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Streszczenie

Najnowsze regulacje prawne oraz wyzwania $rodowiskowe zwigzane z potrzeba
produkcji zréwnowazonych materiatdéw charakteryzujacych si¢ zmniejszong zawarto$cig
substancji petrochemicznych oraz zawierajgcych substancje odnawialne wytyczajg nowe
Sciezki badawcze. Sztywne pianki poliuretanowe (PUR) to bardzo obiecujacy materiat
wykorzystywany gtownie do termoizolacji budynkéw, ale réwniez w innych
zastosowaniach. PUR swoja popularno$¢ zawdzigcza glownie tatwosci dostosowania
wlasnosci do wymagan aplikacyjnych. Ponadto PUR to materialy porowate o budowie
zamknictokomorkowej cechujgce si¢ niska gegstoscia pozorng, obojetnoscia chemiczng oraz
najnizszym wspolczynnikiem przewodzenia ciepla w odniesieniu do dost¢pnych
komercyjnie materiatéw termoizolacyjnych.

Rozprawa doktorska porusza tematyke mozliwosci wykorzystania odpadow biomasy
jako odnawialnych i funkcjonalnych napeliaczy w technologii sztywnej pianki
poliuretanowej. Polityka srodowiskowa Unii Europejskiej ktadzie nacisk na jak najszersze
ponowne wykorzystanie odpadow, zatem badania zawarte w publikacjach sktadajacych si¢
na niniejszg rozprawe doktorska sg z nig w petni zgodne, majg bowiem na celu opracowanie
innowacyjnych kompozytow PUR 0 ulepszonych wtasnos$ciach aplikacyjnych,
zmniejszonym negatywnym wplywie na Srodowisko oraz zwigkszonej efektywnosci
produkc;ji.

Prezentowane badania podzielono na cztery etapy. W pierwszym etapie
koncertowano si¢ na ocenie mozliwosci modyfikacji sztywnej pianki poliuretanowe;j
napetniaczami biodegradowalnymi z przemyshu spozywczego. Zostata przeprowadzona
szeroka analiza wlasnoéci fizycznych, mechanicznych, termicznych oraz palno$ci
kompozytéw z rozng zawartoscig napelniacza. Drugim etapem byla ocena mozliwosci
zastosowania biomasy oraz popiotu z biomasy jako aktywizatora procesu spieniania,
w ktorej wykorzystano zaawansowane techniki termowizji. W trzecim etapie skupiono si¢
na mozliwosci wprowadzenia dwéch rodzajow napetiaczy rownoczesnie do uktadu PUR
I ocenie wplywu takich dziatan m.in. na biodegradowalno$¢ pianki. Ostatni etap badan
stanowit oceng modyfikacji popiotu z biomasy i mozliwos$¢ zastosowania tego napetniacza

w kompozytach PUR jako $rodka zmniejszajacego palnosc.
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We wstepie do niniejszej rozprawy omowiono perspektywy rozwoju rynku
poliuretanow, zalety 1 wady sztywnych pianek poliuretanowych ze szczegdlnym akcentem
na surowce 1 proces syntezy PUR. Nastepnie omowiono mozliwosci modyfikacji wlasnosci
aplikacyjnych sztywnych pianek poliuretanowych poprzez dodanie napetniaczy, zwtaszcza
tych stanowigcych produkt uboczny roéznych proceséw technologicznych. Dodatkowo,
zdefiniowano cel niniejszej rozprawy oraz hipoteze badawczg. Przedstawiono rdéwniez
merytoryczny opis cyklu publikacji. Na koniec zamieszczono zestawienie najwazniejszych

wynikow oraz kluczowe wnioski wynikajace z publikacji.
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Abstract

The advent of new regulations and the growing environmental imperative to develop
sustainable materials characterized by reduced petrochemical content and containing
renewable substances are opening up new avenues of research. Rigid polyurethane (PUR)
foams represent a highly promising material, employed primarily for thermal insulation of
buildings, though also in other applications. The popularity of PUR is largely attributable to
its versatility, which allows for the adaptation of its properties to suit a range of applications.
Furthermore, PUR is a closed-cell porous material, characterized by low apparent density,
chemical inertness and the lowest thermal conductivity coefficient of commercially available
thermal insulation materials.

This dissertation considers the potential use of biomass waste as a renewable and
functional filler in rigid polyurethane foam technology. The European Union's
environmental policy emphasizes the widest possible reuse of waste materials, and thus the
research presented in this dissertation is fully aligned with this policy objective. The aim is
to develop innovative PUR composites with enhanced application properties, a reduced
negative environmental impact and increased production efficiency.

The research presented was divided into four stages. The initial stage of the research
was concerned with the potential for modifying rigid polyurethane foam using biodegradable
fillers derived from the food industry. A comprehensive examination of the physical,
mechanical, thermal, and flammability characteristics of composites with varying filler
concentrations was conducted. The second stage entailed an investigation into the potential
of utilizing biomass and biomass ash as an activator of the foaming process, employing
advanced thermal imaging techniques. The third stage of the research program concentrated
on the potential for introducing two distinct types of filler into the polyurethane (PUR)
system simultaneously, with a view to assessing the impact of such measures on the
biodegradability of the resulting foam. The final stage of the research was an evaluation of
the modification of biomass ash and the potential use of this filler in PUR composites as
a flame retardant.

This dissertation begins with an overview of the polyurethane market, outlining the
potential advantages and disadvantages of rigid polyurethane foams. Particular attention is
paid to the raw materials and the polyurethane synthesis process. Subsequently, the potential

for modifying the application properties of rigid polyurethane foams through the addition of
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fillers, particularly those derived from various technological processes as by-products, is
explored. Additionally, the objectives of this dissertation and the research hypotheses are
delineated, and a comprehensive account of the publication cycle is presented. Finally,
a synopsis of the primary outcomes and the pivotal conclusions of the publication are
included.
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Symbole i skroty
PUR sztywne pianki poliuretanowe
PU poliuretany
PHRR maksymalna szybkos$¢ wydzielania ciepta
OH grupy hydroksylowe
CO2 ditlenek wegla
MDI 2,7’-Diizocyjanian difenylometylenu
TDI diizocyjanian toluenu
IPDI diizocyjanian izoforonu
HMDI diizocyjanian heksametylenu
NCO grupy izocyjanianowe
°C stopien Celsjusza
SH tuski stonecznika
BH huski gryki
RH huski ryzu
SHA popidt z tusek stonecznika
BHA popidt z tusek gryki
RHA popidt z tusek ryzu
PMMA polimetakrylanu metylu
% procent wagowy
C wegiel
H wodor
N azot
SEM skaningowa mikroskopia elektronowa
CO tlenek wegla
HCN cyjanowodor
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1. Wstep

Dynamicznie rozwijajaca si¢ gospodarka to jeden z powoddw wzrostu emisji
zanieczyszczen do S$rodowiska i1 potegowania efektu cieplarnianego. Jedng z galezi
przemystu rozwijajacych sie¢ w szybkim tempie w ostatnich latach jest sektor budownictwa.
W zwiagzku z tym, bardzo istotny jest fakt, aby nowopowstajace budynki oraz te ktore
podlegaja termomodernizacji wykazywaty jak najmniejsze starty energii. Dane statystyczne
wskazuja, ze budynki moga odpowiada¢ za 40% koncowego zuzycia energii na terenie
Europy, w tym prawie 20% energii zuzywana jest na chtodzenie i ogrzewanie budynkow
[1]. Zwazywszy na przytoczone dane, istotng kwestig jest wlasciwy dobor materiatu
termoizolacyjnego w budynkach. Decydujacym parametrem jest wspoOtczynnik
przewodzenia ciepta materiatbw termoizolacyjnych. Ws$rdéd dostepnych na rynku
materialdw, najkorzystniejszy ma sztywna pianka poliuretanowa (PUR), ktory producenci
definiujg na poziomie 0,023-0,040 W/(m-K) [2]. Negatywna cechg PUR jest zawarto$¢
substratow, z ktorych sa syntezowane pianki czyli substancji petrochemicznych. Ostatnie
badania skupiajg si¢ na zastgpieniu czg¢sciowo poliolu petrochemicznego bio-polioliami
syntezowanymi z surowcOw odnawialnych lub wprowadzeniem do ukladu pianki
napetniaczy [3]. Modyfikacja pianki surowcami odnawialnymi powoduje, ze pianki staja si¢
bardziej zrownowazonym materialem pozwalajacym ogranicza¢ straty energii

w budownictwie.

1.1 Swiatowy rynek poliuretanéw

Poliuretany (PU) to materiaty, ktore Stanowig znaczng cze¢$¢ polimeréw. Materialy
poliuretanowe wykorzystywane sa wszechstronnie w produktach takich jak: meble,
materiaty konstrukcyjne, powtoki i kleje, farby, elastomery oraz inne [4]. Poliuretany zostaty
odkryte w roku 1937 przez Otto Bayera [5] i od tego czasu odnotowuje si¢ rosngcy w czasie
popyt na tego typu materialy. PU s3a jednym z sze$ciu najczesciej produkowanych
materialéw na swiecie. W 2021 roku wartos$¢ rynku poliuretanéw wynosita 72,82 mln USD,
a w 2023 roku oszacowano wielko$¢ rynku na 78,07 mln USD. Prognozy wskazuja, ze do
2030 roku warto$¢ rynku poliuretanéw bedzie rosta na poziomie 4,5% skumulowanej

rocznej stopy wzrostu [6, 7].
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Materialy poliuretanowe mozna podzieli¢ na pi¢¢ grup (Rysunek 1): pianki, powtoki,

elastomery, kleje oraz inne (zastosowania biomedyczne) [4, 7].

) &

= O
X Kleje Inne
7% °
Elastomery
&

Wy v

Powtoki

%13%

|III[£

Pianki
65%

Rysunek 1 Podziat rynku poliuretanéw wedtug zastosowan i wielkosci produkcji [4, 7]

W produkcji poliuretanow najwieksza role odgrywaja pianki. Pianki PU powstaja
w wyniku reakcji izocyjanianéw z poliolami. Z uwagi na sztywno$¢ pianek PU mozna je
podzieli¢ na dwa rodzaje: pianki elastyczne i pianki sztywne [8, 9]. Elastyczne pianki
poliuretanowe sg stosowane jako material amortyzujacy w transporcie, opakowaniach oraz
meblach. Natomiast sztywne pianki sa wykorzystywane gtdéwnie w sektorze budowalnym
do izolacji przegrod oraz chtodnictwie [7]. Rozwdj i produkcja pianek cechuja sie duza
dynamikg, w 2023 roku warto$¢ rynku wyniosta 49,5 min USD, natomiast prognozy
sugeruja, ze w ciggu kolejnych pieciu lat warto$¢ rynku pianek PU wzrosnie do 67,8 min
USD. Rozwdj rynku zawdzigczany jest przede wszystkim wiasciwosciom pianek.
Zastosowanie ich do izolacji budynkow pozwala zwigkszy¢ komfort ich uzytkowania. PUR
oprocz niskiego wspoétczynnika przewodzenia ciepta charakteryzujg si¢ tez dobrymi

wiasno$ciami jako izolatory akustyczne [10].

16| Strona



1.2 Sztywne pianki poliuretanowe

Sztywne pianki poliuretanowe nalezg do grupy polimeréw zamkni¢tokomérkowych.
W ich budowie mozna wyrézni¢ faze stala — matryce polimerowa oraz fazg gazowa —

komorki, ktore powstaja w wyniku reakcji srodkow porotworczych (Rysunek 2) [11, 12].

a) b)

Rysunek 2 Budowa PUR: a) PUR, b) morfologia PUR

Struktura pianek oraz ilo§¢ komorek zamknietych wptywa na pozostate wlasnosci
PUR. Okreslono, ze pianka poliuretanowa powinna posiada¢ gesto$¢ pozorng na poziomie
28-60 kg-m™ [13]. Kolejna istotna wiasnoscig pod katem aplikacyjnym jest stabilno$é
wymiarowa w podwyzszonych temperaturach. Przepisy prawa budowalnego okreslaja, ze
zmiany wymiaréw liniowych materiatlow wystawionych na dzialanie podwyzszonych
temperatur nie mogg przekracza¢ 3% [14, 15]. Liczba zamknietych komorek w piankach
réwniez wpltywa na absorbcje wody [16]. Materiatom PUR stawiane sg rowniez wymagania
w kontekScie bezpieczefistwa pozarowego, w zwiazku z tym maksymalna szybkos¢

wydzielania ciepta (PHRR) nie powinna przekraczaé 300 kW-m™2 [17, 18].

1.2.1 Surowce do produkcji sztywnych pianek poliuretanowych

W syntezie pianek PUR wykorzystuje si¢ przede wszystkich dwa podstawowe
sktadniki: poliole oraz diizocyjniany. W celu otrzymania materiatdbw o wymaganych
wlasnosciach konieczne jest uzycie przy syntezie innych zwigzkoéw tj. katalizatorow,
srodkow spieniajacych oraz dodatkowych sktadnikow (antypireny, pigmenty i barwniki oraz
napetniacze) [19].

Poliole. W syntezie PUR poliole odrywaja znaczaca role, a w mieszaninie zwigzkow

wykorzystywanych do produkcji PUR stanowiag wickszo$¢ [13]. Poliole to zwigzki
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chemiczne oligomeryczne z 2-8 reaktywnych grup OH [20]. Grupy OH wchodza w reakcje
z izocyjanianami, co w efekcie pozwala na powstanie wigzan uretanowych. Poliole to
zwiazki dlugotancuchowe, ktorych $rednia masa molowa wynosi 200-8000 g-mol™[20].
Zwazywszy na proces produkcji PUR, istotnym parametrem jest réwniez lepkos¢ polioli —
optymalna warto$¢ tego parametru, nie utrudniajaca procesu spieniania, to maksymalnie
5000 mPa-s [8, 19].

Poliole wykorzystywane w syntezie pianek mozna podzieli¢ na trzy grupy: poliestrole,
polieterole oraz poliole z surowcow odnawialnych. Poliole poliestrowe syntezowane sg
w reakcji polikondensacji wielofunkcyjnych kwasow karboksylowych i zwigzkow
polihydroksylowych. Poliole policterowe powstaja wyniku reakcji epoksydow ze
zwigzkami, ktore posiadaja aktywny atom wodoru [21]. Poliole z surowcoéw naturalnych
stosowane sa w syntezie PUR w celu zmniejszenia wykorzystania substancji
petrochemicznych. Surowce, z ktorych gléwnie sg produkowane to oleje roslinne. Ze
wzgledu na fakt, ze oleje roslinne nie posiadajg grup OH (przez co bez modyfikacji nie sa
zdolne do reakcji z izocyjanianami) konieczne jest poddanie ich dwuetapowej modyfikacji.
W pierwszym etapie oleje roslinne poddaje si¢ reakcji epoksydacji w celu utworzenia
pierscieni, w drugim etapie nastgpuje otwarcie tych pierscieni poprzez zastosowanie wody,
glikoli lub alkoholi [22]. Surowcami wykorzystywanymi do produkcji bio-polioli sg: olej
stonecznikowy, olej rzepakowy, olej kokosowy, olej palmowy oraz olej sojowy [23-26].
Rodzaj wybranego poliolu ma wptyw na wlasnosci materiatu koncowego — pianki. Do
syntezy PUR wykorzystywane sa poliole posiadajace trzy lub cztery grupy OH
w czgsteczce. Obserwowana jest zalezno$¢, ze im wigksza ilos¢ grup OH, tym pianka PU
wykazuje wicksza sztywnos$¢ oraz wytrzymatosc [22].

Izocyjaniany. Drugi podstawowy sktadnik stosowany do produkcji materiatbw PUR to
izocyjanian. Ten rodzaj zwigzkéw stosowany jest ze wzgledu na trzy zadania jakie spetnia
w trakcie syntezy: dzieki reakcji z grupami OH pochodzacymi z polioli tworzona jest
usieciowana matryca poliuretanowa. Reakcja polioli z izocyjanianami jest reakcja
egzotermiczng, przez co nastepuje odparowanie fizycznego Srodka spieniajacego oraz
uwolnienie przez izocyjaniany CO. w reakcji z woda, dzigki czemu zachodzi proces
spieniania, ktorego efektem jest struktura komorkowa pianek. Izocyjaniany jako zwigzki
wysoko reaktywne mozna podzieli¢ na dwufunkcyjne lub heterofunkcyjne. Innym
podzialem jest podzial na izocyjaniany aromatyczne lub alifatyczne [27]. W technologii

PUR, z uwagi na koszt oraz reaktywno$C, najczeSciej stosowane sg obydwa rodzaje
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izocyjanianow — aromatyczne lub alifatyczne. Najczes$ciej wybierane izocyjaniany
aromatyczne to diizocyjanian metylenodifenylu (MDI) oraz diizocyjanian toluenu (TDI).
Natomiast izcyjaniany alifatyczne to: diizocyjanian izoprenu (IPDI) lub diizocyjanian
heksametylenu (HMDI) [28].

W syntezie sztywnych pianek poliuretanowych wykorzystuje si¢ izocyjanian MDI (Rysunek

3), ktorego funkcjonalno$¢ jest na poziomie 2,7.

ea)

Katalizatory. Katalizatory w procesie syntezy PUR powoduja, ze w reakcji polioli

Rysunek 3 Wzor strukturalny MDI [21]

z izocyjanianami jest rownowaga. Brak katalizatora mogtby powodowac zaburzenie procesu
spieniania lub tworzenia si¢ nieodpowiednich komoérek — przedwczesne zamknigcie lub
otwarcie komorek. W syntezie PUR wykorzystywane sg dwa rodzaje katalizatorow: aminy
oraz katalizatory metaloorganiczne [29, 30].

Srodki spieniajace. Pianki PU charakteryzuja si¢ porowata struktura. W celu jej
wytworzenia przy syntezie wykorzystywane sg $rodki spieniajace, ktére mozna podzieli¢

zgodnie z Rysunkiem 4.

s Pentan
s Aceton
¢ Heksan

Fizyczne Srodki
porotwodrcze

Srodki
porotwarcze

Chemiczne
srodki
porotwdrcze

Rysunek 4 Podziat srodkéw porotworczych wykorzystywanych w syntezie pianek PU [29].

Wybor rodzaju $rodka porotwdrczego zwigzany jest z dalszym zastosowaniem materiatow.
W przypadku sztywnych pianek, w ktérych waznym parametrem jest wspotczynnik
przewodzenia ciepta, najczesciej stosuje si¢ fizyczny Srodek spieniajgcy, jakim jest pentan.
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W przypadku pianek o niskiej gestosci pozornej, do ktorych mozna zaliczy¢ PUR, gazy
komoérkowe odpowiadaja za 60-65% wartoSci wspotczynnika przewodzenia ciepta

[31].

1.2.2 Reakcje zachodzace w trakcie syntezy sztywnych pianek poliuretanowych

Pianki PU powstaja na skutek reakcji poliaddycji zwiazkow posiadajacych grupy
wodorotlenowe z alifatycznymi atomami wegla wraz z wielofunkcyjnymi organicznymi

izocyjanianami [32]. Proces wytwarzania PUR przedstawiono na Rysunku 5.

C;O + HO OH ﬁ.

CH

R= \{‘CHf):

or

m By e

Sztywna pianka

poliuretanowa

Rysunek 5 Schemat syntezy PUR

Wyréznia si¢ dwie metody syntezy PUR — prepolimerowa lub jednoetapowa. Metoda
prepolimerowa polega na prowadzeniu procesu syntezy materialu dwuetapowo.
W pierwszym etapie zachodzi reakcja polioli z nadmiarem diizocyjanianow. W efekcie
nastepuje przylaczenie si¢ do grup koncowych polioli izocyjanianu, co prowadzi do
powstania wolnych grup izocyjanianowych. Pierwszy etap prowadzi do powstania
prepolimeru, ktory w drugim etapie poddaje si¢ procesowi spieniania przez dodanie wody.
Reakcja grup izocyjanianowych z wodg prowadzi do powstania grup mocznikowych.
Metoda prepolimerowa dedykowana jest dla polimeréw, od ktoérych wymagana jest wysoka
poczatkowa lepkos$¢ [33, 34]. Metoda jednoetapowa polega na zmieszaniu wszystkich

wymaganych sktadnikow do przeprowadzenia reakcji w jednym czasie. W metodzie tej
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réwniez istnieje mozliwo$¢ zmieszania dwoch komponentow: sktadnika A, ktory zawiera
poliol, srodki powierzchniowo czynne, katalizatory, porofory oraz inne dodatki i sktadnika
B, ktorym jest izocyjanian. W metodzie jednoetapowej miesza si¢ sktadniki A i B,
anastepnie powstalg mieszanine przelewa si¢ do formy, w ktdrej nastepuje proces spieniania
[34].

Synteza PUR powoduje zwigkszenie objetosci premiksu poliolowego oraz izocyjanianu
nawet 60-krotnie. Czas trwania calego procesu wynosi okoto 2 minuty, a temperatura
w rdzeniu syntezowanej pianki moze osigga¢ do 160°C. W trakcie procesu wytwarzania
w komorkach pianek powstaje gaz — CO2 [34]. W procesie syntezy PUR mozna wyr6zni¢
cztery podstawowe etapy [35]:

e [Etap utajony: rozpoczyna si¢ od potaczenia komponentow oraz konczy wraz

z rozpoczgciem zwigkszania objetosci powstalej mieszaniny. Podczas tego etapu
rozpoczyna si¢ proces wydzielania CO,, wzrasta lepko§¢ mieszany na skutek
rozpoczecia reakcji izocyjanianow z grupami OH, co rozpoczyna proces
powstawania wigzan uretanowych.

e Etap wzrostu pianki: rozpoczyna si¢ od chwili przyrostu objetosci i konczy, gdy PUR
uzyska maksymalng objetos¢. W tym etapie zachodzi dalsza reakcja izocyjanianow
Z poliolami, ale réwniez dodatkowo wystepuje reakcja grup izocyjanianowych
z woda. Cechg charakterystyczng tego etapu jest dynamiczny wzrost pgcherzykow
gazow spieniajacych.

e Etap stabilizacji pianki: rozpoczyna si¢ od uzyskania maksymalnej objetosci przez
PUR, a jego zakonczenie powigzane jest z ustaniem reakcji pomigdzy grupami
izocyjanianowymi i grupami OH. Wydziela si¢ przy tym cieplo oraz nastepuje
reakcja nadmiaru izocyjanianu z grupami uretanowymi oraz mocznikowymi.
Efektem reakcji jest powstanie sieciujacych wigzan. Cechg charakterystyczng tego
etapu jest zmiana stanu skupienia potpltynnej mieszaniny na staty materiat.

e Etap dojrzewania pianki: rozpoczyna si¢ juz W chwili zmieszania ze sobg wszystkich
substratow wykorzystanych w produkcji PUR, a jego koniec jest okreslany w chwili,
gdy pianka ma takg wytrzymatos¢, ktora pozwoli na wyjecie jej z formy.

W celu opisania procesu spieniania pianki wykorzystuje si¢ rowniez parametry, jakimi

sa czasy przetworcze. Mozna do nich zaliczy¢: czas startu (poczatek — zmieszanie
komponentow, koniec — poczatek przyrostu objetosci mieszaniny), czas wzrostu (poczatek

— zmieszanie komponentdéw, koniec — uzyskanie maksymalnej objetosci przez PUR), czas
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zelowania (poczatek — zmieszanie komponentow, koniec — zmiana stanu skupienia
mieszaniny z fazy cieklej w stala, dodatkowo powierzchnia pianki przestaje by¢ lepka), czas
stabilizacji (poczatek — zmieszanie komponentoéw, koniec wuzyskanie wymaganej
wytrzymatos$ci przez PUR, ktéra pozwoli na usunigcie PUR z formy nie powodujac

deformacji ksztattu) [34].

1.3 Osiagniecia w produkcji sztywnych pianek poliuretanowych

PUR produkowane w tradycyjny sposob zawieraja substraty do produkcji
z surowcow nieodnawialnych [36]. Zwazywszy na zmniejszajace si¢ zasoby ropy naftowej
oraz fakt, ze proces wydobycia i przetwarzania tego surowca wplywa negatywnie na
srodowisko, poszukiwane sa bardziej proekologiczne metody produkcji PUR. W duzym
zakresie badane sa mozliwosci modyfikacji PUR napelniaczami organicznymi
i nieorganicznymi [14]. Zastosowanie w technologii PUR napelniaczy niesie za sobag
nastepujace korzysci: obniza koszt produkcji materiatow, przyczynia si¢ do tego, ze pianki
stajg si¢ bardziej zrownowazonymi materiatami oraz powoduje poprawg wybranych

wlasciwosci pianek PU [37].

1.3.1 Napelniacze w sztywnych piankach poliuretanowych

Napelniacze naturalne stosowane do modyfikacji wlasnosci sztywnych pianek
poliuretanowych mozna podzieli¢ na trzy grupy: naturalne materialy mineralne, napetniacze
pochodzenia zwierzgcego oraz roslinnego. Podziat oraz typy materiatéw, ktore zaliczajg si¢
do poszczegodlnych grup przedstawiono na Rysunku 6 [38].

Prowadzone od dawna badania wplywu napelniaczy mineralnych na wlasnosci
pianek PU dowodzg ich pozytywnego oddziatywania. Pianki z napetniaczami mineralnymi
s juz nawet produkowane komercyjnie. W ostatnim czasie natomiast poszukuje si¢ nowych
napetniaczy mineralnych lub probuje wprowadza¢ dodatkowe modyfikacje w celu
uzyskania jeszcze lepszych wilasciwoSci pianek. Zastosowanie napeiniacza takiego jak
tlenek glinu moze obnizy¢ palno$s¢ PUR, co jest istotng kwestig poniewaz pianki sg
klasyfikowane jako materialy tatwopalne [39]. Napetiaczem, ktéry wprowadzony do pianki
wplywa pozytywnie na wlasnosci termiczne i mechaniczne jest glinka kimberlitowa [40].

Liczne badania pokazuja, ze wprowadzenie niewielkiej ilo$ci napetniacza naturalnego do
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uktadu PUR moze wplyna¢ pozytywnie na wlasnosci takie jak: stabilno$¢ termiczna,

wytrzymato$¢ na Sciskanie, absorbcja wody oraz gestos¢ pozorna [41-46].

Napetniacze naturalne

Mineralne Pochodzenia zwierzecego Pochodzenia roslinnego
* wegiel e jedwab e {yko
* wollastonit ¢ wetna o liscie
* glinokrzemiany e pidra * nasiona
o tuf e wiosy e todygi
* ruda grafitowa e siersc e trawy, trzciny
e bemit e skorupy e drewno

Rysunek 6 Podziat napetniaczy naturalnych ze wzgledu na zrodto pochodzenia [38].

Dwie pozostate grupy napelniaczy to napelniacze, ktore uznawane s3 za odpad
pochodzacy z przetworstwa roslin i zwierzat. Odpady te powstaja w duzych ilo$ciach,

dlatego problem z ich zagospodarowaniem jest stale istotny.

1.3.2 Wplyw odpadowych napeliaczy na wlasnosci sztywnych pianek
poliuretanowych

Napelniacze stosowane w technologii PUR moga pochodzi¢ z produktéw ubocznych
oraz odpadow pochodzacych z przemystu. Rozwigzanie to, oprocz modyfikacji pianek PU,
bedzie przyczynia¢ si¢ do zagospodarowania produktow odpadowych, przez co
postepowanie bedzie zgodne z polityka Unii Europejskiej dotyczaca zrownowazonego
rozwoju oraz zapobiegania powstawania strumieni odpadéw. Dyrektywa 2008/98/EC [47]
okresla, ze odpad definiowany jest jako ,,wszelkie substancje lub przedmioty, ktore
posiadacz usuwa, zamierza usuna¢ lub jest zobowigzany usuna¢”. Natomiast ta sama
dyrektywa réowniez definiuje produkt uboczny jako ,,substancje¢ lub przedmiot, powstate
w procesie produkcyjnym, ktore bedg zastosowane W procesach wytwarzania innych
wyrobow niz w procesach, ktorych powstaty”.

Rodzaj oraz wtasno$ci wykorzystanego w produkcji PUR napetniacza maja wptyw
na koncowe wlasnosci pianki. Wtasno$ci mechaniczne oraz termiczne (przewodno$¢
cieplna) zalezy od struktury i morfologii napetniacza. W zalezno$ci od rozdrobnienia

napeltniacza, ksztattu jego czastek i1 obecnosci widkien zmienia si¢ zdolnos¢ napetniacza do
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wbudowywania si¢ w matryc¢ poliuretanowa [48]. Napelniacze odpadowe moga rowniez
by¢ w réznym stopniu przetworzone — rozpoczynajac od surowej biomasy — po popiot.
Struktura wprowadzonego do matrycy poliuretanowej napelniacza moze wptywac na
ograniczenie ilosci substancji petrochemicznych w PUR oraz modyfikowaé¢ wilasnosci
koncowe. Spowodowane jest to faktem, ze dodatek czastek napelniacza intensyfikuje
reakcj¢ pomigdzy premiksem poliolowym oraz izocyjanianem. Na powierzchni napetniacza
moga znajdowac si¢ grupy lignocelulozowe, ktore wejda w reakcje z grupami
izocyjanianowymi (-NCO). Dodatkowo, napetniacze wplywajg na czas spieniania, co wigze
si¢ ze zmiang lepkos$ci premiksu poliolowego, ale rowniez czgsto zawierajg wodg, ktora jest
srodkiem porotworczym [49]. Kolejnym istotnym czynnikiem, ktory moze wptynaé na
koncowe wiasnosci pianek, jest st¢zenie dodanego napetniacza. Prezentowane w literaturze
badania wskazuja na bardzo szerokie mozliwosci zmiany stezenia napeilniacza w zakresie
0,01% do 50 %. Napehiacze, ktore dodaje si¢ w matych ilosciach to m.in.: popiét lotny ze
spalania wegla, celuloza pochodzaca z przemyshu papierniczego, biatka pochodzace
z przemyshu garbarskiego, popiot ze spalania biomasy — tuski ryzu oraz biatko ziemniaczane
[41, 50-53]. Druga grupa sa napetniacze, ktorych dodatek do PUR przekracza 1/3. Naleza
do nich: produkty uboczne przemystu motoryzacyjnego, odpady z przemyshu tekstylnego,
odpadowy proszek bazaltowy z przemystu kamiennego [54-56].

Podstawowym parametrem, jaki jest oceniany po procesie modyfikacji PUR
napetniaczami odpadowymi jest morfologia. Dodatek czastek statych moze spowodowac
zaburzenie procesu zarodkowania nowych komorek, co dalej przektada si¢ na ksztatt
i rozmiar komoérek. Na wymienione parametry moze mie¢ wptyw rowniez adhezja czastek
napelniacza z matrycg poliuretanowa [37, 57, 58]. Napehiaczem, ktory moze wplywac na
modyfikacje struktury sa makuchy stonecznikowe. Opublikowane badania wskazuja, ze
przy zastosowaniu makuchow powlekanych plynnym szkiem w ilosci do 30% nastepuje
zwigkszenie ilosci komorek zamknietych o 6% oraz Srednica komorek zmniejsza sig
0 ponad 35% [59, 60]. Prace innych autorow wskazuja na fakt, ze zmniejszenie $rednicy
komorek zwigzane jest z tym, ze czastki stale napelniacza sg miejscem zarodkowania
nowych komorek, przez co powstaje wiecej komorek, ale o mniejszej srednicy [61, 62].
Innym napelniaczem odpadowym sa pestki brzoskwini. Afonso i in. [63] wskazuja, ze
wprowadzenie do pianki 5% dodatku tego typu napelniacza roéwniez powoduje
,rozdrobnienie struktury” PUR. Dodatkowo, autorzy wskazuja, ze tego typu napeltniacz

rownomiernie rozprowadza si¢ w matrycy poliuretanowej nie tworzac aglomeratow.
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W Tabeli 1 przedstawiono wptyw wybranych rodzajow napetniacza na wiasnosci

aplikacyjne pianek PU. Wtasnosci, ktére sa decydujace pod katem komercjalizacji pianek

to: wlasnosci fizyczne, mechaniczne, termiczne i palnosc.

Tabela 1 Wptyw napehiaczy odpadowych na whasnosci PUR

Stezeni Podwy? rto$é L
Rodzaj napetiacza Q'zeme OaWyZszona Wattose Odniesienie
napelniacza, % parametru
gestos¢ pozorna
skorupki jaj 1-30 wytrzymatos¢ na [64]
Sciskanie
stabilno$§¢ wymiarowa
wytrzymato$¢ na
$ciskanie
biatko ziemniaczane 0,1-5 L [52]
przewodnos¢ cieplna
absorbcja wody
wytrzymato$¢ na
pidra kurze 0,1-1,5 Sciskanie [65]
przewodnos¢ cieplna
mldto browarnicze 17 g@st?sc I,)?Zoma,l [66]
stabilno$¢ termiczna
stabilno$¢ termiczna
odpady lesne 10-30 przewodnos¢ cieplna [67]
odporno$¢ ogniowa
gestos¢ pozorna
trociny 5-20 wytrzymato$¢ na [68]
Sciskanie
. stabilno$¢ termiczna
tupiny orzecha . -
. 10 odporno$¢ ogniowa [69]
wloskiego .
absorbcja wody
tos¢ pozorn
wtokna celulozowe 8est05¢ PO O,, a
1-3 wytrzymato$¢ na [70]
Z ananasa , - .
sciskanie
., proces spieniania
popiot lotny e
e przewodno$¢ cieplna
i fluidalny ze 510 "y (71, 72]
spalania wegla Yvytrzyr}la 0sc na ’
. $ciskanie
kamiennego )
odpornos¢ ogniowa
modut sprezystosci
mikrosfery 5-20 twardos¢ [73]

przewodnos¢ cieplna
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e odpornos¢ ogniowa

e proces starzenia PUR
wytloki z czarnej 10 e wytrzymatos$¢ na
porzeczkKi $ciskanie

e odpornos¢ ogniowa

[74]

Napetiacze pochodzace z przemyshu spozywczego czy lesnego klasyfikowane sg jako
materiaty lignocelulozowe ze wzgledu na ich sktad: celuloza, hemiceluloza i lignina [75-
78]. W zwiazku z tym, stabilno$¢ termiczna pianek z tego rodzaju napetlniaczami bedzie
przede wszystkim zaleze¢ od stabilno$ci termicznej wymienionych zwigzkow. Ponadto,
wyniki réoznych badan wskazujg na fakt, ze rozktad termiczny pianek z napetniaczami
lignocelulozowymi mozna dopasowa¢ do rozktadu termicznego tych sktadnikéw. Rozktad
termiczny hemicelulozy zachodzi w zakresie temperatury 210-235°C, celuloza rozktada si¢
w temperaturze 310-400°C, natomiast lignina traci swojg stabilno$¢ w zakresie temperatury
160-900°C [79, 80].

Przewodno$¢ cieplna pianek powigzana jest $ciSle ze struktura, a przede wszystkim
z wielkoscig komorek. Najnizszy wspolczynnik przewodzenia ciepta posiada gaz
wypehiajacy komorki. W zwigzku tym, jesli struktura PUR bedzie bardzo rozdrobniona
spada ilo§¢ gazow komodrkowych w piance, a wzrasta liczba i grubos¢ S$cianek.
Wprowadzenie czastek stalych do napelniacza moze powodowa¢ spadek lub wzrost
przewodnosci cieplnej, ktory nastepuje w przypadku, gdy wtokna utozone rownolegle do
kierunku przewodzenia i mogg intensyfikowac proces przewodzenia ciepta przez pianke PU
[81].

Wiasno$ci mechaniczne PUR, w tym wytrzymato$¢ na $ciskanie, sa powiazane z ggstoscia
pozorng. W opublikowanych pracach wskazuje si¢, ze wraz ze wzrostem gestosci wzrastaja
wartosci parametrow zwigzanych z wlasnosciami mechanicznymi. Ponadto wtasnos$ci
mechaniczne rowniez zaleza od charakterystyki napetniacza: rodzaju, wielkosci 1 ksztattu
czastek [82]. Wilasnosci mechaniczne sg kluczowe pod wzgledem dalszych zastosowan
pianek np. w budownictwie [83, 84].

Palnos¢ PUR jest rowniez istotnym parametrem, poniewaz podczas spalania pianek
wydzielaja si¢ toksyczne gazy, ktore mogg zagraza¢ zdrowiu i zyciu ludzi oraz prowadzi¢
do zanieczyszczania Srodowiska [85]. W przypadku napetniaczy w postaci czgstek popiotdw

pozadang cechg sg jak najwyzsze temperatury topnienia [86].
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Proces spieniania zalezy przede wszystkim od sktadu zastosowanego napetniacza. Saunders
i in. [87] uszeregowali zwigzki metali w zaleznosci od stopnia wptywu na proces spieniania.
Na poczatku znajduja si¢ metale, ktére mogg by¢ silnymi katalizatorami procesu spieniania
PUR: Bi, Pb, Sn, Ti, Fe, Sb, U, Cd, Co, Th, Al, Hg, Zn, Ni, Ce, Mo, V, Cu, Mn oraz Zr.
W zwiazku z tym, im wiecej zwigzkow z poczatku szeregu w napetniaczu, tym proces

spieniania moze przebiega¢ szybciej.

1.4 Wprowadzenie do zamknietokomorkowych pianek poliuretanowych
biomasy odpadowej

Napelniacze w postaci czastek staltych z rozdrobnionej biomasy lub popiotéw po jej
termicznej konwersji sg dobrze znane i badane w r6znych materiatach polimerowych. Wiele
publikowanych prac skupia si¢ na modyfikacji materiatow tego rodzaju napetniaczami,
poniewaz sg to przede wszystkim surowce odnawialne, ktore klasyfikowane sa jako produkt
uboczny. Na Rysunku 7 okreslono zakres dostgpnych informacji na temat wptywu biomasy
odpadowej z przemystu spozywczego na wlasnosci tworzyw sztucznych.

Luski stonecznika sa najmniej przebadanym materiatem w kontekscie sztywnych
pianek poliuretanowych. Jest to odpad latwo dostepny ze wzgledu na to, ze w Europie
produkuje si¢ olej stonecznikowy. Brakuje informacji na temat podstawowych wtasnosci
fizycznych, mechanicznych oraz termicznych. Luski stonecznika sa rowniez czgsto spalane
w celu uzyskania energii. W ten sposob powstaje produkt uboczny, jakim jest popiol,
ktérego wplyw na wilasnosci aplikacyjne pianek roéwniez nie zostal okreslny.

Luski gryki sg takze tatwo dostgpnym materiatem ze wzgledu na duze uprawy gryki
w tej czgsci Swiata. Wplyw tego rodzaju napelniacza na PUR zostat cze$ciowo opisany
w publikacji naukowej [92]. Natomiast brakuje charakterystyki kilku kluczowych
parametrow wplywajacych na wiasnosci aplikacyjne, tj. poszerzonych badan palnosci,
oceny wplywu napelniacza na proces spieniania, wplywu tusek na biodegradowalno$¢
pianek. Brakuje rowniez informacji na temat wplywu popiotu z tego rodzaju tusek na
wlasnosci PUR.

Luski ryzu jest to napelniacz najszerzej zbadany w kontekscie PUR, jednak nalezy
pamigtac, ze duze znaczenie ma sklad i wielko$¢ napetniacza. Sktad roslin ksztalttowany jest

przez gleby i warunki, w ktorych ro$nie. Dane dost¢gpne w literaturze sg niekompletne.
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Szczatkowe sg informacje dotyczace wplywu tego napelniacza na proces spieniania,

biodegradacji oraz procesu starzenia PUR z tego rodzaju napetniaczem.

Luski slonecznika (SH) Luski gryki (BH) Luski ryzu (RH)

8

Zbadany wplyw na:

e A

Zbadany wplyw na: Zbadany wplyw na:

- polietylen, - propylen, - polipropylen,
- kompozyty formowane - sztywne pianki - kompozyty PMMA,

wtryskowo na bazie poliuretanowe.

p - zywice epoksydowe,
polipropylenu, Niekompletne

- sztywne pianki

- zywice epokosydowe. informacje: poliuretanowe.
Brakujace informacje: - palno$¢ PUR. Niekompletne
- sztywne pianki Brakujace informacje: informacje:
poliuretanowe, - proces spieniania PUR, - proces spieniania PUR,
- popidt  z SH ) i - i
w technologi pianek PU. proces. satrzenia PUR, proces' starzenia PUR,
- biodegradowalnos¢ - biodegradowalno$¢
PUR PUR

- popiot z BH
K /\W technologi pianek PU.JK J

Rysunek 7 Aktualny stan wiedzy na temat zastosowania biomasy odpadowej w tworzywach sztucznych [88-
96]

Cykl publikowanych wynikéw badan sktadajacy si¢ na niniejsza rozprawe stanowi
uzupetnienie brakujgcych badan w zakresie modyfikacji sztywnej pianki poliuretanowe;j.
W przestawionych pracach dokonano analizy zastosowanych napelniaczy oraz zbadano
wplyw surowych tusek, popiotu z tusek oraz wybranego modyfikowanego popiotu

z biomasy na wtasnosci sztywnej pianki poliuretanowe;.
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2. Cel badan i hipoteza

Zmniejszajace si¢ zasoby ropy naftowej oraz rosngca popularno$¢ sztywnej pianki
poliuretanowej jako materialu termoizolacyjnego, przyczynity si¢ do intensyfikacji prac nad
uktadem sztywnej pianki poliuretanowej o zmniejszonej zawarto$ci substancji
petrochemicznych. Istotnym aspektem sg rowniez obowigzujace regulacje Unii Europejskiej
obligujace producentéw pianek do produkcji zréwnowazonych materiatdéw. Oprocz
aspektow ekologicznych, zastosowanie napelniaczy réwniez niesie za soba pozytywne
aspekty ekonomiczne — zastosowanie w technologii PUR napetniaczy odpadowych pozwala
na obnizenie kosztow produkcji PUR. Cena pianek PU jest najwyzsza spos$rod dostgpnych
na rynku materialdw termoizolacyjnych.

Gléwnym celem niniejszej rozprawy doktorskiej jest zaprojektowanie
innowacyjnego uktadu sztywnej pianki poliuretanowej, ktory zostanie wzbogacony
o biodegradowalne napelniacze naturalne stanowigce produkt uboczny przemystu
spozywczego: tuski stonecznika, tuski gryki oraz tuski ryzu. Dodatkowo, zaprojektowane
zostang uklady sztywnej pianki poliuretanowej z popiotami niemodyfikowanymi oraz
modyfikowanymi pochodzacymi z termicznej konwersji biomasy: tusek stonecznika, tusek
gryki oraz tusek ryzu. Syntezowane kompozyty beda przyjazne dla $rodowiska oraz
réwnoczesnie beda cechowac si¢ lepszymi wiasnosciami aplikacyjnymi. Tak zdefiniowany
cel niniejszej rozprawy zostanie osiagnigty poprzez realizacj¢ nastepujacych zadan:

e charakterystyke wykorzystanych w badaniach napetniaczy,

e dobor optymalnej ilosci biodegradowalnych napetniaczy (tuski stonecznika, tuski
ryzu, tuski gryki) oraz popiotéw z biomasy i przygotowanie PUR,

e oceng wptywu wprowadzenia do uktadu PUR biodegradowalnych napetniaczy oraz
wybranych popiolow ze spalania biomasy na proces spieniania, morfologie,
wiasnosci fizyczne, mechaniczne, termiczne oraz palnos¢ PUR,

e analize wptywu modyfikacji wybranych popiotéw z biomasy na obnizenie palnosci
PUR.

Rezultatem wykonania wyzej wymienionych zadan bedzie wytworzenie PUR
charakteryzujacej si¢ ulepszonymi wilasno$ciami aplikacyjnymi w poréwnaniu do
istniejacych rozwigzan komercyjnych. Dodatkowo, udowodniona zostanie zasadno$é
dodatku biodegradowalnych napetlniaczy oraz popiotdéw z biomasy do pianki jako

zréwnowazonego materiatu termoizolacyjnego.
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W rozprawie zdefiniowano rowniez nastgpujaca hipotezg badawcza:

Dodatek napelniaczy w postaci biomasy odpadowej oraz popioléw z biomasy wyplywa
na poprawe wlasnosci fizycznych i mechanicznych sztywnych pianek poliuretanowych.
Modyfikuje ich strukture i wyplywa na aktywizacje¢ procesu spieniania. Ponadto,
wprowadzenie modyfikacji powierzchni napelmiacza powoduje obnizenie palnoS$ci

sztywnych pianek poliuretanowych.
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3. Materialy i metody badawcze

W cyklu czterech opublikowanych prac wytworzono i przeanalizowano 24 probki
sztywnej pianki poliuretanowej wytworzonej metoda jednoetapowsg. Pianki modyfikowane
byly przy uzyciu biodegradowalnych napetniaczy — tusek stanowigcych produkt uboczny
przemystu spozywczego. Luski po uprzednim przygotowaniu polegajacym na Wysuszeniu
1 rozdrobnieniu dodawane byty do uktadu PUR w ilosci od 5-15%. Druga grupa napetniaczy
stanowity popioty pochodzace z termicznej konwersji biomasy, ktore dodawane byly do
pianek w ilosci 3-10%. Szczegdtowe zestawienie probek z podzialem na poszczegdlne

publikacje przedstawiono w Tabela 2.

Tabela 2 Opis probek PUR analizowanych w publikacjach
Publikacja | Symbol probki | Opis

PU pianka niemodyfikowana (bez napetniaczy)

PU_5SH pianka modyfikowana 5% dodatkiem tusek stonecznika

PU_10SH pianka modyfikowana 10% dodatkiem tusek stonecznika

PU_15SH pianka modyfikowana 15% dodatkiem tusek stonecznika

| PU_5RH pianka modyfikowana 5% dodatkiem tusek ryzu

PU_10RH pianka modyfikowana 10% dodatkiem tusek ryzu

PU_15RH pianka modyfikowana 15% dodatkiem tusek ryzu

PU_5BH pianka modyfikowana 5% dodatkiem tusek gryki

PU_10BH pianka modyfikowana 10% dodatkiem tusek gryki

PU_15BH pianka modyfikowana 15% dodatkiem tusek gryki

PU_O pianka niemodyfikowana (bez napetniaczy)

PU_10SH pianka modyfikowana 10% dodatkiem tusek stonecznika

PU_10RH pianka modyfikowana 10% dodatkiem tusek ryzu

PU_10BH pianka modyfikowana 10% dodatkiem tusek gryki

I PU_10SHA pianka modyfikowana 10% dodatkiem popiolu z lusek

stonecznika

PU_10RHA pianka modyfikowana 10% dodatkiem popiotu z tusek ryzu

PU_10BHA pianka modyfikowana 10% dodatkiem popiotu z tusek
gryki

PU_REF pianka niemodyfikowana (bez napetniaczy)

PU_3SHA7SH | pianka modyfikowana 3% dodatkiem popiotu z tusek
stonecznika oraz 7% dodatkiem tusek stonecznika

I PU_5SHAS5SH | pianka modyfikowana 5% dodatkiem popiotu z tusek

stonecznika oraz 5% dodatkiem tusek stonecznika

PU_10SHA pianka modyfikowana 10% dodatkiem popiolu z lusek
stonecznika
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PU_O pianka modyfikowana 10% dodatkiem popiotu z tusek
stonecznika
Y, PU_1 pianka modyfikowana 10% dodatkiem popiotu z tusek
stonecznika silanizowanym w 1% roztworze
PU_3 pianka modyfikowana 10% dodatkiem popiotu z tusek
stonecznika silanizowanym w 3% roztworze

W celu poprawnej oceny wptywu napetniacza na wiasnosci PUR przeprowadzono
szereg testow, ktorych zestawienie przedstawiono w Tabeli 3. Probki napehniaczy

przygotowywane byly w powtarzalnych warunkach.

Tabela 3 Metody badawcze dla napetniaczy

Rodzaj badania

Aparatura badawcza

Opis techniki badawczej

Anah_za pierwiastkow: LECO CHN628 Pomiar zawartos_m plerw1astk0§)v
C,HIiN przez wykorzystanie procesu spalania
) . . Mastesizer 2000S, Pomiar rozktadu wielkosci czastek
Analiza wielkosci .. .
tek HORIBA oparty na dyfrakcji laserowej
crAste LA-300

Oznaczenie popiotu
w biomasie

Piec muflowy FCF 22
SHM

Oznaczenie = zawartoSci  popiotu
przeprowadzono zgodnie z norma

ISO 18122:2015

Morfologia

JEOL JSM5410

Morfologia
oznaczona
skaningowej
elektronowej

napetniaczy  zostata
przy  wykorzystaniu
mikroskopii

Sktad chemiczny

Primus I, Agilent 5100
ICP-OES

Oznaczenie sktadu z wykorzystaniem
techniki instrumentalnej
fluorescencji  rentgenowskiej lub
oznaczenie sktadu
z wykorzystaniem techniki
analitycznej spektroskopowej
z wykorzystaniem plazmy
indukcyjnie sprzezone;j

Charakterystyczne
temperatury topienia
popiotow

Analiza
przeprowadzona

zgodnie z normg
CEN/TR 15404:2010

Wyznaczenie temperatur z
wykorzystaniem mikroskopii
wysokotemperaturowej

Okreslenie wlasciwosci sztywnych pianek poliuretanowych wykonano na

urzadzeniach pomiarowych lub metodami manualnymi. Testy probek przeprowadzane byty
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zgodnie z normami dla materiatéw polimerowych. Probki przed rozpoczeciem badan byty
przygotowywane w powtarzalny sposob przez kondycjonowanie 1 docinanie do

wymaganych ksztattow. Zestawienie metod badawczych dla PUR przedstawiono w Tabeli

4.

Tabela 4 Metody badawcze dla PUR

Rodzaj badania Zastosowana | Aparatura badawcza | Technika badawcza —
norma opis
.. L Mikroskopi
Vision Engineering sk;nri?ls oc\),tj;a optyczna,
Morfologia SX 45, JEOL mikros?(o ia
JSM5410 P
elektronowa
. Pomiar zawartosci
Analiza ierwiastkow rzez
pierwiastkow: C, H i LECO CHN628 P b
N wykorzystanie procesu
spalania
Pomiar zmiany masy
probki z
. wykorzystaniem
Anal . .
naflza . ISO 11358 TGA 550 termowagi w funkcji
termograwimetryczna
temperatury w
kontrolowanej
atmosferze
Kalorvmetria Pomiar efektow
o Y ISO 11357 STA 449 F3 Jupiter | cieplnych
roznicowa ,
zachodzacych w probce
Termoelementy oraz | Pomiary
L kamera metrologiczne
Proces spieniania .
termowizyjna FLIR
A615
Stabilnodé PN- Suszarka Pomiary
miarowa 92/C89083, laboratoryjna, waga | metrologiczne
wy ASTM D2126 | analityczna
. Pomiar
Lepkos$¢ dynamiczna Brookfield DV2T y .
metrologiczne
Przyrzady Pomiary
pomiarowe: metrologiczne
Gestodé pozorna EN ISO suwmiarka, Sruba
¢ P 845:2009 mikrometryczna
oraz waga
analityczna
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analizatorem FTIR

L ASTM D570- . Pomiary
kliwos¢ W nal n .
Nasigkliwos¢ 08 aga analityczna metrologiczne
. Pomi
Biodegradowalnosé | ASTM D5988 | Waga analityczna omiary.
metrologiczne
Urzadzenie do Pomiary
N ASTM C badania kruchosci metrologiczne
Kruchos¢ skonstruowane
421-08 .
zgodnie z norma,
waga analityczna
Twardos¢ ASTM D2240 | Shore HD3000 00 | omany
metrologiczne
Oznaczenie
., wytrzymato$ci poprzez
1 EN I . .
Wy trzy,ma osena S0 Instron 5967 zastosowanie techniki
Sciskanie 14125:198 . ) ,
mechanicznej  proby
materialowej
PNEN ISO Oznaczenie palnos$ci
Graniczny Indeks 4589-2:2006, | Fire Testing
Tlenowy ISO 4589-2: | Technology
2017
. EN-ISO MLC cone Re.ak,CJa materialdw na
Kalorymetr stozkowy | 13927, ISO . . ogien
microcalorimeter
5660
PN-EN . . Oznaczenie klasy
Fire Test
Pionowy test palnosci | 60695-11-10: Ire 1estng palnosci
Technology
1999
ISO 1716: i Sci
Reakcja na ogien SO 1716 LECO AC500 Oznaczerl e wartosel
2018 opatowe;j
Badanie
Urzadzenie dymotworczosci
Gestos¢ optyczna ISO 5659 sprzezone z materiatow przy

napromieniowaniu
cieplnym 50 kW-m™
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4. Wyniki badan

Rozprawa doktorska zlozona jest z czterech monotematycznych artykulow
naukowych opublikowanych w czasopismach z listy JCR. Zbior publikacji dotyczy badan
sztywne] pianki poliuretanowej wzbogaconej napetniaczami biodegradowalnymi, czyli
wybranymi tuskami oraz popiotami z tych tusek. Ocenie zostal poddany wplyw rodzaju
napetniacza oraz jego zawartosCi w ukladzie sztywnej pianki poliuretanowej na wlasnosci

aplikacyjne pianki.

4.1 Publikacja I: The influence of biowaste-based fillers on the mechanical
and fire properties of rigid polyurethane foams

Publikacja I [97] miata na celu oceng mozliwosci wykorzystania tusek stonecznika,
tusek ryzu oraz tusek gryki jako biodegradowalnych napetniaczy w PUR. Dodatkowo,
w pracy napetniacze byly dodawane w roéznych zawartosciach (5-15%), co miato na celu
okreslenie korelacji pomigdzy rodzajem i zawarto$cia napetniacza a wlasnosciami PUR.
Innowacyjnoscia badan opisanych w artykule bylo wprowadzenie do ukladu PUR
napetniaczy tj. tuski gryki oraz tuski stonecznika w postaci niezmodyfikowanej. Dodatkowo,
przeprowadzano badanie procesu starzenia PUR modyfikowanych napeiniaczami pod
wplywem rzeczywistych warunkéw atmosferycznych oraz sztucznego promieniowa UV

i natrysku wody. Cel niniejszej pracy przedstawiono na Rysunku 8.

tuski
stonecznika

tuski gryki tuski ryzu

Poliol z napetniaczem Izocyjanian Kompozyt sztywnej pianki Wyznaczenie wtasnosci
poliuretanowej modyfikowany aplikacyjnych PUR
bio-wpetniaczami

Rysunek 8 Cel publikacji: The influence of biowaste-based fillers on the mechanical and fire properties of

rigid polyurethane foams
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W ramach publikacji wykonano nast¢pujace zadania:

e przygotowanie napetniaczy jako bio-wypethiaczy do kompozytoéw PUR: obrobka
wstepna napelniaczy (suszenie, rozdrobnienie) oraz analizy ilosciowe i jako$ciowe
napetniaczy,

e synteza i charakterystyka kompozytow PUR wzbogaconych napetniaczami (5-15%),

e badanie korelacji pomiedzy zawarto$cig napetniaczy i ich rodzajem a wtasno$ciami
PUR: morfologia, wtasciwosci fizyczne, mechaniczne, termiczne oraz palnosc.

Przedstawiono charakterystyke napeiniaczy — zwarto$¢ pierwiastkow C, H 1 N oraz analize
wielkosci rozktadu czastek. Analiza elementarna wykazata, ze tuski stonecznika oraz tuski
gryki majg porownywalny sklad, natomiast tuski ryzu cechuja si¢ nizsza zawartoscia wegla,
co moze pozytywnie wplynaé na palno$¢ kompozytéw PUR. Podobne wyniki otrzymano
rowniez dla rozktadu wielko$ci czastek. Krzywe rozktadu wielkosci czastek dla tusek
stonecznika oraz gryki przebiegaty podobne a maksimum uzyskiwano w przedziale 10-1000
pum, natomiast rozktad wielkosci czastek byt inny dla tusek ryzu, przy ktorych maksimum
zostalo osiggniete w przedziale 100-1000 pm.

Prezentowane badania wskazuja, ze dodatek napetniaczy biodegradowalnych ma wptyw na
strukturg pianki. Dodatek do uktadu PUR tlusek powoduje zmiang ksztalttu komoérek na
wydhuzone w kierunku wzrostu pianki, natomiast wraz ze wzrostem zawartosci napetniacza
zmniejsza si¢ Srednica komorek na skutek faktu, ze czastki napelniacza sg doskonalym
miejscem zarodkowania nowych komoérek. Modyfikacja struktury pianki wptywa na
pozostate wlasnosci PUR. Kompozyty PUR z napeliaczami cechujg sie podwyzszong
warto$cig gestosci pozornej o 6-43% w poréwnaniu z piankg niemodyfikowana
napelniaczami. Poprawie ulega rowniez stabilno$¢ wymiarowa oraz zmniejsza si¢ chtonnosc¢
wody w piankach z napetniaczami. Dodatek napelniaczy powoduje zahamowanie procesu
starzenia si¢ materialow termoizolacyjnych. Wptyw bio-napetaniaczy na wtasnos$ci
mechaniczne rowniez oceniono pozytywnie. Wzrasta wytrzymato$¢ na $ciskanie o nawet
125% w poréwnaniu z pianka niemodyfikowang. Zmniejszeniu ulega rowniez kruchos¢
kompozytéw PUR. Pianki PU cechujg si¢ rowniez ulepszonymi wtasno$ciami termicznymi.
Wprowadzenie napelniaczy opdznia poczatek degradacji nawet o 82°C. Badania palnosci
kompozytow modyfikowanych biodegradowalnymi napelniaczami wykazaty, ze
wprowadzenie do uktadu PUR napetiaczy w postaci surowej biomasy zwigksza palnosc.
Na podstawie przeprowadzonych badan stwierdzono, ze z powodzeniem mozna produkowac

pianki zawierajace napelniacze w postaci lusek, co pokazuje nowe mozliwosci
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zagospodarowania tego typu odpadow. Przeprowadzone badania wykazaty, ze najbardziej
optymalng zawartos$cig napetniacza jest 10%. W zwigzku z tym w pozostatych pracach

analizowano wylacznie taki udziat napetniaczy.

4.2 Publikacja I1: Biomass origin waste as activators of the polyurethane
foaming process

Publikacja Il [98] miata na celu oceng¢ wptywu tusek stonecznika, tusek ryzu oraz
tusek gryki, a takze odpowiednio popiotdw z wymienionej biomasy na przebieg procesu
spieniania. Analizie poddano temperatur¢ w rdzeniu probki, charakterystyczne czasy dla
procesu spieniania (czas kremowania, czas narastania oraz czas stabilizacji probki) oraz
przyrost objetosci probki w czasie, a takze szybkos$¢ ekspansji PUR w funkcji czasu.
Analizowano szes$¢ rodzajow kompozytéw sztywnej pianki poliuretanowej. We wszystkich
przypadkach zawarto$¢ napetniacza byta na poziomie 10%. Analizowano réwniez pianke
referencyjng, ktora nie zawierata napetniacza. Innowacyjnoscig artykutu byta poszerzona
analiza procesu spieniania z wykorzystaniem kamery termowizyjnej oraz termoelementéw
dla kompozytow wzbogaconych biodegradowalnymi napetniaczami oraz popiotami

z biomasy. Cel pracy przedstawia Rysunek 9.

Popidt z lusek  Popidt ztusek  Popidt z tusek
stonecznika gryki

tuski
stonecznika

tuski gryki

5 —~5

Paliol z napetniaczem lzocyjanian Kompozyt sztywnej pianki Wyznaczenie parametréw
paliuretanowej modyfikowany procesu spieniania
bio-wpetniaczami oraz
popiotami

Rysunek 9 Cel publikacji: Biomass origin waste as activators of the polyurethane foaming process
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W ramach publikacji wykonano nast¢pujace zadania:

e przygotowanie napelniaczy jako bio-wpekliaczy do kompozytow PUR: obrobka
wstepna napelniaczy (suszenie, rozdrobnienie), spalanie w celu uzyskania popiotu
oraz analizy ilosciowe i jako§ciowe napetniaczy,

e synteza 1 charakterystyka kompozytow PUR wzbogaconych napehniaczami
0 udziale 10%,

e Dbadanie wplywu rodzaju zastosowanego napeiniacza na proces spieniania.
Przedstawiono charakterystyke napelniaczy badajac ich morfologi¢, zawartosé
pierwiastkow C, H 1 N, zawartos¢ popiotu w biomasie oraz rozktad wielkosci czastek.
Struktura napelniacza jest istotna, poniewaz moze decydowa¢ o adhezji napelniacza
w matrycy poliuretanowej. Badania z wykorzystaniem SEM wykazatly, ze surowe tuski
cechujg si¢ wstgpowaniem czgstek o nieregularnych ksztaltach i chropowatej powierzchni.
W przypadku tusek stonecznika oraz tusek ryzu wstepuja krotkie widkna o rozwinigtej
powierzchni, czego nie mozna okresli¢ dla tusek gryki. Morfologia popiotu wykazata, ze
sktada si¢ on z czastek rzgdu kilku mikronéw. Analiza zawartosci elementarnych
pierwiastkow wykazala, Ze proces spalania biomasy powoduje obnizenie zawartos$ci wegla
o okoto 40%, co jest pozytywnym zjawiskiem w kontekscie palnosci kompozytow PUR.
Analizowana zawarto$¢ popiotu wykazata, ze najwigcej powstaje go z tusek gryki. Rozktad
wielkosci czastek w przypadku tusek byt zblizony do tego z publikacji I [97], natomiast
w popiotach dominowaty czastki o wielkosci do 100 um. Wielkos¢ czastek napetniacza jest
istotnym parametrem w konteks$cie spieniania. Zbyt duze czastki napeilniacza moga ten
proces utrudniac.

Przeprowadzone badania dotyczyly takze charakterystycznych czaso6w spieniania.
Wykazano, ze dodatek napelniaczy nieznacznie wydluza czas kremowania. Czas narastania
dla surowych tusek jest zblizony do pianki niemodyfikowanej napetniaczami.
W przypadku popiotu z tusek ryzu czas narastania rOwniez wzrasta. Natomiast dla popiotu
z tusek stonecznika i gryki czas narastania skraca si¢ ponad trzykrotnie w poréwnaniu do
pianki referencyjnej. Czas stabilizacji PUR jest najdtuzszy dla pianki bez napetniaczy (932
sekundy), natomiast najkrotszy znéw dla pianek zawierajacych dodatek popiotu z tusek
stonecznika oraz gryki i wynosi odpowiednio 14 sekund oraz 28 sekund. W celu oceny
wplywu zastosowanego napeiniacza na temperature procesu spieniania w rdzeniu probki na
dnie naczynia, w odlegtosci 1 cm i 5 cm od dna naczynia, w ktorym syntezowana byta pianka

umieszczono termoelementy. Pomiary wykazaty, ze wprowadzenie napetniaczy podwyzsza
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temperatur¢ procesu spieniania w poréwnaniu z piankg niemodyfikowang. Najwyzsza
temperature zarejestrowano dla pianek z SHA i BHA. Wyznaczono rowniez czasy potrzebne
do uzyskania maksymalnych objetosci przez analizowane probki. W przypadku probek
z SHA 1 BHA maksymalna obj¢to$¢ zostaje uzyskana po czasie 50 sekund, przy ok. 200s
dla pozostatych probek. Rowniez pomiar szybkosci ekspansji potwierdzil, ze dwie
wskazywane wczesniej probki wykazuja odmienne wlasciwosci
w porownaniu do pozostatych. W publikacji zestawiono réwniez zdjecia z kamery
termowizyjnej w wybranych krokach czasowych. Rycina 6 zawarta w omawianej publikacji
[98] pokazuje, Ze proces spieniania w przypadku kompozytow z BHA i SHA rozpoczyna si¢
1 konczy wcezesniej w poréwnaniu do pozostatych probek.

Na podstawie przeprowadzonych badan stwierdzono, ze zastosowane napetniacze, tj. popiot
z tuski stonecznika oraz popiot z tuski gryki silnie aktywizuja proces spieniania, co byto

motywacja do dalszych badan.

4.3 Publikacja I11: Utilization of sunflower husk ash in the production of
polyurethane materials

Publikacja 111 [99] miata na celu oceng mozliwosci wprowadzenia popiotu z tusek
stonecznika oraz zmieszania tego popiolu z surowymi luskami stonecznika jako
modyfikatora poprawiajacego wybrane wlasnosci aplikacyjne PUR. W artykule
wytworzono i poddano analizie cztery rodzaje probek: pianke referencyjna, pianke
modyfikowana dodatkiem 3% popiotu z tusek stonecznika oraz 7% dodatkiem tusek
stonecznika, pianke zawierajaca 5% dodatek popiotu oraz surowych tusek stonecznika oraz
pianke modyfikowang 10% dodatkiem popiotu z tusek stonecznika. Dokonano analizy
zastosowanych napelniaczy oraz oceny ich wplywu na wlasnosci sztywnej pianki
poliuretanowej. Innowacyjnoscia bylo wprowadzenie wyzej wskazanej kombinacji
napelniaczy do ukladu sztywnej pianki poliuretanowej. Cel pracy przedstawiono na
Rysunku 10. Wykonano nastepujgce zadania:

e przygotowanie napelniaczy jako bio-wpetniaczy do kompozytoéw PUR: obrobka
wstepna napelniaczy (suszenie, rozdrobnienie), przygotowanie popiolu poprzez
termiczng konwersj¢ tusek oraz analizy ilo§ciowe i jako$ciowe napetniaczy,

e synteza i charakterystyka kompozytow PUR wzbogaconych 10% napetniaczami,
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e badanie korelacji pomiedzy zawartos$cig napetniaczy i ich rodzajem a wtasnosciami
PUR: morfologia, wtasciwosci fizyczne, mechaniczne oraz termiczne

1 biodegradowalno$¢.

Popiot

tuski z tusek
stonecznika stonecznika
P R

4 N — % |
omiVjs]s
Poliol z napetniaczem Izocyjanian Kompozyt sztywnej pianki Wyznaczenie wlasnosci

poliuretanowej modyfikowany aplikacyjnych PUR
bio-wpetniaczami

- ~

Rysunek 10 Cel publikacji: Utilization of sunflower husk ash in the production of polyurethane materials

Przedstawiono charakterystyke napelniaczy poprzez zbadanie ich morfologii, zawarto$ci
pierwiastkow C, H i N, sktadu chemicznego oraz rozktadu wielko$ci czastek. Zawartos$¢
pierwiastkéw C, H i N wyznaczono tylko dla SHA, poniewaz dla SH byta taka sama, jak
w publikacji I [97]. SHA charakteryzowaly si¢ zawarto$cig wegla ponizej 5%, wodoru okoto
1% i sladowymi ilo$ciami azotu. W morfologii tusek stonecznika zaobserwowano widkna
celulozowe. Ich obecno$¢ moze pozytywnie wplyna¢ na wlasnoéci mechaniczne
kompozytéw sztywnej pianki poliuretanowej. Natomiast w morfologii popiotu z tusek
stonecznika zaobserwowano wystepowanie czastek o wielkosci kilku mikrometrow
wykazujacych tendencje do aglomeracji. Wyznaczony sktad chemiczny dla SH wykazat, ze
przewazajg pierwiastki: potas (~43%) oraz wapn (~17%). W przypadku SHA roéwniez
dominowaty te dwa pierwiastki natomiast ich zawarto$¢ zmienita si¢; w przypadku potasu
— zmalata do ~35%, a dla wapnia wzrosta do ~26%. Rozklad wielkosci czastek napetniacza
wykazat, ze w SH przewazaja dwie grupy wielkosci czastek 50-100 um oraz 600-800 pm,
natomiast w SHA dominujg czastki od 5-25 pm.

Wyznaczono rowniez lepko$¢ dynamiczng sktadnika A czyli premiksu poliolowego.
Otrzymane wyniki wskazuja, ze dodatek napetniacza zwigksza lepkos$¢ od 17 do 19 razy
w stosunku do poliolu bez napeilniaczy. Dodatkowo, zaobserwowano, ze lepkos$c

dynamiczna premiksu zwigksza si¢ przy wiekszym udziale tusek.
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W prezentowanych wynikach badan po raz kolejny potwierdzono, ze dodatek napetniaczy,
zarowno w postaci czgstek biomasy, jak i popiotu powoduje zwigkszenie gestosci pozornej
kompozytdéw sztywnej pianki poliuretanowej. Spowodowane jest to tym, ze ggsto$¢ pozorna
pianki zostaje wzmocniona przez gesto$¢ pozorng napetniacza. W artykule przedstawiono
rowniez wplyw kombinacji napelniaczy na morfologi¢. Dodatek napelniaczy powoduje
zmniejszenie S$rednicy komorek, jednoczesnie wplywajac na zawarto$¢ zamknigtych
komorek nawet do 7%. W przypadku wiasnosci mechanicznych pogorszeniu ulegta
krucho$¢ PUR, w najwigkszym stopniu dla pianki zawierajacej wytacznie 10% dodatek
SHA. Réwniez w badaniu twardos$ci odnotowano negatywny wpltyw tych napehiaczy
w stosunku do pianki niemodyfikowanej. W badaniu stabilno$ci wymiarowej wykazano, ze
dodatek tego rodzaju napetniaczy pozwala na wyeliminowanie negatywnego zjawiska tzw.
skurczu materialu w podwyzszonych temperaturach, czyli zmniejszeniu wymiaréw
liniowych. Badania biodegradowalnosci polegaty na umieszczeniu pianek w glebie na okres
8 tygodni i cotygodniowym pomiarze zawartosci C, H i N oraz zmiany masy. Wykazaty one,
ze w przypadku pianki referencyjnej zawartos¢ pierwiastkOw pozostaje stata w czasie,
natomiast dla pianek modyfikowanych napelniaczami zawarto$¢ pierwiastkow spada wraz
z czasem przebywania probek w glebie. W przypadku utraty masy najwickszy spadek
odnotowano dla probki zawierajacej 10% dodatek popiotu z tusek stonecznika 1 wynosit on
okoto 30% po 8 tygodniach. Dla poréwnania dla pianki referencyjnej ubytek masy po tym
czasie byt trzy krotnie mniejszy i wynosit 10%. Krzywe analizy termograwimetrycznej dla
pianki niemodyfikowanej oraz pianek z napetniaczami miaty podobny przebieg.

Na podstawie przeprowadzonych badan stwierdzono, ze napetniacze w postaci tusek
stonecznika oraz popiotu z tego rodzaju tusek maja pozytywny wplyw na wigkszo$¢
wlasnosci aplikacyjnych. Najistotniejszy jest fakt, ze w przypadku dostania si¢ do gleby

beda degradowac 3-krotnie szybciej niz pianki nie zawierajgce napetniaczy.

4.4 Publikacja 1V: Effect of the silanization process on the fire resistance
and thermal properties of closed-cell foams with sunflower husk ash

Publikacja IV [100] miata na celu oceng¢ wptywu modyfikacji popiotu z tusek
stonecznika w procesie silanizacji na palnos¢ kompozytoéw PUR oraz stabilno$¢ termiczna.
Wytworzono 1 poddano analizie trzy rodzaje probek: pianke zawierajaca

10% dodatek popiotu z tusek stonecznika, pianke zawierajaca 10% dodatek popiotu z tusek
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stonecznika modyfikowanego 1% roztworem silanu oraz pianke zawierajaca 10% dodatek
popiotu z tusek stonecznika modyfikowanego 3% roztworem silanu. Dokonano
analizy zastosowanego napetniacza oraz oceny wplywu przeprowadzenia procesu silanizacji
na wilasnosci sztywnej pianki poliuretanowej. Innowacyjnoscia byto zmodyfikowanie
1 nastepnie wprowadzenie do uktadu sztywnej pianki poliuretanowej popiotu z SH jako

srodka zmniejszajacego palnos¢. Cel niniejszej pracy przedstawiono na Rysunku 11.

Popiot
z busek
slogeczgil;a

> 0
:“ _|_ —_— —_—)
. —
Paliol z napetniaczem Izocyjanian Kompozyt sztywnej pianki Wyznaczenie wtasnosci
poliuretanowej modyfikowany aplikacyjnych PUR

popiotami z biomasy

Rysunek 11 Cel publikacji: Effect of the silanization process on the fire resistance and thermal properties of
closed-cell foams with sunflower husk ash

W ramach publikacji wykonano nast¢pujace zadania:

e przygotowanie napeilniaczy jako bio-wpetlniaczy do kompozytow PUR:
przygotowanie popiolu poprzez termiczng konwersje tusek i uprzedni dobor czasu
procesu spalania oraz analizy ilo§ciowe i jako$ciowe napetniaczy,

e przeprowadzenie procesu silanizacji popiotu z lusek slonecznika zwiazkiem
CoH23NO:sSI,

e synteza i charakterystyka kompozytow PUR wzbogaconych 10% napeiniaczami,

e badanie wptywu modyfikacji napelniacza na wtasnosci PUR: morfologia,
wiasciwosci termiczne i palno$¢.

W celu uzyskania popiotu o jak najnizszej zawartosci wegla (aby nie intensyfikowat
palnosci) tuski spalano w roznych czasach: 45, 90, 135 oraz 180 minut). Nastepnie badano
zawarto$¢ elementarnych pierwiastkow w tym wegla. Przeprowadzone badania wykazaty,
ze najkorzystniejszy czas to 135 minut. Po tym czasie zawarto$¢ wegla spadia ponizej 4%.

W celu charakterystyki napelniaczy wyznaczono rowniez zawarto$¢ pierwiastkow
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metalicznych w surowych tuskach oraz popiele z tych tlusek. W przypadku tusek
dominowaty pierwiastki: cynk, chrom, miedz oraz nikiel. Natomiast w popiele z tusek
stonecznika dominowaty: cynk, bor, mangan i chrom, ale w duzo wyzszych zawarto$ciach
niz w niespopielonych tuskach. Dodatkowo, wyznaczono charakterystyczne temperatury
topliwosci popiotu, ktére wykazaly, ze ten rodzaj popiotu charakteryzuja wyzsze wartosci
tego parametru niz przecigtne popioty z biomasy. Przeprowadzona analiza
termograwimetryczna w zakresie temperatury 20-700°C wykazata, ze maksymalny ubytek
masy popiotu wynosi 12%.

Kolejnym etapem badan byto przeprowadzenie procesu silanizacji popiotu, ktory uprzednio
wysuszono. Proces silanizacji prowadzono w dwoch réznych stezeniach: 1%
i 3%. Po przeprowadzeniu procesu silanizacji zbadano morfologi¢ popiotu modyfikowanego
oraz niemodyfikowanego. Wykazano, ze stezenie $rodka silanizujgcego nie ma wptywu na
morfologie. Natomiast zaobserwowano, ze zmienia si¢ struktura napetniacza po procesie
modyfikacji poprzez wbudowanie w powierzchnie grup silanowych. Struktura staje si¢
gladsza 1 bardziej jednorodna.

Kolejny etap badan skupiat si¢ na ocenie wplywu modyfikacji napelniaczy na wtasnosci
fizyczne PUR. Zbadano wpltyw dodatku modyfikowanych 1 niemodyfikowanych
napetniaczy na wielko$¢ komorek. W piance zawierajacej niemodyfikowany 10% dodatek
SHA dominuja komorki o wielko$ci 400-449 pm. Modyfikacja SHA powoduje, ze wstgpuja
komorki o wigkszej $rednicy, ale struktura PUR jest bardziej jednorodna. Kolejnym
parametrem fizycznym jest ggstos¢ pozorna. Zaobserwowano, ze modyfikacja napetniacza
powoduje spadek gestosci pozornej PUR. W przypadku badania stabilnosci termicznej nie
zaobserwowano wplywu zastosowania procesu silanizacji.

Zostaly przeprowadzone obszerne badania procesu palnosci. Dla syntezowanych materiatow
wyznaczono warto$¢ opatowa oraz graniczny indeks tlenowy. Oba parametry po procesie
silanizacji ulegly poprawie w odniesieniu do pianki z niemodyfikowanym napetniaczem.
Reakcje na ogien przeprowadzono na kolorymetrze stozkowym, a uzyskane wyniki
wskazuja, ze proces silanizacji napetniacza nie wplywa na czas potrzebny do zaptonu probki.
Natomiast wszystkie pozostale parametry tj. Srednie efektywne cieplo spalania, szybko$¢
wydzielania ciepta, czas do osiggnigcia maksymalnej szybkosci wydzielania ciepla,
maksymalna warto§¢ S$redniej szybkosci wydzielania ciepta ulegaja poprawie po
modyfikacji SHA. Na krzywych zawartych w omawianej publikacji [100] obrazujacych

przebieg wyzej wymienionych parametrow mozna zaobserwowac, ze najwyzsze warto$ci sg
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osiggane dla pianki zawierajacej niemodyfikowany SHA, a najnizsze dla pianki zawierajacej
SHA modyfikowany w 3% roztworze silanu. Kolejnym parametrem, jaki wyznaczono
w celu charakterystyki palno$ci byta gesto$¢ optyczna. Zastosowanie modyfikacji popiotu
3% roztworem silanu powoduje, ze parametr ten obniza si¢ o 18% w stosunku do pianki
referencyjnej, a czas osiggni¢cia maksymalnej wartosci gestosci optycznej wydtuza sig
o 128 sekund. W celu oceny ilosci 1 rodzaju wydzielajacych si¢ gazow w czasie spalania
probek przeprowadzono pomiar toksycznosci. Wykazano, ze w przypadku zaptonu PUR
wydzielajg si¢ przede wszystkim: CO2, CO oraz HCN. Przeprowadzone badanie wykazalo,
ze najbardziej toksyczne sg probki zawierajace popidt niemodyfikowany.

Na podstawie przeprowadzonych badan stwierdzono, ze modyfikowany popiot w procesie
silanizacji moze =zastapi¢ z powodzeniem zwigzki zmniejszajace palnos¢ w PUR.
Dodatkowo zaobserwowano, ze wigkszy wplyw ma zastosowanie procesu silanizacji niz

samo st¢zenie §rodka silanizujacego w popiele.
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5. Podsumowanie i wnioski

Cykl monotematycznych publikacji, z ktérego zlozona jest niniejsza rozprawa
zawiera liczne badania nad sztywnymi piankami poliuretanowymi wzbogaconymi
napelniaczami. Wytworzone probki poddano wszechstronnym analizom. Przeprowadzone
badania pozwolily na potwierdzenie postawionej hipotezy badawczej, ktora zakladata
poprawe najbardziej istotnych wtasnosci aplikacyjnych sztywnych pianek poliuretanowych.
Do tych wlasnosci zalicza si¢: gesto$¢ pozorna, wytrzymato$¢ mechaniczng oraz palnosé.
Istotng kwestig jest rowniez to, aby dodatek napelniaczy nie zakldcit procesu spieniania,
dzieki ktéremu tworzy si¢ struktura porowata pianek.

Badania przeprowadzone w ramach Publikacji I pozwolily na potwierdzenie, ze
dodatek napetniaczy w postaci biomasy odpadowej — tusek stonecznika, tusek gryki oraz
tusek ryzu, powoduje poprawg wiasnosci mechanicznych i fizycznych PUR. Dodatkowo,
modyfikuje struktur¢ PUR. Napelniacze w postaci tusek najbardziej wpltywaja na
wytrzymato$¢ mechaniczng. Na Rysunku 12 zestawiono wyniki badan z publikacji I
wskazujace, ze dodatek bio-wpetniaczy w postaci tusek poprawia wiasnosci mechaniczne —

wytrzymato$¢ na Sciskanie.

-=-=-PU
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——— PU_10SH
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——— PU_10RH
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PU_5BH
——— PU_10BH
—— PU_15BH

Obciazenie [N]
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Wytrzymatos¢ na sciskanie [%]

Rysunek 12 Dowéd hipotezy — zestawienie wynikéw wytrzymato$ci na $ciskanie kompozytow PUR

z tuskami

Dalsze badania prowadzone w ramach Publikacji Il pozwolily na potwierdzenie
hipotezy, ze wybrane napelniacze wplywaja na przebieg procesu spieniania. Najwiekszy
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wplyw na proces spieniania mialy napetniacze w postaci popiolow z termicznej konwersji
biomasy. Wprowadzenie do uktadu sztywnej pianki poliuretanowej wymienionych
napelniaczy spowodowato zwickszenie szybkosci i temperatury wzrostu pianki. Dla
zastosowan komercyjnych pianek wazny jest czas wzrostu, poniewaz krotszy czas moze
wplynaé na poprawe efektywnosci produkcji pianek. Wyznaczony czas narastania pianki
pokazuje, ze dwa rodzaje popiotu, czyli popiot z tusek stonecznika i gryki intensyfikuja ten
parametr, co pokazano na Rysunku 13. Prezentowane wyniki réwniez potwierdzajg

postawiong hipoteze.
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Rysunek 13 Dowod hipotezy — zestawienie wynikoéw czasu narastania dla kompozytéw PUR z tuskami

i popiotami z tych tusek

Ostatni etap badan, ktory dotyczyt modyfikacji popiotu z tusek stonecznika
w procesie silanizacji pozwolil na udowodnienie hipotezy, ze modyfikacja powierzchni
popiotu z biomasy obniza palnos¢ kompozytow PUR. W przepisach Prawa Budowalnego
okres$lona jest warto$¢ maksymalnej ilosci wydzielanego ciepta. Na Rysunku 14 pokazano
zestawienie wynikow tego parametru dla pianki niemodyfikowanej napetniaczami (PU) oraz

pianek modyfikowanych popiotem z tusek stonecznika.
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Rysunek 14 Dowdd hipotezy — zestawienie wynikéw maksymalnej ilosci wydzielanego ciepta dla

kompozytéw PUR z popiotem z tusek stonecznika

Wprowadzenie niemodyfikowanego popiotu powoduje wzrost wyzej omawianego
parametru w stosunku do pianki niemodyfikowanej, natomiast zastosowanie procesu
silanizacji napetniacza obniza maksymalng ilo§¢ wydzielanego ciepta w kompozytach PUR.
Cykl publikacji sktadajacych sie na rozprawe doktorskg zawiera szeroki wachlarz
badan, poczawszy od wplywu napetniaczy odpadowych na proces spieniania, przez
wyznaczenie wplywu napelniaczy na wlasnosci aplikacyjne: fizyczne, mechaniczne
i termiczne, az po badania palnosci PUR i biodegradowalnos¢. Wyniki i ich analiza
pozwolily na pokazanie potencjalu sztywnych pianek poliuretanowych syntezowanych
z tego rodzaju napelniaczami. Ponizej przedstawiono kluczowe wnioski z omawianych
publikacji.
Publikacja I wskazuje na pozytywny wptyw biodegradowalnych napehiaczy
odpadowych: tuski stonecznika, tuski gryki oraz tuski ryzu. Najwazniejsze wnioski to:
e dodatek tusek zwigksza gestos¢ pozorng kompozytow PUR od 5 do 50% ,
e dodatek tusek zmniejsza absorbcje wody kompozytéw PUR,
e modyfikacja PUR napelniaczami pozwala na zwigkszenie wytrzymalosci na
sciskanie nawet o 125% w stosunku do pianki referencyjne;.
Publikacja 1II, ktora dotyczyta okreslenia roli napetniaczy odpadowych na proces
spieniania kompozytow poliuretanowych pozwolita na wysunigcie nastepujacych

wnioskow:
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e dodatek popiotu z tusek stonecznika oraz popiotu z tusek gryki skraca o potowe czas
konieczny do uzyskania maksymalnej objetosci przez piankg w procesie syntezy,

e nastepuje poprawa szybkosci ekspansji ponad trzykrotnie w odniesieniu do pianki
referencyjnej,

e popiot z tusek stonecznika i gryki zwigksza temperatur¢ egzotermicznej reakcji
syntezy PUR.

Publikacja III, ktorej celem bylo wskazanie najwazniejszych korzysci zastosowania
odpadu z termicznej konwersji tusek stonecznika pozwolita na wysuniecie nastepujacych
wnioskow:

e zastosowanie mieszanki popiotu z tuski stonecznika oraz surowych tusek pozwala

wyeliminowac zjawisko skurczu materiatu w podwyzszonej temperaturze,

e dodatek 10% popiotu z tusek stonecznika w najwigkszym stopniu intensyfikuje
proces biodegradacji pianki umieszonej w glebie, spadek masy po 8 tygodniach
wynosi 28%.

W publikacji IV zakres prac byl podzielony na dwa etapy. W pierwszym
przeprowadzono proces silanizacji popiotu z tusek stonecznika, a w drugim oceniono wplyw
modyfikowanego napetniacza na wlasno$ci termiczne oraz palnos¢. Najwazniejsze wnioski
to:

e przeprowadzenie procesu silanizacji powoduje homogenizacj¢ struktury

napelniacza,

e modyfikacja napelniacza zmniejsza ggstos¢ pozorng kompozytdéw PUR; nie
zauwazono natomiast wplywu procesu silanizacji na wlasnosci termiczne pianek,

e modyfikacja napelniacza w procesie silanizacji powoduje zmniejszenie ilo$ci
wydzielanego ciepta o 10%,

e ocena toksycznosci kompozytow z modyfikowanym napetniaczem wykazata, ze
nastepuje zmniejszenie ilosci toksycznych gazow powstajacych podczas pozaru.

Prezentowane  badania  potwierdzity = potencjal  napelniaczy = odpadowych
w kompozytach sztywnej pianki poliuretanowej. Wsrdd najwazniejszych zalet mozna
wymienic:

e poprawe wlasciwosci mechanicznych i fizycznych,

e wskazanie potencjalu zmniejszenia $ladu weglowego w produkcji PUR poprzez

czgsciowe zastgpienie substancji petrochemicznych napetniaczami,
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e aktywizacja procesu spieniania, przez co moze nastapi¢ skrocenie czasu wytarzania
pianek na skalg przemystowa,
e wskazanie odpadowych napetiaczy jako zwigzkow zmniejszajacych palnos¢,
e przyjaznos¢ dla $rodowiska procesu produkcji pianek poprzez poprawe ich
biodegradowalnosci.
Prezentowane artykuly pokazuja sluszno$¢ prowadzenia badan nad mozliwoscia
wykorzystania bio-odpadéw w technologii PUR. Efektem jest poprawa whasciwosci oraz

postepowanie zgodnie z ideg gospodarki cyrkularnej i zrbwnowazonego rozwoju.
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ARTICLE INFO ABSTRACT

Keywords: Increasing emphasis on the circular economy is driving the development of environmentally friendly rigid

Biowaste ) polyurethane foams (RPUFs). In this work, polyurethane foams were altered with an addition of fillers, i.e.

gf’lyglrletha"e composites sunflower husks, rice husks and buckwheat hulls at various weight ratios (5 wt%, 10 wt%, 15 wt%). The aim of
10-11llers

the study was to investigate the influence of bio-fillers on the structure, mechanical properties, and thermal
properties as well as dimensional stability, water absorption and apparent density of RPUFs. The obtained results
indicated that foam modified with these types of fillers, compared to the reference foam, which did not contain
fillers, has a higher apparent density (38-51 kg-m™>), lower water absorption (18-32%) and higher compressive
strength (50-90 kPa). Moreover, the fire behaviour of the produced composites was investigated with the use of a
cone calorimeter. The foam containing 5 wt% of rice hulls showed the highest resistance to fire. The obtained
results show the possibility of introducing bio-fillers to polyurethane materials as ingredients which can enhance

the properties of these materials.

1. Introduction

The world produces an increasing amount of waste every year. This is
due to the fact that most of the world’s societies are becoming richer and
because of this theycan afford to buy more products. Every year sees a
significant increase in the world’s population, which results in a higher
consumption of goods and energy. In order to prevent the formation of a
waste stream, the European Union has implemented a circular policy.
The main assumption of this policy is to increase the amount of waste
destined for recycling and reuse. Currently, the largest amount of waste
is directed toward thermal recycling, which includes the incineration
process. In this process, waste is converted into energy [1]. The Euro-
pean Union also places great emphasis on a low-emission policy, thus
alternative methods of waste management, apart from incineration, are
being sought [2].

Recently, polyurethanes (PU) have gained great importance among

* Corresponding author.

the materials used in the world. This is related to their wide range of
applications, as they can be produced in the form of flexible, semi-rigid
or rigid foams, but also in the form of elastomers, adhesives and coatings
[3]. RPUFs play a significant role in the group of PU materials. RPUFs
are materials belonging to polymers, which are characterized by closed-
cell structures and high cross-linking. This type of foam constitutes 23%
of PU materials produced in the world [4,5]. RPUFs are used in many
industries and everyday objects due to their excellent properties. Rigid
PU foams are characterized by low thermal conductivity, low apparent
density and good mechanical properties. These foams also work very
well as acoustic insulators. An additional advantage of RPUFs is that
they are chemically and biologically inert. Due to a number of advan-
tages, they are used as lightweight construction elements and in com-
mercial refrigeration equipment. RPUFs are also used in furniture and
vehicles [6-10].

The possibility of producing sustainable polyurethane materials is
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currently being widely researched as per the available literature. This is
achieved by partially replacing petrochemical polyols with bio-polyols.
There are two sources of bio-polyol production: vegetable oils and waste
biomass. The raw materials used for the production of bio-polyols
include: rapeseed oil, sunflower oil, rapeseed cake, lignin and rape-
seed straw [11-15]. The literature also describes methods for the pro-
duction of bio-polyols from the by-product generated during the
production of biodiesel, which is glycerin [16]. Another way to produce
sustainable polyurethane materials and, thus, to implement a circular
policy is the application of waste fillers to polyurethane foams. Barc-
zewski et al. [17] conducted research on the use of fillers in PU foams, i.
e. hazelnut shell and walnut shell. This paper presents the possibilities of
introducing these types of fillers in amounts of between 15 and 35% by
weight into PU foams. The addition of a nut shell filler has made it
possible to obtain materials with increased stiffness and hardness. Zie-
leniewska et al. [18] synthesized PU foams reinforced with egg shells
(5-25% by weight) in their research. The introduction of this type of
filler resulted in an increase in apparent density and compressive
strength. PU foam with the addition of egg shell was also characterized
by its reduced water absorption and lower brittleness compared to the
unmodified foam. Another type of waste filler described in the literature
is poultry feathers [19]. The published studies indicate that the intro-
duction of this type of waste into the fillers improves the thermal and
acoustic insulation properties of foams [5,20,21]. In RPUFs, fruit
pomace produced during its processing into juices or jams is also used as
natural fillers [22].

The aim of this study was to determine the possibility of using sun-
flower husks, rice husks and buckwheat husks as natural fillers in the
synthesis of rigid polyurethane foams as well as determining the cor-
relation between the filler content and the selected properties of the
foam. As part of the research, polyurethane foams modified with filler in
the amount of 5 wt%, 10 wt% and 15 wt%, were produced. Morphology,
physical and mechanical properties as well as flammability were
determined for the obtained composites. The conducted research was
aimed at comparing the fillers that had previously been described by
other researchers, i.e. sunflower husks [23] and rice husks [24], to a new
filler, which was buckwheat hulls. An additional novelty of this article is
the study of the aging process of foam materials using real atmospheric
conditions and artificial UV radiation and water spray. Then, the effect
of the aging process of foam materials on the content of carbon,
hydrogen and nitrogen in the obtained polyurethane composites. One of
the fillers used in the conducted research is sunflower husks: a by-
product of sunflower seeds. Due to its great popularity, this waste is
an easily available and at the same time biodegradable material. Sun-
flower husks mainly consist of cellulose (48.4%) and lignin (17.0%). Due
to its structure, cellulose is a highly desirable component in the synthesis
of RPUFs [25,26]. The second filler, rice husks, include 45% of cellulose,
and also long-chain polysaccharides consisting of 7000 to 15,000
glucose monomers. The rice husks also include ingredients such as: 19%
hemicellulose and 19.5% lignin [27]. The third filler, buckwheat husks,
can also be treated as environmentally friendly biodegradable materials.

2. Materials and methods
2.1. Characterization of filler

The following fillers were used: sunflower husk, rice husk and
buckwheat husk. Prior to introducing the fillers to the polyurethane
foam system, they were subjected to a two-stage modification. In the
first stage, the sunflower husks, rice husks and buckwheat husks were
dried at 105 °C for 24 h until a constant weight was established. In the
second stage, the husks were converted into a fine flour using a labo-
ratory mill (IKA MultiDrive Control, Germany) .

The elemental analysis of carbon, hydrogen and nitrogen was per-
formed using the LECO CHN628 device. Table 1 presents the results of
the elemental analysis of the materials.
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Table 1

The elemental analysis of C, H and N.
Symbol Description C[%] H[%] N[%]
SH sunflower husk 48.70 5.68 0.91
RH rice husk 41.20 5.21 0.52
BH buckwheat husk 48.50 5.67 0.64

The lowest amount of carbon is in rice husks - at a level of about 41%.
Whereas, the remaining fillers have a higher carbon content by
approximately 8%. The carbon content in fillers is an important
parameter because it can increase the flammability of PU foams.

In order to determine the particle diameter, a sieve analysis was
performed for the fillers used in the research, the results of this analysis
are presented in Fig. 1. Particle size analysis of biodegradable fillers was
performed by laser diffraction and the Mastesizer 2000S apparatus
(Malvern Instruments Ltd., Malvern, UK). The particle size distribution
for sunflower husk and buckwheat husk is similar indicating that most of
them are, in the case of the fillers, from 10 pm to 1000 pm. However, in
connection with rice husk, the largest share is made up of particles from
100 pm to 1000 pm.

2.2. Modified PUR foams

Polyurethane foams were obtained by the one-step method from a
two-component system - component A and isocyanate, as shown in
Fig. 2. Component A consisted of a mixture of components, i.e. polyol,
blowing agents, catalysts, and flame retardants.

In the first stage, component A with ground fillers, i.e. sunflower
husks, rice husks and buckwheat husks in amounts of 5, 10 or 15% by
weight, were mixed at room temperature with the use of a mechanical
mixer for 60 s at a rotation speed of 2000 rpm. Then, isocyanate was
added to the obtained mixture in the proportion - 110:100 to component
A. It was mixed once more with a mechanical mixer at a constant
rotation speed of 2000 rpm for about 10 s and then the mixture was
poured into the mould. The foams were seasoned according to the
standard for 4 days, and then test specimens were cut from them. Table 2
shows the foams obtained in the experiment.

3. Methods

The morphology of rigid polyurethane foams was investigated using
a Vision Engineering SX 45, magnified up to 6x.

Elemental analysis of carbon, hydrogen and nitrogen elements was
carried out with the LECO CHN 628 device. The analysis was performed
for reference foams, for foams that were subjected to water spray and UV
light, and for foams exposed to real weather conditions.

Thermogravimetric (TG) analysis for the tested polyurethane foams
was conducted on

a Discovery TGA 550 (TA Instruments, USA). This study allowed for
the thermal stability of the samples at a temperature range of 20-700 °C
and at a heating rate of 10 °C min~" to be determined. TG analysis was
carried out under a nitrogen atmosphere (30 ml/min) in platinum pans.
The samples mass was approximately 10 mg.

The dimensional stability was determined at 150 °C after 20 h and
40 h. The test was conducted in accordance with the PN-92/C89083
standard. The change in sample length was determined based on for-
mula (1):

L=l

0

100 ® (@)

where:

lp- initial sample dimensions,

Ii- final dimensions of the sample after 24 h and 48 h.

The apparent density of rigid polyurethane foams was calculated
based on the EN ISO 845:2009 standard. The samples used in the tests
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Fig. 2. Schematic presentation of the production of composites.

had a volume of 100 cm?®,
The water absorption of RPUFs was determined in accordance with
the ASTM D570-98 standard. The water absorption was equal to the

percentage weight gain of the sample after it was removed from the
water bath. The mass of the sample was determined 24 h after the
removal of excess water. The water absorption was calculated according


astm:D570
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Table 2

Characteristics of rigid polyurethane foams.
Symbol Description
PU unmodified rigid polyurethane foam
PU_5SH rigid polyurethane foam with the addition of 5% sunflower husk
PU_10SH rigid polyurethane foam with the addition of 10% sunflower husk
PU_15SH rigid polyurethane foam with the addition of 15% sunflower husk
PU_SRH rigid polyurethane foam with the addition of 5% rice husk
PU_10RH rigid polyurethane foam with the addition of 10% rice husk
PU_15RH rigid polyurethane foam with the addition of 15% rice husk
PU_5BH rigid polyurethane foam with the addition of 5% buckwheat husk
PU_10BH rigid polyurethane foam with the addition of 10% buckwheat husk
PU_15BH rigid polyurethane foam with the addition of 15% buckwheat husk

to formula (2):

w, =72 "M 4 100% @

m

where:

mj — mass of the dry sample before testing [g],

my — mass of the sample after the surface drying [g].

The brittleness of RPUFs was assessed according to ASTM C 421-08.
Twelve cubic samples with dimensions of 25 x 25 x 25 mm were used in
the tests. At first, the mass of the tested samples was determined and
then the samples were placed together with oak cubes in an oak box. The
brittleness of the materials was analyzed by rotating the box at 60 rpm
for 10 min. After this time, the weight of the tested samples was
measured again. The percentage weight loss of the samples was calcu-
lated by formula (3).

™M 1009 3)

my

Mass loss =

where:

m; — starting mass [g],

my — final mass [g].

The compressive strength of polyurethane foams was determined
according to the EN ISO 14125:198 standard on an Instron 5967
strength testing machine. The test samples had dimensions 100 x 100 x
50 mm. During the test, the condition for the height to run along the
foam growth axis was maintained. The sample was placed between two
parallel plates, the lower plate was stationary while the upper one
moved at a speed of 5 mm/min. Compressive strength was obtained at
10% relative deformation.

The limit oxygen index (LOI) was calculated in accordance with PN-
EN ISO 4589-2:2006 on the Fire Testing Technology device. The tem-
perature of gases, oxygen and nitrogen, during the study was 25 °C.
Samples with dimensions of 100 x 10 x 10 mm were used in the study.

Characteristic parameters were determined using the MLC cone
microcalorimeter by Fire Testing Technology Ltd.: average heat release
rate (HRR), maximum heat release rate (PHRR), effective heat of com-
bustion (EHC), time to ignition (TTI), percentage weight loss (PML). The
measurement was made in accordance with the EN-ISO 13927 standard.
During the test, the heat flux was 25 kW/m?

The flammability test was carried out in accordance with the UL94 V
method. The vertical flammability test was based on the PN-EN
60695-11-10: 1999 standard. A 100 x 13 x 13 mm sample was
placed in a vertical holder and then placed in a flame for 10 s. After the
burner was removed from under the sample, the burning time was
measured.

Reaction to fire tests were conducted for the analyzed samples by
determining the heat of combustion (LECO AC500 isoperibolic calo-
rimeter). The measurement was made in accordance with the ISO 1716:
2018 standard. About 70 mg of samples were placed in

a calorimetric bomb, which was then filled with oxide to the
appropriate pressure.
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4. Results
4.1. Properties of modified rigid polyurethane foams

The apparent density of the reference PU foam was 36.06 kg-m ™3, as
shown in Table 3. The introduction of SH, RH and BH to the poly-
urethane foam increased the apparent density of all modified foams. The
highest increase was observed for composites containing 10% of sun-
flower husks for which the apparent density was 49.39 kg:m~> and
foams with 15% of rice husks for which the apparent density was 51.70
kg-m . This is related to the fact that the apparent density of the foam is
enhanced by the apparent density of the fillers [28]. Apparent density is
an important parameter that influences the mechanical properties of
foams. Therefore, it is determined that a typical RPUF should have an
apparent density in the range of 28-60

kg-m ™3 [29]. The obtained foams had an apparent density in the
required range.

Table 4 shows the dimensional stability and weight loss for PU foams
with natural fillers conditioned for 20 h and 40 h at 150C. Accelerated
aging tests have shown that foams containing husk filler are more
dimensionally stable than the reference foam. Generally, the linear di-
mensions after 20 h for the analyzed materials with fillers changed in the
range of 0.09-1.65%, while after 40 h it was in the range of 0.69-2.50%.
The following foams turned out to be the most dimensionally stable:
PU_10RH and PU_5BH. The weight loss of the unmodified sample was
9.23% after both 20 and 40 h. However, for the modified samples, the
obtained results were random and there was no logical cycle. The weight
loss for the samples with fillers was: 5.88-12.17% (for 20 h) and
8.75-13.04% (for 40 h). The smallest weight loss after 20 h was found
for the PU_5SH sample and the PU_15SH sample after 40 h. The tested
foams with bio-fillers can be considered compliant with the provisions of
the construction law, which specify that polyurethane materials sub-
jected to increased temperature cannot show changes in linear di-
mensions greater than 3% [30,31].

Fig. 3 shows the dependence of water absorption on the filler used
and its amount in RPUFs. In general, the use of husks as filler will reduce
water absorption: unmodified foam has a water absorption of approxi-
mately 36%. In the case of foams with SH, the tendency of water ab-
sorption increases with the amount of filler. SH foams have a water

Table 3
Apparent density, dimensional stability and weight loss of rigid polyurethane
foams.

SAMPLE Apparent Dimensional stability Loss in mass
?E;.S;:ygl (AL 20 (AL 40 (Am, 20 (Am, 40
h,150 °C) h,150 °C) h,150 °C) h,
[%] [%] [%] 150 °C)
[%]
PU 36.09 + 3.86 + 0.3 4.18 £ 0.9 9.23 + 0.4 9.23 +
0.9 2.5
PU_5SH 38.12 + 1.04 £ 0.7 1.15+ 0.6 5.88 £ 0.2 9,80 +
0.3 0.9
PU_10SH 49.39 + 0.13+0.1 1.54 £ 0.6 6.00 + 0.2 9.00 +
0.6 0.6
PU_15SH 38.11 + 1.65+ 1.0 2.50 £ 2.1 8.75 £ 0.9 8.75 +
1.1 0.7
PU_S5RH 40.44 + 1.51 £ 0.5 1.54+1.6 7.32+0.4 8.54 +
0.4 1.1
PU_10RH  42.65 + 0.18 + 1.2 1.05 + 0.4 9.09 + 0.6 9.09 +
0.5 0.9
PU_15RH  51.70 + 0.44+0.8 1.97 £ 0.9 8.82+0.5 8.82 +
0.9 0.3
PU_5BH 45.41 + 0.09 + 0.3 0.69 + 0.3 12.17 + 13.04 +
0.7 0.1 0.8
PU_10BH 40.04 + 1.21 +£ 0.9 1.89 + 0.6 9.47 £ 1.4 10.53 +
1.5 0.9
PU_15BH  38.09 + 1.23+ 0.6 2.38 £ 0.7 10.38 + 11.32 +

0.8 0.7 1.0
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Table 4
Characteristics of thermal degradation of the PU composites.
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Sample T19[°C] Tau[°C] Ts0s[°Cl T10%[°C] Tso0 [°C] Tprmax[°Cl Residue at 600 °C[%]
PU 171 202 224 267 360 308 16.7
PU_5SH 237 256 267 284 353 307 7.4
PU_10SH 248 264 274 288 356 309 5.5
PU_15SH 244 261 270 284 347 307 4.4
PU_S5RH 253 269 278 292 365 310 12.5
PU_10RH 253 270 279 293 371 312 14.9
PU_15RH 250 267 277 291 359 312 11.4
PU_5BH 250 267 276 290 362 309 11.6
PU_10BH 248 265 275 289 365 313 11.0
PU_15BH 251 268 277 291 364 314 10.9
40
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Fig. 3. Water absorption of rigid polyurethane foams.

absorption in the range of 18-30%. The increase in water absorption
with the amount of filler is probably related to the fact that SH particles
are embedded in the walls of the foam pores, which cause damage and
result in the pores opening [32], which can be seen, for example, in
Fig. 9b-d. Regarding foams with RH, the water absorption decreases
with increasing amounts of filler. This is because the addition of RH
causes the foam structure to become more uniform and the cells to have
a smaller diameter (Fig. 9e-g). Therefore, such cells are able to store
smaller amounts of water [2]. RH foams have a water absorption of
22-32%. The water absorption of foams with BH is random, such foams
have a water absorption of 24-31%. The PU_10BH foam has the lowest
value at this parameter. In general, the water absorption in porous
materials depends on the number of open and closed cells in their
structure [33].

The gas diffusion phenomenon is one of the reasons for the aging of
PU insulation. It works as follows: oxygen and nitrogen enters the RPUFs
in place of cell gases (CO2 and cyclopentane). These gases cause dete-
rioration of the insulating properties, signifying that the PU foams
thermal conductivity coefficient is increasing, which is an undesirable
phenomenon [34].

At first, the foams that were not exposed to either UV light and water
spray or real atmospheric conditions were analyzed. In Fig. 4, it can be
seen that the PU had a carbon content of 69.1%, while the foams with
fillers had a lower carbon content of approximately 66-68%. Only
PU_10RH had a higher carbon content than the reference foam, at
71.7%. Foams with SH, RH and BH have a higher hydrogen content than
PU, with the highest hydrogen value found for PU_5SH foam, and the
lowest directly after the reference foam for PU_5SH. The last element to
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Fig. 4. Elemental analysis of C, H and N of rigid polyurethane foams.

be analyzed was nitrogen. In this case, with a similarity to coal, foams
with bio-fillers had a lower nitrogen content than unmodified foam.
Only PU_10RH has a higher N content.

The results of elemental analysis for foams exposed to UV light and
water spray are presented in Fig. 5. Generally, when comparing the
obtained results with the previous ones depicted in Fig. 4 for PU, the
carbon content remains constant, the hydrogen content decreases and
the nitrogen content increases slightly. On the whole, it can be stated
that UV light and water spray do not affect the carbon content of the
analyzed materials. Meanwhile, the hydrogen content decreases, with
the highest observed for foams with RH and the lowest for foams with
SH. The nitrogen content increases for all the analyzed materials.

The influence of actual weather conditions on the content of C, H and
N is more visible than for the conditions described above (Fig. 6). The
largest decrease in carbon content compared to the results presented in
Fig. 4 was found for: PU, PU_5RH, PU_10RH and PU_5BH. A decrease in
hydrogen content was observed for all analyzed materials. On the con-
trary, the nitrogen content increased for PU_15SH, PU_15RH, PU_10BH
and PU_15BH. This may be due to the fact that these materials have a
greater tendency to diffuse gases and degrade faster. It is also associated
with faster deterioration of the thermal conductivity.

4.2. Thermal properties

Thermogravimetric analysis (TGA) was performed in order to
investigate the effect of bio-fillers on thermal stability of RPUFs matrix.
The obtained TG and DTG curves for the analyzed materials are shown
in Figs. 7 and 8. The parameters of the thermal degradation of foams are
presented in Table 4. This table shows the characteristic temperatures -
T1%, T3%, Tsu%, T10% and Tsgey corresponding to 1%, 3%, 5%, 10% and
50% mass loss, respectively, and amount of char residue at 600 °C.

The TGA analysis shows that the addition of biofillers hinders the

foam degradation process. As can be seen, for all tested samples modi-
fied with biofiller, the thermal stability is higher than that for unmodi-
fied PU. Foams containing biodegradable fillers had a slightly delayed
start of degradation compared to unmodified foam, which begins to
degrade at 171 °C. Strakowska et al. observed a similar relationship.
They indicate that better stability for foams with fillers may result from
the fact that solid filler particles that are embedded in the structure
reduce heat exchange and, thus, delay the degradation of materials [35].
For the conducted research, the author obtained different results than
Bryskiewicz et al. [36], who analyzed the effect of nut shell fillers and
observed a significant improvement in thermal properties. The first mass
loss at 100-220 °C is connected to the evaporation of moisture, volatile
substances, and unreacted monomers [37]. The real degradation of the
polymer matrix starts at a higher temperature. The highest thermal
stability was observed for PUF modified with rice husk. Foams with bio-
fillers also have a lower char residue at 600 °C than the reference foam
and a higher maximum degradation rate. This means that the release of
volatile products from the polyurethane matrix increases with the
addition of biodegradable fillers. Deterioration of the thermal properties
of foams may be related to the uneven distribution of bio-fillers in the PU
matrix [38]. Additionally, the acceleration of the PU foams degradation
process is favoured by the greater number of open cells in the RPUFs
structure.

Moreover, it is observable that the degradation in the analyzed ma-
terials takes place in two stages. In the first stage, hard segments of the
PU foams structure were degraded, which is related to the dissociation
process of polyols and isocyanates. The second stage, however, was
related to the degradation of the soft segments of the RPUF structure
[39].
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Fig. 5. Elemental analysis of C, H and N of rigid polyurethane foams subjected to water spray and UV light.

4.3. Morphology of rigid polyurethane foams

RPUFs are often used as thermal insulation materials, although their
application properties are largely related to their structure. In PU ma-
terials, it is very easy to change the composition, meaning that the
production parameters can also be modified, which in turn is associated
with a change in the viscosity and compatibility of raw materials. It is
worth noting that the introduction of solid particles to the polyol pre-
mix, i.e. natural fillers, may disturb the nucleation process, which is
related to the size, number and shape of the pores [4,40]. The
morphology of PU foams with a filler is also influenced by the size and
shape of the filler molecule and its adhesion to the polymer matrix [13].

The effect of the amount of filler on the foam structure was examined
under an optical microscope. The obtained morphology images of the
tested materials are shown in Fig. 9b-j. The structure of foams with bio-
fillers was compared with the structure of unmodified foam (Fig. 9a).

In the case of unmodified PU foam, its structure is characterized by
high homogeneity in terms of the size and distribution of cells, as seen in
Fig. 9a. The introduction of 5% filler in the form of husks to the foam
causes the structure to become less homogeneous and the cells change
shape from spherical to a more oblong shape. Additionally, it can be
observed that with increasing amounts of SH, RH and BH, the diameter
of cells decrease. Leszczynska et al. [41] also observed a decrease in the
size of the cell diameter for foams modified with natural fillers and
polyols based on rapeseed oil. This means that foams modified with bio-
fillers are characterized by a higher cell density compared to unmodified
foam. This is because the addition of fillers increases the viscosity of the
system and hinders cell expansion. Previously, it was also reported that
filler molecules could be appropriate sites to nucleate new cells, which
means that more new cells with a smaller diameter are formed at one
time [42,43]. Moreover, in Fig. 9b-j, it can be seen that the filler

molecules are embedded in the cell walls, which can cause the cells to be
corrupted and opened. The increased amount of open cells may also be
associated with a decreased adhesion of the polymer matrix to the filler
surface [44].

4.4. Mechanical properties of rigid polyurethane foams

Another important parameter described in RPUFs is the compressive
strength. The resuts of the measurements performed for the tested ma-
terials are presented in Table 5.

Typically, the compressive strength decreases as the filler concen-
tration in the foam increases. This applies to the fillers SH and RH.
Conversely, in the case of BH, the change in the filler concentration has
little effect on the maximum compressive strength (Table 5). The highest
maximum strength was obtained for PU_5SH and was equal to 0.09 MPa.
For comparison, the value of this parameter for the reference foam was
0.04 MPa.

Fig. 10 also shows the stress-strain curves for the analyzed foams.
Comparing the obtained results, it is observed that foams with fillers -
SH, RH and BH - have better mechanical properties than the reference
foam (PU). RPUFs, similar to all porous materials, show three stages of
degradation in compression. The stress-strain curves includes: the linear
elastic region, the plateau region, and the densification region [45]. The
foams that are more brittle have

amore abrupt transition from the elastic region to the plateau region.
The exception is unmodified foam which is characterized by a smooth
transition between the discussed areas. Deterioration of mechanical
properties with an increase in filler concentration may be caused by poor
interfacial adhesion of some particles and uneven filler dispersion,
which was also reported by other authors [46-49]. Similar studies were
conducted by Paciorek-Sadowska et al. [50], who studied the impact of
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Fig. 7. TGA curves for rigid polyurethane foams.

rapeseed cake on the properties of RPUFs. In their work, they emphasize
that the mechanical properties, and in particular the compressive
strength, are influenced not only by the density, but also by the con-
centration of the filler and the homogeneous distribution of the filler in
the polyurethane matrix.
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Fig. 8. DTG curves for rigid polyurethane foams.

Table 5 also depicts the results of the PU foams brittleness mea-
surement. Overall, the foams with the husks filler had a brittleness in the
range of 6-18%. PU had a brittleness equal to 16.98%, while all foams
with fillers had a lower value of this parameter. Only PU_5BH is more
brittle than PU, at a level of 18.48%. When SH and BH are added to the
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Fig. 9. Structure of rigid polyurethane foams: a) PU, b) PU_5SH, c¢) PU_10SH, d) PU_15SH, e) PU_5RH, f) PU_10RH, g) PU_15RH, h) PU_5BH, i) PU_10BH, j) PU_15BH.

Table 5
Compressive strength, Young’s modulus and brittleness of rigid polyurethane
foams.

SAMPLE Compressive strength Young’s modulus Brittleness
[MPa] [MPa] [%]

PU 0.04 + 0.4 6.70 + 0.3 16.98 + 0.7
PU_5SH 0.09 + 0.3 9.25 + 0.6 13.76 £ 0.9
PU_10SH 0.06 + 0.1 6.68 + 1.0 14.92 +£ 0.5
PU_15SH 0.06 + 0.3 6.70 + 0.4 11.76 £ 0.6
PU_SRH 0.07 £ 0.2 2.60 £ 0.7 12.28 £ 0.8
PU_10RH  0.06 + 0.1 10.89 + 0.9 6.13 + 2.1

PU_15RH  0.06 + 0.3 7.92 + 0.5 13.47 £ 0.6
PU_5BH 0.05 + 0.4 10.06 + 0.4 18.48 £ 1.1
PU_10BH 0.05 £+ 0.7 8.87 £ 0.8 14.32+ 0.9
PU_15BH 0.05 £+ 0.2 8.44 + 0.1 11.61 +£ 0.8

foam, it is observed that the brittleness decreases as the concentration of
the filler in the foam increases. However, in the case of RH foams, the
lowest brittleness was tested for PU_10RH - 6.13% and the highest for
PU_15RH - 13.47%. The obtained results are correlated with the
apparent density value and the structure of the tested materials [51].
According to the research presented in the literature, introducing the
filler to a certain concentration may improve or, indeed, not affect these
particular mechanical properties of foams [3].

4.5. Flammability

RPUFs are flammable materials, thus intensive research is underway
to produce flame retardants that are environmentally friendly [52,53].
PU foams are often used as thermal insulation materials, hence it is
crucial that they have the highest possible resistance to fire. In addition,
during the combustion of RPUFs, a very large amount of toxic gases is
released, i.e. CO and HCN [54].
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Table 6
Gross calorific value, LOI values, UL-94 vertical burning behaviours of rigid
polyurethane foams.

Sample Gross calorific value (MJ*kg ') LOI (%) UL94 v
PU 25.98 + 0.7 21.4+0.3 N.R.
PU_5SH 25.86 + 0.4 21.3 + 0.5 N.R.
PU_10SH 25.31 £ 0.9 21.2 +0.7 N.R.
PU_15SH 24.78 + 0.7 21.4+0.1 N.R.
PU_SRH 25.60 + 1.4 21.4 £ 0.5 N.R.
PU_10RH 25.23 + 0.5 21.6 + 0.9 N.R.
PU_15RH 24.77 +£ 0.9 21.6 + 0.8 N.R.
PU_S5BH 25.28 + 0.3 20.5+ 0.5 N.R.
PU_10BH 25.02 + 0.6 21.3 +0.2 N.R.
PU_15BH 24.94 + 0.4 21.6 + 0.7 N.R

Table 6 presents the results of the gross calorific value showing the
effect of the change in filler concentration on this parameter. The con-
ducted research indicated that the introduction of fillers to the foam
slightly lowers their gross calorific value. The highest gross calorific
value was obtained for PU - 25.98 MJ * kg ™. Whereas, the lowest value
of this parameter was obtained for PU_15RH 24.77 MJ * kg™ 1.

For the SH, RH and BH modified foams, the value of the oxygen index
(LOI) was also determined and the flammability was tested according to
the UL94 V method (Table 6). The LOI values for all tested materials
with fillers were similar and amounted to approximately 21.5%, while
for the PU_5BH it was lower and amounted to 20.5%. However, in the
vertical test, all samples were completely burned, which signifies they
do not have a rating (N.R.) in the UL94 V. The conducted tests indicate
that by adding only the fillers, SH, RH and BH, it is not sufficient to delay
the flame.

The results of the cone calorimeter test, which was carried out to
determine the flammability of the obtained composite materials, are
presented in Table 7. One of the parameters tested was the time to
ignition (TTI), which had the lowest value for unmodified foam (4 s),
and the highest for PU_5RH (10 s). Overall, the TTI for SH and BH foams

10

Table 7

Cone calorimeter results of PU composites.
Sample TTI [s] EHC [MJ/kg] HRR PHRR PML [%]

[kW/m?] [kw/m?]

PU 4 7.98 63.88 77.7 85.7
PU_5SH 6 8.78 49.73 74.03 65.0
PU_10SH 5 8.03 48.13 71.89 71.5
PU_15SH 7 8.69 58.75 76.09 74.5
PU_5RH 14 8.95 58.58 73.21 64.3
PU_10RH 11 8.44 60.77 75.20 75.1
PU_15RH 8 7.90 64.57 75.85 76.0
PU_5BH 8 8.27 56.92 71.60 66.0
PU_10BH 12 7.24 52.45 65.88 71.2
PU_15BH 10 5.64 52.55 68.33 65.7

was random, while for RH foams the TTI became shorter and shorter
with increasing filler concentration.

In the case of the parameter effective heat of combustion (EHC), the
highest value was found for PU_5RH, while the lowest was for PU_15BH.
Generally, the values of this parameter correlate with the TTL

The addition of bio-fillers also affects the parameters such as the
average heat release rate (HRR) and the maximum heat release rate
(PHRR). The unmodified foam had a PHRR of 77.7 [kW/mz], while the
lowest PHRR was measured for PU_10BH and was recorded as 65.88
[kW/m?]. The PHRR is a significant parameter in the assessment of the
fire hazard of materials and is defined as the percentage of the maximum
HRR up to the time of the peak [55]. As for PU foams used as thermo-
insulation materials, their PHRR may not exceed 300 [kW/m?]
[56,57]. For the tested materials, the PHRR was in the range of 65-77
[kW/m?].

As depicted in the table above, foams modified with bio-fillers have a
lower carbon residue after combustion than the reference foam.
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5. Conclusions

Rigid polyurethane foams have been successfully produced with the
addition of: sunflower husk, rice husk and buckwheat husk. The fillers
were added to the RPUFs in amounts of 5%, 10% and 15% weight ratios .
Tests on the foam structure have indicated that the addition of scales
causes the cells to become more oval, and as the filler concentration
increases, the cell diameter decreases, which affects the remaining
properties of the foams - physical, mechanical, thermal and flamma-
bility. Furthermore, the addition of scales increases the apparent density
of the foams, depending on the type of filler, in the range of 6-43%
compared to the apparent density value for the reference foam. The
highest apparent density was obtained for PU_15RH. Moreover, the
dimensional stability at elevated temperatures increased approximately
three times. Foams with the addition of bio-fillers are characterized by
superior mechanical properties compared to the reference foam. The
maximum compressive strength increased on average by 25-125% for
foams with natural fillers compared to unmodified foam. The most ad-
vantageous filler in terms of compressive strength proved to be SH. The
thermal stability of modified PUF is higher than that of unmodified PUF.
PU begins to degrade at 171 °C, while foams with fillers begin to degrade
from 237 °C (PU_%SH) to 253 °C (PU_5RH and PU_10RH). Flammability
tests of PU foams indicated a negative effect of the fillers used. However,
it is possible to modify the fillers by using the filler silanization process,
which, according to the research presented in the literature, has a pos-
itive effect on the flammability and thermal stability of polyurethane
materials. The conducted research shows that the 10% filler addition has
the most beneficial effect on the properties of rigid polyurethane foams.
Additionally, the presented research indicates a new method of man-
aging waste from the food industry and the possibility of producing
polyurethane materials which are more environmentally friendly.
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Abstract: Rigid polyurethane foams (RPUFs) are characterized by their excellent viable properties;
thus, these materials can be successfully used as thermal insulation materials. The main problem,
the solution of which is partly indicated in this paper, is that the products for the synthesis of
RPUFs are produced from petrochemicals. Due to this, the use of natural fillers in the form of waste
biomass is introduced for the synthesis of RPUFs. The biodegradable biomass waste used in the
RPUF production process plays multiple roles: it becomes an activator of the RPUF foaming process,
improves selected properties of RPUF materials and reduces the production costs of insulating
materials. The paper presents the results of the foaming process with the use of six different fillers:
sunflower husk (SH), rice husk (RH), buckwheat husk (BH), sunflower husk ash (SHA), rice husk
ash (RHA) and buckwheat husk ash (BHA). In all cases, composites of rigid polyurethane foam with
10 wt.% of filler were produced. New foams were compared with polyurethane materials without
the addition of a modifier. Moreover, the paper presents the results of the fillers” analysis used in
the tests and the effects of the fillers” addition as activators of the RPUF foaming process. Promising
results were obtained for two of the fillers, BHA and SHA, as activators of the foaming process and
confirmed by the volumetric results, where the named samples reached their maximum value in half
the time compared to the remaining samples. In addition, the expansion rate for PU_10BHA was a
maximum of approximately 11 cm3/s and PU_10SHA was a maximum of approximately 9 cm?/s,
whereas the remaining samples showed this parameter at about 3 cm3/s. During the research, the
scanning electron microscopy method and infrared camera technique were used.

Keywords: rigid polyurethane foam; foaming process; biomass ash; biomass waste

1. Introduction

Rigid polyurethane foams (RPUFs) belong to a group of porous materials with a closed-
cell structure. Due to their unique properties, such as low density, abrasion resistance and
low thermal conductivity, they are widely used as heat or sound isolators. Over 60% of the
polymer materials sold in the world are RPUFs. This is because they are an inseparable
element of people’s everyday life. The most common uses for them include the automotive
industry, thermal insulation materials and the packaging industry [1-6]. The synthesis of
polyurethane foams is based on the polymerization of hydroxyl groups derived from polyol
with isocyanate. The main products for the synthesis of RPUFs, polyol and isocyanate, are
produced from crude oil, which is a non-renewable raw material. Recently, a significant
crisis has also been observed, which affects the fluctuation in oil prices. In order to limit
the possibility of producing polyurethane foams from petrochemical products, intensive
research is being conducted regarding the introduction of renewable raw materials into
the polyurethane foam system. Therefore, it is crucial to conduct research on the impact of
biodegradable raw materials on the process of foam synthesis and their final properties [7].
Biomass waste is currently used in many areas of the waste management sector, e.g., for
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the production of biogas or syngas [8,9]. Biomass waste also performs well as fillers in the
production of polyurethane materials. In the literature, there are also studies concerning the
extraction of natural fibres that could be used as fillers in the future. Suarez et al. described
a method of extracting giant reed fibres from stems and leaves [10].

In order to design environmentally friendly polyurethane materials, ongoing research
on the possibility of introducing fillers into foams is observed. The literature describes
cases of introducing both organic and inorganic fillers into foams [11]. The inorganic fillers
include silica and expanded graphite [12-14]. For the purpose of obtaining sustainable
materials, organic fillers and industrial waste are more desirable. Among the organic fillers
described in the literature that have a positive effect on the final properties, one can distin-
guish: cellulose nanocrystals, egg shells, nut shells and chitin [15,16]. As regards inorganic
fillers, there is ash from coal combustion, which has a positive effect on the mechanical
and thermal properties of RPUFs [17-20]. Moreover, after additional modification, the ash
also acts as a flame retardant in foams [21]. The advantages of using fillers in the form of
biomass solids or biomass ash are primarily the reduction in the use of petrochemicals in the
synthesis of RPUFs, the creation of environmentally friendly materials and improvements
in the properties of the final foams.

This paper focuses on three types of agricultural biomass waste: sunflower husk
(SH), rice husk (RH), buckwheat husk (BH) and their ashes. Sunflower, as one of the
aforementioned types of agriculture biomass, is widely cultivated for oil production due
to its low soil requirements and drought resistance. During this process, sunflower husk
waste is generated, which consists of c.a. 45-50% of the seed weight [22,23]. However, only
part of this waste is combusted because the sunflower husk is rich in vitamins and fibre;
thus, it can be successfully used as animal fodder. On the other hand, as regards rice husk,
which is another natural agricultural bio-waste generated during the production of rice, an
approximate 23% of this waste is produced from the total weight of the rice seed. Rice husk
is also thermally utilized; therefore, proper ash management is required [24,25]. In the case
of buckwheat, this is currently cultivated in Europe and Asia in high quantities as food for
humans and animals. The husk waste is stored or thermally recycled [26]. Concluding,
the use of the abovementioned fillers and their ashes for the production of RPUFs in this
study is justified. Polyurethane foams are produced as a result of two exothermic reactions.
The first is the polymerization reaction between a polyol and an isocyanate, resulting in
the formation of urethane bonds [27]. The second reaction, which will be explored in
greater detail in this paper, is the blowing reaction between isocyanate and water. In the
results, the hard urea and CO, segments, which are responsible for the foam growth [28],
are formed in the RPUFs. The reactions related to the expansion process, i.e., the gelling
and blowing, are exothermic; their heat of reaction is —125.5 kJ /mol for the blowing and
—93.9 k] /mol for the gelling [29,30]. The foaming process is one of the most important
steps in the production of RPUFs. The cellular structure of the resulting composites is
closely related to the method of foaming, as it affects the thermo-mechanical properties [31].
The studies presented in the literature indicate that the use of fillers has a positive effect not
only on the final properties, but also on the foaming process, as well as causing a chemical
equilibrium between the reactions [32-34]. Cimavilla-Roman et al. [28] investigated the
influence of silica aerogel particles on the foaming process. As a result, they observed a
delay in expansion and an increase in cell nucleation. Moreover, the addition of this type of
filler decreases the temperature of the reaction [28]. Kurariska et al. investigated the effect
of the addition of bio-polyol produced from rapeseed oil on the foaming process during the
synthesis of rigid polyurethane foams. They discovered that this type of additive reduces
the dielectric polarization, which directly slows down the foaming and gelling reactions of
RPUFs [31].

The current study examined the effects of biomass origin fillers as activators on the
RPUF foaming process via physical and chemical analyses and by the application of the
following techniques: scanning electron microscopy and infrared camera.
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2. Materials and Methods

Six different fillers of biomass origin were used in the research—three types of husk
resulting from agricultural waste: sunflower husk (SH), rice husk (RH) and buckwheat
husk (BH). The other three fillers were ashes from the abovementioned agricultural waste.
Prior to using the husks in polyurethane technology, these were properly pre-treated: dried
at 105 °C for 24 h (until a constant mass is obtained) to evaporate the moisture, and then
ground in a laboratory mill (IKA MultiDrive Control, Staufen, Germany). The ash was
determined and produced from the process of biomass heating in a muffle furnace in an
air atmosphere at a temperature of 550 °C for 4 h (according to ISO 18122:2015 “Solid
biofuels—Determination from ash content”). The process was repeated for each type of
biomass and the samples were labelled as SHA (sunflower husk ash), RHA (rice husk ash)
and BHA (buckwheat husk). The images of the fillers are presented in Figure 1.

Figure 1. Macroscopic images of the biomass fillers (SH, RH, and BH) and biomass ash fillers (SHA,
RHA and BHA).

2.1. Fillers’ Characteristics

The particle size distribution of fillers was performed with the light laser diffraction
method using a Mastersizer 2000S device (Malvern Instruments Ltd., Malvern, UK). Due
to the unimodal distribution, it was assumed that the volume fraction in % is the same as
the mass fraction in %. The observation of the structure was studied using the scanning
electron microscope JEOL JSM5410 (JEOL, Peabody, MA, USA). The LECO CHN628 (LECO
Corporation, St Joseph, MI, USA) device was used to determine the content of basic
elements (carbon, hydrogen and nitrogen) present in the biomass.

2.2. Preparation of Rigid Polyurethane Foam Samples and Characterization of the Foaming Process

The EKOPRODUR PM4032 (PCC Group, Brzeg Dolny, Poland) polyurethane system
was employed to investigate the influence of fillers on the foaming process. The product
consists of two components. Component A is a straw-coloured polyol premix, and com-
ponent B is a bruising blend of aromatic polyisocyanates. The system is dedicated to the
production of foam using a one-step method. Initially, an appropriate amount of filler
was added to the polyol premix and mixed until a homogeneous mixture was obtained.
Component B was added successively and mixed for approximately 8 s (until exotherm)
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with a mechanical stirrer at 1200 rpm. Then, the operation was repeated for each additive.
The polyurethane composites prepared in this way were subjected to further foaming
process analyses.

Initially, the characteristic times were obtained, which allowed for the evaluation of
the influence of the filler on the polyurethane foaming process. Cream time is the time from
mixing polyol with isocyanate to the initiation of the increase in the volume of the mixture
(start of the chemical reactions). Rise time is the time after which a maximum increase in
foam appears and the tack-free time is the time after which a non-sticky layer forms on the
foam surface.

2.3. Temperature and Volume Measurements

The temperature distribution of the polyurethane mixture over time was measured
during the foam growth. The measurement was carried out using thermocouples located in
the core of the plastic cup. K-type sheathed thermocouples with a diameter of 1 mm were
used to measure the temperature. In accordance with the PN-EN 60584 /1EC 584 standard,
the first accuracy class thermocouples were in the range of £1.5 °C. Measurements were
recorded at a frequency of 10 Hz. Then, the thermocouples were mounted on a wooden
rod at different distances from the bottom of the cup: 0.2 cm (TC1), 1 cm (TC2), 5 cm (TC3),
and 9 cm (TC4).

Due to the exothermic nature of the process, the expansion kinetics were determined
using the infrared radiation (IR) technique in accordance with the methodology presented
in [30]. The measurement of foam volume during its growth was carried out on the basis of
thermovision images. Additionally, the thermographs were scaled based on the height of
the cup (125 mm). Then, a contour of the thermal image was carried out to create a binary
mask in order to measure the area of the foam (Figure 2). The volume of the sample and
rate of expansion were determined using the following expressions:

T A2
V=g M)
av
U= ar @)

where V is the sample volume, A is the area of the binarized mask, / is the height, v is
the expansion rate, and ¢ is the time. The examination was performed using the FLIR
A615 camera with a frequency of 25 fps. The device is equipped with a standard 25° lens
and has a high NETD thermal sensitivity of <0.05 °C in +30 °C and an infrared resolution
of 640 x 480 pixels. The measurement was determined at a distance of 70 cm from the
rising foam at an emissivity of 0.92; the ambient temperature was 20 °C.

Figure 2. Scheme of the foam area based on the thermal image.
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(a)

(d)

3. Results
3.1. Fillers’ Characteristics

The microstructure of the biomass (SH, RH, and BH) and biomass ash (SHA, RHA,

and BHA) fillers was examined using scanning electron microscopy (SEM). The results of
this study are shown in Figure 3.

Figure 3. Structure of SH (a), RH (b), BH (c), SHA (d), RHA (e) and BHA (f).

Figure 3a—c depicts the microstructure of ground husks. In all types of fillers, particles
presenting an irregular shape and rough surface predominate. Concerning SH and RH,
short fibres with a slightly more developed surface can be observed. BH, in contrast, is
a typical particle-shaped filler, while the other two have a higher aspect ratio. Similar
observations for sunflower husks were produced by other researchers [35], whereas ash
fillers with a higher aspect ratio may result in better processing properties [36].

Biomass ash is in the form of particles of several microns. In addition, ash clusters
can be distinguished, which indicate the occurrence of the sintering process. The sintering
phenomenon is typical during the formation of ashes. In addition, no spherical particles
were found in contrast to their presence in coal ash as observed by other researchers [37].
The chemical composition of fillers including carbon (C), hydrogen (H) and nitrogen (N)
contents are summarized in Table 1. It also includes the specific surface area (SSAggr)
measured using the Brunau-Emmet-Teller (BET) method, and the ash content.

Table 1. Chemical composition and specific surface area of the fillers.

Filler Description C, % H, % N, % SSAggr, m?/g Ash Content, %
SH Sunflower husk 48.75 5.67 0.82 0.39 3.36
RH Rice husk 40.82 5.20 0.50 0.51 1.53
BH Buckwheat husk 47.96 5.67 0.62 0.28 14.25

SHA Sunflower husk ash 5.68 0.76 0.11 413 -

RHA Rice husk ash 1.35 0.40 0.15 391 -

BHA Buckwheat husk ash 7.09 0.89 0.14 6.57 -
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The analysis of C, H and N contents shows that these elements, in sunflower husk
and buckwheat husk, are at a similar level. Rice husk showed lower contents of carbon,
nitrogen and hydrogen. When comparing ashes to raw biomass, the carbon content is
significantly reduced by approximately 40%, and other elements are also present in lower
amounts. The content of the analyzed elements is at a comparable level to results produced
by other studies in the literature [38]. The organic fillers are rich in cellulose. In addition,
the biomass also contains lignin and hemicellulose. For instance, sunflower husk contains
48% cellulose and c.a. 17% lignin [22], rice husk contains c.a. 49-79% cellulose, 10-24%
hemicellulose and 3-8% lignin [39]. In contrast, buckwheat husk contains c.a. 40% of
cellulose and hemicellulose, and 9% of lignin [40].

The SSAggt value for all biomass fillers is up to approximately 0.5 m?/g. The specific
surface area value for ashes is within the range of approximately 4-7 m?/g. The obtained
results are similar to the data available in the literature [41,42].

The BHA filler is characterized by the highest value of the SSAggT (6.57 m?2/ g), while
BH has the lowest value (0.28 m?/ g).

Regarding ash content in agriculture biomass waste, it was determined that the highest
ash content is found for RH at 14.25%.

The particle size distribution of all filler samples was carried out in the research and is
depicted in Figure 4.

X
o
€ [ ---- SHA
3
o
>

10000

Particle size, um

Figure 4. Particle size distribution of the fillers.

Particle size distributions are very similar for all fillers, ranging from 0.02 to 1900 pm.
In the case of biomass fillers, particles larger than 100 um but smaller than 1500 pm were
found. For biomass ash, particles up to 100 um predominate. In the graph above, it can
also be seen that the amount of particles above 1000 um in BHA is significantly higher than
for the other two types of ash. BHA has a different structure compared to SHA and RHA
(Figure 3f). The structure of this ash is compact and has no loose fractions. Therefore, this
type of filler was chosen to be subjected to further research.

3.2. Polyurethane Foaming Process

RPUFs are three-dimensional structures that consist of cells separated by thin walls.
The foam formation process consists of several stages, namely nucleation, growth, and
stabilization of cells in the reacting medium. The first step after mixing the reagents,
e.g., polyol and isocyanate as well as filler, is the process of cell nucleation. This process is
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crucial because the other properties of RPUFs depend on the type of cells (open or closed)
and their sizes. The cell nucleation process can be altered by introducing modifiers, e.g.,
fillers, which act as heteronuclei. The heteronucleation process leads to the formation of
a greater number of gas bubbles, which results in a homogenization of the structure and
the formation of cells with a smaller diameter. In other studies, the effect of introducing a
filler in the form of crushed blackcurrant pomace on the process of heteronucleation and
modification of the structure of foams was observed [43]. In the next step of the foaming
process, the bubble nuclei increase in volume, which is caused by the formation of CO,, the
increase in temperature, and the reduction in the distance between the bubbles. Therefore,
the specific times, e.g., cream, rise and tack-free times, are crucial parameters used to assess
the nucleation and rate of foam growth. Table 2 lists the times for each sample.

Table 2. Foaming parameters of polyurethane composites.

Foam Description Cream Time, s Rise Time, s Tack-Free Time, s
PU_O Foam without fillers 8.37 170 932
PU_10SH Foam with 10% SH 8.46 164 799
PU_10RH Foam with 10% RH 8.83 180 695
PU_10BH Foam with 10% BH 8.60 178 863
PU_10SHA Foam with 10% SHA 8.63 51 14
PU_10RHA Foam with 10% RHA 8.98 196 573
PU_10BHA Foam with 10% BHA 8.42 55 28

According to the data available in the literature [44,45], the addition of a filler extends
the cream and rise times, which was confirmed by this investigation. For all samples,
except PU_10BHA and PU_10SHA, the above times were higher or close to the parameters
obtained for PU_0 (reference foam). All types of fillers accelerated the polyurethane
synthesis process. However, the tack-free times obtained for each sample with the modifier
were lower than for PU_0. This can be explained by the better accumulation of heat in the
polyol with fillers than in the polyol without any additives. As a result, and according to
the Arrhenius equation of kinetics reaction, the foaming and crosslinking reactions proceed
faster [46]. Regarding PU_10SHA and PU_10SHA foams, cream time and rise time are
lower than for the other samples. The tack-free times are over thirty times lower than in
the case of PU_0. Analysis of the fillers indicated that SHA and BHA are characterized
by the highest SSAppT values as well as uniform particle size distribution, resulting in
a positive effect on the insulating properties of the polyol. In the most recent literature,
no information has been found on the impact of such high reactivity of sunflower and
buckwheat husk ash on the polyurethane system. Accordingly, in this work, a number of
further analyses were performed to determine the impact of these fillers on the foaming
process in order to fulfil this knowledge gap.

In order to assess the influence of selected fillers on the foaming process, the tempera-
ture characteristics were determined. Figure 5a shows the temperature distribution for the
analyzed composites recorded by TC2 (1 cm from the bottom of the cup) placed in the axis
of the sample. Figure 5b presents the distribution of temperature recorded by TC3 (5 cm
from the bottom of the cup). In Figure 5a, it can be seen that the highest temperature was
measured for PU_10BHA and PU_10SHA. For unmodified foam (PU_0), the maximum
temperature recorded by TC2 was 77.2 °C, while for PU_10BHA, it was 83.0 °C, and for
PU_10SHA, 80.4 °C. The TC3 temperature distributions differed slightly. The temperature
for PU_10BHA and PU_10SHA was no longer in the highest range because the formation
reaction of the urethane bonds in the two discussed foams proceeds faster than in the other
cases. This is also confirmed by the volume and expansion rate of all samples depicted
in Figure 5e,f. The highest temperatures recorded by TC3 were for PU_10SH (91.3 °C)
and PU_10RH (88.0 °C). In Figure 5a,b it can be seen that not all organic fillers activate
the foaming process. Similar observations were also reported in Barczewski et al.’s work,
where they studied the influence of vermiculite on the foaming process of RPUFs [47].
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Figure 5. Temperature recorded by TC2 (a) and TC3 (b) for all samples; temperature recorded by
TC1, TC2 and TC3 for BH and BHA (c) and for SH and SHA (d) samples; determined volume for all
samples (e); and expansion rate for all samples (f).

In order to compare different fillers, the temperatures of TC1, TC2 and TC3 were
presented for the BH and BHA samples (Figure 5c), and for the SH and SHA samples
(Figure 5d). The graphs depict a much greater influence on the temperature of the foaming
process of composites with biomass ash fillers than when using biomass as fillers. The
maximum temperature for the SH foam was lower by 3.5 °C compared to the foam con-
taining SHA. Regarding BH and BHA foams, the maximum temperature was lower by
22.6 °C, respectively. The RH peak was lower by 1.7 °C compared to the RHA foaming
temperature. The greatest difference between biomass and biomass ash in the foaming
temperature process was observed for buckwheat husk foams.

Based on the images from the infrared camera, the expansion volume was measured
(Figure 5e). Figure 6 shows selected thermograms for all samples. PU_0 had a volume of
about 350 cm®. A similar volume value was also obtained for PU_10BH, PU_10SH and
PU_10SHA. In contrast, a lower value of volume, approximately 320 cm3, was observed
for PU_10BHA, PU_10RH and PU_10RHA. It was concluded that the PU_10SHA and
PU_10BHA samples had reached their final volume faster than the other samples. Moreover,
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the final volume of the sample depends on the amount of foaming agents, which was also
reported by other researchers [30,48].

50s 100s 150s 200s 250s 300s

PU_O

PU_10RH

- 60

PU_10SH Iss

" 50
Eu
PU_10BH
-a0
F3s
PU_10RHA v
-30
25
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I 125 mm

One of the most important parameters applied in order to understand the kinematics
of the foaming process is the rate of expansion. The results of the expansion rate for
the analyzed samples are shown in Figure 5f, which confirm the significant influence of
two fillers (SHA and BHA) on the foaming reaction. The fillers accelerate the expansion
reaction in the initial time (up to 100 s) by approximately three times compared to the
others. Then, after 100 s, the foaming reaction slows down, while for other fillers, it stops
after about 300 s. The expansion rates for polyurethane with sunflower and buckwheat
ashes are approximately three times higher than for the other samples. This is probably
because SHA and BHA have compounds that act as blowing agents. This observation
will be confirmed in further studies. Santiago-Calvo et al. reported a similar observation,
whereby increasing the addition of blowing agents accelerates the rate of expansion [30].
Other authors have also reported that the final volume and expansion of a given material is
affected by the amount of blowing agent [48].

As mentioned earlier, due to the nature of the reaction between the polyol and isocya-
nine, in which the exothermic foaming reaction takes place, it was possible to examine the
reaction with a thermal imaging camera using infrared radiation [30]. In order to compare
the results, the same temperature scale was set for all samples. Figure 6 depicts images from
the IR method for the following periods of foam growth: 50, 100, 150, 200, 250 and 300 s.

Based on the images presented in Figure 6, it is possible to observe how various fillers
affected the foaming process. Considering the foaming process of PU_Q started after 50 s,
this moment (50 s) was used as a starting point for the foaming process comparison. The
highest temperature and growth rate can be observed for PU_10BHA and PU_10SHA, re-
spectively. In addition, the foams with biomass fillers (PU_10 RH, PU_10SH and PU_10BH)
retain heat for much longer; thus, after 300 s, the recorded temperature is higher than for
PU_0. It was confirmed that the SHA and BHA fillers had the greatest influence on the
exothermic foaming reaction [49].

PU_10BHA

Figure 6. Photographs of all samples during the RPUFs’ synthesis at selected times.
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4. Conclusions

The effects of biomass origin waste as activators on the RPUF composites foaming pro-
cess were studied. Firstly, the chemical and physical properties of biomass and biomass ash
fillers were determined. Consequently, elemental analysis showed that biomass had a high
carbon content, c.a. 50%, while biomass ash fillers contained up to 7%. The nitrogen content
in all samples did not exceed 1%. Rice husk (RH) biomass was characterized by the highest
content of large particles (700-1500 um) in comparison to other biomass fillers. Biomass
had ten times lower SSAggt values in relation to biomass ash, e.g., 6.57 m?2/ g for buck-
wheat husk ash (BHA). The scanning electron microscopy identified a more homogenous
morphological structure of biomass ash than in the case of biomass.

Secondly, the foam synthesis process was activated by the addition of biomass origin
fillers. The foaming characteristic times, including cream, rise and tack-free, were measured.
The addition of a filler extended the cream time in comparison to foam without filler
addition (PU_0). The tack-free times of samples with modifier were lower than for PU_0 due
to heat accumulation in the composites. Observations from the infrared camera confirmed
the significant influence of two fillers (SHA and BHA) through their volume growth and
expansion rate during the foaming process. Furthermore, the higher temperature of the
foaming process accelerated polyurethane foam growth.

Concluding, it was found that the addition of biomass ash caused a high reactivity
in the polyurethane foaming process. Therefore, further analyses of this phenomenon
mechanism are required.
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Abstract: Energy produced from waste biomass is more environmentally friendly than that produced
from fossil resources. However, the problem of managing waste from the thermal conversion of
biomass arises. The overarching goal of this article was to propose a method of utilizing biomass ash
(sunflower husk) as a filler that positively affects the properties of rigid polyurethane foams. The
scope of the presented research is to obtain and characterize rigid polyurethane foams (RPUFs) with
the addition of two types of fillers: sunflower husks (SHs) and sunflower husk ash (SHA). First, an
analysis of the fillers was carried out. The carbon content of SHs (C~49%) was ten times higher in
comparison to SHA’s carbon content (C~5%). The morphology of the fillers and the particle size
distribution were determined, which showed that in the case of SHs, particles with a size of 500-1000
pum predominated, while in SHA, the particles were 1-20 um. The content of inorganic compounds
was also determined. Potassium and calcium compounds were the most abundant in both fillers. The
second part of the research was the analysis of polyurethane materials with the addition of fillers.
The obtained results indicate that filler addition had a positive effect on the dimensional stability of
the foams by eliminating the risk of material shrinkage. The biodegradation process of polyurethane
materials was also carried out. The reference foam weight loss after 8 weeks was ~10%, while the
weight loss of the foam containing SHA was over 28%. Physical and mechanical properties, cell
structure, and thermal stability tests were also carried out. The use of bio-waste fillers creates a
possibility for the partial replacement of petrochemical products with environmentally friendly and
recycled materials, which fits into the circular economy strategy.

Keywords: biomass from the food industry; rigid polyurethane foams; biomass ash; circular economy;
thermal biomass conversion

1. Introduction

Polyurethanes are a group of materials widely used as insulating materials [1]. One
of the most frequently chosen thermal insulation materials is rigid polyurethane foam
(RPUF). Polyurethane foams are most often produced by the intensive mixing of two
components: polyether or polyester polyol with polyisocyanate (toluene diisocyanate,
methylenediphenylene) [2]. In addition, other ingredients are added such as blowing agents,
which are responsible for the formation of closed cells, catalysts, and surfactants, which are
used to unify the formed foam cells [3]. Apart from the relatively easy and quick synthesis
of the material, RPUF is characterized by very good functional properties. In addition,
RPUF is characterized by the lowest thermal conductivity coefficient of all available thermal
insulation materials and has a very good biological and chemical resistance [4].

Due to the sustainable development implemented in many countries and the impor-
tance of environmental protection, plastics, including RPUEF, are problematic. It has been
estimated that by 2050, the weight of plastic in the oceans will exceed the total weight of
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the fish living there. Therefore, the possibility for the partial replacement of petrochemical
products with environmentally friendly and recycled materials should be pursued.

In accordance with the principle of the circular economy, polyurethane foams can
be made more environmentally friendly by replacing some petrochemicals with waste
e.g., fly ash, bio-based fillers [5,6] and other natural substances. The main problem with this
approach is that often the natural materials used in RPUF technology negatively affect the
properties of the foams. Therefore, it is very important to properly select the fillers. In order
to increase, i.a., mechanical strength, the literature describes the use of fillers in the form
of fibers, nanoparticles, and solid particles. Among the fibers described in the literature,
synthetic or natural fibers can be distinguished. The group of synthetic fibers includes,
among others, aramid fibers, which, due to their unique properties, positively affect the
properties of polymeric materials [7]. Currently, however, more emphasis is placed on the
use of natural fibers, which have a similar effect on the final properties of polyurethane
composites but are safer for human health and the environment. Natural fibers described
in the literature include jute, flax, betelnut fiber, banana fiber, and kenaf fiber [8,9]. Another
group of fillers reported in the literature are nanofillers. The introduction of nanofillers
to polyurethane foams results in the creation of both light and strong materials with
good mechanical properties. The group of nanofillers used in the technology of rigid
polyurethane foams includes nanosilica, nanocalcium carbonate, and nanoclay [10].

A simple and economical approach is to introduce particulate fillers into the RPUF system.
These types of fillers improve the properties of the foams, and due to the fact that they are
most often waste that requires management, they reduce the production cost of polyurethane
materials. The literature describes the use of such fillers as talc, calcium carbonate, dolomite, egg
shells, and various types of nut shells [1,11]. Ribeiro Da Silva et al. [12] described the possibility
of using rice husk ash as a filler, which is another example of a particulate filler. It has been
noted that this filler contains a large amount of silica. Additionally, even a small addition
of rice husk ash has a positive effect on the physicochemical properties of polyurethane
foams, i.e., thermal conductivity, density, and morphology. Kairyté et al. [13,14] described
the possibility of using biomass ash as a filler in polyurethane composites. They found
that the addition of this type of filler lowered the thermal conductivity of the materials
as a result of structure modification. The biomass ash also had a beneficial effect on the
mechanical properties of the foams [15].

This work proposes to apply two forms of filler: natural fibers derived from sunflower
husks (SHs) and a particulate filler in the form of sunflower husk ash (SHA) into the RPUFs
production. SHs are waste biomass generated in the food industry. They are a waste
widely available due to the fact that sunflower oil is one of the most common types of
cooking oil. Currently, SHs are mainly thermally recycled, as a result of which, SHA is
formed [16]. This is an important topic from an energy standpoint, as it allows for the
production of green energy. SHs are an excellent fuel that has a high energy value due to the
fat content in its composition. Our work also points to opportunities to solve the problem
of ash storage. SHs are a desirable filler in RPUF technology because they contain a large
amount of cellulose (48.4%), one of the naturally occurring polymers. Due to the fact that it
has hydroxyl groups in its structure, it is possible to reduce the amount of petrochemical
substances during the production of RPUFs. The hydroxyl groups have a positive effect
on the reactivity of the polyol mixture with filler and isocyanate. In addition, SHs contain
a large amount of lignin (17.0%) and trace amounts of K, Ca, and Mg [15]. Lignin and
cellulose are compounds that decompose at high temperatures (lignin at 280-500 °C and
cellulose at 250-350 °C). Due to the fact that SHs contain large amounts of these compounds,
it may also increase the thermal stability of the obtained composites [6,17]. However, in
the studies presented so far, the effect of ash from SHs on the properties of RPUFs has not
been analyzed. This is an important topic from the point of view of waste management
because Poland is one of the largest producers of sunflower oil in the world. Therefore, a
lot of waste is generated, which is then subjected to thermal conversion. In order to avoid
ash storage, a good solution would be to use it as a filler in polyurethane foams.
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2. Materials and Methods
2.1. Reagents for the Production of Rigid Polyurethane Foam

Polyurethane composites were prepared on the basis of the EKOPRODUR PM4032
system purchased from the PCC Group (Poland). The system for producing polyurethane
foams consisted of a poly premix (component A) and an isocyanate (component B). Fillers
were prepared for the synthesis of rigid polyurethane foams.

In the first stage of the research, SHs were dried at 105 °C in order to remove moisture
from them. The drying process lasted about 24 h until a constant mass of dried husks
was observed. The husks were then ground with the use of a laboratory grinder (IKA
MultiDrive Control, Freiburg, Germany). SHA was obtained by the combustion of SHs at
550 °C. This process was carried out in accordance with the ISO 18122:2015 standard [18]
“Solid biofuels—determination based on ash content” in a muffle furnace.

The synthesis of polyurethane composites began with component A, which was mixed
with fillers to obtain a homogeneous mixture. The isocyanate (component B) was then
added and mixed at 1200 rpm for about 8 s (until exotherm)—the details are in Table 1. The
obtained polyurethane mixture was poured into molds and left for 48 h. The operation
was repeated 4 times, and as a result, three foams with additives of 3% of SHA and 7%
of SH (PU_3SHA7SH), 5% of both fillers (PU_5SHA5SH), 10% of SHA (PU_10SHA), and
one reference foam without fillers (PU_REF) were obtained. All the foams were cut and
prepared for testing in accordance with the standards.

Table 1. Formulations and material contents of RPUFs.

Components PU_REF PU_3SHA7SH PU_5SHA5SH PU_10SHA
Component A, g 60 60 60 60
Component B, g 72 72 72 72

SHA, g - 4.39 7.32 14.64
SH, g - 10.25 7.32 -

2.2. Characterization of Fillers and Rigid Polyurethane Foam Samples

Prior to the incorporation of the filler into the polymer matrix, both fillers were
characterized using several methods. The LECO CHN 628 (LECO Corporation, Benton
Harbor, MI, USA) device was used to determine the content of carbon, hydrogen, and
nitrogen. The scanning electron microscope JEOL JSM5410 (JEOL, Peabody, MA, USA) was
used to observe the structure of the fillers. In addition, in order to determine the size of
the filler particles used in the synthesis of RPUFs, the laser diffraction method was used
(Mastersizer 2000S device; Malvern Instruments Ltd., Malvern, UK). In order to assess the
chemical composition of the biomass and the ash from this biomass, the X-ray fluorescence
(XRF) instrumental technique was used using tablets melted with the WD-XRF ZSX Primus
II Rigaku lamp (Rh lamp) (Rigaku, Japan, Tokyo). This method uses a qualitative analysis
of the spectrum by identifying spectral lines and determining their possible simultaneous
occurrence. Using the SQX (Fundamental Parameter Method) calculation program, a
semi-quantitative analysis was developed.

The dynamic viscosity of the polyol premix was determined using the Brookfield
method on a Brookfield DV2T Viscometer (Brookfield Engineering Laboratories, Inc.,
Middleboro, MA, USA). The apparent density of the RPUFs was determined by geometric
method according to ISO 845 [19]. The samples used in the tests had a volume of 100 cm?.
The surface morphology, cell size distribution, and the influence of filler on the cellular
structure were examined with a scanning electron microscope, JEOL JSM5410 (JEOL,
Peabody, MA, USA). The closed-pore content was derived through SEM image analysis.
The software developed quantified the black regions in the microphotographs, signifying
open pores. Three microphotographs were scrutinized for each sample, and the mean
value was established. The dimensional stability testing was performed according to ASTM
D2126 [20]. The changes in linear dimensions and weight due to the exposure of the foams
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to 70 °C were measured weekly for 7 weeks. The friability was determined on the basis of
the ASTM C421 [21] procedure. The test consists of rotating the weighed samples in an oak
box with cubes and weighing them after the process; the brittleness is determined from the
difference in mass. Twelve cubic samples with dimensions of 25 x 25 x 25 mm were used
in the tests. The biodegradability was determined in accordance with ASTM D5988 [22].
Weighed samples were stored in soil for 49 days. Every 7 days, they were removed,
washed with distilled water, and reweighed. Biodegradability (% D) was calculated as
the ratio of the difference in weight before and after soil residence. Additionally, the
LECO CHN 628 (LECO Corporation, Benton Harbor, MI, USA) device measured the
concentrations of C, H, and N in the samples kept in the soil. The initial sample dimensions
were 100 x 50 x 25 mm. The hardness was measured as reported by ASTM D2240 [23]
using the Shore HD3000 OO (Hildebrand, Germany). The sample used in the study had
dimensions of 25 x 25 x 25 mm. In order to assess the thermal stability of the produced
composites, thermogravimetric analysis and differential scanning calorimetry (STA 449
F3 Jupiter (NETZSCH Geratebau GmbH, Selb, Germany)) were performed. The thermal
stability of the samples was analyzed in platinum crucibles in an air atmosphere in the
temperature range of 25-700 °C at a heating rate of 10 °C min~.
3. Results

3.1. Fillers Characteristics

The results of C, H, and N content measurements for SHA are shown in Table 2,
while the results of this analysis for SHs have been researched and published in another
paper [5]. The content of the analyzed elements is at a comparable level, as shown in
other studies [16]. The carbon content in the fillers is an important parameter because it
affects the flammability of the resulting polyurethane composites. SHA has a significantly
lower carbon content than SHs. The content of the remaining compounds, hydrogen and
nitrogen, is also lower for SHA. The decrease in the amount of the analyzed elements
in SHA compared to raw husks is related to the combustion process, during which they
are oxidized into CO,, NO, or H,O [24]. The most desirable fillers in polyurethane foam
technology are those with the lowest possible C content. Such fillers can reduce the need
for flame-retardant compounds. Therefore, the use of elemental content analysis in the
study of fillers is important for evaluating the further properties of the foams.

Table 2. The elemental analysis of C, H, and N.

Filler C, wt.% H, wt.% N, wt.%
SHA 4.56 1.04 0.17

Figure 1a,b show the microscopic structure of fillers. The presence of lignocellulosic
structure fibers can be observed in the shredded SHs (Figure 1a). On the other hand, the
ash from SHs is in the form of particles with a size of a few microns. The SEM image also
shows ash clusters, which is a typical phenomenon during ash formation and indicates
the presence of a sintering agglomeration process. In addition, this type of ash does not
contain spherical particles, which are typical for coal ash.

In order to characterize the fillers, a study of the particle size distribution was carried
out for both raw biomass (SHs) and ash from this biomass (SHA). The obtained results
are presented in Figure 2a,b. In both types of fillers, the particle size distribution ranged
between 0.200 and 1000 um. However, in the case of SHs, particles with a size of 100-1000
um accounted for the largest share. On the other hand, for SHA, such particles were almost
non-existent, and for this type of filler, the largest number of particles was observed in the
size range of 1-100 um. Guo et al. [25] reported in their work that the size distribution of
the fragments after comminution and the comminution process itself is correlated with the
properties of the material. Biomass particles are needle-shaped after grinding due to the
anisotropy in the spatial structure.
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Figure 2. Particle size distribution of SHs (a) and SHA (b).

The chemical compositions of SHs and SHA determined by the XRF instrumental
technique are presented in Table 3. The results are given in elementary form for individual
filler components. Biomass ash (SHA) contained the highest content of potassium and
calcium, 34.66% and 26.18%, respectively. Raw biomass (SH) samples also showed highest
potassium and calcium concentrations of 42.98% and 16.82%, respectively. The obtained

results confirm that the main elements in ashes from biomass are, among others, Ca and
K [26-28].

Table 3. Chemical composition of SHs and SHA.

K, % Ca, % Mg, % S, % P, % Cl, % Si, % Al, % Na, % Fe, % Cl‘, %
SH 42.98 16.82 5.52 3.12 2.03 0.67 0.57 0.22 0.18 0.12 -
SHA 34.66 26.18 2.71 2.94 1.28 1.07 0.51 0.17 - 1.74 0.46

3.2. Properties of Polyurethane Composites

The conducted research allowed us to assess the potential of the application of agri-
cultural waste, such as SHs and ash from them, in rigid polyurethane foam technology.
The assessment was based on basic tests such as apparent density, surface morphology,
dimensional stability, brittleness, and hardness. Additionally, an analysis of the thermal
stability and biodegradability was performed.
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The results of viscosity are shown in Table 4. The highest viscosity value was obtained
for the sample containing SHs and SHA in a ratio of 7:3. However, in all samples tested,
the introduction of the filler increased the viscosity by more than 18 times compared to the
pure polyol.

Table 4. Viscosity of polyol premix.

Filler Dynamic Viscosity, mPa-s
Polyol 510
Polyol with 3% SHA and 7% SH 9840
Polyol with 5% SHA and 5% SH 9780
Polyol with 10% SHA 8740

3.2.1. Density and Cellular Morphology

Apparent density and cellular morphology are the basic properties of the RPUF
that should be analyzed. Their values influence the other functional parameters of the
material. The apparent density of rigid polyurethane foams increased when fillers were
added, reaching values of 36.2 kg/m?3 (PU_REF), 41.9 kg/m3 (PU_3SHA7SH), 43.5 kg/m?>
(PU_5SHAS5SH), and 44.9 kg/ m?3 (PU_10SHA). This was also reported by numerous studies
in the literature [14,29-31]. Particularly noteworthy, however, is the fact that the apparent
density for composites increased with the increase in the SHA filler. This may be due to the
initially increasing lightness of the dynamic mixture with the filler, which was reported by
other researchers [13,32].

The cellular structure is another crucial parameter determining the properties of
foams. Particularly, the size of the cells and the thickness of the walls and ribs determine
the mechanical and physical properties of RPUFs [33,34]. The structure of the obtained
composites (size of cells and type: open or closed) depends on the viscosity of the reaction
mixture, pressure, and temperature of the foaming process. Figure 3 shows that PU_REF
foam had regular cells with thin ribs. With the increase in filler content, in particular SHA,
the cells assumed irregular shapes and the thickness of the ribs increased. The increase in
the concentration of fillers also caused an increase in the number of open cells (Table 5).
Similar observations were noted by other researchers [35].

800 pm 800 pm 800 um 800 Lim

PU_REF PU_3SHA7SH PU_55HA5SH PU_10SHA

Figure 3. RPUF microphotographs.

Table 5. Horizontal cell diameter and closed-cell content of RPUFs.

Sample Horizontal Cell Diameter, um Closed Cells Content, %
PU_REF 343 + 0.3 90 £ 0.1
PU_3SHA7SH 314 £ 04 85+09
PU_5SHA5SH 397 £0.2 87 £0.8
PU_10SHA 317 £ 0.5 83+ 0.9

Figure 3 shows that the obtained polyurethane composites had a closed-cell structure
with a slight tendency to open after adding fillers. The smaller diameter of the cells after
the addition of fillers resulted from the fact that the mixture’s viscosity increased and cell
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expansion became more difficult. In addition, filler particles are an excellent place for the
nucleation of new cells, which in turn leads to the formation of more cells with a smaller
diameter. Only in the case of PU_S5SHA5SH did the cell diameter increase, which may be
due to the inadequate distribution of the filler in the polyurethane matrix.

3.2.2. Mechanical Properties

The change in the apparent density could affect the mechanical properties of the ana-
lyzed materials. Therefore, two basic properties were tested: the hardness of polyurethane
composites and their friability. The addition of fillers in the form of SHs and SHA caused
the deterioration of friability in relation to unmodified foam, for which this parameter was
4.5%, while for PU_10SHA, the brittleness value more than doubled and amounted to 10.8%
(Table 6). However, it has been reported in the literature that composites with a friability
of about 10% can be successfully used in the construction and packaging industries [35].
Similarly to friability, the hardness measured by the Shore OO method also deteriorated for
foams with fillers compared to the reference foam. It was observed that SHs had a positive
effect on this parameter because, for PU_3SHA7SH, which contained about 7% SH and
only 3% SHA, the hardness was at a similar level as that of PU_REF. However, with the
increase in the concentration of the SHA filler, the hardness decreased, and for the foam
that contained 10% SHA, the hardness was lower by about 15% when compared to the basic
foam. The decrease in hardness was related to the fact that the number of polyurethane
bonds was reduced due to the formation of bonds with fillers. Bonds of this type are less
durable than urethane bonds; therefore, the hardness decreases. Such observations were
also reported by other scientists in their works [36].

Table 6. Hardness and friability of RPUFs.

Sample Hardness Shore OO Friability, %
PU_REF 751+£0.3 45401
PU_3SHA7SH 73.8 £04 5809
PU_S5SHA5SH 67.8+0.2 6.8+0.8
PU_10SHA 63.5+0.5 10.8 £0.9

Changes in the linear dimensions of length (Al), width (Ab), thickness (Ap), and loss
of mass (Am) during the dimensional stability test are summarized in Table 7. Dimensional
stability was tested by simulating the aging process at 70 °C in a laboratory dryer with
forced airflow. The research was conducted over a period of seven weeks. Studies published
so far indicate that the largest changes in the above-mentioned parameters occurred within
24 h and 72 h [35]. However, our research has shown that for this type of composite with
SH and SHA fillers, the materials are stable for up to one week. However, the largest
difference in the changes in dimensions and weight was noted after four weeks.

Table 7. Dimensional stability of RPUFs: length (Al), width (Ab), thickness (Ap), and loss of mass (Am).

Sample Al, % Ab, % Ap, % Am, %
Weeks 1 4 7 1 4 7 1 4 7 1 4 7
PU_REF —0.32 0.00 0.90 0.31 —3.99 7.75 3.71 9.52 —12.60 1.15 2.22 2.87
PU_3SHA7SH 0.46 0.72 1.15 0.65 2.39 8.87 0.05 7.00 10.97 2.14 3.51 4.76
PU_5SHA5SH 0.30 1.00 1.89 0.78 3.58 7.28 1.59 7.74 7.28 2.24 4.00 4.79
PU_10SHA 0.46 1.22 2.63 0.82 4.43 9.10 3.16 4.24 10.88 2.36 4.03 4.95

The analyzed parameters of the changes in linear dimensions and mass loss are very
important in the context of using RPUFs as thermal insulation materials. They largely
depend on the type of blowing agent used. Large changes in linear volumes can cause
the plasticization of the polyurethane matrix as a result of dissolving blowing agents in
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it [37]. Linear dimensions in the aging process can change in two different ways: the
so-called shrinkage of the material, marked in the table below with the symbol “—", i.e.,
reducing linear dimensions, and the second change is increasing linear dimensions. In
Table 7, it can be seen that the reduction in linear dimensions applied only to foam not
modified with fillers (PU_REF). This is a very unfavorable phenomenon because it could
cause the shrinkage of, e.g., building insulation, and the loss of the original purpose of the
insulation material. Therefore, despite the fact that foams modified with fillers show greater
changes in dimensions, the use of fillers eliminates the effect of the so-called shrinkage of
foams at elevated temperatures. The weight loss is related to ongoing changes, i.e., water
evaporation or material degradation. The weight loss for materials with fillers was greater
than for unmodified foam by about 40%. However, the weight loss is not influenced by the
type and concentration of the filler, because the results of weight loss for RUPFs with fillers
were similar.

3.2.3. Biodegradability

Due to the introduction of biodegradable fillers in the form of husks and ash from SHs
to the analyzed polyurethane composites, their impact on the biodegradation process in
soil was investigated. The tested composites were placed in the soil for eight weeks and the
mass loss and contents of the elements carbon, hydrogen, and nitrogen were determined.
The results are shown in Figure 4.
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Figure 4. Biodegradability of PU_REF (a), PU_3SHA7SH (b), PU_5SHA5SH (c), and PU_10SHA (d).

The obtained tests show that the content of elements in the case of foams modified
with fillers changes with the time of the residence of the materials in the soil. In contrast,
the reference foam hardly shows these changes. The impact of the introduction of biofillers
can be clearly seen after losing weight. The greatest weight loss was noted for PU_10SHA
(about 30%), while for PU_REF, only 10% of the weight was lost after eight weeks. Borow-
icz et al. [38] analyzed the impact of reducing the amount of petrochemical polyol and
replacing it with bio-polyol produced from white mustard seeds on the biodegradability of
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RPUFs. They also indicate in their article the positive impact of introducing biodegradable
substances into foams on the process of their decomposition in the soil.

3.2.4. Thermal Analysis

The degradation resistance of RPUFs at elevated temperatures is important in the
context of the use of these materials in various industries. Therefore, the effect of fillers
(SHs, SHA) on thermal stability was evaluated by thermogravimetric analysis (TG) and
differential scanning calorimetry (DSC). The obtained results are shown in Figure 5a,b.
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Figure 5. TG curves and DTG curves (a) and DSC curves (b) of RPUFs.
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The TG curves (Figure 5a) show a slight weight loss at about 50 °C, which is confirmed
by the DTG curve. A large percentage of the weight loss for all samples at this temperature
is related to the migration of the blowing agent enclosed in the polyurethane matrix to
the environment. Initially, up to the temperature of 250 °C, higher thermal resistance was
observed for foams with fillers. The largest mass loss for foams with fillers was in the range
of 200-550 °C, while for PU_REEF, the largest mass loss was recorded at temperatures of
200-600 °C. In these temperature ranges, the urethane bonds break and the isocyanate rings
degrade. The higher rate of the degradation of foams with fillers at higher temperatures
resulted from the decomposition of organic substances contained in the fillers (Table 8).
SHs consist mainly of cellulose, hemicellulose, and lignin. Cellulose and hemicellulose
degrade at temperatures of 240-350 °C, while lignin degrades at 280-500 °C [39].

Table 8. Thermal degradation parameters of RPUFs.

Sample Tse, °C T10%, °C Tsg0, °C TprGmax: °C
PU_REF 154 209 342 665
PU_3SHA7SH 167 230 338 626
PU_5SHA5SH 163 216 336 661
PU_10SHA 172 225 374 557

On the DSC curve (Figure 5b), three peaks could be observed—one endothermic and
two smaller exothermic ones. Based on the curves, it can be concluded that in the case
of foams with fillers, the exothermic effects prevailed and were significantly higher than
for the reference foam. For PU_REF on the DSC curve, there are no such distinguishing
exothermic effects as for foams with fillers. The effects on the curve were related to various
transformations taking place in the analyzed materials under the influence of temperature.
The first effect was related to the diffusion of the blowing agent. The second effect is
associated with the degradation of bonds and the reaction of OH groups with NCO groups
and also with the degradation of organic substances derived from fillers.
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4. Conclusions

The influence of waste from the food industry and the thermal utilization of biomass
on the properties of rigid polyurethane foams was investigated. Elemental analysis showed
that SHs have more than ten times the carbon content of SHA. SHs also had a higher
nitrogen and hydrogen content than SHA. The SH biomass contained larger particles
(100-1000 um) than the ash from this biomass (10-100 pm). The morphology showed that
the structure of SHs was developed and had longitudinal fibers, while in SHA, no spherical
particles, which are typical for coal ash, were observed. The XRF analysis showed that
the raw biomass mainly contained K (43.0%) and Ca (16.8%). Similarly, the ash from this
biomass also contained the same inorganic compounds K (34.7%) and Ca (26.2%). In the
second stage, the influence of the fillers used on the most important properties of the foams
was examined. It was found that the filler amplified the apparent density value. The highest
value of the apparent density was characteristic of PU_10SHA foam (44.9 kg/ m?), whereas
PU_REF had an apparent density of (36.2 kg/m?). The fillers also caused a modification in
the structure of the foams, which was characterized by lower homogeneity, a smaller cell
diameter, and thicker ribs. The mechanical properties deteriorated, the brittleness of foams
with fillers maximally doubled, and the hardness decreased. On the other hand, the fillers
contributed to the improvement in dimensional stability by eliminating the unfavorable
phenomenon of the so-called “shrinkage” of foams that was observed only for PU_REF.
The positive effect of fillers was also observed in the case of thermal stability up to 250 °C.
RPUFs are usually used at these temperatures. In addition, fillers increased the rate of foam
biodegradation. For PU_REF, the weight loss after seven weeks was about 10%, while for
PU_10SHA, the weight loss over the same period was about 30%.

In conclusion, it was found that the addition of SHs and SHA fillers had a positive
effect on most properties of RPUFs. Therefore, these fillers can be successfully used in the
synthesis of foams.
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ARTICLE INFO ABSTRACT

Keywords: The topics covered in this paper are relevant to the further development of polyurethane materials and propose a
Rigid polyurethane foam new method for producing sustainable and innovative foams. In this study, the effect of filler silanization on the
Flammability flammability and thermal stability of rigid polyurethane foam (RPUF) was investigated. The RPUF composites
Issilr:nsi:faet:z’n study was preceded by an analysis of sunflower husk ash (SHA). Thermal decomposition behaviour and particle
Recycling size distribution were carried out for the SHA samples. More, the elemental composition and structure of the

fillers were investigated. The use of silanization of the filler results in homogenization of its structure. Sunflower
husk ash has higher characteristic melting points than most biomass ashes and good thermal stability. The foam
flammability results were preceded by an analysis of density and cell morphology. The use of silanized filler in
RPUFs results in a homogenized structure and a 14 % reduction in apparent density. A wide range of tests were
carried out as part of the flammability tests, which included: limiting oxygen index (LOI), gross calorific value,
cone calorimeter, and optical density test. Additionally, thermal analysis methods were used to investigate the
thermal stability of the foams. Flammability tests carried out confirm the positive effect of filler salinization on
flammability. Heat release during combustion is reduced by 10 % and the release of toxic gases is also reduced.
On the other hand, the thermal stability results are similar for foam with unmodified filler and those with
silanized ash. Based on the comprehensive flammability and smoke results, a trend towards improved flame-
retardant properties of RPUFs was observed.

Thermal insulation

1. Introduction environment. When RUPFs are burned, fumes, and toxic gases (NHg, CO,
and HCN) are released into the environment. These compounds are also
deadly to humans (Liu et al., 2022; Tian et al., 2018). For this reason, all

materials used in construction should have an appropriate flammability

Rigid polyurethane foams (RPUFs) are most often used in areas such
as construction, piping, and refrigeration (Liu et al., 2024; Qian et al.,

2019; Vo et al., 2022). Polyurethane foam has many advantages and its
greatest advantage is low thermal conductivity. That’s why it is
currently used in the construction industry as a thermal insulation ma-
terial. Presented data show that buildings are responsible for 32 % of
global energy consumption, 51 % of electricity consumption, and 33 %
of carbon dioxide emissions (Hou et al., 2022; Paulos and Berardi,
2020). In order to reduce the above, high-performance thermal insu-
lation materials are being sought. On the other hand, among the biggest
disadvantages of RPUFs, low thermal stability, and high flammability
are mentioned (Ciecierska et al., 2016; Yan et al., 2012). High flam-
mability of polyurethane foams is dangerous for both humans and the

* Corresponding author.
E-mail address: kuznia@agh.edu.pl (M. KuzZnia).
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class. According to EN 13501-1 (CEN, 2018) which deals with the
classes of reaction to fire of various construction and finishing materials
in buildings, walls including insulation should have a flammability class
of Al (materials that are unreactive to fire) or A2 (materials that are
practically unreactive to fire). Polyurethane foams are also used as
thermal barriers, so they should exhibit adequate thermal stability.
Detailed guidelines for the various parameters that the foams should
meet are written in standard EN 16 165:2008 (CEN, 2008).

Chemical flame retardant compounds are added to the polymer
synthesis to achieve the most desirable flammability classes. Flame re-
tardants (FR) include inorganic agents (metal hydroxides, phosphorus,
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Fig. 1. C, H, and N content in SHA for different combustion time.

Table 1
Characteristics of rigid polyurethane foams.

Symbol Component Component SHA CoHy3NO3Si

Algl B [g] [g] [% wt.]

PUO 60 72 14.60 - rigid
polyurethane
foam with
10 % addition
of sunflower
husk ash

PU_1 60 72 14.64 1 rigid
polyurethane
foam with
10 %
sunflower
husk ash
silanized with
1 % solution

PU3 60 72 14.64 3 rigid
polyurethane
foam with
10 %
sunflower
husk ash
silanized with
3 % solution

Description

and boron compounds, antimony), halides (bromides, chlorides), and
nitrogen- and phosphorus-based compounds (Mensah et al., 2022).
Halogenated agents have been withdrawn from use as FR in poly-
urethane foam due to their negative effects on human health and the
environment. At present, nitrogen and phosphorus-based compounds
such as guanidine phosphate and melamine cyanurate are mainly used
for flame retardant foams (Yuan et al., 2023). Many studies are also
available on the use of inorganic fillers to improve fire resistance.
Among the most popular materials is aluminum hydroxide, which has
high stability and low toxicity - during combustion, the substance re-
leases water into the gas phase, forming a ceramic protective layer on
the polymer surface (Lee et al., 2022). Other substances which have high
stability, availability and low cost are used, including calcium carbon-
ate, expandable graphite, talc, montmorillonite, and silica (Agrawal and
Kaur, 2019; Aydogan et al., 2023; Czlonka et al., 2020; Hejna, 2021;
Muhammed Raji et al., 2023; Piszczyk et al., 2014).

The hydrophilic nature of most fillers results in low adhesion to the
polymer matrix (Lala et al., 2018) Consequently, this causes a disruption
of the rigid polyurethane structure and a deterioration of its properties.
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Several studies have been carried out to chemically modify the filler
surface to improve its compatibility with the polymer (Cichosz and
Masek, 2019, 2020). The most common method is silanization. Cztonka
et al. (Czlonka et al., 2020) silanized the nut shells before adding to
RPUF. The authors showed that the silanization process primarily
improved the mechanical properties (higher compressive strength,
improved flexural strength, and higher impact strength). Miedzinska
et al. (Miedzinska et al., 2021) applied silanized plum stones as a
modifier of polyurethane foam and showed mainly improved mechani-
cal properties and thermal stability of the composites. In contrast, Sture
et al. (Sture et al., 2021) did not observe an improvement in the final
properties of the polyurethane composite after the application of the
silanized modifier. However, the authors reported better dispersion of
the filler in the polyol and no agglomerate formation after surface
treatment of the additive.

Sunflower husk ash, due to its activation of the foaming process, as
shown by Zakrzewska et al. (Zakrzewska et al., 2023) is a promising
filler that can be silanized to further improve the properties of the final
polyurethane material. It should be noted that SHA is a common agri-
cultural waste. According to the Food and Agriculture Organization
(FAO) of the United Nations, the global sunflower production in 2020
was 59 million tons. Sunflower husks constitute 50 % of the sunflower
mass, posing a significant challenge worldwide in terms of waste man-
agement. The proper disposal and utilization of such waste are critical
issues that need to be addressed. Sunflower husks are currently managed
in a variety of ways: added to animal feed, used to produce oil, but also
composted and then used as fertilizer. However, the most common
application of sunflower hulls is for energy generation (Kazmi et al.,
2023; Turzynski et al., 2021). This produces a byproduct of combustion,
namely ash, which needs to be managed. Sunflower husk ash is a
valuable filler in RPUFs that activates all the foaming during their
synthesis (Zakrzewska et al., 2023). Additional surface modification of
this filler can help improve thermal performance and reduce
flammability.

This paper presents a novel application of silanized sunflower husk
ash as a flame retardant in the synthesis of polyurethane foam. A review
of the literature showed that sunflower husk ash has been used as a filler
in the formation of various polyurethane composites, while its effect on
the properties of rigid polyurethane foam has not yet been studied. In
addition, the additional surface modification of ash is a new topic in the
field of polyurethane foams. Therefore, in our work, the silanization
process of sunflower husk ash has been extensively studied for its effect
on physicochemical properties and fire resistance. It is assumed that the
addition of silanized ash will reduce flammability and have a positive
effect on the thermal and physical properties of RPUFs. Additional this
paper to a new direction in the management of agricultural waste for the
production of materials with enhanced functionality, bringing the
thermal insulation materials sector closer to sustainability.

2. Materials and methods
2.1. Characteristics of fillers

Sunflower husk (SH), which is one of the waste product from the
production of sunflower oil, was used in the study. The sunflower husks
burned to produce ash from them (SHA). The SH thermal conversion
process was carried out in an electric furnace, and the combustion time
was optimized for the lowest carbon content in SHA. Husks was burned
for 45 minutes, 90 minutes, 135 minutes, and 180 minutes. Then the
content of carbon, hydrogen, and nitrogen was analyzed on a LECO CHN
628. As can be seen in Fig. 1, the most favorable combustion time was
135 minutes.

In order to improve the adhesion between the ash particles and the
polyurethane matrix, a toluene silanization process was applied (Sroka
etal., 2016; Zygmunt-Kowalska et al., 2022). The ash was dried at 105°C
for 15 hours, when a moisture content of 0.3 % was reached, and then
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Fig. 2. Structure of fillers: SHA (a), silanized with 1 % SHA solution (b), silanized with 3 % solution (c).

Table 2
Metallic element content of SH and SHA.
SH SHA

Zn [mg/kg] 27.8 678.0
Cu [mg/kg] 12.0 323.0
Pb [mg/kg] - 2.8
Ni [mg/kg] 7.1 69.3
Cr [mg/kg] 14.5 574.0
Co [mg/kg] 0.4 4.5
Mn [mg/kg] 9.7 334.0
V [mg/kg] - 2.3
Ba [mg/kg] 1.9 53.9
Mo [mg/kg] - 8.2
B [mg/kg] 14.0 498.0

Table 3
Characteristic melting temperatures of SHA.
SHA
Shrinking starting temperature (SST)[°C] 730
Deformation temperature (DT) [°C] 1110
Hemisphere temperature (HT) [°C] >1500
Flow temperature (FT) [°C] >1500

cooled in a desiccator. The silanization process began by mixing water
and toluene on a magnetic stirrer for 15 minutes. After this time,
[3-(2-aminoethylamino)propyl]trimethoxysilane silane (CgH33NO3Si)
was added to carry out the hydrolysis process for 1 hour at 23°C. Ash
made from sunflower husks was then added to the hydrolyzed silane.
The reaction of ash with silane was carried out for 24 hours at 23°C.
After this time, to get rid of the silane that did not react with the ash, the
ash was washed three times with toluene. The final step was to dry the
silanized ash for 15 hours at 105°C. The foams were prepared for the
content of silane equal to 1 % and 3 % by weight of ash. Three different
samples were analyzed, each containing 10 % of sunflower husk ash
filler: a sample with 10 % addition of non-silanized filler (PU_0), a
sample with 10 % addition of silanized filler in a 1 % solution (PU_1)
and a sample with 10 % addition of silanized filler in a 3 % solution
(PU_3).

2.2. Modified rigid polyurethane foams

Rigid polyurethane foams were produced using EKOPRODUR
PM4032 product (PCC Group, Brzeg Dolny, Poland), which consists of a
polyol (Component A) and an isocyanate (Component B). Polyurethane
foams were further modified with SHA and silanized SHA, resulting in
polyurethane composites as presented in Table 1.

2.3. Methods

A comprehensive analysis of the filler was carried out. Structure
observation was performed using a JEOL JSM5410 scanning electron
microscope (JEOL, Peabody, MA, USA). The thermal decomposition

behaviour of SHA was studied using a thermogravimetric (TGA)
analyzer Discovery TGA 550 (TA Instruments, New Castle, DE, USA).
Samples placed in a platinum crucible were heated from ambient tem-
perature to 700 °C at a heating rate of 10 K/min in an air atmosphere.
The particle size distribution of the filler was obtained using a HORIBA
LA-300 laser particle scattering analyzer in accordance with ISO 13320:
2020. The chemical composition of ashes was determined by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES). In addition,
the characteristic ash melting temperatures were determined: shrinking
starting temperature (SST), deformation temperature (DT), hemisphere
temperature (HT), and flow temperature (FT). Measurements were
carried out in accordance with the CEN/TR 15404:2010 using high-
temperature microscopy. In the filler tests, all measurements were
repeated three times to confirm the results.

Initially, the density of rigid foams was determined in accordance
with ISO 845. The apparent density was measured for three samples. The
surface morphology and correlation between SHA and polymer matrix
were analyzed using scanning electron microscope (JEOL JSM5410)
images. To investigate the effect of silanization on the flammability of
the polyurethane composite, a series of studies were carried out. The
limiting oxygen index (LOI) was measured by ISO 4589-2: 2017. The
specimens used in the test were cuboids with dimensions 150 mm x
10 mm x 10 mm. Fire reaction tests were carried out using an iso-
peribolic calorimeter (LECO AC500). Measurement was performed ac-
cording to ISO 1716:2018. A cone calorimeter was used to investigate
the burning behaviour of the materials and smoke production. Tests
were conducted in line with ISO 5660. An optical density test was car-
ried out in a test chamber according to ISO 5659. In the test heat radi-
ation was 50 kW/m?2. Additionally, thermal analysis methods were used
to investigate the thermal stability of the foams. All tests to assess the use
of filler silanization on flammability were carried out for three samples
of the same type of material. Thermogravimetric analysis (TGA) was
carried out in the oxygen atmosphere using a Discovery TGA 550 (TA
Instruments, New Castle, DE, USA). Measurements coved the tempera-
ture range: 20-700 °C and a heating rate of 10 K/min. The residue at
700 °C and decomposition temperatures (Tso, T19%, Tsow) were
determined. TGA was carried out three times for each sample.

3. Results and discussion
3.1. Characterization of sunflower husk ash

Fig. 2 shows the microstructure of SHA before the silanization pro-
cess (Fig. 2a) and after the silanization process (Figs. 2b, 2¢). Analyzing
the images, the increase in silane concentration has no direct effect on
the external structure of the fillers. On the other hand, there is a
noticeable difference between the structure of the unmodified and
modified filler. Due to the attachment of silane groups to the surface of
the filler, the structure is smoother and more homogeneous. Miedzinska
et al. (Miedzinska et al., 2021) observed a similar effect for silanized
plum stones.

Table 2 shows the elemental composition of SH before the combus-
tion process and the composition of the combustion by-product - SHA.
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The chemical compositions of the two analyzed substances differ
significantly. In the case of SH, the elements Zn, Cr, and B are dominant.
In the case of SHA, elements that do not appear in the raw husks include
Pb, V, and Mo. In addition, the mass content of other elements increases
in ash from 9 to 37 times relative to SH. The change in the composition
of sunflower hulls after burning is due to the thermal degradation of the
chemical compounds. Sunflower hulls are mainly composed of proteins,

fats, cellulose, and minerals. During the combustion process, organic
compounds such as proteins are denatured, cellulose, and fats are
oxidized. On the other hand, ash consists mainly of non-flammable
minerals and organic residues. Volatile substances are also lost during
combustion.

In SHA, Zn, Cr, and B are the most abundant. The contents of Mn and
Cu also have a significant value in the composition of ash. According to



P. Zakrzewska et al.

100

90

80

70

60

50

Mass (%]
dm/dT [%/°C]

40

30

20

10

T T T T T T T T T 08
100 200 300 400 500 600 700 800 900 100

Temperature [°C]

Fig. 5. TG and DTG curves of RPUFs.

the literature, sunflower husk ash typically contains Cr - 37.6+-167 [mg/
kgl, Zn - 18.1+338 [mg/kgl, Pb - 7.01+7.5 [mg/kgl, Ni - 55.7+76.1
[mg/kgl, Cu - 6.2+465 [mg/kg]. The wide range in the composition of
individual elements results from the fact, that the chemical composition
of biomass ash is strongly dependent on the soil and other conditions in
which the biomass is cultivated and on the conditions of combustion
(Adamczyk et al., 2023).

Analysis of the particle size distribution in SHA (Fig. 3a) shows that
the filler contains particles in the 0-240 um range. The largest number of
particles is in the 40-80 um range. The appropriate filler particle size is
important because it determines the quality of fit to the polyurethane
matrix. Filler particle size can depend on the combustion conditions
used and additional filler processing, such as screening. In the other
studies performed by the Authors, in which sunflower husk ash was also
used, the particle size varied, as SHA was dominated by particles be-
tween 1 and 10 um (Zakrzewska et al., 2023).

In order to evaluate the thermal stability of the filler, TGA in air was
performed for SHA (Fig. 3b). The analysis was performed in the tem-
perature range of 20-700°C. The maximum mass loss from the TG curve
is ~12 %. The decrease in ash mass is related to three processes in the
ash during the temperature increase, as confirmed by the DTG curve. At
temperatures of 30-150°C a loss of unbound water takes place. At
320-400°C there is a loss of water from hydrates, and at 550-700°C a
release of gaseous products and subsequent decomposition occurs
(Kalak et al., 2021).

Characteristic melting temperatures for SHA showed that the
shrinking (ST) and deformation (DT) temperatures are equal to 730°C
and 1110°C, respectively, while hemisphere temperature (HT) and flow
temperature (FT) are above 1500°C. Studies presented in the literature
on ash from selected biomass report, that rice straw is characterized by
HT equal to 750°C, DT - 1063°C, HT - 1225°C, and FT > 1300°C
(Chaloupkova et al., 2021). In contrast, the characteristic melting tem-
peratures for rye straw are as follows: ST - 840°C, DT - 990°C, HT -
1040°C, and FT - 1100°C (Wang et al., 2016). Ash made from sunflower
husks has higher DT, HT, and FT temperatures than the other two ex-
amples discussed in the literature. Only the ST temperature for SHA is

Table 4
Characteristics of thermal degradation of RPUFs.

Industrial Crops & Products 218 (2024) 118941

lower, but this may be due to combustion conditions. The results pre-
sented here confirm that ash particles from SHA can be a good filler to
improve the thermal stability of polyurethane composites.

3.2. Physical and thermal properties of composite polyurethane foams

Fig. 4 shows the microstructure of foams with unmodified filler and
filler after silanization. The foam with SHA (Fig. 4a) features a typical
structure for RPUFs. PU_0 has polyhedral cells. The cell size varies and is
in the range of 300-600 um with domination of cells of 400-449 ym in
diameter. The foam with SHA silanized with 1 % solution (Fig. 4b) is
characterized by having elongated cells in the growth direction. This is
probably because sunflower husk ash itself is an activator of the foaming
process (Zakrzewska et al., 2023) resulting in larger diameter cells.
PU_1, compared with the reference foam, has a more homogeneous
structure, with cells of 400-449 ym and 550-600 um ascending the
most. PU_3 (Fig. 4c) has a similar structure to PU_1, distinguished by the
fact that this structure is the most homogeneous. In foam with SHA
silanized with a 3 % solution, 550-600 um cells are the most numerous.
In foams containing a modified filler, a slight increase in cell diameter
was observed. Other work also shows that the effect of the filler on the
cell structure may be small (Wegrzyk et al., 2023).

The apparent density, which is an important parameter correlated
with other RPUF performance properties, was also determined for the
analyzed materials. For PU_0, the apparent density is 33.7 [kg/ms], for
PU_1 29.5 [kg/mS], and for PU_3 31.1 [kg/mB]. It was observed that
with the addition of modified filler, there is a decrease in the value of
apparent density by ~8 % and 14 %. Foams containing silanized filler
have similar apparent density values. The decrease in apparent density
may indicate that less product will be used during foam application,
which reduces the consumption of petrochemicals and makes foams
more environmentally friendly. Cztonka et al. (Cztonka et al., 2020) also
observed a decrease in the density of foams with silanized filler. They
indicate that the compatibility of the filler particles with the poly-
urethane matrix is improved using silanization. On the other hand, the
decrease in density itself is due to an increase in the cross-linking density
of the resulting foams.

In order to determine the thermal stability of RPUFs, the TGA
method was implemented. In Fig. 5 and Table 4, the results of the TG
analysis are presented. As the main topic of the study is the effect of
silanization on the flammability of RPUF, the results obtained for a

Table 5

Gross calorific value and Limited Oxygen Index (LOI) values of RPUFs.
Sample Gross Calorific Value [J-g ] LOI [%]
PUO 23639.0 21.0
PU1 23388.4 21.2
PU_3 23152.3 21.2

Table 6

Cone calorimeter results of RPUFs.
Sample TTI AEHC HRR T-PHRR MARHE TSR

[s] MI/kgl  [kW/m*]  [s] [kW/m?] [m®/m?]

PUO 2 19.20 243.63 24 197.34 914.50
PU_1 2 17.50 220.76 18 190.32 730.10
PU_3 2 17.50 212.28 18 174.44 768.40

Sample T1 o [°C] T3, [°C] Ts o, [°C] T109 [°C] Ts0 9 [°C] TprGmax1 [°C] Tpremax2 [°C] TprGmaxs [°C] ToTGmax4 [°Cl Residue at 700°C [%]
PUO 241 256 265 280 442 200 307 493 532 10.2
PU_1 247 262 271 286 414 197 302 512 572 8.0
PU_3 241 257 266 282 431 189 301 529 - 10.1
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Fig. 6. Flame retardancy of RPUFs: HRR (a), AVHR (b), CO (c), CO; (d).

process carried out in air are presented.

Three basic stages of polymer degradation can be distinguished in
the analyzed samples. In the temperature range from about 50 °C to
200 °C the evaporation of moisture and the removal of highly volatile
components and unreacted components of the polyurethane synthesis
took place followed by the separation of the polyurethane into its
starting products (polyatomic alcohol and isocyanate) from about
200 °C to 450 °C, which was a high-energy process. The completion of
the polyurethane degradation process occurred above 600 °C (Shafi-
gullin et al., 2021). However, as can be seen from the analysis results,
silanization of the SHA does not change the thermal stability of the
polyurethane matrix. The residue values are close to each other and are
mainly due to the 10 % addition of minerals (SHA) that have not been
oxidised (Table 4).

The results of the basic flammability assessments, i.e. gross calorific
value and LOI, are summarised in Table 5. For both analyses, a trend
towards improved fire resistance after the silanization process can be
observed.

In the case of gross calorific value, despite the continuing downward
trend, the magnitude is small - in relation to PU_O, the decrease in value
for PU_3 is 2 %. The LOI shows the minimum amount of oxygen required

to completely burn a sample held vertically, which burns down from top.
As the LOI increases, there is a reduction in flammability (Misnon et al.,
2018). The LOI values obtained are close to each other, despite a slight
increase in the parameter for samples PU_1 and PU_3, the other test
results should be considered when assessing flammability.

The results of a cone calorimeter for assessing flammability and
smoke generation are presented. This method is effective in assessing the
flammability properties of materials because it reflects the ignition and
combustion process in real conditions (Duan et al., 2019). Table 6 shows
the comprehensive flammability characteristics of RPUF obtained using
a cone calorimeter. The data presented in the table refers to: time to
ignition (TTI), average effective heat of combustion (AEHC), heat
release rate (HRR), time to peak heat release rate (T-PHRR), maximum
average rate of heat emission (MARHE), and total smoke release (TSR).

Although the TTI value was the same for all samples (2 s) there were
significant differences in the amount of heat released. The highest AEHC
and HRR values were obtained for sample PU_0 and were 19.20 MJ/kg
and 243.63 kW/mz, respectively, while the values for samples PU_1 and
PU_3 were about 10 % lower. The addition of the silanizing filler also
had a positive effect on smoke reduction. For sample PU_0, TSR was
914.5 m?/m? while for PU_3 it was 768.40 m?/m?. Zygmunt-Kowalska
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Table 7
Characteristic parameters for specific optical density of RPUFs.
Sample Ds_max Tps_max [8]
PUO 198.2 316
PU_1 183.4 340
PU_3 162.4 444

et al. (Zygmunt-Kowalska et al., 2022) investigated the effect of silan-
ized coal combustion fly ash on the combustion characteristics of rigid
polyurethane foam containing this filler using a cone calorimeter. In this
case, the authors also reported the same trend - salinization of the
inflator resulted in a decrease in HRR and TSR, and thus improved fire
safety.

Additionally, Fig. 6 shows the HRR, AVHR, CO, and CO3 curves as a
function of time.

The highest peak of the HRR curves was obtained for sample PU_0,
followed by PU_1 and PU_3. Similar relation is observed for the AVHR
curves with emphasis, that the sample PU_1 has the highest values
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compared with the previous two samples over the whole test time range.
In contrast, the initial emissions of CO and CO; were not affected by the
silanization process. Only about 150 s after the start of the combustion
process an increased emission of these substances was observed for PU_0
foam compared with samples containing silanized SHA. This trend
continues until about 400 s.

Fig. 7 shows the specific optical density Ds, which shows the trend of
smoke release during a fire.

The highest values of optical density occurs for PU_0, as shown in
Table 7. The maximum value of Ds, for this foam, is 198.2 and is reached
after a time of 316 s from ignition. For PU_1, the value of optical density
is lower and equals to 183.4, and the time to reach Ds_max has also
increased and is 340 s. PU_3 has the lowest value of optical density
among the analyzed materials. With respect to the reference foam, the
parameter Ds_max has decreased by 18 %, while the time to reach this
parameter is prolonged by 128 s. The results confirm the positive effect
of modifying the filler with silane on the optical density parameter.
Other researchers indicate that further modifications can significantly
reduce the value of the Ds parameter by up to 44 % (Li et al., 2019).

During the combustion of RPUFs composite samples, only a few gases
were determined: CO,, CO, and HCN. In Fig. 8, it can be observed that
combustion of the tested materials released significant CO5 emissions
compared with the other components of the flue gases showing the
highest CO; content for PU_0 (Fig. 8b). The analyzed materials exhibit
much lower CO emissions, and the lowest emission was detected for
PU_3. The HCN emissions were lower by an order of magnitude in
relation to CO for all conducted tests (Fig. 8a).

Table 8 shows the CO5, CO, and HCN emissions after 4 minutes and
8 minutes from ignition. The silanization of the filler and an increase in
the concentration of silane in the filler reduces CO5 emission by a
maximum value of 1957 mg/m° after 4 minutes. In case of CO, the
positive effect of applying the filler silanization process on toxic gas

Table 8
Characteristic parameters for measuring toxicity of RPUFs.
PUO PU_1 PU_3
CO; at 4 min [mg/ms] 7211 6096 5381
CO5 at 8 min [mg/m3] 8774 6817 6901
CO at 4 min [mg/m®] 156 166 129
CO at 8 min [mg/mS] 244 236 240
HCN at 4 min [mg/m’] 23 21 16
HCN at 8 min [mg/m®] 19 21 29

b) 5000

4000

3000
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2000

1000

0 100 200 300 400 500 600
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Fig. 8. Measuring toxicity of RPUFs: CO and HCN (a), CO, (b).
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emissions is also observed. The maximum decrease in emissions occurs
after 4 minutes and is equal to 27 mg/m?>. In case of HCN lower values of
emissions after 4 minutes for the foams with silanized fillers are
observed. In contrast, after 8 minutes the trend is reversed and PU_0
shows the lowest HCN emissions. The reference concentration of COy,
CO, and HCN were equal to 72000, 1380, and 55 mg/m® respectively.
All the results are within the reference values according to the PN-EN
45545-2:2021-01 standard.

4. Conclusions

The conducted studies have shown that rigid polyurethane foams
with reduced flammability can be successfully produced using silanized
sunflower husk ash.

Analysis of the filler showed that the silanization process has a
positive effect on the structure of SHA, making it more homogeneous
and smoother. When sunflower hulls are thermally converted, the
elemental composition changes significantly compared with the raw
biomass. The chemical composition of SH and SHA is dominated pri-
marily by Zn, Cr, and B. However, the mass fraction of the elements in
SHA is 9-37 times higher than in SH. In addition, sunflower husk ash is
characterized by the fact that particles with a diameter of 40-80 um are
the most abundant. The particle size of the filler affects its compatibility
with the polyurethane matrix. The stability of the filler is also a
parameter correlated with the thermal stability of the polyurethane
composite. TGA analysis showed that the maximum weight loss at
temperatures up to 700°C is 12 %. Characteristic melting temperatures
of ash are also correlated with thermal properties. The conducted ex-
periments showed that SHA has higher temperatures: DT, HT, and FT
than other biomass ashes.

Analysis of the physical properties of rigid polyurethane foam com-
posites showed that the silanization process has little effect on the
structure of the foams. A slight increase in cell diameter and homoge-
nization of the structure were observed. A decrease of appearent density
by 14 % was also observed as a result of using silanized filler in the
foams.

The performed analysis showed that silanization of the filler has no
significant effect on the thermal stability of polyurethane composites. In
the case of foam with a 1 % concentration of silane in the filler a slight
increase in thermal stability was only observed.

Flammability analysis gives very promising results. Silanization of
the filler results in a 2 % decrease in calorific value and an increase in
LOI, which is favorable. Cone colorimeter results show that there is a
reduction in AEHC and HRR of about 10 % compared with foam con-
taining unmodified filler. In order to confirm the positive effect of filler
silanization on flammability parameters, specific optical density Ds was
additionally examined, which showed that the use of filler modification
results in an 18 % reduction in the Ds value. A study of the toxicity of the
emitted gases during a fire showed that CO, was the main component of
the flue gases, followed by CO and small amounts of HCN. The largest
amounts of toxic gases were released during the combustion of the
reference foam.

The presented research is an innovation in the field of polyurethane
materials, and points the way to the production of sustainable foams that
have higher fire safety and less negative effects on humans and the
environment during a fire.
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poliuretanowych, posiada udziat w wykonaniu badan pianek poliuretanowych
(morfologia, gestos¢ pozorna, testy palnosci na kolorymetrze stozkowym, toksycznosc
wydzielanych gazow, gestos¢ optyczna, odpornosc¢ na ogien), opracowata graficznie
wyniki pomiaréw, posiada udziat w interpretacji wyniki pomiaréw, wspoétredagowata
tresc artykutu.
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O$wiadczenie wszystkich wspétautorow okreslajace indywidualny merytoryczny
wkiad kazdego z nich w postanie publikacji

“The influence of biowaste-based fillers on the mechanical and fire properties of rigid
polyurethane foams” opublikowanego w: Sustainable Materials and Technologies, 2023, vol. 36,
00610, https://doi.org/10.1016/j.susmat.2023.e0061 0

D. Glowacz-Czerwonka (udzial 15%) wspéltworzyta koncepcj¢ artykutu, wspOlprzygotowata
materialy badawcze — sztywne pianki poliuretanowe, wspotwykonata badania dla pianek
poliuretanowych (stabilno$§¢ wymiarowa, chlonno$é wody, wytrzymato$¢ na Sciskanie, testy
palnoéci na kolorymetrze stozkowym, graniczny indeks tlenowy, pionowy test palnosci),
wspotredagowata tres¢ artykutu.

P. Zakrzewska (udziat 30%) wspéttworzyla koncepcje artykutu, opracowata przeglad literatury,
wspolprzygotowata i przeprowadzita analizg jakoéciowg oraz ilosciowa napetniaczy (analiza
elementarna oraz rozktad wielkosci czastek), wspotprzygotowata materialy badawcze — sztywne
pianki poliuretanowe, wspotwykonata badania dla pianek poliuretanowych (morfologia, analiza
elementarna, stabilno§¢ wymiarowa, ggstos¢ pozorna, chtonnos¢ wody, krucho$¢, wytrzymatos¢
na $ciskanie, testy palno$ci na kolorymetrze stozkowym, graniczny indeks tlenowy, pionowy test
palnoci, badanie odpornosci ogniowej), opracowala graficznie wyniki pomiarow,
wspotinterpretowala wyniki pomiardéw, wspotredagowata tres¢ artykutu.

M. Oleksy (udziat 15%) wspditworzyty koncepcje artykutu, wspotwykonat badania dla pianek
poliuretanowych (morfologia, krucho$¢), wspotinterpretowat wyniki pomiarow, wspotredagowat
tre$¢ artykutu.

K. Pielichowska (udzial 15%) wspottworzyta koncepcje artykuhi, wspotwykonata badania dla
pianek poliuretanowych (analiza termograwimetryczna), wspdtinterpretowata wyniki pomiaréw,
wspotredagowata tres¢ artykutu.

M. Kuznia (udziat 15%) wspottworzyta koncepcjg artykutu, przeprowadzita analize jakosciows
oraz ilo§ciowa napeiaczy (analiza elementarna oraz rozktad wielko$ci czastek), wspotwykonata
badania dla pianek poliuretanowych (analiza eclementarna, badanie odpornosci ogniowej),
wspotinterpretowata wyniki pomiarow, wspotredagowata tre$¢ artykutu.

T. Telejko (udziat 10%) wspottworzyly koncepcje artykutu, wspotinterpretowat wyniki pomiarow,
wspolredagowat tres¢ artykutu.

Autorzy o$wiadczaja, ze niniejsza publikacja powstata zgodnie z zapisanym pOwWyZze]
indywidualnym merytorycznym wkiadem:
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Oswiadczenie wszystkich wspotautorow okreslajace indywidualny merytoryczny
wktad kazdego z nich w postanie publikacji

“Biomass origin waste as activators of the polyurethane foaming process” opublikowanego w:
Energies, 2023, vol. 16(3), 1354, https://doi.org/10.3390/en16031354

P. Zakrzewska (udzial 30%) wspoitworzyta koncepcje artykutu, wspolopracowata przeglad
literatury, przygotowata napetniacze — popioty, wspoiprzeprowadzita analize jakosciowg oraz
ilodciowa napetniaczy (analiza elementarna, morfologia), wspdlprzygotowata  materiaty
badawcze — sztywne pianki poliuretanowe, wspétwykonata badania dla pianek poliuretanowych
(badanie procesu spieniania z wykorzystaniem termowizji, pomiar temperatury procesu spieniania,
wyznaczenie charakterystycznych czaséw spieniania), wspdblopracowata graficznie wyniki
pomiaréw, wspétinterpretowata wyniki pomiaréw, wspdtredagowata tres¢ artykutu.

B. Zygmunt-Kowalska (udzial 10%) wspottworzyta koncepcje artykutu, wspétopracowata
przeglad literatury, wspotprzygotowata materialy badawcze — sztywne pianki poliuretanowe,
wspotwykonata badania dla pianek poliuretanowych (badanie procesu spieniania z
wykorzystaniem termowizji, pomiar temperatury procesu spieniania).

M. Kuznia (udziat 30%) wspottworzyty koncepcjg artykutu, wspotopracowata przeglad literatury,
wspotprzeprowadzita analiz¢ jakosciowa oraz ilosciowa napetniaczy (zawarto$¢ wegla),
wspoiprzygotowata materiaty badawcze — sztywne pianki poliuretanowe, wspoiprzygotowata
materialy badawcze — sztywne pianki poliuretanowe, wspoétwykonata badania dla pianek
poliuretanowych (badanie procesu spieniania z wykorzystaniem termowizji, pomiar temperatury
procesu spieniania, wyznaczenie charakterystycznych czaséw spieniania), wspdtopracowata
graficznie wyniki pomiarow, wspotredagowata tres¢ artykutu.

A. Szajding (udziat 10%) wspotwykonat badania dla pianek poliuretanowych (badanie procesu
spieniania z wykorzystaniem termowizji, pomiar temperatury procesu spieniania),
wspotinterpretowat wyniki pomiarow.

T. Teljko (udziat 10%) wspétinterpretowat wyniki pomiaréw, wspotredagowat tres¢ artykutu.

M. Wilk (udziat 10%) wspotprzeprowadzita analiz¢ jakosciowa oraz ilosciowg napetniaczy
(rozktad wielkosci czastek), wspotredagowata tres¢ artykutu.

Autorzy o$wiadczaja, ze niniejsza publikacja powstata zgodnie z zapisanym pOwyzej
indywidualnym merytorycznym wkiadem:
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Oéwiadczenie wszystkich wspétautorow okreslajace indywidualny merytoryczny
wkiad kazdego z nich w postanie publikacji

“Utilization of sunflower husk ash in the production of polyurethane materials” opublikowanego
w: Energies, 2023, vol. 16(24), 8080, https://doi.org/l0.3390/en16248080

P. Zakrzewska (udzial 45%) wspditworzyta koncepcje artykutu, wspotopracowata przeglad
literatury, przygotowata napetniacze — popioly, wspétprzeprowadzita analizg jakosciows oraz
iloSciowa napetniaczy (morfologia, rozktad wielkosci czastek), wspdiprzygotowata materiaty
badawcze — sztywne pianki poliuretanowe, wspétwykonata badania dla pianek poliuretanowych
(lepkos¢ poliolu z napetniaczem, morfologia, twardos¢, kruchosc, stabilno$¢ wymiarowa,
biodegradowalnos¢), wspotopracowata graficznie wyniki pomiaréw, wspétinterpretowata wyniki
pomiaréw, wspotredagowata tres¢ artykutu.

M. Kuznia (udzial 10%) wspottworzyta koncepcje artykutu, wspolprzeprowadzita analizg
jakosciowa oraz ilosciowg napetniaczy (analiza elementarna), wspétwykonata badania dla pianek
poliuretanowych (biodegradowalnos¢), wspbiredagowata tres¢ artykutu.

B. Zygmunt-Kowalska (udzial 15%) wspottworzyta koncepcje artykutu, wspotopracowata
przeglad literatury, wspdtprzeprowadzita analize jakosciowa oraz iloSciowg napetniaczy
(morfologia), wspotwykonata badania dla pianek poliuretanowych (lepkos¢ poliolu z
napetniaczem, krucho$¢, biodegradowalnosc), wspotopracowata graficznie wyniki pomiaréw,
wspotinterpretowata wyniki pomiarow.

A. Magiera (udziat 10%) wspbtopracowata przeglad literatury, wspdtredagowata tres¢ artykutu.
A. Magdziarz (udzial 20%) wspéitworzyta koncepcje artykutu, wspdtprzeprowadzita analize
jako$ciows oraz ilosciowg napetniaczy (skiad chemiczny napetniaczy), wspotwykonata badania
dla pianek poliuretanowych (stabilno$¢ termiczna), wspotredagowata tres¢ artykutu.

Autorzy o$wiadczaja, ze niniejsza publikacja powstata zgodnie z zapisanym powyzej
indywidualnym merytorycznym wkiadem:
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Oswiadczenie wszystkich wspétautoréw okreslajace indywidualny merytoryczny
wkiad kazdego z nich w postanie publikacji

“Effect of the silanization process on the fire resistance and thermal properties of closed-cell foams
with sunflower husk ash” opublikowanego w: Industrial Crops and Products, 2024, vol. 218,
118941, https://doi.org/10.1016/j.indcrop.2024.118941

P. Zakrzewska (udzial 40%) wspottworzyta koncepcjg artykutu, wspotopracowata przeglad
literatury, przygotowata napeiniacz — popidt, wspotprzygotowata modyfikacje napelniacza i
przeprowadzita analizg¢ jakosciowa oraz ilosciowa napehiaczy (rozklad wielkosci czastek,
morfologia, zawarto$¢ pierwiastkéw metalicznych), wspdtprzygotowata materiaty badawcze —
sztywne pianki poliuretanowe, wspétwykonata badania dla pianek poliuretanowych (morfologia,
gesto$¢ pozorna, testy palnosci na kolorymetrze stozkowym, gestos¢ optyczna, toksycznosé
wydzielanych gazéw, badanie odpornosci ogniowej), wspotopracowata graficznie wyniki
pomiaréw, wspotinterpretowata wyniki pomiaréw, wspotredagowata tres¢ artykutu.

B. Zygmunt-Kowalska (udzial 17,5%) wspottworzyta koncepcje artykutu, wspétopracowata
przeglad literatury, wspoiwykonata badania dla pianek poliuretanowych (testy palnosci na
kolorymetrze stozkowym, graniczny indeks tlenowy, gestosé optyczna, toksycznos¢ wydzielanych
gazéw), wspotopracowata graficznie wyniki pomiarow, wspotinterpretowata wyniki pomiarow.
K. Pielichowska (udzial 10%) wspétprzeprowadzita analiz¢ jakosciowa oraz ilosciowa
napefniaczy (stabilnos¢ termiczna), wspdtwykonata badania dla pianek poliuretanowych
(stabilno$é wymiarowa), wspotredagowata tres¢ artykutu.

K. Nowicka-Dunal (udziat 5%) wspdlprzeprowadzita analiz¢ jakosciows oraz ilosciowa
napelniaczy (stabilno$¢ termiczna), wspotwykonata badania dla pianek poliuretanowych
(stabilno$¢ wymiarowa).

T. Teljko (udziat 10%) wspéitworzyt koncepcje artykutu, wspdlinterpretowat wyniki pomiardw,
wspdiredagowat tres¢ artykutu.

M. Kuznia (udziat 17,5%) wspottworzyta koncepcje artykutu, wspotprzeprowadzita analize
jakosciowa oraz ilosciowg napetniaczy (analiza elementarna), wspotwykonata badania dla pianek
poliuretanowych ~ (morfologia,  ggsto$¢  pozorna, badanie  odpornosci  ogniowej),
wspotinterpretowata wyniki pomiarow, wspotredagowata tres¢ artykutu.

Autorzy o$wiadczaja, ze niniejsza publikacja powstata zgodnie z zapisanym powyze]
indywidualnym merytorycznym wkiadem:
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