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Summary

Global warming and climate change affect the contiposof German forests and require the
reconstruction of domestic forest stands. As aeguence, long-term goals of forestry are the
reconstruction of monospecific forests into mixéghsls with an increase of broad leaved tree
species. Therefore, the ratio of European bed&gys sylvatical.) is continuously
increasing. Furthermore, there is rising demand wafody biomass, which requires
introduction of species with high growth potentald stress tolerance to enable sustainable
cultivation in a changing climate.

Grand fir Abies grandigDouglas ex D. Don) Lindl.) is a fast growing métion-wide
still unknown tree species. Since it is ecologicalbmpatible with the domestic tree species
and is known to be drought tolerant, it offers pleential to being introduced into sustainable
forest stands with beech. However, there is libleno experience of industry in processing
wood of Grand fir to derived timber products. Esaly for industrial wood use, knowledge
on the chemical composition of raw materials, imediate and final products is of great
importance.

The overarching goal of this thesis was to contabunformation on wood properties
and chemical changes during the development ofviatinee wood-based panels of Grand fir
and European beech using Fourier transform infrgfedR) attenuated total reflectance
(ATR) spectroscopy and FTIR microscopy combinedhifocal plane array detector (FPA).

For this purpose, different types of lignin andidelse were characterized by means of
FTIR spectroscopy. FTIR-ATR analyses of chemicaldiincations of Grand fir and beech
wood during processing to novel derived timber patsl were accomplished to enable the
control of production processes. A further goal wastroduce FTIR microscopy as a novel
method for illustrating the spatial distributionafemical components in wood tissue.

To address these goals, novel wood-based panels,asumedium density fiberboards
(MDF), insulating wood fiberboards and particlelsarcomposed of beech and Grand fir
solid wood were produced and analyzed by FTIR-ApBctroscopy. This held true for solid
wood as raw material and fibers and particles serrmediate wood products. Furthermore,
binders, such as potato pulp and potato starcharmeé-urea-formaldehyde (MUF) - and
urea-formaldehyde (UF) -resin, both admixed withaffan, were investigated with ATR. To
characterize chemically different types of lignindacellulose, technical and acid-insoluble

Klason lignin as well as industrial produced celid were analyzed by means of FTIR-ATR.
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The obtained spectra were evaluated in two difteveays; first, the bands of the FTIR
spectra were interpreted directly and tentativeligned to chemical compounds, based on
published data. Subsequently, the FTIR-ATR speatesae investigated with multivariate
methods. Cluster analysis as an unsupervised ab@dsgu statistical method was used to
analyze the intrinsic relationships of the samplessed on their spectral heterogeneity.
Furthermore, principle component analysis (PCA) wapplied to identify wavenumbers of
the main spectral components responsible for diffees between the spectra.

FTIR microscopy combined with a focal plane arfalA) detector was used to analyze
the localization of chemical components in woodtises of Grand fir and European beech.
The obtained spectral data were evaluated withitdependent methods. To image lignin
and cellulose a wavenumber range typical for ligtd$30-1490 cr) or for cellulose
(1390-1350 cnt) was integrated. The second method, called cdisalanethod, was applied
as novel method for evaluating the FPA data set. §gectra of one FPA measurement were
correlated with a pure ATR reference spectrum ef ¢hemical component of interest. For
both evaluation methods, the resulting FTIR-FPA gegm were illustrated in color coded
images, respectively, revealing the spatial digtidn of the component of interest.
Subsequently, the FPA images were validated byrsegriransmission electron microscopy
(STEM) combined with Energy dispersive X-ray spestopy (EDX) as an independent
optical method. Lignin was labeled with mercury [ragd detected indirectly by determining
Hg in early and latewood cells of Grand fir solid@ad sections with STEM-EDX. EDX-
mappings were recorded for the similar sample asetor the FPA measurements, but with
much higher resolution. Furthermore, TEM-EDX pomeasurements were generated to
analyze the lignin content in different cell contpagnts.

Spectroscopic analyses on the processing of Giaadd beech solid wood to different
types of wood-based panels revealed changes iretioeded ATR spectra, depending on the
particular production step. In general, differenceshe absorbance units, band positions or
number of bands were identified and tentativelygmes to lignin and holocellulose.

In the medium dense fiberboards (MDF) and partmdetls, the added binder and heat
treatment during the pressing process modified dhemical compounds in the plates
compared to the intermediate wood products. This wisible e.g. in significant deviations of
the methyl- and methylene groups (2938, 2882'cmaused by the admixed paraffin.
Secondary amides as derivatives of the MUF- andré#in were identifiable in MDF and
particleboards. Spectra of the insulating woodrbbards revealed chemical modifications

especially at the O-H association band of carbaditgdr which enabled the differentiation of
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conventional and microwave drying of the fiber maislditions of plant-based renewable
adhesives diminished the spectral absorbance akthdting products and were significantly
correlated with the amount of added binder. Clustealysis and PCA as multivariate
methods enabled a differentiation between hard- soitiwwood, raw material and final
product.

Based on the results obtained during the investigaton panel board processing of
beech and Grand fir, it is concluded that FTIR sescopy combined with multivariate data
analysis can be used to support the optimizati@ahcamtrol of production processes. Petro-
chemical and bio-based additives can be determanedseparated, as well as the influences
of the particular production processes on the cbamtomposition of wood. Thus, the
technique enables quality control of innovative ddoased panels as well as that of other
wood products.

Furthermore, the FTIR-ATR technique was used tatiflesignificant deviations in the
spectra of different lignin types, visible in diféat band positions and a varying number of
bands. This enabled the separation of technical amdtinsoluble lignin by direct spectra
interpretation. FTIR-ATR measurements of the ddfertypes of cellulose resulted in similar
spectra. Despite very low spectral heterogeneiigluation by cluster analysis enabled a
separation of the lignin and cellulose, respecivel

FTIR-FPA microscopy was used to investigate thalleation of chemical components
in solid wood sections of Grand fir and Europeaadhe The spatial distribution of cellulose
was homogenously. However, areas with slightly érghccumulation of cellulose were
identifiable. This held true for both tree specidgh lignin contents were detected especially
in the area of the middle lamellae, the angleshefdells and in the wood rays. STEM-EDX
mappings, used for illustrating the spatial disttibn of lignin in woody cell walls at high
resolution, confirmed the results obtained by FmRroscopy. This held true for the TEM-
EDX point measurements, which identified the higligsin content in the compound middle
lamellae.

The results of this thesis contribute to widen #pplication of FTIR spectroscopic
techniques in wood processing and for quality aintfhis opens new fields of FTIR
application, particularly in investigating the pessing of conventional and bio-based wood
products. The results support that Grand fir igafle for utilization in derived timber
products industry for novel products and may cbnte to stimulate an increased cultivation

of this tree species in domestic forestry.
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Zusammenfassung

Die globale Erwarmung und der Klimawandel beeirgkrsdie Zusammensetzung der Walder
in Deutschland und erfordern den Umbau heimischaldéstande. Daraus ergeben sich als
langfristige Ziele im Hinblick auf die Forstwirtsaft unter anderem der Umbau von
Monokulturen zu nachhaltig bewirtschafteten Mis@dtdaden und die Erh6hung des Anteils
von Laubgehélzen. Damit verbunden ist das kontitialee Anwachsen des Anteils der
Buche Fagus sylvaticd..). Des Weiteren gibt es eine wachsende Nachffag@&iomasse
aus Holz, was die Einfihrung schnell wachsendeerArhit hoher Stresstoleranz erfordert,
mit dem Ziel, nachhaltigen Waldbau wahrend des EWwandels zu ermdglichen.

Die Kustentanne Abies grandis (Douglas ex D. Don) Lindl.) ist eine schnell
wachsende, aber in Deutschland noch immer unbekaBatmart. Da sie 6kologisch mit
heimischen Baumarten gut vertraglich und bekannihiie Trockenheitstoleranz ist, hat sie
das Potential, um in nachhaltig bewirtschaftetestbamstande von Buche eingebracht zu
werden. Es besteht jedoch wenig bis keine Erfahdergindustrie in der Verarbeitung des
Holzes von Buche und Kistentanne zu zusammengesdtiailzwerkstoffen. Besonders flr
die industrielle Verwendung des Holzes ist das Wissm die chemische Zusammensetzung
von Rohmaterial, Zwischen- und Endprodukten voridgraVichtigkeit.

Das Ubergreifende Ziel dieser Arbeit war es, uMernvendung der Fourier transform
infrarot (FTIR) attenuated total reflectance (ATR)ektroskopie und der FTIR-Mikroskopie
kombiniert mit einem Focal plane array Detektor AFPzur Information Gber
Holzeigenschaften und chemische Veranderungen wdhger Entwicklung neuartiger
Holzwerkstoffe aus Kiustentanne und Buche beizutrage

Zu diesem Zweck wurden unterschiedliche Arten vagnin und Cellulose mit Hilfe
der FTIR-Spektroskopie charakterisiert. FTIR-ATResposkopische Analysen von
chemischen Veranderungen von Kistentanne und Buwellerend der Produktion zu
neuartigen Holzwerkstoffen wurden durchgefuhrt,diemKontrolle des Produktionsprozesses
zu ermdglichen. Ein weiteres Ziel war es, die FMRsoskopie als neue Methode zur
bildlichen Darstellung der rdumlichen Verteilungnvehemischen Komponenten in Holz
einzufuhren.

Um diese Ziele zu erreichen wurden neuartige Halksteffe wie mitteldichte
Faserplatten (MDF), Holzfaserdammestoffplatten updrgplatten aus Kistentanne und Buche
zur Verfugung gestellt und mit FTIR-ATR-Spektroslomnalysiert. Dies galt auch fur

Vollholz als Rohmaterial und Fasern und Spanen Zalgsschenprodukte. Des Weiteren
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wurden die verwendeten Bindemittel wie Kartoffejpgilund Kartoffelstarke, Melamin-Urea-
Formaldehyd (MUF) und Urea-Formaldehyd (UF) -Hdoreide mit beigemischtem Paraffin,
mit ATR untersucht. Um chemisch unterschiedlichepdry von Lignin und Cellulose zu
bestimmen, wurden technisches und Klason Ligninngbewie industriell hergestellte
Cellulose mit Hilfe von FTIR analysiert.

Die erhaltenen Spektren wurden auf zwei untersdblezl Arten ausgewertet. Zunachst
wurden die Banden der FTIR-Spektren direkt intdrpreund, basierend auf veroffentlichten
Daten, den mutmallichen chemischen Komponentenorthget. Nachfolgend wurden die
FTIR-Spektren mit multivariaten Methoden untersucBlie Clusteranalyse wurde als
unabhangige statistische Methode verwendet, umntlimsischen Verhéaltnisse der Proben
aufgrund ihrer spektralen Heterogenitat zu analgsie Des Weiteren wurde die
Hauptkomponentenanalyse (PCA) verwendet um die aNedhlen der spektralen
Hauptkomponenten zu identifizieren, die fur die éfathiede zwischen den Spektren
verantwortlich sind. Die FTIR-Mikroskopie mit einefocal plane array (FPA) Detektor
wurde verwendet, um die Verteilung der chemischemponenten in Holzschnitten von
Kistentanne und Buche zu untersuchen. Die erhaltspektralen Daten wurden mit zwei
unabhangigen Methoden ausgewertet. Um Lignin udldilGse im Image darzustellen, wurde
der typische Wellenzahlbereich fir Lignin (1530-04%m') oder fir Cellulose
(1390-1350 cnl) integriert. Die zweite, so genannte Korrelatioetiode, wurde als neue
Methode zur Auswertung des FPA Datensatzes angewigdSpektren einer FPA Messung
wurden mit einem ATR Referenzspektrum der jeweiligeressierenden chemischen
Komponente korreliert. Fir beide Auswertungsmethodeurden die resultierenden
FTIR-FPA Images als farbkodierte Bilder dargestellelche die raumliche Verteilung der
jeweiligen Komponente zeigten. Nachfolgend wurdea BPA Images mit der Raster-
transmissionselektronenmikroskopie (STEM) als eineabhdngigen optischen Methode
validiert. Lignin wurde mit Quecksilber markiert dinndirekt durch die Bestimmung des
Quecksilbers in Friih- und Spéatholzzellen von Vdisohnitten der Kistentanne mit STEM-
EDX bestimmt. EDX-Mappings wurden fir eine ahnlidikéche der Probe aufgenommen
wie fir die FPA-Messungen, aber mit wesentlich méhéuflosung. Des Weiteren wurden
TEM-EDX Punktmessungen durchgefuhrt, um den Ligeirat in den einzelnen
Zellabschnitten zu analysieren.

Spektroskopische Analysen des ProduktionsprozessesRohholz der Kistentanne
und der Buche zu unterschiedlichen Holzwerkstoffpta zeigten Verdnderungen in den

ATR-Spektren in Abhangigkeit vom jeweiligen Prodoksschritt. Unterschiede in den
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Absorbance Units, der Position der Banden und @rdBnzahl konnten nachgewiesen und
Lignin und Holocellulose zugeordnet werden.

Verglichen zu den Zwischenprodukten modifiziertes dagegebene Bindemittel die
chemischen Verbindungen in den MDF und Spanplatiias war z.B. in signifikanten
Abweichungen der Methyl- und Methylengruppe (292882 cn') sichtbar, die durch das
beigegebene Paraffin verursacht wurden. Sekundérel@wurden als Derivate von MUF
und UF-Harz in MDF und Spanplatten identifiziert.

Spektren der Holzfaserddammstoffplatten enthilltehentische Veranderungen
besonders in der O-H Bande der Kohlenhydrate, vwasUdterscheidung konventioneller
Trocknung von Trocknung durch Mikrowellen ermogtehDie Zugaben von Klebern auf
erneuerbarer Pflanzenbasis verminderte die spek&bbkorption der daraus resultierenden
Produkte, was signifikant mit der Hohe des zugegebe Bindemittels korrelierte.
Clusteranalysen und PCA als unabhéangige Methodabdgichten die Unterscheidung von
Laub- und Nadelholz, dem Rohstoff Holz und dem Eadpkt.

Aus den Untersuchungsergebnissen zu den  Produgtiongen  von
Holzwerkstoffplatten aus Buche und Kuistentanne kaman schlieen, dass die
FTIR-Spektroskopie kombiniert mit multivariater Batinalyse verwendet werden kann, um
die Optimierung und Kontrolle von Produktionspraass zu unterstitzen. Des Weiteren
ermdglicht die Technik die Qualitatskontrolle neigar Holzwerkstoffplatten, wie auch die
von anderen Holzprodukten. Zusétze auf petrochdrmisand biologischer Basis kénnen
spektroskopisch bestimmt und voneinander getrenatdewn. Einflisse auf das Holz,
verursacht durch den jeweiligen Produktionsprozsiss, nachweisbar.

Des Weiteren wurde die beschriebene Technik dazowveralet, signifikante
Abweichungen in den Spektren der unterschiedlichgren von Lignin zu identifizieren, die
in unterschiedlichen Positionen der Banden und rdehazahl sichtbar wurden. Dies
ermdglichte die Unterscheidung von technischem séndeunloslichem Lignin durch direkte
Spektreninterpretation. FTIR-ATR Messungen der nsctd@edlichen Typen von Cellulose
resultierten in &hnlichen Spektren. Trotz diesér ggeringen spektralen Heterogenitat war es
mit Hilfe der Clusteranalyse méglich, innerhalb damnin- und Celluloseproben die Spektren
getrennt darzustellen.

Die FTIR-FPA-Mikroskopie wurde zur Lokalisierungrdghemischen Komponenten in
Vollholz von Kistentanne und Buche verwendet. Biemliche Verteilung der Cellulose war
homogen, jedoch wurden Bereiche mit etwas erhdl@etulosegehalt identifiziert. Dies galt

fur beide Baumarten. Hohe Ligningehalte wurden bdecs in der Mittellamelle, den
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Zellecken und den Holzstrahlen nachgewiesen. DIENGFEDX-Mappings, verwendet um
die raumliche Verteilung von Lignin in holzigen Eal mit hoher Auflésung darzustellen,
bestatigten die durch die FTIR-Mikroskopie erhatterErgebnisse. Dies traf auch fur die
TEM-EDX Einzelpunktmessungen zu, mit denen der grdfgningehalt in der Mittellamelle
nachgewiesen werden konnte.

Die Ergebnisse dieser Arbeit tragen zur erweitertelnwendung @r
FTIR-spektroskopischen Techniken in der Holzverdwing und zur Qualitatskontrolle bei.
Dies eroffnet neue Felder der Anwendungsmdoglicekeder FTIR-Technik, besonders fir
Untersuchung von Holzprodukten auf herkdmmlichet bimlogischer Basis.

Die Ergebnisse beflrworten, dass die Kiustentannaligl Verwertung in neuartigen
Holzprodukten geeignet ist und kdnnen dazu beitragi Anreiz fur die Forstwirtschaft zum

vermehrten Anbau dieser Baumart zu sein.
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CHAPTER |

1 Introduction

1.1 Changes of environmental conditions, wood demand dneffects on forestry and
wood supply

Forests have always been subjected to naturakbigstoes. Global climate change is expected
to influence plant growth and forestry. As a resofit storms, heat, drought and insect
infestation harming the forests there will be afpuad change in forest management
followed by changes in wood marketing (Behrendt &uwpp 2006). Corresponding to the
new conditions, sustainable forestry will lead toxeal forests containing stands of different
species, ages and structures.

Globalization and economic changes in developingqtrees are causing rising costs for
fossil fuels, thereby, affecting the demand on wasdbioresource for energy (Wolf 2005;
Reich 2008). In the face of a dramatically growimgrld population, there is a strong and
increasing demand for wood (Dohrenbusch and Bd@8® Even in Germany, the present
stock of timber will be insufficient to meet theeaus of industry in the next decades
(Behrendt and Rupp 2006).

1.2 Changes in domestic forestry, future trends and mesaures for reconstruction of
forests and wood supply in the next decades
Germany is one of the leading nations in forestrg #orest industries in Europe (Spellmann
and Kehr 2008). Coniferous forest stands with Ngrapruce Picea abied..) as main tree
species still dominate the growing stock, followeg pine Pinus sylvestris and beech
(Fagus sylvaticd..) (Spellmann and Kehr 2008). However, sprucedsyvsensitive to the
environmental stress caused by the change of dirffddrchert and Kolling 2004; Horn
2006). Due to the silvicultural goal to enlarge phation of broad-leaved tree species up to
60 %, the long-term supply of wood for processintf @hange (Behrendt and Rupp 2006).
The increased planting of beech as the potentiadifural dominant species in Germany
(Ellenberg 1996) will be followed by a noticeabtess of supply in coniferous wood and a
rising assortment of lower wood qualities of deods trees (Behrendt and Rupp 2006).
Furthermore, beech is also sensitive to the exgetdiimate change (Rennenberg 2004).
Since wood processing industries need a long terpplg, various measures have

already been suggested to accommodate the deml@ditilization of wood from deciduous
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tree species, the mobilization of round wood padgérin privately owned forests and an
enlargement of plantations with conifers in shatation cycles (Behrendt et al. 2007,
Spellmann and Kehr 2008) are promising measuresglas fir Pseudotsuga menziesahd
Grand fir @Abies grandis(Douglas ex D. Don) Lindl.) have already beenadtrced into
Germany'’s forestry from North America and are cdesed being of high potential (R6hrig
1981; Norr 2004). Grand fir, which seems to beipaldrly well suited because of its drought
tolerance, its ecological compatibility (Réhrig 19&nd an outstanding growdould enrich
nature-oriented forest stands of beech in somecsitural areas. Furthermore, due to its
promising properties, solid wood of Grand fir a& raaterial is of high potential for domestic
sawnwood, panel board, pulp and paper industribgs $uggests that Grand fir could be
cultivated increasingly in beech-dominated naturerded mixed forest stands.

1.3 Grand fir ( Abies grandig(Douglas ex D. Don) Lindl.) - a novel tree speciesd
beech Fagus sylvaticd..) - a rediscovered tree species

The natural occurrence of Grand fir is on the Awam continent in British Columbia,
Washington State, Oregon, the north-east of Calidgidaho and the west of Montana, at an
altitude between 400 and 2200(Rbhrig 1981; Stratmann 1988). A low demand oniants
enables growth on granite, gneiss and bunter (RE2#4) and shows the high potential of
this fir species for cultivation in different arefésleinschmitt and Svolba 1979; Stratmann
1988). In contrast to the shallow root system atisp, Grand fir develops a tap-root system,
allowing high stability against environmental imgadqRo6hrig 1981; Stratmann 1988).
Though fiber length, bending strength and moduluglasticity are comparable to spruce
(Picea Abied..) or Silver fir (Abies AlbaMill .), the durability, raw density and compressive
strength are significantly lower, as well as thechiaing resistance (Muller 1935; Schwab
and Stratmann 1983; Alden 1997; Wagenfiihr 2000)wé¥er, the wood of Grand fir has
outstanding gluing abilities (Sachsse 1991; Ald&®7). Due to its low strength values,
utilization is limited to applications where stréimgs of minor importance (Wagenfuihr 2000).
Wood and wood products of Grand fir are mainly éihebn the American market and are
mostly used in pulp- and paper industry, for doboses, windows and partly as building and
construction timber (Wagenfuhr 2000).

Since two thousand years, beeBladus sylvaticd..) has been the most dominant tree
species in Central Europe by nature (Ellenberg L9B6wever, it was replaced by fast-
growing and highly profitable conifers such as sprfPicea abied..) and only used to serve

for protective or recreational purpose in foredier(z 1996). In recent years, beech was
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increasingly cultivated due to the goal of ecolagisilviculture enlarging the portion of
broad-leaved tree species.

Between 1999 and 2002, beech wood has been subjecteonditions of the global
market. The China business pushed the prices afipre quality of beech timber, whereas
prices for little and small sized qualities decezh®y weak demand (Spellmann and Kehr
2008). Spellmann and Kehr (2008) estimate the Gergrawing stock of beech with 583
million m>. This species is sensitive to increasing impat®sneironmental changes such as
nitrogen stress, acid soils, rising ozone concéotrs, aridity and therefore under risk of the
expected climate change (Rennenberg et al. 20@bitianally, these stress factors make the
trees sensitive to insects, fungi, bacteria andseis (Schober 1972; Roloff 1996). However,
juvenile trees up to an age of about 50 years cancbnsidered as fast-growing
(Wagenfuhr 2000) and therefore, the species witlobee very interesting for future forest
management and wood industries. Beech solid wodifisse-porous, of high density, tensile
strength, compression strength and bending stretigthomogenous structure makes it easily
machineable. Due to its low natural durabilitysitnot weather resistant and must be protected
when used in exterior (Wagenfiihr 2000). Less disitre annual rings than in softwood lead
to an excellent chipping quality (Thole 2006). Beewood is poor of volatile organic
compounds (Thole 2006), however, its dust is suggde be risky in causing allergies and
cancer (Mohtashamipet al. 1989; Nelson et al. 1993; Naaralla et ab30

The tough, strong wood of beech is e.g. used fastroction, furniture and flooring.
About 250 commercial sectors of beech wood utilmaare known; even the red heart wood
is in great demand for individual furniture (Wagémf 2000). Hitherto, because of its high
density and the potentially dangerous dust, beesdovis not used as raw material for derived

timber products.

1.4 Wood - an inhomogeneous material

Wood properties depend on the particular timbecigge the provenance and the conditions
of growth (Fengel and Wegener 2003; Kloeser e2@08). As naturally grown raw material
for a plenty of different products, wood shows higtriability in its chemical, biological and
physical properties (Fengel and Wegener 2003; kloesal. 2008). Wood color, number and
dimension of knots, fiber length and dimensionsin@usness and extractive contents are just
some of the variations, which can be detected I seood (Wagenfiih2000; Fengel and
Wegener 2003). Wood is hygroscopic, its swellingl ahrinkage leads to the so called
working of wood (Chauhan and Aggarwal 2003; Songlgee and Niemz 2006). In addition,
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wood is anisotropic with different material propestand changes in the mechanical strength,
dependent on the particular fiber orientation (Feérapd Wegener 2003). Due to these facts,
processing of timber products with unchanging nalteproperties is difficult or quite

impossible (Holzwirtschaft Schwei2000). However, the development of derived timber

products made it possible to eliminate most oftisadvantages mentioned above.

1.5 Wood-based panels - definition and development
The most important type of forest product in Geryna sawnwood followed by derived
timber products (Marutzki 2004). Derived timber guot industry processes with rising trend
approximately 16 million rhor about 40% of domestic annual felling (Marut2a04).
Germany is the most important panel board manufectn Europe (Kloeser et al. 2008).
The production of panel boards always follows @#@e production process:

Wood is mechanically chipped, milled or grindedhimmogenized material, such as
fibers, particles or strands. These intermediatedmaroducts are usually bond by adhesives
with further additives and pressed under heat agid pressure to final products.

Therefore, panel board industry has the potemigirocess wood-based panels out of
large quantities and qualities of different woodtenial, having better strength properties and
reduced swelling-shrinking anisotropies, compacesdid wood (Kloeser et al. 2008). Waste
timber, thinning material, by-products of saw-mmgji like saw dust, splinters or wood chips
are largely used as raw material for panel prodac{Deppe and Ernst 2000; Kloeser et al.
2008).

The intermediate wood products are most likely dlaith synthetic adhesives, such as
urea-formaldehyde, phenol-formaldehyde, or org@ésocyanates and further additives, such
as paraffin (Youngquist et al. 1997; Kies et aD®0However, many attempts have already
been made to replace these synthetic binders, lmaspdtro-chemical products, by bio-based
adhesives (Kharazipour and Huttermann 1998; Piaa6®2 Thereby, binders from renewable
resources could be used, based on cellulose, stdesttrins, mechanically-enzymatically
decomposed potato pulp, proteins, tannins, andnkg@Muller et al. 2008), enabling the
degradability of the final products (Smok 1999; MilR005).

The most important types of panel boards are pebbards, medium density
fiberboards (MDF), plywood and oriented strand beglOSB). A particleboard is defined as
a wood-based panel, manufactured under pressurbesatdrom particles or chips of wood,
usually under the addition of adhesives (Kloeser &t 2008). MDF is made from

lignocellulosic fibers, combined with a synthetiesin in a dry process by hot-pressing
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(Bolton and Humphrey 1988; Thoemen and Humphre\B 08 further wood-based panel is
the low-density fiberboard or softboard, produaea wet- or dry-process (Moser et al. 2003)
and mostly used for insulation (Sedlbauer 2004k @hy-process requires an admixture of
adhesives (Moser et al. 2003). Applying the wetpss, adhesives can be added, but
depending on fiber length they may not be essergiate cross linking occurs due to the
plastification of lignin and formation of hydrogeonds (Makas 2006).

At present, particleboard production is the largastll panel board productions in
Europe, of which one fourth of it is assumed tddmated in Germany (Kloeser et al. 2008).
Mantau et al. (2003) predicted for the German plattioard industry an increase in capacity
of about 10 %.

MDF represent the second largest amount of paredsgroduced in Europe (Kloeser
et. al 2008). To date, spruce and pine are the memaurces for derived timber products
(Wagenfuhr 2000) but in future, other tree specgsgh as beech and Grand fir, could

alternatively be introduced into the productionqasses.

1.6 Chemical composition of wood and analyzing wood
To utilize wood most efficiently, an understandivfgporoduct properties, requiring laboratory
analysis of the anatomy and chemical componentgdsssary.
Wood is primarily composed of cellulose, lignin,nfieelluloses and minor amounts of
extractives, such as resin, fatty acids, triglydesi sterols and steryl esters (Johansson et al.
1999).

Cellulose (GH100s),, the major component in wood (40-50 %), consisfs o
anhydroglucopyranose units, which are joined tonf@ molecular chain and stabilized by
hydrogen bondgFengel and Wegener 2003). Cellulose is a linedynper, consisting of
(1-4) B-linked glucose monomers. The cellulose mdés are arranged into fibrils, which are
organized into elements that make up the cell whlvood fibers, forming the structurally
strong framework in the cell walls. Most of theloghll cellulose is crystalline (Sjostrom
1998; Fengel and Wegener 2003).

Lignin is, after cellulose, the second most abuhdamestrial biopolymer (Boerjan et
al. 2003; Fengel and Wegener 2003). It is a comaternatic heteropolymer, mainly derived
from the three hydroxycinnamyl alcohol monomersoumaryl, coniferyl and sinapyl
alcohols (Freudenberg and Neish 1968). These nuymwé produce, respectively,
p-hydroxyphenyl (H), guaiacyl (G) and syringyl ($)gmylpropanoid units when incorporated
into the lignin polymer (Boerjan et al. 2003). Clenilignin is largely G-lignin, whereas
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hardwood is mostly composed of G- and S-units (Iswan 2001). Lignin makes up
approximately one-fourth to one-third of the drysmaf wood (Fengel and Wegener 2003), is
accumulated patrticularly in the middle lamelladratheids and vessels and in the secondary
cell wall for stabilization (Donaldson 2001; Fenged Wegener 2003; Teeri et al. 2007).

Additionally, a number of various polysaccharidae#iex] polyoses or hemicelluloses are
present in wood. They differ from cellulose by angmsition of various sugar units and acid-
or carboxy groups, by much shorter molecular chand by branching of the chain
molecules. The sugar units, making up the polyosas,be subdivided into groups, such as
pentoses, hexoses, hexuronic acids and deoxy-hexXBsevell 1984 Fengel and Wegener
2003).

It is of great importance for technical wood usat tvood properties of a species match
product requirements. Therefore, efficient utiliaatof wood products is possible through an
understanding of product properties, requiring tabmry analysis of wood anatomy and
composition by different methods. Established saamhdnethods are e.g. the quantitation of
cellulose (Tappi T 203 om-93), lignin (Tappi T 28M-98), hemicelluloses (Tappi T 203
om-93), extractives (Tappi T 264 cm-97) and ashaan(Tappi T 264 cm-97). In addition to
these methods, there are many other techniqueseirHowever, since they are labor and time
intensive procedures, they are not appropriatedogening the material involved (Pandey and
Nagveni 2007).

1.6.1 FTIR spectroscopy

FTIR spectroscopy is a modern technique for detamtion of molecular structures,
identification of compounds in biological samplesdanvestigation of complex polymers
(Arndt et al. 1999; Kacurakova and Wilson 2001)islwell-established for analysis of the
chemical composition of wood (Faix 1991; Pandey9l99andey and Pitman 2003). It is
suitable for the analysis of bonds between wooddvamponents and glues (Fabo 2004).
The technique is widely used in both, researchiaddstry, for quality control and dynamic
measurements. The detected vibrations of the mielean the wood sample, caused by
IR-light, enable drawing conclusions on its cherhicamposition (Naumann et al. 2008).
Absorption bands of substances are generated deawt analysis and can directly be
assigned to a certain molecular bond (e.g. C=0joofrequencies of functional groups
(e.g. G/S lignin) (Gottwald and Wachter 1997).

FTIR spectroscopy offers a large potential for wawlysis, because it is a fast and

quite simple method for determination of the chextheomposition of complex samples. The
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changes in crystalline structures of cellulose efi walls, the composition of the chemical

structures of various tree species as well as tieenal composition of wood, its primary,

composed and degradation products can be analydaamann et al. 2008). The method
allows the detection of the influence of binderswood quality and the accumulation of
additives (Fabo 2004). FTIR spectroscopy enabléskcnalysis of wood components. Due
to qualitative differences in the spectra it is bk to assign the chemical structures of
timber to a single wavenumber, as e.g. that famitigextractives or polysaccharides. It is
possible to distinguish e.g. soft- or hardwood tluéheir different composition of lignin and

holocellulose (Faix 1991; Pandey 1999).

FTIR spectroscopy was used e.g. for classificatibtignins from different botanical
origins (Faix 1991), for the detection of adhesigaswvood particles (Korner et al. 1992), for
screening of cell-wall mutants and differentiatioh wood from different habitats and
proveniences oEucalyptusspp. (Chen et al. 1998) or for comparison of soi hardwood
trees (Pandey 1999). Another example for the ugelrtR spectroscopy is the quality control
of pulp and paper (Bottcher 1993).

Until recently it was necessary to produce potasdwomide (KBr) pellets for sample
analysis with FTIR spectroscopy. This required tcoesuming sample preparation. The
sample had to be milled to a fine powder. Aftervgaitihad to be pressed into small pellets,
mixed with a defined amount of KBr powder. This icheal substance served as background
for the spectroscopic measurements.

Innovative units, such as the attenuated-totabctdince (ATR)-unit, have been
developed recently. Now, spectroscopic measurenastpossible with little to no sample
preparation. It is possible to measure e.g. woodHKs with plane surface and wood powder to
determine different wood components like lignin acellulose. The ATR technique as a
universal sampling accessory to FTIR provides rpcile qualitative and quantitative
analysis of samples (Bukowski and Monti 2007) and hon-destructive method for detection
of the molecular composition of a sample. Therefareample can be analyzed several times.
FTIR-spectra of solid, liquid or gaseous samplesganerated in a few minutesdauterium-
triglycine-sulfate (DTGS) -detector, frequently ds@ modern FTIR spectroscopes, allows
analyzing measurements of spectra within a frequeacge from 600-4200 ¢ However,
especially in the wave number area between 1800680dcni, the so-called fingerprint-
region, the bonds can be directly interpreted audilaed to a particular chemical composition
in the sample. The spectra can be analyzed quarglia(quantities of components in the

sample), qualitatively (educt-product comparisoriditow reactions; direct interpretation of
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spectra, comparison with a reference spectrum)sandquantitatively (calculation e.g. of the
lignin or cellulose-ratio). A FTIR-ATR spectrum b&ech solid wood powder is given as an
example in Fig. 1. The peaks have been assignddtiteaty to the particular chemical

components (Tab. 1).
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1600 1600 1400 1200 1000
Wavenumber crm-1

Fig.1: Mean FTIR spectrum of beech (Fagus sylvaticawood in the fingerprint region
(1800-850 crif). For explanations of numbers at wavenumber maxgea Table 1.

Table 1: FTIR band assignments in the mid-infraredion of beech (Fagus sylvatica L.)
wood powder (wavenumber maxima are given) and tigataassignments to wood
components (according to Hergert 1971; Usmanov letl@72; Parker 1983; Faix
1991; Fengel and Wegener 2003; Pandey and Pitmai )20

Wavenumber ) Number in
- Assignment Fig. 1
1732 C=0 stretch in xylans (hemicelluloses) 1
1649 Absorbed O-H and conjugated C-O
1593 Aromatic skeletal vibration in lignin
1505 Aromatic skeletal vibration in lignin
1460 C-H- deformation in lignin and carbohydrates
1424 C-H- deformation in lignin and carbohydrates
1372 C-H deformation in cellulose and hemicelluloses 7
1328 S ring plus G ring condensed 8
1235 Syringyl ring and C= stretch in lignin and xda 9
1157 C-O-C vibration in cellulose and hemicelluloses 10
1122 Aromatic skeletal vibration and CsDetch 11
1031 C-O vibration in cellulose and hemicelluloses 21

897 C-H deformation in cellulose 13
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The combination of FTIR spectroscopy and multiiarianethods, such as principal
component analysis (PCA) and cluster analysisnisommon use for analysis of spectral
data. It enables the investigation of the intringtationship of samples, according to their
spectral heterogeneity (Everitt 1993), or the deieation of very slight spectral changes
(McCann et al. 1997). Chen et al. (1998) detecteallschanges in cell wall properties using a
combination of infrared spectroscopy and discrimtnanalysis. Zanetti et al. (2005)
separated spectra of Southern Yellow p{Renus palustriy boards of declining surface
quality, as affected by weathering, using NIR spsttopy combined with PCA. Using MIR
and NIR spectroscopy combined with PCA, FacklexleR007 developed regression models
for prediction of weight loss on fungal decayed doavestigating white and brown rot fungi
on beech Kagus sylvatical..). NIR spectroscopic investigations combinedhwRCA on
Yellow poplar (iriodendron tulipifera L.), chemically modified with acetic anhydride,

enabled the separation of the samples accorditigetesterification levelCelen et al. 2008).

1.6.2 FTIR microscopy

A relatively new technique used for sample analisiSTIR microscopy. It is a combination
of Fourier transform infrared (FTIR) spectroscopyl amaging techniques, which enables the
illustration of the spatial resolution of the cheali composition of organic compounds
(Salzer et al. 2000; Naumann et al. 2005; Naumamh Rolle 2006). The result of a
measurement is a color coded image, which refléneslocalization of the intensity of the
bonds of the scanned area. High and low intensiies encoded by different colors,
producing a so-called false color image.

A focal plane array (FPA)-detector can be used ltaio high resolution chemical
images from a defined sample area. To characteramel and wood products, woodcuts of
about 10um of thickness or less are used. Thickeptes prevent sufficient transmission of
infrared radiation, reducing the quality of theawmted spectra (Naumann and Polle 2006).

The FPA-detector contains 64 x 64 (4096) detedements and thus, generates 4096
independent spectra per scan. The measured sareplés€256 pm x 256 pum, because there
are 64 detector elements on each detector sideavithgitude size of 4 um. The resolution of
the image is dependent on the size of a singlectigtelement out of the 4096 elements,
which has an area of 4 um x 4 um. Depending omtheslength, a maximum resolution of
4 um is possible; in the fingerprint region the otedon decreases from 4 um
(at 1500 crit) to 7.5 um (at 800 ch) (Naumann and Polle 2006; Naumann et al. 2008\ FP

is a true imaging technique, acquiring both, spata spectral information. The huge gain of
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measurement speed in imaging is based on the sinewltis detection of several thousand
spectra by individual pixels across the detectaayain 1 to 15 data sets.

The 4096 single spectra of an image can be evaluaith two methods: the first
integrates the 4096 spectra in a selected wave @eurabge, which is considered to be typical
for a chemical component in the sample. 18 diffetgpes of integration can be selected with
the OPUS 6.5 software (Bruker Optics, Ettlingenyr@any). The result of the evaluation is
e.g. the area below each single spectrum for ateelevave number area. Thus, for an image,
4096 single areas are received and illustratetddrimhage with different colors, depending on
the particular values of the areas. A color saadicates the semiquantitative content, ranging
from blue (no content) to pink (high content).

The second evaluation method requires a referesnogle of the chemical component
of interest, e.g. lignin or cellulose. FTIR-ATR spa of the sample are recorded and
averaged to a mean reference spectrum. The salcadleelation method calculates the
correlation of the reference ATR spectrum as fiestameter and the 4096 spectra of the FPA
data set as second parameter. The obtained vataediustrated in a color coded image,
ranging from blue (no content) to pink (high corjesemiquantitative illustrating the spatial
distribution of lignin and cellulose in the sampkgure 2 exemplarily shows the lignin
distribution in a FTIR-FPA image of a Grand fir isblvood cross-section, evaluated with

integration and correlation method.
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Fig. 2: Fourier transform infrared (FTIR) microscmpFPA images of a Grand fir solid wood
cross-section. Fig. 2 A illustrates the light miscopic image of the investigated wood
area with early and latewood top down. Fig. 2 Begithe corresponding color coded
image, illustrating the spatial distribution of hgh. The FTIR-FPA data-set was
evaluated by integrating the range between 153149, tentatively assigned to
lignin (Faix 1991). Fig. 2 C gives the corresporglicolor coded image, illustrating the
spatial distribution of lignin, evaluated with thHanction “trace-computation” of the
OPUS 6.5 software (Bruker Optics, Ettlingen, Gerg)an
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1.7 Main goals
There is little to no experience in processing pdwards based on beech or Grand fir.
Besides the mechanical and technological propertiee knowledge of the chemical
compounds of raw material, intermediate and fimatpcts is of great importance.
To obtain information of the materials involved aheir processing to wood-based panels,
FTIR spectroscopy and microscopy techniques wemgdamd for sample analysis to achieve
the following goals:

i. to investigate the potential of FTIR spectroscapidentifying different types of lignin
and cellulose;

il. to investigate changes in wood properties duringgde-, fiber- and hybrid board
production of Grand fir and beech;

iii. to investigate changes in fiber properties durhrggrtprocessing to insulating wood fiber
mats, based on beech wood;

iv. to investigate and validate the distribution of wa@mpounds in Grand fir and beech,
using FTIR imaging and electron microscopy;

To achieve the above goals the following chapteils ve treated independently. In the
chapter“FTIR spectroscopy in combination with cluster ayg$ as tool for analysis and
control of wood properties and production processehfferent types of lignin and cellulose
were investigated with FTIR-ATR spectroscopy and tibtained data were additionally
evaluated by cluster analysis.

In the chaptefFTIR-ATR spectroscopic analysis of changes in wpamperties during
particle- and fiberboard production of hard- andftsaod trees’ FTIR-ATR spectroscopy
combined with cluster analysis and principle conmgunanalysis was used to illustrate the
chemical changes in wood properties during the w/pobduction process of Grand fir and
beech wood into wood composite panels.

In the chaptefFTIR-ATR spectroscopic analysis of changes inrfip@perties during
insulating fiberboard manufacture of beech wopBTIR-ATR spectroscopy was applied to
trace changes in chemical fiber properties durirecgssing to different types of insulating
fiber mats. Cluster analysis was used to conte®hibmogeneity of the products.

Finally, in the chaptefimaging of lignin and cellulose in soft and hardea species
using Fourier transform infrared microscopy and Bcimg transmission electron

microscopy’, FTIR microscopycombined with a focal plane array (FPA) detectos waed
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for illustration of the distribution of lignin ancellulose in early and latewood of Grand fir.
Two independent visualization methods for FPA imggwere applied and compared.
Scanning transmission electron microscopy combiwath Energy dispersive X-ray
spectroscopy (STEM-EDX) was used as independertiadeor comparison of the obtained
data with EDX-mappings.
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2 FTIR spectroscopy in combination with cluster analgis as tool for

analysis and control of wood properties and produdbn processes

2.1 Abstract
Grand fir @Abies grandigDouglas ex D. Don) Lindl.) is an introduced sgscin Germany,
which is of interest for wood product industriecéease of its fast growth. To characterize
wood and composed wood products of this speciedRHATR spectra were recorded and the
chemical constituents of the wood samples wereyaed! By cluster analysis of the collected
FTIR-ATR spectra it was possible to distinguishwen different types of cellulose and

lignin.

2.2 Introduction

Wood products and derived timber products are udeednterior constructions, furniture
production, as packing or building materials and arainly made of coniferous wood
(Marutzky and Thole 2003). The properties of theerimediate and final wood products
depend on the raw materials as well as on the ptmsuprocesses. For technical wood use,
profound knowledge of the structure and chemicalpasition of wood and its products is of
great importance. This holds especially, if noueletspecies, for which little experience
exists, were introduced into production procesSesh new wood products are e.g. composed
timber products of Grand fiApies grandik

Grand fir is a fast-growing tree species, which baly recently been introduced in
Germany. The natural distribution of this conifesauvee is British Columbia, Washington,
Oregon, California and the Pacific Northwest of tiohmerica at a sea level of 900-1800 m
altitude (Kleinschmit and Svolba 1979). Grand $ione of the most important introduced tree
species in Central Europe, especially in the Aitadlimate area and has a high potential for
forestry. The species can develop annual shoot4 of per year. Compared to other
coniferous trees, volume accumulation of the steours more rapidly (Schuhmacher 1967).

Wood is primarily composed of cellulose, ligninntieelluloses and minor amounts of
extractives (Sjostrom 1998). Cellulosesz0Os)n, the major component, is a linear polymer
consisting of (1-4) R-linked glucose monomers. Th#ulose molecules are arranged into
fibrils, which are organized into elements that malp the cell wall of wood fibers. Most of

the cell wall cellulose is crystalline (Fengel aeggener 2003).
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Lignin is accumulated particularly in the middlemlellae of tracheids and vessels. It is
entangled with cellulose, hemicelluloses and peetima generates high stability. It is a
three-dimensional phenylpropanoid polymer and malgesbout one-quarter to one-third of
the dry mass of wood (Sjostrom 1998, Fengel and eiexg 2003). Gymnosperm lignin
consists almost entirely of coniferyl alcohol. Digedonous lignin is a mixture of coniferyl
and sinapyl alcohol.

To utilize wood most efficiently, an understanding product properties requiring
laboratory analysis of the anatomy and chemicalpmmnts is required. A main problem of
many established standard methods is that theyladrer and time intensive and not
appropriate for large-scale fast screening of thénml involved (Bottcher 1993).

In contrast to wet chemical methods, FTIR spectpgcoffers a large potential for
screening of wood properties, because it is adadtquite simple method for determination
of the chemical composition of complex samples (Naon et al. 2005; Naumann et al.
2007). The FTIR spectra of wood and wood productsdeetermined by biochemical and
physical properties of the material.

The aim of our work was to evaluate the potentidf DR spectroscopy, and to identify
lignin and cellulose oAbies grandisAs a basis for these analyses different typesgoin

and cellulose were investigated by FTIR.

2.3 Material and methods

2.3.1 Wood samples
Samples ofAbies grandiswere taken in 2006 from three trees grown in tie forest of
Hoxter (North Rhine-Westphalia). The forest staad horth-east exposition at an altitude of
240-268 m and is located on a weak slope. Thasdiep and contains silty brick earth, has
fresh to high moistness and good nutrient supphe &ge of the trees was 43 years; the

average height 30 m. The breast height diameted@asn in average.

2.3.2 Sample preparation
Two bole disks were excised from each tree, orteeastem base and one below the crown.
For FTIR-ATR analysis fine wood powder of two wodatiks per disk (juvenile wood, wood
near bark) was prepared. The blocks had a dimemdiarcnt from the radial area and 2 cm
in height and were hackled with a gripper to snmices. The wood parts were milled
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(Retsch, MM 2000) for 5 min at 50 u/min The freqeemwas raised slowly for the next 5 min
up to 90 u/min The whole milling process took 1Grar each sample.

2.3.3 Lignin analysis
Wood powder of Grand fir was used for the detertimmmaof acid-insoluble Klason lignin
after Dence (1992). 500 mg milled powder was wealglh®o a centrifuge tube (W1),
(W2 = W1 + weight of powder and tube). 40 ml 0.5K®P-buffer (KHPOJ/ K; HPO,,
pH 7. 8; 0.5 % Triton-X100) were added and thergluras stirred for 30 min. Afterwards the
slurry was centrifuged for 10 min (5000 g, 4 °Ctda 96R, Hettrich, Tuttlingen). The
supernatant was discarded. The sample was reswspesmad washed in KPP-buffer.
Subsequently, the pellet was washed 4 times (30 mid00 % MeOH. Afterwards, 40 ml
ethanol (96%)/ cyclohexan mixture (v:v = 1:2) wadkled and the sample was incubated for
6 h at 50 °C (Rettberg, Géttingen). Then the sawalke centrifuged for 10 min as above; the
supernatant was discarded. The sample was waslad agh the ethanol / cyclohexan
mixture (40 ml) and centrifuged. The supernatans wWescarded. Twenty ml acetone were
added, centrifuged, and the supernatant was desdaffterwards, the remaining pellet was
dried overnight under the hood. The dry sample waghed (W3 = W1 + pellet weight).
8 ml of 72 % HSO, were added, mixed and incubated for 60 min at reemperature. Then
200 ml distilled HO were added and the sample was shaken for sewarates. Afterwards,
the sample was incubated for 1 h at 121 °C and preasure (HST 666, Zirbus, Bad Grund)
and cooled down to room temperature afterwardserFpaper (Nr: 589/1, Schleicher &
Schndll) with a diameter of 90 mm was weighed (VEAY the fluid with the residue was
poured over the filter and washed withQH Filter and sample were dried in an oven for 48 h
at 60 °C (Rettberg, Gottingen), then cooled dowarnirexsiccator and weighed (W5). Klason

lignin was calculated according to the followingiatjon:

(ws-wa4)

Klason lignin (%) (W2 Wl) (100

For FTIR analysis, isolated Klason lignin from Gdarfir, ammonium ligninsulfonate
(Otto-Dille, Hamburg), accumulating as a by-proddating paper manufacture and Kraft
lignin of Norway spruce (Aldrich Chemical Companyunich) were used. In addition,
different cellulose samples were analyzed, whichevabtained as industrial cellulose powder

of Norway spruce (Fluka Chemie AG, Buchs), cottamels (Buckeye, Memphis) and
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chemical pulp ofTsuga canadensid.enzing AG, Lenzing, Austria). The cellulose saapl

were pressed. Nine measurements were conducted teggesentative means.

2.3.4 FTIR spectroscopy

Innovative measuring devices, such as the ATR-(Altenuated Total Reflectance), have
been developed recently for FTIR spectroscopy apthaced the necessity to employ KBr-
pellets for sample analysis. The measuring teclenltpas been described recently (Naumann
et al. 2006). Spectroscopic measurements are pessgihout any pre-treatment of a sample.
It is possible to measure e.g. wood blocks witm@laurface and wood powder to determine
different wood components like lignin and cellulo3ée technique allows determining the
structure of substances by the interpretation efftequencies of functional groups and is
convenient to detect the chemical modificationsrav material and mixtures. With a
deuterium-triglycinesulfate-detector, measurementspectra within a frequency range from
6500-600 crit are possible.

FTIR-ATR spectra were recorded with an Equinox p&csrometer (Bruker Optics,
Ettlingen, Germany) with an attached ATR-unit. Tt has a plunger on the top side which
is pressed on the sample with constant pressu&k-ATR measurements were conducted
with a resolution of 4 cihand a number of 32 scans per sample. Three regsicd lignin
were analyzed.

The heterogeneity of FTIR spectra can be analyzedldster analysis. According to
their heterogeneity, spectra are classified intestelrs or classes in dendrograms. The first
derivative and vector normalization (9 smoothingnfs) were utilized as pre-treatment
methods of the spectra, applying the standard rdetbiocreating the distance matrix. For
calculating the spectral distances tNgard's Algorithm was applied. The analyzed

wavenumber area was 1800-600tm

2.4 Results

2.4.1 FTIR spectroscopy of lignin and cellulose
To obtain reference spectra for lignin and cellalasalyses in wood, typical FTIR spectra of
different isolates of lignin and cellulose wereatatined (Fig. 1). Lignin spectra, obtained by
different isolation procedures from different sms¢i showed pronounced differences
(Fig. 1 a), whereas this was not the case for loslu(Fig. 1 b). The highest number of bands

was found in Kraft lignin. These bands were numihened used to compare the three lignin
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types. The numeration was continued for cellulofbe numeration and the tentative
assignments of the bands to chemical structuresuamenarized in table 1.

Klason lignin, isolated from Grand fir and lignitsunate, showed a lower number of
bands and lower absorption than Kraft lignin. BAn@C=0 in lignin) and 6 (syringyl ring
breathing) were not apparent in the spectrum o$éidignin (Fig. 1 a). Furthermore, band 2
and 3 (aromatic vibration in lignin), 9 (C-H in pk deformation of syringyl rings) and 11
(C-H out of plane) were slightly displaced, which ¢aused by inductive effects of the
substituents (e.g. 4€0) in the aromatic ring system of lignin (Pastkst@03). Band 2 shows
an absorption at 1640 chwhich is regarded as typically for C=0O stretch ation. However,
water is oscillating at the same wavenumber ratoge,Hence an influence of water on band
2 is conceivable. Klason lignin showed a lower abance at band 2 and a higher one at band
8 (C-O in G ring) and 11 (C-H out of plane) thanaKrlignin. Furthermore band 4
(C-H deformation in lignin) was not as distinctthe one of Kraft lignin. In ligninsulfonate
band 10 (C-H in G lignin, C-O deformation in prinpaalcohols) was evidently higher than
that of Klason and Kratft lignin.

The FTIR spectra of cotton linters, industrial aklse and chemical pulp were very
similar (Fig. 1b) and did not show such variati@ssthe lignin spectra. All single spectra
showed the same oscillation bands and no displaterfiee absorbance rates were also very
similar. Thus, it is obvious that the particulasl&gion method had no influence on the spectra
as detected for lignin and suggested similar degoé@urity for the different cellulose types.
Spectra for chemical pulp and industrial cellulosere largely identical. For band 21
(C-O vibration in cellulose and hemicellulosesk tbsorbance of industrial cellulose was
little higher. Cotton linters showed a slightly heg absorbance than chemical pulp and
industrial cellulose for CHin cellulose (band 14), C-H vibration in cellulogsand 16) and
C-H vibration in cellulose (band 21). In the wavether range for polysaccharides
(1060- 980 crit), the absorbance of linters was a little lowemtltiaat of the other cellulose
types. Because of the higher bands for cellulosel@ner bands for hemicelluloses, it can be
derived that cellulose prepared from cotton linteess slightly purer than that in the other

samples.
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Tab.1: Wavenumber characterization for lignin arelldose in the fingerprint area (Faix,

1991, Fengel and Wegener 2003, Usmanov et al. 19&nbers in the table refer to
the numbers assigned to the peaks in figure laband

Peak number from figure 2

Wavenumber Lignin- . Industrial Chemical
Compound Klason Kraft Linters
(cm™) sulfonate cellulose pulp

1670-1640 C=0in lignin - 1 - - - -
symmetric deformational oscillation

1645 of water molecules absorbed on the - - - 13 13 13
cellulose

1625-1570 aromatic vibration in lignin - - -

1525-1490 aromatic vibration in lignin - - -
C-H deformation in lignin and

1465-1443 4 4 4 - - -
carbohydrates
C-H deformation in lignin and

1435-1405 5 5 5 - - -
carbohydrates
scissor oscillation of CiHgroups

1426 characteristic for rotational isomers - - - 14 14 14
in cellulose
C-H deformation in cellulose and

1385-1355 - - - 15 15 15
hemicelluloses

1330-1325 Syringyl ring breathing - 6 -

1324-1308 C-H vibration in cellulose - - - 16 16 16
C-0-C asymmetric stretching

1265+/-5 vibration of aryl 7 7 7 - - -
ether linkages
C-O in O=C-O groups

1253-1224 - - - 17 17 17
(Carbohydrates)

1214 C-Oin Gring 8 8 - - - -
C-O-C vibration in cellulose and

1170-1142 ) - - - 18 18 18
hemicelluloses
C-H in plane deformation of

1128 ) ) 9 9 9 - - -
syringyl rings

1120-1075 O-H in cellulose and hemicelluloses - 19 19 19

1070-1040 C-0O in cellulose and hemicelluloses - 20 20 20
C-0 vibration in cellulose and

1038-1013 ) - - - 21 21 21
hemicelluloses
C-H in G lignin, C-O deformation in

1026 ) 10 10 10 - - -
prim. alcohols

910-885 C-H deformation in cellulose - - - - - -

866 C-H out of plane 11 11 11 - - -

818 C-H out of plane 12 12 12 - - -
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Fig. 1: FTIR-ATR average spectra of three differiggmin (a) and cellulose preparations (b)
for a wavenumber range from 1800-800crfihree replicates were measured for lignin
and 8 for cellulose with a resolution of 4 ¢rand 32 scans in a wavenumber range
from 1800-800 ci The spectra have been baseline corrected andwvecrmalized.
All bands of Kraft lignin and cellulose were numderfor the comparison of the
spectra.
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2.4.2 Cluster analysis

Cluster analysis was conducted to investigate tméagity of lignin and cellulose spectra,
respectively (Fig. 2). FTIR-ATR spectra for ligmevealed two main clusters (Fig. 2 a). One
cluster represents technical lignins (Kraft lignligninsulfonate), the other is formed by
Klason lignin. The cluster for technical ligninfigthermore split into two further subclusters
in which ligninsulfonate and Kraft lignin are assegl separately. The heterogeneity between
Klason and technical lignin is twice as high as ¢dme between ligninsulfonate and Kraft
lignin. This heterogeneity is likely to be causedthe isolation method, although a species-
related influence on lignin composition can noekeluded.

The evaluation of the recorded FTIR-ATR spectralsémical pulp, cotton linters and
industrial cellulose with cluster analysis resultedwo main clusters (Fig 2 b). One cluster
was formed by cotton linters, the other by indastcellulose and chemical pulp. Compared
to the cluster analysis of lignin, the heterogeneseparating the two cellulose clusters, is
much lower. This is caused by the high similarityttee samples. Cotton linters formed their
own sub cluster. This was probably caused by tloewer content of hemicelluloses and

higher content of pure cellulose, although thisedénce was hardly detectable in the spectra.

2.5 Discussion
The interpretation of lignin FTIR spectra to digtiish different lignin types must be
undertaken very carefully in general, because tlaeeeseveral uncertainties in the spectra
(Fengel and Wegener 2003). Our analyses showed gpettra of Kraft lignin and
ligninsulfonate are more similar to each other tepeactra obtained for Klason lignin. Fengel
and Wegener (2003) also detected differences imorehsce and band position in
transmission spectra of technical lignin like ligsulfonate, milled wood lignin and sulfate
lignin of spruce. They assigned these differenceg€dndensation reactions during lignin
preparation. In our case Klason lignin was obtaifredn Grand fir and not from spruce,
which might also have contributed to the differenobserved. However, since conifer lignin
is mainly (<98%) composed of guaiacyl-units, tryyre lignin should show only minor
differences in FTIR spectra. It is known that vaoilas in the lignin structure and
composition, depending on the origin of the sanaplé the special isolation procedure, affect
FTIR spectra (Fengel and Wegener 2003). Contamigpaibmpounds are e.g. sulphur, NH
amino acids and polysaccharides. Generally theursudind polysaccharide content of
ligninsulfonate is much higher than that of Kraignin (Fengel and Wegener 2003).

Isosaccharin acids, aliphatic acids, resin, fatig,aNaOH and NaCl have been determined in
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Kraft lignin (Gruber 2007). Thus, different isolai methods result in traces of different
residues in lignin preparations. Kraft lignin wasolated with the sulphate method,
ligninsulfonate with the sulphite method and Klaskgnin of Grand fir under acidic

conditions. The strong differences found for spedtthe different preparation indicate that

the different residues had an influence on thetsgldgands of each lignin type.
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Fig. 2: Dendrogram for the FTIR-ATR spectra recatdd different types of lignin (a) and
cellulose (b). The analyzed wavenumber area is -B8@Dcn". The spectra have been
pre-treated with the first derivation and vectormalization.
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The ATR spectra of cellulose obtained here werepayed with FTIR spectra, recorded by
Hofstetter et al. (2006), who coupled dynamic med& analysis with step-scan FTIR to
detect the moisture uptake in native cellulose. Hpectra were very similar to the
ATR spectra of linters, chemical pulp and industcallulose. However, in the spectra
recorded by Hofstetter et al. (2006) the absorbaaties for band 14, 15 and 16 were almost
identical, whereas in our ATR spectra bands 14J&nhdhowed a lower absorbance than band
16. Although the utilized samples differed in thearticular origin and chemical pulping, the
ATR spectra were very similar. Even though thereemeearly no differences detectable
between the analyzed cellulose types, it was plessibdistinguish their spectra by cluster
analysis. The reason is probably the lower contnthemicelluloses/ polysaccharides
(e.g. 1075-960 ci) and the higher content of cellulose in cottotelin. This is visible in the
higher absorbance rate at 910-985™c(@-H deformation in cellulose), 1324-1308 tm
(C-H vibration in cellulose), 1430 ch{scissor oscillation of CHgroups in cellulose). This
was also noted by Fengel and Wegener (2003), whpared FTIR transmission spectra of
cotton linters and chemical pulp. They detected@esor molecular organization of cellulose
in cotton linters than in pulp, which implies thhe cellulose preparation from cotton linters

is purer cellulose than that from chemical pulp.



REFERENCES -42 -

References

Anonymous. 1995. Benutzerhandbuch. Infrarot-Fotigektrometer IFS 28/ IFS 55
Equinox. Bruker Analytische Messtechnik GmbH.

Bergmann K. 1998. Enzymatische Aktivierung der bBgenen Bindekrafte zur Herstellung
einer bindemittelfreien mitteldichten FaserplaRessertation, Edition Wissenschatft,
Reihe Biologie, 151, Tectum Verlag, Marburg, pp-330

Bottcher J. H. 1993. Quantitative Analyse von Hahr Holzkomponenten mittels
FTIR-Spektroskopie unter Anwendung multivariatetistischer Verfahren.
Dissertation, Fachbereich Biologie der Univerdi{amburg.

Chen L., Carpita N. C., Reiter W., Wilson R., JieBrC., McCann M. 1998. A rapid method
to screen for cell-wall mutants using discriminanalyses of Fourier transform
infrared spectra. The Plant Journal, 16, pp. 38%-39

Dence C. W. 1992. Methods in lignin chemistry. 8ger-Verlag, Berlin, pp. 33-61.

Faix O. 1991. Classification of lignins from diféet botanical origins by FT-IR
spectroscopy. Holzforschung, 45, pp. 21-27.

Fengel D., Wegener G. 2003. Wood, chemistry - siitzeture reactions, Kessel Verlag,
Remagen.

Gruber E. 2007. Das Kraft-Verfahren. Skript zurmsehen Technologie des Zellstoffs und
Papiers. Institut fir Makromolekulare Chemie, Fadligt Nachwachsende Rohstoffe,
TU Darmstadt. Eigenverlag.

Gottwald W., Wachter, G. 1997. IR-SpektroskopieAawender. Hrsg. Gruber, U., Klein W.
Wiley-VCH Verlag, Weinheim.

Hofstetter K., Hinterstoisser B., Salme L. 2006.i8flare uptake in native cellulose-the roles
of different hydrogen bonds: A dynamic FTIR studyng deuterium exchange.
Cellulose, 13, pp. 131-145, Springer Verlag Berlin.

Kleinschmit J. Svolba, J. 1979. Die Grol3e Kistemea@dbies grandisin Deutschland.
Allgemeine Forstzeitschrift, 34, pp. 218-220.

Kimmerle M., Scherer S., Seiler H. 1998. Rapid mhdble identification of food-borne
yeasts by Fourier transform infrared spectroscéypplied and Environmental
Microbiology, 64, pp. 2207-2214.

Marutzky R., Thole, V. 2003. Eminente Bedeutungansl der Technik und aktuelle
Entwicklung bei Holzwerkstoffen. HK Holz und Kunti#fverarbeitung, 38,
pp. 34-36.



REFERENCES -43 -

Naumann A., Navarro-Gonzalez M., Peddireddi S.,Kiik, Polle A. 2005. Fourier
transform infrared microscopy and imaging: Detectod fungi in wood. Fungal
Genetics and Biology, 42, pp. 829-835.

Naumann A., Polle A. 2006. FTIR imaging as a nea¥ for cell wall analysis of wood. New
Zealand Journal of Forestry Science, 36. pp. 54-59.

Naumann, A., Peddireddi, S., Kiues, U., Polle A.2200ew biological methods for the
evaluation of wood. Chapter 7, FTIR microscopy.Wood production, wood
technology and bio-technological impacts, U. Kited.] Universitatsverlag
Gottingen.

Pastusiak R. 2003. Charakterisierung von Zellstffgonenten - Analytik, Spektroskopie,
Reaktionskinetik und Modellierung. Dissertationké&l#at fir Chemie der
Technischen Universitat Minchen.

Salzer R., Steiner G., Mantsch H. H., Mansfield_dwis E. N. 2000. Infrared and Raman
imaging of biological and biomimetic samples. Fresgs J. Analytical Chemistry,
366, pp. 712-726.

Schindel K. 1998. Die Rontgenmikroanalyse von Ligais Untersuchungsmethode fir Holz
und Holzwerkstoffe. Dissertation, Fakultat fir Raissenschaften und Waldokologie
der Georg-August-Universitat Gottingen..

Schuhmacher W. (Hrsg.) 1967. Der StofftransportRftanze. In: Handbuch der
Pflanzenphysiologie, Springer Verlag Berlin, pp4&Y6.

Setz P. 2005. Infrarot Spektroskopie mit modern€iRFSpektrometern. Praktikumsskript,
Physikalische und Analytische Chemie, ETH Zuricigelaverlag

Sjostrom E. (Hrsg.), Alen R. (Hrsg.) 1998. Analgticnethods in wood chemistry, pulping
and papermaking. Springer Verlag, Berlin.

Usmanov K.U., Yulchibaev A.A., Dordzhin G.S. andiga A.1972. IR spectroscopic
analysis of graft co-polymers of cellulose andlgsivatives with vinyl fluoride.
Fiber Chemistry, 3, pp. 292-295.

Windeisen, E., Strobel, C., Wegener 2003. Chemi§tterakterisierung von thermisch
belastetem Holz, Bestimmung des Acetylgruppengghiait FTIR-Spektroskopie.
Holz als Roh und Werkstoff, 61, pp. 471-472.
http://www.zellstoff-stendal.de/index.php?sectiglvssar&s_id=&u_id=&value=E
(14.06.06)



CHAPTER 1lI - 44 -

CHAPTER Il

3 FTIR-ATR spectroscopic analysis of changes in woogbroperties
during particle- and fiberboard production of hard- and softwood

trees

3.1 Abstract
Fourier transform infrared attenuated total redece (FTIR-ATR) spectroscopy was
combined with multivariate data analysis to inwgate the chemical changes in wood
properties during particle- and middle dense fibard (MDF) production of Grand fiApies
grandis (Douglas ex D. Don) Lindl.) and beechagus sylvaticalL.). The mechanical and
technological properties of the novel particle &bér boards from beech or Grand fir wood
were similar to those of conventional panels fromepand spruce. This indicates that these
timbers can be used as resources for wood pangl@iion. Principle component analysis of
FTIR spectra differentiated wood, fibers, particledOF and particleboards of both species in
the whole production process. Modifications in #pectra of fibers and particles suggested
that cellulose properties of wood were changedndumechanical pulping and that these
changes were largely reversible upon pressing. édgéind hydrophobic additives were
clearly traceable in wood composites. Samples fittensame production step were clustered
together, indicating high homogeneity of the rawtemal, the intermediate and final products.
This suggests that FTIR spectroscopy in combinatiith cluster analysis is a useful tool to
assess product quality and can be further develapecbntrol and optimize production

processes for innovative wood-based panels.

3.2 Introduction
Economic changes in developing countries and giodiadn are causing increasing costs for
fossil fuels, thereby, affecting the demand on wasdbioresource for energy (Wolf 2005;
Reich 2008). This leads to shortage of timber foo&/processing industries; in Germany, the
present stock of timber will be insufficient to meke needs in the next decades (Behrendt
and Rupp 2006). Poyry Forest Industry Consultin@O@) estimated that the European
demand on raw material for panel board productidhk&ep on increasing from 26 million
tons absolutely dry wood in 2005 to 37 million tan®2015. This trend holds particularly for
Germany, being the most important panel board predn Europe (Alteheld 2007).
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To ensure long-term supply of wood processing itriegs various measures have been
suggested, e.g., enlargement of plantations wih daowing tree species in short rotation
cycles, the utilization of wood from deciduous tsgeecies or fibers from annual plants, the
mobilization of roundwood potential in privately oed forests and the extension of
silviculture with fast growing conifers such as Dtas fir and Grand fir (Behrendt et al.
2007; Dohrenbusch and Bolte 2008; Spellmann and R@08). The latter species have been
introduced into Germany from North America and @evesidered being of high potential for
domestic forestry (Réhrig 1981; Norr 200@Grand fir seems to be particularly well suited
because of its drought tolerance and ecologicalpetitility (R6hrig 1981)Notwithstanding
future needs, most present silvicultural programsdermany have intensified beech
cultivation, because this species is the potegtinfitural dominant tree in many Central
European forests (Ellenberg 1996). This species sk under the expected climate change
(Rennenberg et al. 2004). Furthermore, it is nedus panel industries because of its high
raw density (Wagenfuhr 2000) and the risk of allesgand cancer, due to its hazardous dust,
generated during particle and fiber production @€ler et al. 2008). Therefore, knowledge on
product properties from wood of beech or of introetlitree species is limited.

In general, low quality woody parts of harvestegks, small or young trees and fast
growing species are being used for wood-based pdébeppe and Ernst 2000; Ambrozy and
Giertlova 2005). Wood as a naturally grown resowfoews high variability in its chemical,
biological and physical properties (Wagenf@b00; Fengel and Wegener 2003). Therefore, a
large-lot production of massive timber productshwitnaltered material properties is very
difficult to achieve and expensive (Holzwirtscha&ichweiz 2007). To overcome this
limitation, wood is chipped and processed to fibansl particles to provide intermediate
products for medium dense fiber (MDF) and partiokesll production (Kloeser et al. 2008).
The intermediate wood products are glued by adbssiusually urea-formaldehyde (UF)-
resin with additives (Youngquist et al. 1997; Klmpaur 2004), under pressure at high
temperatures to wood-based panels. To date, s@Emdepine are the main resources for
derived timber produci@Vagenfuhr 2000). Since the conventional resoui@mes/ood panels
are becoming limited, there is a need to introdonogel materials into these processes.
Whether the properties of beech and Grand fir waoel suitable for the use in these
production processes and how these processes tfeechemical features of wood of these
species is currently unknown.

The aim of this work was to test the usability adod from beech and Grand fir for

fiber and particleboard production and to invesggde chemical changes occurring during
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wood processing. To this end, we produced MDF aadigleboards from Grand fir and
beech and compared their technological propertigstivose of reference plates from spruce-
pine based industrial processes. Beech wood wasualsd as intermediate layer in the so-
called hybrid particleboards. This novel type ofosdecomposite consists of three layers,
whereby Grand fir was used for the overlay, enaolgpshe particles of beech. To characterize
the influence of the production process on the db@mcomposition of the materials
involved, Fourier transform infrared-attenuatedakaeflectance (FTIR-ATR) spectroscopy
was applied. FTIR spectroscopy method has been imseod analysis for a long time,
because it provides a chemical finger-print of thain organic constituents (Fengel and
Wegener 2003). It is suitable for the analysis afids between wood, wood components and
glues (Fabo 2004). We employed FTIR-ATR in comborawith unsupervised multivariate
statistical methods to investigate the homogeneftproduct properties by cluster analysis

and to identify small spectral changes by princg@enponent analysis (PCA).

3.3 Material and methods

3.3.1 Wood material

Ten beechKagus sylvaticd..) and ten Grand firAbies grandigDouglas ex D. Don) Lindl.)
trees, each 56 years old, were harvested in 20@6eirtity forest of Schmallenberg (North
Rhine-Westphalia, 51° 14’ 29” N, 8° 23’ 50” E).h€ forest stand has west to northwest
exposition at an altitude of 600 m and is locatec®teep slope. The soil is brown earth with
limited nutrient supply. The forest stand was dsthbd by planting. At harvest, the mean
height and breast height diameter of beech wenm Bd 18 cm, respectively. Grand fir had
an average height and breast height diameter of 28d 45 cm, respectively. The wood was
used to produce particles and fibers (see belotg) afitting two disks from each tree, one at
the stem base and one below the crown. From thisks, dmall blocks (2 per disk) were
excised (length: 1 cm, width: 1 cm, height: 2 chgc¢kled with a gripper to small pieces, and
milled to a fine powder (MM 2000, Retsch, Haan, i@a&ny) for 5 min at 50 u/min. The
frequency was raised slowly during the next 5 nesuto 90 u/min. The whole milling

process took 10 min for each sample.

3.3.2 Production of fibers and MDF plates of Grand fiddeech
The stems of Grand fir and beech were debarked afigrand cleaved afterwards. The wood

pieces were processed to wood chips in a drum ehigglockner Trommelhacker KTH
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120 x 400 H2WT, Kloéckner Wood Technology GmbH, klitieid, Germany). For pulping,
the chips were weighed and put into a pressuriledratory refiner (Laboratory Refiner Type
12, Andritz AG, Graz, Austria). Without any furthere-treatment, the chips were pulped for
5 min under thermal and mechanical conditions (tllermechanical pulp, TMP) at a
temperature of 150 °C and a pressure of 4.8 bderwards, the fibers were dried in a gas
flame heated drying pipe at 125 °C for 3 secormsgteive the target moisture of 8%.

Ten samples of fibers were taken randomly fromedéht locations of the fiber
packages. Fine powder of the dried fibers was peeptor FTIR-ATR analysis as described
above. To prepare fibers for MDF production, Melagurea-formaldehyde (MUF)-resin
(K 413, BASF AG, Ludwigshafen, Germany) with a delcontent of 68 % (w/v), containing
of <5 % (w/v) melamine, was utilized. The concatitn of the binder was 12 % (solid
resin/dry fiber mass (w/w)). Paraffin (Hydrowa%30, Sasol, Hamburg, Germany) with a
solids content of 60 % (w/v) and a concentratiorl 86 (dry paraffin/dry fiber mass (w/w))
was mixed with the UF-resin before spraying theeghixture onto the fibers.

The sprayed fibers were scattered and pressedhat-jpress to boards of a thickness of
10 mm. The pressing process took 3 min (18 s/mn2pat°C and 220 bar. MDF boards of
beech were produced with raw densities of 500, 600, and 800 kg/fh respectively, and
MDF boards of Grand fir with densities of 500, 6&@d 700 kg/ry respectively. The board
densities resulted from the specific net weighale$olutely dry fibers. For each density, two

boards were investigated, of which 10 samples waden.

3.3.3 Particleboard manufacturing of Grand fir and beech
3.3.3.1Particle production

Logs of beech and Grand fir were processed to waops in a drum chipper (Klockner
Trommelhacker KTH 120 x 400 H2WT, Kloéckner Wood feology GmbH, Hirtscheid,

Germany). The wood chips were converted into dadin a knife ring flaker (Condux HS
350, Condux Maschinenbau GmbH. and. Co. KG, HaBaumnany) with a knife overhang of
0.45 mm and dried at 100 °C in a drum drier (eco3@ Technology GmbH, Hendschiken,
Switzerland) for 25 min. With a tumbler screeningamnine (TSM 1200/4, Allgaier Werke
GmbH, Uhingen, Germany), the particles were seedrat five fractions. Four sieves with a
mesh size of 5.0 mm, 3.15 mm, 1.25 mm und 0.6 mme wélized. 6 fractions of particles
with different dimensions were received, includiparticles > 5.0 mm and < 0.6 mm. In
dependency of the particular type of particleboditferent ratios of the particular fractions

were utilized. 10 random samples were collectednfrparticle packages consisting of
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particles of all dimensions. Fine powder of drieatigles of beech and Grand fir wood was

prepared for FTIR-ATR analyses as described above.

3.3.3.2Three-ply particleboard of Grand fir

To produce particleboards, Urea-formaldehyde (S)rr (K 350, BASF AG, Ludwigshafen,
Germany) with a solids content of 68 % (w/v) wakiagd. The concentration of the binder
was 8 % (solid resin/dry fiber mass (w/w)) for thdermediate layer and 10 % (solid
resin/dry particle mass (w/w)) for the overlay. &fin (HydrowaxX 138, Sasol, Hamburg,
Germany) with a solids content of 60 % (w/v) andoacentration of 2 % (dry paraffin/dry
particle mass (w/w)) for the intermediate layer &b (dry paraffin/dry particle mass (w/w))
for the overlay was utilized. As hardener, ammonigomphate (AppliChem GmbH
Darmstadt, Germany) with a solids content of 33w/ and a concentration of 2 % (dry
hardener/ solid resin (w/w)) for the intermediaégdr and 1 % (dry hardener/ solid resin
(w/w)) for the overlay was applied. Paraffin anddemer were admixed to the UF-resin
before spraying the glue mix onto the particles pressing the boards. The overlay of the
three-ply particleboard consisted of 50 % partiadésa dimension of 1.25 mm and 50 %
particles of 0.6 mm. The intermediate layer was posed of 20 % particles of a dimension of
> 5.0 mm, 60 % of 3.15 mm and 20 % of 1.25 mm. @darparticles with 10 % moisture for
the overlay and 8.5 % for the intermediate layerewaprayed with the binder (see above) and
paraffin, scattered and pressed in a hot-preskréziply particleboards with a thickness of
20 mm. The weight ratios (%) of the overlays tceinmediate layer were 20 : 60 : 20 of
absolutely dry particle mass. The boards were pce$sr 4 min (12 s/mm) at 200 °C and
220 bar. Board densities of Grand fir of 500, 666 @00 kg/m, respectively, were produced.
The board density resulted from the specific neigiaeof absolutely dry particles. Two

boards were investigated per density, of whichdrides were taken.

3.3.3.3Monolayer particleboard of beech

For particleboards from beech UF-resin (K 350, BASE, Ludwigshafen, Germany) with a
solids content of 68 % (w/v) was utilized. The cemttation of the binder for the monolayer
boards was 8 % (solid resin/dry fiber mass (wMBgraffin (HydrowaX 138, Sasol,
Hamburg, Germany) with a solids content of 60 %vjwand a concentration of 2 % (dry
paraffin/dry particle mass (w/w)) was utilized. Agrdener, ammonium sulphate (AppliChem
GmbH, Darmstadt, Germany) with solids content of 33 %vjvand a concentration of 2 %

(dry hardener/ solid resin (w/w)) was applied. Faraand hardener were admixed to
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UF-resin before spraying the glue mix onto the ipl@s and pressing the boards. The
monolayer of the particleboard consisted 100 % atigles of all dimensions. The beech
particles were sprayed with the composite bindddfresin K 350, ammonium sulphate and
HydrowaxX® 138, scattered and pressed in a hot-press to myeroparticleboards with a
thickness of 20 mm. The pressing process took 4(frins/mm) at 200 °C and 220 bar. The
particleboards of beech had a density of 600 afidkgdnt. For each density 2 boards were
investigated, of which 10 samples were taken.

3.3.3.4Three-ply particleboard of beech and Grand fir (hgithoard)

Particles of beech and Grand fir were sprayed watimposite adhesives used for Grand fir
particleboard (see above). Particles of Grand &érentaken for the overlay, particles of beech
for the intermediate layer. The overlay of the glyoard consisted of 30 % particles of a
dimension of 1.25 mm, 50 % of 0.6 mm and 20 % pladi< 0.6 mm. The intermediate layer
consisted 100 % of particles of all dimensions. Htyboards of densities of 500, 600 and 700
kg/m®, respectively, were produced as described for &fanFor each density two boards

were investigated, of which 10 samples were taken.

3.3.4 Production of reference boards
3.3.4.1MDF boards

Industrial fibers (Steico AG, Feldkirchen, Germamy)Pinus sylvestrisand Pinus radiata
(mixing ratio 1 : 1) were utilized. The fibers wepeoduced of wood chips, pulped at a
temperature of 160-180 °C and a pressure of 8-L2They were decomposed in a defibrator
(L 36, Sunds Defibrator Industries, Solna, Swedera constant pressure of 11 bar. The fibers
were sprayed with composite binder and used togpecpoards as described above for MDF

plates of beech and Grand fir.

3.3.4.2Three-ply particleboards

Industrial particles (Pfleiderer Holzwerkstoffe Grl& CO. KG, Neumarkt, Germany),
composed of saw dust (45 %), solid wood (30 %)wadd chips (25 %) were used. The saw
dust originated from the sawmill industry, the chiwere produced of pulp- and recycling
wood, which contained spruce and pine as majotifrag and small amounts of beech. The
production was the same as that used to prepae-fiy particleboards of Grand fir.
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3.3.5 FTIR-ATR spectroscopy and multivariate data analysi

FTIR-spectroscopy is a powerful technique for dateation of molecular structures,
identification of compounds in biological samplesdanvestigation of complex polymers
(Arndt et al. 1999; Kacurakova and Wilson 2001)eTATR (attenuated total reflection)
technique as a universal sampling accessory to FpFiRides reproducible qualitative and
guantitative analysis of samples with little to s@ample preparation (Bukowski and Monti
2007). The principles and limitations of FTIR-ATRestroscopy have been reviewed recently
(Naumann et al. 2008). FTIR-ATR spectra were reedroh the wave number range from
4500-600 cnt with an Equinox 55 spectrometer (Bruker Optics,lififen, Germany)
including a deuterium-triglycinesulfate-detectordaan attached ATR-unit (DuraSamplIR,
SensIR Europe, Warrington, England). A resolutiod @mi® and a number of 32 scans per
sample was used. The samples of solid wood, fiedsparticles were powdered. Specimen
of MDF (length: 5 cm, width: 1 cm, height: 1 cm)damparticleboards (length: 5cm,
width: 1 cm, height: 2cm) were investigated. 12 ¢djp or 10 (fibers, particles, board)
replicates were analyzed and averaged, whereby &sumements were respectively
accomplished for the outer- and the inner layereath board specimen. If not indicated
otherwise, 10 individual samples were analyzed ggrerimental variable, thus, yielding
100 to 120 spectra. Because of the high spectraiogeneity of liquid UF-resin and
HydroWwax’, 3 FTIR-ATR measurements were performed on eatiplea

The heterogeneity of the recorded FTIR-ATR speetas investigated by cluster
analysis. According to their spectral heterogenespectra were classified into clusters or
classes in dendrograms. The first derivative anttovenormalization (9 smoothing points)
was utilized as pre-treatment method of the speaflying the standard method for creating
the distance matrix with the OPUS 6.5 software kBruOptics, Ettlingen, Germany). For
calculating the spectral distances tNgard's Algorithm was applied. The analyzed
wavenumber range was 4500-600tm

PCA was applied to classify the principal composemt the spectra of different
samples. The first derivative and vector normail@a(9 smoothing points) was utilized as
pre-treatment of the spectra, applying the facation as algorithm for calculating the
spectral distances. Three factors were used fatrspevaluation with the OPUS 6.5 software

(Bruker Optics, Ettlingen, Germany). The analyzetv@number range was 4500-600tm
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3.3.6 Mechanical and technological properties of MDF padicleboards
Technological properties were determined accordimgeU standards. Tensile strength
(EN 319), bending strength (EN 310), and surfacandness for particleboards only (EN 311)
were measured with a universal testing machine KR010TH.A50, Zwick/Roell, Ulm,
Germany) with maximum test load of 10 kN. The raensity of the boards (EN 323) was
analyzed with a density measuring system (DA-X,Care Alfeld, Germany). Additional
board properties, such as moisture content (EN 888)thickness swelling after 24 h water
storage (EN 317) were investigated. For each typéoard two panels were analyzed.
Sampling and cutting of the boards was accomplisagddescribed in EN 326-1. The

dimensions of the specimens were determined asideden EN 325.

3.4 Results

3.4.1 Mechanical and technological properties of panelrti®
Novel MDF, particle, and hybrid particleboards casgd of beech and Grand fir consistently
showed higher tensile strength, bending strengtth,sarface soundness than reference boards
(Table 1). Only MDF boards of beech displayed adotending strength than the reference.
The swelling factors of all panels were almost taeh to those of their respective reference
(Table 1). This indicates that spruce or pine-bapestuction processes for MDF and
particleboards can also be applied to beech andd3nawood.

Table 1:Mechanical and technological properties of novedl @onventional panel boards.

) Type of ) Raw Tensile Bending Surface Swelling/
Tree species Thickness )
Panel board density strength strength soundness 24h
mm kg/m3 N/mm?2 N/mmz2 N/mmz2 %

Reference (Pine) MDF 9 600 0.43 30.25 - 154
Grand fir MDF 9 600 0.65 34.52 - 15.3
Beech MDF 9 600 0.81 22.38 - 15.6
Reference )

) Particleboard 19 600 0.45 14.10 0.89 13.9
(Spruce, Pine, Beech)
Grand fir Particleboard 19 600 1.27 18.13 1.72 12.6

) Hybrid

Grand fir + Beech 19 600 0.86 16.38 1.42 14.1

particleboard
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3.4.2 Beech and Grand fir solid wood
To investigate chemical differences in wood of twe species and changes occurring during
the production processes, beech and Grand fir waod characterized by FTIR spectroscopy
(Fig. 1). All major bands were numbered and the mpoments, to which these peaks were

attributable, are shown in table 2.

Table 2: Wavenumber characterization (Usmanov et al. 1%&&tker 1983; Faix 1991; Faix
1992; Fengel and Wegener 2003; Pandey and Pitm@32MNumbers in the table refer
to the numbers assigned to the bands in figur@s 3, 4 and 5.

Wavenumber

e Compound Band numbers
3336 O-H stretch 1
2938 CH- stretch in methyl- and methylene groups 2
2882 CH- stretch in methyl- and methylene groups 3
2103 Absorption caused by the ATR crystal 4
1990 Absorption caused by the ATR crystal 5
C=0 stretch in unconjugated ketones, carbonylsmand i
1738 ester groups (frequently of carbohydrate origin) ®
1649 Absorbed O-H and conjugated C-O 7
1593 Aromatic skeletal vibration plus C=0 stretch 8
1549 Secondary amides (-CO-NH-) 9
1505 Aromatic skeletal vibration plus C=0 stretch 10
1460 CH- deformation; asymmetric in —gHnd -CH- 11
1424 Aromatic skeletal vibration combined with CHolane deformation 12
1372 CH deformation in cellulose and hemicelluloses 13
1328 S ring plus G ring condensed 14
1318 C-H vibration in cellulose and C-O vibratiorsyringyl derivates 15
1267 Guaiacyl ring breathing, C-O stretch in lignin; Clikage in 16
guaiacyl aromatic methoxy groups
1235 Syringyl ring and C= stretch in lignin and xda 17
1157 C-O-C vibration in cellulose and hemicelluloses 18

1032 Aromatic C-H in plane deformation, guaiacyl typeda@-O deformation;19
primary alcohol

897 C-H deformation in cellulose 20
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In the wavenumber range from 4000-1800‘cmood from both species showed strong
spectral similarities (Fig. 1). Bands 4 and 5 aesed by the ATR unit. Differences between
the two species occurred mainly in the fingerprégion (1800-850 cif).

19 —

== Grand fir solid wood
- 4 ™= Beech solid wood

Ahsorbance Units

20

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber crre 1

Fig. 1. FTIR-ATR mean spectra of beech and Grandsblid wood powder in the
wavenumber range from 4000-850triThe spectra were baseline corrected and vector
normalized, the band assignments are shown in @ble

We observed higher absorbance for beech wood idsbén8, 11, 12, 13, 19 and 20, typical
of holocellulose, suggesting a higher amount ofobellulose in beech than in Grand fir
(Fig. 1). Pronounced differences occurred alsoamtdb 14, 16 and 17, typical for lignin.
These differences were expected, because conifamgio mainly guaiacyl (G) lignin,
whereas angiosperm lignin is composed of G anahgyti(S) units (Pandey 1999; Fengel and
Wegener 2003). Band 14 represents a mixture oin@-Saunits. In the spectrum of Grand fir
at position 14 only a shoulder appeared (Fig. Heneas a clear peak was present in beech
wood (Fig. 1). Band 16, typically for G units, shexva shoulder in beech and a peak in Grand
fir (Fig. 1). Beech displayed a broad band 17,dgpfor S-lignin, which covered the G-units
(band 16) to some extent. Overall these analysestrite that major differences between
beech and Grand fir wood existed with respect ¢miti composition and holocellulose

content.
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3.4.3 Particleboards from beech and Grand fir
We identified a clear influence of the productiorogess on wood properties (Fig. 2).
Particles displayed higher absorbance in band I7, @nd 19 than wood, suggesting an
increase in free OH-groups. These increases wergfm both, particles from Grand fir and
beech (Fig. 2 a, b), suggesting that the same daérhonds were released during particle

production of both species.

= 4 == Grand fir solid wood 19—
=m  Grand fir particles
mm  Grand fir particleboard

5

a)

Absorbance Units

4

T T T T T T
4000 3500 3000 2500 2000 1500 1000

== Beech particles

19 —
5 =m Beech solid wood ﬂ
o - == Beech particleboard

Absorbance Units
B

20

4000 3500 3000 2500 2000 1800 1000
Wavenumber cm-1

Fig. 2: FTIR-ATR mean spectra of particles and pégboards of Grand fir (a) and beech
(b). Spectra were acquired in the wavenumber rainge 4000-850 cih (n = 10 per
sample) and the mean was calculated. Spectra « salod powder from fig. 1 are
shown for comparison. Particleboards sf 600 kg/ni are shown. The spectra were
baseline corrected and vector normalized; the bassignments refer to table 2.
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From the intermediate (particles) to the final proid(particleboard) further changes occurred,
which were characteristic for wood from both spegcibut additionally, some alterations
specific for particleboards were found. Band 1 éased further, when particles were pressed
to boards, whereas bands 6 and 19 decreased. Bamis 3 as well as band 9 appeared only
in the final products and band 7, which was onlgspnt as a shoulder in wood or particles,
was increased to a pronounced peak (Fig. 2 a, b).

Since the particleboards contain UF-resin as birahel additives to prevent swelling
(HydrowaxX), these compounds were also analyzed. Comparatigl/ses of the UF-resin
and of HydrowaR spectra showed that band 2 and 3 were charaiteoisHydrowax’
(Fig. 3). Band 9 is close to the position where tdsin showed the highest peak (Fig. 3). This
peak might have been caused by amides (Table 2yetdr, in boards the maximum was
shifted compared with binder (Fig. 3).

= IR |
. | == Pure MUF K413 2
“ | == Pure UF K350 | |
=l 3 Bl
i =]
%” .
g |
B 1

T T T T T T
4000 3800 3000 2500 2000 1500 1000
Wavenumber crre 1

Fig. 3: FTIR-ATR averaged spectra of MUF K 413, WF350 and HydrowaX in the
wavenumber range from 4000-850triThe spectra were baseline corrected and vector
normalized. The bands showing the most significdhtences in the spectra of the final
products were marked. Band assignments are shovable 2.

The presence UF-resin furthermore affected the esludippeak 1 in particleboards (Fig. 2),
where a shoulder appeared due to the strong pegbsition of 3324 cm of UF-resin
(Fig. 3). UF-resin also showed some absorbancehatpbsition of peak 7 (Fig. 2, 3).

However, not all bands increased. The intensitiepamds 12, 13 and 19, indicative for
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holocellulose, decreased in boards compared taclest In Grand fir materials, these
decreases were stronger than in those of beech.
Particleboards of different densities were alsdyared. However, board density had no

effect on the resulting FTIR spectra (see appehdnd Fig. 1).

3.4.4 MDF boards from beech and Grand fir
To investigate the influence of the production esx of MDF boards on wood properties,
FTIR spectra of wood, fibers and boards were costpérig. 4). Wood and fibers displayed
only small differences, which were most pronountedhe carbohydrate range and for
aromatic compounds (band 18 and 19) as observedalparticles (see above, Fig. 2). This

was true for both species.

=m  Grand fir solid wood
=m Grand fir fibres
=m  Grand fir MDF

10

Absorbance Units

T T T T T T
4000 3500 3000 2500 2000 1500 1000

mm Beech solid wood 19 —
= Beech fibres
mm  Beech MDF

Absorbance Units

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber crm-1

Fig. 4: FTIR-ATR mean spectra of fibers and MDF fasaof Grand fir (a) and beech (b).
Spectra were acquired in the wavenumber range frat800-850 cnt
(n = 10 per sample) and the mean was calculateéct®p of solid wood powder from
fig. 1 are shown for comparison. MDF boardsyef600 kg/ni are shown. The spectra
were baseline corrected and vector normalized;téwed assignments refer to table 2.
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FTIR spectra of MDF plates showed characteristwal®ns from wood or particle spectra.
Peaks 2 and 3, indicative for the addition of Hyleo®, were present (Fig. 4). Furthermore,
peaks 7 and 9, the latter probably characteridtianoides in UF-binder, increased strongly
(Fig. 4) as observed also in particleboards (FigP2ak 7 present as a shoulder in fibers was
strongly increased in MDF boards of both speciég. & a, b). Peak 8 also showed increases,
which suggests increased aromatic vibrations or Gr€ch (Fig. 4). Since this increase was
found in MDF boards of both, Grand fir and beectt bot in particleboards, it must be
regarded to present specific changes due to MDEegging. Peak 8 might have been caused
by use of different UF-resin formulations for peleboards (UF-resin with a valley at
position 8) and particleboards (MUF with a pealkpasition 8). MDF boards of different
densities were also analyzed. However, board dehsitl no effect on the resulting FTIR

spectra (see appendix | and Fig. 2).

3.4.5 Three-ply hybrid particleboard with an outer layeade of Grand fir particles and
an inner layer of beech patrticles
For a better overview solid wood, particles and ¢beresponding layer in the hybrid board
were illustrated separately, depending on the qadst tree species (Fig. 5).
Spectral differences between intermediate- and fireduct were visible in band 2, 3,

7, and 9, illustrating an obvious increase of thgoabance units in the spectrum of the hybrid
boards. This held for overlay and intermediate layereas in band 7 and 9 the increase was
more obvious for the overlay. In contrast to tlasult, the absorbance unit in band 19 showed
a decrease, which was more apparent in the spectrtime intermediate layer. Other spectral
differences were hardly notable. Additionally, wetetted higher absorbance units in bands 7
and 9 of the outer layer, compared to the partadeth of Grand fir, whereas the inner layer

did not show significant spectral differences comepao the particleboard of beech.
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Grand fir solid wood
Grand fir particles

Grand fir particles in the overlay
—_— of the hybrid particleboard

Ahzorbance Units

12
1

Beech solid wood
Beech particles

Beech particles in the intermediate layer
of the hybrid paricleboard

Absorbance Units

20

4000 3500 3000 2500 2000 1500 1000
Wavenumber crm-1

Fig. 5. FTIR-ATR averaged spectra of the productipnocess of hybrid boards
(p= 600 kg/m) in the wavenumber range from 4000-850'crithe overlay with
particles of Grand fir (a) and the intermediate éaywith particles of beech (b) were
illustrated separately. The spectra were baseliogected and vector normalized, the
particular bands numbered in reference to table 2.
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3.4.6 Multivariate analysis of FTIR spectra to elucidpteduct quality and properties
PCA analysis was conducted to find out if the défe samples could be grouped according
to species and sample processing. Using normafizgdderivatives of the original spectra
across the whole wave number range, we obtaingdPGés, which contributed 92.97, 5.76,
0.97 and 0.19 % to the total variation, respecyivBince PC1 resembled strongly the original
spectrum, it was not considered further.

A 3-dimensional scatter plot showed that the 1@ebht sample types (2 tree species
with the following products: wood, fibers, partisleMDF and particleboards) grouped
according to PC2, PC3, and PC4 (Fig. 6). PC2 waslyneesponsible for the separation of
the two species: Grand fir products (wood, fib@eaxrticles, MDF and particleboards) scored
positive, whereas the corresponding beech prodactsnegative scores for PC2 (Fig. 6). PC3
separated final products of both species (MDF aartigleboards, negative scores) from raw
and intermediate materials of both species (woiber$ and particles, positive scores). PC4
was mainly responsible for the separation of fippesticles, and wood with fibers, showing
more negative scores than particles and particle® megative than wood (Fig. 6). Fibers,

particles and wood showed some overlap, but thesggooups were still discernable.

Beech solid wood

Beech particles

Beech fibhres

Beech particles in the particleboard
Beech MDF

i1inl

B Grand fir solid wood

[ Grand fir particles

E== Grand fir fibres

E Grand fir particles in the particleboard
H Grand fir MDF

Fig. 6: Principle component analysis (PCA) for tREIR-ATR spectra of the different
production steps of beech and Grand fir wood. Spewere used in the wavenumber
range from 4500-600 ch First derivation and vector normalization haveebeused as
pre-treatment of the spectra. For the factorizat®rsmoothing points and 3 factors
have been chosen.
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To elucidate which spectral differences were manmdgponsible for the separation of the
groups, the factor loadings were analyzed (FigSit)ce the factor loadings are based on the
first derivatives, we determined the zero-pointsMeen the 10 most pronounced valleys and
hills, representing the 10 main peaks and assidhenl tentative chemical origin, using
published data (Fig. 7, Table 3).
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Fig. 7: Factor loadings of the second (A), third),(Bnd fourth (C) factor obtained by PCA,
respectively. The zero-points between the 10 momtopnced valleys and hills,
representing the 10 main peaks, were numbered diffezent numbers in B, C and D
refer to wave number assignments in Table 3. Timbeus in parenthesis indicate the
position according to height.
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It is immediately apparent that compounds repraésgrignin (e.g. position 1, 3, 5, 6, 8
among them syringyl ring breathing at position 8blE 3) played a major role in PC2, which
separated predominately the two species (Fig. )PC3, wave numbers indicative of
lipophilic compounds (wax) as well as for N-contagncompounds were dominant as reasons
for the separation of boards from raw and intermedproducts (Fig. 7, Table 3). In PC4
similar wave numbers were dominant as in PC3, thoumg slightly different order. In
addition, position 9 and 10 indicated the contitrutof C=C aromatic bonds to this factor
(Fig. 7, Table 3).
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Table 3: Wavenumber characterization (according to Usmaabwal. 1972; Parker 1983;
Faix 1991; Naumann et al. 1991; Fengel and Weg@083; Pandey and Pitman 2003)
of the second (PC2), third (PC3) and fourth (PCdgtér loadings obtained by PCA.
The zero-points between the 10 most pronouncedygafind hills, representing the 10
main peaks, were tentatively assigned to their atedmorigin. The numbers in
parenthesis indicate the position in figure 7.

Wave number (cf

2I’1d
factor

3Td
factor

4t|’1
factor

Compound

1122 (1)
1042 (2)
1235 (3)
1016 (4)
1143 (5)
1272 (6)
1061 (7)
1513 (8)
974 (9)

1733 (10)

1074 (1)
2920 (2)
1055 (3)
2850 (4)
2878 (5)
1680 (6)
1108 (7)
992 (8)
1030 (9)
2947 (10)

2920 (1)
1074 (2)
2852 (3)
2878 (4)
1050 (5)
1114 (6)
1032 (7)
1747 (8)
1500 (9)
974 (10)

Aromatic skeletal and C-O stretch

C-O stretch

Syringyl ring, C-O stretch in lignindaxylans

C-OH in alcohols

C-H in plane deformation of guaiacwiy;i O-H in lignin
Guaiacyl ring breathing

C-C, C-0O, C=0 stretching in cellulose hadicelluloses
Aromatic skeletal vibration in lignin

-HC = CH- out-of-plane deformation
C=0 stretch in COOH, C=0 stretch in unconjugated letpoarbonyls and
in ester groups (frequently of carbohydrate origin)

C-H, C-O deformation

Methylene and methine group

C-O stretch in cellulose and hemiceieb

C-H stretch in GHnd CH groups, N-H

C-H stretch in GHnd CH groups, N-H

C=0 stretch in conjugated ketones acdredary amides

C-0O-C, C-O dominated by ring vibratidrcarbohydrates

-HC = CH- out-of-plane deformation

Aromatic C-H in plane deformation, igusl type and C-O deformation; primary alcohol
O-H vibration

Methylene and methine group

C-H, C-O deformation

C-H stretch in GHand CH groups, N-H

C-H stretch in GHand CH groups, N-H

C-O stretch in polysaccharides

O-H association band in cellulose andibelluloses

Aromatic C-H in plane deformation, C+Qprim. Alcohols, C=0 stretch

C=0 stretch
Aromatic C=C

-HC = CH- out-of-plane deformation
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PCA for hybrid particleboards resulted in 6 singpatter-plots, which illustrated the principal
components of the FTIR-ATR spectra (Fig. 8). Thattec plots of beech solid wood and
particles in the intermediate layer were easy siirdyuish from Grand fir solid wood and
particles in the overlay. Additionally, the prinlBpcomponents of the overlay and the

intermediate layer were distinguishable from eaitieio

e
S " o
- G B
e - 0.0
‘ e # e T 3 Beech solid wood
— o |
i o | s }
| RT,__.H-H‘ li 0.25 H BEeech particles
o |
\ *én L - B Beech particles in the intermediate layer of
1 G the hybrid board
|
\I 025
| v -
\ G W ™ T P P . B Grand fir solid wood
¥ T ‘M\ g )
| o™ . 1 Grand fir particles
st o ' a7s
_— -.& H“x\} I Grand fir particles in the overlay of
0.26 \)\ = . the hybrid board
o~
pe2 5 = = s
025 \'\ ,,_,""_" Do il
050 s
|- gs

Fig. 8: PCA for the FTIR-ATR averaged spectra & kybrid boards production process in
the wavenumber range from 4500-600crirst derivation and vector normalization
have been used as pre-treatment of the spectrathfediactorization 9 smoothing points
and 3 factors have been chosen.

While PCA is a data reduction technique that mé&esrhain components of the spectra in
scatter-plots and, thus, allows identifying the ctp@ origin leading to the formation of

groups (McCann et al. 1997), cluster analysis dlasghe intrinsic interrelationship between

structure and property of samples (Everitt 1993ust@r analysis is useful to assess the
similarity or dissimilarity between samples andréfere, is useful to assess the quality of
production processes. We subjected the spectral afaall samples to cluster analysis and
calculated their heterogeneity. We tested differesitulation methods (nearest neighbor,
furthest neighbor, centroid, median, Ward’s) andawled the best results using Ward’s
method for calculation of the distance matrix, lbasas Euclidean distance. Using this

approach, we received two main sub-clusters, sepgrhoth tree species, beech and Grand

fir, respectively (Fig. 9).
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Fig. 9: Cluster analysis of FTIR-ATR spectra of péama of solid wood, fibers, particles,
particleboards and MDF plates of beech and GramdSpectral data were used in the
wavenumber range from 2968-841 tmnd classified into classes according to their
spectral heterogeneity. The first derivation andtee normalization was utilized as
pre-treatment of the spectra. For clarity only 616f spectra have been shown for each
production step. Spectra, which have not been sha@ustered in their respective
groups. The different production steps have beéicated in different colors.

These clusters were split in two furthéf Brder sub-clusters. Each of the$& @der sub-
clusters separated raw material and intermediatéugts in one "3 order sub-cluster and the
final products in the other®order sub-cluster.

This shows the low spectral heterogeneity amongmeterial and intermediate wood
products. Still, there were sufficiently large Sjpak differences between raw material,
intermediate and final products, to yieltl drder sub-cluster. The same was true for the end
products, MDF and particleboards, respectively. iéerogeneity between th® drder sub-
clusters of raw and intermediate products was miogrer than that observed for final
products.

Cluster analysis of the hybrid particleboards reesuin two main clusters, separating
both species (Fig. 10). The spectra of beech sadiad, particles and intermediate layer of the
hybrid boards, composed of beech particles, wenebared into one cluster. The spectra of

Grand fir solid wood, particles and overlay of thgrid board in the other one. Thus, it was
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possible to retrace the composition of the pardiclhyer to the tree species used for the
particles. In addition, for both species, the meumsters were separated in two sub clusters
with solid wood and particles on the one hand dedp@articular layer of the final product on
the other hand. This showed the low spectral hgereity among raw material and

intermediate wood products and spectral differemtése final product.
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Fig. 10: Cluster analysis for the manufacture obhg boards composed of particles of beech
in the intermediate layer and Grand fir in the degr The spectra were analyzed in the
wavenumber range from 4500-600 tnfor the sake of clarity 6 of 10 average spectra
have been selected randomly from each productiep. sthe particular production
steps were mapped in different colors.

3.5 Discussion
In this study we demonstrated the potential of F$pectroscopy to characterize the whole
production of wood fiber and particleboards startimith the raw material harvested in the
forest. Currently, there is little experience witle production processes of panels based on
beech and Grand fir, because conventional boasdpraduced mainly from pine and spruce.

Since beech silviculture is expanding in Germahyg, amount of inferior beech wood will
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increase (Borchert and Koélling 2004; Horn 2006) auted-value products from these
resources are needed. Previous studies with beaebh &lready shown that the bending
strength of particleboards was strongly affectedobsticle size, surface layer compactness
and the coverage ratio of the particle surface waithesive (Medved and Resnik 2004). Here,
we document that these novel boards comply withréljairements of European standards.

In addition to beech, Grand fir wood was testedahbse this species is growing fast, is
probably well adapted to the expected climate cagitamann and Wang 2006) and forms
non-resinous wood (Wagenfuhr 2000). Composite ®oafdGrand fir revealed excellent
strength values, most likely due to the homogemnwosd texture (Alden 1997)esulting in
low piled density of the particles and fibers, liegdto higher contact with the composite
binder. Our study did not reveal any major techinatastacles for the production of wood
composite boards from European beech or Grand fir.

A main question of our investigations was, if FT$Rectroscopy combined with
multivariate data analysis has the potential torattarize the production processes of the
novel boards, to identify the influence of addiiven the chemical composition and to
distinguish between different raw materials. Clepectral deviations were found between
beech and Grand fir (Fig. 1). This was expectedesimood of soft- and hardwood species can
easily be separated by FTIR spectroscopy becausethef different contents of
phenylpropanoids and holocellulose (Faix 1991, Egnt999; Pandey and Pitman 2003,
2004;Kubo and Kadla 2005; Fackler et. al 2007). Our g&libws that these differences were
maintained throughout all productions steps, affagdvery clear separation of particle or
MDF boards made of beech or Grand fir wood (Fig.Bgsed on the results of PCA and
factor loadings we conclude that the productioncess has no major influence on the
chemical constituents that distinguish soft- anditvaods.

Interestingly, it was possible to differentiate RT$pectra obtained for wood, fibers and
particles. Since all measurements were done orangdbwder, differences in light scattering
due to different particle dimensions can be exaudehas been reported that polyoses can
depolymerize at temperatures below 180 °C (Sivagteal. 2002; Garrote et al. 200The
slight deviations in the spectra of particles (Rgand fibers (Fig. 4) might have been caused
by a modification and decomposition of the holadelte fraction. This would be expected to
increase the number of O-H and C-H and thus, ledke observed increases in absorbance at
position 1032 ci (Fig. 2, 4). Hennecke and Roffael (2006) also tbandecomposition of
hemicelluloses to lower molecular weight sugarsrauthe pulping of fibers under thermal-

mechanical conditions. The distinct decline of thiesorbance units at 1738 ¢nand
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1032 cm'® (bands 6 and 19) of the spectra of all final patsucompared with fibers and
particles, was a further indication for modificatsoof the holocellulose fraction during panel
board processing (Fig. 2, 4, 5). During the prepggirocess the overlay of the boards can
reach temperatures of 200 °C (Deppe and Ernst Z2DBlneyer 2002which might have led

to a decomposition of C=0 and an opening of the Be@ds of polyose residues (Kollmann
and Fengel 1965; Bourgois and Guyonnet 1988). iitag have generated opportunities for
additional cross-linking, thereby leading to loseéabsorbance at bands 6 and 19, compared
with these bands in fibers or particles. The sigaiit differentiation of the principle
components of the overlay and intermediate layeghefhybrid particleboards (Fig. 8) might
have been caused by the general spectral discrepameech and Grand fir (Fig. 1) and the
different amount of composite binder, used for plagticular layer (Fig. 3). Overall, these
changes suggest that some of the modificationarFiAR spectra were caused by differences
in cross-linking.

Using FTIR-spectroscopy, clear effects of the biadend additives on the spectral
properties of the final products were identifiedg(R2, 4, 5). The most obvious deviations
were detected in the wave number range from 3500-251", where lipophilic compounds
are found (bands 2 and 3, Fig. 2, 4, 5). Therefoaeaffin-based additions to make the boards
water-repellent can easily be identified.

The presence of UF-binders was also immediatelyaranp from the FTIR spectra of
MDF and patrticleboards. This was previously repbtig Korner et al. (1992), investigating
industrial-processed particleboards with FTIR smstiopy. They detected significant bands
of pure UF-resin in the same wavenumber range asiirstudy with a pronounced peak at
3363 cnt (band 1 in Fig 3), which they assigned tentativielyO-H and N-H vibrations
(Korner et al. 1992). Korner et al. (1992) founfligher band at 1704 cfin the spectrum of
pure UF-resin which was assigned to formaldehyaeur study, this band was missing in the
spectra of pure K 350 and K 413 as well as in tluftbe boards.

Band 9 at wave number 1549 ¢rwas only detectable in the final products (Fig42,
5). According to Kérner et al. (1992) this band wasised by secondary amides (-CO-NH-),
resulting from a modification of pure urea (-CONH as a component of UF-resin. In our
study band 9 was higher in the spectra of MDF thahose of particleboards (Fig. 2, Fig. 4).
This was probably caused by differences in theardrand composition of the applied binder.
This held true for the overlay of the hybrid pdetmards, showing an increased absorbance
unit in this band, caused by the higher concewinatof composite binder (Fig. 5).

Correlations between the coverage of fibers witheadres and the portion of resin in MDF
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boards of spruce and aspen have been reportedg|Petkdl. 2008). Our study furthermore
shows that the absorbance increases at positiamsl ¥ were much higher in MDF than in
particleboard spectra (Fig. 2, 4). This was propablated to the utilization of two types of
UF-resin: K 413 used for MDF production comprisdaigher fraction of urea than K 350 and
contained melamine @EsNg) as further additive. Spectroscopic investigatiafs both
binders revealed consistently higher absorbances dar K 413 than for K350 (Fig. 3).
FTIR spectra of MDF boards were distinguished ftbose of particleboards by an additional
increase in absorbance at 1596’qposition 8), which was most likely caused by theids
amine band of K 413 at this position (Fig. 3). Thesalyses show that adhesives and other
additions can be traced in the in the resultinglpots.

Compared to the spectrum of the particleboards rah fir, higher absorbance units
were particularly detectable in bands 7 and 9 efdanter layer of the hybrid boards (Fig. 5 a).
However, the inner layer did not show such sigaiiicdifferences (Fig. 5 b). Since binder
and pressing parameters were the same for partio-hybrid particleboards, an increased
modification of urea due to the temperature mighven been possible. Furthermore, the
moisture content of the particles during gluing mi¢ave influenced the admixed binder
percentage. A varying moisture content of fiberd particles leads to an over- and underdose
of resin (Korner et al. 1992). If the humidity dfetintermediate products is higher than the
target moisture, this leads to an overdose of @Sinner et al. 1992).

In conclusion, we show that each production stéduced specific modifications that
affected FTIR spectra in a specific manner. Theegfepectroscopic changes in the infrared
can be used to identify changes of the chemicalstdoents during panel board
manufacturing, especially when combined with PCAr §uality control cluster analysis is
promising. We showed that different samples from $ame production step were clustered
together, suggesting a high homogeneity of the maaterials as well as of the resulting
intermediate and final products. This indicates fHaIR spectroscopy in combination with
cluster analysis is a tool to control product dyalh standards are available. Since the beech
and Grand fir boards produced in this study shomedhanical and technological properties
similar to those from conventional production pises, standardization and application of

this novel methodology is promising and shouldréher developed.
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== Grand fir particleboard (p=500 kg/m®)
= Grand fir particleboard (p=600 kg/m™)
o 4 = Grand fir particleboard (p=700 kg/m™)
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Fig. 1: FTIR-ATR mean spectra of Grand fir partletards p= 500, 600, 700 kg/f
Spectra were acquired in the wavenumber range fA@®0-850 cnt (n = 10 per
sample) and the mean was calculated. The spectra baseline corrected and vector
normalized; the band assignments refer to table 2.

mm Beech MDF (p=600 kg/m?) 19 —
== Beech MDF (p=700 kg/m?)
21 == Beech MDF (p=800 kg/m®) N

20

Absorbance Units

4000 3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Fig. 2: FTIR-ATR mean spectra of beech MDF boayds 00, 700, 800 kg/fh Spectra
were acquired in the wavenumber range from 4000886 (n = 10 per sample) and
the mean was calculated. The spectra were basetimected and vector normalized,;
the band assignments refer to table 2.
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CHAPTER IV

4 FTIR-ATR spectroscopic analysis of changes in fiberproperties

during insulating fiberboard manufacture of beech wod

4.1 Abstract

Fourier transform infrared — attenuated total #flace (FTIR-ATR) spectroscopy was
applied to trace changes in chemical fiber propsrtiluring the production process of
insulating fiber mats. In combination with clustaralysis FTIR spectra were used to control
the homogeneity of the products. Beech woédgls sylvatical.) was used as novel
sustainable material for fiberboards production.e Tinsulating softboards were either
processed without any adhesives or with potato pujmtato starch as renewable binders and
dried in a dryer or by microwaves. FTIR spectralgses revealed chemical modifications at
the -O-H association band of carbohydrates thatindisished the two different drying
methods. Additions of plant-based renewable adbesdiminished the absorbance of the
resulting products at characteristic wavenumbetherninfrared. These decreases were strictly
correlated with the amount of added binder ands,thave the potential to quantify adhesive
additions to the fiberboards. Cluster analysis geallFTIR spectra of samples from different
production steps or processes correctly and, thus) appealing, simple technique for quality

control of insulating fiberboards from renewablsaerces.

4.2 Introduction
Innovative insulants based on renewable resouneestidl niche products (Sedlbauer 2004).
To date, some insulation materials based on plesdyets, such as wood and palm fibers,
bark, rice straw and husk have been tested (Mishah 1986; Richter 1993; Han-Seung et al.
2002; Scheiding 2000; Scheiding 2002; Al-Sulaiman 200&undorf et al. 2004). But
overall, there is only limited experience with tbleemical, mechanical, and technological
characteristics of these insulants (Sedlbauer 2004)

Wood fibers are strong, lightweight, nonabrasiimjrelant and cost effective (Clemons
2002). Processed to insulating wood fiberboardsy #re suitable for internal and external
use as thermal and acoustic insulation on flooral)swand ceilings (Moser et al. 2003).
Compared to conventional insulants, mostly basedabystyrene and polyurethane produced
of mineral oil (Kleinhempel 2005), softboards of adofibers have advantages through

exceptional thermal insulating and favorable hygopsc properties (Sedlbauer 2004). The
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bio-degradability of these materials, desired foolegical reasons, limits, however, the field
of application (Sedlbauer 2004).

Insulating wood fiberboards can be produced in weetdry-processes (Moser et al.
2003; Chapman 2006). The dry-process requires amx&gte of adhesives (Moser et al.
2003). Applying the wet-process, adhesives candoed, but depending on fiber length they
may not be essential since cross linking occurs wue¢he plastification of lignin and
formation of hydrogen bonds (Makas 2006). To atb&luse of adhesive formulations based
on the use of petro-chemical products, binders fren@wable resources, such as potato pulp
or potato starch can be used. These bio-basedrbimadi®rd the degradability of the final
products (Smok 1999; Mduller 2005). To date, thexend information, how these binders
influence chemical product properties.

One of the most important steps in wood proces&ngrying (Leiker and Adamska
2004). The most common industrial method for dryiiitger mats is in belt dryers at
160-220 °C (Kutschera and Winter 2006). Howeveyindy by microwave energy is much
faster without deteriorating the quality of theedfiproducts (Hansson and Antti 2003).

To date, spruce and pine are the main resourcekefored timber produc{®agenfuhr
2000). Since the conventional resources for woattisaare becoming limited, there is a need
to introduce materials from other tree species th&#se production processes. Novel wood
products are currently being developed using Ewodeeech Kagus sylvatica..). Beech
cultivation is currently increasing in Germany, dese this species plays a major role in all
nature-orientated silvicultural concepts as theepially dominant species in most forests of
middle Europe (Ellenberg 1986). Thus, it is expedteat this resource of wood will increase
in the next years. To generate added-value prodrats low quality wood, the utilization of
beech fibers for novel commaodities is currentlynigeinvestigated. Beech has not been used
in wood processing industries before because ofigh raw density of wood (Wagenfuhr
2000) and furthermore the risk of allergies andceandue to potentially hazardous dusts,
generated during particle- and fiber production ogder et al. 2008). However, wet
production processes may circumvent the latterlpmlibecause dust formation is avoided.

The aim of this work was to investigate changesh@ech fiber properties during
processing to insulating wood fiberboards. To cti@réze the influence of fiber processing
on the chemical composition of the fibers, Fourteansform infrared-attenuated total
reflectance (FTIR-ATR) spectroscopy was appliedIRFEpectroscopy has been used for
determination of molecular structures, identifioatiof compounds in biological samples and

investigation of complex polymers (Arndt et al. 89¥acurakova and Wilson 2001) and is,
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therefore, a powerful tool for wood analysis (Fdregel Wegener 2003). In combination with
ATR, FTIR analysis permits reproducible qualitati@ed quantitative analysis of samples
with little or no sample preparation (Bukowski aMidnti 2007, Naumann et al. 2008). We
employed FTIR-ATR to trace the changes in fibemperties during the production process of
insulating fiber mats of beech wood. We tested,thdrethe observed changes could be used
to classify the spectra into clusters accordinghtr spectral heterogeneity and to identify
chemical alterations, caused by the addition dédeht binders or drying methods.

4.3 Material and methods

4.3.1 Wood material
Ten 56-year-old beeclirégus sylvaticd..) trees were harvested in 2006 in the city forest of
Schmallenberg (North Rhine-Westphalia, 51° 14’ 29,’8° 23’ 50” E), compartment 238 a.
The forest stand, established by planting and semteng a mixture ofFagus sylvatica
(40 %), Abies grandis(50 %) andPseudotsuga menziegilO %), has west to northwest
exposition at an altitude of 600 m and is locatecsteep slope. The soil is brown earth with
limited nutrient supply. At harvest, the mean heigihd breast height diameter of beech were

16 m and 18 cm, respectively. The wood was us@daduce fibers.

4.3.2 Production of fibers and softboards of beech

The stems of beech were debarked manually withawidg knife and cleaved afterwards.
The wood pieces were processed to wood chips mira dhipper (Klockner Trommelhacker
KTH 120 x 400 H2WT, Klockner Wood Technology GmbHirtscheid, Germany). For
pulping the chips were weighed and put into a pméasd laboratory refiner (Laboratory
Refiner Type 12, Andritz AG, Graz, Austria). Withoany further pre-treatment, the chips
were pulped for 5 minutes at a temperature of IG@Ad a pressure of 4.8 bar, yielding
thermo mechanical pulp (TMP). Afterwards, the fdbavere dried in a gas flame heated
drying pipe at 125 °C for 3 seconds to a targetsinoe of 8 %. Ten samples of fibers were
taken randomly from different locations of the filpackages. The fibers were milled to a fine
powder (MM 2000, Retsch, Haan, Germany) for 5 neawt 50 u/min. The frequency was
raised slowly during the next 5 min to 90 u/mineTwhole milling process took 10 min for
each sample.

Three types of softboards were produced in a watgss. One type was completely

free of any adhesive; both other types were gluiga mcreasing amounts of binder, yielding
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10, 20 and 30 % of potato starch (Avebe Kartoféelst nativ, Prignitz/Wendland GmbH,
Dallmin, Germany) or potato pulp (KF 200 dehydialis Emsland-Starke GmbH,
Emlichheim, Germany), respectively. The latter eom¢d 30 % (w/w) starch. The shortness
of beech fibers necessitates an admixture of ade®$o improve the bonds among the fibers
and to increase the strength values of the fibér ma

A suspension of 500g fibers in 15 | of water wagdpiced. Depending on the type of
board, 1 | of water was mixed with 50, 100 or 1%0@-30 % (w/w)) potato pulp or 50, 100 or
1509 (10-30 % (w/w)) potato starch and admixechtowater-fiber suspension. It was stirred
for 1 h for soaking the fibers. Afterwards, the mrssion was poured on a sieve in a self-
constructed casting mold (length: 50 cm, width: @30, height: 60cm). The effluent was
discarded leading to pancaking of the fibers, gmmey the fiber mat. The mat was
dehydrated in a cold press for 2 minutes at 100 ®alosequently, mats with different binder
percentages and a target thickness of 20 mm anaisiure content of 100-120 % were dried
either for 7 min by microwave (MWDA 6x1.1kW, Fricked Mallah Microwave Technology
GmbH, Peine, Germany) at 6600W or for 2 h in a diy¢NE 800, Memmert GmbH &
Co. KG, Schwabach, Germany) at 170°C. The boardities (Tab. 1) resulted from the
particular type of binder, the binder percentage #re moisture content of the mats before
drying. For each binder percentage and particyiae of drying two boards were taken, of

which 10 specimen were analyzed.

Table 1:Raw densities of the insulating wood fiberboartibeech in dependency on the type
and amount of binder.

Type of binder Binder [%] Raw density of the softboad [kg/m?|
Potato starch 10 181
Potato starch 20 198
Potato starch 30 213
Potato pulp 10 173
Potato pulp 20 196
Potato pulp 30 226

No binder 0 163
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4.3.3 FTIR-ATR spectroscopy and cluster analysis
FTIR-ATR spectra were recorded in the wave numbege from 4500-600 chmwith an
Equinox 55 spectrometer (Bruker Optics, Ettlinggbermany) including a deuterium-
triglycinesulfate-detector and an attached ATR-ufRuraSampliR, SenslIR Europe,
Warrington, England). A resolution of 4 €nand a number of 32 scans per sample was used.
Specimen of all fiberboards as described aboveierbcm, width: 3 cm, height: 2cm) were
investigated. If not indicated otherwise, 10 indival samples were analyzed per
experimental variable, thus, yielding 100 speddecause of the high spectral homogeneity of
potato starch and potato pulp, 3 FTIR-ATR measurgse/ere performed on each of these
samples. Cluster analysis as unsupervised methosl wged to investigate intrinsic
relationship between sample properties. Accordinthé spectral heterogeneity, spectra were
classified into clusters or classes in dendrogramie first derivative and vector
normalization (9 smoothing points) was utilized @e-treatment method of the spectra,
applying the standard method for creating the disgamatrix with the OPUS 6.5 software
(Bruker Optics, Ettlingen, Germany). For calculgtithe spectral distances thWard's

Algorithm was applied. The analyzed wavenumber eangs 1800- 600 cm

4.4 Results

4.4.1 FTIR spectra distinguish beech fibers, binderssoftboards
To investigate the influence of fiber processingfitaer properties, FTIR spectra of fibers,
pure binders, and softboards produced without bindevith pulp or starch as binders were
analyzed in the fingerprint-region from 1800-8500ffig. 1). Major spectral changes (bands
1 to 16 in Fig. 1) were assigned to chemical barsilsg published data (Table 2).
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Table 2: Wavenumber characteristic (after Usmanov et alf2Z19aix 1991; Faix 1992,
Pandey and Theagarjan 1997; Fengel and Wegener;2Ba8dey and Pitman 2003).
Numbers in the table refer to the numbers assigo¢le bands in figure 1.

Wavenumber

em) Compound Band numbers

C=0 stretch in unconjugated ketones, carbonylsand i

1732 ester groups (frequently of carbohydrate origin)Q0r xylans (hemicelluloses) !
1649 Absorbed O-H and conjugated C-O 2
1593 Aromatic skeletal vibration plus C=0 stretch 3
1505 Aromatic skeletal vibration plus C=0 stretch 4
1460 C-H- deformation; asymmetric in -gHand -CH- 5
1424 Aromatic skeletal vibration combined with Grtplane deformation 6
1372 C-H deformation in cellulose and hemicelluloses 7
1328 S ring plus G ring condensed
1235 Syringyl ring and C= stretch in lignin and xyla
1157 C-O-C vibration in cellulose and hemicelluloses 10
1109 O-H association band in cellulose and henilkedes 11
1076 C-H, C-O deformation 12
1056 C-O stretching in cellulose and hemicelluloses 13
1031 Aromatic C-H in plane deformation, guaiacyléyand C-O deformation; primary alcohol 14
998 C-O stretching in cellulose and hemicelluloses 15
897 C-H deformation in cellulose 16

Fiberboards free of adhesives had the highest a@asoe of all materials investigated across
the whole fingerprint region, especially in thelglelse and hemicelluloses regions (peaks 13-
15, Fig. 1). Spectra of fibers and fiberboards dlwath pulp were overlapping over large
areas and the lowest absorbance was generally flaurspectra of starch-glued fiberboards
(Fig. 1).

Fibers showed lower absorbance than adhesivedtree lioards (Fig. 1). The spectral
differences indicated modifications of C=0, C-H,OCand O-H bonds for the entire
fingerprint-region. Furthermore, fiberboards withbinder showed a distinct band at position
11, whereas fibers had a spectral shoulder atlnenumber (Fig. 1). Since the boards were
free of any adhesives, the distinct band was nikellylcaused by the drying process, leading
to a modification of O-H in cellulose and hemicékes.

Fiberboards glued with potato pulp showed absomamsts in bands 5-9, 13 and 15
similar to those of fibers (Fig. 1), whereas spdctieviations were detected in the other
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bands: increases in bands 1-3, 10, 11 and 14 antkas®s in bands 4, 12 and 16,

respectively.

mm Pure pulp

14

== Pure starch

== Fibers of beech

12

]

10

mm [nsulating fiberboards with 30 % pulp
mm Insulating fiberboards with 30 % starch

Absorbance Units

T T T T
1800 1600 1400 1200 1000
Wavenumber cm-1

Fig. 1. Mean FTIR-ATR spectra of beech fibers, @uid starch as binder, and different types
of insulating fiberboards, dried by microwave. Feach spectrum 10 individual
samples were averaged. The spectra were baselimected and vector normalized;
the bands numbers have been assigned to the coaippmndicated in table 2.

At position 11 (1109 cfh pulp-glued fiberboards showed a spectral deviatimt was also
present fiberboards without additives and whichmigst likely attributable to the drying
process. Furthermore, in the spectra of pulp-glbedrds a new spectral shoulder was
identified at position 12. Fibers did not show amparable band at this wavenumber.
However, a significant band was detected at thgtijom in the spectrum of pure pulp. Thus,
band 12 in the fiberboards can be ascribed tortfhieence of the binder. This was the only
new band in the spectra of fiberboards with adlessiv

Fiberboards glued with potato starch displayed érnigibsorbance units at bands 2 and
10 than those of fibers (Fig. 1). All other banti®wed lower absorbance across the whole
fingerprint-region. The repressions were partidyl@ronounced at band positions 9 and 14
(Fig. 2). At position 11, the band indicative oetdrying process was present (Fig. 1). At
position 12, a band appeared, which was not detdotefibers but in the spectrum of pure
starch and also in the spectrum of pulp-glued béras 1).

Comparing the spectra of potato pulp and potatoctstaseveral differences were
apparent (Fig. 1). Pulp, which contains, unlikedtacell debris with cell fragments, amino

acids, etc., showed a richer spectrum than st&tanch, which is a polymer of-D-glucose,
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had two prominent peaks at band 12 and 15, respéctiwhereas pulp showed e.g. an
additional broad peak at position 1, which is iatilee for xylans. Since the bands at position
12 were characteristic for pulp and starch butfaofibers, which consist mainly of cellulose
(B-D-glucose units), changes at position 12 may repteddferences between and [3-

glucose polymers.

4.4.2 Increasing binder concentrations affect spectmaperties of fiberboards

It was unexpected that spectra of fiberboards gluikd pulp or starch showed significant

decreases in the absorbance compared to thosbeobdards free of adhesives. This might
have been caused by chemical modification dued®ased formation of covalent linkages or
simply by “dilution” of the original absorbance dte addition of agents with little or no

absorbance at the wavenumbers in question. Indtter lcase we would expect a linear
correlation between the decrease in absorbancetl@ndncrease in binder. To test this
hypothesis, we produced fiberboards with increasimgler amounts from 0 to 30 % (see
Table 1).

The FTIR spectra of fiberboards containing incnegdoinder concentrations showed
decreasing absorbance units at most spectral gasi{see appendix Il and Fig. 1, 2). To
analyze these relationships, band 1 at 1732 cnypically for carbohydrates and
hemicelluloses, was selected. The decrease of lzdosme at this position was significantly
correlated with an increase of the binder yieldoogrelation coefficients of R = 0.991 for
pulp and R = 0.984 for starch (Fig. 2).
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Pulp: y=-0.014x+2.578; R=-0.991; P= 0.0082;

2,0

Absorbance units at 1732 (cm'l)
I
[e'e]
|

L6 Starch: y=-0.028x+2.503; R=-0.984; P= 0.0156;

0,0 I T I L) I L) I L) I L) I ) I
0 5 10 15 20 25 30

Binder (%)

Fig. 2: Correlation of absorbance units and peraage of pulp or starch binder in the
insulating fiberboard. The absorbance of band 13@7cm!, C=0O stretch in
unconjugated ketones, carbonyls and in ester gr¢iupquently of carbohydrate origin,
C=0 in xylans) was plotted with the amount of bindéded for fiberboard production.
The points were plotted by linear regression analys

However, the decrease was about 2-times less pnordufor pulp than for starch (Fig. 2).
This was probably caused by the fact that pulpaiosta xylan peak at position 1, which was
absent in starch. Overall, this analysis indicdled the loss in absorbance was caused by a

“dilution” effect of the binder and can be usedjt@ntify binder additions.

4.4.3 FTIR spectroscopy and cluster analysis can be tsedharacterize different
production processes.
4.4.3.1Fiberboards with different binders.

To ensure high quality products, uniformity of pwotion processes and the resulting
products is required. We reasoned that it shoulgpdmsible to separate raw material and
products based on the spectral differences. If gheduction processes led to uniform

products, they should be separable in distinct ggodo test these assumptions, the FTIR
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spectra obtained for individual sample were subpkd¢b cluster analysis. By this means, the
heterogeneity of the spectra of fibers and boagtissd with different types of binder or
without binder was investigated yielding a dendamgi(Fig. 3).

In the dendrogram the different materials cleadyrfed distinct groups indicating that
the heterogeneity within a certain class of makemaas much smaller than between different
materials.

Two main sub-clusters were obtained separatingspiextra of fibers from those of
fiberboards (Fig. 3). The spectral heterogeneityben fiberboards and fibers was 2.1, which
was twice as high as the heterogeneity within tifierént fiberboard products. Within the
sub-cluster for fiberboards, twd“rder sub-clusters were obtained, separating bagltebd
with starch from those free of any adhesives oed@lwith pulp (Fig. 3). The sub-clusters of
the fiberboards showed heterogeneity of 0.9, mbaa four times as high as that of pure
fibers. The heterogeneity between boards free béside and boards glued with pulp was
approximately 0.2, twice as high as that of fibenols, glued with starch.

Boards with increasing binder content were analyamed form clear groups according

to binder content and binder type (see appendixdi Fig. 3).
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Heterogeneity

Fibers of beech
Fibers of heech
Fibers of beech
Fibers of heech
Fibers of beech
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Fibers of beech
Fibers of beech
Fibers of beech
Fibers of beech

Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)
Insulating fiberboard (10 % pulp)

Insulating fiberboard (free of adhesive)
Insulating fibherhoard (free of adhesive)
Insulating fiberboard (free of adhesive)
Insulating fiberhoard (free of adhesive)
Insulating fiberboard (free of adhesive)
Insulating fiberhoard (free of adhesive)
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Insulating fibherhoard (free of adhesive)
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Insulating fiberhoard (10 % starch)
Insulating fiberboard (10 % starch)

Fig. 3: Cluster analysis for individual spectra béech fibers, insulating fiberboards glued
with 10 % pulp or 10 % starch, and fiberboards figfeany binder. All boards have
been dried by microwave. Cluster analysis was peréa with the spectral data in the
wavenumber range from 1800-600tm

4.4.3.2Fiberboards dried by microwave or in the dryer.

In addition to microwave drying, fiberboards welsoadried conventionally in a drying oven.
We measured a maximum temperature of 170 °C irditper and temporarily 220 °C in the
fiber mats dried by microwave, suggesting diffeessnim thermal modification of the fibers in
the boards. Bands 11, 14 and 16, typical for O-HH Gnd C-O in cellulose and
hemicelluloses, decreased very subtly in the bodrés by microwave, compared to boards
dried in the dryer (see appendix Il and Fig. 4xhAlgh the spectra of fiberboards dried by
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the different methods were quite similar, clustealgsis was able to distinguish successfully
materials from the different drying processes (Hy. We received two main clusters
separating fibers and fiberboards without any kinde

Heterogeneity

Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (Dryer)
Insulating fiberboard (M)
Insulating fiberboard (MW)
Insulating fiberboard (MWW)
Insulating fiberboard (M)
Insulating fiberboard (M)
Insulating fiberboard (MWW)
Insulating fiberboard (M)
Insulating fiberboard (M)
_Elnsulating fiberboard (M)
Insulating fiberboard (M)

—Fibers of heech

Fibers of heech
Fibers of beech
Fibers of beech
Fibers of heech

Fibers of heech

lEFihers of heech
Fibers of heech

Fibers of beech

Fibers of heech

Fig. 4. Cluster analysis for individual spectra b&ech fibers and insulating fiberboards,
dried by microwave (MW) or in the dryer, respediiv€luster analysis was performed
with the spectral data in the wavenumber range fi&@0-600 cr.

The latter cluster was split into two further substers, which contained spectra due to the
particular drying technique. Fibers and fiberboatdplayed a high spectral heterogeneity of
2.0, more than ten times higher than the heterogemdgthin the fibers or within the

fiberboards. Still, the heterogeneity among therioards was sufficiently high to separate

their spectra due to the particular drying techaiqlihe differences caused by the drying
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method between fiberboards were also maintainedboards glued with adhesives (see

appendix Il and Fig. 5).

4.5 Discussion
To our best knowledge, this is the first study inietn changes in the chemical fingerprint of
beech fibers have been analyzed during the progessiinsulating wood fiberboards. We
showed that FTIR-ATR spectroscopy combined withstedu analysis has the potential to
characterize spectral deviations between fibers ramkl softboards and can be used to
identify the influence of adhesives from renewaigigources on the chemical composition of
the resulting insulants.

We detected a decrease of the absorbance unike ispectra of the fiberboards with
increasing binder concentrations (Fig. 2). Inijialve assumed that a possible reason might
have been the modification and decomposition ottblecellulose fraction during drying the
boards. This might have led to free chemical bollang with the adhesive. However,
analysis of a series of fiberboards with increasidbesive clearly revealed strict correlations
between the amount of binder and the decreasesorladgnce. We, therefore, conclude that
the fiberboard composition is diluted by the pantac adhesive. A consequence of the
observed strict correlations is that this type pédral analysis can be used to quantify the
amount of binder added to the product.

FTIR spectroscopy also enabled us to identify meatkions of the chemical
constituents during processing. Since polyoses dpolymerize at temperatures below
180 °C (Sivonen et al. 2002; Garrote et al. 20019,deviations in the spectra of fibers and
fiberboards might have been caused by a modificadind decomposition of C=0, C-H and
C-O bonds of the holocellulose fraction during thging process (Fig. 1). These deviations
were independent of the adhesive or its particcdacentration in the board. Furthermore, we
determined a significant increase in band 11, sipiar O-H in cellulose and hemicelluloses.
Since this band appeared in the spectra of albsaftls but not in the fibers, the deviation
was most likely caused by the drying process. Tigh kemperatures in the dryer and the
microwave might have led to a modification of cklke and hemicelluloses, separating O-H
bonds and leading to higher absorbance units atsthvenumber.

FTIR spectroscopy identified a clear spectral iafice of pulp and starch binders on
band 12 (Fig. 1). This band only occurred in thecsa of fiberboards glued with adhesives

and in the spectra of the adhesives themselvesyasdanost likely due ta-glucose-units.
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The differences in the mean spectra identified Ingctl interpretation were apparently
sufficiently high and consistently present in indival samples to enable grouping of the
different products by cluster analysis. Spectralbfiiberboards were distinguishable from
those of the fibers (Fig. 3). Fiberboards gluechwli©0 % pulp were more similar to boards
free of any adhesives than to boards glued wititist@rig. 3). This was most likely due to the
high spectral similarity, visible in bands 5-9, 48d 15 (Fig. 1). However, it must be noted
that cluster analysis does not give any informabarchemical basis of the differences. Still,
it is a very useful method to supervise and conpobduction processes since the
homogeneity as an inherent feature of product tyuedin be easily assessed.

The conventional technique for drying fiber matsstidl by air circulation (Kutschera
and Winter 2006). However, drying by microwave gyes much faster (Hansson and Antti
2003). Therefore, we dried fiber mats conventignali by microwave and used cluster
analysis to investigate influence of the particuldnying technique on the chemical
composition of the fibers (Fig. 4). The spectrafibers were separated from spectra of
fiberboards, illustrating modification of the cheali components during drying. These were
most pronounced at band 11, which indicates chamg€sH associations in cellulose and
hemicelluloses (Table 2). The drying technique ltedun further sub-clustering of fiberboard
spectra (Fig. 4). It is likely that different termptures during drying and different principals
of drying caused different modifications of the wheal compounds. A dryer warms up the
surrounding area of the sample with the highestpaatures prevailing on the surface
(Fischer et al. 2007). Microwave drying is basedlmn so-called volumetric warming which
warms up the sample itself and leads to the higiessperatures in the centre of the sample
(Fischer et al. 2007). The increased heating ratengl microwave drying can cause micro-
structural changes (Rhee 2002). Kaasova et al.1j286scribed a modification of starch
caused by the absorbed microwave energy and tetapeiat treatment. Due to these effects,
a significant modification of the chemical constitiis might have taken place, enabling us to
separate both drying techniques with cluster armalys

In conclusion, we showed that FTIR spectroscopy lmarnused to unravel changes in
beech fiber properties during processing to ingwatvood fiberboards. Drying results in
chemical modifications which can be used to distigly the applied drying method. Our
results also show that additions of plant-basedwaible adhesives can be quantified by
specific decreases in absorbance of the fiber bgpedtra. Since cluster analysis is a method
to group samples according to similarity, it istabie for quality control of products. Here,

we have shown that cluster analysis of FTIR-ATRcsjgecan be applied to distinguish fibers
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and fiber boards from different production proces3énerefore, these methods can be used to
support the optimization of production processeasiriaovative insulating wood fiberboards

or other organic compounds.
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Appendix Il
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Fig. 1: Mean FTIR-ATR spectra of 4 different typédiberboards glued with potato pulp.
The binder percentage is increasing from 0-30 %t €ach spectrum 10 individual
samples were averaged. The spectra were baselimected and vector normalized;
the band assignments refer to table 2.
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Fig. 2: Mean FTIR-ATR spectra of 4 different typégiberboards glued with potato starch.
The binder percentage is increasing from 0-30 % €ach spectrum 10 individual
samples were averaged. The spectra were baselimected and vector normalized;
the band assignments refer to table 2.
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Heterogeneity
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Fig. 3: Cluster analysis for individual spectra iosulating fiberboards, glued with different
types and percentages of adhesives. Cluster asalyas performed with the spectral
data in the wavenumber range from 3630-830 cm-1 ckwity 5 of 10 average spectra
have been selected randomly for each type of baaddmapped in different colors.
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APPENDIX I
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Fig. 4: Mean FTIR-ATR spectra of fiberboards withany binder, dried in the dryer and by
microwave. For each spectrum 100 individual samplese averaged. The spectra
were baseline corrected and vector normalized; nbenbers of the bands have been

assigned to the compounds indicated in table 2.
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Heterogeneity
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Fig. 5: Cluster analysis for individual spectra b&ech fibers and insulating fiberboards,
bond with 20 % starch and dried by microwave (MW)mothe dryer, respectively.
Cluster analysis was performed with the spectrahda the wavenumber range from
1800-600 cr.
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CHAPTER V

5 Imaging of lignin and cellulose in soft- and hardwod species using
Fourier transform infrared microscopy and Scanningtransmission

electron microscopy

5.1 Abstract
FTIR microscopy combined with a focal plane arrBi?4) detector was used for illustration
of the distribution of cellulose and lignin in woad Grand fir Abies grandigDouglas ex
D. Don) Lindl.) and European beechaQus sylvatical.). Two independent visualization
methods were applied and compared. The first meghatliated all spectra by integrating the
wavenumber range considered as typical for cekuld890-1350 ci) and lignin (1530-
1490 cml'), respectively, calculating the area below eacbcspm. The second method,
called trace-computation, correlated all spectrahef FTIR-FPA data set with an averaged
FTIR spectrum of cellulose and acid insoluble Kradignin, respectively, corresponding to
the correlation for each spectrum. The resultsoti Imethods were illustrated in color coded
images and displayed a homogenous distributioreltdlose in wood of Grand fir and beech,
respectively. Imaging lignin indicated higher caritein the middle lamellae, the angels of the
cells and in the wood rays, using trace-computa#ind integration, respectively. Since the
cells in the section of Grand fir were larger comgpato those of beech, they could be
illustrated in a better resolution.

Since FTIR microscopy is a relatively new opticathod employed in wood science,
STEM-EDX was applied to validate the results ol#diby FTIR microscopy. Labeling lignin
in sections of Grand fir with mercury (Hg) enabled indirect identification of lignin by
detecting and imaging Hg in the sections with STEBIX mapping at the sub-cellular level.
STEM showed an enrichment of Hg in cell cornerg, mhiddle lamellae and in tracheids,
compared to other cell wall areas, thus suppofEihtR imaging data. This underlines a high
potential of FTIR microscopy in identifying anduditrating chemical constituents of wood

samples.

5.2 Introduction
Wood is primarily composed of cellulose, lignin,nfieelluloses and minor amounts of
extractives (Sjostroni998; Fengel and Wegener 2003). CelluloseH{Os),, the major

component, is a linear polymer consisting of (134)nked glucose monomers. The cellulose
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molecules are arranged into fibrils, which are argad into elements that make up the cell
wall of wood fibers. Most of the cell wall celluless crystallindFengel and Wegener 2003).
Three types of methods are known to determine losku The first one is based on the
separation of the main portions of polyoses andduwes$ lignin from holocellulose. The
second method directly isolates cellulose from wdbd third one determines the cellulose
content by total hydrolysis of wood, holocellulasecellulose with subsequent determination
of the resulting sugars. However, in any isolatioathod, cellulose cannot be obtained in
pure conditions (Fengel and Wegener 2003). Wrigid &Vallis (1998) determined the
content of cellulose ifcucalyptusnitens by gravimetric methods and by high-performance
anion-exchange chromatography. Lichtenegger et (4D99) used position-resolved
synchrotron X-ray microdiffraction to image cella®fibrils in the S2 layer dPicea abies
Agarwal et al. (2007) analyzed the anisotropy diugese cell wall of black spruce by Raman
imaging, revealing differences in the images of 8% and S1 layer, depending on the
orientation of fibrils or the concentration of cadse.

Lignin is a complex three-dimensional phenolic poty, derived from three
hydroxycinnamyl alcohols:p-coumaryl (4-hydroxy-cinnamyl), coniferyl (3-methox®-
hydroxy-cinnamyl) and sinapyl alcohol (3,5-dimetlakhydroxy-cinnamyl), with differing
degree of methoxylation (Donaldson 2001; Anterald dewis 2002; Boerjan et al. 2003).
Conifers contain largely G-lignin, whereas hardwdigdin contains GS-lignin. Lignin makes
up approximately one-fourth to one-third of the amass of wood (Fengel and Wegener
2003). The values are based on direct determinatitin wet-chemical methods, by which
lignin is obtained as residue, and indirect methoeigealing the lignin content as calculated
value after determination of polysaccharides orresult from reactions of lignin with
oxidizing chemicals. Furthermore, the lignin comtesf softwood is determined by
spectrophotometric methods (Fengel and Wegener)2Q@ghin is accumulated particularly
in the middle lamellae of tracheids and in the séeoy cell wall, determined by e.g.
microautoradiography, UV absorbance, interferenderancopy, fluorescence microscopy
and transmission electron microscopy (e.g. Fer@é®;1Saka and Thomas 1982; Donaldson
1985a; Donaldson 2001). Additionally, UV-microspephotometry or histochemical
staining under acidic conditions with e.g. Wiesaed Maule reagent are used for localization
of lignin in wood tissue (Adler 1948; Jensen 19®2ama and Pant 1988; Mdller et al. 2005;
Schmitt et al. 2006).

Another method for lignin determination is the lafog of lignin with mercury, firstly

used by Freudenberg et al. (1931) for characteyizithe lignin structure.
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Westermark et al. (1988) described the indirectmeination of lignin by detecting Hg in cell
walls of spruce by Scanning electron microscopy lmoed with Energy dispersive X-ray
spectroscopy (SEM-EDX). The mercurization reactgaccurring under mild conditions and
seems to be less sensitive to the substitutiorenpatif the aromatic ring. Mercuric acetate
reacts under mildly acidic conditions via an eleghilic substitution reaction with the
aromatic moiety of lignin, producing a covalent Hobetween the aromatic ring and the
acetoxymercuric group (Westermark et al. 1988).c&imercury is bond with lignin, the
results revealed the lignin content and its distidn between middle lamella and cell wall
(Westermark et al. 1988). The ratio of lignin ire timiddle lamellae at the cell comers to the
lignin in the secondary wall is given with 2.5 60 for late- and earlywood (Westermark et
al. 1988). Other investigations have been maderbgnf et al. (2003) using field-emission-
Scanning electron microscopy (FE-SEM), combinedwaitback-scattered electron detector
on mercurized specimen. Fromm et al. (2003) detexchithe distribution of lignin in cell
walls of spruce and beech, detecting the highgsirilevels in the compound middle lamella
and the cell corners. Schindel (1998) analyzeddik&ibution of mercurized lignin and its
degradation by white- and brown rot fungi in cedllls of beech and pine with TEM-EDX.

Another microscopic technique for detecting theniligdistribution in wood tissue is
Scanning transmission electron microscopy (STEMilwoed with Energy dispersive X-ray
spectroscopy (EDX). It is able to generate mappiogshe elemental distribution of fine
structure in high resolution but has not been tdsetignin analysis (Tsuneta et al. 2002).

A modern method to study the chemical compositiborganic compounds is Fourier
transform infrared (FTIR) spectroscopy. Infrarediaion is absorbed by molecular bonds in
the sample, such as C-H, O-H, N-H, C=0, C-C, resyin bending, stretching, and twisting
of the bonds and leading to characteristic trartamie and reflectance patterns at significant
wavenumbers (Gunzler and Gremlich 2002). Combineth wnicroscopy and imaging
techniques, spatial resolution of the chemical cositpn is achieved (Salzer et al. 2000;
Naumann et al. 2005; Naumann and Polle 2006). alecand limitations were described
recently by Naumann et al. (2008). FTIR microsco@ms used e.g. to detect fungi in beech
(Naumann et al. 2005) and for evaluation of diffies in the chemical composition of
transgenic aspens (Labbé et al. 2005).

For FTIR imaging a FPA (Focal Plane Array) -deteas used to obtain chemical
images of high resolution from a sample area slugssections. The FPA-detector contains
64 x 64 (4096) detector elements generating 40%pendent spectra per scan. The

64 detector elements on each detector side witheao$ 4 um x 4 um yield a measuring area
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of 256 um x 256 um. The spatial resolution of tHEHR-images is determined by the
wavenumber of the radiation and size of the simgieector elements (Naumann and Polle
2006). FTIR-FPA images can be evaluated by two au=sthThe first method integrates the
4096 spectra of the FPA data set for a particuresnumber range which is considered as
typical for a chemical component in the sample, dignin or cellulose, generating a
particular area below each spectrum. The obtaineé aalues are semiquantitatively
illustrated in a color coded image, ranging fromeb{no content) to pink (high content).

The second evaluation method requires a FTIR-ATé&tspm of a reference sample of
the chemical component of interest, e.g. of lignmcellulose. The so-called correlation
method calculates the correlation of the referespmetrum with each of the 4096 spectra of
the FPA data set. The obtained values are illestrat a color coded image, ranging from
blue (no) to pink (high), indicating the strengficorrelation.

We selected European beech and Grand fir for owgstigations to image lignin and
cellulose in both, hard- and softwood, differing.en the dimension of cells and lumina.

The aim of this work was to test the potential 31F-FPA microscopy for detecting,
guantifying and illustrating lignin and cellulose wood of Grand fir and beech, using the
correlation method as new tool for image evaluatisr this purpose, the correlation method
was compared with the integration method. STEM-ERXs utilized as an independent
method for validation of the lignin distribution talned by FTIR microscopy.

5.3 Material and methods

5.3.1 Wood material

Ten beechKagus sylvaticd..) and ten Grand firAbies grandigDouglas ex D. Don) Lindl.)
trees, each 56 years old, were harvested in 20@6eirtity forest of Schmallenberg (North
Rhine-Westphalia, 51° 14’ 29” N, 8° 23'50” E). €hforest stand has west to northwest
exposition at an altitude of 600 m and is locatecsteep slope. The soil is brown earth with
limited nutrient supply. The forest stand was dsthbd by planting. At harvest, the mean
height and breast height diameter of beech wena Bd 18 cm, respectively. Grand fir had
an average height of 29 m and a breast height déraad 45 cm. Two disks were cut from
each tree, one at the stem base and one belowdha,cyielding 6 disks for each species.
From each disk, one wood block was excised (lenbttm, width: 1 cm, height: 2 cm) near
the bark, yielding 12 blocks for both species. Waod was used to prepare acid-insoluble
Klason lignin for FTIR spectroscopy as well as feood sections for FTIR and STEM

microscopy (see below).
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5.3.2 Lignin determination
The 12 blocks were hackled with a gripper to smpedtes and milled to a fine powder (MM
2000, Retsch, Haan, Germany) for 5 min at 50 u/ifin@ frequency was raised slowly during
the next 5 min to 90 u/min. The whole milling presgook 10 min for each sample. The
obtained wood powder was used for preparation iofiasoluble Klason lignin of each wood
block of the upper and the lower discs, accordmBénce (1992).

500 mg milled powder was weighed into a centrifugee (W1), (W2 = W1 + weight of
powder and tube). 40 ml 0.5 M KPP-buffer (80, K, HPO, pH 7. 8; 0.5 % Triton-X100)
were added and the slurry was stirred for 30 miiterdvards the slurry was centrifuged for
10 min (5000 g, 4 °C, Rotanta 96R, Hettrich, Tatfin, Germany). The supernatant was
discarded. The sample was resuspended and washkdPibuffer. Subsequently, the pellet
was washed 4 times (30 min) in 100 % MeOH. Aftedsadl0 ml ethanol (96%)/ cyclohexan
mixture (viv = 1:2) were added and the sample washbated for 6 h at 50 °C (Rettberg,
Gottingen, Germany). Then the sample was centrifdge 10 min as above; the supernatant
was discarded. The sample was washed again witlktt@nol/cyclohexan mixture (40 ml)
and centrifuged. The supernatant was discardednfiwel acetones were added centrifuged,
and the supernatant was discarded. Afterwardsreh®ining pellet was dried overnight
under the hood. The dry sample was weighed (W3 =+\fellet weight). 8 ml of 72 %
H,SO, were added, mixed and incubated for 60 min at raemperature. Then 200 ml
distilled H,O were added and the sample was shaken for sawamates. Afterwards, the
sample was incubated for 1 h at 121 °C and 1 femspre (HST 666, Zirbus, Bad Grund) and
cooled down to room temperature afterwards. Fijpaper (Nr: 589/1 (black ribbon),
Schleicher & Schnill, Dasell, Germany) with a dizen@f 90 mm was weighed (W4) and the
fluid with the residue was poured over the filtadavashed with bD. Filter and sample were
dried in an oven for 48 h at 60 °C (Rettberg, @gtn), then cooled down in an exsiccator

and weighed (W5). Klason lignin was calculated adic to the following equation:

(ws-wa)

(100
(Ww2-w1)

Klason lignin (%)

The obtained lignin powder of the 6 samples of eapbcies was analyzed by FTIR
spectroscopy. Since the powder was inhomogenealfimped, it had to be milled again to
a finer powder (MM2000, Retsch, Haan, Germany)lfsminutes.
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5.3.3 Determination of nitrogen
To determine nitrogen concentrations in Klasonihg®.6-1.0 mg of the dry and fine lignin
powder were weighed into 5x9 mm cartouches (Hekatdtegberg, Germany) and analyzed
by the Elemental Analyzer EA1108 (Carlo Erba Strotagione, Rodano, Italy). Acetanilide
(71.09 % C, 10.36 % N; Carlo Erba StrumentaziormgdRo, Italy) was used as a standard.

5.3.4 FTIR spectroscopy
FTIR-ATR spectra of beech and Grand fir Klason itigand cellulose were recorded in the
wave number range from 4500-600 tmith an Equinox 55 spectrometer (Bruker Optics,
Ettingen, Germany) including a deuterium-triglyesulfate-detector and an attached
ATR-unit (DuraSamplIR, SensIR Europe, Warringtonglnd). A resolution of 4 cthand a
number of 32 scans per sample was used. The 6 lggmples of each tree species were
powdered. Three replicates per lignin sample waedyaed, yielding 18 spectra averaged to
one spectrum with the OPUS 6.5 software (Brukeid@pEttlingen, Germany).

In addition, cellulose (Cotton linters, Buckeye, mfghis, USA) was investigated. The

cellulose sample was pressed. Nine measuremenis e@rducted to get representative
means with the OPUS 6.5 software (Bruker Optic8ingen, Germany).

5.3.5 Specimen preparation for FTIR microscopy

Wood blocks were excised near the bark of Grandrid beech, consisting of early and
latewood. Counted from the bark side, the wood areand the fifth growth ring was chosen.
The blocks were sectioned in cross-sectional doecwith a sledge-microtome (Reichert-
Jung, Heidelberg, Germany). Sections with a thisknef approximately 10 um were
prepared for Grand fir. Due to the thickness of tedl walls of beech, sections of
approximately 7 um had to be prepared for this isgecThe sections were dried on
microscope slides at room temperature, covered avitoverslip and weighted with a lead
block to keep the sections flat.

5.3.6 FTIR microscopy
FTIR transmission spectra of 10 um sections of Gfanand 7 um sections of beech were
recorded with the FTIR spectrometer Equinox 55 daetbwith the IR microscope Hyperion
3000 (Bruker Optics, Ettlingen, Germany), includiagfocal plane array (FPA) detector
(Bruker Optics, Ettlingen, Germany), in the wavemlemrange from 3900-900 ¢mThe
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detector consists of 64 x 64 detector elementd) aaithh a dimension of 4 um x 4 um and
simultaneously records 4096 spectra without mottegsample, covering a total sample area
of 256 um x 256 um. A spectral resolution of 8 tmnd a number of 10 scans per
measurement were used. The sections were placel ronind potassium bromide (KBr)
window (diameter: 13 mm, height 2 mm) used as g$aholder.

For evaluation of the FTIR-FPA data set, two déf@rmethods were applied. The first
one integrated in each of the 4096 spectra a bhadi$ considered as typical for the
compound under investigation. Using the OPUS 6fwsoe (Bruker Optics, Ettlingen,
Germany), the borders for spectra integration vestefrom 1530 ci and 1490 ci for
lignin (Faix 1991) and 1390-1350 &nfior cellulose (Pandey and Pitman 2003), respdgtive
A straight baseline was drawn connecting the lbeald minima at the defined wavenumbers.
The area between spectrum and corresponding badelineach of the 4096 spectra was
calculated. Figure 1 (A) shows the principal okthiethod exemplarily for one spectrum of
Grand fir. The scale was automatically adjustedvben the lowest and highest peak areas,
which were visualized by a color code from blue (igmin or cellulose) to pink (highest
lignin or cellulose content). The distribution egrin and cellulose was illustrated in color
coded images, respectively. The color of each pivat assigned directly to the calculated
area received for each spectrum and, thus, indicmiquantitatively the respective content
in the sample.
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Fig. 1 A-C: Principal of the integration method eexplarily shown for a FTIR-ATR spectrum
of Grand fir (A). The areas below the spectral bgndbtained after integration, are
hatched in grey color. For the correlation methdae taveraged ATR spectra of
18 beech and 18 Grand fir Klason lignin ATR spedBa as well as of 9 cellulose
spectra (C) were used and correlated with the FR#adset, respectively. The ATR
spectra are given in the wavenumber range from 88 cnT.
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The second method used for image evaluation wasdealled correlation method or trace-
computation. The averaged ATR spectra of pure Kldigmin powder of beech and Grand fir
(see above) and cellulose (Cotton linters, Buck®emphis, USA) were used as reference
spectra (Figure 1 B, C). The 4096 spectra of thA BRta set were used for the function
“trace-computation” of the OPUS 6.5 software (Bnuk®ptics, Ettlingen, Germany),
calculating the correlation between the particat@an spectrum of Klason lignin, linters and
the 4096 spectra of the FPA data set. Figure 2 sletypical example of an averaged FPA
spectrum (n=5), extracted from the cell corner, ameraged ATR spectra of beech (A) and
Grand fir (B).

12
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Fig. 2 A, B: (A) FTIR-ATR spectrum of beech solab@and a FPA spectrum extracted from
a cell corner of the FTIR-FPA image, recorded oé #olid wood section of beech
(see Fig. 3 B). (B) FTIR-ATR spectrum of Grandsbtid wood and a FPA spectrum
extracted from a cell corner of the FTIR-FPA imagesorded of the solid wood section
of Grand fir (see Fig. 3 A). For the ATR spectruhg averages of 120 spectra, for the
FPA spectrum the average of 5 spectra are giverthém wavenumber range from
1800-900 cr.
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It is obvious that the absorbance of the FPA spertrthe wavenumber region between
1150-900 crit, tentative assignable to carbohydrates, is mucehedoand degenerated,
compared to the ATR spectra. This holds true fah Itieee species and was most likely due to
the thickness of the sections. According to our @xperience, the quality of the spectra in
this region is increasing in thinner sections. Heeve due to room humidity, such thin
sections roll up and undulate, rendering the recdrd plane section area impossible. Thus,
thicker sections were selected and the area betw&s@ and 900 cthwas excluded for
evaluation of the FPA data set for cellulose wité torrelation method.

The correlation was accomplished for baseline-ctece ATR and FPA spectra in the
fingerprint-region (1800-900 cM by cutting off the adjacent wavenumber range from
1800-3900 cnt in the FPA spectra and additionally from 900-68@"dén the ATR spectra.
The intensities of the particular data points df \mhvenumbers of the reference ATR
spectrum were plotted with those of all 4096 sgedf the FPA data set, generating a
scatterplot. A straight line was set through that,plesulting in a significant slope. The value
of this slope corresponded to the value saved adtror the FPA-data set. The higher the
value of the particular slope, the higher was tbheeatation of the FPA-data set and the
particular reference spectrum. The scale was opdedeand not normalized. The obtained
values were illustrated in a color coded imagegiram from blue (no lignin or cellulose
content) to pink (high lignin or cellulose conterdgmiquantitatively illustrating the spatial
distribution of lignin and cellulose, respectively.

Since the illustration of the received FPA imagedased on two different evaluation
methods, the obtained values reflect relative sitess and correlations and therefore the
intensities can not be compared directly. Howesarassessment of the distribution of lignin

and cellulose is possible.

5.3.7 Specimen preparation for Scanning transmissiortrelecnicroscopy combined
with Energy dispersive X-ray spectroscopy (STEM-BDX
5 specimen (length: 0.5 cm, width: 0.5 cm, heigh8 cm) were excised with a razor blade
from the same wood block as used for FTIR microgamd extracted with acetone (300 ml)
by Soxhlet-extractor for 8 hours. Then they wesatied with a solution of mercuric acetate
(and acetic acid at 95 °C with methanol as soliresat total volume of for 8 hours (according

to Westermark et al. 1988). The particular rati@sgiven in Table 1.
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Table 1: Parameter for mercurization of the specimen extcisem Grand fir solid wood for

EDX analysis.
) ) ) ] ) Total volume
Weight of specimen Mercuric acetate Acetic acid ) )
Nr: including methanol
[mg] [mg] [mi]
[mi]

1 16.83 126.2 0.21 10

2 94.47 708.5 1.18 30

3 28.16 211.2 0.35 10

4 26.23 196.7 0.32 10

5 13.73 102.9 0.17 10

After mercurization, the samples were washed blyxafg in boiling methanol (350 ml) for

8 hours. Then the mercurized wood samples wersfeard stepwise to anhydrous acetone
in a graded methanol-acetone series using 2:1arid1100 % acetone, respectively. Each step
took 24 h and was accomplished in a dark room.

For embedding the specimen a styrol-methacrylatéiume was utilized, mixed of 2 g
dibenzoylperoxide (Peroxid-Chemie GmbH, Pullach,rn@y), 50 ml styrol (Merck-
Suchardt, Darmstadt, Germany) and 50 ml butyl-nwiiiate (Sigma-Aldrich, Minchen,
Germany). The dehydrated samples were incubatedd anhydrous acetone and styrol-
methacrylate in a graded series (2:1), (1:1), (o224 h, respectively. Then 100 % styrol-
methacrylate was used for incubation for 24 h.

The specimens and pure styrol-methacrylate wereinpatgelatine capsules (size: 0,
Plano GmbH, Wetzlar, Germany) and polymerized uryger (1125, Memmert, Schwabach,
Germany) for 24 h at 60 °C and for 7 days at 35S€xtions of approximately 1um were cut
with an ultramicrotome (Reichert-Jung, Heidelbefgermany), glued on copper grids

(according to Fritz 2007) and coated with carbodeurvacuum (Balzers, Bingen, Germany).
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5.3.8 STEM-EDX
For the detection of mercurized lignin in wood celblls, four transmission-electron
microscopes were used.

A JEM-2100 HR (JEOL, Eching, Germany) was appliederating at 120 kV and
equipped with a high-angle-annular-darkfield deite¢HAADF) for STEM mode imaging.
Energy dispersive X-ray spectrometry (EDX) was @erfed using a 30 mhEDX-detector
(JEOL, Eching, Germany).

A Tecnai G Spirit BioTWIN (FEI Company, Eindhoven, Netherlahdsas used,
operating at 120 kV and equipped with a high-aragieular-darkfield detector (HAADF) for
STEM mode imaging. EDX was performed with a 50 TiDX-detector (EDAX, Mahwah,
USA).

A LIBRA 120 (Carl Zeiss NTS GmbH, Oberkochen, Genyjawas applied, operating
at 120 kV and equipped with a high-angle-annulakitleld detector (HAADF) for STEM
mode imaging. Energy dispersive X-ray spectrom@EyX) was performed using a 30 fim
EDX-detector (Oxford Instruments Analytical, Highydémbe, England).

An EM 420 (Philips, Eindhoven, Netherlands) wasdysaperating at 120 kV and
combined with a 30 mAEDX-detector (EDAX DX-4, EDAX, Mahwah, USA).

5.4 Results

5.4.1 Analysis of Klason lignin
For a better understanding of the properties oftedyzed wood samples, the lignin contents
in stem-wood of Grand fir and beech were analy@ble 2). We determined an average
lignin concentration of 26.0 % (x 0.7) in Granddind 21.2 % (x 3.6) in beech (Tab. 2).

Table 2: Klason lignin content isolated from beech and Grdndsolid wood and the
corresponding N concentrations of Klason lignin.r Kdason lignin the average of 6,
for N the average of 18 replicates is given, resigely.

Klason Lignin N

Beech 21.29+ 3.6 0.32+ 0.06
Grand fir 26.01+ 0.7 0.16+ 0.02
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To our knowledge, the determination for Grand flagon lignin has not been made before.
The comparison with the lignin percentages of otdosiferous trees, such Abies albaMill.
(28.9 %) andAbies balsamed..) Mill. (27.7 %) (Fengel and Wegener 2003), wkd that the
determined lignin content of Grand fir is rathengar to those species. This holds true for the
averaged value of Klason lignin obtained for beagiien by Fengel and Wegener (2003),
who reported a lignin content of 22.2 %. Howeviee, inethods of lignin determination can be
carried out in many different manners (Fengel arebgver 2003) and we do not know the
methods applied to obtain data. We determined anage N content of 0.32 % (£ 0.06) in
Klason lignin of beech and 0.16 % (+ 0.02) in tbGrand fir (Tab. 2). These data imply that

the N content of beech was twice as high as in éfian

5.4.2 FTIR microscopy
The results of the FTIR microscopic analyses aosvehn figures 3-5.

5.4.2.1Correlation of beech and Grand fir solid wood ATpedra with the particular
FPA data set

The mean FTIR-ATR spectra of beech (n=120) and &far(n=120) solid wood (Fig. 2 A,
B) were correlated with the FPA data set recordédthe particular wood section,
respectively, to determine in which wavenumber eating particular spectra are correlating in
the best way. Figure 3 gives the results for thktlmicroscopic images of Grand fir (A) and
beech (C) and the corresponding FPA images (B,U3ng a wavenumber range between
1800-1150 crif, a high correlation was obtained, indicated byhtight pink color (3 B, D).
The complete wood area shows high correlation. [lineen are illustrated in blue color,
indicating, as expected, no correlation betweerptrécular FTIR spectrum and FPA data set
(3 B, D). If the whole spectrum was used (4200-8D0%), high spectral noise (3900-
1800 cnt) and the degeneration of the carbohydrate banshdr100 crit (1150-900 cr),
shown in figure 2, spoiled the correlation betw@dR and FPA spectra. This result served
as basis for further investigations, especiallytfag determination of the spatial distribution
of cellulose. The analysis also showed that thardarof fibers were clearly visible for Grand
fir but not for beech. This was caused by the srdafiensioned cells and lumina in the

section of beech, whereas in the section of Grainddth were larger in dimension.
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Fig. 3 A-D: Light microscopic view of Grand fir (Agnd beech (C) cross-sections. The
spectra of the corresponding FPA images are coteelavith the averaged FTIR-ATR
spectrum of Grand fir (B) and beech (D) solid waadthe wavenumber range of
1800-1150 cm. The color scale represents increasing correlatimm blue (low) to

pink (high).
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5.4.2.2FTIR-FPA imaging of cellulose

Light microscopic images illustrate the anatomylaté wood of Grand fir (Fig. 4 A) and
beech (Fig. 4 D). The corresponding FPA image®cefihe spatial distribution of cellulose
after evaluating all spectra by integration for tavenumber range between 1390 and
1350 cn, tentatively assignable to cellulose (B, E). Tages obtained by correlating the
FPA data set with the averaged ATR spectrum otilede are illustrated in figures 4 (C) and
(F). The color scale indicates increasing cellulosatent from blue to pink.

The integration of the FPA data set for the latesdvacea of Grand fir (4 B) and beech
(4 E) revealed a homogenous spatial distributioceatiulose over the analyzed wood area.
This is visible in the green coloration without amggions of significant cellulose
accumulation. However, the cellulose content ingbetion of Grand fir increases top down
(Fig 4 B). This is indicated by blue and slight gmecoloration in the upper part of the image
which is tending to deeper green in the lower p@his might be due to the decreasing
distance to the annual growth ring (Fig. 4 B). Tlhenina are illustrated in blue color,

indicative for no cellulose content.
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Fig. 4 A-F: Light microscopic view of Grand fir (Ahd beech (D) cross-sections. The spectra
of the corresponding FPA images are integratedtie wavenumber range considered
as typical for cellulose (1390-1350 &rfor Grand fir (B) and beech (E), or correlated
with the averaged FTIR-ATR spectrum of cellulosthenwavenumber range of 1800-
1150 cnt for Grand fir (C) and beech (F). The color scalepmesents increasing
cellulose content from blue (low) to pink (highfieTarrows in figure 4 E and F indicate
areas with increased accumulation of cellulose.

The spatial distribution of cellulose indicated dyrelation was homogenous (Fig. 4 C). The
gradient top down is still detectable. The colanatdf the cell walls in the investigated area is
given in the same green coloration with some yellowthe lower part of the image.
Furthermore, the image shows a slightly higher rasttcompared to 4 (B), enabling a better
separation of lumina of tracheids and cell waNgrein the endmost latewood area.

The spatial distribution of cellulose in the segtiof beech solid wood, obtained by
integrating the FPA data set, is illustrated inufg 4 E. The cells were too small to be
illustrated separately with the 4 um x 4 um deteetements. This prevents a clear separation
of single cells. The distribution of cellulose waisite homogenous, visible in largely green
coloration. However, an area with slightly highecamulation of cellulose was verifiable.
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This is indicated by the yellow coloration in tmeage (Fig. 4 E). The lumina are illustrated in
blue color, indicative for no cellulose content.

The spatial distribution of cellulose in the soleod section of beech, obtained by
correlation, is shown in figure 4 F. Areas withrsfggcant accumulation of cellulose were
indicated by green coloration (4 F). The lumina ilusstrated in blue color as well as areas
with low accumulation of cellulose. Furthermoreg image shows a low contrast, especially
in the lower part of the image (4 F), which impededear separation of lumen of vessels and

cell walls.

5.4.2.3FTIR-FPA imaging of lignin

The FPA images in figure 5 (B), (E) and (H) refléloe spatial distribution of lignin after
evaluating all spectra by integration for the rabgéveen 1530 and 1490 ¢mtentatively
assignable to lignin. The images obtained by catirey the FPA data set with the averaged
ATR spectrum of Klason lignin are illustrated igdres 5 (C), (F) and (I). The color scale
indicates increasing lignin content from blue tokpi
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Fig. 5 A-I: Light microscopic view of Grand fir lEtood (A), earlywood (D) and beech
latewood (G) cross-sections. The spectra of theresponding FPA images are
integrated for the wavenumber range consideredypisal for lignin (1530-1490 ci
for Grand fir (B, E) and beech (H), or correlatedthvthe particular averaged FTIR-
ATR spectrum of Klason lignin in the wavenumbegeaaf 1800-900 ciffor Grand fir
(C, F) and beech (I). The color scale representsdasing lignin content from blue
(low) to pink (high).

The integration of the FPA data set for the latedv@wea of Grand fir revealed a high
accumulation of lignin especially in the area o timiddle lamellae and the corners of the
cells (Fig. 5 B). However, due to the fact that @pectrum is recorded for each pixel
(4x4 pm), the resolution of the FPA image is gelyeraot high enough to assign the



CHAPTER V - 116 -

coloration of the corners, either to the interfadeere the three tracheids adjoin, or to the
particular cell wall layer. The upper part of thmage largely shows green coloration,
indicative of low lignin content. In the underphrgh lignin content is detectable, shown in an
intense yellow and red coloration. This semiquatitiely indicates an increase of the lignin
content top down (Fig. 5 B). The area of the middtaellae is displayed in green or yellow
and partly in red coloration, indicating lower ligncontent than in the cell corners, largely
illustrated in red color (Fig. 5 B). The lumina thfe tracheids are displayed in blue color,
indicative of no lignin content. However, in theder part of the image, the coloration of the
lumina tends more and more to green, which impedekar separation of lumen and cell
wall.

Comparable results were obtained for the earlywa®a (Fig. 5 E). Since the lignin
content is lower in earlywood than in latewood (5 iBdicated by blue coloration, a different
color scale is used. A high lignin accumulationésectable in the area of the middle lamellae
and the angles of the cells. The wood rays revgaiin content partly higher than in the other
earlywood cells, indicated by green or yellow cat@n. The lumina of the tracheids are
illustrated in blue color, indicative for no lign{é B).

Figure 5 (C) displays the correlation between theraged ATR spectrum of Grand fir
Klason lignin and the FPA data set. The image shoWwgh contrast, enabling a considerable
differentiation of the lignin accumulation in deglemcy of the particular cell compartment.
Furthermore, the separation of lumina of tracheidd cell walls is clearly possible. A high
accumulation of lignin is displayed especially etarea of the middle lamellae and the
angles of the cells, indicated by yellow or redocation. The content is increasing top down
with red or pink coloration of the lower cell comfrmaents. The yellow and partly red
coloration of the cell corners indicates a highatent than in the middle lamellae.

The accumulation of lignin in the earlywood area}5s generally comparable to that
of the latewood area (5 C). Cell corners show hidiigain content than the middle lamellae.
A significant accumulation of lignin is detectahle the rays, visible in yellow or red
coloration. The high contrast enables a good diffeation of the lignin distribution in the
particular cell compartments. The blue coloratioh tlke lumina is indicative for no
lignin (5 C).

The spatial distribution in the solid wood sectadrbeech, evaluated by the integration
method, is given in figure 5 (H). As already degector cellulose, the cells are too small to be
illustrated in high resolution with the 4 um x 4 datector elements. This inhibits a clear

separation of single cells. High lignin contentiilisstrated especially in the upper and middle
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parts of the image, visible in significant red gakion (5 H). The wood ray is illustrated with
varying lignin content whereas the lumina of thackreids are displayed in blue color,
indicative for no lignin (5 H).

Figure 5 (I) shows the spatial distribution of lignn the solid wood cross-section of
beech after evaluation by correlation. Areas witiniicantly high lignin accumulation are
given in the upper and middle parts of the image),(¥isible in deep red coloration. The
lower part of the image is illustrated in yellowtlwslight red, indicative for decreased lignin
content. However, in figure 5 (1), there is a conbus coloration of the particular areas of
lignin accumulation and not a clear assignmentitiqular cell walls. The lumina are colored

in blue, indicative for no lignin content.

5.4.2.4Differences in image illustration depending on évaluation method

For Grand fir, the images evaluated by integra(®B; 5 B, E) and correlation (4 C; 5 C, F)
illustrate the spatial distribution of celluloseddignin quite similar. However, the illustration
is obviously dependent on the particular evaluatr@thod. Integrating the FPA data set for
cellulose (1390-1350 ch) a clear gradient top down is detectable (4 B).tHe image
evaluated by correlating the FPA data set withrnttean spectrum of cellulose, a gradient is
identifiable, too (4 C). However, the correlatioh the FPA data set with an averaged
ATR spectrum of cellulose results in a much sharmpege illustration than integrating the
spectra for a particular wavenumber area (4 B)s Tolds true especially for lignin of Grand
fir (5 B, E and C, F). Differences in the coloratiof the cell compartments are detectable.
The latewood image evaluated by trace-computatereally shows a higher ratio of red or
yellow color (5 C). Several compartments indicatghlr lignin content than in the image
obtained by integration of spectra (5 B). Thisighie e.g. for the cells of the entire right part
of the image (5 C), showing an intense red colorain the cell corners, whereas the same
compartments are illustrated in yellow color witlgist red in figure 5 (B). A sharper
illustration is also visible in the earlywood arda. figure 5 (F) the cell walls can be
distinguished very well from the lumina, whereadigure 5 (E) a disruption of the walls is
visible. Thus, correlating the 4096 spectra for i@rdir enables an easy distinction of the
areas of lignin accumulation and a better illugtratof tracheid lumina, tracheid cell walls
and ray cells.

A dependency of the image illustration for lignindacellulose was also detectable for
beech (4 E, F and 5 H, I). For cellulose, imageEXl €valuated by integration, shows an

accumulation in the middle and upper right parthaf image. This was not detectable for the
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image evaluated by correlation (4 F), which shoavgdly green coloration. Furthermore, in
the lower part of the image (4 F) quite no celleles illustrated, whereas 4 (E) shows green
coloration. Additionally, the illustration in 4 (Fis not as sharp as that evaluated by
integration 4 (E). This inhibits an easy separatblumen and cell walls, visible in the lower
middle and lower right part of the image. This tsoldie for the images illustrating the spatial
distribution of lignin in the beech section (5 Bl, Though the small cell walls inhibit an easy
assignment of lignin to particular cells, it is pitde to detect lignin in the cell walls (5 H).
This is visible e.g. in the upper right part of theage (5 H). In contrast to that, 5 (I) shows a
continuous coloration of areas with significantwaoalation of lignin. Though the location of
the particular areas is comparable to figure 5 @Hglear assignment of lignin to single cell

walls is not possible.

5.4.3 STEM-EDX

Scanning transmission electron microscopy combimigd EDX spectroscopy was used for
validation of the results obtained by FTIR micrgsgoWe labeled lignin with mercury (Hg)

and detected it indirectly by determining Hg inlgand latewood cells. We analyzed the
similar wood areas as by FTIR microscopy with madajher resolution, enabling an exact
illustration of lignin in the particular cell compgments. However, the high magnification
impedes a direct comparison of larger cell wallaardetween FTIR images and EDX-
mappings.

The results are displayed in figures 6 and 7. STRdile images show the cell wall of
latewood (Fig. 6 A) and earlywood (Fig. 7 A). Therresponding Hg-EDX-mappings,
illustrating the spatial distribution of lignin ithe particular cell compartments, are given in
figure 6 B for latewood and figure 7 B for earlywbo

The EDX-mapping of latewood (Fig 6 B) shows a delegrcy of the Hg content on the
particular cell compartment. Hg is shown for thdairenarea of the middle lamellae with
significant regions of accumulation. This is visilah the intense blue coloration in the lower
right part of image or the cell corner. Howeveg thg distribution of the middle lamellae is
obviously varying. Regions with a significant acadation of Hg are detectable, illustrated in
bright blue coloration as well as regions with Iélg content, displayed in black color. A
pronounced content of Hg is also illustrated in ¢ge of the S2 layer of the latewood cell
wall. With increasing distance from the corner, #teumulation is decreasing. The lumen is
well distinguishable from the cell wall. Point maemments confirm these results (see

appendix Ill and Fig. 1 A, B).
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Fig. 6 A, B: STEM mode image (A) of a latewood w&lll with lumen (L), secondary wall
(S2) and the compound middle lamellae (ML), anayze JEM-2100 HR microscope.
The corresponding EDX mapping for mercury (B) hissiirating the lignin distribution
in the particular cell compartments.

The results of the EDX-mapping of the earlywoodagifeig. 7 B) are similar to those of the
latewood area (Fig 6 B). There are hardly any diffiees detectable in the Hg illustration,
depending on the particular wood compartment. Tigadst content is identifiable for the

area of the middle lamellae, the cell corners darel wood ray. The ray shows high Hg
content, indicated by the continuous green colonatiThe lumina are very well

distinguishable from the cell walls. Point measuzata reveal a generally lower Hg content
in earlywood than in latewood. Furthermore, thegfico the increased Hg content in the ray

(see appendix Ill and Fig. 1 C, D).
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Fig. 7 A, B: STEM mode image (A) of earlywood weellls with lumen (L) and secondary
wall (S2), the compound middle lamellae (ML) andvaod ray (WR), analyzed by
Tecnai G Spirit BioTWINmicroscope. The corresponding EDX mapping for mgrcu
(B) is illustrating the lignin distribution in thparticular cell compartments.

Line scans were accomplished for analyzing thanigontent in different cell compartments.
Figure 8 (A) exemplarily shows a line scan wittoaditude dimension of 32 um in a section
of Grand fir. The 10 point measurements range fimen (L) to lumen over the compound
middle lamellae (ML) of a latewood cell of Grand.fiThe localization of each point
measurement is marked in red color. Figure 8 (B@gthe corresponding mercuric content of
the particular point measurements in percent peghweThe significantly highest content of
Hg is detectable in the area of the middle lame{fz@nt measurement Nr: 6 in Fig. 8 B)

which is obviously decreasing towards the particldenen.
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Percent by weight

Fig. 8 A, B: STEM mode image (A) of a line scarhwitiongitude dimension of 32 um. The
10 point measurements range from lumen (L) to lumegr the compound middle
lamellae (ML) of a latewood cell of Grand fir, agaéd by LIBRA 120 microscope. The
localization of each point measurement is markedred color. (B) gives the
corresponding mercuric content of the particularigomeasurement in percent by
weight.

Concluding, FTIR microscopy enables the illustrataf cellulose and lignin in different cell
compartments of late or earlywood of Grand fir éatdwood of beech. A pronounced content
of lignin is identifiable for the middle lamellathe angles of the cells and the wood rays of
Grand fir. Furthermore, the illustration of thelakse and lignin distribution is dependent on
the particular evaluation method and the tree ggedihe images, evaluated by correlating the
FPA data set with the averaged ATR spectrum otilcede and Klason lignin, reveal a sharper
illustration of the cellulose and lignin distriboi for Grand fir. STEM microscopy with
indirect lignin labeling by Hg confirms these rdsulith a much higher resolution of EDX-
mapping.

However, for beech, the illustration of celluloseldignin was slightly sharper by using
the integration method for image evaluation thamretating the FPA data set with an

averaged ATR spectrum of Klason lignin or cellulose
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5.5 Discussion
The cellulose and lignin distribution in Grand &nd beech was illustrated by FTIR-FPA
microscopy, using two independent methods for imegaluation. The obtained data for
Grand fir lignin were validated with STEM-EDX. Tauio best knowledge, this combined
method was used for the first time to analyze itpeinh distribution in cell walls, as well as
the FPA imaging of the spatial distribution of aédise in wood tissue.

The principle questions were, if FTIR-FPA microsgdias the potential to detect and
illustrate cellulose and lignin in different celbmpartments and if there is a dependency of
the image illustration on the particular evaluatmethod.

For determination of the spatial distribution ofl@®se by correlation, the wavenumber
range between 1150 and 900thad to be excluded from spectra evaluation. This due to
the thickness of the sections which lowered thectsglequality in this region. Faix and
Bottcher (1992) reported the same phenomenon igegisig the influence of the particle size
and concentration on transmission spectraafbourtia sp. Especially the broad band of
carbohydrates around 1100 ¢ris strongly dependent on the thickness of thei@medEaix
and Boéttcher 1992). Thinner sections lead to areaming quality of the spectra in this region.
However, due to room humidity, such thin sectioo# up and undulate, avoiding the
recording of a plane section area. Furthermordgpathin sections, the absorbance of the
bands in the wavenumber range from 1800-1156 significantly decreases, overlapping
with the spectral noise and, thus, spectral infoionas spoiled.

For Grand fir (4 B, C) and beech (4 E, F), the igpatistribution of cellulose was
illustrated homogenously. The gradient top downhim section of Grand fir (4 B, C) is also
detectable for lignin (5 B, C). The area with higlaecumulation of cellulose in the beech
cross section (Fig. 4 E, F), visible in the middled upper part of the images, shows high
accumulation of lignin, too (Fig. 5 H, I). This nhigbe due to the close bond of lignin and
cellulose in wood tissue (Fengel and Wegener 20Di3. three main components of wood,
lignin, cellulose and hemicelluloses are linkedyvelosely, generating high stability (Fengel
and Wegener 2003). Lignin is polymerizing espegiafi between the cellulose fibrils
(Sjostrom1998;Fengel and Wegener 2003).

For Grand fir, FTIR microscopy identifies a highcamulation of lignin especially in
the area of the middle lamellae and the anglebetells (Fig. 5 B, C and 5 E, F). However,
it is not possible to assign the coloration of tleeners either to the interface where the three
tracheids adjoin, or to the particular cell walyda This held true especially for the

illustration of the lignin and cellulose distribomi in the section of beech
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solid wood (Fig 5 H, I). Due to the small dimensdrcells and lumina, a differentiation was
quite impossible. The size of the single detectements (4 um x 4 pm) defines this limit of
resolution (Naumann and Polle 2006). If one deteetement measures one cell wall, it
seems to have a thickness of 4 um. However, itéllewall is measured simultaneously by
two detector elements, it seems to have a thickoe83um, which leads to a decrease of the
spectral intensity (Naumann and Polle 2006). Thus, to this overlap, it was impossible to
resolve the small lumina in the section of beedidssood. Additionally, the images were
recorded with a resolution of 8 chwhich might have been undervalued to obtain enough
spectral information. Furthermore, the resolutibR BIR images depends on the wavenumber
of the radiation (Naumann and Polle 2006). At 980" ctheoretically a maximum spatial
resolution of 7 um is possible. With increasing eavmbers, the spatial resolution gradually
increases. At 1500 c¢hand higher, a local resolution of up to 4 um ikiecable (Naumann

et al. 2008).

A dependency of the FPA image illustration on tlatipular evaluation method is
detectable for cellulose and lignin and holds fiareboth tree species (Fig. 4, 5). For Grand
fir, the images evaluated by trace-computation ltesua generally sharper illustration,
enabling an easy separation of the areas whera ligiaccumulating. However, for beech the
images evaluated by integration were sharper.

Naumann and Polle (2006) described that the raealof FTIR images depends on the
size of the single detector elements as well atherwavenumber of the radiation. Since the
settings of the device, the analyzed sample aredstlze data were the same, the high
resolution in the images evaluated by trace-contjmutas most likely due to the different
principals on which both evaluation methods areedam. The integration method calculates
the area below each spectrum of the FPA data set fparticular band of the entire
wavenumber, analyzing just a cut-out (40 wavenus)bef the entire wavenumber range.
However, the trace-computation correlates the datavith an averaged ATR spectrum for
1800-900 cnit (lignin) or 1800-1150 cfh (cellulose), resulting in the coefficient of
correlation for each spectrum. Thus, the analysihe spectra is accomplished for a broader
wavenumber range (900 wavenumbers for lignin ar@l f66 cellulose) and comprises more
spectral information.

Lignin is a complex polymer (Boerjan et al. 2003) well as cellulose (Fengel and
Wegener 2003) which is not assignable to a fixedremamber. Midller et al. (2007)
investigated the bands of different lignin and weke types with FTIR-ATR spectroscopy.
They detected a dependency of the absorbanceaspecially on the particular lignin types
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but also on the type of cellulose for the entiregéirprint-region. A spectral cut-out does not
reflect these deviations. This might be a reasantlie sharper illustration in the image
obtained by spectra correlation.

Furthermore, the better signal to noise ratio aithage evaluated by trace-computation
might lead to a sharper illustration. Since a braa¥enumber range is selected for spectra
evaluation, the spectral noise is of less consempuéiman in a spectral cut-out as used for
integrating the spectra. This might lead to a spgibf the cellulose and lignin illustration.

The images of the latewood area revealed an inagdignin content top down
(5 B, C). This might be caused by the shorter disteaof the cells to the boarder of the growth
ring. In this region, the thickness of the cell wak increasing. If one detector element
measures only a cell wall, the lignin content ia tell wall seems to be higher as if wall and
lumen are measured together (Naumann and Polle€).2006

In the lower part of the latewood images of Grand5 B, C) and in the small cells of
beech (5 H, I) the coloration of the lumina termlgiteen, which impedes a clear separation of
lumen and cell wall, especially in the image evidaby integration. The reason might be
that the empty lumina contribute to the signal nstey and lead to an underestimation of
chemical components at the intersection of wallitoen (Naumann and Polle 2006).

STEM-EDX on Grand fir sections was used as an iaddpent technique to confirm the
results obtained by FTIR microscopy (Fig. 6-8). Wewmark et al. (1988) and Schindel
(1998) described the EDX technique as well suitadlignin determination on mercurized
wood. High lignin content is detectable in the anéshe middle lamellae with STEM-EDX,
containing regions with more or less lignin accuatioh (Fig. 6). This might be due to slight
differences in the thickness of the section in #isa, leading to a different scattering of the
electrons and thus to another contrast in the iméigavever, the line-scan significantly
determined the highest lignin content in the afgh® middle lamellae (Fig. 8).

The determination of lignin, especially in the cetirners and the middle lamellae, is
accredited by several studies. Donaldson (1993)ved similar results determining lignin in
cell walls of Pinus radiatausing quantitative interference microscopy. Thiddk true for
Fromm et al. (2003), analyzing the lignin distribatin cell walls of spruce and beech with
TEM and backscattered SEM techniques. Schindel8)lé8tected lignin especially in the
cell corners and the middle lamellae, applying TERIX. Moéller et al. (2005) identified high
lignin concentration in the compound middle lameligh UV-microspectrophotometry. The

significant accumulation of lignin in the cell cemand the middle lamellae results from the
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enzyme mediated polymerization of monolignols aiagd by unknown factors located at the
corners of cells and in the middle lamellae (Dosafd2001).

Furthermore, FTIR microscopy and STEM-EDX reveagohrtly higher lignin content
in the wood rays of Grand fir (Fig. 5 E, F and 7tBan in the other earlywood cells. In the
section of beech (Fig. 5 H, 1) a high lignin coriteri the ray is verifiable, too. This is
accredited by Eriksson et al. (1988) who identifeetligher lignin concentration in ray cells
than in the secondary cell walls of fibers by SERDarEM-EDXA analysis on birch.
UV-microscopic investigations on spruce by Fergual (1969) revealed a higher content of
lignin in the rays than in the secondary cell vaditracheids.

We showed that FTIR microscopy has the potentidetect and illustrate cellulose and
lignin in different cell compartments of Europeagebh and Grand fir. Evaluating the FPA
data set by trace-computation is promising for gl the chemical components of wood

tissue on the level of single cell walls.
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Fig. 1 A-D: TEM point measurements and the corresijoey Hg count rates in a section of

Grand fir, analyzed by EM 420 microscope. (A) titates the localization of the point

measurements at the boarder of a growth ring witdoavray (WR), compound middle

lamellae (ML) and lumen (L). The corresponding deufor Hg are given in (B),
indicating the highest Hg content in the compouriddie lamellae. (C) displays the
localization of the point measurements in a latetva@ryea with wood ray (WR),
compound middle lamellae (ML) and lumen (L). Theesponding counts for Hg are
given in (D), indicating the highest Hg contenttie wood ray.
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