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Spis skrotow i oznaczen
3xR — hierarchia gospodarki obiegu zamknigtego (z ang. Reduce, Reuse, Recycling)
13C NMR - spektroskopia magnetycznego rezonansu jadrowego izotopem wegla C*3

'H NMR - spektroskopia magnetycznego rezonansu jadrowego izotopem wodoru H*
C12 — alkilowy podstawnik dodecylowy

C14 — alkilowy podstawnik tetradecylowy

Cl — odmiana polimorficzna celulozy |

Cll — odmiana polimorficzna celulozy Il

CIHI — odmiana polimorficzna celulozy 111

CIV — odmiana polimorficzna celulozy IV

DMSO - sulfotlenek dimetylu

DSC — skaningowa kalorymetria roznicowa ( z ang. differential scanning calorimetry)
Eb — wydluzenie przy zerwaniu (z ang. elongation at break)

EEP — ekstrakt propolisu

FTIR — spektroskopia w podczerwieni z transformacjg Fouriera (z ang. Fourier transform
infrared spectroscopy)

GOZ - gospodarka obiegu zamknietego

IF — impact factor

ILs — ciecze jonowe (z ang. ionic liquids)

kP — zawarto$¢ odmiany polimorficznej B polipropylenu

ONZ — Organizacja Narodow Zjednoczonych

OTEOS - oktylotrietoksysilan

PE — polietylen

PLM — mikroskopia w $wietle spolaryzowanym (z ang. polarized light microscopy)
PP — polipropylen

PVC - poli(chlorek winylu)

tos — czas potowkowy krystalizacji

Tc — temperatura krystalizacji

TCL — warstwa transkrystaliczna (z ang. transcrystalline layer)
TEOS - ortokrzemian tetraetylu

TS — naprezenie przy zerwaniu (z ang. tensile strength)

UV - promieniowanie ultrafioletowe

VTMOS — winylotrimetoksysilan
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WPC — kompozyty polimerowe zawierajace napehiacze lignocelulozowe (z ang. wood
polymer composites)

Xc — stopien krystaliczno$ci
XRD - dyfrakcja rentgenowska (z ang. X-ray diffraction)
YM — modut Younga (z ang. Young s modulus)
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1. Wykaz publikacji wybranych jako podstawa rozprawy doktorskiej

Na podstawie ,,Ustawa o stopniach naukowych i tytule naukowym oraz
o stopniach i tytule w zakresie sztuki (Dz.U. 2003 Nr 65 poz. 595)” przygotowano listg
publikacji, ktora stanowi spojny tematycznie cykl artykulow naukowych dotyczacy
wytwarzania oraz charakterystyki
z napeliaczem lignocelulozowym. Cykl publikacji stanowiacych podstawe do nadania
stopnia naukowego doktora [P1-P6], przedstawiono w tabeli 1. Do pracy zalgczono takze

o$wiadczenia wspotautorow, ktore zawierajg indywidualny wktad w proces powstawania

i publikowania prac.

Tabela 1. Publikacje wchodzace w sktad monotematycznego cyklu bedacego podstawa

rozprawy doktorskiej.

fizykochemicznej kompozytow polipropylenu

Symbol

Publikacja naukowa

IF(2023)

PwmEin

P1

Odalanowska M., Borysiak S., Influence of wood
thermal modification on the supermolecular structure
of polypropylene composites, Polymer Composites,
2021, 42 (4), 2087-2100

Moj udzial w przygotowaniu tej publikacji obejmowat
opracowanie koncepcji badan 1 ich metodologii,
przeprowadzenie modyfikacji termicznej napetniacza
lignocelulozowego, otrzymanie kompozytow typu WPC,
przeprowadzenie badan nad ich charakterystyka
fizykochemiczna, analiz¢ 1 interpretacje uzyskanych
wynikéw oraz napisanie oryginalnej wersji manuskryptu.

3,531

70

P2

Odalanowska M., Borysiak S., Analysis of nucleation
activity of wood fillers for green polymer composites,
Fibers and Textiles in Eastern Europe, 2018, 26, 66-
72

Moj udziat w przygotowaniu publikacji obejmowat
opracowanie koncepcji badan 1 ich metodologii,
przeprowadzenie eksperymentow zwigzanych
z okresleniem wptywu zawartosci celulozy na aktywno$¢
nukleacyjng ~ napetniacza, analiz¢ 1 interpretacje

1,104

40
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uzyskanych rezultatéw oraz napisanie oryginalnej wersji
manuskryptu.

P3

Borysiak S., Grzabka-Zasadzinska A., Odalanowska
M., Skrzypczak A., Ratajczak 1., The effect of
chemical modification of wood in ionic liquids on the
supermolecular structure and mechanical properties
of wood/polypropylene composites, Cellulose, 2018,
25, 4639-4652

Moj udziat w przygotowaniu publikacji obejmowat
opracowanie koncepcji badan i ich metodologii,
przeprowadzenie chemicznej modyfikacji drewna cieczg
jonowg oraz eksperymentdw zwigzanych z okre§leniem
wpltywu modyfikacji napelniacza na jego strukture
nadczasteczkowa oraz zdolno$¢ zarodkujacg wzgledem
matrycy PP, jak rowniez analiz¢ i interpretacj¢ uzyskanych
rezultatow, a takze napisanie oryginalnej wersji
manuskryptu.

6,123

100

P4

Odalanowska M. Skrzypczak A. Borysiak S.,
Innovative lonic Liquids as Functional agent for
Wood-Polymer Composites, Cellulose, 2021, 28,
10589-10608

Moj udzial w przygotowaniu tej publikacji obejmowat
opracowanie koncepcji badan 1 ich metodologii,
przeprowadzenie  chemicznej  modyfikacji  drewna

zaprojektowanymi cieczami jonowymi oraz
eksperymentow zwigzanych z okresleniem wplywu
modyfikacji napetniacza na  jego strukture

nadczasteczkowa oraz zdolno§¢ zarodkujaca wzgledem
matrycy PP, otrzymanie i charakterystyke kompozytow,
jak rowniez analiz¢ i interpretacje uzyskanych rezultatow,
a takze napisanie oryginalnej wersji manuskryptu.

6,123

100

P5

Odalanowska M., Wozniak M., Ratajczak 1.,
Zielinska D., Cofta G., Borysiak S., Propolis and
Organosilanes as Innovative Hybrid Modifiers in
Wood-based Polymer Composites, Materials, 2021,
14, 464-1-464-18

3,748

140
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Mo¢j udzial w przygotowaniu tej publikacji obejmowat
opracowanie koncepcji badan i ich metodologii,
przeprowadzenie eksperymentow zwigzanych
Z okresleniem wlasciwosci fizykochemicznych
zmodyfikowanych napelniaczy poddanych réwniez
badaniom  biologicznym, wytworzenie materiatlow
kompozytowych oraz przeprowadzenie ich szczegdtowej
charakterystyki. Moja praca polegata roéwniez na
przeprowadzeniu analizy i interpretacji uzyskanych
rezultatbw, a takze napisaniu oryginalnej wersji
manuskryptu.

P6

Odalanowska M., Cofta G., Wozniak M., Ratajczak
I, Rydzkowski T., Borysiak S., Bioactive propolis-
silane system as antifungal agent in lignocellulosic-
polymer composites, Materials, 2022, 15, 3435-1-
3435-22

Mo¢j udzial w przygotowaniu tej publikacji obejmowat
opracowanie koncepcji badan i ich metodologii,
przeprowadzenie badan zwigzanych z okre§leniem
wlasciwosci  fizykochemicznych ~ zmodyfikowanych
napetniaczy, przeprowadzenie badan starzeniowych
otrzymanych materiatow WPC oraz przeprowadzenie
badan zwigzanych z okresleniem wplywu modyfikacji na
wlasciwosci  kompozytow, w szczegoélno$ci na ich
odporno$¢ na dziatanie grzybow oraz promieniowanie
UV. M¢j udzial polegal rowniez na przeprowadzeniu
analizy i interpretacji uzyskanych rezultatow, a takze
napisaniu oryginalnej wersji manuskryptu.

3,748

140

SUMA:

24,377

590
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2. Streszczenie

Coraz wigksza $wiadomos¢ ekologiczna spoteczenstwa oraz nieustannie rosnace
zapotrzebowanie na dobra konsumenckie, ktérym stawia si¢ coraz wicksze wymagania,
przyczynity si¢ do znacznego rozwoju badan nad materialami kompozytowymi,
zawierajacymi komponenty pochodzenia naturalnego. Szczegélnie duza popularnosé
W ostatnich latach zyskaty tworzywa zawierajace napetniacze lignocelulozowe. Szeroka
dostepnos¢ surowca, biodegradowalno$¢ oraz wyjatkowe wilasciwosci mechaniczne
drewna spowodowaty, ze staly si¢ one idealng alternatywg dla dotychczas wytwarzanych
materiatow, opartych catkowicie na surowcach petrochemicznych. Nalezy réwniez
podkresli¢, ze wytwarzanie tworzyw z napelniaczami odnawialnymi wpisuje si¢
w polityke Europejskiego Zielonego tadu. Wymog przyjaznych dla srodowiska
wyrobow jest dzi§ nie tylko konsekwencja licznych przepisow prawnych, lecz, takze
coraz  czeSciej, konieczno$ci opracowania technologii  produkcji  wyrobow

najkorzystniejszych z ekologicznego punktu widzenia.

Jednakze, pomimo ogromnego potencjatu aplikacyjnego kompozytow typu WPC
(z ang. wood polymer composites), ich globalna produkcja ograniczona jest przez
problemy pojawiajace si¢ podczas prowadzenia procesu ich wytwarzania. Najwigksze
wyzwanie stanowi koniecznos¢ poprawy adhezji komponentéw, CO jest zwigzane ze
stabymi odziatywaniami wystgpujacymi pomiedzy hydrofobowa matryca polimerowa
a polarng powierzchnig napeiniacza. Obecnie w tym celu stosuje si¢ modyfikacje oparte
na reakcjach chemicznych zachodzacych na hydroksylowych grupach drewna. Procesy
te wymagajg jednak zastosowania znacznych ilosci odczynnikéw modyfikujacych oraz
rozpuszczalnikéw organicznych, a pomimo to ich efektywno$¢ jest niewystarczajaca.
Ponadto wprowadzenie dodatkowego procesu powoduje, ze cena kompozytow WPC
znacznie wzrasta, a ich aplikacja zostaje ograniczona. Kolejnym waznym aspektem jest
niewystarczajgca odpornos$¢ tych materiatdbw na dziatanie czynnikow atmosferycznych
i drobnoustrojow.  Dodatkowo  przebiegajace procesy fotodegradacji  matryc
polimerowych skutkuja ,,uszkodzeniem” materiatu kompozytowego, ktory staje sig
bardziej podatny na dziatanie mikroorganizmow i grzybow. W zwiazku z powyzszym
podczas projektowania kompozytow WPC istotna jest konieczno$¢ uwzglednienia

I ograniczenia rowniez tych negatywnych czynnikow.
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W przedstawionej dysertacji podj¢to si¢ badan nad otrzymaniem materiatow
kompozytowych typu WPC o0 zatozonych wlasciwosciach fizykochemicznych,
obejmujacych uzyskanie doskonatych cech wytrzymatosciowych, jak réwniez
zwigkszenie odpornosci na dziatanie grzybow i promieniowania UV. Glownym celem
przeprowadzonych badan bylo okreslenie wptywu modyfikacji napetniacza
lignocelulozowego na strukture nadczasteczkowa i wlasciwosci uzytkowe otrzymanych
kompozytow polimerowych, a takze poznanie zaleznosci pomig¢dzy aktywnoscig
nukleacyjng napeliacza sterowang w wyniku przeprowadzonych reakcji modyfikacji

napelniacza drzewnego a wlasciwosciami fizykochemicznymi kompozytow WPC.

W pracy zaprezentowano nowe, efektywne i ekologiczne, fizyczne oraz
chemiczne metody modyfikacji odnawialnych napetniaczy lignocelulozowych.
Przeprowadzone badania realizowano w trzech nurtach badawczych obejmujacych:
1) badania nad kompozytami polimerowymi z napelniaczem lignocelulozowym
poddanym modyfikacji termicznej, 2) badania nad kompozytami zawierajacymi drewno
modyfikowane chemicznie z wykorzystaniem cieczy jonowych, 3) badania nad
otrzymywaniem kompozytow WPC zawierajacych napetniacz modyfikowany

innowacyjnymi preparatami propolisowo-silanowymi.

Uzyskane wyniki byly przedmiotem cyklu szesciu monotematycznych publikacji

naukowych, ktore stanowig podstawe niniejszej dysertacji.

Publikacja 1: Influence of wood thermal modification on the supermolecular
structure of polypropylene composites (Odalanowska M., Borysiak S., Polymer
Composites, 2021, 42 (4), 2087-2100) zwigzana byla z pierwszym nurtem, W ramach
ktérego otrzymano materialy kompozytowe zawierajace napelniacz lignocelulozowy
poddany modyfikacji fizycznej. Glownym wyzwaniem podczas prowadzonych badan
bylto okreslenie wptywu modyfikacji termicznej drewna na struktur¢ nadczasteczkowsg
i morfologi¢ kompozytow WPC. Wykazano, ze warunki prowadzenia procesu obrobki
termicznej drewna sg $cisle zwigzane z powstawaniem réznych odmian polimorficznych
osnowy polimerowej. Modyfikacja wptyne¢ta rowniez na aktywnos¢ nukleacyjng drewna,
co potwierdzity wyznaczone parametry, takie jak stopien konwersji fazowej, czas
potowkowy krystalizacji oraz temperatura krystalizacji. Przeprowadzone badania

mikroskopowe pozwolilty na zaobserwowanie roznic W tworzeniu struktur
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transkrystalicznych (TCL z ang. transcrystalline layer) odpowiedzialnych za adhezje
mi¢dzyfazowa. Badania mechaniczne otrzymanych materiatbw kompozytowych
wykazaty, ze uzyskanie odpowiednich wlasciwosci wytrzymatosciowych zalezy od
doboru odpowiednich warunkéw modyfikacji termicznej napetniacza drzewnego, ktore
determinujg struktur¢ nadczasteczkowa i aktywno$¢ zarodkowania. Uzyskane wyniki,
dotychczas nieopublikowane w pracach innych podmiotow badawczych, stanowia
nowo$¢ naukowsa, niezwykle istotng przy projektowaniu materiatdw kompozytowych

WPC o $cisle okreslonych parametrach fizykochemicznych.

Badania przeprowadzone w ramach Publikacji 2: Analysis of nucleation activity
of wood fillers for green polymer composites, (Odalanowska M., Borysiak S., Fibers and
Textiles in Eastern Europe, 2018, 26, 66-72) stanowity uzupetnienie prac zwigzanych
z pierwszym nurtem badawczym. Surowe drewno sosnowe poddano kontrolowanej
obrobce chemicznej w celu uzyskania roéznych zawartosci celulozy i hemicelulozy
W drewnie. Dzialanie to pozwolito na analize¢ wplywu zawartosci tych komponentéw na
przebieg procesu nukleacji polipropylenu i pozwolito na zweryfikowanie hipotezy, ktora
wyksztattowata si¢ w trakcie analizowania wynikéw: zdolnos¢ nukleacyjna napetniaczy
lignocelulozowych jest uzalezniona od zawartosci i struktury dwoch polisacharydow:
celulozy i hemicelulozy, ktéra jest zmieniana w wyniku prowadzonej modyfikacji
termicznej. W pracy, za pomocg chromatografii gazowej, oznaczono zawarto$¢ cukrow
prostych otrzymanych w wyniku metanolizy i hydrolizy kwasowej celulozy
i hemicelulozy. Po raz pierwszy wykazano, ze tworzenie struktur transkrystalicznych
w matrycy PP, $wiadczace o poprawie adhezji miedzyfazowej 1 duzej aktywnosci
nukleacyjnej, jest mozliwe jedynie dla kompozytow zawierajacych napetniacz 0 duzej
zawartosci celulozy. Wyniki te doskonale wyjasnialy obserwacje dotyczace wplywu
zastosowanej modyfikacji termicznej drewna na zmiany w strukturze nadmolekularnej,

co zostato opisane w Publikacji 1.

Drugi nurt badawczy zwigzany byl z otrzymaniem materiatow kompozytowych
zawierajagcych napetniacz poddany chemicznej modyfikacji z uzyciem specjalnie
zaprojektowanych i zsyntezowanych cieczy jonowych. Nalezy podkresli¢, ze w pracy tej
po raz pierwszy przedstawiono mozliwo$¢ zastosowania do modyfikacji drewna cieczy
jonowych, zawierajacych grupy funkcyjne zdolne do tworzenia wigzan kowalencyjnych
z grupami hydroksylowymi napelniacza. Waznym aspektem, na ktéry zwrdcono
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szczegblng uwage, bylo takze znaczne ograniczenie zuzycia podczas reakcji
rozpuszczalnika organicznego. Wyniki przeprowadzonych badan byly przedmiotem

Publikacji 31 4.

W Publikacji 3: The effect of chemical modification of wood in ionic liquids on
the supermolecular structure and mechanical properties of wood/polypropylene
composites, (Borysiak S., Grzgbka-Zasadzinska A., Odalanowska M., Skrzypczak A.,
Ratajczak I, Cellulose, 2018, 25, 4639-4652) przedstawiono koncepcj¢ zastosowania jako
modyfikatora napelniacza lignocelulozowego specjalnie zaprojektowanej cieczy
jonowej: bis(trifluorometylosulfonylo)imidu didecylodimetyloamoniowego. Zwigzek ten
zawieral dwa dtugie podstawniki alkilowe, ktére wprowadzono w strukture kationu
W celu poprawy oddziatywan modyfikowanego drewna z matrycg polimerowg. Bardzo
waznym aspektem byto takze okreslenie wpltywu obrobki chemicznej napelniacza

lignocelulozowego na strukturg nadmolekularng oraz wtasciwosci kompozytow WPC.

Niezwykle istotne okazaly sie wyniki badan aktywno$ci nukleacyjnej
zmodyfikowanych napelniaczy. Stwierdzono, ze przeprowadzona reakcja byta
odpowiedzialna za istotne zmiany w procesie zarodkowania drewna w oshowie
polipropylenowej, co zostalo potwierdzone przez szereg parametréw Kkinetycznych,
takich jak: stopien konwersji fazowej, czas polowkowy krystalizacji, temperatura
krystalizacji, jak rowniez obserwacja tworzenia struktur transkrystalicznych. Obrébka
drewna ciecza jonowa wplyneta rowniez na krystalizacje matrycy polimerowej w dwoch
odmianach polimorficznych. W kompozytach z modyfikowanym napelniaczem
lignocelulozowym stwierdzono obecnos¢ fazy [ polipropylenu. Bardzo waznym
osiggnieciem przeprowadzonych badan bylo okreslenie zaleznosci pomigdzy
aktywnoscig nukleacyjng napetniacza drzewnego sterowang w wyniku przeprowadzonej

modyfikacji chemicznej a wtasciwosciami mechanicznymi kompozytow.

Obiecujace wyniki badan pozwolity na kontynuacje badan w ramach drugiego
nurtu badawczego, zwiagzanego z wykorzystaniem w modyfikacji drewna cieczy
jonowych. W Publikacji 4: Innovative lonic Liquids as Functional agent for Wood-
Polymer Composites (Odalanowska M. Skrzypczak A. Borysiak S., Cellulose, 2021, 28,
10589-10608) zsyntezowano cztery innowacyjne zwiazki modyfikujace, ktore

wykazywaty zdolno$¢ do tworzenia wigzan kowalencyjnych z drewnem podczas obrobki
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chemicznej. Zaprojektowano i zsyntezowano amoniowe i imidazoliowe ciecze jonowe
zawierajace reaktywne grupy karboksylowe oraz podstawniki alkilowe réznigce sig
mie¢dzy sobg dlugoscig. W przedstawionej pracy wykazano istotny wplyw struktury
modyfikatora na ksztattowanie odmian polimorficznych matrycy polimerowej. Co
wigcej, modyfikacja chemiczna powodowata zmiany aktywnosci nukleacyjnej
napelniaczy. Stwierdzono powstawanie struktury transkrystalicznej na granicy faz
polimer-napetniacz, ktora wykazywata duze zréznicowanie w zaleznosci od budowy
chemicznej zastosowanej cieczy jonowej. Uzyskane wyniki bardzo dobrze korelowaty
z wynikami badan mechanicznych. Przeprowadzone badania wykazaty, ze mozliwe jest
precyzyjne zaprojektowanie cieczy jonowej, zawierajgcej reaktywng grupe funkcyjna,
zdolng do interakcji z grupami hydroksylowymi czasteczek celulozy. Najkorzystniejsze
rezultaty uzyskano w przypadku modyfikacji drewna imidazoliowg ciecza jonowsa
zawierajacg krotszy podstawnik alkilowy. Nalezy rowniez podkresli¢, ze dotychczas nie
opisano mozliwosci funkcjonalizacji materiatu lignocelulozowego innowacyjnymi

cieczami jonowymi, bez Koniecznosci stosowania rozpuszczalnikow organicznych.

W ramach ostatniego nurtu badawczego postanowiono zwréci¢ szczegdlng uwage
na aspekt zwigzany z duzg wrazliwos$cig materiatow kompozytowych typu WPC na
dziatanie czynnikow zewngtrznych. Glownym zalozeniem tego nurtu badawczego byto
znalezienie skutecznego, ekologicznego, czynnika modyfikujacego, zdolnego do
poprawy zarowno odpornosci kompozytow na dziatanie promieniowania UV, jak i na
dziatanie grzybow. Postanowiono w tym celu zastosowac¢ uktady hybrydowe zawierajgce

zwiazki silanowe oraz ekstrakt propolisu.

W Publikacji 5: Propolis and Organosilanes as Innovative Hybrid Modifiers in
Wood-based Polymer Composites (Odalanowska M., Wozniak M., Ratajczak I.,
Zielinska D., Cofta G., Borysiak S., Materials, 2021, 14, 464-1-464-18) przedstawiono
charakterystyke kompozytow drewno/polipropylen, w ktérych odnawialny napelniacz
zostal poddany dzialaniu ekstraktu z propolisu (EEP) oraz innowacyjnych preparatow
propolisowo-silanowych. Szczegdlne zainteresowanie propolisem do impregnacji
drewna wynikato zjego bardzo dobrych wilasciwosci przeciwgrzybicznych.
W modyfikacji zastosowano ekstrakt propolisu oraz dwa preparaty propolisowo-
silanowe (EEP-TEOS/VTMOS) oraz (EEP-TEOS/OTEOQS) zawierajace ortokrzemian
tetraetylu (TEOS), winylotrimetoksysilan (VTMOS) oraz oktylotrietoksysilan (OTEQS).
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Gloéwnym celem badan byto okreslenie wpltywu modyfikacji napetniacza drzewnego na
struktur¢ nadmolekularng oraz wlasciwosci uzytkowe kompozytdw, W szczegdlnosci
odporno$¢ na dziatanie grzybow. Zgodnie z oczekiwaniami drewno poddane dziataniu
propolisu i preparatow propolisowo-silanowych wykazato odporno$¢ na plesnie, w tym
Aspergillus niger, Chaetomium globosum i Trichoderma viride. Traktowanie drewna
preparatami propolisowo-silanowymi spowodowato rowniez istotne zmiany zdolnosci
nukleacyjnych drewna w osnowie polipropylenowej, co zostalo potwierdzone
odpowiednimi parametrami krystalizacji, w poréwnaniu z nienapelniong matryca
polimerowa. We wszystkich kompozytach zaobserwowano tworzenie si¢ warstwy
transkrystalicznej, przy czym najwickszag wydajno$¢ odnotowano dla kompozytu
Z napetniaczem potraktowanym uktadem propolisowo-silanowym: EEP-TEOS/OTEOS.
Modyfikacja drewna spowodowata takze znaczng poprawe  wlasciwosci
wytrzymato$ciowych otrzymanych kompozytow. Stwierdzono zalezno$¢ pomiedzy
strukturg nadmolekularng matrycy polimerowej, w szczegdlnosci w zakresie
ksztaltowania odmian polimorficznych osnowy i wlasciwosciami wytrzymato$ciowymi
materiatow kompozytowych. Nalezy podkresli¢, ze dotychczas zrodia literaturowe nie
informowaty o zastosowaniu modyfikatorow dwufunkcyjnych zapewniajacych
jednoczesny efekt kompatybilnosci w ukladzie polimer-napetniacz oraz efektu

ochronnego przed grzybami.

Badania przedstawione w Publikacji 6: Bioactive propolis-silane system as
antifungal agent in lignocellulosic-polymer composites, (Odalanowska M., Cofta G.,
Wozniak M., Ratajczak I, Rydzkowski T., Borysiak S. Materials, 2022, 15, 3435-1-3435-
22) stanowity kontynuacj¢ prac Publikacji 5. W badaniach zastosowano innowacyjny
hybrydowy modyfikator propolisowo-silanowy, wyselekcjonowany z Publikacji 5,
w celu jednoczesnego zwigkszenia odpornosci na atak grzybow i promieniowanie UV,
a takze zapewnienia dobrej adhezji migedzyfazowej komponentéw. Probki kompozytow
poddano badaniom mykologicznym i wystawiono na dziatanie grzybow: Coriolus
versicolor, Coniophora puteana, i Chaetomium globosum. Dodatkowo przeprowadzono
badania biologiczne probek poddanych wcze$niej dziataniu promieniowania UV, co
pozwolito na okre§lenie wptywu obu destrukcyjnych czynnikéw na niszczenie
powierzchni materiatow kompozytowych. Otrzymane wyniki wykazaly istotny wptyw

modyfikacji napetniacza lignocelulozowego z uzyciem propolisu na zwickszenie
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odpornosci WPC na grzyby. Obrobka drewna za pomoca hybrydowego uktadu
propolisowo-silanowego byta odpowiedzialna za zahamowanie foto- i biodegradacji
materiatow WPC, o czym s$wiadczylo jedynie nieznaczne pogorszenie wybranych
parametrow wytrzymatosciowych. Wykazano, ze zastosowany innowacyjny hybrydowy
system modyfikujacy moze dziata¢ zaréwno jako skuteczny i ekologiczny stabilizator

UV, jak i §rodek przeciwgrzybiczy.

W niniejszej rozprawie doktorskiej wykazano, ze mozliwe jest otrzymanie
materiatlow kompozytowych typu WPC o zatozonych wiasciwosciach uzytkowych
poprzez odpowiednie zaprojektowanie i przeprowadzenie procesu modyfikacji
napelniacza. Co wigcej, poprzez dobdr odpowiedniego czynnika modyfikujacego,
mozliwe jest sterowanie strukturg nadmolekularng oraz zdolnoscia nukleacyjna
napetniaczy, co decyduje bezposrednio 0 finalnych witasciwosciach kompozytow.
Dowiedziono, ze wysoka aktywnos$¢ zarodkujgca napetniaczy odnawialnych skutkuje
uzyskaniem materiatu kompozytowego o lepszych cechach wytrzymatosciowych.
Zaproponowane metody modyfikacji spowodowaty wigc poprawe oddzialywan
miedzyfazowych pomiedzy matrycg a napetlniaczem. Ponadto wykazano, ze niektore
czynniki modyfikujace (uklady hybrydowe propolis-silany) moga peti¢ funkcje
modyfikatorow dwufunkcyjnych, zapewniajagcych zaréwno poprawe adhezji, jak
I zwigkszenie odpornosci kompozytow na dziatanie czynnikow zewnetrznych, takich jak
promieniowanie UV i grzyby. Bardzo waznym osiggnieciem bylo rOwniez ograniczenie
zuzycia rozpuszczalnikow organicznych podczas procesow modyfikacji napetniaczy
lignocelulozowych. Zaprezentowane wyniki pozwalajg na lepsze zrozumienie zjawisk
zachodzacych podczas modyfikacji ztozonych napetniaczy pochodzenia naturalnego oraz
stanowig solidny fundament dla dalszych, bardziej zaawansowanych prac w Kierunku

rozwoju 1 szerszej aplikacji materiatéw typu WPC.
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3. Abstract

The growing ecological awareness of society and the ever-increasing demand for
consumer goods, which are subject to ever greater demands, have contributed to a
significant development of research on composite materials containing components of
natural origin. Plastics containing lignocellulosic fillers have become particularly popular
in recent years. The wide availability of raw material, biodegradability and unique
mechanical properties of wood have made them an ideal alternative to previously
produced materials based entirely on petrochemical raw materials. It should also be
emphasized that the production of plastics with renewable fillers is part of the European
Green Deal. Today, the requirement of environmentally friendly products is not only a
consequence of numerous legal regulations, but also of the need to develop a production
technology for the most advantageous products from an ecological point of view.

However, despite the huge application potential of WPC (wood polymer
composites), their global production is limited by the problems that arise during their
manufacturing process. The greatest challenge is the need to improve the adhesion of the
components, which is related to the weak interactions between the hydrophobic polymer
matrix and the polar surface of the filler. Currently, modifications based on chemical
reactions of wood hydroxyl groups are used for this purpose. However, these processes
require the use of significant amounts of modifying reagents and, organic solvents, and
despite this, their efficiency is insufficient. In addition, the introduction of the
modification process during the production process causes the price of WPC to increase
significantly and their application is limited. Another important aspect is the low
resistance of these materials to weather conditions and microorganisms. In addition, the
ongoing photodegradation processes of polymer matrices result in "damage" to the
composite material, which becomes more susceptible to the action of microorganisms and
fungi. Therefore, when designing WPC plastics, it is important to take these negative

factors into account and limit them.

In the presented dissertation, research was undertaken on obtaining WPC
composite materials with assumed physicochemical properties, including excellent
strength characteristics, as well as increasing resistance to fungi and UV radiation. The
main purpose of the research conducted was to determine the effect of the modification
of the lignocellulosic filler on the supermolecular structure and functional properties of
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the polymer composites, as well as to find out the relationship between the nucleating
activity of the filler controlled as a result of the modification of the wood filler and the
physicochemical properties of the WPC composites.

The paper presents new, effective, and ecological, physical, and chemical methods
of modification of renewable lignocellulosic fillers. Research was carried out in three
research directions, including: 1) research on polymer composites with thermally
modified lignocellulosic filler, 2) research on composites containing chemically modified
with the use of ionic liquids, and 3) research on the preparation of WPC composites

containing a filler modified with innovative propolis-silane preparations.

The results obtained were the subject of a series of six monothematic scientific

publications which are the basis of this dissertation.

The Publication 1: The influence of wood thermal modification on the
supermolecular structure of polypropylene composites (Odalanowska M., Borysiak S.,
Polymer Composites, 2021, 42 (4), 2087-2100) was related to the first trend in which
composite materials containing lignocellulosic filler subjected to physical modification
were obtained. The main challenge during the research was to determine the effect of the
thermal modification of wood on the supermolecular structure and morphology of WPC.
The conditions of the wood thermal treatment process have been shown to be closely
related to the formation of various polymorphic varieties of the polymer matrix. The
modification also affected the nucleation activity of wood, which was confirmed by the
determined parameters, such as the degree of phase conversion, crystallization half-time
and crystallization temperature. The conducted microscopic studies allowed us to observe
differences in the formation of transcrystalline structures (TCL, transcrystalline layer)
responsible for interfacial adhesion. Mechanical tests of the obtained composite materials
showed that the obtaining of the appropriate strength properties depends on the selection
of the appropriate conditions for thermal modification of the wood filler, which determine
the supermolecular structure and nucleation activity. The results obtained, unpublished
so far, are a scientific novelty and are extremely important in the design of WPC

composite materials with strictly defined physicochemical parameters.

The research carried out as part of Publication 2: Analysis of nucleation activity

of wood fillers for green polymer composites, (Odalanowska M., Borysiak S., Fibers
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and Textiles in Eastern Europe, 2018, 26, 66-72) supplemented the work related to the
first research trend. Raw pine wood was subjected to a controlled chemical treatment to
obtain different amounts of cellulose and hemicellulose in the wood. This activity allowed
the analysis of the impact of the content of these components on the course of the
polypropylene nucleation process and allowed for verification of the hypothesis that was
developed during the analysis of The results: the nucleating capacity of lignocellulosic
fillers depends on the content and structure of two polysaccharides: cellulose and
hemicellulose, which is changed as a result of thermal modification. In the work, gas
chromatography was used to determine the content of monosaccharides obtained as a
result of methanolysis and acid hydrolysis of cellulose and hemicellulose. The formation
of transcrystalline structures in the PP matrix was shown for the first time, which indicates
the improvement in interfacial adhesion and high nucleating activity, is possible only for
composites containing a filler with a high content of cellulose. These results perfectly
explained the observations on the effect of the applied thermal modification of wood on

changes in the supermolecular structure, which were described in Publication 1.

The second research trend was related to the preparation of composite materials
containing a chemically modified filler with the use of specially designed and synthesized
ionic liquids. It should be emphasized that the possibility of using ionic liquids containing
functional groups capable of forming covalent bonds with hydroxyl groups of the filler
was presented for the first time. An important aspect to which special attention was paid
was also a significant reduction in the consumption of organic solvent during the reaction.

The results of the tests were the subject of Publications 3 and 4.

The Publication 3: The effect of chemical modification of wood in ionic liquids
on the supermolecular structure and mechanical properties of wood/polypropylene
composites, (Borysiak S., Grzabka-Zasadzinska A., Odalanowska M., Skrzypczak A.,
Ratajczak I, Cellulose, 2018, 25, 4639-4652) presents the concept of using a specially
designed ionic liqguid as a modifier of the lignocellulosic filler:
didecyldimethylammonium  bis(trifluoromethylsulfonyl)imide. ~ This  compound
contained two long alkyl substituents, which were introduced into the cation structure to
improve the interactions of the modified wood with the polymer matrix. A very important
aspect was also the determination of the effect of the chemical treatment of lignocellulosic
filler on the supermolecular structure and properties of the composites.
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The results of the nucleation activity of the modified fillers turned out to be
extremely important. It was found that the reaction carried out was responsible for
significant changes in the wood nucleation process in the polypropylene matrix, which
was confirmed by a number of kinetic parameters, such as the degree of phase conversion,
crystallization half time, crystallization temperature, as well as the observation of the
formation of transcrystalline structures. Treatment of wood with an ionic liquid also
affected the crystallization of the polymer matrix in two polymorphic forms. The presence
of the B phase of polypropylene was found in the composites with the modified
lignocellulosic filler. A very important achievement of the research conducted was the
determination of the relationship between the nucleating activity of the wood filler
controlled as a result of the chemical modification carried out and the mechanical
properties of the composites.

Promising research results allowed for the continuation of research within the
second research trend related to the use of ionic liquids in wood modification. In
Publication 4: Innovative lonic Liquids as Functional Agent for Wood-Polymer
Composites (Odalanowska M. Skrzypczak A. Borysiak S., Cellulose, 2021, 28, 10589-
10608), four innovative modifying compounds were synthesized that showed the ability
to form covalent bonds with wood during chemical treatment. Ammonium and
imidazolium ionic liquids containing reactive carboxyl groups and alkyl substituents of
different lengths were designed and synthesized. In the presented work, a significant
influence of the modifier structure on the formation of polymorphic varieties of the
polymer matrix was demonstrated. Moreover, the chemical modification caused changes
in the nucleating activity of the fillers. The formation of a transcrystalline structure at the
polymer-filler interface was found, which was highly differentiated depending on the
chemical structure of the ionic liquid used. The results obtained were very well with the
results of mechanical tests. The research conducted showed that it is possible to precisely
design an ionic liquid containing a reactive functional group capable of interacting with
the hydroxyl groups of cellulose molecules. The most favorable results were obtained for
modification of wood with an imidazolium ionic liquid containing a shorter alkyl
substituent. It should also be emphasized that the possibility of functionalization of
lignocellulosic material with innovative ionic liquids without the need for organic

solvents has not been described so far.
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As part of the latest research trend, it was decided to pay special attention to the
aspect related to the high sensitivity of WPC composite materials to external factors. The
main assumption of this research trend was to find an effective, ecological, modifying
agent capable of improving both the resistance of composites to ultraviolet (UV) radiation
and fungi. It was decided to use hybrid systems containing silane compounds and propolis

extract.

The Publication 5: Propolis and Organosilanes as Innovative Hybrid Modifiers
in Wood-based Polymer Composites (Odalanowska M., Wozniak M., Ratajczak I.,
Zielinska D., Cofta G., Borysiak S., Materials, 2021, 14, 464-1-464-18) presents the
characteristics of wood/polypropylene composites, in which the renewable filler was
treated with propolis extract (EEP) and innovative propolis-silane preparations. A
particular interest in propolis for wood impregnation resulted from its very good
antifungal properties. Propolis extract and two propolis-silane preparations (EEP-
TEOS/VTMOS) and (EEP-TEOS/OTEQS) containing tetraethyl orthosilicate (TEQS),
vinyltrimethoxysilane (VTMOS), and octyltriethoxysilane (OTEOS) were used in the
modification. The main objective of the research was to determine the effect of wood
filler modification on the supermolecular structure and functional properties of
composites, particularly their resistance to fungi. As expected, wood treated with propolis
and propolis-silane formulations showed resistance to moulds, including Aspergillus
niger, Chaetomium globosum, and Trichoderma viride. Treatment of wood with propolis-
silane preparations also caused significant changes in the nucleating capacity of wood in
the polypropylene matrix, which was confirmed by appropriate crystallization
parameters, compared to the empty polymer matrix. In all composites, the formation of a
transcrystalline layer was observed, with the highest efficiency recorded for the
composite with the filler treated with the propolis-silane system: EEP-TEOS/OTEOS.
The modification of wood also resulted in a significant improvement in the strength
properties of the composites obtained. A relationship was found between the
supermolecular structure of the polymer matrix, in particular in terms of shaping
polymorphic varieties of the matrix, and the strength properties of composite materials.
It should be emphasized that the literature sources so far have not reported on the use of
bifunctional modifiers, ensuring the simultaneous effect of compatibility in the polymer-

filler system and the protective effect against fungi.
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The research presented in Publication 6: Bioactive propolis-silane system as
antifungal agent in lignocellulosic-polymer composites, (Odalanowska M., Cofta G.,
Wozniak M., Ratajczak I, Rydzkowski T., Borysiak S. Materials, 2022, 15, 3435-1-3435-
22) was a continuation of the work of Publication 5. An innovative hybrid propolis-silane
modifier, selected from Publication 5, was used in the research to simultaneously increase
resistance to fungal attack and UV radiation, as well as to ensure good interfacial adhesion
of the components. The composite samples were subjected to mycological tests and
exposed to the following fungi: Coriolus versicolor, Coniophora puteana, and
Chaetomium globosum. In addition, biological tests were carried out on samples
previously exposed to UV radiation, which allowed us to determine the impact of both
destructive factors on the destruction of the surface of composite materials. The results
obtained showed a significant effect of modifying the lignocellulosic filler with propolis
on increasing the resistance of WPC to fungi. Wood treatment with a hybrid propolis-
silane system was responsible for the inhibition of photodegradation and biodegradation
of WPC materials, as evidenced by only a slight deterioration of selected strength
parameters. It has been shown that the innovative hybrid modifying system used can act

as both an effective and ecological UV stabilizer and an antifungal agent.

In this doctoral dissertation, it was shown that it is possible to obtain WPC
composite materials with the assumed functional properties by appropriately designing
and performing the process of modifying the filler. Furthermore, by selecting the
appropriate modifying agent, it is possible to control the supermolecular structure and
nucleating capacity of the fillers, directly determines the final properties of the
composites. The high nucleating activity of renewable fillers has been shown to result in
obtaining a composite material with better strength properties. The proposed methods of
modification resulted in the improvement of interfacial interactions between the matrix
and the filler. In addition, it was shown that some modifying agents (propolis-silane
hybrid systems) can act as bifunctional modifiers, ensuring both an improvement of
adhesion and increasing the resistance of the composites to external factors, such as UV
radiation and fungi. A very important achievement was also the reduction of the
consumption of organic solvents during the modification processes of lignocellulosic
fillers. The presented results allow for a better understanding of the phenomena that occur

during the modification of complex fillers of natural origin and constitute a solid
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foundation for further and more advanced work toward the development and wider
application of WPC materials.
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4. Wprowadzenie teoretyczne

Gwalttowny rozwo6j gospodarczy, ciaggle rosngce zapotrzebowanie na nowe
materialy i produkty oraz przede wszystkim nieumiejetna polityka zarzadzania odpadami
mogg doprowadzi¢ w przysztosci do calkowitego wyczerpania surowcow naturalnych,
a w konsekwencji doprowadzi¢ do globalnej katastrofy ekologicznej. Juz dzisiaj Ziemia
zmaga si¢ z nadmierng ilo$cig dwutlenku wegla, ktory nieustannie przedostaje si¢ do
wyzszych warstw atmosfery i wptywa znaczaco na klimat. Szacuje si¢, ze w znacznym
stopniu przekroczono mozliwosci odnawialnos$ci naszej planety. Obecnie potrzebuje ona
ok. 1,75 roku na zregenerowanie zasobow zuzywanych przez ludzko$¢ w ciggu 365 dni,
co wigcej wspolczynnik ten stale rosnie. Problemy te przyczynily si¢ do powstania wielu
badan i1 rozwazan nad kompleksowymi zmianami, ktére pozwolityby na zahamowanie

procesu ,,niszczenia” Ziemi [1-2].

Jedna z nowych, ekologicznych koncepcji, majacych na celu poprawe kondycji
naszej planety, jest koncepcja gospodarki obiegu zamknigtego (GOZ), zwana inaczej
gospodarkg cyrkularng. Jej podstawowym zalozeniem jest przeksztalcenie dotychczas
stosowanego cyklu linearnego materialbw w cykl zamknigty (rysunek 1).
Wyeliminowany zostaje wi¢c odpad, poniewaz zuzyty produkt staje si¢ surowcem

w produkcji nowego materiatu lub ulega on biodegradacji [2-5].

PROJEKTOWANIE

| 7

—

~

5

~
/
GOSPODARKA

OBIEGU
ZAMKNIETEGO
PRODUKCJA

UZ YTKOWANIE

Rysunek 1. Gospodarka obiegu zamknigtego

Idea gospodarki obiegu zamknietego opiera si¢ na kilku podstawowych zasadach.

Najwazniejszg z nich jest tzw. hierarchia 3xR (z ang. reduce, reuse, recycling), ktora
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dotyczy sposobow zarzadzania i postepowania zaréwno z surowcami, jak i odpadami
(rysunek 2). Model GOZ wzbudza coraz wigksze zainteresowanie. Realizowany jest
przez wszystkie kraje wspdlnoty ONZ (Organizacji Narodéw Zjednoczonych), w tym
przez kraje Unii Europejskiej [2-5].

REDUKCIA

(zuzycia surowcéw oraz powstajgcych
odpadow)

PONOWNE UZYCIE

Zasada 3xR
* Reduce

* Reuse

* Recycling

Rysunek 2. Zasada 3xR GOZ

Globalny zasieg idei GOZ przyczynit si¢ do rozpoczecia poszukiwan nowych
rozwigzan oraz technologii (szczegélnie w przemysle tworzyw sztucznych), ktore
pozwolityby na zmniejszenie zuzycia surowcoéw ropopochodnych, ograniczenie emisji
dwutlenku wegla do atmosfery oraz przede wszystkim zmniejszenie liczby powstajacych
odpadow. Duzg popularnos¢ zyskaly materialty kompozytowe, do produkcji ktorych
wykorzystuje si¢ biodegradowalne matryce i/lub napetniacze pochodzenia naturalnego.
Obejmujg one m.in. napelniacze otrzymywane z masy lignocelulozowej, do ktérych
zalicza si¢ drewno, trociny, widkna, czy pulpe celulozowa (rysunek 3). Zastosowanie
tych surowcoéw jako fazy rozproszonej w matrycy polimerowej skutkuje uzyskaniem

ekologicznego materiatu o unikalnych witasciwosciach uzytkowych [6-14].
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Rysunek 3. Podziat napeliaczy pochodzenia naturalnego [6-14]

4.1. Kompozyty polimerowe z napelniaczem lignocelulozowym

Kompozyty typu WPC (z ang. wood polymer composites) sa materiatami
zlozonymi z termoplastycznej matrycy polimerowej, np. polipropylenu, poli(chlorku
winylu), polietylenu oraz z napeliaczy otrzymywanych z masy lignocelulozowej
(rysunek 4). Zastosowanie napetniacza pochodzenia naturalnego pozwala na uzyskanie
szeregu korzysci, a przede wszystkim czg$ciowe] biodegradowalnosci kompozytu, co
sprawia, ze materiaty te doskonale wpisuja si¢ w ekologiczne trendy oraz w idee GOZ.
Dodatkowo kompozyty WPC wzbudzaja coraz wigksze zainteresowanie, poniewaz
stanowig ciekawa alternatywe zarowno dla obecnie stosowanych, catkowicie
syntetycznych tworzyw polimerowych, jak i dla materiatéw pochodzacych z przemystu
drzewnego [15-17].

Poszukiwanie alternatywy dla obecnie stosowanych materialow sztucznych ma
ogromne znaczenie. Do 2019 roku $wiatowa produkcja tworzyw petrochemicznych
wynosita blisko 359 mln ton rocznie, zuzywajac $rednio 10% $wiatowych zasobow ropy
naftowej. Zastosowanie choéby 30-50% napelniacza pochodzenia naturalnego w
produkcji materiatbw kompozytowych moze spowodowaé znaczne ograniczenie

zuzycia surowcOw petrochemicznych i1 posrednio przyczyni¢ si¢ do ochrony srodowiska
Ziemi [18].
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Rysunek 4. Kompozyty WPC

Wriasciwosci kompozytow WPC sa efektem synergistycznego potaczenia ich
komponentow | nie sg mozliwe do osiggni¢cia w przypadku odrebnego zastosowania
poszczegdlnych sktadnikow. Zaleza one w duzej mierze od zawartosci oraz od rodzaju
napeltniacza lignocelulozowego w matrycy. Kompozyty o wiekszym udziale napeiniacza
charakteryzuja si¢ wyzsza sztywnoscig, odpornoscig na dziatanie promieniowania UV
oraz lepszg termostabilnoscig. Matryca polimerowa odpowiedzialna jest natomiast za

ograniczenie chtonnosci wody oraz utatwia przetwoérstwo materiatu.

Kompozyty WPC posiadaja bardzo dobre parametry mechaniczne, dobrg
stabilno§¢ wymiarowg oraz niski cigzar wlasciwy. Charakteryzuja si¢ wysoka
odpornoscia na dziatanie czynnikow atmosferycznych oraz relatywnie niskg ceng.
Zastosowanie masy lignocelulozowej jako wzmocnienia powoduje takze uzyskanie

czesciowej biodegradowalnosci materiatu (rysunek 5) [15].
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Rysunek 5. Wybrane wlasciwosci kompozytow WPC [15]

Wspomniane wiasciwosci oraz atrakcyjny wyglad kompozytow WPC sprawiaja,
7e sg one coraz czesciej wykorzystywane w wielu aplikacjach. Uktady takie znajduja
zastosowanie przede wszystkim w branzy budowlanej jako deski i inne profile. Ich
gtéwna zaleta, w poroéwnaniu do materialow z drewna litego, jest brak koniecznosci
regularnej konserwacji oraz tatwos$¢ montazu. Deski WPC wykorzystuje si¢ w budowie
tarasow, schodow, ptotow oraz wielu elementow dekoracyjnych, ktore przeznaczone sg
do uzytku na zewnatrz, gdzie narazone sg na dziatanie czynnikow atmosferycznych [19].
Kompozyty WPC stosowane s3 takze na szeroka skal¢ w przemysle motoryzacyjnym,
poniewaz doskonale wpisujg si¢ w wytyczne Komisji Europejskiej, ktora ustanowita, ze
samochody powstate po 2015 r. powinny by¢ w 95% wyprodukowane z materiatow, ktore
nadajg si¢ do powtornego przetworzenia. WPC stanowig rowniez SUrowiec w przemysle
meblarskim oraz w produkcji tzw. dobr konsumenckich (materiaty reklamowe, ramki,
instrumenty muzyczne, zabawki). Wybrane przyktady zastosowania WPC przedstawiono
na rysunku 6 [6,19-20].
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Rysunek 6. Przyktady zastosowan kompozytow WPC [19-20]

Kompozyty WPC sg materiatami o ogromnym potencjale aplikacyjnym, jednakze
ich zastosowanie na szersza skal¢ ograniczaja pewne istotne problemy. Najbardziej
znaczace wady przedstawiono na rysunku 7. Duzym wyzwaniem pozostaje nadal
zaprojektowanie procesu technologicznego otrzymywania WPC, ktory pozwolitby na

wyeliminowanie wszystkich, wyzej wymienionych wad [10,14,16,].

_ PROBLEM OGRANICZONY
Z ROWNOMIERNYM ZAKRES

ROZPROSZENIEM TEMPERATURY

e PRZETWARZANIA
W MATRYCY

NIEWYSTARCZAJACA
ADHEZJA
MIEDZYFAZOWA

PODATNOSC NA
DZIALANIE NISKA UDARNOSC
MIKROORGANIZMOW

Rysunek 7. Najwigksze wady kompozytow WPC [10,14,16]
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4.2. Charakterystyka napelniaczy lignocelulozowych
4.2.1. Budowa napekiaczy lignocelulozowych

Napelniacze na bazie masy lignocelulozowej sa obecnie jednymi z najczesciej
stosowanych napetniaczy pochodzenia naturalnego. Ich popularnos¢ wynika z szerokiej
dostgpnosci  surowca, ich wyjatkowych wlasciwoséci oraz biodegradowalnosci.
Zbudowane s3 z trzech gldéwnych komponentow: celulozy, hemicelulozy oraz ligniny
(rysunek 8). Zawarto$¢ poszczegdlnych biopolimerdéw rozni si¢ jednak w zaleznosci od

pochodzenia i gatunku biomasy (tabela 2).

HEMICELULOZA 23-32% LIGNINA 15-25% CELULOZA 38-50%

@Q% F By 1o KRG

- o o LT
c..,c\nz::“ 3 K;:)( " & . COQ 8 ngO,

b Ligninwer©' Hed  OH

Rysunek 8. Schemat budowy napehniaczy lignocelulozowych [20]
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Tabela 2. Zawartos¢ celulozy, hemicelulozy oraz ligniny w wybranych gatunkach roslin
[21-22].

Zawartos$¢ [%0]

Zrédlo masy lignocelulozowej

Celuloza Hemiceluloza Lignina

Lodyga bambusa 43 22 27
Brzoza 40 18 24
Kolba kukurydzy 42 46 3

Lodyga kukurydzy 36 30 7

Lodyga bawetny 42 24 23
Eukaliptus 52 25 25
Trzcina 42 21 18
Trawa 47 36 12
Stoma kukurydziana 38 30 4

Stoma owsiana 35 28 4

Drewno sosnowe 38 26 12
Topola 46 17 27
Luski ryzowe 36 12 26
Stoma ryzowa 38 30 15
Stoma pszenna 43 27 29

Gtownym sktadnikiem masy lignocelulozowej jest celuloza. Jest ona
najpowszechniej wystepujagcym naturalnym zwigzkiem organicznym i stanowi co
najmniej jedng trzecig materii roslinnej na swiecie. Jest homopolimerem zbudowanym
z dlugiego tancucha powtarzajacych si¢ jednostek D-anhydroglukopiranozowych,
potaczonych ze sobg wigzaniami B-1,4-glikozydowymi (rysunek 9a). W strukturze
celulozy wystepuja liczne wigzania wodorowe, powstate wskutek elektrostatycznej
interakcji grup hydroksylowych (-OH) z wolnymi parami elektronowymi atomoéw tlenu.
Zaréwno wewnatrz-, jak i miedzyczasteczkowe oddziatywania maja istotny wpltyw na
strukture nadczasteczkowa celulozy, a ich gesto$¢ wigze si¢ z wystepowaniem we
wioknach obszaréw o bardzo wysokim lub niskim stopniu uporzadkowania — sg to tzw.
obszary krystaliczne oraz obszary amorficzne (rysunek 9b). Zawartos¢ fazy krystalicznej

odniesiona do sumy czgsci krystalicznej oraz amorficznej definiowana jest jako stopien
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krystaliczno$ci materiatu. Wtdkna celulozowe o wysokim stopniu krystalicznosci, ze
wzgledu na duza zawarto$¢ wigzan wodorowych, cechuja si¢ wysokg sztywnos$cig oraz
stabilno$cig. Dodatkowo charakteryzuja si¢ wysokg warto$cig modutu Younga (nawet do

128 GPa), wysoka efektywnoscig thumienia dzwigkoéw, niska gestosciag oraz stosunkowo
reaktywng powierzchnig [23-24].

jednostka celobiozy

a) 'd 2 A\
OH OH
OH
o) HO
H o |HO oOH (0] OH
OH n
OH . il

koniec nieredukujacy jednostka koniec redukujacy
anhydroglukopiranozowa

b ) CELULOZA CELULOZA CELULOZA
AMORFICZNA KRYSTALICZNA AMORFICZNA

Rysunek 9. Budowa celulozy (a) oraz jej struktura nadczasteczkowa (b) [24-25]
4.2.2. Polimorfizm celulozy

Celuloza wystepuje w czterech podstawowych formach polimorficznych:

celuloza I — IV (CI — CIV). Dwie najczesciej wystepujace odmiany, Cl i Cll, zostaly
przedstawione na rysunku 10.
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Rysunek 10. Struktura odmian polimorficznych celulozy 1 i Il (a) oraz schemat

budowy komorki elementarnej celulozy 1111 (b) [25-26]

Celuloza 1 jest forma krystaliczng, naturalnie wystepujacg gltownie
w organizmach ro$linnych. Wystepuje w dwoch réznych formach allomorficznych, jako
celuloza Ia i celuloza IB. Te dwie postacie roznig si¢ sposobem, w jaki ,,arkusze” celulozy
zwigzane wigzaniem wodorowym s3 potaczone ze sobg w mikrofibryle. Celuloza la jest
produkowana gtownie przez bakterie 1 glony, natomiast celuloza If przez rosliny wyzsze

i zwierzeta morskie [26].

Celuloza I, w odpowiednich warunkach, wywotanych m.in. modyfikacja, moze
ulega¢ przeksztatceniom do pozostatych postaci polifmorficznych (rysunek 11) [27-28].
Najbardziej znang reakcja wplywajaca na polimorfizm jest merceryzacja wodnym
roztworem wodorotlenku sodu, w trakcie ktorej nastgpuje przeksztalcenie wildkien
celulozy 1 do celulozy 11 [26, 29-31].
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Rysunek 11. Przemiany polimorficzne celulozy [26,29-31]

4.2.3. Modyfikacje napelniaczy lignocelulozowych

Zastosowanie wilokien celulozowych jako wzmocnienia w materiatach

kompozytowych wymaga pokonania pewnych trudnosci:

e wlokna celulozowe, w przeciwienstwie do termoplastycznej matrycy maja
silnie polarny charakter. Niekompatybilno$¢ materiatéw skutkuje
nieefektywna dyspersja wzmocnienia oraz stabymi oddziatywaniami
miedzy osnowa a napetiaczem;

e celuloza posiada ograniczong temperatur¢ przetwarzania, cz¢sto nizszg niz
powszechnie stosowane matryce polimerowe (PP, PVC);

e kompozyty wzmocnione wioknem celulozowym moga wykazywaé
wysoka higroskopijnos$¢ i pecznienie w czasie uzytkowania, powodujac

pogorszenie wlasciwosci mechanicznych kompozytow.

W zwiagzku z tym podczas projektowania procesu otrzymywania kompozytow

WPC konieczne jest uwzglednienie procesu modyfikacji powierzchni napetniacza.

Przeprowadzenie odpowiednich reakcji modyfikacji powinno uwzglednia¢ mozliwos¢

wyeliminowania gtownych wad materialdow lignocelulozowych, ktére sa zwigzane

36



STRUKTURA NADCZASTECZKOWA I WEASCIWOSCI FIZYKOCHEMICZNE KOMPOZYTOW
POLIPROPYLENU Z DREWNEM

Majka Odalanowska

z wrazliwo$cig na wilgoé¢, niskg stabilno$cia wymiarowg 1 niska odpornoscig na
degradacje biologiczng wobec grzybow. Kluczowym aspektem jest tez poprawa adhezji

pomiedzy sktadnikami kompozytu [32].
4.2.3.1. Modyfikacje chemiczne

Modyfikacja chemiczna napelniacza lignocelulozowego jest obecnie
najpowszechniejsza metoda poprawy oddzialywan pomiedzy komponentami
kompozytéw typu WPC. Mozna zdefiniowac jg jako reakcje reaktywnych grup obecnych
W napelniaczu z odpowiednio dobranym odczynnikiem modyfikujacym. Ma to na celu
utworzenie silnych oddzialywan miedzy nimi, np. w postaci wigzan kowalencyjnych.
W przypadku napetniaczy lignocelulozowych sg to grupy hydroksylowe, ktore najliczniej
wystepuja we wszystkich komponentach, tzn. w hemicelulozie, celulozie i ligninie
(rysunek 12).

CELULOZA LIGNINA

CH-:OH CH OH CH OH

\H L D ¢\o,. . /é[\o \+\$H " /,mo

CH,COOCH,

o CH, coor HgH

/ cn,l H/n H/m
-OH w \Q HEMICELULOZA

Rysunek 12. Aktywne grupy hydroksylowe w celulozie, ligninie i hemicelulozie

Znanych 1 opisanych jest szereg reakcji modyfikacji chemicznej skladnikéw

lignocelulozowych. Najwazniejsze z nich zebrano i przedstawiono na rysunku 13.
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Rys. 13. Wybrane metody chemicznej modyfikacji celulozy [33]

Do reakcji tych naleza:

e reakcje estryfikacji — m.in. bezwodnikami (maleinowym, propionowym,
ftalowym, krotonowym i bursztynowym) [34-37],

e reakcje acetylowania bezwodnikiem octowym [38-40],

e reakcje za pomocg izocyjanianow [7,41-42],

e reakcje z uzyciem silanow [43-46].

Ze wzgledu na coraz wigksze wymagania Stawiane nowym materialom
kompozytowym oraz istotne wady jakimi charakteryzuja si¢ powszechnie stosowane
metody modyfikacji chemicznej (rysunek 14), obecnie poszukuje si¢ nowych, bardziej
ekologicznych oraz przede wszystkim bardziej efektywnych odczynnikow
modyfikujacych powierzchni¢ napelniacza. Ciekawa alternatywe stanowiag w  tej

dziedzinie ciecze jonowe (ILs, z ang. ionic liquids) oraz zwiazki pochodzenia
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naturalnego, m.in. ekstrakty pochodzace z roslin. W zwigzku z tym, ze zastosowanie
nowych modyfikacji chemicznych napetiaczy odnawialnych stanowi jedno z gléwnych
zadan niniejszej rozprawy doktorskiej, aspekt ten zostanie szczegdtowo omodwiony

w rozdziale 4.3.

Koniecznos¢
zastosowania Ograniczona
organicznych efektywnosé

rozpuszczalnikow

Duze zrdéznicowanie
uzyskanych efektéw
modyfikacji

Rysunek 14. Wady obecnie stosowanych chemicznych modyfikacji napetniacza

lignocelulozowego

4.2.3.2. Modyfikacje fizyczne

Modyfikacja fizyczna masy lignocelulozowej, szczegdlnie drewna, jest kolejng
metodg poprawy oddziatywan w kompozytach typu WPC. Prowadzi si¢ jg m.in. poprzez
dziatanie promieniowania elektromagnetycznego, obrobke plazma, laserem oraz poprzez
obrobke termiczng. Modyfikacja termiczna jest najpopularniejsza, stosunkowo prosta
i ekologiczng metoda modyfikacji, stosowang od polowy XX wieku. Obecnie jest
najbardziej zaawansowanym 1 najszerzej stosowanym w przemysle procesem obrobki
tego materiatu. Znanych jest jej wiele odmian i technik, ktore zostaly opatentowane
i oznaczone nazwami handlowymi. Do najpopularniejszych procesow naleza:
ThermoWood (Finlandia), Plato (Holandia), Retification (Francja) i Oil Heat Treatment
(Niemcy). Ich wspoélng cechg jest obrobka w podwyzszonych temperaturach przy niskiej
zawartos$ci tlenu, ktora minimalizowana jest na rézne sposoby, z wykorzystaniem m.in.

azotu lub pary wodnej [47].
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Podczas modyfikacji termicznej drewno poddawane jest dziataniu wysokiej
temperatury (110 — 260 °C), ktora powoduje szereg reakcji sktadnikow drewna, np.
reakcje utleniania, odwadniania i dekarboksylacji. W ich wyniku nastgpuje rozktad
hemicelulozy oraz obnizenie stopnia polimeryzacji celulozy i ligniny. Innym waznym
aspektem jest ubytek masy. Degradacja hemicelulozy ma istotny wpltyw na wlasciwosci
wytrzymatosciowe i stabilno$¢ wymiarowa drewna poddanego obrobcee cieplnej. Ponadto
w wyniku modyfikacji termicznej zmniejsza si¢ zawarto$¢ wody w drewnie, poprawiajac
w ten sposob jego hydrofobowos¢ 1 zwigkszajac odpornos¢ biologiczng. Skala zmian
zachodzacych podczas obrobki cieplnej zalezy od warunkoéw prowadzenia procesu i jest

tym wigksza, im wyzsza stosuje si¢ temperature [47-49].

Modyfikacja termiczna drewna wykorzystywana jest nie tylko w celu poprawy
cech wytrzymatosciowych 1 odpornosci biologicznej, ale takze w celu osiggnigcia
okreslonych waloréw estetycznych materialu. Jest to zwigzane z faktem, ze podczas

obrobki cieplnej znacznej zmianie ulga barwa materiatu lignocelulozowego (rysunek 15)

[50].

Rysunek 15. Zmiana barwy drewna poddanego modyfikacji termicznej [50]

4.2.4. Oczekiwania wobec nowych metod modyfikacji

Modyfikacja materiatow lignocelulozowych ma ogromny wptyw zaréwno na
strukture 1 wlasciwos$ci napelniaczy, jak i na wlasciwosci otrzymywanego kompozytu.
Zaprojektowanie i przeprowadzenie skutecznego i efektywnego procesu modyfikacji,
wcigz stanowi dla technologow spore wyzwanie. Zlozona budowa materiatu
lignocelulozowego, zalezna od pochodzenia drewna powoduje, ze jego efekty sa czesto

nieprzewidywalne, a wyniki niespdjne.
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Zastosowanie modyfikacji chemicznej wigze si¢ takze ze znacznym
podniesieniem ceny finalnego produktu. Podczas procesu zuzywana jest dodatkowa
energia, media oraz przede wszystkim znaczne ilo$ci toksycznych rozpuszczalnikéw
organicznych.  Podczas  projektowania  procesu  modyfikacji ~ materialow
lignocelulozowych nalezy zwroci¢ uwage na poprawe tych kilku aspektow,
W szczegblnosei na aspekt ekologiczny. Odczynniki nalezy dobiera¢ w taki sposéb, aby
nie obcigzaty srodowiska naturalnego, jednoczesnie pozwalajac na uzyskanie zatozonych
efektow modyfikacji. Co wigcej, podazajac za wspdlczesnymi trendami, podczas
projektowania procesu nalezy pamigta¢, ze obecnie celem modyfikacji powinno by¢
wytworzenie ~ zaawansowanych  materialow  kompozytowych  zapewniajacych
jednoczesnie uzyskanie dobrych wilasciwosci wytrzymato$ciowych, jak i uzyskanie
materiatu o duzej odpornosci na drobnoustroje, promieniowanie stoneczne, czy rowniez

zwigkszonej termostabilnosci.

4.3. Wplyw modyfikacji napelniaczy lignocelulozowych na wlasciwosci

fizykochemiczne kompozytow WPC

Opisywane w literaturze procesy modyfikacji napetniaczy lignocelulozowych
prowadzone sg przede wszystkim w celu uzyskania odpowiedniej adhezji w kompozytach
WPC. Adhezja jest zjawiskiem wystepujagcym na powierzchni stykajgcych sie faz,
wynikajacym z oddziatywan fizycznych lub chemicznych pomigdzy komponentami. Jest
ona niezwykle istotna i odgrywa kluczowa role podczas otrzymywania materiatlow
0 dobrych 1 zatozonych wtasciwosciach wytrzymatosciowych, jednakze nie zawsze
wystepuje ona Ssamoistnie na wymaganym poziomie. Obecnie najpowszechniej
stosowanymi reakcjami modyfikacji napelniaczy w celu poprawy oddziatywan,
w kompozytach WPC sg reakcje estryfikacji [27,34,38-39,51]. Jednakze, ze wzgledu na
zuzywanie znacznej iloSci rozpuszczalnikow organicznych, problemy zwigzane
Z uzyskaniem duzej efektywno$ci prowadzonych reakcji oraz z niewystarczajaca
powtarzalno$cia, reakcje te sg stopniowo zastepowane przez bardziej przyjazne
srodowisku procesy. W ostatnich latach powstato wiele prac, w ktorych podjgto proby
znalezienia nowego i skutecznego czynnika modyfikujacego dla napetniaczy
lignocelulozowych. Nalezy jednak podkresli¢, ze nowoczesne materiaty kompozytowe

powinny charakteryzowac¢ si¢ wielofunkcyjnoscia i posiada¢ takie cechy jak: odpornos¢
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na dzialanie drobnoustrojow, odporno$¢ na promieniowanie UV, wysoka odpornosé
termiczna, korzystne wtasciwosci uzytkowe i cechy wytrzymatosciowe. W konsekwencji
poszukiwanie nowych metod modyfikacji sktadnikow lignocelulozowych powinno
uwzglednia¢ wszystkie powyzej wymienione aspekty, 1lacznie z czynnikiem

ekologicznym.

Projektowanie technologii otrzymywania kompozytow WPC uwzgledniajacych
zatozone wiasciwosci funkcjonalne wymaga kompleksowego rozwazenia wielu

fundamentalnych zagadnien, takich jak:

e znajomos$¢ 1 przewidywanie wplywu procesu modyfikacji na
ksztaltowanie struktury nadmolekularnej kompozytu;

e umiejetnos¢  dobierania i przeprowadzania procesu modyfikacji
w kierunku uzyskania optymalnych wlasciwosci uzytkowych i odpornosci
biologicznej materiatu;

e znajomos¢ zalezno$ci pomiedzy strukturg materiatu a wlasciwosciami

koncowymi wyrobu.

Zagadnienia te b¢dg przedmiotem szczegdtowej analizy literaturowej w kolejnych

rozdzialach.

4.3.1. Wplyw modyfikacji napelniaczy lignocelulozowych na aktywnos$¢

nukleacyjna w ukladach kompozytowych

Powszechnie wiadomo, ze niektore napetniacze lignocelulozowe wprowadzone
do semikrystalicznej matrycy polimerowej powoduja zmiany jej morfologii
oraz struktury  nadczasteczkowej.  Obecno$¢  napelniacza moze wywolywaé
zarodkowanie heterogeniczne 1 znaczaco wptywac na przebieg krystalizacji polimerow.
Szczegodlnie ciekawy jest przypadek, w ktorym obserwuje si¢ wzrost krysztalow
W kierunku prostopadtym do powierzchni napelniacza. Zjawisko to prowadzi do
powstania tzw. warstw transkrystalicznych (TCL — z ang. transcrystalline layer)
(rysunek 16) [52-53]. Doktadny mechanizm procesu transkrystalizacji nie zostat w petni
poznany, jednakze na przestrzeni lat powstawaty prace, w ktorych zajmowano si¢ opisem
zjawiska powstawania TCL. Przedstawiono w nich kilka teorii zwigzanych m.in.

ze wzrostem epitaksjalnym opartym na dopasowaniu sieci krystalograficznej,
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zwilzalno$cig 1 energia powierzchniowa komponentdéw, krystalizacja indukowanag
naprezeniami przez przeptyw stopionego tworzywa, czy topografia powierzchni

napetniacza [52,54].

Projektowanie procesu modyfikacji napeilniacza lignocelulozowego, majacego
na celu poprawe adhezji w WPC, wymaga uwzglednienia zmian strukturalnych, ktore
moga wplywac na jego zdolnosci nukleacyjne wzgledem matrycy. Zagadnienie to jest
kluczowe, poniewaz zastosowanie napeilniacza o wysokiej aktywnosci zarodkowania
powoduje uzyskanie wiekszych oddziatywan pomiedzy napelniaczem a osnowg
polimerowa, co w konsekwencji determinuje poprawe wlasciwosci wytrzymatosciowych
uktadow kompozytowych. Zwigkszenie zdolnosci nukleacyjnych powierzchni
napelniacza wplywa rowniez na skrdcenie czasow cyklu przetwarzania kompozytow
polimerowych, a w konsekwencji prowadzi do zwigkszenia ekonomiczno$ci procesu.
Tematyka zwigzana z aktywnos$cig nukleacyjng jest jednak niezwykle ztozona i bardzo

czgsto pomijana.

Rysunek 16. Krystalizacja polipropylenu w obecnosci: a) drewna surowego, b) drewna

merceryzowanego, ¢) celulozy, d) merceryzowanej celulozy [55]
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Wedlug niektorych doniesien literaturowych podczas modyfikacji napeiniacza
nastepuje zmniejszenie jego zdolnosci do nukleacji matrycy polimerowej.
Przeprowadzone przez Lenes et al. badania mikroskopowe procesu krystalizacji
kompozytéw zawierajacych surowy materiat lignocelulozowy oraz poddany obrobce
chemicznej wykazaly, ze wszystkie niemodyfikowane materiaty celulozowe wyraznie
indukowaty powstawanie warstwy transkrystalicznej, podczas gdy materiaty celulozowe
poddane modyfikacji chemicznej nie wykazywaly takich zdolnosci [56]. Borysiak et al.
przedstawil badania dotyczace wplywu alkalizacji, estryfikacji i promieniowania y
drewna na jego zdolno$¢ do generowania TCL. Wykazal, Ze wystepowanie
transkrystalizacji w kompozytach drewno-polipropylen jest silnie uzaleznione od
rodzaju, warunkéw prowadzenia modyfikacji chemicznej materiatoéw lignocelulozowych
oraz od rodzaju czynnika modyfikujacego. Jednakze, w poréwnaniu z drewnem
modyfikowanym chemicznie, struktura transkrystaliczna PP najefektywniej tworzyla si¢

w obecnosci drewna niemodyfikowanego [27].

Sporo kontrowersji budzg badania transkrystalicznosci w kompozytach
zawierajacych materiat lignocelulozowy oraz polipropylen szczepiony bezwodnikiem
maleinowym. W czesci powstatych prac jednoznacznie wskazuje si¢ na pogorszenie
zdolnosci nukleacyjnych napelniacza po modyfikacji [57-58]. Jednoczesnie istnicjg
badania, w ktorych uzyskano odmienny rezultat. Znaczacy wplyw modyfikacji
napetniaczy lignocelulozowych na powstawanie TCL zaobserwowano m.in. w pracy
Gassan et al. [59]. Pozytywny wptyw modyfikacji na zwickszenie zdolnosci
nukleacyjnych uzyskano takze w badaniach, w ktéorych do obrobki napeiniacza
wykorzystano kwas stearynowy oraz uretanowe pochodne glikolu polipropylenowego
[60-61]. W wielu innych pracach zwrdcono uwage na wptyw transkrystaliczno$ci na
wlasciwosci mechaniczne kompozytdw. Zauwazono, ze materialy zawierajace
napelniacz o wiekszej zdolnosci nukleacyjnej charakteryzowaly si¢ lepszymi
parametrami wytrzymatosciowymi w porownaniu do tych, w ktoérych nie stwierdzono
struktur TCL [56,61,62]. Analiza danych literaturowych dotyczacych wpltywu
chemicznych modyfikacji napetniaczy lignocelulozowych na struktur¢ nadczasteczkowa

polipropylenu zostata takze przedstawiona w pracy Borysiaka et al. [27].

Innym czynnikiem, ktéry nalezy uwzgledni¢ podczas wyjasnienia mechanizmu
tworzenia struktury TCL oraz w konsekwencji kompozytow o zatozonych
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wlasciwos$ciach uzytkowych, jest polimorfizm celulozy, gtéwnego sktadnika napetniaczy
lignocelulozowych [27-28]. W literaturze mozna znalez¢ kilka prac, w ktorych podjgto
si¢ proby wyjasnienia tego fenomenu. Pogorszenie zdolnosci nukleacyjnych odmiany
polimorficznej celulozy CII w poréwnaniu do CI ttumaczy si¢ m.in. zmniejszong
chropowato$cia powierzchni napetniacza lignocelulozowego (na skutek usuniecia
sktadnikow matoczgsteczkowych i defibrylacji) oraz brakiem dopasowania struktur
krystalograficznych pomiedzy celulozg i matryca polipropylenowsg [55,64-66]. Jednakze
przedstawione wyniki sg czesto sprzeczne ijak dotad nie zaproponowano zadnej
szczegdlowe] interpretacji, ktora moglaby wyjasnia¢ zauwazone réznice. Obnizenie
zdolnosci nukleacyjnych celulozy po jej przemianie wywotanej procesem merceryzacji
opisywat m.in. Borysiak et al. [55]. Przedstawione wyniki badan DSC oraz mikroskopii
w $wietle spolaryzowanym jednoznacznie wskazaty, ze tylko celuloza I jest zdolna do
generowania  struktur  transkrystalicznych.  Probki  zawierajace  celuloze 1
charakteryzowaty si¢ m.in. najwyzsza temperaturg krystalizacji oraz najwigksza
szybkoscig oraz gestoscig tworzenia struktur TCL. Co wigcej wykazano, ze zdolnos¢ do
zarodkowania wzrasta wraz z zawarto$cig odmiany celulozy I. Podobne zalezno$ci

zauwazono w innych opublikowanych pracach [28,67-68].

Problemy zwigzane z wyjasnieniem rzeczywistego wplywu chemicznej
modyfikacji napetniacza lignocelulozowego na jego zdolno$¢ do zarodkowania mogag
wynika¢ z pomini¢cia jednoczesnego oddziatywania takich czynnikow jak polimorfizm
celulozy 1 sktad drewna, ktory rézni si¢ w zaleznosci od pochodzenia i gatunku rosliny.
Zjawisko polimorfizmu celulozy jest $cisle powigzane z jej aktywnoscig nukleacyjng,
ktora z kolei, jak przedstawiono we wczesniejszym rozdziale, ma bezposredni wptyw na
wiasciwosci mechaniczne kompozytow. Materiaty o wysokiej zdolnosci do generowania
struktur TCL wykazuja zdecydowanie lepsze wilasciwosci wytrzymatosciowe [27].
Mozna wnioskowaé, ze podczas projektowania skutecznego procesu modyfikacji
napelniaczy lignocelulozowych powinno dazy¢ si¢ do zwigkszenia jego zdolnosci
nukleacyjnej wzgledem PP, jednoczesénie nie pozwalajgc na zmiany zawartosci celulozy

0 odmianie polimorficznej 1.

Zagadnienie zwigzane z aktywnoS$cia nukleacyjng napetniacza wciaz budzi sporo
kontrowersji i nadal pozostaje wiele jego aspektow, ktore nie zostaly w petni wyjasnione.
Pomimo iz w wigkszo$ci powstatych prac jasno wykazano, ze obecno$¢ struktur TCL
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w kompozytach powoduje uzyskanie poprawy cech wytrzymato$ciowych, to podczas
projektowania nowych metod modyfikacji napetniacza lignocelulozowego zagadnienie

to jest catkowicie pomijane.

4.3.2. Wplyw modyfikacji napelniaczy lignocelulozowych na aktywnos$¢

biologiczng i ochrone¢ przed promieniowaniem UV kompozytow WPC

Kolejnym istotnym aspektem zwigzanym z zaprojektowaniem efektywnego
procesu modyfikacji napelniacza w kompozytach WPC jest okreslenie wpltywu

modyfikacji na jego aktywnos¢ biologiczng oraz ochrong przed promieniowaniem UV.

Obecnos¢ witokien lignocelulozowych, zwlaszcza w warstwach zewnetrznych
materiatu WPC sprawia, ze sa one bardzo podatne na dzialanie mikroorganizméw, w tym
grzybow. Powstato wiele prac, w ktorych omowiono negatywny wptyw tego czynnika na
strukture 1 wihasciwosci kompozytow. Wykazano, ze dzialanie mikroorganizmow
powoduje przede wszystkim rozktad sktadnika lignocelulozowego, ktéry mozna byto
zaobserwowaé posrednio w ubytku masy materiatu kompozytowego [69-71].
Zauwazono, ze dzialanie to powoduje m.in. obnizenie wytrzymatosci na rozcigganie
i udarnosci WPC [72]. Ponadto stwierdzono, ze zawarto$¢ wilgoci w probce kompozytu
odgrywa kluczowg role w procesie degradacji, wywotanej dziataniem grzybow [73].
Aktualnie zwiekszenie ochrony napetniaczy lignocelulozowych przed grzybami
prowadzi si¢ poprzez zastosowanie syntetycznych biocydow, takich jak weglan 3-jodo-
2-propynylu butylu, 2-tiazol-4-ilo-1H-benzoimidazol lub  4,5-dichloro-2-
oktyloizotiazolon [74-76]. Obowigzujgce regulacje prawne zwigzane z ochrong
srodowiska spowodowaly, ze w ostatnich latach obserwuje si¢ znaczacy wzrost doniesien
literaturowych zwigzanych z impregnacja drewna produktami naturalnymi. Wykazano,
ze liczne substancje naturalne, a takze wyizolowane z nich zwigzki moga by¢ stosowane
jako potencjalne ekologiczne $rodki ochrony drewna. Do najpopularniejszych zwigzkow
zaliczy¢ mozna naturalne olejki, ekstrakty roslinne, chitozan, kofeing czy propolis [77-
81]. Nalezy jednak wspomnie¢, ze wigkszo$¢ przeprowadzanych badan dotyczy
wylacznie surowcow lignocelulozowych. Jak dotad nie zajmowano si¢ tym zagadnieniem
w  kontekScie wykorzystania modyfikowanego w ten sposdb  materiatu
lignocelulozowego jako napetniacza w ukladach kompozytowych, szczegodlnie

w kompozytach WPC.
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Promieniowanie ultrafioletowe jest nastepnym czynnikiem destrukcyjnym dla
WPC, ograniczajacym jego szersze zastosowanie, poniewaz kompozyty te znajduja
zastosowanie przede wszystkim w produktach, ktore narazone sg na stale dziatanie
czynnikow atmosferycznych. Podczas ich naswietlania nastepuje fotoutlenianie
poliolefin, ktére prowadzi m.in. do zmniejszenia masy czasteczkowej tancuchow
polimerowych. Fotodegradacja poczatkowo zachodzi na powierzchni kompozytu,
jednakze z czasem promieniowanie dociera do glebszych warstw WPC. Dziatanie to
powoduje oslabienie oddziatywan mig¢dzyfazowych miedzy osnowag a napetniaczem.
Dochodzi wowczas do znacznego zmniejszenia zdolno$ci przenoszenia naprezen
w uktadach WPC. W konsekwencji pogorszeniu ulegaja parametry mechaniczne takie jak
wytrzymato$¢ na zginanie czy modut sprezystosci [82-83]. Staba odpornos¢ WPC na
dziatanie promieniowania UV spowodowata, ze obecnie prowadzone sg badania majace
na celu opracowanie skutecznych i ekologicznych metod zabezpieczania tego typu

materiatow przed czynnikami srodowiskowymi.

Problematyka starzenia WPC byta juz wielokrotnie poruszana we wcze$niejszych
pracach [83-89]. Afigah et al. wykazal, ze pogorszenie wlasciwosci mechanicznych
kompozytow w wyniku dziatania promieniowania UV spowodowane jest rozrywaniem
tancuchéw polimerowych, wywotanym procesem fotooksydacji [88]. Przebarwienia
i pogarszanie niektorych wiasciwosci WPC w wyniku fotodegradacji zostaty rowniez

zauwazone przez Kuka et al. [87].

W celu poprawy odpornosci na warunki atmosferyczne drewna stosowanych jest
wiele dodatkow, wsrdd ktorych najpopularniejsze sg tlenki tytanu oraz cynku. Wplyw
poszczegodlnych zwigzkdéw na pochtanianie promieniowania UV w kompozytach WPC
zostat doktadnie opisany w pracy Spear et al. [90]. W wielu doniesieniach opisano takze
zmiang wiasciwosci 1 barwy kompozytow, m.in. w zaleznosci od wielko$ci czastek
napetniacza. Wyniki takich rozwazan przedstawiono m.in. w pracy Gunjala et al. [91].
Zauwazono, ze najbardziej narazone na zmian¢ barwy sa kompozyty zawierajace
mniejsze rozmiary czastek napelniacza. Otrzymane wyniki tlumaczono wigksza
powierzchnig wiasciwg drewna w kompozytach o matych rozmiarach czastek, a wiec

wigkszym bezposrednim narazeniem na promieniowanie UV.
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Podsumowujac przeprowadzone studia literaturowe mozna zauwazy¢, z€
powstato wiele prac, ktore zwigzane s3 z poprawg ochrony materialow
lignocelulozowych na dziatanie réznych czynnikéw Srodowiskowych. Jednakze
w literaturze nie podjeto dotychczas rozwazan, w ktéorych omoéwiono by ich efekt
synergiczny [85, 92]. Kompozyty zawierajace napetniacze lignocelulozowe znajduja
zastosowanie przede wszystkim w produktach narazonych na dziatanie czynnikow
atmosferycznych i grzybow. Podczas projektowania wielofunkcyjnego WPC nalezy brac
pod uwagg oba te destrukcyjne czynniki. Co ciekawe, jak dotad nie zaproponowano
skutecznej 1 ekologicznej metody modyfikacji WPC lub jego komponentéw, ktora

pozwolitaby na uzyskanie takiego efektu.

4.3.3. Wybrane metody modyfikacji napelniaczy lignocelulozowych

Tematyka badan zwigzana z modyfikacja napetniaczy lignocelulozowych z roku
na rok zyskuje coraz wigkszg popularnos$¢. Powstaje wiele prac, w ktorych podejmuje si¢
proby znalezienia nowego, skutecznego, efektywnego oraz, co najwazniejsze, bardziej
ekologicznego czynnika modyfikujagcego. W ramach niniejszej pracy prowadzono
badania nad modyfikacjg napetiacza lignocelulozowego z wykorzystaniem fizycznych
oraz chemicznych czynnikéw modyfikujacych. Przeglad efektow ich dziatania
W dotychczas opublikowanych pracach zostat przedstawiony w ponizszych

podrozdziatach.

4.3.3.1. Modyfikacja termiczna napekiaczy lignocelulozowych

Coraz czesciej do modyfikacji drewna wykorzystuje si¢ procesy fizyczne. Do
najpopularniejszych naleza obecnie te oparte na obrdbce cieplnej napetlniaczy. Sag to
jednak procesy ztozone, powodujace nieodwracalne zmiany w strukturze materiatu.
Podczas modyfikacji termicznej wysoka temperatura wywotuje Szereg reakcji
sktadnikow drewna, m.in. utleniania, odwadniania i dekarboksylacji. W konsekwencji
nastepuje rozktad polisacharydéow wchodzacych w jego sktad: hemicelulozy, celulozy
i ligniny i/lub spadek stopnia krystalicznosci krystalicznych polisacharydow [47-48, 93-
96]. Podczas obrobki termicznej znaczaco zmniejsza si¢ zawarto§¢ wody w materiale.
Zmiany zwigzane z modyfikacja termiczng drewna wplywaja rowniez na jego strukture

nadczasteczkowa, a wigc w konsekwencji na wlasciwosci produktow [49, 96-101].
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Unikalne wtasciwosci termicznie modyfikowanego drewna sprawiaja, ze staje si¢
ono przedmiotem zainteresowania jako potencjalny napetniacz kompozytéw typu WPC.
Dotychczasowe doniesienia literaturowe dotyczg opisu efektow dziatania tego procesu na
finalne wtasciwos$ci kompozytéw. Zauwazono, ze obrobka termiczna prowadzi m.in. do
wzrostu stabilno$ci termicznej i wymiarowe] materiatdw kompozytowych. W wielu
pracach zwracano szczegdlng uwage na zagadnienia zwigzane z wlasciwos$ciami
wytrzymato$ciowymi, jednak uzyskane wyniki budzity wiele kontrowersji [49, 96-98,
102-104]. Z jednej strony wiele doniesien potwierdza pozytywny wplyw zastosowania
tego typu modyfikacji na wlasciwosci mechaniczne. Zauwazono, ze w pewnych
warunkach temperaturowych modyfikacja skutkuje poprawg parametréw, takich jak
wytrzymatos$¢ na rozcigganie (TS), wytrzymatos$¢ na zginanie i udarnos¢ w poréwnaniu
z tradycyjnie otrzymywanym WPC [103, 105, 106]. Uzyskane zaleznosci thumaczono
zwiekszong hydrofobowoscia modyfikowanego drewna, co prowadzitlo do poprawy
kompatybilnosci miedzy osnowg a napelniaczem. Z drugiej jednak strony istniejg prace,
w ktorych nie wykazano poprawy parametrow wytrzymatoSciowych. Tufan et al.
zauwazyli, ze modyfikacja termiczna drewna znacznie zmniejsza wytrzymatos¢ na
rozcigganie i zginanie [104]. Z kolei brak istotnych zmian zanotowano w pracy Yang et
al. [107]. Wyniki uzyskane przez Xu et al. wykazaty, Ze stabilnos¢ wymiarowa materiatu
co prawda poprawita si¢, natomiast w wyniku przeprowadzonej modyfikacji termicznej

wilasciwos$ci mechaniczne ulegly pogorszeniu [108].

Podsumowujac, brakuje w literaturze prac, ktére wyjasniatyby zauwazone
sprzeczno$ci. Wynika to prawdopodobnie z tego, ze autorzy badan nad kompozytami
WPC tlumaczg otrzymane wyniki whasciwosci mechanicznych gtéwnie na podstawie
zjawiska adhezji miedzyfazowej polimer-napetniacz, bez uwzglednienia wptywu innych

czynnikow.

W dotychczas opublikowanych doniesieniach literaturowych starano si¢ rowniez
opisa¢ zmiany strukturalne drewna zachodzace podczas obrobki termicznej
i hydrotermicznej w réznych warunkach temperatury, wilgotnosci wzglednej i okresu
ekspozycji. W pracach analizowano proces rozktadu poszczegdlnych komponentow
drewna i przedstawiono jego najwazniejsze produkty [96, 100, 109-110]. Wykazano, ze

zarowno czas, jak 1 temperatura trwania procesu maja kluczowe znaczenie podczas
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dekompozycji poszczegdlnych polisacharydow. Najbardziej wrazliwa na dziatanie
wysokiej temperatury okazata si¢ by¢ hemiceluloza oraz proste zwigzki i olejki eteryczne,
ktore ulegaty rozktadowi juz w temperaturach ponizej 160 °C [99, 111]. Szczegdlowa
analize rozktadu termicznego poszczegdlnych polisacharydow przeprowadzono w pracy
Kubovsky et al. Opisane na podstawie badan FTIR (z ang. Fourier transform infrared
spectroscopy) zmiany strukturalne zachodzace w gtownych sktadnikach drewna miaty
istotny wplyw na jego koncowe wilasciwosci. Drewno poddane obrobce
charakteryzowalo si¢ wigkszg odpornoscia na czynniki biotyczne oraz wigksza
stabilno$cig wymiarowa niz drewno surowe [112]. Bardzo ciekawe i niezwykle istotne
badania przedstawit Aydemir et al. W pracy analizowano zmiany struktury
nadczasteczkowej kompozytow WPC zawierajacych napeliacze poddane obrobce
termicznej. Zauwazono, ze krystalicznos¢ kompozytoéw z napelniaczem poddanym
obrobce byta wigksza niz kompozytow z materiatem surowym. Otrzymane wyniki bardzo
dobrze korelowaty z wynikami wlasciwosci mechanicznych. Probki o wyzszej
zawartosci fazy krystalicznej charakteryzowaly si¢ lepszymi wlasciwosciami

wytrzymato$ciowymi w poréwnaniu do uktadéw niemodyfikowanych [113].

Innym waznym aspektem zwigzanym z modyfikacjg termiczng drewna jest
zmiana barwy materialu, ktora nastepuje w wyniku reakcji zachodzacych podczas
obrobki. Zmiana ta jest tym wigksza, im wyzsza jest temperatura prowadzenia procesu.
Parametr ten odgrywa kluczowa role, poniewaz gtownym zastosowaniem WPC jest
przemyst budowalny, gdzie materiaty te wykorzystywane sg do produkcji elementow
dekoracyjnych w ogrodnictwie, paneli $ciennych oraz ogrodzenia. W wielu pracach
szczegdlowo opisano wplyw warunkow prowadzenia procesu modyfikacji termicznej
napelniaczy lignocelulozowych na zmiang ich barwy. Wykazano, ze wzrost temperatury
oraz czas modyfikacji powodujg zwigkszenie efektu zmiany barwy napetniacza [49, 94,

108, 114].

Modyfikacja napetniaczy lignocelulozowych prowadzona jest nie tylko w celu
poprawy oddziatywan w kompozytach WPC, ale takze w celu uzyskania materialu
0 nowych wiasciwos$ciach. Wiele doniesien literaturowych wskazuje na pozytywny efekt
modyfikacji termicznej drewna na poprawe¢ odpornosci na dziatanie grzybéw WPC.

Wyniki badan wykazaty, Ze termiczna obrobka napelniaczy lignocelulozowych moze
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mie¢ takze pozytywny wplyw na ten parametr [93, 115-117]. Kuka et al. badat
wiasciwosci  probek WPC otrzymanych z drewna sosnowego oraz brzozowego
poddanych modyfikacji termicznej w temperaturze 160 i 170 °C, narazonych na dziatanie
grzyba Coniophora puteana. Zaobserwowal, ze kompozyty =z wldknami
lignocelulozowymi po obrdbce termicznej charakteryzowaly si¢ mniejsza absorpcja
wody i lepszg odporno$cig na grzyby [118]. Podobne zaleznosci zanotowano w pracach,
w ktorych wykorzystano napetniacze poddane dziataniu temperatur powyzej 175 °C.
Zauwazono poprawe odpornosci kompozytow wobec grzybéw Pycnoporus sanguineus,
Aspergillus niger i Penicillium purpurogenum w poréwnaniu do probek z materiatem

niezmodyfikowanym [116, 119].

Pomimo ze proces modyfikacji termicznej jest znany od lat, to nadal istniejg
pewne aspekty, ktére wymagaja wyjasnienia i nie zostaty dokladnie zbadane. Problemy
pojawiajace si¢ w trakcie prowadzenia procesu wynikajg bezposrednio ze ztozonej
budowy napehiaczy lignocelulozowych, zaleznej od gatunku i pochodzenia materiatu.
Gtowne sktadniki drewna, czyli hemiceluloza, celuloza i lignina charakteryzujg si¢
znacznym zroznicowaniem odpornosci na obrobke cieplng. Wielu autoréw stara si¢ wigc
znalez¢ powigzanie pomie¢dzy warunkami prowadzenia procesu modyfikacji, zmiang

struktury materiatu a jego finalnymi wtasciwosciami.

Podsumowujac przedstawione powyzej dane literaturowe mozna stwierdzi¢, ze
brak jest w literaturze doniesien, ktore rozwazalyby zaleznosci miedzy warunkami
termicznej modyfikacji drewna a ksztaltowaniem struktury nadczasteczkowej
kompozytow. Zrozumienie takiej zaleznosci, do tej pory nienotowanej, pozwolitoby na
kontrolowanie wtasciwosci mechanicznych materiatdow kompozytowych poprzez zmiang
aktywnosci zarodkowania napelniacza lignocelulozowego, sterowanej w wyniku
prowadzonej modyfikacji termicznej. W konsekwencji uzyskane informacje dadza
mozliwo$¢ dokladnego zaprojektowania procesu w kierunku otrzymania materiatu
0 zatozonych cechach wytrzymato$ciowych, spetiajacych wysokie wymagania jakie

stawia si¢ obecnie materialom kompozytowym.

4.3.3.2. Ciecze jonowe jako innowacyjne czynniki modyfikujace

Obecnie bardzo duzo uwagi poswigca si¢ rowniez aspektom zwigzanym z ochrong

srodowiska. Wymaga si¢, aby proponowane nowe metody modyfikacji, oprocz wysokiej
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efektywnosci, spetniaty tez normy $rodowiskowe i pozostawialy po sobie mozliwie jak
najmniejszy $lad ekologiczny (z ang. ecological footprint). Ciekawa alternatywsg jest
zastgpienie powszechnie stosowanych modyfikatoréw, wymagajacych rozpuszczalnikow
organicznych, specjalnie zaprojektowanymi cieczami jonowymi. Ciecze jonowe to
stosunkowo nowa grupa zwigzkow, doskonale wpisujaca si¢ w zatozenia tzw. zielonej
chemii. ILs sktadaja si¢ z kationu organicznego i matoczasteczkowego anionu. Ich
charakterystyczng cecha jest niska pr¢znos$¢ par oraz temperatura topnienia, ktora zwykle
nie przekracza 100 °C. Sg okre$lane mianem zwigzkow innowacyjnych, poniewaz istnieje
prawie nieograniczona mozliwos¢ ich precyzyjnego zaprojektowania i syntezy [12, 120-
122]. Co ciekawe posiadaja zdolno$¢ rozpuszczania zar6wno zwigzkdéw organicznych,
jak i niecorganicznych, dlatego znalazty zastosowanie w wielu galeziach przemystu,
glownie jako nietoksyczne rozpuszczalniki (rysunek 17) [36, 123-127].

=
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CIECZY
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Rysunek 17. Przyktady zastosowania cieczy jonowych

Dotychczas w przemysle drzewnym ciecze jonowe stosowane byly glownie jako
rozpuszczalniki masy lignocelulozowej. Po raz pierwszy mozliwo$¢ te zaprezentowat
w 2002r. Swatloski. Zastosowal ciecze jonowe zawierajace kation 1-butylo-3-
metyloimidazoliowy podstawiony anionami o r6znej budowie [128]. W kolejnych latach,
proces udoskonalono i zaproponowano przeprowadzenie procesu rozpuszczania drewna

z wykorzystaniem kolejnych, bardziej zlozonych cieczy jonowych. Wykazano, Ze
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budowa zaréwno kationu, jak i anionu ma znaczacy wplyw na wydajnos¢ tego procesu
[127, 129-133]. Interesujace badania nad wykorzystaniem mieszanin cieczy jonowych
I syntetycznych rozpuszczalnikoéw molekularnych przeprowadzit Ferreira et al. [134].
W pracy zbadano octan 1-(1-butylo)-3-metyloimidazoliowy i octan 1-(2-metoksyetylo)-
3-metyloimidazoliowy oraz ich roztwory w sulfotlenku dimetylu (DMSO).
Zaproponowane uktady wykazywaly wysoka efektywno$¢ w procesie rozpuszczania

celulozy.

Innym trendem zwigzanym z wykorzystaniem cieczy jonowych w przemysle
drzewnym bylo wuzycie tych zwigzkow jako S$rodowiska reakcji podczas
funkcjonalizowania celulozy. W celu zastgpienia powszechnie stosowanych
rozpuszczalnikow organicznych zaprojektowano wiele cieczy jonowych. Reakcje
estryfikacji z powodzeniem przeprowadzono przy uzyciu m.in. chlorku 1-allilo-3-
metyloimidazoliowego, chlorku 1-N-butylo-3-metyloimidazoliowego i octanu 1-etylo-3-
metyloimidazoliowego [36, 135-138]. Bardzo wysoka efektywnos¢ reakcji
transestryfikacji celulozy zaobserwowano takze w pracy Hirose et al. [139]. W badaniach
wykorzystano jako rozpuszczalnik  karboksylan  1-etylo-3-metyloimidazoliowy.
Oceniono wplyw budowy podstawnikéw w strukturze anionowej na aktywnos$¢
katalityczng. Rozpuszczalno$¢ celulozy w duzym stopniu zalezata od zasadowosci
karboksylanu. Stwierdzono, ze wzrost zasadowosci anionu karboksylanowego promowat
pozadany przebieg estryfikacji. Modyfikacja masy lignocelulozowej w postaci litego
drewna topoli i morwy za pomocg bezwodnika ftalowego w obecnosci 1-
metyloimidazolu zostala przedstawiona w pracy Guo et al. [140]. Zauwazono, ze
w zalezno$ci od gatunku drewna efektywno$¢ reakcji byta inna. W tych samych
warunkach drewno topoli wykazywalo wyzszy stopien estryfikacji niz drewno morwy.

Otrzymane zaleznosci thumaczono réznicg w budowie strukturalnej obu materiatow.

Ciekawym kierunkiem badan bylo takze wykorzystanie cieczy jonowych jako
srodkéw do impregnacji drewna. Do konserwacji desek sosnowych stosowano m.in.
tetrafluoroborany  3-alkoksymetylo-1-metyloimidazoliowe i heksafluorofosforany.
Przeprowadzone badania wykazaty doskonatg zdolno$¢ zwiazkow jonowych do wnikania
w drewno i ich bardzo dobre wlasciwosci grzybobdjcze [75, 141-142]. Dodatkowo

podczas prac badawczych zauwazono, ze ciecz jonowa moze wbudowywac sie¢
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w strukturg napetniacza lignocelulozowego [143]. Odkrycie to dato poczatek nowemu
nurtowi badawczemu - zastosowaniu tych zwigzkoéw jako bezposrednich modyfikatorow
powierzchni drewna. W 2018 roku Croitoru et al. przedstawit prace, w ktorej wykorzystat
komercyjnie dostepne ciecze  jonowe: bis(trifluorometylosulfonylo)imid
metylotrioktyloamoniowy oraz bis(2,4,4-trimetylopentylo)fosfinian
triheksylotetradecylofosfoniowy w celu poprawy adhezji w kompozytach drewna
z polietylenem. Wprowadzenie do matrycy zmodyfikowanych napetniaczy przyczynito
si¢ do zwigkszenia stabilno$ci wymiarowej materiatu, mniejszej chtonnosci wody oraz
do uzyskania poprawy udarnosci i1 wytrzymatosci na rozcigganie w poréwnaniu

z kompozytami zawierajacymi drewno niezmodyfikowane [144].

Podsumowujac przeprowadzone studia literaturowe mozna zauwazy¢, ze ciecze
jonowe od kilku lat wzbudzaja duze =zainteresowanie w tematyce zwigzanej
Z rozpuszczaniem masy lignocelulozowej. Coraz czesciej z powodzeniem stosowane sg
réwniez jako medium w procesach modyfikacji z uzyciem klasycznych modyfikatorow.
Jednakze nalezy zwroci¢ uwage, ze wickszo$¢ powstatych prac dotyczy bezposrednio
celulozy — tylko jednego sktadnika masy lignocelulozowej. Pomimo ogromnego
potencjatu aplikacyjnego, brakuje jednak prac, ktore opisywalyby zastosowanie
cieczy jonowych w modyfikacji drewna w celu zwigkszenia adhezji mi¢dzyfazowej
z hydrofobowymi matrycami polimerowymi. Ze wzgledu na wyjatkowe wlasciwosci
cieczy jonowych, modyfikacja taka moglaby prowadzi¢ do otrzymania wielofunkcyjnego

materiatu, ktory stanowitby idealny napetniacz do produkcji kompozytow typu WPC.

Warto jednak zauwazy¢, ze w wielu dotychczas powstatych pracach
udowodniono, ze zastosowanie drewna modyfikowanego chemicznie jako napeiniacza
do matryc polimerowych nie zawsze gwarantuje uzyskanie poprawy wlasciwosci
fizykochemicznych kompozytu [145-148]. Bardzo waznym aspektem jest uzyskanie
w wyniku obrobki poprawy oddziatywan miedzyfazowych na granicy polimer-
napetniacz [27, 149-151]. Jak juz wczes$niej wspomniano, szczegolnie istotna jest analiza
aktywnos$ci zarodkowania powierzchni napetniaczy lignocelulozowych w  kierunku
tworzenia si¢ warstwy transkrystalicznej (TCL). Zjawisko to jest wysoce pozadane,
poniewaz jego obecno$¢ determinuje poprawe wilasciwosci wytrzymato§ciowych

uktadow kompozytowych [38, 61, 145, 152-153].
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4.3.3.3. Modyfikacja drewna za pomoca zwiazkéw pochodzenia

roslinnego

Kolejnym interesujgcym rozwigzaniem jest zastosowanie zwigzkéw pochodzenia

naturalnego w procesie modyfikacji napetniaczy lignocelulozowych.

Drewno jest materialem podatnym zaréwno na rozklad spowodowany przez
czynniki atmosferyczne, jak i przez dziatanie mikroorganizméw i grzybow. Obecne
procesy przemystowe ochrony drewna opierajg si¢ na modyfikacji termicznej lub
chemicznej, zazwyczaj poprzez acetylacje i furfurylacje [154-155]. Rosliny stanowig
natomiast, bardzo bogate zrodto aktywnych substancji, takich jak alkaloidy, flawony
i flawonoidy, fenole, terpeny, garbniki, czy chinony. Wigkszo$¢ z nich posiada bardzo
silne wlasciwos$ci bakteriobdjcze oraz antybakteryjne. Staly si¢ wigec one przedmiotem
wielu prac, w ktorych badano mozliwos¢ zastosowania ich jako $rodkéw ochronnych
drewna. Do najpopularniejszych nalezg: olejki eteryczne (rysunek 18), kwasy organiczne,
ekstrakty z trwalszych gatunkéw drewna [77, 154-158]. Bardzo cickawe i pozadane
wlasciwosci posiadajg takze substancje na bazie metyloksantyn zawarte m.in. w herbacie
(Camellia sinensis), kawie (Coffea arabica), kakao (Theobroma cacao) czy w Yerba
mate (llex paraguariensis). Kofeina hamuje rozwoj plesni, grzybow powodujacych
gnicie drewna, w tym dobrze znanych plesni Aspergillus niger, Penicillium cyclopium

lub Trichoderma viride oraz grzybow powodujgcych zgnilizng [154, 156, 159].

Wysoki potencjat aplikacyjny, obiecujace wyniki badan, szeroka dostepnos¢ oraz
coraz prostsze 1 szybsze metody wyodrebniania aktywnych substancji roslinnych
powoduja, ze wydaja si¢ one by¢ rowniez idealng alternatywa do obecnie stosowanych

syntetycznych modyfikatorow napetniaczy lignocelulozowych [155].
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Rysunek 18. Wybrane olejki eteryczne o wlasciwosciach grzybobojczych [155]

W ostatnich latach duzg popularnos¢ wsréd zwigzkoéw pochodzenia roslinnego
zyskat propolis. Propolis jest zywicznym materiatem zbieranym przez pszczoly z pagkow
lisSciowych réznych gatunkow drzew, takich jak brzoza, topola, swierk, sosna, czy olcha.
Sktad chemiczny propolisu jest zmienny i bardzo ztozony. Zalezy gtéwnie od roslinnosci,
miejsca geograficznego, z ktorego jest pozyskiwany, czasu i sposobu zbioru, a takze rasy
pszczot miodnych [155, 160-161]. Gléwnymi zwigzkami w propolisie polskiego
pochodzenia sg fenole, w tym flawonoidy, kwasy fenolowe i ich estry, witaminy, cukry,
kwasy tluszczowe oraz mikro- i makroelementy [158, 160]. Szeroko prowadzone badania
nad propolisem wykazaty, ze material ten posiada ciekawe i korzystne wtasciwosci, m.in.
wiasciwosci przeciwgrzybicze, przeciwbakteryjne, przeciwwirusowe
i przeciwutleniajgce. Najszerzej zbadane jest dziatanie przeciwgrzybicze propolisu
wobec grzybow z gatunku Candida sp. Jednakze propolis wykazuje rowniez aktywno$¢
przeciwko Coniophora puteana, Nelolentinus lepideus oraz Trametes versicolor [158,
160-162]. Powstato wiele prac, w ktorych zaproponowano wykorzystanie propolisu do
produkcji materiatow z polisacharydami takimi jak celuloza, chitozan, skrobia i alginian.
Badania te wykazaty, Zze ukltady te moga stanowi¢ odpowiednig platform¢ do réznych
zastosowan, takich jak materialy do gojenia ran czy do produkcji opakowan

biodegradowalnych [163].
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Propolis wzbudzal spore zainteresowanie rowniez w przemys$le drzewnym.
Wozniak et al. w swoich pracach dowiodta, ze drewno sosnowe traktowane ekstraktem
propolisu wykazywato bardzo dobrg odpornos¢ na C. puteana, a materiat po modyfikacji
charakteryzowat si¢ wicksza wytrzymatos$ciag na zginanie i nizsza higroskopijno$cia
W porownaniu z drewnem surowym. Co ciekawe, przeprowadzone analizy chemiczne
(spektroskopia w podczerwieni, magnetyczny rezonans jadrowy i fluorescencja
rentgenowska) wykazaty, ze sktadniki preparatow propolisowo-silanowych tworza
trwate wigzania ze skladnikami drewna [158, 164-165]. Akcay et al. przeprowadzili
badania, ktorych celem bylo wykorzystanie ekstraktu metanolowego z propolisu jako
srodka przeciwgrzybiczego do konserwacji sosny. Drewno surowe wystawione na
dziatanie grzybow wykazywato §rednio 47,2% ubytek masy, podczas gdy drewno
traktowane z 7% ekstraktem propolisu miato 11,6% ubytek masy. Wyniki tego badania
wykazaty, ze propolis moze by¢ stosowany jako przyjazny dla §rodowiska 1 naturalny
srodek do konserwacji drewna w celu jego ochrony przed atakiem grzybow [166]. Ocene
przeciwgrzybicznego dziatania etanolowego ekstraktu propolisu, wobec grzyba bialej
zgnilizny Trametes versicolor w celu ochrony drewna przeprowadzili takze Casado-Sanz
et al. Jednakze w tym przypadku efekt byl niewystarczajacy [162]. Coraz wigksza
popularno$¢ propolisu przyczynita si¢ takze do odkrycia jego wlhasciwosci
przeciwutleniajgcych i przeciwstarzeniowych. Wykazano, ze materiat ten jest zdolny do

wychwytywania wolnych rodnikow [167-168].

Przedstawione w literaturze wyniki wykazaty, ze ekstrakt propolisowy moze
znalez¢ zastosowanie w ekologicznej ochronie drewna. Badania te daty poczatek nowym
rozwazaniom 1 byly inspiracja do rozpoczecia prac nad wykorzystania ekstraktu
Z propolisu jako nowego, ekologicznego i tatwo dostgpnego czynnika modyfikujacego,
zdolnego do wbudowywania si¢ w struktur¢ drewna, zwigkszajacego jego ochrone przed
grzybami i promieniowaniem UV. Zastosowanie w roli napelniacza drewna
poddanego modyfikacji propolisem moze skutkowa¢ otrzymaniem materialu
kompozytowego o interesujacych wlasciwosciach funkcjonalnych (odpornosé na
grzyby, promieniowanie UV, warunki atmosferyczne), co dotychczas nie bylo

notowane w literaturze.
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4.4. Podsumowanie studiow literaturowych

Podsumowujac przeprowadzone studia literaturowe mozna zauwazyC, ze
tematyka zwigzana z ekologiczng modyfikacja materialow lignocelulozowych jest
niezwykle popularna i aktualna, ze wzgledu na ogromny potencjat aplikacyjny tych
materiatbw w przemysle. Ponadto oczekuje si¢, ze nowo zaproponowane procesy
modyfikacji surowcéw odnawialnych beda charakteryzowa¢ si¢ zdecydowanie
mniejszym obcigzeniem S$rodowiska 1 mniejsza emisjag CO2 oraz odpadow, przy
jednoczesnym obnizeniu kosztow produkcji. Jednakze otrzymanie materiatu
kompozytowego typu WPC o wielofunkcyjnych wiasciwoséciach (odpornosé¢ na grzyby,
promieniowanie UV, warunki atmosferyczne, doskonate cechy wytrzymalosciowe)
wcigz stanowi pewne wyzwanie i wymaga szerokiego, wielowatkowego rozwazenia

wielu czynnikéw majacych wplyw na finalny efekt.

Mozna réwniez zauwazy¢, ze przedstawione doniesienia literaturowe opisuja
w wigkszo$ci jednokierunkowo wpltyw poszczegdlnych czynnikéw modyfikacji na
wybrane wlasciwosci materialu, najczgsciej parametry wytrzymatosciowe. Na
podstawie przeprowadzonych studiéw literaturowych mozna zaobserwowac wiele
sprzecznych wynikow, co stanowi duzy problem podczas doboru wtasciwych metod
modyfikacji napetniaczy lignocelulozowych. Ponadto brakuje informacji dotyczacych
wplywu procesu modyfikacji surowcoéw odnawialnych, zar6wno na aktywnos$¢
nukleacyjng drewna, struktur¢ nadmolekularna, ksztattowanie odmian polimorficznych,
jak réwniez na wilasciwosci uzytkowe kompozytow. Polaczenie tych wszystkich
aspektéw  oraz  rozpatrywanie  napelniacza  jako  zloZonego = materiatu
wielosktadnikowego przyczyni si¢ do lepszego zrozumienia procesu modyfikacji i da
mozliwos¢ zaprojektowania materiatéw kompozytowych o zatozonych wlasciwosciach

fizykochemicznych, spetniajacych wymagania wspoétczesnego konsumenta.
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5. Hipoteza, cel i zakres pracy

Przeprowadzone studia literaturowe (rozdziaty 1-4) w zakresie polimerowych
materiatow kompozytowych ztozonych z napetniaczy odnawialnych umozliwity
okreslenie problematyki badawczej, ktéra stanowila gléwng motywacje do podjecia

badan w ramach niniejszej pracy doktorskiej.

Glownym zalozeniem, a jednoczesnie duzym wyzwaniem bedzie poszukiwanie
zaleznosci  pomiedzy  strukturg nadmolekularng  polimerowych  materialow
kompozytowych, ktéra moze by¢ zmieniana poprzez stosowane modyfikacje chemiczne
napelniaczy lignocelulozowych, a finalnymi wlasciwosciami fizykochemicznymi
I uzytkowymi. Poznanie takich zaleznosci pozwoli na projektowanie materialow
kompozytowych o $cisle zalozonych cechach uzytkowych oraz o wlasciwosciach

funkcjonalnych.

Powyzsze zatozenie wynikajace z dokonanej analizy literaturowej pozwolily na

sformutowanie hipotezy badawczej, celu i zakresu realizowanej czesci eksperymentalne;.
Hipoteza badawcza

Przeprowadzenie modyfikacji napetniacza lignocelulozowego wplynie w istotny
sposob na aktywnos$¢ nukleacyjng i strukture nadmolekularng matrycy polimerowej, co
doprowadzi do mozliwosci zmiany (sterowania) wtasciwosci uzytkowych materiatow

kompozytowych, jak réwniez do zwigkszenia ich odpornosci dziatanie drobnoustrojow.

Cel pracy

Celem niniejszej pracy bylo przeprowadzenie modyfikacji fizycznej oraz
modyfikacji chemicznych napelniacza lignocelulozowego, okreslenie wplywu tych
procesow na aktywno$¢ nukleacyjng oraz strukture nadmolekularng matrycy
polimerowej, jak roéwniez otrzymanie materialtdbw kompozytowych technikami

wytlaczania 1 wtryskiwania oraz przeprowadzenie ich charakterystyki fizykochemiczne;.
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Zakres pracy

Glownym zalozeniem podczas realizacji niniejszej rozprawy doktorskiej byto
otrzymanie materiatobw kompozytowych zawierajacych napelniacze odnawialne
o funkcjonalnych ~ wiasciwosciach ~ obejmujacych  uzyskanie  dobrych  cech

wytrzymatosciowych, a takze zwigkszonej odpornosci na grzyby i promieniowanie UV.

W ramach dysertacji opracowano nowe, efektywne i ekologiczne metody

modyfikacji odnawialnych napetniaczy lignocelulozowych.

Przedstawiona praca realizowana byta w trzech gldéwnych nurtach badawczych.
Pierwszy obejmowal badania w kierunku otrzymania materialow kompozytowych
zawierajacych napelniacz lignocelulozowy poddany modyfikacji fizycznej. W kolejnym
nurcie uzyskano materiaty kompozytowe z drewnem poddanym modyfikacji chemicznej.
W tym celu wykorzystano specjalnie zaprojektowane i zsyntezowane ciecze jonowe.
Zwiazki te stanowily nowatorski czynnik modyfikujacy, nie wymagajacy uzycia
rozpuszczalnikow organicznych, zapewniajacy rowniez efekt plastyfikujacy. Ostatni nurt
badawczy zwigzany byt z wytwarzaniem materiatdw kompozytowych z napetniaczami
poddanych dziataniu zsyntezowanych dwufunkcyjnych modyfikatoréw o dziataniu

zwiekszajacych odpornos¢ na grzyby 1 jednoczesnie proadhezyjnym.
Zakres przeprowadzonych prac badawczych:

1. Zaprojektowanie oraz opracowanie nowych i skutecznych metod modyfikacji
napeltniacza lignocelulozowego.

2. Przeprowadzenie szczegOlowej charakterystyki fizykochemicznej
zmodyfikowanych napetniaczy lignocelulozowych.

3. Otrzymanie nowych materiatdow kompozytowych typu WPC technikami
wytlaczania i wtryskiwania.

4. Okreslenie wihasciwosci fizykochemicznych i1 uzytkowych otrzymanych
kompozytow z wykorzystaniem technik takich jak: XRD (z ang. X-ray
diffraction), DSC (zang. differential scanning calorimetry), FTIR,
mikroskopia w $wietle spolaryzowanym z przystawka termiczng, badania
przyspieszonego starzenia, badania mykologiczne, badania

wytrzymatosciowe, chromatografia gazowa, badania spektroskopii
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magnetycznego rezonansu jadrowego (*HNMR, !CNMR), atomowa
spektrometria absorpcyjna (AAS).

5. Zdefiniowanie wplywu przeprowadzonych modyfikacji napelniacza
lignocelulozowego na struktur¢ nadmolekularng i wilasciwosci uzytkowe

kompozytéw WPC.

Uzyskane wyniki wskazaly na bardzo duzy potencjal aplikacyjny tego typu
kompozytow zawierajacych materialy odnawialne, co jest istotne w kontekscie
dzisiejszych uwarunkowan prawnych 1 dyrektyw zwigzanych z gospodarka obiegu
zamknigtego. Doktadny przebieg prac realizowanych w ramach dysertacji zostal

przedstawiony na ponizszym schemacie graficznym (rysunek 19).
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Rysunek 19. Schemat graficzny przeprowadzonych prac badawczych
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6. Omowienie dorobku naukowego bedacego podstawa dysertacji

Na monotematyczny cykl publikacji bedacy podstawa dysertacji doktorskiej
sktada si¢ sze$¢ publikacji naukowych [P1-P6] przedstawionych w tabeli 1,
obejmujacych badania zwigzane z modyfikacjami napetniacza lignocelulozowego oraz
wytwarzaniem i charakterystykg polimerowych materiatdw kompozytowych. Zgodnie
z zamieszczonym schematem graficznym (rysunek 19), niniejsza praca realizowana byta
w trzech nurtach badawczych, ktére zostaly omoéwione w ponizszych rozdziatach
rozprawy doktorskiej oraz szczegdtowo opisane w publikacjach zataczonych w catosci

w rozdziale 10.

6.1. Badania  nad kompozytami  polimerowymi z  napelniaczem

lignocelulozowym poddanym modyfikacji termicznej (I nurt badawczy)

Modyfikacja termiczna drewna jest procesem znanym i stosowanym od lat,
jednakze wcigz pozostaje wiele jej aspektow, ktére nie zostaly doktadnie zbadane.
Dotychczasowe doniesienia literaturowe dotyczyly zagadnien zwigzanych z poprawg
odpornosci termicznej 1 wytrzymatosci mechanicznej drewna. Nowoscia naukowa
niniejszej pracy jest otrzymanie materialow WPC zawierajacych termicznie
modyfikowany napelmiacz oraz rozpatrzenie zaleznosci pomiedzy wplywem
stosowanej modyfikacji drewna a ksztaltowaniem struktury nadczasteczkowej
kompozytow. Zrozumienie tej dotychczas nie analizowanej zaleznosci pozwoli na
zmian¢ aktywnos$ci nukleacyjnej napelniacza na skutek obrobki termicznej drewna, atym
samym na sterowanie strukturg nadmolekularng matrycy polimerowej. Zagadnienia te sg
niezwykle wazne przy projektowaniu produktow wykonanych 2z materiatlow
kompozytowych o S$cisle zalozonych wilasciwosciach wytrzymatosciowych. Wyniki

dotyczace tych aspektow byly przedmiotem publikacji P1 oraz P2.

6.1.1. Modyfikacja fizyczna napelniaczy lignocelulozowych

Modyfikacj¢ termiczng drewna sosnowego prowadzono w temperaturach: 160,

180, 200 220 °C. Otrzymane probki napetniaczy drzewnych przedstawiono na rysunku

20.
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Rysunek 20. Probki napetniaczy drzewnych po modyfikacji termicznej

W roznych temperaturach

Skutecznos¢  przeprowadzonej  modyfikacji  potwierdzono  badaniami
strukturalnymi z wykorzystaniem technik XRD oraz za pomoca spektroskopii
w podczerwieni FTIR. Zauwazono, ze proces obrobki termicznej powoduje zmiany
zarowno sktadu chemicznego, jak i struktury drewna, ktore to S$ciSle zalezg od
temperatury prowadzenia procesu. Zalezno$¢ ta wynikata z réznicy w stabilnosci
termicznej poszczegolnych sktadnikow drewna. Modyfikacja napelniaczy w nizszej
temperaturze spowodowata rozktad najbardziej wrazliwych zwigzkoéw, przede wszystkim
hemicelulozy. Zwigkszenie temperatury prowadzenia procesu do 180 °C wigzato si¢
juz z catkowita degradacjg tego polisacharydu oraz z czeSciowym rozkladem
amorficznych fragmentow tancuchéw celulozy. Co wazne, obrobka napetniacza w tej
temperaturze skutkowata uzyskaniem materialu o najwyzszej zawartosci fazy
krystalicznej. Podczas modyfikacji w 200 i 220 °C degradacji ulegata juz wigkszo$¢
polisacharydéw obecnych w drewnie, co w konsekwencji spowodowalo obnizenie
zawartosci fazy krystalicznej. Otrzymane zaleznoSci pozwolity na sformutowanie
najwazniejszych wnioskow, bedacych rezultatem opisanym w publikacji 1:

e modyfikacja termiczna wptywa na sktad chemiczny oraz strukturg
nadmolekularng drewna;
e temperatura prowadzenia procesu modyfikacji termicznej ma wptyw na

zawartos¢ fazy krystalicznej drewna oraz degradacj¢ sktadnikow drewna.

Dalsze prace badawcze w tym nurcie byly ukierunkowane na otrzymanie
polimerowych materiatéw kompozytowych zawierajacych zmodyfikowane termicznie

napetniacze drzewne.
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6.1.2. Struktura i whasciwosci kompozytow polimerowych zawierajacych

drewno modyfikowane termicznie

Kompozyty zawierajgce surowe napelniacze lignocelulozowe oraz poddane
modyfikacji termicznej wytworzono metodami wytlaczania i wtryskiwania. Zawarto$¢
drewna sosnowego w probkach wynosita 50% masowych. Uzyskane materiaty
kompozytowe poddano szeregowi badan (zgodnie z zalgczonym schematem - rysunek
19) w celu scharakteryzowania ich witasciwosci fizykochemicznych. Zauwazono, ze
modyfikacja termiczna napetliaczy lignocelulozowych ma wplyw na strukture
nadczasteczkowa materiatow kompozytowych oraz na ich wtasciwosci fizykochemiczne.
Wybrane wyniki zaprezentowane w publikacji P1: zawartos¢ fazy B polipropylenu (kp),
temperature krystalizacji (Tc), czas potowkowy krystalizacji (tos), szybkos¢ wzrostu
warstwy TCL, modut Younga (YM), wydtuzenie przy zerwaniu (Eb) oraz udarnos¢,
zebrano w tabeli 3.

Tabela 3. Wybrane wyniki badan fizykochemicznych kompozytow zawierajacych

drewno modyfikowanie fizycznie.

kB Temperatura Czas Szybkos¢ Modul Wydluzenie
kr sFt)aIizac'i poléwkowy  wzrostu  Younga przy Udarno$¢
[%] ch °C] I Kkrystalizacji TCL YM zerwaniu [kd/m?]
tos[min] [um/min]  [GPa] Eb [%0]

PP 9 113,7 2,2 * 1,38 4240 55,5
PP+W 29 115,5 1,8 2,5 2,36 4,5 24,6
PP+W160 34 117,6 2,1 3,4 2,76 5,2 30,1
PP+W180 41 119,8 1,5 4,4 2,09 18,2 35,3
PP+W200 20 118,8 2,1 3,3 1,86 3,9 18,6
PP+W220 16 117,7 2,5 2,7 1,75 2,9 12,4

* nie obserwowano warstwy transkrystalicznej

Wprowadzenie do matrycy polimerowej drewna sosnowego spowodowalo
znaczne zmiany Ww ksztaltowaniu si¢ struktury nadczasteczkowej materiatu.
Zaohserwowano, ze otrzymane kompozyty charakteryzowaty si¢ zdecydowanie wyzsza
zawartoscig odmiany polimorficznej B polipropylenu w poréwnaniu do nienapetnione;j
matrycy. Zagadnienie to jest niezwykle wazne, poniewaz duza zawarto$¢ odmiany f3

wiaze si¢ z uzyskaniem wigkszej elastycznosci oraz odpornosci na uderzenia materiatu
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w poréwnaniu do tych, w ktorych jej udzial jest niewielki. Na podstawie
przeprowadzonych badan zanotowano duze zrdéznicowanie w zawarto$ciach odmian
polimorficznych w materiatach kompozytowych zawierajacych napetniacz poddany
obrobce termicznej w roznych temperaturach. Najwigkszg zawarto$¢ odmiany

polimorficznej B uzyskano w kompozytach z drewnem modyfikowanym w 180 °C.

Zachodzace zmiany mozna wyjasni¢ poprzez zjawiska zachodzace na granicy faz.
Uktad napehniacz-matryca polimerowa charakteryzuje si¢ wystgpowaniem dodatkowych
oddziatywan fizykochemicznych na granicy faz, co skutkuje wystgpowaniem wigkszych
wartos$ci naprgzen S$cinajacych podczas przetworstwa decydujacych o powstawaniu

odmiany B-PP.

W dalszej czesci badan, w celu potwierdzenia zatozonej tezy, ze zmiana struktury
drewna w wyniku przeprowadzonej modyfikacji termicznej moze wplywaé na
powstawanie roznej zawartosci polimorfow w osnowie PP, otrzymane wyniki
skorelowano z wynikami badan DSC, mikroskopii polaryzacyjnej oraz z badaniami
wytrzymatosciowymi. Postanowiono rowniez sprawdzi¢, czy modyfikacja drewna

wplynie na przemiany fazowe zachodzace w matrycy polimerowe;j.

Badania roznicowe] kalorymetrii skaningowej wykazaty, ze modyfikacja
termiczna ma wplyw na podstawowe parametry krystalizacji polipropylenu.
Wprowadzenie do  matrycy  polimerowej  zmodyfikowanego  napelniacza
lignocelulozowego skutkowato wzrostem temperatury krystalizacji w poréwnaniu do
surowego drewna, z 115 °C do prawie 120 °C. Okazato si¢, ze kompozyty zawierajgce
napetiacz drzewny poddany modyfikacji w temperaturze 180 °C charakteryzowatly sig
najnizsza warto$cig tos. Uzyskane wyniki badan kalorymetrycznych doskonale
korelowaly z badaniami strukturalnymi. Wykazano, ze najwigkszg zawarto$¢ odmiany
polimorficznej B-PP uzyskano dla kompozytéw z drewnem charakteryzujacych si¢
najwyzsza aktywnoscig nukleacyjna, co zostalo potwierdzone poprzez najwyzsza warto$¢
temperatury krystalizacji, najwigkszy stopnien konwersji fazowej oraz najkrotsze czasy

potéwkowe krystalizacji.

Kolejnym waznym elementem pracy bylo przeprowadzenie badan

mikroskopowych, ktére potwierdzily wczesniejsze zatozenia i1 pozwolity okresli¢

66



STRUKTURA NADCZASTECZKOWA I WEASCIWOSCI FIZYKOCHEMICZNE KOMPOZYTOW
POLIPROPYLENU Z DREWNEM

Majka Odalanowska

efektywno$¢ nukleacyjng powierzchni napetiaczy drzewnych poddanych modyfikacji
termicznej. Przyklady otrzymanych zdje¢ procesu krystalizacji PP w obecnos$ci
napetniaczy lignocelulozowych przedstawiono na rysunku 21. Zauwazono znaczne
zmiany w przebiegu procesu krystalizacji w obecnosci zmodyfikowanych napetniaczy
lignocelulozowych. W przypadku kazdego kompozytu zaobserwowano tworzenie si¢
struktury transkrystalicznej, jednakze z rdézng wydajnoscig. Tak jak przypuszczano,
najwicksza aktywno$¢ nukleacyjng zarejestrowano dla kompozytow zawierajacych
drewno poddane modyfikacji termicznej w temperaturze 180 °C, co doskonale
korelowalo z badaniami DSC. Przeprowadzone badania pozwolily rowniez na znalezienie
interesujacej  zaleznosci  pomiedzy  aktywnoscig  nukleacyjng  napetniaczy
lignocelulozowych a strukturg nadmolekularng materiatow kompozytowych. Wykazano,
ze napeliacze charakteryzujace si¢ najwickszg aktywno$cig nukleacyjng uzyskang
W wyniku przeprowadzonej obrobki termicznej maja zdolno$¢ do generowania

najwiekszej zawartosci odmiany -PP.

Rysunek 21. Przyktady zdje¢ PLM dla procesu krystalizacji PP w obecnosci
napehiaczy lignocelulozowch: a) niemodyfikowanych oraz modyfikowanych
w b) 160 °C, c) 180 °C, d) 200 °C i e) 220 °C
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W ostatnim etapie badan postanowiono sprawdzié¢, czy zmiany struktury drewna
wywolane modyfikacja termiczng maja wplyw na wiasciwosci mechaniczne
kompozytéw. Analizujac wszystkie wyniki parametrow wytrzymato$ciowych (tabela 3)
mozna stwierdzi¢, ze wprowadzenie napelniacza lignocelulozowego do osnowy PP

znaczaco zmienia jego wlasciwosci mechaniczne.

Widocznym jest, ze uzyskanie dobrych wiasciwosci wytrzymatosciowych
uzaleznione jest od wiasciwego doboru warunkéw modyfikacji termicznej napelniacza,
czyli prowadzenia modyfikacji ponizej 200 °C. Zastosowanie drewna modyfikowanego
w temperaturze 160 °C wplywa na otrzymanie kompozytow 0 duzej wytrzymalosci na
rozcigganie i duzej warto$ci modulu Younga (powyzej 2,7 GPa), ale matej elastycznoSci
i udarnosci. Zastosowanie napeiniacza modyfikowanego w temperaturze 180 °C
odpowiada za uzyskanie materialow kompozytowych o mniejszej wytrzymatosci
I mniejszym module sprezystosci, ale charakteryzujacych sie¢ duzg elastycznoscig (ponad
18%) i udarnoécia (ponad 35 kJ/m?). Te interesujace zaleznosci sa $cisle zwigzane
Z mechanizmem ksztattowania si¢ struktury nadczasteczkowej, a takze z aktywnoscig

zarodkowania powierzchni drewna, sterowang procesem modyfikacji termiczne;.

Podsumowujac, w publikacji P1 wykazano, Zze obrébka termiczna jest
skuteczna metodg modyfikacji drewna sosnowego, w wyniku ktorej uzyskuje si¢
kompozyty PP/drewno o kontrolowanych wlasciwosciach mechanicznych. Okreslone
relacje pomiedzy strukturg nadmolekularng matrycy polimerowej (sterowang w wyniku
przeprowadzonych modyfikacji termicznych napelniacza) a  wlasciwosciami
mechanicznymi systeméw kompozytowych PP/drewno nie byly wczesniej rozwazane

i stanowig niezwykle istotny element nowos$ci naukowej niniejszej pracy.

6.1.3. Wplyw skladu chemicznego napelniacza lignocelulozowego na

aktywnos$¢ nukleacyjna drewna

Przedstawione powyzej wyniki badan wykazaly, ze podczas modyfikacji
fizycznej drewna nast¢puje zmiana jego sktadu chemicznego. W wyniku obrobki
termicznej degradacji ulegaly przede wszystkim dwa najbardziej wrazliwe na ciepto
sktadniki drewna: hemiceluloza i celuloza. Zmiana zawarto$ci 1 struktury
nadczasteczkowej (zdegradowanie amorficznych czes$ci lancucha) szczegdlnie tego

drugiego polisacharydu miata istotny wplyw na aktywno$¢ nukleacyjng napehiaczy,
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a w konsekwencji na wlasciwosci koncowe kompozytéow, co zostato doktadnie opisane

w rozdziale 6.1.2.

Podczas interpretacji wynikow publikacji P1 powstato pytanie - W jaki sposéb
sktadniki napetlniacza drzewnego (celuloza i hemiceluloza) wptywaja na zmiany
w aktywnosci nukleacyjnej? Postanowiono wigc wykonaé dodatkowe badania
i zweryfikowaé nowo postawiong hipoteze, ktora uksztaltowata si¢ w trakcie
analizowania wynikow: aktywnos$¢ nukleacyjna napeiniaczy lignocelulozowych jest
uzalezniona od zawartosci 1 struktury dwoch polisacharydow: celulozy 1 hemicelulozy,

ktora ulega zmianie w wyniku przeprowadzonej obrobki termiczne;.

Surowe drewno sosnowe poddano kontrolowanej obrobce chemicznej w celu
uzyskania zmiennych zawartosci celulozy i hemicelulozy w drewnie. Dziatanie to
pozwolito na analize wplywu tych komponentow na przebieg procesu nukleacji
polipropylenu. Wyniki te byly przedmiotem publikacji P2. Proces kontrolowanej
obrobki chemicznej drewna spowodowat zmiany jego sktadu chemicznego. Oznaczenie
ilo$ciowe poszczegdlnych cukréw prostych pochodzacych od celulozy i hemicelulozy
z probek przed i po obrobce zostalo wykonane metodg chromatografii gazowej. Jak
wynika z danych przedstawionych w tabeli 4., wykazano, ze proces kontrolowanej
obrobki drewna spowodowal ponad dwukrotne obnizenie zawartosci glukozy
pochodzacej od celulozy (w stosunku do drewna surowego). Uzyskane wyniki sugerujg,
ze kontrolowany proces obrobki napetniaczy lignocelulozowych byt odpowiedzialny za
cze$ciowg degradacje molekularng celulozy zawartej w drewnie, w wyniku rozbicia
wigzania 1,4-glikozydowego. W konsekwencji w probkach mogta znajdowac si¢ celuloza
0 nizszym stopniu polimeryzacji, co w konsekwencji moglo skutkowaé nizsza

zawarto$cig glukozy pochodzacej z celulozy w probkach po obrobce chemiczne;j.
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Tabela 4. Wybrane wyniki wiasciwosci fizykochemicznych drewna sosnowego przed

I po obrobce chemiczne;j.

Zawartos¢ ZawartoS$¢ Szvbkosé wzrostu
glukozy glukozy Stopien Y warst
pochodzgcej pochodzacej krystalicznosci Wy .
. transkrystalicznej
z celulozy z hemicelulozy [90] [wm/min]
[mg/g] [mg/g] "
Sosna
171 25 65 6,0
surowa
Sosna po
obrdbce 84 52 48 1,5
chemicznej

Otrzymane wyniki sktadu chemicznego drewna zestawiono z rezultatami badan
strukturalnych oraz mikroskopowych. Zauwazono, ze drewno poddane obrdbce,
zawierajace celuloze o mniejszym stopniu polimeryzacji (cze¢sciowo zdegradowane),
charakteryzuje si¢ zdecydowanie nizsza zawartoscig fazy krystalicznej (48%)
W porownaniu do probek niemodyfikowanych (65%). Badania mikroskopowe wykazaty,
ze kontrolowana obrobka drewna powoduje znaczgce obnizenie aktywnos$ci nukleacyjnej
napetniaczy (rysunek 22). Tworzenie struktur transkrystalicznych TCL byto mozliwe
jedynie dla kompozytow zawierajacych nie zmodyfikowany napetniacz lignocelulozowy
o duzej zawartosci glukozy, pochodzacej z celulozy. Zmniejszenie zawartosci tego cukru
prostego w drewnie, bedace efektem depolimeryzacji celulozy, wigzalo si¢ ze
zmniejszeniem szybkosci tworzenia warstw transkrystalicznych (z 6,0 do 1,5 um/min),
uzyskaniem mniejszej gestosci zarodkowania oraz duzych wartosci czasu indukcji

krystalizacji.
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Rysunek 22. Krystalizacja PP w obecnosci napetniaczy lignocelulozowych przy

roznych czasach krystalizacji: a) 0 min, b) 3 min, ¢) 6 min

Podsumowujac, w publikacji P2 dowiedziono, ze aktywno$¢ nukleacyjna
napelniaczy lignocelulozowych jest S$ciSle zwigzana ze strukturg i skladem
chemicznym drewna. Uzyskanie wysokiej zdolnosci zarodkowania w procesie
krystalizacji PP zalezy od duzej zawartosci celulozy o odmianie polimorficznej I oraz od
duzej warto$ci stopnia krystalicznosci. Co wigcej, w obu przedstawionych pracach
wykazano, ze poprzez odpowiednie dobranie warunkow procesu modyfikacji termicznej
drewna mozna doktadnie sterowac zawartos$cig oraz strukturg nadczgsteczkowg celulozy.
Zagadnienie to jest niezwykle wazne, gdyz, jak wykazano w rozdziale 6.1.2, opisane

zalezno$ci majg istotny wptyw na finalne wiasciwos$ci uzytkowe kompozytow.

6.2. Badania nad kompozytami zawierajacymi drewno modyfikowane

chemicznie z uzyciem cieczy jonowych (11 nurt badawczy)

W ramach drugiego nurtu badawczego otrzymano materialy kompozytowe
zawierajagce drewno poddane obrobce chemicznej z uzyciem = specjalnie
zaprojektowanych i zsyntezowanych cieczy jonowych. Po raz pierwszy do modyfikacji
drewna zastosowano ciecze jonowe, ktore zawieraty grupy funkcyjne zdolne do reakcji
chemicznej z napelniaczem. Nalezy rowniez podkresli¢, ze w czasie procesu modyfikacji
drewna znacznie ograniczono zuzycie rozpuszczalnika organicznego. Wyniki

przeprowadzonych badan byty przedmiotem publikacji P3 i P4.
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6.2.1. Synteza i modyfikacja napelniaczy lignocelulozowych z uzyciem

cieczy jonowych zawierajace podstawniki decylowe

Prace nad chemiczng modyfikacja napetniaczy lignocelulozowych rozpoczeto od
syntezy amoniowej cieczy jonowej zawierajacej dwa dtugie decylowe podstawniki
alkilowe (Ci0). Zostaly one wprowadzone do struktury cieczy jonowej, aby po
modyfikacji drewna poprawié¢ jego oddzialywanie z fancuchami matrycy polimerowej.
Schemat reakcji syntezy (bis(trifluorometylosulfonylo)imidu
didecylodimetyloamoniowego) (IL0) przedstawiono na rysunku 23.

CHj CH,
+ - + -
GmHzi—T—Cm"m Cl + LiN(SOch_;]z—}CWHH—T—C“,HM N(SO,CF3); +LiCl

CHj CH,

Rysunek 23. Schemat reakcji otrzymywania bis(trifluorometylosulfonylo)imidu

didecylodimetyloamoniowego

Drewno po obrdbce chemicznej zostalo poddane szeregowi badan w celu
okreslenia skutecznosci procesu modyfikacji. Na podstawie badan FTIR wykazano, ze
podczas reakcji doszlo do interakcji pomiedzy grupami hydroksylowymi celulozy
obecnymi w drewnie a cieczg jonowa (rysunek 24). Zaproponowany mechanizm byt
przedmiotem publikacji P3 i odgrywat kluczows role podczas dalszej interpretacji
badan.
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Rysunek 24. Mechanizm reakcji pomigdzy zsyntezowang cieczg jonowa a grupami

hydroksylowymi drewna, zaproponowany w publikacji P1

W dalszej czesci pracy zbadano wiasciwosci fizykochemiczne uzyskanych
napelniaczy. Zauwazono, ze modyfikacja spowodowala zmiany w strukturze
nadczasteczkowe] napetniaczy. Zawarto$¢ fazy krystalicznej w drewnie obnizyta sig¢
Z 64% do 48% w stosunku do drewna niemodyfikowanego. Zjawisko to byto zwigzane
Z cze$ciowym rozerwaniem migdzyczasteczkowych i wewnatrzezasteczkowych wigzan
wodorowych w obszarach krystalicznych celulozy, ktére wynikaty z interakcji cieczy
jonowej z drewnem. Tak otrzymane napetniacze lignocelulozowe stanowity komponent

do otrzymania nowatorskich materialéw kompozytowych.

6.2.2. Synteza i modyfikacja napelniaczy lignocelulozowych z uzyciem

cieczy jonowych zawierajacych karboksylowe grupy funkcyjne

Bardzo obiecujace wyniki badan nad modyfikacja drewna cieczami jonowymi
przyczynity si¢ do kontynuacji badan w ramach tego nurtu badawczego. W kolejnym
etapie zsyntezowano cztery kolejne ciecze jonowe roznigce si¢ miedzy sobg budowsg
organicznego kationu. Zaprojektowano i otrzymano zwigzki zawierajace amoniowe
i imidazoliowe kationy o r6znej dlugosci podstawnika alkilowego (C12 i C14). Ponadto

w strukturg cieczy jonowych wprowadzono karboksylowe grupy funkcyjne (-COOH),
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zdolne do reakcji z hydroksylowymi grupami obecnymi w drewnie. Otrzymane wyniki
byly przedmiotem publikacji P4. Wzory chemiczne oraz oznaczenia poszczegdlnych

zwigzkow zaprezentowano w tabeli 5.

Tabela 5. Oznaczenia, nazwy oraz wzory chemiczne zsyntezowanych cieczy jonowych.

Symbol Nazwa Wzér

IL1 N-dodecylo-N-karboksymetylo-N,N- CH4
dimetyloamoniowy bis(trifluorometylosulfonylo)imid H3C-—-N+—CH ,COOH

CioHys

NTF,

IL2 N-tetradecylo-N-karboksymetylo-N,N- CH,
dimetyloamoniowy bis(trifluorometylosulfonylo)imid H3C——N+—CH ,COOH

Ci4H
14M29 NTF,
IL3 1-karboksymetylo-3-tetradecyloimidazoliowy _/CH,COOH
bis(trifluorometylosulfonylo)imid @
/N
NTF
Hz9C14
1-karboksymetylo-3-dodecyloimidazoliowy _/CH,COOH
bis(trifluorometylosulfonylo)imid @'
/N
NTF
Ha5C12 ?

W celu potwierdzenia budowy chemicznej oraz zbadania czysto$ci nowo
zsyntetyzowanych cieczy jonowych przeprowadzono analizy *HNMR i 3 CNMR. Opis

otrzymanych widm zaprezentowano w publikacji P4.

W kolejnym etapie przeprowadzono modyfikacje napetniacza lignocelulozowego

z uzyciem nowych cieczy jonowych. Schemat postgpowania przedstawiono na rysunku
25.
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Rysunek 25. Schemat reakcji modyfikacji drewna z uzyciem cieczy jonowych

Zauwazono, ze modyfikacja powoduje zar6wno zmiany chemiczne, jak i fizyczne
drewna. Zastosowanie wszystkich cieczy jonowych w obrobce napetniaczy spowodowato
zmniejszenie zawartosci fazy krystalicznej w drewnie (Xc). Obnizenie tego parametru
byto szczegodlnie zauwazalne w przypadku stosowania soli amoniowych, dla ktoérych
uzyskano stopien krystaliczno$ci na poziomie 30-38%. Drewno modyfikowane solami
imidazoliowymi charakteryzowalo si¢ wyzszymi warto§ciami krystalicznosci (ok. 42—
43%) niz to modyfikowane kationem amoniowym. Badania rentgenowskie nie wykazaty
istotnego wptywu dlugosci tancucha alkilowego na zawarto$¢ fazy krystalicznej

modyfikowanych napetniaczy lignocelulozowych.

Obnizenie zawartosci fazy krystalicznej probek po modyfikacji mozna
wytlumaczyé, jak w poprzednim podrozdziale, zmianami zachodzacymi
w oddziatywaniach miedzyczgsteczkowych celulozy. Warto jednak zauwazy¢, ze w tym
przypadku uzyskano znacznie wigksze obnizenie warto$ci Xc, co moze by¢ skutkiem

tworzenia si¢ wigzan kowalencyjnych pomigdzy drewnem i modyfikatorem (rysunek 26).

CH R SOCF, cH R S0.CF
c CH,COOH NS 7 NS /
OH OH OH OH N / - /H N /O N N o N
| + N CH c 4 // N SO.CF /N / AN
/ \ SO,CF, g ~ | H" 2 CH C‘. / SO,CF
a1 P . fo} H
. " N/ OH OIH o” o | on o
Nsocr L | i
1 —_

Rysunek 26. Mechanizm reakcji drewna z cieczami jonowymi IL1-1L4 zaproponowany

w publikacji P4

W dalszej cz¢éci pracy podjeto badania nad okre§leniem wptywu modyfikacji

chemicznej napetniacza na wlasciwosci kompozytoéw WPC. Nalezy podkresli¢, ze do tej
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pory nie stosowano obroébki drewna za pomoca cieczy jonowej w celu zwigkszenia

adhezji materialow kompozytowych typu WPC.

6.2.3. Struktura i wlasciwo$ci kompozytéw WPC zawierajacych drewno

zmodyfikowane cieczami jonowymi

Materialty kompozytowe zawierajagce 40% surowego lub zmodyfikowanego
sosnowego napelniacza lignocelulozowego otrzymano w procesie dwuetapowym,
zgodnie z opisem zawartym w publikacjach P3 i P4. Uzyskane probki poddano
nastgpnie szeregowi badan, w tym: analizie XRD, badaniom mikroskopowym, badaniom
kalorymetrycznym (DSC) oraz testom mechanicznym, majacym na celu zdefiniowanie
ich whasciwosci fizykochemicznych. Kluczowym aspektem byto okre$lenie wptywu
modyfikacji napelniacza drzewnego na struktur¢ nadmolekularng i przemiany fazowe
matrycy polimerowej. Zagadnienie to jest niezwykle istotne, gdyz aktywno$é
nukleacyjna napeiniacza decyduje o wlasciwosciach mechanicznych kompozytow,
a poprzez jej zmiang mozna sterowa¢ finalnymi wtasciwosciami materiatdw. Wybrane

wyniki przedstawiono w niniejszym rozdziale.

Na rysunku 27 przedstawiono wybrane zdjecia PLM otrzymane podczas badan
krystalizacji PP w obecnos$ci réznych napetniaczy lignocelulozowych. Uzyskane obrazy
ujawnily zroéznicowanie w przebiegu procesu krystalizacji, co swiadczy o znaczacym
wplywie rodzaju zastosowanej modyfikacji napetniacza lignocelulozowego. We
wszystkich probkach zaobserwowano powstawanie struktur transkrystalicznych matrycy
polipropylenowej, jednakze z r6zna efektywnoscig. W kazdym uktadzie zarodkowanie
zachodzito preferencyjnie prostopadle do powierzchni napetniacza lignocelulozowego,
aczkolwiek w przypadku kompozytéw zawierajacych drewno modyfikowane cieczami
amoniowymi IL1 oraz IL2 zaobserwowano jednoczesne tworzenie sie¢ struktury
drobnosferolitycznej w matrycy polimerowej. Mozna jednak zauwazy¢, ze najwigksza
efektywno$¢ tworzenia struktur transkrystalicznych na granicy faz osiagnigto
w przypadku uktadéw zawierajacych drewno zmodyfikowane imidazoliowg ciecza
jonowa Wprowadzenie tego napetniacza do matrycy skutkowato uzyskaniem bardzo
wysokiej aktywnosci nukleacyjnej powierzchni drewna, co przejawiato si¢ duza gestoscia

powstajacych zarodkow.
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PP+W-IL3 PP+W-IL4

Rysunek 27 Zdjgcia PLM krystalizacji PP w obecno$ci drewna niemodyfikowanego

oraz drewna poddanego modyfikacjom chemicznym z uzyciem cieczy jonowych

W celu lepszego zrozumienia otrzymanych zaleznos$ci przeprowadzono badania
kalorymetryczne DSC 1 okre$lono podstawowe parametry kinetyczne procesu

krystalizacji PP. Wyniki zebrano w tabeli 6.
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Tabela 6. Parametry procesu krystalizacji PP w obecnosci napelniaczy

lignocelulozowych.

Temperatura krystalizacji Czas poléwkowy
Tc [°C] tos [Min]
PP 114,2 3,5
PP-W 115,4 2,4
PP-W-ILO 116,0 2,1
PP-W-IL1 115,0 2,4
PP-W-IL2 115,5 2,5
PP-W-IL3 115,7 2,3
120,8 2,2

Zauwazono, ze modyfikacja drewna cieczami jonowymi 0d ILO do IL3 nie miata
znaczgcego wptywu na temperature Krystalizacji oraz czas potdéwkowy krystalizacji PP.
Uzyskane warto$ci byty zblizone do kompozytow zawierajacych drewno surowe.
Jednakze nalezy podkreslic, ze wszystkie uzyskane wartosci Tc byly wyzsze
W poréwnaniu do nienapetnionej matrycy. Dla tych probek zauwazono tez skrocenie
czasu potowkowego Krystalizacji. Najwyzsza warto$¢ temperatury krystalizacji oraz
najkrotszy tos uzyskano w przypadku obrobki drewna z uzyciem imidazoliowej cieczy

jonowg

Otrzymane wyniki analizy kalorymetrycznej doskonale uzupeiniajg badania
mikroskopowe. Uklady kompozytowe charakteryzujace si¢ najwyzsza temperaturg
krystalizacji i krotkim czasem potéwkowym Kkrystalizacji ( ) wykazywaty
najwigksza zdolnos¢ do generowania transkrystalicznej warstwy TCL. W niniejszej pracy
wykazano, ze dobor odpowiedniej struktury modyfikatora moze przyczyni¢ si¢ do
zwigkszenia aktywnosci zarodkowania, co jest niezwykle istotne w kontekscie uzyskania
dobrej adhezji migdzyfazowej. Efekt poprawy zdolno$ci nukleacyjnej moze byé
wynikiem lepszego dopasowania struktury krystalicznej celulozy sfunkcjonalizowanej

ciecza jonowg do tancuchow polipropylenu.

W dalszej czg$ci pracy, w celu skorelowania wpltywu zmiany aktywnosci

nukleacyjnych napetniaczy na finalne wlasciwosci materiatow, przeprowadzono badania
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strukturalne oraz mechaniczne otrzymanych materialdéw kompozytowych. Wybrane

wyniki zebrano w tabeli 7.

Tabela 7. Wybrane wyniki badan wtasciwosci fizykochemicznych kompozytow WPC.

KE  pryvosciaganiu Younga ' YOREMEDIZY  ygarmee

[%] [MPa] [GPa] [%] [kd/m’]
PP 9 30,1 +0,18 1,3+0,12 406 £ 18,4 54,1 £ 0,58
PP-W 25 33,6+ 0,31 2,3+0,11 3,7+0,62 21,7+1,08
PP-W-ILO 8 38,6 +0,19 2,6+0,13 9,4+0,11 29,7 + 1,89
PP-W-IL1 20 32,9 +0,41 2,1+ 0,06 7,1 +£0,32 25,44+ 0,38
PP-W-IL2 23 34,3 +0,32 2,44 0,08 6,8+ 0,24 26,1 + 0,47
PP-W-IL3 34 36,4 + 0,28 2,340,12 4,6+0,35 227+ 0,63
39 39,3+0,36 2,5+0,11 12,4 +£ 0,41 32,1+0,41

Badania strukturalne XRD wykazaty, ze wprowadzenie zmodyfikowanych
napetlniaczy lignocelulozowych do matrycy polimerowej powoduje zmiang
W ksztattowaniu jej struktury nadmolekularnej. Dla wszystkich uktadow kompozytowych
zauwazono tworzenie si¢ dwoch odmian polimorficznych PP - alfa oraz beta - jednakze
zrozng wydajnoscig. Otrzymane wyniki bardzo dobrze korelowaly z wcze$niej
wyznaczonymi parametrami krystalizacji. Najwigksza efektywnos$¢ tworzenia odmiany
B-PP zaobserwowano dla uktadu , dla ktorego odnotowano najwyzsze wartosci
Tc oraz najwickszg zdolno$¢ tworzenia warstwy TCL. Co ciekawe, w przypadku
kompozytéw zawierajacych drewno modyfikowane ciecza jonowa bez dodatkowych
grup funkcyjnych (ILO) stwierdzono zawarto$¢ fazy B-PP porownywalng do wartosci

nienapetnionej matrycy.

Otrzymane wyniki zestawiono z wynikami badan mechanicznych. Zauwazono, ze
wlasciwosci  wytrzymalosciowe kompozytow WPC zaleza SciSle od struktury
wprowadzonego napelniacza lignocelulozowego. Przeprowadzone badania dowiodty, ze
wszystkie uktady kompozytowe charakteryzowaly si¢ lepszymi wlasciwosciami

wytrzymato§ciowymi na rozcigganie oraz wyzszymi wartosciami modutu Younga
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W porownaniu z nienapetniona matryca. Najkorzystniejsze wyniki uzyskano
w przypadku modyfikacji drewna imidazoliowg cieczg jonowa o krotszym podstawniku
alkilowym (I1L4) oraz, co ciekawe, cieczg jonowa bez grupy funkcyjnej (ILO).
W poréwnaniu z kompozytami z drewnem surowym, takie modyfikacje spowodowaty
zwigkszenie wartosci wszystkich parametrow, m.in. modulu Younga odpowiednio dla
IL4 i ILO 2,51 i 2,63 GPa. Podobne zalezno$ci uzyskano w badaniach udarnos$ci
I wydtuzenia przy zerwaniu. Zdecydowanie wyrdzniajace si¢ wyniki zaobserwowano dla
kompozytéw zawierajacych drewno poddane dziataniu imidazoliowej cieczy jonowej

Osiagniecie wysokiej elastycznosci i udarnosci tych uktadéw mozna thumaczy¢ duza
zawartoscig formy B-PP, ktora wedtug literatury charakteryzuje si¢ znacznie wigksza

warto$cig tych parametrow niz forma a.

Reasumujgc, w tym rozdziale przedstawiono mozliwos¢ zastosowania nowo
zsyntetyzowanych cieczy jonowych w procesie hydrofobizacji powierzchni napetniaczy
lignocelulozowych oraz okreslono wptyw modyfikacji na wtasciwosci fizykochemiczne
WPC. W przedstawionych pracach wykazano, ze mozliwe jest zaprojektowanie cieczy
jonowej zawierajgcej dlugie podstawniki alkilowe lub reaktywna grupe funkcyjng zdolng
do oddziatywania z grupami hydroksylowymi czasteczek celulozy, czego efektem bedzie
uzyskanie materiatdw kompozytowych 0 okreslonej strukturze nadczasteczkowej, duzej
aktywno$ci zarodkowania oraz dobrych wlasciwosciach wytrzymato$ciowych.
Najkorzystniejsze wyniki uzyskano w przypadku kompozytow zawierajacych drewno

zmodyfikowane imidazoliowg cieczg jonowa

Nalezy roéwniez podkre$li¢, ze po raz pierwszy zaprezentowano mozliwos¢
funkcjonalizacji materialu lignocelulozowego za pomoca innowacyjnych cieczy
jonowych, przy maksymalnym ograniczeniu stosowania rozpuszczalnikow

organicznych.
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6.3. Badania nad otrzymywaniem kompozytéw WPC zawierajacych napekniacz
modyfikowany innowacyjnymi preparatami propolisowo-silanowymi (111
nurt badawczy)

Kompozyty polimerowe z odnawialnymi napeliaczami lignocelulozowymi,
pomimo wielu zalet, s3 podatne na dziatanie drobnoustrojow, co stanowi duze
ograniczenie w ich zastosowaniach zewnetrznych. W ramach ostatniego nurtu
badawczego dysertacji prowadzono prace nad otrzymaniem kompozytow WPC
z napeliaczem drzewnym poddanym modyfikacji z uzyciem ekstraktu z propolisu oraz
innowacyjnych preparatow propolisowo-silanowych. Zastosowane modyfikatory
hybrydowe pozwolity zwigkszy¢ odpornos¢ na atak grzybow, a jednoczesnie zapewnic
dobrg adhezje miedzyfazows. Jak dotad ekstrakty z propolisu oraz dwufunkcyjne
hybrydowe uktady propolisowo-silanowe nie byly stosowane jako modyfikatory drewna
W procesie otrzymywania materiatow kompozytowych typu WPC. W ramach pracy
dokonano rowniez analizy wplywu modyfikacji drewna zwigzkami propolisowo-
silanowymi na strukturg oraz wlasciwosci termiczne i mechaniczne kompozytéw WPC.

Uzyskane wyniki badan byty przedmiotem publikacji P5 i P6.

6.3.1. Modyfikacja drewna ekstraktem propolisu oraz preparatami
propolisowo-silanowymi

Proces modyfikacji napetniacza lignocelulozowego rozpoczeto od przygotowania
systemow propolisowo-silanowych. Uzyskano trzy uktady, ktore nastgpnie zastosowano
jako czynniki impregnujace drewno (tabela 8). Skuteczno$¢ reakcji potwierdzono
badaniami FTIR oraz metoda atomowej spektrometrii absorpcyjnej (AAS). Wyniki

przedstawiono w publikacji P5.

Tabela 8. Uktady modyfikujace zawierajace ekstrakt z propolisu.

Symbol Oznaczenie Opis

P EEP ekstrakt propolisu
EEP- ekstrakt  propolisu ~ +  ortokrzemian tetraetylu/
TEOS/OTEOS oktylotrietoksysilan
EEP- ekstrakt  propolisu ~ +  ortokrzemian tetraetylu/

TEOS/VTMOS winylotrimetoksysilan
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Otrzymane probki napetniacza po obrobce chemicznej poddano szeregowi badan
fizykochemicznych w celu oceny wplywu zastosowanej modyfikacji na struktur¢ oraz

wilasciwosci biologiczne drewna sosnowego. Wybrane wyniki zebrano w tabelach 9 i 10.

Tabela 9. Stopien krystaliczno$ci napetniaczy lignocelulozowych.

Xc [%]
W 50
W-P 56

60

59

Badania XRD dowiodly, ze modyfikacja zastosowanymi uktadami wptywa na
struktur¢ nadczgsteczkowa materiatu lignocelulozowego i odpowiada za zwigkszenie
jego krystalicznosci (w porownaniu do drewna surowego). Najwigksze wartosci Xc
uzyskano dla probek poddanych obrdbce systemami zawierajagcymi propolis i silany
( oraz ). Zwigkszenie zawarto$ci fazy krystalicznej mogto wynikaé, z jednej
strony, ze zmiany struktury drewna wywotanej modyfikacjg oraz z drugiej strony,
Z obecnosci w uktadzie modyfikujgcym etanolu. Zwigzek ten, ktéry zastosowano jako
rozpuszczalnik propolisu, byt odpowiedzialny za wymywanie z drewna zwigzkéw
matoczasteczkowych oraz substancji amorficznych, co mogto wptyna¢ na zwiekszenie

stopnia krystalicznosci napetniaczy.

Niezwykle istotng cze$cig pracy byly badania mykologiczne probek drewna.
Zmodyfikowane napelniacze lignocelulozowe oceniono pod katem odpornosci na
szczepy grzybow: Aspergillus niger, Chaetomium globosum, Penicillium funiculosum,
Paecilomyces variotii, Trichoderma virens oraz Ulocladium atrum (tabela 9). Metodyka

oraz szczegotowe wyniki badan zostaty opisane w publikacji P5.
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Tabela 10. Wyniki badan mykologicznych modyfikowanych napetniaczy
lignocelulozowych.

W/P PROBA
KONTROLNA
A. niger 0 0 0 2
Ch. globosum 1 0 0 2
P. funiculosum 0 0 0 2
P. variotii 1 0 0 2
T. virens 0 0 0 2
U. atrum 0 0 0 2

Oznaczenia: 0 - brak oznak wzrostu grzybni na probce, 1 - mniej niz 33% powierzchni probki
skolonizowanej przez badang grzybnig, 2 - ponad 66% powierzchni probki skolonizowane przez badang
grzybnig.

Drewno zmodyfikowane ekstraktem z propolisu wykazywato wysoka aktywnos¢
przeciwgrzybiczng wobec wszystkich badanych szczepow z wyjatkiem Ch. globosum
i P. variotii. W przypadku tych szczepéw grzybow zaobserwowano czg¢éciowe pokrycie
powierzchni drewna grzybnig (<33%). Co ciekawe, probki impregnowane preparatami
propolisowo-silanowymi  ( i ) wykazywaly wyzszg aktywno$¢ wobec
wszystkich badanych grzybéw w poréwnaniu z drewnem traktowanym samym
ekstraktem z propolisu. Zaleznos¢ tg mozna wytlhumaczy¢ synergistycznym dziataniem
propolisu oraz zwigzkow silanowych. Warto podkresli¢, ze dla probek poddanych
dziataniu uktadow hybrydowych zaobserwowano rowniez wyzsze warto$ci stopnia

krystaliczno$ci.

6.3.2. Otrzymywanie i charakterystyka fizykochemiczna materialow
kompozytowych zawierajgcych napelniacze zmodyfikowane

ekstraktem propolisu oraz zwiazkami propolisowo-silanowymi

Wyniki badan wlasciwosci biologicznych drewna impregnowanego ekstraktem
propolisowym oraz preparatami propolisowo-silanowymi okazaty si¢ bardzo obiecujace
W kontekscie wykorzystania tych materiatdéw jako napelniaczy w kompozytach typu
WPC. Zaproponowana metoda stanowita interesujaca alternatywe do obecnie
stosowanych metod modyfikacji drewna. W kolejnym etapie badan otrzymano materiaty

kompozytowe. Schemat prac przedstawiono na rysunku 28.
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Rysunek 28. Schemat otrzymywania materiatow kompozytowych typu WPC

Badania  wlasciwosci  fizykochemicznych ~ otrzymanych  materiatow
kompozytowych zostaly podzielone na dwa etapy. Celem pierwszej czgéci byto
okreslenie wpltywu przeprowadzonej reakcji modyfikacji napetniaczy na strukturg
I wlasciwosci fizyczne kompozytéw (publikacja P5). W drugim etapie probki poddano
dodatkowo badaniom przyspieszonego starzenia. W konsekwencji uzyskano szeroka
charakterystyke tych innowacyjnych materiatow, ktoéra pozwolita na znalezienie
najbardziej efektywnego i wielofunkcyjnego uktadu modyfikujacego (publikacja P6).
Istotne okazaly si¢ rowniez badania aktywnoS$ci nukleacyjnej napetniaczy, ktora jak juz
wczesniej wspomniano, wigze si¢ bezposrednio z mozliwoscia kontrolowania
wlasciwosci  mechanicznych. Poszczegdlne wyniki omoéwiono w  kolejnych

podrozdziatach.
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6.3.3. Charakterystyka wtasciwosci fizykochemicznych kompozytow WPC
niepoddanych badaniom starzeniowym

Badania kompozytéw rozpoczeto od przeprowadzenia analizy termicznej DSC.
Otrzymane wartosci temperatury krystalizacji PP oraz czasow potowkowych

przedstawiono w tabeli 11.

Tabela 11. Wybrane parametry krystalizacji PP oraz jego kompozytow.

Te [°C]  tos [Min]
PP 113,0 2,7
PP+W 115,0 1,9
PP+W/P 1135 2,4

122,5 1,5
119,5 1,7

Zauwazono, ze wprowadzenie drewna surowego, jak rowniez modyfikowanego
do polipropylenu powoduje wzrost temperatury krystalizacji w poréwnaniu z matrycg
polimerowa. Ponadto, modyfikacja uktadami hybrydowymi oraz spowodowata
znaczny wzrost Tc, powyzej wartosci zanotowanych dla kompozytow z drewnem
surowym. Analogiczne zaleznosci wystepowaly w przypadku wyznaczonych czaséow
potowkowych  krystalizacji. Najnizsza, a wiec najkorzystniejszg, wartoscig
charakteryzowata si¢ ponownie probka materialu zawierajacego napetniacz
zmodyfikowany systemem . Otrzymane wyniki $wiadcza o wysokiej aktywnosci

nukleujgcej tego napetniacza w procesie krystalizacji polipropylenu.

W celu potwierdzenia zmian zdolno$ci zarodkujacych napelniaczy
lignocelulozowych przeprowadzono badania mikroskopowe w $wietle spolaryzowanym.
Wybrane zdjecia PLM procesu krystalizacji w obecnosci réznych probek drewna

przedstawiono na rysunku 29.
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PP+W PP+W/P °TO PP+W/PTV

Rysunek 29. Zdjecia PLM procesu krystalizacji PP w obecnosci roznych napetniaczy

lignocelulozowych, zarejestrowane w czasie: 0, 3 i 6 min w temperaturze 136 °C

Zauwazono, ze zastosowanie wszystkich napetniaczy jest odpowiedzialne za
powstawanie struktury transkrystalicznej TCL na ich powierzchni, jednakze z rdzng
efektywnoscig. Najwieksza gestos¢ sferolitow zarejestrowano w przypadku uktadu
zawierajacego drewno modyfikowane systemem hybrydowym PTO. Zjawisko to moze
swiadczy¢ o najwigkszej poprawie odziatywan pomigdzy komponentami kompozytu
wywotanej przez modyfikacje tym uktadem hybrydowym. Obrébka drewna wytacznie
ekstraktem propolisu spowodowata natomiast znaczne obnizenie wiasciwos$ci
nukleacyjnych. Bylo to zwigzane prawdopodobnie z usuwaniem w procesie obrobki,
zwigzkow niskoczasteczkowych, ktore moga petnié role aktywnych zarodkow w procesie

krystalizacji PP.

Otrzymane zalezno$ci doskonale uzupelniaja wyniki uzyskane podczas badan
DSC. Wykazano, ze modyfikacja drewna ekstraktem propolisu oraz hybrydowymi
uktadami propolisowo-silanowymi wplywa na zdolno$ci zarodkujace napelniaczy.
Najwieksza aktywno$cig nukleacyjng — zdolnoscia do tworzenia warstwy TCL -
charakteryzowat si¢ napetniacz PTO, dla ktorego zarejestrowano najwyzsza temperature

krystalizacji oraz najnizszy czas potdwkowy. Przeprowadzone badania potwierdzaja, Zze
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dobor odpowiedniego Srodka modyfikujacego jest niezwykle waznym Kkryterium

przy wytwarzaniu napelniacza o wysokiej aktywnosci zarodkowania matrycy.

W dalszej czgsci badan omdéwiono wplyw zmiany aktywnosci nukleacyjnej
drewna na wlasciwo$ci mechaniczne kompozytow, ktoére nastgpnie powigzano
ze zmianami struktury nadmolekularnej matrycy. Wybrane parametry mechaniczne

zebrano w tabeli 12.

Tabela 12. Wyniki badan wytrzymato$ciowych oraz strukturalnych kompozytow WPC.

Wytrzymalo$¢ Wydluzenie

kp przy \I(VI odui przy Udarnos¢

. . ounga . ’

[90] rozciaganiu [GPa] zerwaniu [kJ/m?]

[MPa] [%0]

PP+W 28 32,4 2,2 3,7+0,6 21,7+1,1
PP +WI/P 23 31,6 2,2 7,1+0,3 25,4+ 0,4
38 38,2 2,5 6,8 +0,2 26,1 £0,5
32 35,9 2,4 46+0,4 22,7+0,6

Badania mechaniczne kompozytow wykazaty, ze obrobka drewna wyltgcznie
ekstraktem propolisu nie wplywa na wytrzymato$¢ na rozcigganie oraz modut
sprezystosci Younga. Uzyskane wyniki sg poréwnywalne do kompozytow z drewnem
surowym. Jednoczesnie otrzymane wyniki sg zgodne z wcze$niejszymi badaniami
aktywnosci nukleacyjnych. Uktady te charakteryzowaly si¢ najnizsza aktywnoscia
zarodkowania w poroOwnaniu z pozostalymi systemami. Najwyzsze wartosci cech
wytrzymato$ciowych uzyskano dla kompozytow . Ponadto wszystkie uktady
zawierajagce zmodyfikowane napelniacze odznaczaty sie lepsza udarnoscia niz

kompozyty z drewnem surowym.

Wyniki badan mechanicznych powigzano z badaniami strukturalnymi. Dla
wszystkich materiatéw kompozytowych zarejestrowano tworzenie si¢ zarowno formy o,

jak i B polipropylenu. Jednakze najwigksza zawarto$cia kP charakteryzowata si¢ probka
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, dla ktorej uzyskano najkorzystniejsze wlasciwosci mechaniczne oraz

najwicksza aktywno$¢ nukleacyjna.

6.3.4. Charakterystyka wtasciwosci fizykochemicznych kompozytow WPC
poddanych badaniom starzeniowym

W ostatnim etapie badan postanowiono zwrocié szczegdlng uwage na odpornosé
uzyskanych materiatow kompozytowych na dzialanie grzybow w warunkach
rzeczywistego uzytkowania. Wiekszos¢ produktow otrzymywanych z kompozytéw WPC
znajduje zastosowanie na zewnatrz, gdzie narazone sg one na dzialanie roznych
warunkow atmosferycznych. W tym celu wybrano trzy uktady (PP-W, PP-W/P,

), ktore najpierw poddano badaniom imitujagcym czynniki zewnetrzne w komorze
starzeniowej (promieniowaniu UV oraz wilgoci), a nastgpnie narazono na dziatanie
wybranych szczepow grzyboéw (Ch. globosum, C. puteana i C. versicolor). Waznym
zadaniem bylo takze okreslenie wptywu promieniowania UV i grzybow na zmiany
strukturalne i wtasciwosci uzytkowe kompozytow polimerowych. Wyniki badan byty

przedmiotem publikacji P6.

Przeprowadzone badania mykologiczne wykazatly istotny wptyw modyfikacji
drewna na zwigkszenie odpornosci na grzyby materiatow kompozytowych. Jednakze
wlasciwosci przeciwgrzybiczne $cisle zalezaly od rodzaju szczepu. Wszystkie probki
wykazywaly wysoka odporno$¢ na grzyby Ch. globosum, natomiast aktywnos¢
przeciwgrzybiczna kompozytow WPC przeciwko C. puteana i C. versicolor byta nieco
mniejsza. Co ciekawe promieniowanie UV nie wplyneto na odpornos¢ materiatdéw na
szczepy T. versicolor i Ch. globosum. Najkorzystniejsze wyniki odpornos$ci na dziatanie
grzybow uzyskano dla kompozytow zawierajacych drewno modyfikowane preparatem
propolisowo-silanowym  ( ). Przyktadowe zdjecia obrazujagce dziatanie

poszczegblnych grzybow przedstawiono na rysunku 30.
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(a) (b) (c)

Rysunek 30. Probki kompozytowe (PP+W/PTO) po starzeniu UV (30 dni) i ekspozycji

na: (a) C. puteana, (b) C. versicolor oraz (c) Ch. globosum

Odporno$¢ badanych kompozytéw na grzyby zostala réwniez potwierdzona
analizg ATR-FTIR. Na widmach zaobserwowano niewielkie zmiany intensywno$ci pasm
charakterystycznych dla polisacharydéw 1 ligniny. Ponadto wzgledne intensywnos$ci
pasm pochodzacych od polisacharydow w stosunku do pasm ligniny wskazywaty, ze
dziatanie badanych grzybow skutkowato obnizeniem stosunku weglowodany/lignina
w probkach WPC. Potwierdza to, ze badane szczepy grzybéw sg zdolne do usuwania
sktadnikow chemicznych z powierzchni drewna, powodujac jego niszczenie. Wyniki te

sg zgodne z badaniami mykologicznymi probek samych napetniaczy.

W dalszej cz¢sci pracy przeprowadzono badania strukturalne technikg XRD oraz
okre$lono wiasciwosci fizykochemiczne kompozytow, a uzyskane wyniki byly

przedmiotem publikacji P6.

Zaréwno promieniowanie UV, jaK i dziatanie grzybow spowodowalo zmiany
struktury nadczasteczkowej materiatow WPC. Zauwazono zwigkszenie zawartosci fazy
krystalicznej kompozytow. Najbardziej ,,agresywnym” czynnikiem destrukcyjnym
okazato si¢ by¢ promieniowanie UV. Wywolywato ono proces fotodegradacji, ktory
skutkowat rozerwaniem wigzan w amorficznej czesci matrycy, co przektadato si¢ na
zwigkszenie zawartosci fazy krystalicznej. Dziatanie to prowadzito do ,,odslonigcia”
czastek drewna w kompozycie, co zwigkszato ich podatno$¢ na dziatanie zarowno UV,
jak i grzybow. Analizujac wyniki probek poddanych dziataniu obu czynnikdéw, obserwuje

si¢ wiec ich synergistyczny destrukcyjny efekt. Byt on jednak hamowany przez
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chemiczng modyfikacje drewna propolisem oraz silanami. Uzyskane zaleznosci
pozwalaja na przypuszczenie, ze propolis moze by¢ stosowany w kompozytach WPC

zaréwno w postaci filtra UV, jak i $rodka przeciwgrzybiczego.

W ostatnim etapie badan wykonano badania mechaniczne wszystkich uktadow
kompozytowych poddanych dziataniu obu czynnikow destrukcyjnych. Uzyskane
zalezno$ci doskonale zilustrowano na rysunkach 31 i 32, na ktorych przedstawiono
zmiang warto$ci poszczegélnych parametrow pod wpltywem dwoch czynnikow —

promieniowania UV 1 grzybow.
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probka nie narazona

Modut Younga [GPa] na dziatanie grzybow
PP+W 16
15

Ch. Globosum (Chg)

C. puteana (Cp)

@) dni
=7 cni
@30 dni
C. versicolor (Cv)
prébka nie narazona
Modut Younga [GPa] na dziatanie grzybow
PP+W/P 2,0
19
1,6
Ch. Globosum (Chg) - C. puteana (Cp)
() dni
7 dni
w30 dni

C. versicolor (Cv)

probka nie narazona
na dziatanie grzybow

Modut Younga [GPa] -
PP+W/PTO

Ch. Globosum (Chg)

C. puteana (Cp)

== () dni
w7 dni
30 dni

C. versicolor (Cv)

Rysunek 31. Modut Younga kompozytow przed i po dziataniu promieniowania UV oraz

grzybow
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prébka nie narazona
na dziatanie grzybow

Wytrzymatos¢ na rozciaganie 16
[MPa] 15
PP+W

Ch. Globosum (Chg)

C. puteana (Cp)

=== () dni
=7 dni
=== 30 dni
C. versicolor (Cv)
prabka nie narazona
Wytrzymatos¢ na rozcigganie na dzialanie grzybéw
[MPa]
PP+W/P 20
Ch. Globosum (Chg) ’ 4> C. puteana (Cp)

@@= dni
e i
=30 dni

C. versicolor (Cv)

prabka nie naraiona

L1 . R na dziatanie grzybow
Wytrzymato$¢ na rozcigganie _

[MPa]
PP+W/PTO

Ch. Globosum (Chg)

C. puteana (Cp)

=== dni

w7 i

@30 dni

C. versicolor (Cv)

Rysunek 32. Wytrzymato$¢ na rozciaganie kompozytow na rozcigganie przed i po

dzialaniu promieniowania UV i grzyboéw
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Zauwazono, ze parametry wytrzymatosciowe kompozytéw ulegaja pogorszeniu
wraz z czasem ekspozycji kompozytow na promieniowanie UV. Najwicksze zmiany
wlasciwosci mechanicznych zaobserwowano dla probek WPC z drewnem surowym
(PP+W). Modyfikacja drewna propolisem i silanami wiazata si¢ z wigksza stabilnoscia
parametrow wytrzymato$ciowych. Dodatek kolejnego czynnika niszczgcego, w postaci
grzyboéw, roéwniez spowodowal obnizenie wiasciwo$ci mechanicznych probek
W zaleznosci od rodzaju atakujgcego grzyba. Probki WPC wykazaty najwieksza
podatnos¢ na dziatanie C. versicolor, natomiast najmniej agresywnym grzybem okazat
si¢ Ch. globosum. Destrukcyjny wptyw grzybow na parametry wytrzymatosciowe zostat
natomiast znacznie ograniczony w probkach kompozytowych zawierajacych drewno
impregnowane propolisem (P) oraz hybrydowymi uktadami propolisowo-silanowymi

(PTO).

Duza rozbiezno$¢ wartosci YM oraz wytrzymalosci na rozcigganie wykazywaty
kompozyty zawierajacych drewno surowe (PP+W). Materialy te byly bardzo podatne
zarOwno na dziatanie grzybow, jak i na promieniowanie UV, a dziatanie obu tych
czynnikow zwigkszyto ich niszczacy efekt. W przypadku pozostatych kompozytow —
PP+WI/P, — zauwazono dziatanie hamujgce. Efekt ten $wiadczy
0 korzystnym dzialaniu propolisu i silandbw W ochronie materiatu przed obydwoma

czynnikami.

Podsumowujac, analiza uzyskanych wynikéw badan mechanicznych wykazata,
ze najwigksze pogorszenie wlasciwosci wytrzymatosciowych odnotowano dla uktadow
kompozytowych zawierajgcych surowe drewno narazonych zaréwno na dziatanie
grzybow, jak i promieniowania UV. Modyfikacja drewna ekstraktem propolisu
i uktadami  hybrydowymi  propolisowo-silanowymi  skutkowala  otrzymaniem
kompozytow o znacznie wigkszej odpornosci na dziatanie obu tych czynnikow
niszczacych, o czym $§wiadczy jedynie nieznaczne pogorszenie wybranych parametrow

wytrzymato$ciowych.

Na podstawie wszystkich uzyskanych wynikéw mozna stwierdzi¢, ze najbardziej
efektywnym czynnikiem modyfikujacym drewno w kontekscie zahamowania foto-
i biodegradacji materiatow WPC, przy jednoczesnej poprawie adhezji komponentow, byt

hybrydowy system propolisowo — silanowy ( ). Zaproponowany uktad modyfikujacy
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spelnit  role skutecznego 1 ekologicznego stabilizatora UV oraz $rodka
przeciwgrzybiczego. Jednoczesnie innowacyjny modyfikator odgrywal istotng role
W poprawie wilasciwosci nukleacyjnych drewna wzgledem matrycy PP, co decyduje
0 otrzymaniu dobrych wlasciwosci mechanicznych materiatbw kompozytowych.
Przeprowadzone badania wykazaly, ze mozliwe jest sterowanie wlasciwosciami
uzytkowymi materialu poprzez odpowiednie dobranie i zaprojektowanie

wielofunkcyjnego czynnika modyfikujacego.
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7. Podsumowanie i wnioskKi

Badania przeprowadzone w ramach niniejszej dysertacji pozwolily na
zweryfikowanie postawionej hipotezy oraz zrealizowanie zalozonego celu badawczego,
tj. okreslenic wplywu modyfikacji napelniacza lignocelulozowego na strukture
nadczasteczkows 1 wlasciwosci uzytkowe kompozytow polimerowych, a takze poznanie
zalezno$ci pomigdzy aktywnoscia nukleacyjng napelniacza sterowang w wyniku

prowadzonych modyfikacji a wlasciwosciami fizykochemicznymi kompozytow WPC.

W niniejszej pracy otrzymano materiaty kompozytowe zawierajace napelniacze
lignocelulozowe poddane modyfikacji metodami fizycznymi oraz chemicznymi.
Glownym zatozeniem proponowanych metod modyfikacji bylo otrzymanie materiatow
kompozytowych o wlasciwosciach funkcjonalnych, obejmujacych zapewnienie
doskonatych cech wytrzymalosciowych, zwigkszenie bioodpornosci na grzyby, jak
rowniez odpornosci na dziatanie promieniowania UV. Jednocze$nie projektowane
metody modyfikacji powinny ogranicza¢ zuzycie toksycznych odczynnikéw
organicznych 1 odpadow. Niezwykle istotnym zadaniem bylo okreslenie wpltywu
przeprowadzonych modyfikacji na strukture nadmolekularng zarowno napeiniacza, jak
I materiatu kompozytowego. Kluczowe okazalo si¢ rowniez okreslenie relacji pomiedzy
zdolnoscig zarodkujacg napelniaczy lignocelulozowych na ksztattowanie odmian
polimorficznych matrycy polimerowej, ktére mialy bezposredni wplyw na finalne

wiasciwosci uzytkowe WPC.

W ramach pierwszego nurtu badawczego przedstawionego w publikacjach P1
i P2 otrzymano materialy kompozytowe zawierajgce drewno poddane modyfikacji
termicznej. Wykazano, ze fizyczna metoda obrébki napelniaczy jest niezwykle
skuteczna w kontekscie poprawy oddzialywan pomiedzy komponentami WPC.
Otrzymane kompozyty charakteryzowaly si¢ lepszymi parametrami uzytkowymi (m.in.
wyzszym modulem sprgzystosci Younga oraz udarnoscig) w pordwnaniu do kompozytow
z drewnem surowym. Wykazano, ze najkorzystniejsze wyniki parametrow
wytrzymato$ciowych uzyskano w przypadku modyfikacji drewna w temperaturze
180 °C. Przeprowadzone badania pozwolity rowniez na okreslenie wptywu modyfikacji
napetniacza na zmiang¢ jego struktury i budowy chemicznej, ktéra powiazano z jego
wlasciwo$ciami zarodkujagcymi wzgledem matrycy PP. Po raz pierwszy wykazano, Ze
aktywnos¢ nukleacyjna jest Scisle powiazana z zawartoScia krystalicznej formy
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celulozy w drewnie. Niezwykle istotny podczas projektowania procesu byt rowniez
aspekt ekologiczny, ktory pozwalat na wyeliminowanie stosowania rozpuszczalnikow

organicznych.

Badania zaprezentowane w publikacjach P3 i P4, prowadzone w ramach
drugiego nurtu badawczego, dotyczyly kompozytow WPC uzyskanych poprzez
wprowadzenie do matrycy polimerowe] napelniaczy poddanych dziataniu nowo
zaprojektowanym i zsyntezowanym cieczom jonowym. Zaproponowano pi¢é
nowatorskich, imidazoliowych oraz amoniowych, cieczy jonowych zawierajacych
dhugie podstawniki alkilowe oraz karboksylowe grupy funkcyjne. Po raz pierwszy
przeprowadzono modyfikacje napelniacza z uzyciem cieczy jonowych pelnigcymi
funkcje promotora adhezji w ukladzie polipropylen-drewno. Wykazano, ze ciecze
jonowe zwigzaty si¢ kowalencyjnie ze strukturag drewna. Przeprowadzone badania
wlasciwosci  fizykochemicznych  otrzymanych napetniaczy oraz  materiatlow
kompozytowych pozwolily natomiast na okreSlenie wplywu przeprowadzonej
modyfikacji chemicznej na podstawowe parametry uzytkowe oraz struktur¢ materiatow.
Najefektywniejszym modyfikatorem okazala si¢ by¢ imidazoliowa ciecz jonowa,
zawierajaca karboksylowa grupe funkcyjng.  Udowodniono, ze mozliwe jest
zaprojektowanie cieczy jonowej zawierajacej dlugie podstawniki alkilowe lub
reaktywng grupe funkcyjng zdolng do oddzialywania z grupami hydroksylowymi
czasteczek celulozy, czego efektem bedzie uzyskanie materialow kompozytowych
0 okreslonej strukturze nadczasteczkowej oraz dobrych wlasciwosciach

wytrzymalosciowych.

Ostatni nurt badawczy, bedacy przedmiotem publikacji P5 i P6, zwigzany byt
z modyfikacja napelniaczy lignocelulozowych w celu poprawy odporno$ci materiatow
kompozytowych WPC na dziatanie roéznych szczepdw grzybow. W tym celu
zastosowano innowacyjne, hybrydowe uklady propolisowo-silanowe. Uklady te nie
byly jak dotad stosowane w procesie modyfikacji napelniaczy drzewnych.
Przedstawione wyniki badan mikologicznych wykazaty, Zze obrobka z uzyciem uktadu
propolisowo-silanowego znaczaco wptywa na poprawe aktywnosci przeciwgrzybicznej
uktadow kompozytowych. Ponadto wyniki badan przyspieszonego starzenia ujawnity, ze
obrobka drewna z uzyciem hybrydowych modyfikatoréw przyczynita si¢ réwniez do
poprawy stabilnosci kompozytow wobec promieniowania UV. Dodatkowo okreslono
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wptyw zmian strukturalnych napetniacza, wywotanych modyfikacja, na witasciwosci
fizykochemiczne WPC. Zauwazono, ze wprowadzenie zmodyfikowanych napelniaczy do
matrycy  polipropylenowej  skutkowalo  poprawa  wybranych  parametrow
wytrzymato$ciowych kompozytow (modutu sprezystosci Younga, wytrzymatosci przy
rozcigganiu). Uzyskane wyniki pozwolily na stwierdzenie, ze zaproponowane uklady
modyfikujgce spelnily role skutecznego i jednoczesnie ekologicznego stabilizatora

promieniowania UV, §rodka przeciwgrzybiczego oraz promotora adhezji.

Bardzo waznym elementem badan realizowanych w trzech nurtach badawczych
byto okreslenie wplywu przeprowadzonych reakcji modyfikacji na strukture
nadczasteczkowa napetniacza oraz znalezienie relacji pomiedzy ta strukturg a jego
aktywnos$cig nukleacyjng wzgledem matrycy PP. Wykazano, ze poprzez odpowiednie
dobranie czynnika modyfikujacego mozliwe jest sterowanie struktura
nadmolekularng oraz wlasciwosciami zarodkujacymi napelniacza drzewnego.
Udowodniono, ze wysoka aktywno$¢ nukleacyjna napelniacza wprowadzonego do
matrycy polimerowej, przyczynia si¢ jednoczeSnie do wysokiej efektywnosSci
generowania struktury transkrystalicznej TCL podczas krystalizacji PP. Zjawisko
to mialo natomiast bezposredni wplyw na tworzenie si¢ odmiany polimorficznej
polipropylenu podczas przetworstwa, co w konsekwencji decydowalo o uzyskaniu
korzystniejszych wlasciwosci wytrzymalosciowych uzyskanych kompozytow — m.in.

uzyskanie wyzszej elastycznoSci i udarnosci.

Konkluzujac, przeprowadzone badania wykazaly, ze zaproponowane metody
modyfikacji napetniacza lignocelulozowego stanowig skuteczng, efektywng
i ekologiczng alternatywe¢ dla prowadzonych powszechnie proceséw obrobki drewna,
ktora skutkuje uzyskaniem materialu kompozytowego o zatozonych parametrach

uzytkowych.
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B Introduction

Natural materials have long generated in-
terest in the scientific community around
the world. Rapid economic development
and increasing demand for plastics with
appropriately tailored properties cause
that composites made from thermoplastic
polymers filled with natural components,
most often lignocellulosic material, are
increasingly used. An important role
is also played by the ecological aspect,
as these materials are partially biode-
gradable [1-3]. Cellulose fibres offer an
interesting alternative to the synthetic
fibres currently used. Cellulose is the
most abundant biopolymer on Earth,
and therefore successfully used as a raw
material for the preparation of compos-
ite materials [4-7]. Cellulose-reinforced
plastics have many advantages over
synthetic equivalents, including consid-
erable strength and flexibility. They are
also easy to process and environmental-

66

Analysis of the Nucleation Activity of Wood
Fillers for Green Polymer Composites

DOI: 10.5604/01.3001.0011.5741

Abstract

In this work, the surface of pine wood used as a filler in polypropylene/wood composites was
successfully modified by the mercerization process. It is a very significant process because
it removes low-molecular components, which improves interactions between the filler and
matrix and leads to a better dispersion of the filler in the matrix. Unfortunately chemical
treatment may affect nucleation of the lignocellulosic filler. On the basis of XRD results, the
transformation of native cellulose I to cellulose Il was observed. In the present study, the effect
of the mercerisation of pine wood on the nucleation ability of polypropylene was investigated
by means of polarising microscopy. The results showed that the chemical modification of
pine wood had a significant effect on nucleation activity in polymer composites. This effect is
explained by differences in the chemical compositions of wood fibres. The content of simple
sugars obtained from the methanolysis and acidic hydrolysis of cellulose and hemicellulose
was determined through gas chromatography investigations. It was found for the first time
that the formation of transcrystalline structures is possible for composites with a high content
of glucose derived from cellulose. It is also worth emphasising that the chemical modification
process can lead to cellulose depolymerisation processes and the formation of degradation
products with a lower molecular weight. Knowledge of the phenomena taking place in the
interphase boundary polymer/ filler is very important because it permits optimisation of the

processing, leading to products of target properties.

Key words: wood polymer composites, cellulose, modification, nucleation.

ly friendly. Noteworthy are also strong
interactions between the components of
composites with cellulose, which are the
key to transfer the stresses from the ma-
trix to the filler in the entire surface of the
material [4, 6-7].

During the production of polypropylene
composites with a wood filler, significant
problems are encountered, which often
make their potential not fully utilised
[1]. First of all, attention should be paid
to the poor affinity between hydrophilic
wood fibres and the hydrophobic poly-
propylene matrix, which causes both the
agglomeration of fibres (low dispersion
of particles in the matrix) and less ability
to transfer stresses. These phenomena are
conducive to a significant deterioration
in the mechanical properties of the mate-
rial [1, 6-9]. In order to improve interfa-
cial adhesion, numerous chemical mod-
ifications of wood are used, which may,
however, affect the nucleating activity of
lignocellulosic filler [10-14]. Obtaining
good physico-chemical and mechanical
properties of composites is also associ-
ated with other phenomena that occur at
the interface [1].

Knowledge of the phenomena taking
place in the interphase boundary pol-
ymer/filler permits optimisation of the
processing, leading to products of target
properties. Some fillers. e.g. flax or hemp
fibre, can initiate heterogenic nucleation
and significantly influence the course of

crystallisation of semicrystalline poly-
mers [15]. The filler surface can have
many active sites that can be potentially
responsible for high density nucleation,
leading to the growth of polymer crystal-
lites in the direction perpendicular to the
filler surface [16-19]. This phenomenon
leads to the formation of a column-like
crystalline layer known as the transcrys-
talline layer (TCL). Although the forma-
tion of transcrystalline structures has an
important effect on the properties and
character of the composites produced, the
mechanisms of their formation have not
been fully recognised and the influence
of the chemical treatment of the lignocel-
lulose component on the development of
TCL structures is ambiguous and contro-
versial [11, 17].

An important problem in the context of
determination of the mechanisms of TCL
structure formation can be the polymor-
phism of cellulose contained in natural
fillers. It is known that cellulose occurs
in four basic polymorphic forms: cellu-
lose I, II, IIT and IV [20-22]. Naturally
occurring cellulose I can be easily treat-
ed with a solution of sodium hydroxide,
thereby obtaining cellulose in polymor-
phic form II. According to literature data,
the treatment of lignocellulose materials
with an alkaline chemical leads to defi-
nite deterioration of the ability to form
TCL structures and often inhibits their
formation [11,23]. This fact has been
explained by the increased roughness of

Odalanowska M, Borysiak S. Analysis of the Nucleation Activity of Wood Fillers for Green Polymer Composites.
FIBRES & TEXTILES in Eastem Europe 2018; 26, 2(128): 66-72. DOI: 10.5604/01.3001.0011.5741



the lignocellulose filler as a result of the
removal of low-molecular components
and fibrillation of the filler. Another rea-
son behind the deterioration of the nu-
cleation ability of cellulose II is the lack
of a match between the crystallographic
structures of cellulose and polypropylene
matrix [24,25]. However, it should be
emphasised that the results reported are
often contradictory and no interpretation
that could account for the differences has
been proposed. Problems in explaining
the real effect of the chemical modifica-
tion of lignocellulosic filler on the nucle-
ation ability performance of composites
can follow from disregarding the simul-
taneous effects of such factors as the
polymorphic variations of cellulose, and
wood composition.

To the best of our knowledge, there are no
studies on determining the effect of sim-
ple sugars derived from lignocellulosic
fillers on nucleation ability in polymer
composites. In the present study, we an-
alysed the formation of supermolecular
structures in pine wood-polypropylene
composites containing cellulose with two
polymorphic forms — I and II. To demon-
strate the impact of wood composition on
nucleation activity, the content of simple
sugars obtained as a result of methanol-
ysis and acid hydrolysis of cellulose and
hemicellulose was determined. The aim
of the work was to find the relationship
between the chemical composition of
wood components and the formation of
transcrystalline structures in the polymer
matrix, which has not been described so
far.

B Experimental

Materials

The isotactic polypropylene — Moplen
HPA456J used in this study was supplied
by Basell Orlen Polyolefins (Plock,
Poland). It was of melt flow index
MFR,;, 16: 3.4g/10 min.

The pine wood (Pinus silvestris) was sup-
plied by Forestry — Kaminska (Poland) in
2014, which had a particle size between
0.5-1.0 mm. The wood filler was dried at
70 °C in an air-circulating oven for 24 h
prior to use. The moisture content of the
pine wood was less than 1 wt. %.

Chemical modification of wood

Pine wood dried for 24 h at 70 °C was
treated at room temperature with an
aqueous solution of sodium hydroxide
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Figure 1. Scheme of procedure for determining the content of simple sugars.

at 16% (in weight) concentration for
30 min. The conditions of the merceri-
sation process applied are the result of
the optimisation process that was pre-
sented earlier [30]. The material activat-
ed in this way was rinsed with distilled
water several times to neutralise excess
sodium hydroxide. Finally the wood was
dried in air at an elevated temperature
(ca. 110 °C) until a constant weight was
achieved.

Analysis of the chemical composition
of raw and modified wood

A scheme of the procedure for determin-
ing the content of simple sugars derived
from wood fillers is presented in Fig-
ure 1.

Extraction

Wood samples were subjected to Soxhlet
extraction using a mixture of ethanol: ac-
etone (2:1, v/v) for 8 hours and then oven
dried at 105 °C overnight.

Methanolysis

The aim of methanolysis was to deter-
mine the content of simple sugars con-
tained in hemicellulose.

To wood samples (unmodified and
modified), hydrochloric acid in etha-
nol methanol was added. The samples
were stirred and then placed in an oven
(110 °C) for 6 hours. After this time the
samples were cooled to room tempera-
ture and excess HCI in the solutions was
neutralised by adding pyridine. In the
next stage a calibration solution (mon-
osaccharides in ethanol — 0.1 mg/1 ml)
and Sorbitol as a standard compound
were added to the wood samples.
The solvent was evaporated in a vacuum
evaporator and then dried in a vacuum
desiccator (80 °C) for 10 minutes. The si-
lylation process was realised by adding
hexamethyldisilane (HMDS) and tri-
methylchlorosilane (TMCS) to the dried
wood samples. The mixtures were then
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Figure 2. X-ray diffraction patterns of raw wood and modified wood.

stirred in a bath with ultrasound. Finally
the samples were left at room tempera-
ture for 18 h and then analysed by gas
chromatography.

Acid hydrolysis
The aim of acid hydrolysis was to deter-

mine the content of glucose derived from
cellulose and hemicellulose.

The acid hydrolysis of wood samples
was performed with 72% sulfuric acid
(VD) in avacuum oven. Then distilled
water was added, and they were left to
stand for 24 h. Subsequently the samples
were placed in an autoclave at 80 °C for
120 minutes. After cooling to room tem-
perature, barium carbonate was added to
the samples in the presence of a bromo-
cresol green indicator.

In the next stage, a standard compound
(Sorbitol in distilled water) was added to
wood samples, and then they were centri-
fuged. After centrifugation for 10 min at
8000 rpm, the supernatant was removed
and acetone added to it. Subsequently
the mixtures were evaporated under inert
gas (argon) and then placed in a vacuum
oven for 60 minutes. Finally samples
were subjected to the silylation process
according to the procedure described
during methanolysis.

Gas chromatography

The purpose of the chromatographic
analysis was to determine the content of
simple sugars. A gas chromatograph with
a2 300 mm column and internal diameter
of 0.5 mm was used for the measurement.
The samples were dispensed through
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a flow divider at 240 °C, with an injec-
tion volume of 1.0 pl. On the basis of
samples from the methanolysis process,
the content of simple sugars contained
in hemicellulose was determined. While
from samples obtained after the hydrol-
ysis process, the content of glucose de-
rived from cellulose and hemicellulose
was calculated.

X-ray diffraction

The structures of unmodified and modi-
fied pine wood were analysed by means
of wide angle X-ray scattering (WAXS)
using CuKa radiation at 30 kV and 25 mA
anode excitation. The X-ray diffraction
pattern was recorded for an angle range
of 26 = 10° — 30° in a step of 0.04°/3 s.
The efficiency of transformation of cellu-
lose I (native form) to cellulose II (after
chemical modification) was estimated.
The deconvolution of peaks was per-
formed by the method proposed by Hin-
deleh and Johnson [26], improved and
programmed by Rabiej [27].

Hot stage optical microscopy

The crystallization of PP in the presence
of unmodified and modified pine wood
was observed under a polarised opti-
cal microscope — Labophot-2 (Nikon),
equipped with a Linkam TP93 hot stage.
It was connected to a Panasonic CCD
camera and to acomputer. Samples
were prepared by embedding wood be-
tween two films of PP. All the compos-
ite samples were first heated at 200 °C
and kept at this temperature for 5 min in
order to eliminate their thermal history.
Then the samples were cooled down at
arate of 40 °C/min to 136 °C, at which

the crystallisation process took place.
The growth of the transcrystalline layer
was determined on the basis of observa-
tions of the PP crystallisation process in
the presence of wood of various types.

B Results and discussion

Effect of chemical modification of
wood on the supermolecular structure

A systematic evaluation of the process in
which cellulose I transformed into cellu-
lose IT was undertaken. The mercerisation
of wood is an important process because
it permits the removal of grease from the
surface and also partial removal of lignin
— compounds that are responsible for the
agglomeration of wood in the polymer
matrix. It is also known that as a result
of this process, it is possible to remove
some hemicellulose content. Cellulose,
however, undergoes only phase conver-
sion; its content in the sample is constant
[28]. The cellulose content in both sam-
ples tested herein was 44.7% [29]. Mer-
cerisation leads to decreasing agglomer-
ation potential and better dispersion of
filler particles. The alkalisation process
is also very important in the context of
obtaining high efficiency of the chemical
modification process of wood. Therefore
the necessity for mercerisation as a step
preceding chemical modification follows
from the fact that the hydroxyl groups of
native cellulose are not sufficiently reac-
tive with the modifiers applied. Moreo-
ver the mercerisation process also leads
to a change in the crystal structure and in
the conversion of cellulose I to cellulose
II. XRD patterns of the wood samples are
presented in Figure 2.

It can be found that the diffraction pat-
terns of the unmodified wood exhibit
three peaks at 20 = 14.7°, 17° and 22.7°,
assigned to cellulose I. Pine wood treated
with sodium hydroxide show additional
peaks at 20 equal to ca. 12.5°, 20.5° and
22°, which are assigned to cellulose II.
The results calculated show that cellulose
I contained in the native wood was con-
verted into cellulose II. The results ob-
tained are consistent with the literature,
which describes that the crystal structure
of cellulose I is transformed into that of
cellulose II, usually upon treatment with
NaOH in concentrations higher than 10%
[30,31]. Moreover chemical modification
caused a significant reduction in crystal-
linity. Crystallinity index values of the
fillers were 65% for untreated wood and
48% for mercerised wood.
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Figure 3. Crystallization in iPP/unmodified wood at different times of crystallisation: a) 0 min, b) 3 min, c) 6 min.

a)

b)
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Figure 4. Crystallization in the iPP/wood modified system at other crystallization times: a) 0 min, b) 3 min, c) 6 min.

Effect of chemical treatment on the
transcrystallization process

Figures 3 and 4 illustrate the process of
PP crystallisation in the presence of raw
and mercerised wood, taking place at
136 °C. After isothermal crystallisation
from the melt, a transcrystalline layer
was found with crystals having grown
perpendicular to the fibre axis. It is clear
that the thickness of the TCL layer in-
creases with time. However, crystallisa-
tion of the PP matrix varies significantly
with the kind of wood surface.

Optical micrographs show that both the
surface of raw and chemically treated
wood generate the formation of tran-
scrystalline structures in each composite
system, but with different effectiveness.
The development of PP transcrystallin-
ity on unmodified pine wood is clearly
shown in Figure 3. This wood acts as
nucleating agent for PP as nucleation
occurs preferentially along the wood. In
this case, the largest nucleation densities
and crystallisation rates of the polypro-
pylene layer were recorded. The treat-
ment of pine wood with an alkaline
chemical leads to definite deterioration
of the ability to form TCL structures
(Figure 4). The nucleation density for
these systems is much smaller compared
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to composites containing raw pine wood.
The microscopic pictures show that pol-
ymorphic transformation of cellulose I to
cellulose II modified the nucleation abil-
ity of the wood surface, thereby reducing
the density of the transcrystalline layer.
It is worth adding that the formation of
a transcrystalline layer in samples con-
taining modified wood (cellulose 1) may
also be caused by cellulose residues with
the polymorph I variant. It should be not-
ed that it is not possible to achieve a full
conversion of cellulose Ito cellulose II
as aresult of the action of alkali [30].
In summary, differences in the cellulose
I/cellulose II content at the wood surface
have a decisive effect on the formation of
transcrystallinity.

On the basis of the tests conducted, the
induction time for the PP/raw wood and
PP/modified wood systems was deter-
mined. A comparison of these values is
shown in Table 1.

It is evident that the induction time for
PP to nucleate on the raw wood is much
shorter than on the modified wood.
Moreover for the PP/unmodified wood
composite, the growth rate of the TCL
layer was higher than that for the com-
posite with treated wood. It is clearly vis-
ible that the mercerisation of pine wood
exerted a significant influence on reduc-
ing the nucleation ability of the wood
surface. The highest activity was deter-
mined in the unmodified wood.

According to some authors [24, 32-35],
chemical modification of the filler leads
to a decrease in its nucleation abilities.
Also in our studies [11] mercerisation led
to the development of transcrystallisation
layers, but with very poor effectiveness.

However, the influence of the chemical
treatment of the lignocellulose compo-
nent on the development of TCL struc-
tures has not been fully recognised and
is controversial. There are reports in the

Table 1. Induction time and growth rate of the transcrystalline layer in the composite

materials.
Induction time, The growth rate of the transcrystalline layer,
s um/min
PP/raw pine wood 44 6
PP/modified pine wood 160 1.5
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Figure 5. Chromatograms showing the content of simple sugars derived from hemicellulose:
a) calibration solution, b) raw pine and c) modified pine.
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Figure 6. Chromatograms showing the content of simple sugars derived from hemicellulose
and cellulose: a) calibration solution, b) raw pine wood, ¢) modified pine wood.
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literature that the main factor responsible
for reduction in the nucleation ability of
the treated wood surface is the removal
of low-molecular constituents [11], to-
pography and surface energy [15]. Prob-
lems in explaining the real effect of the
chemical modification of wood on the
nucleation ability of composites can fol-
low from disregarding factors related to
the chemical compositions of lignocel-
lulosic materials. Differences between
the transcrystalline growth of polypro-
pylene in the presence various fillers can
be explained by analysis of the contents
of simple sugar derived from wood.
The problems discussed above are con-
sidered in the next section.

Analysis of the chemical composition
of wood

The quantification of individual sugars
derived from hemicellulose was deter-
mined by gas chromatography. The anal-
ysis was based on the peak area, taking
into account the internal standard in the
calculation. A chromatogram of the cali-
bration solution is shown in Figure 5.a,
while chromatograms of individual sug-
ars derived from hemicellulose is shown
in Figures 5.b and 5.b.

The chromatograms obtained for raw
wood and modified wood are similar.
However, it is possible to notice variation
in the heights of glucose peaks (arrows
in the Figures), which indicates the varia-
tion in sugar content. The content of sim-
ple sugars derived from hemicellulose is
summarised in Table 2.

On the basis of Table 1, it can be seen
that the content of compounds such as
arabinose, xylose, galactose, mannose,
rahmnose, glucuronic acid, galacturonic
acid, and 4-O-methyl modifications of
glucuronic acids is comparable in both
samples. However, it was found that the
hemicellulose-derived glucose content
in the samples subjected to chemical
modification is much more (52 mg/g dry
wood) compared to the unmodified sys-
tems (25 mg/g dry wood).

The content of glucose derived from
hemicellulose and cellulose was deter-
mined on the basis of the chromatograms
shown in Figure 6. The chromatogram
shown in Figure 6.a shows the calibra-
tion solution, while Figure 6.b-6.c con-
tains chromatograms of raw and modi-
fied wood samples. A lower intensity of
peaks in the chromatogram of samples of
mercerised wood can observed.
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Table 2. Content of sugars, expressed in mg/g, of dry wood derived from hemicellulose of raw and modified pine wood.

Arabinose Xylose
Raw pine wood 15 57
Modified pine wood 14 61

Based on the chromatograms above, cal-
culations of the glucose content origi-
nating from cellulose and hemicellulose
present in both types of wood subjected
to acid hydrolysis were performed (7a-
ble 3). It can be observed that the amount
of glucose derived from hemicellulose
and cellulose in raw wood is significant-
ly higher compared to modified wood.
After taking into account the content of
glucose derived only from hemicellu-
lose (Table 2), the content of cellulose
derived exclusively from cellulose was
determined. It turned out that the content
of glucose from cellulose in raw wood is
171 mg/g of dry wood and is more than
twice as high as the content of glucose
from cellulose in wood subjected to
chemical modification.

The results obtained suggest that the
action of the alkaline solution (NaOH)
could be responsible for the partial mo-
lecular degradation of cellulose contained
in the wood, as a result of breaking the
1,4-glucosidic bond. As a consequence,
cellulose with a lower degree of polym-
erisation and some intermediate products
such as oligosucrose and cellobiose may
be present in alkalised wood. This situ-
ation may have resulted in a lower con-
tent of cellulose-derived glucose due to
acid hydrolysis of the modified wood.
The results are consistent with x-ray ex-
aminations, in which a significant reduc-
tion in the crystallinity of the chemically
treated wood was found. It is known that
arranged areas are formed in wood by
cellulose particles. Lowering the crystal-
linity may mean degradation of cellulose
chains. The hypothesis above is also con-
sistent with literature reports, which con-
firm that the treatment of cellulose with
concentrated solutions of hydroxides re-
duces the crystallinity of cellulose [36].

The results of the chemical composition
of wood, with particular emphasis on
glucose content, can be perfectly used to
interpret the nucleation activity of raw
and modified wood. Raw wood contain-
ing ahigh content of glucose derived
from cellulose is responsible for obtain-
ing a high nucleating activity during the
crystallizsation of polypropylene. In the
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Glucuronic | Galacturonic 4-O-Methyl
Galactose | Glucose | Mannose | Rahmnose X . modifications
acid acid . N
of glucuronic acids
23 25 70 1.8 1.32 1 7
29 52 69 1.6 2.75 8 7

Table 3. Content of glucose of dry wood, expressed as mg/g.

Glucose content derived from

Glucose content derived from

Sample cellulose and hemicellulose cellulose
Raw pine wood 196 171
Modiefied pine wood 136 84

case of modified wood, a significant re-
duction in the glucose content was found,
which also results in a reduction in the
nucleating capacity of this type of filler.
Ahigh content of glucose in raw wood
also indicates a high value of the cellu-
lose polymerisation degree. It is known
from the literature that cellulose is re-
sponsible for obtaining high nucleation
activity [24, 25, 37]. Our previous stud-
ies [29] also showed that as the content
of cellulose is reduced in wood treated
with y-radiation, a decrease in nuclea-
tion activity is observed. In this study, it
was shown that the content of glucose in
wood, which is indirectly related to the
degree of polymerisation, also deter-
mines the nucleating ability in compos-
ite systems. A filler with a high content
of glucose from cellulose is responsible
for the generation of transcrystalline
structures. The results may help to ex-
plain many controversies recorded in the
literature that describe a different effect
of chemical modifications applied during
the formation or absence of formation of
transcrystalline structures, and the vari-
ation in mechanical properties obtained.
A valuable conclusion from the research
conducted is the necessity to take into
account the change in the chemical com-
position of wood in the selection of adhe-
sion modifiers in polymer-lignocellulose
filler systems.

B Conslusions

Differences in the chemistry compounds
of wood is a more attractive explanation
for variations in nucleating ability. There-
fore it is necessary to combine the new
results of this work with those published
earlier to gain a deeper understanding of
the mechanism of transcrystallisation.

The findings made in this study can be
briefly summarised as follows:

Conducting the chemical modification
of pine wood with sodium hydroxide
is responsible for a significant reduc-
tion in the nucleation capacity, which
was confirmed by the low nucleation
density and low growth rate of tran-
scrystalline layers as well as high val-
ues of the crystal induction time.
Chromatographic examinations sho-
wed the very high importance of the
chemical composition of wood with
respect to the nucleation activity of
the filler surface. The chemical mod-
ification of wood caused a significant
reduction in the content of glucose de-
rived from cellulose contained in the
wood, indicating the possible course
of cellulose depolymerisation process-
es and the formation of degradation
products of lower molecular weight.
Studies have shown that modifying
wood does not significantly affect the
content of other wood components.

The relationship between the chemical
composition of wood and its nucleation
activity was found. The formation of
transcrystalline structures is possible for
composites with a lignocellulosic fill-
er with a high content of glucose from
cellulose. Carrying out mercerisation
is responsible for a significant reduc-
tion in the content of this simple sugar.
The reduction in glucose content in the
modified wood resulted in a decrease in
the rate of formation of transcrystalline
layers and lower density of nucleation.
The results obtained indicate that the re-
maining wood components do not affect
its nucleation activity.
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Abstract Effects of chemical modification of wood
with innovative ionic liquid on the supermolecular and
morphology of wood/polypropylene composites were
investigated using X-ray diffraction, hot stage optical
microscopy, and differential scanning calorimetry. For
the first time the chemical treatment of wood was
conducted solely with newly synthesized ionic liquid,
didecyldimethylammonium  bis(trifluoromethylsul-
fonyl)imide. The modification was found to be
responsible for significant changes in nucleating
abilities of wood in polypropylene matrix. These
findings were confirmed by crystallization tempera-
ture, crystal conversion, crystallization half-time
parameters, as well as observation of transcrystalline
structures. Ionic liquid treatment of wood influenced
also formation of polymorphic forms of polymer
matrix. In contrast to composites with untreated wood,
in composites with modified wood filler formation of
B-phase of polypropylene was observed. This fact was
discussed in view of differences in nucleating activity
of lignocellulosic filler, resulting from chemical
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treatment with ionic liquid. Moreover, a relationship
between mechanical properties of composites and the
phenomena taking place at the polymer-filler inter-
face, controlled by chemical modifications of ligno-
cellulosic components, was evaluated.

Keywords Polypropylene/wood composites -
Chemical treatment - Ionic liquids - Mechanical
properties - Supermolecular structure

Introduction

In recent years, a growing interest in thermoplastic
composites reinforced with a natural component, such
as wood, sisal, jute, hemp, and flax fibre can be
noticed. The lignocellulosic materials are biodegrad-
able and their annual biosphere production was
estimated to be 90 x 10° metric tons. Thus, they
represent the most obvious, renewable resource for
production of biocomposites (Feifel et al. 2015; Kalia
et al. 2011; Michalska-Pozoga et al. 2016). Moreover,
lignocellulosic fibres, due to the strong cellulose
backbone structure and high strength/weight ratio, are
at an advantage when compared with many conven-
tional reinforcing materials. What is also crucial, they
cause less abrasion to the processing machines as do
glass fibres, which also give a large amount of ash on
combustion (Joseph et al. 1999).
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The key problem in producing composite materials
is to achieve good interphase adhesion between the
polymer matrix and the lignocellulosic filler (Thakur
et al. 2013). Moreover, the unmodified lignocellulosic
components show a tendency towards aggregation,
which is a consequence of the intermolecular interac-
tions (H-bonds) between the molecules of the filler.
This tendency is reflected by poor dispersion of the
filler in the polymer matrix and deterioration of the
mechanical properties of the product (Khoshkava and
Kamal 2014; Oksman and Clemons 1998; Zhang et al.
2009b). For this reason many researchers have been
searching for methods of chemical or physical mod-
ifications of the components. Literature (Burley et al.
2004; Hill 2007; Thakur et al. 2014a) provides
numerous methods of chemical modification of lig-
nocellulosic constituents that have been developed.
The following derivatives are known: acetates, car-
boxymethylates, benzoylates, urethanes, (meth)acry-
lates, carbonates, sulfates, sulfonates, phthalates,
tritylates, furorates, maleated esters, isocyanates or
ester resins (Bagheri et al. 2008; Edgar et al. 2001;
Klemm et al. 2005; Kohler and Heinze 2007; Thakur
et al. 2014b; Wu et al. 2004). These modification
methods enable improvement of mechanical proper-
ties and dimensional stability of the composites
(Dominkovics et al. 2007; Faruk et al. 2012; Harper
2009; Zafeiropoulos et al. 2001).

Although there have been quite a number of studies
on the chemical modification of lignocellulosic mate-
rials, so far, little attention has been paid to the use of
ionic liquids for treatment of these fillers. Ionic liquids
(IL) are organic salts consisting of organic cation and
organic or nonorganic anion with melting temperature
below 100 °C (Wasserscheid and Welton 2008). They
are characterized with an ability to dissolve organic
and nonorganic matter and therefore they are being
called solvents of new generation, “green solvents”
(Brandt et al. 2013). Currently, chemical modification
of lignocellulosic fillers is most commonly realized
with use of concentrated, toxic reagents. There is also
a necessity to separate particles of the filler from such
solutions. Therefore, the great advantage of using
ionic liquid in modification process is the fact that this
reagent can be easily recovered, purified, and used
multiple times. However, it is important to bear in
mind that recycling of ionic liquid regards only
defined, individual process (e.g. extraction of specific
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impurities and, or, unreacted substrates with tradi-
tional solvents).

Moreover, IL have many attractive properties,
including chemical and thermal stability, non-flamma-
bility, and immeasurably low vapor pressure (Zhu
et al. 2006). Nevertheless, the ionic liquids were firstly
synthesized as reagents enabling dissolution of cellu-
lose. They have also been used as solvent for a wide
range of modifications of cellulose. Acrylate, benzoy-
late, carbamate, and choline acetate derivatives of the
biopolymer were successfully prepared in many ionic
liquids (Bagheri et al. 2008; Liu et al. 2007; Ninomiya
et al. 2017; Schenzel et al. 2014; Wu et al. 2004; Xie
et al. 2007; Zhang et al. 2009c). It should be stressed
that up to now no method of hydrophobization of
lignocellulosic fillers with ionic liquids has been
developed. Application of newly synthesized ionic
liquid enables chemical modification of wood without
need to use any other, classical wood modifiers.

It is a well-known fact that the natural fillers can
cause changes in morphology and crystallinity of the
interphase regions. Some fillers can initiate hetero-
genic nucleation and significantly influence the course
of crystallisation of polymers. Modification of the
filler changes its nucleation abilities, leading to
alterations in the interactions between the filler and
the polymer matrix. However, the character of the
change can be also different. According to some
authors (Joseph et al. 2003; Lee et al. 2010; Lenes and
Gregersen 2006; Son et al. 2000; Zafeiropoulos et al.
2001), chemical modification of the filler leads to a
decrease in its nucleation abilities, while according to
others (Joseph et al. 2003; Zafeiropoulos et al. 2001),
it increases nucleation ability of the filler. A detailed
analysis of literature data regarding the influence of
the chemical modifications of lignocellulose fillers on
supermolecular structure of polypropylene is given in
(Borysiak 2013a). Finding a relationship between
development of the nucleation ability of lignocellu-
losic filers and the mechanical properties of the
composites is especially important from the applica-
tion point of view. It is known that the interphase
surface transfers the stress appearing in the system.
Weak interphase interactions are responsible for
appearance of cracks and delamination of the com-
posites, leading to considerable deterioration of the
mechanical strength.

Another issue is the influence of polymorphism of
the polypropylene matrix (Keith 1959). Interesting
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question that needs to be considered is the effect of
changes in the interphase adhesion induced by the
filler modification on formation of polymorphic
structures in PP matrix in the composite systems.

This work is a part of the comprehensive investi-
gation of the influence of chemical modification of
wood on the interfacial phenomena, as well as on the
properties of lignocellulosic-polypropylene composite
materials. The aim of this study was to evaluate the
effect of innovative chemical surface treatments of
wood with ionic liquid on the supermolecular structure
of polypropylene matrix. Moreover, it is expected that
the results will enable better understanding of the
relationship between the mechanical properties and
the nucleation ability of the treated and untreated
wood. In order to resolve this issue, the effect of the
wood treatment on the properties of the composites
must be clearly defined.

Experimental
Materials

Isotactic polypropylene (PP), Moplen HP500 N
(MF1230 °C/2.16 kg_2'4_3'2 g/lO min, isotacticity—
95%, T, = 163-164 °C) produced by Basell Orlen
Polyolefins (Plock, Poland) was used as a matrix. The
pine wood (Pinus sylvestris L.), supplied by For-
estry—Kaminska (Poland). Wood samples were cut
and screened by the FRITSCH Cutting Mill Pul-
verisette 19 with rotor speed of 2.800 rpm. Particle
characteristics were determined by analysis of SEM
micrographs. The average particle size was
0.5-1.0 mm and aspect ratio of the particles (L/D)
was in range 5-6. Some irregular particles were also
observed but they were not used for determining the
particle size distribution.

The wood filler was dried at 70 °C in an air-
circulating oven for 24 h prior to use. The moisture
content of the pine wood was less than 1 wt%. The
unmodified wood was subjected to the process of
chemical modification.

Synthesis of innovative ionic liquid
In this work, the innovative method of modification

was used. Ionic liquid was prepared by the ion
exchange reaction. To aqueous solution of

didecyldimethylammonium chloride aqueous, solu-
tion of LiN(SO,CF;3), was added (1:1.1) and mixture
was stirred at room temperature for 2 h. The aqueous
phase was decanted and the product was washed with
distilled water until chloride ions were no longer
detected using AgNOj;. Final product, dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide, was used for the modification of wood.
Scheme of the synthesis is shown in reaction 1.

Characterization of ionic liquid

Newly synthesized ionic liquid (Fig. 1) was subjected
to nuclear magnetic resonance and rheology tests.

The 'H nuclear magnetic resonance (NMR) and B3¢
NMR spectra were recorded on a Brucker spectrom-
eter at 600 MHz with tetramethylsilane as standard for
'H NMR and 150 MHz for '>C NMR. The results of
NMR measurements are as follows:

'"H NMR (600 MHz, temp. 298 K, DMSO-d;,
TMS): o [ppm] = 0.85-0.88(t, J = 6.9 MHz, 6H);
1.26-1.32(m, 28H); 1.63-1.65(q, J = 3.9 MHz, 4H);
2.98(s, 6H); 3.20-3.23(m, 4H);

3C NMR (150 MHz, temp. 298 K, DMSO-d,,
TMS): 8 [ppm] = 13.77; 21.60; 22.03; 25.68; 28.38;
28.61; 28.73; 28.83; 31.23; 49.91; 62.89; 116.26;
118.40; 120.53; 122.66.

Shear rheology data of didecyldimethylammonium
bis(trifluoromethylsulfonyl)imide was collected on an
Haake RheoStress 150 rheometer, with a cone and
plate geometry and controlled rate mode. The samples
were subjected to a steady shear test over a velocity
shear rate range of 1-200 s, at different tempera-
tures (range 10—60 °C). The measurements were made
in both heating and cooling modes. Viscosity of IL as a
function of temperature at shear rate of 100 s~' (for
heating and cooling mode) is shown in Fig. 2.

Chemical modification of wood with ionic liquid

The dry wood flour was treated at room temperature in
ethanol solution of didecyldimethylammonium bis(tri-
fluoromethylsulfonyl)imide (1:0.2) for 3 h. Vigorous
stirring of the slurry was achieved using mechanical
stirrer at a rate of 100 rpm. When the time of the
reaction expired, the slurry was filtered and the
modified wood was extracted with ethanol in the
Soxhlet apparatus for 4 h, to eliminate the unreacted
ionic liquid. Finally, the wood was dried in the air at an
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Reaction 1 Scheme of didecyldimethylammonium bis(trifluoromethylsulfonyl)imide synthesis

Fig. 1 Optical image showing synthesized didecyldimethy-
lammonium bis(trifluoromethylsulfonyl)imide
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Fig. 2 Viscosity of IL as a function of temperature at shear rate
of 100 s™' (for heating and cooling mode)

elevated temperature (ca. 110 °C) until a constant
weight. The effectiveness of the modification process
of wood was confirmed by the FTIR spectra. For this
purpose wood samples were mixed with KBr (Sigma-
Aldrich, Germany) at a 1/200 mg ratio. Spectra were
registered using an Infinity spectrophotometer by
Mattson with Fourier transform at a range of
500-4000 cm ™" at a resolution of 2 cm™ ", registering
64 scans.
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Moreover, Weight Percent Gain (WPG) values
were obtained in order to quantitatively follow the
modification efficiency of the wood.

Preparation of composite materials

The composites of PP and wood (40 wt%) were
produced in a two-stage process. In the first stage,
feeding of pellets was performed using extruder with a
length-to-diameter ratio L/D = 25. The temperature of
the processing zones I (solid conveying zone), II
(melting zone), III (pumping zone), and the die were
140, 180, 195 and 195 °C, respectively. The extruder
screw speed was 40 rpm. The cooled strands were
subsequently pelletized into granules and dried in an
oven for 2 h at 105 °C. In the second stage, composite
test specimens were injection moulded at 200 °C. The
mould temperatures of 30 °C, injection speed of
110 mm/s, and cooling time of samples in injection
mould of 30 s were applied. Specimens were prepared
according to ISO standard procedure for tensile and
impact testing.

X-ray diffraction

The supermolecular structures of composites filled
with untreated and treated wood were analysed by
means of wide angle X-ray scattering (WAXS) using
Cu K o radiation at 30 kV and 25 mA anode
excitation. The X-ray diffraction patterns were
recorded for the angles in range of 2@ = 10-30° with
step of 0.04°/3 s. Deconvolution of peaks was per-
formed by the method proposed by Hindeleh and
Johnson (Hindeleh and Johnson 1971), improved and
programmed by Rabiej (Rabiej 1991). After separa-
tion of X-ray diffraction lines, the crystallinity index
(X.) of wood after chemical treatment was calculated
by comparison of areas under crystalline peaks and
amorphous curve. Moreover, the changes in the
supermolecular structure of composite materials were
investigated. The relative fraction of the B-phase of PP
(k) was determined by the Turner-Jones equation
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(Jones et al. 1964) and analysed as a function of wood
treatments.

Hot stage optical microscopy

Polarized optical microscope Labophot-2 (Nikon)
equipped with Linkam TP93 hot stage was used for
observation of PP crystallization in the presence of
filler. It was connected to Panasonic CCD camera and
to a computer. Small pieces of composites film placed
on a microscope slide were heated to 200 °C and kept
in that temperature for 5 min in order to eliminate their
thermal history. The samples were then rapidly cooled
to 134 °C, since in this temperature the crystallisation
process took place.

The growth of the transcrystalline layer was
determined based on observations of PP crystallisation
in the presence of pure and modified wood. Nucleation
ability of fillers in PP matrix was determined by
relationship between transcrystalline thickness and
crystallization time. The slope of the straight line
represents the crystal growth rate.

Differential scanning calorimetry

The experiments of differential scanning calorimetry
were performed with Netzsch DSC 200 calorimeter
under dynamic conditions. In stage I samples were
heated from room temperature to 200 °C at a rate of
10 °C/min under a nitrogen atmosphere and held for 5
min to destroy any residual nuclei. In stage II samples
were cooled to room temperature at a cooling rate of
5 °C/min. This procedure was repeated two times and
data recorded during the second segment were used for
calculations. The kinetic parameters of crystallization
of PP in pure wood and treated wood like the crystal
conversion (o) and the half-time of crystallization
(to.5) were determined. The crystallization temperature
(T.) of the composite materials were determined as the
highest temperature of the exothermic peaks. The
enthalpy of the endothermic transition was defined as
the area below the curve of the transformation. Based
on the calculated values for the enthalpy of crystalli-
sation (H), the extent of crystallisation (crystal con-
version), oo was calculated in accordance to Eq. 1:

) [

where T, is the onset temperature, 7 is the temperature
at time ¢, T, is the temperature when crystallization
completes, dH is the enthalpy of crystallization.

The half-time of crystallization was obtained from a
plot of crystal conversion (o) against time (t). At least
three specimens of each composite were tested,
standard deviations were determined as well.

Mechanical testing of composites

The tensile properties were measured according to
ISO 527 standard. Tensile tests were carried out using
a Zwick (model Z020) universal mechanical testing
machine with a load cell capacity of 20 kN at a cross-
head speed of 1 mm/min for modulus determination
and of 50 mm/min for tensile strength and elongation
at break measurements. The tensile strength and
modulus were determined from the stress—strain
curves. Charpy impact strength tests were conducted
on notched samples according to ISO 179 standard
with a Zwick 5102 impact test device. At least ten
replicates were tested for each property under each
formulation.

Results and discussion

Analysis of chemical modification of wood filler
with ionic liquid

Figure 3 shows FTIR spectra of pine wood after the
reaction with didecyldimethylammonium bis(trifluo-
romethyl sulfonyl)imide in different wavenumber (a
(4000-500 cm™") and b (1600-1000 cm™"). The
presented spectra showed changes in the structure of
wood filler treated with the ionic liquid (spectra B) in
comparison to untreated wood (spectra A). Spectra of
wood after the reaction with ionic liquid contain a
band at 1350 cm ™" characteristic of the S = O and —
O-N bonds, a band at 1195 cm™" characteristic of
S=0, a band at 1140 cm_l, which indicate the
presence of stretching vibrations of the CF; bonds as
well as a band at 1060 cm ™' characteristic of the C-N
bond. It is worth emphasizing that not only the
presence of these bands in spectra of wood after the
reaction with ionic liquid and after leaching with water
but also chemical interactions between hydroxyl
groups from wood and the ammonium group from
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Fig. 3 FTIR spectra of untreated wood (A) and wood treated with ionic liquid (B) a (4000-500 cm™") and b (1600-1000 cmfl)

the ionic liquid were confirmed in a study by Wozniak
et al. (2017). In this work chemical interaction
between wood and didecyldimethylammonium bis(tri-
fluoromethylsulfonyl)imide was confirmed by ele-
mental analysis. Additionally, our data indicate
modification of wood with ionic liquid cause increase
in the WPG (ca. 7%). These results were also
confirmed in a study by Lee et al. (2014).

FTIR and elemental analysis indicate chemical
interaction between wood and ionic liquid. The
proposed interaction between hydroxyl groups of
wood and the ammonium groups from the ionic liquid
occurring during the modification process is illustrated
in Fig. 4.

The WAXS tests conducted on wood fillers show
changes in their supermolecular structures. In Fig. 5
characteristic diffraction peaks at 2@ ca. 15°, 17°, and
22° coming from polymorphic form of cellulose I were
observed.

It can be seen that intensities of these peaks
originating from untreated wood are higher than for
treated wood. Calculations have shown that ionic
liquid treatment was responsible for lowering degree
of crystallinity of wood down to 48% (for unmodified
wood X, = 64%). The observed decrease of crys-
tallinity degree can be ascribed to limitation of inter-
and intra-molecular hydrogen bonds within the cellu-
lose crystalline region. It results from the reaction of
the ionic liquid with the hydroxyl groups of the
cellulose, which in consequence led to a decrease in
the crystallinity. Decrease of crystallinity degree,
caused by change in mobility of cellulose chains,
was also observed for other cellulosic fillers and
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modifiers, e.g. 1-allyl-3-methylimidazolium chloride
and dimethylsulfoxide (Xu et al. 2008). Moreover, the
results of X-ray photoelectron spectroscopy (XPS)
confirm changes in the H-bond network of cellu-
lose after ionic liquids treatment, too (Zhang et al.
2009a).

Effect of treatment on the nucleation ability
of wood in polypropylene matrix

Research on defining the nucleating abilities of the
filler surface is crucial since fillers can play an
important role in process of polymer matrix crystal-
lization and in consequence, define the mechanical
properties of composites. An additional factor requir-
ing consideration is the fact that the surface of the
wood filler can be also modified. It should be
emphasized that until now ionic liquid treatment was
not applied in order to enhance the adhesion in wood
composite materials.

Differential scanning calorimetry tests were carried
out to examine the influence of the chemical treatment
of wood on its nucleating abilities. In Fig. 6 typical
exothermic behavior of PP and PP/wood composites
are presented.

Peaks in thermograms show the crystallization
process of PP. Addition of wood filler to polymer
matrix caused the peaks to shift towards higher
temperatures. A relationship between the crystalliza-
tion temperature and filler type can be observed.
Incorporation of unmodified wood into PP matrix
resulted in significant increase of T, (by 9 °C). On the
other hand, ionic liquid treatment induced less
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Fig. 4 Proposed mechanism of interaction between hydroxyl groups from wood and the didecyldimethylammonium

bis(trifluoromethylsulfonyl)imide
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Fig. 5 X-ray diffraction pattern of pure wood and wood
modified with ionic liquids

significant increase of T.—only by 4 °C. The obtained
T, values indicate that pine wood treated with IL used
as a filler for PP is characterized with lower nucleating
abilities.
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Fig. 6 DSC exotherms of PP and composite materials

In order to confirm the influence of ionic liquid
modification on nucleating abilities of the wood filler
the crystal conversion and crystallization half-times
were defined. Figure 7 shows crystal conversion
curves for composites and unfilled PP.

The shape of crystal conversion curves confirms the
significance of chemical modification of the wood—
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Fig. 7 The crystal conversion of PP matrix and composite
materials

the highest crystal conversion rate was observed for
composites with unmodified wood. Chemical treat-
ment with IL was responsible for lowering the crystal
conversion rate. However, values obtained for such
composites were still higher than for PP matrix.
Moreover, in comparison to unfilled PP, incorporation
of each type of the wood filler caused a decrease of
crystallization half-times (Table 1). Composites with
modified wood were characterized with higher values
of crystallization half-times (tp5 = 2.1 min) than
composites with unmodified wood (typ.5 = 1.6 min).

The determined kinetic parameters unambiguously
show that chemical treatment of wood with dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide decreases the nucleating abilities of
surface of the filler.

The obtained result are in line with other papers
(Amash and Zugenmaier 2000; Arbelaiz et al. 2006;
Borysiak 2007; Lee et al. 2010; Lenes and Gregersen
2006) in which decrease of nucleating abilities of the
modified lignocellulosic fillers was noticed. These
changes were discussed in terms of numerous factors

Table 1 The half-time of crystallization of PP and the com-
posite materials

Sample Half-time of crystallization (min) (SD)
PP 2.7 (£ 0.18)
PP + wood 1.6 (£ 0.11)
PP 4 wood-IL 2.1 (£ 0.14)
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such as topography of the surface, polymorphism,
chemical composition, and thermal conductivity. It is
worth emphasizing that there is no unambiguous data
regarding the characteristics of surfaces that are active
in heterogeneous nucleation process. However the
mechanism of this process is still not fully understood.

In Fig. 8 the crystallization process of PP in
presence of two types of filler, at 136 °C, is presented.

In Fig. 8a formation of transcrystalline structures of
polymer matrix in presence of untreated wood filler
can be observed. Such phenomena, called transcrys-
tallization, is related to the surface of the filler that has
a lot of active sites which are potentially responsible
for high density nucleation. As a consequence, crys-
tallites in polymer matrix tend to grow in a direction

A B

Fig. 8 Optical micrographs of PP morphologies obtained in the
presence of: A crude wood, B wood modified with ionic liquid
after (a 1 min, b 2 min, ¢ 4 min, d 6 min)
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perpendicular to the surface of the filler. The tran-
scrystallization can take place only if energetic
conditions of the nucleation process are more favor-
able on the surface of the filler than in bulk of the
polymer (Karger-Kocsis 1994).

The crystallization process is completely different
in presence of ionic liquid treated wood (Fig. 8b). In
this case, formation of large amounts of small
spherulites in polymer was observed. The transcrys-
talline layer was formed, too, but its density was very
low. That means that the chemical modification of the
filler decreased the nucleating activity of its surface.
Moreover, the crystal growth rate of transcrystalline
layer for composite with untreated wood was 14.4 um/
min. Composite systems containing wood after mod-
ification with ionic liquid were characterized by lower
growth rates (ca. 4.2 pm/min).

Even though transcrystalline structures are an
important factor that needs consideration during
formation of composites, mechanism of their forma-
tion is still not fully understood. Furthermore, rela-
tions between the chemical treatment of
lignocellulosic fillers and formation of transcrystalline
structures are very divergent. Nonetheless, literature
studies have shown that different types of chemical
treatment have a distinct influence on the nucleating
abilities of surface of the filler. An analysis of
published papers shows that chemical modification
can either decrease nucleating abilities of lignocellu-
losic filler (Amash and Zugenmaier 2000; Arbelaiz
et al. 2006; Borysiak 2013a, b; Gray 1974; Lee et al.
2010; Lenes and Gregersen 2006; Quillin et al. 1993)
or on the contrary, enhance its nucleating abilities
(Joseph et al. 2003; Zafeiropoulos et al. 2001). Based
on literature data, it is known that transcrystallization
results from molecular interactions between PP and
cellulose (Felix and Gatenholm 1994). Proper config-
uration provides interactions between methyl groups
of PP and glycosidic bonds present on surface of the
cellulose. Electron density around methyl group is
high enough to enable formation of van der Waals
interactions with atom of oxygen present in glycosidic
bond. Distance between two methyl groups (along c
axis) is 0.65 nm and is comparable to the distance
between oxygen atoms in glycosidic bond (0.66 nm).
This compatibility of dimensions may be a reason for
transcrystalline structures formation abilities. Also
Quillin (Quillin et al. 1993) stated that there is a strong
dimensional adjustment between cellulose chains

(0.82 nm) and methyl groups of PP (0.84 nm). Such
molecular compatibility is believed to determine the
epitaxial growth of transcrystalline layers on the
surface of cellulose. It is likely that the chemical
modification of wood, caused some changes in
molecular sizes of cellulose, and thus had a negative
influence on crystallographic adjustment of cellulose
and PP. The conducted WAXS studies have shown
that a decrease of crystallinity degree of wood
modified with IL is a result of restrictions in inter-
and intramolecular hydrogen bonds within the cellu-
lose crystalline region. Consequently, a crystallo-
graphic adjustment between cellulose chains and
macromolecules of PP becomes impaired. Moreover,
another aspect that needs to be taken into considera-
tion is surface and topography of the wood particles.
Based on literature (Borysiak 2009) it is known that
chemical modification of lignocellulosic fillers causes
smoothing of their surface and, in result, lowering
their nucleating activity. Greater roughness of the
native wood surfaces causes thermal stress concentra-
tion and enhances the nucleating process. On the other
hand, modification of wood with ionic liquid causes
smoothing of wood surface, and in consequence the
thermal stress that is responsible for transcrystalliza-
tion is sufficiently small.

Effect of chemical modification of wood
on the supermolecular structure of composite
materials

The aim of WAXS studies was to analyze the influence
of chemical modification of wood on formation of
supermolecular structure of composites obtained in
typical processing conditions. An important factor
determining formation of hexagonal form of PP during
extrusion and injection molding processes are shearing
forces (Garbarczyk et al. 2002; Leugering and Kirsch
1973; Varga and Karger-Kocsis 1996).

The X-ray diffraction patterns show the crystalli-
sation of PP in the presence of unmodified and
modified with IL wood (Fig. 9).

In the diffraction curves a peak coming from (-
phase of PP (at 20 = 16.2°) and peaks coming from
monoclinic o-PP can be distinguished. There was a
great divergence in intensity of peak coming from
hexagonal form of PP. Unfilled PP was characterized
with the lowest, 5%, content of B-phase. Introduction
into polymer matrix with 40% of untreated wood led to
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Fig. 9 X-ray diffraction patterns of PP matrix and composites
with various fillers

formation of high amounts, ca. 36%, of hexagonal
form of PP. The value calculated for composite filled
with modified wood turned out to be surprising, since
there was only 8% of B-PP, which is comparable to the
result obtained for unfilled polymer matrix.

This interesting result should be discussed in terms
of two aspects. Firstly, it can be seen that composites
with the ionic liquid modified wood are characterized
with lower amount of B-PP. It can be presumed that
decreased roughness of the modified wood filler
resulted in presence of lower shear forces which are
known to be responsible for B-PP formation. Similar
results were reported by Xie (2002), who studied PP
composites filled with sisal fibers. An enhanced
adhesion, resulting from addition of SEBS compati-
bilizer, was found to decrease the content of hexagonal
form of PP. Authors state that the chemical treatment
changed the topography of surface of cellulosic fillers.
This idea is also confirmed by other authors, who
tested PP composites with flax (Zafeiropoulos et al.
2002) and Kevlar fibers (Wang and Liu 1999). Also in
our previous research (Borysiak 2009) chemical
modification of wood with acid anhydrides was found
to be responsible for decrease of content of B-form of
PP. Moreover, SEM studies have shown that applied
modification introduced significant changes in topog-
raphy of wood. Untreated wood was characterized
with the highest roughness of the surface, whereas
chemically treated sample was definitely smoother.

The second possible explanation of the variation in
the amount of the hexagonal form versus kind of fillers
may be related to the kinetic aspect of formation of
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both polymorphic structures of isotactic PP. In com-
parison with the composites containing the untreated
wood, the chemical modification of wood with IL
decreased its abilities to form B phase of PP. Trans-
formation from B-PP to more stable form of a-PP is
known to be a characteristic feature of the polymor-
phism of PP (Lezak et al. 2006; Lotz 1998; Varga
1986). The observed differences in amount of each
polymorphic form of PP are a result of chemical
modification of the wood filler and can be interpreted
in terms of changes in nucleating abilities of the
surface of the wood, which was already discussed in
part 3.2.

It can be stated that deterioration of the nucleating
abilities of the lignocellulosic filler after chemical
modification facilitates the B — o phase conversion.
It was noted that for composites containing filler with
low nucleating abilities (ionic liquid treated wood),
not only the speed of formation of the transcrystalline
structures, but also crystal conversion rate was slower.
In such composites also crystallization half-times
were longer. That may promote relaxation processes
and B — o phase conversion.

Effect of treatment on the mechanical properties

It is believed that chemical treatment of the filler
enhances the mechanical properties of composites
containing such modified filler. Our findings are in line
with this hypothesis. Table 2 presents tensile strength
(Rg), Young’s modulus (E), elongation at break (¢),
and impact strength parameters obtained for tested
specimens.

The results show that the use of both, modified and
unmodified filler influences the mechanical properties
of PP composites. However, composites with ionic
liquid treated wood were characterized with higher
values of all tested parameters than composites with
untreated wood.

In comparison with matrix, addition of untreated
and treated wood caused the tensile strength to
increase to 34.5 and 38.6 MPa, respectively. The
possible explanation of this behavior may be enhanced
stress transfer between the wood and the polymer
matrix. It should be noted that the modification of
wood was responsible for changes in values of tensile
strength parameter. That is a result of improved
interfacial adhesion between polymer matrix and
wood fillers.
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Table 2 Tensile mechanical properties and impact strength of PP and composite materials

Sample Rg (MPa) E (GPa) & (%) Impact strength (kJ/m?)
PP 30.40 £ 0.08 1.58 + 0.11 487.00 &+ 22.10 56.40 £ 0.77
PP + wood 34.50 + 0.41 241 +£0.22 3.10 + 0.72 25.90 £+ 1.65
PP + wood-IL 38.60 + 0.19 2.63 + 0.13 9.40 + 0.11 29.70 £+ 1.89

Similar relationship was observed for Young’s
modulus, however the highest value of Young’s
modulus, 2.63 GPa, was noted for composite contain-
ing modified wood. The explanation is similar to that
of the tensile strength. The tensile modulus increased
with the use of modified fillers, which is believed to be
due to better interfacial bonding between the modified
filler and matrix.

As expected, the incorporation of wood fillers in
polymer matrix was responsible for a major decrease
of ductility. Elongation at break for PP reached value
of 487%, whereas for composite with untreated wood
the value of this parameter dropped to ca. 3%. For
composites with ionic liquid treated wood the elon-
gation at break was found to be 9.4%. Stronger
interphase interactions resulting from modification of
wood with ionic liquid are responsible for increase of
elongation at break in such composites. As opposed to
materials with unmodified wood that were character-
ized with brittleness, materials with ionic liquid
treated wood had definitely wider range of elastic
deformations.

Values of all mechanical parameters obtained for
PP are consistent with literature (Borysiak 2013a).
Composites containing wood were characterized with
slightly higher values of tensile strength and elastic
modulus than matrix. This strengthening effect
observed for samples with ionic liquid treated wood
may be attributed to better adhesion between compo-
nents of the composite (Croitoru et al. 2018). The
increased adhesion, enabling more efficient stress
transfer in composite system, is most likely a result of
increased wettability of the wood fibers. This hypoth-
esis is also supported by the research of Mahmood
et al. (Mahmood et al. 2015), who investigated
composites fabricated from lignocellulosic biomass
pretreated with ionic liquids.

The impact strength of unfilled polymer matrix
reached the value of 56.4 kJ/m”. Results show that
addition of wood flour, both untreated and treated,

caused the impact strength to decrease to 25.9 and
29.7 kJ/m”.

The decrease of impact strength noted for compos-
ites with wood can be associated with introduction into
polymer matrix weak interfacial regions in which
stress concentration occurs (Nygard et al. 2008).
Presence of the filler is also known to be responsible
for enhanced formation of holes and voids leading to
lower impact strength values (Adhikary et al. 2008).
The fact that ionic liquid treatment reduces the
roughness of wood was described by Croitoru et al.
(2011). Therefore, it can be stated that chemical
modification of wood not only enhanced the adhesion
between matrix and filler, but also limited the amount
of voids present in composites, and thus had an effect
on its mechanical properties.

It ought to be stressed that even though composites
with unmodified wood contained higher amount of -
PP form its impact strength was not increased. This
may be due to the fact that not only polymorphism but
also phenomena taking place at the polymer-filler
interface, which is controlled by chemical modifica-
tions of lignocellulosic filler, should be taken into
consideration. Chemical modification of wood was
found to enhance adhesion and formation of small
spherulitic structures and thus increase impact
strength of this composite.

Conclusions

Application of newly synthesized ionic liquid—dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide—was proved to be an effective method
for pine wood modification, resulting in preparation of
polypropylene/wood composites with good mechani-
cal properties. It should be emphasized that for the first
time ionic liquid was applied for hydrophobization of
surface of lignocellulosic filler. So far ionic liquids
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were used only as solvents for already known chem-
ical modifiers.

The results of FTIR and XRD analyses indicate
reactivity of ionic liquid with wood. The characteristic
bands of the sulphur-oxygen, nitrogen—oxygen, and
nitrogen-carbon bonds originating from ionic liquid
molecule were observed in the spectra of treated
wood. Ionic liquid chemical modification of wood
resulted in lowering of nucleating abilities what was
manifested by lower crystallization temperatures,
decrease of crystal conversion rate, and higher crys-
tallization half-times of polymer matrix. Moreover, a
reduction in tendency to form transcrystalline layer
was observed. Instead of transcrystalline layer a phase
of small spherulites with high density was formed.

In comparison with composites containing
untreated wood, composites with modified wood filler
were characterized with completely different super-
molecular structure. Materials filled with untreated
wood contained a high amount of B-phase of
polypropylene, whereas introduction into polymer
matrix the ionic liquid treated wood decreased the
amount of this hexagonal phase to level comparable to
unfilled polypropylene. This interesting fact can be
interpreted in terms of changes in nucleating abilities
of wood, controlled by its chemical modification and
B — o polymorphic transformation as well.

In view of obtaining proper, assumed properties of
composite materials understanding the relationship
between the nucleation ability of lignocellulosic filler
and the content of polypropylene polymorphs is
crucial. It should be stressed, that due to the fact that
each polymorphic form is characterized by different
properties their presence in the polymer matrix
influences the physicochemical properties of the
produced materials.

Based on the results obtained in this paper it follows
that the mechanical properties of wood composites are
a resultant of two factors: the polymorphic structure of
polymer matrix and nucleation ability controlled by
chemical modifications of lignocellulosic
components.
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Abstract Chemical modification of lignocellulosic
fillers is a hydrophobization process that has been used
for years in the production of wood-polymer compos-
ites (WPCs). However, finding new, more effective
modifiers is still a big challenge and remains the
subject of much research. This study involved the
chemical modification of wood with the use of newly
designed ammonium and imidazolium ionic liquids
containing reactive functional groups. The effective-
ness of the modification was confirmed using FTIR
and XRD techniques. The effect of modification of
wood on the supermolecular structure and morphology
of wood-polymer composites was investigated by
X-ray diffraction, hot stage optical microscopy and
differential scanning calorimetry. A significant influ-
ence of the modifier structure on the shaping of
polymorphic varieties of the polymer matrix was
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Faculty of Chemical Technology, Institute of Chemical
Technology and Engineering, Poznan University of
Technology, Berdychowo 4, 60965 Poznan, Poland
e-mail: Slawomir.Borysiak @put.poznan.pl

demonstrated. The chemical modification also had
significant effect on the nucleating properties of the
wood fillers, which was confirmed by the determined
crystallization parameters (crystallization half-time,
crystallization temperature, crystal conversion).
Moreover, the formation of a transcrystalline PP layer
was noticed, which showed a large variation depend-
ing on the structure of the used ionic liquid. The
obtained results correlated very well with the results of
mechanical tests. It has been shown that it is possible
to precisely design an ionic liquid containing a
reactive functional group capable of interacting with
hydroxyl groups of cellulose molecules. Moreover, the
possibility of functionalizing the lignocellulosic mate-
rial with innovative ionic liquids without the need to
use organic solvents has not been demonstrated so far.
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Introduction

Composites containing lignocellulosic fillers are an
ideal alternative to fully synthetic plastics and per-
fectly fit into ecological trends (Sabu Thomas, P.
M. Visakh 2012; Sandberg et al. 2017; Cao et al. 2020;
Zhu et al. 2020). They gained popularity owing to very
good mechanical properties, weather resistance, and
low price (Bledzki and Gassan 1999; Mohanty et al.
2000; Ashori 2008; Arwinfar et al. 2016; Alan and
Ada Pui Yan Hung 2017; Martins et al. 2017).

One of the most commonly used lignocellulosic
fillers is wood, a material with a complex anatomical
structure, mainly composed of cellulose, hemicellu-
lose and lignin. The synergistic effect of these
components in wood structure is responsible for its
attractive physicochemical properties. The main com-
ponent of wood—-cellulose is made of a long chain of

@ Springer

repeating D-glucose units, linked by B (1 - 4) -
glycosidic bonds. Moreover, its molecules contain
numerous hydroxyl groups (~OH) responsible for the
occurrence of strong hydrogen interactions between
the chains. However, the polar structure of cellulose is
also the main reason for its incompatibility with
hydrophobic polymer matrix (Pandey 1999; Oksman
et al. 2003; Inagaki et al. 2010; Rojas 2016). Problems
related to obtaining uniform dispersion of the filler in
the matrix and insufficient interfacial adhesion arise
during the production of biocomposites. Therefore, it
is necessary to consider performing an additional
compatibilization process (Bledzki and Gassan 1999;
Nufiez et al. 2003; Borysiak 2013a; Thakur et al.
2014b; Hokkanen et al. 2016; Herrera-Diaz et al.
2018). Many methods of chemical modification of
lignocellulosic components in terms of improving
filler—polymer interfacial adhesion are known, and
include: esterification reactions (Kazayawoko et al.
1999; Nunez et al. 2003; Abdulkhani et al. 2014),
acetylation reactions (Tserki et al. 2005; Ashori et al.
2014; Mantanis 2017) isocyanates reactions (Joly et al.
1996; Ellis and O’dell 1999; Shang et al. 2013), and
silanes reactions (Salon et al. 2007; Thakur et al.
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2014a; Hasan et al. 2019). However, despite their high
price, their effectiveness is limited, and these reactions
involve the use of a significant amount of toxic organic
solvents (Ichazo et al. 2001; Nachtigall et al. 2007;
Kalia et al. 2009; Danyadi et al. 2010; Frone et al.
2013; Sandberg et al. 2017).

An interesting alternative is to replace commonly
used modifiers requiring organic solvents with spe-
cially designed ionic liquids (Croitoru and Patachia
2016; Borysiak et al. 2018). Ionic liquids (ILs) are a
relatively new group of compounds, included in the
so-called green chemistry. They are composed of an
organic cation and a small-molecule anion. Their
characteristic features are low vapor pressure and
melting point which is usually below 100 °C. They are
called innovate compounds because there is almost
unlimited possibility for their precise design and
synthesis (Earle and Seddon 2002; Plechkova and
Seddon 2008). In addition, they have the ability to
dissolve both organic and inorganic compounds. Ionic
liquids have been applied in many industries, primar-
ily as non-toxic solvents for many reactions (Huddle-
ston et al. 2001; Kilpeldinen et al. 2007; Li et al. 2008;
Sun et al. 2009; Anugwom et al. 2012; Isik et al. 2014).
For the first time ionic liquids as cellulose solvent were
used by Swatloski in 2002. Swatloski used ionic
liquids  containing  1-butyl-3-methylimidazolium
cation substituted with anions of different structure
(Swatloski et al. 2002). Also many other works have
investigated the influence of the structure of ionic
liquids on the efficiency of cellulose dissolution
process (Vitz et al. 2009; FitzPatrick et al. 2012;
Berga et al. 2020). Subsequent literature (Pernak et al.
2004; Zabielska-Matejuk et al. 2015; Feder-Kubis
et al. 2019) described the use of ionic liquids as wood
impregnating agents. Among others, 3-alkoxymethyl-
1-methylim-idazolium tetrafluoroborates and hexaflu-
oro-phosphates were used for the preservation of Scots
pine boards. The work showed excellent ability of the
compounds to penetrate the wood and their very good
fungicidal properties (Pernak et al. 2004).

Another research approach suggested the use of
ionic liquids as a reaction medium during cellulose
functionalization. Many ionic liquids have been
proposed to replace commonly used organic solvents.
Esterification reactions have been successfully carried
out using i.a.l-allyl-3-methylimidazolium chloride
([Amim] + Cl-) (Wu et al. 2004), 1-N-butyl-3-
methylimidazolium chloride ([C4mim]*Cl™) (Heinze

et al. 2005), and 1-ethyl-3-methyl-imidazolium acet-
ate ((EMIM]*TOAc ™) (Hinner et al. 2016). The work of
Kakko et al. presented the possibility of obtaining
cellulose acetate using ionic liquid (1,5-diazabicy- clo
[4.3.0] non-5-ene acetate ([DBNH] + [OAc]-) as
solvent. The reagent system, which was used, was
characterized by high efficiency in the synthesis of
cellulose acetate. Additionally the byproducts and
residual solvent were shown to be capable of regen-
eration and recycling (Kakko et al. 2017).

Another direction of research is the application of
ionic liquids as direct wood modifiers without the need
to use other chemical compounds. This solution has
many advantages, the most important of which is that
no organic solvents are needed. In our recent work
(Borysiak et al. 2018), didecyldimethylammonium
bis(trifluoromethylsul- fonyl)imide was used as a
modifier of pine wood. The modification reactions
were based on the interactions of the ionic liquid anion
with the hydroxyl groups of cellulosic materials. In
this study, the reactions were shown to be highly
efficient and effective. It was found that chemical
modification of wood influenced the course of crys-
tallization of polymer matrix. An improvement in the
strength properties of the composites containing the
modified lignocellulosic filler was observed, which
was explained by an improvement in the interfacial
interactions between the components. Successful
wood modification using commercial ionic liquids
methyltrioctylammonium bis(trifluoromethylsul-
fonyl)imide (MTOIm) and trihexyltetradecylphos-
phonium bis (2,4,4-trimethylpentyl) phosphinate
(TTDPP) without the use of a solvent is also reported
in the work of Croitoru et al. (Croitoru et al. 2018). The
obtained hydrophobized fillers were then used to
produce wood/HDPE composites.

However, it is worth noting that the use of
chemically modified wood as a filler for polymer
matrices does not always guarantee the achievement
of improved physicochemical properties of composite
materials (Borysiak 2012; Paukszta and Borysiak
2013; Thakur and Thakur 2014; (Robin and Breton
2001; Kaboorani et al. 2008; Arwinfar et al. 2016;
Tufan et al. 2016; Sandberg et al. 2017). The necessary
condition is to obtain strong interfacial polymer-filler
interactions. Therefore, many works deal with the
study of phase boundary phenomena (Nachtigall et al.
2007; Danyadi et al. 2010; Borysiak 2013a; Petri¢
2013). Particularly important is the analysis of the
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nucleation activity of the surface of lignocellulosic
fillers, e.g. by the formation of transcrystalline struc-
tures (TCL).This phenomenon is highly desirable
because it leads to an increase in the interactions
between the filler and the polymer matrix, which
consequently determines an improvement in the
strength characteristics of composite systems (Varga
1992a; Wang and Liu 1999; Amash and Zugenmaier
2000; Zafeiropoulos et al. 2001; Borysiak 2013a). In
addition, increasing the nucleation ability of the filler
surface has a significant effect on reducing the
processing cycle times of polymer composites, which
determines the economy of the process.

In the present work, ionic liquids containing active
functional groups capable of reacting with cellulose
and also containing long alkyl substituents compatible
with polymer chains were designed and synthesized
for the first time. The innovative ionic liquids provided
the possibility to functionalize and simultaneously
hydrophobize cellulose without the use of any solvents
or additional organic modifiers, which has not been
reported in the literature so far. The aim of this work
was to analyze the influence of the structure of the
ionic liquids used for wood modification on the
structure and properties of the obtained composite
materials.

Experimental
Materials

In this study, isotactic polypropylene (iPP) with trade
name Moplen HP456J (MFR230 °C/2.16 kg-3.4 g/
10 min) manufactured by BasellOrlen Polyolefins
(Plock, Poland) was used as a matrix.

The pine wood (W) (Pinus silvestris) used for the
modification came from the company Forestry—
Kaminska (Poland). Before reaction, the wood was
cut and sieved through a FRITSCH Pulverisette 19
cutting mill with a rotor speed of 2800 rpm. The
particle size ranged from 0.5 to 1.0 mm. Pine wood
was dried at 70 °C in a circulating air oven for 24 h.
The moisture content was less than 1 wt %. The raw
material was used for the chemical modification
process.

@ Springer

Synthesis of designed ionic liquids

In this study, four novel ionic liquids containing a
functional group in the form of a carboxyl group were
synthesized. The aim of the synthesis was to obtain
liquids with ammonium and imidazolium cations.

Preparation of ammonium ionic liquids

The ammonium liquids (IL1 and IL2) were obtained
by ion exchange reaction by adding bis(trifluo-
romethane)sulfonimide lithium salt LiN(SO,CFz),
solution to an aqueous solution of N-dodecyl-N-
carboxymethyl-N,N-dimethylammonium chloride or
N-tetradecyl-N-carboxymethyl-N,N-dimethylammo-
nium chloride in a 1:1.1 weight ratio. The resulting
solutions were stirred at room temperature for 2 h. The
aqueous phase was decanted, and the product was
washed with distilled water until chloride ions were no
longer detected with the AgNOj; solution.

Preparation of imidazolium ionic liquids

Imidazolium ionic liquids were prepared in a manner
analogous to that described above for amine liquids
using 1-carboxymethyl-3-tetradecylimidazolium and
1-carboxymethyl-3-dodecylimidazolium  chlorides,
respectively.

The scheme of the synthesis of ionic liquids is
shown in Fig. 1.

The chemical formulas and determinations of the
obtained novel ionic liquids are shown in Table 1.

Chemical modification of wood by ionic liquids

Raw pine wood samples were chemically modified
using four different ionic liquids. In each case, the
modification proceeded in the same way. Dry wood
flour was added directly to the ionic liquids in a weight
ratio of 1:8. The reactions were carried out at 100 °C
for 6 h using a mechanical stirrer (150 rpm). After
reaction, the resulting suspension was filtered, washed
with ethanol and centrifuged to eliminate unreacted
ionic liquid. The modified wood was dried in a
vacuum dryer at 110 °C for 30 min. The scheme of
wood modification is shown in Fig. 2.
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Fig. 1 Scheme of synthesis of a ammonium, b imidazolium ionic liquids
Table 1 Chemical formulas, names, and designations of ionic liquids
Symbol ~ Name Chemical formula
IL1 N-dodecyl-N-carboxymethyl-N,N-dimethylammonium bis(trifluoromethylsulfonyl)imide CH,
Hac—rilLCHZCOOH
CioHas  NTR,
L2 N-tetradecyl-N-carboxymethyl-N,N-dimethylammonium bis(trifluoromethylsulfonyl)imide (i‘,Hg
H3C—til+—CH2COOH
CiaHao  NTE,
IL3 1-carboxymethyl-3-tetradecylimidazolium bis(trifluoromethylsulfonyl)imide _CH,CO0H
+
N
|
N) -
‘ NTF,
C1aHag
L4 1-carboxymethyl-3-dodecylimidazolium bis(trifluoromethylsulfonyl)imide CH,COOH
—
|
N ) -
| NTF,
CiaHas

Preparation of wood-polymer composites

Wood-polypropylene composites containing raw
wood and wood modified with ionic liquids were
prepared in two steps. Initially, wood particles at 50%
content were introduced into the PP granules using a
co-rotating twin-screw extruder (Zamak 16/40 EHD,
Poland). The length to diameter ratio L/D of the

extruder was 40 mm and the screw diameter was
16 mm. The process was carried out at a cylinder
temperature of 160—195 °C. The cooled strands were
then ground into pellets and dried. In the second step,
the composite granules were injection molded at
200 °C. This process resulted in shaped samples
according to ASTM specifications for tensile and
impact testing.

@ Springer
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Fig. 2 The scheme of wood modification with novel ionic liquids

Physicochemical characteristics of modified wood
and composites

NMR spectroscopy

To confirm the chemical structure and to investigate
the purity of the newly synthesized ionic liquids,
'"HNMR and "CNMR analyses were performed.
Nuclear magnetic resonance spectra were recorded
using a Brucker spectrometer at 400 MHz for 'H
NMR and 100 MHz for '*C NMR. Tetramethylsilane
was used as an internal standard.

The results of NMR measurements are as follows:

N-dodecyl-N-carboxymethyl-N,N-dimethylammo-
nium  bis(trifluoromethylsulfonyl)imide IL1: 'H
NMR (400 MHz, DMSO-dg) & [ppm]: 0.85-0.88
(t, 3H J = 6.8 MHz); 1.26(s, 20H); 1.60-1.61(t;
J =2.95, 2H); 2.77(s, 6H); 3.00-3.04(m; 2H). '*C
NMR (100 MHz, DMSO-dg) 6 [ppm]: 13.8; 22.2;
23.83, 25.89; 28.58; 28.87; 28.89; 28.94; 29.06;
29.17; 31.45; 42.15; 56.84; 114.8; 118.0; 121.2;
124.4; 167.12.
N-tetradecyl-N-carboxymethyl-N,N-dimethylam-
monium bis(trifluoromethylsulfonyl)imide IL2: 'H
NMR (400 MHz, DMSO-dg) 6 [ppm]: 0.77-0.8 (t,
3H J = 6.85 MHz,); 1.17(s, 24H); 1.51-1.54(m;
2H); 2.77(s, 6H); 3.00-3.04(m; 2H).

3C NMR (100 MHz, DMSO-dg) & [ppm]: 13.85;
21,89; 22.19; 23.78, 25.87; 25.90; 28.59; 28.85;
28.92; 29.06; 29.15; 29.19; 31.42; 42.09; 56.72;
114.76; 117.96; 121.16; 124.36; 166.67.
1-carboxymethyl-3-tetradecylimidazolium bis(tri-
fluoromethylsulfonyl)imide IL3: 'H NMR
(400 MHz, DMSO-dg) & [ppm]: 0.84-0.87 (t, 3H
J =68 MHz); 1.24 (s, 22H); 1.77-1.80 (t, 2H
J=17MHz); 4.19-4.23 (t, 2H J =72 MHz);
7.711-7.72 (t, 1H J = 1.75 MHz); 7.77-7.78 (t, 1H
J = 1.75 MHz); 9.15 (s, 1H). >*C NMR (100 MHz,
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DMSO-dg) 6 [ppm]: 13.92; 22.14; 25.49; 25.74;
28.4;28.45;28.77; 28.89; 29.0; 29.08; 29.11; 29.12;
29.44; 31.35; 48.86; 50.42; 117.9; 121.11;121.73;
123.89; 137.02; 168.09.
1-carboxymethyl-3-dodecylimidazolium bis(triflu-
oromethylsulfonyl)imide IL4: '"H NMR (400 MHz,
DMSO-dg) & [ppm]: 0.84-0.88 (t, 3H
J=6.85MHz); 1.25 (s, 18H); 1.79 (m, 2H);
4.20-4.23 (t, 2H J = 7.2 MHz); 7.71-7.72 (t, 1H
J =1.75 MHz); 7.77-1.78 (t, 1H J = 1.75 MHz);
9.14-9.15 (t, 1H J=14MHz). *C NMR
(100 MHz, DMSO-d¢) & [ppm]: 13.90; 22.12;
25.48; 28.38; 28.76; 28.87; 28.98; 29.05; 29.43;
31.33; 48.88; 50.3; 114.7; 117.9; 121.11;121.76;
123.89; 124.3; 137.04; 168.13.

X-ray diffraction

The supermolecular structure of the obtained modified
and raw wood samples were analyzed by X-ray
diffraction (XRD). CuKa radiation was applied at an
operating voltage of 30 kV and an operating current of
25 mA. The results were recorded as plots of reflection
intensity as a function of diffraction angle 2@, ranging
from 5 to 30 © with step of 0.04°/3 s. The method of
Hindeleh (Hindeleh and Johnson 1971) corrected by
Rabiej (Rabiej 1991) was used to perform deconvo-
Iution of the peaks. After separation of the X-ray
diffraction lines, the degree of crystallinity (Xc) of the
wood was calculated for all samples by comparing the
areas under the crystalline peaks and under the
amorphous curve.

Additionally, diffractometric studies of the com-
posite samples were conducted to characterize the
polymorphic variations of the polymer matrix.
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FTIR spectrometry

Changes in chemical composition and structure of
unmodified wood and samples after chemical modi-
fication with ionic liquids were determined by FTIR
analysis. For this purpose, wood samples in the ratio of
1/200 mg were mixed with KBr (Sigma-Aldrich,
Germany). FTIR spectra were recorded using a
Nicolet iS5 Infinity spectrophotometer (Thermo
Fisher Scientific) with a Fourier transform in the
wavelength range of 500-4000 cm-1 at a resolution of
4 cm-1, recording 16 scans.

Differential scanning calorimetry DSC

DSC thermal analysis of wood-PP composites was
carried out using a Netzsch DSC 200 calorimeter.
Measurements were made in an inert gas (nitrogen)
environment under dynamic conditions. At the first
step, the samples were heated from 40 °C to 200 °C
(heating rate 10 °C/min) and held at this temperature
for 3 min to eliminate their thermal history. Then
samples were cooled to 40 °C at a cooling rate of 5 °C/
min. This cycle was repeated twice and only the data
recorded in the second round were used for calcula-
tions. The obtained results allowed to determine the
characteristic temperatures of the material: crystal-
lization temperature (Tc) and melting temperature
(Tm), which were defined as the highest temperature
of exothermic and endothermic peaks, respectively.
The degree of crystallinity of the composites (Xc) was
calculated from Eq. 1.

Xc = AHm x 100 (1)

0 %wt filler

where: AHm is the enthalpy of melting (from the
second heating cycle), AHm® is the enthalpy of
melting of 100% crystalline polymer matrix
(209.0 J/g for PP), and % wt filler is the percentage
of filler.

Furthermore, based on the dependence of the
degree of phase conversion (o) as a function of
crystallization time (Eq. 2), the half crystallization
time (to 5) was determined, which is defined as the time
at which 50% conversion of the amorphous to
crystalline phase occurred.

Hot stage optical microscopy

Changes in the crystallization process of PP in the
presence of chemically modified lignocellulosic fillers
compared to composites filled with raw wood were
analyzed using a Labophot-2 polarized optical micro-
scope (Nikon) connected to a Panasonic CCD camera
and equipped with a Linkam TP93 hot-stage device.
During the measurement, composite samples were
initially heated to 200 °C at a rate of 40 °C/min and
held at this temperature for 3 min to eliminate their
thermal history. The samples were then cooled at a rate
of 20 °C/min to 136 °C, at which the isothermal
crystallization process occurred. The nucleation activ-
ity of the modified lignocellulosic fillers in the PP
matrix was investigated by observing the formation of
transcrystalline structures.

Mechanical testing of composite materials

The tensile properties of WPCs were measured using a
Zwick Z020 universal testing machine (Zwick/Roell).
The measurements were performed according to PN
EN ISO 527-3: 2019-01. The specimens were stati-
cally tensile with a load cell capacity of 20 kN at a
speed of 5 mm/min. The basic strength parameters of
the composites were determined: Young’s modulus
(YM), stress at break (TS) and elongation at break
(EB). According to ISO 179, Charpy notched impact
tests were performed on specimens using a Zwick
5102 machine.

Results

Characterization of wood after modification
with ionic liquids

XRD
Changes in the supermolecular structure of wood

caused by chemical modification were analyzed using
wide angle X-ray diffraction (XRD). The recorded
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diffraction patterns for unmodified and modified fillers
are shown in Fig. 3.

X-ray analysis showed significant changes in the
structure of lignocellulosic fillers. The diffraction
patterns showed characteristic diffraction maxima at
the angles 2 =~ 15°, 17° and 22.7° clearly indicating
the polymorphic variety of cellulose I. These peaks
belong to the (110), (110) and (200) lattice planes,
respectively (French 2014). Importantly, the modifi-
cation of wood with ionic liquids did not result in
conversion of the polymorphic form into cellulose II.
Furthermore, it can be noted that the intensity of
maxima showed a large variation, which may indicate
changes in the content of the crystallinity of individual
wood fillers. It was found that the intensity of the
maxima from wood modified with ionic liquids was
decreased compared to unmodified wood. Based on
the obtained diffractograms, the content of the

C))

wood -IL2

wood -IL1

Intensity /a.u.

wood

20

(b)

wood -IL4

wood -IL3

Intensity /a.u.

wood

5 7 9 1 13 15 17 19 21 23 25 27 29
20

Fig. 3 X-ray diffraction patterns of unmodified wood and
wood modified with ionic liquids a ammonium b imidazolium
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crystalline phase (Xc) in the filler samples was
determined (Table 2).

The use of all ionic liquids in the modification of
fillers resulted in reduction of the crystalline phase
content. The decrease in Xc is particularly noticeable
in the case of the use of ammonium salts, where the
degree of crystallinity was obtained at the level of
30-38%. The wood modified with imidazolium salts
was characterized by much higher crystallinity values
(appx. 42—43%) compared to the liquid with ammo-
nium cation. X-ray studies did not show any signif-
icant effect of alkyl chain length on the content of
crystalline phase of the modified wood fillers. The
decrease in the content of crystalline phase can be
explained by the changes taking place at the level of
the intermolecular interactions of cellulose. During
modification, ionic liquids penetrate the structure of
polysaccharides and, as a result of the reaction of
hydroxyl groups with the carboxyl group of the cation,
break intermolecular and intramolecular hydrogen
bonds, especially in the crystalline region of cellulose.
The ordered structure is disturbed as evidenced by a
decrease in the value of the Xc parameter. Similar
relationships were noted and described in the previous
work, in which dodecyldimethylammonium bis(triflu-
oromethylsulfonyl)imide was used to modify the
wood (Borysiak et al. 2018). It is worth noting,
however, that in the case of the innovative modifiers
that are the subject of this study, a much greater
reduction in the value of the degree of crystallinity was
obtained, which may be the result of the formation of
covalent bonds between the wood and the modifier.

FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) was
performed to evaluate the effectiveness of the chem-
ical modifications of pine wood. Figure 4 shows FTIR
spectra of pine wood before and after the chemical
reaction with ionic liquids.

Table 2 The crystallinity Xc [%]

degree (Xc) of lignocellu-

losic fillers wood 32
wood-IL1 38
wood-1L2 30
wood-1L3 43
wood-1L4 42
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The obtained spectra revealed chemical changes in
the wood and allowed to confirm the effectiveness of
the chemical modification process with ionic liquids.
Most of the characteristic frequencies were in the
range from 4000 to 400 cm-1. In the case of unmod-
ified pine wood, characteristic strong bands were
observed, among which we can distinguish those with
a wave number of about 3430 cm-1 and 2900 cm-1,
originating from O-H stretching vibrations and C-H
stretching vibrations, respectively. In addition, at the
wave number of about 1740 cm-1, a band of medium
intensity coming from C=O0 stretching vibrations was
recorded (Pandey 1999). It is also worth emphasizing
that higher intensity of this band was observed for
wood samples modified with imidazolium ionic
liquids, which may indicate a higher efficiency of this
type of modification compared to modification with
ammonium liquids. For the filler samples subjected to
chemical modifications, the occurrence of all bands
characteristic for raw wood was observed. At the same
time, at the wave number of about 1690-1760 cm-1
and about 1100 cm-1, an increase in the intensity of
the bands was recorded, which come from the C=0
and C-O stretching vibrations of the ester group,
respectively. The obtained results are consistent with
previous reports (Abushammala et al. 2017), in which
the appearance of the same bands was observed in
cellulose and lignin samples subjected to acetylation
reaction as a modifier using 1-acetylimidazole.The
band at a wavelength of about 1700 cm-1 resulting
from vibrations of the ester bond after cellulose
acetylation reaction was also noted in the work of Zhu
et al. (Zhu et al. 2020). Thus, it can be concluded that
the appearance of these bands proves the effectiveness
of the reaction of the carboxyl group of the ionic liquid
with the hydroxyl groups of wood.

Moreover, on the obtained spectra at the wave-
length of 2960 cm-1, high-intensity bands were
observed, related to the occurrence of C—H stretching
vibrations derived from the alkyl substituent at the
cation of the ionic liquids used. For the wave number
1350 cm-1 and 1195 cm-1 was recorded as a band of
medium intensity derived from stretching vibration
S=0 for sulfones. Also, the bands at about 1230 cm-1
and 1060 cm-1, which come from C-N stretching
vibrations, and about 1080 cm-1 coming from C-F
stretching vibrations, confirm that the chemical mod-
ification with the applied ionic liquids was effective
(Ones 1978; Borysiak et al. 2018). Figure 5 proposes

the mechanism of wood reaction with the ionic liquids
used.

Physicochemical characterization of WPCs
Differential scanning calorimetry DSC

The thermal analysis of the composites by differential
scanning calorimetry (DSC) was carried out to study
the effect of chemical modification of lignocellulosic
fillers on the phase transformations in the PP matrix.
Figures 6 and 7 show the curves of exo- and
endothermic transformations.

The analysis of the obtained data has shown that
chemical modification of wood does not cause signif-
icant changes in the course of endothermic transfor-
mations of polypropylene matrix (Fig. 6). The
obtained curves had a similar course, and the maxima
visible in the thermograms were characterized by a
similar position. On the other hand, significant
changes were noted in the case of exothermic trans-
formation (Fig. 7). It was noticed that the introduction
of lignocellulosic fillers into the polymer matrix
causes a shift of the peak maxima towards higher
temperatures. In addition, visible differences in the
width of the peaks were observed, which may indicate
a possible differentiation in the course of the matrix
crystallization process. On the basis of the obtained
curves, the melting point (Tm) and crystallization (Tc)
values were determined for pure polypropylene and
PP/wood composites. The results are summarized in
Table 3.

The obtained melting point values for all tested
systems were comparable with the melting point of
pure polypropylene and ranged between 162.6 and
164.5 °C. Similar correlations have been observed in
many previous works on wood modification. e.g. in the
work of Ichazo, who used in his study silane
compounds to treat this materials (Ichazo et al.
2001). It can therefore be assumed that changes
caused by the chemical interaction of reagents with
wood, including ionic liquids, do not have a significant
impact on the course of endothermic changes.

The DSC results of the exothermic phase transition
of the composite systems studied allowed to find the
relationship between the polypropylene crystallization
temperature and the type of filler used. The Tc of
unfilled PP was 114.2 °C. The introduction of unmod-
ified wood into the matrix increased this value to
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Fig. 4 FTIR spectra of wood modified with IL: a ammonium, b imidazolium

115.4 °C. Similar results were obtained for composite
samples containing wood modified with ammonium
ionic liquids (IL1 and IL2), for which, regardless of
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the structure of the alkyl substituent, the obtained
values were similar to raw wood (115 and 115.5 °C
respectively). Interestingly, the introduction of fillers
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Fig. 5 Proposed mechanism of reaction wood with ionic liquids
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Fig. 6 DSC thermograms of the melting process for iPP and
composite materials
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Fig. 7 DSC thermograms of the crystallization process for iPP
and composite materials

treated with imidazolium ionic liquids resulted in the
greatest increase in the Tc value, even by more than
6 °C, but only for the PP-wood-IL4 sample, where the
alkyl substituent of the ionic liquid was shorter (C12).
For wood modified with an imidazolium ionic liquid
with a longer substituent, the Tc values were compa-
rable for wood modified with ammonium liquids.
The obtained dependencies clearly show that the
value of the crystallization temperature of composite
samples with wood modified with ionic liquids strictly

Table 3 The melting (Tm) and crystallization (Tc) tempera-
tures for all tested systems

Tm [°C] Tc [°C]
PP 162.7 114.2
PP-wood 163.0 1154
PP-wood-IL1 163.1 115.0
PP-wood-IL2 162.6 115.5
PP-wood-1L3 163.5 115.7
PP-wood-1L4 164.5 120.8

depends on the type of the cation used (ammonium,
imidazolium) and its spatial structure, i.e., the length
of the alkyl substituents. It should also be noted that
for all the samples containing the chemically modified
filler, the Tc values were higher than those for the
unfilled polymer matrix. These results prove the high
nucleating capacity of the fillers, and the wood-1L4
filler turned out to be the most effective in the process
of nucleation of the polypropylene matrix. It is also
worth adding that so far carrying out many chemical
modifications of wood with modifiers such as: acid
anhydrides (Quillin et al. 1993), carbonyl diimida-
zoles (Lenes and Gregersen 2006), ionic liquids
(Borysiak et al. 2018) has been responsible for the
reduction of nucleating activity compared to raw
wood.

In the next stage, in order to confirm the influence of
chemical modification of wood on the nucleation
capacity of the obtained filler, the degree of conver-
sion of the amorphous to crystalline phase and the
crystallization half-time (tyo5) were determined. The
results are shown in Fig. 8 and Table 4.

The introduction of lignocellulosic filler into the
polymer matrix significantly influenced the course and
kinetics of the crystallization process. Significant
changes in the shape of phase conversion curves and
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in the values of half-time of crystallization were
observed. For all composite samples, an increase in the
degree of phase conversion and a reduction in the half-
time of crystallization compared to unfilled PP can be
noticed. It can also be observed that the composites
with wood modified with ammonium ionic liquids
were characterized by comparable values of t, 5 to the
systems with unmodified wood (appx. 2.4-2.5 min).
In the case of composites containing wood modified
with imidazolium liquids, a shortening of half-times of
crystallization was noted, which is particularly notice-
able for the system with wood treated with a modifier
with a shorter alkyl substituent (tgs = 2.2 min). The
differences in the values of the crystallization param-
eters obtained by the samples modified with ammo-
nium and imidazolium liquids may be caused by the
different nature of their interactions both with the
wood surface and with PP chains. During modifica-
tion, ionic liquids are built into the structure of wood,
which in consequence may hinder migration of
polymer chains, causing spatial hindrance around the
lignocellulosic filler. The comparison of the effect of
the alkyl chain length shows that the course of the
nucleation process is easier in the case of a liquid-
modified wood with a shorter alkyl substituent.
Chemical modification of wood with ionic liquids
containing functional groups capable of forming
permanent covalent bonds is a new field of research
and there are no reports in the literature devoted to the
analysis of the influence of this modifying factor on
the physicochemical properties of the filler, including
its nucleation activity. Previous studies on the chem-
ical treatment of wood, in contrast to those obtained in
this paper, described a decrease in the nucleation
capacity of chemically modified lignocellulosic fillers

100

80 —e—pP

—&— PP-wood
60
—&— PP-wood-IL1
40 —&— PP-wood-IL2

—&— PP-wood-IL3

Crystal conversion/ %

20 PP-wood-I1L4

Time/min

Fig. 8 The crystal conversion of PP matrix and composite
materials with wood modified
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Table 4 The crystallization
half-times (ty s) for all tes-
ted systems PP 35

PP-wood 2.4
PP-wood-IL1 2.4
PP-wood-IL2 2.5
PP-wood-IL3 2.3
PP-wood-1L4 2.2

(to.5) [min]

(Amash and Zugenmaier 2000; Arbelaiz et al. 2006;
Yang et al. 2010; Borysiak 2012; Johari et al. 2016).
The increase in the surface activity of wood modified
with imidazolium ionic liquid containing carboxyl
groups obtained in this study is extremely important,
although it should be emphasized that the mechanism
of the heterogeneous nucleation process is a compli-
cated process, dependent on many factors and has not
been fully understood yet.

In order to confirm the obtained results concerning
the improvement of the nucleation activity of wood
subjected to chemical modification, in the next stage,
polarized light microscopy studies were performed
with a heating attachment.

Hot stage polarized light microscope

Figure 9 shows the process of isothermal crystalliza-
tion of polypropylene in the presence of various
lignocellulosic fillers at 136 °C.

The obtained microscopic images show a large
variation in the course of isothermal crystallization of
polypropylene, which shows how much the process is
influenced by the type of filler used. In all samples, the
formation of transcrystalline structures of the
polypropylene matrix was observed, but with different
effectiveness. In each system, the nucleation took
place preferentially along the wood filler, although in
the case of composites containing wood modified with
ammonium liquids (Fig. 9b and c), simultaneous
formation of a fine-spherulite structure in the “mass”
of the polymer and the formation of transcrystalline
structures near the wood surface with a very low
density were observed. A completely different course
of crystallization occurs in systems with wood mod-
ified with imidazolium compounds (Fig. 9d and e). For
these systems, mainly the formation of transcrystalline
structures was observed, while few spherulites appear
in the “mass” of the polymer. However, it can be seen



Cellulose (2021) 28:10589-10608

10601

Fig.9 PLM pictures of polypropylene recorded in the presence of: a unmodified wood, b wood-IL1, ¢ wood-1L.2, d wood-IL3, e wood-

IL4. The yellow arrow marks the appearing TLC layer

that the effectiveness of the formation of structures at
the interface significantly depends on the structure of
the imidazolium cation. The use of a modifier with a
shorter alkyl substituent (Fig. 9e) is responsible for
obtaining a very high nucleation activity of the wood
surface, which is manifested by a high density of the
formed centers of nuclei. In the case of using an
imidazolium liquid with a longer alkyl substituent C14
(Fig. 9d), the formation of TCL layers was also found,
but with a much lower density It is also worth
emphasizing that the on-line research of the

crystallization process showed that the modification
of wood with the use of ammonium ionic liquids and
imidazolium liquids with a long aliphatic chain
resulted in a reduction of the nucleation capacity of
wood compared to the unmodified filler (Fig. 9a).

In the further part of the study, the average growth
rate of spherulites was determined for all tested
systems. The obtained results are summarized in
Table 5.

The highest growth rate of the TLC layer was
recorded for the PP-wood-IL4 system (5 pm/min), for
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which the highest efficiency of heterogeneous nucle-
ation was observed. This value is higher than the
growth rate of TCL for the system with unmodified
wood (4.5 pm/min), which clearly confirms the
increase in the nucleation activity of wood in the case
of using the modifier in the form of an imidazolium
liquid with a shorter alkyl substituent For composites
containing wood modified with ammonium liquids,
the lowest growth rate of TCL was obtained (appx.
2 pm/min), which confirms that this type of modifi-
cation is responsible for the reduction of nucleation
activity. The use of wood modification with the use of
imidazolium liquid with a longer alkyl substituent
resulted in obtaining slightly higher TCL growth rates
compared to ammonium modifying systems.

The literature reports to date indicate that there are
many factors influencing the mechanism of the
transcrystalline layer formation in the polymer matrix.
These include, for example, the type and structure of
the filler, the topography of its surface, and the cooling
rate (Cai et al. 1997; Quan et al. 2005; Borysiak 2013b;
Raka and Bogoeva-Gaceva 2017). It should also be
emphasized that the previous studies mainly show that
carrying out the chemical modification of lignocellu-
losic fillers with modifiers reduces the nucleating
activity, which the authors often explain by removing
impurities and other non-structural components of
wood that can potentially be active nucleants.

In this study, it was shown that the selection of an
appropriate modifier structure in the form of imida-
zolium ionic liquid may contribute to the increase of
nucleating activity, which is extremely important in
the context of obtaining good interfacial adhesion.
Such an effect of improving nucleation activity may be
the result of a better matching of the crystal structure
of cellulose functionalized with an ionic liquid with a
suitable structure of the imidazolium cation to the

Table 5 Growth Rate of TCL in WPCs

Samples Growth rate of TLC [pum/min]
PP-wood 4.5
PP-wood-IL1 2.0
PP-wood-1L2 2.1
PP-wood-1L3 2.8
PP-wood-1L4 5.0
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polypropylene chains. Considerations of the related
epitaxy effect responsible for the formation of tran-
scrystalline structures have been the subject of several
papers (Borysiak 2010, 2013a).

In conclusion, microscopic studies have shown that
designing an appropriate structure of the modifying
agent for chemical wood treatment is an important
criterion in obtaining fillers with good nucleation
activity. The results of microscopic study are consis-
tent with the DSC tests which show that the compos-
ites with wood modified with imidazolium ionic liquid
with alkyl substituent C12 showed the highest nucle-
ation activity, which is confirmed by the determined
kinetic parameters of the nucleation and crystalliza-
tion process of the polymer matrix in the presence of
fillers.

The phenomenon of transcrystalline layer forma-
tion in the process of polypropylene crystallization in
the presence of the filler is extremely important and
particularly desirable, because its occurrence is
directly connected with obtaining much better
mechanical properties of the material in comparison
with those in which this phenomenon does not occur.
Therefore, mechanical tests were also performed
(Sect. Mechanical testing) to confirm the application
potential of the obtained composite materials.

X-ray diffraction examination

The XRD analysis was performed in order to deter-
mine the influence of the wood functionalization on
the supermolecular structure of composite materials.
The obtained diffraction curves are shown in Fig. 10.

On the diffractograms can be observed maxima
indicating the presence of two polymorph variety of
polypropylene. The o-PP form was recorded at the
diffraction angles 2@ = 14°, 17°, 18.5°, 21° and 22°,
while the maximum related to the B-PP variety
appeared at the deflection angles of 16.2°. By analyz-
ing the obtained diffraction curves, the exact contents
of the B-PP form in the tested systems were deter-
mined. The results are summarized in Table 6.

The content of polymorphic beta variety in unfilled
PP was 9%. The composite materials were character-
ized by significantly higher contents of this structure.
The highest results were recorded for the systems
containing wood modified with imidazolium ionic
liquid IL3 and IL4 (34 and 39%). The introduction of
fillers treated with ammonium ionic liquids to the
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matrix resulted in a significant reduction in the content
of the B-PP form, even below the value for raw wood,
20% for PP-wood-IL1 and 23% for PP-wood-IL2.
The formation of the hexagonal B structure of
isotactic polypropylene in the tested systems can be
explained by the action of shear forces occurring
during the processing process. Their effect is enhanced
when filler particles are introduced into the high-
molecular polymer matrix. It is related to the appear-
ance of additional stresses between the components. It
should be noted that the shaping of the B-PP
polymorph is also influenced by the course of the
crystallization process of the polymer matrix. It is well
known that this process is characterized by the
occurrence of a polymorphic transition from the
metastable B-phase to the stable o-phase (Varga
1992b; Lotz 1998; Mollova et al. 2013). Similar
relationships were observed in previous work, where
the improvement of interfacial interactions was
obtained in the modification process with hybrid

Table 6 The content of - KB [%]

phase in WPCs
PP 9
PP-wood 25
PP-wood-IL1 20
PP-wood-1L2 23
PP-wood-IL3 34
PP-wood-1L4 39

propylene/silane compounds (Odalanowska et al.
2021).

The obtained results correlate very well with the
previously determined crystallization parameters. The
highest efficiency of B-PP formation was observed for
the PP-wood-IL4 system for which the highest Tc
values and the highest TCL layer formation rate were
recorded. The decrease in the nucleation activity of
fillers modified with ammonium ionic liquids,
observed in the results of DSC tests and in microscopy,
was consequently associated with obtaining the lowest
content of the hexagonal phase. The obtained results
showed that it is possible to precisely design the
structure of an ionic liquid capable of modifying the
lignocellulosic filler, the introduction of which into the
matrix will result in obtaining the assumed crystal-
lization parameters and, consequently, specific func-
tional properties of the material.

Mechanical testing

Mechanical tests were carried out in order to evaluate
the effect of the applied novel method of filler
modification on the strength characteristics of the
obtained polymer composites. The results of strength
at break, Young’s modulus, elongation at break and
impact toughness are summarized in Table 7.

It was noticed that all composite systems had better
tensile strength properties compared to the unfilled
material. The introduction of raw wood and wood
modified with ammonium ionic liquids into the matrix
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resulted in an increase of this parameter by about 10%.
It can be seen that significantly higher values of stress
at break were obtained when wood was modified with
imidazolium ionic liquids. The composites with wood
modified with imidazolium ionic liquids with shorter
aliphatic substituents (PP-wood-IL4) showed tensile
strengths of about 39 MPa. The conducted research
also showed that the highest value of Young’s
modulus of elasticity (2.51 GPa) was recorded for
the system containing wood subjected to modification
with an ionic liquid containing a cation with a shorter
alkyl substituent. In the case of composites with wood
modified with imidazolium IL with a longer aliphatic
substituent, comparable values of modulus of elastic-
ity were found in composites with unmodified wood.
The use of wood modified with ammonium liquids
resulted in composites with lower modulus values.
Very interesting results were obtained in the study
of impact strength and elongation at break. All tested
systems were characterized by lower values of these
parameters in comparison to the matrix, which is a
characteristic feature of the produced polymeric
composite materials (Nufiez et al. 2003; Ndiaye
et al. 2012; Michalska-Pozoga and Rydzkowski
2016). However, modification of the filler with the
imidazolium ionic liquid with a shorter alkyl sub-
stituent resulted in a considerable variation. PP-wood-
IL4 composites were characterized by an increase in
elongation at break (up to three times) and an increase
in the impact toughness (appx. 50%) compared to
materials filled with raw wood. It should be added that
the statistical analysis showed very similar values of
standard deviations for all tested composite systems,
which in the case of tensile strength results are approx.
1%, and in the case of Young’s modulus approx.
3-5%. The situation is slightly different in the case of

Table 7 Mechanical properties of PP and wood/PP composites

the results of elongation at break and impact strength.
It was noticed that much lower values of standard
deviations were obtained in the case of composites
containing wood modified with ionic liquids, which
amount to approx. 3-7% (elongation at break) and
1-2% (for impact strength). In the case of composites
with unmodified wood, these values are 16% and 5%,
respectively. The obtained results of the analysis prove
the uniform dispersion of the modified filler in the
matrix, which could not be obtained in the case of raw
wood.

The obtained results clearly indicate that this
system was characterized by the best interfacial
adhesion, which perfectly correlates with the per-
formed DSC and microscopic examinations. The
composites with wood modified with the IL4 ionic
liquid showed high nucleation activity, which con-
firmed the formation of transcrystalline structures at
the interface of the filler polymer, which in turn
resulted in obtaining very good strength properties. In
addition, the achievement of high flexibility and
impact strength can also be explained by the high
content of the B-PP form, which, according to the
literature, is characterized by much higher flexibility
and impact strength than the o form (Varga 1992a;
Borysiak et al. 2018). It is worth emphasizing,
however, that the final properties of composite mate-
rials depend not only on the content of individual
polymorphs of the polypropylene matrix, but also on
such factors as: the degree of crystallinity of the
cellulose filler or the topography of the filler surface.
However, it is difficult to assess the direct impact of
lowering the degree of crystallinity of cellulose fillers
as a result of the chemical modifications carried out,
because during the preparation of composite materials
by means of extrusion and injection techniques, the

Composites Tensile Strength [MPa] Young’s Modulus Elongation at break [%] Impact strength [kJ/m2]
[GPa]
PP 30.1 £0.18 1.32 £ 0.12 406 £+ 18.4 54.1 £ 0.58
PP-wood 33.6 £ 0.31 2.34 £ 0.11 3.72 £ 0.62 21.7 £ 1.08
PP-wood-IL1 329 £ 0.41 2.07 &+ 0.06 7.1 £ 0.32 25.4 +0.38
PP-wood-IL2 343 £0.32 2.04 £+ 0.08 6.8 + 0.24 26.1 + 0.47
PP-wood-IL3 364 £0.28 227 £ 0.12 4.6 +0.35 227 £ 0.63
PP-wood-1L4 39.3 £ 0.36 2.51 £ 0.11 12.4 £+ 041 32.1 £ 041

@ Springer



Cellulose (2021) 28:10589-10608

10605

shear forces responsible for the formation of individ-
ual polymorphs of the polymer matrix, which are
characterized by different strength properties, will
always be present.

The conducted mechanical tests allowed to
unequivocally confirm the effectiveness of the mod-
ification in terms of hydrofibilization of the filler
surface, which consequently significantly influenced
the strength parameters of the obtained composite
materials.

Conclusions

The paper presents the possibility of using newly
synthesized ionic liquids containing reactive func-
tional groups in the process of hydrophobization of the
surface of lignocellulosic fillers and the influence of
the modification on the physicochemical properties of
WPCs was determined. High effectiveness of the
reaction was confirmed by FTIR and XRD investiga-
tions of the modified fillers. In the FTIR spectra, an
increase in the intensity of the bands was observed,
which come from the C=0O and C-O-stretching
vibrations of the ester group, respectively. Moreover,
the appearance of bands characteristic for S=0, C-N
and C-F bonds was recorded. Chemical modification
also influenced the supermolecular structure of the
filler and its nucleation activity in relation to the
polymer matrix. The greatest changes were observed
for the fillers modified with 1-carboxymethyl-3-dode-
cylimidazolium  bis(trifluoromethylsulfonyl)imide
(IL4). The composites containing this filler were
characterized by the highest content of the hexagonal
form of B-PP and significantly higher nucleation
capacity compared to composites containing raw
wood. The highest Tc values and the lowest t0.5
values were obtained for PP-wood-IL4 systems.
Moreover, the PLM images showed the greatest
efficiency in the formation of the highly desirable
transcrystalline TLC layer. Modification of wood with
ammonium ionic liquids (IL1, IL2) and imidazolium
ionic liquid with a longer alkyl substituent (IL3)
resulted in the lack of significant change in the
nucleation capacity of the fillers in relation to the
matrix, despite the increase in the beta phase content in
composite systems.

Changes in the polymorphic structure of compos-
ites containing modified wood compared to systems

with raw wood resulted in obtaining better strength
properties of the composites. The obtained results
indicate the high efficiency of the filler modification
reactions in terms of their hydrophobization, and thus
the improvement of interactions at the interphase
level.

In summary, a relationship between the structure of
the ionic liquid used for modification and the physic-
ochemical properties of composites were found. It has
been shown that it is possible to accurately design an
ionic liquid containing a reactive functional group
capable of interacting with the hydroxyl groups of
cellulose molecules, which will result in obtaining
composite materials with a predetermined super-
molecular structure, high nucleation activity, and
consequently decisive for the final strength properties.
Moreover, it should be emphasized that the possibility
of functionalisation of lignocellulosic material with
the use of innovative ionic liquids was presented for
the first time, without the need to use organic solvents
or other modifiers.
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Abstract: The article presents characteristics of wood/polypropylene composites, where the wood
was treated with propolis extract (EEP) and innovative propolis-silane formulations. Special interest
in propolis for wood impregnation is due to its antimicrobial properties. One propolis-silane formula-
tion (EEP-TEOS/VTMOS) consisted of EEP, tetraethyl orthosilicate (TEOS), and vinyltrimethoxysilane
(VIMOS), while the other (EEP-TEOS/OTEOS) contained EEP, tetraethyl orthosilicate (TEOS), and
octyltriethoxysilane (OTEOS). The treated wood fillers were characterized by Fourier transform
infrared spectroscopy (FTIR), atomic absorption spectrometry (AAS), and X-ray diffraction (XRD),
while the composites were investigated using differential scanning calorimetry (DSC), X-ray diffrac-
tion (XRD), and optical microscopy. The wood treated with EEP and propolis-silane formulations
showed resistance against moulds, including Aspergillus niger, Chaetomium globosum, and Trichoderma
viride. The chemical analyses confirmed presence of silanes and constituents of propolis in wood
structure. In addition, treatment of wood with the propolis-silane formulations produced significant
changes in nucleating abilities of wood in the polypropylene matrix, which was confirmed by an
increase in crystallization temperature and crystal conversion, as well as a decrease in half-time of
crystallization parameters compared to the untreated polymer matrix. In all the composites, the
formation of a transcrystalline layer was observed, with the greatest rate recorded for the composite
with the filler treated with EEP-TEOS/OTEOS. Moreover, impregnation of wood with propolis-silane
formulations resulted in a considerable improvement of strength properties in the produced compos-
ites. A dependence was found between changes in the polymorphic structures of the polypropylene
matrix and strength properties of composite materials. It needs to be stressed that to date literature
sources have not reported on treatment of wood fillers using bifunctional modifiers providing a
simultaneous effect of compatibility in the polymer-filler system or any protective effect against fungi.

Keywords: wood/polypropylene composites; wood treatment; propolis; mechanical properties;
supermolecular structure

1. Introduction

The progressing depletion of fossil fuels as well as increasing environmental aware-
ness and green consumerism result in the development of new products such as, e.g.,
wood/polymer composites (WPC). For over twenty years, composites of thermoplastic
polymers with natural components have been applied in various branches of industry,
including the automotive and construction industries [1,2]. Lignocellulose fillers exhibit
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many advantageous properties such as weight saving, good acoustic and thermal in-
sulation, nonabrasive effect, and good availability [3]. However, these fillers have one
important disadvantage, high hydrophilicity, causing poor adhesion to non-polar polymers
such as, e.g., polypropylene, as well as sparse dispersion of filler particles in the polymer
matrix. For this reason, it is essential to introduce certain modifications in order to im-
prove interface interactions in the composite system. Various methods are used to enhance
compatibility between lignocellulose fillers and polymer matrices, e.g., chemical modifica-
tion [4-6], surface grafting of polymers onto fillers [7], introduction of compatibilisers such
as maleated polymer [8], and treatment with coupling agents [9-12].

Silanes are effective coupling agents, which are extensively used to enhance polymer-
filler interactions [13-17]. These compounds enter condensation reactions with hydroxyl
groups of wood, at the same time causing entanglement of polymer matrix chains with
xylem fibers. The mechanism results from the fact that hydrolysable groups of silane may
hydrolyze, as a result forming silanol, which in turn may react with hydroxyl groups of
wood, while organofunctional groups may react with polymer chains [11]. The selection of
an organofunctional group is determined by the need to ensure good compatibility with
the polymer.

Impregnation of wood with silicon compounds improves its dimensional stability
and resistance to weather conditions [18-21]. Kim et al. (2011) [22] observed that silane
treatment significantly improved tensile, flexural, and impact strength of polypropylene
composites. Moreover, Ichazo et al. (2001) [23] found an increase in the moduli and
tensile strength of wood/polypropylene composites modified with silanes, which was
explained by improved dispersion of filler particles in the polymer matrix. Wood treatment
using silanes also caused decreased water adsorption, increased thermal stability of the PP
matrix, and more homogeneous morphology [3,24]. In turn, Cichosz et al. (2019) reported
increased thermal resistance and particle size of cellulose fibers, as well as reduced mass
loss as a result of modification with silane coupling agents.

Another factor causing limitations in the application of WPC composites is related
with the relatively low resistance of wood to biological factors, including fungi. There-
fore, in recent years, literature sources have reported growing interest in wood impreg-
nation applications of natural products and synthetic compounds characterized by low
impact on human health and the environment, including essential oils, chitosan, and
terpenes [20,25-28]. Another example in this respect may be provided by propolis, a
natural substance with various biological properties, such as antifungal, antibacterial,
antioxidant, and antiviral [29-33]. Compared to untreated wood, the material treated
with propolis extracts exhibits activity against decay fungi, such as Coniophora puteana,
Trametes versicolor, and Neolentinus lepiseus [32,33]. Literature data indicated that the extract
of Polish propolis at a concentration above 12% limited the decay of pine wood caused by
C. puteana [33]. Propolis extract has also been used as a constituent of wood impregnation
preparations. These formulations consisting of propolis extract, silver nanoparticles, and
chitosan limited decay of pine wood caused by T. versicolor when compared to untreated
wood [34,35]. In turn, wood impregnated with two propolis-silane formulations, namely,
EEP-VIMOS/TEOS (propolis extract (EEP) with vinyltrimethoxysilane and tetraethyl
orthosilicate) and EEP-MPTMOS/TEOS (EEP with 3-(trimethoxysilyl)propyl methacrylate
and tetraethyl orthosilicate), limited the activity of C. puteana even when the wood samples
were subjected to leaching with water [36]. In addition, chemical analyses (AAS, XRE, and
NMR) confirmed that constituents of the propolis-silane formulations formed permanent
bonds with wood [36]. Moreover, the propolis extract was a component of wood protection
formulation containing an ethanolic extract of Polish propolis together with caffeine and
silicon compounds (methyltrimethoxysilane and octyltriethoxysilane), which inhibited
growth of a brown-rot fungus C. puteana [37].

The aim of this study was to determine and characterize the supermolecular structure,
phase changes, and selected physicochemical properties in composites of polypropylene
with pine wood treated using propolis-silane dual component modifiers. To the best of
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our knowledge, propolis extract and propolis-silane dual modifiers have not been used as
wood modifiers applied to composites materials. Therefore, the originality of this study
consists in the evaluation of the effect of propolis-silane modifiers of a wood filler with a
difunctional action (antifungal activity, compatibility action) on the structure as well as
thermal and mechanical properties of wood /polypropylene composites.

2. Materials and Methods
2.1. Materials

In this study, Scots pine sapwood (Pinus sylvestris L.) was used in the form of sawdust
with a grain size of 0.5 mm and wood veneer samples of 20 mm x 20 mmx 0.6 mm.

A commercially available polypropylene Moplen HP456] produced by Basell Orlen
Polyolefins (Ptock, Poland) with the melt flow index of 3.4 g/10 min (at 230 °C and 2.16 kg),
isotacticity of 95%, and Ty, = 163-164 °C was used as the polymeric matrix.

Silicon compounds (tetraethyl orthosilicate, vinyltrimethoxysilane, and octyltriethoxysi-
lane) were purchased form Sigma Aldrich (Darmstadt, Germany). The ethanolic extract
of Polish propolis was provided by PROP-MAD (Poznan, Poland). Ethanol was pur-
chased from Avantor Performance Materials (Gliwice, Poland). Nitric acid and KBr were
purchased from Sigma Aldrich (Darmstadt, Germany).

2.2. Wood Treatment

The first formulation used for wood impregnation (TEOS/VIMOS) consisted of
5% tetraethyl orthosilicate (TEOS) and 5% vinyltrimethoxysilane (VIMOS). The other
formulation (TEOS/OTEOS) contained 5% tetraethyl orthosilicate (TEOS) and 5% octyltri-
ethoxysilane (OTEOS). The solvent used to prepare silane formulations was 70% ethanol.
In the next stage of this study, 70% ethanol was replaced with the ethanolic extract of
Polish propolis (EEP) at a 15% concentration. The first propolis-silane formulation con-
sisted of 15% EED, tetraethyl orthosilicate (TEOS), and vinyltrimethoxysilane (VITMOS) at a
5% concentration (EEP-TEOS/VTMOS), while the other formulation contained 15% EEP,
tetraethyl orthosilicate (TEOS), and octyltriethoxysilane (OTEOS) at a 5% concentration
(EEP-TEOS/OTEOS).

The homogenous pine wood material in the form of sawdust was treated with EEP,
silanes, and the propolis-silane formulations (1/25 w/v). The reaction was run at room
temperature with simultaneous stirring, using a magnetic bar stirrer for 2 h. The wood
samples were then filtered and dried in air flow at room temperature.

2.3. Characterisation of Treataed Wood
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Wood samples were mixed with KBr at a 1/200 mg ratio. Spectra were registered
using a Nicolet iS5 spectrophotometer by Thermo Fisher Scientific (Waltham, MA, USA)
with Fourier transform at a range of 500-4000 cm ™! and a resolution of 2 cm !, registering
64 scans.

2.3.2. Atomic Absorption Spectrometry (AAS)

Wood samples (0.5 g) were mineralized with nitric acid (8 mL) in the microwave
mineralization system (CEM Corporation, Matthews, NC, USA) and after cooling, the
solutions were filtered and diluted to 50.0 mL with deionized water. The concentration of
silicon in wood samples was determined using flame atomic absorption spectrometry in
an AA280FS spectrometer (Agilent Technologies, Santa Clara, CA, USA).

2.3.3. X-ray Powder Diffraction (XRD)

The supermolecular structure of treated wood was analyzed by means of wide angle
X-ray scattering (TUR-M62 diffractometer, Carl Zeiss, Jena, Germany). The diffraction
pattern was recorded between 5 and 30° (20-angle range) in the step of 0.04°/3 s. The
wavelength of the Cu Ka radiation source was 1.5418 A and the spectra were obtained at
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30 mA with an accelerating voltage of 40 kV. Peak deconvolution was performed by the
method proposed by Hindeleh and Johnson [38], improved and programmed by Rabiej [39].
After separation of X-ray diffraction lines, the degree of crystallinity (X.) was determined
by comparing the areas under crystalline peaks and the amorphous curve. The changes
in the supermolecular structure of wood were analyzed in the function of the chemical
modification process.

2.3.4. Biological Activity of Treated Wood

The analyses were carried out on wood veneer samples of 20 mm x 20 mm x 0.6 mm
prepared from pine sapwood. The samples were impregnated by soaking in the solutions
of modifying formulations. The samples were soaked for 20 min and next conditioned to
constant weight at the relative humidity of 65 &= 5% and the temperature of 20 &+ 1 °C. The
mycological test of treated wood veneer samples was based on the PN EN ISO-846:2019
standard [40]. The tested samples in 5 replicates were evaluated for resistance against
Aspergillus niger van Tieghem BAM 4 (ATCC 6275), Chaetomium globosum Kunze BAM 12
(ATCC 6205), Penicillium funiculosum Thom (ATCC 11979), Paecilomyces variotii Bainire BAM
19 (ATCC 18502), Trichoderma virens (ATCC 9645) and Ulocladium atrum. The samples were
placed under sterile conditions on the previously prepared and sterilised Petri dishes filled
with the agar substrate (potato dextrose agar, Sigma Aldrich, Darmstadt, Germany) and
infected using an aqueous solution of spores of the test fungus. The Petri dishes with
samples were incubated for 21 days at a temperature of 28 & 1 °C and relative humidity
above 95%. The degree of fungus colonisation on the sample surface was visually observed
at 3, 7,10, 14 and 21 days of the experiment and individually rated using a four-degree
scale (Table 1).

Table 1. Mould resistance rating scale.

Index Degree of Sample Colonisation

No sign of mycelium growth on sample, there is a zone of inhibition on the

-1 medium between the sample and mycelium
0 No sign of mycelium growth on sample, there is no zone of inhibition on the
medium between the sample and mycelium
1 Less than 33% of the sample surface colonised by the tested fungus mycelium
2 More than 66% of the sample surface colonised by the tested fungus mycelium

2.4. Preparation of Composite Materials

The wood-polypropylene composites containing untreated and treated wood were
obtained by the extrusion method. The mixture of polypropylene and 30% wood was
mixed in a drum blender for 30 min. This mixture was then conveyed to the feed hopper
of a single-screw extruder (Fairex, Le Bourget, France). The length-to-diameter ratio L/D
of the extruder was 25. During extrusion the temperatures of the four processing zones
were adopted as 140, 180, 190 and 195 °C, respectively, at the die temperature of 190 °C.
The extrusion speed was 25 to 30 rpm. Extrusion temperature was kept at less than 200 °C
to avoid decomposition and degradation of wood. The extrudate was cooled with 20 °C
water after exiting the die and then pelletised into granules. Next, the granules were dried
in an oven for 24 h at 60 °C.

The samples used to investigate the material structure and to conduct mechanical
strength tests were prepared using an Engel injection moulding machine at the mould tem-
perature of 30 °C. After moulding the specimens for structure analyses were immediately
sealed in a polyethylene bag and placed in a vacuum desiccator for a minimum of 24 h
prior to structural testing.
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2.5. Characterisation of Composite Materials
2.5.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was used to characterize thermal properties of
composites. The tests were carried out under dynamic conditions using the Netzsch DSC
200 calorimeter (Netzch Group, Selb, Germany) in argon atmosphere. First, the samples
were heated up to 220 °C at a rate of 20 °C/min. In order to remove their previous thermal
history they were kept at this temperature for 3 min. In the next stage the samples were
cooled down at 5 °C/min to 40 °C. The entire cycle was repeated two times and for
calculations the data from the second run were used. The crystallization parameters of
WPC with unmodified and modified wood fillers, such as crystal conversion (), half-time
of crystallization (tp5) and crystallization temperature (Tc) were determined.

2.5.2. Morphological Analysis

The nucleation ability of the polypropylene matrix in the presence of wood fillers was
assessed applying the hot-stage polarized light microscopy. For this purpose a Labophot-
2 microscope (Nikon, Tokyo, Japan) coupled with a Panasonic CCS camera (Panasonic,
Kadoma, Japan) and equipped with a Linkam TP93 heating stage (Linkam, Tadworth, UK)
was used. Composite film placed on the microscope slide was heated to a temperature
of 200 °C at a rate of 40 °C/min. The sample was heated for 3 min to erase the thermal
memory of the polymer. The material was cooled to 136 °C at a rate of 20 °C/min while
isothermal crystallisation was run. In the course of the experiment the induction time for
the crystallisation process and the transcrystalline growth rate were determined.

2.5.3. Structural Investigations (XRD)

The wide-angle X-ray diffraction was used to determine polymorphic changes as
well as changes in the supermolecular structure of isotactic polypropylene in composite
materials. Diffractograms were analysed applying the method proposed by Hindeleh and
Johnson [38], while the content of the polymorphic 3-phase (k) was calculated according to
the formula proposed by Turner Jones et al. [41].

2.5.4. Mechanical Properties

Tensile strength properties of WPC were determined using a Zwick Z020 universal
mechanical testing machine (Zwick/Roell, Ulm, Germany) and evaluated according to
the PN EN ISO 527-3: 2019-01 standard [42]. The tests were performed with a load cell
capacity of 20 kN at a cross-head speed of 5 mm/min. The basic strength parameters were
determined: Young’s modulus (YM), tensile strength (TS) and elongation at break (EB).

3. Results and Discussion
3.1. Characterisation of Treated Wood

In the first stage of the research process the chemical and biological characteristics
were determined in pine wood samples treated with silanes, propolis extract and the
propolis-silane formulations.

3.1.1. Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy was the main tool for assessing interac-
tion between silanes and constituents of the propolis-silane formulations with wood. The
main changes found in FTIR spectra of wood treated with silanes (D) and the propolis-
silane formulations (C) compared to untreated wood (A) and wood treated with EEP (B)
are showed in Figures 1 and 2.
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Figure 1. Spectra of wood (A), wood treated with: EEP (B), EEP-TEOS/OTEOS (C) and TEOS/OTEOS (D).
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Figure 2. Spectra of wood (A), wood treated with: EEP (B), EEP-TEOS/VTMOS (C) and TEOS/VIMOS (D).

The presented spectra showed changes in the structure of wood after reaction with
EEP, silanes and the propolis-silane formulations compared to the untreated material.
However, it is worth emphasizing that the changes in FTIR spectra are limited, especially
in the case of wood treated with propolis extract and propolis-silane preparations. This is
due to the overlapping of the bands of silicon compounds and propolis extract components.
Propolis is a very complex substance that contains over 500 different compounds. Many of
these compounds react with the components of the wood.

The intramolecular hydrogen bond was observed at around 3400-3300 cm~!. Tt
was also related with the -OH association of cellulose and the aromatic system of lignin.
Spectra of silane-treated wood comprised bands at 2950-2850 cm ™!, which were assigned
to C-H stretching vibrations of -CHj groups in silanes [43]. In the spectra of wood
treated with silanes (D) and propolis-silane formulations (C) there was a band at 710 cm~ L,
which is typical of bonds between silicon and carbon, where the carbon atom comes from
the methoxy group of organosilanes. In the spectra of wood treated with silanes and
propolis-silane formulations the band was also observed at 1280 cm ™!, connected with the
vibrations of the Si-C and Si—O groups [44]. The appearance of this band indicated the
presence of organosilanes in wood structure. The results of FTIR analysis were compatible
with the mechanism of the reaction between silanes and wood, discussed in studies by
Sebe et al. [43], Tjeerdsma and Militz [45], Tingaut et al. [46] and Ratajczak et al. [47].
The band observed at 1205 cm ™! was related to residual unhydrolysed Si-OCH3 groups
and their small intensity, suggesting that most of the silane molecules in the reaction
had been hydrolysed [48]. In addition, apart from those mentioned above in the spectra
of wood treated with silanes and the propolis-silane formulations, the band observed
at 1730 cm ™! turned out to be characteristic of vibrations of the carbonyl group C=0,
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originating from wood, and it was present only in the spectrum of untreated wood. The
disappearance of this band in the spectra of wood treated with silanes and the propolis-
silane formulations confirmed the presence of silicon compounds in wood. Moreover, the
band at 1637 cm ! was observed in the spectra of wood impregnated with propolis extract
(B) and the propolis-silane formulations (C). This band was responsible for vibrations of
C=0, C=C and N-H originating from propolis components (mainly flavonoids), which
suggests that components of propolis extract also interact with wood [36].

3.1.2. Atomic Absorption Spectrometry

The concentration of silicon (coming from organosilane compounds) in wood im-
pregnated with silanes and the propolis-silane formulations determined by flame atomic
absorption spectrometry is presented in Table 2.

Table 2. Silicon concentration in treated wood.

Modified Wood Silicon Concentration (mg/kg)
TEOS/VTMOS 183.5+ 4.6
TEOS/OTEOS 186.0 + 3.8

EEP-TEOS/VTMOS 2341£7.0
EEP-TEOS/OTEOS 2844 £2.7

Analysis of Si concentration in wood samples treated with silicon compounds is a
useful tool in assessment their presence in wood structure [36,49,50]. The silicon concentra-
tions in treated wood indicated that wood samples impregnated with both silane-propolis
formulations contained higher amounts of Si compared to wood treated with silicon com-
pounds without the propolis extract. The highest silicon concentration was detected in
wood impregnated with EEP-TEOS/OTEQS. It may be due to the components of the propo-
lis extract that may act as catalysts, causing the formation of reactive silane forms—silanols.
Additionally, it is possible to remove low-molecular components of wood with an ethanol
solution, which may increase the effectiveness of silane interaction with the wood surface.

3.1.3. X-ray Diffraction (XRD)

The aim of diffraction analyses was to investigate the supermolecular structure of
treated wood. Figure 3 presents X-ray patterns of wood and the material impregnated
using EEP and propolis-silane formulations.
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Figure 3. Diffractograms of wood and wood impregnated with EEP, EEP-TEOS/VTMOS and EEP-
TEOS/OTEOS.
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In Figure 3 the presented diffractometric curves show a variation in the intensity of
diffraction maxima, which is caused by the effect of the propolis extract (EEP) and the
propolis complex with added silanes on changes in the supermolecular structure of wood.
Analyses of the diffraction maxima observed at the diffraction angle 26 of 15, 17 and 22.7°
showed the presence of polymorphic cellulose form I in the lignocellulose material.

Additionally, when comparing the diffactometric curves the degree of crystallinity
(Xc) was determined for the analysed lignocelullose fillers, as presented in Table 3.

Table 3. Crystallinity grade for lignocellulosic fillers.

Wood Filler Xc (%)
Wood 50
EEP 56
TEOS/OTEOS 58
TEOS/VTMOS 58
EEP-TEOS/OTEOS 60
EEP-TEOS/VTMOS 59

In wood not subjected to the impregnation process the degree of crystallinity was
50%. It was stated that wood treated using various systems is responsible for an increase
in crystallinity of the lignocellulose material. In the case of wood treatment with propolis
extract the degree of crystallinity increased by approx. 10% (to 56%) compared to untreated
wood. Such a result may be explained by the fact that ethanol used as a solvent of propolis
was responsible for the removal of low molecular weight compounds and amorphous
substances such as resin acids, free fatty acids, pinosylvin and pinosylvin monomethyl
ether from wood [51].

Treatment of pine wood with propolis solutions also containing silanes, as well as
those containing only silanol modifiers caused a slight increase in the degree of crystallinity
of wood compared to the application of EEP solution (within the range of 58-60%).

3.1.4. Biological Analysis

The results of mycological tests presented in Table 4 indicate that pine veneer samples
treated with silanes (TEOS/VTMOS and TEOS/OTEOS) showed no resistance against
tested fungal strains. The surface of these samples after 21 days of the fungal test was
covered in over 66% by fungal mycelium. Only, wood impregnated with TEOS/VTMOS
exhibited moderate resistance against T. virens, while wood treated with TEOS/OTEOS
showed low resistance against T. virens and A. niger (less than 33% of the sample surface
was covered by fungal mycelium).

Table 4. The results of mycological test of treated wood veneers.

Modified Wood
Fungal Strain EEP- EEP-
TEOS/VIMOS TEOS/OTEOS EEP TEOS/VITMOS TEOS/OTEOS CONTROL
A. niger 2 1 0 0 0 2
Ch. globosum 2 2 1 0 0 2
P. funiculosum 2 2 0 0 0 2
P. variotii 2 2 1 0 0 2
T. virens 1 1 0 0 0 2
U. atrum 2 2 0 0 0 2

Wood treated with the propolis extract was characterized by higher mould resistance
compared to the unprotected control samples and wood treated with silicon compounds.
Wood protected with the propolis extract showed high activity against all tested fungal
strains, except for Ch. globosum and P. variotii, where wood surface partially covered by
mycelium was observed (<33%). In turn, wood veneers impregnated with the propolis-
silane formulations (EEP-TEOS/VTMOS and EEP-TEOS/OTEOQOS) exhibited high activity
against all tested moulds.
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According to literature data, wood impregnated with alkoxysilanes shows no resis-
tance to moulds, such as Alternaria alternata, Cladosporium herbarum, A. niger, Penicillium
decumbenes and Penicillium brevicompactum [50,52-54]. In turn, Ghosh et al. [55] reported
that impregnation with an amino-silicone macro-emulsion resulted in a certain resistance
to growth of moulds (including A. versicolor, Ulocladium strum and Aureobasidium pullu-
lans) on wood surfaces, whereas wood treated with the same concentrations of silicone
quat micro-emulsion and alkyl-modified silicone macro-emulsion exhibited compara-
tively lower resistance. Reinprecht and Grznarik [53] also stated that wood treated with
organosilanes without the -NH, group (methyltrimethoxysilane, vinyltrimethoxysilane
and propyltrimethoxysilane) was more accessible for mould attacks (A. niger and P. bre-
vicompactum) than wood impregnated with 3-aminopropyltrimethoxysilane. Therefore,
silicon compounds are used in wood protection as components of impregnating prepa-
rations limiting leaching of active substances, such as boron compounds or propolis and
caffeine from the wood structure [20,36,37]. In turn, literature data showed that propolis
extracts exhibited activity against various strains of moulds, including A. niger, A. fumigatus,
P. notatum, P. italicum, P. variotti, Ch. globosum and Schizophyllum commune [56-58]. The
extract of Polish propolis was effective against e.g., A. niger, A. versicolor, P. pinophilum and
T.virens [59,60]. The results of mould resistance of treated wood veneers confirmed that
silicon compounds were not effective against tested fungi. The protective effect against
moulds was observed in the case of veneers impregnated with the propolis extract and
the propolis-silane formulations. The propolis-silane formulations showed higher activity
against tested fungi compared to that of the propolis extract. It may be associated with
the synergistic action of propolis providing the antifungal activity and silicon compounds
reducing the hydrophilicity of treated wood veneers.

3.2. Characteristics of Composite Materials

The observed chemical and biological characteristics of wood treated with propolis
extract, silanes and the propolis-silane formulations indicated that wood impregnated with
propolis extract and the propolis-silane formulations exhibited promising properties when
applied as fillers to wood composites. Therefore, the next stage of the research consisted
in the characterization of composites with wood treated using propolis extract and two
propolis-silane formulations, namely EEP-TEOS/VTMOS and EEP-TEOS/OTEOS.

3.2.1. Differential Scanning Calorimetry of WPC

Composites and the unfilled PP were analysed by differential scanning calorimetry
(DSC) to investigate phase changes taking place in polypropylene in the presence of
untreated and treated lignocellulose fillers. The obtained thermograms are presented in
Figure 4.
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Figure 4. DSC exotherms of WPC.
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It may be observed that the presence of fillers has a considerable effect on the course
of polypropylene crystallisation. The curves obtained for the composite systems are shifted
towards higher temperature values compared to the unfilled PP. The greatest difference
was recorded for composites with wood treated with the propolis-silane formulations,
while no significant differences were found for the sample with propolis (PP + EEP). Based
on the graphs kinetic parameters of the crystallisation process were determined (Table 5).

Table 5. Parameters of crystallization of PP and their composites.

Composites Crystallizatior; Temperature Half-Time of Crystallization
T. (°O) to.5 (min)
PP 113.0 2.7
PP + wood 115.0 1.85
PP + EEP 113.5 2.35
PP + EEP-TEOS/OTEOS 122.5 15
PP + EEP-TEOS/VTMOS 119.5 1.7

Based on the conducted analyses it was observed that the introduction of an untreated
wood filler, as well as that treated with propolis-silane formulations causes an increase
in crystallisation temperature compared to the unfilled polymer matrix. In the case of
untreated wood temperature T, increased by 2 °C compared to that of polypropylene. The
greatest increase in crystallisation temperature was observed for the systems comprising
wood impregnated with the propolis-silane formulations (119.5-122.5 °C). It needs to
be stressed here that the formulation containing tetraethyl orthosilicate (TEOS), octyltri-
ethoxysilane (OTEOS) and the propolis extract is the most effective modifier in terms of
the increase in nucleation activity.

It is generally known that wood is a material used in the process of heterogenic
nucleation of polypropylene [61,62]. Also an increase in crystallisation temperature in
composites composed of silane-treated wood has been reported in many literature sources.
Girones et al. [3] observed an increase in T by almost 10 °C in relation to the polymer
matrix for all the systems, irrespective of the applied silane compound, which was related
with nucleation properties of these compounds. A considerable change in crystallisation
temperature from 113 °C to 126 °C compared to unfilled polypropylene was also recorded
by Ichazo et al. [23]. They stressed in their study that such a behaviour is highly advanta-
geous, since it indicates that the application of silanes in the process of WPC manufacture
makes it possible to markedly reduce the energy consumption and time of their processing.

The next step in the analysis of DSC results recorded for the produced materials
consisted in the determination of the degree of phase conversion (Figure 5) and half-time
of crystallization (Table 5).

It may be observed that the degree of conversion for composite systems containing
wood treated using silanol systems with propolis at a given time is markedly greater than
that for the unfilled matrix or the system with the propolis extract not containing silanes.
The obtained dependencies indicate a high nucleation ability of EEP/silane modifiers in
the process of polypropylene crystallisation.

Table 5 presents values of half-time of crystallization determined based on the con-
version curves for tested samples. Treatment of the lignocellulose filler was observed to
influence recorded results. All the analysed systems were characterised by a lower half-
time of crystallization compared to unfilled PP. The greatest reduction of to 5 was reported
for composites with the TEOS/OTES silane complex. However, the application of wood
treatment using only the propolis extract (PP + EEP) was connected with a considerable
decrease in nucleation activity. Composites with wood treated using propolis extract were
characterised by high values of half-time of crystallization (2.35 min), slightly lower than
values of the unfilled polymer matrix (2.7 min).
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Figure 5. Crystal conversion of PP and WPC.

Recorded DSC results showed that the treatment of lignocellulose fillers considerably
influences their nucleation properties and causes changes in the course of phase processes.
In order to provide greater insight into these problems polarised light microscopy was
used in the next stage of the study.

3.2.2. Polarized Light Microscopy of WPC (PLM)

Figure 6 presents PLM images recorded during the isothermal crystallisation of
polypropylene in the presence of wood fillers.

Figure 6. PLM images registered at 136 °C for (A) PP + wood, (B) PP + EEP, (C) PP + EEP-
TEOS/OTEOS, (D) PP + EEP-TEOS/VTMOS after (a) 0 min, (b) 3 min, (c) 6 min.

Analyses of the recorded images showed that treatment of lignocellulose fillers is an
extremely important factor influencing the course of the PP crystallisation process. It may
be observed that a transcrystalline layer (TCL) is formed in all the samples; however, its
rate varies greatly. The modifier most effectively increasing the nucleation ability was
the complex of propolis extract with tetraethyl orthosilicate (TEOS) and octyltriethoxysi-
lane (OTEOS), which is confirmed by the recorded greatest nucleation density for this
system (Figure 6c). Definitely the lowest efficacy in the modification of transcrystalline
structures was found for the composite system with wood treated using the propolis so-
lution (Figure 6b). It needs to be stressed here that the transcrystalline layer is formed on
the surface of the filler with high nucleation activity, resulting in the crystallite growth
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perpendicular to the filler surface. The observed phenomenon is highly desirable in the
production process, since it leads to markedly improved mechanical properties of materials
compared to those, in which perpendicular crystallisation does not occur [62]. Obtained
images confirm that the selection of an adequate modifying agent is an extremely important
criterion when producing a filler with a high nucleation activity of the matrix.

Based on the PLM images the rate of TCL growth was determined in the tested systems
(Table 6). For composite materials containing untreated wood it was 5.3 um/min. A higher
value was recorded only for the PP + EPP-TEOS/OTEOS systems (6.2 pm/min). The
obtained results confirm earlier observations.

Table 6. TCL growth rate in composite systems.

Composites Layer Growth Rate of TCL pm/min
PP + wood 53
PP + EEP 32
PP + EEP-TEOS/OTEOS 6.2
PP + EEP-TEOS/VTMOS 43

Silane compounds used to modify lignocellulose fillers cause an increase in their
nucleation activity, which is manifested in the much greater TCL growth rate and increased
spherulite density. A dependence was observed between the rate of heterogeneous nucle-
ation in the polymer matrix and the filler structure. Conducted analyses showed that wood
treatment using the propolis extract resulted in a considerable reduction of nucleation
activity, which may be explained by the removal of non-structural and low molecular
weight compounds during the modification process, with these compounds being capable
of serving the role of active nucleants in the crystallisation process. Also in our previous
studies [62] it was observed that the removal of impurities, waxes and fats from the surface
of lignocellulose fillers (e.g., in the mercerisation process) results in a reduced activity
compared to the unmodified systems. It is of interest that the application of the propolis
solution in the modification process, but this time with the silanol system, results in a
considerable increase in nucleation activity of the wood surface. Such a situation may
be the effect of increased compatibility of wood and the polymer matrix thanks to the
generated intermolecular interactions.

3.2.3. X-ray Diffraction Analysis of WPC

X-ray analyses were used to determine polymorphic changes as well as changes in the
supermolecular structure of composite materials with lignocellulose fillers before and after
modification in relation to the pure polypropylene matrix. Figure 7 presents diffraction
curves for composites indicating the presence of two polymorphic forms, o« and 3, both for
the polymer matrix, i.e., isotactic polypropylene, and all the tested composite systems.

PP+EEP-TEOS/VTMOS
PP+EEP-TEOS/OTEOS

PP+wood

»_J\J/\\/\,/L kR
—

10 12 14 16 18 20 22 24 26 28 30
26[7]

Intensity [a.u]

Figure 7. X-ray diffraction pattern of composite materials.
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In the presented diffraction maxima the «-PP form may be observed at angles 26 of 14°,
17°,18.5°,21° and 22°, while the value of 20 at 16.2°, marked in Figure 7, corresponds to f3-
PP. Based on analyses of diffractograms of the composite materials and the polypropylene
matrix contents of 3-PP were calculated, as given in Table 7.

Table 7. Contents of the 3-PP form in composite materials.

Composites Content of the 3-PP Form (%)
PP 7
PP + wood 28
PP + EEP 23
PP + EEP-TEOS/OTEOS 38
PP + EEP-TEOS/VTMOS 32

The content of the 3-PP form in the isotactic polypropylene matrix is 7%. Shear forces
in the course of processing may be responsible for such an amount of 3-PP in the unfilled
semicrystalline polymer. The composite systems are characterised by markedly higher
values of this polymorphic form. The highest 3-PP contents were recorded for the PP +
EEP-TEOS/OTEOS system (38%), while the lowest level of this form was found for these
composites, which filler was treated using the propolis extract. Analyses of composite
materials with the untreated lignocellulose filler (PP + wood) showed a slightly higher
content of the 3-PP form at 28%, compared to the components after filler treatment using
propolis extract and the silane complex (PP + EEP-TEOS/VTMOS), in which a 32% content
of the 3-PP polymorphic form was recorded.

Formation of this polymorphic phase is dependent on the presence of shear forces
during processing of semicrystalline polypropylene, in which the addition of a filler causes
intensification of stresses between components, which in turn results in the generation
of greater values of the above-mentioned shear stresses. Moreover, the formation of
B-PP is also influenced by the course of crystallisation in the isotactic polymer matrix.
According to literature reports, the process of crystallisation in this semicrystalline polymer
is characterised by the polymorphic transition from the metastable (3 phase to the stable «
phase [63-66].

When analyzing the presented results it was observed that the best efficiency of 3-PP
formation is found in the composite system with wood treated with the propolis extract
and tetraethyl orthosilicate (TEOS) and octyltriethoxysilane (OTEOS) system. Moreover,
the results are perfectly correlated with the established kinetic parameters provided by
DSC and microscopy. Composites, in which the lignocellulose filler was treated with
propolis extract together with the tetraethyl orthosilicate and octyltriethoxysilane complex,
exhibited the highest nucleation activity and the greatest rate of crystallisation. This is
confirmed by the highest values of crystallisation temperatures, the shortest half-time of
crystallization and the greatest formation rate of transcrystalline structures. In the case of
composite materials, in which a reduced nucleation ability was observed, resulting also in
lower crystallisation temperatures, longer half-time of crystallization and inhibition of TCL
formation rate, the formation of lower (3-PP levels was confirmed.

3.2.4. Mechanical Properties of WPC

The aim of the conducted mechanical strength tests was to determine the effect of
applied novel wood filler modifications on strength characteristics of the produced polymer
composites. Table 8 present strength parameter values: strength at break, Young’s moduli,
elongation at break and impact strength.
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Table 8. Mechanical properties of PP and wood /PP composites.

Composites Tensile Young Modulus Elongation at Impact Strength
Strength (MPa) (GPa) Break (%) (kJ/m?)
PP 30.8 £ 0.09 124 +0.11 124+0.11 56.1 £ 0.55
PP + Wood 3244032 2.244+0.18 2.244+0.18 22.7 +0.37
PP + EEP 31.6 £0.35 2.19 £0.26 2.19 £0.26 242 £ 042
PP + EEP-TEOS/OTEOS 38.24+0.29 246 +0.19 246 +0.19 39.6 £0.33
PP + EEP-TEOS/VIMOS 35.9 +0.43 2.38 £0.23 2.38 £0.23 31.9 £0.39

Based on mechanical tests it may be observed that introduction of raw wood filler
and wood treated with propolis extract to the polymer matrix causes a slight increase in
tensile strength (by approx. 5%). Treatment of wood with a simultaneous application of
propolis and silanol systems provides a considerable improvement of strength properties.
Composites with such fillers are characterised by an over 20% greater strength at break
(PP + EPP-TEOS/OTEOS) and an approx. 15% greater strength at break (PP + EPP-
TEOS/VTMOS) compared to the unfilled polypropylene matrix. It also needs to be stressed
that for these composite materials a considerable increase was found in their moduli of
elasticity (by approx. 50%). In the case of composites with raw wood and those treated
solely with EPP the values of Young’'s moduli were slightly lower. Very good strength
characteristics of composites treated with bifunctional propolis/silane systems result from
increased interphase polymer-filler interactions. Very interesting results were obtained for
elongation at break and impact strength. Composites with raw wood and wood treated
with propolis extract exhibited very low values of strain and relatively low impact strength.
Such results are typical for composites of thermoplastic polymers with lignocellulosic fillers
described in literature [67-70], which are characterised by poor adhesion. However, in the
case of composites treated by propolis-silane preparations very high values of elongation
at break and high impact strength were recorded, which was particularly evident for the
PP + EPP-TEOS/OTEOS system. Increased values of elongation at break may be explained
by the effect of increased interactions at the interface. However, it needs to be stressed that
in the case of literature results reported to date and concerning composites modified solely
with silanes such a marked increase in elongation at break has not been observed. This
interesting effect recorded in our study may be explained by the potential synergistic effect.
The first factor resulting in increased elasticity of composite systems may be connected
with the fact that at the application of a bifunctional modifier during modification the
small molecular weight compounds are removed from the filler surface by the alcohol
propolis extract, which as a consequence promotes the appropriate reaction of silanes
with cellulose and generates increased efficiency of wood hydrophobisation. Another
factor is related with the supermolecular structure of produced composites. Composites
with the filler modified using the bifunctional system (EPP/silanes) are characterised by
considerable amounts of the 3-PP form, which is particularly evident for the PP + EPP-
TEOS/OTEOS system. Literature sources [6,71,72] reported that this polymorphic form of
polypropylene exhibits greater elasticity and increased impact strength compared to the
o-PP form. Summing up, treatment of wood using the novel modification system generates
the 3-PP polymorphic form, which considerably influences values of strain and impact
strength of the produced composite materials.

4. Conclusions

This paper presents the effect of pine wood treated using novel propolis-silane for-
mulations on properties of the resulting wood/polypropylene composites. In the first
stage of the study the chemical and biological characteristics of wood treated with silanes
(TEOS/OTEOS and TEOS/VTMOS), the propolis extract and the propolis-silane formula-
tions (EEP-TEOS/OTEOS and EEP-TEOS/VTMOS) were determined. The chemicalanaly-
ses confirmed presence of silanes and constituents of propolis in wood structure. The bands
of 5i-C and Si-O originating from silicon compounds and the bands associated to propolis
components were observed in the spectra of treated wood. Treatment of wood using the
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propolis extract and propolis-silane formulations caused changes in the structure of wood,
including e.g., an increased degree of crystallinity. Moreover, veneer samples impregnated
with the propolis extract and the propolis-silane formulations exhibited resistance against
moulds, such as A. niger and T. virens compared to untreated samples or those treated with
silanes without the propolis extract.

In the second stage of the study changes in the supermolecular structure as well as
thermal and mechanical properties of the composites containing polypropylene and wood
treated with the propolis extract and the propolis-silane formulations were determined.
Differential scanning calorimetry (DSC) showed that the presence of fillers had a consid-
erable effect on the course of polypropylene crystallisation. The introduction of a wood
filler treated with propolis-silane formulations caused an increase in crystallisation temper-
ature and the degree of conversion, which indicates a high nucleation ability of applied
modifiers, particularly EEP-TEOS/OTEQOS. A high nucleation activity of the filler treated
with EEP-TEOS/OTEOS was also confirmed by the results provided by polarised light
microscopy (PLM), which showed that the polypropylene composite with wood treated
using this preparation exhibited the highest efficacy in the modification of transcrystalline
structures, which was manifested in markedly higher values of TCL growth rate compared
to the other composite systems. The composite system with the EEP-TEOS/OTEOS treated
wood also exhibited the best efficacy of 3-PP formation, as well as very good strength
properties compared to the other systems.

Summing up, wood modification using propolis extract and propolis-silane formula-
tions affected the structure, thermal and mechanical properties of wood/polypropylene
composites. Obtained fillers with the bifunctional action (antifungal activity and compati-
bility action) may be added to the polymer matrix in order to prepare green and bio-friendly
composites for various applications.
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Abstract: Polymer composites with renewable lignocellulosic fillers, despite their many advantages,
are susceptible to biodegradation, which is a major limitation in terms of external applications.
The work uses an innovative hybrid propolis-silane modifier in order to simultaneously increase
the resistance to fungal attack, as well as to ensure good interfacial adhesion of the filler-polymer
matrix. Polypropylene composites with 30% pine wood content were obtained by extrusion and
pressing. The samples were exposed to the fungi: white-rot fungus Coriolus versicolor, brown-rot
fungus Coniophora puteana, and soft-rot fungus Chaetomium globosum for 8 weeks. Additionally,
biological tests of samples that had been previously exposed to UV radiation were carried out, which
allowed the determination of the influence of both factors on the surface destruction of composite
materials. The X-ray diffraction, attenuated total reflectance-Fourier transform infrared spectroscopy,
and mycological studies showed a significant effect of the modification of the lignocellulose filler
with propolis on increasing the resistance to fungi. Such composites were characterized by no
changes in the supermolecular structure and slight changes in the intensity of the bands characteristic
of polysaccharides and lignin. In the case of systems containing pine wood that had not been
modified with propolis, significant changes in the crystalline structure of polymer composites were
noted, indicating the progress of decay processes. Moreover, the modification of the propolis-silane
hybrid system wood resulted in the inhibition of photo- and biodegradation of WPC materials, as
evidenced only by a slight deterioration in selected strength parameters. The applied innovative
modifying system can therefore act as both an effective and ecological UV stabilizer, as well as an
antifungal agent.

Keywords: polypropylene composites; wood modification; propolis; structure; mechanical properties

1. Introduction

In recent years, more and more attention has been paid to ecological aspects and
environmental protection. These trends have a significant impact on the materials industry,
especially plastics. The new directives and regulations require that the products entering
the market are made of renewable or recyclable materials as much as possible. Therefore,
composites containing fillers of natural origin are very popular [1-3]. These include WPCs
(wood polymer composites), which consist of a thermoplastic matrix (most often PP, PE,
PVC) and a lignocellulose filler. They have many advantages that make them stand out
from other composite materials, especially with synthetic fillers. They are characterized
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by good mechanical properties, stiffness, ease of processing, no need for impregnation,
and a relatively low price. Moreover, the use of lignocellulosic filler makes this material
partially biodegradable [4-8]. WPCs have enormous application potential. Currently, they
are used primarily in construction and the automotive industry [9-12]. However, due to
the characteristics of the components, there is poor adhesion in WPCs between the filler
particles and the polymer chains. Weak interactions have a significant impact on obtaining
an even dispersion of the filler in the matrix; moreover, they allow the lignocellulosic
fibers to move freely and pull them onto the thermoplastic surface under the influence
of stresses [13-17]. The presence of lignocellulosic fibers, especially on the surface of the
material, makes WPCs very susceptible to the action of microorganisms including fungi.
Many works have demonstrated the negative influence of this destructive factor on the
structure and properties of WPCs [7,18-21]. It has been shown that the action of fungi
mainly causes the decomposition of the lignocellulosic component, which can be observed
indirectly in the weight loss of the sample. Krause et al. (2019) in their work presented the
influence of various types of fungi on the structure and properties of WPCs. They showed
that the moisture content of the sample plays a key role in the degradation process [22].

Therefore, the modification of lignocellulosic materials used as fillers in WPCs is
constantly being developed in order to improve their resistance to microorganisms, mainly
fungi. Among the methods used to improve the fungal durability of wood fillers, there is
thermal modification or wood impregnation with various protective agents, often synthetic
biocides, such as 3-iodo-2-propynyl butylcarbonate, 2-thiazol-4-yl-1H-benzoimidazole, or
4,5-dichloro-2-octyl-isothiazolone [23,24]. However, legal regulations and the degradation
of the natural environment lead to bio-friendly methods of wood treatment and modi-
fication being preferred. According to literature data, numerous natural substances or
individual compounds isolated from them can be applied as potentially protective agents
in bio-friendly wood protection, including natural oils, essential oils, plant extracts, chi-
tosan, caffeine, or propolis [25-29]. Propolis is an interesting plant-derived material with
broad antifungal activity, applied in wood protection. Wood treated with propolis extracts
showed resistance against brown rot (Coniophora puteana and Nelolentinus lepideus) and
white rot fungi (Trametes versicolor) [28,30]. In wood protection, propolis extract has also
been used as a constituent of mixtures and was mixed with silver nanoparticles, chitosan,
caffeine, and silicon compounds [30-33]. The pine wood treated with propolis extract and
silicon compounds showed resistance against C. puteana, an increase in bending strength,
and a decrease in hygroscopicity compared to untreated wood and wood treated with
propolis extract without silicon compounds [30,34,35]. Moreover, chemical analysis, includ-
ing infrared spectroscopy, nuclear magnetic resonance, and X-ray fluorescence, indicated
that constituents of propolis-silane preparations formed permanent bonds with wood
components [30]. The results presented in the literature showed that propolis extract and
propolis-silane preparations can be applied in ecological wood protection, and also as
modifying agents for wood fillers in WPCs, which, to the best of our knowledge, has not
been researched yet [34,35].

Another destructive factor that limits the wider use of WPCs is UV radiation. It
initiates the photooxidation of the polyolefins, which reduces the molecular weight of the
polymer chains. Photodegradation initially takes place on the surface of the composite;
however, with time, the radiation reaches the deeper layers of the WPC. This results in
a weakening of the interfacial interactions between the matrix and the filler. This leads
to a weakening of the stress transfer capacity of the WPC, and the bending strength and
modulus of elasticity are deteriorated [36]. The effect of UV radiation also changes the
color of the material. This is a real factor as WPCs are very often used in the production
of decorative articles in gardening. Thus, it is one of the basic problems that it tries to
eliminate by using various UV protectors. The issue of WPC aging has been addressed
in many previous works [37-41]. The change in the properties and color of composites
depending on the size of the filler particles is presented in the work of Gunjal et al. It was
noticed that the most exposed to the color change are composites containing smaller sizes
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of filler particles, while the greatest deterioration of mechanical properties was observed
in samples with larger filler particles [42]. The discoloration and decay of some of the
properties of WPCs were also noticed by Kuka et al. In order to eliminate the destructive
effect of UV, they proposed a thermal modification of the lignocellulosic filler. They noticed
a partial improvement in WPC photodegrading resistance [43]. Composites containing
lignocellulosic fillers are used primarily outdoors, where they are exposed to both the
effects of weather and fungi. Therefore, when designing a WPC, both these destructive
factors should be taken into account. However, there are few literature reports in which
their synergistic effect would be discussed [39,44].

This work is a continuation of our previous research on the use of propolis to modify
wood in terms of increasing resistance to fungi [45]. However, the work so far has included
testing the biological resistance of only wood raw material after treatment with propolis
extract. It is worth noting that the resistance to fungal growth of polymer composites
with lignocellulosic fillers after modification with the propolis-silanes hybrid system has
not been tested so far. An additional message of the research topic undertaken was the
determination of the impact of prior exposure to UV radiation of the composite materials
on the development of fungi on their surface. Such an assumption reflecting the actual
conditions of use of composite products is extremely important when designing materials
with increased resistance to aging processes. The aim of this study was to analyze the
influence of the applied modifications of the lignocellulosic filler with the bioactive propolis-
silane system on the structure and properties of the obtained composite materials. An
important task was to check the antifungal activity of the modifiers used in wood fillers,
as well as to check the influence of UV radiation and fungi on the structural changes and
functional properties of the obtained polymer composites.

2. Materials and Methods
2.1. Materials

Scots pine sapwood (Pinus sylvestris L.) in the form of sawdust (with grain size below
0.5 mm) was used.

The extract of Polish propolis in 70% ethanol was purchased from PROP-MAD
(Poznari, Poland), and silicon compounds (tetraethoxysilane and octyltriethoxysilane)
were purchased from Sigma Aldrich (Darmstadt, Germany).

The isotactic polypropylene MOPLEN HP456] produced by Basell Orlen Polyolefins
(Plock, Poland) with MFRp30°c/2.16kg, 3-4 §/10 min, was used as the polymeric matrix.

2.2. Wood Treatment

Pine wood sawdust was modified with 15% ethanolic propolis extract (EEP) and a
mixture (EEP-silanes) consisting of propolis extract, tetraethoxysilane, octyltriethoxysilane,
and 70% ethanol in a volume percent ratio of 15:5:5:75. The wood was treated with EEP
and a EEP-silanes formulation in the ratio of 1/25 (w/v). The reaction was carried out at
20 °C for 2 h with simultaneous stirring. Then, wood was filtered and dried in an air flow
at room temperature.

2.3. Preparation of Composite Materials

The sample preparation procedure was carried out in a laboratory room with a tem-
perature of about 23-24 °C and air humidity at the level of 40-45%. The prepared portions
of the composite components (wood and polypropylene) were mixed in a drum mixer until
optical homogeneity was obtained. The amount of wood sawdust (modified or not) in the
polymer matrix was 30 wt.%. The resulting mixture was then transferred in portions to the
hopper of a T-32 screw extruder and extruded. Extrusion parameters: temperature of screw
zones: 60; 100; 180; 175 °C. Screw rotation speed: 16 rpm. The composite was extruded
through an extrusion head with a circular die with a diameter of 10 mm. The resulting
bars were cooled in air. After cooling, the extruded bars were ground in a Wanner 17.26 s
high-speed mill to obtain a mill with particles with a diameter ranging from 3 to 7 mm. The
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shredded composite was then subjected to compression molding, obtaining plates with
dimensions of 70 x 70 x 2.5 mm. Compression parameters: temperature, 180 °C; pressure,
500 N/cm?. The procedure for composites preparation is illustrated in Figure 1.

PP

+
W&OD
PROPOLIS/SILANES

EXTRUSION COMPRESSION

MOLDING

-4

WOOD-POLYMER
COMPOSITES

Figure 1. The procedure for the preparation of composites.

2.4. UV Aging Tests of Composites Materials

Aging of the composite samples was simulated in an accelerated aging test cham-
ber LU-8047-TM QUV (Q-LAB) spray according to PN-EN ISO 4892-3. The apparatus
is equipped with fluorescent lamps emitting UV radiation and a condensation system
for the production of dew. The sample degradation process consisted of successive
alternating cycles:

1. The dry cycle lasted 8 h, during which the samples were exposed to radiation of the
intensity of 0.76 W/ m2, wavelength of 1 = 340 nm, and temperature of 60 °C, under
the conditions of forced air circulation.

2. The wet cycle lasted 4 h, during which the samples were exposed to steam, at 50 °C,
with the fluorescent lamp turned off and under the conditions of forced air circulation.

The radiation dose for the sample irradiated for 24 h was 65.7 k] /m?. Samples for
subsequent tests were taken after 7 and 30 days.

2.5. Biological Resistance of Composite Materials

The decay resistance of wood plastic composites was performed based on the standard
EN 113 with some modifications (sample dimensions and time of exposure to fungi).
To investigate the fungal resistance of WPCs, the standard procedure was modified by
changing the sample size from 25 by 15 by 50 mm to 4 by 10 by 40 mm. Brown rot
fungus (Coniophora puteana (Schumacher ex Fries) Karsten (BAM Ebw.15)), white rot fungus
(Coriolus versicolor (Linnaeus) Quélet (CTB 863 A)), and soft rot fungus (Chaetomium globosum
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Kunze Fries BAM-12) were used to investigate the bio-resistance of composites. Prior to
analyses, the composites were dried at the temperature of 70 °C for 18 h and sterilized by a
stream of water steam at a temperature of 70 °C for 6 h. Wood composite samples prepared
in this way were placed onto the developed mycelium of the test fungus. Next, they
were put into a Petri dish and placed in a room ensuring a temperature of 21 °C & 1 and
75% + 5 air relative humidity. The mycological test lasted 8 weeks. After the termination
of the test, samples were carefully cleaned and mycelium removed and they were dried at
70 °C until reaching constant weight. Composite weight losses were calculated from the
weight differences of samples before and after the test.

2.6. Characterization of Polymer Composites
2.6.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The spectra of composites were recorded by a Nicolet iS5 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) with Fourier transform and equipped with a deuter-
ated triglycine sulfate (DTGS) detector and attenuated total reflection (ATR) attachment.
The spectra were recorded. Five measurements for each samples, by re-sampling at differ-
ent locations across entire samples, were recorded over the range of 4000-400 cm ™, at a
resolution of 4 cm ! and 16 co-added scans. All spectra were given in transmittance units
and no ATR baseline correction was applied.

2.6.2. X-ray Powder Diffraction (XRD)

The supermolecular structure of the modified and unmodified composite systems
exposed to various destructive factors was analyzed by wide-angle X-ray scattering. Mea-
surements were made at a wavelength of the Cu K« radiation source of 1.5418 A at 30 kV
and an anodic excitation of 25 mA. The diffractograms of all samples were recorded in the
20 angle range from 5 to 30° with a step of 0.04° /3 s. The deconvolution of the peaks was
performed by the Hindeleh and Johnson method [46,47]. The degree of crystallinity (Xc) of
the WPC samples was then determined by comparing the area under the crystalline peaks
and the amorphous curve.

2.6.3. Mechanical Tests

The mechanical tests of reference samples and composites after an aging test and
after biological tests were carried out in accordance with the PN-EN ISO 527 standard.
The endurance tests were performed on the Zwick Z020 universal mechanical testing
machine (Zwick/Roell, Ulm, Germany) with a load cell capacity of 20 kN at a cross-
head of 5 mm/min. The obtained stress—strain curves were used to determine selected
strength parameters such as: Young’s modulus (YM), tensile strength (TS), and elongation at
break (EB).

3. Results and Discussion
3.1. Weight Loss of Composites Caused by Wood-Decaying Fungi

The antifungal efficacy of WPCs against wood-destroying fungi, expressed as the
average mass loss of composite samples, are presented in Figures 1-3. The results showed
that composites exhibited the highest resistance against soft rot fungus—Ch. globosum,
while the durability of WPCs against C. puteana and C. versicolor was lower and similar
for all variants of composites. Moreover, the mycological test indicated that composites
containing wood treated with solution consisting of the propolis extract and silanes showed
higher resistance against all tested fungi species, compared with composites containing
untreated wood or wood treated with propolis extract without silicon compounds.
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Figure 2. Mass loss of composites after exposure to C. puteana.
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Figure 3. Mass loss of composites after exposure to C. versicolor.

The weight loss of the composite with untreated wood and wood treated with propolis
extract was about 3.5% for both samples before and after the UV aging test and exposure
to C. puteana, with the exception of the composite containing wood treated with propolis
extract and not exposed to UV radiation, for which the weight loss was 2.8% (Figure 2).
In turn, the mass loss of the composite containing wood treated with propolis extract and
silanes was similar for samples before the aging test and after 7 days of UV radiation and
was about 1.5%, whereas the elongation of UV radiation of samples to 30 days caused lower
durability against the destructive action of C. puteana.

The composite containing wood treated with EEP and silanes showed lower values
of mass loss (below 2.5%) and a higher resistance against C. versicolor than composites
containing untreated wood and wood treated with propolis extract (weight loss about 4%),
as presented in Figure 3. The UV aging test did not influence the WPC mass loss values,
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expected of the composite sample containing wood treated with EEP and subjected to
30 days of UV radiation, where the mass loss of samples was lower than for wood before
and after 7 days of aging.

In the case of composites” exposure to Ch. globosum, samples containing wood treated
with propolis extract and EEP with silane compounds exhibited a higher resistance against
the tested fungus than composites with untreated wood (Figure 4). Moreover, the UV
radiation did not influence the mass loss values of composite samples.

Ch. globosum
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3.5

w
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N
[
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30 days

Mass loss (%)

=
wn

[ERN

0.

(2}

I
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PP+W PP+W+EEP PP+W+EEP+silanes

o

Figure 4. Mass loss of composites after exposure to Ch. globosum.

In order to increase the resistance of wood to biotic conditions, various types of
preservatives are used, and currently, preparations based on natural substances are becom-
ing more and more popular, e.g., propolis extract [27,28]. The literature data confirmed
that wood treated with propolis extract and a mixture of propolis extract and silicon
compounds showed resistance to wood-decay fungi, including C. puteana [28,30,48]. In
addition, wood used as a filler in wood composites are often modified or treated with preser-
vatives to obtain resistance of WPCs against wood destructive microorganisms. WPCs
with thermally modified wood fibers exhibited an improved resistance against C. puteana
compared to WPCs with unmodified fibers [49]. Composites consisting of polypropylene
with poplar sawdust treated with nano-clay were characterized by a durability against both
white rot (Physisporinus vitreus, Pleurotus ostreatus, and C. versicolor) and brown rot fungi
(C. puteana and Antrodia vaillantii) compared to WPCs with untreated wood [20]. In turn,
Miiller et al. [50] investigated the resistance of composites consisting of wood modified with
acetic anhydride and treated with methylated melamine-form aldehyde resin or aminosi-
lanes mixed with polyvinyl chloride against basidiomycetes (C. puteana and C. versicolor),
and they found that only aminosilanes-treated WPCs showed a slight decrease in mass loss
compared to untreated reference samples of WPCs.
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An important factor when choosing a wood treatment preparation that is used as fillers
for WPCs seems to be its resistance to abiotic factors, including UV radiation. The results
presented in Figures 1-3 indicated that WPCs consisting of EEP-treated wood showed
lower resistance against C. puteana and C. versicolor, when the composite samples were
exposed to UV radiation for 30 days. In addition, WPCs containing wood treated with
EEP and silanes showed an increase in the value of weight loss after UV irradiation for
30 days and exposure to C. puteana compared to WPC samples before and after 7 days of
UV radiation. However, WPCs containing wood treated with EEP and silanes, also after
exposure to UV radiation, showed a high resistance against the tested fungi (Figure 5).
The higher resistance of wood treated with the mixture of propolis extract and silicon
compounds against UV radiation compared to wood treated with propolis extract without
silanes were confirmed in the literature [51].

Figure 5. Composite samples (PP+W+EEP+silanes) after UV aging (30 days) and exposure to
(a) C. puteana, (b) C. versicolor, and (c) Ch. globosum.

The highest resistance of WPCs was observed in the case when the samples were
exposed to Ch. globosum, even when the samples were subjected to UV radiation, which is
connected with the action mechanism of this fungus. Ch. globosum is a representative of the
S1-type soft rot [52], which causes slight losses in the mass of wood, especially coniferous
wood, compared to other types of brown rot and white rot fungi. However, with relatively
small losses of wood mass, a relatively large loss of physical and mechanical parameters of
degraded wood is noticeable, but not as significant as is observed for wood infested with
brown rot fungi [53]. For this reason, in the conducted experiment, a significant difference
in weight loss was observed between Ch. globosum and the other test fungi (C. puteana and
C. versicolor).

3.2. Changes in Composite Structure Caused by Decay Fungi

The impact of fungal activity in the wood structure was also determined using infrared
spectroscopy measurements. In this section, the spectra (Figure 6) of composites after
30 days of UV radiation and exposure to fungi are discussed. The changes in IR spectra
of composites before and after 7 days of UV radiation were similar and are presented
in Supplementary Materials. Moreover, no change was observed in the spectra of the
polypropylene without the wood filler; therefore, the PP spectra are not shown.
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Figure 6. FTIR-ATR spectra of composite samples: (a) PP+W (A-), (b) PP+W+EEP (A-), and
(¢) PP+W+EEP+silanes (A-), after UV aging (30 days) and exposure to C. puteana (B-),
C. versicolor (C-), and Ch. globosum (D-).

The exposure of wood composites to C. puteana caused significant changes in the
ATR-FTIR spectra of WPC samples, causing changes in the intensities of bands charac-
teristic for polysaccharides and lignin. The bands characteristic for carbohydrates were



Materials 2022, 15, 3435

10 of 22

observed in the IR spectra at 1375 cm ! (deformation of C-H cellulose and hemicelluloses),
1160 cm ™! (C-O-C vibration in cellulose and hemicelluloses), and 895 cm ™! (C-O-C stretch-
ing at 3-1,4-glucoside linkages of cellulose and hemicelluloses) [33,54-57]. In turn, the
lignin characteristic bands were presented at 1645 cm ™! (conjugated C=O stretching Ph-
(C=0)-groups), 1515 cm~! (aromatic skeletal vibration), and 1260 cm™! (guiacyl ring
breathing and C=0 stretching from lignin) [56,58-60]. In the spectra of composites af-
ter exposure to C. puteana (Figure 6a—c, spectra B), the intensities of carbohydrate bands
(1375 ecm~1 1160 em™1, and 895 cm’l) were lower compared to intensities of these bands
in the spectra of composites before exposure to fungus (Figure 6a, spectra A). In contrast,
the intensities of lignin bands (1645 cm~1!, 1515 cm™~!, and 1260 cm ') slightly increased
in the spectra of composites subjected to the activity of C. puteana, compared to spectra of
composites before fungus action.

Slight differences in the intensities of lignin bands observed in the spectra of compos-
ites can be connected with a small amount of wood filler in the composites, and, therefore,
a small amount of lignin content in WPCs, possibilities of overlapping bands of wood
components, compounds from propolis extract, and a low impact of destructive action of
fungus into the wood structure, which confirmed the low weight loss values (Figure 2).

The spectra of composites after exposure to C. versicolor presented in Figure 6a—c
(spectra C) showed changes in the intensities of structural wood components in comparison
to spectra of undecayed WPCs. The intensity of bands resulting from polysaccharides
(1375 cm~1, 1160 em™1, and 895 cm’l) decreased in comparison to the bands in the spectra
of undecayed composites. In turn, the intensity of lignin bands at 1515 cm™! in the
spectra of composites after exposure to C. versicolor was similar to that in the spectra of
composites before fungus action, whereas the intensity of bands at 1645 cm ™! increased in
the spectra of decayed WPCs. The literature data showed that the increase in the 1645 cm ™!
bands intensities indicate the presence of mycelium formed by C. versicolor in decayed
wood samples [61]. The changes in decayed composite samples confirmed the ability of
C. versicolor to utilize all major chemical components in the cell wood wall, suggesting that
C. versicolor is a nonselective white-rot fungus, especially in the early step of its action,
which agrees with literature data [62-67].

The exposure of WPC samples to the action of Ch. globosum caused a decrease in the
intensities of bands corresponding to cellulose and hemicelluloses (1375 cm~?, 1160 cm ™!,
and 895 cm~!), compared to intensities of these bands in the spectra of undecayed samples,
as presented in Figure 6a—c (spectra C). The intensities of the lignin band (1515 cm~ 1) was
similar in the spectra of decayed and undecayed composites samples. The ATR-IR results
confirmed that Ch. globosum had the ability to degrade polysaccharides and lignin, with
preference for the former, which agrees with the results presented in the literature [68,69].

The relative intensities of polysaccharides-associated bands at 1375 cm !, 1160 cm ™!,
and 895 cm~! against the lignin band at 1515 cm ! were calculated using peak heights
and are presented in Table 1. It can be seen that wood decay caused by all the tested fungi
(C. puteana, C. versicolor, and Ch. globosum) resulted in a decrease in carbohydrate/lignin ra-
tio, which indicates that the tested fungi are capable of altering the main components of the
cell walls (lignin, cellulose, and hemicelluloses), causing simultaneous wood destruction.

Table 1. Relative changes in the ratios of carbohydrate bands with lignin reference band in composite
samples decayed by wood rot fungi.

Tested Fungus Composite Samples I1375/1515 Li160/1515 Igos/1515
WPC before PP+W 20.706 5.202 2.577
fungus PP+W+EEP 15.716 5.344 0.687
exposition PP+W+EEP+silanes 12.091 3.549 1.320
PP+W 14.646 4.192 1.774
C. puteana PP+W+EEP 4.369 2.243 0.430

PP+W+EEP+silanes 9.770 3.005 1.179
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Table 1. Cont.

Tested Fungus Composite Samples I137511515 Li1601515 Igos/1515
PP+W 8.472 2.743 1.090
C. versicolor PP+W+EEP 3.887 1.813 0.481
PP+W+EEP+silanes 4.601 2.021 0.549
PP+W 7.728 2.997 1.246
Ch. globosum PP+W+EEP 2.213 1.309 0.411
PP+W+EEP+silanes 4.536 2.101 0.748

3.3. Supermolecular Structure of Polymer Composites after UV Aging and Biological Action

The supermolecular structure of PP wood composites was investigated using wide-
angle X-ray diffraction (XRD). The diffraction curves obtained for composite systems with-
out and after 30 days of UV irradiation and fungal exposure are shown in Figures 7 and 8.

All the obtained diffractograms show the maxima derived from the « polymorph
of polypropylene. This is indicated by the maxima appearing at the diffraction angles
20 =14°,17°,18.5°, 21°, and 22° [70]. Importantly, there were no maxima derived from the
[-PP variety. Thus, the introduction of the filler, processing, and action of UV and fungi
did not affect the formation of this type of PP.

During structural studies, the influence of two destructive factors (UV and fungi) on
the supermolecular structure of composites was analyzed. The analysis of the obtained
diffraction curves did not show any significant changes in the supermolecular structure of
composites exposed to fungi, without UV. The curves had a similar course. In the case of
samples additionally exposed to UV radiation, changes in the supermolecular structure
of composites can be noticed. Differences in the intensity of the peaks were noticed
depending on the type of fungus. The greatest changes are visible in the case of composites
containing raw wood. Based on the analysis of the obtained curves, it can be concluded
that the combination of fungal action and UV influences the supermolecular structure
of composites. However, in the case of composite samples containing propolis-modified
wood, these changes were not significant. In order to explain the obtained relationships in
detail, the content of the crystalline phase (Xc) in the composites was determined in the
next step. The degree of crystallinity of composite materials is the total result of the content
of this phase in the material, both from PP and cellulose. The results are summarized
in Table 2.

Table 2. The results of Xc-obtained composites samples.

Xc (%)
Composite Samples Tested Fungus
- C. puteana C. verisolor Ch. globosum

PP+W “0” 30 31 28 34
PP+W+EEP “0” 37 35 37 40
PP+W+EEP+silanes “0” 36 38 37 39
PP+W 30 days 32 41 40 43
PP+W+EEP 30 days 40 44 43 43
PP+W+EEP+silanes 30 days 39 38 40 40

It can be seen that the modification of wood with propolis and silanes (without UV-
radiation and fungi action) resulted in an increase in the Xc value compared to composites
containing raw wood. In this case, the increase in the degree of crystallinity caused by the
modification of the filler can be explained by the changes taking place during the reaction
of wood with the ethanolic propolis solution. During the treatment, low-molecular-weight
compounds contained in the wood are washed out and amorphous parts of cellulose
are also cracked. These actions increase the proportion of the crystalline phase in the
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filler. The influence of propolis modification on the supermolecular structure of wood was

investigated and explained in the previous work [45].
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Figure 7. X-ray diffraction pattern of composites without UV aging.
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Figure 8. X-ray diffraction pattern of composites after 30 days of UV aging.
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Exposure of the composites to UV irradiation caused a slight increase in the content
of the crystalline phase in relation to the reference samples. However, the introduction
of the second factor—fungi—resulted in a large variation in the Xc values. The greatest
changes were recorded for samples with raw wood—the degree of crystallinity increased
from 32 to even 43%. Interestingly, the action of both factors in the case of composites
with wood modified with propolis extract did not cause significant changes in Xc. All
PP+W+EEP 30 samples that were bioassayed had comparable Xc. In the case of composites
with propolis-modified wood and silanes, the results were practically identical. It can
therefore be concluded that in the case of composites containing unmodified wood exposed
to both UV and fungi, a synergistic destructive effect of these factors is observed. However,
this action is inhibited by the chemical modification of wood with propolis and silanes.
Increasing the content of the crystalline phase in samples exposed to UV radiation is related
to photooxidation. UV radiation first breaks the bonds in the amorphous part of the matrix.
This action ‘exposes’ the wood particles in the composite, which increases their susceptibil-
ity to UV radiation. Given that about 2/3 of all wood polysaccharides are amorphous and
readily photodegradable, the overall content of the crystalline phase has to increase after
irradiation [60,69,71]. The content of the crystalline phase in the sample therefore initially
increases and decreases when a certain maximum is reached. The described dependencies
were also noticed by Guadagno et al. In their work, they investigated changes in the struc-
ture of PP exposed to UV at different times. They noticed a significant increase in the value
of Xc (even by 135%) compared to unexposed PP. They explained such large differences
with the phenomenon of breaking the polymer chains caused by photooxidation. As a
result, the amorphous parts of the chains were shortened, making the remaining parts
more mobile and free to crystallize [72]. Similar relationships for PP were also noted by
Morancho et al. [73]. On the other hand, the increase in the crystalline cellulose fraction
observed in the tested wood sample exposed to UV rays is consistent with that noted by
other researchers [74,75]. The stabilization of Xc results for systems containing modified
wood can be explained by the protective effect of propolis. The activity of propolis against
decay fungi has been studied and published many times [28,30,33]. There have also been
many studies showing that propolis is a material capable of absorbing UV radiation [76-78].
Propolis works great as a radical scavenger. This work, however, concerned its medical
applications. Thus far, it has not been used as a UV protector in composite materials.

Summarizing, the results of XRD studies showed the influence of UV irradiation and
fungi on the supermolecular structure of composites. The greatest changes in Xc were
observed for samples with unmodified wood treated with UV. However, in the case of
introducing propolis into the wood structure, no significant changes in the value of Xc were
noticed. The obtained dependencies allow for assumptions that propolis can be used in
WPCs both in the form of a UV protector and an antifungal agent.

3.4. Mechanical Testing of Polymer Composites after UV Aging and Biological Action

Mechanical tests were carried out to evaluate the effect of UV irradiation and fun-
gal action on the strength properties of the obtained composites. The results for tensile
strength, Young’s modulus, and elongation at break are summarized in Tables 3-5 and
in Figures 9 and 10.

Table 3. Young’s modulus of WPCs.

Young’s Modulus (GPa)

Time of UV Irradiation (Days)

Before Exposure
to Fungi Ch. globosum (Chg)

0 7 30 0 7 30 0 7 30 0 7 30

C. puteana (Cp) C. versicolor (Cv)

PP+W
PP+W+EEP

PP+W+EEP+silanes

1.42 1.42 1.12 1.42 1.34 1.20 1.44 1.31 1.15 1.32 1.22 1.15
191 1.84 1.74 1.96 1.91 1.82 1.82 1.82 1.72 1.82 1.81 1.75
1.89 1.80 1.74 2.07 1.97 1.82 1.84 1.74 1.59 1.76 1.71 1.66
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Table 4. Tensile strength of WPCs.

Tensile Strength (MPa)

Before Exposure

C. puteana (Cp) C. versicolor (Cv) Ch. globosum (Chg)

to Fungi
Time of UV
Irradiation (Days) 0 7 30 0 7 30 0 7 30 0 7 30
PP+W 13.05 13.66 1038 12.02 1246 10.79 1511 1295 1095 12.88 13.86 10.87
PP+W+EEP 2023 1939 17,67 2022 1939 1844 1960 1859 1792 1932 18.61 18.29
PP+W+EEP+silanes 18.68 1727 1653 1811 1845 1692 18.61 1647 16.02 1750 1727 16.61
Table 5. Elongation at break of WPCs.
Elongation at Break (%)
Before Exposure .
to Fungi C. puteana (Cp) C. versicolor (Cv) Ch. globosum (Chg)
Time of UV
Irradiation (Days) 0 7 30 0 7 30 0 7 30 0 7 30
PP+W 165 187 177 156 158 1.6l 207 201 191 178 176 190
PP+W+EEP 221 235 1.8 18 177 181 211 204 193 184 176 184
PP+W+EEP+silanes 210 222 158 174 195 171 231 217 227 203 201 204

It can be seen that the modification of wood with propolis and silanes improved
the mechanical properties of WPCs. The highest values of parameters were obtained for
composites with wood modified with propolis, which correlates very well with the XRD
results. The highest Xc values were also obtained for samples of this composite. The value
of Young’s modulus for the reference sample was 1.42 GPa, while for composites with
modified wood, it was about 1.9 GPa.

Mechanical tests of samples exposed to UV treatment confirmed the negative influence
of this factor on the strength properties of WPCs. It was noticed that the strength parameters
of composites decrease with the time of exposure. The greatest changes in properties were
observed for WPC samples with unmodified wood. Young’s modulus and tensile strength
values for these composites decreased by over 20%. Wood modification with propolis
and silanes resulted in a greater stability of the strength parameters. For these samples, a
decrease in YM and TS by only about 10% was observed.

The addition of another destructive factor also resulted in a reduction in the mechanical
properties of the samples; however, the effect differed depending on the type of attacking
fungus. The WPC samples showed the highest susceptibility to the action of C. versicolor,
while the least aggressive fungus turned out to be Ch. globosum. However, the destructive
effect of fungi on the strength parameters was limited in the composite samples containing
propolis-treated wood. Interestingly, both UV radiation and the action of all types of fungi
did not have a significant effect on the elongation of break of all tested composites.

The obtained relationships are perfectly illustrated in Figures 9 and 10, where the
change in the values of individual parameters under the influence of two parameters—UV
radiation and fungal activity—is shown. It can be seen that there is a large discrepancy in
the values for PP+W composites. These composites are very susceptible to both fungi and
UV radiation, and the action of both of these factors increases their destructive effect and
the reduction in the YM and TS values. However, for the remaining composites containing
propolis, an inhibitory effect was noticed. This proves the beneficial effect of propolis and
the increased protection of the material against both factors. The decrease in the strength of
composites can be explained by the photodegradation of the material.
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The obtained dependencies are consistent with the literature data. Many studies
have shown that UV radiation played a remarkable role in the decline in the mechanical
properties of composite materials. In these works, it was found that the tensile strength
of the fibers decreases with exposure time [10,79,80]. An extensive review of the effects of
weathering on the properties of WPCs was presented by Friedrich [36]. The effect of cou-
pling agents (maleic anhydride-grafted polypropylene and m-TMI grafted polypropylene)
on the mechanical properties of WPCs after UV was investigated by Gunjal et al. [42]. The
influence of fungi on WF/HDPE composites in the presence of various compounds was
also investigated by Feng et al. [19]. They noticed a decrease in the strength parameters
of composites exposed to mycelium. The properties, however, improved when fungi-
cides were added to the system. Curling et al. presented the relationship between the
mechanical properties, weight loss, and chemical composition of wood caused by brown
rot decay. In the work, they investigated the influence of degradation on the composition
of hemicellulose and the relationship between the decay and the mechanical properties of
wood [81]. The results obtained in our study indicate a positive effect of propolis on the
protection of wood against fungi. This phenomenon was demonstrated in many previous
works, but they concerned only solid wood. Akcay et al. in their research used propolis
methanol extract (MPE) as an antifungal agent for the preservation of Scots pine wood.
They observed a 91.5% degree of protection against wood rot fungus compared to the
control [28]. WozZniak et al. and our previous work also confirmed the effectiveness of
improving the resistance of wood to fungi (including C. puteana) as a result of the action of
propolis [45,48].

Summing up, the analysis of the obtained results of mechanical tests showed that the
greatest deterioration of the strength properties was noted for raw wood systems exposed
to both fungi and UV. The modification of wood with propolis extract and silanes resulted
in the production of composites with a much greater resistance to the action of destructive
factors, as evidenced only by a slight deterioration in selected strength parameters.

4. Conclusions

The conducted research showed a significant effect of the wood modification with
propolis extract on increasing the fungal resistance of the obtained composite materials. The
composites containing wood impregnated with the propolis-silanes formulation showed
the highest resistance against all tested fungi (Ch. globosum, C. puteana, and C. versicolor),
also when composite samples were subjected to UV radiation. The higher resistance of these
WPCs may be connected with the synergistic action of the bioactive components of propolis
and silicon compounds, which possesses hydrophobic properties, and thus may reduce
the moisture content of wood. The UV radiation did not influence the WPC resistance
against T. versicolor and Ch. globosum. Only in the case of the WPC with wood treated with
the propolis-silanes system and exposed to C. puteana, a slight increase in weight loss of
WPC samples after 30 days of radiation was observed. The resistance of tested composites,
especially in the case of composites containing wood impregnated with propolis extract and
silicon compounds, against decay fungi was also confirmed by ATR-FTIR analysis, where
slight changes in the intensities of bands characteristic for polysaccharides and lignin were
observed. Moreover, the relative intensities of polysaccharides bands against the lignin
band indicated that the action of tested fungi resulted in a decrease in carbohydrate/lignin
ratio in WPC samples, which confirm that all fungi are capable of removing all chemical
components of the cell walls, causing simultaneous wood destruction.

In the further part of the work, structural and mechanical tests of composites contain-
ing modified lignocellulosic fillers, previously exposed to UV radiation and fungi, were
carried out. Then, the impact of the modification of the filler on the protection of WPCs
against the effects of the above-mentioned destructive factors was assessed. The analysis of
the XRD test results showed that all types of fungi and UV radiation cause a change in the
WPC supermolecular structure, as evidenced by an increase in the Xc value. The range of
changes increased with the exposure time and was most noticeable for composites with
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unmodified wood. However, composite samples containing wood treated with propolis
extract and silanes were characterized by Xc values similar to the reference samples. Me-
chanical tests also showed a synergistic destructive effect of UV radiation and fungi activity
on composite materials. For WPC systems with raw wood, a significant deterioration in
strength properties was noted. Moreover, it has been shown that the use of propolis extract
and the hybrid system (propolis-silanes) in the modification of the filler results in obtaining
a material with only a slight deterioration in selected strength parameters (YM, Eb, TS) and
a stabilization of the values of these parameters during irradiation.

On the basis of the obtained results, it can be concluded that the introduction of fillers
modified with propolis and silanes into the polymer matrix results in the inhibition of
photo- and biodegradation of WPC materials. Thus, the proposed modifying system plays
the role of an effective and ecological UV stabilizer and an antifungal agent.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma15103435/s1, Figure S1. FTIR-ATR spectra of com-
posite samples: (a) PP+W (A-), (b) PP+W+EEP (A-), and (c) PP+W+EEP+silanes (A-), without UV
aging (0) and exposure to C. puteana (B-), C. versicolor (C-), and Ch. Globosum (D-). Figure S2. FTIR-
ATR spectra of composite samples: (a) PP+W (A-), (b) PP+W+EEP (A-), and (c) PP+W+EEP+silanes
(A-), after UV aging (7 days) and exposure to C. puteana (B-), C. versicolor (C-), and Ch. Globosum (D-).
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