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Streszczenie

Prezentowana rozprawa doktorska opisuje wyniki prac badawczych nad
modyfikacja wiasciwosci fizykochemicznych drewna, materiatdéw drewnopochodnych
i pokrewnych materiatow celulozowych, pokrywanych nanomateriatami weglowymi
(ang. carbon nanomaterials — CNM). Przeprowadzone badania miaty na celu okreslenie
mozliwosci zastosowania takich pokry¢: (i) do wytworzenia powlok 1 saczkow
hydrofobowych lub (ii) wykorzystania jako uniepalniacze oraz (iii) w nowych obszarach
badawczo-rozwojowych na przyktad jako zintegrowanych z drewnem elementow
grzewczych 1 czujnikow. Uzyskane wyniki zostaly szczegdtowo opisane w czterech
artykutach naukowych z listy Journal Citation Reports (JCR) oraz patencie.

W pierwszym etapie badan wykonano dwa rodzaje pokry¢ CNM na powierzchni
drewna, stosujac zawiesiny CNM w zwigzku organicznym oraz w wodzie z dodatkiem
surfaktantu. Na podstawie obrazow uzyskanych za pomoca mikroskopow
fluorescencyjnego 1 elektronowego oraz pomiaréw kata zwilzania, potwierdzono
mozliwo$¢ wytworzenia jednorodnego pokrycia drewna za pomocag CNM 1 uzyskania
powierzchni o wlasciwosciach hydrofobowych. Wykonujac badania dla réznych
gatunkéw drewna pokazano, ze hydrofobizacje powierzchni drewna uzyskuje si¢
niezaleznie od jego gatunku, chropowatosci 1 sktadu chemicznego. Jednocze$nie
zauwazono, ze pomimo wysokiej wartosci kata zwilzania (przekraczajacej 130°), kropla
wody wykazuje silng adhezje do powierzchni drewna pokrytego CNM. Otrzymane
wyniki umozliwity zaproponowanie modelu zwilzalno$ci drewna bazujgcego na modelu
»platka rézy”.

Opracowane metody nanoszenia CNM wykorzystano nastgpnie do hydrofobizacji
widkien 1 widrow drzewnych, bawelny 1 innych materiatow celulozowych.
Dla uzyskanych w ten sposob materiatdéw okreslono zdolnos¢ sorpcyjng i zaproponowano
zastosowanie ich jako hydrofobowych saczkéw do usuwania substancji oleistych
(1 innych zwiazkéw organicznych) z powierzchni wody.

Badajac palno$¢ widrow drzewnych pokrytych CNM, stwierdzono nieznaczne
obnizenie szybko$ci ubytku ich masy. Moze by¢ to spowodowane przyspieszeniem
wytwarzania warstwy zweglonej drewna poprzez obecno§¢ CNM. Dodatkowo pokazano,
ze wytworzenie ptyty z widréw zmodyfikowanych CNM, nie wptywa na zmiang jej

parametrow mechanicznych.
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Ponadto, wyznaczono przewodno$¢ elektryczng warstw CNM wytworzonych
na drewnie i1 zbadano jej zalezno$¢ od czynnikow zewnetrznych. Na podstawie
otrzymanych wynikow pokazano, ze w =zalezno$ci od wyboru odpowiednich
modyfikatorow, uzyskana warstwa CNM na powierzchni drewna moze by¢ wykorzystana
jako czujnik zalania woda lub temperatury. Przedstawiono réwniez rozwigzanie
pozwalajace na wytworzenie czujnika sily nacisku. Wykazano, ze pod wplywem
przepltywajacego pradu mozliwy jest znaczacy wzrost temperatury warstw CNM
oraz rzeanalizowano proces transferu ciepta pomiedzy nimi a materiatami
drewnopochodnymi. W konsekwencji, zaproponowano wykorzystanie warstw CNM
jako elementow grzewczych, mogacych znalezé zastosowanie Ww ogrzewaniu

podtogowym lub osuszaniu drewna.
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Abstract

The following dissertation describes the influence of coating of wood, cotton and
related materials with carbon nanomaterials (CNM), on physicochemical properties of the
based materials. The focus of research was to determine the possibility of using CNM
layers: (i) as a hydrophobic coatings and hydrophobic sorbents, (ii) as flame-retardant
agents, and (iii) in the new research and development areas e.g., as electrical components
integrated with wood, such as heaters or sensors. The results were described in detail in
four scientific articles published in journals listed in the Journal Citation Reports (JCR),
and in one patent specification.

In the first phase of the research, two methods of the formation of CNM coatings
on wood were used. CNM were dispersed in an organic solvent as well as in aqueous
solutions with the addition of surfactant. Analysing images obtained by means
of fluorescence and electron microscopy, it has been shown that CNM may form
auniform thin film on the surface of wood. The results of water contact angle
measurements proved also that this coating is hydrophobic. Experiments performed on
various types of wood showed that the hydrophobic properties are present
regardless of species, roughness, or chemical composition of wood. Although wood
coated with CNM showed a very high value of water contact angle (exceeding 130°)
the droplet of water showed also significant adhesion to the surface. Those results led to
the development of a wetting model based on the ‘rose petal effect’.

The developed methods of coating were also used for hydrophobization of wood
fibers, wood chips, and other cellulose-based fibrous materials. Sorption capacity of the
obtained materials was estimated and their application as hydrophobic sorbents used
for removal of oil spills from the surface of water was proposed.

The investigation on the flammability of CNM coated wood chips showed
a decrease in the speed of their decomposition after the application of CNM coating.
This phenomenon may be attributed to the accelerated char generation. Additionally, it
was shown that it is possible to form chipboard out of CNM coated wood chips without
impeding its mechanical performance.

Finally, the electrical conductivity of CNM coating on wood and its dependence
on external factors was investigated. Based on the obtained results, it was shown that with
the use of CNM modifiers selected for particular purpose, it is possible to prepare flood

and temperature sensors integrated with the surface of the wood. Additionally, a design
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of composite pressure sensor was proposed. Next, it was demonstrated that
the electroconductive CNM coating on wood may be used as heater, which may be further
applied as a floor heater or a wood drying element. Finally, the heat transfer between

CNM heaters and wood-based materials was investigated.
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1. Wstep

Drewno bedace naturalnym, tanim 1 ‘tatwo dostgpnym materiatem
wykorzystywane jest jako gltéwny surowiec do produkcji mebli oraz jako jeden
z najpopularniejszych materiatow konstrukcyjnych. Analizy przeprowadzone przez
Pajchrowskiego 1 innych [1] wykazaly, Zze zastosowanie drewna zamiast innych
materiatow budowlanych powoduje poprawe bilansu dwutlenku wegla w atmosferze oraz
wplywa na zmniejszenie ilosci odpadow 1 obniza zuzycie energii. Jednocze$nie
ekologiczne walory tego materialu sprawily, ze w ostatnich latach wzrosto
zainteresowanie innowacyjnymi rozwigzaniami w zakresie technologii drewna, w tym
kompozytami polimerowo-drzewnymi (ang. wood plastic composite — WPC) [2],

elastycznym drewnem [3] czy przezroczystym drewnem [4].

Interesujagcym materialem jest takze lignoceluloza bedaca produktem odpadowym
migdzy innymi w procesie przetworstwa drewna. Glowng frakcja tego produktu jest
celuloza — skladnik budulcowy drewna oraz wiokien naturalnych np. Inu, juty
czy bawelny. Jest rowniez najpopularniejszym biopolimerem wykorzystywanym
w przemyS$le (m. in. tekstylnym, papierniczym, budowlanym) oraz potencjalnym
kandydatem do wielu nowych zastosowan, np. w czujnikach, systemach oczyszczania

wody, aerozelach 1 innych [5-7].

Pomimo wielu zalet, drewno i materiaty celulozowe posiadaja kilka istotnych
wad, ograniczajacych niektore mozliwosci ich wykorzystania. Materiaty te sg tatwopalne,
hydrofilowe oraz higroskopijne, a takze podatne na czynniki biologiczne
1 promieniowanie UV. Koncepcja zaproponowana w rozprawie doktorskiej dotyczy
mozliwego potaczenia odpowiednich walorow drewna 1 materialow drewnopochodnych
oraz nanomateriatow weglowych (ang. carbon nanomaterials — CNM), takich jak
nanorurki weglowe (ang. carbon nanotubes — CNT), tlenek grafenu (ang. graphene oxide
— GO), grafen platkowy (Gr) i nanoptytki grafenu (ang. graphene nanoplatelets — GNP).
CNT 1 materialy grafenowe s3 obiektem zainteresowania jako sktadniki
wielofunkcyjnych pokry¢ 1 kompozytow [8-10], ze wzgledu na ich niezwykte
wlasciwos$ci: przewodnictwo elektryczne [11,12], wytrzymalo$s¢ mechaniczng [13],
aktywno$¢ chemiczng [14], stabilno$¢ termiczng [15], superhydrofobowos¢ [16]. Dzigki
rozwojowi 1 optymalizacji metod syntezy, CNM moga by¢ produkowane na skale
przemystowa, w tym w ekologiczny sposob, wykorzystujac np. gazy cieplarniane, takie

jak metan [17-19]. Dostgpnos¢ CNM oraz ich wlasciwosci sprawiaja, ze sa one
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interesujace z punktu widzenia wykorzystania ich w badaniach nad ochrong drewna
1 materiatow drewnopochodnych, a jednocze$nie rozwijania ich nowych zastosowan.
Odpowiednia modyfikacja powierzchni drewna i jego pochodnych, z wykorzystaniem
CNM, moze nie tylko zniwelowaé ograniczenia ich wykorzystania, ale wprowadzi¢
dodatkowe elektrycznie aktywne elementy (np. grzatki lub czujniki), otwierajac zupetie

nowe mozliwosci aplikacyjne.

Pierwszym istotnym problemem ograniczajacym funkcjonalno$¢ drewna,
podjetym w niniejszej rozprawie, jest jego hydrofilowos¢. Zwilzenie drewna powoduje
jego nasigkniecie woda, a w konsekwencji pecznienie (wzrost objgtosci) 1 znaczace
pogorszenie jego parametrow mechanicznych [20]. Ponadto, moze sprzyja¢ rozwojowi
plesni i grzybow [21]. Lau i in. [22] wykazali, ze pokrycie z pionowo utozonych CNT
wykazuje wlasciwos$ci superhydrofobowe, dzigki odpowiedniej nanostrukturze i niskiej
energii powierzchniowej. Stwarza to mozliwosci wykorzystania ich jako materiatow
hydrofobizujacych. Dotychczas opisano sposdb hydrofobizacji powierzchni metali [23],
polimeréw [24] 1 tekstyliow [25,26] poprzez pokrycie ich CNT lub Gr. Natomiast,
pokryte zredukowanym tlenkiem grafenu (rGO) aerozele i saczki bawetniane okazaty si¢
bardzo interesujacymi hydrofobowymi absorbentami do wykorzystania np. przy
usuwaniu oceanicznych rozlewow ropy [27-29]. Jednakze, do tej pory nie
przeprowadzono badan wskazujacych na mozliwos¢ wykorzystania CNM jako srodka

hydrofobizujacego drewno 1 materiaty drewnopochodne.

CNM moga by¢ potencjalne wykorzystane do obnizenia palnosci materiatow,
np. kompozytow polimerowych poprzez domieszkowanie ich GNP lub GO [30]. Efekt
ten zostal takze zaobserwowany i opisany przez Kashiwagi 1 in. [31] dla polimerow
domieszkowanych CNT. Spalanie jest procesem dynamicznym zaleznym od wielu
czynnikoéw, dlatego nie mozna wskaza¢ jednoznacznie w jaki sposob CNM wplywajg na
zwigkszenia zdolno$ci uniepalniajagcych materiatu. Najbardziej prawdopodobnym
wyjasnieniem jest przyspieszenie wytworzenia oraz wzmacnianie warstwy zweglonej
(naturalnie ograniczajacej proces spalania), zwigkszenie transferu ciepla czy tworzenie
bariery dla tatwopalnych lotnych zwigzkoéw organicznych, wydzielanych podczas
pirolizy polimeréow [31,32]. Farsheh i in. [33] pokazali, ze domieszkowanie
polipropylenu GO powoduje obnizenie palnosci kompozytu WPC (polipropylenu
z maczka drzewna). Wyniki te byly inspiracjg do przeprowadzenia badan dotyczacych
wptywu pokrycia drewna CNM na jego palnosc.
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Wysokie przewodnictwo elektryczne oraz aktywno$¢ chemiczna CNT,
pochodnych grafenu, w tym GNP lub Gr, stwarzaja ciekawg perspektywe ich
zastosowania. Pokazano, ze mozliwe jest wykorzystanie CNM, m. in. do wytwarzania
elementow  grzewczych  [34,35], czujnikow  [36-38] czy  powierzchni
antystatycznych [39]. Dotychczas, w literaturze nie opisano jednak mozliwosci
wytwarzania aktywnych pokry¢ z CNM na powierzchni drewna. Na podstawie wynikow
badan przeprowadzonych w ramach rozprawy doktorskiej, po raz pierwszy
zaproponowano wykorzystanie elektrycznie przewodzacych warstw CNM do uzyskania
warstw aktywnych, w tym elementow grzewczych i wielofunkcyjnych czujnikow

zintegrowanych z drewnem.

W badaniach prowadzonych w ramach niniejszej rozprawy doktorskiej okreslono
wplyw pokrycia CNM na zmian¢ wlasciwosci fizykochemicznych drewna, bawetny i ich
pochodnych. Przeprowadzone badania pozwolity na pokazanie mozliwosci
wykorzystania niezwyklych wlasciwosci CNM, takich jak hydrofobowos¢, stabilnosé
termiczna, wysokie przewodnictwo elektryczne i aktywnos¢ chemiczna, w odniesieniu
do materialdéw drewnopochodnych, w ich praktycznych i codziennych zastosowaniach
oraz w technologii drewna. Proponowane rozwigzania moga nie tylko zniwelowac
podstawowe problemy technologiczne, jakimi s3a latwopalnos¢ czy zdolnosé
do wchtaniania wody, lecz dodatkowo wprowadzi¢ catkowicie nowe funkcjonalnosci,

ktore wczesniej nie byty rozwazane w kontekscie tych materiatow.
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2. Forma pracy doktorskiej oraz wklad doktoranta
Na prace doktorska pt. ,,Modyfikacja wlasciwosci fizykochemicznych drewna,
bawelny i ich pochodnych za pomocg nanomateriatow weglowych” sktadaja si¢ cztery
oryginalne artykuty opublikowane w recenzowanych czasopismach naukowych
indeksowanych w bazie Journal Citation Reports oraz patent zarejestrowany w Urzedzie
Patentowym Rzeczypospolitej Polskie;j:
1. [Lukawski, POC 2018] D. Lukawski, A. Lekawa-Raus, F. Lisiecki, K. Koziol, A.
Dudkowiak, Towards the development of superhydrophobic carbon nanomaterial

coatings on wood, Progress in Organic Coatings 125 (2018) 23-31.

2. [Lukawski, UPRP 2017] D. Lukawski, A. Dudkowiak, A. Lekawa-Raus, Sgczek

hydrofobowy selektywnie pochtaniajgcy oleje i zwigzki organiczne przeznaczony do

oczyszczania wod oraz sposob wytworzenia sqgczka (P.423094/2017).

3. [Lukawski, FP 2018] D. Lukawski, F. Lisiecki, A. Dudkowiak, Coating cellulosic
materials with graphene for selective absorption of oils and organic solvents from

water, Fibers and Polymers 19 (2018) 524-530.

4. [Lukawski, Drewno 2019] D. Lukawski, W. GrzeSkowiak, D. Dukarska, B. Mazela,
A. Lekawa-Raus, A. Dudkowiak, The influence of surface modification of wood

particles with carbon nanotubes on properties of particleboard glued with phenol-

formaldehyde resin, Drewno 203 (2019) 93-105.

5. [Lukawski, Composites A 2019] D. Lukawski, A. Dudkowiak, D. Janczak, A.
Lekawa-Raus, Preparation and applications of electrically conductive wood layered

composites, Composites Part A: Applied Science and Manufacturing 127 (2019)
105656: 1-10.

Zgodnie z zalaczonymi o$wiadczeniami wspotautorow, wkiad doktoranta

w powstanie publikacji byl nastepujacy:

Publikacja [Lukawski, POC 2018] — doktorant wykonal przeglad aktualnej
literatury dotyczacej pokry¢ hydrofobowych oraz bral udziat w planowaniu badan.
Nastepnie, opracowat metode pokrywania drewna CNM (CNT, Gr oraz sadzg techniczng)
1 przygotowal pokrycia. Doktorant zaprojektowal, skonstruowat 1 wykorzystal do badan
uktad do pomiaru kata zwilzania. Przeprowadzit takze badania pokry¢ wykorzystujac
metode mikroskopii fluorescencyjnej oraz pomiary chropowatosci i wykonal testy

odporno$ci na $cieranie. Ponadto, byl odpowiedzialny za wstgpna analize wynikoéw
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1 przygotowanie pierwszej wersji manuskryptu oraz uczestniczyt w tworzeniu modelu

zwilzalnosci.

Patent [Lukawski, UPRP 2017] — doktorant opracowat pomyst dotyczacy
wykorzystania hydrofobizowanych za pomoca nanomaterialtdéw weglowych widorow
1 widkien drzewnych do usuwania rozlewow oleistych z powierzchni wody. Nastepnie
przedstawit przyktadowe sposoby realizacji prototypu i wykonal proby walidujace jego
dziatanie. Ponadto, wykonat przeglad aktualnego stanu techniki i we wspodtpracy

z rzecznikiem patentowym opracowat tres¢ patentu.

Publikacja [Lukawski, FP 2018] — w celu wytworzenia hydrofobowych saczkow,
doktorant zaproponowal rozwini¢cie badan przedstawionych w publikacji [Lukawski,
POC 2018]. Wykonat przeglad aktualnej literatury oraz zaplanowal eksperyment.
Nastepnie, przygotowal probki celulozowe modyfikowane Gr. Wykonal pomiary metoda
mikroskopii konfokalnej oraz okreslit wtasciwosci sorpcyjne wszystkich probek.
Doktorant odpowiadat takze za analize i interpretacje wynikOw oraz przygotowanie

manuskryptu.

Publikacja [Lukawski, Drewno 2019] — doktorant uczestniczyl w planowaniu
eksperymentu oraz dokonat przegladu aktualnej literatury. Stosujac metode
homogenizacji ultradzwigkowej, przygotowat zawiesing CNT w roztworze wodnym,
ktora wykorzystal do wykonania pokrycia widréw drzewnych. Byl odpowiedzialny
za kompleksowa analiz¢ wynikéw palno$ci 1 badan mechanicznych, a takze
za redagowanie 1 korekte manuskryptu oraz kontakt z edytorem czasopisma jako autor

korespondencyijny.

Publikacja [Lukawski, Composites A 2019] — doktorant brat udziat
w planowaniu eksperymentu oraz przygotowal czg$¢ probek. Ponadto, byt
odpowiedzialny za wykonanie badan przewodnictwa elektrycznego pokry¢ CNT
na powierzchni drewna, wptywu czynnikéw zewnetrznych (wody, nacisku, temperatury)
na przewodnictwo elektryczne oraz badan termoelektrycznych. Doktorant wykonat
wszystkie wykresy, grafiki 1 tabele przedstawione w pracy, brat udziat w analizie

wynikOw oraz przygotowaniu manuskryptu.
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3. Badane materialy oraz techniki badawcze

3.1. Materialy

W ramach rozprawy doktorskiej badano komercyjnie dostepne nanomateriaty
weglowe, skupiajac si¢ na tych, ktorych produkcja jest mozliwa w skali przemystowej —
wielo$ciennych CNT (ang. multi-wall carbon nanotubes — MWCNT) firmy Nanocyl
(NC700) oraz Gr firmy Cambridge Nanosystems (Camgraph G1). Dodatkowo, jako
materiaty referencyjne wykorzystano sadzg¢ techniczng (N-550), GNP oraz MWCNT
firmy Carbon Nanotubes Plus (Tabela 1).

Tabela 1 Parametry wykorzystywanych nanomaterialéw weglowych (dane uzyskane od

producentow).
Nazwa Producent Odmiana Srednia Srednia BET Zawarto$é
komercyjna alotropowa Srednica grubosé wegla
wegla platka/ platka/
dlugosé Srednica
nanorurki nanorurki [m?¥/g] [%o]
[wm] [nm]
NC7000 Nanocyl SA MWCNT 1,5 9,5 250- 90
300
Camgraph Cambridge Gr 0,3 <1 313+19 | >99,8
Gl Nanosystems
Ltd.
- Cheaptubes GNP >2 8-15 500- 97
Inc. 700
- Carbon MWCNT 0,5-2 8-15 - 95
Nanotubes
Plus
- Carbon MWCNT 50 8-15 - 98
Nanotubes
Plus
N-550 Konimpex Sadza - - 4045 -
Ltd. techniczna

W pracy [Lukawski, POC 2018] jako podioza dla CNM wykorzystano rdzne
gatunki drewna: balsg, sosne, dab, brzoze, buk oraz topolg. Badania te rozszerzono
stosujac rozwtoknione drewno i widry drzewne oraz materiaty celulozowe o réznym
stopniu uporzadkowania, $rednicy i dtugosci widkien celulozowych [Lukawski, FP
2018]. Wiory drzewne pokryte CNM zostaly takze wykorzystane do wytworzenia
modyfikowanej ptyty widrowej 1 byly obiektem badan przedstawionych w pracy
[Lukawski, Drewno 2019]. Natomiast, w pracy [Lukawski, Composites A 2019]

badania przeprowadzono dla drewna litego (sosny) oraz plyt drewnopochodnych (ptyty
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pilsniowej o $redniej (ang. medium density fiberboard — MDF) 1 wysokiej (ang. high
density fiberboard — HDF) gesto$ci wtokien drzewnych, plyty o widrach orientowanych
(ang. oriented strand board — OSB), ptyty widrowe;j i sklejki).

Wszystkie zawiesiny CNM zostaty przygotowane wykorzystujagc homogenizator
ultradzwigkowy. Podczas homogenizacji probki byly umieszczane w wodzie z lodem,
w celu efektywnego odprowadzania ciepta. W badaniach w ramach rozprawy doktorskiej
wykorzystano trzy rodzaje zawiesin CNM:

(1) wodna z dodatkiem surfaktantu jonowego - dodecylobenzenosulfonianu sodu

(ang. sodiumdodecylbenzenesulphonate — SDBS) pozwalajacego na stabilizacje

CNM,

(2) w lotnym zwigzku organicznym (aceton, dichlorometan) bez dodatku substancji
stabilizujacej,

(3) z dodatkiem polimeru stabilizujacego, polimetakrylanu metylu (ang. poly(methyl
methacrylate) — PMMA) w octanie eteru monobutylowego glikolu dietylenowego

(ang. diethylene glycol monobutyl ether acetate — DB acetate).

W zalezno$ci od rodzaju zawiesiny zastosowano rézne techniki nanoszenia
warstw: nanoszenie zanurzeniowe, nanoszenie z kropli, nanoszenie natryskowe

lub sitodruk.

3.2. Charakteryzacja powierzchni

Do badan struktury powierzchni drewna pokrytego CNM, wykorzystano
mikroskopie fluorescencyjna, konfokalng (ang. laser scanning microscope — LSM)
oraz elektronowa (ang. scamning electron microscopy — SEM). Pozwolity one na
zbadanie morfologii warstw. Oceng skutecznosci usuwania SDBS z powierzchni drewna
pokrytego CNM okre§lono na podstawie analizy widma uzyskanego metoda
spektrometrii dyspersji energii promieniowania rentgenowskiego (ang. energy-dispersive
X-ray spectroscopy — EDS). Pomiary chropowatos$ci zostalty wykonane z wykorzystaniem
LSM, a reflaktancja wybranych probek zostata wyznaczona za pomoca spektrofotometru

absorpcyjnego.

3.3. Badania zwilzalnosci i zdolnoSci sorpcyjnej
Dla wytworzonych warstw CNM wykonano pomiary kata zwilZzania za pomoca
dedykowanego uktadu oraz wykorzystano oprogramowanie ImageJ (wtyczka Dropsnake)

do precyzyjnego okreslenia kata. Ponadto, przeprowadzono pomiary kata rozprysku
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wody (ang. water shedding angle — WSA) metoda opisang w pracy [40] oraz pomiary
nasigkliwo$ci dla rozwtoknionego drewna i widréw drzewnych, a takze dla witokien
celulozowych. Zdolno$¢ sorpcyjng (ang. sorption capacity — SC) wiokien celulozowych
pokrytych CNM dla wody oraz wybranych zwigzkéw organicznych o réznej lepkosci
1 gestosci (tj. eteru naftowego, heksanu, chloroformu, toluenu, oleju Inianego, parafiny

ciektej, oleju silnikowego) obliczono na podstawie rownania:
mf - mo

SC=—, 1
— (1)

gdzie my — masa probki po zanurzeniu w cieczy, mo— masa suchej probki.
Wyznaczono takze selektywnos$¢ (S) pochtaniania zwiazkéw organicznych

(jako przyktadowy zwiazek wykorzystano chloroform) w stosunku do pochtaniana wody

wykorzystujac rownanie:

my —mg

S = )
(morg - mO) + (mw - mO)

(2)

gdzie m,, — masa probki po zanurzeniu w wodzie, o, — masa probki po zanurzeniu

w zwigzku organicznym.

3.4. Badania palnosci i wlasciwosci mechanicznych

Badania palnosci widrow drzewnych 1 plyty widorowej zostaly wykonane
w Pracowni Ochrony 1 Konserwacji Drewna Wydzialu Technologii Drewna
Uniwersytetu Przyrodniczego w Poznaniu (WTD UP). Pomiary szybko$ci spalania
wiorow drzewnych pokrytych CNM, metoda rury do spalan wg. Metza, przeprowadzono
zgodnie z norma ASTM E69. Ponadto, w Zaktadzie Tworzyw Drzewnych WTD UP,
wykonano plyte widorowa z wiorow drzewnych zmodyfikowanych CNM oraz zbadano jej
wlasciwosci mechaniczne zgodnie z normami EN 310 (wytrzymalo$¢ materiatu
na zginanie 1 rozcigganie), EN 319 (wytrzymalo$ci na rozcigganie w kierunku
prostopadtym do ptaszczyzn plyty) oraz nasigkliwo$¢ zgodnie z normg EN 317.
Okreslono rowniez palnos¢ plyty widrowej za pomocg kalorymetru ubytku masy, zgodnie

znormg SO 13927.

3.5. Badania elektryczne i elektrotermiczne
W celu wykonania pomiaru oporu elektrycznego warstw MWCNT,
wytworzonych na drewnie lub plytach drewnopochodnych, na podtoze naniesiono

elektrody srebrne. Pomiary wykonano za pomocg precyzyjnego multimetru. Zmiany
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rezystancji warstw CNM pod wptywem czynnikéw zewnetrznych takich jako woda,
nacisk itp. rejestrowano wykorzystujac miernik rezystancji podiaczony do komputera.
Pomiary termoelektryczne dla warstw MWCNT wykonano za pomocg podlaczonej

do komputera kamery termowizyjnej i pirometru sprzezonego z zasilaczem pradu statego.
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4. Krotki opis badan zawartych w rozprawie doktorskiej

Poczatkowo przeprowadzone badania skupity si¢ na analizie morfologii cienkiej
warstwy CNM naniesionej na powierzchni¢ drewna 1 okresleniu jej wplywu
na zwilzalno$¢ warstwy [Lukawski, POC 2018]. Badania rozpocz¢to wykorzystujac
balse, jako drewno silnie hydrofilowe o jednorodnej strukturze. Wykonano pokrycia
CNM metoda nanoszenia z kropli, a nast¢gpnie warstwy charakteryzowano metodami
mikroskopowymi [Lukawski, POC 2018 — Rysunek 1, 2 i 3]. Zauwazono, ze z powodu
wygaszania fluorescencji przez CNM, mikroskopia fluorescencyjna jest efektywnag
metoda do badania dystrybucji CNM na powierzchni drewna, dajaca znacznie wyzsza
rozdzielczo$§¢ niz tradycyjna mikroskopia optyczna. Na podstawie rozktadu emisji
fluorescencji stwierdzono, ze w skali mikroskopowej CNM jednorodnie osadzaja si¢
na powierzchni balsy, aglomerujac tylko cze$ciowo w obszarach zwigzanych
z nierdwnosciami struktury drewna. Analizujac obrazy SEM zaobserwowano, ze Gr oraz
MWCNT osadzone na powierzchni drewna tworza jednorodne warstwy, natomiast
w przypadku osadzania sadzy technicznej powstaja aglomeraty. Zauwazono takze,
ze MWCNT tworzg sieci pomiedzy nierowno$ciami w strukturze drewna, co moze

powodowac znaczacag modyfikacje wlasciwosci warstwy na granicy drewno-CNM.

Pomiary kata zwilzania [Lukawski, POC 2018 — Rysunek 5] pokazaly,
ze w przypadku pokry¢ drewna przez CNT i1 Gr, warto$¢ kata zwilzania przekracza 130°
inie zmienia si¢ w funkcji czasu, co oznacza, ze uzyskujemy silnie hydrofobowa
powierzchnie. Dla porownania kropla woda osadzana na czystej powierzchni
balsy po 60 s catkowicie wsigka w jej strukture. Pokrycie drewna sadza techniczng
powodowato tylko nieznaczne zwigkszenie wlasciwosci hydrofobowych powierzchni,

a wyznaczona wartos$¢ kata zwilzania zmieniata si¢ w miar¢ uptywu czasu.

Po uzyskaniu hydrofobowych warstw na powierzchni balsy, postanowiono
kontynuowa¢ badania dla innych gatunkéow drewna pokrywajac je Gr. Na podstawie
obrazow uzyskanych za pomocg mikroskopii fluorescencyjnej obserwowano znaczace
roznice w ilosci osadzonych Gr na powierzchni drewna, w przypadku wystepowania w
strukturze drewna wyraznego podziatu stoi na drewno wczesne 1 pézne (np. dla sosny).
CNM osadzatly si¢ w wigkszej ilo$ci na drewnie wczesnym, w zwigzku z jego mniejsza
gestoscig 1 wigkszg chropowatoscig. Jednak, badania przeprowadzone dla réznych

gatunkoéw drewna pokrytych Gr, nie potwierdzity istnienia korelacji pomi¢dzy wartoscig
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kata zwilzania a gatunkiem drewna, w tym jego chropowatoscia, sktadem chemicznym,

czy $rednig wielkoscig porow.

W zwigzku z obiecujagcymi wynikami powyzszych badan zastosowano rowniez
inne metody nanoszenia CNT i Gr, gdyz nanoszenie z kropli nie jest metodg optymalng
do zastosowan w przemysle. W tym celu, do wykonania pokry¢ na powierzchni drewna,
przygotowano zawiesing wodng zawierajaca CNT oraz surfaktant jonowy SDBS
i zastosowano metode zanurzeniowg. Obecno$¢ surfaktantu  spowodowata,
ze powierzchnia drewna pokryta CNT wykazywata wilasciwosci superhydrofilowe.
Wykorzystujac metode zaproponowang w pracy [25], usuni¢to SDBS z pokrycia poprzez
wielokrotne przeptukiwanie i suszenie probki. Skuteczno$¢ metody zweryfikowano
na podstawie analizy widm EDS i identyfikacji pasma dla siarki (wystepujacej
w strukturze SDBS) [Lukawski, POC 2018 — Rysunek 4]. Efektywne usunigcie
surfaktantu zostalo takze potwierdzone pomiarami kata zwilzania, ktdrego warto$¢
wynosita 0° (przed wyptukiwaniem) 1 wzrosta do ponad 139° 1 145° (po wyplukaniu),
odpowiednio dla pokry¢ drewna Gr i CNT. Wykonane pomiary WSA wykazaty,
ze najlepsze wiasciwosci hydrofobizujace wykazuja pokrycia z CNT, co potwierdzaja

réwniez wyniki pomiaréw kata zwilzania.

Kompleksowa analiza wynikdw badan pozwolita na zaproponowanie modelu
zwilzania powierzchni drewna pokrytej] CNM, analogicznego do zjawiska ,,ptatka rozy”,
obserwowanego w naturze [41]. Poprzez polaczenie CNM ze strukturg drewna uzyskuje
si¢ powierzchni¢ o wysokiej chropowatosci zarowno w skali nano jak 1 mikro.
Dodatkowo, bioragc pod uwage niska energie powierzchniowa CNM, dla idealnie
pokrytego drewna mozna bytoby uzyska¢ powierzchni¢ superhydrofobowa. Jednakze,
zanieczyszczenia na powierzchni drewna powodujg miejscowo sltabsza adhezje CNM,
dlatego warstwa ta nie jest w petni jednorodna 1 pojawiajg si¢ miejsca, gdzie mozliwy jest
kontakt wody z drewnem. W ten sposdb powstaje powierzchnia charakteryzujaca si¢
bardzo wysoka warto$cig kata zwilzania, a jednoczesnie silng zdolno$cia do adhezji wody

[Lukawski, POC 2018 — Rysunek 7].

Opracowana metoda zanurzeniowa, nanoszenia CNM na powierzchni¢ drewna,
zostata zastosowana takze do wytworzenia pokry¢ widkien 1 widrow drzewnych,
powodujac zmniejszenie ich nasigkliwos$ci wodg. Efekt ten wykorzystano, proponujac

zastosowanie wiokien drzewnych hydrofobizowanych za pomocg CNM do wytworzenia
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hydrofobowego saczka, mogacego stuzy¢ do usuwania np. oceanicznych rozlewow
zanieczyszczen oleistych. Saczek taki, w zalozeniu mialby absorbowaé w swojej
objetosci wylacznie zwiazki organiczne, nie pochtaniajgc wody, co umozliwiatoby
efektywne usunigcie np. ropy naftowej z powierzchni wody 1 jej odzyskanie
do ponownego przetworzenia. Rozwigzanie to zostalo opatentowane [Lukawski,

UPRP 2017] w Urzedzie Patentowym Rzeczypospolitej Polskie;j.

Badania dotyczace modyfikacji zdolno$ci sorpcyjnej drewna postanowiono
kontynuowa¢ wykorzystujac materiaty celulozowe pokryte CNM. Do badan opisanych w
pracy [Lukawski, FP 2018] wybrano pi¢¢ roéznych materialdéw sktadajacych sig
z wldkien celulozowych, bedacych glownym sktadnikiem drewna. Struktur¢ badanych
materiatéw zobrazowano wykorzystujac metod¢ mikroskopii fluorescencyjnej. Materiaty
celulozowe o réznym stopniu uporzadkowania wiokien celulozowych, S$rednicy
1 dlugosci, pokryto Gr (stosujac odpowiednio jeden 1 sze$¢ cykli nanoszenia).
Na podstawie obrazow SEM stwierdzono, ze po kilku cyklach nanoszenia Gr mozliwe
jest wytworzenie jednorodnego pokrycia na powierzchni pojedynczego widkna

celulozowego.

Nastepnie przeprowadzono badania zwilzalnosci materiatdéw celulozowych
(czystych 1 pokrytych Gr). Ze wzgledu na duza chropowato$¢ powierzchni badanych
materialdow, utrudniajaca okre§lenie wartosci kata zwilzania, wykonano pomiary
zdolnosci sorpcyjnej (SC) wody [Lukawski, FP 2018 — Rysunek 4]. Otrzymane wyniki
potwierdzily uzyskanie nieznacznej hydrofobizacji powierzchni saczkéw pokrytych
jednag warstwa Gr (po pierwszym cyklu nanoszenia) oraz znaczacy wzrost wlasciwosci
hydrofobowych saczkéw po szesciu cyklach nanoszenia. Przyktadowo, dla wiokien
celulozowych splecionych w formie gazy SC w odniesieniu do wody spadia z 11,0 g/g

dla czystych probek do ponizej 0,07 g/g dla probek pokrytych 6-krotnie Gr.

Opracz silnej hydrofobizacji powierzchni (niskiej wartosci SC wzgledem wody)
kluczowe jest otrzymanie sgczka o wysokiej zdolnosci do absorbowania rdéznych
zwigzkéw organicznych. Badania sorpcji  zwigzkéw  organicznych — saczkow
celulozowych pokrytych Gr pokazaty, ze wysoka warto$¢ SC saczkow mozna uzyskac
niezaleznie od stopnia hydrofobizacji powierzchni [Lukawski, FP 2018 — Rysunek 5].
Na podstawie badan przeprowadzonych dla eteru naftowego, heksanu, chloroformu,

toluenu, oleju Inianego, parafiny ciektej, oleju silnikowego, stwierdzono, ze materiatem
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o najwyzszej zdolnosci do sorpcji wszystkich badanych absorbatow jest czesanka
bawetniana pokryta Gr (po szes$ciu cyklach nanoszenia). Przyktadowo, jej SC dla oleju
silnikowego byta rowna 30,6 g/g, przy niskiej sorpcji wody tj. na poziomie 0,12 g/g.
Selektywno$¢ absorbowania zwigzkéw organicznych w stosunku do wody wynosita
ponad 99%, co oznacza, ze na 99 g pochlonigtego zwigzku organicznego wchioniety
zostanie jedynie 1 g wody. Wykazano takze, ze hydrofobizacja saczkOw nie zmienia si¢
znaczgco, po wykonaniu kilku cykli zanurzania absorbentu w badanych zwigzkach
organicznych, co $swiadczy o silnej adhezji Gr do powierzchni witokien celulozowych

[Lukawski, FP 2018 — Tabela 1].

Po przeprowadzeniu badan zwigzanych z modyfikacja zwilzalnosci drewna
1 materiatow celulozowych wykorzystujac CNM postanowiono okresli¢ wptyw CNM na
palno$¢ drewna. Proces spalania jest zjawiskiem zachodzacym w objetosci, dlatego
badania palnos$ci przeprowadzono dla widéréw drzewnych pokrytych CNT (jednoczesnie
czgsciowo nimi impregnowanych) [Lukawski, Drewno 2019 — Rysunek 1] i plyty
drewnopochodnej wykonanej ze zmodyfikowanych wiorow. Wyniki dotyczace palnosci
wioréw drzewnych pokrytych CNT pokazaty spowolnienie procesu ich spalania,
co prawdopodobnie jest spowodowane zwickszeniem efektywno$ci wytwarzania
warstwy zweglonej w wyniku obecnosci CNM na ich powierzchni. Wydaje sig,
ze wysoka absorpcja promieniowania cieplnego przez CNT oraz ich wysokie
przewodnictwo cieplne mozne powodowaé bardziej efektywny transport ciepta
do zewngtrzne] czgsci widrdw drzewnych, przyspieszajac generowanie warstwy

zweglonej, bedacej naturalng bariera termiczng powodujaca ograniczenie spalania.

Wiory drzewne pokryte CNT wykorzystano nastgpnie do wytworzenia plyty
widrowej. Plyta zostata wytworzona poprzez sprasowanie modyfikowanych wiorow
z zywica fenolowo-formaldehydowa w temperaturze 200°C i pod ci$nieniem 2,5 N/mm?.
Zastosowane podejscie umozliwito umieszczenie CNT w catej objgtosci ptyty widrowe;,
bez koniecznosci stosowania np. zywicy zmodyfikowanej CNM. Badania palno$ci ptyty
widrowej modyfikowanej CNT, wykonane za pomoca kalorymetru ubytku masy,
pokazaly nieznaczne przyspieszenie procesu jej spalania. Dla plyty widrowej
zawierajacej CNT, czas do zaplonu byl o 4 s krotszy niz dla plyty referencyjnej, a czas
do osiagnigcia maksymalnej szybko$ci wydzielania ciepta (ang. peak heat release rate —

PHRR) o 25 s krétszy. Jednakze, niezmienione zostaly kluczowe parametry rejestrowane
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podczas procesu spalania, takie jak wartos§¢ PHRR oraz catkowity ubytek masy,

co oznacza istnienie tylko nieznacznego wptywu CNT na proces spalania.

Dla ptyty wytworzonej z widrow pokrytych CNT przeprowadzono takze badania
majace na celu okreslenie jej wiasciwosci mechanicznych [Lukawski, Drewno 2019 —
Tabela 1]. Otrzymane wyniki testow wytrzymatosciowych (badanie wytrzymatosci
materialu na zginanie 1 rozcigganie oraz rozcigganie w kierunku prostopadtym
do plaszczyzn plyty) oraz nasigkliwosci ptyty, wskazuja na brak istotnego wptywu CNT
zawartych w objetosci ptyty na jej wtasciwosci mechaniczne i zdolnos$ci do absorbowania
wody. Na podstawie analizy uzyskanych wynikéw wydaje si¢, ze nowym interesujacym
kierunkiem dalszych badan majacym na celu zwigkszenie wytrzymato$ci mechaniczne;j
ptyty, bedzie raczej domieszkowanie CNM zywicy spajajacej widry niz modyfikowanie

powierzchni wioréw.

Dotychczasowe badania dotyczyty wptywu pokryé CNM na drewno i materialy
drewnopochodne w odniesieniu do poprawy ich odpornosci na czynniki zewngtrzne.
Kolejnym etapem badan w ramach niniejszej rozprawy doktorskiej bylo wytworzenie
funkcjonalnych pokry¢ CNM na powierzchni drewna. Do ich uzyskania wykorzystano
zawiesiny CNT (Tabela 2) w zwigzku organicznym oraz wodzie z dodatkiem surfaktantu.
W pracy [Lukawski, Composites A 2019] zastosowano rowniez pasty (zawiesiny CNT
w zwigzku organicznym stabilizowanym polimerem) opracowane w Zakladzie
Mikrotechnologii 1 Nanotechnologii Politechniki Warszawskiej [42]. Stosujac wybrane
zawiesiny CNM mozliwe bylo wytworzenie pokry¢ o rdznych wlasciwosciach
(Tabela 2). Ponadto, uzyskane pokrycia z CNT byly elektroprzewodzace, dlatego

sprawdzono ich potencjat aplikacyjny jako czujnikow lub elementow grzewczych.

Tabela 2 Zestawienie zawiesin CNT wykorzystywanych do wytwarzania pokry¢
elektroprzewodzacych oraz ich charakterystyka

Zawiesina CNT w Charakterystyka otrzymanego pokrycia

zwiazku organicznym (czyste CNT) Superhydrofobowe, stosunkowo niejednorodne, nanoszone
metoda natryskowa

zwiazku organicznym stabilizowanym | Hydrofobowe lub hydrofilowe, czgsto nie przepuszczajace

polimerem (CNT/PMMA) wody, jednorodne, nanoszone sitodrukiem

wodzie z dodatkiem surfaktantu Superhydrofilowe, jednorodne, nanoszone metoda

(CNT/SDBS) natryskowg
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W wyniku przeprowadzonych badan okreslono przewodnosc¢ elektryczng pokry¢
w zalezno$ci od ilosci CNT naniesionych na powierzchni¢ drewna [Lukawski,
Composites A 2019 — Rysunek 2]. Pokazano, ze rezystancja elektryczna warstwy
utworzonej z CNT/SDBS maleje logarytmicznie wraz z iloscig CNT osiggajac wartos¢
140 + 15 Q/sq dla pokrycia CNT wynoszacego 324 + 36 pg/cm?. Podobna zalezno$é
zaobserwowano dla warstw z CNT/SDBS 1 czystych CNT. Zauwazono rowniez
korelacje, pomiedzy przewodno$cig elektryczng, a reflaktancja warstwy. Wysoko-
przewodzace pokrycia CNT absorbujg wigkszo$¢ promieniowania widzialnego,

powodujac uzyskanie czarnej barwy.

Czarne zabarwienie warstw CNM moze by¢ mato atrakcyjne w wielu
praktycznych zastosowaniach, dlatego postanowiono warstwe CNM przykry¢ warstwa
dekoracyjna (przyklejona do drewna) i zbadac jej wptyw na przewodno$¢ warstwy CNM.
Pomiary elektryczne przed i po przyklejeniu warstwy dekoracyjnej pokazaty,
ze relatywny wzrost oporu elektrycznego wynidst (9 + 3)%, (27 = 5)% 1 (3 = 4)%,
odpowiednio dla pokry¢ utworzonych z czystych CNT, CNT/SDBS i CNT/PMMA.
Okazato sie, ze pokrycia o wysokim oporze elektrycznym (na granicy progu perkolacji)
zwigkszaja opor elektryczny bardziej niz wysoko przewodzace pokrycia. Obecnos$¢ kleju
powoduje efekt przesunigcia progu perkolacji. Nieznaczne zmiany przewodnosci
dla dobrze przewodzacych warstw sugeruja, ze wytworzone warstwy CNM mogg by¢

takze wykorzystywane po przyklejeniu do nich warstwy dekoracyjne;.

Dla zaprojektowania 1 wytworzenia czujnikdw np. zalania, temperatury, sity
nacisku 1 innych, istotne znaczenie ma zalezno$¢ przewodnosci elektrycznej warstw
CNM od czynnikéw zewngtrznych. W tym celu przeprowadzono badania pozwalajace
na okreslenie wptywu zalania woda 1 zwigzkami organicznymi, a takze zmian
temperatury 1 przylozenia zewng¢trznego nacisku, na przewodnos¢ elektryczng warstw

CNT, wytworzonych na powierzchni drewna.

Wplyw wody na przewodno$¢ elektryczng warstw w gldwnej mierze zalezy
od zwilzalno$ci warstwy. Zgodnie z wynikami badan opisanymi w pracy [Lukawski,
POC 2018], pokrycia z CNT (czystych CNT) powoduja silng hydrofobizacj¢ drewna,
natomiast obecnos¢ surfaktantu SDBS (CNT/SDBS) zmienia wlasciwosci pokrycia
1 pozwala uzyska¢ powierzchnie catkowicie hydrofilowe. Posrednia sytuacja wystepuje

dla pokry¢ otrzymywanych z wykorzystaniem CNT/PMMA. W konsekwencji,
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przewodno$¢ elektryczna warstw z czystych CNT i CNT/PMMA nie zmienia si¢
w wyniku kontaktu z woda, natomiast dla warstw z CNT/SDBS obserwuje si¢ wyrazny
wzrost jej oporu elektrycznego [Lukawski, Composites A 2019 — Rysunek 3].
Przeprowadzone badania jednoznacznie pokazuja, ze jedynie warstwa CNT/SDBS
naniesiona na powierzchni¢ drewna moze by¢ wykorzystana jako czuly czujnik zalania

woda.

Analogiczne badania przeprowadzono wykorzystujac dwa zwigzki organiczne
(niepolarny heksan i polarny aceton). Naniesienie kropli acetonu na warstwe powoduje
wyrazny wzrost przewodnosci elektrycznej dla kazdego typu pokrycia, natomiast efekt
ten jest znaczaco stabszy dla heksanu. Zaobserwowano takze, ze po usunieciu zwigzkow
organicznych poprzez wygrzanie probki, opdr elektryczny wraca do warto$ci
poczatkowych. Ponadto zauwazono, ze po naniesieniu zwigzkéw organicznych zakres

zmian przewodnosci elektrycznej dla CNT/SDBS jest wyraznie mniejszy niz dla wody.

Nastepnie, postanowiono zbada¢ mozliwo$¢ wytworzenia na powierzchni drewna
czujnika nacisku. W tym celu okre$lono wptyw napregzen spowodowanych obcigzeniem
zewnetrznym na przewodnos¢ elektryczng warstw CNM na drewnie. Okazato sig, ze dla
wszystkich badanych warstw nie zaobserwowano istotnej zmiany rezystancji w wyniku
przylozonego obcigzenia. W zwigzku z tym, zaproponowano wytworzenie
kompozytowego czujnika naprezen, sktadajacego sie ze stykajacych si¢ ze sobg warstw
CNT naniesionych na dwie powierzchnie drewna [Lukawski, Composites A 2019 —
Rysunek 4]. Czujnik przetestowano obcigzajac go kolejno cigzarkami o masie 0,1 kg
(0.6 kPa), 1 kg (6 kPa), 5 kg (30 kPa) i 65 kg (390 kPa). Potozenie najmniejszej masy
(0,1 kg) nie wywotalo istotnej zmiany oporu elektrycznego, natomiast sukcesywne
obcigzanie czujnika az do 65 kg spowodowato spadek oporu o 25%. Podczas wykonania

5 niezaleznych cykli obcigzania czujnika uzyskiwano te same wyniki.

Okreslono takze wptyw zmiany temperatury na wlasciwosci elektryczne warstw
CNM na drewnie. Pokazano, ze dla warstwy CNT/PMMA zmiana oporu elektrycznego
pod wplywem zmiany temperatury wykazuje silnie nieliniowa zalezno$¢, zwigzang
prawdopodobnie z wewnetrzng przebudowa struktury polimerow. Natomiast,
dla pokrycia drewna CNT/SDBS obserwowano liniowg 1 powtarzalng w kolejnych
cyklach zmiang, co umozliwia wykorzystanie warstwy z CNT/SDBS jako czujnika

temperatury drewna.
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Zastosowanie elektrycznie aktywnych warstw CNT na drewnie jako czujnikow
jest jednym z mozliwych rozwigzan aplikacyjnych. Drugim, zaproponowanym
na podstawie badan przeprowadzonych w ramach pracy doktorskiej, jest ich
wykorzystanie jako elementéw grzewczych. Przylaczenie zewnetrznego napigcia
do warstwy CNM umozliwia podgrzanie pokrycia, a w konsekwencji drewna, dlatego
postanowiono wykona¢ badania majace na celu okreslenie wlasciwosci
elektrotermicznych warstwy CNT na powierzchni drewna. Badania przeprowadzono dla
litego drewna oraz ptyt drewnopochodnych (MDF, OSB, ptyta widérowa) o réznych
warto$ciach chropowatosci. Wykazano, ze zastosowanie pokrycia CNT/PMMA pozwala
na wytworzenie jednorodnie nagrzewajacej si¢ warstwy na wszystkich badanych
podlozach, nawet na ptycie OSB o najwyzszej chropowatosci. Natomiast, pokrycia
nie zawierajace polimeru (czyste CNT 1 CNT/SDBS) umozliwiaja uzyskanie takiej
warstwy jedynie na powierzchni charakteryzujacej si¢ najnizsza chropowatoscia (plycie

MDF) [Lukawski, Composites A 2019 — Rysunek 5].

W przypadku wielu zastosowan (np. panele podlogowe) element grzewczy
powinien znajdowaé si¢ pod plyta drewnopochodna. W zwiazku z tym, zbadano
mozliwo$¢ transferu ciepta pomigdzy warstwa CNM a plyta drewnopochodna (HDF)
o roznych grubosciach (3 mm, 7,3 mm oraz 19 mm) [Lukawski, Composites A 2019 —
Rysunek 7]. Warstwe CNT nagrzano do temperatury ok. 90°C 1 po uptywie 20 min,
za pomocg kamery termowizyjnej okreslono temperature powierzchni ptyty, znajdujacej
si¢ po przeciwnej stronie ptyty (ponad warstwa grzewcza). Wykazano, ze relatywnie
cienka ptyta (3 mm) nagrzewa si¢ do temperatury zblizonej do temperatury warstwy
(78°C), podczas gdy najgrubsza plyta osigga temperature tylko 35°C. Ponadto, dla plyty
3 mm pokazano mozliwos¢ sterowania temperaturg poprzez zmian¢ nat¢zenia pradu
ptynacego przez warstwe CNT i1 wykazano, Zze zmiany nat¢zenia sg dobrze skorelowane

ze zmiang temperatury warstwy i nastgpuja bez istotnego op6znienia.

Efektywne nagrzewanie drewna za pomoca zintegrowanej z nim warstwy
grzewcze] z CNT, daje mozliwo$¢ np. znacznego przyspieszenia procesu suszenia
wilgotnych ptyt. W celu sprawdzenia efektywnosci takiego zastosowania, silnie
higroskopijne plyty pilsniowe umieszczono w pojemniku, utrzymujac w nim wilgotnos¢
wzgledng 90%. Po siedmiu dniach masa plyt wzrosta do 108,5% masy poczatkowe;.
Nastepnie jedng z ptyt pozostawiono w temperaturze pokojowej, a drugg podgrzano

wykorzystujac naniesione wczesniej warstwy grzewcze z CNT. Udowodniono, ze po
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100 min, masa ptyty ogrzewanej zmniejszyta si¢, osiagajac 102%, a ptyty nieogrzewanej
— 106% masy poczatkowej [Lukawski, Composites A 2019 — Rysunek 8].
Przeprowadzony eksperyment pokazal, ze zastosowanie zintegrowanej z powierzchnig
drewna warstwy grzewczej z CNT wplywa na przyspieszenie procesu suszenia wilgotnej

ptyty, co moze mie¢ istotne znaczenie dla ograniczenia narostu grzybow i plesni.

5. Podsumowanie i wnioski

Badania w ramach niniejszej pracy doktorskiej koncentrowaty si¢ na okresleniu
wlasciwosci fizykochemicznych drewna, bawelny i ich pochodnych, pokrywanych
wybranymi materiatami weglowymi. Nastepnie, konsekwentnie zostaly rozwinigte
o badania dotyczace wiasciwosci elektrycznie aktywnych pokry¢é CNM na powierzchni
drewna, w celu okre$lenia ich potencjalnych zastosowan jako czujnikéw (zalania,
temperatury i sity nacisku) oraz elementow grzewczych zintegrowanych z powierzchnia
drewna. Zakres badan obejmowat wybdr metod nanoszenia i wykonanie pokry¢ z CNM,
charakteryzacje powierzchni metodami mikroskopowymi, okreslenie zwilzalno$ci
powierzchni, palno$ci materiatow zmodyfikowanych CNM oraz wyznaczenie
wlasciwosci elektrycznych 1 elektrotermicznych warstw CNM na podtozach z drewna

1 materiatow drewnopochodnych.
Najwazniejszymi osiggni¢ciami uzyskanymi na podstawie analizy wynikow sg:

e pokazanie mozliwosci wytworzenia jednorodnej, wytrzymatej mechanicznie
warstwy CNM na powierzchni drewna, bez uzycia polimerow wigzacych,

e wykazanie, ze mikroskopia fluorescencyjna pozwala na obrazowanie
jednorodnosci pokrycia CNM na powierzchni drewna,

e udowodnienie, ze jednorodna warstwa CNM hydrofobizuje powierzchnie
drewna, a kat zwilzania takiej powierzchni moze osiggna¢ warto$¢ powyzej
140°,

e zaproponowanie modelu zwilzalnosci drewna pokrytego CNM oraz
pokazanie sposobu hydrofobizacji powierzchni réznych gatunkéw drewna,
bez wzgledu na ich chropowato$¢ czy sktad chemiczny,

e wykorzystanie metodyki opracowanej dla hydrofobizacji drewna do
wytworzenia hydrofobowych saczkéw z wiorow i wiokien drzewnych oraz

innych materiatléw celulozowych pokrytych CNM,
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e okreslenie zdolnosci sorpcyjnej hydrofobowych saczkow celulozowych
w odniesieniu do zwigzkéw organicznych 1 pokazanie, Zze mozna je
wykorzysta¢ jako sorbenty np. oceanicznych rozlewow ropy naftowe;j,

e wykazanie, ze pokrycie wiorow drzewnych warstwg CNT powoduje
cze$ciowe obnizenie ich palnosci,

e zaproponowanie metody i sposobu wytworzenia plyty widrowej zawierajacej
CNT,

e wyznaczenie wlasciwosci elektrycznych warstw CNT wytworzonych na
drewnie i materiatach drewnopochodnych oraz zbadanie wptywu substancji
wigzacej/dyspergujacej CNM na te wlasciwosci,

e okreSlenie wpltywu czynnikow zewnetrznych (woda, sita nacisku,
temperatura) na przewodnos¢ elektryczng warstwy CNT na podiozu drewna
i materiatow  drewnopochodnych oraz  zaproponowanie konstrukcji
odpowiednich czujnikow,

e wytworzenie czujnika zalania woda i zwigzkami organicznymi oraz czujnika
temperatury i zbadanie ich wtasciwosci,

e wytworzenie kompozytowego czujnika sily nacisku,

e wytworzenie elementow grzewczych na bazie pokry¢ CNT zintegrowanych z
powierzchnia drewna oraz przeanalizowanie procesu transferu ciepla
pomiedzy warstwg CNT (stosowang jako element grzewczy) a materialem
drewnopochodnym,

e wykorzystanie elementu grzewczego do osuszania wilgotnych ptyt

drewnopochodnych np. w celu ograniczenia narostu grzybow i plesni.

Wyniki badan opisane w niniejszej rozprawie doktorskiej pozwolity po raz
pierwszy pozna¢ wilasciwosci drewna i1 materialdw drewnopochodnych pokrytych
nanomateriatami weglowymi oraz zaproponowac sposob wykorzystania wybranych
materiatow w nowych, potencjalnych rozwigzaniach aplikacyjnych, jako elementow

elektrycznie aktywnych.
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ARTICLE INFO ABSTRACT

Keywords: Carbon nanomaterials (CNMs) have recently been used to form superhydrophobic coatings on metals, synthetic
Carbon nanotubes polymers or textiles. Here we investigate the possibility of using carbon black (CB), graphene (Gr) and carbon
Graphene nanotubes (CNTs), as water repellent agents on naturally hydrophilic wood. We show that it is possible to form

Hydrophobic coating
Rose petal effect
Wood

homogeneous CNM coatings on any type of wood via simple methods of drop casting and dip coating, using
CNMs dispersed in organic solvents or water. Contact angle measurements of wood coated with only 0.05 g/m?
CNTs and 0.25 g/m? Gr gave the results exceeding 130°, indicating apparent hydrophobicity. Yet, high adhesion
of the droplets was observed, simultaneously suggesting a “rose petal” type of superhydrophobic behavior. That
may be explained by the formation of micro-nano architectures in which low surface energy CNMs deposited on
microrough surface of wood cause superhydrophobicity. Yet, due to heterogeneity of wood, some part of hy-
drophilic surface is still uncovered, resulting in high adhesion of water. Finally, although Gr and CNT were only
physically bond to wood surface, the hydrophobic properties of CNM coatings were maintained after sandpaper
abrasion test. Moreover, wood fibers and particles covered with Gr showed the decrease of water absorption

equal 98% and 87%, respectively.

1. Introduction

Although, wood has been successively replaced by concrete and
steel, over the years, it is still one of the extremely widely used con-
struction materials. On the contrary to the past trends modern world
sees wood as an extremely valuable resource due to the fact that it is a
fully natural, renewable and biodegradable material and has low
carbon footprint. Unfortunately, wood still has several disadvantages,
which have been the limiting factors before. One of them is low re-
sistance to water which deteriorates its mechanical performance, in-
creases construction mass [1] and enables the growth of mold [2]. Al-
though many techniques of surface preservation has been recently
developed [3-5], none of them can fully solve the hydrophobicity
problem in every application of wood, therefore any new exploration in
this area may be highly valuable. Here we propose, for the first time
ever, that recent developments in nanotechnology area could help in
this respect and offer inexpensive and easily up-scalable method of
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hydrophobization of wood and its composites by the use of carbon
nanomaterials (CNMs).

Due to unique properties and rapidly decreasing price, carbon na-
nomaterials, such as graphene (Gr) and carbon nanotubes (CNTs), have
recently found interest in both science and industry. It has been ob-
served that these carbon allotropes properly structured at micro-
nanoscale may show superhydrophobic effect and form various types of
water repellent materials and coatings. Particularly pronounced effect
imitating water repellent properties of lotus leaves (also referred to as
“lotus effect”) has been observed in CNT forests i.e. vertically aligned
CNT arrays [6-9]. Lotus leaves exhibit high water contact angles —
above 130° and low adhesion with sliding angles below 5°. Therefore,
raindrops can easily roll off the surface, without wetting the leaves. This
effect is caused by the unique micro-nanoscale hierarchical and rough
architectures of the leaves surfaces [10]. Various types of water re-
pellent behavior have been also found in other CNT, Gr architectures
including graphene sponges [11], films [12,13], and foams [14,15],
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carbon black (CB) coatings [16] or nanoengineered CNTs [17].

Further studies showed that powders of CNMs may act as hydro-
phobic agents for other materials, including metal meshes [18,19],
polymer sponges [20], textiles and cellulosic materials like cotton
[21-26]. All of these substrates are characterized by micro-porous
structure, which in combination with low surface energy of carbon al-
lotropes is responsible for superhydrophobicity of the final product.
Graphene has been used in cellulose nanocomposites [22,23], showing
both increased hydrophobicity and enhanced mechanical performance.

In this paper, we test the possibility of using Gr and CNT and for
comparison of CB which is a well-known high specific surface area
hydrophobic carbon allotrope of amorphous structure as super-
hydrophobic agents in wood technology applications. Although wood is
a cellulose rich material and its chemical composition is therefore
somehow similar to cotton (90% cellulose content), yet wood consists
of comparably significant amounts of lignin and hemicelluloses which
together may exceed even 50% of woods mass. Moreover, wood com-
prises fatty acids, resin acids, waxes and terpenes [27]. Woods with
higher extract content in general are more hydrophobic [28]. There-
fore, it is a much more complex material than cotton and its interaction
with CNMs might be considerably different from cotton-CNM ones.
Additionally, wood has also its own specific surface microstructure
which is influenced by processing such as sawing or polishing. All these
aspects could influence the formation of CNM coatings and their wet-
ting characteristics. Moreover, wood consists of nano, micro- and me-
sopores, which are specific to each wood species. The influence of
roughness onto wetting of wood is not straightforward, but it was
presented that while increasing the roughness of wood the contact
angle at first slightly decreases, but for very rough surface it increases
and wood becomes even more hydrophobic [28].

The purpose of this paper is fourfold. First, we demonstrate that
most popular types of wood may be coated by CNMs using simple
methods of dip coating and drop casting. We show that both organic
solvent and water-based dispersions of CNMs may ensure the deposition
of pure CNM materials on the surface of wood. Next, we analyze the
morphology of coatings formed on bulk wood and wood-based products
such as fibers and wood particles used for the production of popular
wood composites such as fiberboards or particleboards, and prove their
hydrophobic properties. Finally, the model of hydrophobicity of our
coatings is proposed.

2. Experimental
2.1. Materials

The initial experiments were performed on balsa (Ochroma pyr-
amidale), as a highly water absorptive wood, with a significant cellulose
content and homogeneity [29]. The comparative tests were further
carried out on scots pine (Pinus sylvestris), oak (Quercus), birch (Betula),
beech (Fagus) and poplar (Populus alba) woods, characterized by dif-
ferent pore distribution and chemical composition [30,31]. Industrial
grade, sphere-like CB (N-550) was obtained from Konimpex Ltd. Gr
with average diameter of 300 nm and thickness below 1 nm was ob-
tained from Cambridge Nanosystems Ltd. (Camgraph G1). Industrial
grade, short and tangled multiwall carbon nanotubes (MWCNTSs) (NC-
7000) were ordered from Nanocyl SA. Sodium dodecylbenzenesulfo-
nate (SDBS), technical grade, was purchased from Sigma Aldrich. Di-
chloromethane (DCM), spectroscopy grade, was ordered from Avantor
Performance Materials Poland SA. Water was filtrated by Milli-Q" ul-
trapure water system.

2.2. Preparation of coatings
The procedure started from preparation of CNM dispersions in an

organic solvent. At first, all CNMs were mixed with DCM in the con-
centrations of 1 mg/2ml CB, 1 mg/30ml and 1 mg/2ml Gr and 1 mg/
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60ml MWCNT. Then the samples were sonicated for 10-20 mins
(power 60 W per 40 ml of mixture) to obtain uniform dispersions. These
CNM dispersions were further deposited onto wood via drop-casting
and the samples were dried at 40 °C on a hot plate. Due to very high
vapor pressure of DCM, the applied heating should be sufficient to re-
move any DCM trapped between CNM and wood surface. The droplets
were applied slowly in order to let DCM to evaporate before next
droplet was casted. Due to capillary forces in wood pores the suspension
was naturally distributed onto the surface, but no CNMs were found
inside wood.

The amount of deposited dispersion was set to obtain two selected
values of mass per square meter. Thus, in order to obtain 0.05 g/m? Gr
(1.5ml of 1 mg/30 ml) and CNT (3 ml of 1 mg/60 ml) were drop casted
onto 10 cm? of balsa wood (BW). Whilst for 0.25 g/m? (0.5 ml of 1 mg/
2ml) CB and Gr was deposited on 10 cm? of BW. Gr was chosen for
CNM deposition on various wood types, due to good stability of highly
concentrated dispersion. Gr was deposited by dip-coating in 1 mg/2 ml
Gr repeated 10 times. The same procedure was applied for wood fibers
and wood particles.

Although the use of organic solvent such as DCM enables in-
vestigation of CNM deposition on wood, it is not convenient in potential
industrial applications. Thus, the aqueous dispersion was tested as well.
The aqueous dispersions were prepared using 0.3 g of SDBS and 0.3 g of
CNM per 100 ml of ultrapure water. The concentration was relatively
high in order to obtain more hydrophobic surface. Then, it was soni-
cated for 10-20 mins similarly as for organic solvent dispersions. CNMs
were deposited on wood surface via dip-coating, followed by drying at
90 °C. Afterwards, the samples were washed 3 times in order to remove
the outer layer of the surfactant and again immersed in CNM dispersion.
The procedure was repeated three times, to obtain 3 layers of CNMs.
Then, according to Makowski et al. [24] SDBS was removed by several
washing and drying cycles.

2.3. Surface imaging

CNMs were dispersed via Hielsher 400 St (400 W) ultrasonic horn.
The SEM images were taken by FEI Nova NanoSEM 650 and the EDS by
Bruker XFlash® 5010 detector. Due to excessive charging under SEM,
wood coated with CB was covered with 10 nm thick layer of platinum
(Pt) which enabled successful imaging of the surface. The fluorescent
microscopy images were taken by Zeiss Laser Scanning Microscope
(LSM) 510, using a mercury lamp HXP 120 and a filter set 38. Each
image was taken with the exposure time of 300 ms. The roughness,
calculated as quadratic mean deviation of all profile height values (Rqa),
was measured using the confocal mode of Zeiss LSM 510.

2.4. Roughness and robustness measurements

The roughness of wood was measured by Zeiss LSM 510. The
measurement and calculations were performed according to [32,33].
Briefly, topography map was obtained by LSM, using argon laser
(458 nm) and EC Epiplan-Nefluar 20 X lens. Then, the roughness was
calculated by ZEN2011software, as the arithmetic mean of total surface
height values RS,, according to DIN EN ISO 428. The topography map
was taken in five random spots on each wood type and the average
value is presented in manuscript. The standard deviation of the mean
was used as measurement uncertainty.

To demonstrate the robustness of CNM coated wood we performed
sandpaper abrasion test (P100 grit) according to Chen et al. [34].
Briefly, 3 cm? wood coated with CNM were placed onto sandpaper fa-
cedown under a weight of 17 g (approximately 550 Pa). Then, the
sample was dragged thirty times 10 cm longitudinally and transversely
in each direction.
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2.5. Wetting measurements

Contact angle () was measured with a CCD camera (Nikon D300s).
Droplets of 13.0 = 0.5pul were deposited using a Hamilton micro-
syringe (25 pl). The volume was increased as compared to the standard
contact angle measurements due to very high roughness of wood sur-
face.

The angles were measured with the aid of Dropsnake plugin to
ImageJ software [35]. The contact angles on each surface were mea-
sured for three droplets and the result is presented as a mean value of
all three measurements with a standard deviation of the mean. Water
shedding angle (WSA) was measured according to the Zimmerman
procedure [36]. The droplets of 13.0 + 0.5l were deposited on the
surface under the set angle. The angle was controlled by a precise go-
niometer to the accuracy of 1°. The starting level was 50° and, when all
the droplets fell from the surface, rolled off or bounced away, the in-
clination was decreased by 5°. The distance between the end of the
needle and the surface was constant and equal to 20 = 1 mm. The
procedure was repeated until at least one drop would not completely
roll off the surface.

The water absorption (WA) was measured according to the fol-
lowing procedure. First, wood-based products were weighed and placed
in a glass container. Next, the container was filled with deionized water.
After one minute, samples were collected using a strainer. The excessive
amount of water was gently removed via cellulose wipe and the samples
were weighed again. The WA was calculated as the amount of water
soaked up into a 1 g of the sample. The WA of wood and wood particles
was measured for 3 different sets, each weighing 0.2 g.

3. Results and discussion
3.1. Characterization of CNM covered wood

Covering of wood with various CNMs caused darkening of the sur-
face (Fig. 1A). Thus, a bare eye inspection gave a rough estimation of
the uniformity of the coatings and their thickness proving that at
macroscale the coatings are quite homogeneous independent of the

Aj) BW/

CNT/BW ___ CB/BW GrBW
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thickness. However, the same darkening obstructed a microscale
characterization of the samples via classical optical microscopy. To
overcome this problem well-known fluorescent properties of wood [37]
and fluorescence quenching of CNMs were utilized [38]. High contrast
between fluorescing wood and dark CNMs allowed sufficient qualitative
microanalysis of the coated samples and their simple comparison
(Fig. 1B). The comparison of BW (Fig. 1C) and BW coated with Gr (Gr/
BW) (Fig. 1B) leads to a few conclusions. First, it is noticeable that the
fluorescence image of Gr/BW is less intensive over the whole surface,
which confirms that Gr is deposited on the entire area of BW. However,
it is also observable that the image of Gr/BW is not just the less in-
tensive version of BW, but it has some additional darker spots which
may be attributed to the presence of nanomaterial agglomerates, placed
in favorable spots of the rough surface. This hypothesis was confirmed
for higher magnification (x20) images (Fig. 1D). Generally, the
fluorescence images of CNT coated BW (CNT/BW) and CB coated BW
(CB/BW) showed a similar coverage and it is impossible to distinguish
CNMs using only fluorescence microscopy (Supplementary materials,
Figs. S1, S2).

In order to perform further analysis, some SEM images were also
taken. The lower magnification images show the homogeneity of CNM
deposition (Fig. 2A,C,E), while the higher magnification images present
the structure of CB/BW (Fig. 2B), Gr/BW (Fig. 2D) and CNT/BW
(Fig. 2F), respectively. It may be observed that CB structures are ag-
glomerated into sub- or micrometer clusters (Fig. 2A,B). CB clusters are
randomly distributed over the surface of wood and do not create
macroscale agglomerates. Overall, CB provided very poor coverage, as
compared to further materials (Fig. 2A). Grs formed mostly a multilayer
structure on wood surface (Fig. 2D) with sponge-like morphology for
most of the surface. Although a few uncoated or simple Gr flake coated
places were also found they did not large fraction of the surface area.
Grs were found to deposit both on flat surface and on irregularities and
it was found that they do not completely fill the holes in the porous
wood structure (Supplementary materials, Figs. S3, S4).

Since CNTs were deposited in smaller amounts, CNT coatings did
not form any sponge-like structures (Fig. 2F). Although CNTs were
highly entangled and coatings were not homogeneous, they covered

Fig. 1. A) Camera images of BW, and BW covered with CNT, CB and Gr. Fluorescence microscopy image of C) BW; B) and D) Gr/BW.
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Fig. 3. SEM images of A) CB/H,0/BW B) Gr/H,0/BW, C) CNT/H,0/BW.

most of the surface. Additionally, CNTs created nets between wood ir-
regularities, which may have prevented further CNTs from entering and
filling the hidden parts of wood. Therefore, some small parts of wood
surface fraction may be unprotected. Yet, despite a small amount of the

26

material (0.25g/m? and 0.05g/m? for Gr and CNT, respectively) in
general, both Gr/BW and CNT/BW had very high CNM coverage frac-
tion. On the basis of SEM images it was expected that CNTs and Grs may
create a waterproofing layer, whilst the hydrophobic character of CB/
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BW would be highly unlikely.

Although the results of deposition CNMs onto the surface of wood
are sufficient in the research, it would be inconvenient to use organic
solvents on industrial scale. Thus, analogous BW samples were also
coated with the aid of aqueous dispersions of CNMs, using SDBS as a
surfactant (CNM/H,0/BW) and via the industrially popular dip-coating.
All CNMs i.e. CB, Gr and CNT (CB/H,0/BW, Gr/H;0/BW and CNT/
H,0/BW, respectively) were used for these tests. The SEM images were
taken to investigate the quality of aqueous surfactant coating.

The SEM image showed again that CB was not deposited homo-
geneously on the wood surface. Many agglomerates exceeding 5pum
were found, yet analysis of a few SEM images showed that the coverage
fraction did not exceed 50% (Fig. 3A). This may have been caused by
two factors. First, CB shows an increased propensity to form agglom-
erates when deposited from high concentrated dispersions (Fig. 3A).
Secondly, it was found that CB was partly washed from the surface of
wood during rinsing process, which may be caused by lower adhesive
force between CB and wood, than in case of Grs and CNTs.

SEM images of Gr/H,0/BW showed a uniform coverage of almost all
the surface of wood with a multilayer of Gr (Fig. 3B). Similarly to Gr,
CNT/H,0/BW exhibits a very uniform coating over the whole surface
(Fig. 3C). However, for CNTs some micrometer sized agglomerates were
also found. These may be caused by trapped surfactant, CNT bundling,
metal impurities or wood imperfections.

Due to the fact that the trapped surfactant may influence the wet-
ting behavior of the CNM coated surfaces we performed EDS mea-
surements before and after SDBS removal procedures. It is visible that
for Gr/H0/BW samples the rinsing process decreases the EDS signal of
sulfur and sodium (Fig. 4). Therefore, sulfur and sodium are rinsed out
of Gr/H,0/BW. As, neither sodium nor sulfur should be found in wood
or CNMs, the EDS spectra proves the effectiveness of SDBS rinsing,
which agrees with the previous research result [24]. Similar EDS
measurement was performed for CB/H,0/BW and CNT/H,0/BW and
showed slightly less intensive than for Gr/H,0/BW but still a very
significant decrease in the signals assigned to S and Na (Supplementary
materials, Figs. S6, S7) indicating that in both cases most of SDBS is
successfully removed enabling the formation of pure CNT and Gr
coatings.

Finally, the above coating methods were also tested on other wood
species to check whether the deposition was dependent on wood
characteristics such as chemical composition or pore size distribution.
The tests were performed on both soft woods and hard woods, with
different surface roughness, morphology and chemical structure
(Table 1). The materials chosen were pine which is an example of a
softwood; poplar, beech, oak and birch which are hardwoods with
different sizes of pores, varying overall surface roughness, and cellulose
and lignin content. Moreover, each wood type show specific roughness
also dependent on the smoothing procedure. The roughness of wood
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Fig. 4. EDS spectra of Gr/H,0/BW, before and after rinsing.
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Table 1
The roughness and chemical composition of various wood species and water
contact angle of wood and Gr/wood obtained by the dip coating method.

Type RS, Characteristic =~ Cellulose  Lignin 0o []

of (um) pore radius” content content ——————————————
wood [31] [30] [30] Pure wood  Gr/wood

(um) (%) (%)

balsa 10 + 2 - 40 29 74 = 3 137 = 5
birch 11 = 2 873 46 20 97 £ 5 127 = 4
beech 5 1 1571 48 19 50 =+ 3 137 = 4
oak 7=*1 178 47 22 59 + 3 138 = 2
pine 4 +1 4044 57 28 67 = 5 104 = 5
poplar 7 +1 - 48 19 42 + 9 128 + 2

@ The results of mercury intrusion porosimetry.

samples were measured according to Section 2.4, and varied from 4.1
for pine to 10.9 for birch. Balsa, was an example of hardwood with an
extremely large porosity, reaching 91% [29]. Due to easiness of Gr
dispersion, it was chosen as the representative CNM for these tests.

The analysis of all these samples did not show any significant dif-
ferences with regard to coating formation, uniformity or durability of
these coatings. Only in the case of pine wood it was visible that CNM
was not deposited uniformly (Supplementary materials, Figs. S8, S9),
due to the clear coexistence of earlywood and latewood. In comparison
to earlywood, the latewood shows higher density and mechanical
strength, smaller cavities and thicker walls, which causes also different
surface properties [31]. The measured roughness was equal 5 + 1 um
and 2.4 * 0.3um, for earlywood and latewood respectively. The
higher roughness causes more favorable deposition onto earlywood and
in consequence heterogeneity of CNM coating. and worse CNMs de-
position. The visible heterogeneity may cause worse water repellent
properties of CNM/pine than in the other CNM/wood samples.

In general, we may conclude that CNMs are deposited in a similar
way using either organic solvent or water. Additional SDBS present in
aqueous dispersions is effectively removed and should not influence the
hydrophobic behavior of the surfaces. Yet, irrespective of the solvent,
we observe that the quality of coating is dependent on the nanomaterial
used. Grs and CNTs uniformly cover most of the surfaces, while CB
forms separated agglomerates, which indicates that the hydrophobic
effect may be dependent on the applied CNM. It was also proved that
CNMs may be successfully deposited onto various types of wood, via the
simple dip coating method. Finally, it was found that the morphology
and chemical composition of wood has little influence on the coating
formation.

3.2. Wetting of CNM covered wood

Further, wetting properties of all the samples were investigated
experimentally, by deposition of water droplets on their surfaces and
measurement of the change in contact angle over time, as shown by the
examples in Fig. 5.

A simple visual analysis of Fig. 5 indicates that coating of wood with
any of the carbon nanomaterials may increase contact angle of water as
compared to pure BW, both straight after deposition (within 1s) and
after 60 s dwell time. The in-depth analysis of measurements performed
for a set of samples (Table 1) gives some more insight into this matter.
As expected, the uncoated BW showed a clear hydrophilicity. The initial
contact angle amounted to © ¢ = 75 * 3° and quickly decreased due to
wetting of the wood surface and soaking of the droplet, becoming 0°
after 60's (B0 = 0°). Although the results showed some divergence due
to heterogeneity of wood morphology, the hydrophilic character of the
surface was observed for all the pure samples.

The measurements of CB dispersed in DCM and deposited by drop
casting on BW surface with the area density of 0.25 g/m? show that the
latter amount indeed enables the increase in the initial contact angle to
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Fig. 5. Contact angle 6 measured immediately after water deposition (A, C, E,
G) and after 60s (B, D, F, H). A) and B) pure balsa wood, C) and D) CB/BW, E)
and F) Gr/BW, G) and H) CNT/BW.

the hydrophobic level i.e. above 90° (6o = 104 + 2°). Unfortunately,
this contact angle decreases quickly amounting to only 69 = 30° after
60s. Due to a weak effect of relatively thick coating (0.25 g/m?), no
research on other area density was made. The situation was quite dif-
ferent for Gr/BW. In this case two coatings with area density of 0.05 g/
m? and 0.25 g/m? were deposited by drop casting from DCM dispersion.
Already, 0.05g/m? significantly delayed soaking of water into the
sample and increased the initial contact angle to 6, = 120 = 7° and
060 = 78 * 16°. Increase in the amount of deposited Gr improved the
results further and gave the initial contact angle of 6, = 133 + 3°
which did not decrease below 90° after 60s and reached to
060 = 125 *= 5°. This coating may be well considered super-
hydrophobic. However, even better results were obtained for CNT/BW
for which only 0.05g/m? coating gave the initial contact angle of
0y = 143 + 3° with a decrease to 130 * 4° after 60s.

As CNM coatings is bonded with wood only by physical interactions,
it was important to determine their robustness. Therefore, sandpaper
abrasion test was performed (Section 2.4). According to SEM images
(see Supplementary materials, Figs. S10-S12) no significant difference
between samples before and after sandpaper treatment were observed.
CB/wood samples show many uncovered spots both before and after
sandpaper abrasion test (see Supplementary materials, Fig. S10). Gr/
wood and CNT/wood before abrasion tests showed full coverage of
CNMs onto wood, but after sandpaper tests, some uncovered spots were
noticed (see Supplementary materials, Figs. S11-S12). However, still,
Gr/CNTs cover the majority of wood surface. Water contact angles of
CB/BW, Gr/BW and CNT/BW measured after sandpaper test amounted
to80 *+ 9°,129 + 4°and 136 *+ 6°, respectively. The significant drop
was observed for CB/BW, whilst for Gr/BW and CNT/BW the decline
was almost statistically insignificant. This is because Gr and CNT have
high surface areas, and the van der Walls interactions with wood are
much stronger than for CB particles.

Similar contact angle tests were performed for CNM covered BW
with the coatings produced from water dispersions via the dip coating
method (Table 2). As might have been expected, the presence of sur-
factant made the coatings hydrophilic (Fig. 6D). However, after the
removal of surfactant CNT/H,0/BW and Gr/H,0/BW became clearly
superhydrophobic, with 8, exceeding 130° (Fig. 6A, Table 1). The
contact angle of superhydrophobic surfaces was stable even ten minutes
after droplet deposition, and for CNT/H,0/BW it was equal 134°
(Fig. 6B). Yet, hydrophobicity was not observed for CB coatings which
was probably due to insufficient amount of this CNM deposited upon
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triple dip coating.

All the above presented results indicate that the coating of BW with
CNTs and Gr introduces real superhydrophobicity into the normally
hydrophilic wood surface. However, we have also noticed that although
the observed contact angles were high and stable, the deposited dro-
plets were also quite firmly attached to the surface (Fig. 6C) and did not
easily roll off. To investigate the phenomenon further we performed
some WSA measurements according to [32] (see also Experimental
section) which takes into account that some of the surfaces hold the
droplets even upside-down. This procedure allows the determination of
an angle above which the droplets are bounced off or rolled off the
surface without any water shedding.

Due to relatively high affinity of BW and CB/BW to water, their
WSA exceeded 50°. The lowest WSA was observed for CNT/BW and
CNT/H,0/BW, with the best individual sample of CNT/H,0/BW
showing WSA = 15°, which is in agreement with the contact angle re-
sults (Table 2). The above results indicate that although we observe
clear hydrophobicity with the contact angles similar to those mentioned
in the introduction, CNT carpets, the high adhesion of water droplets
point at a different mechanism responsible for the superhydrophobic
effect of CNTs and Gr deposited on wood. This further indicates that the
whole superhydrophobic effect could potentially be dependent on such
parameters as chemical composition, wood porosity and roughness. In
order to explore these issues further we investigated the wetting
properties of other wood species coated with Gr.

Gr was deposited from highly concentrated dispersion (0.5 mg/ml)
onto pine, oak, birch, beech and poplar wood, via the dipcoating
method. It was proved that each wood covered with Gr (Gr/wood),
besides pine, is highly hydrophobic (Table 1). The slightly inferior be-
havior of pine may be explained by the mentioned before nonuniform
deposition of CNMs onto latewood and earlywood (Supplementary
materials, Fig. S12). This effect may be diminished by using other de-
position methods. It is visible that most of the results are similar to
those obtained for balsa indicating that the hydrophobic effect is largely
independent of the pore size distribution, roughness and chemical
composition (Table 1). The result is highly important as it shows that
any wood covered with CNMs creates unique micro-nano structure
which increases the contact angle to approx. 130°. Moreover, that
means, that Gr/CNTs either are small enough to fill the pores (see
Supplementary materials, Figs. S13-516) or large enough to cover the
pores preventing (Fig. 3C) from water soaking.

However, it was also important to examine, whether the industrial
processing, such as polishing may affect hydrophobicity. Thus, in order
to determine whether the roughness of wood influence the deposition of
CNMs, poplar wood sample was mechanically polished using micro
grinder. Then Gr was deposited with the earlier described dip-coating
procedure. It was found that although the roughness of the surface
dropped from 12 * 1pum to 8 = 1um after polishing, it did not give
any statistically significant change in the measured angles equal
138 + 3% and 135 =+ 3°, respectively.

The samples were coated with Gr and tested in terms of water ab-
sorption according to Sections 2.1 and 2.3, respectively. For pure wood
fibers, water absorption amounted to 19 * 3g/g and decreased to
0.3 = 0.3 g/g after Gr deposition. In case of pure wood particles water
absorption amounted to 1.3 = 0.2g/g and decreased to
0.17 = 0.03g/g for Gr covered particles, respectively. Thus, both
wood fibers and wood particles became water repellent after Gr
coating.

3.3. Model of wetting

It is well known from nature that superhydrophobic effect may
observed in the materials of specific nano-micro structure in which
nanoelements are uniformly distributed over micro-rough surface such
as in lotus leaves [10]. The explanation of this phenomenon may be
described with the use of Wenzel's model [40] and Cassie’s model [41].
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Table 2
The wetting properties of balsa wood covered with carbon nanomaterials by the drop casting and dip coating methods in various configurations.
Sample CNM in dispersion Medium Deposition 0o [] B0 [°] WSA []
BW - - - 75 = 3 0=+ 4 > 50
CB/BW CB DCM Drop casting (0.25 g/m?) 104 = 2 34 £9 > 50
1mg/2ml
Gr/BW Gr DCM Drop casting (0.05 g/m?) 120 = 7 78 + 16 -
1mg/30ml
Gr/BW Gr DCM Drop casting (0.25 g/m?) 133 = 3 125 £ 5 35
1mg/2ml
CNT/BW CNT DCM Drop casting (0.05 g/m?) 143 = 3 130 = 4 20
1 mg/60 ml
CB/H0/BW CB 0.3% SDBS in H,0 3 x dip coating 73 £ 3 0+x0 > 50
0.3g/100 ml
Gr/H,0/BW Gr 0.3% SDBS in H,0 3 x dip coating 139 + 4 136 = 3 40
0.3g/100 ml
CNT/H0/BW CNT 0.3% SDBS in H;0 3x dip coating 145 = 3 142 = 2 30
0.3g/100 ml

®)

Fig. 6. A droplet of water at CNT/H,0/BW: A) immediately after dropping, B)
10 min after dropping, C) with surface turned upside-down, D) without sur-
factant rinsing.

The Wenzel’s model extends Young’s model, describing wetting me-
chanism of flat surfaces [42], to rough surfaces. Water penetrates rough
surface and contact angle is expected to change according to Eq. (1).

@

where 0 is the contact angle on flat surface, r is roughness ratio, and 6*
is the contact angle according to Wenzel’s regime (on rough surfaces).
Thus, the cosine of contact angle of the Wenzel model should be higher
than the one calculated from Young’s model. Therefore, the hydro-
phobic material with a rough surface may become superhydrophobic
and the hydrophilic material with a rough surface may became super-
hydrophilic. This is observed inter alia for the lotus leaves. The inter-
esting high contact angle and low sliding angle features of this structure
stem from a high uniformity of the roughness and are described by
Cassie’s state [43].

However, in contrast to the “lotus effect”, there are also structures
similar to our CNM coated wood e.g. rose petals leaves which exhibit
superhydrophobicity with high adhesion also called the “rose petal ef-
fect”. In that case, water droplet onto the surface of rose petal forms
very high contact angle of about 150°, but the adhesive forces are so
strong, that it can pin to a leaf even when the leaf is turned upside down
[9]. The “rose petal effect” is described as Cassie’s impregnating wet-
ting state [42], where due to far distances between nanostructures, the
interface between water and surface is larger. Thus, stronger adhesive
forces are observed. In order to describe fully the “rose petal effect”, the
Wenzel’s model must be transformed into the Cassie’s model [43]. In
the latter model a very rough or irregular surface is considered and a
water droplet is in contact only with the top of the rough surface ac-
cording to Eq. (2).

cosO* = rcos@

cos6** = rfcosf + f — 1 (2)
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where 0 is the contact angle taken from Young’s equation, r is the
roughness ratio, f is the fraction of solid surface area wetted by the
liquid and 6** is the contact angle according to the Cassie’s regime. In
the “lotus effect” it is expected that f = 1, whilst in “rose petal effect”
f < 1. In this paper “lotus effect” and “rose petal effect” surfaces will
be referred to as superhydrophobic with low adhesion and super-
hydrophobic with high adhesion, respectively.

Considering all the above it is reasonable to propose that the com-
bination of carbon nanostructures which have low surface energy and
wood which has a micro-rough surface, (see also SEM and fluorescence
images Fig. 2, Supplementary materials, Figs. S3-S5) may result in the
formation of a specific micro-nano structure which leads to the super-
hydrophobic effect. However, the morphology irregularities of wood
surface confirmed by SEM and fluorescence microscopy images (Fig. 2)
may result in the nonuniform deposition of CNMs and existence of
unprotected spots (f < 1) which due to high hydrophilicity of pure
wood enable pinning of water droplets into the surface and in con-
sequence high adhesion like in the “rose petal effect”. Thus, we propose
a model of CNM/wood wetting, where water is not in contact with the
surface only next to nanostructures, whereas in the case of large or
irregular distances between them, the surface is partly wetted by water
(Fig. 7).

It is worth noticing here that this model implies that the most im-
portant feature of wood responsible for the superhydrophobic effect is
the micro-roughness of the wood surface. The tests on different wood
species which have varying chemical composition and pore sizes ac-
tually back up this theory as we, have not observed much difference in
wetting angles independent of the type of wood we used. Although one
could expect that in this case the polishing experiment should show
some type of difference between rough and polished surface, but it has
to be also taken into account that the polished sample is still in the same
order of magnitude with regard to roughness sizes, which may in this
case be of no importance to the effect.

water unprotected surface

CNT/Gr

Fig. 7. Cassie’s impregnating state model for wood covered with CNMs.
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4. Conclusions

In this paper we have shown that carbon nanomaterials may be used
to change the wetting properties of wood surfaces from naturally hy-
drophilic to superhydrophobic. The study performed on three types of
carbon allotropes i.e. carbon black, graphene and carbon nanotubes has
shown that all of these nanomaterials may increase water contact angle
on the surface of wood, but the two former ones can produce particu-
larly homogenous coatings resulting in a long-lasting superhydrophobic
effect. Only 0.25g of Gr and 0.05g of CNTs were enough to obtain
waterproofing layer. According to market price of industrial grade Gr
powder (manufacturer: Cambridge Nanosystems, 1200 USD/1 kg) and
MWCNTs (manufacturer: Nanocyl SA, 120 USD/1kg), it may be esti-
mated that the price of CNMs used to produce 1m? of the coating
(excluding solvents) may be equal 0.3 USD and 0.02 USD for Gr and
CNTs, respectively. The coatings were prepared using simple methods
of drop-casting and dip-coating from organic solvent and aqueous dis-
persions of CNMs. We have shown that the presence of a surfactant in
the water-based suspension is not destructive for the superhydrophobic
effect as the surfactant may be easily removed by several rinsing cycles.

It has been further shown that the production of uniform coatings
and resultant superhydrophobic effect is largely independent of the
type of wood or polishing. However, it may depend on the thickness of
the nanomaterials layer and the type of nanomaterial. The optimized
coatings have shown contact angles of approximately 130° for Gr
coatings and 140° for CNT coatings. Yet, the droplets were not easily
rolling off the surfaces showing water shading angles of over 15°.
Although the sandpaper abrasion test slightly decreased the water
contact angle of Gr and CNT coated wood, the apparent water re-
sistance was maintained. Moreover, not only bulk wood may be coated
with CNMs. Wood fibers and particles covered with Gr showed the
decrease of water absorption equaling 98% and 87%, respectively.

On the basis of the obtained results a model of CNM/wood wetting
related to “rose petal effect” theory has been proposed. The CNM-based
water repellent coatings should prevent wood from swelling, mechan-
ical weakening and the growth of mold. The proposed coating may be
in use for raw wood, but also wood-based composites. Finally, wood
covered with CNMs, with all the advantages of pure wood and lacking
the wettability, may be highly interesting as a novel engineering ma-
terial.
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1. Results

Fig. S1 Florescence microscopy image of CB/BW (size of image 2.78 mm x 2.09 mm).

Fig. S2 Florescence microscopy image of CNT/BW (size of image 2.78 mm x 2.09
mm).



spot HV mag @ | det | mode
2.5 | 5.00kv | 100x | ETD | SE

dwell | HFW |
18.00kV | 51 mm | 15us | 20.0 um NPV70/9920969

Fig. S4 SEM image CNT/BW (size of image 20 pm x 20 pm).
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Fig. S5 SEM image Gr/BW (size of image 20 pm x 20 pm).
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Fig. S6 EDS spectra of CB/H20/BW, before and after rinsing
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Fig. S7 EDS spectra of CNT/H20/BW, before and after rinsing.

Fig. S8 Florescence microscopy image of scots pine
(size of image 2.78 mm x 2.09 mm)



Fig. S9 Florescence microscopy image of Gr/pine (size of image 2.78 mm x 2.09 mm).



Fig. S10 SEM images of CB/wood before (A and C) and after (B and D) sandpaper
abrasion test.



Fig. S11 SEM images of Gr/wood before (A and C) and after (B and D) sandpaper
abrasion test.
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Fig. 12 SEM images of CNT/wood before (A and C) and after (B and D) sandpaper
abrasion test.

Fig. S13 Florescence microscopy image of birch
(size of image 2.78 mm x 2.09 mm).



Fig. S14 Florescence microscopy image of Gr/birch (size of image 2.78 mm x 2.09 mm).

Fig. S15 Florescence microscopy image of oak (size of image 2.78 mm x 2.09 mm).
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Fig. S16 Florescence microscopy image of Gr/oak (size of image 2.78 mm x 2.09 mm).
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Fig. S17 UV-VIS reflectance spectra of BW and CNM/BW performer by Carry 4000
spectrometer (using an integrating sphere).
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Opis wynalazku

Przedmiotem wynalazku jest sgczek hydrofobowy selektywnie pochianiajgcy oleje i zwigzki orga-
niczne przeznaczony do oczyszczania wod na bazie produktéw drzewnych pokrytych nanomateriatami
weglowymi oraz sposéb jego wytworzenia. Sgczki mogg znalez¢ zastosowania gléwnie w oceanicznych
wyciekach ropy naftowej, pochfaniajgc oleje i zwigzki organiczne z tafli wody.

Wykorzystanie sgczkéw na bazie witdkien naturalnych jest jednym z mozliwych sposoboéw usu-
wania oceanicznych rozlewéw ropy naftowej. Najczesciej opisywane byty widkna takie jak widkna ka-
pokowe, bawetniane, trojesci i patki [H. Choi i in., Environ. Sci. Technol. 1992, 26 (4), 772-776; Cao
iin., J. Nat. Fibers 2017, 0 (0), 1-9].

Ponadto zaobserwowano, ze czysta bawetna oraz witdkno kapokowe wykazujg witasciwosci hy-
drofobowe, obecne z powodu naturalnie obecnej cienkiej warstwy wosku jednoczes$nie absorbujgc oleje
[Singh i in., Ind. Eng. Chem. Res. 2014, 53 (30), 11954—-11961].

Takze naturalne oraz syntetyczne polimery w postaci proszku, granulatu lub wiékien, takie jak
drewno, bawetna, trawa, stoma, celuloza z dodatkami zwigzkéw metalu/amonowych wykazujg selek-
tywne pochfanianie olejow — opis patentowy US 4780518.

Nie tylko naturalne i polimerowe materiaty sg wykorzystywane jako selektywne saczki. Nanoma-
terialy weglowe, takie jak grafen, tlenek grafenu, zredukowany tlenek grafenu, nanoptatki grafenu i na-
norurki weglowe zostatly uformowane w struktury ggbczaste lub aerozele o bardzo silnych wtasciwo-
$ciach chionnych (dla olejéw i rozpuszczalnikéw organicznych) oraz superhydrofobowosci [Gupta i in.,
J. Mater. Chem. A 2016, 4 (5), 1550—1565].

Jednakze, pomimo bardzo dobrych wtasciwosci selektywnego pochtaniania, nanomateriaty we-
glowe w postaci ggbek i aerozeli nie sg do tej pory powszechnie wykorzystywane z powodu wysokiej
ceny. W zwigzku z tym naturalne wtdkna zostaty pokrywane w celu uzyskania selektywnego pochta-
niania.

Bawetniane saczki byty pokrywane z uzyciem m. in. nanoczgstek tlenku krzemu [Liu i in., Carbo-
hydr. Polym. 2014, 103 (1), 480-487.], polimeréw hydrofobizujgcych [Li i in., Phys. Chem. Chem. Phys.
2015, 17 (9), 6451-6457.; Lee i in. Lee, J. H.; Kim, D. H.; Kim, Y. D. J. Ind. Eng. Chem. 2016, 35,
140-145.] i nanomateriatéw weglowych [Ge i in., Compos. Sci. Technol. 2014, 102, 100-105.; Hoai i in.,
Mater. Sci. Eng. B 2016, 216, 1-6.; Cortese i in., J. Mater. Chem. A 2014, 2(19), 6781.].

Ponadto, nanorurki weglowe, miedzy innymi nanoszone na witdkna naturalne, byty takze wyko-
rzystywane do oczyszczania cieczy co ujawniajg opisy patentowe EP1885647 oraz US2005263456.

Widkna naturalne pokryte nanorurkami weglowymi takze mogg stuzyé jako rozdzielacz do pty-
néw. Taki stan rzeczy jest znany z opiséw patentowych US2010116751 oraz US 9126128.

Inne nanomateriaty weglowe, w tym grafen, grafit i wtbkna weglowe zostaty takze opisane jako
pokrycia do wytworzenia rozdzielaczy oleju od wody — opisy EP 2929925 oraz WO 2015141902. Do-
datkowo, oleje moga by¢ usuwane lub filtrowane z powierzchni wody z uzyciem wysiegnika, utrzymuja-
cego saczek skfadajgcy sie z nanorurek weglowych naniesionych na wiékna — opis US2015275452.

Nanorurki weglowe osadzone na wibknach takich jak wtékno polietylenowe, bawetna inne wtékna
pochodzenia naturalnego moga stuzy¢ do usuwania zanieczyszczen z powierzchni ciat statych. Do opi-
sanych zanieczyszczeh nalezg zanieczyszczenia mikrobiologiczne, pyiki, ciecze i inne — opis
US2009196909.

Rozwigzanie wedtug wynalazku koncentruje sie na zastosowaniu produktéw bedgcych pochod-
nymi przemystu drzewnego, takimi jak mgczka drzewna i inne, pokrytych nanomateriatami weglowymi,
w celu wytworzenia selektywnego pochtaniacza oleju. Zastosowanie czystych materiatéw drzewnych
jako materiat sorpcyjny jest znane, jednak w zwigzku z ich hydrofilowym charakterem i silnym pochta-
nianiem wody ich zastosowanie jest ograniczone. Ponadto, ich wtasciwosci sorpcyjne oraz mozliwosé
wielokrotnego uzytku sg nieznaczenie gorsze niz w przypadku innych witdkien jak kapok i bawetna. Jed-
nakze, ich niska cena jest bardzo znacznym atutem w poréwnaniu do wszystkich innych materiatow
sorpcyjnych. Pokrycie produktéw drzewnych nanomateriatami weglowymi powoduje hydrofobizacje
i umozliwia zastosowanie wynalazku jako selektywnego pochtaniacza. Ponadto, uzycie materiatu siat-
kowego oplatajgcego uzyty materiat drzewny uniemozliwia niekontrolowane rozsypanie lub rozptyniecie
sie materiatu. Warto nadmienic, iz cena nanomateriatéw weglowych w przeciggu ostatnich 20 lat spadta
kilkaset razy i dopiero obecnie moze ona by¢ poréwnywalna z ceng materiatu bazowego sgczka. Po-
nadto w ostatnich kilku latach rozwinigeto produkcje nanomateriatéw weglowych umozliwiajgcg ich ma-
sowg produkcje.
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Istotg wynalazku jest sgczek hydrofobowy selektywnie pochtaniajgcy oleje i zwigzki organiczne
przeznaczony do oczyszczania wod zawierajagcy produkty drzewne, w ktorym produkty drzewne w po-
staci maczki drzewnej, wioréw drzewnych, miazgi drzewnej, scinek drzewnych, widkien drzewnych,
wetny drzewnej, pytlu drzewnego, trocin lub innych odpaddéw drzewnych, umieszczone (zamkniete) sg
luzno w materiale siatkowym z wiékna naturalnego lub sztucznego pokrytym nanomateriatem weglo-
wym. Materiat siatkowy z wtdkna naturalnego lub sztucznego posiada rozmiary otworéw dobrane w taki
sposob, aby ciecze mogty przedostawac sie bez oporéw, natomiast stosowane produkty drzewne po-
winny zosta¢ w niej uwiezione.

W optymalnym wariancie materiat siatkowy z widkna naturalnego stanowig hydrofobizowane
witdkna utkane z bawetny, Inu, weiny, bambusa, wiékna kokosowego lub widkna bambusowego,
a w przypadku wtdkna sztucznego: siatka polipropylenowa, polietylenowa, poliestrowa, poliuretanowa,
poliweglanowa, poliamidowa, poliolefinowa, wtékno szklane lub wiékno weglowe.

Korzystnym jest kiedy nanomateriat weglowy stanowig jednoscienne i wieloscienne nanorurki we-
glowe, srubowate nanorurki weglowe (ang. helical carbon nanotubes), inne nanowtékna weglowe, na-
noptatki grafenu, nanoptatki grafitu, zredukowany tlenek grafenu lub sadza.

Korzystnym jest kiedy wytworzony sagczek modyfikowany jest dodatkowo polimerem hydrofobizu-
jacym.

Istotg wynalazku jest rowniez sposoéb wytwarzania sgczka hydrofobowego przeznaczonego do
oczyszczania wod, w ktorym w pierwszej kolejnosci sypkie produkty drzewne w postaci maczki drzew-
nej, wioréw drzewnych, miazgi drzewnej, $cinek drzewnych, widkien drzewnych, wetny drzewnej, pytu
drzewnego, trocin lub innych odpaddw drzewnych, umieszcza sie luzno w materiale siatkowym z widkna
naturalnego lub sztucznego, po czym cato$¢ pokrywa sie zawiesing nanomateriatu weglowego
w zwigzku organicznym, takim jak: chloroform, dichlorometan, dichloroetan, aceton, benzen, izopropa-
nol, etanol, metanol, N-Metylopirolidon, toluen i podobne, lub mieszaninach tych zwigzkéw lub ich mie-
szaninie z wodg, za pomocg metod zanurzeniowych lub natryskowych, a nastepnie odparowuje sie
zwigzek organiczny. Dopuszcza sie rowniez zastgpienie zawiesiny nanomaterialu weglowego
w zwigzku organicznym, lub mieszaninach tych zwigzkdw lub ich mieszaninie z wodg — zawiesing na-
nomateriatu weglowego w roztworze wody z surfaktantem, takim jak dodecylosiarczan sodu, polisorbat
80 i podobne lub polimerem stabilizujgcym, takim jak celuloza, skrobia, polialkohol winylowy i podobne,
przy czym odpowiednio usuwa sie surfaktant lub polimer stabilizujgcy odparowujgc uprzednio wode.

Korzystnym jest kiedy zawiesing nanomateriatu weglowego w zwigzku organicznym, lub miesza-
ninach tych zwigzkéw lub ich mieszaninie z wodg uprzednio stabilizuje sie poprzez dodatek polimeru
stabilizujgcego, takiego jak: octan celulozy, metyloceluloza, polietylen, poli(tlenek etylenu) i podobne.

Korzystnym jest takZe kiedy jako materiat siatkowy z widékna naturalnego wykorzystuje sie witdkna
utkane z bawetny, Inu, welny, bambusa, wiékna kokosowego lub widkna bambusowego, a z wtékna
sztucznego: siatka polipropylenowa, polietylenowa, poliestrowa, poliuretanowa, poliweglanowa, polia-
midowa, poliolefinowa, wtékno szklane lub wtékno weglowe.

W wariancie sposobu wedtug wynalazku przed umieszczeniem produktéw drzewnych w materiale
siatkowym, naturalny materiat siatkowy pokrywa sie nanomateriatem weglowym w celu jego hydrofo-
bizacji.

Korzystnym jest kiedy jako nanomateriaty weglowe stosuje sie jednoscienne i wieloscienne na-
norurki weglowe, Srubowate nanorurki weglowe, inne nanowtékna weglowe, nanoptatki grafenu, nano-
ptatki grafitu, zredukowany tlenek grafenu lub sadze.

Opcjonalnie nanomateriaty weglowe mogg by¢ modyfikowane polimerem hydrofobizujgcym.

W wariancie realizacji sgczki po wytworzeniu pokrywa sie dodatkowo polimerem hydrofobizujgcym.

Zastosowanie nanomateriatdw w rozwigzaniach wedtug wynalazku ma na celu hydrofobizacje
powierzchni produktéw drzewnych, przez co nie pochtaniajg one wody. Jednoczes$nie ich zdolno$¢ do
pochfaniania innych cieczy nie zostaje ograniczona. Zastosowanie produktéw pochodzenia drzewnego,
takich jak przyktadowo maczka drzewna pokrytych nanomateriatami, jak nanorurki weglowe i nanoptatki
grafenu, pozwoli na stworzenie taniego kompozytu do usuwania ropy naftowej z powierzchni wody.
Wykorzystanie zaproponowanych sgczkéw spowoduje wchtoniecie tylko rozlanej ropy naftowej, nie
wchtaniajgc przy tym wody. Niski koszt wytworzenia sgczka jest konieczny w przypadku aplikacji na
oceanach wokdét platformy wydobywczej.

Saczek wedtug wynalazku znajduje zastosowanie w dziedzinie oczyszczania wéd i ochrony sro-
dowiska dla celéw separacji olej-woda, selektywnego pochtaniania oleju z wody, pochtaniania substanc;ji
oleistych i ropy naftowej z powierzchni wody, jako bariera ochronna przed wyciekami oceanicznymi,
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umozliwig tez pochfanianie zwigzkdéw organicznych nierozpuszczalnych w wodzie z powierzchni lub ob-
jetosci wody.

Wynalazek w przyktadzie realizacji przedstawiono na rysunku, na ktérym fig. 1 przedstawia sche-
mat ideowy saczka oraz cyklu jego wytworzenia. Na fig. 1 pod literg A) pokazano materiat drzewny 1
(rozdrobnione drewno) i materiat siatkowy 2 (hydrofobizowane wtékno naturalne, w wariancie tez natu-
ralnie niepochianiajgce wody witdkno polimerowe lub weglowe). B) przedstawia naniesienie materiatu 1
na materiat siatkowy 2 — siatke z wtdkna, po czym zostaje nig owiniety. C) pokazuje materiat drzewny 1
owiniety materiatem siatkowym — widknem 2.

Nastepnie nanomateriat weglowy zostaje naniesiony poprzez zanurzenie w zawiesinie nanoma-
teriatlu weglowego w zwigzku organicznym przyktadowo chloroformie oraz wysuszenie probki. Korzyst-
nym jest powtarzanie procedury zanurzania kilkukrotnie w celu otrzymania jak najbardziej hydrofobowej
warstwy.

Dla znawcow oczywistym jest tez, ze procedure mozna wykonac takze w innej kolejnosci, to jest,
nanies¢ odpowiednig ilos¢ nanomateriatu na sypkg maczke drzewng a nastepnie umiesci¢ jg w siatce.

W przyktadzie realizacji sgczek wykonano uzywajgc grafenu jako nanomaterialu weglowego,
gazy bawetnianej jako materiatu siatkowego 2 oraz maczki drzewnej jako materiat drzewny 1.

W sposobie | przykiadu realizacji 1 g nanopfatkéw grafenu wrzucono do 1000 ml chloroformu.
Zawiesina zostata poddana homogenizacji z wykorzystaniem homogenizatora ultradzwiekowego. Moc
dostarczona przez homogenizator wynosita 100 W. Czas procesu wynosit 20 min. Nastepnie 20 g roz-
widknionego drewna zostato umieszczone w naczyniu, a nastepnie zalane przez 200 ml wytworzonego
roztworu. Nasgczona maczka drzewna zostata suszona w temperaturze 70°C przez 2 godziny, do cal-
kowitego odparowania chloroformu. Nasgczenie i suszenie powtérzono 5-krotnie. Maczka drzewna po-
kryta nanoptatkami grafenu zostata nastepnie owinieta z uzyciem siatki poliamidowej o wielkosci oczka
1,2 mm.

W sposobie Il przyktadu realizacji 1 g nanoptatkéw grafenu zostat wrzuconych do 1000 ml dichlo-
rometanu. Zawiesina zostata poddana homogenizacji z wykorzystaniem homogenizatora ultradzwieko-
wego. Moc dostarczona przez homogenizator wynosita 100 W. Czas procesu wynosit 20 min. Nastepnie
20 g maczki drzewnej zostato owiniete z uzyciem siatki bawetnianej o wielkosci oczka 2 mm. Owinieta
siatkg bawetniang maczka drzewna zostata umieszczona w naczyniu, a nastepnie zalana przez 200 mi
wytworzonego roztworu. Nasgczona mgczka drzewna zostata suszona w temperaturze 70°C przez
2 godziny, do catkowitego odparowania chloroformu. Nasgczanie oraz suszenia powtorzono 5-krotnie.
Nastepnie 2 ml polimeru hydrofobizujgcego, poli(dimetylosiloksan), zostato rozciericzone w 200 ml chlo-
roformu. Otrzymana owinieta siatkg bawetniang maczka drzewna zostata nastepnie zanurzona w roz-
cienczonym roztworze poli(dimetylosiloksan). Nasgczony saczek zostat suszony w temperaturze 70°C
przez 2 godziny, do catkowitego odparowania chloroformu.

W wariancie realizacji wytworzony sgczek moze zosta¢ dodatkowo zmodyfikowany polimerem
hydrofobizujgcym. Opcjonalnie réwniez same nanomateriaty weglowe moga by¢é modyfikowane polime-
rem hydrofobizujgcym.

Skutecznos¢ rozwigzania potwierdzajgc przeprowadzone préby. Zwazong probke zamo-
czono w wodzie i rozpuszczalniku organicznym (chloroformie), po kazdym zanurzeniu wazac jg po-
nownie i suszgc. Obliczono selektywnosé pochtfaniania i chtonnosé. Selektywnos¢ pochtaniania
mierzona jako iloraz masy wchtonietego zwigzku organicznego do sumy mas wchtonietej wody
i zwigzku organicznego wzrosta z 53% dla czystej maczki drzewnej do 97,8% dla mgczki drzewnej
pokrytej grafenem. Natomiast chtonnos¢, mierzona jako masa wchtonietej wody przypadajgca na 1 g
sgczka spadta z 15.4 g/g do 0.4 g/g.

Zastrzezenia patentowe

1. Saczek hydrofobowy selektywnie pochtaniajgcy oleje i zwigzki organiczne przeznaczony do
oczyszczania wod zawierajgcy produkty drzewne znamienny tym, Zze stanowig go produkty
drzewne (1) w postaci maczki drzewnej, wiéréw drzewnych, miazgi drzewnej, scinek drzew-
nych, widkna drzewnego, wetny drzewnej, pytu drzewnego, trocin lub innych odpadéw drzew-
nych pokryte nanomateriatem weglowym, korzystnie modyfikowanym polimerem hydrofobizu-
jacym, ktére umieszczone sag luzno w materiale siatkowym (2) z widkna naturalnego lub
sztucznego.
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Saczek wedtug zastrz. 1, znamienny tym, ze materiat siatkowy (2) z wtdkna naturalnego sta-
nowig hydrofobizowane wiékna utkane z baweiny, Inu, wetny, bambusa, wiékna kokosowego
lub widkna bambusowego, a z widékna sztucznego: siatka polipropylenowa, polietylenowa, po-
liestrowa, poliuretanowa, poliweglanowa, poliamidowa, poliolefinowa, wiékno szklane lub
wiokno weglowe.

Saczek wedtug zastrz. 1 lub 2 znamienny tym, ze nanomateriat weglowy stanowig jedno-
Scienne i wieloscienne nanorurki weglowe, srubowate nanorurki weglowe, inne nanowiékna
weglowe, nanoptatki grafenu, nanoptatki grafitu, zredukowany tlenek grafenu lub sadza.
Saczek wedtug zastrz. od 1 do 3, znamienny tym, ze pokryty jest dodatkowo polimerem hy-
drofobizujgcym.

Sposéb wytwarzania sgczka hydrofobowego selektywnie pochtaniajgcego oleje i zwigzki or-
ganiczne przeznaczonego do oczyszczania wod znamienny tym, ze sypkie produkty drzewne
(1) w postaci maczki drzewnej, widérow drzewnych, miazgi drzewnej, $cinek drzewnych,
witokna drzewnego, pytu drzewnego, trocin lub innych odpaddéw drzewnych, umieszcza sie
luzno w materiale siatkowym (2) z wtdkna naturalnego lub sztucznego, po czym catos¢ po-
krywa sie zawiesing nanomateriatu weglowego w zwigzku organicznym, takim jak: chloroform,
dichlorometan, dichloroetan, aceton, benzen, izopropanol, etanol, metanol, N-Metylopirolidon,
toluen i podobne, lub mieszaninach tych zwigzkéw lub ich mieszaninie z woda, albo zawiesing
nanomaterialu weglowego w roztworze wody z surfaktantem, takim jak dodecylosiarczan
sodu, polisorbat 80 i podobne lub polimerem stabilizujgcym, takim jak celuloza, skrobia, po-
lialkohol winylowy i podobne, za pomocg metod zanurzeniowych lub natryskowych, a nastep-
nie odparowuje sie zwigzek organiczny albo usuwa sie surfaktant lub polimer stabilizujgcy
odparowujgc uprzednio wode.

Sposéb wytwarzania sgczkéw hydrofobowych wedtug zastrz. 5, znamienny tym, ze zawie-
sine nanomateriatu weglowego w zwigzku organicznym, lub mieszaninach tych zwigzkéw lub
ich mieszaninie z wodg uprzednio stabilizuje sie poprzez dodatek polimeru stabilizujgcego,
takiego jak: octan celulozy, metyloceluloza, polietylen, poli(tlenek etylenu) i podobne.

Sposob wytwarzania sgczkow hydrofobowych wedtug zastrz. 5 lub 6, znamienny tym, ze jako
materiat siatkowy (2) z widkna naturalnego wykorzystuje sie hydrofobizowane wtékna utkane
z bawetny, Inu, wetny, bambusa, widkna kokosowego lub wiékna bambusowego, a z wtdkna
sztucznego: siatka polipropylenowa, polietylenowa, poliestrowa, poliuretanowa, poliwegla-
nowa, poliamidowa, poliolefinowa, wtékno szklane lub wtdkno weglowe.

Sposob wytwarzania sagczkow hydrofobowych wedtug zastrz. 5, 6 lub 7, znamienny tym, ze
przed umieszczeniem produktéw drzewnych (1) w materiale siatkowym (2), naturalny materiat
siatkowy (2) pokrywa sie hanomateriatem weglowym.

Sposob wytwarzania sgczkéw hydrofobowych wedtug zastrz. 5, 6, 7 lub 8, znamienny tym,
ze jako nanomateriaty weglowe stosuje sie jednoscienne i wieloscienne nanorurki weglowe,
Srubowate nanorurki weglowe, inne nanowtdkna weglowe, nanoptatki grafenu, nanoptatki gra-
fitu, zredukowany tlenek grafenu lub sadze.

Sposdb wytwarzania sgczkédw hydrofobowych wedtug dowolnego zastrz. od 5 do 9, zna-
mienny tym, Zze nanomateriaty weglowe mogg by¢ modyfikowane polimerem hydrofobi-
Zujgcym.

Sposéb wytwarzania sgczkéw hydrofobowych wedtug dowolnego zastrz. od 5 do 10, zna-
mienny tym, Ze sgczki po wytworzeniu pokrywa sie dodatkowo polimerem hydrofobizujgcym.



PL 233 206 B1

Rysunek

A)

gl 1l
AN IN

< 8 ,— ! I

- = L b B e
i_ﬂ, | |

Departament Wydawnictw UPRP
Cena 2,46 zt (w tym 23% VAT)



Przedruk publikacji [Lukawski, FiP 2018]|78

Przedruk publikacji [L.ukawski, FiP 2018]

D. L ukawski, F. Lisiecki, A. Dudkowiak, Coating cellulosic materials with graphene
for selective absorption of oils and organic solvents from water, Fibers and Polymers

19 (2018) 524-530.



Fibers and Polymers 2018, Vol.19, No.3, 524-530
DOI 10.1007/s12221-018-7879-7

ISSN 1229-9197 (print version)
ISSN 1875-0052 (electronic version)

Coating Cellulosic Materials with Graphene for Selective Absorption of Oils

and Organic Solvents from Water

Damian Eukawski', Filip Lisiecki’, and Alina Dudkowiak'*

'Faculty of Technical Physics, Poznan University of Technology, Poznan 60-965, Poland
*Institute of Molecular Physics, Polish Academy of Sciences, Poznan 60-179, Poland
(Received October 13, 2017; Revised December 11, 2017; Accepted January 1, 2018)

Abstract: Development of efficient and eco-friendly sorbents used for selective oil removal after oil spill disasters is one of
the main topics in environmental science. By using various cellulosic materials coated with graphene flakes, using simple,
one-step dip-coating method, it was possible to manufacture environmentally friendly, selective oil sorbents. The cellulosic
materials of different yarn size and distribution such as cotton roving, gauze, fabric, and cellulosic wipe and Whatman filter
paper were chosen. The scanning electron microscopy showed that simple dip-coating of any cellulosic materials into
graphene dispersion creates a uniformly distributed nanomaterial coating. The wetting tests confirmed that the coating
endowed cellulosic materials with hydrophobic properties, regardless of their initial yarn distribution and purity. Moreover,
the water repellent samples were simultaneously highly sorptive towards oils and organic solvents. Sorption tests performed
for a representative group of organic solvents and oils have shown that depending on cellulosic material the oil sorption
capacity varied from 4 g/g to 33 g/g for cotton fabric and roving, respectively. Moreover, the absorption selectivity of
chloroform versus water exceeded 90 % for each sample and reached over 99 % for the graphene coated cotton roving and
gauze. Finally, the recyclability tests have shown that graphene coated materials are less fragile for reuse than naturally

hydrophobic sorbents.

Keywords: Graphene, Cellulose, Cotton, Hydrophobic properties, Oil sorbent

Introduction

Oil spills are one of the major environmental threats
caused by fuel industry. Only in the disaster in the Gulf of
Mexico in 2010, approximately 4.9 million barrels of oil
were spilled. These natural disasters have massive impact on
the environment. Thus, development of methods of prevention
and quick oil removal is necessary. One of the methods for
oil removal and prevention of its further spreading is the use
of oil sorbents. Much attention has been focused on selective
sorbents, which are simultaneously superhydrophobic and
superoleophilic. Those materials should soak up only spilled
oil and do not absorb ocean water. Moreover, properly
engineered selective sorbents should provide the possibility
of oil retrieval, show high sorption capacity (SC), chemical
stability, and environmental friendliness [1].

The materials that have found the largest interest in this
field are carbon nanomaterials (CNMs), especially carbon
nanotubes (CNTs) and graphene (Gr). CNMs are superhy-
drophobic due to their nanostructure and chemical composition
[2]. Furthermore, the progress in CNM engineering has
opened the possibility of their low cost production and
deposition in many configurations.

In order to obtain selective membranes, CNTs were grown
on metal meshes [3,4] used for oil filtration from water. The
other approach was the development of CNM based sponges
and aerogels. CNT [5] and Gr [6] sponges showed extremely
high sorption capacity due to their low density and high
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porosity. Even better results have been observed for Gr
foams and aerogels [7,8]. Chemically modified Gr foam
may also show switchable oil wettability via controlling pH
[9]. However, engineering of CNM foams in the amounts
sufficient for massive oil spills is highly difficult and
alternative composite structures are also investigated. CNMs
were used with polyvinylidene fluoride [10], vermiculite
[11], cellulose acetate [12], and nanofibrillated cellulose [13]
to create selectively absorbing sponges.

Although CNM based materials are highly efficient as
selective sorbents, much research is also focused on applying
natural materials such as kapok, milkweed, and cattail [14,15]
for this purpose. However, cotton, especially naturally
hydrophobic raw cotton was found to be the most popular
material [16]. Despite worse SC and selectivity, its low cost
is encouraging industrial use. The most significant obstacle
in using cotton is low chemical stability caused by leaching
hydrophobic waxes from cotton surface. Thus, more stable
hydrophobic agent must be used. Therefore, coating natural
fibers with hydrophobic polymers and nanoparticles has
been proposed. Coating cotton with SiO, particles [17], SiO,
functionalized with octadecyltrimethoxysilane [18], or
polydimethylsiloxane [19] resulted in chemically stable
cotton-based sorbents. Moreover, CNMs such as chemically
[20] and thermally [21] reduced graphene oxide, diamond
like carbon [22], and polydimethylsiloxane decorated
graphene oxide [23] were found to be promising as coatings
for cotton in selective sorbent applications.

Most of the studies are focused on fabrication of sorbents
with the highest possible SC. However, for industrial
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applications, more important factor is easiness of preparation
and its low cost, whilst the SC exceeding 10 g/g may be
sufficient. Thus, the aim of this research is to investigate
whether coating various cellulose-based materials with Gr
flakes may be used to manufacture selective sorbents. Cellulose
materials are cheap and commonly accessible, whilst the
cost of graphene production is becoming cheaper every year.
Therefore, they may be soon applied in large-scale oil
removal.

The recent studies of cotton-Gr sorbents were carried out
on naturally hydrophobic cotton sponge, coated with
graphene oxide decorated with hydrophobic polymer [23] or
reduced graphene oxide [20,21]. Due to the preparation
procedure, reduced graphene oxide may contain hydrophilic
-O, -OH, and -COOH groups. Therefore, we wanted to
check if the use of pristine Gr, produced by the method based
on microwave plasma, without any additives, surfactants,
catalyst, or metal impurities, will permit development of
selective sorbents by a simple dip-coating method.

Experimental

Materials

The experiments were performed on five types of cellulosic
materials such as raw cotton roving, cotton gauze, cotton
fabric, cellulose filter paper (Whatman 2727 Chr, 1.4 mm
thick), and cellulose wipe (Kimtech Science). Cotton roving
is a natural bundle of raw cotton yarns, processed only by
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industrial spinning. Raw cotton in over 90 % is composed of
cellulose with addition of proteins, waxes, and other residues.
It is light and fluffy with fibers of similar thickness, distributed
randomly. Large spaces between yarns (Figure 1(b)) are
responsible for large SC. Moreover, in contrast to the other
investigated cellulosic materials it is naturally hydrophobic.
Cotton gauze, mostly used for medical applications, is
made of cleaned cotton fibers spun into yarns. It is highly
absorptive material and shows regular structure of cotton
fibers (Figure 1(c)). Cotton fabric is the most popular
commercially available cotton-based material as the final
product of textile industry. It is not used as sorbent due to
low SC, although it may be used as potential filter. The
advantage of fabric is regular internal structure of densely
packed cotton fibers (Figure 1(d)). Cellulose wipe, in contrast
to cottons, shows 100 % cellulose content. It is a popular,
very hydrophilic, cellulose-based sorbent material. Due to
fibers randomly mounted and freely packed, it is highly
sorptive (Figure 1(e)). Cellulose filter paper was chosen, as a
material of the best known sorption capabilities. It is a pure
Whatman filter paper commonly used in chromatography,
which is extremely hydrophilic and due to high density, it
does not show high SC. It is made of irregular and short
cellulose fibers (Figure 1(f)).

Gr flakes, with average diameter of 300 nm and thickness
below 1 nm and specific surface area of 290 m*/g, were
obtained from Cambridge Nanosystems Ltd. (Camgraph
G1). Spectroscopic grade dichloromethane (DCM) and

Figure 1. Camera photo of Gr coating samples (a) and fluorescence microscopy images (2.5 mmx2.5 mm) of pure cellulosic materials
immersed in rhodamine (b-f): (b and 2) roving; (c and 4) gauze; (d and 3) fabric; (e and 5) wipe; (f and 1) paper.
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hexane, fraction from pure petroleum were ordered from
Avantor Performance Materials Poland SA. Toluene (99.5 %
purity), chloroform (>99 % purity), and petroleum ether
(boiling point 30-60 °C) were ordered from Sigma Aldrich.
Natural motor oil (BDG Lux-10) and linseed oil (Bio, Look
Food Ltd.) were purchased from the local store. Liquid
paraffin was ordered form Chempur. Rhodamine B was
purchased from Sigma Aldrich. Water was filtrated by Milli-
Q® ultrapure water system.

Preparation of Gr Cellulosic Sorbents

CNMs were dispersed using a Hielsher 400 St (400 W)
ultrasonic horn. For most experiments, Gr was prepared in
DCM in concentration of 1 mg/1 m/ (for the microscope
image of Gr suspension, please see supplementary materials,
Figure S1). Cellulosic materials were cut to samples of
20+2 mg. In order to remove waxes and oily contaminations,
they were washed in the following procedure: 20 min
sonication in water, drying (at least 60 min in 90 °C), 20 min
sonication in acetone, drying (at least 30 min in 90 °C).
Then, the samples were immersed in Gr dispersion during
3 s for each dip coating and dried on a heat plate. The
procedure was repeated six times in order to obtain uniform
coating.

Characterization

The SEM images were taken by an FEI Nova NanoSEM
650 and the EDS by a Bruker XFlash® 5010 detector. Due to
excessive charging under SEM, all the samples were covered
with approx. 10 nm layer of copper which enabled successful
imaging of the surface.

The fluorescent microscopy images were taken by Zeiss
LSM 510. In order to obtain high-resolution images, pure
cellulosic samples were immersed in rhodamine B diluted in
water. The fluorescence excitation was set at 548 nm laser
beam.

Contact angle (0) was measured with a CCD camera
(Nikon D300s). Droplets of 13.0+0.5 W/ were deposited
using a Hamilton micro-syringe (25 p/). The droplet volume
was increased with respect to its size in the standard contact
angle measurements because of very high roughness of
roving. The contact angles were measured on each surface
three times with the aid of Dropsnake plugin to Imagel
software [24] and the results are presented as mean values
with a standard deviation.

Sorption Measurements

In order to investigate the water repellent properties, the
samples were immersed for 3 s in pure water, organic
solvents, or oils. Then, the excessive droplets deposited onto
the surface were gently shaken off the sorbents. The saturation
measurements were performed for five samples for each
fluid. The result was calculated as the mean and the standard
deviation was calculated as measurement uncertainty. In
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order to obtain more repeatable results the gauze and wipe
were rolled up (Figure 1(a)).
The SC was calculated according to

SC = my—mo (1)
m
where m,: mass of sample after immersion in fluid, m:
initial mass of sample.
In order to diminish the influence of absorbed fluids
density, the volume sorption capacity (¥SC) was calculated
as follow:

= mmy  SC

rsc dxm, d @
where d: density of the absorbed fluid.

Selectivity was calculated as the ratio of the mass of
selected absorbed fluid to the mass of absorbed water:
- my= o

(mf’mo)—i_(mw_mo)
where m,,: mass of sample immersed in water.

Mass of the deposited Gr was calculated from average
sorption of 1 mg/1 m/ Gr in DCM, after six times repeated
dip-coating.

To determine the recyclable properties of cellulosic
sorbents, after conducting the sorption tests, the samples
were immersed in petroleum ether and mechanically squeezed
in order to recycle the absorbed fluid. The procedure was
repeated 10 times and was followed by repeating absorption
capacity measurement. Afterwards, the samples were
immersed in motor oil and squeezed (5 times), using a
similar procedure as described above.

S

€)

Results and Discussion

Coating Cellulosic Materials with Graphene

The five cellulosic materials (cotton roving, gauze, fabric,
and cellulosic wipe and Whatman filter paper) showing
various yarn size, porosity, chemical composition, and SC
towards water were selected in order to investigate their
ability to absorb the oil or organic solvents. On the samples
of this representative group of cellulosic materials, Gr was
deposited (as described experimental section) to modify
their wetting properties. The deposition process resulted in
creating homogeneous Gr layer onto cellulosic fibers (Figure
2). Thanks to high affinity of Gr to cellulose [25] and
relatively small size of Gr flakes (approximately 300 nm in
diameter), after six Gr depositions it is hard to find any
unprotected parts of yarn. It suggests that due to Gr
hydrophobicity the coating may act as highly waterproofing
barrier. After a few dip-coatings, Gr formed a multilayer on
some parts of the fibers. Moreover, a similar quality of
coverage was observed for the other Gr coated cellulosic
samples (see supplementary materials, Figure S2). Despite



Graphene/Cellulosic Materials for Oil Sorption

10 pm

Figure 2. SEM image of Gr coated roving.

relatively low Gr content (see supplementary materials,
Table S1) it creates a uniform coating, but free spaces
between cellulosic fibers are not filled. The cross section of
cellulose fibers, measured in 20 different places, showed that
the coating thickness varies from 130 nm to 2.03 pm (see
supplementary materials, Figure S3). The SEM images show
that Gr on the surface of fibers is highly folded which may
cause an increase in roughness and in consequence can modify
the hydrophobicity of the surface.

Graphene Coated Cellulosic Materials as Selective Sorbents

The Gr coated cellulosic materials were tested for water
repellent properties, which are important to create selective
sorbents. As shown in Figure 3 (right side), the pure samples
were initially highly hydrophilic (except cotton roving) and
soaked up water immediately after droplet deposition. It is
related to a high content (exceeding 90 %) of cellulose,
having many -OH groups responsible for high affinity to
water. But in general, all the cellulosic materials became
highly hydrophobic after Gr deposition (Figure 3, left side),
as Gr created a water repellent layer. Moreover, according to
Wenzel prediction [26], the rough Gr coated surface may
become even superhydrophobic.

Gr coated gauze (Gr-gauze), fabric (Gr-fabric), and paper
(Gr-paper) (Figure 3(b),(c),(e)) showed stable hydrophobic
properties and water droplets deposited onto their surface
did not soak inside the sample, even after a few minutes. On
the other hand, Gr coated wipe (Gr-wipe) (Figure 3(d)) was
found to be hydrophobic, but the contact angle measured for
Gr-wipe was smaller than for the other samples, which may
be caused by the presence of some unprotected with Gr
areas. Any unprotected area causes soaking water into fiber,
followed by its distribution in its volume driven by capillary
forces. In contrast to other described materials, roving was
hydrophobic even before Gr deposition (Figure 3(a)), due to
the presence of hydrophobic wax onto the surface of fibers
[16]. Thus, to determine whether deposition of Gr onto
roving increased its hydrophobicity, contact angle measurements
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Figure 3. Camera photos of water droplets (dyed with thodamine
B) onto Gr coated (left) and pure (right) cellulosic sorbents; (a)
roving, (b) gauze, (c) fabric, (d) wipe, and (e) paper.

were performed. The obtained 6 values were equal to
139°+2 ° and 148 °*+2°, before and after Gr coating, respectively
(see supplementary materials, Figure S4). Thus, to some
extent, hydrophobicity increased for Gr coated roving (Gr-
roving). There are two possible mechanisms to explain this
observation. Either, more hydrophobic Gr substitutes wax or
they act synergistically and create a more hydrophobic layer.

In order to determine the volume sorptive properties, pure
cellulosic materials were investigated for water soaking. For
comparison, Gr coated samples, created via single Gr
deposition or by six times repeated Gr deposition, were
tested (Figure 4(a)). It is easily noticeable that pure fabric
and paper did not soak up large amount of water in
comparison to cotton gauze and wipe, which is caused by
their microstructure (free spaces between yarns and size of
macropores). In addition, roving shows low SC (equation
(1)), due to its natural water repellent properties.
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Figure 4. Results of sorption capacity (SC) towards water (a) and
chloroform (b) and selectivity of chloroform versus water (c), of
cellulosic sorbents (pure), cellulosic sorbents with single (Grx1)
and six times (Grx6) deposited Gr.

The single Gr coverage caused some decrease in SC
towards water in almost every tested sample (except paper).
In the best case SC of roving decreased from 3.19+0.38 g/g
to 1.38+0.24 g/g, which was about 57 % reduction after
single Gr-coating. It is also noticeable that a single Gr
coating caused a relatively high change in sorptivity for gauze
(a 39 % decrease in SC). In comparison to other samples,
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gauze and roving showed also high SC towards DCM (see
supplementary materials, Table S1), which was the solvent
used for Gr dispersion. Thus, dip-coating of roving and
gauze showed higher uptake of Gr onto the fibers (see
supplementary materials, Table S1). In general, it was found
that single deposition of Gr does not induce satisfying water
repellent properties and the excellent hydrophobic surfaces
of all samples were obtained only after six dip-coating
cycles. Almost all Grx6 coated samples showed SC towards
water below 0.5 g/g, the one exception was wipe with SC
equal 0.840.3 g/g (Figure 4(a)). These results are in good
agreement with those presented in Figure 3 and the
observations described earlier.

SC towards water is the key factor describing sorptive
properties of materials. Nevertheless, the SC towards water
may be significantly different from the SC towards other
liquids and the comparison of these results is crucial to
determine the quality of selective sorbents. Therefore, it is
necessary to carry out measurements using the organic
solvents and oils. Chloroform was chosen as a representative
organic solvent, due to its high surface pressure. The values
of SC towards chloroform measured for the majority of Gr
coated samples (Figure 4(b)) are proportional to the values
of SC towards water obtained for pure filters (Figure 4(a)).
The exception is roving, which shows very high SC towards
chloroform in comparison to the other cellulosic materials. It
could be explained by large distances between fibers, causing
large internal volume and by initial hydrophobic properties
of roving.

However, the measurements for roving performed on pure
and Gr coated samples have shown very similar SC towards
chloroform and oils (see supplementary materials, Figure
S5). Thus, the presence of Gr does not significantly influence
the SC towards organic solvents or oils, because both Gr and
cellulose show high affinity to them.

Another highly important parameter which determines the
fluid absorption is the selectivity (equation (3)). The selectivity
of the pure cellulosic materials (except roving) was equal
approx. 50 % which means that water and chloroform are
absorbed almost equally (Figure 4(c)). However, after Gr
coating, the same materials became highly selective, with the
selectivity of gauze even exceeding 98 %. The improvement of
selectivity is also observed for the initially hydrophobic
roving and Gr coated roving, which increased from 90 % to
99 %, respectively. Thus, all the Gr coated sorbents absorb at
least 10 times more chloroform than water (Figure 4(c)).

Although SC towards chloroform and selectivity of Gr
coated sorbents were very promising, the measurements on
other organic fluids must have been performed. Representatives
of high viscosity liquids were motor oil, liquid paraftin, and
linseed oil (see supplementary materials, Table S2). Toluene,
chloroform, hexane, and petroleum ether were investigated
as various low viscosity organic solvents. It is important to
notice that hexane, petroleum ether, liquid paraffin, and
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Figure 5. Sorption capacity (SC) (a) and volume SC (V'SC) (b) of
Gr coated cellulosic materials towards various fluids.

motor oil are the representative group of organic compounds
of oil spills, whilst linseed oil is a natural oil with many
different fractions.

In comparison to other fluids, SC towards water is almost
negligible for all samples. In general, the sorption capacities
of the samples studied towards the organic solvents are
proportional to those towards chloroform (Figure 5(a)). Gr-
roving showed the best sorptive properties in comparison to
other materials, and also Gr-wipe and Gr-gauze show high
sorptivity. Most samples revealed the highest SC towards
chloroform of all organic solvents studied. However, analysis
of VSC (equation (2)) has shown that high SC towards
chloroform is related to its high density (see supplementary
materials, Table S2) and in terms of volume absorption,
chloroform is absorbed at a level similar to the other low
viscosity organic solvents.

Analysis of SC (Figure 5(a)) and VSC (Figure 5(b)) results
has also pointed out that the sorption properties of used Gr
coated materials are well correlated with the viscosity of
fluids to be adsorbed. The differences in sorption of low
viscous (toluene, chloroform, hexane, ether) and highly
viscous (paraffin and oils) fluids are especially visible for
Gr-fabric. Because of high density of fibers, it does not
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Table 1. Sorption capacity (SC) towards water, before and after
multiple soaking in petroleum ether and motor oil

SC towards water (g/g)

Material L. After ether After oil
Initial

treatment treatment
Untreated roving ~ 0.83+0.21 1.66+0.47 2.83+0.23
Gr-roving 0.12+0.04 0.04+0.04 1.10+£0.23
Gr-gauze 0.07+0.04 0.05+0.02 0.48+0.02
Gr-fabric 0.08+0.04 0.08+0.04 0.24+0.07
Gr-wipe 0.13+0.09 0.03+0.06 0.42+0.09

absorb large amounts of low viscous solvents in contrast to
high viscous oils which are probably sticking to the sorbent
surface.

Recyclability of Graphene Coated Cellulosic Sorbents

In industrial applications, selective filters must show high
selectivity, SC or VSC, but also recyclability. Once used
filter should not change its initial parameters significantly,
therefore the wear tests were conducted for the purpose of
this research. The initial experiments showed that fluids,
soaked into Gr coated paper, were not possible to recycle,
for this reason these samples were not investigated any
further. Thus, the tests on initially hydrophobic untreated
roving and on the other Gr coated sorbents were performed
using selected fluids (water, petroleum ether, and motor oil).

Multiple soaking in petroleum ether increased the SC
towards water from 0.83+0.21 g/g to 1.66+0.47 g/g, because
hydrophobic wax layer was partly dissolved. The petroleum
ether treatment did not influence water absorption (Table 1)
by Gr coated samples. However, the treatment with motor
oil reduced hydrophobic properties of each sample. The
highest increase in SC towards water was observed for pure
and Gr coated roving (Table 1). It is caused by flushing out
the protective layers, wax and/or Gr, respectively. A significant
increase was observed for Gr-wipe and Gr-gauze, whilst the
least influenced was Gr-fabric. It may be concluded that oils
diminish selective absorption properties much more significantly
than organic solvents. The following explanation could be
proposed. In ether, due to its low viscosity, viscous force
between fluid and surface are not strong. For this reason, Gr
layer which interacts with cellulose fibers only via relatively
weak physical force is not destroyed during recycling. On
the other hand, very viscous motor oil wipes off Gr layers
and causes the appearance of unprotected, hydrophilic spots
on the fiber surface. Thus, the obtained results prove that Gr-
roving which is the most absorptive, is also the most fragile
for recycling treatment, whilst the least sorptive Gr-fabric is
almost invulnerable for fatigue. Additionally, even the most
fragile to wear Gr coated samples were less vulnerable than
wax coated raw cotton. Finally, it was found out that for each
investigated sample the SC towards ether and SC towards oil
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did not change significantly after multiple soaking (see
supplementary materials, Table S3) and its selectivity was
dependent mostly on the changes in SC towards water.

Conclusion

The low cost and mass production of graphene flakes,
developed in recent years, makes it a reasonable coating
material for industrial applications. We have shown that by
coating popular cellulosic materials (such as cotton roving,
gauze, fabric and cellulose wipe and paper) with Gr, via
simple, one-step, dip-coating from organic solvent Gr
dispersion, they are endowed with water repellent properties.
Moreover, it was found out that similarly to reduced
graphene oxide [20,21], pristine Gr, manufactured using
microwave plasma, was responsible for a dramatic decrease
in SC towards water of cellulosic materials, but it did not
influence SC towards organic solvents and oils. From among
the investigated samples, it seems that Gr coated roving and
gauze may be used as selective oil sorbents. The SC towards
oil was equal 30.6 g/g and 12.8 g/g, for Gr-roving and Gr-
gauze, respectively. As their selectivity exceeded 99 % and
SC towards motor oil was greater than 10 g/g, we believe
that both materials may find applications in organic solvent
and oil removal from water.

Furthermore, Gr coated fabric may act as a proper
selective oil filter, due to its very high selectivity towards
organic fluids versus water and low susceptibility to wear.
The recyclability tests exhibited that Gr coated samples were
less fragile to reuse than raw cotton. Additionally, we found
that absorption of high viscosity fluids diminished the
hydrophobic properties to greater extent than the absorption
of low viscosity ones. It was surprising that the use of highly
absorptive cotton roving might be less interesting for some
specific applications than that of the less absorptive materials
(e.g. fabric), as the susceptibility to wear of the sorbent
seems to be correlated to SC.
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Fig. S1 Optical microscope image of Gr suspension onto microscope slide.

Fig. S2 SEM image of Gr-gauze (a), Gr-fabric (b), Gr-wipe (c) and Gr-paper (d).



Table S1 Mass of the deposited Gr on cellulosic materials.

Sample SC towards | Amount of deposited Gr
DCM
(g/g) (mg/sample) (Wt%)
Gr-roving 32.243.9 <2.30 <11.9
Gr-gauze 9.5£1.0 <0.85 <43
Gr-fabric 2.7+0.2 <0.25 <1.2
Gr-wipe 9.0+1.7 <0.80 <4.1
Gr-paper 3.0£0.2 <0.26 <1.3

Fig. S3 The representative cross section of Gr-roving

Fig. S4 A droplet onto the surface of Gr-roving.
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Fig. S5 Sorption capacity (SC) towards oil and chloroform for cellulosic materials
(pure) and six times coated with Gr (Gr x 6).

Table S2 Viscosity and density of fluids used for SC measurements.

Fluids Dynamic viscosity | Density
(mPa*s) (g/cm?)
motor oil 200-400 0.88
liquid paraffin 110-230 0.85
linseed oil 33 0.93
toluene 0.55 0.867
chloroform 0.53 1.49
hexane 0.3 0.655
petroleum ether 0.22 0.63




Table S3 Sorption capacity (SC) and selectivity of Gr-cellulose sorbents after wear tests.

Sample | SC towards ether | Selectivity (ether | SC towards oil Selectivity (oil
(g/g) versus water) (g/g) versus water)
(%) (%)
Initial | After | Initial | After Initial |After oil| Initial | After oil
ether ether treatment treatment
treatment treatment
pure 16.5£1.4 11.8+1.1|93.5+£3.3| 87.843.8 132.6+2.4|28.742.2/195.0+1.9| 91.1+1.2
roving
Gr- 10.8+0.6/10.0+£0.9|98.9+£0.4 99.6+0.4 127.6+2.0/25.3+£1.6/99.8+0.2| 95.8+1.0
roving
Gr- 5.3+0.3 | 4.7+£0.4 98.5+0.4 99.04+0.5 [14.9+1.1 16.3£2.0/99.7+0.2 | 97.1+£0.6
gauze
Gr- 1.5+0.1| 1.3£0.2 94.9£2.1 94.2+2.5 | 6.3£0.7 | 6.0+£0.3 |98.84£0.6| 96.1+1.1
fabric
Gr-wipe | 5.0£0.4 | 4.9+£0.4 97.5+1.1/ 99.4+1.1 |14.0+£0.913.2+1.1/99.84+0.4| 97.0+0.8
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THE INFLUENCE OF SURFACE MODIFICATION

OF WOOD PARTICLES WITH CARBON NANOTUBES
ON PROPERTIES OF PARTICLEBOARD GLUED
WITH PHENOL-FORMALDEHYDE RESIN

Research was carried out on a newly manufactured particleboard (PB) containing
carbon nanotubes (CNTs) to determine the effect of the CNTs on physical,
mechanical and combustion properties of the board. The experiment consisted of
two stages. In the first, wood particles were treated with an aqueous suspension of
CNTs (0.2% w/w) and sodium dodecylbenzenesulfonate (0.2% w/w) as
a dispersant. After drying to constant weight, a modified form of the ASTM E69
method was used to determine the effectiveness of fire protection provided by
CNT-modified wood chips. The rate of wood decomposition decreased
significantly, and the time to complete combustion increased from 18 to 22.5 min
for the reference and CNT-modified wood particles respectively. In the second
stage of the experiment a particleboard bonded with phenyl-formaldehyde resin
was produced, in which the particles were modified with CNTs using the method
described in the first stage. Selected physical and mechanical properties of the
final board were determined. Samples of the board were tested using a mass loss
calorimeter in accordance with the ISO 13927 standard, and mechanical tests
were performed by applicable standard methods. However, no significant
improvement in the properties of the PB were observed.

Keywords: carbon nanotubes, wood chips, particleboard, flammability,
mechanical properties

Introduction

Nanotechnology is applied nowadays in many fields, including energy storage,
nanoelectronics and biotechnology, as well as materials science. Recent studies
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have resulted in applications of nanomaterial composites, including wood-based
panels.

Studies to date have shown that the inclusion of small quantities of various
types of nanomaterials, such as nano-SiO,, nano-ZnO, nano-Al,0;, nano-CuO,

nano-TiO,, nano-Ag, nanoclay, nanocellulose, etc., can significantly change the

properties of both adhesive resins and joints bonded with those resins. The
addition of nanoparticles helps to control the viscosity of resin solutions,
increases the strength and thermal and water resistance of adhesive-bonded
joints, and improves their barrier properties [Romueli et al. 2012; Dukarska and
Bartkowiak 2016; Dukarska and Czarnecki 2016]. Reinforcement of adhesive-
-bonded joints by the addition of nanoparticles results in improved strength
parameters, water resistance and hygienic properties of wood-based materials
[Zhang and Smith 2010; Taghiyari et al. 2011; Veigel et al. 2012; Salari et al.
2013; Taghiyari and Farajpour Bibalan 2013; Liu and Zhu 2014; Candan and
Akbulut 2015; Dukarska and Czarnecki 2016]. The use of nanomaterials also
enables the production of wood-based boards with required physical and
mechanical properties from alternative raw materials, most often of inferior
quality, such as date or paulownia wood or annual plant waste [Salari et al. 2013;
Rangavar and Fard 2015]. As regards technological processes, the use of
nanoparticles enables optimization of the manufacture of particleboards (PBs).
The introduction of such particles into the adhesive resin solution increases the
thermal conductivity of the pressed mat and enhances heat transfer from the
external layers to the core layer. This in turn improves the conditions of
condensation of the adhesive resin. As a consequence, the pressing time of the
boards may be shortened without impairing their physical or mechanical
properties [Lei et al. 2008; Zhang and Smith 2010; Taghiyari et al. 2011, 2013;
Kumar et al. 2013]. Promising results have also been obtained for the biological
resistance of materials modified with nanoparticles, as they have been found to
be more resistant to various types of molds and termites [Taghiyari and
Farajpour Bibalan 2013; Gao and Du 2015; Marzbani et al. 2015; Dukarska et al.
2017].

When PBs are used in construction, great importance attaches not only to
their mechanical properties, but also to their fire resistance, in view of the
flammability of boards of this type. To reduce the fire risk, a wide range of flame
retardants is used to improve the properties of flammable materials
[Boruszewski et al. 2011]. It has already been proposed that recent progress in
nanotechnology may be of use in producing fire retardant coatings or additives.
The most promising nanomaterials include carbon nanotubes (CNTs). Their
unique chemical [Lin et al. 2003; Tasis et al. 2006], thermal [Berber et al. 2000;
Kim et al. 2001] and mechanical properties [Treacy et al. 1996] have been
widely researched in recent years. The development of chemical vapor
deposition enabled the manufacture of cheap mass-produced CNTs [Cassell et al.
1999; Chhowalla et al. 2001], which may be used inter alia in polymer
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composites and coatings. Currently, CNTs are a popular additive to polymer
composites to improve their mechanical properties and to act as a flame
retardant.

CNTs dispersed in polystyrene and poly(methyl methacrylate) (PMMA)
matrices may serve as a flame retardant, reducing the two key parameters of
mass loss rate (MLR) and peak heat release rate (PHRR) [Kashiwagi et al. 2005;
Cipiriano et al. 2007]. Not only CNTs dispersed in the polymer matrix, but also
CNT-based coatings, reduced the flammability of composites. PETI330/T650
covered by thin CNT film exhibited decreases PHRR and total mass loss, and
increased time to ignition (TTI) [Fu et al. 2010]. Anderson et al. [2010] made
a multifunctional cellulose/CNT composite paper, which demonstrated greatly
reduced flammability [Anderson et al. 2010]. Thermogravimetric measurements
on a phenol-formaldehyde/cellulose composite showed that thermal stability
increased slightly on the addition of 1.0 wt% of multiwall (MW) CNTs [Park
and Kadla 2012]. Cotton fabrics cross-linked with polyvinylphosphonic acid
presented delayed ignition and a decreased burning rate after the incorporation
of MWCNTs [Gashti and Almasian 2013]. Although research on cellulose/CNT
composites is not a novel area, there are few studies describing composites
containing bulk wood or wood-based materials, not only cellulose, mixed with
carbon nanotubes. Some current studies on the use of carbon nanomaterials and
wood-related products are focused on wood-plastic composites (WPC) made of
wood flour and polymer. It has been reported that the addition of CNTs to the
composite lowers flammability and increases mechanical strength.
Polypropylene/wood flour with 2 wt% of CNTs showed a 25% fall in PHRR and
total heat released (THR) and a significant decrease in CO yield [Farsheh et al.
2011].

Unfortunately, all nanomaterials tend to aggregate in such applications. The
aggregates not only diminish the positive effect, but may also clog the nozzles
used for spraying resin during PB production. Therefore, we propose using
CNTs as coating materials for wood particles instead of incorporating them into
resins. The main aim of this research is to investigate the flammability of wood
particles coated with MWCNTs. Moreover, CNT-modified wood particles were
used to manufacture a CNT-modified particleboard, and the flammability, water
resistance and mechanical properties of that board were then investigated.

Materials and methods

Materials

Industrial-grade NC7000 CNTs were obtained from Nanocyl SA. The dispersant
used to prepare the aqueous dispersion of CNTs was sodium
dodecylbenzenesulfonate (SDBS) supplied by Sigma Aldrich. The wood
particles used were industrial Scots pine (Pinus sylvestris L.) chips with average
dimensions of 15.91 % 1.81 x 0.91 mm and a moisture content of 4%. The binder
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used to manufacture the PB was phenol-formaldehyde resin (PF) with viscosity
679 mPas (at 25°C), density 1.215 g/cm?, solids content 48.5%, pH 8.45 and gel
time 271 s (at 130°C).

Sample preparation

In the first stage of the study, wood particles were coated with CNTs. An
aqueous dispersion of CNTs (0.2% w/w) and SDBS (0.2% w/w) was sonicated
using a Hielsher UP400 ultrasonic homogenizer for 20 min. CNTs were
deposited onto wood particles in a simple dip-coating process. A CNT
suspension (4 1) was used to obtain 2 kg of CNT-modified wood particles, so that
the final ratio of CNTs to wood was approximately 0.4% (w/w). Afterwards, the
wood particles were dried at 105°C to obtain the humidity of the reference chips
(4%).

Single-layer PBs were produced in laboratory conditions with the following
parameters: thickness 12 mm, resination 8%, and density 650 kg/m>. The
pressing process was carried out at 200°C, with a unit pressure of 2.5 N/mm?
and for a time of 23 s per mm of board thickness. The PBs were prepared
according to the same procedure: the first contained pure wood particles, and the
second contained wood particles modified with CNTs.

Flammability

The study was conducted in several stages. In the first stage, a modified form of
the ASTM E69 method was used to determine the effectiveness of the protection
of pine wood particles with an aqueous CNT suspension. The next step was to
produce particleboard from protected chips and to test it for flammability using
a mass loss calorimeter (MLC), and to carry out strength tests based on current
standards.

The test of the flaming properties of wood particles was performed
according to a modified form of the ASTM E69 method, by burning protected
and control (unprotected) samples in a tubular furnace. The modification
consisted in the making of a special basket of approximately one-liter volume,
made of 2 x 2 mm steel mesh, with diameter 5 cm and length 50 cm. The empty
basket was weighed before the test. The test pieces were poured into portions of
the basket, being successively whipped using a wooden plunger. When the
basket was filled, the whole was weighed to calculate the bulk density. Then the
filled basket was suspended in the tube. A burner was placed under the
suspended sample, with a flame height of approximately 25 cm. The flame acted
on the sample for 3 minutes. The percentage mass loss and the exhaust gas
temperature at the outlet of the pipe were recorded every 0.5 minutes. Further
observations and recordings were made from the moment the burner was
extinguished until three weight loss measurements returned the same value. At



The influence of surface modification of wood particles with carbon nanotubes... 97

the same time measurements of the flue gas temperature at the outlet of the tube
were made using a thermocouple.

The following types of board were investigated: pure PB (control) and PB
modified with CNTs. Flammability tests were carried out on three samples for
each type. MLC is a benchmark that enables the measurement of mass loss rate
and HRR (heat release rate) for any heat flux used for full-scale cone calorimetry
(ISO 5660). The tests were carried out in accordance with ISO 13927, with
aradiant heat of 35 kW/m?. The applied radiant intensity corresponds to fire
protection targets, especially for polymers, and corresponds to the intensity of
heat flux in a small-scale fire [Schartel and Hull 2007]. In the tests we used
100 x 100 mm particleboard samples with a thickness of 12 mm. Using the
standard calorimeter software, the following combustion properties of the
examined materials were determined: heat release rate (HRR), mass loss rate
(MLR), THR, effective heat of combustion (HOC), final sample weight (FSW)
and TTI. Average results are reported here for HRR, max. PHRR, mass loss [%]
and TTI [s].

Particleboard properties

Before testing, all samples of the manufactured boards were subjected to
conditioning to achieve a constant mass at 20°C and relative humidity 65%. The
moisture content of the samples was about 8%. The mechanical properties of the
experimental boards and their water resistance were tested according to relevant
standards. We determined the modulus of rupture (MOR) and modulus of
elasticity (MOE) according to EN 310 and the internal bond (IB) according to
EN 319. The water resistance of the boards was investigated by measuring the
internal bond after a boil test (V-100) according to EN 1087-1, and the thickness
swelling (TS) after 2 and 24 h of soaking in water according to EN 317. As well
as thickness swelling the water absorption (WA) was also calculated, using
equation (1):

m,—m,

WA= 100 (1)

m,

where WA is the water absorption (%), and m; and m, are the sample mass

before and after soaking (g).

Each test was performed in 15 replicates. The results obtained for the
physical and mechanical properties of the experimental boards were statistically
analyzed using Statistica software (version 13.1). To compare the average values
of the physical and mechanical properties of the tested boards, we carried out
a single-factor analysis of variance and Tukey’s post hoc test, on the basis of
which uniform average values were determined for each of the investigated
properties, with the boundary significance level equal to 0.05.
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Results and discussion

Fire retardant properties of CNT-modified wood particles

The burning of wood is a very complex physicochemical process. Flammable
gases such as ethane, methane, and hydrogen are the main causes of
flammability. As the temperature rises, the intensity of evolution of the gases
increases. In the wood, as a result of low heat permeability, it is mostly the top
layer that is burned. Incineration is slow, and a layer of charred wood effectively
slows down the process, thanks to the very low thermal conductivity of char
[Koztowski and Wtadyka-Przybylak 2001; Hankalin et al. 2009]. The thermal
conductivity of char is several times smaller than that of wood. After the
formation of this layer and removal of the heat source, the process is suppressed,
and self-extinguishing can even occur.

The highest temperatures during this part of the experiment were 177 £23°C
and 191 £10°C respectively for the reference and CNT-modified wood particles.
Despite the slightly higher temperature of the exhaust gases, the mass loss
following exposure to the flame for 3 minutes was lower for the CNT-modified
wood particles (12 £1%) than for the reference samples (16 £3%).

100

reference chips -~ -
1 - - - CNT-modified chips P

Mass loss (%)

20 25

Time (min)

Fig. 1. Mass loss of reference and CNT-modified wood chips

Removal of the flame caused a rapid decrease in temperature followed by
smoldering of the samples. After 10 minutes, the average mass loss was 52 +4%
and 36+2% for the reference and CNT-modified samples respectively.
Therefore, the presence of CNTs caused a significant reduction in the rate of
decomposition. Afterwards, from the beginning of the experiment, the process of
combustion of the reference wood particles was accelerated and the temperature
increased to 347 £52°C in 14.0 £1.0 minutes. Similar behavior was observed for
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the CNT-modified wood particles, for which the temperature reached 323 +47°C
after 17.0 1.5 minutes. Such temperatures are the result of the re-emergence of
flames in the higher layers of chips placed in the basket. These results suggest
that the CNT coating produces a clear retardation of wood particle combustion.
The whole process lasted for 18.0 £1.0 minutes and 22.5 +1.5 minutes, and the
mass loss was 98.0 +£0.5% and 94.5 £1.5%, for the reference and CNT-modified
samples respectively. The results suggest that covering wood particles with
CNTs produces a fire retardant effect. The retardation of combustion is clearly
visible on the dynamic mass loss graph (fig. 1), which shows that the
combustion process was much slower after modification with CNTs. However,
the observed smoke temperatures were not significantly changed, which may be
explained by the lack of an active mechanism of flame suppression.

Several possible mechanisms have been proposed to explain the flame
retardant properties of composites containing CNTs in the polymer matrix. The
thermal conductivity of polymers increases after the incorporation of CNTs,
particularly above 160°C [Kashiwagi et al. 2004]. The presence of CNTs in the
matrix may also help to create a thermally insulating char layer [Kashiwagi et al.
2005]. Moreover, the change in the viscoelastic properties of polymers when
CNTs are added may lead to an anti-dripping effect when the polymers burn
[Capiriani et al. 2007].

In the case of the CNT-modified wood particles, CNTs were located only on
the surface of the samples. Therefore, the CNTs did not change any physical
properties of the wood, and only surface action could be observed. Among the
proposed mechanisms, the most probable is the influence of CNTs on char
formation. Char may either be formed more rapidly or be mechanically
enhanced to become more durable. As no significant differences were recorded
in the first minutes of combustion between the reference and CNT-modified
particles (fig. 2), the faster formation of char is unlikely. Therefore,
reinforcement of the char layer is a more probable cause. The other mechanism
which may be responsible for the fire retardant action is faster heat dissipation
during slow burning, caused by the high surface area of CNTs and their high
conductivity.

Fire retardant properties of CNT-modified particleboards

Although the mechanism of fire retardation in CNT-modified wood particles
may be of interest, it is important to investigate the flammability of complete
particleboards. Therefore, a CNT-modified PB was prepared (as described in the
Sample Preparation section) and tested by MLC. The average TTI was 4 s
shorter for the CNT-modified PB, which may be due to the stronger infrared
absorption of black CNTs. The kinetics of HRR after ignition were similar for
the reference and the modified PB. The first peak value of HRR was 102 kW/m?;
then, after a slight decrease in HRR, its value rapidly increased. The PHRR was
recorded 25 s ecarlier for CNT-modified PB. As in the case of TTI, the
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explanation of the earlier PHRR may be the stronger infrared absorption. The
values of time to PHRR and THR were slightly lower for the CNT-modified PB
than for the reference, but the difference lies within the limits of measurement
uncertainty. Also, no significant change was observed for total mass loss.

200
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Fig. 2. Heat release rate measured by MLC during combustion of reference and
CNT-modified PBs

Ineffective fire protection may be explained by the fact that the protective
charred layer loses its properties during radiant heat flux. The rapid thermal
decomposition causes the formation of large amounts of volatile components
which, when mixed with air, ignite and influence the rate of fire spread and the
rate of combustion [Grzeskowiak and Wisniewski 2010; Maciulaitis and
Praniauskas 2010]. As explained in the previous section, CNTs may either
dissipate heat or enhance the char layer. Neither mechanism involves active
flame suppression. The slightly decreased time to PHRR for CNT-modified PB
1s probably caused by stronger IR absorption and faster heating due to the optical
properties of CNTs. In general, it may be claimed that although CNTs retard
burning at the initial stage of combustion, there are no active flame suppressive
mechanisms which might decrease HRR as observed in high-energy cone
calorimetry.

Strength properties and water resistance of CNT-modified PB

Because the CNTs were located only on the surface of wood particles, they
should not be expected to influence the physical properties of a single wood
particle. However, the interaction between phenol-formaldehyde resin and wood
particles might significantly change after CNT deposition. Another important
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Table 1. Combustion properties, investigated by MLC, of reference and CNT-
-modified PB

TTI THR PHRR Time to PHRR  Total mass loss
(s) MJ/m?)  (kW/m?) (s) (%)
Reference PB 38.5(3.0)* 88 (4) 191 (5) 437 (6) 87.3 (0.7)
CNT-modified PB  34.7 (3.2) 86 (2) 197 (13) 412 (15) 88.3 (2.0)

*Standard deviations in parentheses.

factor was the presence of SDBS, used as a stabilizing agent for CNT dispersion.
The properties of the reference and CNT-modified PBs are presented in table 1.
A comparison of mean values obtained for each tested parameter shows that both
the strength and swelling of boards made from CNT surface-modified wood
chips were slightly higher than those of the reference boards. However, on
consideration of the standard deviations associated with the mean values, and
above all the results of post hoc analysis used for the determination of
homogeneous groups, the differences between the CNT-modified and reference
boards were found to be insignificant. Tukey’s homogeneous group tests
performed for the majority of the investigated properties identified the same
homogeneous group, for which the statistical significance level p took values
above the assumed value of 0.05. Only in the case of bending strength and
swelling after two hours of water soaking did one-way analysis of variance
enable the identification of two different homogeneous groups (a, b), indicating
a statistically significant effect of CNT-modified wood chips on these two
parameters. Modification of wood chips with carbon nanotubes resulted in
a slight increase in board bending strength by ca. 15% (intergroup MS = 2.3665,
df=18.000, p <0.05) and slightly increased swelling after short-term water
treatment (by ca. 13%, intergroup MS =4.0367, df=18.000, p <0.05).
However, the lower water resistance of the CNT board after short-term water
exposure was of little importance, as its swelling after 24 hours of soaking in
water was similar to that of the reference boards. A general conclusion is that the
modification of wood chips by the method of CNT dispersion investigated in
this study does not significantly affect the strength and water resistance of the
resulting PBs. This is probably due to the relatively low CNT concentration and
the presence of hydrophilic SDBS. This assumption has been confirmed by other
researchers studying the effects of surface modification of wood with various
types of nanoparticles, who have reported significant changes in strength,
hydrophobicity, color durability, fire resistance and bioresistance only at higher
concentrations of nanoparticle suspensions [Nowaczyk-Organista 2009; Dong et
al. 2015; Soltani et al. 2016; Taghiyari et al. 2016]. Nevertheless, preliminary
results, particularly those concerning fire resistance, are promising and
encourage further research in this area.
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Table 2. Strength properties and water resistance of the experimental boards

Property Reference PB CNT-modified PB
MOR [N/mm?] 12.92 (1.8)* 14.8° (1.0)
MOE [N/mm?] 2250 (260) 2400 (180)

IB [N/mm?] 0.69 (0.11) 0.64* (0.06)
V-100 [N/mm?] 0.37% (0.04) 0.40° (0.047)
TS -2 h [%] 22.3%(1.4) 25.1°(2.7)
TS —24 h [%] 25.9° (2.4) 27.5%(2.5)
WA -2 h [%] 72.12 (2.6) 72.8% (3.1)
WA — 24 h [%] 85.8%(3.2) 87.2%(2.7)

*Standard deviations in parentheses, a, b — homogeneous groups, CNT — carbon nanotubes, MOR — modulus of
rigidity, MOE — modulus of elasticity, TS — thickness swelling, WA — water absorption.

Conclusions

In this study, wood particles were coated with a 0.2% (w/w) aqueous dispersion
of carbon nanotubes, stabilized with SDBS. The prepared CNT-modified
particles were tested using a modified form of the ASTM E69 method. The
modification of wood particles with CNTs significantly influenced their
combustion properties, and thermal decomposition significantly decreased. We
have proposed two models describing the fire retardancy. First, due to their high
surface area and thermal conductivity, the CNTs might increase heat dissipation;
and second, the CNTs may mechanically enhance the char layer, which
thermally insulates the wood from fire. However, although fire retardant
properties were observed for CNT-modified wood particles, no significant
decrease in the flammability of particleboards was observed after the addition of
CNTs. A possible explanation is that during cone calorimetry the combustion
was too rapid, and the fire suppressive properties of CNTs are significant only
during low-energy thermal degradation. Moreover, tests of strength and water
resistance in boards manufactured from both unmodified and CNT-modified
wood chips did not show any significant changes in these properties, apart from
a slight increase in bending strength. This may be because of the relatively low
quantity of CNTs, the presence of SDBS, or the method of modification.
However, the preliminary research results presented in this paper may provide
a basis for further investigation into the potential of carbon nanotubes in the
production of wood-based products.
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This paper presents simple, inexpensive and industrially-viable methods of creating electronically-active carbon
nanotube and graphene-based coatings for wood, capable of bringing a wide range of new functionalities to
traditionally passive wood-based construction elements, including furniture and flooring. The coating methods
are tested against the surface properties of wood/wood-based materials and specific application requirements.
Furthermore, a set of examples of wood-based electronic applications potentially useful in a wood industry
context is demonstrated/tested. These include liquid, pressure and temperature sensors for such applications as

flood, occupancy or fire detection, as well as nano/microthin heaters for residential heating or drying of moist

construction wood.

1. Introduction

Although used for thousands of years, wood is still one of the most
popular materials deployed in engineering. Its applications are nowa-
days primarily, but not exclusively, construction, decoration, flooring
and furniture. However, due to such issues as global warming and an
overproduction of non-recyclable waste, wood has recently gained even
broader attention as a natural, biodegradable, recyclable, widely
available and inexpensive material. Therefore, it is quite expected that
in the current era of rapid development of materials engineering, in-
terest in the design of completely new wood-derived materials, com-
posites and applications is also growing quickly [1-5].

Believing in the potential of wood, we have recently proposed to
hybridize it with carbon nanomaterials (CNMs), such as carbon nano-
tubes (CNTs) or graphene. Graphene is a two-dimensional one-atom
thick sheet of carbon atoms arranged in a hexagonal lattice and CNTs
are one-dimensional tubules with the walls made of graphene. CNMs
may be mass produced from greenhouse gases such as methane [6-8],
and can be easily and safely recycled, biodegraded, or combusted
producing only gases appearing in the natural wood thermal decom-
position process [9-11]. Therefore, CNMs seem much more compatible
with natural wood than commonly used synthetic polymers or metals.
Simultaneously, being inexpensive they are of great interest from both
the scientific and applications perspective.

Our previous work has shown that CNMs are attracted to natural
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cellulose structures present in wood, and hence may be successfully
deposited on its surface in the pure form using inexpensive industrial
techniques, forming a strongly integrated, irremovable surface layer
[12]. The paper has shown that due to intrinsic properties of CNTs such
coatings may turn wood superhydrophobic. However, individual CNMs
have much more to offer. They are also highly conductive electrically
and thermally, mechanically strong, chemically resistant, extremely
light-weight, absorptive for UV radiation, and many more.

Out of the above, electrical conductivity is a particularly interesting
property. To this point, it hasenabled the manufacture of many new
types of electrical/electronic elements, including sensors [13-15],
heaters [16-18] or simply antistatic coatings or shielding [19]. How-
ever, to the best of our knowledge, it has not been considered in the
context of wood.

Therefore, in the following paper we propose that the purpose de-
signed CNM coatings on wood can serve as various sensors, heaters or
antistatic coatings, introducing new functionalities into traditionally
passive wood elements and changing the way the wood materials are
perceived and used.

First, the paper identifies possible methods allowing the manu-
facture of inexpensive, industrially-viable electronically-functional
coatings/layers with the desired conductivity, layout and properties, on
wood and wood-based products. Next, examples of applications which
could become highly useful in the wood industry are carried out and
tested (Fig. 1). These include: antistatic surfaces, floor heaters, furniture
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Fig. 1. Scheme of the concept of functional wood/CNT composite. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

IR heaters and self-drying wood blocks, as well as sensors for tem-
perature monitoring, flood alarming and motion or crack detection.
This list of possible applications is definitely not exhaustive, yet it
shows a set of representative ideas which would not be possible or
practical to perform with the use of silicone or metallic materials, due
to environmental incompatibility, integration difficulties, size or
weight.

2. Experimental Section
2.1. Materials

Wood and wood based materials (Scots pine, balsa, plywood, fi-
berboard, chipboard, beaverboard, OSB) were obtained from local
suppliers. Industrial grade CNTs of 1.5 um length and 8 nm diameter
and 90% carbon purity were purchased from Nanocyl SA (NC7000).
Diethylene glycol butyl ether acetate, PMMA (M,, = 350,000) and so-
dium dodecylbenzene sulfonate (technical grade) were ordered from
Sigma Aldrich. Acetone was obtained from Linegal Chemicals. Hexane
used for the liquid sensor was ordered from Avantor Performance
Materials Poland S.A.. To avoid the influence of water conductivity,
water was filtered by the Milli-Q ultrapure water system. To investigate
the possibility of using the other CNMs for electrically active layer, two
types of MWCNTs of 8-15 nm diameter and lengths of 2 ym and 50 pm,
ordered from Carbon Nanotubes Plus and graphene nanoplatelets
(GNPs) with 25 um average diameter and graphene flakes with 400 nm
average diameter purchased from Cheap Tubes Inc. and Cambridge
Nanosystems Ltd., respectively, were also used in some experiments.
The wood based materials (WBMs) used in the experiments included
medium and high density fiberboards (MDF/HDF), oriented-strand
board (OSB), chipboard, beaverboard, pure Scots pine and balsa wood
(for camera and scanning electron microscopy images, see SI, Figs. S1
and S2).

2.2. Ink and paste preparation

Raw CNT ink was prepared by ultrasonic homogenization (horn
sonifier Hielsher UP400S, power 50 W/40 ml beaker, 20 min, ice bath
cooling) of 0.2 wt% of CNTs in acetone. CNT/SDBS were prepared by
ultrasonic homogenization of an aqueous solution consisting of 0.1 wt%
and 0.5wt% CNTs and 0.3wt% and 1.5wt% SDBS, respectively. To
obtain the CNT/PMMA paste, 8 wt% PMMA was dissolved in DB acetate
and mixed for 3 days in a magnetic stirrer at 45°C [20]. The 3 wt%
CNTs were subsequently added to the PMMA dispersion. The paste was
first homogenized by mortar and pestle and then calendered twice in a
three roll mill with a roll distance of 5 pm. Four dispersions prepared as
alternative to NC7000 MWCNTs were prepared in SDBS (0.3 wt%)
aqueous solution with addition of MWCNT (2 pm), MWCNT(50 pm) and
GNPs (400 nm) and GNPs (25 pm), respectively.

2.3. Deposition

First type of samples was coated with raw CNTs. These samples
were prepared by spray coating of raw CNT ink using an Adler AD776B
aerograph, with a pressure of 0.5 MPa. Initially, a5cm X 1cm (L X W)
tape-based mask was used. Then, to prepare highly-conductive raw CNT
heaters, the procedure was repeated several times (using a
10 cm x 2 cm mask) until the sheet resistance dropped below 200 Q/sq.

Second type of samples was prepared using CNT/SBDS coatings.
These were spray coated using an IWATA LPH-80 spray gun under
0.2MPa. 5cm X 1em (W X L), and later 2cm X 10 cm conducting
patterns were created by using tape-based masks for all spray-coated
samples. The amount of CNTs deposited by spray coating was calcu-
lated according to Eq. (1)

VXxec
A (€]

where A is the spray gun coating area, V is the volume of CNT/SDBS
dispersion and c is the CNT concentration. Finally, the third type of
samples was prepared using CNT/PMMA. The CNT/PMMA composite

ment =
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was deposited by screen printing, using a 10 pm thick, no mesh mask.
Silver paint was used at the ends of the CNT-based elements in order to
improve electrical contact between external equipment and the CNTs.
Afterwards all samples were briefly preheated to approx. 80 °C by ap-
plying current increasing at a rate of 1 mA/s. Each of the proposed
coatings (Raw CNT, CNT/SDBS and CNT/PMMA) were deposited on
wooden boards (Scots Pine and Balsa) for initial tests and sensing ap-
plications. Additionally raw CNT and CNT/PMMA coatings were de-
posited on other types of WBMs(please see Section 2.1.) for electro-
thermal measurements. Wood/CNT composite was created by coating
bulk wood elements with either raw CNT, CNT/SDBS or CNT/PMMA
layers and with a decorative element (0.5 mm balsa wood). The bulk
wood samples covered with CNTs were joined with a decorative ele-
ment using 0.8g/10cm? of Vicol adhesive, consisting of methyl-
chloroisothiazolinone and methylisothiazolinone.

2.4. Testing

The roughness of wood was measured using a Zeiss LSM 510. The
measurement and calculations were performed according to Bezak et al.
[21]. In brief, a topography map was obtained using the LSM, with an
argon laser (458 nm) and EC Epiplan-Nefluar 20 x lens. The roughness
was then calculated by ZEN2011 software, as the arithmetic mean of
total surface height values Rg,, according to DIN EN ISO 428. Re-
flectance was measured by a Carry 400 spectrometer, using an in-
tegrating sphere and uncovered balsa wood as a reference sample. Li-
quid sensing was conducted by dropping 0.1 ml of water/hexane and
acetone onto the CNT element. Drying (removing residual liquid) was
performed using a 50 W halogen lamp. Electrical resistance was mea-
sured by Keithley 2000 (two point probe). The pressure/flood/tem-
perature sensor performance was investigated using a BioLogic SP-200.
Pressure sensing was investigated by loading samples with 0.1 kg, 1 kg,
5kg and 65kg weights, equivalent to approx. 0.6 kPa, 6 kPa, 30 kPa,
0.4 MPa. Temperature sensing measurements were performed by gra-
dual heating and cooling of the samples in a laboratory oven with an
average heating rate of 1°C/min. The reference temperature was
measured using a PT100 sensor. Thermal camera images were taken
using an FLIR ETS320. Electrothermal testing was conducted using a
TTi QL564P DC power supply together with a Therm Metis MY84 py-
rometer.

3. Results and discussion
3.1. Preparation of wood integrated with CNMs

The CNT deposition methods included spray coating and screen
printing. Due to the high roughness of wood and WBMs (see SI, Figs S3,
Table S1) and the strong affinity between CNTs and the basic con-
stituents of wood (cellulose, hemicelluloses and lignin[22,23]) origi-
nating from m-interactions and van der Waals forces [24-26]. CNTs
attach strongly to wood surfaces without any additional binder.
Therefore, the application onto wood of pure CNTs dispersed in organic
solvents of high vapour pressure or water-based solutions of CNTs with
surfactants via spray coating method enables the formation of pure
CNM coatings (if needed, surfactants left after the water has evaporated
may be removed by rinsing, according to the procedure presented in
our previous report) [12]. Such an approach enables the formation of
semi-transparent or nontransparent coatings, depending on the amount
of CNTs deposited. The formation of pure coatings may be important for
both heaters and sensors as the presence of polymers or resins [27]
(often unavoidable in the production of coatings on other materials) is
likely to degrade the sensing properties and decrease conductivity of
the layer.

Fig. 2A presents the sheet resistance changes for coatings on balsa
wood prepared using high vapour pressure solvents. As the measure-
ments were performed for an increasing number of coatings (1-5) we
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Fig. 2. (A) Sheet resistance of raw CNT coatings on balsa wood after deposition
of 1, 2, 3 and 5 layers; (B) the relationship between sheet resistance, coating
reflectance and amount of deposited material for CNT/SDBS spray coated
samples; inset - camera image of balsa wood (left) and balsa wood coated with
varying amounts of CNTs; (C) relative resistance change between initial re-
sistance (Ro) of CNT/SDBS and the resistance after using adhesive (Rgiue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

would expect the thickness of the coating to increase. For theoretical
uniform coatings of the constant resistivity and the same thickness, this
would mean R; should decrease as the inverse of the number of layers
(in the same way as the decrease of equivalent resistance of a set of
parallel resistors), as Ry = Q/sq, where Q is a volumetric resistivity
while t is the thickness of a layer. However, the decrease between the
first and second layer presented in Fig. 2A is larger than expected. This
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may be explained by two major factors, the first being the very high
roughness of the wood-based surfaces and the second being the ten-
dency of CNTs to agglomerate, which may hinder percolation (espe-
cially for the first coating) and result in a dependency of volumetric
resistivity on the number of layers, as well as produce local changes in
resistivity and thickness of the coating. As visible in Fig. 2A, the larger
number of coatings mitigates this effect, with further layers following
the expected dependence. However, the agglomeration also makes it
difficult to estimate precisely the quantity of CNTs deposited on the
wood and to determine reliably the transparency of the layer. For this
reason, subsequent experiments were performed using aqueous CNT
dispersion stabilized with a SDBS (CNT/SDBS) and spray coated in a
similar way to raw CNTs. Fine control over the concentration and the
amount of spray-coated dispersion enabled precise determination of the
amount of CNTs deposited on the surface and control over electrical
resistance and transparency of CNT layers (Fig. 2B). Depositing
7.8 + 0.9 ug/cm? of CNT/SDBS onto balsa wood formed an antistatic
layer of sheet resistance of 200 + 90 Q/sq. Smaller amounts of CNT/
SDBS were below the percolation threshold for the CNTs used in this
study and did not make the wood electroconductive. The antistatic CNT
coating is semi-transparent to the naked eye and in UV-VIS spectro-
scopy reflects 33% light compared to uncoated wood (CNTs are effi-
cient absorbers of light [28]). Increasing the amount of CNTs by a factor
of 3 caused a decrease in measured reflectance to 19%, with a two
orders of magnitude drop in resistance to 5.2 * 1.3Q/sq. This is
caused by the formation of a well-connected CNT network on the sur-
face of the rough wood. As may be expected, a further increase in the
CNT amount causes a decrease in both reflectance and sheet resistance,
but the relative changes are smaller. After deposition of further CNT
layers the reflectance decreases asymptotically to approx. 5%, creating
an almost completely black sample, whilst sheet resistance constantly
decreases. Additional, it was observed that all of the CNT/SDBS samples
were superhydrophilic, independent of their electrical resistance.

The other inexpensive and industrially viable deposition method for
the preparation of conductive coatings is screen printing. Due to the
presence of the binder, the coatings are durable even when very thick,
although they cannot be transparent. In contrast to superhydrophobic
raw CNTs and superhydrophillic CNT/SDBS coatings, all of the CNT/
PMMA surfaces showed low wetting angles towards water, yet the
barrier formed was fully impermeable. Finally, for all coating types the
sheet resistances of the samples showed no clear WBM type de-
pendency, although significant differences are observed upon heating,
as will be described in Section 2.3.1.

Freshly prepared raw CNTs and CNT/PMMA samples prepared on
various surfaces were also internally heated by 1 min long pulses of DC
electric current and thus heated to 80 °C. The short heating pulses did
not cause any significant resistance change for the raw CNT sample,
while for the CNT/PMMA sample, a 5% decrease was observed, prob-
ably related to evaporation of residual DB acetate trapped in the PMMA
matrix.

To investigate the stability of electrical properties, both spray-
coated (raw CNT i.e. from organic solvent dispersion) and screen
printed coatings were prepared on a range of WBMs (see SI, Table S2).
It was observed that 3 months’ exposure to ambient conditions (tem-
perature of approx. 22 °C, relative humidity of approx. 40%) had no
influence on CNT/PMMA samples while the raw CNT samples increased
in resistance by 11 + 3%, probably due to atmospheric adsorbents
such as H,O, N, or aromatic hydrocarbons [29,30]. Next, a 10 min long
heating caused a further 4% drop in resistance, but after the subsequent
20 min long cycle, the resistance did not decrease further (see SI, Table
S2). This suggests that a short pretreatment of CNT/PMMA samples
may be necessary before use.

In order to obtain most conductive CNT layers on wood, the coating
should be black and nontransparent. Yet, as wood often plays a dec-
orative role, it would be desirable to investigate the possibility of pla-
cing CNT functional layers beneath the decorative element. For this
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purpose, raw CNTs, CNT/SDBS and CNT/PMMA coated WBMs were
prepared, and a decorative wood element was glued on the top of them,
using a standard wood-specific adhesive. As mentioned earlier, the
entry of insulating molecules into the CNT network may decrease its
resistance, and therefore the resistance of the coating was recorded
before the gluing process and after the glue had set.

The relative increase in resistance was measured as (9 = 3)%,
(27 = 5)% and (3 = 4)%, for all fully black coatings of type raw CNT,
CNT/SDBS and CNT/PMMA coatings, respectively. Those results show
that CNT/PMMA is practically insensitive to the presence of adhesive,
which is potentially related to the much higher thickness and presence
of binder in the screen printed coating. It may mean that the penetra-
tion of insulating glue is smaller, and that the percolating current may
be easily redirected into the other parts of the coating. A greater de-
crease in resistance of (9 *+ 3)% for the raw CNT thin coatings could
support these conclusions. The interestingly much larger drop in re-
sistance for CNT/SDBS coatings is probably attributed to the strongly
hydrophilic character of this coating and better infiltration of the ad-
hesive. To explore the issue further, more transparent samples were also
investigated. So as to avoid the issue of agglomeration, CNT/SDBS
coatings were chosen for these experiments.

In total, nine samples with resistivity in the range of 300 Q —3 MQ
were studied. As shown in Fig. 2C, all the samples with resistance below
100 kQ showed a relative resistance change in the range of 19-43 %,
while the antistatic surfaces showed a much higher increase
(150-570%). This expected result may be explained by fewer network
connections in the more visually transparent coating. The cutoff of
existing current pathways due to the presence of insulating glue causes
a drastic decrease in the number of routes available for the current
percolation. For highly conductive samples, the number of electrical
connections is so large that the current may be easily redirected from
the insulated areas.

Spray coated raw CNTs and CNT/SBDS coatings can be semi-
transparent and form much thinner coatings than screen printed ones
(below 1 pm). They may be superhydrophobic or superhydrophilic de-
pending on the use of the dispersant. The presence of SDBS makes the
effect of glue on the resistance more pronounced, and therefore the
surfactant may need rinsing in some cases.

On the other hand, screen-printed CNT/PMMA paste forms layers of
approximately 10 um after drying and thus requires fewer application
steps to obtain a low surface resistance, although the resistivity (i.e.
resistance multiplied by cross-sectional area and divided by length) of
the pathways may be higher due to the presence of polymer binders in
the nanotube network. The presence of polymer binder also potentially
decreases the sensitivity to ambient conditions, although the thickness
of the surface may be the reason for the presence of residual dispersant
which can be removed by short thermal pre-treatment. On the other
hand, the thickness of the layer and the presence of binder also makes
the screen-printed surfaces the most insensitive to gluing in terms of
resistivity. Finally, it is worth mentioning that by using masks, both
spray coating and screen printing enable the formation of any desired
pattern (see SI, Fig. S4, S5). Spray coating also offers the possibility of
forming conductive coatings on non-flat surfaces.

To understand the pros and cons of each coating technique and
characteristics of the formed coatings, the conductive layers were fur-
ther tested in practical applications, which could find immediate ap-
plication in the wood industry (see SI, Table S3, for comparison of raw
CNT, CNT/SDBS and CNT/PMMA features).

3.2. Sensors

The first opportunity offered by CNT based coatings is their use as
sensors. The live-monitoring of the physicochemical state of wood may
significantly increase the number of potential applications of wood as a
construction or furniture material.
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3.2.1. Liquids sensors

Raw CNT, CNT/PMMA and CNT/SDBS deposited onto Scots pine
samples (2 X 10 cm - WxL) were investigated as potential liquid sensors
(Fig. 3). Such sensors could be used for example as flood sensors in
flooring applications. The experiment was conducted as follows: 0.1 ml
of liquid was dripped onto the sensor. After 60 s water was gently re-
moved using a cellulose wipe and the sample was heated by a halogen
lamp for the next 60s to remove residual water. After 8 min the pro-
cedure was repeated. Due to the superhydrophobic properties of raw
CNT film, water does not wet the surface of the sensor and often rolls of
onto the wood (Fig. 3A). Therefore, its electrical response to water
deposition is very limited (the pronounced drops in resistance are re-
lated to halogen lamp heating). CNT/PMMA is wetted more sig-
nificantly, but the polymer creates a protective layer and water also
does not influence electrical resistance. Finally, due to the presence of
SDBS the surface of CNT/SDBS is completely wetted. The electrical
response is also very significant and rapid, and the resistance (R/Rg-1)
increases by up to 35% after first deposition of only 0.1 ml of water onto
a 20 cm? sensor. Although further responses are slightly smaller the
multiple repetition of the experiment (data presented in SI, Fig. S6)
shows that the response stabilizes after sixth cycle, at 27% which is still
a very pronounced result. The decrease is probably related to the re-
moval of residual water in the CNT/SDBS coating and relocation of
SDBS, which stops after several first cycles. It is also worth noting that
the use of a smaller sensing area would enhance the signal further (see
SI, Fig. S7).

For the wetting experiment we used not only water, but also re-
presentative polar and nonpolar organic solvents: acetone and hexane.
The tests were performed in a similar way to the one described for
water.

Each sample: raw CNT, CNT/PMMA and CNT/SDBS showed a
visible electric signal after deposition of acetone. For each sample (R/
Ro-1)exceeded 15% and reached even 50% for the CNT/SDBS sample
(Fig. 3B). On the contrary, despite very strong wetting, hexane does not
influence the resistance of either raw CNT or CNT/PMMA films. Only in
the case of CNT/SDBS did (R/Ry-1)vary from 5% to 15% after hexane
deposition (Fig. 3C). Because CNT/SDBS showed a significant tem-
perature change for all tested liquids, the single signal-response without
halogen lamp heating was collected (Fig. 3D). In order to enhance the

signal, a smaller sensor (1 cm X 4 cm) was used. Depositing a 0.1 ml
water droplet shows the highest (R/Ry-1) of 60%. Due to the low va-
pour pressure of water (2.3kPa at 20 °C) the resistance (R/Rg-1) de-
creases to its initial value very slowly, dropping to 20% after 15 min.
Signals from acetone and hexane are significantly different. Both signals
show maximum resistance after approx. 25s. Subsequently, a rapid
drop is observed due to fast evaporation of acetone (vapour pressure:
25kPa at 20 °C) and hexane (vapour pressure: 16 kPa at 20 °C). It is
easily noticeable that despite high vapour pressure, hexane adsorb onto
CNT/SDBS and resistance does not drop to the initial value (Fig. 3D).
However, the molecules are easily desorbed after heating to approx.
70 °C using a halogen lamp or pulse Joule heating.

3.2.2. Pressure sensors

Another type of highly useful application in wood technology would
be pressure sensing. Pressure sensors could act as on/off switches or
occupancy detection systems.

To create a pressure sensor, all three types of CNT-based films were
investigated (raw CNT, CNT/PMMA and CNT/SDBS). However, none of
these films showed any electrical response after applying pressure (see
SI, Fig. S8), which ensures good selectivity with regard to the liquid
sensing presented in Section 3.2.1. Consequently, a different approach
was proposed. The stress sensor was made of two parts of CNT-coated
WBMs (Fig. 4). The base part is raw CNT or CNT/PMMA electrical film
(2 x 10 cm). The second part is CNT/SDBS film (4 X 4 cm).

The measurement was performed by loading the sensor with various
weights. The weight was kept on the sensor for 10 s, followed by a 10 s
release. Two types of wood-based materials were tested for pressure
sensors — highly-rough Scots pine panels and fiberboard of low rough-
ness, so as to check the influence of the WBM roughness on the sensor
performance. The CNT/PMMA + CNT/SDBS sensor showed significant
electrical response after applying external pressure for both Scots pines
and fiberboards. The Scots pine sensor showed relatively small re-
sistance change (1-R/Ry) after applying 0.6 kPa (0.1 g), with the re-
sponse significantly increased to 16% for 6 kPa (1kg). At 0.4 MPa
(65 kg), the sensor showed a 26% drop in resistance.

The fibreboard-based sensors also showed significant but less re-
peatable changes. In the case of Scots pine, CNT/SDBS creates a thin,
conducting film without changing the naturally high surface roughness,
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Fig. 4. (A) Two-element stress sensor based on CNT electronics integrated with wood; (B) schematic principle of stress sensor operation; (C) operation of CNT/PMMA
stress sensor on Scots pine; (D) operation of raw CNT temperature sensor, (E) multi-cycle operation of raw CNT temperature sensor. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

while the CNT/PMMA film, due to the presence of a polymer matrix and
screen printing method, creates less rough film. Therefore, before ap-
plying pressure, the contact area between CNT/PMMA and CNT/SDBS
is relatively low, and gradually increases after applying pressure. In
contrast to Scots pine, fiberboards show low roughness. Therefore both
the CNT/PMMA and CNT/SDBS films are relatively flat, creating a
higher contact surface area even without external pressure. In contrast
to the CNT/PMMA + CNT/SDBS sensor system, the use of raw
CNT + CNT/SDBS as a pressure sensor is limted due to two main fac-
tors. Firstly, high roughness (and consequently surface area) of both
raw CNT and CNT/SDBS films causes high contact between films even
without external pressure. Secondly, strong Van der Waals interaction
between CNTs causes sticking of both CNT films, which then causes
deterioration of films and low repeatibility of sensors signal (see SI, Fig.
S9).

3.2.3. Temperature sensor

Another example of a highly useful application would be tempera-
ture sensing, which could be useful in e.g. fire detection, heating con-
trol or simple monitoring. The classical Pt100 or thermocouples cannot
be easily and fully integrated with wood based materials. To obtain a
temperature sensor on wood, two water insensitive films: raw CNT and
CNT/PMMA were investigated. Gradual heating of the samples in a
laboratory oven showed that CNT/PMMA has a nonlinear temperature
dependence even in the 30-70 °C temperature range. On the contrary,
as presented in Fig. 4D, raw CNT coatings show linear R(t) character-
istics in the temperature range investigated. As expected for mixed CNT
coatings with randomly aligned misaligned nanotubes, it shows a clear
decrease of resistance upon heating, indicating the semiconducting
character of the coatings [31,32]. A little hysteresis present between the
heating and cooling cycle is potentially related to the intrinsic heat
capacity of the CNT/wood material. The measurement performed in 10

cycles (Fig. 4E) proved very good repeatability of electrical signal for
many heating/cooling procedures.

The above section presents several representative examples of sen-
sors possible by the use of nano-micro thin CNT based coatings de-
posited directly on WBMs. The examples chosen for this study (liquid,
pressure and temperature sensors) seem the most universal and likely to
find application in the widest range of wood products. Yet knowing the
potential of CNTs and graphene, it may be expected that based on the
manufacture approaches proposed here, a whole family of other sensors
may be derived, including but not limited to fire, humidity, for-
maldehyde, mould, crack, stress and strain sensors. In order to do so,
many previous approachesto manufacture of CNT-based sensors may be
applied [14,15,33-37].

3.3. Heaters

The extension of wood functionality by the introduction of carbon
based sensors may result in a dramatic change in the applications of this
material. However, no less important may be the use of CNT coatings as
heaters. These heating elements powered with “green” electrical energy
could for example replace environmentally unfriendly furnaces or be
used as fast on-site dryers of wet wood elements

3.3.1. Joule heating on wood versus WBMs surface roughness

Four types of WBMs - fiberboard (MDF), chipboard, Scots pine
board and OSB — were coated by raw CNT and CNT/PMMA. After brief
preheating to approximately 70 °C, the initial characterisation of hea-
ters was performed with the use of a thermal camera. First, the power
was set at 1 W (Fig. 5) and 4 W and thermal camera images were taken
after 10 mins.

1 W heating of a 2cm X 10 cm sample caused heating of both CNT/
PMMA and raw CNT to an average temperature ranging between 40 °C
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Fig. 5. Thermal camera images of CNT heaters after 10 min heating with 1W
for CNT/PMMA: (A) fiberboard, (C) chip board, (E) Scots pine, (F) OSB and raw
CNT heaters: (B) fiberboard, (D) chipboard, (F) Scots Pine, (H) OSB. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

and 50 °C (1 W was the initial power setting, although during heating
with constant current, the power may have decreased to 0.95 W), which
is within the desirable temperature for floor heating applications. It is
also noticeable that CNT/PMMA heaters are characterized by more
uniform heat distribution. The most uniform heat distribution was
found for WBMs with the lowest roughness (arithmetical mean devia-
tion of the assessed surface Ry (see SI, Table S1)). Analysis of the
longitudinal profile (see SI, Fig. S10) shows that temperature ranged
from 42.1°C to 43.4°C and 41.7°C to 42.3°C for fiberboard
(Rs; = 4.87 um) and chipboard (R, = 6.87 um), respectively. Also,
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Scots pine showed uniform temperature distribution. A significantly
worse result is observed for very rough OSB (Rs, = 33.4 um) where hot
spots are also easily observed on thermal camera images. Heating CNT/
PMMA with higher power (4 W) cause the increase of overall tem-
perature to approx. 90 °C, but the temperature distribution for MDF,
chipboard and Scots pine was still uniform (see SI, Fig. S11).0On the
contrary, the raw CNT heater is very much affected by surface rough-
ness. For smooth MDF, the heat distribution is uniform and tempera-
tures in the longitudinal profile range from 43.8 °C to 46.5 °C. However,
with increasing roughness the temperature deviation increases and
reaches the highest value for OSB. Here, the raw CNT heater tem-
perature ranged from 41.8°C to 50.8 °C. Also, despite relatively low
roughness, some hot spots are observed for raw CNT heaters on Scots
pine, which is caused by microstructure or chemical heterogeneity in
some parts of the bare wood. Similarly, for CNT/PMMA heaters, after
increasing the power to 4 W, the temperature increased to approx. 90 °C
and the distribution was analogous to the results of 1 W heating. Taking
into account the dangers caused by the presence of hot spots, in the next
part of the study, only CNT/PMMA heaters were studied, and due to the
lowest surface roughness, MDF was chosen for further investigation.

3.3.2. Electrothermal characterization of CNT heaters

DC electric currents of set values ranging from 40 mA to 210 mA
were passed through CNT/PMMA heaters (Fig. 6). Temperatures higher
than 90 °C were not recorded due to the risk of PMMA, wood or ad-
hesive deterioration. The power needed for 20 cm? heater to work at
30°C and 70 °C is between 0.5 W and 4 W and the required temperature
may be easily controlled by the current setting. Afterwards, the heat
capacity of the heater was calculated as the reverse slope of the linear
part of T(Q) curve (see SI, Figure S12), where Q is the total Joule heat
applied to the system. The T(Q) curve was obtained by heating the
sample with constant current and high average Joule power of 9 W per
20 cm? sample, so as to reduce the effect of convective and conductive
heat losses. The calculated heat capacity of the CNT/PMMA heater was
2.8J/K.

CNT/PMMA heaters on fiberboard were also tested for longer,
20 min heating, using a current setting of 120 mA and average power
3.7 W (see SI, Fig. S13). 70% of the final temperature increase (obtained
after 20 min) was achieved after 180s, whilst 90% was achieved by
500s. After 10 mins the temperature growth became much slower, but
the temperature was still increasing slightly.

For heating applications, it is important not only to see the heating
curve, but also how the temperature changes in a repeated heating-
cooling cycles. Therefore, the thermoelectric response during 5-min
heating followed by 5-min cooling cycles was recorded (Fig. 5B). The
maximum temperatures were 73.2°C, 75.0 °C and 75.6 °C for the first,
second and third heating cycles, respectively, whilst the minimum
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Fig. 6. Thermoelectric response of CNT/PMMA heater on fiberboard (R = 268 Q) (A) to various current sets and (B) upon several on/off current modes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Thermal response measured by thermal camera on the opposite (to the CNT/PMMA heater) side of the boards of various thickness (A) 3 mm, (B) 7.3 mm, (C)
19 mm; (D) averaged temperature of 1 cm? of fiberboard after 10 mins and 20 mins for 3, 7.3 and 19 mm thick boards; (E-H) electrothermal response of CNT/PMMA
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temperature were 32.4 °C, 33.4 °C, 33.8 °C after first, second and third
cooling cycles, respectively. The insignificant differences are caused by
heat gathered in the wood during each cycle due to its high heat ca-
pacity. However, each time by simple current switching the tempera-
ture rapidly decreases and increases, which makes the CNT/PMMA
heater easily controllable.

3.3.3. CNT/PMMA as heaters
In some applications, such as flooring, WBMs are not only a con-
structing material, but also a decorative element. In those applications

CNT/PMMA heaters should be placed on the other side of the board and
energy will be transferred first by conduction and radiation to the
wooden board and then by convection to the air.

The temperature on the other side of the board is dependent on
thickness and type of WBMs. To test this behavior, a heating test of a
CNT/PMMA coating on fiberboard was performed using a power of
4 W, which corresponded to a mean heater temperature of approx.
90°C. The heating of the opposite side of fiberboard of different
thicknesses (3 mm, 7.3 mm and 19 mm) was simultaneously recorded
by a thermal camera (Fig. 7A-C). The average temperature of the
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opposite sides of all heated fiberboards after 10 and 20 min is presented
in Fig. 7D. The thinnest sample (3 mm) heated to 78 °C, whilst the
thickest (16 mm) to 35.3 °C after 20 min of 4 W Joule heating.

The average temperature and its distribution on the fiberboard
surface is the most important parameter for WBM heating, but the
heating time is also very important, as a quick electrothermal response
and low thermal inertia are among the major advantages over water-
based heating systems. Due to high specific heat of fiberboards, ranging
from 1200 to 1400 Jkg™K~! [38,39] the thermal response may be
long, especially for thick fiberboards. In order to determine the time
characteristics of thermal response of 3mm and 7.3 mm fiberboards,
CNT/PMMA heaters were heated for 20 min with constant current
(120 mA) and average power equaling 4.2 W.

First, the tests were performed on 3 mm fiberboard (Fig. 7E). The
temperature of the CNT/PMMA heater reached 75 °C after first 5 min
and increased to only 78 °C after the next 15 min. Temperatures on the
reverse side of 3 mm thick fiberboard were lower and reached 56 °C and
63°C after 5 and 20 min, respectively. Therefore, although the tem-
perature was lower the thermal response is only slightly slower on the
opposite side of heater. On the other hand, the temperature on the
opposite side of 7.3 mm fibreboard is significantly lower, at 40 °C and
49°C after 5 and 20 min, respectively (Fig. 7F). Thus, for 7.3 mm fi-
berboard the heat transfer inertia is non-negligible. Despite differences
in heating curves, during cooling both 3 mm and 7.3 mm fiberboards
cooled to 31 °C after approx. 5 min.

Taking into account the results from Fig. 7 E and F the electro-
thermal response for a varying DC current was also tested. The current
was first set to 100 mA and after 5 min increased to 120 mA. After the
next 5 min it was increased to 140 mA, decreased to the initial value of
100 mA and finally dropped to 0 mA. The data shows a very good
correlation between temperature of CNT/PMMA heater and the surface
of 3mm fiberboard (Fig. 7G). The temperature of the fiberboard in-
creases and decreases immediately after changes in current. A 5-minute
interval between changes in applied power is sufficient to reach the
plateau in temperature.

Due to its greater thickness, the 7.3 mm fiberboard shows higher
temperature inertia. The temperature rises after an increase of current,
but the rise is slow and the temperature does not reach a plateau
(Fig. 7H). However, if the time intervals are increased, the 7.3 mm fi-
berboard may also be precisely controlled by changing power input (see
SI, Fig. S14).

3.3.4. Dryers

The other important problem, which may be solved by the use of the
nanocarbon heaters, is moisture uptake of some WBMs, which causes
the growth of mould and fungi and the deterioration of mechanical
properties. Hence, drying WBMs with CNT heaters was also in-
vestigated. For this purpose, a CNT/PMMA heater was produced on
highly hygroscopic beaverboard. The samples were left in a chamber at
over 90% relative humidity (RH) for 1 week to increase moisture con-
tent and mass of the sample by 8.5%. Two samples were left in ambient
conditions (T = 21 °C, RH = 20%) and two were heated using the CNT/
PMMA heater described in previous sections with 4 W power. The mass
of beaverboard decreased to 102% of initial mass after 100 min of
heating, whilst the reference samples only dropped to 106% (Fig. 8).

The heaters presented above could find applications as floor heaters,
replacing water pipes or electric mats as currently used, which apart
from having larger volume have also poorer contact with the wood
surface, reducing heat transfer. Existing heaters also have to be placed
beneath the flooring, causing larger heat losses due to poor thermal
conductivity of wood, while the solutions proposed here could be
sandwiched into engineered wood boards just beneath the decorative
layer. The heaters are thin and light-weight, and could therefore easily
be used on or within the structure of furniture. Applications could also
include wood dryers e.g. built into the construction of housing to dry
wood directly, or even to thermally eliminate the mould and prevent its
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further growth.

3.4. Practical aspects of application

3.4.1. Using other carbon nanomaterials

In the above work a series of studies showing possible methods of
production of CNT-based electronics on wood was presented. It has
been shown that the use of specific binders, application techniques or
WBMs of chosen roughness may influence the potential applications.
The majority of research was performed on industrial grade multiwall
CNTs Nanocyl (NC7000) with average diameter (d) and length (1) of
approx. 9nm and 1.5 um, respectively, yet the findings of this paper
should also be generally true for other CNMs, with the only difference
being that the ratios of the CNMs may need to be adjusted. For com-
parison, deposition of approx. 40 pg of CNT/SDBS (NC7000) by spray
coating caused the formation of a half-transparent electroconductive
layer with sheet resistance of 1.8kQ/sq. The same amount of CNTs
from Carbon Nanotubes Plus with different parameters (2 um and
50 um long) gave a resistance of 42 + 3kQ/sq and 520 = 110kQ/sq,
for 2 pm and 50 um long CNTs, respectively. This is probably due to the
fact that that they are generally less conductive (particularly the 50 pm
long CNTs) owing to e.g. defects or the presence of a larger amount of
impurities, requiring more CNTs to be applied to obtain the desired
conductivity.

Tests were also performed on graphene flakes (Gr) (400 nm dia-
meter). The deposition of 40 pg of the above Gr flakes, dispersed in
SDBS, resulted in 570 *+ 410kQ/sq sheet resistance, which is as ex-
pected, since small curled flakes do not support a low percolation
threshold.

The latter material was also used for production of PMMA-based
screen printing pastes. The optimal amount of 18% Gr in 8% PMMA
base gave approximately 5 = 0.2kQ/sq for 10 = 2pum thickness. For
comparison the Nanocyl CNT paste presented in this study gave
76 = 10Q/sq for the same thickness. The better result may be again
attributed to easier percolation of relatively long CNTs. Similar results
were obtained when the paste was produced out of graphene nano-
platelets (GNPs), large stiff platelets of 25 um diameter, which make
them similar to graphite (the printed layers appear grey rather than
black). The 8% PMMA paste with an optimal amount of 10% GNPs gave
approx. 100 Q/sq. This result may be attributed to the high quality of
these GNPs and their large diameters (see SI, Fig. S15).

As may be concluded from the above, the results obtained here are
definitely not limited to Nanocyl industrial grade CNTs tested in the
paper. However, the use of other CNMs may need some revision in
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terms of concentrations and number of layers applied depending on the
type and quality of CNM material used.

3.4.2. Cost of manufacture

Another important aspect to be considered here is the cost of pro-
duction of wood integrated with carbon electronics. Although pure
wood may be a costly material, WBMs and engineered wood products
are expected to be common and inexpensive materials. Calculating both
the cost of CNMs and binders/adhesives/dispersants, we obtain a cost
of $0.80 and $1.09 per m? of CNT coating (with sheet resistance of
approximately 100 Q/sq) for spray coating and screen printing re-
spectively and $4.24 per m? of screen-printed Gr coating. Taking into
account that the price of CNMs continues to decrease, that often the
sensors or heaters do not need to cover the whole surface (partial
coating may be in the form of meanders, stripes, patches etc.), and that
spray coating and screen printing are widely used inexpensive in-
dustrial techniques, we expect that such technology may find im-
mediate application in industry.

3.4.3. Electrical connection

The final issue to mention here is the performance of electrical
connections. In the experiments presented above, connections were
made using commercial silver paint and metal wires. The mechanically
unreliable silver paint could currently be replaced by carbon solder
[40]. However, if metals in general are a concern in terms of environ-
mental impact, they may be replaced by carbon-based adhesives and
newly developed carbon nanotube based wires [41,42].

4. Conclusion

The above presented paper shows that CNMs may be easily in-
tegrated both with pure wood and WBMs, providing unexplored ap-
plications for these materials with the property of high electrical con-
ductivity. The electrically-conductive surfaces may be used as sensors
and heaters, enabling a wide range of new applications in the field of
wood products. CNMs could be integrated with wood and wood-based
products by coating the WBM surface or by gluing inside of the en-
gineered wood product so as to keep the visual qualities of WBMs. The
paper considers the production of a range of sensors and heaters in
relation to industrial techniques, dispersion composition and WBM
qualities proposing the best possible solutions for specific applications.
To simplify the comparisons and conclusions, most experiments in the
paper were performed for one type of industrial grade CNT, although as
demonstrated towards the end of this paper, the developed methods
will be useful for other CNMs if specific qualities of the other materials
are taken into account. Finally, it is shown that the proposed tech-
nology can be inexpensive and fully carbon-based.
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1. Morphology of selected wood based materials (WBMs)

CNT/SDBS

Fiberboard Chipboard Plywood Scots Pine

Figure S1 Various wood materials presented in the work and SEM image of three types
of CNT-based coatings.




The fluorescent microscopy images were taken by Zeiss Laser Scanning Microscope
(LSM) 510, using a mercury lamp HXP 120 and a filter set 38. Each image was taken
with the exposure time of 300 ms.

1000 pm 1000 pm

Figure S2 Fluorescence microscopy image of investigated wood based materials (A-
balsa wood, B-Scots pine, C-plywood, D-fiberboard, E-chipboard, F-OSB)



The z-profile of wood based materials was measured by Zeiss LSM 510, using argon
laser (458 nm) and EC Epiplan-Nefluar 10 x lens.
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Figure S3 Z-profile of various types of wood

Table S1 Roughness of various WBMs

WBMs Roughness Rsa (um)
fiberboard 4.87

OSB 33.41

beaverboard 32.95

chipboard 6.87

Scots pine 9.75

plywood 9.28




The CNT coatings were heated by applying increasing current (1mA/s) until reached
temperature equal 80°C. The electrical resistance was measured before (Ro) and after
(Ri) heating. Afterwards, samples were left in ambient conditions for 3 months. The
resistance was measured and the selected samples were heated by applying constant
current for 10 min and 20 min.

Table S2 Rpand Ri/Ro after 3 months in air, after heating with constant current, where
Ro- initial resistance, R,- resistance after preheating, Ri- resistance after exposure to
ambient conditions for 3 months, Ro- resistance after 10 min heating (approx. 4 W), Rs-
resistance after 20 min heating (approx. 4 W).

Coating Ro Ry/Ro R1/Rp Ro/Ri R3/Ri
CNT/PMMA (Q) current 120 mA | current 120 mA
fiberboard 380452 0.93 1,03 0,97 0,96
OSB 440+92 0.96 1,05 0,95 0,95
chipboard 378+52 0.99 1.03 0,95 0,97
plwood 206+33 0.96 1,02 0,96 0,95
Scots pine 448+72 091 0,97 0,95 0,94
average 370 0.95 1,00 0,96 0,95
Spray current 90 mA | current 90 mA
fiberboard 61678 1.00 1,07 0,99 1,02
OSB 590+70 1.01 1,11 0,99 1,08
chipboard 616+53 1.00 1,08 1,01 1,00
plwood 580+130 1.04 1,19 1,00 1,06
Scots pine 412+52 0.99 1,10 1,01 1,03
average 560 1.01 111 1,00 1,04
Table S3 The parameters of three types of CNT-based electroconductive layers:
raw CNT, CNT/SDBS and CNT/PMMA.

Depositio  Layer Transparency AR! Wetting

n uniformit (%)

y

raw CNT Spray Limited Semi-transparen  (9+4)  Superhydrophobi

coating t to black C
CNT/SDBS  Spray Very good Semi-transparen (27+5) Superhydrophilic

coating t to black
CNT/PMM  Screen Very good Black (3#4) Hydrophilic,
A printing Impermeable  to

water

IResistance change in CNT/wood composite after applying adhesive




Figure S4 CNT/PMMA on various types of WBMs (A-fiberboard, B-OSB, C-
chipboard, D-plywood, E-Scots pine)

Figure S5 CNT/PMMA patterned with various shapes
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Figure S6 Response in resistance of CNT/SDBS 0.1 ml of water after liquid deposition
onto 20 cm? sensor, heating with halogen lamp, after each cycle.
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Figure S7 Response in resistance of CNT/SDBS 0.1 ml of water after liquid deposition
onto 4 cm? sensor, heating with halogen lamp.
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Figure S8 Electrical response of raw CNT, CNT/SDBS and CNT/PMMA coatings after
applying 1kg weight.
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Figure S9 Operation of raw CNT stress sensor on Scots pine.
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Figure S10 Longitudinal profile of temperature for A) CNT/PMMA and B) raw CNT
heaters obtained from thermal camera images after 10 min Joule heating with 1 W.



Figure S11 Thermal camera images of CNT heaters after 10 min heating with 4 W for
CNT/PMMA: A) fiberboard, C) chipboard, E) Scots Pine, F) OSB and of raw CNT
heaters: B) fiberboard, D) chipboard, F) Scots pine, H) OSB.
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Figure S12 Heating CNT/PMMA on fiberboard using high power (9 W).
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Figure S13 Temperature and resistance during 20 min heating with constant current
(I=120 mA, Ro=268 Q) CNT/PMMA onto fiberboard during Joule heating
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Figure S14 Electrothermal response of CNT/PMMA heater and temperature across
fiberboard (7.3 mm thick) measured by pyrometer



125,00 -

'2100,00 | @&
S ‘ = 3319,3x 1444
e Yy ,OX
g 75,00 - \\ R2 = 0,9966
$5000 | \
K2} \
3 L}
& 25,00 - -

0,00 il = RV ‘

0 50 100 150

Layer Thickness (um)

Figure S15 Sheet resistance of GNP/PMMA in function of layer thickness.
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