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Summary 

Wood, as an essential part of the natural carbon cycle, stores the largest amount of 
aboveground terrestrial carbon compared to other plants. The performance of wood and 
wood-based applications in building and construction is limited due to its natural 
degradability. Varying environmental conditions, diverse constructional designs and a 
permanent presence of microbial organisms are currently initiating degradation processes. The 
limited performance of bio-based building materials require effective wood protection 
solutions and information on service life predictions. With regard to increasing environmental 
concerns, the finiteness of resources and, consequently, the long-term strategic vision for a 
climate neutral European Union economy by 2050, the improved utilization of bio-based 
resources is necessary and indispensable. As a result, there is an increasing demand for 
sustainable building materials. 

To delay or even prevent biodegradation processes and the risk of organism attack, there are 
three options: 1) application of effective constructional designs, 2) use of suitable (natural 
durable) wood species or 3) protection of nondurable wood material according to standard 
DIN 68800-3:2020-03. Option 1: Here, the responsibility lies with architects and building 
designers to apply constructive wood protection. Option 2: The ongoing deforestation of 
especially tropical and sub-tropical forests and, thus, the legal production of durable timber 
demand a responsible use of natural durable wood. Option 3: The increased introduction of 
restrictive, governmental regulations reduces the use of toxic wood preservatives, which lead 
to changes in the traditional wood protection sector. Consequently, the governmental 
restrictions power the development of environmentally benign treatments and a grown interest 
in the development of wood modification processes. 

Wood modification (permanent bulking and/or alteration of the molecular structure of the 
wood cell wall polymers) improve the wood properties, i.e. durability, stability and 
performance of wood in use, without the use of toxic chemicals. Wood modification with 
furfuryl alcohol (FA) is one of the available modification processes that has been widely 
investigated throughout the last decades. FA modified wood is well established on the market 
as an environmentally friendly product which is produced by the company Kebony AS 
(Norway). However, it is still not clear how the enhanced durability is exactly achieved and 
how the FA molecule interacts with the wood cell wall. Since wood cell wall lignin presents a 
natural barrier to wood decay, it would be of great interest to investigate if FA binds to the 
cell wall lignin and thereby supports or improves its properties. 

Therefore, the main objective of this PhD-thesis was to spectroscopically examine FA 
modified hard- and softwood on a (sub)cellular level, aiming for a better understanding of the 
mode of action of FA modified wood. In situ characterization on a cellular level was 
addressed and initial decay patterns by Rhodonia placenta were investigated in a high timely 
and spatial resolution.  

The results show that cellular UV microspectrophotometry (UMSP), with its high resolution 
(0,25 -spectroscopic scanning tool and the UV-spectroscopic point 
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measure , is a well-suited method to topochemically studying furfurylated wood. 
The modified wood is characterized by very high UV absorbance (overflow) of the condensed 
phenolic/aromatic compounds in the modified tissue, which require individual threshold 
adaption of the UV intensities to a min. of 1.00% and a max. of 67.50%. The absorbance 
increment at 280 nm/278 nm of non-degraded furfurylated Radiata pine (Pinus radiata) and 
maple (Acer sp.) can be interpreted as a manifestation of the preferred deposition of 
condensed UV-active FA compounds at places of high lignin concentration in the cell wall in 
situ. 

For the first time, UMSP area scans and selective line scans of an individual cell wall region 
have provided detailed insights into non-enzymatic oxidative lignin modification. Non-
enzymatic oxidative degradation at the initial decay stage of FA modified Radiata pine is 
visualized in situ. The UMSP results of the analyzed degraded furfurylated and untreated 
Radiata pine samples reveal comparable decay pattern in untreated and furfurylated Radiata 
pine, which underlines the nontoxic properties of the modified wood. Degradation patterns in 
the form of modified lignin do not only occur in the area of the outermost S2 layer, but also 
on local spots over the entire wood cell wall, especially at the interfaces of the cell wall layers 
of the analyzed untreated and FA-modified samples. The ingenious system of the interfaces 
between the cell wall layers and the linkages between cellulose fibrils, hemicelluloses and 
lignin seem to be seriously affected by the initial decay damage of brown rot, which could 
explain the enormous loss of strength in this decay phase.  

The data from the light microscopic evaluation of the degraded samples are not sufficient for 
a conclusive answer to the question of what is more important for the biological resistance of 
furfurylated wood: filled lumens or cell wall penetration. It can be assumed that a 
combination of both parameters impede brown rot degradation by giving a physical barrier for 
the hyphal expanse and, perhaps, an improved cell wall lignin by FA modification that is hard 
to for outside influences to attack.  

With respect to the role of the solvent in the FA modification process, a test was carried out as 
to whether the formed polymer itself of treatment A (water based solvent) and C (alcohol 
based solvent) showed any difference between these two treatments in the obtained infrared 
spectra using IR micro-spectroscopy. The obtained infrared spectra of the investigated 
individual cell lumina and cell walls of process A and C show the same pattern, with a 
difference between cell wall and filled lumen. Independently of the treatment, the polymers 
formed are the same for the same anatomical location within the wood tissue. On the other 
hand, the polymer formed in the lumen and the polymer formed within the cell wall are not 
the same. The light microscopic quantification of the number of tracheids with lumina filled 
with FA polymer vs. the number of tracheids without any visible filling showed that there was 
a significant difference between the analyzed treatments A and C. This strengthens the 
hypothesis that the distribution within the wood tissue seems to be affected by the solvent 
used. 

To elucidate the kind of chemical bond between FA and the cell wall lignin, the modified 
wood was subjected to Raman spectroscopy. Unfortunately, it was not possible to analyze FA 
modified wood using the available Raman laboratory equipment. 
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To conclude, the results of this study reveal that FA modified wood behaves similar to 
untreated wood with respect to the decay pattern of R. placenta, which underlines the 
nontoxic mode of action of furfurylated wood. Furthermore, this study shows that FA 
modified cell wall lignin influences the fungal degradation process, and therefore, presents 
another possible reason for the enhanced brown rot resistance of furfurylated wood. However, 
the role it plays is yet not sufficiently understood. Studies on FA modified cell wall lignin and 
on the visualization of non-enzymatic oxidative degradation pattern need to be further 
investigated. Therefore, further topochemical, cytochemical, and immunolabeling studies 
could be advantageous. For a climate neutral European Union economy by 2050, wood 
modification with FA can contribute to an increase in the sustainable use of wood and could 
mobilize currently unused nondurable wood materials, thereby contribute to satisfy the 
growing demand for wood. In this context, issues of sustainability and carbon sequestration 
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Zusammenfassung 

Holz, als wesentlicher Bestandteil des natürlichen Kohlenstoffkreislaufs, speichert die größte 
Menge an oberirdischem terrestrischem Kohlenstoff. Die Lebensdauer von Holzbau- und 
Konstruktionsmaterial ist auf Grund seiner natürlichen Abbaubarkeit begrenzt. Wechselnde 
Umgebungsbedingungen, unterschiedliche Bauweisen und die ständige Präsenz mikrobieller 
Organismen führen zu unerwünschten Abbauprozessen am und im Holz. Die dadurch 
einhergehende begrenzte Nutzbarkeit biobasierter Baumaterialien erfordert effektive 
(Holz)Schutzlösungen und belastbare Informationen zur voraussichtlichen Nutzungsdauer. In 
Bezug auf das wachsende Umweltbewusstsein, der Endlichkeit der Ressourcen und der 
langfristigen strategischen Vision einer klimaneutralen Wirtschaft in der Europäischen Union  
bis 2050 machen eine optimierte Nutzung biobasierter Ressourcen notwendig und 
unerlässlich.  

Infolgedessen treiben die staatlichen Restriktionen die Entwicklung umweltfreundlicher 
Behandlungen voran und führen zu einem wachsenden Interesse an der Entwicklung von 
nachhaltigen Baumaterialien. Um biologische Abbauprozesse und das Risiko eines 
mikrobiellen Befalls hinauszuzögern oder gar zu verhindern, gibt es drei Möglichkeiten, 1) 
Anwendung eines wirksamen baulichen (konstruktiven) Holzschutzes, 2) Verwendung 
geeigneter (natürlich dauerhafter) Holzarten oder 3) Schutz von nicht dauerhaften Holzarten 
mit geeigneten Verfahren nach DIN 68800-3:2020-03. Bei der 1. Möglichkeit liegt die 
Verantwortung bei den Architekten und Bauplanern, konstruktiven Holzschutz anzuwenden. 
Bei der 2. Möglichkeit verlangt der fortschreitende Waldflächenrückgang, insbesondere der 
tropischen und subtropischen Primärwälder und die dadurch zurückgehende legale Produktion 
von natürlich dauerhaften Hölzern, einen sehr verantwortungsbewussten Umgang mit diesen.  
Möglichkeit 3 ist durch die zunehmende Einführung restriktiver, staatlicher Vorschriften 
hinsichtlich der Verwendung von toxischen Holzschutzmitteln eingeschränkt, was ein 
Umdenken im traditionellen Holzschutzmittelsektor erfordert. Die aus Umweltschutz- und 
Vorsorgegründen erlassenen Beschränkungen und Verbote fördern infolgedessen die 
Entwicklung eines umweltfreundlichen Holzschutzes und damit auch das Interesse an der 
Entwicklung von Verfahren zur Holzmodifizierung.  

Die Holzmodifizierung im Allgemeinen verändert das Zellwandvolumen und/oder die 
molekularen Strukturen der Zellwandpolymere des Holzes. Sie umfasst Vergütungsverfahren, 
welche zu dauerhaft verbesserten Holzeigenschaften wie Dauerhaftigkeit, 
Dimensionsstabilität und Gebrauchseigenschaften führt.  

Die Behandlung von Holz mit Furfuryl Alkohol (FA) ist als Modifizierungsverfahren 
industriell etabliert und wird von der Firma Kebony AS (Norwegen) kommerziell 
durchgeführt. Die Prozesssteuerung und die Holzeigenschaftsänderungen wurden in den 
letzten Jahrzehnten weitgehend untersucht. 

Dennoch sind die wissenschaftlichen Mechanismen, die zu der verbesserten Dauerhaftigkeit 
beitragen, bisher nicht vollständig geklärt. Insbesondere ist unklar, ob es eine Interaktion 
zwischen den FA-Molekülen und den Holzzellwandmolekülen gibt. Da das Lignin der 
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Holzzellwand eine natürliche Barriere gegen pilzlichen Abbau darstellt, wäre es von großem 
Interesse zu untersuchen, ob sich FA an das Zellwandlignin bindet und dadurch dessen 
Eigenschaften unterstützt oder verbessert. Diese Doktorarbeit setzt subzelluläre 
Untersuchungen ein, um den Wirkmechanismus der FA-Modifizierung aufzuklären. Das 
Hauptziel der Arbeit war die spektroskopische Begutachtung von mit FA-modifizierten Laub- 
und Nadelholz mit dem Ziel, ein besseres Verständnis der Wirkungsweise von FA im 
modifiziertem Holz zu erlangen. Es wurde sowohl eine In situ-Charakterisierung auf 
zellulärer Ebene vorgenommen als auch erste Anzeichen pilzlichen Abbaus durch Rhodonia 
placenta in hoher zeitlicher und räumlicher Auflösung untersucht. Die Ergebnisse zeigen, 
dass die zelluläre UV-Mikrospektrophotometrie (UMSP) mit ihrem hochauflösenden, 
zellulären UV-spektroskopischen Scanning-Verfahren (Ortsauflösung von 0,25 m x 0,25 

m) und der UV-spektroskopischen Punktmessung (Ortsauflösung von 1 m²) eine gut 
geeignete Methode zur topochemischen Untersuchung von furfuryliertem Holz ist.  

 

Das modifizierte Holz zeichnet sich durch sehr hohe Absorptionswerte (Overflow) der 
kondensierten phenolischen/aromatischen Verbindung im Holzgewebe aus, die eine 
individuelle Anpassung der Schwellenwerte für die Auswertung auf min 1.00% und max 
67.50% erfordern. Der Absorptionsanstieg bei 280 nm/278 nm von nicht abgebauter 
furfurylierter Radiata Kiefer (Pinus radiata) und Ahorn (Acer sp.) kann als Erklärung für die 
bevorzugte Anlagerung von kondensierten UV-aktiven FA Verbindungen an ligninreichen 
Stellen der Holzzellwand in situ interpretiert werden. 

Zum ersten Mal haben UMSP Flächenscans und ausgewählte Linienscans einzelner 
Zellwandregionen detaillierte Einblicke in die nicht-enzymatische oxidative 
Ligninmodifikation durch pilzlichen Abbau ermöglicht, für die bisher noch keine 
grundlegenden Ergebnisse vorliegen. Der nicht-enzymatische oxidative Abbau in der frühen 
Abbauphase von mit FA-modifizierter Radiata Kiefer wird in situ sichtbar gemacht.  

Die UMSP Ergebnisse der untersuchten abgebauten furfurylierten und nicht modifizierte 
Radiata Kiefer zeigen ein ähnelndes Abbaumuster, was die ungiftigen Eigenschaften des mit 
FA-modifizierten Holzes unterstreicht. Abbaumuster in Form von modifiziertem Lignin treten 
nicht nur in äußeren Bereichen der S2 Schicht auf, sondern lokal in der gesamte Zellwand, 
insbesondere an den Grenzflächen der einzelnen Zellwandschichten der untersuchten 
unbehandelten und FA-modifizierten Proben. Das ausgeklügelte System der Grenzflächen 
zwischen den Zellwandschichten und die Vernetzungen von Zellulosefibrillen, 
Hemizellulosen und Lignin scheinen durch die im Anfangsstadium des Braunfäuleabbaus 
auftretenden Aktionen stark beeinträchtigt zu sein, was den enormen Festigkeitsverlust in 
dieser Phase erklären könnte. Die Daten aus der lichtmikroskopischen Auswertung der 
abgebauten Proben reichen nicht aus, um die Frage abschließend zu beantworten, was für die 
biologische Resistenz von furfuryliertem Holz wichtiger ist: mit FA-Polymer gefüllte Lumina 
oder eine intensive Zellwandmodifizierung. Es ist davon auszugehen, dass eine Kombination 
beider Parameter den Braunfäuleabbau erschwert, zum einen durch eine physische Barriere 
für die Hyphenausbreitung und zum anderen durch ein möglicherweise verbessertes 
Zellwandlignin, das von äußeren Einflüssen nur schwer angegriffen werden kann. 

Mit Hilfe der IR-Mikrospektroskopie wurde die Rolle des Lösungsmittels (A  auf 
Wasserbasis; C  auf Alkoholbasis) auf das gebildete Polymer im FA-Modifikationsprozess 
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dahingehend untersucht, ob die Infrarotspektren einen Unterschied zwischen diesen beiden 
Behandlungen aufweisen. Die erhaltenen Infrarotspektren der untersuchten Zelllumina und 
Zellwände von Verfahren A und C zeigen das gleiche Muster, wobei ein Unterschied 
zwischen Zellwand und gefülltem Lumen besteht. Unabhängig von der Behandlung sind 
somit die gebildeten Polymere an der gleichen anatomischen Stelle im Holzgewebe gleich. 
Das im Lumen gebildete Polymer und das in der Zellwand gebildete Polymer sind jedoch 
nicht identisch. Die lichtmikroskopische Quantifizierung der Anzahl der Tracheiden mit FA-
Polymer gefüllten Lumina im Vergleich zur Anzahl der Tracheiden ohne sichtbare Füllung 
zeigte, dass es einen signifikanten Unterschied zwischen den analysierten Behandlungen der 
A und C gab. Dies untermauert die Hypothese, dass die Verteilung innerhalb des 
Holzgewebes durch das verwendete Lösungsmittel beeinflusst zu werden scheint. 

Um die Art der chemischen Bindung zwischen FA und dem Zellwandlignin aufzuklären, 
wurde das modifizierte Holz einer Raman-Spektroskopie unterzogen. Leider war es nicht 
möglich, FA-modifiziertes Holz mit den verfügbaren Raman-Laborgeräten zu analysieren. 

Zusammenfassend zeigen die Ergebnisse dieser Doktorarbeit, dass sich FA-modifiziertes 
Holz in Hinblick auf das Fäulnismuster von R. placenta ähnlich verhält wie unbehandeltes 
Holz. Dies unterstreicht die ungiftige Wirkungsweise von furfuryliertem Holz. Darüber 
hinaus zeigt diese Studie, dass FA-modifiziertes Zellwandlignin den pilzlichen Abbauprozess 
beeinflusst und somit eine weitere Möglichkeit für die verbesserte Braunfäuleresistenz von 
furfuryliertem Holz darstellt. Welche Rolle es dabei spielt, ist jedoch noch nicht ausreichend 
geklärt. Studien über FA-modifiziertes Zellwandlignin und über die Visualisierung nicht-
enzymatischer oxidativer Abbauprozesses müssen weiter vorangebracht werden. Daher 
könnten weiterführende topochemische-, zytochemische-Studien und Imunolabeling-Studien 
den Erkenntnisgewinn fördern. Im Hinblick auf eine klimaneutrale Wirtschaft in der 
Europäischen Union bis 2050 kann die Modifizierung von Holz mit FA dazu beitragen, die 
nachhaltige Nutzung von Holz zu steigern, sowie derzeit ungenutzte, nicht dauerhafte 
Holzmaterialien zu mobilisieren und damit einen wertvollen Beitrag zur Deckung der 
wachsenden Nachfrage nach Holz leisten. In diesem Zusammenhang treffen Fragen der 
Nachhaltigkeit und der Kohlenstoffbindung bei der Suche nach neuen "grünen" Technologien 
aufeinander und führen zu neuen Synergien. 
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Earnest is each Research, and deep; 

And where it is its Fate to err, 

Honest its Error, and Sincere.  

Evan Lloyd 
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1 Introduction 

Wood has been used as a treasured and versatile building material for thousands of years, 
always with the aim of keeping it in service for as long as possible (Rowell 2005b). Today, 
wood is much more commonly seen as a valuable renewable resource with a high potential 
relating to the mitigation of climate change in certain aspects. Important aspects for the use of 
wood are, for instance, 1) the potential to function as a carbon pool, 2) the potential for 
cascading and 3) the potential to substitute products with energy-intensive resources 
(Höglmeier et al. 2017; Hill 2019). The performance of bio-based building materials is limited 
by discoloration by stain and mold fungi, as well as fungal, bacterial, and insecticidal decay 
(Jones et al. 2019). This is because wood and bio-based applications in building and 
construction are faced with varying environmental conditions, diverse constructional designs 
and a permanent presence of microbial organisms, which demands effective wood protection 
solutions and information on its service life prediction. The latter can be achieved by applying 
available decay models (Brischke and Meyer-Veltrup 2016), whereas the first aspect is 
regulated in wood protection standard DIN EN 68800:2019. 

There is increasing legislative pressure driven by environmental considerations regarding 
traditional wood protection systems with their biocide and toxic agents that have negative 
effects on human health and the environment. This demands for more environmentally benign 
treatments, for a general rethinking of traditional preservatives and for requirements to 
accomplish and/or substitute them by ecological wood protection systems or modified wood 
(Ibach 2005; Hill 2006). Innovative processes like wood modification (chemical, thermal, 
impregnation) are currently being adopted in the wood protection sector (Jones et al. 2019). 
Commercial interest will support the utilization of modified wood, which will become more 
and more important and will probably increase over the next couple of decades (Gérardin, 
2016). Therefore, a comprehensive understanding of the mode of action of modified wood, 
e.g., modification with furfuryl alcohol (FA), is mandatory to further improve 
environmentally friendly modification processes (Skrede et al. 2019). 

Wood modification means a permanent bulking and/or alteration of the molecular structure of 
wood cell wall polymers (cellulose, hemicelluloses and lignin) (Homan and Jorissen 2004). 
The treatments involve an action of a chemical, biological or physical agent upon the material 
and leads to a prolonged service life linked by a non-biocide mode of action (Hill 2006). 
Wood modification with FA has been widely investigated throughout the last few decades 
(Goldstein and Dreher 1960;  Stamm 1977; Schneider 1995; Westin 2003) and the resulting 
material is well established on the market as an environmentally friendly product (Gérardin 
2016, al label (license number 2086 0001) for the furfurylation process 
adopted by Kebony ASA in Norway). Nevertheless, the studies published by Goldstein and 
Dreher (1960),  Stamm (1977) and Schneider (1995) do not reveal how the enhanced 
durability properties are exactly achieved.  

Improved resistance against microbial degradation was tested under different conditions 
resulting from different applications (saltwater contact, ground contact under environmental 
and laboratory conditions in several studies, e.g., Lande et al. 2004; Westin et al. 2016; Treu 
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et al. 2019). Furthermore, the toxic hazard of FA modified wood was analyzed, for instance, 
by ecotoxicity studies of the leachates (Lande et al. 2004; Pilgård et al. 2010). Another study 
of the gene expression pattern of a decaying fungus, for example, found no enrichment of 
genetic functions directly related to defense mechanisms in the modified wood compared to 
unmodified wood, which supports the assumption that FA modified wood is nontoxic to the 
fungus, as well (Skrede et al. 2019). 

However, the distribution of polymerized FA over the wood tissue and the homogenously 
impregnated wood cell walls have a major impact on the wood protection efficacy. Therefore, 
the individual treatability properties of the used wood species have to be considered (Lande et 
al. 2010; Zimmer et al. 2014). Thygesen et al. (2009) applied fluorescence and confocal laser 
scanning microscopy on furfurylated wood and revealed that FA polymerization takes place 
in the microscopic cell cavities, and studies on the impact of the used solvent revealed 
differences in filled early- and latewood tracheids (Thygesen et al. 2020). Rowell et al. (2012) 
and Larsson Brelid (2013) questioned whether the properties of the furfurylated material 
appear from a reacted cell wall. However, previous studies using infrared (Venås and Rinnan 
2008) and fluorescence microscopy (Thygesen et al. 2010) on furfurylated wood have shown 
that FA polymerization takes place within the wood tissue. Recent nanoindentation studies by 
Li et al. (2016) found indications that there is an indirect connection of improved indentation 
modulus and hardness of furfurylated wood cells that strongly demonstrates that the FA 
penetrates wood cell walls during the modification process. However, it has still not been 
definitively demonstrated how the furfurylation takes place in the wood cell wall with the cell 
wall compounds (Beck et al. 2019). Earlier studies on nuclear magnetic resonance (NMR) 
spectra of early stages of FA polymerization demonstrated that lignin model compounds form 
covalent bonds in a liquid-phase system with the FA polymer (Nordstierna et al. 2008). Since 
wood cell wall lignin presents the most significant barrier to wood decay and influences the 
degradation modes (Schwarze 2007), it would be of great interest to see if FA binds to the cell 
wall lignin and thereby supports or improves these properties. If the linkage according to 
Nordstierna et al. (2008) were to take place within the wood cell wall, the protection 
properties against fungal attack of cell wall lignin could be altered, and the resistance to 
brown rot degradation of furfurylated wood could be enhanced.    

Other ideas regarding possible reasons for the enhanced brown rot resistance of furfurylated 
wood were reviewed by Ringman et al. (2014). Important modes of action of modified wood 
against brown rot decay fungi were revealed and they concluded that moisture exclusion 
might play an important role with high impact on the modes of action. The current established 
understanding of wood moisture relation concerning fungal decay was questioned (Brischke 
and Alfredsen 2020). Literature analyses of studies of water relations in untreated and 
modified wood under brown-rot and white-rot decay by Thybring (2017), a critical discussion 
of moisture for brown rot degradation in modified wood by Ringman et al. (2019) and 
findings by Skrede et al. (2019), support this conclusion. The latter further assumed that the 
furfurylation functions as both a physical barrier and a factor that lead to a less-hydrated 
environment for the fungus. The analysis by Thybring (2017) showed, inter alia, that changes 
in water relations during decay can be partly assigned by changes in chemical composition 
and void volume in untreated and modified wood. Ringman et al. (2019) discussed the idea of 
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inhibited diffusion that could arise as a key aspect, whereas no evidence was found that 
support the enzyme non-recognition hypothesis (Skrede et al. 2019). Another aspect that is 
highlighted by current research is the determination of the accessibility of hydroxyl groups in 
furfurylated wood during brown rot decay (Beck et al. 2019). The results showed, inter alia, 
that, according to the OH accessibility, a significant increase of accessible OH groups were 
determined, which they attributed to the opening of crystalline cellulose regions and the 
formation of new OH groups in lignin and the furfural polymer due to oxidative alteration. 
Finally, there will be a combination of different theories that play more or less of a role in 
brown rot degradation of FA modified wood (Ringman et al. 2019). No conclusive 
experimental evidence has so far been provided that gives a comprehensive explanation on the 
mode of action of modified wood. There are still questions as to what exactly influences the 
enhanced resistance of furfurylated wood to brown rot degradation.  

With regard to the long-term strategic vision for a climate neutral European Union economy 
by 2050 (European Commission 2018), the improved utilization of biobased resources will be 
necessary. Timber can advance to be the material of choice for the 21st century with timber-
based solutions, preferably in ways susceptible to discoloring and degrading organisms (Jones 
et al. 2019). One aspect that can support this overall goal is to promote environmentally 
friendly wood products like FA modified wood. To close the above listed knowledge gaps, 
the main objective of this PhD-thesis was to topochemically examine furfuryl alcohol (FA) 
modified wood on a (sub) cellular level, aiming for a better understanding of the mode of 
action of furfuryl alcohol modified wood. In situ characterization on a cellular level was 
addressed and initial decay patterns by a brown rot fungus were investigated in a high timely 
and spatial resolution.  
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2 Wood  

2.1 Wood cell wall chemistry 

The term wood describes the (secondary) xylem that is produced by the cambium as the inner 
tissue of a tree. Wood tissue is highly organized in several hierarchic levels  from the macro 
to the nano level (Henriksson et al. 2009)  and can be regarded as a three dimensional 
biopolymer composite (Rowell et al. 2012). The  striking wood properties are directly linked 
to this specialized hierarchical structure. On a microscopic scale, wood tissue is formed out of 
tube-like cells that are mainly longitudinally oriented and differ, evolutionarily induced, 
between softwoods and hardwoods (Figure 1). The latter, evolutionarily younger, have more 
specialized cells with different functions, whereas softwood tissue mainly consists of 
tracheids (Table 1).  

 

 

Figure 1: Wood cells of hardwoods and softwoods. Retrieved from: Encyclopædia Britannica, Inc. 
https://www.britannica.com/science/wood-plant-tissue/Microstructure  
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Table 1 Wood cell types and their function (according to Fengel and Wegener 1984). 

 Softwood Hardwood 

Support 
Longitudinal tracheids - 
Latewood 

Fibers 
Libriform fibers 
Fiber tracheids 

Conduction 
Longitudinal tracheids  
Earlywood 
Ray tracheids 

Vessels 
Vascular tracheids 
Vasicentric tracheids 

 
Storage 
 
 
Secretory structures 
 
 

Parenchyma 
Ray parenchyma 
Longitudinal parenchyma 
 
Epithel parenchyma  resin 
 
 

Parenchyma 
Ray parenchyma 
Longitudinal parenchyma 
 
parenchymatous idioblast  oil, 
mucilage 
Epithel parenchyma  resins, gums 

 

Seen from the next hierarchic level, the cell walls are formed out of cell wall layers (Figure 
2a). The cells are connected via the middle lamella with adjacent cells. Species depending, 
different forms of the inner layer can be observed, for instance, a wart layer (Pinus sylvestris, 
vessel of Fagus spp.) or helical thickenings (Taxus spp., vessels of Acer spp.). One hierarchic 
level further, the main structural cell wall components are cellulose (~ 50%), hemicelluloses 
(~24-40%) and lignin (23-35% softwoods, 16-25% hardwoods). Cellulose is the most 
frequently occurring organic compound consistin -1,4- linked glucose anhydride units. 

-1,4 glucan chains of varying length by the degree of 
polymerization. Highly oriented and unbranched cellulose chains are connected by 
intermolecular forces (intra- and intermolecular hydrogen bonds) to larger crystalline units, 
the elementary fibrils (Schmidt 2006b).  These are bundled up to microfibrils (Figure 2b) to 
build the structural backbone of the wood cell walls (Fernandes et al. 2011; Terashima et al. 
2009). A review of wood cell wall ultra-structure showed that it is currently assumed that the 
molecular structure of cellulose microfibrils consists of 18 cellulose chains (Donaldson 2019). 
The wood cell wall contains crystalline and amorphous forms of cellulose. The crystalline 
nature of cellulose can be displayed by using polarized light. With transvers section of 
Radiata pine and red beech, Donaldson (2019) showed that cell walls are birefringent due to 
crystalline cellulose and that different layers of the cell wall show differences in birefringence 
related to the orientation of cellulose microfibrils (Donaldson 2019). The partly crystalline 
nature of cellulose makes it recalcitrant to wood degrading fungi and bacteria, whereas 
amorphous cellulose is hydrolyzed much faster (Eriksson et al. 1990; Schmidt 2006c). 
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Figure 2a: Schematic illustration of the wood cell wall layers (S1, S2, S3) with a fibril angle of the S2 layer 
for representation of interrelations with the assumed composition of cellulose, glucomannan, xylan, and 
condensed and uncondensed  lignin (Salmén 2015). 2b: A proposed relationship within the secondary cell 
wall (S2) and the compound middle lamella (CML) nanostructure (Jakes et al. 2019). 
 

(Donaldson 2019) also reviewed that non-cellulosic carbohydrates (hemicelluloses, pectin) 
function as connection between cellulose and the cell wall matrix and therefore play  an 
important role in the wood cell wall (Bergander and Salmén 2002; Salmén 2004). Pectins 
occur in the primary wall and ML, as well as in pit membranes (Maschek et al. 2013, Pereira 
et al. 2018). Hemicelluloses belong to the group of polysaccharides, consisting of a complex 
combination of anhydrohexoses (glucose, mannose and galactose) and anhydropentoses 
(xylose and arabinose) with acetyl and uranic side groups. The hemicelluloses surround the 
cellulose chains, and it is proposed that the nano structural organization includes a coating of 
the microfibrils with glucomannan (Salmén and Burgert 2009). The hemicelluloses form 
hydrogen bonds to cellulose fibrils and covalent links with lignin, as well (Schmidt 2006d). 
Hemicelluloses have more accessible OH-groups and, therefore, the hydrophilicity is about 
1.6 times higher than the hydrophilicity of cellulose. Hemicelluloses are accessible and 
function as carbon source for many micro-organisms.  

Lignin is a complex amorphous and heterogeneous aromatic polymer that is, next to cellulose 
and hemicelluloses, the most abundant polymeric organic substance (Fengel and Wegener 
1983; Donaldson 2001; Schmidt 2006c). It is three dimensionally cross-linked, and together 
with the hemicelluloses, the space filling substance between the microfibrils. Lignin functions 
as an embedding and encrusting material in the wood cell wall. In contrast to the 
hemicelluloses, lignin has a higher hydrophobicity that limits the sportive water uptake of the 
cell wall. Furthermore, lignin presents the most significant barrier to wood decay influencing 

a b 
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the degradation modes (Schwarze 2007) and pathogens (Lee et al. 2019). In the case of 
involved lignin removal during wood decay, the degree of lignification of the secondary cell 
wall (S2) limits the accessibility of carbohydrates to hydrolytic enzymes.  

The lignification process described below was reviewed comprehensively by Donaldson 
(2001). The lignin distribution across the wood cell wall is induced from where lignification 
starts  at the cell corners and the middle lamella (ML) (Terashima and Fukushima 1988). 
The lignification extended from middle lamella between pit borders, into the initial pit borders 
and cell corners, and then into the secondary wall as basically described for Abies balsamea, 
and similar patterns have been observed for Pinus radiata. Furthermore, it was stated that, in 
pine species, lignification proceed in three stages (Terashima and Fukushima 1988), (i) 
lignification of the cell corner and middle lamella after the first secondary cell wall layer (S1) 
formation, (ii) slow lignification during S2 formation, and (iii) main lignification after the 
third secondary cell wall layer (S3) formation. Based on the difference in the volume of the 
ML to the second secondary cell wall layer (S2), about 70% of the lignin is located in the S2, 
whereas the ML has the highest local lignin concentration. Donaldson (2019) recently 
reviewed the wood cell wall ultra-structure and summarized that the highly lignified ML leads 
to the concept of lignin as the glue, which binds tracheids and fibers together.  

Lignin has a wide structural variation. It is linked by either (C-O-C) and carbon to carbon (C-
C) linkages and consists of a complex arrangement of substituted phenolic units. The three 
basic building blocks of wood lignin are guaiacyl, syringyl and p-hydroxyphenyl moieties. 
Softwood lignin is mainly composed of guaiacylpropane moieties whereas hardwood lignin is 
composed of a varying amount of guaiacylpropane and syringylpropane moieties.  

On the molecular level, lignin belongs to the group of aromatic compounds. It is rich in easy 
electrons, and this property can be used for spectroscopic assays of lignin in the 

wood cell wall. Carbohydrates have fewer electrons and are inactive in the UV range. 
Therefore, the absorbance bands of the lignified cell walls can be recorded in a characteristic 
wavelength range of 240 400 nm given in Figure 3 (Koch & Kleist, 2001). The maximum 
UV absorbance (Amax) for 280 nm and, for hardwood, in a range 

278 nm (Fergus and Goring 1970a, 1970b; Musha and Goring 1975; Takabe 
et al. 1992). This difference in Amax is caused by the varying ratios of the monomers between 
individual cell types and cell wall layers and show lower UV absorbance at an increasing 
OCH3/C9 ratio (Musha and Goring 1975). 
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Figure 3: Representative UV absorbance spectra of individual cell wall layers and cell lumen deposited 
phenolic compounds in the wood tissue of Fagus sylvatica (S2-secondary wall, CML-compound middle 
lamella, L-longitudinal parenchyma). With kind permission from Koch, G.; (Koch and Grünwald 2004) 

 

Extractives represent a complex group of accessory components that mainly consist of fats, 
fatty acids, fatty alcohols, phenols, terpenes, waxes, tannins and many other organic 
compounds (Rowell, Pettersen and Tshabalala 2012). The amount and composition of the 
extractives depend on the wood species and vary within the wood species, within parts of the 
tree and within wood tissue. Depending on where the extractives are localized, in the cell 
lumen or impregnated into the cell wall, they influence specific characteristics and properties 
such as color (lumen localized), natural durability (impregnated in the cell wall) and odor. 
Wood extractives are chemically extractable from wood with various neutral solvents. 
Depending on the solvent used and the extraction procedure, the share of accessory wood 
components  only a few percentiles of the wood  varies in yield and composition by having 
an enormous effect of the natural durability of the wood species.  

The number of natural durable wood species belonging to durability classes (DC) 1/2 (DIN-
EN 350:2016, very durable, durable) is relatively low compared to the total number of 
commercial wood species listed in the standard (DIN-EN 350:2016).  

Softwood total number: 31  DC 1: 1; DC 1-2: 2      

DC 2: 6; whereas the traded assortments of softwood 
(e.g., spruce and fir) are not better classified than DC 3, 
3-4 or 4. 

Hardwood total number: 134 DC 1: 41; DC 1-2: 6; DC 2: 19 

The first preference, regarding the issues of sustainability and carbon sequestration and 
storage, is to use a long lasting natural wood product. Natural durable tropical wood species 
of DC 1, 1-2 provide excellent properties for exterior applications like cladding, decking, 
fencing or harboring facilities. A significant demand on environmentally friendly substitutes 
for natural durable wood species is driven by very limited availability of higher value 
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assortments of naturally durable wood. This is mainly affected by illegal logging, increased 
worldwide environmental concerns regarding relentless development of deforestation (still 3.3 
mill ha/year, 2010-2015, Garzuglia 2018) and the recognition of the valuable resources of 
natural durable tropical wood species as part of protected forests to conserve nature and 
biodiversity (13% of the global forest, Garzuglia 2018). By enhancing wood properties (in 
particular durability against biodegradation and dimensional stability) of nondurable wood 
through a nontoxic modification process, a well suited and environmentally friendly product 
can be designed that is able to function as an excellent substitute for durable tropical timber 
species. Technology meant to increase the service life of nondurable wood species without the 
use of toxic chemicals are being sought out (Militz, 1991; Hill 2006, 2011; Rowell 2005a; 
Rowell et al. 2009; Rowell 2012; Gérardin 2016). Many aspects of wood modification are 
known up to now; nevertheless, the fundamental influence of the process on product 
performance, the environment, and end-of-life scenarios remains unknown (Sandberg et al. 
2017) and is part of current research.  

 

2.2 Wood species 

The composition and amount of the previously described cell wall macromolecules, cellulose, 
hemicelluloses and lignin, as well as extractives, depend on individual wood species, cell 
types and single cell wall layers (Fengel & Wegener, 1983). In general, wood is an extremely 
versatile material with inherent variability in its cellular, hygroscopic, anisotropic and 
viscoelastic properties. These properties are all directly linked to the individual species. 
(Durability of wood and wood-based products. Natural durability of solid wood. Part 1: 
General, 2016) 

The selection of the wood species used in this thesis was made by the Norwegian project 
PolyWood (Kebony) in consideration of availability, economical aspects and treatability 
properties. The treatability properties of wood species are important when it comes to the 
penetration of the treating solution into wood tissue. The production process of Kebony SA is 
designed for the treatment of coniferous sapwood and hardwood species with comparable 
treatability properties. The sapwood, of all wood species, is classified in natural durability 
class 5 (DIN-EN 350:2016-12, not durable), hence providing good treatability properties at 
the same time. The treatability property of wood is described by the ease with which the wood 
is penetrated by a liquid, e.g., a wood preservative solution (DIN EN 350:2016-12). The 
grade/quality of liquid penetration of the three-dimensional capillary system of cells depends 
mainly on the connection to openings, or pits. Pits are decisive for the liquid transport in 
sapwood due to their size, structure, aspiration state and number (Comstock and Côté 1968; 
Liese and Bauch 1967; Stamm 1967). The permeability is also influenced by the interplay of 
flow along the axial and radial resin canals, as observed for Pinus radiata (Booker, 1990). 
The fungal activity in the decay tests was tested by the degradation rate on Pinus sylvestris 
sapwood.  
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2.2.1 Radiata pine (Pinus radiata)  

The coniferous tree Radiata pine, also known as Monterey-Pine, (Pinus radiata D. Don; 
PNRD DIN EN 13556:2003-06) has its native habitat around Monterey, California 
(Wagenführ 2007; Mead 2013). However, Radiata pine is an economically significant tree 
species due to their fast-growth, representing one of the most widely cultivated timber species 
in the world (Mead 2013). There are large Radiata pine plantations in New Zealand (1,545 
million ha, 2011), Chile (1,478 million ha, 2009), Australia (773,000 ha, 2010) and Spain 
(287,000 ha, 2006) (Mead 2013). 

Radiata pine trees generally have wide growth rings, and their cross section is characterized 
by a wide, paler, yellowish-white sapwood area that can be clearly distinguished from the 
light brown heartwood (Wagenführ 2007). The growth rings include early- and latewood 
areas with varying cell wall thicknesses (1,78 µm - to 5,7 µm) and lumen diameter (10 µm - 
40 µm) (Wagenführ 2007). The density at 12% moisture content varies between 0.42-0.50 
g/cm³ (DIN EN 350:2016). Large resin canals are visible to the naked eye  mainly in the 
latewood zone. According to DIN-EN 350:2016, the heartwood is classified in natural 
durability class 4-5 and sapwood in class 5, not durable. When processing Radiata pine, a 
certain amount of sapwood is produced as a buy-product, and therefore, readily available on 
the market with the opportunity to supply a value-added process. The treatability of Radiata 
pine sapwood is classified in class 1 according to the standard DIN EN 350:2016-12. 

2.2.2 Southern Yellow Pine 

Southern yellow pine (SYP) comprises five major species: Pinus caribaea, P. echinata, P. 
elliottii, P. palustris and P. taeda. These species are almost indistinguishable and, therefore, 

.
between 0.61- P. glabra, P. rigida and P. 
serotina, which have lower densities and are less frequently used in wood construction. 
Overall, the different pine trees have been introduced into many countries for timber 
production and are cultivated worldwide. They commonalities include a broad sapwood area, 
which is classified in treatability class 1 (DIN EN 350:2016). In this study, sapwood was used 
exclusively for sample preparation. According to DIN-EN 350:2016, sapwood is classified in 
durability class 5, not durable.  

2.2.3 Maple (Acer sp.) 

As one hardwood species, maple (Acer sp.) was included into this study. Acer is a species-rich 
genus belonging to the family of Sapindaceae. Maple species are found in North America, 
Europe and Asia. The wood structure is, to some extent, distinguishable  macroscopically 
(color and texture) and microscopically via wood rays (Grosser 1977, Kroeger 2004). Similar 
to SYP, maple species are grouped for trading by their density  into hard maple (0.61-0.67 
g/m³) and soft maple (0.50-0.56 g/m³). The density of sycamore (Acer pseudoplatanus), at 
12% moisture content, lies between 0.61-0.68 g/cm³ and the natural durability of heart- and 
sapwood is classified into class 5, not durable (DIN EN 350:2016). The treatability of maple 
is classified in class 1 according to the standard DIN EN 350:2016. 
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3 Biotic wood degradation  

Degradation of wood is an essential part of the natural carbon cycle. Wood stores the largest 
amount of above-ground terrestrial carbon compared to other plant-based organisms. It is 
subjected to weathering and attacks by various degrading organisms for living and breeding or 
as nutrition source.  

Long-term, unnoticed degradation processes lead to bacterial degradation. Bacteria are able to 
colonize and slowly degrade wood as primary or secondary colonizers and cause various 
decay combined with discoloration, dependent on soil conditions and wood species and wood 
quality (Klaassen and van Overeem 2012; Schmidt 2006a; Singh et al. 2016). The infected 
wood is situated in low aeration or under almost anaerobe conditions (e.g., soil contact) 
combined with high moisture conditions up to fiber situation range (Eaton and Hale 1983; 
Ibach 2005). Bacteria are omnipresent in humid soil and aqueous environments (Schmidt 
2006a). Bacterial attacks above ground occurs in wood that is subjected to cycles of drying 
and wetting (Eaton and Hale 1983; Ibach 2005). Bacteria are divided according the evoked 
micromorphological decay pattern in the wood cell wall: tunneling-, erosion- and, more 
seldom described, cavitation bacteria (reviewed in Singh and Butcher 1991; Daniel and 
Nilsson 1998). This classification does not represent any form of taxonomic classification. 
Whereas erosion bacteria degrade the S3 and S2 layers by leaving the CML region almost 
intact (Kim and Singh 2000), tunneling bacteria degrade all cell wall layers (Daniel and 
Nilsson 1998). Electron microscopic methods are well suited to analyze bacterial degradation 
patterns in wood cell walls (Singh et al. 2016), as well as the microbial slime that can bind 
heavy metals during degradation of CCA-treated wood (Singh and Singh 2014). Singh et al. 
(2016) concluded that both tunneling- and erosion bacteria evolved remarkable strategies for 
avoiding direct competition with, e.g., wood degrading fungi: tunneling bacteria can tolerate 
wood preservatives and heartwood extractives; erosion bacteria can also function under 
conditions with extremely low levels of oxygen (Singh et al. 2016). Harbor foundation piles 
have been recovered in relatively good conditions even after 50-80 years of exposure, 
revealing unmodified and modified lignin as shown by topochemical and electron 
microscopic  studies  of cell walls degraded by bacteria (Rehbein et al. 2013). 

Besides bacteria, marine organisms and insect fungi are key players in the carbon cycle 
(Zhang et al. 2016). Fungi in the context of wood can be divided into two groups: wood-
inhabitant fungi that cause wood discoloration without losses in mechanical properties and 
wood degrading fungi that attack the main cell wall components, causing serious damage to 
the structural integrity. Blue stain and mold belong to the wood-inhabitant fungi and 
belong to the phylum Ascomycota of the kingdom fungi. Both cause blue, grey or black 
discoloration; blue stain infects the entire sapwood, whereby mold only occurs on the wood 
surface to a depth of a few millimeters (DIN EN 68800-1:2019-06). No substantial strength 
loss can be expected  but rather losses in economic value. Microscopic observations revealed 
that the discoloration of blue stain is mainly due to pigmented hyphae growing inside the 
parenchyma cells of the wood rays and adjacent cell lumina. Blue stain and mold fungi 
require moisture conditions in the substrate above fiber saturation range (>30%) and obtain 
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their nutrients from the content (carbohydrates) of the parenchyma cells. Molds colonize and 
damage various materials. Molds cause health problems through mycotoxins, on the one hand, 
and serve as a basis for antibiotics or refinement of food products on the other hand. Gradeci 
et al. (2017) recently reviewed mold models that are applicable to wood-based materials, 
providing useful facts for practical means. However, wood decaying fungi cause great losses 
in functionality of wooden components (timber in-service), as well as economical losses. The 
physical/chemical limiting factors for fungal activity are nutrients, water, oxygen, pH-value, 
light, force of gravity, temperature and air circulation (Schmidt, 2006c). Water, as one 
essential key component for wood decay, is therefore dedicated to and a topic of active 
research (Hunt et al. 2018, Meyer and Brischke 2015; Ringman et al. 2014, 2019; Thybring 
2013, 2017; Thybring et al. 2018; Zelinka et al. 2016; Zelinka et al. 2020). The studies aim to 
achieve knowledge to elucidate the relationship between water and the decay of wood to 
prevent fungal attacks. The studies focus on water inside the cell walls and the decay of wood, 
as well as relations of the decayed material with water during and after decay. The studies 
were performed with untreated and modified wood undergoing both brown-rot and white-rot 
decay. The papers mentioned in the section wood decaying fungi  agree on the essential role 
of water in fungal degradation of wood and that the reduction of cell wall moisture content by 
modification can effectively improve the resistance against wood decaying fungi. The 
complexity of elucidating wood-water relations and  difficulties during test design and 
performance are shown in studies by Zelinka et al. (2020). They confirm earlier results that 
the moisture content at the end of the test is linearly related to the amount of mass loss. They 
also found that an independent control of wood moisture content is not possible, since the 
fungus actively controls the moisture in the wood during wood decay. 

Wood colonizing and degrading fungi belong to the division of Basidiomycota and 
Ascomycota (Spatafora et al. 2017). They are commonly classified by the evoked kinds of 
wood rot: brown rot, white rot and soft rot (Schmidt 2006e). However, this way of fungal 
classification has been questioned since it was studies that the decay mechanisms of wood 
decaying fungi are much more complex than previously thought. Riley et al. (2014) suggested 
a more nuanced categorization of rot types that is based on an improved understanding of the 
genomics and biochemistry of wood decay. The common classification of the wood decaying 
fungi as stated in the review (Schwarze 2007) was used in this thesis with reference to 
relevant studies and current standards. 

3.1 Brown rot 

The fungal hyphae enter the wood preferably via the wood rays and spread from there into the 
adjacent cells (Schmidt, 2006e). The hyphae move from cell to cell by growing through pits 
or by direct penetration of the cell walls as reviewed by Liese (1970). Under the microscope, 
alterations in birefringence can be observed in the early stages of decay, whereas microscopic 
damaged cell walls are otherwise subtle until advanced stages (Wilcox 1993).  

The established theory of the biodegradation process of brown rot organisms describes two 
phases: non-enzymatic oxidative degradation and enzymatic degradation (Arantes et al. 2012; 
Zhang et al. 2016). The non-enzymatic mechanism deconstructs the lignocellulose framework 
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by catalytically modifying lignin (Yelle et al. 2008, 2011; Arantes et al. 2011; Martínez et al. 
2011). The rapid depolymerization through non-enzymatic oxidative degradation processes 
results in losses of essential engineering properties (e.g., bending strength) even before any 
mass loss can be detected (Schultze-Dewitz 1966; Bariska et al. 1983; Winandy and Morrell 
1993; Curling et al. 2002; Witomski et al. 2016). The oxidative decay phase is followed by a 
second phase where hydrolyzing enzymes are secreted by the fungus (Arantes et al. 2012; 
Arantes and Goodell, 2014). The transition from oxidative to enzymatic degradation is 
initiated by the presence of solubilized sugars during non-enzymatic oxidative decay (Zhang 
et al. 2016). However, the non-enzymatic oxidative degradation mechanism, the chelator-
mediated Fenton (CMF) system (Arantes and Goodell 2014), is not fully elucidated. Goodell 
et al. (1997), Eastwood et al. (2011) and Arantes et al. (2012) suggested the current theory 
that describes the brown-rot fungi secreting oxalic acid that functions as a chelator to 
sequester Fe3+ in the cell lumen. The reductants (hydroquinones) then reduce Fe3+ to Fe2+, 
and it is assumed that hydrogen peroxide (H2O2) is produced by the brown rot fungi through a 
reaction of hydroquinones and oxygen (Jensen et al. 2001). Hydroxyl radicals were then 
produced through the reaction of Fe2+ and H2O2 via the Fenton reaction (Fenton 1894). 
Hydroxyl radicals depolymerize the polysaccharide components to solubilize sugars that can 
diffuse through the cell walls into the lumen, to become accessible for the brown rot fungi 
enzymes (cellulases and hemicellulases) (Martínez et al. 2005; Goodell et al. 2017). This 
depolymerization process also effects lignin (Yelle et al. 2008, 2011; Arantes et al. 2011; 
Martínez et al. 2011). To reveal more details about the decay mechanisms, efforts are being 
made  that aim for different aspects to accomplish the whole picture as stated in a current 
review about wood-water relationships regarding fungal decay by Brischke and Alfredsen 
(2020). In general, considerable efforts have been undertaken, e.g., by Goodell et al. (2017) to 
understand the interactions between enzymatic and non-enzymatic mechanisms and gene 
regulation and expression, e.g., by Zhang and Schilling (2017), Kölle et al. (2019) and Zhu et 
al. (2020). 

3.2 White rot 

White rot fungi prefer deciduous trees  predominantly hardwoods  degrade all major cell 
wall components and are capable of efficient lignin degradation. White rot fungi are the 
second common fungi, besides brown rot, that occur in building and construction areas 
(Huckfeldt and Schmidt 2015). Compared to brown rot fungi, the losses in strength are less 
drastic, since, at the same mass loss, lesser cellulose is degraded (Schmidt 2006e). Two main 
types of white rot decay can by distinguished by microscopic and ultra-structural evaluation: 
simultaneous white rot and successive white rot (Liese 1970). For the latter, lignin and 
hemicelluloses degradation happens faster  at least at the initial decay stage. Defibration by 
dissolution of the middle lamella is the most remarkable anatomical effect of this type of rot 
(Worrall et al. 1997). Simultaneous white rot is characterized by degrading carbohydrates and 
lignin at the same time with a similar degrading rate. In this case, erosion of the cell wall from 
the lumen surface is a prominent anatomical feature (Worrall et al. 1997). For both types, 
powerful oxidative and hydrolytic enzymes are involved (Eaton and Hale 1983). Lignin is 
completely mineralized, leaving bleached (white cellulose) and spongy wood behind (Ibach 
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2005; Schmidt 2006e; Riley et al. 2014). One individual fungus may cause these two forms of 
decay pattern that can be found in different portions of one wood specimen (Wilcox 1993). To 
enhance biorefinery profitability, white-rot decay and the enzymes involved are the focus of 
ongoing studies, as stated in a review by Brischke and Alfredsen (2020). 

3.3 Soft rot 

Soft rot fungi belong to the Ascomycetes that attack wood, where the growth of 
Basidiomycetes fungi is impaired (Eaton and Hale 1983; Schmidt 2006e; Schwarze 2007). 
High moisture content, low aeration or elevated temperatures are no limiting growth factors. 
Soft rot fungi spread slowly from the outside to the inner parts of the wood. Surprisingly, the 
wood is sound beneath the degraded surface (Eaton and Hale 1983). Infected wood is dark in 
color and softened in a wet stage, from which is where the name is derived (Schwarze 2007). 
Dried wood shows a partly spongy texture with a finely cracked, charcoal-like surface and 
short-fibrous splintering. Sometimes, discoloration and cracking patterns like that of brown-
rot fungi are detectable (Eaton and Hale 1983). Under the microscope, a specific form of 
decay can be observed that produces chains of rhombus-shaped cavities parallel to the 
orientation of the cellulose microfibrils in the S2 layer (observed in longitudinal sections, soft 
rot type 1) or an erosion of the cell wall by degrading cellulose and hemicelluloses (observed 
in cross section, soft rot type 2). Lignin is not (or not vey often) attacked at the initial stage 
(Schmidt 2006e). With only 5% loss of mass, soft rot, similar to brown rot, already produces 
50% loss of impact bending strength. (Schmidt 2006e).  

3.4 Insects and wood borers 

Basically, a distinction is made between marine and terrestrial wood destroying organisms. 
Wood tissue functions as a growing medium, for shelter, for breeding or as substrate for their 
fungus culture.  

Marine organisms that live in seawater, like crustaceans and mollusks, can cause extensive 
damage to wood by surface attacks or by boring networks of tunnels, respectively. Gribble 
(Limnoria lignorum, Rathke) and Shipworm (Teredo navalis) are distributed within the 
temperate and boreal Northern Hemisphere, and the latter has been found worldwide. The 
damage caused by L. lignorum (diameter hole: 1.5 to 2 mm) is most pronounced near the low 
tide level and typically occurs at depths of 0 30 m of seawater. In a relatively short period of 
time, a vast amount of damage can be caused due to the possibility of rapid population 
increase. T. navalis also destroys wooden structures that are immersed in seawater very 
quickly due to its boring activity (diameter holes up to 1 cm). Piers, docks and wooden ships 
are attacked at almost the same water depths as L. lignorum. The deterioration of wood by 
marine organisms is a matter of considerable economic importance in coastal areas. 

Wood degrading insects can technically be seen from an economical perspective as wood 
destroying organisms. From an ecological point of few, insects are valuable and essential for 
the natural carbon cycle and are, in most cases, secondary colonizers. However, significant 
wood damage is caused by larvae and adult forms of insects (Ibach 2013). Insects can be 
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grouped by the moisture conditions of the wood that is being attacked: freshwood (living trees 
or harvested round wood), drywood and rewetted wood. A re-infestation by freshwood insects 
can occur after processing the wood. In contrast, drywood insects are territorial until the wood 
has been completely degraded (re- and new infestation).  

Termites or white ants belong to the most harmful wood destroying organisms in warmer 
climates of the world (Eaton and Hale 1983; Ibach 2013). In these regions, constructional 
timber is particularly threatened by termites. Comparable to wood degrading insects, termites 
are also grouped by the moisture conditions of the wood and the environment: subterranean, 
dampwood and drywood termites (Eaton and Hale 1983). 
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4 Wood protection and preservation 

Wood applications in building and construction projects are faced with and influenced by 
varying environmental conditions and a permanent presence of microbial organisms. To delay 
or even prevent biodegradation processes and the risk of attack by these kinds of organisms, 
the wood material has to be protected. According to the standard DIN 68800-1:2019-06, the 
term wood protection includes every procedure that avoids depreciation or degradation by 
fungus, insects or marine organism to ensure a prolonged and predictable service life of the 
wooden building components.  
Preventive wood protection tasks can be divided into five groups.  
1) Natural wood protection  use of natural durable wood species; 
2) Constructive wood protection  meeting the requirements of wood (cellular, 

hygroscopic, anisotropic and viscoelastic properties) in design; avoiding conditions 
that enable the attack of wood destroying organism by applying constructional 
approaches; 

3) Physical wood protection  reduction of wood moisture in use by coating or 
hydrophobic impregnation; 

4) Chemical wood protection  wood impregnation with biocide agents;  
5) Wood protection through wood cell wall modification; 
Depending on the wood application, the resulting use class (DIN 68800-1:2019-06, DIN EN 
335:2013-06, DIN EN 460:2018-12) and the natural durability of the used wood species (DIN 
EN 350:201612) require wood protection systems in design (DIN 68800-2:2012-02) and 
wood protection agents (DIN 68800-3:2020-03). 
 
Research activities in the field of wood protection and wood preservation concentrate on a 
wide range of aspects: surface modification, further development of existing modification 
processes without the use of biocides and further development of 
physical/mechanical/chemical test methods. This not only involves wood, but also wood- and 
bio-based composites. The efforts in this field were, e.g., reviewed by Winandy and Morrell 
(2017) regarding the improvement of the durability of wood- and bio-based composites, or in 
studies on beech wood modified in a paraffin-thermal process (Reinprecht and Repák 2019) 
and on tensile and impact bending properties (Bollmus et al. 2020). Corrosion properties of 
chemically and thermally modified wood, for instance, were investigated by Zelinka et al. 
(2020) and gene expression analyses of Rhodonia placenta in acetylated wood were 
performed by Kölle et al. (2019). Aspects of chemical modification with native impregnation 
agents (e.g., robina extracts) were analyzed by the group Rademacher et al. (2017) within the 
context of a European project of wood research from native wood to engineered materials 
(COST FP1407) to understand the mode of action of 1) cell wall stability, 2) cell wall 
penetrability and 3) cell wall impregnation.  

In the following subchapter, a description of traditional wood protection and established wood 
modification techniques such as thermal modification, acetylation and furfurylation will be 
presented.   
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4.1 Traditional wood preservatives 

Wood preservation is the chemical protection of wood and wood composites against the 
attack of wood destroying organisms. Traditionally, wood preservatives that use toxic 
preservative systems that are based on a combination of biocides and additives have negative 
side effects, as they harm human health and the environment. The impregnated chemicals are 
either fungistatic or fungitoxic and inhibit fungal growth (Zelinka et al. 2019). These systems 
can be classified by their chemical composition into: creosotes, water-soluble/water-based 
preservatives, solvent-borne preservatives and emulsions. The application of wood 
preservatives for preventive wood protection is regulated by the standard DIN 68800-3:2020-
03. The penetration process can generally be distinguished between pressure and non-pressure 
processes (Eaton and Hale 1983; DIN 68800-3:2020-03). The pressure process is the most 
commonly used process, whereby the wood is impregnated via a full-cell (Bethell process), 
empty cell (Rüping process, Lowry process) or oscillation pressure method (EN 1001-2:2005-
10). There are also many non-pressure processes, such as vacuum treatment or surface 
application preservatives by brushing. These processes can be distinguished by the 
penetration depth and retention of preservative (Eaton and Hale 1983; DIN 68800-3:2020-03). 
A special demand on wood preservatives comes from wood railway sleepers and wood poles 
for overhead lines. The latter are treated with wood preservatives according to use class 4 
(DIN EN 14229:2011-02), whereas the wooden railway sleepers are treated with creosotes 
(coal- and tar-based oil) (DIN EN 68811:2007-01).  

To protect wood from fungal decay and to increase its resistance to decay caused by insect 
attack, micro-organisms and damage caused by marine wood-boring animals, copper- based 
preservative treatments are often prescribed (Hunt et al. 2018). Copper chrome arsenates 
(CCA) have been used extensively for over 60 years (Hingston et al. 2001). The amount of 
CCA chemicals involved in North America alone by the year 2000  amounted to 70,000-
85,000 tons of active oxide (Preston 2000). Their availability depends on regulations and 
maintaining their registration with environmental regulators (Lebow 2004). Biocides and 
pesticides ar  regulatory frame work 
Biocidal Product Regulation (BPR) (528/2012) and reviewed under the Biocidal Products 
Directive (BPD) (98/8/EC).  

The growing concerns and the knowledge gained regarding its hazardousness to human health 
and the environment (Townsend et al. 2005; Kim et al. 2019) have banned it, and the use of 
creosotes is restricted. This being said, wood preserving industry is an important industry in 
Europe and North America, with annual gross sales in the USA of around $4.5*109 in 2007 
(Vlosky 2009). This industrial sector is required to carry out considerable research and 
development programs to generate improved biocides (Hingston et al. 2001) and is struggling 
with difficulties in developing effective protective systems. Several novel biocides are based 
on copper (Cu) due to its antifungal properties, with chrome and arsenate being replaced by a 
triazole biocide in copper azole, or a quaternary ammonium biocide in ammoniacal copper 
quaternary (Hingston et al. 2001).  
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Table 2 Preservative formulations standardized for applications typical for residential construction 
(retrieved from to Lebow 2004)

Problems occur when it comes to copper tolerant fungi. For instance, studies on micronized 
copper wood preservatives aim to investigate if it is more effective than standard Cu 
compounds against wood degrading fungi due to specific nano formulations (Civardi et al. 
2015). In this context, they also assessed the impact of a co-biocide tebuconazole (TBA). One 
theory was that, in Cu-tolerant brown rot fungi, the threshold for Cu-nanoparticels might be 
lower than the threshold for Cu2+ ions, due to nano formulations. In the presence of small 
amounts of micronized copper, the fungi may not be able to trigger Cu tolerance mechanisms
(Civardi et al. 2015). They assumed further that, i.e., free hydroxyl radical production via 
Fenton reaction of brown rot fungi may be impaired. Civardi et al. (2015) found that the 
treated wood will still be degradable by Cu-tolerant fungi and concluded that the 
nanoparticles in the micronized copper azole formulations assessed in this study did not 
provide additional protection against R. placenta, and the main effectiveness has to be 
attributed to TBA. Another assessment study performed by Künniger et al. (2014) of the 
functionality of metallic silver nanoparticles (Ag-NP) as an alternative biocide in coatings 
merely showed that, under the tested conditions, Ag-NP did not protect the façades against 
fungal decay and its use is questionable. 

There is also a pressing need to replace synthetic and inorganic compounds with organic 
biocides, as presented by Singh and Singh (2012). Their comprehensive review on natural 
products as wood preservatives showed the enormous potential of the various approaches and
the limitations in the development of effective environmentally sustainable wood protection 
systems. For instance, Singh and Singh (2012) reviewed several studies that provided 
promising results regarding the effectiveness against wood decaying fungi and termites that
were obtained by extracts from cinnamon leaves, which could potentially be developed into 
excellent organic preservatives.
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4.2 Wood modification

There has been a growing interest in the development of new modification processes since the 
ongoing deforestation of sub-tropical forests in particular, the declining production of durable 
timber, the increasing demand for sustainable building materials and the increased amount of 
restrictive regulations implemented by the government that reduce the use of toxic wood 
preservatives; this interest can be observed worldwide (Candelier et al. 2016; Jones et al. 
2019). New technologies have been developed to improve durability, stability, and 
performance of wood without the use of toxic chemicals (Rowell 1983; Militz 1991; Hill, 
2006; Rowell et al. 2009; 2012; Gérardin 2016). Furthermore, issues of sustainability and 
carbon sequestration come together in this searc (Rowell 2016).

One type of wood treatment, whereby the molecular structure of the cell wall polymers 
(cellulose, hemicelluloses and lignin) are permanently altered, is named wood modification
(Homan and Jorissen 2004). This treatment involves the action of a chemical, biological or 
physical agent upon the material (Hill 2006). Wood modification technologies are aiming, on 
the one hand, for enhanced wood properties such as improved decay resistance facilitating a 
prolonged service life and, on the other hand, for easy disposal at the end of life (Hill 2006). 
The modified wood-based material is non-toxic in service and at the end of the product s life 
cycle, as well, when it is disposed of (Jones et al. 2019). According to the type of process 
(chemical, thermo-hydro-mechanical and physical) used to achieve the enhanced wood 
properties, modified wood can be classified into three groups (Figure 4), as presented by 
Jones et al. (2019). Processes with potential future prospects

Figure 4: A diagram of the various wood modification processes at this point in time, retrieved from Jones 
et al. (2019)
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Wood is subjected to a constant moisture exchange with the environment directly aiming for 
wood moisture equilibrium. Wood moisture not only influences the degradability of the wood, 
but its dimensional stability and mechanical properties, as well (bending strength, MOE, 
MOR). However, wood moisture is therefore a crucial point that should be addressed by wood 
modification. For instance, thermally modified, acetylated and furfurylated wood are more 
recently available on the market (Jones et al. 2019). The modified wood coming from these 
processes provides significant improved decay resistance by effecting the equilibrium 
moisture content (EMC) (Thybring 2013). Correlations between EMC, the treatment level and 
decay resistance of the modified wood were found for these three modifications (Epmeier et 
al. 2004; Lande et al. 2008; Rowell et al. 2009). Regarding the importance of moisture and 
diffusion for the decay resistance of untreated and modified wood and wood-water 
relationships, the latest research followed up with this topic and comprehensive reviews are 
available (e.g., Thybring et al. 2018, Fredriksson 2019; Ringman et al. 2019; Brischke and 
Alfredsen 2020; Zelinka et al. 2020). For instance, Ringman et al. (2019) pointed out three 
potential mechanisms for diffusion inhibition in modified wood that were discussed: i) 
nanopore blocking; ii) capillary condensation in nanopores; and iii) plasticization of 
hemicelluloses. The wood-water relationships at very humid climatic conditions were 
reviewed by Thybring et al. (2018), as well as the mechanisms behind moisture sorption in the 
over-hygroscopic range and methods that can be used for water determination by Fredriksson 
(2019). All in all, the complex interrelationships of wood-water relationships are not yet fully 
understood (Brischke and Alfredsen 2020). 

The annual production volumes for the nearest coming year (Table 3) have been estimated by 
Jones et al. (2019) on the basis of COST FP1407. Wood modifications, like thermo-hydro 
(TH) and thermo-hydro-mechanical (THM) methods are not included within data compiled in 
Table 3. 

Table 3: Estimated production volumes of modified wood in Europe for the nearest coming years (Jones et al. 2019) 

Wood modification Estimated annual production [m³] 

Thermally modified timber incl. aged timber 535,000 

Acetylated timber incl. production under development 
in the UK 

120,000 

Furfurylated timber incl. production under 
development in Belgium 

45,000 

Other chemical methods 35,000 

 

4.2.1 Thermal modification of wood  

Wood properties can be changed by thermal treatment (>160°C) due to heat induced chemical 
degradation of wood polymers under reduced oxygen conditions (DIN EN 68800-1:2019-06). 
This modification technique has been known and applied for a long time (Stamm et al. 1946). 
It is an environmentally acceptable modification method (van Eetvelde et al. 1998) that is 
mainly based on chemical degradation of wood polymer by heat transfer (Candelier et al. 
2016). Free hydroxyl-groups will decrease in number during heat treatment, which results in 
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decreased hygroscopicity. Different heat treatment technologies, like mild pyrolysis, can be 
applied  resulting in a darker coloration of the treated wood (Militz 2002). In a recent 
review, a revived interest during the last three decades was documented regarding methods of 
controlling the thermal treatment, the effects on wood decay resistance and potential industrial 
use (Candelier et al. 2016). This modification process improves  without additional chemical 
products  the decay resistance (Tjeerdsma et al. 1998; Homan and Tjeerdsma 2000) and 
dimensional stability of the treated material, merely at the expense of a weakening of 
mechanical properties (Militz 2002). With increasing treatment temperature, the resistance 
against biodegradation increases, whereas the strength properties decrease (DIN CEN/TS 
15679:2008-03). It is assumed that this phenomenon of strength loss cannot be explained 
solely by a decomposition of the hemicelluloses associated with the cellulose in the wood; a 
decrease of the thermal stability of the cellulose has to be considered (Kollmann and Fengel 
1965). This decrease in strength properties has to be accounted for the application of 
thermally modified wood, as well as the energy consumption to produce thermally modified 
wood.  

Different commercial treatments have emerged, for instance, TermoWood® (Finland), Plato® 
(Netherlands), Rectification® and Bois- Perdure® (France), OHT® (Germany), Denmark 
(WTT) and Austria (Huber Holz) (Candelier and Dibdiakova 2020). Some of these processes 
are in development and others are already in full production. Several wood species are used, 
with different process conditions, depending on the species and the final use of the product. 
All of the processes use sawn wood and treatment temperatures between 160ºC and 260ºC, 
but they differ in terms of process conditions, such as the presence of a shielding gas such as 
nitrogen or steam, humid or dry processes, use of oils, etc. (Militz 2002).  

It is complicated to conduct a comparative study of various industrially based methods of 
thermal modification of wood (Scheiding et al. 2005; Welzbacher and Rapp 2002). A 
Portuguese life-cycle assessment study (Ferreira et al. 2016, ISO 14040/44) of thermally 
modified pine timber (TermoWood® method) revealed that the energy consumption  needed 
for the production of 1 m3 TermoWood® required about 3,900-4,720 kWh of cumulative 
energy with a share of non-renewable energy between 280 kWh and 560 kWh. Candelier and 
Dibdiakova (2020) provide a comprehensive review on the existing knowledge about life-
cycle assessments of thermally modified wood and give information about the share of energy 
consumption: about 80% of the heat energy used is mainly needed for the preliminary drying 
step (Thermowood 2003). Overall, compared to traditional timber drying processes, Candelier 
and Dibdiakova (2020) outlined that the total energy demand for thermal modification is 
about 25%  higher. 

The current world market situation of thermally modified wood was presented by Candelier 
(2018) at the RACEWOOD Technical Conferences in Gabon and summed up by Jones et al. 
(2019). 

4.2.2 Acetylation 

Acetylation of wood with acetic anhydride goes back to the late twenties of the last century, 
according to the review presented by Rowell et al. (2009). This modification method is 
currently the most widely studied  and it is finding commercial success (Hill 2006; Mantanis 
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2017). From a chemical perspective, acetylation of wood is an esterification process, whereby 
acetic anhydride reacts with accessible hydroxyl groups in the wood cell wall, forming ester 
bonds (Rowell et al. 1994; Rowell 2005a). Since acetylation is a single-addition reaction, 
which means that one acetyl group is bound to one hydroxyl group with no polymerization 
(Rowell 2016; Mantanis 2017), the amount of blocked hydroxyl groups is directly linked to 
weight gain in acetyl (Rowell 2005a; Rowell et al. 2009; Rowell 2016). According to Hunt et 
al. (2018), the effectiveness of the treatment depends on the extent of modification, which can 
be quantified using weight percentage gain (WPG), defined as the mass change resulting from 
the modification divided by the original wood mass before modification. Furthermore, Rowell 
et al. (2009) assumed that 100% of the hemicelluloses hydroxyl groups are substituted, as 
opposed to no cellulose hydroxyl groups. The by-product acetic acid, formed in this process, 
has to be removed, as it potentially leads to hydrolysis of the wood carbohydrates (Hill 2006) 
and because of the odor of acetic acid (Rowell et al. 2009). Acetylated wood is characterized 
by higher dimensional stability due to a reduction in hygroscopicity of the wood material by 
acetyl bulking of the wood cell wall and blocking of hydroxyl groups (Militz 1991). The 
mechanical properties (strength and modulus of elasticity) changed very little (Militz 1991) 
and the acetylated wood shows low environmental impact (van Eetvelde et al. 1998). 
Acetylated wood displays improved biological resistance (Larsson Brelid et al. 2000), 
whereas fungal resistance increased linearly with increasing WPG (Hosseinpourpia & Mai, 
2016). WPG in the range of 17-20% is required to protect the wood from damage by brown 
rot fungi (Hill 2006; Thybring 2013). The material property changes caused by acetylation 
that lead to the improved decay resistance are not completely understood and continue to be 
part of current research (Ringman et al. 2014; Alfredsen et al. 2015; Hosseinpourpia and Mai 
2016; Thybring 2017; Hunt et al. 2018). Several explanations for the mechanisms behind the 
improved decay resistance have been proposed. For instance, Hunt et al. (2018) recommended 
determining the degree of modification of hemicelluloses as a parameter for the effectiveness 
of modification  if hemicelluloses are identified to be responsible for diffusion and decay 
instate of the parameter WPG  to quantify decay resistance. A further idea mentioned by 
Hunt et al. (2018) is, which is being pushed forward today by analyzing experimental data 
from literature by Thybring (2013), that, limiting the moisture and the accompanying free 
volume inside the cell wall may be the key to inhibiting diffusion and decay. The decreases in 
the wood EMC inhibit diffusion within the cell wall; this is concluded to be the most likely 
explanation for the enhanced decay properties of acetylated wood (Zelinka et al. 2016). A 

Hosseinpourpia and Mai 
(2016) showed that an increasing WPG due to acetylation gradually reduces the tensile 
strength loss and mass loss during exposure. They assumed that a reduction in penetration of 
Fe ions into the wood cell wall is caused by the bulking effect of acetylation. Furthermore, 
they concluded that the reduced accessibility might explain the resistance to brown rot fungi, 
which uses the Fenton reaction to initiate wood decay. 

In the report , Jones et al. (2019) detailed another method of 
wood modification that has gained scientific interest: the use of vinyl acetate (Jebrane and 
Sèbe 2007). One advantage comparing this method to acetylation is that it can be attempted to 
avoid secondary processing for the removal of odorous components.   
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A short overview of the industrial development of the acetylation of wood was presented by 
Rowell (2016). Accsys Technologies in Arnhem, The Netherlands, now sells acetylated wood. 
It is sold under the commercial name of Accoya® and is available for several species of wood 
in Europe, North America and Asia. The current market situation, based on a personal notice,  
was presented by Mantanis (2017): approximately 40,000 m3 of acetylated timber was 
produced annually by Accsys in 2017, while the company increased its capacity to 60,000 m3 
in the year 2018. 

4.2.3 Furfurylation 

Furfurylation of wood is also an extensively investigated chemical wood modification system 
(Goldstein and Dreher 1960; Stamm 1977), whereby the organic monomer furfuryl alcohol 
(FA) is the key agent. The process is basically described as the polymerization of FA that 
accrues during hydrolyzed biomass waste as a by-product. It is based on FA molecules 
penetrating, due to their polarity, into the lumens and the wood cell walls, polymerizing in 
situ and creating a permanent swelling of the wood cell walls (Goldstein and Dreher 1960; 
Stamm 1977). UV absorption bands  (Ünver and Öktem 2013) 
characterize the polymerized FA. Furfurylated wood is darker than the heartwood of native 
European wood species and has an aesthetic appeal similar to that of natural durable (and 
dark) tropical timbers like teak, ipé or azobé. Studies on fungal degradation of furfurylated 
wood revealed a delayed fungal wood decay compared to untreated wood (Lande, Westin et 
al. 2004a; Venås 2008; Esteves et al. 2011; Li et al. 2015; Ringman et al. 2017; Sejati et al. 
2017; Skrede et al. 2019). The decay resistance increases with higher WPG as well as with 
increasing EMC (Eikenes et al. 2004; Lande et al. 2004b, 200 4a; Esteves et al. 2011). 
Furfurylated wood fulfills the requirements for hazard classes 3 and 4 applications according 
to DIN EN  335:2013-06. The biological durability of wood can be upgraded to DC 1 
(Gérardin, 2016). Furfurylated southern yellow pine and Radiata pine have been admitted as 

to the German market (VFF-Merkblatt HO.06-4 2016) as a 
result of a series of extensive quality tests in the context 
al. 2012). 

The polymerization of FA itself is a complicated process. FA can be polymerized by several 
organic, mineral and Lewis acids and is currently understood to take place in three steps 
(Choura et al. 1996): In the liquid system, (1) linear FA chains are formed as well as (2) 
conjugated FA oligomers; (3) linear oligomers cross-link via Diels-Alder cycloadditions, 
forming a branched structure which causes the emergence of a rubbery state. If this third 
process step is allowed to progress sufficiently, a hard, stiff and glassy polymer is obtained. 
Mantanis (2017) recently reviewed these developments in chemical modifications, presenting 
a five-step industrial process production of wood furfurylation according to Lande et al. 
(2004):  
 

1) Storage and mixing of chemicals 
2) Vacuum pressure impregnation with the treatment solution of a full-cell process  
3) Reaction/curing: In situ polymerization of the chemicals and grafting reactions occur 
4) Drying in a kiln dryer  
5) Cleaning: by cleaning the ventilated gases. 
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Furthermore, Mantanis (2017) presented the production figures of the company Kebony AS 
(Norway), which lie  at approximately 22,000 m3 annually (as in 2017); this is expected to 
increase. 

Mechanical properties of the final polymer can be affected by furan ring openings that may 
occur as a side reaction during the polymerization process (Venås and Rinnan 2008). Whether 
this process also occurs in the wood cell wall is unclear. Schneider et al. (2000) showed that 
the FA solution filled the cell lumen completely or partially and penetrated the cell walls to 
some extent. FA polymerization taking place within the wood cell wall has been proven on 
furfurylated wood by infrared microscopy (Venås and Rinnan 2008) and fluorescence 
microscopy studies (Thygesen et al. 2010). The work carried out by Li et al. (2016) 
demonstrated the improved modulus and hardness of furfurylated wood cells through 
nanoindentation studies, indicating that furfuryl alcohol indeed penetrated wood cells during 
the modification process. The investigations revealed concordantly higher (poly)FA 
concentrations in lignin-rich parts of the wood, mainly in the cell wall corner regions (CC) 
and the compound middle lamella (CML). Nordstierna et al. (2008) examined the possibility 
of a covalent bond formation to lignin during the FA polymerization process. Nuclear 
magnetic resonance (NMR) spectra of a liquid-phase system of a lignin model compound and 
FA were studied. The results showed the formation of covalent bonds in the early stages of 
FA polymerization. A combined theoretical and FTIR spectroscopy study of a hybrid 
poly(FA) lignin material (Barsberg and Thygesen 2017) support these findings. Possible 
cross-products of the simple lignin G model with FA were presented, including the definition 
of condensation position, e.g., at the aliphatic Ca-position. Furthermore, Barsberg and 
Thygesen (2017) found evidence for the condensation of FA with selected lignin models, 
whereas the topochemical investigations visualized the condensation of FA with cell wall 
lignin in situ.  

No conclusive experimental evidence has so far been provided that gives a comprehensive 
explanation on the mode of action. It is still questioned as to what exactly influences the 
enhanced resistance of furfurylated wood to brown rot degradation. Hence, ongoing research 
focused, for instance, on information on accessible hydroxyl groups in furfurylated wood 
during brown rot decay (Beck et al. 2019) to identify changes in OH content at different 
degradation stages. These researchers found a significant increase of accessible OH groups 
after initiation of decay, which can be attributed to the opening of crystalline cellulose regions 
and the formation of new OH groups in lignin and the furfural polymer due to oxidative 
alteration. Furthermore, recent investigations on differential gene expression profiles of R. 
placenta degrading furfurylated wood by Skrede et al. (2019) showed, for instance, that the 
major difference is a delayed and elongated response for furfurylated wood compared to 
untreated wood. They further supposed that the furfurylation acts as both a physical barrier 
and a factor that lead to a less-hydrated environment for the fungus. In a critical discussion of 
moisture for brown rot degradation in modified wood, Ringman et al. (2019) showed that 
different theories regarding the influence of improved resistance play a role and do not appear 
mutually exclusive.  
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5 Knowledge gap 

Knowledge of FA-lignin modification within the wood cell wall and its potential influence on 
brown rot degradation is still not fully understood. This research topic is of considerable 
interest, since wood cell wall lignin presents the most significant barrier to wood decay and 
influences degradation modes (Schwarze 2007). The UMSP method allows direct imaging of 
both hard- and softwood lignin distribution and lignin modification (biodegradation, 
delignification) (Fergus and Goring 1970a; Scott et al. 1969; Saka et al. 1982; Fukazawa 
1992; Koch and Kleist 2001; Koch and Grünwald 2004; Rehbein and Koch 2011; Koch and 
Schmitt 2013). FA modified wood, as well as degraded FA modified wood has not yet been 
investigated with the UMSP method. However, it is still not definitively demonstrated how 
the furfurylation takes place in the wood cell wall with the cell wall compounds (Beck et al. 
2019). In-depth knowledge of the topochemistry of furfurylated cell walls could reveal 
potential bindings of cell wall lignin and FA. Nordstierna et al. (2008) demonstrated this in a 
liquid-phase system with FA and a lignin model compound. Knowledge about the binding of 
FA and the cell wall lignin would improve our understanding of the mode of action of 
furfurylated cell walls against brown rot decay. 

An entire picture of the degradation pattern during the early stages of brown rot decay and a 
comparison between untreated samples and FA modified  samples would be of considerable 
interest. The early stages of brown rot decay are considered to be a critical step in identifying  
significant reduction in strength properties (Irbe et al. 2006). The ability to identify 
deterioration at an early stage is desirable due to the potential losses in wood strength at 
limited extents of decay (Kim et al. 2019). Decay tests with different wood species modified 
with varying FA treatments and conditions, as well as untreated wood species should be 
designed due to the different constitution of hard- and softwood lignin. Additionally, detailed 
knowledge of decomposition processes of wood decay fungi also can be used for 
biotechnology processes in the wood industry (Schwarze  2007). Sub-cellular studies of the 
fungi-related degradation process of untreated wood providing topochemical information are 
rare (e.g., Bauch et al. 1976; Kleist and Seehann 1997; Schmidt et al. 1997; Irbe et al. 2006; 
Rehbein and Koch 2011). Initial brown rot degraded cell walls analyzed by Irbe et al. (2006) 
and Rehbein and Koch (2011) revealed that UMSP and electron microscopy facilitated 
insights into the early stages of decay in untreated wood, and that the structural changes in 
wood tissues can be followed up with high spatial resolution. Furthermore, FT-IR imaging 
studies carried out by Fackler et al. (2010) and UMSP studies completed by Rehbein and 
Koch (2011) found that lignin modification occurs before any mass loss is detectable, and the 
lignin modification is proven at the outermost part of the S2 layer and the CML. However, 
visualization of non-enzymatic oxidative degradation at the initial decay stage still remains a 
major challenge; studies regarding untreated wood are rare (e.g., TEM coupled with 
immunocytochemistry Kim et al. 2002; Kim et al. 2015) and lacking in FA modified wood. 
The cellular characteristics of initial degradation of the cell wall structure by brown rot fungi 
need to be studied further. There are two major reasons for this. Firstly, brown rot fungi are 
generally considered the most important rot type for wood that is in-service and secondly, the 
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identification of early stages of decay is the key to successful maintenance of wood structures 
 increasing the service life of the products and saving costs (Kim et al. 2015). In practice, it 

would be helpful to have methods and structural features that can detect early signs of 
degradation. 

To close this knowledge gap regarding the visualization of the initial stage of brown rot decay 
in situ, a combination of microscopy and spectroscopy studies should be performed. Studies 
with LM and UMSP have been performed successfully for hardwoods modified with an N-
methylol melamine compound (Kielmann et al. 2013; Mahnert et al. 2013). Infrared and 
Raman, for instance, have been successfully applied to generate spectra of lignin 
substructures: coniferyl alcohol, abietin and coniferyl aldehyde (Bock and Gierlinger 2019) or 
SEM, nanoindentation, and imaging FTIR of surface modification of bamboo with FA by Liu 
et al. (2020). The suitability of Raman and cellular UV microspectrophotometry (UMSP) 
have not yet been proven  for FA modified and degraded furfurylated wood.  

FA modified wood is well established on the market as an environmentally friendly product 
(Gérardin, 2016 
process adopted by Kebony ASA in Norway). Nevertheless, the studies by Goldstein and 
Dreher (1960), Stamm (1977) and Schneider (1995) do not reveal how the enhanced 
durability properties are exactly achieved. One aspect that could expand our understanding 
could be answering the question of what role the solvent plays during the furfurylation 
process regarding from the resulting characteristics (e.g., polymerized FA, filled lumen) of the 
modified wood. LM studies on the distribution of polymerized FA in wood tissue and 
assessments on possible differences of the polymerized FA in the cell wall and the lumen 
have not been carried out so far.  
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6 Objective and research questions 

The main objective of this PhD-thesis was to spectroscopically examine FA modified wood 
on a (sub)cellular level, aiming for a better understanding of the mode of action of  FA 
modified wood.  In situ characterization on a cellular level was addressed and initial decay 
patterns by a brown rot fungus were investigated in a high timely and spatial resolution.  

The detailed aims of this thesis were to study the following 

1) Is the special cellular UV microspectrophotometry (UMSP) method suitable for 
investigating FA modified and degraded FA modified wood? 

  
2) Undegraded and degraded FA modified wood by the brown rot fungus Rhodonia placenta: 

a. in situ characterization with light and electron microscopy to localize the polymerized 
FA and its distribution in wood tissue, as well as hyphal colonization. 

b. in situ characterization with UMSP to localize the polymerized FA, its distribution in 
the cell wall and to reveal initial decay patterns. 

c. with different wood species, different FA levels (measured as weight percent gain 
(WPG)) and different treatments. 
 

3) The initial decay pattern of brown rot in FA modified wood: 
a. decay tests under laboratory conditions with different wood species, different FA 

levels, different treatments and with the brown rot fungus Rhodonia placenta. 
b. in combination with a cytochemical method. 
c. mapping out specific structural features characteristic for furfurylated wood during 

initial decay with spectroscopic methods. 
 
4) Does the solvent, used during the furfurylation process, play a role in the characteristics of 

the modified wood? 
 
5) The distribution of polymerized FA in the modified cell wall and the possibility of binding 

to cell wall lignin in situ. 
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7 Publications  

7.1 Paper I 

Improvement of a method for topochemical investigations of degraded furfurylated 
wood.  

Gabriele Ehmcke, Annica Pilgård, Gerald Koch, Klaus Richter  

2016  International Wood Products Journal  Volume 7(2)  Pages 96-101 

Abstract 

With regard to increasing environmental concerns and the finiteness of resources, the 
improved utilization of biobased resources is necessary and indispensable. As a result, there is 
an increasing demand for sustainable building materials and for wood protection systems that 
have no toxic mode of action. Furfurylation is one of the established wood modification 
techniques on the market with low environmental impact. Furfurylated softwoods and 
hardwoods are available with the equivalent quality to woods protected by copper, chromium 
and arsenic (CCA) solutions. However, not all the details of the furfurylation process are well 
understood. The aim of this study was to improve a method for investigating furfurylated 
Pinus radiata, both in terms of the furfuryl alcohol polymerization process in the wood cell 
wall and the detection of initial signs of brown rot degradation. It is an established theory 
today that brown rot degradation starts with lignin modification in the outermost part of the 
secondary cell wall and the combined middle lamella. Therefore, the established method (UV 
microspectrophotometry, UMSP) for in situ lignin investigation with respect to the lignin 
distribution and lignin modification was applied and adopted. The adaption to individual 
thresholds of UV intensities to a min of 1.00% and a max of 67.50% for the investigation of 
furfurylated wood. FA modified Radiata pine (P. radiata), incubated with Rhodonia placenta 
was subjected to the UMSP method. The UMSP area scans enable direct imaging of the lignin 
distribution and modification within individual cell wall layers. The modified and degraded 
samples were scanned with monochromatic UV-light at 280 nm. The results showed that 
USMP is a promising method to study furfurylated wood in situ as well as early fungal 
degradation damage in the cell wall of furfurylated wood. Further topochemical studies of 
furfurylated wood cell walls, and in particular, studies of FA modified cell wall lignin and 
initial brown rot decay are needed to expand our knowledge of the furfurylation- and fungal 
degradation-process on a subcellular level. 
 

Contribution of the authors 

For this publication, G. Ehmcke, together with A. Pilgård and G. Koch prepared the test 
design. G. Ehmcke conducted major parts of the laboratory work, in some cases supported by 
technical staff and students. In addition, Gabriele Ehmcke carried out all analyses and was 
responsible for drafting the paper. All co-authors contributed in terms of scientific advice, 
discussions, critical reading of the manuscript and language editing.  
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7.2 Paper II 

Topochemical analyses of furfuryl alcohol modified radiata pine (Pinus radiata) by 
UMSP, light microscopy and SEM. 

Gabriele Ehmcke, Annica Pilgård, Gerald Koch, Klaus Richter  

2017  Holzforschung  Volume 71(10)  Pages 821-831 

Abstract 

Furfurylation is one of the established wood modification techniques that has been widely 
investigated throughout the last decades and available on the market. However, it is still not 
clear how its enhanced durability is exactly achieved and how the FA molecule interacts with 
the wood cell wall. Furthermore, little is known about the topochemistry of furfurylated wood 
cell walls. With respect to incipient brown rot degradation, cell wall lignin acts as a natural 
barrier against fungal degradation processes. Therefore, it is of great interest to 
topochemically analyze the FA modified cell wall lignin in order to gain information as to 
what mechanism supports the advanced biodegradation resistance properties of the modified 
wood to improve wood modification. Furfurylated Radiata pine (Pinus radiata), with three 
different weight percent gains after FA uptake, were observed by cellular ultraviolet 
microspectrophotometry (UMSP) with the aim of analyzing possible topochemical alterations 
of the individual cell wall layers. Moreover, light microscopy (LM) and scanning electron 
microscopy (SEM) analyses supplemented UMSP investigations. Ultraviolet (UV) absorbance 
at 280 nm of the modified samples increased significantly compared to the untreated wood. 
That increment indicates a strong polymerization of the aromatic compounds. The highest UV 
absorbances were found in areas with the highest lignin concentration. The UV absorbance 

2 in the wavelength range from 240 to 600 nm revealed 
approximately similar profiles of the polymerized FA in the lumina for all three modification 
types. The spectra of the strongly modified cell wall layers displayed a bathochromic shift and 
shoulders with lower intensities of around 320 nm compared to untreated wood. This can be 
interpreted as the formation of conjugated double bonds. The measurements clearly show that 
the entire wood cell wall is strongly modified. The UMSP images of the individual cell wall 
layers of furfurylated Radiata pine in situ support the hypothesis concerning condensation 
reactions between cell wall lignin and FA. The SEM images confirm the UMSP observations 
and provide detailed information on the cellular distribution of polymerized FA deposits. The 
polymerized FA is spatially displayed as a compact lumen-filling substance. LM studies 
revealed differently filled cell types and an uneven distribution of the polymerized FA in 
wood tissue. A homogenous modification is essential for the resistance of furfurylated wood 
against biodegradation processes.  

Contribution of the authors 

For this publication, G. Ehmcke and A. Pilgård developed the test design. G. Ehmcke 
analyzed the specimens, collected and evaluated the data, compiled the results and drafted the 
manuscript. The co-authors contributed to the content of the paper with scientific advice, 
discussions and language for the paper. 
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7.3 Paper III 

Furfurylation result of Pinus Radiata depends on the solvent. 
 

Lisbeth Gabrecht Thygesen, Gabriele Ehmcke, Søren Barsberg, Annica Pilgård  

2020  Wood Science and Technology  Volume 54  Pages 929 942 
 

Abstract 

Furfurylation is a modification technique that improves wood properties in several ways, for 
instance, with the resistance against biodegradation. Furfuryl alcohol (FA) can be produced 
from agricultural waste. The wood is first impregnated with FA diluted in a solvent, and 
afterwards, the impregnated wood is cured, during which time a FA derived polymer is 
formed within the wood cell wall and, to some extent, within the cell lumina as well. The 
resulting modified wood does not pose an environmental hazard and can therefore be disposed 
of like natural wood at the end-of-service-life. In this study, the effect of the solvent used 
during the impregnation step of the process after the distribution of the FA polymer within the 
wood structure was investigated for Radiata pine (Pinus radiata). The hypothesis was tested 
to see if the solvent used during the impregnation step of the furfurylation process would play 
a role in the characteristics of the modified wood. Furthermore, it was assumed that these 
characteristics would correlate with the differences in marine durability, as previously 
reported. Radiata pine was subjected to spectroscopic methods: Light microscopy, Infrared 
spectroscopy and Infrared microspectroscopy and Flourescence spectroscopy. It was found 
that impregnation carried out using isopropanol, rather than water as solvent, resulted in more 
filled earlywood tracheid lumina, albeit this result may be confounded by a concomitant 
difference in weight percent gain. It was assumed that the degree of earlywood lumen filling 
would affect the durability of furfurylated wood in marine settings via an effect on the 
hardness on the microscale as perceived by gribble (Limnoriidae) and by shipworm 
(Teredinidae) larvae when they settle on wood. 
 
 

Contribution of the authors 

For this publication, L. Thygesen and S. Barsberg developed the test design. L. Thygesen 
managed the spectroscopy analyzation and G. Ehmcke conducted the light microscopy 
investigations. In addition, L. Thygesen and S. Barsberg analyzed the data and composed and 
wrote the paper. The co-authors contributed to the content of the paper with scientific advice, 
discussions and critical reading of the manuscript. 



31 
 

7.4 Paper IV 

Topochemical and light microscopic investigations of non-enzymatic oxidative changes 
at the initial decay stage of furfuryl alcohol-modified radiata pine (Pinus radiata) 
degraded by the brown rot fungus Rhodonia placenta. 
 

Gabriele Ehmcke, Annica Pilgård, Gerald Koch, Klaus Richter  

2020  International Biodeterioration & Biodegradation  Volume 154 
 

Abstract 

Brown rot fungi is one of the most common and dangerous house-rot fungus. Brown rot 
degradation of wood material leads to significant losses in strength and functionality at the 
initial stages of rot, even before any attack can be recognized. Therefore, a wood protection 
concept with low environmental impact that meets local requirements in place of application 
is essential. Wood modified with furfuryl alcohol (FA) can be used as a sustainable solution. 
Furfurylated wood provides, for instance, enhanced durability properties against biotic 
degradation, which leads to a prolonged service life. However, not all the details of the 
furfurylation of the wood cell walls are well understood. Wood has a natural barrier against 
fungal degradation processes  the cell wall lignin. It is an established theory today that 
brown rot degradation starts with lignin modification in the non-enzymatic oxidative 
degradation phase. The aim of this study was to visualize non-enzymatic oxidative 
degradation damages in furfurylated wood at the initial decay stage of the brown rot fungus 
Rhodonia placenta. A decay test with small wood blocks (1.5 × 1.5 × 5 mm3) of untreated and 
furfurylated Radiata pine (Pinus radiata) selected from two different furfurylation processes 
was performed until the first mass loss occurred. The samples were exposed to the brown rot 
fungus R. placenta, monitored by light microscopy and analyzed topochemically by cellular 
UV microspectrophotometry (UMSP). The results showed that the FA modification process 
directly influenced: i) fungal colonization and hyphal growth, ii) spectral UV behavior, and 
iii) degradation patterns of the entire cell wall layers. For the first time, UMSP area scans and 
selective line scans of individual cell wall regions provided topochemical insights into 
oxidative degradation of furfuryl alcohol-modified P. radiata at the initial decay stage, 
visualizing oxidative degradation in situ. Knowledge of the initial decay stage of brown rot 
fungi in FA modified wood compared to untreated wood extends our understanding of the 
brown rot decay processes of FA modified and untreated wood cell wall compounds. 
 

Contribution of the authors 

For this paper, G. Ehmcke, together with A. Pilgård, developed the research idea and the test 
design. G. Ehmcke prepared the specimen and the decay test with support by technical staff 
and, in some cases, students. G. Ehmcke did the data analyses as well as the composition and 
writing of the paper. All co-authors contributed by means of scientific advice, critical reading 
of the manuscript and language for the paper.  

The above listed papers are attached in the appendix. 



32 
 

8 Material and methods 

The following methods were carried out at different institutes. If nothing else is stated, the 
method was carried out at the Chair of Wood Science at the Technical University of Munich, 
Germany. 

8.1 Wood species, wood treatments and fungal strain 

In this thesis, two softwood species Radiata pine (Pinus radiata), Southern yellow pine [Pinus 
caribaea, P. echinata, P. elliottii, P. palustris and P. taeda]) and one hardwood species 
(maple [Acer spec.]) were furfurylated under different process conditions. Radiata pine and 
maple were furfurylated at the pilot location by Kebony A/S (Skien, Norway) and distributed 
to project partners of the research project PolyWood (RCN project no. 219294/O30). The 
furfurylation processes were based on full cell impregnation with different FA solutions, 
followed by steam curing and kiln drying. The specific initiators and catalysts used are the 
property of Kebony AS and are not revealed in this context. This also goes for the details of 
the impregnation and curing procedures. Water based (process A) and alcohol solutions 
(process B) were used, both containing FA and standard catalysts. An experimental mix with 
a water based solution and alternative catalytic chemistry was used in process C. An untreated 
board matched each modified board used in this project. Southern yellow pine samples were 
furfurylated in the laboratory at the Norwegian Forest and Landscape Institute (NIBIO) (Ås, 
Norway), according to Lande et al. (2004) with the exception that the samples were soaked in 
the modification mixture overnight to ensure good  penetration. The resulting weight percent 
gain (WPG) from the furfurylation processes are summarized in Table 4.  

The European strain of Rhodonia placenta (former name Postia placenta, Paper I) (FPRL 
280) was used in all decay tests described in this thesis. R. placenta is a well-studied brown 
rot species and it has previously been used in studies that are suitable for comparing the 
achieved results (Irbe et al. 2006; Kim et al. 2015; Martinez et al. 2009). 
 
 
 



33 
 

 
 
 
 
 
Table 4: Wood material, FA treatment, decay tests and applied analyzing method; Process A: water-based solvent; Process B: alcohol-based solvent (IPA); 
Process C: experimental mix, water-based solvent and alternative catalytic chemistry 

 
WPG (%) Rhodonia placenta    

Wood species Process A Process B   Process C  
Mini-block 
test type I 

Mini-block 
test type II 

Cerium 
chloride test 

Method Published 

Pinus radiata / / 60 
Pre-test  

(Algeier 2014) 
/ / UMSP, LM Paper I 

Pinus radiata 60 70 57 / / / 
UMSP, SEM, 
LM, Raman 

Paper II, IV,  
(Wadenspanner 2018) 

Pinus radiata 52 67 57 / / / 
LM, FT-IR, 
Fluorescence 

Paper III 

Pinus radiata 52 67 / X / / UMSP, LM Paper IV 

SYP 91.5 / / / X X TEM, EDX (Ehmcke et al. 2014) 

Pinus sylvestris / / / / X X TEM, EDX (Ehmcke et al. 2014) 

SYP: Southern Yellow Pine (Pinus caribaea, P. echinata, P. elliottii, P. palustris and P. taeda) 



34 

8.2 Laboratory decay tests 

8.2.1 Mini-block test  type I 

The decay tests were performed according to the approach of Rehbein and Koch (2011) with 
adaptions in frequency of harvesting and sample numbers per petri dish as a result of a pre-
test (Algeier, 2014).  For sample preparation, 10 discs with 5 mm thickness, in the direction of 
the tracheids, per furfurylated (type A and B) and the corresponding untreated board were 
processed. Afterwards, small blocks (1.5 x 1.5 x 5 mm³, R x T x L) from the center of the 
discs, excluding the surface of the boards, were prepared. The criterion for the subsamples 
was that a growth ring boundary, containing early wood and late wood tissues, had to be 
included. The benefit of the small sample size, as described by Rehbein and Koch (2011), is 
that the complete sample can be used for light microscopy and also embedded and prepared 
for cellular UMSP investigation in contrast to common degradation tests, for example, 
Bravery (1978) and DIN CEN/TS 15083-1(2005-10), where the samples had to be cut into 
pieces. 
The samples were leached according to EN 84 (1997) and conditioned at 20°C and 65% RH 
for one week. All samples were sterilized with gamma radiation (>30 kGy). Petri dishes with 
standard malt agar according to EN 113:1996-11 (4% malt, Merck; and 2% agar, Roth) were 
prepared. Four samples (two untreated and two furfurylated) were placed in each petri dish, 
together with four mycelium flakes of R. placenta (strain FPRL 280). The transversal sections 
of each sample were in direct contact with the mycelium flake. The orientation of the samples 
was documented. In total, 560 FA-modified samples, including samples from process A and 
B, as well as 560 untreated samples were inoculated. Twelve samples of each treatment and 
12 untreated samples were placed in petri dishes without fungi (correction values), 
respectively. The prepared petri dishes were incubated in a climate chamber (Memmert HPP 
749, Germany) at 22 ± 1 °C and 70 ± 1 % RH. The decay test was terminated after 30 days. 
Two petri dishes (4 samples = mass loss and moisture; 4 samples = UMSP analyses) were 
harvested per day  and the non-inoculated samples at the end of the decay test. At harvest, 
the samples were either (1) weighed wet and dried (103°C, 18 h) for calculating mass loss and 
moisture content or (2) shock frozen in liquid nitrogen and then stored at -20°C, awaiting 
UMSP and light microscopy analyses.  

 

8.2.2 Mini-block test  type II  

The mini-block test (30 x 10 x 5 mm3) was performed according to Bravery (1978). Southern 
Yellow Pine (SYP) sapwood samples were leached according to EN 84:1997 and dried to 103 
°C. Half of the samples were furfurylated with a water based solution to an average WPG of 
91.5% in the laboratory at NIBIO. The furfurylated samples were leached again according to 
EN 84 (1996) and sterilized with gamma radiation together with the untreated samples. The 
samples were placed two and two with the same treatment (Junga and Militz 2005) in petri 
dishes containing sterile soil and inoculated with R. placenta (strain FPRL 280) liquid culture. 
Samples were incubated at 22 ± 1 °C and 70 ± 1% relative humidity (RH) (Memmert HPP 
749, Germany) and harvested after defined incubation times. The covering mycelia were 
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manually removed and the samples were either dried and weighed for mass loss or frozen at  
80 °C.  

This mini-block test was carried out at the Technical University of Munich by A. Pilgård and 
R. Ringman in the course of the project Functional transcriptomics, proteomics and 
metabolomics of wood degradation: fungal strategies against modified wood -2019) 
funded by Formas  The Swedish Research Council for Environment, Agricultural Sciences 
and Spatial Planning. 

 

8.3 Cytochemical test 

The wood material comes from the mini-block test-type II. Untreated samples with a mass 
loss of 2.6%, 3.2% and furfurylated samples with 2% and 2.1% mass loss were chosen for 
hydrogen peroxide investigation. All samples were sliced with a razor blade into small 
sections of about 1 x 1 x 5 mm³ size. The cerium chloride procedure presented by Kim et al. 
(2002) was applied to all sample variations with some changes in the procedure. Hand-
sectioned wood samples were incubated for 1 hour or 4 hours in a solution of 5 mM CeCl3 in 
50 mM Mops at pH 7.2. The initial fixation of the samples were performed by a standard 
preparation with aldehydes (1.25% glutaraldehyde [GA]/1.25% paraformaldehyde [PA]) for 
30 minutes at room temperature as described and followed by 3 washing steps with a sodium 
cacodylate buffer (pH 7.2). The second fixation and staining procedure was carried out using 
1% Osmium tetroxide (OsO4) in a cacodylate buffer. One series was incubated for 1 hour and 
another series was incubated for 12 hours. Three washing steps with sodium cacodylate buffer 
(pH 7.2) followed. The combination of material and cerium chloride procedure is summarized 
in Table 5. 

Table 5: Wood material and treatment combinations (SYP = Southern Yellow Pine; PISY = Pinus 
sylvestris; GA= glutaraldehyde; PA= paraformaldehyde) (Ehmcke et al., 2014) 

Material 
Rhodonia 
placenta 

Treatment 
  CeCl3  washing OsO4 washing 

 H2O2 0 h 1 h 4 h GA/PA steps 1 h 12 h steps 

SYP  X  X X X X X X X X 

SYP (FA) X  X X X X X X X X 

PISY  X X X X X X X X X 

 

Untreated and undegraded Pinus sylvestris (PISY) sapwood was also prepared to confirm the 
cerium chloride reaction as a positive control. The samples were incubated in 0.1% H2O2 or 
1% H2O2 for 30 minutes, and afterwards, transferred into the cerium chloride procedure as 
described above. Further information can be retrieved from Ehmcke et al. (2014). 
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8.4 Light microscopy (LM)

To localize FA-impregnated cell elements, as well as filled lumen and hyphal growth, 
selected samples were analyzed by a conventional transmitted light microscope (Axiophot, 
Carl Zeiss AG, Oberkochen, Germany) equipped with a digital camera (AxioCam, Carl Zeiss 
AG, Oberkochen, Germany) combined with AxioVision software (Carl Zeiss AG, 
Oberkochen, Germany).  

Small wood blocks (5 x 5 x 5 mm³, R x T x L), including a growth ring boundary containing 
early wood and late wood tissue if possible, were prepared. With a conventional sliding 
microtome (Leica SM 2000 R), microscopically thin transverse sections (18  24 µm) were 
processed for each treatment type and for untreated wood. The surface was moistened with 
distilled water. For light microscopic examination, an embedding system with Euparal (Carl 
Roth, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were chosen. The microscopic 
analyses and images were carried out with a light microscope (Axiophot, Carl Zeiss AG, 
Oberkochen, Germany), equipped with a digital camera (AxioCam, Carl Zeiss AG, 
Oberkochen, Germany) combined with AxioVision software (Carl Zeiss AG, Oberkochen, 
Germany). (Paper II, III) 

Infected small wood blocks (1.5 x 1.5 x 5 mm³, R x T x L) of untreated and furfurylated 
Radiata pine coming from the mini-block test type I were processed. To analyze hyphal 
growth inside the harvested samples of untreated and FA-modified wood, A and B exposed to 
R. placenta was investigated by LM. Thin sections of about 15  20 µm of radial and 
tangential surfaces were processed: six sections per anatomical direction and day, 
respectively. To allow longitudinal sectioning of the small samples with a conventional 
sliding microtome (Leica SM 2000 R), all samples were glued on a suitable wood block for 
support. All sections were taken from a 500 µm zone below the surfaces. After sectioning, the 
thin tissues were stained for 5 minutes with aniline blue (0.1% aniline blue (Merck, VWR) 
dissolved in 50% lactic acid (Carl Roth GmbH)) to obtain a better contrast of fungal hyphae. 
Afterwards, the sections were washed in distilled water to clean them from unreacted stain, 
mounted on microscopic slides and dehydrated with a graded series of ethanol. The untreated 
samples were double stained with aniline blue and safranin (Merck, VWR). For light 
microscopic examination, an embedding system with Euparal (Carl Roth) was chosen. 
Overall, 1,375 sections were prepared. The microscopic analyses were carried out with a 
Zeiss Axiophot microscope, equipped with a digital camera adapted with an evaluation 
program (Axiophot). For visual evaluation of hyphae growth, the radial sections provide best 
insight into the different cell types (early and late wood tracheids, ray parenchyma and radial 
tracheids). A four-grade scale evaluation, where 0 means no growth and 3 means very 
abundant growth, was applied. If no hyphae were found in the radial section (grade 0), 
tangential sections were used instead. (Paper IV) 
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8.5 Fluorescence spectroscopy

Fluorescence spectroscopy measures transition between electronic states arising from the 
excitation of molecules by monochromatic light, followed by the detection of light emitted 
from the fluorophores (Rettig et al. 1999). It is a highly 
A broad application field opens up for this technique such as biochemistry, analytical 
chemistry, food, and environmental science.  

Fluorescence spectra are measured as a function of two variables, the excitation and the 
emission wavelength (Pedersen et al. 2002). The emission wavelength comes from molecules 
(fluorophores; few molecules exhibit fluorescence) that are going from an excited state to a 
ground state (Kotwa et al. 2013). Two-dimensional spectra 
excitation emission matrix (EEM) representing intensities of the compounds for certain 
excitation and emission wavelengths are thereby generated (Kotwa et al. 2013). 

With the parallel factor analysis (PARAFAC) (Bro, 1997), it is possible to mathematically 
mathematical chromatography ) 

(Pedersen et al. 2002). The complex fluorescence landscapes can be resolved by PARAFAC 
into excitation and emission profiles of the underlying fluorophores (Bro, 1997) and thus 
obtain their relative concentrations as presented for screening for dioxin contamination in fish 
oil (Pedersen et al. 2002). 

In this thesis work a fluorescence landscape was obtained for a sample from a cross section of 
each treated board (A, B, C) and from six untreated boards using a Fluoromax 4 
spectrofluorometer (Horiba Jobin Yvon; Kyoto, Japan). Each landscape spanned 36 excitation 
wavelengths in a range from 300 to 650 nm with a spacing of 10 nm, and 176 emission 
wavelengths in a range from 400 to 750 nm with a spacing of 2 nm. The integration time was 
0.1 s, and the excitation and emission slits were both set to 1 nm. The landscapes obtained 
were analysed using parallel factor analysis (PARAFAC) as implemented in the N-way 
toolbox for Matlab by Rasmus Bro and Claus Andersson 
(http://www.models.life.ku.dk/nwaytoolbox).  

PARAFAC modeling was run without constraints on the loadings. (Paper III) 

 

The fluorescence spectroscopy investigations were carried out at the University of 
Copenhagen (Denmark), Department of Geosciences and Natural Resource Management by 
L.G. Thygesen. (Paper III) 

 



38 

8.6 Transmission electron microscopy (TEM) 

The principle of the image generation by transmission electron microscope is based on 
transmission of electrons through an ultra-
Depending on the electron density of the object itself, the structural composition, with a 
resolution capacity of 0.4 to 0.2 nm, can be revealed. The method is well suited, for example, 
to analyze individual wood cell wall layers (Liese 1960, 1970) and alterations during decay 
(Kim et al. 2002; Kim et al. 2015; Goodell et al. 2017).  

The samples coming from the cytochemical test (section 8.3.) were subjected to TEM 
analyzes to detect and localize H2O2 during incipient R. placenta decay in untreated and 
furfurylated softwood. The fixation and staining was carried out using 1% Osmium tetroxide 
(OsO4) in cacodylate buffer. As an embedding system, London Resin white (LR white) was 
chosen. The embedding process started with dehydration in a graded series of ethanol with an 
incubation time of 15 minutes for each level using a rotator. The last dehydrating step with 
100 % ethanol was repeated twice, followed by an overnight incubation (12 hours) with a 
mixture of ethanol and LR white (1:1). The solution was exchanged with pure resin twice and 
vacuum infiltrated for 15 minutes. Afterwards the samples were embedded in pure resin and 
filled up in gelatin capsules (size 4, Plano GmbH). The polymerization process was catalyzed 
by thermal curing at 60 °C for 12 hours. 

The samples were sectioned with an ultra-microtome (Ultra-tome nova LKB Bromma) 
equipped with a diamond knife using a cutting speed of 2 or 1 mm per second. Ultra-thin 
sections (90-100 nm) were transferred to Formvar (polyvinyl formal) film coated copper or 
nickel grids (100 mesh) and uncoated nickel grids (300 mesh). The samples were analyzed by 
TEM (Zeiss EM 10 C) at an acceleration voltage of 60 to 80 kV. Further information on the 
method is given by Ehmcke et al. (2014). 

 

8.7 Scanning electron microscopy (SEM) 

The principle of a scanning electron microscope is based on the interaction of electrons with a 
scanned surface to obtain information about its topography and chemical composition. A 
focused electron beam (cathode) emits electrons that are accelerated by electromagnetic 
conductors in a medium to high vacuum environment. The accelerated electrons penetrate the 
surface of the scanned object to a depth of a few microns, interact and produce signals  like 
secondary electrons and x-rays. The produced signals are collected by their corresponding 
detectors (x-ray-, backscatter electron-, secondary electron detectors) to create 3D images 
and/or elemental analysis.  

Small cubes (1 cm³) of untreated and furfurylated wood were prepared for SEM analyses. The 
specimens were boiled in water and then manually cut with a thin razorblade to obtain a plain 
surface perpendicular to the axial direction. The specimens were stored overnight under a 
vacuum setting and then sputter-coated by a coating unit (International Scientific Instruments 
Co, New Delhi, India) with a 10  15 nm thin layer of gold to provide conductivity. The SEM 
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that was used for the investigation of the untreated and furfurylated samples in this case was 
equipped with a tungsten cathode (EVO 40, 10 12 kV, Carl Zeiss AG, Oberkochen, 
Germany). (Paper II) 

 

8.8 Cellular UV microspectrophotometry (UMSP) 

In this study, untreated and furfurylated wood samples (infected and not infected) were 
illuminated by UV light.  A certain spectral region was used to study lignin and lignin 
modification in situ. The principle of the Universal-Microscope-Spectrophotometer is based 
on the transmission and interaction of UV light with the sample according to Lambert-
law (Eq. 1). Koch and Grünwald (2004) described the application of UV microscopic point 
measurements over the last seven decades. Progress in this highly sensitive method of 
development presents the UV spectrophotometric-scanning-device as described by Koch and 
Kleist (2001). In the present study, UV microscopic point measurements, as well as area 
scans, were performed.  

The analyzed samples comprised 1 µm thick (d) transverse sections of untreated and 
furfurylated wood cells. According to Lambert- ,  

Equation 1           
 

 

wherein A is the emerging UV light intensity from the cell wall due to the absorbance of 
lignin. In equation (1),  is the extinction coefficient, C is the volume concentration and d is 
the thickness of the absorbing layer. According to Koch and Grünwald (2004), the incident 
UV light intensity I0 is measured by passing through the embedding medium in the cell 
lumen, resulting in the intensity emerging from the lumen (Ilumen). In case of the analyzed 
wood sections, Ilumen is reduced to the intensity of the cell wall (Icell wall) and equation (1) can 
be expressed as  

 
Equation 2    A = log(Ilumen/Icell wall)       

 
 

For determining the lignin concentration in wood cell walls, the typical maximum UV 
absorbance of lignin (Amax) in the range of   280 nm is used as stimulation wavelength 
(Musha and Goring 1975). The wood samples were scanned with a defined wavelength of 

 for softwood and  for hardwood, respectively. The scan program Automatic 
Photometric Analysis of Microscopic Objects by Scanning (APAMOS, Carl Zeiss AG, 
Oberkochen, Germany) digitizes square fields of a local geometrical resolution of 0.25 µm × 
0.25µm and a photometrical resolution of 4,096 grayscale levels. To visualize the absorbance 
intensities, the grayscale levels were converted into 14 basic colors, as described by Koch and 
Kleist (2001). The scans can be depicted as two-dimensional (2D) or three-dimensional (3D) 
image profiles, and a statistical data evaluation results in a semi-quantitative lignin 
distribution.  



40 

The infected and uninfected samples coming from the pre-test (Algeier 2014) and the mini-
block test type I (section 8.2.) were fixed in a glutaraldehyde solution (Karnovsky, 1965) and 
dehydrated in a graded series of ethanol or acetone. After dehydration, the samples were 
embedded in Spurr's (1969) epoxy resin under mild vacuum conditions. Thermal curing at 
70°C for 12 hrs. catalyzed the polymerization process. For the infected samples, the cross 
sections, which were first colonized by the fungus, were used for sectioning. In the first step, 
the samples were trimmed with a razor blade to provide a trapezoid area of approximately 0.5 
mm² and sectioned with an ultra-microtome (Reichert-Jung) equipped with a diamond knife. 
The semi-thin sections (1 µm) were transferred to quartz microscopic slides and then 
thermally fixed. At the same time, cross sections were also taken for light microscopy 
analyses. These sections were transferred to common microscopic slides, stained with 
toluidine blue and then thermally fixed, as well. 

The sections for UMSP analyses were immersed in a drop of non-UV absorbing glycerine 
(glycerine/water mixture nD = 1.46) and covered with a quartz cover slip. As reference, non-
degraded untreated samples were also prepared, following the same embedding process. 

The sections were placed in a Zeiss UMSP 80 (Carl Zeiss AG, Oberkochen, Germany) 
equipped with a scanning stage. For control purposes, the lignin distribution within individual 
cell types and cell wall layers of untreated wood specimens were scanned.  

For the topochemical analyses areas with microscopic intact cell walls, respective parts of the 
cell wall were selected. Wood cell walls of untreated and furfurylated wood were scanned, as 
well as cell lumens, and were filled with polymerized FA. For the infected samples by R. 
placenta, 10 measurements of individual cell wall layers per incubation day were scanned for 
semi-quantitative studies. If procurable (quality of the ultra-thin slices), two image profiles 
per area of interest were carried out: i) filled lumen cells, ii) intact tracheid cells, iii) cell walls 
with radial oriented compound middle lamella (CML). 

Initial degradation stages and cell wall modifications were topochemically monitored by 
UMSP. To follow topochemical changes on the individual cell wall level of untreated and 
furfurylated wood exposed to R. placenta, the raw data (Intensity values) of the obtained 2D 
image profiles were analyzed in a standardized procedure following a defined line profile 
from the middle lamella cell corner (MLcc) via the corner cell wall to the cell lumen (Figure 
1, Paper IV). With the scan program APAMOS, line profiles can only be generated in the 
direction of the x- and y-axes. However, for this study, a diagonal line profile was necessary. 
For this purpose, the raw data of one representative area scan per incubation day was 
transferred into MS Excel data and converted to absorbance values (A) based on equation 2. 

MS excel was used to generate greyscale images of the scanned areas to obtain 2D images 
again. Origination from the highest absorption value in the MLcc, square fields of 36 x 36, 
were selected and a diagonal line (36 measuring points with a geometrical resolution of 0.25 x 
0.25 µm2 per pixel, 9 µm length) was displayed as a line profile. This special approach 
intuitively visualizes the local lignin concentration (measured at the absorbance maximum of 

 nm) and the chemical cell wall modification from MLcc via corner cell wall to the cell 
lumen in the incipient decay stages. (Paper IV) 
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In addition, uninfected furfurylated wood samples were subjected to photometric point 
measurements with defined polychromatic light. A TIDAS MSP 800 microscope 
spectrometer (J&M Analytik AG, Esslingen, Germany) equipped with TIDAS-DAQ software 
was used. The principle of this technique is based on the transmission of semi-thin transverse 
sections by light with varying wavelengths. The spectrometer (CCD-MCS UVNIR) divides 
the light into 190 - 1010 nm. Depending on the equipped 
microscope (Zeiss Axio Imager.D1m), a range of 240 - 900 nm can be used. In this 
case, the UV spectra of individual cell wall layers and FA-polymerized deposits in the lumen 
were recorded with a 40x object lens in a 

2 was used and the transmitted wavelengths were 
detected by a Diode-Array detector. (Paper II) 

 

All UMSP investigations were conducted by the author at the Thünen Institute of Wood 
Research, Germany.  

 

8.9 Raman spectroscopy  

The Raman spectroscopy technique is a non-destructive technique that is based on light 
scattering effects to determine molecular vibrations and thereby provides information about 
the chemical structure of the analyzed material. Monochromatic light from a high intensity 
laser source interacts with the chemical bonds within the sample (Göpel and Ziegler 1994). A 
shift in energy from that of the exciting radiation is defined as Raman scattering and should 

-1, but it is often expressed simply as cm-1 (Smith and Dent 2005). Most 
of the light merely transmits the specimen without any interactions or is scattered elastically 
without change of frequency (Rayleight scattering) and does not provide any useful 
information. Only a small amount (10-8) is scattered inelastically (stokes scattering) or hyper-
elastically (anti-stokes scattering) at different wavelengths (change of frequency), compared 
to the laser light source. This is called Raman scattering (Long 2002; Müller et al. 2003; 
Hesse et al. 2016). This is in accordance with the involved symmetric molecular vibration. 
For vibration stimulation, the alteration of the deformability of the electron cloud 
(polarizability ) in a chemical bond is required. Together with the correlating induced dipole 
moment µ and the field strength E of the light wave, a linear equation can be derived 
(Equation 3, Hesse et al. 2016) as 

Equation 3     (t) = (t)        

 

 

The obtained Raman spectrum shows the intensity and wavelength position of the scattered 
light. Furthermore, it is subject to a strong re-adsorption and intense fluorescence background 
radiation. Nevertheless, a number of valuable peaks can be detected (Müller et al. 2003).  

Each peak corresponds to a specific molecular bond vibration that can result from systems 
which involve individual bonds, double bonds or groups of bonds, such as aromatic 
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compounds (Smith and Dent 2005) like lignin (Bock and Gierlinger 2019). This technique 
allows the linking of  anatomical and chemical information. 

Wadenspanner (2018) performed Raman investigations in the context of the elaboration of a 
master thesis. The measurements were carried out at Fraunhofer IVV (Freising, Germany) 
using the Raman Microscope Alpha 500 (WITec, Ulm, Germany). Uninfected wood blocks 
(10 x 10 x 10 mm³, R x T x L) of furfurylated Radiata pine from process A, B and C and 
untreated Radiata pine were investigated. For more detailed information about the sample 
preparation and the performed method, see Wadenspanner (2018). 
 

8.10 Infrared spectroscopy and microspectroscopy 

Compared to the Raman measurements, the infrared (IR) method uses the direct absorbance 
of the IR spectrum coming from the induced molecular vibrations described by the wave 
number  (cm-1) and  (Hecht 2019). The IR radiation transmits the 
sample or is reflected using a special reflectance setup (attenuated total reflection [ATR] 
crystal) and the time depending intensities (interferogram) are recorded (Fox 2016). The 
interferogram is then converted by the Fourier transformation to a frequency depending 
spectra (Fox 2016). The detected absorbance bands are in a range of 4,000  400 cm-1 and 
display the functional group of a molecule that can be identified by comparing the bands with 
more than 100,000 published IR spectra (Fox 2016).  

The Fourier transformed infrared (FT-IR) measurements were performed using a Nicolet 
6700 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a 
deuterated triglycine sulfate (DTGS) detector and, additionally, a Perkin-Elmer Spectrum 
Spotlight 400 FT-IR microscope equipped with a mercury cadmium telluride (MCT) detector.  

A Pike Technologies GladiATR diamond with a working temperature of 25 °C was used in 
combination with the Nicolet 6700 FT-IR spectrometer and a spectral resolution of 4.0 cm 1.  
Small specimens of untreated and furfurylated wood with a thickness of about 0.5-1 mm and 
an area of approximately 5 x 5 mm² from the center parts of the boards (i.e., not the surfaces) 
were examined. The obtained spectra (using 64 scans per spectrum and 128 for the 
background) was recorded in a range between 4,000 600 cm 1. The spectra were corrected 
via standard normal variate (SNV) (Barnes et al. 1989). 

Additionally, IR microspectroscopy was used with a spectral range of 4,000-720 cm-1 and a 
spectral resolution of 8 cm-1. The spectra were obtained using a Germanium (Ge) tip ATR 
add-on and each spectrum corresponded to an area of 1.56 µm x 1.56 µm. The Ge crystal was 
pressed against the sample surface and took 16 scans per spectrum. The background spectra 
were obtained in ambient air.  

 

L.G. Thygesen carried out the infrared spectroscopy investigations at the University of 
Copenhagen (Denmark), Department of Geosciences and Natural Resource Management. 
(Paper III) 

 



43 

9 Results and discussion  

The aim of this thesis was to topochemically reveal the mode of action of wood modified with 
FA and its biological initial degradation.  

9.1 Studies on the suitability of a cellular UV microspectrophotometry 
(UMSP) method for analyzing FA modified and degraded FA modified 
wood 

 
The cellular UV microspectrophotometry (UMSP) method was selected as a method to search 
for possible reactions of FA and cell wall lignin. This method enables direct imaging of the 
lignin distribution and lignin modification within individual cell wall layers. To investigate if 
this method was appropriate to use to investigate FA modified wood, decayed samples, 
analyzed in a decay test performed within a Master thesis (Algeier 2014), were processed and 
investigated preliminarily. It was shown that the standard settings for untreated softwood 
(thresholds at a min. of 10.00% and a max. of 80.00%) where not useful for image generation 
of furfurylated softwood. The thresholds of the UV intensities had to be adapted to a min. of 
1.00% and a max. of 67.50%, for suitable image generation (Paper I). Furthermore, the results 
revealed changes in the UV absorbance values for non-degraded and degraded furfurylated 
wood. The furfurylated and colonized samples showed significantly lower UV absorbance 
values compared to the non-decayed control (Figure 3, Paper I). The initial absorbance values 
at 280 nm are 1.35 for S3; for the values of around 1.6 for CC and for the S2 layers, the initial 
absorbance values are in a range of 1.09-1.48. The absorbance values at 280 nm shifted to 
0.56-0.82 for the S2 layer with a locally inhomogeneous pattern of lower intensities. The 
signals of the CML are partly undistinguishable from the S2 layer, and some small regions  
still absorb UV in the range of 0.82-0.95. The UV absorbance values of the CC distinctively 
changed from abs280 nm 1.48 to abs280 nm 1.09. This decrease in absorbance most likely 
originates from early fungal degradation processes (Rehbein and Koch 2011), wherein highly 
reactive hydroxyl radicals, produced in the non-enzymatic part of the chelator mediated 
Fenton degradation (Goodell et al. 1997; Hammel et al. 2002; Arantes et al. 2012), attack 
lignin. The absorbance values of the polymerized FA in the cell lumen changed after decay 
(Figure 2b, Paper I), as well. That lead to the assumption that R. placenta, besides lignin, also 
attacks polymerized FA deposits in the cell lumens.  

The results showed that USMP, after adaptation of the UV intensity thresholds, is a promising 
method to study furfurylated wood and early fungal degradation damage in the cell walls of 
furfurylated wood. 
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9.2 In situ characterization of furfurylated wood that is undegraded and 
degraded by R. placenta 

9.2.1 Undegraded samples 

The polymerized FA in the impregnated wood tissue, the ratio of filled and empty lumens and 
the spatial distribution within the wood tissue were investigated. Therefore, furfurylated 
Radiata pine (Pinus radiata) and furfurylated maple (Acer sp.) with three different weight 
percent gains, after FA uptake under different process conditions (Table 3), were investigated 
by LM and SEM.  

 
Table 6: Experimental formulations and procedures used for the preparation of furfurylated samples with 
their corresponding abbreviations. 

FA solutions 
WPG% 
Maple 

WPG% 
Radiata pine 

Vacuum step 
during curing Abbreviations 

water-based solvent 32 60 NO A 

alcohol-based solvent (IPA) 37 70 YES B 

experimental mix, water-
based solvent and 
alternative catalytic 
chemistry 

2 7 57 YES C 

9.2.1.1 Light microscopy and SEM analyses 

After the modification process with FA, the furfurylated wood appears dark brown, 
independent of the species, and comparable with tropical hardwood. The texture and the 
anatomical features of the modified softwood or hardwood are still visible according to the 
cutting direction and surface finishing. The LM micrographs give insight into the cellular 
deposition of polymerized FA in the wood tissues. The spatial distribution can be followed in 
the three-dimensional SEM images. Figure 6 (Paper II) and Figure 5 present the light 
microscopic observations of untreated and furfurylated Radiata pine and maple, respectively. 
Microscopic sections of treatments A, B and C were processed for histologic analyses of the 
three anatomical directions (transverse, radial and tangential). The cross and radial sections 
include earlywood (EW) and latewood (LW).  
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Figure 5: Light microscopic images of maple (processes A, B and C) in three anatomical directions 
(transverse, radial, tangential). 5a c show untreated maple sections, stained with safranin and anelin 
blue.

LM of furfurylated Radiata pine (excluding samples from the experimental mix) allowed
quantifying the number of tracheids with lumina filled with FA polymer vs. the number of 
tracheids without any visible filling (Table 7). In this section, the abbreviations for the 
treatments (A for water-based and C for alcohol-based solvent) changed due to the published 
Paper III.
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Table 7: Number of filled and empty tracheids in earlywood and latewood counted in LM images of 
furfurylated wood using either water or IPA as a solvent (Paper III, Table 2) 

All images from each of the two types are from a single sample. The mean filled lumina percentage was 
significantly different (t test) on the 5% level between the earlywood of the specimens from treatments A and C, 
and on the 1%o level for the latewood. 

The results show that there was a significant difference between  the analyzed treatments. The 
samples treated with a water based FA solution from type A had, on average, 12% filled 
tracheids in both EW and LW. Compared to the samples from the process with isopropyl 
alcohol (IPA) as a solvent, with higher loading (70% WPG) compared to process A, next to 
no filled tracheids were counted in the LW, while, on average, 26% of the earlywood 
tracheids were filled. We assume that a certain amount of FA penetrated the cell wall of LW 
before polymerization sets during curing. Falco et al. (2018a) found that the use of IPA delays 
the onset of polymer formation during curing. That could explain the differences in filled 
lumen found between impregnation in water compared to IPA as a solvent, if the findings of 
Falco et al. (2018a) are transferred to FA modification of wood. A morphological aspect to be 

Image no. Treatment Latewood tracheids  Earlywood tracheids 

Empty Filled Sum % Filled  Empty Filled Sum % Filled 

1 C 542 0 542 0.0  1457 554 2011 27.5 

2 C      646 228 874 26.1 

3 C      279 71 350 20.3 

4 C 2362 8 2370 0.3  311 68 379 17.9 

5 C 1187 9 1196 0.8  645 197 842 23.4 

6 C      765 310 1075 28.8 

7 C 1623 23 1646 1.4  746 260 1006 25.8 
      

 
    

Total C 5714 40 5754 0.7  4849 1688 6537 25.8 

STD C 662 8 666 0.5  361 153 514 3.7 

           

1 A 1547 222 1769 14.4  672 126 798 15.8 

2 A 2009 271 2280 13.5  262 39 301 13.0 

3 A 599 107 706 17.9  397 48 445 10.8 

4 A 2428 327 2755 13.5      

5 A      1023 81 1104 7.3 

6 A      868 153 1021 15.0 

7 A 2193 272 2465 12.4      

8 A 1487 200 1687 13.4  160 86 246 35.0 

9 A      909 77 986 7.8 

10 A      440 23 463 5.0 

11 A 2132 288 2420 13.5      
      

 
    

Total A 12395 1687 14082 13.6  4731 633 5364 11.8 

STD A 574 67 640 1.6  301 41 323 8.8 
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considered is that, due to a larger amount of non-aspirated bordered pits in the LW, 
unpolymerized FA was transported out of the LW lumina together with IPA during the 
vacuum drying step. This phenomenon was not observed for the EW lumina. It is well-known 
that bordered pits aspirate more often in coniferous EW than in LW during drying (Liese and 
Bauch, 1967; Siau 1984). One explanation by Lehringer et al. (2009) is that, due to the 
morphology of the bordered pits in the LW, the deflection and adhesion is hindered because 
this process needed greater forces than in EW, and therefore, fewer pits in the LW are 
aspirated during drying. The analyzed transverse sections of furfurylated maple only show  a 
few filled cell lumen  mainly in the parenchyma cells of the ground tissue. That can be 
observed for all three treatments, with an accumulation at the annual ring boundary for the 
samples that were furfurylated with an experimental water based solvent (Figure 5). The 
tangential sections revealed the filled lumens of the parenchyma cells of the wood rays. That 
can be explained by the accessibility of the parenchyma cells, as the treating solutions have 
the same pathways as the sap in the living tree (Siau 1984). In their permeability experiment 
with a tropical hardwood species (Tectona grandis), Ahmed and Chun (2011) found that the 
arrangement of pitted ray cells facilitates the efficient liquid flow in radial direction. In 
particular, the radial flow will be easier when the end and lateral wall pit number is numerous 
with a large diameter at the end wall. Whereas almost all parenchyma cells of the wood rays 
of the samples furfurylated with the water based solvent were filled, approximately half of the 
cells of the samples from the process with IPA as the solvent were filled (Figure 5c,f,i). As for 
furfurylated Radiata pine with IPA, the unpolymerized FA was also transported out of the 
lumina  in this case, the ray parenchyma cell  before polymerization sets in. However, there 
is a striking difference regarding the wood ray cell of the analyzed furfurylated maple samples 
compared to furfurylated Radiata pine. The latter revealed that the polymerized FA was 
accessorily deposited in the ray tracheids (Figure 6e, h, k, Paper II). One reason for this could 
be that the FA solution enters the ray tracheids predominantly via the large connecting pits of 
the EW tracheids, which, however, does not correspond to the studies made by Wardrop and 
Davies (1961) that showed an apparently selective penetration of ray parenchyma and less 
intensively penetrated ray tracheids of Radiata pine.  

The variability in filled cell lumens in the axial and radial directions supports the findings of 
Lande et al. (2010) and Zimmer et al. (2014), manifesting the varying permeability found in 
Scots pine sapwood. This also seems to apply for Radiata pine sapwood. Aspirated tracheid 
bordered pits are assumed to function as physical barriers in case of impregnation (Stamm 
1967; Zimmer et al. 2014). No matter which mechanisms were responsible for the final 
distribution of FA polymer resulting from the use of the two different solvents, the light 
microscopy based quantification indicated a marked difference in the location of the FA 
polymer between the water based and IPA treatments for both Radiata pine and maple.   

The SEM images of furfurylated Radiata pine (Figure 7, Paper II) provide more spatial 
information on the cellular distribution of polymerized FA deposits. The polymerized FA is 
displayed as a compact lumen-filling substance. There are no obvious signs of separation 
between the bulk polymer and the cell wall that are visible, despite the forces acted upon the 
compound during surface preparation by hand with a razorblade. We suggest that the deposits 
are tightly attached to the S3 layers of the tracheids. As already observed under LM, the cell 
lumen of the ray parenchyma cells appear to be empty.  
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9.2.1.2 Topochemical characterization  

The catalytic polymerization of the monomeric FA in the impregnated cell wall, the reactions 
between FA and lignin and chemical alterations of the individual cell wall layers were 
investigated. Therefore, furfurylated Radiata pine (Pinus radiata) and furfurylated maple 
(Acer sp.) with three different weight percentage gains after FA uptake under different 
process conditions (section 8.1, Table 4) were investigated by UMSP. 

Furfurylated Radiata pine at 280 nm 

Representative UV microscopic scanning profiles of untreated and furfurylated Radiata pine 
(type A 60% WPG) are presented in Figure 1 (Paper II). The colored pixels mark the 

280 nm. The data of each UV profile are statistically evaluated 
from their corresponding histogram. The high resolution (0.25 µm² per pixel) enables a 
detailed differentiation of the UV absorbance within the individual cell wall layers (Koch et 
al. 2003). In addition to the standard 2D UV micrograph, a selective line scan of an individual 
cell wall region intuitively visualizes the local lignin concentration and the chemical cell wall 
modification. For spatial illustration, the scanned area is also presented as a 3D image profile.  

The lignin distribution via wood cell walls in general, except for the reaction of wood tissue, 
decreases from the CML and the CC with the highest concentration, in relation to the cell wall 
layer, to cell lumen (Fergus et al. 1969). In accordance with that, the highest absorbance 
values for untreated wood were recorded in the area of the CML and the CC (Figure 1a, Paper 
II) as previously described for softwood and hardwood species (Koch and Kleist 2001; Koch 
and Grünwald 2004), as well as for thermally (Fergus et al. 1969) and hydrothermally 
modified wood (Andersons et al. 2016). The broad S2 layer occurred with slightly varying 
values as previously described by Takabe (2002). 

The scanned areas of type A showed the typical lignin distribution with a similar spectral 
behavior like that of untreated wood, with the difference that the entire cell wall of type A is 
displayed by significantly higher absorbance values. This shift was also detected in a pre-test 
for degraded furfurylated wood (Paper I). With reference to fluorescence studies by Thygesen 
et al. (2010), UMSP indicates a concentration decrement of polymerized FA from the CML to 
the S2 layer. This can be explained by the early observations of Wardrop and Davies (1961) 
that aspirated bordered pits lead directly to the CML and serve as entrance openings during 
impregnation of the cell wall. 

The line scans in Figure 1 (Paper II) visualize the CML as a peak that is flanked by the S2 
layers presented as broad plateaus of high UV intensities for furfurylated wood. Compared to 
untreated samples (Figure 1a, Paper II) and all other furfurylated materials (Figures 1b, 2 and 
3, Paper II), the wood tissue of type A (Figure 1b, Paper II) shows the highest absorbance 
values with a clear shift to green, yellow and gray pixels (A280 nm 1.22 1.74). 

The mean UV absorbance values did not increase proportionally to the loadings (i.e., to the 
WPGs) of the analyzed samples. The highest loading was generated by process B with 70% 
WPG, representing the lowest A280 nm with 1.07, compared to process A with A280 nm 1.16 and 
C with A280 nm 1.09, but these differences are not significant (Table 1, Paper II).  
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Furfurylated Maple at 278 nm 

The following representative UV microscopic scanning profiles of untreated and furfurylated 
278 nm, the Amax of hardwood lignin (Figure 6). The standard 2D UV 

micrographs are additionally displayed as a 3D image profile with selective line scans of an 
individual cell wall region that facilitates the high spatial resolution. 

The untreated maple sections showing typical lignin distribution in fiber cell walls with the 
he compound middle 

lamella (CML, Figure 6a). Furfurylated maple fibre tissue from process A (Figure 7b) show a 
higher absorption compared to the untreated maple (6a) with a shift to red color and a clear 
reduction of blue pixel. Furfurylated maple fiber tissue form process B (Figure 6c) close to a 
vessel reveal a further increase in absorbance for all cell wall layers, dominated by purple 
colored pixels marking the S2 layer. The cell corners and compound middle lamella are 
pronounced and are depicted with a bluish green to yellow color.  

 

Figure 6d shows the UV scanning profile of furfurylated maple from process C. The wood 
tissue surrounding a vessel showing the highest absorption level compared to the untreated 
samples and the two other FA modified samples. The absorbance intensity increases from the 
cell lumen (dark blue to purple) to the S2 layer (bluish green) and reaches the highest 
intensity in the CML and the CC (green, yellow to grey). A deposit of FA polymer was 
detected by an overflow signal re cell lumen. 

The UV profiles of all treatments reveal significantly higher UV-absorption within the entire 
cell wall, which correlates with the lignin distribution. The results show that the absorbance 
intensity does not depend on the loading (WPG) of the treated sample, but rather on the 
modification process/lignin modification/polymerization process. 
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Figure 6: Representative UV microscopic scanning profiles (area, 3D and line scan) of maple and modified 
maple with statistical evaluation (histogram). The thresholds have been adapted (min. 1.00%; max. 
67.50%) for all samples. The colored pixels mark the abs  
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The wooden tissue of untreated maple is characterized by lower UV absorbance values 
compared to untreated Radiata pine (Figure 1a, Paper II). The detected differences in 
absorbance values of softwood and hardwood reflect those described by Koch and Grünwald 
(2004) for spruce (Picea abies) and beech (Fagus sylvatica). The furfurylated sample from 
process A revealed only slightly increasing absorbance values compared to the untreated 
sample (Figure 7b). The absorbance intensities increase in type A < type B < type C, but not 
proportionally to the loadings (i.e., to the WPGs) of the analyzed samples, as in the case of 
the analyzed furfurylated Radiata pine. The highest mean A278 nm with 1.03 was recorded for 
process C, compared to process A with A278 nm 0.69 and B with A278 nm 0.72 (Table 7). 

Table 8: Mean UV absorbance of untreated and furfurylated maple and maximum UV absorbance values 
(Amax) of polymerized deposits in the cell lumen. 

Process WPG (%) 
UMSP-scanning profiles maple   UV-Abs. spectraa 

A 278 nm STD (pixel)b    Amax STD 

Untr. 0 0.52 0.07 16581 - - - 

Process A  32 0.69 0.11 29825 280 1.11 0.04 

Process B 37 0.72 0.05 27853 280 1.14 0.07 

Process C  27 1.03 0.07 27894   280 1.19 0.06 
aLumen filled with FA, bField size. 

 

UV absorption spectra (240  600 nm) of furfurylated wood  

To study the spectral behavior of furfurylated wood, UV spectra of polymerized FA in the cell 
lumen, the S2 layers of fibers and vessels, or tracheids, as well as the CML and CC were 
recorded. The wavelength was adjusted in a range from 250 to 600 nm for both species  
Radiata pine and maple. 

The spectral characteristics of the polymerized FA deposits in the cell lumen of furfurylated 
tissues are shown in Figure 7. The UV spectra of the FA deposits from all three modification 
processes show approximately similar profiles. Common to all three modifications are (i) the 
high absorbance intensities, (ii) a distinct shoulder in 340 nm 

e resulting from large 
chromophoric structures that were formed during the furfurylation processes. 

The absorption maxima of the FA deposits in the cell lumen occurred at 
Radiata ble 7). These results are in 
accordance with the findings of Ünver and Öktem (2013) and Gandini and Belgacem (1997), 
who studied the photopolymerization and photocross-linking of simple furans and F with 
comparable peaks at max of the polymerized FA in the tracheid lumen 
of the IPA treated samples was less pronounced and shifted hypsochromically (Nic et al. 

7). This phenomenon was not observed for the analyzed FA 
deposits in maple wood tissue. 
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Figure 7: UV absorbance values of polymerized FA deposits in the cell lumen of Radiata pine and maple 
in a range between 450 and 600 nm. 

Comparing the spectra within each process type, the absorbance values of polymerized FA 
Radiata pine are higher than the recorded values for maple of process A and B. The 
absorbance spectra of process C behaved differently. In a range between 262 nm and 382 nm,
the values for maple were lower than for Radiata and changed at 383 nm into slightly higher 
values. Overall, both spectra of process C tend to proceed together more than the spectra of 
processes A and B (Figure 7). The differences within the spectra of each process type could 
be due to extrapolation or evaporation of more volatile wood components. This could mean 
that the wood species was influenced in a certain process in A and B, whereas process C 
probably showed no reaction with the modified wood species itself.  

The spectral characteristics of the individual cell wall layers of untreated (black line) and 
furfurylated wood are presented in Figures 8, 9 and 10. The cell wall layers (S2, CML and 
CC) of untreated wood show the typical UV spectra of lignified softwood tracheids (Figure 8) 
and hardwood cells (Figure 9). The characteristic Amax at
to the strongly absorbing guaiacyl- -280 nm is 
attributed to hardwood lignin. The hardwood lignin consists of a varying amount of guaiacyl-
and syringyl-type moieties with a less distinct absorbance maximum (Fergus and Goring 
1970b, 1970a; Musha and Goring 1975; Takabe et al. 1992). The ratios of these monomers 
vary between individual cell types and cell wall layers and show lower UV absorbance at an
increasing OCH3/C9 ratio (Musha and Goring 1975).
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Figure 8: UV absorbance spectra in a range between 240 and 600 nm of untreated and furfurylated 
Radiata pine cell wall layers. 
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Figure 9: UV absorbance spectra in a range between 240 and 600 nm of untreated and furfurylated 
maple cell wall layers.
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Figure 10: UV absorbance spectra of the cell corner (CC) in a
untreated and furfurylated maple samples.

, respectively, are strongly 
correlated to the lignin concentration, with the highest amount in the CC (Koch and Kleist 
2001; Koch and Grünwald 2004). In the case of Radiata pine, the Amax of the CC in untreated 
wood is 1.6 times higher than in the Amax of the S2 layer and, for maple, even 2.7 times higher 
(Table 7). This large difference seen in untreated samples changed for the furfurylated 
samples into a less pronounced CC area compared to the S2 layers visualized by the line scans 
(Figure 1, Paper II and Figure 4). 

The spectra of the furfurylated cell wall layers of Radiata pine and maple show similar 
characteristics, with significantly higher absorbance values for the individual cell wall layers 
compared to the untreated cell wall layers. For process C, the process which results in the 
lowest WPG, both for Radiata and maple, a clear distinction between the spectra of all cell 
wall layers of Radiata pine and maple can be seen. Whereas the spectra of Radiata pine type C 
(57% WPG) appear close to the course of the untreated wood, and the spectra of maple type C 
(27% WPG) are presented by the highest absorbance spectra. That supported the results of the 
recorded scanning profiles and the spectra of the filled lumens (Table 8). The different 
spectral behavior of modified maple from process C has to be strongly related to the wood 
species. The anatomical structure, cell types, cell wall compounds and chemical composition 
of the extractives and their localization result in the treatability behavior that directly
influences the loading of the sample (Lande et al. 2010; Zimmer et al. 2014; Tarmian et al.
2020). The same process condition for maple and Radiata pine lead to different spectral 
characteristics, as can be seen for treatment C.

The spectra of these strongly modified cell wall layers of Radiata pine and maple have a 
commonality in that a bathochromic shift and shoulders with lower intensities of around 320 
nm compared to untreated wood were detected. This is probably due to the formation of 
conjugated double bonds. The higher degree of conjugati -
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resulting in bathochromic shifts (Goldschmid 1971). The strong increase of absorbance 
intensities from untreated to furfurylated wood and the shift of the bands of the furfurylated 
wood cell walls indicate a higher condensation of carbonyl groups as a possible reaction of 
FA with the guaiacyl units of softwood lignin (Lande et al. 2004). A combined theoretical and 
FTIR spectroscopy study of a hybrid poly(FA) lignin material (Barsberg & Thygesen, 2017) 
support these hypotheses. 

The UV absorbance of the modified samples increased significantly compared to the 
untreated samples, indicating a strong polymerization of the aromatic compounds. The 
highest UV absorbance values were found in areas with the highest lignin concentration. The 
results show that the absorbance intensities depend more on the wood species and the 
modification process parameters than on the FA loading (WPG) of the treated sample. The 
mean UV absorbance values are summarized in Table 9.  
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Table 9:  Mean UV absorbance values of the secondary cell wall (S2), the compound middle lamella (CML) and the cell corner of untreated and A-, B- and C-type 
modified Radiata pine and maple.   

Radiata 
pine 

WPG 
(%) 

 S2   CML   CC 

 Abs.    Abs.    Abs.  

Untr. 0 282 0.56   281 0.62   282 0.90  

A 60 278 1.04 0.48  280 1.03 0.41  278 1.15 0.25 

B 70 280 1.00 0.44  280 1.07 0.45  272 1.17 0.27 

C  57 280 0.86 0.30  280 0.90 0.28  281 1.02 0.12 

 

Maple 
WPG 
(%) 

S2  CML  CC  S2 vessel 

 Abs.    Abs.    Abs.    Abs.  

Untr. 0 279 0.22 277 0.37 279 0.59   278 0.30 

A 32 278 0.51 0.29 278 0.53 0.16 280 0.65 0.06  278 0.60 0.30 

B 37 280 0.50 0.28 279 0.52 0.15 280 0.79 0.20  281 0.62 0.32 

C 27 278 0.65 0.43 278 0.64 0.27 280 0.90 0.31  280 0.70 0.40 

A-modified samples. 
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9.2.2 Samples degraded by Rhodonia placenta 

In the view of incipient fungal decay of furfurylated wood, laboratory degradation tests were 
performed. The tests were monitored daily over 18 days to provide different degradation 
levels of furfurylated (type A and B, Table 10) and untreated Radiata pine. The harvested 
samples were analyzed by LM, TEM and UMSP. Furthermore, the mass loss and the moisture 
content were measured for both modified and unmodified samples. These experiments are 
expected to visually depict initial brown rot degradation and support our understanding in 
how modified wood is protected against decay and what the role cell wall lignin and FA play 
in this process. The experimental formulations with their corresponding abbreviations and 
procedures used by Kebony can be taken from Table 6, section 9.2.1.   

9.2.2.1 Light microscopy and TEM analyses  

The initial colonization of Rhodonia placenta in untreated and furfurylated wood during 
decay test I was evaluated by using LM. Samples from the water based solvent process (A) 
and samples from the alcohol based solvent process (B) were examined.  

The analyzed transverse sections revealed no structural changes (Figure 3d,h,l, Paper IV), 
confirming previous light microscopic studies of initial stages of brown rot decay (Irbe et al. 
2006; Rehbein and Koch 2011). A mass loss of at least 10% is necessary for microscopic 
detection of cell wall damage (Carll and Highley 1999). 

After 24 hours, a fungal colonization can be observed in untreated wood, but not in 
furfurylated wood (Figure 3, Paper IV). The vast presence of the fungal hyphae observed in 
untreated wood was not seen for either of the treatment types A or B during the entire decay 
test. That can be due to the physically blocked tracheids by polymerized FA in the cell lumen 
and/or lower wood moisture conditions in furfurylated samples. The observed fungal 
colonization progress corresponded to the moisture development of the untreated and 
furfurylated samples (Figure 2, Paper IV). It has to be considered that the presence of fungal 
hyphae is not a diagnostic characteristic useful in distinguishing stages of decay (Wilcox 
1993). 

When comparing the two treatments, the fungal colonization developed differently. This can 
be seen in the micrographs of the radial sections (Figure 3, Paper IV). On the day of the first 
observed ML, the hyphae growth rate in FA-modified wood was medium high, grade 2 (type 
A day 16), low in type B (grade 1, day 13) and high (3) in the untreated sample (day 9). The 
samples from type B performed slightly better (10 times grade 1) than from type A (8 times 
grade 1) (Figure 4, Paper IV). These findings support earlier studies in marine environments 
where Scots pine samples furfurylated using a methanol/ethanol solvent performed better than 
samples using water as a solvent (Westin et al. 2016). The differences in fungal colonization 
found in samples from treatment A and B can be attributed to i) the different solvents used in 
the furfurylation process, ii) the disparate WPG level, iii) the filled lumen ratio and iv) the 
lower MC of type B.  

The possible reason/reasons for the delayed onset of brown rot degradation in FA modified 
wood is/are unclear. It would be of great interest to find the major mechanism behind this 
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occurrence in order to advance research regarding this topic. More research is needed to 
separately evaluate each of the possible reasons. Test designs with one fixed parameter should 
be developed to search for possible variable correlations. 

The LM results of this study indicate that the presence of fungal hyphae in furfurylated wood 
is directly linked to protection from decay. Furfurylated wood is protected from decay for a 
prolonged period compared to untreated wood, which corresponds to earlier results (Eikenes 
et al. 2004; Lande et al. 2004b, 2004a; Venås 2008; Esteves et al. 2011; Li et al. 2015; Sejati 
et al. 2017). Furthermore, the observed fungal colonization emphasizes the non-biocidal 
character of FA modified wood, as it was found for white rot (Pilgård, Alfredsen et al. 2010) 
and marine organisms (Westin et al. 2016).  

It is known that hydrogen peroxide (H2O2) is part of the Fenton reaction used by the brown rot 
fungus for producing hydroxyl radicals through the reaction with Fe2+ during the non-
enzymatic oxidative degradation phase (Arantes and Goodell 2014). It has been suggested for 
the brown rot fungus Gleophyllum trabeum that H2O2 is produced through a reaction of 
hydroquinones and oxygen (Jensen et al. 2001). To detect and localize H2O2 during incipient 
R. placenta decay in untreated and furfurylated softwood, ultra-thin sections of the samples 
from the cytochemical test with cerium chloride (CeCl3) were subjected to transmission 
electron microscopy. The cytochemical method, where cerium acts as a trapping agent for 
enzyme-generated H2O2, was introduced by Briggs et al. (1975) and applied by Kim et al. 
(2002) for two brown rot fungi species. Cerous ions and H2O2 precipitate as cerium 
perhydroxide [Ce(OH)2OOH] as an electron-dense reaction product, which can be easily 
detected with TEM. Perhydroxide precipitates, detected as dark granules, were found in cell 
lumens that were mainly close to the wood cell wall and in the direct vicinity of bordered pits 
(Figure 1a and 1b, Ehmcke et al. 2014). These results are comparable with the findings of 
Kim et al. (2002) for the brown rot species Tyromyces palustris and Coniophora puteana. To 
confirm the specificity of CeCl3 staining for H2O2 EDX, mapping and line scan analyzes were 
used. Selected sections verified that the detected precipitates include cerium (Figure 11). 

Precipitates, similar to those in untreated wood, were also detected in furfurylated wood 
colonized by R. placenta. That shows that FA modified wood is comparable with untreated 
wood regarding the decay pattern of R. placenta. To provide visual information about specific 
fungal activities in furfurylated wood, further cytochemical and immunolabelling studies are 
desirable. 
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Figure 11: EDX analysis: line scan of detected precipitates adjacent the aspired bordered pit of a tracheid 
from the cytochemical test with cerium chloride. (blue line  Ce)  
 

9.2.2.2 Topochemical characterization  

Furfurylated and untreated samples from the mini-block test-type I were topochemically 
analyzed to visualize non-enzymatic oxidative degradation changes of lignin within individual 
cell wall layers at the initial decay phase of the brown rot fungus R. placenta. To ensure that 
the period of initial decay was included, the mass loss (ML) and, additionally, the moisture 



 61 

content (MC) were calculated daily. The results of the ML and MC are presented in Table 1 
(Paper IV). The topochemical monitoring included the harvest points until the first detectable 
ML + 2 days. Selected sample sections of untreated and furfurylated wood tissues of P. 
radiata incubated with R. placenta were scanned with monochromatic UV-light at a 
wavelength. The mean absorbance values, two- and three-dimensional UMSP profiles and the 
UV absorbance values as a function of distance from the middle lamella cell corner (MLcc, 0 
µm) to the cell lumen were evaluated. 

Mean UV absorbance values 

The analyzed areas in this study were particularly characterized by increased absorbance 
values compared to the uninoculated samples during the first 4 days of the decay test. This 
finding corresponds with results reported for untreated Pinus sylvestris degraded by the brown 
rot species Andtrodia vailantii (Rehbein and Koch 2011) and Coniophora puteana (Irbe et al. 
2006). The absorbance values of the untreated and furfurylated samples fluctuated around the 
values before decay during the first 11 days. After 11 days, the mean absorbance values of 
furfurylated samples fluctuated between A280 nm 0.57 and A280 nm 0.73 with a decreasing 
amplitude until day 18. The sample from treatment A showed slightly lower values compared 
to treatment B. Common to all three variations (untreated, A, and B) was that the minimum 
mean absorbance value was lower than the reference value before decay. The development of 
the evaluated mean absorbance values (based on 11,100 to 12,900 scanned measuring points) 
over the entire decay period of cell wall regions with radially oriented combined middle 
lamella (CML) of untreated and furfurylated (type A and B) samples is displayed in Figure 5 
(Paper IV). 

Two- and three-dimensional UMSP profiles 

Representative two-dimensional UMSP profiles of undegraded samples are presented in 
Figure 6.1a-c (Paper IV). The UV absorbance intensities within the individual cell wall layers 
are displayed by the differently colored pixels. The highest absorbance intensities occurred in 
the area of the CML and the corner cell wall (CC), as previously described for untreated wood 
(Koch and Kleist 2001; Koch and Grünwald 2004), thermally modified wood (Mahnert et al. 
2013) and furfurylated wood (Paper II). The furfurylated profiles (Figure 6.1 b,c, Paper IV) 
show significantly higher UV absorbance levels of the entire cell wall compared to untreated 
wood, confirming the observations presented in Paper II. The reason for the detected high 
absorbance values are the condensing reaction of FA and lignin during the furfurylation 
process, as previously proposed by Barsberg and Thygesen (2017) for hybrid poly(furfuryl) 
alcohol to lignin models. To illustrate the decrease in absorbance values caused by initial 
decay activities, seen in this study, the most characteristic UV scans are presented in Figure 
6.2 (Paper IV). 

The detected inhomogeneous changes in the spectral behavior of the scanned cell wall layers 
originate from early fungal degradation processes. Both Irbe et al. (2006) and Rehbein and 
Koch (2011) have reported similar findings for untreated softwood. This topochemically 
visualizes the suggested re-aggregation of modified lignin during brown rot degradation 
followed by an immediate filling of opened pores with repolymerized lignin, which support 
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the findings of Goodell et al. (2017). The removal of poly-saccharide components and the 
partial depolymerization of the native lignin in combination with modifications in its side 
chains could explain the increase in absorbance values seen in this study and previously 
shown by Irbe et al. (2006). 

The results of the scanned cells filled with polymerized FA showed distinct variations in 
absorbance signals after decay (Figure 7, Paper IV), confirming earlier observations of 
degradation-causing changes of absorbance values of polymerized FA deposits in the cell 
lumen (Paper I). The changes of absorbance values are most likely explained by the attack of 
highly reactive hydroxyl radicals, produced in the non-enzymatic oxidative degradation (B. 
Goodell et al. 1997; Hammel et al. 2002; Arantes et al. 2012) process.  

UV absorbance  from the middle lamella via the cell corner (MLcc) to the cell lumen  

The UV absorbance values of areas ranging from the MLcc, via the corner cell wall to the cell 
lumen, were analysed to generate specific information on alterations during brown rot decay. 
The absorbance changes found at the MLcc could be related to the suggested preferential 
degradation of middle lamella regions at incipient decay stages by R. placenta, as described 
by Kim et al. (2015). The adjacent area revealed further absorbance changes, supporting 
findings for untreated wood relating to i) the perception that the brown rot degradation starts 
at the outermost part of the S2 layer and ii) the degradation pattern Type 1 as described by 
Kim et al. (2015). The results indicate that initial lignin modification through brown rot 
degradation affected the entire cell wall (Figure 8-1,2, Paper IV). Furthermore, our results 
support findings by Kim et al. (2015) regarding disrupted lamellae of lignin aggregates and 
cellulose microfibril bundles in the outermost S2 layer of early stage decayed spruce 
tracheids.  

The differences found in the absorbance behavior of treatments A and B could be explained 
by the impact of the solvents used in the different furfurylation processes and the resulting 
WPGs. Whereas the absorbance values of type A remained beneath or rather close to the 
undegraded sample curve, the values of type B fluctuated, which can be seen in all 
topochemical analyzing methods. The results indicate that areas damaged by hydroxyl 
radicals, produced through the initial degradation activities of R. placenta, can be detected 
and analyzed in situ by two- and three-dimensional UMSP images. 
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9.3 Initial decay pattern in furfurylated wood 

Non-enzymatic oxidative degradation patterns in wood are neither macroscopically visible 
nor are they visible by LM. It has been shown that the initial brown rot decay phase and  rapid 
depolymerization results in essential losses of engineering properties (e.g., bending strength) 
 even before any mass loss can be detected (Schultze-Dewitz 1966; Bariska et al. 1983; 

Winandy and Morrell 1993; Curling et al. 2002; Witomski et al. 2016). Therefore, it is of 
great importance to identify the onset of brown rot degradation in the earliest stages of decay 
(Kim et al. 2019). Methods of investigating fungal activity in timber and trees are listed by 
Schmidt (2006b). Detection by microscopic methods were presented by Schwarze (2007), 
DNA and gene expression studies were presented in a review by Alfredsen et al. (2014) and 
further methods were recently reviewed by Kim et al. (2019) with regard to implementing 
modern fungal decay research into a wood building standard of practices. Nevertheless, 
methods to detect initial decay in situ for practical purpose have not yet been presented. 

Therefore, it is of great interest to learn more about non-enzymatic oxidative degradation by 
brown rot fungi. Close monitoring of initial fungal activity in untreated and FA modified 
Radiata pine attempting to follow in situ the non-enzymatic oxidative degradation processes 
was carried out. To identify topochemically visible features of cell wall alterations that are 
characteristic for the initial degradation phase, a special UMSP technique were applied. 
According to TEM studies by Kim et al. (2015), the area of interest was defined from the 
middle lamella cell corner (MLcc) via the corner cell wall to the lumen (Figure 12). 

 

 

Figure 12: Schematic diagram according to Kim et al. (2015) of untreated cell wall ultrastructure of 
tracheids. The red dotted line shows the area of interest (the line profile). The line profile is defined from 
the middle lamella cell corner (MLcc) via the corner cell wall to the cell lumen. CML, compound middle 
lamella; CW, cell wall; S1, secondary cell wall outer layer; S2, secondary cell wall middle layer; S3, 
secondary cell wall inner layer. (Paper IV, detail Figure 1) 
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Topochemical scanning profiles recorded during the first 4 days of the decay test partly 
increased absorbance values compared to the uninoculated samples for both untreated and 
furfurylated samples. A relative increase in lignin in the degraded lignocellulosic cell wall 
matrix by brown rot, as previously reported by Rehbein et al. (2011) and Irbe et al. (2006b), 
can basically explain this effect. The topochemically scanned cell wall layers revealed 
inhomogeneous changes in the spectral behavior of the cell wall layers with spots of higher 
and lower UV absorbance values (Figure 13). These detected UV alterations originated from 
a) early fungal degradation processes, as reported by Irbe et al. (2006b) and Rehbein et al. 
(2011), and b) the suggested re-aggregation of modified lignin during brown rot degradation 
followed by an immediate filling of opened pores with repolymerized lignin, as suggested by 
Goodell et al. (2017). 

 

 

Figure 13: Representative UV microscopic scanning profiles (area and 3-
decay in untreated (a) and furfurylated (b,c) Radiata pine cell walls by R. placenta. The data are valuated 
from their corresponding histograms. The 3D image profiles intuitively visualize topochemical changes 
and cell wall modification at the initial stage of decay. (Paper IV, Figure 8b) 
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To obtain non-enzymatic oxidative degradation activities in the defined area of interest 
and plotted as 

function of distance (Figure 14). 

Figure 14 R. 
placenta in pine tracheid corner cell walls. (according to Paper IV, Figure 8a)

a)

b)

c)
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Figure 14a-c present representative line profiles of undegraded (day 0, solid line) and infected 
Pinus radiata (a  untreated; b  modification A; c  modification B). The UV absorption 
changes already mentioned before can now be precisely localized at a cell wall layer level. 
After 8 days of exposure, the absorbance values increased in the region of the primary and 
secondary wall for untreated wood (Figure 14a). The line profile of furfurylated P. radiata, 
type A, revealed decreased absorbance values  especially in the region of MLcc after 15 days 
of exposure (Figure 14b). For process B, the evaluated UV absorbance values of the entire 
cell wall shifted to higher values after 6 days. Cell wall characteristics of non-enzymatic 
oxidative degradation can be derived from the evaluation of the line profiles of the entire 
decay test. The features found in this study are combined with those of Irbe et al. (2006), 
Rehbein and Koch (2011) and Kim et al. (2015) in Table 10. In the Table, the most 
characteristic cell wall features, which could help to identify brown rot activity in FA 
modified softwood at initial stages, are summarized. Figure 15 displays the location of 
described initial decay patterns.   

Table 10: Structural features of initial brown rot decay according to Kim et al. (2015) in comparison to 
findings of  Rehbein and Koch (2011) and own studies (Paper IV). 

TEM investigations UMSP investigations 

Features according to 
Kim et al. (2015) of untreated Picea abies 
degraded by R. placenta 

Rehbein and Koch 
(2011), untreated Pinus 
sylvestris 
degraded by A. vailantii 

Own studies (paper IV), FA 
modified Pinus radiata  
degraded by R. placenta 

 
present absent* present absent* 

degradation of middle lamella regions 
(Figure 15) 

 X X  

outermost part of the S2 layer      
(Figure 15) 

X  X  

degradation pattern Type 1 (Figure 15):  
 primary cell wall (PW),  
 outermost S2 layer 
including S1/S2 boundary  

inner S2/S3 layers  
middle S2 layer 

 X X  

degradation pattern Type 2 (Figure 15):  
notable structural changes in inner 
S2/S3 layers without notable 
degradation in the outermost S2 layer  

 X  X 

differences in organism attacks between 
cell corners (corner cell wall) and the 
main cell wall (i.e., cell walls between 
cell corners) apparent even in the same 
tracheid cell wall 

X  X  

*absent refers to the analyzed cell wall area; this does not preclude the possibility of further degradation patterns located in 
the wood tissue. 
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Figure 15: Schematic drawing of the cell wall corner of four adjacent tracheids. (#) marks the structural 
features of initial brown rot decay found in the analyzed samples. 
 

 
The topochemical observations in this study confirm earlier TEM studies by Kim et al. 
(2015). The results revealed that the entire zones, essential for the stability of the cell wall and 
responsible for the absorbance of the interfacial shearing forces, are attacked. The brown rot 
induced hydroxyl radicals involved in the Fenton degradation system are responsible for the 
attack of the cell wall integrity (Yelle et al., 2008, 2011). These zones are displayed in Figure 
15: i) middle lamella  responsible for cohesion of two wood cells (tracheids); ii) primary cell 
wall (PW), outermost S2 layer including S1/S2 boundary  connecting the main cell wall 
layer with the middle lamella; iii) middle S2 layer  the main part of the wood cell wall 

. 

The sophisticated system of linkages between cellulose fibrils, hemicelluloses and lignin is 
seriously affected by the initial decay carried out by brown rot. This confirms the hypothesis 
of oxidatively cleaved linkages between lignin and polysaccharides, as supposed by Irbe et al. 
(2006). 

The key to understanding wood properties and their effects is to understand the wood cell wall 
ultrastructure (Donaldson, 2019). This also applies to modified wood cell walls. 
Investigations on possible strength reaction within the wood cell wall revealed reactions of the 
individual layers under applied forces. The assessment results of mechanical characterizations 
of the S2 layers and the ccML (Wimmer and Lucas, 1997) suggested that the combination of 
lignin and cellulose is more closely related to hardness than solely on layer. Studies on cell 
wall fractures by Donaldson (1995) revealed that fractures occur mainly between the ML and 
S1 layers or between the S1 and S2 layers. Wimmer and Lucas (1997) concluded that the 
shearing forces first lead to a failure of the S1 layer. Bergander and Salmén (2002) 
investigated the wood cell wall properties and their effects on the mechanical properties of 
fibers with a model analysis. It was found that the S1 layer has a minor effect on the 
properties in longitudinal direction, whereas the influence in the transverse direction is larger. 

Degradation 
pattern Type 1  
 

Degradation 
pattern Type 2  
 

S3 
S2 
S1 
PW 
ML  
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Bergander and Salmén (2002) further concluded that morphology and structure of the wood 
properties in the 

transverse direction. Studies on the deformation and failure mechanism of the S2 layer by in 
situ SEM compression of Focused Ion Beam machined micropillars revealed, for instance, 
that the shear band formation occurs as a result of failure of the hemicellulose-lignin matrix, 
which is supported by the buckling and misalignment of the microfibrils (Adusumalli et al. 
2010). Through FA modification, a reinforcement of the initially affected zones under stress 
can be assumed, since studies on FA distribution (Venås and Rinnan 2008; Thygesen et al. 
2010) revealed the highest concentration in the area of the ccML, CML and S1. Further 
nanoindentation studies by Li et al. (2016) showed improvements in indentation modulus and 
hardness of FA modified wood cells. This reinforcement can be clearly visualized by UMSP 
by higher absorbance values, indicating strong modification of the cell wall. The 3D images 
and the detailed line scans of the furfurylated cell walls (Figure 1b, 2 and 3, Paper II) show a 
modification with broader plateaus adjacent to the ML compared to the untreated wood. To 
apply, for instance, the test design described by Adusumalli et al. (2010) on the CML area of 
untreated and furfurylated wood at the initial stages of brown rot decay could extend our 
understanding of cell wall alteration during decay.    

 

 

9.4 The role of the solvent  

The differences found in the absorbance behavior of the two treatments A and B could be 
explained by the impact of solvents used in the different furfurylation processes and the 
resulting WPGs. In order to clarify if the solvent plays a role during the furfurylation process 
for the characteristics of the modified wood LM, infrared (IR) and fluorescence spectroscopy 
procedures were applied. 

In this section, the abbreviations for the treatments were changed due to Paper III being 
published. The abbreviation for the process with alcohol-based solvent (IPA) changed from 

; the abbreviation for the process with the experimental mix of water-based 
solvent ; and the abbreviation for water-based solvent process A 
remains the same. 

Infrared spectra of the untreated and the furfurylated Radiata pine, with three different 
furfurylation formulations, are given in Figure 1 (Paper III). The spectra show that samples 
from the alcohol based treatment C stand out from the water based treatments A and B, which 
can be attributed to the effect of the solvent. The absorbance peak seen at approximately 
1,510 cm-1 for untreated softwood (Faix, 1991; Schwanninger et al. 2004) occurred for 
furfurylated wood with downshifts at approximately 5 cm-1, as would be expected if FA binds 
to a ring position within the lignin of the wood cell wall (Barsberg & Thygesen, 2017). 
However, it needs to be considered that the polymerized FA itself also has a peak at the 
downshifted position. Therefore, it is not possible to assign the increased absorbance at the 
new peak position to the binding of FA and lignin. 



 69 

 

 

Figure 16: Standard normal variate (SNV) corrected ATR-IR spectra of untreated samples and the three 
types of furfurylated Radiata pine samples. SNV corrected ATR-IR spectra of furfuryl alcohol containing 
citric acid (CA) as catalysts are also shown for comparison, both before and after curing. The vertical 
lines mark band positions 1,510, 1,265 and 1,227 cm-1. A: water-based solvent; B: water-based solvent 
with alternative catalytic chemistry C: alcohol-based solvent (IPA); (Paper III, Figure 2) 
 

Falco et al. (2018) described a furan ring opening effect that also can be observed in the IR 
spectra by the carbonyl peak at approximately 1,750 cm-1 (Figure 14). All three of these 
furfurylation processes had a relative increase in this functionality in common. In contrast to 
the two water-based treatments A and B, treatment C showed a broadening of this peak 
position due to the suggested formation of isopropyl levulinate and the ester bond therein 
(Falco et al. 2018). 

The results from the fluorescence spectroscopy confirmed three aspects of earlier results 
found by Thygesen et al. (2010).  

1)  Mean excitation-emission landscapes were prepared for the untreated and furfurylated 
samples (Paper III, Figure 2) by applying fluorescence spectroscopy. The observed 
emission shifting towards higher wavelengths for furfurylated wood compared to the 
untreated wood was also seen in the previous study by Thygesen et al. (2010). When 
comparing the three treatments, the signals of treatment A appeared close to those of 
untreated wood. This confirms results from the UV spectroscopy of furfurylated Radiata 
pine and maple in treatment A (section 9.2.1).  

2)  The fluorescence emission properties of the analyzed material regarding populations of 
fluorophores confirm earlier results found for a different sample set of furfurylated wood 
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using a different wood species. It might be speculated that these populations are generic 
representatives of different conjugation lengths of the FA oligomers present in the 
material.  

3)  The analyzed PARAFAC models (Figure 3, Paper III) of the fluorescence landscapes 
confirm earlier results, however, that no differences between the herein analyzed 
treatments were observed.  

With fluorescence spectroscopy, it was not possible to verify the differences seen between 
alcohol-based and water-based furfurylated samples observed with IR spectroscopy. Another 
option that can be used to search for fluorescence differences/similarities localized to the 
position in the wood is to use pixel-wise CLSM landscapes and analyze these by use of 
chemometrics such as PARAFAC or multivariate curve resolution-alternating least squares 
(MCR-ALS), or alternatively, by capturing emission curves for a few different excitation 
wavelengths  for each pixel, as well.  

In this context, we decided to use IR micro-spectroscopy to identify differences in the 
distribution of the polymerized FA in the wood tissue.  

Further IR micro-spectroscopy of furfurylated cell walls and filled lumen of treatment A and 
C revealed that there was a difference between the spectra of cell walls and filled lumens that 
was independent of the treatment (Figure 5. Paper III). This means that the polymer that 
formed in the cell wall is the same for treatment A and C and the polymer that formed in the 
lumen for these two treatments. Whereas the formed polymer in the cell wall and the one in 
the lumen is not the same. This could be explained 1) by the length of conjugated chains 
formed in the lumen (longer chains that give a red shift in fluorescence) and 2) due to the 
possibility that the chain length in the cell wall is reduced because of sterical hindrance; it 
could also be due to bonds to cell wall polymers  probably lignin. The LM quantification of 
the number of tracheids with lumina filled with FA polymer vs. the number of tracheids 
without any visible filling showed that there was a significant difference between the analyzed 
treatments of Radiata pine. Differences were also observed for furfurylated maple. The 
analyzed transverse section of furfurylated maple only revealed a few filled cell lumen, 
mainly in the parenchyma cells of the ground tissue, independent from LW and EW. A more 
prominent difference was found in the wood rays, in that almost all parenchyma cells of the 
water-based solvent were filled, whereas approximately half of the cells of the samples from 
the process with IPA as a solvent were filled. These differences could be related to i) the 
wood species-dependent morphological pathways in general and through different amounts of 
non-aspired bordered pits in LW and EW; and ii) the IPA-dependent delay of the onset of 
polymer formation during curing, based on findings by Falco et al. (2018a) 

No matter which mechanisms were responsible for the final distribution of FA polymer 
resulting from the use of the two different solvents, the LM based quantification indicated a 
marked difference in the location of the FA polymer between the water-based and IPA 
treatments for both Radiata pine and maple. It has to be considered that the missing 
information of the specific initiators and catalysts used in the furfurylation process could 
probably act as a limiting factor for further interpretation.  
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9.5 FA and cell wall lignin 

The previously mentioned structural features (Table 10, section 9.3) that were detected at the 
initial stages of brown rot occur mainly in lignin rich areas  the CML and the S1 layer. The 
results from the decay tests indicate that lignin plays an important role in untreated and 
furfurylated wood when it comes to resistance against brown rot degradation. These results 
confirm the findings from Schwarze (2007): that lignin presents the most significant barrier to 
wood decay and influences degradation modes. Furthermore, Lee et al. (2019) suggested that, 
in living plant cells, e.g., the lignin-deposited structure, functions as a physical barrier 
comparable to the Casparian strip, catching hold of pathogens and thereby limiting their 
growth.  

During wood modification with FA, there might have been a grafting reaction between lignin 
and FA, as suggested by Lande et al. (2004). NMR studies by Nordstierna et al. (2008) 
revealed that there is a formation of covalent bonds between FA and a lignin model 
compound in a liquid-phase system. Recently, a combined theoretical and FTIR spectroscopy 
study of a hybrid poly(FA)-lignin material (Barsberg and Thygesen 2017) support these 
findings. They found evidence for condensation of FA with selected lignin models. The 
results from the IR studies (section 9.4) revealed that the absorbance peak, seen at 
approximately 1,510 cm-1 (Figure 13) for untreated softwood (Faix 1991; Schwanninger et al. 
2004), occurred in furfurylated wood with downshifts of approximately 5 cm-1. This 
downshift is expected when part of the polymerized FA forms during curing and is covalently 
bonded to lignin within wood cell walls, but only a fraction of the cross-condensation 
reactions take place at lignin ring positions (Barsberg and Thygesen 2017). However, it needs 
to be considered that the polymerized FA itself also has a peak at the downshifted position. 
Therefore, it is not possible to assign the increased absorbance at the new peak position to 
chemical covalent bond formations between polymerized FA and wood cell wall lignin. Our 
UMSP studies (section 9.2.1.) of furfurylated Radiata pine and maple showed an absorbance 
increment at 280nm/278nm that can be interpreted as a manifestation of the preferred 
deposition of condensed UV-active compounds at places of high lignin concentration in the 
cell wall in situ. Chemical bonds between FA and wood cell wall lignin were most likely also 
produced, but this has to be further verified. 

To study and characterize possible chemical bonds between FA and cell wall lignin, FA 
modified wood was also subjected to Raman spectroscopy in the context of a master thesis 
(Wadenspanner 2018). The comprehensive review of Fackler and Thygesen (2013) presented 
microspectroscopic techniques like Raman that can map lignin by having marker bands that 
do not overlap with contributions from cellulose and hemicelluloses, which is explained by its 
smaller means of orientation than cellulose within the wood cell wall (Stevanic and Salmén, 
2009; Gierlinger et al. 2010). Bock and Gierlinger (2019) were aiming to provide more 
information on the structure of lignin by vibrational spectroscopy to improve the assignment 
of vibrational spectra of lignin. In the Raman spectra of lignin, they found that the majority of 
the aromatic rings (unconjugated ones) can only be seen as weak bands, and they concluded 
that stronger Raman scatterers masked the weak scattering structures. Furthermore, Raman 
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analyses of untreated wood is partly limited due to laser-induced fluorescence (LIF) (Agarwal 
1999; Lähdetie et al. 2013), which caused a strong background signal to form. Furfurylated 
wood also has a strong LIF that limits the possibility of generating acceptable Raman spectra 
with the same setting parameters as untreated wood. Aiming to reduce these limitations, we 
studied several hardwood and software modules and settings to reduce the interfering 
fluorescence  attempting to generate evaluable spectra. 

A Raman spectroscope equipped with a Nikon CFI Achro 100x/1.25 objective was used at the 
Fraunhofer-Institute (IVV), Freising. 

The size of the scanning field was 20 x 20µm² with 250 points per line (PPl, LPI) to generate 
an image scan that enabled us to differentiate the single cell wall layers (Figure 17, left). The 
obtained spectra from the cell wall corner showed a clearer peak at the rel. wavenumber of 
1,600cm-1, representing one band from the aromatic part of softwood lignin and confirming 
the results of Bock and Gierlinger (2019). In addition, a small peak in a range of 2,900cm-1 to 
3,000 cm-1 occurred. In the fingerprint area, below 1,500cm-1 (Hesse 2016), no peaks 
appeared. That is due to the high intensity of fluorescence that covered the Raman scattering 
in the fingerprint area. The fingerprint area is of great importance for evaluating the Raman 
spectra, as the peaks in this area characterize the chemical compound as a whole (Smith & 
Dent, 2005). Furthermore, Bock and Gierlinger (2019) concluded that the cell corner 
spectrum mainly shows conjugated aromatic substructures, whereas unconjugated rings, 
although in the majority, can hardly be seen in the Raman spectrum. 

 

 
Figure 17: Image scan of the cell wall corner of furfurylated Radiata pine with a sum filter at 1,600cm-1 

and the corresponding spectrum, retrieved from Wadenspanner (2018). 
 

To quench fluorescence -Palus and Michalska (2014) recommended, e.g., photo 
bleaching as an opportunity, which did not work for furfurylated wood. Unfortunately, the 
further applied adaptions like spatial resolution, integration times, scanning depth or 
variations in sample thickness did not enhance the fingerprint area. Only the peak, at approx. 
1,600 cm-1, continuously had a clear appearance. 

Since water can help to suppress fluorescence as an extinguishing substance by returning the 
excited molecule to its ground state via the extinguishing substance instead of fluorescence 



 73 

emission (Wadenspanner 2018), Raman investigations were performed underwater. These 
investigations were carried out with the Zeiss Objective 63x W plan apochromat with no 
improvement of the spectra of furfurylated wood, whereas the spectra of untreated wood was 
improved. 

Overall, the results of the Raman analyses performed can be summarized as follows: for 
untreated wood, analyzable Raman spectra were able to be recorded in contrast to furfurylated 
wood. It was not possible to analyze FA modified wood using the available equipment at the 
Fraunhofer Institute and the given combination of devices (Raman spectroscope, laser, 
objectives and analyzing software). Comparable drawbacks like lasers with other wavelengths 
and oil-immersible objectives were also raised  in previous studies by Gierlinger et al. (2010). 
Nevertheless, the referenced master thesis (Wadenspanner 2018) provides a suitable 
methodology for sample preparation and, additionally, a comprehensive assembly of different 
setting parameters with their corresponding effect on the data. Thus, the present study serves 
as basic research regarding Raman spectroscopy of furfurylated wood.  
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10 Conclusions and future prospects 

10.1 Conclusions  

The main objective of this thesis was to study FA modified wood regarding its  topochemistry 
for a better understanding of the mode of action of FA modified wood.  In situ 
characterization on a cellular level was addressed and initial decay patterns by a brown rot 
fungus were investigated in a high timely and spatial resolution. 

The FA modified wood is characterized by very high UV absorbance values (overflow) of the 
condensed phenolic/aromatic compounds in the modified tissue, which require individual 
threshold adaption of the UV intensities to a min. of 1.00% and a max. of 67.50%. The results 
of the absorbance increment at 280nm/278nm of undegraded furfurylated Radiata pine and 
maple lead to the conclusion that a manifestation of the preferred deposition of condensed 
UV-active compounds at places of high lignin concentration in the cell wall in situ has taken 
place. The strong increase of absorbance intensities from untreated to furfurylated wood and 
the shift of the bands of the furfurylated wood cell walls lead to the conclusion that a strong 
polymerization of the aromatic compounds as a possible reaction of FA with the cell wall 
lignin occurred. This conclusion is supported by current literature on predicted and measured 
FT-IR spectra of FA  lignin models  reactions as well as experimental data from previous 
studies on the basic chemistry of furfurylated wood. Deeper knowledge of the nature of these 
bonds might be helpful to understand and to improve the biological resistance of furfurylated 
wood. Furthermore, our topochemical results lead to the conclusion that the absorbance 
intensities depend rather on the wood species and the modification process parameters than on 
the FA loading (WPG) of the treated samples.  

In summary, the results of this thesis lead to the conclusion that the USMP method, with its 
high spatial resolution, is well-suited to analyze the cell wall layer topochemistry of 
furfurylated wood in situ. 

The LM investigation of the distribution of the polymerized FA in the wood tissue of Radiata 
pine showed a solvent-dependent distribution in the cross sections. The radial sections reveal 
that the ray parenchyma cells of furfurylated Radiata pine appeared empty. The results of the 
SEM analyses of furfurylated Radiata pine show that the polymerized FA is a cell wall-
attaching, compact lumen-filling substance. The furfurylated maple had fewer filled cells in 
the cross sections, and the radial sections reveal almost all parenchyma cells of the water-
based solvent were filled and approximately half of the cells of the samples from the process 
with IPA as solvent were filled. These results lead to the conclusion that the observed 
differences within Radiata pine and maple might be related to i) the wood species dependent 
morphological pathways in general and the different number of pits  non-aspired bordered 
pits in LW an EW; and ii) the IPA dependent delay of the onset of polymer formation during 
curing.  
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The results of the decay test show that R. placenta was already able to colonize untreated 
Radiata pine samples within the first days of incubation compared to the furfurylated samples, 
where the fungal colonization occurred with significantly less success. This led to the 
conclusion that physically blocked tracheid cell lumens filled with polymerized FA affect the 
fungal hyphae spread in the furfurylated samples. That can be seen as one possible reason for 
the impaired fungal colonization. The data from monitoring the LM are not sufficient for a 
conclusive answer to what is more important for the biological resistance of furfurylated 
wood  FA filled lumens or cell wall penetration of FA molecules and reaction with lignin. 
These results imply that a combination of both parameters impede brown rot degradation by 
giving a physical barrier for the hyphal expanse and an improved cell wall lignin by FA 
modification that is more difficult to degrade.  

 

For the first time, brown rot infected FA modified Radiata pine was topochemically analyzed. 
UMSP area scans and selective line scans of an individual cell wall region provided detailed 
insights into non-enzymatic oxidative lignin modification at the initial decay stage, 
visualizing non-enzymatic oxidative degradation in situ. The UMSP results of the analyzed 
degraded furfurylated and untreated Radiata pine samples revealed comparable decay patterns 
in untreated and furfurylated samples. This led to the conclusion that FA modified wood has 
non-toxic properties regarding fungal degradation. This conclusion was supported by current 
literature on the chemical analysis of leachates from furfurylated wood, as well as 
experimental data from previous studies on fungal degradation of FA modified wood. 
Degradation patterns in the form of modified lignin did not only occur in the area of the 
outermost S2 layer, but also on local spots over the entire wood cell wall of the analyzed 
untreated and FA-modified samples. The highly reactive hydroxyl radicals, produced in the 
non-enzymatic oxidative degradation of R. placenta, are responsible for the damaged areas in 
the cell wall as well as for the attacked FA deposits in the cell lumen. These results lead to the 
conclusion, that R. placenta is able to degrade polymerized FA. The results in this thesis 
revealed further that initial lignin modification through brown rot degradation affected the 
entire cell wall. The results of the topochemical analysis reveal features for the identification 
of initial brown rot decay. The affected zones of the cell wall are: i) middle lamella; ii) the 
primary cell wall (PW), the outermost S2 layer including the S1/S2 boundary and iii) the 
middle S2 layer. These attacked areas are essential for the stability of the cell wall and are 
responsible for the absorbance of the interfacial shearing forces. These results imply that the 
ingenious system of the interfaces between the cell wall layers and the linkages between 
cellulose fibrils, hemicelluloses and lignin is seriously affected, which might explain the 
enormous strength loss in this decay phase. This conclusion was supported by literature on the 
mechanical properties of brown rot degraded wood. 

In summary, the results of this thesis reveal that the decay pattern of R. placenta in FA 
modified wood were similar to those in untreated wood, which underlines the non-toxic mode 
of action of furfurylated wood. These results lead to the conclusion that FA modified cell wall 
lignin influences the fungal degradation process and, therefore, presents another possible 
reason for the enhanced brown rot resistance properties of furfurylated wood. 
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The exact role that FA modified cell wall lignin plays is yet not sufficiently understood. 
Studies on FA modified cell wall lignin and on the visualization of non-enzymatic oxidative 
degradation patterns should be focused on in the future. Therefore, further topochemical, 
cytochemical, and immunolabeling studies are desirable. 
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10.2 Future prospects 

To enhance our current knowledge of the wood degradation of FA-modified wood at the 
initial stage, studies of a wider range in laboratory and fieldwork need to be conducted. The 
effects of sample design, different wood species and different FA modification processes need 
to be investigated further to produce reliable data for the choice of the best raw materials and 
process conditions for furfurylation. Decay tests with adopted test and sample designs, for 
instance, according to Schilling et al. (2013) and  Kölle et al. (2019), should be performed to 
develop models for the initial decay activity, especially for non-enzymatic oxidative 
degradation. The wood-moisture relation at the initial decay stage should also be monitored in 
order to find answers regarding the role of moisture at the early fungal colonization stage. 
Furthermore, applying Scanning Near-Field Optical Microscopy (SNOM in reflection mode) 
according to Keplinger et al. (2014) is a rather universal principle of spatial cellulose and 
lignin assembly in secondary cell walls, and is therefore highly relevant for the understanding 
of cell wall structure and its enzymatic degradation. 

The development of (short-time) field tests based on the obtained data from the laboratory 
decay test could help transfer the knowledge gained to practical means. This can be realized 
through the development of application standards for furfurylated wood, like use classes 
according DIN 68800, predictions of maintenance intervals and service life. Furthermore, this 
information of FA-modified wood would lead to the admission of further construction details 
and other building applications with special restrictions.  

Not only are studies on brown rot as the most important house-rot fungi of great importance; 
studies on white and soft rot degradation are important, too. With regard to Europ  
goals for 2050, more hardwood species will be used in building environments, which should 
initiate the expansion of our views of  house-rot fungi.   

The preferred scenario would be a topochemical evaluation of FA-modified wood degraded 
by R. placenta combined with fungal gene expression analyses. The obtained image data from 
the scanned wood tissue in situ could be accomplished by the fungal gene expression to 
provide information for a better understanding of the degradation pattern, therefore increase 
our knowledge of the mode of action of furfurylated wood. Topochemical point 
measurements with varying wavelengths can provide a high spatial resolution of the 
topochemistry of the colonized cell wall.  

To reveal information on the chemical bonds of FA and cell wall lignin, Raman investigations 
with appropriate setting parameters and spectroscopy design are required. More information is 
needed on the properties of these chemical bonds to enhance our understanding of FA 
modified cell wall lignin and its role during brown rot degradation. Finally, this could help to 
improve the modification process, especially polymerization.  

To further study the mechanical characteristics of the furfurylated cell walls (undegraded and 
at the initial decay stages) regarding deformation and failure mechanisms of the CML, the 
shearing forces under load in in situ SEM micro-compression investigations of micropillars 
according to Adusumalli et al. (2010) is needed. This data is needed to be able to conclude if 
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the identified features of initial brown rot decay in the interfaces of the cell wall layers are 
attacked in their structural integrity.  

With respect to the long-term strategic vision for a climate neutral European Union economy 
by 2050, the improved utilization of biobased resources will be necessary, and this will push 
the utilization of modified wood forward. Therefore, it is highly relevant to emphasize and 
promote the carbon storage benefits of FA-modified timers in a constructed environment to be 
included in future synthesis reports of the Intergovernmental Panel on Climate Change 
(IPPC). LCA analysis of FA-modified wood, the furfurylation process and the furfurylated 
wood species studied could be a useful tool for gathering data.     
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Improvement of a method for topochemical
investigations of degraded furfurylated wood
G. Ehmcke*1, A. Pilgård1,2, G. Koch3 and K. Richter1

Today there is an increasing demand for wood protection systems which are based on low
environmental impact technologies. The aim of this study was to improve a method for
investigating furfurylated Pinus radiata, both in terms of the furfuryl alcohol polymerisation
process in the wood cell wall and the detection of initial signs of brown rot degradation. It is an
established theory today that brown rot degradation starts with lignin modification in the
outermost part of the secondary cell wall and the combined middle lamella. We adapted a
method (cellular UV microspectrophotometry, UMSP) which enables direct imaging of the lignin
distribution and modification within individual cell wall layers. Furfurylated P. radiata, incubated
with Postia placenta, were scanned with monochromatic UV-light at 280 nm. The results showed
that USMP is a promising method to study furfurylated wood and early fungal degradation
damages in the cell wall of furfurylated wood.
Keywords: Brown rot degradation, Furfuryl alcohol, Lignin modification, Modified wood, Postia placenta, UV microspectrophotometry

Introduction
Wood applications in building and construction are faced
with and influenced by varying environmental conditions
and a permanent presence of microbial organisms. Brown
rot basidiomycetes are reckoned to cause the most
destructive type of wood decay, even before any mass
loss is detectable (Schultze-Dewitz 1966; Bariska, Osusk
and Bosshard 1983; Winandy and Morrell 1993). Brown
rot fungi attack the structural basis of the wood cell
wall, cellulose and hemicelluloses, leaving a modified lig-
nin behind (Danninger, Messner and Rohr 1980; Eriks-
son, Blanchette and Ander 1990; Goodell 2003). Lignin
maintains their macromolecular nature throughout
brown rot decay (Kirk 1975; Niemenmaa, Uusi-Rauva
and Hatakka 2008; Yelle, Ralph, Lu and Hammel
2008), but their structure is modified substantially by
hydroxyl radicals produced by the fungi (Yelle et al.
2008; Arantes et al. 2009; Arantes, Milagres, Filley and
Goodell 2011; Martinez et al. 2011; Yelle, Wei, Ralph
and Hammel 2011).
To delay or even prevent biodegradation processes,

different wood protection and modification systems are
available. Today there is an increasing demand for wood
preservative methods which are based on technologies
with low environmental impact. Wood modification
involves the action of a chemical, biological or physical

agent upon the material, resulting in increased dura-
bility and dimensional stability (Hill 2006). In contrast
to treatments with traditional wood preservatives,
where the decay resistance is caused mainly by the tox-
icity of the chemicals added, little is known about the
mode of action of modified wood. Furfurylation of
wood is a chemical modification where furfuryl alcohol
(FA) penetrates into the wood cell wall, polymerises in
situ, resulting in a permanent swelling of the wood cell
wall (Goldstein 1955, 1960; Stamm 1977). It has been
shown that furfurylation of wood leads to higher dura-
bility against biodegradation (Lande, Westin and
Schneider 2004) and a low environmental impact (van
Eetvelde, De Geyter, Marchal and Stevens 1998;
Lande, Eikenes and Westin 2004a; Lande, Westin and
Schneider 2004b; Pilgård, De Vetter, Van Acker and
Westin 2010a; Pilgård et al. 2010b). UV microspectro-
photometry (UMSP) is an established analytical tech-
nique which enables direct imaging of lignin
distribution and lignin modification (biodegradation,
delignification) within individual cell wall layers (Fer-
gus, Procter, Scott and Goring 1969; Scott, Procter, Fer-
gus and Goring 1969; Saka, Whiting, Fukazawa and
Goring 1982; Fukazawa 1992; Koch and Kleist 2001;
Koch and Grünwald 2004; Rehbein and Koch 2011;
Koch and Schmitt 2013). Rehbein and Koch (2011)
detected topochemical indications of incipient lignin
modification by the brown rot fungus Antrodia vailantii
in the S2 layer in Pinus sylvestris already after 3 days of
incubation. The aim of this study was to improve a
method for investigating furfurylated Pinus radiata in
order to gain a better understanding of the furfuryl alco-
hol polymerisation process in the wood cell wall and to
be able to detect and localise early appearance of brown
rot degradation.
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Experimental
Sample preparation
Small blocks (1.5 × 1.5 × 5 mm³, R × T × L) of furfury-
lated P. radiata sapwood, a research product, were
trimmed, leached according to EN 84 (1996) and steri-
lised by gamma radiation. The benefit of the small sample
size is that the complete sample can be embedded and pre-
pared for cellular UMSP investigation in contrast to com-
mon degradation tests, for example Bravery (1979) and
DIN CEN/TS 15083-1(2005). The underlying decay test
of this paper (Algeier 2014) was performed according to
Rehbein and Koch (2011). Four samples were placed
into each petri dish, prepared with a standard malt agar,
in front of a mycelium flake of Postia placenta (FRIES),
M.J. LARSEN & LOMB. (FPRL 280) and stored in a cli-
mate chamber at 22 ± 1°C and 70 ± 1% r.H. for a period
of 23 days. The inoculation of the petri dish and sample
mounting were performed at the same time to avoid con-
tamination. Samples were harvested at 12 different times
according to Rehbein and Koch (2011). For this paper, we
chose a sample after 21 days of incubation.

Light microscopy and scanning UMSP
The samples were carefully cleaned (with a soft paint-
brush) from surrounding mycelia and dehydrated in a
graded series of ethanol. Afterwards the samples were
embedded in epoxy resin according to Spurr (1969),
trimmed with a razor blade and sectioned with a rotary
microtome (Leica, RM2265) equipped with a diamond
knife. The sections were taken from the surface at a
depth between 20 and 30 μm. The cutting process is a deli-
cate issue in the sample preparation for USMP investi-
gations to obtain a homogenous thickness of the slices
to avoid the effect of thickness differences, previously
described by Irbe et al. (2006). The semithin sections (1
μm), with a size of approximately 0.5 mm², were trans-
ferred to quartz microscopic slides and thermally fixed.
Prior to placing the microscopic slide into the microspec-
trophotometer, the sections were immersed in a drop of
non-UV absorbing glycerine (glycerine/water mixture
nD= 1.46) and covered with a quartz cover slip. The sec-
tions for the light microscopy were transferred to micro-
scopic slides without staining. Previous studies by
Algeier (2014) showed that staining of furfurylated
P. radiata with anilinblue and astrablue did not increase
the contrast. Light microscopic analyses were carried
out with a microscope (Axiophot, Zeiss) equipped with
a digital camera (AxioCam, Zeiss) using AxioVision
software.
For the topochemical analyses, the sections were placed

into a microspectrophotometer (Zeiss UMSP 80)
equipped with a scanning stage. The principle of UMSP
investigation is based on the fact that lignin is able to
absorb UV light with absorbance maximum in the
range of l270–280 nm (Musha and Goring 1975) displaying
a characteristic spectrum in contrast to the other cell wall
compounds, cellulose and hemicelluloses. The scan pro-
gram APAMOS (automatic photometric analysis of
microscopic objects by scanning, Zeiss) digitises square
fields of a local geometrical resolution of 0.25 μm ×
0.25 μm and a photometrical resolution of 4096 greyscale
levels. The high resolution enables a high differentiation
of the UV absorbance within the individual cell wall

layers. To visualise the absorbance intensities, the grey-
scale levels were converted into 14 basic colours (Koch
and Kleist 2001). The scan can be depicted as two- or
three-dimensional image profiles with a statistical evalu-
ation of the semi-quantitative lignin distribution. For
the scanning analyses of the prepared sections of
P. radiata (21 days of incubation) a defined wavelength
of 280 nm (absorbance maximum of softwood lignin)
was selected and applied to study the lignification of the
earlywood and latewood tissues.

Results and discussion
Light microscopy
Light microscopy observation of uninfected and
embedded furfurylated P. radiata showed intact tracheid
tissue with an uneven distribution of polymerised FA
located in the cell lumen (brown deposits) (Fig. 1a).
After 21 days of incubation, no degradation of the cell
wall structures could be seen in the inner parts of the
samples (Fig. 1b). However, the cell structures of the
outer parts were degraded. The preparation process of
semithin sections of undegraded and degraded furfury-
lated P. radiata caused material-dependent artefacts
which are marked with arrows in Fig. 1. The slices were

1 Light microscope cross sections of (a) modified Pinus
radiata and (b) Pinus radiata exposed to Postia placenta
(incubation time: 21 days). Both samples showed an
uneven distribution of polymerised FA in the cell lumen
(brown deposits). The arrows mark preparation artefacts
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partly brittle and fragile. A possible reason could be that
FA hinders the epoxy resin impregnation.

UV microscopic scanning profiles
For the first time, degraded furfurylated wood tissue was
investigated by cellular UMSP. Selected sample sections
of P. radiata incubated with Postia placenta and unde-
graded furfurylated references were scanned with mono-
chromatic UV-light at 280 nm. The thresholds of the
UV intensities have been individually adapted to min
1.00% and max 67.50% for all investigated samples, to
obtain a comparable evaluation and image generation.
Normally, the thresholds are set to a standard of min
10.00% and max 80.00%, but with those parameters it
was not possible to generate the very high UVabsorbance
(overflow) of the condensed phenolic/aromatic com-
pounds in the modified tissue. The intensities of UV
absorbance within the individual cell wall layers are dis-
played by the different colour pixels. Figure 2a and b
show representative UV microscopic scanning profiles of
undegraded furfurylated P. radiata. The treated controls

show distinct UV absorbance signals of the individual
cell wall layers and cell types. The highest absorbance
intensities in the cell wall tissue occur in the area of the
compound middle lamella (CML) and the cell corners
(CC) as previously described for untreated (Koch and
Kleist 2001; Koch and Grünwald 2004) and also for ther-
mally modifiedwood (Mahnert, Adamopoulos, Koch and
Militz 2013). The absorbance values increase from the S3
layer to the area of the CMLwith approximately abs280 nm

1.35 and the CC with values around abs280 nm 1.6. UV
absorbance intensities of the S2 layers are in the range
of abs280 nm 1.09–1.48. A spot of high absorbance values
in the S2 layer (abs280 nm 1.61) could be an indication of
a local accumulation of polymerised furfuryl alcohol in
the cell wall (Fig. 2a). Polymerised furfuryl alcohol in
the cell lumen was distinctively detected as overflow
with UV absorbance values >1.9 (Fig. 2b).
After 21 days of incubation the entire wood tissue of the

furfurylated and colonised sample appears with signifi-
cant lower UV absorbance values compared to the unde-
cayed control (Fig. 3). This decrease in absorbance most
likely originates from early fungal degradation processes

2 UV microscopic scanning profiles of modified Pinus radiata with statistical evaluation (histogram). The coloured pixels mark
the absorbance intensity at l280 nm. The highest absorbance values in the cell wall tissue are in the area of the compound
middle lamella (CML) and cell corners (CC). (a) The secondary wall (S2) revealed lower intensities and a spot of high absor-
bance (↑) which could be an indication of an accumulation of polymerised furfuryl alcohol in the cell wall. (b) Polymerised
furfuryl alcohol (FA) deposits in the lumen and ray parenchyma (RP) display absorbance intensities above 1.87 (overflow)
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3 UV microscopic scanning profiles at l280 nm of modified Pinus radiata degraded by Postia placenta. The degraded sample
revealed a significant decrease of the absorbance intensity from greenish to reddish pixels compared to the controls (Fig.
2a, b) as the statistical evaluation displays (histogram). a The secondary wall (S2) revealed lower and locally inhomogeneous
pattern of lower intensities (↑) and the onset of lignin modification. The compound middle lamella (CML) is partly degraded,
the absorbance values of the cell corners (CC) and the furfuryl alcohol (FA) in the cell lumen decreased. b and c show the
same trends with locally inhomogeneous pattern of lower intensities (↑) and partially dissolved CMLs
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(Rehbein and Koch 2011), where highly reactive hydroxyl
radicals, produced in the non-enzymatic part of the chela-
tor mediated Fenton degradation (Goodell et al. 1997;
Hammel, Kapisch, Jensen and Ryan 2002; Arantes, Jelli-
son and Goodell 2012) attack lignin as well as furfuryl
alcohol, since no structural cell wall damages could be
seen in the light microscope. The absorbance values of
the polymerised furfuryl alcohol in the cell lumen
changed from overflow (Fig. 2b) to values around
abs280 nm 1.61. The absorbance of the S2 layers shifted
from abs280 nm 1.09–1.48 to abs280 nm 0.56–0.82 with
locally inhomogeneous pattern of lower intensities
(Fig. 3 ↑). The signals of the CML are partly not
distinguishable from S2 and some small regions are still
absorbing in the range of abs280 nm 0.82–0.95. The
UV absorbance values of the CC distinctively changed
from abs280 nm 1.48 to abs280 nm 1.09.
The present results of the topochemical analyses con-

firm the findings of Fackler et al. (2010) and Rehbein
and Koch (2011) that brown rot degradation starts with
a lignin modification in the outermost part of the second-
ary cell wall and the combined middle lamella, through
the chelator mediated Fenton degradation (Goodell
2003), also in furfurylated wood. This degradation pro-
cess is evidenced by the strong decrease of the UV absor-
bance values documented in Figs. 2 and 3. The highest
amount of condensed lignin is topochemically detectable
in the middle lamella and the cell corners where we also
found the highest amounts of furfuryl alcohol in the fur-
furylated samples. Thygesen, Barsberg and Venås (2010)
also described that the highest amount of furfuryl alcohol
was located in the lignin rich parts of the wood cell wall
(CML and CC). This together with our results indicate
the importance of a homogenous (good) penetration
and polymerisation of furfuryl alcohol in the CML to
improve the decay resistance of the furfurylated wood
since brown rot degradation starts at this location. In a
study performed by Irbe et al. (2006), a gradual decrease
in lignin absorbance in CML and CC during the progress
of brown rot decay was detected. However, Rehbein and
Koch (2011) noticed an increase in UV absorbance inten-
sities in the inner parts of the S2 layer after 3 days of
exposure. Other factors which are contributing according
to Irbe et al. (2006) are the thickness of decayed cell walls
compared to undecayed cell walls, partial depolymerisa-
tion of the native lignin and the changed ratio of lignin
to carbohydrates. However, we could not see any physical
damages and natural variations which might influence the
provided basic results on lignin modification (topochem-
istry) in the cell wall layers of furfurylated wood at early
degradation stages. We therefore assume that thickness
differences, due to degradation, are minor problems for
our application of the UMSP method to studies of early
degradation stages in furfurylated wood.

Conclusions
Cellular UMSP investigations of furfurylated P. radiata,
characterised by very high UV absorbance (overflow) of
the condensed phenolic/aromatic compounds in the modi-
fied tissue, require individual threshold adaption of theUV
intensities to min 1.00% andmax 67.50%. After 21 days of
incubation with Postia placenta, no structural cell wall
damages were seen in the light microscope, but changes
in chemical distribution of modified lignin could be

detected with the UMSP in the entire cell wall which
most likely indicate early brown rot decay. These results
show that cellular UMSP is a promising method to study
furfurylated wood and early fungal degradation damages
in the cell wall of furfurylated wood. Further degradation
studies including more (individual) decay stages are
planned to complement the results from this study.
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Abstract: Furfurylation is one of the wood modification 
techniques via catalytic polymerization of the monomeric 
furfuryl alcohol (FA) in the impregnated cell wall. Little is 
known about the topochemistry of this process. Brown rot 
degradation begins with lignin modification and there-
fore, the reactions between FA and lignin was one focus 
of this research. Furfurylated radiata pine (Pinus radiata) 
with three different weight percent gains (WPGs of 57%, 
60% and 70%) after FA uptake was observed by cellular 
ultraviolet microspectrophotometry (UMSP) to analyze 
chemical alterations of the individual cell wall layers. 
Moreover, light microscopy (LM) and scanning electron 
microscopy (SEM) analyses were performed. The ultravi-
olet (UV) absorbance of the modified samples increased 
significantly compared to the untreated controls, indicat-
ing a strong polymerization of the aromatic compounds. 
Highest UV absorbances were found in areas with the 
highest lignin concentration. The UMSP images of indi-
vidual cell wall layers support the hypothesis concerning 
condensation reactions between lignin and FA.

Keywords: brown rot, furfurylation, light microscopy 
(LM), lignin modification, scanning electron microscopy 
(SEM), ultraviolet microspectrophotometry (UMSP), wood 
modification

Introduction
Brown rot basidiomycetes cause the most destructive type 
of wood decay, even before any mass loss (ML) of the wood 
is detectable (Schultze-Dewitz 1966; Bariska et  al. 1983; 
Winandy and Morrell 1993). Cellulose and hemicelluloses 
are mainly metabolized, leaving a modified lignin behind 
(Danninger et  al. 1980; Eriksson 1990; Goodell 2003). 
Lignin maintains its macromolecular nature throughout 
the brown rot decay (Kirk 1975; Niemenmaa et  al. 2008; 
Yelle et al. 2008), but its structure is modified substantially 
by hydroxyl radicals produced by the fungi (Yelle et  al. 
2008, 2011; Arantes et al. 2009, 2011; Martínez et al. 2011). 
The lignin modification begins in the outermost part of the 
secondary cell wall (S2) and the compound middle lamella 
(CML) (Fackler et al. 2010; Rehbein and Koch 2011).

Wood preservation based on technologies with low 
environmental impact are mandatory today. Different 
approaches are known in this regard, for instance, modifi-
cations with melamine formaldehyde (Stamm 1964), with 
acetic anhydride (Rowell et al. 1994), or thermal modifica-
tion (Militz 2002), the effects of which are based on chemi-
cal, biological and physical interactions, resulting in 
increased durability and dimensional stability (Hill 2006; 
Ringman et al. 2014). Another promising approach is the 
furfurylation process. Furfuryl alcohol (FA) is obtained 
from renewable resources of agricultural crop waste (corn 
or sugar cane production) consisting of pentosans, which 
are easily hydrolyzed, and the pentoses obtained are 
dehydrated to furfural (F) (Hill 2006; Uppal et  al. 2008; 
Moghaddam et  al. 2016), which is then converted to FA. 
F and FA are by far the most important furan derivates 
(Gandini and Lacerda 2015), which can be polymerized by 
several organic and mineral acids, such as by Lewis acids 
(Lande et al. 2004a). Ünver and Öktem (2013) investigated 
controlled cationic polymerization of FA, visualized by 
the UV bands at λ228 nm and λ286 nm.

Furfurylation begins with FA impregnation of wood 
followed by in situ polymerization, which leads to a per-
manent swelling of the cell wall (Goldstein 1955, 1960; 
Stamm 1977; Schneider 1995; Bryne et al. 2010). In the last 
decade, FA impregnation was, for example, applied to 
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improve plasticization and fixation during the densifica-
tion of wood (Pfriem et al. 2012), and new catalysts were 
developed (Li et  al. 2015; Sejati et  al. 2017). Not all the 
details of the furfurylation process are well understood. 
The FA solution enters the cell wall to some extent but also 
fills the cell lumens completely or partially (Schneider 
et al. 2000). Depending on wood species and FA concen-
tration, the curing temperature ranges from 45°C to 140°C 
(Westin 2003). Furfurylated wood (WFA) has better dura-
bility against biodegradation (Lande et al. 2004c; Esteves 
et al. 2011; Gascon-Garrido et al. 2013; Li et al. 2015; Sejati 
et al. 2017) and has a low environmental impact (van Eet-
velde 1998; Lande et  al. 2004a,b,c; Pilgård et  al. 2010a, 
2010b). Furfurylated softwoods and hardwoods are avail-
able on the market with the equivalent quality to woods 
protected by copper, chromium and arsenic (CCA) solu-
tions. WFA is darker than native wood and has an aesthetic 
appeal similar to that of natural durable (and dark) tropi-
cal timbers like teak, ipé or azobé. WFA fulfills the require-
ments for hazard classes 3 and 4 applications according 
to EN 335. Furfurylated southern yellow pine and radiata 
pine are admitted as “proven” for window frames on the 
German market (VFF-Merkblatt HO.06-4 2016). Previous 
studies by infrared (Venås and Rinnan 2008) and fluo-
rescence microscopy (Thygesen et  al. 2010) on WFA have 
shown that FA polymerization takes place within the wood 
tissue. Higher fluorescence occurs in lignin-rich parts, 
mainly in the cell wall corner regions (CC) and the CML 
(Thygesen et al. 2010). Nuclear magnetic resonance (NMR) 
spectra of early stages of FA polymerization demonstrated 
that lignin model compounds form covalent bonds in a 
liquid-phase system with the FA polymer (Nordstierna 
et al. 2008). Chemical bonds between the FA polymer and 
wood tissue, however, have not yet been proven.

To learn more about furfurylation, ultraviolet micro-
spectrophotometry (UMSP) was applied in the present 
study. UMSP is an established analytical technique which 
enables the direct imaging of lignin distribution and lignin 
modification in the course of biodegradation and techno-
logical delignification within individual cell wall layers in 
situ (Fergus et al. 1969; Scott et al. 1969; Saka et al. 1982; 
Fukazawa 1992; Koch and Kleist 2001; Koch et  al. 2003a; 
Koch et al. 2003b; Koch and Grünwald 2004; Rehbein and 
Koch 2011; Koch and Schmitt 2013; Aguayo et  al. 2014; 
Kojima et al. 2014; Bianchi et al. 2016; Ehmcke et al. 2016). 
The π electron-rich lignin shows UV maxima at around λ212 nm 
and λ280  nm (Scott et  al. 1969; Goldschmid 1971;  Fukazawa 
1992). Softwood lignin is mainly composed of guaiacyl-
propane moieties with an absorbance maximum (Amax) at 
around λ280 nm (Musha and Goring 1975; Takabe 1992). The 
UV-Amax data are lower in lignins with higher syringpropan 

unit participation, seen on the increasing OCH3/C9 ratios 
(Musha and Goring 1975; Fujii et al. 1987). Modified timbers, 
such as heat-treated and N-methylol melamine-modified 
hardwoods (Kielmann et al. 2013; Mahnert et al. 2013; Sint 
et al. 2013), hydrothermal-modified wood (Andersons et al. 
2016) and degraded furfurylated softwood (Ehmcke et  al. 
2016), were also studied by UMSP.

The aim of the present study was to investigate FA-
modified radiata pine (Pinus radiata) by the UMSP method 
to search for indications of lignin modification via chemi-
cal bonds with FA.

Materials and methods
Radiata pine (P. radiata) sapwood boards were industrially furfu-
rylated under different process conditions and distributed to pro-
ject partners of an ongoing research project (Research council of 
 Norway project 219294/O30). The furfurylation processes are based 
on a full-cell impregnation with different FA solutions, buffer agents 
and catalysts followed by steam curing and kiln drying. Water-based 
[process A, a weight percent gain (WPG) of 60%] and alcohol solu-
tions (process B, 70% WPG) were applied, both containing FA and 
standard catalysts. Process C was performed with an experimental 
mix of a water-based solution and an alternative catalyst leading to 
a WPG of 57%. The wood from process A is a commercial product 
and available on the market. Each modified board in this project was 
matched by an untreated board (Wuntr).

Sample preparation for UMSP: Small blocks of WFA 1 mm × 1 mm ×  
5 mm (R × T × L) were prepared for each treatment type (WFA,A, WFA,B 
and WFA,C) and for Wuntr. Selected wood blocks were dehydrated in 
a graded series of ethanol and then embedded in Spurr’s (1969) 
epoxy resin (Electron Microscopy Sciences, Hatfield, PA, USA) under 
mild vacuum conditions. The polymerization process was catalyzed 
by thermal curing at 70°C for 12 h. The embedded specimens were 
trimmed with a razor blade (Plano GmbH, Wetzlar, Germany) to pro-
vide an area of approximately 0.5 mm2 and sectioned with a rotary 
microtome (Leica, RM2265, Leica Mikrosysteme Vertrieb GmbH Wet-
zlar, Germany) equipped with a diamond knife ( DiATOME histo, 
4.0 mm, 45°, Diatome AG, Biel, Switzerland). The semi-thin sections 
(1 μm) were transferred to quartz microscopic slides (Plano GmbH, 
Wetzlar, Germany) and thermally fixed. The sections were immersed 
in a drop of non-UV-absorbing glycerine (glycerine/water mixture 
nD = 1.46) and covered with a quartz cover slip. As reference, unmodi-
fied radiata pine sapwood specimens were also prepared, following 
the same embedding process.

In addition, small cubes (1 cm3) of Wuntr and WFA were prepared 
for light microscopy (LM) and scanning electron microscopy (SEM) 
analyses. For conventional LM, the cubes were sectioned with a sliding 
microtome (Leica SM 2000 R, Leica Mikrosysteme Vertrieb GmbH Wet-
zlar, Germany) and sections of the three anatomical directions (trans-
verse, radial and tangential) were mounted on microscopic slides and 
embedded in Euparal (Carl Roth, Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany). For SEM analysis, specimens were boiled in water and then 
manually cut with a thin razorblade to obtain a plain surface perpen-
dicular to the axial direction. The specimens were stored overnight 
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under vacuum and then sputter-coated by a coating unit (International 
Scientific Instruments Co, New Delhi, India) with a 10–15-nm gold film.

Cellular UMSP: The ultrathin sections were placed in a Zeiss UMSP 
80 (Carl Zeiss AG, Oberkochen, Germany) equipped with a scanning 
stage. The principle of the UMSP investigation is based on the typical 
UV absorbance of lignin in the range of λ270−280  nm (Musha and Gor-
ing 1975). For scanning, a defined wavelength of λ280 nm (the Amax of 
softwood lignin) was selected. The scan program Automatic Photo-
metric Analysis of Microscopic Objects by Scanning (APAMOS, Carl 
Zeiss AG, Oberkochen, Germany) digitizes square fields of a local geo-
metrical resolution of 0.25 μm × 0.25 μm and a photometrical resolu-
tion of 4096 grayscale levels. To visualize the absorbance intensities, 
the grayscale levels were converted into 14 basic colors as described 
in detail by Koch and Kleist (2001). The scans can be depicted as 
two-dimensional (2D) or three-dimensional (3D) image profiles, and 
a statistical data evaluation results in a semi-quantitative lignin dis-
tribution. For control purposes, the lignin distribution within indi-
vidual cell types and cell wall layers of three Wuntr specimens were 
scanned.

In addition, the specimens were also subjected to photomet-
ric point measurements with a spot size of 1 μm2. The UV spectra of 
individual cell wall layers were recorded in the range between λ250 nm 
and λ420 nm and statistically evaluated. A TIDAS MSP 800 microscope 
spectrometer (J&M Analytik AG, Esslingen, Germany) equipped with 
TIDAS-DAQ software was available. The spectral characteristics 

of 15–20 point measurements of individual cell wall layers and FA-
polymerized deposits in the lumen were evaluated.

LM and SEM: To localize FA-impregnated cell elements, selected 
samples were analyzed by conventional LM (Axiophot, Carl Zeiss AG, 
Oberkochen, Germany) equipped with a digital camera ( AxioCam, 
Carl Zeiss AG, Oberkochen, Germany) combined with AxioVision 
software (Carl Zeiss AG, Oberkochen, Germany). The SEM was 
equipped with a tungsten cathode (EVO 40, 10–12 kV, Carl Zeiss AG, 
Oberkochen, Germany).

Results and discussion

Transverse sections of Wuntr and WFA from the FA modifica-
tion processes were observed by cellular UV microscopy at 
λ280 nm. Preliminary tests showed that the standard thresh-
olds for the UMSP analyses of untreated wood tissue (min 
10% and max 80%) were not suitable to evaluate WFA due 
to the high absorbance intensities (Ehmcke et al. 2016). To 
obtain a comparable evaluation and image generation, 
the thresholds were therefore individually adapted to a 
minimum of 1.0% and a maximum of 67.5% for all investi-
gated specimens.
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Figure 1: UV microscopic scanning profiles of untreated (a) and furfurylated (b) radiata pine (process A, 60% WPG).
The data are statistically evaluated from their corresponding histograms. The colored pixels mark the absorbance intensity at λ280 nm. A selec-
tive line scan of an individual cell wall region intuitively visualizes the local lignin concentration and chemical cell wall modification.
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UV microscopic scanning profiles

In Figure 1, representative UV microscopic scanning pro-
files of Wuntr and WFA,A (60% WPG, commercial product) are 
presented. The colored pixels mark the absorbance intensi-
ties at λ280 nm. The data of each UV profile are statistically 
evaluated from its corresponding histogram. The high reso-
lution (0.25 μm2 per pixel) enables a detailed differentiation 
of the UV absorbance within the individual cell wall layers 
(Koch et al. 2003a). In addition to the standard 2D UV micro-
graph, a selective line scan of an individual cell wall region 
intuitively visualizes the local lignin concentration and the 
chemical cell wall modification. For spatial illustration, the 
scanning area is also presented as a 3D image profile.

A representative profile of natural lignin distribution 
in cell walls of Wuntr is presented in Figure 1a. The highest 
absorbances occur in the area of the CML and the CC as 
previously described for Wuntr (Koch and Kleist 2001; Koch 
and Grünwald 2004) and also for thermally (Mahnert et al. 
2013) and hydrothermally modified wood (Andersons et al. 
2016). For the Wuntr tissue, the following UV absorption 
data (A280 nm) are typical: 1.22 for the CML, 1.48 for the CC 
and lower, slightly varying values for the S2 layer (0.69–
0.95). The fluctuating values for the S2 layer were already 
described by Takabe (2002). The line scan of a double cell 
wall in the radial direction and the corresponding 3D image 
illustrates the high absorbance intensities of the CML as a 
pronounced peak and a highly absorbing band.

For comparison, the UV scanning profiles of Wuntr and 
WFA,A (60% WPG) are presented in Figure 1. The profiles 
(Figure 1b) show significantly higher absorbances of the 
entire cell wall compared to Wuntr. With regard to the typical 
lignin distribution, both UV micrographs of Wuntr and WFA 
reveal a similar spectral behavior, where the absorbance 
intensities are increasing from the S3 layer towards the 
area of the CML and the CC. For WFA, a clear shift is visible 

to green-, yellow-, and gray-colored pixels, representing 
higher UV intensities in the range of 1.22–1.74 (A280 nm), as 
it was already documented by Ehmcke et al. (2016). With 
reference to fluorescence studies (Thygesen et  al. 2010), 
the highest amount of polymerized FA was detected in the 
lignin-rich areas. The line scan in Figure 1b visualizes a dis-
tinct increase of the absorbance values from the outer cell 
wall towards the CML. On the other hand, the CML evinces 
a less-pronounced peak compared to Wuntr in Figure 1a. The 
CML in Figure 1b is associated with a broad plateau of high 
UV intensities representing the S2 layer (A280 nm 1.22–1.35), 
which indicates an intensive modification of the cell wall.

WFA,B (70% WPG) and WFA,C (57% WPG) are presented in 
Figures 2 and 3. The cell wall layers of WFA,B (Figure 2) reveal 
relatively homogenous absorbance intensities in the green 
color range (A280  nm 1.22–1.35). The CC and CML are some-
what more pronounced and characterized by rare yellow 
pixels (A280  nm 1.48). Figure 3 shows lower intensities with 
bluish-green colors for WFA,C. The cell wall layers of WFA,C 
show increasing intensities beginning with the cell lumen 
(A280 nm 0.17–0.56) to S2 (A280 nm 1.09–1.22), to the CML and the 
CC (A280 nm 1.35–1.61), where the absorbance intensities cul-
minate. Compared to Wuntr (Figure 1a) and all other treated 
materials (Figures 1b, 2 and 3), the wood tissue of WFA,A 
(Figure 1b) shows the highest absorbances with a clear shift 
to green, yellow and gray pixels (A280 nm 1.22–1.74).

The mean UV absorbances did not increase propor-
tionally to the loadings (i.e. to the WPGs) of the analyzed 
samples (Table 1). The highest loading was generated by 
process B with 70% WPG, representing the lowest A280 nm 
with 1.07, compared to process A with A280 nm 1.16 and C with 
A280 nm 1.09, but these differences are not significant. The 
slight deviations could be explained by differences in the 
anatomical structure and the high resolution of the individ-
ual measuring fields. In general, the individual parameters 
of the FA modification (in terms of catalyst concentration, 
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Figure 2: UV microscopic scanning profiles of furfurylated radiata pine (process B, 70% WPG).
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processing temperature and time and pH value of the solu-
tion) strongly affect the final product by the degree and 
type of chemical bonds (Lande et al. 2004a).

Compared to Wuntr, higher UV absorbances were also 
observed by UMSP on thermally modified wood (160°C–
180°C) (Mahnert et  al. 2013). Andersons et  al. (2016) 
reported similar results at lower temperatures, but at 
140°C for 1 h only a slight impact on the UV absorbance was 
seen. The furfurylation occurs below 140°C (Westin 2003). 
The chemical reactivity of the lignin is induced above a 
temperature of 80°C (Koch et al. 2003a) and real thermal 
changes of lignin are expected to begin at 150°C (Fengel 
and Przyklenk 1970). Ünver and Öktem (2013) showed that 
polymerized FA is characterized by a UV-Amax at around 
λ280 nm, i.e. which is also the case for untreated softwood 
lignins. Accordingly, the presented results concerning the 
absorbance increment at 280 nm can be unambiguously 
interpreted as a manifestation of the preferred deposition 
of (condensed) UV-active compounds at places of high 
lignin concentration in the cell wall. Most likely chemical 
bonds between FA and lignin were also produced, but of 
course, this assumption is not yet proved definitively.

UV absorption spectra

UV spectra with a spot size of 1 μm2 in the wavelength 
range from 240 to 600  nm were recorded to study the 
spectral behavior of WFA on a cellular level. The spectral 
characteristics of the polymerized FA deposits in the cell 
lumen of WFA tissues are given in Figure 4. The UV spectra 
of the FA deposits from all three modification processes 
show approximately similar profiles. Common to all three 
modifications are (i) the high absorbance intensities, (ii) a 
distinct shoulder in the wavelength range between λ340 nm 
and λ380 nm and (iii) certain absorbance levels in the visible 
light range resulting from large chromophoric structures 
that were formed during the furfurylation processes. The 
absorption maxima of the FA deposits detected in WFA,A 
and WFA,C around λ278 nm are similar to the findings of Ünver 
and Öktem (2013). Comparable peaks around λ270  nm are 
also described by Gandini and Belgacem (1997), who 
studied the photopolymerization and photocrosslinking 
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Figure 3: UV microscopic scanning profiles of furfurylated radiata pine (process C, 57% WPG).

Table 1: Mean UV absorbance (A280nm) of untreated and modified 
radiata pine and maximum UV absorbance values (Amax) of polymer-
ized FA deposits (processes A, B and C, threshold minimum 1.0% 
and maximum 67.5%).

Process WPG (%)

UMSP-scanning profiles UV-Abs. spectraa

A280 nm StD (pixel)b λ (nm) Amax StD

Untr. 0 0.74 0.05 12 733 – – –
A 60 1.16 0.07 19 752 278 1.24 0.07
B 70 1.07 0.06 14 426 256 1.21 0.07
C 57 1.09 0.09 23 103 278 1.20 0.06

aLumens filled with FA, bField size. WPG is for weight percentage 
gain. StD is for standard deviation.
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Figure 4: Representative UV absorbance spectra of polymerized FA 
deposited from all three modification processes in the cell lumens 
of radiata pine.
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of simple furans and F. The Amax of the deposits detected 
in WFA,B are less pronounced and shifted hypsochromi-
cally (Nic et al. 2014) to λ256 nm. This slight variation of the 
spectral behavior may have been caused by the individual 
process parameters of the furfurylation and are independ-
ent of sample loading (Table 1).

In Figure 5, representative lignin spectra of the indi-
vidual cell wall layers of Wuntr (black line) and the three 
furfurylated wood types are presented. The cell wall layers 
(S2, CML and CC) of Wuntr show typical UV spectra of lig-
nified softwood tracheids, with the characteristic Amax at 

λ280  nm attributed to the strongly absorbing guaiacyl-type 
units (Musha and Goring 1975; Fujii et al. 1987). The differ-
ent absorbance intensities at λ280 nm are strongly correlated 
to the lignin concentration, with the highest amount in 
the CC (Koch and Kleist 2001; Koch and Grünwald 2004). 
In this case, the absorbance in the CC of Wuntr is 1.6 times 
higher than in the S2 (Table 2). The spectra of the modi-
fied cell wall layers show similar characteristics, with sig-
nificantly higher absorbance values for the individual cell 
wall layers (Figure 5) as was already demonstrated by the 
UV scanning analyses.

The spectra of WFA,C (57% WPG) appear close to the 
course of the Wuntr, with generally higher absorbance 
intensities. The highest absorbances can be detected 
for the CC with 1.17 (A272  nm) and for the CML with 1.07 
(A280  nm) for WFA,B, i.e. for specimens with the highest 
WPG (70%) (Table 2). The spectra of these strongly mod-
ified cell wall layers display a bathochromic shift and 
shoulders with lower intensities around 320  nm (com-
pared to Wuntr). This is probably due to the formation of 
conjugated double bonds. The higher degree of conjuga-
tion stabilizes π-π* transitions resulting in bathochro-
mic shifts (Goldschmid 1971). In comparison, the spectra 
of the CML and CC show a course more similar to the 
spectra of polymerized FA in the lumina (λ300  nm and 
λ370  nm, Figure  4), whereas the spectra of the S2  show 
only a shoulder with lower intensity. The strong increase 
from 0.56 (S2 in Wuntr, A282 nm) to 1.04 (S2 in WFA,A, A278 nm) 
and the shift of the bands of the WFA cell walls indicate 
a higher condensation of carbonyl groups as a possible 
reaction of FA with the guaiacyl units of softwood lignin 
(Lande et al. 2004c).

Light microscopy and SEM

The LM and SEM images give insight into the cellular 
deposition of polymerized FA in the tissues. Figure 6 pre-
sents the LM observations in the three anatomical direc-
tions (transverse, radial and tangential) of Wuntr and WFA 
samples from the three process variants. The cross and 
radial sections include earlywood (EW) and latewood 
(LW). LW is easier to treat due to a larger amount of non-
aspirated bordered pits compared to the EW ( Phillips 
1933; Liese and Bauch 1967; Zimmer et  al. 2009). The 
sections in WFA,A (60% WPG, Figure 6d) and WFA,C (57% 
WPG, Figure 6j) show filled lumens in the LW. The trans-
verse section of WFA,B (70% WPG, Figure 6g) unexpect-
edly displays less filled lumens in the LW tracheids. As 
the treating solutions have the same pathways as in the 
living tree (Nicholas and Siau 1973), it was assumed that 
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Figure 5: Representative UV absorbance spectra of the individual 
cell wall layers (S2, CML and CC) of untreated and furfurylated 
radiata pine (processes A, B and C).
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Table 2: Mean UV absorbances of the secondary cell wall (S2), compound middle lamella (CML) and cell corners (CC) of untreated and A-, 
B- and C-type modified radiata pine.

Process   WPG (%)
 
 

S2
 
 

CML
 
 

CC

λ (nm)   Abs.   Δ λ (nm)   Abs.   Δ λ (nm)   Abs.   Δ

Untr.   0   282   0.56     281   0.62     282   0.90  
A   60   278   1.04   0.48   280   1.03   0.41   278   1.15   0.25
B   70   280   1.00   0.44   280   1.07   0.45   272   1.17   0.27
C   57   280   0.86   0.30   280   0.90   0.28   281   1.02   0.12

The data are averages of 15–20 individual spectra. Δ is the absorbance difference between the untreated control and the FA-modified 
samples.
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Figure 6: Light microscopic images of untreated (6a–c) and furfurylated radiata pine (processes A, B and C) in the three anatomical direc-
tions (transverse 6a, d, g, j; radial 6b, e, h, k; tangential 6c, f, g, l).
Compared to the untreated material, the furfurylated tissue appears darker with polymerized FA deposits in cell lumens. Filled ray tracheids 
are marked by arrows.
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polymerized FA would be located in the easily accessible 
parenchyma cells of the wood rays. Radiata pine inves-
tigated by Wardrop and Davies (1961) showed an appar-
ently selective penetration of ray parenchyma and less 
intensively penetrated ray tracheids. However, the radial 
and tangential sections of the WFA samples revealed that 
the FA was accessorily deposited in the ray tracheids 
(Figure 6e, h, k). One reason could be that the FA solu-
tion enters the ray tracheids predominantly via the con-
necting pits of the EW tracheids. The variability in filled 
cell lumens in the axial and radial directions supports 
the findings of Lande et al. (2010) or Zimmer et al. (2014) 
and are manifestations of varying permeability in Scots 
pine sapwood. This seems to also apply for radiata pine 
sapwood.

Aspirated tracheid bordered pits are assumed to func-
tion as physical barriers in case of impregnation (Stamm 
1946; Zimmer et al. 2014). UMSP indicates a concentration 
decrement of polymerized FA from CML to S2. This can be 
explained by the early observation of Wardrop and Davies 
(1961) that aspirated bordered pits lead directly to the CML 
and serve as entrance openings during impregnation of 
the cell wall.

An uneven distribution and differently filled cell 
types can be seen. The permeability of Wuntr may vary due 
to various physiological parameters in the living tree and 
also by the drying parameters (Booker 1990; Booker and 
Evans 1994; Zimmer et al. 2009, 2014; Lande et al. 2010). 
For successful wood protection system performance, a 
homogenous distribution of the treating solution in the 
wooden tissue is essential (Zimmer et al. 2012). Degrada-
tion studies reveal the importance of a consistent penetra-
tion and polymerization of FA during the production of 

WFA (Venås 2008). Certainly, more systematic studies are 
needed in this context.

The SEM images (Figure 7) confirm the UMSP obser-
vations and provide more detailed information on the 
cellular distribution of polymerized FA deposits. The 
cell lumens of the ray parenchyma cells appear empty 
(Figure 7a), as already observed under LM. In Figure 7b, 
the polymerized FA is spatially displayed as a compact 
lumen-filling substance. These deposits are obviously 
attached to the tracheid walls.

Conclusions
UMSP is an appropriate method for topochemical studies 
of WFA subjected to various processes of modification. The 
measurements clearly show that the entire wood cell wall is 
modified, especially in the regions with the highest lignin 
concentration. The analyzed samples are characterized by 
strongly increased UV absorbances as a result of the for-
mation of (condensed) aromatic compounds. This leads 
to the assumption that chemical bonds between FA and 
lignin may have been present. More specific knowledge 
of the nature of these bonds would probably be helpful in 
improving the biological resistance of furfurylated wood.
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Figure 7: SEM images of furfurylated radiata pine.
The overview image shows  the cellular distribution of polymerized FA deposits in the radial section (a). The polymerized FA is spatially 
displayed as a compact, lumen filling substance (b).
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