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Wood is a complex hierarchical material. As a widely available renewable resource, it has been used throughout history to construct dwellings and transportation, tools, art and funerary objects. The desire to better understand cultural heritage and preserve it for future generations has long been a major driver in the study of wooden objects in the social sciences. This trend can be associated with a recent strong push to create, low-cost, environmentally-responsible, sustainable housing solutions for rapidly expanding urban populations. Thus, interest in studying wood degradation and conservation from an engineering/materials science perspective has increased significantly. The study of degradation phenomena in wooden artefacts, along with methods to conserve or enhance their material properties and monitor changes over time is, not only, invaluable to archaeological science, but also to engineers and materials scientists concerned with the endurance of the wooden constructions of tomorrow. The aim of this review is to highlight recent developments in the characterisation, consolidation and monitoring of materials properties of archaeological wood. A specific focus will be placed on bio-sourced consolidants and multi-phase systems based on nanofillers, recognising the contribution to archaeological science and underlining the impact this knowledge can play on future developments in wooden construction.

Wood is an exceptionally durable, renewable, complex, hierarchical material composed of different biomolecules (extractives) and biomacromolecules (polysaccharides, lignin). [START_REF] Fengel | Wood: Chemistry, Ultrastructure, Reactions[END_REF][START_REF] Guo | Changes of wood cell walls in response to hygro-mechanical steam treatment[END_REF] As a natural resource it has been used since pre-historic times for a wide variety of applications including dwellings, fortifications, tools, weapons, transportation and decorative or funerary objects. [START_REF] Florian | Scope and history of archaeological wood[END_REF] As such, there exists a vast collection of wooden objects and structures of various species, geographical and environmental origins in different states of decay in museums and research institutes the world over. The study of this archaeological resource is not only of benefit in the context of the social and human sciences, but also represents a wealth of information for the physical, material and engineering sciences concerning the degradation processes of wood over time as a function of species, pretreatment, geographical and environmental factors.

According to the United Nations, 5 million new affordable homes are required each year worldwide, [START_REF]Global Housing Demand at Critical Levels[END_REF] thus, more than 200 million homes will be required by the mid-point of this century. Yet, concrete and steel put significant strain on natural resources and create gas emissions that are detrimental to the environment. [START_REF] Guggemos | Comparison of Environmental Effects of Steel-and Concrete-Framed Buildings[END_REF][START_REF] Gustavsson | Variability in energy and carbon dioxide balances of wood and concrete building materials[END_REF] Wood is a 'green' building material, which can be sustainably sourced through managed woodlands. [START_REF] Seyfang | Community action for sustainable housing: Building a low-carbon future[END_REF] Despite a long history of wooden constructions across Europe and the world, the end-user is often concerned that a wooden building will not endure as steel/concrete buildings, will be more particularly affected by fire, water and biological activity or will not be as resistant to load. There are many native properties of wood (high strength to density ratio, charring rather than burning, good biological resistance, etc.), which counter-act these claims; however, not all timbers can meet all criteria simultaneously. [START_REF] Guo | Changes of wood cell walls in response to hygro-mechanical steam treatment[END_REF][START_REF] Baiardo | Surface chemical modification of natural cellulose fibers[END_REF] Managed woodlands are cultivated to meet the high demand for construction timber. While generally faster growing and, therefore, quite sustainable, managed woodlands can be of a lower building standard than virgin forest, thus, they are often chemically treated to improve their construction grade. [9] It is generally accepted that concrete/steel buildings will have a use life of at least 100 years, setting the industry standard for other types of building. [START_REF] Marceau | Life Cycle Assessment of a Concrete Masonry House Compared to a Wood Frame House[END_REF] With the need to provide millions of sustainable, low-cost housing solutions to rapidly expanding urban populations within 30-40 years, waiting 100 years to understand how the materials properties of different woods and modified woods change with age is a serious limitation. Thus, the vast collection of archaeological wood excavated from various periods throughout history is an immensely valuable resource for the engineering and material science community. The in-depth study of degradation as a function of species and environmental issues, along with consolidants aimed at combatting degradation issues in wooden artefacts can provide insight into the evolution of degradation in future wooden constructions. Additionally, how consolidants could prolong the use-life and/or alter the materials properties of the wood can be better understood. This could allow the use of wood of lower construction grades for load-bearing applications with the help of appropriate consolidants. Thus, long-term monitoring of wood degradation and conservation is of use both to museum and conservation professionals and to the engineering and materials science communities. Such studies inform the development of strategies for ongoing conservation efforts, as well as, on the long-term behaviour of treated wood with a view to preventing future materials failure.

The first section of this review gives an overview of the chemistry and biochemistry of wood degradation and the effect of degradation phenomena on the materials properties. The second, and major, part of the review is divided into three sections. Section 2 deals with the current state-of-the-art for the conservation of wooden objects and their effect on a range of wood materials properties. Section 3 discusses recent developments in the area of consolidation treatments, particularly new synthetic resins, biobased polymers, inorganic materials and composites, and how they more effectively combat specific degradation issues while reducing negative effects on the wood's native properties. Section 4 focusses on the emergence of a greater range of biobased materials and composites, including those with stimuli-responsive properties, and the possibility of applying such functional materials in wood conservation. These bio-sourced consolidants do however pose limitations to the methods currently used to monitor the long-term behaviour of treated wood; these issues are discussed in detail in Section 5, as well as newly developed analytical tools that can be used in cooperation with new biomaterial consolidants, paving the way for the future of wood monitoring.

The final section provides a summary of the major points linked to the developing area of conservation science and the potential for future advances. While this review will concentrate on degraded wooden materials, the relevance of the information presented to the wider engineering and materials science communities is highlighted where appropriate.

Wood structure

Wood is a complex biomaterial composed primarily of cellulose, lignin, hemicellulose, pectin and other water-soluble and insoluble extractives. Their properties depend on different parameters, such as, botanical source, geographic origin, season, wood age, and can vary from one location to another within the wood. Wood's hierarchical structure has been largely described in the literature and can be seen over several length scales in Figure 1. [START_REF] Fratzl | Nature's hierarchical materials[END_REF][START_REF] Weinkamer | Mechanical adaptation of biological materials -The examples of bone and wood[END_REF][START_REF] Speck | Plant Stems: Functional Design and Mechanics[END_REF][START_REF] Dunlop | Biological Composites[END_REF][START_REF] Gibson | The hierarchical structure and mechanics of plant materials[END_REF][START_REF] Meyers | Biological materials: Structure and mechanical properties[END_REF][START_REF] Fratzl | Cellulose and collagen: from fibres to tissues[END_REF] [Insert Figure 1] This structure exists over many length scales from the metre-scale of the grown tree, down through the millimetre-scale of the cell lumen, the micrometre scale of the cell wall to the nanometre and smaller dimensions of the crystalline cellulose and other molecular components. While each unit of the wood plays their role in its exquisite mechanical properties and durability, in the context of conservation and reinforcement, the cell wall and its components and coatings are of most interest.

The major components of the wood cell wall are the primary and secondary cell walls and the middle lamellae. The primary cell wall is the thin, flexible, outer layer of the cell. It is composed of cellulose microfibrils bound by hemicellulose (principally, xyloglucan), which is then cross-linked by pectin to create a matrix structure. [START_REF] Gibson | The hierarchical structure and mechanics of plant materials[END_REF] The secondary cell wall is divided into layers, named S1, S2 and S3. Each layer is a composite of crystalline cellulose embedded in a lignin/hemicellulose matrix with the thickness and ratio of components varying through each layer. The most important part of the secondary cell wall for mechanical properties is the S2 layer, it being the thickest with the highest concentration of cellulose.

In this layer, unlike the S1 and S3 layers where the cellulose fibrils are oriented almost perpendicular to the cell axis, the microfibrillar angle is between 10-30 o . These differences contribute to the wellknown anisotropic behaviour of wood. In fact, this anisotropy is more pronounced in early wood, wood cells produced early in the year, which are larger and more variable in size and produced in greater volume due to the favourable growing conditions in spring. Latewood, wood cells that develop towards the end of the year, are generally more isotropic due to their higher density and smaller size.

Thus, the noted difference in strength when testing with or against the wood grain. The final principal component of the wood cell is the middle lamella, the pectin/lignin matrix responsible for adhering wood cells to one another and stabilising the cellular network.

The use of wood through the ages

Archaeological wood is defined as "dead wood, used by an extinct human culture, that may or may not have been modified for or by use, and that was discarded into a specific natural environment". [START_REF] Florian | Scope and history of archaeological wood[END_REF] As a widely available, strong, tractable material, wood has been used throughout history for any number of objects, from tools, weapons and utensils to works of art, such as sculptures and paintings, to much larger artefacts on the scale of bridges, fortifications, dwellings, carts, boats or ships. [START_REF] Timar | FTIR Investigation of Paraloid B72 as Consolidant for Old Wooden Artefacts Principle and Methods[END_REF] It is difficult to say with certainty when early humans began to work with wood. The oldest preserved wooden artefacts are javelin-like spears dating from the Middle Palaeolithic period (ca. 400,000 years ago), [START_REF] Thieme | Lower Palaeolithic hunting spears from Germany[END_REF][START_REF] Ambrose | Paleolithic technology and human evolution[END_REF] although many archaeologists believe that woodworking began much earlier. [START_REF] Gowlett | The discovery of fire by humans: a long and convoluted process[END_REF][START_REF] Harmand | 3.3-million-year-old stone tools from Lomekwi 3, West Turkana, Kenya[END_REF] Much early use focussed on small items necessary for developing cultures and society. It is unclear exactly when the transition to working wood into larger objects for transportation and dwelling began.

The oldest remaining evidence of wooden seacraft dates from the Mesolithic period around 7500 BC. [START_REF] Bednarik | The earliest evidence of ocean navigation[END_REF] Intact boat discoveries date from slightly later, ranging in age from ca. 6000-4000 BC. [START_REF] Bednarik | The earliest evidence of ocean navigation[END_REF] Physical evidence of wooden dwellings is more recent still, around the start of the Bronze Age (3200 BC). Some of the best-preserved examples are the Alpine Lacustrine (lake) dwellings found across Switzerland, Germany, Italy, France and Slovenia. [START_REF] Čufar | Dating of 4th millennium BC pile-dwellings on Ljubljansko barje, Slovenia[END_REF] The anoxic, waterlogged environment of the lakes and lakesides prevent their complete degradation. Applications inside buildings as structural reinforcements, rather than forming the outer structure of the dwelling, has led to much better preserved wooden elements that are, some several thousand years later, still capable of load-bearing.

Examples include the Chacoan Great Houses of the Anasazi people (10 th -13 th century AD) and houses at Qasr-el-Bint in Petra, Jordan (ca. 1 st century AD). [START_REF] Blanchette | Wood deterioration in Chacoan great houses of the southwestern United States[END_REF][START_REF] Rababeh | Structural utilization of wooden beams as anti-seismic and stabilising techniques in stone masonry in Qasr el-Bint, Petra, Jordan[END_REF] Of course, during this time there has also been significant use of wood for artistic and decorative purposes, such as Egyptian and Greek sarcophagi, wooden ornaments and sculptures from various periods, icons and other wooden easel paintings. [START_REF] Watkinson | The conservation of the polychrome wooden sarcophagus of Praise Mut[END_REF][START_REF] Elston | Technology and conservation of a polychromed wooden sarcophagus[END_REF][START_REF] Emmanuel | FTIR spectroscopy of woods: A new approach to study the weathering of the carving face of a sculpture[END_REF][START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF][START_REF] Monaco | The scientific investigation for the study and conservation of the wooden model of S.Maria della Consolazione's church (Todi, Italy)[END_REF][START_REF] Mecklenburg | Structural response of painted wood surfaces to changes in ambient relative humidity[END_REF] Such objects are in various states of preservation and, as with larger structures, this depends on the environment in which they were found.

Their smaller size, resulting in lower loads exerted on the wooden structure, has also played a role in their state of preservation.

As with all wood applied through history, degradation is dependent on a number of chemical and biological factors, discussed in detail in the following sections.

The chemistry and biology of wood degradation

Wooden artefacts have been found in a variety of different environments, for example, cool, humid over-ground burial chambers (the pyramids in Egypt [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF]), hot, dry locations (Anasazi Great Houses, south-western USA [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] and Qasr-el-Bint, Jordan [START_REF] Rababeh | Structural utilization of wooden beams as anti-seismic and stabilising techniques in stone masonry in Qasr el-Bint, Petra, Jordan[END_REF]), anoxic, waterlogged marshes [START_REF] Higgitt | Assessing the potential of historic archaeological collections: a pilot study of the British Museum's Swiss lake dwelling textiles[END_REF][START_REF] Graves | A comparative study of consolidants for waterlogged wood: polyethylene glycol, sucrose and silicone oil[END_REF] or maritime areas, [START_REF] Florian | Scope and history of archaeological wood[END_REF][START_REF] Bell | The sinking of the Mary Rose warship: a medieval mystery solved?[END_REF][START_REF] Almkvist | The chemistry of the Vasa[END_REF][START_REF] Breunig | The 8000-year-old dugout canoe from Dufuna (NE Nigeria)[END_REF]. Dry environments often ensure a better state of preservation, as moistureinduced degradation is often significant and rapid, [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF][START_REF] Zelinka | Preserving ancient artifacts for the next millennia[END_REF] but they are not immune to insect attack and photo-induced degradation. In the case of waterlogged or humid environments, wood is generally stable while buried but exposure to light and oxygen after excavation often causes a rapid decline in stability. Of these, bogs and marine environments have so far revealed some of the largest stores of wooden cultural heritage. The waterlogged, anoxic environment with artefacts protected by peat, silt or sand has proven excellent at limiting the growth of fungi and preventing total decay of the wooden structures. Extensive study of wood from various locations has provided detailed information on potential modes of degradation and their concerted action on the wooden structures.

Loss of mechanical stability due to degradation is the major cause for concern in the longevity of wood. Weathering, i.e., waterlogging due to burial in marshy or aquatic environments with controlled/uncontrolled drying or regular wetting and drying with additional UV exposure, is a principal cause in the loss of mechanical strength. [START_REF] Thaler | Performance of oak, beech and spruce beams after more than 100 years in service[END_REF][START_REF] Thaler | Performance of recent and old sweet chestnut (Castanea sativa) wood[END_REF][START_REF] Hervé | Density mapping of decaying wood using X-ray computed tomography[END_REF][START_REF] Lionetto | Monitoring wood degradation during weathering by cellulose crystallinity[END_REF] More rapid degradation occurs from chemical or biological degradation of the wood, which may be induced or accelerated by weathering. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Fors | Sulfur and iron in shipwrecks cause conservation concerns[END_REF][START_REF] Fors | Sulfur and iron accumulation in three marine-archaeological shipwrecks in the Baltic Sea: the Ghost, the Crown and the Sword[END_REF][START_REF] Fors | Sulfur accumulation in pinewood (Pinus sylvestris) induced by bacteria in a simulated seabed environment: Implications for marine archaeological wood and fossil fuels[END_REF][START_REF] Fors | Sulfur and iron analyses of marine archaeological wood in shipwrecks from the Baltic Sea and Scandinavian waters[END_REF][START_REF] Sandström | Sulfur accumulation in the timbers of King Henry VIII's warship Mary Rose: a pathway in the sulfur cycle of conservation concern[END_REF] An overview of singular and cooperative degradation mechanisms is presented in Figure 2.

[Insert Figure 2]

Environmental factors will ultimately play some role in the lifetime of the wood structure. Thus, it is important to understand the various degradation modes and how they act in concert. This knowledge benefits both the effective conservation of wooden objects of cultural importance and the design of appropriate preservatives for application to fresh woods before construction. In this way, the lifetime of newly built structures may be enhanced, although it cannot be preserved indefinitely. Like all onceliving materials, natural processes that begin with cell-death will eventually return the wood to the elements from whence it came. Under the right environmental or treatment conditions, wood has been shown to endure for thousands of years. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] Such wooden materials that would endure numerous human lifetimes, retaining their mechanical properties for repetitive use and recycling, are the very definition of sustainable building materials. A thorough understanding of their resistance to degradation and conservation methods may help in achieving the goal of sustainable modern constructions from fast-growing sources.

Weathering

Outdoor use or burial can have a significant effect on the physical and chemical properties of wood due to natural aging with the singular or combined effects of solar exposure, oxygen, water vapour, rain, waterlogging, gaseous pollutants, etc. [START_REF] Lionetto | Monitoring wood degradation during weathering by cellulose crystallinity[END_REF] The particular effects of moisture and UV are examined in the following sections.

Moisture-induced degradation or waterlogging

Moisture-induced degradation, from variations in water vapour in the environment, is generally considered a natural aging mechanism of wood. In fact, such degradation is already evident in the living tree due to seasonal weather variations. Changes in daily humidity levels cause slight swelling and contraction of wood cells, resulting in alterations to the cell dimensions over time, as well as slow hydrolysis of polysaccharide components, oxidation of lignin and leaching of degradation products and extractives from the cell walls.

The extent to which moisture effects the composition of the wood (polysaccharides, lignin and extractives) is determined by the location (indoors or outdoors) and local climatic conditions. Indoor applications in warm, dry areas, where moisture induced degradation is extremely slow, results in the endurance of the natural materials properties of the wood over several centuries and even millennia. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] On the other hand, burial of wooden objects in waterlogged environments is an extreme form of moisture-induced degradation where the loss of cellulosic components and extractives and the alteration of lignin proceeds at an accelerated rate. [START_REF] Björdal | Depth of burial, an important factor in controlling bacterial decay of waterlogged archaeological poles[END_REF][START_REF] Colombini | A multi-analytical study of degradation of lignin in archaeological waterlogged wood[END_REF] The presence of excessive moisture is also a key requirement in the chemically and biologically-induced degradation of wood, which will be discussed later.

While moisture-induced changes are not selective and effect all components of the wood cells, in the absence of excessive moisture the timeframe over which moisture alone effects the stability of lignin and crystalline cellulose is extremely long, in the order of millennia. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF][START_REF] Borgin | The effect of aging on the ultrastructure of wood[END_REF][START_REF] Fengel | Aging and fossilization of wood and its components[END_REF] The major degradative processes acting in concert with moisture to induce more rapid deterioration of wood structures are outlined in the following sections.

Photo-degradation

UV exposure is another damaging effect of outdoor wood use. While primarily a mode of surface degradation due to the inability of UV light to penetrate deeper than approximately 75-80 µm into the wood, [START_REF] Altgen | Photodegradation of thermally-modified Scots pine and Norway spruce investigated on thin micro-veneers[END_REF][START_REF] Hon | Surface degradation of wood by ultraviolet light[END_REF] it can lead to discolouration of the wood and pitting and flaking of the surface layers.

This loss can eventually lead to weakening of the wood and a reduction in mechanical stability, as well as a deterioration in the wood's aesthetic properties. [START_REF] Altgen | Photodegradation of thermally-modified Scots pine and Norway spruce investigated on thin micro-veneers[END_REF] The chemical effects of UV irradiation are principally observed in the lignin and amorphous polysaccharide regions of the wood cells. [START_REF] Altgen | Photodegradation of thermally-modified Scots pine and Norway spruce investigated on thin micro-veneers[END_REF][START_REF] Hon | Free-radical formation in wood -the role of water[END_REF] Unlike amorphous cellulose, crystalline regions are typically impervious to the chain scission induced by the UV-generated free radicals. Degradation is initiated by the absorption of UV radiation by lignin, the principal UV absorber in wood. This triggers photo-oxidation of lignin, which generate free-radicals capable of attacking other lignin chains, as well as amorphous polysaccharides, and low molar mass phenolic compounds, which result in the discolouration of the wood.

Several research groups have reported the loss of mechanical properties (tensile strength) in wood micro-veneers after photo-degradation. [START_REF] Altgen | Photodegradation of thermally-modified Scots pine and Norway spruce investigated on thin micro-veneers[END_REF][START_REF] Raczkowski | Seasonal effects on the atmospheric corrosion of spruce micro-sections[END_REF][START_REF] Derbyshire | The photodegradation of wood during solar irradiation. Part I: Effects on the structural integrity of thin wood strips[END_REF][START_REF] Derbyshire | Investigations into the photodegradation of wood using microtensile testing -Part 1: The application of microtensile testing to measurement of photodegradation rates[END_REF][START_REF] Derbyshire | Investigations into the photodegradation of wood using microtensile testing. Part 2: An investigation of the changes in tensile strength of different softwood species during natural weathering[END_REF][START_REF] Turkulin | Investigations into the photodegradation of wood using microtensile testing. Part 4: Tensile properties and fractography of weathered wood[END_REF] Thus, confirming that solar exposure, while degrading more slowly than bacterial processes, does play a role in reducing the strength of the wood cell.

Furthermore, Anderson et al., studied the combined effect of photo-degradation and moisture. This combined action significantly enhanced deterioration, due to the leaching of degradation products and extractives that help to stabilise degraded wood. [START_REF] Anderson | Infrared studies of wood weathering. PartⅠ: Softwoods[END_REF][START_REF] Anderson | Infrared Studies of Wood Weathering .2. Hardwoods[END_REF] Accelerated removal of these compounds appears to speed up the weakening of the wood. [START_REF] Altgen | Photodegradation of thermally-modified Scots pine and Norway spruce investigated on thin micro-veneers[END_REF] 

Biological degradation

Moisture-induced weathering, and waterlogging, often do not act alone to decay wooden structures.

Increases in wood moisture content entice the arrival of bacteria and fungi, which require moist environments to degrade wood, reducing its overall bulk and mechanical stability. Irrespective of the moisture content, insects also play a role in wood degradation, albeit to a lesser degree than microbes. Some of the most common biological decay mechanisms are explained in the following sections.

Fungal decay

Fungal degradation of wood is based on the production of extracellular enzymes that break down the components of the cell wall. These fungi can be divided into three categories; (1) white rot, (2) brown rot and (3) soft rot fungi. [START_REF] Deacon | Fungal ecology: saprotrophs[END_REF] Both white and brown rot are classified as Basidiomycota, a type of filamentous fungus composed of hyphae, while soft rots are either Ascomycota or Deuteromycota, spore-forming fungi that produce their spores sexually or asexually, respectively. [START_REF] Deacon | Fungal ecology: saprotrophs[END_REF] Each class get their name from a visual (white, brown) or physical (soft) characteristic of the degraded wood.

White rot fungi are capable of degrading all components of the wood cell according to two different mechanisms: (i) specific degradation where only the lignin component is targeted, through the mechanism shown in Scheme 1 and, (ii) with a progressive degradation where both the polysaccharide and lignin components are deteriorated simultaneously, illustrated by the large voids in Figure 3a.

[Insert Figure 3]

Their presence is often associated with bleaching of the wood due to the degradation of lignin, leaving the lighter coloured components, hence the name. Significant deterioration of mechanical properties or wood mass is not characteristic of white rot decay until advanced stages of infestation. This is likely because degradation is localised to cells colonised by the fungal hyphae, which reproduce relatively slowly. Thus, large portions of undecayed wood are common. White rot fungi are particularly active in the heartwood of living trees and pose less problems for timber constructions than brown or soft rot fungi.

Brown rot acts swiftly to depolymerise cellulose, leaving a lignin-rich skeleton, Figure 3b. Two of the characteristic chemical modifications to the lignin structure are hydroxylation and methylation, shown in Scheme 1 (2 and 3). [START_REF] Geib | Lignin degradation in wood-feeding insects[END_REF] 

[Insert Scheme 1]

As a result, substantial losses in mechanical strength are observed, even at early stages of infestation.

Such fungi are generally active in timber buildings making them a key concern for construction and the conservation and maintenance of existing objects and structures. One of the most virulent strains of brown rot fungus is Serpula lacrymans, commonly (although erroneously) referred to as dry rot, which is well adapted to attacking timber constructions, spreading rapidly.

Finally, soft rot is characterised by soft decay surfaces with excessive moisture. However, soft rots can also be present in dry environments where they are macroscopically similar to brown rot. They are classified as Type 1 or 2. Type 1 (Figure 3c) exhibits longitudinal cavities in the secondary cell wall, while Type 2 (Figure 3d) displays erosion of the entire secondary cell wall. Crucially, the middle lamella is not degraded but can be somewhat decayed. This rot can be associated with large strength losses in the wood, once the rot becomes visible. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] 

Bacterial decay

Bacterial decay is characterised by the slow nature of the deterioration and the relatively slow loss of strength as the bacterial attack progresses. [START_REF] Klaassen | Bacterial decay in wooden foundation piles-Patterns and causes: A study of historical pile foundations in the Netherlands[END_REF] As such, their action is often more evident in already heavily degraded wood in comparison to freshly cut samples. While the role of fungi in wood decay was known for several decades, the action of bacteria in degradation processes was somewhat unclear.

In the 1980s, it was observed that wood buried in anoxic environments, where fungi are not active, were still subject to biological decay. Since then, at least three groups of bacteria have been identified in wood in various terrestrial and maritime environments. These comprise erosion, tunnelling and cavitation bacteria. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] Bacterial scavengers have also been identified, which do not attack the wood themselves but feed off the cell wall components degraded by other bacterial groups, further destabilising the cell walls. [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] Although through a different mechanism, erosion bacteria display a similar decay pattern to brown rot fungi by degrading the cellulose and hemicellulose of the secondary cell wall, leaving the lignin residues and the lignin-rich middle lamellae intact, Figure 4a.

[Insert Figure 4]

Tunnelling bacteria, as the name suggests, form micron-sized tunnels that penetrate the secondary cell wall, Figure 4b. Unlike erosion bacteria, they are capable of penetrating the middle lamellae and the lignin-rich bordered pits in coniferous wood. While degrading lignin to a certain extent, tunnelling bacteria preferentially degrade the cellulosic components of the wood cells, with lignin being lost to a much lesser degree.

Lastly, cavitation bacteria are named for the small diamond or irregular shaped cavities they form in the secondary cell wall, Figure 4c. These cavities are always oriented perpendicular to the long direction of the fibre and often begin near a pit chamber, although they can form in other locations on the secondary cell wall. As with other bacteria, the cellulosic components are the primary degradation targets.

Considering their ability to act in anoxic environments, Klaassens suggested that the progression of bacteria through a wooden structure is linked to the diffusion of moisture, not just the availability of oxygen to the bacteria. [START_REF] Klaassen | Bacterial decay in wooden foundation piles-Patterns and causes: A study of historical pile foundations in the Netherlands[END_REF] Thus, the water content and the velocity of water-flow around a wooden object may also be important considerations in the determination of bacterial progression.

Insects, borers and other fauna

While decay by insects and marine borers is less widespread, their role in the deterioration of wooden structures cannot be discounted. There are a large number of insects that, at some point in their life cycle, rely on dead or decaying wood as a source of nutrition. These insects are referred to as saproxylic insects and comprise three main groups: (1) corticophages, which feed on outer bark fragments, (2) phloeophages, which feed on inner bark and cambial tissue and (3) xylophages, which tunnel through cambial tissue, heartwood and sapwood, also known as wood-borers. [START_REF] Bouget | Nomenclature des groupes écologiques d'insectes liés au bois: Synthèse et mise au point sémantique[END_REF] The majority of cortico-and phloeo-phages are active in living and freshly-felled wood, thus, knowledge of their behaviour is particularly important for forest managers, whose crops may be negatively impacted by their presence. [START_REF] Bouget | Nomenclature des groupes écologiques d'insectes liés au bois: Synthèse et mise au point sémantique[END_REF] Xylophages, being active on cambial tissue, heartwood and sapwood, pose problems not only in forest stands but also in wooden objects and constructions. Some examples of xylophages are weevils (e.g. the wood-boring weevil, Pentarthrum huttoni), beetles (e.g. the death-watch beetle, Xestobium rufovillosum) and their wood-boring larvae known as woodworm (Figure 5), wood ants (Formica rufa) and termites (infraorder Isoptera).

[Insert Figure 5]

With the exception of European countries, with their cool and warm temperate oceanic climates, one of the greatest terrestrial problems for wooden structures is the action of termites. The termite is an epifamily (Termitodea) within the cockroach family Blattodea and comprises approximately 2300 species, of which there are 3 groups: (1) drywood termites, prevalent in hardwood forests, [START_REF] Guo | Changes of wood cell walls in response to hygro-mechanical steam treatment[END_REF] dampwood termites, common in coniferous forests, and (3) subterranean termites, which have a number of diverse habitats. Of these, only 183 are known to damage buildings and 80% come from the subterranean termite class. [START_REF] Su | Termites as Pests of Buildings[END_REF] Subterranean termites generally burrow through soil adjacent to wooden structures and tunnel through the wood. They eat away the majority of the wooden structure but leave a protective layer between the inner wood and the surface. As such, they are often not detected until significant damage has been caused. Areas most affected by termite activity are North America (9 pest species), Australia [START_REF] Meyers | Biological materials: Structure and mechanical properties[END_REF], the Indian Subcontinent [START_REF] Rababeh | Structural utilization of wooden beams as anti-seismic and stabilising techniques in stone masonry in Qasr el-Bint, Petra, Jordan[END_REF], tropical Africa [START_REF] Čufar | Dating of 4th millennium BC pile-dwellings on Ljubljansko barje, Slovenia[END_REF] and the West Indies and Central America [START_REF] Fratzl | Cellulose and collagen: from fibres to tissues[END_REF]. Despite only 9 pest species, the estimated cost of termite control in North America is approx. $2 billion per year, a huge strain on the economy and a hindrance to wider usage of wood in construction when no effective prevention mechanism is in place. [START_REF] Christie | Termites: Our Mission[END_REF] In the marine environment wood-boring organisms are fewer, though no less active. The most prolific wood-borer in marine and littoral areas is the naval shipworm (Teredo navalis), a variety of saltwater clam that has two small valves adapted to bore wood, known to do significant damage to piers and boat hulls. It is extremely hardy, existing in temperatures from 1-30 o C with salt concentrations of 5-35 parts per thousand and can survive in anoxic environments for up to 6 weeks. Creosote-treated softwoods have, so far, shown the best resistance to shipworm, however, hardwoods are not so resistant due to the difficulty in diffusing the highly viscous tar into the wood. Recent concerns about the carcinogenic nature of creosote have prompted the search for alternative prevention mechanisms.

As with termites, shipworm is not only a structural problem but also a significant public health and economic issue that needs to be addressed.

Chemical degradation

Chemical degradation is most often related to the production of acid within the wood. This can be a natural process, such as the formation of oxalic acid by degrading oak that proceeds slowly over time, [START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF] or it can be accelerated by the environment, in particular bacterial action. The two main contributors to acid formation within the wood are sulfur and iron, [START_REF] Fors | Sulfur and iron in shipwrecks cause conservation concerns[END_REF][START_REF] Fors | Sulfur and iron accumulation in three marine-archaeological shipwrecks in the Baltic Sea: the Ghost, the Crown and the Sword[END_REF][START_REF] Fors | Sulfur accumulation in pinewood (Pinus sylvestris) induced by bacteria in a simulated seabed environment: Implications for marine archaeological wood and fossil fuels[END_REF][START_REF] Fors | Sulfur and iron analyses of marine archaeological wood in shipwrecks from the Baltic Sea and Scandinavian waters[END_REF][START_REF] Sandström | Sulfur accumulation in the timbers of King Henry VIII's warship Mary Rose: a pathway in the sulfur cycle of conservation concern[END_REF][START_REF] Wetherall | Sulfur and iron speciation in recently recovered timbers of the Mary Rose revealed via X-ray absorption spectroscopy[END_REF] this is particularly true in the case of waterlogged wood. Organic sulfur compounds are often deposited on wood from decaying marine organisms, which mainly accumulate in the lignin-rich middle lamella. [START_REF] Fors | Sulfur-Related Conservation Concerns for Marine Archaeological Wood: The Origin, Speciation and Distribution of Accumulated Sulfur with Some Remedies for the Vasa[END_REF] In anoxic environments the principal bacterial species are sulfur-reducers (Desulfobacterales, Desulfovbrionales, Syntrophobacterales) and to some extent sulfur-oxidisers (Beggiatoa, Paracoccus, Thiobacillus). The action of the sulfur-reducing bacteria on organic sulfur compounds results in the production of hydrogen sulfide (H2S).

Many wooden artefacts recovered from waterlogged environments dating from the bronze and iron ages, or later, were found in the presence of metal objects, in the form of weaponry or iron fittings used in the construction of the artefact. Depending on the duration of the waterlogging and the concentration of salt in the waterlogged environment, these metal components are partially or fully corroded and the wood infused with metal ions. The case of Fe ions (Fe 2+ , Fe 3+ ) poses a particular problem. The action of the bacterially produced H2S in the presence of Fe ions within the wood results in the formation of iron sulfides, in particular pyrite (FeS2). In the humid atmosphere of waterlogged wood, pyrite can be quickly oxidised (Scheme 2) to form iron sulfates and sulfuric acid (H2SO4) (1), natarojarosite, H2SO4 and HCl [START_REF] Guo | Changes of wood cell walls in response to hygro-mechanical steam treatment[END_REF] or goethite and H2SO4 (3), depending on other elements present in the wood eventually leading to the depolymerisation of remaining polysaccharides. [START_REF] Fors | Sulfur and iron in shipwrecks cause conservation concerns[END_REF][START_REF] Fors | Sulfur accumulation in pinewood (Pinus sylvestris) induced by bacteria in a simulated seabed environment: Implications for marine archaeological wood and fossil fuels[END_REF][START_REF] Schofield | Alkaline earth carbonates for the treatment of problematic sulfur associated with marine archeological wood[END_REF] 

[Insert Scheme 2]

The propensity of wood to undergo natural decay processes, which also produce acids, has been mentioned previously. Almkvist and Persson observed that the presence of Fe 3+ in the oak timbers of the 17 th century warship Vasa induced a Fenton-type process that catalysed the production of acetic, formic, glycolic and oxalic acid within the wood, accelerating the degradation. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF] In this process Fe 2+ becomes oxidised to Fe 3+ with the production of an oxygen radical. This can react with the moist environment to generate hydrogen peroxide (H2O2) and attack the holocellulose, i.e., both cellulose and hemicelluloses, through oxidative degradation to produce small organic acids, Figure 6.

[Insert Figure 6]

The formation of such acids presents significant problems for the acid-sensitive polysaccharide components. The neutralisation of these acids with base can also result in damage to the alkalinesensitive lignin, often the best-preserved structural component of degraded wood. In comparison to microbial and insect damage, such issues stemming from organosulfur compounds in contact with iron ions are mainly a problem for woods that have spent a considerable amount of time exposed to waterlogging, anoxic environments and corroded metals. However, an understanding of such behaviour is important for the determination of reinforcing methods that could be used in the construction of new wooden buildings in waterlogged areas, where wooden foundation piles are also common, e.g. Stockholm, Venice, Amsterdam.

Effect of degradation on wood properties

Generalising the effect of degradation on the materials properties of wood is extremely difficult and depends heavily on wood species, extractive content, environment, the mechanisms of decay that have been active on the wood, the age of the wood and the extent of exposure to oxygen (or the depth of burial), among other parameters. [START_REF] Thaler | Performance of oak, beech and spruce beams after more than 100 years in service[END_REF][START_REF] Björdal | Depth of burial, an important factor in controlling bacterial decay of waterlogged archaeological poles[END_REF][START_REF] Highley | Comparative durability of untreated wood in use above ground[END_REF][START_REF] Brischke | Influence of wood moisture content and wood temperature on fungal decay in the field: observations in different micro-climates[END_REF][START_REF] Brischke | Durability of oak timber bridgesimpact of inherent wood resistance and environmental conditions[END_REF] An overview of some studies into changes in material properties relative to environment are given in the following sections.

Natural aging

Natural aging is defined here as normal degradation processes undergone by wood after cutting when no additional accelerating processes are acting on the material. Thaler et al., have studied extensively the effect of natural indoor and outdoor aging on the durability of English oak (Quercus sp.), common beech (Fagus sylvatica) and Norway spruce (Picea abies) that had been in service 130-220 years. [START_REF] Thaler | Performance of oak, beech and spruce beams after more than 100 years in service[END_REF][START_REF] Thaler | Performance of recent and old sweet chestnut (Castanea sativa) wood[END_REF] They found that aged oak showed no significant difference in mechanical properties or water exclusion efficiency compared to fresh samples. It did appear, however, that the fungicidal properties of oak diminished with time. In the case of spruce, both the mechanical and fungicidal properties remained constant but there was a significant deterioration in water exclusion efficiency between with time. Lastly, while the fungicidal properties of beech wood did remain constant, they were not effective in limiting fungal attack or insect infestation, as such there was a marked decrease in the mechanical properties between aged and fresh samples. Only the water exclusion efficiency remained constant with time. Whereas the poor anti-fungal properties of beech can be explained by its lack of phenolic extractives, [START_REF] Zule | GC analysis of extractive compounds in beech wood[END_REF] compared to spruce, [START_REF] Caron | Distribution of extractives in Sitka spruce (Picea sitchensis) grown in the northern UK[END_REF] the decrease in the fungicidal properties of oak was unclear. This remains under investigation and suggested the possibility of secondary degradation processes (degradation processes resulting from an initial degradative effect) or simply the inhomogeneity of wood. Such degradation of the fungicidal properties of oak wood over time raises the question of the long-term use of oak wood without appropriate anti-microbial treatments.

Outdoor weathering

Thaler et al., also examined the mechanical, fungicidal and water sorption properties of sweet chestnut (Castanea sativa) after 35 years of outdoor weathering. [START_REF] Thaler | Performance of recent and old sweet chestnut (Castanea sativa) wood[END_REF] Even after such lengthy outdoor application, no significant difference in water uptake ability was found and the mechanical properties of the weathered wood were excellent and comparable to fresh wood of the same species. Weathered wood showed a slight reduction (ca. 3%) in resistance to brown rot fungi. In the case of white rot fungi, no difference was observed between the fresh and weathered wood and again both showed a mass loss less than 3%. In order to understand the slight decrease in fungal resistance, extractives were removed from both samples by solvent extraction and analysed, the difference in extractive content indicated it is their presence that provides the wood with its fungal resistance.

Bacterial decay

Björdal, Nilsson and co-workers have extensively studied the effect of bacterial decay on wood of cultural importance, attempting to understand the role of burial, wood species and environmental factors in the promotion and hindrance of bacterial activity. [START_REF] Björdal | Depth of burial, an important factor in controlling bacterial decay of waterlogged archaeological poles[END_REF][START_REF] Bj | Microbial decay of waterlogged archaeological wood found in Sweden. Applicable to archaeology and conservation[END_REF][START_REF] Björdal | Observations on Microbial Growth during Conservation Treatment of Waterlogged Archaeological Wood[END_REF][START_REF] Björdal | Microbial degradation of waterlogged archaeological wood[END_REF] These analyses provide a great insight into bacterial activity in waterlogged environments. They have also provided a limited overview of the structural characteristics of decayed wood. Depending on the quantity of oxygen available either erosion (anaerobic) or tunnelling (aerobic) bacteria will be active on the surface.

In terms of structural integrity aerobic bacteria are more closely linked to mechanical damage due to the cooperative activity of tunnelling bacteria and soft-rot fungi. The single or combined action of these microbes results in a significant loss of cellulosic components of the cell wall, leaving a skeleton of lignin-rich middle lamellae. This skeleton, due to its loss of bulk, results in the soft, spongy nature of the degraded wood. Clearly, at this point the mechanical stability has been significantly reduced and conservation efforts would be recommended. [START_REF] Björdal | Observations on Microbial Growth during Conservation Treatment of Waterlogged Archaeological Wood[END_REF] Without the cooperative action of fungal species, the progression of bacterial decay is generally rather slow. [START_REF] Klaassen | Bacterial decay in wooden foundation piles-Patterns and causes: A study of historical pile foundations in the Netherlands[END_REF] Thus, complete loss of mechanical properties is a lengthy process, according to a study of compression strength in foundation piles with service lives of varying length (80-2000 years) recovered from sites in the Netherlands, Sweden and Germany. [START_REF] Klaassen | Bacterial decay in wooden foundation piles-Patterns and causes: A study of historical pile foundations in the Netherlands[END_REF] In this study, 2000 samples of oak, pine, spruce, fir (Abies), alder (Alnus) and poplar (Populus) of varying ages were examined.

Alder was the worst affected by bacterial activity, while oak, spruce and pine fared significantly better, with the exception of a 2000-year-old oak pile, thus, showing length of immersion plays a role in this behaviour.

The compression strength of the piles in service for 80-200 years were compared to fresh timber of the same species. Interestingly, the differences between the various piles, independent of bacterial activity, were not marked. In the case of spruce piles both the fresh and degraded wood showed the same compression strength while the compression strength recorded for the pine piles was only slightly greater for fresh samples than for the aged samples. As bacterial presence was mild, this decrease was linked to the tendency to use juvenile heartwood as pile material rather than a significant reduction in mechanical properties due to bacterial activity. It is also likely that the compression of the piles during service would offset minor reductions in mechanical properties as a result of bacterial decay and loss of lignocellulosic materials.

McLemore et al., contrasted this with the effect of bacterial activity before service on the mechanical strength of freshly cut Tepa wood (Laureliopsis philippiana Looser) affected by butterfly stain, a discolouration of the heartwood associated with the action of several bacterial species [START_REF] Mclemore | Selected mechanical and physical properties of Chilean tepa wood affected by butterfly stain[END_REF] They tested the compression, static bending and shear strength of stained and unstained Tepa heart-and sapwood. Regardless of staining, the shear strength of all samples was very similar. In the case of compression and flexural moduli, however, the values recorded for the unstained heart-and sap-wood were greater than their stained counterparts. While the sapwood of the stained wood was not itself stained, its mechanical strength was lower than that of the stained heartwood. The authors related this to the increased density of the stained heartwood relative to the unstained sapwood, which they suggested was due to the production of high molar mass phenolics from bacterial action on the extractives and lignin. [START_REF] Diaz-Vaz | Avances en la determinación de las causas y efectos de las coloraciones en madera de Laurelia philippiana[END_REF] It could also be assumed that, although the stain is not yet present, the bacteria is already active on the sapwood as it is present in the heartwood. Such results highlight the reduction in specific mechanical properties as a function of bacterial decay and underline the differences observed when the wood is attacked during service, where it appears to have a far less significant effect on the woods integrity, than if decay occurs during growth.

Fungal decay

The action of fungal species, particularly in well aerated environments is considerably faster and leads to more significant structural and mechanical changes. Bari et al., reported the chemical and mechanical properties of Oriental beech (F. sylvatica orientalis) exposed to the white-rot fungi Pleurotus ostreatus and Trametes versicolor for periods of 30 and 120 days. [START_REF] Bari | Mechanical properties and chemical composition of beech wood exposed for 30 and 120 days to white-rot fungi[END_REF] They found that wood mass had decreased by approximately 15-20% in the presence of both fungi after 30 days and dropped a further 10-15% after 120 days, with lignin content being the worst affected. The losses were relatively constant across both fungal species. The compression strength, hardness and impact bending of the exposed samples were also tested relative to undecayed controls after 30 and 120 days.

Overall, the mechanical properties of the samples exposed to T. versicolor fared worse than those exposed to P. ostreatus. After 120 days of exposure to P. ostreatus hardness dropped by 18%, while samples exposed to T. versicolor exhibited a 32% reduction. Compression strength of P. ostreatus samples decreased by 44% over the same time period, while T. versicolor samples decreased by 69%.

Impact bending was most affected by fungal action. Exposure to T. versicolor resulted in an 88% loss in hardness within 30 days that remained constant up to 120 days, while P. ostreatus samples exhibited an initial loss of 83% that increased to 95% by the final testing point. In comparison to the bacterial action described by Klaassens, where wooden piles were still in service after 80-200 years of bacterial action, [START_REF] Klaassen | Bacterial decay in wooden foundation piles-Patterns and causes: A study of historical pile foundations in the Netherlands[END_REF] the mechanical properties of these beech samples were so significantly degraded in just 4 months as to render them unusable. Interestingly, while macroscopic properties decrease significantly with fungal exposure, this is not always true on the cellular scale. Wagner et al., studied the changes in cell wall stiffness of samples of early and late wood Scots pine (P. sylvestris) sapwood that had been exposed to brown and white rot fungi. [START_REF] Wagner | Fungal degradation of softwood cell walls: Enhanced insight through micromechanical modeling[END_REF] They found that, while macroscopic stiffness decreased after fungal exposure, the cell wall stiffness increased. This was attributed to the loss of non-crystalline components of the cell wall through fungal decay, increasing the relative crystallinity. These results paint an interesting comparison between nanoscale vs. macroscale properties and illustrate the necessity of examining degraded and treated wood at various length scales in order to better understand the processes involved.

Insect damage

On account of the high sugar content of the tree sap several species, e.g. walnut (Juglans), cherry (Prunus), or the syrup-producing maple (Acer), are often magnets for wood-boring insects. Without treatment, this can result in extensive damage to the wood properties and structure. [START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF] Lionetto et al., [START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF] examined the extent of deterioration in the mechanical properties of walnut wood (J. regia) after attack by the furniture beetle (Oligomerus ptilinoides), a woodworm common to southern Europe and the Mediterranean basin. [START_REF] Unger | Consolidants. Conserv. Wood Artifacts A Handb[END_REF] The woods' modulus of elasticity (MOE), flexural strength (MOR), toughness and hardness were examined and compared to those of undamaged walnut wood. Significant differences were only observed for MOR and MOE, with a decreased MOR after infestation and an increased MOE. While the densities of the wood tested differed by more than 10%, previous reports suggest there is no clear link between density and MOE. [START_REF] Tsehaye | A comparison of density and stiffness for predicting wood quality or density: the lazy man's guide to wood quality[END_REF][START_REF] Tsehaye | Selecting trees for structural timber[END_REF][START_REF] Guller | The effects of thinning treatments on density, MOE, MOR and maximum crushing strength of Pinus brutia Ten. wood[END_REF] The increased MOE is more likely due to different ages and seasoning of the wood. [START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF] On the other hand, the reduction in MOR after infestation was believed to be associated with a reduction in density, as it suggests a decrease in the structural components of the wood.

Chemical degradation

Chemically induced change is the last major factor in the loss of wood material properties. Chemical analysis of wood from the Vasa warship found that the holocellulose content is seriously degraded at a number of locations. [START_REF] Lindfors | Polysaccharide degradation in waterlogged oak wood from the ancient warship Vasa[END_REF][START_REF] Bjurhager | State of degradation in archeological oak from the 17th century vasa ship: Substantial strength loss correlates with reduction in (holo)cellulose molecular weight[END_REF] In a more recent study the PEG content, wood density, cellulose microfibrillar angle, acid and iron content were investigated in relation to the holocellulose content, the longitudinal tensile strength and as a function of distance from the wood surface. [START_REF] Bjurhager | State of degradation in archeological oak from the 17th century vasa ship: Substantial strength loss correlates with reduction in (holo)cellulose molecular weight[END_REF] Several interesting relations were drawn from these studies. Principally, the average tensile strength of the PEG-treated Vasa oak was reduced two-fold between the surface and a depth of 11 cm. Analysis of changes in holocellulose composition by size exclusion chromatography (SEC) at the same locations found mass average molar masses of 800 and 300 kDa at the surface and at 11 cm, respectively. This result was unexpected considering the surface layers are usually more heavily degraded and would be expected to be less sound. However, as the wood is PEG-treated, it is likely related to low diffusion of PEG (Figure 7, 7) in denser internal wood cells. Samples closer to the surface are better stabilised and exhibit higher tensile strengths than samples further from the surface. While the microfibrillar angle and wood density also play a significant role in mechanical strength, [START_REF] Page | The mechanical properties of single wood-pulp fibres. Part I: A new approach[END_REF][START_REF] Mott | Mechanical properties of individal southern pine fibers. Part II. Comparison of earlywood and latewood fibers with respect to tree height and juvenility[END_REF][START_REF] Lichtenegger | Variation of Cellulose Microfibril Angles in Softwoods and Hardwoods: A Possible Strategy of Mechanical Optimization[END_REF] Bjurhager et al., corrected for these differences in their analysis, yet the decreasing trend with distance from the surface remained. [START_REF] Bjurhager | State of degradation in archeological oak from the 17th century vasa ship: Substantial strength loss correlates with reduction in (holo)cellulose molecular weight[END_REF] The effect of acid, iron and sulfur content on holocellulose depolymerisation was also studied. Both the acid (acetic, glycolic, formic and oxalic) and iron content were found to increase with increasing distance from the surface, yet the sulfur content remains roughly unchanged at all depths. The static nature of the sulfur content suggests that sulfuric acid does not play as great a role in the degradation of cellulosic materials as often assumed. The increasing iron and organic acid content, combined with the decreasing molar mass of holocellulose, suggests that iron plays a greater role in holocellulose decay and decreases in mechanical strength. In the presence of organic acids the ferrous ion is oxidised, resulting in the production of free radicals. These radicals lead to the evolution of H2O2 allowing Fenton-type reactions to occur, which eventually result in the depolymerisation of holocellulose and a decrease in the wood's mechanical strength. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Farber | Chemical deterioration of wood in the presence of iron[END_REF][START_REF] Emery | Iron-catalyzed oxidation of wood carbohydrates[END_REF][START_REF] Almkvist | Degradation of polyethylene glycol and hemicellulose in the Vasa[END_REF] Bader et al., have also examined the mechanical properties of wood from the Oseberg Viking ship, which is severely chemically degraded due to its past conservation with alum, a caustic potassium aluminium salt. [START_REF] Bader | A nano to macroscale study on structuremechanics relationships of archaeological oak[END_REF] Both chemical analyses and mechanical tests (micro and macroscopic) were performed to understand mechanical properties. As found elsewhere, [START_REF] Braovac | The presence of sulfuric acid in alum-conserved wood -Origin and consequences[END_REF] the non-crystalline cellulosic components were the most degraded. Several interesting conclusions could be drawn from the micro-to macro-scale testing. First, decreases in wood chemical content did not result in reduced mechanical properties in all directions; additionally, there was no consistent decrease over all length scales. Macroscopic mechanical testing using ultrasound revealed that on archaeological wood of similar density, the stiffness in the longitudinal direction was most affected, slightly reduced in the tangential direction but not at all changed in the radial direction. [START_REF] Bader | A nano to macroscale study on structuremechanics relationships of archaeological oak[END_REF] Previous quasi-static bending tests in the longitudinal direction, carried out by the same group, confirmed the significant change in mechanical properties. [START_REF] Bader | A nano to macroscale study on structuremechanics relationships of archaeological oak[END_REF][START_REF]Revisjon Nr. 02[END_REF] On the microscopic level, examination of the compressive modulus using nanoindentation showed another picture entirely. Analysis of the S2 layer showed no significant change in the average modulus of indentation. In comparison to results obtained by Bjurhager et al., this indicates that the non-crystalline components of the S2 layer have little impact on compressive strength, and that in this regime their loss or modification is irrelevant. On the other hand, indentation of the lignin-rich middle lamella resulted in higher values for the average modulus compared to fresh wood, suggesting that lignin becomes stiffer with age. Colombini et al., recently carried out a detailed pyrochemical analysis of lignin in historical wood and found that, contrary to popular opinion, lignin is modified with age. [START_REF] Colombini | A multi-analytical study of degradation of lignin in archaeological waterlogged wood[END_REF] Over time, higher molar mass lignin is degraded into low molar mass oligomers, which may then organise and pack more closely in the middle lamella, resulting in less flexibility and greater stiffness, giving a potential explanation for the increase in modulus of indentation in the middle lamella. Thus, loss of density rather than loss of mechanical strength is of greatest concern.

Summary

To a greater or lesser extent, chemical and biological decay processes play important roles in the longterm stability of wooden objects and structures as summarised in Table 1.

[Insert Table 1]

Knowledge of these decay processes provides information on the intrinsic properties of the decaying wood and, thus, the basic tools with which to approach the conservation, restoration and repair of wooden structures. Moreover, this information allows the design of better and more effective treatments, which could be applied to wood before construction in order to prevent or hinder the progression of these decay processes in future. In the following sections, the most conventional treatments for decayed wood are presented alongside recent innovations aiming to change the face of wood conservation and preservation for better protection of wood structures.

First generation conservation treatments

Conservation science as a distinct field of research has existed for approximately 100 years.

Generally, treatment of a wooden object is carried out only when it is at extreme risk of damage or destruction if left untreated. This is often the case for wet or waterlogged wooden objects, where water and microorganisms have weakened the structure to a point where it cannot be dried without additional treatment to stabilise the wood, prevent proliferation of biological organisms or the continued production of acid. Consolidation in the construction domain is altogether more positive and seen as a potential method to elevate low quality, fast-growing timbers from managed woodlands to high-grade construction applications to maximise the sustainability and availability of wood, while minimising costs. Since the early 19 th century, conservation professionals have applied many treatments to various types of wooden artefacts. The primary structures of the principal treatments are shown in Figure 7.

[Insert Figure 7]

The most commonly used first generation treatments are waxes, linseed oil, alum, sugars, melamineformaldehyde resins, Paraloid B72 (the commercial name of a low molar mass methyl acrylate/ethyl methacrylate copolymer created and produced by Rohm and Haas) and poly(ethylene glycol) (PEG).

The latter being by far the most widely used for a large variety of wooden artefacts. These treatments fall roughly into one of the following categories; synthetic polymers and resins (PEG, melamine-formaldehyde thermoset, methyl acrylate/ethyl methacrylate copolymer), inorganics (alum) and biobased molecules (linseed oil, sugars, waxes). For the purpose of this review, the term resin will primarily be used to refer to polymers that polymerise within the wood to form an irreversible 3D structure (thermosets). With advances in the understanding of wood decay processes and better materials development techniques it has been possible for such treatments to evolve to provide more suitable and, even, more adaptable materials for the conservation of degraded wood, discussed in more detail in Sections 3 and 4. This section provides a summary of the initial state-ofthe-art, their advantages and disadvantages and the possibility for application in their current form in the consolidation of fresh wood.

Waxes, vegetable and essential oils and natural resins

Wooden objects and structures have long been waterproofed, restored and repaired with waxes, natural resins, vegetable and essential oils. [START_REF] Unger | Consolidants. Conserv. Wood Artifacts A Handb[END_REF] The most common of these being beeswax, colophony (pine resin), linseed and Tung oil, all naturally occurring, water-repellent treatments. The use of waxy solids and drying oils would serve to fill the gaps and cracks caused by previous decay and reduce water sorption leading to biological attack, thus, improving the mechanical stability and durability of the wood. [START_REF] Schönemann | Historic consolidants for wooden works of art in Saxony: an investigation by GC-MS and FTIR analysis[END_REF] Initially, treatments were based on melted beeswax or colophony. However, these treatment solutions exhibited some detrimental effects on the wood under consolidation. Particular disadvantages included darkening and weakening of already heavily damaged wood, likely due to exceeding the thermal stability of the resin or the glass transition temperature of the wood in an effort to reduce the viscosity of the treatment and improve penetration. Various different combinations of waxes and salts were examined in order to improve water-repellency and reduce discolouration, the most successful of which was beeswax in the presence of NaOH or KOH, likely acting to reduce the viscosity. [START_REF] Schönemann | Historic consolidants for wooden works of art in Saxony: an investigation by GC-MS and FTIR analysis[END_REF][START_REF] Jantsch | Versuche in der Behandlung alter Holzschnitzereien und Malereien auf Holz. Der Kunstmarkt[END_REF] Despite this, viscosity still remained high enough to result in slow diffusion of the consolidant within the wood, and confined it principally to a surface treatment, sealing the exterior rather than dispersing through the structure. [START_REF] Schönemann | Historic consolidants for wooden works of art in Saxony: an investigation by GC-MS and FTIR analysis[END_REF] In the search for consolidants with improved penetration, interest turned to vegetable oils, particularly linseed and Tung oils. [START_REF] Schönemann | Historic consolidants for wooden works of art in Saxony: an investigation by GC-MS and FTIR analysis[END_REF][START_REF] Schönemann | Raman and FTIR microspectroscopic study of the alteration of Chinese tung oil and related drying oils during ageing[END_REF][START_REF] Schönemann | An investigation of the fatty acid composition of new and aged tung oil[END_REF][START_REF] Lionetto | Effect of novel consolidants on mechanical and absorption properties of deteriorated wood by insect attack[END_REF] Linseed oil is extracted from the flax plant (Linum usitatissimum), also known as flax seeds. It is a semi-drying oil composed, primarily, of a mixture of oleic, linoleic and α-linolenic acid esters (Figure 7,1). The unconjugated double bonds in the αlinolenic acid chain react with oxygen to give a thermoset by siccativation with high gloss and good wear, protecting the surface as a coating. As a consolidant linseed oil was initially applied hot to reduce viscosity. A side-effect of this was the reduction of biological activity, possibly a combined result of the heat and the hydrophobicity of the treated wood. Concerns about damage to wood from heat treatment, resulted in the development of a cold treatment, which involved diluting the linseed oil with turpentine and phenol. While, the addition of the phenol aided the biological resistance of the treated wood, the semi-drying nature of the linseed oil results in extensive drying periods of several months during which a humid environment prevails in the wood, possibly resulting in softening of the wood structure.

Due to the slow-drying nature of linseed oil, alternatives were sought. One of the most appropriate was Tung oil, which has been known in China for several thousand years and was used extensively in the water-proofing of ship hulls and the conservation of wooden objects. [START_REF] Schönemann | Historic consolidants for wooden works of art in Saxony: an investigation by GC-MS and FTIR analysis[END_REF][START_REF] Schönemann | Raman and FTIR microspectroscopic study of the alteration of Chinese tung oil and related drying oils during ageing[END_REF][START_REF] Schönemann | An investigation of the fatty acid composition of new and aged tung oil[END_REF] It is mainly derived from the nut of the Chinese Tung tree (Aleuritis fordii), although other variants exist. Tung oil has similar properties to linseed oil, however due to the presence of a significant amount of highly conjugated α-eleostearic acid (84%, Figure 7, 2) in the fatty acid composition of Tung oil, it is much more reactive with air and solidifies more quickly. The disadvantage, however, of the quick drying nature of Tung oil is the inhomogeneous film structure, which can lead to further reduction in mechanical properties over time. In order to improve the coating, mixtures of Tung and linseed oil have also been described. [START_REF] Schönemann | An investigation of the fatty acid composition of new and aged tung oil[END_REF] The primary advantage of these oils and waxes is that the resulting hydrophobicity may reduce biological activity. Several studies have been carried out characterising the biological resistance of wood treated with linseed oil; however, it appears to depend strongly on the type of wood and the nature of the oil. Humar et al., examined the resistance of pure and diluted Tung and linseed oiltreated Norway spruce and beech against a brown and white rot fungus. [START_REF] Humar | Efficacy of linseed-and tung-oil-treated wood against wood-decay fungi and water uptake[END_REF] They found that in both cases the Tung oil-treated wood showed greater biological resistance than that of the linseed oiltreated wood, with the diluted Tung oil performing the best on the Norway spruce. This was likely due to the higher density of the beech and, thus, the slower diffusion of the pure oil into the wood cells. Freitag et al., however, found that Tung oil-treated hybrid poplar wood did not show any significant fungal resistance, [START_REF] Freitag | Resistance of resin-impregnated VTC processed hybridpoplar to fungal attack[END_REF] while Temiz et al., found the same with epoxidised linseed oil.

[108] Overall, while a reduction of water uptake was observed, it was not always enough to prevent fungal growth, and depended strongly on wood and treatment density.

Alum

One of the first inorganic treatments for the consolidation of waterlogged wood was developed in the 1850s by C.B. Herbst. [START_REF] Braovac | The presence of sulfuric acid in alum-conserved wood -Origin and consequences[END_REF][START_REF] Andriulo | Nanotechnologies for the restoration of alum-treated archaeological wood[END_REF][START_REF] Christensen | Studies in Museum Technology 1: The Conservation of Waterlogged Wood in the National Museum of Denmark[END_REF] The method involved the soaking of objects in hot aqueous solutions of alum (potassium aluminium sulphate dodecahydrate, KAl(SO4)2.12H2O) for 2-36 h. Heat was required to ensure the dissolution of high quantities of the salt in water. Upon removal from the treatment baths, objects were dried slowly in air to allow the alum to crystallise within the damaged wood, acting as a support to the fragile wood cells. Due to the presence of sulfates from alum and the humid environment of the treated wood, the process generates sulfuric acid within the timbers, which is capable of degrading the remaining cellulose fibres. [START_REF] Braovac | The presence of sulfuric acid in alum-conserved wood -Origin and consequences[END_REF] Although many alum-treated timbers have absorbed metal inclusions from the environment (Al, Fe, Cu, Zn), which could initiate degradative processes, it is believed that the sulfuric acid formed by alum is the principle cause. As a result, alum treated timbers are very acidic (pH 1-2.5) and highly mechanically unstable. Such a low pH ensures continuous degradation of any remaining cellulosic materials and wood cells that are increasingly weakened, as seen in Figure 8.

[Insert Figure 8]

In addition to the caustic nature of the alum, solution temperatures of 90 o C during treatment can be detrimental to the cellulosic components of the wood structure, due to the proximity to the glass transition temperature (Tg) of cellulose. Over the years, variations on the treatment were developed with different concentrations of salt and co-treatments such as glycol. [START_REF] Braovac | The presence of sulfuric acid in alum-conserved wood -Origin and consequences[END_REF][START_REF] Christensen | Studies in Museum Technology 1: The Conservation of Waterlogged Wood in the National Museum of Denmark[END_REF][START_REF] Brøgger | Osebergfundet: Utgit av den norske stat[END_REF] Some of the best-known artefacts treated with alum are the Oseberg finds, housed at the Viking Ship Museum in Bygdøy, Norway. They were highly fragmented and treated over several hours with alum before drying and reconstruction, according to the process described by Brøgger et al. [START_REF] Brøgger | Osebergfundet: Utgit av den norske stat[END_REF] Unfortunately, due to the action of the alum, the artefacts are highly degraded and unstable today.

Such difficulties with the long-term action of alum on wooden artefacts led to this treatment dying out in the middle part of the 19 th century, with alternatives such as PEG seen as a more effective step forward in the conservation of wooden finds. This will be discussed in a later section. Clearly, with the level of damage observed in alum-treated wood there is no future for the treatment of fresh wood with this method. In recent years there have been significant advances in the development of milder inorganic treatments for degraded wood focusing on alkaline earth hydroxides and carbonates, titanium dioxide and alkoxides, which are discussed in more detail in Section 3.2.

Sugars

Another long-standing conservation treatment still in use today is based on sugars. The principal of sugar conservation is rather similar to alum, relying on the infiltration of the wood with high concentrated solutions before controlled drying induces crystallisation of the sugar in situ. The sugar crystals within the wood cells give stability and strength to the weakened wood, preventing warping and collapse. Care must be taken to ensure no excessively large crystals form, which have the potential to break fragile wood cells, inducing weaknesses in the wood structure.

Sucrose is the most commonly used sugar (Figure 7, 3), due to its low cost and wide availability, stemming from its principal application in the food industry. From a conservation perspective, the application of sucrose is cost-effective, not requiring expensive protection equipment, and maintains a `wood-look' after treatment, however, there are several disadvantages to the use of sucrose. [START_REF] Hoffmann | The Sucrose Method[END_REF] The dimensional stability of the sucrose method is heavily dependent on the grain of the wooden object.

Hoffmann found that shrinkage in the radial direction is quite low (0-3%) compared to the tangential direction (up to 10%), leading to warping and cracking. [START_REF] Hoffmann | The Sucrose Method[END_REF] Thus, consideration of the potential damage to the wood must play a large role in the decision to conserve with sucrose. As a sugar, it is also an excellent source of nutrients for bacterial growth. Bacterial spores present in the environment can easily infect open treatment baths causing infestations of the solutions and, possibly, the artefact.

In most cases, the infection is caught relatively early but the entire bath has to be drained and cleaned, as does the artefact before recommencing treatment. This makes the process highly labour intensive, as baths must be monitored daily to prevent infestations. Should an infestation occur, the wood must then be washed to remove bacteria, potentially damaging the fragile outer surface. This also limits the use of sucrose outside of the conservation sphere, where the environment in which the wood is located is completely uncontrolled.

In addition to sucrose, other sugars, such as lactitol and trehalose, a synthetic and a renewable dimeric sugar, respectively, have been investigated These were proposed by Imazu and Morgós as an improvement on the previously developed sucrose method. [START_REF] Imazu | Conservation of Waterlogged Wood Using Sugar Alcohol and Comparison of the Effectiveness of Lactitiol, Sucrose and PEG4000 Treatment[END_REF][START_REF] Imazu | An Improvement on the Lactitiol Conservation Method Used for the Conservation of Arcaheological Waterlogged Wood: The Conservation Method Using a Lactitol and Trehalose Mixture[END_REF] Individually and combined, the solubility of trehalose and lactitol are greater than that of sucrose. Thus, it was envisaged that the concentration of sugar in the final treated wood would be higher, resulting in greater dimensional stability upon drying. Both lactitol and trehalose are less susceptible to chemical or biological degradation, meaning treatment baths could be heated to improve penetration without risking extensive microbial growth. Further study of these sugars has produced mixed results, suggesting that the dimensional stability of the treated wood is not significantly greater than with sucrose and that results are, overall, rather inhomogeneous. [START_REF] Hoffmann | The Lactitol Method[END_REF] While there have been success stories with the use of sugars, opinions are quite varied, leading to extreme caution surrounding their use, even in heavily controlled museum environments. The introduction of high quantities of sugar into wood to be applied in an uncontrolled environment, i.e., outdoors where the humidity and environmental composition cannot be constrained, would likely lead to infestations of bacteria, fungi and insects, and potentially rapid and severe degradation of wood mechanical properties. For this reason, the suitability of this method for the preservation of fresh wood would be, as with the application of alum to modern wood, ill-advised.

Thermosets based on melamine-formaldehyde

Melamine-formaldehyde (MF) resin is one of the only commonly used non-reversible treatments for the conservation of degraded archaeological wooden objects, Figure 7 [START_REF] Gustavsson | Variability in energy and carbon dioxide balances of wood and concrete building materials[END_REF]. MF is a thermosetting aminoplast prepared by condensation reactions, Figure 9.

[Insert Figure 9]

Urea-formaldehyde (UF) resin is another aminoplast, which was used for a time in conservation although popularity waned due to toxicity issues. While most commonly used for small objects, there are examples of the successful conservation of larger objects with MF resins, for example, several Roman ships conserved at the Roman-German Central Museum in Mainz, Germany. [START_REF] Hoffmann | The Kauramin Method[END_REF] The treatment results in the creation of a rigid 3D polymer network within the wood, resulting in excellent dimensional stability while the weight of the wood remains relatively low.

Due to the excellent stability of the treated wood, even heavily degraded wood can be conserved. [START_REF] Hoffmann | The Kauramin Method[END_REF] Additionally, the biological resistance of the wood is significantly improved. [START_REF] Unger | Consolidants. Conserv. Wood Artifacts A Handb[END_REF] This method was pioneered principally in Germany and Scandinavia. The procedure is based on one developed by Müller-Beck and Haas in the 1950s using Arigal C resin (conventional MF resin). [START_REF] Muller-Beck | A method for wood preservation using Arigal C[END_REF] Arigal C was replaced in the 1970s by Lyofix (etherified MF resin) and more recently by Kauramin 800 (MF resin based on complete alcohol etherification). Despite the changes in resin producer and structure, the process has remained the same. To obtain fast diffusion into the wood cells, low molar mass pre-polymers (oligomers) are used. They are dissolved in water and left to diffuse into the wood over a period of days or weeks depending on the size of the object. Care must be taken with the treatment baths as acidic pH can often catalyse polymerisation before penetration into the wood is complete. This can be an issue for historical wood, as natural degradation processes tend to lower the internal pH to 1-4. Treatment pH is generally adjusted to pH 8.5 using triethanolamine (TEA) up to a maximum of 1 wt.%. Pure MF results in tough but brittle polymers so approx. 10% by weight of triethylene glycol (TEG) is added to improve the flexibility of the resin. [START_REF] Hoffmann | The Kauramin Method[END_REF] Clearly one of the major disadvantages of working with MF resin are the health implications of formaldehyde evaporation into the air, to counter this 5 wt.% urea is added to bind free formaldehyde, creating UF resin inclusions. The process is rather labour intensive requiring monitoring of the pH and turbidity of the solution during treatment to prevent early onset of polymerisation. Furthermore, there is a tendency for the wood cells to warp or collapse during drying, resulting in dips or hollows in the wood structure, and develop deep cracks across the grain (Figure 10). This can be slightly offset by quicker drying procedures using microware radiation.

[Insert Figure 10]

These issues generally relate to insufficient penetration, the state of degradation of the wood and a difference in the drying kinetics of the wood vs. the resin. Lastly, the colour of the wood is often lightened. This clearly has an impact on the conservation of valuable objects of cultural heritage. But these aesthetic concerns do not play such a critical role when considering the improvement of the mechanical properties of fresh wood, as stains and varnishes can be employed to improve aesthetic qualities. Despite this, and the excellent biological resistance, the health hazards, warping and transverse cracking of the wood are impediments to the use of this method outside of the reinforcement of small objects in the conservation sphere.

Methyl acrylate/ethyl methacrylate copolymer-based systems

Paraloid B72, also known under the names B-72 and Acryloid B-72, is an organic soluble copolymer generally applied as a solution in acetone, ethanol or toluene for the conservation of wooden supports.

[118] Similar products, named B-82, B-67 or B-66, are copolymers where the methyl acrylate or ethyl methacylate ratios differ or have been replaced by another small alkyl acrylate or methacrylate. Crisci et al., showed that the low viscosity of Paraloid B72 was effective at penetrating wood cells of P. sylvestris and P. abies, evidenced by a decrease in porosity of the treated samples determined by mercury porosimetry. [START_REF] Crisci | Consolidating properties of Regalrez 1126 and Paraloid B72 applied to wood[END_REF] This study also showed that the stability of the sample in terms of visual observation and dimensional changes in axial, radial and tangential directions was acceptable after treatment. On examining photo-oxidation behaviour, for potential outdoor application, the surfaces of the treated samples became discoloured due to oxidation of the polymer coating. These results are in contrast to those of Chiantore and Lazzari, who found that Paraloid copolymers containing methyl or ethyl methacrylate, B-82 and B-72, respectively, showed the greatest stability to photo-oxidation compared to butyl and isobutyl methacrylate chains, B-66 and B-67, respectively. Longer alkyl groups were generally more susceptible to oxidation and discolouration. [START_REF] Chiantore | Photo-oxidative stability of paraloid acrylic protective polymers[END_REF] However, the discolouration of the Paraloid B72 noted by Crisci et al., could be related to the wood variety. In an attempt to improve this behaviour and the porosity variation of the wood during thermal shock, a low molar mass styrene-based homopolymer (Regelrez 1162), was added to the treatment protocol. Alone, its penetration into the wood is poor but this is improved in combination with Paraloid B72.

Additionally, the binary treatment showed less variation in porosity after thermal shock, likely because the combined hydrophobic/hydrophilic treatment forms better attachments to all parts of the cell wall. The addition of the co-treatment also improved the mechanical stability. Regelrez 1162 also shows excellent resistance to photo-oxidation and discolouration, however, this is not necessarily conveyed to the binary-treated samples. Mechanical tests were not carried out to assess the integrity of the wood after treatment, thermal shock and photo-oxidation. Such tests would clearly aid in assessing the use of such resins for the treatment of fresh woods outside the heritage sector.

Chiantore and Lazzari also studied the thermal stability of Paraloid resins with similar results to the photo-oxidation study. In general, all resins perform well with the shorter alkyl chain resins showing the greatest stability. [START_REF] Lazzari | Thermal-ageing of paraloid acrylic protective polymers[END_REF] Thermal aging behaviour is commonly used as a determinant of the longterm stability of a material, assuming that the changes experienced by heating would be the same as those the material would undergo naturally due to aging. [START_REF] Mortensen | Stabilisation of Polyethylene Glycol in Archaeological Wood[END_REF] Combining the information gained from the photo-and thermal oxidation study, it would suggest that the Paraloid resins could actually be very suitable for outdoor applications, potentially for fresh wood constructions, due to the favourable oxidation properties of the shorter alkyl chain derivatives. A specific study of the mechanical properties of treated wood would be extremely useful in clarifying this assumption.

Poly(ethylene glycol)

PEG (Figure 7, 7) of varying molar masses is, without doubt, the most commonly used consolidant in the conservator's toolkit. [START_REF] Graves | A comparative study of consolidants for waterlogged wood: polyethylene glycol, sucrose and silicone oil[END_REF][START_REF] Mortensen | Characterisation of the polyethylene glycol impregnation of the Swedish warship Vasa and one of the Danish Skuldelev Viking ships[END_REF][START_REF] Björdal | Preservation, storage and display of waterlogged wood and wrecks in an aquarium: "Project Aquarius[END_REF][START_REF] Babiński | Investigations on pre-treatment prior to freeze-drying of archaeological pine wood with abnormal shrinkage anisotropy[END_REF][START_REF] Hoffmann | Choosing the "Best" Method from PEG, Sucrose, Lactitol and Kauramin[END_REF][START_REF] Hocker | The Vasa experience with polyethylene glycol: A conservator's perspective[END_REF][START_REF] Bhattarai | PEG-grafted chitosan as an injectable thermosensitive hydrogel for sustained protein release[END_REF] PEG was initially employed for dimensional stabilisation of green wood and fibreboards, although who first applied the technique is unclear. It is generally accepted that Mo och Domsjö (Sweden) were the first company to report this application in their patent for the stabilisation of green wood granted in 1952. Regardless, the first reports of the application of PEG for the stabilisation of archaeological wood came in the late 1950s from Stamm. [START_REF] Stamm | Dimensional stabilization of wood with carbowaxes[END_REF][START_REF] Stamm | Effect of poly(ethylene glycol) on the dimensional stability of wood[END_REF] Due to the high aqueous solubility of PEG, particularly with Mw under 4000 g/mol, it could effectively replace the water in the wood cells, bulking them and preventing collapse during drying.

Unlike less soluble polymers there is no precipitation of the PEG in the cell wall meaning that a complete penetration of the wood can be achieved given time. However, one concern of the application of PEG is the potential for osmotic shock. Although highly soluble in water, being larger than the water molecules, PEG cannot diffuse into the cells as fast as water can diffuse out leading to cell collapse and rupture. For this reason, during treatment PEG concentration must be gradually increased from approx. 10% to avoid damage to the fragile cells. [START_REF] Stamm | Effect of poly(ethylene glycol) on the dimensional stability of wood[END_REF][START_REF] Hoffmann | Methods of Application of Polyethylene Glycol[END_REF][START_REF] Grattan | Conservation of Waterlogged Wood[END_REF] For the conservation of historical wood, PEG of molar masses between 200-4000 g/mol are generally applied, where the lower molar masses (Mw = 200-600 g/mol) are used for deep penetration into the wood and higher molar masses (Mw = 1500-4000 g/mol) are used for the treatment of the most degraded outer surfaces. One of the first large objects to be conserved using the PEG method was the Vasa warship (Stockholm, Sweden).

With the extensive use of PEG as a consolidant for the majority of the waterlogged wooden artefacts uncovered in the 20 th century came a better understanding of its long-term behaviour and its response to environmental factors. While PEG is cost-effective, easy to apply and non-toxic, it has a number of disadvantages. Most significantly, it does not have any native anti-bacterial properties and must be doped with anti-bacterial agents. Treatment baths must be kept refrigerated to prevent the growth of micro-organisms. [START_REF] Hocker | The Vasa experience with polyethylene glycol: A conservator's perspective[END_REF] PEG has also been shown to act as a solid-state ion transporter and can be degraded over time to acidic by-products, particularly in the presence of iron. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF][START_REF] Almkvist | Degradation of polyethylene glycol and hemicellulose in the Vasa[END_REF][START_REF] Mortensen | Characterisation of the polyethylene glycol impregnation of the Swedish warship Vasa and one of the Danish Skuldelev Viking ships[END_REF][START_REF] Glastrup | Degradation of PEG in the warship Vasa[END_REF][START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF] This is problematic for many large structures found in waterlogged environments. Most of these constructions relied on iron fittings to maintain their structure; however, saltwater environments cause iron to rust, infiltrating the wood and increasing the risk of chemical and biological degradation. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Fors | Sulfur and iron in shipwrecks cause conservation concerns[END_REF][START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF] The use of metal chelators, e.g., ethylenediaminetetraacetic acid (EDTA), on the wood prior to PEG treatment can help to reduce this issue, as shown in Figure 11.

[Insert Figure 11]

Walsh et al., examined the possibility of using PEG derivatives -PEG monomethyl ether (MPEG) and PEG dimethyl ether (DMPEG) -in the hope that the replacement of one or both OH termini with OCH3 groups would reduce acid formation upon degradation. [START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF] While this was largely observed, the cost of MPEG and DMPEG makes their widespread use unlikely.

The depth of penetration of the polymer into the wood can also be an issue. PEG tends to easily penetrate the heavily degraded surface layers but does not diffuse well through less degraded wood.

[91] Using 13 C solid state nuclear magnetic resonance spectroscopy (ssNMR), Bardet et al., also found that the presence of PEG within the archaeological wood cells had a plasticising effect on the timbers, which could lead to reduced resistance to impact and instability over time. [START_REF] Bardet | Study of interactions between polyethylene glycol and archaeological wood components by 13C high-resolution solid-state CP-MAS NMR[END_REF][START_REF] Bardet | Dynamics property recovery of archaeological-wood fibers treated with polyethylene glycol demonstrated by high-resolution solid-state NMR[END_REF] Lastly, the highly hydrophilic character of PEG can be a problem, both for controlling moisture-related decay processes and leaching of the consolidant from the wood, reducing the stabilisation, in humid environments.

While the aesthetic qualities do not play a key role in the use of PEG for the stabilisation of fresh wood, the depth of penetration of the treatment, combined with potential brittleness of the wood fibres, make it less attractive as a method of improving the mechanical properties of low grade fresh woods. Although penetration can be improved by using vacuum treatment, the hygroscopicity and the low native biological resistance of PEG, especially if applied outdoors, is a serious limitation for its application on a large scale in constructions.

Summary

Currently, none of the conventional treatments used for the preservation of historical wood address the major issues faced by conservators, simultaneously, while also being reversible or allowing retreatment. While consolidants like PEG are easy to apply, allow retreatment of the object to some extent and offer dimensional stability, their low resistance to biological and chemical attack and potential to plasticise wood are cause for concern. MF resins prove the best for mechanical stability and biological resistance, yet treated wood often suffers warping and cracking. Treatment is also rather labour-intensive and is a permanent alteration of the wood with no potential for retreatment.

Other consolidants fall somewhere between these two extremes and none properly addresses all concerns simultaneously. As such, more work is necessary to find the optimal consolidant(s) for the long-term preservation of wooden objects of cultural importance. A summary of the principal advantages and disadvantages of this first generation of consolidants is given in Table 2.

[Insert Table 2]

While issues of aesthetics and reversibility are not as pressing in the enhancement of low grade fresh timbers for construction as for historical wood, there is no treatment among those described that presents significant advantages to fresh wood reinforcement while minimising disadvantages.

Acrylate-based copolymers are possibly the most promising option described so far for wider application outside historical conservation. However, with no effective quantification of their mechanical properties on a large scale, it is unclear whether this observation holds true for larger structures. Clearly, further investigation is required to ensure the development of more efficient treatment protocols for all types of wood consolidation that provide dimensional stability, chemical and biological resistance, while having no detrimental effects on re-treatability and aesthetics.

Recent advances in wood conservation

Despite the emergence of conservation science as a research field around the same time as the first major developments in polymer chemistry, the two domains have evolved in a drastically different manner. Polymer science has continued to develop and grow at an astonishing speed to the point where it is impossible to imagine a day without the use of polymers in some form or other; from the products we use on our skin to the portable electronics in our pockets and any number of things in between. Conservation science has taken a much more reserved development route, such that the majority of the methods currently in use today in museums across the world have not changed much since the middle of the 20 th century. The circumstances are of course different, the maintenance of one-of-a-kind objects cannot be rushed and, if there is a possibility of doing damage with an unknown new material, it is generally seen as safer to remain with the tried and tested materials used for many years. Over the past 50-60 years a large number of high-profile archaeological excavations have unearthed wooden finds of great historical importance. The majority of these have been conserved with the materials described in Section 2. Advances in both analytical instrumentation and environmental control apparatuses have highlighted some disadvantages of their use and encouraged researchers to examine alternative options for the maintenance of the material properties of degraded wood. It is now clearly time to examine some of the possibilities developments in polymer material science and engineering can offer the field of conservation, with a view to preventing further damage or loss of priceless artefacts. This research also benefits the wood reinforcement industry. The majority of methods to improve the grade of weaker timbers is to use cross-or glue-lamination methods, which are labour intensive. Understanding how newly developed conservation treatments behave in degraded woods may allow their transfer to wood reinforcement as less intensive methods of improving wood grades for sustainable construction applications. As with the previous section, these advances mainly fall into one of three categories, i.e., derived from fossil-based, inorganic and biobased materials. Many research groups have reached the conclusion that to rely on just one type of treatment does not always provide adequate protection against environmental, chemical, biological and mechanical damage, therefore, a fourth category examining the use of multi-phase treatments has also been investigated.

Acrylic and epoxy resins

Due to the variety and in-depth understanding of their chemistries, as well as low molar masses and the ability to control synthesis to specific degrees of polymerisation, the use of fossil-based monomers is always a popular route of investigation. Two of the most popular classes are acrylic and epoxy resins. Due to their wide array of mechanical and thermal properties, acrylic resins are some of the most commonly used in a large number of everyday objects such as automotive parts, medical devices, paints, adhesives, etc., with a global demand expected to reach US$19.42 billion by the end of 2017. [START_REF]Market Report: Global Acrylic Resin Market[END_REF][START_REF] Carretti | Physicochemical characterization of acrylic polymeric resins coating porous materials of artistic interest[END_REF] Epoxy resins are thermosets resulting from the cross-linking of a polyepoxide prepolymer with itself or a curing agent, which is often an amine, phenol or thiol. The resulting resins also have good thermal and mechanical properties and are often used in coatings, adhesives and electrical components, with a global demand of US$6.31 billion in 2015. [START_REF] Unnikrishnan | Toughening of epoxy resins[END_REF]140] Lionetto and Frigione note that problems with first generation consolidants has created an influx of alternatives and care must be taken that these do not also have detrimental effects on the long-term stability of degraded wood. [START_REF] Lionetto | Effect of novel consolidants on mechanical and absorption properties of deteriorated wood by insect attack[END_REF] Some of the most recent commercially available treatments are; [START_REF] Fengel | Wood: Chemistry, Ultrastructure, Reactions[END_REF] a diglycerol ether of bisphenol A (DGEBA) with aliphatic and cycloaliphatic amine hardeners (EPO155) (2) a cycloaliphatic epoxy resin with a cycloaliphatic amine hardener (Templum EPO TOP), (3) an isobutyl methacrylate homopolymer (Linfosolid) and (4) a biobased consolidant resin derived from linseed oil containing long oil alkyd resins and natural and mineral derived waxes (Linfoil). Although Linfoil is biobased, as it is mainly used in combination with Linfosolid, it is more appropriate to class it in this section.

Several groups have investigated and compared the aging behaviour, mechanical stability, density, porosity, absorptive properties and colour changes in wooden objects treated with these new consolidants. [START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF][START_REF] Lionetto | Effect of novel consolidants on mechanical and absorption properties of deteriorated wood by insect attack[END_REF][START_REF] Genco | La Valutazione Sperimentale dei Consolidanti per il Legno[END_REF][START_REF] Henriques | Consolidating preservative-treated wood: Combined mechanical performance of boron and polymeric products in wood degraded by Coniophora puteana[END_REF][START_REF] Genco | Study of colour change due to accelerated sunlight exposure in consolidated wood samples[END_REF] Lionetto and Frigone discuss one of the first examples of the use of Linfosolid in paraffin oil and acetone for the treatment of damaged and undamaged archaeological walnut wood (J. regia L.). [START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF] MOR, MOE, toughness and hardness of the damaged wood were tested after treatment and compared with treated fresh wood. After treatment, only the MOR of the damaged sample was found to be significantly improved, but not returned to its pre-infestation level.

No other mechanical properties were significantly altered in damaged or undamaged samples, likely because the treatment density was lower than that recommended by literature sources. [START_REF] Jiang | Influence of Ammoniacal Copper Quaternary treatments on mechanical properties of blue-stained Lodgepole pine wood[END_REF][START_REF] Yildiz | Effects of the wood preservatives on mechanical properties of yellow pine (Pinus sylvestris L.) wood[END_REF] Linfosolid did offer increased biological resistance on exposure to the woodworm O. ptilinoides over 12 months. Untreated samples exhibited increased mass loss at every testing point over the 12-month period, while treated samples remained constant throughout, illustrating an advantage of Linfosolid even at low treatment density.

Lionetto and Frigone also examined the effect of Linfosolid and a Linfoil/Linfosolid mixture on fresh and degraded samples of three botanical species; fir (Abies alba), oak (Quercus sp.) and beech (F. sylvatica). Due to the lower viscosity of the Linfoil/Linfosolid mix, it penetrated the wood better than Linfosolid alone. Diffusion of the mixture into fresh samples was roughly the same for all species, while in degraded samples, beech showed the greatest uptake followed by fir and oak. Neither treatment made a significant difference to the mechanical properties of oak, Linfosolid improved those of degraded beech alone, while the mixture showed significant improvements in both beech and fir. The water absorbency, water repellency and anti-swell efficiency of the mixture-treated samples were also greatly improved with respect to untreated wood. Genco et al., compared all four alternative treatments based on the compression strength, density, basic density, shrinkage, porosity and colour of artificially aged poplar (Populus sp.) and walnut (J. regia L.). [START_REF] Genco | La Valutazione Sperimentale dei Consolidanti per il Legno[END_REF] They further examined the susceptibility of the treated samples to discolouration after exposure to UV light. [START_REF] Genco | Study of colour change due to accelerated sunlight exposure in consolidated wood samples[END_REF] The wood was treated under vacuum for 24 h with Linfoil and Linfosolid but just 40 min for EPO 155 and 45 min for Templum EPO TOP due to hardening of the epoxy. They observed that Templum resin provided the greatest improvement in compression strength across all samples, followed by Linfosolid and EPO 155 for poplar and Linfoil and Linfosolid for fresh walnut alone. No treatment showed clear improvements on the mechanical properties of aged walnut. While the acrylic resins appeared to maintain the wood's natural aesthetic qualities, they did not perform as well on other consolidant indicators. In comparison, the epoxies resulted in discolouration of the wood while improving the overall consolidation. After approx. 168 h of aging at 280 nm several aesthetic changes were observed, [START_REF] Genco | Study of colour change due to accelerated sunlight exposure in consolidated wood samples[END_REF] specifically, poplar yellows while walnut begins to lighten, likely due to photochemical bleaching of extractives. Thus, Linfoil was suggested as the best treatment for walnut and Templum for poplar, as photo-induced wood discolouration could be offset by that of the consolidant.

A major disadvantage of these polymers is that penetration is significantly improved upon vacuum treatment. This can be a problem for the consolidation of heavily degraded wood, due to its fragility.

Additionally, in situ curing of the resins are disfavoured by many conservators due to a lack of retreatability. These are not, however, issues for the reinforcement of fresh wood. In fact, the lack of reversibility, the potential to treat under vacuum and achieve well impregnated wood within 24 h (or even 45 min with epoxies), combined with improved mechanical, water absorption and anti-swell properties would be a great advantage. The discolouration of wood with UV aging should also not pose a great challenge for wooden constructions due to the likelihood of applying stains or varnishes for visual enhancement. As such, although studied for cultural heritage such treatments may find better application in the enhancement of lower grade wood for construction. [START_REF] Bulleit | Reinforcement of Wood Materials: A Review[END_REF] 

Inorganic treatments

Despite the lack of success of alum treatments in the past, better understanding of the behaviour of inorganic materials in a variety of complex environments, particularly in biomedicine, have enabled better treatment strategies based on inorganic materials to be developed, some of the most promising of which are described below.

Alkaline hydroxide and carbonate nanoparticles

The production of acid during the aging of both wood and certain consolidants, (e.g., PEG) means that effective neutralisation to stem further degradation of already damaged cellulose is a huge task. One approach is the application of basic nanoparticles (NPs). Metal hydroxide or carbonate NPs react with iron sulfides, organic sulfur and a variety of other acidic sulfur compounds to form highly insoluble alkaline earth sulphates and iron carbonates or oxides. [START_REF] Schofield | Alkaline earth carbonates for the treatment of problematic sulfur associated with marine archeological wood[END_REF][START_REF] Chadwick | Ionic nanoparticles in 91 heritage conservation; Treatments for the Mary Rose timbers[END_REF][START_REF] Schofield | Nanoparticle de-acidification of the Mary Rose[END_REF][START_REF] Schofield | Strontium carbonate nanoparticles for the surface treatment of problematic sulfur and iron in waterlogged archaeological wood[END_REF][START_REF] Chelazzi | Nanotechnology for Vasa wood de-acidification[END_REF][START_REF] Giorgi | Conservation of acid waterlogged shipwrecks: Nanotechnologies for de-acidification[END_REF][START_REF] Giorgi | Nanoparticles of calcium hydroxide for wood deacidification: Decreasing the emissions of organic acid vapors in church organ environments[END_REF][START_REF] Baglioni | Nanomaterials in art conservation[END_REF][START_REF] Chelazzi | Hydroxide nanoparticles for cultural heritage: Consolidation and protection of wall paintings and carbonate materials[END_REF][START_REF] Poggi | Calcium hydroxide nanoparticles from solvothermal reaction for the deacidification of degraded waterlogged wood[END_REF] This is the basis of the Ferroni-Dini method, an alkaline treatment for the conservation of wall paintings. [START_REF] Ferroni | Chemical-structural conservation of sulphatized marbles[END_REF][START_REF] Ferroni | Experimental study by diffraction of heterogeneous systems as a preliminary to the proposal of a technique for the restoration of gypsum-polluted murals[END_REF] Giorgi et al., expanded this for the treatment of cellulosic artefacts by applying a solution of calcium hydroxide NPs (d ≈ 260 nm), prepared by an homogeneous-phase reaction of CaCl2 and NaOH at 90 o C, in propan-2-ol to the surface of paper and canvas. [START_REF] Giorgi | Nanotechnologies for conservation of cultural heritage: Paper and canvas deacidification[END_REF] The NPs, with a pH ≈ 8-9, neutralised surface acid and stabilised the artefact by producing a carbonate layer on the surface. This layer acts as a basic reservoir for the neutralisation of any future acid production. Following this initial success, they applied the method for the de-acidification of waterlogged wood. [START_REF] Giorgi | Nanoparticles of calcium hydroxide for wood conservation. The deacidification of the Vasa warship[END_REF] Pine and oak from the Vasa ship were treated with either Ca(OH)2 NPs or poultices of NaHCO3/Na2CO3.10H2O (pH10). The poultices immediately increased the pH of the wood by over 6 units but the elevated pH was only present up to 0.5 cm from the surface and the acidic pH returned after a few months. In the case of the Ca(OH)2 NPs the pH increase was less significant, but brought the wood closer to the pH of fresh pine and oak. Moreover, it did not decrease after several months. Particles of CaCO3 and CaSO4 from the neutralisation of organic and sulfuric acids were observed by SEM up to a depth of 1.5 cm, three-fold deeper than with the poultices. Thermal properties before and after treatment were examined to determine the state of conservation of the wood and cellulose. The NP treated samples, unlike those treated with poultices, exhibited increased maximum pyrolysis temperatures for cellulose, which has previously been shown to indicate an improved state of conservation. [START_REF] Sandu | Thermogravimetric study on the ageing of lime wood supports of old paintings[END_REF][START_REF] Soares | Comparative study of the thermal decomposition of pure cellulose and pulp paper[END_REF][START_REF] Vicini | Thermal analysis and characterisation of cellulose oxidised with sodium methaperiodate[END_REF] They concluded that the environment of the wood was now more stable, reducing the likelihood of further cellulose hydrolysis.

The same group examined the use of Mg(OH)2 NPs, prepared by the same homogeneous-phase method but with an average particle size of 90 nm, with similar positive results. [START_REF] Giorgi | Conservation of acid waterlogged shipwrecks: Nanotechnologies for de-acidification[END_REF][START_REF] Giorgi | Nanoparticles of Mg(OH)2: Synthesis and application to paper conservation[END_REF] The choice to move from Ca to Mg was motivated by the smaller size of the Mg(OH)2 NPs, leading to deeper penetration within the wood, and a reduced rate of cellulose photo-oxidation in the presence of MgCO3, the by-product of the deacidification. Ca(OH)2 and Mg(OH)2 NPs work by creating a basic reservoir that continually deacidifies the wood.

However, lignin is sensitive to degradation by alkaline media, thus, there is a risk of damage and reduction in the mechanical stability of the wood. For this reason, Schofield et al., examined the use of less basic alkaline carbonate NPs as a deacidification strategy. [START_REF] Schofield | Alkaline earth carbonates for the treatment of problematic sulfur associated with marine archeological wood[END_REF][START_REF] Chadwick | Ionic nanoparticles in 91 heritage conservation; Treatments for the Mary Rose timbers[END_REF][START_REF] Schofield | Nanoparticle de-acidification of the Mary Rose[END_REF][START_REF] Schofield | Strontium carbonate nanoparticles for the surface treatment of problematic sulfur and iron in waterlogged archaeological wood[END_REF] SrCO3, BaCO3 and CaCO3 were investigated, as each are common and inexpensive mineral ores available in nm dimensions. They were shown to stabilise sulfates in the wood by conversion to relatively insoluble alkaline earth sulfates. Furthermore, they appeared to speed up the oxidation of pyrite within the timbers (Scheme 3), neutralising the acid and trapping sulfates, simultaneously. [START_REF] Schofield | Alkaline earth carbonates for the treatment of problematic sulfur associated with marine archeological wood[END_REF][START_REF] Jerz | Pyrite oxidation in moist air[END_REF] 

[Insert Scheme 3]

The uncommon nature of Ba and Sr made it possible for Schofield et al., to use SEM with energy dispersive X-ray (SEM-EDX) and synchrotron-based X-ray spectroscopy to verify NP diffusion, as well as quantify their effect on the pyrite, iron and sulfur compounds within. [START_REF] Schofield | Alkaline earth carbonates for the treatment of problematic sulfur associated with marine archeological wood[END_REF][START_REF] Chadwick | Ionic nanoparticles in 91 heritage conservation; Treatments for the Mary Rose timbers[END_REF][START_REF] Schofield | Strontium carbonate nanoparticles for the surface treatment of problematic sulfur and iron in waterlogged archaeological wood[END_REF] Chadwick et al., reported that the diffusion of the SrCO3 particles was rather slow and it would take almost a year to have a penetration of 10 mm. [START_REF] Chadwick | Ionic nanoparticles in 91 heritage conservation; Treatments for the Mary Rose timbers[END_REF] Despite the ease of analysis of SrCO3 and BaCO3, they are more toxic than CaCO3, thus, while suitable for demonstrating the concept, additional necessary safety precautions make their use less cost-effective. As such, CaCO3 would be the best option for the long-term preservation of artefacts. Unfortunately, the mechanical properties and biological resistance of the treated wood were not analysed during these studies.

Acidic build-up is not only detrimental to the wood but can also cause the degradation of other adjacent materials, particularly metals [START_REF] Giorgi | Nanoparticles of calcium hydroxide for wood deacidification: Decreasing the emissions of organic acid vapors in church organ environments[END_REF]. Acidic off-gassing could have significant implications for construction wood, where the joints between timbers are made of metal alloys. The treatment of wood, pre-construction, with inexpensive CaCO3 NPs to limit acidic off-gassing would reduce the cost of replacing the, significantly more expensive, metal fittings. Given that carbonate NPs diffuse rather slowly, one could imagine vacuum impregnation (easily carried out on fresh wood) would reduce treatment time and increase the degree of penetration. Thus, providing a large reservoir of carbonates to tackle acid production and sulfur issues that may be present, for example in foundation pillars due to the nature of the soil environment. Reducing acidic deterioration of the wood and materials in close proximity could result in significant cost-reduction for building management. The introduction of hard particles and the formation of additional particulate matter in situ is also likely to increase mechanical stability, much in the same way as the addition of NPs to polymer films improves mechanical properties. [START_REF] Paul | Polymer nanotechnology: Nanocomposites[END_REF] The resistance to biological degradation could be addressed by application as part of a multi-phase consolidant alongside a treatment with good biological resistance.

Titanium dioxide

While the previously described treatments act mainly against the results of acid production due to chemical or biological processes, several research groups have also investigated the use of inorganic nanoparticles to tackle bacteria directly, reducing their impact on the wood. Most of the attention has been directed towards titanium dioxide (TiO2). TiO2 is an inorganic semiconductor catalyst with a band-gap of 3.2 eV and a strong absorbance in the UV region (λabs = 380 nm), [START_REF] Keller | Stability and aggregation of metal oxide nanoparticles in natural aqueous matrices[END_REF][START_REF] De Filpo | Preventing fungal growth in wood by titanium dioxide nanoparticles[END_REF] well known for its photo-induced biocidal and fungicidal properties. [START_REF] Cho | Linear correlation between inactivation of E. coli and OH radical concentration in TiO2 photocatalytic disinfection[END_REF][START_REF] Huang | Bactericidal mode of titanium dioxide photocatalysis[END_REF][START_REF] Mahmoodi | Kinetics of heterogeneous photocatalytic degradation of reactive dyes in an immobilized TiO2 photocatalytic reactor[END_REF] Upon irradiation in the presence of oxygen and moisture, electrons can be promoted from the valence band to the conduction band resulting in the formation of free electrons and electron-hole pairs. These can react to form superoxide anions and hydroxyl radicals capable of oxidising organic species, while free electrons can reduce them. This oxidising and reducing capacity can degrade the cell membrane of bacteria, viruses, fungi and algae, causing cell death.

There has been much discussion on the application of fungicides and biocides to objects of cultural heritage, due to safety concerns for conservators and leaching from the object, which could be problematic for public safety or the environment. [START_REF] Chen | Antifungal capability of TiO2 coated film on moist wood[END_REF][START_REF] Mahr | Decay protection of wood against brown-rot fungi by titanium alkoxide impregnations[END_REF] The use of TiO2 NPs may provide a solution to this issue, considering that they are already used in a number of personal care products and as additives in several foods, although it must be clarified that the long-term effects of TiO2 on public health and the environment have yet to be defined. [START_REF] Jovanović | Critical review of public health regulations of titanium dioxide, a human food additive[END_REF] De Filpo et al., have recently examined the use of TiO2 NPs as anti-fungals on several different wood species commonly used in artistic works of cultural importance. The chosen species range in natural resistance from wild cherry, which they classed as very durable, to beech and ash (Fraxinus), which are non-durable. The natural anti-fungal activity of the wood and the effect of treatment with TiO2 NPs were tested against two species of rot fungus; Hypocrea lixii (white rot) and Mucor circinelloides (brown rot). Regardless of the species and its natural resistance, no fungal growth was observed on any treated sample. These results confirmed, particularly in the case of beech and ash, the enhanced fungal resistance conferred on the wood by the TiO2, despite previous reports suggesting that TiO2 was not as active against fungi as bacteria. [START_REF] Seven | Solar photocalytic disinfection of a group of bacteria and fungi aqueous suspensions with Tio2, ZnO and sahara desert dust[END_REF] No additional UV irradiation was provided to the samples other than simple daylight, indicating that the UV component of solar radiation is sufficient to activate the anti-fungal properties of the NPs. This is a huge advantage for more widespread use, particularly for fresh wood constructions. It can be assumed that natural light on the outer walls of a construction would be enough to maintain the anti-bacterial properties of the TiO2 preventing biological attack from the outside. Thus, hindering biologically mediated decay processes, at least from external sources.

Alkoxides

Complete penetration of NPs into wood, the potential for aggregation as a function of environment, toxicity due to particle dimensions and insufficient internal coverage could hinder their widespread use and has led to the investigation of inorganic polymer treatments as alternatives. In the early 1990s, Saka and co-workers examined the use of sol-gel treatments based on silicon alkoxides for wood preservation. [START_REF] Miyafuji | Topochemistry of SiO2 wood-inorganic composites for enhancing waterrepellency[END_REF][START_REF] Saka | Several Si02 wood-inorganic composites and their fire-resisting properties[END_REF][START_REF] Miyafuji | Fire-resisting properties in several Ti02 wood-inorganic composites and their topochemistry[END_REF][START_REF] Tanno | Antimicrobial TMSAH-added wood-inorganic composites prepared by the sol-gel process[END_REF][START_REF] Saka | Wood-Inorganic Composites Prepared by Sol-Gel Processing .1. Wood-Inorganic Composites with Porous Structure[END_REF][START_REF] Miyafuji | Wood-inorganic composites prepared by the sol-gel process .5. Fireresisting properties of the SiO2-P2O5-B2O3 wood-inorganic composites[END_REF][START_REF] Saka | Wood-inorganic composites prepared by the sol-gel process .6. Effects of a property-enhancer on fire-resistance in SiO2-P2O5 and SiO2-B2O3 wood-inorganic composites[END_REF][START_REF] Ogiso | Wood-Inorganic Composites Prepared by Sol-Gel Process .4. Effects of Chemical-Bonds between Wood and Inorganic Substances on Properly Enhancement[END_REF] Wood was vacuum treated with a pre-formed sol that underwent a condensation reaction in situ to form a gel network. They found that it was possible to prepare gels directly in the cell wall, serving to bulk the cell and prevent leaching of extractives. When dry, these treatments also improved flame retardency, dimensional and UV stability. Moreover, due to the hydrophobic nature of the alkoxide, the resistance to rot fungi was also increased, although fungal growth was not eliminated. [START_REF] Tanno | Antimicrobial TMSAH-added wood-inorganic composites prepared by the sol-gel process[END_REF] Saka et al., also showed how the water content of the wood aids the formation of gels in situ, in that wood with a higher moisture content had a better sol-gel transition efficiency. [START_REF] Miyafuji | Topochemistry of SiO2 wood-inorganic composites for enhancing waterrepellency[END_REF] This is important for the potential use to treat wood found outdoors, which has a significantly greater water content than wood applied indoors, but can often be substantially weakened. Other reports have indicated that mechanical stability can be improved by using silica sols with greater than 15% solid content, however, the use of additives is often necessary to further improve cell wall adhesion, UV stability and fungal resistance. [START_REF] Mahltig | Functionalising wood by nanosol application[END_REF] The downside to silicon alkoxides is their relative toxicity and their low fungal and UV resistance without the addition of additives. Up to now, the use of silicon alkoxides for wood stabilisation has been focused primarily on fresh wood, indicating their suitability for the stabilisation or reinforcement of construction wood. Broda and Marzela recently explored their application in historical wood conservation with a treatment based on methyl trimethoxysilane (MTMOS). [START_REF] Broda | Application of methyltrimethoxysilane to increase dimensional stability of waterlogged wood[END_REF] Their work showed that, once polymerised in situ, MTMOS produced an open porous network within the wood, with enhanced dimensional stability (although slightly lower than that of PEG400). They observed that their current method was more suited to the treatment of less degraded wood but work is currently underway to improve the method and examine biological and moisture resistance As an alternative to potentially toxic silicon alkoxides, Shabhir Mahr and co-workers investigated the use of titanium alkoxides to treat wood. [START_REF] Mahr | Decay protection of wood against brown-rot fungi by titanium alkoxide impregnations[END_REF] These materials possess many similar properties to silicon alkoxides with the exception of lower toxicity, greater UV stability and photo-induced fungal resistance. Compared with TiO2 NPs, their ability to form gels directly on and in the cell wall should increase the treated area significantly resulting in a more homogeneous fungal and bacterial resistant layer. Wood was treated with 5-16 wt.% preparations of the titanium alkoxides and it was found that maximum biological resistance was achieved at 9 wt.%. Above this, fungal resistance decreased and the quality of the treatment layer deteriorated, with visible cracking of the titanium alkoxide gel. At this concentration samples exhibited a 5% mass loss after 16 weeks of exposure to the brown rot fungi Coniophora puteana and Poria placenta, while untreated samples lost 38% and 50% of their mass, respectively.

Alkoxides show a significant amount of promise, particularly for the treatment of fresh woods. The lack of reversibility of the treatment may be a limitation to their use on historical wood, with the exception of heavily degraded woods, however, this lack of reversibility makes them attractive to the treatment of fresh wood. The low molar mass of the precursors allows easier penetration, even of dense structures, while the mild polymerisation conditions are unlikely to damage the wood. The final polymer is an open, porous network allowing for insulation, drainage and retreatment if necessary, while the structure itself is believed to enhance mechanical properties. The use of titanium over silicon alkoxides enhances resistance to both biological attack and UV damage, likely resulting in an overall more robust wood with enhanced use-life, a benefit to the construction industry, particularly in the valorisation of low grade woods.

Treatment with biobased (macro)molecules

In terms of renewability and compatibility with wood, biobased consolidants are generally considered favourably, with a sense of cohesion that a natural material is reinforced with molecules and macromolecules that are also derived from Nature. However, there is concern that they will suffer the same degradation issues as wood itself. The following biomass-derived treatments present certain advantages over previous attempts at biobased consolidants and provide ample opportunity for future developments.

Polymers derived from proteins and lipids

Several proteins, including collagen, gelatin and casein, have long been used as binders for various pigments and in the conservation of painted artworks to stop or reduce paint cracking/peeling from the surface. A disadvantage of their use is their hygroscopicity, which makes them susceptible to mould growth. As such, they remain principally as conservation materials of painted artworks under wellcontrolled conditions to reduce any potential damage. On account of the wide variety of bacteria and fungi found in archaeological wood, especially waterlogged wood, the use of proteins as conservation tools has not been an active topic of research in the past. However, in the last decade interest in the use of proteins to conserve archaeological wood began to grow. In 2004, Endo, Kawahara and coworkers explored the use of keratin hydrosylate for the conservation of waterlogged archaeological oriental elm (Aphananthe aspera planch.) and Japanese evergreen oak (Quercus sp.). [START_REF] Endo | Conservation finishing for archaeological waterlogged wood using feather hydrolysate[END_REF][START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF] Keratin is an extremely interesting choice for such applications. It is a fibrous, structural protein and, after cellulose and chitin, the 3 rd most abundant biopolymer on earth. [START_REF] Lange | Microbial decomposition of keratin in nature-a new hypothesis of industrial relevance[END_REF] It is found in the skin, hair, feathers, horns, nails, etc., of humans, animals and reptiles. [START_REF] Mckittrick | The Structure, Functions, and Mechanical Properties of Keratin[END_REF] The resistance of keratin to acidic media and biological activity is of greatest interest. Keratin fibres such as hair and wool are degraded by bases but show a high resistance to strong acids. Microbial degradation of keratin is also limited, as at least three keratinases are required to break down the global structure and very few fungi or bacteria possessing such enzymes have been found to exist, or exist cooperatively, in Nature. Such factors combine to make keratin an extremely resistant protein with qualities suitable for wood conservation. As a waste product of the food industry and a natural product of shedding/shearing for many animals, the cost of keratin is significantly lower than many chemical treatments, e.g., PEG, which also do not display such high levels of chemical and biological resistance.

Several studies have been carried out examining the conservation potential of α-keratins, the so-called 'soft keratins' derived primarily from wool, and the β-keratins or 'hard keratins' derived mainly from feathers and down. Initial work by Kawahara et al., showed that, after alkaline degradation of the fibres to extract the native keratin, the molar mass of the feather keratin was less than 10 kDa while that of wool keratin was 25-30 kDa. [START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF] The significant difference in molar mass led to different modes of conservation, in that the feather keratin could penetrate the cell wall while the wool keratin only coated the cells. As a result, the anti-shrink efficiency (ASE) of wood treated with a solution of feather keratin was greater than that observed for wool keratin-treated samples. [START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF] This result was also confirmed by Fejfer et al., who examined the treatment of waterlogged pine (P. sylvestris L.) and oak (Quercus sp.) with wool keratin and found rather poor ASE values. [START_REF] Fejfer | Dimensional stabilization of oak and pine waterlogged wood with keratin aqueous solutions[END_REF] Endo et al., also examined different types of keratin obtained from duck, goose and chicken feathers and determined that the best dimensional stability was obtained from duck feather keratin likely due to its higher crystallinity. [START_REF] Endo | Dimensional stability of waterlogged wood treated with hydrolyzed feather keratin[END_REF] Further work by Endo, Kawahara and co-workers on several wood species -Japanese evergreen oak, oriental elm, camphor (Cinnamommum camphora Presl.) and Japanese white-bark magnolia (Magnolia obovata) -revealed that keratin treated woods were less susceptible to UV damage, with greater moduli of elasticity and similar flexural moduli to wood treated with PEG. Treated oriental elm also displayed greater biological resistance than untreated wood, while greater hygroscopicity was noted when compared to PEG treatment in the case of camphor. The colour of oriental elm samples after keratin treatment retained more of the characteristic colour than PEG-treated wood, as such the aesthetic properties appear to be retained. [START_REF] Endo | Conservation finishing for archaeological waterlogged wood using feather hydrolysate[END_REF][START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF][START_REF] Endo | Dimensional stability of waterlogged wood treated with hydrolyzed feather keratin[END_REF][START_REF] Endo | Physical and mechanical properties of waterlogged wood treated with hydrolyzed feather keratin[END_REF] While greater hygroscopicity is often related to increased biological activity this was not the case in these experiments, moreover, it appeared to reduce the appearance of cracks and fissures in the wood during drying. [START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF] It was assumed that the hydrophilicity of the keratin did not permit fast loss of water, therefore wood dried slowly, reaching a plateau at 40 days avoiding the warping and cracking associated with fast drying. The hygroscopicity of keratin is also related to the uptake of salts during the isolation process. [START_REF] Kawahara | Chemical finishing of bast fibers and wood: using hydrolyzed keratin from waste wool or down[END_REF] After examining the ASE of the different species at varying water contents, they concluded that the initial saturated moisture content (Umax) of the wood played a greater role in the resulting ASE than the difference in species, evidenced by the treatment of two samples of Japanese evergreen oak. The higher moisture content sample showed a lower ASE. The same trend was observed for all samples with varying initial moisture contents.

Until now keratin has only been explored for damaged wood, however, despite their proteinaceous nature they could also be good candidates for the bulking of fresh wood samples. The ability of the keratin to penetrate the cell wall gives excellent dimensional and mechanical stability, which is of great benefit in bringing lower grade woods to higher value applications through reinforcing treatments. More so, as it appears to be achieved at low treatment concentrations. The relative rarity of keratin-degrading bacteria and fungi, combined with their resistance to acid and the enhanced UV stability of treated wood suggest suitability for outdoor application. What is not clear from the previous studies is how easily keratin can be removed from the wood after treatment, which will clearly affect its applications. A faster, yet controlled, drying mechanism would also be important in the construction industry where a drying period of 40 days would likely be deemed excessively long.

Polysaccharides

In addition to proteins, polysaccharides have also been used in the conservation of painted artworks, as well as paper. [START_REF] Rodgers | Consolidation/Fixing/Facing[END_REF] After Bardet et al., showed that consolidant incompatibility could lead to the alteration of the natural viscoelastic properties of wood and brittleness in the long term, [START_REF] Bardet | Study of interactions between polyethylene glycol and archaeological wood components by 13C high-resolution solid-state CP-MAS NMR[END_REF][START_REF] Bardet | Dynamics property recovery of archaeological-wood fibers treated with polyethylene glycol demonstrated by high-resolution solid-state NMR[END_REF] interest in studying polysaccharides as wood consolidants increased, due to their greater similarity to native cellulose. Several groups report the use of cellulose fibres and derivatives in wood conservation, particularly cellulose ethers, e.g., carboxymethyl cellulose (CMC) and hydroxypropyl cellulose (HPC). [START_REF] Fulcher | An investigation of the use of cellulose-based materials to gap-fill wooden objects[END_REF][START_REF] Christensen | New materials used for the consolidation of archaeological wood-past attempts, present struggles, and future requirements[END_REF][START_REF] Cipriani | Cellulose as a renewable resource for the synthesis of wood consolidants[END_REF] Cipriani et al., were one of the first to report modified cellulose for wood consolidation. [START_REF] Cipriani | Cellulose as a renewable resource for the synthesis of wood consolidants[END_REF] They prepared allyl cellulose derivatives, shown in Figure 12, and examined their ability to adhere to the wood matrix through Fourier transform infrared spectrometry (FTIR) and NMR, as well as the reversibility of these treatments.

[Insert Figure 12]

As reported by Colombini et al., the majority of historical wood has lost some or all of its polysaccharides leaving lignin as the major structural component. [START_REF] Colombini | A multi-analytical study of degradation of lignin in archaeological waterlogged wood[END_REF] Thus, in designing new treatments for wood conservation, the affinity of the consolidant for lignin should also be of concern. [START_REF] Cipriani | Cellulose as a renewable resource for the synthesis of wood consolidants[END_REF] Cipriani et al., compared the absorbance of standard carboxymethyl cellulose (CMC, Figure 12, 2), allyl-CMC (Figure 12, 3) and allyl hydroxypropyl cellulose (allyl-HPC) (Figure 12,4) onto milled oak lignin and analysed the product with FTIR. In all cases absorption to the lignin matrix occurred, however, in testing the reversibility of the treatment the nature of the absorption was clarified. After repeated water washing, the CMC had been almost completely removed from the lignin powder, while the allyl-CMC and the allyl-HPC were only partially removed. This indicated that, while the CMC only absorbed on the surface, the allyl derivatives were covalently linked to the lignin.

Although there is great interest in the field of historical wood conservation regarding reversibility of treatments, such reversibility is undesirable for the reinforcement of fresh wood as it may lead to reduction in treatment concentration over time and a potential weakening of the wood. After treatment of wooden objects, however, Cipriani et al., found a low uptake of all polymers leading them to question whether the molar mass is a hindrance. They concluded that while the method is promising smaller modified celluloses should be examined in order to improve consolidation.

Another concern with the use of cellulose derivatives is that the same degradation that caused the original loss of holocellulose will degrade the consolidant. Thus, more focus has been placed on polysaccharides that are chemically similar to cellulose but have additional beneficial properties such as native biological resistance, ease of functionalisation or a different crystal structure. Christensen et al., reported the use of both chitosan and cellulose nanowhiskers as potential wood consolidants. They found that while uptake increased with decreasing molar mass, reasonable uptake was still achieved with high molar mass chitosan. [START_REF] Christensen | New materials used for the consolidation of archaeological wood-past attempts, present struggles, and future requirements[END_REF][START_REF] Christensen | Treatment of waterlogged archaeological wood using chitosan-and modified chitosan solutions. Part 1: Chemical compatibility and microstructure[END_REF] They also observed adequate uptake of the cellulose nanowhiskers despite their dimensions. Controlled freeze-drying of the treated samples produced an open porous network of both polysaccharides in and around the wood structure. It was noted that their structure closely resembled that of wood and, thus, may contribute to the reinforcement of the structure, although this was not confirmed by mechanical testing. Walsh et al., also examined chitosan as a consolidant, along with guar gum and hydroxyethylcellulose (HEC), in terms of accelerated degradation, thermal and rheological properties and compared them to PEG and two of its derivatives, MPEG and DMPEG. [START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF] Accelerated aging of the polysaccharides showed no change in pH, although a slight discolouration of chitosan was observed. Thermal analysis of polysaccharide-treated wood displayed a similar pyrolysis profile to untreated wood, while the cellulose of the PEG-treated samples exhibited a reduced maximum pyrolysis temperature. Rheology indicated similar or improved behaviour of chitosan and guar at vastly reduced concentrations with respect to PEG, i.e., 50-fold reduced, while HEC was comparable with PEG. The polysaccharidetreated objects would, thus, be much lighter than their PEG-treated counterparts, often leading to better dimensional stability. The molecular dynamics of the wood after treatment were also studied, following the procedure outlined by Bardet et al., using 13 C cross-polarised magic angle spinning (CP-MAS) solid state NMR. [START_REF] Bardet | Study of interactions between polyethylene glycol and archaeological wood components by 13C high-resolution solid-state CP-MAS NMR[END_REF] Polysaccharide-treated wood exhibited no change in relaxation properties, unlike PEG-treated wood, indicating that the polysaccharide consolidants simply behave as part of the wood matrix. This reinforces the idea that consolidants resembling the matrix under conservation are the most suitable as they do not put any undue stress on its natural behaviour. One potential downside of the investigated biomaterials, with the exception of chitosan, is their watersolubility. This may present a problem for future application of guar and HEC outside the controlled environment of museums without modification to reduce solubility.

While such studies show the promise of polysaccharides for the conservation of wood, more investigation is required, particularly with respect to the mechanical properties of treated wood and the uptake of the polysaccharides as a function of their molar mass, before their wider applicability can be determined. One of the major advantages of chitosan is its natural biological resistance, which should also enhance its attractiveness outside the conservation domain. Guar and HEC do not show biological resistance, thus, modification of the structure may once again be necessary.

Clearly, their bio-sourced nature is a huge boon to both museums and the construction industry. Their status as waste product of the food and lumber industry keeps costs low but this must be matched by performance in wood consolidation and the cost of further modifications to the polymer structure must be taken into account. While they present some interesting advantages, more analysis is required to determine whether polysaccharides, outside of chitosan or cellulose, have a role in the preservation of both historical and fresh wood.

Small molecules from sugar derivatives

Both Colombini and Ambrose [START_REF] Colombini | A multi-analytical study of degradation of lignin in archaeological waterlogged wood[END_REF][START_REF] Ambrose | Application of Freeze-Drying to Archaeological Wood[END_REF] have cited the degradation of lignin as an issue that often goes untreated in the conservation process. In addition to their work on allyl cellulose consolidants, Cipriani et al., have also explored treatments based on hydroxylated oligoamides that could further address this issue. [START_REF] Cipriani | Synthesis of 96 hydroxylated oligoamides for their use in wood conservation[END_REF] Being concerned that the high molar masses of their cellulose-based consolidants would prevent deep penetration into wood cells, [START_REF] Cipriani | Cellulose as a renewable resource for the synthesis of wood consolidants[END_REF] they explored alternatives based on the polycondensation of several carbohydrate-derived diacids (L-tartaric acid, D(+)-glucaric acid and α,α-trehaluronic acid) with ethylene diamine. The resulting oligoamides, shown in Figure 13, display a number of interesting properties, including good penetration into the wood and reversibility of the treatment, both of which were verified by FTIR.

[Insert Figure 13]

Importantly, for the treatment of archaeological wood, the new polymers showed excellent affinity for lignin. Such behaviour could play an important role in stabilising the lignin skeleton and the mechanical properties of the wood. More important still, for wider application for the treatment of construction woods, is the significant reduction in the hydrophilic character after treatment. This is linked to the binding of the oligoamides to free hydroxyl units of the wood cells, reducing the capacity for water absorption and swelling of the cell walls. As mentioned previously most wood degradation is driven by moisture-related processes. [START_REF] Zelinka | Preserving ancient artifacts for the next millennia[END_REF] Limiting the degree to which wood can absorb water will likely play an important role in reducing biological and chemical degradation. The apparent ease with which these low molar mass polymers penetrate the wood make them interesting for the treatment of fresh wood, where the intact nature of the wood cells and the small pores, limit the use of bulky treatments. The potential for vacuum impregnation of fresh wood should further increase diffusion, thus, improving benefits to the wood as a whole. However, the reversibility of the treatment will be a limiting factor. Sugar molecules being a majority component of the oligoamide calls into question their long-term biological resistance, although this property was not examined in detail in this work. The large number of amides in the backbone of the synthesised materials may allow further modification of these materials with anti-microbial units, without significantly increasing their molar mass, [START_REF] Saïhi | Antibacterial activity of modified polyamide fibers[END_REF][START_REF] Rogalsky | Structural, thermal and antibacterial properties of polyamide 11/polymeric biocide polyhexamethylene guanidine dodecylbenzenesulfonate composites[END_REF][START_REF] Saeki | Development of antibacterial polyamide reverse osmosis membrane modified with a covalently immobilized enzyme[END_REF] an additional benefit to their application that remains to be explored.

Polymer/nanofiller multi-phase systems

The benefits of natural and synthetic polymers, as well as nanoparticle treatments, have been extensively discussed in previous sections. However, a single approach is often not sufficient to effect significant changes to the wood in the long-term, thus, attempts have been made to use multi-phase systems for improved conservation.

Cipriani et al., previously developed a method of producing water-soluble, low molar mass oligoamides with a high affinity for the hydroxyl groups of the wood cell wall. [START_REF] Cipriani | Synthesis of 96 hydroxylated oligoamides for their use in wood conservation[END_REF] Further testing revealed a lack of biological resistance and, in some cases, an enhancement of microbial activity. [START_REF] Oliva | TiO2-Oligoaldaramide nanocomposites as efficient core-shell systems for wood preservation[END_REF] As these oligoamides show promise in other aspects, attempts were made to enhance their biological resistance, and that of conserved wood. Thus, they prepared oligoamide-functionalised TiO2 NPs with the expectation that the anti-bacterial efficiency of the TiO2 would enhance that of the oligoamides. Various different strategies were employed to attach either dimethyl-α,α'-trehaluronate or dimethyl-L-tartrate to the surface of the TiO2. [START_REF] Oliva | TiO2-Oligoaldaramide nanocomposites as efficient core-shell systems for wood preservation[END_REF] From the prepared oligoamides, the TiO2polyethylenetartaramide, as synthesised by the process in Figure 14, was chosen for further study.

[Insert Figure 14]

Transmission electron microscopy (TEM) and dynamic light scattering (DLS) show particle diameters of 65-100 nm with a homogeneous core-shell structure, permitting diffusion through the majority of wood cells with the exception of pits, which have a diameter of approx. 4 nm. Few aggregates were observed in the treatment solutions, which should contribute to good mechanical properties and better aesthetic qualities. The multi-phase system was applied to European beech to characterise the UV stability and biological resistance of the treated wood. After UV irradiation (λ = 254 nm and 365 nm) only slight discolouration was observed, comparable with natural aging. TiO2polyethylenetartaramide-treated wood was also tested against the white rot fungus T. versicolor, either under UV light or in the dark for 3 weeks. Samples kept in the dark exhibited fungal growth, while those under UV irradiation did not. All samples were maintained in the dark for a further 9 weeks, with the UV-treated samples showing signs of fungal attack, highlighting the necessity of UV irradiation in the biological resistance of the system. The need for constant UV irradiation may be problematic for widespread indoor application if the installation of UV lights would be required. However, De Filpo et al., showed that simple daylight was enough to activate the anti-microbial properties of unfunctionalised TiO2 NPs with no additional light sources required. [START_REF] De Filpo | Preventing fungal growth in wood by titanium dioxide nanoparticles[END_REF] While not investigated by Oliva et al., [START_REF] Oliva | TiO2-Oligoaldaramide nanocomposites as efficient core-shell systems for wood preservation[END_REF] unless the TiO2 band-gap was significantly blue-shifted by the oligoamide functionalisation, it should be possible to activate the treatment with daylight as shown by De Filpo et al. This presents interesting possibilities for applications as external coatings, where extensive exposure to UV irradiation would ensure biological resistance. A potential downside to the use of this treatment outdoors is its excellent water-dispersability, which could result in leaching at high relative humidity (RH). The high affinity of the oligoamide unit for the OH groups of the cell wall could, however, be strong enough to reduce or prevent leaching. [START_REF] Cipriani | Synthesis of 96 hydroxylated oligoamides for their use in wood conservation[END_REF] While they present an interesting alternative to current methods, and appear suitable for small scale applications, without a thorough understanding of their mechanical properties and the propensity for leaching, the application of this system on a larger scale would, at this point, be difficult to evaluate.

Bertollini Cestari et al., [START_REF] Bertolini Cestari | The reinforcement of ancient timberjoints with carbon nano-composites[END_REF] also examined polymer/nanofiller multi-phase treatments with the introduction of carbon nanotubes (CNTs) into a commercial two-component epoxy resin (MAPEI Epojet) commonly used for repairing cracks and fissures in masonry and structural beams. Initially, the CNTs were directly investigated for wood conservation, however, poor attachment to the cell wall limited their use. Dispersing CNTs into the epoxy resin eliminated this issue and produced interesting results for the treatment of 18 th century oak samples and fresh Hemlock fir (A. grandis). Three formulations were tested; an epoxy/amine stoichiometric ratio, an excess of amine and an excess of epoxy. The greatest improvement in mechanical properties for the archaeological wood was obtained after treatment with the CNT/epoxy-rich resins. This indicated better affinity of the CNTs for the epoxy units and better dispersion within the pre-polymer before treatment, although CNT aggregation was never eliminated. However, the mechanical properties of the fresh wood were not improved, likely a result of low treatment diffusion due to the increased density of the fresh wood. While varying depending on species, archaeological wood is often less dense allowing the resin to diffuse more easily, thus, the effect of the CNT addition is more clearly seen. Although promising, several properties of this treatment may limit its wider use, both in conservation and the enhancement of the mechanical properties of fresh wood. The main limitation is the health concerns surrounding the matrix polymers and the use of CNTs. Furthermore, the viscosity of the treatment is problematic both for the dispersion of the CNTs and diffusion within the wood, especially in denser wood varieties. [START_REF] Keum | Biodegradation of bisphenol A and its halogenated analogues by Cunninghamella elegans ATCC36112[END_REF][START_REF] Chow | Biodegradability of Epoxidized Soybean Oil Based Thermosets in Compost Soil Environment[END_REF] However, as presented by Svedström et al., it may not always be necessary for consolidants to penetrate deeply into the wood, in fact this depends on the decay mechanisms underway. [START_REF] Svedström | Structure of oak wood from the Swedish warship Vasa revealed by X-ray scattering and microtomography[END_REF] Bacteria and fungi are generally rather active in the first 20 mm from the wood surface but not generally much deeper, [START_REF] Mortensen | Characterisation of the polyethylene glycol impregnation of the Swedish warship Vasa and one of the Danish Skuldelev Viking ships[END_REF][START_REF] Svedström | Structure of oak wood from the Swedish warship Vasa revealed by X-ray scattering and microtomography[END_REF] while chemical degradation processes are more often found at depths greater than 30 mm. [START_REF] Almkvist | Fenton-induced degradation of polyethylene glycol and oak holocellulose. A model experiment in comparison to changes observed in conserved waterlogged wood[END_REF][START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF][START_REF] Lindfors | Polysaccharide degradation in waterlogged oak wood from the ancient warship Vasa[END_REF][START_REF] Almkvist | Degradation of polyethylene glycol and hemicellulose in the Vasa[END_REF][START_REF] Svedström | Structure of oak wood from the Swedish warship Vasa revealed by X-ray scattering and microtomography[END_REF] As these mechanisms are accelerated by the presence of moisture, methods which prevent moisture from penetrating into the wood can play a role in wood maintenance. Thus, sealing the outer surface with a resin may actually be sufficient to enhance mechanical properties and reduce the propagation of decay.

Waxes also help to reduce moisture in wood, as described previously. However, their hydrophobicity and reasonably high molar masses (Mw ~ 1000-2000 g/mol) limit diffusion into the wood, as such the mechanical properties of heavily degraded woods are not significantly improved. [START_REF] Cavallaro | Thermal and dynamic mechanical properties of beeswax-halloysite nanocomposites for consolidating waterlogged archaeological woods[END_REF] To improve mechanical properties, multi-phase consolidants containing various ratios of beeswax to halloysite nanotubes were explored. Halloysite is a non-toxic, low-cost, widely available, aluminosilicate clay (Al2Si2O5(OH)4). [START_REF] Cavallaro | Thermal and dynamic mechanical properties of beeswax-halloysite nanocomposites for consolidating waterlogged archaeological woods[END_REF][START_REF] Vergaro | Cytocompatibility and uptake of halloysite clay nanotubes[END_REF] Previous reports showed that the addition of halloysite nanotubes (HNT) to wax, in that case paraffin wax, significantly improved the waxes' mechanical properties. [START_REF] Zhao | Phase change heat insulation based on wax-clay nanotube composites[END_REF] When HNTs, of 100 nm diameter and 500-700 nm in length, were added to the beeswax treatment, not only was the shrinkage of the wood during drying reduced, but the dependence of the mechanical strength on temperature (up to 70 o C) at concentrations of HNT of 60% was eliminated. This is a major advantage, considering the significant difference in the materials properties of solid and liquefied wax. The authors attribute this change to the inorganic HNT skeleton created within the beeswax that is stable over a wider temperature range than the wax, improving the temperature stability of the wax itself. [START_REF] Cavallaro | Thermal and dynamic mechanical properties of beeswax-halloysite nanocomposites for consolidating waterlogged archaeological woods[END_REF] Further studies using esterified colophony in place of beeswax for the consolidation of archaeological wood showed that positive improvements in anti-shrink efficiency with respect to untreated wood were observed when the ratio of colophony to HNTs was 4:1 instead (40% shrinkage of untreated wood vs. 14% when treated). Increasing the ratio of HNTs to 1:1 actually resulted in a negative impact on anti-shrink efficiency. [START_REF] Cavallaro | Nanocomposites based on esterified colophony and halloysite clay nanotubes as consolidants for waterlogged archaeological woods[END_REF] If the wood being treated is mildly decayed or fresh, treating the surface with waxy compounds that do not penetrate deeply into the wood may be sufficient to prevent moisture absorbance without significant weight change, a potential benefit to their wider application. However, by far the most interesting properties of this multi-phase consolidant are the hollow core of the HNTs, their ease of functionalisation and their ability to impart additional functionality to the conserved wood. [START_REF] Cavallaro | Thermal and dynamic mechanical properties of beeswax-halloysite nanocomposites for consolidating waterlogged archaeological woods[END_REF][START_REF] Cavallaro | Modified halloysite nanotubes: Nanoarchitectures for enhancing the capture of oils from vapor and liquid phases[END_REF][START_REF] Cavallaro | Steric stabilization of modified nanoclays triggered by temperature[END_REF][START_REF] Cavallaro | Halloysite nanotube with fluorinated lumen: Non-foaming nanocontainer for storage and controlled release of oxygen in aqueous media[END_REF][START_REF] Cavallaro | Halloysite nanotubes with fluorinated cavity : an innovative consolidant for paper treatment[END_REF] Such properties could be exploited for several applications, including the controlled release of molecules from the internal cavities of the HNTs, [START_REF] Cavallaro | Modified halloysite nanotubes: Nanoarchitectures for enhancing the capture of oils from vapor and liquid phases[END_REF][START_REF] Cavallaro | Halloysite nanotube with fluorinated lumen: Non-foaming nanocontainer for storage and controlled release of oxygen in aqueous media[END_REF][START_REF] Lvov | Halloysite clay nanotubes for controlled release of protective agents[END_REF][START_REF] Lvov | Halloysite Clay Nanotubes for Loading and Sustained Release of Functional Compounds[END_REF][START_REF] Lvov | Functional polymer-clay nanotube composites with sustained release of chemical agents[END_REF][START_REF] Shutava | Spherical and tubule nanocarriers for sustained drug release[END_REF][START_REF] Lvov | Clay nanotube encapsulation for functional biocomposites[END_REF][START_REF] Wei | Enhanced efficiency of antiseptics with sustained release from clay nanotubes[END_REF] these possibilities are discussed further in Section 4.3.

Summary

Significant improvements have been made in conservation technologies in recent years, ranging from synthetic resins, through inorganic materials to biobased technologies and mixed composites; a summary of these developments is given in Table 3. Such developments are a major benefit to the preservation of one-of-a-kind historical objects and structures, however, there is still much work to be done.

[Insert Table 3]

In the case of synthetic consolidants, particularly epoxy resins, they present excellent dimensional stability and resistance to moisture uptake but, like previous work with MF resins, they are permanent treatments more suited to the reinforcement of fresh wood than historical objects. Discolouration and concerns over the health implications of the treatment components cast doubts over their long-term use in both the museum and construction sectors.

The new generation of inorganic treatments also show great promise. The use of basic NPs may benefit both conservation professionals and the construction industry alike, given that the neutralisation of acid production in wood could significantly reduce degradation, prolonging their service life. Up to now, the method has only been examined within the context of neutralisation of already conserved wood. This is further benefited by their low cost and wide availability, particularly in the case of CaCO3. A study of the mechanical and dimensional stability of archaeological or fresh wood treated with these basic NPs alone or with polymers loaded with NPs would be extremely beneficial to determining their wider applicability.

Alkoxide treatments are also extremely interesting, particularly titanium alkoxides due to their lower toxicity in comparison with silicon alkoxides and their improved UV and fungal resistance. Although forming an irreversible network within the wood, its structure is not unlike that observed by Christensen et al., [START_REF] Christensen | New materials used for the consolidation of archaeological wood-past attempts, present struggles, and future requirements[END_REF] for chitosan and cellulose treatments rather than the solid 3D structure observed for MF and epoxy resins. The open, porous network may permit retreatment in the future through the voids remaining in the inorganic polymer network. Their UV resistance and lack of solubility make them equally suitable for historical and fresh wood conservation.

Biopolymers provide another potential tool for the conservation scientist, some even shown promise for fresh wood reinforcement. Their enhanced compatibility with the wood components and the renewability of the resource make them hugely attractive in the current environmental climate. Their status as waste products often significantly reduces cost. With the exception of chitosan and keratin, however, issues with biodegradability will hinder further application without significant modification of the polymer chains, some ideas for which are discussed in the following section. While dimensional stability of biobased polymer-treated wood has shown positive results, particularly with keratin, their effects on mechanical stability are not yet clear, a key concern in the application of such treatments to larger objects and structures.

Finally, several multi-phase systems have been explored with varying degrees of success. While wood treated with a CNT/epoxy resin composite exhibits improved mechanical properties, the health and environmental implications of CNTs and bisphenol A (BPA)-based epoxies may hinder wider application. On the other hand, TiO2-oligoamide nanocomposites have low toxicity, enhanced microbial resistance and, due to the relative strength of TiO2-based composites, may positively affect mechanical properties, but their wider application could be limited due to water dispersibility. The most promising multi-phase system, so far, appears to be the HNT/beeswax treatment. This not only improves moisture resistance but the presence of the HNTs appears to form an inorganic network that alters the temperature response of the beeswax making it mechanically stable over a large temperature range. The hollow HNTs also allow for further functionalisation/doping of the consolidants or capture of molecules from the wood environment. The major concern with such mixed treatments is the potential filtering of unbound particles by the wood and the limits of diffusion as a function of wood density, both of which have not been studied in detail but could strongly affect the wider application of these promising consolidants.

Future perspectives on wood consolidants

While many developments have been made in recent years regarding new consolidant materials for historical and fresh woods, there is still a lot of room for improvement. This will involve both the development of completely new wood consolidants, as well as the adaptation of materials already used elsewhere for application to wood or the more effective exploitation of some recently developed wood consolidants. Some examples of each are presented in the following sections, as well as how close the idealised consolidant is to reality.

Polyoxazoline

Poly-2-ethyl-2-oxazoline is commercialised under the trade name Aquazol. It is a water-and organicsoluble adhesive first synthesised by Chiu et al., in the 1980s. [START_REF] Chiu | Poly(2-ethyl-2-oxazoline): A New Water-and Organic-Soluble Adhesive[END_REF] It was initially imagined as a glass adhesive due to its high refractive index, close to that of glass (n = 1.52). [START_REF] Arslanoglu | Evaluation of the use of Aquazol as an adhesive in paintings conservation[END_REF] Aquazol is synthesised by a cationic ring-opening polymerisation (CROP), which produces polymers with very defined molar masses, Figure 15.

[Insert Figure 15]

Aquazol is commercially available in a variety of mass average molar masses -5, 50, 200 and 500 kDa -denoted as Aquazol 5, 50, 200 and 500, respectively. Interestingly, all molar mass variations are miscible with one another, along with a range of organic solvents and water. Upon polymerisation, they have a structure similar to peptides, resulting in high biocompatibility. This and their low toxicity have made them useful for many biomedical applications but could also make them interesting for the conservation of degraded wood. Another important characteristic is their low viscosity in water, despite high molar masses, which drops further in alcoholic solvents. These low viscosities should considerably improve their ability to penetrate highly dense matrices such as wood. A study by Wolbers showed that Aquazol has good thermal stability and resistance to aging. [START_REF] Wolbers | Poly(2-Ethyl-2-Oxazoline): A New Conservation Consolidant[END_REF] Their applicability in the conservation of various archaeological objects particularly glass, linen and paintings has been investigated with promising results. [START_REF] Arslanoglu | Evaluation of the use of Aquazol as an adhesive in paintings conservation[END_REF][START_REF] Ebert | Aquazol as a consolidant for matte paint on Vietnamese paintings[END_REF][START_REF] Orsini | Characterization of Aquazol polymers using techniques based on pyrolysis and mass spectrometry[END_REF][START_REF] Cataldi | Poly 2-ethyl-2-oxazoline/microcrystalline cellulose composites for cultural heritage conservation: Mechanical characterization in dry and wet state and application as lining adhesives of canvas[END_REF][START_REF] Pelosi | The Painted Silk Panels of Palazzo Barberini 99 at Rome. The Scientific Investigation and Preservation Challenge[END_REF][START_REF] Morlat-Théris | Durabilité des polymères hydrosolubles utilisés pour la consolidation des objets archéologiques en bois humide TT -Durability of water-soluble polymers used in consolidation of wet archaeological wooden objects[END_REF][START_REF] Lechuga | Aquazol-coated remoistenable mending tissues[END_REF][START_REF] Lechuga | Aquazol as a heat set adhesive for textile conservation treatments[END_REF][START_REF] Muros | Investigation into the use of Aquazol as an adhesive on archaeological sites[END_REF] Muros did note, however, that over 60% RH, Aquazol resins became tacky due to their hydrophilic character, therefore, care should be taken to control RH during their application. [START_REF] Muros | Investigation into the use of Aquazol as an adhesive on archaeological sites[END_REF] Despite other advantages, this may limit their use to historical wood only as RH would be impossible to control in many fresh wood applications.

To date only one study appears to have been conducted on the dimensional stability of wood samples treated with Aquazol 50 in ethanol and isopropanol. The results were somewhat inconclusive as, while good sample penetration was achieved (particularly with ethanol), some dimensional shrinkage was observed. [START_REF] Baker | Dimensional Changes of Wood Immersed in Different Consolidant Agents[END_REF] Dimensional shrinkage could be due to cell warping or collapse, a significant disadvantage, but without mechanical testing or microscopic studies it is impossible to be sure of the cause of this shrinkage. In light of the potential advantages of this polymer over PEG solutions in the conservation of historical wood, such a polymer is worthy of further consideration.

Biomass-derived treatments

Due to concerns over biocompatibility, renewability and cost, polymers and monomers derived from biomass are becoming increasingly popular in wood conservation research. The previous sections outlined the use of biobased polymers, sugars and plant oils but there are still plenty of other biomassderived treatments to be examined. The most promising candidates are outlined in the following sections.

Aromatic biobased compounds (lignins and tannins)

Interestingly, the degradation of lignin is not always considered during the conservation of archaeological wood. [START_REF] Ambrose | Application of Freeze-Drying to Archaeological Wood[END_REF] It is generally viewed as the most stable component in the wood, persevering through the degradation of cellulose, however, it is often significantly altered. [START_REF] Colombini | A multi-analytical study of degradation of lignin in archaeological waterlogged wood[END_REF][START_REF] Ambrose | Application of Freeze-Drying to Archaeological Wood[END_REF] Thus, methods that repair or replace any altered lignin should also be included when preparing conservation treatments or examining options for reinforcement to prevent future degradation. Thus far, treatments based solely on lignin are rare. Recently McHale et al., presented the idea of using isoeugenol (Figure 16a), a propenyl substituted guiacol residue derived from lignin, as a consolidant for heavily degraded wood with low cellulose content from the Oseberg ship. [START_REF] Mchale | Bio-inspired materials for the preservation of archaeological wood: Lignin[END_REF][START_REF] Mchale | In situ polymerisation of isoeugenol as a green consolidation method for waterlogged archaeological wood[END_REF] [Insert Figure 16] They prepared isoeugenol of various chain lengths (Figure 16b) and confirmed penetration by FTIR and NMR studies. They also verified that it was possible to polymerise the isoeugenol directly in situ and showed that treated samples were noticeably more stable and the poly(isoeugenol) did not fill the cell lumen allowing the possibility of retreatment at a later point if necessary (Figure 16c). While clearly a first attempt, the results are promising for the conservation of both historical and fresh wood. Such a treatment, that reinforces the lignin content, would be an interesting method of improving the properties of degraded wood and prolonging the lifetime of fresh wood.

In addition to lignins, it may also be worth considering tannins. [START_REF] Arbenz | Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures[END_REF] Tannins are phenolic wood extractives with the general structure shown in Figure 17.

[Insert Figure 17]

A particular advantage of tannins over lignins is their smaller and more controlled sizes and structures, microbial resistance and anti-oxidative properties, which could hinder other degradative processes in their environment. [START_REF] Buzzini | Antimicrobial and antiviral activity of hydrolysable tannins[END_REF][START_REF] Scalbert | Antimicrobial properties of tannins[END_REF][START_REF] Koleckar | Condensed and hydrolysable tannins as antioxidants influencing the health[END_REF] Another advantage of tannins is their ability to chelate metals, including iron. [START_REF] Karamać | Chelation of Cu(II), Zn(II), and Fe(II) by tannin constituents of selected edible nuts[END_REF][START_REF] Ross | Characterization of dissolved tannins and their metalion complexes by electrospray ionization mass spectrometry[END_REF][START_REF] Tondi | Metal adsorption of tannin based rigid foams[END_REF] Tannin-based consolidants could be a method of reducing the activity of metals saturated in the wood, such as iron, which play a significant role in chemical and biological degradation processes. In light of these advantages, tannins are another biobased monomer unit ripe for further investigation in the field of wood conservation and reinforcement.

Lignin and tannin-based polyurethane foams and adhesives

McHale et al., note that the open, porous structure of lignin and cellulose contribute to their mechanical strength and make them interesting to the development of new consolidants. [START_REF] Mchale | Bio-inspired materials for the preservation of archaeological wood: Lignin[END_REF] This open structure may also permit retreatment without the need to remove the previous one. This interest in porous structures leads to the possibility of examining lignin and tannin polyurethane (PU) foams as potential consolidants or reinforcing materials. [START_REF] Tavares | Bio-based polyurethane prepared from Kraft lignin and modified castor oil[END_REF][START_REF] Kai | Towards lignin-based functional materials in a sustainable world[END_REF][START_REF] Laurichesse | Original polyols based on organosolv lignin and fatty acids: new bio-based building blocks for segmented polyurethanes synthesis[END_REF][START_REF] Laurichesse | Chemical modification of lignins: Towards biobased polymers[END_REF][START_REF] Laurichesse | Original polyols based on organosolv lignin and fatty acids: new bio-based building blocks for segmented polyurethane synthesis[END_REF][START_REF] Digabel | Effects of lignin content on the properties of lignocellulose-based biocomposites[END_REF][START_REF] Buono | Lignin-based materials through thiol -maleimide "click" polymerization[END_REF][START_REF] Duval | A review on lignin-based polymeric, micro-and nano-structured materials[END_REF][START_REF] Pizzi | Wood products and green chemistry[END_REF][START_REF] Mahmood | Depolymerization of lignins and their applications for the preparation of polyols and rigid polyurethane foams: A review[END_REF][START_REF] Bernardini | Flexible polyurethane foams green production employing lignin or oxypropylated lignin[END_REF][START_REF] Carriço | Production and characterization of polyurethane foams from a simple mixture of castor oil, crude glycerol and untreated lignin as bio-based polyols[END_REF][START_REF] Upton | Strategies for the Conversion of Lignin to High-Value Polymeric Materials: Review and Perspective[END_REF][START_REF] Merle | New biobased foams from wood byproducts[END_REF][START_REF] Tondi | Tannin-based rigid foams: Characterization and modification[END_REF][START_REF] Tondi | Pilot plant up-scaling of tannin foams[END_REF] These foams are characterised by good thermal properties and high mechanical strengths. Their open, network structure would also allow retreatment of the wood, if necessary. Tailoring the viscosity of the prepolymers may allow for diffusion into wood before the foaming process begins. Clearly, how the foaming process would affect the wood stability, the irreversibility of the treatment and the use of highly toxic isocyanates to create the PU could be major disadvantages, principally for historical wood. Irreversibility, however, would not be a problem for fresh wood treatment. In fact, the introduction of these excellent insulators could improve the thermal efficiency of treated wood, an advantage for construction applications. [START_REF] Lora | Recent Industrial Applications of Lignin: A Sustainable Alternative to Norevewable Materials[END_REF][START_REF] Tondi | Natural Tannin-Based Rigid Foams As Insulation for Doors and Wall Panels[END_REF] To avoid the use of toxic isocyanates, biobased non-isocyanate polyurethanes (NIPUs), generally obtained by reaction of a polyamine with a poly(cyclocarbonate), may be a potential avenue of research. [START_REF] Chen | Preparation of lignin/glycerol-based bis(cyclic carbonate) for the synthesis of polyurethanes[END_REF][START_REF] Thébault | Polyurethanes from hydrolysable tannins obtained without using isocyanates[END_REF][START_REF] Thébault | Isocyanate free condensed tannin-based polyurethanes[END_REF] NIPUs have gained prominence recently for their non-toxic 'green' approach to obtaining polyhydroxy-urethanes. [START_REF] Carré | Synthesis and characterization of advanced biobased thermoplastic nonisocyanate polyurethanes, with controlled aromaticaliphatic architectures[END_REF][START_REF] Carré | Solvent-and catalyst-free synthesis of fully biobased nonisocyanate polyurethanes with different macromolecular architectures[END_REF][START_REF] Carré | Original biobased nonisocyanate polyurethanes: solvent-and catalyst-free synthesis, thermal properties and rheological behaviour[END_REF][START_REF] Cornille | Room temperature flexible isocyanate-free polyurethane foams[END_REF] Given the potential of such treatments, it may certainly be a topic of study in years to come when the main issues of these systems are resolved (e.g., slow kinetics and low final molar masses).

Lignin and tannin-based PF-type resins

The large number of free hydroxyl units make lignin and tannins suitable replacements for phenol in phenol-formaldehyde (PF) resins and the resulting resins form 3D polymer networks in much the same way as the MF resins described previously. [START_REF] Arbenz | Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures[END_REF][START_REF] Stücker | Lignins from enzymatic hydrolysis and alkaline extraction of steam refined poplar wood: Utilization in lignin-phenol-formaldehyde resins[END_REF][START_REF] Böhm | The chemical, kinetic and mechanical characterization of tannin-based adhesives with different crosslinking systems[END_REF][START_REF] Zhao | Preparation and performance of ligninphenol-formaldehyde adhesives[END_REF][START_REF] Podschun | Phenolated Lignins as Reactive Precursors in Wood Veneer and Particleboard Adhesion[END_REF][START_REF] Podschun | Reactivity enhancement of organosolv lignin by phenolation for improved bio-based thermosets[END_REF][START_REF] Ferdosian | Sustainable lignin-based epoxy resins cured with aromatic and aliphatic amine curing agents: Curing kinetics and thermal properties[END_REF][START_REF] Wan | A sustainable, eugenolderived epoxy resin with high biobased content, modulus, hardness and low flammability: Synthesis, curing kinetics and structure-property relationship[END_REF][START_REF] Zhao | Renewable Epoxy Networks Derived from Lignin-Based Monomers: Effect of Crosslinking Density[END_REF][START_REF] Santiago-Medina | Lignin-derived non-toxic aldehydes for ecofriendly tannin adhesives for wood panels[END_REF][START_REF] Faris | Preparation and characterization of green adhesives using modified tannin and hyperbranched poly (amine-ester)[END_REF] While there are several disadvantages to the use of MF for archaeological wood, they do have potential for the treatment of fresh wood; in fact, they have already been discussed in the literature as wood adhesives. [START_REF] Böhm | The chemical, kinetic and mechanical characterization of tannin-based adhesives with different crosslinking systems[END_REF][START_REF] Roffael | Significance of wood extractives for wood bonding[END_REF][START_REF] Li | Preparation and characterization of a novel environmentally friendly phenol-formaldehyde adhesive modified with tannin and urea[END_REF] The inclusion of lignin or tannins in these resins may be a way to improve adhesion of the resins to the wood structure resulting in less cracking and fissures. In addition to good thermal and mechanical properties, these resins have good chemical and water resistance, improving their potential as conservation tools. The darker colour of the lignin and tannin in the mixture may also offset some of the wood discolouration experienced with the use of melamine-formaldehyde treatments. These biobased PF resins have also been shown to create foams as mentioned for the PUs above. [START_REF] Szczurek | A new method for preparing tanninbased foams[END_REF] While lignin formulations have not shown high resistance to fungal degradation, which could remain a problem for further application, [START_REF] Amaral | Fungal degradation of lignin-based rigid polyurethane foams[END_REF] the preparation of mixed lignin/tannin networks may be a solution to this issue. [START_REF] Grishechko | New tannin-lignin aerogels[END_REF][START_REF] Grishechko | Ligninphenol-formaldehyde aerogels and cryogels[END_REF] Although the method described by McHale et al., [START_REF] Mchale | Bio-inspired materials for the preservation of archaeological wood: Lignin[END_REF][START_REF] Mchale | In situ polymerisation of isoeugenol as a green consolidation method for waterlogged archaeological wood[END_REF] seems the most promising for the conservation of historical wood, lignin-based PUs and lignin-formaldehyde resins may be suitable treatments for fresh wood, potentially enhancing their physical and chemical properties while reducing the environmental cost of monomer/polymer production.

Biobased epoxies

As discussed in Section 3.1, there is significant interest in the use of traditional synthetic polymer resins for wood conservation. While there are some drawbacks with respect to the reversibility of the treatment, specifically the creation of a dense polymer network within the wood, the advantages in terms of their mechanical and dimensional stability and fungal resistance cannot be overlooked. This is particularly true in the case of severely damaged or historical wood that must be maintained in uncontrolled environments, e.g., historical wooden architecture, as well as the reinforcement of fresh wood. These synthetic resins are often derived from fossil resources, thus, their synthesis comes at an environmental cost that may have implications during synthesis and affect the health of conservators and the public during or after conservation. Reducing the hazard of everyday, synthetic polymers has long been a popular topic of research, particularly in relation to epoxy-based resins, some of the most common polymers available. This question is also relevant here, considering the favourable testing of epoxy-based wood consolidants. One of the major issues with the use of epoxy resins is the health impact of BPA, Figure 18, a major component in epoxides and in the EPO 155 consolidant discussed in Section 3.1.

[Insert Figure 18]

Several reports have suggested that BPA is linked to disruption of the endocrine system, thyroid function, neurological function and the dopaminergic system. [START_REF] Inadera | Neurological effects of bisphenol A and its analogues[END_REF][START_REF] Frye | Endocrine disruptors: A review of some sources, effects, and mechanisms of actions on behavior and neuroendocrine systems[END_REF] Thus, replacing BPA has become a priority and one of the most promising solutions is the use of biomass. Epoxidised soybean oil (ESO), lignin or tannin, could replace compounds such as DGEBA, a common BPA-containing epoxy unit. [START_REF] Ferdosian | Sustainable lignin-based epoxy resins cured with aromatic and aliphatic amine curing agents: Curing kinetics and thermal properties[END_REF][START_REF] Wan | A sustainable, eugenolderived epoxy resin with high biobased content, modulus, hardness and low flammability: Synthesis, curing kinetics and structure-property relationship[END_REF][START_REF] Zhao | Renewable Epoxy Networks Derived from Lignin-Based Monomers: Effect of Crosslinking Density[END_REF][START_REF] Baroncini | Recent advances in bio-based epoxy resins and bio-based epoxy curing agents[END_REF] Synthetic routes also exist to prepare the aliphatic amine used to cure the epoxy resin from plant-oils, further reducing the environmental impact of these resins and improving their applicability as reinforcements for sustainable building materials. The use of biobased epoxies would not only reduce the environmental impact of consolidant production but would also improve their health and environmental implications after application.

Adaptive materials

While recent interest in moving to bio-or nanomaterial-based consolidants is a positive development, there are still shortcomings in their applications. Like PEG, many of these consolidants, with the exception of chitosan and the titanium-based materials, do not possess native anti-bacterial and antifungal properties. Moreover, they are principally static materials treating one, or more, specific conservation issues but not adapting to altering conservation environments. The potential for some, or all, new consolidants to adapt to their environment, i.e., the presence of metal salts, changes in pH, or shifts in mechanical load, does exist but has not been heavily exploited.

One example of a responsive biobased consolidant was presented by Walsh et al., [START_REF] Walsh | Multifunctional supramolecular polymer networks as next-generation consolidants for archaeological wood conservation[END_REF] who prepared a multi-functional polymer network (PolyCatNap) based on catechol-and naphthol-functionalised chitosan and methyl viologen-functionalised guar. The network was non-covalently and orthogonally cross-linked by the macromolecular host cucurbit [START_REF] Baiardo | Surface chemical modification of natural cellulose fibers[END_REF]uril, a ring of 8 repeating glycoluril units capable of holding two complementary molecules within its internal cavity, and metal-ligand interactions between iron and the catechol-functionalised chitosan, Figure 19.

[Insert Figure 19]

PolyCatNap displayed microbial resistance and responsive rheological properties, as a function of the oxidation state of the Fe ions present in the wood. [START_REF] Walsh | Multifunctional supramolecular polymer networks as next-generation consolidants for archaeological wood conservation[END_REF] It was also able to preferentially trap Fe 3+ ions using metal-ligand interactions with a catechol-functionalised chitosan chain. This resulted in increased viscosity and improved mechanical properties, evidenced by a transition from viscous liquid to gel in the presence of Fe 3+ . The ability to trap Fe 3+ within the network prevents it from acting as a catalyst or a source of nutrition for microbes in the wood. Additionally, a material that becomes stronger in the presence of Fe 3+ could preferentially reinforce heavily damaged areas of wood. While PolyCatNap was shown to trap Fe 3+ in situ, no characterisation of the changes in mechanical properties of treated wood as a function of Fe 3+ content was carried out. Such an ability would significantly improve the options available to conserve wood with high iron content. Zelinka [START_REF] Zelinka | Preserving ancient artifacts for the next millennia[END_REF] noted that such a system could also be applied to treat fresh wood for construction to prevent the diffusion of iron ions away from fungal hyphae, thus, arresting their growth. Fresh wood treatment in the US is an industry worth approximately US$4 billion, therefore, such responsive consolidants could represent significant economic potential. [START_REF] Zelinka | Preserving ancient artifacts for the next millennia[END_REF][START_REF] Vlosky | Statistical Overview of the U.S. Wood Preserving Industry[END_REF] As discussed previously, wood used for construction outdoors will be exposed to water vapour, thus, the possibility of bacteria or fungal attack is a constant concern. Although wood can be treated with biocides and fungicides to prevent such attacks, these are often used to excess in order to counteract losses from leaching. [START_REF] Ding | Efficient one-pot synthesis and loading of selfassembled amphiphilic chitosan nanoparticles for low-leaching wood preservation[END_REF][START_REF] Salma | Amphiphilic core/shell nanoparticles to reduce biocide leaching from treated wood, 1 -leaching and biological efficacy[END_REF] Such losses result in both inhomogeneous protection of the wood and detrimental environmental effects from leaching into the atmosphere, soil and water table. The sustained release of biocides or fungicides from consolidants would be another potential method of reducing the quantity required to treat the wood, while maintaining constant long-term protection. Sustained release of fungicides has been previously described by Heiden et al., [START_REF] Ding | Efficient one-pot synthesis and loading of selfassembled amphiphilic chitosan nanoparticles for low-leaching wood preservation[END_REF][START_REF] Salma | Amphiphilic core/shell nanoparticles to reduce biocide leaching from treated wood, 1 -leaching and biological efficacy[END_REF] who prepared both modified chitosan and gelatin nanocapsules containing fungicides. These capsules, once embedded in the wood by vacuum impregnation, release the fungicide slowly over time and the release profile is tailored through controlled cross-linking of the particles. These nanocapsules present a cost-effective, 'green' method of reducing biological activity in wood with lower environmental impact. The downside of these capsules is their low mechanical strength. Thus, while they reduce biological activity and protect the mechanical properties of treated wood, they are not capable of enhancing the native mechanical properties to improve the application grade. A possible solution to this issue is to prepare capsules from tougher materials like the UF resins described by Blaiszik et al., [START_REF] Blaiszik | Microcapsules filled with reactive solutions for self-healing materials[END_REF][START_REF] Blaiszik | Nanocapsules for self-healing materials[END_REF] but replacing the UF with a biobased resin such as lignin PF, as mentioned above. The susceptibility of the lignin to fungal degradation could be a trigger for the capsule to break and release the biocide trapped within, maintaining mechanical strength to a certain degree and allowing targeted release.

Another method of exploring sustained release from consolidants could be through the beeswax/HNT treatment described by Cavallaro et al. [START_REF] Cavallaro | Thermal and dynamic mechanical properties of beeswax-halloysite nanocomposites for consolidating waterlogged archaeological woods[END_REF] Work by Cavallaro and other authors show that hollow HNTs can be infused with drug molecules that slowly release from the cavity over time. [START_REF] Cavallaro | Modified halloysite nanotubes: Nanoarchitectures for enhancing the capture of oils from vapor and liquid phases[END_REF][START_REF] Lvov | Halloysite clay nanotubes for controlled release of protective agents[END_REF][START_REF] Lvov | Halloysite Clay Nanotubes for Loading and Sustained Release of Functional Compounds[END_REF][START_REF] Wei | Enhanced efficiency of antiseptics with sustained release from clay nanotubes[END_REF] By appropriate functionalisation of the rim and cavity, controlled release of biocides from the HNTs within the wood matrix could also be envisaged. The advantage of sustained release from HNTs compared to modified chitosan or gelatin nanocapsules would be the increased mechanical stability afforded by the inorganic HNT network within the wood.

Several researchers have shown that HNTs can also be used to trap oils and gases from the environment. [START_REF] Cavallaro | Modified halloysite nanotubes: Nanoarchitectures for enhancing the capture of oils from vapor and liquid phases[END_REF][START_REF] Cavallaro | Halloysite nanotube with fluorinated lumen: Non-foaming nanocontainer for storage and controlled release of oxygen in aqueous media[END_REF][START_REF] Jana | Halloysite nanotubes capturing isotope selective atmospheric CO2[END_REF] The use of timber in construction raises other issues such as gas emissions into the immediate environment. Of particular concern are terpenes, compounds used by plants and trees as protection from pathogens during their life cycle. [START_REF] Mazid | Role of secondary metabolites in defense mechanisms of plants[END_REF] Emissions of terpenes and isoprenes from forests and woodlands are important sources of carbon monoxide (CO) production in the troposphere, they are also responsible for maintaining levels of important oxidants such as ozone, nitrogen oxides (NOx), and hydroxide (OH) and hydroperoxyl (HO2) radicals. [START_REF] Das | Terpenes in a conifer forest: Detection at sub-parts per billion level without sample preconcentration[END_REF][START_REF] Greenberg | Sub-parts per billion detection of isoprene using a reduction gas detector with a portable gas chromatograph[END_REF][START_REF] Percival | Molecularimprinted, polymer-coated quartz crystal microbalances for the detection of terpenes[END_REF][START_REF] Zimmerman | Estimates on the production of CO and H2 from the oxidation of hydrocarbon emissions from vegetation[END_REF][START_REF] Demerjian | The mechanism of photochemical smog formation[END_REF] These volatile organic compounds (VOCs) and their emissions are regulated in many countries. [START_REF] Yu | A review of the emission of VOCs from polymeric materials used in buildings[END_REF][START_REF] Salthammer | Critical evaluation of approaches in setting indoor air quality guidelines and reference values[END_REF][START_REF] Zhou | Health risk assessment of personal inhalation exposure to voltile organic compounds in Tianjin, China[END_REF][START_REF] Sarigiannis | Exposure to major volatile organic compounds and carbonyls in European indoor environments and associated health risk[END_REF].

Control of terpene emissions could significantly affect the usability of some timber in constructions, unless there is a method to control its release into the environment. While the ability to trap environmental gases would be a significant addition to the range of intelligent treatments for building materials, simply storing gases within the timbers would present additional problems for end-of-life remediation and brings about the question of what happens when the storage space is full? Is retreatment possible? With the ability to easily functionalise HNTs, a potential solution would be to functionalise the internal cavity with molecules or enzymes that can break down such unwanted emissions into less harmful products and release them into the environment in place of the VOCs. The possibility to trap harmful vapours and break them down into harmless materials, is of great potential value to the construction industry, improving the air quality for inhabitants of the building and reducing the potential economic losses associated with sick building syndrome. [START_REF] Yu | A review of the emission of VOCs from polymeric materials used in buildings[END_REF][START_REF] Mendell | Improving the health of workers in indoor environments: Priority research needs for a National Occupational Research Agenda[END_REF][START_REF] Fisk | Health and productivity gains from better indoor environments and their relationship with building energy efficiency[END_REF] 

Summary

This section focussed on the future of consolidant development, either from advances in other areas of art/object conservation or developments in polymer chemistry as a whole, a summary of the advantages and limitations of these emerging or potential treatment options is presented in Table 4.

[Insert Table 4]

Aquazol is a potential historical wood consolidant recently applied in other areas of art conservation.

The use of this material to stabilise fresh wood, while not yet tested, is sure to be limited by the high solubility and moisture-dependent properties that may be problematic in uncontrolled environments.

More interesting still are the developments in biomass-derived consolidants. This research area is likely to grow in coming years, due to their renewability, low cost, low toxicity, potential for modification and high compatibility with wood. Re-imagining tough PF or MF networks with biosourced units such as lignin or tannins may permit greater compatibility and adhesion of the consolidant to the wood matrix, particularly degraded wood with high lignin content. Improved adhesion may also assist in overcoming the issues of warping and cracking observed with MF resins in historical wood. In addition to PF/MF resins, lignin and tannin can be used to replace the hydroxylated units of PU foams. The preparation of PU foams within wood, ideally using nonisocyanate synthesis routes (NIPUs), may also generate the desirable open network structure within the wood. This structure is favoured for its potential to mimic the mechanical properties of wood itself, as well as maintaining the possibility of retreatment in the future. These foams are excellent insulators, potentially enhancing the thermal efficiency of treated wood, advantageous for construction applications. The use of tannins may also allow simultaneous chelation of iron, useful for the treatment of waterlogged woods, where iron-catalysed processes can be particularly detrimental to their long-term stability.

Exploring modifications of plant-based oils is another potential route for consolidant development.

Replacing BPA-containing epoxy resins with biobased epoxies to alleviate health and environmental concerns relating to BPA toxicity is a major benefit. While the future appears promising, further work is required to improve the mechanical strength of certain currently available biobased resins.

Despite several improvements to existing technologies that have the potential to significantly improve the field of historical wood conservation, fresh wood conservation, or both, there is still a key disadvantage with the majority of consolidants described in previous sections, i.e., lack of adaptability. The majority of consolidants mentioned cannot adjust their mechanical, chemical or biological properties as a function of their environment; as such, they remain static in spite of a dynamic environment within the wood. The benefit of adaptability is the ability to respond to changes in the wood as they occur, instead of applying new treatments for each specific issue that arises. This can reduce labour and treatment costs in the long term. The materials discussed in Section 4.3 show the potential to adapt mechanical properties as a function of chemical environment, release biocides in a sustained and controlled manner or trap and/or degrade harmful vapours in situ. These adaptable materials present certain advantages over previous methods but their long-term behaviour in situ, in particular, whether the adaptable behaviour persists over time, remain to be investigated.

Monitoring conservation and changes in consolidant behaviour (in situ)

Monitoring treatments during and after conservation has always been an important issue for the conservation community, particularly with larger artefacts that could warp or collapse due to shifting load distribution over time, on top of ongoing chemical or biological processes. Regular monitoring allows conservators to predict if/when preventative conservation measures will be necessary, the same is true for treated fresh wood. Many techniques have been reported that allow greater insight into the behaviour of conserved wooden objects. These techniques exist over several length-scales, from micron-scale sampling to fixed-point analysis of entire structures. Many of the traditional analysis techniques, e.g., optical (OM), fluorescence (FM) and scanning electron microscopy (SEM), FTIR and Raman spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), pyrolysis mass spectrometry (pyMS) and chromatography, are laboratory-based and require destructive sampling of an object before analysis. Recent instrumentation developments permit some of these techniques to be used directly on smaller objects and works of art, in particular, Raman spectroscopy, fluorescence imaging and XRD, with promising results. There is enormous value in understanding the minute interactions and processes that contribute to the degradation and reinforcement of wood at the cellular scale. However, the ability to link this information back to macroscale behaviour as a determinant of the overall stability of a structure and how the individual physical and chemical processes are effecting this macroscale stability is hugely important for the day-to-day use of wooden objects and construction, be that as museum objects or newly constructed wooden buildings. Thus, it is necessary to develop monitoring techniques that can be carried out directly on large structures, without the need for sampling, which can provide information over large areas at high resolution but with reasonable cost and postprocessing times to enable 'real-time' feedback about the stability of a wooden structure. Moreover, it is important that the role of the consolidant in this stability be observed and understood. While this list is by no means exhaustive, some of the more recent large-scale monitoring techniques with the potential to aid in the macroscale understanding of degradation and conservation processes in wooden structures are presented here, which may play a greater role in long-term monitoring in the future. In each case the feasibility of these techniques with respect to new consolidants is also discussed.

Transmission radiation techniques and computed tomography

One of the oldest methods of non-destructive analysis in archaeology is X-ray radiography, used to view the internal structure of opaque, non-uniform objects such as the human body. Since the 1970s, standard radiography has largely been surpassed by X-ray tomography or computed tomography (CT), which involves the capture of X-ray signals at varying angles across the object to give a 3D representation of internal structure.

A more recent addition to transmission radiation techniques is neutron radiography, where thermal neutrons are used to probe the sample in place of X-rays. As neutrons interact only with the atomic nuclei their attenuation is different to that of X-rays. They are particularly sensitive to materials with a high hydrogen component, making them useful in the study of wood and consolidants. [START_REF] Lehmann | Wood investigations by means of radiation transmission techniques[END_REF] Despite the long use of X-rays in archaeological science, the use of radiation techniques to study wooden objects has come to light only in the last two decades, [START_REF] Paris | X-ray computed tomography of wood-adhesive bondlines: attenuation and phase-contrast effects[END_REF] and has included the examination and dating of wood structures, [START_REF] Stelzner | X-ray Computed Tomography for the anatomical and dendrochronological analysis of archaeological wood[END_REF][START_REF] Trtik | 3D imaging of microstructure of spruce wood[END_REF][START_REF] Strullu-Derrien | The earliest wood and its hydraulic properties documented in c. 407-million-year-old fossils using synchrotron microtomography[END_REF] the determination of consolidant diffusion after treatment, [START_REF] Paris | X-ray computed tomography of wood-adhesive bondlines: attenuation and phase-contrast effects[END_REF][START_REF] Ahmed | Evaluation of preservative distribution in thermally modified European aspen and birch boards using computed tomography and scanning electron microscopy[END_REF][START_REF] Brunetti | X-ray tomography as an estimation technique for wood consolidation by frontal polymerization[END_REF][START_REF] Kučerová | Methods to measure the penetration of consolidant solutions into "dry" wood[END_REF][START_REF] Bugani | Study on the impregnation of archaeological waterlogged wood with consolidation treatments using synchrotron radiation microtomography[END_REF] the visualisation of biological activity in wood [START_REF] Hervé | Density mapping of decaying wood using X-ray computed tomography[END_REF][START_REF] Van Den Bulcke | Three-dimensional imaging and analysis of infested coated wood with X-ray submicron CT[END_REF] and the observation of failure mechanics of the wood matrix down to a single tracheid. [START_REF] Zauner | Synchrotron-based tomographic microscopy (SbTM) of wood: Development of a testing device and observation of plastic deformation of uniaxially compressed Norway spruce samples[END_REF] Both Paris et al., and Lehmann and Mannes provide a good overview of the advantages and limitations of various radiation transmission techniques. [START_REF] Lehmann | Wood investigations by means of radiation transmission techniques[END_REF][START_REF] Paris | X-ray computed tomography of wood-adhesive bondlines: attenuation and phase-contrast effects[END_REF] X-ray tomography is principally used for structural analyses on samples up to several tens of cm in size, making it rather useful for the analysis of cultural heritage objects. Samples absorb X-rays in relation to their density, leading to contrast in the tomographic images. In the case of wood samples and other biological tissues, absorption of X-rays is low and absorption contrast gives low resolution. This is particularly evident when studying consolidants in situ as there is a lack of contrast between the wood and the consolidant.

Although as can be seen in Figure 20, this also depends on the wood species and the density of the cell walls.

[Insert Figure 20]

Methods to increase absorption contrast include tagging the polymer consolidants with iodine or heavy metals to increase the attenuation, however, it is not clear if such tags affect the continuing degradation processes of the wood making it unsuitable for the examination of historical wood. Due to issues with absorption contrast, phase contrast has become more common for imaging wood. Phase contrast is highly sensitive to the nature of the X-rays, thus, highly coherent sources are required to generate high resolution images. This often means the use of synchrotron radiation in place of standard X-ray sources, [START_REF] Mannes | Application areas of synchrotron radiation tomographic microscopy for wood research[END_REF] removing the possibility of in situ analysis, that is where the entire object can be analysed in one piece or without removal from its display location. Standard X-ray instrumentation gives a resolution of approximately 0.2 mm often with long analysis times, with synchrotron sources the resolution is increased to 0.001 mm. While offering much higher resolution, and the possibility to perform additional analyses such as X-ray absorbance and fluorescence to further enhance knowledge of the substrate, the maximum sample size is reduced from several cm to several mm. Thus, synchrotron-based X-ray tomography cannot be said to be non-destructive as the entire object is not generally analysed in one piece.

Neutron radiography, by comparison, is more sensitive to H-containing compounds. The attenuation of neutrons in wood is approximately 10x higher than X-rays, providing better contrast for consolidants. The higher attenuation, however, impedes transmission, thus, samples should be in the cm-mm size range, although the resolution is 0.05 mm. As neutrons must be generated from a nuclear reactor, there is no possibility to conduct in situ analyses.

Considering the various limitations, the only suitable method for in situ monitoring is standard X-ray equipment. The lack of chemical information on the consolidants and the potential health hazards of the use of X-rays are limitations of the technique. Furthermore, low contrast between polymer-based treatments and wood, though not an issue for the inorganic consolidants discussed in Section 3.2, could present great difficulties for non-crystalline biobased consolidants of a similar composition to wood mean that alternatives should be sought for in situ analysis of treated wood.

The following sections present some more recent additions to the field of cultural heritage monitoring and evaluate their general usefulness, as well as their applicability in the face of new consolidant developments.

Photo-and thermo-grammetry

Visual observation and documentation of wooden structures has long been a standard monitoring protocol but observing defects by eye, or with the aid of single photographs, does not allow quantitative determination of changes as they progress. Moreover, the rate at which a structure deforms cannot be accurately determined, important for preventative conservation measures. Thus, many museums and building surveyors favour the use of total station systems, which use fixed markers (recording stations) to create a grid on a surface and a laser scanner to record their locations. This results in a 3D rendering of a structure, which can be used to track deformation over time when monitored repeatedly. [START_REF] Lechner | Strategy for developing a future support system for the Vasa warship and evaluating its mechanical properties[END_REF][START_REF] Van Dijk | Monitoring archaeological wooden structures: Noncontact measurement systems and interpretation as average strain fields[END_REF] The fixed recording stations are a disadvantage, creating a limited view of the surface. Additionally, significant post-processing is required to obtain strain-field models from which changes in deformation can be determined (Figure 21). This also means that measurements are only carried out 1-2 times per year, which can be problematic for weaker structures that may change more rapidly.

[Insert Figure 21]

One alternative to total station measurements is digital photogrammetry. The ease of access to equipment, implementation and post-processing, as well as the large number of data points that can be recorded in a single image make digital photogrammetry one of the most beneficial new techniques for low-cost monitoring of large-scale wooden objects. Photogrammetry is the science of making measurements from photographs, [START_REF] Baltsavias | Airborne laser scanning: Basic relations and formulas[END_REF] and has long been used in geographic information systems (GIS). It is also popular in both archaeology and architecture as a way of building 3D models of digs and construction sites for documentation and display purposes. [START_REF] Pelosi | An integrated approach to the conservation of a wooden sculpture representing Saint Joseph by the workshop of Ignaz Günther (1727-1775): Analysis, laser cleaning and 3D documentation[END_REF] Two methods of photogrammetry exist, passive and active, as shown in Figure 22a andb.

[Insert Figure 22]

Passive photogrammetry simply involves taking photographs from a number of different viewpoints with sufficient overlap to be able to view different angles on the same part of the structure. Surface features are often used to construct a grid to ensure adequate overlap. Post-processing software uses these surface features to organise images into a Cartesian plane, allowing 3D rendering into a texturised model of the object. Active photogrammetry is similar, with the exception that a projector is used to display light patterns on the structure as markers for the post-processing step.

Recently van Dijk et al., Riggio et al., and Colson et al., have investigated the applicability of digital photogrammetry for the low-cost, reproducible monitoring of load distribution in wooden constructions, specifically the Bremen Cog and Vasa ships, in comparison with total station measurements. [START_REF] Van Dijk | Monitoring archaeological wooden structures: Noncontact measurement systems and interpretation as average strain fields[END_REF][START_REF] Riggio | Application of imaging techniques for detection of defects, damage and decay in timber structures on-site[END_REF][START_REF] Colson | Bremen Cog" -long term monitoring of deformation processes[END_REF] Van Dijk et al., argued that there was a significant trade-off on accuracy between total station measurements and photogrammetry techniques, thus, they continue to make use of total station monitoring, Figure 21. On the other hand, Colson et al., found that the ease of use of the equipment and processing software, as well as the increased number of data points available over the surface of the ship, made photogrammetry a promising alternative in the creation of digital elevation models of large wooden structures, similar to the strain models shown in Figure 21. [START_REF] Colson | Bremen Cog" -long term monitoring of deformation processes[END_REF] As noted by van Dijk et al., the environment around the object, both the available space and the light quality, as well as the object's colour and texture can be limiting factors in photogrammetry.

Despite the advantages of photogrammetry, it remains an advanced visualisation technique and provides no benefits for the monitoring of treated wood, except in an indirect fashion. If consolidants accelerate or decelerate deformation, this will be visible in the data but it cannot directly be related to the treatment. Thermogrammetry, by comparison, is similar to photogrammetry with the exception that a near infrared (NIR) filter is used on the camera to detect heat signals from the wood. This can be related to both defects and moisture content, making it possible to obtain some chemical information on the wood, in the same manner as IR spectroscopy. [START_REF] Riggio | Application of imaging techniques for detection of defects, damage and decay in timber structures on-site[END_REF][START_REF] Meinlschmidt | Thermographic detection of defects in wood and wood based materials[END_REF][START_REF] Ludwig | Moisture detection in wood and plaster by IR thermography[END_REF][START_REF] Avdelidis | Applications of infrared thermography for the investigation of historic structures[END_REF][START_REF] Kandemir-Yucel | In situ assessment of structural timber elements of a historic building by infrared thermography and ultrasonic velocity[END_REF][START_REF] Mercuri | Active infrared thermography applied to the investigation of art and historic artefacts[END_REF][START_REF] Rosina | Applying infrared thermography to historic wood-framed buildings in North America[END_REF] Again both passive and active techniques exist, in which IR radiation is absorbed from the natural environment or from an IR source, respectively, as seen in Figure 23a.

[Insert Figure 23]

Solid wood, cracks, knots and voids absorb IR radiation to different degrees allowing visualisation of the state of the wood structure, even when coated by a thin layer of paint or plaster. Additionally, moisture in the wood cells also absorbs IR radiation differently and areas at risk of biological or chemical decay processes, due to high moisture contents, could be identified.

Moreover, the NIR absorbance of many of the consolidants discussed previously are different to that of wood, including the majority of biobased consolidants discussed in Section 3.3. Thus, similar to identifying areas of high moisture content, it should also be possible to visualise the consolidant and assess homogeneity through thermogrammetry. As photographs and thermograms are obtained simultaneously, monitoring consolidant behaviour as a function of load and deformation as a function of consolidant distribution could also be envisioned. The major disadvantage is the depth of signal emittance (up to 1 mm), rendering this a surface technique with no method of verifying the penetration of the consolidant through the wood. Thus, in the case of excessive deformation it would be impossible to determine whether there was insufficient consolidant diffusion or inadequate mechanical stabilisation of a fully distributed consolidant. However, if the diffusion of the consolidant had been confirmed by other techniques, thermogrammetry may be a facile method of routinely tracking the response of the consolidant to mechanical changes and its resistance to deformation.

Diffuse optical and vibrational spectroscopies

While there is great interest in non-destructive characterisation of consolidated wood, analysis of such a highly scattering, anisotropic composite medium is not straightforward. Simple verification of a consolidants presence is often not the single goal in monitoring. More often quantification of diffusion, chemical interactions and changes in viscoelastic properties or stress experienced by the treated matrix are also required and are difficult to obtain from imaging methods alone.

Recently, the study of photon migration has sparked interest for its potential applications in the characterisation of scattering media. Basically, light is injected from a source and collected from another point, either parallel or perpendicular to the point of entry, and the scattering, diffusion or absorbance of the light are examined to understand parameters of the scattering medium. Yodh and Chance discuss the phenomenon of scattering in porous media and give an overview of several different characterisation techniques used. [START_REF] Yodh | Spectroscopy and Imaging with Diffusing Light[END_REF] In 2002, Tsuchikawa and Tsutsumi proposed the application of time-of-flight near infrared spectroscopy (TOF-NIRS), a time-resolved optical method, to characterise the optical path length in wood. [START_REF] Tsuchikawa | Application of time-of-flight near-infrared spectroscopy to wood with anisotropic cellular structure[END_REF] These initial works have been further developed into two complementary techniques -gas in scattering media absorption spectroscopy (GASMAS) and time-resolved diffuse optical spectroscopy in the near infrared (NIR-TRS). [START_REF] Alnis | Laser spectroscopy of free molecular oxygen dispersed in wood materials[END_REF][START_REF] Andersson | Spectroscopic studies of wood-drying processes[END_REF][START_REF] Bargigia | Diffuse optical techniques applied to wood characterisation[END_REF][START_REF] Farina | Assessment of variations in moisture content of wood using time-resolved diffuse optical spectroscopy[END_REF][START_REF] Farina | Nondestructive optical detection of monomer uptake in wood polymer composites[END_REF][START_REF] D'andrea | Time-resolved optical spectroscopy of wood[END_REF][START_REF] Kienle | Light propagation in dry and wet softwood[END_REF][START_REF] Farina | Time-resolved diffuse optical tomography system based on compressive measurements[END_REF] The GASMAS technique is principally applied to examine the evolution or absorption of gases within a highly scattering medium, such as wood. [START_REF] Bargigia | Diffuse optical techniques applied to wood characterisation[END_REF] More applicable to the current review topic is NIR-TRS. [START_REF] Bargigia | Diffuse optical techniques applied to wood characterisation[END_REF][START_REF] D'andrea | Time-resolved optical spectroscopy of wood[END_REF] This involves the injection of short NIR laser pulses (700-1200 nm) into the wood and measurement of the light displaced by the adsorption and scattering of the medium, Figure 24.

[Insert Figure 24]

By applying appropriate models for the fitting of light propagation in scattering media as proposed by Bonner et al., and Patterson et al., [START_REF] Bonner | Model for photon migration in turbid biological media[END_REF][START_REF] Patterson | Time resolved reflectance and transmittance for the non-110 invasive measurement of tissue optical properties[END_REF] the scattering and absorption coefficients of the wood can be quantitatively determined. These parameters are linked to both chemical and structural properties of the wood. NIR-TRS was initially used to quantitatively determine the moisture content of European silver fir (A.

alba) conditioned at different RH. [START_REF] Farina | Assessment of variations in moisture content of wood using time-resolved diffuse optical spectroscopy[END_REF] The results showed that, while the initial increase in moisture content was linear, once the internal moisture content reached approximately 19% it stopped increasing, regardless of the environmental RH. As moisture content increases with degradation and biological activity, quantitative determination and comparison with environmental RH should be a suitable method to predict such behaviour within wood.

In the context of treating and consolidating wooden objects, Farina et al., have demonstrated that this technique can be used to determine the concentration of methacrylate-based consolidants used to reinforce sections of fresh Norway spruce (P. abies). [START_REF] Farina | Nondestructive optical detection of monomer uptake in wood polymer composites[END_REF] Treatment of the spectra, by taking into account the initial wood spectra, the moisture content and porosity of the wood, allowed the extraction of the NIR spectrum of the consolidant and the determination of the consolidant concentration in the wood to a high degree of accuracy.

This technique was further exploited by Janeček et al., to investigate consolidant diffusion and filtering of the consolidant mixture by the wood. They showed that using chemically resistant optical fibres, wood impregnation can be monitored in situ and diffusion at fixed points along the wood length can be determined. [START_REF] Janecek | Time resolved laser spectroscopy for the in situ characterisation of methacrylate monomer flow within Spruce[END_REF] As previously noted for the treatment of the Vasa warship with PEG, diffusion of the polymer dropped off as a function of depth from the surface. [START_REF] Bjurhager | State of degradation in archeological oak from the 17th century vasa ship: Substantial strength loss correlates with reduction in (holo)cellulose molecular weight[END_REF] Using appropriate fitting methods as well as the NIR spectra of the monomers and the polymer mixture it was possible to determine both the concentration of the consolidant mix at each point along the sample and the relative content of each component of the mixture, to ensure no separation of the mixture was occurring.

NIR-TRS is a powerful, non-destructive technique for the determination of moisture content and consolidant concentration in situ. Moreover, the optical fibres can be immersed into the treatment bath to record uptake without the need to remove objects for testing, a huge advantage to conservators where sampling must be undertaken at intervals to determine treatment progression. [START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF] The ability to deconvolute spectra to view each component individually would allow conservators to verify treatment homogeneity within mixed consolidant systems, such as those proposed in Sections 3.4 and 4.3. However, there are some concerns related to the wider applicability of the technique, in particular the sample geometry. In the transmission orientation, the maximum sampling depth is approx. 20 mm, although this depends on the colour, i.e., the absorptivity, of the wood. Lighter samples can generally be of a greater thickness. A reflectance geometry can also be used but can result in a loss of signal intensity, thus, it is primarily used on thin samples or the surface layers of thicker samples.

In larger artefacts, it is quite common for core samples to be removed during consolidation to verify the progress of the treatment. As a result, many large wooden structures have small (approx. 5 mm) diameter holes at various locations. The portability of the TRS instrument and the flexibility of the detection fibres may allow these bore-holes to be used to examine areas deeper in the wood structure for a qualitative non-destructive determination of treatment progression or the stability of consolidants over time. However, this would only work for previously examined objects and not for modern constructions, where the introduction of points of instability would be inadvisable.

Despite the significant chemical (diffusion and concentration) and physical (changes in the behaviour of lignocellulosic materials, water concentration) information provided by this technique, depth limitation will be a prominent barrier to the examination of fresh wood and newly recovered larger historical objects. However, new developments are on the horizon, at least in the biomedical sphere.

Further exploitation of NIR-TRS has led to diffuse optical tomography, [START_REF] Farina | Time-resolved diffuse optical tomography system based on compressive measurements[END_REF] which makes use of multiple detection fibres to capture light scattered at wider angles through larger porous media. The captured scattered light is used to recreate a 3D image of the sample, providing scattering and absorbance data for each component from which chemical and structural information can be obtained.

Although in its infancy, the potential to recreate the internal structure of wood, examine the diffusion of consolidants (even polysaccharide or lignin-based) and monitor degradation as a function of treatment or water content on the macroscale (with molecular scale chemical information) is of enormous value to museums and the construction industry alike. The lack of safety concerns over the use of IR radiation in comparison to MRI or CT, give it an even greater advantage.

NMR and the NMR-Mobile Universal Surface Explorer

Several authors have shown the applicability of 13 C ssNMR in the determination of consolidant plasticisation of archaeological wood. [START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF][START_REF] Bardet | Study of interactions between polyethylene glycol and archaeological wood components by 13C high-resolution solid-state CP-MAS NMR[END_REF][START_REF] Bardet | Dynamics property recovery of archaeological-wood fibers treated with polyethylene glycol demonstrated by high-resolution solid-state NMR[END_REF] Using cross-polarisation, magic angle spinning and varying relaxation times, it was possible to determine changes in the molecular dynamics of the remaining cellulose of PEG-treated wood, relative to untreated controls. Changes in molecular dynamics could be directly related to wood plasticisation, and thereby, to brittleness and loss of integrity in the long-term. It was also possible to see that, under the same conditions, polysaccharidetreated wood exhibits no change in its viscoelastic properties. [START_REF] Walsh | Natural polymers as alternative consolidants for the preservation of waterlogged archaeological wood[END_REF] The downside to ssNMR is the need to prepare powdered samples for analysis and to use many samples to make representative studies of objects, making large-scale application unlikely.

However, the detailed chemical information provided by NMR spectroscopy must not be completely excluded from the monitoring kit. In 1971, Damadian showed that different biological tissues displayed different relaxation times when exposed to the magnetic field of the NMR, and that diseased and healthy tissues of the same type could be differentiated. This started the development of NMR instruments with open geometries capable of large scale imaging, portable spectrometers that could be inserted into bore-holes to collect geological information for the mineral-oil industry and the combination of stray field imaging (STRAFI) techniques with open surface coils at the lower end of the superconducting magnet to allow imaging of larger objects. [START_REF] Mcrobbie | MR: What's the attraction? 2nd ed[END_REF][START_REF] Kleinberg | Novel NMR apparatus for investigating an external sample[END_REF][START_REF] Eidmann | The NMR MOUSE, a Mobile Universal Surface Explorer[END_REF] While chemical shift detection was not possible on larger objects due to inhomogeneous magnetic fields, relaxation times and parameters of translational motion (self-diffusion coefficient) could be determined, providing a wealth of chemical and physical information. Excitation frequencies could also be modified to change the depth sensitivity. [START_REF] Prado | One-Dimensional Imaging with a Palm-Size Probe[END_REF] Blümich et al., further expanded these ideas to develop the NMR mobile universal surface explorer or NMR MOUSE, Figure 25, which could be used to demonstrate characteristics of soft and rigid objects, e.g. cross-linking density of vulcanised rubber, up to a depth of 5 mm from the surface. [START_REF] Demco | NMR imaging of materials[END_REF] [Insert Figure 25]

The NMR MOUSE can also map strain in materials, in one example the strain in a rubber band under tension was measured. [START_REF] Demco | NMR imaging of materials[END_REF] Strain on chemical bonds affects their relaxation time, thus, strained areas appear differently to unstrained areas in the final image. This is of interest in monitoring potential weaknesses in large wooden objects that may require future preventative conservation, as demonstrated by Lechner et al., and van Dijk et al. [START_REF] Lechner | Strategy for developing a future support system for the Vasa warship and evaluating its mechanical properties[END_REF][START_REF] Van Dijk | Monitoring archaeological wooden structures: Noncontact measurement systems and interpretation as average strain fields[END_REF] The chemical information provided alongside the strain data could help elucidate how degradation or consolidant interactions effects strain behaviour, a depth of information that is not obtained from traditional total station or photogrammetric techniques.

The potential of the NMR MOUSE for the examination of objects of cultural heritage has been explored from an early stage, with the main focus on paper, stone objects and easel paintings. The information obtained, however, indicates that wider application to treated wooden objects is possible and that the NMR MOUSE could provide valuable information on changes in crystallinity of lignocellulosic components, moisture content, the presence of mobile molecules or stress and changes in viscoelastic properties of surface coatings or treated objects over time.

The potential for expansion can be seen in the analysis of historical manuscripts and frescoed stone.

Lignocellulosic fibres contain bound and free water as part of their intrinsic structure. On degradation the amount of bound/free water, the content of lignin and cellulose present, as well as the crystallinity and molar masses of the wood polymers begin to change. This can be observed in the relaxation times of the sample as a function of the excitation time. [START_REF] Blümich | Degradation of historical paper: Nondestructive analysis by the NMR-MOUSE[END_REF] Several papers also describe using the NMR MOUSE to analyse the moisture content of frescoed stone, to examine peeling and flaking of the artists' materials as a function of moisture content, to determine the presence of outcropping salts in the porous stone and the effects of treatment on the natural stone. [START_REF] Blümich | Noninvasive depth profiling of walls by portable nuclear magnetic resonance[END_REF][START_REF] Haber | Ancient Roman wall paintings mapped nondestructively by portable NMR[END_REF][START_REF] Oligschläger | Moisture dynamics in wall paintings monitored by single-sided NMR???[END_REF] Such analyses could be extremely useful for the monitoring of wooden structures. Initial analyses were limited to a depth of 5 mm from the surface, however, this has been improved up to 25 mm. While often not a complete depth profile, it is sufficient to investigate the most important area for the conservation of wooden materials. The majority of damage occurs in the first 10-15 mm, often progressing to greater depths over time, thus, analysis of the surface region is of utmost importance. Examination to a depth of 25 mm should provide substantial information about the most fragile area of the structure. The portable nature of the instrument also reduces potential damage.

Understanding the effect of treatments on wood behaviour, not just globally but locally, is of particular interest in new consolidant design. Clearly, the resolution of signals depends on the difference in chemical protons between the consolidant and the matrix. Potential issues with this technique exist in the examination of consolidants with similar chemical signatures to those of wood, such as polysaccharides and lignin-based treatments. For the rest of the new developments, where the chemical shifts of the consolidant are rather different from those of the wood, diffusion and effect on the wood should be easier to follow. Such differentiation could permit localised determination of the consolidant effect on the wood behaviour and more specific elucidation of potential future weaknesses and instabilities in the structure, at least with regard to the important surface area.

While there are many advantages for the conservator, the current limitations of this technique may be too large to overcome in the wider application of this method to new wooden constructions. In particular, steel will interfere with measurements and such inclusions are difficult to avoid in large wooden constructions. However, local testing could still be a possibility for areas of high risk and is even preferred due to the enhanced sensitivity of the technique over smaller analysis areas. The long analysis times of several hours could also be a drawback, particularly in industry where excessive analysis times can lead to substantial economic drawbacks.

Single-sided portable NMR instruments such as the MOUSE are very much in their infancy and improvements in sensitivity and depth profiling may become a reality in the future. Suggestions to combine MRI techniques with the MOUSE, providing 3D imaging with enhanced chemical and physical information, may also gain traction if the demand for and applicability of such methods is clear. Although a work in progress, the wealth of information available and the role this could play in developing better consolidants and avoiding potentially catastrophic damage to priceless objects is already clear.

Terahertz spectroscopy and imaging

Terahertz (THz) radiation exists in the wavelength range from 1 mm to 100 µm and the frequency range from 300 GHz to 3 THz. Within this regime, the photon energy is less than the band-gap of non-metallic materials. Thus, THz radiation can be used to scan through these materials, opening up a large range of materials characterisation possibilities, particularly for the structural analysis of wood and wooden objects, Figure 26.

[Insert Figure 26]

In general, non-polar and non-conducting optically opaque materials, e.g., plastics, paper, painting materials and textiles, are transparent to THz radiation. It is also extremely sensitive to water content, thus, visualising the water content of wood in situ as a view to understanding its state of conservation may be a very useful application of this technique.

The first reports of signal generation and detection in the THz regime date back only as far as the 1980s, with large, bulky detectors being required to undertake analyses, although this has significantly reduced in recent years. Despite the relative infancy of the technique, since the 1990s there has been a growing interest in the application of THz spectroscopy in the analysis of cultural heritage materials.

Similar to X-ray CT, THz permits imaging of the bulk of an object and depth examination in slices of several micrometres thickness. This provides a greater depth of information into the state of conservation beyond the surface layers, such as identifying the micro-cracks prevalent with melamine-formaldehyde resin treatment or inclusions within the wood such as nails. [START_REF] Cosentino | Terahertz and Cultural Heritage Science: Examination of Art and Archaeology[END_REF] Unlike Xrays, THz radiation is non-ionising providing a major advantage to in situ application over X-ray, where precautions must be taken for the health of the operator. [START_REF] Cosentino | Terahertz and Cultural Heritage Science: Examination of Art and Archaeology[END_REF][START_REF] Koch | THz-imaging: a new method for density mapping of wood[END_REF] There is also no heating or damage to samples and no induction of thermoluminescence that may impede further dating efforts. [START_REF] Tite | Thermoluminescent Dating of Ancient Ceramics: A Reassessment[END_REF] THz spectroscopy is carried out in one of two frequency ranges; high frequencies of 0.5-13 THz for thin or small objects and low frequencies of 0.01-0.5 THz for larger objects or historical architecture. [START_REF] Cosentino | Terahertz and Cultural Heritage Science: Examination of Art and Archaeology[END_REF] There are also two types of spectrometers -time-domain and frequency-domain instruments.

The former relies on the generation of picosecond pulses over a large frequency range of up to 3 THz, allowing the user to obtain spectral and imaging data simultaneously at fast scanning speeds. The data obtained can produce spectra of the components, 2D and 3D imaging as well as tomography. The disadvantage of this method is the low signal to noise ratio due to the low power pulses generated for scanning. Frequency-domain spectrometers produce either a continuous broad frequency pulse or a millisecond narrow pulse at a certain frequency and are, generally, limited to imaging applications.

The continuous broad pulses give good signal-to-noise ratios but only simple images, while the narrow millisecond pulses give high spectral resolution and allow single frequency imaging and tomography, however, both methods result in long measurement times.

A particular advantage of THz imaging is the ability to do tomography, making it comparable to the X-ray CT method. Using specific focal lenses resolution of several µm can be obtained giving the precision of IR radiation with the depth penetration of the GHz regime. [START_REF] Cosentino | Terahertz and Cultural Heritage Science: Examination of Art and Archaeology[END_REF] More interesting still is the ability to combine the visualisation potential of tomography with spectroscopy in the THz region using time-domain instruments. This is particularly relevant to the study of treated wooden objects as the THz regime allows molecular and intermolecular interactions, weak bonds, the presence of polymorphs and vibrations of crystal lattices to be examined. This information would be extremely useful in the characterisation of treatments within wood, the effect of the treatment on the wood crystalline structure, the state of the treatments and the wood over time, among other possible avenues of investigation. The ability to localise spectroscopic information within a 3D representation is also of immense value to understand local and dimensions.

The first application of THz spectroscopy for the study of wood was the dendrochronological analysis of European beech (F. sylvatica) and balsa (Ochroma lagopus Sw.) by Koch et al., as seen in Figure 27. [START_REF] Koch | THz-imaging: a new method for density mapping of wood[END_REF] [Insert Figure 27] While wood density and light scattering create an opaque image in the UV-visible region of the EM spectrum, the transparency of the majority of the wood matrix, with the exception of the cell walls, creates a clearer image of the distribution of growth rings. The resolution at the time was already at the sub-mm level. Within the following decade Groves et al., and Jackson et al., exploited this technique for the dendrochronological analysis of wood in heritage artefacts where the observance of tree rings was mainly obscured. [START_REF] Groves | 2D and 3D non-destructive evaluation of a wooden panel painting using shearography and terahertz imaging[END_REF][START_REF] Jackson | Terahertz pulse imaging for tree-ring analysis: a preliminary study for dendrochronology applications[END_REF] Other applications in the cultural heritage domain include the use of THz time-domain spectroscopy to the study of parchments and manuscripts, whose pages are too damaged to move. [START_REF] Labaune | Papyrus imaging with terahertz time domain spectroscopy[END_REF][START_REF] Labaune | Terahertz investigation of Egyptian artifacts[END_REF][START_REF] Sunaguchi | Depth-resolving THz imaging with tomosynthesis[END_REF] Here the µm slice tomography function allowed individual papers to be read within stacks of several sheets.

THz spectroscopy was also used to analyse the state of conservation of the inks within these documents, particularly iron gall inks, and the corrosion of metals in general. [START_REF] Bardon | Systematic study of terahertz time-domain spectra of historically informed black inks[END_REF][START_REF] Cacciari | Combined THz and LIPS analysis of corroded archaeological bronzes[END_REF] Being able to understand the state of degradation of metal salts in situ is particularly interesting for the analysis of historical wood, and may provide a complementary and more accessible method of examining salt build-up and evolution than synchrotron based studies. Such metal analysis may also be of interest to the study of metal hydroxide, metal carbonate and metal oxide consolidant materials, discussed in Section 3.2. THz spectroscopy and imaging may not only allow the state of the nanoparticles to be observed but also allow their position within the structure to be localised providing a better understanding of their conservation action. As THz spectroscopy has previously been used for conformational analysis of polysaccharides, it seems feasible that the analysis of biobased consolidants within the wood matrix would also be possible. [START_REF] Holder | Fundamental differences in model cell-surface polysaccharides revealed by complementary optical and spectroscopic techniques[END_REF] 

Summary

This section focussed on non-destructive monitoring of degradation and treatment of historical and fresh woods, a summary of the major advantages and limitations of these methods is presented in Table 5.

[Insert Table 5]

The oldest and most common method of non-destructive analysis is X-ray radiography and CT, however due to trade-offs between resolution and sample size this method is not always nondestructive. There are also associated health implications for the operator, as well as the induction of thermoluminescence in samples that can impede future dating efforts. Other radiation techniques, such as neutron scattering provide some advantages but are ultimately limited by portability and sample size. As a result, it is necessary to explore additional methods of monitoring that can quickly and effectively deliver information on the progression of degradation and treatment within wooden structures.

Of the examined methods, photogrammetry is by far the easiest to use, with low cost equipment, short analysis times and high resolution. Although providing information on mechanical stability overtime, no chemical information can be obtained, thus, giving no ability to analyse consolidants in situ.

Thermogrammetry, by comparison, only requires the addition of a NIR filter, and potentially a heat source to enhance IR emission from the structure, and can provide information on knots and defects in the wood, as well as moisture content and consolidant presence. The ability to combine images with thermograms allows some correlation of structural and chemical information but, as with photogrammetry, it is very much limited to surface analysis.

Diffuse optical spectroscopy, in particular NIR-TRS, allows further probing of samples revealing chemical differentiation, moisture and vapour content of the wood, as well as changes in the lignocellulosic materials themselves. Moreover, the concentration of the consolidant within a certain area can be accurately quantified by application of specific fitting models. Although providing a wealth of chemical information and advantages over photo-and thermo-grammetry, this technique is again limited by the depth of penetration of light (approx. 20 mm) and the absorptivity of the wood.

The NMR MOUSE allows a similar level of chemical characterisation, without the quantification of the consolidant, while also providing some information on stress and strain within the wood, thus, giving insight into some of the mechanical properties of treated wood. Its depth of penetration is slightly greater at 25 mm but it is unlikely to be useful for the analysis of fresh wood constructions due to the interference of metal with the quality of the data collected.

Without a doubt the most useful method discussed here, with the greatest potential for wider use in both fresh and historical wood monitoring is THz spectroscopy. This method not only provides a wealth of chemical and morphological information over large length scales but also the ability to obtain THz tomographs, allowing the virtual analysis of an object in layers of several micrometres for a thorough understanding of the material under investigation. While further development of the technique is required for wider application it certainly shows promise for the monitoring of degraded and treated wood, even in the face of the new consolidant systems currently under investigation.

Outlook and conclusions

The review presents the evolution of the treatment and preservation of historical wood over the past century with particular focus on recent developments. It has also aimed to show how this knowledge, along with an understanding of wood degradation processes, could be used to treat, reinforce and, ultimately, hinder degradation in fresh wood for use in the construction of sustainable dwellings for the future.

Wood structure and use through the ages, as well as the key factors in the loss of dimensional and mechanical stability in wooden structures upon aging, are discussed to frame the problems faced during wood conservation. The ability of initial conservation technologies to address these issues and how treatments have evolved with respect to growing knowledge of wood degradation is discussed in detail. The suitability of earlier methods for their wood conservation applications and how these treatments would fare with respect to pre-treatment of wood for new wooden structures is also highlighted. The promise and failings of recent avenues of consolidant research were also explored along with potential areas of future research, based on advances in other areas of conservation science or developments in polymer chemistry and nanotechnology in general. Of key importance in the future of wood preservation are multi-phase treatements and responsive technologies, which display the ability to treat multiple causes of degradation simultaneously or adapt to changes in the conservation environment in real-time. Their particular advantages lie in the ability to prepare tailormade conservation protocols, based on the knowledge that there can be no 'one-size-fits-all' approach as all artefacts present their own unique environment. The longevity of the object depends on working to that specific environment.

In the absence of a complete array of adaptable technologies, the ability to monitor the structure at regular intervals to ensure failure mechanisms are not occurring becomes even more important and could be hindered somewhat by the recent developments in conservation treatments. Several promising non-destructive methods are presented with their current limitations and their advantages in the face of evolving treatment methodologies.

While a great amount of work has been completed, there is a long way to go in the development of sustainable, long-term conservation methods and the appropriate tools with which to monitor their behaviour. What is clear, however, is that research in this area is thriving and the future of wood preservation and reinforcement is extremely promising. Reprinted from [START_REF] Weinkamer | Mechanical adaptation of biological materials -The examples of bone and wood[END_REF] with permission from Elsevier. Reprinted from [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] with permission from Elsevier. erosion and (c) cavitation bacteria. Reprinted from [START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] with permission from Elsevier. and allyl hydroxypropyl cellulose (4). Adapted from [START_REF] Cipriani | Cellulose as a renewable resource for the synthesis of wood consolidants[END_REF]. Reprinted from [START_REF] Walsh | Multifunctional supramolecular polymer networks as next-generation consolidants for archaeological wood conservation[END_REF], copyright © 2014 National Academy of Sciences. photogrammetry. Reprinted from [START_REF] Van Dijk | Monitoring archaeological wooden structures: Noncontact measurement systems and interpretation as average strain fields[END_REF] with permission from Elsevier. Reprinted from [START_REF] Riggio | Application of imaging techniques for detection of defects, damage and decay in timber structures on-site[END_REF] with permission from Elsevier.

Figures

Figure 24: Schematic of the portable TRS measurement system, with the actual system as inset.

Reprinted from [START_REF] Farina | Nondestructive optical detection of monomer uptake in wood polymer composites[END_REF] with permission The Optical Society. 
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Figure 1 :

 1 Figure 1: The hierarchical nature of wood showing (1) the crystalline part of the cellulose microfibrils; 2) the arrangement of the cellulose fibrils in the S2-layer; 3) the structure of the cell-wall of softwood tracheids showing the S1, S2 and S3 layers and the microfibrillar angle (MFA); 4) broken tracheids within a fracture surface of spruce wood and a schematically drawn wood cell with cellulose fibrils spiralling around; and 5) cross-section through the stem showing the sequence of early-wood (cellular structure of low density, darker grey) and latewood (light grey) within an annual ring.

Figure 2 :Figure 3 :

 23 Figure 2: Summary of singular and cooperative causes of alteration in the material properties of woodFigure 3: Scanning electron micrographs showing the fungal decay of wood cells by (a) white rot (scale bar = 100 µm), (b) brown rot, (c) soft rot, type I (scale bar = 50 µm) and (d) soft rot, type II (scale bar = 5 µm).Reprinted from[START_REF] Blanchette | A review of microbial deterioration found in archaeological wood from different environments[END_REF] with permission from Elsevier.

Figure 4 :

 4 Figure 4: Scanning electron micrographs showing the decay of wood cells by (a) tunnelling, (b)

Figure 5 :

 5 Figure 5:Example of the damage inflicted on wood cells by the action of wood borers. Reprinted from[START_REF] Lionetto | Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product[END_REF] with permission from Elsevier.

Figure 6 :

 6 Figure6: Fenton type degradation of oak wood, adapted from[START_REF] Almkvist | Analysis of acids and degradation products related to iron and sulfur in the Swedish warship Vasa[END_REF] 

Figure 7 :Figure 8 :

 78 Figure 7: Chemical structures of commonly used consolidants (1) linseed oil, (2) sucrose, (3) trehalose, (4) lactitol, (5) Methyl acrylate/ethyl methacrylate copolymer (Paraloid B72), (6) melamine and (7) PEG Figure 8: Synchrotron X-ray microtomography images of (a) fresh wood and (b) degraded alumtreated wood. Reproduced with permission from [363], copyright © S. Braovac, M. Christensen and H. Kutzke, Museum of Cultural History, University of Oslo.

Figure 9 :

 9 Figure 9: Condensation of melamine and formaldehyde to give melamine-formaldehyde resin

Figure 10 :

 10 Figure 10: Example of a piece of wood treated with melamine-formaldehyde resin and cured by microwave drying. Reproduced with permission from [364], copyright © M. Wittköpper, Römisch-Germanisches Zentrum, Mainz.

Figure 11 :

 11 Figure11: Vasa oak wood, from left, before treatment, after application of an iron chelator, after removal of the chelation treatment, after re-treatment with PEG and freeze-drying. Reproduced with permission from[START_REF] Hocker | The Vasa experience with polyethylene glycol: A conservator's perspective[END_REF]. Copyright © 2012 Elsevier Masson SAS. All rights reserved.

Figure 12 :

 12 Figure 12: Structures of cellulose (1), carboxymethyl cellulose (2), allyl carboxymethyl cellulose (3)

Figure 13 :

 13 Figure 13: Synthesis of α,α-trehaluronic acid (2), dimethyl-α,α-trehaluronate (3) and polyethyleneα,α-trehaluronamide (4) from α,α-trehalose (1). Reproduced with permission from [198]. Copyright © 2013 John Wiley & Sons, Inc. All rights reserved.

Figure 14 :

 14 Figure 14: Synthesis of oligoamide-functionalised TiO2 nanoparticles. Reproduced with permission from [202]. Copyright © 2015 John Wiley & Sons, Inc. All rights reserved.

Figure 15 :

 15 Figure15: Synthesis of Aquazol by cationic ring-opening polymerisation. Reproduced in part from[START_REF] Weber | Unexpected radical polymerization behavior of oligo(2-ethyl-2-oxazoline) macromonomers[END_REF] with permission of The Royal Society of Chemistry.

Figure 16 :

 16 Figure 16: (a) Chemical structure of coniferyl alcohol and isoeugenol, (b) polymerisation of isoeugenol and (c) SEM image of wood treated with isoeugenol polymerised in situ. Reproduced from [235], under Creative Commons Licence CC-BY-4.0.

Figure 17 :

 17 Figure 17: General structure of (a) a hydrolysable tannin and (b) a condensed tannin, adapted from [366].

Figure 18 :

 18 Figure 18: General structure of bisphenol A.

Figure 19 :

 19 Figure 19: The assembly of the responsive, multi-functional biobased consolidant, PolyCatNap.

Figure 20 :

 20 Figure 20: X-ray tomography of PEG-treated pine (a) and elm (b) wood. Reprinted from [314] with permission from Springer.

Figure 21 :

 21 Figure 21: Total station measurements of the Vasa showing (a) normal strain in the vertical direction, (b) normal strain in the aft-bow directions, (c) maximum principal strain and (d) minimal principal strain. Reproduced with permission from [319]. Copyright © 2016 Elsevier Masson SAS. All rights reserved.

Figure 22 :

 22 Figure 22: Orientation of cameras and light sources to the objects surface in passive (a) and active (b)

Figure 23 :

 23 Figure 23: (a) graphical representation of passive and (b) active thermogrammetry and (c) thermogram of a coated wooden veneer and (d) the corresponding photographic image (bottom).
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 2526 Figure 25: Schematic representing the method of operation of the NMR-Mouse. Reprinted with permission from [367]. Copyright © 2009 American Chemical Society Figure 26: Schematic of the analysis of wood using THz spectroscopy and imaging. Reprinted from [353] with permission of Springer.

Figure 27 : 1 :Scheme 2 :Scheme 3 :

 27123 Figure 27: Optical image of a beech wood sample (a) and its corresponding THz image (b).Reprinted from[START_REF] Koch | THz-imaging: a new method for density mapping of wood[END_REF] with permission of Springer.
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