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-Zhodnotit vliv modifikace povrchu lignocelulézovych elementd plazmou na vlastnosti kompozitniho
materidlu vyrobeného z téchto modifikovanych element.

-Zhodnotit vliv termické modifikace lignocelul6zovych elementl na vlastnosti kompozitniho materialu
vyrobeného z téchto modifikovanych elementd.

-Zhodnotit vliv chemické modifikace povrchu lignocelul6zovych elementl na vlastnosti kompozitniho
materialu vyrobeného z téchto modifikovanych element.

-Zhodnotit mozZnost vyuziti poskliziiovych zbytkld zemédélskych plodin (zejména repky), jako hlavni slozky
v kompozitnich materidlech na bazi celulézy a ligninu.

-Optimalizace vstupnich parametr( a lisovacich podminek pri vyrobé modifikovanych materiali na bazi
ligninu a celuldzy za ucelem ziskani kompozitniho materialu poZzadovanych vlastnosti.

-Zhodnotit vliv adhesiva a jeho modifikace na vlastnosti vazby lignocelul6zovy material/adhesivum.

Metodika

Redeni prace je rozdéleno do 3 okruh(:

-Modifikace povrchu lignocelulézovych elementl

-Hodnoceni fyzikalnich a mechanickych vlastnosti kompozitnich materiald vyrobenych z lignocelulézovych
Castic

-Hodnoceni interakce adhesivum/lignocelulézovy material

Modifikace povrchu lignocelulézovych elementl

Pro Upravu povrchu lignocelulézovych elementl bude vyuZita studena plazma. Studend plazma nepUsobi
Zadné zmeény hloubéji v materidlu, ale ovliviiuje pouze povrchové vrstvy. Za ucelem lepsiho spojeni s po-
lymerem bude taktéz testovana modifikace lignocelulézovych ¢astic chemicky a termicky. Chemicka mo-
difikace byla vybrana za uc¢elem Upravy povrchu, zatimco termicka modifikace za uéelem Upravy vlastnosti
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v celém objemu dané modifikované ¢astice. Zména vlastnosti lignocelulézovych elementl bude testovana
predevsim pomoci prvkové analyzy, fluorescencni mikroskopie a goniometru.

Hodnoceni fyzikalnich a mechanickych vlastnosti kompozitnich materidlt vyrobenych z lignocelulézovych
Castic

Adhesivum bude nanaseno na tfisky laboratorni nanaseckou lepidla. Desky budou lisovany laboratornim
lisem. Z vyrobenych desek budou narezany zkuSebni vzorky dle pfislusnych norem a budou hodnoceny
standardni vlastnosti tfiskovych desek: hustota dle CSN EN 323:1994, pevnost v ohybu a modul pruznosti
v ohybu dle CSN EN 310:1995, rozlupcivost dle CSN EN 319:1994, piidrznost povrchu dle €SN EN 311:1994,

bobtnani dle CSN EN 317:1996, atd. Budou ale méfeny i nenormované vlastnosti tfiskovych desek, jako je
hustotni profil.

Hodnoceni interakce adhesivum/lignocelul6zovy material

Pro zhodnoceni rozhrani mezi adhesivem a modifikovanym lignocelulézovym materidlem bude toto roz-
hrani podrobeno mikroskopické analyze pomoci SEM. Budou pozorovany jak slepené a vytvrzené spoje
(hodnoceni rozloZzeni adhesiva na povrchu modifikovaného materialu), tak spoje porusené, ziskané ze vzor-
k(i po zkousce rozlupcivosti. Na téchto porusenych vzorcich bude stanovovan charakter poruseni (kohezni
poruseni materialu tfisky ¢i adhezni poruseni mezi adhesivem a tfiskou). Pro zhodnoceni interakce ad-
hesivum/lignocelulézovy materidl z pohledu mechanickych vlastnosti budou vyrobené spoje podrobeny
pevnostnim zkouskam.
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ABSTRAKT

Zhodnoceni vlivu vazby lignocelulézovy material/adhesivum na vlastnosti
materiali na bazi ligninu a celulézy a hodnoceni parametrii ovliviiujicich kvalitu
lepeného spoje u téchto materiali

Prace se zabyva modifikaci povrchu lignocelul6zovych cCastic urCenych pro vyrobu
kompozitnich materidlii. Hlavnim cilem prace je provéfeni hypotéz o moznosti
vyuzitelnosti Uprav povrchovych vlastnosti lignocelulozovych elementi pro zlepSeni
mechanickych a fyzikalnich vlastnosti materiali na bazi ligninu a celuldzy. Jako
lignocelulézovy material je vyuzivano nejen dievo, nebot’ vzhledem k nedostate¢né
dodavce dieva do dievozpracujiciho odvétvi si prace klade za cil zhodnotit moznost
vyuziti poskliziiovych zbytkli zemédélskych plodin (zejména tepky), které se doposud
pramyslové nevyuzivaji, jako hlavni slozky v kompozitnich materidlech na bazi
celulozy a ligninu. Dal§im cilem je vyvoj téchto modifikovanych materidli a
optimalizace vstupnich parametri a lisovacich podminek za tucelem ziskéani
kompozitniho materialu pozadovanych vlastnosti. Prace se zamétuje i na hodnoceni
interakce adhesivum/lignocelul6zovy material v podobé hodnoceni vytvrzené¢ho spoje a
poruseného spoje na mikroskopické urovni, hodnoceni jeho mechanickych vlastnosti a

hodnoceni kontaktniho thlu mezi adhesivy a materidlem.

Kli¢ova slova: kompozitni material, pfirodni vlakno, lignin, celul6za, adhesivum,

uprava povrchu, modifikace

ABSTRACT

Assessment of the effect of bond between lignocellulose a adhesive on properties of
cellulose a lignin-based materials a assessment of parameters influencing the
quality of glued joints in these materials

This thesis deals with the modification of the surface of lignocellulosic particles
intended for the production of composite materials. The main aim of the thesis is to
examine hypotheses about the applicability of the surface properties of lignocellulosic
elements to improve the mechanical a physical properties of lignin a cellulose-based
materials. As a lignocellulosic material not only wood is used, because due to the
insufficient supply of wood to the woodworking industry, the work aims at evaluating

the possibility of utilization of post-harvest crop residues (especially rape), which are



not industrially used, as main components in cellulose an lignin-based composites.
Another objective is to develop these modified materials a to optimize the input
parameters a the pressing conditions in order to obtain the composite material of the
desired properties. The work also focuses on the evaluation of adhesive / lignocellulosic
material interaction in the form of evaluation of hardened joint a broken joint at
microscopic level, evaluation of its mechanical properties a evaluation of contact angle

between adhesives a material.

Keywords: composite material, natural fibre, lignin, cellulose, adhesive, surface

treatment, modification
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1 Uvod

Jeden z problému hrozici vyrobé materiali na bazi dfeva je nedostate¢na
dodavka dfeva zplsobend stile rostoucimi pozadavky na objem dodavek dieva
z ruznych dievozpracujicich, ale i energetickych odvétvi (Dziurka a kol. 2015; Ye a kol.
2007). Jednim moznym fesenim je ¢astecna nebo uplna substituce dieva v kompozitnich
materialech na bazi dieva biomasou vyprodukovanou v zeméd¢€lstvi (Ye a kol. 2007).
Tato biomasa je nevyCerpatelny zdroj nejen potravin a krmiv, ale i materialu pro riizné
prumyslové zpracovani (Papadopoulou a kol. 2014). V poslednich letech bylo
provedeno mnoho vyzkumi zaméfujicich se na vyuziti biomasy jednoletych rostlin
Vv kompozitnich materidlech na bazi dfeva. Prob&hly vyzkumy tykajici se moznosti
vyuziti obilné slamy (Halvarsson a kol. 2010), ryzové slamy (EI-Kassas a Mourad
2013), stonki slune¢nice (Guler et at. 2006), cukrové titiny (Belini a kol. 2012),
bambusu (Marinho a kol. 2013), rakosu (Han a kol. 2001), plev araSida (Akgil a
Tozluoglu 2008) a liskovych ofiskl (Copiir a kol. 2008), stonka ¢ili papri¢ek (Oh a Yoo
2011), rostlin produkujicich lykova vlakna, jako je len, konopi a kenaf (Aisyah a kol.
2013; Papadopoulou a kol. 2014) atd.

Tato prace se zaméfuje piedev§im na vyuZiti poskliziovych zbytkl
zemédélskych plodin, které jsou v Ceské republice nejvice dostupné, a to fepka ozima a
pSenice ozima (CSU 2017). Pro vyrobu kompozitnich materiall ze stonki
zemédélskych plodin je vSak nutné na rozdil od dfevni hmoty tyto stonky povrchovée
upravit za ucelem narusSeni voskové vrstvy na povrchu, kterd brani kvalitnimu spoji
mezi tiiskou a adhesivem (Bekhta a kol. 2013; Castkova a kol. 2018). Povrchova pied-
Uprava miiZze byt provedena riznymi zpiisoby. Napiiklad alkalickou modifikaci, ktera
zpusobi rozruseni esterovych vazeb mezi vosky a ligninem a celul6zou, stejné jako
vosky rozpousti. Alternativou je vafeni ve vodé, které je oblibené diky své
jednoduchosti (Bekhta a kol. 2013). Vyuzitim téchto zdroji surovin mize dojit k feseni
nedostatku dievni suroviny, stejn¢ jako ke zlepSeni ekonomické situace zeméde€lct c¢i
k dosazeni jiné kombinace vlastnosti kompozitnich materialti, nez které nabizi dievo.
Komplexni pohled na divody vyuzivani téchto zdroju je pfedlozen v kapitole ¢. 5 této
préace. Pfi vyrob€ bio-kompozitli v§ak nesmime opomijet druhou slozku kompozitnich
materiald, a to je matrice. Otazka vhodnosti riznych adhesiv pro lepeni

YV oW v

lignocelul6zovych materidll je v této praci rovnéz fesena.
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Predkladana disertacni prace nejprve piinasi literarni rozbor zkoumanych
oblasti. Jmenovité prace zacind pojednanim o kompozitnich materidlech na bazi
obnovitelnych surovin, kde jsou feSeny jejich vlastnosti z pohledu vstupnich surovin.
Nasleduje kapitola zabyvajici se slamou zfepky ozimé, nebot’ tento material byl
zhodnocen jako perspektivni v daném odvétvi. Dalsi kapitola se zabyva upravou
povrchu lignoceluléozovych materidld za uUcelem zmény jejich vlastnosti, pficemz
pozornost je vénovana modifikaci chemické, termické, enzymatické a plazmatem. V
nasledujici kapitole je potom vypracovana SWOT analyza vyroby tfiskovych desek
Z fepky ozimé, kde je tato problematika feSena komplexné, jsou hodnoceny jeji silné a
slabé stranky, prilezitosti a hrozby a argumenty jsou podlozeny citacemi z odbornych
védeckych zdrojl. Posledni ¢ast literarni reSerSe je vénovana konkurenénimu odvétvi k
vyrobé kompozitnich materialt z poskliziiovych zbytkli zemédélskych plodin — vyrobé
biopaliv, jmenovit¢ bioetanolu. Jednou z hlavnich silnych stranek kompozitnich
materialt z poskliziiovych zbytkti zeméd€lskych plodin je dostupnost suroviny — jak z
hlediska ceny, tak z hlediska mnozstvi. A pravé biopaliva druhé generace byla v rdmci
literarni reSerSe identifikovana jako pfimy konkurent k tomuto navrhovanému
technologickému zpracovani poskliziiovych zbytkd. Pro moznost predikce vyvoje
dostupnosti poskliziiovych zbytki zemédé€lskych plodin je konkurenéni odvétvi vyroby
biopaliv rovnéz podrobné popsano a analyzovano. Nasleduje obecnd metodika
experimentll, podrobny popis postupu experimentl je uveden vzdy v piislusném ¢lanku.
Disertacni prace je slozena celkem z 8 ¢lankd, k nimz je piedloZen jednotici komentar,
nejdulezitéjsi vysledky jsou zdliraznény a diskutovany. V zavére¢né kapitole je shrnut

celkovy pfinos disertacni prace.
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2 Cile prace

Jsou stanoveny nasledujici cile prace:

e Zhodnotit vliv modifikace povrchu lignocelulézovych elementi plazmatem na
vlastnosti kompozitniho materidlu vyrobeného ztéchto modifikovanych
elementd.

e Zhodnotit vliv termické modifikace lignoceluléozovych elementii na vlastnosti
kompozitniho materialu vyrobené¢ho z téchto modifikovanych elementt.

e Zhodnotit vliv chemické modifikace povrchu lignocelulozovych elementti na
vlastnosti kompozitntho materidlu vyrobeného z téchto modifikovanych
elementtl.

e Zhodnotit moznost vyuziti poskliziiovych zbytkli zemé&délskych plodin (zejména
fepky), jako hlavni slozky v kompozitnich materidlech na bazi celulozy
a ligninu.

e Optimalizace vstupnich parametriit alisovacich podminek pii vyrobé
modifikovanych materiald na bazi ligninu a celulézy za ucelem ziskani
kompozitniho materidlu pozadovanych vlastnosti.

e Zhodnotit vliv adhesiva a jeho modifikace na vlastnosti vazby lignocelul6zovy

material/adhesivum.
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3 Rozbor problematiky

3.1 Kompozitni materialy na bazi obnovitelnych surovin

Kompozitni materialy na bazi obnovitelnych surovin, neboli bio-kompozity,
muzeme definovat jako kompozitni materidly, které sestavaji z jedné nebo vice fazi,
ktera je pivodem z obnovitelnych surovin. V piipad¢ vyztuznych prvkl se mize jednat
o vlakna a ¢astice rostlin, recyklovaného papiru nebo vedlejsSich produkti zemedélskych
plodin. Tuto definici rovnéz spliuji 1 vldkna zregenerované celuldozy nebo dalsi
nanofibrily na bazi obnovitelnych zdroji, ¢i chitin (Fowler a kol. 2006). Oproti
konvenénim vyztuznym prvkim disponuji tyto pfirodni materidly vyhodou v podobé
nizké ceny, nizké hustoty, vysoké tuhosti, pfijatelnych pevnostnich charakteristik,
sniZzeni opotiebeni ostii, niz8i drazdivosti pro lidsky organismus, dobrych tepelné-
izolacnich vlastnosti, jednoduchosti produkce, Siroké dostupnosti, jednoduché uprave
povrchu a biodegradabilité (Huda a kol. 2006; Mohanty a kol. 2000). Matrice miize byt
polymer, idedln¢ odvozeny =z obnovitelnych zdroji. Pfipadné mize byt pouzit
synteticky polymer na ropné bazi, a to bud’ plivodni nebo recyklovany termoplast nebo
puvodni termoset. Vyhody matrici z bio-plastii jsou uvedeny nize (Fowler a kol. 2006;
Bledzki a kol. 2005; La Mantia a Morreale 2011).

Ptedpoklada se, Ze materidly z obnovitelnych surovin nahradi v kompozitnich
materialech nejen vyztuzné prvky, ale i plastické pojivo, zvané matrice (Fowler a kol.
2006). Miizeme jmenovat mnoho vyhod vyuZiti polymeri zaloZenych na neropné bazi,
jako je moznost vyroby z obnovitelnych zdroju surovin (Lim a kol. 2008), ochrana
klimatu prostfednictvim docasného vazani oxidu uhli¢itého (Mohanty a kol. 2000), ¢i
uspora energie. Bio-plasty mohou byt déale recyklovatelné, rozlozitelné a
kompostovatelné, mohou zlepsit ekonomickou situaci zemédélcti a jejich fyzikalni a
mechanické vlastnosti mohou byt upravovany pro dany ucel pouziti prostfednictvim
uspotadani polymerta (Mukherjee a Kao 2011). Bio-plasty musi spliiovat alesponi jednu
ze dvou podminek: musi byt bio-degradovatelné nebo zalozené na bazi obnovitelnych
surovin (Scott 2000). A mohou byt zpracovavany stejné jako plasty na ropné bazi, at’ uz
extruzi, zvlakiovanim z taveniny, vstfikovanim, thermoformingem ¢i v pevném

skupenstvi (Mukherjee a Kao 2011).
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3.1.1 Struktura a sloZeni prirodnich vlaken

Pfirodni vlakna sestavaji z celulozovych fibril, které jsou rozmistény v matrici
z hemiceluléz a ligninu. Tyto celulézové mikrofibrily se spirdlovit¢ vazou okolo
amorfni ligninové matrice. Mikrofibrily maji primér 10 — 30 nm a kazda se sklada z 30
— 100 celul6zovych molekul. Lignin poskytuje ochranu a pusobi jako vyztuha stonku,
zatimco hemiceluldzy jsou spojovacim materidlem mezi celulézou a ligninem. Bunécna
sténa neni homogenni, kazdé vlakno ma komplexni strukturu sestavajici z vrstev. Uhel
odklonu celulézovych mikrofibril od podélné osy vldkna se lisi v jednotlivych
bunénych sténach a rovnéz je rozdilny napfi¢ riznymi rostlinnymi druhy (Bhatia a kol.
2016; Yan a kol. 2014). Struktura pfirodniho vldkna se schematicky znazornénymi

mikrofibrilami celul6zy je zobrazena na obrazku 1.

Sekundarni
> bunécna sténa

Primarni
bunécna sténa

Obrazek 1 Mikrostruktura buiiky Inu, Yan a kol. 2014

Celuléza sestava zdlouhych nerozvétvenych fetézcu [-D-glukopyranozy
spojenych B-1,4-glykosidickou vazbou. C-4, C-2, C-3 a C-6 hydroxylové skupiny na
glukézovych jednotkach jsou aktivnimi misty, kterda urcuji krystalické a fyzikalni
usporddani fetézce do vysoce usporadané struktury. AvSak tyto vysoce usporddané
krystalické iseky mezi sebou maji i méné uspofadané mista, amorfni oblast celulozy.
Stupent polymerace fetézce celulozy se pohybuje kolem 10 000. Krystalické oblasti
zapfiCiuji vysokou pevnost vlaken, zatimco amorfni oblasti jsou odpovédné za

hygroskopicitu pfirodnich vldken. Hemicelul6zy jsou polysacharidy sloZené z riiznych
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hexdz a pentdz, jsou to rozvétvené polymery s niz$im stupném polymerace (100-200) a
nejsou krystalické. Jedna se o hydrofilni slozku ptirodnich vldken a rovnéz citlivou viici
kyselinam a zasadam. Lignin je pravdépodobné tfirozmérny komplex kopolymeri
obsahujicich alifatické i1 aromatické slozky s vysokou molekulovou hmotnosti. Je
termoplasticky a obsahuje hydroxylové, methoxylové a karbonylové skupiny. Dale je
odolny vici plisobeni kyselin, avSak je rozpustny v zésadach pti vysSich teplotach.
Rostlinna vlakna déle obsahuji pektiny, které poskytuji vlaknu pruznost a skladaji se
z ruznych polysacharidu. Dalsi slozkou vlaken jsou vosky, které se skladaji z riznych
alkoholil a zajist'uji vlakniim predevsim hydrofobicitu. Vlastnosti vlaken jsou ovlivnény
jejich strukturou, chemickym slozenim, rozméry bunék a thlem odklonu mikrofibril.

Jejich sloZeni zavisi na rostlinném druhu a geografickych podminkach (Bhatia a kol.

2016).
3.1.2 Vlastnosti piirodnich vlaken

Pfirodni vldkna na bazi ligninu a celuléozy maji potencial, aby nahradila napf.
vldkna skelna a dalsi konvencni materidly. Tato vldkna maji mnoho vlastnosti, které je
¢ini atraktivnimi alternativami tradi¢nich materiali. Mnohé vlastnosti jiz byly zminény
Vv textu dfive, v této kapitole je podan uceleny vycet s podrobnym vysvétlenim. Jejich
silnou strankou z pohledu mechanickych vlastnosti jsou vysoké specifické vlastnosti
jako tuhost, dale rdzova houZevnatost, pruznost a modul pruZznosti. Porovnani
vybranych piirodnich a syntetickych materiali z hlediska hustoty a modulu pruznosti v
tahu je uvedeno pomoci Ashbyho diagramu na obrazku 2. Pfirodni vlakna jsou dostupna
ve velkych mnoZstvich a jsou obnovitelna, biodegradovatelnd a dostupnd za nizkou
cenu. V porovnani s tradi€énimi materialy jsou pii zpracovavani dal§imi vyhodnymi
vlastnostmi nizka hustota, niZ$i opotfebeni ostii obrabécich nastrojl, tlumeni vibraci a
niz8i spotteba energie na jejich zpracovani. Z pohledu vlivu na lidsky organismus jsou
pfirodni vldkna netoxickd a méné drazdiva. V neposledni fad€ vyuZivanim téchto
vlaken dochazi k do¢asnému vazani oxidu uhli¢itého. Obrazek 3 znazoriuje produkéni
naklady vyroby vybranych materialti ve vztahu k jejich pevnosti v tahu (Dicker a kol.
2014; Sgriccia a kol. 2008).

Mezi hlavni nevyhody pfirodnich vldken fadime degradaci pfi nizSich teplotach,
coz zabraniuje jejich kombinaci s termosety, které maji vytvrzovaci teplotu vyssi nez

200 °C. Dale maji piirodni vldkna vys$i variabilitu mechanickych vlastnosti, nezli

16



vlakna konvencni, niz8§i maximalni pevnost v tahu, nizsi relativni prodlouzeni a nizkou
odolnost proti pfirodnim vlivim. Problémy pifi vyrobé kompozitnich materialt
Z ptirodnich vlaken ptedstavuje 1 obsah vody volné a vazané, zejména v podobé
uvoliujici se pary pii extruzi ¢i lisovani (Anajiwala a Blouw 2007; Sgriccia a kol.
2008).
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Obrazek 2 Ashbyho diagram modulu pruZnosti v tahu proti hustoté vybranych materiali, Dicker a
kol 2014
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Obrazek 3 Ashbyho diagram pevnosti v tahu proti cené vybranych materiali, Dicker a kol 2014
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3.1.3 Tvorba spoje

Obecné se vyzaduje, aby spoj dvou casti byl silnéjsi, nez spojovany material, a
aby k poruseni doslo ve spojovaném materialu — substratu. Pii vytvafeni kvalitniho
spoje muzeme rozeznat tfi hlavni kroky. V prvnim kroku se jedna o pfipravu povrchu,
tak aby mohla byt zajiSténa interakce mezi adhesivem a substratem. Je pouzivana
vétsSinou mechanicka ¢i chemicka uprava povrchu, nékdy oboji. Druhy krok je
charakterizovan vazbou adhesiva na povrch substratu. Jelikoz jsou vyzadovany vazby
na molekuldrni trovni, mélo by byt adhesivum v kapalném skupenstvi, aby byl dosazen
potiebny kontakt obou latek. Treti krok je sestavovani spoje, ktery zahrnuje vytvrzovani

adhesiva (Frihart 2005).

Pevnost lepeného spoje je mechanickd vlastnost, ktera je determinovana
pevnosti adhesiva, pevnosti dieva a pevnosti mezifaze dievo/adhesivum. Pfi¢emz
mezifaze je definovand jako oblast urcitych rozméra zacinajici v substratu v bod¢, kde
se jeho vlastnosti (chemické, fyzikalni, mechanické a morfologické) zacinaji odliSovat
od vlastnosti surového substratu a koncici v adhesivu v bod¢, kde jiz jsou opét lokalni
vlastnosti adhesiva stejné jako vlastnosti v celém adhesivu (Bergland a Rowell 2005).
Jelikoz ma dfevo podobnou stavbu a sloZeni jako ostatni rostlinné materidly na bazi
celulozy a ligninu, miZzeme tyto poznatky generalizovat i na né&. Faktory ovlivitujici

vlastnosti lepeného spoje jsou uvedeny Vv tabulce 1.
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Tabulka 1 Faktory ovliviiujici vlastnosti lepeného spoje, Frihart 2005

Adhesivum Drevo Technologie lepeni

e druh adhesiva druh ®  nanos/mnozstvi

e viskozita hustota adhesiva

e rozdéleni vihkost e rovnomernost
molekulovych rovina fezu distribuce
hmotnosti jadro/bél ¢ vlhkost vzduchu
polymeri juvenilni/vyzralé * teplota

e molarni pomér dievo e otevieny Cas lepidla

reaktantli
e obsah susiny
o katalyzator

e zpisob vyroby

e plniva

e druh
rozpoustédla

e Stafi

e pH

e pufrovaci systém

jarni/letni dfevo
pritomnost reak¢éniho
dreva

sklon vladken
porozita

drsnost povrchu
vady zplisobené
suSenim

vady vzniklé pfi
opracovani

Spina a kontaminace
extraktiva

pH

pufrovaci kapacita

chemické slozeni

uzavieny Cas lepidla
lisovaci tlak
penetrace adhesiva
unik plyna

lisovaci cas
preduprava

uprava po vytvrzeni

teplota substratu

19




3.2 Repka ozima

3.2.1 Statistické udaje

Brukev fepka (Brassica napus), jednoleta nebo dvouleta rostlina, je celosvétove
krmivatrsky pramysl a v poslednich letech zejména pro ucely vyroby biopaliv. Dle
Ceského statistického ufadu se produkce fepky v Ceské republice od roku 1990 do roku
2017 vice neZ ztrojnasobila. V roce 2017 bylo v CR oseto fepkou celkem 407 tis ha
pidy, coZ je 16,5% z celkové osevni plochy v CR (CSU 2017). Svétova produkce fepky
rovnéz rychle sloupd, dle FAO jsou celosvétoveé nejvétsimi producenty fepky Kanada,
Cina, Indie, Némecko a Francie (FAOSTAT 2015). Pramérny hektarovy vynos semene
fepky ozimé se celosvétové pohybuje okolo 1,9 t/ha, v Evropé potom 3 — 4 t/ha
(Tofanica a kol. 2011). Hektarovy vynos stonki v Evropé ¢ini 3 — 10 t/ha, coZ znamena,
ze vroce 2014 bylo v Evropské unii vyprodukovano zhruba 42 miliond tun stonki
(Eurostat 2016).

3.2.2 Chemické sloZzeni

Rostlina fepky olejné muize dosdhnout vysky az dva metry, stonek je casto
rozvétveny. Hustota stonkii pii vlhkosti 10% se pohybuje okolo 270 kg/m® a hustota
substance 1550 kg/m® (Adapa a kol. 2009). Na rozdil od dieva, fepkovéa vlakna jsou
vice heterogenni, protoze rostlina obsahuje vice druhti bun¢k. Podle Tofanica se délka
vlaken pohybuje v rozmezi 0,7 — 2 mm, Sitka 9 — 20 um a tloustka bunécné stény 1,8 —
3 um. Stonek fepky obsahuje 41% celulozy (Kiirschner—Hoffer metoda), 23,4%
hemiceluloz, 21,5% ligninu, 6,8% extraktiv a 5,8% popelovin. Pokud bychom
analyzovali stonek az po odstranéni dfeni, procentualni zastoupeni celulozy by bylo
veétsi a popelovin mensi. Chemické slozeni jednotlivych vldken je potom 61,3%
celulozy, 13,9% hemiceluldz, 5,2% ligninu, 1,9% extraktiv a 4,8% popelovin (Tofanica
a kol. 2011). Chemické slozeni stonkd a rozméry vlaken fepky jsou podobné

chemickému slozeni dfeva listnatych dfevin a rozmérim vléken listnatych dievin.
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3.2.3 Vyuziti

Repkové stonky jsou ziidka sklizeny, vét§inou jsou po sklizni zaoravany a
vyuzivany pro obohaceni pudy o mineralni latky. Nékteti zemédélci produkuji fepkovou
slamu ¢i pelety z fepkové slamy pro energetické ucely, avSak prumyslové vyuziti
v produktech s vyssi pfidanou hodnotou fepkova slama dosud nenaSla. Poskliziiové
zbytky fepky maji pfitom potencial byt vyuzivany pro vyrobu kompozitnich materialt a
materidli pro konstrukéni ucely, dale pak v papirenském primyslu a chemickém

pramyslu.

V minulosti prob¢hlo nékolik vyzkumii orientovanych na vyuziti tfisek
Z fepkovych stonkil pro vyrobu tiiskovych desek. Dziurka a Mirski zkoumali moznost
vyleh¢eni dievotiiskovych desek. Prokazali, Ze t¥isky z fepky jsou vhodnou alternativou
drevénych trisek, vyrobené desky spliiovaly normované pozadavky pro tiiskové desky
pro pouziti v suchém prostfedi P2. Dale vyvinuli sendvi¢ové desky se stfedni vrstvou
Z fepkovych tfisek a oboustranné¢ odyhované bukovou dyhou o tloustce 1,7 mm.
Sendvicové panely zifepkovych tfisek mély lep$i mechanické vlastnosti, neZzli
odpovidajici (se stejnou hustotou) sendvicové panely z dievénych tfisek (Dziurka a
Mirski 2013). ZlepSeni mechanickych vlastnosti bylo dosazeno tim, Ze pfi nizsi hustoté
fepky je mozné do desky zalisovat vétsi mnozstvi tfisek. V dalsi studii Dziurka a kol.
vylehCovali drevotiiskové desky substituci dievénych tiisek ve stfedové vrstveé
fepkovymi tfiskami a piidavkem polystyrenu. Vyprodukované desky opét splnovaly

normované pozadavky na desky pro pouziti na vnitini vybaveni (Dziurka a kol. 2015).

Dalsi vyzkum, v kterém byly vyrabény dievotiiskové desky s ptimési fepkovych
tiisek v riznych hmotnostnich pomérech, ukazal, ze rozlupCivost, pevnost v ohybu a
odolnost proti vytazeni vrutd s rostoucim obsahem fepkovych tiisek klesaji. Na druhou
stranu vyprodukované desky spliiovaly normované pozadavky a s rostoucim obsahem

fepkovych tiisek se zlepSovala rozmérova stabilita (Oh a Jmaludin 2015).

Cilem vyzkumu provadéného v iranu bylo zlepseni vlastnosti dievottiskovych
desek pojenych mocovinoformaldehydovym lepidlem pomoci ptidavku fepkovych
ttisek a recyklovaného polyetylenu. Vysledky ukézaly, ze rostouci podil fepkovych
tiisek ma negativni vliv na rozlupcivost, naséklivost a bobtnani, ale pozitivni vliv na

modul pruZnosti vtahu a ohybu. Dale bylo prokazéno, Ze s rostoucim obsahem
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recyklovaného polyetylenu Ize snizovat obsah UF (mocovinoformaldehydového) lepidla

(Rangavar a kol. 2016).

V Némecku byly v laboratornich podminkach vyrobeny ttivrstvé dievotiiskové
desky, kdy vrchni vrstvy byly z dfevénych tiisek a byly lepeny smési UF lepidla a
lepidla na bazi pSeni¢nych bilkovin (pomér 50/50). Ve stfedové vrstvé byla pouzita
smés dievénych tfisek a jednoletych rostlin (cukrova titina, fepka a konopi). Tiisky ve
sttedové vrstvé byly lepeny pouze UF lepidlem. Bylo dosazeno sniZzeni emise
formaldehydu, vyrobené desky spliovaly normované pozadavky, avSak pokud stoupl
obsah tepkovych tiisek ve stiedové vrstvé nad 50%, dochazelo k vyraznému poklesu

rozlupc¢ivosti (Nikvash a kol. 2012).

Vyzkumné aktivity jsou patrny i u produktd s vyssi pfidanou hodnotou, nez maji
ttiskové desky. Byla vyrobena tvrd4 vlaknitd deska mokrym zplisobem, bez lepidla,
pouze z vlaken z fepkovych stonkl. Vyrobeny material dosahoval hustoty 950 — 1120
kg/m® dle lisovaciho tlaku a splitoval viechny normované pozadavky (Huang a kol.

2016).

V Iranu byly provadény pokusy tykajici se vyroby vléknité desky se stiedni
hustotou (MDF) z fepkovych vlaken. Vlakna byla vyrobena podobnym zptsobem jako
pii vyrobé MDF ze dfeva. Stonky fepky byly nejprve rozstépkovany, $tépky byly jednu
hodinu maceny a dale napafovany pii teploté 170 °C a tlaku 8 bart. Cas pafeni byl
proménny (2, 5 a 8 minut). Uvafené $tépky byly rozvlaknény v laboratornim
atmosférickém refineru. Vlakna byla vysusena na vlhkost 2% — 3% a V rotaéni
nandSecce lepidla na né bylo naneseno mocovinoformaldehydové lepidlo v mnoZstvi
9% a 11%. Dalsi proménnou byl lisovaci ¢as. Byly vyrobeny MDF desky z fepkovych
vlaken o jmenovité hustoté 700 kg/m3. Fyzikalni a mechanické vlastnosti desek byly
srovnatelné s vlastnostmi MDF desek vyrobenych z jinych jednoletych rostlin a byly

blizké minimalnim normovanym hodnotam (Y ousefi 2009).

Dalsim ptfikladem materialu s vysokou piidanou hodnotou je dievoplastovy
kompozitni material vyrobeny lisovanim z polyetylenu s nizkou hustotou a plnidla ve
formé prasku z fepkovych stonkti. Byly zkoumany rizné pomeéry fepka/plast. Zatimco

pevnost v ohybu klesala srostoucim obsahem fepkového prasku, modul pruznosti
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v ohybu stoupal. S rostoucim obsahem plnidla dale stoupala i nasaklivost a bobtnani
(Zabihzadeh 2011).

Krom¢ fyzikalnich a mechanickych vlastnosti jsou u nové vyvijenych materialt
hodnoceny 1 jevy vyskytujici se na rozhrani ¢astice/adhesivum. Klimek a kol. (2016)
K hodnoceni rozhrani tfiska/adhesivum pouzili SEM analyzu. Pomoci elektronového
mikroskopu pozorovali rozlozeni adhesiva na tiiskach jednotlivych materiald a druh
poruseni spoje (adhezni/kohezni) po provedeni zkousky rozlupcivosti (Klimek a kol.
2016). Jini autoii kromé SEM analyzy pouzivaly k hodnoceni rozhrani tiiska/adhesivum
I goniometr k méfeni kontaktniho thlu mezi tiiskami a tekutinami (Liu a kol. 2010;
Zhang a Hu 2014).

Repkova vlakna obsahuji velky podil celulozy, z které lze vyrobit celulozova
nanovlakna. Ve dvou vyzkumech (Yousefi a kol. 2011; Yousefi a kol. 2013) byla
nanovlakna vyrobena mechanickym zpasobem. Repkova vlakna byla nejdiiv
roz§tépkovana a ze §tépek byla odstranéna dien. Stépky byly rozvlaknény chemickou
cestou pomoci NaOH a antrachinonu. Vldkna byla nasledné tiistupiiové bélena (pro
odstranéni ligninu) pomoci ClO,, NaOH a H;O; a pomoci KOH byly odstranény
hemicelulozy. Z takto pfipravené celulozy byly mletim vyrobena nanovldkna. Ve
vyzkumu (Yousefi a kol. 2011) byl z nanovlaken nasledné vyroben nanopapir a pomoci

¢astecného rozpusténi téchto vlaken byl vyroben celo-celul6zovy kompozitni material.

[o)

3.3 Modifikace povrchu lignocelulézovych materiala

Rostlinné materidly na bazi celulézy a ligninu jsou casto vyuZivany
v kompozitnich materialech, kde plni lohu plnidla a vyztuzovaciho materialu. Vzdy je
nutné zajistit dikladné spojeni rostlinné ¢astice a polymeru. Zakladnim pfedpokladem
pevného spojeni Castice a polymeru je pfitomnost reaktivnich skupin na rozhrani obou
materidlt, které zajisti vysokou povrchovou energii. V kompozitech zpevnénymi
rostlinnymi materidly se pfitom setkdvame vétSinou s opacnym jevem, kdy se pevné
spojeni mezi polarni celulézou a nepoldrnim polymerem nevytvaii snadno. Smaceni
pfirodniho vlakna ¢i Castice polymerem jesté vice zhorSuji voskové substance, které
pfirodni vlakna ¢asto obsahuji. Také pfitomnost vody a volnych hydroxylovych skupin,
pfedev§im v amorfnich castech, snizuji moZnost tvorby pevného spojeni mezi

rostlinnymi materidly a vétSinou lepidel. Déle vysokd navlhavost a nasdklivost
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zpusobuje rozmérové zmeény rostlinnych vlaken, coz implikuje snizovani mechanickych
a fyzikalnich vlastnosti kompozitniho materialu (Mwaikambo a Ansell 2002). Na
obrazku 4 je zachyceno schéma, které zndzorfluje mozné zpusoby modifikace

lignocelul6zovych materiali.

Kyseliny, zasady,
soli...

Chemicka
Uprava povrchu

Plazma

i Mechanické
Lignocelul6zovy Fyzikalni uprava mleti, odirani...
material povrchu

Pusobeni
teploty a vody

Biologicka
Uprava povrchu

Obrazek 4 Zpusoby tpravy povrchu lignocelulézovych materiali (Vanneste a kol. 2017; vlastni
zpracovani)

3.3.1 Chemicka modifikace dieva

Chemickou modifikaci dfeva provadime predevSim za ucelem eliminace jeho
pfirozenych vlastnosti. Jedna se o rozmérovou nestabilitu a degradaci povétrnostnimi
vlivy, ohném a biotickymi c¢initeli. Tyto degradacni procesy jsou procesy, které
rozkladaji dievo zpét na oxid uhli¢ity a vodu, z kterych dfevo vzniklo, a zacinaji
prakticky ihned po tézbé. Za ucelem vyroby kompozitnich materiali na bazi dieva
s dlouhou Zivotnosti je nutné tyto pfirodni degradacni procesy potlacit. Pfirodni
degradacni procesy jsou uvedeny V tabulce 2 (Rowell 2005). Chemickou modifikaci
vlakna mizeme docilit nejen zlepSeni adheze mezi povrchem vlana a polymeru, ale i
zvysit pevnost vlakna, snizit absorpci vody kompozitem a zlepSit mechanické vlastnosti

celého kompozitniho materialu (Li a kol. 2007).
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Tabulka 2 Druhy p¥irodnich degradaénich procesi, Rowell 2005

Degradacni procesy Cinitel a degradaéni zpisoby
Biologicka degradace Houby, bakterie, hmyz, termiti
e cnzymatické reakce e oxidace, hydrolyza, redukce
e chemické reakce e oxidace, hydrolyza, redukce
e mechanické poskozeni e tvorba pozerkl
Degradace ohném Blesky, slunce
e pyrolyza e dehydratace, hydrolyza, oxidace
Degradace vodou Dést’, more, led, kysely dést, rosa
¢ interakce vody a dieva e bobtnani, sesychani, zamrznuti,
praskani
Degradace povétrnostnimi vlivy UV zéfeni, voda, teplo, vitr
e chemické reakce e oxidace, hydrolyza
e mechanické poSkozeni e eroze
Chemické degradace Kyseliny, zasady, soli
e chemické reakce e oxidace, redukce, dehydratace,
hydrolyza
Mechanické degradace Prach, vitr, krupobiti, snih, pisek
e mechanické poskozeni e namahdni, praskédni, lamani, abraze

Vzhledem k tomu, Ze jsou vlastnosti dieva ovlivnény slozenim buné¢nych stén
dfeva, mohou byt zménény pravé modifikaci chemického sloZeni polymert
vyskytujicich se v bunéénych sténach. Pokud bychom napiiklad chtéli dosdhnout nizsi
nasaklivosti, pak bychom méli redukovat hydrofilni povahu bunééné stény v podobé
navazani hydrofobnich skupin. Pokud by cilem modifikace bylo zvySeni rozmérové
stability, pak feSenim muze byt zesitovani bunéénych polymert, aby bylo zamezeno
expanzi bunééné stény, nebo na bunécéné polymery mohou byt navazany skupiny, které
zamezuji tvorb€ vodikovych mistkl, ¢i zvySuji hydrofobicitu. V piipadé¢ zvySeni
odolnosti proti ohni se mize jednat o navazani skupin obsahujici retardéry hofeni a
Vv ptipad¢ zajisténi odolnosti proti UV zafeni lze na lignin navazat UV absorbéry
(Rowell 2005).

25




Acetylace

K acetylaci dfeva se pouziva anhydrid kyseliny octové. Jednd se o esterifikaci
volnych hydroxylovych skupin, kdy do reakce vstupuje anhydrid kyseliny octové a
dfevo s volnymi hydroxylovymi skupinami a vystupuje kyselina octovéa a acetylované
dfevo, kde na misto -OH skupin jsou -O-C(=0)-CHj skupiny (Rowell 2005). Timto
zpusobem lze modifikovat vlakna, tiisky, ploché tiisky, §tépky, dyhy, i dfevo o rtiznych
rozmérech stejn¢ tak jako jiné materidly na bazi ligninu a celulozy. Esterifikace
anhydridem kyseliny octové zptsobi plastifikaci celul6zovych vladken. Hydroxylové
skupiny v bunéénych sténach vlaken jsou nahrazeny acetylovymi skupinami, coz
zpiisobi hydrofobizaci vladken. Jako vedlejSi produkt vznika pii acetylaci kyselina
octova, ktera musi byt z vlaken vymyta. ZvysSeni hydrofobicity vlakna ma za nésledek

mensi rozmérové zmény kompozitniho materialu (Li a kol. 2007).

Ostatni anhydridy

K esterifikaci volnych -OH skupin lze pouzit i jiné anhydridy. V minulosti byly
pouzity napiiklad anhydridy kyseliny ftalové, maselné, propionové, jantarové c¢i
maleinové. Pomoci anhydridil kyseliny jantarové a maleinové 1ze modifikovat vlakna na
vlakna termoplasticka, s moznou naslednou vyrobou kompozitu s vysokou hustotou.
Pomoci ftalanhydridu 1ze docilit velmi vysokou rozmérovou stabilitu dieva, nicméné
uprava je pouze docasného charakteru, nebot navazané skupiny podléhaji ve vodé

hydrolyze (Rowell 2005).

Izokyanaty

Pro dosaZeni kvalitnéjSiho spojeni vlakna a polymeru lze pouZzit modifikaci
vlaken izokyanaty. Izokyanatové skupiny velmi dobfe reaguji s hydroxylovymi
skupinami vlaken a vytvafi silné kovalentni vazby, které nasledné zlepSuji kompatibilitu
vlaken a pojiva (Mohanty a kol. 2001). Pti modifikaci izokyanaty se jednd o navazani
skupiny -C(=0)-NH-R v mistech hydroxylovych skupin. Touto modifikaci Ize docilit
zvyseni rozmérove stability, mechanickych vlastnosti a zvySeni odolnosti proti hnilobé

(Rowell 2005).

Izokyanaty jsou Siroce uzivany i v adhesivech pro lepeni dieva, predevsim kvuli
jejich reaktivité jiz za pokojové teploty se skupinami, které obsahuji reaktivni vodikové

skupiny, jako jsou aminové a alkoholové. Jsou vyuzivany Vv rtiznych druzich adhesiv
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pro lepeni dfeva, zejména diky tomu, Ze mohou reagovat s mnoha jinymi monomery
nebo mohou polymerizovat sami. Nejvice jsou vSak pouZzivany pro vyrobu polyuretant
(Frihart 2005). Vysoka reaktivita izokyanati je jejich vyhodou, ale 1 nevyhodou.
Vyhoda spociva predevsim ve velmi rychlé polymerizaci a vysoké konverzi monomerd.
Nevyhodou je, ze izokyanaty velmi rychle reaguji rovnéz s vodou, kterd je ve dievée
obsazena. Reakce s vodou muze zapfiCinit snizeni efektivni molekulové hmotnosti.

Nevyhodou je rovnéz jejich toxicita pro zivé organismy (Frihart 2005).

Silytace

Uprava silany predstavuje navazani —Si(OH)s skupin na —OH skupiny vlakna a
vyrazn€ zvysuje chemické propojeni mezi adhesivem a vldknem, coz mé za nésledek
zlepSeni adhese. JeSté vysSi ucinnosti silytace lze docilit predipravou hydroxidem

sodnym (Bhatia a kol. 2016).

Mercerizace

Uprava vlaken v alkalickém prostiedi je nejroziifenéjsi metodou upravy jejich
vlastnosti a nazyvd se mercerizace. Jeji podstata spocivd v rozruSeni vodikovych
mustkil mezi biopolymery, ¢imz se zvysi drsnost povrchu vlakna. Touto modifikaci se
z vldkna odstrani urc€ité mnoZstvi ligninu, voska a olejl, které se nachazi na povrchu
bunéénych stén, depolymerizuje se celuléza a obnazi se kratké krystaly celulozy
(Mohanty a kol. 2001). Mercerizace zlepSuje navazani adhesiva na povrch vlakna,
zmenSuje pramér vlaken a zvySuje aspect ratio (pomér stran), coz je dileZity ukazatel
zejména pii vyrobé kompozitnich materidlti z vlaken. Prokazalo se, ze mercerizace
snizuje mechanické vlastnosti samotnych vlaken, avSak zvySuje mechanické vlastnosti
vysledného kompozitniho materidlu. Tato Uprava rovné€Zz zvySuje amorfni povahu
lignocelulozovych materialtt (Xue a Hub 2013; Lee a kol. 2003; Bhatia a kol. 2016).
Jako nejvyhodnéjsi metoda alkalické modifikace vldken se ukazala modifikace v 5-10%

roztoku NaOH (Modibbo a kol. 2009).

Dalsi moznosti zvySeni hydrofobicity vldkna a zlepSeni jeho smaceni
polymerem je benzoylace vlaken benzoylchloridem v alkalickém prostiedi (Li a kol.
2007). Existuje vSak nepfeberné mnozstvi chemickych latek, kterymi lze vlakna
modifikovat, mezi dal$i ¢asto pouzivané zplisoby muzeme fadit akrylaci, peroxidaci,

modifikaci permangany a dalsi (Li a kol. 2007).

27



3.3.2 Modifikace plazmatem

Nevyhodou tradi¢nich metod chemické modifikace povrchu je produkce
nebezpecnych latek, které mohou ohrozovat zZivotni prostfedi a lidské zdravi. Z tohoto
pohledu je vici zivotnimu prostfedi vice vlidnda metoda upravy povrchu plazmatem.
Plazma je ionizovany plyn obsahujici ionty, elektrony, neutrdlni a excitované molekuly
a fotony (Baltazar-y-Jimenez a kol. 2008). Interakce plazmatu s pevnym povrchem vede
Kk riznym zménam povrchovych vlastnosti v zavislosti na druhu pouzitého plynu. Mize
dojit ke zvySeni nebo snizeni povrchové energie, k zesitovani celulézy v povrchové
vrstvé ¢i naopak k vytvoreni volnych reaktivnich skupin (Baltazar-y-Jimenez a kol.
2008; Podgorski 2000). Pro modifikaci povrchu lignocelul6zovych materialt za Gcelem
lepSiho spojeni s polymerem jsou pouzivany pifedev§im ndsledujici plyny: kyslik
(Mahlberg a kol. 1999), vzduch (Baltazar-y-Jimenez a kol. 2008), argon (Zanini a kol.
2005).

Podle teploty miizeme rozliSit dva zadkladni druhy plazmatu — vysokoteplotni a
nizkoteplotni plazma. Vysokoteplotni plazma je charakterizovano elektrony s velmi
vysokymi teplotami a tézkymi c¢asticemi, pficemz oboji mohou byt nabité nebo
neutralni a jsou blizko maximalnimu stupni ionizace (100%). Nizkoteplotni plazma se
sklada z nizkoteplotnich castic (nabité a neutrdlni molekul a atomy) a relativné
vysokoteplotnich elektronti, které maji nizky stupen ionizace (do 10%). Vysokoteplotni
plazma muze byt generovano naptiklad v elektrickém oblouku, raketovych motorech,
plazmovych tryskach ¢i pii termonukledrnich reakcich. Nizkoteplotni plazma Ize
vytvofit katodovymi, koronovym ¢i radiofrekvenénimi vyboji nebo ve fluorescentnich

trubicich (Denes a kol. 2005).
Pti modifikaci povrchii rozliSujeme nésledujici tfi druhy plazmatu (Sun 2016):

e Chemicky nereaktivni plazma — vétSinou ho tvofi pouze jeden inertni prvek
(napt. Ar-plazma, které ionizuje ostatni molekuly, avSak argon neni
spotfebovavan v chemickych reakcich)

e Chemicky reaktivni plazma — je tvofeno anorganickymi ¢i organickymi
molekulami, které jsou chemicky reaktivni (O,, Nj, CFy4), avSak na oSetfeném

povrchu nevytvaii vrstvu polymeru
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e Polymery-formujici plazma — toto plazma je reaktivni a na povrchu
oSetfovaného materidlu formuje vrstvu polymeru, tvoii ho pary riznych

organickych a anorganickych slou¢enin

Vyhody plazmatické upravy povrchu (Sun 2016; Chu a kol. 2002):

e Suchy proces modifikace, neni nutné nasledné suseni materialu

e Modifikuje pouze povrch, neovliviiuje vlastnosti hloub¢ji v materialu
e Spolehlivy, rychly a bezpecny zptisob modifikace

e Nizka spotieba chemikalii, zadna produkce odpadu

e Modifikace i povrchi, které jsou odolné vii¢i jinym metodam

Parametry plazmatu

Plazma mutze byt charakterizovdno vnéjSimi a vnitinimi parametry. Vné&jsi
parametry zahrnuji material, tvar a rozméry generatoru a elektrod, slozeni plynu, pratok
plynu, celkovy a parcidlni tlak a elektrickou energii, kterd nabiji elektrody. Vnitini
parametry zahrnuji hustotu nabitych a neutralnich ¢astic, druh volnych radikali, atomi
a molekul a primérnou energii a rozdé€lni energie vSech druht ¢astic. Tyto parametry
potom piimo ovliviiuji zékladni vlastnosti plazmatu, jako je napf. stupenn ionizace

(Denes a kol. 2005).

Nizkoteplotni plazma generované za atmosférického tlaku

Déle rozliSujeme dva zdkladni zplsoby plazmatické upravy povrchu, za
atmosférického a za snizeného tlaku. Pfi prvnim zmifovaném zplsobu se jednd o
pusobeni plazmatu v otevieném prostoru pii atmosférickém tlaku, zatimco druhy
zpusob je charakterizovan piisobenim plazmatu na povrch v uzavieném prostoru se
snizenym tlakem (Sun 2016). OSetfovani povrchu plazmatem pii atmosférickém tlaku je
méné narocné na pristrojové vybaveni a je v poslednich letech progresivni metodou
(Cheng a kol. 2010). Studené plazma nezpisobi zadné zmény hloubé&ji v materialu, ale
parametry pii oSetfovani povrchu touto metodou jsou doba kontaktu plazmatu
s povrchem, vzdalenost mezi tryskou a povrchem a velikost proudu (Baltazar-y-Jimenez
a kol. 2008).
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Modifikace lignocelulézovych casti se neprovadi pouze za ucelem upravy
povrchu pro lepsi adhesi adhesiva, nicméné¢ i za ucelem aktivace povrchu pro
efektivnéj$i pribéh chemickych reakci pii vyrobé biopaliv (Vanneste a kol. 2017;
Schultz-Jensen a kol. 2010).

3.3.3 Enzymaticka modifikace

Laccazy a peroxiddzy jsou enzymy produkované houbami (pfedevSim
ligninovornimi), nékterymi rostlinami, bakteriemi a zvifaty, které oxiduji fenol. Tyto
enzymy jsou schopné rozlozit vSechny hlavni komponenty lignocelul6zovych materiali.
Zatimco laccazy katalyzuji oxidaci fenolickych latek za ptitomnosti kysliku, peroxidazy
vyzaduji jako substrat peroxid vodiku (Widsten a Kaelbauer 2008). Béhem procesu
vysokoteplotniho rozvlakinovani dochazi k postupnému meéknuti ligninu ve stfedni
lamele a pfi teploté kolem teploty skelného ptfechodu ligninu dojde k oddé€leni vldken.
Po vychladnuti na pokojovou teplotu lignin opét ztuhne a na povrchu vldkna vytvofi
krustu, ktera redukuje ucinky jakéhokoli lepidla (Kharazipour a kol. 1997).
Vysokoteplotni rozvlaknovani ma za nasledek depolymerizaci ligninu prostfednictvim
roz§tépeni  etherickych  vazeb mezi jeho fenylpropanovymi jednotkami.
Depolymerizovany, vodou extrahovatelny, lignin ma velky obsah fenolickych
hydroxylovych skupin a je zasadni pro oxidaci pisobenim enzymi v podob¢ oxidace
fenolickych hydroxylovych skupin na fenoxylové radikaly (Widsten a Kaelbauer 2008).
Pomoci katalytického pusobeni oxydoreduktaz dochazi pak k polymerizaci ligninu
prostfednictvim zesitovani fenoxylovych radikald. Této reakce se da vyuZit zeyména pii
lepeni Castic na bazi celuldzy a ligninu (Felby a kol. 2002). Enzymatické puisobeni na
Stépky pifed procesem rozvlaknovani ma za nasledek jednak sniZeni energie potfebné
k jejich rozvlaknéni, ale i snizeni mnozstvi lepici smési (Kharazipour a kol. 1997).
Enzymatického pisobeni bylo vyuzito pii vyrobé vlaknitych desek ze smrku, borovice a
buku (Felby a kol. 2002; Kharazipour a kol. 1997). Existuje i moznost vyuziti
enzymatického piisobeni na lignin pfi vyrob& tfiskovych desek. Technicky lignin,
vyprodukovany jako vedlejs$i produkt pii vyrobé celuldzy, lze za ptitomnosti enzymu
oxidovat za Ucelem jeho nasledného pouziti jako lepidla. Po radikalizaci ligninu a
naneseni na tfisky dochazi béhem lisovani k jeho zesitovéani a tvorbé pevného spojeni

mezi tiiskami (Widsten a Kaelbauer 2008).
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3.4 SWOT analyza vyroby triskovych desek z repky

3.4.1 Silné stranky

e Nizké nikupni naklady (nevyuZivany odpad) - Repkové stonky v soudasné
dob¢ nejsou vyuzivany, pii sklizni jsou rozstépkovany a ponechény na poli nebo
nanejvyse vyuzivany pro energetické ucely (Karaosmanoglu 1999; Diaz a kol.
2009; Zabanitou a kol. 2007). Jelikoz se jedna o nevyuzité poskliznové zbytky,
1ze ptedpokladat nizké nakupni néklady.

e Dostupny material a ve velkém mnoZstvi - V roce 2017 bylo v CR oseto
fepkou celkem 407 tis ha pudy, coz je 16,5% z celkové osevni plochy v CR
(CSU 2017). Hektarovy vynos stonktl v Evropé &ini 3 — 10 t/ha, coZ znamena, Ze
v roce 2014 bylo v Evropské unii vyprodukovéano zhruba 42 miliond tun stonk

(Eurostat 2016).

e Obnovitelny zdroj — Jedna se o obnovitelny zdroj, ktery lze kazdoro¢né sklizet

za Ucele ziskani ligninu a celuldzy (Karaosmanoglu 1999).

e Politika EU a CR — Politika Evropské unie pispiva k velkym osevnim plocham
fepky ozimé, pro zeméd¢lce je tato plodina velmi finanéné vyhodna. Evropska
unie si stanovila cil (Natizeni 2009/28/EC Evropského parlamentu a Rady)
sniZit emise sklenikovych plynli o 20% Vv porovnani s hodnotami v roce 1990.
Dale k tomuto byla piijata smérnice 98/70/ES (Natizeni 98/70/EC Evropského
parlamentu a Rady) o jakosti paliv, ktera uklada dodavatelim pohonnych hmot
snizit do 2020 intenzitu emisi sklenikovych plyni v palivové smési o 6%
V porovnani srokem 2010, které piedstavuje pobidku pro rozsdhlejsi uziti
nizkouhlikovych paliv v dopravé. VétSina z téchto 6% je z velké vétSiny tvoreno
fepkou, proto je piedpoklad vysoké spotieby tepky (Zprava Komise
Evropskému parlamentu a Rade¢ v souvislosti s ¢lankem 9 Natizeni 98/70/EC, ze
dne 31. 5. 2017). Tato problematika je nadale upravovana i na narodni Grovni,
povinny obsah mineralniho oleje je upraven zakonem ¢. 353/2003 Sb., o
spottebnich danich, kde je ur€eno, Ze smési stfednich oleji a téZkych plynovych
olej musi obsahovat alesponi 30% metylesteru fepkového oleje (§45 odst. 2

pism. c).
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3.4.2

Dobré mechanické a fyzikalni vlastnosti — Chemické slozeni stonkli a rozmeéry
vldken fepky jsou podobné chemickému slozeni dieva listnatych dievin a
rozmérum vlaken listnatych dfevin (Adapa a kol. 2009; Tofanica a kol. 2011).
Kompozitni materidly vyrobené ztéto suroviny maji vlastnosti srovnatelné
s komer¢né vyrabénymi produkty na bazi dieva (Huang a kol. 2016; Nikvash a
kol. 2012; Dziurka a kol. 2015; Dukarska a kol. 2017).

Lze vyuzit stavajici technologii vyroby tfiskovych a vliknitych desek —
Vzhledem k podobnému slozeni fepkovych vldken a tfisek, jako vlaken a tfisek
dreva, pfedpokladame, ze bude mozné po Upravach vyuzit stavajici technologii

vyroby desek.

Pro uskladnéni Ize stonky zkomprimovat — Stonky jednoletych a dvouletych
rostlin obsahuji dien, diky které je stonky mozné pro Gcely pfevozu, manipulace

¢i skladovani zkomprimovat do skladnych baliki.

Jednolety cyklus péstovani fepky — Jednolety cyklus péstovani fepky ozimé

vvvvv

moznosti rychlé reakce na zmény na trhu.

Nizka energeticka naroc¢nost vyroby — Hustota stonktl fepky pfi vlhkosti 10%
se pohybuje okolo 270 kg/m® a hustota substance 1550 kg/m*® (Adapa a kol.
2009). Oproti dievu, které ma vyrazné vyssi hustotu, je desintegrace stonki

snadng&jsi, energeticky méné naro¢na (Zhu a Pan 2010).

Redukce emisi CO; — Na rozdil od spaleni stonkli v tuhém stavu ¢i vyroby
biopaliv, vyrobou desek dojde k vazani CO; v produktu na nékolik desitek let
(Schlamadinger a Marla 1995).

Slabé stranky

Variabilita vlastnosti — Pfirodni materidly vykazuji oproti uméle vytvofenym
materialim vyssi variabilitu vlastnosti (Hysek a kol. 2016; Anajiwala a Blouw
2007; Das a kol. 2012).

Nasaklivost a navlhavost — Diky volnym hydroxylovym skupindm obsaZenym

ve vldknech celuldzy maji fepkova vldkna schopnost absorbovat molekuly vody
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jak ze vzduchu, tak z vody kapalné (Hofstetter a kol. 2006), coz nasledné
ovlivitluje 1 nasdklivost a navlhavost materidli vyrobenych z téchto vlaken.
V kompozitnich materialech vSak lze nasédklivost a navlhavost do znacné miry

omezit vhodnym adhesivem a aditivem (Dukarska a kol. 2017).

Technologie sbirani slamy z pole neni zcela vyvinuta — V soucasné dob¢ jsou
stonky fepky ozimé pii sklizni rozstépkovany a ponechany na poli. Pro sbér
stonkit by bylo vhodné pouziti sbéraciho a baliciho agregatu, které jsou jiz
vyuzivany pii sbéru poskliznovych zbytki jinych plodin (Tang a kol. 2017,
Carvalho a kol. 2017).

Technologie vyroby neni zcela vyvinuta — Desky z tfisek fepky se doposud
komercné nevyrabi, v soucasné dobé probihd vyzkum, ktery si klade za cil i

vyvoj technologie vyroby desek (Hysek a kol. 2018c).

Stale nizka poptavka po environmentally-friendly products — Poptavka po
environmentally-friendly products roste, avSak pouze ¢tvrtina obyvatel (26%)
EU si tyto produkty ¢asto kupuje (Flash Eurobarometer 2013).

Odbér zivin z pady - Pii porovnani se zaordvanim stonk do pudy dochazi
k odebirani zivin z pidy, coz mé za nasledek nutnost hnojeni anorganickymi
hnojivy (Su a kol. 2014). Nicméné pro vstiebani zivin do pudy je nutné slamu
zaoravat. V dnes Siroce rozsifeném piipadé, kdy se pole po sklizni pouze
podmita a neofe, mnozstvi vstiebanych zivin se podstatné snizuje (Su a kol.

2015; Zhu a kol. 2016).

Objemnost suroviny — Dien zastupuje ve stonku podstatnou ¢ast a diky ni je
hustota stonki pti vlhkosti 10% cca 270 kg/m3, coz znamend vySsi objemnost

V porovnani se dievem (Adapa a kol. 2009).

Degradace biotickymi ciniteli — Tak jako kazdy pfirodni ligno-celulézovy
material, i1 stonky fepky mohou v piipadé¢ nevhodného skladovéani degradovat

pusobenim biotickych ¢initelt (Anajiwala a Blouw 2007; Das a kol. 2012).

Sezonnost sklizné — Diky sezonnosti sklizné (Tofanica a kol. 2011) je nutné
material naskladiiovat ve velkém mnozstvi, coz implikuje i stim spojené

naklady na uskladnéni.
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3.4.3 Prilezitosti

e Velky trh s velkoploSnymi kompozitnimi materialy pro konstrukéni a
nabytkarské ucely — V Evropské unii bylo v roce 2015 vyprodukovano 53,8

miliond m® velkoplosnych kompozitnich materialti na bazi dieva (EPF 2017).

o ZlepSeni ekonomické situace zemédélci — Zpenézeni vedlejSiho produktu
Z péstovani fepky ozimé, jeji slamy, pfinese zemédélcim vyznamny penézni

piijem.

e Resi situaci nedostatku dievni suroviny — Céste¢na ndhrada dieva
v kompozitnich materidlech na béazi ligninu a celulézy fepkou ozimou muze
vyrazn€ prispét k feSeni nedostatku difeva v riiznych dfevozpracujicich, ale i
energetickych odvétvich (Dziurka a kol. 2015; Ye a kol. 2007). A tim i k
ochrané¢ nemén¢ dilezitych mimoprodukénich funkei lesa, coz je velmi

dalezitou pozitivni externalitou.

e Legislativni podpora ekologicky Setrnych produkti — Podpora ekologicky
Setrnych feSeni ze strany narodnich vlad se do budoucna predpoklada a miize
napomoci jejich vét§imu rozSifovani oproti produktim z neobnovitelnych

zdroji.

e Nizka spotieba energie pro vyrobu — Energetickd naro¢nost vyroby finalniho
vyrobku z kompozitid na bazi dieva je vyrazné nizsi, nez u vyrobkd z betonu,
oceli ¢i skla. Pfedpoklada se, ze vyroba desek ztepky bude jest€ méné

energeticky naro¢na, nez vyroba desek ze dieva.

e Expanze i do jinych odvétvi nez jen nabytkarsky a stavebni primysl —
Hlavnimi odvétvimi pro uplatnéni vyrobkli ze stonkli fepky se ptedpoklada
nabytkarsky a stavebni primysl (v podobé velkoploSnych materiald). Nicméné
kompozitni materialy ze stonkil fepky, naptfiklad kompozity z vldken ¢i tvarove

vylisky, mohou najit uplatnéni i v automobilovém, lodnim a jiném pramyslu.

e Vyuziti i stonki jinych rostlin — Ve vyrdbénych kompozitnich materialech
nemusi byt zastoupena pouze vldkna Ci tiisky fepky ozimé, ucelové je lze
kombinovat i sjinymi pfirodnimi vlakny ¢i tfiskami (Oh a Jmaludin 2015;
Nikvash a kol. 2012).
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3.4.4 Hrozby

e Konkurence kompozitnich materiali z jinych obnovitelnych surovin —
Probihaji vyzkumy zaméfené na vyuziti 1 jinych materidli z obnovitelnych
surovin. Jako perspektivni se jevi napiiklad bambus (Marinho a kol. 2013), ¢i
cukrova titina (Belini a kol. 2012), rakos (Han a kol. 2001), len, konopi a kenaf
(Aisyah a kol. 2013; Papadopoulou a kol. 2014).

e Betonova lobby — Lobby ze strany konvencnich stavaiskych firem mutze
roz§ifovani materiali na bazi dieva a jinych pfirodnich zdroji vyrazné zpomalit,
Vv soucasné dob¢ se jedna napriklad a legislativni znevyhodiovani a limity, které

jsou na dievostavby aplikovany.

e Nizka informovanost spotfebitelii — Obecné vétSimu rlstu vyroby produktii
Z obnovitelnych surovin v Evropé muze branit nizkd informovanost spotiebiteld,
zejména v zemich vychodnich Evropy stile pievladaji spotiebitelé, ktefi
upfednostiuji levnéj$i variantu z neobnovitelnych zdroji pfed variantou

Z obnovitelnych zdroju

e Skidci — U jakékoli monokultury, i u fepkového pole, je nebezpedi velkych
Skod zpiisobenych Skidci. S rostouci plochou monokultury se toto nebezpeci
zvySuje a je nutné piijimat agronomicka opatieni. V piipad¢ fepky ozimé se
jedna napt. o Slechténi, spravné agronomické postupy, oSetfeni porostu proti

Skudctm, atd. (Zegeda-Lizarazu a Monti 2010).

e Konkurence biopaliv. — Alternativni vyuziti poskliziiovych zbytku
zem&délskych plodin k produkci kompozitnich materiald je vyroba biopaliv,
zejm. bioetanolu. Na surovinu pro vyrobu biopaliv navic nejsou kladeny tak
vysoké kvalitativni poZadavky jako pro material uréeny k vyrobé kompozitnich

materialt (Haq a kol. 2016; Taha a kol. 2016).

e SniZeni objemu produkce Fepky — Nezanedbatelnou hrozbou je snizeni
produkce fepky ozimé, at' uz kvili zméné politiky, kterd zapficiiuje vyssi
produkci fepky oproti jinym surovinam, tak ¢i kvili jingm faktortim, napf.
sniZzeni poptavky po fepkovém oleji. Evropskd komise nenavrhuje prodluzovat

snizeni emisi sklenikovych plynt prostfednictvim paliv, dle Natizeni 98/70/ES o
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jakosti paliv po roce 2020 (Zprava Komise Evropskému parlamentu a Radé
v souvislosti s ¢l1. 9 Nafizeni 98/70/EC)

[o]

3.5 Konkurenc¢ni odvétvi k vyrobé kompozitnich materiali

Z posklizinovych zbytki zemédélskych plodin

Biopaliva jsou povazovana za jedno z perspektivnich feseni energetické krize,
oproti fosilnim paliviim zpusobuji nizsi emise sklenikovych plynt a surovinu pro jejich
vyrobu lze ziskavat a transportovat velmi jednoduse. V neposledni fadé vlastnosti
biopaliv pfispivaji ke zvySeni efektivity motoru. Vyhodou je i schopnost bioetanolu
rozlozit se v piirod¢ (Jambo a kol. 2016). S produkci bioetanolu jsou vsak spojeny i
problémy a kontroverze. Zavaznost a druh téchto problému se rizni Vv zavislosti na

suroving, Z které je bioetanol vyrabén.
3.5.1 Produkce bioetanolu

Z hlediska technologie vyroby lze vyliSit tii generace bioetanolu. Bioetanol
prvni generace je vyrabén z potravinaiskych plodin (respektive plodin u kterych existuje
1 potravinarské vyuziti). Bioetanol druhé generace se vyrabi z lesni S$tépky ci
posklizinovych zbytkii zemédé€lskych plodin, tedy nepotravindiské biomasy a tieti

generace bioetanolu se vyznacuje vyrobou z fas (Jambo a kol. 2016).

Bioetanol prvni generace se vyrabi fermentaci glukdézy obsazené v plodinach
S vysokym obsahem cukrii. Tento technologicky proces vyroby je jednoduchy a levny,
nicméné vyroba tohoto druhu bioetanolu je kritizovana kvili neeticnosti vyuZivani
potravinovych zdroji timto zplsobem v dobé, kdy miliony lidi po celém svété trpi
hladem a podvyzivenim. Kromé& neeti¢nosti mize vyroba bioetanolu prvni generace vést

k riistu cen potravin ¢i nedostatku potravin (Gupta a Verma 2014; Jambo a kol. 2016).

Tuto nevyhodu odstrainuji biopaliva druhé generace, kdy je vstupni surovinou
biomasa na bazi celulozy, jejiz dostupnost je také velmi dobra a produkce nenaro¢na,
ale potravinam nekonkuruje. Biomasa na bazi celuldzy, jako je dievo, poskliziiové
zbytky zemédélskych plodin, trava a odpadni materidly jsou atraktivni suroviny pro
produkci bioetanolu diky jejich dostupnosti ve vySSich mnozstvich a niz$i cené.

Produkci bioetanolu druhé generace ve vétsim méfitku vSak brani n€které technologické
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postupy, které snizuji vytéZ. Problémem je lignin, jakoZto nedilnd soucast biomasy,
kterda zaujima ve stoncich rostlin az 40% suSiny. Komplikace zptisobuje i samotna
celuloza, ktera je chemicky velmi odolna a jeji $tépeni je narocné (Haq a kol. 2016;

Jambo a kol. 2016).

Z vyse uvedenych diivodl je nyni celosvétoveé velkou vyzvou vyvoj technologie
vyroby bioetanolu z motskych fas, ktery se oznaCuje jako bioetanol tieti generace.
Moftské fasy jsou snadno péstovatelné v rtiznych podminkach, potfeba plochy na
produkci jednotky biomasy je nizka, vazi oxid uhli¢ity a nekonkuruji potravinam.
Nad¢ji pro uspéch této generace je i nizky obsah ligninu v fasadch, nicméné vyzkum
produkce bioetanolu ztohoto zdroje je teprve v pocatcich a dosud neexistuje
primyslové aplikovatelné technologie (Aditiya a kol. 2016; Balat a Balat 2009; Jambo a
kol. 2016; Limayem a Ricke 2011).

3.5.2 Analyza vyroby a produkce bioetanolu

V soucasnosti je bioetanol vyrdbén prakticky pouze z obilovin a cukrové titiny.
Tato vyroba biopaliv ze zeméd¢€lskych plodin piiznivé plsobi na rozvoj venkovskych
oblasti tvorbou pracovnich mist a zvySenim pfijmi obyvatel. Nicméné¢ z divodu
konkurence této vstupni suroviny potravinam, celi tato technologie vyroby kritice kvuli
snizovani zdroji pro produkci potravin a zvySovani cen zemédé€lskych plodin. Vyroba
bioetanolu z kukufice ma také negativni vliv na Zivotni prostfedi v podob& uvoliovani
tékavych organickych latek do ovzdusi, snizovani biodiverzity a eroze pudy. Z téchto
vSech divodu je celosvétové hledano fteSeni produkce bioetanolu bez uvedenych
negativnich efektti (Mussatto a kol. 2010). Nasledujici SWOT analyza ptedstavuje silné
a slabé stranky, pfileZitosti a hrozby produkce a vyuZiti bioetanolu, plisobici faktory
jsou zpracovany dle Chanthawonga a Dhakal 2016; Jambo a kol. 2016; Hasibuan a
Naziri 2017.

Silné stranky

e Plda pro péstovani biomasy je Siroce dostupna

e Jiz existuje vyvinutd technologie a technika pro produkci biomasy
(bioetanol 1. a 2. generace)

e Vyrobu bioetanolu lze integrovat do stavajicich zeméd¢lskych podnikt
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e Vyuziti biomasy pro tyto ucel ptispiva k energetické bezpecnosti

Slabé stranky

e (Cena vstupni biomasy fluktuuje
e Vyrobni naklady v porovnani s fosilnimi palivy jsou vyssi
e Nevyvinuté technologie vyroby bioetanolu 3. generace
e Legislativni prekazky a slaby marketing v nékterych zemich
e Nizka vytéznost (pfi soucasné technologii)
PrileZitosti
e Substituce fosilnich paliv
e Zvysujici se poptavka po biopalivech
e Hospodaiskopolitickd podpora

e ReSeni globélniho oteplovani, nedostatku energie a fosilnich paliv a
znecistovani zivotniho prostiedi

e Zlepseni ekonomickeé situace obyvatel ve venkovskych oblastech

Hrozby

e Konkurence potravinaiskym plodinam (1. a 2. generace)
e Ropna lobby

e Diskontinualni doddvka biomasy

e Legislativni a administrativni piekdzky

e Bioetanol se vyuziva pouze jako biopalivo

Vzhledem k tomu, Ze bioetanol prvni generace se pravdépodobné do budoucna
nebude vyrabét kvili etickym diivodiim, a technologie vyroby bioetanolu tieti generace
jesté neni zcela dofeSena, tak se jako nejpravdépodobnéjsi nasledujici vyvoj jevi rast
produkce bioetanolu druhé generace. Tato vyroba je konkurencni k vyrobé
kompozitnich material z poskliznovych zbytki zemédélskych plodin a vzajemné by si

tedy tato dvé odvétvi mohla zdraZzovat a odCerpavat vstupni surovinu.
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4 Metodika

Byla zvolena forma diserta¢ni prace v podobé¢ ptfedlozeni publikovanych clanki
zaméefenych na téma disertani prace a obsahujicich jeji vysledky. Podrobna metodika
konkrétnich experimentli je uvedena vzdy v prislusném ¢lanku, obecné vsak lze feSeni

prace rozdeélit do tfech okruhi:
e Modifikace povrchu lignocelul6zovych elementii

e Hodnoceni fyzikalnich a mechanickych vlastnosti kompozitnich materialt

vyrobenych z lignoceluldozovych ¢astic

e Hodnoceni interakce adhesivum/lignocelul6zovy material
4.1 Modifikace povrchu lignocelulézovych elementi

Pro upravu povrchu lignocelulézovych elementli bude vyuzita studena plazma.
Studena plazma neptsobi zaddné zmény hloubé&ji v materidlu, ale ovliviluje pouze
povrchové vrstvy. Za ucelem lepsiho spojeni s polymerem bude taktéz testovdna
modifikace lignocelulozovych ¢astic chemicky a termicky. Chemicka modifikace byla
vybrana za ucelem upravy povrchu, zatimco termickd modifikace za Ucelem upravy
vlastnosti v celém objemu dané modifikované Castice. Zména vlastnosti
lignocelulozovych elementli bude testovana predev§im pomoci prvkové analyzy,

fluorescenéni mikroskopie a goniometru.

4.2 Hodnoceni fyzikalnich a mechanickych vlastnosti
kompozitnich materiali vyrobenych z lignocelulézovych
Castic
Adhesivum bude nanaseno na tfisky laboratorni nanaSeckou lepidla. Desky

budou lisovany laboratornim lisem. Z vyrobenych desek budou nafezany zkuSebni
vzorky dle pfislusnych norem a budou hodnoceny standardni vlastnosti tfiskovych

desek: hustota dle CSN EN 323:1994, pevnost v ohybu a modul pruznosti v ohybu dle
CSN EN 310:1995, rozlupéivost dle CSN EN 319:1994, ptidrznost povrchu dle CSN
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EN 311:1994, bobtnani dle CSN EN 317:1996, atd. Budou ale meéfeny 1 nenormované

vlastnosti tfiskovych desek, jako je hustotni profil.

4.3 Hodnoceni interakce adhesivum/lignocelul6zovy

material

Pro zhodnoceni rozhrani mezi adhesivem a modifikovanym lignocelulézovym
materidlem bude toto rozhrani podrobeno mikroskopické analyze pomoci SEM. Budou
pozorovany jak slepené a vytvrzené spoje (hodnoceni rozlozeni adhesiva na povrchu
modifikovaného materialu), tak spoje porusené, ziskané ze vzorkd po zkousce
rozlup€ivosti. Na téchto poruSenych vzorcich bude stanovovan charakter poruSeni
(kohezni poruSeni materialu ttisky ¢i adhezni poruSeni mezi adhesivem a tfiskou). Pro
zhodnoceni interakce adhesivum/lignoceluléozovy material z pohledu mechanickych

vlastnosti budou vyrobené spoje podrobeny pevnostnim zkouskam.
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5 Syntéza vysledki a diskuze

Nasledujici kapitola ptedstavuje vysledky disertacni prace publikované
v odbornych védeckych casopisech a spojuje je svym jednoticim komentafem do
jednoho celku. Separaty ¢lankt za obdobi doktorského studia do 23. 7. 2018 jsou
uvedeny v kapitole 10.

V soucasné dob¢ je hlavni surovinou pro vyrobu dievotiiskovych desek dievo
nizké kvality, jeho podil tvoii ve vyrobé dievottiskovych desek cca 70%. AvSak diky
zdokonalujicim se technologiim v pilaiském zpracovanim dieva se toto difevo stale
Castéji uplatiuje 1 pti vyrob¢ lepeného lamelového dieva ¢i CLT paneld, kde je vice
zhodnoceno. Zvysena poptavka po této suroviné pak nutné¢ zvysuje ceny ttisek. Tento
nariist cen hlavni vstupni suroviny muize zpusobit vypadky v dodavce ¢i snizeni
konkurenceschopnosti dievotiiskovych desek (Klimek a Wimmer 2017). Nedostatek
kulatiny nizs$i kvality v§ak neni zptisoben pouze vyse uvedenou konkurenci, potencidlni
hmotu pro vyrobu tiisek odCerpava i papirensky, energeticky a chemicky pramysl.
Pozadavky na dodavky této dievni hmoty jsou stale rostouci a jiz vyustily v jeji
nedostatek, ktery se projevuje napf. snizenim ziskli dievozpracujicich podniki (Seintsch
2011; Lauri a kol. 2012; Sujova a kol. 2017). Ptirtsty dieva v Evropé navic nepokryvaji
tuto rostouci poptavku (Bostedt a kol. 2016). MoZznym feSenim muze byt Castecna
nahrada dfeva jednoletymi a dvouletymi rostlinami, jejichZ stonky tvofené rovnéz
celulozou a ligninem mohou byt vyuzity jak pro vyrobu materiald (Halvarsson a kol.
2010; Marinho a kol. 2013; Hysek a kol. 2016), tak pro energetické ucely (Haq a kol.
2016; Taha a kol. 2016). Jako perspektivni material se jevi poskliziové zbytky
zemédelskych plodin (Guler a kol. 2006; Belini a kol. 2012; El-Kassas and Mourad
2013; Castkova a kol 2018), jejichz vyuziti se jevi vhodné jak ekonomicky, tak
politicky (Klimek a Wimmer 2017).

Maji-li byt kompozitni materidly z poskliziiovych zbytkli zemé&délskych plodin
komercializovany, je nutné zhodnotit problematiku jejich vyroby komplexnéji,
zohlednit vSechny aspekty ovlivilujici jejich vyrobu, ne pouze materidlové
charakteristiky, na které¢ se doposud publikované védecké prace predevSim zamétuji.
Komplexni posouzeni tohoto problému je uvedeno v této praci v kapitole SWOT

analyza vyroby tfiskovych desek z fepky a spolu s dal$imi vysledky bylo publikovano
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Vv ¢asopisu BioResources (Gajdacova a kol. 2018). Analyza identifikovala silné stranky
vyuziti tfisek zfepkovych stonkli pro vyrobu desek ptredevsim v podobé dobrych
mechanickych vlastnosti desek a jednoletého cyklu péstovani fepky. Naopak variabilita
vlastnosti, nasaklivost a navlhavost stonkll byly vnimany jako slabé stranky. Domn¢la
slabd stranka tohoto zplisobu vyuziti poskliziovych zbytki v podobé odbéru zivin
z pudy nebyla shledana jako relevantni. Pfi porovnani se zaoravanim stonkd do pudy
sice dochazi k odebirani zivin z pady, coz ma za nasledek nutnost hnojeni
anorganickymi hnojivy (Su a kol. 2014). Nicmén¢ pro vstiebani zivin do ptudy je nutné
slamu zaoravat. V dnes Siroce rozsifeném piipadé, kdy se pole po sklizni pouze podmita
a neofe, se mnozstvi vstiebanych zivin podstatné snizuje (Su a kol. 2015; Zhu a kol.
2016). Mezi piilezitosti patii pfedev§im zlepSeni ekonomické situace zeméd¢€lct, nebot’
zpenézeni vedlejsiho produktu z péstovani tfepky ozimé mulze piinést zemédélcim
vyznamny penézni piijem. Z hrozeb je nutné zminit $kiidce monokultur a konkurenci

biopaliv.

Pro vyrobu kompozitnich materidlii ze stonki zemédélskych plodin je vSak
zpravidla nutné na rozdil od dfevni hmoty tyto stonky povrchové upravit za ucelem
naruseni voskové vrstvy na povrchu, kterd brani kvalitnimu spoji mezi tiiskou a
adhesivem (Bekhta a kol. 2013; Castkova a kol. 2017). Vramci prezentované
disertacni prace byly zvoleny jak chemické, tak fyzikadlni i biologické zplisoby
povrchové Upravy vstupniho materialu. Po upravé poskliziiovych zbytkt (pro tyto
experimenty byla zvolena slama fepky ozimé, slama pSenice ozimé a plevy pSenice
ozimé) byl efekt upravy zjiStovan a modifikovany material charakterizovan pomoci
vhodnych metod. Z povrchovych vlastnosti byla hodnocena morfologie povrchu (SEM),
povrchové napéti (testovacimi inkousty, goniometrem), prvkova analyza povrchu
(EDS). Mezi pozorované objemové vlastnosti patii rovnovazna vlhkost, prvkové slozeni

(spektroskopie), makromolekuldrni slozeni (FTIR, FLIM analyza).

Byla provedena hydrotermicka a chemicka (v alkalickém prosttedi) modifikace
tiisek ze stonkd fepky ozimé, pfesna metodika byla jiz publikovana Vv ¢asopise
BioResources (Castkova a kol. 2018). Vysledky ukazaly, e prvkové sloZeni povrchu a
celkové prvkoveé slozeni ttisek fepky ozimé je vyznamné ovlivnéno typem modifikace.
Obrazek 5 zachybuje prvkové slozeni povrchu a tabulka 3 celkové prvkové slozeni

fepkovych tfisek nemodifikovanych a modifikovanych hydrotermicky a chemicky.
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Ttisky modifikované v alkalickém prostiedi vykazovaly nejvyssi pH, nebot’ po této
modifikaci nebylo mozné zbytkovy hydroxid sodny z tiisek zcela vymyt. Modifikaci
¢astic byla rovnéZ zmeénéna povrchova energie jejich povrchu. Oba dva zplsoby
modifikace snizily kontaktni thel povrchu ¢&astice s vodou, nejvysSiho poklesu bylo
dosazeno hydrotermickou modifikaci. Naproti tomu nebyl zjistén statisticky vyznamny

rozdil v rovnovazné vlhkosti tfisek modifikovanych a neupravenych.

Obrazek 5 Prvkova analyza povrchu Fepkové slamy. (a) neupraveny povrch, (b) hydrotermick
upraveny povrch, (¢) chemicky upraveny povrch

Tabulka 3 Celkové prvkové sloZeni iepkovych tiisek

Prvek /

Modifikace Reference |Hydrotermicky Chemicky

Al (mg/kg) | 4530+4,1% | 59,73+0,95° | 61,93 +8,95°"

B (mg/kg) | 11,01+052% | 7,85+02° 7,94+09°

Ca (mg/kg) | 6941,9+99° | 5858,5+41,6° |5705.2+657,7°"
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Cd (mg/kg) | 0,08+0,00% | 0,09+0,01% | 0,09+0,022
Cr(mg/kg) | 023+0,0° 025+0,02% | 0,25+0,04°
Cu (mg/kg) | 1,03+0,07% | 0,82+0,03° 0,67 +0,07 ¢
Fe (mg/kg) | 42,67+11,8% | 46,97+1,39% | 50,83 +8,42°
K (mg/kg) | 5036,8+ 1982 | 1026,1 +34,5° | 732,8 +88,3°
Mg (mg/kg) | 998,8 + 18,382 | 739,1 + 11,72° [ 1089,8 + 107,92
Mn (mg/kg) | 8,09 +0,3° 6,71+ 0,05° 4,80+0,57°
Ni (mg/kg) | 0,33+0,13% | 0,10+0,05°" 0,19+0,1%
P (mg/kg) |248,9+29,72%| 217,5+9,3% | 210,3+24,84°
S(mg/kg) | 1340+456°% | 431,5+13° 3234 +27°¢
Zn(mg/kg) | 126+0,08% | 1,68+0,27% 2,50+0,45°
Na (mg/kg) | 245,5+495° | 663,8+29,1° |4187,8+508,5"

Aritmeticky prumér + smérodatna odchylka (n = 3). Odlisna pismena (horni index) ve
sloupcich znadi statisticky vyznamny rozdil (Tukeyiv HSD test, P < 0,05).

Z pripravenych tfisek byly dale vyrobeny tfiskové desky. Bylo
pouzito praskové lepidlo na bazi polyesteru a epoxidové pryskyfice DAKOTEX2600
(Dakota Coatings N.V., Belgium). Obsah lepidla byl 10%. Lepidlo bylo na tfisky
naneseno pomoci laboratorni nanasecky lepidla (Imal, Modena, Italy) a desky byly
lisovany pomoci laboratorniho lisu (Strozatech, Brno, Ceska republika) pii teploté
lisovacich desek 185°C po dobu 10 min. Po dobé 10 min byla uprostted desek dosazena
teplota 170°C. Rychlost uzavirani lisu byla 150 s. VSechny namétené vysledky byly
porovnany s hodnotami komerén€ vyrabénych materidli. Pro toto porovnani byly
zvoleny DTD P2 tloustky 12 mm a OSB3 o tloustce 12 mm. Takto vyrobené desky
byly podrobeny fyzikalnim a mechanickym zkouSkam za ucelem zjisténi vlivu ptislusné
modifikace na jejich vlastnosti, pfesna metodika experimentii je uvedena v (Hysek a

kol. 2018c).

Z vysledki je patrné, ze modifikace fepkovych tiisek méla statisticky vyznamny
vliv jak na piijem vlhkosti, tak na tlouStkové a objemové bobtnani desek. Nejvyssi
hodnoty bobtnani vykazuji desky, jejichz ttisky byly modifikovany v alkalickém

v

modifikovany nebyly. Vysledky jsou uvedeny v tabulce 4. Vliv modifikace fepkovych
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tiisek na rozlupcivost byl prokazan. Desky vyrobené z tiisek modifikovanych ve vrouci

vod¢ dosahly nejvyssich hodnot pevnosti 1 v porovnani s komeréné vyrabénymi druhy

desek (obrazek 6, statistickda vyznamnost rozdili je uvedena v tabulce 5). Vysoké

hodnoty rozlupCivosti mohou byt zpisobeny nestandardnim vertikalnim hustotnim

profilem. Ptidrznost povrchu byla v porovnani s dfevotiiskovymi deskami mensi, tato

charakteristika byla opét ovlivnéna pribc¢hem vertikdlniho hustotniho profilu.

Modifikaci tfisek v alkalickém prosttedi bylo dosazeno pevnéjSiho adhesivniho spojeni

mezi tiiskou a adhesivem. Pti zkouSce rozlupcivosti vykazovaly desky z téchto tiisek 1

kohezni poruSeni ve tfisce (obrazek 7). Modifikaci tfisek tedy bylo dosazeno zvySeni

mechanickych vlastnosti desek, avSak doslo ke zhorseni fyzikalnich vlastnosti (Hysek a

kol. 2018c).

Tabulka 4 Tloust’kové bobtnani a nevratné tloust’kové zmény desek

Nevratné tloust’kové zmény

Druh desky Tloust’kové bobtnani (%) %)
(1]

Repkova deska

(reference) S4,7(7,7) 30,5 (8,9)
Repkové deska

(hydrotermicka mod.) 63,1 (7.1) 37,8 (12,2)
Repkové deska

(alkalickd mod.) 70,7.(9.8) 29,8 (8,7)
DTD 24.8 (4,0) 8.6 (9.3)
OSB 29.4 (15,0) 12,1 (16,5)

V zavorkach jsou uvedeny varia¢ni koeficienty v %

Rozlupdivost (MPa)

0,60

0,55

0,50

0,45

0,40

0,35t

0,30

0,25

1 2 3

Druh desky

4

Obrazek 6 Pevnost v tahu kolmo k roviné desky: 1 — deska z neupravenych tiisek, 2 — deska
z hydrotermicky upravenych ttisek, 3 — deska z alkalicky upravenych tfisek, 4 — dievottiskova

deska, 5 — OSB deska
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Tabulka 5 Statisticka vyznamnost rozdili z obrazku 6 (dle Tukeyova HSD testu, a=0,05)

Druh desky 1 2 3 4 5
1 S. S. S. S.
2 S S. n.s. S.
3 S. S. S. n.s.
4 S n.s. S. n.s.
5 S S. n.s. n.s.

s.- statisticky vyznamny rozdil, n.s. — statisticky nevyznamny rozdil (1 — deska z
neupravenych tfisek, 2 — deska z hydrotermicky upravenych tiisek, 3 — deska z
alkalicky upravenych ttisek, 4 — dievotiiskova deska, 5 — OSB deska)

950
850
750
650
550

450

350

Hustota (kg/m?3)

Tloustka (mm)

PB H20 NaOH OSB e R

Obrazek 7 Vertikalni hustotni profil desek (PB — di‘evotiiskova deska, H20O — hydrotermicka
modifikace, NaOH - alkalicka modifikace, OSB — OSB deska, R — neupravené ti'isky)

N

- p— o
SEM HV: 15.0 kV WD: 15.24 mm | MIRA3 TESCAN| SEM HV: 15.0 kV WD: 15.60 mm
View field: 415 ym Det: SE 100 pm View field: 415 ym Det: SE

SEM MAG: 500 x | Date(m/dly): 07/12/17 SEM MAG: 500 x  Date(m/dly): 07/12/17 ézu

Obrazek 8 SEM mikroskopie vzorku po zkous$ce rozlupéivosti, (a) neupravené ti'isky — chyba adheze, (b)
alkalicky upravené tiisky — chyba koheze ¢astice



Hlubsi analyza mechanickych vlastnosti takto vyrobenych desek ukézala, Ze
zatimco desky vyrobené z hydrotermicky upravenych tfisek dosdhly vyssi pevnosti
v ohybu oproti deskam vyrobenym z alkalicky upravenych tfisek, plasticky potencial
obou materiali byl v ramci statistick¢é chyby srovnatelny. Referen¢ni dievotiiskova
deska, ktera dosahla srovnatelné pevnosti, jako deska z hydrotermicky upravenych
fepkovych tfisek méla potom plasticky potencial statisticky vyznamné niz$i, nez
fepkové desky z modifikovanych tiisek (Sikora a kol. 2018). Vyuzitim modifikovanych
fepkovych tiisek 1ze tedy vyznamné navysit absorpcni kapacitu kompozitnich materialt.
Této vlastnosti 1ze vyuzit naptiklad v automobilovém primyslu pro vyrobu komponent

absorbujici energii pfi narazu.

Vyse uvedenym vysledkim odpovidaji 1 vysledky zanalyzy ohybatelnosti
materiald, kdy prihyb na mezi timérnosti byl nizsi pro desky z alkalicky upravenych
tiisek oproti deskam z hydrotermicky upravenych tfisek, avSak prihyb na mezi pevnosti
byl srovnatelny pro oba dva typy desek. Oproti referencnim DTD a ODB deskam
vykazovaly oba dva typy desek vyrazné vyssi prihyby na mezi pevnosti, a tedy i lepsi
ohybatelnostni charakteristiky (Gaff a kol. 2018).

Cilem disertatni prace je 1 zhodnoceni vlivu modifikace povrchu
lignocelul6zovych elementi plazmatem na vlastnosti kompozitniho materialu
vyrobeného z téchto modifikovanych elementl a optimalizace vstupnich parametr a
lisovacich podminek pfi vyrob¢é modifikovanych materialii na bazi ligninu a celuldzy za
ucelem ziskani kompozitniho materidlu pozadovanych vlastnosti. Za timto ucelem byly
plazmaticky upraveny tiisky ze stonkll pSenice ozimé a byly sledovany vlastnosti
tiiskovych  desek  vyrobenych z takto wupravenych tiisek. Za pouZiti
mocovinoformaldehydového lepidla byly vyrobeny desky o nomindlni hustoté 540
kg/m?® a tloustce 6 mm. Byly zvoleny dva stupné plazmatické modifikace (nizkoteplotni
plazma generované za studeného tlaku). V prvni varianté¢ (modifikace A) byl vykon
generatoru nastaveny na napéti 26,9 V s proudem 6,9 A, ve druhé varianté (modifikace
B) se pouzilo maximalniho mozného napéti 28,6 V s proudem 8,7 A). Lisovaci cyklus
byl optimalizovén tak, aby bylo dosaZeno vertikalniho hustotniho profilu ve tvaru M,
musel byt lisovaci cyklus upraveny oproti lisovani dievotfiskovych desek tak, aby

nedoslo k tvorbé prasklin uprostted desky. Pfi lisovani tfiskovych desek ze slamy za
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pouziti adhesiva na bazi vody jsou diky povrchu slamy desky na praskani nachylnéjsi,
nez pii lisovani tfiskovych desek ze dieva. Bliz$i popsani lisovaciho cyklu je uvedeno

v piislusné publikaci Hysek a kol. 2018b.

Vysledky ukézaly statisticky vyznamny vliv plazmatické predupravy tiisek na
vysledné vlastnosti kompozitu. Doslo ke zvySeni mechanickych vlastnosti desek v obou
ptipadech plazmatické modifikace, avSak doslo zaroven ke zhorSeni fyzikalnich
vlastnosti. Desky vyrobené ze tiisek upravenych vyS$im stupném plazmatické
modifikace vykazovaly vyrazné vyssi rovnovaznou vlhkost a tloustkové bobtnani, nezli
desky referen¢ni (povrchové neupravené). Tloustkové bobtnani desek pii absorpci a
desorpci je zachyceno na obrazku 9. Nejvyssi tloustkové bobtnani vykazovaly desky
klimatizacni stupenn (20°C/RH 65%, absorpéni cyklus), kde bylo zjiSténo vyssi
tloustkové bobtnani u referencnich desek, nezli u desek vyrobenych z modifikovanych
tiisek niz$im stupném plazmatické modifikace, av$ak tento rozdil neni statisticky

vyznamny (Tabulka 6).
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Tloustkové bobtnani (%)
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. , Druh desky A
Relativni vlhkost vzduchu (%) % bruh desk\y/B

Obrazek 9 Graf zavislosti tloust’kového bobtnani na relativni vlhkosti vzduchu (a — absorpce, d —
desorpce)
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Tabulka 6 Statisticka vyznamnost rozdili z obrazku 9 (dle Tukeyova HSD testu, a=0,05)

T =20°C, T =20°C, T =20°C, T =103°C,
RH = 65%, RH =85% RH = 65%0, Desorpce
Absorpce Desorpce
R|IA|B R|A]|B R|A]|B R|A| B
R ns.| s. R S. S. R S. S. R ns.| s.
A [ns. ns.| [Al s S. Al s. S. A [ns. S.
B | s |ns. B| s S Bl s S B |s S.

s.- statisticky vyznamny rozdil, n.s. — statisticky nevyznamny rozdil

Obrazek 10 potom zachycuje pevnost v tahu kolmo k roviné vyrobenych desek a
Vv tabulce 7 jsou uvedeny udaje o statistické vyznamnosti rozdilt. Z vysledkt je patrné,
ze uprava povrchu plazmatem zpisobila v obou pfipadech statisticky vyznamny narast
rozlupCivosti. Neprokazal se vSak rozdil mezi riznymi variantami plazmatické

modifikace.
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0,06 | 0,06

0,05

0,04

Rozlupcivost (MPa)

0,03 r

0,02

. A .
Druh desky

Obriazek 10 Pevnost v tahu kolmo k roviné desky Vv zavislosti na plazmatické upravé (desky ze
stonki pSenice 0zimé)

49



Tabulka 7 Statisticka vyznamnost rozdili z obrazku 10 (dle Tukeyova HSD testu, 0=0,05)

Druh desky] R A B
R S. S.
A S. n.s.
B S. n.s.

S.- statisticky vyznamny rozdil, n.s. — statisticky nevyznamny rozdil

Za ucelem porovnani efektu hydrotermické, chemické a plazmatické upravy na
jednom materidlu byly vybrany plevy pSenice ozimé. Plevy obilovin maji vyborné
tepelné-izolacni vlastnosti, a aby byla tato vlastnost ¢astecn¢ pfenesena i do lisovanych
desek, byla zvolena niz§i hustota desek. Za pouziti mocovinoformaldehydového
adhesiva byly vyrobeny lisované desky o nomindlni hustoté 450 kg/m®. Piesnd
metodika experimentl je uvedena v manuskriptu Hysek a kol. 2018a, manuskript je
momentalné v recenznim fizeni v ¢asopisu Industrial Crops and Products. Elektronova
mikroskopie jasn¢ ukézala vliv modifikaci na strukturu povrchu plev (obrazek 11).
Z obrazku je patrné, ze u referencnich plev jsou jizvy po odpadnutych trichomech
V povrchové vrstvé (epidermis), zatimco u hydrotermicky upravenych plev vyc¢nivaji
nad povrch, protoze povrchova vrstva chybi. Alkalickd modifikace dokonce zplsobila

rozruseni jizev. Plazma nezpusobilo Zadné viditelné poruseni povrchu.

y A Lo¥ 2\ % e - 5
SEM HV: 15.0 kV WD: 14.86 mm | MIRA3 TESCAN  SEM HV: 15.0 kV WD: 13.97 mm
View field: 277 ym Det: SE View field: 277 pm Det: SE
SEM MAG: 1.00 kx  Date(m/dly): 12/20/17 czu SEM MAG: 1000 x  Date(m/dly): 12/20/17
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- = - : . .3 2 =
SEM HV: 15.0 kV WD: 14.28 mm | MIRA3 TESCAN  SEM HV: 15.0 kV WD: 14.19 mm
View field: 277 ym Det: SE 50 pm View field: 277 ym Det: SE 50 pm
SEM MAG: 1.00 kx  Date(m/dly): 12/20/17 ¢zu SEM MAG: 1.00 kx  Date(m/dly): 12/20/17

Obrazek 11 Snimky z elektronového mikroskopu povrchu plev (2) neupravené plevy, (b)
hydrotermicky upravené plevy, (c) alkalicky upravené plevy a (d) plazmaticky upravené plevy

K pozorovani zmén v celém objemu modifikovanych plev bylo vyuzito moderni
metody Vv podob¢ fluorescencni ¢asové zobrazovaci mikroskopie (fluorescence lifetime
imaging microscopy (FLIM)). Obrazek 12 zachycuje zavislost praimérného ¢asu trvani
fluorescence na typu modifikace. Z grafu je patrny podstatny pokles fluorescence life

time u alkalicky modifikovanych plev, ktery poukazuje na vyssi obsah ligninu.
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Obrazek 12 Fluorescence lifetime modifikovanych plev, R - neupravené plevy, A - alkalicky
upravené plevy, P - plazmaticky upravené plevy, H - hydrotermicky upravené plevy

Pokud zobrazime normalizovany pocet fotoni zachycenych na detektoru jako
funkci ¢asu (obrazek 13), mizeme opét pozorovat zménu tvaru kiivky u alkalicky
modifikovanych plev. Histogram normalizovaného poctu fotonti alkalicky upraveného
vzorku dosahuje nejvySsiho vrcholu a pak prudce klesa. Tento priibéh opét odpovida
vysSimu podilu ligninu, nezli u referencéniho vzorku. Pfestoze bylo ocekavano, Ze
mnozstvi ligninu po alkalické modifikaci bude nizsi (Li a kol. 2007; Tran a kol. 2014),
FLIM analyza ukazuje na vyssi obsah ligninu v alkalicky modifikovanych plevach, nez
Vv referen¢nich. Tento pozorovany vysledek koresponduje i s provedenou FTIR analyzou
a lze ho vysvétlit snizenim obsahu celuldzy a hemiceluloz v disledku jejich ¢aste€ného
odbourani. Tato reakce nastdva, pokud na lignocelulézovy material ptsobi alkalicky

roztok a je nazyvan peeling reaction (Green a kol. 1977).
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Obrazek 13 Fluorescence decay curves — Histogramy normalizovaného poctu fotoni, R -
neupravené plevy, A - alkalicky upravené plevy, P - plazmaticky upravené plevy, H -
hydrotermicky upravené plevy

Provedené zplisoby modifikace mély vliv 1 na rovnovaznou vlhkost plev, kdy
nejvyssi rovnovazné vlhkosti dosdhly plevy modifikované alkalicky a nejnizsi plevy
modifikované hydrotermicky. Zvyseni hygroskopicity plev se projevilo i ve zvysené
navlhavosti, naséklivosti a bobtnani desek z alkalicky upravenych plev. Tloustkové
bobtnani desek je uvedeno na obrazku 14 a miZeme pozorovat, Ze nejniZsi tlouStkové
bobtnani bylo dosazeno hydrotermicky upravenymi deskami. Hydrotermicka
modifikace snizila obsah karbohydratd v plevach, zejména xyland a arabinant
(Carvalho a kol. 2017), coz krom¢ sniZeni rovnovazné vlhkosti plev vedlo i ke snizeni

bobtnani vyrobenych desek.
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Obrazek 14 Tloust’kové bobtnani desek pri riiznych klimatiza¢nich stupnich, R - neupravené plevy,
A - alkalicky upravené plevy, P - plazmaticky upravené plevy, H - hydrotermicky upravené plevy

Rozlupc¢ivost desek z plev (obrazek 15) dosahovala vesmés velmi malych
hodnot, coZz bylo zplisobeno jak vertikdlnim hustotnim profilem, tak nizkou hustotou
desek. Jak plazmaticka, tak hydrotermickd modifikace zvysily pevnost v tahu kolmo
k rovin¢ desky. ZlepSeni adheze zapiiCinilo plsobeni vyssi teploty, coz muze byt
perspektivni zpisob modifikace nejen pro upravu alternativnich materiald, ale i dfeva
(Fang a kol. 2017; Tavasolli a kol. 2018). Naproti tomu chemickd modifikace snizila
pozorovanou mechanickou vlastnost desek. Pravdépodobné se jednalo o pfili$ agresivni
upravu, ktera narusSila strukturu a zhorsila pevnost plev (pozorovano i pomoci SEM).
Snizeni rozlupcCivosti desek mohl zplsobit i zbytkovy hydroxid sodny, ktery nebyl
zplev zcela dokonale vymyt. Zatimco mocovinoformaldehydova lepidla vytvrzuji

v kyselém prostiedi, hydroxid sodny zpiisobil alkalické prosttedi, coz mohlo dale

zpusobit nedokonalé vytvrzeni adhesiva nebo dokonce vytvrzeny spoj narusit.
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Obrazek 15 Rozlupéivost desek v zavislosti na modifikaci, R - neupravené plevy, A - alkalicky
upravené plevy, P - plazmaticky upravené plevy, H - hydrotermicky upravené plevy

Krom¢ vySe uvedenych zplsobll upravy plev mize vést ke zvySeni
mechanickych vlastnosti kompozitlh na bazi plev i enzymatickd modifikace (Mamun
and Bledzki 2013). Pro porovnani u¢inku enzymatické modifikace byly zvoleny tiisky
ze sldmy pSenice ozimé a fepky ozimé. Zvolend enzymy byly: pektindza, xylanaza a
smés xylanyzy a pektindzy. Podminky zpracovani tfisek jsou uvedeny v tabulce 8.

I3

Uprava probihala za vyuZiti pfistroje Linitest, s pomérem lazné 1:5.
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Tabulka 8 Podminky enzymatické apravy

O
é‘ Slozeni lazné Podminky Dokoncujici operace
>
1 | 5% z v.m Texazym BFE teplota 55°C Proplach tepla
0,5 ml/l Nofome AF ¢as 2 hodiny studena voda
Volné suSeni
2 | 5% z v.m. Texazym SER 7 conc. | teplota 55°C Proplach tepla
¢as 2 hodiny studena voda
Volné suseni
3 | 5% z v.m. Texazym DLG new teplota 55°C Proplach tepla
0,5 ml/l Nofome AF ¢as 2 hodiny studena voda
Volné suseni

Legenda: Texazym BFE - hlavni enzymova slozka pektinaza

Texazym SER 7 conc. - hlavni enzymové slozky kombinace xylandzy a

pektinazy

Texazym DLG new - hlavni enzymova slozka xylandza

Nofome AF — odvzdusnovaci, odpénovaci, smaceni piipravek

Enzymaticka uprava méla vliv na povrchové napéti tiisek (tabulka 9), povrchové

napéti bylo méfeno pomoci testovacich inkousti Gamin. Nejvys$siho nardstu bylo

dosazeno u fepkovych tfisek za vyuziti nalevu €. 1, kdy povrchové napéti vzrostlo z 34

mN/m na 42 mN/m. Bylo mozné pozorovat i naruseni povrchu vlivem pisobeni

enzymu. Byl rozrusen povrch jak na vnitini, tak na vnéjsi strané stonku. Obrazek 16

znazoriuje povrch fepkové tiisky pted a po Gprave.

Tabulka 9 Povrchové napéti enzymaticky upravenych tfisek

Uprava Druh slamy Povrchové napéti
(mN/m)
neupravené pSenice 26+2
1 pSenice 26+2
2 pSenice 30+2
3 pSenice 26+2
neupravené fepka 34+2
1 fepka 4242
2 fepka 38+2
3 fepka 38+2
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SEM HV: 15.0 kV WD: 20.31 mm [111] MIRA3 TESCAN  SEM HV: 15.0 kV 7 WD: 19.86 mm [N MIRA3 TESCAN
View field: 1.38 mm Det: SE 200 pm View field: 1.38 mm Det: SE 200 pm
SEM MAG: 200 x  Date(m/dly): 03/21/18 czu SEM MAG: 200 x  Date(m/dly): 03/21/18 czu
BO_povrch_200x B2_povrch_200x

Obrizek 16 Snimky z elektronového mikroskopu povrchu fepkovych tfisek (a) neupraveny povrch,
(b) povrch upraveny enzymaticky (€. tpravy 2)

Enzymaticka tprava tiisek ze slamy pSenice a fepky méla jednoznacny vliv na
jejich vlastnosti a na zéklad¢ pfedchozich vysledkd miizeme konstatovat, ze zména
téchto vlastnosti ovlivni 1 vysledné vlastnosti kompozitniho materidlu vyrobeného

z takto upravenych tiisek.

Vlastnosti kompozitniho materidlu jsou determinovany vlastnostmi matrice,
vyztuzovacich prvkll a vlastnostmi mezifaze. Béhem feSeni disertacni prace proto
nebyla vénovéna pozornost pouze vyztuzovacim prvkim v kompozitnich materialech,
ale i matrici. Byl zjistovan vliv modifikace polyuretanového adhesiva pomoci drobnych
prachovych castic zrecyklované polyuretanové pény na vlastnosti adhesiva.
Experimenty byly provadény dle metodiky uvedené v publikaci Hysek a kol. 2018d a
vysledky ukézaly, ze ptidavkem polyuretanového recyklované prasku doslo ke
zvySeni pevnosti spoji  vafenych ve vodé¢, avSak vzorky ponofené do vody za
laboratornich podminek vykazovaly pokles pevnosti ve smyku s rostoucim obsahem
prasku. Kontaktni uhel mezi dfevem a kapkou adhesiva se zvySoval s rostouci
koncentraci prasku (obrazek 17), av§ak nebyl pozorovan zadny vliv tohoto kontaktniho

uhlu na pevnost lepeného spoje.
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Obrazek 17 Vliv mnozZstvi prasku a adhesiva na kontaktni tihel
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6 Zavéry a prinos

Hlavni pfinos této prace spociva Vv oblasti pfed-tpravy vstupnich materiala za
ucelem kvalitnéjsSiho spojeni s adhesivem. Tato otazka je feSena jak z pohledu
lignocelul6zovych castic, tak z pohledu adhesiva. Piedkladany vyzkum poskytuje data a
informace jak o samotném modifikovaném materialu, tak o vlastnostech vysledného
kompozitu a zkouma i pii¢iny, které dané zmény vlastnosti zpusobily. V piedkladané
disertacni praci je zhodnocen vliv riznych druhlt modifikace povrchu
lignoceluldozovych materiald na vlastnosti kompozitnich materialti vyrobenych z takto
upraveného materialu. Konkrétné se jedna o chemickou, termickou, enzymatickou a
plazmatickou modifikaci poskliziovych zbytkli zemédélskych plodin, a to plodin,
jejichz osevni plochy v Ceské republice a Evropské unii jsou velké a jejichz

poskliziiové zbytky dostupné ve velkych mnozstvich (pSenice ozima4, fepka 0zima).

Kromé hlavniho pfinosu tohoto vyzkumu v podob& poznatki tykajicich se
vyuziti modifikace povrchu vstupni lignocelul6zové suroviny pro vyrobu kompozitnich
materialt a technologie vyroby téchto materialil prace prispiva i K feSeni problematiky
nedostatku dievni suroviny pro dfevozpracujici primysl. Praice ma tak jednoznacny
pfinos pro praxi v podobé vyvoje technologie vyroby kompozitnich materidli
z poskliziiovych zbytkil fepky ozimé a pSenice ozimé, pricemz jsou zohlednény jak
ekonomické, tak technologické aspekty. Prace v§ak nema charakter pouze aplikovaného
vyzkumu, predkladd cenna data i pro vyzkum zékladni, zejména v podobé zachyceni
vlivu pfisluSné modifikace na chemické slozeni modifikovaného materialu.
V neposledni fad¢ pfispiva svymi poznatky i do politicko-védni debaty o vyuzivani
obnovitelnych zdrojii surovin pro uspokojovani potfeb spoleCnosti a 0 trvale

udrzitelném rozvoji.
Z disertacni prace mohou byt vyvozeny nasledujici hlavni zavéry:

e Celkové prvkové sloZeni a prvkové slozeni povrchu zkoumanych poskliziiovych
zbytki bylo nejvyznamnéji ovlivnéno chemickou modifikaci v alkalickém

prostiedi. Provedené modifikace mély vliv i na makromolekuldrni sloZeni

Mrwe

celulozy a hemiceluldz.
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Vsechny vybrané zpisoby modifikace ovlivnily povrchové vlastnosti
zkoumanych materiall. Byly pozorovany morfologické zmény v podobé
naruseni struktury povrchu. Za nejagresivngjsi zpusob modifikace 1ze z tohoto
pohledu opét uvést chemicky a enzymaticky zpasob. Byl zaznamenan vliv
modifikace na povrchové napéti poskliziiovych zbytki. Chemicka,
hydrotermickd, plazmatickd i enzymatickd modifikace zvysily povrchové napéti
modifikovanych materiald, ¢imz byla zlepSena jejich afinita k vodou feditelnym
adhesivim.

Vybrané zplsoby modifikace statisticky vyznamné ovlivnily modifikovany
material 1 vcelém svém objemu. Zatimco hydrotermickd a plazmaticka
modifikace snizily rovnovaznou vlhkost plev, alkalicka ji zvysila.

Ukézal se vliv modifikace na termodynamické vlastnosti poskliziiovych zbytki.
Tento vliv 1ze dokumentovat vlivem modifikace na rozdilné soucinitele tepelné
vodivosti desek vylisovanych z modifikovanych pSeni¢nych plev a také vlivem
plazmatické upravy tiisek z pSenicné slamy na vertikdlni hustotni profil
vylisovanych desek.

Byl vyvinut lisovaci program pro vyrobu desek z poskliziiovych zbytki
zemédélskych plodin za vyuziti mocovinoformaldehydového adhesiva s piesné
definovanym pribéhem a vstupni vlhkosti tfisek S nanesenym adhesivem tak,
aby pii vyrobé desek nedochézelo k tvorbe trhlin v deskach. Lisovaci program
vyuzivany pii vyrobé dfevotfiskovych desek nebylo mozné pouzit z diivodu
rozdilnych vlastnosti vstupniho materialu.

Zmeny vlastnosti modifikovanych ¢astic se nasledné projevily i na vlastnostech
vyrobenych kompozitnich materialli. Byl pozorovan vliv modifikace jak na
fyzikélni, tak mechanické vlastnosti kompozitniho materidlu. Plazmaticka
uprava zapficinila statisticky vyznamny narust pevnosti v ohybu a rozlupc¢ivosti
vyrobenych desek a zaroven mirné¢ zvysila jejich navlhavost. Tloustkové
bobtnani vSak vyznamné ovlivnéno nebylo. Hydrotermickéd tprava se ukéazala
jako velmi perspektivni. Ze vSech zplsobl modifikace zapficinila nejvyssi
narust rozlupCivosti desek zplev i fepkové slamy. Zaroven bylo snizeno
tloustkové bobtnani desek z plev. Tloustkové bobtnani desek z fepkové slamy
vSak narostlo. Zvolend chemicka modifikace zplsobila nejvyssi afinitu

upravené¢ho materialu k vlhkosti, desky z alkalicky upravenych poskliziovych
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zbytkd vykazovaly velkou navlhavost, nasaklivost i tloustkové bobtnani. Spoj
adhesiva a alkalicky modifikované tiisky vSak muze byt hodnocen jako velmi
pevny.

Vysledky provedené SWOT analyzy ukazuji, ze poskliziiové zbytky fepky
ozimé jsou velmi perspektivnim materialem pro vyrobu kompozitnich materialt.
Modifikace jednoslozkového vodou vytvrzujiciho polyuretanového adhesiva
polyuretanovym prachem vedla ke zvySeni pevnosti spoju zatizenych ptisobenim
tepla a vody. Vzorky ponofené ve studené¢ vodé vSak vykazovaly snizeni

pevnosti lepeného spoje pii nartistu obsahu polyuretanového prachu.
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Material alternatives to wood, such as rape straw, are needed for the
production of composite materials. This study performed an analysis of
rape straw as a composite material source for production. There were
three types of rape straw particle modification: untreated particles as
reference variant, boiling in water, and soaking in sodium hydroxide
(NaOH) solution. The pH and calorific value were highest for the variant
soaked in NaOH. The total elemental content and the elements on the
rape straw surface varied between variants. The modification method
chosen influenced the pH, calorific value, elemental composition, and
contact angle.
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INTRODUCTION

Recently there has been an effort to develop new composite materials using
alternative sources of raw materials. This trend is largely explained by population growth,
which contributes directly to a limited supply of natural resources, as well as wood
shortage in all wood processing industries (Galor and Weil 2000; Bektas et al. 2005;
Seintsch 2011; Lauri et al. 2012). One alternative source of raw materials is post-harvest
rapeseed crop residue (Mohanty et al. 2002; Dziurka et al. 2015). As a prospective raw
material, rapeseed has many advantages, as it is available in large quantities and is not yet
used in other products with high added value (Becka et al. 2007; Dukarska et al. 2017).
However, waxy and siliceous substances are present on the surface of winter rape stems,
which prevents the formation of quality adhesion between particle and adhesive
(Grigoriou 2000). This is the main disadvantage of particles from annual plants compared
to wood particles. The chemical composition differs between internal and external areas
of the stem because of cuticles and epicuticular waxes (Wisniewska et al. 2003;
Trischler, and Sandberg 2014). The surface has a strong impact on the water contact
angle, which deteriorates the wetting of particles by adhesives, since adhesives used in
particleboard production are mainly water-based (Wisniewska et al. 2003). Therefore, it
IS necessary to pre-treat these particles from annual plants before the production of the
composite material itself (Mahlberg et al. 1999; Cao et al. 2017). This modification can
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be done in various ways (Pelaez-Samaniego et al. 2013; Trischler and Sandberg 2014).
Boiling in water is regarded favorably as a treatment due to its ease of implementation
(Bekhta et al. 2013). An alternative is alkaline treatment, which breaks ester linkages
between wax and lignocellulose, as well as dissolving wax and lignin (Binod et al. 2010;
Wan et al. 2011). In this study, winter rape chips were modified by applying
hydrothermal and chemical (soaking in sodium hydroxide) processes (Xie et al. 2010;
Bekhta et al. 2013). It is assumed that the modification destroys the waxy, siliceous
substances on the surface of the chips and consequently improves adhesion in the
composite product. This study characterized the physical and chemical properties of raw
and modified rapeseed particles to measure the effects of modification on particle
properties. This information on the effect of the various particle modifications on particle
properties will promote the utilization of this waste material in particleboard production.

EXPERIMENTAL

Materials

Chipped rape straw (Brassica napus L.) particles were treated by one of two
processes. In the chemical treatment, the particles were soaked in 2% sodium hydroxide
solution (NaOH) at 20 °C for 45 min. Alternatively, a hydrothermal treatment was carried
out by boiling in water for 45 min. After both modifications, particles were carefully
flushed with water and then oven-dried to 6% moisture content. A portion of each sample
was dried at 40 °C and milled for determination of the total element content, calorific
value, and percentage of volatile solids. Representation of the individual fractions in
chopped rape straw is stated in Table 1.

Table 1. Representation of the Individual Fractions in Chopped Rape Straw

Fraction [mm] 0-0.25 0.25-0.5 0.5-0.8 | 08-16 |1.6-2 2-3.15 3.15-8
Representation [%] | 0.3 0.6 5.2 39.9 20.9 23.8 9.3
Methods

The goal of this study was to determine the effects of different particle pre-
treatment methods on particle properties. In order to estimate this effect and to determine
what happened and changed in the particle after modification, the following
characteristics were observed: equilibrium moisture content, pH value, calorific value,
total element content, elemental composition of the surface, water contact angle, and
microstructure of the particle surface.

Chemical analysis of rape straw

Moisture content was determined by measurement at 105 °C by a ML-50
Moisture Analyzer (A&D Company, Elk Grove Village, IL, USA). The pH was measured
in samples mixed with deionized water (1:5 w/v wet basis) using a WTW pH 340 |
device (GeoTech, Denver, CO, USA), according to BSI EN 15933 (2012). Total element
contents were determined through decomposition in an enclosed microwave, using an
Ethos 1 system (MLS GmbH, Leutkirch im Allgdu, Germany). Elemental concentrations
were determined using inductively coupled plasma optical emission spectrometry (ICP-
OES; Varian VistaPro, Mulgrave, Australia) with axial plasma configuration. The
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calorific value of the material and the percentage of volatile solids were determined using
the Laget MS 10A dry calorimeter (Laget, Staufen im Breisgau, Germany). The sample
was burned in a 100% oxygen atmosphere, according to CSN ISO 1928 (2010).

Scanning electron microscopy (SEM) and elemental analysis

The surface of the rape straw particles was observed with a MIRA 3 electron
microscope (Tescan Orsay Holding, Brno, Czech Republic) with a secondary electron
detector operated at 15 kV acceleration voltage. When rape straw is washed with water,
the elements can be changed on the surface, as well as when straw soaked in NaOH.
The elemental compositions of the surface were examined by an energy dispersive
spectroscopy system (Bruker XFlash X-ray detector, Karlsruhe, Germany, and ESPRIT 2
software).

Contact angle

Contact angle analysis is widely used to determine the wettability of solid
materials (Walinder and Strém 2001; Aydin 2004). To determine wetting characteristics
of modified particles, the contact angle of the water and particle surface was measured
using a DSA 30E goniometer (Kriiss GmbH, Hamburg, Germany). Straw particles have
both interior and exterior surfaces. However, due to a pith on the interior of the particles,
the contact angle of the water droplet could not be measured on the inside, and therefore
only the exterior contact angle was measured. Static contact angle was measured for 30
measurements for each straw modification. In order to minimize the influence of variable
of straw surface, a new particle was used for each droplet. The volume of distilled each
water droplet was 5 pL with the measurement taken 5 s after the application. Contact
angle was measured using image analysis software.

Statistical Analysis

All results from the agrochemical analysis represent the mean values of three
replicates. Analysis of normality and homogeneity and one-way analysis of variance
(ANOVA) were performed with STATISTICA 12 software (StatSoft, Tulsa, OK, USA).
ANOVA was based on a 95% confidence level in accordance with Tukey’s range HSD
(honest significant difference) test.

RESULTS AND DISCUSSION

In each modification, the pH value of the rape straw was different. The lowest pH
value was in the sample modified through maceration in H2O (6.58), and conversely, the
highest pH value was in the sample modified through maceration in NaOH (9.44) (Table
2). This result suggests that the straw was not well washed after soaking in the NaOH
solution as there was the highest total content of Na present. Both in this variant and the
reference variant, there was a high content of calcium (Ca) on the surface of the straw,
which was seen in the elemental analysis (Fig. 2a, ¢). The equilibrium moisture content
was very low in all samples, with no statistically significant difference. The highest
moisture content was in the sample modified with H.O 7.7% (Table 2).
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Fig. 1. Electron micrographs of rape straw surfaces (magnification 10000x). (a) Reference
variant, (b) variant modified by cooking in H20, and (c) variant modified in NaOH solution

Table 2. pH and Moisture Content in Modified Rape Straw

Modification pH/H.0O Moisture (%)
Ref. 7.86+£0.08 2 7.6+0.46°2
H20 6.58 + 0.07 ® 7.7+0.102

NaOH 9.44+£0.56 ¢ 6.9+£0.322

Values are the means = SD (n = 3). Different letters (in superscript) in a column indicate
significant differences (Tukey’s HSD test, P < 0.05).

The percentage of volatile solids present in all modifications was relatively high.
The highest value of volatile solids was found in the modification with H20 (96.97%)
(Table 3). It appeared that the H>O dissolved in the compounds into an improved
combustible form. This variant had the highest value of volatile solids, but also the lowest
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calorific value. In contrast, the variant with NaOH had the highest calorific value of 18.4
MJ.kg? but the lowest value of volatile solids. The calorific value can be influenced by
the content of carbon (C) or sulfur (S) present (Erol et al. 2010). As the elemental
analysis showed, the highest C content was found in the variant with NaOH (Fig. 2c),
explaining the high calorific value of this variant. Total S content was the highest in the
reference variant and the lowest in variant with H,O (Table 4), again explaining its
calorific value.

Table 3. Volatile Solids and the Calorific Value of Modified Rape Straw

Modification Volatile Solids (%) Calorific Value (MJ.kg™?)
Ref. 95.52 17.9
H20 96.97 17.6
NaOH 94.60 18.4

Table 4. Elemental Analysis of Modified Milled Rape Straw

MEIdei:‘Ti]f:ttién Reference H-O NaOH
Al (mg/kg) 4530+4.12 59.73+0.95° 61.93+8.95°
B (mg/kg) 11.01+0.522 7.85+0.2° 7.94+0090
Ca (mg/kg) 6941.9+992 | 5858.5+41.6° | 5705.2+657.7"
Cd (mg/kg) 0.08+0.012 0.09+0.012 0.09+0.02 2
Cr (mg/kg) 0.23+0.02 0.25 +0.02 2 0.25 +0.04 2
Cu (mg/kg) 1.03+0.07 2 0.82+0.03P 0.67 +0.07 °

Fe (mg/kg) | 42.67+11.82 | 46.97+1.392 | 50.83+8.422
K (mg/kg) | 5036,8+1982 | 1026.1+345b | 732.8+88.3¢
Mg (mg/kg) | 998.8+18.382 | 739.1+11.72% | 1089.8 + 107.9 2

Mn (mg/kg) 8.09+0.32 6.71+0.05 4.80+0.57 ¢
Ni (mg/kg) 0.33+0.132 0.10 + 0.05 P 0.19+0.12
P (mg/kg) | 248.9+29.72a | 2175+932a | 210.3+24.842
S (mg/kg) 1340 + 45.6 431.5+13" 323.4+27¢
Zn (mg/kg) 1.26 +0.08 @ 1.68 +0.27 2.50 £ 0.45 b

Na (mg/kg) | 2455+495a | 663.8+29.12 | 4187.8+508.5°"

Values are the means £ SD (n = 3). Different letters (in superscript) in a column indicate
significant differences (Tukey’s HSD test, P < 0.05).

An extensive analysis of element concentrations was performed, including an
analysis of the total element content (Table 4) and an analysis of particle surfaces using
SEM (Fig. la-c; Fig. 2a-c). The total content of arsenic (As) and lead (Pb) were below
the detection limit. The total contents of cadmium (Cd), chromium (Cr), and nickel (Ni)
were very low and therefore were not statistically different. None of the above elements
were found on the surface of the rape straw.

The total contents of copper (Cu), zinc (Zn), manganese (Mn), boron (B), iron
(Fe), and aluminum (Al) were low but statistically significant. Specifically, the total
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content of Mn and Cu was the highest in the reference variant, almost twice as high as in
the variant with NaOH (Table 4). Significant differences were not found in the total
content of Fe. None of these elements were detectable using SEM (Fig. 2a-c).

rapha
MAG-2493% " WKV - WD, 14 3 inm

Fig. 2. Elemental content of rape straw surface taken by SEM. (a) Reference variant, (b) variant
modified by cooking in H20, and (c) variant modified in NaOH solution

The total phosphorus (P) content was over 200 mg/kg in all variants, and no
significant differences were found. However, a significant difference was found in the
total content of Na. The total content of Na was 17 times higher (4187.8 mg/kg) for the
variant with NaOH compared with the reference variant (245.5 mg/kg). As Na was only
found on the exterior surface of this variant, it can be assumed that the large amount of
Na present was probably caused by poor washing of the NaOH solution.

The total S content of the reference variant was four times higher than in variant
with NaOH, which further confirming the calorific value of this variants. Potassium (K)
was found only on the surface of the reference variant and the variant with NaOH, as
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shown in pictures taken by SEM (Fig. 2a-c). In the variant with H20, K could have been
washed away from the surface. In the variant with NaOH, K could have precipitated on
the surface. Total K content was the highest in the reference variant (5037 mg/kg) and
was almost 7 times higher in the reference variant than in the variant with NaOH (733
ma/kg).

The lowest magnesium (Mg) content was found in variant with H20 (739 mg/kg).
However, Mg on the surface of the rape straw was found only in the variant with H2O.
The total Ca content corresponds to the content found on the rape straw surface by SEM
analysis. The hydroxide precipitated Ca on the surface of the variant with NaOH (Fig.
2¢). This Ca deposit created crystals that were observed also by SEM, as can be seen in
Fig. 1c. There were no Ca crystals on the surface of reference particles or the particles
modified by cooking. Only dust was found on the surface of these particles (Fig. 1a, b).
The pith of the rape straw particles was observed also. Figure 3a shows the undisturbed
pith of the reference sample. Both hydrothermal and alkaline modification destroyed the
pith, which is shown in Fig. 3b and Fig. 3c, respectively.

Castkova et al. (2018). “Modified rape straw,” BioResources 13(1), 104-114. 110



PEER-REVIEWED ARTICLE b | oresources.com

Fig. 3. Electron micrographs of rape straw pith (magnification 1000x). (a) Reference variant, (b)
variant modified by cooking in H20, and (c) variant modified in NaOH solution

Figure 4 depicts the analysis of contact angle between water droplet and straw
particle surface. The wvertical columns depict 95% confidence intervals. Both
modifications caused the desired decrease in water contact angle, while the contact angle
was different for each modification. The largest contact angle was found in the reference
variant, with a mean of 94.1° and the lowest mean, 82.7°, was seen in the modification
with H20. A smaller contact angle is better for the strength of a glued joint (Banea and
Silva 2008; Moghadamzadeh et al. 2011). The variant with H2O exhibited a significant
difference from the others, but there was no significant difference between the reference
and NaOH variants. The alkaline modification resulted in the lowest variability of water
contact angle (Fig. 4).
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Fig. 4. Influence of modification technique on contact angle: 1-reference variant, 2-variant
modified by cooking in H20, 3-variant modified in NaOH solution

CONCLUSIONS

1. The elemental composition of surface and the total element content of rape straw are
highly influenced by the type of modification.

2. A variant modified with H>O exhibited the highest value of volatile solids and the
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lowest calorific value, but a variant modified with NaOH had the highest calorific
value and the lowest value of volatile solids.

3. A disadvantage of soaking rape seed straw particles in NaOH is that it is not possible
to rinse out all of the hydroxide. Therefore, the variant modified with NaOH had the
highest pH value.

4. Contact angle is also dependent on the type of modification. The variant with the best
strength for a glued joint was modified with H20.

5. Moisture content is not dependent on the type of modification, as there were no
significant differences.
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Newly Developed Boards Made from Crushed Rapeseed
Stalk and their Bendability Properties

Milan Gaff, Stepan Hysek, Adam Sikora,* and Marian Babiak

The bendability of a material can be classified as both a positive and
negative characteristic. The classification depends on the intended use of
the given material. In the case of materials intended for bending (solid
wood), this property is positive; whereas in the case of building materials
this property may have a negative effect on the stability and durability of
the finished structure. Depending on the use of the material, different
characteristics of bendability can be used to describe it. The important
characteristics include the force and deflection at the limit of proportionality
and at the modulus of rupture. Because the bendability also depends on
the material thickness, this characteristic is most often expressed as the
ratio of the material thickness to the smallest achievable bent radius.
Therefore, an analysis of the minimum curve radius and coefficient of
bendability was performed. The bending characteristics were measured
for composite materials, which were made of crushed rapeseed stalk and
bonded with powder polyester adhesive. The stalks were subjected to
different modifications (R, H20, and NaOH). The results of this work
indicated that rapeseed is a prospective raw material for the production of
composite materials with specific properties.

Keywords: Bendability; Modulus of elasticity; Limit of proportionality; Elastic potential;
Composite material

Contact information: Department of Wood Processing, Czech University of Life Sciences in Prague,
Kamycka 1176, Prague 6 - Suchdol, 165 21 Czech Republic; *Corresponding author: sikoraa@fld.czu.cz

INTRODUCTION

The bendability of a material can be seen as both a positive and negative factor
(Pozgaj et al. 1997; Gaff 2014; Gaff et al. 2017b), depending on its specific purpose. While
material deflection is undesirable in the construction of conventional furniture, such as
table tops and cabinet shelves, it can be desirable in selected applications and certain design
elements, and is even indispensable in some cases. The technology for producing bentwood
furniture, such as chairs and armchairs, has been used for decades. Larger interior units
with spatially wavy and curved elements cause trouble for designers and furniture
manufacturers. At present, manufacturers prefer using materials other than lignin- and
cellulose-based materials.

Bendable fiberboards made with renewable materials can be found on the market
today. Their bendability is achieved by cutting various patterns into the surface or with
various sandwich structures, from solid wood and wood particles to polymers (Fathi et al.
2013; Gaff et al. 2017b). A variety of physical qualities can be used to determine the
bendability characteristic, such as the force at the limit of proportionality (Fg), deflection
at the limit of proportionality (Ye), force at the modulus of rupture (Fp), and deflection at
the modulus of rupture (Yp) (Gaff et al. 2015; Sikora et al. 2017; Svoboda et al. 2017).
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Unlike the strength, the bendability depends on the thickness of the material. This
property is therefore most often expressed as the ratio of the material thickness to the
minimum curve radius (Rmin), i.e., the coefficient of bendability (Kbend) (Gasparik and
Gaff 2015; Gaff et al. 2016).

The development of methods, mathematical models, and characteristics used to
describe materials is progressing rapidly (Bal 2014). This progress highlights the effort in
the development of material engineering to produce materials that meet specific customer
requirements, as well as the environmental and economic requirements of production. This
development is also associated with the testing of new types of materials that could replace
materials that are more expensive and environmentally more valuable, such as wood (Bao
etal. 2001). There is an increasing need to develop new materials using alternative sources,
predominantly lignocellulosic post-harvest residues (Wang and Sun 2002). The main
advantages of these raw materials are that they are renewable, recyclable, sustainable, and
they can mean a positive difference between the environment of today and that of tomorrow
(Guler et al. 2006; El-Kassas and Mourad 2013; Marinho et al. 2013). The world has a
large amount of lignocellulosic residues (approximately 2.4 trillion tons) that is suitable
for the production of composite materials and are produced every year after the end of the
agricultural season. These residues are either burned or left on the ground, but the fibers of
these raw materials have many advantages over some synthetic fibers (Taj et al. 2007).
These residues include flax, hemp, wheat straw, barley, rapeseed stalks, and more (Bond
and Ansell 1998).

Rapeseed (Brassica napus L.) is an agricultural crop with a prospective
development in the Czech Republic. Although it is not the most widely planted agricultural
crop, it is still a relatively important crop for the Czech economy, and the secondary
product (stalk) is a suitable material for the production of composite materials. Figure 1
shows the growing tendency for the utilization of sowing areas in hectares for rapeseed in
the Czech Republic, according to the Czech Statistical Office. The yield per hectare of
rapeseed stalk throughout Europe ranges from 3 tons to 10 tons.
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Fig. 1. Increase in the sowing area of rapeseed from 1980 to 2017

The growth of rapeseed, as well as the properties of this material, ranks it among
materials with a high potential for use in the manufacture of composite materials (Guntekin
et al. 2014).
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Another equally important factor in the development of the material engineering
industry is the correct identification and quantification of material properties (Bal 2014). It
has become evident that even today, characteristics that adequately describe important
material properties have not been derived and thoroughly examined (Gaff et al. 2016,
2017a). A drawback of this industry is that the applied methods are based on approaches
introduced in times when the possibilities that modern technology currently offer were non-
existent. The implementation of new scientific knowledge (in the form of mathematical
models) and the approaches to its identification, on the basis of which important material
characteristics can be correctly and quickly identified and quantified, are equally important.

The present study combined the synergistic effect of all of the above-mentioned
properties with the implementation of new knowledge in the form of mathematical models
in the testing of new materials. New information technology was used to identify important
parameters.

EXPERIMENTAL

Materials

Rapeseed chips were used to produce chipboard. The fraction of chips used is
shown in Table 1. Two modification methods were chosen, which were hydrothermal
modification and modification in an alkaline environment. The hydrothermal modification
consisted of boiling the chips in water for 45 min and 100 °C. The boards produced from
these chips were marked with H.O. The modification in an alkaline environment also lasted
for 45 min (temperature of solution was 25 °C), and the chips were soaked in a 2% sodium
hydroxide solution. The boards produced from these chips were marked with NaOH. To
determine the effect of the modifications, boards from raw unmodified rapeseed chips were
also produced, and these boards were marked with R. These boards produced by us were
12 mm thick. Two commercial materials were chosen for comparison of the properties of
the manufactured boards: a 12-mm thick particle board (PB) (P2 for furniture use) and a
12-mm thick oriented strand board (OSB) (type 3 - load-bearing board for use in humid
environments).

Table 1. Representation in the Fractions of the Chopped Rapeseed Straw

Length fraction 0-0.25 | 0.25-0.5 | 0.5-0.8 | 0.8-1.6 1.6-2 2-3.15 3.15-8
(mm)

Representation, 1.2 2.8 4.8 394 20.1 23.1 8.6
mass (%)

DAKOTEX2600, which is a powder glue based on polyester and epoxy resin
(Dakota Coatings N. V., Nazareth, Belgium), was used to create the boards. The resination
was 10%, and the boards were pressed in a laboratory press (Strozatech, Brno, Czech
Republic). The following pressing parameters were chosen: a pressure of 2.3 MPa, press
plate temperature of 185 °C, pressing time of 10 min, and press closing speed of 150 s.
After 10 min, a temperature of 170 °C was reached in the middle of the boards.

The specimens were conditioned to a standardized equilibrium moisture content
under a relative humidity of 65% + 5% and temperature of 20 °C £ 2 °C in a HCP 108
climate chamber (Memmert, Schwabach, Germany). Thirty samples were used for each set
of specimens.
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Figure 2 shows the vertical density profiles of the tested materials. While the PB
and OSB boards had typical M-shaped vertical density profiles, the boards produced by the
authors had opposite density profiles, with the highest density in the middle of the board.

1000
800 / \‘\_’ 77N
\ - p— —_— —_—

600 | —essmio

Density (kg/m?3)
|

Thickness (mm)

—R —H20 —NaOH OSB —PB

Fig. 2. Density profiles measured for the monitored sets of test samples

Methods
Determination of the characteristics

The bending support span was adjusted to a length of 20 times the thickness. The
samples were loaded by three-point bending with a single force in a UTS 50 universal
testing machine (TIRA, Schalkau, Germany) according to EN 310 (1993). The loading
speed was set to 3 mm/min so that the test duration would not exceed 2 min. The loading
forces were measured using the data logger ALMEMO 2690-8 (Ahlborn GmbH, limenau,
Germany).

All of the necessary data were obtained from the force-deflection diagrams. To
identify the characteristics, a program developed by the authors was used that accurately
identified and quantified data that could be obtained from the force-deformation diagram.

Fig. 3. Force—deflection diagram of bending
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Evaluation and calculation

A force-deflection diagram was created using the measured data (Fig. 3), in which
a method that the authors developed for accurately identifying boundary points was
applied.

Determining the boundary points consisted of determining the exact boundaries
between the linear and nonlinear part of the diagram. This is neglected in the standards
used today and therefore, subsequent evaluation is quite inaccurate.

In the next part of this study, a bendability evaluation was done using the minimum
curve radius and coefficient of bendability. For this analysis, Egs. 1, 2, 3, and 4 were used,
which were deduced by the authors in a previous paper (Gaff et al. 2016).

The minimum curve radius (Rming) (EQ. 1) and coefficient of bendability (Koends)
(Eg. 2) were based on the bending geometry, and are as follows:

lg Ymax h’

Ruing = 55— - = 1
minB 8 Ymax 2 2 ( )
K _h h @
bendB lenB lg + ymax B ﬁ
87, -1t "2 2

The minimum curve radius (Rminc) (Eg. 3) and coefficient of bendability (Koenac) (EQ. 4)
are based on the basic bending equations that follow,

I

Riine = 3
minC 12 Ymax ( )
h h
12 Yiax

where Rming is the minimum curve radius based on bending geometry (mm), Kpenas is the
coefficient of bendability based on bending geometry, Rminc is the minimum curve radius
based on the basic bending equations (mm), Kuendc is the coefficient of bendability based
on the basic bending equations, Ymax is the maximum deflection (mm), lo is the distance
between supporting radius (mm), and h is the thickness of the sample (mm).

The wood density was determined before and after testing according to ISO 13061-
2 (2014). The moisture content of the samples before and after testing, along with drying
to an oven-dry state were performed according to 1ISO 13061-1 (2014). Drying to an oven-
dry state was also performed according to ISO 13061-1 (2014). The bending strength
values were converted to those that corresponded to a moisture content of 12%, in
accordance with I1ISO 13061-3 (2014).

The effect of individual factors was evaluated using an analysis of variance
(ANOVA), specifically Fisher’s F-test, with the STATISTICA 12 software (Statsoft Inc.,
Tulsa, USA). The results were evaluated using a 95% confidence interval, which represents
a significance level of 0.05 (P < 0.05). To deepen the acquired knowledge, Duncan’s tests
were used to compare the tested sets of specimens.

The effect of the density of the tested materials on the monitored characteristics
was verified by a correlation analysis, and the degree of dependence between the
characteristics was determined based on the coefficient of determination (r?). To determine
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the degree of dependence, the interaction between individual monitored characteristics was
evaluated, for which a correlation analysis and Spearman’s correlation were used.

RESULTS AND DISCUSSION

Table 2 shows the average values of the monitored characteristics, as well as the
corresponding coefficient of variation for the evaluated materials. The table also shows the
average density values measured over the entire cross section of the boards and the average

density of the surface zones (1 mm from the surface) of the material.

Table 2. Mean Values of the YEg, Yp, Fp, FE, Rming, Rminc, KbendB, Kbendc, and the

Coefficient of Variation for the Evaluated Materials

Average Average
Material | Glue | Ye(mm)|Ye (mm)| Fo(N) | Fe(N) Delr—:]rsmltti?/efor Density for a
E P P E Thickness Thickness of 1
(kg/m?) mm (kg/m?3)
2.9 54 108 74
R PSE | 170) | @7 | 183 | (202 582 (10.4) 456.3 (8.2)
3.2 6.6 201 133
HO | PSE | oo | aes | as2) | o) 621 (5.3) 487.3 (4.5)
2.8 6.6 157 93
NaOH | PSE | oo | 155 | 185 | (109) 655 (11.1) 508.7 (6.8)
2.0 238 143
PB UF | e [3908| 63 | ase) 669 (3.0) 862.4 (5.2)
2.9 5.2 458 309
OSB | MUF | 2% | 52 | (106) | (159) 619 (3.2) 677.9 (6.1)
Average
Density for Deﬁ\;(iet;i?sr a
Material | ClU€ | Rmine Rminc | Kbenas | Kbenac ThIiEcnI;“r:ee$s Thickness of 1
(kg/m?) mm (kg/m?)
1282 853 0.009 0.014
R PSE | 14 | @15 | azs | 175 582 (10.4) 456.3 (8.2)
1063 707 0.011 0.017
HO | PSE | oo | 226 | 168 | (68) 621 (5.3) 487.3 (4.5)
1093 726 0.011 0.017
NaOH | PSE | oo | se) | (5.6 | (157 655 (11.1) 508.7 (6.8)
1897 1263 0.006 0.010
PB UF | s | ae | on | @ 669 (3.0) 862.4 (5.2)
1487 990 0.009 0.013
0SB | MUF | 500 | @o0) | o8l | @82) 619 (3.2) 677.9 (6.1)

Values in parentheses are the coefficients of variation (CV) in %; PSE = hybrid polyester/epoxide
adhesive; MUF = melamine-urea-formaldehyde adhesive; UF = urea-formaldehyde adhesive

Based on the level of significance (P), it was apparent that each of the monitored
characteristics was significantly affected by the type of material. In all of the monitored
cases, the probability that this factor had no effect was 0.00%, which meant that this factor
had a statistically significant effect (Tables 3 and 4).
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Table 3. Statistical Evaluation of the Factors Influencing the Ye, Yp, Fp, and Fe

Ye (mm)
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 1139.804 1 1139.804 4578.769 rork
1) Material 22.834 4 5.709 22.932 ol
Error 36.095 145 0.249
The respective model explained roughly 38.7% of the total sum of squares.
Yp (Mm)
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 4623.372 1 4623.372 4255.367 el
1) Material 145.087 4 36.272 33.385 el
Error 157.540 145 1.086
The respective model explained roughly 47.9% of the total sum of squares.
Fe (N
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 8088153 1 8088153 1156.170 rkk
1) Material 2191905 4 547976 78.331 rkk
Error 1014368 145 6996
The respective model explained roughly 68.4% of the total sum of squares.
Fe (N
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 3390107 1 3390107 717.759 rkk
1) Material 1043529 4 260882 55.234 rkk
Error 684861 145 4723

The respective model explained roughly 60.4% of the total sum of squares.
NS - not significant, *** - significant, where significance was accepted at P < 0.05

Figure 4 shows the values of the Ye and Yp. It was clear from the values in the graph
that the highest Ye was measured in the material developed with the hydrothermally
modified chips (H20). In the other cases (R, NaOH, PB, and OSB), the Ye values were
significantly lower. The highest Yp was measured in the H.O and NaOH materials, with no
statistically significant difference found between the Yp values of these two materials. The
other monitored specimen sets (R, PB, and OSB) had significantly lower values than the
modified specimen sets (H2O and NaOH). The significantly lowest Yp values were
measured with the PB material.

The above results indicated that the materials developed in this work (R, H20, and
NaOH) had higher bendability values than the commercially available materials (PB and
OSB), which was characterized by measured Ye and Yp values. Sikora et al. (2017) also
dealt with the assessment of the bendability based on the values of the Ye and Yp. The Ye
values ranged from 1.7 mm to 25.4 mm depending on the material thickness and wood
species.
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Table 4. Statistical Evaluation of the Factors Influencing the Rmins, Rminc, Kbends,

and Kbendc
RminB
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 27931213793.51 1.000 279314;793.51 3804.955 .
1) Material 14099251.711 4.000 3524812.928 48.017 rkk
Error 10644185.168 | 145.000 73408.174
The respective model explained roughly 100% of the total sum of squares.
RminC
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 12363%360.87 1.000 12363%360.87 3775.832 -
1) Material 6286086.973 4.000 1571521.743 47.994 rkk
Error 4747861.022 145.000 32743.869
The respective model explained roughly 100 % of the total sum of squares.
KbendB
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 0.013 1.000 0.013 4259.588 rkk
1) Material 0.000 4.000 0.000 37.744 rkk
Error 0.000 145.000 0.000
The respective model explained roughly 100% of the total sum of squares.
KbendC
Monitored Sum of Degree . Fisher's | Significance
of Variance
Factor Squares F - test Level P
Freedom
Intercept 0.030 1.000 0.030 4218.593 il
1) Material 0.001 4.000 0.000 37.675 ok
Error 0.001 145.000 0.000

The respective model explained roughly 100% of the total sum of squares.
NS - not significant, *** - significant, where significance was accepted at P < 0.05

Figure 5 shows the Fe and Fp measured for the monitored sets of test specimens. It
was clear from the values in the graph that the highest values of the Fe and Fp were
measured in the OSB materials. In contrast, the significantly lowest values were measured
in the R material developed in this work.

The results also showed that the H,O material can withstand the same stress as the
PB material at the modulus of rupture, as well as the limit of proportionality, which was
considered a positive property of this material. The results of Svoboda et al. (2017) showed
that for aspen wood a force of 600 N is needed to achieve deflection at the limit of
proportionality, and a 1100-N force is needed to achieve deflection at the modulus of
rupture.
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Figure 6 shows the values of the minimum curve radius evaluated according to the
methodology of Gaff et al. (2016). The difference between the Rming and Rminc Values was
approximately 51%, which was consistent with the data reported by Gaff et al. (2016). The
highest minimum curve radius values were measured in the PB. The lowest minimum curve
radius was measured in the H,O and NaOH samples. The difference between these sets of
specimens was statistically insignificant.

The highest Koend Was measured in the H,O and NaOH sets of specimens, and the
lowest values were measured in the PB set of test specimens (Fig. 7). The results showed
that the materials developed in this work (R, H20, and NaOH) had significantly higher
bendability values than the commercially available materials (PB and OSB).

In the study (Gaff et al. 2016), the Kpengs and Kpendc Of beech and aspen wood were
analyzed, and the results of the work showed that there was a 51% difference in the
measured values, which coincides with the data measured in this study.
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Fig. 6. Effect of the material on the minimum curve Fig. 7. Effect of the material on the coefficients of
radius bendability
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The Duncan’s test results show differences between the monitored characteristics
of the compared sets of specimens, and are shown in Tables 5 and 6. The data in Table 5
indicated the following findings:
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» In the case of the Yg, there was no statistically significant difference between the R

and NaOH specimens (P = 0.467), OSB and NaOH specimens (P = 0.222), and R
and OSB specimens (P = 0.566). In the other monitored cases, statistically
significant differences in the measured values with a significance level of 0.000
were found.

In the case of the Yp, a statistically insignificant difference was confirmed between
the H,O and NaOH specimens (P = 0.990), and R and OSB specimens (P = 0.427).
In the other monitored cases, statistically significant differences in the measured
values with a significance level of 0.000 were found.

In the case of the Fp, a statistically insignificant difference was found between the
H>0 and PB specimens (P = 0.0083). Between the other sets of test specimens, the
difference was statistically very significant with a significance level of 0.000.

The last monitored characteristic in Table 5 was the Fe. Based on the significance
level, it was concluded that there was no significant difference between the values
measured for the R and NaOH specimens (P = 0.271), and H20 and PB specimens
(P = 0.589). In the other monitored cases, the differences in the measured values
were statistically very significant with a significance level of 0.000.

Table 5. Comparison of the Effect of the Material on the Ye, Yp, Fp, and Fe using
Duncan’s Test

Ye (mm)
- 1) 2 3 4) %)
Material 28527 | 32083 | 27500 | 2.0362 | 2.9266
1 R 0.008 0.467 0.000 0.566
2 H,0 0.008 0.001 0.000 0.029
3 NaOH 0.467 0.001 0.000 0.222
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.566 0.029 0.222 0.000
Yp (Mm)
- 1) (2 3 4) %)
Material 5.4463 | 6.5733 | 6.5765 | 3.9303 | 5.2323
1 R 0.000 0.000 0.000 0.427
2 H,O 0.000 0.990 0.000 0.000
3 NaOH 0.000 0.990 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.427 0.000 0.000 0.000
Fe (N)
- 1) 2 (3 4) 5)
Material 107.80 | 200.67 | 156.70 | 238.15 | 457.72
1 R 0.000 0.024 0.000 0.000
2 H,0 0.000 0.042 0.083 0.000
3 NaOH 0.024 0.042 0.000 0.000
4 PB 0.000 0.083 0.000 0.000
5 OSB 0.000 0.000 0.000 0.000
Fe (N)
- 1) 2 (3 4) 5)
Material 73.540 | 133.10 | 93.085 | 14270 | 309.25
1 R 0.001 0.271 0.000 0.000
2 H,O 0.001 0.024 0.589 0.000
3 NaOH 0.271 0.024 0.007 0.000
4 PB 0.000 0.589 0.007 0.000
5 OSB 0.000 0.000 0.000 0.000
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The data in Table 6 indicated the following findings:

» The Rming Was significantly affected by the material with a significance level of
0.000. The effect of the material was not confirmed between the H.O and NaOH
materials, which had a significance level of 0.671.

> In the case of the Rminc, the same conclusions as for the Rming Were reached.

» Very significant differences between the Kpends and Krendgc Were confirmed by
Duncan’s test, which indicated a very significant difference between the values
measured in the individual materials, with a significance level of 0.000. An
insignificant difference was measured between the R and OSB sets of specimens
(P = 0.148), and H20 and NaOH specimens (P = 0.632).

Table 6. Comparison of the Effect of the Material on the Rmins, Rminc, Kbends, and
Kbendc using Duncan’s Test

RminB
- 1) (2 3 4) %)
Material 12825 | 1063.1 | 1092.9 | 1897.0 | 1487.4
1 R 0.002 0.007 0.000 0.003
2 H,O 0.002 0.671 0.000 0.000
3 NaOH 0.007 0.671 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.003 0.000 0.000 0.000
RminC
- 1) (2 3 4) %)
Material 852.18 | 706.56 | 726.40 | 1263.3 | 989.88
1 R 0.002 0.007 0.000 0.003
2 H,O 0.002 0.671 0.000 0.000
3 NaOH 0.007 0.671 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.003 0.000 0.000 0.000
KbendB
: 1) (2 3 4) %)
Material 00937 | .01130 | .01108 | .00645 | .00872
1 R 0.000 0.000 0.000 0.148
2 H,O 0.000 0.632 0.000 0.000
3 NaOH 0.000 0.632 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.148 0.000 0.000 0.000
KbendC
: 1) (2 3 4) %)
Material 01409 | .01701 | .01668 | .00969 | .01310
1 R 0.000 0.000 0.000 0.150
2 H,0 0.000 0.631 0.000 0.000
3 NaOH 0.000 0.631 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.150 0.000 0.000 0.000
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Correlation Dependence of the Monitored Characteristics and Density
The statistical significance of the monitored factors is shown in Table 7.

Table 7. Analysis of the Dependence of the Individual Factors on the Material
Density using Correlation Analyses and Coefficient of Determination of the YE,

Yp, Fp, and Fe
Average Density for Entire Thickness
. r? for Ye r? for Yp r? for Fp r? for Fe
Material | Glue
(mm) (mm) (N) (N)
R PSE *k% * k% *kkk *%*
HZO PSE * * *k% *
NaOH PSE *% *% *% *%
PB UF * * *k% *kkk
OSB | MUF * * i i
Average Density for a Thickness of 1 mm
. r? for Ye r? for Yp r? for Fp r? for Fe
Material | Glue
(mm) (mm) (N) (N)
R |PSE * * * *
H.O | PSE * * * *
NaOH PSE *% *% *% *%
PB UF * *% ** *
OSB | MUF * * * *

*r2 < 10% - low tightness; **10% < r? < 25% - slight tightness; ***25% < r? < 50% - significant

tightness; ****50% < r? < 80% - high tightness; *****80% < r? - very high tightness

Table 8. Analysis of the Dependence of the Individual Factors on the Material
Density using Correlation Analyses and Coefficient of Determination of the Rmins,
Rminc, Kbends, and Kpendc

Average Density for Entire Thickness
2 . 2 . 2 2
Material | Glue | " for Rming | r“ for Rminc r# for r# for
(mm) (mm) KbendB Kbendc
R PSE * *kk *k%k *k%k
H.O PSE * * * *
NaOH | PSE * ** ** ok
PB UF * * * *
OSB | MUF * * * *
Average Density for a Thickness of 1 mm
2 . 2 . 2 2
Material | Glue | " for Rming | r* for Rminc r# for r# for
(mm) (mm) Kbends Kbendc
R PSE * * * *
H.O PSE * * * *
NaOH | PSE * o b ok
PB UF * *% *% *%
OSB | MUF * * * *

*r2 < 10% - low tightness; **10% < r? < 25% - slight tightness; ***25% < r? < 50% - significant

tightness; ****50% < r2 < 80% - high tightness; *****80% < r2 - very high tightness
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The statistical significances of the correlation coefficients among the factors are
shown in Table 8.

Correlation Analysis of the Dependence Between the Monitored
Characteristics in the Monitored Materials
The results of the correlation analysis showed that there was a high degree of
dependence between all of the monitored characteristics in the case of the R material.
The degree of dependence between the monitored characteristics in the H2O,
NaOH, PB, and OSB materials was not as clear as in the case of the R material. There were
relationships between characteristics with degrees of dependence where the significance

level was less than 50%.

A graphical representation of the correlation dependencies found in individual
materials is shown in Figs. 8 to 12. The results presented in Table 9 and Figs. 8 to 12
showed a clear relationship between the increase in the values of one of the monitored
characteristics, which affected the increase or decrease in other monitored characteristics.

Table 9. Spearman’s Correlation for Each Evaluated Material

R

Variable | Ye(mm) (r:r;) FE(N) | Fp(N) | Rmins | Rminc | Koends | Kpendc
Ye(mm) 1.000 0428 | 0721 | 0.614 | -0.443 | -0.443 | 0.420 | 0.420
Yp (Mm) 0.428 1.000 0.616 0.685 -0.990 -0.990 | 0.994 | 0.994
Fe (N) 0.721 0.616 1.000 0.962 -0.660 -0.660 | 0.633 | 0.633
Fr (N) 0.614 0.685 0.962 1.000 -0.728 -0.728 | 0.705 | 0.705

RminB - -
-0.443 -0.990 -0.660 -0.728 1.000 1.000 0.997 | 0.997

RminC - -
-0.443 -0.990 -0.660 -0.728 1.000 1.000 0.997 | 0.997
Kbends 0.420 0.994 0.633 0.705 -0.997 -0.997 1.000 | 1.000
Kbendc 0.420 0.994 0.633 0.705 -0.997 -0.997 1.000 | 1.000

H.O

Variables (r:;) (r:r;) FE(N) | Fp(N) | Rmins | Rminc | Koenae | Kbendc
Ye(mm) 1.000 0.654 0.430 0.028 -0.606 -0.606 | 0.636 | 0.636
Yp (Mm) 0.654 1.000 0.191 0.214 -0.983 -0.983 | 0.991 | 0.991
Fe (N) 0.430 0.191 1.000 0.783 -0.202 -0.202 0.203 | 0.203
Fe (N) 0.028 0.214 0.783 1.000 -0.271 -0.271 0.240 | 0.240

RminB = -
-0.606 -0.983 -0.202 -0.271 1.000 1.000 0.996 | 0.996

RminC - -
-0.606 -0.983 -0.202 -0.271 1.000 1.000 0.996 | 0.996
Kbends 0.636 0.991 0.203 0.240 -0.996 -0.996 1.000 | 1.000
Kbendc 0.636 0.991 0.203 0.240 -0.996 -0.996 1.000 | 1.000
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NaOH
Vari Ye Ye . _
iable (mm) (mm) Fe (N) Fp (N) Rming Rminc Kbends | Kbendc
Ye(mm) 1.000 | 0.073 | 0484 | 0.242 | -0.065 | -0.065 | 0.052 | 0.052
Ye (mm) 0.073 | 1.000 | 0.166 | 0.423 | -0.962 | -0.962 | 0.980 | 0.980
Fe (N) 0.484 | 0.166 | 1.000 | 0.905 | -0.307 | -0.307 | 0.254 | 0.254
Fe (N) 0.242 | 0423 | 0905 | 1.000 | -0.566 | -0.566 | 0.519 | 0.519
RminB - -
-0.065 | -0.962 | -0.307 | -0.566 | 1.000 | 1.000 | ;oos | 0994
RminC - -
-0.065 | -0.962 | -0.307 | -0.566 | 1.000 | 1.000 | ;oos | 0994
Kbends 0.052 | 0980 | 0254 | 0519 | -0.994 | -0.994 | 1.000 | 1.000
Kbendc 0.052 | 0980 | 0254 | 0519 | -0.994 | -0.994 | 1.000 | 1.000
PB
. Ye Yp ) )
Variable (mm) (mm) Fe (N) Fp (N) Rmins Rminc Kbends | Kbendc
Ye(mm) 1.000 | 0172 | 0751 | 0.233 | -0.254 | -0.254 | 0.208 | 0.208
Yp (Mmm) 0.172 | 1.000 | 0.138 | 0.486 | -0.979 | -0.979 | 0.995 | 0.995
Fe (N) 0.751 | 0.138 | 1.000 | 0.635 | -0.242 | -0.242 | 0.188 | 0.188
Fe (N) 0.233 | 0486 | 0635 | 1.000 | -0.549 | -0.549 | 0.518 | 0.518
RminB - -
-0.254 | -0979 | -0.242 | -0.549 | 1.000 | 1.000 | oo0 | o geg
RminC - -
-0.254 | -0979 | -0.242 | -0.549 | 1.000 | 1.000 | ;ooo | o geq
Kbenas 0.208 | 0995 | 0.188 | 0.518 | -0.990 | -0.990 | 1.000 | 1.000
Kbenac 0.208 | 0995 | 0188 | 0518 | -0.990 | -0.990 | 1.000 | 1.000
OSB
Vari YE Yp . .
ariable (mm) (mm) Fe (N) Fp (N) Rmins Rminc Kbends | Kbendc
Ye(mm) 1.000 | 0317 | 0.332 | 0.268 | -0.355 | -0.355 | 0.340 | 0.340
Ye (mm) 0.317 | 1.000 | -0.299 | -0.051 | -0.992 | -0.992 | 0.996 | 0.996
Fe (N) - -
0.332 | -0.299 | 1000 | 0884 | 0258 | 0.258 | ;.00 | 73
Fe (N) - -
0.268 | -0.051 | 0.884 | 1.000 | 0.008 | 0.008 | ;o5 | 9020
RminB - -
-0.355 | -0.992 | 0.258 | 0.008 | 1.000 | 1.000 | ;oo | ¢ gq7
Rminc - -
-0.355 | -0.992 | 0.258 | 0.008 | 1.000 | 1.000 | oo | ¢ oo
Kbends 0.340 | 0996 | -0.273 | -0.022 | -0.997 | -0.997 | 1.000 | 1.000
Kbendc 0.340 | 0.996 | -0.273 | -0.022 | -0.997 | -0.997 | 1.000 | 1.000
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Fig. 12. Correlation matrix of the evaluated characteristics for the OSB material

CONCLUSIONS

1. This article described the bendability of composite materials using completely new
software and mathematical models.

2. The results provided comprehensive information about the properties of new composite
materials produced from rapeseed residues, as well as commercially available materials
with properties that have been unknown until now (PB and OSB).

3. The results indicated that rapeseed can fully replace precious raw materials (wood),
and thus increase the protection of the natural environment and ensure the better
utilization of waste, which undoubtedly has an impact on the economic indicators of
society.

4. The results showed that the materials developed by the authors had significantly higher
bendability values (H.O and NaOH) than the commercially produced materials (PB
and OSB). These materials can replace commercially produced materials, which are
used for the production of bent furniture components. The properties of the rapeseed
boards can be technologically modified.

5. The research showed that biocomposites produced with renewable and available raw
materials have excellent bending characteristics, and it is possible to use these materials
for special applications.
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Utilisation of Winter Rapeseed in Wood-based Materials
as a Solution of Wood Shortage and Forest Protection

Petra Gajdacova,? Stépan Hysek,** and Vilém Jarsky 2

Due to various factors, there is evidence that there will be a future lack of
wood materials in the woodworking and energy sectors, as well as other
sectors. This has been confirmed definitively through the most recent
developments. Possible solutions include the partial replacement of
wood in composite materials by post-harvest remnants of agricultural
crops. Unlike wood matter, however, these stems need surface pre-
treatment before they can be used to produce composite materials. In
this study the effects were compared for two pre-treatments of stems
(alkaline and hydrothermal) of rapeseed (Brassica napus L.), maize (Zea
mays L.), and wheat (Triticum aestivum L.). The effects were compared
using the contact angle between water and the surfaces of the stems.
Hydrothermal modification yielded a statistically significant reduction in
the contact angle between water and the stem surfaces of winter
rapeseed and maize; likewise, alkaline modification yielded a statistically
significant reduction in the contact angle between water and the stem
surface of maize. The possibility of using winter rape to produce
composite materials was further evaluated and comprehensively
assessed using SWOT analysis.

Keywords: Rapeseed; Wheat; Maize; Straw; Wood; Forest; Surface modification

Contact information: a: Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague,
Kamycka 1176, 165 21 Prague 6 — Suchdol, Czech Republic; *Corresponding author: hyseks@fld.czu.cz

INTRODUCTION

Forests are a source not only of goods but also of ecological services and socio-
cultural benefits (Stenger et al. 2009; Sisak et al. 2016). The increased demand for wood,
however, can pose a threat to the performance of these non-production functions of
forests (Balest et al. In Press). Locally and globally, the demand for wood material is
increasing, with the greatest needs for its supply, in terms of volume, coming from not
only various wood and energy sectors but also from the paper, chemical, and other
sectors of national economies (Seintsch 2011; Lauri et al. 2012). For example in the
Czech Republic, where the production potential of forests is well known (Pulkrab at al.
2015), wood-processing companies are facing a shortage of logs even now, with their
economic performance declining (Sujova et al. 2017). Unfortunately, the growth figures
for wood matter are not large enough to meet the ever-increasing demand for its supply
(Bostedt et al. 2016). It is estimated that by 2030 there will be an increase of 73% in the
demand for wood (compared with 2010), with a shortfall of 316 million m® (Mantau et al.
2010). To avert the threat of a shortage of wood for industrial use, other actions need to
be implemented in cooperation with silvicultural actions, strategies, and measures
(Mburu et al. 2007; Ye et al. 2007; Dieter and Seintsch 2012; Temperli 2017). Legal
regulation for the protection of forests appears to be an evident and necessary instrument
for coordinating the expected situation.
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Comprehensive legislation does not exist within the European Union, even though
forest cover accounts for 38% of the surface area of the region. The main reasons for this
are the distinct types of geoclimatic diversity and the circumstance that only six member
states occupy some two thirds of the total area. This would make any compact European
legislation quite extensive or even confusing and, in most member states, impossible to
apply in practice. Therefore, member states stipulate the conditions for the protection of
forests at the national legislative level (European Parliament 2017). In the Czech
Republic, Czech Parliament Act No. 289/1995 (1995) is the main piece of legislation and
is further supplemented, in particular, by decrees issued by the Ministry of Agriculture.
The main task of the Forest Act is, according to the provisions of its Section 1, to specify
the prerequisites for the preservation, management, and regeneration of forests as a
national resource while still allowing permanent economic activities in the area; such
activities are possible in forests, whether national or private, but compliance with all the
conditions for the sustainable development of forests is required.

In the future, demand for wood will continue to increase because of the need to
reduce CO2 emissions and, in particular, to replace energy-consuming materials such as
concrete and steel. Another driver of demand will be the goal to eliminate fossil raw
materials in both the energy and processing industries, motivated not only by the need to
reduce CO2 emissions but also because deposits of fossil raw materials will gradually
become exhausted in the long term (Lauri et al. 2012; Temperli et al. 2017). This implies
that, in addition to forestry and legal measures, which alone cannot fully protect the
performance of the non-production functions of forests in the long term, it will be
necessary to look for other natural sources of cellulose and lignin. This involves annual
and biennial plants because their stems, which also consist of cellulose and lignin, can be
utilised for the manufacture of materials (Halvarsson et al. 2010; Marinho et al. 2013;
Hysek et al. 2016) as well as for energy purposes (Haq et al. 2016; Taha et al. 2016).
Post-harvest remnants of agricultural crops appear to be promising materials (Guler et al.
2006; Belini et al. 2012; El-Kassas and Mourad 2013; Castkova et al. 2018). Unlike with
wood matter. However, the production of composite materials from the stems of
agricultural crops typically requires that the surfaces of these stems be pre-treated, in
order to disrupt the waxy layer that inhibits high-quality bonding between the particle and
the adhesive (Bekhta et al. 2013; Castkova et al. 2018).

Pre-treatment of rapeseed particles by both boiling in water or soaking in NaOH
solution led to morphological changes of the particle surface and statistical significant
decrease of some elements (Ca, K, Mg, and S) in the particle mass (Castkova et al. 2018).
Bekhta et al. 2013 reported that soaking in acetic anhydride solution, as well as boiling in
soapy solution or in water enhanced the adhesion between wheat straw particle and urea
formaldehyde adhesive, which consequently led to increase of mechanical properties.

This aim of this report is to determine the effects of different types of stem pre-
treatment on the surface properties of the stems of rape, maize, and wheat modified in
this way. Furthermore, the report seeks to evaluate more comprehensively the possibility
of using stems of winter rapeseed for the production of composite materials.
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EXPERIMENTAL

Materials

In order to compare the effect of modification on contact angle between stalk
surface and water, three kinds of stalks were used: rapeseed (Brassica napus L.), maize
(Zea mays L.), and wheat (Triticum aestivum L.). All plants were grown in the Czech
Republic in the Central Bohemian Region.

Methods

Two kinds of surface pre-treatment (modification) were tested: hydrothermal
modification and alkaline modification. A third group was left untreated as a control.
The hydrothermal treatment was carried out by boiling in water for 45 min. In the
chemical treatment, the particles were soaked in 2% sodium hydroxide (NaOH) solution
at 20 °C for 45 min. After both modifications, particles were carefully flushed with water
and then oven dried to 6% moisture content (Castkova et al. 2018).

To determine the wettability of treated and untreated surface of stalks, the contact
angle of the water and stalk surface was measured using a DSA 30E goniometer (Kriss
GmbH, Hamburg, Germany). The contact angle was measured only on the exterior
surface of stalks. Thirty (30) measurements of static contact angle were made for each
straw modification. The volume of each distilled water droplet was 5 pL, with the
measurement taken 5 s after the application. Contact angle was measured using image
analysis software (Castkova et al. 2018).

The morphological changes of surface of stalks were observed with a MIRA 3
scanning electron microscope (Tescan Orsay Holding, Brno, Czech Republic) with a
secondary electron detector operated at 15 kV acceleration voltage.

To evaluate measured data, descriptive statistics (arithmetic mean, minimum,
maximum, standard deviation, and coefficient of variation) were calculated. A two-way
analysis of variance was used to determine whether any of the pairwise differences
among the various arithmetic means were significant. The Tukey post hoc test was
employed to determine the significant differences between group means. Computations
were carried out using Statistica 12 software (StatSoft, Tulsa, OK, USA). A significance
level of a = 0.05 was selected.

An analysis of strengths, weaknesses, opportunities, and threats (SWOT analysis)
was made for boards based on oilseed rape stems in order to evaluate the possibilities of
using winter oilseed rape for the production of composite materials; it is presented in the
Results and Discussion section.

RESULTS AND DISCUSSION

Surface Modification

Table 1 lists the arithmetical averages, minimum and maximum figures, standard
deviations, and coefficients of variation for the data sets of measured contact angles
between water and the surfaces of three types of plant stems for three surface treatment
variants. In accordance with theoretical assumptions, the greatest contact angles between
water and the straw surfaces were achieved in untreated stems in all three species of
plants. The highest figures were reached for maize; however, the differences between
plants were not statistically significant. Both types of modification caused the desired
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effect, a reduced contact angle between water and the surfaces of the stems. The lowest
figures were recorded for maize stems modified in an alkaline environment.

Table 1. Descriptive Statistics of Measured Contact Angle Values

Straw Modification | Mean (°) | Minimum (°) | Maximum (°) Ds\t/?ant?oar{%) Sgﬁg{%ﬁn(t(;s ;
Hydrothermal | 82.7 68.85 112.70 104 12.6
Rapeseed Alkaline 91.1 79.01 100.90 6.3 6.9
Untreated 94.1 70.70 109.90 9.6 10.2
Hydrothermal | 83.9 71.59 98.15 6.9 8.2
Maize Alkaline 76.8 53.39 97.09 8.6 11.2
Untreated 94.8 79.13 104.82 5.6 5.9
Hydrothermal | 89.6 70.73 108.50 11.4 12.8
Wheat Alkaline 85.0 69.42 98.41 7.7 9.1
Untreated 91.3 62.40 107.05 10.8 11.8

The two-factor analysis of variance shown in Fig. 1 depicts the relationship
between the contact angle and the type of stem or surface treatment; Table 2 shows the
statistical significance for pairwise differences. The results show that the hydrothermal
modification significantly reduced the contact angle between the water and the surfaces
of the maize and rape stems. Alkaline modification, in contrast, yielded a statistically
significant reduction in contact angle in maize stems only. Using a 0.05 level of
significance, alkaline modification of wheat stems did not have a statistically significant
effect on the contact angle. Modification by sodium hydroxide solution did reduce the
contact angle between water and rape stems, but this difference was not statistically
significant either. For rape straw, hydrothermal modification seems to be a suitable type
of surface treatment, based on these results. For maize stems, alkaline modification can
be used in addition to the hydrothermal variant; however, if a cheaper variant is preferred,
hydrothermal modification would be sufficient. From the results obtained, the selected
types of modification seem to be inappropriate for modification of the surface of wheat
straw.

The contact angle generally presents a high variability among plant materials
(Oberhofnerova and Panek 2016), and increased variability is also evident from the
results obtained in this work. The considerable variability of the measured data,
unfortunately, caused some of the rather large differences to be statistically insignificant.
For example, no statistically significant difference between hydrothermal and alkaline
modifications was demonstrated for maize stems, and no influence of modification at all
was demonstrated for the contact angle of wheat straw.
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Fig. 1. ANOVA - effect of straw and modification on contact angle (Note: vertical bars depict 95%
confidence intervals)

Table 2. Appropriate Statistical Significances of Differences in Fig. 1

Straw R R R M M M w w w

Straw Modification H A U H A U H A U
R H S. S. n.s. n.s. S. n.s. n.s. S.
R A S. n.s. S. S. n.s. n.s. n.s. n.s.
R U S. n.s. S. S. n.s. n.s. S. n.s.
M H n.s. S. S. n.s. S. n.s. n.s. S.
M A n.s. S. S. n.s. S. S. S. S.
M U S. n.s. n.s. S. S. n.s. S. n.s.
W H n.s. n.s. n.s. n.s. S. n.s. n.s. n.s.
W A n.s. n.s. S. n.s. S. S. n.s. n.s.
wW U S. n.s. n.s. S. S. n.s. n.s. n.s.

Note: R = Rapeseed, M = Maize, W = Wheat; H = Hydrothermal, A = Alkaline, U = Untreated;

s. = significant, n.s. = not significant

In Fig. 2a-i are depicted morphological changes of rapeseed, maize and wheat
stalks after different modifications. It can be seen that both hydrothermal and alkaline
modification caused visible changes in the surface structure of stems. In Figs. 2g-h one
can observe loss of the top layer (epidermis) of the wheat stem surface. Pores of untreated
stems are sunk in the top layer, whereas pores of modified stems are protruding, because
the top layer is missing. Maize stalks exhibited visual changes of stem surface only after
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alkaline treatment. The damage of maize stem surface by hydrothermal treatment was not
visible, despite the fact that the decrease of water contact angle was significant. It can be
assumed that boiling water did not cause any morphological changes of the maize
surface, but only washed the stems and thus the water contact angle was lower. Also any
damage of rapeseed stem surface was caused by hydrothermal treatment. Rapeseed stems
evidenced changes of surface only after alkaline modification. On the rapeseed, maize
and wheat stems were deposited crystals of Ca after alkaline treatment. These crystals
were precipitated by sodium hydroxide (Castkova et al. 2018).
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Fig. 2. Electron micrographs of rape, maize and wheat straw surfaces (magnification 1000x). (a)
Hydrothermal modified rape stalk, (b) alkaline modified rape stalk, (c) untreated rape stalk, (d)
hydrothermal modified maize stalk, (e) alkaline modified maize stalk, (f) untreated maize stalk, (g)
hydrothermal modified wheat stalk, (h) alkaline modified wheat stalk, and (i) untreated wheat stalk

Scientific reports that evaluate the possibility of using post-harvest remnants of
crops have focused mainly on the characteristics of the material produced. If, however,
the present results are to be commercialised, then the issue of producing composite
materials from these crops needs a more comprehensive assessment. Therefore, the
strengths, weaknesses, opportunities, and threats of the production of particle board from
rape stems were analysed. Stems of winter rapeseed were selected as a promising
material, with their production amounting to about 42 million tonnes per annum in the
European Union (Eurostat 2016); unlike stems of wheat and maize, however, they have
not yet found any considerable application. In the European Union, 29.1 million m® of
particle board was produced in 2015 (EPF 2017). Therefore, the current rape stem
production already has the potential to replace almost two times the wood used in particle
boards in the EU (ca. 0.75 tonnes of raw materials are required to produce 1 m® of
particleboards). The possibility of successful replacement of wood in wood-based
materials by rapeseed stems has already been demonstrated (Dziurka et al. 2015;
Dukarska et al. 2017), and the effect of rapeseed particle pre-treatment by hydrothermal
and alkaline treatment on the disrupting of the surface layer has also already been
estimated and reported (Céstkova et al. 2018).

SWOT Analysis of Making Particle Board from Rape

Strengths

e Low purchasing costs (waste not used): Rape stems are currently not used; they are
turned to chips during harvest and left on the field or used for energy purposes at the
most (Karaosmanoglu et al. 1999; Zabaniotou et al. 2008; Diaz et al. 2009). As this
involves unused harvest remnants, low purchasing costs can be assumed.

e Widespread availability: In 2017, there was in The Czech Republic a total of 407
thousand hectares of land sowed with rape, which represents 16.5% of the total

Gajdacova et al. (2018). “Rapeseed-Wood Composites,” BioResources 13(2), 2546-2561. 2553



PEER-REVIEWED ARTICLE b | oresources.com

sowing area of this country (CSO 2017). For stems, yield per hectare in Europe is 3 to
10 t/ha, meaning that in 2014 the European Union produced around 42 million tonnes
of stems (Eurostat 2016). Widespread availability and huge produced amounts of rape
stems are reported from all over the word, as from China (Huang et al. 2016), Poland
(Dukarska et al. 2017), Iran (Yousefi 2009), Canada and United States (Oh and
Jamaludin 2015).

e Renewable resource: It is a renewable resource that can be harvested annually to
source lignin and cellulose (Karaosmanoglu 1999).

e Policies of the EU and the Czech Republic: European Union policy supports
sowing large areas of winter oilseed rape, meaning that the crop is highly financially
advantageous for farmers. The European Union has set itself an objective (European
Parliament (EP) Directive 2009/28/EC 2009) to reduce greenhouse gas emissions by
20% compared with the values in 1990. In addition, a directive was adopted
(European Parliament (EP) Directive 98/70/EC 1998) concerning fuel quality that
tasks fuel suppliers to reduce, by 2020, the intensity of greenhouse gas emissions in
fuel mixtures by 6% in comparison with 2010; this provides an incentive for more
extensive use of low-carbon fuels in transportation. Because most of this 6% consists
largely of rape, there is an assumption of high consumption of rape (European
Commission (EC) Report COM(2017) 284 2017). This issue is also elaborated at the
national level; the mandatory content of mineral oil is governed by Czech Parliament
Act No. 353/2003 (2003), where it is established that a mixture of medium oils and
heavy gas oils shall contain at least 30% methyl ester of rapeseed oil (§ 45(2)(c)).
Despite the fact that in the European Union 2" generation biofuels are regarded as
having better prospects, in the Czech Republic biofuels 1t generation from rapeseed
are highly supported, the financial concession can be found in the excise taxes (Act
No. 353/2003 (2003).

e Good mechanical and physical properties: The chemical composition of stems and
the dimensions of rape fibres are similar to those of the wood of broad-leaf trees
(Adapa et al. 2009; Tofanica et al. 2011). The characteristics of composite materials
made of this raw material are comparable with commercially available products based
on wood (Huang et al. 2016; Nikvash et al. 2012; Dziurka et al. 2015; Dukarska et al.
2017).

e The existing technology of particle and fibre boards can be leveraged: Given the
similarities in the composition of rape fibres and particles and those of wood, existing
board production technology could presumably be utilised after modifications.

e Stems can be compressed for storage: Stems of annual and biennial plants contain
pulp, allowing compression of the straw into bales for transportation, handling, and
storage.

e Annual cycle of rape cultivation: The annual cycle of the cultivation of winter
oilseed rape (Su et al. 2014), and the consequent production of straw, is an important
benefit permitting rapid response to changes in the market.

e Low energy intensity of production: The bulk density of rape straw is around 270
kg/m® for 10% moisture content; the particle density is 1,550 kg/m*® (Adapa et al.
2009). Compared with wood, which has a significantly higher density, the stems are
easier and require less energy to disintegrate (Zhu and Pan 2010).
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CO2 emissions reduction: Unlike burning stems in solid form or using them for
biofuel production, making boards binds CO2 in the product for several decades
(Schlamadinger and Marland 1996).

Weaknesses

Variability of the properties: The properties of natural materials exhibit higher
variability compared with artificial materials (Anandjiwala and Blouw 2007; Das et
al. 2012; Hysek et al. 2016).

Soaking and moistening capacity: With free hydroxyl groups contained in the
cellulose fibres, rape fibres can absorb molecules of water from both the air and
liquid water (Hofstetter et al. 2006), which in turn influences the properties of
soaking and moistening of materials produced from these fibres. In composite
materials, however, soaking and moistening capacity can be substantially reduced by
appropriate adhesives and additives (Dukarska et al. 2017).

The technology of collecting straw from fields is not fully developed: Currently,
winter oilseed rape stems are being turned into chips when harvested and left lying in
the fields. For collecting stems, it would be appropriate to use collecting and
packaging units that are already being used for collecting post-harvest remnants of
other crops (Carvalho et al. 2017; Tang et al. 2017).

Production technology is not fully developed: Boards made of rape particles are not
yet commercially produced, though research is currently underway, with objectives
including the development of board production technology. In the case of water-
assisted particle pre-treatment, waste water management could raise costs of this
production.

Demand for environmentally friendly products still low: Demand for
environmentally friendly products is rising, yet only a quarter (26%) of the EU
population “often buy environmentally-friendly products” (Flash Eurobarometer
2013).

Drawing nutrients from the soil: Compared with ploughing stems into the soil,
nutrients are removed from the soil, with the subsequent need for fertilising using
inorganic fertilisers (Su et al. 2014). However, the straw still needs to be ploughed
into the soil for the nutrients to be absorbed. Through the widely used practice of
shallow ploughing, instead of deep ploughing, the quantity of nutrients absorbed is
significantly reduced (Su et al. 2015; Zhu et al. 2016).

Bulkiness of the raw material: Pulp represents a substantial portion of the stem. Due
to the pulp, the density of the stems is 270 kg/m? for approximately 10% humidity,
and bulkiness is greater in comparison with wood (Adapa et al. 2009).

Degradation by biotic factors: Stems of rape can degrade through the action of
biotic factors when stored improperly, as can any other natural lignin-cellulose
material (Anandjiwala and Blouw 2007; Das et al. 2012).

Seasonal nature of the harvest: Given the seasonality of the harvest (Tofanica et al.
2011), it is necessary to put the material into storage in large quantities, with an
associated cost.

Opportunities
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An extensive market of large-area composite materials for construction and
furniture-making applications: In the European Union, 53.8 million m® of wood-
based, large-area composite materials were produced in 2015 (EPF 2017).

Improved economic situation of farmers: Using straw as a by-product from the
production of winter rape provides a significant monetary income to farmers.
Addressing the situation of the wood raw materials shortage: The partial
replacement of wood in lignin- and cellulose-based composite materials by winter
rape can significantly contribute to addressing the lack of wood in various wood-
processing and energy sectors (Ye et al. 2007; Dziurka et al. 2015). This contributes
to protecting the equally important non-production functions of forests as a very
important positive externality.

Legislative support for environmentally-friendly products: Support from national
governments for environmentally-friendly solutions is assumed in the future and can
enhance their propagation in relation to products from non-renewable resources.

Low energy consumption in production: Energy demands for the production of
final products made of wood-based composites is significantly lower than for
products made from concrete, steel, or glass. It is assumed that the production of
boards from rape will use even less energy than production from wood.

Expansion into sectors other than just the furniture-making and construction
industries: While the furniture-making and construction sectors are assumed to be
the major industries in which products made of rape stems could find applications (in
the form of large-area materials), composite materials made of rape stems, such as
composites from fibres and shaped moulded pieces, could find applications in
automotive, shipbuilding, and other industries.

Utilising the stems of plants other than rape: There could be more than just winter
oilseed rape fibres or particles present in the composite materials produced; they
could be combined with other natural fibres or particles according to the purpose
(Nikvash et al. 2012; Oh and Jamaludin 2015).

Threats

Competition from composite materials made of other renewable raw materials:
Research is underway, focusing on the use of other renewable raw materials. Possible
examples for potential use include bamboo (Marinho et al. 2013), sugar cane (Belini
et al. 2012), reeds (Han et al. 2001), flax, hemp, and kenaf (Aisyah et al. 2013;
Papadopoulou et al. 2014).

Concrete lobby: The lobbying activities of conventional construction companies
could significantly hamper the propagation of materials based on wood and other
natural resources; this currently involves legislative disadvantages and the limits
applied to wood structures.

Low consumer awareness: In general, any further growth in production using
renewable raw materials in Europe might be prevented through low consumer
awareness. In Eastern European countries especially, consumers still prevail who
prefer cheaper variants using non-renewable resources to those involving renewable
resources.

Pests: As with any other monoculture, fields of rape are at risk of being damaged by
pests. As the area of monoculture grows, this threat is increasing, making it necessary
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to take agronomic measures. In the case of winter oilseed rape, this involves selective
breeding, proper agronomic practices, treatment of crops against pests, and other
measures (Zegada-Lizarazu and Monti 2010).

Competition from biofuel production: Producing biofuels provides an alternative to
using post-harvest remnants of agricultural crops to produce composite materials; this
primarily involves bioethanol production. Raw materials for producing biofuels are
also not subject to quality requirements of such a high level as are materials intended
for the production of composite materials (Haqg et al. 2016; Taha et al. 2016).
Reduced rape production volume: Any reduced production of winter rape, whether
from a change in the policy that currently results in a higher volume of rape
production compared with other raw materials or from other factors such as decreased
demand for rapeseed oil, poses a significant threat. According to Directive 98/70/EC
(1998) on the quality of fuels, the European Commission does not propose extending
the reduction of emissions of greenhouse gases through fuels after 2020 (European
Commission (EC) Report COM(2017) 284 2017).

CONCLUSIONS

1. Hydrothermal and alkaline modification of the surface of plant stems has an effect on
the contact angle between the stem surface and water.

2. Specifically, hydrothermal modification yielded a statistically significant reduction in
the contact angle between water and the stem surfaces of winter oilseed rape and
maize; likewise, alkaline modification yielded a reduction in the contact angle
between water and the stem surface of maize.

3. SWOT analysis suggests that winter rape stems are a very promising material for the
production of composites.

4. Partial replacement of wood in wood-based composites with winter rape stems brings
positive externalities, one of the most important being a contribution to the protection
of the non-production functions of forests.
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Effect of Cold Plasma Surface Pre-treatment of Wheat
Straw Particles on Straw Board Properties

Stépan Hysek,** Milan Podlena,® Martin Bohm,* Henry Bartsch,” and
Christoph Wenderdel °

Effects of the plasma treatment were evaluated for particles from winter
wheat stalks relative to the properties of particleboards manufactured from
such treated particles. Using urea-formaldehyde adhesive, boards with a
nominal density of 540 kg/m? and a thickness of 6 mm were manufactured.
Two degrees of plasma treatment were selected: cold plasma applied at
atmospheric pressure by jet system, with a generator output voltage of
26.9 V and a current of 6.9 A; and in the second treatment, a maximum
voltage of 28.6 V was used with a current of 8.7 A. The physical properties
(equilibrium moisture content and thickness swelling depending on relative
humidity) and mechanical properties (bending strength and tensile
strength perpendicular to the plane of the board) were determined. The
results showed that the plasma pre-treatment of particles had a statistically
significant effect on the resulting composite properties. The mechanical
properties of the boards increased with both plasma treatments, but the
physical properties changed negatively. Boards manufactured from
particles treated with a higher degree of plasma treatment resulted in
significantly higher equilibrium moisture contents and thickness swelling
than the reference boards.

Keywords: Cold plasma; Wheat straw; Particleboard; Surface modification; Water uptake

Contact information: a: Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague,
Kamycka 1176, 165 21 Prague 6 — Suchdol, Czech Republic; b: Institut fir Holztechnologie Dresden
Gemeinnitzige GmbH [Institute for Wood Technology Dresden], Zellescher Weg 24, 01217 Dresden,
Germany; * Corresponding author: hyseks@fld.czu.cz

INTRODUCTION

Cellulose and lignin-based plant materials are often used in composite materials,
where they can act as fillers and reinforcing materials. It is always important to ensure the
thorough bonding of the plant particle and the polymer. It has been proposed that a basic
prerequisite for solid particle-polymer bonding is the presence of reactive groups on the
interface of both materials to provide high surface energy (Mwaikambo and Ansell 2002;
Bekhta et al. 2013). In composites hardened by plant materials, the opposite phenomenon
is usually encountered, in which the solid bond between polar cellulose and nonpolar
polymer is not easily formed. The wettability of a natural fibre or a particle by polymer is
further worsened by the waxy substances that natural fibres often contain. In addition, the
presence of water and free hydroxyl groups, in particular in amorphous portions, reduce
the possibility of creating a strong bond between plant materials and most adhesives.
Furthermore, a high water and moisture uptake causes dimensional changes in plant fibres,
implying a reduction in the mechanical and physical properties of the composite material
(Mwaikambo and Ansell 2002; Xie et al. 2010; Gajdacova et al. 2018).
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Chemical modification of the fibre not only can improve the adhesion between the
surface of the fibre and the polymer, but the specific fibre strength can increase, the water
absorption by the composite can be decreased, and the mechanical properties of the entire
composite material can also be improved (Li et al. 2007). However, the disadvantage of
traditional methods of chemical surface modification is the production of hazardous
substances that may endanger the environment and human health. From this perspective,
surface treatment using plasma is a more benign method toward the environment.

Plasma is an ionized gas containing ions, electrons, neutral and excited molecules,
and photons (Baltazar-y-Jimenez et al. 2008). Two methods of surface treatment using
plasma can be distinguished at low pressure and at atmospheric pressure. Plasma surface
treatment at atmospheric pressure is less demanding for instrumentation and has been a
progressive method in recent years (Cheng et al. 2010). The interaction of plasma with a
solid surface results in varying changes in surface properties depending on the type of gas
used. Surface energy may be increased or decreased, cross-linking of cellulose in the
surface layer may occur, or the forming of free reactive groups may take place (Podgorski
et al. 2000; Baltazar-y-Jimenez et al. 2008).

Cold plasma does not cause any changes deeper in the material, but rather only
affects the surface layers (Mahlberg et al. 1999). The most important parameters when
treating a surface with plasma are the plasma surface contact time, the distance between
nozzle and surface, and the size of the current (Baltazar-y-Jimenez et al. 2008). Primarily
the following gases are used to modify the surface of lignocellulosic materials to better
bond with the polymer: oxygen (Mahlberg et al. 1999), air (Baltazar-y-Jimenez et al.
2008), and argon (Zanini et al. 2005).

The aim of this research was to clarify the effect of a cold plasma surface treatment
of crushed winter wheat stalk particles, prior to board manufacturing, on the physical and
mechanical properties of thereof produced particleboards. Specifically, this is a
determination of the impact of plasma treatment on the bending strength, tensile strength
perpendicular to the plane of the board (internal bonding), vertical density profile, water
uptake, and thickness swelling of boards manufactured from plasma-treated wheat straw
bonded with urea-formaldehyde adhesive.

EXPERIMENTAL

Materials
Straw particles

Commercially-sold chopped wheat straw particles were used to manufacture the
boards (Mikd Stroh, Borota, Hungary). Using digital image analysis, the proportion of
individual fractions was defined per 100 g of material sample using a particle analyzer
CAMSIZER (Retsch Technology GmbH, Haan, Germany). The sample was poured into
the feed chute, allowing the material to enter the measurement field through the feed guide,
which prevented unwanted turbulence of the particles and gave the particles the correct
orientation. The maximum range was set to 50 mm. The shortest (width) and the longest
particle distance (length), measured by the Feret diameter during the projection, was
assessed.

Hysek et al. (2018). “Cold plasma & straw board,” BioResources 13(3), 5065-5079. 5066



PEER-REVIEWED ARTICLE b | oresources.com

Methods
Plasma application method

The wheat straw surface was modified by atmospheric cold plasma in a mixing
agent designed to treat particles and other loose materials (Fig. 1). The base consisted of
an iron vessel (outer diameter of 415 mm) attached to a rotating platform. At the top, the
container was covered with transparent polycarbonate (PC) to close the plasma application
environment and to enable visualization of the course of the modification. Inside the
container was an eccentrically-positioned cylinder (outer diameter of 110 mm) that was
attached to a fixed arm that held it in a stable position relative to the bowl.

e
i
\—

LU - Rotating plasma nozzle
111 Mixing bowl

| /

[ ____— Mixture of particles
Ll S Plasmajet
—————— Turning mixing device

Fig. 1. Side view of the set-up of the stationary plasma aggregate with designed mixing agent

The plasma beam was generated by a high-voltage discharge from the FG 1001
generator (PlasmaTreat GmbH, Steinhagen, Germany) with a maximum output of 1000
VA, and it was distributed to the surface of the particles using compressed air (2 bar). Cold
air plasma generated at atmospheric pressure was used. The rotary system of the nozzle of
plasma aggregate RD1004 (PlasmaTreat GmbH, Steinhagen, Germany) with the standard
AGR 131A (25°) nozzle produced a conical beam shape. To compare the effect of the
treatment on wheat-straw using plasma, two variants of surface treatment and one reference
variant without treatment (R) were proposed. The variants of plasma application are shown
in Table 1.

Table 1. Variants of Plasma Modifications

Voltage (Generator Set Up) Current (Generator Set Up)
Modification A 269V 6.9A
Modification B 28,6V 8.7A
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The plasma was applied to 100 g of wheat straw for 4 min, and during the treatment,
the Alther 2590 digital thermometer (Ahlborn Mess- und Regelungstechnik GmbH,
Holzkirchen, Germany) recorded the maximum temperature inside the particle blend.

The degree of plasma surface activation of particles was evaluated with the use of
Arcotest (Arcotest GmbH, Moensheim, Germany) test inks designed to measure surface
tension. The ink value was identified 2 s after it was applied to the surface, and then an
image was recorded using the DTX 90 digital microscope (Levenhuk, Tampa, USA).
Testing was conducted until the ink started to coalesce into drops. When it coalesced, a
lower-value ink was used, and the boundary between the two inks was sought out.

Adhesive mixture application

After activation of the surface, the particles were resinated with a preformed urea-
formaldehyde (UF), hardener (ratio solids hardener / dry adhesive was 10%), and paraffin
emulsion mixture (ratio solids hydr. agent / dry particles was 1%). The solid content was
50%. A resin dosage of 10% solids on wood dry mass was applied in a planetary mixer M
301 (Bonnet, Mitry-Mory, France). The mixture was subsequently placed in a drying
chamber EHR-K 15/40/20 1l (Helios Ventilatoren GmbH, Villingen-Schwenningen,
Germany), where it was dried at 30 °C to a moisture content of 8%. The ISI10 scale
(Sartorius AG, Gottingne, Germany) was used to continuously monitor water loss, and the
final moisture was determined on a moisture tester Ultra X 3011 instrument (A&P
instruments, Detmold, Germany). Via gradual pouring, the prepared mixture (175 g) was
manually layered into a mold with internal dimensions of 128 mm x 355 mm. The layer
was spread evenly along the horizontal guiding lines on the inside of the mold.

Pre-pressing and hot-pressing

The mold was then closed and a cold pre-press was performed on the HLP350
hydraulic press (Hofer Presstechnik GmbH, Taiskirchen, Austria). The pressing conditions
were set manually by means of the controller to an initial pressure of 4 bars for 1 min. The
pre-pressed board was then removed from the mold and continued to be pressed by two
heated plates set to 165 °C. The pressing plates were always separated on both sides using
waxed paper to avoid adhesion of the boards to the press plate. The pressing was performed
according to the pre-set program on the resulting board thickness of 6 mm. The press cycle
is shown in Table 2. The total number of six boards for each variant was manufactured.
The boards were then allowed to cool down and, further on, they were conditioned at 20
°C and a relative humidity (RH) of 65% for 14 days.

Table 2. Pressing Cycle

Phase Thickness at Moving Time Remaining
No. the End (mm) (s) Time (s)
1 40 0.1 0
2 9 4 0
3 5.9 4 6
4 6 5 5
5 6.3 3 0
6 6 3 50
7 6.5 25 0
8 500 0.1 0
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Physical and mechanical properties estimation

Test samples were made from the manufactured boards with a rectangular shape
for four-point bending, internal bonding, vertical density profile measurement, and samples
for water uptake with thickness swelling. Before the mechanical properties measurement,
the test specimens were air-conditioned at 65% RH and a temperature of 20 °C.

Strength tests (Fig. 2) were performed on a TIRA test 2850 (TIRA GmbH,
Schalkau, Germany) universal testing machine. The maximum force, Fmax, was always
recorded with 1% accuracy. The maximum load was always achieved within 60 s + 30 s.
Before loading, the test specimens were placed in an air-conditioned chamber at 65% RH
and a temperature of 20 °C.

The basis of the bending test was to place the test specimen (50 mm x 300 mm) flat
on two parallel cylindrical supports (d = 30 mm). Another two supports (d = 30 mm) had
a constant loading force, F, cantered above the axis of the board and the maximum force,
Fmax, derived by the machine was measured. The total bending strength was calculated as
the arithmetic mean of the values of the following equation for each group of specimens,

fin (N + mm~2) = 2 Tmextom, (1)
where I is the length (mm), bm is the width (mm), and tm is the thickness (mm) of the test
specimen for four-point bending. Tests were not performed according to EN 798 (2004)
because no characteristic values of board properties were determined. Using this measuring
method, it is possible to compare measured strength values with previously obtained data
from the authors’ research.

The internal bonding of boards was estimated according to EN 319 (1993) on
samples with dimensions of 50 mm x 50 mm.

F

F/2 Fi2 )
! ! -
m— \_:‘ / \ ‘:_, — i‘:-.—f~‘v4;-4‘|
v" “v "' ’ l..‘ 3
L/ - 120mm  _ N AN\
240 mm ‘ ]

— - \ Y

Fig. 2. Diagram of mechanical properties testing

According to Eqg. 2, dimensional changes at different air-conditioning stages were
determined for water uptake and thickness swelling. The test specimens were first dried to
0% board moisture at 103 °C (air-conditioning stage 0). The samples were then air-
conditioned at 20 °C and 65% RH (air-conditioning stage 1) and then at 85% RH (air-
conditioning stage 2).
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This was reverted to desorption at 65% RH (air-conditioning stage 3), and the last
phase was the reverse drying of the samples back to 0% moisture at 103 °C (air-
conditioning stage 4). Weight with dimensions of test specimens at marked points was
determined at each stage.

Bx(%) = =2 x 100 @)

Measuring points were indicated to ensure repeatability by measuring (mm) in the
same position for all air-conditioning stages (x = 0 to 4). Furthermore, the moisture content
of samples wx (%) according to Eq. 3 was determined, where mq is the dry sample weight
(9) and mass my is the weight of the samples at air-conditioning levels (g). The density of
the samples px (kg/m?) was again calculated from the mass mx and the sample volume Vy
according to Eq. 4:

wy (%) = =22 x 100 (3)

0
py (kg + ™) = 2 @

The vertical density profile of boards was measured on a Compact X-ray density
profile Analyser DPX300-LTE (Imal, Modena, Italy). The test samples had dimensions of
50 mm x 50 mm and were air-conditioned at 20 °C and 65% RH.

Scanning electron microscopy (SEM) of ruptured samples, after internal bonding
tests were performed using a MIRA 3 electron microscope (Tescan Orsay Holding, Brno,
Czech Republic) with a secondary electron detector, operated at 15 kV acceleration
voltage.

Statistical methods

Besides descriptive statistics, an analysis of variance was used to determine
whether any of the pairwise differences from the number of means were significant. The
Tukey post hoc test was employed to determine the significant differences between group
means. A significance level of a = 0.05 was selected and all computations were performed
using Statistical?2 software (StatSoft CR s.r.0., Prague, Czech Republic).

RESULTS AND DISCUSSION

Particle size analysis

A digital imaging analysis revealed a heterogeneous proportion of the used wheat
straw particles from which the boards were made. As shown in Fig. 3, there are also a
number of dust particles in addition to the wheat straw stalks. Nevertheless, it was found
that from 100 g of the sample, 30.9% of the particle was from 1.657 mm to 2.696 mm wide.
In terms of length (Feret diameter), 29.1% of particle sizes ranged from 8.393 mm to
13.656 mm.

The projection of some deformed particles may result in inaccuracies in
measurements, which may be due to the processing of, for example, broad and thin or
narrow and long stalks. To avoid distortion of the results, a sufficiently large set of 100 g
was chosen to cover these inaccuracies.
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Fig. 3. Results of the particle size analysis

Plasma application and surface tension changes

Due to the designed enclosed mixer, it was possible to modify the particle mixture
homogeneously using plasma. Two modification degrees of lower (26.9 V/6.9 A) and
maximum power (28.6 /8.7 A) were used to treat the straw. Despite the fact that cold
plasma was used, the maximum average vessel temperature reached 81 °C at lower power,
while at maximum power it increased up to 86 °C. As a result, most likely a small effect
of thermal treatment has to be taken in consideration in addition to the plasma treatment of
the wheat straw. This effect led to a pre-drying of the particles.

After plasma treatment, test inks on the outer sides of the straw determined a change
in the surface energy of the modified particles, which were compared with the reference
particles without modification. The surface tension on the outside of the reference straw
covered range values from 24 mN/m to 28 mN/m. Wheat straw with a lower degree of
plasma treatment (A) ranged from 28 mN/m to 30 mN/m, and at a higher degree of
modification (B), the surface tension was from 30 mN/m to 32 mN/m. The variability of
the unmodified particles was thus higher than that of the plasma-treated particles.
Therefore, the testing inks confirmed that both degrees of cold plasma treatment increased
the surface wettability and changed the surface energy. However, these results could be
affected by the different moisture of particles. Plasma-treated particles in the missing agent
were partly dried and then immediately examined by test inks. The treated particles were
not conditioned because the effect of cold air plasma on the physical properties of modified
material decreases with time after the plasma application (Klimek et al. 2016).

Density and vertical density profile

The average density of the reference boards was 540.0 kg/m3. Boards with a lower
degree of modification reached 524.9 kg/m® and boards with a higher degree of
modification had an average density of 545.7 kg/m®. Due to manual layering, the density
also exhibited considerable variability (Table 3). Further, it was noticed that the boards
manufactured from the reference particles had the steepest density profile (Fig. 4a). The
different average density, the variability of the density, and the shape of the density profile
have to be taken into consideration while interpreting the physical and mechanical
properties measured. Figure 4b shows a cross-sectional cut of the board showing individual
particles of winter wheat stalk.
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Table 3. Density of Straw Board at 25 °C and 65% Relative Humidity

. Modification
Density Ref.
A B
Mean (kg/m?3) 540.0 524.9 545.7
Median (kg/m?3) 540.5 528.8 553.4
Standard deviation
(kg/m?) 27.9 31.5 31.0
Minimum (kg/m3) 486.2 473.8 491.8
Maximum (kg/m3) 613.2 586.4 607.1
a b

Density (kg/m?)

Thickness (mm)

Fig. 4. (a) Vertical density profile of straw boards at 25 °C and 65% relative humidity; (b) side
view of pressed board with nominal thickness of 6 mm

Equilibrium moisture content and thickness swelling

Figure 5 shows a graph of the dependency of equilibrium moisture content of the
boards on relative humidity, and Fig. 6 shows a graph of the dependency of thickness
swelling on relative humidity, and these average values are subsequently specified
numerically in Table 4. The highest values of equilibrium moisture and thickness swelling
were obtained from boards manufactured from particles modified by a higher degree of
plasma treatment (type B), and all of the differences in the given moisture level were
statistically significant (Table 5). Adversely, the lowest values of equilibrium moisture
were obtained from the boards manufactured from unmodified particles. In terms of the
equilibrium moisture of boards manufactured from particles treated with a lower degree of
plasma treatment and untreated particles, a statistically significant difference only appeared
in the first air-conditioning stage (20 °C/RH 65%, absorption cycle).

Type B boards once again exhibited the highest thickness swelling. As expected,
the lowest values of thickness swelling were not reached by boards from the reference
particles (Fig. 6). Except for in the first air-conditioning stage (this difference was not
statistically significant (Table 6)), a higher thickness swelling in the reference boards was
ascertained than in the boards manufactured from modified particles with a lower degree
of plasma treatment. This was explained by a variation in the average density of boards,
where the average density of the reference boards was 540.0 kg/m? and boards with a lower
degree of modification reached 524.9 kg/m?®.
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Table 4. Average Values of Thickness Swelling and Equilibrium Moisture of

Boards on the Given Level

Board Relative Thickness

Type Humidity (%) | Swelling (%) | Moisture (%)
R Oa 0.0 0.0
R 65a 8.3(0.7) 8.8 (0.4)
R 85 45.9 (5.7) 19.3 (0.6)
R 65d 37.9(5.5) 11.0 (0.6)
R od 30.7 (4.8) 0.0
A Oa 0.0 0.0
A 65a 9.4 (1.6) 9.8 (0.8)
A 85 39.9 (4.5) 19.7 (0.7)
A 65d 33.8(4.2) 11.4 (0.8)
A od 27.9 (2.6) 0.0
B Oa 0.0 0.0
B 65a 10.1 (1.3) 10.8 (0.3)
B 85 53.1 (4.2) 23.0(0.4)
B 65d 45.3 (3.9) 13.1(0.3)
B od 36.6 (3.3) 0.0

Note: a = absorption, d = desorption, values in parentheses are standard deviations
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Fig. 5. Graph of the dependency of equilibrium moisture of the boards on relative humidity, a =
absorption, d = desorption
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Table 5. Appropriate Statistical Significances of Differences in Fig. 5

R A B R A B R A B
R S. S. R ns.| s. R ns.| s.
A S. S. A | ns. S. A | ns. S.
B S. S. B S. S. B S. S.

Note: s. = statistically significant, n.s. = not significant, and a = 0.05

In comparison with commercially produced particleboards, non-recoverable
thickness changes of produced boards reached relatively high values. This was explained
by the material used. From the authors’ previous study it is already known that boards
produced from after harvest remains reached non-recoverable thickness changes higher
than 30% (Hysek et al. 2018). It was concluded that the plasma treatment of the particles
had a statistically significant effect on the equilibrium moisture content of the boards and
their thickness swelling; however, the thickness swelling values were negatively affected
by the different average densities of the boards. In contrast, when non-recoverable changes
were compared with the bending strength results, it can be assumed that modification A
was the better level of plasma pre-treatment for the purpose of this study. These boards
reached lower non-recoverable thickness changes as well as higher bending strength.
Therefore, it was assumed that the lower level of plasma modification caused better
adhesion, in comparison to the more aggressive modification B.
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Fig. 6. Graph of the dependency of thickness swelling on relative humidity, a = absorption, d =
desorption
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Table 6. Appropriate Statistical Significances of Differences in Fig. 6

T =20°C, T =20°C, T = 20°C, T =103°C,
RH = 65%, RH = 85% RH = 65%, Desorption
Absorption Desorption
R A B R A B R A B R A B
R ns.| s. R S. S. R S. S. R n.s.| s.
A [n.s. n.s. A S. S. A S. S. A |n.s. S.
B | s. |ns. B S. S. B S. S. B S. S.

Note: s. = statistically significant, n.s. = not significant, and a = 0.05

Bending strength and internal bonding

Table 7 shows the average values with basic descriptive statistics for the bending
strength of boards. Figure 7 shows the bending strength variation analysis and Table 8
shows data on the statistical significance of the differences. The results show that in both
cases of plasma treatment of the particles there was an increase in flexural strength
compared to the reference material, but the increase was only statistically significant for
modification A. There was also no statistically significant difference in the flexural strength
between the two different plasma treatments.

Table 7. Average Values with Basic Bending Strength Descriptive Statistics

Bending Strength Ref. Modification

A B

Mean (MPa) 4.9 5.5 51
Median (MPa) 4.8 55 54
Standard Deviation (MPa) 0.5 0.3 0.7
Minimum (MPa) 4.2 5.0 3.9
Maximum (MPa) 5.6 6.0 5.9

Table 8. Appropriate Statistical Significances of Differences in Fig. 7

R A B
R S. n.s.
A S. n.s.
B n.s. n.s.
Note: s. = statistically significant, n.s. = not significant,

and a = 0.05

Table 9 shows the average values with the basic descriptive statistics for the internal
bonding of the boards. Figure 8 shows the internal bonding variation analysis and Table 10
shows data on the statistical significance of the differences. The results showed that in both
cases of plasma treatment there was a statistically significant increase in internal bonding.
There was no statistically significant difference between the different plasma treatments.
Both observed mechanical properties reached lower values than the boards made form
rapeseed stalk particles, where internal bonding was 0.34 MPa to 0.50 MPa and the bending
strength was 5 MPa to 10 MPa (Hysek et al. 2018). However, in previous research, boards
with an average density of 600 kg/m? and with an inverse vertical density profile (maximal
density in the middle of the board) were produced.
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Table 8. Appropriate Statistical Significances of Differences in Fig. 7

R A B
R S. n.s.
A S. n.s.
B n.s. n.s.

Note: s. = statistically significant, n.s. = not significant, and a = 0.05

Table 9. Average Values with Basic Internal Bonding Descriptive Statistics

Transverse Tensile Strength Ref. A Modification 5
Mean (MPa) 0.037 0.058 0.061
Median (MPa) 0.036 0.054 0.063
Standard deviation (MPa) 0.006 0.019 0.017
Minimum (MPa) 0.028 0.033 0.039
Maximum (MPa) 0.050 0.092 0.098

Table 10. Appropriate Statistical Significances of Differences in Fig. 8

R A B
R S. S.
A S. n.s.
B S. n.s.

Note: s. = statistically significant, n.s. = not significant, and a = 0.05
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Fig. 8. Analysis of variance — dependence of internal bonding on modification of particles

Figure 9 shows a SEM microscopic image of the damaged joint from the tensile
test perpendicular to the plane of the boards. The image shows the noticeable impact of the
modification on the nature of the damage. In terms of boards manufactured from the
reference unmodified particles (Fig. 9a), there was only adhesion damage between the
adhesive and the particle surface. In terms of boards made from plasma-modified particles
(Figs. 9b, 9c), cohesive breakage in the particle material was also observed, which
indicated a better joint of the modified particle-adhesive.

I
200 pm

Fig. 9. SEM analysis of particle of boards after strength testing: (a) reference, (b) modification A,
and (c) modification B
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CONCLUSIONS

1.

The effect of plasma treatment on the properties of composite material made from
winter wheat stalk particles was investigated. Test inks showed an increase in surface
energy and confirmed that plasma treatment influences surface properties of the
particles.

The plasma treatment of the particles had a statistically significant effect on the
equilibrium moisture content of the boards and on their thickness swelling, with
increased degrees of plasma treatment the equilibrium moisture content also increased.

Opposite of the physical properties, the positive effect of plasma pre-treatment of the
particles was observed in the mechanical properties. Both the flexural strength and
internal bonding of the boards were increased. The highest increase in flexural strength
was achieved by the type A plasma treatment, whereas a difference between the
individual types of plasma treatment was not observed in the internal bonding.

A Dbetter joint of the modified particle-adhesive was reached by the plasma treatment.
A noticeable impact of the modification on the nature of the damage in produced
composite materials was observed through SEM analysis.
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Influence of Using Recycled Polyurethane Particles as a
Filler on Properties of Polyurethane Adhesives for
Gluing of Wood
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Fillers can greatly affect the properties of adhesives, and this research
aimed at enhancing the performance of adhesives by using different
concentrations of fillers. This paper describes the influence of using
recycled polyurethane particles (powder of particle size from 10 um to 50
pum) as a filler on some properties of polyurethane adhesives for the gluing
of wood. Two kinds of one-component, moisture-curing polyurethane
adhesives were used. The observed properties were the contact angle
between the wood and adhesive droplet, and the strength of bonded joints
(shear strength). From the results, it was concluded that the contact angle
increased with an increase in filler (in the entire observed range from 0%
to 15% filler). The content of filler also affected the strength of bonded
joints and their thermal stability. The strength of bonded joints decreased
with an increase in filler content when samples were conditioned in cold
water. However, the strength of bonded joints increased with an increase
in filler content when samples were boiled in water.
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INTRODUCTION

The use of polyurethane adhesives in many industrial fields is becoming
increasingly common. Their range of application includes not only the construction,
automotive, and wood processing industries, but also the manufacturing of wind turbines
and aircrafts (Desai et al. 2003b; Patel et al. 2009; Clerc et al. 2017; Najib et al. 2017).
Because polyurethane adhesives cure without the need to add a curing agent, they are
characterised by an easier reticulation method than epoxy adhesives, leading to reduced
production costs. Another advantage of polyurethane adhesives is the high flexibility of the
bond, which contributes to resistance to dynamic strain and good shock-absorbing
properties (Claul et al. 2011; Najib et al. 2017).

For many years, research has endeavoured to develop properties of polyurethane
adhesives for various application areas by combining different modifications (Deka and
Karak 2009; Patel et al. 2009). The physical and chemical properties of adhesives can be
adjusted by changing the components comprising the adhesive mixture, which are added
during prepolymer synthesis (Desai et al. 2003a; Deka and Karak 2009; Volkova et al.
2013). Besides plasticisers, organic solvents, wetting agents, rheological agents, and
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catalysers, fillers are commonly used as well. Fillers are used for various purposes, and the
replacement of a more expensive polymer is but one of the many reasons (Sedliacik et al.
2006; Smidriakova and Kollar 2010). In addition, fillers can improve the mechanical
properties, workability, thermal and dimensional stability, and flame retardation of
polymers (Li et al. 2008; ClauR et al. 2012). Various types of filler materials are used for
improvement of the aforesaid properties in adhesives.

Inorganic filler materials include silicon, calcium, kaolin, chalk, etc. These
materials have been studied in combination with various types of adhesives, such as
phenol-formaldehyde, urea-formaldehyde, and epoxy adhesives (Clauf? et al. 2011, 2012).
Modification of polyurethane adhesives using organic fillers can be achieved by adding
plant- or animal-based polymers to factory-made adhesive mixtures (Smidriakova and
Kollar 2010). Another solution is the addition of polyurethane (PUR) powder and
polyurethane dispersion (ClauB et al. 2012). Mansouri and Pizzi (2007) studied the addition
of particles of a PUR fraction to urea-formaldehyde and phenol-formaldehyde adhesives.
Their research indicates that addition of polyurethane particles to the adhesive mixture
significantly improves the physical properties of the adhesive and its water resistance.
Another possible type of modification used currently is the modification of adhesive
polymers using nanotechnologies (Dodiuk et al. 2006; Deka and Karak 2009).

The goal of this research project was to modify a polyurethane adhesive for the
gluing of wood using a powder made of recycled polyurethane foam. The use of the powder
as a filler in a polyurethane adhesive can considerably modify the base polyurethane.
Therefore, this approach may provide unique combinations of properties, and reduce the
costs of input materials in polyurethane manufacturing through utilization of waste.

EXPERIMENTAL

Materials

Two kinds of one-component (1C), moisture-curing, polyurethane adhesives were
formulated: PURO1, which was made of polyether polyol with an initial molar mass of
2000 g/mol to 3000 g/mol (405 g) + catalyst (0.8 g) + polyisocyanate based on 4,4,-
diphenylmethan-diisocyanate (620 g) + UV-stabilizers (10.3 g), and PUR02, which was
made of polyether polyol with an initial molar mass of 1000 g/mol to 2000 g/mol (405 g)
+ catalyst (0.5 g) + polyisocyanate based on 4,4,-difenylmethandiisocyanate (540 g). The
recycled polyurethane foam was used as a filler to modify the polyurethane adhesives. The
recycled foam was powder from PUR/PIR (combination of polyurethane and polyiso-
cyanurate) foam and contained particles of dimensions from lower than 50 um (see Fig. 2).
Micro-milling of foam on a two-cylinder grinder was used to produce the powder from
rigid PUR/PIR foam (utilized as heat insulation in civil engineering) with a closed cell
structure. The initial molar mass of PUR/PIR foam was 500 g/mol to 1000 g/mol. The
powder was mixed with the adhesives using weight powder ratios of 5%, 10%, and 15%,
with 0% as a reference. All of the chemicals were supplied by STACHEMA CZ s.r.o.
(Kolin, Czech Republic). Beech wood (Fagus sylvatica) obtained from the Central
Bohemian Region, Czech Republic, was used to produce samples for the determination of
strength of bonded joints. Beech wood with straight graining and a nominal density (700
kg/m?® + 50 kg/m®) was selected. The angle between the tree rings and the bonded surface
was between 30° and 90°.
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Methods

The structure of the raw and modified adhesives was characterized using a MIRA
3 electron microscope (Tescan Orsay Holding, Brno, Czech Republic), with a secondary
electron detector operated at 15 kV acceleration voltage.

Contact angle analysis is widely used to characterize the interaction between liquid
and solid materials (Walinder and Strom 2001; Aydin 2004). To determine the wetting
properties of the modified adhesives, the contact angle of the adhesives and a wood surface
(planned radial beech wood) was measured using a Kriiss DSA 30E goniometer (Kriss
GmbH, Hamburg, Germany). The static contact angle was measured and 30 measurements
were taken for each adhesive modification type. To minimize the influence of variation in
the wood surface, five wood samples for each adhesive modification type were used, and
on each sample, six droplets were deposited. The volume of the resin droplet was 10 pL
and a measurement was made 5 s after the deposition.

Preparation of test specimens, measurements of the strength of bonded joints, and
an evaluation of the results were conducted in accordance with the standards EN 204
(2001) and EN 205 (2003). Test specimens were manufactured according to Fig. 1 from
beech wood, which was air-conditioned at 20 °C with a relative humidity (RH) of 65%.
The adhesive weight was 160 g/m? to 180 g/m?. Then, 60 test specimens (2 types of
adhesives x 4 degrees of powder content x 10 test samples) were produced with test
procedure number 1, 60 test specimens were produced with test procedure number 2, and
60 test specimens were produced with test procedure number 3.

The first test was conducted 7 days after bonding (test sequence number 1, further
marked as al), and the specimens were air-conditioned at 20 °C with a relative humidity
(RH) of 65%.

After 7 days in standard conditions, specimens from the second test group were
immersed for 4 days in water at 20 °C £ 5 °C, and then immediately tested (test sequence
number 2, further marked as a2).

The third test was conducted in such a way that after 7 days the samples were
immersed for 6 h in boiling water and then placed in water at 20 °C + 5 °C for 2 h, and
then immediately tested (test sequence number 3, further marked as a3). These three tests
were performed for each adhesive combination.

The shear test was performed using a TIRAtest 285 E222 universal testing machine
(TIRA GmbH, Schalkau, Germany). The specimen was strained with a tensile force until
breach, and the greatest exerted force, Fmax, was recorded. The speed of the loading was
constant at 6 m/min as required by EN 205 (2003).
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Fig. 1. Diagram of the lapped test sample
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Expression of results
The strength of the bonded joint (z; N/mm?) was calculated using the following
formula,
F

= 1)

T =
I, xb

where Fmax is the greatest exerted force (N), Iz is the length of the bonded test surface
(mm), and b is the width of the bonded test surface (mm).

A one-way analysis of variance (ANOVA) was used for statistical data evaluation.
The post-hoc Tukey (HSD) test was employed to determine the significant differences
between group means. Computations were conducted using Statistical2 software (StatSoft
CR s.r.0., Prague, Czech Republic). A significance level of a = 0.05 was selected.

RESULTS AND DISCUSSION

Figure 2 depicts a scanning electron microscope (SEM) picture of a PUR/PIR
powder, and Fig. 3 depicts the surfaces of hardened PURO2 and the surface of hardened
PURO02 modified by the PUR/PIR powder. In Fig. 2, one can see that particle dimensions
of used filler were higher, than in previous studies (Dodiuk et al. 2006; Clauf3 et al. 2012).
Therefore it was expected that used powder would behave as inert filler. Figure 3 shows
typical changes in structure of modified adhesives (Clauf? et al. 2012); these changes are
visible not only on the cross section, but also on the surface. It can be seen that there was
a difference between the reference adhesive and modified adhesive. The adhesives
modified with powder had a rougher surface that was caused by the powder particles.

Fig. 2. SEM image of polyurethane powder
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Fig. 3. Surface of hardened PURO2 without powder (a), hardened PURO02 with 5% powder (b),
hardened PURO2 with 10% powder (c), and hardened PURO02 with 15% powder (d)

Figure 4 shows the results from an analysis of variance of the measured contact
angles. The appropriate statistical significances of the differences are stated in Table 1. As
shown, for both kinds of polyurethane adhesives the contact angle increased with an
increase in powder content, within the entire interval of powder content of 0% to 15%.
However, the particular increments of the contact angle decreased with an increase in
powder content. Fillers have a significant effect on viscosity of modified adhesives
(Benhadjala et al. 2015; Ruanpan and Manuspiya 2018), which affect contact angle as well.
Since the increasing viscosity and adhesive contact angle is an undesirable effect, further
decreasing of filler’s particle dimensions could lead to modified adhesive with lower
contact angle between wood and adhesive (Benhadjala et al. 2015).
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Fig. 4. Effect of powder content and adhesive type on contact angle

Table 1. Statistical Significance of Differences in Fig. 2 (According to Tukey Test)

POWde(Z /Soment 0 0 5 5 10 10 15 15
gg‘r’lvt‘if]i AdTh;psé"e PURO1 | PUR02 | PURO1 | PURO2 | PUROL | PURO2 | PUROL | PURO2
0 PURO1 S. S. S. S. S. S. S.

0 PURO2 S. n.s S. n.s S. S. S.

5 PURO1 S. n.s S n.s S. S. S.

5 PURO2 S. S S. S S. S. S.

10 PURO1 S. n.s n.s S. S. n.s. S.
10 PURO2 S. S S S. S S. n.s
15 PURO1 S. S. S. S. n.s S. S

15 PURO2 S. S. S. S. S. n.s. S.

s.- significant; n.s.- not significant

Figure 5, where a three-factor analysis of variance is depicted, shows the
influence of the strength of joints (shear strength) on powder content, adhesive type, and
conditions. As shown, the powder content affected the strength of joints. By conditioning
under laboratory conditions (al), the greatest shear strength was shown by the glue joints
with 10% powder, and the effect of powder content on the strength of joints was unclear.
By conditioning in water (a2), the strength of joints decreased with an increase in powder
content. Finally, by conditioning in boiling water (a3), the addition of PUR/PIR powder
increased the average values of the strength of joints, and it seemed that the optimum level
was a 5% powder content. By hot water conditioning (a3) the addition of powder (5% ratio)
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increased the shear strength from 0.7 MPa to 1.7 MPa for PURO1, resp. from 0.7 MPa to
2.4 MPa for PURO02. The increase of thermal stability of 1C PUR adhesives was also
reached by addition of chalk as filler (ClauB et al. 2011); however in this study higher shear
strength of bonded joints was reached.

From these results, it can be concluded that boiling water rapidly decreased the
strength of bonded joints; however, the modification of PUR adhesives with PUR/PIR
powder increased the thermal stability of bonded joints. In contrast, the resistance to cold
water decreased with increase of powder content (Fig. 4). Due to the effect of higher
temperature, which caused better crosslinking of reactive groups, the adhesive was
hardened more (Clauf et al. 2011). Recycled foam has a high specific surface area of
particles, and due to physical depolymerisation is the particle surface polar and contains
functional groups (hydroxy- and amino-). The higher temperature caused degradation of
steric barriers and thus additional reactions of functional groups with isocyanate groups of
adhesive. This effect indicated that the PUR/PIR powder performed partly as an inert filler
and partly as a catalyst. In general, the strength of joints was low; the level of 10 MPa
(performance requirement for one component polyurethane for load-bearing timber
structures according EN 15425 (2017) for conditioning al) was reached in only two cases
—PURO02 via conditioning type al and with powder content 0% and 10%. The performance
requirement for conditioning a2 and a3, which is according EN 15425 (2017) 6 MPa, was
not reached by any variant. When the results from the contact angle analysis were
compared with the results of shear strength, the contact angle between the adhesive and
wood surface for all levels of powder content was higher for PUR02. However, the shear
strength of bonded joints with PURO2 was higher in all cases except one. The adhesive
with lower wetting of the wood surface reached higher values of shear strength in these
experiments; however, the wetting ability of an adhesive is not the only adhesive
characteristic that affects the strength of bonded joints (Okkonen and River 1988; Banea
and Silva 2009; Custodio et al. 2009; Moghadamzadeh et al. 2011; Budhe et al. 2015). In
this case, a different adhesive formulation probably affected the results (Banea and Silva
2009; da Silva et al. 2009). Moreover, there was a big difference between the adhesives in
conditioning type al, the differences decreased when the bonds were soaked in water and
boiling water.
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Fig. 5. Effect of powder content, adhesive type, and conditioning on the strength of bonded joints

CONCLUSIONS

1. The addition of polyurethane powder as a filler to 1C moisture-curing polyurethane
adhesives increased the strength of bonded joints boiled in water; however, samples
immersed in cold water showed a decrease in the strength of bonded joints.

2. The contact angle between the wood and adhesive droplet increased with an increase
in polyurethane powder content. However, the contact angle was not observed to have
any influence on the strength of bonded joints.

3. The addition of polyurethane powder as a filler to 1C moisture-curing polyurethane
adhesives affected the structure of hardened adhesives, which was observed by SEM
on the surface of the hardened adhesive.
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Abstract

The effect of different types of winter wheat husks treatments (alkaline, hydrothermal
and plasma treatment) on the properties of the particle material, as well as on composite
materials made from such pre-treated husks, was studied. After pre-treatment, the surface
energy, equilibrium moisture content, surface morphology using SEM, elemental content on
the surface and the fluorescence life time (FLIM) of husks were estimated, as well as the IR
spectra (FTIR) of pre-treated husks. Boards with target density of 450 kg/m* were produced
using urea-formaldehyde resin (resination 9%) and the equilibrium moisture content,
thickness swelling, vertical density profile, internal bonding and insulation properties of
boards were examined. Modification in 2% sodium hydroxide solution caused noticeable
erosion of husks resulting in higher lignin content, higher equilibrium moisture of husks and
consequently higher thickness swelling of boards made from pre-treated husks and lower
internal bonding of those boards. Both hydrothermal (boiling in water) and plasma treatment
(air plasma at atmospheric pressure, jet system of application) resulted in the desired effect in
terms of an increase in the surface energy of husks, decrease of husk equilibrium moisture
content and increase of internal bonding of boards. All of the manufactured boards exhibited
good thermal conductivity that ranged from 0.0714 W/(mK) to 0.0783 W/(mK).

Keywords
Wheat husk, renewable resources, composite material, particleboard, pre-treatment
1. Introduction

At present, the main raw material for particle board production is low quality wood,
and its share in the production of particle board is about 70%. Nevertheless, thanks to
improved woodworking technologies, this wood is increasingly being used in the production
of glued laminated timber or cross-laminated timber, where its value increases (Klimek and
Wimmer 2017). However, the lack of lower quality logs is not only caused by the above-
mentioned competition, as the potential mass for the production of chips is also used by the
paper, energy and chemical industries. The requirements for the supply of this wood material
are increasing and have already resulted in its shortage, which is reflected, for example, by a
reduction in the profits of woodworking enterprises (Seintsch 2011, Lauri et al., 2012, Sujova



et al., 2017), and the increased demand for this raw material necessarily increases wood
prices. This increase in the price of the main input raw material can cause supply outages or
reduce the competitiveness of the particle board, and growth of wood in Europe do not cover
this growing demand (Bostedt et al., 2016). A possible solution may be partial replacement of
wood by post-harvest crop residues in the production of composite materials, and this solution
seems appropriate both economically and politically (Klimek and Wimmer 2017). The
question of the use of alternative raw materials for the production of composite materials must
be dealt with in terms of production technology. It is well known from an extensive amount of
research that wax and siliceous substances occur on their surfaces in the stems of annual
plants, which cause difficulties when they are glued (Bekhta et al., 2004; Castkova et al.,
2018), and we also observed this phenomenon when gluing wheat husks. The husks are a by-
product in the production of grain and constitute an available source of cellulose and lignin in
large quantities. Wheat husks contain 36% cellulose, 18% hemicellulose, 16% lignin, 9%
starch, 6% protein and 5% fat (Bledzki et al. 2010). Due to their high cellulose content and
fibrous structure, the husks have the potential to be used in cellulose-based composites. Based
on the weight ratio between wheat and husk production of about 5:1 (McCartney et al. 2006;
Bledzki et al 2010, Djordevi¢ and Antov 2016), we are able to estimate that approximately 30
x 10° tonnes of wheat husk (Eurostat 2017) are produced annually in the European Union,
which, in terms of weight, represents 1.5 times the amount of wood needed for particle board
production in the European Union (Klimek and Wimmer 2017). The husks are currently used
for feeding livestock or biofuel production (Bledzki et al 2010). Research activities are also
evident in the area of bio-composites (Mavani et al. 2006; Sobhy and Tammam 2010;
Mamum and Bledzki 2013) or heavy metals absorption materials (Sud et al., 2008).

This paper describes the effect of different types of winter wheat husks surface pre-
treatments on the properties of the iparticle material, as well as on composite materials made
from such pre-treated raw materials. Specifically, this concerns the chemical, hydrothermal
and plasma pre-treatment of winter wheat husks, namely crops with large sowing areas in the
Czech Republic and the European Union, and whose post-harvest residues are available in
large quantities.

2. Materials and Methods
2.1.Wheat husks

Wheat husks (Fig. 1) were supplied by a local supplier from the Central Bohemia
Region in the Czech Republic. Digital image analysis was used in order to characterize
distribution of particle dimensions. The proportion of individual fractions was defined per
100 g of material sample using a CAMSIZER analyser (Retsch Technology GmbH, Haan,
Germany).



Figure 1 Wheat husks
2.2.Wheat husk pre-treatment

Three types of wheat husk pre-treatments were selected; hydrothermal pre-treatment
(marking H), alkaline pre-treatment (marking A) and plasma pre-treatment (marking P).
Untreated husks were also used as a reference (marking R). The hydrothermal pre-treatment
was carried out by boiling in water for 45 min and the chemical pre-treatment was executed
by soaking the husks in 2% sodium hydroxide solution (NaOH) at 25 °C for 45 min. After
both treatments, the husks were flushed with water and then oven-dried to 6% moisture
content. Plasma pre-treatment was carried out using jet plasma generator. Cold air plasma was
used. The parameters of plasma jet of voltage 26.9 V and current 6.9 A were set. The
application of plasma on the husks was performed using circulation of 80 g husks in an
application bowl for 3 min. The principle of the application is shown in Figure 2 and this
method is further described in Hysek et al. 2018.

-

Figure 2 Principle of plasma treatment
2.3.Characterization of modified material

After the wheat husk pre-treatment, several analyses were used in order to characterize
the modified particle material. Scanning electron microscopy (SEM) and elemental analysis
of wheat husks were performed using a MIRA 3 electron microscope (Tescan Orsay Holding,
Brno, Czech Republic) with a secondary electron detector operated at 15 kV acceleration
voltage. The elemental compositions of the husk surface were examined by an energy



dispersive spectroscopy system (Bruker XFlash X-ray detector, Karlsruhe, Germany, and
ESPRIT 2 software). The surface tension of pre-treated husks was estimated using the test ink
method; non-toxic test inks Arcotest (Arcotest GmbH, Moensheim, Germany) were used. The
equilibrium moisture content of the modified husks was estimated using moisture analyser
Ultra X 3011 (A&P instruments, Detmold, Germany) after conditioning of husks in an
environment of 65% relative humidity and 20 °C. In order to characterize chemical changes in
the mass, samples for FLIM (Fluorescence-lifetime imaging microscopy) and FTIR (Fourier
transform infrared spectroscopy) analyses were disintegrated and homogenized using
laboratory ball mill cooled with liquid nitrogen. In order to perform FTIR, powder from husks
was placed directly on the ATR (attenuated total reflection) crystal and pressed with
reproducible pressure. IR spectroscopy was performed using a Paragon 1000 FTIR
spectrometer (PerkinElmer, Waltham, Massachusetts, USA). The spectral range was recorded
from 3800 cm™ to 500 cm™ with a count of 10 scans each. For the FLIM analysis, the Leica
SP8 module with TCSPC (Time-Correlated Single Photon Counting) capability was
employed. A pulsing laser at 405 nm with pulsing frequency of 40 MHz was used for
specimen excitation. The expose period was 1.5 ns and the signal was taken from square of
581 x 581 pum in dimension. A five-component multi-exponential decay model was fitted to
the fluorescence decay data, which was found to provide the optimum fit measured by
minimising the ¥* value.

2.4.Particleboard manufacturing

Urea-formaldehyde resin K350S was used as an adhesive to produce boards made
from the wheat husks. The composition of the adhesive mixture is specified in Table 1.

Table 1 Adhesive mixture composition

Component Representation
Hydrophobic agent Paraffin emulsion
Ratio solids hydr. agent / dry husk 1%

Adhesive K350S

Ratio solids adhesive / dry husk 9%

Hardener Ammonium nitrate
Ratio solids hardener / dry adhesive | 10%

Ratio solid content of adhesive 42.7%

mixture / adhesive mixture

Adhesive mixture was applied on husks using a laboratory blender, and after adhesive
mixture application, the husks were dried to 7% moisture content. Boards of a target thickness
of 6 mm and target density of 450 kg/m® were manufactured using a laboratory press; the
husk fleece was first pre-pressed at a pressure of 14 bar for 60 s. The pressing cycle lasted 105
s and the pressing temperature was 170 °C. The pressing diagram is shown in Fig. 3.
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Figure 3 Press scheme

2.5.Determination of physical and mechanical board properties

The swelling behaviour and moisture content were determined by measuring the
dimensions and weight during absorption and desorption cycles under the following
conditions. Absorption: 103 °C/relative humidity (RH) 0%; 20 °C/RH 65%; 20 °C/RH 85%.
Desorption: 20 °C/RH 85%; 20 °C/RH 65%; 103 °C/RH 0%. The cycles started at 103 °C/
RH 0% because of the possibility of non-recoverable thickness changes estimation. The
vertical density profile of the board was measured using compact X-ray density profile
analyser DPX300-LTE (Imal, Modena, Italy). The measurements of internal bonding,
characterized as the tensile strength of the composite material perpendicular to the board’s
plane, were carried out according to EN 319. The tensile tests were performed using a
universal testing machine TIRA test 2850 (TIRA GmbH, Schalkau, Germany). Thermal
conductivity of boards was estimated using guarded hot plate apparatus A-Meter EP500e
(Lambda-Messtechnik GmbH, Dresden, Germany) according EN 12664.

2.6.Statistical analysis

A statistical analysis was carried out using Statistical2 software (Stat Soft, Dell Inc.).
Data was described by descriptive statistics and an analysis of variance was used to determine
whether any of the pairwise differences were significant. The Tukey HSD test was employed
in order to determine the significant differences between group means. A significance level of
a = 0.05 was selected.



3. Results and Discussion
3.1.Particle material characterization

The results from the digital image analysis are shown in Table 2. The most numerous
length class is 8.136 — 9.739 mm and the most numerous width class is 2.765 — 3.310 mm.

Table 2 Representation of the individual fractions of wheat husks

Length class (mm) | Representation (%) | Width class (mm) | Representation (%0)
< 2.765 0.3 <1.125 0.9
2.765 - 3.310 0.3 1.125 - 1.346 1.1
3.310 - 3.962 0.8 1.346 - 1.612 2
3.962 - 4.743 2 1.612 - 1.929 3.7
4.743 - 5.678 3.2 1.929 - 2.310 7.1
5.678 - 6.797 6.4 2.310 - 2.765 13.8
6.797 - 8.136 13.9 2.765 - 3.310 22.5
8.136 - 9.739 29.2 3.310 - 3.962 23
9.739 - 11.659 23.8 3.962 - 4.743 12.6
11.659 - 13.957 11.2 4.743 -5.678 6.6
13.957 - 16.707 4.7 5.678 - 6.797 4.3
16.707 - 20.000 2.4 6.797 - 8.136 1.5
>20.000 1.8 >8.136 0.9

3.2.Morphological changes in husks

In Fig. 4a-d are depicted morphological changes in the wheat husk surface after
different pre-treatments. The surface of untreated husk can be seen in Fig. 4a, where the knots
(trichome remnants) on the husks are sunk into the top layer (epidermis). In Fig. 4b
(hydrothermal treatment), the knots are protruding because the top layer is missing. The
alkaline pre-treatment (Fig. 4c) even destroyed the knots, and holes in the husk surface can
therefore be seen. Such a disruption of einkorn wheat husks was not observed by Tran et al.
(2014) until husks were treated in 5% solution of sodium hydroxide for 24 hours. This may be
explained by the harder and more resistant husks of einkorn wheat compared to winter wheat.
The plasma pre-treatment (Fig. 4d) did not cause any visible morphological changes on the
husk surface.
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Figure 4 Electron micrographs of wheat husk surfaces (magnification 1000x). (a) Untreated
husk, (b) hydrothermal treated husk, (c) alkaline treated husk and (d) plasma treated husk

3.3.Elemental content on the surface

The elemental compositions of the husk surface taken by an energy dispersive
spectroscopy system (EDS) are depicted in Fig. 5. As the primary components of natural
materials, oxygen and carbon have the greatest representation (as well as hydrogen, but this
element is not detectable by the method used). It can be seen that silicon is present mainly on
the trichome remnants of wheat husks; it was removed using alkaline treatment, as was also
revealed by Tran et al. (2014). They further hypothesized that wheat husks have a very thin
film of lignin covering the surface, and this film can be dissolved easily using sodium



hydroxide at low concentrations (Tran et al. 2014). The alkaline treatment caused higher
concentration of sodium on the husk surface, which was caused by imperfect washing of the
treated husks.

Fig 5 Elemental content of wheat husk surface taken by EDS (magnification 2000x). (a)
Untreated husk, (b) hydrothermal treated husk, (c) alkaline treated husk and (d) plasma treated
husk

3.4.FLIM analysis

The graph in Figure 6 depicts the influence of the mean fluorescence lifetime on
chosen husk pre-treatment. Untreated husks exhibited the highest fluorescence lifetime,
whereas alkaline pre-treated husks had the lowest fluorescence lifetime. Both hydrothermal
and plasma pre-treatment did not cause statistical significant differences in fluorescence life
time in comparison to the reference. The decrease of fluorescence lifetime caused by alkaline
pre-treatment can be explained by the higher lignin content.
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Figure 6 Fluorescence lifetime of modified husks

When the normalized photon count as a function of time is displayed (Figure 7), it can
be seen that the alkaline pre-treatment differs most in the shape of the fluorescence decay
curve, which corresponds to the shorter lifetime in Figure 6. The histogram for normalized
photon count from an alkaline treated specimen achieved the highest peak and then the count
decreased rapidly. As both cellulose and lignin have the characteristic shape of a fluorescence
decay curve, the ratio between lignin, cellulose and hemicelluloses could be estimated from
the shape of the decay curve before and after modification. Lignin is characterized by a
shorter fluorescence lifetime; the peak of its decay curve is closer to the zero point and is
followed by a steep decrease in the photon count (Donaldson and Radotic 2013; Coletta et al.
2013), whereas decrease in the photon count emitted from cellulose and hemicelluloses is
slower. Despite the fact that lignin was supposed to be reduced by the alkaline treatment (Li et
al. 2007; Tran et al. 2014), the FLIM analysis indicates a higher lignin content in chemical
treated husks than in untreated husks. This result corresponds to the results from FTIR
analysis, where a higher ratio of lignin in chemical treated husks was also observed. The
reduction of cellulose and hemicelluloses content can be explained by a peeling reaction,
which occurs when the ligno-cellulose material is immersed in an alkaline solution (Green et
al. 1977).
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3.5.FTIR analysis

The various chemical constituents present in untreated and pre-treated husk were
analysed by FTIR (Fig. 8). Slight variations in the FTIR spectra of different treated husks can
be seen. The broad absorption band around the peak of 3336 cm™, which is ascribed to the
hydrogen-bonded O-H stretching present in aliphatic or aromatic alcohols (Tran et al. 2014),
has the same intensity and shape for all of the tested materials. The signal from alkaline
treated husks has higher absorbance than from untreated, plasma and hydrothermally treated
husks, up to the wavenumber of 1800 cm™. At the two peaks around 2922 cm™, which
correspond to the C-H stretching from aliphatic saturated compounds, the highest absorbance
was achieved by alkaline, followed by hydrothermally treated husks. This indicates a higher
content of aliphatic compounds in cellulose and hemicelluloses. A steep double peak detected
at 2360 cm™ corresponds to CO,. The peak at 1738 cm™ is reflective of the C=O function of
the acetyl and ester group of hemicelluloses or waxes and natural fatty components (Seki
2009; Tran et al. 2014) and reflects the presence of hydrophobic compounds. The highest
absorbance of this band was achieved by hydrothermal and plasma treated husks, whereas
reference and alkaline treated husks achieved lower absorbance. This absorption band was
completely removed by alkaline treatment (siloxane treatment) of jute fibres (Seki 2009) and
also reduced by sodium hydroxide treatment of wheat and rice husks (Tran et al. 2014) or
wheat straw (Yang et al. 2016). The band around 1650 cm™ is ascribed to the H-O-H bend of
bonded water in crystalline cellulose, and highest absorbance on this peak was achieved by
untreated and alkaline treated husks. The C=C aromatic skeletal vibrations at about 1510 cm™
represent lignin, and it can be seen that alkaline treated husks achieved the highest absorbance
there. This could be caused by a reduction in cellulose and hemicelluloses with sodium



hydroxide solution (Green et al. 1977). The lignin units are also slightly prominent for
hydrothermally treated husks, as hemicelluloses were partially removed by boiling in water
(Carvalho et al. 2018; Gallina et al. 2018). Wavelengths of 1430-1460 cm™ correspond to C-H
deformation (asymmetric) and aromatic skeletal vibration and the wavelengths around the
peak of 1366 cm™ are assigned to the symmetric and asymmetric C-H deformations in methyl
and phenolic alcohol or C-H rocking in alkanes (Tran et al. 2014); whereas in the first band,
higher absorbance is achieved by alkaline treated material, while hydrothermally treated
husks have higher absorbance in the second bands. The intense peak at 1034 cm™ is attributed
to asymmetric and symmetric Si-O-C and Si-O-Si stretching bonds corresponding to silica
present in wheat husks (Tran et al. 2014). In the poplar wood, Gierlinger et al. (2008) also
reported at 1033 cm * aromatic C-H in-plane deformation assigned to lignin overlays with the
C-O stretching band of cellulose at 1035 cm™,
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Figure 8 FTIR Spectrum of husks
3.6.Equilibrium moisture content and surface tension of husks

Figure 9 shows the equilibrium moisture content of wheat husks. Each of the variants
differ statistically significant (p=0.05) to the others. While the mean moisture of untreated
husks was 12.7%, the alkaline pre-treatment shifted this value up to 13.7%. The sodium
hydroxide solution broke ester linkages between wax and lignocellulose and dissolved wax
and lignin, and the cellulose was thus more accessible for water (Wan et al. 2011). Tran et al.
(2014) also revealed that alkaline treatment using a sodium hydroxide solution dissolved a
fraction of waxes, lignin and hemicellulose so that the polarity of their surface was increased
and the alkaline treated husks were therefore more sensitive to moisture. The hydrothermal
and plasma pre-treatment had the opposite effect - the equilibrium moisture content
decreased. It seems that these two types of modifications did not dissolve compounds and that
the thermal treatment caused a decrease in husk hygroscopicity in the same way it did for
wood (Nakano and Miyazaki 2003; Esteves et al. 2007). Using hydrothermal treatment, the



content of carbohydrate in the particles, especially mannan, xylan and arabinans, was
decreased (Carvalho et al. 2018), which resulted in lower equilibrium moisture content and
subsequently lower thickness swelling of the manufactured boards. Despite the fact that the
effect of cold air plasma on the physical properties of the modified material decreases over
time after plasma application (Klimek et al. 2016), we still observed statistical significant
changes in the treated husks after 14 days in an air-conditioned chamber. These changes were
likely also caused by the high temperature in plasma mixing device during plasma treatment.
The internal temperature rose during plasma application up to 70 °C. In addition to the
mentioned modifications, enzymatic modification was reported as a method for reducing the
equilibrium moisture content of wheat husks. Using amylase—xylanase, laccase, pectinase and
protease enzymes, the equilibrium moisture content of wheat husks was reduced by 35%
(Mamun and Bledzki 2013).
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Figure 9 Equilibrium moisture content of wheat husks

The values of surface tension of husks are specified in Table 3. It can be seen that all
of the modifications caused the desired effect in terms of an increase in the surface tension.
The highest increase was caused by alkaline pre-treatment, whereas hydrothermal pre-
treatment had the lowest effect.



Table 3 Surface tension of husks

Pre-treatment Surface tension (mN/m)
untreated 3412
hydrothermal treated 40x2
alkaline treated 54+2
plasma treated 44+2

3.7.Physical properties of boards

Boards made from all four types of materials were produced using the same
production method, and in particular the moisture of husks and the pressing programme were
the same for all of the alternatives. Therefore, differences in board densities and vertical
density profiles can be considered as a function of husk pre-treatment. Certain variability
(Table 4) was caused due to manual layering or due to the presence of small amount of wheat
grains, as a natural part of husks, which could be spread unevenly. However, coefficients of
variation are lower compared to other research where boards were produced manually from
alternative materials (Nguyen et al. 2017). The lowest average density was achieved by
boards made from alkaline treated husks due to higher thickness. The higher thickness (it can
be seen on the vertical density profile in Fig. 10) was caused by higher thickness swelling
over a longer period of storage (3 days) since directly after hot-pressing no spring back was
observed. Compared to boards made from pre-treated particles, the boards manufactured from
the reference particles had the steepest density profile. It had already been observed in a
previous study that particle pre-treatment slightly affects the vertical density profile due to
changes in plasticization behaviour of the particles (Hysek et al. 2018).

Table 4 Average densities of boards measured after conditioning at 20 °C and RH 65%

Board | Density* | Standard Coeff. of
type | [kg/m3] |deviation | variation (%)
R 466,5 26,2 5,6
P 483,9 26,6 55
H 481,8 22,0 4,6
A 458,6 18,2 4,0
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Figure 10 Vertical density profiles of boards measured after conditioning at 20 °C and RH
65%

The thermal conductivity of the manufactured boards (Table 5) was in the range from
0.0714 W/(mK) to 0.0783 W/(mK), where boards made from plasma treated husks achieved
the lowest value. When we compare the achieved values with other natural thermal-insulation
materials composed of renewable resources, it can be stated that the achieved thermal
conductivity of husk boards is quite low. Thermal insulation of binderless cotton stalk
fibreboard with density of 450 kg/m3 was reported as 0.0815 W/(mK) (Zhou et al. 2010),
insulation fibreboards made from bamboo fibres and bone glue with density of 382 kg/m3
achieved thermal conductivity of 0.082 W/(mK) and fibreboards made from bamboo fibres
and bone glue modified with sodium lignosulfonate with density of 442 kg/m? achieved a
value of 0.081 W/(mK) (Nguyen et al. 2017).

Table 5 Thermal conductivity of boards made from wheat husks

Pre-treatment | Density* Ayo2™0
[kg/m*] | [W/(mK)]
untreated 466 0.0728
hydrothermal 483 0.0783
treated
alkaline treated 461 0.0765
plasma treated 487 0.0714

*Density was measured after conditioning at 20 °C and RH 65%

Thickness swelling caused by conditioning of specimens in different relative humidity
is shown in Fig. 11. It can be seen that at all conditioning stages, the boards produced from
alkaline treated husks achieved the biggest thickness swelling, which was caused by



elimination of hydrophobic substances from husks. The lowest thickness swelling was
achieved at all stages by boards made from hydrothermally treated husks. With the exception
of the first stage, all of the differences in the other materials are statistical significant. The
thickness swelling of type H boards was the lowest, despite the fact that their average density
was higher than those made from alkaline treated and untreated husks. Relatively high non-
recoverable thickness changes were observed after the samples were dried in an oven.
However, high non-recoverable thickness changes had already been observed on boards made
from pre-treated after harvest remains (Hysek et al. 2018).
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Figure 11 Thickness swelling of boards at different conditioning stages

The influence of wheat husk pre-treatment on the equilibrium moisture content of
boards is shown in Fig. 12. Similarly to thickness swelling, the highest moisture was achieved
by boards made from chemically treated husks. However, the increase in moisture uptake in
the climate of 85% RH was noticeably higher for these boards than at other conditioning
stages. High moisture uptake of alkaline treated husks and boards from those husks could by
also partly caused by residual sodium hydroxide presented on those husks, which has great
hygroscopic properties. Boards made from untreated husks achieved the lowest equilibrium
moisture content in all climates, and both hydrothermal and plasma treatment caused same
moisture uptake of boards. This does not correspond to moisture uptake of treated husks,
where the lowest moisture was achieved by hydrothermally treated husks, and the difference
between plasma and hydrothermal treatment was statistically significant. This can be
explained by the average density of boards, which was lower for boards made from untreated



husks. In addition, boards made from hydrothermally treated wood strands exhibit both lower
thickness swelling and equilibrium moisture content, which could be caused by a reduction in
carbohydrates (Carvalho et al. 2018). The overall high level of moisture may also be caused
by the presence of grains in boards, due to starch, which, as a natural compound, is able to
absorb a great amount of moisture (Mamun and Bledzki 2013). It can be expected that the
effect of plasma treatment on thickness swelling could occur for resin content lower than 9%.
Thickness swelling and water uptake of boards made from wood particle treated with direct
dielectric plasma discharge at atmospheric pressure were only improved when compared to
the respective control samples at an adhesive content of 3% and not at 5% and 8% (Altgen et
al. 2015). It can also be hypothesized that the plasma application method could affect the
treatment effect on husks properties. When particles were plasma treated in previous research,
surface discharge plasma was used for the application, and particles have greater contact with
ionised gas during this application (Altgen et al. 2015; Klimek et al. 2016). However, a jet
system for plasma application was used in our study and an application apparatus was
developed for this purpose.
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Figure 12 Equilibrium moisture content of boards at different conditioning stages

3.8.Internal bonding

Internal bonding was characterized to display the effect of husk pre-treatment on the
mechanical properties of boards made of those husk particles (Fig. 13). Both plasma and
hydrothermal pre-treatment caused the desired effect in terms strength increase. The greatest



enhancement in husk-adhesive adhesion was caused by the high temperature, which can be
seen as promising in terms of better adhesion not only for pre-treatment of alternative
materials, but also for pre-treatment of wood (Fang et al. 2017; Tavasolli et al. 2018). The
chemical treatment, however, caused a decrease in internal bonding. This treatment was most
likely too aggressive for treatment of wheat husks and its material was destroyed (observed by
SEM). Nevertheless, a lower-percentage solution of sodium hydroxide could have an opposite
effect. Yao et al. (2015) and Orue et al. (2016) had already observed enhancement of
mechanical properties of composites after alkaline pre-treatment of raw material. In the
research specified above, the concentration of the used sodium hydroxide solution was higher
than 2% and the treatment time longer that 45 minutes; however, the treated materials were
obviously more resistant. However, effect of 10% solution of sodium hydroxide on the
mechanical properties of composites from treated rice husks was also unclear (Huner 2017).
In the other study, einkorn wheat husks were immersed in sodium hydroxide solutions at 2%,
5% and 10% for 24 h at room temperature, and the mechanical properties of composites from
treated husks increased. However, the husks were only used as a filler in reinforced
poly(lactic acid) composites, where the husk weight content was only 20% compared to our
composites where husk weight content was 91% (Tran et al. 2014). It can be therefore
assumed that the residual sodium hydroxide in imperfectly washed husks caused a poor
adhesion of adhesive, because used urea-formaldehyde resin is an acid-hardening adhesive
and sodium hydroxide caused an alkaline environment. The interaction between adhesive and
residual sodium hydroxide could also cause higher thickness swelling of boards (Fig. 10 and
11). Altgen et al. (2015) reported an increase in internal bonding of boards after wood particle
treatment with direct dielectric plasma discharge at atmospheric pressure. The increase was by
approximately 0.1 MPa compared to the respective controls for all adhesive ratios (3%, 5%
and 8%). However, the modulus of rupture, modulus of elasticity and water related properties
were only improved at the lowest adhesive content. It is therefore concluded that the
discharge plasma treatment can improve the bonding quality and water related properties of
wood based particleboards particularly at low adhesive contents (Altgen et al. 2015). Apart
from reported modifications, using enzymatic modification can also lead to an increase in the
mechanical properties of the husk based composites (Mamun and Bledzki 2013).
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4. Conclusions

Hydrothermal, plasma and alkaline treated and untreated wheat husks were used for
board production. Treatment in 2% sodium hydroxide solution increased the surface energy of
husks and reduced waxes and natural fatty components; however, the husk structure was
eroded and thus the internal bonding of the boards decreased. Promising results were achieved
using hydrothermal treatment - boards made from such treated husks achieved the highest
internal bonding and significantly lower thickness swelling caused by moisture uptake.
Compared to the reference samples, of all of the selected pre-treatments, plasma treatment
caused the lowest changes in material characteristics.
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Physical and Mechanical Properties of Boards Made
from Modified Rapeseed Straw Particles
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Composites made from annual plants, such as winter rapeseed, can be
used as an alternative to wood-based composites because of their
ecological character, low price, as well as physical and mechanical
properties. The goal of this study was to prepare such boards and evaluate
their properties. Unmodified material and chemically and hydrothermally
modified rapeseed particles glued by powder polyester glue were used.
The characteristics measured were the internal bonding, swelling and
moisture uptake over time, and surface soundness. The results showed
that modification of the raw material influenced the properties of the
resulting composites. The highest swelling values were exhibited by the
boards with particles that were alkaline-modified. Boards made from
hydrothermally modified particles achieved the highest strengths
compared with the commercially produced boards. The alkaline
modification of the particles resulted in a stronger adhesive bond between
the particle and adhesive. During the internal bonding test, the boards
made from the alkaline-modified particles exhibited cohesive failures in the
particles. Therefore, the modification of the particles increased the
mechanical properties of the boards, but the physical properties
deteriorated.
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INTRODUCTION

Raw wood is the main component used in the production of composite materials.
With increasing demands in the woodworking industry, the importance of alternative
sources for the production of wood-based materials is increasing and becoming more
topical (Dziurka et al. 2015). Various materials based on cellulose and lignin are currently
used for the production of agglomerated materials (Ye et al. 2007). Agricultural products
that are used to produce composite materials include rice stalk, coconut fiber (de Melo et
al. 2010; Zhang and Hu 2014), corn stalk (Akinyemi et al. 2016), jute (Goswami et al.
2008), bagasse (Silva et al. 2016), bamboo (Widyorini et al. 2016), wheat straw (Zhang et
al. 2011), and rapeseed (Dziurka et al. 2005). This study primarily focused on the
production of composite materials made from rapeseed. Using post-harvest rapeseed
residues, which have not yet been industrially used as the main component in composite
materials, has the potential to contribute to solving the shortage of wood in the
woodworking industry in the European Union.
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The yield per hectare of rapeseed stalk is 3 t to 10 t, which means there is a
production of 42 million t of post-harvest rapeseed residue in the European Union (Eurostat
2015). The chemical composition of rapeseed stalk is slightly different from that of wood.
Rapeseed particles contain less cellulose and lignin, and more hemicellulose and extractive
substances. The cellulose contained in stalks positively affects the resulting mechanical
and physical properties of composite boards (Dziurka and Mirski 2013; Dukarska et al.
2017). There are different requirements for the mechanical and physical properties of
composite materials, depending on their use. The change in the shape of a material caused
by moisture is one of the most discussed physical properties. The effects of moisture have
a major impact on the resulting properties and use of a composite material (Halligan 1970).

These effects mostly manifest themselves as a reduction in the strength of the
boards, their durability, and changes in their shape (Gaff 2014). Dimensional changes can
be prevented by the type of adhesive used, which can also affect the resulting usability of
a material in the furniture and construction industries (Mirski et al. 2012; Gaff and
Gasparik 2013). In terms of practical utilization, the internal bonding and surface
soundness of materials are tested.

The objectives of this study were to evaluate selected mechanical and physical
properties of composite materials made from rapeseed particles and to assess the effects of
surface modification on these properties. The monitored mechanical properties were
surface soundness and internal bonding. Because it is believed that the modification of
particles disrupts the waxy and siliceous substances on the particle surface, the swelling
and moisture of the boards over time were also observed. The resulting properties were
compared with the properties of oriented strand board (OSB) and particleboard.

EXPERIMENTAL

Materials

Test specimens based on rapeseed stalk particles were used in this research. For the
particle characteristics, a screen analysis was performed; the percentages of individual
fractions are shown in Table 1. DAKOTEX2600 (Dakota Coatings N.V., Nazareth,
Belgium), a powder adhesive made of polyester and epoxy resin, was used for board
production. Table 2 lists the markings of the manufactured and commercial boards that
were further used in the study.

Table 1. Representation of the Fractions in the Chopped Rapeseed Stalk

Fraction (mm) |]0-0.25 | 0.25-05 | 05-08 | 08-16| 16-2 | 2-3.15 | 3.15-8
Frequency (%) 1.2 2.8 4.8 39.4 20.1 23.1 8.6

Table 2. Marking of the Manufactured Boards and Commercial Boards

Mark || Type of Board
1 Board made from unmodified rapeseed patrticles
2 Board made from hydrothermally modified rapeseed particles
3 Board made from rapeseed particles modified in an alkaline environment
4 Particleboard
5 OSB

Hysek et al. (2018). “Rapeseed stalk particleboard,” BioResources 13(3), 6396-6408. 6397



PEER-REVIEWED ARTICLE b | oresources.com

Methods

Boards made from raw and modified rapeseed particles were compared with
commercially available wood-based materials, namely OSB (load-bearing board for use in
humid conditions with thickness of 12 mm and density of 620 kg/m®) and particleboard
(panel for interior use in dry conditions with thickness of 12 mm and density of 670 kg/m?®).
In order to disrupt the waxy layer on the surface of stems that could inhibit high-quality
bonding between the particle and the adhesive, the particles were pre-treated (Céastkova et
al. 2018). To achieve a better particle-adhesive bond, the rapeseed particles were
hydrothermally (submerged in boiling water for 45 min) and chemically (soaked in a 2%
NaOH solution at a water temperature of 25 °C) modified. To remove residual substances
from the NaOH solution, the modified particles were thoroughly rinsed and dried.

Boards with a thickness of 12 mm and nominal density of 620 kg/m?® were made.
The adhesive was applied to the particles using a laboratory adhesive applicator (Imal,
Modena, Italy). A resin dosage of 10% on straw dry mass was applied. After the adhesive
was applied, a uniform particle sheet with the uniform area density was created on steel
panels. This particle sheet was placed in a laboratory press (Strozatech, Brno, Czech
Republic). The pressing was performed at a pressure of 2.3 MPa and board temperature of
185 °C for 10 min. At the end of the press cycle, a temperature of 170 °C was reached in
the center of the boards. The closing speed of the press was 150 s. After the press was
opened, the boards were removed and allowed to cool slowly.

The thickness of the boards was levelled to 12 mm, and then 50-mm x 50-mm x
12-mm test specimens were randomly cut from the boards. The vertical density profile of
the boards was determined for these specimens. A Compact X-ray density profile Analyser
DPX300-LTE (Imal, Modena, Italy) was employed.

Specimens with the dimensions 50 mm x 50 mm x 12 mm intended for the internal
bonding and surface soundness testing were conditioned to an equilibrium moisture content
in a climatic chamber at a relative humidity of 65% and temperature of 20 °C for 14 d. The
specimens for monitoring the swelling over time were dried in an oven at 103 °C down to
0% moisture content. A total of 15 pieces of each type of board were made to monitor the
swelling, 15 pieces were made for the internal bonding testing, and 15 pieces were made
for the surface soundness testing.

The first monitored property was the swelling of a specimen over time. Rapeseed,
OSB, and particleboard test specimens were dried to a 0% moisture content, and their
dimensions and weight were measured in their oven-dry state. The monitored
characteristics were the dimensions increase over time in all board directions and the
moisture increase. The swelling and absorption were determined by measuring the
dimensions and weight; the time intervals between measurements were 10 min, 20 min, 30
min,1h,2h,4h,6h,12h,1d, 2d, and 3 d. The change in the dimensions was determined
according to Eq. 1,

ﬁwt - ﬁo
. g 100 [%] "

where f; is the increase in individual directions depending on the monitored time (%), fo
is the dimensions (mm) of the specimen in the oven dry state, and Swt is the dimensions
(mm) of the specimen in individual directions after each interval.

After testing of the swelling, the test specimens were oven-dried again and the non-
recoverable thickness changes in the test specimens were determined according to Eqg. 2,
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tz - tl
NRC =

P 100 (%]
1 (2)
where NRC is the non-recoverable thickness change (%), t2 is the thickness of the specimen

after the second drying (mm), and t: is the thickness of the specimen after the first drying
(mm).

Swelling (%)

NRC ‘ Recoverable changes ]

Time =

Fig. 1. Graphical representation of the calculation of the NRC according to Eq. 2

Internal bonding is the tensile strength of a composite material perpendicular to the
plane of a board, where the board breaks down its center in the applied adhesive or material
that forms the composite. The internal bonding was determined by following the standard
EN 311 (2002). The test blocks to which the test specimens were glued were made of hard
T-shaped ash wood, where the base of the block was identical to the dimensions of the test
specimen (50 mm x 50 mm) and the dimensions of the top of the block were the same as
those of the jaws of the universal testing machine (TIRA test 2850, TIRA GmbH, Schalkau,
Germany). Epoxy glue was applied to the surface of a test specimen, which was glued to
the wooden blocks and weighed down. After the glue hardened, the test specimens were
returned to the climatic room to achieve an equilibrium moisture content. The tensile
strength perpendicular to the plane of a board was determined according to Eqg. 3,

F

max
ag =
a L

MPa

, [MPal @)
where Fmax is the maximum tensile force applied to the specimen at the moment of failure
(N), and a and b are the dimensions of the test specimen (mm).

Surface soundness is another examined mechanical property. Surface soundness is
the tensile strength when the surface layer is torn from the surface of a wood-based board.
It is determined by measuring the force required to tear a steel rivet from a test specimen
(EN 319 1993). The surface soundness test was performed according to the relevant
standard EN 319 (1993). The test was performed on test specimens with the dimensions
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(100 x 100) mm, and these specimens were randomly selected from the board. Test pads
were glued to the test specimens with the required dimensions using epoxy adhesive. The
prepared test specimens were then climatized in a climatic chamber at 65% relative
humidity and 20 °C. The climatized specimens were then used to test the surface soundness
with a Comtest adhesion tester (Coming Plus a.s., Prague, Czech Republic), and each
specimen was tested in at least 12 places.

Scanning electron microscopy (SEM) of the broken bonds after tensile testing
perpendicular to the plane of the boards were performed using a MIRA 3 electron
microscope (Tescan Orsay Holding, Brno, Czech Republic) with a secondary electron
detector, operated at 15 kV acceleration voltage.

An analysis of variance (ANOVA) (Fisher's F—test) and Tukey’s honest significant
difference (HSD) test were used to evaluate the statistical significance of the individual
factors (type of boards). A level of significance (o)) of 0.05 was used for all of the statistical
analyses. The statistical analyses were performed using STATISTICA 12 software
(StatSoft CR s.r.o., Prague, Czech Republic).

RESULTS AND DISCUSSION

Figure 2 shows the course of water absorption by the specimens immersed in water.
As was expected, the amount of water absorbed rapidly increased after immersion (Huner
2015). It is clear from the graph that the moisture increase was the steepest up to
approximately 1000 min, then from 1000 min to 3000 min the moisture was almost
constant, and afterwards the absorption slightly increased. Similar results were reported by
Cruz et al. (2011). This trend did not apply to the specimens made from OSB; these
specimens exhibited a continuous increase in the moisture over the measured time. The
highest moisture values were achieved in the rapeseed boards made from the
hydrothermally modified particles. In contrast, the lowest moisture values were achieved
with the specimens made from the particleboard. Although all of the differences in the
moisture content of the boards after the experiment were statistically significant, the effect
of particle modification on the water absorption over time was not as great as the effect on
the swelling of the boards, which is shown in Fig. 3.
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Fig. 2. Water absorption of the specimens immersed in water
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Based on these results, it was concluded that boards made from rapeseed particles
with the use of powder polyester adhesive can be used only for interior use, and a negative
effect of particle modification on water absorption was found. The higher moisture values
in the rapeseed-based particleboards were because of the absence of paraffin and other
hydrophobic additives in the adhesive mixture. The figure also showed a clear effect from
the particle modification on the higher resulting moisture content of the boards; the
disruption of surface layer of particles led to higher water uptake (Hysek et al. 2018). The
differences between the moisture content of the boards at the end of the experiment were
statistically significant (p < 0.01). A higher water absorption for hydrothermally modified
materials was also reported by Huner (2015).
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Fig. 3. Thickness swelling of the test specimens over time

Figure 3 shows the thickness swelling of the test specimens over time. The
thickness swelling was increased steadily to 1000 min, as was the case with the moisture
absorption over time. After this time, the thickness swelling was almost constant. The
highest thickness swelling values were achieved by the test specimens made from the
chemically modified particles, and the lowest swelling values were achieved by the
specimens made from the particleboard, as was the case when the moisture content was
monitored. The highest swelling values were achieved by the boards made with rapeseed
particles. Both the hydrothermal and alkaline modifications increased the thickness
swelling of the boards. Although these modifications caused a higher strength particle-
adhesive bond, removing the waxy and siliceous substances from the particle surface
resulted in greater particle swelling. The effect of the hydrothermal and alkaline
modifications on removing waxy substances from particle surfaces was reported on in a
previous study (Gajdacova et al. 2018). Furthermore, the alkaline modification caused a
more heterogenic surface on the modified particles, which ensured better adhesive-particle
bonding (Mohanty et al. 2000; Kim et al. 2006). Despite the better adhesion, removing
hydrophobic substances caused a high thickness swelling. In contrast to this research,
where the thickness swelling of the boards made from rapeseed particles achieved a
swelling of 45% to 65% after 24 h, Dukarska et al. (2017) reported that the thickness
swelling of rapeseed boards after 24 h increased by only 14% when a mixture of MDI (4.4'-
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methylenediphenyl Isocyanate) and PF (phenol-formaldehyde) adhesive was used. The
same values for rapeseed board swelling achieved by Dziurka and Mirski (2013) and
Dukarska et al. (2017) were also achieved by Dziurka and Mirski (2013), but with the use
of pMDI adhesive. Mirski et al. (2012) used OSB to achieve a thickness swelling of 8.9%
after 24 h.

The figure also shows a clear effect of the particle modification on the resulting
thickness swelling of the boards. The differences between the moisture content of the
boards at the end of the experiment were statistically significant (p < 0.01).

Table 3 depicts the NRC and the thickness swelling of the boards. Boards made
from the alkaline-modified particles had the highest thickness swelling values (70.7%),
while the boards made from the hydrothermally modified particles achieved the highest
NRC (37.8%). The OSB specimens exhibited the highest variability in the measured data.

Table 3. Thickness Swelling and NRC of the Boards

Type of Board " Thickness Swelling (%) | NRC (%)
Reference 54.7 (7.7) 30.5(8.9)
Hydrothermal
Treatment 63.1 (7.1) 37.8(12.2)
Alkaline Treatment 70.7 (9.8) 29.8 (8.7)
Particleboard 24.8 (4.0) 8.6 (9.3)
OSB 29.4 (15.0) 12.1 (16.5)

Values in parentheses are the coefficients of variation in %

Figure 4 shows the volumetric swelling of the test specimens. The volumetric
swelling pattern was identical to that of the thickness swelling (see Fig. 3). The differences
between the achieved volumetric swellings of the boards at the end of the experiment were
also statistically significant (p < 0.01).
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Fig. 4. Volumetric swelling of the test specimens
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Figure 5 shows that the highest internal bonding (0.505 MPa) was achieved with
hydrothermally modified rapeseed board specimens (bars show 95% confidence intervals).
Similar results were obtained by Dukarska et al. (2017), who examined the internal
bonding of rapeseed particleboards using a mixture of MDI and PF adhesive, with a result
of 0.48 MPa. Similar values were obtained by Dziurka et al. (2005), who used a UF
adhesive constituting 14% of the total particle volume and reported a resulting strength of
0.51 MPa. In contrast, the highest strength values were achieved by Dziurka and Mirski
(2013), who reported internal bonding values of 0.82 MPa with the use of a pMDI adhesive.
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Fig. 5. Internal bonding of the boards

The results in this study indicated that the modification of the rapeseed particles
improved the internal bonding of the boards in comparison with the reference set of
rapeseed specimens, which achieved the lowest internal bonding values (0.340 MPa). By
comparing the internal bonding results of the commercially produced OSB specimens with
the results obtained by Mirski et al. (2012), lower internal bonding values were found in
our study. The high internal bonding values may have been caused by the unusual vertical
density profile of the boards made from rapeseed stalks. Because of the long press closing
time, the highest density of the produced boards was reached in the middle of the vertical
profile. An evaluation of the statistical significance of the differences in the tensile strength
perpendicular to the plane of a board, corresponding with Fig. 5, is shown in Table 4.

Table 4. Statistical Significance of the Internal Bonding Differences

Type of Board 1 2 3 4 5
1 S. S. S. S.
2 S. S. n.s. S.
3 S. S. S. n.s.
4 S. n.s. S. n.s.
5 S. S. n.s. n.s.

Statistical significance done according to Tukey’s HSD test; s.- statistically significant; n.s. — no

significant difference
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Figure 6 shows a graphical representation of the results of the surface soundness
tests (vertical columns represents 95% confidence intervals). The surface soundness test
was not performed on the OSB specimens because this characteristic is not usually
controlled in OSB. It is clear from Fig. 6 that the best results were achieved with material
4, which was a commercially available particleboard (0.325 MPa), and the worst results
were achieved with material 3, i.e. a reference board developed by the authors without any
modifications (0.119 MPa). When the modified particles were used in the materials
developed by the authors, there was a trend of improvement in the tested properties with
respect to the reference board; the properties of the water-modified boards (Material 2)
improved by 16.7%, and the properties of the alkaline-modified boards (Material 1)
improved by 33.5%. Although higher values were achieved by modifying the raw
materials, the boards developed by the authors were still far behind the particleboards in
terms of their values. In the article by Shalbafan et al. (2016), which also dealt with the
surface soundness of particleboards, it was demonstrated that the results of this test were
significantly affected by the board density. Shalbafan et al. (2016) tested boards with an
approximate density of 600 kg/m?, and in the case of the current study the density of the
particleboards with a 1-mm thickness was approximately 862 kg/m3. This density was
significantly greater than the density of the boards developed in this study at a
corresponding thickness (450 kg/m®to 500 kg/m?3), which explained the reason for the large
difference in the surface soundness.
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Fig. 6. Surface soundness of the boards

A statistical analysis according to Tukey’s HSD test was also performed. The result
of this analysis, which is shown in Table 5, was that no significant difference was observed
between the developed boards (i.e. 1, 2, and 3). A significant difference was observed
between all of the developed boards and particleboards.

Figure 7 shows SEM microscopic images of the broken bonds after tensile testing
perpendicular to the plane of the boards. The effect of the modification on the nature of the
failure was clear from the images. In the case of the boards made from untreated particles
(Fig. 7b), there was only a failure between the adhesive and surface of the particle. In the
case of the boards made from the alkaline-modified particles (Fig. 7a), a cohesive failure
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of the particle material was observed, which indicated that the modified particle-adhesive

bond was stronger.

Table 5. Statistical Significance of the Surface Soundness Differences

Type of Board 1 2 3 4
1 - n.s. n.s. S.
2 n.s. - n.s. S.
3 n.s. n.s. - S.
4 S. S. S. -

Statistical significance determined according to Tukey’s HSD test
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Fig. 7. SEM pictures of the ruptured internal bonding samples: particles treated in NaOH —
cohesive failure in the particle (a), and untreated particles — adhesive failure (b)

CONCLUSIONS

1. The results indicated that the modification of the rapeseed particles had a statistically
significant effect on the moisture absorption, thickness, and volumetric swelling. The

highest swelling values were exhibited by boards with alkaline-modified particles.

Conversely, the lowest swelling values were achieved by the boards with unmodified

particles.

2. An effect from the modification of the rapeseed particles on the internal bonding was
shown to occur. Boards made from the hydrothermally modified particles achieved the

highest strength values compared with the commercially produced boards.

3. Compared with the particleboard, the surface soundness was not as high, but the highest
mean internal bonding value was achieved with the boards containing unmodified

rapeseed particles.
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4. The alkaline modification of the particles resulted in a stronger adhesive bond between
the particles and adhesive. During an internal bonding test, boards made from these
particles exhibited cohesive failures in the particles. Therefore, the modification of the
particles increased the mechanical properties of the boards, but the physical properties
deteriorated.

5. Modification of rapeseed particles before particleboard production could improve some
properties of the boards. However further research needs to be carried out in order to
eliminate negative effects of modification that were observed in this study.
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The development of new composite materials using alternative sources of raw materials is of great importance
nowadays due to the lack of raw wood material and the economic development of the market. The main ob-
jective of this article is to determine selected mechanical properties of new composite materials based on cel-
lulose and lignin. We focused on the mechanical properties measured in the plastic range during the bending of
composite materials. We monitored the effect of factors such as the method of modification (raw, boiled in water
and soaked in a lye bath), and the effect of the adhesive used to bind components (polyester powder and urea
formaldehyde). The monitored characteristics were the bending strength “MOR?”, plastic potential “Pp” and the
moduli of plasticity CHy, Eg, Epy and Ep. The results constitute an important basis that is inevitably necessary in
the production of new types of materials with specific properties for their intended use. The output of this article
forms a part of a project whose goal is to create a mathematical model that will enable us to anticipate changes in

the monitored characteristics, with regard to the required modifications.

1. Introduction

Composite materials can generally be defined as a combination of
two or more materials that differ in size or composition on a macro-
scale. The components in them retain their identity, although they
appear to be in synergy (synergistic effect). Each component can be
physically identified, and there is a boundary between it and other
components [1]. In the wood industry, composite materials pre-
dominantly contain either wood elements or wood fibers. A natural or
synthetic adhesive is used to bond these elements [2].

Today, there is an effort to develop new composite materials using
alternative sources. The main reason for this trend is population
growth, which is closely linked to a scarcity of natural resources [3].
Agricultural waste is an excellent alternative material to replace wood
components in composite materials, because it is inexpensive, easy to
process and there is a lot of it [4,5]. Natural fibers have many re-
markable advantages over synthetic fibers. Today, we are familiar with
different kinds of natural fibers [6]: flax, hemp, jute straw, wood, rice
bran, wheat, barley, oats, rye, sugar cane, grass, reed, kenaf, ramie,
coconut fiber, water hyacinth, silk paper, banana fiber, pineapple fiber,
papyrus, and rapeseed have been examined for utilization in composite
materials [7]. Rapeseed (Brassica napus L.) currently has a strong po-
sition in both Czech and European agriculture as a result of its extensive
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use, with markedly increasing non-food utilization. Rapeseed is pri-
marily used to produce fat. From the global production (about 50
million tons) of seeds, about 19 million tons of fat is extracted, of which
13-14 million tons of oil goes to the food industry. Therefore, the re-
maining 5-6 million tons are primarily used for biofuels. This non-food
utilization of rapeseed is almost exclusively tied to EU27 [8].

In terms of applicability, composite materials have to achieve cer-
tain mechanical properties. Flexural characteristics in the plastic range
are an important mechanical property. Loading composite materials by
bending is a very topical issue. In terms of the use of composite mate-
rials in the exterior and interior, these bending characteristics are very
important. These characteristics include bending strength, plastic po-
tential and modulus of plasticity. Most research deals with the elastic
range of the diagram up to the limit of proportionality, while only a
small amount of research deals with deformations in the plastic range,
from the limit of proportionality to the yield point where plastic de-
formation occurs. The existence of plasticity moduli is nothing new. In
literature, these moduli can be found under different names [9]. Plas-
ticity moduli can be defined as the relationship between the stress and
strain at a certain point of the curve between the limit of proportion-
ality and the bending strength [10]. It is clear from much research that
the mechanical properties of composite materials are generally sig-
nificantly affected by the type of adhesive and its modification [11].
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The mechanical properties of composite materials in terms of the ad-
hesive used are largely influenced by the chemical composition of the
adhesive, in interaction with the chemical components of the compo-
nents used in the composite materials [12].

The aim of this study was to determine the effect of rapeseed
modification in interaction with the use of urea formaldehyde and
polyester adhesive on the bending characteristics of composite material
in the plastic range, and to subsequently compare these characteristics
with those of standard composite materials. Standard composite ma-
terials such as chipboard and OSB boards were selected to compare the
monitored characteristics. In addition, the plastic properties of both
commercially produced materials (PB, OSB) and newly developed ma-
terials have not yet been investigated.

2. Experimental
2.1. Materials

The main component of the test specimens used in the research were
chips from rapeseed stalk (Brassica napus L.). A network analysis was
used to determine the percentage of individual chip fractions, as shown
in Table 1.

The monitored bending characteristics (Fig. 1) were compared using
boards produced with different chip modifications. The reference va-
lues were found in boards produced from raw chips without further
modification (this type of chip was labeled R). The bending char-
acteristics were further observed in boards with hydrothermally mod-
ified chips; this modification was performed by boiling the chips in
water for 45 min at approx. 100 °C (this type of modified chips were
labeled H,0), and chips modified by soaking in a chemical solution,
which was performed by soaking them for 45 min in a 2% NaOH so-
lution under laboratory conditions (this type of modified chips were
labeled NaOH).

The abovementioned modifications were used to improve the ad-
hesion of the glue to the chip. After the modification, the chips were
thoroughly rinsed with water and dried.

For mixing adhesive DAKOTEX2600, which is a powder glue based
on polyester and epoxy resin (Dakota Coatings N. V., Belgium) with our
modified particles we used a laboratory adhesive applicator (Imal,
Modena, Italy). After that we layered these mix into molds to form a
chip sheet. These prepared molds were placed in a laboratory press
(Strozatech, Brno, Czech Republic) and pressed at a pressure of
2.3 MPa. Temperature of a pressing plate was 185 °C for 10 min. After
10 min, a temperature of 170°C was reached in the middle of the
boards. The closing speed of the press was 150s. This procedure is
shown in Fig. 2.

All the obtained results were compared with commonly sold mate-
rial. For comparison, we chose a 14 mm thick three-layer P2 particle-
board (PB) and a 14 mm thick type 3 oriented strand board (OSB).

The specimens were conditioned to a standardized equilibrium
moisture content (EMC) under conditions of ¢ =65 = 1% and
t =20 * 1°C, in climate chamber HCP 108 (Memmert, Germany). 30
samples were used for each set of specimens.

The density profile was also measured for all the tested materials;
these density profiles are shown in Fig. 3. The figure shows that the
highest density values in PB and OSB boards were measured in the
surface layers. However, in the case of the boards pressed by us (H,O,
NaOH and R), there was an opposite trend, i.e. a higher density was
measured in the middle layers than in the surface layers.
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Fig. 1. The monitored bending characteristics in plastic area of force de-
formation diagram.

3. Methods
3.1. Determination of the monitored characteristics

The support span was adjusted to L; = 20 X h (support span was
changed in relation to thickness of specimens). The samples were
loaded by three-point bending with single force in a universal testing
machine UTS 50 (TIRA, Germany) according to EN 310 [13]. The
loading speed was set to 3 mm/min so that the test duration would not
exceed 2min. Loading forces were measured using datalogger AL-
MEMO 2690-8 (Ahlborn GmbH, Germany).

All the necessary data were obtained from the measured force-de-
formation diagrams. To identify the characteristics, a program devel-
oped by us with the task of accurately identifying and quantifying data
that can be obtained from the force-deformation diagram was used.

3.2. Evaluation and calculation

1. The bending strength (MOR) was calculated in accordance with ISO
13061-3 [14] and Eq. (1),

3Fmax lO
2bh? ®

MOR,, =

where MORyy is the modulus of rupture of wood (MPa), Fmax is the
maximum (breaking) force (N), 1, is the distance between the centers of
the supports (mm), b is the width of the specimen (mm), and h is the
thickness of the specimen (mm). The bending strength values were
converted to a moisture content of 12% in accordance with ISO 13061-
3 [14].

2. The plastic potential was calculated based on Egs. (2) and (3)
published in the article [9]:

— a b
A = = [Y3-Yi] + —[Y3-YE] + c¢[Y,-Y;
3[p (il 2[P Al C[p ] )
By dividing Eq. (6) by the volume of the specimen within the
stressed area, the calculation of the potential in the viscoplastic range
can be obtained according Eq. (7):

Po = A/(b-hol) 3

where Pp is the plastic potential (MPa), A is the work of deformation in
the viscoplastic range (mJ), b is the width of the specimen (mm), h is

Table 1

Representation in individual fractions of chopped rape straw.
Fraction (mm) 0-0.25 0.25-0.5 0.5-0.8 0.8-1.6 1.6-2 2-3.15 3.15-8
Representation (%) 1.2 2.8 4.8 39.4 20.1 23.1 8.6
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Fig. 2. The production of our developed materials: a) mixing adhesive wit modified particles, b) layering particles, c) pressing in laboratory press.
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Fig. 3. The density profile measured in monitored sets of test samples.

the thickness of the specimen (mm) and 10 is the support span (mm). It
is necessary to emphasize the fact that integrating the given equation
neglects elastic deformation over time, which occurs in the limit range
above the force at the limit of proportionality “Fz”. Yp is the deflection
at the modulus of rapture (mm), Yg is the deflection at the limit of
proportionality (mm).

The tangent modulus is defined as the first derivative of the stress —
strain or force-displacement diagram. For the calculation, we used de-
rivations (4-8) published in the article [15]:

3. Tangent modulus at the Limit of proportionality “Eg”

_E 6
ETY, 481 Q)

4. Tangent modulus at the middle value of plasticity “Eny”

FE I
Eyy = ———
Yyvy 481 5)

5. Tangent modulus at the modulus of rapture “Ep”

g B 18
Yr 481 6)

where I is the moment of inertia:

b-h3
=4 %)

6. The chord modulus of three-point bending was calculated using the
following Eq. (5):

B-F 1

CHy =
M YooYy 4-b3 8)

where Fp is the force at the elastic limit (N), Fg is the force at the
proportionality limit (N), Yp is the deflection at the elastic limit (mm),
and Yg is the proportionality limit (mm).

If the above-mentioned condition is not strictly fulfilled, it can be a
source of substantial errors.

The middle value of the tangent modulus is the value for

Ymv = (Ye + Yp)/2).

3.3. Statistical analysis

For the evaluation of the results, a four-factor variance analysis as to
the effect of individual factors on the characteristics was used. Based on
the P-level value, it was determined whether a given evaluated factor
affected the values of the coefficient of bendability. Diagrams were
constructed for the 95% confidence interval, and the results were ver-
ified with Duncan’s tests.

Fig. 1 shows that the distribution of the density in the cross section
varies in the evaluated materials. A significant difference can be pri-
marily seen in the surface layers down to a thickness of 2 mm, and also
in the middle layer. The properties of the surface layers may have an
effect on the monitored characteristics, as these layers are under the
greatest stress during loading.

For this reason, we decided to apply a correlation analysis to the
evaluation of the relationship between the monitored characteristics
MOR, PP, cyM, gE gMV and P, and the average density measured in the
entire cross section, as well as the average density measured in the
surface layer (1 mm from the surface) of the observed materials (R,
H,0, NaOH, PB and OSB).

4. Results and discussion
4.1. Modulus of rapture “MOR”

The average MOR values measured in the monitored materials are
shown in Table 2. The average density of individual materials measured
over the entire thickness and the average density measured in the
surface layer at 1 mm from the surface are also listed in the table. The
coefficient of variation is also listed for all the characteristics.

Based on the level of significance “P” given in Table 3, we can say
that the type of evaluated material is a factor that statistically very
significantly affects the MOR values.

It is evident from the data in Fig. 2 that the highest statistically
significant MOR values were measured in OSB materials. The difference

Table 2
Mean values of MOR for the individual sets of test specimens and the coefficient
of variation for evaluated materials.

Material Glue MOR Average density in
(MPa) entire thickness (kg/

Average density at a N
thickness of 1 mm (kg/

m?) m>)
R PE 5 (14.1) 582 (10.4) 456.3 (8.2) 30
H,O PE 10 621 (5.3) 487.3 (4.5) 30
(18.9)
NaOH PE 8 (16.7) 655 (11.1) 508.7 (6.8) 30
PB UF 10 669 (3.0) 862.4 (5.2) 30
(11.6)
OSB MUF 21 619 (3.2) 677.9 (6.1) 30
(17.6)

Values in parentheses are coefficients of variation (CV) in%, PSE = hybrid
polyester/epoxide adhesive, MUF = melamine-urea-formaldehyde adhesive.
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Table 3
Statistical evaluation of the factors affecting the MOR values.

Bending strength “MOR”

Monitored ~ Sum of squares Degree Variance Fisher's F  Significance

factor of - Test level P
freedom

Intercept 17857.603 1.000 17857.603 1091.153  ***

1) Material = 4207.762 4.000 1051.941 64.277 el

Error 2373.042 145.000 16.366

The respective model explains roughly 63.9% of the total sum of squares.

NS - not significant, *** - significant, Significance was accepted at P < 0.05.

between H,O and PB materials was not confirmed, where we measured
52.3% lower values than in OSB materials.

The lowest MOR values were measured in R materials.

Standard EN 312 [16] defines a bending strength requirement of
11 MPa for P2 boards with a thickness of 6-13 mm, which must be met
by the 5th percentile of the set of samples. Rapeseed-based boards do
not meet this standard requirement, but neither do PB boards. While
rapeseed boards have an opposite density profile — with the highest
density in the middle — and the bending strength can be further im-
proved by optimizing the density profile, this is not true for commer-
cially produced PB, whose density profile is already optimized in an M
shape, with the highest density in the surface layers of the board. If we
compare the measured values with results obtained in other studies
concerning composite materials based on rapeseed, we will find that the
composite materials studied in this article achieve a lower bending
strength [17,18]. However, this can be explained by the opposite
density profile as well as the adhesive used. In our research, we used a
non-formaldehyde hybrid powder adhesive, whose strength character-
istics are not very good, but it is more environmentally friendly and is
not harmful to health. If we compare the results of our boards with
other lignin and cellulose-based composites such as bamboo [19], we
find that bamboo composites have better bending properties. However,
this can be explained by the use of different types of materials and
different production technologies.

Table 4 shows the results of Duncan's test, which confirm the results
from Fig. 4. There was no statistically significant difference between PB
and H,O materials in the measured values (P = 0.738). There was a
statistically significant difference in MOR values measured in the other
monitored materials, with a significance level of P = 0.000.

4.2. Plastic potential “Pp”

Table 5 shows the average Pp values, the average density values of
individual materials measured over the entire thickness, and the
average density values measured in the surface layer at a thickness of
1 mm from the surface of the board on the monitored materials. The
coefficient of variation is also listed for all the characteristics.

Based on the results of a one-factor analysis of variance evaluating
the effect of the material on Pp values (Table 6), we can state that the

Table 4
Comparison of the effect of the type of material on MOR values using Duncan’s
test.

Bending strength “MOR”

Material (€] (@3] 3) (€] (5)

5.4493 10.024 7.8106 10.373 20.898
1 R 0.000 0.024 0.000 0.000
2 H,0 0.000 0.034 0.738 0.000
3 NaOH 0.024 0.034 0.019 0.000
4 PB 0.000 0.738 0.019 0.000
5 0SB 0.000 0.000 0.000 0.000
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Fig. 4. The effect of the type of material on the MOR.

Table 5
Mean values of Pp for the individual sets of test specimens and the coefficient of
variation for evaluated materials.

Material Glue Pp (MPa) Average density in Average density at a N
entire thickness (kg/  thickness of 1 mm
m?) (kg/m>)
R PE 1,6 (12.1) 582 (10.4) 456.3 (8.2) 30
H,0 PE 3,2 (14.1) 621 (5.3) 487.3 (4.5) 30
NaOH PE 2,9 (12.8) 655 (11.1) 508.7 (6.8) 30
PB UF 2,0 (12.5) 669 (3.0) 862.4 (5.2) 30
0SB MUF 5,1 (18.1) 619 (3.2) 677.9 (6.1) 30

Values in parentheses are coefficients of variation (CV) in %, PSE = hybrid
polyester/epoxide adhesive, MUF = melamine-urea-formaldehyde adhesive.

Table 6
Statistical evaluation of the factors affecting the values of Pp.

Plastic potential “Pp”

Monitored Sum of Degree of  Variance Fisher's F  Significance
factor squares freedom - Test level P
Intercept 1308.648 1.000 1308.648 404.023 i

1) Material 216.620 4.000 54.155 16.719 bl

Error 469.661 145.000 3.239

The respective model explains roughly 31.6% of the total sum of squares.

NS - not significant, *** — significant, Significance was accepted at P < 0.05.

7

Plasticity potential (MPa)
N w A~ [6)] (o]
—a—i
—e—

-

o

R H,O NaOH PB OSB
Material

Fig. 5. The effect of the material on the tangent modulus.
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Table 7
Comparison of the effects of the material on the Pp values using Duncan’s test.

Composite Structures xxx (XxxX) XXX—XXX

Table 9
Statistical evaluation of the factors affecting the values of CHy, Eg, Eyy and Ep,

Plastic potential “Pp”

Chord Modulus “CHy,”

Material (€8] (@3] 3) (€)] 5) Monitored Sum of Degree of Variance Fisher's F  Significance
1.5874 3.1737 2.9152 2.0291 5.0630 factor squares freedom — Test level P

1 R 0.001 0.006 0.342 0.000 Intercept 297948383 1 297948383  743.736

2 H,0 0.001 0.578 0.019 0.000 1) Material 128190403 4 32047601  79.997 el

3 NaOH 0.006 0.578 0.057 0.000 Error 58088512 145 400610

4 PB 0.342 0.019 0.057 0.000 The respective model explains roughly 68.8% of the total sum of squares.

5 0SB 0.000 0.000 0.000 0.000

material is a factor that has a statistically significant effect on the values
of the monitored characteristic.

It is evident from Fig. 5 that the highest plastic potential values were
measured in OSB materials. From the materials developed within our
project, H,O and NaOH materials have the highest plastic potential
values. The overall lowest Pp values were measured in R materials, the
values of which are significantly different from those measured in PB
material. Comparing our plastic potential results with those published
in the article [9], in which they also dealt with the plastic potential of
wooden lamellas, we found that our tested materials reached much
higher values than the beech and ash lamellas mentioned in this article.

The results of Duncan's test (Table 7) indicate a statistically insig-
nificant difference between R and PB (P = 0.342), as well as between
H,0 and NaOH (P = 0.578), and NaOH and R (P = 0.057), which is in
accordance with the results shown in Fig. 4.

4.3. Chord modulus “CH,,” and tangent moduli in different points: “Eg”,
“EMV” and IIEPH

Table 8 shows the average values of the monitored characteristics as
well as the corresponding coefficient of variation for evaluated mate-
rials.

Table 9 shows the results of the one-factor analysis of variance
evaluating the effect of the material on the monitored plasticity char-
acteristics CHy, Eg, Eyy and Ep. Based on the level of significance “P”, it
is obvious that each of the monitored characteristics is statistically very
significantly affected by the type of material.

It is evident from the results shown in Fig. 6 that the lowest tangent
modulus values were measured at the modulus of rapture “Ep”, and the
highest values were measured at the limit of proportionality “Eg”. There
was no statistically significant difference between the chord modulus
“CHy” and tangent modulus at the middle value of plasticity “Enpy”.

The values of the monitored characteristics (R, H,O a NaOH) in all
the materials developed by us, CHy;, Eg, Eyv and Ep, were statistically
significantly lower than the values measured in commercially available
PB and OSB materials. It is evident that their ability to withstand

Table 8
Mean values of CHy,, Eg, Eyy, Ep and individual sets of test specimens, and the
coefficient of variation for evaluated materials.

Material Glue CHy Eg (MPa) Eyy Ep (MPa) Density (kg/ N
(MPa) (MPa) m®)

R PE 512 743 505 267 582 (10.4) 30
(13.1) (19.7) (14.9) (19.1)

H,O PE 911 1334 920 506 621 (5.3) 30
(19.9) (19.5) (18.2) (12.9)

NaOH PE 673 1071 671 272 655 (11.1) 30
17.7) (14.9) (17.9) (18.9)

PB UF 2026 2435 2081 1727 669 (3.0) 30
(10.6) 9.2) (10.9) (14.3)

0SB MUF 2961 3558 2950 2462 619 (3.2) 30

(16.6) (12.0) 14.7) (10.4)

Values in parentheses are coefficients of variation (CV) in %, PSE = hybrid
polyester/epoxide adhesive, MUF = melamine-urea-formaldehyde adhesive

Tangent modulus at the limit of proportionality ,Eg*

Monitored Sum of Degree Variance Fisher's Significance
factor squares of F-Test level P
freedom
Intercept 494144628 1 494144628 933.667
1) Material 154002170 4 38500542  72.745 bl
Error 76741437 145 529251

The respective model explains roughly 66.7% of the total sum of squares.

Tangent modulus at the middle value of plasticity “Eyr”

Monitored Sum of Degree Variance Fisher's Significance
factor squares of F-Test level P
freedom
Intercept 298047502 1 298047502 831.470
1) Material 125665059 4 31416265  87.643 il
Error 51976499 145 358459

The respective model explains roughly 70.7% of the total sum of squares.

Tangent modulus at the modulus of rapture “Ep”

Monitored Sum of Degree Variance Fisher's Significance
factor squares of F-Test level P
freedom
Intercept 158567506 1 158567506  420.947  ***
1) Material 111312270 4 27828067 73.875 ok
Error 54620331 145 376692

The respective model explains roughly 67. 1% of the total sum of squares.

NS - not significant, - significant, Significance was accepted at P < 0.05.
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Fig. 6. The effect of the material on the chord modulus and tangent moduli in
different point.

mechanical stress within the plastic section is significantly lower.

Duncan's tests listed in Table 10 show the differences in the mon-
itored characteristics measured in individual materials in detail (CHy,
Eg, Emv and Ep).

The results indicate that differences between chord modulus values
“CHy” were statistically insignificant between R and NaOH materials
(P = 0.323), and R and H,O materials (P = 0.146).

In the case of the tangent modulus at the limit of proportionality
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Table 10
Comparison of the effect of the material on CHy;, Eg, Eqv and Ep values using
Duncan’s test.

Chord Modulus “CHy,”

Material (€H) 2) 3 @ %)

511.82 910.89 673.37 2025.7 2925.1
1 R 0.020 0.323 0.000 0.000
2 H,0 0.020 0.146 0.000 0.000
3 NaOH 0.323 0.146 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.000 0.000 0.000 0.000

Tangent modulus at the limit of proportionality “Eg”

Material 1) 2) 3) 4) 5)

752.60 1334.3 1070.7 2435.0 3492.5
1 R 0.002 0.081 0.000 0.000
2 H,0 0.002 0.161 0.000 0.000
3 NaOH 0.081 0.161 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 0SB 0.000 0.000 0.000 0.000

Tangent modulus at the middle value of plasticity “Eyy”

Material 1) 2) 3) 4) 5)

504.70 920.05 671.50 2081.2 2870.6
1 R 0.010 0.281 0.000 0.000
2 H>,O 0.010 0.108 0.000 0.000
3 NaOH 0.281 0.108 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.000 0.000 0.000 0.000

Tangent modulus at the modulus of rapture “Ep”

Material 1) 2) 3) 4) 5)

266.79 505.82 272.25 1726.7 2369.2
1 R 0.156 0.973 0.000 0.000
2 H>,O 0.156 0.141 0.000 0.000
3 NaOH 0.973 0.141 0.000 0.000
4 PB 0.000 0.000 0.000 0.000
5 OSB 0.000 0.000 0.000 0.000

“Eg”, there was also a confirmed statistically insignificant difference
between R and NaOH materials (P = 0.081), and R and H,O materials
(P =0.161).

Similar statistically insignificant differences were also found in the
tangent modulus at the middle value of plasticity “Eyn” between R and
NaOH materials (P = 0.281), and R and H,O materials (P = 0.108).

In comparison with other characteristics, the tangent modulus at the
modulus of rupture “Ep” is characterized by other dependencies. There
was no significant difference between R and H,O materials (P = 0.156),
R and NaOH materials (P = 0.973), or H,O and NaOH materials
(P = 0.141).

In the other monitored cases, the differences were statistically very
significant with a significance level of P = 0.000.

Fig. 7 shows the average values of the monitored characteristics (Eg,
Emv and Ep) measured in individual sets of test specimens. It is clear
from the data in the graph that the plastic properties of the materials
decrease linearly on the interval of values from the limit of pro-
portionality to the ultimate strength. It is also evident that OSB, fol-
lowed by PB, is most resistant to stress in the plastic range of the stress-
strain diagram during bending. The materials developed by us, NaOH,
H,0 and R, are the least resistant.

4.4. Correlation dependence of the monitored characteristics and material
density

Table 11 shows the results of dependence of the total average
density and average density at 1 mm thickness of material on the
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Table 11

Dependence of the individual factors on the material density using correlation
analyses and Coefficient of determination r2.

Average density in entire thickness

Material Glue r? for r? for Pp 12 for r? for Ex 12 for 12 for Ep
MOR (MPa)  CHy (MPa)  Ewy (MPa)
(MPa) (MPa) (MPa)

R PSE

H.0 PSE

NaOH PSE

PB UF

OSB MUF

Average density at a thickness of 1 mm

Material Glue 12 for 12 for 12 for 12 for 12 for 12 for Ep
MOR P, CHu Ex Enmy (MPa)

(MPa) (MPa) (MPa) (MPa) (MPa)

R PSE
H,0 PSE
NaOH PSE
PB UF
OSB MUF
PSE = hybrid polyester/epoxide adhesive, MUF = melamine-ur-

ea—formaldehyde adhesive.
* 12 < 10% — Low tightness.
** 10% < r* < 25% — Slight tightness.
*** 250 < r* < 50% — Significant tightness.
#xxx 5006 < r2 < 80% — High tightness.

AAAAAA 80% < r? < — Very high tightness.

individual observed characteristics of the all compared materials. In the
case of R and H,O materials, there is a significant difference between
these dependencies. NaOH and OSB materials exhibit essentially the
same dependence in both cases. PB material exhibits a similar depen-
dence of the difference as the materials R and H,O only a minor. In
general, it has been shown that the average density at 1 mm of material
thickness does not affect the characteristics observed to such an extent
as the total average density.

4.5. Correlation analysis

The results of the correlation between individual characteristics in
all the monitored materials are shown in Table 12 and Figs. 8-12. A
high degree of dependence between the individual characteristics in all
the monitored materials is already clear from the significance level data
(70%-100%). There are obvious differences in the degree of depen-
dence caused by the type of material.

It is evident from Figs. 8-12 that the degree of dependence causes
an increase in characteristics in most cases, but there are also interac-
tions that cause a decrease in another characteristic when one of the
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Table 12

Spearman's correlation for each monitored material.
R
Variables MOR (MPa) Pp (MPa) CHy (MPa) Eg (MPa) Emy (MPa) Ep (MPa)
MOR (MPa) 1.000 0.911 0.939 0.958 0.941 0.754
Pp (MPa) 0.911 1.000 0.813 0.898 0.830 0.583
CHy (MPa) 0.939 0.813 1.000 0.941 0.977 0.879
Er (MPa) 0.958 0.898 0.941 1.000 0.961 0.756
Emy (MPa) 0.941 0.830 0.977 0.961 1.000 0.876
Ep (MPa) 0.754 0.583 0.879 0.756 0.876 1.000
H,O0
Variables MOR (MPa) Pp (MPa) CHy (MPa) Eg (MPa) Emv (MPa) Ep (MPa)
MOR (MPa) 1.000 0.761 0.596 0.643 0.610 0.479
Pp (MPa) 0.761 1.000 0.310 0.466 0.317 0.010
CHy (MPa) 0.596 0.310 1.000 0.955 0.994 0.832
Eg (MPa) 0.643 0.466 0.955 1.000 0.952 0.691
Enmv (MPa) 0.610 0.317 0.994 0.952 1.000 0.846
Ep (MPa) 0.479 0.010 0.832 0.691 0.846 1.000
NaOH
Variables MOR (MPa) Pp (MPa) CHy (MPa) Eg (MPa) Env (MPa) Ep (MPa)
MOR (MPa) 1.000 0.809 0.832 0.931 0.834 0.370
Pp (MPa) 0.809 1.000 0.467 0.726 0.460 —-0.135
CHy (MPa) 0.832 0.467 1.000 0.889 0.999 0.723
Eg (MPa) 0.931 0.726 0.889 1.000 0.884 0.380
Enmy (MPa) 0.834 0.460 0.999 0.884 1.000 0.732
Ep (MPa) 0.370 —-0.135 0.723 0.380 0.732 1.000
PB
Variables MOR (MPa) Pp (MPa) CHy (MPa) Eg (MPa) Eymy (MPa) Ep (MPa)
MOR (MPa) 1.000 0.480 0.342 0.498 0.481 0.378
Pp (MPa) 0.480 1.000 —0.090 0.328 0.054 -0.210
CHy (MPa) 0.342 —0.090 1.000 0.818 0.929 0.947
Eg (MPa) 0.498 0.328 0.818 1.000 0.897 0.758
Emy (MPa) 0.481 0.054 0.929 0.897 1.000 0.949
Ep (MPa) 0.378 —-0.210 0.947 0.758 0.949 1.000
OSB
Variables MOR (MPa) Pp (MPa) CHy (MPa) Eg (MPa) Eyy (MPa) Ep (MPa)
MOR (MPa) 1.000 0.316 0.509 0.798 0.465 0.272
Pp (MPa) 0.316 1.000 —0.405 —-0.018 —0.307 —0.592
CHy; (MPa) 0.509 —0.405 1.000 0.858 0.897 0.935
Eg (MPa) 0.798 —0.018 0.858 1.000 0.789 0.675
Enyv (MPa) 0.465 -0.307 0.897 0.789 1.000 0.866
Ep (MPa) 0.272 —0.592 0.935 0.675 0.866 1.000

characteristics increases.

5. Conclusions

1. The article highlights the plastic properties of material based on

rapeseed residues, while using innovative knowledge to identify
material characteristics with the application of new mathematical
models.

. We have found that in terms of the quality of these materials, it is
important to ensure the proper density profile of the boards during
their production. This has a positive effect on all the monitored
mechanical characteristics. The degree of dependence between the
monitored characteristics can be increased to more than 60% with a
suitably adjusted density profile. It is clear that after these techno-
logical processes have been resolved, rapeseed can fully replace
wood in the production of composite materials.

. This article described the entire plastic course of the force-de-
formation diagram. The chord modulus, tangent modulus at the
limit of proportionality, tangent modulus at the middle value of

plasticity, and tangent modulus at the middle value of plasticity
were used for this description. The results were compared with these
characteristics measured in wood. However, research on bio-
composites has not yet been conducted in this area, and further
research of the plastic range of biocomposites is therefore desirable.

. The plastic range of the force-deformation diagram of biocomposites

is an important area of material engineering that has yet to be ex-
amined. The results of these analyses will be of importance in non-
standard applications of these materials. This study partially illu-
strated the behavior of composite material based on a renewable
source in the plastic range of the force-deformation diagram, and
thanks to these results we can partially predict the behavior of these
materials under stress.
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