG treated wood has similar behavior. It also indicates that Vasa samples,
rich in PEG, are less deteriorated. According to the score plot, Vasa sample
V4_C is the most degraded among the samples used in this study.

0,9

E  Rr2X(cum)
B Q2(cum)

Comn No
Figure 27. The plot shows the overall R% and Q7 statistics as a function of model complexity.
PC1, PC2, PC3 and PC4 explain up to 80 % correlation.

This model includes a relative low number of samples but it shows clearly
the differences and similarities of Vasa wood and impregnated recent oak.
However, these results urge to improve the response from this powerful
statistical tool by a total mapping of the Vasa. A more reliable prediction
model may open many possibilities such as lower amount of sample is needed
for analysis. Furthermore, FTIR spectroscopy is convenient and relatively fast
compared to many traditional chemical methods.
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5 Conclusion

Reduction in tensile strength was observed for all the wood species when they
were impregnated with iron(Il) chloride and exposed to oxygen. The results
showed a fast degradation rate immediately after the introduction of oxygen. It
was also shown that the initial degradation rate is dependent on oxygen
concentration and it increases with increasing oxygen concentration. The
degradation of Vasa wood caused by iron catalyzed oxidative processes has
their major impact when oxygen is present. This suggests that degradation
activity in the Vasa wood today is much lower compared to the time when
oxygen started to diffuse into the wood after the salvation.

The addition of PEG seems to inhibit the oxidative reactions catalyzed by
iron. This is in accordance with the previous studies on Vasa wood (Bjurhager
et al., 2012). No reduction of TS was obtained for fresh oak impregnated with
iron(ll) and PEG. A hypothesis is that the ability of PEG to scavenge the
radicals formed e.g. from Fenton type of reactions, might protect the cellulose
involved in the longitudinal strength of wood.

As expected the results from direct oxygen measurement followed the same
trends as the results from the TS measurements. Oxygen is the promoting
substance and its presence is as necessary as iron(ll) will create a condition
where reactive oxygen species (ROS) are formed. ROS such as HO" are very
reactive and probably have a major role in the depolymerization of organic
components in wood including reduced mechanical strength and formation of
low molecular organic acids. The fast oxygen consumption from iron(ll)
impregnated wood at the initial stages strengthened the suggested oxidation
reactions in the wood. Although different wood species act differently
regarding consumption of oxygen, they all reduced similarly regarding the
mechanical strength after a predetermined time of exposure (one month). The
corresponding CO, produced from these experiments was less than the
consumed oxygen which showed that all oxygen is not converted to CO,.
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The acid formation in these samples is another proof of oxidative reactions
and the similarities to Vasa are unequivocal. It was established that substances
found in the Vasa wood in significant amounts, could also be found to the same
degree in model experiments. One of the important substances was oxalic acid
having strong acidic properties. The formation rate of oxalic acid was not as
fast as the oxygen consumption and reduction of tensile strength. Oxalic acid
found in the Vasa wood is probably a result of the oxidation reactions which
took place immediately after the introduction of air but it might have been
formed during the drying time and further on.

The comparison of Vasa wood and modeled oak by FTIR showed that this
method could be an informative and affordable way to determine the condition
of wood. The prediction model suggest that iron(ll) impregnated oak becomes
more similar to Vasa wood the longer they are stored in oxygen. The
multivariate model could be used to characterize the wood by only using FTIR
analysis which demands very small quantities of sample (<5 mg). However,
further development of this model is needed for more reliable predictions.

It is recommended that the relative humidity should be kept as it is today at
55 %. Although the reduced TS was lower for comparable samples conditioned
at RH 98 %, however, both consumed O, and formation of acids were
significantly higher than those at RH 55 %.
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6 Recommendations for future findings

As ending words, | would like to suggest some procedures if possible when
new archaeological waterlogged wooden object are discovered. In some cases
it is better to leave the artifact alone in its burial site. However, many times due
to political, financial, public interest, etc. artifacts have to be salvaged.

If possible an artifact should be incubated already in the water near the
burial site. On the surface the incubator should be evacuated with an inert gas
such as N, or Ar. The pressure should be kept as the ambient pressure (1 atm.).
This procedure is recommended to protect the artifact against air.

A characterization of the object is needed to determine the abnormal
elementary contaminations. If the concentration of iron is sufficiently high it
must be removed or at least quantitatively decreased. This can be done by
strong complex agents. Diethylene triamine pentaacetic acid (DTPA, used on
Vasa artifacts) is one of the common iron complex agent. After the treatment
of iron chelating agent the content of iron is probably lowered significantly to
levels where the harmful effects are controlled. The artifacts could now be out
in the open air for further treatment. Usually freeze drying followed by
treatment with PEG is the common procedure nowadays. If possible, even this
procedure should be performed under oxygen free conditions. This would
optimize the treatment for any effect of iron and oxygen to the artifact.

Hopefully this work would contribute to a better understanding of the
processes which could emerge when iron is present in wood.

53






References

Almkvist, G. & Persson, . (2008a). Analysis of acids and degradation products
related to iron and sulfur in the Swedish warship Vasa. Holzforschung,
62(6), pp. 694-703.

Almkvist, G. & Persson, I. (2008b). Degradation of polyethylene glycol and
hemicellulose in the Vasa. Holzforschung, 62(1), pp. 64-70.

Almkvist, G. & Persson, I. (2008c). Fenton-induced degradation of polyethylene
glycol and oak holocellulose. A model experiment in comparison to
changes observed in conserved waterlogged wood. Holzforschung, 62(6),
pp. 704-708.

Almkvist, G. & Persson, I. (2011). Distribution of iron and sulfur and their
speciation in relation to degradation processes in wood from the Swedish
warship Vasa. New Journal of Chemistry, 35(7), pp. 1491-1502.

Baker, A.J. (1974). Degradation of wood by products of metal corrosion: Forest
products laboratory.

Barnett, J.R. & Bonham, V.A. (2004). Cellulose microfibril angle in the cell wall
of wood fibres. Biological Reviews, 79(2), pp. 461-472.

Bawn, C.E.H. (1953). Free radical reactions in solution initiated by heavy metal
ions. Discussions of the Faraday Society(14), pp. 181-190.

Bjurhager, 1. (2011). Effects of cell wall structure on tensile properties of
hardwood. Diss. Stockholm, Sweden Royal Institute of Technology,
KTH.

Bjurhager, 1., Halonen, H., Lindfors, E.L., Iversen, T., Almkvist, G., Gamstedt,
E.K. & Berglund, L.A. (2012). State of degradation in archeological oak
from the 17th Century Vasa ship: substantial strength loss correlates with
reduction in (holo)cellulose molecular weight. Biomacromolecules, 13(8),
pp. 2521-2527.

Bjurhager, 1., Ljungdahl, J., Wallstrom, L., Gamstedt, E.K. & Berglund, L.A.
(2010). Towards improved understanding of PEG-impregnated
waterlogged archaeological wood: A model study on recent oak.
Holzforschung, 64(2), pp. 243-250.

55



Bjordal, C.G., Daniel, G. & Nilsson, T. (2000). Depth of burial, an important factor
in controlling bacterial decay of waterlogged archaeological poles.
International Biodeterioration & Biodegradation, 45(1-2), pp. 15-26.

Blanchette, R.A., Nilsson, T., Daniel, G. & Abad, A. (1990). Biological
degradation of wood. Advances in Chemistry Series(225), pp. 141-174.

Bowes, B.G. (2010). Trees and Forests- A Colour Guide : Biology, Pathology,
Propagation, Silviculture, Surgery, Biomes, Ecology, Conservation.
London:; Manson publishing.

Carraway, E.R., Demas, J.N., Degraff, B.A. & Bacon, J.R. (1991). Photophysics
and photochemistry of oxygen sensors based on luminescent transition-
metal complexes. Analytical Chemistry, 63(4), pp. 337-342.

Christensen, M., Kutzke, H. & Hansen, F.K. (2012). New materials used for the
consolidation of archaeological wood-past attempts, present struggles, and
future requirements. Journal of Cultural Heritage, 13(3), pp. S183-S190.

Colom, X., Carrillo, F., Nogues, F. & Garriga, P. (2003). Structural analysis of
photodegraded wood by means of FTIR spectroscopy. Polymer
Degradation and Stability, 80(3), pp. 543-549.

David R. Lide, e. (2005). Dissociation constants of organic acids and bases in CRC
Handbook of Chemistry and Physics, Internet Version 2005. In. CRC
Press, Boca Raton, FL, 2005, p. 11.

Demas, J.N., Degraff, B.A. & Xu, W.Y. (1995). Modeling of luminescence
quenching-based sensors - comparison of multisite and nonlinear gas
solubility models. Analytical Chemistry, 67(8), pp. 1377-1380.

Eder, M., Arnould, O., Dunlop, J.W.C., Hornatowska, J. & Salmen, L. (2013).
Experimental micromechanical characterisation of wood cell walls. Wood
Science and Technology, 47(1), pp. 163-182.

Emandi, A., Vasiliu, C.1., Budrugeac, P. & Stamatin, 1. (2011). Quantitative
investigation of wood composition by integrated ft-ir and
thermogravimetric methods. Cellulose Chemistry and Technology, 45(9-
10), pp. 579-584.

Emery, J.A. & Schroeder, H.A. (1974). Iron-catalyzed oxidation of wood
carbohydrates. Wood Science and Technology, 8(2), pp. 123-137.

Eriksson, L., Johansson, E., Kettaneh-Wold, N. & Wold, S. (2001). Multi- and
megavariate data analysis. Umed, Sweden: Umetric

Fengel, D. & Wegener, G. (1984). Wood—chemistry, ultrastructure, reactions.
Berlin and New York: de Gruyter.

Fenton, H.J.H. (1894). Oxidation of tartaric acid in presence of iron. Journal of the
Chemical Society, Transactions, 65, pp. 899-910.

Fors, Y. & Sandstrém, M. (2006). Sulfur and iron in shipwrecks cause
conservation concerns. Chemical Society Reviews, 35(5), pp. 399-415.

Fu, S.Y. & Lauke, B. (1996). Effects of fiber length and fiber orientation
distributions on the tensile strength of short-fiber-reinforced polymers.
Composites Science and Technology, 56(10), pp. 1179-1190.

56



Gibson, L.T. & Watt, C.M. (2010). Acetic and formic acids emitted from wood
samples and their effect on selected materials in museum environments.
Corrosion Science, 52(1), pp. 172-178.

Glete, J. (2006). The Swedish fiscal-military state and its navy, 1521-1721. Paper
to the X1V International Economic History Congress.

Green, F., Larsen, M.J., Winandy, J.E. & Highley, T.L. (1991). Role of oxalic-acid
in incipient brown-rot decay. Material Und Organismen, 26(3), pp. 191-
213.

Greenwood, N.N. & Earnshaw, A. (eds) (1997). Chemistry of the elements Second
ed: Elsevier Ltd.

Han, S., Kim, C. & Kwon, D. (1995). Thermal degradation of
poly(ethyleneglycol). Polymer Degradation and Stability, 47(2), pp. 203-
208.

Harvey, R. & Freedland, C. (1990). Exhibition and storage of archaeological wood.
Advances in Chemistry Series(225), pp. 399-418.

Henriksson, G. & Lennholm, H. (2009). Cellulose and carbohydrate chemistry. In:
Wood chemistry and wood biotechnology, KF2010 Fiber and Polymer
technology, KTH, pp. 57-85.

Hoffmann, P., Singh, A., Kim, Y.S., Wi, S.G., Kim, I.J. & Schmitt, U. (2004). The
Bremen Cog of 1380 - An electron microscopic study of its degraded
wood before and after stabilization with PEG. Holzforschung, 58(3), pp.
211-218.

Hyde, S.M. & Wood, P.M. (1997). A mechanism for production of hydroxyl
radicals by the brown-rot fungus Coniophora puteana: Fe(ll1) reduction
by cellobiose dehydrogenase and Fe(l1) oxidation at a distance from the
hyphae. Microbiology-Uk, 143, pp. 259-266.

Héfors, B. (1990). The role of the Wasa in the development of the polyethylene-
glycol preservation method. Advances in Chemistry Series(225), pp. 195-
216.

Haéfors, B. (2001). Conservation of the Swedish warship Vasa from 1628.
Stockholm: The Vasa museum. Available from:
https://gupea.ub.gu.se/bitstream/2077/23215/6/gupea_2077_23215 6.pdf.

Héfors, B. (2010). Conservation of the wood of the Swedish warship Vasa of A.D.
1628. Evaluation of polyethylene glycol conservation programmes. Diss.
Gothenburg: Goteborgs universitet.

Jager, A., Hofstetter, K., Buksnowitz, C., Gindl-Altmutter, W. & Konnerth, J.
(2011). Identification of stiffness tensor components of wood cell walls
by means of nanoindentation. Composites Part a-Applied Science and
Manufacturing, 42(12), pp. 2101-2109.

Jansson;, M.B., Nilvebrandt;, N.-O. & STFI-packfors; (2009). Wood extractives.
In: Wood chemistry and wood biotechnology, KF2010 Fiber and Polymer
Technology, KTH, pp. 133-158.

Kaneko, S., Yoshitake, K., Itakura, S., Tanaka, H. & Enoki, A. (2005).
Relationship between production of hydroxyl radicals and degradation of
wood, crystalline cellulose, and a lignin-related compound or

57



accumulation of oxalic acid in cultures of brown-rot fungi. Journal of
Wood Science, 51(3), pp. 262-269.

Kerem, Z., Bao, W.L. & Hammel, K.E. (1998). Rapid polyether cleavage via
extracellular one-electron oxidation by a brown-rot basidiomycete.
Proceedings of the National Academy of Sciences of the United States of
America, 95(18), pp. 10373-10377.

Kerem, Z., Jensen, K.A. & Hammel, K.E. (1999). Biodegradative mechanism of
the brown rot basidiomycete gloeophyllum trabeum: evidence for an
extracellular hydroquinone-driven fenton reaction. Febs Letters, 446(1),
pp. 49-54.

Klimant, 1., Meyer, V. & Kuhl, M. (1995). Fiberoptic oxygen microsensors, a new
tool in aquatic biology. Limnology and Oceanography, 40(6), pp. 1159-
1165.

Klimant, I. & Wolfbeis, O.S. (1995). Oxygen-sensitive luminescent materials
based on silicone-soluble ruthenium diimine complexes. Analytical
Chemistry, 67(18), pp. 3160-3166.

Lappi, S.E., Smith, B. & Franzen, S. (2004). Infrared spectra of (H20)-O-16,
(H20)-0-18 and D20 in the liquid phase by single-pass attenuated total
internal reflection spectroscopy. Spectrochimica Acta Part a-Molecular
and Biomolecular Spectroscopy, 60(11), pp. 2611-2619.

Lichtenegger, H., Reiterer, A., Stanzl-Tschegg, S.E. & Fratzl, P. (1999). Variation
of cellulose microfibril angles in softwoods and hardwoods - A possible
strategy of mechanical optimization. Journal of Structural Biology,
128(3), pp. 257-269.

Lindfors, E.L., Lindstrom, M. & Iversen, T. (2008). Polysaccharide degradation in
waterlogged oak wood from the ancient warship Vasa. Holzforschung,
62(1), pp. 57-63.

Ljungdahl, J. & Berglund, L.A. (2007). Transverse mechanical behaviour and
moisture absorption of waterlogged archaeological wood from the Vasa
ship. Holzforschung, 61(3), pp. 279-284.

Long, J.N., Smith, FW. & Scott, D.R.M. (1981). The role of douglas-fir stem
sapwood and heartwood in the mechanical and physiological support of
crowns and development of stem form. Canadian Journal of Forest
Research-Revue Canadienne De Recherche Forestiere, 11(3), pp. 459-
464.

Marian, J.E. & Wissing, A. (1960). The chemical and mechanical deterioration of
wood in contact with iron. Part 1: Mechanical Deterioration. Svensk
papperstidning, 63(3), pp. 47-57.

Martelli, S.M. & Laurindo, J.B. (2012). Chicken feather keratin films plasticized
with polyethylene glycol. International Journal of Polymeric Materials,
61(1-4), pp. 17-29.

Matthiesen, H. & Wonsyld, K. (2010). In situ measurement of oxygen
consumption to estimate corrosion rates. Corrosion Engineering Science
and Technology, 45(5), pp. 350-356.

58



Mayer, T.D. & Jarrell, W.M. (1996). Formation and stability of iron(ll) oxidation
products under natural concentrations of dissolved silica. Water Research,
30(5), pp. 1208-1214.

Mexal, J., Fisher, J.T., Osteryoung, J. & Reid, C.P.P. (1975). Oxygen availability
in polyethylene-glycol solutions and its implications in plant-water
relations. Plant Physiology, 55(1), pp. 20-24.

Micales, J.A. (1994). Induction of oxalic-acid by carbohydrate and nitrogen-
sources in the brown-rot fungus postia-placenta. Material Und
Organismen, 28(3), pp. 197-207.

Mkhatresh, O.A. & Heatley, F. (2004). Thermal oxidative and photo-oxidative
degradation of polytetrahydrofuran studied using H-1 NMR, C-13 NMR
and GPC. Polymer International, 53(7), pp. 959-971.

Mortensen, M.N., Egsgaard, H., Hvilsted, S., Shashoua, Y. & Glastrup, J. (2007).
Characterisation of the polyethylene glycol impregnation of the Swedish
warship Vasa and one of the Danish Skuldelev Viking ships. Journal of
Archaeological Science, 34(8), pp. 1211-1218.

Neevel, J.G. (1995). Phytate: a Potential Conservation Agent for the Treatment of
Ink Corrosion Caused by Irongall Inks. Restaurator-International Journal
for the Preservation of Library and Archival Material, 16(3), pp. 143-160.

Roberts, M.J., Bentley, M.D. & Harris, J.M. (2002). Chemistry for peptide and
protein PEGylation. Advanced Drug Delivery Reviews, 54(4), pp. 459-
476.

Rockland, L.B. (1960). Saturated salt solutions for static control of relative
humidity between 5 °C and 40 °C. Analytical Chemistry, 32(10), pp.
1375-1376.

Rossi, M., Caruso, F., Antonioletti, R., Viglianti, A., Traversi, G., Leone, S.,
Basso, E. & Cozzi, R. (2013). Scavenging of hydroxyl radical by
resveratrol and related natural stilbenes after hydrogen peroxide attack on
DNA. Chemico-Biological Interactions, 206(2), pp. 175-185.

Rowell, R.M. (1990). Chemical modification of cell-wall polymers as potential
treatments of archaeological wood. Advances in Chemistry Series(225),
pp. 421-431.

Sandstrém, M., Jalilehvand, F., Persson, I., Gelius, U., Frank, P. & Hall-Roth, I.
(2002). Deterioration of the seventeenth-century warship Vasa by internal
formation of sulphuric acid. Nature, 415(6874), pp. 893-897.

Schmidt, C.J., Whitten, B. K. & Nicholas, D. D. (1981). A proposed role for oxalic
acid in non-enzymatic wood decay by brown-rot fungi. American Wood
Preservation Association, 77, pp. 157-164.

Schwertmann, U. & Cornell, R.M. (2000). Iron oxides in the laboratory:
preparation and characterization. Federal republic of Germany: Willy-
VCH.

Seborg, R.M. & Inverari.Rb (1962). Preservation of old, waterlogged wood by
treatment with polyethylene glycol. Science, 136(3516), pp. 649-&.

Shimada, M., Akamtsu, Y., Tokimatsu, T., Mii, K. & Hattori, T. (1997). Possible
biochemical roles of oxalic acid as a low molecular weight compound

59



involved in brown-rot and white-rot wood decays. Journal of
Biotechnology, 53(2-3), pp. 103-113.

Simpson, W.T. (1998). Equilibrium moisture content of wood in outdoor locations
in the United States and worldwide. (Research forest products
technologist Madison, Wisconsin: U.S. Department of Agriculture.

Smith, C.W. (2003). Archaeological Wood. In: Steele, D.G. (ed. Archaeological
conservation using polymers-Practical applications for organic artifact
stabilization. First. ed. (Texas A&M University Anthropology Series.
United States of America, pp. 21-45.

Stumm, W. & Lee, G.F. (1960). The chemistry of aqueous iron. Aquatic Sciences,
22(1), pp. 295-3109.

Stumm, W. & Lee, G.F. (1961). Oxygenation of ferrous iron. Industrial and
Engineering Chemistry, 53(2), pp. 143-146.

Tanaka, N., Akamatsu, Y., Hattori, T. & Shimada, M. (1994). Effect of oxalic acid
on the oxidative breakdown of cellulose by the fenton reaction. WOOD
RESEARCH, 81, pp. 8-10.

Varela, E. & Tien, M. (2003). Effect of pH and oxalate on hydroquinone-derived
hydroxyl radical formation during brown rot wood degradation. Applied
and Environmental Microbiology, 69(10), pp. 6025-6031.

Weiss, J. (1953). The autoxidation of ferrous ions in aqueous solution. Experientia,
9(2), pp. 61-62.

Wimmer, R. & Lucas, B.N. (1997). Comparing mechanical properties of secondary
wall and cell corner middle lamella in spruce wood. lawa Journal, 18(1),
pp. 77-88.

Wojdyr, M. (2010). Fityk: a general-purpose peak fitting program. Journal of
Applied Crystallography, 43, pp. 1126-1128.

Wood, P.M. (1994). Pathways of production of fenton reagent by wood-rotting
fungi. Fems Microbiology Reviews, 13(2-3), pp. 313-320.

Wu, Y., Wang, S.Q., Zhou, D.G., Xing, C. & Zhang, Y. (2009). Use of
nanoindentation and silviscan to determine the mechanical properties of
10 hardwood species Wood and Fiber Science, 41(1), pp. 64-73.

Zuo, Y.G. & Hoigne, J. (1992). Formation of hydrogen-peroxide and depletion of
oxalic-acid in atmospheric water by photolysis of iron(iii) oxalato
complexes. Environmental Science & Technology, 26(5), pp. 1014-1022.

60



Acknowledgements

At this late hour, | would like to send my gratitude to some of the people
involved in this project which not only made this possible, but they also
encouraged me to push the boundaries to reach this far.

First of all I would like to send thousands of thanks to my friends and
supervisors professor Ingmar Persson and co-supervisor Dr. Gunnar
Almkvist, for believing in me.

I would like to thank Ingmar for his sincere and intelligent advises, not only
about scientific issues but also about philosophical and life in its most delicate
and general forms. Discussions and those conversations have and will, without
doubt, mark large tracks in my life. | remember the first time when we met,
interviewing me for this PhD-position. | promised you that you will not be
disappointed if you choose me and | hope that | fulfilled that promise. It has
been an honour and privilege to work with you. | am forever grateful.

Gunnar, at last we arrive at the end of this chapter. Without your endless
patience and calm and mature support this task would have been very difficult
to pass through. We have had so many scientific, intelligent and constructive
discussions. | refuse to hide it anymore | admit that | have had my ups and
downs psychologically during this project but talking to you or Ingmar
brought a calm feeling that strengthened my self-confidence to levels to which
is indescribable with words. | remember when you called me that morning, |
sat in an office at job Centre and | just couldn’t believe my ears that you
wanted to have a meeting. | will never forget that moment.

Emeritus Professor Lars lvar Elding from Lund University provided me
with many constructive advices, and | gratefully acknowledge him.

I would like to express my especially thanks to Professor Kristofer Gamstedt
and Dr. Ingela Bjurhager and Jinxing Huo at Angstrém laboratories,
Department of Engineering Sciences, Applied Mechanics, Uppsala University,
for their collaboration and assistance with mechanical techniques.

61



It has been a pleasure to work and collaborate with VVasa museum and its staff.
Marlin Sahlstedt, Emma Hocker, Magnus Olofsson are all gratefully
acknowledged. | would also thank Ove Olsen for his help concerning sampling
at the Vasa.

Further, I would like to thank Maxlab at Lund University, especially Dr.
Katarina Norén and Dr. Stefan Carlson which provided their services
whenever we were in technical trouble at Maxlab.

The National Maritime Museums and the sponsors to the project “A future
for Vasa” are gratefully acknowledged for their financial support. | would also
like to send my gratitude to Swedish National Heritage Board for their
support.

I wish to acknowledge the support provided by Anders Reimann, Eva-Lisa
Lindfors from Invenntia AB and Tréatek. | also thank Sylvan Galland for his
help with the Instron instrumentation at KTH. | warmly thank Stefan
Forsberg, which made the samples when no one else dared to take on the task.
I express my deep thanks and appreciation to Mirsada Kulenovic at the
Department of soil and environment, SLU, for her analysis of our extracts and
determination of oxalic acid. Shahid Mahmood is gratefully acknowledged
for letting us use his EMG-4 instrument.

My colleagues at chemistry department:

Especial thanks to Professor Vadim Kessler and Dr. Gulaim Seisenbaeva. |
am grateful to have the pleasure to knowing you. Many discussions about
history and Russia have changed my previous view, and | hope someday | will
visit Russia. | would like to express my very great appreciation to Gulaim for
her kind and helpful way which made it possible to measure FTIR and SEM-
EDS.

Dr. Anke Herrmann, which is a great scientist and always helped me when
asked. I am glad that you explain the difference between dirt and soil for me. |
hope that someday we will play innebandy once more.

I thank Professor Corine Sandstrém and Dr. Anders Sandstrém for their
help with NMR measurements and student issues. Dr. Anders Broberg and
Dr. Elsa Coucheney, It was a great pleasure to knowing you. | also like to
thank Dr. Jan Eriksson and Suresh Gohil for their support for Mass
spectroscopy measurements.

I like to express my deepest appreciation to Dr. Daniel Lundberg for his
intelligent advises about writing techniques and illustration presentation.

I am grateful for the assistance given by Dr. Peter Agback for NMR
measurements. To Peter | would like to say If you have any questions about
cars don’t hesitate to ask®. | would also like to thank Mathias Fredriksson
for his advises about multivariate analysis.

62



| thank fellow Ph-D student for their patient with me, | know that |
can be somewhat bossy... “sometimes”.

| thank Dr. Johan Mahler, which have been my best friend and colleague for
the past 4 years. We had many fun times during these years. We did courses,
conferences, worked, travelled and even fixed an atomic absorption instrument
together. I miss the discussions we had about everything. | feel very lucky to
knowing you, man. And yes if I win 50 million Swedish crowns, you will have
your brand new Audi.

I wish to thank Lena Lundqvist, which showed me that there is always
another side of the coin. I'm sure that even though we have had our
disagreements on many things we have always managed to come to an
agreement. However, it has been many fun times at the lunch room. | hope you
feel mutual about me.

Dr. Yina Salamanca, It is very nice to knowing you. The discussions we have
had, WOW. | hope our friendship continues in years to come. | hope someday
| visit Bogota, Colombia, which you could show me around.

Dr. Kai Wilkinson, I'm very happy to know you and your family. We had
many good times and your vacancy in the department is hard to replace. | wish
you all the best in future. Lars Eklund, | wish all the luck because you are the
next in line. | hope that you get well soon, | am very grateful to you for all the
computer support you gave me.

Dr. Pierre Andersson, Dr. David Hansson, Dr. Eric Morssing Vilén and
Dr. Gustav Nestor positioned at the organic part of the department is greatly
acknowledged. Their friendship has been important to me, and | hope that |
will have further contact with you guys in the future. Christina Nord and
Frida Wende, you have been very good listeners and friends and I'm glad to
know you, girls.

New friends from Pamplona (or was it Pimpolana), Elisabeth Polido Legaria,
and Martin Palmqvist | wish you guys a great continuation of your studies. It
was nice to get to know you and | hope you feel the same. My German friend,
humble, calm, smart and mature is Tobias Bolscher. Thank you for your help
whenever | asked. I'm grateful that | got the opportunity to know someone
from Nepal, Aahana Shrestha, | hope you would get your Ph-D position soon.
I would also like to mention Josephina Werner who seldom is in our office. It
has been nice to knowing you and I wish you all the best of luck in future.

I am very glad to know Dr. Onder Topel and Dr. Seda Topel, and | especially
would like to thank Onder for his pedagogical way of show me how
calorimeter instrument works. | will absolutely visit you guys when | come to
Antalya.

63



I also would like to thank Bernt Andersson for all those times with students.
You helped us when we needed it and without your help it would have been a
mess to assist the students. | hope | haven’t been too inconvenient.

In our line of work, there is so many aspect of administrative and bureaucracy,
which need to be understood. These have smoothly been taken care of thanks
to Lena Johansson and later Sonja Jansson which would be difficult for us to
manage on our own. | would especially like to thank Sonja, which with great
patient showed and helped me through the virtual systems of SLU.

During these past years, | have had the pleasure to know many of my fellow
Iranian, which | would like to mention here. Dr. Ali Moazzami and his lovely
fiancée Dr. Elisabeth Millner, you have been very kind to me, and | hope that
we keep touch in the future. | feel proud and uplifted when | see that Iranians
are working at the academic levels. | am very happy to get to know Dr. Saeid
Karkeabadi, Majid Haddad Momeni at the bimolecular part of our
department.

Family

First of all 1 would like to thank my parents Abbas (Shahram) Norbakhsh
and Shahnaz Bafandkar, which have definitely succeeded to raise me to a
decent citizen. Their support and push in the right direction during my
upbringing made me the person I'm today. | hope that I, by my studies and
achievements, made them proud. Now you may say that there is a real doctor
in the family.

To my brother, Shahab Norbakhsh and his lovely wife Elham Farhang, |
would like to thank you for all your support. You gave me strength during the
difficult periods of this work. I’'m very proud to have you as my brother, and |
know that | always will be.

Sheida, My beautiful little sister which I always would like to have beside me.
You are very smart, and | am sure that you will fix those issues which you face
today. You should know that | am always here for you and don’t ever hesitate
to ask me for help from me.

To my wife, Helena Johansson, who has been tremendously patient with me, |
would like to send my sincere and genuine thanks to her. Without her, this
achievement would have been very difficult task.

And finally, the most important person in my life. My son, Sebastian
Norbakhsh, I love you so so much. You are my answer to the question about
the meaning of life. I'm sure that you will be more successful than me in
whatever you choose to do in the future. You are the cure for me whenever |
felt down, the thought of you alone brings me back on the right track.

64



Appendix 1.

The relative tensile strengths are calculated via:

TS %= Osamle—ORef x 100
ORef

Tensile strength, Young's modulus and strain to fracture

# Pre-Treatment Tensile strength  Tensile stiffness  Strain to fracture € Number of
o Young'smod. E  (stdev) [%0] samples
(stdev) [Mpa] (stdev) [Gpa]

Effects wetting, drying, oxygen and Fe(ll) chloride

on oak wood N, Air 0O,

Al - - - year 100 (8) 14.0 (1.3) 0.74 (0.05) 7
reference - - year 107 (14) 13.6 (1.5) 0.79 (0.08) 6

A2 Water - Week - 127 (19) 13.4 (1.5) 1.01 (0.16) 7
reference - Week - 128 (27) 13.0 (2.0) 0.95 (0.10) 6

Bl  FeCl; (aq) - - - 82 (18) 8.7(1.2) 1.14 (0.09) 7
reference - - - 77 (15) 8.9 (1.9) 1.07 (0.20) 6

B2  FeCl, (aq) - Week - 97 (19) 13.4 (1.5) 0.83 (0.11) 24

Water (ref.) Week - 118 (29) 13.0 (2.0) 0.99 (0.16) 16




Tensile strength, Young's modulus and strain to fracture

# Pre-Treatment Tensile strength  Tensile stiffness  Strain to fracture & Number of
o Young's mod. E  (stdev) [%] samples
(stdev) [Mpa] (stdev) [Gpa]

Effects wetting, drying, oxygen and Fe(ll) chloride

on oak wood N, Air (o))
B3  FeCl; (aq) - Month - 93 (16) 12.7 (2.6) 0.78 (0.09) 24
Water (ref.) - Month - 127 (23) 14.2 (3.2) 1.00 (0.14) 16
B4  FeCl, (aq) - - Week 76 (20) 11.5(3.8) 0.67 (0.10) 7
Water (ref.) - - Week 94 (16) 11.8 (2.0) 0.84 (0.08) 6
B5  FeCl; (aq) - - Month 57 (12) 11.2 (2.6) 0.61 (0.07) 7
Water (ref.) - - Month 81 (17) 9.6 (2.4) 0.89 (0.13) 6
B6  FeCl, (aq) Week - - 114 (16) 13.8(0.7) 0.83 (0.07) 7
Water (ref.) Week - - 122 (15) 14.5 (1.6) 0.86 (0.07) 6
B7  FeCl; (aq) Week  Week - 87 (16) 11.5 (2.0) 0.73 (0.09) 7
Water (ref.) Week  Week - 93 (25) 11.8 (3.2) 0.83 (0.13) 6
B8  FeCl, (aq) Week  Month - 96 (8) 16.1 (1.3) 0.65 (0.07) 7
Water (ref.) Week  Month - 115 (5) 15.6 (1.3) 0.80 (0.11) 6
B9  FeCl; (aq) Week  Year - 83 (13) 14.2 (2.4) 0.48 (0.10) 7
Water (ref.) Week  Year - 128 (12) 16.8 (2.0) 0.92 (0.16) 6
B10 FeCl; (aq) Week - Year 60 (6) 149 (1.5) 0.44 (0.08) 7
Water (ref.) Week - Year 118 (20) 15.4 (3.0) 0.80 (0.11) 6




Tensile strength, Young's modulus and strain to fracture

# Pre-Treatment Tensile strength  Tensile stiffness ~ Strain to fracture € Number of
o Young's mod. E  (stdev) [%] samples
(stdev) [Mpa] (stdev) [Gpa]
N, Air 0O,

Effects of RH

Cl  FeCl, (ag); RH 98% - Month - 86 (13) 11.3(2.3) 0.87 (0.13) 32
Water (ref.); RH 98% - Month - 106 (13) 12.3 (2.7) 1.02 (0.09) 8

Effects of additional compounds

D1 Solvent-treated + FeCI2 (aq) - Month - 101 (18) 12.5(2.9) 0.88 (0.19) 25
Water (ref.) 5 Month - 118 (31) 12.6 (1.6) 1.00 (0.22) 15

D2  FeCl,(aq) + PEG 600 - Month - 119 (17) 13.5(1.3) 0.95 (0.17) 7
Water (ref.) - Month - 124 (18) 15.0 (0.7) 0.83 (0.08) 6

D3  FeCl, (ag) + PEG 600 - Month - 92 (26) 11.5(1.8) 0.86 (0.13) 24
FeCl, (aq) (ref.) - Month - 71 (17) 11.8 (1.8) 0.61 (0.12) 16

D4 Cysteine + FeCl; (aq) - week - 71(12) 8.8 (1.8) 0.71 (0.23) 7
Water (ref.) - week - 87 (8) 10.5 (1.2) 0.87 (0.08) 6

D5 Cysteine + FeCl; (aq) - Month - 85 (22) 13.3(2.1) 0.67 (0.15) 24
FeCl, (aq) (ref.) 5 Month - 84 (26) 13.2 (3.2) 0.63 (0.16) 17

Effects of heating

El FeCl, (aq) + heat 55°C - Month - 56 (20) 18.5 (3.4) 0.32 (0.16) 7
Water (ref.) 5 Month - 142 (19) 16.7 (1.0) 0.82 (0.15) 6

E2 FeCl, (ag)+ cysteine + heat 55°C - Month - 55 (7) 14.3 (1.4) 0.41 (0.09) 7
Water (ref.) - Month - 102 (18) 13.4 (1.7) 0.84 (0.11) 6




Tensile strength, Young's modulus and strain to fracture

# Pre-Treatment Tensile strength ~ Tensile stiffness  Strain to fracture € Number of
o Young's mod. E  (stdev) [%0] samples
(stdev) [Mpa] (stdev) [Gpa]
Effects of heating
N, Air O,

E3 FeCl, (aq)+ PEG 600 + heat 55°C - Month - 75 (13) 15.5 (2.0) 0.50 (0.09) 7
Water (ref.) - Month - 112 (34) 15.0 (0.7) 0.72 (0.13) 6

Other wood types
Birch

F1  FeCl,(aq) - Month - 122 (22) 10.3 (2.0) 1.2 (0.3) 26
Water (ref.) - Month - 146 (27) 10.2 (1.6) 1.4(0.2) 20
Pine-Heartwood

F2  FeCl,(aq) - Month - 100 (23) 7.6(2.2) 1.5 (0.9) 27
Water (ref.) - Month - 121 (20) 13.9 (3.9) 1.0 (0.3 18
Pine-sapwood

F3 FeCl, (aq) - Month - 98 (20) 7.7 (2.6) 1.5(0.8) 27

Water (ref.) - Month - 116 (22) 8.6 (1.2) 1.4 (0.3) 18




Appendix 2

Sampling sites at Vasa




Appendix 3

The values are brought here from previous studies for comparison (Bjurhager et al., 2012; Almkvist & Persson, 2008a)

Sample ID  Corresponding | Depth from nearest PEG pH Aceticacid ~ Formicacid  Oxalic acid Fe S
samples surface
(mm) (%) (mg-g™)
65007 75 21 5.1 0.3 0.3 n.a. 1.9 2.4
65873A & B
65007 18 3 4.2 3 0.4 n.a. 3.2 1.3
65361 3 59 4 0.2 0.3 n.a. 50.3 105
65361 16 50 4.4 0.4 0.7 n.a. 17 16
65875A 65518 5 61 3.8 0.9 0.8 0.8 17 16
65702 75 55 4.9 2 1.8 0.4 19.8 13.8
65702 32 34 3.6 10.2 2.4 2.6 2.7 2.3
65003 40 32 34 24 4.8 n.a. n.a. n.a.
65876B

65003 60 19 3% 2.7 4.3 55 4.2 0.4




Appendix 4

Different degradation pathways of polyethylene glycol according to Mkhatresh
and Heatley (2004) , Kerem et al. (1998) and Han et al. (1995).
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