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Summary
This study inalides an introduction, aims of the study and seven chapter.
The details of these chapters are as follow:

Chapter one: Chemistry andtypes of wood

This chapter includes wood chemistry, which contains cellulose,
hemicellulose, and lignin. Wood also contagisments such as calcium,
potassium, magnesium, phosphorus, sulfur, sodium, silicon, and cadmium
contribute to the chemical compasit of wood.This chapter alsoontains
types of wood, which include hardwood (oak, mapMahogany, Walnyt
Rosewood Teak andCherry) and softwoodR(ine, ash,Hickory, beech,
birch, cedar, redwoodjemlock fir andSpruce).

Chapter Two: Fungal deterioration of archaeological wood

This chapter explains the fungal deterioration of archaeological wood. It
explained Physiological requirements of woalkstroying and wood
inhabiting fungi In addition to the chemical composition of wood, several
otherfactors greatly influence decay rates. These factors include nutrients
(wood components), temperature, moisture, oxygen, carbon dioxide and
hydrogen ion concentration. The most common aspects of deterioration
resulted from these factors staining of wooithwdifferent colors. The
mechanism of wood decay is explained. WAnaefungi, Brown-rot fungi,

and Softrot fungi were also explained. Some negative changes such as
weight loss, strength loss and discoloration were observed.

Chapter Three: Materials and methods
Four archaeological sites in Islamic Cairo were used for the isolation of

fungi used in this study (The Mosque of Sabiile and Koutab Suleiman Agha
Selehdar dated back to 183B39 AD, The Mosque of Abu Haribh dated
back to 1480 and 1481 AD, Thedgque of El Musafir Khana which was
built in 1779 AD and the second in 1783 AD, aflde Mosque of El
Mouayed Sheikh AMahmoudi dated back to 1415 to 1421 Alzw pitch

pine samples were prepared, to be used in all the experimental studies.
Isolation of &ad identification of fungi were done. Three fungi were

identified (Aspergillus niger Aspergillus flavus and Penicillium

1



chrysogenum Chitosan propiconazole antebuconazoldungicides are
used with different concentration&rtificial fungal deterioration before
and after fungicides treatment was appliedestigation techniques used
for the evaluation of fungicides used &feasurement of color change with
UV spectrophotometelf-ourier transform infrared spectroscopy (FYIR

andX-Ray diffraction (XRD) for the determination of wood crystallinity

Chapter Four: Results and discussion of chitosan fungicide
The best results obtained from the color measurement proveatdltiatal

color difference in the infected samples iraged with increasing
incubation time. The total color difference in the treated samples decreased
with increasing concentration of chitos&TIR analysis confirmed that for

all three fungi studied, infected samples treated with chitosan were more
amorphos during the incubation times than the infected and untreated
samples. Xray diffraction analysis showed that with all three fungi
studied, the peak positions of <cel
samples decreased compared to the contrgblesmat all incubation times.

The peak positions of the infected, treated samples increased with
increasing concentration of chitosan. The crystallinity index, measured
with either the first or the second method, decreased, but it increased after

the thirdand fourth months of incubation with any of the fungi studied.

Chapter Five: Results and discussion of the fungicide propiconazole
For measurement of color, the results revealed that the whiteness in the

infected samples with fungi decreased up to tle®rs® month and re
increased to the fourth month. The yellowness of the untreated infected
samples increased. The treated samples with propiconazole fungicide gave
good resistance against fungal deterioration. For FTIR analysis, Treatment
with propiconazole at the concentrations used and infected with

Aspergillus flavusegatively affected hemicellulose content and enhanced



cellulose depolymerization and oxidation. However, it protected lignin
from fungal decay.For the fungiciddreated, infected samples, the
crystallinity index increased compared to the control sample. The increase

in the crystallinity index decreased with increasing incubation time.

Chapter Six: Results and discussion of the fungicide tubecopale
For color measurementhe second (0.50%) of tubeconazole fungicide

gave better results than the first concentration (0.25%) for both whiteness
and yellowness indices. The results obtained by FTIR showed that
increased tebuconazole concentrationsewezeded to achieve acceptable
protection againsAspergillus nigerdue to oxidation of this fungicide,
especially at low concentrations of fungicide. The crystallinity index,
measured with all concentrations used decreased with increasing the

incubation ime.

Chapter Seven: Conclusions
Fungi play an important role in the deterioration of archeological wood in

Egypt, especially in certain environmendsperigllus niger Aspergillus
flavus and Penicillium chrysogenunwere the fungi identified from
different sites in historical Cairo, Egypt. The investigation techniques used
in this study gave good indication on the effectiveness of fungicides used
for the protection of wood against fungal deterioration. Many funggcid

are used for the preservation of wood against fungal deterioration, but
chitosan, propiconazole, and tebuconazole fungicides were used in this
study at limited concentrations. Chitosan was used at 0.25%, 0.50%, and
0.75%. Propiconazole and tebuconazskre used at 0.25% and 0.50%.
These limited concentrations gave good resistance to fungal deterioration.
The best results were obtained with chitosan, followed by tebuconazole

and propiconazole.
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Introduction

The main chemical components that constitute wood cell walls are
cellulose, lignin, and hemicelluloses. Cellulose is a carbohydrate
macromolecule that represents-4®wt.% of the wood, being slightly
hi gher in hardwoods than -Dglucesseft wood
units linked together by -4 bonds, andthe average degree of
polymerization ranges from 8,000 to 10,000. The cellulose macromolecule
is linear as a resuttf the bond arrangement. In their native state, cellulose
molecules are arranged in a crystalline lattice through intermolecular H
bonds and van der Waals forces, forming microfibrils. A cellulose
microfibril has both crystalline and namystalline (amgphous) parts.
Microfibrils are further arranged in larger structural elements called fibrils
(Fengel and Wegener 1989). Due to the strong covalent bonds/ambld
within and among the cellulose molecules, cellulose fibrils are able to resist
high tensilestresses. Crystallinity is an important attribute of cellulose,
with a significant effect on its physical, mechanical, and chemical
properties (Andersson et al. 2003; Schenzel et al. 2005; Agarwal et al.
2010). According to the literature, 6@% of the ellulose in wood is
crystalline (Stamm 1964; Fengel and Wegener 1989; Hedges 1989).
Lignin is a polyphenolic, branched polymer amounting to about 20%
and 30% in hardwoods and softwoods, respectively. It has a heterogeneous,
amorphous structure made froncambination of three phenyl propane
units: pcoumaryl alcohol (or hydroxyphenyl), sinapyl alcohol (syringyl)
and coniferyl alcohol (guaiacyl). The composition of lignin varies between
wood species and also shows a difference between softwoods and

hardwads (Fengel and Wegener 1989).
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Hemicellulose is a collective term for carbohydrate components of
wood other than cellulose. It includes a wide variety of compounds
composed of various sugar units. The most common compounds are xylose
and mannose. The type$ hemicelluloses present vary greatly between
softwoods and hardwoods, and also among species (Fengel and Wegener
1989).

Besides the main components described above, wood also contains
low-molecularweight components, of which the organic part is refto
as extractives and the inorganic part is called ash (Zobel and van Buijtenen
1989). Extractives include a high number of compounds of varying
chemical composition. This group can be divided further into phenolic
compounds, terpenes, fatty acids, &lmg, monosaccharides, and
disaccharides (Zobel and van Buijtenen 1989).

The remaining components consist of various extracellular
compounds. When exposed to even moderate environmental conditions,
wood deteriorates rapidly through a variety of biotic psses. It is
important to consider environmental factors such as moisture content,
wood temperature, accessible nutrients, and the types of-ehex@ying
fungi present. Fungi are widespread in nature and cause deterioration of
wooden artifacts in a rangé terrestrial and aquatic environments. The
structure of wood acts as a substrate/template for fungal growth and
development. During the damage and decay process, fungal hyphae may
grow on the wood surfaces and into the wood via the xylem rays, and then
spread further. Depending on the type of decay, the fungal hyphae may be
located in the cell lumen or even within all layers of the cell wall
(Blanchette 1994; Blanchette et al. 2004; Jingran et al. 201@afial et
al. 2016).

The wooden artifacts in moslages in Egypt suffer from biological

deterioration (through microorganisms and insects), and this is due to
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moisture, high temperature, bad ventilation, air pollution, and so on. Due
to these factors, some forms of deterioration can be found on wooden
ai facts such as color changes, stain

Most librarians, archivists, and the personnel of museums and
archeological sites share the conviction that fungi should be eliminated. At
the same time, worldwide trade in wet wood has irsgdaconsiderably
and the wooden artifacts that are generally traded in the dry state have
required the use of fungicides, which would provide protection during
storage and transport lasting up to six months.

These conditions have led to a search for sl@t@lngicides that
would give longterm protection of wooden artifacts. The results in this
study concern evaluation of three fungicides: chitosan, propiconazole, and
tebuconazoleApplication of fungicides is considered one from the most
important protecbn procedures for wooden materials prior to fungal
attacks (Reinprecht, 201@hitosan has become a vital biocide and is used
in different fields because of its high antimicrobial activity against various
microorganisms (Dutta et al. 2009;-Ghmal et al2016). Special interest
has been shown in the use of chitosan for the control of \@egcading
fungi. This may be due to the fact that chitosan toxicity has an effect on
membrane permeability and on the architecture of the mycelium (Singh et
al. 2006; E-Gamal et al. 2016). It was found that increasing concentrations
of chitosan cause an increase in chitin deposition, which reflect changes
occurring at the morphological and ultrastructural levels within the cell
wall. Increase in the chitin content ofethmycelium in the presence of
increasing concentrations of chitosan suggested that chitosan treatment
enhances deposition in the cell wall (Vesentini et al. 200&dthal et al.
2016).

Chitosan has been widely used because of its biodegradability,

biocomptibility, antimicrobial effects, lack of toxicity, and antitumor
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properties (Ravi Kumar, 2000; HHamal et al.,, 2016). Ahonkhai et al.
(2007) reported that chitosan is freely available, is cheap, and has
antifungal and bacteriostatic properties. Chitirfaand naturally in the
exoskeleton of crustaceans and insects (Mcknight et al., 198314l et

al., 2016). Chitosan occurs naturally in fungi of the order Mucorales.
Chitosan (as a polymer) is characterized according to the degree of
deacetylation (DD) which is determined from the proportion of- D
glucosamine and d{dcetytD-glucosamine. Structurally, chitosan is a
straightchain copolymer composed of-gducosamine and JdcetytD-
glucosamine. It is the most abundant basic polymer and is structurally
similar to cellulose, which is composed of only one monomer (glucose).
The solubility of chitosan depends on the amount of protonated amino
groups in the polymeric chain, and therefore on the proportion of acetylated
and noracetylated Bglucosamine units. I soluble after stirring in acids
such as acetic, nitric, hydrochloric, perchloric, and phosphoric (Anthonsen
and Smidsrad, 1995; Klug et al., 1998; Kubota et al., 2000; Guibal, 2004;
Kurita, 2006; Rinaudo, 2006; Sankararamakrishnan and Sanghi, 2006;
Yang, 2013; EfGamal et al., 2016).

In recent years, chitosan has been investigated as a chemical for
protection of wood against fungal decay. Schmidt et al. (1995) found that
treatment with 2% chitosan considerably reduced the amount of wood
decay by two browrot fungi. It has been used in agueous solution,
employing an impregnation technique (Eikenes et al., 200&ashal et
al., 2016).Triazoles such as propiconazole and tebuconazole have been
used as organic fungicides (see below Chemical formula, |UR#E @and
chemical structurejor protection of wood against all types of weod
degrading fungi in the 2Dcentury and already currently used for their
characteristic properties especially their stability in environment and their

low toxicity (Reinprecht, 2010).
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Fungicide Chemical formula IUPAC name
Tebuconazole C16H22CIN3O (Alpha-[2-(4-chlorophenyl)
ethyl]-alpha(1,1- dimethylethyl}
1H-1,2,4triazole 1-ethanol)
Propiconazole C15H17CI2N302 tcis/trans(3[2-(2,4
dichlorophenyB4-propyl1,3
dioxolan2-yl]- methyl}-1H-
1,2,4triazole),

OH CH,
cl cl N |
AN CH, CH,
o @ N\
C 1 a
CsH? N|J
Propiconazole Tebuconazole

Chemical structure (Reinprecht, 2010)

Propiconazole and tebuconazole are becoming more widely used for
the protection of wood against microorganisiitsese are organic triazole
biocides that are effective against wood decay fufigey are soluble in
some organic solven{é.ebow 2010 Kalawate and Pandey 2012). They
have low solubility in water. They are stable and leasdistant in wood
(Kalawate and Pandey 2012). They are also stable, argatatile, are
better at resisting Ieaing by water, and are therefore suitable for fong
term protection of wood (Terebesyov and Ryparov, 2016).

Tebuconazole and Propiconazole as used in wood preservation
contain racemic mixtures of isomers (Evans et al., 2007). Propiconazole
and tebuconazolplay an important role in disruption process of cell

membranes for fungi (Reinprecht, 2010, Fettig et al., 2014). Curative
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fungicides, such as propiconazole and tebuconazole can stop existing
fungal infections by limiting spore germination (Battaglinlet2011).

Propiconazole and tebuconazole are widely used for agriculture and
medical purposes (Battaglin et al., 2011, Hagiwara et al., 2016). They are
not experiment before this study for the protection of archaeological wood
against microbiological attk. This study aims to use the two fungicides
(propiconazole and tebuconazole) for the protection of wooden artifacts
against fungal deterioration. Before the application of new materials for the
conservation treatment of archaeological object, experirrgntdy should
be used to verify the effectiveness of the conservation materials before their
application on archaeological objects. Experimental studies on
propiconazole and tebuconazole have occurred to verify their effectiveness
in the protection of wod against fungal deterioration. Different
concentrations have been used from propiconazole and tebuconazole
fungicides. Some authors used high concentration (5%) from tebuconazole
(Schubertet al., 2012).0banda (2008) has used tebuconazole with low
concettration (0.02%). This low concentration gave inhibition for some
species of fungi.

In this study, low concentrations of propiconazole and tebuconazole
fungicides were used (0.25%, 0.50%), Since from the conservation point
of view, the fungicide should gavinhibition to microorganisms with low
concentration (AbdeMaksoud, 2006).

Analyses and investigations are considered to be the most important

tools for evaluation of the environment, and of materials that are used in
conservation processes.
The X-raydiffraction method has been used more and more extensively in
the past twenty years for the characterization of different crystalline and
non-crystalline materials of archeological, historical, and artistic interest
(Franceschi, 2014). Abdé&llaksaud andAl-Saad(2009), AbdeViaksoud
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(2011), and Marutoiu et al. (2013) have useda¥( diffraction for the
determination of wood crystallinity.

Fourier transform infrared (FTIR) analysis can be used for different
purposes. It has been used successfully for deteand identification of
microorganisms. Some of these studies have shown that discrimination is
possible not only at the genus level, but also at the species level and even
at the strain level (Salman et al., 2010).

In this work, attenuated total reflecice (ATR) Fourier transform
infrared radiation is used in order to follow the changes in wood treated
with fungicides. Jelle and Hovde (2012) found that the ATRR
technigue makes it possible to study materials that are not transparent to IR
radiation n a pristine condition. That is, the extensive, titco@asuming,
and often cumbersome sample preparation by pressing thin KBr
pell ets " as in traditional FTIR trans
even change the sample material in question, is avoided. ATk
technique is based on a special reflectanceugetvhere the sample
material is pressed directly onto various crystals with high refractive
indices. Also, the use of FTIR spectroscopic techniques is showing promise
as a valuable tool because of itssavity, rapidity, low cost, and
simplicity (Salman, et al., 2010). Many authors (Bugheanu, et al., 2010;
Picollo, et al., 2011, Gelbrich, et al., 2012, and3aimal et al, 2016) have
been used FTIR for studying the Wieterioration of wood or for the
evaluation of pesticides.

Color measurement of wood treated with fungicides and infected
with different fungi is vital in the field of conservation. The color
measurement is uséd detectthe ability of fungicides to be used against
fungi with long incubabn times.Esteves and Pereira (2009ghin and
Mantanis (2011)Monacoa et al. (2011), and Ozgenc et201Q)usedUV

spectrophotometry to measure color parameters including the whiteness
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and yellowness indices calculated from the CIE Lab color sy$km
Nagar et al. 2012). The accurate measurement of color using
spectrophotometry requires calibratitmgachieve the required traceability
to SI measurement unitslunt 1999). Uncertainty is the degree of doubt
that may affect the final results, and itsas from systematic and random
errors during execution of the measuremeBtsNagar et al2012; ISO
Guide 1993).

Spectrophotometry is a very important tool for laboratory testing in
many fields, especially archeology, chemistry, and physics (Bruke and
Mavrodineanu,1983), The basic  operation of  UVl/visible
spectrophotometers depends on the light emitted from aD65 illuminant
source, which is mainly a tungsten lamp for the visible spectrum and a
deuterium lamp for the ultraviolet spectrum (Owen, 2000). Measent
of absorbance generally follows the Béambert law (Decusatis, 1997).

For accurate and precise measurements, the instrument should be
calibrated to achieve the required traceability to S| measurement units, and
all results should be accompaniedumgertainty values that result from all
possible sources of error during the measurements. These errors might be
due to the sample itself, or the instrument, in addition to the environmental

testing conditions (ENagar et al. 2012).
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Aims of the study

In this study we wanted to:

1.

Isolate and identify mold fungi from monuments at different locations
and in different environments in historical Cairo, Egypt;

Study the effects of mold fungi (that have been isolated and identified)
on selected pragties of pitch pine wood,;

Evaluate the efficiency of different concentrations of the fungicides
chitosan, propiconazole, and tebuconazole for the protection of wood

from mold fungi.
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Chapter one: Chemistryand types of wood

1.1 Wood chemistry
The chemical constituents of dry wood species areafied structural

substances and natructural substances. The structural substances are cellulose,
hemicelluloses, and lignin. Nestructural substances are mosdw-molecularmass
compounds, e.g. extractives, some watduble organics, and inorganics, as shown in
Fig. 1.

ﬁ-lj;ﬁTolecmr-nmss substances\i \’Luw-molecular-mass substances

05% J | 5% )

T /A—\”A o "//\'i‘
l’ Lignin E/Polysachaﬁdes"’ N?am | oomganie U
| 25% \ 70% J L 45% )\ 05% )
[ Cellulose | gflemicelllﬂoses! . Others ' Extractives |
40% [ oo B [BR1os R0) (RENc5es0 O]

Fig. 1. General classification and content of the chemical components of wot
(After Yang and Jaakkola, 2011).

The gross chemicabmposition of softwood and hardwood is presentdegn
2. Softwood usually differs from hardwood with regarcth@mical composition, for
example, in pine and birch. The cellulose content in pine and birch is more or less the
same, but pine usually cambs less hemicelluloses and more lignin. Furthermore, the
chemistry of hemicelluloses and lignin also differs in pine and birch. On the other hand,
the cellulose, hemicelluloses, and lignin are not uniformly distributed in wood cells,
and their relative mss proportions can vary widely, depending on the morphological
region and theage of the wood. In the following text, the chemistry of cellulose,

hemicelluloses, and lignin istroduced.
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EPIDERMIS
PERIDERM
CORTEX

Fig. 2. The structure of wood.A. Stem.B. Yang stenC. Wood bark. (After Yang
and Jaakkola, 2011).

1.1.1 Cellulose
Cel l ul ose i s t he worl doés mo s t abundant

polydispersed linear homopolysaccharide consistingDafjlucopyranose moieties
linked together by (14glycosidic bonds. Thdegree of polymerization (DP) of native
wood cellulose is of the order of 10,000. Because of the strong tendency foamutra
intermolecular hydrogen bonding, bundles of cellulose molecules aggregate to
microfibrils, which form either highly ordered (&tglline) or less ordered (amorphous)
regions. Microfibrils are further aggregated to fibrils and finally to cellulose fibers. The

structure of a cellulose molecule is shown in the Fig. 3.

OH ! (HOHO  OH! CHOH g

ot ;4()4
0. /\/ N ﬁ()*/\/ \/\

CH,OH " CH,OH

Fig. 3. A segment of a cellulose chaifafter Yang and Jaakkolg 2011)
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The tight fiber structure created by hydrogen bonds results in the typical
material properties of cellulose, such as high tensile strength and insolubility in most
solvents. Xray and other diffraction methods have played a decisive rtie @nalysis
of the crystalline structure of cellulose. It is commonly accepted that native cellulose
has parallel structure. For isolation of cellulose from wabigct nitration of wood
yields undegraded cellulose trinitrate, which is soluble in orgaoiients. On the other
hand, the glycosidic linkages are easily cleaved by strong mineral acids, so cellulose
can be hydrolyzed to simple sugars. However, for a complete hydrolysis of cellulose,
concentrated acid solutions must be used in order to Hrimgt $he necessary swelling

and at least a partial destruction of the ordered regions (Yang and Jaakkola, 2011).

1.1.2 Hemicelluloses
Apart from cellulose, hemicelluloses are other major naturally occurring

carbohydratdased polymers, which are hetergpsalccharides and are clearly less
well-defined than cellulose. The building units of hemicelluloses are hexoses, pentoses,
or deoxyhexoses. These units exist mainly asrexbered (pyranose) structures either

i n ton(@forkds.

The type and contentfohyemicelluloses varies among hardwoods and
softwoods. Softwood hemicelluloses mainly include galactoglucomannans and
arabinoglucuronoxylan. Galactoglucomannans are built up of a mainly linearbackbone
chain of (14)linked and partially acetylatedd-glucgpyranose and mannopyranose
units, which are substituted at83with a variable number gingle-D-galactopyranose
units. Arabinoglucuronoxylan consists of a linear framework e#l){linked -D-
xylopyranose units with branches of bothHO4methyk-D-glucuronic acid andL-
arabinofuranose. Unlike xylan in hardwood, there are no acetyl groups. Hardwood
hemicelluloses mainly include glucuronoxylan and glucomannan. Glucuronoxylan is
composed of the same framework as the arabinoglucuronoxyit,dontains much
fewer uronic acid substituents. No arabinose units are present, and the xylose residues

are partially acetylated.

Glucomannan has the same linear framework as galactoglucomannans, except

that itis unsubstituted and has a higher glug¢osmannose ratio. For a special type of
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wood e.g.larch, arabinogalactan content might reaci2@® by mass. The structures

of the different hemicelluloses are shown in Fig. 4.

= 4)-B-D-Glcp-(1—> 4)—B-D:\ianp-( 1 +’ 4)-B-D-Manp-(1 ‘}j’

N
a-D-Galp

- =P O

Galactoglucomannan

—» 4)-8-D-Xylp-(1 4)-B-D-Xylp-(1 4)-B-D- Xylp (1 4)-I$-D-Xylp-(|%—:
4-O-Me-a-D- Gla.pU o-L Araf

Arabinoglucuronoxylan

.-DJ

—» 4)-B-D-Glcp-(1—= 4)-B-D-Manp-(1—= 4)-B-D-Manp-(1 —>

Glucomannan
- 4)-B-l)-X)‘Ip-(l—{—> 4)-B-D-Xylp-(1 ‘}—' 4)-B-D-Xylp-(1—>
7 9
1
p—
4-0-Me-a-D-GlepU
Glucuronoxylan

Fig. 4. Partial chemical structure of hemicelluloses from wood (Steniug000)

Hemicelluloses are usually isolated by successive extractions with dimethyl

sulfoxide and aqueous alkali. However, degradation caused by the alkali cannot be

completely avoided. Galactoglucomannans are edsipolymerizedby acids- and

especially the bond between galactose and the main chain. The acetyl groups are much

more easily cleaved by alkali than by acid. Babino glucuronoxylarthe arabinose

side chains can be easily hydrolyzed by acids due to their furamesigdcture, which
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is less resistant to hydrolysis. Unlike all other wood hemicelluloses, larch
arabinogalactan is extracellular and can be extracted quantitatively from the heartwood
with water. Reliable analysis of hemicelluloses is based on the segetatination

of the polysaccharide constituents using chromatography. The extriegverood
sample is subjected to an acid hydrolysis, after which the liberated monosaccharides

are separated and quantified.

1.1.3 Lignin
Lignin is an amorphous polymend the chemical structure of lignin is irregular

in the sense that different structural elements are not linked to each other in any
systematic order. In general, lignins are roughly classified into softwood lignin,
hardwood lignin, and grass lignineBides the native lignin, there are sevarathods

that can be used to separbdg@in, so various forms of lignin available, e.g. milled

wood lignin, dioxane lignin, enzymically liberated lignin, Kraft lignin, and alkali lignin.
Although native ligmms behave as an insoluble atdeedimensional network, the
isolated lignins show maximum solubility insolvents such as dioxane, acetone, methyl

cellosolve, tetrahydrofuran, dimetHgrmamide, andlimethyl sulfoxide.

Lignin can be defined as a polyphénomaterial arising mainly from
enzymicdehydrogenative polymerization of three phenylpropanoid units (p
hydroxycinnamylalcohols), as shown in Fig. 5. The proportions of the precursors in
lignins vary withtheir botanical origin. Normal structural elemeotsoftwood lignins
are derivedprincipally from transconiferyl alcohol (90%) with the remainder
consisting mainlypf transp-coumaryl alcohol. In contrast, hardwood lignins are mainly
composed ofransconiferyl alcohol and trarsinapyl alcohol invarying ratios (about
50% for each alcohol). A simplified representation of a segment of softwood lignin is

shownin Fig. 6.
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Fig. 5. The building units of lignin (Kollmannand Cote, 1986.
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Fig. 6. Simplified representation of a segment of softood lignin (Yang and

Jaakkola, 2011)

The structural building blocks of lignin are joined together by ether linkages (C

O-C) and carboitarbon bonds (&), and the former ones predominate both in

softwood andn hardwood. The predominant bond typed &requencies are shown in

Fig. 6, andthe frequency of these groups can vary according to the morphological

location oflignin. As with its precursors, the lignin polymer contains several functional

groups in theside chain, e.g. methoxyl groups, pheadlydroxyl groups, and aldehyde

groups. Only relatively few of the phenolic hydroxyl groups are free, because most of

themform linkages to the neighboring phenylpropane units.
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1.1.4 Inorganic elements in wood
Elements such as calcium, potassiamagnesium, phosphorus, sulfur, sodium,

silicon, and cadmium contribute to the chemical composition of wood (NYSERDA
Report 13, 2013).

1.2 Types of wood
Historically, the classification of wood hasvays been in terms either hard

wood (fromany leafbearing tree) and soft wood (any cebearing tree). These terms

can be confusing, since some lpafaring trees can have very soft wood and some
coniferous trees can have very hard wood. To make this easier, below you will find a
list of different types oftrees, their classification, and the individual wood

characteristicshttp://www.hoovedesigns.com/woods.hyml

Despite what one might think based on the names, not all softwoodssbtiye
lightweight wood: nor do all hardwoods have hard, heavy wood.dEfine them
botanically, softwoods are those woods that come frgymnosperms (mostly
conifers), and hardwoods are woods that come from angiosperms (flowering plants). In
the temperate part of the nogth hemisphere, softwoods are generally neledieed
evergreentrees such as pine (Pinus) and spruce (Picea), whereas hardwoods are
typically broadleaf, deciduous trees such as maple (Acer), birch (Bednid)pak
(Quercus)Softwoods and hardwoods raily differ in terms othe types of trees from
which they are derived, but they also differ in terms of their component cells. Softwoods
have a simpler basic structure than do hardwoods, because they only have two cell types
and relatively little variatio in structure between these cell types. Hardwoods have
greater structural complexity because they have both a greater number of basic cell
types and a far greater degree of variability between thdypels. The single most
important distinction betweethe two generakinds of wood are that hardwoods have

a characteristic type of cell calledvessel element (or pore) whereas softwoods lack
these. An importardellular similarity between softwoods and hardwoods is that in both
kinds of wood, most of theells are dead at maturity, even in the sapwood. The cells
that are alive at maturity are known as parenchgeis and can be found in both
softwoods and hardwoods. (Botanist, 2010).
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1.2.1 Hardwoods

1.2.1.1 Oak
Oak (Fig. 7A) is the most widely usédrdwood. There amore

than 60 species of oak grown, which can be separated into two basic
varieties; white and red. The red variety is also known as black oak (\

is a reference to its bark)ttp://www.hoovedesigns.com/woods.hjml

Properties

Oak is a heavy, strong, liglablored hardwood. It is ring porous, d
to the fact that more and larger conductive vessels are laid down early
summer, rather than later. Prominent rings and lpoges give oak a coar:
texture and prominent grain. Oak also has conspicuous medullary
whi ch can be s eensawredoaliltinberk es o i

Uses
Oak is the most popular wood used to craft country designs. It
also used for many transitidrend contemporary pieces

(http://www.hoovedesigns.com/woods.himl

1.2.1.2 Maple
There are 115 species of maple.

Properties

Maple (Fig. 7B) is so hard and resistant to shocks that it is often used for
bowling-alley floors. Its diffuse, evenly sized pores give the wood a fine texture and
even grain. Maple that has a curly grain is often used for violin backs (the pattern
formedis known as thdiddleback figure). Burls, leaf figures, and kisebye figures

found i n maple are used -eyefigarainmapleissaidf or

to be the result of stuntepowth ands quite rare.

Uses
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Maple is used extensivelfor American colonial furniture, especially in
medium and lowerpriced categories. It can also be stained to simulate cherry wood,

which it resembleshttp://www.hoovedesigns.com/woods.himl

1.2.1.3Mahogany
Also known as Honduras, mahogany is a tropical hardwood indigenous to South

America, Central America, and Africa. There are many different grades and species
sold under this name, which vary widely in quality and price. Mahogany

that comes fromhie Caribbean is thought to be the hardest, the strongest, and of the
best quality. Logs from Africa, though highly figured, are of slightly lesser quality.
Philippine mahogany has a similar color, but it is not really mahogany at all. It is a
much less valable wood, being less strong and not as durable or as beautiful when

finished.

Properties

Mahogany (Fig.7C) is strong, with a uniform pore structure and poorly defined
annual rings. It has a reddibinown color and may display stripe, ribbon, brokerpstri
rope, ripple, mottle, fiddleback, or blister figures. Crotch mahogany figures are widely

used and greatly valued. Mahogany is an excellent carving wood and finishes well.

Fig.7: Hardwoods. A. Oak. B. Maple. C. MahoganyD. Walnut. E.
RosewoodF. Teak. G. Cherry.
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Uses
Mahogany is used extensively in the crafting of Georgian, Empire, and Federal
reproduction furniture. Mahogany is also usedsiyles ranging from Victorian

furniture reproductions to Contemporary.

1.2.1.4 Walnut
Walnut (Fig. 7D) is one of the most versatile and popular cabmaging

woods. It grows in Europe, America, and Asia. There are many different varieties.

Properties

Walnut is strong, hard, and durable, without being excessively heavy. It has
excellent woodworkingqualities andakes finishes well. The wood is light to dark
chocolate brown in color, with a straight grain in the trunk. Wavy grain is present
toward the oots, and walnut stumps are often dug out and used as a source of highly
figured veneer. Large burls are common. Walnut solids and veneers show a wide range
of figures, including strips, burls, mottles, crotches, curls, and butts. European walnut
is lighte in color and slightly finer in texture than American black walnut, but they are

otherwise comparable.

Uses
Walnut is used in all types of fine cabinet work, especially eightemaritury

reproductions.

1.2.1.5 RosewoofFig. 7E)

It is very hard andhas a dark reddishrown color. It is fragrant and close

grained. Itis hard to work and takes high polish. Isisdin musical instruments, piano

cases, tool handles, art projects, veneers, and furniture.

1.2.1.6 Teak
True teak (Fig. 7F) is indigenots Southeast Asia, but similar wood species

also grow in Africa.
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Properties and uses

Teak is a yellowto dark brown hardwood that is extremely heavy, strong, and
durable. Often strongly figured, teak may show straight grain, or mottled or fiddleback

figures. It carves well, but because of its high value, it is often used as a veneer.

Scandinavian modemnd oriental furniture styles are often crafted from teak

1.2.1.7 Cherry
Cherry (Fig. 7G) is grown in the eastern half of the USA. It is sometaiksl

fruitwood. The term Afr ui t-bvawo thish onsthema | s o
woods.
Properties

A moderately hard, strong, closed grained, light tolmexvn wood, cherry

resists warping and checking. It is easy to carve and polish

Uses

Cherry veneers and solids are used in a variety of styles. Cherry has been called
New England mahogany and is often used to craft eighteenth century, Colonial, and
French Provincial designs.
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1.2.2 Softwoods

1.2.2.1 Pine
Pine (Fig. 8A) is a softwoothat grows in most areas of t

Northern Hemisphere. There are more than 100 species worldwi

Properties

Pine is a soft, white or palgellow wood that is lightweight, i
straight grained, and lacks figure. It resists shrinking and swe

Knotty pire is often used for decorative effect.

Uses
Pine is often used for country or Provincial furniture. Pick

whitened, painted, and oil finishes are often used on this wood.

1.2.2.2 Ash
There are 16 species of ash (Fig. 8B), which grow in the eddtéted States.

Of thesewhite ash is the largest and most commercially important species.

Properties

Ash is a hard, heavy, ring porous hardwood. It has a prominent grain that
resembles oak, and a white to ligitbwn color. Ash can be differentiatedfin hickory
(pecan), which it also resembles, by white dots in the darker summerwood. These can

be seen with the naked eye. Ash burls have a twisted, interwoven figure.

Uses
Ash is widely used for structural frames and stdmmt furniture pieces. It is

often less expensive than comparable hardwoods.
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1.2.2.3 Hickory
There are 15 species of hickory in the eastern United States, e

which are commercially important.

Properties
Hickory is one of the heaviest and hardest woods available. Pe
aspecies of hickory that sometimes used in furniture. It has a close g

without much figure.

Uses
Wood from the hickory is used for structural parts, especially w
strength and thinness are required. Decorative hickory veneers at

commonly sed.

1.2.2.4 Beech
The American beech is a single species that grows in the easte

of the United States.

Properties anduses

Beech is a hard, strong, heavy wood with tiny pores and
conspicuous medullary rays, similar in appearanaeaple. This relativel
inexpensive wood has reddibhown heartwood and light sapwood. Bet
is often used for frames, and a variety of bent and turned parts. Galiaeel

and halfround cut beech veneers are commonly used.
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1.2.2.5 Birch
There aramany species of birch (Fig. 8C). The yellow birch is

most important commercially. European birch is fgrained, rare, an

expensive.

Properties anduses

Birch is a hard, heavy, cloggained hardwood with a ligiirown
or reddishkcolored heartwoo@nd cream or light sapwood. Birch is ofi
rotary or flat-sliced, yielding straight, curly, or wavy grain patterns. It
be stained to resemble mahogany or walnut.

1.2.2.6 Cedar
Several species of cedar (Fig. 8D) grow in the southern U

StatesCentral America, and South America.

Properties and uses

Cedar is a knotty softwood that has a-bedwn color with light
streaks. Its aromatic and matepellent qualities have made it a popt
wood for lining drawers, chests, and boxes. Simple Gas®storage close

are also constructed from this light, brittle wood.

1.2.2.7 Redwood
Indigenous to the Pacific United States, redwood trees grow to

than 300 feet tall and to be 2,500 years old.

Properties and uses

The besfguality redwood comesom the heartwood, which is resistant
deterioration due to sunlight, moisture, and insects. It is used to craft o
furniture and decorative carvin

figure. They are rare and valuable.

1.2.2.8 Hemlock
Hemlack is light in weight and is uniformly textured. It machir

well and has low resistance to decay and is-nesimous. It is used fc
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construction lumber, planks, doors, boards, paneling;fleoling, and

crates.

C)

Fig.8.Softwoods. APine. B. Ash. C. Birch. D. Cedar.

1.2.2.9 Fir
Fir works easily and finishes well. It is uniform in texture and-resinous. It

has low resistance to decay. It is used in furniture, doors, frames, windows, plywood,

veneer, general millwork, and interior trim.

1.2.2.10 Spruce

Spruce is song and hard. It finishes well and has low resistance to decay. It

has moderate shrinkage andight in weight. It is used for masts and spars for ships,

aircraft, crates, boxes, general millwork, and ladders.
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Chapter Two: Fungal deterioration of archaeological wood

Woods are susceptible to rapid deterioration by a variety of organisms. The wood in
living trees and also in used products, or as archaeologicatialatan start to decay

and decompose, with attack by organisms, which is termed biodegradation. This
biodegradation is one of the major challenges, because it can mean heavy economic
loss. Fungi and insects are the major causes of biodegradation. Vaedals are
subject to various biological attacks if preventative measures are not taken. Proper
preservative treatment can reduce the damage and increase the longevity of wood
(Shupe et al, 2008).

Archaeological wood that survives for long perioddaand in environments that
protect it from decomposition. Although the decay processes are restricted, these woods
are rarely free from attack. Over long periods, microbes that are able to grow under
adverse conditions degrade the wood, and various cordppanch as salts, cause a
slow chemical deterioration. Most, if not all, historic and archaeological woods have
been affected by degradation to some degree (Blanchette, 1991).

It is essential to improve our understanding of the microbes and processaf$etttat
archaeological woods, and to improve our knowledge of the structural and chemical
changes that occur in wood from degradation. This review provides information about
biodeterioration mechanisms affecting wood, and gives a wide variety of exarhples o
deterioration found in archaeological wood from different environments (Blanchette,
2000).

2.1. Physiological requirements of woodlestroying and wood
inhabiting fungi

In addition to the chemical composition of wood, several other factors greatlynicélue

decay rates.

2.1.1 Nutrients
The basic nutritional requirements of weadting fungi are satisfied by the structural

carbohydrates and certain extraneous materials in wood. Degradation of lignin does not
occur in the absence of the metabolism of woaxdbohydrates, and lignin is probably

of limited imporatance as a carbon soui€el( et al, 1976).Among the nestructural
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nutrients in wood, nitrogen plays the most important role. The requirements are
evidently not great; wood usually contains about3@d% nitrogen (Merrill and
Cowling, 1966). Woodlecay fungi have an efficient mechanism for its metabolism and
reuse (Levi et al. 1968Decay rates were found to be highly correlated with the
nitrogen content of the individual annual incremehtsaddtion to the growth factors

such as thiamine, certain micronutrients of inorganic nature are needed. Iron, zinc,
copper, manganese, and molybdenum are needed. It has also been shown that
phosphorus, potassium, sulfur, and magnesium are required in largentafCote,

1968)

2.1.2 Temperature
Temperature is one of the many ecological parameters affecting the activities ef wood

decaying fungi. Most of these fungi are mesophilic, are generally unable to grow above
401°C, and have temperature optima of-Z®C (Cartwright and Findlay, 1950;
Jennison1952; Findlay, 1967)Xven the majority of tropical wood decay fungi have
temperature optima of 30 or less. Some woedecaying fungi have special tolerance

of higher temperatures, however, being unable to grelamb20°C and with optima
above 4€C.

Jensen (1969) studied the effect of fluctuating temperatures on the growth of four heart
rot fungi, and concluded that if temperature fluctuations were small, growth of the
organisms was stimulated, whereas if thetflations were large, the growth of the
organisms was suppressedaiB fungi can withstand high temperatures for brief
periods, but prolonged exposure to elevated temperatures is fatal. On the other hand,
some are very resistant to low temperatures andveuexposure to frost.

It has been found that the softt fungi as a group appear to grow well at temperatures
that are higher than most woeddstroying Basidiomycetes prefer. Almost half of the
test group that was investigated showed optimum growtanaperatures of 34°Cor
higher C6té, 1968)

2.1.3 Moisture
The determination of moisture requirements of fungi under laboratory conditions is

difficult, because water is produced during respiration. The moisture content of the
wood can therefore be chamgby the fungus. Generally speaking, moisture content
from 35% to 50% appears to be the most favorable for fungal growth. This condition

means that the cell walls are saturated with water, with a layer offer water lining the

35



cell lumen. The remainder ofafcell cavity is then available for gas exchange, and the
liquid layer facilitates the diffusion of enzymes from the hyphae into the cell wall.
There have been reports of attack by fungi at moisture levels below the fiber saturation
point, when there is nioee water in the cell lumen. In the absence of moisture, no fungi
will grow, but at moisture contents as low as 15% some fungi have been reported to
become established. Generally, however, it is safe to assume that wood will not be
subject to attack byhe common fungi at moisture contents below the fiber saturation
point. It should be borne in mind that moisture content figures are average levels for an
entire board or sample, and moisture gradients are present. In cases where the
circulation of air is nevenor restricted, it is possible that there will be pockets where
moisture levels are much higher than the average value. This condition exists when
wood is exposed to rain oris in contact with the soil, and fungi can get a start under such
conditions. h addition, it should be noted that the fiber saturation point for different
woods has a rather wide range; 28 moisture content, with a few instances below

or above these levels. Another consideration is that the spread of decay and the
continued growt of fungi probably require different conditions. Spores probably
require a level of moisture content to germinate that is considerably different from that
required for mycelial growth. It is recommended that wood in service should be
maintained at a moiste content level that is-2% below the known fiber saturation
point, to provide a desirable safety factGb{é, 1968)

It is commonly believed that wood shrinks as it loses moisture and swells as it gains
moisture. This is partially true. Actually, woadll change dimensions only between

two precise moisture conditions. One condition is when the wood is devoid of moisture.
This is termed the oven dry condition. The second condition is when the wood fibers
are saturated with moisture. This point usualtgurs at about 30% moisture content

for most Louisiana species. As wood is dried from an original green condition,
sometimes with more than 100% moisture content, moisture is first lost from the cell
cavities. No shrinkage will occur until the wood is wedd to a moisture content of
about 30% (the fiber saturation point). If drying continues below 30% moisture content,
water is removed from the cell walls and shrinkage occurs. The amount of shrinkage or
swelling depends on the species, density, and lgheedtion. Pressure treatment with
waterborne preservatives raises the moisture content above the fiber saturation point,
and shrinkage will occur as the wood dries down to Hservice moisture content. In

many applications, such as deck boards, thiglsage is not a majorconcern.When
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dimensional stability is critical, it is imperative that the lumber be-dilad after
treatment (KDAT). Any KDA Tlumber that you buy should be kept under a roof, or at
least under cover and off the ground. The dimeraistability of different wood
species is affected by width and density differences between earlywood and latewood
in the growth rings. For example, in species with wide, dense latewood bands and low
density earlywood bands, the differential shrinking ameklling of the bands with
changes in moisture content can cause large stresses in the wood that can result in raised
grain and a defect known as shelling. Raised grain will tend to be more pronounced on
flat-grainedlumber.Shelling is an extreme case edhgrain, in which the latewood
bands separate from the earlywood bands to form a-kki®r speailike edge. This

is one reason why it is often recommended that deck lumber be placswtipitiown

(or barkside up). If the two sides of particulardyd are of equal quality, it is better to
place the board baiside up. If, however, the piside is clearly the better side, place

this side up. Moisture greatly affects lumber in use and can quickly lead to deterioration.
Moisture can also allow wood toe attacked by insects, hinder the performance of
finishes and paints, and induce surface stains (Shupe et al., 2008).

2.1.4 Oxygen
Since respiration is involved in the metabolism of fungal organisms, oxygen is essential

for growth. The engbroducts ofrespiration are carbon dioxide and water. When there
is insufficient oxygen, organic products such as alcohol and oxalic acid are formed.
Experiments have shown that in ordinately high concentrations of carbon dioxide will
retard growth, as most fungi raggifree access to atmospheric oxygen for optimum
growth. In the absence of oxygen, no fungus will grow. Wood attacked byos@ingi

is often attacked under very wet conditions, such as in cooling towers. In this type of
situation, the oxygen requiremts of the organism can be satisfied by the oxygen
dissolved in the water with which it is in contaCt¢é, 1968)

2.1.5 Carbon dioxide (CQ)
A heart rot fungus attacking a tree must often grow in aaeaerobicatmosphere, with

high CQ concentrationgZeikus and Ward, 1974). Woatkgrading fungi evidently
vary in their capacity to grow in atmospheres high in.Qhas been stated that several
wood-inhabiting fungi continue to grow in 70% GQvhereas many littedlecomposing
fungi are totallyinhibited by 30% CQInhibition of growth by CQonly occurs at low

O- tensions. C@also affects spore germinatidiiorton and French (1974) found that
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germination of basidiospores ofnonotusrheades (Polyporusdryophilus was

stimulated by C@ Removal ofCO; prevented germination.

2.1.6 Hydrogen ion concentration
Another condition that can be considered to be a physiological requirement is the

hydrogen ion concentration of the wood medium. Waoatting fungi show a decided
preference for a pH on the aaidle, between 4.5 and 5.5. Optimum growth of both the
white-rot and the browanot fungi takes place at this level. At the same time, it is
interesting to note that both of these groups will make the wood in which they grow
more acidic, simply as a resufttbeir metabolism. Browanot fungi increase the acidity
more than whiteot fungi do C6té, 1968)

2.2 Characteristics of woodstaining fungi
The deterioration of wood by staining fungi is one of the most important sources of

financial loss in lumber pr@ssing. It is particularly critical for products that are to be
given clear or natural finishes. Although many stains of wood are of biological origin,
some are due to oxidation of wood constituents or caused by contact with chemically
reactive materialsugh as iron. Cartwright and Findlay (1950) devoted an entire chapter
of their book on decay of timber to the various aspects of stains in wood. They
considered the nehiological causes mentioned above, but concentrated on the
discolorations brought abohy incipient decay, surface molds, and-stgining fungi.

The nonbiological causes of discoloration can be of considerable economic
significance in certain cases, but the fungal causes are of greater general concern to the
wood processor. Since the westhining fungi derive their nourishment only from the
contents of parenchyma cells rather than from the polysaccharides and lignin, and since
they bore only minute holes through the cell wall, their effects on the mechanical
strength of wood are not as detental as is attack by woedtting fungi (Fig. 4.11).
Consequently, the determination of the type of causal organisms responsible for
staining can be very critical. In structural applications, a-btaged member may be

used without great concern usdeshock loading is likely to occur. Incipient decay,
however, may have already reduced the overall strength of the wood by a substantial
amount. Yet both may appear, superficially, similar. Stained wood should always be
suspected of containing decay orgams because the conditions that are favorable for
the growth of saystain fungi are also favorable for the development of decay fungi. A

few comparative characteristics are useful in distinguishing between discolorations
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typical of decaycausing organismend those due to the more innocuous staining fungi.
Sapstains, as implied by the name, are confined to sapwood. Stains associated with
incipient wood decay are not always restrictedapwood butre likely to be more
highly concentrated there. Decaygenerally found in patches or streaks, whereas
overall discoloration is characteristic of staining fungi.-S&gin can also appear as a
wedgeshaped area on a log cresection. This is due to the concentration of hyphae in
the ray parenchyma cells.

Color differences, as well as pattern, provide further evidence for identification. Bluish
gray stain in sapwood is a good indication that-stam fungi are present. Colors
ranging through green, pink, yellow, orange, or blackish are also found. Discaisratio
caused by decay fungi in softwood are more typically reellielvn, while in
hardwoods they may be white or ddmown spots or streaks. Zone lines may be present
with incipient decay, but these walefined, dark outlines are not present with stain
fungi.

A test for weakened fibers has been suggested as another method of determining
whether a stain or a decay fungus has caused discoloration. A knife point inserted into
the stained region will break fibers weakened by incipiecay buprying of this srt

reveals little weakening by staining fun@igté, 1968)

2.3 Mechanism of wood decay
Wood-destroying fungi are grouped into three categories: brown rot, white rot and soft

rot. These different fungi will attack the three different, main chemical coemsmf

wood: cellulose, hemicellulose, and lignin. When walegrading fungi metabolize
wood, a decrease in strength occurs. The extent of the loss in strength will vary
depending on the type of fungus involved, the wood species, and lumber dimensions.
Louisiana and most of the Deep South are classified as a s&keerea for wood
decay (Fig. ® Not all fungi that attack wood cause degradation. In fact, many are
classified as woodgtaining or mildew (mold) fungi because they discolor or stain the
wood rather than cause it to decay. These fungi typically develop because of poor
lumberdrying practice®r excessively wet conditions. Stain fungi do not cause loss of
strength but result in a lower grade of some grading lumber, and are considered to
unfavorable consumers because of their appearance. Stain is not as important for
structuralgrade lumber. $tictural integrity is more important than aesthetic appeal in

certain situations, such as rural fencing or construction. Consumers should be wary if
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they notice stain fungi, even though no loss of strength may have occurred, because

conditions that favortain fungi are often ideal forwoedle gr adi ng or gani s ms

roto is a frequently misused term. Wood wit't
been wet for decay to occur. Some mycel i a
however.

2.3.1 Whiterot fungi
White-rot fungi are common wood degraders in foeesisystems artthve the capacity

to produce extracellular enzymes that degrade all cell wall components. The types of
enzymes produced and the sequence of their production govern the amount aind exte
of cellulose, lignin, and hemicellulose degradation from wood. Some species are very
efficient degraders of cellulose, while others degrade extensive amounts of lignin
without there being significant cellulose degradation (Blanchette, 1991). Different
forms of white rot result when cell wall components are degraded from the wood in
varying amounts. Although whiet fungi are some of the most prevalent wood
decaying organisms in nature, they are not often found attacking archaeological wood
(Blanchette1991).

Deterioration Zones

@Low @ Moderate € Intermediate GHigh @ severe

Fig. 9: Map of deterioration hazard zones for the USA as developed by the USD
Rural Electrification Administration (REA) and adopted by the American Wood
Protection Association (AWPA). (Source: REA. 1973. Pole Performance stud
staff report. U.S. Department of Aariculture (after Shupe et al.. 2008).



2.3.2 Brownrot fungi

These fungi will preferentially attack softwoods but will also attack hardwood lumber
and logs (Fig. 1P It is imperative to use treated wood or bragiply a preservative

and water repellant to prevent brown rot on wood used outside. The appearance of any
mushroordlike bodies, which is an indication of advanced wood decay and substantial
loss of strengthsiimportant for the consumer.

Brown-rotted wood will develop a reddigsrown color and have a charred appearance.

It also displays more than average shrinkage upon drying and is friable (soft).

I‘ 2 (:.l
h:l n-lJ;'a;‘

Fig. 10: Fungal decay of wood bybrown-rot decay fungi. (Source: Forest
Products Society;Shupe et al., 2008).

2.3.3 Softrot fungi
These fungi are classified as Ascomycota and Deuteromycota, and can be distinguished

from other decay fungi by the decay patterns they produce in wood (Blanchette, 199
Nilsson et al., 1989). Typically, seftt fungi produce cavities that spiral within the
secondary wall of wood cells, following the microfibrillar orientation of cellulose {type

| attack) (Daniel and Nilsson, 1998). In transverse sections of wood, dfolasying
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sizes can be observed in the secondary walls, whereas in radial or tangential sections
they are elongated cavities, often with pointed ends. In some woods, a different form
of attack occurs (typd attack) and the entire secondary wall is gty eroded,
leaving a relatively intact middle lamella. Soft fungi are often associated with
waterlogged woods, and the tesoft rotis used because the affected wood surface
appears soft in wet environments. Soft rot can also occur undewaterbgged
conditions, and the advanced stages of decay appear brown and crumbly and may look
similar to brownrotted wood. Softot fungi are often found in environments that are

not conducive to the growth of browat and whiterot fungi. Since softot fung can
completely degrade the entire secondary cell wall, they have the capacity to degrade
some lignin as cellulose and hemicellulose are metabolized. The highly lignified middle
lamella, however, is not degraded and persists even in the most advanesdo$tag
decay (Blanchette, 1991).

2.4 Damage in wood due to decay
Toughness and weight loss have been considered to be the most sensitive indicators of

the degree of wood deterioration caused by decay. Other negative effects are observed
and experienced due to unexpected changes in the wood properties after infestation.
These changes are:

Weight loss

Strength loss

Increased permeability
Increased electrical conductivity
Reduction in volume

Changes in pulping quality

Discoloration

=4 =2 =4 A4 A4 A A -2

Reduction in caloric value

(http://www.cals.ncsu.edu/course/pp318/profiles/decagigdatm)
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Chapter Three: Materials and methods

3.1 Samples

3.1.1 Archeological samples
The fungi studied were isolated from the following sites:

A. The Mosque of Sabiile and Koutab Suleiman Agha Selehdar (Figwhigh is
located in El Muizz Street, Islamic Cairo. It was established in 11880 AD
(1253 1255 AH).

B. The Mosque of Abu Haribh (Fig. 12), which was built by Prince Sayial
Akjmas Ishaqi El Zahery between 1480 and 1481 AD(886 AH).

C. The Mosque of BMusafir Khana (Fig. 13), situated at Darb Almsmt, El Gamaliya,
and created by Mahmud Muharram. The first section was built in 1779 AD (880
AH), and the second in 1783 AD (884 AH).

D. The Mosque of El Mouayed Sheikh-Mahmoudi, inside Bab Zuwayla, close to
the El Soukary neighborhood. The construction of themosque took about six years,
from 1415 to 1421 AD (81824 AH).

3.1.2 Preparation of new sample
New pitch pine samples were prepared, to be used in the experimental studies to

evaluate the efficiency of éhfungicides usedPitch pine has been used in this study
because it is a common wood used in the historical Cairo in Egyptaditi (2015)
informed that throughout the Coptic (since fourth century AD) and Islamic periods
(since seventh century AD) dom@nd ceilings, which varied from very simple to
highly sophisticated decorated types composed of several layers, were made of wood,
but not much was published on wood identification, and it is usually presumed to have
been built using o6pitch pine.

The pith pine has been used in the historical Islamic buildings in historical Cairo for
its good characteristics. Miller (1999) said tktz¢ wood of pitch pine is moderately
heavy to heavy, moderately strong, stiff, and hard, and moderately high in shock
resisance. Shrinkage ranges from moderately low to moderately high.

According to these good characteristics, the pitch pine wood wasiusagdoor
woodwork in historical buildings such as doors, windows, carpentry, etc., because it

has a good resistant agaisgrrounding environmental conditio@s.
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3.2 Isolation and identification of fungi
Isolation of fungi was done according to Abdiéhksoud (2011 Piecesf deteriorated

wood were placed in sterile plastic bags and were transferred to the laboratory, where
their inner parts were exposed and sterile swabs were used to wipe along surfaces
contaminated with fungi (Fig. 14). The swabs were then gently wiptedtioe surface

of a potatedextrose agar (PDA) medium in Petri dishes, and cultures were incubated
at 28°C for 12 weeks. Individual fungal colonies were then recovered and transferred
to Petri dishes with malt extract agar (MEA). Colonies from the estedaisubcultures

were used for the assessment of the morphological characteristics of the fungi isolated
(Benjamin et al., 1966, Barnett et al., 1972) and for their grouping into distinct

species/morphotypes.
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Fig. 11. Mosque of Sabiile and KoutalSuleiman Agha Selehdar: AE. Aspects of
deterioration caused by biological, chemical, and physical factors.
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Fig. 12: Abu Haribh mosque: AD. Different aspects of the deterioration
processes of wooden artifacts
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Fig. 13. El Musafir Khana: A-F. Aspects of deteriorationof wooden artifacts such
as biological attackand darkness from pollutants.
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Fig. 14. Historical samples used for the isolation and identificatioof the

fungi studied.

In addition, and for verification ofinitial taxonomic determinations based on
morphological features, total genomic DNA of representative strains from each
species/morphotype was extracted from mycelium. For the isolation of fungal DNA, 50

mL of potatedextrose medium was inoculated withckt@ultures, which were grown
on MEA slants for 7 days at27°C. Biomass was obtained after 2 days of incubation at

27°C by centrifugation at 4,000x g for 10 min and washed twice with sterile double
distilled water. Disruption of the cells was performed teeamic mortar using liquid

nitrogen and a pestle, until a white powder was obtained. Genomic DNA was extracted
from 100 mg of biomass powder according to
Genomic DNA Miniprep Kit (Sigm&ldrich, St Louis, MO, USA).Elution was
performed in two steps (100 €L each) and t |
by 1% agaros@el electrophoresis.

PCR primers used by White et §.990) defined the amplification reactions for the
ITS1-5.8SITS2 rDNA region: ITSY STNCGTAGGTGAACCTGCGG3 Nj) and | TS4
( STRCTCCGCTTATTGATATGGS3 Nj) . The primers were const
Genomics (Ebersberg, Germany). The following PCR conditions were used for ITS
amplification. The reaction was initiated at 95°C for 2 min followgdb cycles of
95°C for 20 s,48°C for 30 s, and70°C for 15 s, with a final extension step at 70°C for 2

min. PCR products were checked by agafrgskelectrophoresis using 1 KbNA

Ladder RTU (NIPPON Genetics EUROPE, Duren, Germany). Thege@Ricts were
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directly sequenced by Eurofins Genomics. All fragments were read in both directions

andthe nucleotidesequences were submitted to the GenBank database. Their accession
numbers are as follows: KU243044, KU243045,KU243046, and KU243047.

Alignment of sequeres was carried out using Clustal Omega software
(http://www.clustal.org/omegp/Phylogenetic relationships were inferred by using the

maximum likelihood method based on the Kimupa2ameter modeK{mura, 1980)

Initial tree(s) for the heuristic searglere obtained by applying the neighjoining

method to a matrix of pairwise distances estimated by the maximum composite

|l i keli hood (MCL) approach. The branch swap
were used for the analysis, including gaps. Bwap values were derived from a total

of 10,000 replicates. Pertinent analyses were conducted through the use of MEGA 6
software Tamura et al., 2013Eleven additional sequences from related fungal taxa

(i . e. rel ated t o t heved fromtGan@Bank, and wesetineludeda | ) we

in the phylogenetic analysis. Among thaviycor fragiliswas used as out group.

3.3 Fungal strains
In this study, the three active straiispergillus nigerAspergillus flavusand

Penicillium chrysogenumwere isolated from wood samples taken from the different
locations mentioned above.

For fungal growth prior to infestation of wood samples, Czdpekagar (CZA) was

used: sucrose 30 g/L, sodium nitrate 2 g/L, dipotassium phosphate, 1X/
magnesiumsulfa@®5 g/L, potassium chloride 0.5 gAerrous sulfate 0.01 g/L, and agar

20 g/L (final pH: 7.3 at 25°C). CZA was poured into Petri dishes, and was further
inoculated with fungal spores, which were uniformly distributed onto the surface of the
medium with a wapped glass spreader. Wood samples (treated and untreated, with and
without fungicide) were put at the center of each Petri dish.ThePetri dishes were sealed
by using Parafilm to prevent any possible contamination and drying of agar over an

incubation perid of four months at 28°C.

3.3.1 Sample incubation
Fungal cultures were incubated at 28°C for four months. After this incubation period,

the wood samples were picked out and cleaned mechanically with a brush to remove
mycelia. The samples were conditioneé@% + 2°C and 65% relative humidity (RH)

for 72 hbefore measurements
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3.4 Fungicides used

3.4.1 Chitosan
Chitosan (Fig. 14) is a linearolysaccharidec o mposed of randomly di

( 1 Y-Wnked D-glucosamine (deacetylated unit) andN-acetytD-glucosamine

(acetylated unit). It is made by treating tietin shells of shrimps and other crustaceans
with an alkaline substance, suchsaslium hydroxide

OH OH OH

HO B
HO OHD #OHD OH

NH> NH, NH,
L In

Fig. 14. The chemical composition of chitosan
(https://en.wikipedia.org/wiki/Chitosan).
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3.4.2 Propeconazole

Propiconazole (Fig. 15) is atriazole fungicide and isalso known as a DMI, or
demethylation inhibiting fungicide, due to its binding with and bition of the 14
alpha demethylase enzyme from demethylating a precursogasteral Without this
demethylation step, the ergosterols are not incorporated into the growing fetigal c

membranes, and cellular growth is halted.

Cl

Fig. 15. The chemical composition of propiconazole
(https://en.wikipedia.org/wiki/Propiconazole#/media/File:Propiconazol.svj

3.4.3 Tebuconazole

Tebuconazole(Fig. 16) is driazol€ungicide
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HI'-.I _N
Cl

Fig. 16. The chemical composition of tebuconazole

(https://en.wikipedia.org/wiki/Tebuconazolg.

Chen(2009), Schubert et al. (2012) mentioned that propiconazole and tebuconazole
have been used as fungicides for wood protection.

Propiconazole and Tebuconazloe are triabaleed fungicides that are commonly used

to controlfungi andare also incorporated into wood preservative formulations (Lebow
et al., 2013, Alonso et al., 2014).

3.5 The application of fungicides to the wood samples
The method of application of fungicidesed was the impregnation technique. The

samples weresoaked with fungicides until saturation. Upon removal of excess
fungicide, the samples were allowed to dryrabm temperature, and were then
transferred to Petri dishes (Abedhksoud, 2006)

Chitosan [deacylated chitin, poly(Bylucosamine)] dissolved i8% acetic acidvas

used in this study. The concentrations used were 0.25%, 0.50%, and 0.75%. Chitosan
(low molecular weight) was purchased from Aldrich. The control samples were treated
with acetic acid alone (2%).

PropiconazolgCisH17C2N3O2) and tebuconaole (CieH22CIN3O) fungicides
dissolved in toluene were used in this study. The concentrations used were 0.25% and

0.50%. Theséungicideswere also purchased from Aldrich.
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3.6 Investigation techniques

3.6.1 Measurement of color change with Ugpectrophotometry
Color changes caused by the effect of accelerated incubation wyrkesneasured by

using the CIE L*a*b* systerfAbdelMaksoud andAiSaad, 2009; Abdd{laksoud and
Marcinkowska, 1999 AbdelMaksoud and Marcinkowska, 2000The L* scale

measures lightness, and varies from 0 (black) to 100 (perfect)white a* scale

measuresredr een, wi th oO+ad -amderaena mign gnomoecer  egr eaenro
scale measures yellelv| u e, with O6+bdmeamd nge ammirreg ymd e
blue. Thetota col or di fference (@E) is calcul atec

(Billmeyer and Saltzmari981):

AE = /(ALY + (Aa)® +(Ab)’

Measurements were made using a Macbeth Color Eye 7000 UVspectrophotometer
(GretagMacbeth, USAThis method was used with chitosan.

3.6.1.1 Whiteness (WI) and yellowness (Y1) indices
Whiteness index(WI) and yellowness index (Y1) resulting from accelerated incubation

cycles were measured with a doublam spectrophotometer(Colour®Ye 3100,
SDL, UK). The two indices were calculated using the following equation:

WI= L1 3b+3a

Y1=142.86 *b/L
where L is the brightness, the rgoken CIE component, and the yeliwueCIE
component (Caivano and Buera 2012; Ibrahim et al. 2013). This metsdsed
with propiconazole anttbuconazole

3.6.1.2 Calibration of spectrophotometer with neutral density filters
The spectrophotometer was calibrated for photometric and wavelength scales by

multiple readings with standard neutral density glass filtEkhnown nominal values.
Reflectance calibration was done using standard ceramic white tile of known
reflectance value (anideal white surface reflects 100 of all incident light while an ideal
black one absorbs 100% of incideigtht) at temperature of23°%€ and 42% relative
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humidity ASTM E27501; AbdEl mageed et aR016) For reliable results, the doubts
from the associated errors were taken into consideration in uncertainty estimation

procedures (Ehagar 2012).

3.6.2 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared attenuated total reflection spectroscopy {ATH) has

been used extensively to investigate adsorption and reactions on surfaces. This method
of analysis was used in accordance with Jadoul (@98I6); Poulot et al. (1999); Xie

et al. (2002); Velkova and Lafleur (2002); Kazarian and Chan (2006); Liao et al. (2006);
Dias et al.(2008); and Russeau et al. (2009). A significant advantage of the ATR
technique is that the wood sample does not require any piepataereby minimizing
possible damage to the sample (Terinte et al., 2011). The infrared spectra were obtained

using a JASCEATR-FT/IR-6100 Fourier transform infrared spectroscope.

3.6.3 XRay diffraction (XRD) for the determination of wood
crystallinity
The crystallinity of selected samples that were either untreated or treated with

chitosan at different concentrations, and of samples infected by the fungi under study,

was determined using a Lab XRD600&a§ diffractometer (Shimadzu, Japan). The

resultsfor four peaks were selected in the fitting of each diffractogram, three peaks

for the cellulose crystalline peaks (101),
(2d degrees), mamnunffuUWHM)wi(d2tdh daetg rheaelsf) , and

wereobtained for each fitted peak.

3.6.4 Peak position (2d degrees)
The positions of the peaks in anrrXy diffractogram reflect the dimensions of the

crystallite of the cellulose unit cell.

3.6.5 Peak width (2d degrees)
Measurement of the degree of crystaty by using peak width (the width at half

height parameters in 2d degrees) was done |
Weidinger (1961). The peak width was calculated by taking the difference between

the peak position and the half height intersection antptying by two. These

parameters should represent the width of the peak at half its height if no other peaks

have interfered.
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3.6.6 Peak intensity (2d degrees)
There are two methods for evaluation of the intensity of untreated, incubated and

untreatedand incubated and treated wood samples. These methods were applied as

follows:

First method.This method was used in accordance with Hermansand Weidinger
(1961). I n this method, the intensities of
against the (10Ieak intensity.

Second methodTlhis method was used in accordance with Segalet al. (1959)and

Terinte et al. (2011). By this method, the crystallinity index can be calculated

according to the following equation:

Crl = [(Ts02 - Lam)/(T002)] * 100

WhereCrl = crystallinity index,loo2 =intensity at approximately 22.@ dandlam=
intensity at approximately 22 d .

This crystallinity index, which is based on the tploase model for cellulose, has no
absolute theoretical significance, but it is as good as any other approachrébatikie
ranking of cellulose | crystallinities. This method was therefore used in ranking the

crystallinities of the cellulose examined.
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Chapter Four

Results and Discussion of
Chitosan Fungicide



Chapter Four: Results and discussion of chitosafungicide

4.1 ldentity of the fungal strains isolated from wooden artifacts

The main morphological features of the strains isolated were as follows:

A. Strain HRad MEA 25°C, 7 d: colony diameters 8%.0 cm, plane to floccose;
conidial heads radiate to columnar, yellowish to green to olive green; mycelium
white; reverse uncolored. Stipes 1860 x 6.42 1. 5 & m, rough, pal
vesicles globose to sulmjlose to ellipsoidal, 2005 5. 0 & mAspergilidse .
biseriate less of tenuniseriate, or both in the same vesicle; metula®5840x 3.7
7.2 &m, pi h3i0axR.R4d.eds e€/m;6 coni di a gl obose, S m
3.859%x273. 3 & m.

B. Strains A2 ad HRbd MEA 25°C, 7 d: colony diameters 8.0 cm, granular,
conidial heads radiate or splitting into columns, brownisholive to green brown, later
dark brown to black; mycelium white, submerged; reverse color cream. Stifes 330
2300x4.82 1. 5 ¢ med todighttbmwng smooth; vesicles globose, P3X0
e m wiAspergillus biseriatemetulae rarely septate, 1P3%.0 x 421 0. 4 €& m;
phialides 5.v11.6 x 294 . 4 & m. Conidia subglibhxse to ¢
265. 1 &m.

C. Strain 50360 MEA 25°C, 7d: colony diameters 3@5 mm, plane, velutinous,
margin entire, mycelium white, margin thin; conidiogenesis abundant, grgigsh
to dull green; no exudates or soluble pigments; reverse yellow to dull green.
Conidiophores borne from aerial and superficigycelium; stipesseptate, apices
vesiculate, 46130 x 343 . 7 em, smoot h, thin wal | ed;
irregularly terverticillate or quaterverticillate; metulae in verticils ©6,2smooth,
7.413.0x245. 2 & m; phi al iid, amspullform, smeotht6iBc2i | s of &
x252. 8 & m; conidia subgl obhdlsxe242 08 bgmadl y
smooth, thickwalled, borne on long irregular columns.

The above morphological descriptions led to the following initial taxonomic

assessmentdA. flavusfor strain HRa,A. niger for strains A2 and HRb, an®@.

chrysogenunfor strain SO3.

Since identification to the species level of fungi of these two genera is often difficult

and ambiguous, the four strains were also subjected to sequence analysis of their ITS

5.8S region. The sequences obtained (GenBank accession numbers: KU243044,
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KU243M5, KU243046, andKU243047) were compared to published sequences
selected on théasis of their highest homology {@00%, through the use of the
BLASTN algorithm; NCBI). The phylogenetic tree constructed byincluding all these
sequences confirmed the identof three outof the four strains examined, while the
fourth strain (HRb) was grouped together withtubingensigFig. 15). It is noteworthy

that A.niger and A. tubingensis are among the several morphologically
indistinguishable species of the sectidigri(Someren et al.,, 1991; Samson et al.,
2007); hence, the use of molecular markers was necessary for their discrimination

(Peterson, 2008).
Strain A2
84
A. niger KI173526
97 HVA. niger GU362012

A. tubingensis IN585941

57 A. tubingensis IN561261

86 Strain HRb

A. flavus I1Q316530

9
A. flavus KF562204
99

A. flavus KF309038

Strain HRa

97 | P. chrysogenum IN561259
95 P. chrysogenum KP329791

91 [~ Strain 503
P. chrysogenum GU985086

M. fragilis EU484229

P —
01

Fig. 15. Phylogenetic relationships among fungal strains of the genefspergillus

and Penicillium isolated from the inner part of wooden artifacts as inferred by
using the maximum likelihood method based on the Kimura zparameter model
(Kimura, 1980) The tree with the highest log likelihood (3274.0695) is shown.
Sequences derived in the context ofieé present study are marked in bold, whereas
other highly similar sequences were obtained from GenBank. The percentages of
replicate trees in which fungal material clustered together in the bootstrap test
(10,000 replicates) are shown next to the branchesh e n v a | ((Felsens@i& 0 %
1985) Mucorfragilis was used as outgroup.
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4.2 Change of color

4.2.1 Lightness (L* value)
It was clear from the data obtainégppendiy) that the lightness of the samples infected

by the fungi isolated decreased in relattorthose of the control samples, and also
decreased with increasing incubation times. The highest reduction in lightness was
obtained withA. niger, followed byP. chrysogenurandA. flavus The data obtained

from the incubated samples treated with claitoshowed resistance of the samples to
fungal infection. The concentration of chitosan used was important in combatting the
fungi studied and in improving lightness compared to infected samples that were not
treated. The best results for lightness wereaiabtl with the third concentration,
followed by the second concentration and then the first. It should be mentioned that the
capacity of chitosan for disinfection decreased with increase in incubation time.

It was clear from the data obtaine@ippendiy) that the degree of red color in the
infected samples caused by the fungi being studied increased to a great extent compared
to the control sample. The degree of red color (a* value) in the infected samples
decreased with increasing incubation time until #tte month of incubation. The
highest increase in red color value was obtained Ritthrysogenunfollowed byA.

niger and thenA. flavus We also noticed that the red color of the treated samples
decreased compared to samples that were only infectedumigi but not treated. The
reduction in the red color of treated samples decreased with increasing concentration of
chitosan. It should also be mentioned that the red color values of the samples that were
both treated and infected with fungi increasethwvincreasing incubation time at all

concentrations used.

4.2.3 Hue: more yellow (b* value)
It was clear from the data obtained that the b* value of the infected samples

corresponded to yellow, which increased with increasing incubation time. The highest
increase in yellow color value was obtained vidtichrysogenurrfollowed byA. niger

and therA. flavus The yellow color of the samples treated with chitosan increased with
all chitosan concentrations and with all incubation times, relative to the csatnples.

The yellow color values of samples treated with chitosan decreased compared to the
samples that were only infected with fungi but not treated. The yellow color values of
the treated samples decreased with increasing concentration of chitosamsiils
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confirm that the yellow color values of the samples that were both treated and infected

with fungi increased with increasing incubation time at all concentrations used.

4. 2.4 Tot al color difference ( pE)
It was clear from the data obtained ttied total color difference in the infected samples

increased with increasing incubation time. The total color difference in the treated
samples decreased with increasing concentration of chitosan. Mold fungi cause
discoloration of wood. Blanchettet al. 004) mentioned that these fungi do not
degrade lignified cell walls but use the contents of ray parenchyma cells to grow on the
surfaces of wood and slightly into the wood. He also stated that staining fungi have
pigmented mycelia that penetrate intowwod through the rays, bordered pits, and cell
lumen.

Morrell and Smith(1988)observed that the graying of wood surfaces is almost
exclusively the result of growth of dadolored fungi. The fungi that colonize
weathered wood surfaces can grow on mogbaracontaining materials. Growth of
molds occurs after spores germinate on the surface of wood; then hyphae ramify
through the outer few millimeters of wood by penetrating the cell Lumina, bordered
pits, and rays. The hyphae of fungi that colonize soft®@yd most prominent in rays
and resin ducts, where they grow by metabolizing sugars, starch, and resin acids. The
walls of the rayparenchyma and epithelial cells surrounding resin ducts are often
destroyed, leaving elongated, open channels that inctbaspermeability of the
affected wood. This effect may contribute to pronounced fluctuations in the surface

moisture content of wood.

4.3 FTIR analysis
It was clear from the data obtain@€lgs. 1618) that the band at approximately 3,572

cm® (control sample) could be assigned to O=H stretching vibration, which gives
considerable information about the hydrogen bonds. Relative to the control samples
and for all incubation times (1 month to 4 months), the peak characteristics of hydrogen
bonds fom the spectra of amorphous cellulose became sharper and of lower intensity,
and the peak shifted to higher wavenumber values for all samples treated at different
chitosan concentrations and it applied to samples incubated with any of the three fungi
studed.
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Compared to the control samples, the wave number of the infected samples
shifted to lower values wittA. flavus and to higher values witl\. niger and
P.chrysogenuntCiolacuet al(2011)stated that the broad band in the 3j&)200 cm
! region, is die to OHstretching vibration, gives considerable information about the
hydrogen bonds. The peak characteristics of hydrogen bonds from the spectra of
amorphous cellulose became sharper and of lower intensity compared to the initial
cellulose samples. Sharet al. (2013) stated that the FTIR spectra of wood samples
with fungal decay show large changes in peak intensity and peak position compared to
corresponding samples without fungal decay.

For all the samples studied and for all incubation times, the Izdnd
approximately 2,941 cthwas assigned to the C=H stretching vibration. This peak also
showed the presence of amorphous cellulosic samples. For all the fungi studied and for
all incubation times, the peak intensity from the incubated samples tredtezhitdsan
decreased relative to those from the control samples and the infected samples.
Bugheanu et al(2010) statd that the cellulose components are susceptible to
microorganisms. Free cellulosic components are a favorite substrate for
microorganismsand a decrease in the corresponding peak intensity is always assigned
to this phenomenon.

Lojewska et al(2005) four that the intensity of the band at around2,900 cm
lcomes from the C=H stretching vibrations, which could change depending on the
conditions used. In this study, the amount of amorphous cellulose increased with
increasing concentration of chitosan.

The bands at 1,659 chior the control samples and 1,685 tfor the infected
samples were assigned teGCbonds. The intensity of this pealorfin the infected
samples increased compared to the peak from the control samples. It also increased
with increasing incubation time. The intensity of the band increased because of the
appearance of € bonds, which indicated that there was a decompositmreps. For
incubated, treated samples, the intensities of the peak decreased relative to the control
samples, and this also indicated the potency of chitosan to protect against infection by
the fungi studied. Bugheanu et #R010) reported that change® ithe band at
approximately 1,650 crthare due to the different moisture levels in the samples. The
source of moisture in the samples studied may have been from the wood samples and

chitosan, which was dissolved in 2% acetic acid.
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The FTIR absorption barat approximately 1,434 ctrfor the control samples,
1,428 cmt for infected samples, and 1,424 trfor most of the incubated, treated
samples was assigned to an asymmetricCH2bending vibration. This band is known as
the fAcrystal l i niatdgcredsaimits dtensity eeflects arregluction ia t
the degree of crystallinity of the samples. We noticed that the intensity of the band at
1,428 cmt for most of the incubated samples treated with chitosan increased more than
for the control samples anifected samples. This band reflects the increase in

amorphous cellulose.
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Fig. 16: FTIR of wood samples treated with chitosan at different concentrations
and infected with Aspergillus nigerfor different lengths of time: (A) after 1
month, (B) after 2 months, (C) after 3 months, and(D) after 4 months.
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Fig. 17: FTIR of wood samples treated with chitosan at different concentrations

and infected with Aspergillusflavus at for different lengths of time: (A) after 1
month, (B) after 2 months, (C) after 3 months, and(D) after 4 months.
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Fig. 18: FTIR of wood samples treated with chitosan at different concentrations
and infected with Penicillium chrysogenumfor different lengths of time: (A)
after 1 month, (B) after 2 months, (C) after 3 months, and(D) after 4 months.
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4.4 XRD analysis of wood treated with chitosan and infected with
different fungi
Poletto (2012) explained that there are several ways for the celluh@ses cto

crystallize. The degree of crystallinity of native cellulose is sedsgendent; the
crystallinity of wood cellulose is typically around 60%. There are six known crystal
polymorphs of cellulosel, II, 1ll, 1V, V, and VI. In nature, polymerization and
crystallization of cellulose occurs at the same time and its native crystalline form with

parallel chains is called cellulose I. This study focuses on cellulose I.

4. 4.1 Peak position (2d degrees)

It was clear from the databtained Figs. 1921) t hat t he positions of
and (002) peaks of the control sampl e were
The positions of these peaks after infection with any of the fungi studied shifted to a

lower value for alincubation times (from 1 to 4 months).The values for the positions

of the (101), (10 O), and (002) peaks incr
concentrations) and infection with any of the fungi studied, relative to the control
samples.Wealsoont i ced that the increase in the pee¢
of the treated and infected samples increased with increasing concentration of chitosan.

4.4.2 Peak width
The peak width at half maximum is a measurement of the degree of crystalliaity

material. It was clear from the data obtain€ty$. 1921) that the peak widths for
cellulose I ((101), (10Q), and (002)) of t|
respectively. The peak widths for samples infected with the fungi studieshssd
relative to the control sample. The increase in the peak width of infected samples
increased with increasing incubation times (from 2 to4 months). The peak widths of the
samples that were treated and infected with fungi increased relative to tre aod
infected samples that had not been treated. The increasing in the peak widths of the
treated and infected samples increased with increasing concentration of chitosan. It can
be said that the samples that were treated and infected with any ohgjideld to an
increase in the peak width, which may have been due to the water used as a solvent for
chitosan. The increase in peak width became reduced after three and four months of
incubation, perhaps due to reduction in moisture content of the woualesa
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4.4.3 Peak intensity

From the data obtainedifjs. 1921), the crystallinity of the control samples was 3.6

by the first method and 51.4 by the second method. This value decreased after infection
with the fungi under study. The decrease in intgngicreased with increasing
incubation times, and this may have been due to the fact that mold fungi cause

microstructural changes in cellulose and reduce the crystallinity values (in those cases

where lignin has already been degraded by other fungi).

The crystallinity index of the samples that were treated at the first chitosan
concentration (0.25%)and infected with fungi was higher than that of the control and

infected samples.
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Fig. 19: X-ray diffraction patterns of wood samples treated with chitoan at
different concentrations and infected withAspergillus niger(1: control sample;
2. infected sample; 3: treated with 0.25% chitosan and infected; 4: treatec
with0.50% chitosan and infected; 5: treated with 0.75% chitosan and infected
for different | engths of time: (A) after 1 month, (B) after 2 months, (C) after 3
months, and(D) after 4 months.

The crystallinity index by the first and second methods decreased after 2 months and
started to increase again after three and four months. We n{ftieedmeasurement

of peak intensity) that it decreased with increasing concentration of chitosan. Goh et al.
(2012) showed that the crystalline phase of cellulose with no microbial infection has a

higher intensity than cellulose that has been infected.
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Fig. 20: X-ray diffraction patterns of wood samples treated with chitosan at
different concentrations and infected withAspergillus flavus(1: control sample;

2: infected sample; 3: treated with 0.25% chitosan and infected; 4: treated witt
0.50% chitosanand infected; 5: treated with 0.75% chitosan and infected) for
different lengths of time: (A) after 1 month, (B) after 2 months, (C) after 3
months, and(D) after 4 months.
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Fig. 21: X-ray diffraction patterns of wood samples treated with chitosan at
different concentrations and infected withPenicillium chrysogenum(1: control
sample, 2: infected sample, 3: treated with 0.25% chitosaand infected; 4.
treated with 0.50% chitosan and infected; 5: treated with 0.75%chitosan and
infected) for different lengths of time: (A) after 1 month, (B) after 2 months, (C)
after 3 months, and(D) after 4 months.
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Chapter Five: Results and discussioof the fungicide propiconazole
5.1 Measurement of color changes by spectrophotometry

5.1.1 Calibration of spectrophotometer
The method of calibration is based on ASTM BD5and ASTM 9282. The UMWVIS

spectrophotometer was calibrated for wéasggth andohotometric accuracy over the

wavelength range 20800 nm.

5.1.1.1 Wavelength calibration
The peaks from the standard Holmium filter glass and deuterium filter glass were

compared with the readings given by the instrument over the UV and visible range(200

nm to 1,100 nm). The results are given in Tdble

Table 1: Wavelength calibration of doublebeam spectrophotometer

Filter type Certified peak Measured peal Wavelength error
position position (measured
certified)

333.80 334.0 0.20
360.78 361.78 1.00

RM-HG 9115 445.81 445.70 10.11
453.63 453.47 10.16
460.16 460.03 10.13
536.62 536.44 10.18

RM-DG 9114 513.42 513.19 10.23
573.19 572.72 10.47
684.54 684.38 10.16
740.82 739.15 11.67
806.97 807.06 0.09
879.15 879.45 0.30
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5.1.1.2Photometric calibration
Photometric calibration (Tabl@) for the UW-VIS spectrophotometer, where the

absorbance measurements were performed by multiple readings of a standard neutral
density glass filter of nominal absorbance, temperature was°@3t51 °C and the
humidity was42% * 5%.

Table 2: Photometric calibration of double-beam spectrophotometer

Wavelength | Filter | Nominal Certified Average Error
(nm) no. filter filter measure of| (measured certified)
absorbance| absorbance| absorbance
(AU)
440 0.0406 0.055 0.0144
465 0.0402 0.054 0.0138
546 14438 0.04 0.039 0.049 0.0100
590 0.0387 0.048 0.0093
635 0.0384 0.046 0.0076
440 0.1497 0.15 0.0003
465 0.1356 0.136 0.0004
546 13427 0.1 0.1357 0.135 10.0007
590 0.1435 0.142 10.0015
635 0.1450 0.393 0.0248
440 0.3403 0.338 10.0023
465 0.3028 0.301 10.0018
546 13898 0.3 0.3050 0.303 10.0020
590 0.3263 0.324 10.0023
635 0.3305 0.328 10.0025
440 0.5525 0.553 0.0005
465 0.5021 0.503 0.0009
546 13724 0.5 0.5162 0.517 0.0008
590 0.5452 0.545 10.0002
635 0.5297 0. 530 0.0003
440 1.0612 1.056 10.0052
465 Lo 0.9785 0.974 70.0045
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546 13693 0.9926 0.990 10.0026
590 1.0359 1.033 10.0029
635 0.9887 0.986 10.0027
440 13852 2.1371 2.137 0.0000
465 2.0 1.9885 1.987 10.002
546 2.0092 2.001 10.008
590 2.0487 2.039 10.010
635 1.9381 1.929 10.010

Tablesl and2 show the systematic error when the measured value was compared with
the nominal values from a standard neutral glass filter. To obtain accurate results, the
error found in these tables was used for the reading of wood samples in order to cancel
the systeratic error.

To calibrate the spectrophotometer for measurement of reflectance, the
regularly used standard white ceramic tile that was supplied with the
spectrophotometer, which was measured against a calibrated spectrophotometer
traceable to NISTiUSA for reflectance measurements (Fig. 22). Reflectance
measurements are very important for color determination according to the CIE Lab

color system, and, in turn, for determination of the whiteness and yellowness indices.

100.0

95.0
90.0
850 W—O—O—”—*—‘Q

80.0

75.0

Diffuse reflectance (%)

70.0

400 500 600 700
Wavelength (nm)

Fig. 22: Calibration of the standad white tile that was supplied with the

spectrophotometer, whichis used for reflectance measurements.
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The results (Fig. 22) showed that there wasiation from 100% reflection at all the
visible wavelengths studied (40080 nm). These errors were exaddrom the actual
measured values before calculating the CIE Lab parameters in addition to the whiteness

and yellowness of wood samples.

5.1.1.3 Uncertainty of color measurements using the standard white
tile
To estimate the uncertainty of the whitenass yellowness of our measurements in
this research, we focused on the standard white tile and we classified our uncertainty
parameters in two main categories, namely:
1. Uncertainty of repeatability (uncertainty type A), which represents the statistical

analsis of measurements (precision).

UA=OOAT AACGEADEODT A AER A OO O AHqgdatiod ©

2. The budget of all possible sources of error (uncertainty type B), systematic and

random errors (Table 4), t hat were produ

resolution, drift, and uncertainty type A.

uB= 5 5 5 5 5 +5 5 (Equation 2)
where:
Ua = uncertainty of repeatability,
Ucair = uncertainty of calibration of spectrophotometer,
Ucaz = uncertainty of calibration for wte tile,
Uarit = the drift raised from the maximum error of the spectrophotometer in two
successive years (2016 and 20@bscriptl means spectrophotometer and subscript2
means white tile),
Uresolution(Ure9= half of the lowest reading of the spectioppmeter.
In this research, we focused on the diffuse reflection of the white tile. The
measurements were repeated five times and the readings were as followS8).Table

Table 3: Uncertainty type A for the whiteness of thestandard white tile

S Diffuse Average | Variance | Standard Ua % Ua(of
reflection deviation average)

1 82.9

2 82.9 83.0 0.003 0.106 0.0475 0.057

3 82.9
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4 83.0
83.0

Table 4: Uncertainty budget Us of diffuse reflection measurement of the white tile

Symbol Value % Divisor Correlation Result
coefficient

Ua 0.0475 0.0570 1 1 0.057
Ucan 0.006 0.2808 2 1 0.14
Ucal2 1.000 1.2063 2 1 0.603
Ures1 S5E-05 0.0023 1.7321 1 0.001
Uarifta 0.1 0.0010 1.7321 1 6E-04
Udrift2 1 0.0100 1.7321 1 0.006

By applying equation 2we obtained the result g3 0.6528 and to expand the
uncertainty value to obtain a confidence level of 95%, we used the coverage factor (2
as the standard Gaussian distribution standard curve).

Uexp = 1.3056 (K=2 for 95% confidence level)

Contribution values as shown in Figure (23We found that the most
predominant source of uncertainty was the uncertainty of calibration of both the
spectrophotometer and the standard white tile. On the other hand, the resolution of the
spectrophotometer had values ttltauld be neglected as a source of error when

compared to the other contributions.
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0.4000 -
0.2000 - I
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UA Ucall Ucal2 Uresl Udriftl Udrift2
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%
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Fig. 23: Uncertainty parameters
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From these uncertainty studies, we can reduce the uncertainty of the whiteness
measurements by paying more attention to the followingtgoin

1 calibrate the instrument used and apply the correction of reading whenever needed;
1 make all measurements traceable to the CIE color measurement system;

1 use the instrument with the lowest uncertainty values (Vik, 2017).

5.1.2 Effect of fungicide treatnent on whiteness and yellowness

indices

Most fungi feeding on the dead or decayed partgarfd do not ingest their food, but

they absorb it. The hyphae secrete enzymes to break down the wood material and make
it suitable for absorption. Fungi grow on seface and within the substrate itself. This
activity of fungi changes all thehemical, physical, and mechanical properties of the
wooden substrate.

Fungi are organisms that live on organic materials such as wood. The mycelium
grows on the surface or thin the substrate. The hyphae obtain nutrients by osmosis
through the hyphal walls, causing the disintegration of the organic matter they utilize.
Fungi secrete enzymes to break down carbohydrates to simple sugars. The organic
substrate is broken down mthe necessary nutrients, which are absorbed through the
hyphae walls. Any amount of fungal growth for any period of time will decompose the
substrate on which it feeds, however, but to cellulose is generally observed only after
anextended period of gra. The shorter the period ekposure, the less the damage
(http://cool.conservaticns.org/coolaic/sg/bpg/pcc/12_mefiongi.pdf, signed June
27, 2017).

Fungi can causetans on the surface of wood at an advanced state of

degradation. These stains may be caused by metabolic processes, such as acids being
produced during the hydrolysis of the cellulose or other nutrient matter; chemicals
being produced during the digestpmcess, and excreted-pyoducts; or simply from
pigments being present in the fungal structure itself. Certain molds are known to
produce pigmentsand may cause extensive color changes in the substrate, even
though their growth is limited. It has beeaoted that soméenicillium sp.produce

yellow stains in some cases and pink stainsotiners [ttp://cool.conservation

us.org/coolaic/sg/bpa/pcc/12_meflangi.pdf_signedJune 27, 2017).
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Figure 24 shows interaction between ageing tithe,action of the fungicide
propiconazoleat two concentrations (0.25 and 0.50% w/v), and infectiontHrge
different fungi, namelyAspergillus niger, Aspergillus flavus and Penicillium
chrysogenunfwith an ageing time of up to 4 months). The data obtainetidpergillus
niger (Fig. 24A) revealed that most of the samples had a mavkédnessncrement
up to the second month, with no remarkable changes for further periods of ageing. For
yellowness (Fig. 24B),the infected wood sample that was treated with a low
concentration of gpiconazole(0.25%) had a higher degree ydllownessthan the
other samplesbut a slight decrease in yellowness was noted beyond 3 months of

ageing.

The dataor Aspergillus flavugFig. 24C) showed that thehitenessndex of
the samples did not change significantly due to treatment with the two different
concentrations of propiconazole. The only marked change was for the sample treated
with 0.25% propiconazel from the first to the second month. Regarding yellowness
(Fig. 24D), the data showed the same trend as in Fig.24B.

It was clear from the data obtained witénicillium chrysogenuigFig. 24E and
F) that there was a remarkable change in whiteness irotlisocsample and sample
treated with 0.25% propiconazole, from first to the second month. It can be added that
the whiteness of the infected samples changed up to 4 months. For yellowness index

(Fig. 24F), the data showed the same trend as seen in Bign24D.

Sandoval et al. (2010) attempted to explain the color changes seen in wood
when infected by microorganisms. They reported that microorganisms can cause
discoloration of wood. Fungal attacks reduce the quality of wood, since they modify
the color Blue staining is caused by microscopic fungi that commonly infect only
sapwood, using sapwood compounds such as simple sugars and starch. As the fungi
grow, the fungal hyphae suppress water transportation in the host, causing discoloration
of the wood. ey cannot grow in heartwood, and in most wet woods that do not contain
the necessary food substances. Bitsen fungi are prone to cause bluish or grayish

discoloration of wood, but they do not lead to decay.
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chrysogenum
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5.2 FTIR analysis

5.2.1 Propiconazole withAspergillus flavus
The results obtained from propiconazole at the concentrations us@dpengillus

flavuswereas follows (Fig. 25):
The band at 3,571.5cm? to 3,647.7was assigned t®-H stretching in

cellulose, hemicellulosend lignin It was clear thaall the frequencies of these bands
were shifted to higher wavenumbers with the increase in the intensities compared to the
control sample, indicating breakdown of some hydrogen bonds and formatimref
hydroxyl groups. Thigrobably resulted from a hydrolysis effect. We also noticed
broadening of these bands with a decrease in frequency after treatment relative to
infected samples, especially after 3 andndnths. At 0.50% propiconazole the
frequencies ofhis band 8,571.5cm1) gradually shifted with increasing incubation
period to higher values compared to the control sanipies can be explained by
Aspergillus flavusecreting cellulase enzymes that broke down hydrogen bonds at early
stages of infection.However, with @ingicidetreated wood we found that the
frequencies decreased compared to the infected samples. It can be said that
propiconazole could reduce the secretion of enzymes or inhibit their activities.
Edwards (2006) said that Propiconazole is a fudgiclt inhibits an enzyme involved

in ergosterol biosynthesis, which is critical to the formation of the cell walls in fungi,

thereby slowing or stopping fungal growth.

The band at1,739.5cnm! was assigned tangonjugated C=@tretchingn ester

groupsof hemicellulose We noticed the disappearance of tha@nd in infected and
treated samples at the propiconazole concentrations used, excepstntie treated
at 0.50% after 4 months of infection. This indicated that both infectiohspergillus
flavus and treatment with propiconazole strongly affected hemicelluloses in wood and
hydrolyzed its ester groups to acidic ones.

The band at 1,645.9 cm to 1,706.7 cmwas assigned todaorbed O-H and

C=0 conjugated stretching of cellulose.A new broad band@entered around 1,700

cmit for 0.25% propiconazoland 1,706 cmfor 0.50% propiconazole appeared after
fungal infection. This band is assigned to acidic carbonyl groups resulting from

hydrolysis of the ester groups bémicellulose. Broadening of this lwhmay result
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from O-H bending of absorbed water together with C=0 conjugated stretching of some
cellulose oxidation.
The band at 1,511.9cm™ for both 0.25% and 0.50% propiconazole was

assigned toaromatic skeletal vibration in lignin. We noticed that this band
disappearedr decreased in intensity after fungal infection, indicating decomposition
of the aromatic skeleton of lignin. On the other hand, the increase in intensity after
treatment with fungicide reflected the good effect of propazole on lignin content.

The bands from 1,465.6 cm to 1,380.7 crtwere/areassigned toplane

deformation of C-H in carbohydrates and lignin. These bands showed a decrease in
or absenceof absorption at these wave numbers, showing that advanced lustay
occurred in cellulose as well as ligrandindicating that a depolymerization process
hadoccurred. Treatment protected cellulose and lignin from decomposition.

The bands from 1,284.4 cmito 1,164.8 cirt were assigned tasgmmetric C-

O-C vibration in carbohydrates. The band around 1,275 ciis assigned to syringyl

ring and GO stretching in xylan and hemicellulose. The decrease in intensity of this
band in the infected wood after 3 and 4 months suggested a decreaseniraridni
adjacent hemicelluloses in the ultrastructure of the wood. Treatment with 0.25% and
0.50%propiconazofgotectedwo od fr om such decay. "Bands
range are related to-O-C stretching in cellulose and hemicelluloses. Disappearance

of bands around 1,175 chafter treatment indicated advanced breaking of cellulose
chains and showed that depolymerization had occurred. Appearance of the bands in

infected and treated wood after 4 months imaye been due to crosslinking reactions.
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Fig.25: FTIR of wood samples treated with propiconazole at different
concentrations and infected withAspergillus flavusfor different lengths of
time: (A) after 1 month, (B) after 2 months, (C) after 3 months, and (D) after
4 months.

5.2.2 Propiconazte with Aspergillus niger
The results obtained with propiconazole at the concentrations ugegpergillus niger

was (Fig. 26) as follows:
The band at 3,571.5cm? to 3,647.%as assigned t®-H stretching in
cellulose, hemicellulose, and ligninWith0.25% and 0.50% propiconazokd| the

frequencies of this band for the infected wood sample were shifted to higher values
compared with that of the control sample. This was due to cleavage of some hydrogen
bonds. After 3 and 4 months, wood sampieated with 0.25% propiconazaad all
samples treated with 0.50% propiconazitewed alecrease in wave number, which

was accompaniely increased intensities, indicating the presenceadfoxylic acid

and hydroxyl groups. This can be explainedAsgergillus niger performing some
oxidation reactions to form the alcohol monolog of propiconazole, which was further
oxidized to form the carboxylic acid analogabpiconazole. These compounds are the
primary oxidation products of the methyl groups ontdraary butyl moiety.

The band at1,739.5cm™ was assigned tanconjugated C=0 stretching in

ester groups of hemicelluloseThe results with 0.50% propiconazasleowed that in

the infected samples, the intensity of this band decreased compared with that of control
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sample. However, ithe treated samples after 1 and 2 months, the intensities slightly
increased compared to those of the corresponding infected samgiesating the low
effect of the fungicide. On the other hand, a sharp increase in intensity with a shift to
lower wavenumber was found in the samples that were treated for 3 and 4 months. At
0.50% propiconazole, infection witkpergillus nigerhad a clar role in hemicellulose
hydrolysis. This was confirmed by a decrease in the band from ester groups at 1,739.5
cmland the appearance of a new one around 1,700which was assignable to acidic
carbonyl groups. The results also showed the good effect of treatment with 0.5%
propiconazole on hemicellulose content.

The bands at 1,664.3.9 crh 1,647.5cm™,and 1,706.7 crit were assigned to

adsorbed OH and C=0 cmjugated stretching in cellulose.A new broad band

centered around 1,707 cmappeared after fungal infection and treatment with
propiconazole for 1 and 2 months. This band was assigned to acidic carbonyl groups
resulting from hydrolysis of some estgoups ofhemicellulose.

The band at 1,511.9cm™* for both 0.25% and 0.50% propiconazeVas/is
assigned t@aromatic skeletal vibration in lignin. The results at 0.25% showed that

except for the samples treated for 3 and 4 months, all the intensitiessef bands
decreased compared to that of the control sample, indicating decomposition of the
aromatic skeleton of lignin. At 0.50% propiconazole, a decrease in the intensities of
these bands after fungal infectiomlicated decomposition of the aromatkeketon of
lignin. The results also showed that treatment had an inhibitory effect on the
decomposition of lignin.

The bands at 1,468.5 cmy 1,561.7 crit,and 1,381.7 criiwere/areassigned to
plane deformation of GH in carbohydrates and lignin. At 0.25% propiconazole,

except for the samples treated for 3 and 4 months, all the intensities of these bands
decreased compared to that of the control sanAtied.50% propiconazole, he
decrease or absence of absorptions at these wave numbers showed thatl aldwayce
had occurred in both cellulose and lignin, which indicated that a depolymerization
process had occurred.

The bands at 1,284.4 cmy, 1,176.4 cmt,and 1,164.8 cit were assigned to

asymmetric C-O-C vibration in carbohydrates. At 0.25%propiconazoleexcept for

the samples treated for 3 and 4 months, all the intensities of these bands for both
infected and treated samples decreased compared to that of the control sample. The

increase in the treated samples after 3 and 4 months may have resultecef@@ th
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bonds of hydroxyl and carboxylic groups formed from fungal oxidation of
propiconazole. At 0.50%propiconazole, the decrease in intensity of the band around
1,270 cmt in the infected wood suggested a decrease in lignin and adjacent
hemicelluloses inhte ultrastructure of the wood. Disappearance of the bands between
1,160 and 1,176 cor adecrease in their intensities indicated advanced breakage of
cellulose chains and showed that depolymerization had occurred. Increase in the
intensities of these bas after treatment reflected the good effect of 0.5%

propiconazole.

5.2.3 Propiconazole withPenicillium chrysogenum
The results obtained witpropiconazole at the concentrations usedPamicillium

chrysogenumvas (Fig. 27) as follows:
Theband at3571.5cm™ to 3647.Avas assigned t0-H stretchingin cellulose,

hemicellulose, andignin. At 0.25% propiconazole xeept for the samples treated for

3 and 4 months, all the frequencies of these bands were shifted to higher wavenumbers,
with an increase inntensity compared to that of the control sample. This indicated
breakdown of some hydrogen bonds and formatiomofe hydroxyl groups. This
probably resulted from fungal hydrolysis effect in infected samples and/or oxidation

of propiconazole in treatesamples. This reflected the weak effect of propiconazole.
Broadening of this band in the samples treated for 3 and 4 months, with an increase in
intensity and aecrease in frequency compared to corresponding infected samples,
reflected the formation of amre hydroxyl groups from formation ehore hydrogen
bonds as a result of propiconazole oxidation. At 0.50% propiconazole, excém for
O-H stretchingband of the sample treated for 4 months, littheange wadound in
treated samples compared to corresjiiog infected samples. However, in gample
treatedfor 4 months, the band broadened and the frequency sharply decreased with

increased intensity, as a resulfpobpiconazole oxidation.

81



s Control = Infected sample 0.259% m= 0.50% e Control = Infected sample - 0.25% === 0.50%
100 -
N\
80
Z 60
@
£
= 40
L]
20
0 0
4000 3000 2000 1000 0 4000 3000 2000 1000 0
A Wavenumber cm-1 Wavenumber cm-1
106 === Control = Infected sample ~——0.25% ww== 0.50% 150 = Control — Infected sample ——— 0.25% w=== 0.50%
80 80 -,
.‘E) 60 260 -
w w
g g
=R} = 40 -
= =
20 20 |
0 0
4000 3000 2000 1000 0 4000 3000 2000 1000 0
C Wavenumber ¢m-1 D Wavenumber cm-1

Fig.26: FTIR of wood samples treated with propiconazole at different
concentrations and infected withAspergillus nigerfor different lengths of
time: (A) after 1 month, (B) after 2 months, (C) after 3 months, and(D) after
4 months.

The band at1,7395 cm* was assigned tongonjugated C=0 stretching in

ester groups of hemicelluloseAt 0.25%propiconazole, the intensity of this band
increased after treatment compared to that after infection, indicating the good effect of
0.25% propiconazole dmemicelluloseAt 0.50%propiconazole xeept for the sample
treated for 4 months, the intensities of this band in infected and treated samples were
almost the same, and they were lower than that ofahéol, indicating the lack of
effect of 0.5% propiceazole on hemicellulose.

The bands at 1,664.3 cthand 1,647.5 cimt were assigned tadaorbed O-H

and C=0 conjugatedstretching in cellulose.At the concentrations used, we noticed

that inall the infected and treated samples, new bands appeared around 17680 cm
which wereassignable to carbonyl stretching in oxidized cellulose in addition to
carbonyl groups resulting from propiconazole oxidation in treated samples.

The band at 1,511.9cm? for both 0.25% and 0.50% propiconazole was

assigned toramatic skeletal vibration in lignin. At 0.25%propiconazole, we noticed
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a decrease in the intensity of this band after fungal infection, indicating decomposition
of the aromatic skeleton of ligni®n the other hand, the increase in intensity after
treatment with fungicide reflected the good effect of 0.25% propiconazole on lignin
content. At 0.50%, the intensity of this band decreased after fungal infection and after
treatment. These results retied the decomposition of the aromatic skeleton of lignin.
It was also noticethat the increase in propiconazole concentration is not recommended
for Penicilliumtreatment.

The bands at1,468.5 cmiand 1,381.7 cmt were/are assigned toplane

deformation of C-H in carbohydrates and lignin. At 0.24% propiconazolethe
decrease in absorption at these wave numbers in infected samples showed that advanced
decay had occurred in both cellulose and lignin, indicating that a depolymerization
proess had occurred. Treatment with propiconazole protected cellulose and lignin
from decompositionAt 0.50% propiconazolegxcept for the sample treated for 4
months, the intensities of this band in infected and treated samples were lower than that
of the @ntrol, indicating the lack of effect of 0.5% propiconazole on wood components
and that a depolymerization process had occurred.

The bands from 1,284.4 cd to 1,176.4 cirt were assigned to symmetric

C-O-C vibration in carbohydrates. At 0.25% propiconazole, a decrease in band
intensity around 1,275 chin the infected wood samples suggested a decrease in lignin
and adjacent hemicelluloses in the ultrastructure of wood. A decrelaaednntensity

at 1, 165 *ihinféc86 samptes indicad breakage of cellulose chains, i.e. That
depolymerization hadccurred. Treatment with 0.25% Propiconazapt wood from

such these decayst 0.50% propiconazolegxcept for the sample treated for 4 months,
the intensities of these bands for infected &reated samples were lower than that of
the control, indicating the lack of effect of 0.5% propiconazole on wood components

and that a depolymerization process had occurred.
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Fig.27: FTIR of wood samples treated with propiconazole treated at different
concentrations and infected withPenicillium chrysogenunfor different lengths
of time: (A) after 1 month, (B) after 2 months, (C) after 3 months, and (D) after
4 months.

These results wermnfirmed by Karlsson et al. (2011) who used propiconazole as
a fungicide with concentration 0.6%. They have used this material because of it good

durability and has an effectiveness for the protection of wood against fungi.

5.3 X-ray diffraction for determination of the crystallinity of wood

531Peak position (2 d degrees)
It was clear from the data obtained (Figs. ZB that the positions of the peaks (10),

(100), (002) of the
respectively. The positions of these peaks shifted to lower valftessinfection with
any of thefungi studied. The highest shift was obtained whtbpergillus flavus

and control sampl e

followed byPenicillium chrysogenumandAspergillus nigef or peaks
but for peak (002) the highest shift was obtained witipergillus niger followed by
Aspergillus flavusaand Penicillium chrysogenunWe also noticed that the shift of the

peaks to lower values decreased with increase in incubation times.
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The data obtainefFigs. 2830) showed that the peak positions of itfected
samples treated with propiconazole at different concentrations increased with
increasing concentration of fungicide used. The increase in peak positions decreased
with increasingncubation timesThe results also showed that the highest increase in
peakposition was obtained witAspergillusniger, followed byAspergillus flavusand

Penicillium chrysogenumsing the first and second concentrations of propiconazole.

5.3.2Peak width
The peak widthat half maximum is a measurement of the degree of crystallinity of a

material. It was clear from the data obtained (Figs3@Bthat the peak width of
cellulose I (101, 100Q, and 002) was 0.009,
of samples infeted with Aspergillus niger Aspergillus flavus and Penicillium
chrysogenunncreased compared to the control sample. The peak width of cellulose |
(101, 100, and 002) any of the &ungp dtudied increated c t e d
compared to the control sphe. The peak width increased with increasing incubation

time. The increase peak position was explained by Howell (2p0&ho described

initial degradation of the amorphous hemicelluloses and widening of the crystallites by
nonrenzymatic mechanisms, suas through hydroxyl radicals. These rezymatic

processes increase the amount of amorphous material presenivoaoithel he peak

width of thesamples that were treated with propiconazole (Figs.at the first and

second concentrations and infeckdth any of the fungi studied increased after the first

and seconaveeks andlecreased after the third and fourth weeks of incubation. It was

clear from the data obtained that the peak width increased in the samples infected with
any of the fungi studiedt can be said that the fungicidieeatedsamples infected with

any of the fungi led to an increase in the peak width, which may have been due to the

solvent used with propiconazole.

5.3.3Peak intensity
It was clear from the data obtaindgigs. 2830) that the crystallinity of the control

sample was 3.6 by the first method and 51.4 by the second method. This value
decreased after infection with any of the fungi studied. The decrease in crystallinity
increased with increasingcubation time. The crystality index of the sample
infected withAspergillus nigemwas 3.5, 3.44, 3.4, and 3.38 by the first method and
50.8, 50.2, 49.8, and 49.5 by the second method, respectively, after 1, 2, 3, and 4

months, respectively. The crystallinity index of the samiplected withAspergillus
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flavuswas 3.53, 3.50, 3.47, and 3.52by the first method and 50.4, 50.0, 49.4, and 49.5by
the second method, respectively, after 1, 2, 3, and 4 months. The crystallinity index of
the sample infected witRenicillium chrysogenurwas 3.50, 3.48, 3.51, and 3.54by the

first method and 50.4, 50.6, 50.7, and 50.80by the second method, respectively, after 1,
2, 3, and 4 months. For the fungicitteated, infected samples (Figs.3), the
crystallinity index increased compared to the cohtsample. The increase in the
crystallinity index decreased with increasing incubation time.

Niemenmad2008) stated that fungi degrade amorphous cellulose more readily
than crystalline cellulose regions. The remaining cellulose after decay showed an
increase in crystallinity. Fungvere found to preferentially degrade polysaccharides in
wood and to produce large amounts of -:OH. The study suggested that fungi produce
extracellular -OH as part of their woaldgrading systenit should be noted thatood

decay only altered the degree of crystallinity, but not the lattice structure of cellulose.
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Fig.28: X-ray diffraction patterns of wood samples treated with propiconazole
at different concentrations and infected with Aspergillus nigerfor different
lengths of time: (A) after 1 month, (B) after 2 months, (C) after 3 months, anc
(D) after 4 months (1: control sample; 2: infected sample; 3: sample treate
with 0.25% propiconazole and infected; 4: sample treated with 0.50%
propiconazole ard infected).
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Fig.29: X-ray diffraction patterns of wood samples treatedvith propiconazole
at different concentrations and infected withAspergillus flavus for different
lengths of time: (A) after 1 month, (B) after 2 months, (C) after 3 months,
and(D) after 4months (1: control sample; 2: infected sample; 3: sample treatec
with 0.25% propiconazole and infected; 4: sample treated with 0.25%
propiconazole andinfected).
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Fig. 30: X-ray diffraction patterns of wood samples treatedwith propiconazole

at different concentrations and infected with Penicillium chrysogenumfor

different lengths of time: (A) after 1 month, (B) after 2 months, (C) after 3
months, and(D) after 4 months (1: control sample; 2: infected sample; 3
treated with 0.25% propiconazole and infected, 4: treated with 0.50%
propiconazole and infected).
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Chapter Six: Results and discussion of the fungicide tubeconazole

6.1 Effect of fungicide treatment on whiteness and yellowness indices
The results obtained concerning the effect of treatment conditions and the action of

ageing onrAsperigllusniger andtreatment with the fungicide tebuconazole fungicide
are shown in Fig. 31A and Fig. 31B. The whitendssreased up to the second month
andthenincreased to the fourtmonth Eig. 31A). The untreated, infected sample
showed anarked reductioim whiteness up to the second month; titeéncreased for

the rest of thegeing period. Because the amount of aqueous material in the sample
was highethan in the other samples, fungal growth was higher. The results also showed
the yellowness of the samples studied (Fig.)31Bth no remarkable change, but the
yellowness of theuntreated sample and the treated, infected sample (0.25%
tubeconazole) wakigher than fothe other samples, due to the action of fungicide.
Regarding the effect on the yellowness index, the sample treated with the lower
concentration of tebuconazole (0.25%) and the infected, untreated sample showed a
higher degree of yellownsghan that treated with 0.50% tebuconazole. This can be
attributed to the washing effect with the low concentration of fungiartethe low

effect of that concentration on the fungus together with the high solids content of the
fungicide materials. Theesults also revealed (Fig. 31B) that the untreatddcted
sampleand the sample with the low concentration of tebuconazole (0.25%), which had
a low content of solids and no shading film on the surface of the sample, had a higher
degree of yellownesthan the control sampland the sample treated with the higher
concentration of tebuconazole (0.50%). None of the samples shamyedharked
change duringhe four months of ageing.

The data obtained show the effect of ageing time up to 4 months for the wood
samples infected wittAspergillus flavugFig. 31C and 31D). These samples were
treatedwith the same two concentrations of tebuconazole fungicide (0.25% and 0.50%
w/v aqueous solution) or untreated. It is clear from Fig. 31Cthat the whiteness decreased
with ageing until the second month, then increased. This could be attributed to many
mechanisms and effects, including treatment with the fungicide materiadplids
contentof its residue on the surface, drying effects, oxidation of lignin, growth of the
fungus itself. All of the abovementioned factors magontribute to changing the
topography and color of the wooden surface, and in¢hamge the interaction with

light on the surface. The data obtairsdslboshow the effect of treatment, ageing time,
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andthe action of the fungué\spergillus flavuon the yellowness index of the wood
sampleskig. 31D). The yellowness of the sample that was not treated and the sample
that was treated with 0.25% tebuconazilereased up to the second month then
decreasedlhe yellowness of most cellulosic materials may be duitation. Raw

wood samplesnostly have colors ranging from pale yellow to dark brown, and the
trend in the figure showed that there wasnarked change in yellowness in the control
sample and thateated with 0.50% tebuconazole. This finding indicates that the higher
concentration of tebuconazole preserved the wood samples from the surrounding
environmental and fungal effects.

The results obtained alsshowed the interaction betweeRenicillium
chrysogenumand tebuconazole for founonths Fig. 31E and 31F). There was no
remarkable change in the whiteness index in the control samglthe sample treated
with 0.50%tebuconazol€Fig. 31E), but for the untreated sample and the infected
samples therwas a remarkable increasenihiteness due to the growth lefphaeon
the surface of th&vood due to the high moisture content, especially after 3 months. The
yellowness index of all samples showed no remarkable change (Fig. 31F), but the
control sampleand that treated with 0.25% tebuconazole had lower values due to the

depression of fungal growth on the surface.

6.2 FTIR analysis

6.2.1Tebuconazole withAspergillusflavus
The results obtained witAspergillusflavus and tebuconazole at the concentrations

usedwereas follows (Fig. 32):
The band at 3,571.5cm™? to 3,647.7was assigned t@®@-H bond stretching in

cellulose, hemicellulose, ligninAt 0.25%tebuconazole, except the for siaenples that
weretreated for 3 od4 months, all the frequenciésd shifted to higher wavenumbers
with an increase in intensity compared to the control sample. This probably resulted
from fungal hydrolytic enzymes that cleaved some of the hydrogen bonds and formed
more hydroxyl groups. Thbroadening of these bands with a decrease in frequency
after treatment for 3 and 4 months reflects the ability of 0.28%conazole to inhibit

the activity of fungal enzymest 0.50%ebuconazoleall frequencies measured at all
ageing times reflectedh¢ ability of this concentration of the fungicitte inhibit the

hydrolytic activity of fungal enzymes.
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The band at1,739.5cm™* was assigned tongonjugated C=0 stretching in

ester groups of hemicelluloseAt 0.25%tebuconazole, except for the sampilest
were treated for 3 or 4 months, the ester groups of hemicellulose had disappeared,
indicating that there was complete hydrolysis of ester groups to acidic ones. This result
showed the good effect of 0.25% tebuconazole on hemicellulose content. #¢ 0.50
tebuconazole, infectiowith Aspergillusflavus had a strong role in hemicellulose
hydrolysis. This was confirmed by disappearance of the band for ester groups at 1,739.5
cm!and appearancef a new one aaround 1,706 cmh which could be assigned to
acidic carbonyl groups. The results also showed the good effeeathent with 0.5%
tebuconazolen hemicellulose content.

The band at 1,645.9 cm to 1,706.7 cmtwas/is assigned tadsorbed O-H
and C=0 conjugated stretching in cellulose. At 0.25%ebuconazolein infected

samplesa new broad band around 1,706 carose, resulting from hydrolysis of the
ester groups ohemicellulose. This band was also associated with a absorb¢d O
bending.With 0.50%tebuconazolgt was cleaithat all the hydrolged hemicellulose
samples gave a bandaabund 1,706 crh assignable to acidic carbonyl groups.

The band at 1,511.9cm for both 0.25% and 0.50%ebuconazolevasl/is

assigned t@romatic skeletal vibration in lignin. Disappearancef these bands or a

decreas@ their intensity after fungal infectiandicated decomposition of the aromatic
skeleton of lignin. The results also showed that treatwht the fungicide had a
positive effect on lignin content.

The bands from 1,465.6 cm to 1,380.7 cmt were assigned to plane

deformation of C-H bondsn carbohydrate and lignin. The results with the
concentrations of tebuconazole used showed disappearance or decrease in band
intensity in fungally infected samples due to depolymerization of carbohydrate and
lignin. On the other hand, the intensities of these bands increased after treatment,

reflecting the role of the fungicide in protecting wood from decay.
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Fig. 31: Effect of treatment ofwood samples (that have been infected with differerfungi)
with tebuconazoleon thewhiteness and yellowness indice8.and B: Aspergillusniger; C and
D: Aspergillus flavus E and F: Penicillium chrysogenum
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The bands from 1,284.4 cm to 1,164.8 cmt were assigned tasymmetric C-O-C

vibration in carbohydrates. At 0.25%tebuconazole, the decrease in band intensity
around 1,275 crhwhen the samples were infected for 3 or 4 momsinggested a
decrease in lignin and adjacent hemicelluloses. Treatment with G&tfi%onazole
inhibited the effects ahe fungus. At 0.50%, the intensity of the bandraund 1,275
cm! increased in the treated samples, indicating that treatment with
0.5%ebuconazoleinhibited the effects of the fungus. Disappearance of some bands (at
025% and 50%) in the 1,164183 cm' range in both infected and treated samples
indicated that advanced breakage of cellulose chains and depolymerization had
occurred. The appearance of bands in infected and treated wood after 4 months may

have been due to crosslinking reactions.
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Fig. 32: FTIR of wood samples treatedwith tebuconazole at different
concentrations and infected withAspergillus flavusfor different lengths of

time: (A) after 1 month, (B) after 2 months, (C) after 3 months, and(D) after 4
months.

6.2.2Tebuconazole withAspergillus niger
The results obtained withspergillus nigeandtebuconazolat the concentrations used

were as followgFig. 33):

Theband at3,571.5cm to 3,647.7 cmtwas/is assigned to stretching ©fH

bonds in cellulose, hemicellulose, and lignin For 0.25% tebuconazole treated
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samples showed little change in the frequency and intensity of these bands after one or
two months compared to the infected samples, indicating a weak effect of the fungicide
on Aspergillus nigerWith the higher concentration (0.50%¥cept for the band of the
sample treated for four months, all the bands of the samples shifted to higher
frequencies compared to that of the control sample. The intensity of the bands of
samples treated for one dwo months decreased compared to those of the
corresponding infected samples, indicating a weak effect of the fungicide on
Aspergillusniger. On the other handhe bands in samples treated for 3 and 4 months
(25% AND 50%) broadened and shifted to lowenvgaumber with anncrease in
intensity,indicating the presence of carboxylic acid and hydroxyl grolips. can be
explained byAspergillus nigeoxidizingthe methyl groups débuconazole to form the
alcohol, which was further oxidized to forrarboxylic acid.

The band at1,739.5cm™* was assigned tongonjugated C=0 stretching in

ester groups of hemicelluloseln samples treated with 0.25% tebuconazole, after 1
and 2 monthghe intensity of this band had decreased compared to those of the
corresponding infected samples, showing no effect of the fungicide on the fungus and
that the fungicide had a negative effect on hemicellulose content. At 0.50%
tebuconazole, the intensity this band in all treated samples was higher than that of
the corresponding infected ones. Howewesampledreated (with the concentrations
used) for three and four months, the intensity increased compared to that of the control
sample and those ofdleorresponding infected samples. This wesbably due to ester
formation resulting from the reaction between the hydroxyl groups of cellulose or those
of oxidized tebuconazole and the carboxylic groups resulting from the final oxidation
step of celluloser tebuconazole and ester groups of remaining hemicellulose.

The bands at 1,664.3 crh 1,647.5cmt,and 1,706.7 criwere/are assigned to
adsorbed OH and C=0 conjugatedstretching in cellulose.At the concentrations
usedanew broad band ilmange hppdared Sted furdgal infection c m

and fungicide treatment. This band was/is assigned to acidic carbonyl groups resulting
from hydrolysis of some ester groupshaimicellulose in infected samples or resulting
from oxidation of tebuconazole in treated samples. We noticed that oxidation of
tebuconazole increased with time, as seen from incredsamgl intensity with
increasingncubation period.

The band at 1,511.9cm-1 for both 0.25% and 0.50% tebuconazole was

assigred toaromatic skeletal vibration in lignin. At 0.25% tebuconazolexcept for
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the samples treated for 3 or 4 months, the intensity of these bands decreased compared
to that of the control sampl e indicating o
lignin. At 0.50% tebuconazole, in the treated samples the intensity of these bands
increased compared that of the infected sample, indicatimggood effect of the
fungicide on the aromatic skeleton of lignin.

The bands at 1,468.5 crh and 1,381.7 cmi were assigned to plane

deformation ofC-H bonds in carbohydrate and lignin. At 0.25% tebuconazole,
except for the samples treated for 3 or 4 mortkigsintensities of these bands decreased
compared to that of the control sampM 0.50%tebuconazol¢heintensities of these
bands in the treated samplesreased compared to those in the infected samples,
indicating that the fungicide had a good effect.

The bands at 1,284.4 cmy, 1,176.4 crt,and 1,164.8 cimt were assigned to

asymmetric C-O-C vibration in carbohydrate. At 0.25% tebuconazole, except for

the samples treated for 3 or 4 months, the intensities of the bands in both infected and
treated samples decreased compared to that of the control sample. The increase in the
sampledreated for 3 or 4 mongimay have resulted from@ bonds of hydroxyl and/or
carboxylic groups formed from fungal oxidation of tebuconazole. At 0.50%
tebuconazole, thimtensities of these bands in the treated samptesased compared
to that of the infected sample, indicatitngit the fungicide had a good effect.

In regard to dry wood: tebuconazole is an effective fungicide in sebamne
wood preservatives and is also effective against molds susbpasgillusniger. The
substance is almost unbleachable, stable in exposure to light and heat, not volatile, and

warrants longerm effectiveness (Unger et al., 2001).

6.2.1. Tebuconazolewith Penicillium chrysogenum

The results obtained witiPenicillium chrysogenumand tebuconazoleat the
concentrations used weas follows (Fig. 34):

Theband at3,571.5cm to 3,647.7cmt wasassignedo stretching ofO-H bonds in

cellulose, hemicellulose, antignin.
All the samples treated with 0.25% or 0.50% tebuconazole showed gradual shifts with
time to lower wavenumbers, whichwas accompanied by an increase in intensity

compared to the corresponding infected samples antbtiteol sample. This resulted
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from formation ofmore hydroxyl groups and more hydrogen bonds due to oxidation of
tebuconazole.

The band at 1,739.5cm* was assigned tongonjugated C=0O stretching in ester

groups of hemicelluloseWith all concentrations of tebuconazole used, &tw®pt for

the sample that wadreated for one month (which showea poor effect of
tebuconazole), all the other treated samples showed an increase in intensity compared
to that of the control sample or to those of corresponding infected samples. This was
probably due to ester formation resulting froeaction between the hydd groups of
cellulose or of oxidized tebuconazole and the carboxylic groups resulting from the final
oxidation step of cellulose or tebuconazole and ester groups of remaining

hemicellulose.

Control

s Control —— Infected sample 0.25% we= 0.50% Infected sample 0.25% === 0.50%

100

Intensity

4000 3000 2000 1000 0 4000 3000 2000 1000 o

A Wavenumber cm-1 B Wavenumber cm-1

Infected sample - “ 0.25% ww——0.50%

Control

Control = Infected sample 0.25% = 0.50%

4000 3000 2000 1000 o 4000 3000 2000 1000 0
Wavenumber ¢cm-1 Wavenumber cm-1

Fig. 33: FTIR of wood samples treatedwith tebuconazole at different
concentrations and infected withAspergillus nigerfor different lengths of
time: (A) after 1 month, (B) after 2 months, (C) after 3 months, (D) andafter
4 months.

The bands at 1664.3 cmhand 1647.5 ct wereassigned todsorbed O-H and C=0

conjugated stretching in cellulose. In the samples that were treated wiit23%

tebuconazolenew bands appeared at 1,6817cm'. With 0.50% tebuconazole,
except for the sample that was treated for four months, daltehted samples showed
new bands ithe 1,6801,650 cmiregion, assignable to carbonyl stretching conjugated

band of oxidized cellulose and also to carbonyl groups resulting from tebuconazole
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oxidation.The simple treated for four months showed a strormdtet 1,725.9 crh
assignabléo carboxylic groups of oxidized tebuconazole. Some researcherhade
that tebuconazols oxidized by some fungi first to hydroxyl groups, then to carbonyl
groups, and finally to carboxylic group#/¢o, et al., 2010).

The band at1,511.9cm-1 for both 0.25% and 0.50%tebuconazolewas/is

assigned t@aromatic skeletal vibration in lignin. Theintensityof this band increased

after treatment with the fungicide. This reflected the good effect of 0.25 % tebuconazole
on lignin content.

With 0.50%tebuconazole, excdpt the sample¢hat wadreated for one month,
the intensity of this banahcreased aftereéatment, reflecting the good effect of this
concentration oftebuconazole on lignin content. The substantial increase in the
intensity of this band indicated that as decay progressed, extensive loss of carbohydrate
occurredand lignin concentrations increased in the remaining wood (Blanchette, 2000;
Pandeyand Pitman, 2003).

The bands from 1,468.5 cmand 1,381.7 cit were assigned toplane

deformation of C-H bondsin carbohydrate and lignin. The intensities of these bands
in the samples treated with 0.25% tebuconazxieept for the treated sample given 1
month of incubation, increased relative to that of the infected sample, indiagtogl
effect of the fungicide on these bands.

The bands from 1284.4 cm to 1176.4 cmt were assigned tasymmetric C-

O-C vibrationin carbohydrate. Compared to the control sample and corresponding
infected samples, the intensities of these bands increased after treatment with
0.25%tebuconazole, except for the sample treated with 0.50% telaade and
incubated for one month. Thisay haveresulted from GO bondsof hydroxyl and
carboxylic groupseingformed from fungal oxidation of tebuconazaed the quiet

good effecbof the fungicide on the stability of these bonds.
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s Control = Infected sample -~ 0.25% === 0,50%
y B\

)

s Control == Infected sample ~— 0.25% s 0.50%

Intensity

0 0
4000 3000 2000 1000 0 4000 3000 2000 1000 0
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s COntrol = Infected sample ~—— 0.25% === 0.50% s Control = Infected sample ——— 0.25% s 0.50%

)

4000 3000 2000 1000 0 4000 3000 2000 1000 0
C ‘Wavenumber ¢cm-1 D Wavenumber cm-1

Fig. 34: FTIR of wood samples treatedwith tebuconazole at different
concentrations and infected with Penicillium chrysogenumfor different
lengths of time: (A) after 1 month, (B) after 2 months, (C) after 3 months,
and(D) after 4 months.

Stirling (2013) usedtebuconazole for the preservation of wood. It had good
resistance against fungi.

6.3 X-ray diffraction analysis (XRD) of samples treated with
tebuconazole and infected with different fungi

6.3.1Peak position (2 d degrees)
The resultgevealed that thposition of the (101) peak increased aftertreatment with

tebuconazolat either of the concentratioasd infection with any of th&ungi (Figs.

35-40). The peak position value of the wood samples treated with tebuconazole at the

first concentration (0226) and infected witspergillus nigewas 14.76, 14.72, 14.67

and 14.6X2d ) 4,f2,t3eand 4 months, respectively. At the second concentration of

tebuconazole (0.50%), It was 14. 78, 14. 72,
The peak position value of the wa samples treated with tebuconazole at the

first concentration (0.25%) and infected witspergillus flavusvas 14.70, 14.66,

14.62, and 1454 2 d) after 1, 2, 3,At hemsecomd mont hs

concentration of tebuconazole (0.50%yéas1 4 . 7 6 , 14. 71, 14. 66, and
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The peak position value of the wood sample treated with tebuconazole at the
first concentration (0.25%) and infected wiBenicillium chrysogenumvas 14.72,
14.68, 14.62,and 145992 d) af t er 1, respgkctivelg Atthaseecbnd4d mont h
concentration of tebuconazole (0.50%), i1t
The peak position (100) increased after
of the concentrations and infection with any of the fungi. péak position value of
the wood samples treated with tebuconazole at the first concentration (0.25%) and
infected withAspergillus nigewas 16.74, 16.70, 16.67,and 1662 d) after 1,
and 4 months, respectively. At the second concentration ().BQ%as 16.76, 16.71,
16. 66, and 16.61 (2 d).
The peak position value of the wood samples treated with tebuconazole at the
first concentration (0.25%) and infected witspergillus flavusvas 16.73, 16.69,
16.64, and 16. 0 ( 2afted 1, 2, 3, and 4 monthsespectively. At the second
concentration (0.50%), it was 16. 73, 16. 70
The peak position value of the wood samples treated with tebuconazole at the
first concentration (0.25%) and infected wi@enicillium chrysogenumvas 16.70,
16.66, 16.62,and 16.8 ( 2 d) after 1, 2, 3, and 4 mont
concentration (0.50%), it was 16. 70, 16. 65
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The peak position (002) increased aftertreatment with tebuconaizeliéher
concentration and infectn with any of the fungi. The peak position value of the wood

samples treated with tebuconazole at the first concentration (0.25%) and infected with
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Fig. 35: X-ray diffraction patterns of wood samples treated with tebuconazole at
different concentrations and infected withAspergillus nigerfor different lengths
of time: (A) after 1 month, (B) after 2 months (1: control sample; 2: infected
sample; 3: sample treated with 0.25% tebuconazole dninfected; 4: sample

treated with 0.50% tebuconazoleand infected).

Aspergillus nigewas 22.88, 22.83, 22.76,and224 (2 d) after 21, 2, 3

respectively. At the second concentration (0.50%), it was 22.89, 22.82, 22.78, and 22.73
(2 d).
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Fig. 36: X-ray diffraction patterns of wood samples treated with tebuconazole at
different concentrations and infected withAspergillus nigerfor different lengths
of time: (A) after 3 months, (B) after 4 months (1: control sample; 2: infected
sample;3:sample treated with 0.25% tebuconazoland infected; 4: sample treated

with 0.50% tebuconazoleand infected).

The peak position value of the wood samples treated with tebuconazole at the first

concentration (0.25%) and infected wilspergillus flavusvas 22.86, 22.80, 22.76,

and 22.71 2 afte) 1, 2, 3, and 4 months, respectively. At the second concentration

(0.50%), it was 22.87, 22.81, 22.76, and 2
The peak position value of the wood samples treated with tebuconazole at the

first concentation (0.25%) and infected witRenicillium chrysogenumvas 22.85,
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22.79, 22.74, and 22.0

concentration

6.3.2Peak width

(0.

It

wa s

22.

(aer M 2, 3, and 4 months, respectivélythe second
50 %) ,

86,

The peak width(Figs. 3540) of samples infected witAspergillus nigerand treated
with tebuconazole at the first concentration (0.25%) was 0.13, 0.15, and 0.58 mm; 0.14,
0.16, and 0.61 mm; 0.12, 0.14, and 0.56 mm; and 0.11, 0.13, and 0.54 ini® for,
and 002fter 1, 2, 3, and 4 months, respectively. With tebuconazole at the second

concentration (0.50%), the peak width was 0.13, 0.16, and 0.64 mm; 0.14, 0.17, and 66

mm; 0.12, 0.14, and 0.62 mm; and0.11, 0.13, and 0.56 mfn fod |

1, 2, 3, and 4 mdhs, respectively.
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Fig. 37: X-ray diffraction patterns of wood samples treatedvith tebuconazole at

different concentrations and infected withAspergillusflavus for different lengths
of time: (A) after 1 month, (B) after 2 months (1: control sample; 2: infected

sample; 3: sample treated with 0.25% tebuconazoland infected; 4: sample

treated with 0.50% tebuconazoleand infected).
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Fig. 38: X-ray diffraction patterns of wood samples treated with tebuconazole at
different concentrations and infected withAspergillus flavusfor different lengths
of time: (A) after 3 months, (B) after 4 months(1: control sample; 2: infected
sample; 3: sample treated with 0.25% tebuconazoland infected; 4: sample

treated with 0.50% tebuconazole and infected).

The peak width of samples infected withspergillus flavusand treated with
tebuconazole at the first concentration (0.2%%43 0.13, 0.12, and 0.61 mm; 0.12, 0.13,
and 63 mm; 0.11, 0.11, and 0.57 mm; and 0.10, 0.10, and 0.51 ninOfdr , 100,
002afterl, 2, 3, and 4 months, respectively. At the second tebuconazole concentration

(0.50%), the peak width was 0.14, 0.13, and 0.64 mm; 0.15, 0.11, and 62 mm; 0.13,

0.10, and 0.57 mm; and 0.11, 0.10, and 0.51 mrh forl , 1 O @fter la2p3jand O 2

4 montls, respectively.
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The peak width of samples infected wRenicillium chrysogenumand treated with

tebuconazole at the first concentration (0.25%) was 0.14, 0.15, and 0.57 mm; 0.13, 0.14,

and 0.53; 0.11, 0.12, and 0.50 mm; and 0.10, 0.11, and 0.48 ni for, 100,

and

after 1, 2, 3, and 4 months, respectively. At the second concentration (0.50%), the peak
width was 0.15, 0.14, and 0.65 mm; 0.14, 0.13, and 0.60 mm; 0.11, 0.11, and 0.55 mm,;

and 0.10, 0.10, and 0.50 mm far0 1 , 1 0 Qafter | 2,d3, ad @ nonths,

respectively.
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Fig. 39: X-ray diffraction patterns of wood samples treated with tebuconazole at
different concentrations and infected withPenicillium chrysogenunfor different

lengths of time: (A) after 1 month, (B) after 2months (1: control sample; 2:

infected sample; 3. sample treated with 0.25% tebuconazole and infected; 4:

sample treated with 0.50% tebuconazole and infected).
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Fig. 40: X-ray diffraction patterns of wood samples treated with tebuconazole at
different concentrations and infected withPenicillium chrysogenuntor different
lengths of time: (A) after 3 months, (B) after 4months (1: control sample; 2:
infected sample; 3. sample treated with 0.25% tebucozale and infected; 4:

sample treated with 0.50% tebuconazole and infected).

6.3.3Peak intensity

The Peak intensityHgs. 3540) for the samples infected withspergillus nigerand

treated with tebuconazole at the first concentration (0.25%), the crystallinity index by
the first method was 4.1, 4.0, 3.8, and 3.6 after 1, 2, 3, and 4 months, respectively. By
the secondnethod, itwas 51.70, 51.30, 51.10, and 50.67. For the samplected

with Aspergillus nigeland treate@t the second concentration (0.50%), the
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crystallinity index by the first methodwas4.1, 4.0, 3.7, &dhfter 1, 2, 3, and 4
months, respectively. By the second method, it was 52.90, 51.60, 51.20, and 50.76.

For the samples infected witkspergillus flavusnd treated with tebuconazole
at the first concentration (0.25%), the crystallinity index by the first method was 4.0,
3.8, 3.7, and 3.6after 1, 2, 3, and 4 months, respectBglthe second method,was
51.80, 51.30, 51.08, and 50.#pr the samples infected witkspergillus flavusand
treatedat the second concentration (0.50%), the crystallinity index by the first method
was4.1, 4.0, 3.8, and 3.7, and by the second methedsit51.70, 51.20, 508 and
50.40.

For the samples infected witRenicillium chrysogenunmand treated with
tebuconazole at the first concentration (0.25%), the crystallinity index by the first
method was 4.0, 3.9, 3.7, and 3.6, and by the second methasi5t1.60, 51.10, 5008
and 50.50.For theamples infected witlPenicillium chrysogenumand treated with
tebuconazole at the second concentration (0.50%), the crystallinity index by the first
method was 4.0, 3.8, 3.7, and 3.6, and by the second metvesi5tL.70, 51.30, 580,
and 50.30 after 1, 2, 3, and 4 months, respectively.
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Chapter Seven

Conclusions
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Chapter Seven Conclusions

1 Archaeological sites in Egypt contain woodggtifacts thasuffer from deterioration
caused by different factors including physical facten®isture, temperature, and
light), chemicalfactors (air pollutants, dust, and particulate matter), and biological
factors (insects and microorganisms). Because of ther$agtentioned above, we
noticed many forms of deterioration, such as stdnesn different sources,
discoloration, deformation, etc.

1 Fungi play an important role in the deterioration of archeological wood in Egypt,
especially in certain environment#spergllus niger Aspergillus flavus and
Penicillium chrysogenurwere the fungi identified from different sites in historical
Cairo, Egypt.

1 The lightness of the samples infected with any of the fungi studied decreased with
increasing incubation time. The rdsisce to fungi of the samples treated with
chitosan increased with increasing concentration of fungicide. The percentage loss
of lightness withA. niger infection and treatment of samples with chitosan at
differentconcentrations was higher than the petaga loss of whiteness in similarly
treated samples infected with flavusor P. chrysogenumA. flavusgave the highest
increase in a* value for the samples treated with chitosan at any of the concentrations
used, followedby. chrysogenunand thenA. niger. The a* value of the samples
treated withchitosan decreased with increasing concentratiombitdsan, buthe
samples treated at all concentrations higther a*values tharthe control samples.

The yellowness (b* value) of samples infectdgth fungi increased with increasing
incubation time. The yellowness the samples treated with chitosan was higher
than that of thecontrol samples, but this value decreased with increasing
concentrations of chitosan after one month for all the fstugiied aftertwo months

for A. flavus and after three months f&r nigerandA. flavus

1 It is very important to take into consideration all possible sources of uncertainty
when measuring theolor components antklated parameters, including whiteness
and yelbwness. Special care should be taken regarding the uncertainty of calibration
because it was found tme thepredominant contributor to the final whiteness and
yellowness values. By achieving theost accurateresults with the lowest

uncertainty, we obtagd accurate and precise results concerning the effebe
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three fungi studied namelyAsperigllusniger, Aspergillusflavus andPenicillium
chrysogenum and the efficiency of fungicides in conditioning wooden artifacts.

The results revealed that thwbiteness of the samples infected with fungi decreased
up to the second month and thaareased to the fourth month. The yellowness of
the untreated, infected sampiesreased. The samples treateith tebuconazole

and propiconazole fungicides gave goesistance against fungal deterioration. The
higher concentration(0.50%) gave better results than the lower concentration
(0.25%), for both whiteness and yellowness indices. Tebuconazole gave better
results than propiconazole at both concentrations regardvhiteness and
yellowness.

FTIR analysis showed that treatment of wood with the fungchitesan conferred
resistance to fungal growth, since the intensityhef band at 1,685 cifor the
infected samples, assigned teQChonds, increased more than for the infected,
treatedsamples, irrespective incubation time. FTIR analysis confirmed that for all
threefungi studied, infected samples treated with chitosan were amogphous
during the incubation times than the infettantreated samples.

Treatment with propiconazole at the concentrations used negatively affected
hemicellulose content and enhanced cellulose depolymerization and oxidation.
However, it protected lignin from fungal decay. So, it is unfavorable to use
propconazole for treatment afood infested byAspergillus flavusOn the other
hand, tebuconazole had a slight effect on all the main components of wood and can
be used safely to treat wood infesbgdAspergillus flavus

The results also showed that incehs propiconazole and tebuconazole
concentrations were needed to achieve acceptable protection aspestillus

niger due to oxidation of these fungicides by the fungus, especially at low
concentrations of fungicide. Good results were obtained in treatofewood
infected by Aspergillus niger and the treatment was safer for all the main
components of wood (cellulose, lignin, and hemicellulose) at 0.50%than at 0.25%.
High propiconazole and tebuconazole concentrations are not recommended for
Penicilliumchrysogenuntreatment, and the low concentration (0.25%) is sufficient

to have an inhibitory effect.

X-ray diffraction analysis showed that with all three fungi studiedy¢lad& positions

of cellulose | ((101), (etr€sédcongparedtothe 02 ) )
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control samples at all incubation tim@$e peak positions of the infected, treated
samples increased withcreasing concentration of chitosan. Theaxy diffraction
analysisshowed that after the first and second months, the peaiopasndpeak

width increased after chitosan treatment and infection with anlyeofungi. This
increase was less after the third and fourth monthst Wwass still higher than for the
control sample. The crystallinity indemeasured with either ther$t or the second
method, decreased, biitincreased after the third and fourth months of incubation
with any of the fungi studied. The highest concentration of chitosan tested
(0.75%)conferred high resistance to fungal growth, and this concentratidrecan
recommended for use with historical wooden artifacts.

The crystallinity of cellulose increased after the treatment with propiconazole
compared to the control and infected samples. band at 2,941 ctof the infected
samples treatedith propiconazolelecreased in intensity compared to the control
samplesat most concentrations used, with most of the fungi studied, and with most
incubation times. This indicated the presence of anamorphous cellulosic area, and
showed evidence afehydration with decreasn the intensity of absorption at 2,941
cmlapproximately. It can be also said that the treatment of wood with propiconazole
increased the crystallinity of cellulosic aasin some cases in infected, treated
samples. The intensity of the band at apprately 1,660 cmin infectedsamples
treated with propiconazole decreased compared to the control and infected samples,
indicating that this fungicide conferred resistance to the fungi studied. The use of
fungicide (propiconazole) increased the crystdaifiof cellulose; this was clear from

the band at 1,430 chapproximately, since the intensity of this band increased in the
infected, treated samples relative to the control and infected samples.

Many fungicides are used for the preservation of wood agingal deterioration,

but chitosanpropiconazole, and tebuconazole fungicides were used in this study at
limited concentrations. Chitosan was used at 0.25%, 0.50%, and 0.75%.
Propiconazole and tebuconazelere used at 0.25% and 0.50%. These limited
concentrations gave good resistance to fungal deterioration.

The best results were obtained with chitosan, followed by tebuconazole and
propiconazole.

Propiconazole and tebuconazole fungicides are widely used to resist the biological

damage of nomarchaeologral wood. They are rarely used on archaeological wood.

111



This experimental study is the first study carried out on these fungicides for their use
in the protection of archaeological wood. Low concentrations from these fungicides
were used to accept the ragunents of using new materials for the conservation

treatment. From the conservation point of view, it is often recommended to use low
concentrations, especially if they produced positive results. The fungicides used in

this study gave good results aiviconcentrations.

112



References

1. Abd-Elmageed A. E., Elmoghazy E. M., Elsharkawy F., Spectrophotometer
Standardization in UWis region, Journal of Measurement Science and
Instrumentation, 2006, Vol. 7 (1), pp.-40.

2. AbdelMaksoud, G. M. M. Marcinkowska, E., Evaluation of vegetable tanned
leather after artificial ageing as compared to archaeological samples. ICOM
Committee. 12th Triennial Meeting, 1999. p. 913.

3. AbdelMaksoud, G., AlSaad, Z, Evaluation of cellulose acetate and chitosan used
for the treatment of historical papers. Mediterranean Archaeology and
Archaeometry, 2009; Vol.9, pp. 637.

4. AbdelMaksoud, G., Analytical techniques used for the evaluation of a 19th century
guranic manuscript conditions. Measurement, 2011, Vol. 44,696 1617.

5. AbdeFMaksoud, G., Evaluation of wax or oil/fungicide formulations for
preservation of vegetabtanned leather artifacts. Journal of Society of Leather
Technologist and chemist, 2006, Vol. 90, p. 58.

6. AbdetMaksoud, G., Evaluation of wax or dihgicide formulations for
preservation of vegetabtanned leather artifacts, Journal of the Society of Leather
Technologists and Chemists (JSLTC), Vol. 90, No. 2, 2006, pp758

7. AbdelMaksoud, G., Marcinkowska, E., Changes in some properties of aged an
historical parchment. Restaurator, 2000, Vol. 21, ppi 1338.

8. Agarwal, U. P., Reiner, R.S., Ralph, S.A., Cellulose | crystallinity determination
using FFRaman spectroscopy: univariate and multivariate methods." Cellulose,
2010, Vol. 17 (4), 2010, pp21-733.

9. Ahonkhai, E. I, Arhewoh, I. M., Okhamafe, A. O., Effect of solvent type and drying
method on protein retention in chitosalginate microcapsules, Trop J Pharm Res,
2007, Vol. 5, pp. 583388.

10. Alonso, M.L., Laza, J.M., Alonso, R.M., Jim“enez, R.Milas, J.L., nan’as, R.F.,
Pesticides microencapsulation. A safe and sustainable industrial process, J Chem
Technol Biotechnol , Vol. 89, 2014, pp. 107085.

11. Andersson, S., Serimaa, R., Paakkari, T., Saranpaa, P., Pesonen, P., "Crystallinity
of wood andhe size of cellulose crystallites in Norway spruce (Piceaabies)." Journal
of Wood Science, 2003, Vol. 49 (6), pp. =37.

113



12. Anthonsen, M. W., Smidsrad, O., Hydrogen ion titration of chitosans with varying
degrees of Macetylation by monitoring induced iNMR chemical shifts.
Carbohydr Polym, 1995, Vol. 26, pp. 3G®5.

13. ASTM E27501, Standard Practice for Describing and Measuring Performance of
Ultraviolet, Visible, and Neainfrared Spectrophotometers, ASTM International,
West Conshohocken, PA, 20@tyww.astm.org

14. Barnett, H., Hunter, B., lllustrated genera of imperfect fungi. 3rd ed. Minneopolis,

Minnesota: Burgess puplishing Co., 1972.

15. Battaglin, W.A., Sandstrom, M.W., Kuivila, K.M., Kolpin, D.W., Meyer, M. T.,
Occurrarce of Azoxystrobin, Propiconazole, and Selected Other Fungicides in US
Streams, 20022006, Water, Air and Soil Pollution, Vol. 218 (No. 1), 2011, ppi307
322.

16. Benjamin, C. R., Raper, K. B., Fennell, D. I., The genus Aspergillus. Mycologia,
1966.

17. Billmeyer, F.W., Saltzman, M., Principles of color technology. Wiley; 1981.

18. Blanchette, R. A, Haight, J.E, Koestler, R.J, Hatchfield, P. B, Arnold, D,.
Assesment of deterioration in archaeological wood from ancient Egypt. J Am Inst
Conserv 1994, 33, pp. b50.

19. Blanchette, R. A, Held, B. W, Jurgens, J. A, McNew, D. L, Harrington, T. C.,
Duncan, S. M, Wood destroying soft rot fungi in the historic expedition huts of
Antarctica. Appl Environ Microbiol, 2004, Vol. 70, pp. 132835.

20. Blanchette R. A., A review of microbial deterioration found in archaeological
wood from di_erent environments, International Biodeterioration and
Biodegradation, Vil. 46, 2000, pp. 1-294.

21. Blanchette R. A., deterioration in historic and archaeological woods from
errestrialsites University of Minnesota, 1991.

22. Botanist, A. W., Structure and function of wood, In: Wood handbook Wood as an
Engineering Material, United States Department of Agriculture (USR@&J0.

23. Bugheanu, P., Stanculescu, I, Emandi, |., Budrugeac, P., EmaAndirhe
assesment of thdecayed lime wood polymeric components by TG anelRET
parameters correlation, International Journal of Conservation Science, 2010, Vol. 1,
pp. 211218.

114


http://www.astm.org/

24. Burke, R.W., Mavrodineanu, R., Accuracy in analytical spectrophotometry,
National Bureau of Syandard (NBS) Special publication 2681, 1983.
http://prv.himooc.com/p1301000/45c67146467fe88863a151615.pdf.

25.Cai vano J . L., Buer a M. D. P. , iCol or i

aspectso, CBC press, rdtoaFll(20x2% Fr anci s

26. Cartwright, K. St. G., Findlay, W. P. K., Decay of timber and its prevention,
Chemical Publishing Co. Inc., Brooklyn, Ny. 1950, p. 294.

27. Chen, J.C., Treatment of wood with polysilicic acid derived from sodium silicate
for fungal decay pretction, Wood and fiber science, Vol. 41, No. 3, 2009, pp- 220
228.

28. Ciolacu, D., Ciolacu, F., Popa, V., Amorphous cellulleBeacture and
characterization, Cellul Chem Technol, 2011, Vol. 45, pp213

29. Coté, W.A.,Biological Deterioration of WoadPrinciples of wood science and
technology, SpringeYerlag, New York Inc. 1968.

30. Daniel, G., Nilson, T., Developments in the study of soft rot and bacterial decay,
In book: Forest ProdusBiotechnology, Chapter: 3, Taylor & Francis Ltd, Editors:

A. Bruce & J.W. Palfreyman, 1998, pp-83

31. Decusatis, C., HanNewYorkdbook of applied photometry. American Institute of
Physics (AIP), 1997.

32. Dias, M., Naik, A., Guy, R.H., Hadgraft, J., Lane, M.H, vivo infrared
spectroscopy studies of alkanol effects on human skin. Eur J Pharm Biopharm 2008,
Vol. 69, pp.11711175.

33. Dutta, P. K, Tripathi, S, Mehrotra, G. K, Dutta, J., Perspectives for chitosan based
antimicrobial films in food applications. Fo@hemistry, 2009, Vol. 114, pp.11i73
1182.

34. Edwards, D., Reregistration eligibility decision (RED) for propiconazole, Case No.
3125, United States, Environmental Protection Agency, Prevention, Pesticides and
Toxic Substances (7508P), 2006, p. 12.

35. Eikenes, M,Fongen, M, Roed, L, Stenstrgm, Y., Determination of chitosan in
wood and water samples by acidic hydrolysis and liquid chromatography with online
fluorescence derivatization, Carbohydr Polym, 2005, Vol. 61, pB&9

36. El-Gamal,, R.Nikolaivits, E., Zervakis, G.,AbdelMaksoud G., TopakasaE.,

Christakopouls, P., The use of chitosan in protecting wooden artifacts from damage

by mold fungi,Electronic Journal of Biotechnolgd®016, Vol. 24, pp. 718.

115

grou


http://link.springer.com/chapter/10.1007/978-3-642-87928-9_4
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/article/pii/S0717345816301014#!
https://www.sciencedirect.com/science/journal/07173458

37. El-Hadidi, N.M.n., Changing research trends in the field of archaeological wood at
the Conservation Department, Faculty of Waeology, Cairo University, Studies in
Conservation, 2015, Vol. 60, No. 3, pp.144.

38. El-Nagar Kh; Shehata A, Long S. E., Kelly W. R., Mann J. L., Detection of total
mercury in cotton matrix, Elixir Appl. Chem. 2012, Vol. 44, pp. 72891.

39. Esteves, B.M.Pereira, H. M., Wood modification by heat treatment: A review,
BioResources, 2009, 4(1), PP. 344,

40. Evans, P. D., Schmalzl, K. J., Forsyth, C.M., Fallon, G.D., Schmid, S., Bendixen,
B., Heimdal, S., Formation and Structure of Metal Complexes with thgi€ides
Tebuconazole and Propiconazole: Journal of Wood Chemistry and Technology,
2007, Vol. 27, pp. 24256.

41. Felsenstein, J., Phylogenies and the comparative method, Am Nat, 1985, Vol. 125,
pp. I 15.

42. Fengel, D., Wegener, G., Wood Chemistry, Ultrasru¢tResactions. New York,
Walter de Gruyter, 1989.

43. Fettig, C. J., Munson, A.S., Grosman, D.M., Bush, P.B, Evaluations of emamectin
benzoate and propiconazole for protecting individual Pinus contorta from mortality
attributed to colonization by Dendroctonpsnderosae and associated fungi, Pest
Management Science, 2014, Vol. 70, pp.-778.

44. Findlay, W. P. K., Timber pests and diseases, Pergamon Press, New York, 1967,
p. 280.

45. Franceschi, E., Xay diffraction in cultural heritage and archaeology studies,
OALib, 2014, Vol.1, pp.i110.

46. Gelbrich, J., Mai, C., Militz, H., Evaluation of bacterial wood degradation by
Fourier transform infrared (FTIR) measurements. Journal of Cultural Heritage,
2012, Vol. 13, pp. 138.38.

47. Goh, W. N., Rosma, A., Kaur, B., Fazilah,,AKarim, A. A., Bhat, R.,
Microstructure and physical properties of microbial cellulose produced during
fermentation of black tea broth (Kombucha). II. Int Food Res J, 2012, Vol. 19, pp.
153 158.

48. Guibal, E., Interactions of metal ions with chitodssed srbents: A review. Sep
Purif Technol, 2004, Vol. 38, pp. #34.

116



49. Hagiwara, D., Watanabe, A., Kamei, K., Sensitisation of an ARelgistant
Aspergillus fumigatuStrain containing the Cyp5tRelated Mutation by Deleting
the SrbA Gene, Scientific Reports3833, 2016, pp.-8.

50. Hedges, J. I, The Chemistry of Archaeological Wood. Archaeological Wood
Properties, Chemistry, and Preservation. R. Rowell and R. J. Barbour. Washington
DC, American Chemical Society. 1989, Vol. 225, pp.-140.

51. Hermans, P.H.,Weidger, A., Quantitative investigation of ther&y diffraction
picture of some typical rayon specimens, Text Res J, 1961, Vol. 31, p»7358

52. Howell, C.L., Understanding wood biodegradation through the characterization of
crystalline cellulose nanostruces, Master thesis, B.S. University of Maine, 2006,
pp. 1156.

53. http://cool.conservations.org/coolaic/sg/bpg/pcc/12_meiahgi.pdf, (signed in
27 June 2017

54. http://www.cals.ncsu.edu/course/pp318/profiles/decay/decay.htm

55. https://en.wikipedia.org/wiki/Chitosan

56. https//en.wikipedia.org/wiki/Propiconazole#/media/File:Propiconazol.svg
57. Hunt, R. W. G. Measuring Colour. (2nd edn) Tolworth, UK: Fountain Pi&89.
58. Ibrahim S.F., ENagar, Kh., Tera F.M., Improving Wool Printability at Reduced
Energy using UV/ ozone Treaémt, RJTA, 2013, Vol. 17 (2), pp.38.
59. ISO Guide to the Expression of Uncertainty in Measurement, ISB6/40188
9, F'Ed. ISO, Switzerland, 1993.

60. Jadoul, A., Doucet, J., Durand, D., Préat, V., Modifications induced on stratum

corneum structure aftan vitro iontophoresis: ATRFTIR and Xray scattering
studies. Journal of Control Release 1996, Vol. 42, pjp 165

61. Jelle, B. P., Hovde, P. J., Fourier transforminfrared radiation spectroscopy applied
for wood rot decay andmould fungi growth detectiody@nces in Materials Science
and Engineering, 2012, pp-71

62. Jennison, M. W., physiology of woedtting fungi, Final Report, No. 8 for the
office of Naval Research, Microbiology Branch, Syracuse Univ. Syracuse, NY.,
Mimeo, 1952, p. 151.

63. Jensen, K. F., Effect afontentand fluctuating temperature on growth of four
wood-decaying fungi, phytopathology, 1969, Vol. 59, pp.-645.

64. Jingran, G, Jian, L, Jian, Q, Menglin, G., Degradation assessment of waterlogged
wood at Haimenkou site. Fractr&ct Integr, 2014, Vol. 30, pp. 48501.

117


http://cool.conservation-us.org/coolaic/sg/bpg/pcc/12_mold-fungi.pdf
https://en.wikipedia.org/wiki/Chitosan
https://en.wikipedia.org/wiki/Propiconazole#/media/File:Propiconazol.svg

65. Kalawate, A., Pandey, C. N., An antimycotic study of Propiconazole for mould
inhibition on rubber wood, International Journal of Fundamental & Applied
Sciences, 2012, Vol. 1 (2,) pp. -26

66. Karlsson et al. (20)1used propiconazole as a fungicide with concentration 0.6%.
They have used this material because of it good durability and has an effectiveness
for the protection of wood against fungi.

67. Kazarian, S.G., Chan, K.L.A., Applications of ATRIR spectroscopiimaging
to biomedical samples. Biochim Biophys Acta Biomembr, Vol. 1758, 2006, pp.
858 867.

68. Kimura, M. A., Simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J Mol Evol 1980,
Vol. 16, pp. 111120.

69. Kirk, I.K., Connors, W. J., Zeikus, J.G., Requrement for growth substrate during
lignin decomposition by two woerbtting fungi, Applied environment
Microbiology, 1976, Vol. 32, pp. 19294.

70. Klug, M, Sanches, M.N.M., Laranjeira, M,C,M, \/&e, V,T, Rodrigues, C,A.,
Andlise das isotermas de adsorcdo de Cu(ll), Cd(ll), Ni(ll) e Zn(ll) pefd,N
dihidroxibenzil) quitosana empregando o método da regressao néo linear. Quim
Nova 1998, Vol. 21, pp. 41@13.

71. Kollmann, F. F. P., Cote, W. A., Pdiples of Wood Science and Technology (1
solid wood), SpringefVerlag New York Inc. 1968.

72. Kubota, N, Tatsumoto, N, Sano, T, Toya, K. A simple preparation of half N
acetylated chitosan highly soluble in water and aqueous organic solvents. Carbohydr
Res, 200, Vol. 324, pp. 268274.

73. Kurita, K. Chitin and chitosan: Functional biopolymers from marine crustaceans,
Marine Biotechnol, 2006, Vol. 8, pp. 20X26.

74. Lebow, S., Ross., R., Zelina, S., Clausen, C., Evaluation of wood species and
preservatives for WisDOTSign Posts, USDA, Forest Service, Forest Products
Laboratory, SisDOT ID no. 0092, 2013, p. 30.

75. Lebow, S.T., Wood preservation, In: Wood as an engineering material, USDA,
2010, p, 190.

76. Levi, M.P, , W., Cowling, E.B., Role of nitrogen in wood deterioratio/I.

Mycelial fractions and model nitrogen compounds as substrates for growth of

118



Polyporusversicolor and other wodalestroying and wooethhabiting fungi,
Phytopathology, 1968, Vol. 58 (5), pp. 6884.

77. Liao, W., Wei, F., Liu, D., Qian, M.X., Yuan, G., ZlaX.S., FTIRATR detection
of proteins and small molecules through DNA conjugation. Sens Actuators B 2006,
Vol. 114, pp. 445450.

78.Goj ewska, J., Mi Skowiec, P., Gojewski, T.
and hydrolytic degradation: In situ FTIR@oach. Polym Degrad Stab, 2005, Vol.
88, pp. 51P520.

79. Marutoiu, C, Grapini, S. P,, Baciu, A,, Miclaus, M, Marutoiu, V. C,, Dreve, S, et
al., Scientific investigations of a 16th century stall belonging to the Evangelic
Church i n B-NEk$ fcaudya Romahia 3 $pecirdcS@a 2013, prh. 1

80. Mcknight, C. A, Ku, A, Goosen, M. F. A, Sun, D, Penney, C., Synthesis of
chitosanalginate microcapsule membranes. J Bioact Compat Polym, 1988, Vol. 3,
pp. :334 355.

81. Merrill, W., Cowling, E.B.,Rate of nitrogen in wood deterioration: amounts and
distribution of nitrogen in tree stems, Canadian Journal of Botany, Vol. 44, 1966,
pp. 15551580.

82. Miller, R. B., characteristics and availability of commercially important woods, in:
wood handboo& wood & an engineering material, gen. tech. repidii 113.
madison, wi: U.S. department of agriculture, forest service, forest products
laboratory. 1999, p. 13.

83. Minnesota: Burgess puplishing Co., 1972.

84. Monacoa AL, Marabellib M, Pelosi C, Picchioa R. Coloasierements of surfaces
to evaluate the restoration materials, Proc. of SPIE 2011; 8aB4: 1

85. Morrell, J. J., Smith, S.M., Fungi colonizing redwood in cooling towers: Identities
and effects on wood properties. Wood Fiber Sci, 1988, Vol. 20, pp1293

86. Morton, H.L., French, D. W., Stimulation of germination of
Polyporusdryophilusbasidiospores by carbon dioxide, Phytopathology, 1974, Vol.
64, pp. 153154.

87. Nagar, Kh; Shehata A, Long S. E., Kelly W. R., Mann J. L., Detection of total
mercury in cotton matrixElixir Appl. Chem., 2012, 44, pp. 728291.

88. Niemenmaa, O., Monitoring of fungal growth and degradation of wood, Academic

dissertation in microbiology, Division of Microbiology, Department of Applied

119



Chemistry and Microbiology, ViikkiBiocenter, Univergitof Helsinki, Finland,
2008, 173.

89. Nilsson, T., Daniel, G., Kirk, T.K., Obst, J.R., Chemistry and microscopy of wood
decay by some higher Ascomycetes. Holzforschung 43, 1989, 48.11

90. Nyserda Report 13, Elemental Analysis of Wood Fuel (Boston, Ma&E3}, 2

91. Obanda, D.N., Biotransformation of organic wood preservatives by -imicro
organisms, Ph.D. Dissertation, Louisiana State University and Agricultural and
Mechanical College, 2008.

92. Owen, T., Fundamentals of modern Wisible spectroscopy. Agilent
Technologes, Germany, 2000.

93. Ozgenc O, Hiziroglu S, Yildiz UC. Weathering properties of wood species treated
with different coating applications, BioResources 2012; 7 (4): pp-48388.

94. Peterson, S. W., Phylogenetic analysis of Aspergillus species using DNA
sequences from four loci, Mycologia, 2008, Vol. 100, pp.i2256.

95. Picollo, M, Cavallo, E., Macchioni, N., Pignatelli, O., Pizzo, B., Santoni, I.,
Spectral characterization of ancientwooden artefactswith the use of traditional IR
techniques and ATR devic& methodological approach: €reservation Science,
2011, Vol. 8, pp. 228.

96. Poletto, M., Zattera, A. J., Forte, M. M. C., Santana, R. M. C., Thermal
decomposition of wood Influence of wood components and cellulose crystallite size.
Bioresour Technol, 2012/0l. 109, pp. 148153.

97. Pouliot, R., Germain, L., Auger, F., Tremblay, N., Juhasz, J., Physical
characterization of the stratum corneum of an in vitro human skin equivalent
produced by tissue engineering and its comparison with normal human skin by ATR
FTIR spectroscopy and thermal analysis (DSC). Biochim Biophys Acta Mol Cell
Biol Lipids 1999, Vol. 1439, pp.34B52.

98. Ravi Kumar, M. N., A review of chitin and chitosan applications. React Funct
Polym 2000, Vol. 46, pp.-TI.

99. Rinaudo, M. Chitin and chitosafroperties and applications, Prog Polym Sci,
2006, Vol. 31, pp. 60F532.

100Russeau, W., Mitchell, J., Tetteh, J., Lane, M.E., Investigation of the permeation
of model formulations and a commercial ibuprofen formulation in Carbosil® and
human skin using ATHTIR and multivariate. Int J Pharm 2009, Vol. 374, pp. 17
25.

120



101Sahin, H. T., Mantanis, G. Il., Color changes in wood surfaces modified by a
nanoparticulate based treatment, Wood Research, 2011, 56 (4), fi8525

102Salman, A., Tsror, L., Pomerantz, A., MoydR., Mordechai, S., Huleihel, M.,
FTIR spectroscopy for detection andidentification of fungal phytopathogenes,
Spectroscopy, 2010, Vol. 24, pp. 2@67.

103Samson, R. A., Noonim, P., Meijer, M., Houbraken, J., Frisvad, J. C., Varga, J.,
Diagnostic tools todentify black aspergilli. Stud Mycol, 2007, Vol. 59, pp. 129
145.

104 SandovalTorres, S., Jomaa, W., Marc, F., PulggalR.J Causes of color changes
in wood during drying, Forestry Studies in China, 2010, Vol.12pd) 167175.

105Sankararamakrishnan, Sanghi, R., Preparation and characterization of a novel
xanthated chitosan, Carbohydr Polym, 2006, Vol. 66, pp. 1160

106 Schenzel, K., Fischer, S., Brendler, E., New method for determining the degree of
cellulose | crystallinity by means of FT Raman spmsitopy, Cellulose, Vol. 12 (3),
2005, pp. 22231.

107 .Schmidt, O., Mdiller, J., Moreth., U., Potential protection effect of chitosan against
wood fungi (in German), HolZentralbl, 1995, Vol. 2, p. 503.

108 Schubert, M., Engel, J., . Thy-Meyer, L., Schwarze, . FN. M. R., Ihssenb, J.,

Protection of Wood from Microorganisms by Lacc&alyzed lodination,
Applied and Environmental Microbiology, Vol.78 (No. 20), 2012, pp. 7TZ@75.
109Schubert, M., Engel, J., Thy-Meyer, L., Schwarze, F. W. M. R., Ihssen, J.,

Proection of Wood from Microorganisms by Laccda3atalyzed lodination,
Applied and Environmental Microbiology, Vol. 78, No. 20, 2012, pp. 72875.

110Segal, L., Creely, J.J., Martin, A., Conrad, C.M., An empirical metford
estimating the degree of crystaityn of native cellulose using the -My
diffractometer. Resource Journal, 1959, Vol. 29, ppi 79886.

111Shang, J., Yan, S., Wang, Q., Degradation mechanism and chemical component
changes in Betula platyphylla wood by wead fungi, BioResources, 2013, V@,
pp. 60666077.

112Shupe, T.Lebow, S, Ring, D., causes and control ofwood decay, degradation &
stain Louisiana State University Agricultural Center, 2008, p@51

113Singh, T., VesentiniD., Gsman, A, Singh, A., Mode(s) of action of chitosan: 1.
The effect on fungal cell membranes. 8th Int Mycol Congr, 2006. p. 280.

121


http://www.fs.fed.us/research/people/slebow

114Someren, M. K., Samson, R. R. A., Visser, J., The use of RFLP analysis in
classification of the black asperqilli; Reinterpretatioh the Aspergillus niger
aggregate. Curr Genet, 1991, Vol. 19, pp.Zal

115Stamm, A. J. Wood and cellulose science. New York, USA, Ronald Press, 1964.

116 Stirling, R.,Nearinfrared spectroscopy as a potential quality assurance tool for the
wood preservation industry, The Forestry Chronicle, Vol. 89, No. 5, 2013, pp. 654
658.

117 Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., MEGAG6: Molecular
evolutionarygenetics analysis version 6.0. Mol Biol Evol, 2013,Vol. 30, pp. 2725
2729.

118 Terebesyov, M., Ryparov, P. Fungicide efficacy of nanofibre textiles containing
chemical preservatives for protection of wooden matefiiatgeliminary study,
Wood Research, 2018pl. 61 (2), pp. 187196.

119Terinte, N., Ibbett, R., Schuster, K.C., Overview on native cellulose and
microcrystalline cellulose | structure studied byray diffraction (waxd):
Comparison between measurement techniques. Lenzinger Ber, 2011, Vol. 89, pp.
118 31.

120Unger, A., Schniewind, A. P., Unger, W., Conservation of wood artifacts: A
handbook, Springeverlag Berlin Heidelberg New York in 2001, p. 224.

121Velkova V., Lafleur, M., Influence of the lipid composition on the organization of
skin lipid model mixtues: An infrared spectroscopy investigation. Chem Phys
Lipids 2002, Vol. 117, pp. 634.

122 Vesentini, D., Steward, D, Sing, A., Mode(s) of action of chitosan: 2. The effect
on fungal cell wall deposition. 8th Int Mycol Congr, 2006. p. 281.

123White, T., BrunsT., Lee, S., Taylor, J., Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. San Diego: Academic Press; 1990

124 Xie, J., Riley, C., Kumar, M,, Chittur, K., FTIR/ATR study of protein adsorption
and brushite transformation toydroxyapatite. Biomaterials 2002, Vol. 23, pp.
3609 3616.

125Yang, D. Q., Zhang, Y., Wang, X., Feng, M., Fungal modifications of chitosan
adhesives for manufacturing wood composites. Toronto: Fpinnovations; 2013.

126Yang, G.,Jaakkola P.,Wood chemistry andsolation of extractives from wood,

Saimaa University of Applied Sciences, 2011, p. 5.

122



127 Zeikus, J.G. Ward, J.C., Methane formation in living trees, A Microbial Origin,
Science, 1974, Vol. 184, pp. 118183.

128Zobel, B. J. and van Buijtenen, J. P., Wood Marma Its Causes and Control.
Berlin, Germany, Springer Verlag. 1989.

123



Appendix: Changeof color of wood samples treated with chitosan at
different concentrations against infection by selected strains of

Aspergillus flavus A. nigerand P. chrysogenumand their subsequent
incubation for 1, 2, 3 and 4 months
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Appendix: Changeof color of wood samples treated with chitosan at different concentrations against infection by selected straing\epergillus flavus

A. nigerand P. chrysogenumand their subsequent incubation for 1, 2, 3 and 4 months

Samples

Incubation: 1 month

Aspergillusniger

Aspergillusflavus

Penicilliumchrysogenum

Total Total Total
| | color | | color | | color
Color values difference Color values difference Color values difference
L a b pE L a B mpE L a B pE
Control 67.20| 6.84 27.63 0.0 67.16 | 6.84 | 27.63 0.0 67.16| 6.84 | 27.63 0.0
Infected sample befor{ 49.30| 13.96| 25.20 57.10 54.34| 18.54| 33.70| 66.57 |51.40|13.50| 30.30| 61.17
treatment
Sample treated with | 63.70| 6.20 | 27.10 69.50 65.17| 6.30| 27.20| 70.90 |64.50| 6.10 | 27.01| 70.19
(0.25% chitosan)
Treated sample 65.40| 6.40 | 27.31 71.17 66.85| 6.40| 27.93| 72.73 |65.90| 6.35|27.30| 71.61
(0.50% chitosan)
Treated sample 66.80| 6.55 | 27.47 72.50 67.03| 6.70 | 27.50| 72.76 |66.70| 6.42 | 27.44| 72.40
(0.75% chitosan)
Incubation: 2 months
Aspergillusniger Aspergillusflavus Penicilliumchrysogenum
Samples Total Total Total
| | color | | color | | color
Color values difference Color values difference Color values difference
L a b pE L a B pE L a b pE

125




Control 67.16| 6.84 | 27.63 0.0 67.16 | 6.84 | 27.63 0.0 67.16| 6.84 | 27.63 0.0
Infected sample befor{ 40.20| 10.52| 23.30 27.73 | 45.20|16.20| 35.41| 25.11 |46.20| 12.20| 28.23| 21.64
treatment
Treated sample 62.98| 5.87 | 26.20 452 64.81| 5.41 | 27.94 2.77 63.85| 5.79 | 26.45 3.51
(0.25%)
Treated sample 64.59| 6.02 | 25.94 3.18 66.21| 5.99 | 27.88] 1.14 |64.76| 5.98 | 26.45| 2.81
(0.50%)
Treated sample 65.71| 6.12 | 25.41 2.75 66.20| 6.10 | 27.70| 1.21 66.19| 5.55 | 26.65 1.89
(0.75%)
Incubation: 3 months
Aspergillus niger Aspergillus flavus Penicillium chrysogenum
Samples Total Total Total
color color color
Color values difference Color values difference Color values difference
L a b pE L a b pE L a b pE
Control 67.16| 6.84 | 27.63 0.0 67.16 | 6.84 | 27.63 0.0 67.16| 6.84 | 27.63 0.0
Infected sample befor{ 34.20| 7.57 | 19.50 33.96 | 40.15 - 42.02| 30.97 |39.98| 7.30 | 31.52| 27.46
treatment 10.20
Treated sample 60.51| 5.02 | 25.42 7.13 62.97| 4.78 | 28.70 4.79 61.89| 4.89 | 26.20 5.80
(0.25%)
Treated sample 63.80| 5.57 | 25.01 3.81 64.04| 5.12 | 28.20 3.61 63.08| 5.11 | 25.80 4.79
(0.50%)
Treated sample 64.59| 5.88 | 24.80 291 65.31| 5.45| 27.80 2.32 64.46| 5.23 | 25.48 3.81
(0.75%)
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Incubation: 4 months

Aspergillusniger

Aspergillusflavus

Penicilliumchrysogenum

Samples Total Total Total
| | color | | color | | color
Color values difference Color values difference Color values difference
L a b pE L a b pE L a b pE
Control 67.16| 6.84 27.63 0.0 67.16 | 6.84 | 27.63 0.0 67.16| 6.84 | 27.63 0.0
Infected sample befor{ 29.80| 5.40 | 13.24 40.06 | 3451 - 46.20| 38.34 |32.98| 5.26 | 34.56] 34.91
treatment 14.54
Treated sample 58.11| 4.95 | 24.15 90.88 58.30| 4.20 | 26.70 9.29 57.70| 4.26 | 28.10 9.82
(0.25%)
Treated sample 60.41| 5.20 | 23.70 7.98 61.40| 4.92 | 26.20 6.24 59.10| 4.89 | 27.70 8.29
(0.50%)
Treated sample 61.50| 5.61 | 23.10 7.35 61.95| 5.10 | 25.90 5.76 60.56| 5.02 | 27.13 6.86
(0.75%)
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