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Anotace

V soucCasné dobé vzrlstaji poZadavky na ekologicky a zdravotné méné zavadné
postupy ochrany dfeva vl i biologickému poskozeni. Zaroven je vSak potfebné
otestovat, zdali jsou nové navrzené fungicidni a insekticidni latky dostate¢né
ucinné. Cilem prace bylo ovéfit ucinnost roztoku kofeinu a levandulového
esencialniho oleje ve dfevé vuci dfevokaznym houbam hnédé hniloby, plisnim
a termitdm. Dil&im cilem bylo zjistit, jestli Upravy maji dopady na vybrané fyzikalni
a mechanické vlastnosti oSetfeného dfeva. Drfevo bylo impregnovano
dlouhodobym macenim v roztocich kofeinu a levandulového oleje, ve vybranych
sériich oSetfeno vrchni hydrofobni vrstvou anebo natérovym systémem.
Nasledné bylo vystaveno vyplaveni dle EN 84 a umélému urychlenému starnuti
v Xenotestu, pfipadné UV-komore s postfikem na zakladé EN 927-6. Vzorky bez
starnuti i starlé byly v dalSim kroku testovany vaci ataku dfevokaznymi houbami,
termity, respektive plisnémi dle platnych standardd. Vysledky prokazaly acinnost
roztoku kofeinu vac&i dfevokaznym houbam, termitdm a plisnim. Nejlepsi
ucinnosti bylo dosazeno na smrkovém, o néco nizSi na bukovém a borovicovém
bélovéem drfevé. Jeho vyplaveni ze difeva vSak dokazal zabranit pouze vrchni
vicevrstvy natérovy systém. Levandulovy esencialni olej byl na smrkovém dfeve,
v nami testované nizsi koncentraci 5%, ucinny vuci termitdm. Jeho vyplaveni
dokazala zabranit i vrchni hydrofobni vrstva na bazi voskld a silan-siloxanu.
OSetfeni dfeva vybranymi roztoky nemélo negativni dopad na vybrané fyzikalni
a mechanické vlastnosti dfeva. V pfipadé kofeinu byl potvrzen pfiznivy vliv na
celkovou zivotnost vrchniho akrylatového exteriérového transparentniho
natérového systému. Testované biocidni latky Ize s uspéchem vyuzit pro ochranu
dfeva, které neni trvale vystaveno povétrnostnim vlivim, v pfipadé dodatecného
oSetfeni bariérovou vrstvou i v exteriéru.

Klicova slova: modifikace, difevo, starnuti, bioodolnost, ochrana, kofein,
levandulovy esencialni olej



Annotation

At present, the requirements for ecologically and health-less harmful procedures
for protecting wood against biological damage are increasing. At the same time,
however, it is necessary to test whether the newly designed fungicidal and
insecticidal substances are sufficiently effective. The work aimed to verify the
effectiveness of a solution of caffeine and lavender essential oil in the wood
against wood-destroying fungi of brown rot, mould and termites. The partial goal
was to find out whether the modifications have an impact on the selected physical
and mechanical properties of the treated wood. The wood was impregnated by
long-term dipping in caffeine and lavender oil solutions in selected series treated
with a top hydrophobic layer or coating system. Subsequently, it was exposed to
leaching according to EN 84 and atrtificial accelerated ageing in the Xenotest or
UV-chamber with spraying on the basis of EN 927-6. Samples without ageing
and aged were tested in the next step against attack by wood-destroying fungi,
termites or moulds according to valid standards. The results showed the
effectiveness of the caffeine solution against wood-destroying fungi, termites and
moulds. The best efficiency was achieved on spruce, slightly lower on beech and
pine white wood. However, only the top multilayer coating system could prevent
its leaching from the wood. The lavender essential oil was effective against
termites on spruce wood, which we tested at a lower concentration of 5%. The
upper hydrophobic layer based on waxes and silane-siloxanes was able to
prevent its leaching. Treatment of wood with selected solutions did not have
a negative impact on the selected physical and mechanical properties of wood.
In the case of caffeine, a favourable effect on the overall life of the top acrylic
exterior transparent coating system was confirmed. The tested biocidal
substances can be successfully used for the protection of wood that is not
permanently exposed to the weather, in the case of additional treatment with
a barrier layer in the exterior.

Key words: modification, wood, aging, bioresistance, protection, caffeine,
lavender essential oil



aHHOTauuA

B HacTosilee BpemMsi Bo3pacTalT TpeboBaHUA K IKOMOrMYEeCKn U MeHee
BpeAHbIM npouenypamM 3aluTbl ApeBeCUHbl OT Buonornvyeckoe noBpexaeHue.
OpHako B TO Xe BpeMsi He06X0ANMO NPOBEPUTL, AOCTATOYHO NN 3PPEKTUBHBI
HeaaBHO pa3paboTaHHble PyHMMUNOHbIE U MHCEKTUUMAHbIE BellecTBa. Llenbto
paboTbl 6bINO0 NpoBepuUTb 3(PEPEKTUBHOCTL pacTBopa KodenmHa u 3cpmupHOro
Macna nasaHabl B ApeBecMHe NPOTUB AepeBopaspyllarowmx rpubos Gypown
THANW, NNeCeHn U TepMUTOB. YacTU4HOM Uenbio Obino BbISCHUTb, BAUAIOT Nn
mMoamduKauumn Ha oTaenbHble PU3NKO-MeXaHU4eckne ceoncTea obpaboTaHHOM
apeBecuHbl.  [peBecMHa  nponuThiBanacb  ANUTENbHbIM  MOrpyXeHnem
B pacTBOpbl KOEMHA W naBaHAOBOrO Macna, B BblOpaHHbIX cepusax
obpabaTtbiBanacb BEPXHUM MAPO(OOHLEIM COEM MMM CUCTEMOW MOKPbLITUSA.
BnocnegctBun  oH  noggepranca  BbilweniaduBaHuio  cornmacHo EN 84
N UCKYCCTBEHHOMY YCKOPEeHHOMY cTapeHuio B Xenotest unu Y®-kamepe
C HanblneHnem cornacHo EN 927-6. Ha cnepyiowem a3Ttane obpasubl 6e3
CTapeHus n coctapeHus Obinv NPOTECTUPOBaHbI HA 3alUMTy OT paspyLuaroLmx
ApeBecuHy rpubos, TEPMUTOB UK NIECEHN B COOTBETCTBUU C AENCTBYIOLLMMU
cTaHgapTamu. PesynbTaTbl nokasann 3g¢eKTUBHOCTb pacTBopa KodpeuHa
NpOTMB paspyLualoLmnXx gpeBecuHy rpnbos, TEPMUTOB U nneceHn. Hanny4ywas
3(ppeKTUBHOCTb Oblfia OOCTUrHYTa Ha ApPeBECUMHE e, HECKONbKO HUXe - Ha
6yke n 6enon cocHe. OgHaKO TONBbKO BEPXHAS MHOIOCIIOMHAsA cMcTemMa NoKpbITUSA
Morna npefoTBpaTUTb €€ BbiMblBaHWE W3 [peBeCUHbl. JUPHOE Macro
naBaHgbl 6b110 3PPEKTMBHBIM NPOTUB TEPMUTOB HA €NOBON OpEeBECUHE,
KOTOPYI Mbl TecTupoBanu npu 6onee HU3KOM KOHUeHTpauun - 5%. BepxHui
rmapodobHbIA  CroOM  Ha OCHOBE BOCKOB M CUNa@H-CUNOKCAHOB  CMOT
npeaoTBpaTuUTb ero BbiwenadnsaHne. ObpaboTka ApeBecuHbl NogodpaHHbIMM
pacTBOpaMn He okasana OTpULATENbHOro BNUSAHWUS Ha BbliOpaHHbIE PU3UNKO-
MexaHu4Yeckne CBOMCTBA ApeBeCUHbl. B cnyyae kodenHa 6b1no nogTBepXKaeHo
BnaronpuaTHoOe BNUSIHME Ha 00LLMIA CPOK Cry>XObl BEPXHEN aKpUITOBOM CUCTEMBI
HapPY>KHOrO NPO3pavYHOro NOKPbITUA. VicnbiTaHHblIe BMouMaHbIe BELECTBa MOryT
ObiITb YCMELWHO WCNOMb30BaHbl ANA  3aliMTbl  OPEBECUHbl, KOTopas He
noaBepraeTcsi MOCTOSAHHOMY BO34EWCTBMIO MOro4HbLIX YCNOBWIA, B Cryvae
AO0NOSTHUTENBHOM 06pPabOoTKM C MOMOLLLIO BapbePHOro Cri0si CHaPYXW.

KnouyeBble cnoBa: moaundukaums, OepeBo, ctapeHne, GnopesnCTeHTHOCTb,
3awmTa, KoheunH, aMpHOEe Macno nasaHabl
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UvoD

Zmény klimatu a zhorSovani zivotniho prostfedi pfedstavuje hrozbu pro cely
svét. V poslednich letech proto stoji nejen Evropa pfed velkou vyzvou, ktera se
zabyva zlepSenim Zivota a zdravi obyvatelstva a budoucich generaci. V Zelené
dohodé pro Evropu a ve strategii EU v oblasti biologické rozmanitosti do roku
2030 je zakotvena nova Lesni strategie EU, ktera se zabyva dosazenim
klimatické neutralnosti snizenim emisi sklenikovych plyn alespori o 55 % do
roku 2030, coz je stanoveno v evropském pravnim ramci pro klima. Iniciativa
Novy evropsky Bauhaus podporuje zvySovani podilu dfeva ve stavebnictvi, coz
by mélo vést ke snizeni pouzivani fosilnich zdroji - betonovych, ocelovych
a hlinikovych konstrukci. Tyto fosilni materialy pfi jejich zpracovani uvolfiuji CO:2
do atmosféry a tim ohfivaji planetu. Stavebni primysl je zodpovédny pfiblizné za
40 % celosvétovych emisi uhliku. Oproti tomu stromy pfi svém rustu oxid uhliCity
z atmosféry absorbuji. Dobu pohlcovani uhliku Ize prodlouZit v pfipadé promény
dfevni biomasy na dfevéné produkty s dlouhym zivotnim cyklem. To vSe souvisi
s efektivnim obéhovym hospodarstvim. Evropska unie ma proto za ukol
soustfedit se v nasledujicich letech na prodluzovani Zzivotnosti dfevénych
vyrobkl, ve kterych bude uhlik vazan. Vyrobky u masivniho dfeva, které jiz
nesplnuji svou funkci, podléhaji recyklaci, kdy se pfes vyrobu kompozitnich
material(, produktl chemického zpracovani dfeva, dostanou do konecné faze,
kdy muze byt dfevo bud paleno, vyuzivano na biopaliva, nebo upravovano
a zaoravano do pudy. Béhem spalovani se pak mohou skodlivé latky dostavat do
ovzdusi. Se zaoravanim do pudy je pocitano v planu Zelené dohody pro Evropu.
PFi tomto zplsobu recyklace je riziko zaorani Skodlivych latek, které plvodné
slouzili k ochrané drfeva pfed vnéjSimi vlivy.

V minulosti, kdy byly bézné pouzivany hlavné pripravky na pfirodni bazi, byla
zivotnost takto chranéného dieva niz$i, ale nedochazelo k takovym dopadim na
zivotni prostfedi, jako tomu je po pfichodu modernich materiald. S modernimi
technologiemi a novymi materialy se postupné pfeslo k upravam, které jsou velmi
ucinné v ochrané dreva proti vnéjSim Cinitellm. Tyto Upravy ale poskozuji planetu
(vstfebavanim Skodlivych latek do zemé nebo vyplavovanim do vody), lidské
zdravi a zpusobuji problém pfi jejich likvidaci. Byla kvali tomu zavedena fada
regulacnich opatfeni a zaroven se zménily pozadavky spotfebitelld. Je proto
kladen velky ddraz na ochranu dfeva co nejvice Setrnou k Zivotnimu prostfedi
a lidskému zdravi.

Dfevokazné houby a hmyz patfi mezi hlavni degradacni Cinitele dreva.
Zhorsuiji jak jeho estetickou kvalitu, tak hlavné jeho mechanické vlastnosti. Z vySe
uvedenych skutecnosti vyplyva, ze je velmi dllezité nemyslet jen na ochranu
dfeva, kterou bude dfevo chranéno nékolik nasledujicich let, ale také na dopady
na zivotni prostfedi, at uz béhem vyroby, pouzivani nebo po skonceni zivotnosti
dfevéného prvku. Rada vyzkumi se proto zaméfuje na testovani latek pfirodniho
puvodu pro ochranu dfeva. Ztohoto ddvodu jsou zkouSeny insekticidni
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a fungicidni vlastnosti esencialnich oleju a extraktiv z rostlin. PouZitim spravné
zvolené ochrany a udrzby mize dfevo vydrzet téméF neomezené dlouho.

Tato disertani prace je zaméfena na testovani povrchové modifikace difeva
pomoci latek pfirodniho plvodu a zaroven Kk pfirodé Setrnych. Jednou
z testovanych latek je levandulovy esencialni olej, jehoz fungicidni a insekticidni
vlastnosti jsou znamé jiz po staleti. Druhou latkou testovanou pro zvySeni
odolnosti dfeva je kofein, jehoz fungicidni vlastnost jiz byla potvrzena na testech
otravenych zivnych pld. V jednom z vyzkumd, ktery je soucasti této disertacCni
prace byla porovnana fungicidni ucinnost kofeinu a jeho metabolitu, teofylinu
a teobrominu, na otravenych Zivnych plidach, proti vybranym houbam hnédé
a bilé hniloby. Dale pak byly provedeny testy odolnosti proti vybranym
dfevokaznym houbam a hmyzu na dfevé smrku, buku a béli borovice. Testované
ochranné latky (5% etanolovy roztok esencialniho levandulového oleje, 1% a 2%
vodného roztoku kofeinu) byly do dfeva vpraveny dlouhodobym macenim. Na
dfevé upraveném testovanymi latkami byly provedeny doprovodné testy, které
zjistovaly ovlivnéni mechanickych a fyzikalnich vlastnosti dfeva danou upravou.

12



1 HYPOTEZY A CILE PRACE
Prace je zalozena na nasledujicich védeckych hypotézach:

1. Komercni ochranné prostfedky na drevo, které obsahuiji biocidni sloZzky jsou
nahraditelné biocidy pfirodniho pavodu.

2. Uprava dfeva biocidnimi pfipravky pfirodniho ptivodu nema negativni vliv
na vybrané fyzikalni a mechanické vlastnosti dfeva.

3. Drevo oSetfené vybranymi pfirodnimi latkami je vyuZitelné v exteriérovych
aplikacich bez kontaktu se zemi a vystaveno trvale povétrnostnim vlivim.

Z hypotéz vychazi nasledujici hlavni cil prace:

Cilem prace je nalezeni vhodnych modifikaci dfeva na pfirodni bazi z pohledu
dlouhodobé stalosti a odolnosti vi¢i povétrnostnim vlivim a napadeni
dfevokaznym hmyzem, houbami a plisnémi.

Na zakladé predbézné analyzy byly vybrany kofein a levandulovy esencialni olej
jako zastupce alkaloidl a esencialnich oleju rostlinného plvodu s potencialné
kombinovanym fungicidnim a insekticidnim u€inkem

DilCimi cili prace jsou:
1. Zjistit fungicidni a insekticidni u€innosti vybranych latek pfirodniho puvodu
proti termitim a dfevokaznym houbam.
Porovnat vliv druhu dfeva na ucinnost ochrany roztokem kofeinu.
Zabranit vyplaveni kofeinu a levandulového oleje ze dreva.
Zjistit efekt modifikace na vybrané vlastnosti dfeva.

Porovnat rozsah vyuzitelnosti testovanych latek pfirodniho puvodu ve
srovnani s komerénim biocidem.

abrwn
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2 LITERARNI PREHLED RESENE PROBLEMATIKY

Dfevo je po tisice let oblibenym stavebnim materidlem (Ramage a kol.,
2017). Hlavné pro jeho vSestrannost, ekologi¢nost, vzhled a obnovitelnost stale
velmi pfitahuje pozornost. Dfevo je dostupné v mnoha druzich, které se liSi
trvanlivosti (Homan a Jorissen, 2004). Bohuzel je, jako kazdy biologicky material,
velmi citlivé na vlhkost, podminky prostiedi a mikroorganismy. Pfirozena
odolnost proti dfevokaznym organismim je jednou z vlastnosti, které urluji
uroven citlivosti dfeva na tyto organismy a je nejCastéji pfisuzovana pfitomnosti,
mnozstvi a typu extraktivnich latek (Brocco a kol., 2017). Hlavnimi slozkami dfeva
jsou celuldza (40-44 %), lignin (18 az 35 %) a hemicelulozy (15-32 %). Zakladni
prvek v téchto slou€eninach je uhlik. Diky tomu je dfevo nejvétSi zasobarnou
suchozemského uhliku (Morrell, 2008; Ramage a kol., 2017) Nicméné, pravé
kvlli tomuto sloZeni je bohuzZel dfevo velmi citlivé na degradaci zplsobenou
hlavné dfevokaznymi houbami (Brischke a Alfredsen, 2020; Goodell
a kol., 2008). Je dulezité dfevo spravné chranit pfed externimi podminkami,
kterym je vystaveno. Mnoho rdznych zplsobl ochrany dfeva je znamo uz dlouho,
ale az v poslednich letech se kvili klimatickym zménam, a s nimi souvisejici
obavou o Zivotni prostiedi, klade stale vétSi dliraz na ekologii. S tim souviseji
prisnéjSi pravidla pfi pouzivani toxickych chemickych latek spadajicich do
riznych tfid konzervacnich latek, zejména se jedna o tézké kovy, ale i jiné
nebezpecné latky. V Evropé je pouzivani konzervacnich latek regulovano
Biocidal Product Regulation (EU 528/2012). Nepfiznivé ucinky na lidské zdravi
nebo ekologicka rizika mohou vést k omezenim nebo zakazu pouzivani. Toto
omezovani mize vézt k nedostatku ochrannych prostiedku, ktery Ize potencialné
prfekonat pouzivanim pfirodnich latek, které vykazuji antifungalni aktivitu,
napfiklad éterické oleje (Moutaouafiq a kol., 2019) a stilbeny (Lu a kol., 2016),
ale i jiné latky (Singh a Singh, 2012). DalSim dlvodem k urychleni vyvoje v oblasti
ekologickych uprav dfeva je zvySujici se ceny tropického dfeva s vysokou
pfirozenou odolnosti vic&i bioposkozeni (Reinprecht, 2016). Obecné Ize Fici, ze
cilem modifikaci dfeva je pfekonani slabych mist dfevéného materialu a ziskani
dfeva s zadoucimi vlastnostmi (Hill, 2006). Jde o zlepSeni jeho fyzikalnich,
mechanickych nebo estetickych vlastnosti (Sandberg a kol., 2017). Voda je
dllezitou soucasti materiald a biomasy v pfirodnim prostfedi. Vlastnosti dfeva
ovliviiuje pfimo i nepfimo. PFijem vody je spojen se schopnosti dfeva odolavat
napadeni houbami a hmyzem. DalSi problém spojeny se zménou vihkosti ve
dfevé je bobtnani a sesychani. Ty zpusobujici rozmérové zmény a maji za
nasledek degradaci natérovych hmot, na kterych pfi opakujicich se cyklech
expanze a kontrakce, v kombinaci s dalSimi faktory, napf. pisobenym tfeni,
vznikaji mikroskopické praskliny. Dfevo je neustale vystavovano sporam z hub,
které, jakmile jsou pro né vhodné podminky prostifedi, mohou kli¢it (Reinprecht,
2016). Rizikem vzniku jejich pusobeni jsou jiz mikrotrhliny vzniklé v natérech
(Goodell a kol., 2020).
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2.1 Drevokazni Cinitelé

Dfevo je organicky material slozeny z lignino-celulézového komplexu,
nachazejiciho se ve vSech dfevénych pletivech. Tato vysoce uspofadana
struktura seskupeni celulézy z mikrovlaken uloZenych v matrici hemicelul6z
a ligninu poskytuje zaklad mechanické pevnosti difeva (Salmén a Burgert, 2009)
a odolnost proti mikrobialnimu napadeni (Daniel, 2003). Dfevo je pomérné odolny
material, ktery ale muze byt degradovan biodegradaci, starnutim, zvétravanim
a termooxida¢nimi reakcemi (Matsuo a kol., 2011). Jeho trvanlivost vaci
dfevokaznym houbam a hmyzu je uvedena v Evropské normé& EN 350.
Organismy schopné napadat dievo, bakterie a houby, si vyvinuly biochemické
systémy, kterymi jsou schopny degradovat ligno-celulézovy komplex a provadét
pfeménu a mineralizaci dfeva na oxid uhliCity a vodu, dale pak hmyzem, termity
a mofskymi ZivoCichy. Témto organismim dfevo slouZi jako potrava, obydli nebo
rodu Basidiomycota, zpusobujicich bilou a hnédou hnilobu, a Ascomykota,
zpUsobujicich mékkou hnilobu a skvrny, dal§imi organismy zpusobujicimi
poskozeni dfeva jsou zejména termiti, plisné, bakterie, fasy a liSejniky (Stirling
a kol., 2017). Kromé finan€nich ztrat je zarover ohrozeno lidské zdravi (Gradeci
a kol., 2017).

2.1.1 Abioticti

Nezivi Cinitelé mohou Casto zpUsobovat rizné typy degradaci, které jsou
Casto zaménovany za degradace zpusobené houbami (Goodell a kol., 2020).
Abioticti, neZivi, Cinitelé jsou Uzce spjati z témi biotickymi, Zivymi. Jakmile je
povrch dfeva naruSen pusobenim abiotickych faktor(, které jsou spojeny
s povétrnostnimi vlivy, jako je UV zafeni, vitr, vinkost a zmény teplot, je usnadnén
pFistup Skldcum biotickym.

Abiotické Cinitele tedy délime do tfi hlavnich skupin, které se mohou v praxi
kombinovat:

e Termické degradace
e Atmosfeérické
e Chemické

Zvétravani dfeva je nejCastéjSi typem nebiologické degradace u dreva
v exteriéru (Kirker a Winandy, 2014). Béhem vystaveni difeva UV zafeni je lignin
narusen a prfeménén na radikalové skupiny, které prenaseji energii na
hemicelulézu a celuldzu, ty jsou pak snadno depolymerizovany (Evans, 2008;
Hon a Feist, 1986). Toto narudeni je mélké, takze nedochazi k rozpadu velkych
casti dfeva. Ma v8ak velmi nepfiznivé ucinky na pfilnavost natérovych hmot
a celkovy vzhled povrchu (Goodell a kol., 2020).
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2.1.2 Bioticti

Biologicka degradace hraje vyznamnou roli v kolobéhu uhliku v pfirodé
(Gelbrich, 2009). Rozklad dfeva v pfirodé zajistuje fada Zivych organismu, mezi
néz patfi zejména houby, hmyz, bakterie, mékkysi a korysi (Treu a kol., 2019).

Bakterie

V 60. a 70. letech se ukazalo, Zze dfevo se muze vyznamné rozkladat
bakteriemi, a to i pfi extrémné nizkych hladinach kysliku (Boutelje a Goeransson,
1975). | kdyz vétSina bakterii kratkodobé nezplsobuje znehodnoceni, které
vazné ovliviiuje vétsinu vlastnosti dfeva, mohou otevfit vstupni branu pro
dfevokazné organismy (Wilcox, 1970). Ukazalo se, Ze nékteré bakterie zpUsobuji
po dlouholetém plsobeni (nékolik stoleti) poSkozeni dfeva, které vede ke ztraté
mechanickych vlastnosti. Bakterie jsou také aktivni pfi dlouhodobé degradaci
ponofenych dievénych zakladovych pilifa (Elam a Bjoérdal, 2020). Bakterie vnikaji
do dfeva pfes parenchymatické bunky dfefiovych paprski a pres pryskyficné
kanalky, kde se pak hromadi (Greaves, 1965; Reinprecht, 2016). K priniku do
sousednich bunék vyuzivaji ztenCeniny. Bakterie schopné rozkladat dfevénou
bunécnou sténu se déli na kavitovité, tunelové a erozni (Blanchette a kol., 1990;
Reinprecht, 2016; Singh a Butcher, 1991).

Hmyz

Hmyz je nejvétSi skupina v kmenu c¢lenovcd (Arhropoda) a jsou
charakteristicti clankovym télem, kloubovymi nohami a tvrdym, chitinovym
exoskeletem. Na rozdil od hub a bakterii neni vSudypfitomny, mize vSak zit ve
difevé a znehodnocovat ho fadu let, nez je odhalen.

Hmyz, hraje vyznamnou roli v degradaci dfeva. Zavaznost degradace zavisi
na typu hmyzu (Geib a kol., 2008; Shupe a kol., 2008), mechanismus a rychlost
degradace pak zavisi na ruznych charakteristikach, jako jsou tvrdost, hustota
dfeva, obsah extraktll, prafez a typ oSetfeni. Je zdokumentovana schopnost
hmyzu degradovat celulézu, naproti tomu nebylo dosud zjisttno mnoho o tom,
jakym zpUsobem je zpracovavan v hmyzich stfevech lignin (Geib a kol., 2008;
Warnecke a kol., 2007). Hmyz pouziva dievo jako obydli a potravu. V obou
pfipadech rozkousava dievo na malé fragmenty. Zbytky rozkousanych kusu
dfeva a fekalni material, znamy jako drtinka, jsou Casto indikatory ukrytého
napadeni dfeva. Obvykle jsou v napadeném dievé oddélené tunely, povrchové
kanalky nebo vykousané zény a ve vétsiné pfipadl je Ize snadno rozlisit od
napadeni houbami (Zabel a Morrell, 2012). Dfevokaznému hmyzu postaci
vlhkost dfeva okolo 10 % (Ptacek, 2009). Dievodegradujici hmyz muize také nést
spory difevokaznych hub na svych na krovkach nebo uvnitf téla (Jacobsen a kol.,
2017; Reinprecht, 2016) a zarovef si muze hmyz s houbami vytvofit symbioticky
vztah (Oevering a kol., 2003). Geib a kol. (2008) testovali schopnost hmyzu
degradovat lignin v jeho stfevech. Zkoumali a prokazali roli hub v tomto procesu
traveni.
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Termiti

Termity maji obrovsky vyznam pfi recyklaci dfeva a jinych rostlinnych
materiall. Jsou vSak povazovani za jednoho z nejhorSich skudcu jak pro zivotni
prostfedi, tak v obydlenych oblastech. V souCasné dobé je popsano vice nez
3 106 druhd termitd a asi 363 je povazovano za Skidce (Krishna a kol., 2013).
(Reinprecht, 2016). Na rozdil od hub, které rozkladaji dfevo tydny, jsou schopni
degradovat dfevo v prubéhu hodin (Ke a kol., 2012). Celulézu stravuji pomoci
enzymU se symbiotickymi prvoky, bakteriemi a houbami. Upfednostfiuji mékké
jarni dfevo, €imz vytvafi zajimavé vyhlodané utvary. Termiti preferuji teplotu
26 — 32 °C arelativni vlhkost vzduchu 70 — 90 % (Becker, 1976).

Termiti se déli do tfi deledi:

e Podzemni termiti — Ziji v zemi nebo v kontaktu se zemi. Napadaji jak
vlhké, tak suché dfevo. V konstrukénim dfevé poziraji vnitfni zonu.

e VIhkodfevni termiti — Napadaji hlavné dfevo v kontaktu se zemi.

e Suchodfevni termiti — Napadaji vzduchosuché dfevo, kde poZiraji
vnitfni zonu. Dokazi ovéem pozirat i vihké dfevo poskozené hnilobou
(Reinprecht 2016).

Mezi prvnimi vyzkumy testujicimi pfirodni alternativy ochrany dfeva proti
termitdm byl vyzkum Trikojus (1935), ktery testoval celul6zové bloky oSetfené
kyselinou citronelovou.

V novéjSich pracich Shanbhag a kol. (2013) testovali odolnost 20 ruznych
dfevin na odolnost proti termitim. Objevili vyznamnou korelaci mezi hustotou,
obsahem celuldzy, ligninu a fenold a degradaci termity. S vyS$Sim obsahem
ligninu a fenoll se zvySovala odolnost proti termitdm. Naopak s vy$Sim obsahem
celulézy bylo dfevo vice napadeno. Shiny a kol. (2019) testovala pusobeni
nanoCastic vochrané dfeva proti termitdm. Kovové nanolastice byly
syntetizovany pomoci rostlinnych extraktd. Vyzkum pocital s biocidnimi
vlastnostmi nanoc&astic spojenych s efektem rostlinnych extraktd. Ve vyzkumu
Akhtari a Nicholas (2013) byla porovnavana ucinnost dfeva oSetfeného ¢asticemi
ZnO, CuO a rozpustnym aminem CuO proti podzemnim termitim. Vysledky
ukazaly ucinnost mikronizovaného oxidu médi i oxidu zine¢natého v ochrané
proti degradaci termity. PfiCemz mikronizovany oxid médi dosahl lepSich
vysledka.

Houby

Rozpad dreva je z velké Easti zplsoben houbami, které spadaiji do kategorii
v zavislosti na vzhledu degradovaného dfeva. NejefektivnéjSimi dievokaznymi
Ciniteli jsou bila a hnéda hniloba zplsobené houbami tfidy Basidiomycetes.

Houby hraji v ekosystému tfi hlavni role. Nékteré (patogenni) houby napadaiji
zivé rostliny a zpUsobuji u nich nemoci. DalSi (mutualistické symbionty) tvofi
symbiézu s jejich hostiteli. NejvétSi skupinou jsou saproby, které rozkladaji
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rostlinné zbytky a diky souasnému uvolhovani oxidu uhli¢itého podporuji
fotosyntézu v zelenych rostlinach (Zabel a Morrell, 2012). Druhy hub bilé hniloby,
které mély schopnost rozkladat lignocelulézu, se vyvinuly pfed 280 miliony lety,
v ramci tfid hub Agaricomyceres (Floudas a kol., 2012). Pokud jde o Eukoryatcké
houby, spadajici do podfiSe Dikaryi, zahrnuji dva fady, Bacidomycota
a Ascomycota, které hraji vyznamnou roli v degradaci dfeva. Jsou jednim
z nejnebezpecnéjSich organismd napadajicich dfevo. Jejich zakladnim
uzpUsobenim je rozklad dfeva. Nejsou totiz schopné pfeménovat CO: ve vlastni
stavebni jednotky, proto se zivi jinymi organismy, na kterych parazituji a odebiraji
z nich stavebni jednotky uhliku (Reinprecht, 2016) a dale pak dusiku, ktery
dopliuje primarni sacharidovou stravu. Pomér uhliku a dusiku je ve dfevé
extrémné vysoky. Dusik je limitujicim faktorem pro rust parazitickych hub (Barron,

2003).

Houby se dale déli na stopkovytrusé a vieckaté. Stopkovytrusé se
rozmnozuji tak, Ze praskne vnéjSi strana vytrusu a vyrista z néj houbové vlakno
(hyfa). Téla dfevodegradujicich hub jsou slozena z fad téchto malych vzajemné
propojenych trubicovych bunék. Hyfy jsou pfizpldsobené k pronikani, vnéjSimu
traveni, vstfebavani a metabolizaci Siroké Skaly organickych materialu (Zabel
a Morrell, 2012). Hyfa se rozrlsta a vytvafi primarni podhoubi. Pfi setkani dvou
primarnich podhoubi se vytvari podhoubi sekundarni (mycelium). Toto podhoubi
je dvojjaderné a muze vytvorit plodnici, na které je hymenium, kde se vytvareji
nove vytrusy (Ptacek, 2009). U v8ech hub se vytvareji spory (mikroskopicka
semena) nebo jiné malé fragmenty hub, které museji byt transportovany bud
vzduchem, vodou nebo jinym organismem (napfiklad hmyzem) na jiny kus dfeva,
kde pak muze dojit k nové kolonizaci hub (Goodell a kol., 2020). Pro zahajeni
kolonizace difeva houbami jsou dale potfebné podminky: voda (obsah vihkosti ve
dfevé nad 20 %), kyslik, teplota mezi 15 a 45 °C a zdroj zivin. Dulezitou prevenci
je zde konstrukCni ochrana, ktera zabrani tomu, aby dfevo dosahlo dostateCného
obsahu vihkosti. V nékterych situacich, kdy je konstrukéni ochrana Spatna, nebo
je dfevo vystaveno vihkosti, vzhledem k jeho vyuZiti, je potfeba pouzit dodateény
prostifedek jako prevenci proti napadeni houbami (Hill, 2011).

VSechny difevokazné houby Ize rozfadit z hlediska zplsobu degradace do tfi
fyziologickych tfid: bila hniloba, hnéda hniloba a mékka hniloba (Eriksson a kol.,
2012; Kirk a Highley, 1973; Otjen a Blanchette, 1986). VSechny z nich degraduji
strukturalni polymery bunééné stény dfeva, coZ ma za nasledek ztratu pevnosti
dfeva. Dfevo mlze byt také napadeno dfevozbarvujicimi houbami a plisnémi,
které nezpuUsobuji strukturalni poSkozeni, ale nepfiznivé ovliviiuji estetickou
hodnotu difeva (Goodel a kol., 2008; Brischke a Alfredsen, 2020).

Houby bilé hniloby

Houby bilé hniloby jsou jedinymi organismy schopnymi zcela mineralizovat
vSechny slozky dfeva vylu¢ovanim enzymatického systému, ktery zcela rozklada
celulézu i lignin (Martinez a kol., 2005; Rodriguez-Couto, 2017). Obvykle tedy
znici vSechny polymerni slozky difevénych bunécnych stén, i kdyz rychlost, jakou
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to délaji, se u jednotlivych slozek liSi. Déli se na selektivni (preferencni), které
nemaji schopnost ucinné degradovat celulézu, nejprve rozkladaji hemicelulézu
alignin, coz vede krozsahlé defibrilaci kvuli rozpusténi stfedni lamely,
a neselektivni (souCasné), které odstrafuji lignin a strukturni uhlohydraty
podobnou rychlosti, coz vede khomogennimu rozpadu bunécné stény
(Blanchette, 1985, Blanchette, 1995, Enoki a kol., 1988, Fackler a Schwanninger,
2012, Pérez a kol., 1993, Worrall a kol., 1997). Jejich nazev se odviji od vzhledu
dfeva napadeného témito houbami, které ma nasledkem odstranéni ligninu
vybledly vzhled (Pointing, 2001). Bila hniloba obvykle degraduje listnaté dfeviny
vice nez jehli¢naté (Enoki a kol., 1988; Tuor a kol., 1995). Houby bilé hniloby jsou
v jedné skupiné spiSe z pohledu fyziologického nez taxonomického (Pointing,
2001). NejznaméjSimi houbami tohoto druhu hniloby jsou basidiomycety
a nékteré houby rodu ascomycete, které jsou také schopny rozkladu typu bilé
hniloby (Eaton a Hale, 1993). Houby bilé hniloby vylu€uji jeden nebo vice
extracelularnich enzyma, které jsou nezbytné pro degradaci ligninu. Tyto enzymy
slouzi k mineralizaci ligninu (Wesenberg a kol, 2003).

Houby hnédé hniloby

Vv,

rozkladu vyskytujiciho se na dfevarskych vyrobcich (Goodell a kol., 2020; lliman,
1991; Ritschkoff, 1996). Rozpad hnédé hniloby je velmi destruktivni typ rozkladu
fezaného jehlicnatého dfeva. Hnéda hniloba puasobi ve vihkém prostiedi
a napada vétsinou pouze bunéénou sténu Sz (Reinprecht, 2016). Houby hnédé
hniloby selektivné rozkladaji uhlohydraty (depolymerizuji polysacharidy-
hemiceluléozy a celulézy buné&nych stén), zanechavaji lignin v podstaté
nestraveny, i kdyz vysoce modifikovany demetylaci a oxidaci jako amorfni hnédy
zbytek (Enoki a kol., 1998; Fackler a Schwanninger, 2012; Green a Highley,
1997; Hyde a Wood, 1997; Pérez a kol., 1993; Reinprecht, 2016; Worrall a kol.,
1997). V dusledku toho napadené dfevo ztmavne, zmenS$i se a rozpada se na
kousky ve tvaru kostek, coZz vede k rychlému selhani dfevénych konstrukci
(Gierlinger a kol., 2004).

Houby mékké hniloby

Mékka hniloba je zplsobena spiSe houbami pfibuznymi s plisnémi, podle
definice ji zpusobuji askomycety a deuteromycety (Daniel a Nilsson, 1997).
Bézné se vyskytuje hlavné ve vihkém prostfedi, v kontaktu se zemi, ale maze se
nachazet i v mistech se stfidavym vyskytem vihkosti a sucha (Highley, 1999).
Rozkladaji postupné vSechny polymerni slozky dfeva, zejména vSak celuldézu
a hemicelulézy (Reinprecht, 2016).

Drevozbarvujici houby

NezpUsobuji vyrazené mechanické poskozeni dfeva, jen mirné snizuji
razovou houzevnatost v ohybu. Mohou usnadnit vstup dfevokaznym houbam.
Napadaji vétSinou pouze bélové dfevo s dostateCnou vihkosti. Pronikaji pak
hloubéji do dfeva, kde dfevo zabarvuji vyluCovanim pigmentd substratovym
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myceliem. Zbarveni dfeva mize byt modré, Sedé, hnédé, Cervené, zelené, Zluté,
fialové nebo Cerné, podle druhu houby a sloZeni substratu (KrzisSnik a kol., 2018;
Ptacek, 2009, Reinprecht 2016; Zink a Fengel, 1988).

Plisné

Nékteré plisné jsou viditelné diky pigmentim, které produkuji hyfy a spory,
jiné plisné tento pigment postradaji. Barva pigmentu zavisi na druhu plisné, dale
pak na podkladovém materialu a ristové fazi (Eagen a kol., 1997; Gadd, 1980).
Zhorsuji esteticky vzhled, ale neméni pevnost a tvrdost dfeva. Negativné plsobi
na zivotni prostfedi a zaroven ztézuji nékteré technologické operace zpracovani
dfeva. Zhorsuji ,dychani“ dfeva, ¢imz zamezuji pohybu vody z/do dfeva. Dfevo
s vySSi vlhkosti pokryté plisni je poté snadnéji napadnutelné jinymi biologickymi
skudci. V nékterych pfipadech ovSem plisné produkuji latky, které zabranuji
Phillips-Laing a kol., 2003). Nejvétsim nebezpeci predstavuji mykotoxiny, které
plisné vytvari. Ty zpusobuiji zdravotni problémy u lidi i zvifat (Betina a kol., 1989).
Aspergillus niger a Aspergillus flavus produkuji karcinogenni aflatoxin. Jiné
mykotoxiny zpusobuji napf. kozni alergie, posSkozeni dychacich cest nebo
snizeni celkové imunity (Ashiq, 2015; Reinprecht, 2016).

NejCastéjSi plisné na dreve:

e Alternaria alternata - Hnédé nebo tmavsi skvrny,

e Aspergillus niger — Bilé vatovité mycelium-pozdé&ji tmavohnédé az Cernée,
e Aspergillus amstelodami — Zlutozelené niz$i porosty,

e Paecilomyces variotti — Zlutohné&dé az tmavoolivovohn&dé povlaky,

e Penicillium brevicompactum — Zlutozelené sametové porosty,

e Penicillium cyclopium — Modrozelené povlaky s bilym okrajem,

e Trichoderma viride — Zelené porosty s kokosovou vlni, diky produkci
antibiotika gliotoxin potlacuje rust hub (Ptacek, 2009; Reinprecht, 2016).

2.2 Preventivni ochrana dreva vuci bio-poskozeni

V poslednich desetiletich bylo dosazeno vyrazného vyvoje v oblasti upravy
a ochrany dfeva. Lze to pfipsat zvySenému zajmu o Zivotni prostfedi, stoupajici
poptavce o vysoce kvalitni dfevarské vyrobky a rostoucim cenam tropickych
drevin. Z tohoto divodu vznikla fada technik modifikace dfeva, at uz chemicke,
impregnacni nebo tepelné (Mantanis, 2017). Pfirozena odolnost dfeva je zavisla
na mnoha faktorech, jednim z nich je obsah extraktivnich latek, mezi které se radi
taniny, terpeny a dalSi (Celimene a kol., 1999; Krutul a kol., 2014; Reyes Chilpa
a kol., 1998; Windeisen a kol., 2002).
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Fungicidy

Jsou to organické (kreozoty, organokovy, N-organodiazéniiumdioxy.kovy,
kvarterni  amoéniové  sloucCeniny, chlérované uhlovodiky, karbamaty,
ditiokarbamaty, dikarboximidy, derivaty mocoviny, sulfonamidy,
8-hydroxychinolin, derivaty 1,2,4-triazolu, derivaty izotiazolénu, derivaty furanu,
polymerni alkylfenolové polysulfidy, dfevni ocet, rostlinné oleje, talovy olej,
chitosan, drevni extrakty a dalSi) nebo anorganické (rtut, arzén, méd, zinek,
stfibro, fluoridovy anion, bér a dalsi) latky, pfirodniho nebo syntetického plvodu.
Potlacuji, az uplné zastavuiji, zivotni aktivitu hub. Mohou pUsobit Sirokospektralné
na vSechny druhy dfevokaznych hub, nebo se zamé&rovat jen na plisn€, houby
mékké hniloby apod. (Reinprecht, 2016; Stirling a Temiz, 2014) Jejich
mechanismus zavisi na jejich chemické struktufe a bioaktivnich funkcnich
skupinach (Gonzalez-Laredo a kol., 2015)

Insekticidy

Jsou pouzivany proti hmyzu, ktery usmrcuji nebo odpuzuji. Mohou pusobit
preventivné i likvidacné. Preventivni insekticidy chrani dfevo pfed kladenim
vajiCek a zabranuji vyvoji vajiCek a larev. Podle chemické struktury se déli na
anorganické, které jsou znamé jiz nékolik desitek let (v minulosti byl pouzivan
chlorid rtutnaty, slouceniny floru, stale se pouZzivaji slouceniny arzénu a boru),
a organické. Jako organické insekticidy jsou ¢asto pouzivany organické fungicidy
(kreozotovy olej, chlérované naftaleny nebo kvartérni amoniové slouceniny), dale
pak chlorované uhlovodiky, organofosfaty, karbamaty, pyretroidy a nékteré
heterocykly (Reinprecht, 2016; Stirling a Temiz, 2014).

2.2.1 Chemicka ochrana tradi¢nimi biocidy

Slouzi ke zvySeni pfirozené trvanlivosti difeva a zvySuji odolnost vuici
biologickym a abiotickym ¢initelim. Jsou to pfirodni a v dnesni dobé hlavné
syntetické chemické latky. Prostfedky na ochranu dfeva obsahuiji jednu Ci vice
uginnych latek, dale pak latky pravodni. Uginné latky jsou baktericidni (proti
bakteriim), fungicidni (proti dfevokaznym houbam), insekticidni (zabrariuji hmyzu
pozirat dfevo nebo likviduji hmyz v jiz napadeném dfevé), dale pak retardéry
hofeni, inhibitory povétrnostni a chemické koroze (Reinprecht, 2016). Pfi vybéru
ochrany je potfeba zohlednit pozadované vlastnosti - toxikologické a ekologické
parametry, aplikacni vlastnosti, pfipravu dfeva pred oSetfenim, aplikaci ochrany.
Chemicka ochrana se pouziva prfedevsim na dlouhodobou preventivni ochranu
(Reinprecht, 2016). Konvenéné pouzivané, uc¢inné, konzervacni latky jsou bézné
zaloZené na biocidech, jako je méd, chrom a arsen, kreozoty, soli boru nebo
organické slouceniny (Crawford a kol., 2000; Humphrey, 2002; Peylo a Willeitner,
2001).

Mnoho druh( dfev odolava pfijmu ochrannych prostfedkd, které je potfeba
k dosazeni dostateéné ochrany dostat dostateCné hluboko a rovnomérné do
dfeva (Kjellow a Henriksen, 2009; Militz a Homan, 1992; Panek a Reinprecht,
2008). Hlavnim duvodem snizené schopnosti pfijimat kapaliny je anatomicka
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stavba dfeva. V Zivém stromé se voda s zivinami pohybuje tracheidami a cévami,
které jsou vzajemné propojené teCkami a dvojteCkami. Pfi pokaceni stromu
a nasledném vysychani dfeva se tyto prlchody uzaviraji a ¢asto jsou ucpany
tylami, pryskyficemi, monoterpeny a dalSimi extraktivnimi latkami. Tyto latky se
dale ukladaji v bunéénych sténach a lumenech a brani tak transportu kapalin
(Bauch a kol., 1974).

2.3 Modifikac¢ni ochrana dreva

Pfi modifikaci dfeva se zamérné méni struktura dieva, s cilem zlepSeni jeho
vlastnosti (Reinprecht, 2016). Techniky ochrany dfeva jsou velmi dudlezité
k ochrané pred biologickou degradaci (Kumar, 2007). Trh s modifikovanym
difevem se v poslednich letech podstatné rozrostl, zejména v Evropé. Tento
zvysSeny zajem Castecné souvisi s omezenim pouzivani toxickych konzervacnich
latek v dusledku ekologickych problémd, zdravotnich rizik, stejné jako potfebé
snizeni potifeby udrzby dfevénych vyrobku, které jsou uréeny hlavné pro vnéjsi
pouziti. Modifikaci se prekonavaji slabé stranky materidlu — odolnost vuCi
vihkosti, nizka rozmérova stabilita, tvrdost a odolnost proti opotfebeni, nizka
odolnost proti biologickym degradacim - houbam, broukum, termitim, a nizka
odolnost vuci UV zareni. Modifikace se zaroven pouzivaji ke zlepSeni estetickych
vlastnosti (Sandberg, 2017).

ModifikaCni proces dfeva je termin zahrnujici pouZiti chemickych,
mechanickych, fyzikalnich nebo biologickych metod ke zméné vlastnosti
materialu (Sandberg a kol., 2017). Modifikace mize vyrazné zménit dalezité
vlastnosti dfeva v€etné biologické trvanlivosti, rozmérové a UV stability a tvrdosti
(Homan a Jorissen, 2004). Hlavnimi chemickymi modifikacemi pouzivanymi na
evropském trhu jsou acetylace, furfurylace, impregnacni upravy rdznymi
polymery, dale pak termicko-hydrologické a termicko-hydrologicko-mechanické
zpracovani. Chemické procesy maji diky velmi rozsahlé Skale chemickych Cinidel
nejpocetnéjSi mnozstvi druhd procesl. Samotna termicka uprava vyuziva
k upravé pouze teplo a vodu (Sandberg a kol., 2017).

Acetylace — esterifikace

Pfi acetylaci dochazi k chemické reakci mezi hydroxylovymi skupinami
polysacharidll dfeva s molekulami acetanhydridu (Jebrane a kol., 2011). Reakce
probiha obvykle v kapalné fazi po prvotni impregnaci dieva. Acetylace dieva za
pouziti anhydridu kyseliny octové byla nejprve generovana jako reakce v kapalné
fazi (Rowell, 1983). Tato reakce tehdy byla iniciovana za pouziti acetanhydridu
katalyzovaného chloridem zineCnatym nebo pyridinem. Od té doby bylo
testovano nékolik dalSich katalyzatord, v&etné octanu sodného, kyseliny
draselné, siranu moc€ovino-amonného, jak kapalnymi, tak parnimi zptsoby (Hill,
2006; Rowell, 1983). VétSina acetylacnich reakci je dnes realizovana bez pouziti
katalyzatoru (Brelid, 2000; Mantanis, 2017; Rowell, 2016). Reakce acetanhydridu
s dfevnimi polymery vede k esterifikaci hydroxylovych skupin v bunééné sténé,
za vzniku vedlejSiho produktu, kyseliny octové. Tento vedlejSi produkt je vétSinou
odstrafiovan z modifikovaného dfeva. Stejné jako nemodifikované dfevo
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obsahuje acetylované difevo pouze uhlik, vodik a kyslik a neobsahuje zadné
toxicke slozky (Hill, 2006).

Peterson a Thomas (1978) ve své praci uvadeji, ze hlavnim ochrannym
ucinkem acetylace je inhibice rastu hub. Pronikani hyf bufikami acetylovaného
dfeva pfestava byt chemickym procesem a k praniku dochazelo silou hyf. P¥i
srovnani pribéhu kolonizace a spotfeby holocelulézy hnilobnymi houbami
v acetylovanych dievech se zjistilo, Ze aktivita hub bilé hniloby, enzymaticky
rozklad ligninu zavisi na pfedchozim nebo sou¢asném rozkladu sacharidu.

Ve vyzkumu Rowell (2016) se se zvysSujicim obsahem vazaného acetylu
zvySovala odolnost dfeva vici hnilobé a houbam hnédé a bilé hniloby. Coz je
vysvétleno snizenym obsahem vihkosti bunécnych stén pod hodnotu potfebnou
pro rist hub.

Furfurylace

Furfurylace je provadéna impregnaci dfeva smési furfurylalkoholu
a katalyzatord a poté je zahfivanim aktivovana polymerace. Furfurylalkohol je
kapalina vyrobena ze zemédélskych odpad, jako je cukrova titina a kukufi¢né
klasy. Ugelem furfurylace je zlep$eni odolnost proti biologické degradaci
a zvySeni rozmérove stability. Polymerace furfurylalkoholu ve dfevé je komplexni
chemicka reakce. ZlUstava otazkou, zda je furfurylace procesem chemické
modifikace. Néktefi védci se domnivaji, ze zahrnuje proces chemické modifikace,
protoze furfurylalkoholovy polymer reaguje s sebou a s ligninem v bunécnych
sténach (Gérardin, 2016; Lande a kol., 2008; Li a kol., 2016; Nordstierna a kol.,
2008). Furfurylalkoholové komplexy jsou tedy prevazné ulozené v dievénych
dutinach a bunéénych sténach. Furfurylalkoholovy polymer uvnitf bunécné stény
zabira Cast prostoru, ktery je normalné naplnén molekulami vody, kdyz dfevo
bobtna ve vlhkych podminkach (Lande a kol., 2008). Furfurylace poskytuje dfevu
vysokou uroven ochran proti biologickému rozkladu, aniz by se jednalo o biocidni
oSetfeni (Lande a kol., 2004). Nevyhodou furfurylovaného dfeva je jeho tmavsi
barva (Reinprecht, 2016).

DMDHEU

Uprava je zaloZena na zesitovani DMDHEU (1,3-dimetylol-4,5-dihydroxy-
etyl-mocovina) se slou¢eninami difeva a jejich samopolykondenzaci. Impregnace
zpusobi trvalé zvétSeni bunécné stény, které vede k vétSi rozmérové stabilité
(Krause a kol., 2008; Militz, 1993). Zaroven se upravou ziskava vyssi odolnost
vuci bilé a hnédé hnilobé (Kurt a Tomak, 2019; Verma a kol., 2009b).

Termicka uprava

Tepelna modifikace je ekologicky Setrna technologie (Rowell a kol., 2009;
Tjeerdsma a kol., 2000). Jde o fyzikalné chemicky proces, zaloZzeny na chemické
degradaci polymeru dfeva pfenosem tepla, pfi kterém jsou CasteCné zménény
strukturni charakteristiky a vybrané vlastnosti (Candelier a kol., 2016; Reinprecht,
2016). Proces tepelné modifikace vyznamné ovliviiuje chemickou konfiguraci
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dfevéné matice (Herrera, 2018b). Tepelné zpracovani pfi teplotach od 160 do
220 °C zpusobuje degradaci chemického slozeni ligninu a hemicelul6z
(Lekounougou a Kocaefe, 2014; Poncsak a kol., 2006). Zaroven ale dochazi
k odparovani extraktivnich latek (Hill, 2006). BEhem tepelného zpracovani se
shizuje hygroskopicita materialu, ¢imz se zvySuje rozmérovy stabilita materialu,
dale se pak zvySuje trvanlivost (Hill, 2006; Reinprecht 2016). Druhy dfeva
oznacované pfed upravou jako netrvanlivé nebo malo odolné proti dfevokaznym
houbam (podle EN 350-2 fazeny do 5. nebo 4. tfidy) jsou po tepelném zpracovani
pfi 180-220 °C fazeny do skupiny stfedné odolné nebo trvanlivé (3. nebo 2. tfida).
Diky témto zménam je termicky upravené dfevo vhodné do exteriéru, kde je
vystaveno cyklickym zménam pocasi a vlhkosti (Gérardin, 2016; Herrera, 2018a,;
Niemz a kol., 2010). Pfi tepelné modifikaci dfevo tmavne, ziskava ,exoticky
vzhled®, ¢imz se zvySuje jeho ekonomicka hodnota (Chen a kol., 2012; Sandberg
a kol., 2013). Toto oSetfeni vS8ak méni povrchové charakteristiky a muze tak
ovlivnit Zivotnost povrchovych uUprav, které jsou nezbytné pro udrzeni vlastnosti
povrchu (Herrera, 2015). Dfevo muze byt zpracovano pouze tepelné nebo
s pomoci pfidanych chemikalii (Homan a Jorissen, 2004; Lee a kol., 2018).

e ThermoWood — Vyroba probiha ve tfech etapach. Pfi prvni se
v suSarné rychle zvysi teplota na 100 °C, poté se pozvolna
postupuje az na 130 °C. SusSicim médiem je zde vzduch nebo para.
Drevo je vysusSeno do nulové vihkosti. BEhem druhé faze je teplota
zvySovana na 185 az 215-230 °C po dobu 2 az 3 hodin. Tyto
parametry jsou dany pozadavky na klasifikaéni tfidu termodfeva.
Ve tfeti fazi je upravené dfevo postupné ochlazovano (Jones a kol.,
2006).

e PLATO proces — Proces probiha ve Ctyfech etapach. BEhem prvni
etapy, ktera trva 4 az 5 hodin, je Cerstvé nebo vzduchosuché dievo
termicky upravovano, pfi teploté 150 az 190 °C, za zvySeného tlaku
0,6 az 1 MPa, parou nebo horkym vzduchem. Nasledné se dfevo 3
az 5 dnu susi na pfibliznou vihkost 8 az 10 %. Poté se dfevo 12 az
16 hodin vytvrzuje, za omezeného pfistupu vzduchu, pfi teploté 150
az 190 °C. Zavérem probiha vih¢eni na 4 az 6 %.

e OHT proces — Termicka uprava je vykonavana v impregnacnim
kotli v médiu horkého oleje. Teplota oleje se pohybuje okolo 200 az
220 °C. Nejvice je pouzivan olej Inény. Ve dfevé se béhem této
upravy udrzuje jen malé mnozstvi kysliku, ¢imzZ jsou zamezeny
nezadouci termooxidacni procesy. Olej vnikajici do dfeva ho
postupné zahfiva.

¢ Retifika¢ni proces — Postupné zvySovani teploty na 210 az 260 °C
probiha v inertnim prostfedi dusiku.

(Reinprecht, 2016)

Jeden z prvnich vyzkumu na odolnost houbam u termicky upraveného dreva
provedl Stamm a kol. (1946). Odolnost vac&i hnilobé byla tehdy pfipsana bud
sniZzené hygroskopicité materialu, coz zabranilo dostate¢né vihkosti ve strukture
bunéénych stén nebo chemickou zménou ve dfevé, které snizi nachylnost dfeva
k napadeni houbami.
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Z novéjSich praci ke stejnému zavéru dosli i Kamdem a kol. (2002), ktefi ve
svych zavérech pfipsali zvySenou biologickou odolnost termicky upraveného
dfeva nizkému obsahu rovnovazné vihkosti. Podle vyzkumu Wang a Coopera
(2005) maze povrch modifikovany OHT pomoci séjového nebo palmového oleje
|lépe odolavat i plisnim, ale nékdy byva jejich odolnost plisnim velmi Spatna
(Kartal, 2007). Bohuzel, povrch termodfev vystaveny povétrnostnim vlivim muze
byt velmi rychle degradovan (Tolvaj a kol., 2014).

2.4 Modifikace prirodnimi latkami

V dnesdni dobé je kladen diraz hlavné na ekologickou ochranu dfeva, ktera
je pfedmétem rozsahlych vyzkumd, které zahrnuji nékolik rdznych pfistupa.
Prvnim z nich je vyuzivani hydrofobizacnich &inidel, jako jsou pryskyfice, vosky
a oleje pfirodniho nebo Zivocisného puvodu k regulace vihkosti difeva (Gonzalez-
Laredo a kol., 2015; Humar a Lesar, 2013; Laci¢ a kol., 2014; Lee a kol., 2018;
Patachia a Croitoru, 2016; Salem a kol., 2016a; Terziev a Panov, 2011; Yang
a Clausen, 2007). Dale je pak snaha vyuzit pfirodni sloueniny s biocidnim
ucinkem, diky kterému bude prodlouzena Zivotnost difeva (Bahmani a Schmidt,
2018; Demirel a kol., 2021; Gonzalez-Laredo a kol, 2015; Hussain a kol., 2013;
Panek a kol., 2014; Singh a Singh, 2012; Teaca a kol., 2019; Verma a kol., 2009a;
Xie a kol., 2017; Xu a kol., 2013; Yingprasert a kol., 2015). Inovativni metody se
pak zaméfuji na pouziti biologickych kontrolnich €inidel, tedy mikroorganismd,
které plUsobi jako antagonisti ristu dfevokaznych hub (Bruce a King, 1983; Bruce
a kol., 2000; Croan a Highley, 1994; Elad a kol., 1983; Gonzalez-Laredo a kol,
2015; Highley a Ricard, 1988; Mai a kol., 2004; Morris a kol., 1986; Poohphajai
a kol., 2021; Score a kol., 1998; Susi a kol, 2011). V ramci snahy o vyvinuti
ekologické a zaroven ucinné technologie ochrany dfeva je pozornost zamérena
na latky pfirodniho plvodu, jako jsou pfirodni dehty, dfevné oleje, tfisloviny
a pfirodni extrakty (Gonzalez-Laredo a kol., 2015).

Oleje a jiné derivaty byly pouzivany pro zlepSeni vzhledu a ochranu
difevénych vyrobku jiz od stfedovéku. Napfiklad Inény olej je pouzivan jako slozka
barev a lakl, kde slouzi jako uc€inny organicky biocid, zejména v kombinaci
s jinymi organickymi produkty s aktivnimi slozkami. V poslednich letech se
ukazalo, ze nékteré oleje jsou ucinné pfi zachovani organickych biocida ve dievé,
a tim zvySuji uc€innost (Singh a Singh, 2012). S pfichodem ucinnégjSich
syntetickych a anorganickych smési, které se ukazaly jako efektivnéjsi, se jejich
pouzivani stalo méné atraktivni. V poslednich letech se ovSem k jejich pouzivani
vraci, hlavné diky jejich zdravotni nezavadnosti, biologické Setrnosti a toxicité
syntetickych materialt (Chittenden and Singh, 2011). Oleje ziskané z biomasy
maji Siroky rozsah nazvd, jako je pyrolyzovy olej, bio-olej, pyrolyzni kapalina,
bio-ropny olej, biopalivo, dfevné kapaliny, dfevni oleje nebo destilaty ze dfeva
a stavaji se potencialem jako inovativni konzervacni prostfedky na ochranu dieva
(Kartal a kol., 2011; Okutucu a kol., 2011; Singh a Singh, 2012; Temiz a kol.,
2010).
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Slouceniny nalezené v bio-olejich byly rozdéleny do péti kategorii:

hydroxyaldehydy,
hydroxyketony,

cukry a dehydrované cukry,
karboxylové kyseliny,
fenolické slouceniny.

Oleje se pouzivaji také v kombinaci s teplenym zpracovanim (Lee a kol.,
2018). PlUsobi zaroven jako zabrana v pfistupu vihkosti, soubéZzné také jako
ochrana dfeva proti plisnim a houbam

V dnedni dobé je Inény olej primarni slozkou mnoha olejovych barev, laku
a mofidel, kterym dodava ochrannou funkci (Yang, 2009). Samotny Inény olej je
ale nachylny na znehodnoceni plisnémi. Velmi Casto se proti kombinuje
s prirodnimi extrakty. Lyon a kol. (2007a, 2007b) smisili Inény olej s kyselinou
boritou a zvysili tak celkovou uc€innost proti termitim a zaroven snizili
vyluhovatelnost boru.

Lee a kol. (2018) vypracovali pfehled ucinnosti kombinaci tepelného
zpracovani s rostlinnymi oleji. Zavérem hodnoti oleje jako vhodné médium pro
ohfev s tim, Ze jejich ucinnost je velmi zavisla na pouzitém oleji, typu upravy
a druhu dfeva. U dfeva oSetfeného olejem dochazi ke zvySeni odolnosti proti
vihkosti a s tim i ke zlepSeni odolnost proti houbam, u odolnosti proti termitim
vychazeli rozporuplné vysledky.

Vosky jsou dobfe znamé pro svou schopnost zvySovat odolnost dfeva proti
vodé (Lesar a kol., 2011), tim je zvySena i odolnost proti bioposkozeni (Humar
a Lesar, 2011; Lesar a Humar, 2013).

Mezi nejCastéji pouzivané pryskyfice k ochrané dfeva patfi Selak, kalafuna
a damara. DalSimi pryskyficemi znamymi pro své dobré konzervacéni vlastnosti
jsou kopalové pryskyfice, benatsky terpentyn, benzoe, masticha a sandarac
(Teaca a kol., 2019).

2.4.1 Modifikace extraktivnimi latkami

Vyuziti pfirodnich extrakti z rostlin nebo hub bylo zkoumano v prubéhu
historie a staly se nejstarSimi prostfedky k ochrané dfeva. V minulosti bylo pouZiti
téchto pfirodnich vytazki omezeno z ekonomickych ddvodu, kdy na trh pfisly
levnéjsi varianty ochrany dfeva chemickou cestou (Freeman a kol., 2003).

Vyzkumy jsou velmi Casto zaméfeny na testovani odolnosti dfeva
upraveného extrakty z odolnych druhd dfev (Brocco a kol., 2017; Hart, 1989;
Hashemi a Latibari, 2011), z jejich kary (Tascioglu a kol., 2012; Tascioglu a kol.,
2013), z rostlin (Barbero-Lopez a kol., 2018; Bi a kol., 2019; Cheng a kol., 2008;
Kwasniewska-Sip a kol., 2018; Kwasniewska-Sip a kol., 2019; Kwasniewska-Sip
a kol., 2021; Salem a kol., 2016b; Wang a kol., 2005; Xie a kol., 2017).
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Je znam pozitivni ucinek extraktivnich latek dfeva, taninu, na jeho ochranu.
Taniny se ale nenachazi pouze ve dievé a jeho kure, ale také v ovoci a listech
rostlin (Hassanpour a kol., 2011; Montes-Avila a kol., 2017).

Extrakty z rostlin

Béznymi zplsoby ziskavani extraktd zrostlin jsou pyrolyza, extrakce
rozpoustédlem nebo vodou. Zpusob extrakce také ovliviiuje uc€innost extraktu
proti cilenym Skidcum

Kofein

Jde o alkaloid ze skupiny methylxantinu, ktery je pfirozené produkovan fadou
rostlin. Témi nejznaméjSimi jsou pak kava, €aj, maté a guarana (Ashihara
a Crozier, 2001). Kofein v téchto rostlinach slouzi jako jejich chemicka obrana.

Arora a Ohlan (1997) stanovovali citlivost deseti dfevokaznych hub na
kofein a extrakty z kavy a €aje pomoci testu in vitro, popsanych v Bragulat a kol.
(1991). Nepouzili Cisty kofein, ale vytvofili si 15% Cajovy extrakt z kavy, zeleného
a Cerného Caje. DalSi testy pak probihaly s Cistym kofeinem v koncentracich 0,1;
0,2; 0,3; 0,4 a 0,5 %. Extrakty ze zeleného Caje dokazaly nejlépe inhibovat rlst
Phanerochaete chrysosporium a Sporotrichum pulverulentum. Na Cerny Caj pak
byly citlivéjSi houby bilé hniloby nez hnédé. Konkrétné nejvyssi inhibici ristu
vykazala houba Phlebia radiata. V pfipadé kavy byl nejvétsi inhibicni u€inek na
Daedalea flavida, Sporotrichum pulverulentum, Phanerochaete chrysosporium
a Aspergillus flavus. Zaroven testovali ovlivnéni vysledku testd v pfipadé filtrace
pfipravenych extratd pres filtracni papir. To poukazalo na filtrovatelnost
antimykotickych ucinnych latek, protoze inhibi¢ni aktivita byla po filtraci ve vSech
pfipadech snizena. U kavy a €aje jsou hlavnimi slozkami polyfenoly a alkaloidy.
Hlavnim alkaloidem je pak kofein, ktery mél u nizSich koncentraci rizné inhibi¢ni
ucinky. U houby Gloeophyllum trabeum a Aspergillus Flavus byl uz u 0,2%
koncentraci zaznamenan 100% inhibi¢ni u€inek. S rostouci koncentraci se
ucinek rozsifoval i na dalSi houby. U 0,5% koncentrace pak byl efekt inhibice na
vSechny druhy 100%. Nejodolngjsi byly houby Pinus palustris, Phlebia radiata
a Duldiniu concentrica.

Arora a kol. (2009) dale testovali antimikrobialni aktivitu extraktiv z kavy
a Caje v nizkych koncentracich ve vodnych roztocich. VSechny testované
bakterie byly vice ¢i méné citlivé na €ajové nebo kavové extrakty.

Dalsi in vitro testy u€innosti odpadnich latek z kavy provedli Barbero-Lépez
a kol. (2018) se tfemi houbami hnédé hniloby a jednou houbou hniloby bilé.
V testu pouzil Zivnou pldu s 1%, 2% a 5% obsahem proseté kavové sedliny, 1%
obsahem filtrované kavy a 1% obsahem Cerstvé kavy. Vyhodnoceni testu
probihalo podle Chang a kol., (1999). V testech byla zjisténa inhibice rastu hub u
vzorkd s 5% obsahem proseté kavové sedliny, ve které je méné nez 0,1 %
kofeinu. Toto zjisténi pak souhlasi s vysledky Arora a Ohlan (1997), ale ukazuje
silngjSi ucinek kavovych zbytk( nezli samotného kofeinu na Gloeophyllum
trabeum.
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Lekounougou a kol. (2008) testovali ucinnost kofeinu v kombinaci
s propikonazolem. Antifungalni testy provedli podle metodiky Chang a kol.
(1999). Propikonazol rozpustény v etanolu a kofein v destilované vodé byly
pfidany do sladového agaru a testovany na riizné kmeny hub. Propikonazol sam
0 sobé vykazuje dobré antifungalni uc€inky. Kofeinem v koncentraci 10 mM byl
zcela inhibovan rust T. versicolor. Dale se testovalo, zda je mozné dosahnout
kvalitniho inhibi¢niho efektu smési kofeinu v riznych koncentracich a smési se
snizenym obsahem propikonazolu. Uginkem byl vy$$i stupen inhibice riistu hub,
bez ohledu na koncentraci kofeinu.

Cofta a kol. (2018) testovali na dfevu borovice lesni (Pinus sylvestris)
kombinaci kofeinu a komer¢niho pfipravku na bazi médi. Kdy do ochranného
prostfedku pfidali kofein v riznych koncentracich (1 %, 0,5 %, 0,25 %, 0,125 %,
0,0625 %). V mykologickém testu pak byly pouzity houby Aspergillus niger,
Penicillium funiculosum, Paeciliomyces varioti a Trichoderma viride. Nejméné
ucinna byla kombinace s 1% koncentraci kofeinu proti houbé A. niger.

Prvni vyzkum na odolnost borovice lesni (Pinus sylvestris) upravené
vakuovou impregnaci kofeinem proti houbam byl zkouman v Kwasniewska-Sip
a kol. (2018). Testovany byly rizné koncentrace vodnych roztoku (4,0; 6,3; 10;
20; 25 mg.ml?) proti nejcastéjSim plisnim (Aspergillus niger, Aspergillus
versicolor, Chaetomium globosum, Cladosporium herbarum, Paecilomyces
variotii, Penicillium cyclopium, Penicilium  funiculosum, Phoma violacea,
Trichoderma viride) a ¢tyfem dfevokaznym houbam (Coniophora puteana, Poria
placenta, Gloeophyllum trabeum, Trametes versicolor). Zaroven byla polovina
vzorku vystavena vyplaveni podle EN 84 (1997). Odolnost vuci houbam pak byla
testovana podle EN 113 a odolnost plisnim podle EN ISO 846 (1997). Ztrata
hmotnosti zpusobena houbami byla u vSech vzork(i oSetfenych kofeinem
shizena, oproti neoSetfenym referencim. Velky u€inek byl pozorovan proti houbé
T. versicolor. Zaroven bylo pfi koncentraci 25 mg.ml* docileno odolnosti proti
vSem testovanym houbam a plisnim. Vyzkumnici pfedpokladaji, ze ucinnost
kofeinu proti houbam je zpusobena inhibici aktivity chitinaz, ktera vede k utlumeni
aktivity hub.

Kwasniewska-Sip a kol. (2019) dale pak kombinovali upravu kofeinem
vakuovou impregnaci s tepelnou modifikaci (pFi teplotach
100 °C, 120 °C, 140°C, 160 °C, 180 °C, 200 °C). Stejné jako
v Kwasniewska-Sip a kol. (2018) byla ¢ast vzorku vystavena vyplaveni, ale
zaroven dalSi ¢ast vystavena umélému starnuti v Solarbox 1500e komore dle
modifikované normy ISO 11341-1 (2005). Nasledujici testy odolnosti proti
Aspergillus niger probihaly na zakladé EN 1SO 846 (1997). Diky tepelné upravé
doslo ke zlepSeni odolnosti dfeva po umélém starnuti, protoze bylo eliminovano
vyplaveni kofeinu. Nejlepsi vysledky pak byly dosazeny pfi vyuziti teploty 160 °C.

Kwasniewska-Sip a kol. (2021) dale pokraCovali vyzkumem, jaka je interakce
mezi dfevem a kofeinem, jestli existuji vazby molekul kofeinu ve dfevé borovice
lesni. K upravé dfeva byla opét vyuZzita vakuova impregnace roztokem kofeinu
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v koncentraci 2 mg.mlt. Cast vzorkil byla vystavena mageni dle EN 84 (1997).
K pozorovani byla vyuzita metoda infraCervené spektroskopie s Fourierovou
transformaci (FTIR) a pozorovani pomoci skenovaciho elektronového
mikroskopu (SEM). Bylo prokazano snadné vyplaveni kofeinu ze dfeva velkym
mnozstvim vody. Zaroven byla na SEM zfetelna velkd mnozstvi kofeinu
nahromadéna v oblastech primarnich stén bunék, které jsou bohaté na lignin.

Kvuli dobré rozpustitelnosti kofeinu ve vodé je potfeba jeho stabilizace ve
dfeveé, aby se predeslo jeho rychlému vyplaveni, proto Broda a kol. (2018) vyuZila
kombinace kofeinu s organosilany, u kterych byla prokazana schopnost udrzet
aktivni latky ve dfevé (Panov a Terziev, 2009). Dfevo borovice (Pinus sylvestris)
bylo oSetfeno vakuové podle EN 113 s pouzitim 3 riznych oSetfujicich pfipravku:
5% roztoku trimethoxysilanu, 2% vodného roztoku kofeinu a jejich smés. Cast
vzorkl byla vystavena vyplaveni podle EN 84. Odolnost proti houbé Coniophora
puteana pak byla testovana po dobu 16 tydnu v Kolleho barikach v souladu s EN
113. Vysledky ukazaly, Zze vylouhovatelnost hraje u samotného kofeinu velkou
roli, protoze ubytek hmotnosti vzrostl z 1,4 % na 20,7 %. Broda a kol. (2018)
docilili u€inné stabilizace kofeinu ve dfevé pomoci organosiland, které mohou
vytvaret stabilni chemické vazby jak se dfevem, tak s u€innymi latkami na jeho
ochranu. Dosahla tak nejen odolnosti proti biologické degradaci, ale i proti
vyplaveni.

Ratajczak a kol. (2018) vyuzil k ochrané difeva vakuovou impregnaci. Stejné
jako ve vyzkumu Broda a kol. (2018) byly ke zvySeni hydrofobizace dfeva pouzity
organosilany spolu s 2% roztokem kofeinu, navice jesté testoval 30% etanolovy
extrakt propolisu. Testovana byla bélova ¢ast borovice (Pinus sylvestris).
OSetfené vzorky byly vystaveny urychlenému starnuti podle EN 84 (2000)
a mykologickym testim podle EN 113 (1996) s houbou hnédé hniloby
Coniophora puteana. Vzorky ziskaly po upravé organosilany vy$$i odolnost i po
vyplaveni, coz se pfipisuje ziskani hydrofobnich viastnosti.

Dfevo ze sedmi druh( dfevin (dub Cerveny, ofech, sapeli, dub letni, smrk,
borovice a buk) bylo maceno po 24 hodin v roztoku kofeinu (20 g.I'%) ve vyzkumu
KobetiCova a kol. (2020b). Nasledné testovani probihalo v petriho miskach, kdy
byl na Zivhou pudu z 3% maltézového agaru vzdy vioZen jeden testovany vzorek
a po jeho jedné strané agar s myceliem houby Serpula lacrymans a na druhé
Coniophora puteana. Byla zjisténa mozna interakce extraktivnich latek ve dievé
s kofeinem. NejlepsSi pfijem kofeinu byl podle koncentrace u buku a dubu
c¢erveného, nejhorsi pak u smrku, kvali jeho uzavirajicim se dvojteCkam.
Nejodolnéjsim byl ofech, ktery ma sam o sobé dobrou odolnost diky svym
extraktivnim latkam, mezi které patfi juglon.

KobetiCova a kol. (2021a) testovali u¢innost methylxantint — kofeinu (1 g.I*%),
ve vodném roztoku s hyfami Coiophora puteana. Vysledky byly vyhodnoceny
pomoci kapalinové chromatografie, kde byly vzorky hub analyzovany kazdych
7 dni na obsah kofeinu. Koncentrace kofeinu v houbach nejprve stoupala, po
dvou tydnech zacala klesat, coz naznaCovalo biodegradaci hub. Stejné tak
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probihal vyzkum s houbou Serpuls lacrymans (KobetiCova a kol., 2020c). Bylo
zjisténo, Ze houby jsou schopny degradovat kofein na teofylin a teobromin
a vSechny tyto methylxantany metabolizuje. Autofi si toto vysvétluji bud' jako
snahu houby o snizZeni toxickych ucinkd nebo, Ze je vyuZzivaji jako Ziviny.

Vyzkum s pouzitim odpadnich stfibrnych slupek kavovych zrn (jde o posledni
vrstvu chranici samotné kavové zrno) na ochranu dfeva proved| Barbero-Lépez
a kol (2020). Analyzovany byly antimykotické testy extraktu ze slupek in vitro
podle metodiky Belt a kol. (2013) proti Poria placenta, Gloeophyllum trabeum
a Trames versicolor a in vitro testy rozpadu dfeva napadeného Coniophora
puteana. Ve vysSich koncentracich byla docilena 60-70% inhibice rustu hub,
nikdy ale nedoslo ke 100% zamezeni rastu. V porovnani s komerénimi pfipravky
na bazi médi byly ucinky extraktl stfibrnych slupek vyznamné horsi.

Propolis

Propolis ma antibakterialni a protiplisfiové vlastnosti. Podle dosavadnich
vyzkumu bylo dfevo oSetfené propolisem odolngjsi hnilobnym houbam.

Wozniak a kol. (2020) testovali odolnost bélového dfeva borovice lesni
(Pinus sylvestris) upraveného extraktem z propolisu proti houbé& Coniophora
puteana. Ve vyzkumu Akcay a kol. (2020) bylo propolisovym extraktem upravené
nejen dievo borovice lesni, ale také paviovnie (Paulownia elongata). Vystaveny
byly pusobeni Trames versicolor a Neolentinus lepiseus. Odolanowska a kol.
(2021) pouzila k upravé borovicového dfeva kromé propolisu i organosilany. Diky
kombinaci propolisu a siland odolavalo dfevo houbam Aspergillus niger
a Trichoderma virens, v porovnani s dfevem neupravenym nebo upravenym
pouze silany.

Extrakty z hub

K ochrané dfeva pfed houbami je také mozné extrakty z jinych hub. Tyto
houby jsou pfedevSim s antibioznim mechanizmem (omezujicim rust jinych
organism), ktefi vylu€uji metabolity Skodlivé pro jiné organismy. Vyzkumu téchto
latek, antibiotik, bylo vénovano mnoho vyzkum( v zemédélstvi, ale v ochrané
dfeva jim zatim nebyla vénovana velka pozornost. Ricard a kol. (1968, 1969)
izoloval z houby druhu Scytalidium metabolity scytalidin a kyselinu scytalidovou,
které prokazaly antifungalni schopnosti (Cease a kol., 1989; Overeem a Mackor,
1973; Strunz a kol., 1972), na které byla vétSina hub zpusobujicich hnilobu
a zbarveni dfeva citliva (Stillwell a kol., 1973). V dalSich vyzkumech pak byly
testovany také metabolity hub rodu Trichoderma, Penicilium a Aspergillus (Bruce
a Highley 1991; Highley a Ricard 1988). V pfipadé rodu Trichoderma byla
prokazana ucinnost proti houbam hnédé hniloby, na houby bilé hniloby pak I1épe
ucinkuje rod Aspergillus. Croan (1997) zkoumal metabolity houby kmene
Streptomyces, které inhibovaly riist vSech testovanych hub.
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Extrakty ze dreva

Existuje fada dfevin, ktera vykazuje vysSi odolnost proti vnéjSim vlivim
nezavisle na preventivni ochrané. Pfirozena trvanlivost dfevin, definovana jako
jeho vlastni odolnost vu¢i Cinitelim niicim dfevo, se muze znacné liSit
v zavislosti na stafi stromu, zemépisném puvodu a podminkach ristu. Odolnost
vuci rozpadu se také lisi uvniti kmene, napf. ma tendenci se radikalné zvySovat
od dfené k hranici jadro-bél a podélné od koruny ke kofenum (Stirling a kol.,
2015) a obvykle je spojena s chemickym sloZzenim dfeva, zejména s pfitomnymi
extraktivnimi latkami (Daniels a Russell, 2007, Gierlinger a kol., 2004, Paques
a Charpentier, 2015). Zelené rostliny pusobi jako zasobarny fungicidu, které jsou
netoxické pro savce a snadno biologicky rozlozitelné, oproti syntetickym
chemikaliim. Mnoho studii se zabyva vyvojem ekologicky Setrnych prostfedku na
ochranu dfeva. Pfi vyzkumech jsou vétSinou zkoumana extraktiva z jadra, ve
kterém se vyskytuji ve vétSim mnozZstvi neZz ve dfevu bélovém. Ligninovorni
houby vyvinuly strategie, kterymi se brani proti toxicité extraktiv. Extraktiva jsou
stromem syntetizovana bé&hem jeho Zivota, aby jej chranila pfed biotickymi
a abiotickymi utoky. Diky tomu, Zze molekuly extraktivnich latek zUstavaji v
mrtvém dfeveé, mohou byt dllezitymi kontroléry rychlosti rozkladu. Existuje uzka
korelace mezi trvanlivosti dfeva a obsahem extraktiv (Kirker a kol., 2013, Kirker
a kol., 2016; Pometti a kol., 2010). Chemické slozky, zejména v jadrovém dieve,
ZlepsSuji odolnost proti rozpadu u mnoha druhl dfevin (Desch a kol., 1981).
Pfirodni extrakty byly Siroce pouzivany v fadé studii a jsou potencialné uzitecné
pro ochranu dfeva proti rstu plisni a hub (Bakar a kol., 2013; Fidah a kol., 2016;
Jelokova a Sindler, 1997; Mansour a Salem, 2015; Philp a kol., 1995; Qi
a Jellison, 2004; Salem a kol., 2016a; Wang a kol., 2005; Yang a Clausen, 2007;
Zhang a kol., 2016).

Kdra dfeva obsahuje velky podil tfislovin, extraktivnich latek, pryskyfic
a voskul. Diky tomu se mlze z kary, bézné koncici jako palivo, stat ekonomicky
hodnotnéjsi produkt. Pomoci pyrolyzy se z klry tepelnou degradaci ziskaji
pyrolytické oleje, které byly zkoumany jako prostfedek k ochrané dfeva (Barbero-
Lopez a kol., 2019; Mohan a kol., 2008; Mourant a kol., 2005; Suzuki a kol.,
1997). Tyto studie ukazaly, ze rast plisni byl témito oleji inhibovan. Pfevazné
z dubového dfeva pak byly horkou vodou extrahovany ftfisloviny. Ve vzniklém
roztoku bylo oSetfované dfevo maceno nékolik tydnud. Tfisloviny chrani dfevo
dfeva. Taniny jsou lehce rozpustné ve vodé, ale obtizné se fixuji do dfeva.
Tomuto problému bylo vénovano mnoho vyzkum (Lotz, 1993; Lotz a Hollaway,
1988; Mitchell a Sleeter, 1980).

Sen (2001) proved! testy odolnosti vici plisnim na smrkovém, jedlovém
a borovém dfevu. Pouzil vytazky z dubu valoniového (Quercus macrolepis), kary
borovice turecké (Pinus brutia) a prasek z galony v riznych koncentracich.
Vysledky ukazaly uc¢inné antimykotické vlastnosti testovanych latek, ale ukazala
se $patna fixace danych latek ve drevé.
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Sen a kol. (2009) proto dale zkouSel zlepsit fixaci uCinnych latek na dfevu
buku (Fagus orientalis) a borovice lesni (Pinus sylvestris). V tomto vyzkumu
testoval extraktiva z dubu valoniového (Quercus macrolepis), kury borovice
turecké (Pinus brutia) a zlistd Skumpy sicilské (Rhus coriaria) v kombinaci
s kyselinou boritou, boraxu, siranu hlinitého a siranu médnatého. Pfidani 1%
kyseliny borité nebo boraxu mélo pozitivni vliv na retenci extraktd z dubu
valoniového a listd Skumpy, nikoli vS8ak na extrakty z kary borovice turecké.
Pfidani vice nez 3% mineralnich soli mélo negativni vliv na fixaci vSech ftfi
extraktd. Siran hlinity s vytazky z kury borovice mél pozitivni vliv na vzorky
borovice lesni. PouZiti kombinovanych solnych roztokd od 1 % do 3 % mélo
negativni vliv na retenci a fixaci. ZvySeni pfidavku soli o vice nez 1 % zpusobilo
vetsi vyluhovani extraktl ze vzorkl dfeva, coz jim poskytlo Spatnou ochranu proti
napadeni houbami.

2.4.2 Modifikace esencialnimi oleji

Rostliny produkuji fadu aromatickych a nearomatickych latek. Nékteré z nich
jsou uznavané antimikrobialni latky. Fenoly, terpenoidy, alkaloidy, lektiny
a polypeptidy jsou produkty, které byly Siroce pouzivany k rlznym aplikacim
(Geissman, 1963; Park a Shin 2005). Fenolické slou¢eniny majici C3-bo¢ni
fetézce v nizSim stupni oxidace a neobsahujici kyslik, jsou klasifikovany jako
éterické oleje (Cowan, 1999). Eterické oleje jsou sekundarni metabolity rostlin se
Sirokou Skalou pouzitelnosti, podle jejich chemickych, fyzikalnich a senzorickych
vlastnosti (Chittenden a Singh, 2008) Nevyhodami esencialnich oleju jsou
chemicka nestabilita a variabilita, Spatna rozpustnost ve vodé, degradace
pusobenim svétla, kysliku a pusobenim i mirnych teplot a zaroven jejich nizka
ucinnost v malych koncentracich (Batish a kol., 2008; Clerici a kol., 2018). Diky
prokazanym antifungalnim schopnostem proti plisnim a houbam byla provedena
fada vyzkumu s aplikaci esencialnich oleji z rostlin, kofeni a bylin na ochranu
difeva (Bahmani a Schmidt, 2018; Dubey, 1991; Heisey a Groham, 1992; Hussain
a kol., 2013; Kartal a kol., 2006; Mohareb a kol., 2013; Moutaouafiq a kol., 2019;
Panek a kol., 2014; Salem a kol., 2016; Voda a kol., 2003; Xie a kol., 2017; Yang
a Clousen, 2007; Zhang a kol., 2016). V poslednich letech je zkoumano spojeni
nanotechnologie s biocidy s pomalym uvolfiovanim (Reinprecht a kol., 2017).
Dopad nanotechnologii ovSem neni zcela prozkouman (Colvin, 2003), proto je
dulezité jejich dalSi vyzkum. Pfi pouziti bylinnych extraktl je problém s jejich
fixaci ve dfevé. Porézni dfevo totiz plsobi jako filtr, ktery brani absorpci velkych
molekul s nizkou hustotou. Pocita se tedy s tim, ze roztoky obsahujici ¢astice
ucpavaji péry béhem procesu impregnace (Nicholas, 1973).

Skofice se ve vyzkumech Cheng a kol. (2006, 2008), Lin a kol. (2007), Lin
a kol. (2020), Wang a kol (2005) a Maoz a kol. (2007) prokazala svou vybornou
schopnost ochrany proti bakteriim, plisnim a termitm. Lin a kol. (2007) dosli
k velmi dobrym vysledkim v laboratornich testech, kdy ve zkouSce odolnosti proti
termitiim byly u neoSetfeného dfeva napadeného hnédou a bilou hnilobou 31,8
a 18,7 %, zatimco u vzorkl oSetfenych 5% roztokem skoficového extraktu
vykazovaly ubytek pramérné 0,8 a 1,2 %. Pri testovani odolnosti proti termitim
to pak bylo 7,28 % u neoetfeného dreva a 1,35 % u o$etfeného. Uginnou latkou
ve skofici se prokazal cinnamaldehyd (Wang a kol., 2005). Vyzkum Lin a kol.

32


https://www.sciencedirect.com/science/article/pii/S004896972035542X?casa_token=4IH76yPODgEAAAAA:5kfz18t1jXyZAyV2V8XXFVsTELDq6q-qpzc1BvqGYyfiFXxh8_FVrlZ9amZn8C1c8xuekKD_qn0#bb0165

(2020) dale prokazal antifungalni ucinek trans-cinnamaldehydu v esencialnim
oleji ziskavaném z listd stromu Cinnamomum osmophloeum. Yingprasert a kol.
(2015) testovali odolnost proti houbam u tfiskovych desek upravenych
skoficovym a dale pak hfebiCckovym esencialnim olejem, kdy do smési lepidla
pridavali etanol s danym esencialnim olejem. Takto upravené desky byly
odolnéjsi vaci plisnim a houbam, ale zaroven byl ovlivnén rovnovazny stav
vlhkosti. Stejné tak zjistili Matan a Matan (2007) ucinnost esencialniho oleje ze
skofice a hfebi¢ku proti rustu plisni na kauCukovém drevé.

U sedmi esencialnich oleju (egyptska pelargonie, kopr, tymian, indicky kmin,
citronova trava, rozmaryn, €ajovnik) byla testovana schopnost inhibovat rast tfi
plisni (Arpergillus niger, Trichoderma viride a Penicilluim chrysogerum) na
borovici jezaté (Pinus echinata) ve vyzkumu Yang a Clausen (2007). Vzorky
borovice byly maceny nebo vystaveny vyparim esencialnich olejld. Tymianovy
olej poskytoval velmi u€innou ochranu, dale pak olej z egyptské pelargonie.

Antifungalni aktivita anyzového, limetkového a mandarinkového oleje
vriznych koncentracich proti plisnim (Aspergillus niger, Penicillium
chrysogenum a Penicillium sp.) na kauCukovém dievé byla testovana Matan
a Matan (2008). Drfevo bylo upraveno macenim a impregnaci. NejlepSim
inhibitorem rastu plisni byl anyzovy olej. Mandarinkovy a limetkovy olej byly
ucinné ve vyssSich koncentracich.

Esencialni oleje z bazalky, oregana a tymianu v riznych koncentracich
a jejich schopnost inhibovat rust hub (Tremes versicolor a Postia placenta) byly
testovany ve vyzkumu Pop a kol. (2019). Esencialni olej z oregana a tymianu
prokazaly ucinnou ochranu proti testovanym houbam. Tato ochrana souvisi
s koncentraci oleji. U bazalkového oleje byl u€inek ochrany velmi nizky.

Chittenden a Singh (2011) testovali esencialni oleje a jejich aktivni slozky
(Cajovnik, eukalyptus, anyz, geranium, cinnamaldehyd, novozélandska kanuka,
oregano, lema, eugenol) proti houbam hnédé hniloby Oligoporus placenta,
Coniophora puteana a Antrodia xantha, dfevozbarvujicim houbam Ophiostoma
floccosum, Ophiostoma piceae, Sphaeropsis sapinea, Leptographium procerum
a plisni Trichoderma harzianum. Testy probihaly na zZivné pudé podle metodiky
Singh a Chittenden (2008) v ruznych koncertracich. Dale pak podle EN 113
(1996) s dfevénymi vzorky na agarovéem médiu. Geranium, cinnamaldehyd
a eugenol inhibovaly rust vSech testovanych hub i v 1% i niz8i koncentraci na
Zivném médiu. Cajovnik, oregano, lema a anyz uéinkovaly jen na nékteré houby,
kanuka inhibovala pouze houbu Coniophora puteana a olej z eukalyptu nebyl
schopen omezit rlst ani jedné ze zkouSenych hub. V testech na dfevé byl
nejucinngjsi eugenol, ktery vySel jako nejlepSi varianta tam, kde nebude hrozit
jeho vyplaveni.

Hussain a kol. (2013) provedli test ucinnosti péti esencialnich oleju (olej
z koptského kminu, hfebicku, Cesneku, zederachu indického a olivovy olej) proti
plisnim (Aspergillus niger, Aspergillus flavus, Paecilomyces variotii, Penicillium
sp., Trichoderma sp., Grifola sp. a Trichoderma viride) na Zivném agarovém
médiu podle metodiky Nene a kol. (1971) a zaroven na pudnich dfevénych
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blocich podle American Wood-preservers’ Association Standard E10-06 (2006).
Oleje z koptského kminu, zederachu indického a hifebi¢ku byly nejucinnéjsi proti
testovanym plisnim (Aspergillus niger, Aspergillus flavus, Paecilomyces variotii,
Penicillium sp., Trichoderma sp., Grifola sp. A Trichoderma viride).

Panek a kol. (2014) testovali deset esencialnich oleju (bfiza, hfebicek,
levandule, oregano, puskvorec, saturejka, Salvéj, Cajovnik, tymian a mix — Salvéj,
tymian, eukalyptus, levandule a citron v poméru 1:1:1:1:1) a jejich antifungicidni
ucinnost na drevé buku (Fagus sylvatica). Bukové vzorky byly maceny po 24
hodin pfi 100kPa a 20 °C v jednotlivych esencialnich olejich v 1%, 3,5% a 10%
koncentraci. DalSi testovani probihalo podle modifikované normy EN 113 (1997).
Testy probihaly proti houbam hnédé hniloby (Coniophora puteana), bilé hniloby
(Trametes versicolor) a plisnim (Aspergillus niger a Penicillium brevicompactum).
NejlepsSi inhibicni u€inky i v nizkych koncentracich proti plisnim a Coniophora
puteana mél esencialni olej z tymianu, oregana, puskvorce obecného a hiebicku.

Bahmani a Schmidt (2018) testovali Sestnact esencialnich oleja (oliva,
koptsky kmin, bergamot, cedr, hefmanek, eukalyptus, fenykl, geranium,
levandule, citronova trava, mata rolni, mata peprna, neem, pupalka, anyz,
Cajovnik, tymian), na vzorcich dfeva buku (Fagus orientalis) a borovice (Pinus
taeda). K aplikaci oleju byla pouzita vakuova impregnace. Oleje byly testovany
proti plisnim (Aspergillus niger, Penicillum commune), houbam hnédé
hniloby (Coniophora puteana), bilé hniloby (Trametes versicolor), mékkeé
hniloby (Chaetomium globosum) a pfirozenym vzduSnym sporam. Nejucinnégjsi
vySly oleje z citronoveé travy, tymianu a levandule, které byly uc¢inné proti vSem
testovanym houbam.

Reinprecht a kol. (2017) zkoumali ucinek kombinace nanocastic ZnO
v kombinaci s hfebickovym a oreganovym olejem, kdy byla dokazana
prokazatelna ucinnost danych oleju v ochrané dreva proti ¢tyfem druhdm plisni,
oproti pouziti samotnych nanocastic.

Goktas a kol. (2010) testovali ochranu bukového (Fagus orientalis)
a borového (Pinus sylvestris) dfeva proti houbé& hnédé hniloby Postia placenta
a bilé hniloby Trametes versicolor Upravou esencialnimi oleji z modience a badilu
horského. Testovani probihalo metodou pudnich blokd. Nejniz§i ubytek byl
u bukového dfeva oSetfeného esencialnim olejem =z badilu horského
v koncentraci 0,25 % pro P. placenta, u T. versicolor byl ale u stejné kombinace,
jen v 3% koncentraci naopak ubytek nejvyssi.

Velky vyzkum na odolnost 22 fenoll, fenol éter a aromatickych aldehydu
esencialnich olejl proti dfevokaznym houbam Trametes versicolor a Coniophora
puteana na Zivném médiu uskute¢nili Voda a kol. (2003). Nejucinné&jSimi pro
inhibici rdstu obou hub byly thymol, carvacrol, trans-anethol, methyl chavikol
a cuminaldehyd - slozky tymianu, oregana, anyzu, bazalky a kminu.

| v nékterych druzich ovoce je mozné nalézt slouCeniny, které maji
potencialni vyuZiti jako ochranu dfeva proti plisnim. Ve vyzkumu Macias a kol.
(2005) byly testovany slozky extrahované ze slupek citrusu. Tékavé slozky

34



a flavonoidy citrusovych plodu je mozno pouzit jako pesticidy proti houbam
a hmyzu.

Demirel a kol. (2021) upravili dfevo epoxidovanym Inénym a séjovym olejem,
aby zlepSili jeho odolnost proti hnilob&, hmyzu a termitim. Oleji upravené vzorky
oproti referenénim vykazovali nizSi ubytky hmotnosti pfi mykologickych testech,
dale pak 100% umrtnost larvy Tesafika krovového (Hylotrupes bajulus) podle EN
47. Zaroven béhem testovani odolnosti termitiim podle EN 117 byla prokazana
100% umrtnost larev termita Reticulitermes lucifugus.

2.4.3 Vyhody a nevyhody modifikaci pfirodnimi latkami

Ochrana dfeva syntetickou impregnaci je stara témér dvé sté let, zhruba od
roku 1830, kdy byly pouzivany relativné levné a ucinné toxické chemikalie
(Graham, 1973; Susi a kol., 2011). Tyto chemikalie ale zpisobovaly ekologické
havarie (Baechler a Gjovik, 1986). Pfi pouziti bézné dostupnych prostfedki
chemické ochrany dfeva je proto potfeba myslet na jejich toxicitu a nesmi se
zapomenout ani na nasledné problémy s likvidaci dfeva oSetfeného tézkymi
kovy. Syntetické latky, pouzivané pro ochranu dfeva, obsahuji stale velké
mnoZzstvi chemikalii, které jsou povazovany za toxické a mohou mit nepfiznive
ucinky na lidské zdravi a zaroven Skodi zivotnimu prostfedi. (Decker a kol., 2002;
Hingston a kol., 2002; Singh a Singh, 2012; Woods, 1994). VSechny tyto aspekty
v poslednich letech ozZivily zajem védcu i vefejnosti o vyuzivani alternativnich
metod ochrany dfevénych vyrobku s cilem vyhnout se pouzivani chemikalii
(Evans, 2003; Gonzalez-Laredo a kol., 2015; Schmidt, 2007).

Pokud se jedna o biologickou ochranu, je na rozdil od syntetickych
chemickych latek snadnéji biologicky odbouratelna, coz ale bohuzel pfinasi
i nevyhody v podobé niz§i odolnosti vici povétrnostnim vlivim. Dosud ne pIné
uspokojivé je vyfeSena zejména jejich vyplavitelnost ze dfeva vlivem srazkové
vody, coz je limitujici pro vyuZiti v exteriéru bez kontaktu se zemi (Singh a Singh,
2012).
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3 METODIKA

Obrazek 1 ukazuje schéma provedenych experimenta.

Povrchova modifikace

Kofein

——

o

N

Smrk Zivna pada Smrk, Borovice, Buk Smrk, Buk
Maceni (EN 84), Houby Houby Nanocastice TiO,
Xenotest (EN 839, EN 152, Natérové hmoty
(EN 927-6) EN 15457) ‘ '
Porovnén?uéinnosti U¥ kemore
Termiti (EN 118) e ) (EN 927-6)
methylxantin( jako Vlivdfeva na
Houby (EN 113) g e s
BaTva inhibitor( rastu hub odolnostbiotickym
v (kofein, teofylin, i eltim Barva
Smaceni :
. . ) teobromin) T Lesk
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€ Plisné (CSN 690604)
4.1 4.2 4.3 4.4
Maceni (EN 84),
Temnibi ENALE) | ac):(z:llo(test ) < Smrk < Levandule
Houby (EN 113) ‘

(EN 927-6)

|

4.5

Obrazek 1 Schématické zobrazeni vyzkumu

3.1 Pouzité materialy

V experimentech v kapitolach Vysledky 4.1, 4.3, 4.4 a 4.5 byly vzorky
vyrobeny z dfeva smrku ztepilého (Picea abies), jako zastupce jehliCnatého dfeva
nejCastéji vyuzivany jako konstrukCni dfevo, s pomérné nizkou biologickou
odolnosti a zaroven se Spatnou impregnovatelnosti. Buk lesni (Fagus sylvatica),
u kterého Ize predpokladat v budoucnu vyraznéjsi pramyslové vyuziti, ma nizkou
pfirozenou trvanlivost a je pouzivany v mykologickych testech jako referencni
dfevo zatupuijici listnaté druhy dfev. Testovan byl v ¢astech vysledkld uvedenych
v kapitolach 4.3 a 4.4. V kapitole Vysledky 4.3 byla dale testovana bél borovice
lesni (Pinus sylvestris), s nizkou pfirozenou trvanlivosti, ktera je pouzivana
v mykologickych testech jako referenéni zastupce jehlicnatych dfevin. DalSi
pouzité materialy s odkazy na jednotlivé kapitoly Vysledkl, ve kterych byly
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pouzity, jsou popsany v Tabulce 1 a pouzité dfevokazni Cinitelé s odkazy na
kapitoly Vysledky, ve kterych byly pouZzity, jsou v Tabulce 2. Konkrétni rozméry
a dal8i vybrané charakteristiky jednotlivych vzorkGi a pouzitych materiala jsou
popsany v kapitolach Vysledky.

Tabulka 1 Rozpis material( pro jednotlivé experimenty s odkazem na dané testy v kapitole Vysledky

republika

vir s 1s , . V kapitole
Pouzité latky Vyrobce Popis Vysledky
0
Kofein Sigma-Aldrich, Praha, 2% koncentrace 4.1
Ceska republika 1% a 2%
4.3,4.4
koncentrace
0,
5% roztok Ievandul_e . . Yellow & Blue, Tierra 70 % etanolu a
(Lavandula angustifoila Mill. x . o . .
e . Verde, Popuvky u Brna, 25 % destilované [ 4.5
Lavandula latifoila Medik.) X . :
o : Ceska republika vody
z esencialniho oleje
Bochemie Wood Care
Bochemit QB Hobby s.r.o. Bohumin, Ceska 41,45
republika
Lukofob DxL I:uceb'nl zavogy a.s. Kolin,
Ceska republika Mix hydrofobnich 4145
2% Horsemen Stonecare HORSEMEN, Belgie pFipravkd Y
2% Horsemen concrete HORSEMEN, Belgie
- ® 0
EN-NANO® EN N,’ANO s.'r.o., Praha, 10 a 15% . 4.4
Ceska republika koncentraci
OSMO UV 420 Osmo, Minster, Némecko 4.4
Transparentni exteriérova Imprenal profi s UV-filtrem,
Iazurap Stachema a.s., Kolin, 4.4
Ceska republika
Theobromin a theofilin Sigma-Aldrich, Praha, 4.2
Ceska republika
Maltose agar P-Lab, Pardubice, Ceska 4.2
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Tabulka 2 Rozpis pouZzitych drfevokaznych Cinitelt s
odkazem na testy, ve kterych byly pouZity v kapitole

Vysledky.
. e V kapitole
Drevokazny Cinitel Vysledky
Houby bilé hniloby
Trames versicolor 4.2
Houby hnédé hniloby
Coniophora puteana 4.2,4.3
Gloeophyllum trabeum 4.3
Gloeophyllum sepiarium 4.2
Poria (Rhodonia) placenta 4.1,4.3,4.5
Serpula lacrymans 4.2
Dfevozbarvujici houby
Aureobasidium pullulans 4.3
Sclerophoma pithyophila 4.3
Plisné
Penicillium brevicompactum 4.3
Aspergillus niger 4.3
Trichoderma viride 4.3
Spras plisni 4.4
Termiti
Reticulitermes flavipes 41,45

3.2 Zakladni testy

Vybrané skupiny vzorka (Vysledky 4.1, 4.5) byly pro simulaci vystaveni
venkovnimu pusobeni maceny podle EN 84 nebo umeélému urychlenému starnuti
v Xenotestu (Q-Lab, Cleveland, OH, USA) podle modifikované normy EN 927-6
(2018). Ve vyzkumu Vysledky 4.4 bylo pouzita UV komora (Q-Lab, Cleveland,
OH, USA) a klimatiza¢ni komora Discovery My DM340 (ACS, Massa Martana,
Italie).

Testy odolnosti upraveného dieva proti houbam hnédé hniloby probihaly
a byly vyhodnoceny podle EN 113 (1996) (Vysledky 4.1; 4.2, 4.5), EN 839, EN
152, EN 15457 (Vysledky 4.3) a CSN 49 0604 (Vysledky 4.4). Testovani odolnosti
dfeva proti termitim (Vysledky 4.1; 4.5) probihalo a bylo vyhodnoceno podle EN
118 (2013).
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3.3 Doprovodné testy

Pomoci kapalinové chromatografie/hmotnostni spektrometrie, elektronového
mikroskopu (Tescan Orsay Holding, Brno, Ceska republika) a analyzy
elementarniho sloZeni byla zjistovana koncentrace latek ve dievé (Vysledky 4.1).

Pfed a po upravach (Vysledky 4.1, 4.5) a pfed a béhem postupného starnuti
v UV komore (Vysledky 4.4) byly méfeny také parametry barvy, L* a*, b*
Spektrofotometrem CM-600d (Konica Minolta, Osaka, Japonsko) pro vypocet
celkové barevné zmény AE* (Stearns, 1986), smaceni (Vysledky 4.1, 4.4, 4.5)
a volné povrchové energie (Vysledky 4.1, 4.5), pomoci softwaru Kruss (Kruss,
Hamburk, Némecko) na goniometru Kruss DSA 30E (Kruss, Hamburk,
Né&mecko). Podle norem CSN 49 0101 (1980), CSN 49 0108 (1993) a CSN 49
0110 (1980) byla méfena pevnost v tlaku (Vysledky 4.1) na pfistroji Tira 50 kN
(Tira GmbH, Schalkau, Némecko). Dale pak probihalo vyhodnoceni povrchu
(Vysledky 4.4) mikroskopickou analyzou na laserovém mikroskopu (Lext Ols
4100, Olympus, Tokio, Japonsko) a vizualni zhodnoceni na skeneru (Canon
2520 MFP, Canon, Tokio, Japonsko).

3.4 Statistické vyhodnoceni

Statisticka analyza byla provedena v programu Statistica (TIBOCO Software
Inc., Palo Alto, CA, USA). Byl pouzit k vypoctu stfednich hodnot (Mean),
smérodatnych odchylek (SD), analyzy ANOVA (a=0,05), Tukeyho HSD testu
s 95% hladinou vyznamnosti a linearni regresni analyzy a k tvorbé krabicovych
grafa.
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4 VYSLEDKY

Vysledky prace jsou uvedeny formou souhrnu publikovanych ¢lankd v
Casopisech z védecké databaze Web of Science.

4.1 Kofein — Perspektivni prirodni biocid pro ochranu

dreva proti hnilobnym houbam a termitiim

Cilem této studie bylo otestovat kofein — zdravotné nezavadnou
a ekologickou pfirodni slou¢eninu — jako potencialné ucinny fungicid a insekticid
pro ochranu dfeva. Kofeinové oSetfeni dfeva jednoduchou a levnou technologii
dlouhodobého maceni bylo testovano proti houbé hnédé hniloby Rhodonia
placenta a termitim Reticulitermes flavipes. Houby a hmyz mohou zpuUsobit
tézkou ztratu funkcCnosti dfevénych konstrukci. Sou€asné hledani produktu
Setrnych k pfirodé je v kontextu méniciho se svétového prostfedi pochopitelné.

Experiment s kofeinem oSetfenym difevem ze smrku ztepilého (Picea abies)
trval proti napadeni hnilobou podle EN 113 16 tydn( a 6 tydnu proti napadeni
termity podle EN 118. Hromadné ztraty kofeinem oSetfenych vzork( dfeva bez
starnuti, zplsobené R. placentou a R. flavipes byly malé, pouze 1,4 %, resp. 0,5
%.

Vysledky jasné naznacuji, Ze kofein je alternativou ke komer&nim biocidim,
napf. k referenénimu Bochemitu QB, ktery je dobfe fixovatelny na dfevo,
obsahujici kyselinu boritou a alkylbenzyldimethylammonium chlorid. Kofein byl
citivy na vyplavovani ze dfeva vodou i v pfitomnosti dodateéné hydrofobni
ochranné vrstvy.

Na zakladé dosazenych vysledkl je mozné doporucit kofeinovou Upravu jako
ekologickou alternativu ochrany dfeva, ale pouze v interiéru nebo exteriéru pod
stfechou proti napadeni termity a také proti hnilobé. OSetfeni kofeinem nemélo
zadny negativni dopad na pevnost v tlaku a barvu smrkového dfeva, zatimco
Zlepsilo smaceni povrchu dualezité pro pfipadné nasledné natéry nebo aplikace
lepidel.

Zpracovano na zakladé Clanku s IF 9,297 (2020) ve WoS:

SIMUNKOVA, K., REINPRECHT, L., NABELKOVA, J., HYSEK, S., KINDL, J.,
BORUVKA, V., ... & PANEK, M. (2021). Caffeine—Perspective natural biocide for
wood protection against decaying fungi and termites. Journal of Cleaner
Production, 304, 127110.
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The aim of this study was to test caffeine — harmless to health and eco-friendly natural compound — as a
potentially effective fungicide and insecticide for wood protection. Caffeine treatment of wood, using
simple and cheap long-term dipping technology, was tested against the brown-rot fungus Rhodonia
placenta and termite Reticulitermes flavipes. Fungi and insects can cause severe loss of functionality of
wooden structures. The current search for of nature-friendly products is understandable in the context of
the changing world environment. The experiment with caffeine-treated refractory Norway spruce (Picea
abies) wood lasted for 16 weeks against the rot attack according to EN 113, and for 6 weeks against the
termite attack according to EN 118. Mass losses of caffeine treated wood samples without ageing, caused
by R. placenta and R. flavipes were small, only 1.4% or 0.5%, respectively. Results clearly suggested that
caffeine is an alternative to commercial biocides, e.g., to the reference in wood well fixable Bochemit QB,
containing boric acid and alkylbenzyldimethylammonium chloride. Caffeine was sensitive for leaching
out from wood by water even in the presence of an additional hydrophobic protective layer. Based on the
achieved results it is possible to recommend caffeine treatment as an environmentally friendly alter-
native for wood protection, but only in the interior or outdoor under roof area against termite attack and
also against brown-rot fungi. Treatment with caffeine had no negative impact on the compression
strength and colour of the spruce wood, while it improved surface wetting important for potentially
follow-up coating or adhesive applications.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Our planet is in danger for many reasons, including the material

wood-decaying fungi and moulds, but also against insect pests
(Reinprecht 2016). Another advantage can be easy penetrability of
the active substances into the wood, without special technological

treatments that play a prominent role due to copious amounts of
additives used annually. Increasing requirements on the ecological
and health safety of biocidal wood protection, improved the
importance of eco-friendly alternatives to the artificial agents (Hill
2006; Sing and Singh 2012; Sandberg 2016). Novel bio-friendly
formulations are expected to be highly efficient not only against
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equipment (Tarmian et al., 2020). Wood is one of the few materials
that simultaneously meets the requirements for sufficient strength,
flexibility, machinability, low cost, availability, aesthetic value and
resource renewability. In the context of a changing world envi-
ronment, it should also be supported for long-term carbon storage.
Softwoods are often used in architecture for supporting structures,
but also for facade cladding, window frames, doors, terraces, gar-
den structures and fences (Feirer and Hutchings 1986; Coulson
2012). The disadvantage of wood is its degradability by biotic and
abiotic influences (Hill 2006; Reinprecht 2016). In terms of abiotic
influences, fire causes the greatest and fastest destruction, but
weathering of wood is most common and ubiquitous (Feist 1990).
However, atmospheric degradation mainly causes a decrease in its

0959-6526/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

41



K. Simunkova, L. Reinprecht, J. Nabelkova et al.

Journal of Cleaner Production 304 (2021) 127110

Abbreviations
CA Contact angle
CSN Czech technical standard

D65 Average daylight from the northern sky
d/8 Diffused lighting/8° observe angle

4am Mass loss

EN European technical standard

HSD Honestly significant difference

LC Liquid chromatography

LxTxR LongitudinalxTangentialxRadial directions
MC Moisture content of the wood

MRM Multiple reaction monitoring

MS Mass spectrometry

ORWK Owens-Wendt-Rabel-Kaelble’s method
QAC alkylbenzyldimethylammonium chloride
p-value  Probability of obtaining test results

SD Standard deviation

R? Coefficient of determination

SEM Scanning electron microscope

SFE Surface free energy

SCl Specular component included

TUV Total ultraviolet radiation

w weight

aesthetic value, as the material degrades only to a depth of a few
millimetres and the mechanical functionality of the elements is
maintained for a long time (Kataoka et al., 2007). Adversely, bio-
degradation by wood-decaying fungi and insects can disrupt the
mechanical functionality of wood over a relatively short period of
time (Hickin 1963; Schmidt 2006). Some fungi enzymatically
decompose ligno-polysaccharides, the most common biopolymer
on the Earth (Ulyshen and Sobotnik 2018), while insects bore
extensive holes in wood and other biopolymers. Impregnation with
biocides can prevent bio-degradation of less durable (EN 350,
2016), cheaper and therefore more frequently used wood species.
Various types of chemicals based on borate salts, salt mixtures of
chromium, copper or others, organometals, triazoles, carbamates,
creosote oil and others are still used (Reinprecht 2016; Sandberg
2016). Industrial options are to protect wood by thermal modifi-
cation or chemical modification — usually by acetylation and fur-
furylation (Hill 2006; Mantanis 2017). Currently, there is a growing
emphasis on more environmentally-friendly biocidal protection
procedures using natural substances, in particular plant secondary
metabolites. Essential oils, organic acids, extractives from more
durable types of wood, chilli, etc., belong to more-frequently used
protecting agents in more research works (Kartal et al., 2006; Singh
and Singh 2012; Panek et al., 2014; Bahmani et al., 2016; Brocco
et al., 2017; Bahmani and Schmidt 2018). But their fixation into
wood structure in is limited and in wet environment can be leached
out (Singh and Singh 2012). On the other hand, substances based on
methylxanthines contained in tea (Camellia sinensis), coffee (Coffea
arabica), cocoa (Theobroma cacao), Kola-nuts (Cola nitida) and Yerba
mate (llex paraguariensis) have interesting and highly desired
properties (Lowor 2008; Arrora et al., 2009; Pelaez et al., 2016).
Caffeine inhibits the growth of moulds, brown-rot, white-rot and
soft-rot wood-decaying fungi, including the well-known moulds
Aspergillus niger, Penicillium cyclopium or Trichoderma viride, and
rot-fungi Coniophora puteana, Rhodonia placenta, Gloeophyllum
trabeum or Trametes versicolor (Arrora et al., 1997; Lekounougou
et al., 2007; Kwasniewska-Sip et al., 2018, Barbero-Lopéz et al.,
2018). The positive effect of caffeine was successfully shown in
combination with thermal treatment of wood (Kwasniewska-Sip
et al, 2019), hydrophobization by organosilanes (Broda et al.,
2018; Ratajczak et al.,, 2018) or combined with fungicide propico-
nazole, which increased its efficacy against fungal attack
(Lekounougou et al., 2008).

The protection of plants with caffeine against agricultural pests
belongs to the hot topics in the applied science (Khoshraftar et al.,
2019; Klein et al., 2020), however, effect of caffeine against termites
or other wood-boring insects has not been studied in so far (Arrora
etal., 2009; Ratajczak et al., 2018; Kwasniewska-Sip et al., 2019). At
the same time, some essential oils or kesambi smoke protection
demonstrated efficacy against termites (Kartal et al.,, 2006; Hadi
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et al.,, 2020). Termites are known for their voracious habits (Evans
et al,, 2013; Su 2019), and can damage a broad spectrum of plant-
originated substrates including wood in interiors (Amusant et al,,
2009; Mubarok et al., 2020).

Spruce wood has a good strength-to-density ratio and it is often
used for structural purposes (Pozgaj et al., 1993). At the same time,
spruce wood is difficult to impregnate (Lehringer et al., 2009;
Reinprecht 2016; Tarmian et al., 2020, EN 350, 2016), has little
natural durability and the current environmental concerns call for
improved techniques of wood protection.

Objective of this study was to test the wood-protection potential
of eco-friendly natural compound — caffeine — as fungicide and
insecticide. Model testing organisms used were the brown-rot
fungus Rhodonia placenta and termite Reticulitermes flavipes. Two
hypotheses were tested (i) that simple dipping technology will be
effective for refractory spruce mature-wood protection, and that (ii)
the important properties of treated wood will not be negatively
affected by caffeine.

2. Material and methods
2.1. Wood, treatment agents and processes

Timber of Norway spruce (Picea abies L. Karst.) mature-wood
was cut into samples with a mean oven-dry density of
411 kg m 3. For dimensions and number of repetitions see 2.4. —
2.8. section. Samples were conditioned to an equilibrium moisture
content (MC) of 12% + 1% at 20 °C and 65% relative air humidity.
Selected samples were submitted to determine the biological
resistance compressive strength, chemical liquid chromatography/
mass spectrometry (LC/MS) analyses before, during and after the
testing period, to measure the colour changes, surface wetting and
surface free energy. “Caffeine” (Fichema s.r.o. Brno, Czech Republic)
was diluted into a 2% water solution. The effect of caffeine was
compared to effect of 20% water solution of “Bochemit QB Hobby”
(Bochemie Wood Care, s.r.o. Bohumin, Czech Republic; active in-
gredients: boric acid (20% of w/w) and alkylbenzyldimethy-
lammonium chloride (QAC) (20% of w/w) with 2-aminoethanol as
additive (<9.5% of w/w). Samples were dipped for 8 h at room
temperature and atmospheric pressure. Untreated spruce samples
were used as controls (samples set U). Half of all tested samples
(untreated and treated with biocides) were subsequently treated
with “Mixed hydrophobicer” with water repellent function, con-
sisting of 6% water dispersion of three hydrophobic agents (2% of
Lukofob DxL (Lucebni zavody a.s. Kolin, Czech republic; silane-
siloxane emulsion in water), 2% Horsemen Stonecare (HORSE-
MEN, Belgium; wax emulsion diluted in water without solvents)
and 2% Horsemen concrete (HORSEMEN, Belgium; wax emulsion
diluted in water with microscopic glass particles). Samples were
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dipped for 6 h. The treated spruce sample sets are marked H for
additional hydrophobic treatment, and by O without it. Marking of
samples sets, retentions of used solutions and active substances are
givenin Table 1. After treatment, the samples were reconditioned to
a moisture of 12% + 1% MC. One group of samples (1st Group) was
selected without any following aging procedure.

2.2. Accelerated weathering in Xenotest and leaching according to
EN 84

The second group of spruce samples (2nd Group) was subjected
to artificial accelerated weathering in Xenotest (Q-Lab, Cleveland,
OH, USA) based on a modified EN 927-6 (2018), where the
following parameters were set: total exposure time 320 h (2.5 h
irradiation and 0.5 h of spraying in the dark in one cycle); the set
radiation intensity of 55 W m~2 (TUV was between 300 and
400 nm); temperature on black panel of 70 °C; air temperature of
45 °C, relative air humidity of 30%; the total energy of the radiation
that fell on the test specimens of 13,210 k] m 2. A leaching pro-
cedure was applied to the third group of spruce samples (3rd
Group) on the basis of EN 84 (1997). For 14 d, the specimens were
placed in suitable containers, in which the water was first changed
2 times each day and, after the third day, it was changed every
1-3 d, for a total of 9 times during the procedure. Samples without
ageing, artificially weathered in Xenotest and leached in water
were exposed to bio-resistance tests. Spruce samples treated with
caffeine and reference untreated samples were used to determine
compressive strength, colour changes, surface wetting and surface
free energy. Extraction LC/MS analyses were done on caffeine
treated samples with and without hydrophobic treatment and
without or after both aging procedures.

2.3. Estimation of resistance against the brown-rot fungus
Rhodonia placenta and the termite Reticulitermes flavipes

Samples (see Table 1) (50 x 25 x 15 mm (LxTxR) were tested
against the decay fungus Rhodonia placenta (Fr.) Niemel”, K.H. Larss
& Schigel, strain FPRL 280 from Building Research Establishment,
Garston - Watford - Herst, UK) according to EN 113 (1996) for 16
weeks in 1 L Kolle flasks. Degradation activity of R. placenta was
confirmed using reference samples of Scots pine sapwood (Pinus
sylvestris L.) (REF-P). Four samples per each treatment and aging
procedure were tested. Attack by Reticulitermes flavipes (Kollar) was
based on EN 118 (2013) simulated by adding the samples
(50 x 15 x 10 mm (LXTxR) to Petri dishes (90 mm in diameter) with
100 g of sand, 50 mL of distilled water and 100 termite workers.
Appropriate amount of humidity was kept during the 6-week
experiment, in dark, at day temperature +30 °C and +20 °C at
night (same for stock colonies). Dimensions of samples were
smaller in comparison with the standard EN 118 (2013) for termite

Table 1
Treatments applied to spruce tested samples.
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resistance tests, due to more sensitive evaluation of mass loss.
Survival termite was established by weighing the whole termite
group (starting at 200 workers) before and after the test in each
Petri dish. Six samples per treatment and aging procedure were
used. In both cases, the mass losses (4m) of tested samples were
determined in accordance with EN 113 (1996) and EN 118 (2013)
after the tests and expressed in %.

24. Chemical liquid chromatography/mass spectrometry (LC/MS),
microscopic (SEM) and elemental composition analyses

Caffeine concentrations were measured in three surface wooden
layers prepared from samples with dimension of 50 x 25 x 15 mm
(depth of layer from the surface 0.0—0.5 mm; depth of 0.5—1 mm;
depth of 1.0—1.5 mm). Layers were cut using microtome and middle
part of tested samples from each layer with dimensions
25 x 15 x 0.5 mm (LxTxR) were analysed by Agilent 1260 Infinity II
liquid chromatograph combined with Triple Quadrupole mass
detection set to multiple reaction monitoring (MRM) regime in
positive polarity mode. The separation was performed on a Zorbax
Eclipse Plus C18 (3 x 50 mm, 1.8 pm) column using methanol and
water (acidified using formic acid 0.1:99.9, v/v) as the mobile phase
in the following time sequence: 0—5 min 95% water, 5% methanol
with 0.4 mL/min flow, 5—5.50 min 100% methanol with 0.4 mL/min
flow, 5.50—5.60 min 100% methanol with 0.5 mLmin-1 flow and
5.6—7.6 min 95% water, 5% methanol with 0.5 mL.min-1 flow.
Totally four samples per each type of analysed treatment (U-O, C-O,
C-H — see Table 1, without and after two kinds of ageing proced-
ures) were used. The selected surface section of the caffeine treated
spruce samples and other treatments and their controls were
examined using a MIRA 3 scanning electron microscope (Tescan
Orsay Holding, Brno, Czech Republic). The elemental compositions
of the observed section were examined by an energy dispersive
spectroscopy system (Bruker XFlash X-ray detector, Karlsruhe,
Germany, and ESPRIT 2 software).

2.5. Measurements of wood surface changes - colour, wetting by
water and surface free energy, compressive strength and statistical
evaluation

The colour parameters (Stearns, 1986) of the spruce samples
were measured before and after caffeine treatment using a CM-
600d Spectrophotometer (Konica Minolta, Osaka, Japan) set to an
observation angle of 10°, d/8 geometry, D65 light source, and the
SCI method. Six repetitions were measured per sample type (totally
on 8 samples with dimensions of 50 x 25 x 15 mm) in each series.
The colour difference according to the Euclidean distance AE*
(Stearns, 1986) was calculated using measured L*, a*, b* co-
ordinates and equation (1):

Set of samples Wood species ~Caffeine - Retention (kg.m™3)

Bochemit QB - Retention (kg.m™>)

Hydrophobicer retention® (kg.m™>)

Solution retention Caffeine retention

Solution retention

Boric acid retention QAC retention

REF-P Pine - - -
u-0 Spruce — - -
U-H Spruce - - -
c-0 Spruce 118 (+21) 2.36 (£0.42) -
C-H Spruce 118 (+21) 2.36 (£0.42) -
B-0 Spruce - - 119 (+18)
B-H Spruce — - 119 (+18)

117 (+20)
= 121 (£19)
476 (+0.72) -

476 (+0.72) 119 (+21)

476 (+0.72)
4,76 (+0.72)

¢ Note: Retention of the 6% “hydrophobicer” is given only. Commercial products defined in 2.2. section were used. REF-P was used only as reference required by EN 113. REF-
P (Pine sapwood), U — Untreated spruce, C — Caffeine in spruce, B — Biocide Bochemit QB in spruce, O — Without hydrophobic paint, H — With hydrophobic paint.
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AE* = \/AL#2 + da¥? 4 4b¥2 (1)

where AL*, Aa*, and Ab* are relative changes in colour after
caffeine treatment; L* is lightness from 0 (black) to 100 (white), a*
is chromaticity coordinate + (red) or — (green), and b* is chroma-
ticity coordinate + (yellow) or — (blue).

The surface free energy (SFE) and contact angle of water
(CAyater”) before and after caffeine treatment were evaluated using
a Kriiss DSA 30E goniometer (Kriiss, Hamburg, Germany) with
Kriiss software (Kriiss, Hamburg, Germany) and an ORWK model for
determination of SFE in mN.m 2. The sessile drop method with a
dosing volume of 5 pL was used in all cases, and the measurements
were performed 5 s after the deposition (according to Petric and
Owen 2015). Distilled water was used as the polar liquid and
diiodomethane as the non-polar liquid for SFE evaluation. Ten
repetitions were measured per sample type (totally on 5 samples
with dimensions of 50 x 25 x 15 mm) across all treatments (SFE,
CAwarer’)- The longitudinal compressive strength in the oven dry
state was tested on samples U-O and C-O (see Table 1) in accor-
dance to the standards CSN 49 0101 (1980), CSN 49 0108 (1993) and
CSN 49 0110 (1980) using 20 x 20 x 30 mm (RxTxL) samples.
Twenty samples for tested kinds of treatment were oven dried at
103 + 2 °C. The oven-dry density (by CSN 49 0108, 1993) of the
samples was U-O = 411 (+14) kg.m > (mean; SD) and C-O = 412
(+13) kg.m > (mean; SD). Samples for compressive strength were
conditioned at a relative air humidity of 65% + 5% and a tempera-
ture of 20 °C + 2 °C. The strength was determined using a Tira 50 kN
(Tira GmbH, Schalkau, Germany). STATISTICA software (StatSoft,
Palo Alto, CA, USA) was used to generate mean (Mean), standard
deviations (SD), Tukey HSD test at a 95% significance level and
linear regression analyses.

3. Results and discussion
3.1. Decay resistance

Results show that caffeine-treated wood had a higher resistance
to the wood-decay fungus Rhodonia placenta, however, a significant
improvement in resistance occurred only without exposure to
subsequent ageing (Table 2). The fungicidal activity was reduced
after leaching in distilled water according to EN 84 (1997), however,
partly also after accelerated artificial weathering in the Xenotest
(Table 2).

Caffeine in samples not subjected to accelerated ageing (Table 2)
revealed biocidal effect comparable to the commercial fungicide
(4m C-O = 1.40%, 4m B-O = 0.00%; p = 0.90 using the Tukey HSD
test). This result confirms the previous observation on a strong
biocidal potential of caffeine in a growth medium (Arrora et al.,
1997; Barbero-Lopéz et al., 2018), and also to protect wood

Table 2
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(Lekounougou et al., 2008; Broda et al., 2018; Kwasniewska-Sip
et al. 2018, 2019; Ratajczak et al.,, 2018). In opposite to our work,
the cited works studied only fungicidal effect: a) of tea leaves
(Arrora et al., 1997); b) of spent coffee ground extracts (Barberro-
Lopéz et al,, 2018) in growth media, or c) of caffeine protective ef-
fect on permeable wood species (EN 350, 2016: beech, Fagus syl-
vatica; pine sapwood, Pinus sylvestris) after their vacuum-pressure
impregnation (Broda et al.,, 2018; Kwasniewska-Sip et al. 2018,
2019; Ratajczak et al., 2018). Also, the caffeine treated samples were
still not tested after exposure in Xenotest using spraying of samples
by distilled water during artificial weathering, only other ageing
procedures were done (Broda et al., 2018; Ratajczak et al., 2018;
Kwasniewska-Sip et al, 2019). Results obtained in this work,
however the firsts showed applicability of the caffeine treatment
for spruce wood - known for extremely difficult impregnability
(Lehringer et al., 2009, EN 350, 2016) - using moreover a simple
dipping technology. Ratajczak et al. (2018) already used hydro-
phobic treatment with organosilanes, but in our work a mixture of
hydrophobic agents was tested (silane-siloxane emulsion, wax
emulsion diluted in water and microscopic glass particles). These
are characterized with a higher potential to produce deeper
penetration into the porous structure of the wood (in particular
waxes and silane-siloxanes emulsion) and also to protect the sur-
face of the wood samples (by waxes in combination with micro-
scopic glass particles). The SEM figure combined with elemental
composition analyses show distribution of silicone (Si) contained in
silane-siloxane emulsion and glass microparticles (Fig. 1).

We observed a similar synergistic effect between caffeine and
hydrophobic compounds as Ratajczak et al. (2018) and Broda et al.
(2018), although the overall variability was rather high in some
cases (Table 2). The mass losses (4m) were sometimes even higher
after hydrophobic treatment (see O vs. H in Table 2), but they were
not significantly different (p > 0.05). Poorer performance of our
approach in comparison with previous study Ratajczak et al. (2018)
and Broda et al. (2018) may be explained by lower impregnability of
spruce mature-wood compared to pine sapwood (EN 350, 2016),
and thus to a faster leaching of caffeine deposited only in surface
layer of treated spruce wood through the thin hydrophobic film.
Organosilanes and hydrophobizing nanoparticles alone do not
produce satisfactory fungicidal activity (Reinprecht et al,, 2013), it is
advisable to continue testing new combinations of hydrophobic
waxes, alkoxysilanes and nanoparticles or other final treatments.
Anti-moulding efficacy of caffeine on treated wood combined with
coating applications seems to be promising (Panek et al., 2020).

3.2. Termite resistance

Termites can damage wood applied also in interiors with rela-
tively low moisture content (Amusant et al., 2009; Mubarok et al.,
2020). This opens a new avenue of research using caffeine as the

Mass loss (4m) of the tested wood samples after 16 weeks of degradation by EN 113 with Rhodonia placenta. REF-P (Pine sapwood), U — Untreated spruce, C — Caffeine in
spruce, B — Bochemit QB biocide in spruce, O — Without hydrophobic paint, H — With hydrophobic paint.

Set of samples Reference Pine Spruce Spruce Spruce
Untreated - U Caffeine treated - C Bochemit treated — B
REF-P U-0 U-H C-0 C-H B-O B-H
Ageing type Loss of mass by R. placenta 4m (%)
Without ageing 19.99% (1.10) 12.37°(1.29) 11.46" (0.75) 1.40° (1.01) 2.65% (0.47) 0.00* 0.00"
Leaching by EN 84 - 9.42° (1.66) 11.31° (1.42) 14.85% (1.29) 10.52"(1.47) 0.01° (0.02) 1.26° (0.95)
Weathering in Xenotest - 15.14° (1.81) 9.33°(1.19) 3.10% (1.06) 4.13% (1.20) 0.08% (0.15) 0.00°

Note: Mean values are from 4 replicates; Numbers in parentheses are SD; Tukey HSD test at 95% significance level.
¢ Am statistically significantly different in comparison with untreated spruce samples after the same following hydrophobic (H) and ageing procedures.
Y Am statistically significantly higher in comparison with Bochemit QB treated spruce samples after the same following hydrophobic (H) and ageing procedures.
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Fig. 1. SEM micrograph of the surface layer of spruce heartwood treated with caffeine solution and a hydrophobic substance. The elemental composition analyses focused on Si
showed the presence of higher concentrations of silane-siloxane compounds in cell wall structure and glass micro-particles on the surface and lumen of tracheid.

protective agent of wood devoid of water leaching (also within
roofed structures defined as using classes 1 and 2 by EN 335
(2013)), which much reduces the treatment efficacy (Table 3,
Fig. 2). Average mass loss of caffeine treated spruce wood samples
(C-0) was 4m = 0.58% in comparison with untreated one (U-O)
achieved 4m = 3.36%. Result was not statistically significant at 95%
level using Tukey HSD test (Table 3), but p-value was relatively low
(p-value = 0.07). Our results show that the realised preservation is
comparable to the commercial biocide, but without the negative
environmental implications. Weight loss of the commercial fungi-
cide (B-O) showed virtually the same results (average 0.20%; p-
value for comparison between caffeine and standard fungicide
equals to 0.99; Table 3). Results given by mass losses were
confirmed by determination of termite worker survival (Table 3).

3.3. Quantification of the caffeine, changes of selected mechanical
and physical properties

Find the progress of caffeine leaching from the wood surface in
Table 4 - results were achieved using LC/MS analyses. Table 4 shows
that water leaching caused up to an order of magnitude decrease in
the concentration of caffeine in the wood. This corresponds to the
results of the mycological (Table 2) and termite resistance (Table 3)
tests. Weathering in Xenotest resulted into higher variability of
caffeine concentration, but on the other hand also lower reduction
of the caffeine contents in the wood blocks in comparison with
water leaching by EN 84 (1997), which also corresponds to lower
weight loss (Tables 2 and 3). The results showed, that treatment of
non-permeable spruce mature wood by dipping in caffeine solution
was sufficient for increased bio-resistance (Tables 2 and 3),
although the higher concentrations of caffeine occurred only in the
thin surface layer (Table 4). Weight losses caused by R. placenta

Table 3

(Fig. 3) and R. flavipes (Fig. 4) were regressed against caffeine
concentration in the surface layer of spruce wood before and after
ageing (Table 4). Our results show a high potential of caffeine to
inhibit the growth of wood-decaying fungi (R*> = 0.60), and to
prevent termites from feeding at such wood (R? = 0.74) (Figs. 3 and
4).

Dipping in caffeine to produce shallow penetration did not
reduce the longitudinal compressive strength of spruce wood. The
compressive strength of spruce wood after caffeine treatment (C-0)
and air conditioning was 44.1 MPa (SD = 4.0 MPa), while it was
43.5 MPa without caffeine treatment (U-O) (SD = 2.5 MPa), and
these differences are insignificant. Colour parameters of spruce
wood were unchanged after the caffeine dipping (C-0): compare
values L* = 84.2 (SD = 0.5), a* = 3.9 (SD = 0.2), b* = 22.0 (SD = 0.7)
with L* = 85.0 (SD = 0.6), a* = 3.5 (SD = 0.4), b* = 21.5 (SD = 0.5) for
the wood without any treatment. The external appearance of the
wood from the outside, expressed as 4E*, was less than 3 (Oltean
et al., 2008). Surface characteristics of the caffeine-treated spruce
wood improved significantly (Table 5), especially wetting with
water (CAwater”), as well as the surface free energy (SFE), which are
linked to an improved adhesion of coatings or glues (de Meier
2005; Pizzi and Mittal 2011).

Based on the effectiveness of caffeine against termites (see
Table 3) and other insects or animal pests (Nathason 1984;
Khoshraftar et al., 2019; Klein et al., 2020), we can predict its use-
fulness against other important wood-boring beetles, such as
Anobium punctatum or Hylotrupes bajulus. But, this assumption
must be tested and scientifically verified according to valid stan-
dards (for example according to EN 46 (2016) and EN 49 (2016)) in
the next steps. Dipping of spruce wood in aqueous caffeine solu-
tions effectively protected it against wood-decay fungi (Arrora
et al.,, 1997; Kwasniewska-Sip et al., 2018; Ratajczak et al., 2018,

Mass loss (4m) of the tested wood samples and survival of termites after 6 weeks of termite attack by EN 118. U — Untreated spruce, C — Caffeine in spruce, B — Bochemit QB

biocide in spruce, O — Without hydrophobic paint, H — With hydrophobic paint.

Set of samples Spruce Spruce Spruce

Untreated - U Caffeine treated - C Bochemit treated - B

U-0 U-H c-0 C-H B-O B-H
Ageing type Loss of mass by termites 4m (%)
Without ageing 336" (1.70) 3.91° (2.28) 0.53 (0.40) 1.87 (1.20) 0.20° (0.30) 0.00"
Leaching by EN 84 438" (1.41) 4.12" (1.80) 415" (1.98) 4.09 (1.59) 0.21° (0.26) 0.04" (0.11)
Weathering in Xenotest 2.21(1.16) 3.60" (2.42) 2.88 (1.60) 3.41 (2.05) 0.56 (0.55) 0.05" (0.12)
Ageing type Survival of termites (%)
Without ageing 38.74 (11.04) 35.80(11.65) 0.86 (2.12) 0.00 0.00 0.00
Leaching by EN 84 53.53 (5.41) 53.45(12.65) 49.19 (9.78) 48.46 (19.81) 0.00 0.00
Weathering in Xenotest 50.34 (11.30) 53.13 (14.80) 49.46 (18.10) 45.75(12.93) 0.00 0.00

Note: Mean values are from 6 replicates; Numbers in parentheses are SD; Tukey HSD test at 95% significance level.
4 Am statistically significantly different in comparison with untreated spruce samples after the same following hydrophobic (H) and ageing procedures.
> Am statistically significantly higher in comparison with Bochemit QB treated spruce samples after the same following hydrophobic (H) and ageing procedures.
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uU-0 U-H C-0 C-H B-0 B-H

without ageing

leaching by EN84

artificial weathering in Xenotest

Fig. 2. Photo of tested spruce wood samples after 6 weeks of termite exposure. U — Untreated spruce, C — Caffeine in spruce, B — Biocide Bochemit QB in spruce, O — Without
hydrophobic paint, H — With hydrophobic paint.

Table 4
Concentrations of caffeine (mg of caffeine/kg of spruce wood) in 3 layers of treated samples of the Norway spruce wood after different ageing procedures.
Kind of samples Depth of samples layer Ageing method
Without ageing Leaching by EN 84 Weathering in Xenotest
Untreated (U) 0.0-0.5 mm 0.00 0.00 0.00
0.5-1.0 mm 0.00 0.00 0.00
1.0-1.5 mm 0.00 0.00 0.00
Caffeine (C-0) 0.0-0.5 mm 8104.89 (477.50) 932.10 (85.66) 2478.57 (756.56)
0.5-1.0 mm 2900.04 (210.27) 1120.53 (197.08) 2209.16 (514.39)
1.0-1.5 mm 1488.20 (551.04) 851.67 (136.64) 853.17 (463.66)
Caffeine + Hydrophobic (C-H) 0.0-0.5 mm 9748.93 (503.38) 515.32 (67.22) 2469.98 (843.07)
0.5-1.0 mm 2380.27 (412.82) 652.75 (153.30) 306.41 (218.08)
1.0-1.5 mm 1327.69 (137.69) 666.68 (148.62) 238.54 (132.93)

Note: Values represent Mean values of caffeine concentration of caffeine in wood and standard deviations (in parentheses).
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Fig. 3. Linear regression between mass loss (4m in %) of spruce wood degraded by
R. placenta (U-O, C-O, C-H) and caffeine concentration in the surface layer of wood (see
also Table 4).

and Table 2), and against termites (Table 3), the most destructive
timber insects (Su 2019). Biocidal effectiveness of only thin pro-
tective layer (Tables 2—4) in refractory spruce heartwood showed
potential of dipping in caffeine solution also for protection of other
non-permeable and non-durable kinds of woods. Fungicidal effect
of caffeine have been attributed to alternation of the cell wall ar-
chitecture leading to an increases of B-glucans and chitin content
(Lekounougou et al., 2007) which leads to loss of structural
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Fig. 4. Linear regression between mass loss (4m in %) of spruce wood degraded by
R. flavipes (U-0, C-0, C-H), and caffeine concentration in the surface layer of wood (see
also Table 4).

integrity of the fungal cell wall (Kwasniewska-Sip et al., 2018). The
insecticidal effect was attributed by Nathason (1984) to inhibition
of phosphodiesterase activity and to an increase in intracellular
cyclic adenosine monophosphate. Based on work of Ohmura et al.
(2006), the authors assume that caffeine treated spruce wood
was not attractive for termites due to its bitter taste. Caffeine
treatment could be useful, especially for indoor timber (risk of in-
sects damage in some cases), for wooden construction under
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Table 5
Water contact angle (CA°) and surface free energy (SFE) of the Norway spruce wood without and with caffeine treatment.
CA° water SFE (mN.m2) Disperse Polar
Untreated spruce (U-O) 105.56 (16.41) 30.48 (7.45) 3047 (7.10) 0.01 (0.36)
Caffeine treated spruce (C-0) 83.37 (13.61) 4397 (9.42) 42.77 (5.96) 1.19(3.47)

roofing without full rain action, and decreases risk of bio-attack if
condensation occurs. Based on achieved results, authors argue for
its broader use. The outdoor caffeine applications should be
accompanied with additional wood protection with suitable hy-
drophobic layers or coatings (Broda et al., 2018; Ratajczak et al.,
2018; Panek et al., 2020). Based on our results, caffeine should be
considered as an affordable candidate to replace some commercial
fungicides and insecticides, organic or inorganic, that are often
severely detrimental for the environment (Lekounougou et al.,
2008; Reinprecht 2016; Sandberg 2016). Also, the way to strongly
bind caffeine to lignocellulose matrix of wood should be seriously
studied (Kwasniewska-Sip et al., 2021) for the sake of future
generations.

4. Conclusions and future prospects

The results of this work provide evidence of caffeine usefulness
for Norway spruce wood protection, as the 2% aqueous solution
applied by the simple technology of long-term dipping method
significantly increased the spruce wood resistance to the brown-rot
fungus Rhodonia placenta and the termite Reticulitermes flavipes,
both being the model organisms causing severe wood bio-
degradation. The caffeine treatment does not alter the longitudi-
nal compressive strength and colour of the spruce wood, and a
slightly increase in its wettability and surface free energy - ad-
vantageous for its certain additional treatments, mainly gluing and
finishing. The leaching of the caffeine-treated wood (mainly ac-
cording to EN 84) reduces the protection to the level of untreated
wood, and should thus be avoided. The hydrophobic treatments
used showed only a limited improvement to the caffeine-treated
wood durability, and additional research needed to optimise the
caffeine, in combination with other preservatives to maintain the
wood quality also in the outdoor conditions. Future prospects in the
use of caffeine as wood-protecting agent comprise additional
research on possibilities for binding of caffeine into wood chemical
matrix to prevent its leaching by water. Also, other natural products
with combined fungicide and insecticide properties should be
included in the future studies. In parallel, there is a strong need of
improved hydrophobic layers highly durable against weathering on
wood surfaces that will make caffeine and other eco-friendly pre-
servatives useful in protection of outdoor timber.
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4.2 Fungicidni aktivita methylxanthint na zakladé jejich

vlastnosti

Dfevéné materidly pro stavebni u€ely mohou byt napadeny rdznymi
dfevokaznymi houbami. Idedlni dfevo-konzervacéni hmota ma byt ekologicka
a zdravotné nezavadna.

Z tohoto davodu byly v této studii analyzovany uc€inky nejvyznamnéjSich
a netoxickych methylxanthinu, jako je kofein a jeho metabolity teobromin a
teofylin, na rust plisni spolu s jejich degradovatelnosti souvisejici s jejich
vlastnostmi. Agarové testy se Ctyfmi dfevokaznymi druhy hub (Serpula
lacrymans, Coniophora puteana, Gloeophyllum sepiarium a Trametes versicolor)
byly provedeny po 28 dnech expozice latce.

Kofein vykazoval 100% inhibi¢ni u€inek na rast hub, na rozdil od teobrominu,
ktery v tomto ohledu nebyl ucinny. Teofylin vykazoval rizné ucinky na
analyzované houby. Analyza rozlozitelnosti ukazala perzistenci kofeinu
a teobrominu, ale teofylin byl degradovan az na 34 %. Vztah toxicity k chemické
struktufe studovanych methylxanthint ukazal dipélovy moment a lipofilitu jako
dulezité parametry ovlivilujici antifungalni vlastnosti. Kofein i teofylin jsou
vhodnymi potencialnimi kandidaty na antimykotické ucinné latky.

Zpracovano na zakladé ¢lanku s IF 1,409 (2019) ve WoS:

KOBETICOVA, K., NABELKOVA, J., DURISOVA, K., SIMUNKOVA, K., &
CERNY, R. (2020). Antifungal activity of methylxanthines based on their
properties. BioResources, 15(4), 8110.
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Antifungal Activity of Methylxanthines Based on Their
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Wood materials for construction purposes can be attacked by various
wood-destroying fungi. An ideal wood-preserving substance is supposed
to be environment- and health-friendly. For this reason, the effects of
the most relevant and non-toxic methylxanthines, such as caffeine and its
metabolites theobromine and theophylline, on fungal growth, together with
their degradability related to their properties were analyzed in this study.
Agar tests with four wood-destroying fungal species (Serpula lacrymans,
Coniophora puteana, Gleophyllum sepiarium, and Trametes versicolor)
were performed after 28 days of substance exposure. Caffeine exhibited
a 100% inhibitive effect on fungal growth, contrary to theobromine, which
was not effective in that respect. Theophylline exhibited variable effects
on the analyzed fungi. The analysis of degradability indicated the
persistence of caffeine and theobromine, but theophylline was degraded
up to 34%. The relation of toxicity to chemical structure of studied
methylxanthines indicated the dipole moment and lipophilicity as important
parameters affecting the antifungal properties. Both caffeine and
theophylline are suitable potential candidates for antifungal active
substances.

Keywords: Methylxanthines; Caffeine; Theobromine; Theophylline; Fungi; Antifungal effects
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INTRODUCTION

Wood building materials are often attacked by wood-destroying pests. Therefore,
various commercially available chemicals are commonly used for wood protection against
biodegradation. However, some of these chemicals have been banned presently, and the
production and use of some others will be discontinued in the near future.

Modern wood-preserving substances, to meet societal expectations, are supposed
to be environment- and health-friendly. A suitable alternative to the previously used
chemicals appears to be found in some natural extracts or individual substances with
biocidal effects produced by plants for their own protection against pests (Islam et al. 2012;
Singh and Singh 2012; Lee ef al. 2018). The use of such natural herbal metabolites in wood
preservation systems can reduce the amount of persistent artificial xenobiotics in the
environment, while the active substance affects just the target organisms.

Caffeine is a commonly studied biocidal substance (Arora and Ohlan 1997,
Lekounougou et al. 2007; Ashihara et al. 2008; Rahman et al. 2014). This type of

Kobetiova et al. (2020). “Methylxanthine antifungals,” BioResources 15(4), 8110-8120. 8110
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methylxanthine is produced by the coffee tree. From the toxicological point of view,
caffeine may paralyze or kill some insect species. It was also found that caffeine may be
used as a neural poison against gastropods (Thomas 2013). The effect of caffeine on spiders
was also confirmed (Hesselberg and Vollrath 2004). When spiders consumed the caffeine-
soaked flies, they became disoriented and were unable to properly build their nests. It was
also observed (Tiepo ef al. 2010) that caffeine can be used against termites in tens of grams
per kg of dry soil, while it does not have any effect on non-target organisms, such as
earthworms, springtails, higher plants, and bacteria. After caffeine application, the termites
were not killed, but subsequent communications in the community through pheromones
were negatively affected (Tiepo et al. 2010). The ecotoxicity and genotoxicity of caffeine
for aquatic organisms was not observed (Testolin ef a/. 2012). Pure caffeine (99% purity)
was also tested on organisms, such as algae, plant seeds, daphnia, and enchytraeids, and
some effects were observed only for concentrations several orders of magnitude higher
than those normally occurring in surface waters (Kobeticova et al. 2015).

The fungicidal effects of caffeine have been studied by several research groups in
the past. Arora and Ohlan (1997) analyzed the effectiveness of tea extracts and pure
caffeine against ten species of brown-rot and white-rot fungi in screening tests.
Lekounougou et al. (2007) tested caffeine against three brown-rot and two white-rot fungi,
but only in a combination with commercial propiconazole. Ratajczak et al. (2018)
investigated the effect of caffeine in combination with organosilanes on impregnated wood,
but using only one concentration. Kwasniewska-Sip ez al. (2018, 2019) studied the effects
of caffeine on ten molds and four fungi species under several treatment conditions with
varying success.

Caffeine can be degraded to its natural metabolites theophylline and theobromine.
Both these substances are quite common in human life. Theophylline is used, e.g., in
therapy for respiratory diseases, while both theobromine and theophylline are present in
tea and cocoa. However, their effects against wood-destroying pests have not been studied
yet, contrary to caffeine.

In this study, the sensitivity of four fungal species to caffeine and its two
metabolites theophylline and theobromine is investigated using in vifro tests under
laboratory conditions. The methylxanthines used in the study possessed a similar chemical
formula. In particular, the variant presence/absence or position of function groups may
affect their toxicity to organisms. Therefore, the bioassays aimed at the identification of
the effects of caffeine, theophylline, and theobromine on the wood-destroying fungi are
performed on agar, excluding their possible interactions with wood materials. Degradation
of studied methylxanthines were analyzed as well and the toxicological data were
correlated to their properties.

EXPERIMENTAL

Materials
Chemicals

Caffeine (CsH10N4O2), theobromine (C7HsN4Oz2), and theophylline (C7HsN4Oz)
were purchased from Sigma-Aldrich (Prague, Czech Republic). Maltose agar was
purchased from P-Lab (Pardubice, Czech Republic). Deionized (DI) water was used as a
solvent for the preparation of methylxanthine solutions and agars. Water stock solutions
were prepared up to the solubility limits at 20 °C (caffeine 20 g/L, theobromine 0.33 g/L,
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and theophylline 5.5 g/L). The concentration scale for the tested substances was chosen
according to the results of previous experiments: Caffeine - 0.125, 0.250, 0.5, 1, 2, 5, 10,
15, and 20 g/L; theobromine - 0.021, 0.042, 0.0825, 0.165, and 0.330 g/L; theophylline -
0.125,0.250,0.5, 1, 2, and 5.5 g/L (Kobeticova et al. 2019).

Test species

Serpula lacrymans (Schumacher ex Fries), Karsten (strain BAM Ebw. 315),
Coniophora puteana (Schumacher ex Fries), Karsten (strain BAM Ebw. 15), Gleophyllum
sepiarium (Wulfen) Karsten (strain BAM Ebw. 873), and Trametes versicolor (Linnaeus
ex Freis) Pilat (strain CBS 347.63) were used as model species. They were purchased from
Timber Institute Ltd. (Prague, Czech Republic), except for 1. versicolor, which was
donated by the Mycological Department of Technical University of Zvolen (Faculty of
Wood Science and Technology, Zvolen, Slovakia).

Growth tests

Tests were performed using the following setup. A 3% (w/w) solution of test
substance was prepared by dissolving the required amount in boiling DI water. It was then
mixed with maltose agar. The mixture was poured into sterile glass Petri dishes. Three
replicates were used for control (pure agar) and all tested substances and concentrations.
Approximately 1.0 cm? area of agar covered by fungi hyphae was transferred on the
solidified agars. The agar dishes were covered with aluminum foil and stored in a biological
chamber under dark with controlled temperature. The specific test conditions were selected
on the basis of previous experiments and information obtained from the standard CSN EN
113 (2004). The temperatures corresponded to the optimal growth conditions of the
particular species; for S. lacrymans and C. puteana 20 °C, G. sepiarium 27 °C, and T.
versicolor 35 °C. The evaluation of the tests was performed after 28 days of substance
exposure.

Chemical analyses

Titration methods were used for the quantification of methylxanthines. Titration
was preferred before other instrumental methods because of the high methylxanthines
concentrations (from mg to g range). A stock solution of 3 x 50 mL of each tested substance
was prepared. The volumetric flasks containing solutions were kept in thermostats with
temperatures corresponding to the test conditions (20, 27, and 35 °C). The titration was
performed using a glass burette with 0.1-mL graduation scale. The analysis was specific
for each analyzed methylxanthine (Pharmacopoeia 2018a,b; Kobeticova ef al. 2019).

Equations

Percentage-biomass coverage of agars affected by methylxanthines and controls
without caffeine was analyzed by image analysis (NIS Elements, BR version 2.3, Prague,
Czech Republic. The areas of plain agar medium and agar overgrown by fungi (in cm?)
were marked for each Petri dish. The mean value was calculated for each concentration
and control group. The inhibition of growth (in %) was calculated according to the Eq. 1,

I=100((C - 8)/C) (D

where / is the inhibition of growth (%), C is the growth of fungi (%) on control medium
(agar without caffeine), and § is the growth of fungi (%) on caffeine affected medium (agar
with various concentrations of caffeine).
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The growth values of each test species were compared (control vs. the tested
concentrations) and subjected to a non-parametric analysis of variance (ANOVA) using
GraphPad software (GraphPad Company, version 3, San Diego, CA, USA) and the
Kruskal-Wallis test. The multiple comparison tests were performed at 0.05 significance
levels. The coefficient of determination and linear regression were utilized to define the
relationship between toxicity (mode £C1o00 values) and selected properties (dipole moment,
lipophilicity, electrophilicity, energy gap, and solubility in water) of studied
methylxanthines. The ECio00 values corresponded to 100% inhibition of fungal growth and
their mode values were selected for statistical analyses for more relevancy than mean
values in this study.

RESULTS AND DISCUSSION

Sensitivity of Fungi to Methylxanthines

Figure 1 shows the growth of fungi on agar after 28-days of exposure to caffeine.
Caffeine was tested in the concentration range of 0.125 to 20 g/L. For the concentrations
of 2 g/L and higher, a total inhibition of growth was observed for all fungal species. The
least sensitivity was related to 7. versicolor.

Theophylline (Fig. 2) caused some growth inhibition as well but the sensitivity of
each fungus species to this substance was different. Contrary to caffeine, the most sensitive
species was 1. versicolor, followed by S. lacrymans, G. sepiarium, and the least sensitivity
was related to C. puteana. Theobromine did not exhibit any effect on the growth of the
representative fungal species (Fig. 3).
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Fig. 1. Growth of fungi T. versicolor, G. sepiarium, C. puteana, and S. lacrymans on agar with
caffeine (0.125, 0.25, 0.5, 1, and 2 g/L) after 28 days of exposure. Error bars represent the
standard deviations. Asterisks represent statistically significant differences, the increasing
number of asterisks corresponds to the increasing statistically significant differences (n = 3,
ANOVA, nonparametric Kruskal-Wallis test, P > 0.05 significance level).
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Fig. 2. Growth of fungi T. versicolor, G. sepiarium, C. puteana, and S. lacrymans on agar with
theophylline (0.125, 0.250, 0.5, 1, 2, and 5.5 g/L) after 28 days of exposure. Error bars represent
the standard deviations. Asterisks represent statistically significant differences, the increasing
number of asterisks corresponds to the increasing statistically significant differences (n = 3,
ANOVA, nonparametric Kruskal-Wallis test, P > 0.05 significance level).
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Fig. 3. Growth of fungi T. versicolor, G. sepiarium, C. puteana, and S. lacrymans on agar with
theobromine (0.02, 0.04, 0.08, 0.165, and 0.33 g/L) after 28 days of exposure. Error bars
represent the standard deviations (n = 3, ANOVA, nonparametric Kruskal-Wallis test, P = 0.05
significance level). Comparison of control values (0) with the tested concentrations did not
indicate statistically significant differences for all model species.

T. versicolor species is representative of white-rot fungi that can degrade not only
lignin but also cellulose and hemicellulose. Therefore, some lignivorous fungi can possibly
be less sensitive to caffeine because of their feeding preferences. This hypothesis is based
on the general presumption that lignin is a variable polyphenolic amorphous substance
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without a regular periodic structure. It is possible that caffeine can interact with lignin
containing unknown chemical components, which can protect fungi against the caffeine
bioavailability and the following accessibility.

The fungal growth inhibiting capabilities of caffeine, which were shown in this
study, were in a good qualitative agreement with Lekounougou e/ al. (2007), who analyzed
the effects of caffeine on fungal growth and reported a complete growth inhibition of five
species of wood decaying fungi. Kwasnievska-Sip ef al. (2018) found four species of wood
destroying fungi to be sensitive to caffeine application at concentrations 10 g/L or higher.
Clearly, the sensitivity of fungi in the present study was higher than that in Kwasnievska-
Sip et al. (2018), which was due to the use of agar substrate avoiding possible interactions
with wood. The results obtained for theophylline and theobromine in this paper could not
be compared with any previous investigations, as such research was not reported yet in
common literature sources.

Table 1 shows that caffeine and theobromine did not degrade significantly in the
sterile environment during the time period of 28 days. Moreover, there was not any
significant difference between the results obtained for the individual substances and
temperatures. Theophylline was degraded more intensively, up to 34%. Unfortunately,
research studies dealing with environmental degradation of methylxanthines are lacking in
common literature sources. Most of the previously published papers were focused on
monitoring, disposable effects, or removal of caffeine from natural waters (e.g., Costa et
al. 2019; Lomba et al. 2019; De Oliveira et al. 2019), not on the time development of
methylxanthines' degradation in a specific medium. Therefore, any comparison of data
obtained in this study with results presented by other investigators could not be done.

Table 1. Concentration of Caffeine, Theophylline, and Theobromine After 0, 14,
and 28 Days at 20, 27, and 35 °C, as Determined by Titration Method

Temperature 20 °C 27 °C 35°C
Substance 0/14/28 days 0/14/28 days 0/14/28 days
Caffeine | Concentration | 20/18.3/18.3 16.7/20/20 18.3/18.3/20
Theophylline (glL) 5.5/4.7/3.6 4.1/3.6/3.6 4.0/3.6/3.6
Theobromine 0.3/0.3/0.3 0.3/0.3/0.3 0.3/0.3/0.3

Relation of Toxicity to Chemical, Physical, and Theoretical Properties of
Methylxanthines

The observed sensitivity of fungi to studied methylxanthines can be explained by
the differences in their chemical, physical, and theoretical properties. Caffeine contains
three methyl groups in its structure, contrary to theophylline and theobromine. The
functional methyl group in position one is present in caffeine and theophylline, not in
theobromine; this might be one of the factors causing the inability of theobromine to stop
the growth of fungi. Theobromine with its amide type linkage (containing -N-H group) is
a hydrogen donor and has basic as well acid properties. This is different from theophylline
and caffeine, which are weak Bronsted bases (Salihovic ef al. 2014). Theobromine is also
the most polar compound according to its electrical dipole moment (Table 2). It is related
to the polarity of the molecule and the distribution of the charge. Dipole moment seems to
be the most important parameter characterizing the toxicity of studied methylxanthines for
fungi (Table 3, Fig. 4).
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Table 2. Selected Properties of Caffeine, Theophylline, and Theobromine

Property Caffeine | Theophylline | Theobromine Source
Scheme of Molecule | . © ™ X R PubChem 2020a,
adadf XX b & 9 2020b, and 2020c
& a > ke b & O
Toxicity (g/L): 1 2 >0.33 Present study
Mode EC1o0
Solubility in Water 20.00° 5.50° 0.33° PubChem 20203,
(g/L) 2020b, and 2020c
Lipophilicity - Kow -0.77 -0.22 -0.22 Salihovic et al. 2014
(Log)
Dipole Moment 3.80 3.51 4.30 Salihovic et al. 2014
Energy Gap (4) 5:12 514 543 Salihovic et al. 2014
Electrophilicity (eV) 2.27 2.41 2.37 Salihovic et al. 2014
Chemical Potential -3.41 -3.52 -3.49 Salihovic et al. 2014
(eV)

Table 3. Relations Between Log of Mode EC100 Values Obtained From the
Toxicity Values of Tested Substances for All Studied Fungi and Selected

Properties
Property Equation of Linear Regression Deterministic Coefficient (R?)
Dipole Moment y=0.39x + 2.16 0.98
Log Kow =-1.15x + 40.20 0.86
Solubility in Water y=0.33x-23.14 0.58
Electrophilicity y =-4.5x + 162.00 0.02
Chemical Potential y =-0.93x — 328.27 0.02

Log values from the Table 2, expressed by linear regression curves and deterministic coefficients

(R?)

y:

Log modus EC,,, (Mmg)
w

s
pes

0.39x + 2.16
R?=0.98

M}E*?

Theophylline

Caffeine

Theobromine

1 2 3

Log dipole moment

Fig. 4. Model of linear regression between log of mode EC1o0 estimates from the toxicity values of
tested substances for all studied fungi and dipole moment with its the deterministic coefficient

(R?)
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Caffeine has a methyl group in position 7 that it cannot donate protons, contrary to
theophylline, which can donate protons from position 7 (Salihovic er al. 2014).
Electrophilicity indicates the capacity of a substance to accept electrons (Spirtovic-
Halilovic et al. 2013), but this property did not significantly impact the results (Table 3).
In contrast, caffeine is the most lipophilic among the tested substances. This property,
expressed as log Kow, is correlated with its easier penetration through membranes and
possible toxic effects as described in the previous studies (Hecht er al. 1992; Kobeti¢ova
et al. 2011). It appears that this property can explain best the antifungal effects of caffeine
in the present study (Fig. 1, Table 3).

Solubility in water is another parameter affecting the toxicity. It is generally known
that the amount in excess of the solubility limit does not further contribute to the toxic
effect. The tested substances indicated certain order-of-magnitude differences in solubility,
ranging from 0.33 g/L to 20 g/L and higher toxicity corresponded with higher solubility
(Figs. 1, 2, and 3).

Some previous studies (Rao et al. 2005; Tsilirakis et al. 2012) showed that caffeine
affects the biological cycle of chitin polymer. This polymer is a polysaccharide composed
of N-acetyl-D-glucosamine molecules linked by 1,4-B-glycosidic bonds (Duo-Chuan 2006;
Gortari and Hours 2008), which also forms a part of fungal cell walls (Tharanathan and
Kittur 2003). Rao ef al. (2005) described the same mode of action of caffeine and
theophylline as inhibitors of chitinases (enzymes) through bonding on the non-reducing
end of the glycosidic bonds. According to their model, the xanthine rings can create
hydrogen bonds with chitinases. In addition, Rao ef al. (2005) found that caffeine was more
toxic than theophylline, which was in a qualitative agreement with the results of this study.
Unfortunately, Rao et al. (2005) did not test theobromine. Therefore, a complete
comparison of the authors’ results with their findings on the mode of action and toxicity
could not be done.

The lower toxicity of theophylline can be further explained by its more rapid
degradation, when compared to caffeine (Table 1, Table 3). In general, the values
of coefficients of determination (R?) indicated that the dipole moment was probably the
most important factor affecting the antifungal activity of methylxanthines, followed by
lipophilicity and partly solubility in water as properties of potential toxicity and antifungal
effects.

CONCLUSIONS

1. The growth inhibition effects of three methylxanthines (caffeine, theobromine, and
theophylline) on four wood-destroying fungi (Serpula lacrymans, Coniophora
puteana, Gleophyllum sepiarium, and Trametes versicolor) were analyzed by in vitro
tests. The basic tests were complemented by the investigation of degradability of
applied methylxanthines. The experiments were performed on agar medium at defined
laboratory conditions for 28 days.

2. The dipole moment and lipophilicity were identified as important parameters affecting
the antifungal properties of studied methylxanthines.

3. The analyzed wood-destroying fungi belong to the most dangerous species for the
wood construction industry. In this paper, theobromine did not affect the growth of
fungal species. Caffeine and theophylline were demonstrated as effective natural
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substances inhibiting their growth. However, as theophylline was subject to rapid
degradation (36%), caffeine could be considered as the most suitable antifungal
substance. This finding can be utilized well in many wood applications in the building
sector.
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4.3 Uginnost kofeinového osetieni pro ochranu dfeva — vliv
druhti dieva a hub

Do budoucna lze oCekavat zvySené pozadavky na zdravotni a ekologickou
nezavadnost biocidl pouzivanych k ochrané dfeva pred bioutokem, a proto je
nutné hledat a dukladné testovat nové ucinné latky. Bylo prokazano, Ze kofein
ma biocidni uc€innost proti dfevokaznym houbam, plisnim a hmyzu. Cilem
vyzkumu bylo zjistit, zda ucinnost kofeinu jako fungicidu pfirodniho puvodu
ovliviiuje druh oSetfeného dreva.

V této praci bylo testovano vyzralé dfevo smrku ztepilého (Picea abies),
béloveé borovice lesni (Pinus sylvestris) a buku lesniho (Fagus sylvatica). Vzorky
byly oSetfeny technologii dlouhodobého maceni nebo natérem (podle EN
152:2012) a nasledné testovany proti vybranym dfevokaznym houbam hnédé
hniloby dle normy EN 839:2015, dfevozbarvujicim houbam dle EN 152:2012
a proti rtstu plisni podle EN 15457:2015. Prinik roztoku kofeinu do hloubky
dfeva byl také hodnocen pomoci kapalinové extrakéni chromatografie a také vliv
pouzité upravy na vybrané fyzikalni a mechanické vlastnosti dieva.

Vysledky testt ukazaly, Ze na u€innost kofeinové ochrany mél vyznamny vliv
druh pouzitého dfeva a konkrétni druh dfevodegradujiciho Cinitele.
NejodolnéjSim dfevem byl oSetfeny smrk, nejvice nachylné k poSkozeni bylo
oSetfené dievo z borovice a buku. Vysledky prace ukazaly, Ze kofeinova uprava
je ucinna proti dfevokaznym houbam v 2% koncentraci, v nékterych testovanych
pfipadech i v 1%. Lze jej pouZzit jako ekologicky pfijatelnou kratkodobou ochranu
proti dfevozbarvujicim houbam ve skladech feziva a je Caste¢né ucinny i proti
plisnim. RovnéZz nema negativni vliv na zmény fyzikalnich a mechanickych
vlastnosti testovanych drevin
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Abstract: In the future, we can expect increased requirements to the health and ecological integrity of
biocides used for the protection of wood against bio-attacks, and it is therefore necessary to search for
and thoroughly test new active substances. Caffeine has been shown to have biocidal efficacy against
wood-destroying fungi, moulds and insects. The aim of the research was to determine whether the
effectiveness of caffeine, as a fungicide of natural origin, is affected by a different type of treated
wood. Norway spruce mature wood (Picea abies), Scots pine sapwood (Pinus sylvestris), and European
beech wood (Fagus sylvatica) were tested in this work. The samples were treated using long-term
dipping technology or coating (according to EN 152:2012) and then tested against selected wood-
destroying brown rot fungi according to the standard EN 839:2015, wood-staining fungi according
to EN 152:2012, and against mould growth according to EN 15457:2015. The penetration of caffeine
solution into wood depth was also evaluated using liquid extraction chromatography, as well as
the effect of the treatment used on selected physical and mechanical properties of wood. The test
results showed that the type of wood used and the specific type of wood-degrading agent had a
significant effect on the effectiveness of caffeine protection. The most resistant wood was the treated
spruce, whereas the most susceptible to deterioration was the treated white pine and beech wood.
The results of the work showed that caffeine treatment is effective against wood-destroying fungi
at a concentration of 2%, and at 1% in some of the tested cases. It can be used as an ecologically
acceptable short-term protection alternative against wood-staining fungi in lumber warehouses and
is also partially effective against moulds. It also does not have negative effects on changes in the
physical and mechanical properties of the tested wood species.

Keywords: wood species effect; caffeine treatment; natural biocide; fungi; physical; mechanical properties

1. Introduction

Wood products can be damaged by bio-attack during storage, transport, or assembly,
but under suitable humidity conditions also in end products, e.g., wooden structures,
wooden buildings, exterior and interior furniture, etc. One of the most effective ways to
protect wood is the use of biocides, which prevent damage even if the structural protection
is not sufficient [1]. At the same time, however, commercially used biocidal substances
have negative effects on the health of workers coming into contact with them, as well
as end-users, and they have overall negative environmental impacts. This, especially
in industrialized countries, leads to stricter requirements for the least possible toxicity
of the preparations used, in an effort to prevent the accumulation of active ingredients

Polymers 2021, 13, 3758. https:/ /doi.org/10.3390/polym13213758
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in the human body, animals, soil, and plants [2,3]. One method is to use substances
of natural origin that have been shown not to accumulate [4,5], and caffeine is also a
very affordable alternative. Its biocidal effect has been explained in several works [6-8].
The insecticidal effect is explained by the inhibition of phosphodiesterase activity leading
to an increase in intracellular cyclic adenosine monophosphate [9]. Based on several
works, the fungicidal effect of caffeine can be explained by the effect of increasing the
proportion of B-glucans and chitin content with an impact on the structure of hyphal
cell walls [10,11]. Tests of biocidal activity against wood-destroying fungi were initially
performed by the poisoned nutrient soil methods [6], subsequently also verified on treated
wood bodies [7,12]. Lightly permeable types of pine and beech wood and the method of
vacuum impregnation [7,11,12] were used in most cases, but efficiency on hard-to-permeate
spruce wood was also verified using long-term dipping technology [13]. Caffeine was
effective against the growth of wood-destroying white and brown rot fungi [6-8,10,12,14]
and was also tested on wooden specimens for mould growth [15]. So far, a 2% caffeine
solution was tested as an effective concentration, whereas tests using lower concentrations
that would reduce the cost of the used protection [1,16] are lacking. The weakness of
caffeine as a natural biocide for wood protection is its washability by water [13], in which,
according to research works [8,17], it only forms weak bonds. The increase in the biocidal
efficiency of caffeine was investigated using subsequent heat treatment [15] and the water
washability was reduced using hydrophobic treatments [12,13]. In addition to the long-
term protection of built-in products, the use of caffeine as a method of short-term protection
of lumber and semi-finished products is also offered, for which the biggest risk is not only
the studied moulds [15] and insects [13], but also wood-staining fungi [1]. This topic has
not yet been thoroughly researched. An attack by wood-staining fungi can degrade wet
lumber during storage and transport under the appropriate thermal conditions within a
few days [18]. Lumber degraded in this way significantly loses its price, and it is forbidden
to subsequently use it for food packaging and in building structures [1].

The influence of the species of treated wood (beech and spruce) on the efficiency
of caffeine has thus far been investigated in only one work [8]; otherwise, only one
kind [7,11-13,15] was always used. However, the specific species of treated wood may
have an impact on the effectiveness of the protective substance [19-21]. This concerns not
only the quality of the impregnation [19,22], as a synergistically positive or negative effect
is also possible in combination with the extractives contained in the wood, which cause its
natural durability against bio-attack [8,20].

Wood is a material popularly, widely, and advantageously used in several branches of
industry [3]. It is essential that any additional treatment, improving some of its original
shortcomings, does not have a negative impact on its mechanical and physical proper-
ties [1,16]. Effect of caffeine treatment on wood properties changes was investigated only
in a general way [13,23]. There is a lack of thorough data for this promising method of
protecting wood with a natural biocide in the future.

The aim of the research was to determine whether efficacy of caffeine treatment against
selected wood-destroying brown and white rot fungi, wood-staining fungi, and moulds
is influenced by wood species: spruce, pine, or beech. A partial goal of the research was
to compare the fungicidal effect of 1% and 2% concentration of caffeine solution, and also
what effects the treatment has on selected physical and mechanical properties of the tested
wood species.

2. Materials and Methods
2.1. Wood and Treatment

Norway spruce (Picea abies, L. Karst) mature wood, Scots pine (Pinus sylvestris, L.)
sapwood, and European beech (Fagus sylvatica, L.) wood from Czech Republic was used
in this experiment. The oven-dry density of spruce wood was approximately 410 kg-m‘3,
pine wood approximately 505 kg-m 3, and beech wood approximately 660 kg-m 3. Before
preparing the test specimens, the timber was air-conditioned to a moisture content (MC)
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of ~212%. A 1% and 2% aqueous caffeine solution (Sigma Aldrich, Prague, Czech Republic)
was used to treat the test specimens, whilst only resistance to fungi was tested with the
1% treatment.

2.2. Mycological Tests

All mycological tests were performed in an accredited laboratory of the Timber Insti-
tute (www.vvud.cz (accessed on 5 October 2021)).

2.2.1. Effectiveness of Caffeine Treatment against Rot-Fungi Attack

The test was performed in accordance with standard [24] on test specimens measuring
50 mm x 25 mm x 15 mm (L x T x R). Before applying the caffeine solution, the specimens
were sealed with epoxy resin Epolex s1300 (Barvy a Laky Hostivat, Prague, Czech Republic).
The treatment was then performed on the longitudinal surfaces using dipping technology.
The area intake of the solution was continuously checked by weighing and it was in the
range of 120 g-m‘2 (+10 g-m‘z) for all of the treated specimens. The test organisms
were wood-destroying brown rot fungi Coniophora puteana, Gloeophyllum trabeum and
Poria (Rhodonia) placenta. Protective efficacy was determined based on the weight loss of
the wood after 16 weeks of exposure in Kole’s flasks.

2.2.2. Effectiveness of Caffeine Treatment against Wood-Staining Fungi Attack

The test was performed in accordance with standard [25] on test specimens measuring
110 mm x 40 mm X 10 mm (L x T x R). Before applying the caffeine solution, the
specimens were sealed with epoxy resin Epolex s1300 (Barvy a Laky Hostivaft, Prague,
Czech Republic). The caffeine treatment was then performed on three longitudinal surfaces
using coating technology (one 110 mm x 40 mm surface was not treated). The area intake
of the solution was continuously checked by weighing and it was in the range of 120 g-m 2
(410 g-m~2) for all of the treated specimens. The test organisms were wood-staining fungi
Aureobasidium pullulans and Sclerophoma pithyophila. Protective efficacy was determined
after 6 weeks of exposure in cultivation containers based on visual evaluation of the
specimen surfaces, where: degree 0 = no visually observable staining; 1st degree = the
surface shows only isolated small areas of colouring not more than 1.5 mm wide and 4 mm
long, and at no more than five locations; 2nd degree = the surface is consistently coloured
up to 1/3, or locally or in strips up to half of the entire surface; 3rd degree = the surface is
consistently coloured for more than 1/3, or locally for more than half of the entire surface.

The inside of the specimens after cutting was also evaluated, and the colouring of the
inner surface and its extent are also monitored.

2.2.3. Effectiveness of Caffeine Treatment against Mould Attack

The test was performed in accordance with standard [26] on test specimens with
dimensions of 45 mm X 150 mm X 8 mm (L X T x R). The treatment was performed
using dipping technology. In this case, only a 2% caffeine solution was used. The volume
intake of the solution was continuously checked by weighing and it was in the range of
120 kg-m 3 (£10 kg-m~3) for all of the treated specimens. The test organisms were moulds
Penicillium brevicompactum, Aspergillus niger and Trichoderma viride. Protective efficacy was
determined after 7, 14, 21 and 28 days of fungal attack in Petri dishes based on visual
evaluation of the specimens surfaces, where: degree 0 = the specimen surface is not
grown over; 1st degree = the surface of the specimen is grown over up to 10% of the
area; 2nd degree = the surface of the specimen is grown over between 10-30% of the
area; 3rd degree = the surface of the specimen is grown over between 30-50% of the area;
4th degree = the surface of the specimens is grown over 50% of the area.

2.3. Physical and Mechanical Properties

Laths with surface dimensions R x T =20 mm x 20 mm were manipulated from the central
planks of beech, spruce and pine wood, with dimensions of 50 mm x 400 mm x 2000 mm
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(R x T x L).Test specimens (samples) with dimensions of R x T x L=20mm x 20 mm x 300 mm
andR x T x L=20mm x 20 mm x 30 mm were subsequently manipulated from each lath,
3 pieces for each dimension. This number is intended to provide longitudinal parallelism
for three series of experimental attempts for each monitored property (see below), thus
eliminating as much as possible the factor of variability of wood structure for the possibility
of the most relevant assessment of the influence of the monitored factor. The 1st sample
is intended to be soaked in a 2% caffeine solution, the 2nd sample is to be soaked in
distilled water, and the 3rd sample is left as a reference (without any treatment). The test
specimens did not contain knots, cracks, or reaction wood, and the deflection of the fibers
in the longitudinal plane was <5° [27]. Samples with a length of 30 mm were intended for
density determination in oven-dry state and volume swelling, while samples with a length
of 300 mm for the determination of bending parameters.

After cutting, the samples were air-conditioned until the equilibrium humidity was
stabilized in the environment of the CLIMACELL 707 air-conditioning chamber (BMT
Medical Technology Ltd., Brno, Czech Republic) with relative air humidity 65 £ 5% and
temperature 20 &+ 2 °C. Subsequently, 2 sets of samples were treated by dipping. After
penetration of 120 kg~m‘3 (£10 kg-m'3) caffeine or water solution, the samples were
allowed to dry naturally and were then once again air-conditioned in the environment of
the air-conditioning chamber at MC ~ 12%.

The experiments for the determination of selected properties were performed accord-
ing to valid harmonized standards [28-32] or the usual methodological procedures [33].
Laboratory scales Kern PCB 2500-2 (KERN & SOHN GmbH, Balingen, Germany), caliper
Kinex 6040-27-150 (KINEX Measuring s.r.o., Prague, Czech Republic) and dryer Binder
FD 115 (Binder Inc., Tuttlingen, Germany, were used to determine density and swelling.
A Tira 50 kN test machine (Tira GmbH, Schalkau, Germany) was used to determine the
bending parameters.

The dynamic modulus of elasticity was determined using the ultrasound method, whilst
apparatus FAKOPP Ultrasound Timer UT-06/2013 (Fakopp Enterprise Bt., Agfalva, Hungary)
was used to determine the time of passage of the ultrasound wave through the test sample,
followed by a computational relationship (1):

MOEdyn =yt P 1)

where MOE,, (Pa) is the dynamic modulus of elasticity, ¢ (m-s~1) is the speed of sound
propagation calculated from the time of passage of the ultrasound wave over a given length
of the sample, and p (kg-m~2) is the wood density.

2.4. LC/MS Analyses

The caffeine extraction procedure was as follows: wood chips with a weight of
0.05-0.1 g were leached in 10 mL of methanol (concentration 20% v/v) overnight (24 h) and
diluted in water prior to analysis (purity for HPLC) at a ratio of 1:20 and 1:200.

The caffeine concentrations were analysed on HPLC-MS/MS Agilent 1260 Infinity II
(Agilent, Santa Clara, CA, USA) with Triple Quadrupole mass detection. The separation
was performed through column Zorbax Eclipse Plus C18 (3 mm x 50 mm, 1.8 um) (Agilent,
Santa Clara, CA, USA) using methanol and water (acidified by formic acid 0.1:99.9, v /v)
as the mobile phase in time sequence: 0-5 min 95% water, 5% methanol with 0.4 mL/min
flow, 5-5.50 min 100% methanol with 0.4 mL/min flow, 5.50-5.60 min 100% methanol
with 0.5 mL/min flow and 5.6-7.6 min 95% water, 5% methanol with 0.5 mL/min flow.
Detection was made using Triple Quadrupole with MRM regime in positive polarity mode.

2.5. Statistical Evaluation

For statistical evaluation, basic descriptive statistics (mean values and standard de-
viations (SD)) were used, followed by an ANOVA analysis of variance to evaluate the
significance of the adjustment factor. The same significance level o = 0.05 was used for
the analyses. Whisker plots with means and SD, and Tukey’s HSD test at 95% significance
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level and all other analyses of experimental data were performed in STATISTICA Version
13.4.0.14 (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results

The results of the mycological tests showed a generally significant effectiveness of
treatment of beech, spruce, and pine wood against fungi and mould attacks (Figures 1-3).
In some cases, the values achieved were relatively variable. However, even under the
controlled conditions of standardized tests, a large number of factors affect the growth of
living organisms [1,18].

The effect of caffeine treatment on the growth of wood-staining fungi A. pullulans and
S. pithyouphila was the lowest for pine sapwood (Figure 1). Only a 2% concentration of
the solution applied by coating (see Section 2.2 in Materials and Methods) was partially
effective against S. pithyophila. The results were similar for the tested spruce and beech
woods. The 1% concentration of the protective solution had a slight inhibitory effect only
in spruce, whereas the 2% concentration provided a significantly more positive effect in
both wood species for wood-stain mould S. pithyophila (Figure 1).

For the tested species of fungi, the duration of the test was a significant factor.
The largest differences in the results obtained are particularly evident after 21 and 28 days
of test duration (Figure 2). The influence of the type of mould and the type of tested wood
was significant. The best results in inhibiting the growth of fungi on the wood surface were
generally obtained with spruce. For spruce and pine woods, caffeine treatment was more
effective against the growth of P. brevi and T. viride, while A. niger appears to be the species
of mould least sensitive to the tested 2% solution treatment. For beech wood, the inhibitory
effect of caffeine was observed up to a maximum of 3 weeks of test duration, but after 4
weeks there was no significant difference between treated (B-C-2%) and untreated (B-REF)
wood (Figure 2).

The effect of caffeine treatment on the growth of the tested brown-rots was once again
significantly influenced by the type of wood, and by the type of wood-destroying fungus
(Figure 3). It was most effective against wood-destroying fungus C. puteana, in which, in
terms of spruce and beech wood, as little as 1% of the caffeine solution concentration was
highly effective. Conversely, for P. placenta, only spruce treated with a 2% concentration
of caffeine solution achieved a weight loss of less than 3%, which is required in practice
as evidence of sufficient fungicide efficacy in wood [1]. From this perspective, only the
treatment of spruce is partially effective against G. trabeum. However, spruce wood is most
often used in practice for beams and in construction that is often attacked by this type of
fungus [1].
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The evaluation of potential changes in selected physical and mechanical properties
of the tested wood species by caffeine treatment is shown in Figure 4 and Tables 1-3.
The above results clearly show that the treatment with an aqueous solution of caffeine
had either no effect, or only a slight effect, on changes in the properties of the wood.
The main evaluation criteria were modulus of elasticity (MOE) and modulus of rupture
(MOR) (Figure 4), which react very sensitively to any damage to the wood structure [1].
The obtained values of the tested properties did not deviate from the average values and
the variability reported for the given wood species [34,35]. On the other hand, due to
the careful selection of the tested sets of test specimens (see Section 2.3 in Materials and
Methods), the variability of the tested properties was found to be relatively low. A slight
decrease in bending characteristics and volumetric swelling was only found in beech.
However, the samples treated with the caffeine solution did not differ significantly from
the changes caused by soaking in distilled water, and thereby the effect of caffeine can be
ruled out (see Figure 4 and Table 3).
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Figure 4. Static modulus of elasticity and modulus of rupture.

Table 1. Basic statistical analyses, mean value (standard deviation) of the selected properties for

spruce wood.

A Density Oven-Dry Volumetric Dynamic MOE

Modification (kg:m—3) Density (kg-m—3) Swelling (%) (MPa)

Reference 434 411 149 12,703

(16) (14) 07) (1427)

Wat 444 406 144 13,152

gier (17) (10) (1.0) (2060)

Caffei 449 412 14.6 12,864

g (18) (13) (1.2) (1893)

The determinations of caffeine concentrations in dipping treated samples of mature
spruce wood, pine sapwood and beech wood yielded interesting findings (Table 4). The pen-
etration of caffeine into the depth of the treated samples that had cross sections sealed
with epoxy resin (see Section 2.2 in Materials and Methods) was significantly affected by
the type of wood. The smallest differences in the 1st layer (0.0-0.5 mm from the wood
surface) and the 2nd or the 3rd layer (0.5-1.0 mm, or 1.0-1.5 mm from the wood surface) of
the depth of the layer were observed in pine sapwood, while the highest was in mature
spruce and beech wood. These findings are further discussed in part 4. Another finding is
that the increase in the concentration of caffeine solution from 1% to 2% applied to wood
using dipping technology only led to a slight increase in the concentration of caffeine in the
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wood (see Table 4). From the results shown in Figures 1-3, however, it is clear that these
differences are crucial in many cases for the effectiveness of this treatment of wood against
attack by fungi and moulds.

Table 2. Basic statistical analyses, mean value (standard deviation) of the selected properties for

pine wood.

- Density Oven-Dry Volumetric Dynamic MOE

Miditication (kg'm—3) Density (kg-m—3) Swelling (%) (MPa)

- 566 505 134 14,134

clerence (13) (11) (1.6) (2137)

“ 573 500 13.1 14,154

ajel (24) (12) (1.9) (1555)

Caffei 574 515 13.0 13,068

atieine (10) (11) (2.1) (1113)

Table 3. Basic statistical analyses, mean value (standard deviation) of the selected properties for
beech wood.

" < Density Oven-Dry Volumetric Dynamic MOE
bSO (kg-m—3) Density (kg-m—3) Swelling (%) (MPa)
Ref 691 662 23.3 16,398
clerenoe (13) (12) 0.8) (1010)
W, 689 657 224 16,481
atey (10) ©) 1.1 (1050)
o 680 653 21.5 15,384
areme (19) (8) (0.5) (1483)

Table 4. Concentrations of caffeine (mg of caffeine/g of wood) in 3 layers of caffeine treated spruce, pine and beech samples.

Concentration of Caffeine Depth of Treated Concentration of Caffeine in Wood (mg of Caffeine/g of Wood)
Solution Wood Layer Mature Spruce Wood Pine Sapwood Beech Wood

1st layer (0.0-0.5 mm) 9.31 (0.29) 9.13 (0.52) 5.50 (0.18)

c=1% 2nd layer (0.5-1.0 mm) 1.39 (0.38) 7.77 (1.05) 1.02 (0.10)

3rd layer (1.0-1.5 mm) 0.79 (0.24) 5.04 (0.11) 0.80 (0.02)

1st layer (0.0-0.5 mm) 11.49 (0.22) 9.95 (1.97) 8.85 (0.53)

c=2% 2nd layer (0.5-1.0 mm) 0.52 (0.18) 6.48 (0.33) 1.30 (0.17)

3rd layer (1.0-1.5 mm) 0.61 (0.11) 5.15 (0.03) 1.36 (0.35)

4. Discussion

The biocidal effect of caffeine was described and explained in the work of Nathason [9].
The use as a fungicide against wood-destroying fungi was first investigated in the work of
Arora and Ohlan [6] and then in the work of Lekounougou et al. [10,11]. In recent years,
there hasbeen a growing interest in its use as a potentially enviro- and health-friendly wood
preservative against bio-damage. Several works describing the effect on wood against
wood-destroying fungi [7,8,12] have been published and the effect on termite attack has
been confirmed [13].

Together with structurally similar substances, caffeine is a so-called methylxanthine. In
addition to it, biocidal effects have also been investigated for theophylline and theobromine.
These substances differ from each other only in the number of nitrogen atoms and their
arrangement. Nevertheless, different effects of these substances against different pests
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were demonstrated. Caffeine is most effective against the growth of fungi, moulds, and
against insect larvae. Unlike theophylline, it is persistent to the extent that it can be used
for wood treatment, especially in exposures without direct effects of rainwater [8,36].

Caffeine has an inhibitory effect on fungus and moulds by interacting with the cell wall
and is also capable of bioaccumulation in hyphae [37] and fertile fungi [38]. The cell wall of
the fungi is responsible for the mechanical strength of cells and the fungus produces various
enzymes that are involved in morphogenesis in both its formation and extinction. Such
enzymes include chitinases [39]. Chemically, they are glycosyl hydrolases [40]. The groups
differ from each other in amino acid sequence, 3D structure, and molecular chitinolytic
reaction mechanisms [41]. The growth of fungi and moulds is thus the result of a balance
between the effects of the enzymes involved in the synthesis and degradation of chitin [42]
and their own self-regulation [41]. In addition, they are produced not only by fungi, but
also by other organisms, including plants to protect them against fungal pathogens [42]. It
can therefore be assumed that caffeine can be produced by plants precisely as an inhibitor of
fungal infections. In addition, the production and inhibition of chitinases can be influenced
by many factors, whilst stress regulation due to nutrient deficiency or low temperature or
high osmotic pressure is also being considered [41,43].

In our work, we investigated the possible use of caffeine against wood-staining fungi,
which can damage freshly felled wood in log or timber warehouses under suitable con-
ditions within a few days [1]. The effect of the used impregnation solution concentration
(1% and 2%) in combination with the type of wood (spruce, pine, beech) on mould at-
tack, wood-destroying fungi, and wood-staining fungi was also tested for the first time.
In addition, the influence of caffeine treatment on wood properties has yet to be more
thoroughly documented [23,44]. This was the first testing of effectiveness against wood-
destroying fungi using standard [24]: (closed test specimen faces, dipping applications),
which better imitates the operating conditions of impregnation of large wood products
compared to the basic test method according to [45], which has already been evaluated in
other works [7,12,13].

Based on the results reported in Figures 1-3, it can be stated that the type of treated
wood had a relatively significant (in several cases statistically significant at the 95% level
of significance) impact on the effectiveness of caffeine treatment against the tested or-
ganisms. This is in line with the results of works of more authors, where other types of
fungicides were tested, but the type of wood also affected the results of weight loss or
mould growth [19-21,46,47]. The best protective effect was achieved with spruce wood
(Figures 1-3). This can be explained by its higher natural durability compared to beech and
pine sapwood [22]. However, Table 4, showing the caffeine concentrations in the individual
layers of treated wood, offers another possible explanation. Wood-destroying and wood-
staining fungi most easily attacks wood by first growing through open cell elements [1] and
only then do they begin to degrade the cell wall [18]. For mature spruce wood, the tracheids
are completely enclosed by pits [48] and caffeine protection on the surface of the wood
and cell lumens (Table 4) provides barrier protection against hyphae penetration to greater
depths. A similar concentration gradient is documented for beech wood (Table 4), which
is impregnable mainly in the longitudinal direction due to open vessels [35]. However,
in our test, the impregnation was mainly performed in the transverse direction, as the
transverse surfaces were closed; thus, the penetration of the caffeine solution into the depth
was significantly reduced (see Table 4). Since the cellular elements of beech (but also pine)
are not as tightly closed as in spruce [34,35], fungal hyphae could more easily penetrate
to a greater depth of the test specimens; thus, the degradations were more pronounced
(Figures 1-3). A better protective effect on spruce compared to beech was also achieved in
the study by Kobeticova et al. [8]. This study [8] demonstrated that caffeine binds most to
coumaryl alcohol (CuA) and to conipheryl alcohol (CoA), and that it interacts least with
sinapyl alcohol (SA). Beech contains these components at a ratio of CoA:SA:CuA = 56:40:4
and spruce at a ratio of 94:1:5 [49] (Fengel et al., 1984). A higher ratio of SA in beech wood
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can lead to a lower binding of caffeine to wood; thus, its fungicidal effect can be reduced
also by this reason.

The effect of the specific type of test organism used on wood damage was also
confirmed (Figures 1-3). This is again in line with other works [19,21] and confirmed
for caffeine treatment [7,8], and in our work for an additional 3 different types of wood.
The 2% concentration of caffeine treatment was most effective against the wood-destroying
fungus C. puteana, and partially inhibiting the growth of wood-staining fungi A. pullulans
and S. pithiophylla regardless of the type of wood treated. In addition, for spruce wood, it
significantly inhibited the attack by wood-destroying fungi G. trabeum and P. placenta, and
the growth of fungi P. brevicompactum and T. viride. The effect on pine sapwood and beech
wood was not sufficient in a number of cases, which is in partial conflict with the works
of Broda et al. [12] and Kwas$niewska-Sip et al. [7]. This is due to the use of a different
method of wood treatment in our work, which may be more acceptable and cheaper for
operations without the possibility of using pressure impregnation. In terms of protecting
spruce wood, this procedure seems to be sufficient, which was confirmed by the work of
Simtinkova et al. [13]. A treatment with 1% solution was also sufficiently effective against
the attack by C. puteana and G. trabeum in spruce wood (Figure 3). However, in terms of
beech and pine wood, treatment with 2% caffeine solution is only effective in some cases; it
is therefore necessary to take into account the need for pressure impregnation in accordance
with works Broda et al. [12] and Kwasniewska-Sip et al. [7], with the recommendation to
also confirm the results of the cited work for large-scale products used in practice.

As expected, the selected mechanical and physical properties of treated wood species
were not significantly affected by treatment with an aqueous caffeine solution (Figure 4,
Tables 1-3). In some cases, there was a slight (but not statistically significant) decrease in
the values of bending characteristics, among which the bending strength primarily reacts
sensitively to any damage to the wood structure [1,50,51]. Together with a slight decrease
in volumetric swelling, this can be attributed to soaking in an aqueous caffeine or water
solution (see Tables 1-3 and Figure 4), which washes out water-soluble extractives from
the wood [52], and the formation of microscopic cracks can also occur during subsequent
drying [53]. In our work, both of these effects only slightly disturbed the compactness of the
tested specimens, and the changes in the tested properties were statistically insignificant in
almost all cases. It is possible to exclude the concurrent effect of the caffeine solution on the
observed changes, as the effects of pure water had the same effect (Tables 1-3 and Figure 4).
For beech wood, the slightly more pronounced effect of soaking in aqueous caffeine and in
water compared to coniferous species is associated with the significantly different wood
structure and transport processes in the beech wood [23,54,55].

5. Conclusions

Caffeine appears to be an ecological, safe, and affordable alternative to conventional
biocides. In our work we tested the effect of 1% and 2% concentration of aqueous caffeine so-
lution applied via dipping on spruce, white pine, and beech woods against brown rot wood-
destroying fungi Coniophora puteana, Gloeophyllum trabeum, and Poria (Rhodonia) placenta.
The coating application was tested against wood-staining fungi Aureobasidium pullulans
and Sclerophoma pithyophila. A 2% solution was tested by dipping against the growth of
moulds Penicillium brevicompactum, Aspergillus niger and Trichoderma viride.

The test results showed that the type of wood used and the specific type of wood de-
grading agent had a significant effect on the effectiveness of caffeine protection. The treated
spruce wood was most resistant to damage by the tested organisms, while the most sus-
ceptible to deterioration was the treated white pine and beech wood. The results of the
work showed that the caffeine treatment is effective against wood-destroying fungi at
a concentration of 2%, and at 1% only in some of the tested cases. It can be used as an
ecologically acceptable short-term protection alternative against wood-staining fungi in
lumber warehouses, and the 2% concentration is also partly effective against the growth
of mould on wood. It also does not have negative effects on changes in the physical and
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mechanical properties of the tested wood species. Treatment of wood with caffeine is also
suitable for practical purposes. In particular, it can preventively protect wood against
bio-attack, if the final product is exposed to accidental moisture or condensed water.
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4.4 Uprava smrkového a bukového dieva kofeinem a
nanocasticemi TiO pro zvyseni odolnosti transparentniho
natéru proti UV zareni a plisnim

Byl testovan efekt prvotni upravy bukového a smrkového dfeva roztokem
kofeinu a komercniho pfipravku FN-NANO® FN-1 s vodni disperzi nanocastic
TiO2 pro zvySeni zivotnosti transparentnich olejovych a akrylatovych natéra
béhem 6 tydnd umélého zrychlené zvétravani. Byly sledovany zmény barvy,
lesku a kontaktniho uhlu vody. Degradace natéroveého filmu byla také hodnocena
vizualné a mikroskopicky. Nasledné byla rovnéz testovana odolnost natérd proti
rustu plisni.

Na zakladé vysledkd je mozné doporucit prvotni oSetfeni smrkového
a bukového dieva 2% roztokem kofeinu nebo 15% roztokem disperze FN-
NANO® pro zvySeni celkové Zivotnosti transparentniho akrylatového natéru
v exteriérovych aplikacich. U olejového natéru nebyl pozorovan zadny pozitivni
ucinek aplikovanych osetieni. Niz§i koncentrace FN-NANO® navic nemély
dostatecCny efekt a nepotvrdil se ani synergicky efekt pouziti FN-NANO® ve smési
S 1% roztokem kofeinu.

Zpracovano na zakladé ¢lanku s IF 2,881 (2019) ve WoS:

PANEK, M., SIMUNKOVA, K., NOVAK, D., DVORAK, O., SCHONFELDER, O.,
SEDIVKA, P., & KOBETICOVA, K. (2020). Caffeine and TiO2 nanoparticles
treatment of spruce and beech wood for increasing transparent coating
resistance against UV-radiation and mould attacks. Coatings, 10(12), 1141.
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Abstract: The effect of the initial modification of beech and spruce wood using a solution of
caffeine and of a commercial product FN-NANO® FN-1 containing a water dispersion of TiO,
nanoparticles for increasing the service life of a transparent oil and acrylate coatings during 6 weeks of
artificial accelerated weathering was tested. Changes in colour, gloss, and the contact angle of water
were monitored. Degradation of the coating film was also evaluated visually and microscopically.
The resistance of the coatings to mould growth was also subsequently tested. Based on the results,
it is possible to recommend the initial treatment of spruce and beech wood with a 2% caffeine solution
or 15% solution of FN-NANO® dispersion to increase the overall life of a transparent acrylic coating
in exterior applications. No positive effect of the applied treatments was observed with the oil coating.
In addition, lower concentrations of FN-NANO® did not have a sufficient effect, and the synergistic
effect of using FN-NANO® in a mixture with a 1% caffeine solution was also not confirmed.

Keywords: wood; caffeine; TiO, nanoparticles; transparent coatings; UV-resistance; mould attack

1. Introduction

Wood is a material of natural origin which is subject to a relatively rapid loss of its original
appearance in exterior applications [1]. This is caused both by abiotic influences [2] and biotic
infestation, in particular by moulds and wood-staining fungi [3,4]. The original appearance of wood
in an exterior location can be further preserved using coating systems [5]. Transparent coatings can
preserve not only the original design but also partly the colour of the base wood; however, their
long-term stability is reduced compared to pigmented coatings by deeper and more intense penetration
of sunlight into the coating film and base wood [6,7]. Another factor causing faster defoliation of
coatings is the growth of fungal hyphae on their surface and in the zone between the coating and the
wood surface [8,9]. In practice, penetrating base coatings containing fungicides and photo-stabilising
components are most often used to suppress fungal growth, increase the bio-resistance of non-durable
wood species, and increase photostability [5,10]. Ultraviolet (UV) stabilisers, hindered amine light
stabilisers (HALS), and nanoparticles [1-13] are most often used as additives, and substances based on
triazoles, carbamates, and others are most often used as fungicides [14,15].

An interesting possibility for increasing bio-resistance in parallel with photo-stabilisation of wood
is the use of TiO; nanoparticles in anatase form [2,13,16-18]. The use of various substances of natural
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origin extractable from renewable sources is a more ecologically acceptable form of wood protection
against bio-attack [19]. One of the substances with a proven biocidal effect is caffeine [20-22], but it
is also disadvantageous in terms of its washability from wood [23]. However, this disadvantage
would be eliminated through use of the top barrier layer of the coating system, which protects
the base caffeine-impregnated wood. Nevertheless, it is necessary to determine whether the initial
pre-treatment with TiO, nanoparticles and caffeine adversely affects the overall service life of the
applied top coating, as described in some works [24,25]. Woods of the Norway spruce (Picea abies L.
Karst) and European beech (Fagus sylvatica L.) were selected for research in this work. Spruce wood is
widely used in exterior structures without a shelter—class 3 by EN 335 [26]. This is a type of wood
with lower resistance to bio-attack [27] and its additional protection against bio-attack is often required.
Transparent exterior coatings on this type of wood do not have optimal durability [28,29]. Beech
wood is rarely used outdoors due to its low resistance to bio-attacks [27]. Its deep impregnation is
necessary, and creosote oils are used, for example, for its use on railway sleepers [5]. Additionally,
due to climate change, it is possible to anticipate an increase in its share in the total volume of wood
processed—here, in Central Europe in particular [3,30,31]. The use of a suitable coating system and
fungicidal components represents one of the simplest and cheapest variants of its possible use in class
3 by EN 335 [26]—outdoors without a shelter and without contact with the ground and water.

The aim of the experiment was to determine how the overall service life of the acrylate and oil
coating system is affected by the initial surface modification of the underlying spruce and beech wood
using caffeine solutions, dispersion of TiO, nanoparticles, and their combinations. The method of
artificial accelerated weathering in a UV-chamber and a subsequent test of mould growth on both
ageless and weathered surfaces of treated wood were used for testing.

2. Material and Methods

2.1. Wood Samples

Norway spruce (Picea abies, L. Karst) wood with an average density of 412 kg'm~> and beech
wood (Fagus sylvatica, L.) with an average density of 710 kg'm~3 were used for the experiments.
Test specimens measuring 20 mm X 40 mm x 150 mm with a milled test area of 40 mm X 150 mm were
prepared. Prior to treatment, the samples were conditioned in the laboratory at T = 20 °C and in air
humidity of ¢ = 65% to an equilibrium humidity of 12%, and they were subsequently modified for
further testing.

2.2. Treatments of Samples

In the first step, the test specimens were soaked in more concentrations of impregnation solutions
containing an aqueous dispersion of commercial product FN-NANO® (FN-1) (FN-NANO® s.r.o.,
Prague, Czech Republic). FN-NANO® dispersion containing about 7.5% TiO, nanoparticles in anatase
form with the addition of 2.4% ZnSQj fulfilling the function of binder. Other sets were impregnated in
2% caffeine solution (Sigma-Aldrich, Prague, Czech Republic) and sets with different concentrations of
FN-NANO® in solution combined with 1% of caffeine were also prepared (see Table 1). The intake of
the solution and the soaking time were adjusted and controlled by continuous weighing of the samples
so that the intake of impregnating substance into the wood was about 120 + 20 kg:-m 3 for both types
of wood (beech is significantly more permeable compared to spruce). Subsequently, the samples were
dried again in the laboratory at T = 20 °C and in air humidity of ¢ = 65% to an equilibrium humidity of
12%. After drying, in the second step, top coatings were applied by brush to the samples. Acrylic (AC)
transparent exterior glaze (Impranal profi with UV-filter, Stachema a.s., Kolin, Czech Republic) and
transparent coating based on vegetable oils (OL) for exterior OSMO UV 420 (Osmo, Miinster, Germany).
Both were applied in two layers by the producers’ recommendations with a deposit of approximately
100 g'm~2. A total of 4 test specimens were prepared for each type of treatment (see Table 1) and testing.
After drying the coating systems, tests of artificial accelerated weathering were performed.
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Table 1. Tested sets of specimens and their specification.

Types of Solution of FN-NANO® Caffeine Solution Acrylic Coating Oil-Based Coating

Samples Dispersion (Concentration) (Concentration) (AQ) (OL)
R-R - - - -
R-A - - 2 layers =
1-A 10% - 2 layers =
2-A 15% - 2 layers -
3-A 10% 1% 2 layers -
4-A 15% 1% 2 layers -
5-A - 2% 2 layers -
R-O - s = 2 layers
1-O 10% = = 2 layers
2-0 15% =2 = 2 layers
3-0 10% 1% = 2 layers
4-0 15% 1% - 2 layers
5-0 - 2% = 2 layers

Note: The spruce samples were marked (S) and the beech samples (B). Solutions of FN-NANO® dispersion with
concentrations 3.5% and 5%, as well as their combinations with a total 1% concentration of caffeine were also
prepared, but the achieved results after artificial weathering were unsatisfactory, and they have therefore not been
further evaluated in this article.

2.3. Artificial Accelerated Weathering

Artificial accelerated weathering (AW) was performed on the basis of EN 927-6 [32] in a UV
chamber (Q-Lab, Cleveland, OH, USA) (radiation parameters 1.10 Wm™2; T on black panel = 65 °C
were modified) as standard with 2.5 h radiation phases and 0.5 h spraying with distilled water in the
dark, and air conditioning at 45 °C once a week for 24 h. In addition, once a week, 3 temperature
cycles (1 h at 80 °C and one hour at —25 °C) were inserted in the Discovery My DM340 air conditioning
chamber (ACS, Massa Martana, Italy). The tests lasted for 6 weeks and the selected properties of the
tested samples were evaluated at the beginning and after the 3rd and 6th week of AW.

2.4. Tested Properties—Colour, Gloss, Surface Wetting, and Visual Evaluation

The evaluated properties were colour changes measured by a spectrophotometer (CM-600d, Konica
Minolta, Osaka, Japan) with an observation angle of 10°, /8 geometry, D65 light source, and the SCI
setting was used. The colour changes of the parameters L* (brightness), a* (+red; —green), b* (+yellow,
—blue), and the total colour change AE* according to the known relationship AE* = (AL? + Aa? + Abz)%
were evaluated [33]. Twelve measurements were made for each group of test samples and AW time.

The gloss was measured with an MG268-F2 glossmeter (KSJ, Quanzhou, China) at an angle of
60° according to EN ISO 2813 [34]. Twelve measurements were performed for each group of tested
samples and AW time.

Surface wetting was evaluated using Goniometer DSA 30E (Kriiss, Hamburg, Germany) and
Kriss software (Kriiss, Hamburg, Germany). The sessile drop method was used. The dosing volume of
the distilled water drop was 5 uL and measurement time of the water contact angle on the surface after
deposition was 5 s. A total of 20 measurements for each type of treatment and AW time were performed.

Visual evaluation was performed using 10x folder magnification and scans of samples (using a
desktop scanner at a resolution of 300 dots per inch (DPI) (Canon 2520 MFEP, Canon, Tokyo, Japan)
before and during AW. Microscopic analyses of surfaces used a confocal laser scanning microscope
(Lext Ols 4100, Olympus, Tokyo, Japan) with 108-fold magnification.

2.5. Mould Resistance Test

The test samples without weathering and after 6 weeks of artificial accelerated weathering were
tested for the resistance of the surfaces to moulds. Petri dishes with Czapek-Dox agar were left in the
open for 24 h to free up mould spores. This method provides more variable results compared to the
laboratory methods using pure mould cultures, but it corresponds better to the real conditions of the
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exposed wood. The samples were then sealed and left at 30 °C and 90% relative humidity. After checking
the growth of mould in the dish, moist test specimens measuring 15 mm x 40 mm X 10 mm were
placed in the dishes with growing moulds, where their upper side measuring 40 mm x 15 mm was
manipulated from the surfaces of the exposed test specimens, and not exposed to artificial accelerated
weathering. The samples were placed on a low plastic pad to prevent the agar from seeping into the
wood. Two test specimens were placed in each dish so that one dish did not contain samples from the
same set of the tested types of treatments. Mould growth was evaluated after 7, 14, 21, and 28 days of
the mould test based on the CSN 490604 [35] standard, where degree 0 corresponds to samples without
growth, 0%-10% is evaluated by degree 1, 10%-30% by degree 2, 30%-50% by degree 3, and above 50%
of the stand at degree 4.

2.6. Statistical Evaluation

The results of the obtained measurements were evaluated using Statistica software (version 13.4)
(StatSoft, Palo Alto, CA, USA) and using mean values, standard deviations (SD), and whisker plots
using means and 2 + SD.

3. Results and Discussion

3.1. Visual and Microscopic Evaluation

Based on visual evaluation supplemented by a microscopic analysis of the surfaces of the tested
samples after artificial accelerated aging, positive effect of certain types of pre-treatments improving
the durability of the acrylate coating (Figure 1) were evident. Compared to untreated wood and two
layers of acrylic coating (Figure 1b), these were mainly 2% caffeine solution treatments (Figure 1c),
the surface treated with 15% FN-NANO® dispersion (Figure 1e), in beech wood also 10% FN-NANO®
dispersions (Figure 1d), and in spruce, the combination of 1% caffeine solution and 10% FN-NANO®
dispersion (Figure 1f) also had a relatively good effect. For other types of treatment, the result was
better compared to the initially untreated surface, but the positive effect was not as expressive. As with
other types of bio-treatments [36], the effect of caffeine treatment on wetting can be explained by
waterborne acrylate coating by reducing the contact angle of water wetting and increasing surface
free energy, which positively affect the adhesion of coatings to wood [37,38]. Based on our further
research, it was found that the contact angle of water wetting in beech decreased after adjustment
from the original 63.7° to 52.6° and from 105.6° to 83.4° in spruce, whilst surface free energy increased
from 49.15 to 53.70 mN-m~2 in beech and from 30.5 to 43.9 mN-m~2 in spruce [39,40]. Regarding
the positive effect of FN-NANO® containing TiO, nanoparticles, it was documented that at certain
concentrations—in particular, if TiO, nanoparticles penetrate deeper into the wood—the effect on
the service life of the top-coating system may not be negative, as evidenced by certain works [24,25].
In fact, they can even reduce the degradation of the under-laying wood surfaces by capturing part
of the incident UV and visible radiation spectra. The potential synergistic effect of a mixture of
TiO;, nanoparticles and caffeine on improving the service life of coating systems due to weathering
was not demonstrated in this work. Only in the case of spruce was the overall appearance of the
coatings slightly better after the combined treatment, whereas for beech it worsened (Figure 1d,e versus
Figure 1f,g). Figure 1a shows the fully degraded surface of untreated native wood with a preserved
layer of non-photodegradable cellulose [41], causing significant lightening of the test specimens during
artificial accelerated weathering (Figure 1a).
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Figure 1. Beech (left) and spruce (right) wood samples before (0.w.) and after accelerated weathering
(AW) (6.w.). (a) Reference native wood (R-R); (b) acrylic coating on untreated wood (R-A); (c) acrylic
coating on caffeine treated wood (5-A); (d) acrylic coating on wood treated with 10% FN-NANO® (1-A);
(e) acrylic coating on wood treated with 15% FN-NANO® (2-A); (f) acrylic coating on wood treated
with a mixture of 10% FN-NANO® and 1% of caffeine (3-A); (g) acrylic coating on wood treated with a
mixture of 15% FN-NANO® and 1% of caffeine (4-A). Note: The real observed area of microscopic
picture was 2500 um X 2500 um using 108-folder magnification.

Overall, the observed degradations of oil-based coating (Figure 2) were significantly higher
compared to the degradations of acrylic coating (Figure 1). They were comparable for both beech and
spruce wood without pre-treatment (Figure 2a,c), and the different types of treatments did not have a
significant positive impact (Figure 2b,d). For this reason, colour changes, gloss changes, surface wetting,
and mould growth were only subsequently evaluated for the acrylic coating system (Figures 3-5 and
Table 2).
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Figure 2. Oil-based coating after 6 weeks of AW. (a) Beech wood without pre-treatment (B-R-O);
(b) beech wood with caffeine pre-treatment (B-5-O) achieved the best results from the tested oil-coated
variants; (c) spruce wood without pre-treatment (S-R-O); (d) spruce wood with 10% FN-NANO®
treatment achieved the best results from the tested oil-coated variants (S-1-O).

3.2. Colour, Gloss, and Water Contact Angle Changes during AW

During artificial accelerated weathering, there were significant colour changes in all of the tested
surfaces (Figure 3). The changes were smaller for darker beech wood in cases where the coating film
was preserved and there was no leaching of darker photodegraded lignin [42], and thus the overall
colour change was lower than in comparable cases of overall lighter spruce wood (Figure 1). In contrast,
for untreated wood, the AE* was greater for beech, as only light-coloured cellulose remained in
the surface zones [4]. Overall, the coated surfaces of the primary treated wood often had a higher
overall colour change compared to the untreated surfaces. However, this was due to the disruption
of the coating film of the untreated surfaces (R-A) (see also Figure 1) and the leaching of darker
photodegraded lignins [43] and subsequent lightening, thus returning the colour to the original lighter
shade of wood that had not been weathered. Of the pre-treatments that increased the overall service
life of the coating film, they also had a partial effect on reducing the colour changes of 2-A for spruce
and 1-A and less 2-A for beech. This confirms the positive effect of TiO, on the absorption and
reflection of UV radiation, and thus reduces its impact on wood [13,44]. However, it was demonstrated
that its effect and suitable concentrations vary for different types of wood (Figure 3). The decrease
in gloss of the coatings sensitively predicts the degradation of its surface layers [45,46]. In terms
of the tested treatments, a positive effect on the preservation of the original gloss was observed in
caffeine-treated spruce wood (Figure 4) with an overall increased service life (Figure 1). The same was
observed in beech treated with a higher concentration of TiO, nanoparticles B-2-A (Figure 4) with
an observed positive effect on colour fastness (Figure 3), as well as the overall service life of the top
acrylate coating system (Figure 1). The contact angle of wetting and the reduction of hydrophobicity of
the surfaces was observed mainly in untreated photodegraded wood, particularly in beech (Figure 5).
Compared to other pre-treatments, a slight decrease in coated samples was only observed for 5-1-A,
which also confirmed the observed effect on reducing the overall life of the coating film (Figure 1).
The hydrophobic effect was otherwise preserved in the samples where the top layer of the coating
film was already disturbed (Figure 1), and there were only slight differences in the variability of the
observed values (Figure 5). This also corresponds to the results of the work [46], where the preservation
of hydrophobicity also did not correspond to the disruption of the overall appearance of the tested oak
wood samples. Overall, a relatively high variability of the achieved values was observed (Figures 3-5).
This is caused by several factors. The first factor is the variability of the measured values of individual
samples in the set due to the inhomogeneity of wood as a material of natural origin. The second reason
is the increase in inhomogeneity of some tested surfaces due to weathering, as was documented in
Figure 1. It was confirmed that the quality of the coating after aging can be evaluated overall only by a
complex of evaluated characteristics, where the overall visual evaluation of the coating film must not
be neglected [7].
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Figure 3. Colour changes in tested wooden surfaces during AW: (a) L* changes on spruce; (b) L* changes
on beech; (c) a* changes on spruce; (d) a* changes on beech; (e) b* changes on spruce; (f) b* changes on

beech; (g) AE* changes on spruce; (h) AE* changes on beech.
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Figure 4. Gloss changes in tested wooden surfaces during AW: (a) Gloss changes on tested spruce
samples; (b) Gloss changes on tested beech samples.
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Figure 5. Water contact angle changes in tested wooden surfaces during AW: (a) Water contact angle
(°) on tested spruce samples; (b) Water contact angle (°) on tested beech samples.

3.3. Mould Growth Tests

Moulds pose a significant risk of damage to surface-treated wood products outdoors, and moulds
have a significant impact on their appearance [5]. There are various methods for testing mould growth
on wood and treated wood [3,4,47]. The results can vary depending on the method used [3]. One of
the possibilities is to use a free fall of mould spores into a prepared nutrient medium and subsequent
insertion of test specimens [48]. This method provides more variable results similar to tests in natural
conditions [4]. In this work, the highest rate of observed mould growth from the tested test samples of
each series was evaluated (Table 2). This increases the likelihood that the level of risk will be more
accurately verified in real exposures, where different species of mould may begin to grow under
appropriate conditions [47], or a combination thereof.

In general, compared to spruce, higher mould growth was observed on the surface of the tested
coated beech samples (Table 2). This can be explained by the higher natural bio-resistance of spruce
wood [27] and also by the better durability of the coating system after AW on spruce wood (Figure 1).
Before and after AW, treatment with a 2% caffeine solution (5-A) with a biocidal effect, which was also
confirmed in other works, had a positive effect on beech and spruce wood [2,23]. In comparison with
the work of Kwasniewska-Sip et al. [49], a better biocidal effect was achieved due to barrier protection
of treated wood with a coating that effectively prevented caffeine leaching during 6 weeks of artificial
accelerated weathering. In several cases, a positive effect of treatment with TiO, nanoparticles was
visible [8]—in particular, at a concentration of 15% FN-NANO® (2-A and 4-A), more so in samples
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after AW (Table 2). This may be related to the greater exposure of the TiO,-treated layer connected
with the degradation of the acrylate coating, which in itself did not show a significant anti-mould effect.
A similar result was observed for spruce wood, but the growth of mould was generally lower than for
beech wood. The result confirms that only higher concentrations of TiO, nanoparticles have sufficient
fungicidal activity, even if the specific amount required is affected by the co-modifying agent [18,50].

Table 2. Maximum mould growth on tested samples before (R) and after weathering (W).

Degree of Moulds Growth Degree of Moulds Growth
(% of Surface Covered by Moulds in (% of Surface Covered by Moulds in
Beech Parenthesis) Spruce Parenthesis)
Time of Moulds Exposure Time of Moulds Exposure
1week 2weeks 3weeks 4 weeks 1week 2weeks 3weeks 4 weeks

B-R-R-R 0(0) 4 (80) 4(90) 4 (90) S-R-R-R 0(0) 3 (50) 4 (65) 4 (60)
B-R-R-W 0(0) 3(50) 4 (60) 4(75) S-R-R-W 0(0) 3 (50) 4 (60) 4 (90)
B-R-A-R 0(0) 3(50) 3 (50) 4(75) S-R-A-R 0(0) 3 (40) 4 (55) 4 (65)
B-R-A-W 0(0) 4 (75) 4(75) 4(75) S-R-A-W 0(0) 4(75) 4 (80) 4 (95)
B-5-A-R 0(0) 1(5) 1(5) 2(10) S-5-A-R 0 (0) 0(0) 0(0) 1(5)
B-5-A-W 0(0) 0(0) 0(0) 2(25) S-5-A-W 0(0) 0(0) 0(0) 0(0)
B-4-A-R 0(0) 0(0) 0(0) 2(25) S-4-A-R 0(0) 0(0) 0(0) 2(10)
B-4-A-W 0(0) 0(0) 0(0) 1(5) S-4-A-W 0(0) 0(0) 0(0) 1(1)
B-3-A-R 0(0) 4 (75) 4(85) 4 (100) S-3-A-R 0(0) 0(0) 0(0) 2(10)
B-3-A-W 0(0) 0(0) 0(0) 2(25) S-3-A-W 0(0) 0(0) 0(0) 1(1)
B-2-A-R 0(0) 4(75) 4(75) 4 (100) S-2-A-R 0(0) 0(0) 0(0) 3(35)
B-2-A-W 0(0) 0(0) 0(0) 1(5) S-2-A-W 0(0) 0(0) 0(0) 1(1)
B-1-A-R 0(0) 4 (75) 4(75) 4 (100) S-1-A-R 0(0) 0(0) 0(0) 1(5)
B-1-A-W 0(0) 0(0) 0(0) 2(25) S-1-A-W 0(0) 1(5) 1(5) 1(5)

Note: degree 0 represents the best results; degree 4 represents the worst results.

Research also confirms that the protection of beech wood against bio-attacks by moulds outdoors
using coatings is more difficult. In addition to its lower bio-resistance, its greater permeability may
also have an effect [51], and thereby increased demands on the amount of applied protective substance,
which does not provide sufficient film-forming protection on the wood surface. However, it is
encouraging that higher concentrations of the active ingredient TiO; used in this research (sets 2-A and
4-A) represented a relatively effective alternative against mould growth (Table 2).

4. Conclusions

Transparent coatings on wood outdoors do not have sufficient service life and colourfastness
due to more significant penetration of sunlight into the coating film and the base wood. Another
significant factor causing degradation of coatings in humid environments are moulds. The possibility
of increasing the durability and resistance to mould attacks in acrylic and oil coating on beech and
spruce wood was investigated. Initial treatments of wood by dipping in a 2% solution of caffeine and
various concentrations of commercial FN-NANO® containing TiO, nanoparticles and their mixtures
were used. A significant positive effect of caffeine treatment on the service life of the acrylate coating
system during accelerated artificial weathering was observed in both types of tested woods. The 15%
EN-NANO® dispersions treatment also showed good efficiency. The combined effect of a mixture of
caffeine and FN-NANO® had no significant positive effect. No improved quality of the oil coating
was observed using the initial wood treatments. Degradation by moulds was significantly reduced
when the wood was initially treated with a 2% caffeine solution. Higher concentrations of FN-NANO®
dispersion had a positive impact—in particular, on samples degraded for 6 weeks in a UV chamber.
Based on the results, it is possible to recommend the initial treatment of spruce and beech wood with a
2% caffeine solution or 15% solution of FN-NANO® dispersion containing TiO, nanoparticles in order
to increase the overall service life of transparent acrylic coating in exterior applications.
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4.5 Levandulovy olej jako eco-friendly alternativa k ochrané
dreva pred termity bez negativniho efektu na vlastnosti
dreva

Drevo trpi mnoha biologickymi poSkozenimi a posledni snahy se zaméruji na
prirodé blizké udrzitelné technologie ochrany dfeva, které by nahradily klasické
syntetické prostfedky s negativnim dopadem na mnoho necilovych organismda,
vCetné Clovéka.

Tento vyzkum zkoumal biocidni u€innost levandulového oleje pfi ochrané
difeva smrku ztepilého (Picea abies) proti houbé& Rhodonia placenta a termitim
Reticulitermes flavipes. Nasledné byly hodnoceny vybrané fyzikalni vlastnosti
smrkového dfeva oSetfeného esencialnim olejem: barevné zmény, drsnost,
povrchové smaceni vodou a volna povrchova energie (SFE).

Vysledky ukazaly, Ze levandulovy olej zvySil odolnost dfeva vuci termitdm
téméf na uroven komerénich biocidi na bazi trojmocného boru a kvartérni
amoniove soli. Dodate¢na hydrofobni uprava zajistila plnou odolnost i po umélém
venkovnim starnuti v Xenotestu nebo vyplaveni ve vodé podle EN 84, coz
ukazuje vysoky potencial oSetfeni levandulovym olejem k ochrané dieva
v exteriéru vystaveném termitiim. Naopak ucinnost levandulového oleje proti
houbé hnédé hniloby nebyla v nizké koncentraci dostate¢na. Barva dfeva
oSetfeného olejem byla zachovana, jeho drsnost se mirné zvySila a smaceni
a SFE vedlo k pozitivni zméné, ktera zlepSila pfilnavost potencialné aplikovanych
venkovnich natéru nebo lepidel.

Zpracovano na zakladé Clanku s IF 4,380 (2020) ve WoS:

SIMUNKOVA, K., HYSEK, S., REINPRECHT, L., SOBOTNIK, J., LISKOVA, T.,
PANEK, M. (2022). Lavender oil as eko-friendly alternative to protect wood
against termites without negative effect on wood properties. Scientific Reports.
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Highlights

e Eco-[riendly lavender oil treatment of spruce wood increased its resistance against termites

e Water-leachable lavender essential oil was fixed in the wood using additional hydrophobic layer
e Simple and cheap long-term dipping technology was sufficient for lavender oil wood protection
e The described treatment is useful for preventive indoor or outdoor wood protection

Abstract

Purpose Timber suffers from various biological damages. Recent efforts aim on
nature-friendly sustainable technologies of wood protection to replace classical
synthetic agents having usually negative impact on many non-target organisms
including man.

Methods This research investigated the biocidal effectiveness of lavender oil
(LO) in protecting the Norway spruce (Picea abies) wood against the termites
Reticulitermes flavipes and the brown-rot fungus Rhodonia placenta. Following,
selected physical characteristics of spruce wood treated with LO were evaluated:
colour changes, roughness, surface wetting with water and surface free energy
(SFE).

Results Experiments showed that LO increased the resistance of spruce wood to
termites nearly to the level of its treatment with commercial biocide based on
trivalent boron and quaternary ammonium salt. The additional hydrophobic
treatment of wood ensured its full termite-resistance even after artificial
weathering in Xenotest and leaching in water according to EN 84, respectively.
It shows a high potential of LO to protect wood against termites. Adversely, the
effectiveness of 5% LO against rot was not sufficient. The colour of the oil-
treated wood was preserved, its roughness increased slightly, and wetting and
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SFE led to a positive change, improving the adhesion of potentially applied
coatings or adhesives for exterior exposures.

Key words: lavender oil; spruce wood; dipping; bio-attack; durability

1. Introduction

The shift from organophosphates and other toxic protectants of wood to environmental- and
health-friendly alternatives poses numerous challenges on the applied research [1], [2]. Many
conventional preservatives, based on serious pollutants such as creosote oils, arsenic,
chromium, chlorinated hydrocarbons or organometals [3], are no longer tolerated in many
countries [3]-[11]. New active substances need to be sought out, ideally from renewable raw
materials, which have low toxicity and are not leached from the wood [12]. In contrast to a
spectrum of unacceptable compounds, only a few synthetic biocides meet criteria expected from
the future use. Irrespectively of the nature and origin of the biocide, additional hydrophobic
coating of treated wood is usually used to improve the long-term stability [13]-[16]. Another
promising alternative is targeted modification of the wood structure — thermally modified wood,
acetylated wood, etc. [17].

Two basic approaches, preventive and repressive, are commonly used to protect the
wood against destroying organisms. The preventive methods include all measures of creating
adverse conditions to stop the pests from interfering with the wood structure. The repressive
methods take place after the wood damage, and should in theory be replaced by a viable
preventive approach [18]. The structural protection is always the priority, and selection of a
durable type of wood, insulation against moisture, and preventive treatment against a local pool
of pests helps to sustain the wood for much longer. Also wood in historic buildings, furniture
or artwork needs to be protected from damage [19], with chemical or modification protection
being more important when structural protection cannot be fully implemented [17], [20]-[23].
The long-term efficacy of biocide treatments is closely related to the wood permeability and its
surface free energy (SFE) [24]-[28]. The Norway spruce (Picea abies) wood, used as model
material in this experiment, is widespread in Europe [15], [29], [30]. Number of works have
dealt with increasing its durability, including its low permeability for preservatives [31], [32].
It would thus be highly advantageous to ensure environmentally-acceptable protection of spruce
wood against bio attacks using low-cost dipping technology, i.e. without technologically-
demanding pressure impregnation as currently required [34].

Various pests use diverse means of digesting the lignocellulose matrix of the wood [35].
While fungi rely upon fibred growth through the wood veins combined with release of digestive
enzymes to the exterior leading to white-, brown- or soft-rots [36], the wood-feeding insects, in
particular beetles and termites, bore holes, weakening thus the wood profile and adequately also
the mechanical properties [37]. Termites are the most serious insect pest in wood in subtropical
and tropical areas [38], [39]. Some 10% of roughly 3.000 species of termites are known to cause
a damage, with only a dozen of them being invasive pests of timber [40]. Termites are known
for their voracious habits causing immense losses on properties, deciphered to 40 billion USD
annually [41]. While termites are efficient decomposers of organic matter irrespectively of a
stage of decomposition [42], [43], two ecological groups are responsible on the wood damage:
dry-wood termites (Blattodea: Kalotermitidae: Cryptotermes mostly) and subterranean termites
(Blattodea: Rhinotermitidae: Coptotermes, Reticulitermes and some others). While dry-wood
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termites colonise wood items through the air and are not dependent on external water sources,
they live unseen until the structure losses its integrity. On the other hand, the subterranean
termites live in large populous colonies — living outside of the house, and can eventually recruit
stunning mass of workers feeding on the wood per more than 100 kg a year in mature colony
[41], [44].

The plant’s essential oils (EOs) are rich in a broad spectrum of molecule species (many
terpenes, carbohydrates, alcohols, ethers, aldehydes and ketones [45]-[47]), and are recognized
beneficial since the dawn of people [20], [48]-[51]. It is thus not surprising that several extracts
showed impressive wood-protecting abilities, and receive the attention from the applied
sciences [50], [52]-[54]). Many EOs reduce populations of bacteria, viruses, fungi, insects and
plants, whilst many others having a strong positive effect on human health [49], [55], [57].
Some of them show effectiveness not only against fungi, but also against termite attack as wood
preservatives [46]. Lavender (Lavandula sp.) belongs to the most common decorative plants in
Mediterranean [58]. Production of lavender oil (LO) reaches 1.500 tons a year. This oils is used
mainly in cosmetics and medicine [49], [S9]-[64]. At the same time, the potential of LO in wood
protection was not much studied so far (but see [50], [52], [65]).

To fill this gap, we conducted well-designed study of one natural compound containing
LO to one commercial biocide Bochemit QB based on boric acid and
alkylbenzyldimethylammonium chloride used for the protection of the Norway spruce mature
wood. For these two formulations, used alone or with an additional hydrophobic substance, was
tested their efficiency against two detrimental pests — the termites Reticullitermes flavipes and
the brown-rot fungus Rhodonia placenta, as well as their effect on selected physical properties
of wood.

2. Materials and Methods

2.1. Wood samples

Samples of the Norway spruce (Picea abies (L.) Karst.) mature wood, with an average
density of 412 kg'm ™ and dimensions of 50x25x15 mm, were used for testing the resistance to
decaying fungi according to EN 113 [66], and selected physical characteristics — colour,
roughness, contact angle of wetting with distilled water, and computed surface free energy
(SFE). For the termite resistance test, 50x15x10 mm samples were used, having slightly
modified dimensions compared to the standard EN 118 [67] due to relatively low weight loss
during short-term exposure.

Norway spruce (Picea abies (L.) Karst.) represent the only commercially used species
from Spruce genera in Central Europe. It is artificially planted in commercial forests. Our
testing material comes from commercial pure stands, the trees were chosen randomly, and they
were free of any defects and irregularities. There was no need to identify the trees (or timber)
as we have no similar species in Czech Republic and there is so no possibility of confusion.
This material was obtained in compliance with all institutional, national, and international
guidelines and legislation.

Prior to following treatment, wooden samples were conditioned in laboratory at a
temperature of 20 °C and an air humidity of 65% to an equilibrium moisture content (MC) of
12% + 1%.

2.2. Substances and methods of wood treatment
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The impregnation solution was made from 5% lavender (Lavandula angustifolia Mill.
x Lavandula latifolia Medik.) essential oil (Yellow & Blue, Tierra Verde, Popivky u Brna,
Czech Republic), 70% ethanol and 25% distilled water. The exact identification of the plant
material has not been carried out, as it is an extract from plants originating from French
commercial plantations. Major effective components in lavender oil defined by producer,
confirmed and certified by France Lavande (Montguers, France) as product FR-BIO-01 are:
Linalool (37 %), Cineole (<12.5%), Camphor (<11%), Limonene (1.5 %), Geraniol (0.5%) and
Eugenol, Coumarin, benzyl benzoate (together <1%). The essential oil was purchased from
Tierra Verde (Czech Republic) in compliance with all institutional, national, and international
guidelines and legislation.

Commercial biocide “Bochemit QB” (20% boric acid, 20%
alkylbenzyldimethylammonium chloride (QAC), <9.5 % 2-aminoethanol and distilled water;
Bochemie Wood Care, s.r.o., Bohumin, Czech Republic) is commercial biocide — fungicidal
and insecticidal water-soluble preservative — for preventive outdoor long-term protection of
wood, and it was used as 20% (w/w) water-solution.

The hydrophobic substance consisted of a 6% aqueous dispersion containing 2% silane-
siloxane emulsion (Lukofob DxL, Lucebni zavody a.s., Kolin, Czech Republic), 2% wax
emulsion with glass particles about 5 pm in diameter (Horsemen concreate, Horsemen,
Belgium), and 2% pure wax emulsion (Horsemen Stonecare, Horsemen, Belgium).

Both solutions were applied at room temperature by 8 hour dipping. Half of treated
samples was, after reconditioning to moisture content (MC) of 12 + 2%, dipped 6 hours by the
hydrophobizer. The retention of solutions and active substances into the sample, as well as the
labelling of the sample, are specified in Tab. 1.

Table 1.

Retention of solutions and active substances into wood samples

Set of Wood Lavender oil (5%) Bochemit QB (20%) Hydrophobizer
| i Soluti
il Retention (kg.m3) Retention (kg.m?3) s
retention*
Solution Active LO Solution Boric acid QAC
(kg.m?3)
REF-P Pine - - - - - -
uU-0 Spruce - - - - - -
U-H Spruce - - - - - 117 (+20)
L-0 Spruce 121 (+20) 6.05 (+0.68) - - - -
L-H Spruce 119 (+21) 5.95 (+0.71) - - - 119 (+19)
B-O Spruce - - 119 (+18) 4.76 (+0.72) 4.76 (+0.72) -
B-H Spruce - - 119 (+18) 4.76 (+0.72) 4.76 (+0.72) 119 (+21)

*Note: Explanation of symbols: Scotch pine wood — (REF-P) is reference required by EN 113; Other symbols are
valid for the Norway spruce wood: Untreated original — (U-O); Untreated, but with the additional hydrophobic
substance — (U-H),; Treated with the lavender oil — (L-O),; Treated with the lavender oil and then with the
hydrophobic substance (L-H),; Treated with the Bochemit OB — (B-0); Treated with the Bochemit OB and then
with the hydrophobic substance — (B-H).

Only the retention of the 6% hydrophobizer solution is given.
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2.4. Aging  leaching according to EN 84 and artificial weathering in Xenotest

One group (1% group) of wood samples was used for experiments without additional
aging. The second group (2™ group) of samples was subjected to a 14 days leaching procedure
by EN 84 [68]. The third group (3™ group) of samples was subjected to artificial weathering in
Xenotest based on standard EN 927-6 [69]. The following parameters were set in the Xenotest
chamber: total exposure time 320 hours (2.5 hour irradiation and 0.5 hours of spraying in the
dark in one cycle); the set radiation intensity 55 W.m™ (T-UV between 300-400 nm);
temperature on black panel 70 °C; air temperature 45 °C, relative air humidity 30%; the total
energy of the radiation that fell on the test specimens 13,210 kJ.m™. After aging procedures,
the samples were again air-conditioned at w=~12%.

2.5. Bio-resistance to the termite Reticulitermes flavipes and the brown-rot fungus Rhodonia
placenta

Six tested samples per each treatment type were subjected to Reticulitermes flavipes
(Kollar) termite attacks according to standard EN 118 [67]. Each sample was put in Petri dish
(o 90 mm) with 100 g of sand, 50 mL of distilled water and 100 termite workers. The Petri
dishes were in constant dark for 6 weeks at 12 h + 30 °C and 12 h + 20 °C regime. Attack
resistance was assessed in terms of mass losses (4m in % scored from oven-dry wood before
and after exposure).

Four wood samples, per each treatment type, were placed in 1 litre Kolle glass flasks
for attack by the brown-rot fungus Rhodonia placenta (Fr.) Niemel”, K.H. Larss & Schigel,
strain FPRL 280, obtained from Building Research Establishment, Garston - Watford - Herst,
UK), in accordance with standard EN 113 [66]. After 16 weeks, the resistance of the tested
samples was evaluated on the bases of their mass losses (4m in %). As reference standard were
tested samples of the Scots pine (Pinus sylvestris L.) wood (REF-P).

2.6. Wood surface changes in colour, wetting by water, surface free energy and roughness

Colour parameters [70] of spruce samples before and after lavender treatment were
measured on eight samples from each series using Spectrophotometer CM-600d (Konica
Minolta, Osaka, Japan) set to an observation angle of 10°, d/8 geometry, D65 light source, and
the SCI method. We carried out six measurements per sample, a total of 48 per each set of
samples. The colour difference according to the Euclidean distance AE* [70] was calculated
using the Equation (1):

AE*=VAL 2+ Aa %2+ Ab %2 (1)

where AL*, Aa*, and Ab* are relative changes in colour after lavender treatment; . * is lightness
from 0 (black) to 100 (white), a* is chromaticity coordinate + (red) or — (green), and b* is
chromaticity coordinate + (yellow) or — (blue).

The contact angles of distilled water (CAwater®) were measured on goniometer Kriiss
DSA 30E (Kriiss, Hamburg, Germany) with Kriiss software (Kriiss, Hamburg, Germany), and
determined CAwater® values were by ORWK model used for determination of the surface free
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energies (SFE in mN.m™). In the sessile drop method with a droplet size of 5 pL, the contact
angles were measured 5 seconds after the drop was placed on the material (according to Petri¢
and Owen, 2015 [71]). The measurements were performed at a room temperature of 20 °C and
a relative humidity of 60%. For SFE calculation the distilled water was used as the polar liquid
and the diiodomethane as non-polar fluid. Measurements were performed on a total of 8
samples from each series and a total of 48 measurements per each treatment (see Table 1).

Surface roughness before and after lavender oil treatment was studied in accordance
with EN ISO 4287 (1997) [72] and EN ISO 4288 (1996) [73] using contact Form Talysurf Intra
(Taylor Hobson, Leicester, UK). Measurements were performed for 6 samples from each series
(on 4 places on each sample), i.e., totally 24 measurements in the cross direction were carried
out for one series. Evaluated parameters were: Ra - roughness average in pm; R; - the highest
profile height in pm; Rsm- roughness spacing mean in pm; Rc- average height of profile
elements in pm.

2.7. Microscopic (SEM) and elemental composition analyses

The selected surface section of the spruce samples treated with lavender oil, other
treatments, controls and aged samples were analysed using a MIRA 3 scanning electron
microscope (Tescan Orsay Holding, Brno, Czech Republic). The elemental compositions were
examined by an energy dispersive spectroscopy system (Bruker XFlash X-ray detector,
Karlsruhe, Germany, and ESPRIT 2 software).

2.8. Statistical evaluation

Statistical analyses were performed in MS Excel 2016 and Statistica 13.2 (StatSoft, Palo
Alto, CA, USA) using mean values (Mean), standard deviations (SD), whisker plots with mean
values and £2SD, and Tukey HSD test at 95% statistical significance.

3. Results and Discussion

3.1. Termite resistance

Different treatments of spruce wood led to various mass losses caused by termites R.
flavipes as presented in Fig. 1. Activity of termites was severely affected by the lavender oil
treatment (Table 2). Without aging, the commercial biocide (insecticide + fungicide) Bochemit
QB was only partly more effective than the lavender oil, at which no significant difference
between these two substances occurred (Fig. 1). High efficacy of the lavender oil was supported
by low survival of termites after feeding on treated wood (Table 2). The hydrophobic treatment
alone did not protect the spruce wood from termites, but after aging procedures helped
significantly to stabilise the lavender oil within the tested wood samples (Fig. 1).
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Fig. 1 Mass losses (Am) of the Norway spruce wood samples after 6-weeks attack by termites Reticulitermes flavipes.
Untreated original — (U-O); Untreated, but with the additional hydrophobic substance — (U-H); Treated with the
lavender oil — (L-O); Treated with the lavender oil and then with the hydrophobic substance (L-H); Treated with
the Bochemit QB — (B-0O); Treated with the Bochemit QB and then with the hydrophobic substance — (B-H).

Table 2.

Survival of termites after 6 weeks of termite attack by EN 118. Untreated original — (U-O); Untreated, but with
the additional hydrophobic substance — (U-H); Treated with the lavender oil — (L-O); Treated with the lavender
oil and then with the hydrophobic substance (L-H); Treated with the Bochemit QB — (B-O); Treated with the
Bochemit QB and then with the hydrophobic substance — (B-H).

Set of Spruce Spruce Spruce

samples Untreated — U Lavender oil treated - L Bochemit QB treated - B
U-0 U-H L-O L-H B-O B-H

Aging type Survival of termites (%)

:;;gg’“‘ 19.37(20.39) | 31.32(13.82) 0.00 0.00 0.00 0.00

Ei?‘gﬁmg % | 53534.94) | 5345(11.55) | 3198 (2591) | 9.88(1136) 0.00 0.00

Weathering in

— 41.95(20.90) | 53.13 (13.51) | 53.60 (9.57) 0.00 0.00 0.00

Note: Mean values are from 6 replicates; Numbers in parentheses are SD
U-0 U-H L-0 L-H B-O B-H

without ageing

leaching by EN84

artificial weathering in Xenotest
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Fig. 2 Samples demonstrating termite activity after 6 weeks of testing based on EN 118. Untreated original — (U-
0); Untreated, but with the additional hydrophobic substance — (U-H); Treated with the lavender oil — (L-O);
Treated with the lavender oil and then with the hydrophobic substance (L-H); Treated with the Bochemit QB —
(B-0); Treated with the Bochemit QB and then with the hydrophobic substance — (B-H).

Results clearly show that lavender EO is an effective insecticide (Figs. 1 and 2),
similarly to other EOs protecting the wood against various pests including termites [74]-[77].
Our findings are thus of prime importance as termites belong to the most feared pests of built-
in wood [40], [41].Repellent effects of lavender oil can be attributed mainly to linalool, linalyl
acetate, 1,8-Cineole, Camphor, Borneol, Lavandulyl acetate [47], [76], [47]. Work of Kartal et
al. [75] showed good efficacy of cinnamon essential oils and cinnamic derivates against
subterranean termites Coptotermes formosanus, but only 3-weeks tests were used. More other
essential oils were effective against termites, limitations for wood protection in practice are that
only nutrient medium was used or no information about treatment method was disclosed [46].

3.2 Brown rot resistance

Lavender oil, alone or in combination with the hydrophobic substance, did not improve
the spruce wood resistance against the brown-rot fungus R. placenta (Fig. 3). In fact, we used
lower, economically acceptable 5% concentration of the lavender EO, without or in
combination with hydrophobizer. On the other hand, in previous experiments higher
concentrations of lavender EO (10% or more) showed at least its partial effectiveness against
decaying fungi and growth of moulds [50], [52], [78].

24

it
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; i non-leached
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Type of treatment % weathered in Xenotest

Fig. 3 Mass losses (4m) of wood caused with the brown-rot fungus Rhodonia placenta after 16-weeks. Reference-
the Scotch pine wood — (REF-P); Other symbols are valid for the Norway spruce wood: Untreated original — (U-
0); Untreated, but with the additional hydrophobic substance — (U-H); Treated with the lavender oil — (L-O);
Treated with the lavender oil and then with the hydrophobic substance (L-H); Treated with the Bochemit QB —
(B-0); Treated with the Bochemit QB and then with the hydrophobic substance — (B-H).

Using of vegetable oils as a solvent medium for lavender EOs can be a sound alternative
thanks to hydrophobic and repellent effect of this oil itself [52], [79], [80]. Another possibility
is using only the most active substances presented in lavender EOs, natural or synthetic. Using
of natural products or their derivates as wood preservatives was shown and reviewed in more
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works [46], [50], [52], [75]. Perspective seems to be mainly various extractives from cinnamon
with good efficacy not only against fungi, but also against termite attack [46], [75].

3.3. Changes in surface properties

The eventual spread of lavender oil treatment depends, apart from the wood protection
itself, also on the change in wood properties. The colour parameters of spruce wood (L-O) did
not change due to lavender oil impregnation: L * = 84.22 (SD =2.24), a * =3.43 (SD = 1.03),
b *=22.92 (SD = 1.04), compared to wood without any treatment: L. * = 82.76 (SD = 0.99), a
*=394(SD=0.41),b*=23.63 (SD=0.58) (AE * = 1.70) - note that colour changes smaller
than AE * = 3 are not visible to man [81]. The surface characteristics of wetting with water and
SFE of lavender-treated wood have significantly improved, especially due to potential use
paints and/or adhesives (Table 3). Changes of this magnitude can contribute to a significant
increase in the adhesion of additional coatings or glues treatment [82], [83].

Table 3.
CA®° and SFE of Norway spruce wood without and with lavender treatment.
SFE
SFE ) SFE Polar
CAwater® , Disperse
(mN.m™) ) (mN.m?)
(mN.m™)
Untreated spruce (U-O) 105.56 (15,57) | 30.48(7.45) | 30.47(7.10) | 0.01 (0.36)
Lavender treated spruce (L-O) | 90.02 (6.55) 4727 (3.16) | 46.88 (2.39) | 0.38 (0.77)

Note: Mean values are from 8 replicates; Numbers in parentheses are SD

Water repelency effect of the hydrophobic treatment was not significantly altered after
artificial aging, when CAwaier® without aging (1% group) was 124.3° (SD=13.9°), after leaching
in water (2°® group) according to EN 84 was 90.9° (SD=21.28°) and after artificial weathering
in Xenotest (3™ group) was 113.15° (SD=16.98°).

The roughness of the treated samples increased slightly, due to the bending of the wood
fibres after dipping in the lavender solution [84], but the change was only mild (Table 4).

Table 4.

Measured roughness of spruce wood without and with lavender treatment

Set of samples Ra R; Rsm Re

Untreated spruce (U-O) 730(1.79) | 51.97(9.43) | 430.77 (92.13) | 31.52 (8.93)

Lavender treated spruce (L-O) | 9,49 (2.48) | 63.11 (12.70) |391.33 (113.93) | 45.32 (9.51)

Note: Mean values are from 24 measurements; Numbers in parentheses are SD

SEM and elemental analysis showed preservation of the Si- containing hydrophobic
layer in silane-siloxanes and glass particles even after artificial accelerated aging (Fig. 4), what
explains the above-mentioned results on CA°water measurements (Table 3).
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Fig. 4 SEM micrograph (left) and the elemental composition analyses focused on Si (right) of the surface layer of
spruce heartwood treated with lavender oil and a hydrophobic substance. The presence of higher concentrations
of silane-siloxane compounds in cell wall structure and glass micro-particles on the surface and lumen of tracheid

is shown — also after accelerated aging. A) Lavender oil spruce wood treatment without aging and without

10

101



hydrophobic layer 7; B) Lavender oil treatment withou aging and with hydrophobic layer; C) Lavender oil
treatment with hydrophobic layer after leaching by water in accordance with EN 84; D) Lavender oil treatment

with hydrophobic layer after artificial weathering in Xenotest

The treatment with lavender EO did not significantly change the spruce wood
appearance and roughness, respectively. At the same time, the wettability and SFE were
positively affected, what make possibility for improving the adhesion of subsequently applied
coatings and adhesive layers. Our results show that while strongly diluted lavender EO is
extremely effective against wood-feeding insects “termites”, only much higher concentrations
might be effective for wood protection against wood-decaying fungi [52], [85]. This is an
important issue when considering lavender oil use on a large industrial scale, and the cost-
effectiveness and ecological impacts should be carefully weighted in the future works.
Lavender EO treatment can be fully recommended as a harmless insecticide in products that
come into contact with food (e.g. packing material), art objects, or for products intended for
children. It can also be recommended for a short-term protection of wood or wood-based
products during transport, where short-term repellence is sufficient [87]. Use as an eco-friendly
sterilization agent against termite appears possible because lavender EO oil is highly volatile
and the survival of termites in its presence documented in this research was very low (see Table
2). The most promising results comprise combination of lavender EO and hydrophobic
treatment (Fig. 1), which substantially improve the wood durability outdoors, including
protection against termites, i.e., the most important wood pests in warmer regions. It was shown
that a simple technology of long-term dipping is sufficient even for the extremely difficult-to-
permeate Norway spruce wood [31], which opens new avenues for applied research in wood
protection.

4, Conclusions

This research showed a very high efficiency of highly-diluted (5%) lavender oil applied
by simple dipping technology to protect spruce wood against attacks by R. flavipes termites.
This is a very important finding as spruce wood belongs to the most common woods on the
global scale, notoriously known for its low permeability to insecticides. The full protection can
be achieved by a simple technology without expensive and sophisticated technologies, such as
vacuum-overpressure. Lavender oil itself leaches from wood easily, however, the additional
application of the hydrophobic treatment by a mixture of waxes, silane-siloxanes and glass
microparticles in aqueous solution significantly increases the resistance of treated wood to
termites, surprisingly to a degree ensured by toxic commercial insecticides. Unfortunately, used
cost-wise friendly dilution of lavender oil was not sufficient to protect the wood against the
brown-rot fungus R. placenta, irrespectively of surface hydrophobization. A colour change of
spruce wood treated by lavender oil was negligible, however, a slight increase in the wood
roughness accompany the treatment application. Other surface characteristics of spruce wood,
such as wetting with water and surface free energy, have improved after lavender oil treatment,
and this improve the adhesion of eventual applied coatings or glues.
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5 DISKUZE

ochrana zaloZena na chemickych latkach, ktera je sice u€inna v ochrané dieva,
ale jeji dopady na Zzivotni prostfedi nejsou dobré. Tato problematika je
predmétem rozsahlych vyzkumd, které se zabyvaji objevenim latky s idealnimi
vlastnostmi, které budou ucinné v ochrané dfeva, jejich vydrz ve difevé bude
dostateCna, nebudou zatéZovat planetu a zaroven budou finanéné dostupné.

Uginnost kofeinu jako fungicidu a insekticidu pfirodniho puvodu
Kofein — ekologicka varianta ochrany dreva

Kofein (1, 3, 7-trimethylxanthine) je pfirozené se vyskytujici alkaloid, ktery
|ze nalézt u vice jak 60 rostlin v rizném mnozstvi v semenech, listech a plodech
(Heckman a kol., 2010). Béznymi zdroji jsou pak napfiklad kakaové boby
(Theobroma cacao) (Pelaez a kol.,, 2016; Scapagnini a kol., 2014; Smit
a Blackburn, 2005), kava (Coffea arabica, Coffea robusta) (Almeida a kol., 2006;
Perrois a kol., 2015), ¢ajové listy (Camellia sinensis) (Arora a kol., 2009; Si a kol.,
2006), kolové ofisky (Cola nitida) (Lowor, 2008), plody guarany (Paullinia
cupana) (Majheni¢ a kol., 2007) a Yerba maté (llex paraguariensis) (Bastos
a kol., 2007; Schmalko a kol., 2001). Kofein je bud vyrabén synteticky, nebo
muUze byt ziskavan z pfirodnich zdroji, napfiklad jako odpad pfi vyrobé Caje
a kavy (Allen, 1961; Chowdhury a kol., 2016; Senol a Aydin, 2006; Serdar a kol.,
2017; Shalmashi a kol., 2010; Weinkauff a kol., 1961). Kofein je ¢asto studovana
biocidni latka (Arora a Ohlan, 1997; Ashihara a kol., 2008; Friedman, 2007;
Lekounougou a kol, 2007; Majhenic a kol., 2007; Mohammed a Al-Bayati, 2009;
Rahman a kol., 2014). Nathanson s kol. (1984) provedli jeden z prvnich vyzkumd
zamérenych na kofein a jeho pesticidni u€inky. Zkoumali uc¢inek methylxantinu,
které mohou fungovat bud samotné, nebo v kombinaci s jinymi slou¢eninami,
jako insekticid. V nasledujicich letech byla testovana ucinnost kofeinu napfiklad
proti rozto¢im (Russell a kol., 1991), zemédélskym Skidcum (Bieri a kol., 1989;
Hollingsworth a kol., 2002; Khoshraftar a kol., 2019; Klein a kol., 2020; Simms
a Wilson, 2002) a pavoukum (Hesselberg a Vollrath, 2004).

S celosvétové vysokou spotiebou kavy je problém s kavovym odpadem,
ktery pfi vyhozeni do pfirody mize pFedstavovat riziko pro zdravi lidi a zivotni
prostfedi (Fernandes a kol., 2017; Leifa a kol., 2000). Je proto dulezité, najit
zpusob, kterym lze tyto zbytky vyuzit. Byly také provedeny vyzkumy na vliv
kofeinu na lidské zdravi jak jeho uzivanim vnitiné (Cannon a kol., 2001; Song
a kol., 2012; Van Dam a kol., 2020), tak zevné (Sharifian a kol., 2016; Van de
Sandt a kol., 2004). Kaplan a kol. (1978) zjistili, Ze hydrokortison s pfidavkem
kofeinu ma pfiznivy ucinek pfi IéEbé atopické dermatitidy. Kofein je také pouzivan
v kosmetice pro svou schopnost dobfe pronikat do koznich bariér a zaroven
v S8amponech pro jeho schopnost snizovat napéti hladkého vlasového svalstva
a vede tak k snadné&jSimu dodavani zivin krevnimi cévami (Sharifian a kol.,
2016). Uprava dfeva kofeinem by proto neméla byt pfi dotyku zdravi $kodliva.
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Zaroven by bylo mozné kofein pouzit k upravé dievénych oball na potraviny,
protoze kofein neni Skodlivy pfi styku s potravinami. V ochrané proti plisnim se
sice nevyrovna komeréné dostupnym pfipravkiim, ale jeho velkym plusem je
bezpe€nost pro zivotni prostfedi a zdravotni nesSkodlivost (Kwasniewska-Sip
a kol., 2018).

Testovani kofeinu jako fungicidu na Zivnych padach

Methylxantiny jsou alkaloidy pfirodniho pavodu, které rostliny produkuji pro
ochranu vi¢i Skudcim — hmyzu a plisnim. Nami testovany zastupce, kofein,
degraduje na teofylin a teobromin (Hakil a kol., 1999). Jsou vyuzivany jako léCiva,
teofylin je pouzivan k IéEbé astmatu (Tilley, 2011). Podle review Broda (2020)
jsou methylxantiny latky perspektivni pro ochranu dfeva vuci bioposkozeni,
zejména diky dostupnosti, dostatecné ucinnosti a aplikovatelnosti do dieva ve
formé vodniho roztoku. Byla prokazana schopnost methylantini na testech
in vitro inhibovat houbové chitinazy, které jsou nezbytné pro remodelaci jeiich
bunéénych stén, a tim padem maji antifungalni vlastnosti (Tsirilakis a kol., 2012).
Bylo prokazano, ze kofein vyvolava alteraci bunééné stény u hub (Maraga a kol.,
2007; Lekounougou a kol., 2008). Zaroven bylo prokazano, Ze kofein inhibuje
produkci aflotoxinu (Buchanan a kol., 1983).

Ve vyzkumu KobetiCova a kol. (2020a — soucast DSP) probéhly mykologické
testy odolnosti kofeinu a jeho produktu degradace, teofylinu a teobrominu. Tyto
dvé latky dosud nebyly v Zzadném vyzkumu podrobné testovany jako fungicidni
latka proti dfevokaznym houbam. Teofylin vykazoval ucinnost v ochrané proti
testovanym houbam, stejné jako kofein. Ke stejnym vysledkim s kofeinem
v zivné pudé dosli i Lekounougou a kol. (2007), ktefi testovali jeho uc€innost vaci
houbam Poria placenta a Phanerochaete chrysosporium. Rao a kol. (2005) dosli
ke stejnym vysledkum, kdyZz porovnali toxicitu kofeinu a teofylinu. Byla zjiSténa
niz8i citlivost ligninovornich hub na kofein, coz mize byt vysvétleno odliSnym
enzymatickym aparatem téchto hub (Reinprecht, 2016). Ve vice pracich byla
dokladovana jejich nizsi citlivost vaci latkam pfirodniho pavodu (Panek a kol.,
2014). Nizka uc€innost teobrominu muze byt vysvétlena také jeho nizkou
stabilitou. Oduro-Mensah a kol., 2018 dokonce zjistili, Ze je moznost vyuzit houbu
Aspergillus niger k degradaci teobrominu, nachazejiciho se ve slupkach
kakaovych bobu. Antifungalni vliastnost methylxantint byla pfipsana také jejich
lipofilni vlastnostem, které jsou nejvy$si u kofeinu. Uginnost kofeinu viagi
dfevokaznym houbam na metodou otravené zivné pudy prokazaly i prace Arorra
a Ohlan (1997) a Barbero-Lopez a kol. (2018). V navaznosti na vyse citované
prace je nutné ovéfit uinnost kofeinu také na oSetfeném drevé.

Testovani odolnosti hub a plisni na dievu upraveném kofeinem

Na drfevo v exteriérovych aplikacich pusobi fada abiotickych a biotickych
Cinitelu (Cogulet a kol., 2017; Marais a kol., 2020). Dfevo je prakticky neustale
vystaveno riziku napadeni houbami, které jsou diky sporim vSudypfitomné
(Hallenberg a Kuffer, 2001) a hmyzu. Jednim z moznych zpusob( ochrany jsou
natérové systémy, které ,uzaviou“ povrch dfeva, coz zabrani pfistupu spor do
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dfeva. Bohuzel dochazi k pusobeni vnéjsich vliva, jako je UV zafeni, pusobeni
teplot a dalSich abiotickych faktort, které pfispivaji k degradaci povrchu, ve
kterém se nasledné usazuji prachové Castice spolecné se spory hub, které
nasledné Cekaji na idealni podminky k jejich rastu (Lie a kol., 2019; Tolvaj a kol.,
2011). Ukolem modifikaéni ochrany dfeva je zamezit vzniku téchto podminek
nebo naslednd inhibice ristu biotickych Ciniteld. Dfevokazné houby produkuji
enzymy, které zpusobuji destrukci slozek dfeva (Goodell a kol, 2020; Kirk
a Cullen. 1998). Bylo prokazano, zZe kofein zplsobuje zpomaleni aktivity chitinaz,
coz vede k inhibici ristu hub (Kwasniewska-Sip a kol., 2018).

Existuji rizné metody testovani odolnosti dfeva proti dfevokaznym houbam
a plisnim (Edlund a Nilsson, 1998; Gobakken a kol., 2010; Imken a kol., 2020;
Myronycheva a kol., 2018). V experimentu Simlnkova a kol. (2021 — soudast
DSP) byla testovana ucinnost kofeinu v 2% koncentraci, tedy maximalni mozné
koncentraci, které je mozné dosahnout rozpusténim kofeinu v destilované vodé.
Drevo bylo kofeinem chranéno proti houbé Rhodonia placenta jen v dfevu bez
nasledného testu vyplaveni. Panek a kol. (2021 — soucast DSP) nasledné
potvrdili inhibi€ni u€inek i proti dfevozbarvujici houbé Sclerophoma pithyophila
a vybranym druh0m plisni. Zaroven byl v této praci potvrzen i vliv oSetfeného
dfeva a také koncentrace roztoku kofeinu. DostateCna byla pouze 2%
koncentrace a nejodolngjsi bylo dfevo smrku, bél borovice s bukem byly méné
odolné. V praci Panek a kol. (2020 — soucast DSP) byla testovana dodateCna
aplikace vrchni vrstvy olejového a akrylatového natéru, které by zabranily
vyplaveni kofeinu ze dfeva. Byla prokazana zvy$ena ucinnost této upravy vuci
plisnim, zarovenn byla zvySena celkova zivotnost akrylatového natéru na
smrkovém a bukovém dievé béhem umeélého urychleného starnuti v UV-komore
s postifikem (Panek a kol., 2020 — souc¢ast DSP). Ve vyzkumu Kwasniewska-Sip
a kol. (2018) byl kofein pouzit v riznych koncentracich (4 az 25 g.I't). U vSech
hub byla u upravenych vzorkl pozorovana inhibice rastu a zaroven byl pozorovan
velky ucinek proti houbé Trametes versicolor. Pfi vy$Sich koncentracich byla
docilena uplné inhibice u plisni Aspergillus niger, Aspergillus terreus,
Chaetomium globosum, Cladosporium herbarum, Paecilomyces variotii,
Penicillium cyclopium, P. funiculosum, Trichoderma viride.

Testovany byly i moznosti kombinovanych uprav dfeva s pouZzitim kofeinu.
Cofta a kol. (2018) zkombinoval upravu kofeinem s pfipravkem na bazi médi.
V komercni ochrané je méd bézné pouZzivana, nevyhodou vSak je jeji toxicita
vici vodnim organismim (Treu a kol., 2009). Kwasniewska a kol. (2018)
prokazala pozitivni efekt kofeinu v kombinaci s termickou Upravou dfeva, avsak
je nutné pocitat, Ze termicka uprava negativné ovliviiuje mechanické vlastnosti
dfeva. Kofein prokazal, Ze dokaze ucinné chranit dfevo vic&i ataku dfevokaznych
hub. Je tudiz potencialné ucinnym fungicidem, ktery dokaze v urcitych aplikacich
nahradit komerc¢ni v sou€asné dobé pouzivané fungicidy.
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Insekticidni schopnost kofeinu

Methylxantiny dokazi v mnozstvi obsazeném v rostlinach inhibovat aktivitu
fosfodiesterazy a zvysit intercelularni cyklicky adenosinmonofosfat. V mensich
mnozstvich pak mohou byt synergisty jinych pesticidl, které dokazi aktivovat
adenylancyklazu hmyzu (Nathanson, 1984). Termiti hraji duleZitou roli v ekologii,
kdy jejich role spociva v recyklaci odumfelého organického materialu (Bignell,
2018). Toto ale hraje v neprospéch difevénych konstrukci. Termiti potfebuji vodu
a jsou proto vice pfitahovani difevem, které poskytuje zaroven vhodné podminky
pro rist hnilobnych hub a plisni (Clausen a Yang, 2007).

V pfipadé pouziti starSich metod oSetfeni dfeva (Gescon-Garrido a kol.,
2013) v testech ucinnosti proti termitim vykazovaly vzorky upravené acetylaci
a DMDHEU vynikajici odolnost proti termitim. Ve vyzkumu Sim(nkovéa a kol.
(2021 — soucast DSP) byla testovana schopnost kofeinu ochranit dfevo smrku
pfed napadenim termity. Tento vyzkum je prvni svého druhu, kdy je testovana
ucinnost této latky aplikované ve formé roztoku do dfeva vaci termitdm. Dievo
bylo pfed termity chranéno pouze v pfipadé€, kdyz nebyly pouzity testy vyplaveni
nebo umélého urychleného starnuti. Aplikace vrchni hydrofobni vrstvy na bazi
voskU a sloucenin na bazi silanoll také nedokazalo zabranit vyplaveni malych
molekul kofeinu z vrchnich vrstev oSetfeného smrkového dieva. To predikuje, Zze
S uspéchem je mozné tuto variantu ochrany pouzit pouze pro dfevo nahodné
vystavené povétrnosti anebo kondenzaci (Simlnkova a kol., 2021 — soudast
DSP). Araque a kol. (2007) provedli vyzkum na insekticidni vlastnosti kofeinu
proti octomilce obecné (Drosophila melanogaste) a zavijeCi kavovém
(Hypothenemus hampei), kdy emulze kofeinu méla vysokou biologickou aktivitu.
Dalsi vyzkumy jsou pak zaméfeny na ochranu kavové rostliny pomoci
obsazeného kofeinu proti Skadcum (Guerreiro Filho a Mazzafera, 2000, 2003).
Dle vySe citovanych praci je mozné konstatovat, Ze kofein je ucCinnym
insekticidem. Po potvrzeni jeho Uuc€innosti ve dfevé vici ataku velmi
nebezpednych termitll (Simankova a kol., 2021 — souéast DSP) Ize oéekavat, Ze
muze byt ucinny také vici dfevokaznym broukiim anebo blanokfidlému hmyzu.
Zejména tesafik krovovy a Cervotoli jsou vyznamnymi Skudci zabudovaného
dfeva v Evropé (Reinprecht, 2016). Tuto ucinnost vSak bude potfeba, pred
praktickym  pouzitim v konstrukcich, ovéfit standardizovanymi testy
v laboratornich podminkach.

Nedostateéna vazba kofeinu na drevo

Vyhodou kofeinu pfi jeho aplikaci je jednoduchost pfipravy, ktera zahrnuje
jen rozmichani kofeinového prasku ve vodé. Tato skute¢nost ale bohuzel souvisi
i s nevyhodou - vyplavitelnosti. Stejné jako extraktiva (Gonzalez-Lorenzo a kol.,
2015) a taniny je kofein ze dfeva snadno vyplavitelny vodou (Kwasniewska-Sip
a kol., 2019). Ochranné prostfedky na vodni bazi se obvykle ze dfeva snadno
vyplavuji. Jde o velky problém, kvali kterému se s postupem &asu snizuje
ochranna schopnost latek vyplavitelnych ze dfeva. Proto je dllezité zkoumat
nové zpusoby, jak je stabilizovat, aby se zlepSila trvanlivost dfeva v exteriéru
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a zaroven byla zachovana Setrnost k Zivotnimu prostfedi (Li a kol., 2011; Thaler
a kol., 2012). Zadrzeni organickych latek pfirodniho pavodu a celkové biocidnich
ucinnych latek ve dfevé je proto jednou z nejvétSich vyzev vyzkumu zaméreného
na ochranu dfeva vuci bio-poskozeni (Chittenden a Singh, 2011).

Kwasniewska-Sip a kol. (2021) se vénovala chemickym zménam
zpusobenym interakci kofeinu v ligninoceluldzovém materialu. Byla zjisténa
mozna kladna interakce kofeinu s ligninem. Kobeti€ova a kol. (2021c) prokazala,
Ze kofein se vaze na ruzné slozky dfeva riznym zpUsobem. Existuji i odliSnosti
vazby u raznych druht dfeva dle jejich zakladnich chemickych komponent
a podilt (KobetiCova a kol., 2021c, 2021b).

Na rozdil od ostatnich vyzkumu (Broda a kol., 2018; Kwasniewska-Sip a kol.,
2018; Ratajczak a kol., 2018), kde byl k impregnaci pouzit vakuovy zpusob, bylo
v Simankova a kol. (2021 — soudast DSP), Panek a kol. (2021 — sougast DSP),
a Panek a kol. (2020 — soucast DSP) kimpregnaci dfeva pouzito pouze
dlouhodobé maceni. Zaroven pak bylo testovano difevo smrku (Picea abies),
které je jednou z nevyznamnégjSich drfevin v Evropé, c¢asto pouzivanou
v komercni aplikaci (Thaler a kol., 2012). Je znamé pro svou malou propustnost
a tedy i velmi Spatnou impregnovatelnost (EN 350-2, 1994; Panek a Reinprecht,
2008). | pfes tuto skuteénost se podafilo macenim testovanou latku dostat
v dostate€ném mnozstvi do povrchovych vrstev tak, Ze byl ucinek ochrany
dostatecny (Panek a kol., 2021 — sou¢ast DSP). K nasledné simulaci starnuti byly
vyuzity metody vyplaveni podle EN 84 a umélého starnuti v Xenotestu podle EN
927-6 (Simtinkova a kol., 2021 — sougast DSP), ve vyzkumu Panek a kol. (2020
— soucast DSP) byla k urychleni starnuti pouzita UV komora podle EN 927-6.
Kwasniewska-Sip (2021) popisuje vyrazny vliv starnuti a s tim souvisejiciho
vyplaveni, které zplsobuje odplaveni kofeinu ze dfeva. Dale posuzuje nizkou
penetraci kofeinu do dfeva, kdy se kofein hromadi v povrchovych vrstvach, coz
opét napomaha snadné&jsimu vyplaveni. V Simankova a kol. (2021 — soudast
DSP) doSlo k zasadnim rozdilim odolnosti upraveného dfeva proti termitim
Reticulitermes flavipes a houbé Poria placenta pred a po vyplaveni podle EN 84.
Ke stejnym vysledkim dosla i Ratajczak a kol. (2018), ktera testovala odolnost
dfeva proti Coniophoda puteana. Kwasniewska a kol. (2019) testujici kombinaci
kofeinu a tepelné upravy, zjistili, Ze nasledna tepelna uprava snizila vyplaveni
kofeinu, ale zaroven zachovala jeho fungicidni u¢innost.

Technika, ktera by mohla ochranit dfevo proti vyplaveni u€innych latek, maze
byt spole&na impregnace s hydrofobni latkou (Simankova a kol., 2021 — sou&ast
DSP; Schultz a kol., 2006). V praci Simankova a kol., (2021 — souéast DSP) se
vSak prokazalo, Zze malé molekuly kofeinu pronikaji pfes vrchni vrstvu
hydrofobniho natéru a u€innost ochrany vuci bioposkozeni se ztratila. Proto byly
v dalSim kroku testovany interakce mezi impregnaci kofeinem a silnovrstvymi
natéry, které by ucinné zabranili jeho vyplaveni ze dfeva (Panek a kol., 2020 —
sougast DSP). Uprava kofeinem zvy$uje volnou povrchovou energii dfeva a tim
zlepsuje adhezi natéru (Simlnkova a kol., 2020 — pfiloha DSP). B&hem testd
umélym starnutim byl potvrzen pozitivni vliv na Zivotnost akrylatového

113



exteriérového natéru a efekt vaci rstu plisni na povrchu natérového filmu (Panek
a kol., 2020 — soucast DSP). Vyplavovani by zaroven mohla zabranit uprava
maleinovou kalafunou (Yang a kol., 2018). DalSi variantou k zlepSeni stability
kofeinu ve dfevé je zapouzdieni ochrannych latek (Cai a kol., 2020; Sgrensen
a kol., 2010), které je ale nutné dale zkoumat. Je znamo, Ze spojeni aktivni slozky
s nanonosic¢em zlepSuje jeji stabilitu a chrani ji pfed vnéjSimi faktory. U kofeinu
vsak je vyuziti této technologie otazné (Artusio a kol., 2019).

Vliv na fyzikalni a mechanické vlastnosti

V pfipadé ochrany dfeva proti houbam a hmyzu je také potfeba se zaméfit
na ostatni parametry, které tato ochrana muze ovlivnit. Tyto informace jsou pak
dulezité predevSim v mistech, kde ma byt dfevo pouzito jako nosny material
(Epmeier a kol., 2007). Omezeni pouziti pak nastava, jakmile jsou jakkoliv
podstatné snizeny mechanické vlastnosti modifikovaného dfeva (Kretschmann,
2010). Xie a kol. (2013) popisuje, Ze u termicky upraveného dfeva dochazi na
ukor zlepSeni trvanlivosti dfeva ke sniZeni jeho mechanickych vlastnosti, jako je
pevnost v ohybu, tlaku a razova houzevnatost. Stejné tak mohou byt mechanické
vlastnosti zhorSeny zesitovanim mezi chemickymi latkami a polymery bunécnych
stén. Neméné dulezity je i vzhled dfeva, u kterého mize byt béhem modifikace
zménéna jeho barva a lesk. Tato zména pak muzZe byt nevitana z estetického
hlediska. U tepelné upravy difevo tmavne (Barcik a kol., 2015; Esteves a Pereira,
2009; Hr¢kova a kol., 2018; Sikora a kol., 2018) a ztraci lesk (Aksoy a kol., 2011).

V Simlnkova a kol. (2021 — sougast DSP) byl testovan vliv Gpravy roztokem
kofeinu na mechanické vlastnosti, kdy nebyly zaznamenany Zadné negativni vliv
na pevnost v tlaku smrkového dreva. Stejné tak neméla uprava vyrazny vliv na
zménu barvy, coz je v souladu s praci Kwasniewska-Sip a kol. (2018), ktera také
popsala, Ze kofein neméni vizualni vlastnosti dfeva. V praci Panek a kol., (2021
— soucast DSP) byl hodnocen vliv upravy roztokem kofeinu na vybrané fyzikalni
a mechanické vlastnosti dfev smrku, buku a béle borovice. Dle ocekavani,
vlastnosti dfeva nebyly statisticky vyznamné ovlivnény touto Uupravou.
V nékterych pfipadech byl pozorovan mirny, avSak ne statisticky vyznamny,
pokles ohyboveé pevnosti. Je znamé, Ze ohybova pevnost vyrazné reaguje na
jakékoliv poskozeni struktury dfeva (Reinprecht, 2016, Tsuomis, 1991, Hill,
2006). Spole¢né s mirnym poklesem objemového sesychani to Ize pfipsat
maceni ve vodé, podobné jako ve vodném roztoku kofeinu, které vede
k vyplaveni vodou vyplavitelnych extraktivnich latek (Bodig a Jayne, 1982),
a také tvorbou mikroskopickych trhlin béhem nasledného su$eni (Hon a
Shiraishi, 2000). V praci Panek a kol. (2021 — soucast DSP) bylo potvrzeno, ze
voda méla stejny efekt jako maceni ve vodnim roztoku kofeinu, tudiz Ize vyloucit
nepfiznivy efekt kofeinu na zménu vlastnosti dfeva. Pouze u bukového dfeva
doSlo k lehce vyraznéjSimu poklesu pevnosti, Ize to pfipsat vyrazné odlidné
struktufe dfeva a prubéhu transportnich procesul v jeho dfevé (Borlivka a kol.,
2020, Siau, 1984, Skaar, 1988). Celkové Ize konstatovat, Ze v této praci byl
poprvé dukladné prozkouman vliv roztoku kofeinu na zmény pevnosti dreva.

114



Potvrzeni, Zze nema vyraznéjSi negativni dopad, poskytuje moznost vyuziti
oSetfeného dfeva také pro nosné ucely.

Uginnost levandule jako fungicidu a insekticidu pfirodniho puvodu
Esencialni oleje a levandule

Esencialni oleje se jevi jako perspektivni ekologicka varianta ochrany
(Regnault-Roger, 1997). V posledni dobé kvuli tomu rychle stoupa zajem
o vyuziti esencialnich oleju jako biocidl (Antonelli a kol., 2020; Macias a kol.,
2005; Palla a kol., 2020). Byla provedena fada studii, které testovaly ucinnost
esencialnich oleju jako prostfedkd k ochrané difeva (Bahmani a Shmidt, 2018;
Chittenden a Singh, 2011; Kartal a kol., 2006; Mohareb a kol., 2013; Moutaouafiq
a kol., 2019; Panek a kol., 2014; Voda a kol., 2003; Xie a kol., 2017). Esencialni
oleje Ize ziskat z fady rostlin, které jsou témito latkami chranény proti pfipadnému
napadeni bakteriemi nebo houbami. Hlavnimi slozkami esencialnich oleju jsou
terpeny, mezi nimi alkoholy, aldehydy, uhlovodiky, étery a ketony (Guimaraes
a kol., 2019).

Levandule je rostlina pldvodem ze Stfedomofi, Arabského poloostrova,
Ruska a Afriky, dnes je ale péstovana po celém svété (Ozcan a kol, 2018). Oleje
z kvétl levandule maiji Siroké pouziti od kosmetiky, aromaterapie, léCitelstvi po
potravinarstvi (Denner, 2009; Da Porto a kol., 2009; Erland a Mahmoud, 2016;
Smigielski a kol., 2008). Levandulovy esencialni olej je antibakterialni,
protiplisfiovy, sedativni, antidepresivni a zaroven ucinny pfi popaleni a bodnuti
hmyzem (Cavanagh a Wilkinson, 2002).

Mezi doposud testovanymi esencialni oleji prokazaly oleje z tymianu, anyzu,
oregana, hrebicku, puskvorce, koptského kminu, zederachu indického, badilu
horského a hifebiCku byly u€inné proti vybranym dfevokaznym houbam a plisnim
(Hussain a kol., 2013; Matan a Matan, 2008; Panek a kol., 2014; Pop a kol., 2019;
Yang a Clausen, 2007). Esencialni oleje z citrust je mozné pouzit jako pesticidy
proti hmyzu a houbam (Macias a kol., 2005), stejné tak skoficovy olej je funkéni
proti plisnim, bakteriim a termitll (Hu a kol., 2021; Cheng a kol., 2006, 2008; Lin
a kol., 2007, 2020; Maoz a kol., 2007; Wang a kol, 2005). Levandule ma také
tuto velkou vyhodu, kterou je kombinace jejich fungicidnich (Bartynska
a Budzikur-Ramza, 2001; Erdogan a kol., 2016; Inouye a kol., 2006) a zaroven
insekticidnich vlastnosti (Al-Harbi a kol., 2021; Cossetin a kol., 2018; Sajfrtova
a kol., 2009). Reinprech a Vidholdova (2017) dosahli zlepSeni ochrany dfeva
upraveneho nanocasticemi ZnO, po nichz byla ochrana relativné nizka, pomoci
esencialnich oleju z oregana a hrebicku.

Testy na padach, drevé

Jedny z prvnich vyzkum( na ucinnost esencialniho oleje z levandule na
ochranu dfeva provedli Panek a kol. (2014) a Bahmani a Schmidt (2018).
Vysledky Panek a kol. (2014) prokazaly ucinnost 10% etanolového roztoku
esencialniho levandulového oleje, ktery 100% inhiboval rist hub Tremes
versicolor a Aspergillus niger. Bahmani a Schmidt (2018) pak toto potvrdili.

115



Levandulovy esencialni olej v 10% koncentraci v olivovém oleji v jejich pfipadé
inhiboval rast Aspergillus niger a Penicilluim commune. Ve vyzkumu Simtnkova
a kol. (2022 - soucast DSP) byla pouZzita pouze 5% koncentrace etanolového
roztoku esencialniho oleje z levandule, coz nevedlo ke zvySeni odolnosti proti
houbé Rhodonia placenta. Stejna koncentrace ale byla pouZita zaroven proti
termitdm Reticulitermes flavipes, kde byly prokazany insekticidni vlastnosti
levandule. Tyto insekticidni a zaroven fungicidni vlastnosti byvaji pfipsany
linaloolu, linalyl acetatu, 1,8-Cineolu, kafru, borneolu, lavandulyl acetatu
(Rozman a kol., 2006, 2007; Sokovic¢ a Van Griensven, 2006, Yoon a kol., 2011).

Vzajemné porovnani kofeinu a levandulového esencialniho oleje
Srovnani s jinymi prirodnimi latkami

Kofein je odpadni latkou pfi vyrobé kavy a Caje, Ize jej také pomérné levné
syntetizovat. Diky jejim insekticidnim a fungicidnim vlastnostem ma kofein velky
potencial v ochrané& dfeva (Kobeti¢ova a kol, 2021b; Simtinkova a kol., 2021 —
soucast DSP; Kwasnievska-Sip a kol.,, 2018). Jeho nevyhodou je snadna
vyplavitelnost, ktera souvisi se snadnou vodérozpustnosti (Simtnkova a kol.,
2021). Je proto potfeba dosahnout jeho stabilizace v chranéném materialu,
v naSem pripadé ve drevé. Variantou, ktera v sou€asné dobé pfichazi v uvahu
pro SirSi praktické pouziti je ochrana silnovrstvymi natérovymi systémy, kde
pozitivné ovliviuje jejich celkovou zivotnost (Panek a kol., 2020 — soucast DSP).
Zaroven bylo prokazano, Ze kofein nema negativni dopady na pevnost dfeva
(Boruvka a kol., 2020 — pfiloha DSP, Panek a kol., 2021 — sou¢ast DSP), coz je

vyhodné pro vyuziti v nosnych konstrukcich, které nejsou trvale vystavené
plusobeni srazek.

Levandule je na rozdil od kofeinu ze dfeva hufe vyplavitelna, protoze neni
rozpustna ve vodé. V pfipadé€, Ze by bal do dfeva aplikovana v oleji jako nosném
médiu, mizZe mit zarovern hydrofobni G&inky. V praci SimGnkova a kol., (2022 —
souéast DSP) se potvrdilo, Ze na rozdil od kofeinu (Simtnkova a kol., 2021 —
soucast DSP) staci pro jeho stabilizaci tenka hydrofobni vrstva na bazi
modifikovanych vosku a silanolu. Levandulovy esencialni olej byl v koncentracich
10% ovéfen jako ucinny fungicid (Bahmani a Schmidt, 2018, Panek a kol., 2014),
zaroven ma ve srovnani s kofeinem lepSi insekticidni ucinky vac&i termitim
(Simankova a kol., 2021 — souéast DSP, Simankova a kol., 2022 — souéast DSP).
Nevyhodou je, Ze levandulovy esencialni olej neni odpadni material a jeji
pofizovaci naklady jsou pomérné vysoké. Prakticky vyuZitelnou cestou by mohlo
byt syntetizovani u€innych slozek, v pfipadé, ze by bylo mozné vyuzit pro syntézu
levné suroviny.

Pro ochranu dfeva jsou vyuzitelné i dalSi pfirodni latky, zejména extraktivni
latky z trvanlivych druht drev, chilli, propolis, esencialni oleje z dalSich rostlin
s fungicidnim a insekticidnim uc€inkem (Singh a Singh 2012). Stejné jako
v pripadé levandulového esencialniho oleje a kofeinu jsou vSak jejich nevyhodou
omezené zdroje, tim vysoka pofizovaci cena a také vyplavitelnost ze dreva. Za
velkou vyhodu kofeinu a levandulového esencialniho oleje |ze povazovat, ze maji
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zarovefnl fungicidni a insekticidni ucinek, coz je déla, vzhledem
k biodegradovatelnsti dfeva houbami a hmyzem, perspektivnimi pro praktické
uziti v dfevénych vyrobcich a konstrukcich.

Vliv na pouZzitelnost dreva v praxi

Na zékladé vysledkl uvedenych v této disertacni praci Ize formulovat nékteré
dopady na mozné vyuziti dfeva oSetfeného kofeinem a levandulovym
esencialnim olejem v praxi. Kofein i levandulovy olej se projevily jako ucinny
fungicid a insekticid (Bahmani a Schmidt, 2018; Kwasniewska-Sip a kol., 2018;
Panek a kol., 2021 — sougast DSP; Singh a Singh, 2021; Simlnkova a kol., 2021
— soucast DSP, 2022 — soucast DSP). Zaroven je povzbudzujici, Ze vlivem
upravy kofeinem nedochazi ke zménam mechanickych vlastnosti (Boruvka
a kol., 2020 — pfiloha DSP, Panek a kol., 2021 — souc¢ast DSP) a u obou druhu
Uprav se vyrazné&ji neméni vzhled dfeva (Simankova a kol., 2021 — sougast DSP,
2022 — soucast DSP), coz je pfedpokladem pro designova feSeni vyuZivajici jeho
pfirozeného vzhledu. Zaroven lze z urlitosti fict, Ze dfevo oSetfené pfirodnimi
latkami neni vhodné pro kontakt se zemi s trvale vysokou vihkosti. Divodem je
vyplavitelnost vodou, coz je limitujicim Cinitelem také u dfeva vystaveného
trvalému pusobeni srazkové vody (Singh a Singh, 2012, SimGnkova a kol., 2021
— soucast DSP, 2022 — soucast DSP). Za vhodné feSeni je vtomto pfipadé
u levandulového esencialniho oleje aplikace vhodné vrchni hydrofobni vrstvy
o malé tloustce (Simdnkova a kol., 2022 — soudast DSP). Kofein ma vsak,
vzhledem k malym rozmé&riim molekul vyplavitelnost vyssi (Simtnkova a kol.,
2021 — soucast DSP), tudiz se jevi, ze vhodnou metodou jeho stabilizace béhem
dlouhodobé expozice je pouze aplikace vrchni silnovrstvé lazury (Panek a kol.,
2020 — soucast DSP). V praci byl potvrzen pozitivni efekt oSetfeni dfeva kofeinem
na jeji celkovou Zivotnost, proto Ize za urcitou perspektivu povazovat vyuziti této
Upravy jako penetrace, ktera zaroven zvysSuje odolnost podkladového dieva vU i
ataku dfevokaznymi houbami (Panek a kol., 2020 — soucast DSP). Dfevo
oSetfené kofeinem a levandulovym esencialnim olejem Ize bez jakychkoliv
dalSich uprav vyuzit u zabudovaného dfeva, které neni trvale vystaveno
povétrnostnim vlivim, vSak existuje u néj riziko ob&asného zvlihnuti anebo
kondenzace vody. V pfipadé narGstu vihkosti by tyto ucinné latky dokazaly
zabranit vzniku poSkozeni dfevokaznymi houbami. Zaroven dokazi chranit dfevo
vici ataku termity (Simankova a kol., 2021 — sougast DSP, 2022 — souéast DSP).
Lze oCekavat také vyuziti vici dfevokaznému hmyzu z dalSich fadl, napfiklad
brouki a blanokfidlych, ktefi také vyznamné narusuji zabudované dievo
v konstrukcich, v pfipadé Cervoto€l také interiérové zafizeni.
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ZAVER

V poslednich letech vyrazné vzristaji pozadavky na zdravotné a ekologicky
pfijatelné zpusoby ochrany dfeva vuci biotickym poSkozenim. Mezi hlavni
degradacni Cinitele lze zaradit zejména dfevokazné houby, dfevozbarvujici
houby, plisné, mezi hmyzimi Skddci jsou to zejména termiti a v mirném
klimatickém pasmu dfevokazni brouci a néktefi blanokfidli. TradiCni komerc¢ni
biocidy maji dostateCnou ucinnost, avSak hrozi rizika poSkozeni Zivotniho
prostfedi, v poslednich letech bylo vice ucinnych latek zakazano z duvodu
kumulace a zvySeni zdravotnich poskozeni v lidském organizmu.

Z téchto ddvodl je vyznamnym tématem v soucCasnosti hledani latek
a postupd, které by dokazali zabudované drevo, pfipadné polotovary ze dfeva na
skladech chranit vici bio-poSkozeni. Tato prace byla zaméfena zejména na
testovani dvou ucinnych latek, u kterych lze predpokladat kombinovany
fungicidni a insekticidni ucinek. Jedna se o kofein a levandulovy esencialni olej.
U obou pripravkl byly testovany koncentrace, které zajiStuji u€innost, ale jsou
souCasné ekonomicky pfijatelné pro primyslové vyuziti. Zejména u kofeinu je
vyhodou, Ze je mozna levna synteticka uméla produkce, anebo vyuziti
potravinarskych odpadu, které jej obsahuiji.

Testovanymi druhy dfev, u kterych byla hodnocena ucinnost oSetfeni byly
smrk, borovice bél a buk pro kofein a smrkové dievo pro levandulovy esencialni
olej. Roztoky byly aplikovany levnou a jednoduchou metodou dlouhodobého
maceni, ktera je vyhodna pro Siroké praktické uplatnéni téchto postupu.
V pribéhu prace bylo zjisténo, Ze ucinné latky jsou ze dfeva vyplavitelné vodou.
Proto byly dodate¢né testovany také aplikace vrchni, nové navrZzené hydrofobni
vrstvy na bazi smési vosku a silanoll rozpustnych ve vodé a komercéni vicevrstvé
natérové systémy. Jejich uCinnost byla ovéfovana testy urychleného umélého
starnuti v UV-komorfe anebo Xenotestu anebo testy vyplavenim dle EN 84.
Hodnocen byl také dopad na vybrané, dullezité, fyzikalni a mechanické vlastnosti
dfeva.

Vysledky prace prokazaly, Zze uprava kofeinem je dostateCné ucinna pro
ochranu smrkového dfeva vici ataku dfevokaznymi houbami hnédé hniloby,
termity, dfevozbarvujicimi houbami i plisnémi. Na povrchu téZzko propustného
zralého dfeva smrku byla vytvofena bariérova vrstva s vysokym obsahem
kofeinu, ktera chranila hloubé&ji uloZzené a nechranéné drevo vici praniku Skadca.
Naopak u dfeva buku a béle borovice dochazelo béhem aplikace k hlubSimu
priniku roztoku a rovnomérnéjSimu rozlozeni kofeinu ve dfevé. Tyto dva druhy
dfeva maji navic nizsi pfirozenou trvanlivost vici bio-poSkozeni. To mélo za
nasledek, Ze ucinnost fungicidni ochrany kofeinem u dfeva buku a borovice byla
niZz8i ve srovnani s dievem smrku. U dfeva smrku lze tedy doporucit jako
dostateCnou aplikaci pomoci dlouhodobého maceni, u buku a béli borovice
naopak, pro zvysSeni ucCinnosti Ize doporucit spiSe aplikaci pomoci tlakové
impregnace. Na zakladé vysledku Ize dale konstatovat, Ze dostate¢né ucinna je
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vSeobecné az 2% koncentrace vodniho roztoku kofeinu, ktera je také hranicné
moznou.

Z pohledu praktického vyuZiti experimenty potvrdily, Ze kofein je ve vodé
rozpustny, ale zaroven ze dreva vyplavitelny, se slabou vazbou na zakladni
difevni komponenty. Proto je bez dodateCné upravy vhodny pouze
u zabudovaného dfeva s obCasnym rizikem zvySené vihkosti anebo kondenzace
v mistech tepelnych mostd anebo kontaktu s kovovymi spojovacimi prvky.
| v téchto aplikacich vSak mlze vyrazné zabranit rozvoji pusobeni dfevokaznych
hub, které dokazou za vhodnych podminek velice rychle naru$it mechanickou
funkénost nosnych prvku ze dfeva. Trvale dokaze chranit dfevo v krovech, jelikoz
hmyzim Skuadcim postauje 10% vlhkost dfeva. V této praci byl insekticidni
ucinek ovéren vuci ataku termity, ktefi jsou v celosvétovém méfitku, spolecné
z dfevokaznymi houbami, nejvaznéjsSim Skidcem dfeva. Lze oCekavat, Ze dfevo
chranéné roztokem kofeinu bude dobfe odolavat i plsobeni, u nas hojné
rozSifenym tesafikim a Cervotocum. Tento pfedpoklad vSak bude nutné, pred
praktickym SirSim pouzitim ovéfit dikladnym testem dle platnych standardu.

V praci byl dale testovan dodatecny efekt aplikace vrchni hydrofobni vrstvy
a také vicevrstvovych exteriérovych natért. Hydrofobni vrstva na bazi vosku
a silanolll nebyla dostate¢né ucinna, pravdépodobné z dlivodu malych rozméru
molekul kofeinu, ktery byl po rozpusténi schopen pfes ni pronikat. Proto byly dale
testovany silnovrstvé lazurovaci natéry, u kterych byl potvrzen dostateCny
ochranny efekt béhem umeélého urychleného starnuti v UV-komore.
U akrylatového vodoureditelného natéru byla dokonce prokazana zvysSena
celkova zivotnost na kofeinem upraveném bukovém a smrkovém drevé.
Vysvétleno je to zvySenim povrchového napéti dfeva po upravé a z toho dlivodu
ZlepSenou adhezi natéra. Natérové systémy na takto upraveném dievé méli pred
umélym starnutim i po ném vyrazné zvySenou odolnost vici plisnim.

Uprava dfeva roztokem kofeinu neméla negativni dopad na testované
vlastnosti dfeva. Zejména je dllezité, Ze nedoslo k poklesu ohybové pevnosti,
ktera citlivé reaguje na degradacni procesy, které zpUsobuje nevhodny
technologicky postup ochrany dfeva. Proto Ize takto oSetfené dfevo doporucit
i do konstrukci a pro prvky, které nesou trvalé zatizeni.

OSetfeni smrkového dfeva roztokem levandulového esencialniho oleje bylo
také ucinné vuaci termitm. V této praci byla potvrzena ucinnost jiz 5%
koncentrace. Naopak, tato koncentrace se jevi jako nedostate¢na ochrana vuci
pusobeni hub hnédé hniloby. Tam Ize, na zakladé dalSich praci doporucit jako
ucinnou az 10% koncentraci. Na rozdil od kofeinu, levandulovy olej dokazala ve
dfevé zadrzet b&hem plsobeni vody jiz vrchni hydrofobni vrstvy na bazi
modifikovanych vosku a silanoll rozpustnych ve vodé. Proto Ize tento zpusob
ochrany dfeva vuci termitdm doporudit i do exteriérovych aplikaci bez kontaktu
se zemi. Dostate€na koncentrace 5% tento postup pfiblizuje také praktickému
pouziti z pohledu ekonomiky. Levandulovy esencialni olej aplikovany formou
dlouhodobého maceni v roztoku lihu a vody také nemél negativni dopady na
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vybrané vlastnosti dfeva. Nebyl naruSen ani vzhled dfeva, mirné narostlo
povrchové napéti, tudiz Ize také predpokladat pozitivni uc€inek na zivotnost
natérl, podobné jak bylo potvrzeno u oSetifeni kofeinem.

Oba testované postupy ochrany dieva se na zakladé vysledku této prace, ale
i praci dalSich vyzkumnych tyma, jevi jako perspektivni pro praktické pouziti.
Zejména oSetfeni kofeinem je levné a srovnatelné ucinné s v souCasné dobé
pouzivanymi komercnimi biocidy. Problémem je zatim fixace ve dfevé. Vyplaveni
vodou lze zatim mozné uspésné vyieSit pouze nepifimo - aplikaci vodoodpudivé
bariérové natérové vrstvy. Preventivhé lze vyuzit kofein i pro ochranu
potravinafskych oball, které podiéhaji ataku plisnémi a dfevozabarvujicimi
houbami. Vysledky prace jsou dulezitym pfispévkem moznosti zdravotné
nezavadné a ekologicky pfijatelné ochrany dfeva vici poSkozeni dfevokaznymi
houbami a plisnémi. V budoucnu je mozné, ze pozadavky na ekologické
a zdravotni dopady mazou vyrazné prevysit ekonomické hledisko.
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SUMMARY

In recent years, the requirements for health and ecologically acceptable ways
of protecting wood against biotic damage have increased significantly. The main
degrading factors include wood-destroying fungi, wood-staining fungi, moulds,
insect pests, especially termites, and in the temperate climate zone,
wood-destroying beetles and some bees. Traditional commercial biocides are
sufficiently compelling, but there is a risk of environmental damage; in recent
years, more active substances have been banned due to the accumulation and
increase of health damage in the human body.

For these reasons, an important topic at present is the search for substances
and processes that could protect built-in wood or semi-finished wood products
in warehouses against bio-damage. This work was mainly focused on testing two
active substances for which a combined fungicidal and insecticidal effect can be
expected. It is caffeine and lavender essential oil. Both formulations have been
tested for concentrations that ensure efficacy but are also economically
acceptable for industrial use. The advantage of caffeine in particular, is that cheap
synthetic artificial production or the use of food waste containing it is possible.

The wood species tested for which the effectiveness of the treatment was
evaluated were spruce, white pine and beech for caffeine and spruce wood for
lavender essential oil. The solutions were applied by a cheap and straightforward
method of long-term soaking, which is advantageous for the wide practical
application of these procedures. During the work, it was found that the active
substances are washable from wood with water. Therefore, the applications of
the top, newly designed hydrophobic layer based on a mixture of water-soluble
waxes and silanols and commercial multilayer coating systems were additionally
tested. Their effectiveness was verified by accelerated artificial ageing tests in
a UV-chamber or Xenotest or by leaching tests according to EN 84. The impact
on selected, important, physical and mechanical properties of wood was also
evaluated.

The results of the work showed that the caffeine treatment is sufficiently
adequate for the protection of spruce wood against attack by wood-destroying
fungi of brown rot, termites, wood-staining fungi and moulds. A barrier layer with
a high caffeine content was formed on the surface of the hard-permeable mature
spruce wood, which protected the deeper and unprotected wood against the
penetration of pests. In contrast, in beech and white pine wood, the solution
penetrated deeper during application, and the caffeine in the wood was evenly
distributed. In addition, these two types of wood have lower natural durability to
bio-damage. As a result, the effectiveness of the caffeine fungicidal protection of
beech and pine wood was lower compared to spruce wood. Spruce wood can
therefore be recommended as a sufficient application by long-term soaking, in
beech and white pine, on the contrary, to increase efficiency, application by
pressure impregnation can be recommended. Based on the results, it can be
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stated that up to 2% of the concentration of the aqueous caffeine solution is
generally sufficiently effective, which is also marginally possible.

From the point of view of practical use, experiments have confirmed that
caffeine is water-soluble, but at the same time washable from wood, with a weak
bond to the basic wood components. Therefore, without additional treatment, it is
only suitable for built-in wood with the occasional risk of increased humidity or
condensation in places of thermal bridges or contact with metal fasteners.
However, even in these applications, it can significantly prevent the development
of wood-destroying fungi, which can, under suitable conditions, very quickly
disrupt the mechanical functionality of wood-bearing elements. It can
permanently protect the wood in trusses, as 10% wood moisture is enough for
insect pests. In this work, the insecticidal effect was verified against the attack of
termites, which are worldwide, together with wood-destroying fungi, the most
serious wood pest. It can be expected that wood protected with a solution of
caffeine will also withstand the effects of longhorn beetles and worms, which are
widespread in our country. However, it will be necessary to verify this assumption
by a thorough test according to valid standards before practical wider use.

The additional effect of the application of the top hydrophobic layer as well
as multilayer exterior coatings was further tested in this work. The hydrophobic
layer based on waxes and silanols was not effective enough, probably due to the
small size of the caffeine molecules, which was able to penetrate through it after
dissolution. Therefore, thick-layer glazing coatings were further tested, in which
a sufficient protective effect was confirmed during artificial accelerated ageing in
the UV chamber. The waterborne acrylate coating has even been shown to
increase the overall life of caffeine-treated beech and spruce wood. This is
explained by the increase in surface tension of the wood after treatment and,
therefore by the improved adhesion of the coatings. Coating systems on wood
treated in this way had significantly increased resistance to mould before and
after artificial ageing.

Treatment of wood with caffeine solution did not have a negative impact on
the tested wood properties. In particular, it is important that there is no decrease
in the flexural strength, which is sensitive to the degradation processes caused
by an inappropriate technological procedure for wood protection. Therefore,
wood treated in this way can also be recommended for structures and for
elements that carry permanent loads.

Treatment of spruce wood with a solution of lavender essential oil was also
effective against termites. In this work, the efficiency of 5% concentration was
confirmed. On the contrary, this concentration appears to be insufficient
protection against brown-rot fungi. There, based on further work, up to 10%
concentration can be recommended as effective. Unlike caffeine, lavender oil
was able to retain the upper hydrophobic layers based on modified waxes and
water-soluble silanols in wood during the action of water. Therefore, this method
of wood protection against termites can also be recommended for outdoor
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applications without ground contact. A sufficient concentration of 5% also brings
this procedure closer to practical use from an economic point of view. Lavender
essential oil applied in the form of long-term soaking in a solution of alcohol and
water also did not have negative effects on selected wood properties. The
appearance of the wood was not disturbed either, the surface tension increased
slightly, so a positive effect on the durability of the coatings can also be expected,
similar to that confirmed with caffeine treatment.

Based on the results of this work, as well as the work of other research teams,
both tested wood protection procedures appear to be promising for practical use.
In particular, caffeine treatment is inexpensive and comparatively effective with
currently used commercial biocides. The problem so far is fixation in wood. So
far, water leaching can only be successfully solved indirectly - by applying
a water-repellent barrier coating. As a preventive measure, caffeine can also be
used to protect food packaging, which is attacked by the mould and wood-staining
fungi. The results of the work are an important contribution to the possibility of
healthy and ecologically acceptable protection of wood against damage by wood-
destroying fungi and moulds. In the future, it is possible that the requirements for
environmental and health impacts may significantly exceed the economic aspect.
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BblBOA

B nocnegHve rogbl 3HauMTenbHO BO3pocnn TpeboBaHMA K CaHUTapHO-
FMrMEHNYECKUM U IKONOrnYeckn npmemnemMoiM cnocobam 3amTbl ApeBECUHbI OT
BroTmnyecknx nospexaeHuin. K oCHoBHbIM paspyLuatolwmnmM aktopam OTHOCATCH
AepeBopaspylwanwme rpubbl, OepeBooKpalumsawowme rpubbl, nNrecHeBble
rpnbbl, HacekoMble-BpeauTenn, OocobeHHO TepMuUTbl, a B YMEpPEeHHOM
KNnuMaTn4yeckoM nosice - AepeBopaspyLiatoline XYKM U HeKoTopble Myerbl.
TpaguunoHHble KOMMep4eckne ©Ououmabl AOCTaTOMHO 3(PAEKTUBHBLI, HO
CyllecTByeT pUCK HaHeceHus yllepba okpyxarowen cpeae, B nocnegHue rogpl
Gonee aKkTMBHbIE BELLECTBA 3anpeLleHbl U3-3a HaKOMMeHWs N yBENUYEHNS Bpeaa
AN 300POBbS B OpraHM3Me 4yernoseka.

Mo aTuMm NpuYnHamM BaXKHOM TEMOW B HacCTosLlee Bpems SBMSETCS MOUCK
BELLEeCTB M MPOLLEeCCOoB, KOTOpble MOrMK Obl 3aUTUTL BCTPOEHHYIO OPEBECUHY
unu nonydabpukaTbl U3 gepeBa Ha cknagax oT GuonospexaeHunn. 3Ta paboTa
Obina B OCHOBHOM COCpefoToYEeHa Ha TECTUPOBAHUM OBYX aKTUBHbIX BELLECTB,
ONA  KOTOPbIX MOXHO OXuAaTb KOMOWMHMPOBAHHOMO  PYHMMUUOHOMO W
WHCEKTMUMOHOro AenctBusi. OTo KodenH 1M adpupHoe macno nasaHabl. ObGa
coctaBa ObINMM  uUcNbITaHbl  Ha  KOHUEHTpauun,  obecneymsaroLLme
3(pPEKTUBHOCTb, HO TaKKe IKOHOMWYECKM MpuemMnemble s NPOMbILLNIEHHOrO
ncnonb3oBaHus. NpemmyLLecTBO KoenHa, B YaCTHOCTU, B TOM, YTO BO3MOXHO
AELleBOe CUHTETUYECKOEe TEXHONEHHOEe MPOM3BOACTBO WM MUCMNONb30BaHUE
NULLEBbIX OTXOL4OB, €ro CoAepXKaLlmXx.

McnbiTbiBaeMbiMM  OpoAamMuM  OpEBECUHbI, Af9 KOTOpbIX OLeHuBanacbh
apekTnBHOCTL 06paboTkmn, BbIM enb, 6enas cocHa M OyKk B OTHOLIEHWUU
KobenHa n enoBasi ApeBECMHA B OTHOLWEHMM 3PUPHOro Macna naBaHAbl.
PactBopbl HaHOCUNMCb AELWEBbLIM WM MPOCTbIM  METOAOM  ANUTENbHOro
3amMaydMBaHnA, YTO BbIrOAHO OS5 LUMPOKOro MPaKTUYECKOro MPUMEHEHUS 3TUX
npoueayp. B xopge paboTbl ObiNO YCTAHOBMEHO, YTO aKTUBHbIE BeLECTBA
CMbIBAlOTCS1 BOAOW C ApeBecuHbl. B cBsA3M ¢ aTmm OGbinn OONONHUTENBHO
onpoboBaHbl BO3MOXHOCTM HaHECeHUs1 BEPXHEro rmapodobHOro cnosi HOBOW
KOHCTPYKUMMW Ha OCHOBE CMECW BOAOPACTBOPMMbIX BOCKOB M CUIAHONIOB
N KOMMEPYECKMX MHOTOCMOMHBIX CUCTEM MOKPbITUA. WX 3ddeKTUBHOCTb
noaTBepXAeHa MCMNbITAHUAMM HA YCKOPEHHOE MCKYCCTBEHHOE CTapeHue B YO-
kamepe nnu Xenotest unm ncnbiTaHMAMN Ha BbllLlEeNadYnBaHne B COOTBETCTBUN C
EN 84. Takke oueHMBanoCcb BNUSIHUE HA OTAENbHbIE BaXHble U3IMKO-
MeXaHN4eCKMe CBONCTBA APEBECUHDI.

Pesynbtatel paboTbl nokasanu, 4To obpaboTka KOoeMHOM [OCTaTOYHO
achbdekTnBHa ans 3aWnTbI APEBECUHDI enn oT nopaxeHus
AepeBopaspyLuaoLwmmm rpnbamm Oypon THUNW, TepMuTamu,
AepeBooKpaluMBaLWnmMm rpubamm n nnecHesbiMn rpubammn. Ha noBepxHOCTH
TPyAHOMNPOHMLIAEMOW 3pernon ApeBeCcuHbl enu hopmupoBancs 6GapbepHbIn Crion
C BbICOKMM cofep)xaHnem KodemHa, KOoTopbin 3awumuwan Gonee rnybokyto
N HE3ALLMLLEHHYIO OpPEBECUHY OT MPOHUKHOBEHMS BpeguTenen. HanpoTwus,
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B ApeBecnHe Byka 1 6enon COCHbl pacTBOP NPW HAHECEHUW NMPOHUKanN rnyoxe,
N KOheunH B gpeBecuHe pacnpegensncsa pasBHoMmepHo. Kpome Toro, 3Tn ABa Buga
ApeBecuHbl 06nagarnT MeHbLUEN NPUPOAHON CTOMKOCTbIO K BUONOBpEXaAEHNSIM.
B pesynbTtaTte ap(peKkTMBHOCTb KOPENHOBOW (PYHIIMUMOHOW 3aLMThl APEBECUHDI
BGyka 1 cocHbl Gbina HWXKEe NO CPaBHEHUIO C ApeBecuHon enu. Takum obpasom,
enoBas gpeBecuHa MOXeT ObITb pekoMmeHOoBaHa B KayecTBe [OCTaTOYHOro
NPUMEHEHNA NyTeM [OMAUTENbHOrO 3amayvvMBaHusA, a Oyka n 6enon COCHbI,
HaobopoT, ANnA noBbilWeHUss 3PDPEKTUBHOCTN MOXET OblTb pPEKOMEHAOBAHO
NpUMeHeHne nyTeM NponuTkn noa AasrieHneM. OCHOBbIBAsACh Ha pesynbTaTax,
MOXHO KOHCTaTUpOBaTb, YTO A0 2% KOHUEHTpaLuM BOAHOro pacTteopa KodenHa
00bl4HO 4OCTATOYHO A(PPEKTMBHLI, YTO TaKKE BO3MOXHO.

C TOYKM 3peHMss MNPaKTUYECKOro  MUCMNOSMb30BaHUS, SKCNEPUMEHTbI
noaTBepannn, YTo KodermH BOAOPaACTBOPUM, HO B TO XXe BPEMSI BbIMbIBAeTCS U3
ApeBeCcuHbl, nmeeT crabyto CBA3b C OCHOBHbIMWM KOMMOHEHTaMW [pPEeBECUHBI.
Moatomy 6e3 gonosnHMTenbHOM 06paboTKM NOAXOAUT TONMbKO ANS AepeBAHHbIX
KOHCTPYKUMA C Nepuoaudeckmm PUCKOM MOBBLILIEHHOW BMAXHOCTU UMK
obpasoBaHMa KOHOeHcaTa B MeCTax TennoBblX MOCTOB WM KOHTaKTa
C MeTannuyecknmmn kpennenHuamu. OgHako gaxe B 3TUX Cryvasix OH MOXET
3HauuTenbHO nNpPefoTBpPaTUTL pasBUTUE AepeBopaspyluaromx  rpubkos,
KOTOpble Mpu MOAXOAAWMX YCNOBUAX MOFYyT oO4YeHb ObICTPO HapywuTb
MEeXaHUYeCKy0 (PYHKLUNOHANbHOCTb ApPEeBECHO-HEeCyWmnx arnemeHToB. MoxeT
HaJOoMro 3aWwunTUTbL ApEBECUHY B hepMax, Tak Kak afnsl HaCeKoMbIX-BpeauTenemn
poctatoyHo 10% BnaxHocTM gpeBecuHbl. B aTon paboTe WMHCEeKTUUMAOHbIN
3hheKT ObIN NPoBEPEH NPOTUB HanNageHUs TEPMUTOB, KOTOPbIE BO BCEM MUpE,
Haps4y ¢ AepeBopaspyLialowmmMmmn rpubamm, anaoTcs Hambonee cepbe3HbiMU
BpeauTenammn gpeBecuHbl. MOXHO oxuaaTb, YTO APEBECUHA, 3allULEeHHas
pacTBOPOM KOPEWHa, BbIAEPKUT M BO3AENCTBME LLUMPOKO PaACMpPOCTPAHEHHbIX
B Halwen cTpaHe ycadyen u 4epBen. OpHako nepen 6Gonee  WMPOKNM
NPaKkTU4YECKMM  UCMONb30BaHMEM Heobxoammo OyneTr npoBepuTb  3TO
npeanonoXeHne TwaTenbHbIM UCMNbITAHNEM B COOTBETCTBUN C AEUCTBYHOLLMMMU
cTaHgapTamu.

B gaHHOM paboTe AONONHUTENBHO NPOBEPSNCS LOMOMNHUTENbHbIN 3hekT
OT HaHeCceHWs1 BepXHero rmapodobHOro crnos, a Takke MHOMOCHOMHbBIX HAPYXXHbIX
NOKPbITUA. TMAPOMOBHLIN €O Ha OCHOBE BOCKOB M CUMAHOMOB OKasarics
HeJOCTaTOYHO 3(P(PEKTMBHLIM, BEPOATHO, M3-3a Marnoro pasmepa MOSeKyn
KopenHa, KOTopble CMOIMM MPOHUKHYTb Yepe3 Hero Mnocre pacTBOPEHUs.
Moatomy 6biNM OONONHUTENBHO WCMbITaHbl TOSNICTOCIONHbIE NECCUPOBOYHbIE
NMOKPbITUSA, Y KOTOPbIX Obln NOATBEPXKAEH AOCTATOYHbIN 3aLMTHBLIA 3dEKT Npu
NCKYCCTBEHHOM YCKOpPEeHHOM cTapeHun B Y®-kamepe. bbino nokasaHo, 4To
akpunaTHoOe MOKPbITUE Ha BOAHOW OCHOBE Aaxke yBenuvyunmBaeT oOLmh CpoK
cnyx6bl gpeBecuHbl byka n enu, obpaboTaHHOM KOEMHOM. DTO OO BbACHAETCS
yBENIMYEHNEM MOBEPXHOCTHOIO HATSXKEHUA OpPEeBECUHbl nocne obpaboTku u,
cnepoBaTtenbHO, YNydlWeHWeM aares3vm MnokpbITUn. CuUcTeMbl MOKPbLITUA Ha
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obpaboTaHHON Taknm 0b6pa3oM ApeBECUHE UMENU 3HAYUTENBHO MOBLILEHHYIO
YCTOMYMBOCTb K NIECEHN A0 M NOCIE UCKYCCTBEHHOIO CTapeHMS.

O6paboTka ApeBeCUHbI pacTBOPOM KodpemHa He Okasana oTpuuaTenbHOro
BMMAHUSA Ha uWccnedyemble CBOWCTBA ApeBecuHbl. B 4yacTHOCTM, BaxHO
OTCYTCTBME CHWXEHWS MPOYHOCTM Ha U3rmb, YyBCTBUTENMbHOW K MpoLeccam
aerpagauunn, Bbi3BaHHbIM HEMPaBUIIbHBIM TEXHOMOMMYECKUM NPUEMOM 3aLUUThI
apesBecuHbl. [MoaToMy 06paboTaHHy0 Taknm 0b6pas3omM OpeBECUHY TakKe MOXHO
pekoMeHOoBaTb Ansl KOHCTPYKUMM W 3N1EMEHTOB, HECYLMX MNOCTOSHHbIE
Harpysku.

O6paboTka apeBeCHHbI €N PAaCTBOPOM 3OUPHOro Macna naBaHabl Takke
achbcekTnBHa nNpoTMB TepmuToB. B paHHOM paboTe 6Gbina noarBepxaeHa
ahpekTnBHOCTb 5% KOHUEHTpaumn. HaobopoT, aTa KOHLEHTPaLUNSA OKasbiBaeTCs
HeJOCTaTOYHOM ANnsA 3awmTtbl OT Bypon rHUNn. Tam, ucxoaa ms fanbHenLwen
paboTbl, MOXHO pPeKOMeHOOoBaTb Kak addeKkTUBHYK KoHueHTpauumto o 10%.
B otnnune ot KodpenHa naBaHOOBOE Macro CNoCOOHO COXpaHsTb BepxHUe
rmapodobHble cnom Ha OCHOBe MOAMPULMPOBAHHBIX BOCKOB
1 BOAOPACTBOPMMbIX CUNAHOSOB B jpeBECUHE Mpu BO34ENCTBMM BOAbI. [ToaToMy
9TOT MeTo[ 3alUMTbl OPEeBECUHbI OT TEPMUTOB MOXHO pekoMeHAoBaTb U AN
Hapy>XHbIX paboT 6e3 KoHTakTa ¢ 3emnen. [JoctatoyHas koHueHTpauunsa 5%
Takke npubnuxaet 3Ty npouenypy K MNPaKTUYECKOMY UCMOSNb30BaHUIO
C 9KOHOMWYECKON TOYKM 3peHund. SdUpHOe Macno naBaHAbl, NPUMEHEHHoe
B BUAE [OSIMTENbHOrO0 3aMayuBaHWs B pacTBOpe ChnvpTa W BOAbl, Takke He
OKasano HeraTMBHOIO BAUSHUSA HA CBOWCTBA BbIOpaHHOW OpeBECUHbI. BHeLLHWI
BUA ApEeBECUHbI Takke He Oblnl HapyLleH, MOBEPXHOCTHOE HaTAXeHWe HEMHOro
YBENMYUIIOCb, MNO3TOMY MOXHO OXMAATb MONOXUTENbHOrO addekta Ha
AOJSITOBEYHOCTb MOKPLITUA, aHaNOrMYyHOro NOATBEPXOeHHOMY npu obpaboTke
KodpenHOM.

Mo pesynbTaTam aTon paboThl, a Takke paboTbl APYrMX NCCreaoBaTeNbCKUX
rpynn, oba anpobupoBaHHbIX cnocoba 3awuTbl ApeBeCUMHbl NPeacTaBnaATCs
NepCneKkTUBHbIMW A115 NPAKTUYECKOro NCnonb3oBaHus. B yactHocTn, obpaboTtka
KopeMHOM Hegopora U CpaBHUTENbHO 3eKTMBHA NO  CpPaBHEHUIO
C UCNOMb3yeMbIMXU B HacTosiLlee BpeMsi KOMMepyeckumu OGuoumagamu.
Mpobnema noka B dukcaumm B gpeBecuHe. Noka npobnema BhbilwenaymBaHus
BOAbl MOXET ObITb YCMNELHO peLleHa TONbKO KOCBEHHbIM MyTEM — HaHEeCEHMEM
BOAOOTTaskMBawLlero 6apbepHoOro NokpbITUA. B kauecTBe NpeBeHTUBHON Mepbl
KObeMH TakKe MOXHO WUCMonb3oBaTb ANA  3aWuUTbl  YNAKOBKA MULLEBbIX
NPOAYKTOB OT NfieceHun 1 rpnbkoB, oKpalumBaLWmX AepeBo. Pe3ynbtaTthl paboThl
ABNAIOTCA BaXHblM BKMaAOM B BO3MOXHOCTb 300POBOM U  3KOSIOMMYECKU
npuemMnemMon 3alnTbl APEBECUHbl OT MOPaXeHUs [AepeBopaspyLlarommm
rpubamm un nnecHesbiMn rpubamu. B Gyayuiem He UCKIYeHo, YTo TpeboBaHus
No BO3OEWCTBMIO Ha OKpYXaloLlyt cpedy M 340pOBbe MOryT 3HAYUTENbHO
NPEBbLICUTb 3KOHOMUYECKNIA aCNEKT.
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DOPORUCENI PRO VEDU A PRAXI

Hlavni védecké pfinosy predkladané prace, které dosud nebyly feSeny
v jinych vyzkumech, jsou nasledujici:

1) Bylo zjisténo, Ze druh oSetfeného dieva vyrazné ovliviiuje fungicidni ucinnost
kofeinu. Z tohoto pohledu je pomérné prekvapivym zjisténim, Zze u malo
propustného dfeva smrku byla ochrana ucinnéjSi ve srovnani s bukem a béli
borovice, do kterych roztok kofeinu pronikal snadnéji. Moznou pfi€inou je
vytvofeni vyraznéjSi bariérové vrstvy béhem povrchové modifikace, s vySSim
obsahem kofeinu, ktera chranila dostate¢né dievo vuci praniku hyf dfevokaznych
a dfevozbarvujicich hub.

2) Byla zjisténa rdzna moznost vazby kofeinu na dfevo z pohledu druhu dfeva
a také jednotlivych stavebnich komponentu — ligninu, celulézy a hemicelul6z.
Toto zjisténi pfispiva k poznani, ktery druh dfeva je vhodnéjsi pro tento zpusob
ochrany, a které stavebni sloZky difeva budou po upravé kofeinem nachylnéjsSi na
znehodnoceni ligninovornimi nebo celulézovornimi houbami.

3) Bylo zjisténo, ze pro exteriérové expozice vystavené povétrnostnim vlivim bez
kontaktu se zemi je jako ochrana vuci vyplaveni u levandulového esencialniho
oleje dostacujici hydrofobni vrstva, u kofeinu je nutné vyuzit bariérovou ochranu
silnovrstvou lazurou.

4) Kofeinem povrchové modifikované dfevo zlepSuje adhezi a zvySuje celkovou
zivotnost vodou feditelnych natérovych hmot na dfevo v exteriéru. Konkrétné
v této praci byl potvrzen pozitivni efekt na akrylatové transparentni silnovrstvé
vodoureditelné lazufe pro exteriérové pouziti.

5) Byl zjistén vyrazny insekticidni uCinek 2% roztoku kofeinu a 5% roztoku
levandulového esencialniho oleje vuci termitdm. Dostateéna byla povrchova
modifikace po aplikaci jednoduchou technologii dlouhodobého maceni
smrkového dfeva. Stejny efekt byl s kofeinem aplikovanym tou samou technologii
dosazen u smrkového dieva také vuci difevokaznym, dfevozbarvujicim houbam
a takeé plisnim.

Dosazené vysledky pfispivaji k rozvoji v této oblasti vyzkumu a vytyCuji dalSi
cesty, kterymi se muze vyuziti kofeinu a levandulového esencialniho oleje dale
ubirat. Zejména je vhodné dale zkoumat moznost zlepSeni vazby kofeinu na
jednotlivé chemické stavebni sloZky dfeva. DalSi moZnosti je zkoumani moznosti
navazani novych funk&nich skupin a prvkd na molekulu kofeinu, které by vedly
ke zvySeni jeho biocidni uc€innosti. Vyznamné pro védu i praxi mize byt dalSi
zkoumani synergickych ucinkd kofeinu a jinych biocidnich pfipravkd. Je také
nutné zkoumat dal$i druhy a zplUsoby bariérové ochrany kofeinu a levandulového
esencialniho oleje vlci vyplaveni ze dfeva. U levandulového esencialniho oleje
je dualezité stanovit komplexnim testovanim nejuc¢innéjSi komponenty se
smérovym fungicidnim a insekticidnim u€inkem. Dale se jevi perspektivni
zkoumani moznosti syntézy jeho nejucinngjSich aktivnich komponent, které by
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vedlo ke zlevnéni této biocidni ochrany dfeva. Stejné jako u kofeinu je mozné
zkoumat i mozné synergické ucinky s jinymi insekticidy a fungicidy pfirodniho,
nebo syntetického plvodu.

Na zakladé experimentalnich vysledku této disertaéni prace a na zakladé
studia praci s pfibuznou problematikou, Ize vyvodit nasledujici doporuceni pro
praktické primyslové vyuziti testovanych pfirodnich biocidnich latek:

1) Kofein je vyuZitelny jako fungicid a insekticid pfirodniho pavodu pro ochranu
zabudovaného dreva, ale i pro kratkodobou ochranu polotovart vaéi napadeni
dfevozbarvujicicmi houbami, plisnémi a hmyzem.

2) Kofein prokazal v 2% koncentraci u€inek vu¢i houbam hnédé hniloby, cenové
je pfiblizné na stejné urovni ve srovnani s komercnimi biocidy, navic bez
nepfiznivych dopadu na zdravi Clovéka a Zivotni prostiedi.

3) Ze dieva je kofein vyplavitelny, bez dodate¢né upravy vicevrstvym natérovym
systémem je vhodny pouze pro ochranu dfeva, které je bez kontaktu se zemi
a bez trvalého vystaveni srazkové vodé. Mize se tedy doporucit do expozic, kde
hrozi obCasné navlhnuti, pfipadné kondenzace vody vV rizikovych mistech
konstrukci.

4) Neméni mechanickeé vlastnosti dfeva, a proto je vhodny i pro ochranu nosnych
dfevénych prvkl v konstrukcich.

5) Dostate¢né ucinna je pro oSetfeni dfeva smrku levna aplikace pomoci
dlouhodobého maceni, coZz nevyzaduje zadnou specialni technologii. Pouze
u dfeva buku a borovice, Ize na rozdil od smrku, doporucit pro lepsSi u€innost
aplikaci pomoci tlakovych technologii. Kratkodobou ochranu polotovard na
skladech Ize aplikovat také natérem, nebo postfikem.

6) Pro exteriéerové aplikace byla odzkouSena ochrana transparentnim
akrylatovym exteriérovym vodoureditelnym natérem, ktery zabranuje vyplaveni
kofeinu ze dreva. Diky zlepSené adhezi na kofeinem oSetieném dfevé byl
zvySena jeho celkova zivotnost vlivem povétrnostnim vlivam a vuci rastu plisni.

7) OSetfeni dfeva roztokem levandulového esencialniho oleje dokazalo vyrazné
zvysit odolnost smrkového dfeva vici ataku termity. Dostatecna byla jiz 5%
koncentrace. Fungicidni uc€innost nelze touto koncentraci dosahnout, dle dalSich
praci je dostate¢né ucinna az 10% koncentrace.

8) Pro exteriérové aplikace dfeva bez kontaktu se zemi ale plné vystavené
povétrnosti je potfeba na dfevo oSetfené levandulovym esencialnim olejem
dodatecné aplikovat hydrofobizacni vrstvou — v této praci byl pouzit 6% roztok
smési vosku a silanolu.

9) OSetfeni dfeva roztokem levandulového esencialniho oleje nema nepfiznivé
dopady na fyzikalni a mechanické vlastnosti dfeva, coz jej pfedurCuje i pro
vyrobky s nosnou funkci v dfevénych konstrukcich.
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10) Lze pfedpokladat i repelentni u€inek levandulového esencialniho oleje, proto
se jevi vhodnou a ekologicky pfijatelnou variantou i pro kratkodobou ochranu
dfeva na skladech — zejména vaci riznym druhim dfevokazného hmyzu.
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Abstract. Molds on buildings can cause health- and aesthetic problems.
Looking for suitable cheap and non-toxic substances to eliminate them is
therefore an actual task. In the present study, effect of three selected
methylxanthines (1,3,7-trimethylpurine-2,6-dione, 3,7-dihydro-3,7-
dimethyl-1H-purine-2,6-dione and 1,3-dimethylxanthine) on growth of
non-specific species of molds occurring on building materials were tested
on agar medium under laboratory conditions. The chemical substances
were dissolved in distilled water and applied into agar. Solid agar has been
exposed to air molds for 24 hours. Agar plates were then covered with lids
and placed for 5 days in a laboratory thermostat at stable test conditions
(dark place, 25 °C). After that, the mycelium was observed. The results
showed that 3,7-dihydro-3,7-dimethyl-1H-purine-2,6-dione and 1,3-
dimethylxanthine were not effective against the molds growth. On the
other hand, 1,3,7-trimethylpurine-2,6-dione was able to eliminate mold
growth on agar medium at a concentration of 1 g:1"" or higher.

1 Introduction

Wood as a natural renewable resource plays an important role in the construction industry.
Wood can be attacked by various fungi and molds. While fungi are able to decompose
lignin or cellulose in wood in depth, molds can be found on a cover of wood and thus can
cause unpleasant coloring of timber. Therefore, constructional timber has to be painted by
some protecting mixtures. Presently, original chemical protective preparations containing
metals or persistent organic substances are gradually banned for their toxicity, persistency
and bioaccumulative potential [1-2]. Plant extracts or extraction of some biologically active
substances seem to be therefore suitable substitutes. The most spread and effective natural
biocides contain extracts from trees as bark sources of plant oils (either vegetal oils or
essential oils), flax seeds [3], cinnamon [4-5], citrus peels [6], and tung seeds. They have
been experimented with as potential wood protectors, showing diverse activities as
antibacterial, antifungal and antiinsect agents [7-10].

’ Corresponding author: klara.kobeticova@fsv.cvut.cz

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

156



MATEC Web of Conferences 282, 02058 (2019)

CESBP 2019

In the present study, methylxanthines were selected as model substances. They belong
to a group of phytochemicals derived from the purine base xanthine obtained from plant
metabolism [11-12]. The most known substances are 3,7-dihydro-3,7-dimethyl-1/-purine-
2,6-dione (theophyline), 1,3-dimethylxanthine (theobromine) and 3,7-trimethylpurine-2,6-
dione (caffeine). They were also selected for this research, being commonly found in
coffee, tea and cocoa. All of the selected substances are white and crystalline with variable
solubility in water. Some plants can produce them as natural metabolites for their own
protection against insects [13]. Effectivity of caffeine was tested against fungi and molds in
the past [14-15] but theobromine and theophyline have not been tested yet. Therefore, we
tested the effectiveness of water concentrations of these three selected methylxanthines
against aerial molds.

2 Materials and methods

The studied methylxanthines were theophyline, theobromine, and caffeine. They were
purchased from Sigma Aldrich, Ltd., Czech Republic. The most soluble concentration
of selected methylxanthines was used in the preliminary experiment. The basic properties
of studied substances are described in Table 1.

Table 1. Formula, structural formula, molar weight (g.mol™) and solubility in water (g.I'") at 20 °C
of studied substances.
Substance Formula  Structural formula Molar weight Solubility in water

(o]
Ho
H.IC\N NF
Caffeine CgH,oN,O, o)\ | ) 194.19 20
N

Y
CHy
(o] F"-‘
Theobromine  C,HgN,0, j\ |N,> 180.16 0.330
o >N~ N
CHy
(o]
HC H
Theophyline ~ C;HsN,O, SN |’> 180.16 5.5
it

The appropriate amount of substance powder was dissolved in sterile 3% maltose agar
(P-Lab, Ltd., Czech Republic) and filled into Petri glass (d = 9 cm). Three replicates were
prepared for each substance and for control (clear agar without tested substances). One
replicate containing each tested substance was also used as a control of substance- and agar
purity and sterility during the test period. The Petri dishes with cool agar were placed for
fall of mold spores from air for 2 hours. After that, the Petri dishes were covered by Petri
lids, packaged into aluminum foil and stored in a biological incubator for 5 days under
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controlled test conditions (in dark, temperature 25 °C). At the end of the incubation period,
the growth of mold mycelium was observed visually or under stereomicroscope (Olympus)
in all Petri dishes. The basic experiment was performed by the same methodology but only
caffeine was tested, taking into account the results of the preliminary experiment.
The concentration range was 0, 0.0625, 0.125, 0.25, 0.5, 1, 5, 10, 15, 20 g11", on the basis
of results of the first experiment. The final experiment was designed according to the
results of the basic experiment and the tested concentrations of caffeine were 0, 1, 2, 3, 4
and5gl.

3 Results and discussion

The results of the preliminary test indicated that theophyline and theobromine did not have
any effect on the growth of mold mycelium (Fig. 1). Therefore, the basic experiment was
performed with caffeine only. The results of basic experiment showed that caffeine had
100% inhibition effect for concentrations 1 g:"' and higher. Concentrations in the range of
0.12 to 0.5 g'I'" caused certain growth of molds. Hence, the final experiment was realized
using the concentration range of 1 to 5 g1'. In this experiment, it was observed that
caffeine caused 100% inhibition of mold mycelium at all tested concentrations (Fig. 2).

Control Theophyline Theobromine Caffeine )

\\

NN
-

Fig. 1. Tllustration of mold growth exposed to tested methyxanthines.

Fig. 2. The experiment with caffeine - growth of mold mycelium exposed to control agar without
caffeine (= 0) and the concentration 1, 2, 3,4, 5 g-l'l.
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The mold growth expressed as resistance (in %) against caffeine is summarized
in Fig. 3. This calculation was modified for agar medium, contrary to the original use for
wood materials [16]. The growth of molds had the same resistance for the individual
concentrations. So, the Fig. 3 does not include error bars for individual columns.

Rating scale

0 0.06250.125 025 0.5 1

9]
)

-+ 5 10 15 20

Caffeine concentration (g.1")

Fig. 3. Average mold resistance rating for agar containing caffeine. Mold resistance rating scale:
0 — no visible growth under the stereomicroscope, 1 — growth invisible by eyes, but clearly visible
under the stereomicroscope, 2 — coverage of up to 25% of the agar dish, 3 — coverage of up to 50%
of the agar dish, 4 — coverage of more than 50% of the agar dish 5 — intensive growth covering
the agar dish.

4 Conclusions

In the present study, agar tests with aerial unspecific molds exposed to three selected
methylxanthines, namely caffeine, theobromine and theophyline, were performed. Both
degradation products of caffeine (theobromine and theophyline) did not affect the growth
ability of molds but caffeine totally inhibited mold mycelium on agar medium at the
concentrations higher than 1 g1". Therefore, further work will be focused on the use
of caffeine against selected mold species on various constructional timbers.

This research has been supported by the Czech Science Foundation under Project No. 19-02067S.
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EXPERIMENTAL METHODS

Central boards of beech wood (Fagus sylvatica, L.) were used to prepare the testing material. Laths, with
dimensions 20 x 20 mm (radial x tangential) were cut from the beech lumber. Test specimens with
dimensions 20 x 20 x 30 mm (radial x tangential x longitudinal) were subsequently cut from each lath, in
the number of 4 pieces per lath. This number is intended to provide longitudinal parallelism for four series
of experiments for each evaluated property. The testing specimens did not contained any knots, cracks and
the allowed deflection of the fibres in the longitudinal direction was less than 5 °.

The first series of the testing samples served as a reference (without any modification), the second series of
the testing samples was dipped in distilled water, the third series of the testing samples was dipped in 2%
caffeine solution and the last series of the testing samples was dipped in 2% caffeine solution and
subsequently exposed to the accelerated weathering. 30 testing samples for each series per the tested
properties were used. After the modification, the samples were air-conditioned until the equilibrium
moisture content was obtained. We used CLIMACELL 707 air-conditioning chamber (BMT Medical
Technology Ltd., Brno, Czech Republic) with relative air humidity (65 + 5)% and temperature (20 + 2) °C.
For artificial accelerated weathering, we used Xenotest Q-Sun Xe-3 (Q-Lab, Cleveland, OH, USA) with
repeating steps 2.5 hour of irradiation exposure and 0.5 h of spray with distilled water. Temperature of air
was 45 °C. temperature at black panel 80 °C. Air humidity ¢ = 30%, TUV =55 W.m?, Total energy during
1000 hours of test 167 530 kJ.m™. All of the tests on the physical and mechanical properties presented in
this paper were performed according to the Czech national standards. From the physical properties basic
wood density, oven-dry density, volumetric swelling were tested and from the mechanical properties, the
compression strength along fibres was evaluated.

Density

Basic density was calculated as the proportion of wood dry mass and its volume in the swollen state. We
used 30 testing samples per modification. The same testing samples were used to evaluate oven-dry density,
which was calculated as a proportion of wood dry mass and its volume in oven-dry state. Laboratory kiln
and conditions 103 = 2 °C were used to obtain oven-dry state of wood. All those procedures followed the
national standard (CSN 49 0108. 1993) and we used these formulas (Eq. 1 and Eq. 2):

po=mo/Vo (1)

Where px is the oven-dry density (kg.m™), mo is the weight of the oven-dry testing samples (kg), V is the
volume of the oven-dry testing samples (m?).

PK = Mo / Vmax (2)

Where px is the basic wood density (kg.m™), my is the weight of the oven-dry testing samples (kg), V is the
volume of the testing sample with the moisture content higher than the fibre saturation point (m?).

Swelling

Dimensional changes of wood related to moisture content changes was tested as a difference between the
volume of saturated testing sample and the volume of oven-dry sample related to the oven-dry volume. 30
testing samples per modification were used to evaluate volumetric swelling. Drying, as part of this test, was
performed using the Binder FD 115 laboratory kiln (Binder Inc.. Tuttlingen, Germany) at 103 + 2 °C. The
test was performed in accordance with the national standard (CSN 49 0126, 1989) using the following
formula (Eq. 3):

Ay = (Vmax - Vmin) / Vmin * 100 (3)
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Where avy is volumetric swelling (%), Vmax is the volume of the testing sample with the moisture content
higher than the fibre saturation point, Vi, is the volume of the testing sample with moisture content 0%
(oven-dry volume).

Compression strength

Compression strengh parallel to the grains was determined using the Tira 50 kN testing machine. We used
30 testing samples of beech wood per modification. Before the test, the testing samples were exposed to
conditions of 20 + 2 °C and 635 + 5 % air humidity to ensure for wood equilibrium moisture content of 12%.
The national standard (CSN 49 0110, 1980) and this formula were used (Eq. 4):

6 =Funax/ab 4)

6 is the compression strength along the fibres (MPa), Fia is the maximal load (N), a.b is the cross section
of the testing sample (mm?).

For the statistical analysis, analysis of variance ANOV A was used to evaluate the significance of individual
factors. Duncan’s Multiple Range Test was used to compare the properties of wood among the different
treatments. The same significance level of oo = 0.05 was used for all of the analyses.

RESULTS AND DISCUSSION

Table 1 shows results for the tested physical and mechanical properties. It is obvious from the tab that effect
of modification is not striking from a view of applications. Such wood could be using in industry for
different purposes without serious impact on the properties. Only exception is the wood modified by
caffeine and subsequently exposed to UV radiation, where evident decrease in values (especially in the case
fo the physical properties) was recorded. If we applied statistical analysis, it is evident from the graphic
outputs (from Fig. 1 to Fig. 4) that that there is certain statistically significant negative effect of caffeine,

both on the basic physical quantity, it means density, and logically on the compression strength along the
fibres.

Table 1: Tested physical and mechanical properties - mean (standard deviation)

Modification =~ Oven-dry density Basic density Volumetric swelling Compression strength
[kg/m’] [kg/m’] (7] [MPa]
662 691 23.3 58.1
Reference
(12) (14) (0.8) (1.9)
657 686 22.4 583
Water
9) (13) (1.1) (1.6)
. 652 676 214 55.9
Caffeine
(8) (20) (0.5) (3.5)
610 655 17,2 52,9

Caffeine-UV
9) (18) (L,1) 4.4

Density

Figure 1 shows an effect of modification on the oven-dry density. Although the effect of modification by
caffeine and by soaking into distilled water was not statistically significant, decreasing trend is visible. It
can be therefore assumed that caffeine solution has a certain negative effect on the density. Caffeine
modification, followed by artificial weathering had significant effect on the density, not only from the view
of statistical analysis but also from the view of industry.
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Figure 1: Effect of caffeine modification on oven-dry density

Figure 2 shows the effect of modification on the basic wood density. The results are similar to those
obtained for the oven-dry density. If we could speak about the trend in this case, the decrease in the density
is steeper for modification by soaking into distilled water and by caffeine. In any case, the differences are
insignificant. The effect of artificial accelerated weathering on the basic wood density of beech wood is
again striking.
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Figure 2: Effect of caffeine modification on basic wood density

Swelling

Figure 3 shows the effect of modification on the volumetric swelling. Similar distribution of the properties,
as in the case of density, was confirmed. Although the differences among reference samples, soaked into
distilled water and modified by caffeine are not significant, the decreasing trend is apparent. Similarly to
density. samples exposed to accelerated weathering are “out of scale™, showing not only statistically
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significant difference but also low that should be taken into account when using such beech lumber for
different purposes.

Volumetric swelling (%)
)
S

Reference Watter Caffeine Caffeine-UV
Modification

Figure 3: Effect of caffeine modification on volumetric swelling

Compression strength

Figure 4 shows the effect of modification on the compression strength, the only representatives of the
mechanical properties. Compared to the physical properties, this characterises was more variable.
Nevertheless, although the differences among individual modifications were not significant, the same trend,
as in the case of density, can be observed. It is natural because strength properties are closely correlated to
wood density (Bodig and Jayne 1982, Dinwoodie 2000, PoZgaj et al. 1993).
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Figure 4: Effect of caffeine modification on compression strength

The decrease in wood properties for modification by caffeine is related to the soaking of samples in an
aqueous solution containing caffeine, and thus to the possible leaching of substances without binding to the
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structure of the wood. Furthermore, it should be noted that soaking in aqueous solution can no longer be
considered as a purely viscoelastic deformation, as is the case with dimensional changes due to air humidity,
but irreversible deformations also occur to some extent, which is logically reflected in lower swelling values
(see water and caffeine), which is a well-known effect (Siau 1984, Skaar 1988). However, all the obtained
data do not affect the overall effect, and thus we can speak about the "harmlessness" of caffeine
modification on selected physical and mechanical characteristics of beech wood. The reduction in density
and strength values can be considered clearly insignificant from a practical point of view and the intended
use, and it is possible to focus on the positives that can be obtained by applying caffeine to wood. A further
decrease in the properties (logically an increase in swelling) caused by UV radiation is also standard,
corresponding to the influence of this factor on the properties of wood in general (Sandberg et al. 2017).

CONCLUSIONS

The effect of caffeine treatment on selected physical and mechanical properties of beech wood was
investigated in this experiment. Based on our results, we can conclude that such kind of modification has
negligible impact on the tested properties. The effect of caffeine modification is very similar to the effect
of soaking into distilled water. If we found any effect, it was more or less statistically insignificant, having
no consequences for processing and utilisation of such wood. In any case, the positive fact is non-reduction
of the commercial properties of wood by caffeine treatment. The negative effect of UV radiation is a
standard that is also valid for untreated wood.
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ABSTRACT

Important aesthetic and functional surface characteristics of wood can be significantly influenced by
modification with various impregnating solutions. Changes in colour and gloss are an aesthetic criterion,
but the contact angle of wetting and the change in surface free energy can significantly affect the subsequent
treatment of wood with a coating. Beech wood is typical with its low durability against fungi and insects.
Resistance of beech wood can be increased using more environmentally friendly procedures. One of such
ways is the utilisation of caffeine. In this work was investigated the effect of dipping of beech wood in
caffeine solution and its effect on the change of gloss, colour, contact wetting angle and surface free energy.
The sapwood zone of beech lumber was used to prepare the test specimens. Test specimens 40x40x10 mm
were divided into 3 groups. The first group of test specimens was treated with 2% caffeine solution, the
second group of samples was dipped in distilled water, the third group of test specimens was the reference.
Furthermore, the impact of artificial accelerated weathering in Xenotest was assessed. Modification of
wood with caffeine and wood dipping have only moderate impact on the surface free energy and water
contact angle. No significant effect was confirmed for the remaining properties.

INTRODUCTION

Beech wood (Fagus sylvatica. L.) has good mechanical propertics (Pozgaj ct al. 1993). but a very low
resistance against wood-destroying fungi damage (EN 350). Traditional synthetic biocides are mainly used
to increase bio-resistance at present (Reinprecht 2016). However, several papers examine non-traditional
methods using various substances of natural origin, which can be expected to have a reduced impact on the
environment (Reinprecht 2016).

One of the promising substances is also caffeine which biocidal effect against wood-destroying fungi and
moulds has been confirmed in older and new works (Arora and Ohlan 1997, Ratajczak et al. 2018).

The appearance of wood, especially its colour, can be significantly changed by modification with a biocide.
At the same time, wood in its original native state has a demonstrably positive effect on the human psyche
(Ikei et al. 2017) and therefore it is desirable to keep it unchanged.

Treatment of wood by impregnation or modification can significantly change other surface characteristics,
cspecially the contact angle of wetting with water and surface free energy (Panek et al. 2019). This effect
can affect the quality of the subsequent surface treatment with coating systems or gluing (De Meier 2005,
Pizzi and Mittal 2011).

The aim of this experimental work is to determine the changes in selected surface characteristics of beech
wood caused by treatment using dipping in caffeine solution. Furthermore, the influence of artificial
accelerated weathering in the Xenotest on changes of colour, gloss and surface wetting of treated and
untreated wood is evaluated.

Material and methods

Beech wood (Fagus sylvatica, L.) with a mean oven-dry density po = 678 kg.m? (SD = 11,22 kg.m?) was
used to prepare 24 test specimens measuring 40x40x10 mm (RxLxT). The surfaces were sanded with 120
grit sandpaper. The samples were divided into 3 groups: 1) Reference without treatment (B-Ref), 2) dipped
in 2% caffeine (supplier - Sigma Aldrich) solution (B-Caf), 3) dipped in distilled water (B-H»O). The uptake
of caffeine solution and distilled water during dipping was 120 kg.m> (SD = 15.1 kg.m™). Before the further
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experiments, the samples were conditioned at a temperature of T =20 °C and an air humidity of ¢ = 63%
until an equilibrium moisture content was reached.

The colour of the samples was determined using the Spectrophotometer CM-600d (Konica Minolta, Osaka,
Japan) and the parameters L *, a *, b * were measured, from which the total colour change of the treated
and the weathered wood was subsequently expressed during the experiment. according to the relationship
Eq. 1.

AE = J(AL)? + (Aa')? + (Ab")? (1)

Gloss was evaluated using glossmeter MG268-F2 (KSJ, Quanzhou, China) under 60° in longitudinal
direction The contact angle of wetting with water (CA °) and surface free energy (SFE) were determined
using a Kriiss DSA 30E goniometer (Kriiss. Hamburg. Germany). 3 pl drops of distilled water were used
for the determination of surface wetting and subsequently also diodomethane for the determination of SFE
with software Kriiss (Kriiss. Hamburg. Germany) and ORWK model. Colour. gloss. CA® and SFE were
evaluated according to the methodology deeper described in Panck et al. (2019)

All sets of the tested samples were subjected to artificial accelerated weathering in Xenotest Q-Sun Xe-3
(Q-Lab, Cleveland, OH, USA) with repeating steps 2.5 hour of irradiation exposure and 0.5 h of spray with
distilled water. Temperature of air was 45 °C. temperature at black panel 80 °C. Air humidity ¢ = 30%,
TUV = 55 W.m™, Total energy during 1000 hours of test 167 530 kJ.m>. Weathering in the Xenotest better
imitate the exterior conditions compared to a UV chamber with fluorescent lamps, as confirmed also by the
manufacturer of Xenotest f. Q-Lab (U.S.).

Changes of colour, gloss, water contact angle and SFE were evaluated after dipping in caffeine solution
and distilled water, as well as after 500 and 1000 hours of artificial accelerated weathering in the Xenotest.
Sample surfaces were evaluated after weathering using a Lext Ols 4100 confocal laser scanning microscope
(Olympus, Tokyo, Japan) at 108x magnification. Statistical analyses of the measured values were
performed using software STATISTICA 13.

RESULTS AND DISCUSSION

The colour changes of beech wood after caffeine treatment, soaked in distilled water and also during
weathering in the Xenotest are shown in Fig. 1. According to the parameters L *, a *, b *, beech wood is
one of the lighter species occurring in Central Europe (Oltean et al. 2008). It is clear (Fig. 1) that neither
caffeine treatment nor soaking in water had a significant effect on total colour changes. The total colour
difference after soaking in caffeine was A4/. *=0.46 and after soaking in distilled water A/ * = 0.42, which
are unobservable changes with the naked eye.
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Figure 1: Colour (left) and Gloss (right) changes of beech wood after treatments and artificial accelerated
weathering in Xenotest. (Mean; Whisker: MeanL2*SD; n=16).
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More significant colour changes occurred only due to weathering in the Xenotest, where the irradiation
causes photodegradation of lignin and water spraying its leaching (Volkmer et al. 2013). However, the
observed differences between all types of samples tested were negligible. From the results shown in Fig. 1,
it is clear that the treatment of beech wood with caffeine has no significant effect on changes in its colour.

The gloss changes are also documented in Fig. 1. After treatments using dipping in caffeine and water,
there was a slight decrease in gloss observed, but during weathering in the Xenotest these differences
decreased. Due to the fact that the gloss of the wood was small and the surface can be characterized as matt,
the differences recorded are negligible from the point of view of an external observer.

SFE changes are listed in Tab. 1. It can be seen that the total SFE has not changed significantly, only small
increase was observed after dipping, and is in the range of works cited results for beech wood (De
Meier 2005). However, the Polar and Disperse ratios components of SFE have changed. Probably by
simultaneous leaching of water-soluble beech wood extractives and also by chemical change of surfaces
due to caffeine treatment. This predicts that there could be a change in wetting as well as adhesion of
coatings to the caffeine-treated wood. As the contact angle of wetting with water was reduced, especially
water-borne paints could be positively affected (Tab 1).

Table 1: Surface free energy of beech wood after treatments and water contact angle during artificial accelerated
weathering in Xenotest

Type of Surface free energy [Mean + SD in mN.m 7] Contact angle of water [°]

samples Total Disperse Polar 0 hours | 500 hours | 1000 hours
B-Ref 49,1524 .67 41,21+2.04 7.9442.63 63.7(8.3) | 0.0(0.0) 0.0 (0.0)
B-H:0 53.8420.91 37,742.82 16,1444.08 57.8(5.0) | 0.0(0.0) 0.0 (0.0)
B-Caf 53,7+3,99 42.4642,08 11.24+19] 52,6 (8.7) | 0.0 (0.0) 0.0 (0.0)

Mean (SD); Number of measurements n = 20

During weathering in the Xenotest, the wood surfaces degraded very fast, which is documented in Fig. 2
using confocal laser scanning microscope. By leaching of the photodegraded lignins, the individual wood
fibres separated and microcracks were formed. The surface of the photodegraded wood consists mainly of
ccllulose (Volkmer et al. 2013) and for this reason CA © water was already 0 ® after 500 hours of weathering.
because there was an immediate infiltration of the deposited drop. The result points to the low resistance of
beech wood to weathering, which, in addition to its low bio-resistance, makes it difficult to use it in extreme
outdoor applications.

The caffeine treatment itself did not have a positive impact from this point of view, caffeine is also leachable
from wood by water according to the work of Ratajczak et al. (2018). It will therefore be necessary to use
additional barrier protection with coating systems protecting the surfaces of beech wood against the
weathering (Reinprecht 2016).

Figure 2 : B-Caf (A) and B-Ref (B) - after 1000 hours of weathering in Xenotest — possible to see microcracks
creation and fibrils respectively cells release associated with the increase in roughness.
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CONCLUSIONS

The effect of caffeine treatment on changes in selected surface characteristics of beech wood was
investigated in this experiment. Dipping in caffeine solution did not have a significant negative effect on
the change in gloss and colour of the wood, so the overall appearance for the outside observer will remain
unchanged after treatment. Some effect on changes in SFE and water wetting contact angle was observed.
As the caffeine treatment itself did not have a positive effect on wood surfaces during artificial accelerated
weathering in the Xenotest, additional protection by coating systems will be necessary. Reducing the
contact angle of wetting with water suggests that the treatment of beech wood with this biocide of natural
origin can positively affect the adhesion and overall durability of exterior waterborne coating systems.
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